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a b s t r a c t 

Fungal infections are still threatening human health due to resistance to existing drugs, therefore, the 

design and development of novel antifungal agents is to be necessary and also, is interesting topic for 

medicinal chemist. Azole derivatives are one of the promising antifungal agents, which exert their ac- 

tivities through inhibition of cytochrome P450 14 α-demethylase (CYP51). In this regard, a new series 

of 1,2,4-triazole derivatives ( 7a-i ) were designed, synthesized and confirmed with IR, 1 HNMR, 13 CNMR 

and Mass spectrum. The antifungal activity of these compounds were investigated against several yeasts 

( candida species), filamentous and clinical strains using the CLSI method. Furthermore, to measure the 

cytotoxic activity, MTT assay was also done against MRC-5 as normal human fibroblasts cell line. Our 

results represented that most of the compounds had appropriate activity ranging from 0.5-256 μg/mL, 

especially, compounds 7g and 7h were found to be more potent against yeast strains and clinical strain 

of Fluconazole-resistant and Fluconazole-sensitive with MIC values of 0.5 μg/mL compared to the Flu- 

conazole as control drug. Subsequently, molecular docking studies were performed to find the binding 

energy and interaction mode of these compounds in the active site of 14 α-demethylase enzyme as plau- 

sible target of azole compounds. According to in vitro antifungal assay and in silico ADME predictions, 

compounds 7g and 7h can be considered as potent candidates for further studies. 

© 2022 Published by Elsevier B.V. 
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. Introduction 

Fungal infections are one of the common health problems, par- 

icular in immunocompromised patients (patients suffering from 

ancer, AIDS and transplant). The application of anticancer and 

mmunosuppressant drugs has susceptible patients to the infec- 

ion caused by opportunistic organisms especially fungi [1] . Cur- 

ently, azole drugs including Fluconazole, Ketoconazole, Itracona- 

ole, Voriconazole, etc. widely used in the clinic for the treatment 

f fungal infections, however, problems associated with these an- 

ifungal drugs such as resistance, undesirable side effects and tox- 
Abbreviations: MIC, Minimum Inhibitory Concentration; ADME, Absorption, Dis- 

ribution, Metabolism, and Excretion; CLSI, Clinical & Laboratory Standards Institute; 

TT, 3-(4,5-di methylthiazol -2-yl)-2,5-diphenyl tetrazolium bromide. 
∗ Corresponding author at: Pharmaceutical Sciences Research Center, Shiraz Uni- 

ersity of Medical Sciences, P.O. Box: 71345-1798 Shiraz, Iran. 

E-mail address: rezaeiza@sums.ac.ir (Z. Rezaei) . 
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city, have emphasized the need for the development of new anti- 

ungal agents [2–4] . 

In the past decades, 1,2,4-triazole derivatives have received 

uch attention in medicinal chemistry due to their broad- 

pectrum biological activities such as antiviral [5] , antibacterial [6] , 

ntifungal [ 7 , 8 ], anti-tubercular [9–11] , immunosuppressant [12] , 

ntihypertensive [13] , anti-inflammatory [ 14 , 15 ], anticonvulsant 

 16 , 17 ], analgesic [18] , hypoglycemic [19] , antidepressant [ 20 , 21 ]

nd anticancer [22–24] activities. 1,2,4-Triazole derivatives are an 

mportant class of antifungal agents that widely use in the treat- 

ent of fungal infections [3] . They act through inhibition of cy- 

ochrome P450 14 α-demethylase (CYP51) which is an essential en- 

yme in the sterol biosynthetic pathway [ 3 , 25 ]. Fluconazole and 

oriconazole are the 1,2,4 triazole base antifungal drugs, which are 

idely used in the treatment of fungal infections due to their im- 

ortant features such as broad-spectrum activity and low toxicity 

 26 , 27 ], ( Fig. 1 ). 

https://doi.org/10.1016/j.molstruc.2022.134039
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.134039&domain=pdf
mailto:rezaeiza@sums.ac.ir
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Fig. 1. Chemical structures of Fluconazole and Voriconazole. 
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In the present study, a novel series of 1,3-diphenyl-2-(1H-1,2,4- 

riazol-1-yl)propan-1-one ( 7a-e ) and 1,3,3-triphenyl-2-(1H-1,2,4- 

riazol-1-yl)propan-1-one ( 7f-i ) derivatives were designed, synthe- 

ized and evaluated as antifungal agents against several natural 

nd clinical strains of fungi using the CLSI method. The cytotoxic 

ctivity of the synthesized compounds was investigated against 

RC-5 as normal human fibroblasts cell line using MTT assay. In 

he following, molecular docking study was performed to eluci- 

ate the binding mode of these ligands in the active site of 14 α-

emethylase enzyme as plausible target of azole compounds. 

. Results and discussion 

. 1. Design approach 

The new set of 1,2,4-triazole derivatives as antifungal agents 

ere designed based on the chemical scaffolds of Isavuconazole 

 a ), Voriconazole ( b ) and Fluconazole ( c ) drugs which are currently

sed in the treatment of fungal infections. These drugs contain- 

ng 1,2,4-triazole ring, difluorophenyl group, and a tertiary alco- 

ol group in their structures. These moieties are critical for their 

ntifungal activities. The mechanism of action of these drugs, like 

ther azoles, are inhibition of cytochrome P450 14 α-demethylase 
Fig. 2. Design of new 1,2,4-tr

2

CYP51). According to the previous reports, the nitrogen atom of 

riazole ring bind to the iron atom of the heme moiety of CYP- 

50 and diholophenyl moiety have key interactions in the active 

ite of enzyme [3] . Therefore, we applied 1,2,4-triazole ring, a di- 

alophenyl moiety and a carbonyl group for design of new com- 

ounds ( Fig. 2 ). 

.2. Chemistry 

The target derivatives ( 7a-i) were synthesized according to the 

eneral method depicted in Scheme 1 . In the first step, Friedel 

rafts acylation was occur between mono or di-substituted ben- 

ene ( 1a-e ) and chloroacetyl chloride ( 2 ) in the presence of alu-

inum trichloride (AlCl 3 ) as a strong Lewis acid catalyst to obtain 

ntermediates 3a-e , in high yields [ 28 , 29 ]. Afterwards, the reac-

ion of intermediates 3a-e with 1,2,4-triazole ( 4 ) in the presence 

f sodium bicarbonate (NaHCO 3 ) and under reflux condition led to 

he successful synthesis of the corresponding intermediates 5a-e . 

inally, the expect products ( 7a-i) were obtained from the reac- 

ion of benzyl bromide ( 6a ) or benzhydryl bromide ( 6b ) with in-

ermediates 5a-e in the presence of sodium hydride (NaH) as a 

trong base and in acetonitrile (CH 3 CN) as solvent, in high yields. 

The structures of the target compounds ( 7a-i) were character- 

zed using IR, 1 H NMR, 13 C NMR, and Mass spectroscopic tech- 

iques ( Table 1 ). 

.3. Antifungal assay 

The antifungal activities of the synthesized compounds ( 7a- 

 ) were evaluated against several types of yeasts ( C. albicans, C. 

ubliniensis, C. glabrata, C. krusei, C. parapsilosis, C. tropicalis, C. ne- 

formans ), filamentous fungi ( A. flavus, A . fumigatus, A . clavatus, P. 

oydii, E. dermatitidis ) and clinical strains using CLSI method. Flu- 

onazole was used as a positive control drug. The results of the 

iological evaluation are shown in Tables 2 and 3 . 
iazole derivatives 7a-i . 
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Scheme 1. Synthesis of compounds 7a-i . Reagents and conditions: a) AlCl 3 , CH 2 Cl 2 , r.t., 24 h, b) NaHCO 3 , toluene, reflux, 20 h, c) NaH, CH 3 CN, reflux, 24 h. 

Table 1 

Chemical structures and physical properties of the synthesized compounds 7a-i. 

Entry Chemical structure M.P. ( °C) Yield (%) Entry Chemical structure M.P. ( °C) Yield (%) 

7a 145-148 75 7f 161-164 73 

7b 65-68 61 7g 149-152 58 

7c 116-119 72 7h 140-142 67 

7d 128-131 69 7i 110-113 63 

7e 78-80 56 

3 
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Table 2 

Antifungal activities of the target compounds against Yeasts and filamentous fungi (MICs, μg/mL). 

Fungi C. 

albicans 

C. 

dubliniensis 

C. 

glabrata 

C. 

krusei 

C. 

parapsilosis 

C. 

tropicalis 

C. 

neoformans 

A. 

flavus 

A. 

fumigatus 

A. 

clavatus 

P. 

boydii 

E. 

dermatitidis Entry 

7a G G G G G G 4 G G G G G 

7b 1 28 64 G 64 32 1 G G G G G 

7c 1 16 32 128 32 8 0.5 G G G G G 

7d 1 8 G G 8 G 0.5 G G G G G 

7e 16 32 32 256 32 16 4 32 G 128 128 G 

7f 0.5 2 16 G 8 2 0.5 0.5 G G G G 

7g 0.5 0.5 0.5 64 0.5 0.5 0.5 8 G G G G 

7h 0.5 0.5 0.5 0.5 0.5 0.5 0.5 4 G G G G 

7i 0.5 4 32 G 32 2 0.5 G G G G G 

Fluconazole 4 1 4 16 2 1 4 4 1 4 16 16 

Table 3 

Antifungal activities of the target compounds against clinical strains (MICs, μg/mL). 

Tested Fungi Compounds Sensitive 629 Sensitive 638 Sensitive 639 Resistant 8808 Resistant 625 Resistant 2303 

7a G G G G G G 

7b G 32 G. 64 32 32 

7c 32 16 64 32 1 16 

7d G 8 G G 1 32 

7e 32 32 64 64 64 G 

7f 16 0.5 8 G G G 

7g 4 0.5 1 64 G G 

7h 8 0.5 0.5 G G G 

7i 32 0.5 0.5 G G G 

Fluconazole 4 1 4 16 32 16 
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All the synthesized compounds can be classified into two se- 

ies, 1,3-diphenyl-2-(1H-1,2,4-triazol-1-yl)propan-1-one ( 7a-e ) and 

,3,3-triphenyl-2-(1H-1,2,4-triazol-1-yl)propan-1-one ( 7f-i ) deriva- 

ives. In the first series ( 7a-e ), compounds 7 b-d with an elec- 

ronegative substitution on the benzoyl moiety at C1 propane-1- 

ne position, demonstrated a promising activity toward C. albicans 

nd C. neoformans with MIC value of 0.5-1 μg/mL compared to Flu- 

onazole with MIC value of 4 μg/mL ( Table 2 ). In addition, it was

bserved that the presence of two fluorine atoms at the benzoyl 

ing (compound 7e ) led to a decrease in the activity against all the 

ested candida microorganism. Compound 7a showed the least ef- 

ect against all the tested yeast and filamentous strains except C. 

eoformans strain. The potency of compound 7a against C. neofor- 

ans is comparable to Fluconazole (MIC = 4 μg/mL). 

In the second series ( 7f-i ), compounds 7g and 7h with F and

l substitutions at the para position of benzoyl ring, indicated the 

ighest antifungal activity against all the tested yeast strains with 

IC values of 0.5μg/mL which are more potent than Fluconazole as 

tandard drug ( Table 2 ). Compound 7i with Br substitution at ben- 

oyl ring showed less activity than similar compounds in this se- 

ies ( 7g and 7h ). It could be due to its large size and consequently

ts reduced ability to penetrate into the cells. Structure activity re- 

ationship (SAR) studies indicated that the presence of one or two 

alogen atoms (F, Cl, Br) at the para position of benzoyl ring at 

he C-1 of propane -1-one, as well as the presence of one or two 

henyl ring at C-3 position were required to the antifungal activ- 

ty. Generally, the tested compounds with the F, Cl and Br substi- 

ution had the most efficacy in order to Cl > F > Br. It is probably

ue to their increased lipophilicity and consequently better pene- 

ration into the cells. Compounds with Br substitution likely due 

o their large size and consequently their reduced ability to pen- 

trate into the cells, were less effective than similar compounds 

ontaining F and Cl substitution. Over-all, the second series (i.e.: 

,3,3 triphenyl propane 1-one compounds) represented better ef- 

ects than the first series (i.e.: 1,3 diphenyl propane 1-one com- 

ounds). 
4

Today, because of widespread use of antifungal agents, drug re- 

istance is one of the most important problems in human health. 

ased on the biological results, all of the synthesized compounds 

ere further evaluated toward Fluconazole-resistant strains (re- 

istance 8800, 625 and 2303) and Fluconazole-sensitive (sensitive 

29, 638 and 639) strains. As depicted in Table 3 , compounds 7g 

nd 7h exhibit significant antifungal activity against Fluconazole- 

ensitive strains. Also, compound 7c and 7d showed moderate in- 

ibitory effect on Fluconazole-resistant strains with MIC values in 

he range of 1-32 μg/mL 

.4. Cytotoxicity activity 

The cytotoxicity activity of the tested compounds ( 7a-i ) was 

valuated against normal human fibroblasts cell line (MRC-5) ac- 

ording to the previously reported methods [30–32] . The IC 50 and 

herapeutic index (TI) values of these compounds are illustrated in 

able 4 . The cytotoxicity data revealed that the most potent com- 

ounds 7g and 7h showed considerably low toxicity against nor- 

al human fibroblasts cell line (MRC-5) with IC 50 values of > 180 

M. Subsequently, the therapeutic index of compounds 7a-i were 

alculated by dividing IC 50 value to MIC value [33] . The therapeu- 

ic index of compounds 7g and 7h was in the range of 360- > 600

or all tested yeasts, which indicated that these compounds had no 

oxic effect on normal cell line at therapeutic doses required for 

nhibition of fungal growth and they can be more profoundly in- 

estigated to achieve strong antifungal agents in the future. 

.5. Molecular docking study 

Since the cytochrome P450 lanosterol 14 α-demethylase enzyme 

CYP51) is a vital enzyme for sterol biosynthesis of fungal cell 

embrane, the molecular docking studies were applied to under- 

tand the pattern of the interaction between ligands and CYP51 in 

he active site of enzyme. All the docking procedures were done 
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Fig. 3. Two conformations of co-crystal ligand (VT1) in the cytochrome P 450 14 α- 

demethylase (CYP51) active site: The green model represented the crystal orienta- 

tion and a purple color showed the redocked model. 
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5 
n validated structures, with RMSD values below 2 ̊A. The bind- 

ng energies and interaction details of all the synthesized com- 

ounds ( 7a-i ) were presented in Fig. 4 , Fig. 5 and Table 5 . Over-

ll, compounds with highest antifungal effects ( 7g and 7h ) showed 

tronger binding energies in comparison to the other compounds. 

he superimposing of co-crystal ligand (VTI) before and after the 

ocking procedure was represented in Fig. 3 [ 34 , 35 ]. 

Representation of docking interactions of 7a-e were shown in 

ig. 4 . Compounds 7b - e which had electronegative substitution on 

enzoyl moiety showed similar interactions including pi-pi and pi- 

lkyl interactions between benzoyl and Tyr 118, Leu 121 residues, 

i-alkyl and pi-sigma bond of phenyl moiety with Met 508 and 

eu 376. In addition, another pi-pi interaction was evident between 

EM group and 1,2,4 triazole group, too. Compound 7a with no 

ubstitution represent different interactions such as, pi-pi. pi-alkyl 

nd carbon hydrogen bond with Tyr 118, Tyr 132, Leu 376, Ile 131 

nd Gly 307. Also, 1,2,4 triazole involved in pi-sigma interaction 

ith HEM 601, too. In the second series ( 7f - g) , di phenyl moiety

nd carbonyl group were involved in pi-pi, pi-sigma and carbon 

ydrogen interactions with Phe 233, Leu 88 and His 377. As de- 

icted in Fig. 5 , 7g , showed two extra interactions such as, halo-

en interaction between 4-F substitution on benzoyl moiety and 

et 508 and also, hydrogen bond with 1,2,4 triazole group and Ser 

06. These extra and common interactions with cytochrome P 450 

4 α-demethylase (CYP51) created the 7g as a promising inhibitor 

f CYP51 compared to other studied compounds. The most impor- 

ant residues in binding of 7h-i were pi-alkyl and pi-pi interactions 

f diphenyl and benzoyl moiety with Leu 376, Tyr 118, Ile 304, Leu 

21 and Ile 131. The benzoyl moiety of 7h-i pointed to HEM group 

n CYP51 active site with pi-pi and pi-sigma interaction, respec- 

ively. These interactions stabilized 7h and 7i in the proper orien- 

ation of CYP51 enzyme. 

.6. In silico ADME modeling study 

In silico ADME study was carried out to predict the drug- 

ikeness and pharmacokinetic properties of the synthesized com- 

ounds 7a-i . SwissADME online software was applied to obtain 

arious ADME parameters of these derivatives, which are shown in 

able 6 . The ADME screening results indicated that all the synthe- 

ized derivatives 7a-i obeyed the Lipinski’s rule of 5 (MW < 500, 

LogP < 5, HB donor ≤ 5, HB acceptor ≤ 10). In addition, the topo- 

ogical polar surface areas (TPSA) of the synthesized compounds 

ere in favorable range ( ≤ 140) and so, admitted the Veber rule. 

herefore, these derivatives show appropriate potential for oral 

ioavailability and can be considered as potent candidates for the 

iscovery of promising antifungal agents [34–36] . 
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Table 5 

The bonding energies (kcal/mol) and the detailed interactions of the all synthesized compounds on CYP51 using AutoDock Vina. 

Entry Amino Acid 

Ligand involved 

moiety 

Type of 

interaction 

B.E 

(kcal/mol) Entry Amino Acid Ligand involved moiety 

Type of 

interaction 

B.E 

(kcal/mol) 

7a Tyr 118, Tyr132 phenyl pi-pi -9.0 7f Ala 61, Pro 230, Leu 87 di-phenyl & benzoyl & 

1,2,4-triazole 

pi-alkyl -8.6 

Leu 376, Ile 131 1,2,4-triazole & 

benzoyl 

pi-alkyl Phe 233 di-phenyl pi-pi 

HEM 601 1,2,4-triazole pi-sigma Leu 88 di-phenyl pi-sigma 

Gly 307 C = O Carbon 

hydrogen bond 

His 377 benzoyl & C = O pi-cation & 

carbon hydrogen 

bond 

Gly 303, Ile 304, Phe 126, Phe 

228, Met 508, Val 509, Thr 311, 

Thr 122, Leu 121 

—– Vander waals Val 234, Tyr 64, Lys 90, Ser 

506, Phe 380, Tyr 505, Gly 65, 

Ser 507, Met 508 

—– Vander waals 

7b Met 508, Leu 121, Leu 376 phenyl & benzoyl pi-alkyl -9.3 7g Phe 233, His 377 di-phenyl & benzoyl pi-pi -9.8 

HEM 601 1,2,4-triazole pi-pi Ser 506, His 377 1,2,4-triazole & C = O Carbon hydrogen 

bond 

Tyr 118 benzoyl pi-pi Met 508 4-F Halogen 

interaction 

Leu 376 phenyl pi-sigma Pro 230, Ala 61, Leu 87 1,2,4-triazole & 

benzoyl & di-phenyl 

pi-alkyl 

Leu 87, Leu 88 di-phenyl pi-sigma 

Thr 311, Thr 122, Phe 126, Phe 

380, Phe 228, Phe 233, Gly 307, 

Ile 131, Tyr 132, His 310, Val 509 

—– Vander waals Leu 376, Phe 380, Tyr 505, Lys 

90, Gly 65, Tyr 64, Ser 507 

—– Vander waals 

7c HEM 601 1,2,4-triazole pi-pi -9.4 7h Leu 376, Val 509, Met 508 di-phenyl & 1,2,4- 

triazole 

pi-alkyl -10.1 

Tyr 118 benzoyl pi-pi Tyr 118, Phe 228 di-phenyl pi-pi 

Leu 376 phenyl pi-sigma HEM 601, Ile 131 benzoyl pi-sigma 

Met 508, Phe 233, Leu 121, Phe 

380, Leu 376 

benzoyl & phenyl pi-alkyl Ile 304, Leu 300, Leu 121, 

Hem 601, Ile 131 

di-phenyl & benzoyl alkyl 

Tyr 132, Ile 131, Thr 122, His 310, 

Phe 228, Phe 126, Gly 307, Thr 

311, Ser 378, Val 509 

—– Vander waals Leu 139, Phe 126, Tyr 132, Thr 

122, His 310, Gly 307, Thr 

311, Gly 303 

—– Vander waals 

7d Met 508, Phe 233, Phe 380, Leu 

121, Leu 376 

Benzoyl & phenyl pi-alkyl -9.7 7i Leu 376 1,2,4-triazole & 

di-phenyl 

pi-alkyl -8.6 

Tyr 118 benzoyl pi-pi HEM 601, Tyr 118, Phe 126 benzoyl & di-phenyl pi-pi 

HEM 601 1,2,4-triazole pi-pi Leu 121, Ile 304, Ile 131, Phe 

126, HEM 601 

benzoyl & di-phenyl alkyl 

Leu 376 phenyl pi-sigma 

Ser 378, Gly 307, Thr 311, His 

310, Val 509, Phe 228, Phe 126, 

Thr 122, Ile 131, Tyr 132 

—– Vander waals Gly 303, Gly 307, Phe 228, Thr 

311, Tyr 132, His 310, Val 509, 

Ile 379, Ser 378, Phe 380, Phe 

233, Thr 122, Met 508 

—– Vander waals 

7e Leu 376, Met 508, Leu 121 phenyl & benzoyl pi-alkyl -9.6 Flu. Leu 121 phenyl pi-alkyl -8.4 

HEM 601 1,2,4-triazole pi-pi HEM 601 1,2,4-triazole pi-alkyl & 

pi-cation 

Tyr 118 benzoyl pi-pi Gly 303, Tyr 132 1,2,4-triazole & CH 2 Carbon hydrogen 

bond 

Leu 376 phenyl pi-sigma Ile 131 1,2,4 triazole pi-alkyl 

Ser 378, Phe 380, Phe 233, Thr 

122, Phe 228, Val 509, His 310, 

Gly 307, Thr 311, Ile 131, Phe 126, 

Tyr 132 

—– Vander waals Phe 233, Tyr 118, Thr 122, Thr 

311, Gly 307, Ile 304, Phe 126, 

Leu 376, Phe 228, Met 508 

—– Vander waals 

6
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Fig. 4. 2D interactions of 7a-e and Fluconazole in cytochrome P 450 14 α-demethylase (CYP51) active site (green: Vander waals, light green: carbon hydrogen bond, dark pink: 

pi-pi, light pink: pi-alkyl, purple: pi-sigma, orange: pi-cation, blue: halogen bond). 

7 
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Fig. 5. 2D interactions of 7f-i and Fluconazole in cytochrome P 450 14 α-demethylase (CYP51) active site (green: Vander waals, light green: carbon hydrogen bond, dark pink: 

pi-pi, light pink: pi-alkyl, purple: pi-sigma, orange: pi-cation, blue: halogen bond). 

8 
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Table 6 

Physiochemical properties of the synthesized compounds 7a-i . 

Entry MW 

a LogP b HBD c HBA d TPSA ( ̊A) e RB f Lipinski/Veber violation 

7a 277.32 2.39 0 3 47.78 5 0 

7b 295.31 2.78 0 4 47.78 5 0 

7c 311.77 2.90 0 3 47.78 5 0 

7d 356.22 3.01 0 3 47.78 5 0 

7e 313.30 3.17 0 5 47.78 5 0 

7f 353.42 3.53 0 3 47.78 6 0 

7g 371.41 3.91 0 4 47.78 6 0 

7h 387.86 4.01 0 3 47.78 6 0 

7i 432.31 4.11 0 3 47.78 6 0 

Lipinski/Veber’s Rules ≤ 500 ≤ 5 ≤ 5 ≤ 10 ≤ 140 ≤ 10 ≤ 1 

a Molecular weight (MW). 
b Logarithm of partition coefficient between n-octanol and water (LogP). 
c Number of hydrogen bond donors (HBD). 
d Number of hydrogen bond acceptors (HBA). 
e Topological polar surface area (TPSA). 
f Number of rotatable bonds (RB). 
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. Conclusion 

In order to find effective antifungal agents, a new set of 1,2,4 

riazole derivatives ( 7a-i ) were designed and synthesized via a 

hree-step pathway. The chemical structures of these compounds 

ere confirmed using IR, 1 H NMR, 13 C NMR and Mass spectra. The 

ynthesized compounds were evaluated for their antifungal activi- 

ies against several yeasts, filamentous fungi and clinical strains us- 

ng CLSI method. According to the biological results, among all the 

ested compounds, 7g and 7h showed significant activity against 

ll tested yeast strains (except C. krusei ) with MIC values of 0.5 

g/mL and also, against Fluconazole-sensitive strains with MIC val- 

es ranging from 0.5-.8 μg/mL. Compound 7c had MIC value rang- 

ng from 1-32 μg/mL against all Fluconazole-resistant strains. In 

ddition, compound 7f were better at inhibiting A. flavus than 

luconazole with MIC value of 0.5 μg/mL. Toxicity test was also 

erformed and the results represented that these compounds had 

afety therapeutic indexes. SAR studies indicated that the presence 

f one or two halogen atom (F, Cl, Br) at the ortho or para position

f C-1 phenyl ring or the presence of one or two phenyl ring at 

-3 position has significant effect on the antifungal activity of the 

ested derivatives. The binding energies and interactions of active 

ompounds were in good agreement with biological data. The out- 

ome results indicated that these active derivatives may serve as a 

ead compound with little structural modifications can be consid- 

red as antifungal agents. 

. Experimental section 

.1. Chemistry 

Melting points were determined using an Electro-thermal IA 

100 apparatus and the values given were uncorrected. IR spec- 

ra (KBr, cm 

−1 ) were determined on a Perkin Elmer IR. 1 H NMR 

nd 

13 C NMR spectra were recorded in CDCl 3 on Bruker 500 MHz 

pectrophotometer using TMS as an internal standard. Chemical 

hift values were recorded in ppm on δ scale. Mass spectra were 

ecorded on an Agilent spectrometer. Thin layer chromatography 

TLC) sheets pre-coated with UV fluorescent silica gel Merck F 254 

ere used to monitor the progress of the reactions. The spots were 

isualized using UV lamp. 

.2. General procedure for the synthesis of intermediates 3a-e 

To a solution of phenyl halides (50 mmol) in dichloromethane 

30 ml), AlCl 3 (60 mmol) was added and the resulting mixture 

as stirred at room temperature for 30 min. Then, the mixture 
9 
as cooled to 0 ο C and a solution of chloroacetyl chloride (54 

mol) in dichloromethane (20 ml) was added dropwise to it. 

he reaction mixture was stirred at room temperature for 24 h. 

fter completion of the reaction, 50 ml of HCl solution (5 %) 

as slowly added and the reaction mixture was extracted with 

ichloromethane (3 × 30 ml) and then washed with NaHCO 3 (20 

l), water (2 × 20 ml) and brine (20 ml), respectively. The organic 

ayer was dried over anhydrous Na 2 SO 4 . The solvent was evapo- 

ated in vacuo and the residue was recrystallized from n -hexane 

o afford the title compounds 3a-e . 

.3. General procedure for the synthesis of intermediates 5a-e 

To a solution of compounds 3a-e (40 mmol) in toluene, 1,2,4- 

riazole (48 mmol) and NaHCO 3 (48 mmol) were added and the re- 

ction mixture was refluxed for 20 h. After completion of the reac- 

ion, the mixture was quenched by an ice bath and then extracted 

ith ethyl acetate (3 × 30 ml). The organic layer was washed with 

ater (2 × 20 ml) and brine (10 ml), respectively. Afterwards, the 

rganic layer was dried over anhydrous Na 2 SO 4 . The solvent was 

vaporated in vacuum and the residue was recrystallized from di- 

thyl ether to yield the title compounds 5a-e . 

.4. General procedure for the synthesis of compounds 7a-i 

To a suspension of NaH (8 mmol) in acetonitrile (30 ml), a solu- 

ion of compound 5a-e (6 mmol) in acetonitrile (10 ml) was added 

nd the resulting mixture was stirred at room temperature for 1 

. Then, a solution of benzhydryl bromide or benzyle bromide (6 

mol) in acetonitrile (10 ml) was added dropwise and the mixture 

as refluxed for 24 h. After this time, the reaction mixture was 

ooled to room temperature and the solvent was evaporated in 

acuo. The crude product was washed with water (50 ml) and the 

queous layer was separated and extracted with dichloromethane 

3 × 30 ml). The organic layers were dried over Na 2 SO 4 . The crude

roduct was purified by column chromatography on silica gel elut- 

ng with ethyl acetate and petroleum ether (3:1) to yield pure 

roducts 7a-i. 

.4.1. 1,3-diphenyl-2-(1H-1,2,4-triazol-1-yl)propan-1-one (7a) 

Yield: 75 %, mp: 145-148 °C. IR (KBr) ν (cm 

−1 ): 3101 (C-H, 

romatic), 2928.8 (C-H, aliphatic), 1690.0 (C = O, ketones), 1594.2 

C = N), 1283.7 (C–N stretch, aromatic). 1 H NMR (500 MHz, CDCl 3 ) 

: 8.28 (s, 1H, triazole), 7.92 (d, J = 7.5 Hz, 2H, Ar-H-CO), 7.91 (s,

H, triazole), 7.59 (t, J = 7.5 Hz, 1H, Ar-H-CO), 7.46 (t, J = 7.5 Hz,

H, Ar-H-CO),7.18-7.24 (m, 3H, Ar-H) 7.01 (d, J = 6.8 Hz, 2H, Ar- 

), 6.24 (dd, J = 8.8, 5.8 Hz, 1H, CH), 3.55 (dd, J = 14.3, 5.8 Hz,
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H, CH 2 ), 3.41 (dd, J = 14.3, 9.0 Hz, 1H, CH 2 ). 
13 C NMR (75 MHz,

DCl 3 ) δ: 193.8, 151.4, 143.6, 135.6, 134.8, 134.7, 129.5, 129.4, 129.3, 

29.1, 127.9, 65.5, 39.0; MS m/z (%): 277.2 (5) [M 

+ ]. 

.4.2. 1-(4-fluorophenyl)-3-phenyl-2-(1H-1,2,4-triazol-1- 

l)propan-1-one (7b) 

Yield: 61%, mp: 65-68 °C. IR (KBr) ν (cm 

−1 ): 3108.7 (C–H stretch, 

romatic), 2915.8 (C-H, aliphatic), 1699.3, (C = O, ketone), 1597.1 

C = N), 1241.7 (C–N stretch, aromatic), 1270.4 (Ar-F). 1 H NMR (500 

Hz, CDCl 3 ) δ (ppm): 8.24 (s, 1H, triazole), 7.93 (dd, J = 8.3, 5.5

z, 2H, 4-F-Ar-H, H-3 and H-5), 7.89 (s, 1H, triazole), 7.34-7.37 (m, 

H, Ar-H) 7.19-7.23 (m, 2H, Ar-H), 7.10 (t, J = 8.3 Hz, 2H, 4-F-Ar-H,

-2 and H-6), 6.17 (dd, J = 8.3, 6.4 Hz, 1H, CH), 3.53 (dd, J = 14.1,

.1 Hz, 1H, CH 2 ), 3.40 (dd, J = 14.1, 8.6 Hz, 1H, CH 2 ). MS m/z (%):

95.1(6) [M 

+ ]. 

.4.3. 1-(4-chlorophenyl)-3-phenyl-2-(1H-1,2,4-triazol-1- 

l)propan-1-one (7c) 

Yield: 72%, mp: 116-119 °C. IR (KBr) ν (cm 

−1 ): 3088.0 (C–H 

tretch, aromatic), 2926.1 (C-H, aliphatic), 1690.8, (C = O, ketone), 

587.7 (C = N), 1279.8 (C–N stretch, aromatic), 1090.9 (Ar-Cl). 1 H 

MR (500 MHz, CDCl 3 ) δ: 8.24 (s, 1H, triazole), 7.89 (s, 1H, tri-

zole), 7.82 (d, J = 8.5 Hz, 2H, 4-Cl-Ar-H, H-2 and H-6), 7.40 (d, 

 = 8.5 Hz, 2H, 4-Cl-Ar-H H-3 and H-5), 7.18 -7.24 (m, 3H, Ar-H) 

.00 (d, J = 6.8 Hz, 2H, Ar-H), 6.16 (dd, J = 8.5, 6.1 Hz, 1H, CH),

.53 (dd, J = 14.2, 6.1 Hz, 1H, CH 2 ), 3.40 (dd, J = 14.2, 8.6 Hz, 1H,

H 2 ). 
13 C NMR (75 MHz, CDCl 3 ) δ: 192.8, 151.7, 143.6, 141.3, 135.4,

33.2, 130.4, 129.8, 129.4, 129.3, 128.0, 65.3, 38.9. MS m/z (%): 311.1 

5) [M 

+ ]. 

.4.4. 1-(4-bromophenyl)-3-phenyl-2-(1H-1,2,4-triazol-1- 

l)propan-1-one (7d) 

Yield: 69 %. IR (KBr) ν (cm 

−1 ): 3112.3 (C–H stretch, aromatic), 

972.8 (C-H, aliphatic), 1690.8, (C = O, ketone), 1584.4 (C = N), 1287.0 

C–N stretch, aromatic), 1011.0 (Ar-Br). 1 H NMR (500 MHz, CDCl 3 ) 

: 8.35 (s, 1H, triazole), 7.93 (s, 1H, triazole), 7.76 (d, J = 8.3 Hz,

H, 4-Br-Ar-H H-2 and H-6), 7.59 (d, J = 8.3 Hz, 2H, 4-Br-Ar-H H-3

nd H-5), 7.19-7.25 (m, 3H, Ar-H) 7.00 (d, J = 7.4, 2H, Ar-H), 6.19

dd, J = 8.2, 6.3 Hz, 1H, CH), 3.54 (dd, J = 14.2, 6.0 Hz, 1H, CH 2 ),

.41 (dd, J = 14.2, 8.6 Hz, 1H, CH 2 ). 
13 C NMR (75 MHz, CDCl 3 ) δ:

92.9, 151.1, 135.2, 133.6, 132.9, 130.5, 130.2, 129.4, 129.3, 128.0, 

5.5, 38.9. MS m/z (%): 355.0 (7) [M 

+ ]. 

.4.5. 1-(2,4-difluorophenyl)-3-phenyl-2-(1H-1,2,4-triazol-1- 

l)propan-1-one (7e) 

Yield: 56 %, mp: 78-80 °C. IR (KBr) ν (cm 

−1 ): 3121.1 (C–H 

tretch, aromatic), 2952.3 (C-H, aliphatic), 1681.7, (C = O, ketone), 

607.7 (C = N), 1240.4 (C–N stretch, aromatic), 1282.9 (Ar-F). 1 H 

MR (500 MHz, CDCl 3 ) δ: 7.97 (s, 1H, triazole), 7.94 (dd, J = 15.0,

.3 Hz, 1H, 2,4-F-Ar-H, H-6), 7.87 (s, 1H, triazole), 7.21-7.22 (m, 3H, 

r-H) 7.00 (t, J = 9.0 Hz, 1H, 2,4-F-Ar-H, H-3), 6.96 (d, J = 5.8

z, 2H, Ar-H), 6.84 (t, J = 9.0 Hz, 1H, 2,4-F-Ar-H, H-5), 5.91 (dd, 

 = 10.1, 4.1 Hz, 1H, CH), 3.56 (dd, J = 14.1, 3.5 Hz, 1H, CH 2 ), 3.35

dd, J = 13.5, 10.5 Hz, 1H, CH 2 ). MS m/z (%): 313.2 (2) [M 

+ ]. 

.4.6. 1,3,3-triphenyl-2-(1H-1,2,4-triazol-1-yl)propan-1-one (7f) 

Yield: 73 %, mp: 161-164 °C IR (KBr) ν (cm 

−1 ): 3105.1 (C-H, aro- 

atic), 2924.1 (C-H, aliphatic), 1693.5 (C = O, ketones), 1597.0 (C = N 

tretch, aromatic). 1 H NMR (500 MHz, CDCl 3 ) δ (ppm): 8.25 (s, 1H, 

riazole), 7.88 (d, J = 7.5 Hz, 2H, Ar-H-CO, H-2 and H-6), 7.79 (s, 

H, triazole), 7.51 (t, J = 7.4 Hz, 1H, Ar-H-CO, H-4), 7.37 (t, J = 7.7

z, 2H, Ar-H-CO H-3 and H-5), 7.29 (d, J = 7.5 Hz, 2H, Ar-H), 7.14

7.223 (m, 7H, Ar-H) 7.08 (t, J = 7.3 Hz, 1H, Ar-H), 6.84 (d, J = 11.5

z, 1H, CH-N), 5.09 (d, J = 11.5 Hz, 1H, CH-(Ph) 2 ). 
13 C NMR (75

Hz, CDCl 3 ) δ (ppm): 194.2, 151.2, 143.3, 139.6, 139.4, 135.7, 134.5, 

29.4, 129.35, 129.28, 129.26, 129.09, 128.6, 128.4, 127.9, 127.8, 

5.5, 53.9. MS m/z (%): 353.2 (7) [M 

+ ]. 
10 
.4.7. 1-(4-fluorophenyl)-3,3-diphenyl-2-(1H-1,2,4-triazol-1- 

l)propan-1-one (7g) 

Yield: 58 %, mp: 149-152 °C. IR (KBr) ν (cm 

−1 ): 3104.3 (C-H, aro- 

atic), 3028.9 (C-H, aliphatic), 1695.9 (C = O, ketones), 1599.5 (C = N 

tretch, aromatic). 1243.7 (C–N stretch, aromatic), 1273.0 (Ar-F). 1 H 

MR (500 MHz, CDCl 3 ) δ (ppm): 8.30 (s, 1H, triazole), 7.91(dd, 

 = 8.7, 5.3 Hz, 2H,4-F-Ar-H-CO, H-3 and H-5), 7.80 (s, 1H, tria- 

ole), 7.27 (d, J = 7.5 Hz, 2H, Ar-H, H-2 and H-6), 7.23-7.13 (m, 

H, Ar-H) 7.09 (t, J = 7.5 Hz, 1H, Ar-H), 7.04 (t, J = 8.7 Hz, 2H,

-F-Ar-H-CO, H-2 and H-6), 6.80 (d, J = 11.6 Hz, 1H, CH-N), 5.08 

d, J = 11.6 Hz, 1H, CH-(Ph) 2 ). 
13 C NMR (75 MHz, CDCl 3 ) δ (ppm):

92.7, 150.8, 143.2, 139.4, 139.1, 132.1, 131.97, 131.90, 129.41, 129.33, 

28.6, 128.3, 127.9, 116.6, 116.4, 100.4, 65.5, 53.9. MS m/z (%):371.2 

7) [M 

+ ]. 

.4.8. 1-(4-chlorophenyl)-3,3-diphenyl-2-(1H-1,2,4-triazol-1- 

l)propan-1-one (7h) 

Yield: 67 %, mp: 140-142 °C. IR (KBr) ν (cm 

−1 ): 3101.6 (C-H, aro- 

atic), 2926.1 (C-H, aliphatic), 1691.4 (C = O, ketones), 1588.7 (C = N 

tretch, aromatic). 1275.4 (C–N stretch, aromatic), 1093.1 (Ar-Cl). 
 H NMR (500 MHz, CDCl 3 ) δ (ppm): 8.33 (s, 1H, triazole), 7.81(d, 

 = 8.2 Hz, 2H, Ar-H-CO, H-2 and H-6), 7.81 (s, 1H, triazole), 7.34 

d, J = 8.3 Hz, 2H, Ar-H-CO, H-3 and H-5), 7.27 (d, J = 7.5, 2H, Ar-

), 7.23 -7.13 (m, 7H, Ar-H) 7.10 (t, J = 7.3 Hz, 1H, Ar-H), 6.79 (d,

 = 11.6 Hz, 1H, CH-N), 5.09 (d, J = 11.6 Hz, 1H, CH-(Ph) 2 ). MS m/z

%): 387.1 (12) [M 

+ ]. 

.4.9. 1-(4-bromophenyl)-3,3-diphenyl-2-(1H-1,2,4-triazol-1- 

l)propan-1-one (7i) 

Yield: 63 %, mp: 110-113 °C. IR (KBr) ν (cm 

−1 ): 3103.3 (C-H, aro- 

atic), 2973.0 (C-H, aliphatic), 1692.8 (C = O, ketones), 1583.1 (C = N 

tretch, aromatic). 1287.8 (C–N stretch, aromatic), 1012.4 (Ar-Br). 
 H NMR (500 MHz, CDCl 3 ) δ (ppm): 8.13 (s, 1H, triazole), 7.77 (s, 

H, triazole), 7.71 (d, J = 8.4 Hz, 2H, Ar-H-CO, H-2 and H-6), 7.51 

d, J = 8.4 Hz, 2H, Ar-H-CO, H-3 and H-5), 7.26-7.11 (m, 10 H, Ar-H),

.73 (d, J = 11.6 Hz, 1H, CH-N), 5.07 (d, J = 11.6 Hz, 1H, CH-(Ph) 2 ).

S m/z (%): 431.1(5) [M 

+ ]. 

.5. Antifungal assay 

Microorganisms were obtained from the Mycology and Par- 

sitology Departments of Shiraz University of Medical Sciences. 

he in-vitro antifungal activity of synthesized compounds 7a-i was 

valuated against several types of yeast and filamentous fungi in- 

luding C. albicans (ATCC 10261, CBS 1912), C. krusei (ATCC 6258), 

. glabrata (ATCC 90030), C. parapsilosis (ATCC 4344), C. dubliniensis 

CBS 8501), C. tropicalis (ATCC 750), C. neoformans (ATCC 9011), A. 

avus (ATCC 64025), A. clavatus (ATCC 20542) , A. fumigatus (ATCC 

4110), P. boydii (CBS 329093), E. dermatitidis (CBS 120549) and six 

linical isolates of yeasts identified by PCR-RFLP [37] . The broth mi- 

rodilution (CLSI) method was used to determine the minimal in- 

ibitory concentrations (MIC) of the tested compounds [38] . The 

tock solution of the tested compounds was prepared in dimethyl 

ulfoxide (DMSO) at a concentration of 40 mg/mL. Subsequently, 

he compounds were diluted in broth media (RPMI 1640 media) to 

repare final concentrations (0.25 to 256 μg/ml). For preparation 

f stock inoculums, several colonies of the yeasts and filamentous 

ungi were suspended in sterile PBS. Then, inoculum suspensions 

ere adjusted to concentration of 1-5 × 10 6 cells/mL at 530 nm. 

ICs were defined as the lowest concentration of the antimicrobial 

gents that created ≥50 growth inhibitions. All experiments were 

epeated three times and the mean MICs were reported as MIC 50 . 

.6. Molecular docking study 

Firstly, all synthesized compounds were drawn, optimized and 

onverted to PDBQT format according to our previous protocol 
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y MGL tools 1.5.6 [39] . The three dimensional crystal struc- 

ure of lanosterol 14- α demethylase (PDB ID: 5TZ1) was achieved 

rom Protein Data Bank ( http://www.rcsb.org ). The co-crystal lig- 

nd and water molecules were removed and missing hydrogens 

ere added. The missing atoms of PDBs were then corrected with 

ODELLER 9.17 and converted to PDBQT format. The docking pro- 

edure was done in a grid box with a size of 70 × 70 × 70 and

 center of x = 69.292, y = 69.427, z = 3.640 using AutoDock 

ools. The molecular grid was kept around Ala 61, Tyr 64, Gly 65, 

eu 87, Leu 88, Lys 90, Tyr 118, Leu 121, Thr 122, Phe 126, Ile131,

yr, 132, Leu 139, Phe 228, Pro 230, Phe 233, Val 234, Leu 300, 

ly 303, Ile 304, Gly 307, His 310, Thr 311, Leu 376, His 377, Ser

78, Ile 379, Phe 380, Tyr 505, Ser 506, Ser 507, Met 508, Val509

40] . Total 100 distinct poses of ligands were generated using the 

amarckian genetic algorithm. Gasteiger charges for 7a (-0.0 0 01), 

b (-0.0 0 02), 7c (-0.0 0 01), 7d (-0.0 0 02), 7e (0.0 0 01), 7f (-0.0 0 03),

g (-0.0 0 04), 7h (-0.0 0 03), 7i (-0.0 0 04) and also, kolman charge of

TZ1 (13.24) were applied using AutoDock Tools. The docking was 

un by AutoDock Tools using an in-house batch script (DOCKFACE) 

 32 , 41 ]. All interactions were visualized and evaluated on the basis

f the best docking pose using discover studio client 2016 [42] . 
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