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Abstract: A series of novel symmetrical 2,5-difunctionalized 1,3,4-oxadiazole derivatives of 

pharmacological significance have been synthesized. The obtained compounds were screened for 

their in vitro antimicrobial activities against Gram-negative (Escherichia coli and Salmonella 

typhimurium) and Gram-positive bacteria (Staphylococcus aureus, Enterococcus feacium and 

Streptococcus agalactiae or group B Streptococcus), as well as against the fungus Candida albicans. 

Although the synthesized compounds showed moderate antifungal activity against C. albicans, they 

exhibited good to excellent antibacterial activities against several strains, compared with standard 

drugs Ampicillin and Nystatin. In silico molecular docking in FabI enzyme active site, gave 

information regarding the binding mode of the drug candidate at molecular level. 
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INTRODUCTION  

For the past few years, there has been a growing interest in developing new antimicrobial 

agents from various sources to combat microbial resistance [1]. Currently, treatment failures 

associated with multidrug-resistant bacteria have become a critical problem worldwide and one of 

the most important current threats to public health [2,3]. As a consequence, the discovery of new 

antimicrobial agents is an exclusively important objective. Nowadays, synthetic products still remain 

one of the major sources of new drug molecules. Sulfonamides, oxazolidinones and fluoroquinolones 

[4] are indeed the most frequently-used antimicrobial drugs from synthetic origin. 

1,3,4-Oxadiazoles are valuable five-membered aromatic heterocycles that possess a wide range of 

biological properties, including antibacterial [5-9], antifungal [10-12], antiviral [13,14], anti-

inflammatory [15], antiparasitic [15], and anti-HIV [17,18] activities. Some examples of drugs used 

in clinical medicine, containing the 1,3,4-oxadiazole unit, are furamizole which is an antibiotic drug, 

and raltegravir, an antiretroviral medication used to treat HIV infection [19] (Fig. 1). On the other 

hand, the amide, amidine, imine and aminoguanidine functional groups are important antimicrobial 

pharmacophores, and the introduction of such functionalities to the 1,3,4-oxadiazole core could 

improve the antimicrobial activity of such compounds, in conformity with the active substructure 

combination principle. Indeed, some commercialized antimicrobial drugs, such as linezolid and 

pentamidine (Fig. 1), contain in their structures the amide and amidine moieties, respectively [20,21]. 

Furthermore, it was found that introducing an imine or aminoguanidine group into sulfonamides 

could significantly improve the antimicrobial activity of the target compounds by 4 to 16-fold [22,23] 

(Fig. 1).  

In view of the above, and as a continuation of our interest to develop efficient protocols for 

the synthesis of heterocyclic compounds with possible biological properties [24], we now report a 

convenient one-step synthesis of 1,3,4-oxadiazole-2,5-diamine, through the hydrogen 

peroxide-promoted oxidative dimerization of urea, followed by intramolecular cyclisation. A wide 

variety of unprecedented symmetrical 2,5-difunctionalized 1,3,4-oxadiazoles bearing the amide, 

amidine, imine, or aminoguanidine functional groups, was then easily obtained from the reaction of 

1,3,4-oxadiazole-2,5-diamine with different carbonyl or thiocarbonyl electrophiles such as salicylic 

acid, paracetamol, phenacetin, -tetralone, sorbic acid and thiosemicarbazide. All the synthesized 

compounds were screened for their antimicrobial activity and they showed moderate to high 

antibacterial and antifungal efficacy against several microbial strains. 

 



 

 

Fig. 1. Design strategy of target structures. 

 

RESULTS AND DISCUSSION 

Synthesis. In the first part of this work, we focused our efforts to synthesize the 1,3,4-oxadiazole-

2,5-diamine 1 (Scheme 1). Being a binucleophilic agent with two amino groups in symmetrical 2,5-

positions, this compound could undergo condensation reactions with carbonyl or thiocarbonyl 

electrophiles leading to the target structures.  

A literature survey on the preparation of 1,3,4-oxadiazole-2,5-diamine 1 showed only a few 

specific synthetic routes, most of these involving dehydrative cyclisation of the hardly accessible 

hydrazine-1,2-dicarboxamide [25,26]. Therefore, a step-economic and low-cost approach to 

synthesize this heterocyclic scaffold from easily obtained starting materials is of great significance. 

With this in mind, we developed a convenient one-step synthesis of 1,3,4-oxadiazole-2,5-diamine 1, 

through the hydrogen peroxide-promoted oxidative dimerization of urea, followed by intramolecular 

cyclisation. The reaction was achieved in a simple one-step protocol, by treating urea with excess 

H2O2 in the presence of a catalytic amount of sulfuric acid and heating the mixture under reflux for 

24 h (Scheme 1). The desired 1,3,4-oxadiazole-2,5-diamine 1 was obtained as a white solid in 72% 

yield, after recrystallization from ethanol. By comparison with existing methods [25,26], our protocol, 



which uses commercially available and low-cost urea, hydrogen peroxide and sulfuric acid as starting 

materials, is endowed with several other advantages such as easy operation, satisfactory yield and 

mild reaction conditions.  

 

 

 

A plausible mechanism for the formation of compound 1 is depicted in Scheme 2. The reaction 

is assumed to proceed, firstly, via oxidative dimerization of urea promoted by hydrogen peroxide in 

the presence of sulfuric acid as catalyst. This will afford the crucial intermediate hydrazine-1,2-

dicarboxamide, which then undergoes an acid-catalyzed intramolecular cyclisation through its 

reactive tautomer form. A subsequent dehydrative aromatization leads to the target compound 

1,3,4-oxadiazole-2,5-diamine 1 (Scheme 2). 

 

 
 

With the 1,3,4-oxadiazole-2,5-diamine 1 in hand, we next studied its reaction with various 

commercially available carbonyl or thiocarbonyl electrophiles such as salicylic acid, paracetamol, 

phenacetin, -tetralone, sorbic acid and thiosemicarbazide, which would allow a straightforward 

approach to the target symmetrical 2,5-difunctionalized 1,3,4-oxadiazoles incorporating the amide, 

amidine, imine, or aminoguanidine functional groups. The reactions were found to proceed efficiently 

by condensing compound 1 with two molar equivalents of the above-mentioned carbonyl or 

thiocarbonyl electrophile, in refluxing ethanol for 4-12 h, in the presence of a catalytic amount of 



sulfuric acid (Scheme 3). The desired 2,5-difunctionalized 1,3,4-oxadiazoles 2-7 were then obtained 

as solids in 75-86% yield, after recrystallization from ethanol.  

 

 

 

It should be mentioned that in case of sorbic acid used as carbonyl electrophile (Scheme 3, 

product 6), an atypical reaction behaviour was observed. As shown in Scheme 4, the condensation 

proceeds firstly via a nucleophilic conjugate addition leading to the -amino-acid intermediate, which 

then undergoes an intramolecular cyclisation through a 6-exo-trig process [27], followed by 

spontaneous dehydration, to afford the corresponding 1,3,4-oxadiazole 6, bearing two 

dihydropyridinone moieties in symmetrical 2,5-positions.  



 

 

 

Antimicrobial activity. The newly synthesized compounds 2-7 as well as the starting 1,3,4-

oxadiazole-1,5-diamine 1, were investigated for their in vitro antimicrobial activities against Gram 

negative (Escherichia coli and Salmonella typhimurium) and Gram positive bacteria (Staphylococcus 

aureus, Enterococcus feacium and Streptococcus agalactiae or group B Streptococcus), as well as 

against the fungus Candida albicans. Their antimicrobial properties were first assessed by the 

inhibition zone diameter using filter paper disc-diffusion method [28]. Then, their respective 

minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) (i.e., the 

minimum fungicidal concentration MFC for C. albicans), were determined using the MTT assay [29] 

and the agar plating method [28], respectively. The results were compared to the commercially 

available Ampicillin [30] used as positive control for bacterial strains, and Nystatin [31] used as 

positive control for clinical strains of Candida albicans.  

As indicated in Table 1, at the concentration of 15 µg/mL, the majority of tested compounds 

displayed good to excellent inhibitory effects against all bacterial strains with a variable inhibition 

zone diameter ranging from 7 to 46.5 mm. In contrast, their antifungal activity was found to be 

moderate against the clinical Candiat albicans, compared to standard Nystatin. Furthermore, for all 

examined bacterial and fungal strains, the newly synthesized 2,5-difuctionnalized 1,3,4-oxadiazoles 

2-7 were found 1.1 to 5.5 fold more active than their precursor 1,3,4-oxadiazole-2,5-diamine 1 which 

showed the less diameter of the inhibition zone in all cases. 

 



 

Table 1. The in vitro antimicrobial activity of compounds 1-7 and the control drugs.  

Compounda 
Inhibition zone diameter (mm) 

E. coli S. typhimurium S. aureus E. feacium S. agalactiae C. albicans 

1 7.00 7.50 7.00 9.00 8.50 8.00 

2 9.25 9.50 15.25 25.50 37.75 9.25 

3 13.75 12.00 18.25 27.00 36.50 11.00 

4 12.75 11.50 16.00 25.50 46.50 11.25 

5 12.25 12.25 14.25 17.75 29.25 10.00 

6 10.00 9.50 13.25 15.00 15.50 10.50 

7 10.50 10.00 17.75 25.00 36.50 11.00 

Ampicillina 12 14.50 34.75 37.00 28.75 - 

Nystatinb -  - - - 30.75 

a At the concentration of 15g/mL, b At the concentration of 100g/mL. 

 

These results suggest that the incorporation of amide, amidine, imine or aminoguanidine 

functional groups into the 1,3,4-oxadiazole 2,5-diamine 1, allows to obtain more active compounds. 

Interestingly, 1,3,4-oxadiazoles derivatives 3 and 4 bearing two amidine moieties in symmetrical 2,5-

positions and resulting from the condensation of 1 with paracetamol and phenacetin, respectively, 

(Scheme 3, products 3 and 4), exhibited the best antibacterial activity against all microbial strains 

tested with inhibition zone ranging between 11.0 and 46.5 mm (Table 1). Moreover, except for 

compounds 6, all other tested 1,3,4-oxadiazole derivatives exhibited inhibitory effect against S. 

agalactiae strain, better than or comparable to that of Ampicillin used as positive control. 

More accurate data on the antimicrobial activities of the synthesized compounds were 

obtained through their MIC (Table 2) and MBC (MFC for C. albicans) values (Table 3). For the sake 

of comparison, the MIC and MBC values of the positive references Ampicillin and Nystatin were 

also determined (Tables 2 and 3).  

 

Table 2. Minimum inhibitory concentration (MIC) of compounds 1-7  

Compound 
MIC (g.mL-1) 

E. coli S. typhimurium S. aureus E. feacium S. agalactiae C. albicans 

1 1.000 0.500 1.000 0.500 0.250 0.250 

2 0.500 0.500 0.062 0.062 0.062 0.250 

3 0.500 0.500 0.031 0.031 0.031 0.500 

4 0.500 0.500 0.015 0.015 0.015 0.015 

5 0.500 0.500 0.062 0.125 0.250 0.250 

6 0.500 0.500 1.000 0.500 0.500 0.500 

7 0.500 0.500 0.015 0.031 0.031 0.250 

Ampicillin 0.031 0.015 0.004 0.004 0.003 - 

Nystatin -  - - - 0.003 

 



Table 3. Minimum bactericidal concentration (MBC) of compounds 1-7  

Compound 
MBC (g/mL) 

E. coli S. typhimurium S. aureus E. feacium S. agalactiae C. albicansa 

1 1.000 1.000 1.500 1.000 0.500 0.500 

2 1.000 1.000 0.125 0.125 0.125 0.500 

3 1.000 1.000 0.062 0.062 0.062 1.000 

4 0.500 0.500 0.031 0.031 0.031 0.031 

5 1.000 1.000 0.125 0.250 0.125 1.000 

6 1.000 1.000 1.500 1.000 0.500 1.000 

7 1.000 1.000 0.031 0.062 0.062 0.500 

Ampicillin 0.062 0.031 0.095 0.095 0.007 - 

Nystatin -  - - - 0.007 

a The minimum fungicidal concentration MFC. 

 

As shown in Tables 2 and 3, the MIC and MBC (MFC for C. albicans) values of 

1,3,4-oxadiazole derivatives 1-7 are in concordance with the obtained inhibition zones, with MIC and 

MBC values ranging from 0.015  to 1.000 g.mL-1 and 0.031 to 1.000 g.mL-1, respectively.  

The compounds 1-7 exhibited moderate MIC and MBC activity against Gram-negative strains 

(Tables 2 and 3). Regarding S. aureus and E. feacium, although the compounds 1-7 showed weaker 

MIC activity than that of Ampicillin, compounds 2, 3, 4, 5, and 7 exhibited relatively stronger MIC 

activity compared to that of compounds 1 and 6. Interestingly, compounds 3, 4 and 7 showed MBC 

activity against S. aureus and E. feacium stronger or comparable to that of Ampicillin. In case of S. 

agalactiae, compounds 3, 4 and 7 exhibited relatively stronger MIC and MBC activity compared to 

others. It is noteworthy that only compound 4 exhibited stronger MIC and MBC activity than others 

though the MIC and MFC activities of 4 were weaker than that of Nystatin. 

Importantly, the ratio MBC/MIC was close to 2, indicating that the synthesized 1,3,4-

oxadiazole derivatives were bactericidal in nature and not bacteriostatic [29].  

This is illustrated in Table 4, by the exclusive correlation between MIC and MBC for the 

1,3,4-oxadiazole derivatives, and on the other hand, by the absence of correlation of these two latter 

parameters with the inhibition zone diameter (IZD), index of bacteriostatic activity.  

On the basis of obtained results from MIC and MBC values, compounds 3 and 4 bearing 

amidine moieties can be regarded as a new valuable source to produce new 1,3,4-oxadiazole 

derivatives against bacteria, especially Gram-positive as well as the fungus C. albicans. This indicates 

that the incorporation of significant functional unit such amidine, in symmetrical 2,5-positions, into 

the 1,3,4-oxadiazole 2,5-diamine 1, was as effective in obtaining of compounds 3 and 4 more active 



than the original precursor and which might be a potential source for synthetic products for the 

pharmaceutical industry against microorganisms of bacterial and fungal origin. 

 

Table 4. Association between pMIC, pMBC and pIZD of 1,3,4-oxadiazole derivatives 1-7 against all 

bacterial and fungal strains tested. 
 

Compound 
pIZD - pMIC pIZD - pMBC pMIC - pMBC 

r p-valuea r p-value* r p-value 

1 -0,7086 NS -0,5336 NS 0,9120 <0,02 

2 -0,8503 <0,05 -0,8501 <0,05 1,0000 <0,0001 

3 -0,8347 <0,05 -0,8347 <0,05 1,0000 <0,0001 

4 -0,3193 NS -0,6253 NS 0,8358 <0,05 

5 -0,2333 NS -0,0437 NS 0,5124 NS 

6 0,2151 NS -0,3561 NS 0,6252 NS 

7 -0,9292 <0,01 -0,9290 <0,01 1,0000 <0,0001 
a NS: Not Significant  

pIZD = -log(IZD); pMIC = -log(MIC) and pMBC = -log(MBC); 

Pearson’s correlation coefficient r was calculated to demonstrate intraspecific microbial association between 

pIZD, pMIC and pMBC. There was no correlation between pIZD and pMIC as well as between pIZD and pMBC 

for all bacterial and fungal strains tested. 

 

 

In silico molecular docking. Among the molecular targets in pathogenic strains, enoyl-acyl carrier 

protein reductase (FabI) which catalyzes the last step of the type II fatty acid biosynthesis elongation 

cycle [30] has been validated as an attractive drug target [32]. This enzyme is indeed highly conserved 

across many clinically relevant pathogens, including E. coli and S. aureus, and represents the sole 

enoyl-ACP reductase present [33,34].  

In view of the promising antibacterial activity of 1,3,4-oxadiazole derivatives 3 and 4 against 

Gram-positive and Gram-negative selective FabI-containing organisms, and to get insight into the 

putative binding mode of these latter inhibitors in the active site of this enzyme, in silico molecular 

docking experiments were conducted as described previously [35,36], using the reported crystal 

structure of S. aureus FabI (saFabI) in complex with the inhibitor CG400549 and the cofactor 

NADPH in its active site (PDB entry code: 4CV1 [36]).  

The best scoring position obtained (i.e. lowest energy complex) showed that compounds 3 and 

4 may occupy the entire saFabI active site with predicted binding energy values E3 = -9.6 kcal/mol 

and E4 = -9.7 kcal/mol, respectively. Moreover, a high level of concordance between the most 

favorable docked conformation of each compound and the crystalized CG400549 inhibitor (Fig. 2A-

B) was observed. Each of the docked compounds 3-saFabI and 4-saFabI complexes was then 

subjected to interactions analysis using Ligplot+ v.1.4 (Fig. 2C-D) [37]. The Ligplot+ diagram thus 

generated schematically depicts the hydrogen bonds and hydrophobic interactions between the ligand 

(i.e., 1,3,4-oxadiazole 3 or 4), the cofactor (i.e., NADPH) and the active site residues of the protein 



(i.e., saFabI) during the binding process. First, one 4-hydroxyphenylacetimidamide group from 3 and 

one 4-ethoxyphenylacetimidoyl group from 4 were found to bind deeply in the hydrophobic pocket 

where they interact with Tyr147, Val154, Gln155, Tyr157, Ala198, Val201, Gly203, Phe204 and Ile207. On the 

other side, the second amidine moiety of each compound may point towards the entrance of the active 

site thus interacting with Phe96, Ala97, Met160 and Leu196 residues. In addition, compound 4 would 

also be stabilized by seven H-bonding with Ala95 (2×H bonds), Tyr147, and Ser197 residues, as well as 

with the NADPH nicotinamide ribose 2’-OH (2×H bonds) and the NH2 group of the 3-

carbamoylpyridinium (Fig. 2D). In contrast, only five H-bonding would be detected in the case of 

compound 3 involving Tyr147 and Ser197 residues, as well as the NADPH nicotinamide ribose 2’-OH 

(2×H bonds) and the phosphate group of the adenine ribose (Fig. 2C). Taken together, these results 

would suggest that saFabI could be an effective target of our 1,3,4-oxadiazole derivatives 3 and 4. It 

is noteworthy that, in our in silico molecular model, Tyr157, a key residue in saFabI activity, would 

only be involved in hydrophobic interactions (i.e., π-stacking interaction) with the aniline cycle of 

both compounds, contrary to inhibitors CG400549 and Triclosan for which a strong H bond was 

formed [36-38].  

Although 1,3,4-oxadiazoles 3 and 4 may be able to inhibit FabI activity in either S. aureus or 

E. coli strains, the fact that compound 4 also impairs the growth of C. albicans which is lacking FabI 

enzyme, would suggest that in the latter bacteria this inhibitor might also interact with other 

enzyme(s) than FabI. 

  



 

 

Figure 2. (A-B) in silico molecular docking of 1,3,4-oxadiazoles 3 (panel A - yellow color) and 4 (panel B - cyan color) 

into the crystallographic structures of S. aureus enoyl-acyl carrier protein reductase (saFabI) in a van der Waals surface 

representation, and superimposed to CG400549 (salmon color) saFabI inhibitor. NADPH cofactor also present in saFabI 

active site is colored in green. Hydrophobic residues (alanine, leucine, isoleucine, valine, tryptophan, tyrosine, 

phenylalanine, proline and methionine) are highlighted in white. (C-D) Ligplot+ analyses results: 3D representation of 

schematic binding mode of compounds 3 (panel C – yellow color) and 4 (panel D - cyan color) in complex with saFabI 

and NADPH (green color) showing both hydrogen-bonds (yellow dashed lines) and hydrophobic interactions. Selected 

residues of the saFabI binding pocket are shown as gray sticks. The stick representation uses the following atom color-

code: nitrogen, blue; oxygen, red; sulfur, yellow; phosphorus, orange. Structures were drawn with PyMOL Molecular 

Graphics System (Version 1.4, Schrödinger, LLC) using the PDB file 4CV1 [36].  

  



CONCLUSION 

In conclusion, we have successfully developed a straightforward one-step approach to 1,3,4-

oxadiazole-2,5-diamine, through the hydrogen peroxide-promoted oxidative dimerization of urea, 

followed by intramolecular cyclisation. A wide variety of unprecedented symmetrical 2,5-

difunctionalized 1,3,4-oxadiazoles bearing the amide, amidine, imine, or aminoguanidine functional 

groups, was then easily obtained from the reaction of 1,3,4-oxadiazole-2,5-diamine with different 

carbonyl or thiocarbonyl electrophiles such as salicylic acid, paracetamol, phenacetin, -tetralone, 

sorbic acid and thiosemicarbazide. All the synthesized compounds showed good to excellent 

antibacterial activities against several Gram positive and negative strains, and moderate antifungal 

activity against C. albicans. The compounds 3 and 4 bearing two amidine moieties in symmetrical 

2,5-positions on the 1,3,4-oxadiazole ring, displayed the most potent antibacterial activities, in some 

cases better than Ampicillin control drug.  

In silico molecular docking study have also brought useful and informative data regarding the 

potential binding mode of compounds 3 and 4 inside saFabI enzyme active site, therefore providing 

some clues for developing new lead compounds as potent antibacterial agents. Additionally, further 

investigation on the cytotoxicity of the obtained compounds against eukaryotic cells and diverse 

structural modifications are currently in progress through iterative synthesis in conjugation with 

computer modeling and the results will be reported in due course. 

EXPERIMENTAL 

Chemistry. Uncorrected melting points were determined on a Buchi apparatus. IR spectra (KBr 

Discs) were performed on a 550 Nicolet Magana Spectrometer in the range 4000 - 400 cm−1. 1H NMR 

(500 MHz) and 13C NMR (125 MHz) spectra were carried out on an MSL 500 Bruker spectrometer 

at room temperature. Chemical shifts (𝛿) were reported in parts per million (ppm), relative to 

tetramethylsilane (TMS) as internal reference. Elemental analyses for C, H, and N were performed 

on an instrument microanalyser Perkin Elmer CHNOS. All reagents and solvents were supplied by 

Aldrich chemical, with analytical grade, and were used as received without further purification. The 

chemical structures of compounds 1-7 were established based on their spectral data and they had 

shown purity greater than 95%. NMR abbreviations and spin multiplicities are described as: s 

(singlet), d (doublet), t (triplet), q (quadruplet), m (multiplet), dd (doublet of doublet). Coupling 

constants (J) are reported in Hertz (Hz).  

Synthesis of 1,3,4-oxadiazole-2,5-diamine 1 

6 g (100 mmol) of urea was introduced into a 50 mL round bottomed flask and 10 mL of H2O2 (40%) 

was added with 0.15 mL of concentrated H2SO4 (5 mol%). The reaction mixture was then heated at 



reflux temperature with continuous stirring for 24 hours. After cooling to room temperature, the 

reaction mixture was left to crystallize for 24 h.  Crystals were then collected by filtration and 

recrystallized from absolute ethanol to afford a white solid. m. p.: 164 °C. Yield: (3.6g) 72%. IR 

(KBr, ν (cm-1)): 3387-3280 (N-H), 1570 (C=N), 1232 (C-O). 1H NMR (500 MHz, DMSO-d6)  = 

7.95 (br, 4H, 2NH2). 
13C NMR (125MHz, DMSO-d6)  = 160.59. Anal. Calcd. for C2H4N4O. 

(100.08): C, 24; H, 4.03; N, 55.98; found: C, 24.03; H, 4.07; N, 56.01.  

General procedure for the synthesis of compounds 2-7 

A mixture of the carbonyl or thiocarbonyl electrophilic reagent (20 mmol, 2 equiv), 1,3,4-oxadiazole-

2,5-diamine (1) (1 g, 10 mmol, 1 equiv) and a catalytic amount of concentrated sulfuric acid (0.1 mL, 

15 mol%) in ethanol (10 mL) was stirred under reflux for 6 to 12 h. After completion of the reaction 

as indicated by TLC, the reaction mixture was concentrated under reduced pressure. The residue was 

poured into water (10 mL) and extracted with chloroform (3 × 15 mL). The combined organic layer 

was dried over anhydrous MgSO4, filtered and concentrated under vacuum to afford a solid, which 

was recrystallized from absolute ethanol. 

N,N'-(1,3,4-oxadiazole-2,5-diyl)bis(2-hydroxybenzamide) 2 

White solid. Yield: 86%; m. p.: 167 °C. IR (KBr, ν (cm-1)): 3335 (NH), 3286 (OH), 1652 (C=O), 

1600 (C=C), 1562 (C=N), 1252 (C-O). 1H NMR (DMSO-d6)  = 10.43 (br, 4H, 2OH, 2NH), 7.70 (d, 

2H, J=6.5), 7.30 (d, 2H, J=7.5), 6.80 (dd, 4H, J=7.5). 13C NMR (125MHz, DMSO-d6)  = 164.62, 

162.38; 161.73, 135.78, 130.31, 119.31, 117.36, 113.26. Anal. Calcd. for C16H12N4O5 (340.29): C, 

56.47; H, 3.55; N, 16.46; O, 23.51; found: C, 56.51; H, 3.60; N, 16.48. 

N,N'-(1,3,4-oxadiazole-2,5-diyl) bis(N-(4-hydroxyphenyl)acetimidamide) 3 

White solid. Yield: 80%. m. p.: 128 °C. IR (KBr, ν (cm-1)): 3452 (OH), 3340 (NH), 1659 (C=N), 

1570 (C=N), 1600 (C=C). 1H NMR (DMSO-d6)  = 9.76 (br, 2H, 2OH), 9.41 (br, 2H, 2NH), 7.39 (d, 

4H, J=9), 6.75 (d, 4H, J=8.5), 2.03 (s, 6H, 2CH3). 
13C NMR (125MHz, DMSO-d6)  = 161.13, 160.68, 

153.76, 131.23, 121.77, 115.57, 24. Anal. Calcd. for C18H18N6O3 (366.37): C, 59.01; H, 4.95; N, 

22.94; found: C, 58.95; H, 5; N, 22.98. 

N, N’-(4-ethoxyphenyl)bis(acetimidoyl) amino-1,3,4-oxadiazol-2-yl-acetamide 4 

Brown solid. Yield: 79%.  m. p.: 140 °C. IR (KBr, ν (cm-1)): 3297 (NH), 1660 (C=N), 1560 (C=N). 

1H NMR (DMSO-d6)  = 9.80 (br, 2H, 2NH), 7.51 (d, 4H, J=9), 6.80 (d, 4H, J=9.5), 3.95 (q, 4H, 2 

OCH2, J=7), 2.04 (s, 6H, 2CH3), 1.30 (t, 6H, 2 CH3, J=7). 13C NMR (125MHz, DMSO-d6)  = 161.28, 

160.44, 154.80, 132.87, 121.05, 114.69, 63.48, 24.19, 15.09. Anal. Calcd. for C22H26N6O3 (422.48): 

C, 62.54; H, 6.20; N, 19.89; found: C, 62.51; H, 6.23; N, 19.94. 

 



N,N'-(1,3,4-oxadiazole-2,5-diyl)bis(3,4-dihydronaphthalen-1(2H)-imine) 5 

Brown solid. Yield: 76%. m. p.: 242°C. IR (KBr, ν (cm-1)): 1645 (C=N), 1557 (C=N), 1613 (C=C). 

1H NMR (DMSO-d6)  = 8.45 (d, 2H, J=9,5), 8.08 (dd, 2H, J=9), 7.59 (dd, 2H, J=9), 7.47 (d, 2H, 

J=9,5), 2.93 (t, 4H, J=7), 2.53 (t, 4H, J=7), 2.07 (m, 4H). 13C NMR (125MHz, DMSO-d6)  = 160.13, 

151.40, 144.63, 135.74, 132.21, 128.37, 126.21, 122.19, 23.98, 27.26, 28.05. Anal. Calcd. for 

C22H20N4O (356.16): C, 74.14; H, 5.66; N, 15.72; found: C, 74.18; H, 5.63; N, 15.75. 

1,1’-(1,3,4-oxadiazole-2,5-diyl)bis(6-methyl-5,6-dihydropyridin-2(1H)-one) 6 

Yellow solid. Yield: 75%; m. p.: 124°C. IR (KBr, ν (cm-1)): 1665 (C=O), 1603 (C=C), 1563 (C=N). 

1H NMR (DMSO-d6)  = 7.51 (d, 2H; J=10,5), 6.85 (m, 2H), 3.94 (m, 2H), 2.55 (m, 2H), 2.04 (m, 

2H), 1.31 (d, 6H, 2CH3, J=7,5). 13C NMR (125MHz, DMSO-d6)  = 165.28, 162.44, 132.8, 123.05, 

67.48, 33.50, 20.95. Anal. Calcd. for C14H16N4O3 (288.12): C, 58.32; H, 5.59; N, 19.43; found: 

C,58.27; H, 5.62; N, 19.47. 

N, N’-(1,3,4-oxadiazole-2,5-diyl)bis(hydrazinecarboximidamide) 7 

Yellow solid. Yield: 84%; m. p.: 262°C. IR (KBr, ν (cm-1)): 3344 (NH2), 3236 (NH), 1654 (C=N), 

1558 (C=N). 1H NMR (DMSO-d6)  = 8.40 (br, 4H, 2NH2), 6.00 (br, 2H, 2NH), 4.80 (br, 4H, 2NH2). 

13C NMR (125MHz, DMSO-d6)  = 161.90, 158.90. Anal. Calcd. for C4H10N10O (214.10): C, 22.43; 

H, 4.71; N, 65.39; found: C, 22.48; H, 4.74; N, 65,38. 

Antimicrobial evaluation. The used microorganisms; Gram(-): Escherichia coli (ATCC 8739), 

Salmonella typhimurium (ATCC 14028), Gram(+): Staphylococcus aureus (ATCC 6538), 

Enterococcus feacium (ATCC 19434), Streptococcus B (agalactiae), and the fungus Candida albicans 

(ATCC 10231); were from Microbiology Laboratory of National Institute INRAP Biotech Pole – Sidi 

Thabet, Tunis, Tunisia. Prior to use, the bacteria and fungus are subcultured and incubated under 

optimal growth conditions. They are conserved by transplanting on nutrient agar favorable for their 

growth for 24 h, in the dark and at 37 °C. Nutrient agar was used to culture the microbes. The plates 

were inculcated by the microbes and incubated for 24 h at 37 °C. Ampicillin and Nystatin, at a 

concentration of 10 g.mL-1 and 100 g.mL-1 respectively and were used as reference drugs against 

microbes. All the microbes were grown on Mueller–Hinton Agar (Hi-media) plates (37 °C, 24 h).  

Inhibition-zone measurement. A suspension of the tested microorganisms was spread on the 

appropriate solid media plates and incubated overnight at 37 °C. After 1 day, 4-5 loops of pure 

colonies were transferred to saline solution in a test tube for each bacterial strain and adjusted to the 

0.5 McFarland turbidity standard (~108 cells.mL-1). Sterile cotton dipped into the bacterial suspension 

and the agar plates were streaked three times, each time turning the plate at a 60° angle and finally 

rubbing the swab through the edge of the plate. Sterile paper discs (Glass Microfibre filters, Whatman; 



6 mm in diameter) were placed onto inoculated plates and impregnated with the diluted solutions in 

sterile water. Ampicillin (15 μg/disc) was used as positive control for all strains except C. albicans 

for which nystatin (100 μg/disc) was used. Inoculated plates with discs were placed in a 37 °C 

incubator. After 24 h of incubation, the results were recorded by measuring the zones of growth 

inhibition surrounding the filter paper disc in millimeters. Clear inhibition zones around the discs 

indicated the presence of antimicrobial activity. The test was run in duplicate. 

Minimum inhibitory concentration (MIC) measurement. The MIC was considered to be the 

lowest concentration that completely inhibited the growth on agar plates, disregarding a single colony 

or faint haze caused by the inoculum. The MIC values were determined in 96 well-microplate using 

the microdilution method according to reference [29]. Briefly, a stock solution of each product was 

prepared in DMSO. Then, serial dilutions of all tested products were performed in Mueller Hinton 

Broth medium (MHB) to obtain final concentrations in the range of 10 g/mL to 0.0025 g/mL. The 

12th well was considered as growth control (free drug control). Afterwards, 50 μL of bacterial 

inoculum was added to each well at a final concentration of 106 CFU/mL. After incubation at 37 °C 

for 24 h, 10 μL of MTT were added to each well as bacterial growth indicator. After further incubation 

at 37 °C for 2 h, the bacterial growth was revealed by the change of coloration from yellow to black. 

The MIC was considered to be the lowest active compound concentration at which growth inhibition 

was clearly visible (absence of the color change at the bottom of the well) within a defined period of 

time.  

Minimal bactericidal concentration (MBC) measurement. MIC tests were always extended to 

measure the MBC as follows: a loop-full from the tube that did not show visible growth (MIC) was 

spread over a quarter of Müller–Hinton agar plate. After 18 h of incubation at 37 °C, the plates were 

examined for CFU count. Again, the tube containing the lowest concentration of the test compound 

that failed to yield growth on subculture plates was considered the MBC for the respective test 

organism (Table 3). Thus, it reduces by 99.9% the in vitro survival of micro-organisms in a medium 

containing a defined inoculum of bacteria, within a defined period of time.  

Statistical analysis. Results of quantitative variables were expressed as the arithmetic mean. 

Statistical analysis of the data was performed using MS Excel for descriptive statistics and Pearson’s 

correlation between parameters. All values were considered significant at P<0.05. 

Molecular docking experiments. A computational docking and scoring procedure using the 

Autodock Vina program [39] was used to generate the putative binding modes of 1,3,4-oxadiazoles 

3 and 4 into the active site of the S. aureus enoyl-acyl carrier protein reductase (saFabI) as previously 

described [35]. The PyMOL Molecular Graphics System (version 1.4, Schrödinger, LLC) was used 

as working environment with an in-house version of the AutoDock/Vina PyMOL plugin [40]. The 



X-ray crystallographic structure of saFabI in complex with the inhibitor CG400549 and the cofactor 

NADPH in its active site (PDB entry code: 4CV1; 1.95 Å resolution [36]) available at the Protein 

Data Bank was used as receptor. Docking runs were performed after removing the ligand (i.e., 

CG400549 inhibitor) from the enzyme active site. The box size used for the receptor was chosen to 

fit the whole active site cleft and to allow non constructive binding positions. The binding site region 

was defined by NADPH and amino acids 93–99, 102, 121, 146–147, 154–157, 160, 164, 190–193, 

195, 197–204, and 207 as previously reported [36]. A model structure file was generated for the 

inhibitor molecules, and their geometry was refined using the Avogadro open-source program 

(version 1.1.1. http://avogadro.openmolecules.net/).  

As a first step, compound CG400549 was submitted to in silico molecular docking into saFabI active 

site. Comparison of the generated CG400549 docking pose with the available binding geometry 

observed in the 4CV1 crystal structure revealed root mean square deviations of 0.230 Å for the top 

ranked pose (predicted binding energy value, ECG400549 = -10.3 kcal/mol). This re-/cross-docking 

experiment thus confirms the validity and reliability of our computational approach. 
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Table 1. The in vitro antimicrobial activity of compounds 1-7 and the control drugs.  

Compounda 
Inhibition zone diameter (mm) 

E. coli S. typhimurium S. aureus E. feacium S. agalactiae C. albicans 

1 7.00 7.50 7.00 9.00 8.50 8.00 

2 9.25 9.50 15.25 25.50 37.75 9.25 

3 13.75 12.00 18.25 27.00 36.50 11.00 

4 12.75 11.50 16.00 25.50 46.50 11.25 

5 12.25 12.25 14.25 17.75 29.25 10.00 

6 10.00 9.50 13.25 15.00 15.50 10.50 

7 10.50 10.00 17.75 25.00 36.50 11.00 

Ampicillina 12 14.50 34.75 37.00 28.75 - 

Nystatinb -  - - - 30.75 

a At the concentration of 15g/mL, b At the concentration of 100g/mL. 

 

Table 2. Minimum inhibitory concentration (MIC) of compounds 1-7  

Compound 
MIC (g.mL-1) 

E. coli S. typhimurium S. aureus E. feacium S. agalactiae C. albicans 

1 1.000 0.500 1.000 0.500 0.250 0.250 

2 0.500 0.500 0.062 0.062 0.062 0.250 

3 0.500 0.500 0.031 0.031 0.031 0.500 

4 0.500 0.500 0.015 0.015 0.015 0.015 

5 0.500 0.500 0.062 0.125 0.250 0.250 

6 0.500 0.500 1.000 0.500 0.500 0.500 

7 0.500 0.500 0.015 0.031 0.031 0.250 

Ampicillin 0.031 0.015 0.004 0.004 0.003 - 

Nystatin -  - - - 0.003 

 

Table 3. Minimum bactericidal concentration (MBC) of compounds 1-7  

Compound 
MBC (g/mL) 

E. coli S. typhimurium S. aureus E. feacium S. agalactiae C. albicansa 

1 1.000 1.000 1.500 1.000 0.500 0.500 

2 1.000 1.000 0.125 0.125 0.125 0.500 

3 1.000 1.000 0.062 0.062 0.062 1.000 

4 0.500 0.500 0.031 0.031 0.031 0.031 

5 1.000 1.000 0.125 0.250 0.125 1.000 

6 1.000 1.000 1.500 1.000 0.500 1.000 

7 1.000 1.000 0.031 0.062 0.062 0.500 

Ampicillin 0.062 0.031 0.095 0.095 0.007 - 

Nystatin -  - - - 0.007 

         a The minimum fungicidal concentration MFC. 

 



 

 

 

 

Table 4. Association between pMIC, pMBC and pIZD of 1,3,4-oxadiazole derivatives 1-7 against all 

bacterial and fungal strains tested. 
 

Compound 
pIZD - pMIC pIZD - pMBC pMIC - pMBC 

r p-valuea r p-value* r p-value 

1 -0,7086 NS -0,5336 NS 0,9120 <0,02 

2 -0,8503 <0,05 -0,8501 <0,05 1,0000 <0,0001 

3 -0,8347 <0,05 -0,8347 <0,05 1,0000 <0,0001 

4 -0,3193 NS -0,6253 NS 0,8358 <0,05 

5 -0,2333 NS -0,0437 NS 0,5124 NS 

6 0,2151 NS -0,3561 NS 0,6252 NS 

7 -0,9292 <0,01 -0,9290 <0,01 1,0000 <0,0001 
a NS: Not Significant  

pIZD = -log(IZD); pMIC = -log(MIC) and pMBC = -log(MBC); 

Pearson’s correlation coefficient r was calculated to demonstrate intraspecific microbial association between 

pIZD, pMIC and pMBC. There was no correlation between pIZD and pMIC as well as between pIZD and pMBC 

for all bacterial and fungal strains tested. 

 

 


