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a b s t r a c t

A new series of bis((5-aryl-1,3,4-oxadiazol-2-yl)thio)alkanes 4e14 have been synthesized via nucleo-
philic substitution reaction of dihaloalkanes with respective 1,3,4-oxadiazole-2-thiols 3a-f, and charac-
terized by spectroscopic techniques. The structures of 4 and 12 were unambiguously confirmed by
single-crystal X-ray diffraction analysis. Density functional theory calculations at B3LYP/6-31 þ G(d)
level of theory were performed for comparison of X-ray geometric parameters, molecular electrostatic
potential (MEP) and frontier molecular orbital analyses of synthesized compounds. MEP analysis
revealed that these compounds are nucleophilic in nature. Frontier molecular orbitals (FMOs) analysis of
4e14was performed for evaluation of kinetic stability. All synthesized compounds were screened in vitro
for antimicrobial activity against three bacterial and three fungal strains and showed promising results.

© 2017 Published by Elsevier B.V.
1. Introduction

1,3,4-Oxadiazole ring serve as important pharmacodynamic
nuclei [1,2], and their incorporation in different heterocyclic scaf-
folds results in various biological activities such as anticancer
[3e5], anti-inflammatory [6], hyperglycemic [7], antifungal, anti-
bacterial [8e10], antihypertensive [11], anticonvulsant [12,13], anti-
analgesic [14], antihepatitis virus B (HBV) [15], and anti-HIV agents
[16e18] (e.g.: Raltegravir, 2-((2-(2-methyl-5-nitro-1H-imidazole-1-
yl)ethyl)thio)-5-(2-nitrophenyl)-1,3,4-oxadiazole (1) [19])) as well
as enzyme inhibitors [20e22]. Qian-Ru et al. [23] have synthesized
1,3,4-oxadiazole thioether analogues with evaluation of their thy-
midylate synthase (TS) and anticancer activities. Among all the
designed compounds, compound 1 bearing a nitro group showed
more remarkable anticancer activity towards in vitro three cancer
Ahmed), najim.al-masoudi@
cell lines, which was superior to the positive control. Furthermore,
Zhu et al. [24] designed a series of 2-(benzylthio)-5-aryloxadiazole
derivatives and evaluated for cytotoxicity properties and epidermal
growth factor receptor (EGFR) inhibitory activity, where 2-(2-
aminophenyl)-5-(benzylthio)-1,3,4-oxadiazole showed the most
potent biological activity ((IC50 ¼ 1.09 mM for breast adenocarci-
noma cell line (MCF-7) and IC50 ¼ 1.51 mM for EGFR) with gefitinib
as a standard. In 2009, we synthesized a series of adamantylth-
iazolyl-1,3,4-oxadiazole derivatives where some of these analogues
exhibited remarkable anticancer activity against a panel of human
cell lines [25]. Macaev et al. [26] have reported the biological ac-
tivity of 5-aryl-2-thio-1,3,4-oxadiazole derivatives against Myco-
bacterium tuberculosis H37Rv, which some exhibiting more than
90% inhibition of mycobacterial growth at concentration of 12.5 mg/
ml.

Based on all above considerations and in continuation of our
ongoing work on the development of new 1,3,4-oxadiazole ana-
logues as antimicrobial agents, we report here the synthesis of new
bis((5-aryl-1,3,4-oxadiazol-2-yl)thio)alkanes with anticipated
antimicrobial activities, by clubbing 1,3,4-oxadiazol with thio-
methylene groups as spacers in one framework. The newanalogues
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have been theoretically investigated by applying density functional
theory (DFT) to understand the structure activity relationship.
2. Experimental section

Melting points were determined on a Yanaco melting point
apparatus and are reported as uncorrected. FT-IR spectra were
recorded on a Nicolet FT-IR 5DX spectrometer using the KBr
technique.1H NMR (400 MHz) and 13C NMR (75.5 MHz) spectra
were measured on a JEOL-ECA instrument in CDCl3 as solvent and
TMS as internal standard. Elemental analysis was carried out us-
ing elementar Analysen systeme GmbH - vario EL III Element
Analyzer. The reaction progress was monitored by thin layer
chromatography (TLC). Column chromatography was performed
using a flash column. Benzohydrazide (2a), 4-toluic acid hydrazide
(2c), and 2-Chloro-, 2-bromobenzohydrazides (2e and 2f) were
purchased from Sigma Aldrich and TCI (Germany), whereas iso-
nicotinic acid hydrazide (2b) [27] and 5-aryl-1,3,4-oxadiazole-2-
thiols 3a-e [28] were prepared according to the literature
methods.

2.1. General procedure for the synthesis of bis((5-aryl-1,3,4-
oxadiazol-2-yl)thio)alkanes (4e14)

Dibromoalkane (1.0 mmol) was added to a suspension of 5-aryl-
1,3,4-oxadiazole-2-thiols 3a-e (2.0 mmol) and K2CO3 (2.0 mmol) in
acetone (20 ml) and the reaction mixture was stirred at 50 �C for
4 h. After reaction completion, the mixture was concentrated,
diluted with water (20 ml) and extracted with CH2Cl2 (3 � 20 ml)
and finally washed with brine. The organic layers was dried
(Na2SO4), filtered and evaporated to dryness. The residue was pu-
rified on a flash column chromatography, using EtOAc-hexane 3:2)
as eluent to give the desired product.

For atom numbering refer to Scheme 1.

2.1.1. 1,3-Bis((5-phenyl-1,3,4-oxadiazol-2-yl)thio)propane (4)
From dibromopropane (202mg) and 3a (356mg). Yield: 634mg

(80%) as white solid; mp: 109e110 �C; IR (KBr, cm�1): nmax 3055
(CHeAr), 1592 (C]N), 1463 (CeH bending), 1054 (CeOeC oxadia-
zole); 1H NMR (400 MHz, CDCl3): d 8.04e8.00 (m, 4H, ArH),
7.57e7.28 (m, 6H, ArH), 3.50 (t, 4H, J ¼ 6.9 Hz, CH2-aþCH2-a’), 2.50
(m, 2H, J ¼ 6.9 Hz, CH2-b); 13C NMR (400 MHz, CDCl3): d 165.9
(Coxadiazol-5þCoxadiazol-50), 163.8 (Coxadiazol-2þCoxadiazol-20), 131.7,
129.0, 126.7, 123.5 (Carom.), 30.9 (Ca þ Ca’), 28.7 (Cb). Elemental
analysis calcd for C19H16N4O2S2 (396.49) C, 57.56; H, 4.07; N, 14.13,
found: C, 57.50; H, 4.01; N, 14.10.

2.1.2. 1,5-Bis((5-phenyl-1,3,4-oxadiazol-2-yl)thio)pentane (5)
From dibromopentane (230 mg) and 3a (356 mg). Yield: 695mg

(82%) as white solid; mp: 118e120 �C; IR (KBr, cm�1): nmax 3055
(CHeAr), 1592 (C]N), 1463 (CeH bending), 1054 (CeOeC oxadia-
zole); 1H NMR (400MHz, CDCl3): d 8.04e8.00 (m, 4H, Ar), 7.54e7.47
(m, 6H, ArH), 3.34 (t, 4H, J ¼ 6.8 Hz, CH2-aþCH2-a’), 1.95 (m, 4H,
CH2-b þ CH2-b’), 1.70 (m, 2H, CH2-c); 13C NMR (400 MHz, CDCl3):
d 165.9 (Coxadiazol-5þCoxadiazol-50), 163.7 (Coxadiazol-2þCoxadiazol-20),
129.2, 128.7, 127.7, 126.1 (Carom.), 36.4 (Ca þ Ca’), 29.5 (Cb þ Cb’),
28.5 (Cc). Elemental analysis calcd for C21H20N4O2S2 (424.10): C,
59.41; H, 4.75; N, 13.20; S, 15.11, found: C, 59.50; H, 4.68; N, 13.15; S,
15.12.
2.1.3. 1,6-Bis((5-phenyl-1,3,4-oxadiazol-2-yl)thio)hexane (6)
From dibromohexane (244 mg) and 3a (356 mg). Yield: 683 mg

(78%) as white solid; mp: 119e121 �C; IR (KBr, cm�1): nmax 3055
(CHeAr), 1592 (C]N), 1463 (CeH bending), 1054 (CeOeC oxadia-
zole); 1H NMR (400 MHz, CDCl3): d 8.04e8.00 (m, 4H, ArH),
7.57e7.28 (m, 6H, Ar), 3.50 (t, 4H, J ¼ 6.8 Hz, CH2-aþCH2-a’), 1.66
(m, 4H, CH2-b þ CH2-b’), 1.49 (m, 4H, CH2-c þ CH2-c’)); 13C NMR
(400 MHz, CDCl3): d 165.8 (Coxadiazol-5þCoxadiazol-50), 163.9 (Cox-
adiazol-2þCoxadiazol-20), 129.7, 128.8127.5, 126.5 (Carom.), 36.4
(Ca þ Ca’), 30.2 (Cb þ Cb’), 28.7 (Cc þ Cc’). Elemental analysis calcd
for C22H22N4O2S2 (438.11): C, 60.25; H, 5.07; N, 12.78; S, 14.62,
found: C, 60.21; H, 5.00; N, 12.76; S, 14.60.
2.1.4. 1,8-Bis((5-phenyl-1,3,4-oxadiazol-2-yl)thio)octane (7)
From dibromoocatne (272 mg) and 3a (356 mg). Yield: 700 mg

(75%) as white solid; mp: 119e120 �C; IR (KBr, cm�1): nmax 3067
(CHeAr), 1601 (C]N), 1449 (CeH bending), 1054 (CeOeC oxadia-
zole); 1H NMR (400 MHz, CDCl3): d 8.03e7.99 (m, 4H, ArH),
7.56e7.46 (m, 6H, ArH), 3.30 (t, 4H, J ¼ 7.2 Hz, CH2-aþCH2-a’), 1.90
(m, 4H, CH2-b þ CH2-b’), 1.70 (m, 4H, CH2-c þ CH2-c’), 1.39 (m, 4H,
CH2-d þ CH2-d’); 13C NMR (400 MHz, CDCl3): d 165.6 (Coxadiazol-
5þCoxadiazol-50), 164.5 (Coxadiazol-2þCoxadiazol-20), 131.6, 129.0, 126.6,
123.6 (Carom.), 36.5 (Ca þ Ca’), 32.5 (Cb þ Cb’), 29.1 (Cc þ Cc’), 28.8
(Cd þ Cd’). Elemental analysis calcd for C24H26N4O2S2 (466.62): C,
61.78; H, 5.62; N, 12.01, found: C, 61.70; H, 5.60; N, 11.89.
2.1.5. 1,3-Bis((5-(pyridin-4-yl)-1,3,4-oxadiazol-2-yl)thio)propane
(8)

From dibromopropane (202mg) and 3b (358mg). Yield: 574 mg
(72%) as white solid; mp: 113e115 �C; IR (KBr, cm�1): nmax 3065
(CHeAr), 1611 (C]N), 1453 (CeH bending), 1054 (CeOeC oxadia-
zole); 1H NMR (400 MHz, CDCl3): d 8.70 (d, 4H, J ¼ 3.8 Hz, Hpyridin-
2þHpyridin-2’þ Hpyridin-6’þ Hpyridin-6), 7.91 (d, 4H, J ¼ 3.8 Hz, Hpyr-

idin-3’þ Hpyridin-3’þ Hpyridin-5’þ Hpyridin-50), 3.50 (t, 4H, J ¼ 6.9 Hz,
CH2-aþCH2-a’), 2.46 (quin, 1H, J ¼ 6.9 Hz, CH2-b),; 13C NMR
(400 MHz, CDCl3): d 166.0 (Coxadiazol-5þCoxadiazol-50), 163.4 (Cox-
adiazol-2þCoxadiazol-20), 150.8 (Cpyridin-2þCpyridin-2’þCpyridin-
6þCpyridin-60), 144.7 (Cpyridin-4’þCpyridin-40), 122.6 (Cpyridin-
3þCpyridin-3’þCpyridin-5þCpyridin-50, 36.3 (Ca þ Ca’), 30.9 (Cb).
Elemental analysis calcd for C17H14N6O2S2 (398.46): C, 51.24; H,
3.54; N, 21.09, found: C, 51.20; H, 3.50; N, 21.05.
2.1.6. 1,3-Bis((5-(p-tolyl)-1,3,4-oxadiazol-2-yl)thio)propane (9)
From dibromopropane (202 mg) and 3c (384mg). Yield: 662mg

(78%) as white solid; mp: 111e112 �C; IR (KBr, cm�1): nmax 3057
(CHeAr), 1599 (C]N), 1466 (CeH bending), 1054 (CeOeC oxadia-
zole); 1H NMR (400 MHz, CDCl3): d 7.89 (d, 4H, J ¼ 9.0 Hz, Harom.-
2þHarom.-2’þHarom.-6þHarom.-60), 7.30 (d, 4H, J ¼ 9.0 Hz, Harom.-
3þHarom.-3’þ Harom.-5þHarom.-50), 3.48 (t, 2H, J ¼ 7.0 Hz, CH2-
aþCH2-a’), 2.48 (quin, 4H, J ¼ 6.9 Hz, CH2-b), 2.43 (s, 6H, 2xAr-Me);
13C NMR (400 MHz, CDCl3): d 166.0 (Coxadiazol-5þCoxadiazol-50), 163.4
(Coxadiazol-2þCoxadiazol-20), 142.2 (Carom.-4þCarom.-40), 129.7 (Carom.-
2þCarom.-20), 126.6 (Carom.-3þ Carom.-30), 120.7 (Carom.-1þ Carom.-10),
30.9 (Ca þ Ca’), 28.7 (Cb), 21.6 (2xAr-Me). Elemental analysis calcd
for C21H20N4O2S2 (424.54): C, 59.41; H, 4.75; N, 13.20, found: C,
59.31; H, 4.70; N, 13.15.



Scheme 1. Synthesis of bis((5-aryl-1,3,4-oxadiazol-2-yl)thio)alkanes (4e14).
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2.1.7. 1,3-Bis((5-(2-chlorophenyl)-1,3,4-oxadiazol-2-yl)thio)
propane (10)

Fromdibromopropane (202mg) and 3d (358mg). Yield: 679mg
(73%) as white solid; mp: 76e78 �C; IR (KBr, cm�1): nmax 3060
(CHeAr), 1601 (C]N), 1470 (CeH bending), 1054 (CeOeC oxadia-
zole); 1H NMR (400 MHz, CDCl3): d 7.96 (dd, 2H, J ¼ 1.8, 7.8 Hz,
Harom.-6þHarom.-60), 7.57 (m, 4H, Harom.-3þHarom.-30), 7.39 (m, 4H,
Harom.-4þ Harom.-4’þHarom.-5þHarom.-50), 3.51 (t, 4H, J ¼ 6.9 Hz,
CH2-aþCH2-a’), 2.52 (quin, 2H, J ¼ 6.9 Hz, CH2-b); 13C NMR
(400 MHz, CDCl3): d 164.7 (Coxadiazol-5þCoxadiazol-50), 164.5 (Cox-
adiazol-2þCoxadiazol-20), 134.6 (Carom.-1þCarom.-10), 132.5 (Carom.-
2þCarom.-20), 131.4, 127.6, 124.9, 121.5 (Carom.), 30.9 (Ca þ Ca’), 28.8
(Cb’). Elemental analysis calcd for C19H14Cl2N4O2S2 (465.38): C,
49.04; H, 3.03; N, 12.04, found: C, 48.90; H, 3.01; N, 11.85.

2.1.8. 1,3-Bis((5-(2-bromophenyl)-1,3,4-oxadiazol-2-yl)thio)
propane (11)

From dibromopropane (202 mg) and 3e (514 mg). Yield: 809 mg
(73%) as white solid; mp: 89e91 �C; IR (KBr, cm�1): nmax 3061
(CHeAr), 1605 (C]N), 1460(CeH bending), 1054 (CeOeC oxadia-
zole); 1H NMR (400 MHz, CDCl3): d 7.91 (dd, 2H, J ¼ 1.8, 7.8 Hz,
Harom.-3þHarom.-30), 7.66 (dd, 2H, J¼ 1.2, 7.8 Hz, Harom.-6þHarom.-60),
7.49 (m, 2H, Harom.-4þHarom.-40), 7.36 (m, 2H, Harom.-5þHarom.-50),
3.51 (t, 2H, J¼ 7.2 Hz, CH2-aþCH2-a’), 2.54 (quin, 2H, J¼ 7.2 Hz, CH2-
b); 13C NMR (400 MHz, CDCl3): d 164.7 (Coxadiazol-5þCoxadiazol-50),
164.5 (Coxadiazol-2þCoxadiazol-20), 134.6 (Carom.-1þCarom.-10), 132.5
(Carom.-3þCarom.-30), 131.4 (Carom.-4þCarom.-40), 127.6 (Carom.-
6þCarom.-60), 124.9 (Carom.-5þCarom.-50), 121.5 Carom.-2þCarom.-20),
31.0 (Ca þ Ca’), 28.7 (Cb). Elemental analysis calcd for
C19H14Br2N4O2S2 (554.28): C, 41.07; H, 2.55; N, 10.11, found: C,
41.15; H, 2.50; N, 10.00.

2.1.9. 1,8-Bis((5-(p-tolyl)-1,3,4-oxadiazol-2-yl)thio)octane (12)
From dibromooctane (272 mg) and 3c (384 mg). Yield: 702 mg

(71%) as white solid; mp: 125e127 �C; IR (KBr, cm�1): nmax 3066
(CHeAr), 1606 (C]N), 1459 (CeH bending), 1054 (CeOeC oxadia-
zole); 1H NMR (400 MHz, CDCl3): d 7.88 (d, 4H, J ¼ 8.7 Hz, Harom.-
2þHarom.-2’þHarom.-6þHarom.-60), 7.29 (d, 4H, J ¼ 8.7 Hz, Harom.-
3þHarom.-3’þHarom.-5þHarom.-50), 3.28 (t, 4H, J ¼ 7.5 Hz, CH2-
aþCH2-a’), 1.88 (m, 4H, CH2-b þ CH2-b’), 1.68 (m, 4H, CH2-c þ CH2-
c’), 1.36 (m, 4H, CH2-d þ CH2-d’), 2.41 (s, 6H, 2xAr-Me); 13C NMR
(400 MHz, CDCl3): d 165.5 (Coxadiazol-5þCoxadiazol-50), 164.0 (Cox-
adiazol-2þCoxadiazol-20), 142.0 (Carom.-4þCarom.-40), 129.6 (Carom.-
2þCarom.-20), 126.5 (Carom.-3þCarom.-30), 120.9 (Carom.-1þCarom.-10),
32.5 (Ca þ Ca’), 29.1 (Cb þ Cb’), 28.7 (Cc þ Cc’), 28.4 (Cd þ Cd’), 21.5
(2xAr-Me). Elemental analysis calcd for C26H30N4O2S2 (494.67): C,
63.03; H, 6.11; N, 11.33, found: C, 63.10; H, 6.08; N, 11.28.

2.1.10. 1,8-Bis((5-(2-chlorophenyl)-1,3,4-oxadiazol-2-yl)thio)
octane (13)

From dibromooctane (272 mg) and 3d (358 mg). Yield: 750 mg
(70%) as white solid; mp: 91e93 �C; IR (KBr, cm�1): nmax 3072
(CHeAr), 1598 (C]N), 1462 (CeH bending), 1054 (CeOeC oxadia-
zole); 1H NMR (400 MHz, CDCl3): d 7.92 (dd, 1H, J ¼ 1.8, 7.8 Hz,
Harom.-6þ Harom.-60), 7.76 (dd, 2H, J ¼ 1.2, 7.8 Hz, Harom.-3þ Harom.-
30), 7.36 (m, 4H, Harom.-4þ Harom.-4’þHarom.-5þHarom.-50), 3.51 (t,
4H, J¼ 7.2 Hz, CH2-aþCH2-a’), 1.85 (m, 4H, CH2-bþ CH2-b’), 1.62 (m,
4H, CH2-c þ CH2-c’), 1.37 (m, 4H, CH2-d þ CH2-d’); 13C NMR
(400 MHz, CDCl3): d 165.6 (Coxadiazol-5þCoxadiazol-50), 164.5 (Cox-
adiazol-2þCoxadiazol-20), 136.5 (Carom.-1þCarom.-10), 131.2 (Carom.-
2þCarom.-20), 130.0, 129.0, 128.5, 127.5 (Carom.), 36.5 (Ca þ Ca’), 30.2
(Cb þ Cb’), 28.9 (Cc þ Cc’), 28.5 (Cd þ Cd’). Elemental analysis calcd
for C24H24Cl2N4O2S2 (535.51): C, 53.83; H, 4.52; N, 10.46, found: C,
53.75; H, 4.49; N, 10.30.

2.1.11. 1,8-Bis((5-(2-bromophenyl)-1,3,4-oxadiazol-2-yl)thio)
octane (14)

From dibromooctane (272 mg) and 3e (514 mg). Yield: 899 mg
(72%) as white solid; mp: 112e114 �C; IR (KBr, cm�1): nmax (CHeAr),
1603 (C]N), 1463 (CeH bending), 1054 (CeOeC oxadiazole); 1H
NMR (400 MHz, CDCl3): d 7.95 (dd, 2H, J ¼ 1.8, 7.8 Hz, Harom.-
3þHarom.-30), 7.67 (dd, 2H, J ¼ 1.2, 7.8 Hz, Harom.-6þHarom.-60), 7.45
(m, 2H, Harom.-4þHarom.-40), 7.39 (m, 2H, Harom.-5þHarom.-50), 3.30
(t, 4H, J ¼ 7.1 Hz, CH2-aþCH2-a’), 1.83 (CH2-b þ CH2-b’), 1.64 (m, 4H,
CH2-c þ CH2-c’), 1.36 (m, 4H, CH2-d þ CH2-d’); 13C NMR (400 MHz,
CDCl3): d 165.6 (Coxadiazol-5þCoxadiazol-50), 164.5 (Coxadiazol-
2þCoxadiazol-20), 139.5 (Carom.-1þCarom.-10), 132.2 (Carom.-3þCarom.-
30), 130.5 (Carom.-4þCarom.-40), 129.5 (Carom.-6þCarom.-60), 128.5
(Carom.-5þCarom.-50), 120.5 (Carom.-2þCarom.-20), 36.5 (Ca þ Ca’), 30.2
(Cb þ Cb’), 28.9 (Cc þ Cc’), 28.5 (Cd þ Cd’). Elemental analysis calcd
for C24H24Br2N4O2S2 (624.41): C, 46.16; H, 3.87; N, 8.97, found: C,
46.10; H, 3.82; N, 8.92.

2.2. X-ray crystal structure determination

Crystals of compounds 4 and 12 were analyzed by X-ray



Fig. 1. The molecular structure of 4, showing 40% probability displacement ellipsoids
with atomic numbering. Hydrogen has been omitted for clarity purpose.
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crystallography. Selected crystals were coated with paratone 8772
oil and placed on a glass fiber. All measurements were made on
Bruker Kappa APEX-IICCD diffractometer with graphite mono-
chromated Mo-Ka radiation. The structures were solved by direct
methods and refined by using SHELXL2013 (Sheldrick, 2) [29].

2.3. Computational analysis

DFT studies were performed by using Gaussian 09 [30]. Visual-
ization of molecules at their optimized geometries, FMOs and
molecular electrostatic potential surfaces (MEP) were developed
with GaussView 05 [31] program package. The X-ray geometry was
taken as input for theoretical studies in order to compare the re-
sults obtained from theory with experiment. The geometry taken
from X-ray crystal was then allowed to completely relax without
any symmetry constraints. The optimization of all compounds 4e14
was performed at B3LYP (Becke three-parameter LeeeYangeParr)
exchange-correlation functional [32]. 6-31G (d,p) basis set was
used for all atoms (C, N, H, O, S). The frequency calculations
confirmed the optimized geometries as a true minimum. Molecular
electrostatic potential (MEP) and frontiermolecular orbitals (FMOs)
analyses were performed at B3LYP/6-31G (d, p) level of DFT.

3. Results and discussions

3.1. Chemistry

The development of novel reagents and antibiotics for
combating multidrug resistance bacteria has received significant
attention in recent years. Recently, Mandler et al. [33] noted that
increasing chain length of both the alkyl chain and the linker
correlated with increased antimicrobial activity during their syn-
thesis of 4,5-disubstituted-2-aminoimidazole, as the analogue with
5-carbon spacer was most active. Moreover, Yarinich et al. [34]
reported that a clear structure-activity relationship exists be-
tween alkyl chain length of substitutions of 1,4-diazabicyclo [2.2.2]
octane tertiary amine sites and antimicrobial activity. Based on
these results, we have selected the readily available building blocks
aryl-1,3,4-oxadiazole-2-thiols 3a-e to synthesize new analogues of
arylated bis-oxadiazole moieties bearing aliphatic spacers of vary-
ing length, aiming to optimize their antimicrobial activity. Thus,
treatment of 3a-e, prepared from the carbohydrazide analogues 2
according to the literature methods, with dibromoalkanes: (al-
kanes: propane, pentane, hexane, and octane) in acetone and K2CO3
at 50 �C afforded, after purification, the bis((5-aryl-1,3,4-oxadiazol-
2-yl)thio)alkanes 4e14 in 54e80% yield. The synthetic reactions are
summarized in Scheme 1.

The structures of 4e14 were determined by their IR, 1H, and 13C
NMR spectra. In the IR spectra, In the IR spectra, the C]N and C]C
absorption are found in the region 1606-1592 cm�1, respectively.
The CeH bending and stretching for the target compounds
appeared in the region of 1470e1449 and 3072-3055 cm�1

respectively. The absence of the absorption band at 2500 cm�1 of
SeH group was a further support for formation of the desired
molecules. The 1H NMR spectra of 4e14 were characterized by the
presence of additional aromatic protons and carbon atoms, indic-
ative for dimerizarion of the key intermediates 3a-e via the
methylene groups as a spacer. The aromatic protons of 4e7
appeared as multiplets at the regions d 8.08e7.28 ppm, while the
two doublets at d 8.70 and 7.91 ppm (J ¼ 3.8 Hz) were assigned to
pyridine protons H-2, H-6, and H-3, H-5 (integrated for eight pro-
tons), respectively of compound 8. However, the aromatic protons
of 8e14were fully analyzed (c.f. Experimental section). The triplets
at the regions d 8.08e7.28 ppm (J ~ 7.5e6.8 Hz) ppm were attrib-
uted to CH2-a, CH2-a’, whereas the multiplets or quintets at the
regions d 2.54e1.66 ppm (J ~ 7.2e6.9 Hz) were assigned to CH2-b,
CH2-b’ of the analogues 4e14. CH2-c protons of compounds 4, 5,
and 8e10 or CH2-c, CH2-c’ of compounds 6, 7, and 11e14 appeared
as multiplets at the regions d 1.70e1.49 ppm. Additionally, CH2-d,
CH2-d’ protons of 7, and 12e14 were resonated as multiplets at the
regions d 1.39e1.36 ppm. In the 13C NMR spectra, C-2, C-20 atoms of
the oxadiazole ring resonated in the range d 164.7e163.4 ppm,
while the C-5, C-50 signals of the same ring were observed at
d 166.0e164.5 ppm. The resonances at the region
d 142.3e120.5 ppmwere assigned to the aromatic carbon atoms of
4e8 and 10e14, while the resonances at d 150.8 and 122.6 ppm
were assigned for C-2, C-6 and C-3, C5 of the pyridine moiety of 9,
respectively. Compound 9 showed signal at d 144.7 ppm assigned
for C-4, C-40 of the pyridine ring. In addition, all the spectra of 4e14
showed new signals corresponding to the methylene carbons. The
aliphatic carbon atoms (Ca, Ca’) resonated at the regions
d 36.5e30.9 ppm, while carbon atom (Cb) of 4, 8e11 appeared at
the region d 30.9e28.7 ppm. Carbon atoms (Cb, Cb’) of 5e7 and
11e14 appeared at d 32.5e29.5 ppm, while carbon atoms (Cc, Cc’) of
6, 7 and 11e14 resonated at the regions d 29.1e28.7 ppm. The signal
at d 28.5 was attributed to carbon atom (Cc) of 5, whereas carbon
atoms (Cd, Cd’) of 7 and 11e14 resonated at d 28.8e28.5 ppm. The
substituents of aromatic residue have been fully identified (c.f.
Experimental section).
3.2. X-ray crystal structures

Structures of compounds 4 and 12 were unequivocally
confirmed by X-ray crystallography. ORTEP plots of 4 and 12 are
shown in Figs. 1 and 2 while packing pattern is shown in Figs. 3 and
4, respectively. Selected crystal parameters are listed in Table 1.
Packing diagram of 4 indicated that the molecule is stabilized by
several non-bonding interactions via Ce–N1/N3 and exist as
dimer. Compound 4 is not centrosymmetric about its central carbon
atom C10. The benzene rings A (C1eC6) and B (C14eC19) are planar
with r. m. s. deviation of 0.0035 and 0.0051 Å, respectively. The
dihedral angle between rings A and B is 85.05 (9)�. Similarly the
1,3,4-oxadiazole-2-thiol moieties C (C7/C8/N1/N2/O1/S1) and D
(C12/C13/N3/N4/O2/S2) are planar with r. m. s. deviation of 0.0048
and 0.0198 Å, respectively. The dihedral angle between C and D is
72.44 (8)�. The dihedral angles between A and C is 14.29 (18)�,
whereas the dihedral angle between B and D is 13.55 (17)�,
respectively. These dihedral angles gives clear picture that the
molecules cannot be centrosymmetric. Further, there is p-p in-
teractions between the centroids of oxadiazole and benzene rings.
If Cg1, Cg2, Cg3 and Cg4 are the centroids of (C7/C8/N1/N2/O1),
(C12/C13/N3/N4/O2), (C1eC6) and (C14eC9), then the distances
between Cg1… Cg1i (i¼ 2 - x, 1 - y, 1 - z), Cg1… Cg2ii (ii¼ x,1/2 - y,
1/2 þ Z), Cg1 … Cg3i and Cg1 … Cg4ii are 3.6271 (13) Å
[slippage¼ 1.609 Å], 3.2334 (13) Å, 3.5683 (13) Å and 3.3431 (13) Å,
respectively. Similarly the centroid to centroid distances for Cg3 …



Fig. 2. The molecular structure of 12, showing 40% probability displacement ellipsoids with atomic numbering. Hydrogen has been omitted for clarity purpose.

Fig. 3. Packing diagram of 12 showing dimeric interaction via CeHeN interactions.

Fig. 4. Packing diagram of 4, showing dimeric interaction via CeHeN and CeHeHeC interactions.

Table 1
Crystallographic data and structure refinement summary for 4 and 12.

Compd. 4 12

Formula C19H16N4O2S2 C13H15N2OS
Mr 396.48 247.33
Crystal size (mm) 0.40 � 0.28 � 0.26 0.40 � 0.24 � 0.20
Crystal system Monoclinic Triclinic
Space group P21/c P1
Temperature (K) 296 296
Cell constants:
a (Å) 9.4209 (4) 5.1044 (5)
b (Å) 18.3715 (12) 7.2879 (8)
c (Å) 11.0075 (6) 17.5518 (18)
b (�) 102.073 (3) 84.657 (4)
g 85.801 (5)
V (Å3) 1863.00 (18) 643.32 (12)
Z 4 2
m (mm�1) 0.31 0.24
No. Of reflections 4210 2918
No. Of parameters 244 155
D〉max, D〉min (e Å�3) 0.24, �0.21 0.21, �0.18
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Cg1i (i¼ 2 - x,1 - y,1 - z), Cg3… Cg3iii (iii¼ x, 3/2 - y,1/2þ Z), Cg3…

Cg4i and Cg4 … Cg4iv (iv ¼ 2 - x, -y, 1 - z) are 3.2211 (13) Å, 3.1026
(13) Å, 4.0944 (13) Å and 3.4598 (13) Å [slippage 1.462 Å], respec-
tively. The molecules are mainly stabilized due to these p-p in-
teractions and van der Waals forces.

Crystallographic data have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no.
CCDC-985699 and 992292 for 4 and 12, respectively. Copies of the
data can be obtained free of charge from www.ccdc.cam.ac.uk/da
ta_request/cif.

Similarly compound 12 showed non-bonding interactions and
also existed as a dimer via Ce–He–N and Ce–He–He–C in-
teractions. Compound 12 is centrosymmetric and thus consists of
two asymmetric units. In the asymmetric unit of 12, the tolyl group
A (C1eC7), the 1,3,4-oxadiazole-2-thiol moiety B (C8/C9/N1/N2/
O1/S1) and the butane group C (C10eC13) are planar with r. m. s.
deviation of 0.0179, 0.0041 and 0.0214 Å, respectively. The dihedral
angle between A/B, A/C and B/C are 6.17 (9)�, 9.95 (21)� and 8.91

http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
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(20)�, respectively. There is p-p interactions between the centroids
of oxadiazole Cg1 and benzene rings Cg2, where Cg1 …

Cg1i ¼ 3.5147 (7) Å and Cg2 … Cg2i ¼ 3.3939 (8) Å, [ i ¼ 1 þ x, y, z]
with slippage 3.702 and 3.813 Å, respectively. Both molecules 4 and
12 are mainly stabilized due to the p-p interactions and van der
Waals forces.

3.3. Computational study

3.3.1. Geometry optimization
In recent years computational methods have got the attention of

scientific community because of their wide range applications. The
density functional theory (DFT) calculations is one of the abun-
dantly used computational method to investigate the structural
Fig. 5. Optimized geometries of compounds (4e1
properties of compounds [35]. DFT can be applied to investigate the
structural parameters, in order to explain the structure activity
relationship [36]. The optimized geometries of 4e14 are shown in
Fig. 5.

The geometries of compounds 4 and 12 were optimized in gas
and solvent (CHCl3 was selected because both have excellent sol-
ubility in respective solvent) phases. The geometries were opti-
mized in solvent phase for better understaind the geometries in the
real system. The solvent effect was studied through CPCM model.
The comparative analysis of all important bond lengths and bond
angles of 4 and 12 (X-ray and theoretical data) is given in Tables 2
and 3, respectively. From the values narrated in the tables, it is
cleared that strong correlation exists between experimental and
theoretical (gas as well as solvent phase) data. The difference
4) at DFT/B3LYP/6-31G (d, p) level of theory.



Table 2
Comparison of important X-ray and simulated bond lengths [Å] of 4 and 12, respectively (Atomic labels are with reference ORTEP plots, Figs. 1 and 2).

4 Bond lengths (X-ray) (Calcd.) Gas Solvent (CHCl3) 12 Bond lengths (X-ray) (Calcd.) Gas Solvent (CHCl3)

S1eC8 1.72 (18) 1.74 1.74 S1eC9 1.72 (16) 1.74 1.74
S1eC9 1.81 (17) 1.84 1.84 S1eC10 1.80 (18) 1.84 1.84
S2eC12 1.73 (19) 1.75 1.74 O1eC9 1.35 (18) 1.36 1.37
S2eC11 1.81 (18) 1.84 1.84 O1eC8 1.36 (19) 1.37 1.36
O1eC8 1.35 (19) 1.36 1.35 N1eC8 1.28 (2) 1.29 1.30
O1eC7 1.36 (19) 1.37 1.37 N1eN2 1.41 (2) 1.39 1.40
O2eC12 1.36 (2) 1.35 1.36 N2eC9 1.28 (2) 1.29 1.30
O2eC13 1.36 (19) 1.37 1.37 C1eC6 1.38 (2) 1.40 1.40
C5eC6 1.37 (3) 1.39 1.39 C1eC2 1.38 (2) 1.40 1.40
N1eC7 1.28 (2) 1.29 1.29 C1eC8 1.45 (2) 1.45 1.45
N1eN2 1.41 (2) 1.39 1.39 C2eC3 1.38 (2) 1.38 1.38
N2eC8 1.28 (2) 1.29 1.29 C3eC4 1.37 (3) 1.40 1.40
N3eC12 1.28 (2) 1.29 1.30 C4eC5 1.38 (3) 1.39 1.40
N3eN4 1.42 (2) 1.39 1.39 C4eC7 1.50 (2) 1.50 1.50
N4eC13 1.28 (2) 1.29 1.29 C5eC6 1.37 (2) 1.39 1.39
C1eC2 1.38 (2) 1.40 1.40 C10eC11 1.51 (2) 1.52 1.52
C1eC6 1.39 (2) 1.40 1.40 C11eC12 1.51 (3) 1.53 1.53
C1eC7 1.45 (2) 1.45 1.45 C12eC13 1.51 (2) 1.53 1.53
C2eC3 1.37 (3) 1.39 1.39
C3eC4 1.37 (3) 1.39 1.39
C4eC5 1.38 (3) 1.39 1.39
C9eC10 1.51 (2) 1.52 1.53
C10eC11 1.52 (2) 1.53 1.52
C13eC14 1.45 (2) 1.45 1.45
C14eC15 1.39 (2) 1.40 1.40
C14eC19 1.39 (2) 1.40 1.40
C15eC16 1.37 (2) 1.39 1.39
C16eC17 1.37 (3) 1.39 1.39
C17eC18 1.38 (3) 1.39 1.39
C18eC19 1.37 (3) 1.39 1.39

Table 3
Comparison of important X-ray and simulated bond angles [o] of 4 and 12, respectively (Atomic labels are with reference ORTEP plots, Figs. 1 and 2).

4 Bond angles (X-ray) (Calcd.) Gas CHCl3 12 Bond angles (X-ray) (Calcd.) Gas CHCl3

C8eS1eC9 100.2 (8) 98.1 99.4 C9eS1eC10 98.0 (16) 98.5 99.1
C12eS2eC11 100.1 (9) 98.7 99.1 C9eO1eC8 102.0 (12) 102.2 102.7
C8eO1eC7 102.6 (12) 102.2 102.6 C8eN1eN2 106.7 (18) 107.0 107.0
C12eO2eC13 102.7 (13) 102.2 102.6 C9eN2eN1 105.3 (19) 105.7 105.8
C7eN1eN2 106.8 (15) 107.0 107.0 N1 C8 O1 112.2 (13) 111.8 111.5
C8eN2eN1 105.2 (15) 105.7 105.9 N1eC8eC1 127.1 (15) 128.9 129.0
C12eN3eN4 105.7 (14) 105.8 105.7 O1eC8eC1 120.5 (14) 119.2 119.3
C13eN4eN3 106.2 (15) 106.9 107.0 N2eC9eO1 113.5 (14) 113.1 112.7
N1eC7eO1 111.8 (15) 111.8 111.6 N2eC9eS1 128.6 (13) 129.8 130.3
N1eC7eC1 129.3 (16) 128.8 129.1 O1eC9eS1 117.8 (12) 117.0 116.9
O1eC7eC1 118.7 (14) 119.3 119.2 C11 C10 S1 110.11 (14) 109.3 109.4
N2eC8eO1 113.2 (15) 113.1 112.7
N2eC8eS1 130.3 (14) 129.7 130.6
O1eC8eS1 116.4 (11) 117.1 116.5
C10eC9eS1 106.6 (11) 109.0 115.6
N3eC12eO2 113.0 (16) 113.0 112.8
N3eC12eS2 131.4 (14) 130.0 130.4
O2eC12eS2 115.4 (12) 116.8 116.6
N4eC13eO2 112.1 (16) 111.7 111.6
N4eC13eC14 129.2 (16) 128.9 129.1
O2eC13eC14 118.6 (2) 119.2 119.2
C15eC14eC19 119.4 (17) 119.8 119.8
C15eC14eC13 120.4 (15) 121.0 120.8
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between the X-ray and theoretical values in important bond
lengths of compound 4 is in the range 0.0e0.03 Å for gas as well as
solvent phase. The maximum difference between theoretical and
experimental bond lengths (0.03 Å) is observed for N3dN4. For
compound 12, the difference between X-ray (experimental) and
theoretical (gas and solvent phase) bond lengths is in the range of
0.00e0.04 Å with maximum difference of 0.04 Å for S1eC10. In
case of bond angles of both compounds, a similar correlation is
observed between theory and experiment. The difference of bond
angles between theory and experiment for 4 is in the range of
0.00e2.1� (the maximum difference is for C8eS1eC9). However, in
the solvent phase, the values of bond angles are more closer to the
X-ray values. Similarly the important bond angles in 12 shows
excellent correlation to each other experimentally as well as
theoretically. Supp. Table (as Supplementary data) shows the
comparison of X-ray and simulated bond lengths [Å] of dimers and
trimers in solvent phase of 4 and 12, respectively.



Fig. 6. MEP surfaces of 4e14 computed at DFT/B3LYP/6-31 þ G (d,p) level.

Table 4
ESP values of compounds 4e14.

Compd. -ve potential (a. u.) þve potential (a. u.)

4 �0.05245 0.05245
5 �0.05347 0.05347
6 �0.05226 0.05227
7 �0.05271 0.05271
8 �0.04573 0.04573
9 �0.05437 0.05437
10 �0.04907 0.04907
11 �0.04970 0.04970
12 �0.05447 0.05447
13 �0.04924 0.04924
14 �0.04919 0.04919
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3.3.2. Molecular electrostatic potential (MEP)
The mapping of the electrostatic potential is a famous approach

because it plays a key role in the initial steps of biological as well as
noncovalent interactions [37]. MEP i.e. V(r), at a given point r (x, y,
z) of any compound, is the interaction energy between the elec-
trical charges generated by atomic particles at distance (r). Math-
ematically, MEP can be described by using the following equation:

VðrÞ ¼
X ZA

jRA � rj �
Z

rðr0Þ
jr0 � rjdr

0

where ZA is the charge on nucleus A, located at RA and r(r) is the
electronic density function for the molecule.



Fig. 7. HOMO-LUMO surfaces of 4e14.
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Table 5
HOMO and LUMO energies along with HOMO-LUMO energy gap of 4e14.

Compd. HOMO (a. u.) LUMO (a. u.) HOMO-LUMO (DE) eV

4 �0.22474 �0.05195 4.69
5 �0.22349 �0.05046 4.70
6 �0.22498 �0.04856 4.79
7 �0.22398 �0.04788 4.78
8 �0.24139 �0.07305 4.57
9 �0.21979 �0.04797 4.67
10 �0.22759 �0.06038 4.54
11 �0.22782 �0.05825 4.61
12 �0.21936 �0.04424 4.76
13 �0.22666 �0.05666 4.62
14 �0.22698 �0.05668 4.63
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The electrostatic potential values at the surfaces are distin-
guished by the appearance of colors. The electronegative potential
is represented by red color and the electropositive potential is
represented by blue color. The potential decreases by the following
increasing order: red < orange < yellow < green < blue. To predict
the electrophilic and nucleophilic sites of 4e14, molecular elec-
trostatic potential (MEP) was calculated at the B3LYP/6-31þ G (d,p)
level of DFT by using the optimized geometries. Fig. 6 shows the
electrostatic potential surfaces of 4e14 and values are summarized
in Table 4.

Fig. 6 demonstrated that the negative regions of V(r) related to
electrophilic reactivity is located on the oxadiazole ring of the an-
alogues 4e14. Moreover, ESP analysis revealed that these de-
rivatives are nucleophilic in nature and have ability to react with
electrophiles. Compound 8 has minimum dispersion of ESP, ranged
from �0.04573 a. u. to 0.04573 a. u, which illustrates that 8 is less
polarized as compared to others. Additionally, 12 has highest
dispersion of ESP values, ranged from �0.05447 a. u. to 0.05447 a.
u., and to be the most polarized among all compounds.
3.3.3. Frontier molecular orbitals (FMOs) analysis
The FMOs participate in defining the optical and chemical

properties of substrates [38]. The FMOs can act as donor and
acceptor orbitals [39], respectively. Energy gap between HOMO and
LUMO gives an idea about the kinetic stability and conductivity as
well. Frontier orbital analysis of 4e14was carried at the same level
of DFTas used for energy optimization of structures. The HOMO and
LUMO surfaces are shown in Fig. 7, whereas their corresponding
energies along with energy difference are given in Table 5. Since
4e14 bear the bis((5-aryl-1,3,4-oxadiazol-2-yl)thio) backbone with
various aryl substituents and spacers, therefore the FMOs are
Table 6
Antimicrobial activities of 4e14.

Compd. Bacterial strain

S.typhimurium M. Luteus B. s

4 9.5 ± 0.8 7.5 ± 0.4 8.0
5 8.0 ± 0.6 9.0 ± 0.3 8.0
6 8.5 ± 0.4 9.5 ± 0.4 7.5
7 7.5 ± 0.3 8.0 ± 0.4 8.5
8 11.5 ± 1 8.5 ± 0.3 9.0
9 14.0 ± 1 12.5 ± 1 10.5
10 11.0 ± 1 8.5 ± 0.4 7.5
11 9.0 ± 0.3 8.8 ± 0.4 7.5
12 12.0 ± 1 13 ± 1 10 ±
13 8.5 ± 0.3 nd 7.5
14 13.0 ± 1 10.0 ± 1 11.5
Cefixime 22.0 ± 1.15 15 ± 1.52 19 ±
Terbinafine e e e

nd: not determined.
concentrated on the same thioxadiazol moiety. All compounds
revealed almost the similar HOMO-LUMO energy difference,
because each compound has almost similar chromophoric group as
well as p electronic cloud (individual values are shown in Table 5).

4. Antimicrobial activity

Compounds 4e14 were tested for their antibacterial activity
against S. typhimurium, M. luteus and B. bronchiseptica on nutrient
agar plates at 37 �C for 24 h using cefixime as a reference drug. The
compounds were also screened for their antifungal activity against
three different strains; Aspergilus niger, Mucor species, and Asper-
gilus flavus using terbinafine as a standard drug. Fungi cultures
were grown on potato dextrose agar medium at 25 �C for 72 h.

Examination of the antibacterial and antifungal screening data
of our new compounds (Table 6) revealed that all the tested com-
pounds displayed significant tomoderate activity against the tested
bacteria and fungi compared to the reference drugs. We noted that
the substituents of the aryl groups displayed significant inhibitory
activity, meanwhile activity was only slightly affected by the length
of methylene groups (as spacer) being located between the 1,3,4-
oxadiazole moiety, as noted by Mandler as his group. However,
compounds 9, 12 and 14 having 4-methyl- and 4-bromophenyl
groups showed better activity against S. typhimurium, M. Luteus,
and B. septic than the corresponding derivatives with phenyl or 4-
chlorophenyl residues at C-5 of 1,3,4-oxadiazole moiety. Similarly,
9 and 12 exhibited better antifungal activity against A. niger, Mucor
sp. and A. flavus, while 8 having 4-pyridyl moiety possessed the
highest antifungal activity against Mucor sp. than those of other
analogues of the series.

5. Conclusion

The work described in this paper involved the synthesis, crystal
structures, DFT studies and antimicrobial assay of some designed
bis((5-aryl-1,3,4-oxadiazol-2-yl)thio)alkanes. All synthesized com-
pounds were characterized. Molecular structures of 4 and 12 have
been determined by single crystal X-ray analysis. The DFT studies
were performed to investigate the structural properties. Geome-
tries of 4e14were optimized at B3LYP/6-31þG (d,p) level and used
for further investigations of ESP and FMOs analysis. The molecular
electrostatic potential investigations revealed that all compounds
are nucleophilic in nature and electronegative region was
spreading mainly on the oxadiazole ring. Compound 8 showed a
minimum value of ESP ranged from �0.04573 a. u. to 0.04573 a. u,
and was less polarized, whereas 12 showed a highest value, ranged
Fungal strain

eptica A. niger Mucor sp. A. flavus

± 0.4 10.0 ± 1 11.5 ± 1 9.5 ± 0.3
± 0.3 11.5 ± 1 nd 13.5 ± 1
± 0.3 9.5 ± 0.4 10.5 ± 1 12.5 ± 1
± 0.2 12.0 ± 1 11.5 ± 1 9.5 ± 0.4
± 0.4 15.0 ± 1 15.5 ± 1 14.0 ± 1
± 1 19.0 ± 1 14.5 ± 1 15.0 ± 1

± 0.3 15.0 ± 1 13.3 ± 1 14.5 ± 1
± 0.3 13.0 ± 1 12.5 ± 1 11.5 ± 1
1 18.5 ± 1 16.5 ± 1 12.5 ± 1

± 0.4 12.0 ± 1 10.5 ± 1 9.0 ± 0.3
± 1 15.5 ± 1 11.5 ± 1 10.5 ± 1
1.52 e e e

30 ± 1.0 28 ± 1.52 33 ± 1.52
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from �0.05447 a. u. to 0.05447 a. u., and was the most polarized
among all synthesized analogues. Frontier molecular orbital anal-
ysis showed that band gap for 9 is 5.97 eV, which reflects that 9 is
kinetically more stable and less reactive. The synthesized com-
pounds were tested against three different bacterial and three
different fungal strains, where most of the compounds exhibited
moderate to good activity.
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