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A B S T R A C T   

The high incidence of antimicrobial-resistant (AMR) infections in recent decades has made the development of 
novel antimicrobial medications one of the medicinal chemists’ top priorities. In this study, synthesis, in vitro 
antimicrobial activity, electrochemical studies, in silico pharmacokinetic ADME parameters, molecular docking, 
and molecular dynamic simulations were all performed on several 1,3,4-oxadiazole derivatives. The minimum 
inhibitory concentrations (MIC) of these compounds were evaluated against eleven species of gram-positive 
bacteria, gram-negative bacteria and fungal pathogens using azithromycin as the reference antibacterial 
agent, voriconazole and fluconazole as the reference antifungal agents. Both compounds 4d and 4f were found to 
be approximately as effective as azithromycin against E. faecalis and E. coli, respectively while three compounds 
showed antifungal activity against C. parapsilopsis, with MIC values that were identical to fluconazole for 4g and 
4i, and to voriconazole for 4j. Also, the most potent derivatives-double stranded DNA (dsDNA) interactions were 
evaluated using an electrochemical technique. Compounds 4d, 4f and 4i were found to disrupt the structure of 
dsDNA however compound 4h wasn’t able to bind to dsDNA. In addition, the structure-activity relationship 
(SAR) of compounds 4f and 4d were elucidated by molecular modeling studies.   

1. Introduction 

Both overprescription and misuse of antimicrobial drugs have been 
linked to the acceleration of microbial genetic changes that result in 
increased microbial resistance to clinically available antimicrobial 
drugs. This dramatic rise in antimicrobial resistance (AMR) has signifi
cantly raised the cost burden on governments, as well as morbidity and 
mortality, particularly among immunocompromised patients and those 
with chronic conditions [1], making AMR one of the top ten global 
public health crises threatening humanity, according to the World 
Health Organization (WHO) [2]. Hence, the negative consequences of 
AMR have highlighted the urgent need for novel antimicrobial com
pounds with improved or at least comparable efficacy and safety 
profiles. 

Heterocyclic rings are now a major focus of research in medicinal 
chemistry. Remarkably, many designed antimicrobial novel compounds 
involve at least one heterocycle ring [3]. One of these is oxadiazole, a 

five-membered heterocyclic ring that contains two carbon atoms, two 
nitrogen atoms, and one oxygen atom. Most studies that investigated 
oxadiazole in the literature were primarily concerned with the 1,3, 
4-oxadiazole isomer compared to the other less investigated isomers 
which are 1,2,3-oxadiazole, 1,2,4-oxadiazole, and 1,2,5-oxadiazole, and 
this is due to the enormously wide range of therapeutical activities of 1, 
3,4-oxadiazole including antimicrobial [4–10], anti-tubercular, anti-
viral, anthelmintic, antiprotozoal, antioxidant, anti-inflammatory, 
analgesic, anti-allergic, anticonvulsant, antitumor, hypoglycemic, 
anti-Alzheimer, and antihypertensive activities [11,12]. Besides that, 
there are FDA-approved clinical drugs on the market that contain the 1, 
3,4-oxadiazole moiety (Fig. 1) such as furamizole, raltegravir, nesapidil, 
zibotentan, and tiodazosin, which are used as antibacterial, antiviral, 
anti-arrhythmic, anticancer, and antihypertensive agents, respectively 
[13,14]. 

As introducing another active heterocyclic ring can broaden the 
spectrum of antimicrobial activity, thiazole and benzothiazole moiety 
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were also introduced to the main 1,3,4-oxadiazole nucleus. Structurally, 
thiazole and benzothiazole contain nitrogen and sulfur atoms as part of a 
five-membered ring; however, the five-membered ring in benzothiazole 
is further attached to a benzene ring at the fourth and fifth carbons. Both 
thiazole and benzothiazole are well-known for their immense biological 
activities [15–21], however, antimicrobial activity is attributed largely 
to these activities [22–25]. Thiazole is a cornerstone of many antimi
crobial natural products and clinically approved drugs, such as baci
tracin, different penicillins, ceftriaxone, sulfathiazole, ritonavir, 
abafungin, tiabendazole, abafungin, ritonavir, ruvaconazole and azer
eonam. Additionally, many drugs contain benzothiazole derivatives in 
their structures, including riluzole [26] (neuroprotective drug), dima
zole (antifungal), ethoxolamide (diuretic) and pramipexole (anti
parkinson drug) [27]. 

Drugs having heterocyclic rings have been widely investigated to 
enlight their effects on DNA structure [28–31]. Their heterocyclic 
groups can place between the complementary DNA bases resulting in 
intercalation [32,33], or these drugs can act as groove binders [33]. 
Moreover, there were several reports that oxadiazole ring interaction 
with dsDNA [34–36]. Based on 1,3,4-oxadiazole’s affinity on dsDNA, as 
DNA gyrase and thymidylate synthase enzymes have role in producing 
DNA, several enzymatic studies declared that these two enzymes are 
inhibited in these organisms by also oxadiazole nuclei [37–43]. Several 
analytical techniques can be applied to investigate drug-DNA in
teractions [33], but electrochemical techniques are more prominent 
since they are suitable for the development of biosensors to monitor 
drug-DNA interactions. Accurate and sensitive results for the evaluation 
of the interaction between selected drug and DNA are obtained using the 

electrochemical biosensors without the necessity of exhausting and 
time-consuming experimental procedures. As a result of this advantage, 
state-of-art reports widely include the investigation of the mechanisms 
of new drugs on DNA structure using the principles of electrochemical 
biosensor technologies [33,44–47]. 

According to Salama’s study in 2020, derivatives containing 1,3,4- 
oxadiazole core, substituted benzyl in the 5th position and benzoyl 
amino/phenylacylamino/benzothiazol-2-ylmercaptoacylamino in the 
2nd position were synthesized and exhibited strong activity against 
Salmonella typhi [48]. On the other hand, Akhtar et al. designed similar 
compounds by focusing on the reported antitumoral activities of 1,3, 
4-oxadiazole and 2-aminobenzothiazole rings. These compounds were 
determined to exhibit potent activity on leukemia cells and were also 
tested on RNA to define antiviral capacity [49]. Based on the afore
mentioned studies and the wide biodiversity of the ring systems, espe
cially the antimicrobial and anticancer, we created a model with a linker 
between the benzothiazole/thiazole rings in the 2nd position on the 1,3, 
4-oxadiazole core and phenoxymethyl residues in the 5th position 
(Fig. 2). On this model, we performed biological tests by providing 
substituent changes on the benzothiazole and thiazole rings. The syn
thesized 2,5-disubstituted-1,3,4-oxadiazole derivatives were character
ized by IR, 1H NMR, 13C NMR and HR-MS and tested for their in vitro 
antibacterial and antifungal activities. Also, molecular docking studies 
and molecular dynamic simulation studies were performed for the most 
active compounds in addition to the determination of the in silico ADME 
parameters. Moreover, the interaction between the derivatives and 
dsDNA was studied using a disposable electrochemical biosensor plat
form to evaluate how the derivatives affected the dsDNA structure. 

Fig. 1. 1,3,4-Oxadiazole containing approved drugs.  
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Consistency of the results obtained by different techniques were 
evaluated. 

2. Results and discussion 

2.1. Chemistry 

A total of ten compounds were synthesized using o-cresol (2-methyl 
phenol) as the first starting material which was refluxed for 5 h with 
ethyl bromoacetate in acetone and K2CO3 to produce ethyl 2-(o-toly
loxy)acetate (1) that was further refluxed for 7 h with hydrazine mon
ohydrate in ethanol to produce 2-(o-tolyloxy)acetohydrazide (2). 
Afterwards, compound (2) was cyclized into 5-((o-tolyloxy)methyl)−

1,3,4-oxadiazole-2-thiol (3) using CS2 in 2 N NaOH/EtOH solution. In 
the final step, compound (3) was substituted at position 2 with different 
benzothiazole or thiazole substituents to give compounds 4a-4g and 4h- 
4j, respectively as illustrated in Scheme 1. Final compounds were ob
tained in a good yield of 70–80%. IR, 1H NMR, 13C NMR and HRMS were 
used to evaluate purity and establish the chemical structures of the 
compounds (Figs. S1-S40, Supplementary data). 

In the IR spectra of the compounds, characteristic N–H, C=O and 
C–O bonds were observed at 3200–3172 cm− 1, 1699–1666 cm− 1 and 
1269–1005 cm− 1, respectively. Additionally, other bands belong to 
C=C, C–H and benzene ring out-of-plane deformation bands were also 
observed at expected regions. 

In the 1H NMR spectra of the compounds, all the aliphatic protons of 

Fig. 2. Designing protocol of the compounds.  

Scheme 1. Synthesis of compounds (4a-4j). i: ethyl bromoacetate, acetone/K2CO3, reflux, 5 h; ii: NH2NH2.H2O, EtOH, reflux, 7 h; iii: CS2, 2 N NaOH/EtOH, reflux, 5 
h; iv: 2-chloro-N-(benz/thiazol-2-yl)acetamides, acetone/K2CO3, R.T. 
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Ph–CH3 were found to have a signal at about 2.11–2.13 ppm while 
other aliphatic S-CH2 and O–CH2 protons were found to resonate at 
about 4.33–4.47 and 5.37–5.39 ppm, respectively. For aromatic protons, 
the four protons of phenyl, the protons of thiazole and the protons of 
benzothiazole were found to resonate as expected at about 6.89–9.0 
ppm. Amide proton was found to resonate at about 12.54–12.98 ppm in 
almost all compounds. 

In the 13C NMR spectra of the compounds, aliphatic carbon signals 
were detected upfilded to the right of the spectrum with the common 
aliphatic carbons Ph–CH3, S-CH2, and O–CH2 at about 16.28–18.4, 

35.87–37.41 and 60.16–60.19 ppm, respectively. Downfilded the 
spectra, aromatic carbons signals range at about 112.68–164.82 ppm, 
except for 4c, 4d and 4g containing OCH3, F and OCH2CH3, respectively 
at the sixth position of benzothiazole which had signals ranging from 
105.15 to 164.71 ppm, also for 4j containing ethoxy carbonyl methyl at 
the fourth position of thiazole which was found to has a signal at 
110–165.9 ppm. Additionally, the signal of carbonyl amide carbon was 
found to be at the most deshielded shift at about 163.67–170.51 ppm. 

According to the [M+H]+ HR-MS results, the compounds’ molecular 
weights were perfectly consistent with the theoretical calculations, with 
the difference beginning in the third decimal point which shows the 
compounds have acceptable purity. 

2.2. Antimicrobial activity 

The antimicrobial activity of compounds 4a-4j was determined by 
finding MIC values as shown in Tables 1 and 2. 

Antibacterial activity of all synthesized compounds was evaluated 
against four Gram-positive and four Gram-negative bacterial pathogens; 
E. coli, S. marcescens, K. pneumoniae, P. aeruginosa, E. faecalis, B. subtilis, 
S. aureus and S. epidermidis. Whereas antifungal activity was tested 
against three fungal microorganisms: C. albicans, C. krusei and C. para
psilopsis. Azithromycin was used as a standard antibacterial agent, 
whereas voriconazole and fluconazole were used as standard antifungal 
agents. 

The antibacterial activity results demonstrated that compound 4d 
exhibited a considerable antibacterial activity against E. faecalis (MIC 
0.97 µg/mL). While compound 4f showed remarkable activity against 
E. coli at the same potency (MIC 0.97 µg/mL) which is almost identical to 
the activity of the reference agent azithromycin. However, 4h was 
inactive (MIC> 250 µg/mL) against E. coli. The MIC of compounds 4b, 
4c, 4d, 4e, 4i and 4j against E. coli was found to be 31.25 µg/mL, while it 
needed two folds of that concentration from 4a (MIC 62.5 µg/mL) to 
achieve the same activity. For compounds 4a, 4b, 4c, 4e and 4f, the MIC 
against E. faecalis was found to be 15.625 µg/mL, while it required only 
half of that concentration from 4j (7.81 µg/mL) to inhibit the same strain 
of bacterial pathogen. All compounds were inactive against 
S. marcescens, K. pneumoniae, P. aeruginosa, B. subtilis, S. aureus, and S. 
epidermidis. 

According to the antifungal activity results, 4g and 4i (MIC 3.90 µg/ 

mL) displayed a noticeable antifungal activity against C. parapsilopsis at 
the same concentration as fluconazole (MIC 3.90 µg/mL). Whereas 4j 
(MIC 1.95 µg/mL) showed the same inhibitory effect of voriconazole 
against C. parapsilopsis. This outcome confirms that ethoxy in benzo
thiazole (4g) and ethoxy carbonyl in thiazole (4i and 4j) are supposed to 
have a considerable influence on antifungal activity against the tested 
C. parapsilopsis pathogen. For compound 4h, (MIC 15.625 µg/mL) 
demonstrated inhibitory action at the quarter potency of fluconazole 
(MIC 3.90 µg/mL) against C. parapsilopsis. While it was found that it 
needed 8-fold more concentration from 4b, 4c, 4d, 4e, and 4f (MIC 
31.25 µg/mL) to inhibit C. parapsilopsis growth compared to fluconazole 
(MIC 3.90 µg/mL). It was also revealed that most of the tested com
pounds possessed a good activity against C. albicans. Compounds 4a, 4b, 
4f and 4 g (MIC 15.625 µg/mL) showed good anticandidal activity 
against C. albicans at half potency of fluconazole (MIC 7.81 µg/mL). 
While 4e (MIC 31.25 µg/ml) demonstrated inhibitory action at the 
quarter potency of fluconazole (MIC 7.81 µg/mL) against C. albicans. 4c 
and 4i (MIC 62.5 µg/mL) required an 8-fold increase in concentration to 
reveal fluconazole’s inhibitory effect (MIC 7.81 µg/mL) against 
C. albicans. 

When the antimicrobial effects and structures of the compounds are 
examined, there is no clear difference between those containing ben
zothiazole and thiazole, but it varies according to the substituents these 
two groups carry. Significant antibacterial activity was observed against 
E. coli and E. faecalis in molecules containing F (4d), NO2 (4f) and OC2H5 
(4 g) substituents in benzothiazole containing derivatives. Derivatives 
containing thiazole (4h), and thiazole with CH3 at 4th position and 
COOEt at 5th position (4i) were detected for their remarkable antibac
terial activity. The efficiency against fungi was higher than the effi
ciency against bacteria, implying that the produced compounds have 
higher antifungal than antibacterial activity. It is anticipated that anti
fungal activity may be influenced by the presence of ethoxy/ ethoxy 
carbonyl linked to benzothiazole/ thiazole rings. It was determined that 
compounds 4g, 4i and 4j, which carry the highest number of carbon- 

Table 1 
Antibacterial activity of the compounds 4a-4j. (*: most active compounds).   

Minimum inhibitory concentration (MIC) in µg/mL  
Gram-negative bacteria Gram-positive bacteria  
E. coli S.marcescens K.pneumoniae P.aeruginosa E.faecalis B.subtilis S.aureus S.epidermidis 

4a 62.5 125 125 125 15.625 125 125 62.5 
4b 31.25 62.5 125 125 15.625 125 125 31.25 
4c 31.25 125 125 62.5 15.625 125 62.5 62.5 
4d 31.25 125 125 125 0.97* 125 125 125 
4e 31.25 62.5 125 125 15.625 125 125 125 
4f 0.97* 125 125 125 15.625 125 125 125 
4g 1.9* 125 125 125 3.90* 250 125 125 
4h > 250 125 125 125 1.95* 250 125 125 
4i 31.25 62.5 125 125 1.95* 125 125 125 
4j 31.25 62.5 125 125 7.81 125 125 125 
Azithromycin < 0.97 < 0.97 < 0.97 < 0.97 < 0.97 < 0.97 < 0.97 < 0.97  

Table 2 
Antifungal activity of the compounds 4a-4j. (*: most active compounds).  

Compound no. Minimum inhibitory concentration (MIC) in µg/mL 
C. albicans C. krusei C. parapsilopsis 

4a 15.625* 125 62.5 
4b 15.625* 125 31.25 
4c 62.5 125 31.25 
4d 125 125 31.25 
4e 31.25 62.5 31.25 
4f 15.625* 62.5 31.25 
4g 15.625* 125 3.90* 
4h 31.25 125 15.625 
4i 62.5 62.5 3.90* 
4j 125 62.5 1.95* 
Voriconazole 3.90 3.90 1.95 
Fluconazole 7.81 7.81 3.90  
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containing substituents, attracted attention with high MIC values of 
antifungal activity. 

2.3. Electrochemical studies 

The electrochemical interaction between dsDNA and the derivatives 
was investigated in this part of our study. First, the electrochemical 
behavior of the compounds was studied to monitor whether there would 
be overlapping with the guanine oxidation signal and the compounds 
(Fig. S41–Supplementary data). For this purpose, the compounds at 
their MIC level were immobilized at the surface of the PGEs, then, vol
tammetric measurements were performed. The guanine oxidation signal 
was observed at +1.025 V while the oxidation signals of derivatives 4d, 
4h or 4i were measured at +0.950 V, +1.00 V and +1.075 V as 103 nA, 
1050 nA and 573 nA, respectively. On the other hand, the oxidation 
signal of compound 4d was smaller than derivatives 4f or 4i, and it was 
considered that the signal of derivative 4d is negligible. However, the 
other signals could overlap with the guanine signal and negatively affect 
the ability to make correct decisions about the interaction process. 
Therefore, derivative 4d was chosen as the model derivative and further 
experiments were performed with this compound. 

The effect of interaction time on the interaction process done be
tween 0.95 µg/mL of derivative 4d and 30 µg/mL of dsDNA was 
investigated by performing the interaction for different interaction times 
from 5 to 60 mins. The voltammograms of the guanine signals of de
rivative 4d signals were represented in Fig. S42-Supplementary data 
and the average guanine signals were given in Fig. 3. In principle, the 
guanine oxidation signal is measured before/after each interaction step 
and the changes at the guanine signal are evaluated in terms of the 
interaction process when an voltammetric biosensor system is aimed to 
use for the evaluation of drug DNA interactions. The average guanine 
signal was measured as 5.50 ± 0.56 µA with the relative standard de
viation% (RSD%)= 10.20% (n = 3) (Fig. 3-a). The signal of derivative 4d 
was noticed to be decreased while the interaction time increased (Fig. 3- 
b). There were 5.05% increase while 19.92%, 16.16% and 7.00% de
creases at the guanine signal after the interaction of dsDNA and deriv
ative 4d during 5, 15, 30, and 60 min, respectively (Fig. 3-c). The 
decrease at the guanine signal was obtained after the interaction process 
due to the formation of strand breaks at the dsDNA as a result of the 
binding of derivative 4d due to its planar structure. This result was in 
parallel with the other reports that covered the voltammetric monitoring 
of novel iron (III) and nickel (II) complexes and DNA interaction [50], 
topotecan and DNA interaction [51], and daunorubicin-DNA interaction 
[52]. 

The most significant decrease at the guanine signal was obtained 
after 15 min interaction (Fig. S42-B, c to D- Supplementary data) and the 

average guanine signal was measured as 4.41 ± 0.29 µA (RSD%=

6.57%, n = 3) (Fig. 3, 15 min-c). Further experiments were performed 
using 15 min interaction time. 

The interaction between the derivatives and the dsDNA was inves
tigated using the EIS technique which is a powerful and reliable elec
trochemical method widely used to understand and evaluate step-by- 
step modification/interaction processes performed at the electrode 
surface. Briefly, the real (Z’) and imaginary (-Z’’) components comprise 
of the complex impedance. Rct is defined as the charge transfer resis
tance which indicates the resistance value occurred at the electrode/ 
electrolyte interface, and this value is represented as the semicircle 
diameter of the Nyquist diagram. The impedance data are fitted using an 
equivalent circuit model (herein Randles model represented as inset in 
Fig. 4A-D). The other elements of the equivalent circuit model are the 
solution resistance (Rs), the capacitance (Q), and Warburg impedance 
(W) [50–52]. 

The average Rct values (n = 3) obtained after each modification/ 
interaction step and the Nyquist diagrams were represented in Fig. 4. 
The average Rct value was found to be 79.67 Ohm (RSD%=19.22%, 
n=3) using the PGEs (Fig. 4E). After the modification of dsDNA at the 
surface of the PGE, the Rct value sharply increased (Fig. 4E) and the 
average Rct value was found to be 957.83 ± 108.66 Ohm (RSD%=

11.34%, n = 3). The negatively charged dsDNA caused to increase in the 
repulsive interaction between the electrode/electrolyte interface and 
resulted in obtaining an increment after the dsDNA modification. The 
average Rct value increased after the interactions of dsDNA and de
rivatives 4d (Fig. 4E), 4f (Fig. 4E) or 4i (Fig. 4E) whereas almost no 
change could be obtained at the average Rct value after the interaction of 
compound 4h and dsDNA (Fig. 4E). The increased ratios at the average 
Rct value were calculated as 31.54%, 85.47% and 32.94% and the 
average Rct values were measured as 1260.00 ± 14.14 Ohm (RSD%=

1.12%, n = 3), 1776.50 ± 201.53 Ohm (RSD%=11.34%, n = 3), and 
1273.33 ± 148.79 Ohm (RSD%= 11.68%, n = 3) after the interaction 
between dsDNA and compounds 4d, 4f or 4i, respectively. The de
rivatives were also studied without the interaction process to check the 
electrochemical behavior of them. As it can be seen in Fig. 4, all com
pounds caused to increase at the Rct value (Fig. 4A-D, from a to b). After 
the interaction of dsDNA and compounds 4d, 4f or 4i, negatively 
charged derivatives bound the dsDNA structure and caused the forma
tion of strand breaks. Therefore, the average Rct values increased. On the 
other hand, it is possible to conclude that compound 4h could not bind 
to dsDNA as almost there was no increase at the average Rct value and a 
reproducible average Rct value could not be obtained. 

2.4. ADME parameters 

Molsoft software [53] and the SwissADME [54] programs were used 
to compute the ADME properties of the target compounds 4a-4j as 
shown in Table 3. The molecular weights ranged from 362.43 to 457.48. 
Partition coefficient values between octanol and water (log P) varied 
between 2.46 and 4.1. Water solubility (Log S) and skin permeation (Log 
Kp) logarithms were estimated in the ranges of 3.77 to 5.32 and − 5.63 to 
− 6.96, respectively. The DLMS (drug-likeness model score) ranged be
tween − 0.47 to 0.50. For all synthesized compounds, the number of 
hydrogen bond donors (HBD) was 1, whereas the number of hydrogen 
bond acceptors (HBA) was between 6 and 8. Molecular volumes and 
Topological polar surface areas (TPSA) were determined between 
312.79 to 424.95 Å3 and 143.68 to 189.5 Å2, respectively. According to 
Lipinski’s rule, none of the synthesized compounds deviated from the 
rule which means that they may be orally available agents after pre
requisite modifications in the future. 

2.5. Molecular docking 

Docking studies were first performed to assess the binding in
teractions of the most active compounds 4d, 4f, 4i and 4h within dsDNA 

Fig. 3. The average guanine signal obtained using 30 µg/mL dsDNA modified 
PGE (a), the control signals of 4d after the immobilization of 0.95 µg/mL 4d at 
the surface of the PGEs for 5–60 min (b), the average guanine signals (c) ob
tained after the interaction of 30 µg/mL dsDNA and of 0.95 µg/mL derivative 
4d for 5–60 min at the surface of the PGEs (n=3). 

A.A. AL-Sharabi et al.                                                                                                                                                                                                                         



Journal of Molecular Structure 1289 (2023) 135775

6

to further explain the results of the EIS technique (Fig. 5-A). Compound 
4d which was found to have both the most activity against E. faecalis and 
the most decrease in the guanine signal showed to have four binding 
interactions (Figs. 5-B1 and B2). The first is a π-π stacking interaction of 
the phenyl moiety within the heterocyclic benzothiazole system with the 
pyrimidine moiety of A:DG4 nucleotide. The other three are aromatic 
hydrogen bond interactions (Ar H-bond), two of them are between the 
hydrogens of the methyl group in the compound and the carbonyl 
groups of two thymine nucleotides DT7 and DT19 and the third is be
tween the H5 of benzothiazole moiety and the carbonyl group of DC23. 
For compound 4f which showed the most activity against E.coli, two 
hydrogen bond interactions were noticed (Fig. 5-C1). The first is be
tween the oxygen of the ether group and B:DG22 while the second is 

between the -NH of the amidic group and A:DA6. The H4 and H5 of the 
benzothiazole moiety were found to form additional two Ar H-bond 
interactions with DT19 and DT7, respectively (Fig. 5-C2). Compound 4i 
which has significant activity against E.faecalis was found to bind B: 
DG22 by two hydrogen bond interactions with its -NH of the amidic 
group and C=O of the ester group (Fig. 5-D1). The H4 and H5 of the 
phenyl moiety were found to participate in additional two Ar H-bond 
interactions with DT7 and DT19, respectively (Fig. 5-D2). Compound 4h 
was found to have significant in vitro activity against E. faecalis, however 
the results of the EIS technique showed that compound 4h can not bind 
to dsDNA as the average Rct value did not increase. The result of the 
docking study of compound 4h is in harmony with the EIS results as only 
one Ar H-bond interaction is noticed between H3 of the phenyl group 

Fig. 4. The Nyquist diagrams obtained before and after the interaction of 30 µg/mL dsDNA and 0.97 µg/mL of 4d (A) or 4f (B) and 1.95 µg/mL of 4h (C) or 4i (D) at 
the surface of the PGEs during 15 min. PGE (a), controls of 4d, 4f, 4h and 4i (b), dsDNA modified PGE (c), the interaction between dsDNA and 4d, 4f, 4 h or 4i (d). 
Inset: The Randles circuit applied to fit the impedance data. Charge transfer resistance value (Rct): The respective semicircle diameter regarding the charge-transfer 
resistance occurred between the PGE and the electrolyte, Rs: The solution resistance, Q: The capacitance, and W: Warburg impedance. The average Rct values (E) 
obtained by PGEs (a), 30 µg/mL dsDNA modified PGEs (b), after the interaction between 30 µg/mL dsDNA and 0.95 µg/mL of 4d (c) or 4f (d) and 1.95 µg/mL of 4h 
(e) or 4i (f) (n = 3). 
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and DC21 (Fig. 5-E). Compound 4h may not show its antimicrobial ac
tivity as DNA poison and moreover, its activity may be based on only the 
inhibition of enzymatic reactions of the microbial organism. For 
instance, alanine racemase and D-alanine–D-alanine ligase inhibitors 
targets cell wall peptidoglycan synthetic pathway. Other compounds 
work on vital bacterial components including bacterial ribosome, sor
tase enzyme, lipid II and lipid III. Bacterial growth might also be 
inhibited by interfering with teichoic acid biosynthesis [55]. 

The docking results of the binding interactions of the most active 
compound against E. coli 4f with DNA gyrase as the drug target were 
represented as 2D and 3D in Fig. 6-A and Fig. 6-B, respectively. The 
phenyl group of the compound was found to participate in two π-π 
stacking interactions with H:DA2011 and G:DA2011. The oxygen of the 
nitro group binds to B:ARG1122 by hydrogen bond interaction while the 
H7 of the benzothiazole moiety binds to ASP1083 by Ar H-bond 
interaction. 

On the other hand, the docking studies of the binding interactions of 
the most active compound against E.faecalis 4d within TS as another 
possible drug target were represented as 2D and 3D in Fig. 6-C and D, 
respectively. The thiazole ring of benzothiazole moiety bind to PHE227 
by a π-π stacking interaction while the N3 of the oxadiazole ring binds to 
TYR145 by hydrogen bond interaction. Both H3 and H4 of the phenyl 
group form two Ar H-bond interactions with ASP220. 

2.6. Molecular dynamic simulation (MDS) 

Compound 4d which showed the most favorable electrochemical 
profile was further studied for the binding interactions and the stability 
of the ligand-dsDNA complex in MDS studies. The plots of Rg versus time 
(ns) for the dsDNA was represented in Fig. S43. The Rg for dsDNA was 
noticed to have minimal fluctuations with consistency throughout the 
simulations which indicates the stability and rigidity of the system. The 
plot of RMSD versus time (ns) for the dsDNA and the ligand 4d were 
represented in Fig. S44-A and Fig. S44-B, respectively. Even the RMSD 
values of dsDNA reached to 7 Å, after first 10 ns, the motions indicate the 
equilibrium since the changes were between 1 and 3 Å, and RMSD 
values of 4d were 3.5 Å. which indicates that the conformational 
changes were in acceptable range [56] during the simulation. 

The binding interactions of 4d and dsDNA were also examined 
through MDS. As shown in Fig. 7, H-bonds, salt bridge, π–π stacking and 
π–cation interactions were all involved in the binding of the ligand and 
dsDNA. Also, in harmony with the previously mentioned docking re
sults, A:DG4, DT7, DT19 and DC23 were among the important nucleo
tides that were involved in the binding interactions (video 1- 
Supplementary data). It has also been obsereved that the benzothiazole 
part of comound 4d forms Ar H-bonds with DC23, DA5 and DG24 while 
the ortho substituted phenyl part forms Ar H-bonds with DT19 and 
DT20. 

MDS studies of ligand 4d within TS revealed that the value of protein 
RMSD changed by 2.7 Å which is within the acceptable range (1–3 Å), 
thus the protein has minimal conformation changes during the simula
tion. Additionally, the ligand RMSD (Fig. 8-BL) was found to fluctuate by 
2.3 Å, thus the ligand also has minimal internal changes, and it is stable 
with respect to the enzyme binding site. The RMSF values of the rigid 
protein structures (Fig. 8-BR) showed minimal fluctations, moreover, the 
RMSF values of interacted loop amino acids found to fluctuate under 0.8 
Å. Finally, the fractions, type and strength of the 4d-TS interactions were 
represented in Fig. 8-CL, Fig. 8-CR and Fig. 8-E. A total number of twelve 
various interactions were made to the ligand 4d by the protein during 
100 nanoseconds simulation. These interactions include hydrophobic, 
H-bonds and water bridge interactions. The residues of Glu59, Asn228, 
Phe227 and Tyr145 were the main ones involved in the binding in
teractions, respectively. Additionally, the H3 and H4 of the phenyl group 
with ALA311, the H5 of the phenyl group with Ile 80, the H7 of the 
benzothiazolr ring with Leu223, the oxygen of the oxadiazole ring with 
Trp81 and the carbonyl of the amidic group with His198 were all 
noticed to be part of the involved Ar H-bonds (video 2- Supplementary 
data). 

MDS studies were further performed for compound 4f within the 
target DNA gyrase to evaluate the stability of the enzyme-ligand com
plex (Fig. 9-A, 9-BL and 9-BR), the ligand-enzyme contact (Fig. 9-CL and 
9-CR) and the 2D enzyme-ligand interaction strengths (cut off 30%) 
(Fig. 10-E). As protein RMSD changes within the range of 1–3 Å are 
perfectly acceptable values for protein structures, the protein RMSD for 
compound 4f-DNA gyrase (Fig. 9-BL) was found to change by 2.5 Å 
which means that minimal conformation changes are observed for the 
protein during the simulation. Additionally, the ligand RMSD (Fig. 9-BL) 
was found to change by 2 Å which means that minimal internal changes 
are observed within the ligand structure and the ligand (4f) is stable 
with respect to the enzyme binding site. For the protein RMSF (Fig. 9- 
BR), the protein’s secondary structures (α-helices and β-strands) showed 
lower fluctuations than the non-secondary structures (loop regions). The 
protein RMSF value of ligand 4f was noticed to be stable. Finally, the 
strength, type and nature of the ligand 4f-DNA gyrase interactions were 
represented in Fig. 9-CL, 9-CR and 9-E. During the 100 ns simulation, a 
total number of nine various interactions were made to the ligand 4f by 
the protein including hydrophobic, H-bonds, ionic and water bridge 
interactions. The residues of D:ASP1083, B:ARG1122 and B:MET1121 
were the main ones involved in the binding interactions, respectively. 
However, the Ar H-bonds include the interaction of the carbonyl of 
amidic group with Tyr 1087, H5 and H6 of the phenyl group with DA 
2011 and the H7 of benzothiazole with Asp 1083 (video 3- Supple
mentary data). 

Generally, electrochemical and molecular mechanics studies point 
out that N-(benzothiazole-2-yl)acetamide moiety is favorable to dock to 
DNA minor grave, thereof, molecular mechanics studies predicted that 

Table 3 
Calculated values of the ADME parameters.  

Molecule MW HBA HBD TPSA Log P Log S Log Kp MV DLMS NoV 

4a 412.49 6 1 143.68 3.61 − 5.01 − 5.87 374.48 0.35 0 
4b 426.51 6 1 143.68 3.84 − 5.31 − 5.69 395.50 0.02 0 
4c 442.51 7 1 152.91 3.6 − 5.08 − 6.07 406.40 0.21 0 
4d 430.48 7 1 143.68 3.89 − 5.17 − 5.91 380.47 0.31 0 
4e 446.93 6 1 143.68 4.1 − 5.6 − 5.63 – – 0 
4f 457.48 8 1 189.5 2.97 − 5.07 − 6.26 399.54 − 0.47 0 
4g 456.54 7 1 152.91 3.89 − 5.32 − 5.9 424.96 0.19 0 
4h 362.43 6 1 143.68 2.46 − 3.77 − 6.57 321.79 0.50 0 
4i 448.52 8 1 169.98 3.26 − 4.61 − 6.42 416.09 0.43 0 
4j 448.52 8 1 169.98 2.82 − 4.06 − 6.96 413.11 0.33 0 

MW: Molecular weight, HBA: Number of hydrogen acceptors, HBD: Number of hydrogen donors, TPSA: Topological polar surface area (Å2) Log P: Octanol/water 
partition coefficient, Log S: Aqueous solubility (the decimal logarithm of the molar solubility in water), Log Kp: Skin permeation constant (cm/s), MV: Molecular 
volume (Å3), DLMS: Drug-likeness model score, NoV: Number of Violation (Lipinski’s). DLMS and MV were calculated by molsoft.com/mprop. MW, Log P, Log S, Log 
Kp, TPSA, HBA, HBD and NoV were calculated by http://www.swissadme.ch/index.php. 
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this compound has a potential to inhibit DNA-gyrase and TS enzymes. 
Moreover, the combination with the oxadiazole ring supported the TS 
inhibition as this ring interacted with Tyr145 amino acid, which is an 
important residue to stabilize the catalytic cavity of the enzyme [57]. 

On the other hand, 2-methyl phenoxy moiety can be simply said as 
managing the pharmacokinetic properties since it did not interact with 
important residues. Therefore, we suggested the following modifications 
to this phenoxy ring:  

• Methyl substitution can be removed from the 2nd and added to the 
4th position. Indeed, 2nd position of phenoxy should be empty to 
localize close to the loop region (Arg76-Trp81) of TS enzyme.  

• Phenoxymethylene moiety should be here to obtain the rotation 
around itself.  

• The phenoxy ring could be changed with nucleotides or their analogs 
to get better interaction with the DNA at DNA-gyrase active region, 
but oxymethylene residue should be protected. 

3. Conclusions 

In this study, ten N-(substituted benzothiazole/thiazol-2-yl)− 2-((5- 
((o-tolyloxy)methyl)− 1,3,4-oxadiazol-2-yl)thio)acetamide compounds 
were synthesized starting from o-cresol in four steps. In-vitro antibac
terial and antifungal activity of these oxadiazole derivatives were 

Fig. 5. Docking poses of active compounds with dsDNA. A: 3D Overlay poses of 4d, 4f, 4i and 4h within dsDNA. B1: and B2: 2D and 3D pose of 4d, respectively. C1 
and C2: 2D and 3D pose of 4f, respectively. D1 and D2: 2D and 3D pose of 4i, respectively. E: 3D pose of 4h. 
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evaluated against several bacterial and candida species. The active 
compounds were evaluated for their activation mechanism using elec
trochemical and molecular mechanics techniques. The biological results 
indicated that E. coli and E. faecalis were the most susceptible bacterial 
strains, whereas C. albicans and C. parapsilopsis were the most vulnerable 
candidal pathogens. Compounds 4g and 4i were found to have consid
erable antibacterial and antifungal activity. Compounds 4f, 4d and 4 h 
also had a presumed antibacterial activity while 4j exhibited a 
remarkable anticandidal effect. It was also found that the anticandidal 
activity of synthesized compounds is superior to antibacterial activity. 
The structure-activity relationship (with the dsDNA, DNA gyrase, and 
thymidylate synthase proteins) was explained by electrochemical 

method, molecular docking, and molecular dynamics simulation studies. 
According to all methods, we suggest 1,3,4-oxadiazole-(benzo)thiazole 
derivatives as potential antibacterial structures because they cause 
dsDNA poisoning by binding the guanine nucleotide. Based on expected 
ADME findings, these compounds might be orally bioavailable agents in 
the future. According to molecular in silico studies, 2-methyl phenoxy 
moiety is determined to improve the pharmacokinetic properties. 

Fig. 6. Docking poses of compound 4f within DNA gyrase (A and B) and compound 4d within TS (C and D).  

Fig. 7. The binding interactions of 4d and dsDNA.  
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4. Materials and methods 

4.1. Chemistry 

All chemical substances were purchased from Sigma-Aldrich Chem
ical Co (Sigma-Aldrich Corp., St. Louis, MO, USA) and Merck Chemicals 
(Merck KGaA, Darmstadt, Germany). MP90 digital melting point appa
ratus (Mettler Toledo, Ohio, USA) was used to determine all melting 
points (m.p.) which were uncorrected. Using thin-layer chromatography 
(TLC), all reactions were monitored using Silica Gel 60 F254 TLC plates 
(Merck KGaA, Darmstadt, Germany). In TLC, petroleum ether-ethyl ac
etate (3:1) was used as a mobile phase. Spectroscopic data were recor
ded with the following instruments: Shimadzu-IR Affinity-IS instrument 
(Shimadzu, Japan); NMR, Bruker DPX-300 FT-NMR spectrometer 
(Bruker Bioscience, Billerica, MA, USA) and Bruker Ascend-400 NMR 
spectrometer (Bruker Bioscience, Billerica, MA, USA) in DMSO‑d6, using 
TMS as internal standard; Shimadzu 8040 LC/MS/MS system (Shi
madzu, Tokyo, Japan) was used to determine M + 1 peaks. Analysis data 
including IR, 1H NMR, 13C NMR and High-resolution mass spectra HRMS 
of all products are provided to supplement data. 

4.1.1. General synthesis of ethyl 2-(o-tolyloxy)acetate (1) 
Yield: 83%. An equimolar amount of both o-cresol (55.56 mmol, 6 g) 

and ethyl bromoacetate was refluxed in acetone and potassium car
bonate K2CO3 for five hours. After the reaction was completed, the 
solvent was evaporated, and the product was washed with water before 

being filtered and recrystallized from ethanol. 

4.1.2. General synthesis of 2-(o-tolyloxy)acetohydrazide (2) 
Yield: 74%. Ethyl 2-(o-tolyloxy)acetate (28.35 mmol, 5.5 g) (1) was 

refluxed with an equivalent amount of hydrazine monohydrate in 
ethanol for seven hours. The product was filtered and recrystallized from 
ethanol. 

4.1.3. General synthesis of 5-((o-tolyloxy)methyl)− 1,3,4-oxadiazole-2- 
thiol (3) 

Yield: 68%. 2-(o-Tolyloxy)acetohydrazide (18.86 mmol, 3.4 g) (2) 
was refluxed with an equivalent amount of carbon disulfide CS2 for five 
hours in 2 N NaOH/EtOH solution. After the reaction was completed, it 
was cooled and neutralized in cold water with HCl. The precipitated 
product was filtered and washed with water. 

4.1.4. General synthesis of 2,5-disubstituted 1,3,4- oxadiazole derivatives 
(4a-4j) 

5-((o-Tolyloxy)methyl)− 1,3,4-oxadiazole-2-thiol (1.35 mmol, 0.3 g) 
(3) were reacted with 1.35 mmol of 2-(2-chloroacetamide) benzothia
zole differently substituted at the sixth position (4a-g) and 1.35 mmol of 
2-[2-chloroacetamide]thiazole differently substituted at the fourth and 
fifth positions (4h-j) in acetone/K2CO3 at room temperature. Final 
products were dried from acetone, washed with water and recrystallized 
from ethanol. 

Fig. 8. MDS studies of ligand 4d within TS. A:Physicochemical properties of the ligand, BL: protein and ligand RMSD. BR: Protein RMSF. CL, CR and E: the strength, 
type and nature of the ligand 4d-TS interactions. 
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4.1.5. N-(benzo[d]thiazol-2-yl)− 2-((5-((o-tolyloxy)methyl)− 1,3,4- 
oxadiazol-2-yl)thio)acetamide (4a) 

Yield: 78%. Melting point (m.p.): 216 ◦C. IR (ATR) υmax (cm− 1): 3180 
(N–H), 1686 (C=O), 1263–1032 (C–O). 1H NMR (400 MHz, DMSO‑d6) 
δ: 2.12 (3H, s, -CH3), 4.47 (2H, s, S –CH2), 5.38 (2H, s, O–CH2), 6.89 
(1H, t, J = 7.29 Hz, Ar-H), 7.07 (1H, d, J = 8.02 Hz, Ar-H), 7.15 (2H, t, J 
= 9.06 Hz, Ar-H), 7.33 (1H, t, J = 7.52 Hz, benzothiazole H), 7.45 (1H, t, 
J = 7.61 Hz, benzothiazole H), 7.78 (1H, d, J = 8.06 Hz, benzothiazole- 
H7), 7.99 (1H, d, J = 7.88 Hz, benzothiazole-H4), 12.79 (1H, br s, NH). 
13C NMR (75 MHz, DMSO‑d6): δ: 16.3 (CH3), 36.6 (S-CH2), 60.2 
(O–CH2), 112.7, 120.9, 122.1,122.1, 123.9, 126.5, 126.7, 127.5, 131.2, 
132.0, 149.1, 155.8, 159.2, 164.4, 164.8, 167.1. HRMS (m/z): [M+H]+

for C19H16N4O3S2 calculated: 413.0737; found: 413.0724. 

4.1.6. N-(6-methylbenzo[d]thiazol-2-yl)− 2-((5-((o-tolyloxy)methyl)−
1,3,4-oxadiazol-2-yl)thio)acetamide (4b) 

Yield: 80%. M.p.: 227 ◦C. IR (ATR) υmax (cm− 1): 3200 (N–H), 1690 
(C=O), 1269–1028 (C–O). 1H NMR (400 MHz, DMSO‑d6, ppm) δ: 2.11 
(3H, s, Phenyl -CH3), 2.41 (3H, s, benzothiazole-CH3), 4.44 (2H, s, S 
–CH2), 5.38 (2H, s, O–CH2), 6.89 (1H, t, J = 7.18 Hz, Ar-H), 7.06 (1H, d, 
J = 7.82 Hz, Ar-H), 7.15 (2H, t, J = 7.97 Hz, Ar-H), 7.26 (1H, d, J = 8.20 
Hz, benzothiazole H), 7.65 (1H, d, J = 8.17 Hz, benzothiazole H), 7.77 
(1H, s, benzothiazole-H7), 12.7 (1H, br s, NH).13C NMR (75 MHz, 
DMSO‑d6, ppm) δ: 16.3 (Phenyl-CH3), 21.64 (benzothiazole- CH3), 36.1 
(S-CH2), 60.2 (O–CH2), 112.7, 120.8, 121.8, 122.1, 127.5, 127.8, 
128.0, 131.2, 133.2, 133.7, 155.8, 157.2, 157.3, 164.5, 164.8, 166.5. 
HRMS (m/z): [M+H]+ for C20H18N4O3S2 calculated: 427.0893; found: 
427.0883. 

4.1.7. N-(6-methoxybenzo[d]thiazol-2-yl)− 2-((5-((o-tolyloxy)methyl)−
1,3,4-oxadiazol-2-yl)thio)acetamide (4c) 

Yield: 75%. M.p.: 221 ◦C. IR (ATR) υmax (cm− 1): 3198 (N–H), 1690 
(C=O), 1267–1028 (C–O). 1H NMR (400 MHz, DMSO‑d6, ppm) δ: 2.12 
(3H, s, Phenyl -CH3), 3.81 (3H, s, O–CH3), 4.44 (2H, s, S –CH2), 5.38 
(2H, s, O–CH2), 6.89 (1H, t, J = 7.3 Hz, Ar-H), 7.06 (2H, t, J = 9.32 Hz, 
Ar-H), 7.15 (2H, t, J = 8.38 Hz, Ar-H), 7.58 (1H, s, benzothiazole-H7), 
7.66 (1H, d, J = 8.83 Hz, benzothiazole-H4), 12.65 (1H, br s, NH). 13C 
NMR (75 MHz, DMSO‑d6, ppm) δ: δ: 16.3 (Phenyl-CH3), 36.2 (S-CH2), 
56.1 (benzothiazole- OCH3), 60.2 (O–CH2), 105.2, 112.7, 115.5, 121.7, 
122.1, 126.7, 127.5, 131.2, 133.3, 143.0, 155.8, 156.5, 156.6, 164.5, 
164.7, 166.5. HRMS (m/z): [M+H]+ for C20H18N4O4S2 calculated: 
443.0842; found: 443.0839. 

4.1.8. N-(6-fluorobenzo[d]thiazol-2-yl)− 2-((5-((o-tolyloxy)methyl)−
1,3,4-oxadiazol-2-yl)thio)acetamide (4d) 

Yield: 75%. M.p.: 224 ◦C. IR (ATR) υmax (cm− 1): 3198 (N–H), 1690 
(C=O), 1246–1030 (C–O). 1H NMR (400 MHz, DMSO‑d6, ppm) δ: 2.12 
(3H, s, Phenyl -CH3), 4.47 (2H, s, S –CH2), 5.39 (2H, s, O–CH2), 6.89 
(1H, t, J = 7.19 Hz, Ar-H), 7.07 (1H, d, J = 7.9 Hz, Ar-H), 7.15 (2H, t, J 
= 9 Hz, Ar-H), 7.30 (1H, t, J = 8.95 Hz, Ar-H), 7.78 (1H, dd, J1= 5.21 Hz, 
J2= 8.76 Hz, benzothiazole-H), 7.9 (1H, d, J = 8.58 Hz, benzothiazole- 
H), 12.82 (1H, br s, NH). 13C NMR (75 MHz, DMSO‑d6, ppm) δ: 16.3 
(Phenyl-CH3), 36.1 (S-CH2), 60.2 (O–CH2), 108.9, 112.7, 114.7, 122.1, 
122.4, 126.7, 127.5, 131.2, 133.1, 145.7, 155.8, 157.6, 158.2, 160.8, 
164.5, 166.8. HRMS (m/z): [M+H]+ for C19H15N4O3FS2 calculated: 
431.0642; found: 431.0642. 

Fig. 9. MDS studies of ligand 4f within DNA gyrase. A: Physicochemical properties of the ligand, BL: protein and ligand RMSD. BR: Protein RMSF. CL, CR and E: the 
strength, type and nature of the ligand 4f- DNA gyrase interactions. 
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4.1.9. N-(6-chlorobenzo[d]thiazol-2-yl)− 2-((5-((o-tolyloxy)methyl)−
1,3,4-oxadiazol-2-yl)thio)acetamide (4e) 

Yield: 72%. M.p.: 250 ◦C. IR (ATR) υmax (cm− 1): 3175 (N–H), 1694 
(C=O), 1273–1036 (C–O). 1H NMR (400 MHz, DMSO‑d6, ppm) δ: 2.11 
(3H, s, Phenyl -CH3), 4.45 (2H, s, S –CH2), 5.37 (2H, s, O–CH2), 6.89 
(1H, t, J = 7.3 Hz, Ar-H), 7.06 (1H, d, J = 7.97 Hz, Ar-H), 7.15 (2H, t, J 
= 8.52 Hz, Ar-H), 7.46 (1H, d, J = 8.64 Hz, Ar-H), 7.76 (1H, d, J = 8.64 
Hz, benzothiazole-H4), 8.13 (1H, s, benzothiazole-H7), 12.84 (1H, br s, 
NH).13C NMR (100 MHz, DMSO‑d6, ppm) δ: 18.4 (Phenyl-CH3), 36.1 (S- 
CH2), 60.1 (O–CH2), 112.8, 118.4, 122.1, 122.2, 127.5, 128.3, 131.2, 
133.8, 159.3, 163.7. HRMS (m/z): [M+H]+ for C19H15N4O3ClS2 calcu
lated: 447.0347; found: 447.0383. 

4.1.10. N-(6-nitrobenzo[d]thiazol-2-yl)− 2-((5-((o-tolyloxy)methyl)−
1,3,4-oxadiazol-2-yl)thio)acetamide (4f) 

Yield: 78%. M.p.: 225 ◦C. IR (ATR) υmax (cm− 1): 3197 (N–H), 1686 
(C=O), 1261–1029 (C–O). 1H NMR (400 MHz, DMSO‑d6, ppm) δ: 2.12 
(3H, s, Phenyl -CH3), 4.47 (2H, s, S –CH2), 5.39 (2H, s, O–CH2), 6.89 
(1H, t, J = 7.18 Hz, Ar-H), 7.07 (1H, d, J = 7.91 Hz, Ar-H), 7.15 (2H, t, J 
= 9.9 Hz, Ar-H), 7.87 (1H, d, J = 8.88 Hz, Ar-H), 8.26 (1H, d, J = 8.85 
Hz, benzothiazole-H), 9.00 (1H, s, benzothiazole-H). 13C NMR (75 MHz, 
DMSO‑d6, ppm) δ: 16.3 (Phenyl-CH3), 37.4 (S-CH2), 60.2 (O–CH2), 
112.7, 119.0, 120.4, 122.0, 122.1, 126.7, 127.5, 131.2, 133.0, 142.7, 
154.8, 155.8, 164.3, 165.0, 166.7, 169.2. HRMS (m/z): [M+H]+ for 
C19H15N5O5S2 calculated: 458.0587; found: 458.0579. 

4.1.11. N-(6-ethoxybenzo[d]thiazol-2-yl)− 2-((5-((o-tolyloxy)methyl)−
1,3,4-oxadiazol-2-yl)thio)acetamide (4g) 

Yield: 75%. M.p.: 214 ◦C. IR (ATR) υmax (cm− 1): 3180 (N–H), 1686 
(C=O), 1263–1032 (C–O). 1H NMR (400 MHz, DMSO‑d6, ppm) δ: 1.35 
(3H, t, J = 6.83 Hz, OCH2CH3), 2.12 (3H, s, Phenyl -CH3), 4.06 (2H, q, 
J1= 6.82 Hz, J2= 13.68 Hz, OCH2CH3), 4.44 (2H, s, S –CH2), 5.38 (2H, s, 
O–CH2), 6.89 (1H, t, J = 7.26 Hz, Ar-H), 7.03 (1H, d, J = 8.83 Hz, Ar- 
H), 7.07 (1H, d, J = 8.01 Hz, Ar-H), 7.15 (2H, t, J = 8.40 Hz, Ar-H), 7.55 
(1H, s, Ar-H), 7.65 (1H, d, J = 8.79 Hz Ar-H), 12.65 (1H, br s, NH). 13C 
NMR (75 MHz, DMSO‑d6, ppm) δ: 15.2 (benzothiazole-OCH2CH3), 16.3 
(Phenyl-CH3), 36.1 (S-CH2), 60.2 (O–CH2), 64.1 (benzothiazole- 
OCH2CH3), 105.8, 112.7, 115.9, 121.8, 122.1, 126.7, 127.5, 131.2, 
133.2, 142.9, 155.8, 156.0, 164.5, 164.6, 166.3. HRMS (m/z): [M+H]+

for C21H20N4O4S2 calculated: 457.0999; found: 457.0985. 

4.1.12. N-(thiazol-2-yl)− 2-((5-((o-tolyloxy)methyl)− 1,3,4-oxadiazol-2- 
yl)thio)acetamide (4h) 

Yield: 80%. M.p.: 197 ◦C. IR (ATR) υmax (cm− 1): 3198 (N–H), 1692 
(C=O), 1242–1030 (C–O). 1H NMR (400 MHz, DMSO‑d6, ppm) δ: 2.13 
(3H, s, Phenyl -CH3), 4.4 (2H, s, S –CH2), 5.38 (2H, s, O–CH2), 6.9 (1H, 
t, J = 7.29 Hz, Ar-H), 7.07 (1H, d, J = 8.26 Hz, Ar-H), 7.16 (2H, t, J =
6.84 Hz, Ar-H), 7.26 (1H, d, J = 3.06 Hz, Ar-H), 7.5 (1H, d, J = 3.08 Hz, 
Ar-H), 12.54 (1H, br s, NH). 13C NMR (75 MHz, DMSO‑d6, ppm) δ: 16.3 
(Phenyl-CH3), 35.9 (S-CH2), 60.2 (O–CH2), 112.7, 114.3, 122.1, 126.7, 
127.5, 131.2, 138.2, 155.8, 158.3, 164.5, 164.7, 165.6. HRMS (m/z): 
[M+H]+ for C15H14N4O3S2 calculated: 363.0580; found: 363.0568. 

4.1.13. Ethyl-4-methyl-2-(2-((5-((o-tolyloxy)methyl)− 1,3,4-oxadiazol-2- 
yl)thio)acetamido) thiazole-5-carboxylate (4i) 

Yield: 77%. M.p.: 194 ◦C. IR (ATR) υmax (cm− 1): 3172 (N–H), 1699 
(C=O), 1263–1005 (C–O). 1H NMR (400 MHz, DMSO‑d6, ppm) δ: 1.27 
(3H, t, J = 7.04 Hz, OCH2CH3), 2.12 (3H, s, Phenyl -CH3), 2.55 (3H, s, 
thiazole-CH3), 4.24 (2H, q, J1= 7.03 Hz, J2= 14.1 Hz, OCH2CH3), 4.4 
(2H, s, S –CH2), 5.37 (2H, s, O–CH2), 6.9 (1H, t, J = 7.27 Hz, Ar-H), 7.06 
(1H, d, J = 8.02 Hz, Ar-H), 7.16 (2H, d, J = 7.66 Hz, Ar-H), 12.98 (1H, br 
s, NH). 13C NMR (75 MHz, DMSO‑d6, ppm) δ: 14.6 (OCH2CH3), 16.28 
(Phenyl-CH3), 17.46 (thiazole-CH3), 36.14 (S-CH2), 60.17 (O–CH2), 
60.95 (OCH2CH3), 112.7, 114.5, 122.1, 126.7, 127.5, 131.2, 155.8, 
156.7, 160.4, 162.5, 164.5, 164.6, 166.9. HRMS (m/z): [M+H]+ for 
C19H20N4O5S2 calculated: 449.0948; found: 449.0930. 

4.1.14. Ethyl-2-(2-(2-((5-((o-tolyloxy)methyl)− 1,3,4-oxadiazol-2-yl) 
thio)acetamido)thiazol-4-yl)acetate (4j) 

Yield: 70%. M.p.: 134 ◦C. IR (ATR) υmax (cm− 1): 3173 (N–H), 1738 
(C=O), 1666 (C=O), 1240–1028 (C–O). 1H NMR (300 MHz, DMSO‑d6, 
ppm) δ: 1.17 (3H, t, J = 7.1 Hz, OCH2CH3), 2.12 (3H, s, Phenyl -CH3), 
3.67 (2H, s, thiazole-CH2), 4.07 (2H, q, J1= 7.09 Hz, J2= 14.19 Hz, 
OCH2CH3), 4.33 (2H, s, S –CH2), 5.37 (2H, s, O–CH2), 6.89 (1H, t, J =
7.28 Hz, Ar-H), 6.95 (1H, s, Ar-H), 7.06 (1H, d, J = 8.5 Hz, Ar-H), 7.14 
(2H, d, J = 7.07 Hz, Ar-H), 12.63 (1H, br s, NH). 13C NMR (75 MHz, 
DMSO‑d6, ppm) δ: 14.6 (OCH2CH3), 16.3 (Phenyl-CH3), 36.3 (S-CH2), 
37.2 (thiazole- CH2) 60.2 (O–CH2), 60.8 (OCH2CH3), 110.9, 112.7, 
122.1, 126.7, 127.5, 131.2, 144.1, 155.8, 159.0, 164.4, 164.8, 165.9, 
170.5. HRMS (m/z): [M+H]+ for C19H20N4O5S2 calculated: 449.0948; 
found: 449.0927. 

4.2. Antimicrobial activity 

The antimicrobial activity of the compounds was tested on micro
organisms E. coli (ATCC 25,922), S. marcescens (ATCC 8100), 
K. pneumoniae (ATCC 13,883), P. aeruginosa (ATCC 27,853), E. faecalis 
(ATCC 2942), B. subtilis (ATCC), S. aureus (ATCC 29,213) and 
S. epidermidis (ATCC 12,228) as bacteria; C. albicans (ATCC 24,433), 
C. krusei (ATCC 6258) and C. parapsilopsis (ATCC 22,019) as yeasts. To 
maintain bacterial cultures, Mueller-Hinton agar (MHA) plates were 
introduced, whereas sabourad dextrose agar (SDA) was used to maintain 
fungal cultures. The Minimum Inhibition Concentration (MIC) tests 
using 96-well microplates were performed by the microdilution stan
dard methods CLSI M07-A9 (2012) [58] and NCCLS M27-A2 (2002) 
[59] for bacteria and yeasts, respectively. Mueller-Hinton broth (MHB) 
for bacteria and sabourad dextrose broth (SDB) media were used for the 
growth of test microorganisms in the antimicrobial experiments. The 
wells were prepared to contain 100 μl volume in the final case. Using 
1000 ppm stock solutions, each compound concentration in the first well 
was prepared to be 250 μg/ml. Serial dilutions were made in a 1: 2 ratio 
and the concentrations of the next wells were adjusted to 125, 62.5, 
31.25, 15.625, 7.81, 3.90, 1.95, and 0.97 μg/ml, respectively. The mi
crobial suspension adjusted to a 0.5 Mc Farland standard was inoculated 
into wells. The bacteria and yeasts were incubated for 24 h at 37 ◦C and 
48 h at 35 ◦C, respectively. The same procedures were applied to Azi
thromycin for bacteria as the positive control. Voriconazole and Flu
conazole were used as the positive control for yeast cells. Negative 
controls contained only dilute solutions without microorganisms. Posi
tive and negative results were evaluated according to turbidity that 
occurred after 24–48 h by comparing them to the ones in the control 
wells. The lowest concentrations giving no visible growth for each 
microorganism were defined as MIC. The turbidity showing microbial 
growth after incubation was measured at OD600 nm wavelength with a 
multi-well plate reader (Multiskan FC, Thermo Scientific, Massachu
setts, USA). All the chemicals used in the experiments were purchased 
from Merck. All antimicrobial studies were carried out triplicated with 
aseptic conditions. 

4.3. Electrochemical studies 

Apparatus: Both voltammetric and impedimetric measurements 
were performed by IVIUM Compactstat.e with IVIUM Release 4.951 
software package (Holland). Pencil graphite electrode (PGE) was used as 
the disposable electrode material to monitor the interaction processes 
occurred the compounds and dsDNA. PGE consisted of a graphite lead 
(TOMBOW, 0.5, Japan) and a pencil (Rotring, Germany) soldered by a 
metallic wire to provide electrically conductive body. The PGE was a 
part of three-electrochemical cell system which included a working 
electrode (PGE), a reference electrode (Ag/AgCl/3 M KCl), and a counter 
electrode (Pt wire). For each measurement, 10 mm of a graphite lead 
should have been into the measurement solution. 

Chemicals: Double stranded fish sperm DNA (dsDNA), trizma 
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hydrochloride (NH2C(CH2OH)3⋅HCl), potassiumhexacyanoferrate(II) 
trihydrate (K4Fe(CN)6⋅3H2O), potassiumhexacyanoferrate(III) (K3Fe 
(CN)6), potassium chloride (KCl), sodium chloride (NaCl), di- 
potassiumhydrogen phosphate (K2HPO4), ethylenediaminetetraacetic
acid disodium salt dihydrate (C10H14N2Na2O8⋅2H2O), potassiumdihy
drogen phosphate (KH2PO4), and acetic acid (CH3CO2H) were 
purchased from Sigma-Aldrich (Sigma-Aldrich Corp., St. Louis, MO, 
USA). Tris-EDTA buffer solution containing 10 mM Tris- HCl and 1 mM 
EDTA (pH 8.00) was used to prepare 1000 μg/mL DNA stock solution. 
The stock solution was kept frozen. All chemicals were of analytical 
reagent grade and were purchased from Sigma-Aldrich and Merck. All 
buffer solutions were prepared in ultrapure water purchased from 
Bilecik Seyh Edebali University Central Research and Application 
Laboratory. 

Preparation of dsDNA modified PGEs: The disposable PGEs electro
chemically pretreated by applying +1.40 V potential during 30 s in 
acetate buffer solution (0.50 M acetate buffer containing 20 mM NaCl, 
ABS, pH 4.80). The dsDNA solution was diluted in ABS (pH 4.80) at 30 
µg/mL concentration level since this concentration level was optimized 
in our previous report [60]. Then, each PGE was dipped into 100 µL of 
dsDNA solution during 15 mins. The dsDNA modified electrodes were 
gently immersed into ABS (pH 4.80) to eliminate unspecific binding of 
dsDNA molecules. Finally, dsDNA modified PGEs were ready to use in 
further experimental steps. 

Interaction between the compounds and dsDNA at the surface of the 
PGEs: 0.95 µg/Ml of compounds 4d and 4f while 1.95 µg/mL of com
pounds 4h and 4i were prepared in 50 mM phosphate buffer solution 
(PBS, pH 7.40). These concentrations were their MIC levels. dsDNA 
modified PGEs were immersed into 100 µL of the compound solution. 
For the investigation of the effect of interaction time, dsDNA modified 
PGEs were incubated in the compound solution during 5, 15, 30 or 60 
min. For empedimetric studies, 15 min interaction time was used. After 
all interaction processes, the PGEs were washed in PBS (pH 7.40) during 
5 s. All PGEs were ready for electrochemical measurements. 

Electrochemical measurements: 
Differential pulse voltammetry (DPV) measurements: Voltammetric 

measurements were done in ABS (pH 4.80) between the potential of 
+0.60 V and +1.20 V at a pulse amplitude of 50 mV and scan rate of 50 
mV/s. 

Electrochemical impedance spectroscopy (EIS) measurements: A 
redox probe containing 2.50 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) and 
0.10 M KCl was used for all impedimetric measurements. Before and 
after each modification/interaction process, the measurements were 
performed in the frequency range from 100 mHz to 100 kHz at a po
tential of + 0.23 V with a sinusoidal signal of 10 mV. The frequency 
interval divided into 98 logarithmically equidistant measure points. The 
impedimetric data were fitted by Randles circuit was the equivalent 
circuit consisted of Rct (the respective semicircle diameter corresponds 
to the charge-transfer resistance that occurred at the electrode- 
electrolyte interface), Rs (the solution resistance), Q (the capacitance 
related to the space charge capacitance between the electrode- 
electrolyte interface), and W (Warburg impedance due to mass trans
fer to the electrode surface). All experiments were done at room 
temperature. 

4.4. ADME parameters 

Early prediction of the pharmacokinetic profile is a necessity during 
drug development process to avoid later stages drug failures [61]. 
Molsoft software [53] and the SwissADME [54] program were used to 
compute the ADME properties of the target compounds 4a-4j. 

4.5. Molecular docking 

Molecular docking studies of the most active compounds were 
applied to define their binding patterns within the related active sites 

using the in silico Schrödinger Maestro interface [62]. The X-ray crystal 
structures of dsDNA (PDB ID: 4AGZ), DNA gyrase (PDB ID: 6Z1A) [63] 
and thymidylate synthase (TS) of Enterococcus faecalis (PDB ID: 5J7W) 
[64] were imported from the Protein Data Bank server (www.rcsb.org). 
The Protein Preparation Wizard protocol of the Schrödinger Suite 2020 
was then used to build the structure of the enzymes. The protonation 
states as well as the atom types were assigned using the LigPrep module 
[65] in order to prepare the ligands. Besides that, bond orders and 
hydrogen atoms were added to the structures. The Glide module [66] 
was applied for grid generation while docking runs were all optimized 
by using the standard precision docking mode. 

4.6. Molecular dynamic simulation (MDS) 

MDS studies were applied to evaluate the time-dependent stability of 
a ligand-target complex. The Desmond program [67] was applied by 
using the standard force field (OPLS3e) of the Schrödinger Suite with a 
transferable intermolecular potential with a 3-points (TIP3P) water 
model followed by energy minimization of the complex [68]. The system 
was neutralized by utilizing Na+ and Cl− ions. After the system setup 
was completed, MDS studies were performed. The MDS studies were 
recorded for 100 ns and the radius of gyration (Rg), root square de
viations (RMSD) and root-mean-square fluctuation (RMSD) values were 
all calculated by the Desmond program [67]. 
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