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A B S T R A C T

Development of novel, safe and effective drug candidates combating the emerging drug resistance has remained
a major focus in the mainstream of anti-tuberculosis research. Here, we inspired to design and synthesize series
of new pyridin-4-yl-1,3,4-oxadiazol-2-yl-thio-ethylidene-hydrazinecarbothioamide derivatives as potential anti-
tubercular agents. The anti-tubercular bioactive assay demonstrated that the synthesized compounds exhibit
potent anti-tubercular activity (MIC= 3.9–7.81 μg/mL) in comparison with reference drugs Rifampicin and
Isoniazid.We employed pharmacophore probing approach for the identification of CYP51 as a possible drug
target for the synthesized compounds. To understand the preferable binding mode, the synthesized molecules
were docked onto the active site of Sterol 14 α-demethylases (CYP51) target. From the binding free energy of the
docking results it was revealed that the compounds were effective CYP51 inhibitors and acts as antitubercular
agent.

1. Introduction

In the current state-of-the-art, rapidly emerging multidrug resistant
(MDR) pathogeneic microorganisms has exerted crisis on the human
health (Yuan et al., 2017). It is the leading cause of death in the world
and a huge burden on the developing countries. Tuberculosis (TB) is
one of the peril disease. It is caused by a pathogenic bacteria Myco-
bacterium tuberculosis (Mtb) (China Raju et al., 2011). Dreadfulness of
this disease is clarified by the Global Tuberculosis report of WHO which
predicted that near about 1.8 million deaths occur due to TB and 10.4
million new TB infected cases were notified in 2015 (WHO, 2016).
Experimental settings have demonstrated that TB forms granulomatous
lesions, consisting of clusters of infected macrophages and fibroblasts
with T lymphocytes and B lymphocytes which are utilized by Mtb to
evade annihilation by the immune system of the host (Clark et al.,
2017). Such behavior of Mtb leads to adverse effect on the host’s im-
mune system that increase the chances of acquiring a HIV co-infection
(Mekonnen et al., 2015). This was also explained by WHO (2016) that

near about 55% TB patient were documented HIV positive
(Karabanovich et al., 2014). The management of this disease is again
complicated due to emergence of the multi drug resistance (MDR) and
extensively drug-resistant (XDR) strain of Mtb (Kamal et al., 2013). The
convenient treatment of TB necessarily required long-term regimen due
to the non-replicating persistence tuberculosis phenotype (Krishna
et al., 2014). It is found that inappropriate treatment generates a
harmful effect and makes a significant contribution to the emergence of
drug resistant Mtb strains (Chauhan et al., 2014). This is apparent and
imperative to combat the increasingly frequent drug resistant strain of
Mtb. To address these needs, it has been a major task for chemists to
enlarge their attitude towards the modification of available clinical
drugs with new molecular scaffolds possessing potential activities
against MDR strain.

Hydrazinecarbothioamides are recognized as one of the most com-
petent biological promoters owing to nitrogen and sulfur donors, which
equip them to bear an enormous diversity of coordination modes (Aly
et al., 2009). Hydrazinecarbothioamides are embedded in manifold
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compounds acquiring the wide range of biological activity and their
possible beneficial bio-property depends upon their parent aldehyde or
ketone (Aly et al., 2010). They are endowed with antitumor and anti-
protozoal properties as well as antiviral potential (Beraldo and
Gambinob, 2004; Grover and Kini, 2006; Pelosi, 2010). Their para-
siticidal action against Plasmodium falciparum and Trypanosoma cruzi,
make it an important pharmaceutical agent in malarial and Chagas’s
disease (Du et al., 2002; Greenbaum et al., 2004). Also, they are figured
out as antibacterial (Wujec et al., 2012), antifungal (Siwek et al., 2012),
analgesic, anti-inflammatory (Salgin-Goksen et al., 2007), antiviral
(Pelosi, 2010) and anticonvulsant (Botros et al., 2013) therapeutic
agents. Furthermore, it is realized that complexation of hy-
drazinecarbothioamide with transition elements, especially iron and
copper boost their bioactive properties as compared to the un-
complexed state (Easmon et al., 2001).

Along with this diversified biological activities, derivatives of hy-
drazinecarbothioamides are peculiar towards the antitubercular prop-
erty. As a mycolic acid biosynthesis inhibitor, Thioacetazone and p-
acetamidobenzaldehyde thiosemicarbazone reported as one of the
second line oldest anti TB drug (Zafer et al., 2016). Beyond this, a huge
number of compounds ingrained with thiosemicarbazides scaffold were
assessed against Mtb and proclaimed as potent antitubercular agent
(Fernando et al., 2010).

Furthermore, Oxadiazoles are a very well inevitable class of het-
erocyclic compounds with assorted pharmaceutical applications. In the
field of medicinal chemistry and synthetic study, 1,3,4-oxadiazole en-
dorse an imperative scaffold. It embraces a broad spectrum as it carries
diverse biological potentials like antibacterial (Patel et al., 2012), an-
ticancer (Bondock et al., 2012), anticonvulsant (Almasirad et al., 2007),
anti-HIV (El-Sayed et al., 2009), antioxidant (Kotaiah et al., 2012), anti-
inflammatory (Gilani et al., 2010) and hypoglycemic (Gudipati et al.,
2011) activities. Thus, the synthesis of oxadiazole offers a great im-
pulsion to research in the development of bioactive compounds.

On the basis of aforementioned litrature and from our previous
work (Mogle et al., 2016; Kamble et al., 2014a,b; Hebade et al., 2016;
Ambhore et al., 2017; Hese et al., 2017), herein we inspired to design
and synthesize a new series of anti-tubercular agents by embedding
1,3,4-oxadiazole in hydrazinecarbothioamide scaffold. This framework
anticipates that hydrazinecarbothioamide could provide anti-tubercular
activity, whereas 1,3,4-oxadiazole scaffold could increase the com-
pound’s adhesive effect. Our intention is to describe the beneficial
synthesis of novel pyridin-4-yl-1,3,4-oxadiazol-2-yl-thio-ethylidene-hy-
drazinecarbothioamide derivatives (5a-k) and to communicate data of
in vitro evaluation of anti-tubercular activity against Mtb (MTCC 300).
Also, the synthesized compounds were screened for their antioxidant
and hemolytic property. We also present the data of molecular docking
used to interpret the blueprint of synthesized molecular skeleton
binding with the identified receptor.

By and large, wide-ranging proteomics approaches are implemented
in the identification of putative binding proteins for compounds; once
they are synthesized and their initial antibacterial activities are known.
With this approach, the protein expression profiles of cell or tissue are
compared in the presence or absence of the newly synthesized mole-
cule. However, considering the time intense and the painstaking nature
of this method, it is not very popular in drug target discovery proce-
dures (Liu et al., 2010a,bLiu et al., 2010c; Huang et al., 2004). Instead,
we have applied in silico target profiling method for effective recogni-
tion of probable drug targets employing online software PharmMapper
(Liu et al., 2010a,bLiu et al., 2010c). This server identified Sterol 14 α-
demethylases (CYP51) as a potential tubercular drug target for the
proposed compounds in this report. (Figs. 1 and 2)

CYP51 is a member of sterol 14 α-demethylases family and it con-
tributes to sterol biosynthesis by removing 14 α -methyl group from
sterol nucleus. It has been reported that Mtb is susceptible to ther-
apeutic agents that target CYP51, thereby suggesting it’s imperative
role in tubercular physiology and may act as an effective drug target

(McLean et al., 2007). We have utilized virtual screening for predicting
binding free energies of the newly synthesized pyridin-4-yl-1,3,4-ox-
adiazol-2-yl-thio-ethylidene-hydrazinecarbothioamide derivatives in
the active site of CYP51 using the computational method based on a
Lamarckian genetic algorithm for molecular docking.

2. Results and discussion

2.1. Chemistry

The synthetic route of the title compound pyridin-4-yl-1,3,4-ox-
adiazol-2-yl-thio-ethylidene-hydrazinecarbothioamide derivatives (5a-
k) is depicted in the Scheme 1. According to the scheme, compound 2
was prepared from the reported methodology (Gilani et al., 2011).
Furthermore, compound1-(substitutedphenyl)-2-((5-(pyridin-4-yl)-
1,3,4-oxadiazol-2-yl)thio) ethanone (4a-k) was prepared by the re-
ported methodology (Zhang et al., 2012) with slight modification.
Structure of synthesized compounds 2 and (4a-k) was confirmed by
spectral data.

Finally, the target compound pyridin-4-yl-1,3,4-oxadiazol-2-yl-thio-
ethylidene-hydrazinecarbothioamide derivatives (5a-k) were

Fig. 1. Molecular structure of bioactive thiosemicarbazide moiety.

Fig. 2. Molecular structure of thiosmicarbazide derivatives used in present
study.
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synthesized by the clean condensation of 1-(substituted-phenyl)-2-((5-
(pyridin-4-yl)-1,3,4-oxadiazol-2-yl)thio)ethanone (4a-k) with thiose-
micarbazide by using catalytic amount of acetic acid in PEG-400 at
70–80 °C in 2–3 hrs. All newly synthesized compounds were purified by
recrystallization and characterized by IR, 1H NMR, 13C NMR and HR-
MS spectral analysis (Table 1, Fig. 3).

2.2. Biology

2.2.1. Anti-tubercular activity
Susceptibility of newly synthesized compounds 2-(1-(sub-

stitutedphenyl)-2-((5-(pyridin-4-yl)-1,3,4-oxadiazol-2-yl)thio)ethyli-
dene)hydrazinecarbothioamide derivatives (5a-k) against multidrug
resistance Mtb (MTCC 300) was endorsed by Resazurin microtiter assay
(REMA). The results of the assay are depicted graphically in Fig. 4,
which conceded the susceptibility of the synthesized compounds
against the given strain of Mtb. Compound 5b, 5d, 5e, and 5f were
found to be competent growth inhibitors (MIC=3.90 μg/mL) of the
selected mycobacterium strain when compared with the standard anti-
TB drugs like Rifampicin (0.24 μg/mL) and Isoniazid (0.48 μg/mL).
Compound 5c also demonstrated good anti-mycobacterium activity
(MIC=7.81 μg/mL), while the compounds like 5a, 5 h, and 5i showed
moderate anti-mycobaterial profile (MIC= 15.62 μg/mL) against
MTCC 300 starin. The remaining compounds like 5 g, 5 j, and 5k dis-
played an average growth inhibition (MIC=125 μg/mL) of the selected
mycobacterium strain.

The synthesized panel of compounds consist of free thiourea moiety.
Litreture accumulated in the recent past describes the ‘thiourea nucleus’
as a basic prerequisite and pharmacophore for the manifestation of anti-
TB activity. More precisely thiourea drug thiocarbanilide isoxyl (ISO)
and its series of derivatives strongly inhibits the synthesis of mycolic
acids and inhibit shorter chain fatty acid (Phetsuksiri et al., 2003; de
Souza et al., 2009). The structure activity relationship revealed that the
presence of two or more than two pharmacaophore collectively showed
synergyc effect on antituberculosis activity of target compounds. Ahsan
et al. (2012) reported that the presence of oxadiazole scaffold in the
compounds act as pharmacophore against the Mtb strains. The anti-

tuberculosis screening of the compounds revealed that the compounds
exhibiting the anti-tuberculosis activity, since it contains the oxadiazole
nucleus. Furthermore, it was confirmed that the presence of substituted
sulfanyl moiety enhance anti-tuberculosis activity of the oxadoazoles
(Karabanovich et al., 2014). The presence of hydrazinocarbothiamides
(Sens et al., 2012) group in association with pharmacophores such as
oxadiazoles (Martinez-Grau et al., 2018; Roh et al., 2017; Jain et al.,
2016) and substituted sulfanyl enhance the antituberculosis activity of
target compounds (Karabanovich et al., 2014). A curtosy look at the
activity of compounds 5b, 5c, 5d, 5e and 5 h reveals that there is
asignificant effect of incorporation of electron withdrawing substituent
on the benzyl ring (Karabanovich et al., 2014). Whereas the in-
corporation of electron donating substitutent on benzene ring (5 g, 5 j,
and 5k) decreases the antituberculosis activity.

2.2.2. Antioxidant activity
Antioxidants play a vital role in tuberculosis. It reduces the tissue

inflammation and oxidative stress formed during active infection by
resisting the effect of reactive oxygen species (ROS). As the newly
synthesized compounds displayed promising antitubercular activity, it
is essential to evaluate its antioxidant property. Antioxidant activity
was carried out by using 2,2-diphenyl-1-picrylhydrazyl (DPPH),
Hydroxyl radical (OH) and Superoxide anion radical (SOR) scavenging
method (Melagraki et al., 2009) taking ascorbic acid as standard. Re-
sults of DPPH, OH and SOR radical scavenging assay for compounds
(5a-k) were expressed as % antioxidant activity (Table 2).

The DPPH scavenging assay has been used for exploring the anti-
oxidant activity of pyridin-4-yl-1,3,4-oxadiazol-2-yl-thio-ethylidene-
hydrazinecarbothioamide derivatives (5a-k). The found result clearly
illustrates that all synthesized derivatives are interacting with stable
free radical DPPH. Compound 5b (78.33 ± 0.10), 5d (72.52 ± 0.10),
5e (79.22 ± 0.22), and 5f (77.92 ± 0.10) exhibited significant ac-
tivity in comparision with ascorbic acid (85.42 ± 0.78). Remaining
derivatives possess moderate activity. DPPH radical scavenging results
are in accordance with Prabhudeva et al. (2017), wherein, the com-
pounds with nitro groups are found to possess less antioxidant effect.
This observation was further known to be associated with strong

Scheme 1. Synthesis of pyridin-4-yl-1,3,4-oxadiazol-2-yl-thio-ethylidene hydrazinecarbothioamide derivatives (5a-k).
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electron withdrawing potential of nitro group. In the present study 5d
which posses nitro group, scored less antioxidant effect as compared to
bromo (5b) and di chloro (in 5e) substitutions.

In case of hydroxyl (OH) radical scavenging activities it was ob-
served that compounds 5b (74.14 ± 0.17), 5d (75.40 ± 1.02), 5e
(78.11 ± 0.34), and 5f (74.20 ± 0.50) demonstrated highest scaven-
ging activity when compared with standard ascorbic acid
(84.12 ± 0.11) while other derivatives showed the significant activity.
Electron withdrawing groups like chloro- are classically known to fa-
vour the release of hydrogen, therefore the presence of two chloro-
groups in compound 5e can be considered as determinining factor for
achieving highest hydroxyl (OH) radical scavenging activities. Of note,
the compound 5f which do not possess any electron withdrawing group
has scored lowest scavenging activities (Dhiman et al., 2018).

Superoxide anion radical (SOR) radical scavenging activities in-
dicated that the compound 5b (74.50 ± 1.10), 5d (74.02 ± 1.10), 5e
(76.50 ± 0.30), and 5f (76.40 ± 1.10) exhibited strong activity as
compared to standard ascorbic acid (85.63 ± 0.52), whereas the rest
compounds displayed moderate SOR radical scavenging activities. The
overall range of SOR scavenging activity of all the tested compounds
was 55.38–76.50%. The variation exhibited in the radical scavenging
result could be attributed to the effect of different substituent in the
synthesized derivatives. For example, it has been demonstrated that
presence of halogenated (chloro-, bromo-) and nitro- substitutions in-
fluence the superoxide anion radical (SOR) scavenging activities
(Kamble et al., 2015).

The synthesized panel of compounds (5a-5k) possess free thiourea
moiety, having NeH as an ionisable proton. The concerned literature
describes that, the molecules containing thiourea functional group
having NeH ionizable proton is strongly associated with free radical
scavenging activity (Yehye et al., 2015; Lucarini et al., 1994). As
summarized in the Table 2, the compounds 5b, 5d, 5e, and 5f de-
monstrated impressive free radical scavenging potential, while re-
maining compounds showed moderate to good antioxidant profile. The
variety of substituent like electron donating (EDG) and electron with-
drawing groups (EWD) on the aryl ring of the test compounds are also
associated with increase or decrease in the antioxidant profile (Ariffin
et al., 2014). For example, the compounds like 5b, 5e, 5 h, 5i which
possess halogens at meta or para position on aryl ring have demon-
strated considerable DPPH, OH and SOR radical scavenging activity
(Table 2). It is well established fact that the halogens have non-bonding
electrons and they can donate electron density through pi bonding, the
mechanism called as resonance donation. The compound 5d has also
demonstrated considerable free radical scavenging profile. The mole-
cule 5d possess electron withdrawing -NO2 group on the aryl ring of
hydrazine derivatives, the -NO2 group may be helping for delocaliza-
tion of electron and might contribute towards enhancing antioxidant
activity (Kareem et al., 2016).

Another possible mechanism that can be proposed for the effective
antioxidant effects of the test compounds can be either hydrogen atom
transfer (HAT) and single electron transfer (SET) mechanism. The
presence of an -NH group in the thiourea (Fig. 2) belong to hydrazine of
thiosemicarbazides, which can undergo homolytic bond fission and
donate a hydrogen atom via a HAT mechanism leading to neutralization
of the free radicals (Bondet et al., 1997; Al-Amiery et al., 2012;
Satheshkumar et al., 2014). Although the compounds 5 g, 5 j, 5k pos-
sess an electron donating groups on aryl ring, however they have ex-
hibited low to moderate antioxidant activity. Perhaps, the lower re-
sonance effect associated with these compounds might be a possible
cause for the low to moderate antioxidant effects (Djukic et al., 2018).

2.2.3. Hemolytic assay
The in vitro hemolytic assay of pyridin-4-yl-1,3,4-oxadiazol-2-yl-

thio-ethylidene-hydrazinecarbothioamide derivatives (5a-k) was car-
ried out towards the RBCs. The result was displayed in Fig. 5 which
clearly revealed that all the screened compounds have insignificant

Table 1
Physiochemical data of synthesized compounds (5a-k).

Sr.
No.

Comp code Structure Yield (%) M.P. (°C)

1 5a 84 155-157

2 5b 87 163-165

3 5c 89 157-159

4 5d 89 160-162

5 5e 83 188-190

6 5f 86 177-179

7 5 g 85 172-174

8 5 h 82 160-162

9 5i 81 183-185

10 5 j 82 181-183

11 5k 84 182-184
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hemolytic activity as compare to the positive control (Triton X-100) and
all were within the permissible limit of 5% for hemolysis.

2.2.4. Molecular modeling and docking study
2.2.4.1. Target identification. Pharmacophore is defined as the 3D
arrangement of the essential features of a molecule to interact with a
precise drug target receptor (Liu et al., 2010a,b,c). PharmMapper server
is based on ligand-protein reverse docking strategy and functions by
‘probing’ the ligand into a database of already created pharmacophore
models of binding sites (Li et al., 2006; Gao et al., 2008). Thus, the
software checks for the compatibility between the pharmacophore
model of compound and that of proteins active site/ binding site. A
‘Fit score’ is assigned that reflects compatibility of ligand to the binding
site of protein on the basis of pharmacophore features that are shared
between them. Thus, higher fit score shall correspond better

compatibility of ligand towards the binding site of the protein. Fit
scores are needed to be normalized within unity in order to be
compared with each other. Thus, the valve of normalized fit score
near 1 would correspond best results among identified targets. The
software also outputs z’-score that represents a measure of statistical
confidence while comparing results. Large positive z’-score of identified
target indicates the high significance of the target to a query compound,
on the contrary, large negative z’-score indicates that the target
identified is not significant. Table 3 describes top ranked targets
obtained from the server along with their normalized fit score and z’-
score. Pharmmapper identified Sterol 14 α-demethylases (CYP51) as a
potential drug target for pyridin-4-yl-1,3,4-oxadiazol-2-yl-thio-
ethylidene-hydrazinecarbothioamide derivatives (5a-k) with a
normalized fit score of 0.8744. This value indicates the best fitting of
the pharmacophore model of compounds at the binding site of CYP51 in
comparison with other identified targets. Furthermore, it possesses
highly positive z’-score indicating high statistical significance.
Comparison of normalized fit score (signifying appropriate
compatibility of ligand to protein in terms of pharmacophore model)
and z’-score obtained from the pharmacophore mapping analysis
indicate that human CYP51 with PDB ID 2VKU might act as potential
target. Pharmmapper detected five featured pharmacophore model for
pyridin-4-yl-1,3,4-oxadiazol-2-yl-thio-ethylidene-
hydrazinecarbothioamide derivatives (5a-k) that comprise of two
hydrophobic patches around the terminal pyridine ring and phenyl
ring (Fig. 6). Two hydrogen bond donors were detected in the
pharmacophore model, first located at the nitrogen from the pyridine
ring (PYR) and the second oneis placed on the nitrogen of the oxidazole
ring (OXD). The sulfur atom from the Thiosemicarbazide (TSC) moiety
is expected to act as an acceptor. Considering the structure of substrate
of this enzyme that contains a multiple fused ring in steroid nucleus; the
pharmacophore model identified in current study seems to be in
accordance with experimental observations that CYP51 prefers
ligands with hydrophobic regions. Moreover, the active site of this
enzyme is lined with lipophilic residues that may effectively form
hydrophobic or van der Waals contacts with the two hydrophobic
patches in pyridin-4-yl-1,3,4-oxadiazol-2-yl-thio-ethylidene-
hydrazinecarbothioamide derivatives (5a-k). Thus, the
pharmacophore model obtained in current study brings focus on the
fact that hydrophobic features in consort with two hydrogen bond

Fig. 3. Tautomeric form of hydrazine carbothioamides (5a-k).

Fig. 4. Anti-tubercular screening of pyridin-4-yl-1,3,4-oxadiazol-2-yl-thio-
ethylidene-hydrazinecarbothioamide derivatives (5a-k).

Table 2
DPPH, OH and SOR radical scavenging assay of compound (5a-k).

Compound Code DPPH (%) OH (%) SOR (%)

5a 62.45 ± 1.09 60.25 ± 0.20 64.50 ± 0.20
5b 78.33 ± 0.10 74.14 ± 0.17 74.50 ± 1.10
5c 64.63 ± 1.03 57.52 ± 0.40 61.85 ± 0.20
5d 72.52 ± 0.10 75.40 ± 1.02 74.02 ± 1.10
5e 79.22 ± 0.22 78.11 ± 0.34 76.50 ± 0.30
5f 77.92 ± 0.10 74.20 ± 0.50 76.40 ± 1.10
5 g 58.10 ± 0.05 60.20 ± 0.20 55.80 ± 0.20
5 h 70.40 ± 0.10 73.80 ± 0.30 68.86 ± 0.44
5i 71.01 ± 0.16 70.15 ± 0.40 67.75 ± 0.22
5 j 62.50 ± 0.3 60.70 ± 0.10 57.45 ± 0.12
5k 57.80 ± 0.15 60.20 ± 0.15 55.38 ± 0.10
Ascorbic acid 85.42 ± 0.78 84.12 ± 0.11 85.63 ± 0.52

The results are expressed as the mean values from three independent experi-
ments ± standard deviation.

Fig. 5. Hemolytic activity of synthesized compounds (5a-k).
Results are expressed as the mean values from three independent
experiments ± Standard deviation (SD).
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donors and one hydrogen bond acceptor may act as determining
chemical factors that governs the ligand’s potential in recognition as
CYP51 inhibitor. Furthermore, the pharmacophore model presented in
this report can act as a springboard for enhancing further chemical
synthesis of synthetic derivatives intended to inhibit CYP51 using
pyridin-4-yl-1,3,4-oxadiazol-2-yl-thio-ethylidene-
hydrazinecarbothioamide derivatives (5a-k) as a basic chemical
scaffold.

2.2.4.2. Structural analysis of docked complexes. To further cross
validate the outcomes from PharmMapper server and to correlate the
observed in vitro anti-mycobacterial inhibition results and confirm the
suitability of synthesized pyridin-4-yl-1,3,4-oxadiazol-2-yl-thio-
ethylidene-hydrazinecarbothioamide derivatives (5a-k) for CYP51, we
further initiated molecular docking investigation. Moreover, structural
analysis of docking complexes provides valuable information regarding
possible interactions that are given compounds might form at the
binding site of mycobacterial CYP51. This information, thus confirms
suitability of given compounds for identified receptor. Table 4

summarizes the details of ligand- CYP51 interactions of the most
promising compounds.

The Heme binding site and active site of this protein are located in
close proximity and often contain overlapping residues. This large
cavity is located in the central region and extends from surface of
protein as a tunnel. Such a voluminous cavity might be effectively
utilized to accommodate the heme and sterol substrate simultaneously
during catalysis and thus might be used in the same way to hold the
newly synthesized pyridin-4-yl-1,3,4-oxadiazol-2-yl-thio-ethylidene-
hydrazinecarbothioamide derivatives (5a-k) during inhibition.
Crystallographic study of this protein indicates that the majority of the
residues in this cavity are lined with hydrophobic side-chains and it also
hosts numerous polar residues (Eddine et al., 2008). These facts are
exactly complementary to the structure of compounds under current
investigation. The newly synthesized compounds contain three aro-
matic rings that might precisely occupy the hydrophobic pockets, while
the polar functional groups might have been engaged by forming hy-
drogen bonds with the polar side chains in the active site. This struc-
tural data, thus confirms that the PharmMapper server has identified an

Table 3
Top target hits obtained by pharmacophore mapping using PharmMapper server, arranged according to Normalized fit score.

Name PDB ID No of features Fit score Normalized fit Score Z'Score Swissprot ID

Cytochrome P450 51 2VKU 5 4.372 0.8744a 2.744 P9WPP9
Ribonuclease pancreatic 1EOS 8 4.776 0.597 2.745 P61823
Mitogen-activated Protein kinase 14 2ZB0 8 4.64 0.580 2.598 Q16539
Heat shock protein HSP 90 alpha 2BSM 8 4.637 0.5796 4.061 P07900

a Target showing comparatively Normalized fit score.

Fig. 6. Docked complexes of CYP51with compound 5b, 5d, 5e and 5f (yellow sticks) making hydrogen bonds (Magenta lines) with residue at the active site (White
sticks) with heme (green sticks). Residues in van der Waal’s contact and hydrophobic interaction are depicted in lines.

A.N. Ambhore, et al. Computational Biology and Chemistry 80 (2019) 54–65

59



appropriate target protein with a suitable pharmacophore model.
Compound 5 g is observed to be actively forming polar interaction

with Tyr-76 while most of the remaining compounds are found to be
either in van der Waal’s contact or show hydrophobic interaction with
this residue. Crystallographic study of CYP51 in complex with substrate
analog estrol indicate that interaction with Tyr-76 is essential for ef-
fective catalysis. Moreover, this residue is found to be highly conserved
among all the reported CYP51 sequences (Podust et al., 2004). It is also
observed that the side chain of Tyr-76 can effectively form stacking
interaction with the substituted phenyl ring (ring D from Table 4) from
this series. Crystallographic evidences suggest that such stacking con-
tacts are known to play a key role in stabilizing inhibitors like 2-(benzo
[d]-2,1,3-thiadiazole-4-sulfonyl)-2-amino-2-phenyl-N-(pyridinyl-4)-
acetamide (BSPPA), α-ethyl-N-4-pyridinyl-benzeneacetamide (EPBA)
(Podust et al., 2007) and 4,4'-Dihydroxybenzophenone (DHBP) (Eddine
et al., 2008). Experiment with high throughput screening assay con-
ducted to find out inhibitors of CYP51 revealed active hydrophobic
contact of residue Tyr-76 with the identified inhibitor (Chen et al.,
2009). Therefore, in view of the above mentioned observations, inter-
action with Tyr-76 can be considered as an important factor in defining
mycobacterial inhibitory effect via present pyridin-4-yl-1,3,4-oxadiazol-
2-yl-thio-ethylidene-hydrazinecarbothioamide derivatives (5a-k).

Similarly, all compounds except 5c and 5 h are found to be sup-
ported by residue Phe-83. Compound 5a, 5c, 5 g and 5 j are found to be
in hydrogen bonding distance of the side chain of reside His-259, while
compound 5e, 5f and 5 h are stabilized by non-polar contact of the

same residue. This residue is experimentally known to line the binding
site and contribute in interaction with substrate (Podust et al., 2001).
Sequence analysis conducted on CYP51 from individuals spanning di-
verse kingdoms, including animals, fungi, higher plants and bacteria, it
was observed that residue at these three residues plays an important
role in defining the substrate specificity of CYP51 in these diverse
species (Podust et al., 2001). Therefore, based on in vitro observations
demonstrated here, along with in silico docking data, it can be assumed
that compound from present series might have been in interaction with
Tyr-76, Phe-83 and His-259 that shaped the ant-tubercular effect.

Compound 5b, 5c and 5e is found to be in hydrogen bond contact
distance of the backbone atoms of residue Ile-323; while, compound 5a,
5 g, 5 h, 5 j and 5k seems to be stabilized via van der Waals contacts.
Interestingly, this residue is experimentally validated to participate
actively not only in the binding of estrol but also regulate the dynamics
of secondary structures during the process of catalysis as well as in-
hibition. Moreover, interaction with the carbonyl group of Ile-323 is
characterized to participate in a dual role of defining selectivity of in-
hibitors like DHBP and recognition of substrates. Therefore, interaction
with these residues can be considered as an important factor in the
observed CYP51 dependent mycobacterial growth inhibition.

Structural analysis of docking results indicates that compounds 5c,
5d, 5e, and 5 h are observed to be forming hydrogen bonds with Gln-72
while all remaining compounds are in non-polar carbon contact with
this residue. There are crystallographic publications that report con-
tribution of hydrophilic and/or charged groups of Gln-72 in the

Table 4
Docking results for synthesized pyridin-4-yl-1,3,4-oxadiazol-2-yl-thio-ethylidene-hydrazinecarbothioamide derivatives in mycobacterial CYP51, by AutoDock 4.2.

Compound code Binding Free Energy (Kcal/
mol)

Hydrogen bonding pair
(HBD in Å)

Residues in hydrophobic interaction or van der Waals contact

5a −8.07 His259 (NE2)sc::Lig(C):S2TSC(3.29)
Ala256 (O)bb:: Lig(C):N6TSC(2.96)
Thr80 (OG1)sc:: Lig (A):N4PYR (2.68)

Gln72, Ala73, Tyr76, Phe78, Met79, Phe83, Thr260, Leu321, Ile323, Hem

5b 8.57 Ser252 (O)bb::Lig (C):N6TSC(2.81)
Hem (O1D):: Lig (C):N5TSC(3.04)
Ile323 (O)bb:: Lig(B):N3OXD(2.74)

Gln72, Tyr76, Phe78, Met79, Phe83, Phe255, Ala256, Leu321, Ile322, Pro320,
Met433, Val435

5c −7.52 His259 (NE2)sc::Lig (C):N1TSC(3.22)
Gln72 (OE1)sc:: Lig (B):N4OXD (2.93)
Ile323 (N)bb:: Lig (C):N6TSC (2.86)
Ile322 (N)bb::Lig (D):O1NBZ(2.96)
Met433 (O)bb:: Lig (D):O2NBZ(2.95)

Ala73, Tyr76, Met79, Phe255, Ala256, Leu321, Hem

5d −6.89 Gln72 (O)bb::Lig(C): N7TSC(2.52)
Ala73 (O)bb:: Lig(C): N7TSC(2.87)
Met433 (O)bb::Lig(A):N5PYR(3.04)

Tyr76, Phe78, Met79, Phe83, Phe255, Ala256, Leu321, Val434, Hem

5e −8.14 Gln72 (O)bb:: Lig (A):N4PYR (3.08)
Ala73 (O)bb:: Lig (A):N4PYR (2.86)
Ile323 (N)bb::Lig (D):O1NBZ(2.78)
Hem (O1D):: Lig(B):N2OXD(2.69)

Tyr76, Phe78, Met79, Phe83, Phe255, Ala256, His259, Thr260, Leu321, Met433

5f −7.74 Ala73 (O)bb:: Lig (A):N4PYR (3.00)
Hem (O1D):: Lig(B):N3OXD(2.97)

Gln72, Tyr76, Phe78, Met79, Phe83, Arg96, Phe255, His259, Leu321, Met433, Val434

5 g −7.16 Tyr76 (OH)sc::Lig (D):FNBZ(3.07)
Ala256 (O)bb:: Lig(C):N6TSC(2.44)
His259 (NE2)sc::Lig (C):N5TSC(3.25)
Ala73 (O)bb:: Lig (A):N4PYR (2.89)

Gln72, Met79, Phe83, Arg96, Phe255, Thr260, Leu321, Ile323, Hem

5 h −7.82 Gln72 (O)sc::Lig(C): N5TSC(2.66) Tyr76, Phe78, Pro93, Arg96, Phe255, Ala256, His259, Leu321, Ile323, Met433, Hem
5i −7.58 Hem (O1D):: Lig(B):N3OXD(2.95) Gln72, Tyr76, Phe78, Met79, Phe83, Arg96, Phe255, Ala256, Leu321, Met433
5 j −6.68 His259 (NE2)sc::Lig (C):N5TSC(3.17)

Arg96 (NH1)sc:: Lig (D):O1NBZ(3.34)
Tyr76, Phe78, Met79, Phe83, Leu321, Ile322, Ile323, Met433, Val434, Hem

5k −4.71 Hem (O2A):: Lig(B):N3OXD(2.72) Gln72, Tyr76, Phe78, Met79, Phe83, Pro93, Arg96, Pro320, Leu321, Ile322, Ile323,
Met433, Val435

screpresent side chain, bb represent backbone. PYR(A), OXD(B), TSC(C), NBZ(D) are Pyridine, Oxadiazole, Thiosemicarbazide, Nitrobenzene substituent; N2 represent
Nitrogen at second position and O1 represent Oxygen at first position respectively. Interaction" Pro93 (O)bb:: Lig (A):N4PYR (3.24)" is to be read as" Proline-93 forms
hydrogen bond by backbone O atom with fourth nitrogen atom from Pyridine moiety of ligand with distance.3.24"
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stabilization of the complex of CYP51 with inhibitor DHBP (Eddine
et al., 2008). Evidences from an experimental screening of numerous
compounds identified that interaction with Gln-72 stabilize inhibitor 8
via its sulfonamide moiety (Chen et al., 2009). Compound 5c and 5d
seem to be in polar interactions by forming hydrogen bonding inter-
action with backbone carbonyl of Met-433; whereas numerous other
compounds from the series are in non-polar contact with it. Such in-
teraction is crystallographically validated to stabilize CYP51 complexes
with inhibitors including Estriol and fluconazole (Podust et al., 2004),
BSPPA and EPBA (Podust et al., 2007) along with DHBP (Eddine et al.,
2008). Screening data of Chen et al indicated active involvement of the
side chain of residue Met-433 in the stabilization of enzyme-inhibitor
complex (Chen et al., 2009). In view of the structural data obtained
from molecular docking in combination of previous cryatallographic
data discussed here, the possibility of the present compound via inter-
action with Gln-72 and Met-433 in poisoning CYP51 mediated bio-
chemical reaction cannot be wholly dismissed.

3. Conclusion

The study results revealed that the suitability of newly synthesized
pyridin-4-yl-1,3,4-oxadiazol-2-yl-thio-ethylidene-hy-
drazinecarbothioamide derivatives (5a-k) as a potential anti-tubercular
agent. It was also found that the substituents like bromo, nitro, and
methyl present in 5b, 5c, 5d, 5e and 5f shows impressive anti-TB ac-
tivity as compared to the other tested compounds, while compound 5a,
5 h, and 5i also show significant anti-TB activity. Amongest the tested
panel of synthesized molecules, the compounds 5b, 5d, 5e, 5f and 5i
demonstrated considerable free radical scavenging potential, whereas,
the remaining compounds exhibited moderate antioxidant activity.
Overall the structure activity relationship links the requirement of
bromo, nitro and methyl substitution as a key substitute for the mani-
festation of anti-tubercular and antioxidant activity. All the synthesized
compounds showed insignificant toxicity. Thus, by in silico investiga-
tion, the present investigation demonstrates the successful construction
of a ligand based pharmacophore model for the inhibition of CYP51 in
mycobacteria. Binding free energy values indicate that compounds from
the present study can be potentially used as lead compounds for further
developing effective CYP51 inhibitors. Based on in vitro observations
and in light of the structural analysis of docked complex, we try to
propose the possible mechanism of action of pyridin-4-yl-1,3,4-ox-
adiazol-2-yl-thio-ethylidene-hydrazinecarbothioamide derivatives in
mycobacterial CYP51 inhibition.

4. Experimental

4.1. Chemistry

All the melting points were determined in an open capillary tube
and are uncorrected. The chemicals and solvents used were of labora-
tory grade and purified. Completion of the reaction was monitored by
thin layer chromatography on the precoated sheet of silica gel-G
(Merck, Germany) using UV lamp for detection. IR spectra were re-
corded using KBr pellets on an FTIR Schimadzu spectrophotometer. 1H
NMR (400MHz) and 13C NMR (100MHz) spectra were recorded in
(DMSO)-d6 with an Avance spectrometer (Bruker, Germany) at a 400-
MHz frequency using TMS as an internal standard, chemical shifts are
reported in parts per million and coupling constant in hertz (Hz).
Multiplicities are reported as follows: s (singlet), d (doublet), t (triplet),
m (multiplet). Mass spectra were on an EI-Shimadzu QP 2010 PLUS
GSeMS system (Shimadzu, Japan). Elemental analysis was performed
on a Carlo Erba 106 Perkin-Elmer model 240 analyzer (Perkin-Elmer,
USA)

4.1.1. General procedure for the synthesis of 5-(pyridine-4-yl)-1,3,4-
oxadiazole-2(3 H)-thione (2)

A mixture of isoniazid (0.005mol), and carbon disulfide (5ml) in
alcoholic KOH (20ml, 10%) were refluxed for 12 h. After completion of
the reaction (monitored by TLC) the solution was cooled at room
temperature and poured into ice cold water and acidified with dil HCl.
The solid product separated out was filtered and recrystallized from
aqueous acetic acid as white crystals.

IR (KBr) υ cm−1: 3273 (NH), 1610 (C=N), 1375 (C-O-C), 1282
(C= S); 1H NMR (400MHz, DMSO-d6, TMS, δ, ppm):14.66 (s, 1H,
NH),8.82 (d, J = 33 Hz, 2H, Ar-H),7.82 (d, J = 43 Hz, 2H,Ar-H).

4.1.2. General procedure for the synthesis of 1-(substituted phenyl)-2((5-
(pyridin-4-yl))-1,3,4-oxadiazole-2-yl) thio)ethanone(4a-k)

A mixture of 2(0.015mol), substituted phenacyl bromide (3a-k)
(0.015mol) and BEC (10wt %) was stirred in PEG-400 at 70–80 °C for
2–3 hour. After completion of the reaction (monitored by TLC), the
catalyst was separated by simple filtration and the reaction mixture was
poured into ice cold water. After neutralization with dil. HCl solid se-
parate out which was filtered and recrystallized by aq. acetic acid as
pink colored crystals.

4.1.2.1. -(4-chlorophenyl)-2-((5-(pyridin-4-yl)-1,3,4-oxadiazol-2-yl)thio)
ethanone (4a). M.P. 131–133 °C; Yield,89%; IR (KBr, cm−1): 3088 (Ar-
H), 2959 (CH2), 1678 (C=O), 1615 (C=N), 1312 (C= S), 1293 (C-O-
C oxadiazole), 1185 (C-S-C);1H NMR (400Mz, DMSO-d6, TMS, δ, ppm):
8.81 (d, 2H, Ar-H), 8.08 (d, 2H, Ar-H),7.88 (d, 2H, Ar-H),7.67 (d, 2H,
Ar-H),5.21 (s, 2H, CH2); EIMS: 331[M+].

4.1.2.2. -(4-bromophenyl)-2-((5-(pyridin-4-yl)-1,3,4-oxadiazol-2-yl)thio)
ethanone (4b). M.P. 158–160 °C; Yield, 87%; IR (KBr, cm−1): 3156 (Ar-
H), 3092 (CH2), 1672 (C=O), 1624 (C=N), 1332 (C= S), 1280 (C-O-
C oxadiazole), 1192 (C-S-C); 1H NMR(400 Mz, DMSO-d6, TMS, δ, ppm):
8.97 (d,2H, Ar-H), 8.16 (d, 2H, Ar-H), 7.94 (d,2H, Ar-H),7.89 (d,2H, Ar-
H),5.38 (s, 2H, CH2); EIMS: 374 [M+].

4.1.2.3. -(4-nitrophenyl)-2-((5-(pyridin-4-yl)-1,3,4-oxadiazol-2-yl)thio)
ethanone (4c). M.P.136–138 °C;Yield, 90%;IR (KBr, cm−1): 3148 (Ar-
H), 3096(CH2), 1689 (C=O), 1620 (C=N), 1315 (C= S), 1278 (C-O-
C oxadiazole), 1150 (C-S-C); 1H NMR (400Mz, DMSO-d6, TMS, δ, ppm):
8.78 (d,2H, Ar-H), 7.96 (d, 2H, Ar-H), 7.72 (d, 2H, Ar-H), 7.56 (d, 2H,
Ar-H), 5.12 (s, 2H, CH2); EIMS: 342 [M+].

4.1.2.4. -(3-nitrophenyl)-2-((5-(pyridin-4-yl)-1,3,4-oxadiazol-2-yl)thio)
ethanone(4d). M.P. 129–131 °C;Yield, 89%; IR (KBr, cm−1): 3130 (Ar-
H), 3054 (CH2), 1682 (C=O), 1627 (C=N), 1335 (C= S), 1240 (C-O-
C oxadiazole), 1178 (C-S-C); 1H NMR (400Mz, DMSO-d6, TMS, δ, ppm):
8.92 (d, 2H, Ar-H), 8.12 (d, 2H, Ar-H),7.91 (d, 2H, Ar-H),7.78 (d,2H,
Ar-H),5.30 (s, 2H, CH2);EIMS: 342 [M+].

4.1.2.5. -phenyl-2-((5-(pyridin-4-yl)-1,3,4-oxadiazol-2-yl)thio)ethanone
(4f). M.P. 158–160 °C; Yield, 87%; IR (KBr, cm−1): 3040 (Ar-H), 2963
(CH2), 1684 (C=O), 1636 (C=N), 1290 (C= S), 1194 (C-O-C
oxadiazole), 1113 (C-S-C); 1H NMR(400 Mz, DMSO-d6, TMS, δ, ppm):
8.82 (d,2H, Ar-H), 8.28 (d, 2H, Ar-H), 7.79-5.08 (m,5H, Ar-H); EIMS:
297 [M+].

4.1.2.6. -(4-fluorophenyl)-2-((5-(pyridin-4-yl)-1,3,4-oxadiazol-2-yl)thio)
ethanone(4 g). M.P. 125–128 °C; Yield, 89%;IR (KBr, cm−1): 3128 (Ar-
H), 3012 (CH2), 1662 (C=O), 1631 (C=N), 1246 (C= S), 1379 (C-O-
C oxadiazole), 1163 (C-S-C); 1H NMR (400Mz, DMSO-d6, TMS, δ, ppm):
8.92 (d, 2H, Ar-H), 8.54 (d, 2H, Ar-H), 7.58 (d, 2H, Ar-H), 7.32 (d, 2H,
Ar-H), 5.28 (s, 2H, CH2); EIMS: 315 [M+].
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4.1.3. General procedure for the synthesis of 2-(1-(substituted phenyl)-2-
((5-(pyridin-4-yl)-1,3,4-oxadiazol-2-yl)thio)ethylidene)
hydrazinecarbothioamide (5a-k)

An equimolar quantity of 1-(substituted phenyl)-2-((5-(pyridin-4-
yl)-1,3,4-oxadiazol-2-yl)thio)ethanone (4a-k) (1.00mmol) and thiose-
micarbazide (1.00mmol) aredissolved in PEG-400 and stirred at
70–80 °C for 2–3 hrs in presence of catalytic amount of acetic acid (2–3
drops). Progress of the reaction was noticed by TLC technique. After
completion of reaction, the reaction mixture was poured in ice-cold
water. The separated solid was filtered by simple filtration method,
wash with hot water, dried and recrystallized by aq. acetic acid to
collect the final product (5a-k) in good yields.

4.1.3.1. -(1-(4-chlorophenyl)-2-((5-(pyridine-4-yl)-1,3,4-oxadiazole-2-yl)
ethylidine) hydrazinecarbothioamide (5a). M.P.155–157 °C; Yield, 84%;
IR (KBr cm−1): 3415 (NH), 2924 (aliphatic C-H), 1618 (C=N), 1327
(C-S-C), 1074 (C-O-C); 1H NMR (400MHz, DMSO-d6, δ, ppm): 11.83 (s,
1H, SH, enolic), 9.69 (s, 1H. NH, tautomeric), 8.76 (s, 1H, NH), 7.99-
7.37 (m, 8H, Ar-H), 6.36 (s, 1H, Ha), 6.29 (s, 1H, Hb); 13C NMR
(100MHz, DMSO-d6, δ, ppm): 178.40, 160.40, 155.06, 150.10, 149.57,
137.21, 136.13, 132.92, 132.43, 131.88, 129.79, 129.07, 128.84,
121.28, 33.21; EIMS: 404 [M+]; Elemental Analysis. Calculated
(found) for C16H13ClN6OS2: % C, 47.46 (47.42); H, 3.24 (3.28); N,
20.76 (20.73); S, 15.84 (15.88).

4.1.3.2. -(1-(4-bromophenyl)-2-((5-(pyridin-4-yl)-1,3,4-oxadiazol-2-yl)
thio)ethylidene) hydrazinecarbothioamide (5b). M.P.163–165 °C; Yield,
87%; IR (KBr cm−1): 3475 (NH), 3393 (NH), 2986 (aliphatic C-H),
1600 (C=N), 1294 (C-S-C),1082 (C-O-C); 1H NMR (400MHz, DMSO-
d6, δ, ppm): 11.54 (s, 1H, SH, enolic), 10.02 (s, 1H, NH, tautomeric),
8.72 (s, 1H, NH), 8.13-7.39 (m, 8H, Ar-H), 6.52 (s, 1H, Ha), 6.44 (s, 1H,
Hb); 13C NMR (100MHz, DMSO-d6, δ, ppm): 178.61, 159.26, 151.20,
144.14, 136.54, 131.07, 130.24, 129.05, 128.61, 128.06, 127.3, 34.35 ;
EIMS: 447 [M+2]; Elemental Analysis. Calculated (found) for
C16H13BrN6OS2: % C, 42.77 (42.74); H, 2.92 (2.95); N, 18.70 (18.73);
S, 14.27 (14.25).

4.1.3.3. -(1-(4-nitrophenyl)-2-((5-(pyridin-4-yl)-1,3,4-oxadiazol-2-yl)
thio)ethylidene) hydrazinecarbothioamide (5c). M.P.157–159 °C; Yield,
89%; IR (KBr cm−1): 3455 (NH), 3091 (aromatic C-H), 2915 (aliphatic
C-H), 1608 (C=N), 1292 (C-S-C), 1119 (C-O-C); 1H NMR (400MHz,
DMSO-d6, δ, ppm): 11.70 (s, 1H, SH, enolic), 9.81 (s, 1H. NH,
tautomeric), 8.31 (s, 1H, NH), 7.78-7.24 (m, 8H, Ar-H), 6.39 (s, 1H,
Ha), 6.31 (s, 1H, Hb) ;13C NMR (100MHz, DMSO-d6, δ, ppm): 171.26,
155.72, 150.46, 141.86, 135.11, 130.92, 130.58, 130.01, 129.48,
128.88, 128.19, 126.97, 126.21, 32.86; EIMS: 415 [M+]; Elemental
Analysis. Calculated (found) for C16H13ClN7O3S2: % C, 46.26 (46.23);
H, 3.15 (3.17); N, 23.60 (23.64); S, 15.44 (15.48).

4.1.3.4. -(1-(3-nitrophenyl)-2-((5-(pyridin-4-yl)-1,3,4-oxadiazol-2-yl)
thio)ethylidene) hydrazinecarbothioamide (5d). M.P.160–162 °C; Yield,
89%; IR (KBr cm−1): 3492 (-NH), 3112 (aromatic C-H), 2980 (aliphatic
C-H), 1626 (-C=N), 1287 (C-S-C), 1089 (C-O-C); 1H NMR (400MHz,
DMSO-d6, δ, ppm): 11.52 (s, 1H, SH, enolic), 9.92 (s, 1H. NH,
tautomeric), 8.73 (s, 1H, NH), 7.89-7.07 (m, 8H, Ar-H), 6.42 (s, 1H,
Ha), 6.37 (s, 1H, Hb); 13C NMR (100MHz, DMSO-d6, δ, ppm): 164.89,
153.24, 149.69, 144.19, 142.47, 130.69, 130.14, 129.72, 128.96,
128.24, 127.35, 126.70, 126.25, 34.11; EIMS: 415 [M+]; Elemental
Analysis. Calculated (found) for C16H13ClN7O3S2: % C, 46.26 (46.23);
H, 3.15 (3.18); N, 23.60 (23.62); S, 15.44 (15.48).

4.1.3.5. -(1-(3,4-dichlorophenyl)-2-((5-(pyridin-4-yl)-1,3,4-oxadiazol-2-
yl)thio)ethylidene) hydrazinecarbothioamide (5e). M.P. 188–190 °C;
Yield, 83%; IR (KBr cm−1): 3518 (NH), 3087 (aromatic C-H), 2972
(aliphatic C-H), 1598 (C=N), 1322 (C-S-C), 1082 (C-O-C); 1H NMR
(400MHz, DMSO-d6, δ, ppm): 11.87 (s, 1H, SH, enolic), 9.88 (s, 1H.

NH, tautomeric), 8.72 (s, 1H, NH), 7.92-7.28 (m, 7H, Ar-H), 6.56 (s, 1H,
Ha), 6.38 (s, 1H, Hb); 13C NMR (100MHz, DMSO-d6, δ, ppm): 167.31,
163.86, 161.19, 156.71, 151.01, 145.55, 138.46, 136.24, 130.76,
130.29, 124.34, 35.17; EIMS: 439 [M+]; Elemental Analysis.
Calculated (found) for C16H12Cl2N6OS2: % C, 43.74 (43.77); H, 2.75
(2.78); N, 19.13 (19.17); S, 14.60 (14.57).

4.1.3.6. -(1-phenyl-2-((5-(pyridin-4-yl)-1,3,4-oxadiazol-2-. yl)thio)
ethylidene)hydrazinecarbothioamide (5f)

M.P.177–179 °C; Yield, 86%; IR (KBr cm−1): 3469 (NH), 3086
(aromatic C-H), 2967 (aliphatic C-H), 1618 (C=N), 1269 (C-S-C),
1091 (C-O-C); 1H NMR (400MHz, DMSO-d6, δ, ppm): 11.54 (s, 1H, SH,
enolic), 9.84 (s, 1H. NH, tautomeric), 8.66 (s, 1H, NH), 8.44-7.22 (m,
9H, Ar-H), 6.64 (s, 1H, Ha), 6.58 (s, 1H, Hb); 13C NMR (100MHz,
DMSO-d6, δ, ppm): 168.12, 155.72, 150.42, 145.87, 136.57, 132.41,
130.69, 129.28, 128.71, 128.02, 126.86, 30.89; EIMS: 370 [M+];
Elemental Analysis. Calculated (found) for C16H14N6OS2: % C, 46.26
(46.23); H, 3.15 (3.18); N, 23.60 (23.63); S, 15.44 (15.41).

4.1.3.7. 2-(2-((5-(pyridin-4-yl)-1,3,4-oxadiazol-2-yl)thio)-1-(p-tolyl)
ethylidene)hydrazinecarbothioamide (5 g). M.P.172–174 °C; Yield, 85%;
IR (KBr cm−1): 3490 (NH), 3078 (aromatic C-H), 2989 (aliphatic C-H),
1592 (C=N), 1278 (C-S-C), 1086 (C-O-C); 1H NMR (400MHz, DMSO-
d6, δ, ppm): 11.68 (s, 1H, SH, enolic), 9.76 (s, 1H. NH, tautomeric),
8.81 (s, 1H, NH), 7.82-7.27 (m, 8H, Ar-H), 6.49 (s, 1H, Ha), 6.43 (s, 1H,
Hb), 2.34 (s, 3H, -CH3) ;13C NMR (100MHz, DMSO-d6, δ, ppm): 170.20,
155.71, 150.39, 142.86, 141.22, 132.19, 130.46, 129.72, 128.96,
128.24, 127.35, 126.70, 126.25, 34.11, 20.51; EIMS: 384 [M+];
Elemental Analysis. Calculated (found) for C17H16N6OS2: % C, 53.11
(53.13); H, 4.19 (4.16); N, 21.86 (21.89); S, 16.68 (16.69).

4.1.3.8. 2-(1-(4-fluorophenyl)-2-((5-(pyridin-4-yl)-1,3,4-oxadiazol-2-yl)
thio)ethylidene)hydrazinecarbothioamide (5 h). M.P. 160–162 °C; Yield,
82%; IR (KBr cm−1): 3487 (NH), 3055 (aromatic C-H), 2941 (aliphatic
C-H), 1605 (C=N), 1290 (C-S-C), 1118 (C-O-C); 1H NMR (400MHz,
DMSO-d6, δ, ppm): 11.68 (s, 1H, SH, enolic), 9.92 (s, 1H, NH,
tautomeric), 8.79 (s, 1H, NH), 7.7.-7.39 (m, 8H, Ar-H), 6.61 (s, 1H,
Ha), 6.49 (s, 1H, Hb); 13C NMR (100MHz, DMSO-d6, δ, ppm): 169.84,
164.54, 161.19, 154.36, 150.18, 147.96, 130.27, 129.75, 126.55,
125.90, 124.93, 122.14, 120.68, 32.26; EIMS: 388 [M+]; Elemental
Analysis. Calculated (found) for C16H13FN6OS2: % C, 49.47 (49.44); H,
3.37 (3.35); N, 21.64 (21.67); S, 16.51 (16.49).

4.1.3.9. -(1-(3-chlorophenyl)-2-((5-(pyridin-4-yl)-1,3,4-oxadiazol-2-yl)
thio)ethylidene) hydrazinecarbothioamide (5i). M.P. 183–185 °C; Yield,
81%; IR (KBr cm−1): 3463 (NH), 3077 (aromatic C-H), 2956 (aliphatic
C-H), 1624 (C=N), 1287 (C-S-C), 1091 (C-O-C); 1H NMR (400MHz,
DMSO-d6, δ, ppm): 11.69 (s, 1H, SH, enolic), 9.72 (s, 1H. NH,
tautomeric), 8.85 (s, 1H, NH), 7.88-7.16 (m, 8H, Ar-H), 6.76 (s, 1H,
Ha), 6.51 (s, 1H, Ha); 13C NMR (100MHz, DMSO-d6, δ, ppm): 164.38,
161.24, 158.46, 150.61, 144.32, 137.87, 136.07, 131.25, 130.68,
129.77, 126.17, 122.42, 31.66; EIMS: 404 [M+]; Elemental Analysis.
Calculated (found) for C16H13ClN6OS2: % C, 47.46 (47.49); H, 3.24
(3.28); N, 20.76 (20.74); S, 15.84 (15.88).

4.1.3.10. -(1-(4-methoxyphenyl)-2-((5-(pyridin-4-yl)-1,3,4-oxadiazol-2-
yl)thio)ethylidene) hydrazinecarbothioamide (5 j). M.P. 181–183 °C;
Yield, 82%; IR (KBr cm−1): 3510 (NH), 3106 (aromatic C-H), 2966
(aliphatic C-H), 1612 (C=N), 1329 (C-S-C), 1118 (C-O-C); 1H NMR
(400MHz, DMSO-d6, δ, ppm): 11.84 (s, 1H, SH, enolic), 9.91 (s, 1H.
NH, tautomeric), 8.79 (s, 1H, NH), 7.99-7.03 (m, 4H, Ar-H), 6.62 (s, 1H,
Ha), 6.49 (s, 1H, Hb), 3.46 (s, 3H, -OCH3) ;13C NMR (100MHz, DMSO-
d6, δ, ppm): 167.57, 161.42, 160.38, 158.20, 148.94, 141.64, 130.88,
129.16, 128.72, 122.30, 118.85, 58.60, 32.56; EIMS: 400 [M+];
Elemental Analysis. Calculated (found) for C17H16N6O2S2: % C, 50.98
(50.96); H, 4.03 (4.05); N, 20.98 (20.99); S, 16.01 (16.03).
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4.1.3.11. -(1-([1,1'-biphenyl]-4-yl)-2-((5-(pyridin-4-yl)-1,3,4-oxadiazol-
2-yl)thio)ethylidene) hydrazinecarbothioamide (5k). M.P. 182–184 °C;
Yield, 84%; IR (KBr cm−1): 3498 (NH), 3078 (aromatic C-H), 2990
(aliphatic C-H), 1631 (C=N), 1294 (C-S-C), 1121 (C-O-C); 1H NMR
(400MHz, DMSO-d6, δ, ppm): 11.82 (s, 1H, SH, enolic), 9.76 (s, 1H.
NH, tautomeric), 8.51 (s, 1H, NH), 8.34-7.26 (m, 13H, Ar-H), 6.41 (s,
1H, Ha), 6.36 (s, 1H, Hb); 13C NMR (100MHz, DMSO-d6, δ, ppm):
165.47, 153.35, 149.89, 146.17, 144.38, 141.76, 134.03, 130.46,
130.11, 129.72, 129.34, 128.23, 128.02, 127.62, 127.19, 126.86,
126.22, 30.89 ; EIMS: 370 [M+]; Elemental Analysis. Calculated
(found) for C22H18N6OS2: % C, 46.26 (46.23); H, 3.15 (3.18); N,
23.60 (23.57); S, 15.44 (15.42).

4.2. Biology

4.2.1. Evaluation of anti-tubercular activity
The mycobacterium strain Mtb (MTCC 300) was obtained from

Microbial Type Culture and Gene Bank, Institute of Microbial
Technology, Chandigarh (PB), India, and was sub-cultured and sus-
tained on to Lowenstein Jensen media as illustrated previously
(Chaturvedi et al., 2007). The sensitivity of test Mtb (MTCC 300) strain
towards the synthesized compounds (5a-k) exhibited by agar diffusion
technique (Kamble et al., 2014a,b). Stock solution (0.1, 0.5, and
1.0 mg/mL) of the individual compounds were prepared in dimethyl
sulfoxide (DMSO). A sterile borer of 7-mm diameter was used to bore
holes into the inoculums-seeded solidified Middlebrook 7H9 agar. A 30-
μL volume of individual compounds was loaded into the labeled well in
the prepared media plate using a sterile pipette. The test was executed
in three similar experiments. The plates were put up in the refrigerator
for prediffusion of the sample and incubated at 37 °C for 48 h. The
growth of the tested organisms was observed after the incubation of
48 h, and the diameter of inhibition of zone was measured. The anti-
mycobacterial activity of Rifampicin (a standard antitubercular drug)
was also demonstrated at the same time.

4.2.2. Resazurin microtiter assay (REMA) plate method for determination
of MIC

Susceptibility of multidrug resistance Mtb (MTCC 300) was esti-
mated against synthesized compounds by Resazurin microtiter assay
(REMA). The REMA plate assay was carried out in an identical fashion
as depicted earlier (Taneja and Tyagi, 2007) with slight modification.
Prior to the experiment, a stock solution of the resazurin sodium salt
powder (Himedia, India) was prepared at 0.02% (w/v) in distilled
water, sterilized by filtration, and stored at 4 °C for up to one week. The
inoculums were prepared from fresh Middlebrook 7H9 broth supple-
mented with 0.1% casitone, and 0.5% glycerol and supplemented with
oleic acid, albumin, dextrose, and catalase. Briefly, all perimeter wells
of the 96-well microtiter plate (Becton Dickinson, Falcon) were filled
with the sterile deionized freeze cold water to reduce evaporation of
medium in the left-over wells during incubation. Remaining wells are
filled with 100 μL Middlebrook 7H9 broth. And serial two-fold dilutions
of each drug were prepared directly in the plate. 100 μL of inoculums
was added to each well. The plates were sealed with a plastic tape and
incubated at 37 °C. After seven days of incubation, 30 μL of resazurin
solution was added to each well, and the plate was re-incubated over-
night. The bacterial growth results in the reduction of resazurin which
indicate the change in colour from blue to pink. The change in the
colour from blue to pink indicates the growth of bacteria. The MIC was
calculated as the lowest drug concentration which prevents colour
change from blue to pink.

4.2.3. Antioxidant activity
In this study, we screened in vitro DPPH (1,1-diphenyl-2-picryl-hy-

drazil), OH (hydroxyl) and SOR (superoxide anion) radical scavenging
assay to check the antioxidant potential of the newly synthesized
compounds (5a-k) by using the spectrophotometric methods. Ascorbic

acid was used as standard and the results are summarized in Table 2.

4.2.3.1. DPPH scavenging activity. DPPH free radical scavenging
activity was carried out as per the previously reported method
(Bandgar et al., 2012). In brief the reaction mixture contains an equal
volume of DPPH solution (10−4 M, in absolute ethanol) with individual
concentrations (100 μM) of newly synthesized compounds. After
incubation (30min) at room temperature, the absorbance was
measured spectrophotometrically at 517 nm.

4.2.3.2. Hydroxyl radical (OH) scavenging activity. OH radicals were
generated by using the Fenton reaction system (Aksoy et al., 2013). The
reaction cocktail contained 60 μL of 1mM FeCl3, 90 μL of 1, 10-
phenanthroline, 2.4ml 0.2M phosphate buffer (pH 7.4), 150 μL of
0.17M H2O2 and 100 μM of individual synthesized compound solution.
Adding H2O2 initiated the reaction. After the 5min incubation at room
temperature, the absorbance of the mixture was observed
spectrophotometrically at 412 nm.

4.2.3.3. Superoxide anion radical (SOR) scavenging assay. SOR
scavenging activity was carried out as per the previously reported
method (Liang et al., 2014). The reaction mixture contained 1mL of
NBT (300 μM), NADH (936 μM) respectively and the individual
concentrations of synthesized compounds (100 μM) in Tris−HCl
buffer (100mM, pH 7.4). The reaction was started by adding PMS
(120 μM) to the mixture. The reaction cocktail was incubated at 25 °C
for 5min and the absorbance was measured at 560 nm.

The percentage activity of DPPH, OH, SOR radical scavenging ac-
tivity was calculated using following equation.

= ×T
C

Activity(%) 1 100

Where T = Absorbance of the test sample and C=Absorbance of the
control sample.

4.2.4. Hemolytic activity
In vitro hemolytic activity of pyridin-4-yl-1,3,4-oxadiazol-2-yl-thio-

ethylidene-hydrazinecarbothioamide derivatives (5a-k) were de-
termined as per the previous reported method (Rajput et al., 2013).
Human red blood cells were used for determining hemolytic activity. In
brief, fresh human erythrocytes were collected in the tubes containing
2mg/mL of EDTA. The erythrocytes were harvested by centrifugation
(Eppendorf Microcentrifuge 5418) for 10min at 2000 × g at 20 °C.
Plasma was discarded and washed thrice with phosphate buffer saline
(PBS). Afterward, the PBS was added to the pellet to achieve 10% (v/v)
erythrocytes/PBS suspension. 10% suspension was diluted 1:10 in PBS.
From each suspension, 100 μL was added in triplicate to 100 μL of in-
dividual concentrations of compounds (5a-k) derivatives (5mg/mL) in
the same buffer in tubes. The tubes were incubated for 1 h at 37 °C and
centrifuged for 10min at 2000 × g at 20 °C. The 150 μL supernatant
was taken into a microtiter plate and the absorbance was measured at
540 nm by using thermo make automatic ex-microplate reader (M
51118170). Triton X-100 (1%, w/v) was used as a positive control. The
percentage of hemolysis was calculated by using the following formula
and results are described graphically in Fig. 4.

= Testcompound treatedsample
titronX treatedsample eatedsample

X% Hemolysis Buffer treated sample
1% 100 Buffer tr

100

4.2.5. Molecular modeling/docking study
4.2.5.1. Pharmacophore probing for target identification. Pharmacophore
matching approach was utilized to identify targets for novel synthetic
derivatives using PharmMapper server. Initially, compounds were
obtained in sdf format to upload to PharmMapper server. Multiple
conformers, but not more than 300, were allowed to be generated. All
available protein targets were utilized for pharmacophore mapping in
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this study. Rest of parameters was set to default values.

4.2.5.2. Molecular docking. Already standardized molecular docking
protocol was used in this study that is described in detail elsewhere
Gacche et al. (2015). AutoDock 4.2 was used via the PyRx interface for
molecular docking procedure (Huey et al., 2007). Following section
briefly summarizes the procedure.

4.2.5.3. Target preparation. The 3D structural coordinates of enzyme
CYP51 (PDBID 2VKU) [Eddine et al., 2008] was downloaded from
Protein Data Bank. The model coordinates file from database represents
monomer that was co-crystallized with a Heme prosthetic group (HEM)
along with numerous molecules of its sterol substrate mimic 4,4'-
dihydroxybenzophenone (DBE) and various sulfate ions (SO4). As per
the requirement of AutoDock, the PDB file was converted to pdbqt
format using Make macromolecule command from PyRx.

4.2.5.4. Compounds. 2D structures of all pyridin-4-yl-1,3,4-oxadiazol-
2-yl-thio-ethylidene-hydrazinecarbothioamide derivatives (5a-k) were
drawn in ChemDraw® 8.0 (CambridgeSoft, Cambridge, MA, USA) and
their SMILES were obtained. Subsequent to this step, FROG2 server
(Miteva et al., 2010) was employed to generate 3D conformers of these
compounds in sdf format. Open Babel utility in PyRx environment was
employed to import ligand molecules in sdf format for subsequent
energy minimization using the UFF force field. Molecules were
minimized for over 200 steps applying a conjugate gradient
optimization algorithm, updating the molecules at every step.

4.2.5.5. Testing validity of AutoDock 4.2 and virtual screening. The
validity of a docking system can be checked by testing the ability of a
docking program to reproduce the experimental binding mode of a
ligand. Root Mean Square Deviation (RMSD) value of the predicted
poses to experimentally verified pose is calculated following docking
experiment. As the RMSD value indicates the measure of spatial
similarity between two structures,the prediction of a binding mode is
considered as successful if the RMSD value is typically found to be less
than 2.00 Å (Kamble et al., 2016). To obtain the grid file, Auto-grid
program was utilized. In order to cover entire active site, the affinity
grid of 50×50×50 points was set using the spacing of 0.375 Å. The
conformational search for obtaining optimal binding pose was carried
out using the Lamarckian genetic algorithm. Each Lamarckian job was
set to have 10 runs, restricting the initial population to 150 structures.
The maximum number of energy evaluation and generation were set to
27,000. The single top individual was allowed to survive the next
generation, the rate of gene mutation and crossover was set to 0.02 and
0.8 respectively; the rest of parameters were set to default values. The
final structures were clustered according to native autodock scoring
function. The top ranked conformations of each ligand were selected.
RMSD value of 0.77 Å was obtained from the docking experiment of
crystallographic ligand DBE back in the ligand binding site of CYP51.
This value indicates that the predicted binding mode is nearly identical
to the X-ray crystallography conformer. The same set of parameters was
used for virtual screening of synthesized compounds.
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Abstract A chemoselective thiocyanation of imidazothiazoles and 2-
aminothiazoles with use of in situ generated N-thiocyanatosuccinimide
(NTS) at room temperature is described. The protocol offers mild reac-
tion conditions and high chemoselectivity for electrophilic substitution
in imidazothiazoles over nucleophilic substitution. This method pro-
vides metal-free and easy conversion of imidazothiazoles and 2-amino-
thiazoles into their corresponding C-3 and C-5 thiocyanates, respective-
ly, in good to excellent yield. The present protocol also offers the
effective thiocyanation of bifunctional imidazothiazoles containing
aliphatic –OH and C(sp2)–H bond functionalities.

Keywords N-thiocyanatosuccinimide, thiocyanation, imidazothiazoles,
2-aminothiazoles, PEG-400

Thiocyanates are considered as one of the most versatile
synthons in the field of organic chemistry. They have
proved their potency as crucial synthetic intermediates in
the synthesis of various sulfur-containing heterocycles such
as sulfides,1 thiocarbamates,2 sulfanyl pyridines,3 and thio-
tetrazoles.4 The intriguing properties of thiocyanate have
been utilized for the synthetic transformation of useful
functionalities such as aryl nitriles,5 sulfonyl cyanides,6
thiazoles,7 thioesters,8 imidazoles,9 and so on. The thiocya-
nation reaction is one of the most significant protocols for
direct C–S bond formation.10 Consequently, enormous
efforts have been made in order to achieve thiocyanation of
various heterocyclic compounds.11 In the midst of various
proceedings for thiocyanation of aryl and heteroaryl com-
pounds, incorporating thiocyanate (SCN) particularly into
C–H functionalities has always been a center of interest be-
cause of its own advantages.12 For accomplishing this goal

several approaches have been encountered (i.e. use of
iodinated reagents,13 oxidants,14 and brominating agents15)
in combination with readily available, low-cost thiocyanate
salts as thiocyanating agents. But these strategies are mainly
focused on imidazopyridines and indoles.16 Furthermore,
the selectivity of direct electrophilic thiocyanation of
C(sp2)–H bonds over nucleophilic substitution by alcoholic
–OH, when both groups are present in same compound, by
using N-thiocyanatosuccinimide (NTS) as a reagent, has not
been studied previously.

Imidazothiazoles are considered a significant class of
heterocyclic compounds. For example, levamisol and tetra-
misole, known for their antihelminthic and immunomodu-
latory properties, respectively, display an imidazothiazole
core (Figure 1). The majority of imidazothiazoles exhibit a
wide range of biological activities.17 Thiazoles are structur-
ally very close to imidazoles, with the only difference of sul-
fur replaced by nitrogen. Vitamin B (thiamin) (Figure 1) is
an important naturally occurring vitamin which contains
the thiazole ring as an active center involved in various bio-
logical processes. Thiazoles are considered to be one of the
most compelling heterocyclic compounds because of their
broad spectrum of biological activities.18 Considering these
consequential advantages, immense efforts have been
made for the synthesis of imidazothiazoles and thiazoles.19

Introduction of new functional groups into these moieties
may modify their biological profile or may imbed new bio-
logical activities. For this purpose, direct C-3 and C-5 func-
tionalization of imidazothiazoles and thiazoles, respective-
ly, provides an acceptable strategy. 

Conversion of alcohols to their corresponding alkyl thio-
cyanates or alkyl isothiocyanates has been extensively
studied.20 Recently, Mokhtari et al. reported one-pot thio-

SYNLETT0 9 3 6 - 5 2 1 4 1 4 3 7 - 2 0 9 6
© Georg Thieme Verlag  Stuttgart · New York
2018, 29, A–G
letter
de

H
er

un
te

rg
el

ad
en

 v
on

: U
ni

ve
rs

ity
 o

f S
us

se
x.

 U
rh

eb
er

re
ch

tli
ch

 g
es

ch
üt

zt
.



B

© Georg Thieme Verlag  Stuttgart · New York — Synlett 2018, 29, A–G

S. N. Kadam et al. LetterSyn  lett

cyanation or isothiocyanation of alcohols by using in situ
generated NTS. Thus, existing methods were focused on ei-
ther thiocyanation of C(sp2)–H bonds or thiocyanation of
alcohols to alkyl thiocyanates or alkyl isothiocyanates.
However, chemoselectivity for C-3 electrophilic thiocyana-
tion over nucleophilic substitution at the alcoholic –OH
group in imidazothiazoles, when both the possibilities are
present in one motif, would be an important synthetic
route for medicinal chemistry research. Encouraged by our
previous work on the thiocyanation of 2-aminothiazoles,21

we herein report an efficient, practical, and metal-free
approach for the one-pot conversion of functionalized
imidazothiazoles and 2-aminothiazoles into their corre-
sponding C-3 and C-5 thiocyanates, respectively. Use of easily
accessible NH4SCN, in situ generated NTS as the reagent,
and PEG-400 as the solvent makes the protocol more acces-
sible and efficient (Scheme 1).

We initiated our study on the synthesis of the target
compounds by taking 1-(6-(4-chlorophenyl)-3-methyl-
imidazo[2,1-b]thiazol-2-yl)ethanol 1a (Table 1) as the mod-
el substrate. In order to investigate the ideal reaction condi-
tions (Table 1), initially, NBS (1.0 mmol) and NH4SCN (2.0
mmol) were stirred at room temperature (r.t.) in CH3CN (3
mL) for 15 minutes to induce in situ generation of NTS. De-
liberate addition of reactant 1a (1 mmol) to this reagent led
to formation of product 2a in 80% yield after three hours
(Table 1, entry 1). Remarkably, thiocyanation or isothiocya-
nation of the alcoholic –OH group was not obtained for any
derivative X, Z (Scheme 1) by the nucleophilic substitution
route. Enthused by these results, the effect of other solvents
such as DMSO, DMF, H2O, CH2Cl2, THF, CH3OH, and CHCl3
was tested (Table 1, entries 3–9). In search of a “green” sol-
vent for the reaction22 we preferred to test PEG-400 as a
solvent. Interestingly, the best results (93%) were obtained
in PEG-400 (Table 1, entry 2). When NCS was employed for
the in situ generation of NTS, the formation of the product
resulted in a slight decrease in yield with increasing reac-

tion time (Table 1, entry 3). This observation may be related
with the fact that Br is a better leaving group than Cl. Thus,
formation of NTS may take place faster with NBS rather
than with NCS. Other reagent and solvents, such as HIO3 in
methanol and HIO3 in PEG-400 as solvent were also exam-
ined (Table 1, entries 17 and 18); both of these combina-
tions resulted in poor yields. Product formation of was not
observed without the use of reagent (Table 1, entry 11).
When NBS was used as a reagent for bromination at the C-3
position of imidazothiazole followed by thiocyanation with
NH4SCN, this approach was shown to take more time (24

Scheme 1  Thiocyanation of imidazothiazole
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Figure 1  Some important compounds containing imidazothiazole and 
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hours) with decreased yield of product (75%) (see below
Scheme 5, c and Table 1, entry 12). Furthermore, the yield
of the reaction decreased when (4.0 mmol) of NH4SCN was
used (Table 1, entry 13). The decrease in the quantity of
NH4SCN also decreased the yield of the product (Table 1,
entry 14). We also tested K2S2O8 for the same reaction with
PEG-400 as the solvent; the reaction took a longer time of
20 hours and resulted in a nonseparable trace amount of
product (Table 1, entry 19). The formation of product also
decreased when NH4SCN was replaced by KSCN or NaSCN
(Table 1, entries 15 and 16). Finally, the optimized reaction
conditions were achieved when NBS (1.0 mmol) and
NH4SCN (2.0 mmol) were stirred at room temperature in
PEG-400 (3 mL) for 15 minutes to initiate the in situ genera-
tion of N-thiocyanatosuccinimide. Following slow addition

of 1a (1.0 mmol) (Table 1, entry 2) led to formation of the
product in optimal yield of (93%) by stirring at room tem-
perature for three hours. The product could be obtained in
analytically pure form upon washing with cold aqueous
ethanol, thus avoiding the use of tedious purification by
column chromatography. A gram-scale reaction was also
performed by using NBS (0.01 mol), NH4SCN (0.02 mol),
and reactant 1a (0.01 mol). In this case, the product yield
observed was 75%. Having the optimized reaction condi-
tions in our hand, we further investigated the scope of sub-
strates (Scheme 2). The method was compatible with the
tested substrates, and most of the substrates afforded the
product in good yields. It is clear from Scheme 2 that halo-
gen substituents at R1 lead to good yields. Compound 2a
(Scheme 2) with a chloro substituent was obtained in excel-
lent (93%) yield, the highest amongst all derivatives. Prod-
uct 2d (Scheme 2) with an electron-donating group at R1

was isolated in moderate yield.
It is notable that no derivative gave alkyl thiocyanate or

alkyl isothiocyanate by nucleophilic attack of the alcohol on
in situ generated NTS20a (Scheme 1). Furthermore, deriva-
tives with hydroxy and methoxy substituents at R1 were
not able to provide the desired product. The probable
reason for the deleterious behavior of these derivatives may
be positive mesomeric effect of the electron-donating sub-
stituents, due to which they were unable to furnish the
product.

Scheme 2  Scope of substrates: Variation of substituents on imidazo-
thiazole. Reaction conditions: NBS (1.0 mmol) NH4SCN (2.0 mmol), sub-
stituted imidazothiazole 1a–g (1 mmol), PEG-400 (3 mL), 3 h. Isolated 
yields are given.

Table 1  Optimization of the Reaction Conditionsa

Entry Reagent Solvent Yield (%)

 1 NTS CH3CN 80

 2 NTS PEG-400 93

 3b NTS PEG-400 80

 4 NTS DMSO 78

 5 NTS DMF 50

 6 NTS H2O trace

 7 NTS CH2Cl2 75

 8 NTS THF 50

 9 NTS MeOH 70

10 NTS CHCl3 80

11 – CH3CN n.r.

12 NBS PEG-400 75

13c NTS PEG-400 70

14d NTS PEG-400 69

15e NTS PEG-400 60

16f NTS PEG-400 60

17 HIO3 MeOH 50

18 HIO3 PEG-400 40

19 K2S2O8 PEG-400 trace
a Reaction conditions (unless otherwise specified): 1a (1.0 mmol), NH4SCN 
(2.0 mmol), solvent (3mL), 3 h, r.t.; n.r. = no reaction.
b NCS was employed for in situ generation of NTS.
c NH4SCN (4.0 mmol) was used.
d NH4SCN (1.0 mmol) was used
e KSCN (2.0 mmol) was used.
f NaSCN (2.0 mmol) was used.
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A similar type of thiocyanation reaction was also tried
on 2-aminothiazole and, in accordance to other methods
reported in literature (Scheme 3),24 the obtained product
yield was poor (30%) (Scheme 4, compound 4h). When we
tried the present protocol with aryl-substituted thiazoles,
the yield of the corresponding products was satisfactory.
This indicates that the aryl group present on the 2-amino-
thiazole ring is activating the substrate for the electrophilic
substitution. To prove the generality of the present meth-
odology, we tried C-5 thiocyanation of 2-aminothiazoles
(Scheme 3). Electron-withdrawing substituents such as hal-
ogens, proved to facilitate the reaction leading to formation
of the products in good yield, amongst which compound 4a
(Scheme 4) was obtained with a maximum yield of 92%.
Derivatives with electron-donating groups (Scheme 4)
furnished the products (such as 4f) with moderate yield.
Furthermore, methyl substitution at R1 (product 4f)

(Scheme 4) did not lead to nuclear thiocyanation in ortho
position to the donating group (4x) (Scheme 3)21. Substitu-
tion at meta position, R2, (Scheme 4) delivered the product
in poor yield (product 4e). Reactions for substrates with
hydroxy and methoxy substituents were unable to provide
the products; this behavior may be justified by the pres-
ence of a strong positive mesomeric effect, which may re-
sult in inability to form product. The method was further
explored for its generality on a new substrate containing an
alcoholic group, which led to moderate yield (product 4i)
(Scheme 4).

A probable mechanistic path was further studied by
taking few other methods into account for control experi-
ments by using the reactions depicted in Scheme 5. It
comes to our notice that the reaction did not proceed in the
absence of any reagent even after 28 hours (Scheme 5, a).
We also tried to use K2S2O8 for thiocyanation of these sub-

Scheme 3  Thiocyanation of 2-aminothiazoles
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3a–i (1 mmol), PEG-400 (3 mL), 3 h. Isolated yields are given.
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strates using PEG-400 as the solvent; however, only a non-
separable trace amount of product was formed after a pro-
longed period of 20 hours (Scheme 5, b). When the reaction
was performed with use of NBS as a reagent it required a
prolonged period of 24 hours for the formation of product
in 75% of yield indicating that bromination was followed by
the thiocyanation approach (Scheme 5, c). It was also ob-
served that some amount of reactant was converted into
the corresponding ketone as NBS was supposed to act as an
oxidant. The time for completion of the reaction was dra-
matically reduced to three hours when the present ap-
proach with in situ generated (NTS) was employed, and the
product was obtained in higher yield of 93% (Scheme 5, d).
When NTS was employed as a reagent in the reaction we
tested (Scheme 5, d) the progress of reaction by mixing it
with the radical quencher butylated hydroxytoluene (BHT)
in 1:1 molar ratio of reactant which revealed that the reac-
tion progress was not altered. This indicates that the mech-
anism does not follow a free-radical pathway.

On the basis of these observations made in control ex-
periments and the previous literature,14,20a,23 it may be pos-
sible that the reaction for C-3 thiocyanation of imidazothi-
azole proceeds through the mechanism shown in Scheme 6.

First, ammonium thiocyanate reacts with NBS to initiate
the formation of electrophilic NTS. Afterwards, substituted
imidazothiazole reacts with NTS at the C-3 position. The
formed intermediate finally releases the proton for aroma-
tization to furnish the final product (Scheme 6). This proto-
col ruled out the possibility of nucleophilic attack of alco-
holic –OH on the sulfur atom of NTS to produce alkylox-
ygenyl thiocyanate (ROSCN), which can further react with
NH4SCN to furnish alkyl thiocyanate X (Scheme 1) or iso-
thiocyanate Z (Scheme 1). In spite of all these possibilities,
the reaction has been observed to promote C-3 thiocyana-
tion in imidazothiazole compounds 2a–e (Scheme 1).

Scheme 6  Plausible reaction mechanism for imidazothiazole and 2-
aminothiazole

The reaction for C-5 thiocyanation of 2-aminothiazole
may proceed through the plausible mechanism shown in
Scheme 6. Ammonium thiocyanate reacts with NBS to pro-
duce electrophilic N-thiocyanatosuccinimide, followed by
reaction at C-5 position of 2-aminothiazole. Finally, the
formed intermediate releases the proton for aromatization,
which results in the final product.

In summary, we have developed a one-pot chemoselec-
tive synthetic route for C-3 and C-5 thiocyanation of imid-
azothiazole and 2-aminothiazole at room temperature.25

The present protocol provides useful information regardingScheme 5  Control experiments
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the reactivity of in situ generated NTS for thiocyanation of
imidazothiazoles comprising an alcoholic hydroxy group.
The method provides easy and metal-free chemoselective
access for thiocyanation at C-3 position in imidazothiazole
through electrophilic substitution, ruling out the possibility
of forming alkyl thiocyanate or alkyl isothiocyanate
through nucleophilic substitution by alcoholic –OH in the
same substrate. This method provides high yields of C-3 and
C-5 thiocyanates of imidazothiozole and 2-aminothiazole,
respectively, under very mild conditions. The transforma-
tion provides a new opportunity for the synthesis of bio-
active imidazothiazoles and 2-aminothiazoles, which may
gain much attention in the field of synthetic and medicinal
chemistry.
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(25) Procedure for the Synthesis of 1-(6-(4-Chlorophenyl)-3-
methyl-5-thiocyanatoimidazo[2,1-b]thiazol-2-yl)ethanol
(2a) (Table 1)
A dried 50 mL round-bottomed flask was charged with NBS
(177.98 mg, 1 mmol), NH4SCN (152.24 mg, 2.0 mmol) in PEG-
400 (3 mL) and the reaction mixture was stirred at r.t. for 15
min. The reaction mixture turned milky indicating generation
of NTS (shown by TLC). Next, reactant 1a (292.78 mg, 1 mmol)
was added slowly, and the reaction mixture was further stirred
for 3 h. After completion of the reaction as indicated by TLC,
cold water (20 mL) was added to separate the solid product. The
white solid was filtered, dried, and washed with cold aqueous
ethanol (0.93 mmol, 93% yield).
Compound 2a: Mp 111–113 °C. FT-IR: 3195, 2966, 2154, 1893,
1644 cm–1. 1H NMR (400 MHz, DMSO-d6): δ = 7.94 (d, 2 H, J = 8.0
Hz), 7.62 (s, 2 H), 5.96 (s, 1 H), 5.17 (s, 1 H), 2.73 (s, 3 H), 1.41 (s,
3 H) ppm. 13C{1H} NMR (100 MHZ, DMSO-d6): δ = 152.62,
152.11, 134.68, 134.20, 131.36, 129.84, 128.87, 124.27, 111.02,
97.97, 62.25, 25.24, 12.39 ppm. HRMS (ESI-TOF): m/z [M + H]+

calcd for C15H12ClN3OS2: 349.0110; found: 350.0174. 
Procedure for the Synthesis of 5-thiocyanato-4-(p-tolyl)thi-
azol-2-amine (4f) (Scheme 4) 
A dried round-bottomed flask was charged with NBS (177.98
mg, 1.0 mmol) and NH4SCN (152.24 mg, 2.0 mmol). PEG-400
(3 mL) was added and reaction mixture was stirred at r.t. for
15 min. Formation of a milky color indicated the generation of
NTS (shown by TLC). Then, 4-(p-tolyl)thiazol-2-amine (190.26
mg, 1 mmol) was added slowly, and the reaction mixture was
further stirred for 3 h. When completion of the reaction was
indicated by TLC, the product was separated by addition of cold
water (20 mL). The white solid product was filtered, dried, and
washed with cold aqueous ethanol (0.78 mmol, 78% yield).
Compound 4f: Mp 134–136 °C. FT-IR: 3372, 3269, 3045, 2100,
1612 cm–1. 1H NMR (400 MHz, DMSO-d6): δ = 7.88 (s, 2 H),
7.69–7.31 (m, 4 H), 2.52 (s, 3 H) ppm. 13C{1H} NMR (100 MHZ,
DMSO-d6): δ = 171.25, 259.25, 139.14, 130.64, 129.39, 129.18,
129.01, 112.57, 21.39 ppm. HRMS (ESI-TOF): m/z [M + H]+ calcd
for C11H9N3S2: 247.0238; found: 248.0305.
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Abstract:  

Hydrophilic cobalt oxide (Co3O4) electrode was deposited by galvanostatic 

electrodeposition method. The Co3O4 electrode was characterized by using different 

characterization techniques such as X-ray diffraction (XRD) shows cubic structure, scanning 

electron microscopy (SEM) shows nanoflakes like morphology and surface wettability study 

shows hydrophilic in nature. TEM image of the Co3O4 electrode reflects highly crystalline 

structure. The supercapacitive properties of deposited Co3O4 electrode is probed using cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical impedance 

spectroscopy (EIS) techniques. The Co3O4 electrode shows maximum specific capacitance of 

315 F.g-1 obtained from CV techniques in 0.5 M Na2SO4 solution at scan rate 5 mV.s-1. 

Hence, the electrodeposited Co3O4 electrode is best for supercapacitor application. 

Keywords:  Crystal Structure; Deposition; Nanocrystalline Materials; Scanning Electron 

Microscope;   Supercapacitive Properties. 

 

1. Introduction: 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

2 

 

In the recent year, increasing globalization and climate changes with decreasing fossil 

fuels there is great demand for alternative clean energy storage devices. One such device 

supercapacitor has fascinated much attention due to longer cycle life and higher energy 

density than conventional capacitor and greater power density than batteries. Supercapacitor 

exhibits high specific capacitance, fast charging-discharging rate, long cycle stability, 

lightweight, low cost and environmental friendly. Due to this feature supercapacitor can be 

used in variety of potential applications such as, hybrid electric vehicles, cellular phones, 

industry, laser, digital camera, etc[1-3]. 

The active electrode materials used in supercapacitor are categorized into three main 

parts: carbon based electrode, Conducting polymer based electrode (CP) and Transition metal 

oxide based electrode (TMO) etc. Among these transition metal oxides (TMO) based 

electrodes have possesses great attraction due to multiple oxidation states, high specific 

capacitance, long cycle life, porosity, low equivalent series resistance etc [4]. 

The cobalt oxides have been prepared by variety of chemical and physical methods 

such as: chemical bath deposition[5], spray pyrolysis [6], successive ionic layer adsorption 

and reaction (SILAR) method[7], electrodeposition [8-10], using anodic aluminum oxide 

(AAO) template[11], template-free growth[12],  hydrothermal process[13-14], pulsed laser 

deposition [15] and Chemical Vapor Deposition [16]. Also, in the literature few reports are 

available on electrodeposition of cobalt oxide thin films for supercapacitor application [8,17]. 

Among the transition metal oxides, cobalt oxide is one of the more versatile oxide materials 

[18]. It has been extensively studied for its application such as a catalyst [19-20] sensor [21], 

supercapacitors [8,17], Li-ion batteries [10] and magnetic material [22-23]. In the literature, 

the thin films are prepared by three different modes of electrodeposition as potentiostatic, 

galvanostatic and potentiodynamic. Among these modes, galvanostatic mode of 

electrodeposition is best one.  Galvanostatically deposited electrodes have additional 
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advantage than the others such that it controls film thickness by controlling the charge 

passing through the electrode-electrolyte interface [24]. 

In the literature, so many reports are available on the synthesis and characterization of 

cobalt oxide thin films. Different synthesis method gives different structural as well as 

morphological properties of cobalt oxide thin films. Surface morphology plays an important 

role in the supercapacitive study. Pawar et al. have reported hexagonal sheets of Co3O4 and 

Co3O4-Ag for high-performance electrochemical supercapacitors by using one pot 

hydrothermal method. They have reported maximum specific capacitance of 958 F.g-1 for 

Co3O4-Ag composite [25]. Patil et al also have reported Core-shell structure of Co3O4@CdS 

for high performance electrochemical supercapacitor by using economical, scalable and one 

pot hydrothermal method and a successive ionic layer adsorption and reaction (SILAR) 

method. The Co3O4@CdS core shell nanostructure-based symmetric supercapacitor displayed 

excellent capacitive characteristics with a specific capacitance of 360 Fg-1 at scan rate of 10 

mVs−1 [26]. 

In present work, efforts have been taken to study the structural, morphological and 

supercapacitive properties of electrodeposited nano-structured cobalt oxide thin film. 

2. Experimental  

The Co3O4 electrode was deposited galvanostatic electrodeposition method (GEM) on 

Stainless steel (SS) substrate with constant current density of 5 mA.cm-2 for 600 sec and 

annealed at 300˚C for 1 hour. 

For the structural clarification of the Co3O4 electrode, XRD analysis was employed 

with copper target in the 2θ range between 20˚ to 80˚. The surface morphology of the Co3O4 

electrode was studied by SEM (ZESIS) and the contact angle measurement was made with 

the help of Rame-Hart contact angle meter .The supercapacitive properties of the Co3O4 
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electrode was carried out using the CV, GCD and EIS techniques by using CH instrument 

(CHI 660 A) using 0.5 M Na2SO4 used as an electrolyte solution. 

3. Result and discussion 

3.1 X-ray diffraction (XRD) study  

In order to identify the crystal structure of the deposited Co3O4 electrode, XRD 

analysis was carried out shown in Fig.1. The XRD spectrum of Co3O4 electrode display 

polycrystalline cubic crystal symmetry and matched with JCPDS data (Card No 42-1467). 

The peaks indexed by asterisk (*) in the XRD spectrum were the SS substrates only. The 

Co3O4 film shows peaks (220), (311), (422), (511) and (440). The Co3O4 film is oriented 

along (220) plane and rest of peaks shows low relative intensities. Thus, nano-size formed 

grains are confirmed by small peak width. The absence of any secondary peaks reveals the 

stoichiometric purity of the sample. Wu et al have reported the spinel cubic crystal structure 

of electrodeposited Co3O4 thin film [8].  

3.2 Surface morphological and surface wettability study 

Fig. 2(A-B) shows SEM images of Co3O4 electrode at two different magnifications (X 

10 k and X 300 k). The electrodeposited Co3O4 film electrode exhibits a highly porous 

structure (Fig. 2A) with lots of pores having diameters from 25 to 300 nm (Fig. 2A). The 

interconnected network is made up of flakes type Co3O4. Furthermore, from magnified image 

(Fig. 2B) of the Co3O4 flakes, it is observed that forming a net-like structure and developing 

more and more porosity. However, the electrodeposited Co3O4 film electrode exhibits a 

highly homogeneous and compact surface morphology (Fig. 2A). It is believed that porous 

structure is helpful to improve the electrochemical properties thanks to sufficient contact 

between active materials and electrolyte, fast ion/electron transfer, and enhanced flexibility. 

Hence, improved performances of electrodes like capacity, stability etc., can be expected 

accordingly for porous Co3O4 electrodes. Such importance has been explained in the earlier 
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literature [6, 7, 27]. Supercapacitive properties of film electrodes were tested with the help of 

aqueous electrolytes hence it’s important to study surface wettability study of film electrode 

with electrolyte. Inset of Fig. 2(A) shows actual photograph of water contact angle with 

electrolyte. The electrolyte contact angle was found to be 62˚. Hence, Co3O4 electrode is 

hydrophilic in nature. In case of supercapacitors, hydrophilicity is one of the important 

parameter for achieving maximum capacitance [27]. Jagadale et al. [27] have reported the 

water contact angle for Co3O4 electrode is to be 30˚. In present work, value of contact angle 

is relatively high than this one this is may be due to different size and shape of nanostructured 

Co3O4 electrode. 

Figure 3(A-B) shows the TEM images of prepared using galvanostatic 

electrodeposition method. Figure 3(A) shows the corresponding selected area electron 

diffraction (SAED) pattern, which confirms the crystalline nature of the particles [28]. 

Figures 3 (B) shows TEM image of the Co3O4 electrode 2 nm magnification. The porous part 

reflects the thick flake like structure as observed in SEM (fig. 2B). It also exhibits planer 

structure similar to XRD (311) peak.  

3.3 Cyclic voltametric (CV) study 

 Fig. 4(A) illustrates a typical CV of Co3O4 electrode within potential range between -

1.0 V to +1.0 V/SCE at the scan rate of 5, 10 and 20 mV.s-1 in 0.5 M Na2SO4 electrolyte 

solution. Average specific capacitances are calculated from the CV curves using the 

following equation: 

( )dt
dvm

I
C

.
=

   ---------- (1)

 

Where, I is average current density in ampere, m is deposited mass of electrode in 

gram and dv/dt is scan rate in volts/s. The specific capacitance Co3O4 electrode was found to 

be 315 F.g-1 at scan rate of 5 mV.s-1. In the present case, the redox process is mainly 
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governed by the calation and de-calation of Na+ from the electrolyte into the Co3O4 matrix. 

The electrochemical reaction for Co3O4 in Na2SO4 neutral aqueous electrolyte is generally 

believed to be [29]. 

NaOCoeNaOCo 4343 ↔++ −+

---------- (2)

 

The effect of scan rate on the Co3O4 film electrode was examined in 0.5 M Na2SO4 

electrolyte. In CV curves the redox peaks are visible, which implies that the electrochemical 

capacitance mainly arises due to pseudocapacitance. In CV curves, not only the calculated 

current densities increased but also the oxidation and reduction peaks shifted toward higher 

and lower potentials, respectively. This is may be due to the scan rate dependent calation and 

decalation of Na+ ions into Co3O4 matrix. At lower scan rate, both the outer and inner 

surfaces of Co3O4 electrodes are entirely utilized, while at higher scan rates, mostly outer 

surface is accessed by the conducting ions. The specific capacitance obtained in present case 

is better than reported value due to porous and nanoflakes like morphology of the Co3O4 

electrode [7]. 

3.4 Galvanostatistic charging-discharging (GCD) study: 

 Fig. 4(B) demonstrates that a typical GCD curve of Co3O4 electrode at constant 

current density of 5 mA.cm-2 in 0.5 M Na2SO4 electrolyte solution. Inset of Fig. 4(B) shows a 

single cycle of GCD. The charging curve shows exponential increment in the potential of the 

electrode which confirms the charge storage in the Co3O4 electrode. The discharge curve 

composed of two parts, IR drop indicated by a sudden potential drop due to internal 

resistance and  capacitive feature indicated by a slow potential decay. The values of specific 

energy, power and coulombic efficiency are calculated from the following equations [30-31]: 

��������	���	
�	�� =
�	�	���	��

�
                        ---------- (3) 
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---------- (4)

 

���������	����������	�	�%� =
	��

��
 	100 

---------- (5)

 

The specific energy and specific power of the Co3O4 electrode were found to be 88.4 

Wh.kg-1 and 17.4 kW.kg-1, while the coulombic efficiency was found to be 98.30 %. 

3.5 Electrochemical Impedance Spectroscopy (EIS) study: 

Fig.5 shows Nyquist plots of Co3O4 electrode within the frequency range of 10 Hz to 

1 MHz in 0.5 M Na2SO4 electrolyte solution with two different potentials such as 1.2 V and 

1.4V. The corresponding equivalent circuit model used for fitting of EIS data is shown in 

inset of Fig.5. It was observed that both EIS curve shows the semicircle in the higher 

frequency region and straight line in lower frequency region [32-33]. The Co3O4 electrode 

and Na2SO4 electrolyte solution have difference in conductivity i.e. Co3O4 electrode have 

electronic conductivity and Na2SO4 electrolyte have ionic conductivity. Hence, interface has 

discontinuity in charge transfer process. Thus, impedance behavior at the high frequency 

region is resistive. The complete resistive bahaviour may be contributed from Faradaic redox 

process also.  The SO4
2- ions may insert into pores of Co3O4 electrode which gives rise to the 

Warburg impedance W, and hence at lower frequencies, a linear part occurs in the impedance 

plots. The value of solution resistance, Rs and charge transfer resistance, Rct were calculated 

from Nyquist plot. The value of Rs and Rct was found to be 0.67 Ω and 2.68 Ω, respectively 

for 1.2 V and that of 0.47 Ω and 2.40 Ω, respectively for 1.4 V. As applied potential 

increases, straight line deviates towards the Z” axis indicating pseudocapacitive bahaviour 

due to reversible faradaic redox reactions [14].  

Conclusions:  
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Galvanostatic mode of electrodeposition is best method for synthesis of Co3O4 

electrode because which provide well defined porous with nanoflakes like surface 

morphology and hence improves the supercapacitive properties of Co3O4 electrode. A 

nanoflake gives more active sites than the ordinary morphology so the charge carriers easily 

do calation and decalation. Such improved properties are beneficial for supercapacitors. In 

supercapacitors, the important aspect is to provide maximum active sites and to provide a 

channel for fast transfer of charge carriers from electrode to electrolyte and vice a versa; 

which is fulfilled by galvanostatically deposited Co3O4 electrode. Recently, such basic 

improved properties are a key requirement for the fabrication of supercapacitive devices 

because supercapacitors have numerous myriad applications in the field of technology. 

Acknowledgement:  

Authors are grateful to Dr. J. G. Jadhav, Principal, Karmveer Bhaurao Patil 

Mahavidyalaya, Pandharpur for providing research facility and giving an inspiration during 

research work. 

References: 

[1]S. Borhani, M. Moradi, M.A. Kiani, S. Hajati, J. Toth, Ceram. Int. 43(2017)14413-14425. 

[2]P. Simon, Y. Gogotsi, Nature mater. 7 (2008) 845. 

[3] D. Wei, M.R. Scherer, C. Bower, P. Andrew, T. Ryhanen, U. Steiner, Nano letters. 12 

(2012) 1857. 

[4] B.E. Conway, New York,1999. 

[5] S.G. Kandalkar, J.L. Gunjakar, C.D. Lokhande, O.S. Joo, J Alloys Compd. 478 (2009) 

594-598. 

[6] V.R. Shinde, S.B. Mahadik, T.P. Gujar, C.D. Lokhande, Appl Surf Sci. 252 (2006) 7487-

7492. 

[7] S.G. Kandalkar, J.L. Gunjakar, C.D. Lokhande, Appl Surf Sci. 254(2008) 5540-5544. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

9 

 

[8] J.B. Wu, Y. Lin, X.H. Xia, J.Y. Xu, Q.Y. Shi, Electrochim Act. 562011) 7163-7170. 

[9] S.L. Chou, J.Z. Wang, H.K. Liu, S.X. Dou, J Power Sources. 182 (2008) 359-364.  

[10] A. Xiao, J. Yang, W. Zhang, J Porous Mater. 17(2010) 583-588. 

[11] J. Xu , L. Gao, J. Cao, W. Wang, Z. Chen, Electrochim Acta. 56 (2010) 732-736. 

[12] Y. Gao, S. Chen, D. Cao, G. Wang, J. Yin, J Power Sources. 195 (2010) 1757-1760. 

[13] C. Shin, J. Manuel, D.S. Kim, H.S. Ryu, H.J. Ahn, J.H. Ahn, Nanoscale Res Lett. 

7(2012) 73. 

[14] S.K. Meher, G.R. Rao, J Phys Chem C. 115 (2011) 15646-15654. 

[15] H.J. Nam, T. Sasaki, N. Koshizaki, J Phys Chem B. 110(2006) 23081-23084.  

[16] D. Barreca, C. Massignan, S. Daolio, M. Fabrizio, C. Piccirillo, L. Armelao, E. 

Tondello, Chem Mater.  13 (2001) 588-593. 

[17] A.D. Jagadale, V.S. Kumbhar, C.D. Lokhande, J Colloid Interf Sci. 406(2013) 225-230. 

[18] P.S. Patil, L.D. Kadam, C.D. Lokhande, Thin Solid Films. 272(1996) 29-32. 

[19] J. Jansson, A.E. Palmgvist, E. Fridell, M. Skoglundh, L. Osterlund, P. Thormahlen, V.J. 

Langer, Catal 211(2002) 387-397. 

[20] P. Thormahlen, M. Skoglundh, E. Fridell, B.J. Andersson, Catal. 188 (1999) 300-310. 

[21] E.M. Logothetis, K. Park, A.H. Meitzler, K. Laud, Appl Phys Lett. 26 (1975) 209-211. 

[22] J.W.D. Martens, W.L. Peeters, H.M. Van Noort, M.J. Erman, Phys Chem Solids. 46: 

(1985) 411-416. 

[23] K. Miyatani, K. Kohn, H. Kamimura, S. Iida, J Phys Soc Jpn. 21 (1966) 464-468. 

[24] J. V. Thombare, G. M. Lohar, S. K. Shinde, S. S. Dhasade, M. C. Rath,  V. J. Fulari, 

Electron. Mater. Lett., Vol. 11, No. 2 (2015), pp. 266-270. 

[25] S..A. Pawar, D. S. Patil, J.C. Shin, J. Ind. Eng. Chem. 3440 (2017)1-9.  

[26] D. S. Patil, S. A. Pawar, J.C. Shin, Chem. Eng. J. 335 (2018) 693–702. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

10 

 

[27] A.D. Jagadale, V.S. Kumbhar, R.N. Bulakhe, C.D. Lokhande, Energy. 64 (2014) 234-

241. 

[28] S. Kundu, M. Jayachandran, J Nanopart Res. 15 (2013) 1543. 

[29]T. Zhu, S.J. Zheng, Y.G. Chen, J. Luo, H.B. Guo, Y.E. Chen, J Mater Sci. 49 (2014)  

6118-6126. 

[30] P.M.Kharade, J.V.Thombare, S.L.Kadam, S.B.Kulkarni, D.J.Salunkhe, J. Mater. Sci.: 

Mater. Electron. 28(2017) 17908-17916. 

[31] P.M. Kharade, S.G. Chavan, D.J. Salunkhe, P.B. Joshi, S.M. Mane, S.B. Kulkarni, J. 

Mater. Res. Bull. 52 (2014) 37–41. 

[32] H. Bigdeli, M. Moradi, S. Hajati, M.A. Kiani, J. Toth, , Physica E: Low-dimensional 

Systems and Nanostructures, 94(2017)158-166.   

[33] P. M. Kharade, S.B Kulkarni, D. J. Salunkhe, Chinese J. Phy, 55 (2017) 1684-1689. 

 

 

 

 

 

 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

11 

 

 Figure Captions: 

Fig.1(a) XRD spectrum of Co3O4 electrode;  

Fig.2(A-B) SEM image of Co3O4 electrode at magnifications of 10kX and 300kX, 

respectively. 

Fig.3 :(a) SAED pattern of Co3O4 electrode and (b) TEM image of Co3O4 electrode. 

Fig.4:(A) CV of Co3O4 electrode at scan rate of 5, 10 and 20 mV.s-1
; (B) GCD study of Co3O4 

electrode at 5 mA.cm-2. 

Fig.5. EIS study of Co3O4 electrode. 
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Figure: 

 

Fig. 1. XRD spectrum of Co3O4 electrode 

 

 

Fig.2(A-B) SEM image of Co3O4 electrode at magnifications of 10kX and 300kX, 

respectively. 
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Fig: 3 SAED pattern and TEM image of Co3O4 electrode. 

 

 

 

Fig. 4.  (A) CV of Co3O4 electrode at scan rate of 5, 10 and 20 mV.s-1
; (B) GCD study of 

Co3O4 electrode at 5 mA.cm-2
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Fig. 5. EIS study of Co3O4 electrode. 
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Research highlights: 

� Galvanostatic mode of electrodeposition is one of the best techniques to deposit 

Co3O4 electrode. 

� Porous nanostructure with nanoflakes. 

� Hydrophilic Co3O4 electrode feasible for supercapacitor. 

� Good reversibility of Co3O4 electrode. 
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