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Abstract
In this study, eleven new compounds with a series of benzimidazole-1,3,4-oxadiazole derivatives structures were
synthesized and evaluated for their human (h) carbonic anhydrase inhibitory activities against two isoforms hCA I, hCA II,
and antioxidant activity. The synthesized compounds were fully characterized by spectral analysis methods such as 1H-
NMR, 13C-NMR, and HRMS. Compared to acetazolamide (IC50= 2.26 µM) for hCA I, the most potent compound 4a was
with the IC50 value of 1.322 µM and compound 4d is the other molecule with a greater IC50 value (IC50= 1.989 µM) than
that of acetazolamide in these series. Among all the compounds, 4a (1.826 µM), 4d (1.502 µM), and 4g (1.886 µM) are the
most active hybrids against carbonic hCA II. Considering that compound 4a containing 4-bromophenyl structure is effective
on both hCA I and hCA II, it can be considered as a promising structure for the development of effective candidates with
potent CA inhibitory activities. TAS assay was used to evaluate the antioxidant activities of synthesized compounds. The
synthesized compound was analyzed for their in vitro cytotoxic activity on the L929 cell line by using MTT assay. In the last
step of this study, molecular docking studies were performed in order to compare the biological activities of the most active
molecules against the enzymes of hCAI and hCA II.
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Introduction

The benzimidazole skeleton is formed by the fusion of a
benzene ring at the 4,5-positions of an imidazole ring. Since
a fast proton exchange between the -NH- and =N- atoms,
two tautomers can be shown for the benzimidazole mole-
cule. Another consequence of this exchange is that this
framework contains acidic and basic nitrogen atoms [1].
There is a great interest in compounds bearing benzimida-
zole ring due to their diverse biological activities: anti-
inflammatory [2], antihelmintic [3, 4], anticancer [5], anti-
protozoal [6], antihistaminic [7], proton pump inhibitory
[8, 9], antiviral [10], antimalarial [11], anti-HIV [12], and
anticoagulant [13].

Oxadiazole scaffold is a five-membered heterocyclic ring
bearing two nitrogen atoms and one oxygen atom. There are
some isomeric forms of oxadiazole: 1,2,3-oxadiazole, 1,2,4-
oxadiazole, 1,2,5-oxadiazole, and 1,3,4-oxadiazole. Of
these, 1,2,3-isomer is unstable because it is converted to the
diazoketone tautomer [14–16]. Oxadiazole derivatives have
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been shown to have notable biological activity and the most
promising structures are compounds with 1,3,4-oxadiazole
ring. It influences the physicochemical and pharmacokinetic
properties of the compounds. Furthermore, 1,3,4-oxadiazole
derivatives have better metabolic stability, water solubility,
and lower lipophilicity than other isomeric oxadiazoles.
1,3,4-Oxadiazole ring behaves as bioisosteres of carbonyl
compounds, for example, esters, amides, and carbamates. It
is an essential moiety of the pharmacophore and capable of
binding with the ligand. Sometimes, it is a straight aromatic
linker that maintains the proper orientation of the molecule
[17]. Nitrofuran derivative antibacterial furamizole, antiviral
raltegravir, anti-arrhythmic nesapidil, and anticancer zibo-
tentan are examples of commercially available drugs with
1,3,4-oxadiazole scaffold [18]. Additionally, compounds
bearing 1,3,4-oxadiazole ring have been exhibited a lot of
therapeutic activities such as antibacterial [19, 20], antic-
onvulsant [21], antitumor [22, 23], anti-tubercular [24, 25],
antiviral [26], antioxidant [27], anti-inflammatory [28].

The carbonic anhydrase enzymes (CAs, EC 4.2.1.1) are a
member of the zinc-containing metalloenzyme family,
which alternately catalyze the conversion of carbon dioxide
and water to bicarbonate and a proton [29, 30]. CAs, one of
the most powerful enzymes in nature, were collected in
eight different classes and sixteen isoforms [31–34]. These
isoforms differentiate tissue expression patterns, functions,
and kinetic properties [31, 32]. Some of them are cytosolic
(CA I, CA II, CA III, CA VII, and CA XIII), some of them
are membrane-bound isozymes (CA IV, CA IX, CA XII,
CA XIV, and CA XV). Two of them are mitochondrial (CA

VA and CA VB), and only one (CA VI) is secreted [35–38].
CAs play a pivotal role in many biochemical processes, for
example, electrolyte, secretions, bone resorption, pH
arrangement, calcification, respiration, lipogenesis, gluco-
neogenesis, and ureagenesis [36–40]. Some drugs which
inhibit CA isozymes are used for the treatment of epilepsy,
glaucoma, obesity, and cancer. Of these, the diuretic drugs
primarily target CA II, CA IV, CA XII, and CA XIV
[41, 42], while the anti-glaucoma drugs target CA II, CA
IV, and CA XII [43, 44]. The target of the anti-epileptic
drug is CA VII and CA XIV [45–47]. Furthermore, over-
expression of hCA I isoform is connected with cerebral/
retinaledema; hCA II isoform is associated with edema,
glaucoma, altitude sickness and epilepsy [48, 49]. It is
remarkable that ubiquitous hCA-I and II are the main off-
target isoforms because these are involved in many phy-
siological and biochemical processes. Due to the key role of
this enzyme in several diseases, its inhibition is considered
therapeutically important [50]. For this reason, the devel-
opment of selective CA inhibitor compounds is urgently
needed. Acetazolamide, methazolamide and ethoxzolamide
are clinically important CA inhibitors (Fig. 1).

Numerous sulfonamides inhibit all CA isoforms non-
specifically, causing undesired side effects and reducing
drug effectiveness owing to off-target inhibition. Further-
more, due to sulfa allergy, a substantial percentage of the
general population cannot be treated with sulfonamides;
consequently, non-sulfonamide-based CAIs must be
developed. In the literature, there are many studies exam-
ining hCA activity on compounds containing benzimidazole
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Fig. 1 General structure of
acetazolamide, methazolamide
and ethoxolamide and
synthesized compounds
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structure. Therefore, in this study, benzimidazole and oxa-
diazole structures, which are two active structures, were
combined and their effects on carbonic anhydrase enzyme
were investigated [51–53].

In the current work, novel benzimidazole-1,3,4-oxadia-
zole hybrids bearing a benzene ring with various sub-
stituents were designed, synthesized, and investigated their
inhibitory properties against hCA I and hCA II isoenzymes.
The molecular docking studies of all compounds were
performed on both hCA I and hCA II for protein-ligand
interaction evaluations. Cytotoxicity of these synthesized
compounds 4a-4k was determined using a healthy
mouse fibroblast cell line (L929). Furthermore, these com-
pounds were also analyzed for their antioxidant capacity by
TAS activity.

Results and discussion

Chemistry

The target molecules were synthesized via multiple steps as
depicted in Scheme 1. The 4-(5,6-dimethyl-1H-benzimida-
zol-2-yl)benzoic acid methyl ester (1) was synthesized
according to the reported literature procedure [54]. Com-
pound 1 was treated with an excess of hydrazine hydrate in
ethanol to obtain 2-(5,6-dimethylphenyl)-1H-benzimida-
zole-6-carbohydrazide derivatives (2). In the next step, the
obtained compound 2 undergoes cyclization via a reaction
with carbon disulfide and NaOH in ethanol, producing
compound 3. Finally, the reaction of compound 3 and the
substituted 2-bromoacetophenone in acetone in the presence
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Scheme 1 General procedure for synthesis of the final compounds 4a-4k
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of K2CO3 gave the products 4a-4k [54].The structures of
the target compounds were confirmed via 1H-NMR, 13C-
NMR, and HRMS spectroscopy.

In vitro hCA activity

The newly synthesized benzimidazole-1,3,4-oxadiazole
hybrids, 4a-4k, were investigated to their ability two phy-
siologically relevant hCA isozymes, hCA I and hCA II
(Table 1). Commercially hCA inhibitor acetazolamide
(AAZ) was used as a reference agent.

The IC50 values of compounds against hCA I isoform
were calculated in the range of 1.322 and 3.895 µM.
Compared to AAZ (IC50= 2.26 µM), the most potent
compound was 4a with the IC50 value of 1.322 µM, and
compound 4d is the other molecule with a greater IC50

value (IC50= 1.989 µM) than that of AAZ in compounds
4a-4k. The activity results pointed out that no compound in
these series had more effective on hCA II than AAZ
(IC50= 1.17 µM), and their IC50 values changed from 1.502
to 3.649 µM. Compounds 4a-4k exhibited non-competitive
inhibition on hCA I and hCA II. Obtained results indicated
that the inhibitory effects of three derivatives (4a, 4e, and
4j) were more significant on hCA I than hCA II, whereas
4b, 4d, 4f-4i and 4k showed more activity on hCA II than
hCA I. The enzyme inhibitory activity of compound 4c,
which is a 4-cyano derivative, was fairly close on hCA I and
hCA II isoforms and IC50 values of compound 4c were
2.309 and 2.283 µM on hCA I and hCA II, respectively.

Compounds 4a-4k showed Ki values varying from
1.056 µM to 3.088 µM on hCA I and compounds 4a, 4b,
4d, 4j, and 4k had lower Ki constants ranging between
1.056 µM and 1.544 µM than AAZ (Ki= 1.63 µM). The
lowest Ki constant belonged to compound 4a

(Ki= 1.056 µM). The Ki constants of 4a-4k compounds
were between 1.154 µM and 2.769 µM on hCA II isozyme,
and their inhibitory properties were not higher than that of
AAZ (Ki= 0.812 µM).

Comparing compound 4d with 4e, the higher activity of
the 4d may be possible due to the presence of chloro group
at third position of phenyl ring. Compound 4g exerted a
stronger inhibition on hCA II enzyme than other com-
pounds in the series, which is possibly due to the presence
of fluoro group at para position of the phenyl ring. The
presence of CH3 or OCH3 groups on the benzene ring of
compounds 4b and 4h significantly reduced the activity.

Antioxidant activity

TAS

The total antioxidant capacity values greater than or equal to
1.0mmol Trolox Equiv./L are considered as high and desired
levels. Total antioxidant capacity values of the compounds
between 4a-4k were found low which is shown in Table 2.
Although compounds 4e and 4f show partially high antioxidant
capacity values, these amounts are not at the desired level.

Cytotoxicity assay

Cytotoxicity Effect of compounds 4a-4k was evaluated
against the L929 cell line. For preliminary screening,
cytotoxic bioactivity of synthesized compounds was eval-
uated in vitro against the L929 cell line with the MTT assay.
To evaluate the cytotoxic potency of target compounds, the
fibroblast cells were treated with the compounds at 100 μM
constant concentration. Cell viability percentages were
calculated after the treatment of cells for 48 h. Preliminary

Table 1 The IC50 and Ki values (µM) of the compounds 4a-4k on hCA I and hCA II isoforms

Compound hCA I Inhibition hCA II Inhibition

IC50 (µM) Ki (µM) Type of inhibition IC50 (µM) Ki (µM) Type of inhibition

4a 1.322 1.056 ± 0.07 Noncompetitive 1.826 1.385 ± 0.05 Noncompetitive

4b 2.812 1.375 ± 0.02 Noncompetitive 2.507 1.415 ± 0.0 Noncompetitive

4c 2.309 1.969 ± 0.021 Noncompetitive 2.283 1.692 ± 0.069 Noncompetitive

4d 1.989 1.544 ± 0.014 Noncompetitive 1.502 1.154 ± 0.022 Noncompetitive

4e 3.0999 2.435 ± 0.011 Noncompetitive 3.235 2.46 ± 0.12 Noncompetitive

4f 3.578 2.844 ± 0.017 Noncompetitive 2.612 2.60 ± 0.11 Noncompetitive

4g 2.953 2.356 ± 0.009 Noncompetitive 1.886 1.385 ± 0.06 Noncompetitive

4h 3.895 3.088 ± 0.018 Noncompetitive 3.649 2.769 ± 0.14 Noncompetitive

4i 2.439 1.950 ± 0.05 Noncompetitive 1.981 1.462 ± 0.006 Noncompetitive

4j 2.336 1.431 ± 0.01 Noncompetitive 2.885 1.46 ± 0.0 Noncompetitive

4k 2.333 1.427 ± 0.0 Noncompetitive 1.935 1.187 ± 0.01 Noncompetitive

Asetazolamide 2.26 1.63 ± 0.011 Noncompetitive 1.17 0.812 ± 0.01 Noncompetitive

Important results are highlighted in bold
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cytotoxic effect results of compounds 4a-4k against L929
fibroblast are presented in Table 3. As a result of the
maximum dose applied, all compounds except compounds
4a, 4b, and 4c showed 70% and more viability. However,
compounds 4b and 4c showed an IC50 value above 100 µM,
but cell viability decreased to 64% and 59.5%, respectively
at the maximum dose.

Molecular docking

In silico molecular docking studies are a useful method to
explain the interaction between designed compounds and
target proteins [55, 56]. First, self-docking was performed
with acetazolamide, which is a cocrystal ligand in both hCA
I (PDB ID: 3W6H) and hCA II (PDB ID: 4G0C), to validate
the docking study. The RMSD for hCA I and hCA II
between docked acetazolamide and natural acetazolamide
were measured as 1.357 Å and 0.167 Å, respectively. After

docking validation, compounds 4a-4k were docked with
hCA I and hCA II and Glide SP ligand docking with the
same method, and their interaction energies were calculated.
Glide gscore and emodel interaction energies of the com-
pounds with hCA I and hCA II were given in Table 4.
While the compounds gave interaction energies between
−3.928 kcal/mol and −5.140 kcal/mol against hCA I, and
−2.899 kcal/mol and −4.159 kcal/mol against hCA II, glide
emodel energies were close to each other. The Glide
docking score of the compounds in in vitro experiments
showed that the interaction with hCA I was higher than with
hCA II. In vitro experiments revealed the binding pose and
protein-ligand interactions of compounds 4a and 4d, which
showed the highest inhibitory activity against hCA I. As
given in Fig. 2, compound 4a; hydrophobic interactions
with Leu131, Ala132, Ala134, Phe91, Leu141, Tyr204,

Table 3 Cell Viability (%) of L929 fibroblast cell line against
compounds for 48 h

Comp. 48 h Viability %

4a 37.6 ± 3.05

4b 64 ± 4.06

4c 59.5 ± 3

4d 87.1 ± 5.13

4e 77.6 ± 3.68

4f 75.7 ± 4.77

4g 74.8 ± 2.41

4h 71.4 ± 9.52

4i 72.7 ± 2.76

4j 72.1 ± 1.76

4k 76.9 ± 4.48

Control 100 ± 1.84

Important results are highlighted in bold

Table 2 mmol Trolox Equiv./L for each compound

Comp. mmol Trolox equiv./L

4a 0.057 ± 0.013

4b 0.162 ± 0.024

4c 0.229 ± 0.042

4d 0.297 ± 0.011

4e 0.642 ± 0.037

4f 0.519 ± 0.058

4g 0.171 ± 0.038

4h 0.209 ± 0.053

4i 0.208 ± 0.072

4j 0.304 ± 0.029

4k 0.288 ± 0.081

Vitamin E 1.000 ± 0.063

Important results are highlighted in bold

Table 4 Molecular docking
interaction energies of
compounds 4a-4k with carbonic
anhydrase I (hCA I) and II
(hCA II)

hCA I hCA II

Compounds glide gscore glide emodel glide gscore glide emodel

4a −4.496 −44.759 −3.694 −61.462

4b −4.613 −58.281 −3.264 −53.672

4c −4.561 −64.284 −3.998 −60.343

4d −4.472 −50.003 −3.554 −49.050

4e −4.642 −42.637 −4.159 −53.893

4f −4.764 −48.623 −3.381 −52.197

4g −5.137 −53.895 −3.855 −49.160

4h −3.928 −53.311 −3.342 −49.779

4i −4.953 −61.911 −3.723 −51.241

4j −5.140 −63.116 −2.899 −54.521

4k −4.642 −64.725 −3.852 −54.066

Acetazolamide −7.893 −70.685 −7.097 −67.269
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Pro202, Leu198, Val62, Ile60; polar interactions with
Gln92, His200, His67, Asn61, positively charged interac-
tions with Lys170; and Pi-Pi stacking interactions with
His67. Compound 4d; metallic interaction with Zn2+;
halogen bond with Arg173; hydrophobic interactions with
Trp5, Ile60, Val62, Leu198, Ala121, Phe91, Leu141,
Val143, Trp209, Val207; polar interactions with Gln92,
His94, Hie119, His200, His67, His64; It created positively
charged interactions with Arg173 and Lys170. The com-
pounds do not interact directly with Zn2+ in the structure of
the metalloenzymes hCA I and hCA II.

Conclusion

We have described the design, synthesis, and inhibitory
properties towards carbonic anhydrase isoenzymes (hCA
I and hCA II) compared to acetazolamide (AAZ). The
synthesized compounds are benzimidazole-1,3,4-oxadia-
zole hybrid molecules and they are not sulfonamide
derivatives as many compounds that show hCA inhibi-
tory activity carries a sulfonamide group in their struc-
ture. 4-Bromo analog compound 4a exhibited significant
inhibitory activity on hCA I isoenzyme. Conversely,
compounds 4a-4k did not show more inhibitory activity
than AAZ on hCA II isoenzyme. The lead compound of

the series was compound 4a in terms of IC50 and Ki

values and this compound may be served as a model
compound to design new hCA inhibitory molecules for
further studies. Furthermore, the antioxidant activity
evaluation in vitro of the synthesized compounds was
performed by the method of TAS. As a result, the highly
active compound 4e, namely 2-((5-(4-(5,6-dimethyl-1H-
benzimidazole-2-yl)-phenyl)-1,3,4-oxadiazole-2-yl)thio)-
1-(4-chlorophenyl)-ethan-1-one was found to be the
most efficient candidate among all compounds. But it is
not at the desired level. Healthy mouse fibroblast cells
(L929) were used to measure the cytotoxicity of the
compounds. Compound 4d, which stands out with its
activity, was found to have the highest cell viability
among the compounds.

Material and methods

Whole chemicals employed in the synthetic procedure were
purchased from Sigma-Aldrich Chemicals (Sigma-Aldrich
Corp., St. Louis, MO, USA) or Merck Chemicals (Merck
KGaA, Darmstadt, Germany). Melting points of the
obtained compounds were determined by the MP90 digital
melting point apparatus (Mettler Toledo, OH, USA) and
were uncorrected. 1H-NMR and 13C-NMR spectra of the

Fig. 2 Binding poses and protein-ligand interaction diagrams of most active two compounds 4a and 4d against human carbonic anhydrase I (PDB
ID: 3W6H)
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synthesized compounds were registered by a Bruker
300MHz and 75MHz digital FT-NMR spectrometer
(Bruker Bioscience, Billerica, MA, USA) in DMSO-d6,
respectively. Splitting patterns were designated as
follows: s: singlet; d: doublet; t: triplet; m: multiplet in the
NMR spectra. Coupling constants (J) were reported as
Hertz. M+ 1 peaks were determined by Shimadzu LC/
MSMS system (Shimadzu, Tokyo, Japan). All reactions
were monitored by thin-layer chromatography (TLC) using
Silica Gel 60 F254 TLC plates (Merck KGaA, Darmstadt,
Germany).

Chemistry

Synthesis of sodium metabisulfite salt of benzaldehyde
derivative

Methyl 4-formyl benzoate (5 g, 0.03 mol) was dissolved in
ethanol. Sodium metabisulfite (6.84 g, 0.036 mol) in ethanol
dropped dropwise into the benzaldehyde solution. After the
dripping was completed, the reaction contents were stirred
at room temperature for 1 h. The precipitated product was
filtered off.

Synthesis of 4-(5,6-Dimethyl-1H-benzimidazol-2-yl)benzoic
acid methyl ester (1)

4,5-dimethylbenzene 1,2-diamine (3 g, 0.022 mol) was
dissolved in DMF, and sodium metabisulfite salt of
benzaldehyde derivative (7.09 g, 0.026 mol) was added.
At the end of the reaction, the product was precipitated
by pouring the reaction contents into ice water. The
precipitated product was filtered off and crystallized
from ethanol.

Synthesis of 2-(5,6-Dimethylphenyl)-1H-benzimidazole-6-
carbohydrazide derivatives (2)

Compound 2 (0.018 mol) and excess of hydrazine hydrate
(5 mL) were placed in the same vial and ethanol (15 mL)
was added. The mixture was refluxed for 12 h. When the
reaction was completed, the mixture was poured into iced
water, the product was filtered.

Synthesis of 5-[4-(5,6-Dimethyl-1H-benzimidazol)-2-yl)
phenyl)-1,3,4-oxadiazole-2-thiol (3)

The hydrazide derivative compound (2) in ethanol was
refluxed with NaOH and carbon disulfide for 5–6 h. After
completion of the reaction, the solution was acidified with
HCl 37%, the precipitate was filtered, washed with water,
dried, and then recrystallized from ethanol.

Synthesis of 2-((5-(4-(5,6-Dimethyl-1H-benzimidazole-2-yl)-
phenyl)-1,3,4-oxadiazole-2-yl)thio)-1-(substitutedphenyl)-
ethan-1-one (4a-4k)

A solution of 5-[4-(5,6-dimethyl-1H-benzimidazol)-2-yl)
phenyl)-1,3,4-oxadiazole-2-thiol (3) (0.001 mol) in acetone
(10 ml), an appropriate substituted 2-bromoacetophenone
derivative (0.001 mol) and potassium carbonate (0.138 g,
0.001 mol) were refluxed at 40 oC for 12 h. The solvent was
evaporated, the residue was washed with water, dried, and
recrystallized from ethanol.

2-((5-(4-(5,6-Dimethyl-1H-benzimidazole-2-yl)-phe-
nyl)-1,3,4-oxadiazole-2-yl)thio)-1-(4-bromophenyl)-
ethan-1-one (4a):

Yield: 74%. M.p. 250.3 °C. 1H-NMR (300MHz,
DMSO-d6): δ= 2.42 (6H, s, -CH3), 5.61 (2H, s, -CH2), 7.66
(1H, s, Aromatic C-H), 7.71–7.75 (4H, m, Aromatic C-H),
7.97–8.01 (4H, m, Aromatic C-H), 8.39–8.40 (1H, m,
Aromatic CH). 13C-NMR (75MHz, DMSO-d6): δ(ppm):
21.61, 55.07, 116.79, 119.28, 122.04, 122.61, 122.86,
126.14, 128.11, 129.51, 131.29, 131.71, 133.20, 133.99,
136.11, 140.16, 141.62, 146.09, 155.02, 157.62, 166.14.
[M+H]+ calcd for C25H19N4O2SBr: 519.0477; found:
519.0485.

2-((5-(4-(5,6-Dimethyl-1H-benzimidazole-2-yl)-phe-
nyl)-1,3,4-oxadiazole-2-yl)thio)-1-(p-tolyl)-ethan-1-one
(4b):

Yield: 76%. M.p. 303.2 °C. 1H-NMR (300MHz,
DMSO-d6): δ= 2.40 (9H, s, −CH3), 5.20 (2H, s, -CH2),
7.60–7.62 (3H, m, Aromatic C-H), 8.14–8.17 (3H, m,
Aromatic C-H), 8.40–8.43 (4H, m, Aromatic C-H).
13C-NMR (75MHz, DMSO-d6): δ(ppm): 21.24, 22.86,
57.15, 100.35, 112.97, 113.99, 115.27, 115.78, 118.12,
121.68, 126.31, 127.09, 127.96, 128.81, 130.16, 131.17,
132.87, 136.30, 139.49, 146.89, 164.33. [M+H]+ calcd for
C26H22N4O2S: 455.1520; found: 455.1536.

2-((5-(4-(5,6-Dimethyl-1H-benzimidazole-2-yl)-phe-
nyl)-1,3,4-oxadiazole-2-yl)thio)-1-(4-cyanophenyl)-
ethan-1-one (4c):

Yield: 77%. M.p. 308.5 °C. 1H-NMR (300MHz,
DMSO-d6): δ= 2.42 (6H, s, -CH3), 5.27 (2H, s, -CH2), 7.65
(2H, s, Aromatic C-H), 8.08–8.10 (2H, m, Aromatic C-H),
8.19–8.25 (2H, m, Aromatic C-H), 8.37–8.38 (2H, s, Aro-
matic C-H), 8.41–8.43 (2H, s, Aromatic C-H), 9.50 (1H, s,
Benzimidazole -NH). 13C-NMR (75MHz, DMSO-d6):
δ(ppm): 21.31, 55.75, 113.29, 115.15, 124.22, 126.25,
127.32, 128.68, 130.24, 130.86, 132.77, 133.50, 134.85,
136.61, 139.05, 140.19, 152.25, 156.66, 162.04. [M+H]+

calcd for C26H19N5O2S: 466.1322; found: 466.1332.
2-((5-(4-(5,6-Dimethyl-1H-benzimidazole-2-yl)-phe-

nyl)-1,3,4-oxadiazole-2-yl)thio)-1-(3,4-dichlorophenyl)-
ethan-1-one (4d):
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Yield: 71%. M.p. 307.9 °C. 1H-NMR (300MHz,
DMSO-d6): δ= 2.41 (6H, s, -CH3), 5.23 (2H, s, -CH2), 7.65
(3H, s, Aromatic C-H), 8.17–8.20 (1H, m, Aromatic C-H),
8.34–8.37 (3H, m, Aromatic C-H), 8.42–8.47 (2H, m,
Aroamtic C-H). 13C-NMR (75MHz, DMSO-d6): δ(ppm):
21.23, 56.52, 113.03, 113.53, 114.30, 115.20, 115.38,
119.19, 120.30, 125.34, 127.11, 128.15, 129.42, 130.27,
130.74, 130.83, 136.66, 137.27, 146.85, 154.07, 157.22,
161.42. [M+H]+ calcd for C25H18N4O2SCl2: 509.0605;
found: 509.0600.

2-((5-(4-(5,6-Dimethyl-1H-benzimidazole-2-yl)-phe-
nyl)-1,3,4-oxadiazole-2-yl)thio)-1-(4-chlorophenyl)-
ethan-1-one (4e):

Yield: 77 %. M.p. 301.4 °C. 1H-NMR (300MHz,
DMSO-d6): δ= 2.43 (6H, -CH3), 5.24 (2H, s, -CH2),
7.65–7.66 (3H, m, Aromatic C-H), 7.68–7.71 (1H, m,
Aromatic C-H), 8.11 (1H, d, J= 8.64 Hz, Aromatic CH),
8.23 (1H, d, J= 8.55 Hz, Aromatic CH), 8.30 (1H, d,
J= 8.73 Hz, Aromatic CH), 8.40–8.42 (3H, m, Aromatic
CH). 13C-NMR (75MHz, DMSO-d6): δ(ppm): 21.09,
55.90, 107.85, 109.51, 113.67, 115.23, 116.14, 118.28,
120.01, 122.81, 124.03, 125.93, 127.71, 128.42, 131.23,
136.74, 139.96, 142.14, 146.40, 165.62. [M+H]+ calcd for
C25H19N4O2SCl: 475.1002; found: 475.0990.

2-((5-(4-(5,6-Dimethyl-1H-benzimidazole-2-yl)-phe-
nyl)-1,3,4-oxadiazole-2-yl)thio)-1-(phenyl)-ethan-1-one
(4f):

Yield: 69%. M.p. 313.7 °C. 1H-NMR (300MHz,
DMSO-d6): δ= 2.41 (6H, s, -CH3), 5.25 (2H, s, -CH2),
7.63–7.65 (3H, m, Aromatic C-H), 8.18 (2H, d,
J= 8.13 Hz, Aromatic C-H), 8.34 (1H, s, Aromatic C-H),
8.37 (2H, m, Aromatic C-H), 8.41–8.43 (2H, m, Aromatic
C-H), 8.46 (1H, s, Aromatic C-H), 9.50 (1H, s, Benzimi-
dazole -NH). 13C-NMR (75MHz, DMSO-d6): δ(ppm):
20.43, 54.03, 114.07, 114.93, 126.25, 126.64, 127.04,
127.52, 128.19, 129.05, 129.17, 130.90, 134.51, 136.53,
138.60, 139.36, 146.68, 146.81, 155.61, 163.26. [M+
H]+ calcd for C25H20N4O2S: 441.1394; found: 441.1380.

2-((5-(4-(5,6-Dimethyl-1H-benzimidazole-2-yl)-phe-
nyl)-1,3,4-oxadiazole-2-yl)thio)-1-(4-fluorophenyl)-
ethan-1-one (4g):

Yield: 66%. M.p. 320.3 °C. 1H-NMR (300MHz,
DMSO-d6): δ= 2.41 (6H, s, -CH3), 5.24 (2H, s, -CH2),
7.62–7.64 (2H, m, Aromatic C-H), 8.17 (2H, d,
J= 8.28 Hz, Aromatic C-H), 8.32–8.37 (3H, m, Aromatic
C-H), 8.41 (2H, d, J= 7.53 Hz, Aromatic C-H), 8.45 (1H, s,
Aromatic C-H). 13C-NMR (75MHz, DMSO-d6): δ(ppm):
21.27, 52.96, 112.90, 115.09, 115.26, 126.23, 126.39,
126.95, 127.22, 127.69, 127.90, 128.52, 129.21, 130.11,
130.67, 130.76, 136.65, 144.68, 146.39, 162.17. [M+H]+

calcd for C25H19N4O2FS: 459.1278; found: 459.1286.

2-((5-(4-(5,6-Dimethyl-1H-benzimidazole-2-yl)-phe-
nyl)-1,3,4-oxadiazole-2-yl)thio)-1-(4-methoxyphenyl)-
ethan-1-one (4h):

Yield: 70%. M.p. 313.2 °C. 1H-NMR (300MHz,
DMSO-d6): δ= 2.40 (6H, s, -CH3), 3.87 (3H, s, -OCH3),
5.18 (2H, s, -CH2-), 7.60–7.61 (4H, m, Aromatic C-H), 8.15
(2H, d, J= 8.58 Hz, Aromatic C-H), 8.31-8.44 (4H, m,
Aromatic C-H). 13C-NMR (75MHz, DMSO-d6): δ(ppm):
21.24, 55.90, 57.67, 113.10, 114.48, 115.22, 118.46,
120.02, 121.88, 126.33, 127.14, 127.82, 127.99, 128.50,
130.03, 130.43, 131.45, 131.55, 136.17, 146.81, 168.42.
[M+H]+ calcd for C26H22N4O3S: 471.1491; found:
471.1485.

2-((5-(4-(5,6-Dimethyl-1H-benzimidazole-2-yl)-phe-
nyl)-1,3,4-oxadiazole-2-yl)thio)-1-(4-nitrophenyl)-ethan-
1-one (4i):

Yield: 70%. M.p. 308.9 °C. 1H-NMR (300MHz,
DMSO-d6): δ= 2.40 (6H, s, -CH3), 5.31 (2H, s, -CH2), 7.60
(2H, s, Aromatic C-H), 8.16–8.17 (4H, m, Aromatic C-H),
8.36–8.39 (4H, m, Aromatic C-H). 13C-NMR (75MHz,
DMSO-d6): δ(ppm): 21.24, 54.28, 112.99, 113.22, 115.16,
115.30, 126.14, 126.32, 126.92, 127.53, 127.90, 128.62,
130.11, 131.09, 131.19, 132.73, 134.75, 136.43, 146.77,
164.80. M+H]+ calcd for C25H19N5O4S: 486.1285; found:
486.1231.

2-((5-(4-(5,6-Dimethyl-1H-benzimidazole-2-yl)-phe-
nyl)-1,3,4-oxadiazole-2-yl)thio)-1,1’-biphenyl-ethan-1-
one (4j):

Yield: 72%. M.p. 311.5 °C. 1H-NMR (300MHz,
DMSO-d6): δ= 2.41 (6H, s, -CH3), 5.27 (2H, s, -CH2), 7.62
(3H, s, Aromatic C-H), 7.75–7.78 (3H, m, Aromatic CH),
7.94–7.97 (3H, m, Aromatic CH), 8.18–8.21 (3H, m, Aro-
matic CH), 8.36–8.38 (3H, m, Aromatic CH). 13C-NMR
(75MHz, DMSO-d6): δ(ppm): 21.31, 57.35, 108.55,
113.25, 114.50, 115.44, 117.49, 119.28, 121.25, 126.45,
127.90, 128.69, 130.09, 131.40, 136.30, 136.53, 139.29,
140.15, 143.83, 146.92, 148.68, 168.63, 169.26, 178.40.
[M+H]+ calcd for C31H24N4O2S: 517.1690; found:
517.1693.

2-((5-(4-(5,6-Dimethyl-1H-benzimidazole-2-yl)-phe-
nyl)-1,3,4-oxadiazole-2-yl)thio)-1-(2,4-dichlorophenyl)-
ethan-1-one (4k):

Yield: 77%. M.p. 312.9 °C. 1H-NMR (300MHz, DMSO-
d6): δ= 2.42 (6H, s, -CH3), 5.25 (2H, s, -CH2), 7.66 (3H, s,
Aromatic C-H), 8.17-8.22 (1H, m, Aromatic C-H), 8.35–8.43
(5H, m, Aromatic C-H). 13C-NMR (75MHz, DMSO-d6):
δ(ppm): 21.26, 55.38, 113.27, 114.39, 115.22, 118.33,
120.54, 122.67, 123.75, 126.23, 127.15, 128.16, 129.05,
129.48, 130.36, 130.76, 132.69, 136.71, 139.22, 146.88,
152.57, 157.24. [M+H]+ calcd for C25H18N4O2SCl2:
509.0612; found: 509.0600.
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hCA inhibition assay

Purification of hCA I and hCA II by affinity chromatography

Fresh human blood was obtained from the blood center,
Ataturk University. The blood samples were centrifuged
to separate erythrocytes at 2500 rpm for 15 min and
plasma and buffy coat were removed carefully. 0.9%
NaCl solution was used to wash underlying erythrocytes
and upper portions were also discarded. The erythrocytes
were hemolyzed with distilled water at 0 °C, following it
was stirred for half an hour at 4 °C. The hemolysate was
centrifuged at 20000 rpm for 30 min. Then, cell mem-
branes were separated. pH was adjusted to 8.8 by using
solid Tris. The hemolysate was recovered to be applied to
the column [57, 58].

The affinity gel was prepared on Sepharose-4B matrix.
Sepharose-4B was activated with CNBr, L-tyrosine was
covalently fitted. Sulfanilamide was coupled to tyrosine
with diazotization reaction as a ligand. The hemolysate was
applied to the prepared Sepharose-4B-L-tyrosine-sulfanila-
mide affinity column equilibrated with 25 mM Tris-HCl/
0.1 M Na2SO4 (pH 8.7). The affinity gel was washed by
using of 25 mM Tris-HCl/22 mM Na2SO4 (pH 8.7). The
human CA isozymes (hCA I and hCA II) were eluted with
1M NaCl/25 mM Na2HPO4 (pH 6.3) and 0.1 M
CH3COONa/0.5 M NaClO4 (pH 5.6), respectively. All
procedures were carried out at 4 °C [59].

Hydratase activity

CA activity was stated using the Wilbur-Anderson
Method which was modified by Rickli et al. [59, 60].
This method, as a result hydration of CO2 is released H+

ions and the pH changes were determined by means of
bromothymol blue indicator, based on the measurement
of the elapsed time. Enzyme Unit (EU) was calculated
using the equation (to-tc/tc) where to and tc are the times
for pH change of the nonenzymatic and the enzymatic
reactions, respectively.

Inhibition assay

The inhibitory effects of compounds 4a-4k and AAZ on the
hydratase activity of hCA I and hCA II isoenzymes were
investigated. IC50 values were calculated for the compounds
at different concentrations while maintaining a constant
substrate concentration. The activities of enzymes in the
medium without inhibitors were used as 100% activity. The
activity% values of enzymes were calculated by measuring
the hydratase activity in the presence of different con-
centrations of inhibitors. The IC50 value was calculated by
utilizing graphs of activity%-[I] for each inhibitor [60–62].

Inhibition constants were calculated by the nonlinear least
squares method using the Cheng-Prusoff equation [63–65].

Antioxidant activity

TAS activity

The total antioxidant status (TAS) is determined by a
commercial kit that is manufactured by Rel Assay Diag-
nostics. According to this method, the potential antioxidant
structures in the sample are reduced from the dark blue-
green ABTS radical form to the colorless reduced ABTS
form. The alteration of absorbance at 660 nm is related to
the total antioxidant capacity of the sample. The assay was
calibrated with the reference substance used as the stable
standard antioxidant solution, which is the vitamin E analog
called the Trolox equivalent. TAS measurement was per-
formed according to the kit procedure. After calculating the
difference between absorbance values, the equation given
below is calculated according to Eq. 1 [66].

A2 � A1 ¼ ΔAbs of standart or sample or H2O

Results ¼ ΔAbsH2O� ΔAbs Sample½ �=
¼ ΔAbsH2O� ΔAbs Standart½ �

ð1Þ

Cytotoxicity assay

Cell culture

L929, the fibroblast cell line is purchased from American
Type Culture Collection and grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Gibco, Thermo Fisher
Scientific), supplemented with 10% fetal bovine serum
(FBS; Sigma Aldrich), 1% L‐glutamine (Sigma‐Aldrich),
and 1% penicillin/streptomycin (Sigma‐Aldrich). The
cultured cells were incubated at 37 °C in a humidified
atmosphere containing 5% CO2. All newly synthesized
compounds were dissolved in DMSO, and stock solutions
were diluted with DMEM as the final concentration of
DMSO did not exceed 0.5%.

Cell viability assay

The effect of the compounds between 4a-4k on the viability
of L929 cell line was analyzed by MTT assay. The cells
were seeded at a density of 1 × 104 cells/well and treated
with 100 µM concentrations for each and incubated for 48 h.
Untreated cells were used as control. Following incubation,
the cells were treated with 20 μL of MTT solution (5 mg/mL
in PBS, Sigma) and incubated at 37 °C for 3 h to let the
metabolically active cells reduce MTT dye into formazan
crystals. The formazan crystals were dissolved in DMSO
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(Sigma). The reduction of MTT was quantified by mea-
suring the absorbance at 540 nm with a microplate reader
(Thermo, Germany). Datas were represented as mean ±
standard deviation (± SD).

Molecular docking

All stages of molecular docking studies were carried out
using Schrödinger software Maestro 12.8 version. 3D struc-
tures of target proteins hCA I (PDB ID: 3W6H, Resolution:
2.96 Å) [67] and hCA II (PDB ID: 4G0C, Resolution:
2.00 Å) [68] were obtained from the protein data bank (PDB)
https://www.rcsb.org/. Water and other heteroatoms other
than Zn2+ were removed and target proteins were prepared
with the ‘Protein Preparation Wizard’ default settings. The
3D minimizing structures of the compounds 4a-4k were
prepared with the ‘LigPrep’ module at pH:7 ± 2. The active
site coordinates file for both target proteins hCA I (x: 33.6, y:
−1.33, z: 9.01) and hCA II (x: −4.98, y: 3.81, z: 14.7) were
created as 20*20*20 Å3 with the ‘Receptor Grid Generation’
module based on the cocrystal ligand acetazolamide. To
validate the molecular docking work, re-docking was per-
formed with Glide SP and the cocrystal ligand acet-
azolamide. Then, molecular docking of all compounds with
Glide SP ligand was performed [69].
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