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Novel furan-tethered 1,3,4-thiadiazoles (1-5) were prepared and . O )
characterized by FT-IR, *H NMR, 3C NMR and elemental analysis. o o [ ) pocl, M/ P

Compounds, in general, showed antibacterial effects on selected ™70 OH gpscan Ry O "Br 5 examples
bacteria, including K. pneumoniae, E. faecium, S. epidermidis, S.
macrescens, B. subtilis, E. coli, and S. ke_ntucky. Bes_ides, none qf the ‘ ENZYME INHIBITION
compounds had effects on P. aeruginosa. In vitro antioxidant ANTIOXIDANT ACTIVITY AN?gﬁS{::lAL -AChE

-BChE

activity determination was carried out using the DPPH method, and - DPPH.
results of the synthesized compounds were found to be close to each :

other showing lower antioxidant activity than the standard used (ascorbic acid). In vitro acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE) inhibition of the synthesized compounds was performed using Ellman's spectrophotometry method. The
compounds showed inhibition with ICso values ranging from 27.39 to 45.71 uM for AChE and 13.35 to 115.17 uM for BChE. Among the
synthesized derivatives, compound 2 exhibited the strongest inhibitory effect against both AChE, and BChE.

INTRODUCTION 1,3,4-thiadiazoles have been reported to be

obtained through various synthetic methods such

Thiadiazole is an aromatic five-membered as cyclization of  thiosemicarbazides,*

hetero-ring compound with one sulfur and two thiosemicarbazones,® aldehyde  methylthio
nitrogen atoms. 1,3,4-thiadiazole is one of the (thiocarbonyl) hydrazones® or acylhydrazines.’

four isomeric forms of thiadiazole and is 1,3,4-thiadiazole moieties composed of the

thermally the most stable among these isomers.* azole group have wide applications in
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agricultural,  biological, = medicinal, and
materials chemistry.®1? They have shown a wide
range of activities such as antiviral,
antimicrobial, antioxidant, anti-inflammatory,
antidepressant, antileishmanial, antiproliferative,
analgesic, anticonvulsant, anticancer, and
antitubercular.*®?7

In the recent years, the 1,3,4-thiadiazole
moieties have attracted immense attention
owing to their notable antioxidant
characteristics, such as harm to oxidative stress
in living organisms, increased healthy longevity,
and prevention of DNA oxidation.?2° Therefore,
novel derivatives have been synthesized with
more powerful effects.

Recently, several 1,3,4-thiadiazoles have
been shown to possess antimicrobial activity
against various microorganisms.*15:30.31
However, antibiotic-resistant bacterial strains
revealed the need of syntheses and exploration
of novel, more confident, harmless, and
powerful antimicrobial reagents.®

Alzheimer's disease (AD) is an irreversible
neurological illness that causes an age-related
gradual decline in cognitive abilities,
diminished ability to perform fundamental daily
tasks, and personality characteristic variations.
AD physiopathology is complicated, involving
environmental and genetic variables.*®* The
cholinergic hypothesis, which is the oldest of
the ideas presented, targets acetylcholinesterase
(AChE) and butyrylcholinesterase (BChE).3436
The loss of neurons and axons that occurs with
the development of AD produces a drop in
acetylcholine  (ACh) levels. It becomes
progressively harder to sustain nerve impulse
continuity at low neurotransmitter
concentrations. A vital strategy for increasing
ACh levels is to inhibit the activity of the AChE
and BChE enzymes that degrade ACh. Increase
in ACh levels caused by AChE inhibition have
been proven to ameliorate cognitive impairment
in the early stages of AD.* It is also known that
BChE is closely related to AChE.*” The
structural difference between them is that the
choline subregion of AChE includes much more
aromatic amino acids than that of BChE.*®
AChE activity steadily diminishes while BChE
activity increases with AD, and BChE then
establishes a compensatory mechanism for ACh
metabolism. As a result, the regulation of ACh
may be increasingly under BChE control, and
dual inhibitors may outperform potent effects. 3

Currently, the only cholinesterase inhibitors
utilized in clinical trials for treating AD are
rivastigmine, donepezil, and galantamine.*® In
recent years, 1,3,4-thiadiazole derivatives have
gained considerable attention for their potential
in addressing neurodegenerative disorders,
particularly Alzheimer's disease (AD).%44
Emerging evidence supports the potential of
1,3,4-thiadiazole derivatives as dual inhibitors
of AChE and BChE. For instance, older
synthesized imidazothiadiazole derivatives that
showed significant inhibition of both enzymes,
supported by in vitro data and molecular
docking  studies.**  Similarly, reported
thiadiazole compounds with potent
cholinesterase inhibitory activity, exhibiting
ICs0 values as low as 0.986 pM, highlighting
their promise as AD therapeutics.*> Moreover,
developed sulfonamide-linked thiadiazoles with
dual inhibition properties and neuroprotective
potential.*® These circumstances underscore the
need for effective and novel AChE and BChE
inhibitors to develop new treatments for AD.
Because of the above reasons, the objectives
of the present investigation were (a) to obtain
novel furan-tethered 1,3,4-thiadiazole
derivatives; (b) to elucidate the structures of the
compounds using FTIR, *H NMR, and 3C
NMR spectroscopic methods and elemental
analysis; (c) to assess in vitro antioxidant
(DPPH), antibacterial and cholinesterase
(AChE and BChE) inhibitory properties.

EXPERIMENTAL

Reagents

Chemicals utilized in this study were
procured from Carlo Erba, Aldrich, Acros Organics,
or Merck and used without further purification. The
melting points were determined using an
electrothermal apparatus of the Stuart SMP 30 type.
Elemental analyses were accomplished using
CHNS-932 (LECO). A Bruker Alpha FT-IR
spectrophotometer was used for Fourier transform
infrared (FTIR) spectra with ATR mode. *H NMR
(400 Mhz) and *C NMR (101 Mhz) spectra were
performed on DMSO-ds using a JEOL-ECS
400 MHz spectrometer. Tetramethylsilane was used
as an internal standard.
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Synthesis Procedure

The mixture of 5-bromo-2-furoic acid (3 mmol)
and N-aryl/allyl/alkyl thiosemicarbazide derivatives
(3 mmol) was cooled in a refrigerator and
phosphorus oxychloride (9 mmol) was added
dropwise under stirring. The mixture was refluxed
at 90 °C for 4 h. After the reaction was finished, the
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mixture was allowed to cool to room temperature
before being stirred in ice-cold water and
neutralized with ammonia. After filtering and
washing with water, the precipitated product
crystallized in an appropriate solvent (Acetic acid,
Acetonitrile, Chloroform, DMF, DMSO, THF).
Synthesis of these thiadiazoles was accomplished
using this method* shown in Scheme 1.

Br

Br 4 H Br 5 H

Scheme 1 — Synthesis of furan-tethered 1,3,4-thiadiazole derivatives 1-5

Antioxidant activity assay

For determination of the antioxidant
activity of the synthesised compounds (1-5), we
used the DPPH method previously reported.*647
Briefly, 200 uM stock solutions of the synthesised
compounds were prepared in DMSO. Subsequently,
five different volumes were taken from the stock
solutions (10, 25, 50, 100, and 250 pL) and 3 mL
DPPH stock solution, sufficient ethanol was added
up to a total of 5 mL. The concentrations of the
compounds added to the previously prepared DPPH
solution were used in the range of 0.4-10 uM. The
prepared mixtures were allowed to stand in the dark
for 30 min at room temperature and then read
against a blank at 517 nm. The percentage inhibition
of the antioxidant activity was calculated using the
following equation (1)*:

inhibition (%) = [(Ac-A1) / Ao x 100] (1)

where Ao is the control absorbance (blank, no
compound) and A; is the compound absorbance.
The 1Cso value is a typical measurement used to
assess antioxidant activity. The antiradical activity,
which is known as the 1Cso (mg/mL), is represented
by the guantity of antioxidants necessary to lower
the initial DPPH concentration by 50%.%°

Antibacterial activity testing

Microorganism strains

Antibacterial efficacy of the compounds was
evaluated against five Gram-negative bacteria;
Pseudomonas aeruginosa (DSMZ  50071),
Klebsiella pneumoniae (food isolate), Escherichia
coli (food isolate), Serratia marcescens (clinical
isolate), Salmonella kentucky (food isolate), and
three Gram-positive bacteria; Enterococcus faecium
(food isolate), Bacillus subtilis (DSMZ 1971), and
Staphylococcus epidermidis (DSMZ 20044). All of
the bacteria were from the Microbiology
Laboratory's culture collection at Kastamonu
University's Department of Biology.

Preparation of chemical compounds

To prepare the stock solutions, 24 mg of each
compound were dissolved in 1 mL of dimethyl
sulfoxide (DMSO). Because DMSO damages living
cells, the in-test concentration was established at
1%.%°

Preparation of the inocula

Similar colonies of the bacteria used in the study
were collected using a sterile loop and placed in a
0.9% sterile saline solution after being cultured for
24 hours at 37 °C. The McFarland standard of 0.5
was applied to the turbidities.>!
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Minimum inhibition concentration (MIC) test

MIC test were determined via the broth dilution
technique in accordance with established protocols
reported in prior studies.’® %% In a 96-well plate,
serial 2-fold dilutions were performed, yielding a
concentration range of 0.234 to 120 pg/mL. The
MIC value was determined as the lowest extract
concentration necessary to prevent any discernible
bacterial growth.>* > All assays were carried out in
triplicate, and the results are presented as mean
values.

Minimum bactericidal concentration (MBC) test

The MBC test shows the lowest growth-
inhibiting antimicrobial agent level of the MIC test.
And it also complements the MIC test, in which
MBC shows the lowest level of antimicrobial agents
that cause microbial death under certain conditions.
Subculturing the contents of non-turbid MIC test
wells onto agar plates was used to determine the
MBC values.*

AChE and BChE inhibition assay

Using a modified version of Ellman's
spectrophotometric method, the inhibitory activities
of the compounds against AChE and BChE were
determined.®” Cholinesterase activity tests were
carried out using bovine serum BChE and electric
eel AChE (Type-VI-S, Sigma) enzymes.
Acetylthiocholine iodide and butyrylthiocholine

Table 1

iodide were used as reaction substrates. The
cholinesterase activity was measured using
5,5'-dithio-bis (2-nitrobenzoic) acid (DTNB). The
reaction system was composed of at least five
different concentrations of each thiadiazole
derivative, 200 pL buffer (0.1 M, pH 7.8: Tris-HCI
buffer for the AChE assay, and phosphate buffer for
the BChE assay), 100 uL. DTNB (2 mM), 100 pL
acetylthiocholine iodide/S-butyrylthiocholine
iodide (2 mM), and 5/3 puL of AChE/BChE solution
(0.28 units/mL for the AChE assay and
0.32 units/mL for the BChE assay). After that,
100/100 pL of acetylthiocholine iodide/butyryl
thiocholine iodide was added to start each reaction.
The hydrolysis of acetylthiocholine iodide/
butyrylthiocholine iodide was predicated on
creating the yellow 5-thio-2-nitrobenzoate anion in
a UV-spectrophotometer at 412 nm as a result of the
interaction of DTNB with thiocholines catalyzed by
the enzymes.

RESULT AND DISCUSSION

Physical data

Table 1 presents the physical data of the
compounds mentioned in Scheme 1. The
compounds were accomplished from 5-bromo-2-
furoic acid and thiosemicarbazide derivatives with
good yields.

Physical data and elemental analysis

Calculated/Found

Entry  Compound's Names M. P. Yields Color
(°C) (%) C% H% N%
1 5-(5-bromofuran-2-yl)-N-(3- 175-176 53 Light
methoxyphenyl)-1,3,4-thiadiazol-2- Brown 44.33/44.08 2.86/2.93 11.93/11.87
amine
2 N-benzyl-5-(5-bromofuran-2-yl)-1,3,4-  137-138 73 Light
thiadiazol-2-amine Brown 46.44/46.35 3.00/3.10 12.50/12.39
3 N-allyl-5-(5-bromofuran-2-yl)-1,3,4- 97-98 45 Cream
thiadiazol-2-amine 37.78/37.64 2.82/2.91 14.69/14.56
4 5-(5-bromofuran-2-yl)-N-methyl- 123-124 60 Cream
1,3 4-thiadiazol-2-amine 33.32/33.19 2.33/2.40 16.16/16.11
5 5-(5-bromofuran-2-yl)-N-ethyl-1,3,4- 125-126 49 Light
thiadiazol-2-amine Brown 35.05/35.20 2.94/3.00 15.33/15.29
Vibrational frequencies (—~COOH) signal of the initial material was not seen at
3550-2750 cm™. Furthermore, the amino group's
Table 2 illustrates the IR vibrations of the asymmetric and symmetric stretching bands (—-NH) did

synthesized compounds. At FT-IR spectra of the
synthesized compounds, the carboxylic acid

not appear at 3400-3150 cm. These findings showed
that the reaction was successful as predicted. For all
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compounds (1-5), characteristic peaks corresponding to
the amino group (—NH) were observed in the range of
3213-3136 cm™. The C=N stretching vibrations
associated with the thiadiazole ring appeared between
1610 and 1534 cm™', while C—N were detected in the
range of 1276-1255 cm™ (see Figs. S1-S4 for
supporting  information).  Additionally,  signals
corresponding to C—O stretching of the aryl ring were
recorded between 1136 and 1092 cm™. In the case of
compound 1, the absorption band for the —NH group
was observed at 3136 cm™, as illustrated in Fig. 1.

Aromatic C-H stretching vibrations were detected in
the region of 3066-2946 cm™, whereas aliphatic C—H
stretching was noted between 2854 and 2818 cm ™. The
C=N vibrations were detected at 1608 and 1584 cm™.
A distinct absorption for the C-S bond was found at 672
cm™, while the C-N stretching vibration appeared at
1255 cm™. The C-O stretching of the aryl group was
observed at 1113 cm™, and the C-Br stretching
vibration was recorded at 654 cm™. The frequency
values of the compound were almost the same as those
of similar compounds.* 455859
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Fig. 1 — The IR spectrum of compound 1 (ATR).
Table 2
FT-IR values of the compounds (with ATR mode, cm)
Comp. -NH ArCH C=N C-N C-O C-S C-Br  Spec. Vib.
1 3136  3066-2946 1608-1584 1255 1113 672 654 Aliph. CH: 2854-2818
2 3213  3088-3027 1578-1555 1276 1093 657 612 Aliph. CH: 2927-2872
3 3178  3134-3079 1610-1549 1270 1127 672 644 Aliph. CH: 2971-2930
4 3212 3138-3111 1582-1558 1260 1131 672 655 Aliph. CH: 2933-2789
5 3210 3122-2973 1555-1534 1259 1136 652 593 Aliph. CH: 2927-2884

NMR spectral interpretations

The 'H NMR spectra of the synthesized
compounds were taken in DMSO-ds as a solvent,
and the chemical shifts are given in Table 3
(see Figs. S5-S8 for supporting information).

For all compounds (1-5), the proton signal of
—NH was detected as a singlet at 10.61-7.99 ppm,
the furan ring proton signals (H1 and H2) were

resonated between 7.18 and 6.77 ppm. In
compounds 1 and 6, the phenyl ring aromatic proton
signals (H3-H7) were observed at 7.40-6.62 ppm as
shown Table 3. For compound 1, the proton signal
of —NH was detected as a singlet at 10.61 ppm. The
methoxy (OCHs) group peak on the aryl ring was
observed as a singlet at 3.77 ppm. The aromatic
proton signals of the furan ring (H1 and H2) were
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detected between 7.18 and 6.84 ppm (Fig. 2). The
H1 proton coupled to the H2 showed a doublet peak
at 6.85-6.84 ppm. The H2 proton coupled to the H1
exhibited a doublet peak at 7.18-7.17 ppm. The
aromatic proton signals of the aryl ring (H3-H7)
were observed between 7.35 and 6.62 ppm (Fig. 2).
The H3 proton signal was detected as a singlet at
7.35 ppm. The H5 proton coupled to the H6 was
detected as a doublet peak at 7.14-7.12 ppm. The
H6 proton coupled to the H5 and H7 proton and
detected as a triplet peak at 7.30—7.26 ppm. The H7
proton coupled to the H6 and H5 proton and
detected as a doublet of doublet peaks at 6.64—
6.62 ppm. These data match the values that were
previously published for similar compounds in the
literature, #4561

The 3C NMR spectral data for each compound,
recorded in DMSO-ds, are summarized in Table 4
(see Figs. S9-S12 for supporting information).

As shown in Fig. 3, the 3C NMR spectra of
compound 1 revealed 13 distinct resonances that
were in good agreement with the suggested
structure. In compound 1, the carbon signals of
the furan ring (C1-C4) were detected between
147.4 and 113.5 ppm. The C1-C3 carbon atoms
were observed at 124.5, 113.5, and 115.0 ppm,
respectively. An electron-negative oxygen atom

caused the C4 carbon atom to shift down-field
(high values, 6) at 147.4 ppm, which was
observed. The C5 and C6 carbon atoms of the
1,3,4-thiadiazole ring were detected at 147.5 and
164.1 ppm, respectively. At the same time, the
C6 carbon is shifted down-field (high values, d)
due to the presence of both the electronegative
sulfur atom and an amino group (NH), and the
C5 carbon is shifted due to the presence of the
electronegative sulfur atom. The carbon signals
of the aryl ring (C7-C12) were also observed at
141.9, 104.1, 160.5, 108.2, 130.5, and 110.5
ppm, respectively. The C7 carbon is shifted
down-field (high values, &) at 141.9 ppm due to
the amino group (NH) presence. The C9 carbon
is shifted down-field (high values, d) at 160.5
ppm due to the presence of the methoxy (OCH5)
group. The carbon atom of the methoxy (OCH5)
group on the aryl ring was observed at 55.5 ppm.
For all compounds (1-5), the C5 and C6 carbon
atoms of the 1,3,4-thiadiazole ring were detected
at 147.9-147.5 and 169.4-164.1 ppm. The C4
carbon atom was observed at 147.4-145.6 ppm.
The data obtained as a result of this analysis are
in agreement with the results of other similar
compounds  previously reported in the
literature. -3 4562

Table 3

'H NMR values of the compounds (8, ppm, in DMSO-ds, 400 Mhz)

1/ < ’;l‘N 3 4
\ R
7 6

2 ;\I\N
TN \ i
WS)\N/_“_S
O H
Br

Comp. H1 H2 NH H3 H4 H5 H6 H7 R
1 6.85-6.84 7.18-7.17 10.61 7.35 _ 7.14-712 7.30-7.26 6.64-6.62 OCH3:3.77
d d S S d t dd S
2 6.79-6.78 7.02-7.01 8.56-8.55 7.40-7.29, 5H,m CH2:4.55
d d t d
6.79-6.78 7.02-7.01 8.25-8.23 3.97-3.96 5.98-5.88 5.30-5.16
3 _ — —
d d t t m dd
, 679678 702701  7.99 2.93 B - B - -
d d q d
6.78-6.77 7.01-7.00 8.06 3.35-3.32 1.21-1.18
5 — — - -
d d t p t

s (singlet), d (doublet), dd (doublet of doublets), t (triplet), td (triplet of doublet), and m (multiplet).
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Fig. 2 — 'H NMR spectrum of compound 1 (in DMSO-ds).
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Fig. 3 —3C NMR spectrum of compound 1 (in DMSO-ds)



162 Halit Muglu et al.

Table 4

13C NMR values of the compounds (8, ppm, in DMSO-ds, 101 Mhz)

c2—cs  N—N « NN

R s %, T G
Br— /C4 N—c7 c10 C1—

o H N\, Z B 0 H
C/Compound 1 2 3 4 5
C1 1245 123.7 123.7 123.7 123.7
c2 1135 112.4 112.4 112.4 112.3
C3 115.0 114.8 114.8 114.8 114.8
C4 147.4 146.2 146.0 145.7 145.6
C5 1475 147.8 147.9 147.7 1478
C6 164.1 168.6 168.7 169.4 168.5
c7 141.9 138.7 47.4 31.9 403
c8 104.1 128.1 134.6 - 14.6
C9 160.5 128.9 116.9 - -
C10 108.2 127.7 - -
c11 130.5 128.1 - -
C12 110.5 128.9 - -
R 55.5 CHz:48. - .

7

Antioxidant activity antioxidant activity required to reduce DPPH

The DPPH radical scavenging technique was
utilized to assess the antioxidant activity tests using
ascorbic acid as a reference. As per Fig. 4, the
inhibition percentages of ascorbic acid and
synthesized compounds are given by their
concentration. Antioxidant inhibition percentages
changed directly to the concentration increase for all
molecules. Of the compounds showing very close
values concerning their antioxidant activities,
compound 4 exhibited the highest percentage of
inhibition among other compounds. Compound 4
showed the highest percentage inhibition at all
concentration.

In addition, the 1Cso values of the synthesized
compounds were calculated, expressing the

concentration by 50%.% The ICs values for
compounds 1-5 and ascorbic acid are summarized
in Table 5. The I1Cso value calculated for ascorbic
acid was 5.289 + 0.02 pM. The antioxidant
activities of the compounds followed this order 4 >
2 >5 >3 > 1, from highest to lowest. It was
observed that the I1Csy values of all of the
synthesized molecules (1-5) varied in the range of
9.308-17.525 uM, and thus their antioxidant
activities were very close to each other. When we
compare the free radical scavenging activity of the
compounds, the compound having methyl group,
one of the functional groups -R connected to the N-
group in the N-(R)-5-(5-bromofuran-2-yl)-1,3,4-
thiadiazol-2-amine molecule showed the highest
antioxidant activity. Especially as in compounds 1
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and 2, functional atoms/groups (3-OCHs, -CHy)
attached to the NH-pheny! structure were effective
in differentiating the antioxidant activities of the
molecule according to the positions and kinds of the

45 -

40 A E Comp. 1 H Comp. 2

35 A

Comp. 4 mComp. 5

Inhibition (%)
(] [R] [¥5]
(] L (e

—_
]
1

0.4 0.8

atoms/groups to which it was attached. As
mentioned in previous studies, 1,3,4-thiadiazol
compounds appear to have antioxidant activity
using DPPH assay.14 63-65

® Comp. 3

® Ascorbic acid

Concentration (uM)
Fig. 4 — Change in percentage of inhibition calculated by the DPPH method for compounds 1-5 and ascorbic acid.

Table 5

1Cso values of ascorbic acid and all compounds (1-5) calculated using the DPPH method

DPPH radical scavenging activity 1Cso

Compounds (uM)* R?
1 17.525 £0.15 0.946
2 10.909 £+ 0.06 0.945
3 13.086 + 0.17 0.938
4 9.308 £ 0.04 0.973
5 12.502 £ 0.09 0.926

Ascorbic acid 5.289 + 0.02 0.987

* 1Cs0 = concentration (uM) indicating 50% DPPH radical inhibition.

Values are expressed as mean (n = 3).

Antibacterial activity assessments

According to the in vitro antibacterial activity
results for the synthesized 1,3,4-thiadiazole
compounds, it was determined that these
compounds did not show antibacterial activity
against P. aeruginosa (Table 6). It is previously
stated that if MBC/MIC value is lower than 4, the
compound of interest is accepted to have a
bactericidal activity. Where this value is equal to or
higher than 4, the type of activity is proposed to be
bacteriostatic.%® ¢

Compounds 1 and 4 showed the highest
antibacterial activity for K. pneumoniae with a MIC
value of 30 pg/mL. Compound 5 presented
antibacterial activity against K. pneumoniae with a
MIC value of 60 pg/mL, while compounds 2 and 3
with a MIC value of 120 pug/mL. According to the
MBC test for K. pneumoniae, compounds 1, 2, 3,
and 5 showed bactericidal activity as the MBC/MIC
values were lower than 4. Compound 4 presented
bacteriostatic activity for K. pneumoniae.

The MIC test results showed that all compounds
except for 4 presented antibacterial activity on E.
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faecium. Compound 1 had the highest antibacterial
activity on E. faecium with a MIC value of 15
ug/mL. Compound 5 showed antibacterial activity
with MIC values of 30 pg/mL, while compounds 2
and 3 had a MIC value of 60 ug/mL. According to
the MBC/MIC test, compounds 3 and 5 presented
bactericidal activity. The results regarding E.
faecium showed that compound 5 is quite
promising. Moreover, it is unclear if compounds 1
and 2 have bactericidal or bacteriostatic activities
due to the lack of MBC values.

Compounds 1, 3, and 4 presented an antibacterial
activity against B. subtilis. Compound 3 showed the
highest activity with a MIC value of 7.5 pg/mL. In
addition, compound 4 had MIC values of 15 pg/mL.
Compound 1 showed antibacterial activity with a
MIC value of 120 pg/mL. Moreover, compounds 2
and 5 did not present antibacterial activity against

B. subtilis. Besides, the MBC values of 1, 3, and 4
have not been found, so it is not possible to
determine whether these compounds have
bactericidal or bacteriostatic activities.

According to the MIC test; compounds 3 and 4
exhibited a low antibacterial activity against S.
macrescens with a MIC value of 120 pg/mL, while
other compounds did not show any effect. Only
compound 1 are observed to present antibacterial
activity against S. kentucky with MIC values of 120
ug/mL. In contrast, compounds 1 and 4 had an activity
on E. coli and compound 1 on S. epidermidis with the
same MIC values. Furthermore, the MBC values for
all compounds have not been determined against B.
subtilis, S. macrescens, S. kentucky, E. coli, and S.
epidermidis, so it is not possible to determine whether
the compounds' activities are bactericidal or
bacteriostatic.

Table 6
MIC and MBC values of the synthesized compounds (p1g/mL)
Bacteria Activity 1 2 3 4 5
K. pneumoniae MIC 30 120 120 30 60
P MBC 30 120 120 120 60
E. faecium MIC 15 60 60 B 30
' MBC - - 60 30
. MIC 120 75 15
B. subtilis MBC - - - B —
S. marcescens MIC 120 120
) MBC B B — — B
MIC 120
S. kentucky MBC - - - - -
E. coli MIC 120 120
) MBC — B B — B
. - MIC 120
S. epidermidis MBC - - - - -
P. aeruginosa MIC
- aerug MBC - - - B B

Onkol et al.® synthesized 1,2,4-triazole and
1,3,4-thiadiazole derivatives and screened their
antimicrobial activities against selected
microorganisms with a concentration range of 1024
and 2 pg/mL. However, none of the compounds had
antibacterial activity against P. aeruginosa at any
concentration.®® Similarly, we observed no activity
for P. aeruginosa for any of our compounds. They
reported that some of the compounds showed no
activity against B. subtilis at any concentration,
while some presented antibacterial activity against
B. subtilis with MIC values between 32 and 512
pg/mL. In our study, compounds 1, 3, and 4 showed
antibacterial activity against B. subtilis with MIC
values between 7.5 and 120 pug/mL. In their study,

the compounds did not show activity against E. coli
at any concentration, but our compounds (1 and 4)
showed activity with a MIC value of 120 pg/mL.
Although this may mean that our compounds have
more effective activity against B. subtilis and E.
coli, the difference in the activities is possibly
related to the difference in the strains used in these
studies.

Moshafi et al.®® reported that antibacterial
activity was observed for 2-(5-nitro-2-furyl)-5-(n-
butylthio)-1,3,4-thiadiazole and 2-(1-methyl-5-
nitro-H1-imidazole-2-yl)-5-(n-butylthio)-1,3,4-
thiadiazole against E. coli.®® In our study,
compounds 1 and 4 showed antibacterial activity for
E. coli with MIC values of 120 pg/mL. In the same
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study, some compounds showed no activity against
B. subtilis at any concentration, while some showed
antibacterial activity against B. subtilis with MIC
values between 0.5 and 16 pg/mL. In our study,
compounds 1, 3, and 4 presented antibacterial
activity against B. subtilis with MIC values between
120, 7.5, and 15 pg/mL, respectively. In the same
study, 2-(1-methyl-5-nitro-H1-imidazol-2-yl)-5-(n-
butylthio)-1,3,4-thiadiazole  had  antibacterial
activity against K. pneumoniae with MIC values
between 0.5 and 64 pg/mL. In our study, all
compounds showed antibacterial activity against K.
pneumoniae with 30, 60 and 120 pg/mL MIC
values. Additionally, in their study, 2-(1-methyl-5-
nitro-H1-imidazol2-yl)-5-(n-butylthio)-1,3,4-
thiadiazole presented antibacterial activity against
S. marcescens with MIC values between 0.5 and 64
pug/mL. In our study, compounds 2 and 3 showed
antibacterial activity against S. marcescens with
MIC values of 120 pg/mL. However, the
differences between the MIC values in these two
studies should be considered when comparing the
differences between the strains.

In another study, " synthesized 1,3,4-thiadiazole
derivatives and examined the antibacterial activities
of these compounds against some bacteria in a
concentration range between 12.5 and 100 pg/mL.
For bis (2-acetylamino-1,3,4-thiadiazole)-5,5"-
disulfonamide, the MIC value against E. coli was
250 pg/mL.™ In our study for E. coli, compounds 1
and 4 showed antibacterial activity with MIC values
of 120 ug/mL. Additionally, they reported that the
MIC for 2-acetylamino-1,3,4-thiadiazole-5-
sulfonamide was less than 250 pg/mL against E.
faecium. In our study, compounds 1, 2, 3, and 5 had
MIC values between 15 and 60 pg/mL. In addition,

Table 7

they calculated the MIC value of 2-amide-1,3,4-
thiadiazole less than 250 pug/mL against B. subtilis.
However, we obtained those values between 7.5 and
120 pg/mL for compounds 1, 3, and 4.

AChE and BChE inhibition

In vitro inhibitory effects of synthesized novel
N-aryl/alkyl-1,3,4-thiadiazole derivatives on AChE
and BChE enzyme activities were analyzed, and the
calculated ICso values were shown in Table 7. We
provide here the inhibitory effects of N-substituted-
1,3,4-thiadiazole  derivatives (1-5) on the
cholinesterase activity of AChE and BChE, using
AChI, and BChl as substrates, respectively. All
produced compounds inhibited AChE at the
micromolar level. As for BChE, micromolar
inhibitions were also observed for the derivatives
except for 1. Compound 2 showed a better
inhibitory effect on AChE with 1Cs values of 27.39
UM, and 2 exhibited the highest effects against
BChE with ICsy values of 13.35 pM. Other
compounds also exhibited similar AChE inhibitory
activity with 1Cso values ranging from 29.78 to
45.71 uM, but moderate BChE inhibitory activity
ranging from 52.20 to 115.17 pM. However,
compound 1 had no inhibition on BChE activity.

Taha et al.”™ reported the synthesis and
AChE&BChE inhibition effects of indole-based
thiadiazole derivatives. Similar to the findings of
our study, ICso values of their derivatives ranged
from 0.17 to 33.10 uM against AChE and from 0.30
to 37.60 uM against BChE. Moreover, they reported
that the most powerful analogues have para, ortho
and meta-fluoro substitutes.™

ICso values of the synthesized compounds for AChE and BChE

ICs0 (UM)

Compounds

AChE BChE
1 29.78+0.04 N.D.
2 27.39+0.01 13.35+0.02
3 45.71+0.02 115.17+0.02
4 38.56+0.02 90.40+0.03
5 38.54+0.02 52.20+0.02
Rivastigmine’ 501+0.04 19.95+0.01
Tacrine™ 18.46+0.03 2.50+0.03

The anticholinesterase (AChE and BChE)
activity evaluation of acridine derivatives

containing 1,3,4-thiadiazole moiety synthesized by
Lotfi et al.” reported that all derivatives could
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inhibit both enzymes and had significantly more
inhibition effect against AChE than BChE. The ICsp
values for AChE and BChE of these derivatives
ranged from 0.002 to 1.78 uM and 0.031 to
13.12 uM, respectively, with stronger inhibition
effects than our findings.”* In another study
containing 1,3,4-thiadiazole derivatives, good to
moderate inhibitory activities were observed with
ICso values ranging from 128.42 to 0.06 uM for
AChE and >500 to 0.29 uM for BChE. It was also
reported that a thiadiazole derivative with a Br
substituent in the ortho-position exhibited the most
potent inhibitory effect against AChE and BChE,
with I1Cso values of 0.06 and 0.29 uM,
respectively.” Similar results were reported by
Skrzypek et al.”® on (1,3,4-thiadiazol-2-yl)benzene-
1,3-diol based compounds in vitro AChE and BChE
inhibitor effect, with 1Cso values ranging from >500
to 0.053 puM and from >500 to 0.105 pM,
respectively.’® Similar results were obtained in a
study on chalcone derivatives by Arslan et al.””

CONCLUSIONS

A new series of the synthesis of furan-
tethered 1,3,4-thiadiazole derivatives using
various N-substituted-thiosemicarbazide
derivatives  and characterization  with
spectroscopic methods was achieved in this
study. The synthesized derivatives exhibited
variable antioxidant and antibacterial activities
against B. subtilis, K. pneumoniae, and E.
faecium. The antioxidant activities of the
compounds decreased in the following order 4 >
2>5>3>1. Compound 4 showed the highest
antioxidant activity, while compound 3
exhibited the highest antibacterial activity
against B. subtilis, and compound 1 presented
relatively high antibacterial activity against E.
faecium. Moreover, not all compounds showed
antibacterial activity against P. aeruginosa. The
same of synthesized compounds also showed
potential as a source of antibacterial agents
against the same tested strains. Additionally, the
synthesized compounds exhibited inhibitory
properties against AChE and BChE enzymes,
with compound 2 exhibiting the highest
inhibitory property against AChE and BChE.

The results suggest that the variations in the
structure of the furan-tethered 1,3,4-thiadiazole
derivatives  significantly influenced their
biological activities. The structure-activity

relationships indicate that specific functional
groups and their positions on the phenyl ring are

crucial for enhancing antioxidant and
antibacterial  properties. These findings
highlight the promising pharmacological

profiles of the synthesized derivatives, which
could serve as lead compounds in the design of
novel antioxidant and antibacterial agents.
Further studies, including in vivo testing and
additional mechanistic studies, are needed to
evaluate the therapeutic potential and safety of
these compounds.

Acknowledgements. We thank the Scientific
Research Centre for Industrial and Technological
Applications and Research Centre (Gubitam) and Dr.
Omer Faruk Ensari for taking the NMR spectra. The
experimental part of this study (synthesis,
characterization, antioxidant and antibacterial
assays) belongs to Mohamed Khalifa Ibrahim's
master thesis.

REFERENCES

1. K. Gowda, H.A.Swarup, S.C. Nagarakere, S. Rangappa,
R. S. Kanchugarkoppal and M. Kempegowda, Synth.
Commun., 2020, 50 (10), 1528-1544.

2. H. Tahtaci, M. Er, T. Karakurt and K. Sancak,
Tetrahedron, 2017, 73 (30), 4418-4425.

3. A.Al-Mulla, Der Pharm. Chemica, 2017, 9 (13), 141-147.

4. H. Muglu, H. Yakan and H. A. Shouaib, J. Mol. Struct.,
2020, 1203, 127470.

5. H.Feng, X.Ying, Y.Peng, E.V. Van der Eycken, C.
Liu, S. Zhao and G. Song, Monatsh. fur Chem, 2013, 144
(5), 681-686.

6. S. Kubota, K. Toyooka, J. Ikeda, N.Yamamoto and M.
Shibuya, J. Chem. Soc., Perkin Trans. 1, 1983, 967-971.

7. F. Aryanasab, A. Z. Halimehjani and M. R. Saidi,
Tetrahedron Lett., 2010, 51 (5), 790-792.

8. V. K. Kamboj, A. Kapoor and S. Jain, J. Heterocycl.
Chem., 2019, 56 (4), 1376-1382.

9. Y.Hu, C.-Y.Li X-M.Wang, Y.-H. Yang and H.-L.
Zhu, Chem. Rev., 2014, 114 (10), 5572-5610.

10. B. N. Saglik, B. K. Cavusoglu, U. A. Cevik, D.
Osmaniye, S. Levent, Y. Ozkay and Z. A. Kaplancikls,
RSC Med. Chem., 2020, 11 (9), 1063-1074.

11. 1. V. Palamarchuk, Z. T. Shulgau, A.Y. Dautov, S.D.
Sergazy and I. V. Kulakov, Org. Biomol. Chem., 2022, 20
(45), 8962-8976.

12. A.Suresh, D. Dey, A. M. Menon and D. Chopra, J. Indian
Chem. Soc., 2022, 99 (3), 100374.

13. L. Yu, X. Gan, D. Zhou, F. He, S. Zeng and D. Hu,
Molecules, 2017, 22 (4), 658.

14. 1. Khan, S. Ali, S. Hameed, N.H. Rama, M. T. Hussain,
A. Wadood, R. Uddin, Z. Ul-Hag, A. Khan and S. Ali,
Eur. J. Med. Chem., 2010, 45 (11), 5200-5207.

15. A. H. Moustafa, D. H. Ahmed, M. T. EI-Wassimy and M.
F. Mohamed, Synth. Commun., 2021, 51 (4), 570-584.



Furan-tethered 1,3,4-thiadiazoles 167

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

N. Siddiqui, S. B. Andalip, R. Ali, O. Afzal, M. J.
Akhtar, B. Azad and R. Kumar, J. Pharm. Bioallied Sci.,
2011, 3 (2), 194-212.

S. Schenone, C. Brullo, O. Bruno, F. Bondavalli, A.
Ranise, W. Filippelli, B. Rinaldi, A. Capuano and G.
Falcone, Biorg. Med. Chem., 2006, 14 (6), 1698-1705.

S. M. Gomha, Z. A. Muhammad, H. M. Gaber and M. M.
Amin, J. Heterocycl. Chem., 2017, 54 (5), 2708-2716.

F. Poorrajab, S. K. Ardestani, S. Emami, M. Behrouzi-
Fardmoghadam, A. Shafiee and A. Foroumadi, Eur. J.
Med. Chem., 2009, 44 (4), 1758-1762.

M. M. Wassel, Y. A. Ammar, G. A. E. Ali, A. Belal, A. B.
Mehany and A. Ragab, Bioorg. Chem., 2021, 110, 104794.

J. J. Luszczki, M. Karpinska, J. Matysiak and A.
Niewiadomy, Pharmacol. Rep., 2015, 67 (3), 588-592.

I. Singh, L. H. Al-Wahaibi, R. Srivastava, O. Prasad, S. K.
Pathak, S. Kumar, S. Parveen, M. Banerjee, A. A. EI-Emam
and L. Sinha, ACS Omega, 2020, 5 (46), 30073-30087.

U. A. Cevik, D. Osmaniye, S. Levent, B. N. Saglik, B.
K. Cavusoglu, A. B. Karaduman, Y. Ozkay and Z. A.
Kaplancikli, Acta Pharm., 2020, 70 (4), 499-513.

B. Kasetti Ashok, I. Singhvi, N.Ravindraand A. B. Shaik,
Rev. Roum. Chim, 2020, 65 (9), 771-776.

S. Bondock, T. Albargi, M. M. Abdou and N. M.
Mohamed, New J. Chem., 2023, 47 (44), 20602-20618.
N. D. Thanh, V. N. Toan, N. T. K. Giang, H. T. K. Van,
N. M. Triand D. N. Toan, RSC Med. Chem., 2023, 14 (12),
2751-2767.

K. Mezgebe, Y. Melaku, V. P. Ramachandran and E.
Mulugeta, New J. Chem., 2024.

M. Valko, C. Rhodes, J. Moncol, M. lzakovic and M.
Mazur, Chem. Biol. Interact., 2006, 160 (1), 1-40.

N. H. Nasab, H. Raza, Y. S. Eom, M. Hassan, A.
Kloczkowski, L. C. Chetty, H. G. Kruger and S. J. Kim,
New J. Chem., 2023, 47 (29), 13710-13720.

W. S. Hamama, M. E. Ibrahim, H. A. Raoof and H. H.
Zoorob, J. Heterocycl. Chem., 2017, 54 (4), 2360-2366.

I. G. Osigbemhe, E. E. Oyoita, H. Louis, E. M. Khan, E.
E. Etim, H. O. Edet, O.J. Ikenyirimba, A.P. Oviawe and
F. Obuye, J. Indian Chem. Soc., 2022, 99 (9), 100597.

F. Prestinaci, P. Pezzotti and A. Pantosti, Pathog. Glob.
Health., 2015, 109 (7), 309-318.

M. Carreiras and J. Marco, Curr. Pharm. Des., 2004, 10
(25), 3167.

J. L. Cummings, R. Doody and C. Clark, Neurology, 2007,
69 (16), 1622-1634.

U. Holzgrabe, P. Kapkova, V. Alptizin, J. Scheiber and
E. Kugelmann, Expert Opin. Ther. Targets, 2007, 11 (2),
161—-179.

J. Chaudiére and R. Ferrari-lliou, Food Chem. Toxicol.,
1999, 37 (9-10), 949-962.

V. P. Whittaker, Chem. Biol. Interact., 2010, 187 (1-3),
23-26.

S. Darvesh, D. A. Hopkins and C. Geula, Nat. Rev.
Neurosci., 2003, 4 (2), 131-138.

M. I. Rodriguez-Franco, M. I. Fernandez-Bachiller, C.
Pérez, A. Castro and A. Martinez, Biorg. Med. Chem.,
2005, 13 (24), 6795—-6802.

F. Mangialasche, A. Solomon, B. Winblad, P. Mecocci
and M. Kivipelto, Lancet Neurol., 2010, 9 (7), 702—716.
M. Hatami, Z. Basri, B. K. Sakhvidi and M. Mortazavi,
Int. Immunopharmacol., 2023, 118, 110027.

B. Kaya, U. A. Cevik, B. Ciftci, M. Isik, Z. A.
Kaplancikli and $. Beydemir, Cumhuriyet Sci. J., 2024, 45
(3), 503-5009.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

G. Bikilmez, S. Mert, F. Tirkan, M. N. Atalar, E. Bursal
and R. Kasimogullari, ChemistrySelect, 2025, 10 (12),
£202405093.

W.-R. Du, Y.-X. Wang, X.-W. Zhou, Y. Lan, B.-B. Wei,
X.-Y. Guo, X.-K. Wang and Z.-Y. Ma, Med. Chem. Res.,
2025, 34, 910928

H. Muglu, N. Sener, H. A. M. Emsaed, S. Ozkinali, O. E.
Ozkan and M. Giir, J. Mol. Struct., 2018, 1174, 151—159.
W. Brand-Williams, M.-E. Cuvelier and C. Berset, LWT-
Food Sci. Technol., 1995, 28 (1), 25-30.

S. B. Kedare and R. Singh, J. Food Sci. Technol., 2011, 48,
412-422.

N. Naik, H. Vijay Kumar and P. B. Vidyashree, J. Pharm.
Res., 2011, 4 (8), 2686-2689.

E. N. Frankel and A. S. Meyer, J. Sci. Food Agric., 2000,
80 (13), 1925-1941.

P. Cos, A.J. Vlietinck, D. V. Berghe and L. Maes, J.
Ethnopharmacol., 2006, 106 (3), 290-302.

K. Canli, O. Simsek, A. Yetgin and E. M. Altuner,
Bangladesh J. Pharmacol., 2017, 12 (4), 463-469.

I. Wiegand, K. Hilpert and R. E. Hancock, Nat. Protoc.,
2008, 3 (2), 163-175.

B. Baldas and E. M. Altuner, Communications Fac. Sci.
Univ. Ankara Series C Biology, 2018, 27 (1), 1--10.

A. Vollekova, D. Kostalova and R. Sochorova, Folia
Microbiol., 2001, 46 (2), 107-111.

H. Usman, A.Haruna, I. Akpulu, M. llyas, A. Ahmadu
and Y. Musa, J. Trop. Biosci, 2005, 5 (2), 72—-76.

E. M. Altuner and B. Getin, Kastamonu Univ. Orman Fak.
Dergisi, 2018, 18 (2), 126-137.

G. L. Ellman, K. D. Courtney, V. Andres Jr and R. M.
Featherstone, Biochem. Pharmacol., 1961, 7 (2), 88-95.
A. C. Karaburun, U. Acar Cevik, D. Osmaniye, B. N.
Saglik, B.Kaya Cavusoglu, S.Levent, Y. Ozkay, A.S.
Koparal, M. Behget and Z. A. Kaplancikli, Molecules,
2018, 23 (12), 3129.

H. Kumar, S. A.Javed, S. A. Khan and M. Amir, Eur. J.
Med. Chem., 2008, 43 (12), 2688-2698.

H. Muglu, M. Akin, M. S. Cavus, H. Yakan, N. Saki and
E. Guzel, Comput. Biol. Chem., 2022, 96, 107618.

H. Yakan, EI-Cezeri J. Sci. Engineering, 2021, 8 (1), 155-163.
H. Muglu, H. Yakan, G. A. 1. Elefkhakry, E. M. Altuner
and M. S. Cavus, Acta Chim. Slov., 2023, 70 (2), 247-260.
K. Jakovljevi¢, M. D. Joksovi¢, B. Botta, L. S. Jovanovi¢, E.
Avdovi¢, Z. Markovi¢, V. Mihailovic, M. Andri¢, S.
Trifunovi¢ and V. Markovi¢, C. R. Chim., 2019, 22 (8), 585-598.
M. Hanif, M. Saleem, M. T. Hussain, N. H. Rama, S.
Zaib, M. A. M. Aslam, P. G. Jones and J. Igbal, J. Braz.
Chem. Soc., 2012, 23 (5), 854-860.

A. Joseph, C. S. Shah, S.S. Kumar, A. T. Alex, N.
Maliyakkal, S. Moorkoth and J. E. Mathew, Acta Pharm.,
2013, 63 (3), 397-408.

T. R. Keepers, M. Gomez, C. Celeri, W. W. Nichols and
K. M. Krause, Antimicrob. Agents Chemother, 2014, 58
(9), 5297-5305.

C. S. Makade, P. R. Shenoi, B. A. Bhongade, S. A.
Shingane, P. C. Ambulkar and A. M. Shewale, J. Pharm.
Bioallied Sci., 2024, 16 (Suppl 2), S1414-S1416.

T. Onkol, D.S. Dogruer, L. Uzun, S. Adak, S. Ozkan
and M. Fethi Sahin, J. Enzyme Inhib. Med. Chem., 2008,
23 (2), 277—-284.

M. H. Moshafi, A.Peymani, A. Foroumadi, M. R. Zabihi
and F. Doostishoar, Intern. Med. Med. Investig. J., 2019, 4
(2), 1-8.

T. Rauckyte-Zak and B. Szejniuk, Ecol. Chem. Eng., 2011,
18 (12), 1691-1704.



168

Halit Muglu et al.

71.

72.

73.

74.

M. Taha, F. Rahim, N. Uddin, I. U. Khan, N. Igbal, M.
Salahuddin, R. K. Faroog, M. Gollapalli, K. M. Khan and
A. Zafar, Int. J. Biol. Macromol., 2021, 188, 1025-1036.
M. Kréatky, S. Stépankova, K. Voréakova, M. Svarcové
and J. Vinsova, Molecules, 2016, 21 (2), 191.

Z. Mahmoud, L. W. Mohamed, K. O. Mohamed, H. S.
Sayed, M. A. Abd El Fattah and A. EI-Malah, Med. Chem.
Res., 2023, 32 (3), 571-586.

S. Lotfi, T. Rahmani, M. Hatami, B. Pouramiri, E. T.
Kermani, E. Rezvannejad, M. Mortazavi, S. F.

75.

76.

77.

Hafshejani, N. Askari and N. Pourjamali, Bioorg. Chem.,
2020, 105, 104457.

A. Skrzypek, J. Matysiak, A. Niewiadomy, M. Bajda and
P. Szymafnski, Eur. J. Med. Chem., 2013, 62, 311-319.

A. Skrzypek, J. Matysiak, M. M. Karpiniska and A.
Niewiadomy, J. Enzyme Inhib. Med. Chem., 2013, 28 (4),
816-823.

T. Arslan, M. Senturk, L. Karagoz, Y. Karagoz, D.
Ekinci, A. Efe, E. A. Tirkoglu and F. Uras,
ChemistrySelect, 2022, 7 (44), 202202993.



