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Abstract
New isatin-thiosemicarbazone compounds (1–7) were synthesized from numerous 
thiosemicarbazides and 5-iodoisatin with high yields and efficient methods. The 
compounds’ structures were characterized through FT-IR, 1H NMR, and 13C NMR 
spectroscopy, supported by elemental analysis. Density functional theory (DFT) 
calculations were employed to investigate the structural and electronic properties of 
the compounds, with a discussion on their correlation to antioxidant activity. The 
antioxidant potential of the synthesized compounds was evaluated in vitro using the 
1,1-diphenyl-2-picryl hydrazyl (DPPH.) free radical scavenging assay. These com-
pounds exhibited IC50 values ranging from 15.36 ± 0.03 to 22.46 ± 0.05  μM, with 
compound 7 demonstrating the best antioxidant activity among them. The free radi-
cal scavenging effects of the compounds, based on their IC50 values, followed the 
order: 7 > 4 > 6 > 5 > 3 > 2 > 1. Urease inhibition of the samples and their interactions 
with urease were examined, and it was determined that compound 2 showed the best 
inhibition effect and interaction as 1.62 ± 0.05 µg/mL and − 7.70 kcal/mol, respec-
tively. Molecular docking was used to ascertain how each molecule interacted with 
the active areas of the urease enzymes. In addition, molecular dynamics simulation 
was performed to determine the state of the complex it formed with the enzyme. The 
current study determined that in vivo biochemical tests of effective thiosemicarba-
zones could be used to evaluate useful application sectors such as the biological and 
pharmaceutical fields.

Graphical abstract
New thiosemicarbazone derivatives containing 5-iodoisatin have been synthesized, 
and their structures have been characterized using various spectroscopic techniques. 
The antioxidant activity of these compounds was assessed using the DPPH. assay. 
Additionally, the urease inhibitory effects of the compounds were evaluated, and 
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their interactions with the urease enzyme were studied. Molecular docking studies 
were conducted to explore how each compound interacts with the active sites of the 
urease enzyme. Furthermore, molecular dynamics simulations were carried out to 
investigate the stability and conformation of the enzyme inhibitor complex.

Keywords  Thiosemicarbazones · Antioxidant activity · Spectroscopic 
characterization · Urease inhibition · Molecular docking · DFT

Introduction

Isatins (1H-indole-2,3-diones) represent a significant class of heterocyclic com-
pounds that are present in both plant and human tissues, and these molecules are 
indole-based derivatives. In the literature, they are known to have many biological 
and medicinal properties such as antifungal [1, 2], anticancer [3, 4], antibacterial 
[2], antitubercular [5, 6], enzyme inhibitor [7], antioxidant [8–11], and anti-HIV [2, 
12].

Thiosemicarbazones contain the –NH–C(=S)NH–N=linkage and represent a sig-
nificant class of compounds in synthetic organic chemistry. These molecules act as 
versatile intermediates, facilitating the synthesis of various structural motifs. Fur-
thermore, they have demonstrated a broad range of biological and medicinal activi-
ties, including anticonvulsant [13], anticancer [14–16], enzyme inhibitory activity 
[17–19], antituberculosis [20], antioxidant agents [21–23], cytotoxicity [24, 25], 
antitumour [25, 26], antiviral [27], antibacterial [28], and antimicrobial [29].

Antioxidants are gaining a lot of valuation as a global treatment for various life-
style-related diseases [30]. Cancer, early aging, cardiovascular disease, diabetes, 
and other degenerative diseases are examples of these illnesses. Reactive oxygen 
species (ROS) can also induce DNA damage and mutation [31]. Many antioxidant 
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compounds and antioxidant enzymes protect against these damages. As a result, var-
ious researchers have prepared antioxidant-active chemicals. Numerous eukaryotic 
and prokaryotic organisms such as bacteria, plants, fungus fungi, algae, and inverte-
brates have the nickel-containing amidohydrolase urease [31]. Urea is hydrolyzed by 
urease to produce carbon dioxide and ammonia [32]. It is well known that Helico-
bacter pylori thrives in the stomach when there is an increased ammonia level. High 
ammonia concentrations caused by urease hyperactivity raise the pH of the stomach 
and can result in peptic and gastric ulcers, kidney stones, pyelonephritis, and hepatic 
coma [33–35].

The insertion of synthetic small molecules to decrease urease activity is the most 
appealing and successful method of controlling its function. This avoids the gastro-
intestinal issues brought on by hyperactive urease [36]. Few synthetic urease inhibi-
tors have progressed to the next stage of therapeutic research, such as urease inhibi-
tors, despite a few papers on the topic up to this point [37].

Thiosemicarbazones with therapeutic properties, such as p-acetylaminobenzalde-
hyde thiosemicarbazone (Scheme 1a, Thioacetazone®), were used to treat tubercu-
losis after World War II [38]. The first example of this class of compounds with 
potent anticancer activity is 2-formylpyridine thiosemicarbazone (Scheme  1b). 
3-Amino-pyridine-2-carboxaldehyde thiosemicarbazone (Scheme  1c, 3AP, Tria-
pine®) constitutes one of the most interesting areas of research of thiosemicarba-
zones for cancer chemotherapy nowadays [39, 40].

In this work, new 5-iodoisatin-thiosemicarbazones were achieved by condensation 
reaction with 5-iodoisatin and several thiosemicarbazides under reflux in ethanol. The 
structures of the compounds were elucidated by Fourier transform infrared (FT-IR) and 
proton–carbon nuclear magnetic resonance (1H–13C NMR) spectroscopic methods and 
elemental analysis. To our knowledge, the antioxidant and urease inhibitory activities 
of Schiff bases derived from iodoisatin and thiosemicarbazides are not much in the 
literature. Therefore, this work seeks to evaluate the antioxidant capacities of several 
novel thiosemicarbazone molecules. Besides, the compounds’ ability to inhibit urease 
and their interactions with urease were investigated. Especially, the role of substituents 
on the antioxidant and urease inhibitory properties of the compounds was examined. 
Each compound’s interaction with the urease enzymes’ active sites was examined using 
molecular docking. Moreover, the state of the complex by compound 2-the enzyme 
was ascertained by molecular dynamics simulation. Additionally, the spectral and 
electronic properties of the compounds were analyzed using density functional theory 
(DFT) calculations. Thiosemicarbazone derivatives, particularly when combined with 
isatin-based structures, exhibit significant biological activities such as antioxidant and 
enzyme inhibitory effects. The development of potent antioxidants for the treatment 

Scheme 1   Structures of thiosemicarbazones used as drugs
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of oxidative stress-related diseases, along with the discovery of compounds capable 
of inhibiting biological targets like the urease enzyme, is of great importance for the 
design of next-generation pharmaceutical agents.

In this context, the newly synthesized isatin-thiosemicarbazone compounds in this 
study were evaluated for their antioxidant potential and interactions with the urease 
enzyme. These findings were supported by experimental data, theoretical DFT calcula-
tions, and molecular modeling studies. The results indicate that these compounds pos-
sess promising potential for biological and pharmaceutical applications.

Experimental

Measurement and reagents

The Supporting Materials contain detailed information.

Synthesis of new compounds (1–7)

The products were obtained using the known procedure, with a few minor modifica-
tions [41]. The compounds were efficiently synthesized with yields between 60 and 
95%, as illustrated in Scheme 2.

Antioxidant activity measurements

In this experiment, DPPH· scavenging method was performed to investigate free 
radical scavenging capacities for the produced compounds. This  method, which is 

Scheme 2   Molecular structures and synthesis process of new compounds
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accepted in many studies, is based on the principle that compounds acting as hydro-
gen donors reduce the purple DPPH· solution to a colorless compound [42–45]. In 
this study, various concentrations (1.25–12.5 µM) were obtained by adding specific 
volumes of the synthesized compound stock solutions to DPPH· stock solutions, 
which were prepared in test tubes with ethanol. The compound solutions were pre-
pared by dissolving them in dimethyl sulfoxide (DMSO). Following a 30-min incu-
bation at room temperature, the absorbance was measured at 517 nm. The DPPH· 
scavenging activity was then determined using the formula [46]:

Here, A0 expresses absorbance of the DPPH· solution without the test compound 
(control group), and A1 expresses absorbance of the DPPH· solution with the test 
compound (experimental group) [47]. Next, the IC50 value, commonly used to assess 
antioxidant activity, was obtained from the equation of the line (y = mx + c) derived 
from the inhibition (%)-concentration curve [48].

Calculation processes

All calculations were performed using the ORCA software [49], employing density 
functional theory (DFT) [50, 51] for its calculations. The B3LYP functional, com-
bining Becke’s three-parameter exchange functional (B3) with the Lee–Yang–Parr 
correlation functional (LYP), was used along with the def2-QZVP basis set includ-
ing the D4 dispersion correction. No symmetry restrictions were applied to the com-
pounds during the calculations. TightSCF and TightOpt commands were employed 
for enhanced accuracy, with automatic generation of the auxiliary basis set via the 
AutoAux command.

The optimized structures of the compounds correspond to genuine energy 
minima, as pointed out by the lack of imaginary frequencies in the gas-phase IR 
calculations.

Electronic parameters were derived from gas-phase calculations at the same level 
of theory, and these data were then used to determine frontier molecular orbital 
(FMO) energy eigenvalues. These eigenvalues were subsequently employed to cal-
culate global chemical reactivity parameters, including electronegativity, chemical 
hardness, and electrophilic index, which provide insights into a molecule’s reactivity 
and stability.

The relative chemical shift values were obtained by subtracting the absolute 
chemical shielding of tetramethylsilane (TMS), worked out at the B3LYP/def2-
QZVP level (31.690 ppm for 1H NMR and 182.473 ppm for 13C NMR), following 
the re-optimization of the compounds in the DMSO phase and the application of the 
CPCM-SCRF method for simulating the effects of solvents.

Urease inhibition assay

The indophenol methods revealed the urease inhibitor effects of thiosemicarbazone 
derivatives [52]. By employing a BIOTEK (Epoch2) microplate reader, the absorbance 

Inhibition (%) =
[(

A
0
− A

1

)

∕A
0

]

× 100
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values of the blue colors created by the decreasing concentration values of the thio-
semicarbazone derivatives including 5-iodoisatin were determined at 630 nm.

Molecule preparation and docking protocol

The geometries of the samples were optimized (energy minimized) using Chem3D 
18.0 after being initially drawn in ChemDraw Ultra 18.0. The optimized structures 
were then converted into Mol2 format. The 3D structure of the enzyme was retrieved 
from the Protein Data Bank (RCSB PDB), which serves as an information portal for 
biological macromolecular structures and provides high-quality solutions at various 
resolutions [53]. The crystal structure of Jack’s enzyme, urease, was identified by the 
PDB ID: 4GY7. Binding affinities were calculated using AutoDock Vina software, and 
the corresponding binding constants were computed in Excel based on these affinities 
[54, 55]. Subsequently, the enzyme and the resulting poses were imported into the BIO-
VIA Discovery Studio 2021 Client program, where both 2D and 3D interaction struc-
tures between the target enzyme and the molecules were generated [56, 57].

Molecular dynamic (MD) simulations

The complexes’ stability resulting from the docking simulations was assessed through 
molecular dynamics (MD) modeling. The GROMACS package was used to run MD 
simulations [58]. The MD simulation made use of the CHARMM force field. The 
unbound enzyme and its complexes were enclosed in a tricyclic box and solvated using 
TIP3P water. Na⁺ and Clˉ ions were added to the system to neutralize its overall charge. 
After that, 50.000 steps of the steepest descent technique were used to minimize energy. 
The system’s pressure and temperature were subsequently equilibrated to 100 kPa and 
310 K, respectively, using NVT/NPT ensembles. Finally, the MD simulation was exe-
cuted for 100 ns [59]. To analyze the data of the MD simulation, RMSD (root-mean-
square deviation), Rg (radius of gyration), RMSF (root-mean-square fluctuation), and 
ligand-hydrogen bond plots were generated and evaluated using QtGrace [60–62].

Statistical analysis

The bioactivity results are presented as mean ± standard deviation. Statistical analysis 
of the entire dataset was carried out using the IBM Statistical Package for the Social 
Sciences (SPSS) version 20.0. Tukey HSDa,b multiple comparisons were applied to the 
data, and statistical significance was determined at a p-value of < 0.05.

Results and discussion

Physical properties

Tables  1 and 2 display the data for the physicochemical properties and elemental 
analyses, respectively.
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Vibrational frequencies

In the FT-IR spectra, the stretching bands corresponding to the symmetric and 
asymmetric vibrations of the amino group (NH2) were not observed in the range 
of 3550–3300 cm−1. As a replacement for, new absorptions attributed to the –C=N 
stretching vibrations of the imine group were observed at 1607–1597  cm−1, indi-
cating a successful reaction as anticipated. For all compounds, the –NH stretching 
vibrations of the isatin ring appeared between 3358 and 3249 cm–1, while the –NH 
stretching vibrations of the thiosemicarbazone group were detected in the range 
of 3224–3141  cm−1 (see Support A, Figs.  S1–S7). The –C=O stretching vibra-
tions were detected between 1695 and 1682  cm−1, the –C=S signal was observed 
at 1397–1376  cm−1, the –C–N stretching vibrations appeared between 1309 
and 1202  cm−1, and the –C–I stretching vibrations were observed in the range of 
568–525 cm−1.

For compounds 2 and 5, the –C–Cl stretching vibrations were observed at 931 
and 956 cm−1, respectively. For compounds 3 and 6, the –C–F stretching vibrations 
were detected at 1152 and 1156  cm−1, respectively. For compounds 4 and 7, the 
–C–O stretching vibrations were detected at 1148 and 1145 cm−1, respectively.

These spectral features provide strong evidence for the formation of the tar-
geted products, and the experimental and computational IR values of the products 
are summarized in Table 3. Due to the inability to directly include intermolecular 
interactions in the calculations, the neglect of anharmonicity, and the effects of the 
chosen method and basis set, the calculated harmonic vibrational frequencies are 
generally higher than the observed ones. Therefore, a scaling factor [63] has been 
applied to the calculated IR values to allow comparison with experimental data, and 
the values are presented accordingly. These findings are also in agreement with for-
merly known results for alike compounds. [9, 13, 64].

1H NMR interpretations

For all compounds, the ‒NH proton signals of the isatin ring were observed as a 
singlet in the chemical shift range of 11.37–11.30 ppm. The –N1H and –N2H pro-
ton signals corresponding to the thiosemicarbazone group were detected as singlets 
at 12.70–12.51   and 10.93–9.92 ppm, respectively (see Support A, Figs. S8–S14). 
For all compounds, the aromatic proton signals of the phenyl ring (H4–H8) were 
observed in the range of 7.78–6.86  ppm. In compound 5, the H4 proton was 
observed as a singlet at 7.78 ppm. The H6 proton, which coupled with the H7 pro-
ton, shown as a doublet at 7.36–7.34 ppm (J = 7.9 Hz). The H7 proton, which under-
went coupling with both the H6 and H8 protons, displayed a triplet at 7.49–7.45 ppm 
(J = 7.9 Hz), while the H8 proton, which coupled with the H7 proton, was detected 
as a doublet at 7.65–7.63 ppm (J = 8.1 Hz).

In compound 5, the aromatic proton signals of the isatin ring (H1–H3) were reso-
nated between 8.13 and 6.78 ppm. The H1 proton appeared as a singlet at 8.13 ppm. 
The H2 proton, which coupled with the H3 proton, was observed as a doublet at 
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7.69–7.67 ppm (J = 8.1 Hz), while the H3 proton, which coupled with the H2 proton, 
exhibited a doublet at 6.80–6.78 ppm (J = 8.2 Hz). For compounds 4 and 7, the pro-
ton signals of methoxy (–OCH3) were observed as a singlet at 3.83 and 3.79 ppm, 
respectively. For compound 1, the –N2H proton signal coupled to the methylene 
group (–CH2–N) and appeared as a triplet 9.95–9.92 (1H, t, J = 6.0 Hz). Similarly, 
the methylene group (–CH2–N) coupled to –N2H proton signal and showed as a dou-
blet at 4.90–4.88 (2H, d, J = 6.0 Hz) ppm. These findings are in agreement with val-
ues reported for alike compounds in the literature [12, 21, 65, 66]. The 1H NMR 
spectra of all compounds were recorded in DMSO-d6, and the experimental-calcu-
lated chemical shifts are provided in Table 4. The signals corresponding to DMSO-
d6 and water in DMSO (HOD, H2O) were observed around 2.00, 2.50 (quintet), and 
3.40 (variable) ppm, respectively [67].

13C NMR interpretations

The 13C NMR spectra of the compounds were recorded in DMSO-d6, and the exper-
imental-theoretical chemical shifts are summarized in Table 5. For all compounds 
(1–7), the characteristic –C=O (C7) peaks of the isatin ring were observed in the 
range of 163.3–162.5 ppm, while the imine (–C=N, C8) signals appeared between 
142.6 and 142.3  ppm. Additionally, the notable –C=S (C9) signals of the thio-
semicarbazone group were detected between 178.5 and 176.6 ppm (see Support A, 
Figs. S15–S21). In the compounds (1–7), the aromatic carbon signals of the isatin 
ring (C1–C6) were observed between 139.9 and 85.7 ppm, while the carbon signals 
from the phenyl ring (C10–C15) were detected in the range of 159.1–111.8 ppm.

In compounds 4 and 7, the methoxy (–OCH3) carbon atoms were resonated at 
56.2 and 55.7 ppm, respectively. In compound 1, the methylene (–CH2) carbon atom 
was observed at 47.7 ppm. Additionally, for compounds 3 and 6, the carbon atoms 
(C10–C15) from the phenyl ring were split into doublets due to coupling with the 
fluorine (F) nucleus.

Moreover, in compounds 1–7, the carbon signals exhibited a downfield shift 
(higher δ values) compared to the benzene reference signal at 128.5  ppm. This 
shift is attributed to the electron-withdrawing effects of substituent groups, such as 

Table 2   Elemental analysis results of the compounds

Comp. Molecular 
mass (g/mol)

Molecular formula Calculated Experimental

C% H% N% (C)% (H)% (N)%

1 436.0 C16H13IN4OS 44.05 3.00 12.84 43.96 2.95 12.78
2 456.5 C15H10ClIN4OS 39.45 2.21 12.27 39.32 2.26 12.21
3 440.0 C15H10FIN4OS 40.92 2.29 12.73 40.85 2.31 12.67
4 452.0 C16H13IN4O2S 42.49 2.90 12.39 42.40 2.94 12.42
5 456.5 C15H10ClIN4OS 39.45 2.21 12.27 39.37 2.29 12.25
6 440.0 C15H10FIN4OS 40.92 2.29 12.73 40.84 2.22 12.70
7 452.0 C16H13IN4O2S 42.49 2.90 12.39 42.57 2.94 12.32



640	 H. Yakan et al.

Ta
bl

e 
3  

E
xp

er
im

en
ta

l a
nd

 c
al

cu
la

te
d 

IR
 v

ib
ra

tio
n 

fr
eq

ue
nc

ie
s o

f t
he

 c
om

po
un

ds

ist
: i

sa
tin

, t
cr

b:
 th

io
se

m
ic

ar
ba

zo
ne

s, 
Su

bs
.: 

Su
bs

tit
ue

nt
., 

Sc
al

in
g 

fa
ct

or
s 

ar
e 

ν N
H

 (i
st)

: 0
.9

09
, ν

N
H

 (t
cr

b)
: 0

.9
12

, 0
.9

24
, ν

C
=

O
 (i

st)
: 0

.9
59

, ν
C

=
N

: 0
.9

11
, ν

C
=

S:
 0

.9
81

, ν
S=

C
–N

, 
ν A

rC
–N

: 0
.9

39
, 0

.9
08

, ν
C

–I
: 0

.9
65

, S
ub

s.:
 0

.9
65

C
om

p.
ν N

H
 (i

st)
ν N

H
 (t

cr
b)

ν C
=

O
 (i

st)
ν C

=
N

ν C
=

S
ν S

=
C

–N
ν A

rC
–N

ν C
–I

Su
bs

.

Ex
pe

rim
en

ta
l

1
33

58
32

01
16

95
16

04
13

94
12

99
, 1

24
3

56
8

–
2

32
87

32
18

16
87

15
97

13
97

13
05

, 1
20

2
53

8
C

–C
l: 

93
1

3
33

28
32

21
16

82
16

07
13

81
13

05
, 1

20
2

52
5

C
–F

: 1
15

2
4

32
85

32
24

16
87

16
06

13
76

13
09

, 1
21

4
53

4
C

–O
: 1

14
8

5
32

49
31

87
16

86
16

01
13

95
13

04
, 1

20
3

54
4

C
–C

l: 
95

6
6

33
33

31
66

16
87

16
05

13
87

13
04

, 1
26

1
53

5
C

–F
: 1

15
6

7
33

00
31

41
16

82
16

01
13

92
13

05
, 1

20
6

53
7

C
–O

: 1
14

5
C

al
cu

la
te

d
1

33
05

.8
5

32
54

.0
1,

 3
16

6.
19

16
86

.0
2

16
21

.9
4

13
96

.0
9

12
72

.7
9,

 1
21

2.
90

54
0.

05
–

2
33

05
.6

0
31

57
.6

3,
 3

16
6.

05
16

87
.1

1
16

27
.4

9
13

85
.8

2
13

04
.8

9,
 1

21
7.

73
53

9.
92

C
–C

l: 
10

18
.3

0
3

33
05

.8
4

31
93

.7
7,

 3
16

4.
63

16
87

.0
1

16
25

.9
0

13
86

.8
8

13
09

.8
0,

 1
22

7.
05

54
0.

03
C

–F
: 1

17
4.

13
4

33
06

.1
7

31
80

.5
9,

 3
17

3.
45

16
86

.6
9

16
25

.4
3

13
90

.7
9

13
16

.3
2,

 1
23

3.
65

53
9.

70
O

–C
H

3: 
10

21
.6

1
5

33
05

.1
0

31
99

.5
0,

 3
14

9.
26

16
86

.7
1

16
21

.7
7

13
86

.8
5

13
07

.0
7,

 1
21

1.
70

54
0.

42
C

–C
l: 

10
86

.3
8

6
33

05
.3

9
31

98
.7

9,
 3

15
7.

93
16

86
.7

2
16

23
.1

3
13

86
.3

8
13

07
.2

5,
 1

21
2.

66
54

0.
34

C
–F

: 1
13

5.
58

7
33

06
.0

6
32

02
.4

0,
 3

15
3.

90
16

85
.7

2
16

20
.6

8
13

89
.1

2
13

12
.1

0,
 1

21
4.

60
54

0.
55

O
–C

H
3: 

10
45

.3
1



641New 5‑iodoisatin‑thiosemicarbazones: preparation,…

Ta
bl

e 
4  

E
xp

er
im

en
ta

l a
nd

 c
al

cu
la

te
d 

1 H
 N

M
R

 v
al

ue
s o

f t
he

 c
om

po
un

ds
 (δ

, p
pm

)

N
1

H
5

H
6

H
7

H
8H
4

H
1

H
2

H
3

N H

N

O

I
N H

S

N H

R
N
2

C
om

p.
=

N
–N

1 H
is

at
in

 N
H

–N
2 H

–A
r

is
at

in
 H

1–
H

3
A

r H
4-

H
8

–C
H

2/O
C

H
3

Ex
pe

rim
en

ta
l

1
12

.5
1 

(s
, 1

H
)

11
.3

0 
(s

, 1
H

)
9.

95
–9

.9
2 

(t,
 

J =
 6.

0 
H

z,
 

1H
)

8.
00

 (s
, 1

H
),

7.
66

–7
.6

4 
(d

, J
 =

 8.
2 

H
z,

 1
H

),
6.

79
–6

.7
7 

(d
, J

 =
 8.

2 
H

z,
 1

H
)

7.
37

–7
.2

7 
(m

, 5
H

)
4.

90
–4

.8
8 

(d
, 

J =
 6.

0 
H

z,
 

2H
)

2
12

.6
6 

(s
, 1

H
)

11
.3

7 
(s

, 1
H

)
10

.9
1 

(s
, 1

H
)

8.
10

–8
.0

9 
(d

, J
 =

 1.
5 

H
z,

 1
H

),
7.

70
–7

.6
7 

(d
d,

 J
 =

 8.
2,

 1
.6

 H
z,

 1
H

),
6.

81
–6

.7
9 

(d
, J

 =
 8.

2 
H

z,
 1

H
)

7.
63

–7
.6

0 
(d

d,
 J

 =
 7.

6,
 1

.4
 H

z,
 1

H
),

7.
53

–7
.5

1 
(d

, J
 =

 7.
4 

H
z,

 1
H

),
7.

47
–7

.3
9 

(m
, 2

H
)

–

3
12

.6
8 

(s
, 1

H
)

11
.3

3 
(s

, 1
H

)
10

.7
9 

(s
, 1

H
)

8.
10

–8
.0

9 
(d

, J
 =

 1.
6 

H
z,

1H
),

7.
70

–7
.6

7 
(d

d,
 J

 =
 8.

2,
 1

.7
 H

z,
 1

H
),

6.
81

–6
.7

9 
(d

, J
 =

 8.
2 

H
z,

 1
H

)

7.
51

–7
.2

7 
(m

, 4
H

)
–

4
12

.6
0 

(s
, 1

H
)

11
.3

3 
(s

, 1
H

)
10

.5
6 

(s
, 1

H
)

8.
08

 (s
, 1

H
),

7.
68

–7
.6

6 
(d

, J
 =

 8.
2 

H
z,

 1
H

),
6.

80
–6

.7
8 

(d
, J

 =
 8.

2 
H

z,
 1

H
)

7.
55

–7
.5

3 
(d

, J
 =

 7.
7 

H
z,

 1
H

),
7.

35
–7

.3
1 

(t,
 J

 =
 7.

8 
H

z,
 1

H
),

7.
16

–7
.1

4 
(d

, J
 =

 8.
3 

H
z,

 1
H

),
7.

03
–6

.9
9 

(t,
 J

 =
 7.

6 
H

z,
 1

H
)

3.
83

 (s
, 3

H
)

5
12

.7
0 

(s
, 1

H
)

11
.3

6 
(s

, 1
H

)
10

.9
3 

(s
, 1

H
)

8.
13

 (s
, 1

H
),

7.
69

–7
.6

7 
(d

, J
 =

 8.
1 

H
z,

 1
H

),
6.

80
–6

.7
8 

(d
, J

 =
 8.

2 
H

z,
 1

H
)

7.
78

 (s
, 1

H
),

7.
65

–7
.6

3 
(d

, J
 =

 8.
1 

H
z,

 1
H

),
7.

49
–7

.4
5 

(t,
 J

 =
 7.

9 
H

z,
 1

H
),

7.
36

–7
.3

4 
(d

, J
 =

 7.
9 

H
z,

 1
H

),

–



642	 H. Yakan et al.

Ta
bl

e 
4  

(c
on

tin
ue

d)

N
1

H
5

H
6

H
7

H
8H
4

H
1

H
2

H
3

N H

N

O

I
N H

S

N H

R
N
2

C
om

p.
=

N
–N

1 H
is

at
in

 N
H

–N
2 H

–A
r

is
at

in
 H

1–
H

3
A

r H
4-

H
8

–C
H

2/O
C

H
3

6
12

.7
0 

(s
, 1

H
)

11
.3

2 
(s

, 1
H

)
10

.9
3 

(s
, 1

H
)

8.
14

 (s
, 1

H
),

7.
69

–7
.6

7 
(d

, J
 =

 8.
2 

H
z,

 1
H

),
6.

80
–6

.7
8 

(d
, J

 =
 8.

2 
H

z,
 1

H
)

7.
63

–7
.6

0 
(d

, J
 =

 7.
8 

H
z,

 1
H

),
7.

50
 (s

, 1
H

),
7.

47
–7

.4
4 

(d
, J

 =
 8.

1 
H

z,
 1

H
),

7.
15

–7
.1

2 
(t,

 J
 =

 7.
5 

H
z,

 1
H

)

–

7
12

.6
5 

(s
, 1

H
)

11
.3

5 
(s

, 1
H

)
10

.8
6 

(s
, 1

H
)

8.
16

 (s
, 1

H
),

7.
70

–7
.6

8 
(d

, J
 =

 8.
2 

H
z,

 1
H

),
6.

81
–6

.7
9 

(d
, J

 =
 8.

2 
H

z,
 1

H
)

7.
37

–7
.3

3 
(t,

 J
 =

 8.
1 

H
z,

 1
H

),
7.

27
 (s

, 1
H

),
7.

23
–7

.2
1 

(d
, J

 =
 8.

1 
H

z,
 1

H
),

6.
88

–6
.8

6 
(d

, J
 =

 8.
0 

H
z,

 1
H

)

3.
79

 (s
, 3

H
)

C
al

cu
la

te
d

1
13

.2
2

7.
78

8.
16

7.
85

 (H
1)

, 7
.8

2 
(H

2)
, 7

.2
1 

(H
3)

7.
96

 (H
4)

, 7
.9

6 
(H

5)
, 7

.9
3 

(H
6)

, 7
.9

4 
(H

7)
, 

7.
97

 (H
8)

4.
39

, 5
.4

4 
(2

H
)

2
13

.2
5

7.
85

11
.7

0
8.

33
 (H

1)
, 7

.9
2 

(H
2)

, 7
.2

8 
(H

3)
8.

05
 (H

5)
, 7

.6
6 

(H
6)

, 7
.8

4 
(H

7)
, 1

0.
41

 (H
8)

–
3

13
.2

7
7.

84
11

.1
8

8.
30

 (H
1)

, 7
.9

2 
(H

2)
, 7

.2
7 

(H
3)

7.
77

 (H
5)

, 7
.6

8 
(H

6)
, 7

.7
1 

(H
7)

, 1
0.

26
 (H

8)
–

4
13

.0
4

7.
84

11
.7

6
8.

38
 (H

1)
, 7

.9
1 

(H
2)

, 7
.2

8 
(H

3)
7.

50
 (H

5)
, 7

.6
8 

(H
6)

, 7
.4

5 
(H

7)
, 1

0.
04

 (H
8)

4.
16

–4
.7

5 
(3

H
)

5
13

.4
8

7.
85

10
.7

5
8.

32
 (H

1)
, 7

.9
2 

(H
2)

, 7
.2

9 
(H

3)
7.

69
 (H

4)
, 7

.6
6 

(H
6)

, 7
.8

7 
(H

7)
, 1

0.
12

 (H
8)

–
6

13
.3

2
7.

85
10

.8
4

8.
32

 (H
1)

, 7
.9

3 
(H

2)
, 7

.2
8 

(H
3)

7.
41

 (H
4)

, 7
.4

0 
(H

6)
, 7

.9
1 

(H
7)

, 9
.9

7 
(H

8)
–

7
13

.4
1

7.
84

10
.7

0
8.

31
 (H

1)
, 7

.9
1 

(H
2)

, 7
.2

8 
(H

3)
7.

16
 (H

4)
, 7

.2
3 

(H
6)

, 7
.8

7 
(H

7)
, 9

.6
3 

(H
8)

3.
96

–4
.2

4 
(3

H
)



643New 5‑iodoisatin‑thiosemicarbazones: preparation,…

Ta
bl

e 
5  

E
xp

er
im

en
ta

l a
nd

 c
al

cu
la

te
d 

13
C

 N
M

R
 d

at
a 

of
 c

om
po

un
ds

 1
–7

, (
δ/

pp
m

)

Su
bs

.: 
Su

bs
tit

ue
nt

s, 
a:

 C
H

2, 
b:

 O
C

H
3

C
1

C
2

C
3

C
4

C
5

C
6

N H

C
7

C
8

N

O

I
N H

C
9

S

N H
C
10

C
15

C
14

C
13

C
12

C
11

R

C
1

C
2

C
3

C
4

C
5

C
6

C
7

C
8

C
9

C
10

C
11

C
12

C
13

C
14

C
15

Su
bs

.

Ex
pe

rim
en

ta
l

1
85

.7
13

9.
4

12
3.

0
13

1.
0

11
3.

9
12

9.
3

16
2.

5
14

2.
3

17
8.

2
13

8.
8

12
7.

8
12

8.
8

12
7.

5
12

8.
8

12
7.

8
47

.7
(a

)

2
85

.9
13

9.
7

12
2.

9
13

1.
2

11
3.

9
12

9.
5

16
2.

5
14

2.
6

17
8.

2
13

2.
1

13
6.

5
12

8.
1

13
0.

1
12

9.
8

13
1.

6
–

3
85

.8
13

9.
7

12
2.

9
13

0.
7

11
3.

9
12

9.
6

16
2.

5
14

2.
6

17
8.

5
12

6.
9

12
6.

7
15

9.
1

15
6.

6
11

6.
6

11
6.

4
13

1.
7

13
1.

6
12

5.
0

12
4.

9
12

9.
8

12
9.

7
–

4
85

.9
13

9.
6

12
2.

9
13

1.
1

11
3.

9
12

9.
7

16
2.

5
14

2.
4

17
7.

4
12

8.
5

15
4.

4
11

2.
4

12
8.

6
12

0.
6

12
7.

4
56

.2
(b

)

5
85

.9
13

9.
8

12
2.

8
13

1.
7

11
3.

9
12

9.
9

16
2.

6
14

2.
5

17
6.

8
14

0.
3

12
5.

7
13

2.
9

12
6.

4
13

0.
5

12
4.

7
–

6
85

.9
13

9.
9

12
2.

8
13

1.
6

12
1.

9
12

9.
9

16
3.

3
14

2.
5

17
6.

7
14

0.
5

14
0.

4
11

4.
1

11
3.

9
16

2.
6

16
0.

9
11

3.
0

11
2.

8
13

0.
5

13
0.

4
11

3.
4

11
3.

2
7

85
.9

13
9.

7
12

2.
9

13
1.

3
11

3.
9

12
9.

9
16

2.
6

14
2.

4
17

6.
6

13
9.

9
11

1.
8

15
9.

7
11

2.
2

12
9.

7
11

8.
2

55
.7

(b
)

C
al

cu
la

te
d

1
13

3.
1

14
7.

8
12

0.
0

15
2.

2
13

1.
7

13
6.

3
17

2.
2

13
7.

8
18

9.
5

14
8.

0
13

9.
1

13
7.

9
13

7.
2

13
7.

6
13

9.
1

55
.4

(a
)

2
13

3.
6

14
8.

5
12

0.
3

15
2.

7
13

1.
5

13
7.

1
17

2.
3

13
7.

8
18

6.
2

14
5.

4
13

8.
3

13
9.

1
13

4.
0

13
6.

3
12

6.
0

–
3

13
3.

6
14

8.
5

12
0.

3
15

2.
6

13
1.

5
13

6.
9

17
2.

3
13

7.
9

18
5.

8
13

7.
0

16
6.

3
12

3.
2

13
4.

0
13

2.
9

12
6.

1
–

4
13

3.
4

14
8.

1
12

0.
2

15
2.

4
13

1.
8

13
6.

7
17

2.
2

13
7.

0
18

4.
7

13
6.

8
16

0.
4

11
6.

8
13

4.
0

12
7.

2
12

4.
5

59
.5

(b
)

5
13

3.
5

14
8.

5
12

0.
3

15
2.

6
13

1.
4

13
6.

9
17

2.
4

13
8.

0
18

6.
0

15
0.

5
12

8.
7

15
0.

3
13

3.
7

13
9.

3
12

2.
8

–
6

13
3.

6
14

8.
5

12
0.

2
15

2.
6

13
1.

5
13

6.
9

17
2.

3
13

7.
8

18
6.

0
15

0.
9

11
4.

6
17

7.
2

11
9.

7
13

9.
9

12
0.

3
7

13
3.

4
14

8.
2

12
0.

2
15

2.
4

13
1.

5
13

6.
7

17
2.

3
13

7.
6

18
5.

5
15

0.
2

11
5.

4
17

2.
5

11
4.

0
13

9.
2

11
5.

9
59

.3
(b

)



644	 H. Yakan et al.

2–Cl (136.5 ppm), 2–F (159.1 ppm), 2–OCH3 (154.4 ppm), 3–Cl (132.9 ppm), 3–F 
(162.6 ppm), and 3–OCH3 (159.7 ppm), present on the aromatic ring. These values 
agree the data that reported of similar compounds [9, 21, 23, 68].

Antioxidant activity studies

To evaluate the antioxidant properties of the synthesized compounds, concentration-
dependent inhibition changes were measured using the DPPH· scavenging method. 
Gallic acid was used as the standard antioxidant, and the percent inhibition changes 
obtained for all compounds are shown in Fig. 1. All synthesized compounds showed 
lower inhibition than gallic acid at all concentrations. When percent inhibitions were 
examined, compound 7 showed the highest increase, and compound 1 displayed the 
lowest increase at almost every concentration. Especially at the two highest con-
centrations (7.50 and 12.50 µM), the compounds showed percent inhibition in the 
order of 1, 2, 3, 5, 6, 4, and 7 from small to large. This variation is thought to be 
largely dependent on the location and structure of the thiosemicarbazone-associated 
substituents.

To compare and evaluate the antioxidant properties of the compounds, IC50 val-
ues were calculated from the inhibition percentages obtained for five different con-
centrations, which are presented in Table 6. It was seen that the free radical scaveng-
ing effects of the compounds were in the order of Gallic acid > 7 > 4 > 6 > 5 > 3 > 
2 > 1. In this study, thiosemicarbazone structures with different substituents (‒Cl, 
‒F, ‒OCH3) played an active role in the change of antioxidant activity. Consistent 
with the findings reported by Andreani et al. [10], the methoxy thiosemicarbazone 
structures in this study exhibited better antioxidant activity than the halogen-con-
taining structures, as in our study. Compound 1 has the lowest antioxidant activity 
(See Support B for data and graphs of IC50 values).

Fig. 1   Percent of inhibition calculated by the DPPH· method for gallic acid and compounds 1–7 
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In another study, it was reported that methoxy-substituted compounds showed 
much stronger antioxidant activity than the others [69]. Similarly, in this study, 
the contribution of substituents to antioxidant activity was observed in the order of 
–OCH₃ > ‒F > ‒Cl, regardless of whether they were attached to the ortho or meta 
position on the molecule.

Compounds 2–4 bound in ortho position exhibited lower antioxidant activity than 
compounds 5–7 bound in meta position. This observation is consistent with previous 
findings in the literature. Bakır and Lawag [10] reported similar results for Schiff 
bases derived from thiocarbohydrazide, isatin, and substituted aldehydes, noting that 
meta-methoxy substitution enhanced antioxidant activity. Moreover, Muğlu et  al. 
also observed that benzaldehyde-derived compounds containing meta-substituted 
groups exhibited higher antioxidant activity [70].

DFT analysis

The LUMO distributions of the compounds are not significantly affected by the 
substituents and their positions; however, the most notable change in the HOMOs 
was observed when MeO was at the ortho position. Among the two groups of com-
pounds, only o-MeO was calculated to localize the HOMOs on the benzene ring (see 
Fig. 2; for all, refer to Supplementary A, Fig. S22). The localization of the HOMO 
on the benzene ring suggests that the increased electron density in this region may 
enhance the molecule’s tendency to donate electrons. The ortho-methoxy substitu-
tion can also contribute to π-conjugation, potentially leading to better orbital overlap 
and increased nucleophilicity, and this may be associated with the compound’s radi-
cal scavenging property. This suggests that compound 4 may exhibit a different inhi-
bition effect behavior compared to the other compounds in the groups. At this point, 
Fig. 1 reveals that, in line with this expectation, the o-MeO substituted compound 4 
exhibits a higher inhibition effect compared to the chlorine- and fluorine-substituted 
compounds in both groups, although it should be noted that the meta-substituted 
methoxy compound 7 shows the highest activity of all.

Table 6   IC50 values for gallic 
acid and the synthesized 
compounds 1–7 

* IC50 = the concentration (μM) exhibiting 50% inhibition of DPPH 
radical
Values are expressed as means (n = 3)

Comp. DPPH scavenging activity IC50 
(μM)*

R2

1 22.46 ± 0.05 0.957
2 19.30 ± 0.04 0.859
3 18.76 ± 0.04 0.927
4 15.80 ± 0.03 0.877
5 17.71 ± 0.03 0.875
6 16.92 ± 0.03 0.870
7 15.36 ± 0.03 0.896
Gallic Acid 10.13 ± 0.02 0.911
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The calculations indicated that compound 4 exhibits the highest HOMO energy 
among the tested compounds. While the HOMO energies of all other compounds 
were below − 6 eV, only compound 4 showed a higher value of − 5.923 eV (Table 7). 
The energy of the HOMO is an indication of how likely the molecule is to donate 
an electron. The relationship between the high HOMO energy of compound 4 and 
its inhibition effect can be considered through SET reactions; however, compound 
7 (IC₅₀ = 15.36 µM), despite having a lower HOMO energy (− 6.089 eV), exhibits 
slightly higher activity. This finding supports the idea that, in addition to HOMO 
energy, other parameters, such as minor differences in steric hindrance, solvation 
effects, hydrogen atom transfer (HAT), proton-coupled electron transfer (PCET), or 

Fig. 2   ESP and HOMO–LUMO maps of compounds 4 and 7 
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bond dissociation enthalpy (BDE), may also influence the overall antioxidant capac-
ity. On the other hand, compounds containing electron-withdrawing groups (EWGs) 
such as chlorine and fluorine (compounds 2, 3, 5, and 6) exhibited lower antioxidant 
activity. These groups lowered the HOMO energy by withdrawing electrons from 
the ring through the inductive effect, thereby weakening the molecule’s electron-
donating capacity.

A higher HOMO energy indicates a greater tendency for the molecule to donate 
electrons, making it a stronger electron donor and thus more reactive toward electro-
philes or radical species. In this context, while the HOMO energies of compounds 
with substituents in the meta position are generally lower than those with substitu-
ents in the ortho position, and it can be said that compound 5 is more reactive toward 
electrophiles or radical species than compound 2, compound 6 more than compound 
3, and compound 7 more than compound 4. This suggests that for these pairs, lower 
HOMO energy corresponds to higher antioxidant activity with an inverse relation-
ship. Compared to the meta position, the observed increased antioxidant activ-
ity for compounds with substituents at the meta position (compounds 5, 6, and 7) 
can be attributed to the easier breaking of the N–H-bond at this position due to the 
decreased bond dissociation enthalpy (BDE). The order of activity for the com-
pound pairs was 7 > 4, 6 > 3, and 5 > 2, which corresponds to the inverse relationship 
with their IC50 values (IC50: 7 < 4, 6 < 3, and 5 < 2). This inverse relationship with 
the HOMO energy suggests that the single electron transfer (SET) mechanism may 
not be the sole dominant pathway in the antioxidant effect of these compounds.

As is known, the HOMO–LUMO energy difference plays an important role in 
determining the chemical reactivity of a molecule, and the observed antioxidant 
activities are compatible with lower Eg values in halogen-substituted compounds 
(compounds 5 and 2, compounds 6 and 3), but this correlation was not observed for 
methoxy-substituted compounds 7 and 4. This difference may be due to the electron-
donating nature of the methoxy group producing electronic effects that differ from 
the electron-withdrawing properties of the halogen atoms. While halogen atoms 
tend to widen the HOMO–LUMO energy gap by withdrawing electron density from 
the π-electron system through their inductive effects, the methoxy group, through its 
mesomeric effect, donates electron density to the π-electron system, thus influencing 

Table 7   Calculated electronic parameters of the compounds

E
g
 : E

LUMO
− E

HOMO
 , � : Chemical Hardness, � : Electronegativity, ω: Electrophilic index, μ: Dipole 

moment, ω−: Electrodonating power

Comp. E
HOMO

(eV) E
LUMO

(eV) Eg(eV) �(eV) �(eV) Ω (eV) μ Debye ω− (eV)

1 − 6.009 − 2.832 3.177 1.589 4.421 6.150 4.86237 5.683
2 − 6.240 − 2.969 3.271 1.635 4.605 6.483 3.51961 5.953
3 − 6.233 − 2.967 3.266 1.633 4.600 6.480 3.64706 5.948
4 − 5.923 − 2.854 3.069 1.535 4.389 6.275 5.63618 5.715
5 − 6.277 − 3.056 3.221 1.611 4.667 6.761 4.45655 6.116
6 − 6.266 − 3.047 3.219 1.610 4.656 6.735 4.44237 6.098
7 − 6.089 − 2.915 3.173 1.587 4.502 6.386 4.21724 5.841



648	 H. Yakan et al.

this energy gap in the opposite direction. Therefore, the opposing electronic effects 
between the methoxy and halogen substituents may be one of the reasons for the 
observed Eg differences. In addition, in general, an inverse correlation is observed 
between the electronegativity (χ), electrophilicity index (ω), and electrodonating 
power (ω–) values of the compounds and their antioxidant activity (Fig. 3). Com-
pounds with higher antioxidant activity (lower IC50) usually possess lower elec-
tronic index values. This observation supports the insight that antioxidant activity is 
related to the electron-donating and nucleophilic properties of the compounds, and 
that an increase in their electrophilic character reduces this activity.

Urease inhibition assay

The urease inhibitory activity of the compounds was evaluated employing the indo-
phenol assay method. Although no inhibition effect was observed for the meta-
substituted compounds 5–7, the ortho-substituted compounds 2–4 exhibited higher 
inhibition than the standard thiourea. This can be attributed to the electronic proper-
ties of the substituents in the ortho position: chlorine (in compound 2) and fluorine 
(in compound 3) act as strong electron-withdrawing groups, methoxy (in compound 
4) exhibits both electron-withdrawing (as inductive) and donating (as mesomeric) 
effects. Benzyl group (C6H5CH2) in compound 1 primarily functions as an electron-
donating group. At this point, it is observed that compounds with strong electron-
withdrawing substituents in the ortho position exhibit higher inhibitory effects. The 
order of inhibition activity from highest to lowest is as follows: 2 > 3 > 4 > 1 > thio-
urea (Table 8, see Support B for data and graphs of IC50 values).

Fig. 3   Calculated electronic parameters vs IC50 values of the compounds 2–7 
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Molecular docking protocol

The interactions of the compounds with urease, conventional hydrogen bonding, 
and pi-alkyl interaction were exhibited in all of them. While carbon-hydrogen bonds 
were found between compounds 1, 2, and 4 and urease, alkyl interactions were 
observed between compounds 1, 4, 5, 6, and 7 and urease. In addition, urease and 
compounds 2 and 3 have pi-pi stacked interactions, urease and compounds 1, 3, 4, 6, 
and 7 have pi-cation interactions, and urease and compounds 3, 4, 5, 6, and 7 have 
pi-anion interactions. Interactions, halogen interactions between urease and com-
pounds 4, 5, and 7, pi-sulfur and pi–pi T-shaped interactions between urease and 
compounds 5 and 7, and pi-sigma interactions between urease and compound 5 were 
observed (Figs. 4, 5, Tables 9, and 10).

It was observed that thiourea, used as standard, performed conventional hydrogen 
bonding and pi-sulfur interaction with urease (Fig.  5 and Table 10). Additionally, 
it was noted that thiourea interacts with amino acids ASP494, ARG609, GLU493, 
HIS593, HIS492, and HIS519. It has been observed that almost all of the amino 
acids that thiourea interacts with also interact with other compounds. As seen in 
Table  8, the binding affinities and constants of the compounds’ interactions with 
urease are compared with thiourea. Compounds 2, 3, 4, and 6 achieved the best 
binding.

Molecular dynamic (MD) simulations

For the development of drugs, it is necessary to study the dynamic behavior of mol-
ecules and complex systems with which they interact. One calculation method used 
for this purpose is molecular docking simulation (MD simulation). In contrast to 
conventional molecular docking methods, MD simulations consider the target’s flex-
ibility and thus allow a more accurate estimation of the binding energy to identify 
potential inhibitors [71].

Compounds 5, 6, and 7 were not selected for molecular dynamics because their 
effects on enzyme inhibition were not observed. However, in terms of binding 
affinities, compound 6 was observed to have a high binding affinity. However, as 

Table 8   Enzyme inhibition 
activities, binding affinities, and 
constants of the compounds

Comp. Inhibition, IC50 (µg/mL) Binding affin-
ity, kcal/mol

Binding 
constant, 
µM

1 7.23 ± 0.15b − 5.90 55.20
2 1.62 ± 0.05a − 7.70 2.77
3 1.67 ± 0.10a − 7.50 3.86
4 1.73 ± 0.31a − 7.20 6.36
5 – − 6.60 17.25
6 – − 7.80 2.35
7 – − 6.20 33.53
Thiourea 18.99 ± 0.43c − 3.20 4903.76
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we have done in our previous studies, dynamical calculations were performed for 
the compound that exhibited high activity in both in vitro enzyme inhibition and 
molecular interaction [72–75]. This study followed the same approach. Therefore, 
compound 2 was selected because its effect was due to the electron-withdrawing 
nature of the chlorine atom located at the ortho position of compound 2, which 
results in only a strong binding interaction with the enzyme’s active site, rather 
than a strong binding interaction.

Fig. 4   Molecular docking 2D and 3D-charge images of 1 (a), 2 (c), 3 (e), and 4 (g) with urease
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Molecular modeling was used to predict the kinetics and stability of the drug 
on urease under physiological conditions. High RMSD values suggested that the 
protein experienced significant structural alterations throughout the simulation, 
whereas lower RMSD values pointed out that the protein maintained a relatively 
stable conformation. While compound 2 alone had a constant RMSD of 0.1 nm 
for 100  ns, the protein started at 0.4  nm and reached 0.6  nm, remaining stable 

Fig. 5   Molecular docking 2D and 3D-charge images of 5 (a), 6 (c), 7 (e), and thiourea (g) with urease
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for 100  ns. Fluctuations were observed in the complex. It remained constant at 
0.4 nm for 50 ns, then reached 1.0 nm after 50 ns and until 95 ns, but decreased 
to 0.6 nm for 100 ns (Fig. 6a). The low RMSD of the complex indicates that the 

Table 9   Urease-compounds 1–4 
interaction categories, species 
and molecular docking distance

Comp. Amino acids Distance Bond types

1 GLN635 1.93492 Hydrogen Bond (Conventional)
GLN635 3.07681 Hydrogen Bond (Carbon)
ARG439 4.3892 Electrostatic (Pi-Cation)
MET637 4.38651 Hydrophobic (Alkyl)
HIS593 4.61592 Hydrophobic (Pi-Alkyl)
MET637 4.82707 Hydrophobic (Pi-Alkyl)
MET588 4.7279 Hydrophobic (Pi-Alkyl)
MET637 5.37713 Hydrophobic (Pi-Alkyl)
ARG439 5.43572 Hydrophobic (Pi-Alkyl)

2 ARG439 2.18602 Hydrogen Bond (Conventional)
HIS593 3.02629 Hydrogen Bond (Carbon)
HIS593 4.07396 Hydrophobic (Pi-Pi Stacked)
HIS593 5.24167 Hydrophobic (Pi-Pi Stacked)
HIS593 4.17256 Hydrophobic (Pi-Alkyl)
MET637 4.55556 Hydrophobic (Pi-Alkyl)

3 GLY550 2.92297 Hydrogen Bond (Conventional)
ARG439 2.11359 Hydrogen Bond (Conventional)
ARG609 4.47061 Electrostatic (Pi-Cation)
ARG609 4.73301 Electrostatic (Pi-Cation)
ASP494 3.49156 Electrostatic (Pi-Anion)
HIS593 4.54648 Hydrophobic (Pi-Pi Stacked)
HIS593 3.66536 Hydrophobic (Pi-Alkyl)
MET637 5.3258 Hydrophobic (Pi-Alkyl)
MET637 5.4818 Hydrophobic (Pi-Alkyl)

4 ALA636 2.60654 Hydrogen Bond (Carbon)
GLU493 3.29522 Halogen (Cl, Br, I)
ARG609 4.76982 Electrostatic (Pi-Cation)
ASP494 4.75214 Electrostatic (Pi-Anion)
MET588 4.01219 Hydrophobic (Alkyl)
HIS492 4.84862 Hydrophobic (Pi-Alkyl)
HIS519 4.0705 Hydrophobic (Pi-Alkyl)
HIS593 4.77311 Hydrophobic (Pi-Alkyl)
MET637 5.15634 Hydrophobic (Pi-Alkyl)
ALA636 4.42734 Hydrophobic (Pi-Alkyl)
MET637 4.97263 Hydrophobic (Pi-Alkyl)
MET588 5.19763 Hydrophobic (Pi-Alkyl)
MET637 4.57639 Hydrophobic (Pi-Alkyl)
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Table 10   Urease-compounds 
5–7, thiourea interaction 
categories, species and 
molecular docking distance

Comp. Amino acids Distance Bond types

5 ARG439 2.83362 Hydrogen Bond (Conventional)
ARG439 2.49462 Hydrogen Bond (Conventional)
GLN635 2.32922 Hydrogen Bond (Conventional)
ASP633 3.29981 Halogen (Cl, Br, I)
ASP494 4.86043 Electrostatic (Pi-Anion)
MET637 2.92704 Hydrophobic (Pi-Sigma)
MET588 4.62849 Other (Pi-Sulfur)
MET637 4.39611 Other (Pi-Sulfur)
HIS492 5.63432 Hydrophobic (Pi-Pi T-shaped)
MET588 4.29342 Hydrophobic (Alkyl)
HIS407 5.3766 Hydrophobic (Pi-Alkyl)
HIS492 5.29397 Hydrophobic (Pi-Alkyl)
HIS519 4.58542 Hydrophobic (Pi-Alkyl)
HIS545 4.3787 Hydrophobic (Pi-Alkyl)
ALA440 4.77375 Hydrophobic (Pi-Alkyl)
ALA636 5.24876 Hydrophobic (Pi-Alkyl)

6 ARG609 4.81218 Electrostatic (Pi-Cation)
ASP494 3.94056 Electrostatic (Pi-Anion)
HIS593 4.02075 Hydrophobic (Pi-Pi Stacked)
ALA636 4.3933 Hydrophobic (Alkyl)
MET637 4.4016 Hydrophobic (Alkyl)
MET588 5.21953 Hydrophobic (Pi-Alkyl)
MET637 4.61509 Hydrophobic (Pi-Alkyl)

7 ARG439 2.71887 Hydrogen Bond (Conventional)
HIS593 2.72467 Hydrogen Bond (Conventional)
ASP633 3.09248 Halogen (Cl, Br, I)
ASP494 4.98672 Electrostatic (Pi-Anion)
ASP494 4.69828 Electrostatic (Pi-Anion)
MET637 4.39039 Other (Pi-Sulfur)
MET637 5.68288 Other (Pi-Sulfur)
HIS492 5.66208 Hydrophobic (Pi-Pi T-shaped)
MET637 4.50712 Hydrophobic (Alkyl)
LEU589 4.37699 Hydrophobic (Alkyl)
MET637 4.1132 Hydrophobic (Alkyl)
HIS519 4.74882 Hydrophobic (Pi-Alkyl)
HIS545 4.2995 Hydrophobic (Pi-Alkyl)
HIS593 4.14918 Hydrophobic (Pi-Alkyl)
ALA440 4.66972 Hydrophobic (Pi-Alkyl)
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protein maintains its stable conformation. In other words, the complex remains 
stable for 100 ns. This supports molecular interaction studies.

The root-mean-square fluctuation (RMSF) method calculates the variations of 
each amino acid residue with and without specific ligand molecules during the sim-
ulation process. Starting from the Cα atoms of urease, the RMSF for all complex 
systems showed that the intensity of the fluctuation was within 0.1–1.0 nm (Fig. 6b). 
Consequently, the RMSF plots showed the protein structure’s stability and the pres-
ence of flexible regions required to reach the optimal states.

Table 10   (continued) Comp. Amino acids Distance Bond types

Thiourea ARG609 2.70851 Hydrogen Bond (Conventional)

ASP494 2.21705 Hydrogen Bond (Conventional)

GLU493 2.21907 Hydrogen Bond (Conventional)

HIS593 3.03287 Hydrogen Bond (Conventional)

ASP494 2.54566 Hydrogen Bond (Conventional)

HIS492 5.16122 Other (Pi-Sulfur)

HIS519 4.3884 Other (Pi-Sulfur)

HIS593 4.96991 Other (Pi-Sulfur)

Fig. 6   RMSD (a) and RMSF (b) H-bond interactions (c), and Rg plotting (d) with compound 2-urease
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To determine the stability of a ligand-receptor complex, it was essential to inves-
tigate the binding interactions between proteins and ligands during MD simulations 
[76]. The H-bond formed by the ligands and urease during the 100-ns MD simula-
tions is shown in Fig. 6c. During the MD simulations, the H-bonds of the complex 
changed between two and six constantly.

The degree of compactness of a protein is represented by its Rg. The Rg is a 
convenient and reliable indicator of a drug’s ability to alter protein structure. The 
loose molecular packing of a protein is represented by its Rg value. The dynamics 
calculations for 100 ns of urease and the compound were consistently around 2.25 
and 0.45 nm, respectively, as shown in Fig. 6d.

Conclusion

In this work, novel 5-iodoisatin-thiosemicarbazone derivatives were synthesized 
with excellent yields ranging from 60 to 95%. The structural characterization of 
the compounds was carried out using various spectroscopic techniques, including 
FT-IR, 1H NMR, and 13C NMR spectroscopy, as well as elemental analysis.

The synthesized compounds’ antioxidant activity was assessed through the free 
radical scavenging (DPPH·) assay as in vitro. The IC50 values for these compounds 
varied between 15.36 and 22.46 μM. These values are close to the IC50 value of gal-
lic acid (10.13 μM), which is used as a standard. The results indicate that the antiox-
idant activities of the synthesized compounds are comparable to that of gallic acid, 
indicating that they do not exhibit very weak activity. Furthermore, it was observed 
that the antioxidant activities of the compounds varied depending on different sub-
stituent groups, with meta-substituted groups exhibiting higher antioxidant activity 
than ortho-substituted groups.

DFT calculations have revealed some information about the structural and elec-
tronic properties of the substituents and their relationship with antioxidant activity. 
The observed changes in HOMO energies, particularly the effect of ortho-methoxy 
substitution, highlight the importance of substituent position and type in determin-
ing the electron-donating ability and reactivity of these compounds. The findings 
also showed a strong relationship between different electronic parameters (such 
as Eg, electronegativity, electrophilic index, and electrodonating power) and their 
effects on antioxidant activity.

Following an analysis of the samples’ urease inhibition and interactions with 
urease, it was found that compound 2 exhibited the best inhibition effect (IC50, 
1.62 ± 0.05  µg/mL, and − 7.70  kcal/mol). While the meta-substituted compounds 
5–7 showed no inhibitory effect, the ortho-substituted compounds 2–4 showed more 
inhibition than the standard thiourea. Besides, the state of the complex formed by 
compound number 2, which has the best urease inhibition activity and is supported 
by molecular dynamics simulation. Furthermore, molecular docking simulations 
were employed to investigate the interaction of the newly synthesized compounds 
with the active site of the target enzyme. Alkyl connections were noted between 
compounds 1, 4, 5, 6, and 7 and urease, whereas carbon-hydrogen linkages were dis-
covered between compounds 1, 2, and 4. Consequently, the synthesized compounds 
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hold promise as potential candidates for future in  vivo works as pharmacological 
and biological agents. Additionally, molecules incorporating the isatin-thiosemi-
carbazone scaffold may have wide applications in both biochemistry and medicine 
fields.
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