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Synthesis, Theoretical, in Silico and in Vitro Biological
Evaluation Studies of New Thiosemicarbazones as Enzyme

Inhibitors

Musa Erdogan,” M. Serdar Cavus,”™ Halit Muglu,” Hasan Yakan,* Ciineyt Tiirkes,™

Yeliz Demir,*™ and Siikrii Beydemir's "

Eleven new thiosemicarbazone derivatives (1-11) were de-
signed from nine different biologically and pharmacologically
important isothiocyanate derivatives containing functional
groups such as fluorine, chlorine, methoxy, methyl, and nitro at
various positions of the phenyl ring, in addition to the benzyl
unit in the molecular skeletal structure. First, their substituted-
thiosemicarbazide derivatives were synthesized from the treat-
ment of isothiocyanate with hydrazine to synthesize the
designed compounds. Through a one-step easy synthesis and
an eco-friendly process, the designed compounds were synthe-
sized with yields of up to 95% from the treatment of the
thiosemicarbazides with aldehyde derivatives having methoxy
and hydroxy groups. The structures of the synthesized mole-
cules were elucidated with elemental analysis and FT-IR, 'H-

Introduction

The compounds containing Schiff bases have biological and
medicinal properties with wide range of applications, such as
antimicrobial,!"’ antifungal,”’ antiproliferative activity and en-
zyme inhibition,®¥  anticonvulsant,””’  antituberculosis,”
anticancer,” anti-inflammatory,® antioxidant,” and
antibacterial™ activity. Thiosemicarbazones with the -NH-C(=
SINH-N = unit constitute a versatile class of synthetic organic
chemistry. They are also used as versatile intermediates for
synthesizing numerous compounds. They have shown a broad
spectrum of chemical, biological and medicinal properties such
as anti-HIV,"" antimicrobial™ antiviral,"® antibacterial,"”

NMR, and C-NMR spectroscopic methods. The electronic and
spectroscopic properties of the compounds were determined
by the DFT calculations performed at the B3LYP/6-311+ +
G(2d,2p) level of theory, and the experimental findings were
supported. The effects of some global reactivity parameters and
nucleophilic-electrophilic attack abilities of the compounds on
the enzyme inhibition properties were also investigated. They
exhibited a highly potent inhibition effect on acetylcholinester-
ase (AChE) and carbonic anhydrases (hCAs) (K, values are in the
range of 23.54+4.34 to 185.90+26.16 nM, 103.90£23.49 to
325.90+£77.99 nM, and 86.15+18.58 to 287.70+43.09 nM for
AChE, hCA |, and hCA II, respectively). Furthermore, molecular
docking simulations were performed to explain each enzyme-
ligand complex’s interaction.

16] N7z

anticonvulsant,"™ anticancer,
antituberculosis,"®  cytotoxic
agents.*>#

The ubiquitous enzyme superfamily of carbonic anhydrases
(CAs; EC 4.2.1.1) plays a crucial role in most organisms/tissues
due to its involvement in numerous physiologic and pathologic
processes.® This is because it catalyzes the reaction that
converts CO, into bicarbonate and protons, which is a
straightforward but crucial reaction.?” Eight genetically differ-
ent CA families are being recognized, and as they are expressed
in animals from all branches of the evolutionary tree, they can
be targeted by various illnesses. In particular, CA inhibitors
(CAls) emerged as useful tools in diseases typically not

urease inhibitory activity,
activity,"” and antioxidant
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associated with this class of pharmacological agents, such as
oxidative stress, as an anti-infective agent, Alzheimer’s disease
(AD), neuropathic pain, cerebral ischaemia, and rheumatoid
arthritis in the last decades.” They also found clinical relevance
as antiobesity, antiglaucoma drugs, diuretics, antitumor, and
antiepileptics agents.”

A cholinergic enzyme called acetylcholinesterase (AChE) is
mainly present in postsynaptic neuromuscular junctions, espe-
cially in nerves and muscles. A natural neurotransmitter called
acetylcholine (ACh) is quickly degraded into acetic acid and
choline”” The primary role of AChE is to inhibit synaptic
transmission and communication between neurons to prevent
ACh from activating and spreading nearby receptors. The only
class of medications expressly used to treat AD are cholinergic
enhancers called AChE inhibitors.”® AChE inhibitors have a
neuroprotective effect on the activation of nicotinic receptors
and muscarinic receptors, which improves cognitive function by
slowing the decline of ACh in the synaptic cleft and increasing
the concentration of an ACh in these receptors.”” Therefore,
there is a need for the synthesis of promising new compounds
that inhibit the AChE enzyme in the treatment of AD disease.”™
There are many organic compounds in the literature have been
tested in the effects of on the inhibition of CAs and AChE
enzymes.®"* In our former work, thiosemicarbazone deriva-
tives exhibited highly potent inhibition of AChE and hCAs. All
compounds showed lower activity than reference drug
acetazolamide (AAZ) for hCA | (Scheme 1a). The most active N-
(2-chlorophenyl)-2-(4-hydroxy-3,5-dimeth-
oxybenzylidene)hydrazine-1-carbothioamide showed with K
values of 60.32+9.78 nM.B" In our other work, thiosemicarba-
zones bearing the Schiff base showed highly potent inhibition
effect with K, values are in the range of 51.11-78.10 nM for
AChE, 60.32-300.00 nM for hCA |, and 64.21-307.70 nM, for hCA
Il (Scheme 1b).5? In another work, thiosemicarbazone deriva-
tives based 3-ethoxysalicylaldehyde assayed against carbonic
anhydrases (hCA | and hCA Il), cholinesterases (AChE and BChE)
and a-glycosidase (Scheme 1c). The results existing they

effectively inhibited AChE, with K, values in the range of
385.38:45.03 to 983.04 = 104.64 nM.5”

With the above considerations in mind, we designed new
thiosemicarbazone derivatives containing biologically and phar-
macologically important units in their hybrid structure and
decided to examine their enzyme-inhibitory properties to
discover potential enzyme inhibitors (against AChE, hCA |, and
hCA 1I). For this, nine different thiosemicarbazide derivatives
were first synthesized from the reaction of various substituted
isothiocyanate derivatives with hydrazine. When choosing
isothiocyanate derivatives, in addition to the benzyl derivative,
derivatives containing important groups in terms of biological
activity, such as methyl, nitro, fluorine, chlorine, and methoxy in
different positions of the phenyl ring, were preferred. Then, the
new thiosemicarbazones bearing Schiff-bases (1-11) were
accomplished by condensation reaction with 3-methoxy or 4-
hydroxy salicylicaldehyde and with various substituted-thiose-
micarbazides under reflux in ethanol. The structures of the
compounds were characterized by Fourier transform infrared
(FT-IR), proton-carbon nuclear magnetic resonance ("H-NMR -
BC-NMR), and elemental analysis. Experimental spectroscopy
results were compared with density functional theory (DFT)
data calculated at the B3LYP/6-311+ +g(2d,2p) level of theory.
In addition to calculating the global reactivity parameters of
compounds, the effects of substituents on the intramolecular
interactions and electronic properties of compounds have been
investigated using the interaction region indicator (IRl) and
quantum theory of atoms in molecules (QTAIM) analyses. An
examination of the enzyme inhibition characteristics of the
compounds and their relationship with possible nucleophilic
and electrophilic attacks was carried out on electronic data, and
as a result, some predictions were made about the sources of
the enzyme inhibition properties of the compounds. Besides,
molecular docking studies were accomplished to explain each
enzyme-ligand complex’s interaction. Moreover, although there
are studies on biological activities using DFT and docking
approaches in the literature,®® our study focuses more on
predicting how substituent groups and the positions of these
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Scheme 1. Structures of thiosemicarbazones bearing Schiff-bases as CAs and AChE inhibitors.
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groups affect enzyme inhibition through electrophilic/nucleo-
philic attacks.

Results and Discussion
Physical properties

The structure names, yields, melting points, physical properties,
and elemental analyses data of the compounds are given in
Tables 1 and 2.

Vibrational frequencies

In the FT-IR spectra of the compounds, the vibrations of the
aldehyde group (—CHO, 2 bands) and the amino group (—NH,)
of the starting material did not detect at 2800-2650 cm™' and
3350-3200 cm™', respectively. Instead, new for the —C=N
stretching vibrations of azomethine group were observed at
1629-1579 cm™'. These frequencies indicated a successful
reaction as expected (see Figures S1-S11 in Supplementary
information for the spectra of the compounds).

For the compounds (1-11), the hydroxy group (—OH)
vibration peaks were observed in the range 3405-3292 cm™',
the amine group (—NH) vibration peaks were observed in the
range 3293-3107 cm™', aromatic proton (—CH) vibrations were
observed in the range 3080-2934 cm™', the —C=S signals of the

thiosemicarbazone region were observed at 1478-1437 cm™,

the —C—N group vibrations were observed at 1311-1213 cm™,
and the —C-O group vibrations were observed at 1215-
1025cm™.

For compound 3, the asymmetric and symmetric stretching
vibrations of the nitro group (—NO,) were not observed at 1498
and 1337 cm™'. For compounds 4 and 7, Ar-F vibration signal
was observed at 1216 and 1138 cm™, respectively. For the
compounds 5 and 8, the —C—Cl stretching vibrations were
observed at 912 and 928 cm™', respectively. The experimental
and calculated IR vibration values of the compounds are given
in Table 3. The stretching vibration data of all structures were
compatible with those reported for similar compounds.?*3®

'H-NMR interpretations

NMR spectra were recorded on a Bruker Ultrashield Plus Biospin
spectrometer at 400 MHz in DMSO-d;. NMR chemical shifts were
determined relative to internal standard TMS at 6 0.0 ppm.
Chemical shifts (9) are reported in ppm, and coupling constants
(/) are in Hertz (Hz). The experimental and calculated 'H-NMR
spectrum values of the compounds are given in Tables 4a and
4b. Signals of DMSO-d; and water in DMSO (HOD, H,0) were
observed around 2.00, 2.55 (quintet), and 3.40 (variable,
depending on the solvent and its concentration) ppm in 'H-
NMR, and 39-41 ppm (heptet peaks) in *C-NMR, respectively.

In the 'H-NMR characterization of the synthesized com-
pounds, the amino peaks of the thiosemicarbazide units
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(N-NH—C=S, H5) in 1-11 were observed as a sharp singlet
between 12.17-11.35 ppm. The azomethine protons (CH=N) of
the compounds, one of the most specific peaks, were resonated
as a singlet at the range of 8.55-8.31 ppm. A characteristic
singlet signal was also observed at around 10.40-9.42 ppm
assigned to the OH protons in the 2-hydroxyphenyl ring of all
the compounds. For compounds 10-11, the free OH peaks at
para position of 2,4-dihydroxyphenyl ring were appeared as a
singlet at 9.86 ppm for 10, and 9.77 ppm for 11. The presence
of H6 protons at aniline units was indicated for all the
compounds. Furthermore, for the compounds 1-9, the aromatic
ring protons (H1, H2, and H3) were resonated as a doublet of
doublets at 7.02-6.99 ppm (J=8.0-8.1), a triplet at 6.86-
6.78 ppm (J=8.0), and a doublet at 7.72-7.51 ppm (J=8.0-7.6),
respectively. For the compound 10, the aromatic ring protons
(H1 and H2) were resonated as multiplets at 6.40-6.28 ppm,
and H3 protons were resonated as doublet at 7.67 ppm (J=
8.2). For the compound 11, the aromatic ring protons (H1 and
H2) were resonated as doublet at 6.32 ppm (J=2.3), a doublet
of doublets at 6.28 ppm (J=8.5) and H3 protons were
resonated as doublet at 7.74 ppm (J=8.6) (see Figures S12-
$22). The aromatic ring protons in aniline unit gave AB system
for the compounds 2 and 3 in "H-NMR spectra (see Figures S13
and S14). The other NMR signals which observed at the
aromatic and aliphatic regions are in agreement with the
molecular structures for the related compounds. These results
consistent with the values of earlier reported for similar
compounds.?2%2237)

3C-NMR interpretations

The experimental and calculated *C-NMR spectrum values of
the compounds are given in Tables 5a and 5b. In *C-NMR for all
the compounds 1-11, the characteristic signal of thiosemicarba-
zide units (C=S) was observed at the most downfield (It
appears between 177.43-173.88 ppm). On the other hand, the
characteristic imine signals (C=N) were showed between
141.16-139.40 ppm. Other *C-NMR chemical shift values which
observed in the aromatic and aliphatic regions supported the
formation of compounds 1-11 (for details see Figures S12-S22
in Supplementary Information). In the '*F-decoupled "*C-NMR
spectrum, C—F couplings were observed in the compounds 4
and 7, as expected. Fluorophenyl carbons resonated as doublets
at 157.15 (d, J=246.5, C8), 129.90 (s, C11) 127.88 (d, /=7.8,
C10), 127.25 (d, J=11.8, C7), 123.91 (d, J=3.5, C12), 115.58 (d,
J=20.0, C9) ppm for the compound 4, and 161.50 (d, J=241.6,
C9), 140.90 (d, /=10.9, C7), 129.42 (d, J=9.3, C11), 121.04 (s,
C12), 111.95 (d, J=24.7,C8), 111.53 (d, J=20.9, C10) for the
compound 7, respectively. The NMR data are in very good
agreement with the structure of targeted the compounds and
are in consistent with reported similar compounds in the
literature.®202237
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Table 1. Structural and physical properties of the compounds.

Comp. Structure Structure Name Yield M. P. Color
ID % O
S
)]\ _N - N-benzyl-2-(2-hydroxy-3-meth- 202- .
! ©/\” N N 0] oxybenzylidene)hydrazine-1-carbothioamide %3 203 White
OH
{ J S
)J\ /N N-(p-tolyl)-2-(2-hydroxy-3-meth- 208- .
2 N N O/ oxybenzylidene)hydrazine-1-carbothioamide %2 209 White
H H
OH
O.N
S
3 \@\ )J\ \ _ N-@nitrophenyl)-2-(2-hydroxy-3-meth- 94 13-
N N O oxybenzylidene)hydrazine-1-carbothioamide 214
H H
OH
F
S
4 @ )J\ N _ N-(2-fluorophenyl)-2-(2-hydroxy-3-meth- 78 185- White
N N XX O oxybenzylidene)hydrazine-1-carbothioamide 186
H H
OH
Cl
S
5 @ )J\ N - N-(2-chlorophenyl)-2-(2-hydroxy-3-meth- 85 202- White
N N X O oxybenzylidene)hydrazine-1-carbothioamide 203
H H
OH
© S
6 )J\ N-(2-methoxyphenyl)-2-(2-hydroxy-3-meth- 75 186- Yellowish
_N s oxybenzylidene)hydrazine-1-carbothioamide 187 White
N N° O
H H
OH
@\ i
_N N-(3-fluorophenyl)-2-(2-hydroxy-3-meth- 199- .
/ F N H AN O/ oxybenzylidene)hydrazine-1-carbothioamide 68 200 White
OH
S
8 /©\ )J\ _N - N-(3-chlorophenyl)-2-(2-hydroxy-3-meth- 88 194- White
Cl H N AN O oxybenzylidene)hydrazine-1-carbothioamide 195
OH
S
~ /©\ J_k _N N-(3-methoxyphenyl)-2-(2-hydroxy-3-meth- 196- .
° O ” H N O/ oxybenzylidene)hydrazine-1-carbothioamide % 197 White
OH
0] HO OH
N-(2-methox enyl)-2-(2,4- 210- Light Yel-
0 S (2-methoxyphenyl)-2-( . ght Yel
)J\ N dihydroxybenzylidene)hydrazine-1-carbothioamide 211 low
N N
H H
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Table 1. continued
Comp. Structure Structure Name Yield M. P. Color
ID % O
S HO OH
- Jj\ _N N-benzyl-2-(2,4-dihydroxybenzylidene)hydrazine-1- 78 208- Yellowish
N N carbothioamide 209 White
H H
Table 2. Elemental analysis results of the compounds.
Comp. ID Molecular mass Molecular formula Calculated Experimental
(g/mol) C% H% N% Q% (H)% (N)%
1 315.39 Ci6H1N;0,5 60.93 5.43 13.32 61.01 538 13.36
2 315.39 C6H1yN;0,5 60.93 543 13.32 60.85 547 13.30
3 346.36 CysH.uN,0,5 52.02 4.07 16.18 51.94 4.01 16.25
4 319.35 CysH14FN0,5 56.42 442 13.16 56.52 439 13.12
5 335.81 Cy5H14CIN;0,5 53.65 420 12,51 53.56 423 12.47
6 331.34 Ci6HiyN;055 57.99 5.17 12.68 58.08 5.12 12.63
7 319.35 Cy5Hq14FN50,5 56.42 442 13.16 56.51 445 13.14
8 335.81 Cy5H,4CIN;0,5 53.65 420 12,51 53.60 416 12.55
9 331.34 Ci6Hq7,N5055 57.99 5.17 12.68 57.95 5.24 12.70
10 317.36 Cy5Hq5N505S 56.77 4.76 13.24 56.67 4.68 13.29
1 301.36 Cy1sHisN;0,5 59.78 5.02 13.94 59.71 5.08 14.00
Table 3. Experimental and calculated FT-IR values of the compounds (cm™).
Comp. ID -OH -NH Ar.CH =N =S C-N C-0 (OH) C—O (OCH,) Spec. Vib.
Experimental 1 3304 3214, 3143 3037-2983 1579 1355 1215 1185 1063 -
2 3298 3201, 3137 3071-2998 1585 1358 1275 1184 1068 -
3 3337 3280, 3218 3080-2985 1598 1405 1224 1188 1054 NO,: 1498, 1337
4 3296 3255, 3127 3008-2935 1591 1424 1267 1215 1057 C—F:1216
5 3306 3273,3177 3013-2934 1587 1358 1226 1190 1059 C—Cl:912
6 3297 3269, 3145 3056-2960 1598 1406 1235 1159 1070,1025 -
7 3292 3201, 3107 3066-3002 1595 1356 1269 1201 1068 C—F: 1138
8 3296 3211, 3135 3004-2971 1580 1401 1272 1190 1067 C—Cl: 928
9 3403 3293, 3121 3075-2967 1597 1358 1215 1162 1062, 1032 -
10 3317 3243, 3189 3018-2971 1603 1349 1237 1163,1119 1037 -
11 3405 3286, 3169 3023-2991 1629 1358 1311 1159,1113 1114 -
Calculated 1 3776 3587, 3532 3215-3159 1656 1438 1225 1245 1089 -
2 3775 3532, 3526 3236-3154 1648 1431 1268 1245 1089 -
3 3772 3530, 3515 3240-3173 1649 1422 1283 1247 1087 NO,: 1551, 1354
4 3773 3530, 3519 3236-3187 1649 1428 1277 1246 1089 C-F: 1224
5 3774 3528, 3488 3230-3187 1649 1426 1274 1255 1089 C—Cl: 1050
6 3775 3528, 3515 3234-3184 1648 1432 1271 1245 1089, 1054 -
7 3773 3531, 3524 3243-3185 1648 1427 1284 1246 1089 C—F:1218
8 3773 3531, 3522 3241-3184 1648 1426 1266 1246 1088 C—Cl: 988
9 3774 3532, 3527 3247-3179 1648 1430 1237 1247 1089, 1067 -
10 3838, 3835 3531, 3518 3234-3167 1646 1432 1273 1224 1054 -
11 3838, 3834 3577,3538 3194-3161 1645 1437 1333 1224 - -
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Table 4. a) Experimental 'H-NMR (3, ppm, in (Dg)DMSO) values of the compounds. b) Calculated 'H-NMR values of the compounds
OH H5 H6 H5 H6
Ha y v Hy OH Hy HoH o H
0 \N/N N X He H, N~ \H/ X Hs
a) —/R _R1
s 2 S Hin” H
H,4 Hs H 11 Hg HO Hs 11 9
Ho Hqo H> H1o
19 10-11

Comp. OH OCH,/ H1 H2 H3 H4, H5, Heé, H7-H11 R,

ID OH CH=N NH NH-Ar

1 9.22 3.81 6.96 6.78 (t, 7.59 (d, 8.47 11.59 9.01 (t, 7.47-7.16 (m, 5H, benzyl H7-H11) CH,: 4.85 (d,
(s, (s, (dd, J=8.0, J=8.0, (s, (s, J=6.2, J=6.2, 2H)
1H) 3H) J=81, 1H) 1H) 1H) 1H) 1H)

1.4, TH)

2 9.96 3.82 6.98 6.79 (t, 7.70 (d, 8.51 11.75 9.25 7.43 (d, J=8.3, 2H, H7, H11, H9=CH;:
(s, (s, (dd, J]=8.0, J]=7.9, (s, (s, (bs, H7=H11), 7.16 (d, /=8.3, 2H, H8, 2.31 (s, 3H)
TH) 3H), J=8.0, TH) 1H) 1H) 1H) 1H) H10, H8=H10)

1.3,
TH),

3 10.40 3.84 7.02 6.83 (t, 7.72 (d, 8.59 1217 9.35 8.25 (d, J=9.2, 2H, H8, H10, H9=NO,
(s, (s, (dd, J]=8.0, J]=76, (s, (s, (bs, H8=H10), 8.08 (d, /=9.2, 2H, H7,
1H) 3H) J=8.1, 1H), 1H), 1H) 1H) 1H) H11, H7=H11)

1.3,
TH),

4 9.91 3.82 6.99 6.79 (t, 7.68 (d, 8.52 11.95 9.26 7.55(t, J=7.9, 1H, H11), 7.43-7.13 H7=F
(s, (s, (dd, J=8.0, J=738, (s, (s, (bs, (m, 3H, H8, H9, H10)
1H) 3H) J=8.0, 1H), 1H) 1H) 1H) 1H)

1.3, TH)

5 10.03 3.83 6.99 6.80 (t, 7.64 (d, 8.54 11.98 9.28 7.80 (dd, J=7.9, 1.3, 1H, H11), 7.54 H7=Cl
(s, (s, (dd, J=8.0, 1=78, (s, (s, (bs, (dd, J=7.9, 1.5, TH, H8), 7.38 (td,
1H) 3H) /=80, 1H) 1H) 1H) 1H) 1H) J=7.7,15,1H, H10),7.29 (td, /=77,

1.3, TH) 1.6, TH, H9)

6 10.00 3.84 7.01 6.86 (t, 7.51 (d, 8.55 11.94 9.33 8.37(d,J=7.7,1H, H11), 7.23-7.14 H7 =0CH;:
(s, (s, (dd, J=8.0, J=728, (s, (s, (bs, (m, 1H, H9), 7.10 (dd, J=8.3, 1.3, 1H, 3.89 (s, 3H)
TH) 3H) J=8.1, TH) 1H) TH), 1H) 1H) H8), 6.97 (td, /=7.8, 1.3, TH, H10)

1.3, TH)

7 10.11 3.83 7.00 6.81 (t, 7.71 (d, 8.55 11.93 9.30 7.64 (dt, J=11.3, 22, 1H, H11), 7.47 H10=F
(s, (s, (dd, J=8.0, 1=728, (s, (s, (bs, (d, J=8.7, 1H, H7), 7.42-7.35 (m, 1H,
1H) 3H). J]=8.0, 1H), 1H), 1H) 1H) 1H) H8),

1.3, 7.03 (td, J=8.3, 2.5, 1H, H9)
TH).

8 10.12 3.83 7.00 6.81 (t, 7.72 (d, 8.54 11.93 9.29 7.78 (t, J=2.0, 1H, H11), 7.61 (dd, H10=Cl
(s, (s, (dd, J=8.0, J=79, (s, (s, (bs, J=8.1,1.0, 1H, H7),7.39 (t, J=8.1,

TH) 3H) J=8.0, TH) 1H) TH) TH) TH) 1H, H8), 7.25 (ddd, /=8.0, 2.0, 0.8,
13, 1H, H9)
1H),

9 10.00 3.83 6.99 6.81 (t, 7.71 (d, 8.54 11.83 9.29 7.32(t, J=2.1,1H,H11), 7.27 (t, H10=0CH;:
(s, (s, (dd, J]=8.0, 1=738, (s, (s, (bs, J=8.0, 1H, H8), 7.22-7.18 (m, 1H, 3.77 (s, 3H)
TH) 3H) J=8.1, TH) TH) TH) TH) TH) H7), 6.77 (ddd, J=8.1, 2.5, 1.0, 1H,

1.4, TH) H9),

10 9.89 9.86 6.40— 6.40- 7.67 (d, 8.38 11.71 9.92 (s, 8.39 (d, /=84, 1H, H11), 7.19-7.11 OCH,: 3.88
(s, (s, 6.28 6.28 J=8.2, (s, (s, TH) (m, 1H, H9), 7.09 (dd, J=8.2, 1.2, 1H, (s, 3H)
1H) 1H) (m, TH) (m, 1H) 1H) 1H) 1H) H8), 7.01 -6.87 (m, TH, H10)

1 9.79 9.77 6.32 (d, 6.28 7.74 (d, 8.31 11.35 8.87 (t, 7.43-7.17 (m, 5H, benzyl, H7-H11) CH,: 4.83 (d,
(bs, (s, J]=23, (dd, J]=8.6, (s, (s, J=6.1, J=6.2,2H
1H) TH), 1H) J=8.5, 1H) 1H) 1H) 1H)

2.2, 1H)
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Hs  H Hs  He
OH o
Ho y v H OH Hi g g
/O \N/N N Heg H, N/NTN Heg
b) Ry B Ri
Hq Ha S Hiy Ho HO Hs Hs Heg
Ho Hqo H> Hio
19 10-11
Comp.  OH OCHy  H1 H2 H3 H4 H5 H6 H7-H11 R,
ID OH
1 6.25 431- 7.4 7.04 7.51 8.49 8.86 7.18 7.94 (H7=H11), 7.93 (H8=H10), 791  CH,:4.71
3.93 (H9)
2 6.32 435~ 725 7.27 7.98 8.62 8.94 9.46 8.22 (H7), 7.68 (H8), 7.66 (H10), 7.32 H9 = CHy;:
3.98 (H11) 2.69-2.38
3 6.42 437- 731 7.34 8.09 8.67 9.05 10.44 10.29 (H7), 8.88 (H8), 8.83 (H10), 7.54  H9=NO,
4.00 (H11)
4 6.37 436- 727 7.31 8.07 8.65 8.95 10.44 10.18 (H7), 7.65 (H10), 7.61 (H8), 7.54 ~ H7=F
4.00 (H9)
5 6.38 435- 726 7.28 8.10 8.65 8.97 10.74 1043 (H7), 7.91 (H10), 7.73 (H8), 7.51  H7=Cl
3.99 (H9)
6 6.36 436- 7.6 7.34 8.14 8.62 8.89 1073 10.10 (H7), 7.55 (H9), 7.37 (H8), 7.36 H7 = OCH;:
4.00 (H10) 4.59-4.09
7 6.37 436- 7.8 7.33 8.09 8.63 8.89 10.05 9.90 (H7), 7.79 (H8), 7.28 (H9), 7.23 H10=F
3.99 (H11)
8 6.38 436-  7.29 7.34 8.08 8.63 8.89 10.02 10.03 (H7), 7.75 (H8), 7.50 (H9=H11)  H10=Cl
3.99
9 6.38 436- 727 732 8.10 8.62 8.86 10.04 9.55 (H7), 7.67 (H8), 7.10 (H9), 6.92 H10=0CH;:
3.95 (H11) 4.20-3.99
10 5.16 5.19 6.63 6.79 8.46 8.50 8.77 10.63 10.10 (H7), 7.55 (H9), 7.36 (H8), 7.34 OCH;: 4.57-
(H10) 408
Metabolic enzyme inhibition properties oxybenzylidene)hydrazine-1-carbothioamide (8) with K, of

The target thiosemicarbazones derivatives (1-11) were studied
against the AChE and two pharmacologically relevant hCAs, the
cytosolic hCA | and Il. Enzyme inhibition constants (K) and are
reported in Table 6 (see Supplementary Figure S25 for Line-
weaver-Burk plots of compounds 4 and 1).

i—) Novel thiosemicarbazones derivatives (1-11) inhibited
strongly AChE with Ks in the nanomolar range of 23.54 +£4.34-
185.90£26.16 nM. In particular, 2-fluorophenyl analog (4)
exhibited the best AChE inhibitory impact with K, of 23.54 +
4.34 nM followed by compounds 3 with K, 31.23 +4.36 nM, and
1 with K| 37.04+4.72 nM. Regarding structure—activity relation-
ships (SARs), derivatives 2, 9, and 10, having a p-toly, 3-
methoxyphenyl and -(2-methoxyphenyl)-2-(2,4-dihydroxybenzy-
lidene moiety caused close effect on AChE inhibition. (2, K;:
53.59+7.98 nM; 9, K;: 52.33+6.82 nM; 10, K: 54.91£7.39 nM).
Regarding SARs, derivative 4 having a 2-fluorophenyl was found
to be 2.77 times more effective than its chloro-substituted
analog. The order of activity of fluorophenyl (4), chlorophenyl
(5), and methoxyphenyl (6) at position 2™ of 2-(2-hydroxy-3-
methoxybenzylidene)hydrazine-1-carbothioamide can be pre-
sented as 4 (K;: 23.54+4.34 nM) >5 (K: 65.294+9.36 nM) >6 (K:
71.42+9.03 nM). N-(3-chlorophenyl)-2-(2-hydroxy-3-meth-

Chem. Biodiversity 2023, 20, e202301063 (7 of 20)

168.104+:21.76 nM, and N-benzyl-2-(2,4-
dihydroxybenzylidene)hydrazine-1-carbothioamide (11) with K,
of 185.90+26.16 nM showed lower activity towards AChE.
Derivative 7 having a 3-fluorophenyl and derivative 9 having a
3-methoxyphenyl was found to be 2.25 and 3.31 times more
effective than its 3-chlorophenyl substituted analog (8), respec-
tively. All studied compounds showed better inhibition than the
standard compound, THA (K;: 320.20 +24.20 nM).

ii—) All of the synthesized thiosemicarbazones derivatives
(1-11) potently inhibited the hCA | with K| values in the range of
103.90 £ 23.49-325.90 £ 77.99 nM. The order of inhibition effects
of these compounds against hCA |, K, values can be presented
as follows: 4 (K: 103.90 £23.49 nM) >5 (K;: 122.60+23.36 nM)
>6 (K: 125.00+19.46 nM) >9 (K: 158.60+36.60 nM) >1 (K:
173.30£33.67 nM)=10 (K: 173.60£33.58 nM) >3 (K: 190.80+
3571 nM) >8 (K: 191.90+3937nM) >11 (K: 24350+
41.92 nM) > 2 (K: 249.00+53.51 nM) >7 (K: 325.90 +77.99 nM).
The order of activity of fluorophenyl (4), chlorophenyl (5), and
methoxyphenyl (6) at position 2™ of 2-(2-hydroxy-3-meth-
oxybenzylidene)hydrazine-1-carbothioamide can be presented
as 4>5>6. This situation is similar to AChE. The order of
activity of fluorophenyl (7), chlorophenyl (8), and meth-
oxyphenyl (9) at position 3 of 2-(2-hydroxy-3-meth-

© 2023 Wiley-VHCA AG, Zurich, Switzerland
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Table 5. a) Experimental *C-NMR data of the compounds, (8/ppm). b) Calculated *C-NMR data of the compounds, (ppm).
OH OH
3 H H 8 3 H H 8
0.2 ~ _N_ N_7 . 2 Sy N N 9
i \[( f \H/
a) 5 S Ri L 5 S R
! 12 10 HO 12 10
6 11 6 1
1-9 10-11
Comp. OCH, Ci ) a3 c4 s c6 CH=N —s ArC7-C12 R,
ID
1 55.90 112.86 146.00 147.95 118.92 120.83 118.20 139.46 177.43 139.53, 128.13, 127.23, CH,: 46.60
126.68 (benzyl C7-C12)
2 55.92 113.04 146.16 147.92 118.93 120.71 118.53 139.89 175.82 136.57 (C10), 134.30 (C7), CH;: 20.56
128.47 (C9, C11,C9=C11),
125.58 (C8, C12, C8=C12),
3 55.93 113.38 146.49 147.96 118.98 120.38 118.50 141.16 175.05 145.51 C7), 143.33 (C10), C10=NO,
124.16 (C8, C12, C8=C12),
123.69 (C9, C11, C9=C11)
4 55.92 113.09 146.24 147.96 118.96 120.66 118.27 140.06 176.94 157.15 (d, J=246.5, C8), C8=F
129.90 (s, C11) 127.88 (d,
J=17.8,C10),127.25 (d,
J=11.8,C7),123.91 (d,
J=3.5,C12),115.58 (d,
J=20.0, C9)
5 55.93 113.13 146.31 147.99 119.06 120.61 118.05 140.03 176.18 136.47 (C7), 129.94 (C9), c=dl
129.23 (C8), 129.11 (C11),
127.43 (C10), 127.06 (C12)
6 55.93 113.11 146.37 148.12 119.26 120.64 117.29 139.40 174.54 150.92 (C8), 127.86 (C7), C8=0CH;:
125.33 (C10), 123.08 (C12), 56.00
119.87 (C11), 111.17 (C9)
7 55.92 113.19 146.31 147.94 118.95 120.55 118.52 140.45 175.46 161.50 (d, J=241.6, C9), C9=F
140.90 (d, J=10.9, C7),
129.42 (d, J=9.3,C11),
121.04 (s, C12), 111.95 (d,
J=24.7,C8),111.53 (d,
J=20.9, C10)
8 55.93 113.19 146.31 147.93 118.94 120.56 118.52 14045 175.55 140.65 (C7), 132.11 (C9), c=da
129.51 (C11), 124.91 C10),
124.77 C8), 123.94 (C12)
9 55.92 113.11 146.24 147.93 118.97 120.64 118.54 140.11 175.48 159.01 (C11), 140.23 (C7), C11=0CH;:
128.71 (C9), 117.49 (C10), 55.14
110.99 (C8), 110.60 (C12)
10 - 158.36 102.42 160.83 127.97 111.66 108.10 140.54 173.88 150.71 (C8), 127.42 (C7), C8=0CHj:
125.05 (C10), 122.81 (C12), 56.00
119.83 (C11), 111.12 (C9)
11 - 157.98 102.33 160.47 128.35 111.85 107.71 140.69 176.92 139.67,128.11, 127.22, CH,: 46.54
126.65 (benzyl C7-C12)
OH OH
3 H H 8 3 H H 8
/O 2 x _N N_7 9 2 \N _N N 9
f T f T
) S 1 ! 5 s R
L 12 10 HO 12 10
6 1 6 11
1-9 10-11
Comp. OCH, 1 2 c3 c4 c5 c6 CH=N =S ArC7-C12 R,
ID
1 57.90 115.88 154.51 154.26 124.82 120.75 124.99 142.64 184.03 143.92 (C7), 136.65 CH,: 54.11

(C8=C12), 134.95 (C9=C11),

134.57 (C10)
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2 57.97 116.33 154.48 154.66 124.79 121.05 125.25 143.44 183.81 145.07 (C10), 147.44 (C7), CH;: 22.49
135.08 (C11), 134.14 (C9),
132.51 (C8), 129.01 (C12)

3 58.03 117.02 154.44 155.08 124.17 121.35 12543 144.59 181.97 153.78 (C7), 149.62 (C10), C10=NO,
132.77 (C9), 132.09 (C11),
125.63 (C12), 121.30 (C8)

4 58.01 116.53 154.40 154.79 124.54 121.19 125.38 143.58 180.86 162.25 (C12), 134.91 (C7), C8=F
129.81 (C9), 129.58 (C10),
123.41 (C8), 120.22 (C11)

5 57.99 116.64 154.35 154.78 124.49 121.30 125.35 143.84 181.26 143.22 (C7), 136.47 (C12), c=dl
135.48 (C11), 133.07 (C9),
129.96 (C10), 123.69 (C8)

6 57.97 116.32 154.37 154.54 124.80 121.13 125.38 142.95 180.41 156.32 (C12), 135.25 (C7), C8=0CH;:
129.72 (C10), 124.44 (C9), 57.68
121.98 (C8), 113.79 (C11)

7 57.99 116.58 154.42 154.81 124.51 121.14 125.42 143.48 181.16 173.20 (C11), 148.41 (C7), C9=F
136.50 (C9), 117.85 (C8),
115.78 (C10), 111.39 (C12)

8 57.99 116.60 154.41 154.75 124.50 121.19 125.38 143.47 181.16 148.18 (C11), 148.11 (C7), co=da
136.09 (C9), 129.48 (C10),
124.92 (C12), 120.15 (C8)

9 57.97 116.42 154.41 154.65 124.64 121.11 125.36 143.03 180.92 168.49 (C11), 148.03 (C7), C11=0CH;:
135.34 (C9), 118.20 (C10), 57.07
113.18 (C8), 105.65 (C12)

10 - 168.63 105.35 166.23 118.26 133.32 112.69 143.23 179.93 156.22 (C12), 135.34 (C7), C8=0CH;:
129.33 (C10), 124.32 (C9), 57.63
121.79 (C9), 113.67 (C11)

oxybenzylidene)hydrazine-1-carbothioamide can be presented
as 9>8>7. When the inhibition values are examined, N-
benzyl-2-(2-hydroxy-3-methoxybenzylidene)hydrazine-1-carbo-
thioamide (1) and N-benzyl-2-(2,4-
dihydroxybenzylidene)hydrazine-1-carbothioamide (11) groups
did not cause any change in inhibition. When the benzyl, p-tolyl
and 4-nitrophenyl bonded compounds are compared among
themselves, the inhibition order is as follows: benzyl (1) >4-
nitrophenyl (3) > p-tolyl (2). All studied compounds showed
better inhibition than the standard compound, AAZ (K:
422.00£5.53 nM).

iii—) The thiosemicarbazones derivatives (1-11) showed
potent inhibition effect on hCA Il enzyme activity with K, values
range of 86.15+18.58-287.70 £43.09 nM. N-benzyl analog (1)
exhibited the best hCA Il inhibitory impact with K, of 86.15+
18.58 nM followed by 2-chlorophenyl analog (5) with K, 98.45.
+19.75 nM. When the benzyl, p-tolyl and 4-nitrophenyl bonded
compounds are compared among themselves, the inhibition
order is as follows: benzyl (1) > p-tolyl (2) > 4-nitrophenyl (3).
Regarding SARs, the order of activity of 2-methoxyphenyl, 2-
fluorophenyl, and 2-chlorophenyl can be presented as 2-
chlorophenyl (5, K: 98.45+19.75 nM) > 2-fluorophenyl (4, K:
247.80+39.81 nM)  >2-methoxyphenyl (6, K: 273.20+
32.25 nM). Derivative 5 was found to be 2.78 times more
effective than its substituted methoxy analog. In addition to,
the order of activity of 3-methoxyphenyl, 3-fluorophenyl, and 3-
chlorophenyl can be presented as 3-fluorophenyl (7, K:
120.10£30.07 nM) > 3-methoxyphenyl (9, K: 15560+
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19.75 nM) > 3-chlorophenyl (8, K;: 287.70 +43.09 nM). Except for
compounds 3, 4, 6, 8 other studied compounds showed better

inhibition than the standard compound, AAZ (K: 226.60+
6.96 nM).
Numerous thiosemicarbazones derivatives have been

studied to find potent and AChE and selective hCAs inhibitors.
In our team’s previous work, novel thiosemicarbazone deriva-
tives were created and produced via Schiff base condensation
processes involving various substituted thiosemicarbazides.
These compounds exhibited highly potent inhibition AChE and
hCAs.BY In our other work, by combining different isocyanates
with 4-hydroxy-3,5-dimethoxy benzaldehyde, new thiosemicar-
bazones carrying the Schiff base (1-13) were produced. The
compounds showed highly potent inhibition effect with K
values are in the range of 51.11-78.10 nM for AChE, 60.32-
300.00 nM for hCA |, and 64.21-307.70 nM, for hCA 1152 Hasmi
et al.’¥ developed, described, and tested the biological activity
of a new class of 4-(Diethylamino)salicylaldehyde based thio-
semicarbazones against CAs enzymes. They discovered that
these substances chemicals inhibited the hCA | isoform, with K,
values between 407.73 and 1104.1 nM. For hCA II, Ks range
from 323.04-991.62 nM. Eraslan-Elma and colleagues® created
1H-indole-2,3-dione  3-thiosemicarbazones and investigated
how to block hCA |, II, IX, and XIl enzymes. They demonstrated
that compared to other isoenzymes, hCA Il isoenzyme was
more inhibited by produced drugs with nanomolar values (K|
ranged between 0.32 and 83.3 nM). 1H-indole-2,3-dione 3-
thiosemicarbazones demonstrated a better inhibitory effect

© 2023 Wiley-VHCA AG, Zurich, Switzerland
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when compared to our findings. Yakan et al.”’ created thiosemi-
carbazone compounds and researched the inhibition of the
AChE enzyme. The compounds had a strong AChE inhibitory
action, and their K, values ranged from 1.93 to 12.36 nM. These
compounds showed stronger inhibitory efficacy as compared to
our findings. The many groups that are connected to the
thiosemicarbazone structure may be to blame for this.

Inhibition type

Noncompetitive
Noncompetitive
Noncompetitive
Noncompetitive
Noncompetitive
Noncompetitive
Noncompetitive

Competitive
Competitive
Competitive
Competitive
Competitive

0.9336
0.9327
0.9279
0.9399
0.9472
0.9469
0.9265
0.9098
0.9123
0.9283
0.9528
0.9974

RZ

DFT analysis

The electronic properties of compounds are affected by their
conformation, and due to the effects of both electrostatic
interactions and steric effects on the conformations during a
reaction, it is expected that there will be some discrepancies
between the electronic data obtained from isolated single-state
DFT calculations and the experimental results. However, some
electronic reactivity parameters of the compounds can provide
some useful estimates in comparing the reaction properties of
the compounds relative to each other.

Considering the substituted structures and structural sim-
ilarities, the compounds synthesized within the scope of this
study can be examined in two groups in general: the first group
is methyl, methoxy, NO,, F, and Cl substituted compounds 2-9;
the second group of compounds can be classified as 1, 10, and
11. In all compounds, it was observed that HOMOs and LUMOs
were generally distributed (except methoxy substituted com-
pounds) in the phenolic imine region, while p-methyl sub-
stituted compound 2 and o-, m-methoxy substituted com-
pounds 6 and 9 also showed that HOMOs were also distributed
over the aniline region. ESP-HOMO and LUMO maps of
compounds 6 and 10 are provided in Figure 1 for ease of
comparison (see Supplementary Figure S23 for all ESP-HOMO,
and LUMO maps). m-Substituents contribute to inductive
effects, while para substituents contribute to both inductive
and resonant effects. Since the electron-donating resonance
effect dominate the electron-withdrawing inductive effect, the
methoxy substituent acts as an electron-withdrawing at the
meta position while acting as an electron donating group at the
para position. Electron-donating groups enrich a nucleophilic
site with electrons and increase the compound'’s tendency to
attack electrophilic sites, i.e, making nucleophiles stronger.
Electron-withdrawing groups, on the other hand, are those that
| reduce the electron density in a site through the carbon atom
to which they are attached, making electrophiles stronger, or,
conversely, making any nucleophilic species less reactive. It was
observed that electron-withdrawing fluorine, chlorine, and NO,
substituents can affect the distribution of HOMOs on the phenyl
ring at a much lower level than the electron-donating groups
such as methyl and methoxy.

Although the electronic parameters given in Table 7 provide
partial information about the activities of the compounds, it is
difficult to precisely determine the parameters related to the
activities of the compounds when the compound groups are
examined comparatively among themselves. For example,
values for compounds 7-9, a correlation can be established
between E,owor Eiumor €lectrophilic index, electroaccepting-

209.00+49.59
279.50+49.49
247.80+39.81
98.45+19.75

273.20+£32.25
120.10+30.07
287.70+43.09
155.60+19.75
132.60+ 16.06
142.30 £ 26.65
226.60 +6.96

(nM)
86.15+18.58

hCA Il

Inhibition type
Noncompetitive

Competitive
Competitive
Competitive
Competitive
Competitive
Competitive
Competitive
Competitive
Competitive
Competitive
Competitive

0.9481
0.9411
0.9653
0.9294
0.9484
0.9643
0.9423
0.9447
0.9244
0.9576
0.9616
0.9994

RZ

173.30£33.67
249.00+53.51
190.80 £35.71
103.90 £ 23.49
122.60+23.36
125.00£19.46
325.90+77.99
191.90 +£39.37
158.60 + 36.60
173.60 £33.58
243.50+41.92

422.00£5.53

hCA|
K
(nM)

Inhibition type

Competitive
Competitive
Competitive
Competitive
Competitive
Competitive
Competitive
Competitive
Competitive
Competitive
Competitive
Competitive

0.9750
0.9684
0.9678
0.9443
0.9621
0.9718
0.9541
0.9726
0.9733
0.9673
0.9670
0.9927

RZ

37.04+4.72
53.59+7.98
31.23+4.36
23.54+4.34
65.29+9.36
71.42+9.03
74.79+11.89
168.10+21.76
52.33+6.82
54.91+7.39
185.90£26.16
320.20+24.20

(nM)

Table 6. Inhibition data of hCAs and AChE with novel thiosemicarbazones (1-11) and standard drugs AAZ and THA.
AChE

Compound ID

THA?

AAZ®

? Tacrine. ® Acetazolamide.

10

11
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Figure 1. ESP-HOMO and LUMO surface of the compounds 6 and 10 (Energy gap Ey=E,ymo—Eromo)-

Table 7. Quantum chemical parameters of the compounds obtained from DFT calculations.

Comp. Evomo Eiumo E; (eV) n ® eleV) Y] O o

(eV) (eV) (eV) (eV) (eV) Debye (eV) (eV)

1 —5.712 —1.842 3.870 1.935 3.777 3.686 3.783 8.105 0.438 4.215
2 —5.809 —1.985 3.824 1912 3.897 3.971 3.686 7.972 0.515 4412
3 —6.252 —2.687 3.565 1.783 4.470 5.603 3.243 12.91 1.013 5.482
4 —5.919 —2.028 3.891 1.946 3.974 4.058 3.576 7.025 0.528 4.502
5 —5.930 —2.040 3.890 1.945 3.985 4.082 3.565 6.833 0.535 4.520
6 —5.726 —1.920 3.806 1.903 3.823 3.840 3.769 8.838 0.484 4.307
7 —5.982 —-2.112 3.870 1.935 4.047 4.232 3.513 7.858 0.576 4.623
8 —5.999 —2.124 3.875 1.938 4.062 4.257 3.496 7.853 0.582 4.644
9 -5.862 -2.034 3.828 1914 3.948 4.072 3.633 9.398 0.540 4.488
10 —5.682 —1.875 3.807 1.904 3.779 3.750 3.813 7.679 0.462 4.240
1 —5.661 —1.840 3.821 1.911 3.751 3.681 3.834 6.874 0.443 4.194
Eyomo: HOMO Energy, Eywo: LUMO Energy, Eg: E;ymo — Enomos 7 Chemical Hardness, x : Electronegativity, o: Electrophilic index, &: Nucleophilic index, u:
Dipole moment, o *: Electroaccepting power, o : Electrodonating power.

electrodonating power values and AChE enzyme inhibition, but
since substituents change the electron distributions and
electronic parameters of the compounds through intramolecu-
lar interactions, making generalizations based on the electronic
data of compounds referring to enzyme inhibitory activity may
lead to misinterpretation of existing results. However, within
the scope of this study, some analyses were carried out by
taking into account the effects of substituted groups on the
compounds.

We can say that FMOs are among the factors affecting the
chemical stability and reactivity of the drug molecule in the

Chem. Biodiversity 2023, 20, e202301063 (11 of 20)

studies of structure-activity relationships. While HOMOs mostly
play an active role as electron donors, LUMOs accepts electrons.
Moreover, the smaller the HOMO-LUMO energy gap (Ey), the
easier it is to break the reactant bonds and, accordingly, the
greater the tendency for product bonds to form. The smaller
the E, the greater the tendency for reactant bonds to break
and product bonds to form. In this context, compounds 2, 3, 6,
and 9-11 are expected to be more reactive than other
compounds, but it should be noted that E; alone is not a
parameter that can determine reactivity. Also, the higher energy
of HOMO is associated with stronger nucleophilicity of the

© 2023 Wiley-VHCA AG, Zurich, Switzerland
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compound, while the lower energy of LUMO corresponds to
more electrophilic behavior. In this respect, it can be said that
compounds 2, 6, and 9-11 with low E; are more nucleophilic (
Eromo > —5.862 eV) than other compounds (
Ernomo < —5.919 eV), except for compound 1 and NO, substi-
tuted compound 3 (see Table 7). In this context, it can be
assumed that hCA | enzyme inhibitions of o-chlorine and m-
fluorine/chlorine substituted compounds 5 and 7, 8, respec-
tively, occur through dominant nucleophilic attacks. Because
while the expectation of electrophilic properties depending on
LUMO energy of these compounds increases, it is seen that hCA
| enzyme inhibitions are generally low. On the other hand, it
has been observed that fluorine and chlorine substituents do
not have similar effects in all enzyme inhibition reactions. In
hCA 1l enzyme inhibitions, while o-fluorine and chlorine are the
dominant nucleophilic attack inhibitors, more dominant electro-
philic attack reactions can be predicted for meta positions. In
AChE enzyme inhibition, the data support the expectation of
nucleophilic attack in the ortho position and more dominant
electrophilic attack in the meta position of fluorine. For
compounds 6 and 9, it can also be said that the meta position
of methoxy, relative to the ortho position, refers hCA | and AChE
inhibitions to electrophilic attack, while hCA Il inhibition refers
to nucleophilic attack. In addition, the ortho position of the
methoxy substituent had a negative effect on the inhibition
reactions compared to o-fluorine and o-chloro, while its meta
position contributed positively to the inhibition. At this point,
although the dependence of the electron density of the phenyl
ring on the ortho and meta positions of the electronegative
atoms can be considered as a result of inductive and resonance
effects, the available data are not sufficient to reach definite
conclusions.

The interatomic/intramolecular interactions of the com-
pounds and the electron densities of these interactions can be
examined in more detail with QTAIM calculations and IRl maps
(see Figure 2 for compound 2; all data is given in Supplemen-
tary Figures S24a—c).

Strong interaction
w®

In addition to the strong intramolecular interactions of
S--:Phenyl-R, —NH--N, and OH--OCH,, the intramolecular inter-
actions of ortho substituents with neighbouring —NH cause
local electron delocalization on those regions of the com-
pounds. For this case, the fact that the electrons delocalized
due to intramolecular interactions can move more freely in the
interaction region may lead to the assumption that they cause
the compounds to increase enzyme inhibition, or it can be
considered that delocalization causes compounds to be more
favorable for nucleophilic attacks due to the fact that it reduces
the electron density outside the intramolecular interaction
region. This assumption is supported by that o-F, o-Cl and o-
methoxy substituted compounds 4-6, where the substituents
show strong intramolecular interactions, show a higher hCA I/
hCA 1l inhibition effect than m-F, m-Cl and m-methoxy-
substituted compounds 7-9. In addition, for AChE and hCA |
inhibitions, the weaker inhibition effect of electron-donating
CH; substituted compound 2 than electron-withdrawing NO,
substituted compound 3 leads to the opinion that the
compounds are exposed to nucleophilic attacks through the
phenol structure to which they are attached. In this respect,
compound 4, to which the fluorine atom is attached, which is
more electronegative than chlorine, is expected to be more
reactive than compound 5, and experimental results confirmed
this expectation (see Table 6). Moreover, the fact that electron
donor 0-MeO substituted compound 6 has a weaker inhibition
effect than electron withdrawing substituted compounds 4 and
5 strengthens this assumption. A similar situation was observed
for compounds 10 and 11: Compound 10 has a lower electron
density in the RCP on the non-substituted phenyl ring than
compound 11 (0.022527 e/bohr® for compound 10; 0.023239 e/
bohr® for compound 11), but compound 10 showed a higher
inhibition effect (see Supplementary Figure S23). In general, for
the enzyme inhibition properties of the compounds on hCA |
and hCA I, it can be said that compounds with electron
withdrawing substituents in the para position are more active

(m-bond)

N / o : 9 Highe; electron density
1 N 7

(o=bond)
Lower electron density
A
%
4 )\
¥ X :
5
\
“r
\
Ve *

. = b AN Z
Lo u/ N\ . Weak interaction y o
\ 3 N ! o
9 J RCP i

Figure 2. IRl surface of intramolecular interaction and QTAIM critical points (e/bohr®) of compound 2 (RCP: Ring Critical Point, BCP: Bond Critical Point).
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than compounds with identical substituents at the meta
position.

Data were also obtained supporting a prediction that
inhibition reactions of meta-substituted compounds occur via
electrophilic attacks, m-methoxy, for example, has a higher
electron-withdrawing effect than m-Cl, and this indicates that
compound 9 is capable of stronger electrophilic attacks than
compound 8 through the regions to which the substituents are
attached. A similar situation is observed for compounds 7 and
8. The fluorine (or chlorine) atom has both inductively electron
withdrawing and mesomerically electron donor properties, and
while the inductive effect is identical for the para and meta
positions, the mesomeric effect dominates at the para and
ortho position. Fluorine atom is more electronegative than
chlorine and has a higher inductive effect, and as a result,
compound 7 may have shown higher enzyme inhibition than
compound 8 via electrophilic attacks on AChE and hCA Il. At
this point, it should not be overlooked that although some
consistent approximations can be made with the electronic
data obtained as a result of the calculations, enzyme inhibition
reactions are more complex and depend on more variables.
Much more studies are needed to see the relevant correlations
and understand their properties.

Molecular docking calculations

A comprehensive study was conducted to investigate the
binding modes of novel synthesized thiosemicarbazones bear-
ing Schiff-bases (1-11) within the THA and AAZ binding sites of
AChE and hCAs, respectively. The performance of the Glide XP
docking protocol was evaluated by re-docking the co-crystal-
lized THA and AAZ into the active sites of AChE (PDB ID 7XN1)
and hCAs (PDB IDs 1AZM and 3HS4 for hCA | and I,
respectively), and using Schrédinger Small-Molecule Drug
Discovery Suite 2023-1 for Mac (Schrédinger, LLC). The RMSD
values between the native ligands, THA, and AAZ conformation
and the best pose generated by this protocol were 0.27, 0.37,
and 1.04 A, respectively. These values indicate that the Glide XP
docking algorithm was deemed qualified for docking thiosemi-
carbazones (1-11) to the active pockets of AChE and hCAs.

The competitive inhibitors 4 (Kis of 23.544+4.34nM and
103.90 £ 23.49 nM for AChE and hCA |, respectively) and 1 (K of
86.154+18.58 nM for hCA Il) have established primary contacts
through hydrogen bonding and n-n stacking (excluding com-
pound 1). These inhibitors have docking scores of —9.883,
—5.661, and —5.230 kcal/mol with 7XN1, 1AZM, and 3HS4,
respectively. The potent inhibitor 4 has formed hydrogen bonds
with Asp74, Trp86 (water-mediated), and Tyr337 at distances of
2.31, 2.02, and 2.18 A, respectively. In addition, it has formed n-
n stacking interactions with Trp86 and Tyr337, and hydrophobic
interactions with residues Tyr124, Trp286, Val294, Phe295,
Phe297, Phe338, Tyr341, Trp439, and Tyr449 (Figure 3). The
most active compound against hCA |, 4, has displayed H-bonds
with GIn92 (water-mediated) and water molecules at distances
of 1.96 and 2.23 A, respectively. Furthermore, it has formed m-n
stacking interaction with His67, and hydrophobic interactions

Chem. Biodiversity 2023, 20, e202301063 (13 of 20)

with 1le60, Val62, Phe91, Ala121, Leu131, Ala135, Leul41,
Val143, Leu198, and Trp209, as depicted in Figure 4. Compound
1 has shown H-bonds with GIn92 and two water molecules at
the distances of 2.57, 1.78, and 2.73 A, respectively, along with
hydrophobic interactions with 1le91, Val121, Phe131, Leul41,
Val143, Leu198, Val207, and Trp209, as shown in Figure 5. The
inhibitors’ docking scores and binding poses have proven their
potency as competitive inhibitors against AChE and hCAs.

Furthermore, the potential of the synthesized thiosemicar-
bazones with Schiff-bases (1-11) to serve as drugs were
evaluated by analyzing their descriptor scores and ADME-
related parameters, which were calculated utilizing the Schro-
dinger QikProp module of the Schrodinger Suite 2023-1 for
Mac. The results indicated that all compounds (1-11) adhered
to both Lipinski’s five“” and Jorgensen’s three™®" rules, suggest-
ing their potential as viable drug candidates (Table 8). These
findings highlight the potential of thiosemicarbazones bearing
Schiff bases as promising drug molecules with favorable
pharmacological properties.

Conclusions

The eleven novel thiosemicarbazone hybrid skeletons were
designed and synthesized by the condensation of two different
aldehyde derivatives with various substituted-thiosemicarba-
zides, and isolated in good yields with 68-95%. The structures
of all compounds have been characterized by FT-IR, 'H, and "*C-
NMR spectroscopy, and elemental analysis. The structural and
spectroscopic characterization of these new compounds were
found to be in decent agreement with both theoretical (DFT
calculations) and experimental data. In addition to the sub-
stituent groups affecting enzyme inhibition differently depend-
ing on their structure, it has been revealed by DFT calculations
that intramolecular interactions also have an effect on electron
delocalization and enzyme inhibition. The compounds with
electron-withdrawing substituents, especially at the para posi-
tion, tended to be more reactive in enzyme inhibition. The
meta-substituted compounds were predicted to undergo elec-
trophilic attack. The electron-withdrawing effect of m-methoxy
indicated stronger electrophilic attacks compared to m-Cl. As a
result of DFT calculations, some findings were found that there
may be a correlation, albeit rough, between the FMO energy
eigenvalues of the compounds and their inhibition reactivities.
Examining this correlation revealed some data on the usability
of QTAIM and IRI calculations to more accurately interpret the
dependence of the electrophilic or nucleophilic attacks of
compounds on the positions of the substituents. Both in vitro
and molecular docking investigations have confirmed the
inhibitory activities of recently synthesized thiosemicarbazones
containing Schiff-bases (1-11) against AChE and hCAs and have
revealed that the reference drugs THA and AAZ, along with
these compounds, can bind into the same pocket. These
thiosemicarbazones have demonstrated significant usefulness
in their ADME characteristics, making them potential candidates
for drug development. The findings of this research highlight
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Figure 3. (a) 3D interaction of the compound 4 (N-(2-fluorophenyl)-2-(2-hydroxy-3-methoxybenzylidene)hydrazine-1-carbothioamide) with the key amino
acids within the active site of AChE (PDB ID 7XN1). (b) 2D docking pose of the compound 4 (N-(2-fluorophenyl)-2-(2-hydroxy-3-meth-
oxybenzylidene)hydrazine-1-carbothioamide) with the key amino acids within the binding site of AChE (PDB ID 7XN1).

Experimental Section

the potential of thiosemicarbazones in developing new drugs

for treating AD and other illnesses.
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Measurement and reagents

The detailed knowledge is given in Supporting Materials.
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Figure 4. (a) 3D interaction of the compound 4 (N-(2-fluorophenyl)-2-(2-hydroxy-3-methoxybenzylidene)hydrazine-1-carbothioamide) with the key amino
acids within the active site of hCA | (PDB ID 1AZM). (b) 2D docking pose of the compound 4 (N-(2-fluorophenyl)-2-(2-hydroxy-3-meth-
oxybenzylidene)hydrazine-1-carbothioamide) with the key amino acids within the binding site of hCA | (PDB ID 1AZM).

(8.00 mmol) in (25 mL) ethanol cooled in an ice bath, with vigorous
Synthesis of thiosemicarbazone derivatives (1-11) stirring. The reaction mixture was kept in a refrigerator overnight.
The resulting precipitate was filtered, dried, and purified with
ethanol to afford thiosemicarbazides. Then, the formed thiosemi-
carbazides (4.00 mmol), 3-methoxy or 4-hydroxysalicylicaldehyde

Various isothiocyanate (8.00 mmol) derivatives in (15 mL) ethanol
are added dropwise to the solution of hydrazine monohydrate

Chem. Biodiversity 2023, 20, e202301063 (15 of 20) © 2023 Wiley-VHCA AG, Zurich, Switzerland

8SUB017 SUOWIWIOD BAFea1D 8 |qed| dde 8y Aq peusenob e sajolfe YO ‘SN JOSa|n. Jo} Akeiq 1 8UljUO AB|I/W UO (SUORIPUOD-PLE-SWLBH WD A8 1M Ae1q 1Bl |UO//SONY) SUORIPUOD pUe Swie | 8U) 88S *[G20g/eT/2T] uo Ariqiauliuo A8|im ‘Ieaepa u/kes 10918 Ad £90TOEZ0Z APGR/Z00T OT/I0P/W0D A8 1M AReiq 1 Bul|uo//Sdiy WOl pepeojumoq ‘TT ‘€202 ‘Tsrztgr



doi.org/10.1002/cbdv.202301063 Research Article

( CHEMISTRY &
BIODIVERSITY

VAL
143

LEY
TRP 41
200

R

LEU
98
VAL

207 /

R
199

THR
200
HIE
1ma

N

VAL

o Charged [negative) Polar

g Charged (positive) & Unspacifed residue
Glycine Water
Hydrophobic Hydration site

PrE
131
HS
94

LN
.2

Dstance

= H-bond
Halogen bond
Meatal coordination

(b ) ) Metal X Hydration site (displaced) e Pi-Pi stacking

Figure 5. (a) 3D interaction of the compound 1 (N-benzyl-2-(2-hydroxy-3-methoxybenzylidene)hydrazine-1-carbothioamide) with the key amino acids within
the active site of hCA Il (PDB ID 3HS4). (b) 2D docking pose of the compound 1 (N-benzyl-2-(2-hydroxy-3-methoxybenzylidene)hydrazine-1-carbothioamide)

with the key amino acids within the binding site of hCA Il (PDB ID 3HS4).

(4.00 mmol), and one drop of HCl were added to aqueous ethanol
(25 mL) and the mixture was refluxed at 78°C for 3-5 h. The crude
product was filtered, washed with ethanol, and dried in air. The
compounds were successfully prepared with good yields (68-95 %)
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as shown in Scheme 2. These new compounds were synthesized
according to the procedure described in the literature.?
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Table 8. ADME-related parameters ° of the targeted novel synthesized thiosemicarbazones bearing Schiff-bases (1-11) and clinically used reference inhibitors tacrine and acetazolamide.
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accepted by the solute from water molecules in an aqueous soluti

QPlogKp; —8.0 - —1.0), number of likely metabolic reactions (#metab; 1-8) prediction of binding to human serum albumin (QPlogKhsa; —1.5 - 1.5), human oral absorption (HOA; <25% poor, high >80%), van der Waals surface area of polar nitrogen

pparent MDCK cell permeability in nm/sec (QPPMDCK; < 25 poor, great > 500)

logBB; —3.0

poor, great > 500), brain/blood partition co

lations of Lipinski's rule of five (max. 4), and number of violations of Jorgensen’s rule of three (max. 3). ° Tacrine. ¢ Acetazolamide.

and oxygen atoms (PSA; 7.0 - 200.0), number of
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Enzyme inhibition assay

AChE and hCAs activity assay

In the present study, AChE from Electrophorus electricus (Sigma
C2888, Type V- S) were purchased from Sigma-Aldrich Chemie
GmbH. In vitro effects on AChE activity of the novel synthesized
thiosemicarbazones derivatives (1-11) and reference compound
tacrine (THA) were evaluated by the method of Eliman et al.”® as
described in detail.*” Results were performed spectrophotometri-
cally at 412nm using AChl. The inhibition effects of these
thiosemicarbazones (1-11) and reference compound,
acetazolamide (AAZ) versus the esterase activity of the hCAs were
determined by following the change in absorbance at 348 nm
according to the assay defined by Verpoorte et al.*”’ as describe in
prior studies.*® hCAs's activities were measured using 4-nitrophenyl
acetate as previous studies.*” All the measurements were repeated
thrice.

AChE and hCAs kinetic assay

To investigate the in vitro inhibitory mechanisms of the novel
synthesized thiosemicarbazones derivatives (1-11), kinetic studies
were made with the variable compound and substrate concen-
trations. ICs, and Lineweaver-Burk curves™ were generated as
previously reported in the previous studies.”? From the observed
data, ICs, and K, values for these derivatives were computed, and
the types of inhibition of AChE and hCAs were determined.®”

DFT calculation procedure

Gaussian 09 software® was used for the DFT®? calculations
performed to examine both the spectroscopic and electronic
properties of the compounds. The compounds were optimized to
the ground state energies corresponding to global minimum
energy points on the potential energy surface, in the gas phase,
using the B3LYP/6-311+ +G(2d,2p) level of theory, and this was
supported by the absence of imaginary frequency modes in the IR
calculations.

The optimization and spectral data acquisition processes of the 'H
and "C-NMR calculations were carried out in the dimethyl sulfoxide
(DMSO) phase, in accordance with the experiments. The Gauge-
independent atomic orbital (GIAO) method was used for the
calculations, with the conductor-like polarizable continuum model
(CPCM) included to take solvent effects into account. Relative
chemical shifts were obtained by subtracting the absolute chemical
shielding values calculated in the DMSO phase at B3LYP/6-311+ +
G(2d,2p) level for the proton (31.8149 ppm) and carbon
(183.737 ppm) of tetramethylsilane (TMS).

Global chemical reactivity parameters such as HOMO-LUMO band
gap (E,), electronegativity (x), electrophilic (w) and nucleophilic
index (€), electro accepting (o") and electrodonating power (w")
were calculated using the frontier molecular orbital (FMO) energy
eigenvalues obtained from the calculations performed, in gas
phase, at the same level of theory. QTAIM®¥ calculations and IRI®*
visualization data were obtained using Multiwfn software.®”

Molecular docking study

This research used the Small-Molecule Drug Discovery Suite for
Mac, version 2023-1, to conduct a molecular docking analysis. The
protein data bank (PDB) IDs 1AZM/S” 3HS4°% and 7XN1%7
representing hCA | and Il isoforms and AChE were obtained from
the RCSB Protein Data Bank and used as models. The Protein

© 2023 Wiley-VHCA AG, Zurich, Switzerland
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1, R= PhCH, R;=3-OMe
2, R= 4-CH,-Ph, Ry= 3-OMe
3, R= 4-NO,-Ph, R;= 3-OMe

4, R= 2-F-Ph, Ry= 3-OMe

Scheme 2. Synthesis route of new thiosemicarbazones (1-11).

Preparation Wizard®® of the Small-Molecule Drug Discovery Suite
was used to prepare these structures for docking. The ChemDraw
program, version 21 for Mac, was used to sketch the structures of
novel thiosemicarbazones bearing Schiff-bases (1-11), which were
then optimized using the LigPrep module® of the same software
program at pH 7.440.5 in the optimal potential liquid simulations
4 (OPLS4) force field with Epik.®® The SiteMap tool®” was also used
to identify the active site residues defined in the Receptor Grid
Generation module®® to generate the receptor grid in the Maestro
panel. The Glide application® was used with default settings and
the extra precision (XP) method®” to dock ligands to hCAs and
AChE. The efficacy of the Prime MM-GBSA®™ in predicting relative
binding affinity in the VSGB energy model and OPLS4 force field
was assessed using the protein-ligand complexes 1AZM, 3HS4, and
7 N3I. Furthermore, the QikProp tool®® was employed to predict
the ADME characteristics of all targeted compounds (1-11).
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