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Abstract

In this study, we report the design, synthesis, and anti-proliferative effects of 1H-1,2,3-triazole-linked indolin-2-one-
bis(thiosemicarbazone/semicarbazones) against estrogen-responsive (MCF-7) and triple-negative (MDA-MB-231) breast
cancer cells. Notably, compound 6b, featuring F-substitution at the C-5 position of indole and thiosemicarbazone, exhibited a
notable IC, value of 71.65 pM against MCF-7 cells and displayed non-cytotoxicity towards normal kidney cells. To unravel
its potential mechanism of action, molecular docking and electrochemical studies were conducted. Electrochemical analysis
revealed the compound’s ability to chelate Fe(IlI), a component present in the active site of ribonucleotide reductase. Further-
more, 6b displayed significant binding affinity at the active site of ribonucleotide reductase, as indicated by molecular dock-
ing. These collective findings suggest that compound 6b holds promise as a potential inhibitor of ribonucleotide reductase.

Keywords Antiproliferative - Fe(III) chelation - Indolin-2-one-thiosemicarbazones - In silico - Ribonucleotide reductase

inhibition - 1,2,3-triazole

1 Introduction

Cancer stands as a critical healthcare issue globally, with
breast cancer being a significant contributor, primarily
affecting women. The US was projected to have 43,170
cancer fatalities and 300,590 new cancer cases in 2023,
according to the American Cancer Society [1]. Breast can-
cer, though less common, can also afflict men, accounting
for about 0.5-1% of all cases [2]. Most of the breast can-
cer cases involve women aged 40 and older, who are at a
heightened risk [3]. Multiple factors contribute to the risk
of developing breast cancer, including smoking, exposure
to radiation, aging, obesity, excessive alcohol consumption,
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reproductive history (such as the age at first menstrual period
and age at first pregnancy), and postmenopausal hormone
therapy [4, 5]. In high-income countries, the survival rate for
breast cancer exceeds 90% over a five-year period, whereas
it is 66% in India and 40% in South Africa [6]. Tamoxifen
is a ‘Gold standard’ of hormonal therapy, but its use is lim-
ited by: (i) emergence of tumor resistance; (ii) severe side
effects, including chances of endometrial cancer; and (iii)
high frequency of disease relapse (40% BC cases receiving
Tamoxifen therapy eventually encounter relapse) [7].
Schiff bases are known to be of great importance in the
field of medicinal chemistry. The semi-or thiosemicarba-
zones have the ability to block the enzyme ribonucleotide
reductase, which is necessary for DNA synthesis, or they
can selectively chelate with physiologically important trace
metal ions. Both of these processes are likely to account
for their anticancer properties [8]. Among these derivatives,
Triapine (I) emerges as the most promising therapeutic
compound, standing out as a significantly more potent RNR
inhibitor compared to hydroxyurea (HU). Triapine's potency
is~ 1000 times greater than that of HU, making it a nota-
ble candidate for inclusion in several phase II clinical trials
as a potential chemotherapeutic agent [9]. Unfortunately,
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its clinical use is hampered by severe side effects [10]. In
addition to Triapine, other thiosemicarbazone-based drug
candidates, such as di-2-pyridylketone 4-cyclohexyl-4-me-
thyl-3-thiosemicarbazone (DpC) (IT)and COTI-2 (III), are
currently undergoing Phase I clinical trials for gynecologic
malignancies and resistant solid tumors, respectively [11,
12]. Few examples of semicarbazone based anticancer drugs
include Parthenolide-derived semicarbazone (IV) and Vanil-
lin semicarbazone (VSC) (V) [13, 14].

Isatin serves as a promising scaffold with considerable
potential in a wide range of biological activities. It is found
in variety of plants such as Isatis tinctoria, Couroupita gui-
anensis Aubl, Melochia tomentosa, and Boronia koniam-
boensis. It is also found in the parotid glands of Australian
mollusc Dicathais orbita and Bufo frogs. It exists in bodily
fluids, peripheral tissues, and the central nervous system
of humans and is identified as a tryptophan or epinephrine
metabolite. Owing to its unique molecular structure, isatin
provides a flexible platform for structural modification and
derivatization. It can act as both nucleophile as well as an
electrophile. Isatin-based compounds have shown good tol-
erance in humans, and several derivatives are currently on
the market, clinically utilized for the treatment of various
cancers. Notable examples include sunitinib (VI), Semax-
anib (VII), and orantinib (VIII) [15-18]. Additionally, isatin
exhibits a broad spectrum of biological activities, includ-

ing antibacterial, antifungal, antitubercular, antidiabetic,
neuroprotective, anticonvulsant, anti-HIV, analgesic, anti-
oxidant, anti-inflammatory, anti-glycation, antimalarial, and
anti-anxiety properties [19-23]. Based on this rationale, we
designed a library of Indolin-2-one-thiosemicarbazones con-
jugates (Fig. 1).

Recent findings from our laboratory have highlighted
the anti-proliferative potential of molecular hybrids based

Fig.1 Schematic diagram
depicting design strategy for
choosing the molecular frag-
ments (highlighted) in the
synthesis of Indolin-2-one-thio-
semicarbazones conjugates
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on isatin [24-26]. In the current study, we have extended
this research to involve the synthesis and evaluation of the
anti-proliferative effects of 1H-1,2,3-triazole-linked indolin-
2-one-bis(thiosemicarbazone/semicarbazones) on MCF-7
(estrogen-responsive/ER+) and MDA-MB-231 (triple-
negative/ER—) cells. Additionally, we conducted in-silico
studies and followed up with comprehensive spectroscopic
and electrochemical investigations to elucidate the mode of
action of these compounds.

2 Results and Discussion
2.1 Synthetic Chemistry

The first step involved the base promoted propargylation
of C-5/C-7 substituted isatins 1 resulted in formation of
N-propargylated isatins 2 which were then subjected to Cu
promoted click reactions with O-azidobenzaldehyde 4 to
yield precursors, Sa—f (Scheme 1).

Further, treatment of precursor Sa—f with thiosemicar-
bazide/semicarbazide in ethanol and a catalytic amount of
glacial acetic acid afforded the corresponding compounds
6a—f and 7a—f (Scheme 2) [27]. The structure of the target
compounds was assigned based on analytical evidences and
spectral data. For example, compound 6b exhibited molecu-
lar ion peak at [M+H]* 497.1189 in its High Resolution
Mass Spectrum (HRMS). Its 'H NMR exhibited charac-
teristic singlets at 6 5.16, 8.01, and 8.29 corresponding to
methylene, triazole ring and iminic protons. The presence
of distinctive absorptions at 6 35.1, 160.5, 178.6, and 179.2,
corresponding to methylene, the cyclic amide (-NC(O))
of isoindoline, ketimine (C=N), and amide carbons of
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thiosemicarbazone in the '3C NMR spectrum, further sup-
ported the assigned structure.

2.2 InVitro Anti-proliferative Assessment

The anti-proliferative activities of synthesized compounds
Sa—f, 6a—f, and 7a—f were evaluated against MCF-7 and
MDA-MB-231 breast cancer cells through the MTT assay.
The percentage of growth inhibition in cancer cells was
assessed at various concentrations (1, 5, 10, 20, 40, 50,
and 100 pM). Plumbagin and Tamoxifen were employed
as a positive control, and the outcomes are depicted in Fig-
ure S1 (ESI). The ICs, values of the tested compounds on
breast cancer cells, along with their cytotoxicity on Vero
kidney epithelial cells (ATCC® CCL-81™), are presented
in Table 1.

As shown in Table 1, the target compounds had insignifi-
cant ICy, values against MDA-MB-231 cells. On estrogen-
responsive MCF-7 cells, compounds Sa, 5b, Sc, Se, 5f, 6a,
6¢c, 6d, 6e, 6f, 7a—f failed to exhibit any growth inhibitory
effects. Compounds 5d and 6b among all the synthesised
compounds showed marginally better inhibition, with
respective ICy, values of 92.08 uM and 71.65 uM, how-
ever they were still less potent than the standard tamoxifen.
SAR established that replacing the free carbonyl group of

5-methoxy derivative 5d with thiosemicarbazone (6d) or
semicarbazone (7d) resulted in a complete loss of activity.
In contrast, the inclusion of thiosemicarbazone converted
inactive 5-fluoro precursor 4b to moderately active 6b, with
an 1Cs, value of 71.65 uM against MCF-7 cells. Besides
improving the activity, the inclusion of thiosemicarbazone
also lowered the toxicity towards normal kidney cells, as
revealed by their cytotoxicity analysis. The selectivity index
also showed marginal improvement with the inclusion of
thiosemicarbazone as evident by comparing the SI of 5d
with 6b.

A critical role of iron (Fe) is observed in its catalytic
function within Ribonucleotide Reductase (RNR), which
harbours a di-Fe centre at its active (R2) site. This site is
instrumental in facilitating the crucial step of DNA synthe-
sis by transforming ribonucleotide precursors into deoxy-
ribonucleotides [28]. Neoplastic cells, characterized by
increased rates of proliferation and DNA synthesis, exhibit
a heightened demand for active RNR and consequently for
Fe [29, 30]. Consequently, it was deemed valuable to con-
duct preliminary spectral and electrochemical studies of the
moderately active thiosemicarbazone 6b in the presence of
biologically relevant metal ions like Fe** and Fe**. Fur-
thermore, these investigations were expanded to encompass
Cu?*, Zn>*, Ni**, and Co** ions for a thorough analysis.

e e e st G W © G

MDA-MB-231 breast cancer MCF-7 MDA-MB-231 Cytotoxicity

cells and cytotoxicity analysis

on Vero kidney epithelial cells Sa H H >100 >100 >100 -
5b F H > 100 >100 >100 -
Sc Cl H >100 > 100 59.9 -
5d OMe H 92.08 >100 > 100 >1.08
Se Br H > 100 > 100 48.63 -
5f Br Br > 100 > 100 - -
6a H H > 100 >100 >100 -
6b F H 71.65 >100 >100 >1.39
6¢ Cl H >100 >100 >100 -
6d OMe H >100 >100 >100 -
6e Br H >100 >100 >100 -
6f Br Br >100 - - -
7a H H >100 >100 >100 -
7b F H >100 >100 >100 -
Tc Cl H >100 >100 >100 -
7d OMe H >100 >100 >100 -
Te Br H >100 > 100 >100 -
7 Br Br >100 - - -
Tamoxifen 17.71 69.67
Plumbagin 3.5 4.4

IC5," 50% inhibitory concentration (uM) on breast cancer (MCF-7/MDA-MB-231) cells
IC5,° 50% inhibitory concentration (uM) on Vero Kidney cells
SI¢ Selectivity index (ICSOb (Vero kidney cells)/ICs,* (MCF-7 cells))
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Fig.2 a UV-Visible spectra of 6b (5 uM in DMSO) in the presence of different metal ions (20 equiv. each in DMSO) b Absorption behaviour

of 6b (5 uM in DMSO) upon successive addition of Fe**; Inset: Calibration plot of absorbance vs [Fe

2.3 Spectroscopic and Electrochemical Investiga-
tion

2.3.1 UV-Vis Spectral Studies

UV-Vis spectrum of 6b (5 uM in DMSO) showed two dis-
tinct absorption maxima at 280 and 332 nm and a shoulder
at 372 nm. The band at 280 nm can be assigned to n—1"
transitions of aromatic rings while the band at 332 nm cor-
responds to n—x transitions of azomethine and thioamide
region of thiosemicarbazones (Fig. 2a) [31]. The chromo-
genic behaviour of 6b was screened in the presence of 20
equivalents of different biologically active metal ions (Co?™,
Fe?*, Ni**, Zn**, Cu®* and Fe’"). No significant spectral
changes were observed for the metal ions tested except
Fe*, thereby revealing its sensitivity for Fe’* (Fig. 2a).
Further, the absorption titration was carried out with pro-
gressive additions of Fe’* (0-100 uM) into the solution of
6b (5 uM in DMSO) and the absorption bands were found
to show continuous increase in intensity with blue shift of
band at 332 nm to 323 nm which may be attributed to the
interaction of azomethine nitrogen with Fe>* (Fig. 2b). The
plot drawn between absorbance at 332 nm and concentra-
tion of Fe®* represent linear change in concentration range
from 5.33 to 100 uM with detection limit of 0.38 uM. The
strength of binding between 6b and Fe®* was further exam-
ined using Benesi and Hildebrand’s (B—H) graphical method
which involved plot of the change in absorption intensity
(1/A=Ag) vs. 1/[Fe**]. The BH plot (Figure S2 in support-
ing information) showed good linearity with regression coef-
ficient of 0.996 and confirmed 1:1 stoichiometry between 6b
and Fe3*. The association constant (K,) was calculated to be
4.1x10° M~! which is adequately high to confirm excep-
tional binding capacity and sensitivity of 6b towards Fe>*

3+]

2.3.2 Electrochemical Studies

Voltammetry techniques such as Cyclic voltammetry (CV)
and Differential Pulse Voltammetry (DPV) provides com-
prehensive and valuable information about the redox nature
of a compound and can be used to explore their binding
interactions with biologically active metal ions which may
also be helpful for investigating then prospective drug can-
didature of that compound. In the present work, the elec-
trochemical behaviour of 6b (5 x 10~ M) towards Fe** was
investigated using CV and DPV at glassy carbon electrode
(GCE) in 0.01 M TBAP/DMSO at a scan rate of 50 mV/
sec in the potential range from — 2.6 to — 1.0 V. The cyclic
voltammogram of 6b (Fig. 3a) showed two peaks at — 1.81
and — 2.35 V which can be attributed to the reduction of
imine and thioamide groups, respectively. Upon addition of
5 equivalents of Fe’*, the peaks showed cathodic shift to
— 1.84 and — 2.38 V which might be due to the complexa-
tion between 6b and Fe>*. To further gain insight into the
binding mechanism of 6b with Fe**, 6b was subjected to
DPV measurements as this technique provides better peak
resolution as compared to CV. DPV of 6b (5 X 1074 M)
showed two intense peaks at — 1.77 and — 2.31 V which
in the presence of Fe3* shifted to 1.81 V and — 2.37 V,
respectively (Fig. 3b). Further, to confirm the electrochemi-
cal recognition sensitivity of 6b, voltametric titration was
performed with sequential addition of Fe*™ (up to 5 equiv.)
into the solution of 6b (5x 10~ M). The increase in concen-
tration of Fe>* significantly affected peak currents and peak
potentials of 6b as shown in Fig. 4. With addition of each
aliquot of Fe?, the peaks showed increase in current inten-
sity along with cathodic shift in peak potential to — 1.81 V
and — 2.37 V and appearance of shoulders at — 1.60 and
— 1.97 V. These changes may be attributed to the interaction
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Fig.3 a Cyclic Voltammograms of 6b (5x10* M) and 6b
(5x10™ M)+Fe** (5 equiv.) in DMSO. Supporting electrolyte:
0.01 M TBAP; Scan rate: 50 mV/sec; b Differential Pulse Voltammo-

of Fe** with 6b and lead to the confirmation of 6b + Fe**
complex formation.

Considering experimental evidences, we were able to
establish that introducing thiosemicarbazone to the inactive
and cytotoxic 5b culminated in 6b, a non-cytotoxic RNR
inhibitor with Fe(III) chelation ability (Fig. 5).

2.4 Molecular Docking

Ribonucleotide Reductase (RNR) plays a vital role in con-
verting ribonucleoside diphosphates (RNDPs) to deoxyribo-
nucleoside diphosphates (DNDPs), a critical step in main-
taining nucleotide balance for DNA synthesis. Its elevated
expression during the S-phase of the cell cycle makes it a
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Fig.4 Differential Pulse Voltammograms (DPV) of 5X 10 M 6b in
DMSO in presence of Fe**. Supporting electrolyte: 0.01 M TBAP;
Pulse amplitude: 0.05 V; Pulse width: 0.05 s; Pulse period: 0.5 s
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grams (DPV) of 6b (5x 10 M) and 6b (5x 10~ M) +Fe**(5 equiv.)
in DMSO. Supporting electrolyte: 0.01 M TBAP; Pulse amplitude:
0.05 V; Pulse width: 0.05 s; Pulse period: 0.5 s

promising target for anti-proliferative drugs, including can-
cer therapeutics [32]. The selected RNR target (PDB ID:
2EUD) corresponds to yeast ribonucleotide reductase, a key
enzyme in DNA synthesis and repair. Due to its structural
and functional similarity to human RNR, it serves as a useful
model for studying inhibitor binding and enzyme dynamics
[33].

We conducted in-silico studies to investigate the interac-
tions of the unique binding core of ribonucleotide reductase
(RNR) (PDB ID: 2EUD) with compounds—S5b (inactive)
and 6b (active). The results obtained were compared to tria-
pine, a thiosemicarbazide based RNR inhibitor chosen as
standard The docking results demonstrated that both Sb and
6b exhibited favourable binding modes, successfully occu-
pying the protein's active site as depicted in Fig. 6. Addi-
tionally, we summarized the docking calculations for 5b,
6b, and Triapine in Table 2. Specifically, the docking score
for 5b was determined to be — 9.227, whereas for 6b and
the reference drug, it was found to be — 5.480 and — 4.798,
respectively.

For compound 5b, the carbonyl oxygen located at the
C-3 position of isatin was involved in two out of the four
hydrogen bonding interactions observed, forming bonds
with SER610 and THR611. The remaining two hydrogen
bonds were noted between SER202 and the carbonyl oxygen
at the C-4 position of isatin. Additionally, two polar inter-
actions were observed: a dipole-induced dipole interaction
between the C-6 of benzaldehyde and the carbonyl group of
ASP291, and an induced dipole-induced dipole interaction
between the aldehydic carbon and the PHE206 amino acid
residue. In the case of compound 6b, there was a z-cation
interaction observed between ARG293 and the triazole ring.
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Fig.6 3D representation of RNR protein-Ligand interaction for compound 5b and 6b

Additionally, three hydrogen bonds were identified: one
between NH, and TYR741 and another two between thione
and THR611 (Fig. 6).

Furthermore, the study revealed that compound Sb exhib-
ited the highest number of interactions. However, replac-
ing the carbonyl group at the C-3 position of isatin with a
thiosemicarbazide moiety led to reduced interactions. This
decrease in binding affinity is reflected in the lower docking
score, suggesting that the carbonyl group plays a crucial role
in stabilizing interactions with the target protein. The sub-
stitution likely alters the electronic environment and spatial
orientation, thereby weakening key interactions essential for
strong ligand—protein binding.

However, the molecular docking investigations have
revealed that both 5b and 6b exhibited higher docking scores

Table 2 Docking calculations of compounds 5b, 6b, and Triapine

Ligand Docking score XPGScore Glide emodel
5b -9.227 —-9.227 —-61.422
6b —5.480 —5.480 — 87.203
Triapine —4.798 —4.798 —46.401

in comparison to Triapine suggesting that these compounds
displayed more favorable interactions with the protein,
implying their potential as ribonucleotide reductase (RNR)
inhibitors.

2.5 ADMET Studies

ADMET (Absorption, Distribution, Metabolism, Excretion,
and Toxicity) studies were conducted to comprehensively
assess the safety profile, efficacy, and physicochemical prop-
erties of the most potent compound of the series, 6b. The
ADMET descriptor module of small molecules was utilized
for ADMET prediction, accessible at http://www.swissadme.
ch/ and http://biosig.unimelb.edu.au/pkcsm/prediction. The
acquired values are presented in Table S1 of the supplemen-
tary data. These studies revealed that compound 6b exhibited
the potential to act as a P-glycoprotein inhibitor. This prop-
erty can enhance the bioavailability of drugs and improve
their uptake in targeted organs. None of the CYP450 isoforms
were inhibited by 6b indicating rapid metabolism and clear-
ance from the biological system. Importantly, this reduces
the likelihood of adverse effects resulting from drug—drug

@ Springer


http://www.swissadme.ch/
http://www.swissadme.ch/
http://biosig.unimelb.edu.au/pkcsm/prediction

2278

Chemistry Africa (2025) 8:2271-2284

interactions. However, one notable limitation was observed in
the form of poor lipophilicity, with a Log P value of 1.49, and
a low diffusion parameter, represented as Log BB=— 1.351.
These characteristics suggest that the synthesized compounds
may face challenges in crossing the blood-brain barrier (BBB)
and their inability to efficiently traverse the lipid bilayer that
could explain the observed limited activity. This poor lipo-
philicity may hinder their ability to reach and interact with the
intended target sites.

3 Conclusion

This manuscript details the design and synthesis of indolin-
2-one-bis(thiosemicarbazones/semicarbazones) linked by
1H-1,2,3-triazole. The anti-proliferative activity of these
compounds was assessed against MCF-7 and MDA-MB-231
breast cancer cells. Notably, compounds Sd and 6b exhib-
ited slightly stronger inhibition, demonstrating ICs,, values
of 92.08 uM and 71.65 uM against MCF-7 cell lines, respec-
tively. Spectroscopic and electrochemical analyses indicated
that compound 6b has the potential to bind to Fe(IIl), a cru-
cial regulator in the activity of ribonucleotide reductase.
Molecular docking studies further highlighted that 6b sur-
passes the reference drug triapine in binding interactions
with the RNR. Nevertheless, further optimization is required
to enhance the anti-proliferative effectiveness of 6b to reach
the level of efficacy seen with Tamoxifen.

4 Experimental Section
4.1 General Synthetic Protocols

The standard protocols and techniques were used to carry out
all the reactions. The column chromatography was carried
out using silica gel (60—120 mesh) with ethyl acetate: hex-
ane as eluent. Melting points were recorded by using open
capillaries and are uncorrected. The spectra of '"H NMR and
13C NMR spectra were recorded on JEOL400 and 100 MHz
spectrometers and were obtained as CDCl; solutions relative
to tetramethylsilane (TMS) as an internal standard. Chemical
shifts were reported in parts per million(ppm) and coupling
constants J were indicated in hertz. Splitting patterns are
indicated as s: singlet, d: doublet, t: triplet, m: multiplet, dd:
double of doublet, ddd: doublet of a doublet of a doublet,
and br: broad peak. Mass spectral data was assembled on
Bruker-micrOTOF QII equipment using ESI as the source.
IR spectra were recorded on the Shimadzu IR Affinity-1 Fou-
rier Transform Infrared (FTIR) spectrophotometer.

@ Springer

4.2 General Procedure for the Synthesis of 5a—f

To synthesize precursors Sa—f, a catalytic amount of
CuS0O,'5H,0 (0.055 mmol) and sodium ascorbate
(0.143 mmol) were added to a well-stirred solution of O-azi-
dobenzaldehyde 4 (1 mmol) and C-5 substituted N-prop-
argylated isatin 2 (1 mmol) in EtOH: H,O (8:2) mixture.
The reaction was carried out at room temperature for 7-8 h
and monitored by TLC. On completion, the reaction mix-
ture was extracted with chloroform (2 x 30 mL) and water
(2x25 mL). The organic layer was dried over anhydrous
Na,SO, and concentrated under reduced pressure to yield
the desired conjugates Sa—f. The resulting compounds
were purified via column chromatography technique using
silica gel (60—120 mesh) as the stationary phase and ethyl-
acetate:hexane (7:3) as the eluent mixture.

4.2.1 2-[4-(2,3-Dioxo-2,3-dihydro-indol-1-ylmethyl)-[1,2,3]
triazol-1-yl]-benzaldehyde (5a)

Yield 89%, light orange solid, MP=193-196 °C, IR (KBr,
vmax/cm_l): 3136 (C-H triazole); 1735 (-CHO); 1739
(C=0); 1692 (-N-C=0), '"H NMR (400 MHz, CDCl;) §
5.12 (s, 2H, -CH,); 7.13 (td, J=0.9, 7.5 Hz, 1H, Ar-H);
7.36 (d, J=8.0 Hz, 1H, Ar-H); 7.46 (dd, J=1.3, 7.9 Hz, 1H,
Ar-H); 7.58-7.67 (m, 3H, Ar-H); 7.74 (td, J=1.6, 7.5 Hz,
1H, Ar-H); 8.06-8.08 (m, 2H, Ar—H + triazole-H); 9.85
(d, J=0.92 Hz, 1H, -CHO). '3C NMR (100 MHz, CDCly)
635.3,111.4, 117.6, 124.3, 125.1, 125.4, 125.6, 129.9,
130.3, 130.4, 134.8, 137.8, 138.8, 142.5, 150.1, 158.1,
183.0, 188.4. HRMS (ES]) caled for C,gH;,N,O5 [M+H]*
333.0943, found 333.0721.

4.2.2 2-[4-(5-Fluoro-2,3-dioxo-2,3-dihydro-indol-1-ylme-
thyl)-[1,2,3]triazol-1-yl]-benzaldehyde (5b)

Yield 87%, light brown solid, MP=197-199 °C, IR (KBr,
vmax/cm‘l): 3142 (C-H triazole); 1751 (-CHO); 1732
(C=0); 1697 (-N-C=0), 'H NMR (400 MHz, CDCl,)
05.15 (s, 2H, —CH,); 7.33-7.44 (m, 3H, Ar-H); 7.51 (d,
J=6.3 Hz, 1H, Ar-H); 7.70 (t, J=6.0 Hz, 1H, Ar-H); 7.78
(t, J=6.0 Hz, 1H, Ar-H); 8.09 (s, 1H, triazole-H); 8.11
(d, J=6.1 Hz, 1H, Ar—H); 9.90 (s, 1H, -CHO). '>*C NMR
(100 MHz, CDCl,) 6 35.3,112.3, 112.5, 112.7 (J=5.7 Hz),
118.2 (J=5.6 Hz), 124.9, 125.1 (J=3.6 Hz), 125.4, 130.1,
130.3 (J=5.5 Hz), 134.6, 137.6, 142.2, 146.1, 157.7
(J=280.8 Hz), 160.5, 182.3, 188.1. HRMS (ESI) calcd for
C,gH,,FN,O; [M +H]" 351.0849, found 351.0687.



Chemistry Africa (2025) 8:2271-2284

2279

4.2.3 2-[4-(5-Chloro-2,3-dioxo-2,3-dihydro-indol-1-ylme-
thyl)-[1,2,3]triazol-1-yl]-benzaldehyde (5¢)

Yield 88%, yellow solid, MP =190-193 °C, IR (KBr,
vmax/cm_l): 3138 (C-H triazole); 1751 (-CHO); 1697
(-N-C=0); 1653(C=0), 'H NMR (400 MHz, CDCl,)
85.12 (s, 2H, —CH,); 7.35-7.47 (m, 3H, Ar-H); 7.53 (d,
J=6.5Hz, 1H, Ar-H); 7.72 (t, J=6.4 Hz, 1H, Ar—H); 7.79
(t, J=6.1 Hz, 1H, Ar-H); 8.11 (s, 1H, triazole-H); 8.13
(d, J=6.1 Hz, 1H, Ar-H); 9.91 (s, 1H, -CHO). *C NMR
(100 MHz, CDCl;) §35.5, 111.1, 117.7, 124.4, 125.2, 125.5,
125.7, 129.8, 1302, 130.5, 134.9, 137.7, 138.7, 142.6, 150.2,
158.2, 183.1, 188.5. HRMS (ESI) calcd for C gH,,CIN,O,
[M +H]J* 367.0520, found 367.0671.

4.2.4 2-[4-(5-Bromo-2,3-dioxo-2,3-dihydro-indol-1-ylme-
thyl)-[1,2,3]triazol-1-yl]-benzaldehyde (5d)

Yield 86%, light brown solid, MP=197-201 °C, IR (KBr,
vmax/cm_l): 3138 (C-H triazole); 1747 (-CHO); 1737
(C=0); 1697 (-N-C=0), 'H NMR (400 MHz, CDCl,)
85.10 (s, 2H, -CH,); 7.17 (d, J=8.4 Hz, 1H, Ar-H); 7.36
(d, J=7.8 Hz, 1H, Ar-H); 7.47 (d, J=7.8 Hz, 1H, Ar-H);
7.62-7.67 (m, 2H, Ar-H); 7.78 (d, J=7.8 Hz, 1H, Ar-H);
8.06-8.09 (m, 2H, Ar-H + triazole-H); 9.85 (d, /=0.94 Hz,
1H, -CHO). *C NMR (100 MHz, CDCl;) § 35.1, 111.5,
117.8, 124.2, 125.2, 125.5, 125.7, 129.9, 130.2, 130.5,
134.7, 137.9, 138.8, 142.6, 150.1, 158.2, 183.1, 188.4.
HRMS (ESI) caled for C,gH;;BrN,O; [M("’Br) + H]*
411.0015 and [M(®'Br)+H]* 413.0015, found 411.0032
and 413.0029.

4.2.5 2-[4-(5-Methoxy-2,3-dioxo-2,3-dihydro-indol-1-ylme-
thyl)-[1,2,3]triazol-1-yl]-benzaldehyde (5e)

Yield 84%, Maroon solid, MP=195-198 °C, IR (KBr, v,,,,/
cm™Y): 3140 (C-H triazole); 1745 (-CHO); 1739 (C=0);
1685 (-N-C=0), 'H NMR (400 MHz, CDCly) 6 3.72 (s,
3H, -OCH,); 5.06 (s, 2H, -CH,); 7.12 (d, J=7.7 Hz, 1H,
Ar-H); 7.39 (d, J=7.8 Hz, 1H, Ar-H); 7.47 (dd, /J=1.2,
7.8 Hz, 1H, Ar-H); 7.55-7.64 (m, 2H, Ar-H); 7.74 (d,
J=7.7 Hz, 1H, Ar-H); 8.04-8.07 (m, 2H, Ar-H + triazole-
H); 9.84 (s, 1H, -CHO). '*C NMR (100 MHz, CDCl;) §
35.3,56.1, 111.3, 117.6, 124.2, 125.3, 125.5, 125.7, 129.9,
130.1, 130.5, 134.9, 137.7, 138.8, 142.4, 150.2, 158.2,
183.1, 188.4. HRMS (ESI) calcd for C,oH,,N,O, [M +H]*
363.1049, found 363.1011.

4.2.6 2-(4-((5,7-dibromo-2,3-dioxoindolin-1-yl)
methyl)-1H-1,2,3-triazol-1-yl)benzaldehyde (5f)

Yield 80%, brown solid, MP=138-140 °C, IR (KBr, v,,,,/
cm™'): 3138 (C-H triazole); 1732 (-CHO); 1714 (C=0);
1689 (-N-C=0), "H NMR (400 MHz, CDCl,) § 5.12 (s, 2H,
—CH,); 7.15 (d, J=8.3 Hz, 1H, Ar-H); 7.32 (d, J=7.8 Hz,
1H, Ar-H); 7.43 (d, J=7.8 Hz, 1H, Ar-H); 7.59 (s, 1H,
Ar-H); 7.78 (d, J=7.8 Hz, 1H, Ar-H); 8.07-8.10 (m,
2H, Ar—H + triazole-H); 9.87 (s, 1H, —CHO). '3C NMR
(100 MHz, CDCl;) §35.3, 111.7, 118.2, 125.0, 125.2, 125.7,
125.9, 128.9, 130.1, 130.4, 134.8, 137.4, 138.7, 141.9, 150.4,
157.9, 183.2, 188.3. HRMS (ESI) calcd for C,gH,Br,N,0;
IM("Br) + H]* 488.9120 and [M(®'Br) + H]* 490.9099,
found 488.9157 and 490.9043.

4.3 General Procedure for the Synthesis of Schiff
Bases 6a-f/7a-f

Compound 5 (1 mmol) and thiosemicarbazide/semicarbazide
(2 mmol) were dissolved in a minimum quantity of warm etha-
nol and a catalytic amount of glacial acetic acid (0.1 mL) was
added to the mixture. The reaction mixture was refluxed for
6 h and allowed to cool down at room temperature. The solid
precipitated out which was filtered, washed, dried, and recrys-
tallized from ethanol to obtain desired compounds 6a—f/7a—f
in excellent yields.

4.3.1 2-((E)-2-(4-(((Z)-3-(2-carbamothioylhydrazono)-
2-oxoindolin-1-yl)methyl)-1H-1,2,3-triazol-1-yl)ben-
zylidene)hydrazine-1-carbothioamide (6a)

Yield 85%, pale yellow solid, MP =244-247 °C, IR
(KBr, vmax/cm_l): 3419 (-NH); 3153(C-H triazole); 1685
(-N-C=0); 1608 (-C=N); 1180-1278 (C=S), 'H NMR
(400 MHz, DMSO-dg) 6 5.10 (s, 2H, —CH,); 7.21 (d,
J=28.6 Hz, 1H, Ar—H); 7.42-7.46 (m, 2H, Ar-H); 7.48-7.54
(m, 3H, Ar-H); 7.73 (s, 1H, —-NH (exchangeable with D,0));
7.77 (d, J=2.9 Hz, 1H, Ar-H); 8.00 (s, 1H, triazole-H); 8.24
(s, 1H,—CH=N); 8.35-8.38 (m, 1H, Ar-H); 8.54 (s, 1H, -NH
(exchangeable with D,0)); 8.68 (s, 1H, —-NH (exchangeable
with D,0)); 9.15 (s, 1H, -NH (exchangeable with D,0));
11.46 (s, 1H, -NH(exchangeable with D,0)); 12.12 (s, 1H,
—NH(exchangeable with D,0)). 13C NMR (100 MHz, DMSO-
de¢) 6 35.1, 107.9, 112.4, 117.8, 121.0, 126.3, 126.7, 127.5,
129.9, 130.1, 130.4, 130.7, 135.8, 137.6, 139.4, 142 .4, 158.3,
160.7, 178.4, 179.1. HRMS (ESI) calcd for C,,H,gN,,0S,
[M+H]" 479.1140, found 479.1019.
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4.3.2 2-((Z)-5-fluoro-1-((1-(2-((E)-(2-carbamothioylhy-
drazono)methyl)phenyl)-1H-1,2,3-triazol-4-yl)
methyl)-2-oxoindolin-3-ylidene)hydrazine-1-car-
bothioamide (6b)

Yield 86%, pale yellow solid, MP=245-248 °C, IR (KBr, v,,,/
cm™Y): 3469 (-NH); 3132 (C-H triazole); 1693 (-N-C=0);
1606 (C=N); 1141-1228 (C=S), '"H NMR (500 MHz, DMSO-
dg) 65.16 (s, 2H, -CH,); 7.26-7.32 (m, 2H, Ar-H); 7.48 (d,
J=7.0Hz, 1H, Ar-H); 7.56-7.60 (m, 3H, Ar—H); 7.76 (s, 1H,
—NH (exchangeable with D,0)); 8.01 (s, 1H, triazole-H); 8.29
(s, IH, -CH=N); 8.41 (d, J=7.8 Hz, 1H, Ar-H); 8.61 (s, 1H,
—NH (exchangeable with D,0)); 8.85 (s, 1H, -NH (exchange-
able with D,0); 9.20 (s, 1H, —-NH (exchangeable with D,0);
11.45 (s, 1H, -NH (exchangeable with D,0,); 12.29 (s, 1H,
—NH (exchangeable with D,0)). '*C NMR (125 MHz, DMSO-
dg) 635.1,108.3 (J=25.7Hz), 112.2 (/J=8.0 Hz), 117.7,117.8,
126.4, 126.7, 127.4, 129.9, 130.3, 130.6 (J=3.1 Hz), 130.8,
135.9, 137.6, 139.1, 142.3, 158.2, 160.5 (J=96.2 Hz), 178.6,
179.2. HRMS (ES]) caled for C,oH,FN,0S, [M+H]*
497.1046, found 497.1298.

4.3.3 2-((Z)-5-chloro-1-((1-(2-((E)-(2-carbamothioylhy-
drazono)methyl)phenyl)-1H-1,2,3-triazol-4-yl)
methyl)-2-oxoindolin-3-ylidene)hydrazine-1-car-
bothioamide (6¢)

Yield 85%, pale yellow solid, MP=215-218 °C, IR (KBr,
vmax/cm_'): 3161-3147 (-NH); 3134 (C-H triazole); 1697
(-N-C=0); 1653 (C=N); 1120 (C=S), '"H NMR (400 MHz,
DMSO-d¢) 6 5.11 (s, 2H, -CH,); 7.23 (d, /=8.7 Hz, 1H,
Ar-H); 7.42-7.45 (m, 2H, Ar-H); 7.50-7.56 (m, 2H,
Ar-H); 7.70 (s, 1H, -NH (exchangeable with D,0)); 7.78
(d, J=2.7 Hz, 1H, Ar—H); 8.00 (s, 1H, triazole-H); 8.27 (s,
1H, -CH=N); 8.35-8.38 (m, 1H, Ar-H); 8.56 (s, 1H, -NH
(exchangeable with D,0)); 8.86 (s, 1H, -NH (exchangeable
with D,0)); 9.17 (s, 1H, -NH (exchangeable with D,0));
11.42 (s, 1H, —NH(exchangeable with D,0)); 12.17 (s,
1H, -NH(exchangeable with D,0)) 13C NMR (100 MHz,
DMSO-dg) 6 35.1, 112.6, 121.0, 121.9, 126.5, 126.8, 127.4,
127.9,129.9, 130.1, 130.4, 130.9, 136.0, 137.6, 141.5, 142.4,
160.7,178.5, 179.2. HRMS (ESI) calcd for C,3H,,CIN,,0S,
[M+H]" 513.0717, found 513.0732.

4.3.4 2-((Z2)-5-bromo-1-((1-(2-((E)-(2-carbamothioyl-
hydrazono)methyl)phenyl)-1H-1,2,3-triazol-4-yl)
methyl)-2-oxoindolin-3-ylidene)hydrazine-1-car-
bothioamide (6d)

Yield 85%, pale yellow solid, MP =258-261 °C, IR (KBr,
vmax/cm_l): 3158-3449 (-NH); 3132 (C-H triazole);
1698 (-N-C=0); 1657 (-C=N); 1120 (C=S), 'H NMR
(400 MHz, DMSO-d¢) 6 5.12 (s, 2H, -CH,); 7.21 (d,
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J=8.6 Hz, 1H, Ar-H); 7.46-7.50 (m, 2H, Ar-H); 7.53-7.57
(m, 2H, Ar-H); 7.74 (s, 1H, -NH (exchangeable with D,0));
7.79 (d, J=2.6 Hz, 1H, Ar-H); 8.02 (s, 1H, triazole-H);
8.31 (s, 1H, -CH=N); 8.37-8.39 (m, 1H, Ar-H); 8.58 (s,
1H, -NH (exchangeable with D,0)); 8.71 (s, 1H, -NH
(exchangeable with D,0)); 9.21 (s, 1H, —-NH (exchange-
able with D,0)); 11.43 (s, 1H, -NH(exchangeable with
D,0)); 12.19 (s, 1H, -NH(exchangeable with D,0)). Bc
NMR (100 MHz, DMSO-d¢) 6 35.2, 117.2, 121.3, 121.9,
126.7, 126.9, 127.4, 127.9, 129.8, 130.1, 130.4, 130.8,
136.1, 137.6, 139.9, 142.4, 158.1, 160.8, 178.5, 179.1.
HRMS (ESI) caled for CyyH,;BrN,,0S, [M("’Br)+H]*
557.0212 and [M(*'Br) + H]* 559.0212, found 557.0229
and 559.0222.

4.3.5 2-((E)-2-(4-(((E)-3-(2-carbamoylhydrazono)-5-meth-
oxy-2-oxoindolin-1-yl)methyl)-1H-1,2,3-triazol-1-yl)
benzylidene)hydrazine-1-carbothiomide (6e)

Yield 84%, light maroon solid, MP=241-244 °C, IR (KBr,
umaX/cm‘l): 3159-3441 (-NH); 3126 (C-H triazole); 1689
(-N-C=0); 1531-1604 (-C=N); 1128-1220 (C=S), 'H
NMR (400 MHz, DMSO-d) 6 3.72 (s, 3H, —-OCH,;); 5.07
(s, 2H, —-CH,); 6.95 (d, J=10.0 Hz, 1H, Ar-H); 7.11 (d,
J=8.6 Hz, 1H, Ar-H); 7.36 (s, 1H, Ar-H); 7.42-7.44 (m,
1H, Ar-H); 7.52-7.54 (m, 2H, Ar-H); 7.70 (s, 1H, -NH
(exchangeable with D,0)); 8.00 (s, 1H, triazole-H); 8.27
(s, IH, -CH=N); 8.37 (d, J=38.2 Hz, 1H, Ar-H); 8.56 (s,
1H, -NH (exchangeable with D,0)); 8.78 (s, 1H, -NH
(exchangeable with D,0));); 9.11 (s, 1H, -NH (exchange-
able with D,0));); 11.43 (s, 1H, —-NH (exchangeable with
D,0)); 12.30 (s, 1H, —-NH (exchangeable with D,0)) Bc
NMR (100 MHz, DMSO-dg) 6 35.0, 56.1, 106.8, 111.8,
117.3, 120.9, 126.5, 126.8, 127.4, 129.9, 130.4, 130.9,
131.6, 136.0, 136.6, 137.6, 142.6, 156.3, 160.9, 178.6,
179.1. HRMS (ES]) caled for C,;H,(N;(,0,S, [M +H]J*
509.1246, found 509.1261.

4.3.6 2-(E)-2-(5,7-dibromo-1-((1-(2-((E)-(2-carbamothioyl-
hydrazono)methyl)phenyl)-1H-1,2,3-triazol-4-yl)
methyl)-2-oxoindolin-3-ylidene)hydrazinecarbothio-
amide (6f)

Yield 81%, yellow solid, MP=238-240 °C, IR (KBr, v,,,,/
em™Y): 3159-3419 (-NH); 3134 (C-H triazole); 1693
(-N-C=0); 1541-1600 (-C=N); 1134-1271 (C=S), 'H
NMR (400 MHz, DMSO-d) 6 5.12 (s, 2H, —-CH,); 6.98
(d, J=8.4 Hz, 1H, Ar-H); 7.49-7.51 (m, 2H, Ar-H);
7.56-7.59 (m, 1H, Ar—H); 7.72 (s, 1H, —-NH (exchangeable
with D,0)); 7.81 (d, /J=2.2 Hz, 1H, Ar-H); 8.01 (s, 1H,
triazole-H); 8.32 (s, 1H, -CH=N); 8.39 (s, 1H, Ar-H); 8.57
(s, 1H, —-NH (exchangeable with D,0)); 8.73 (s, 1H, -NH
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(exchangeable with D,0)); 9.22 (s, 1H, -NH (exchangeable
with D,0)); 11.41 (s, 1H, -NH(exchangeable with D,0));
12.27 (s, 1H, -NH(exchangeable with D,0)). *C NMR
(100 MHz, DMSO-dy) 6 35.1, 118.1, 119.3, 121.8, 126 .4,
126.9, 127.3, 127.8, 129.7, 130.3, 130.5, 131.4, 136.8,
137.3, 139.8, 142.6, 158.2, 160.7, 178.6, 179.1. HRMS
(ESI) caled for C,,H,(Br,N,,0S, IM("Br)+H]" 634.9317
and [M(®'Br) + H]* 636.9296 found 634.9209 and 636.925.

4.3.7 2-((E)-2-(4-(((Z)-3-(2-carbamothioylhydrazono)-
2-oxoindolin-1-yl)methyl)-1H-1,2,3-triazol-1-yl)ben-
zylidene)hydrazine-1-carboxamide (7a)

Yield 84%, pale yellow solid, MP =262-265 °C, IR (KBr,
Vna/em™): 3471 (-NH,); 3151 (C-H triazole); 1714
(C=0); 1697 (-N-C=0); 1681 (C=0); 1608 (C=N), 'H
NMR (400 MHz, DMSO-d) & 5.12 (s, 2H, —CH,); 6.45 (s,
2H, —-NH,(exchangeable with.

(d, J=7.7 Hz, 1H, Ar-H); 7.46-7.55 (m, 5H,
3Ar-H +-NH, (exchangeable with D,0)); 7.70-7.97 (m,
2H, Ar-H +triazole-H); 8.26 (d, /J=7.8 Hz, 1H, Ar—H);
8.53 (s, 1H, -CH=N); 10.25 (s, 1H, -NH (exchangeable
with D,0)); 11.46 (s, 1H, -NH (exchangeable with D,0)).
13C NMR (100 MHz, DMSO-dy) § 35.1, 112.6, 117.9, 121.1,
121.7, 126.5, 126.8, 127.2, 130.2, 130.5, 130.9, 134.8,
135.2, 135.9, 136.3, 142.5, 155.8, 156.4, 160.1, 161.5.
HRMS (ESI) calced for C,oH,;BrN;,0; [M("Br) +H]*
525.0668 and [M(®'Br)+H]* 527.0668, found 525.0654
and 525.0651.

4.3.8 2-((2)-5-fluoro-1-((1-(2-((2)-(2-carbamoylhydrazono)
methyl)phenyl)-1H-1,2,3-triazol-4-yl)methyl)-2-ox-
oindolin-3-ylidene)hydrazine-1-carboxamide (7b)

Yield 86%, pale yellow solid, MP=257-260 °C, IR (KBr,
vmaxlcm_l): 3288-3469 (-NH); 3132(C-H triazole);
1716 (C=0); 1685 (-N-C=0); 1608 (-C=N); 'H NMR
(400 MHz, DMSO-d¢) 6 5.11 (s, 2H, —CH,); 6.44 (s, 2H,
—NH,(exchangeable with D,0)); 7.18 (d, /=8.6 Hz, 1H,
Ar-H); 7.40 (d, J=7.6 Hz, 1H, Ar-H); 7.46-7.54 (m,
4H, 2Ar-H +-NH, (exchangeable with D,0)); 7.62 (d,
J=8.4 Hz, 1H, Ar-H); 7.71-7.99 (m, 2H, Ar-H +triazole-
H); 8.27 (d, /J=7.9 Hz, 1H, Ar-H); 8.52 (s, 1H, -CH=N);
10.24 (s, 1H, -NH (exchangeable with D,0)); 11.47 (s,
1H, -NH (exchangeable with D,0)). *C NMR (100 MHz,
DMSO-d¢) 6 35.1, 112.3 (J=5.6 Hz), 117.9 (J=7.8 Hz),
121.4,121.9, 126.3, 127.0, 127.4, 130.1, 130.4 (J=5.4 Hz),
130.9, 134.7, 135.2, 135.9, 136.4, 142.3, 155.7 (J=286.7 Hz),
156.3, 156.8, 161.2. HRMS (ESI) calcd for C,yH;7;FN,05
[M+H]" 465.1503, found 465.1527.

4.3.9 2-((Z)-5-chloro-1-((1-(2-((Z)-(2-carbamoylhydrazono)
methyl)phenyl)-1H-1,2,3-triazol-4-yl)methyl)-2-ox-
oindolin-3-ylidene)hydrazine-1-carboxamide (7¢)

Yield 85%, pale yellow solid, MP =252-255 °C, IR (KBr,
vmax/cm_l): 3285-3466 (-NH); 3138 (C-H triazole); 1714
(C=0); 1697 (-N-C=0); 1683 (C=0); 1610 (-C=N), 'H
NMR (400 MHz, DMSO-d) 6 5.12 (s, 2H, -CH,); 6.47 (s,
2H, -NH, (exchangeable with D,0)); 7.20 (d, /=8.6 Hz,
1H, Ar-H); 7.41 (d, J=7.6 Hz, 1H, Ar-H); 7.44-7.54 (m,
5H, 3Ar-H +-NH, (exchangeable with D,0)); 7.70-7.98
(m, 2H, Ar-H +triazole-H); 8.25 (d, /J=7.9 Hz, 1H, Ar-H);
8.51 (s, 1H, -CH=N); 10.25 (s, 1H, -NH (exchangeable with
D,0)); 11.48 (s, 1H, -NH (exchangeable with D,0)). B¢
NMR (100 MHz, DMSO-d¢) 6 35.2, 112.4, 117.8, 121.0,
121.8, 126.4, 126.9, 127.3, 130.1, 130.4, 130.8, 134.9,
135.1, 135.8, 136.2, 142.4, 155.7, 156.3, 156.9, 161.1.
HRMS (ESI) calcd for C,oH,;CIN,,O; [M+H]* 481.1174,
found 481.1195.

4.3.10 2-((Z)-5-bromo-1-((1-(2-((Z)-(2-carbamoylhy-
drazono)methyl)phenyl)-1H-1,2,3-triazol-4-yl)
methyl)-2-oxoindolin-3-ylidene)hydrazine-1-car-
boxamide (7d)

Yield 85%, pale yellow solid, MP =274-277 °C, IR (KBr,
vmaX/cm_l): 3285-3468 (-NH); 3138 (C-H triazole); 1715
(C=0); 1697 (-N-C=0); 1684 (C=0); 1608 (-C=N), 'H
NMR (400 MHz, DMSO-dy) 6 5.10 (s, 2H, -CH,); 6.46 (s,
2H, -NH, (exchangeable with D,0)); 7.17 (d, /J=8.6 Hz,
1H, Ar-H); 7.39 (d, /=7.7 Hz, 1H, Ar-H); 7.46-7.55 (m,
5H, 3Ar-H +-NH, (exchangeable with D,0)); 7.70-7.97
(m, 2H, Ar-H +triazole-H); 8.26 (d, /J=7.8 Hz, 1H, Ar-H);
8.53 (s, 1H,—-CH=N); 10.25 (s, 1H, -NH (exchangeable with
D,0)); 11.46 (s, 1H, -NH (exchangeable with D,0)). 1*C
NMR (100 MHz, DMSO-dy) ¢ 35.1, 112.6, 117.9, 121.1,
121.7, 126.5, 126.8, 127.2, 130.2, 130.5, 130.9, 134.8,
135.2, 135.9, 136.3, 142.5, 155.8, 156.4, 160.1, 161.5.
HRMS (ESI) calcd for C,3H;;B1N;,O3 (M("Br)+H]*
525.0668 and [M(®'Br) + H]* 527.0668, found 525.0654
and 525.0651.

4.3.11 2-((E)-2-(4-(((E)-3-(2-carbamoylhydrazono)-5-meth-
oxy-2-oxoindolin-1-yl)methyl)-1H-1,2,3-triazol-1-yl)
benzylidene)hydrazine-1-carboxamide (7e)

Yield 84%, light maroon solid, MP =249-252 °C, IR (KBr,
vmax/cm‘l): 3381-3479 (-NH); 3138 (C-H triazole); 1714
(C=0); 1695 (-N-C=0); 1685 (C=0); 1608 (-C=N), 'H
NMR (400 MHz, DMSO-dy) 6 3.73 (s, 3H, —-OCHj,); 5.07
(s, 2H, —-CH,); 6.46 (s, 2H, -NH, (exchangeable with D,0));
6.91 (d, J=11.4 Hz, 1H, Ar-H); 7.11 (d, /=8.6 Hz, 1H,
Ar-H); 7.19 (bs, 1H, -NH (exchangeable with D,0)); 7.29
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(s, IH, Ar—H); 7.39 (d, J=7.8 Hz, 1H, Ar-H); 7.46-7.55 (m,
4H, 2Ar—H + triazole-H + -NH (exchangeable with D,0));
8.26 (d, J=7.7 Hz, 1H, Ar-H); 8.52 (s, 1H, -CH=N); 10.25
(s, 1H, -NH (exchangeable with D,0)); 11.58 (s, 1H, -NH
(exchangeable with D,0)). 3C NMR (100 MHz, DMSO-
dg) 6 34.9, 56.1, 106.2, 111.6, 116.5, 121.2, 126.4126.8,
127.1, 130.0, 130.4, 130.6, 130.6, 134.4, 135.3, 135.8,
142.6, 155.4, 156.3, 156.8, 161.0. HRMS (ESI) calcd for
C,,H,FN,,O, [M+H]* 477.1703, found 477.1727.

4.3.12 2-(E)-2-(5,7-dibromo-1-((1-(2-((E)-(2-carbamoyl-
hydrazono)methyl)phenyl)-1H-1,2,3-triazol-4-yl)
methyl)-2-oxoindolin-3-ylidene)hydrazinecarboxa-
mide (7f)

Yield 81%, light yellow solid, MP=220-222 °C, IR (KBr,
vmax/cm'l): 3469 (-NH); 3124 (C—H triazole); 1714 (C=0);
1697 (-N-C=0); 1681 (C=0); 1608 (-C=N), 3469 (-NH);
3124 (C-H triazole); 1714 (C=0); 1693 (-N-C=0); 1606
(C=0); 1575 (-C=N)'H NMR (400 MHz, DMSO-dg) 6
5.12 (s, 2H, —-CH,); 6.44 (s, 2H, -NH, (exchangeable with
D,0)); 7.12 (d, /J=8.6 Hz, 1H, Ar-H); 7.41 (d, /J=7.8 Hz,
1H, Ar-H); 7.47-7.58 (m, 4H, 2Ar-H +-NH, (exchange-
able with D,0)); 7.71-8.03 (m, 2H, Ar-H + triazole-H); 8.27
(d, J=7.8 Hz, 1H, Ar-H); 8.51 (s, 1H, -CH=N); 10.27 (s,
1H, -NH (exchangeable with D,0)); 11.47 (s, 1H, -NH
(exchangeable with D,0)). 3C NMR (100 MHz, DMSO-
de¢) 6 35.1, 108.2, 112.7, 117.5, 121.3, 126.5, 126.8, 127.3,
130.2, 130.4, 130.7, 130.8, 134.5, 135.2, 135.7, 142.8, 155.3,
157.3,157.8, 161.4. HRMS (ESI) calcd for C,,H,¢Br,N;,05
IM("Br) + H]* 602.9774 and [M(®'Br) + H]* 604.9753,
found 602.9721 and 604.9640.

4.4 Molecular docking protocols

The molecular docking was performed using Schrodinger
(Schrodinger Release 2022—1: Maestro, Schrodinger, LLC,
New York, NY). Crystal co-ordinates of Ribonucleotide
reductase (RNR) (PDB ID:2EUD) were downloaded from
the protein data bank (www.rcsb.org). In the first step, bond
orders were assigned and hydrogens were added by pre-
process option. All water molecules were deleted. The het-
eroatoms are ionized by epic at biological pH to consider
the protein permeability and drug solubility and then the
H-Bonds were optimized to reduce the steric clashes by his-
tidine, aspartate, glutamate, and hydroxyl containing amino
acids. Then complete protein structure was minimized by
using OPLS 2005 force field. Ligand preparation is gener-
ally required because molecules lack 3D coordinates, ioniza-
tion, stereochemistry and tautomers. Thus, before docking,
the least energy state of ligand was needed to be prepared.
Ligprep tool of Schrodinger was used to prepare the least
energy state of ligand which converts 1D/2D structures to
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3D. Finally, this ligand molecule was minimized with the
help of the OPLS 2005 force field. For docking, the grids
were generated by using the grid-based energy descriptor
which had a default set of options with Vander Waals radius
of 1.0. The glide docking of the molecules was carried out
using the previously prepared receptor grid and the ligand
molecules.Thefavourable interactions between ligand mol-
ecules and the receptor were scored using Glide ligand dock-
ing program. All the docking calculations were performed
using extra precision (XP) mode and OPLS-2005 force field.
Thus H-Bonding, hydrophobic interactions and n—r stacking
between enzyme and compound were determined [34-36].

4.5 Biological Evaluation
4.5.1 Cell Culturing

MCF-7 cells (ECACC) were cultured in Dulbecco’s modi-
fied eagle’s media (DMEM) and supplemented with 10%
(foetal bovine serum) FBS and 1% penicillin—streptomycin.
MDA-MB 231 cells (ATCC) were cultured in 3:1 DMEM
with HAMS F12 media supplemented with 10% FBS and
1% penicillin—streptomycin, both incubated at 37 °C and 5%
carbon dioxide (CO,) to mimic in-vivo conditions.

4.5.2 MTT Assay

MCF-7 and MDA-MB 231 cells were seeded at a density
of 5000 cells per well in triplicate into a 96-well plate and
incubated 37 °C and 5% CO, for 24 h (hrs). Test compounds
were dissolved in dimethylsulphoxide (DMSO) and working
solutions were diluted in DMEM. Cells were treated with a
range of different concentrations(1, 5, 10, 20, 50, 100 uM)
of the various compounds for 24 h at 37 °C and 5% CO,.
Subsequently, sterile 5 ul of 5 mg/mL MTT (Sigma-Aldrich)
dissolved in PBS was added to each well and incubated with
cells for 2-3 h. Solubilisation solution (10% sodium dodecyl
sulphate (SDS), 10 mM hydrochloric acid (HCI)) of equal
volume to the wells was then added and incubated for 16 h at
37 °C. The optical density of each well was read at 570 nm
using a microtiter plate reader (Thermo Fisher Scientific
Multiskan GO Microplate Reader, Skanlt™ software) [37].

4.5.3 Statistical Analysis

The statistical analysis was performed using Excel® and
IC5yvalues were estimated using GraphpadPrism5 software
(Hearne Scientific Software). The experiments were per-
formed in triplicates and at least two times for reproducibil-
ity. The statistical significance was calculated using student’s
t-test. A p-value of less than 0.05 was used to estimate the
significance of the observations. A Z-factor was calculated
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for each 96-well plate and assays having Z-factor above > (0.6
were included in the statistical analysis [38].

4.6 Spectroscopic and Electrochemical Measure-
ments

Shimadzu 1601 spectrophotometer was used to record
UV-Vis spectra of 6b with or without addition of metal
ions using quartz cuvette (path length, 1 cm). An electro-
chemical workstation (Autolab PGSTAT302N, Metrohm)
was used to carry out electrochemical measurements i.e.
Cyclic Voltammetry (CV) and Differential Pulse Voltam-
metry (DPV) using three electrode system consisting Glassy
Carbon, Ag/AgCl and Pt wire as working, reference and
counter electrodes, respectively. CV and DPV were car-
ried out in the potential range from — 2.6 to — 1.0 V using
0.01 mol/L tetrabutylammonium perchlorate (TBAP) as
supporting electrolyte and DMSO as solvent. Prior to each
eletrochemical measurement, the contents were purged with
high purity nitrogen gas to create an inert environment. All
electrochemical measurements were performed at ambient
temperature of 25.0+ 1 °C.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42250-025-01274-4.
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