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synthesis, antitumor evaluation and molecular
docking studies with Bcl-2
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Mutasem O. Taha, d Astrid Milić,e Mirela Sedićf and Silvana Raić-Malić *a

Resistance to conventional therapies in pancreatic and hematologic malignancies highlights the need for

novel agents that selectively induce tumor cell death. This study presents the design, synthesis, and

evaluation of new quinoline- and coumarin-derived isoxazole analogs (7a–e, 8a–f, 9a–e) and their Re(I)

and Ru(II) complexes (7bRe, 9bRe, 7bRu, 9bRu). Antiproliferative assays against eight human cancer cell

lines and noncancerous PBMCs identified quinoline amidoxime 8f as particularly potent, with IC50 values

of 2.1–4.7 mM against hematologic cancers (DND-41, HL-60, Z-138) and pancreatic adenocarcinoma

(Capan-1), with selectivity indices of up to 48. Permeability and metabolic stability studies showed high

membrane permeability and moderate clearance for 8f. Molecular docking, validated by redocking of

J1Q (PDB ID: 6QGK), confirmed that 8f forms stable, energetically favorable complexes with Bcl-2

(DG_bind = −84.98 kcal mol−1). These results support 8f as a promising lead compound for further

development as a selective Bcl-2-targeted anticancer agent.
1. Introduction

Heterocycle quinolines1–9 and coumarins10–14 exhibit a broad
spectrum of pharmacological activities, including anticancer
activity. Mono- and bis-quinoline-based thiocarbohydrazones
have shown efficacy against acute monocytic leukemia (THP-1)
cells and pancreatic adenocarcinoma cancer stem cells, sug-
gesting their capability to target multiple cellular mechanisms.7

Similarly, 4-aminoquinolines have demonstrated notable anti-
cancer activity against pancreatic carcinoma6,8 with signicant
efficacy in xenogra models.6 Specically, 4-aminoquinolines
bearing a 6-methoxynaphthalene moiety have markedly
increased pancreatic cancer cell cytotoxicity by suppressing the
Akt/mTOR signaling pathway and inducing endoplasmic retic-
ulum (ER) stress.9 Quinoline-based compounds, particularly
those functioning as protein kinase inhibitors, have been
approved by the U.S. Food and Drug Administration (FDA) for
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clinical use (Fig. 1).15–17 For example, bosutinib I, a dual inhib-
itor of Src and Abl kinases, is used for the treatment of Phila-
delphia chromosome-positive chronic myeloid leukemia
(CML).18–20

Cabozantinib II, a multi-target receptor kinase inhibitor, has
been approved for the treatment of thyroid and kidney
cancers.21 Its antiangiogenic properties are mediated through
the inhibition of VEGFR and MET, which are critical for tumor
vascularization.22,23 Lenvatinib III, another multi-target kinase
inhibitor, exhibits strong efficacy against growth factor recep-
tors such as VEGFR, FGFR, and platelet-derived growth factor
receptors. It is approved for the treatment of differentiated
thyroid cancer.2 Neratinib IV, approved for breast cancer treat-
ment, irreversibly binds to the epidermal growth factor receptor
(EGFR) and the human epidermal growth factor receptors HER2
and HER4.24 In addition, the quinoline-based pelitinib (EKB-
569) V is currently in phase II clinical trials as an irreversible
EGFR inhibitor for colorectal and lung cancers.25 Preclinical
data show that dovitinib VI inhibits multiple kinases associated
with various cancers, including acute myeloid leukemia (AML)
and multiple myeloma,26 while OSI-930 VII is designed to target
both cancer cell proliferation and angiogenesis in selected
tumors.27

Hybridization of bioactive organic components with metals
has garnered signicant interest in cancer research.28,29 Tran-
sition metal complexes enhance conventional organic treat-
ments through their structural exibility, which allows them to
adopt various chemical congurations and form effective
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Fig. 1 Representative quinoline-based kinase inhibitors approved for cancer therapy (I–IV) or under clinical investigation (V–VII).
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binding interactions with target biomolecules, signicantly
increasing their therapeutic efficacy.28,30,31

Research has particularly focused on ruthenium, titanium,
and gold based anticancer agents, some of which have shown
Fig. 2 Designed quinoline (7a–e, 8a–f) and coumarin (9a–e) derivati
methylene linker.

50634 | RSC Adv., 2025, 15, 50633–50651
promising results in phase I and II clinical trials.32,33 In addi-
tion, rhenium-based complexes, particularly those featuring
stable rhenium(I) tricarbonyl motifs, are emerging as promising
theranostics due to their kinetic stability and versatile
ves of 3-aryl-substituted isoxazoles with oxymethylene and amino-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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spectroscopic properties.34,35 Metal complexes containing
quinoline and coumarin moieties have shown signicant cyto-
toxic activity against various cancer cell lines.36–41

In our previous studies, the 4-substituted 1,2,3-triazole-
coumarin hybrid VIII exhibited strong and selective anti-
proliferative effects on hepatocellular carcinoma cells (HepG2),
associated with inhibition of 5-lipoxygenase (5-LO) activity and
disruption of sphingolipid signaling through interference with
intracellular acid ceramidase (ASAH) activity.42 The amidoxime-
substituted quinoline 1,2,3-triazole IX linked via an amino-
methylene linker demonstrated notable activity against lung
adenocarcinoma cells (A549), whereas the amidino-substituted
coumarin 1,2,3-triazole X containing an oxymethylene linker
exhibited activity against cervical cancer cells (HeLa) and
selective nucleic acid binding through intercalative and minor-
groove interactions.43 The tricarbonyl Re(I) complexes of quin-
oline XI (IC50 = 3.4 mM) and coumarin XII (IC50 = 1.4 mM)
aldoxime ether ligands promoted ROS generation, mitochon-
drial membrane depolarization, and G0/G1 cell-cycle arrest in T-
cell lymphoma cells (HuT78), while the Ru(II) half-sandwich
complex containing a coumarin-1,2,3-triazole ligand XIII
induced downregulation of AKT and ERK signaling pathway in
pancreatic cancer cells (PANC-1) and reduced intracellular
levels of reactive oxygen species.41,44
Scheme 1 Synthesis of quinoline (7a–e, 8a–f) and coumarin (9a–e) is
Reagents and conditions: (i) NH2OH × HCl, CH3OH : H2O = 8 : 1, 5–30
Et3N, CH2Cl2, 12 h, reflux; (iv) methanol : DMF = 2 : 1, NH2OH × HCl, Et3

© 2025 The Author(s). Published by the Royal Society of Chemistry
Building on the aforementioned ndings and our previous
work on the development of quinoline43–46 and coumarin41,42,44,47

derivatives, we designed a new series of quinoline and
coumarin derivatives bearing 3-aryl-substituted isoxazole core
connected through oxymethylene and aminomethylene linkers
(Fig. 2) to evaluate their anticancer activity in eight malignant
cancer cell lines and assess their cytotoxicity in normal cells
using peripheral blood mononuclear cells (PBMCs) from two
healthy donors. The metabolic stability and permeability of
selected compounds exhibiting potent antiproliferative activity
were further assessed. Additionally, molecular docking studies
were conducted to explore the potential anticancer mechanisms
of these selected compounds as novel Bcl-2 inhibitor.
2. Results and discussion
2.1. Synthesis and structural characterization

Following the synthetic strategy outlined in Scheme 1, a series
of quinoline (7a–e, 8a–f) and coumarin (9a–e) derivatives with
oxymethylene- and aminomethylene-linked isoxazole were
synthesized via a 1,3-dipolar cycloaddition reaction. This reac-
tion involved the corresponding propargylated quinoline (4, 5)
or coumarin (6) derivatives and various nitrile oxides, as illus-
trated in Scheme 1. The main starting materials, 4-
oxazole derivatives with oxymethylene and aminomethylene linkers.
min, r.t., under ultrasound irradiation; (ii) NCS, DMF, 4–12 h, 60 °C; (iii)
N, 6 h, 100 °C.

RSC Adv., 2025, 15, 50633–50651 | 50635
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Scheme 2 Synthesis of Re(I) (7bRe, 9bRe) and Ru(II) (7bRu, 9bRu) complexes with pyridine–isoxazole ligands 7b and 9b. Reagents and conditions: (i)
Re(CO)5Cl, CHCl3, reflux, 12 h; (ii) [Ru(benzene)Cl2]2, EtOH, 24 h, r.t.
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hydroxycoumarin and 8-aminoquinoline, were commercially
available, while 4-(triuoromethyl)quinolin-4-ol was synthe-
sized via the Conrad–Limpach cyclocondenzation of aniline and
ethyl 4,4,4-triuoroacetoacetate in polyphosphoric acid.45 The
O-propargylation of 4-hydroxycoumarin and 2-(triuoromethyl)
quinolin-4-ol, as well as the N-propargylation of 8-aminoquin-
oline were carried out under similar conditions using K2CO3 as
a base and an excess of propargyl bromide, as described in the
literature.43,45,46 The nitrile oxides, which served as dipoles in the
cycloaddition, were generated in situ from N-hydrox-
ybenzimidoyl chloride 3a–e under basic conditions (Et3N).

The synthesis of N-hydroxybenzimidoyl chlorides was ach-
ieved through a two-step protocol. First, aldehydes 1a–e were
used as precursors for the synthesis of aldoximes 2a–e, which
were subsequently converted to the corresponding N-
Fig. 3 Proton NMR spectra comparison of ligand 7b, rhenium(I) tricarbo
highlighting major proton signal shifts upon metal coordination.

50636 | RSC Adv., 2025, 15, 50633–50651
hydroxybenzimidoyl chlorides 3a–e using N-chlorosuccinimide
(NCS) in N,N-dimethylformamide at elevated temperatures, as
shown in Scheme 1.48–52 In the nal step, a regioselective 1,3-
dipolar cycloaddition reaction was performed between in situ
generated nitrile oxides and corresponding alkynes 4–6 in the
presence of triethylamine in dichloromethane, yielding the
targeted 3,5-disubstituted isoxazoles in moderate to high yields
(42–95%). The nitrile derivative 8e served as a precursor for the
synthesis of amidoxime-substituted quinoline derivative 8f as
shown in Scheme 1. In addition, 2-(triuoromethyl)quinoline
(7b) and coumarin (9b) with 3-(pyridinyl)isoxazole were subse-
quently used as bidentate ligands for the preparation of rhe-
nium(I) and ruthenium(II) complexes (Scheme 2). Rhenium(I)
complexes were efficiently synthesized by complexation with
pentacarbonylrhenium(I) chloride, yielding the tricarbonyl
nyl complex 7bRe and ruthenium-phenyl complex 7bRu in DMSO-d6,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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complexes 7bRe and 9bRe with high yields (>80%). In contrast,
the formation of ruthenium(II) complexes 7bRu and 9bRu using
[Ru(benzene)Cl2]2 as metal precursor resulted in comparatively
lower yields (<30%).

All complexes were characterized by NMR (Fig. S1–S20), IR
(Fig. S21–S26), and UV/Vis (Fig. S27–S32) spectroscopy. 1H NMR
and 13C NMR spectroscopy conrmed the purity of the synthe-
sized complexes and ligands. Signal assignments were based on
chemical shis, coupling constants and splitting patterns,
which showed excellent agreement with the proposed molec-
ular structures. Signicant differences were observed between
the NMR spectra of the uncoordinated ligands and their cor-
responding rhenium and ruthenium complexes, characterized
by pronounced deshielding of certain proton signals (Fig. 3).

In the free ligand 7b, the pyridyl H-60 proton appeared as
a downeld doublet at 8.74 ppm, while the isoxazole proton was
observed at 7.69 ppm. Upon coordination with rhenium, the H-
60 signal shied further downeld to 9.09 ppm, and the
isoxazole proton shied to 8.07 ppm, indicating metal–N bond
formation.44,53 Coordination with ruthenium resulted in an even
stronger downeld shi of the H-60 signal to 9.71 ppm,
reecting greater deshielding due to the interaction with the
ruthenium ion.41 Interestingly, the isoxazole proton in the
ruthenium complex exhibited a similar shi to that in the
rhenium complexes, appearing at 8.06 ppm (Fig. 3). The 13C
NMR spectra of the rhenium(I) and ruthenium(II) complexes
also showed downeld shis, which can be attributed to
changes in the carbon environment during coordination. In
addition, the spectra of the rhenium complexes 7bRe and 9bRe
showed three characteristic signals corresponding to carbonyl
groups, appearing in the range of 187–198 ppm, indicating the
presence of [Re(CO)3Cl] in the structures. The IR spectra of the
ligands showed complex patterns due to overlapping stretching
bands of the chemical bonds in the pyridine, isoxazole,
coumarin or quinoline rings. Coordination with rhenium
resulted in pronounced, strong n(CO) stretching bands, both
symmetric and asymmetric, characteristic of fac-[Re(CO)3Cl]
groups observed in the range of 2031–1889 cm−1.54

2.2.1. Antiproliferative activity. The antiproliferative
potential of novel quinoline- (7a–e, 8a–f) and coumarin-based
isoxazole derivatives (9a–e) was investigated across a series of
human tumor cell lines (Table 1). These included pancreatic
adenocarcinoma (Capan-1), colorectal carcinoma (HCT-116),
glioblastoma (LN-229), small cell lung cancer (NCI-H460), T-
cell leukemia (DND-41), acute myeloid leukemia (HL-60),
chronic myeloid leukemia (K562) and non-Hodgkin's
lymphoma (Z-138). Non-cancerous peripheral blood mono-
nuclear cells (PBMCs) from two healthy donors were included as
non-cancerous cells to assess selectivity. Etoposide was used as
the reference drug. Comparative analysis of the antitumor
activities of 2-(triuoromethyl)quinolines 7a–e, quinoline 8a–f
and, coumarin derivatives 9a–e revealed signicant differences
in their antiproliferative effects. Generally, quinoline-based
compounds demonstrated more pronounced antitumor
activity compared to coumarin analogs. Among 2-(tri-
uoromethyl)quinolines with an oxymethylene linker between
quinoline and aryl-substituted isoxazole, quinoline 7a with
© 2025 The Author(s). Published by the Royal Society of Chemistry
phenyl-substituted isoxazole showed strong growth-inhibition
(IC50 = 7.4 mM) against pancreatic adenocarcinoma cells
(Capan-1) and moderate inhibition of glioblastoma (LN229), T-
cell leukemia (DND-41) and non-Hodgkin's lymphoma (Z-138).
In contrast, its quinoline congener 7b with pyridinyl-
substituted isoxazole did not exhibit any antiproliferative
effects. Quinoline 7e with p-cyanophenyl showed moderate
growth inhibition across all human tumor cell lines, except for
HT-116 and NCI-H460 cell lines. Quinoline derivatives 8a–f with
an aminomethylene linker showed signicant antiproliferative
potential and selective activity, particularly against Capan-1,
LN-299, DND-41, HL-60 and Z-138 cell lines. These
compounds were non-cytotoxic to non-cancerous PBMC cells.
Notably, (4-amidoxime)phenyl-substituted 8f showed the most
signicant activity, with IC50 values of 4.7 mM, 2.3 mM, 2.8 mM
and 2.1 mM against Capan-1, DND-41, HL-60 and Z-138 cell
lines, respectively, and selectivity indices (SI) ranging from 21 to
48. Coordination with rhenium(I) signicantly enhanced the
antiproliferative activity of both 7bRe and 9bRe, while ruth-
enium(II) complexes 7bRu and 9bRu exhibited no such activity.
Among the rhenium(I) tricarbonyl complexes, coumarin Re(I)
complex 9bRe showed the most potent antiproliferative effects
against hematologic malignancies, such as DND-41, HL-60,
K562 and Z-138 cell lines, with IC50 values of 11.3 mM, 31.2
mM, 21.9 mM and 9.1 mM, respectively. Its quinoline analog 7bRe
exhibited even stronger antitumor activity against DND-41, HL-
60, K562 and Z-138 cell lines with IC50 values of 8.2 mM, 7.2 mM,
9.6 mM and 5.0 mM, respectively. In addition, 7bRe displayed
signicant growth inhibition (IC50 = 8.3 mM) in pancreatic
cancer cells (Capan-1). However, both rhenium organometallic
complexes 7bRe and 9bRe were also cytotoxic to non-cancerous
PBMC cells. Conversely, quinoline (7a–e, 8a–f) and coumarin
isoxazole (9a–e) derivatives were non-cytotoxic to non-cancerous
cells.

2.2.2. Metabolic stability and permeability. The metabolic
stability in mouse liver microsomes and permeability on
MDCKII-hMDR1 cell monolayers were experimentally investi-
gated for selected derivatives 7a, 7b, 7bRe and 8a–8f, which
exhibited the most potent antitumor activity (Table 2). These
properties are key factors for oral bioavailability and are
routinely assessed during early drug discovery to optimize
pharmacokinetic proles.55 Metabolic studies showed that
compounds 7a, 7b, 8a and 8b exhibited high clearance rates
(>70% liver blood ow, LBF), indicating rapid metabolism and
elimination. This highlights the inuence of phenyl and pyr-
idinyl substituents on the isoxazole moiety in modulating
metabolic stability. In contrast, derivatives 8d, 8e, and 8f with
2,4-dichlorophenyl, 4-cyanophenyl and (4-amidoxime)phenyl-
substituted isoxazole exhibited moderate clearance rates (30–
70% LBF), suggesting a balanced metabolic prole.

Quinolines 7a, 7b, 7bRe, 8a, and 8c–e showed low to
moderate membrane permeability, which may limit their oral
bioavailability. In contrast, quinolines 8b and 8f containing
pyridine and (4-amidoxime)phenyl substituents exhibited high
permeability, indicating strong potential for oral absorption
and bioavailability. Efflux measurements revealed low efflux
activity for most compounds, indicating limited interaction
RSC Adv., 2025, 15, 50633–50651 | 50639
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Table 2 Permeability and metabolic stability of representative compounds 7a, 7b, 7bRe, and 8a–f

Cmpd
% LBF predicted
in vivo hepatic clearance

Clearance
classicationa

Papp (AB)b

[×10−6 cm s−1]
Papp (BA)c

[×10−6 cm s−1] Efflux ratio
Permeabilityd/
effluxe classication

7a 74 High <0.1 0.1 N/A Low/—
7b 87 High 6.5 4.6 0.7 Moderate/low
7bRe 55 Moderate <0.1 1.4 >13.0 Low/high
8a >97 High 1.7 N/A N/A Low/—
8b 96 High 17.2 27.8 1.6 High/low
8c N/A N/A <0.1 <0.1 N/A Low/—
8d 51 Moderate <0.1 <0.1 N/A Low/—
8e 55 Moderate 3.6 3.1 0.9 Moderate/low
8f 53 Moderate 15.0 13.7 0.9 High/low

a Clearance classication; CL <30% low, 30–70% moderate, and >70% high. b Apparent permeability coefficient in the apical-to-basolateral
direction. c Apparent permeability coefficient in the basolateral-to-apical direction. d Permeability classication: <2 low, 2–10 moderate, >10
high. e Efflux classication: <2 no efflux, >2 active efflux.
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with efflux transporters. This suggests that these compounds
may have better intracellular retention, enhancing their thera-
peutic efficacy. Overall, these data suggest that quinolines 8b
Fig. 4 Structure overlays comparing the first (grey) and last (red) frames f
crystallized complex of J1Q with Bcl-2 (PDB code: 6QGK), (B)–(F): the v
represent the first frame while yellow represents the last frames).

50640 | RSC Adv., 2025, 15, 50633–50651
and 8f are promising candidates for further development due to
their high permeability andmoderate clearance rates, which are
favorable for oral bioavailability and therapeutic effectiveness.
rom a 1000 ns MD simulation study of the following complexes: (A) co-
irtual complexes of 7a, 8a, 8b, 8e and 8f, respectively (Purple ligands

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2.3. Molecular modeling studies on Bcl-2 interaction.
The Bcl-2 protein, a prominent member of the Bcl-2 family, is
a well-known antiapoptotic regulator that inhibits programmed
cell death (apoptosis) by forming heterodimers with pro-apoptotic
protein BAX. Bcl-2 promotes cell survival by regulating intracel-
lular calcium (Ca2+) concentrations and exerting antioxidant
effects.56 Given its critical role in apoptosis regulation, Bcl-2 is an
attractive target for the development of novel anticancer drugs.
Various quinoline-based compounds have been described as
effective Bcl-2 inhibitors capable of inducing apoptosis in cancer
cells. For instance, quinoline-based oxadiazole analogs have
demonstrated sub-micromolar antiproliferative activity in Bcl-2-
expressing cancer cell lines, attributed to their Bcl-2 inhibitory
properties.57 Another quinolone derivative, namely 6-methoxy-2-
(3,4,5-trimethoxy-benzenesulfonyl)-quinolin-5-ylamine (B392)
exerts anticancer effects in leukemic cell lines by inducing phos-
phorylation of Bcl-2, thereby modulating its antiapoptotic func-
tion.58,59 Similarly, isoxazole-based compounds have shown
anticancer efficacy through Bcl-2 inhibition. For example, the
cytotoxic effect of isoxazole-curcumin in breast cancer cells was
found to be associated with its ability to bind Bcl-2, as revealed by
molecular docking studies.60 These studies collectively suggest
that quinoline and isoxazole-based derivatives hold promise as
Bcl-2 targeted anticancer agents. Prompted by these studies, we
investigated the potential interaction between the most potent
compounds identied in this study and Bcl-2 through molecular
docking and molecular dynamics (MD) simulations.61 Based on
the antiproliferative activity prole (Table 1) and selectivity
patterns, particularly for compound 8f, Bcl-2 was identied as
a plausible target. Docking studies were conducted using Glide
SP, validated by successfully re-docking the known inhibitor J1Q
(PDB: 6QGK, IC50 = 1.3 mM, ChEMBL ID: CHEMBL4438456) with
an RMSD of 0.45 Å (Fig. S33, SI). The Bcl-2 complexes of the most
bioactive compounds 7a, 8a, 8b, 8e and 8f, along with the crys-
tallographic complex of the reference inhibitor J1Q (PDB code:
6QGK), were subjected to 1000 ns MD simulations using Des-
mond package within Schrödinger suite to assess binding affini-
ties and dynamic stability.

Fig. 4 shows structure overlays comparing the rst and last
frames from a 1000 ns MD simulation study of the evaluated
complexes. Several metrics were analyzed to assess the stability
Table 3 MM-GBSA binding affinities (kcal mol−1) for ligand-Bcl-2 intera

Energy terms J1Q 7a 8a

DG bind Coulomb −31.28 � 3.02 −6.30 � 1.69 −7.9
DG bind covalent 2.19 � 0.98 0.87 � 0.78 1.0
DG bind H-bond −0.04 � 0.07 −0.22 � 0.25 −0.3
DG bind Lipo −34.34 � 1.67 −15.42 � 1.00 −17.9
DG bind packing −2.62 � 0.28 −4.11 � 1.17 −4.2
DG bind SelfCont 0 � 0 0 � 0
DG bind Solv GB 38.05 � 3.70 12.02 � 1.37 16.4
DG bind vdW −53.07 � 2.40 −39.64 � 2.13 −35.4
DG bind total −81.11 � 3.72 −52.80 � 2.76 −48.4

a Values expressed as averages ± standard deviations. DG bind Coulomb:
hydrogen-bonding correction, DG bind Lipo: Lipophilic energy, DG bin
correction, dg bind Solv GB: generalized born electrostatic solvation energ
between energy components.

© 2025 The Author(s). Published by the Royal Society of Chemistry
and binding affinities of the Bcl-2 complexes. These included
the root-mean-square deviation (RMSD) of the protein back-
bone to evaluate complex stability, the root-mean-square uc-
tuation (RMSF) of residue side chains and ligand atoms to
determine exibility, the radius of gyration (Rg) for conforma-
tional compactness and solvent exposure, and molecular
mechanics with generalized Born and surface area solvation
(MM-GBSA) binding free energies over 800 snapshots to esti-
mate relative binding affinities.

The average RMSD for the reference J1Q/Bcl-2 complex was
1.17 Å (Fig. S34, SI). The virtual complexes exhibited compa-
rable stability, with average RMSDs of 2.82 Å (7a), 2.34 Å (8a),
2.93 Å (8b), 2.10 Å (8e), and 1.78 Å (8f). This suggests stable
complex formation for all simulated ligands. RMSF analysis
(Fig. S35A, SI) showed similar patterns for all complexes
compared to J1Q/Bcl-2, with most residues below 2.0 Å, indi-
cating stable interactions. Some exibility was noted, for
instance, in residue Asp34. Ligand RMSF analysis (Fig. S35B, SI)
revealed dynamic repositioning during simulations. Notably, 8f
showed an average ligand RMSF of 0.80 Å, similar to J1Q (0.72
Å), indicating stability within the binding pocket. Radius of
gyration (Rg) analysis assessed the compactness of the
complexes. Average Rg values were 4.69 Å (7a), 5.04 Å (8a), 4.88 Å
(8b), 5.01 Å (8e), 4.66 Å (8f), and, closely matching J1Q (4.61 Å)
(Fig. S36). The comparable Rg of 8f to J1Q suggests a compact,
stable complex, consistent with strong binding. Solvent-
accessible surface area (SASA) and hydrogen bond analyses
(Fig. S37 and S38) further support the stability of the complexes.
MM-GBSA calculations estimated binding free energies (DG
bind) (Table 3).

The stabilization of the complexes was predominantly driven
by lipophilic energies and van der Waals interactions, with
additional favorable contributions from coulombic energies.
The calculated average binding free energy (DG_bind) for the
J1Q/Bcl-2 complex was −81.11 ± 3.72 kcal mol−1. The binding
energies for compounds 7a, 8a, 8b, 8e, and 8f, were −52.80 ±

2.76, −48.49 ± 2.87, −54.94 ± 3.24, −66.72 ± 2.91, −84.98 ±

3.43 and kcal mol−1, respectively, with an estimated uncertainty
of ±5–10 kcal mol−1. These values indicate energetically favor-
able binding. The ranking based on calculated binding energies
correlates well with the observed antiproliferative activities
ctions over 800 MD snapshots (uncertainty: ±5–10 kcal mol−1)a

8b 8e 8f

3 � 1.52 −6.69 � 2.18 −6.66 � 1.75 −15.24 � 3.77
1 � 1.03 1.54 � 1.25 0.88 � 0.68 7.33 � 2.40
8 � 0.36 −0.19 � 0.18 −0.18 � 0.22 −1.40 � 0.55
7 � 1.30 −19.52 � 1.16 −24.73 � 1.47 −30.54 � 1.52
4 � 1.47 −5.41 � 1.15 −3.98 � 0.87 −4.38 � 2.18
0 � 0 0 � 0 0 � 0 0 � 0
5 � 0.91 15.75 � 1.90 19.14 � 2.06 22.81 � 3.72
3 � 1.92 −40.42 � 2.08 −51.18 � 1.98 −63.56 � 5.04
9 � 2.87 −54.94 � 3.24 −66.72 � 2.91 −84.98 � 3.43

Coulomb energy, DG bind covalent: covalent energy, DG bind H-bond:
d packing: pi–pi packing correction, DG bind SelfCont: self-contact
y, DG bind vdW: van der Waals energy, DG bind total: the relationship

RSC Adv., 2025, 15, 50633–50651 | 50641
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Table 4 Bcl-2 receptor-ligand contacts ($50% simulation duration)

Ligand Pi–pi stacking Hydrophobic interactions Hydrogen bonding Salt bridge

J1Q Phe104, Phe112 Tyr108 — Asp111
7a Tyr108 Phe112, Met115, Leu137, Ala149 — —
8a — Tyr108, Met115, Leu137 — —
8b — Phe112 Asn143 —
8e Tyr108 Phe112, Met115 Arg139 —
8f Phe153 Met115 Gln114, Val133 —

Fig. 5 Structure–activity relationship insights for antitumor activity and Bcl-2 binding of novel quinoline (7a–e, 8a–f) and coumarin-based
isoxazole derivatives (9a–e) and their rhenium(I) (7bRe, 9bRe) and ruthenium(II) complexes (7bRu, 9bRu).
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against HL-60, Z-138, and to a lesser extent, DND-41 cell lines
(Table 1). Importantly, the calculated binding energy of 8f
(−84.98 kcal mol−1) slightly exceeded that of the potent refer-
ence inhibitor J1Q (−81.11 kcal mol−1, IC50 = 1.3 mM), sug-
gesting that 8f possesses strong Bcl-2 inhibitory potential.
Further analysis of persistent receptor-ligand contacts
throughout the simulation (Table 4) revealed specic interac-
tions, including p–p stacking, hydrophobic interactions, and
hydrogen bonds, which contribute to the stabilization of each
complex.

The antiproliferative activity ndings, along with molecular
modeling studies, provided insights into the structural activity
relationship (Fig. 5). While the length of the linker has not been
optimized, the aminomethylene linker generally showed better
activity than the oxymethylene linker in quinoline derivatives
8a–f. Coordination with Re(I) further enhanced the anti-
proliferative activity, most notably against pancreatic adeno-
carcinoma and hematologic malignancies. However, these
organometallic complexes also displayed considerable cytotox-
icity toward non-cancerous PBMC cells. In the quinoline series,
substitution at the 3-position of the isoxazole ring signicantly
inuenced both cytotoxic potency and Bcl-2 binding affinity.
The trend in binding free energies was consistent with the
observed antiproliferative activity (8f > 8e > 8b > 8a). Compound
8f, containing a (4-amidoxime)phenyl-substituted isoxazole
moiety, exhibited the highest and most selective activity, in
agreement with its most favorable binding free energy.
50642 | RSC Adv., 2025, 15, 50633–50651
2.2.4. Principal component analysis of MD trajectories. To
investigate the essential dynamics and conformational hetero-
geneity of the Bcl-2 complexes, we performed Principal
Component Analysis (PCA) on the Ca atoms from the 1000 ns
MD trajectories. PCA provides a reduced-dimensional repre-
sentation of protein motion by identifying the dominant
collective motions that contribute most to the overall confor-
mational variance.62 The eigenvalue decomposition revealed
that the essential subspace of protein dynamics could be
captured by a limited number of principal components. For all
complexes studied, the rst three principal components (PCs)
accounted for 65–80% of the total variance (Fig. 6A–F), with PC1
contributing 35–48%, PC2 contributing 15–22%, and PC3
contributing 8–12% of the total motion. This dimension
reduction indicates that the protein dynamics are dominated by
a few collective motions rather than random uctuations.
Analysis of the reference J1Q/Bcl-2 complex showed well-
dened conformational clusters in the PC1–PC2 subspace
(Fig. 6A), with a cumulative variance of 78% captured by the rst
10 PCs. The trajectory exhibited a rapid equilibration phase (0–
200 ns, shown in black) followed by stable sampling within
a conned conformational space (200–1000 ns, transitioning
from brown to orange). This pattern suggests that the J1Q
inhibitor stabilizes specic conformational states of Bcl-2.
Remarkably, compound 8f demonstrated a similar PCA prole
(Fig. 6B), with comparable variance distribution (PC1: 45%,
PC2: 18%, PC3: 10%) and cluster formation. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Principal component analysis of MD trajectories. (A–F) Combined representation showing cumulative variance plots (left panels) and PC1
vs. PC2 vs. PC3 scatter plots (right panels) for complexes of Bcl-2 with (A) J1Q, (B) 8f, (C) 8e, (D) 8b, (E) 8a, and (F) 7a. Color gradient represents
simulation time from 0 ns (black) through 500 ns (brown) to 1000 ns (orange). The cumulative variance plots show the contribution of the first 10
principal components to the total variance.
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conformational space explored by 8f overlapped signicantly
with that of J1Q, particularly in the PC1–PC2 projection, where
both compounds occupied similar regions cantered around PC1
z 10 Å and PC2 z −5 Å. This conformational similarity
supports our MM-GBSA ndings that 8f exhibits comparable
binding affinity to the reference inhibitor. In contrast,
compounds 7a, 8a, 8b, and 8e showed distinct PCA signatures.

Compound 8e (Fig. 6C) displayed broader conformational
sampling along PC1, suggesting greater exibility in the
binding site. The bimodal distribution along PC2 indicates the
presence of two major conformational substates that intercon-
vert during the simulation. Compounds 7a and 8a (Fig. 6E and
F) exhibited the most dispersed conformational landscapes,
with continuous dri along PC1 throughout the simulation
(evident from the color gradient), indicating less stable binding
modes. Projection of the trajectories onto the rst principal
component revealed the time-dependent conformational
© 2025 The Author(s). Published by the Royal Society of Chemistry
changes (Fig. S39). The J1Q and 8f complexes showed minimal
dri aer initial equilibration, maintaining PC1 values within
±5 Å of their mean positions. Conversely, 7a exhibited
progressive dri along PC1, with values ranging from −25 to
+40 Å over the simulation period, suggesting continuous
conformational reorganization. The PCA-derived root means
square uctuations (RMSF) along the rst three PCs correlated
well with the binding site residues identied in our contact
analysis (r = 0.82), conrming that the essential dynamics
captured by PCA are relevant to ligand binding. Residues
showing high contributions to PC1 included Phe104, Tyr108,
and Met115, which form the hydrophobic pocket accommo-
dating the ligand's aromatic moieties. These PCA results
provide mechanistic insights into the differential binding
stabilities observed in our MM-GBSA calculations. The conned
conformational sampling of 8f, similar to J1Q, indicates effec-
tive stabilization of the Bcl-2 binding site, while the broader
RSC Adv., 2025, 15, 50633–50651 | 50643
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sampling of other compounds suggests suboptimal protein–
ligand complementarity. This conformational analysis further
validates compound 8f as a promising Bcl-2 inhibitor with
binding characteristics comparable to the clinically relevant
reference compound. Molecular dynamics simulation trajecto-
ries for all studied complexes are provided as supplementary
videos. Each video displays the 1000 ns simulation compressed
to 1 minute and 50 seconds, showing the protein backbone
(cartoon representation) and ligand (stick representation)
evolution. Key interacting residues are highlighted, and the
time progression is indicated. Videos were generated using
Schrödinger Maestro (Version 2024-1) with trajectory snapshots
taken every 1.0 ns. Video S1: J1Q/Bcl-2 reference complex (PDB:
6QGK); Video S2: compound 8f/Bcl-2 complex; Video S3:
compound 8e/Bcl-2 complex; Video S4: compound 8b/Bcl-2
complex; Video S5: compound 8a/Bcl-2 complex; Video S6:
compound 7a/Bcl-2 complex.

3. Conclusions

Quinoline (7a–e, 8a–f) and coumarin (9a–e) derivatives of 3-aryl-
substituted isoxazoles, featuring oxymethylene and amino-
methylene linkers, were synthesized by 1,3-dipolar cycloaddi-
tion of quinoline (4 and 5) and coumarin (6) alkynes and
corresponding nitrile oxides obtained in situ from N-hydrox-
ybenzimidoyl chlorides 3a–e. Quinoline (7b) and coumarin (9b)
derivatives containing a 3-(pyridinyl)isoxazole moiety were also
used as ligands for the preparation of rhenium(I) and ruth-
enium(II) complexes. Antiproliferative activity assays revealed
that quinoline derivatives (8a–f) with aminomethylene linkers
exhibited higher activity compared to coumarin-based isoxazole
derivatives (9a–e). Among the quinoline series, the 4-amidoxime
phenyl-substituted quinoline 8f showed the most pronounced
and selective activity against pancreatic adenocarcinoma cells
(Capan-1) (IC50 = 4.7 mM), T-cell leukemia (DND-41) (IC50 = 2.3
mM), acute myeloid leukemia (HL-60) (IC50 = 2.8 mM) and non-
Hodgkin's lymphoma (Z-138) (IC50 = 2.1 mM). Both quinoline
(7a–e, 8a–f) and coumarin isoxazole (9a–e) derivatives showed
no cytotoxicity towards non-cancerous cells. To further explore
the inuence of alternative 5-membered heterocycles on anti-
proliferative activity, replacement of isoxazole with triazole,
thiazole and pyrazole ring will be carried out at a later stage.
Rhenium tricarbonyl complexes (7bRe, 9bRe) exhibited strong
activity but lacked selectivity, whereas their ruthenium analogs
(7bRu, 9bRu) were inactive against all evaluated human tumor
cell lines. Molecular docking studies suggest that the anti-
proliferative activity of compound 8f may, at least in part, be
mediated through Bcl-2 inhibition. Since compound 8f exhibi-
ted low cytotoxicity (IC50 > 100 mM) in peripheral blood mono-
nuclear cells from healthy donors, its selective and potent
cytostatic activity against pancreatic adenocarcinoma, acute
lymphoblastic leukemia, and acute myeloid leukemia cells,
along with its high permeability and moderate clearance rate
highlight its potential as a promising lead compound against
both solid and hematological malignancies. Further studies are
warranted to validate the anti-cancer potential of compound 8f
as a novel Bcl-2 inhibitor.
50644 | RSC Adv., 2025, 15, 50633–50651
4. Experimental part
4.1. Materials and methods

The reactions were conducted using standard glassware, and all
reagents were used as received from commercial suppliers
without further purication. Reaction progress was monitored
via thin-layer chromatography (TLC) on silica gel 60F254 plates
(Merck, Darmstadt, Germany), with spot visualization per-
formed under UV light at 254 nm. Purication of the synthe-
sized compounds was achieved through column
chromatography using silica gel (0.063–0.2 mm, Fluka, Buchs,
Switzerland). The 1H and 13C NMR spectra were recorded in
DMSO-d6 at 298 K using a Bruker 300 or 600 MHz NMR spec-
trometer (Bruker Biospin, Rheinstetten, Germany). Chemical
shis were referenced to the DMSO signal at d 2.50 ppm for 1H
NMR and d 39.50 ppm for 13C NMR. Melting points of the
compounds were determined with a Koer micro hot-stage
apparatus (Reichert, Wien, Austria). The IR spectra of all
compounds were recorded using a PerkinElmer Spectrum ONE
FT-IR spectrometer equipped with a Universal UATR Sampling
Accessory, covering the spectral range of 3500–500 cm−1. The
UV–Vis absorption spectra were measured in HPLC-grade
acetonitrile at 25 °C using a Varian Cary 50 spectrophotom-
eter. Elemental composition was analyzed using a PerkinElmer
2400 Series II CHNS analyzer, yielding values within 0.5% of
theoretical predictions. Benzaldehyde oxime (2a),63 picolin-
aldehyde oxime (2b),64 4-(triuoromethyl)benzaldehyde oxime
(2c),65 2,4-dichlorobenzaldehyde oxime (2d),66 4-((hydrox-
yimino)methyl)benzonitrile (2e),63 N-hydroxybenzimidoyl chlo-
ride (3a),48 N-hydroxypicolinimidoyl chloride (3b),51 N-hydroxy-
4-(triuoromethyl)benzimidoyl chloride (3c),50 2,4-dichloro-N-
hydroxybenzimidoyl chloride (3d),49 4-cyano-N-hydrox-
ybenzimidoyl chloride (3e),52 4-(prop-2-yn-1-yloxy)-2-
(triuoromethyl)quinoline (4),43 N-(prop-2-yn-1-yl)quinolin-8-
amine (5),45 4-(prop-2-yn-1-yloxy)-2H-chromen-2-one (6)43 were
synthesized using literature procedures.
4.2. Synthesis of compounds

4.2.1. General procedure for the synthesis of quinoline-
(7a–e, 8a–e) and coumarin- (9a–e) isoxazole derivatives. A
solution of the corresponding propargylated quinoline (4, 5) or
coumarin (6) in dichloromethane (10 mL) was treated with the
corresponding N-hydroxybenzimidoyl chloride 3a–e (1.2 equiv.)
and triethylamine (TEA, 10 equiv.) at room temperature. The
mixture was then stirred under reux for 12 hours. Upon
completion, the solvent was removed under reduced pressure,
and the residue was puried by column chromatography
(CH2Cl2 : MeOH = 50 : 1) to yield the target compounds.

4.2.1.1. 3-Phenyl-5-(((2-(triuoromethyl)quinolin-4-yl)oxy)
methyl)isoxazole (7a). Compound 7a was prepared according to
the general procedure from 4-(prop-2-yn-1-yloxy)-2-(tri-
uoromethyl)-2H-quinoline 4 (300.0 mg, 1.2 mmol), (Z,E)-N-
hydroxybenzimidoyl chloride 3a (222.1 mg, 1.4 mmol) and TEA
(1.2 g, 1.6 mL, 11.9 mmol). Compound 7a was isolated as
a white powder (418 mg, 94%, m.p = 150–152 °C). 1H NMR (600
MHz, DMSO-d6) (d/ppm): 8.33 (dd, J = 8.4, 0.8 Hz, 1H, H-5), 8.13
© 2025 The Author(s). Published by the Royal Society of Chemistry
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(d, J = 8.4 Hz, 1H, H-8), 7.93 (ddd, J = 8.4, 5.7, 2.1 Hz, 3H, H-Ph,
H-7), 7.77 (m, 1H, H-6), 7.67 (s, 1H, H-3), 7.54 (m, 3H, H-Ph),
7.39 (s, 1H, H-isoxazole), 5.82 (s, 2H, CH2).

13C NMR (151
MHz, DMSO-d6) (d/ppm): 167.31, 162.13, 161.92, 147.82 (q, JCF3

= 33.7 Hz), 147.43, 131.64, 130.43, 129.15, 128.39, 128.15,
126.72, 121.86, 121.46 (q, JCF3

= 275.6 Hz), 120.93, 102.74, 98.26,
61.94. Calc. for C20H13F3N2O2: C, 64.87; H, 3.54; N, 7.56; Exp. C,
64.81; H, 3.58; N, 7.59%.

4.2.1.2. 3-(Pyridin-2-yl)-5-(((2-(triuoromethyl)quinolin-4-yl)
oxy)methyl)isoxazole (7b). Compound 7b was prepared accord-
ing to the general procedure from 4-(prop-2-yn-1-yloxy)-2-(tri-
uoromethyl)-2H-quinoline 4 (500.0 mg, 2.0 mmol), (Z,E)-N-
hydroxypicolinimidoyl chloride 3b (373.9 mg, 2.4 mmol) and
TEA (2.0 g, 2.8 mL, 19.9 mmol). Compound 7b was isolated as
a white powder (699 mg, 95%, m.p.= 164–167 °C). 1H NMR (300
MHz, DMSO-d6) (d/ppm): 8.74 (d, J = 4.6 Hz, 1H, H-60), 8.29 (d, J
= 8.0 Hz, 1H, H-5), 8.13 (d, J = 8.4 Hz, 1H, H-8), 8.07 (d, J =
7.8 Hz, 1H, H-30), 8.09 (m, 2H, H-7, H-40), 7.76 (t, J = 7.4 Hz, 1H,
H-6), 7.69 (s, 1H, H-3), 7.55 (m, 1H, H-50), 7.32 (s, 1H, H-
isoxazole), 5.86 (s, 2H, CH2).

13C NMR (75 MHz, DMSO-d6) (d/
ppm): 167.49, 163.03, 161.88, 150.02, 147.80 (q, JCF3

= 33.9 Hz),
147.42, 147.20, 137.60, 131.62, 129.14, 128.43, 125.27, 121.76,
121.47, 121.45 (q, JCF3

= 275.6 Hz), 103.46, 98.22 (q, JCF3
= 2.1

Hz), 61.65. Calc. for C19H12F3N3O2: C, 61.46; H, 3.26; N, 11.32;
Exp. C, 61.57; H, 3.20; N, 11.38%.

4.2.1.3. 3-(4-(Triuoromethyl)phenyl)-5-(((2-(triuoromethyl)
quinolin-4-yl)oxy)methyl)isoxazole (7c). Compound 7c was
prepared according to the general procedure from 4-(prop-2-yn-
1-yloxy)-2-(triuoromethyl)-2H-quinoline 4 (500.0 mg, 2.0
mmol), (Z,E)-N-hydroxy-4-(triuoromethyl)benzimidoyl chlo-
ride 3c (536.5 mg, 2.4 mmol) and TEA (2.0 g, 2.8 mL, 19.9
mmol). Compound 7c was isolated as a white powder (438 mg,
50%, m.p. = 171–173 °C). 1H NMR (600 MHz, DMSO-d6) (d/
ppm): 8.35 (d, J= 8.3 Hz, 1H, H-5), 8.19 (d, J= 8.0 Hz, 2H, H-Ph),
8.15 (d, J = 8.4 Hz, 1H, H-8), 7.93 (t, J = 8.9 Hz, 3H, H-Ph, H-7),
7.78 (t, J = 7.5 Hz, 1H, H-6), 7.69 (s, 1H, H-3), 7.53 (s, 1H, H-
isoxazole), 5.87 (s, 2H, CH2).

13C NMR (151 MHz, DMSO-d6)
(d/ppm): 167.96, 161.88, 161.14, 147.83 (q, JCF3

= 33.9 Hz),
147.43, 132.07, 131.63, 130.43 (q, JCF3

= 31.8 Hz), 129.15, 128.38,
127.56, 126.08 (q, JCF3

= 3.9 Hz), 124.26 (q, JCF3
= 272.1 Hz),

122.12 (q, JCF3
= 275.7 Hz), 121.84, 120.91, 102.92, 98.26, 61.95.

Calc. for C21H12F6N2O2: C, 57.54; H, 2.76; N, 6.39; Exp. C, 57.50;
H, 2.79; N, 6.42%.

4.2.1.4. 3-(2,4-Dichlorophenyl)-5-(((2-(triuoromethyl)
quinolin-4-yl)oxy)methyl)isoxazole (7d). Compound 7d was
prepared according to the general procedure from 4-(prop-2-yn-
1-yloxy)-2-(triuoromethyl)-2H-quinoline 4 (200.0 mg, 0.8
mmol), (Z,E)-2,4-dichloro-N-hydroxybenzimidoyl chloride 3d
(214.5 mg, 1.0 mmol) and TEA (805.7 mg, 1.1 mL, 8.0 mmol).
Compound 7d was isolated as a white powder (148 mg, 42%,
m.p.= 161–163 °C). 1H NMR (600 MHz, DMSO-d6) (d/ppm): 8.28
(dd, J = 8.4, 1.3 Hz, 1H, H-5), 8.13 (d, J = 8.3 Hz, 1H, H-8), 7.92
(ddd, J = 8.5, 6.9, 1.7 Hz, 1H, H-7), 7.86 (d, J = 2.1 Hz, 1H, H-60),
7.77 (m, 2H, H-6, H-30), 7.68 (s, 1H, H-3), 7.60 (dd, J= 8.4, 2.1 Hz,
1H, H-50), 7.29 (s, 1H, H-isoxazole), 5.86 (s, 2H, CH2);

13C NMR
(151 MHz, DMSO-d6) (d/ppm): 166.81, 161.84, 159.99, 147.79 (q,
JCF3

= 33.8 Hz), 147.43, 135.64, 132.92, 132.34, 131.64, 129.98,
© 2025 The Author(s). Published by the Royal Society of Chemistry
129.16, 128.44, 128.02, 126.43, 121.78, 121.46 (q, JCF3
= 275.7

Hz), 120.91, 105.97, 98.29, 61.60. Calc. for C20H11Cl2F3N2O2: C,
54.69; H, 2.52; N, 6.38; Exp. C, 54.62; H, 2.58; N, 6.41%.

4.2.1.5. 4-(5-(((2-(Triuoromethyl)quinolin-4-yl)oxy)methyl)
isoxazol-3-yl)benzonitrile (7e). Compound 7e was prepared
according to the general procedure from 4-(prop-2-yn-1-yloxy)-2-
(triuoromethyl)-2H-quinoline 4 (100.0 mg, 0.4 mmol), (Z,E)-4-
cyano-N-hydroxybenzimidoyl chloride 3e (86.6 mg, 0.5 mmol)
and TEA (402.8 mg, 0.5 mL, 4.0 mmol). Compound 7e was
isolated as a white powder (75 mg, 48%, m.p. = 183–184 °C). 1H
NMR (600 MHz, DMSO-d6) (d/ppm): 8.32 (m, 1H, H-5), 8.15 (m,
3H, H-8, H-Ph), 8.03 (m, 2H, H-Ph), 7.93 (ddd, J = 8.4, 6.9,
1.5 Hz, 1H, H-7), 7.77 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H, H-6), 7.67 (s,
1H, H-3), 7.53 (s, 1H, H-isoxsazole), 5.85 (s, 2H, CH2).

13C NMR
(151 MHz, DMSO-d6) (d/ppm): 13C NMR (151 MHz, DMSO-d6) (d/
ppm): 168.13, 161.89, 161.07, 147.85 (q, JCF3

= 33.8 Hz), 147.45,
133.18, 132.47, 131.68, 129.18, 128.43, 127.57, 121.90, 121.87 (q,
JCF3

= 276.3 Hz), 120.92, 118.40, 112.91, 102.96, 98.31. Calc. for
C21H12F3N3O2: C, 63.80; H, 3.06; N, 10.63; Exp. C, 63.85; H,
3.11; N, 10.73%.

4.2.1.6. 3-Phenyl-5-((quinolin-8-yl-azaneyl)methyl)isoxazole
(8a). Compound 8a was prepared according to the general
procedure from N-(prop-2-yn-1-yl)quinolin-8-amine 5 (100.0 mg,
0.5 mmol), (Z,E)-N-hydroxybenzimidoyl chloride 3a (102.5 mg,
0.7mmol) and TEA (555.3mg, 0.8mL, 5.5 mmol). Compound 8a
was isolated as a white powder (156 mg, 94%, m.p. = 104–105 °
C). 1H NMR (600 MHz, DMSO-d6) (d/ppm): 8.79 (dd, J = 4.2,
1.7 Hz, 1H, H-2), 8.24 (dd, J = 8.3, 1.7 Hz, 1H, H-4), 7.83 (m, 2H,
H-Ph), 7.53 (dd, J = 8.3, 4.2 Hz, 1H, H-3), 7.47 (m, 3H, H-Ph),
7.36 (t, J = 7.9 Hz, 1H, H-6), 7.24 (t, J = 6.5 Hz, 1H, NH), 7.13
(dd, J= 8.2, 1.0 Hz, 1H, H-7), 6.91 (s, 1H, H-isoxazole), 6.77 (dd, J
= 7.7, 0.9 Hz, 1H, H-5), 4.78 (d, J = 6.5 Hz, 2H, CH2).

13C NMR
(151 MHz, DMSO-d6) (d/ppm): 172.07, 161.75, 147.18, 143.64,
137.59, 136.00, 130.12, 129.04, 128.53, 128.28, 127.59, 126.55,
121.82, 114.28, 104.95, 100.11, 38.75. Calc. for C19H15N3O: C,
75.73; H, 5.02; N, 13.94; Exp. C, 75.76; H, 4.99; N, 13.97%.

4.2.1.7. N-((3-(Pyridin-2-yl)isoxazol-5-yl)methyl)quinolin-8-
amine (8b). Compound 8b was prepared according to the
general procedure from N-(prop-2-yn-1-yl)quinolin-8-amine 5
(100.0 mg, 0.5 mmol), (Z,E)-N-hydroxypicolinimidoyl chloride
3b (103.1 mg, 0.7 mmol) and TEA (555.3 mg, 0.7 mL, 5.5 mmol).
Compound 8b was isolated as a white powder (136 mg, 82%,
m.p.= 208–210 °C). 1H NMR (600 MHz, DMSO-d6) (d/ppm): 8.80
(dd, J = 4.2, 1.7 Hz, 1H, H-2), 8.65 (ddd, J = 4.9, 1.7, 1.0 Hz, 1H,
H-60), 8.25 (dd, J = 8.3, 1.7 Hz, 1H, H-4), 7.98 (dt, J = 7.9, 1.1 Hz,
1H, H-30), 7.93 (td, J = 7.7, 1.8 Hz, 1H, H-50), 7.54 (dd, J = 8.3,
4.2 Hz, 1H, H-3), 7.48 (ddd, J= 7.5, 4.9, 1.2 Hz, 1H, H-40), 7.37 (t,
J= 7.9 Hz, 1H, H-6), 7.27 (t, J= 6.7 Hz, 1H, NH), 7.14 (dd, J= 8.2,
0.9 Hz, 1H, H-7), 6.83 (s, 1H, H-isoxazole), 6.81 (m, 1H, H-6),
4.82 (d, J = 6.7 Hz, 2H, CH2).

13C NMR (151 MHz, DMSO-d6)
(d/ppm): 172.42, 162.69, 149.88, 147.55, 147.24, 143.55, 137.61,
137.49, 136.03, 128.29, 127.57, 125.02, 121.84, 121.24, 114.35,
105.12, 100.70, 38.52. Calc. for C18H14N4O: C, 71.51; H, 4.67; N,
18.53; Exp. C, 71.48; H, 4.62; N, 18.58%.

4.2.1.8. N-((3-(4-(Triuoromethyl)phenyl)isoxazol-5-yl)methyl)
quinolin-8-amine (8c). Compound 8c was prepared according to
the general procedure from N-(prop-2-yn-1-yl)quinolin-8-amine
RSC Adv., 2025, 15, 50633–50651 | 50645
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5 (100.0 mg, 0.5 mmol), (E,Z)-N-hydroxy-4-(triuoromethyl)
benzimidoyl chloride 3c (147.3 mg, 0.7 mmol) and TEA
(555.3 mg, 0.8 mL, 5.5 mmol). Compound 8c was isolated as
a white powder (125 mg, 62%, m.p.= 104–106 °C). 1H NMR (600
MHz, DMSO-d6) (d/ppm): 8.79 (dd, J = 4.2, 1.7 Hz, 1H, H-2), 8.24
(dd, J = 8.3, 1.7 Hz, 1H, H-4), 8.06 (d, J = 8.1 Hz, 2H, H-Ph), 7.83
(d, J = 8.3 Hz, 2H H-Ph), 7.53 (dd, J = 8.3, 4.2 Hz, 1H, H-3), 7.36
(t, J = 7.9 Hz, 1H, H-6), 7.27 (t, J = 6.5 Hz, 1H, NH), 7.14 (dd, J =
8.2, 0.9 Hz, 1H, H-7), 7.03 (s, 1H, H-isoxazole), 6.77 (dd, J = 7.7,
0.9 Hz, 1H, H-6), 4.80 (s, 2H, CH2).

13C NMR (151 MHz, DMSO-
d6) (d/ppm): 172.80, 160.77, 147.19, 143.61, 137.60, 136.00,
132.46, 130.13 (q, JCF3

= 31.8 Hz), 128.29, 127.58, 127.40, 125.97
(q, JCF3

= 3.4 Hz), 123.94 (q, JCF3
= 272.4 Hz), 121.83, 114.32,

104.93, 100.38, 38.76. Calc. for C20H14F3N3O: C, 65.04; H,
3.82; N, 11.38; Exp. C, 65.09; H, 3.78; N, 11.42%.

4.2.1.9. N-((3-(2,4-Dichlorophenyl)isoxazol-5-yl)methyl)
quinolin-8-amine (8d). Compound 8d was prepared according to
the general procedure from N-(prop-2-yn-1-yl)quinolin-8-amine
5 (100.0 mg, 0.5 mmol), (E,Z)-2,4-dichloro-N-hydrox-
ybenzimidoyl chloride 3d (147.8 mg, 0.7 mmol) and TEA
(555.3 mg, 0.8 mL, 5.5 mmol). Compound 8d was isolated as
a white powder (126 mg, 62%, m.p.= 166–167 °C). 1H NMR (600
MHz, DMSO-d6) (d/ppm): 8.78 (dd, J = 4.1, 1.6 Hz, 1H, H-2), 8.24
(dd, J = 8.3, 1.6 Hz, 1H, H-4), 7.80 (d, J = 2.1 Hz, 1H, H-60), 7.69
(d, J = 8.4 Hz, 1H, H-30), 7.54 (td, J = 8.5, 3.1 Hz, 2H, H-50, H-3),
7.37 (t, J= 7.9 Hz, 1H, H-6), 7.24 (t, J= 6.6 Hz, 1H, NH), 7.14 (d, J
= 7.6 Hz, 1H, H-7), 6.81 (d, J = 5.3 Hz, 2H, H-5, H-isoxazole),
4.81 (d, J = 6.6 Hz, 2H, CH2).

13C NMR (151 MHz, DMSO-d6)
(d/ppm): 171.72, 159.60, 147.21, 143.57, 137.56, 136.01, 135.31,
132.77, 132.20, 129.91, 128.27, 127.91, 127.56, 126.80, 121.82,
114.35, 105.05, 103.12, 56.88. Calc. for C19H13Cl2N3O: C, 61.64;
H, 3.54; N, 11.35; Exp. C, 61.68; H, 3.50; N, 11.39%.

4.2.1.10. 4-(5-((Quinolin-8-ylamino)methyl)isoxazol-3-yl)
benzonitrile (8e). Compound 8e was prepared according to the
general procedure from N-(prop-2-yn-1-yl)quinolin-8-amine 5
(100.0 mg, 0.5 mmol), (Z,E)-4-cyano-N-hydroxybenzimidoyl
chloride 3e (118.8 mg, 0.7mmol) and TEA (555.3 mg, 0.8mL, 5.5
mmol). Compound 8e was isolated as a white powder (100 mg,
61%, m.p. = 149–152 °C). 1H NMR (600 MHz, DMSO-d6) (d/
ppm): 8.79 (dd, J= 4.2, 1.7 Hz, 1H, H-2), 8.24 (dd, J= 8.3, 1.7 Hz,
1H, H-4), 8.05 (m, 2H, H-Ph), 7.94 (m, 2H, H-Ph), 7.53 (dd, J =
8.3, 4.2 Hz, 1H, H-3), 7.35 (t, J = 7.9 Hz, 1H, H-6), 7.26 (t, J =
6.5 Hz, 1H, NH), 7.13 (dd, J = 8.2, 0.9 Hz, 1H, H-7), 7.05 (s, 1H,
H-isoxazole), 6.74 (m, 1H, H-5), 4.80 (d, J= 6.5 Hz, 2H, CH2).

13C
NMR (151 MHz, DMSO-d6) (d/ppm): 172.95, 160.68, 147.20,
143.60, 137.60, 136.01, 133.05, 132.86, 128.30, 127.59, 127.40,
121.84, 118.40, 114.34, 112.57, 104.93, 100.45, 38.78. Calc. for
C20H14N4O: C, 73.61; H, 4.32; N, 17.17; Exp. C, 73.68; H, 4.27; N,
17.21%.

4.2.1.11. 4-((3-Phenylisoxazol-5-yl)methoxy)-2H-chromen-2-
one (9a). Compound 9a was prepared according to the general
procedure from 4-(prop-2-yn-1-yloxy)-2H-chromen-2-one 6
(300.0 mg, 1.5 mmol), (Z,E)-N-hydroxybenzimidoyl chloride 3a
(279.8 mg, 1.8 mmol) and TEA (1.5 g, 2.1 mL, 15.0 mmol).
Compound 9a was isolated as a white powder (216 mg, 45%,
m.p = 183–192 °C). 1H NMR (600 MHz, DMSO-d6) (d/ppm): 7.93
(dt, J = 5.1, 2.0 Hz, 2H, H-Ph), 7.90 (dd, J = 8.0, 1.8 Hz, 1H, H-5),
50646 | RSC Adv., 2025, 15, 50633–50651
7.69 (ddd, J = 8.7, 7.3, 1.8 Hz, 1H, H-7), 7.54 (m, 3H, H-Ph), 7.44
(d, J = 8.3 Hz, 1H, H-8), 7.38 (m, 2H, H-isoxazole/H-6), 6.17 (s,
1H, H-3), 5.64 (s, 2H, CH2).

13C NMR (151 MHz, DMSO-d6) (d/
ppm): 166.74, 163.98, 162.12, 161.36, 152.76, 133.00, 130.46,
129.16, 128.10, 126.71, 124.35, 122.99, 116.49, 114.82, 102.93,
91.72, 61.88. Calc. for C19H13NO4: C, 71.47; H, 4.10; N, 4.39; Exp.
C, 71.42; H, 4.13; N, 4.41%.

4.2.1.12. 4-((3-(Pyridin-2-yl)isoxazol-5-yl)methoxy)-2H-
chromen-2-one (9b). Compound 9b was prepared according to
the general procedure from 4-(prop-2-yn-1-yloxy)-2H-chromen-2-
one 6 (100.0 mg, 0.5 mmol), (Z,E)-N-hydroxypicolinimidoyl
chloride 3b (93.8 mg, 0.6 mmol) and TEA (505.5 mg, 0.7 mL, 5.0
mmol). Compound 9b was isolated as a white powder (152 mg,
95%, m.p. = 201–204 °C). 1H NMR (600 MHz, DMSO-d6) (d/
ppm): 8.74 (dd, J = 4.8, 0.7 Hz, 1H, H-60), 8.06 (dd, J = 4.9,
4.0 Hz, 1H, H-40), 7.99 (td, J = 7.7, 1.8 Hz, 1H, H-5), 7.85 (dd, J =
7.9, 1.5 Hz, 1H, H-30), 7.68 (ddd, J = 8.6, 7.4, 1.6 Hz, 1H, H-7),
7.55 (ddd, J = 7.5, 4.8, 1.1 Hz, 1H, H-50), 7.43 (m, 1H, H-8),
7.38 (m, 1H, H-6), 7.33 (s, 1H, H-isoxazole), 6.19 (s, 1H, H-3),
5.67 (s, 2H, CH2).

13C NMR (151 MHz, DMSO-d6) (d/ppm):
166.92, 161.37, 152.76, 150.04, 147.18, 137.65, 133.00, 125.32,
124.39, 122.92, 121.50, 116.50, 114.81, 103.75, 91.72, 61.58. IR
(ATR)/cm−1: 3081, 2981, 1720, 1609, 1567, 1375, 1254, 1111, 839,
782, 621. Calc. for C18H12N2O4: C, 67.50; H, 3.78; N, 8.75; Exp. C,
67.54; H, 3.72; N, 8.79%.

4.2.1.13. 4-((3-(4-(Triuoromethyl)phenyl)isoxazol-5-yl)
methoxy)-2H-chromen-2-one (9c). Compound 9c was prepared
according to the general procedure from 4-(prop-2-yn-1-yloxy)-
2H-chromen-2-one 6 (100.0 mg, 0.5 mmol), (Z,E)-N-hydroxy-4-
(triuoromethyl)benzimidoyl chloride 3c (134.0 mg, 0.5 mmol)
and TEA (505.5 mg, 0.7 mL, 5.0 mmol). Compound 9c was
isolated as a white powder (111 mg, 57%, m.p. = 140–208 °C).
1H NMR (600 MHz, DMSO-d6) (d/ppm): 8.17 (d, J = 8.2 Hz, 2H,
H-Ph), 7.90 (m, 3H, H-Ph, H-5), 7.74 (m, 1H, H-7), 7.51 (s, 1H, H-
isoxazole), 7.43 (d, J= 8.3 Hz, 1H, H-8), 7.39 (t, J= 7.6 Hz, 1H, H-
6), 6.17 (s, 1H, H-3), 5.66 (s, 2H, CH2).

13C NMR (151 MHz,
DMSO-d6) (d/ppm): 167.39, 163.95, 161.36, 161.14, 152.77,
132.96, 132.04, 130.55 (q, JCF3

= 32.0 Hz), 127.58, 126.10 (JCF3
=

3.6 Hz), 124.35, 123.95 (q, JCF3
= 272.4 Hz), 122.98, 116.50,

114.80, 103.14, 91.72, 61.88. Calc. for C20H12F3NO4: C, 62.02; H,
3.12; N, 3.62; Exp. C, 62.08; H, 3.18; N, 3.58%.

4.2.1.14. 4-((3-(2,4-Dichlorophenyl)isoxazol-5-yl)methoxy)-2H-
chromen-2-one (9d). Compound 9d was prepared according to
the general procedure from 4-(prop-2-yn-1-yloxy)-2H-chromen-2-
one 6 (100.0 mg, 0.5 mmol), (Z,E)-2,4-dichloro-N-hydrox-
ybenzimidoyl chloride 3d (134.5 mg, 0.6 mmol) and TEA
(505.5 mg, 0.7 mL, 5.0 mmol). Compound 9d was isolated as
a white powder (138 mg, 70%, m.p.= 166–189 °C). 1H NMR (600
MHz, DMSO-d6) (d/ppm): 7.88 (d, J = 2.0 Hz, 1H, H-60), 7.86 (dd,
J = 8.0, 1.8 Hz, 1H, H-30), 7.78 (d, J = 8.4 Hz, 1H, H-30), 7.68 (m,
1H, H-7), 7.62 (dd, J = 8.4, 2.2 Hz, 1H, H-50), 7.44 (dd, J = 8.4,
1.2 Hz, 1H, H-8), 7.38 (m, 1H, H-6), 7.29 (s, 1H, H-isoxazole),
6.19 (s, 1H, H-3), 5.67 (s, 2H, CH2).

13C NMR (151 MHz,
DMSO-d6) (d/ppm): 166.28, 163.94, 161.34, 160.00, 152.74,
135.66, 133.00, 132.93, 132.37, 130.00, 128.03, 126.40, 124.38,
122.93, 116.50, 114.77, 106.08, 91.74, 61.57. Calc. for
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05483d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/9
/2

02
6 

11
:5

2:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
C19H11Cl2NO4: C, 58.79; H, 2.86; N, 3.61; Exp. C, 58.81; H,
2.83; N, 3.65%.

4.2.1.15. 4-(5-(((2-Oxo-2H-chromen-4-yl)oxy)methyl)isoxazol-
3-yl)benzonitrile (9e). Compound 9e was prepared according to
the general procedure from 4-(prop-2-yn-1-yloxy)-2H-chromen-2-
one 6 (100.0 mg, 0.5 mmol), (Z,E)-4-cyano-N-hydrox-
ybenzimidoyl chloride 3e (108.3 mg, 0.6 mmol) and TEA
(505.5 mg, 0.7 mL, 5.0 mmol). Compound 9e was isolated as
a white powder (148 mg, 86%, m.p.= 221–223 °C). 1H NMR (600
MHz, DMSO-d6) (d/ppm): 8.13 (dd, J = 6.4, 1.9 Hz, 2H, H-Ph),
8.02 (dd, J = 6.3, 2.0 Hz, 2H, H-Ph), 7.88 (dd, J = 8.0, 1.7 Hz,
1H, H-5), 7.68 (m, 1H, H-7), 7.52 (s, 1H, H-isoxazole), 7.42 (d, J=
8.4 Hz, 1H, H-8), 7.38 (m, 1H, H-6), 6.16 (s, 1H, H-3), 5.66 (s, 2H,
CH2).

13C NMR (151 MHz, DMSO-d6) (d/ppm): 167.51, 163.91,
161.32, 161.02, 152.74, 133.13, 132.98, 132.39, 127.53, 124.31,
122.95, 118.34, 116.47, 114.78, 112.88, 103.10, 91.76, 61.87.
Calc. for C20H12N2O4: C, 69.77; H, 3.51; N, 8.14; Exp. C, 69.79; H,
3.54; N, 8.16%.

4.2.2. Synthesis of amidoxime-substituted derivative (Z)-N0-
hydroxy-4-(5-((quinolin-8-ylamino)methyl)isoxazol-3-yl)
benzimidamide (8f). The cyano derivative 8e (100mg, 0.3 mmol)
was suspended in a mixture of methanol and di-
methylformamide (2 : 1, v/v) and heated to 100 °C. Tri-
ethylamine (Et3N, 3 equiv., 93.0 mg, 0.12 mL, 0.9 mmol) and
hydroxylamine hydrochloride (NH2OH × HCl, 3 equiv.,
63.8 mg, 0.9 mmol) were then added and the reaction mixture
was stirred for 6 hours. Aer cooling to room temperature, the
mixture was diluted with water and the resulting precipitate was
collected by ltration. Compound 8f was isolated as a white
powder (49 mg, 42%, m.p. = 223–225 °C). 1H NMR (600 MHz,
DMSO-d6) (d/ppm): 9.77 (s, 1H, OH), 8.79 (dd, J= 4.2, 1.7 Hz, 1H,
H-2), 8.24 (dd, J = 8.3, 1.6 Hz, 1H, H-4), 7.83 (m, 2H, H-Ph), 7.77
(d, J = 8.5 Hz, 2H, H-Ph), 7.53 (dd, J = 8.3, 4.2 Hz, 1H, H-3), 7.36
(t, J = 7.9 Hz, 1H, H-6), 7.24 (t, J = 6.6 Hz, 1H, NH), 7.14 (m, 1H,
H-7), 6.94 (s, 1H, H-isoxazole), 6.77 (m, 1H, H-6), 5.88 (s, 2H,
NH2), 4.78 (d, J = 6.4 Hz, 2H, CH2).

13C NMR (151 MHz, DMSO-
d6) (d/ppm): 172.14, 161.39, 150.17, 150.14, 147.18, 143.64,
137.59, 136.00, 134.81, 128.78, 128.29, 127.60, 126.31, 125.88,
121.82, 114.28, 104.93, 100.13, 38.76. Calc. for C20H17N5O2: C,
66.84; H, 4.77; N, 19.49; Exp. C, 66.88; H, 4.73; N, 19.53%.

4.2.3. General procedure for the synthesis of Re(I)
complexes. A solution of the ligand 7b or 9b in chloroform was
combined with Re(CO)5Cl (1 equiv.) and the reaction mixture
was stirred under reux in the dark for 12 hours. Aer
completion, the solvent was evaporated under reduced pres-
sure. Aer completion, the reaction mixture was allowed to cool
to room temperature and the volume was reduced to induce the
formation of a ne precipitate. The precipitate was collected by
ltration and dried.

4.2.3.1. Complex 7bRe. Complex 7bRe was prepared accord-
ing to the general procedure from ligand 7b (30.0 mg, 0.08
mmol) and Re(CO)5Cl (29.3 mg, 0.08 mmol). Compound 7bRe
was isolated as a yellow powder (40 mg, 92%, m.p. > 250 °C). 1H
NMR (600 MHz, DMSO-d6) (d/ppm): 9.09 (dt, J = 5.3, 1.2 Hz, 1H,
H-60), 8.65 (dt, J = 7.8, 1.1 Hz, 1H, H-30), 8.44 (td, J = 7.8, 1.5 Hz,
1H, H-40), 8.37 (dd, J = 8.4, 1.4 Hz, 1H, H-5), 8.17 (d, J = 8.5 Hz,
1H, H-8), 8.07 (s, 1H, H-isoxazole), 7.96 (ddd, J= 8.5, 6.8, 1.5 Hz,
© 2025 The Author(s). Published by the Royal Society of Chemistry
1H, H-7), 7.84 (m, 2H, H-6, H-50), 7.71 (s, 1H, H-3), 6.07 (d, J =
4.7 Hz, 2H, CH2).

13C NMR (151MHz, DMSO-d6) (d/ppm): 197.44
(CO), 196.28 (CO), 188.17 (CO), 171.75, 165.01, 162.14, 154.55,
148.35 (q, JCF3

= 33.8 Hz), 147.98, 147.963, 147.41, 141.51,
132.26, 129.74, 129.52, 129.03, 126.64, 122.23, 121.92 (q, JCF3

=

274.8 Hz), 104.50, 98.93 (q, JCF3
= 2.5 Hz), 62.50. IR (ATR)/cm−1:

2981, 2021, 1981, 1895, 1572, 1368, 1278, 1119, 924, 82, 782.
Calc. for. C22H13ClF3N3O5Re: C, 38.97; H, 1.93; N, 6.20; Exp. C,
38.82; H, 1,99; N, 6.29%.

4.2.3.2. Complex 9bRe. Complex 9bRe was prepared accord-
ing to the general procedure from ligand 9b (30.0 mg, 0.08
mmol) and Re(CO)3Cl (29.3 mg, 0.08 mmol). Compound 9bRe
was isolated as a yellow powder (35 mg, 82%, m.p. > 250 °C). 1H
NMR (600 MHz, DMSO-d6) (d/ppm): 9.09 (d, J = 5.4 Hz, 1H, H-
60), 8.64 (d, J = 7.8 Hz, 1H, H-30), 8.44 (t, J = 7.8 Hz, 1H, H-40),
8.06 (s, 1H, H-isoxazole), 7.94 (d, J = 7.8 Hz, 1H, H-5), 7.85 (m,
1H, H-50), 7.72 (t, J = 7.7 Hz, 1H, H-7), 7.47 (d, J = 8.2 Hz, 1H, H-
8), 7.43 (t, J = 7.6 Hz, 1H, H-6), 6.20 (s, 1H, H-3), 5.87 (d, J =
7.1 Hz, 2H, CH2).

13C NMR (151MHz, DMSO-d6) (d/ppm): 196.34
(CO), 195.21 (CO), 187.07 (CO), 170.07, 163.90, 163.13, 160.67,
153.47, 152.20, 146.29, 140.43, 132.55, 128.45, 125.54, 123.82,
122.31, 116.00, 114.11, 103.53, 91.48, 61.37. IR (ATR)/cm−1:
2981, 2031, 1957, 1924, 1889, 1721, 1627, 1373, 1112, 941, 830,
771. Calc. for. C21H12ClN2O7Re: C, 40.29; H, 1.93; N, 4.48; Exp.
C, 40.35; H, 1.82; N, 4.58%.

4.2.4. General procedure for the synthesis of Ru(II)
complexes. A solution of ligands 7b or 9b inmethanol (5–10mL)
was treated with Ru(II) complexes [Ru(benzene)Cl2]2. The reac-
tion mixture was stirred for 24 hours at room temperature. Aer
completion, the solvent was removed under reduced pressure
and the product was puried by column chromatography
(CH2Cl2 : MeOH = 20 : 1).

4.2.4.1. Complex 7bRu. Complex 7bRu was prepared accord-
ing to the general procedure from ligand 7b (30.0 mg, 0.08
mmol) and [Ru(benzene)Cl2]2 (39.6 mg, 0.07 mmol). Compound
7bRu was isolated as a red powder (11 mg, 25%, m.p. > 250 °C).
1H NMR (600 MHz, DMSO-d6) (d/ppm): 9.72 (ddd, J = 5.7, 1.4,
0.8 Hz, 1H, H-60), 8.59 (ddd, J = 7.8, 1.4, 0.8 Hz, 1H, H-30), 8.38
(m, 2H, H-40, H-5), 8.18 (dt, J = 8.4, 0.9 Hz, 1H, H-8), 8.06 (s, 1H,
H-isoxazole), 7.97 (ddd, J= 8.4, 6.9, 1.5 Hz, 1H, H-7), 7.89 (ddd, J
= 7.8, 5.6, 1.5 Hz, 1H, H-50), 7.83 (ddd, J= 8.2, 6.9, 1.2 Hz, 1H, H-
3), 7.75 (s, 1H), 6.31 (s, 5H, H-Ph), 6.07 (m, 2H, CH2).

13C NMR
(151 MHz, DMSO-d6) (d/ppm): 172.44, 161.57, 156.96, 147.84 (d,
J = 33.8 Hz), 147.48, 146.38, 140.62, 131.81, 129.26, 128.57,
127.99, 125.99, 121.76, 121.45 (q, J = 276.3 Hz), 120.82, 104.09,
98.49 (q, J = 2.6 Hz), 87.62, 86.43, 61.89. IR (ATR)/cm−1: 2292,
1924, 1589, 1437, 1372, 1280, 1124, 1095, 925, 839, 787. Calc.
for. C25H19ClF3N3O2Ru: C, 51.16; H, 3.26; N, 7.16; Exp. C, 51.25;
H, 3.19; N, 7.24%.

4.2.4.2. Complex 9bRu. Complex 9bRu was prepared accord-
ing to the general procedure from ligand 9b (30.0 mg, 0.08
mmol) and [Ru(benzene)Cl2]2 (39.6 mg, 0.08 mmol). Compound
9bRu was isolated as a red powder (12 mg, 29%, m.p. > 250 °C).
1H NMR (600 MHz, DMSO-d6) (d/ppm): 9.71 (d, J = 5.4 Hz, 1H,
H-60), 8.57 (d, J = 7.7 Hz, 1H, H-30), 8.39 (t, J = 7.4 Hz, 1H, H-40),
8.06 (s, 1H, H-isoxazole), 7.50 (m, 2H, H-5, H-7), 7.68 (m, 1H, H-
50), 7.47 (d, J= 8.3 Hz, 1H, H-8), 7.43 (t, J= 7.6 Hz, 1H, H-6), 6.31
RSC Adv., 2025, 15, 50633–50651 | 50647
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(s, 5H, H-Ph), 6.25 (s, 1H, H-3), 5.88 (d, J= 7.2 Hz, 1H, CH2). 13C
NMR (151 MHz, DMSO-d6) (d/ppm): 171.84, 163.69, 161.54,
161.28, 156.98, 152.78, 146.35, 140.62, 133.18, 128.01, 125.99,
124.43, 122.91, 116.61, 114.67, 104.26, 92.15, 86.45, 61.80. IR
(ATR)/cm−1: 2981, 1628, 1437, 1372, 1280, 1124, 1095, 925, 839.
Calc. for. C24H18ClN2O4Ru: C, 53.89; H, 3.39; N, 5.24; Exp. C,
53.94; H, 3.31; N, 5.29%.

4.3. Antiproliferative activity

4.3.1. Cell culture and reference compounds. The human
cancer cell lines (Capan-1, HCT-116, NCI-H460, LN-229, HL-60,
K-562, and Z-138) were obtained from the American Type
Culture Collection (ATCC), while the DND-41 cell line was
procured from the Deutsche Sammlung von Mikroorganismen
und Zellkulturen (DSMZ). The culture media were sourced from
Gibco Life Technologies, and supplemented with 10% fetal
bovine serum (HyClone). Etoposide, which was used as refer-
ence inhibitor, was acquired from Selleckchem, and all stock
solutions were prepared in dimethyl sulfoxide (DMSO).

4.3.2. Proliferation assays. Adherent cell line Capan-1 was
plated at a density of 500 cells per well, while HCT-116, NCI-
H460, and LN-229 were plated at 1500 cells per well in 384-
well tissue culture plates. Following an overnight incubation,
the cells were exposed to seven different concentrations of the
test compounds ranging from 100 to 0.006 mM. Suspension cell
lines HL-60, K-562, and Z-138 were seeded at 2500 cells per well,
and the DND-41 cell line was seeded at 5500 cells per well in
384-well culture plates containing the same concentration
points of test compounds. Aer 72 hours of incubation with the
compounds, cell viability was assessed using the CellTiter 96®
AQueous One Solution Cell Proliferation Assay (MTS) reagent
according to the manufacturer's instructions (nal assay
concentrations of 333 mg per mL MTS and 25 mM PMS).
Absorbance was measured at 490 nm using a SpectraMax Plus
384, and the optical density values were utilized to determine
the 50% inhibitory concentration (IC50). Each compound
underwent testing in at least two independent experiments.

4.3.3. Cell viability of normal PBMC. Buffy coat prepara-
tions sourced from healthy donors were acquired from the
Blood Transfusion Center (biobank Red Cross Flanders number
M20210510A) in Leuven, Belgium. Peripheral blood mono-
nuclear cells (PBMC) were separated using density gradient
centrifugation over Lymphoprep (density: 1.077 g mL−1) from
Nycomed. These cells were then cultured in cell culture medium
(RPMI, Gibco) supplemented with 10% FBS. The PBMC were
seeded at a density of 28 000 cells per well in 384-well tissue
culture plates containing the test compounds at concentrations
ranging from 100 to 0.006 mM. Following a 72-hour incubation
period, cell viability was assessed using the same MTS cell
viability assay. Each compound was evaluated in two separate
experiments, utilizing PBMC from two distinct healthy donors.

4.4. ADME proling

Permeability testing was done on Madin–Darby canine epithe-
lial cells over-expressing human MDR1 gene, coding for P-
glycoprotein (MDCKII-MDR1; obtained from Solvo
50648 | RSC Adv., 2025, 15, 50633–50651
Biotechnology, Hungary). Cells were prepared for transport
studies by seeding on 96-well cell culture inserts (Millipore, MA,
USA) in a concentration of 0.25 × 106 cells per mL. The cells
were cultured to conuence for 3 days before use in perme-
ability experiment. On the day of experiment, the cell mono-
layers were washed and equilibrated with transport medium
(DPBS, pH 7.4 containing 1%DMSO) for 30 min (37 °C, 5% CO2,
95% humidity). Test compounds' solutions consisted of test
substance (10 mM) in D-PBS medium containing lucifer yellow
(100 mM) and 1% DMSO. Transport assays were conducted in
apical to basolateral (A2B) and basolateral to apical (B2A)
directions, respectively. Monolayers were incubated with the
compound solution for 60 min at 37 °C under gentle agitation.
Apical and basolateral compartments were sampled on
a Freedom EVO 200 (Tecan, Männedorf, CH) at the end of the
transport experiment, while donor solutions were also sampled
at the beginning of the experiment in order to determine initial
concentration. Test substance concentrations in both
compartments were determined by LC-MS/MS. Lucifer yellow,
a uorescent marker for the paracellular membrane transport,
was used as the control of cell monolayer integrity. Metabolic
stability was assessed in mouse liver microsomes (Corning,
USA). Compounds (nal concentration of 1 mM, <0.1% DMSO v/
v) were incubated in duplicate in phosphate buffer (50 mM, pH
7.4) at 37 °C together with mouse liver microsomes in the
absence and presence of the NADPH regenerating system
(0.5 mM nicotinamide adenine dinucleotide phosphate, 5 mM
glucose-6-phosphate, 1.5 U mL−1 glucose-6-phosphate dehy-
drogenase and 0.5 mM magnesium chloride). Incubation was
done for 1 h at 37 °C. Sampling was performed on a Freedom
EVO 200 (Tecan, Männedorf, CH) at 0, 10, 20, 30, 45 and 60min.
The reaction was stopped by 3 volumes of a mixture of ACN/
MeOH (2 : 1) containing internal standard (diclofenac), centri-
fuged and obtained supernatants further analyzed using LC-
MS/MS. Metabolic activity of microsomes was veried by
simultaneous analysis of several assay controls (testosterone,
propranolol, caffeine). The in vitro half-life (t1/2) was calculated
using GraphPad Prism non-linear regression of % parent
compound remaining versus time. In vitro clearance (Clint),
expressed as mL min−1 mg−1, was estimated from the in vitro
half-life (t1/2), and normalized for the protein amount in the
incubation mixture. Obtained in vitro clearance was further
scaled to predicted in vivo hepatic clearance, assuming 52.5 mg
of protein per gram of liver, mouse liver weight/body weight of
85.7 g kg−1 and mouse liver blood ow (LBF) of 131 mL min−1

kg−1.
4.5. Molecular modeling

4.5.1. Soware. Schrödinger Maestro (Version 2024-1) from
Schrödinger LLC, USA, was utilized.

4.5.2. Protein preparation. The crystal structure of Bcl-2
complexed with J1Q ((S)-1-(2-(3-(aminomethyl)-1,2,3,4-tetra-
hydroisoquinoline-2-carbonyl)phenyl)-N,N-dibutyl-5-methyl-
1H-pyrazole-3-carboxamide, PDB code: 6QGK, IC50 = 1.3 mM)67

was retrieved from the Protein Data Bank (PDB). The structure
was prepared using the protein preparation tool68 implemented
© 2025 The Author(s). Published by the Royal Society of Chemistry
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in Schrödinger Maestro 2024-1. Hydrogen atoms and any
missing side chains were added while maintaining ions or water
molecules in the X-ray structures. The protonation state and
tautomeric forms of the amino acids were optimized using
PROPKA tool at pH 7.0.69 Finally, the potential energy of the
prepared structures was minimized using the OPLS4 force
eld.70

4.5.3. Ligand preparation. The structures of 8f, 8e, 8b, 8a,
and 7a were drawn using the 2D sketcher in the Schrödinger
Suite. The compounds were prepared using the LigPrep module
and then energy-minimized with the OPLS4 force eld.70 All
possible tautomeric forms and stereoisomers were generated at
pH 7.4± 1.0 using Epik.68 The output was then used as input for
molecular docking.

4.5.4. Molecular docking and rescoring.Molecular docking
was performed using the Glide program in Standard Precision
(SP) mode.71 The grid box was generated around the co-
crystalized inhibitor (PDB code: 6QGK) with an inner box of
10 × 10 × 10 Å in size employing the receptor grid generation
module. To validate the docking protocol, the co-crystallized
inhibitor was re-docked in Glide and reproduced its binding
mode with an RMSD value of 0.45 Å (Fig. 4). Conformational
sampling was enhanced by a factor of 4 during conformer
generation and expanded sampling was used for the selection of
initial poses. A maximum of 100 docking poses were calculated
for each ligand. The generated poses were then rescored using
Molecular Mechanics Generalized Born Surface Area (MM-
GBSA) to estimate the binding free energy of each pose.72

Finally, the top poses, sorted by MMGBSA binding free energy
values, were analyzed by visual inspection and further examined
in MD simulation studies. Cross-validation protocol: to validate
the reliability and reproducibility of our docking protocol, we
implemented a comprehensive cross-validation strategy. First,
the co-crystallized inhibitor J1Q (PDB: 6QGK, IC50= 1.3 mM) was
extracted from the binding site and redocked using Glide
Standard Precision (SP) mode. Conformational sampling was
enhanced by a factor of 4, with expanded sampling enabled for
initial pose selection and 100 maximum poses retained per
ligand. The redocking successfully reproduced the crystallo-
graphic binding mode with an RMSD of 0.45 Å (Fig. S33), con-
rming the accuracy of our geometric sampling and scoring
protocol.

4.5.5. Molecular dynamics (MD) simulation. Molecular
dynamics (MD) simulations of the virtual complexes for bioac-
tive compounds 8f, 8e, 8b, 8a, and 7a, were performed using the
Desmond-v7.7 package (Schrödinger LLC) with the OPLS4 force
eld.73 The following protocols were applied.

4.5.6.1. System setup. Ligand–protein complexes were
solvated in an orthorhombic box using the SPC water model
with a buffer distance of 10 Å. Sodium/chloride ions were added
to neutralize the system.

4.5.6.2. Equilibration. Before performing the production
simulation, the default Desmond protocol for energy minimi-
zation and model relaxation was applied.74 Energy minimiza-
tion was conducted using steepest descent algorithm over 2000
iterations. Equilibration under the NPT ensemble (constant
number of particles, pressure [1 bar], and temperature [300 K])
© 2025 The Author(s). Published by the Royal Society of Chemistry
was performed for 100 ps to stabilize solvent density and system
pressure.

4.5.6.3. Production runs. Production simulations were con-
ducted under the NPT ensemble (constant number of particles,
pressure, and temperature [300 K]) for 1000 ns per system, with
trajectories saved every 1000 ps. The NPT ensemble is imple-
mented to maintain constant pressure and temperature. This
approach enables dynamic solvent density adjustments,
ensuring physiologically relevant conditions for ligand–protein
interactions. By incorporating pressure equilibration, the
method enhances thermodynamic sampling of binding site
dynamics while accommodating bulk solvent effects.74

4.5.6.4. Analysis parameters. Root-mean-square deviation
(RMSD) and root-mean-square uctuation (RMSF) were calcu-
lated for backbone atoms and ligand atoms, respectively.
Solvent-accessible surface area (SASA), radius of gyration (Rg),
and hydrogen-bond occupancy were analyzed using Schrö-
dinger Maestro's Simulation Interaction Diagram tool. MM-
GBSA binding free energies were calculated over 800 snap-
shots using the Prime v7.5 module.75–77

4.5.6.5. Validation. The reproducibility of simulations was
conrmed by Duplicate runs for the co-crystallized complex
(J1Q, PDB: 6QGK).
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J. F. Santibanez and T. Srdić-Rajić, Chem.–Biol. Interact.,
2024, 404, 111281.
RSC Adv., 2025, 15, 50633–50651 | 50649

https://doi.org/10.1039/d5ra05483d
https://doi.org/10.1039/d5ra05483d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05483d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/9
/2

02
6 

11
:5

2:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
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