Journal of Molecular Structure 1350 (2026) 144045

ELSEVIER

Contents lists available at ScienceDirect

s ;
MOLECULAR
STRUCTURE

Journal of Molecular Structure

journal homepage: www.elsevier.com/locate/molstr

Target-specific rhenium(I) tricarbonyl complexes as prospective
pharmacological agents: Synthesis, X-ray crystallography, and in vitro

anticancer evaluation

Lesetja V. Ramoba *©, Lucy W. Macharia , Suparna Chakraborty "®, Sharon Prince @,
Frederick P. Malan “®, Orbett T. Alexander “, Amanda-Lee E. Manicum *

@ Department of Chemistry, Tshwane University of Technology, P.O. Box X680, Pretoria 0001, South Africa

b Department of Human Biology, University of Cape Town, Angio Road Observatory 7925, Cape Town, South Africa
¢ Department of Chemistry, University of Pretoria, 02 Lynnwood Road, Hatfield, Pretoria 0001, South Africa

9 Department of Chemistry, University of the Western Cape, Bellville, Cape Town 7535, South Africa

ARTICLE INFO

Keywords:

Rhenium(I) tricarbonyl
Synthesis

X-ray crystallography
In vitro cytotoxicity

ABSTRACT

Rhenium tricarbonyl complexes have been investigated primarily due to their remarkable inhibitory effects
against cancerous cells. This study presents the synthesis, solid-state crystallography, and in vitro biological
evaluation of four rhenium(l) tricarbonyl complexes. The synthesized complexes: fac-[Re(Pico)(CO)3(L1)] (1),
fac-[Re(Pico)(CO)3L2] (2), fac-[Re(5-Br-3-F-Pico)(CO)3L1] (3) and fac-[Re(5-Br-3-F-Pico)(CO)3L3] (4); where L1
= 3,5-dimethyl-1H-pyrazole, L2 = 3-(trifluoromethyl)-5-methyl-1H-pyrazole, and L3 = 3,5-diphenyl-1H-pyra-
zole; were characterized with FT-IR, NMR (*H and 3C), UV-Vis spectroscopy, and single-crystal X-ray diffrac-
tion technique. Preliminary in vitro biological screening of these complexes at a concentration of 10 pM in DMSO
(solvent) indicated that only complex 3 exhibited significant cell viability against HeLa (61.38 + 9.55), CaSki
(52.00 + 2.78), and MDA-MB-231 (30.50 + 4.72) cancer cell lines. Consequently, this complex was further
evaluated for its half-maximal effective concentration (ECsp). The ECsg values for complex 3 were determined to
be 45.6 + 0.09 pM (selectivity index [SI] = 0.31), 19.87 £ 0.21 pM (SI = 0.71), and 6.0 + 0.15 pM (SI = 2.36)
against HeLa, CaSki, and MDA-MB-231 cells, respectively, with an ECs( value of 14.15 + 0.23 pM against MRC-5
(normal human cells). Moreover, apoptosis and Western blot analyses reveal that complex 3 successfully induces
apoptosis in cervical cancer cell lines (HeLa and CaSki) as well as in the triple-negative breast cancer cell line
(MDA-MB-231).

1. Introduction

drugs [7-12]. Rhenium(I) tricarbonyl complexes have gained interest
in recent years as anticancer contenders due to the ideal nuclear prop-

Cancer remains one of the leading health burdens globally, with
statistics indicating that millions of new diagnoses along with deaths
occur each year. For instance, in 2020, an estimated 19.3 million new
cancer cases accompanied by 10.0 million cancer-related deaths were
reported [1]. The most commonly diagnosed cancer types globally cover
female breast cancer with 2.26 million cases, lung cancer (2.21 million),
and prostate cancer (1.41 million). Furthermore, lung cancer led the
way as the most common cause of cancer death, resulting in 1.79 million
fatalities, followed by liver cancer (830 000) and stomach cancer (769
000) [1-6]. These high mortality rates have driven research into new
and innovative treatments, including the development of metal-based
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erties such as half-lives of 90 h and 17 h, associated with 186Re and '%8Re
respectively, along with high energy emissions (Epax of 1.07 MeV for
186Re and 2.12 MeV for '®Re) [13]. Several rhenium() tricarbonyl
complexes have also been evaluated as anticancer drug candidates in
clinical trials [14,15]. Compared to traditional chemotherapeutics,
these complexes offer distinctive properties that can be fine-tuned to
improve efficacy and reduce toxicity towards normal cells [16]. Their
ability to interact with biological targets at a molecular level introduces
new approaches for targeted cancer therapy. Researchers are exploring
various metal complexes, including those based on rhenium, due to their
potential to disrupt cancer cell proliferation and induce apoptosis
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Scheme 1. Synthetic route for the synthesized complexes (1-4).

[16-18]. Discoveries in this field could lead to groundbreaking ad-
vancements in cancer treatment, offering hope for more effective ther-
apies. The ongoing exploration of these innovative metal drugs reflects
the commitment of the medical community to combat cancer and
improve patient outcomes.

The synthesis of rhenium(I) tricarbonyl complexes is accomplished
using the fac-[Re(C0)3]™ synthon, which is notable for its capacity to
generate a variety of coordination compounds. This metal core enables
the coordination of various chelator ligands, ranging from monodentate
to tridentate, thereby allowing for precise modulation of the resulting
complexes’ biological activity [19-22]. The carbonyl ligands within this
metal framework contribute towards the stability of the complexes,
which is significant for maintaining their integrity during biological
interactions, an important feature in the mechanisms of action for
anticancer therapies. This stability may lead to enhanced apoptosis or
cell cycle disruption in cancer cells [23-25].

The coordination of picolinic acid analogs and the pyrazole ligands

to the rhenium(I) tricarbonyl complexes enhances both the stability and
reactivity of these compounds but also plays a critical role in defining
their biological activity and therapeutic potential against cancer [26,
271. In a noteworthy study, Matlou and co-workers (2023) explored the
chemistry of rhenium(I) tricarbonyl complexes that comprise picolinic
acid as the coordinating ligand. Their research revealed that these
complexes demonstrated good and promising biological activity,
exhibiting cytotoxic effects against HeLa cancer cells with a lethal
concentration (LCsg) of 15.8 &+ 4.9 pg/mL. Additionally, the complexes
showed significant efficacy against the A549 cancer cell line, with an
LCsp value of 20.9 + 0.8 pg/mL [34]. This combination of chemical
attributes positions them as promising candidates in the ongoing quest
for effective metal-based anticancer therapies.

Rhenium(I) tricarbonyl complexes with pyrazole-based ligands have
emerged as promising anticancer agents due to their favorable photo-
physical properties, structural flexibility, and tunable biological activity.
Pyrazole ligands enable modulation of the electronic, steric, and lipo-
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philic characteristics of rhenium complexes, allowing for fine-tuning of
cellular uptake and cytotoxicity [49-51]. In a recent study, Lyczko et al.
(2024) investigated pyrazole-containing rhenium(I) tricarbonyl com-
plexes as potential anticancer agents. Their results indicated that several
complexes displayed significant cytotoxic effects against specific cancer
cell lines (ICsp < 20 uM against PC-3 and MCF-7), emphasizing the
crucial role of ligand design, especially the inclusion of substituted
pyrazoles, in influencing biological activity. This research underscores
the increasing interest in rhenium-based complexes as viable candidates
for metal-based chemotherapy [51].

Herein, four Re(I) tricarbonyl complexes are synthesized and char-
acterized, in which the bidentate ligands are primarily N,O-donor li-
gands, and selected pyrazole derivatives as the monodentate ligands.
The N,O'-donor bidentate ligands employed in this study are 2-picolico-
linic acid and its substituted counterpart 5-bromo-3-fluoropyridine-2-
carboxylic acid. All the synthesized complexes were thoroughly char-
acterized using various spectroscopic and analytical techniques for
structural confirmation and subsequently evaluated for their biological
activity.

2. Experimental
2.1. Materials and methods

Unless stated differently, all reagents used for the synthesis and
analysis of products or compounds were obtained from Sigma Aldrich
and Strem Chemicals (Newburyport, USA) and met analytical quality
standards. The solvents and reagents used for synthetic purposes were
applied as received, without further purification, except when the dry-
ing of compounds was necessary. All reactions that needed anaerobic or
oxygen-free environments were conducted using argon or nitrogen gas
under Schlenk line methods. Rhenium pentacarbonyl bromide, used in
the first step for the synthesis of fac-[NEt4]2[ReBrs(CO)s], was acquired
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from Strem Chemicals (USA). The compound fac-[NEt4]2[ReBr3(CO)s]
was synthesized according to the procedure described by Alberto et al.
[28]. A PerkinElmer Lambda XLS + Ultraviolet/Visible (UV-Vis) spec-
trometer was used to collect the UV-Vis data using a 1.000 + 0.001 cm
quartz cuvette cell. For infrared (IR) characterization, a PerkinElmer
FT-IR Spectrometer Spectrum, operating in the 4000-370 em™! region,
was used to record the spectra. The IR is connected to a computer and
has a built-in temperature cell regulator, accurate to 0.3°C. All the IR
spectra of the synthesized complexes were recorded at room tempera-
ture. All Nuclear Magnetic Resonance (NMR) spectra were obtained
with a Bruker 400 MHz NMR spectrometer at 400 MHz, using deuterated
solvents (CDCl3 and DMSO-dg). Coupling constants, J, are reported in
Hertz (Hz). For the in vitro biological study, the complexes showed sol-
ubility in DMSO, with no precipitates noted in the cell medium after
being added to the cells. Furthermore, the UV-Vis solutions of the
compounds were regularly recorded over several days to evaluate the
stability of the complexes in DMSO.

2.2. Synthesis of fac-Re(l) tricarbonyl complexes

The rhenium(l) tricarbonyl complexes were synthesized following
the established procedure described by Alberto et al. [28]. This synthesis
utilized a "2 + 1" mixed ligand model, which begins with the coordi-
nation of bidentate ligands in the equatorial plane, followed by the
attachment of a monodentate ligand in the sixth or axial position. The
initial precursor, fac-[NEt4]2[ReBr3(CO)s3] (500 mg, 0.647 mmol) was
dissolved in 10 mL of methanol. A solid addition of AgNO3 (330 mg,
1.942 mmol) was made, and the mixture was stirred at room tempera-
ture for 24 h. The resulting greyish precipitate, AgBr, was filtered off,
and an equivalent amount of picolinic acid or its substituted variant (80
mg, 0.647 mmol) was introduced to the filtrate, which was then stirred
for another 24 h at room temperature. After that, fac-[Re(N,O-donor bid)
(CO)3(HOCH3)] complexes (200 mg, 0.486 mmol) were dissolved by

Largest diffr. peak and hole (e.A"®)

2.428 and -3.091

2.056 and -2.891

0.600 and -2.450

Table 1
Crystal data and structure refinement for complex 1-4.

Compound 1 2 3 4

Emp. formula Cy4H15N305Re C14HoF3N305Re C14H;0BrFN3OsRe Ca4H,6BrFN3OgRe

CCDC Identifier 22358826 2293571 2431510 2431942

Form. weight (g.mol™) 488.48 542.44 585.36 727.51

Crystal system Monoclinic Triclinic Orthorhombic Monoclinic

Space group P2;/n P1 Pna2; P2;/c

Crystal color yellow yellow yellow yellow

Crystal morphology blocks blocks blocks blade

Crystal size (mm?) 0.34 x 0.27 x 0.20 0.32 x 0.28 x 0.21 0.25 x 0.11 x 0.08 0.25 x 0.21 x 0.12

n (mm™) 7.825 7.375 17.154 12.522

a (10\) 6.5633(2) 8.9752(3) 16.3136(5) 13.33910(10)

b (;\) 14.8535(3) 9.1776(3) 16.0966(5) 16.9480(2)

cA) 16.1194(5) 10.4824(3) 6.4648(2) 10.89850(10)

a(®) 90 101.067(3) 90 90.0

B 97.249(3) 100.738(3) 920 106.3000(2)

v () 90 91.326(3) 90 90.0

Volume (A%) 1558.48(8) 830.99(5) 1697.61(9) 2364.06(4)

Z 4 2 4 4

Peatc (g cm™®) 2.078 2.168 2.290 2.044

F(000) 924 512 1096 1392

0 range (°) 2.737-31.160 2.717- 31.007 5.423-72.100 3.453-78.902

Index ranges -8<h<7 -11<h<11 -20 <h <20 -16<h<16
-18<k <17 -11<k <11 -19<k <19 -16<k<21
-20<1<20 -13<1<13 -7<1<7 -13<1<13

Radiation MoK\a (A =0.71073) MoKa (A = 0.71073) CuKa (A = 1.54184) CuKa (A = 1.54184)

Independent reflections 19918 18828 53853 27399

Unique reflections 3190 3397 3269 4990

Rint 0.0435 0.0983 0.0451 0.0647

Completeness to theta (%) 26.32, 99.91 52.6, 83 135.4, 99.8 71.98, 99.94

Data/Restraints/Parameters 3190/0/210 3397/0/ 236 3269/1/231 4990/0/ 332

Goodness of fit on F2 1.080 1.042 1.033 1.109

Final R; indexes 0.0388 0.0316 0.0296 0.0308

WR; indices (all data) 0.0710 0.0751 0.0741 0.0854

1.321 and -1.590
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Fig. 1. Molecular representation of the crystal structures of complex 1, 2, 3, and 4. Thermal ellipsoids are plotted at 50 % probability. Hydrogen atoms of all
complexes except for those on the imine nitrogen are omitted for clarity. Complex 4 is crystallized with a water guest molecule.

stirring in 6 mL of methanol. A solution containing 3,5-dime-
thyl-1H-pyrazole (L1), 3-(trifluoromethyl)-5-methyl-1H-pyrazole (L2),
and 3,5-diphenyl-1H-pyrazole (L3) (73 mg, 0.486 mmol) in 2 mL of
methanol was gradually added to the stirring solution. This mixture was
allowed to stir at reflux temperature for 24 h. The resulting yellow so-
lutions were then left to crystallize over several days. After five days,
yellow crystals suitable for single-crystal X-ray diffraction were ob-
tained. The final products were recovered in high yield, varying from
180 to 195 mg, corresponding to 68-79 %. An illustration of the syn-
thetic route is given in Scheme 1.

2.2.1. Synthesis of fac-[Re(Pico)(CO)sL1], 1

'H NMR (400.13 MHz, CDCls) 5 (N-H) 11.30 (s, 1H), 8.91 (d, J = 4,
1H), 8.18 (m, 1H), 8.16 (d, J = 4, 1H) 7.59 (m, 1H), (-C=CH-) 5.78 (s,
1H), (-CH3) 2.20 (5, 6H). '3*C NMR (101 MHz, CDCl3) 8¢ (-CO (uricarbonyl))
207.4, (COester)) 173.6, (-C=N-) 152.8, 152.2, (-C-N-) 150.9, 142.9,
140.14, 128.3, 128.0, (-C=C-methine) 107.1, 104.1, (-C(methyn) 15.0, 11.4.
FT-IR v(CO, cm™): 2019, 1929, 1903, 1(-C=N-, cm™): 1550 . UV-Vis:
Amax = 312 nm, [0.0050] = 1995 M'L.cm™’. Yield: 190 mg, 79 %.

2.2.2. Synthesis of fac-[Re(Pico)(CO)sL2], 2
TH NMR (400 MHz, DMSO-dg) 6y (N-H) 13.28 (s, 1H), 8.82 (d, J = 4,
1H), 8.31 (t,J = 4, 1H), 8.09 (d, J = 8, 1H), 7.83 (t, J = 4, 1H), (-C=CH-)
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6.42 (s, 1H), (-CHs) 2.28 (s, 3H). '3C NMR (101 MHz, DMSO-dg) 8¢ (-CO
(tricarbonyD) 198.1, 194.8, (CO(esten)) 172.2, (-C=N-) 152.4, (-C-N-) 150.1,
141.7,141.0, 129.3, 127.0, (-C=C-methine) 102.6, (-C(methyn) 10.6. FT-IR
1(CO, em™): 2025, 1933, 1891, V(-C=N-, cm™}): 1600. UV-Vis: Amax =
292 nm, [0.0050] = 2150 Mt.cm™. Yield: 180 mg, 68 %.

2.2.3. Synthesis of fac-[Re(5-Br-3-F-Pico)(CO)sL1], 3

'H NMR (400 MHz, DMSO-dg) 8y (N-H) 12.79 (s, 1H), 9.05 (s, 1H),
8.61 (s, 1H), (-C=CH-) 6.31 (s, 1H), (-CHs) 3.24 (s, 3H), 3.18 (s, 3H). 13C
NMR (101 MHz, DMSO-ds) 8¢ (-CO (uicarbonyl)) 197.9, 197.8, 196.3,
(COtester)) 169.1, 168.4, (-C=N-) 158.7, (-C-N-) 152.5, 145.8, 143.7,
134.3, 134.1, 133.8, 124.8, 124.7, (-C=C-pehine) 107.1, 106.9,
(-Cmethyny) 14.4, 11.0. FT-IR »(CO, cm™): 2022, 1907, /(-C=N-, cm™):
1590. UV-Vis: Amax = 332 nm, [0.0050] = 2147 M*.cm™, Yield: 180 mg,
68 %.

2.2.4. Synthesis of fac-[Re(5-Br-3-F-Pico)(CO)sL3], 4

'H NMR (400 MHz, DMSO-dg) 54 8.78 (s, 1H), 8.72 (s, 1H), 8.69,
7.86 (d, J =8, 1H), 7.48 (t,J = 8, 1H), 7.36 (t, J = 8, 1H), (-C=CH-) 7.20
(s, 1H). '*C NMR (101 MHz, DMSO-dg) & (-CO (tricarbonyn)) 197.7, 194.4,
(CO(estery) 168.9, 164.2, (-C=N-) 158.9, (-C-N-) 149.8, 147.0, 137.6,
137.5, 134.2, 134.0, 132.1, 129.3, 124.0, (-C=C-methine) 100.3. FT-IR
»(CO, em™): 2031, 1912, U(-C=N-, cm™}): 1600. UV-Vis: Amax = 344
nm, [0.0025 M] = 1505 M*.cm™, Yield: 195 mg, 68 %.

2.3. Single-crystal X-ray crystallography

Single crystals of the complexes (1-4) were analyzed on a Rigaku
XtaLAB Synergy R diffractometer, with a rotating-anode X-ray source
and a HyPix CCD detector. Data reduction and absorption were carried
out using the CrysAlisPro (version 1.171.40.23a) software package [29].
All X-ray diffraction measurements were performed at 150.0(2) K, using
an Oxford Cryogenics Cryostat. All structures were solved by direct
methods with SHELXT-2016 [30] and refined using the SHELXL-2016
[31] programs. All H atoms were placed in geometrically idealized po-
sitions and constrained to ride on their parent atoms. The X-ray crys-
tallographic coordinates for all structures have been deposited at the
Cambridge Crystallographic Data Centre (CCDC), with deposition
numbers CSD 22358826, 2293571, 2431942, and 2431510. The data
can be obtained free of charge from the Cambridge Crystallographic
Data Centre via http://www.ccde.cam.ac.uk/data_request/cif. The
crystal data for 1-4 can be found in Table 1, while the molecular dia-
grams that illustrate the numbering scheme are presented in Fig. 1.

2.4. Biological studies

2.4.1. Cell culture

The MDA-MB-231 (triple-negative breast cancer), HeLa (HPV-18
cervical cancer), and MRC-5 (non-tumorigenic human fetal lung fibro-
blast) cells were grown in Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco®, Life Technologies, New York). The CaSki (HPV-16 cervical
cancer) and MCF-7 (estrogen receptor-positive breast cancer) cells were
grown in Roswell Park Memorial Institute medium (RPMI) (Gibco®, Life
Technologies, New York). The culture media were supplemented with
10 % Fetal Bovine Serum (FBS), 100 U/ml penicillin, and 100 pg/ml
streptomycin for all the cancer cell lines but the media for the MRC-5
cells was supplemented with 20 % FBS. All cells were cultured at 37°C
ina 5 % C0O2-95 % air-humidified incubator. Media was replaced every
2-3 days, and cells were routinely subjected to mycoplasma tests. Only
mycoplasma-free cells were used in experiments.

2.4.2. Cell treatments

The complexes were dissolved in dimethyl sulfoxide (DMSO) (Merck
48856212719) to achieve a final stock concentration of 5 mM, heated at
100°C for 2 min, and then stored at room temperature for a maximum of
5 days before use. The 5 mM stock solutions were further diluted using a
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cell culture medium to attain a final experimental concentration of 10
pM, and a vehicle control (DMSO) of the equivalent highest compound
concentration was prepared simultaneously. This concentration was
selected because it is used by the National Cancer Institute (NCI, USA) in
their initial screening of potential anticancer drug candidates [32].
Cisplatin (Pfizer Ltd, New York, USA) was included and used as the
positive control for MCF-7, MDA-MB-231, CaSki, and HeLa cells. To
establish the half maximal effective concentration (ECsg), the 5 mM
stock solutions were further diluted using cell culture medium to attain
final experimental concentrations (2, 4, 6, 8, and 10 pM for breast
cancers and MRC-5) and (10, 20, 30, 40 and 60 uM) for cervical cancers
and control (DMSO) of the same concentration was prepared
simultaneously.

2.4.3. Cytotoxicity assay

The effects of the experimental complexes (1 - 4) on the viability of
MDA-MB-231 and MCF-7 breast cancer cells, as well as the CaSki, and
HeLa cervical cancer cells, were assessed using the 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltrazolium bromide (MTT) assay (M21281G,
Sigma-Aldrich), following the manufacturer’s guidelines. Briefly, cells
were seeded in 96-well plates and treated with the compounds or vehicle
(DMSO) for 48 h, followed by the addition of 10 pL of the 5 mg/mL MTT
solution to each well and incubated for further 4 h at 37°C. The mean
cell viability was calculated as a percentage of the mean of the vehicle
control. The absorbance at 600 nm was measured using a GloMax Ex-
plorer Multimode Microplate Reader GM3500 (Promega). At least two
biological repeats in quadruplicate were performed from which the half
maximal effective concentration (ECsg) was determined using GraphPad
Prism v8.0.2 (GraphPad Software, California, USA). The selectivity
index (SI) was determined by dividing the ECs¢ of the non-tumorigenic
cell line (MRC-5) by the ECsq of the cancer cell line.

2.4.4. Apoptosis assay

Cells were treated for 48 h with 3 or cisplatin and then harvested by
trypsinization and analyzed using the FITC Annexin V/Dead Cell
Apoptosis kit (V13242; Thermo Fisher Scientific, Massachusetts, USA)
according to the manufacturer’s instructions. Briefly, treated cells were
collected, washed with 1x PBS, counted, diluted to 1 x 106 cells/mL in a
binding buffer and then stained for 15 mins with Annexin-V and pro-
pidium iodide (PI). A minimum of 2 x 104 cells/sample was analysed
using a Becton Dickinson FACS Calibur flow cytometer (Becton Dick-
inson, New Jersey, USA). Unstained cells were included as a negative
control and cells treated with 3 % formaldehyde (F8775, Sigma Aldrich,
Missouri, USA) for 30 mins on ice and stained with Annexin-V and PI as
positive controls to gate the flow cytometer for viable, early apoptotic,
late apoptotic, and necrotic cell populations. Data acquired were
analyzed using the FlowJo v10 software (Becton Dickinson, New Jersey,
USA).

2.4.5. Western blot assay

Total protein lysates were prepared as described previously [33] and
equal amounts of protein from each sample was separated using 8-15 %
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
The separated proteins were then transferred from the SDS-PAGE gels to
WesternBrightTM NC nitrocellulose membranes (#230109-93, Advan-
sta, USA). Following the blocking of membranes with 5 % skim milk or
BSA, the membranes were incubated overnight at 4 °C with either mouse
anti-p-actin (1:3000, sc-47778, Santa Cruz Biotechnology Inc, Texas,
USA), rabbit anti-cleaved caspase 7 (1:1000,#8438S), or rabbit
anti-PARP (1:1000, #9542S) all from Cell Signalling Technology.
Thereafter, the membranes were incubated for 2 h with 1:5000 of
horseradish peroxidase HRP-conjugated goat anti-rabbit IgG (H+L,
#1706515) or goat anti-mouse IgG (H+L, #1706516) both from
Bio-Rad, California, USA. To visualize the protein bands, SuperSignalTM
West Pico PLUS chemiluminescence substrate (#YD371123, Thermo
Scientific) and WesternBright TM ECM (#230719-95, Advansta, USA)
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Table 2
A summary of the spectroscopic data for complexes 1 - 4.
Complex  FT-IR vgo and Mmax e, 'HNMR 13C-NMR
veon (em™) (m)  em’)  Gywppm)  (Bcon; ppm)
1 vco = 2019, 312 1995 11.30 152.8
1929, 1903
vc_n = 1550
2 vco = 2025, 292 2150 13.28 152.4
1933,1891
VN = 1600
3 Vo = 2022, 332 2147  12.79 158.7
1907
V=N = 1590
4 Vo = 2031, 344 1505  Absent 158.9
1912
V=N = 1600

reagents were used, and visualization was done using the dark room or
the ChemiDoc TM MP Imaging system (Bio-Rad). p-actin was used as a
loading control and the band intensities were measured using the
ImageJ software. Densitometry was performed using the image analysis
software Fiji (Version 2.0.0-rc-68/1.52¢) and protein expression levels
were represented as a ratio of protein of interest/ p-actin and where
appropriate normalized to the control sample.

2.5. Results and discussion

2.5.1. Synthesis and characterization

This study presents the synthesis and spectroscopic characterization
of Re(l) tricarbonyl complexes (1-4). To obtain the intermediate product
fac—[Re(CO)g(HOCH3)3]+, the rhenium precursor fac-[NEts]a[Re
(CO)3(Br)s3] was dissolved in methanol, followed by the addition of three
equivalents of AgNOs3 to completely de-brominate the synthon in ex-
change with methanols and the nitrate counter-ion to balance the pre-
cursor charge. The coordination of the 2-picolinic acid bidentate ligand
and its counterpart, 5-bromo-3-fluoropyridine-2-carboxylic acid, pos-
sesses a notable electronic impact on the coordination sphere of the
metal core due to their anionic nature. This characteristic can signifi-
cantly affect the electronic and steric properties within the complexes.
Additionally, the exchange processes involving methanol and the pyr-
azole monodentate ligand systems taking part in the sixth position
(axial) of the metal complex result in interesting dynamics in coordi-
nation compounds, allowing for variations in stability and reactivity.
These interactions are crucial for understanding how changes in the
ligand environment can influence the overall behavior of the metal
complexes. The synthesized complexes yielded yellow precipitates in
fairly high yields, ranging from 68 % to 79 %. A summary of the spec-
troscopic data for these complexes is illustrated in Table 2.

2.5.2. FT-IR characterization

The carbonyl stretching frequencies of these Re(I) complexes
demonstrate significant similarities and align closely with other analo-
gous structures documented in the literature, with values ranging from
2031 to 1891 cm ! [34-36]. A trend in the frequencies of carbonyl
stretching is observed as follows: 4 (2031) > 2 (2025) > 3 (2022) > 1
(2019). This trend can be explained by the presence of
electron-withdrawing groups on the ligand backbone. These groups
decrease the electron density at the Re(I) center, which limits the
back-donation to the ©* orbitals of CO. As a result, the C=0 bonds
become stronger and require more energy to stretch. Notably, complexes
1 and 2 display three distinct carbonyl stretching bands, including one
that manifests as a shoulder peak, unlike complexes 3 and 4, which
reveal only two carbonyl stretching bands, which correspond to sym-
metric and asymmetric carbonyl stretching. In these complexes, the
displayed three distinct peaks are a clear indication of the fact that the
facial carbonyl ligands are arranged in different electronic environments
around the metal center, leading to loss of symmetry and resulting in
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individual FT-IR active stretching modes. Additionally, all the com-
plexes exhibit an FT-IR medium peak around 1600 em ™}, which is
typical for the imine functional group within the pyrazole moiety co-
ordinated in the sixth (axial) position of the metal center. All the FT-IR
stretchings are heavily influenced by the substituents in the ligand
backbone of both the monodentates and bidentate ligand systems [36].

2.5.3. UV-Vis characterization

The synthesized Re(I) tricarbonyl complexes described in this work
exhibit UV-Vis absorption characteristics consistent with a low-spin d®
configuration. Their lowest excited states are typically characterized by
metal-to-ligand charge transfer (MLCT), with maximum absorption
wavelengths (Amax) ranging from 292 to 344 nm. The calculated molar
absorptivity (¢) indicates that complexes 2 and 3 display stronger ab-
sorptions compared to complexes 1 and 4, with values of 2 150 and 2
147 M~L.em ™! for complexes 2 and 3, respectively, while complexes 1
and 4 show values of 1 995 and 1 505 M L.cm™! [35]. Furthermore, a
bathochromic shift is observed when transitioning from the complexes
of picolinic acid (1 and 2) to those of the substituted analog, 5-bromo-3--
fluoropyridine-2-carboxylic acid (3 and 4). The resulting red-shifted
absorption profiles are significantly impacted by the presence of the
electron-withdrawing substituents (bromine and fluorine) on the ligand
backbone [37].

2.5.4. NMR characterization

The 'H and '3C NMR analyses of the Re(I) tricarbonyl complexes
synthesized in this study were performed in deuterated chloroform and
dimethyl sulfoxide at 25°C, as outlined in the experimental procedure
section. The obtained NMR data indicate that the synthesized complexes
are consistent with the proposed structures. Notably, the NMR chemical
shifts of the coordinated ligands differ significantly from those of the
free ligands. In the >C NMR spectra of these complexes, the coordina-
tion of the carboxylate group of the picolinic acid ligand is evidenced by
the downfield shifts of its carbonyl signal. Specifically, there is a shift
from 167.5 ppm in its uncoordinated state to an average of 172.9 ppm
for complexes 1 and 2. An interesting anomaly is observed for complexes
3 and 4 with the ligand 5-bromo-3-fluoropyridine-2-carboxylic acid.
Their *3C spectra do not exhibit significant downfield shifts upon co-
ordination. The carbonyl resonances for these complexes appear at
169.1 and 168.9 ppm, respectively, which is near the chemical shift of
the ligand in its uncoordinated state at 167.5 ppm. Conversely, the
carbonyl groups in the fac-[Re(CO)3]" exhibit average chemical shifts of
around 200 ppm, which is typical for Re(I) tricarbonyl complexes. The
specific shifts are as follows: 207.4 ppm for complex 1; 198.1 and 194.8
ppm for complex 2; 197.9, 197.8, and 196.3 ppm for complex 3; and
197.7 and 194.4 ppm for complex 4. Focusing on the imine carbon
derived from the pyrazole moiety, the complexes exhibited resonances
at 152.8, 152.4, 158.7, and 158.9 ppm for complexes 1 through 4,
respectively. Notably, the N-H proton resonance of complex 4 was ab-
sent in the 'H NMR spectrum, likely due to rapid proton exchange with
the solvent (DMSO-dg) [48]. In contrast, the N-H proton peaks for
complexes 1, 2, and 3 were reported at 11.30, 13.28, and 12.79 ppm,
respectively.

2.5.5. X-ray crystallography

The crystals for the molecular structures discussed in this study,
identified as 1, 2, 3, and 4, were obtained through the slow evaporation
of the solvent, as outlined in the synthetic procedure.

The molecular structures of the metal complexes feature the fac-[Re
(D(CO)3]* moiety, in conjunction with an anionic picolinic acid
bidentate ligand and its substituted analog, both coordinated in the
equatorial plane. Furthermore, neutral monodentate ligands such as 3,5-
dimethyl-1H-pyrazole (L1), 3,5-diphenyl-1H-pyrazole (L2), and 3-(tri-
fluoromethyl)-5-methyl-1H-pyrazole (L3) occupy the sixth coordination
site in the axial position. The coordination geometry surrounding the
rhenium(I) metal center displays distortion, as evidenced by the O4-Rel-
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Table 3
Selected bond lengths and angles for complex 1-4.

Bond distances (A)

Complex 1 2 3 4

Rel-C1 1.927(5) 1.903(6) 1.912(7) 1.913(4)
Rel-C2 1.929(5) 1.925(5) 1.910(7) 1.917(4)
Rel-C3 1.919(6) 1.899(5) 1.922(6) 1.938(4)
Rel-N1 2.192(4) 2.183(4) 2.214(5) 2.187(3)
Rel-N2 2.197(4) 2.221(5) 2.203(5) 2.214(2)
Rel-04 2.138(4) 2.131(3) 2.125(5) 2.146(4)

Bond angles (°)

N1-Rel-04 75.40(14) 75.59(14) 75.14(19) 74.74(11)
C1-Rel-N2 175.15(18) 176.44(17) 176.10(3) 172.77(14)
Table 4

Summary of percentage viability 48 h post-treatment with 10 uM of complex 1,
2, 3, and 4 in various cancer cell lines.

Cell lines Cervical Cancer Breast Cancer

Compounds Hela CaSki MCF-7 MDA-MB-231
Vehicle 100.00+4.60 100.00+2.90 100.00+3.04 100.00+6.18
1 90.02+5.31 93.06+0.88 98.30+3,63 100.81+6.10
2 R R _ .

3 61.38+9.55 52.00+2.78 96.78+5.55 30.50+4.72
4 97.68+7.99 85.79+6.17 94.17+5.28 97.87+2.42
Cisplatin 91.28+6.86 30.07+2.11 33.35+5.06 27.70+2.71

NB: Dashes (-) indicate that the complex was not screened against the selected
cancer cell lines.
*vehicle = dimethyl sulfoxide (DMSO).

N1 bite angles measuring 75.40(14)° for complex 1, 75.59(14)° for
complex 2, 75.14(19)° for complex 3 and 74.74(11)° for complex 4. The
Re-CO bond distances, approximately 1.90 A, are consistent across all
complexes, indicating their facial coordination with the metal ion.
Additionally, the Rel-N bond distances are around 2.19 A, slightly
longer than the Rel-O bond distances of approximately 2.13 A. This
variation can be attributed to the differing donating abilities of nitrogen
and oxygen toward the rhenium metal ion. One would expect the Rel-
N1 and Rel-O4 bond distances in complexes 3 (2.214(5)and 2.125(5))
and 4 (2.187(3) and 2.146(4)) to be slightly longer than those in com-
plexes 1 (2.192(4) and 2.138(4)) and 2 (2.183(4) and 2.131(3)). This
expectation arises from the presence of the electron-withdrawing bro-
mide and fluoride groups on the ligand backbone of the former com-
plexes, compared to the latter. However, we do not observe this trend,
possibly because the withdrawing effect is not significant. The observed
bond distances and bite angles are in good agreement with previously
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reported structures in the literature [38-44]. Complexes 1 and 4 crys-
tallized in the monoclinic crystal system (P2;/n and P2;/c respectively),
while complex 2 crystallized in the triclinic P1 space group, and complex
3 crystallized in the orthorhombic space group Pna2;. The molecular
arrangements in the unit cells for complexes 1 and 2 exhibit tail-to-tail
and head-to-tail configurations, respectively, whereas complexes 3 and
4 display a mixed packing of head-to-head and tail-to-tail arrangements.
All complexes are linked by intermolecular hydrogen bonds to stabilize
themselves (see Table SI 1-4 and Figure SI 1). The selected bond dis-
tances and angles are presented in Table 3.

2.5.6. Biological evaluation

Three of the four complexes underwent in vitro anticancer screening
against CaSki, HeLa cervical, MDA-MB-231, and MCF-7 breast cancer
cell lines. Complex 2 was excluded from screening due to solubility is-
sues in various solvents. Despite the highly asymmetric (triclinic space
group) nature of 2, when compared to others, and the induced high
polarity by fluorine atoms in the pyrazolyl moiety, 2 was found to
precipitate in DMSO over time. The cells were treated for 48 h with
either the vehicle (DMSO) or 10 uM of complexes 1, 3, and 4, followed
by MTT assays. Cisplatin was used as a reference drug in these evalua-
tions, as it is a well-known chemotherapeutic agent for the treatment of
these cancer types. Table 4 and Fig. 2 present the percentage cell
viability of the screened complexes alongside the reference standards.
Notably, complex 3 exhibited promising activity against the MDA-MB-
231, Hela, and CaSki cancer cell lines, showing cell viability percent-
ages of 30.5 £+ 4.72 %, 61.3 £ 9.55 %, and 52.0 + 2.78 %, respectively.
In contrast, complexes 1 and 4 were deemed inactive, with cell viability
percentages exceeding 80 %.

Understanding the relationship between molecular structure and
biological activity is essential for the rational design of effective metal-
based therapeutics. In this study, we investigated the cytotoxic proper-
ties of a series of rhenium(l) tricarbonyl complexes, each bearing
structurally varied ligands, to identify preliminary structure-activity
trends. Although the scope of this investigation is constrained, notable
correlations between ligand structure and antiproliferative activity are
observed, offering early insights into the design principles that may
underpin the biological efficacy of this class of compounds. Based on the
observed preliminary in vitro results, the potency of the synthesized
complexes increases from 2-picolinic acid (complex 1 with % cell
viability = 90.02, 93.06, 98.30, and 100.81 against HeLa, CaSki, MCF-7,
and MDA-MB-231) to the 5-bromo-3-fluoropyridine-2-carboxylic acid
bidentate ligand system (complex 3 with % cell viability = 61.38, 52.00,
96.78, and 30.50 against HeLa, CaSki, MCF-7, and MDA-MB-231) while
keeping the monodentate ligand constant (3,5-dimethyl-1H-pyrazole).
The observed preliminary results suggest that the inclusion of these
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Fig. 2. Single-dose treatments of breast, and cervical cancer cell lines with 1, 3, and 4 complexes. (A) HeLa, (B) CaSki cervical cancer, and (C) MCF-7, MDA-MB-231
breast cancer cell lines were treated with vehicle (DMSO) or 10 pM of 1, 3, and 4 for 48 h followed by MTT cell viability assay. Graphs represent the mean cell
viability + SD of three independent experiments performed in quadruplicate. Data were analyzed using the parametric unpaired t-test by GraphPad Prism 8.0

software where *p < 0.05, **p < 0.01, ***0.001, and ****0.0001.
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Table 5

ECso values (pM) and selectivity indices (SI) of complex 3 in various cancer cell

lines [45,46].
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electron-withdrawing groups enhances the electrophilicity of the metal

center or changes the overall electronic surroundings, possibly leading

to stronger interactions with biological targets or affecting cellular up-

Compounds  Cell lines take. This pattern indicates that adjusting the electronic properties of
Hela Caski MDAMB231 MRC.5 ligands can 1nﬂ}1er.1c.e biological activity and serves as a valuable
approach for optimizing compounds further.
ECso St ECso St ECso St However, the modification of the monodentate ligand from 3,5-
3 45.60 0.31  19.87 071 600+ 236 1415 dimethyl-1H-pyrazole (complex 3) to 3,5-diphenyl-1H-pyrazole (com-
Cisolati 2606‘;9 o1 1i7°£1 - (1)3128 ol fs"azi’ plex 4 with % cell viability = 97.68, 85.79, 94.17, and 97.87 against
i1splatin A . B . . . . . . P
P o4 HeLa, CaSki, MCF-7, and MDA-MB-231), while retaining the same
bidentate ligand system (5-bromo-3-fluoropyridine-2-carboxylic acid),
resulted in a significant decrease in cytotoxic activity. This decline could
be attributed to the nucleophilic phenyl groups, which may impede
cellular uptake or alter binding affinity to biological targets. These
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Fig. 3. (A) Annexin V-FITC/PI flow cytometry analysis of cells treated for 48 h with compound 3 or cisplatin (CDDP). Lower left-hand quadrant: viable cells; lower
right-hand + upper right-hand quadrants: early and late apoptotic cells, respectively; upper left-hand quadrant: necrotic cells. (B) Western blot analysis of markers of
apoptosis (cleaved caspase-7 and cleaved PARP) in cells treated as indicated. Graphs represent the mean cell viability + SD of two independent experiments per-
formed in quadruplicate. Data were analyzed using the parametric unpaired t-test by GraphPad Prism 8.0 software, where *p < 0.05, **p < 0.01, *** p < 0.001,
and ****0.0001.
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findings underscore the critical interplay between electronic and steric
properties in modulating the biological efficacy of metal complexes.
Furthermore, they provide a foundational framework for future design
strategies aimed at optimizing anticancer potency.

Based on these results, only complex 3 was selected for further
analysis to determine its half-maximal effective concentrations (ECsg)
against the MDA-MB-231, HeLa, and CaSki cancer cell lines. See Table 5
for the percentage cell viability of these complexes.

To predict the selectivity potential of complex 3 the non-malignant
MRC-5 cells were included in these experiments, and the selectivity
indices (SI) for complex 3 in each cancer cell line were determined by
dividing the ECsg for the MRC-5 cells by the ECsq values of the cancer
cell line (see Table 5). The results showed that complex 3 exhibited an
ECs value of 14.15 + 0.23 uM in MRC-5 cells and ECsg values of 45.60
+ 0.09 (SI = 0.31), 19.87 + 0.21 (SI = 0.71), and 6.00 + 0.15 (SI =
2.36) against HeLa, CaSki and MDA-MB-231 cells respectively. The
observed ECs values indicate that complex 3 is a promising therapeutic
candidate when compared to the standard treatment, cisplatin. More-
over, the SI values obtained suggest that complex 3 is moderately se-
lective (2 < SI < 5) towards MDA-MB-231 cancer cells while showing no
selectivity (SI < 2) towards HeLa and CaSki cancer cells. The findings of
this study further reinforce the conclusions of prior publications that
emphasize the potential of rhenium complexes as promising anticancer
agents. Notably, Moherane and co-workers (2022) reported a significant
cytotoxic effect exhibited by certain rhenium-based complexes against
MCF-7 cells (ICsp = 5.74 £ 2.5) and MDA-MB-231 cells (ICso = 10.92 +
2.3) [36,37,47]. A graphical representation of the ECsg of complex 3 can
be found in Figure SI 5, while Table 5 shows the ECsg values (uM) and
selectivity indices (SI).

2.5.7. Apoptosis and Western blot assays

To explore whether complex 3 induced apoptosis in the HeLa and
CaSki cervical cancer cells and the MDA-MB-231 triple-negative breast
cancer cells, annexin V-FITC/PI and flow cytometry analysis were per-
formed. Fig. 3A shows that at both concentrations, complex 3 increased
total apoptosis in all the cell lines tested. Furthermore, compared to the
ICsp of the control drug cisplatin, the ICso of 3 was more effective in
inducing apoptosis in MDA-MB-231 cells, but less effective in inducing
apoptosis in cervical cancer cell lines.

Western blotting with antibodies to key apoptotic markers confirmed
that 3 induced apoptosis in the cervical cancer and breast cancer cell
lines tested. Indeed, when the cells were treated with 3 there was an
increase in the levels of cleaved caspase 7, the primary executioner
caspase responsible for carrying out apoptosis, and cleaved PARP (see
Fig. 3B).

2.6. Conclusion

Four pyrazole-based rhenium(I) tricarbonyl complexes were suc-
cessfully synthesized with high yield and purity. These complexes un-
derwent characterization using various spectroscopic techniques,
including FT-IR, NMR (*H and 13C), and UV-Vis spectroscopy, and four
molecular crystal structures were determined using single-crystal X-ray
diffraction. The successful acquisition of these molecular crystal struc-
tures indicates that the “2+1” synthesis method employed in this study
is reliable. A preliminary anticancer screening was conducted at a con-
centration of 10 uM for complexes 1, 3, and 4 on several selected cancer
cell lines, revealing that only complex 3 warranted further evaluation,
specifically for determining the half-maximal effective concentration.
The % cell viability of complexes 1 and 4 was found to be above 80 %
against all the selected cancer cell lines, whereas complex 3 exhibited a
% cell viability of 61.38+9.55 against HeLa, 52.00+2.78 against CaSki,
96.78+5.55 against MCF-7, and 30.50+4.72 against MDA-MB-231. The
ECs( values obtained for complex 3 (EC5p = 45.60 + 0.09, 19.87 + 0.21,
and 6.00 + 0.15 against HeLa, CaSki, and MDA-MB-231 respectively)
demonstrate its potential as a promising anticancer candidate when
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compared to the standard treatment, cisplatin. Furthermore, apoptosis
and Western blot assays demonstrate that compound complex 3 effec-
tively induces apoptosis in cervical cancer (HeLa and CaSki) and triple-
negative breast cancer (MDA-MB-231) cell lines. This is evidenced by
annexin V-FITC/PI staining and increased levels of cleaved caspase 7
and PARP. Although complex 3 was more potent than cisplatin in pro-
moting apoptosis in MDA-MB-231 cells, it was less effective in the cer-
vical cancer lines, suggesting cell-type-specific differences in sensitivity.
Overall, complex 3 exhibits promising pro-apoptotic activity and po-
tential as an anti-cancer agent, particularly in triple-negative breast
cancer.
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