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High-Grade Serous Ovarian Cancer (HGSOC) is the most common and lethal subtype of ovarian cancer,

known for its high aggressiveness and extensive genomic alterations. Typically diagnosed at an advanced

stage, HGSOC presents formidable challenges in drug therapy. The limited efficacy of standard treat-

ments, development of chemoresistance, scarcity of targeted therapies, and significant tumor heterogen-

eity render this disease incurable with current treatment options, highlighting the urgent need for novel

therapeutic approaches to improve patient outcomes. In this study we report a straightforward and

stereoselective synthetic route to novel Pd(II)-vinyl and -butadienyl complexes bearing a wide range of

monodentate and bidentate ligands. Most of the synthesized complexes exhibited good to excellent

in vitro anticancer activity against ovarian cancer cells. Particularly promising is the water-soluble complex

bearing two PTA (1,3,5-triaza-7-phosphaadamantane) ligands and the Pd(II)-butadienyl fragment. This

compound combines excellent cytotoxicity towards cancer cells with substantial inactivity towards non-

cancerous ones. This derivative was selected for further studies on ex vivo tumor organoids and in vivo

mouse models, which demonstrate its remarkable efficacy with surprisingly low collateral toxicity even at

high dosages. Moreover, this class of compounds appears to operate through a ferroptotic mechanism,

thus representing the first such example for an organopalladium compound.

Introduction

Ovarian cancer (OC), especially its most common and aggres-
sive histotype, high-grade serous ovarian cancer (HGSOC),
exhibits molecular diversity and complex clinical profiles.1

Genomic features include prevalent TP53 mutations, homolo-
gous recombination repair defects, and widespread copy-
number variations. About 25% of HGSOC cases have altera-
tions in breast cancer (BRCA) genes and disruptions in tumor
suppressor and cell-cycle-regulating genes.2

This heterogeneity contributes to the non-curative nature of
the disease and the challenges in formulating an effective
therapeutic plan. Significant advances in therapy have been
made in the past years, particularly with molecular targeted
drugs such as the anti-VEGF antibody bevacizumab (VEGF =
Vascular Endothelial Growth Factor) and PARP inhibitors
(PARP = Poly ADP Ribose Polymerase) like olaparib, rucaparib,
and niraparib.3 However, given the rarity of mismatch repair-
deficient Epithelial Ovarian Cancer (EOC) and the limited
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efficacy demonstrated by immunotherapies, with a low
response rate in OC, the development of new targeted drugs
and biomarkers remains critical.4 In fact, the primary treat-
ment for HGSOC patients is still surgery and platinum-based
chemotherapy, but there is a high relapse rate of 70–80% and
growing treatment resistance.4,5 Given HGSOC’s genetic varia-
bility, a multitarget approach could be more effective. The
therapeutic landscape for OC is evolving with the emergence
of antibody–drug conjugates (ADCs) such as raludotatug der-
uxtecan, an ADC consisting of a humanized IgG1 antibody
against cadherin 6 (CDH6), is currently in a Phase 1 trial for
OC therapy6 and mirvetuximab soravtansine, which targets
FRα (FRα = Folate Receptor α) showing efficacy and safety in
the MIRASOL trial.7 Trastuzumab deruxtecan has also demon-
strated significant results in HER2-positive solid tumors
(HER2 = human epidermal growth factor receptor 2).8 These
ADCs deliver potent cytotoxic agents directly to cancer cells,
optimizing efficacy and minimizing side effects,9 suggesting
that potent multitarget agents could be an effective strategy in
OC therapy. The efficacy of treatments is often hindered by
mutations in cancer cells that activate compensatory pathways,
contributing to the high mortality rate from drug resistance,
which is implicated in up to 90% of cancer-related deaths.10,11

Chemo-resistant cancer cells often result from enhanced DNA
repair mechanisms or dysfunctional apoptosis pathways.12

Therefore, strategies that bypass the resistance to cell death,
like ferroptosis, can be highly effective in treating HGSOC,
which lacks specific targets and shows significant genetic
variability and high recurrence rates.

The recognition of regulated cell death (RCD) in the 1960s
opened the door to the concept of modulating cell death pro-
cesses.13 For many years, the induction of caspase-dependent
apoptosis represented the cornerstone of anti-cancer thera-
pies.14 As research has advanced, it is now well-established
that cancer cells may become resistant to apoptosis, prompt-
ing a shift in research to other types of RCD mechanisms.15

Current strategies in cancer treatments are evolving to address
these resistances by harnessing non-apoptotic pathways to
eliminate cancer cells more effectively.

Among the few non-apoptotic mechanisms, particularly
interesting is ferroptosis. Cells undergoing this process display
unique features such as increased mitochondrial membrane
density and reduced mitochondrial volume.16,17 Importantly,
some drug candidates operating via this mechanism have
proven effective against several apoptosis-resistant cancer
cells.18 Hence, the advent of ferroptosis paves the way for a
novel research direction in the pursuit of potent cancer
therapies.

However, most potential anticancer agents that act accord-
ing to this mechanism are purely organic molecules.16,17 Far
fewer contributions are present in the literature regarding
organometallic compounds inducing ferroptosis,16a with only
one example (an iridium complex) concerning OC and limited
to in vitro studies on A2780 cells (cisplatin-sensitive).19

It is well-established that organometallic anticancer drugs
possess some distinct advantages compared to purely organic

counterparts, primarily due to their unique chemical pro-
perties that enable precise targeting of cancer cells while mini-
mizing damage to healthy tissues.20 Indeed, their metal-con-
taining cores offer diverse coordination geometries, facilitating
interactions with specific cellular targets and overcoming resis-
tance mechanisms. Moreover, organometallic compounds
often exhibit enhanced stability and tunable reactivity, allow-
ing for tailored optimization of therapeutic efficacy and
reduced side effects.20

Some recent classes of organometallic compounds that
have provided encouraging in vitro results towards OC cells
contain palladium as the metal center.21 It has to be noted
that palladium complexes are considerably less explored as
potential antitumor agents compared to platinum, ruthenium,
and gold complexes, which have passed or are still involved in
clinical trials for cancer therapy.22 The main reason for this
lies in the high reactivity of palladium complexes in biological
media, which significantly increases the speciation and tox-
icity of this metal.23 However, it is possible to substantially
mitigate this issue by employing ligands strongly anchored to
the metal center, which suppress the hydrolysis of the
complex, allowing it to reach the biotarget.24 In this context,
the best option is usually the utilization of at least one metal–
carbon bond (organometallic fragment), which provides the
complex with high stability in solution, even under physiologi-
cal conditions.25,26

Since the pioneering studies conducted by Köpf and Köpf-
Maier in the early 1980s on the promising antitumor activity of
metallocene complexes,27 many research groups have focused
on the synthesis and the study of therapeutic effects of com-
pounds bearing a wide range of organometallic fragments.
The nature of the organometallic portion highly influences the
hydrophilicity/hydrophobicity of the complexes, with a pro-
found impact on the main cellular target and cellular
uptake.28 Furthermore, given that most metallodrugs are pro-
drugs, the organometallic fragment as well as the metal center
are crucial for modulating the reactivity of the complex
towards nucleophiles or reducing agents present in the bio-
logical environment.29 These processes may involve the other
ligands present in the coordination sphere of the metal (e.g.
ligand substitution) as well as the organometallic fragment
(e.g. attack on coordinated ligand, insertion or ligand
substitution).

Among the numerous scenarios involving organometallic
compounds with potential biological activity, summarized in a
recent review by Sadler and co-workers (Scheme 1),30 the
metal-vinyl and metal-butadienyl complexes are almost
unexplored.

In this context, we now report the synthesis of novel Pd(II)-
vinyl and Pd(II)-butadienyl complexes and an in-depth study of
their in vitro, ex vivo and in vivo antitumor activity on HGSOC
models as well as some hypothesis about their mechanism of
action, which seems to involve an unprecedent ferroptotic
pathway, thus marking a significant step forward in targeted
OC therapy. As mentioned above, the ferroptosis mechanism
has been observed only in a very limited number of organo-
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metallic compounds with potential anticancer activity16a and,
to the best of our knowledge, there are no examples of organo-
palladium compounds that act through this mode of action.
These latter usually target DNA, interacting with it through
either covalent or non-covalent bonds,31 or induce the death of
tumor cells through an apoptotic process involving an early
mitochondrial damage, often resulting from the inhibition of
key proteins such as thioredoxin reductase (TrxR).32

Results and discussion
Synthesis of Pd(II)-vinyl and -butadienyl complexes bearing
N–N, P–P and C–C bidentate ancillary ligands

Since Pd(II)-vinyl and Pd(II)-butadienyl complexes play a crucial
role as intermediates in numerous cross-coupling, oligomeri-
zation, and polymerization processes of alkynes,33 some pre-
vious studies have highlighted that such organometallic species
can be isolated through oxidative addition of Pd(0) complexes,34

addition of halogens/organohalides on palladacyclopentadienyl
complexes,35 or by insertion of an alkyne into a Pd–C bond.36

We believe that this latter synthetic strategy, which appears
to involve the formation of a Pd(II)-η2-alkyne intermediate,37–39

is most suitable for the purposes of this work. This route
involves a stereoselective insertion of an electron-deficient
alkyne such as dimethyl-2-butynoate (DMAD) onto a Pd–
methyl bond. Interestingly, in a previous work published by
our group, we found that a particular N–S bidentate ligand,
namely 2-methyl-6-(phenylthiomethyl)pyridine, allows to sur-
prisingly control the number of alkyne molecules involved in
the insertion (Scheme 2).36

Conversely, the use of P–P and N–N bidentate ligands leads
to mixtures of mono- and poly-insertion products or hinders

the reaction from proceeding beyond the mono-insertion
product, respectively.40–44

The 2-methyl-6-(phenylthiomethyl)pyridine ligand, in
addition to facilitating and making the alkyne insertion
process controllable, has also another indisputable advantage.
In fact, due to the distorting effect of the methyl substituent
on the chelate ring, this pyridylthioether ligand can be effort-
lessly replaced by other ligands.45 With this approach, we have
an easy access to numerous palladium vinyl and butadienyl
complexes which cannot be obtained by direct insertion.

With this valuable information in hand, we have success-
fully reacted the Pd(II)-vinyl and -butadienyl precursors 1a–b
with one equivalent of three different bidentate ligands (1,10-
phenanthroline, neocuproine and dppp = 1,3-bis(diphenylpho-
sphino)propane), and the corresponding complexes 2a–b, 3a–b
and 4a–b were obtained in high yields and purity (Scheme 3).
With a similar procedure, the dppe (dppe = 1,2-bis (diphenyl-
phosphino)ethane) derivatives 5a–b were previously synthesi-

Scheme 1 Overview of organometallic fragments with promising bio-
logical activity.

Scheme 2 (A) General mechanism of formation of Pd(II)-vinyl com-
plexes via insertion; (B) 2-methyl-6-(phenylthiomethyl)pyridine enable
the controlled mono- and bis-insertion.

Scheme 3 Synthetic procedure leading to Pd-vinyl and -butadienyl
complexes bearing N–N (2a–b and 3a–b) and P–P bidentate ligands
(4a–b and 5a–b).
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zed.36a Notably, complex 3a was previously synthesized with a
different procedure.36b All reactions reported in Scheme 3
proceed at room temperature within 30 minutes, with the only
exception of complex 3b which requires about 6 days to com-
plete the replacement of the pyridylthioether ligand with neo-
cuproine. This is most likely due to the simultaneous presence
of the methyl groups in the ancillary ligand and to the higher
steric demand of the butadienyl moiety compared to the vinyl
one.

The products were exhaustively characterized by NMR, IR,
elemental analysis and, in some cases, by single crystal X-ray
diffraction (see Crystal structure determination section). In the
1H NMR and 13C NMR spectra of complexes 2a–b and 3a–b,
the signals of coordinated 1,10-phenanthroline or neocuproine
usually appear at higher chemical shifts with respect to those
of the free ligand. On the other hand, the coordination of the
vinyl or butadienyl moieties is evidenced by the presence in
the 1H NMR spectra of the terminal methyl protons signal
(2.1–2.6 ppm) and those ascribable to the ester protons OCH3

(3.2–3.9 ppm). Moreover, in the 13C NMR spectra the organo-
palladium fragment shows the following diagnostic signals:
carbonyl carbons (161–174 ppm), vinyl carbons
(127–168 ppm), ester carbons OCH3 (51–52 ppm) and the term-
inal methyl carbon (19–22 ppm).

In the case of the diphosphine complexes 4a–b and 5a–b,
the 31P NMR spectra confirm the coordination of dppp and
dppe. More in detail, it is possible to observe the presence of
two doublets (−6 and 11–15 ppm with JP–P = 41–46 Hz for 4a–
b; 53–56 and 40–45 ppm with JP–P = 19–24 Hz for 5a–b), signifi-
cantly downshifted compared to uncoordinated dppp and
dppe ligands. Similarly to the complexes bearing N–N bidentate
ligands, all vinyl and butadienyl signals as well as the alkyl/aryl
signals of the diphosphine ligand are present and assigned in
the 1H and 13C NMR spectra. Particularly diagnostic is the
signal ascribable to the vinyl carbon directly bound to palla-
dium which resonates as a doublet at ca. 170 ppm ( JC–P ≈ 120
Hz). Finally, in the IR spectra the stretching bands of the carbo-
nyl groups at 1700 cm−1 are particularly worthy of mention.

The last class of bidentate ligands that we have considered
in this work is that of diNHCs (NHCs = N-heterocyclic car-
benes). Such ligands are strong σ-donors and generally
efficiently stabilize late transition metal complexes.46 However,
it must be remembered that, in some cases, their high trans-
labilizing effect tends to labilize the fragment trans to the
carbene carbon. It is therefore always necessary to modulate
the steric and electronic characteristics of both the diNHC
ligand and the other coordinated fragments to ensure the
obtainment of the species of interest in a pure form and with
sufficient stability. With these premises we carried out the
reaction between the precursors 1a–b and the silver complex 6,
which is equipped with a methylene bridge and benzyl wingtip
substituents (Scheme 4).

Although the transmetallation reaction took place in both
cases, it was possible to isolate in a pure form and in good
yield only the butadienyl derivative 7b. The reduced steric hin-
drance of the vinyl unit compared to the butadienyl one com-

promises the stability of 7a, generating a mixture of by-pro-
ducts that are difficult to identify and increase in percentage
over time. The 1H NMR spectrum of 7b presents, in addition
to the typical signals of the butadienyl fragment, all those
attributable to the dicarbene ligand. In particular, the methyl-
ene protons NCH2Ph and NCH2N resonate as AB systems
between 4.7 and 6.3 ppm, due to the blocked rotation about
the NCH2–Ph bonds and the blocked conformational move-
ment of the chelate ring, respectively. In the 13C NMR spec-
trum, the signals of the three methylene carbons (54–64 ppm)
and those of the two carbene carbons (166 and 175 ppm)
deserve to be highlighted.

Synthesis of Pd(II)-vinyl and -butadienyl complexes bearing
monodentate ancillary ligands

The lability of 2-methyl-6-(phenylthiomethyl)pyridine also
enables the introduction of two monodentate ligands into the
coordination sphere of palladium. Therefore, by adding 2
equivalents of PPh3, PTA (PTA = 1,3,5-triaza-7-phosphaada-
mantane) or AsPh3 to the palladium precursors 1a–b it is poss-
ible to selectively obtain the complexes 8a–b, 9a–b and 10a–b
in high yields (Scheme 5).

Scheme 4 Synthetic procedure leading to Pd-vinyl and -butadienyl
complexes bearing chelating diNHC ligands (7a–b and 3a–b).

Scheme 5 Synthetic procedure leading to Pd-vinyl and -butadienyl
complexes bearing two monodentate ancillary ligands (8a–b, 9a–b and
10a–b).
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The formation of the trans isomers (thermodynamic pro-
ducts) is confirmed by the presence in the 31P NMR spectra of
8a–b and 9a–b of one singlet significantly downshifted with
respect to the uncoordinated phosphine (Δδ ≈ 30–40 ppm).
Consistently, in the 1H and 13C NMR spectra it is possible to
identify a single set of aryl signals for complexes 8a–b/10a–b
and, as regards the PTA derivatives 9a–b, a single signal
attributable to the protons and methylene carbons (NCH2P
and NCH2N). In particular, the NCH2P and NCH2N protons
resonate as tight multiplets at 4.3 and 4.5 ppm, respectively,
whereas the corresponding carbons are located at ca. 50 and
70 ppm. Finally, the vinyl carbon signal directly bound to pal-
ladium appears as a triplet at 157–170 ppm ( JC–P ≈ 10 Hz),
owing to the coupling with the two magnetically equivalent
phosphorus nuclei in the complexes 9a–b.

The choice of PTA is mainly due to the high solubility in
water of this particular phosphine and its transition metal
complexes.47 This feature, together with the stability of PTA to
oxidation, is the reason for its success in the development
of new generations of metal-based anticancer agents.48

Furthermore, since PTA is a less encumbered phosphine than
the classical triphenylphosphine (cone angles = 102° and 145°,
respectively), its derivatives 9a–b might be significantly
different from a steric point of view compared to their tri-
phenylphosphine congeners 8a–b. On the contrary, the elec-
tronic characteristics of these two phosphines are known to be
similar.

Interestingly, any attempt to introduce two monodentate
NHC ligands resulted in mixtures of unidentified products
and significant decomposition to metallic palladium,
suggesting poor stability of the desired complexes. Two
examples of such reactions are reported in Scheme 6.

For completeness, we conducted a classical study of organo-
metallic reactivity involving Pd(II)-vinyl complexes and
[(PhCuC)Sn(n-Bu)3]. This study dealing with the vinyl frag-
ment extrusion, which is reported in detail in the ESI,†
allowed the isolation of an unprecedented palladium complex
containing both Pd(II)-vinyl and Pd(II)-phenylacetylide frag-
ments. Complex 13, owing to its unique structure and high
stability in solution, was subsequently considered for biologi-
cal tests (Scheme 7).

Stability of Pd(II)-vinyl and -butadienyl complexes

Before carrying out the biological tests, we have monitored the
stability of the synthesized complexes in a 1 : 1 D2O/DMSO-d6

solution by NMR spectroscopy. After 48 hours no significant
changes of the spectra are detectable, indicating that the com-
plexes retain their structural integrity. Taking advantage of the
solubility in water of PTA derivatives, we have additionally
monitored the stability of complex 9b in a 1 : 1 culture
medium/D2O solution by 31P NMR (Fig. S1 in ESI†). The
complex was stable even under these conditions, without
releasing the chloride ligand and/or the other fragments
bound to palladium.

Crystal structure determination

2a, 2b, 3b, 5a and 13 crystalline forms bear one crystallogra-
phically independent palladium complex each (Fig. 1). All the
molecules are neutral and the corresponding palladium
centers show square planar coordination spheres, with geome-
tries in agreement with previously published data (Tables
S2–7†). Significant longer bond lengths can be clearly high-
lighted replacing the phenanthroline based ligands with a
bidentate phosphine. Monodentate PTA moieties in 13 allow P
ligands to adopt a trans configuration and relaxed Pd angles
with neighbour ligands (i.e. closer to “ideal value” of 90°).
1,10-Phenantroline based complexes (2a, 2b, 3b) show per-
fectly superimposable Pd coordination spheres in 2a and 2b
and a notable ligand planarity distortion in 3b, due to steric
hindrance introduced by methyl groups. This effect allows also
a deep conformational rearrangement of butadiene ligand
which can form an intramolecular stacking interaction with
the dimethyl-phenanthroline (the average angle between the
phenanthroline and the peripheric olefine mean planes is
∼22° in 3b, while it’s ∼72° in 2b). Equivalent methyl maleate
dimethyl ester conformation is present in complexes 2a, 13
and 5a (R.M.S.D. ∼1.1 Å, mostly due to –COOCH3 rotations)
with an average angle between the phenanthroline and the
olefin mean planes of ∼85°.

Crystal packing show hydrophobic contacts among neigh-
bour molecules, involving intermolecular π⋯π stacking among
phenanthroline moieties and CH⋯π interactions, involving
peripheral methoxy groups. Solvent molecules (chloroform)
have been found in the crystal packing of 2a, 13 and 5a and
they are bound to ligand heteroatoms through polar contacts
(with shortest dCH⋯O = 3.204(2) Å in 2a, dCH⋯N = 3.189(3) Å in
13, dCH⋯O = 3.180(3) Å in 5a).

Scheme 6 Reaction between 1a–b and 2 equiv. of silver–NHC
complex 11.

Scheme 7 Synthetic procedure leading to complex 13.
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Anticancer activity on human cancer and non-cancerous cell
lines and patient derived tumor organoids grown from patient
tissues or ascites fluids

With the aim of investigating the potential anticancer activity
of the Pd(II)-vinyl and -butadienyl complexes, a panel of four
different human tumor cell lines (OC A2780, with its cisplatin
resistant clone A2780cis, triple-negative breast cancer
MDA-MB231 and colon cancer DLD1) and MRC-5 non-cancer-
ous cells (human lung fibroblasts) were treated for 96 hours
with our compounds and cisplatin (positive control). In
Fig. 2A are reported the resulting half inhibitory concen-
trations (IC50) values.

Based on the IC50 values obtained, it is possible to make
some important considerations. As far as concerned the two
OC cell lines (A2780 and A2780cis), all the compounds exam-
ined, except for those containing triphenylarsine (10a and
10b), have comparable or lower IC50 values than cisplatin,
especially in the cisplatin-resistant cell line (A2780cis). Most of
the compounds exhibit comparable activity between these two
OC lines, suggesting a different mechanism of action from
that of cisplatin. For the latter, there are in fact almost two
orders of magnitude between the IC50 values obtained in the
two cell lines (0.4 μM vs. 27 μM).

As for the triple-negative breast cancer cells MDA-MB231,
all compounds, except those containing triphenylarsine (10a
and 10b), show a marked anticancer activity compared to cispla-
tin. In the colon cancer line (DLD-1), only compounds 3a–b, 8a
and 9a–b are more active than cisplatin. In the same line, com-
pounds 2a–b, 4a–b, 5a–b and 8b show good cytotoxicity, while
complexes 7b, 10a–b and 13 are practically inactive.

Comparing the cytotoxicity of compounds containing the
same ancillary ligands (monodentate or bidentate), there is
not a clear difference in activity between the vinyl derivatives
and their butadienyl congeners.

Interestingly, the analyses on MRC-5 non-cancerous cells
show that most compounds that exhibited antitumor activity,
except for those bearing N–N bidentate ligands (2a–b and
3a–b), are at the same time poorly cytotoxic towards non-can-
cerous cells. In this context, compounds 8a, 9a and 9b are par-
ticularly promising, since they show excellent antitumor
activity on all cancer cell lines examined and reduced cyto-
toxicity towards human lung fibroblasts. It should be noted
that the selectivity of the compounds containing the PTA
ligand has already been observed in the past with
Pd(II)-allyl,32a,48d palladacyclopentadienyl21b and Pd(0)-olefin45e

complexes.
Based on these encouraging biological data, we selected

compound 9b for further studies on more complex biological
systems such as tumoroids extracted from OC patients (ex vivo
tests) as well as on animal models (in vivo tests).

As shown in Fig. 2C, compound 9b was evaluated across
five patient-derived tumor organoids (PDTOs) originating from
both primary tumors and ascites fluid in patients diagnosed
with HGSOC (PDTO-2, 3, 4, 5) and one low-grade serous OC
(LGSOC) (PDTO-1), and one mouse-derived liver organoid
(MDO-liver). Surprisingly, compound 9b proved to be effective
in three out of the five PDTOs, including two that are resistant
to carboplatin (PDTO-1 and PDTO-2). Notably, the sensitivity
of the PDTOs to carboplatin (the reference compound for clini-
cal standard therapy) is representative of the actual clinical
response of the patient from whom these PDTOs were derived.

Fig. 1 X-ray molecular structures of complexes 2a, 2b, 3b, 5a and 13 are presented, showing thermal displacement ellipsoids at the 50% probability
level with hydrogen atoms and solvent molecules omitted for clarity.
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This suggests that compound 9b might represent a novel
therapeutic option for a subset of patients that show resistance
to carboplatin, the standard first-line chemotherapy for
ovarian cancer. Additionally, the toxicity profile of 9b was eval-
uated in MDO-liver, demonstrating no toxicity in comparison
to carboplatin.

Mechanism of cell death

After observing promising cytotoxic effects in OC PDTOs, we
decided to investigate how 9b acts in these cells by carrying
out specific assays to unravel the mechanisms by which this
compound might lead to cell death. Before proceeding with
the elucidation of the mechanism of action, it is crucial to
underline that cell death is not exclusively associated with

malignancy; rather, it is a vital process regulated by complex
molecular mechanisms that are essential for maintaining
bodily homeostasis and facilitating normal development. This
understanding sets the stage for exploring the specific path-
ways through which therapeutic agents may induce cell death
in cancer cells, allowing us to distinguish between pathological
and physiological cell death processes.49 It is important to
note that a variety of cell death mechanisms such as apoptosis,
necroptosis, pyroptosis, and autophagy have been identified
and each of them have its unique mechanism.50 Therefore,
experiments aimed at deciphering the cellular death mecha-
nism were conducted. As demonstrated by subsequent treat-
ments with compound 9b in A2780 and OVCAR5 (IC50 value is
reported in Fig. S2A in ESI†) cells at different time points up to
96 hours, there was no observed increase in the expression of
apoptosis-related proteins such as cytochrome C (Fig. S2B and
E†) and caspases 3/7 (Fig. S2C and D in ESI†). Intriguingly,
there was a statistically significant increase in reactive oxygen
species (ROS) in both A2780 and OVCAR5 cells after treatment
with compound 9b (Fig. 3A and B). Summarizing, as reported
in Fig. 3C, the lack of caspase 3/7 and Cytochrome C activation
excludes apoptotic cell death, while absence of nuclear atypia
and cellular swelling/blebbing excludes necrosis cell death
(Fig. S4 in ESI†), suggesting the potential involvement of fer-
roptosis.51 The potential implication of ferroptosis in these
observations is underscored by its distinction in morphologi-
cal and biochemical profiles from established programmed
cell death pathways, such as apoptosis, necroptosis, pyropto-

Fig. 2 (A) IC50 values after 96 h of incubation. Stock solutions in DMSO
for all complexes; stock solutions in H2O for cisplatin. A2780 and
A2780cis (cisplatin-sensitive and cisplatin-resistant OC cell lines),
MDA-MB231 (triple-negative breast cancer cell line), DLD1 (colon cancer
cell line) and MRC-5 (normal lung fibroblasts); (B) dose–response curves
and (C) IC50 values of patient-derived and mouse-derived organoids
after 96 h of incubation.

Fig. 3 ROS production in OVCAR5 (A) and A2780 (B) cells treated with
compound 9b (1, 25, 50 µM) and Doxorubicin (1 µM as positive control)
at 24, 48, and 96-hour intervals; (C) summary of the assays performed
to identify the mechanism of 9b in A2780 and OVCAR-5: the lack of
apoptotic mechanism due to non-activation of caspase 3/7 and
Cytochrome-C, and the generation of ROS leads to the hypothesis of a
ferroptosis mechanism; (D) proteomic profile: graphical representation
of the abundance (Ab.) of proteins in 1 µM treated OVCAR5 versus NT
groups (Padjusted < 0.05).
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sis, and autophagy.52 Characterized by a disruption in cellular
redox homeostasis, ferroptosis manifests through elevated
intracellular reactive oxygen species (ROS) and a reduction in
NADPH levels, without the typical features of plasma mem-
brane blebbing, DNA fragmentation, or Caspase-3 activation.
Additionally, the lack of activation in the pro-apoptotic pro-
teins Bax and Bak suggests that apoptosis inhibitors do not
thwart this mode of cell death.53

To further explore the molecular mechanisms underlying
the cell death, we proceeded to profile the proteome of
OVCAR5 cells following treatment with compound 9b. From
around 2000 proteins studied, label-free LC-MS/MS analysis
identified a group of proteins significantly differing in abun-
dance between 1 µM 9b-treated OVCAR5 versus NT cells
(Padjusted < 0.05, Fig. S3 in ESI†). As shown in Fig. 3D this ana-
lysis highlighted a statistically significant reduction in the

Fig. 4 An illustration showing the role of GLRX, GPX4 and FTL suppression, operated by compound 9b, in predisposing therapy-resistant cancer
cells to ferroptosis. The image was generated with DAVID software (https://david.ncifcrf.gov/tools.jsp) and subsequently customized.
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expression of Phospholipid hydroperoxide glutathione peroxi-
dase (GPX4), Ferritin light chain (FTL) and Glutaredoxin-1
(GLRX). It is well-established that the inhibition of GPX4 con-
stitutes a key step in the induction of ferroptosis.54 This under-
standing has led us to propose the hypothesis that the cyto-
toxic effects of compound 9b observed in OC cell systems
could be ascribed to ferroptosis. Ferroptosis induction is
closely linked to GPX4 inhibition, which mitigates lipid peroxi-
dation by reducing peroxides using glutathione, thereby safe-
guarding cells from oxidative stress. Impaired GPX4 function
results in ROS build-up and subsequent cell death (Fig. 4).55

Additionally, the ferroptotic mechanism can be facilitated by
blocking the synthesis of glutathione (GSH), such as through
the inhibition of GLRX, or by the increase in Fe3+, a substrate
of the Fenton reaction, caused by an inhibition of FTL (FTL =
Formate Tetrahydrofolate Ligase).56

In vivo experiments on an ovarian cancer mouse model

Finally, to test the efficacy of compound 9b in an in vivo
model, mice were treated intravenously up to 100 mg kg−1.
Surprisingly, the body weight of mice does not change
(Fig. 5A). Following, we compared the effect of compound 9b
to cisplatin in a subcutaneous model of OC. Compound 9b
significantly inhibits the growth of OVCAR5 tumor mass like
cisplatin (Fig. 5B and C). Even the overall survival of the mice
increases significantly compared to untreated mice (Fig. 5D).

As confirmation, the analyses of body weight of mice do not
reveal signs of toxicity (Fig. 5A).

Conclusions

We have described the synthesis of novel Pd(II)-vinyl and -buta-
dienyl complexes using a simple and stereoselective synthetic
route that involved the controlled mono- or bis-insertion of an
electron-poor alkyne, followed by the exchange of the pyridyl-
thioether ligand with a wide range of mono- and bidentate
ligands. All compounds were characterized by NMR, IR,
elemental analyses, and, in some cases, by X-ray diffraction.

Most of the synthesized complexes exhibited good to excel-
lent in vitro anticancer activity against ovarian, breast, and
colon cancer cell lines. Specifically, the performance of the
vinyl complexes was comparable to that of their butadienyl
congeners, with IC50 values in the micro- and sub-micromolar
range, often significantly lower than those of cisplatin.
Particularly interesting are compounds 8a, 9a, and 9b, which
showed excellent activity against all examined tumor lines and
reduced cytotoxicity towards MRC-5 non-cancerous cells.
Among these derivatives, compound 9b was selected for
further studies on ex vivo and in vivo models.

Experiments on PDTO derived HGSOC revealed a generally
higher cytotoxicity of 9b compared to carboplatin (standard
therapy), even in these more complex biological models.
Interestingly, the selectivity of 9b towards cancer tissues was
also confirmed in ex vivo models, as it was found to be sub-
stantially inactive towards non-cancerous MDO.

This organopalladium compound has proven to be exceed-
ingly effective not only in vitro and ex vivo (PDTOs) models but
has also delivered excellent results in an animal model. It was
found to be non-toxic at high dosages and effective in reducing
tumor growth in an animal model of HGSOC.

Even more interestingly, a detailed analysis of the mecha-
nism of action of compound 9b suggests that this organopalla-
dium derivative operates through a ferroptotic mechanism. To
the best of our knowledge, this represents the first case of an
organopalladium compound inducing tumor cell death
through such a biological pathway. In the few cases studied,
organopalladium compounds typically operate through apop-
totic pathways involving DNA or mitochondrial proteins as the
main biotargets.

The completely novel mechanism of action for this class of
organopalladium derivatives suggests that it holds consider-
able promise for future studies in the field of HGSOC, offering
a new frontier in the targeted treatment of this challenging
cancer subtype.
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