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Insertion of SnCl₂ into the Pd–Cl Bond: Mechanistic Elucidation 
and Antitumor Evaluation of Trichlorostannyl Palladium-NHC Allyl 
Complexes in Ovarian Cancer Models

Eleonora Botter,a Valentina Lauteri,a Alessandro Rubbi,b Laura Orian,b Forner Matteo,c Valentina 
Gandin,c Nicola Demitri,d Vincenzo Canzonieri,e,f Flavio Rizzolio,a,e Enrico Cavarzerani,*a Fabiano 
Visentin*a and Thomas Scattolin*b 

The development of effective and selective metal-based chemotherapeutics remains a central challenge in ovarian cancer treatment, 

particularly in addressing resistance to platinum agents. Herein, we report the design, synthesis, and biological evaluation of a novel series of 

heterobimetallic Pd(II)/Sn(II) η³-allyl complexes bearing N-heterocyclic carbene (NHC) ligands. Thirteen complexes were efficiently prepared 

via SnCl₂ insertion into the Pd–Cl bond of allyl–palladium precursors, and fully characterized by NMR, IR, and X-ray diffraction. DFT calculations  

revealed a stepwise reaction mechanism initiated by a favourable Sn···Cl interaction, followed by insertion into the Pd–Cl bond.

All compounds exhibited pronounced cytotoxicity across cisplatin-sensitive, cisplatin-resistant, and high-grade serous ovarian cancer (HGSOC) 

cell lines, with selected derivatives, particularly 2i and 2k, showing remarkable tumour selectivity. Lead compound 2i retained potent activity 

in patient-derived tumour organoids (PDTOs), including a platinum-resistant model, while remaining inactive in a non-malignant fallopian 

tube epithelium organoid, highlighting its favourable therapeutic window.

Mechanistic studies indicate that 2i primarily targets Thioredoxin Reductase (TrxR) and mitochondria, as evidenced by early cytochrome c 

release and loss of mitochondrial membrane potential, with subsequent DNA damage occurring downstream, consistent with a mitochondria-

driven apoptotic pathway distinct from classical platinum drugs. These findings position Pd(II)/Sn(II) η³-allyl complexes, and 2i in particular, as 

promising candidates for metal-based anticancer therapy. 

Introduction 
Ovarian cancer remains one of the most lethal gynecological 
malignancies worldwide, with high-grade serous ovarian 
carcinoma (HGSOC) accounting for the majority of deaths. 1–3

Its poor prognosis is largely attributable to the lack of early 
symptoms, with diagnosis frequently occurring only after 
extensive peritoneal dissemination. Standard therapy consists 
of surgery followed by platinum-based chemotherapy, most 
commonly cisplatin or carboplatin in combination with 
paclitaxel. Although initial responses may be favourable, 
relapse is frequent, and most patients eventually develop 

platinum-resistant disease. 4–7 At this stage, therapeutic options 
are extremely limited, and overall survival remains poor. This 
clinical scenario underscores the urgent need for novel 
chemotherapeutic strategies that exploit mechanisms different 
from those of platinum drugs.

In this context, organopalladium compounds have recently 
attracted attention as an emerging class of potential anticancer 
agents, particularly in ovarian cancer models. 8–31

These compounds, which exhibit at least one strong Pd-C 
bond, are structurally versatile and can be designed to interact 
with a variety of biological targets. Their activity profiles often 
differ from those of classical platinum drugs, offering an 
opportunity to circumvent resistance pathways associated with 
DNA damage. Within this broad class, η³-allyl palladium(II) 
complexes have shown particularly intriguing behavior.22,26–29

Evidence from very recent studies conducted by our group 
indicates that Pd(II)-allyl complexes can act as inhibitors of 
thioredoxin reductase (TrxR),26,27 a selenoenzyme involved in 
maintaining the cellular redox balance.32 TrxR is frequently 
overexpressed in ovarian cancer and contributes to tumor 
growth, metastatic progression, and chemoresistance.33  
Inhibition of this enzyme disrupts redox homeostasis, leading to 
increased intracellular levels of reactive oxygen species (ROS) 
and induction of apoptosis. Although this mechanism is not a 
general feature of all organopalladium compounds, it appears 
to represent a peculiar and significant mode of action for 
palladium-allyl derivatives.
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The most promising and versatile palladium-allyl derivatives 
are those containing N-heterocyclic carbene (NHC) ligands and 
their derivatives.22,26–29 Specifically, based on the formal charge 
at the metal center, these complexes can be broadly classified 
into three main categories: i) neutral complexes of the type 
[Pd(NHC)Cl(allyl)], ii) cationic [Pd(NHC)(L)(allyl)]+ complexes 
(with L = 1,3,5-triaza-7-phosphaadamantane (PTA) being among 
the most relevant), and iii) allyl palladates of the type 
[NHC·H][PdCl2(allyl)], in which palladium bears a formal 
negative charge.
Our previous screening studies have shown that, for a given 
NHC-based ligand, neutral [Pd(NHC)Cl(allyl)] complexes are the 
least active, whereas cationic [Pd(NHC)(L)(allyl)]+ species exhibit 
significantly higher cytotoxicity, which is generally comparable 
to, or slightly lower than, that of allyl palladates, the class that 
typically displays the lowest IC50 values.

Mechanistic investigations into these broad families of 
organopalladium derivatives have revealed that mitochondria 
are their primary cellular targets.22,26–29 Damage to other 
cellular compartments occurs subsequently through a cascade 
process. At the molecular level, palladium-allyl complexes—
regardless of their overall charge— have been shown to 
strongly inhibit thioredoxin reductase (TrxR).26,27  Interestingly, 
the trend in cytotoxicity parallels that observed for TrxR 
inhibition: neutral [Pd(NHC)Cl(allyl)] complexes are weaker 
inhibitors (although comparable to the well-known TrxR 
inhibitor auranofin) than both cationic and anionic palladium 
allyl complexes.
Building on these observations, the reactivity of palladium-allyl 
complexes towards cysteine and selenocysteine residues 
located in the TrxR catalytic pocket has been investigated by 
DFT calculations, supported by ESI–MS studies.15,34 These 
studies highlighted that the thiolate or selenolate preferentially 
attacks the metal center, leading to the formation of a new Pd–
Se or Pd–S bond and displacement of the more labile ligand 
(chloride or PTA). This behaviour contrasts with that observed 
in some catalytic systems, where the allyl fragment itself is 
attacked, as exemplified by the Tsuji–Trost reaction.35

In the present work, we sought to explore whether the 
cytotoxicity—or at least the selectivity towards cancer cells—of 
the least active class of compounds, namely neutral 
[Pd(NHC)Cl(allyl)] complexes, could be enhanced by modifying 
their interaction with the molecular target, thioredoxin 
reductase (TrxR). Our strategy centered on replacing the 
chloride ligand with an anionic ligand featuring two key 
characteristics: i) a stronger binding affinity for palladium than 
chloride, which could influence the reactivity pattern of the allyl 
fragment; and ii) the presence of an additional metal center, 
enabling potential cooperative effects typical of 
heterobimetallic systems. 
Based on these criteria, we selected the trichlorostannyl 
(SnCl₃⁻) anion as the ligand. This species is known to be a strong 
σ-donor, with a bonding strength comparable to or even 
exceeding that of NHC ligands,36 and its coordination introduces 
Sn(II) into the metal environment, thereby generating 
heterobimetallic Pd(II)/Sn(II) complexes.

It is worth noting that trichlorostannyl ligands have been widely 
investigated in coordination and organometallic chemistry. 
Numerous transition-metal complexes featuring M–SnCl3 bonds 
have been structurally characterized, including derivatives of 
platinum-group metals.37,38 For example, Albinati, Pregosin, and 
co-workers reported several Pt(II) complexes such as trans-
[Pt(SnCl3)2(P(OR)3)2] and related species, whose solid-state 
structures and multinuclear NMR properties demonstrated the 
pronounced trans influence and donor ability of the SnCl3- 
ligand.39 Similarly, Grassi, Musco and collaborators described 
η³-allyl complexes of platinum and palladium containing a 
coordinated SnCl₃ group, providing crystallographic evidence 
for square-planar complexes of the type [M(η3-allyl)(SnCl3)L] (M 
= Pd, Pt and L = CO, PR3).40–42 These studies are, however, rather 
dated, and the topic would benefit from a more up-to-date 
treatment. 
Further examples of trichlorostannyl coordination have been 
reported for a range of transition metals, including 
rhodium,37,43,44 iridium,45–47 ruthenium,48–52 and osmium,53–55 
thereby confirming that the SnCl3⁻ fragment is compatible with 
a wide variety of coordination environments.

Historically, the biological investigation of tin compounds 
has focused predominantly on Sn(IV) derivatives,56 whereas 
Sn(II) species remain considerably underexplored. The few 
existing studies on Sn(II) compounds generally involve systems 
stabilized by strongly chelating ligands, such as pyridine-2-
carboxaldehyde thiosemicarbazones,57 or on stannocene 
derivatives.58 This unbalanced distribution of research efforts is 
largely attributed to the pronounced hydrolytic sensitivity of 
Sn(II) in aqueous media, which compromises its stability under 
physiological conditions. Conversely, Sn(IV) complexes are 
typically more robust, and therefore more attractive for 
medicinal chemistry, particularly in the development of 
anticancer agents.56

In the present study, we sought to broaden the scope of tin-
based therapeutics by exploring the use of Sn(II) in biological 
systems. To address its intrinsic instability, we adopted a 
stabilization strategy in which Sn(II) is incorporated as a 
trichlorostannyl ligand within a biologically active palladium–
allyl complex. This design relies on the strong Pd–SnCl₃ bond, 
which is expected to help maintain both the oxidation state and 
coordination environment of tin under biologically relevant 
conditions.

The most straightforward synthetic route to access such 
complexes involves the insertion of SnCl₂ into a Pd–Cl bond. 
Although this approach has been reported for other transition 
metals,46,59–61 examples involving palladium remain relatively 
scarse.62–64 More significantly, to the best of our knowledge, 
this strategy has not yet been applied to palladium complexes 
bearing NHC ligands. Consequently, the compounds described 
here represent the first examples of palladium complexes that 
incorporate both an NHC ligand and a trichlorostannyl (SnCl3) 
fragment within the same coordination sphere. However, the 
mechanistic details of SnCl2 insertion into Pd–Cl bonds remain 
largely unexplored.
Furthermore, metal complexes featuring a trichlorostannyl 
group—or stannyl complexes more broadly—have received 
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limited attention in medicinal chemistry.50,52,54 Nevertheless, a 
limited number of studies have examined the biological 
properties of coordination compounds containing SnCl3 
fragments. In particular, Blom and co-workers reported a series 
of half-sandwich ruthenium(II) and osmium(II) complexes 
bearing coordinated trichlorostannyl ligands, obtained via 
insertion of SnCl2 into metal–chloride bonds, which were 
evaluated for antiproliferative activity against several human 
cancer cell lines (Figure 1).50,52,54,55 These studies showed that 
the presence of the SnCl3 unit can significantly influence the 
cytotoxic profile of the resulting complexes, in some cases 
leading to activities comparable to or even exceeding those of 
reference metallodrugs such as cisplatin.
Related investigations have also considered coordination 
compounds containing SnCl3⁻ or GeCl3⁻ fragments either 
coordinated directly to the metal center or acting as 
counterions in salt-type complexes. Such systems were 
explored as a strategy to introduce group-14 elements into 
metal-based pharmacophores and to modulate their biological 
properties through heterometallic or ion-pair interactions.
Despite these encouraging preliminary results, the overall 
number of biologically investigated trichlorostannyl complexes 
remains very limited, and systematic studies addressing their 
mechanism of action, stability under physiological conditions, 
or potential cooperative effects between the transition metal 
and the Sn(II) center are still scarce. While these works suggest 
promising biological activity, their scope and mechanistic 
insight remain limited, underscoring a significant knowledge 
gap.

In this context, the objectives of this study are twofold: first, 
to stabilize Sn(II) as a trichlorostannyl ligand coordinated to an 
allyl palladium-NHC scaffold; and second, to assess whether 
combining Pd(II) and Sn(II) within a single framework enhances 
antitumor activity or selectivity compared with analogous 
chloride-bearing Pd(II)–allyl complexes.
This design strategy is motivated by the potential of 
heterobimetallic complexes to exhibit biological properties 
superior to their mononuclear analogues. The presence of two 
distinct metal centers can induce cooperative effects—such as 
simultaneous interaction with different targets, modulation of 
redox behaviour, or fine-tuning of stability—that often result in 
improved cytotoxic profiles and selectivity.65–67 Consequently, 
this approach offers a promising avenue for the development of  
chemotherapeutic candidates with capabilities extending 
beyond those of classical monometallic systems.

Figure 1. Examples of trichlorostannyl complexes tested as anticancer agents.50,52,54,55 
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Results and Discussion
Synthesis of trichlorostannyl palladium-NHC allyl complexes 

The target trichlorostannyl palladium-NHC allyl complexes were 
successfully obtained via a two-step synthetic route, as 
depicted in Scheme 1.

Scheme 1. Synthetic route to trichlorostannyl palladium-NHC allyl complexes

The first step was the synthesis of [Pd(NHC)Cl(R-allyl)] 
precursors 1a-m, which bear a wide range of NHC and allyl 
ligands. Specifically, when IPr, IMes, SIPr, and SIMes were 
selected as ancillary ligands (complexes 1a-g), the well-known 
weak-base route was employed68; briefly, two equivalents of 
the desired imidazolium salt were reacted with the dimeric 
precursor [Pd(allyl)(μ-Cl)]2 or its substituted analogues ([Pd(2-
methyl-allyl)(μ-Cl)]2 or [Pd(1,1-dimethyl-allyl)(μ-Cl)]2) in the 
presence of the K2CO3  as weak base, using technical-grade 
acetone (green acetone) as solvent. The reaction mixture was 
stirred under aerobic conditions at 60 °C for 5 h. The desired 
[Pd(NHC)Cl(R-allyl)] complexes were then obtained by simple 
filtration of all inorganic salts, followed by solvent removal 
under vacuum. 
For the other NHCs, preliminary tests suggested that the 
transmetalation route was more suitable and led to the 
formation of a purer final product. This is likely ascribable to the 
lower steric demand of these carbene ligands. More specifically, 
this approach involved the reaction of the palladium dimer 
[Pd(allyl)(μ-Cl)]2 (or [Pd(2-methyl-allyl)(μ-Cl)]2) with a silver 
carbene complex, that had been previously synthesized 
according to the literature.69 The transmetalation reaction 
proceeded smoothly at room temperature for 45 min in 
anhydrous dichloromethane and was accompanied by the 
precipitation of AgCl, which served as the main driving force of 
the process. The silver salt was easily removed by centrifugation 
and subsequent filtration through a pad of celite (or a Millipore 
membrane), and the desired [Pd(NHC)Cl(R-allyl)] precursors 1h-
m were obtained by solvent removal under reduced pressure. 

The second synthetic step involved the insertion of SnCl2 
into the Pd-Cl bond of the η³-allyl palladium(II) precursors 1a-
m. The reaction was carried out by adding a slight excess (1.1 

equiv.) of SnCl2 to a dichloromethane solution of the Pd(II)-allyl 
precursor, stirring the mixture for 4 h at room temperature 
under an inert atmosphere. The excess of SnCl2 ensured the 
complete conversion of the palladium precursors and was easily 
removed by filtration through a pad of celite (or a Millipore 
membrane) due to its low solubility in CH2Cl2. 
The target trichlorostannyl palladium–NHC complexes 2a–m 
were isolated as microcrystalline powders in moderate to high 
yields (70–92%) after precipitation with diethyl ether or a 
diethyl ether/n-pentane mixture. The compounds were 
obtained in a sufficiently pure form, as confirmed by the results 
of elemental analyses.
The formation of the desired complexes was confirmed initially 
by NMR spectroscopy. In the 1H NMR spectra, five distinct 
resonances attributable to the η3-allyl fragment are observed. 
In particular, the signal of H2, directly bound to the central 
carbon atom of the allyl group, appears at 4.5–5.0 ppm. Two 
sets of diastereotopic resonances are detected for H1 and H3: 
the syn-H1/3 protons resonate at 4.0–4.5 ppm, whereas the anti-
H1/3 protons are found at 2.0–2.5 ppm. The differentiation 
between syn and anti protons is fully consistent with the 
geometry of the Pd–allyl scaffold, which is known to adopt a 
conformation nearly perpendicular to the coordination plane of 
the complex, with a deviation of approximately 5–10° from ideal 
orthogonality.70

The presence of two different signals for H1 and H3 also provides 
indirect evidence of the inequivalence of the two ancillary 
ligands (NHC and SnCl3-) at the palladium center. Notably, both 
syn-H3 and anti-H3 display satellite peaks arising from coupling 
with 117Sn and 119Sn nuclei, thereby confirming the coordination 
of the trichlorostannyl ligand to the metal center.
These protons are markedly downfield-shifted relative to the 
corresponding signals in the [Pd(NHC)Cl(R-allyl)] precursors, an 
effect attributable to the stronger trans-labilising ability of 
SnCl₃- compared to chloride. This trend is most pronounced for 
H3, positioned trans to the trichlorostannyl ligand.
Consistent with the 1H NMR data, the 13C{1H} NMR spectra show 
a substantial downfield shift of C3, resonating approximately 20 
ppm higher than in the chlorinated analogue. Remarkably, C1 
resonates in close proximity to C3, at around 70 ppm, suggesting 
that the trans-labilising influence of SnCl₃- is comparable to that 
of the NHC ligand. 
A complete assignment of all proton and carbon resonances 
was achieved with the aid of 2D NMR experiments, including 
COSY, HMQC, HMBC, and NOESY.

For complex 2k, featuring Me-Im-tBu as the ancillary ligand, 
two distinct isomers are observed at room temperature. The 
significant steric bulk of the tert-butyl substituent in this 
unsymmetrical NHC ligand restricts rotation around the Pd–CNHC 
bond. In combination with the inequivalence of the two ligands 
at the metal center (the η³-allyl fragment and the SnCl₃- ligand), 
this constraint leads to the formation of two stereoisomers, 
readily distinguished in the NMR spectra by the presence of two 
distinct sets of resonances.
It is well established that increasing the temperature, as well 
the introduction of nucleophiles and/or polar solvents, 
promotes syn–anti isomerization in this class of complexes via 

NHCCl
Pd

R
R'
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+ 2 NHC·HCl
K2CO3, Acetone

5h, 60°C NHCCl
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Cl

Cl
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R
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R
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1 2 3

1a-g

Step 1: Synthesis of [Pd(R-allyl)(NHC)Cl] complexes

A Weak-base route

NHCCl
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R
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B Transmetalation route
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Step 2: Insertion of SnCl2
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a: R = H, R' = H, NHC = IMes
b: R = Me, R' = H, NHC = IMes
c: R = H, R' = Me, NHC = IMes
d: R = H, R' = H, NHC = IPr
e: R = Me, R' = H, NHC = IPr
f: R = H, R' = H, NHC = SIMes
g: R = H, R' = H, NHC = SIPr
h: R = H, R' = H, NHC = Tol-CH2-Im-CH2-Tol
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l: R = H, R' = H, NHC = (1,5-a)pirydin-Im-Mes
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formation of a Pd–η¹-allyl intermediate, which rapidly 
rearranges to the thermodynamically favoured Pd–η³-allyl 
species.71–73

In the case of 2m, bearing Me-BzIm-iPr as the ancillary ligand, 
rotation around the Pd–CNHC bond is only partially restricted at 
room temperature, as evidenced by the broad resonances 
observed in the 1H NMR spectra. Upon cooling to 253 K, two 
distinct isomers become clearly distinguishable. This behaviour 
is consistent with the reduced steric demand of the iPr group 
compared to tBu.
Interestingly, for 2c—where two isomers are theoretically 
feasible based on the relative orientation of the methyl 
substituent on the allyl moiety and the two different ancillary 
ligands—only a single isomer is detected. The observed species 
corresponds to the configuration in which the unsubstituted 
allyl carbon lies trans to the trichlorostannyl ligand. This 
assignment is corroborated by the presence of two 117/119Sn 
satellite peaks associated with the syn-H3 proton.
Further characterization was conducted via IR spectroscopy, 
providing additional confirmation of SnCl₃ coordination. 
Specifically, two absorption bands are observed at 300–330 
cm⁻¹, which are absent in the IR spectra of the [Pd(NHC)(allyl)Cl] 
precursors. These features are assignable to the symmetric and 
asymmetric Sn–Cl stretching modes.62

Finally, the molecular structures of complexes 2b, 2d, and 2f 
were unambiguously determined by single-crystal X-ray 
diffraction. Suitable crystals were obtained by slow diffusion of 
diethyl ether into dichloromethane (or chloroform) solutions of 
the complexes at 4 °C.
Specifically, complexes 2b, 2d and 2f show square planar 
palladium(II) and tetrahedral tin(II) coordination spheres 
(Tables S2-S4 in ESI). Steric hindrance of bulky trichlorostannyl 
ligand keeps Pd(II) coordination plane almost perpendicular to 
NHC ring, as previously reported in two examples of Pd-Sn 
complexes (CCDC 229160974 and 225076275). Allyl ligand 
substituents are able to influence this parameter, which is 
significantly reduced (~60°) in 2b (shown with cyan sticks in 
Figure S3) due to formation of an intramolecular CH···π 
interaction, blocking η3-coordination in a well-defined 
orientation. Crystal packing shows hydrophobic contacts among 
neighbour molecules, through weak intermolecular CH···π 
interactions, involving NHC substituents. Dichloromethane 
solvent molecules have been found in the crystal packing of 2b 
(Figure S1A-C). Minor cell volume contraction has been found in 
2b and 2f (~4%) upon cooling, with no significant packing and 
molecular rearrangements, as shown through models overlap 
(Figure S2; R.M.S.D. < 0.2 Å).
One of the most relevant structural parameters is the distance 
between the palladium centre and the two terminal allyl carbon 
atoms. In the heterobimetallic Pd(II)/Sn(II) complexes targeted 
in this work, the Pd–C distances to the two terminal allyl 
carbons are very similar (ca. 2.17–2.18 Å), indicating a 
comparable trans influence of the NHC and trichlorostannyl 
ligands. Conversely, crystallographic data reported in the 
literature for monometallic [Pd(NHC)Cl(allyl)] complexes, show 
a significantly shorter Pd–C distance for the allyl carbon trans to 
chloride than for that trans to the carbene (ca. 2.10 vs 2.20 Å, 

respectively).76 This observation clearly supports the 
substantially stronger trans-labilising character of NHC ligands 
compared to chloride.

Figure 2. XRD structure of complexes 2d, 2b and 2f at 100 K. Hydrogen atoms and solvent 
molecules are omitted.

Mechanism of SnCl2 insertion into the Pd-Cl bond

The mechanism of the insertion reaction of SnCl2 with η3-allyl-
NHC palladium complexes was studied in silico by DFT at the 
COSMO-ZORA-M06/TZ2P-ae//COSMO-ZORA-BLYP-D3(BJ)/TZP 
level of theory. Compounds 1a and 1k were evaluated to assess 
the effect of different carbene moieties on the energy profiles. 
The insertion reactions begin with the formation of 
energetically favourable reactant complexes (RCs), in which 
SnCl2 coordinates to the chloride ligand of 1a and 1k (1a-RC and 
1k-RC) (Scheme 2, Figure 2). As the Pd-Cl bond is gradually 
stretched, allowing SnCl2 to approach the Pd center, the 
adducts deformed into triangle-shaped transition state (TS) 
geometries (1a-TS and 1k-TS). The insertion products are 
formed in a single concerted step, with Sn adopting a 
tetrahedral coordination geometry.

Scheme 2. Proposed insertion mechanism of SnCl2 into the Pd-Cl bond.
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Figure 3. Reactant complexes (RC), transition states (TS) and products for the reaction of 
1a and 1k with SnCl2 in CH2Cl2 (Pd, cyan; Cl, green; Sn, grey). Level of theory: COSMO-
ZORA-BLYP-D3(BJ)/TZP.

Table 1 reports the Gibbs free energies of the stationary points 
shown in Figure 3. Both reactant complexes, 1a-RC and 1k-RC, 
are approximately 8 kcal/mol more stable than the free 
reactants. Consequently, the activation energy for the insertion 
is increased and is highest for 1a (11.9 kcal/mol for 1a vs. 8.5 
kcal/mol for 1k). Although the overall reaction is exergonic, the 
products are not significantly more stable than their 
corresponding RCs. In fact, the relative energy of 2a is 
computed to be 1.0 kcal/mol higher than 1a-RC. The formation 
of 2a is both thermodynamically and kinetically less favourable 
than that of 2k, most likely a result of the greater steric demand 
of the carbene ligands in 1a.

Table 1. Gibbs free energies (kcal/mol) for the reaction of 1a and 1k with SnCl2 in CH2Cl2: 
energies of reactant complexes (ΔG1-RC), transition states (ΔG1-TS) and products (ΔG2) 
relative to the free reactants. Activation energies relative to the reactant complexes are 
given between brackets. Level of theory: COSMO-ZORA-M06/TZ2P-ae//COSMO-ZORA-
BLYP-D3(BJ)-TZP.

ΔG1-RC ΔG1-TS ΔG2

1a + SnCl2 -8.8 3.1 (11.9) -7.8

1k + SnCl2 -8.2 0.3 (8.5) -10.3

In vitro cytotoxicity on human ovarian cancer cell lines 

As mentioned in the Introduction, despite the longstanding 
clinical success of platinum-based chemotherapeutics, the 
emergence of resistance and dose-limiting toxicity continue to 
drive the search for alternative metal-based agents for the 
treatment of ovarian cancer. In this context, palladium(II) η³-
allyl complexes have recently attracted considerable attention, 
having demonstrated compelling antiproliferative activity 
across a range of cancer models, including ovarian cancer (OC) 
and high-grade serous ovarian cancer (HGSOC) cell lines.
On the basis of these promising precedents, and after 
confirming compound stability in a DMSO-d₆/D₂O medium, we 
evaluated the in vitro anticancer activity of the newly 
synthesized heterobimetallic Pd(II)/Sn(II) complexes. The 
biological assessment was carried out on a representative panel 
of human ovarian cancer cell lines encompassing both cisplatin-
sensitive and cisplatin-resistant phenotypes: A2780, its 
cisplatin-resistant variant A2780cis, and two HGSOC-derived 
models, OVCAR-5 and KURAMOCHI. To preliminarily assess 
tumour selectivity, cytotoxicity was also evaluated in the non-
cancerous human lung fibroblast cell line MRC-5.
Cells were treated with increasing concentrations of the 
complexes (0.001–100 µM) for 96 h, after which cell viability 
was quantified and IC₅₀ values were calculated from the 
corresponding dose–response curves. Cisplatin was used as a 
benchmark compound and evaluated in parallel under identical 
experimental conditions.
The resulting cytotoxicity profiles are summarized in Table 2.

1k-RC1a-RC

1k-TS1a-TS

2k2a
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Table 2. IC50 values of the newly synthesized heterobimetallic Pd(II)/Sn(II) complexes 
after 96 hours of incubation. 

IC50 (µM)
Comp

lex
A2780

A2780
cis

OVCA
R-5

KURAMO
CHI

MRC-5
SI

Cisplati
n

0.30 ± 
0.07

7.2 ± 0.8
0.54 ± 
0.09

0.59 ± 0.02 1.7 ± 0.3 0.8

2a
0.29 ± 
0.04

0.16 ± 
0.06

0.8 ± 0.2 0.10 ± 0.06
0.35 ± 
0.08

1

2b 0.4 ± 0.1
0.37 ± 
0.07

3.6 ± 0.3 0.07 ± 0.04
0.36 ± 
0.06

0.3

2c
0.18 ± 
0.01

0.2 ± 0.1 1.1 ± 0.3 0.029 ± 0.002
0.037 ± 
0.002

0.09

2d
0.20 ± 
0.07

0.24 ± 
0.05

4.2 ± 0.2 0.08 ± 0.03 0.7 ± 0.3 0.6

2e 0.4 ± 0.2 0.3 ± 0.1 3.9 ± 0.3 0.051 ± 0.006
0.13 ± 
0.02

0.1

2f
0.28 ± 
0.08

0.09 ± 
0.04

0.47 ± 
0.07

0.042 ± 0.004
0.26 ± 
0.06

1

2g
0.52 ± 
0.07

0.27 ± 
0.05

0.84 ± 
0.07

0.06 ± 0.02 0.8 ± 0.2 2

2h 0.4 ± 0.1
0.32 ± 
0.07

0.31 ± 
0.02

0.39 ± 0.03 3.6 ± 0.1 10

2i 0.4 ± 0.1
0.10 ± 
0.06

3.3 ± 0.1 0.30 ± 0.02 > 100 > 99

2j
0.39 ± 
0.07

0.26 ± 
0.06

5.5 ± 0.3 0.25 ± 0.02 11 ± 4 7

2k 2.5 ± 0.4 0.5 ± 0.3 4.4 ± 0.2 4.4 ± 0.2 > 100 > 34

2l 0.3 ± 0.1 0.3 ± 0.1
0.63 ± 
0.06

0.22 ± 0.01 2.3 ± 0.5 6

2m
0.16 ± 
0.08

0.3 ± 0.1
0.19 ± 
0.02

0.21 ± 0.04 3.0 ± 0.1 14

1i
0.41 ± 
0.02

0.38 ± 
0.04

3.9 ± 0.4 0.55 ± 0.05 20 ± 8 15

For each complex, a stock solution 10 mM in DMSO was used, while for cisplatin 
a stock solution 3.33 mM in water was used. A2780 and A2780cis (cisplatin-
sensitive and cisplatin-resistant OC cells), OVCAR-5 and KURAMOCHI (HGSOC), 
MRC-5 (normal lung fibroblasts).

All complexes displayed cytotoxic activities against the A2780 
ovarian cancer cell line comparable to that of cisplatin, with the 
sole exception of complex 2k, which exhibited a significantly 
higher IC₅₀ value, albeit still within the micromolar range. 
Importantly, the pronounced antiproliferative activity of our 
heterobimetallic Pd(II)/Sn(II) complexes was fully retained in 
the cisplatin-resistant A2780cis clone, indicating a potential 
ability to circumvent the resistance mechanisms that limit the 
efficacy of classical platinum-based chemotherapeutics. 
Notably, in A2780cis cells, the newly synthesized complexes 
were at least one order of magnitude more active than cisplatin.
Encouraging results were also obtained in the high-grade serous 
ovarian cancer cell line KURAMOCHI, where IC₅₀ values were in 
most cases comparable to, or lower than, those measured in the 
more conventional A2780 and A2780cis models. Once again, 
compound 2k emerged as the least active derivative within the 
series, an effect that may be tentatively attributed to the 
presence of two alkyl N-substituents on the imidazole ring, a 
structural feature unique to this ligand among those 
investigated.

In contrast, a marked decrease in cytotoxic activity was 
observed in the OVCAR-5 cell line for the majority of the 
complexes, underscoring the intrinsic resistance of this HGSOC 
model. Notably, this effect was significantly attenuated for 
compounds 2a, 2f, 2g, 2h, 2l and 2m. With the exception of 2a 
and 2h, all these derivatives feature a coordinated N-
heterocyclic carbene ligand derived from a non-imidazole 
scaffold, suggesting that variations in carbene architecture may 
modulate activity in this particularly refractory cellular context.
Taken together, these data indicate that the nature of the NHC 
ligand coordinated to palladium exerts only a limited influence 
on the overall anticancer activity across the four ovarian cancer 
cell lines examined. A similar conclusion can be drawn for 
substitution at the η³-allyl fragment: methyl substitution at 
either the C1 or C2 position does not significantly affect cytotoxic 
effect, as reflected by the closely comparable IC₅₀ values 
observed for complexes 2a–2c and for complexes 2i and 2j, 
which bear the same NHC ligand and differ exclusively in the 
allyl substitution pattern.
The overall antiproliferative activity of the present complexes is 
comparable to that of the most effective η³-allyl palladium 
systems reported to date,19,22,77–79 and clearly surpasses that of 
less active organometallic motifs, such as 
palladacyclopentadienyl and Pd(0)–olefin derivatives.30,80 These 
observations further highlight the central role of the Pd(II)–allyl 
fragment as a key pharmacophoric unit governing cytotoxicity 
within this class of compounds. 

A markedly different trend emerges when cytotoxicity is 
evaluated in non-cancerous MRC-5 human lung fibroblasts. 
While several complexes display similar toxicity towards normal 
and cancerous cells, a pronounced reduction in cytotoxicity—
often exceeding one order of magnitude in IC₅₀ values—is 
observed for complexes 2h–2m, thereby indicating a substantial 
degree of tumour selectivity within this subset. In particular, 
compounds 2l and 2m incorporate NHC ligands based on 
imidazopyridine and benzimidazole scaffolds, respectively, 
which distinguish them from the other carbenes examined and 
may account for their divergent biological behaviour in normal 
cells. For complexes 2h–2k, enhanced selectivity may instead be 
related to the presence of an alkyl substituent on at least one of 
the nitrogen atoms of the carbene ligand, a feature not shared 
by all imidazole-based NHCs in this series.
Remarkably, the highest selectivity indices were observed for 
complexes 2i and 2k (with SI > 99 and > 34, respectively), both 
bearing an NHC ligand with a methyl substituent. Among them, 
compound 2i stood out as the most promising candidate, as it 
combines a generally higher cytotoxic activity against ovarian 
cancer cells than cisplatin with an approximately two-orders-of-
magnitude greater selectivity towards tumour cells, thereby 
identifying it as a particularly attractive lead for further 
development.
Interestingly, these observations were further reinforced by 
comparison with the corresponding monometallic 
[Pd(NHC)Cl(allyl)] precursor 1i. Although 1i displayed cytotoxic 
activity against ovarian cancer cells comparable to that of its 
trichlorostannyl analogue 2i, it also exhibited a non-negligible 
cytotoxicity towards non-cancerous MRC-5 cells, resulting in a 
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substantially lower selectivity index. In contrast, insertion of 
SnCl₂ to form trichlorostannyl derivative 2i markedly attenuates 
the cytotoxic effects in normal cells while fully preserving its 
high anticancer activity. Taken together, these findings highlight 
the key role of the trichlorostannyl ligand in modulating the 
biological profile of allylpalladium–NHC complexes and 
demonstrate, in the case of the lead compound of this study, 
that SnCl₂ insertion constitutes an effective strategy for 
enhancing tumour selectivity relative to the monometallic 
precursor [Pd(NHC)Cl(allyl)].

Ex vivo anticancer activity on 3D patient-derived tumoroids 

While conventional two-dimensional (2D) cell culture models 
remain indispensable for the preliminary assessment of 
anticancer activity, they fail to capture the structural, 
biochemical, and functional complexity of solid tumours. In 
particular, 2D systems fail to recapitulate the intricate cell–cell 
and cell–matrix interactions that critically regulate tumour 
growth, survival, and therapeutic response, thereby often 
leading to an overestimation of drug efficacy. To bridge this gap, 
three-dimensional (3D) culture platforms have been 
increasingly adopted in drug discovery pipelines.81,82 Among 
these, multicellular spheroids represent an important 
advancement over traditional monolayer cultures. However, 
their limited cellular heterogeneity, lack of long-term genetic 
stability, and simplified architecture restrict their predictive 
power.
In contrast, patient-derived tumour organoids (PDTOs) have 
emerged as highly advanced and physiologically relevant ex vivo 
models, capable of faithfully reproducing the histo-architectural 
organization, cellular diversity, and key molecular features of 
the original tumour tissue. Unlike spheroids, organoids self-
organize into complex 3D structures, preserve tumour-specific 
genetic and phenotypic traits over extended culture periods, 
and retain key features of the tumour microenvironment that 
regulate therapeutic sensitivity and resistance. As a result, 
PDTOs have demonstrated a remarkable ability to predict 
patient-specific drug responses, in some cases outperforming 
traditional in vivo models in terms of translational relevance, 
scalability, and ethical sustainability.83–86 Consequently, 
organoid-based platforms are now widely regarded as among 
the most reliable preclinical models for anticancer drug 
screening and personalized medicine.87

The adoption of such clinically relevant models is particularly 
important for metal-based compounds, whose biological 
activity is highly sensitive to microenvironmental parameters 
such as redox state, extracellular matrix composition, and cell–
cell interactions. Evaluating these agents in systems that closely 
mimic in vivo tumour conditions is therefore essential to obtain 
meaningful insights into their therapeutic potential.

Based on the in vitro results, compound 2i, which combines 
high cytotoxic potency with marked tumour selectivity, was 
selected for evaluation in ovarian cancer PDTOs. Specifically, 
two patient-derived tumour organoids (HGSOC-PDTO-1 and 
HGSOC-PDTO-2), recently established in our laboratory from 
high-grade serous ovarian cancer (HGSOC) specimens, were 

employed. Previous immunohistochemical characterization 
confirmed that these tumour organoids retained the key 
histopathological features of the corresponding primary 
tumours, including robust expression of clinically relevant 
markers such as PAX8, WT-1, and CA-125. 
As a non-cancerous control, compound 2i was also tested 
against a mouse-derived fallopian tube epithelium organoid 
(FTE-MDO), generated from healthy ovarian tissue.
The IC₅₀ values reported in Table 3 demonstrate a pronounced 
antiproliferative activity of compound 2i in HGSOC-PDTO-1, 
with potency slightly exceeding that of the clinically used agents 
carboplatin and doxorubicin, which were included as reference 
compounds. Notably, comparable activity was also observed in 
HGSOC-PDTO-2, a model that displays sensitivity to doxorubicin 
but resistance to carboplatin. These findings further support the 
hypothesis that the Pd(II)-based complex may overcome 
resistance mechanisms commonly associated with platinum-
based drugs.
Importantly, the strong tumour selectivity observed in 2D cell-
based assays is preserved in the organoid model. In fact, 
compound 2i shows no detectable cytotoxicity towards the 
non-cancerous FTE-MDO, in sharp contrast to carboplatin and 
doxorubicin, which display appreciable toxicity in this healthy 
tissue-derived system. This result underscores the favourable 
therapeutic profile of compound 2i and highlights the power of 
organoid-based screening in discriminating between efficacy 
and off-target toxicity within a clinically meaningful context.

Table 3. IC50 values calculated for complex 2i when tested on patient-derived HGSOC and 
mouse-derived fallopian tube epithelium organoids. Results were obtained after 96 
hours of incubation with complex solutions ranging from 200 µM to 0.0256 µM, prepared 
from a stock solution 10 mM in DMSO. For carboplatin and Doxorubicin stock solutions 
respectively 10 mg/mL and 2 mg/mL in water were used. 

IC50 (µM)
Organoid Carboplatin Doxorubicin 2i

HGSOC-PDTO-1 17 ± 9 38 ± 9 5 ± 1
HGSOC-PDTO-2 > 200 2 ± 1 2 ± 1

FTE-MDO 21 ± 9 2.2 ± 0.5 > 200

Mechanism of action and cell deaths

Motivated by the exceptional antiproliferative potency and 
tumour selectivity exhibited by compound 2i, we next sought to 
elucidate its mechanism of action at the cellular level. 
On the basis of our previous studies, which identified 
mitochondria as preferential intracellular targets of η³-allyl 
palladium(II) complexes bearing N-heterocyclic carbene 
ligands,22 we hypothesised that compound 2i primarily disrupts 
mitochondrial function, thereby activating downstream cell 
death pathways rather than directly targeting nuclear DNA. 
To investigate this hypothesis, we performed time-resolved 
immunofluorescence analyses focusing on two well-established 
hallmarks of cytotoxic stress: cytochrome c release and DNA 
double-strand break (DSB) formation.
We first investigated the intracellular distribution of 
cytochrome c, a small heme protein located in the 
mitochondrial intermembrane space that plays a central role in 
oxidative phosphorylation under physiological conditions. Upon 
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mitochondrial outer membrane permeabilisation (MOMP), 
cytochrome c is released into the cytosol, where it contributes 
to apoptosome assembly and initiates the intrinsic apoptotic 
cascade.88 Consequently, immunofluorescence-based 
detection of cytochrome c redistribution from a punctate, 
mitochondria-confined pattern to a diffuse cytosolic signal is 
widely recognised as a robust indicator of mitochondrial 
damage and apoptotic commitment.
From an experimental standpoint, A2780 ovarian cancer cells 
were treated with compound 2i at sub-micromolar 
concentrations (0.5 and 1.0 µM) or with cisplatin (10 µM) as a 
reference DNA-damaging agent, and analysed after 3, 6, 24, and 
48 h of exposure. Immunofluorescence imaging (Figure 4A) 
revealed that treatment with compound 2i induced a 
pronounced time-dependent release of cytochrome c, which 
became clearly detectable after 24 h. A similar redistribution 
was observed in cisplatin-treated cells, albeit at substantially 
higher concentrations. These results indicate that compound 2i 
effectively compromises mitochondrial integrity and triggers 
mitochondria-mediated apoptotic signalling at doses an order 
of magnitude lower than those required for cisplatin.
To establish whether nuclear DNA constitutes a primary 
molecular target of compound 2i or is instead affected as a 
downstream consequence of mitochondrial dysfunction, we 
assessed DNA damage using the γH2AX immunofluorescence 
assay. Phosphorylation of the histone variant H2AX at serine 
139 (γH2AX) represents one of the earliest cellular responses to 
DNA double-strand breaks and leads to the rapid formation of 
discrete nuclear foci at sites of DNA damage.89 Detection and 
quantification of γH2AX foci therefore provide a highly sensitive 
and reliable readout of the presence, extent, and persistence of 
DSBs, as well as for the activation of DNA damage response and 
repair pathways.90

In agreement with its well-established mechanism of action, 
cisplatin induces rapid γH2AX phosphorylation, with clear foci 
formation observable as early as 6 h post-treatment and 
progressively increasing at 24 and 48 h (Figure 4B), reflecting 
the accumulation of unrepaired DNA lesions resulting from 
platinum–DNA adduct formation. In striking contrast, 
compound 2i does not induce significant γH2AX signalling at 
early time points, with appreciable DSB formation becoming 
evident only after prolonged exposure (48 h).
The clear temporal separation between mitochondrial 
dysfunction and DNA damage provides compelling evidence 
that mitochondrial impairment represents the primary 
cytotoxic event induced by compound 2i, whereas DNA damage 
likely arises as a secondary consequence of apoptotic 
progression. This mitochondria-centered mechanism of action 
clearly differentiates compound 2i from classical platinum-
based chemotherapeutics and provides a mechanistic rationale 
for its retained efficacy in cisplatin-resistant ovarian cancer 
models.

Figure 4. Immunofluorescence analysis of a) Cytochrome C release, and b) histone H2AX 
phosphorylation. For both experiments, A2780 cells were incubated for 3, 6, 24 and 48 
hours with compound with complex 2i (concentration 0.5 and 1.0 µM) and cisplatin 
(positive control – concentration 10 µM). Arrows indicated Cytochrome C release and 
DNA damage, respectively.

TrxR plays a crucial role in maintaining mitochondrial integrity 
and inhibiting apoptosis by regulating the redox state of 
cytochrome c and preventing its release. Upon inhibition, the 
resulting loss of cellular antioxidant capacity causes excessive 
ROS production, mitochondrial membrane permeabilization, 
and the leakage of cytochrome c into the cytosol, triggering 
apoptosis. Based on the established connections between TrxR 
and mitochondria-driven apoptosis, and considering our recent 
identification of unprecedented palladium complexes capable 
of targeting TrxR,26 we evaluated the ability of compound 2i to 
inhibit TrxR in both a cell-free system and in human ovarian 
cancer cells. Auranofin, a well-known metal-based TrxR 
inhibitor was used as a positive control and TrxR activity was 
assayed by measuring the NADPH-dependent reduction of 
DTNB at 412 nm, as described in Experimental Section.
In cell-free assays, compound 2i exhibited a dose-dependent 
inhibition of TrxR activity, with an IC₅₀ value of 46 nM, 
approximately two orders of magnitude higher than that 
observed for auranofin, that elicited an IC₅₀ value of 0.4 nM 
(Figure 5A). Conversely, in human ovarian cancer A2780 cells, 2i 
displayed a more pronounced inhibitory effect on TrxR, with a 
potency comparable to that of auranofin (Figure 5B). Notably, 
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IC₅₀ values of 1.6 and 1.8 µM were determined for 2i and 
auranofin, respectively. 

Figure 5. TrxR inhibition. (A) TrxR1 activity was assayed by measuring NADPH-dependent 
reduction of DTNB at 412 nm as described in the Experimental Section. Error bars 
indicate S.D. (B) A2780 cells were incubated for 24 h with 2i or auranofin. Subsequently, 
TrxR activity was tested in cell lysates by measuring NADPH-dependent reduction of 
DTNB at 412 nm. Error bars indicate SD. * p < 0.05; ** p < 0.01.

Cellular TrxR inhibition, particularly the mitochondrial isoform 
TrxR2, represents a potent mechanism for disrupting 
mitochondrial function and inducing cell death, primarily 
through the induction of severe oxidative stress and the 
consequent loss of mitochondrial membrane potential (ΔΨm). 
On this basis, we evaluated the ability of compound 2i to induce 
mitochondrial membrane potential depletion in ovarian cancer 
cells.
A2780 cells were treated with 2i or auranofin for 1 or 3 h, and 
the percentage of cells with depolarized mitochondrial 
membrane potential was determined by means of the Mito-ID® 
Membrane Potential Kit. The carbonyl cyanidem-
chlorophenylhydrazone (CCCP) was used as positive control. 
Results depicted in Figure 6 show that the percentage 
mitochondrial membrane potential loss was time dependent 
for all tested compounds. 

Control
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Figure 6. A2780 cells were treated for 3 or 6 h with IC50 concentrations of the tested 
complexes or CCCP (3 μM). The percentage of depleted mitochondrial membrane 
potential was determined by Mito-ID® Membrane Potential Kit. Results are the means of 
three independent experiments. Error bars indicate S.D. *p < 0.05, **p < 0.01.

Conclusions

In this study, we developed a robust and general synthetic 
strategy for the preparation of heterobimetallic Pd(II)/Sn(II) η³-
allyl complexes bearing N-heterocyclic carbene ligands, thereby 
expanding the chemical space of biologically active palladium- 
and tin-based organometallics. The straightforward insertion of 
SnCl₂ into the Pd–Cl bond of the corresponding allyl–palladium 
precursors proceeds smoothly under mild conditions, providing 
a library of thirteen well-defined complexes. Full spectroscopic 
characterization, complemented by single-crystal X-ray 
diffraction where applicable, unequivocally confirmed their 
molecular structures, while DFT calculations elucidated the 
underlying reaction mechanism, revealing a single-step process 
driven by a favourable Cl···SnCl2 interaction, culminating in 
insertion of SnCl2 into the Pd–Cl bond. Beyond their synthetic 
significance, these heterobimetallic complexes display a striking 
and coherent biological profile. Across a comprehensive panel 
of ovarian cancer cell lines—including cisplatin-sensitive, 
cisplatin-resistant, and high-grade serous ovarian cancer 
(HGSOC) models—all compounds demonstrated substantial 
antiproliferative activity, with selected derivatives combining 
high potency and pronounced tumour selectivity. Among them, 
compound 2i clearly stands out, displaying cytotoxic activity 
that is generally superior to that of cisplatin while achieving an 
approximately two orders of magnitude higher selectivity 
towards tumour cells. Notably, comparison with the 
corresponding precursor complex bearing a chloride ligand in 
place of the trichlorostannyl fragment indicates that, in the case 
of the lead compound 2i, the incorporation of the SnCl3 ligand 
results in a marked increase in in vitro tumour selectivity over 
normal cells, highlighting the beneficial contribution of the 
SnCl3 fragment to the biological profile of these complexes.
Importantly, the therapeutic potential of compound 2i extends 
well beyond conventional 2D cell culture models. Its potent 
antitumour activity is fully retained in patient-derived tumour 
organoids (PDTOs) established from HGSOC samples, including 
models resistant to platinum-based chemotherapy, thereby 
underscoring the translational relevance of this compound. At 
the same time, 2i shows no detectable toxicity towards non-
cancerous fallopian tube epithelium organoids, highlighting a 
favourable therapeutic window and validating the predictive 
power of organoid-based platforms in discriminating efficacy 
from off-target toxicity.
Mechanistic investigations further reveal that compound 2i 
operates through a mode of action fundamentally distinct from 
that of classical platinum-based drugs. Specifically, 2i effectively 
inhibited TrxR activity, thereby inducing loss of mitochondrial 
membrane potential loss and rapid cytochrome c release, 
followed by delayed DNA damage. Notably, the inhibition of 
TrxR observed for these Pd(II)/Sn(II) heterobimetallic 
complexes is significantly stronger—both in isolated enzyme 
and in cellular assays—than that previously measured for the 
related [Pd(NHC)Cl(allyl)] complexes explored by our group. 
Moreover, their inhibitory efficiency surpasses that of 
auranofin, a well-known and potent TrxR inhibitor whose 
anticancer activity is primarily attributed to this mechanism.
These findings indicate that TrxR inhibition and the consequent 
mitochondrial dysfunction constitute the primary cytotoxic 
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events triggered by this heterobimetallic complex. While 
further studies will be required to fully elucidate the specific 
role of the SnCl3 fragment at the molecular level, the enhanced 
selectivity and markedly increased TrxR inhibition observed for 
these heterobimetallic systems suggest that the incorporation 
of the SnCl3 moiety plays a key role in modulating their 
biological activity. This mitochondria-centred mechanism 
provides a compelling explanation for the ability of compound 
2i to overcome platinum-associated resistance mechanisms and 
positions these organometallic compounds as a mechanistically 
novel class of metal-based anticancer agents.
Further studies on the detailed mechanism of action and in vivo 
anticancer activity of these compounds are currently underway 
in our laboratories, paving the way toward their potential 
translation into next-generation metal-based 
chemotherapeutics.

Experimental Section

All the complexes synthesised in this work, with the only 
exception of complexes 1a-1g, were prepared under argon 
atmosphere using anhydrous dichloromethane, and 
precipitated from the reaction mixture using anhydrous diethyl-
ether and/or n-pentane (dried on 4A molecular sieves according 
to literature91). For complexes 1a-1g, technical grade acetone 
was used, with no need of inert atmosphere.
The NMR characterization was possible using the Bruker Avance 
300 and Bruker Avance 400 spectrometer at room temperature. 
For complex 2m, 1H NMR, 13C{1H} NMR and the bidimensional 
HMQC and HMBC spectra were registered at 253 K to 
distinguish two different isomers. In the case of compound 2c, 
only the 1H NMR spectra was registered at 223 K to better 
resolve the different peaks. Anhydrous CDCl3 and CD2Cl2 (dried 
on 4A molecular sieves) were used as solvents.
The IR spectra were recorded in KBr tablets using the Perkin-
Elmer Spectrum One spectrophotometer.  Elemental analyses 
were carried out using an Elemental CHN "CUBO Micro Vario" 
analyser.
X-ray crystallographic structures were collected at 100 K, 200 K 
or 298 K at the XRD2 beamline of the Elettra Synchrotron, 
Trieste (Italy), using a monochromatic wavelength. 

Synthesis of complexes 1a-1m
The palladium(II)-allyl precursors 1a-1m were prepared 
according to known synthetic procedures. Particularly, for 
compound 1a-g, the weak-base route was used68,69,92. Briefly, a 
stoichiometric amount of the respective imidazolium salt was 
added to a solution of [Pd(allyl)Cl]2 (or [Pd(2-methyl-allyl)Cl]2, 
[Pd(1,1-dimethyl-allyl)Cl]2) in technical grade acetone. Then, an 
excess (~ 3 equiv.) of K2CO3 was added, and the reaction was 
stirred for 5 h. The desired complexes were obtained by simple 
filtration and solvent removal at reduced pressure. All these 
complexes have already been reported and exhaustively 
characterized in the literature. 
On the contrary, for compounds 1h-m the transmetalation 
route was employed78,79. At first, the [Ag(NHC)Cl] precursors 
were prepared using a well-established procedure78,79,93,94 

which consisted of the reaction between Ag2O (0.6 equiv.) and 
the respective azolium salt in argon atmosphere and using 
dichloromethane as solvent. The reaction mixture was stirred 
for 24 hours in the dark, to avoid light degradation. The final 
suspension was filtered on Millipore filter, the solvent was 
subsequently reduced under vacuum, and the final products 
were finally obtained as powder and filtered on a gooch filter 
after precipitation with Et2O. For the complex bearing Me-Im-
tBu as ancillary ligand, which synthesis is not described in 
literature with chloride as counterion of the imidazolium salt, 
the synthetic procedure is reported in detail in this 
experimental section. 
After obtaining the silver-carbene complexes, they were 
reacted with a stoichiometric amount of [Pd(allyl)Cl]2 (or the 
substituted [Pd(2-methyl-allyl)Cl]2) previously dissolved in 
anhydrous dichloromethane. The reaction mixture was stirred 
for 45 minutes in argon atmosphere and in the dark. After the 
indicated time, suspension was centrifuged at 5000 rpm for 10 
minutes, thus precipitating AgCl (obtained as byproduct), and 
the supernatant was filtered using a Millipore filter. The solvent 
of the obtained solution was reduced under vacuum and the 
final complexes precipitated after the addition of a mixture of 
Et2O and n-pentane. All complexes have already been reported 
in the literature, with the exception of complexes 1h, 1j and 1k, 
which synthetic procedure is reported in detail below.

Synthesis of [Ag(Me-Im-tBu)Cl] 
150 mg (0.859 mmol) of the imidazolium salt [Me-Im-tBu]·HCl 
were dissolved in 20 mL of CH2Cl2 and reacted with 119.6 mg 
(0.516 mmol) of Ag2O using the above-described conditions. 
174 mg of the desired product was obtained (yield 72%).
1H NMR (300 MHz, CDCl3, T = 298K, ppm) δ: 7.15 (d, J = 1.9 Hz, 
1H, CHIm), 6.93 (d, J = 1.9 Hz, 1H, CHIm), 3.87 (s, 3H, N-CH3), 1.71 
(s, 9H, tBu-CH3). 
13C{1H} NMR (76 MHz, CDCl3, T = 298K, ppm) δ: 178.7 (C, CCarbene, 
detected by HMBC), 120.6 (CH, CHIm), 119.0 (CH, CHIm), 58.0 (C, 
tBu-C), 40.0 (CH3, N-CH3), 32.0 (CH3, tBu-CH3).

Synthesis of [Pd(Tol-CH2-Im-CH2-Tol)(allyl)Cl] (1h)
The compound was obtained using the above-mentioned 
procedure, using 70.0 mg (0.191 mmol) of [Pd(allyl)Cl]2 and 
160.4 mg (0.383 mmol) of the corresponding silver-carbene 
precursor in 15 mL of anhydrous CH2Cl2. 
155.0 mg of the desired complex was obtained (yield 86%).
1H NMR (300 MHz, CDCl3, T = 298 K, ppm) δ: 7.15 (d, J = 1.2 Hz, 
8H, Aryl-H), 6.84 (s, 2H, CHIm), 5.53 – 5.29 (m, 4H, CH2-N), 5.23 
– 5.07 (m, 1H, H2), 4.25 (dd, J = 7.6, 2.2 Hz, 1H, syn-H1), 3.19 (d, 
J = 13.6 Hz, 1H, anti-H1), 3.12 (d, J = 6.6 Hz, 1H, syn-H3), 2.33 (s, 
6H, Tol-CH3), 2.02 (d, J = 11.8 Hz, 1H, anti-H3).
13C{1H} NMR (76 MHz, CDCl3, T = 298 K, ppm) δ: 181.2 (C, 
CCarbene), 138.1 (C, p-Aryl-C), 133.6 (C, ipso-Aryl-C), 129.6 (CH, m-
Aryl-CH), 128.1 (CH, o-Aryl-CH), 121.5 (CH, CHIm), 115.0 (CH, C2), 
73.0 (CH2, C1), 54.8 (CH2, N-CH2), 48.7 (CH2, C3), 21.3 (CH3, Tol-
CH3)

Synthesis of [Pd(Me-Im-Mes)(2-methyl-allyl)Cl] (1j)
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The compound was obtained using the above-mentioned 
procedure, using 70.0 mg (0.177 mmol) of [Pd(2-methyl-
allyl)Cl]2 and 122.1 mg (0.355) mmol of the corresponding 
silver-carbene precursor in 15 mL of anhydrous CH2Cl2. 
118.7 mg of the desired complex was obtained (yield 84%).
1H NMR (300 MHz, CDCl3, T = 298K, ppm) δ: 7.08 (d, J = 1.8 Hz, 
1H, CHIm), 6.94 (s, 1H, m-Aryl-H), 6.91 (s, 1H, m-Aryl-H), 6.87 (d, 
J = 1.8 Hz, 1H, CHIm), 4.07 (s, 3H, N-CH3), 3.85 (d, J = 3.1 Hz, 1H, 
syn-H1), 2.89 (s, 1H, anti-H1), 2.81 (d, J = 3.2 Hz, 1H, syn-H3), 2.30 
(s, 3H, p-Mes-CH3), 2.11 (s, 3H, o-Mes-CH3), 2.09 (s, 3H, o-Mes-
CH3), 1.89 (s, 1H, anti-H3), 1.44 (s, 3H, allyl-CH3).
13C{1H} NMR (76 MHz, CDCl3, T = 298K, ppm) δ: 182.9 (C, 
CCarbene), 138.9 (C, p-Aryl-C), 136.7 (C, o-Aryl-C), 136.2 (C, o-Aryl-
C), 135.4 (C, ipso-Aryl-C), 129.3 (C, C2), 129.1 (CH, m-Aryl-CH), 
128.9 (CH, m-Aryl-CH), 122.6 (CH, CHIm), 122.2 (CH, CHIm), 70.8 
(CH2, C1), 49.1 (CH2, C3), 38.6 (CH3, N-CH3), 22.8 (CH3, allyl-CH3), 
21.1 (CH3, p-Mes-CH3), 18.4 (CH3, o-Mes-CH3), 18.3 (CH3, o-Mes-
CH3).

Synthesis of [Pd(Me-Im-tBu)(allyl)Cl] (1k)
The compound was obtained using the above-mentioned 
procedure, using 70.0 mg (0.191 mmol) of [Pd(allyl)Cl]2 and 
107.7 mg (0.383 mmol) of the corresponding silver-carbene 
precursor in 15 mL of anhydrous CH2Cl2. 
116.2 mg of the desired complex was obtained (yield 95%).
1H NMR (300 MHz, CDCl3, T = 298K, ppm) δ: more abundant 
isomer (~ 57%): 7.09 (d, J = 2.0 Hz, 1H, CHIm), 6.91 (d, J = 2.0 Hz, 
1H, CHIm), 5.33 – 5.18 (m, 1H, H2), 4.26 – 4.19 (m, 1H, syn-H1), 
4.03 (s, 3H, N-CH3), 3.33-3.23 (m, 2H, syn-H3, anti-H1), 2.49 (d, J 
= 11.9 Hz, 1H, anti-H3), 1.68 (s, 9H, tBu-CH3); less abundant 
isomer (~ 43%): 7.11 (d, J = 2.0 Hz, 1H, CHIm), 6.87 (d, J = 2.0 Hz, 
1H, CHIm), 5.49 – 5.30 (m, 1H, H2), 4.26 – 4.19 (m, 1H, syn-H1), 
3.78 (s, 3H, N-CH3), 3.48 (m, 1H, syn-H3), 3.33-3.23 (m, 1 H, anti-
H1), 2.27 (d, J = 11.8 Hz, 1H, anti-H3), 1.83 (s, 9H, tBu-CH3).

13C{1H} NMR (76 MHz, CDCl3, T = 298K, ppm) δ: more abundant 
isomer (~ 57%): 179.2 (C, CNHC), 121.0 (CH, CHIm), 119.1 (CH, 
CHIm), 113.5 (CH, C2), 71.3 (CH2, C1), 58.1 (C, tBu-C), 49.5 (CH2, 
C3), 39.5 (CH3, N-CH3), 31.6 (CH3, tBu-CH3); less abundant isomer 
(~ 43%): 178.8 (C, CCarbene), 121.3 (CH, CHIm), 119.0 (CH, CHIm), 
113.8 (CH, C2), 71.3 (CH2, C1), 58.1 (C, tBu-C), 49.4 (CH2, C3), 39.3 
(CH3, N-CH3), 31.8 (CH3, tBu-CH3).

Synthesis of complexes 2a-2m
The target complexes were obtained using the same general 
procedure. A solution in anhydrous dichloromethane of the 
monometallic [Pd(NHC)Cl(R-allyl) precursor (1a-1m) was 
prepared in a 100 mL round bottom Schlenk flask, using 
anhydrous dichloromethane as solvent and in argon 
atmosphere. Afterwards, 1.1 equivalents of SnCl2 were added, 
and the reaction mixture was vigorously stirred for 4 hours at 
room temperature. Subsequently, the excess of SnCl2 was 
removed by filtration on Millipore filter and the obtained 
solution was dried under vacuum. The final complex was 
obtained as microcrystalline powder after the addition of 
Et2O/n-pentane and finally filtered on a sintered glass filter.

Synthesis of [Pd(IMes)(allyl)SnCl3] (2a)
The compound was synthesised according to the above-
mentioned general procedure. Specifically, 80.5 mg (0.164 
mmol) of 1a were reacted with 31.2 mg (0.165 mmol) of SnCl2. 
82.1 mg of the desired product was obtained (yield 74 %).
1H NMR (300 MHz, CD2Cl2, T = 253 K, ppm) δ: 7.28 (s, 2H, CHIm), 
6.98 (d, J = 10.8 Hz, 4H, m-Aryl-H), 4.89 – 4.70 (m, 1H, H2), 4.35 
(d, J = 7.0, Hz, 1H, syn-H3), 4.18 (d, J = 7.5 Hz, 1H, syn-H1), 2.43 
(d, J = 14.7 Hz, 1H, anti-H3), 2.32 (d, J = 6.1 Hz, 1H, anti-H1), 2.29 
(s, 6H, p-Mes-CH3), 2.16 (s, 6H, o-Mes-CH3), 2.14 (s, 6H, o-Mes-
CH3).
13C{1H} NMR (76 MHz, CDCl3, T = 298K, ppm) δ: 180.3 (C, CCarbene) 
139.8 (C, p-Aryl-C), 135.2 (C, ipso-Aryl-C), 134.8 (C, Aryl-C), 
134.5 (C, Aryl-C), 129.9 (CH, m-Aryl-CH), 129.8 (CH, m-Aryl-CH), 
124.2 (CH, CHIm), 116.5 (CH, C2), 69.5 (C H2, C3), 63.7 (CH2, C1), 
21.2 (CH3, p-Mes-CH3), 18.6 (CH3, o-Mes-CH3).
IR (KBr pellet): νSn-C l= 312, 336 cm-1

Elemental analysis calcd (%) for C24H29Cl3N2PdSn: C, 42.58; H, 
4.32; N, 4.14. Found: C, 42.35; H, 4.40; N, 4.26.

Synthesis of [Pd(IMes)(2-methyl-allyl)SnCl3] (2b)
The compound was synthesised according to the above-
mentioned general procedure. Specifically, 80.0 mg (0.159 
mmol) of 1b were reacted with 33.3 mg (0.175 mmol) of SnCl2. 
101.4 mg of the desired product was obtained (yield 92 %).
1H NMR (300 MHz, CD2Cl2, T = 298 K, ppm) δ: 7.27 (s, 2H, CHIm), 
7.02 (d, J = 7.5 Hz, 4H, m-Aryl-H), 4.03 (d, J = 4.5 Hz, 2H, syn-H1, 
syn-H3), 2.56 (s, 1H, anti-H3), 2.32 (s, 6H, p-Mes-CH3), 2.25 (s, 
1H, anti-H1), 2.18 (s, 6H, o-Mes-CH3), 2.13 (s, 6H, o-Mes-CH3), 
1.20 (s, 3H, allyl-CH3).
13C{1H} NMR (76 MHz, CDCl3, T = 298 K, ppm) δ: 181.3 (C, CNHC), 
139.8 (C, p-Aryl-C), 135.4 (C, ipso-Aryl-C), 134.8 (C, o-Aryl-C), 
134.6 (C, o-Aryl-C), 131.3 (C, C2), 129.9 (CH, m-Aryl-CH), 124.2 
(CH, CHIm), 68.5 (CH2, C3), 64.1 (CH2, C1), 22.5 (CH3, allyl-CH3), 
21.2 (CH3, p-Mes-CH3), 18.8 (CH3, o-Mes-CH3), 18.6 (CH3, o-Mes-
CH3).
IR (KBr pellet): νSn-Cl= 324, 302 cm-1

Elemental analysis calcd (%) for C25H31Cl3N2PdSn: C, 43.45; H, 
4.52; N, 4.05. Found: C, 43.10; H, 4.67; N, 3.97.

Synthesis of [Pd (IMes)(1,1-dimethyl-allyl)SnCl3] (2c)
The compound was synthesised according to the above-
mentioned general procedure. Specifically, 80.0 mg (0.155 
mmol) of 1c were reacted with 32.8 mg (0.171 mmol) of SnCl2. 
92.9 mg of the desired product was obtained (yield 85 %).
1H NMR (300 MHz, CD2Cl2, T = 223 K, ppm) δ: 7.31 (d, J = 1.9 Hz, 
1H, CHIm), 7.26 (d, J = 1.9 Hz, 1H, CHIm), 7.01 (s, 1H, m-Aryl-H), 
7.01 (s, 1H, m-Aryl-H), 6.98 (s, 1H, m-Aryl-H), 6.93 (s, 1H, m-Aryl-
H), 4.62 (dd, J = 13.4, 7.6 Hz, 1H, H2), 3.75 (dd, J = 7.6, 1.8 Hz, 
1H, syn-H3), 2.29 (s, 3H, Mes-CH3), 2.26 (s, 3H, Mes-CH3), 2.21 
(s, 4H, Mes-CH3, anti-H3), 2.18 (s, 3H, Mes-CH3), 2.06 (s, 3H, 
Mes-CH3), 1.98 (s, 3H, Mes-CH3), 1.88 (s, 3H, syn-allyl-CH3), 0.74 
(s, 3H, anti-allyl-CH3). 
13C{1H} NMR (76 MHz, CDCl3, T = 298K, ppm) δ: 139.6 (C, p-Aryl-
C), 134.9 (C, o-Aryl-C), 129.6 (CH, m-Aryl-CH), 124.0 (CH, CHIm), 
66.0 (CH2, allyl C3), 21.2 (CH3, Mes-CH3), 19.9 (CH3, anti-allyl-
CH3), 18.9 (CH3, Mes-CH3). C1 and C3 non detected.
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IR (KBr pellet): νSn-Cl= 326, 303 cm-1

Elemental analysis calcd (%) for C26H33Cl3N2PdSn: C, 44.29; H, 
4.72; N, 3.97. Found: C, 43.92; H, 4.81; N, 4.06.

Synthesis of [Pd(IPr)(allyl)SnCl3] (2d)
The compound was synthesised according to the above-
mentioned general procedure. Specifically, 80.0 mg (0.140 
mmol) of 1d were reacted with 29.2 mg (0.154 mmol) of SnCl2. 
86.0 mg of the desired product was obtained (yield 81 %).
1H NMR (300 MHz, CD2Cl2, T = 298 K, ppm) δ: 7.47 (t, J = 7.8 Hz, 
2H, p-Aryl-H), 7.37 (s, 2H, CHIm), 7.35 (d, J = 1.6 Hz, 1H, m-Aryl-
H), 7.33 (d, J = 1.6 Hz, 1H, m-Aryl-H), 7.32 (d, J = 7.8 Hz, 1H, m-
Aryl-H), 7.29 (d, J = 7.8 Hz, 1H, m-Aryl-H), 4.87 – 4.67 (m, 1H, 
H2), 4.79 (bs, 1H, syn-H3), 4.21 (d, J = 7.5 Hz, 1H, syn-H1), 3.00 
(hept, J = 6.8 Hz, 2H, iPr-CH), 2.79 (hept, J = 6.8 Hz, 2H, iPr-CH), 
2.38 (d, J = 13.4 Hz, 1H, anti-H3), 2.22 (d, J = 13.2 Hz, 1H, anti-
H1), 1.41 (d, J = 6.8 Hz, 6H, iPr-CH3), 1.32 (d, J = 6.8 Hz, 6H, iPr-
CH3), 1.20 (d, J = 6.8 Hz, 6H, iPr-CH3), 1.09 (d, J = 6.8 Hz, 6H, iPr-
CH3). 
13C{1H} NMR (76 MHz, CDCl3, T = 298 K, ppm) δ: 183.5 (C, CCarbene, 
detected by HMBC) 145.9 (C, o-Aryl-C), 145.6 (C, o-Aryl-C), 135.2 
(C, ipso-Aryl-C), 130.7 (CH, p-Aryl-CH), 125.6 (CH, CHIm), 124.7 
(CH, m-Aryl-CH), 124.5 (CH, m-Aryl-CH), 116.2 (CH, C2), 70.1 
(CH2, C3), 63.2 (CH2, C1), 28.9 (CH, iPr-CH), 28.7 (CH, iPr-CH), 27.0 
(CH3, iPr-CH3), 26.1 (CH3, iPr-CH3), 23.4 (CH3, iPr-CH3), 23.0 (CH3, 
iPr-CH3).
IR (KBr pellet): νSn-Cl= 332, 307 cm-1

Elemental analysis calcd (%) for C30H41Cl3N2PdSn: C, 47.34; H, 
5.43; N, 3.68. Found: C, 47.60; H, 5.28; N, 3.59.
  
Synthesis of [Pd(IPr)(2-methyl-allyl)SnCl3] (2e)
The compound was synthesised according to the above-
mentioned general procedure. Specifically, 80.0 mg (0.136 
mmol) of 1e were reacted with 28.5 mg (0.150 mmol) of SnCl2. 
89.3 mg of the desired product was obtained (yield 84 %).
1H NMR (300 MHz, CD2Cl2, T = 253 K, ppm) δ: 7.47 (t, J = 7.7 Hz, 
2H, p-Aryl-H), 7.37 (s, 3H, CHIm; m-Aryl-H), 7.34 (d, J = 1.5 Hz, 1H, 
m-Aryl-H), 7.29 (d, J = 1.5 Hz, 1H, m-Aryl-H), 7.26 (d, J = 1.5 Hz, 
1H, m-Aryl-H), 4.07 (d, J = 3.3 Hz, 1H, syn-H1), 3.93 (d, J = 3.3 Hz, 
1H, syn-H3), 2.90 (hept, J = 6.9 Hz, 2H, iPr-CH), 2.70 (hept, J = 6.9 
Hz, 2H, iPr-CH), 2.58 (s, 1H, anti-H3), 2.25 (s, 1H, anti-H1), 1.43 
(d, J = 6.8 Hz, 6H, iPr-CH3), 1.24 (d, J = 6.9 Hz, 6H, iPr-CH3), 1.19 
(d, J = 6.7 Hz, 6H, iPr-CH3) 1.02 (d, J = 6.8 Hz, 6H, iPr-CH3), 0.95 
(s, 3H, allyl-CH3). 
13C{1H} NMR (76 MHz, CDCl3, T = 298 K, ppm) δ: 184.5 (C, 
CCarbene), 145.9 (C, o-Aryl-C), 145.6 (C, o-Aryl-C), 135.6 (C, ipso-
Aryl-C), 131.5 (C, C2), 130.6 (CH, p-Aryl-C), 125.6 (CH, CHIm), 
124.7 (CH, m-Aryl CH), 124.5 (CH, m-Aryl CH), 67.8 (CH2, C3), 
65.3 (CH2, C1), 28.8 (CH, iPr-CH), 28.7 (CH, iPr-CH), 27.0 (CH3, iPr-
CH3), 26.1 (CH3, iPr-CH3), 23.4 (CH3, iPr-CH3), 22.9 (CH3, iPr-CH3), 
22.6 (CH3, allyl-CH3).
IR (KBr pellet): νSn-Cl= 326, 304 cm-1

Elemental analysis calcd (%) for C31H43Cl3N2PdSn: C, 48.03; H, 
5.59; N, 3.61. Found: C, 48.36; H, 5.43; N, 3.54.

Synthesis of [Pd(SIMes)(allyl)SnCl3] (2f)

The compound was synthesised according to the above-
mentioned general procedure. Specifically, 70.0 mg (0.143 
mmol) of 1f were reacted with 29.8 mg (0.157 mmol) of SnCl2. 
89.0 mg of the desired product was obtained (yield 92 %).
1H NMR (300 MHz, CD2Cl2, T = 298 K, ppm) δ: 6.95 (d, J = 9.0 Hz, 
4H, m-Aryl-H), 4.84 – 4.60 (m, 1H, H2), 4.46 (d, J = 7.2 Hz, 1H, 
syn-H3), 4.13 (d, J = 7.9 Hz, 1H, syn-H1), 4.07 (m, 4H, CH2Im), 2.46 
(d, J = 13.4 Hz, 1H, anti-H3), 2.41 (s, 6H, o-Mes-CH3), 2.34 (s, 6H, 
o-Mes-CH3), 2.27 (s, 6H, p-Mes-CH3), 2.22 (d, J = 12.7 Hz, 1H, 
anti-H1).
13C{1H} NMR (76 MHz, CDCl3, T = 298 K, ppm) δ: 209.7 (CCarbene), 
139.0 (C, p-Aryl-C), 135.6 (C, ipso-Aryl-C), 135.5 (C, o-Aryl-C), 
135.0 (C, o-Aryl-C), 130.1 (CH, m-Aryl-CH), 130.0 (CH, m-Aryl-
CH), 116.6 (CH, C2), 69.6 (CH2, C3), 63.9 (CH2, C1), 51.9 (CH2, 
CH2Im), 21.2 (CH3, p-Mes-CH3), 18.7 (CH3, o-Mes-CH3), 18.7 (o-
Mes-CH3).
IR (KBr pellet): νSn-Cl= 326, 307 cm-1

Elemental analysis calcd (%) for C24H31Cl3N2PdSn: C, 42.45; H, 
4.60; N, 4.13. Found: C, 42.08; H, 4.70; N, 4.25.

Synthesis of [Pd(SIPr)(allyl)SnCl3](2g)
The compound was synthesised according to the above-
mentioned general procedure. Specifically, 80.0 mg (0.139 
mmol) of 1g were reacted with 29.1 mg (0.153 mmol) of SnCl2. 
87.6 mg of the desired product was obtained (yield 82 %).
1H NMR (300 MHz, CD2Cl2, T = 253 K, ppm) δ: 7.36 (t, J = 7.7 Hz, 
2H, p-Aryl-H), 7.28 (d, J = 1.7 Hz, 1H, m-Aryl-H), 7.26 (d, J = 1.7 
Hz, 1H, m-Aryl-H), 7.21 (d, J = 1.7 Hz, 1H, m-Aryl-H), 7.18 (d, J = 
1.7 Hz, 1H, m-Aryl-H), 4.79 – 4.60 (m, 1H, H2), 4.26 – 4.03 (m, 
6H, syn-H3; syn-H1; CH2Im), 3.38-3.17 (m, 4H, iPr CH), 2.08 (d, J = 
13.4 Hz, 1H, anti-H3), 1.93 (d, J = 13.5 Hz, 1H, anti-H1), 1.45 (d, J 
= 6.7 Hz, 6H, iPr-CH3), 1.27 (d, J = 6.8 Hz, 6H, iPr-CH3), 1.23 (d, J 
= 6.9 Hz, 6H, iPr-CH3), 1.18 (d, J = 6.8 Hz, 6H, iPr-CH3).
13C{1H} NMR (76 MHz, CDCl3, T = 298 K, ppm) δ: 212.3 (C, 
CCarbene), 147.1 (C, o-Aryl-C), 146.7 (C, o-Aryl-C), 135.6 (C, ipso-
Aryl-C), 129.8 (CH, p-Aryl-CH), 124.9 (CH, m-Aryl-CH), 124.8 (CH, 
m-Aryl-CH), 116.3 (CH, C2), 70.3 (CH2, C3), 63.3 (CH2, C1), 54.5 
(CH2, CH2Im), 28.9 (CH, iPr-CH), 28.7 (CH, iPr-CH), 27.4 (CH3, iPr-
CH3), 27.0 (CH3, iPr-CH3), 24.1 (CH3, iPr-CH3), 24.0 (CH3, iPr-CH3).
IR (KBr pellet): νSn-Cl= 329, 305 cm-1

Elemental analysis calcd (%) for C30H43Cl3N2PdSn: C, 47.22; H, 
5.68; N, 3.67. Found: C, 47.06; H, 5.80; N, 3.75.

Synthesis of [Pd(Tol-CH2-Im-CH2-Tol)(allyl)SnCl3] (2h)
The compound was synthesised according to the above-
mentioned general procedure. Specifically, 80.0 mg (0.174 
mmol) of 1h were reacted with 36.4 mg (0.192 mmol) of SnCl2. 
101.7 mg of the desired product was obtained (yield 90 %).
1H NMR (300 MHz, CD2Cl2, T = 253 K, ppm) δ:  7.20-7.05 (m, 8H, 
Aryl-CH), 6.99 (d, J = 7.8 Hz, 2H, CHIm), 5.18, 5.11 (AB system, J 
= 15.0 Hz, 2H, N-CH2), 5.00, 4.90 (AB system, J = 15.0 Hz, 2H, N-
CH2), 4.79 – 4.62 (m, 1H, H2), 4.32 (d, J = 7.1 Hz, 1H, syn-H1), 3.79 
(d, J = 7.4 Hz, 1H, syn-H3), 2.33 (d, J = 7.1 Hz, 1H, anti-H3; partially 
obscured), 2.30 (s, 3H, Tol-CH3), 2.27 (s, 3H, Tol-CH3), 1.96 (d, J 
= 13.3 Hz, 1H, anti-H1).
13C{1H} NMR (76 MHz, CDCl3, T = 298 K, ppm) δ: 176.9 (C, Ccarbene; 
detected by HMBC),  138.7 (C, p-Aryl-C), 132.7 (CH, ipso-Aryl-
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CH), 129.8 (CH, m-Aryl-CH), 128.1 (CH, o-Aryl-CH), 123.0 (CH, 
CHIm), 117.1 (CH, C2), 67.5 (CH2, C3), 62.1 (CH2, C1), 55.3 (CH2, 
CH2-N), 21.3 (CH3, Tol-CH3).
IR (KBr pellet): νSn-Cl= 333, 309 cm-1

Elemental analysis calcd (%) for C22H25Cl3N2PdSn: C, 40.72; H, 
3.88; N, 4.32. Found: C, 40.38; H, 3.95; N, 4.39.

Synthesis of [Pd(Me-Im-Mes)(allyl)SnCl3] (2i)
The compound was synthesised according to the above-
mentioned general procedure. Specifically, 80.0 mg (0.208 
mmol) of 1i were reacted with 43.3 mg (0.218 mmol) of SnCl2. 
105.3 mg of the desired product was obtained (yield 89 %).
1H NMR (300 MHz, CD2Cl2, T = 253 K, ppm) δ: 7.27 (d, J = 1.9 Hz, 
1H, CHIm), 7.09 (d, J = 1.9 Hz, 1H, CHIm), 6.93 (d, J = 4.5 Hz, 2H, 
m-Aryl-H), 5.02 – 4.85 (m, 1H, H2), 4.35 (d, J = 6.9 Hz, 2H, syn-
H3; syn-H1), 3.79 (s, 3H, N-CH3), 2.58 (d, J = 13.5 Hz, 1H, anti-H3), 
2.45 (dd, J = 13.3, 1.1 Hz, 1H, anti-H1), 2.27 (s, 3H, Mes-CH3), 
2.05 (s, 3H, Mes-CH3), 1.97 (s, 3H, Mes-CH3).b 
13C{1H} NMR (76 MHz, CDCl3, T = 298 K, ppm) δ: 177.8 (C, 
CCarbene), 139.5 (C, p-Aryl C), 135.5 (C, o-Aryl C), 135.1 (C, o-Aryl 
C), 129.5 (CH, m-Aryl-CH), 129.2 (CH, m-Aryl-CH), 124.1 (CH, 
CHIm), 123.6 (CHIm), 116.8 (CH, C2), 68.7 (CH2, C1), 62.0 (CH2, C3), 
39.1 (N-CH3), 21.2 (CH3, p-Mes-CH3), 18.5 (CH3, o-Mes-CH3), 
18.2 (CH3, o-Mes-CH3).
IR (KBr pellet): νSn-Cl= 326, 302 cm-1

Elemental analysis calcd (%) for C16H21Cl3N2PdSn: C, 33.55; H, 
3.70; N, 4.89. Found: C, 33.40; H, 3.79; N, 4.80.

Synthesis of [Pd (Me-Im-Mes)(2-methyl-allyl)SnCl3] (2j)
The compound was synthesised according to the above-
mentioned general procedure. Specifically, 80.0 mg (0.201 
mmol) of 1j were reacted with 42.0 mg (0.221 mmol) of SnCl2. 
102.1 mg of the desired product was obtained (yield 86 %).
1H NMR (300 MHz, CD2Cl2, T = 253 K, ppm) δ: 7.27 (d, J = 1.9 Hz, 
1H, CHIm), 7.08 (d, J = 1.9 Hz, 1H, CHIm), 6.96 (s, 1H, m-Aryl-H), 
6.91 (s, 1H, m-Aryl-H), 4.11 (d, J = 2.5 Hz, 1H, syn-H3), 3.99 (d, J 
= 3.2 Hz, 1H, syn-H1), 3.84 (s, 3H, N-CH3), 2.69 (s, 1H, anti-H1), 
2.35 (s, 1H, anti-H3), 2.26 (s, 3H, p-Mes-CH3), 2.02 (s, 3H, o-Mes-
CH3), 1.96 (s, 3H, o-Mes-CH3), 1.21 (s, 3H, allyl-CH3).
13C{1H} NMR (76 MHz, CDCl3, T = 298 K, ppm) δ: 178.4 (C, 
CCarbene), 139.5 (C, p-Aryl-C), 135.6 (C, o-Aryl-C), 135.1 (C, o-Aryl-
C), 131.5 (C, C2), 129.4 (CH, m-Aryl-CH), 129.3 (CH, m-Aryl-CH), 
124.1 (CH, CHIm), 123.5 (CH, CHIm), 67.8 (CH2, C1), 61.8 (CH2, C3), 
39.2 (CH3, N-CH3), 23.1 (CH3, allyl-CH3), 21.1 (CH3, p-Mes-CH3), 
18.4 (CH3 o-Mes-CH3), 18.4 (CH3 o-Mes-CH3).
IR (KBr pellet): νSn-Cl= 326, 303 cm-1

Elemental analysis calcd (%) for C17H23Cl3N2PdSn: C, 34.79; H, 
3.95; N, 4.77. Found: C, 35.06; H, 3.82; N, 4.84.

Synthesis of [Pd(Me-Im-tBu)(allyl)SnCl3] (2k)
The compound was synthesised according to the above-
mentioned general procedure. Specifically, 50.8 mg (0.158 
mmol) of 1k were reacted with 33.0 mg (0.174 mmol) of SnCl2. 
56.6 mg of the desired product was obtained (yield 70 %).
1H NMR (300 MHz, CD2Cl2, T = 298 K, ppm) δ: 
more abundant isomer (~ 59%): 7.28 (d, J = 1.9 Hz, 1H, CHIm), 
7.09 (dd, dd, J = 5.9, 1.8 Hz, 1H, CHIm), 5.22 (m, 1H, H2), 4.55 – 

4.36 (m, 2H, syn-H3; syn-H1), 3.77 (s, 3H, N-CH3), 3.29 (d, J = 13.4 
Hz, 1H, anti-H3), 2.85 – 2.74 (m, 1H, anti-H1), 1.56 (s, 9H, tBu-
CH3).
less abundant isomer (~ 41%):: 7.28 (d, J = 1.9 Hz, 1H, CHIm), 
7.09 (dd, dd, J = 5.9, 1.8 Hz, 1H, CHIm), 5.22 (m, 1H, H2), 4.63 (d, 
J = 7.2 Hz, 1H, syn-H3), 4.55 – 4.36 (m, 1H, syn-H1), 3.57 (s, 3H, 
N-CH3), 3.13 (d, J = 13.2 Hz, 1H, anti-H3), 2.85 – 2.74 (m, 1H, anti-
H1), 1.68 (s, 9H, tBu-CH3). 
13C{1H} NMR (76 MHz, CDCl3, T = 298 K, ppm) δ: 
More abundant isomer: 172.9 (C, CNHC), 122.5 (CH, CHIm), 122.5 
(CH, CHIm), 116.3 (CH, C2), 68.1 (CH, C3), 61.1 (CH, C1), 58.2 (C, 
tBu-C), 39.9 (CH3, N-CH3), 31.4 (CH3, tBu-CH3).
Less abundant isomer: 172.6 (C, CNHC), 122.9 (CH, CHIm), 120.6 
(CH, CHIm), 115.8 (CH, C2), 68.2 (CH, C3), 61.1 (CH, C1), 58.2 (C, 
tBu-C), 39.6 (CH3, N-CH3), 31.4 (CH3, tBu-CH3).
IR (KBr pellet): νSn-Cl= 326, 303 cm-1

Elemental analysis calcd (%) for C11H19Cl3N2PdSn: C, 25.87; H, 
3.75; N, 5.84. Found: C, 25.76; H, 3.82; N, 5.70.

Synthesis of [Pd((1,5-a)pyridin-Im-Mes)(allyl)SnCl3] (2l)
The compound was synthesised according to the above-
mentioned general procedure. Specifically, 80.0 mg (0.190 
mmol) of 1i were reacted with 39.8 mg (0.210 mmol) of SnCl2. 
108.9 mg of the desired product was obtained (yield 94 %).
1H NMR (300 MHz, CD2Cl2, T = 253 K, ppm) δ: 8.04 (d, J = 7.3 Hz, 
1H, Py-H5), 7.50 – 7.44 (m, 2H, Py-H8; m-Aryl-H), 7.05 – 6.94 (m, 
3H, Py-H6; m-Aryl-H; CHIm), 6.78 (ddd, J = 6.9 Hz, 1H, Py-H7), 5.11 
– 4.88 (m, 1H, allyl-H2), 4.42 (d, J = 7.4 Hz, 1H, syn-allyl H3), 4.36 
(d, J = 7.6 Hz, 1H, syn-allyl H1), 2.64 - 2.51 (m, 2H, anti-allyl H1; 
anti-allyl H3), 2.30 (s, 3H, Mes-CH3), 2.01 (s, 3H, Mes-CH3), 1.94 
(s, 3H, Mes-CH3).
13C{1H} NMR (76 MHz, CDCl3, T = 298K, ppm) δ: 167.8 (C, CCarbene; 
detected by HMBC), 139.7 (C, p-Mes-C), 136.0 (C, ipso-Mes-C), 
135.2 (C, o-Mes-C), 134.7 (C, o-Mes-C), 132.3 (C, Py-C9), 129.5 
(CH, m-Mes-CH), 129.2 (CH, m-Mes-CH), 128.3 (CH, Py-C5), 
123.8 (CH, Py-C6), 117.8 (CH, Py-C8), 116.9 (CH, allyl-C2), 114.5 
(CH, Py-C7), 114.0 (CH, Py-C1), 69.3 (CH2, allyl-C3), 62.5 (CH2, 
allyl-C1), 21.2 (CH3, Mes-CH3), 18.4 (CH3, Mes-CH3), 18.1 (CH3, 
Mes-CH3)
IR (KBr pellet): νSn-Cl= 328, 308 cm-1

Elemental analysis calcd (%) for C19H21Cl3N2PdSn: C, 37.48; H, 
3.48; N, 4.60. Found: C, 37.30; H, 3.55; N, 4.71.

Synthesis of [Pd(Me-ImBz-iPr)(allyl)SnCl3] (2m)
The compound was synthesised according to the above-
mentioned general procedure. Specifically, 80.0 mg (0.224 
mmol) of 1m were reacted with 46.7 mg (0.246 mmol) of SnCl2. 
109.9 mg of the desired product was obtained (yield 90 %).
1H NMR (300 MHz, CDCl3, T = 253 K, ppm) δ (two isomers, 50:50 
relative abundance): 7.63-7.54 (m, 2H, Benzyl-H), 7.47-7.30 (m, 
6H, Benzyl-H), 5.42-5.26 (m, 2H, H2), 4.92 (hept, J = 6.9 Hz, 1H, 
iPr-CH), 4.68 (hept, J = 6.9 Hz, 1H, iPr-CH; partially obscured), 
4.66 (d, J = 5.7 Hz, 2H, syn-H3), 4.59 (d, J = 7.4 Hz, 1H, syn-H1), 
4.53 (d, J = 7.4 Hz, 1H, syn-H1), 3.92 (s, 3H, N-CH3), 3.74 (s, 3H, 
N-CH3), 3.25 (t, J = 12.6 Hz, 2H, anti-H3), 2.96 (d, J = 5.9 Hz, 1H, 
anti-H1), 2.92 (d, J = 5.9 Hz, 1H, anti-H1), 1.76 (d, J = 7.0 Hz, 3H, 
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iPr-CH3), 1.65 (d, J = 7.0 Hz, 3H, iPr-CH3), 1.63 (d, J = 7.0 Hz, 3H, 
iPr-CH3), 1.56 (d, J = 7.0 Hz, 3H, iPr-CH3),
13C{1H} NMR (76 MHz, CDCl3, T = 253K, ppm) δ: 184.7 (C, 
CCarbene), 136.5 (C, Benzyl-C), 136.3 (C, Benzyl-C), 132.9 (C, 
Benzyl-C), 132.6 (C, Benzyl-C), 123.4 (CH, Benzyl-CH), 123.4 (CH, 
Benzy-CH), 123.2 (CH, Benzy-CH), 123.4 (CH, Benzy-CH), 117.8 
(CH, Benzyl-CH), 117.7 (CH, Benzyl-CH), 112.3 (CH, Benzyl-CH), 
112.1 (CH, Benzyl-CH), 110.7 (CH, C2), 67.2 (CH2, C3), 67.1 (CH2, 
C3), 64.2 (CH2, C1), 64.1 (CH2, C1), 55.0 (CH, iPr-CH), 54.1 (CH, iPr-
CH), 35.6 (CH3, N-CH3), 35.2 (CH3, N-CH3), 21.7 (CH3, iPr-CH3), 
21.6 (CH3, iPr-CH3), 21.3 (CH3, iPr-CH3), 21.3 (CH3, iPr-CH3).
IR (KBr pellet): νSn-Cl = 326, 305 cm-1

Elemental analysis calcd (%) for C14H19Cl3N2PdSn: C, 30.75; H, 
3.50; N, 5.12. Found: C, 30.50; H, 3.61; N, 5.23.

XRD analysis
2b, 2d and 2f crystals data were collected at XRD2 beamline of 
the Elettra Synchrotron, Trieste (Italy)95, using a monochromatic 
wavelength of 0.620 Å, at 100 K, 200 K or 298 K. The data sets 
were integrated, scaled and corrected for Lorentz, absorption 
and polarization effects using XDS package.96 Data from two 
random orientations of the same crystals have been merged to 
obtain complete datasets for the triclinic 2f crystal form, using 
CCP4-Aimless code.97,98 The structures were solved by direct 
methods using SHELXT program99 and refined using full−matrix 
least−squares implemented in SHELXL−2019/3.100 Thermal 
motions for all non−hydrogen atoms have been treated 
anisotropically. Hydrogens have been included on calculated 
positions, riding on their carrier atoms. Geometric restrains 
(SAME, SADI) have been applied to disordered fragments (allyl 
ligands and solvent in 2d). The Coot program was used for 
structure building.101 The crystal data are given in Table S1. 
Pictures were prepared using Ortep3102 and Pymol103 software. 
Crystallographic data have been deposited at the Cambridge 
Crystallographic Data Centre and allocated the deposition 
number CCDC 2512443 (2d at 100 K), 2512444 (2d at 200 K), 
2512445 (2d at 298 K), 2512446 (2b at 100 K), 2512447 (2f at 
100 K) and 2512448 (2f at 298 K). These data can be obtained 
free of charge via https://www.ccdc.cam.ac.uk/structures.

DFT calculations
All DFT calculations were performed with Amsterdam Modeling 
Suite software.104 Geometry optimizations were conducted 
using ADF2019.307, with the BLYP functional105 combined with 
Grimme D3 dispersion correction and the Becke-Johnson 
damping function,106–111 along with the TZP basis set with the 
small frozen core approximation.112

In all calculations, scalar relativistic effects were included 
according to the Zeroth Order Regular Approximation 
(ZORA).113–115 The inclusion of scalar relativistic effects was 
successfully used in mechanistic investigations with compounds 
containing heavy nuclei.116–120 When required, solvent effects 
were incorporated through the COnductor-like Screening 
Model (COSMO), with the default parameters for 
dichloromethane as implemented in ADF.121 
All geometry optimizations were therefore performed at the 
(COSMO)-ZORA-BLYP-D3(BJ)/TZP level of theory. Reactant and 

product complexes were determined through the Intrinsic 
Reaction Coordinate (IRC) procedure, as implemented in 
AMS2020.109. Stationary points were verified by analytical 
frequency calculations, to confirm that all minima display only 
positive vibrational frequencies and transition states are 
associated with a single imaginary frequency.122–126

Single-point calculations in solvent were carried out on the 
optimized geometries to provide a more precise evaluation of 
electronic energies, using the meta-hybrid M06 functional with 
the all-electron TZ2P basis set.127 Gibbs free energies in solution 
are computed from single-point calculations, accounting for 
statistical thermodynamics corrections at the standard state 
(298 K, 1 atm), evaluated at the same level of theory of the 
optimization procedure. Thus, the level of theory for energy 
values in this work is denoted as COSMO-ZORA-M06/TZ2P-
ae//COSMO-ZORA-BLYP-D3(BJ)/TZP. Both the single-point and 
the optimization levels of theory were effectively applied in 
recent works for the description of palladium-NHC 
complexes.27,34,128 

In vitro cytotoxicity 
The selected cell lines were grown in accordance with the 
supplier (Sigma Aldrich) and kept in humidified atmosphere 
with 5% CO2 at 37 °C. For the in vitro cytotoxicity studies, cells 
were seeded in 96 well-plates (1.0 x 10-3 cells/well for the A2780 
cell line, 2.5 x 10-3 cells/well for the A2780cis cell line, 2.0 x 103 

cells/well for the OVCAR-5 and KURAMOCHI cell lines, and 8.0 x 
103 cells/well for the MRC-5 cell line) and, after 24 hours, they 
were treated with increasing concentrations of the 
organopalladium complexes (0.001, 0.01, 0.1, 1, 10, and 100 
µM). For each compound, solutions for the treatment were 
prepared by proper dilution in culture media of a 10 mM stock 
solution in DMSO. Cisplatin was used as positive control and 
treated at the same concentrations of the tested complexes, 
using an injectable stock solution at concentration 3.33 mM. 96 
hours after treatment, the cell viability was assessed using the 
CellTiter-Glo Assay (Promega, Madison, WI, USA) using Tecan 
M1000 or SynergyH1 microplate readers. Dose-response curves 
for each complex were plotted using GraphPad Prism 8, 
extrapolating from them the IC50 values. For each compound, 
the final IC50 reported is calculated as the average of triplicates 
and accompanied by the respective standard deviation. 

PDTOs culture and viability assay
Specimens were completely de-identified prior to use, and 
consent for research utilization was secured through the 
biobank at the National Cancer Institute (CRO) in Aviano 
(approval no. 17197). Cells were isolated from ascites by 
centrifuging at 1,000 rpm for 10 minutes and subsequently 
washed two times with two cycles of HBSS. Erythrocytes were 
removed using an erythrocyte lysis solution (Roche Diagnostics, 
Basel, Switzerland), added while stirring on ice for 10 minutes. 
Samples were spun again at 1,000 rpm for 10 minutes, thus 
obtaining a cell pellet that was resuspended in Geltrex™ 
Reduced Growth Factor Basement Membrane Matrix (Gibco, 
Massachusetts, United States). 
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In the case of solid tumors, samples were incubated for 30 
minutes in a mixture of antifungal agents and antibiotics in 
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 
Ham. Incubation was followed by trituration 0.5–1 mm3 
fragments and enzymatic dissociation using a 4 mg/mL 
collagenase IV (Gibco, Massachusetts, United States) solution at 
37°C for a maximum of 45 minutes. 
The procedure allowed for the obtaining of clusters of cells, that 
were centrifuged, resuspended in Geltrex™ Reduced Growth 
Factor Basement Membrane Matrix, and finally plated in a 24-
wells plate. After Geltrex™ solidification, the organoids were 
maintained in proper culture medium as described by Kopper et 
al.82 and incubated at 37°C with a 5% CO2 atmosphere. 
In order to assess the anticancer activity of compound 2i, 
organoids were seeded in 96-wells plates. Clusters of organoids 
were suspended in Geltrex™ Reduced Growth Factor Basement 
Membrane matrix and a 2 μL drop of this mixture was added to 
each well. Then, treatment with 6 concentrations of 
carboplatin, doxorubicin and 2i was performed; for each of 
them, four replicates were considered. 96 hours after 
treatment, the cell viability was assessed using CellTiter-Glo 3D 
(Promega, Madison, WI, United States). Luminescent signal was 
acquired using SynergyH1 microplate reader.

Immunofluorescence analyses
The Cytochrome-C release and extent of DNA damage were 
assessed through immunofluorescent assays performed on 
A2780 cells. In both cases, cells were seeded on a chamber slide 
with a density of 1 x 105 cells/well. After 24 hours, each well was 
treated with compound 2i (0.5 µM and 1.0 µM) or cisplatin (10 
µM), used as positive control, for 3, 6, 24 and 48 hours; a 
negative control was as well considered for each time-point. 
Cells were then fixed in 4% paraformaldehyde (DPBS solution; 
20 min incubation at RT), permeabilized with 0.3% Triton-X-100 
(DPBS solution; 15 min incubation at RT) and finally blocked in 
8% BSA (DPBS solution, 1h incubation at RT). Staining with 
mouse monoclonal anti-phosphohistone Ser139p-H2A.X antibody 
(Cell Signaling Technology, Cat. 12963; Danvers, MA) or with 
mouse monoclonal anticytochrome C antibody (Cell Signaling 
Technology, Cat. 9718; Burlington, MA) was then performed 
thanks to overnight incubation of cells at 4 °C with a 1:100 
diluted solution of each antibody in 1% BSA/DPBS. Cells were 
then incubated for 1 h with the secondary antibody (Alexa Fluor 
488 dye, 1:1000 dilution in DPBS, Invitrogen, cat. # A32723, 
Danvers, MA) and subsequently nuclei were stained with DAPI 
0.1 µg/mL (DPBS solution, 1 min incubation at RT). Cells were 
washed three times with DPBS after each incubation step. 
Finally, each slide was mounted in fluorSave reagent (catalog 
no. 345789; Millipore: Burlington, MA). Images were acquired 
using an EVOS FL Auto 2 automated fluorescence microscope 
(Thermo Fisher Scientific, Waltham, MA, USA). 

Inhibition of TrxR
Cell-free TrxR1 inhibition. The assay was performed in 0.2 M 
Na-K-phosphate buffer pH 7.4, containing 5 mM EDTA, 0.250 
mM nicotinamide adenine dinucleotide phosphate (NADPH) 

and 75 nmol of TrxR1 (IMCO, Sweden) as previously 
described.129

Inhibition of TrxR in ovarian cancer cells. A2780 cells (1 × 106) 
were grown in 75 cm2 flasks at the confluence and treated for 
24 h with increasing concentrations of auranofin (range 0.3125-
2.5 μM) or 2i (range 0.625-5 μM). Cell monolayers were 
harvested, washed with PBS, and centrifuged. Samples were 
lysed with RIPA buffer (Roche, Basel, Switzerland) and the TrxR 
assay was performed as above described for isolated enzyme.

Mitochondrial Membrane Potential (ΔΨ)
The ΔΨ was assayed using the Mito-ID® Membrane Potential Kit 
according to the manufacturer’s instructions (Enzo Life 
Sciences, Farmingdale, NY).130 Briefly, A2780 cells (5 × 103 per 
well) were seeded in 96-well plates; after 24 h, cells were 
washed with PBS and loaded with Mito-ID Detection Reagent 
for 30 min at 37 ◦C in the dark. Afterwards, cells were incubated 
with tested complexes for 1 or 3 h. Fluorescence intensity was 
estimated using a plate reader (Fluoroskan Ascent FL, 
Labsystems, Finland) at 490 (excitation) and 590 nm (emission). 
Carbonyl cyanide m-chlorophenyl hydrazone (CCCP, 3 μM), a 
chemical inhibitor of the oxidative phosphorylation, was used 
as positive control. 

Statistical analysis
All values are the means ± SD of no less than three 
measurements. Multiple comparisons were made by ANOVA 
followed by the Tukey– Kramer multiple comparison test (*p 
<0.05, **p < 0.01), using GraphPad software.
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