
Synthesis and Anticancer Properties of Heterobimetallic
Fe(II)/Pd(II) Complexes Bearing Different Butadienyl
Fragments
Enrica Bortolamiol,[a] Maria Dalla Pozza,[b] Nicola Demitri,[c] Flavio Rizzolio,[a, d]

Fabiano Visentin,*[a] Gilles Gasser,*[b] and Thomas Scattolin*[e]

In this work, we describe the synthesis of heterobimetallic
Fe(II)/Pd(II) complexes bearing different halides and halide-
substituted butadienyl ligands. The synthetic approach involves
the preparation of suitable Pd(II)-butadienyl precursors contain-
ing a thioquinoline moiety, followed by the substitution of this
relatively labile ligand with dppf (dppf=1,1’-
bis(diphenylphosphino)ferrocene). With the exception of com-
plexes containing at least one iodine atom, all compounds were
synthesized in high yields and purity, and thoroughly charac-
terized using spectroscopic and diffractometric methods. The
investigation of the antiproliferative activity of the synthesized

organometallic complexes against ovarian and breast cancer
cell lines revealed that all compounds exhibit noteworthy
cytotoxicity, with IC50 values in the micromolar range and
generally comparable to those of cisplatin. Interestingly,
significant differences of cytotoxicity among the analysed
compounds were observed in the case of MRC-5 normal cells.
Of particular interest is the dichloride derivative 3a, which is
essentially inactive towards non-cancerous cells (IC50>100 μM),
thus demonstrating promising in vitro selectivity that we
believe warrants further investigation in the future.

Introduction

Ferrocenyl compounds stand as a fascinating class of organo-
metallic compounds, valued for their unique structural and
chemical properties.[1] The structural motif of ferrocene moiety
has undoubtedly revolutionized the landscape of organo-
metallic chemistry, opening avenues for diverse applications

spanning catalysis, materials science, medicinal chemistry, and
beyond.[1–3]

Chemists have leveraged the versatility of ferrocenyl
compounds to engineer an impressive array of derivatives,
each bearing distinct functional groups or substituents. These
modifications not only tailor the physical and chemical proper-
ties of ferrocenyl compounds but also endow them with a
myriad of applications.

In catalysis, ferrocenyl compounds serve as efficient
catalysts for a wide variety of reactions.[4] Their ability to
undergo reversible redox processes facilitates electron trans-
fer, enabling catalytic cycles in numerous transformations.[5]

From homogeneous catalysis in organic synthesis to heteroge-
neous catalysis in industrial processes, ferrocenyl compounds
have left an indelible mark.[6]

In medicinal chemistry, ferrocenyl compounds and other
iron-based derivatives have revealed promising bioactivity
profiles. Researchers have explored their potential as anti-
cancer agents, antimicrobial agents, and even as platforms for
drug delivery.[3,7] Also in this context, the unique redox
behaviour of ferrocene imparts cytotoxicity to cancer cells
while sparing healthy tissues, making ferrocenyl-based drugs
an intriguing chemotherapeutic option in the fight against
cancer.[3,8]

In this vast scenario, heterobimetallic compounds repre-
sent a compelling frontier in medicinal chemistry, being able
to potentially exploit the synergistic properties of two distinct
metal ions to unlock novel therapeutic avenues.[9] These
compounds, characterized by the presence of two different
metal centers within a single molecule, offer a unique platform
for designing targeted and multifunctional agents with
enhanced efficacy and selectivity.[10]
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At the core of the appeal of heterobimetallic compounds
lies their ability to modulate biological processes through
finely tuned interactions with biological targets. By judiciously
selecting metal ions and coordinating ligands, researchers can
potentially tailor the physicochemical properties of these
compounds to engage specific biomolecular targets impli-
cated in disease pathology.[9,10]

In particular, one of the primary advantages of hetero-
bimetallic compounds in medicinal chemistry lies in their
ability to leverage the complementary properties of different
metal ions. For example, the incorporation of transition metal
ions with redox-active properties alongside inert or biocom-
patible metal ions can impart redox-switchable behaviour to
the compounds.[9–11] This feature is particularly valuable in the
design of agents for targeted drug delivery, where controlled
release of therapeutic payloads can be achieved through
external stimuli such as changes in pH or the application of
electromagnetic fields.[12]

Furthermore, the incorporation of diverse metal ions
enables heterobimetallic compounds to exhibit multifunction-
ality, wherein they can simultaneously modulate multiple
biological pathways associated with a particular disease.[9,10] By
harnessing the distinct reactivities of different metal centers,
researchers can design compounds capable of exerting
synergistic effects on complex biological systems, thereby
enhancing therapeutic outcomes.[9–11]

The structural diversity afforded by heterobimetallic com-
pounds can further expands their utility in medicinal
chemistry. By judiciously selecting bridging ligands and
coordinating geometries, researchers can fine-tune the phar-
macokinetic and pharmacodynamic properties of these com-
pounds, optimizing their bioavailability, stability, and target
specificity.[9]

Finally, In the realm of drug resistance, heterobimetallic
compounds offer a promising strategy for overcoming chal-
lenges associated with multidrug-resistant pathogens or
cancer cells.[9–13] By exploiting the unique mechanisms of
action enabled by the synergistic interactions between differ-
ent metal ions, these compounds can circumvent resistance
mechanisms that render conventional monometallic drugs
ineffective.[9–11]

In this study, we aimed to combine the well-known
biological properties of ferrocenyl compounds with the
emerging antitumor properties of organopalladium
complexes.[14] In particular, we chose the dppf ligand (dppf=
1,1’-bis(diphenylphosphino)ferrocene) as the ferrocenyl moiety
and different halide-substituted Pd(II)-butadienyl fragments.
Importantly, the presence of a Pd(II)-butadienyl fragment has
recently yielded promising results against various in vitro, ex
vivo, and in vivo models of ovarian cancer.[15] In addition, it has
been shown that Pd(II)-butadienyl compounds seem to act via
an unusual mechanism of action compared to classical
palladium-based and platinum-based anticancer agents.

Results and Discussion

Synthesis of Pd(II)-Butadienyl Precursors

The organometallic complexes addressed in this work differ
from those recently synthesized and tested in our previous
contribution[15] for the presence of a halogen in place of a
methyl group in the terminal portion of the butadienyl
fragment. This modification has been adopted to evaluate the
role of the terminal substituent in the butadienyl fragment on
the antiproliferative activity of this fascinating class of organo-
palladium derivatives. Such a structural modification requires a
completely different synthetic protocol compared to the
methyl derivatives, which had been obtained by controlled
double insertion of dimethylacetylenedicarboxylate (DMA) on
a suitable Pd(II)-methyl precursor.[15] In particular, based on
some of our recent works,[16] we opted for the addition of
stoichiometric amounts of halogens (Cl2, in the form of PhICl2,
Br2, and I2) and interhalogens (IBr and ICl) to the palladacyclo-
pentadienyl precursor 1 (Scheme 1). The latter contains a
thioquinoline ligand (TMQ) which, besides ensuring the
selective formation of (E,E)-σ-butadienyl derivatives 2a–e, is
easily substitutable by strongly σ-donating ligands such as
diphosphines. Notably, the synthesis of complexes 2b–e is
already reported in the literature.[16,17]

Another advantage of thioquinoline Pd(II)-butadienyl com-
plexes is the ability to replace iodide or bromide ligands with
a chloride via a mild and one-pot process. This metathesis
reaction can be achieved without using silver-based dehaloge-
nating agents, but simply by the addition of ICl. Further details
on this efficient halide metathesis protocol are reported in our
previous work.[17] Following this procedure, we successfully
synthesized complex 2 f by reacting complex 2b with ICl, and
subsequently eliminated IBr from the reaction mixture
(Schemes 1).

The novel organometallic complexes 2a and 2 f were
thoroughly characterized by 1H and 13C NMR spectroscopies
before being employed as precursors in the next step (see
Figures S1–4 in ESI).

In the case of complex 2a, all proton and carbon signals
are significantly shifted compared to the palladacyclopenta-

Scheme 1. Synthesis of Pd(II)-butadienyl precursors.

Wiley VCH Mittwoch, 27.11.2024

2433 / 374310 [S. 50/55] 1

Eur. J. Inorg. Chem. 2024, 27, e202400322 (2 of 7) © 2024 The Author(s). European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

Research Article
doi.org/10.1002/ejic.202400322

 10990682c, 2024, 33, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejic.202400322 by U
niversità C

a' Foscari V
enezia, W

iley O
nline L

ibrary on [09/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



dienyl precursor [Pd(TMQ)(C4(COOMe)4] (1). The position of the
pyridine proton H2 is particularly diagnostic (9.72 ppm), as well
as the low-fielded resonance of the terminal butadienyl carbon
bonded to the halide in the 13C NMR spectrum (129.0 ppm).
Moreover, all protons and carbons attributed to the -OCH3

groups and to the TMQ ligand are easily detectable in the alkyl
and aryl regions, respectively. Finally, carbons located in the
lowest-field region are ascribable to the carbonyl groups.

In the case of compound 2 f, its 1H NMR spectrum is similar
to that of the dibromo derivative 2b, except for the position
of the pyridyl proton H2 (9.72 ppm vs 9.93 ppm), indicating the
successful exchange of the halide. Concerning the 13C NMR
analysis, carbon signals are slightly shifted compared to those
of compound 2b and, in particular, the terminal butadienyl
carbon bounded to the bromide resonates at 130.6 ppm.

Additionally, the structure of compounds 2a and 2 f was
definitively confirmed through XRD analysis carried out on
suitable crystals obtained by slow evaporation of diethyl ether
in a dichloromethane solution of the palladium complex
(Figure 1).

The crystal data of complexes 2a and 2 f show the
following main bond distances: i) Pd� C, ca. 1.99 Å, ii) Pd� N, ca.
2.12 Å, iii) Pd� Cl, ca. 2.32 Å and iv) Pd� S, ca. 2.26 Å. Moreover,
the bond angles are compatible with a slightly distorted
square planar geometry (C� Pd� Cl, ca. 90°; N� Pd� Cl, ca. 96°;
N� Pd� S, ca. 85° and S� Pd� C, ca. 89°). Further details are
reported in the experimental section and Electronic Support-
ing Information (Tables S1, S4 and S5).

Synthesis of Heterobimetallic Fe(II)/Pd(II) Complexes

The target heterobimetallic Fe(II)/Pd(II) complexes were syn-
thesized by addition of one equivalent of the dppf ligand to a
dichloromethane solution of the palladium(II)-butadienyl pre-
cursors of interest (Scheme 2). The reactions proceeded at
room temperature for ca. 30 minutes and, precautionary,
under inert atmosphere. Organometallic complexes 3a, 3b
and 3 f were isolated as yellow powders by precipitation with
diethyl ether to remove the TMQ ligand. Unfortunately, in the
case of compounds containing at least one iodine atom (3c–
e), many side products can be observed in the isolated solids.
The nature of such collateral species is not easily identifiable,
and every attempt to purify the target organometallic
complexes from by-products has failed. For this reason,
compounds 3c–e have not been fully characterized and have
therefore been excluded from the study of their antiprolifer-
ative activity.

Heterobimetallic Fe(II)/Pd(II) complexes 3a, 3b, and 3 f
were firstly characterized by NMR spectroscopy (see Figur-
es S5–13 in ESI). In particular, the 31P{1H} NMR spectra,
displayed two doublets at 15–17 and 30 ppm with a JP-P of ca.
18 Hz. Predictably, the phosphorus nucleus trans to the halide
exhibits the lowest chemical shift.

In the 1H NMR spectra, the eight ferrocenyl protons are
present as multiplets at 3.1–6.1 ppm, while the phenyl signals
of the phosphine ligand occupy the aromatic region between
7.0 and 8.3 ppm. The four -OCH3 groups of the butadienyl
moiety are identified as singlet peaks between 3.5 and
3.9 ppm. In the 13C{1H} NMR spectra, the methoxy carbons
resonate between 51 and 54 ppm, while the ten ferrocenyl
signals appear as doublets between 70 and 80 ppm, due to
the coupling with phosphorus. In the vinyl and aromatic
region (128–145 ppm), other phosphine and butadienyl sig-
nals are distinguishable. The four carbonyl carbons resonate
between 162 and 168 ppm, featuring three singlets and one
doublet. Lastly, the terminal butadienyl carbon bonded to the
halide is readily identifiable, exhibiting peaks at 126.4, 118.5,
and 118.6 ppm for compounds 3a, 3b and 3 f, respectively.

Moreover, in the case of complexes 3b and 3 f, it was
possible to unequivocally confirm their structure by XRD
analysis on suitable crystals obtained by slow evaporation of
diethylether in a dichloromethane solution of the palladium
complex (Figure 2).

Figure 1. Molecular structures of organometallic complexes 2a and 2f are
showed with thermal displacement ellipsoids at the 50% probability level.
Hydrogen atoms are omitted for clarity.

Scheme 2. Synthetic pathway of heterobimetallic Fe(II)/Pd(II) complexes
bearing different butadienyl fragments.

Figure 2. Molecular structures of organometallic complexes 3b and 3 f are
showed with thermal displacement ellipsoids at the 50% probability level.
Hydrogen atoms are omitted for clarity.
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The crystal data of complexes 3b and 3 f show the
following main bond distances: i) Pd� C, (2.05–2.06 Å for 3b
and 2.03–2.05 for 3 f), ii) Pd� P, (2.38–2.41 Å and 2.28–2.29 Å
for 3b and 2.37–2.39 Å and 2.27–2.28 Å for 3 f), iii) Pd� Cl, ca.
2.38 Å for 3 f and iv) Pd� Br, ca. 2.47 Å for 3b. Moreover, the
bond angles are compatible with a slightly distorted square
planar geometry (C� Pd-Br, 84–86° for 3b; P� Pd-Br, 85–87° for
3b; C� Pd� Cl, 85–87° for 3 f; P� Pd� Cl, 85–87° for 3 f; P� Pd-P,
96–98° for both complexes and P� Pd� C, ca. 90° for both
complexes. Therefore, the bite angle of dppf (ca. 97°) is
scarcely influenced by the nature of coordinated halide
(bromide or chloride). Further details are reported in the
experimental section and Electronic Supporting Information
(Tables S1–3 and S6–7).

For the sake of completeness, the IR (KBr pellets) and UV-
Vis (in CHCl3) spectra of complexes 3a, 3b and 3 f are also
reported in the Electronic Supporting Information (Figur-
es S14–19).

Antiproliferative Activity on Cancer and Normal Cell Lines

The antiproliferative activity of the synthesized heterobimetal-
lic Fe(II)/Pd(II) complexes was evaluated on four high-serous
ovarian cancer cell lines (OVSHAO, SKOV-3, OVCAR-5 and
KURAMOCHI) and MDA-MB-231 triple-negative breast cancer
cells. The antiproliferative activity, expressed as IC50 values
(μM), was compared with that of cisplatin, which, besides
being a reference metallodrug, is also commonly included in
the first line of treatment of ovarian cancer (Table 1). More-
over, all organometallic complexes were tested towards MRC-5
non-cancerous cells (human lung fibroblasts) to verify the
potential selectivity of these heterobimetallic derivatives
towards cancer cells.

All compounds are characterized by an antiproliferative
activity in the micromolar concentration range, and their
cytotoxicity was generally comparable to that of cisplatin in all
cancer cell lines.

The IC50 values were similar for the three compounds
within the various cancer cell lines, with no significant IC50

variations resulting from the different halogens decorating the
complexes. Notably, the cytotoxicity against SKOV-3 was

remarkably lower compared to the other three high-grade
serous ovarian cancer (HGSOC) cell lines (OVSHAO, OVCAR-5,
KURAMOCHI), especially for compound 3a.

On the other hand, our heterobimetallic Fe(II)/Pd(II)
complexes exhibited a higher cytotoxicity than cisplatin
against triple-negative breast cancer cells (MDA-MB-231).
Notably, in a very recent study of our group,[18] we demon-
strated that butadienyl complexes containing two triphenyl-
phosphine ligands instead of dppf are inactive (IC50>100 μM)
towards triple-negative breast cancer cells, regardless of the
nature of the halide bound to the metal center and to the
terminal carbon of the butadienyl fragment.

The results concerning MRC-5 non-cancerous cells shed
light on the importance of having at least one chlorine atom
in the structure of the tested complexes. Indeed, complexes
3a and 3 f showed the lowest cytotoxicity towards non-
cancerous cells, with the former being substantially inactive
(IC50>100 μM). The high selectivity towards cancer cells
observed in vitro for the heterobimetallic Fe(II)/Pd(II) complex
3a makes this derivative particularly attracting and worthy of
further investigation in the future.

Conclusions

In this work, we describe the preparation of novel hetero-
bimetallic Fe(II)/Pd(II) complexes containing different halides
and halide-substituted butadienyl ligands. More in detail, the
target complexes were obtained by reacting Pd(II)-butadienyl
precursors bearing the TMQ thioquinoline ligand, followed by
substitution of this NS moiety with dppf (dppf=1,1’-
bis(diphenylphosphino)ferrocene) as ferrocenyl unit. Except
for organometallic complexes containing at least one iodine
atom, all compounds were obtained in high yields and purity,
and thoroughly characterized by NMR and XRD analyses.

The synthesized heterobimetallic Fe(II)/Pd(II) complexes
were tested as potential anticancer agents towards five
different ovarian (SKOV-3, OVSHAO, OVCAR-5, KURAMOCHI)
and breast cancer (MDA-MB-231) cell lines, showing significant
cytotoxicity, with IC50 values in the micromolar range. Notably,
the IC50 values are generally comparable to those of cisplatin.

The greatest difference among the tested compounds was
observed in MRC-5 non-cancerous cells. In particular, the
presence of at least one chlorine atom seems crucial for
reducing cytotoxicity towards non-cancerous cells. In this
respect, the dichloride derivative 3a is particularly interesting
since it shows a negligible activity against non-cancerous cells
(IC50>100 μM), and therefore an in vitro selectivity towards
cancer ones.

We strongly believe that the interesting results obtained
with this compound deserve further investigation from a
biological point of view, especially the evaluation of its
cytotoxicity in ex vivo and in vivo models, as well as the
detailed study of its mechanism of action. Such studies are
currently ongoing in our laboratories.

Table 1. IC50 values (μM) of heterobimetallic Fe(II)/Pd(II) complexes and
cisplatin for cancer (OVSHAO, SKOV-3, OVCAR-5, KURAMOCHI, MDA-MB-
231) and normal (MRC-5) cell lines.

Cisplatin 3a 3b 3f

OVSHAO 0.6�0.1 1.2�0.1 2.0�0.3 2.9�0.5

SKOV-3 3.1�0.2 31�3 16�3 12�3

OVCAR-5 0.44�0.09 5�1 4.5�0.3 5.3�0.4

KURAMOCHI 1.25�0.08 4.0�0.5 2.1�0.1 2.6�0.2

MDA-MB-231 36.3�0.8 7.1�0.7 9.3�0.4 8�1

MRC-5 1.52�0.08 >100 20�9 31�5

Data after 96 h of incubation. Stock solutions in DMSO for all complexes;
stock solutions in H2O/NaCl for cisplatin.
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Experimental

Materials and Methods

Dichloromethane and diethyl ether were anhydrified under
molecular sieves (4 Å, 10%) and maintained under Argon atmos-
phere. Iodine monochloride and 1,1’-
bis(diphenylphosphino)ferrocene were used as purchased (Sigma-
Aldrich). Complexes 1,[16b] 2b-e[16b,17] and iodobenzene dichloride
were synthesized following the published procedures.[19]

NMR spectra were obtained by Bruker 300 MHz spectrometer.

IR spectra (KBr) were recorded on a Perkin � Elmer Spectrum One
spectrophotometer.

Elemental analyses were carried out using an Elemental CHN ‘CUBO
Micro Vario’ analyzer.

UV-Vis spectra were recorded on a Lambda 40 UV/Vis spectropho-
tometer.

Synthesis of [PdCl(TMQ)(C4(COOMe)4Cl] (2a). To a solution of
complex 1 (0.1013 g, 0.1791 mmol) in 10 mL of anhydrous CH2Cl2, a
solution of iodobenzene dichloride (0.0493 g, 0.1791 mmol) in 4 mL of
dichloromethane was added under inert atmosphere (Ar). The
resulting solution was stirred at room temperature for 10 minutes,
filtered through a Millipore apparatus and concentrated under
vacuum. From the concentrated solution, the title complex was
precipitated by addition of diethyl ether and filtered on a sintered
glass filter. 0.1096 g (yield 96%) of 2a was isolated as a yellow
powder.
1H NMR (300 MHz, CDCl3, T=298 K, ppm) δ: 3.02 (s, 3H, SCH3), 3.73 (s,
3H, OCH3), 3.75 (s, 3H, OCH3), 3.84 (s, 3H, OCH3), 3.87 (s, 3H, OCH3), 7.64
(dd, 1H, J=8.3, 5.0 Hz, H3), 7.74 (dd, 1H, J=8.2, 7.4 Hz, H6), 8.02 (d, 1H,
J=8.1 Hz, H5), 8.10 (d, 1H, J=6.7 Hz, H7), 8.43 (dd, 1H, J=8.4, 1.3 Hz,
H4), 9.72 (dd, 1H, J=5.0, 1.4 Hz, H2).
13C{1H} NMR (CDCl3, T=298 K, ppm) δ: 28.9 (CH3, SCH3), 52.4 (CH3,
OCH3), 52.5 (CH3, OCH3), 53.4 (CH3, OCH3), 53.5 (CH3, OCH3), 123.4 (CH,
C3), 128.4 (CH, C6), 129.0 (C, CCl), 130.5 (C, C10), 130.7 (CH, C5), 133.3 (C,
C8), 134.9 (CH, C7), 137.8 (C, C=C), 138.4 (C, C=C),139.6 (CH, C4), 147.3
(C, C9), 153.2 (CH, C2), 160.7 (C, C=C C=O), 163.6 (C, C=O), 166.2 (C,
C=O), 172.4 (C, C=O).

Synthesis of [PdCl(TMQ)(C4(COOMe)4Br] (2f). To a solution of
complex 2b (0.0880 g, 0.1213 mmol) in 6 mL of anhydrous CH2Cl2, a
solution of ICl (0.0237 g, 0.1460 mmol) in 4 mL of dichloromethane
was quickly added under inert atmosphere (Ar). The resulting red
solution was stirred at room temperature for 7 minutes and dried
under vacuum. 2 mL of CH2Cl2 was added and the title complex was
precipitated by addition of 3.5 mL of diethyl ether. 0.0624 g (yield
75%) of 2f (pale-yellow) was isolated by filtration on a sintered glass
filter.
1H NMR (300 MHz, CDCl3, T=298 K, ppm) δ: 3.04 (s, 3H, SCH3), 3.73 (s,
3H, OCH3), 3.74 (s, 3H, OCH3), 3.85 (s, 3H, OCH3), 3.88 (s, 3H, OCH3), 7.63
(dd, 1H, J=8.3, 5.0 Hz, H3), 7.75 (dd, 1H, J=8.2, 7.4 Hz, H6), 8.02 (dd,
1H, J=8.1, 1.1 Hz, H5), 8.11 (d, 1H, J=7.4, 1.1 Hz, H7), 8.43 (dd, 1H, J=
8.4, 1.5 Hz, H4), 9.72 (dd, 1H, J=5.0, 1.6 Hz, H2).
13C{1H} NMR (CDCl3, T=298 K, ppm) δ: 29.0 (CH3, SCH3), 52.3 (CH3,
OCH3), 52.4 (CH3, OCH3), 53.5 (CH3, OCH3), 53.6 (CH3, OCH3), 123.3 (CH,
C3), 128.3 (CH, C6), 130.4 (C, C10), 130.6 (C, CBr), 130.7 (CH, C5), 133.3 (C,
C8), 134.9 (CH, C7), 140.4 (C, C=C),139.6 (CH, C4), 147.3 (C, C9), 153.2 (CH,
C2), 157.8 (C, C=C), 159.1 (C, C=C), 160.4 (C, C=O), 164.4 (C, C=O), 166.0
(C, C=O), 172.3 (C, C=O).

Synthesis of [PdCl(dppf)(C4(COOMe)4Cl] (3a). To a solution of
complex 2a (0.0699 g, 0.1098 mmol) in 10 mL of anhydrous CH2Cl2, a

solution of 0.0753 g (0.1318 mmol) 1,1’-
bis(diphenylphosphino)ferrocene (dppf) in 5 mL of CH2Cl2 was added
under inert atmosphere (Ar). The resulting orange solution was stirred
at room temperature for 30 minutes, filtered through a Millipore
apparatus and concentrated under vacuum. From the concentrated
solution, the title complex was precipitated by addition of 15 mL of
diethyl ether and filtered on a sintered glass filter. 0.0902 g (yield
81%) of 3a was obtained as a pale orange powder.
1H NMR (CDCl3, T=298 K, ppm) δ=3.16–3.19 (m, 1H, Fc� H), 3.51 (s,
3H, OCH3), 3.47–3.50 (m, 1H, Fc� H), 3.71 (s, 3H, OCH3), 3.82 (s, 3H,
OCH3), 3.86 (s, 3H, OCH3), 4.01–4.06 (m, 1H, Fc� H), 4.07–4.10 (m, 1H,
Fc� H), 4.26–4.29 (m, 1H, Fc� H), 4.29–4.32 (m, 1H, Fc� H), 4.74–4.79 (m,
1H, Fc� H), 6.06 (bs, 1H, Fc� H), 7.08 (td, J=7.9, 2.2 Hz, 2H, Ar� H), 7.13–
7.27 (m, 4H, Ar� H), 7.32–7.45 (m, 6H, Ar� H), 7.46–7.59 (m, 3H, Ar� H),
7.76 (dd, J=12.7, 7.4 Hz, 2H, Ar� H), 7.84–7.96 (bm, 1H, Ar� H), 8.20–
8.29 (m, 2H, Ar� H).
31P{1H} NMR (CDCl3, T=298 K, ppm) δ=17.2 (d, JP-P=17.9 Hz), 30.8
(d, JP-P=17.9 Hz).
13C{1 H} NMR (CDCl3, T=298 K, ppm) δ=51.7 (CH3, OCH3), 52.0 (CH3,
OCH3), 53.5 (CH3, OCH3), 54.1 (CH3, OCH3), 70.6 (CH, d, JC-P=4.7 Hz, Fc-
CH), 72.1 (CH, d, JC-P=5.4 Hz, Fc-CH), 73.4 (CH, d, JC-P=5.6 Hz, Fc-CH),
73.6 (C, dd, JC-P=44.5, 3.4 Hz, Fc� C), 73.6 (CH, d, JC-P=10.4 Hz, Fc-CH),
75.5–75.8 (CH, Fc-CH), 78.7 (C, dd, JC-P=55.9, 7.9 Hz, Fc� C), 79.5 (CH, d,
JC-P=21.1 Hz, Fc-CH), 126.4 (C, CCl), 127.7–128.2 (CH, Ar-CH), 128.6 (CH,
d, JC-P=9.6 Hz, Ar-CH), 129.9 (C, d, JC-P=3.8 Hz, C=C), 130.0 (C, d, JC-P=

3.8 Hz, C=C), 130.1 (CH, d, JC-P=2.3 Hz, Ar-CH), 130.3 (CH, d, JC-P=

2.8 Hz, Ar-CH), 131.0 (CH, d, JC-P=2.1 Hz, Ar-CH), 131.3–132.1 (C, Ar� C),
132.3 (C, d, JC-P=56.0 Hz, ipso-Ar� C), 132.4 (C, d, JC-P=44.9 Hz, ipso-
Ar� C), 133.6 (CH, d, JC-P=10.3 Hz, Ar-CH), 135.5 (C, d, JC-P=55.0 Hz,
ipso-Ar� C), 136.3–136.9 (CH, Ar-CH), 140.9 (C, d, JC-P=5.9 Hz, C=C),
162.8 (C, C=O), 164.4 (C, d, JC-P=16.0 Hz, C=O), 167.5 (C, C=O), 172.0
(C, C=O).

Elemental analysis calcd (%) for C46H40Cl2FeO8P2Pd: C, 54.38; H, 3.97;
found: C, 54.09, H, 4.11.

Synthesis of [PdBr(dppf)(C4(COOMe)4Br] (3b). To a solution of
complex 2b (0.0897 g, 0.1236 mmol) in 10 mL of anhydrous CH2Cl2, a
solution of 0.0808 g (0.1457 mmol) 1,1’-
bis(diphenylphosphino)ferrocene (dppf) in 5 mL of CH2Cl2 was added
under inert atmosphere (Ar). The resulting orange solution was stirred
at room temperature for 30 minutes, filtered through a Millipore
apparatus and concentrated under vacuum. From the concentrated
solution, the title complex was precipitated by addition of diethyl
ether and filtered on a sintered glass filter. 0.1222 g (yield 89%) of 3b
was obtained as a yellow powder.
1H NMR (CDCl3, T=298 K, ppm) δ=3.07–3.10 (m, 1H, Fc� H), 3.52 (s,
3H, OCH3), 3.53–3.56 (m, 1H, Fc� H), 3.71 (s, 3H, OCH3), 3.81 (s, 3H,
OCH3), 3.83 (s, 3H, OCH3), 4.00–4.03 (m, 1H, Fc� H), 4.07–4.10 (m, 1H,
Fc� H), 4.30–4.33 (m, 2H, Fc� H), 4.76–4.79 (m, 1H, Fc� H), 6.07 (bs, 1H,
Fc� H), 7.05 (td, J=7.9, 2.2 Hz, 2H, Ar� H), 7.15–7.25 (m, 4H, Ar� H),
7.32–7.45 (m, 6H, Ar� H), 7.46–7.59 (m, 3H, Ar� H), 7.72–7.81 (m, 2H,
Ar� H), 7.86–7.94 (bm, 1H, Ar� H), 8.19–8.27 (m, 2H, Ar� H).
31P{1H} NMR (CDCl3, T=298 K, ppm) δ=15.1 (d, JP-P=17.8 Hz), 30.0
(d, JP-P=17.8 Hz).
13C{1 H} NMR (CDCl3, T=298 K, ppm) δ=51.7 (CH3, OCH3), 52.1 (CH3,
OCH3), 53.6 (CH3, OCH3), 54.1 (CH3, OCH3), 70.6 (CH, d, JC-P=4.4 Hz, Fc-
CH), 72.2 (CH, d, JC-P=4.4 Hz, Fc-CH), 73.3 (CH, d, JC-P=5.6 Hz, Fc-CH),
73.5 (CH, d, JC-P=10.4 Hz, Fc-CH), 74.3 (C, dd, JC-P=43.7, 3.8 Hz, Fc� C),
75.5–75.7 (CH, Fc-CH), 78.5 (C, dd, JC-P=54.2, 7.4 Hz, Fc� C), 79.5 (CH, d,
JC-P=22.2 Hz, Fc-CH), 118.5 (C, CBr), 127.8 (CH, d, JC-P=3.7 Hz, Ar-CH),
127.9 (CH, d, JC-P=2.8 Hz, Ar-CH), 128.1 (CH, d, JC-P=11.0 Hz, Ar-CH),
128.4 (CH, d, JC-P=9.7 Hz, Ar-CH), 130.0 (CH, d, JC-P=2.1 Hz, Ar-CH),
130.3 (CH, d, JC-P=2.6 Hz, Ar-CH), 130.9 (CH, d, JC-P=2.3 Hz, Ar-CH),
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131.5 (C, d, JC-P=38.6 Hz, ipso-Ar� C), 131.6 (CH, d, JC-P=4.5 Hz, Ar-CH),
131.7 CH, d, JC-P=2.2 Hz, Ar-CH), 132.9 (C, d, JC-P=54.4 Hz, ipso-Ar� C),
133.8 (CH, d, JC-P=10.3 Hz, Ar-CH), 133.8 (C, d, JC-P=45.9 Hz, ipso-Ar� C),
135.1 (C, JC-P=3.4 Hz, C=C),135.2 (C, JC-P=6.1 Hz, C=C), 135.3 (C, d, JC-
P=53.4 Hz, ipso-Ar� C), 136.6 (CH, d, JC-P=14.5 Hz, Ar-CH), 137.1 (CH, d,
JC-P=11.4 Hz, Ar-CH), 143.4 (C, C=C), 143.5 (C, JC-P=6.0 Hz, C=C), 163.3
(C, C=O), 164.2 (C, d, JC-P=15.6 Hz, C=O), 167.6 (C, C=O), 172.2 (C,
C=O).

Elemental analysis calcd (%) for C46H40Br2FeO8P2Pd: C, 50.01; H, 3.65;
found: C, 50.38, H, 3.54.

Synthesis of [PdCl(dppf)(C4(COOMe)4Br] (3f). To a solution of
complex 2f (0.0525 g, 0.0771 mmol) in 8 mL of anhydrous CH2Cl2, a
solution of 0.0480 g (0.0869 mmol) 1,1’-
bis(diphenylphosphino)ferrocene (dppf) in 2 mL of CH2Cl2 was added
under inert atmosphere (Ar). The resulting dark yellow solution was
stirred at room temperature for 40 minutes, filtered through a
Millipore apparatus and the solvent was removed under vacuum. The
title complex was precipitated from a dichloromethane/diethylether
solution (1.5 mL/3 mL) and filtered on a sintered glass filter. 0.0697 g
(yield 85%) of 3f was obtained as a yellow powder.
1H NMR (CDCl3, T=298 K, ppm) δ=3.11–3.15 (m, 1H, Fc� H), 3.48–3.51
(m, 1H, Fc� H), 3.53 (s, 3H, OCH3), 3.72 (s, 3H, OCH3), 3.82 (s, 3H, OCH3),
3.84 (s, 3H, OCH3), 4.02–4.05 (m, 1H, Fc� H), 4.06–4.11 (m, 1H, Fc� H),
4.29–4.34 (m, 2H, Fc� H), 4.74–4.80 (m, 1H, Fc� H), 6.01 (bs, 1H, Fc� H),
7.02–7.11 (m, 2H, Ar� H), 7.15–7.27 (m, 4H, Ar� H), 7.34–7.45 (m, 6H,
Ar� H), 7.47–7.58 (m, 3H, Ar� H), 7.74 (dd, J=13.0, 7.8 Hz, 2H, Ar� H),
7.82–7.95 (br, 1H, Ar� H), 8.20–8.29 (m, 2H, Ar� H).
31 P{1H} NMR (CDCl3, T=298 K, ppm) δ=17.1 (d, JP-P=17.6 Hz), 30.7
(d, JP-P=17.6 Hz).
13C{1 H} NMR (CDCl3, T=298 K, ppm) δ=51.7 (CH3, OCH3), 52.0 (CH3,
OCH3), 53.6 (CH3, OCH3), 54.0 (CH3, OCH3), 70.7 (CH, d, JC-P=4.2 Hz, Fc-
CH), 72.2 (CH, d, JC-P=4.2 Hz, Fc-CH), 73.4 (CH, d, JC-P=5.4 Hz, Fc-CH),
73.5 (C, dd, JC-P=44.5, 2.9 Hz, Fc� C), 73.6 (CH, d, JC-P=10.2 Hz, Fc-CH),
75.5–75.7 (CH, Fc-CH), 78.7 (C, dd, JC-P=55.8, 7.6 Hz, Fc� C), 79.8 (CH, d,
JC-P=21.0 Hz, Fc-CH), 118.6 (C, CBr), 127.9 (CH, d, JC-P=9.6 Hz, Ar-CH),
128.0 (CH, d, JC-P=5.6 Hz, Ar-CH), 128.1 (CH, d, JC-P=8.2 Hz, Ar-CH),
128.5 (CH, d, JC-P=9.7 Hz, Ar-CH), 130.1 (CH, d, JC-P=2.5 Hz, Ar-CH),
130.4 (CH, d, JC-P=2.8 Hz, Ar-CH), 130.9 (CH, Ar-CH), 131.1 (C, C=C),
131.2 (C, C=C), 130.1–133.0 (C, Ar� C) 133.6–134.2 (CH, Ar-CH), 135.2 (C,
d, JC-P=54.6 Hz, ipso-Ar� C), 136.4–136.8 (CH, Ar-CH), 143.2 (C, d, JC-P=

6.9 Hz, C=C), 143.3 (C, d, JC-P=6.9 Hz, C=C), 163.4 (C, C=O), 164.0 (C, d,
JC-P=15.5 Hz, C=O), 167.8 (C, C=O), 172.0 (C, C=O).

Elemental analysis calcd (%) for C46H40BrClFeO8P2Pd: C, 52.10; H,
3.80; found: C, 51.82, H, 3.91.

Antiproliferative Activity

Five cancer cells lines (OVSHAO, SKOV-3, OVCAR-5, KURAMOCHI and
MDA-MB-231) and one non-tumoral cell type (MRC-5) were employed
and grown in accordance with the supplier’s instructions and
maintained at 37°C in humidified atmosphere with 5% of CO2. Cells
were seeded in 96 well and treated after 24 h of incubation with
increasing concentration of heterobimetallic Fe(II)/Pd(II) complexes
(0.001, 0.01, 0.1, 1, 10, 100 μM). After 96 h of drug treatment, cell
viability was measured with a CellTiter glow assay (Promega, Madison,
WI, USA) with BioTek Synergy H1. IC50 values were calculated from
logistical dose response curves and were obtained as average values
from experiments in triplicates.

Crystal Structure Determination

2a, 2f, 3b and 3f crystals data were collected at XRD2 beamline of
the Elettra Synchrotron, Trieste (Italy),[20] using a monochromatic
wavelength of 0.620 Å, at 100 K or 298 K. The data sets were
integrated, scaled and corrected for Lorentz, absorption and polar-
ization effects using XDS package.[21] Data from two random
orientations have been merged to obtain complete datasets for 3f
polymorphs (triclinic α and monoclinic β), using CCP4-Aimless[22,23] and
for triclinic β-3b using SADABS code. Two independent 3b
polymorphs have been found in the same batch (trigonal α and
triclinic β packing). The structures were solved by direct methods
using SHELXT program[24] and refined using full � matrix least �
squares implemented in SHELXL � 2018/3.[25] Thermal motions for all
non � hydrogen atoms have been treated anisotropically and hydro-
gens have been included at calculated positions, riding on their carrier
atoms. Heavily disordered solvent contributions have been removed
with Platon SQUEEZE[26] routine in 3b crystal forms (corresponding to
~1 chloroform molecule in polymorph α and ~1 diethyl ether
molecule in polymorph β, for each 3b molecule). Minor geometric
and thermal restrains (DFIX, DANG, FLAT and SIMU) have been used
to properly model disordered and poorly defined fragments. The Coot
program was used for structure building.[27] Pictures were prepared
using Ortep3[28] and Pymol[29] software.

Deposition Numbers “https://www.ccdc.cam.ac.uk/services/structures?
id=doi:10.1002/ejic.202400322“ 2333037 and 2333038 (for 3b, poly-
morph α, 100 K), 2333035 (for 3b, polymorph β, 100 K), 2333031 and
2333033 (for 2f, 100 K and 298 K), 2333032 (for 2a, 100 K), 2333034
(for 3f, polymorph α, 298 K), 2333036 (for 3f, polymorph β, 100 K),
contain the supplementary crystallographic data for this paper. These
data are provided free of charge by the joint Cambridge Crystallo-
graphic Data Centre and Fachinformationszentrum Karlsruhe “http://
www.ccdc.cam.ac.uk/structures” Access Structures service.
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