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Introduction

Palladium(0) and Juglone: a new alliance in the
fight against ovarian cancer
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Giovanni Tonon,
Thomas Scattolin,

Multitarget drugs represent one of the most appropriate responses to a multifaceted and elusive disease
such as cancer. Besides, the option of introducing more active substances in a single compound may
prove beneficial to simplify the administration of the drug and improve its pharmacokinetics. Here, the
synthesis of a new class of palladium(0) complexes coordinating one molecule of Juglone has been
developed, optimizing a versatile method that allows to easily select the kind of ancillary ligands, including
phosphines, arsines, isocyanides, and N-heterocyclic carbenes. All the newly synthesised metal com-
pounds have been fully characterized by spectroscopic methods and, in some cases, by X-ray diffracto-
metry. Juglone is a natural-source organic compound derived from many species of the Juglandaceae
family, whose therapeutic properties have long been known. In particular, its inhibitory activity toward
PIN1—a fast-acting enzyme upregulated in cells and tissues of various neoplasms, especially ovarian
cancer—can be exploited to reduce tumor proliferation. On the other hand, some of our previous works
have shown the antiproliferative activity of different palladium(0) derivatives, in particular towards ovarian
cancer cells. In this work, we prove that the n2-coordination of Juglone on the palladium(0) center can, in
some cases, amplify its in vitro anticancer activity towards different ovarian cancer cell lines, probably by
leveraging the combined effect of the natural organic molecule and the metal residue. A further added
value is represented by the reduced cytotoxicity exhibited by most of our palladium complexes against
MRC-5 non-cancerous cells (ICsq > 100 pM). At the same time, our synthesized complexes maintain high
effectiveness against cisplatin-resistant and high-grade serous ovarian cancer cell lines, with ICsq values
in the micromolar range. Finally, western blot analysis carried out on one of the most active complexes
has proven its high inhibitory effect on the PIN1 oncogenic protein.

Even within the more restricted framework of chemotherapy,
a multifaceted strategy is commonly adopted, and the use of

Cancer is a complex disease and therefore demands equally
complex therapeutic strategies.'™ The notion that a single
kind of treatment can prove decisive in definitively defeating
this pathology appears to have waned. Consequently, many
therapeutic protocols employ a well-calibrated combination of
multiple approaches (surgical, chemotherapeutic, radiothera-
peutic, immunotherapeutic, and hormonal) tailored to the
specific forms of neoplasia and possibly to the individual
characteristics of each patient.>”
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drug cocktails targeting distinct molecular pathways and modes
of action has become a well-established clinical practice.®

An important step forward in this direction is represented by
the integration of more than one active principle in a single com-
pound. Formulating a single drug that contains multiple active
ingredients offers considerable advantages from the pharmacoki-
netic point of view, as well as making its administration easier.

Transition-metal complexes seem well suited for this
purpose, as their coordination sites can be exploited to bind
different pharmacologically active molecules. Moreover, the
metal centre itself exhibits intrinsic cytotoxicity, thereby con-
tributing to the overall therapeutic action of the drug and
potentially promoting a synergistic effect.”™""

Promising results in this area have been achieved by
employing inert Pt(iv) octahedral complexes as prodrugs,
which are reduced within the tumour environment to
square-planar ~ Pt(u) complexes (typically cisplatin),
accompanied by the concurrent release of bioactive molecules
coordinated at axial positions.">*>
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Although cisplatin and its second- and third-generation
derivatives have marked a pivotal turning point in chemo-
therapy based on metallodrugs and still play a leading role in
many therapeutic protocols,'®® researchers are gradually
directing their efforts towards alternative transition-metal
derivatives in an attempt to reduce the numerous drawbacks
of platinum compounds.

In recent years, palladium complexes have been gaining
ground in this field,"®*° owing to the close similarity in coordi-
nation chemistry between this metal and platinum. Most
reports have focused on Pd(u) complexes, where the inherently
fast ligand-exchange rates compared to platinum analogues
are generally mitigated through the use of strongly coordinat-
ing ligands, which are able to guarantee sufficient stability in
the bloodstream and cellular environment.*'°

Several palladium complexes have shown promising anti-
cancer activity, often comparable to (or even surpassing) that of
cisplatin, and occasionally combine this high cytotoxicity
against diverse cancer cell lines with a reduced effect on non-
tumour cells.">*”*® This proved to be especially true for
organopalladium compounds, to which our research group has
devoted particular attention in recent years, synthesizing a wide
range of compounds and demonstrating their antiproliferative
properties mainly towards ovarian cancer cells.**

Moreover, the mechanism of action of these compounds
appears in many cases to differ from that of classical plati-
num-based drugs, suggesting their potential use in the treat-
ment of cisplatin-resistant forms of ovarian cancer.

Much less information is available on the anticancer pro-
perties of palladium(0) derivatives, which are relatively rare
and typically less stable than the more extensively studied pal-
ladium(n) species.®*™*®

A class of palladium(0) compounds sufficiently stable to
operate under biological conditions includes species of the
type [Pd(L*L")(n*-olefin)] or [PALL'(n*-olefin)], provided that the
olefin bears electron-withdrawing substituents and bidentate
L~L' or monodentate L/L’ ligands exhibit strong coordinating
capability. Typically, ligands such as P-donor phosphines,
N-donor pyridines or quinolines, S-donor thiols, and C-donor
N-heterocyclic carbenes are employed; in some cases, the
bidentate ligands are heteroditopic.***°

Juglone is an olefin with high n-electron-acceptor character
and can effectively coordinate to the electron-rich palladium(0)
centre, thereby taking advantage of strong metal-ligand
n-back-bonding. In addition, it is a natural compound found
mainly in several species of the juglandaceae family, which has
become a subject of increasing interest in medicinal research
for its antifungal,”* antibacterial,** antiviral,*® and anti-inflam-
matory** properties.

Numerous studies have demonstrated that this compound
efficiently inhibits the growth of Staphylococcus aureus,*
Escherichia coli*® and Candida albicans,”” through a mecha-
nism involving the disruption of bacterial and fungal cell
membranes, ultimately leading to cell death.

More recent works have also investigated the inhibitory
effects of Juglone against various viruses, including herpes

Dalton Trans.

View Article Online

Dalton Transactions

simplex virus (HSV) and influenza.*® The anti-inflammatory pro-
perties of Juglone stem from its ability to inhibit pro-inflamma-
tory cytokines such as TNF-a, IL-6, and IL-1p, making it a prom-
ising candidate for the treatment of inflammatory diseases such
as arthritis and inflammatory bowel disease (IBD).*’

Finally, Juglone has been successfully evaluated as an anti-
cancer agent, proving its ability to induce apoptosis in various
cancer cell lines including breast, lung, and colon cancer. In
these cases, its mechanism of action seems to involve the
generation of reactive oxygen species (ROS), resulting in mito-
chondrial dysfunction and cell-cycle arrest.’>>' Interestingly,
several studies have proven that Juglone is a potent PIN1
inhibitor, a fast-acting enzyme upregulated in cells and tissues
of certain kinds of neoplasia such as prostate cancer, glioblas-
toma and, above all, ovarian cancer. PIN1 downregulates apop-
totic signals by targeting serine/threonine-proline motifs,
thereby facilitating cell proliferation.>*™>>

In this work, we report for the first time a system featuring
a palladium(0) centre incorporating Juglone, with the main
objective of assessing whether the cytotoxicity of Juglone
toward ovarian cancer cells can be enhanced through its
coordination to a palladium(0) metal centre (Fig. 1).

This hypothesis stems from our previous findings, which
demonstrated that palladium(0) complexes are capable of
exerting a remarkable antitumor effect that could act synergis-
tically with that of Juglone. Furthermore, the influence of
different ancillary ligands (L*L’ or L/L')—including aromatic
phosphines, arsines, isocyanides, and N-heterocyclic carbenes
—on the anticancer activity of the synthesized [Pd(L"L’)(n*
Juglone)] and [PdLL/(n’*-Juglone)] complexes (Scheme 1) was
evaluated. Finally, the inhibition of PIN1 by a model Juglone-
Pd(0) complex was investigated in detail.

Results and discussion
Synthetic routes to Pd(0)-n>-Juglone complexes

In order to establish the best strategy to prepare Pd(0)-n’-
Juglone complexes bearing different mono- or bidentate phos-

phines as ancillary ligands, three different synthetic
approaches were preliminarily explored.

g O OH O OH 7\ o OH

Al RNC, =N
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Phosphine/arsine Mixed phosphine/isocyanide Chelating carbene
complexes complexes complexes
This work

Fig. 1 (A) Juglone structure. (B) Pd(0)-Juglone complexes synthesized
in this work.
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Scheme 1 Synthetic routes to target complexes. (A) One-pot route. (B)
dmfu route. (C) NSPM route used in this work.

The first option is represented by the most direct one-pot
procedure, consisting of mixing in the reaction vessel the
metal precursor [Pd,(dba);-CHCIl;] (dba = dibenzylideneace-
tone), Juglone, and the chosen phosphine (Scheme 1A). This
method, carried out in anhydrous acetone at room tempera-
ture, had already been successfully adopted in the past by our
research group to prepare complexes of the type [Pd(P*P)(n’-
olefin)] or [Pd(PR3),(n*-olefin)] with a large library of electron-
withdrawing olefins and ancillary ligands.’®° Unfortunately,
in this case the outcome was not as expected, yielding in the
final mixture, in addition to the desired product, small but sig-
nificant amounts of by-products, which were difficult to separ-
ate and identify.

Assuming that the formation of by-products was caused by
the simultaneous presence in the reaction mixture of Juglone
and phosphines, we planned to prepare the target complexes
adopting a two-step procedure, in order to keep the two
reagents separated (Scheme 1B). In the first step, we syn-
thesized complexes of the type [Pd(P"P)(n’>-dmfu)] or [Pd
(PR;3)»(n*-dmfu)] (dmfu = dimethyl fumarate) starting from
[Pd,(dba);-CHCl;] and dmfu. In this case, a reaction time of
90 minutes at room temperature was sufficient to ensure the
complete formation of the Pd(0)-dmfu complex, which was
smoothly isolated after an appropriate work-up. In the second
step, it was possible to take advantage of the lability of dmfu,
which can be removed from the palladium(0) centre and
replaced by Juglone. In this context, in our previous works we
have proven that 1,4-naphthoquinone binds to the palladium
(0) centre much more firmly than dmfu;>® we estimated the
equilibrium constant for the substitution of dmfu with 1,4-

This journal is © The Royal Society of Chemistry 2025
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naphthoquinone in [Pd(LAL)(n*-dmfu)]/[Pd(L),(n*-dmfu)] com-
plexes to be about 1 x 10°, regardless of the nature of the
L~L/L ancillary ligand. Given the close resemblance of Juglone
to 1,4-naphthoquinone, we verified that only a slight excess of
the former is sufficient to obtain the target complexes [Pd(P"P)
(n*-Juglone)]/[Pd(PR3),(n*-Juglone)] from [Pd(P"P)(n*-dmfu)]/
[Pd(PR;),(n*-dmfu)], which can be separated by precipitation
with diethyl ether.

The synthetic strategy described above, although effective,
nevertheless requires the preparation of a different intermedi-
ate product [Pd(L"L)(n*-dmfu)]/[Pd(L),(n*>-dmfu)] for each
selected ligand L or L"L.

To streamline the procedure, we attempted to synthesize
the complex [Pd(NSPM)(n>-Juglone)], where NSPM = 2-methyl-
6-((phenylthiol)methyl)pyridine (Scheme 1C). Our intention
was to exploit the lability of the pyridyl-thioether NSPM ligand,
which arises from the distortion of the chelate ring mainly
induced by the presence of an ortho-methyl substituent on the
pyridine ring.®>®" In this way, starting from a single intermedi-
ate species it is possible to prepare all target complexes simply
by substituting NSPM with the selected monodentate or biden-
tate phosphine ligand.

The synthesis of [Pd(NSPM)(n>-Juglone)] complex, carried
out in acetone at room temperature by mixing
[Pd,(dba);-CHCl;], Juglone, and NSPM, was successful. The
final palladium(0) complex was isolated by washing the
residue obtained after removal of the solvent from the reaction
mixture with diethyl ether and n-pentane. The identity of this
product can be ascertained by the analysis of its NMR spectra.
It is important to point out that the mutual orientation of the
NSPM ligand and Juglone (both unsymmetrical molecules) can
potentially generate four different positional isomers.
However, the "H NMR spectrum, recorded at room tempera-
ture, appears relatively simple and seems to indicate the pres-
ence of a single specie. Actually, the fact that some peaks
appear slightly broadened suggests a fluxional behaviour of
the complex, which promotes a rapid interconversion of the
isomers.

Upon lowering the temperature to 223 K (Fig. S2 in SI), a
partial splitting of several signals was observed, particularly
those associated with the diagnostic OH resonance between
12.5 and 14 ppm; however, complete freezing of all fluxional
processes was not achieved.

This kind of phenomenon has been thoroughly examined
by our research group in the past for similar systems and can
be attributed to the rapid inversion of configuration at the co-
ordinated sulphur and/or pseudo-rotation of the olefin.>®

In any case, the coordination of Juglone in the isolated
product is unambiguously attested by the presence, in its 'H
NMR spectrum, of a broad singlet at 4.89 ppm assignable to
the two olefinic protons of Juglone, which resonate at
chemical shifts significantly lower than those of the uncoordi-
nated molecule. This effect is well known and is a direct
consequence of strong palladium-olefin n-back bonding. A
resonance at 13.15 ppm corresponds to the OH group. On the
other hand, the coordination of the NSPM ligand is confirmed
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by the signals of CH,S and CH; groups, resonating at 4.83 and
2.82 ppm, respectively. Finally, in the region of the spectrum
between 6.98 and 7.24 ppm, all the aromatic proton signals of
both NSPM and Juglone are observed.

Synthesis of complexes bearing bidentate phosphines and
arsines

Our final choice for preparing the target complexes, as well as
those described in the following paragraphs, was to adopt as a
universal precursor the complex [Pd(NSPM)(n>-Juglone)], sub-
sequently replacing the pyridylthioether ligand with the
selected bidentate phosphines/arsines. This exchange reaction
was conducted in dichloromethane at room temperature,
employing only a slight excess of the bidentate ligand. The
separation of the final products from the reaction mixture was
also straightforward, requiring only the treatment of the
residue obtained after evaporation of the solvent with diethyl
ether or diethyl ether/n-pentane, a procedure sufficient to
remove the released NSPM ligand. All the synthesized com-
plexes are reported in Scheme 2.

As is customary for the characterization of this class of com-
plexes, NMR spectroscopy was employed. The *'P{"H} NMR
spectra are all characterized by the presence of two doublets or
an AB system, since the two phosphorus atoms of the biden-
tate ligand are made inequivalent by the dissymmetry of the
coordinated Juglone.

The coordination of Juglone to the palladium centre is con-
vincingly evidenced by the positions of the signals of the olefi-
nic protons in the "H NMR spectra. These signals, which typi-
cally appear as an AA'XX' system due to coupling with the
phosphorus nuclei, always resonate between 4 and 5 ppm,
namely at chemical shifts 2-3 ppm lower than those of the free
olefin. This effect arises from significant Juglone-palladium
n-backdonation. Remarkably, the signal of the Juglone
hydroxyl proton is also observed in the spectra of these com-
plexes at lower ppm values compared to the uncoordinated
molecule.

The "C{'H} NMR spectra provide further insights. In
addition to confirming the major role of metal-olefin backdo-
nation, which accounts for particularly low chemical shifts of
the two olefinic carbons C1 and C2 (about 70 ppm lower than
those of free Juglone), the peaks corresponding to the other
carbons of Juglone can also be traced. In particular, the reso-
nances of carbons C4, C6, and C7a generate three well-recog-
nizable peaks in the spectra between 116 and 120 ppm.
Moreover, it is always easy to locate the signals of the two car-

1, LAL=dppe, 90%
@ 9 o —~ 9 OH 2 [aL=dppp. 91%
S\pd ‘O [ L Ly 3, LAL=dppbz, 75%
<N CHyCly L/Pd ‘O 4, L:Lfdppf, 76% 5
\ Y o r.t, Ar, 15 min 5, LAL=DPEphos, 89%
-NSPM 0 6, LAL=Ph,As(CH,),AsPh,, 88%
A 7, LAL=Ph,As(CH,),PPh,, 90%

Scheme 2 Synthesis of Pd(0)-n-Juglone complexes with bidentate
phosphines and arsines.
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bonyl carbons C8 and C3 (at 180-190 ppm) and that of carbon
C7, bound to the hydroxyl group, around 160 ppm.

Particular attention should be paid to complex [Pd
(Ph,AsCH,CH,PPh,)(n*Juglone)] (7), which features a ligand
containing two different donor atoms (As and P). In fact, this
asymmetry, combined with that of Juglone, leads to the for-
mation of two different isomers that, being structurally very
similar, are present in comparable amounts.

This is evidenced by the *'P{"H} NMR spectrum which dis-
plays two signals of equal intensity at approximately 43 ppm.

Consistently, the '"H NMR spectrum is characterized by the
signals of two different species, among which those due to the
OH group are particularly diagnostic. They are located at 13.21
and 13.41 ppm, respectively, and show essentially the same
integration. Notably, the signals of the olefinic protons are par-
tially overlapped, at approximately 5.3 ppm.

Conversely, in the C{'H} NMR spectrum, the olefinic
carbons of the two isomers are well distinguished, with the C1
carbons (trans to the phosphorus donor atom) resonating as
two doublets (Jp_c ~ 18 Hz) between 68 and 69 ppm, whereas
the C2 carbons (trans to arsenic) appear as closer doublets
(Je-c =~ 2 Hz) between 69.5 and 70.5 ppm. A similar trend is
observed for the carbonyl carbons, which appear as doublets
(Jp-c = 7.1 Hz) when trans to phosphorus (C8) and singlets
when trans to arsenic (C3). These signals are located at
188-189 ppm.

Due to their close similarity in polarity and solubility, the
two isomers cannot be separated and therefore will be biologi-
cally tested as a mixture.

The characterization of all these new complexes was also
complemented with IR spectra, in which the C=O0 stretching
band of the Juglone carbonyl groups is particularly intense
and diagnostic. In general, there is a significant lowering of
the frequency of this signal compared to the free olefin
(approximately 40 cm™).

Finally, definitive proof of the nature of the synthesized
complexes is provided by the determination of the solid-state
structure of two of them, namely [Pd(DPEPhos)(n*-Juglone)] (5)
and [Pd(Ph,AsCH,CH,PPh,)(n*Juglone)] (7) (only one of the
two isomers), obtained by single-crystal X-ray analysis (see
Fig. 2 and Tables S2, S3, S4). Crystals were obtained by slow
diffusion of diethyl ether in a dichloromethane solution of
complexes 5 and 7.

Notably, the Pd-C1, Pd-C2, and C1-C2 bond lengths,
which directly or indirectly reflect the bond strength between
the Juglone ligand and the metal centre, are consistent with
the values reported in the literature.*®

Synthesis of complexes bearing monodentate phosphines and
arsines

Taking advantage of the synthetic approach described in the
previous section, we were able to prepare the Pd(0)-n*-Juglone
derivatives bearing monodentate aryl phosphines as ancillary
ligands.

Our plan was to investigate whether the nature of the para-
substituent X (X = H, F, Cl, OMe) of the employed aryl phos-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 X-ray molecular structures of 5 (left) and 7 (right) are presented,
showing thermal displacement ellipsoids at the 50% probability level
with hydrogen atoms and solvent molecules omitted for clarity.

phines could influence the cytotoxicity of the corresponding
palladium(0) complexes. For the sake of completeness, we also
synthesized the complex [Pd(AsPh;),(n>-Juglone)] with the aim
of evaluating the effect of the ligand donor atom as well.

To this end, starting from the common precursor [Pd
(NSPM)(n*-Juglone)], the addition of two equivalents of the
selected phosphine/arsine allowed complete substitution of
NSPM, and the final products were obtained after removal of
the solvent (dichloromethane) and treatment of the residue
with a mixture of diethyl ether and n-pentane (Scheme 3).

The identity of the complexes was first confirmed by the
analysis of their NMR spectra. As expected, the *'P{'"H} NMR
spectra display an AB system because of the presence of two
inequivalent phosphorus atoms in the complexes. The chemi-
cal shifts of the two signals are higher by 30-40 ppm com-
pared to those of the corresponding free phosphine, thereby
confirming the coordination of the ligand to the metal centre.

In the "H NMR spectra, the typical AA’XX’ system of the co-
ordinated olefinic protons is detectable at approximately
4.6 ppm, whereas at the highest chemical shift (around
12.5 ppm) the singlet ascribable to the OH group can be
identified. Finally, also in these cases, the high degree of Pd-
Juglone backdonation lowers the chemical shift of the olefinic
carbons to around 70 ppm and the C=O stretching frequency
of the carbonyl groups to approximately 1600 cm™".
Synthesis of a complex bearing mixed isocyanide/phosphine
ligands

A further option explored in this work involved the preparation
of a Pd(0)-n*Juglone complex bearing two different ancillary
ligands, namely an aryl phosphine and an alkyl isocyanide.
This combination has previously proven particularly effective
in enhancing the anticancer properties of other palladium

© Q0 oH o on B8 L=PPhy79%
s. a . 9. L=P(p-CgHa-Cl)3, 64%
/pd_ oa 10, L=P(p-CgH,-OCHa)3, 61%
S L CHCE T 11, L=P(0-CoHy-F)3, 51%
1, Ar, 12, L=AsPhs, 60
4 ° -NSPM o » L=AsPhs, 0%

A

Scheme 3 Synthesis of Pd(0)-n?-Juglone complexes with monoden-
tate phosphines and arsines.
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organometallic derivatives previously synthesized by our
group.®?

As observed in similar contexts, the simultaneous addition
of one equivalent each of phosphine and isocyanide to an
appropriate Pd(0) precursor is sufficient to favour the for-
mation of a mixed complex, at the expense of those containing
either two phosphines or two isocyanides.®®

Therefore, by mixing a dichloromethane solution of the [Pd
(NSPM)(n*-Juglone)] precursor with one containing one equi-
valent of triphenylphosphine and one equivalent of tert-butyl
isocyanide, the desired product was obtained by following the
same work-up procedure previously described (Scheme 4).

From the *'P{"H} NMR spectrum, it is immediately evident
that the isolated product consists of a mixture of two isomers,
which differ in the relative position of the isocyanide (or phos-
phine) ligand with respect to the OH group of Juglone. The
two isomers must have similar thermodynamic stability, as
their relative abundance is comparable (1:1.2).

This conclusion is supported by the proton spectrum, in
which two distinct sets of signals can be distinguished. Among
these, those of the OH and tert-butyl groups stand out around
13 and 1.2 ppm, respectively, whereas those of the olefinic
protons are partially overlapped.

Accordingly, the "*C{'"H} NMR signals are also divided into
two groups. In particular, the two olefinic carbons of each
isomer are easily distinguishable from each other: the carbons
in trans position with respect to the phosphine appear as
doublets (ca. 65 ppm, with Jc_p = 18.6 Hz), whereas those in cis
position appear as singlets.

As in previous cases, separation of the two isomers by con-
ventional methods proved to be practically impossible.

In the FT-IR spectrum of the complex, in addition to the
strong absorption band of the C=O stretching around
1600 cm™", the intense C=N stretching band of the tert-butyl
isocyanide ligand can be detected at 2172 cm™. The increase
in this frequency with respect to that of free tert-butyl isocya-
nide (2137 em™") is a direct consequence of the coordination
of the ligand to the Pd(0) centre.®*

Gratifyingly, we were able to obtain the X-ray molecular
structure of one of the two isomers, which is reported in Fig. 3.

Complex bearing a picolyl-functionalized N-heterocyclic
carbene ligand

The last Pd(0)-n’>-Juglone complex prepared in this work is
equipped with a picolyl-functionalized N-heterocyclic carbene
ligand. This choice was motived by the fact that the NHC-Pd
bond is generally very strong and contributes to the overall

@ O OH O OH
se TIC, PPh, %_NC \
<N CHCl, PhsP
\ 5 rt., Ar, 45 min i
A -NSPM 13

Scheme 4 Synthesis of mixed phosphine/isocyanide Pd(0)-n2-Juglone
complex 13.
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Fig. 3 X-ray molecular structures of complex 13 is presented, showing
thermal displacement ellipsoids at the 50% probability level with hydro-
gen atoms and solvent molecules omitted for clarity.

stability of the complex, together with the chelating effect pro-
vided by the picolyl group. This, in turn, hampers decompo-
sition processes that could compromise the biological activity
of the complex.

The synthetic procedure adopted for the preparation of this
complex involves a transmetalation reaction between [Pd
(NSPM)(n*Juglone)] and the silver()-NHC complex B. This
process enables the transfer of the picolyl-functionalized
N-heterocyclic carbene from silver(1) to palladium(0), with the
formation of insoluble silver bromide acting as the driving
force of the reaction (Scheme 5).

Simple filtration of AgBr through a Celite pad, followed by
solvent evaporation and treatment of the residual solid with
diethyl ether, allows the isolation of the final product in good
yield.

Also in this case, the dissymmetry of Juglone, combined
with that of the NHC ligand, gives rise to two different isomers
in an approximately 1:1 ratio. In fact, in the '"H NMR spec-
trum, two sets of signals are clearly distinguishable, although
they are sometimes partially overlapped. The signals related to
the OH groups of the two isomers are well distinct, resonating
at 13.04 and 14.64 ppm, whereas the signals attributable to the
NCH, protons are not separable from each other and give rise
to a complex multiplet at approximately 5.5 ppm. Conversely,
the corresponding olefinic carbons are well distinguishable,
with those in the ¢rans position with respect to the carbene
located between 65 and 68 ppm, and those in the ¢rans posi-
tion with respect to the pyridine between 57 and 59 ppm.

7\
o oH 2\ =\ 0 oH
e ‘0 . Y —ome, > N \"“ e
a 4
=N’ Alg N _\ rt, Ar,2 152min q
2 o Br o
A B 14

-NSPM, -AgBr
Scheme 5 Synthesis of [Pd(n?-Juglone)] complex 14.
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The coordination  of  the picolyl-functionalized
N-heterocyclic carbene can be confirmed by observing, in the
BC{"H} NMR spectrum, two peaks (one for each isomer)
corresponding to the carbene carbon bound to the palladium
(0) centre, located at 183.9 and 184.5 ppm, which give rise to
two intense cross-peaks with the imidazole ring protons in the
HMBC spectrum. Consistently, in the "H NMR spectrum, two
doublets attributable to the ortho protons of the coordinated
pyridine are observed at around 8.6 ppm. It should be noted
that the interconversion between the two isomers is fast
enough at room temperature that, in order to observe them as
well-distinct signals, the NMR spectra must be recorded at
least at 253 K.

Antiproliferative activity on ovarian cancer and normal cells

The entire library of novel Pd(0)n’Juglone complexes was
tested against a selection of ovarian cancer cell lines, including
the classical A2780, its cisplatin-resistant counterpart
A2780cis, OVCAR-5, and KURAMOCHI. The latter two are
representative of high-grade serous ovarian cancer (HGSOC),
the most aggressive form of this type of tumour. Moreover, the
cytotoxicity of our metal derivatives was also evaluated against
the non-cancerous MRC-5 (human lung fibroblast) cell line, in
order to assess their potential selectivity of action. For com-
parison, the same tests were performed on the uncoordinated
Juglone molecule and on the benchmark metal-based drug cis-
platin, which therefore served as a positive control. As a pre-
liminary step, the stability of the palladium(0) derivatives was
evaluated in a 1:10 DMSO/H,0 solution containing 100 mM
NaCl and 5 mM of the complex by NMR spectroscopy. Over a
48-hour period, no significant alterations were observed in the
spectra, indicating that the complexes retained their structural
integrity.

Furthermore, the stability of the complexes was evaluated
in cell culture medium (DMEM/F12) by UV-Vis spectroscopy.
Over a 24 h period, no significant changes were observed in
the spectra, indicating that the complexes retained their struc-
tural integrity (Fig. S45-S47, SI). Cytotoxicity was assessed by
determining ICs, values (half-maximal inhibitory concen-
trations), which are summarized in Table 1. Statistical analysis
of the ICs, data is provided in the SI.

On the basis of these results, the following considerations
can be proposed:

(a) Practically all complexes exhibit significant antiprolifera-
tive activity against the four ovarian cancer cell lines tested,
with ICs, values in the micromolar or submicromolar range.
Overall, these values are slightly higher than those of cisplatin
for the A2780, OVCAR-5, and KURAMOCHI cell lines. The
observed cytotoxicity is comparable to, or even higher than,
that reported for related [Pd(PR;),(n*-olefin)] complexes in the
literature.>**°” The only exceptions are represented by com-
plexes 4 and 12 (bearing DPPF and two AsPh; ligands, respect-
ively), whose cytotoxicity is markedly lower.

(b) Interestingly, almost all complexes display very low cyto-
toxicity (ICso > 100 uM) towards non-cancerous MRC-5 cells.
Even in the case of the two moderately active complexes 7 and

This journal is © The Royal Society of Chemistry 2025
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Table 1 Antiproliferative activity on A2780, A2780cis, OVCAR-5, KURAMOCHI and MRC-5 cell lines

IGso (uM)
Selectivity Index

Compound A2780 A2780cis OVCAR-5 KURAMOCHI MRC-5 S.I

Cisplatin 0.26 + 0.04 15+1 1.04 £ 0.01 2.7+0.5 24+0.2 0.51
1 1.7 £0.3 1.6 £ 0.1 2.0 0.2 3+1 >100 >48
2 2.8+0.5 4.00 = 0.06 5.8+0.4 3.3+0.5 >100 >25
3 0.63 £ 0.03 2.4 +0.3 3.5+0.1 2.6 + 0.6 >100 >44
4 17 +2 3.3+0.3 >100 >100 >100 >1.8
5 1.4 £0.5 0.55 £ 0.08 1.02 £ 0.07 7.3+0.8 >100 >39
6 0.20 £ 0.05 0.31 £ 0.09 0.72 £ 0.07 0.3 +0.2 3.8+0.2 9.9

7 0.27 £ 0.02 0.7 +£0.1 3.42 £ 0.08 1.0 £ 0.2 3.1+0.2 2.3

8 1.6 £ 0.9 2.7+0.1 5.7+0.8 3.0+£0.4 >100 >31
9 3.8+0.6 3.5+0.9 8.3 £0.5 8.4 £0.2 >100 >17
10 2.7+0.3 3.8+0.2 4.5+0.1 4.3+0.7 >100 >26
11 2.1+0.2 2.8+0.1 9+2 7.7+0.7 >100 >19
12 5.0+ 0.6 43 £2 >100 >100 >100 >1.6
13 0.30 £ 0.04 1.02 + 0.09 3.9+0.1 0.72 £ 0.08 >100 >67
14 3.9+0.3 4+1 9+1 5.1+£0.3 >100 >18
Juglone 3.6 +0.3 18+2 5.1+0.3 1.8+0.2 30.0 £0.5 4.2

Data after 96 h of incubation. Stock solutions in DMSO for all complexes; stock solutions in H,O for cisplatin. A2780 (cisplatin-sensitive ovarian
cancer cells), A2780cis (cisplatin-resistant ovarian cancer cells), OVCAR-5 and KURAMOCHI (high-grade serous ovarian cancer cells), MRC-5
(normal lung fibroblasts). Cells were placed in 96 well plates and treated after 24 h with six different concentrations of Pd(u) complexes (0.001,
0.01, 0.1, 1, 10, 100) pM. After 96 h from the treatment cell viability was measured with a CellTiter glow assay (Promega, Madison, WI, USA; 1:1
dilution in PBS, 20 uL per well). Averages were obtained from triplicates and error bars are standard deviations. The selectivity index was calcu-
lated as the ratio between the ICs, determined in the non-tumor cell line and the mean ICs, obtained across the tumor cell lines investigated.

8, the cytotoxicity towards MRC-5 cells is one order of magni-
tude lower than that recorded for ovarian cancer cells. In fact,
all complexes show a selectivity index (SI) exceeding that of cis-
platin, with values ranging from 1.6 to >67. This finding seems
to suggest a certain degree of selectivity of action towards
malignant cells by our palladium(0) derivatives.

(c) In most cases, the synthesized complexes exhibit com-
parable cytotoxicity against both the cisplatin-sensitive A2780
and the cisplatin-resistant A2780cis cell lines. This observation
suggests a mechanism of action for our palladium(0) com-
pounds differs from that of cisplatin and, in any case, offers
hope that they could also be effective against relapsed forms of
ovarian cancer, for which treatment with platinum-based
drugs is ineffective.

(d) Regarding the influence of the phosphine ancillary
ligand on the biological activity of the corresponding Pd(0)
complexes, no significant differences in ICs, values can be
observed, regardless of the nature of the para-substituent in
the case of the monodentate aryl phosphines (compounds
8-11) or of the bite angle in the case of the bidentate ones
(compounds 1-5). Among the latter, however, it is worth
noting the negative effect of DPPF, whose ferrocenyl structure
appears to significantly lower the antiproliferative activity of
complex 4. Curiously, replacing one or both phosphorus donor
atoms of dppe with arsenic atoms leads to a considerable
increase in anticancer activity (6 and 7 vs. 1). This effect
cannot be simply attributed to the presence of arsenic in the
two compounds, as indirectly demonstrated by the fact that
the complex coordinating two monodentate triphenylarsine
ligands (12) is significantly less active than those bearing two
triphenylphosphine ligands (8). Apparently, it is the combi-

This journal is © The Royal Society of Chemistry 2025

nation of the nature of the donor atoms and the structure of
the ancillary ligand that confers to complexes 6 and 7 their
particularly high cytotoxicity. Unfortunately, this effect is at
least partially observed also in the case of non-cancerous
MRC-5 cells.

(e) The ICs, values recorded for free Juglone confirm its
intrinsic anticancer activity. Specifically, the cytotoxicity of this
olefin is comparable to that of most palladium(0) derivatives
in the A2780, OVCAR-5, and KURAMOCHI cancer cell lines.
Conversely, the antiproliferative activity of Juglone is markedly
lower than that of its Pd(0) complexes when cisplatin-resistant
A2780cis cells are considered. Moreover, it retains a certain
degree of cytotoxicity towards non-cancerous MRC-5 cells (ICs,
= 30 uM). It is important to emphasize that, among all the
tested complexes, 6, 7, and 13 consistently exhibit ICs, values
in ovarian cancer cells that are significantly lower than those
of free Juglone, suggesting that, at least in these cases, the
desired Juglone-palladium synergistic effect may indeed be
operative.

Influence on PIN1 level in ovarian cancer cells

It is well known that the peptidyl-prolyl cis-trans isomerase
NIMA-interacting 1 protein (PIN1) plays a fundamental role in
regulating different cellular process, such as cell cycle pro-
gression, apoptosis, and signal transduction.®® Moreover, it is
ascertained that PIN1 is a critical regulator in the pathogenesis
of ovarian cancer, modulating the localization, stability, and
activity of several oncogenic proteins (cyclin D1, p-catenin, and
NF-kB) and contextually inhibiting some important tumor sup-
pressors (p53 and FOXO03a).%® Therefore, overexpression of
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Fig. 4 Quantification of PIN1 protein levels by western blot in
OVCAR-5 cells treated with 6 (1 yM) or Juglone (10 uM).

PIN1 has been correlated with enhanced cellular proliferation,
resistance to apoptosis, and poor clinical prognosis.®®

Juglone was the first identified PIN1 inhibitor. The inhibi-
tory mechanism of Juglone involves irreversible covalent modifi-
cation of a cysteine residue (Cys113) located within the con-
served domain of PIN1. This is achieved through a Michael
addition of cysteine thiol to olefinic group of Juglone.’” Based
on this knowledge it was decided to investigate if our Pd(0) com-
plexes were also able to limit the activity of PIN1 inside ovarian
cancer cells. For this study, it was selected complex 6 as model
compound, since it showed the highest antitumor activity
among the tested complexes, with ICs, values about one order
of magnitude lower than those of free Juglone. The approach
fielded to address the issue was based on western-blot analysis
carried out on OVCAR-5 ovarian cancer cells. The experiment, in
addition to complex 6, covered also free Juglone.

Complex 6 (1 pM) and Juglone (10 pM) both induced a
marked reduction in PIN1 protein levels in OVCAR-5 ovarian
cancer cells, as shown by western blot analysis. Specifically,
complex 6 markedly reduced PIN1 levels at 12 hours, compar-
able to or even slightly more effectively than Juglone, which
showed a milder reduction at the same time point despite
being used at a tenfold higher concentration (Fig. 4).®”

These findings highlight the potential of complex 6 as a
potent PIN1 inhibitor and support its further investigation
alongside Juglone for therapeutic strategies targeting PIN1-
dependent oncogenic pathways.

Conclusions

In this work, we have established the most suitable synthetic
protocol for the preparation of a library of palladium(0)-n>-
Juglone complexes equipped with a wide range of ancillary
ligands, including monodentate and bidentate phosphines or
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arsines, isocyanides, and functionalized N-heterocyclic car-
benes. All compounds have been thoroughly characterized
using spectroscopic techniques and, in selected cases, by X-ray
diffraction. The aim of this synthetic effort was the preparation
of derivatives simultaneously incorporating two different anti-
cancer components, namely Juglone—an organic molecule
that acts as a PIN1 inhibitor—and the palladium(0) fragment,
which we have previously proven to be an effective antiproli-
ferative agent against many types of ovarian tumour cells.

In vitro tests conducted on different ovarian cancer cell
lines revealed that most of the prepared compounds are
capable of promoting an efficient antiproliferative activity,
with ICs, values similar to those of cisplatin. However, our pal-
ladium(0) complexes display markedly lower cytotoxicity
towards MRC-5 non-cancerous cells compared to cisplatin,
suggesting a certain degree of selectivity towards ovarian
cancer cells. Another encouraging result is the very similar
activity of our complexes towards both A2780 and A2780cis
cells, suggesting the possibility of employing them even in
relapsed forms of ovarian cancer unresponsive to a second
treatment with platinum-based drugs.

Finally, comparison between the cytotoxicity of free Juglone
and that of our palladium(0) derivatives allowed us to identify
at least three metal compounds (6, 7, and 13) whose ICs,
values are significantly lower across all ovarian cancer cell
lines tested. This result provides evidence of the synergistic
effect we were hoping for. Certainly, it is not an easy task to
provide a clear rationale for this combined effect, but western
blot experiments conducted on complex 6 have shown that the
Juglone inhibitory effect on the PIN1 key protein persists even
after its coordination to the palladium(0) metal centre. This
may be due to the fact that coordination of Juglone could
facilitate the attack of the cysteine residue (Cys113) thiol of
PIN1, resulting in protein deactivation. Moreover, it is likely
that after this nucleophilic attack, a palladium(0) residue
might be released inside the cell, promoting an independent
cytotoxic effect.

Based on these findings, we are planning to carry out
further studies in our laboratories to verify whether the most
promising palladium(0)-n>-Juglone complexes retain their anti-
cancer properties even in more complex biological systems,
such as patient-derived organoids and animal models. Should
the results prove positive, we will attempt to gain deeper
insights into their precise mode of action.

Experimental
Solvents and reagents

All syntheses were carried out under Argon atmosphere using
standard Schlenk techniques. Dichloromethane and acetone
were treated with 4 A molecular sieves. All other solvents and
chemicals were commercial grade products and used as pur-
chased. The precursors [Pd,(dba);-CHCl;] (dba = dibenzylide-
neacetone) and  [(N-1-mesityl-(2-pyridylmethyl)imidazol-

This journal is © The Royal Society of Chemistry 2025
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2ylidene)AgBr]|*® were synthesized according to published
protocols.

NMR, IR and elemental analyses

1D-NMR and 2D-NMR spectra were recorded on Bruker 300 or
400 Advance spectrometers. Chemical shifts values (ppm) are
given relative to TMS (*H and '*C), H;PO, (*'P) and CCIF
(19F).

IR spectra were recorded on a PerkinElmer Spectrum One
spectrophotometer. Elemental analyses were carried out using
an Elemental CHN “CUBO Micro Vario” analyzer.

Crystal structure determination

5, 7 and 13 crystals data were collected at XRD2 beamline of
the Elettra Synchrotron, Trieste (Italy),*® using a monochro-
matic wavelength of 0.620 A, at 100 K or 298 K. The data sets
were integrated, scaled and corrected for Lorentz, absorption
and polarization effects using XDS package.”® Data from two
random orientations of the same crystals have been merged to
obtain complete datasets for the triclinic 5 crystal form, using
CCP4-Aimless code.”””? The structures were solved by direct
methods using SHELXT program’® and refined using full-
least-squares implemented in SHELXL-2019/3.”*
Thermal motions for all non-hydrogen atoms have been
treated anisotropically when occupancies were higher than
45%. Hydrogens have been included on calculated positions,
riding on their carrier atoms. Geometric restrains (SAME,
SADI, DFIX, DANG) have been applied to disordered fragments
(phosphine ligand in 7 and solvent in 5 and 7). The Coot
program was used for structure building.”® The crystal data are
given in Table S1 in SI. Pictures were prepared using Ortep3”®
and Pymol”’ software. Crystallographic data have been de-
posited at the Cambridge Crystallographic Data Centre and
allocated the deposition number CCDC 2441626 (5 at 100 K),
2441623 (7 at 100 K), 2441624 (13 at 100 K) and 2441625 (13 at
298 K).

matrix

Synthesis of palladium(n>Juglone) complexes

[Pd(n’-Juglone)(NSPM)] (A). Anhydrous acetone (45 mL) was
introduced in a 100 mL round-bottom-flask under inert argon
atmosphere, and, in sequence, NSPM (Me-py-CH,-SPh)
(138.6 mg, 0.6444 mmol), Juglone (112.9 mg, 0.6483 mmol)
and [Pd,(dba);-CHCl;] (303.3 mg, 0.2930 mmol) were added.
After one hour, during which time the colour of the reaction
mixture changed from purple to orange/red, the resulting solu-
tion was treated with activated carbon and filtered on milli-
pore. After removing the solvent under vacuum, the solid was
treated with anhydrous diethyl ether, separated by filtration
and washed with anhydrous diethyl ether and n-pentane.
Finally, the dark orange solid was dried in vacuum. 249.7 mg
of product was obtained, corresponding to a 83% yield.

'"H NMR (300 MHz, CDCl;, T = 298 K, ppm) §: 2.79 (s, 3H,
CH,), 4.36 (s, 2H, SCH,), 4.89 (s, 2H, CH=CH), 6.98-7.59 (m,
11H, Ar-H), 13.10 (s, 1H, OH).

BC{'H} NMR (75 MHz, CDCl;, T = 298 K, ppm) §: 27.1-28.1
(CH;, py-CHj;), 45.5 (CH,, SCH,), 58.2 (CH, CH=CH, not

This journal is © The Royal Society of Chemistry 2025
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detectable), 64.3 (CH, CH=CH, not detectable), 117.3-118.0
(CH, C%), 120.3-120.6 (C, C’?), 122.1-123.8 (CH, py-C°, py-C*),
128.0-129.1 (CH, CH-Ph), 129.3 (CH, CH-Ph), 130.9-131.2
(CH, C%), 134.0-135.1 (C, C**), 137.7-138.1 (CH, py-C*), 156.8
(C, py-C%), 161.1-161.7 (C, C’, py-C?), 184.9-185.3 (C, C*),
190.7 (C, C®).

IR (KBr pellet, cm™): 1609 (CO).

[Pd(n*Juglone)(dppe)] (1). In a round-bottom flask equipped
with a magnetic stirrer, [Pd(n>Juglone)(NSPM)] (70.3 mg,
0.142 mmol) was dissolved in anhydrous dichloromethane (7 mL)
under inert argon atmosphere, giving a violet/red solution. Then, a
dichloromethane solution of 1,2-bis(diphenylphosphine)ethane
(59.2 mg, 0.149 mmol, 1.04 eq., 5 mL) was added to the reaction
flask under magnetic stirring. The rapid colour change of the solu-
tion towards red was observed. The system was kept under mag-
netic agitation at room temperature for about fifteen minutes,
after which the reaction mixture was filtered on millipore and the
solvent was removed in vacuum. The red solid residue was treated
with anhydrous diethyl ether, filtered and washed with several ali-
quots of anhydrous diethyl ether and n-pentane. The product was
finally dried in vacuum at room temperature.

86.9 mg of [Pd(dppe)(n’-Juglone)] were obtained, corres-
ponding to a 90% yield.

"H NMR (300 MHz, CDCl;, T = 298 K, ppm) 8: 1.99-2.46 (m,
4H, PCH,), 5.14-5.24 (m 2H, CH—CH), 6.99-7.75 (m, 23H Ar-
H), 13.40 (s, 1H, OH).

BC{*H} NMR (75 MHz, CDCl;, T = 298 K, ppm) §: 26.1-26.7
(CH,, m, PCH,), 69.9 (CH, dd, Jc_p = 10.8, 6.8 Hz, CH=CH),
70.5 (CH, dd, jo_p = 9.1, 4.9, CH=CH), 116.7 (CH, C*) 119.3 (C,
C7%), 120.5 (CH, C°), 128.8-128.9 (m), 129.1-129.4 (m), 130.7,
130.9, 131.0, 132.3-132.7 (m), 133.3, 137.1 (CH, C**), 161.0 (C,
C’), 182.7 (C, C%), 187.8 (C, C®).

3'p{'H} NMR (121 MHz, CDCl, T = 298 K, ppm) §: 41.4.

IR (KBr pellet, cm™): 1594 1(CO).

Elemental analysis calcd (%) for C36H30,05P,Pd: C, 63.68, H,
4.45; found: C, 63.84, H, 4.31.

[Pd(n*-Juglone)(dppp)] (2). Complex 2 was obtained in the
same way of complex 1 employing a dichloromethane solution
of [Pd (n*-Juglone)(NSPM)] (70.0 mg, 0.141 mmol, 7 mL) and a
dichloromethane solution of 1,2-bis(diphenylphosphine)
propane (60.6 mg, 0.147 mmol, 5 mL). 89.3 mg of product was
obtained as dark orange solid, corresponding to a yield of
91%.

'H NMR (300 MHz, CDCl;, T = 298 K, ppm) &: 1.53-1.63 (m,
2H, CH,), 2.22-2.31 (m, 2H, PCH,), 2.45-2.62 (m, 2H, PCH,),
4.68-4.78 (m, 2H, CH—CH), 6.98-7.62 (m, 23H, Ar-H), 13.22
(s, 1H, OH).

BC{'H} NMR (75.0 MHz, CDCl;, T = 298 K, ppm) &:
19.3-19.4 (CH,, m, CH,), 28.1-28.6 (CH,, m, PCH,), 69.5 (CH,
d, Jcp = 15.8 Hz, CH=CH), 70.1 (CH, d, Jcp = 13.5 Hz,
CH=—CH), 116.9 (CH, C") 119.1 (C, C’?), 120.5 (CH, C°®), 128.4,
128.5, 128.7, 128.8, 130.2, 130.4, 130.6, 132.0, 132.1, 133.1,
133.2, 133.3, 133.4, 137.0 (CH, C*), 161.0 (C, C7), 183.1 (C, d,
Jop = 5.7 Hz, C?), 188.4 (C, Jc_p = 4.1 Hz, C).

3'p{'H} NMR (121 MHz, CDCl;, T = 298 K, ppm) 8: 11.5 (d,
Jep = 65.7 Hz), 12.1 (d, Jp_p = 65.7 Hz).

Dalton Trans.
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IR (KBr pellet, cm™): 1602 (CO).

Elemental analysis calcd (%) for C;,H3,0;3P,Pd: C, 64.13, H,
4.65; found: C, 63.72, H, 4.80.

[Pd(n>-Juglone)(dppbz)] (3). Complex 3 was obtained in the
same way of complex 1 employing a dichloromethane solution
of [Pd (n>-Juglone)(NSPM)] (70.2 mg, 0.142 mmol, 7 mL) and a
dichloromethane solution of 1,2-bis(diphenylphosphine)
benzene (65.6 mg, 0.147 mmol, 5 mL). 77.1 mg of product was
obtained as dark orange solid, corresponding to a yield of
75%.

'H NMR (300 MHz, CDCl,;, T = 298 K, ppm) 8: 5.03-5.12
(m, 2H, CH=CH), 6.89-7.64 (m, 27H, Ar-H), 13.33 (s, 1H,
OH).

BC{'H} NMR (75.0 MHz, CDCl;, T = 298 K, ppm) §: 71.1
(CH, d, Jc_p = 11.6, 5.5 Hz, CH=CH), 71.4 (CH, d, Jc_p = 10.1,
3.8 Hz, CH=CH), 116.5 (CH, C*), 119.2 (C, C’%), 120.3 (CH,
C°%), 128.6-128.8 (m), 129.0-129.2 (m), 130.3, 130.5, 130.6,
131.5, 132.5-133.1 (m), 134.2-134.4 (m), 136.9 (C, C*?), 160.8
(c, C”), 181.6 (C, C*), 187.0 (C, C®).

3'p{'H} NMR (121 MHz, CDCl;, T = 298 K, ppm) &: 44.5 (d,
Jp-p = 37.1 Hz), 44.6 (d, Jp_p = 37.1 Hz).

IR (KBr pellets, cm™"): 1604 1(CO).

Elemental analysis calcd (%) for C4,H3003P,Pd: C, 66.08, H,
4.16; found: C, 66.40, H, 4.04.

[Pd(n>-Juglone)(dppf)] (4). Complex 4 was obtained in the
same way of complex 1 employing a dichloromethane solution
of [Pd (n>-Juglone)(NSPM)] (70.7 mg, 0.143 mmol, 7 mL) and a
dichloromethane solution of 1,1"-bis(diphenylphosphine)ferro-
cene (81.4 mg, 0.147 mmol, 5 mL). 90.7 mg of product was
obtained as dark orange solid, corresponding to a yield of
76%.

'H NMR (300 MHz, CDCl;, T = 298 K, ppm) 8: 3.99-4.03 (m,
2H, Fc-CH), 4.10-4.12 (m, 1H, Fc-CH), 4.17-4.23 (m, 5H, Fc-
CH), 4.62-4.71 (m, 2H, CH—=CH), 6.86-7.79 (m, 23H, Ar-H),
12.38 (s, 1H, OH).

BC{'H} NMR (75 MHz, CDCl;, T = 298 K, ppm) §: 68.6 (CH,
dd, Jo_p = 18.1, 1.1 Hz, CH=CH), 69.3 (CH, d, Jc_p = 16.5, 1.9
Hz, CH=CH), 72.2, 72.3, 72.3 72.4, 72.5, 72,6, 72.6, 72.7 (Fc-
CH), 74.2, 74.3, 74.4, 74.5 (Fc-CH), 75.0, 75.1, 75.3 (Fc-CH),
116.9 (CH, C* 118.4 (C, C™), 120.5 (CH, C°), 128.1, 128.2,
128.4, 128.5, 128.6, 128.6, 128.7, 129.7, 129.7, 130.1, 130.1,
130.4, 130.5, 130.6, 130.7, 132.3, 132.4, 132.5, 132.6, 133.0,
133.0, 133.2, 133.3, 133.4, 133.6, 134.0, 134.2, 134.5, 134.7,
134.9, 135.0, 135.4, 135.5, 135.6, 135.7, 136.0, 136.1, 136.5,
136.6, 160.3 (C, C”), 183.1 (C, dd, Jc_p = 5.1, 1.4 Hz, C%), 188.8
(C, dd, Jo_p = 5.2, 1.5 Hz, C®).

3'p{'H} NMR (121 MHz, CDCl;, T = 298 K, ppm) &: 24.3 (d,
Jp-p =42.9 Hz), 25.1 (d, Jp_p = 42.9 Hz).

IR (KBr pellet, cm™): 1607 1(CO).

Elemental analysis calcd (%) for C,4H3,FeO3P,Pd: C, 63.29,
H, 4.10; found: C, 63.51, H, 3.99.

[Pd(n’>-Juglone)(DPEphos)] (5). Complex 5 was obtained in
the same way of complex 1 employing a dichloromethane solu-
tion of [Pd (n*>Juglone)(NSPM)] (71.2 mg, 0.144 mmol, 7 mL)
and a dichloromethane solution of bis[(diphenylphosphine)
phenylJether (79.3 mg, 0.147 mmol, 5 mL). 105.0 g of product
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was obtained as dark orange solid, corresponding to a yield of
89%.

"H NMR (300 MHz, CDCl;, T = 298 K, ppm) 8: 4.69-4.78 (m,
2H, CH—=CH), 6.41-7.46 (m, 31H, Ar-H), 12.23 (s, 1H, OH).

BC{'H} NMR (75.0 MHz, CDCl;, T = 298 K, ppm) §:
68.9-69.6 (m, CH, CH=CH), 117.1 (CH, C%), 118.6, 120.0,
120.5, 121.1, 124.4, 124.8, 128.1, 128.2, 128.4, 128.5, 128.6,
128.8, 129.9, 131.4, 133.2, 133.4, 133.5, 133.6, 133.7, 133.8,
134.6, 135.1, 136.5, 158.9, 159.0, 159.1, 159.2, 160.3 (C, C7),
183.4 (C, C?), 188.9. (C, C®).

3'p{'H} NMR (121 MHz, CDCl;, T = 298 K, ppm) 8: 16.8 (d,
Je_p = 31.2 Hz), 18.4 (d, Jp_p = 31.2 Hz).

IR (KBr pellets, cm™"): 1611 (CO).

Elemental analysis calcd (%) for C46H3,0,P,Pd: C, 67.45, H,
4.18; found: C, 67.12, H, 4.30.

[Pd(n*-Juglone)][Pd(Ph,AsC,H,AsPh,)] (6). Complex 6 was
obtained in the same way of complex 6 employing a dichloro-
methane solution of [Pd (n>-Juglone)(NSPM)] (70.3 mg,
0.141 mmol, 7 mL) and a dichloromethane solution of bis[(2-
diphenilarsine)phenyl]ethane (59.2 mg, 0.149 mmol, 5 mL).
95.9 mg of product was obtained as dark orange solid, corres-
ponding to a yield of 88%.

'H NMR (300 MHz, CDCl;, T = 298 K, ppm) &: 2.18 (s, 4H,
AsCH,) 5.40-5.43 (AB system, J = 7.4 Hz, 2H, CH=CH),
7.01-7.58 (m, 23H, Ar-H), 13.24 (s, 1H, OH).

BC{'H} NMR (75.0 MHz, CDCl;, T = 298 K, ppm) §: 23.7
(CH,, AsCH,), 68.4 (CH, CH—CH), 68.9 (CH, CH—=CH), 116.9
(CH, C%, 118.9 (C, C™), 121.1 (CH, C°), 129.4, 130.4, 132.4,
133.8, 134.9, 136.6 (CH, C*¥), 160.9 (C, C7), 184.1 (C, C%), 189.5
(c, CB).

IR (KBr pellet, cm™): 1604 (CO).

Elemental analysis caled (%) for C3¢H30As,03Pd: C, 56.38,
H, 3.94; found: C, 56.54, H, 3.79.

[Pd(n>-Juglone)][Pd(Ph,AsC,H,PPh,)] (7). Complex 7 was
obtained in the same way of complex 1 employing a dichloro-
methane solution of [Pd (n>-Juglone)(NSPM)] (70.3 mg,
0.142 mmol, 7 mL) and a dichloromethane solution of bis[(1-
diphenylphosphine,2-diphenilarsine)phenyl]ethane (59.2 mg,
0.149 mmol, 5 mL). 86.9 mg of product was obtained as dark
orange solid, corresponding to a yield of 90%.

'H NMR (300 MHz, CDCl;, T = 298 K, ppm) 8: 1.89-2.40 (m,
8H, CH,), 5.25-5.36 (m, 4H, CH=CH), 7.01-7.73 (m, 46H, Ar-
H), 13.21 (s, 1H, OH), 13.41 (s, 1H, OH).

BC{'H} NMR (75.0 MHz, CDCl;, T = 298 K, ppm) §: 23.6
(CH, d, Jcp = 10.8 Hz, AsCH,), 23.8 (CH, d, Jcp = 11.3 Hz,
AsCH,), 26.0 (CH, d, Jo_p = 15.4 Hz, PCH,), 26.4 (CH, d, Jc-p =
15.6 Hz, PCH,), 68.3 (CH, d, Jc_p = 18.7 Hz, CH—CH), 68.9
(CH, d, Jo_p = 16.6 Hz, CH=CH), 69.7 (CH, d, Jc_p = 1.3 Hz,
CH—CH), 70.3 (CH, d, Jc_p = 2.3 Hz, CH—CH), 116.6 (CH, C*),
116.7 (CH, C*), 118.9 (C, d, Jo-p = 1.5 Hz, C’%), 119.0 (C, C,),
120.6 (CH, C°), 120.7 (CH, C°), 128.6, 128.8, 128.9, 129.0,
129.0, 129.0, 129.1, 129.2, 129.2, 129.3, 129.4, 130.1, 130.3,
130.4 130.4, 130.5, 130.6, 130.7, 130.7, 130.8, 131.7, 132.1,
132.2, 132.2, 132.3, 132.3, 132.3, 132.4, 132.4, 132.5, 132.5,
132.6, 133.0, 133.1, 133.4, 134.3, 134.3, 134.5, 134.6, 134.6,
136.7 (C, d, Jop = 1.2 Hz, C*), 136.7 (C, C*¥), 160.8 (C, C'),
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160.9 (C, C7), 182.8 (C, C*), 183.9 (C, d, Jc_p = 7.1 Hz, C*), 188.1
(c, C?), 189.2 (C, d, Jo_p = 5.8 Hz, C®).

3'p{'H} NMR (121 MHz, CDCl;, T = 298 K, ppm) §: 43.0,
43.1.

IR (KBr pellets, cm™): 1600 (CO).

Elemental analysis calcd (%) for C36H30AsO3PPd: C, 59.81,
H, 4.18; found: C, 59.60, H, 4.29.

[Pd(n*-Juglone)(PPh;),] (8). In a round-bottom flask 70.6 mg
(0.142 mmol) of [Pd (n>-Juglone)(NSPM)] were dissolved in
7 mL of dichloromethane anhydrous under argon atmosphere,
obtaining a violet/red solution, to which 78.5 mg (0.299 mmol,
2.08 eq.) of triphenylphosphine, dissolved in 5 mL of dichloro-
methane anhydrous, were added. The sudden colour change
of the solution towards dark red was observed. The system was
kept under magnetic stirring at room temperature for
15 minutes, after which it was filtered on millipore and sub-
sequently the solvent was removed under vacuum. The residue
was treated with anhydrous diethyl ether, filtered and washed
with little aliquots first of anhydrous diethyl ether and then of
n-pentane. Finally, the solid was dried in vacuum at room
temperature. 90.3 mg of [Pd(n*-Juglone)(PPh;),] was obtained,
corresponding to a yield of 79%.

'H NMR (300 MHz, CDCl;, T = 298 K, ppm) §: 4.60-4.67 (m,
2H, CH—CH), 6.96-7.37 (m, 33H, Ar-H), 12.46 (s, 1H, OH).

BC{'H} NMR (75.0 MHz, CDCl;, T = 298 K, ppm) &: 69.3
(CH, d, Jc_p = 18.2 Hz, CH=CH), 69.9 (CH, d, Jc_p = 15.5 Hz,
CH=—CH), 117.0 (CH, C*) 118.3 (C, C’®), 120.8 (CH, C°), 128.1,
128.2, 128.4, 129.7, 132.2, 132.3, 132.7, 133.1, 133.5, 133.6,
133.7, 133.8, 133.8, 136.4 (CH, C*), 160.6 (C, C7), 183.7 (C, d,
Jop = 5.0 Hz, C%), 189.5 (C, d, Jc_p = 4.5 Hz, C®).

*'p{'H} NMR (121 MHz, CDCl;, T = 298 K, ppm) §: 28.9 (d,
Jp_p = 25.6 Hz), 29.6 (d, Jp_p = 25.6 Hz).

IR (KBr pellets, cm™): 1612 1(CO).

Elemental analysis calcd (%) for C,sH3603P,Pd: C, 68.62, H,
4.51; found: C, 68.89, H, 4.34.

[Pd((n*-Juglone)(P(p-Cl-C¢H,)s),)] (9). Complex 9 was
obtained in the same way of complex 8 employing a dichloro-
methane solution of [Pd (n>-Juglone)(NSPM)] (70.2 mg,
0.142 mmol, 7 mL), and a dichloromethane solution of tris-(4-
chlorophenyl)phosphine (108.4 mg, 0.296 mmol, 5 mL).
91.1 mg of product was obtained as dark orange solid, corres-
ponding to ayield of 64%.

'H NMR (300 MHz, CDCl;, T = 298 K, ppm) §: 4.66-4.74
(m, 2H, CH=CH), 6.94-7.19 (m, 33H, Ar-H), 12.31 (s, 1H,
OH).

C{'"H} NMR (75.0 MHz, CDCl;, T = 298 K, ppm) §: 70.0
(CH, d, Jc_p = 18.0 Hz, CH=CH), 70.3 (CH, d, Jc_p = 14.9 Hz,
CH=CH), 117.0 (CH, C*) 117.6 (C, C’®), 121.4 (CH, C°), 128.7,
128.8, 128.9, 129.1, 129.2, 130.2, 130.7, 133.3, 133.4, 134.2,
134.3, 134.4, 134.5, 135.6 (CH, C*%), 136.9, 160.7 (C, C7), 183.7
(C, d, Je_p = 5.1 Hz, C*), 189.9 (C, d, Jc_p = 4.4 Hz, C?).

*'p{'H} NMR (121 MHz, CDCl;, T = 298 K, ppm) §: 26.8 (d,
Je_p=16.1 Hz), 27.4 (d, Jo_p = 16.1 Hz).

IR (KBr pellets, cm™): 1612 1(CO).

Elemental analysis calcd (%) for C,6H30ClsO3P,Pd: C, 54.61,
H, 2.99; found: C, 54.27, H, 3.11.
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[Pd(n*-Juglone)((P(p-OMe-C¢H,);),)] (10). Complex 10 was
obtained in the same way of complex 8 employing a dichloro-
methane solution of [Pd (n>Juglone)(NSPM)] (70.2 mg, 0.142 mmol,
7 mL) and a dichloromethane solution of tris-(4-methoxyphenyl)
phosphine (104.5 mg, 0.296 mmol, 5 mL). 85.1 mg of product was
obtained as dark orange solid, corresponding to a yield of 61%.

'H NMR (300 MHz, CDCl;, T = 298 K, ppm) §: 3.76 (s, 9H,
OCH,), 3.77 (s, 9H, OCH,), 4.58-4.65 (m, 2H, CH=CH),
6.63-7.37 (m, 27H, Ar-H), 12.65 (s, 1H, OH).

BC{'H} NMR (75 MHz, CDCl;, T = 298 K, ppm) §: 55.2
(CH;, OCHj;), 55.3 (CH3, OCH3), 68.5 (CH, d, Jc.p = 17.5 Hz,
CH=CH), 69.2 (CH, d, Jo_p = 15.5 Hz, CH=CH), 113.6, 113.8,
113.9, 1169 (CH, C%) 1185 (C, C’, 120.5 (CH, C°%),
124.4-124.6 (m), 124.9-125.1 (m), 133.2, 133.9, 134.1, 134.9,
135.0, 135.1, 135.2, 136.6 (CH, C*?), 160.6 (C, C7), 183.5 (C, d,
Jop = 5.0 Hz, C?), 189.4 (C, d, Jc_p = 3.3 Hz, C®).

3'p{'H} NMR (121 MHz, CDCl;, T = 298 K, ppm) 8: 25.9 (d,
Je-p = 32.0 Hz), 26.4 (d, Jp_p = 32.0 Hz).

IR (KBr pellet, cm™): 1590 (CO).

Elemental analysis calcd (%) for Cs,H,300P,Pd: C, 63.39, H,
4.91; found: C, 63.60, H, 4.78.

[Pd(n>-Juglone)((P(p-F-C¢Hy)s),)] (11). Complex 11 was
obtained in the same way of complex 8 employing a dichloro-
methane solution of [Pd (n>-Juglone)(NSPM)] (71.9 mg,
0.145 mmol, 7 mL) and a dichloromethane solution of tris-(4-
fluorophenyl)phoshine (93.8 mg, 0.296 mmol, 5 mL). 65.5 mg
of product was obtained as dark orange solid, corresponding
to ayield of 51%.

'H NMR (300 MHz, CDCl;, T = 298 K, ppm) &: 4.63-4.71 (m,
2H, CH—CH), 6.85-7.69 (m, 27H, Ar-H), 12.36 (s, 1H, OH).

3C{'"H} NMR (75 MHz, CDCl;, T = 298 K, ppm) §: 69.6 (CH,
d, Jcp = 17.8 Hz, CH=CH), 70.1 (CH, d, Jcp = 16.5 Hz,
CH—CH), 115.6-116.5 (m), 117.1, 118.0 (C, C’%), 121.4 (CH,
C°), 128.1, 128.6, 133.9, 134.5, 134.6, 134.8, 135.3-135.7 (m),
136.0 (C, C*), 160.8 (C, C7), 162.3, 165.6, 183.8 (C, d, Jo_p = 4.6
Hz, C*), 189.9 (C, d, Jc_p = 3.0 Hz, C%).

3'p{"H} NMR (121 MHz, CDCl;, T = 298 K, ppm) §: 26.4 (dq,
Jop =19.8, Jp_ = 3.2 Hz), 27.0 (d, Jp_p = 19.8 Hz, Jp_; = 3.2 Hz).

UF{'H} NMR (377 MHz, CDCl;, T = 298 K, ppm) §: —109.2
(d, Je-p = 3.2 Hz), —109.1 (d, Jr_p = 3.4 Hz).

IR (KBr pellet, cm™): 1590 (CO).

Elemental analysis calcd (%) for C,6H30FsO3P,Pd: C, 60.51,
H, 3.31; found: C, 60.19, H, 3.43.

[Pd(n*-Juglone)(AsPh;),] (12). Complex 12 was obtained in
the same way of complex 8 employing a dichloromethane solu-
tion of [Pd (n*-Juglone)(NSPM)] (70.9 mg, 0.141 mmol, 7 mL)
and a dichloromethane solution of triphenylarsine (90.0 mg,
0.294 mmol, 5 mL). 66.4 mg of product was obtained as dark
orange solid, corresponding to a yield of 60%.

'H NMR (300 MHz, CDCl;, T = 298 K, ppm) 8: 5.12-5.15 (AB
system J = 7.6 Hz, 2H, CH—=CH), 7.10-7.49 (m, 33H, Ar-H),
12.50 (s, 1H, OH).

BC{'H} NMR (75 MHz, CDCl;, T = 298 K, ppm) §: 67.4 (CH,
CH=CH), 68.1 (CH, CH=CH), 117.1 (CH, C*) 118.1 (C, C™¥),
121.2 (CH, C°), 128.7, 129.5, 131.6, 133.4, 133.8, 135.3, 136.1
(CH, C*), 160.5 (C, C7), 184.1 (C, C%), 189.8 (C, C®).
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IR (KBr pellets, cm™): 1611 (CO).

Elemental analysis caled (%) for C4sH3z6As,03Pd: C, 61.87,
H, 4.06; found: C, 62.06, H, 3.98.

[Pd(n*-Juglone)(TIC)(PPh;)] (13). In a round-bottom flask,
[Pd (n>-Juglone)(NSPM)] (78.1 mg, 0.157 mmol) was dissolved
in 5 mL of anhydrous dichloromethane under argon atmo-
sphere, resulting as a violet red solution. After that, a dichloro-
methane solution of tert-butyl-isocyanide (136.0 mg,
0.163 mmol, 1.04 eq., 2 mL) and a dichloromethane solution
of triphenylphosphine (43.3 mg, 0.165 mmol, 1.04 eq., 5 mL)
were added, observing a rapid colour change of the solution to
dark orange. The reaction mixture was kept under magnetic
agitation at room temperature for 45 minutes, after which it
was filtered and the solvent was removed in vacuum. The
resulting residue was treated with 4 mL of anhydrous diethyl
ether and 8 mL of n-pentane, filtered and washed with anhy-
drous diethyl ether and n-pentane. The obtained orange solid
was finally dried under vacuum.

87.0 mg of [Pd(n>-Juglone)(TIC)(PPh;)] was obtained, corres-
ponding to ayield of 88%.

'H NMR (300 MHz, CDCl;, T = 298 K, ppm) &: 1.25 (s, 18H,
t-Bu-CH3), 4.68-4.70 (m, 2H, CH=CH), 4.86-5.05 (m, 2H,
CH=CH), 6.91-7.61 (m, 36H, Ar-H), 12.55 (s, 1H, OH) 13.43
(s, 1H, OH).

C{'"H} NMR (75.0 MHz, CDCl;, T = 298 K, ppm) §: 30.2
(CHj3, t-Bu-CHj3), 57.0 (C, t-Bu-C), 65.8 (CH, d, Jc_p = 1.5 Hz,
CH—CH), 66.2 (CH, d, Jo_p = 2.6 Hz, CH—CH), 66.8 (CH, d,
Jep = 18.2 Hz, CH=CH), 68.0 (CH, d, Jc_p = 15.9 Hz, CH=CH),
116.4 (CH, C%), 117.1 (CH, C%), 118.4 (C, C™), 118.7 (C, C"?),
120.8 (CH, C°), 121.0 (CH, C°), 128.5-128.7 (m), 130.1, 133.2,
133.3, 133.5-133.8 (m), 136.3 (CH, C*%), 136.6 (CH, C*?), 160.6
(c, €, 160.9 (C, C”), 184.4 (C, C*), 184.7 (C, d, Jc_p = 6.4 Hz,
C?), 189.6 (C, d, Jo_p = 5.8 Hz, C®), 190.3 (C, C?).

*'p{'H} NMR (121 MHz, CDCl;, T = 298 K, ppm) §: 28.8,
29.3.

IR (KBr pellet, cm™"): 2172 1(CN), 1607 1(CO).

Elemental analysis calcd (%) for C;3H3,NO;PPd: C, 63.32,
H, 4.83, N, 2.24; found: C, 63.59, H, 4.72, N, 2.33.

[Pd(n*-Juglone)(Mes-Im-CH,Py)| (14). In a round-bottom
flask, [Pd (n*-Juglone)(NSPM)] (73.6 mg, 0.148 mmol) was dis-
solved in 14 mL of anhydrous dichloromethane under an
argon atmosphere, obtaining a pink-violet solution. After that,
a dichloromethane solution of [(Mes-Im-CH,Py)AgBr]
(69.0 mg, 0.0742 mmol, 1 eq., 10 mL) was slowly added drop
by drop, maintaining the system under vigorous magnetic stir-
ring. A progressive cloudiness of solution due to the precipi-
tation of silver bromide was observed, accompanied by the
simultaneous colour change of reaction mixture towards
orange. The system was kept under magnetic stirring for
15 more minutes, after which the mixture was filtered, and the
solvent was removed in vacuum. The solid residue was treated
with 10 mL of anhydrous diethyl ether and, after filtration,
firstly washed with anhydrous diethyl ether and then with
n-pentane. Finally, the dark orange solid was dried in vacuum.

62.0 mg of [Pd(n’>Juglone)(Mes-Im-CH,Py)] was obtained,
corresponding to a yield of 76%.
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'H NMR (300 MHz, CDCl;, T = 253 K, ppm) §: 1.68 (s, 3H,
0-Mes-CH3), 1.72 (s, 3H, 0-Mes—-CH3), 1.96 (s, 3H, 0-Mes-CH3;),
2.00 (s, 3H, 0-Mes-CH3;), 2.42 (s, 3H, p-Mes-CH3), 2.44 (s, 3H,
p-Mes-CHj), 4.07 (d, 2H, J = 6.6 Hz, CH=CH Juglone trans N),
4.07 (d, 2H, J = 6.6 Hz, CH=CH Juglone trans N), 4.26 (d, 2H, J
= 6.6 Hz, CH=CH Juglone trans N), 4.50 (d, 2H, J = 6.6 Hz,
CH=CH ]Juglone trans C), 4.51 (d, 2H, J = 6.6 Hz, CH=CH
Juglone trans C), 5.04-5.21 (m, 4H, NCH,), 6.77-6.78 (m, 2H,
CH=CHIm), 6.84-6.88 (m, 2H, H® Juglone), 6.97-7.05 (m, 4H,
Mes-CH), 7.07-7.08 (m, 1H, H* Juglone), 7.17-7.22 (m, 3H, H’
Juglone, CH=CH Im), 7.27-7.32 (m, 1H, H® Juglone),
7.44-7.49 (m, 4H, Py-H®, Py-H?), 7.52 (dd, 1H, J = 7.6, 1.1 Hz,
H* Juglone), 7.79-7.87 (m, 2H, Py-H*), 8.51 (d, 1H, J = 4.4 Hz,
Py-H°), 8.62 (d, 1H, J = 4.4 Hz, Py-H®), 13.04 (s, 1H, OH), 14.64
(s, 1H, OH).

C{'H} NMR (75.0 MHz, CDCl;, T = 253 K, ppm) §: 17.7
(CH3, o0-Mes-CHj3), 17.8 (CHj, o0-Mes-CHj), 18.3 (CHg,
o0-Mesityl-CH;), 18.4 (CH;, 0-Mes-CHz), 21.4 (CHj, p-Mes-
CH;), 21.5 (CH;, p-Mes-CHj;3), 55.5 (CH, NCH,), 57.9 (CH,
CH=CH Juglone trans N), 58.8 (CH, CH=CH Juglone trans N),
65.4 (CH, CH=CH Juglone trans C), 67.1 (CH, CH=CH
Juglone trans C), 115.0 (C, C* Juglone), 116.0 (C, C* Juglone),
118.4, 119.1, 119.7 (C, C° Juglone), 120.0 (C, C® Juglone), 121.5
(CH, CH=CH Im), 121.6 (CH, CH=CH Im), 122.0 (CH,
CH=CH Im), 122.1 (CH, CH=CH Im), 124.4 (CH, Py-C?),
124.5 (CH, Py-C%), 125.6 (CH, Py-C°), 125.9 (CH, Py-C°), 128.5
(overlapped CH, Mes-CH), 129.3 (CH, Mes-CH), 129.5 (CH,
Mes-CH), 131.4 (CH, C® Juglone), 133.1 (CH, C® Juglone),
135.0, 135.2, 135.4, 135.5, 135.7, 138.0, 138.4, 138.6, 138.8,
139.0, 151.4 (CH, C° Juglone), 151.4 (CH, Py-C°), 152.1 (CH,
Py-C°), 152.3, 159.6 (C, C’ Juglone), 160.2 (C, C’ Juglone),
173.6 (C, Py-C?), 174.4 (C, Py-C?), 183.9 (overlapped, C, NCN,
C? Juglone), 184.4 (C, NCN), 188.9 (C, C® Juglone).

IR (KBr pellet, cm™): 2172 1(CN), 1592 1(CO).

Elemental analysis calcd (%) for C,3H,5N303;Pd: C, 60.28,
H, 4.52, N, 7.53; found: C, 59.97, H, 4.61, N, 7.79.

Stability studies in cell culture media

Complexes were dissolved in DMSO at 5 mM concentration
and then diluted in cell media (DMEM/F12) obtaining a final
concentration of 50 uM in the UV cuvette. Then, UV spectrum
was monitored over time at ¢ = 0, 1 h, 6 h and 24 h.

Cell viability assay

Four ovarian cancer cells lines (A2780, A2780cis, OVCAR-5 and
KURAMOCHI) and one normal cell line (MRC-5) were
employed and were grown in accordance with the supplier’s
(Sigma Aldrich) instructions. In brief, A2780, A2780cis,
OVCAR-5 and KURAMOCHI cells were cultured in RPMI
Medium 1640 (1x) + GlutaMAX™, FBS (10% v/v), P/S (1% v/v)
and MRC-5 cell line was cultured with DMEM (1x) +
GlutaMAX™, FBS (10% v/v), P/S (1% v/v), NEAA (1% v/v), NaPi
(1% v/v). All cell lines were maintained at 37 °C in humidified
atmosphere of 5% of CO,. One thousand cancer cells per well
and eight thousand cell per well (for MRC-5) were placed in 96
well plates and treated after 24 h with six different concen-
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trations of Pd(un) complexes (0.001, 0.01, 0.1, 1, 10, 100) pM.
After 96 h from the treatment cell viability was measured with
a CellTiter glow assay (Promega, Madison, WI, USA; 1:1
dilution in PBS, 20 pL per well) with a Tecan M1000 instru-
ment. ICs, values were calculated from logistical dose response
curves. Averages were obtained from triplicates and error bars
are standard deviations.

Evaluation of PIN1 expression

OVCAR-5 cells were cultured in RPMI supplemented with 10%
FBS. Subsequently, 500000 cells were plated in Petri dishes
and treated with complex 6 (1 uM) or Juglone (10 pM) for
12 hours, including an untreated control sample. The cells
were collected using a scraper, washed twice with PBS (2 x
10 mL) to remove any residual medium, and kept on ice. The
samples were then lysed using an NP40-containing buffer sup-
plemented with PhosSTOP (Roche, 4906845001), 200 pM
sodium orthovanadate (Sigma-Aldrich, S6508), and 100 uM
sodium fluoride (Sigma-Aldrich, S6776). Protein concentration
was determined using the Bradford assay with the Bio-Rad
Protein Assay Dye (Bio-Rad, 5000006) (Bradford, 1976).
Samples were prepared using equal amounts of protein
(15-20 pg), 5x Sample Buffer (GenScript, MB01015), and
diluted to a final volume of 20 pL with ddH,O. After heating at
100 °C for 10 minutes, the proteins were separated by
SDS-PAGE (4-20% gel, GenScript, M42012) and transferred to
a nitrocellulose membrane (GE Healthcare, 10600002) using
the Mini-PROTEAN Tetra Vertical Electrophoresis Cell (Bio-
Rad, 1658004).

After the transfer, the membranes were blocked for 1 hour at
room temperature with 5% non-fat dry milk in TBST (0.1%
Tween-20). First, the membranes were incubated with the
primary antibody anti-Pin1 (1:250 in 5% non-fat dry milk in
TBST, Santa Cruz, sc-46660) overnight at 4 °C. After washing, they
were incubated with the secondary antibody, Goat anti-Mouse
IgG (1:10 000 in 5% non-fat dry milk in TBST, Invitrogen, 31430),
for 1 hour at room temperature and then developed.
Subsequently, the membranes were reprobed with the primary
antibody anti-HSP70 (1:10 000 in 5% non-fat dry milk in TBST,
Santa Cruz, sc-24) overnight at 4 °C, followed by incubation with
the same secondary antibody for 1 hour at room temperature,
and then developed. Finally, protein signals were detected using
LiteAblot® EXTEND Chemiluminescent Substrate (Euroclone,
EMP013001) with the VWR® Imager CHEMI Premium (VWR,
730-1469P), and the images were analyzed with Image] software.
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