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To mimic the structural aspects of staurosporine, a potent but unspecific kinase inhibitor, several coordi-
nation compounds based on two readily available diimine ligands containing hydrogen bonding donor/
acceptor sites (NH-CO fragment) have been designed and synthesized. These complexes are constructed
around Ru(i) and Pt(n) metal centers. A total of 9 compounds, named Ru(1)-(5) and Pt(1)-(4), were
obtained through straightforward synthetic approaches. The cytotoxicity of the compounds was evaluated
on AGS gastric cancer cells (GC) through standard MTT assays. All ruthenium and platinum complexes
with low toxicity, i.e. Ru(3), Ru(5), Pt(3) and Pt(4), were docked in the ATP binding pocket of two protein
kinases (S6K1 and MST2). The docking scores highlighted a preferred affinity of Ru(5) for the MST2
binding pocket, whereas the platinum compounds are predicted to bind stronger to the S6K1 binding site.
Inhibitory activity of the metal complexes on the MST2 and S6K1 signaling pathways was evaluated by
analyzing via western blot experiments the phosphorylation state of YAP, a downstream component of
the Hippo pathway and the protein expression of S6 and its phosphorylated analogue p-S6. A clear differ-
ence of behavior between the Pt(1) and the Ru(i) complexes depending on the type of kinase was

rsc.li/dalton observed.

Introduction

Protein kinases are an essential class of enzymes which play a
fundamental role in human cellular signaling pathways." These
enzymes are crucial for the regulation of cellular metabolism,
including cell growth and survival. They catalyze the addition
of a phosphate group originated from the hydrolysis of ATP
onto a target substrate, such as a protein, a sugar or a lipid. In
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some cases, overexpression or mutations in protein kinases can
contribute to tumor growth.>”” Hence, protein kinase inhibitors
represent a promising class of anticancer drugs allowing the
selective inhibition of a protein kinase involved in cancer devel-
opment or spreading. In addition, these inhibitors are essential
tools to understand the role of kinases in signaling pathways
and physio-pathological processes. Currently, 80 different
protein kinase inhibitors are already used for the clinical treat-
ment of different cancer types.® Most of them are organic com-
pounds built around a long organic scaffold containing hydro-
gen-bond donor and acceptor sites for efficient binding of the
drug into the ATP binding pocket of the enzyme. Thus, the
interaction between the drug and the enzyme hinders the inter-
action of the latter with ATP. Since the structure of the ATP
binding pocket of all protein kinases is highly conserved, it is a
challenging task to engineer selective inhibitors.

Staurosporine is a natural alkaloid acting as an extremely
potent protein kinase inhibitor (Fig. 1).°' The structure of
this molecule is composed of a flat indolocarbazole fragment
responsible for the binding to the active site of the enzyme

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Staurosporine; (b) an example of an organometallic Ru(i)-
complex mimicking the structural aspects of staurosporine developed
by Meggers et al. as inhibitor of the MST1 kinase.

through hydrogen bonding interactions and a voluminous gly-
cosidic unit. While being extremely potent, staurosporine is
not selective, which prevented its use in clinical studies.
Despite this lack of selectivity, the structure of this efficient
kinase inhibitor has inspired the design of non-natural kinase
inhibitors. In this context, Meggers et al. have developed metal
complexes mimicking the structural aspects of staurosporine
to prepare kinase inhibitors incorporating a metallic scaffold.
Starting from a sophisticated pyridocarbazole-based bidentate
nitrogen ligand, they were able to vary the coordination sphere
around the metal for fine-tuning selectivity of the inhibitors,
yielding a library of different metal complexes, exhibiting nM-
range, in vitro 1Cso towards different protein kinases with a
very high selectivity.'>™™ In particular, Meggers et al. identified
inhibitors for MST1 (see Fig. 1b). MST1 is a kinase involved in
the Hippo pathway that plays a critical role in mecanotrans-
duction (regulation of cell and organ growth via physical force
sensing) and proliferation/survival via the transcription co-
factors YAP and TAZ.'®'” Alterations of this pathway leads to
cancer progression by hyperactivation of YAP and/or TAZ.
Inspired by the Meggers lab strategy, we have tried to develop
novels and more selective inhibitors for MST1/2 kinases.
Recently, we have reported octahedral titanium(iv) com-
plexes constructed around a TiO4N, core where the nitrogen
bidentate ligands linked to the metal center bear hydrogen
bond donor and acceptor recognition units (NH-C=O).
Docking experiments with these titanium complexes on the
Hippo protein kinase MST2 showed that the titanium com-
plexes were too voluminous to fit the binding site of the
kinase. Nevertheless, the free ligands, compounds L, _, (Fig. 2),
fitted well the enzymatic pocket of this kinase.'® The phenan-
throline ligand L, functionalized with a pyridinone unit at the
position 5, and the diimine ligand L,, on which two pyridine
moieties are fused together by an amide group are easily acces-
sible in a few synthetic steps. Hence, these two ligands rep-
resent good candidates to mimic the flat indolocarbazole frag-
ment found in staurosporine.'®'® Thus, L,_, appeared as two
interesting building starting units to develop metal complexes
having an optimized shape regarding the enzyme binding
pocket of MST2. In addition, compounds L;_, showed good
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Fig. 2 Ligands L; and L,.

solubility in organic media allowing their facile use for the
preparation of various transition metal complexes.

Here, we report the synthesis of transition metal complexes
bearing the L, , diimine ligands. For this purpose, Ru(u) and Pt
() were selected to generate species offering distinct geometries.
Moreover, they are thoroughly investigated in therapeutic chem-
istry devoted to anticancer treatments. Development of novels Ru
(n) and Pt(u) complexes may provide solutions to avoid the exist-
ing resistance mechanisms.?*>® Ru(u) typically displays octa-
hedral or pseudo-octahedral coordination spheres, whereas
4-fold coordinated Pt(n) compounds adopt a square planar geo-
metry. In addition, the carbon ruthenium bond in Ru(u) com-
plexes confers original biological activities linked to the redox be-
havior of these organometallic species.*

Hence, we have prepared several Ru(u) or Pt(u) complexes based
on ligand L, or L, displaying a diversity of shapes and geometries
aiming at characterizing their potential to inhibit enzymatic activi-
ties, in particular MST1/2. The cytotoxicity of these complexes was
then assayed, followed by structure-activity relationship evaluation
via molecular docking in a protein kinase of the Hippo pathway,
MST2. To compare the selectivity, we extended the structure-
activity studies to S6K1, which is a key regulatory enzyme of the
activity of the ribosomal protein S6. The docking predictions were
validated experimentally with the quantification of the phosphoryl-
ation of YAP, the downstream component of the Hippo pathway,>”
and $6, the phosphorylation target of S6K1.>

Results and discussion

Synthesis of Pt(1)-(4) and Ru(1)-(5) complexes and hydrolytic
stability

Aiming to develop new coordination compounds mimicking
the structural aspects of the staurosporine, we have prepared a
series of ruthenium(u) and platinum(u) complexes incorporat-
ing the ligands L, or L,. The synthetized complexes are
depicted in Fig. 3.

A total of 5 ruthenium(u) complexes were synthetized from
either ligand L, or L,. The synthetic protocols allowing the
preparation of these complexes are given in Fig. 4. The syn-
thesis of octahedral ruthenium(u) polypyridyl complexes Ru(1)
and Ru(2) was first carried out starting from known dichloro
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Fig. 3 Pt(n) and Ru(i) complexes studied in this work.

precursor [Ru(bpy),Cl,] (1) which reacted with ligands L, and
L, respectively in an ethylene glycol/water 90:10 mixture for
6 hours as detailed in Fig. 4.>° After precipitation with the
addition of a saturated aqueous KPF4 solution, purification by
column chromatography of the crude products over silica gel
resulted in the isolation of Ru(1) and Ru(2).

The two complexes were characterized by "H and >C NMR
spectroscopy, ESI-MS and elemental analysis. Single crystals of
Ru(2) were obtained when diethyl ether vapors were allowed to
diffuse in an acetone solution of the complex. The solid-state
structure of Ru(2) resolved by single crystal X-Ray diffraction is
shown in Fig. 5.

The compound Ru(2) displays a slightly distorted octa-
hedral geometry. The N-Ru-N angles between the nitrogen
atoms in trans are of 172.3°, 173.6° and 173.7°. The N-Ru
bond lengths between the bipyridine ligands and the metal
are comprised between 2.061 and 2.071 A, whereas the N-Ru
bond lengths between the ligand L, and the metal are slightly
longer (2.076 A and 2.078 A). The N-Ru-N angles displayed by
the two bipyridine ligands are similar (78.6° and 78.7°),
whereas the one displayed by L, is slightly wider (79.7°).
Surprisingly, the solid-state arrangement of Ru(2) shows that
the amide fragment of L, is involved in a hydrogen bond inter-
action with the oxygen atom of an acetone molecule, which is
characterized by a N-H---O length of 2.840 A (Fig. 5b) which
contrasts with the dimerization observed for the previous
reported Ti(iv)-complex bearing the same nitrogen ligand L,."°

Cycloruthenated complexes Ru(3) and Ru(4) were prepared
by adapting procedures described by Pfeffer et al>*" Ru(3)
was prepared by reacting precursor 2 with ligand L, at 45 °C
for 3 days. After purification by column chromatography over
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silica gel, the desired compound was obtained in a moderate
yield of 20%. The "H NMR spectrum of Ru(3) is complex due
to the dissymmetry of the ligand L,. The "H NMR spectrum of
Ru(3) displays 20 signals which were attributed according 2D
'H and “C NMR analysis to the two different isomers shown
Fig. 6a. In particular, the 2D ROESY spectrum proved the pres-
ence of these two isomers since two demonstrative correlations
are observed as shown in Fig. 6b. The first correlation was
found between the Hy proton belonging to L, and the benzyla-
mine H, proton of one stereoisomer. The second correlation
was assigned to the L, H, proton and the benzylamine H,
proton of the second stereoisomer. This unique spatial proxi-
mity between the benzylamine proton and one L, proton (H,
or Hg) per isomer was verified by constructing molecular
models of each isomer and analyzing the crystal structure of
an analogous complex where the ligand L, is replaced by a
2,2-bipyridine ligand.*> DOSY NMR analysis confirmed that
the two species were stereoisomers as only one diffusion value
of D = 7.00 x 107'° m* s™! was obtained. Additionally, inte-
gration of the signals on the 'H NMR spectrum revealed that
the two stereoisomers are found in a 1:1 ratio in solution.

Ru(4) was synthesized by reacting L, with precursor 3** in
methanol at reflux overnight. The desired complex was isolated
by column chromatography over alumina. NMR analysis of the
compound showed a similar situation as described for Ru(3),
as the spectrum showed more signals related to the presence
of a single stereoisomer in solution as two sets of signals are
observed by 'H NMR. Furthermore, the 2D COSY spectrum
allowed the identification of the signals for L, for each stereoi-
somer. Additionally, Ru(3) and Ru(4) were also characterized
by ESI-MS and elemental analysis.

This journal is © The Royal Society of Chemistry 2025
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Piano-stool complex, Ru(5), was synthesized according to a
procedure described by Queyriaux et al.** The one-step reac-
tion of commercially available dimeric species 4 with L, in
methanol at reflux during 4 h allowed after precipitation with
saturated aqueous KPF, the isolation of the desired complex
which was characterized by 'H and *C NMR spectroscopy,
ESI-MS spectrometry and elemental analysis.

The synthetic pathways leading to the formation of square-
planar Pt(u) complexes containing either ligand L, or L, are
described in Fig. 7. Robust square-planar PtN, complexes
incorporating diimine ligands for DNA intercalation have
recently been described by Aldrich-Wright et al***” This
scaffold appeared of great interest for the synthesis of protein
kinase inhibitors constructed around a square-planar Pt(u)
core incorporating ligands L, and L, (Fig. 7).

Pt(1) and Pt(2) were prepared by reacting known 1,2-diami-
nocyclohexane (1,2-DACH) precursor [Pt(1,2-DACH)CL,] (5)
with ligands L, and L, respectively in water at reflux.’> The
desired complexes were then isolated after purification over
reverse phase resin.

Pt(3) was synthesized in a one-pot two steps procedure.*®
First, the chloro ligands were eliminated with the addition of
AgNO; to the kiteplatin precursor 6 in DMF. In a second step,
the AgCl precipitate was centrifuged, and L, was added to the
supernatant. The resulting mixture was stirred first at room
temperature for 16 hours and next at 50 °C for one day. The
desired complex Pt(3) was isolated after purification over
reverse phase resin.

Finally, complex Pt(4a) incorporating (S,S)-diphenylethyl-
enediamine (9) was prepared in a two-step procedure. First,
the dichloro precursor 8 was obtained from the substitution of
the DMSO ligands of [Pt(DMS0),Cl,] (7) by L,.>” The complex
was then refluxed without further purification with the corres-
ponding nitrogenated ligands to yield the targeted complex.
The solid-state structure of Pt(4) obtained after single crystal
XRD analysis is shown in Fig. 8a. The crystalline packing

Fig. 5 (a) Ball and stick representation of the solid-state structure of Ru(2), obtained from single-crystal X-ray crystallography (CCDC 23928333). (b)
Ru(2) packing in the crystal. The hydrogen bonds are represented in blue. Ruthenium atoms are depicted in turquoise, oxygen atoms in red, carbon
atoms in grey, nitrogen atoms in blue and hydrogen atoms in light grey. The hydrogen atoms, the PFg™ anions and the acetone crystallization solvent

molecules are omitted for clarity.

This journal is © The Royal Society of Chemistry 2025
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(a) Representation of the two stereoisomers corresponding to Ru(3). The arrows indicate the correlation in space between the two protons

seen on the ROESY spectrum, for each isomer. (b) Region of the 2D ROESY spectra of Ru(3) highlighting two strong correlations; one between the

protons H, and H,- and a second between H, and H,.

shows that the complex units are stacked together through the
diimine ligand (Fig. 8b). The mean distance between the
closest carbon atoms is of 3.424 + 0.049 A. Surprisingly, in the
crystal, the amide fragments of ligand L, are deprotonated,
which leads to hydrogen bonding interactions (N(Ly)---HN(9))
between this deprotonated nitrogen and NH, proton of the
diamino ligand 9 (N---HN length = 3.222 A).

In order to evaluate the hydrolytic stability of the Ru(1)-(5)
and Pt(1)-(4) complexes, the evolution of UV-visible absorp-
tion spectra of these complexes were recorded in Phosphate
Buffer Saline (PBS). Stock solutions of the complexes in DMSO
(c = 50 mM) were diluted in an aqueous PBS buffer solution to
reach a concentration of ¢ = 50 pM and a spectrum was

8274 | Dalton Trans., 2025, 54, 8270-8286

recorded every hour. A slight drop in intensity was observed
for the analyzed complexes, which was explained by the
medium evaporation (see the ESI]).

Overall, no changes were noticed, meaning that the com-
plexes are stable in a biologically relevant condition. The only
exception concerned complex Ru(3). The recorded spectra are
displayed Fig. 9. Over time, a hypsochromic shift of the visible
absorption band was observed with an isosbestic point at 4 =
455 nm. This observation indicated that the initial complex Ru
(3) was slowly converted into a new species. Since Pfeffer et al.
have previously demonstrated that the acetonitrile ligands
within analogous complexes can be substituted by water mole-
cules, it was assumed that the observed transformation for Ru

This journal is © The Royal Society of Chemistry 2025
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(3) was linked to ligands exchange.?® To confirm this hypoth-
esis, the solution of Ru(3) in PBS obtained after 24 hours was
analyzed by HPLC-MS.

Table 1 summarizes the major signals observed, and the
m/z values associated with them. An adduct corresponding to
the product on which one acetonitrile ligand has been
exchanged by a DMSO molecule can be found at 3.87 min,
meaning that the acetonitrile ligands have already been
exchanged in the stock solution in DMSO. Finally, the evol-
ution of a Ru(3) solution in CD,Cl, in which D,O (50 pL) were
added was monitored by "H NMR analysis. Fig. 10 highlights
the presence of an increasing amount of free acetonitrile at
1.97 ppm over time (24 h). After 48 h, the presence of free
CH;CN is even accentuated. Altogether, these analysis indi-
cated that the acetonitrile ligands are labile ligands within Ru
(3) and can be substituted by coordinating species such as
DMSO or water.

Overall, several Ru(u) and Pt(u) complexes bearing either
ligand L; or L, were synthetized using straightforward
approaches. These species were fully characterized and their
stability in a medium compatible with the biological assays
evaluated. We noticed that Ru(3) was unstable under these
conditions due to the substitution of labile acetonitrile
ligands. Nevertheless, after this ligand exchange, the rest of
the Ru(3) backbone remained unaltered.

In vitro cytotoxic activity of the Ru(u) and Pt(u) complexes

Having in hands this series of metal complexes designed for
kinase inhibition, the impact of the Ru(u) and Pt(un) complexes
on cell survival was evaluated. For instance, inhibition of
MST1/2 should favors YAP/TAZ function, leading to increase
survival and proliferation. Thus, the cytotoxicity of the com-
pounds was evaluated through standard MTT assays. We
choose the AGS GC cells as GC is a particularly aggressive
cancer with limited therapeutic options that has been shown

b)

Fig. 8 (a) Ball and stick representation of the solid-state structure of Pt(4), obtained from single-crystal X-ray crystallography (CCDC 23928341). (b)
Pt(4) packing in the crystal. The hydrogen bonds are represented in blue. Platinum atoms are depicted in yellow, oxygen atoms in red, carbon atoms
in grey, nitrogen atoms in blue and hydrogen atoms in light grey. The hydrogen atoms (excepted the H atoms involved in the hydrogen bonding), the
PF¢~ anion and the DMF crystallization solvent molecules are omitted for clarity.

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 UV-visible hydrolytic stability assay for Ru(3) in PBS buffer (c = 50 pM). A spectrum was recorded every hour over 24 h.

Table 1 Main HPLC signals and adducts observed from the analysis of ~ to have deregulation in the YAP/TAZ pathway.* The Ru(i) and
a solution of Ru(3) after 24 h Pt(11) complexes and oxaliplatin (oxa), reference chemotherapy
for the treatment of gastric cancer patients,® were incubated

Retention time (min) miz (2) Adduct for 48 h with AGS cells. Cell viability was then determined by

3.16 217.0335 (2) [C20H20N,ORu + H]zi addition of MTT and absorption measurements and ICs,

387 igg:gggg g% %gzgzzgzg?;u;]lﬂ values were calculated (Table 2).

4.15 515.1166 (1) [C24Ha6NORu]" Ru(1) to Ru(3) and Ru(5) are considered with a very low or
moderate toxicity since their ICs, values are over 100 pM.

°
)
d)

2.60 255 2.50 2.45 2.40 235 2.30 2.25 2.20 215 2.10 2.05 2.00 1.95
f1cppm,

Fig. 10 Close-up on the acetonitrile CH3z protons from the *H NMR spectrum of Ru(3) in a mixture CD,Cl, : D,O 8: 1. The coordinated acetonitrile
signals are labelled by a red dot and the free acetonitrile signals are signaled by a green star. The spectra were recorded: (a) before the addition of
D,0, (b) just after the addition of D,0, (c) 24 h after the addition of D,O and (d) 48 h after the addition of D,O.
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Table 2 ICsq values + SEM of oxaliplatin (Oxa) the Ru(i) and Pt(1) com-
plexes tested towards AGS cells for 48 h

ICso (M)
Ru(1) 104 23
Ru(2) 164 + 27
Ru(3) >200
Ru(4) 13+£2.0
Ru(5) >200
Pt(1) 16 £3.5
Pt(2) 5.5+2.6
Pt(3) >200
Pt(4) >200
Oxa 1.7+0.8

Despite being really close to Ru(1) from a structural view
point, complex Ru(4) exhibited a much lower ICs, (13 +
2.0 pM). The cytotoxic properties of Ru(4) analogues were
studied by Pfeffer et al.** They reported that the cytotoxicity of
these cyclometallated Ru-complexes arise from the redox pro-
perties of such complexes containing a Ru-C linkage. Hence,
the toxicity displayed by Ru(4) is assumed to be a consequence
of the Ru-C bond within this species.

Concerning the Pt(u) species, only Pt(1) and Pt(2) showed
cytotoxicity when incubated with AGS cells (ICs, = 16 + 3.5 and
5.5 + 2.6 pM respectively). The biological activity of similar ana-
logues was first reported by Aldrich-Wright et al.** The cyto-
toxic effect of these complexes were attributed to their capacity
to intercalate double-stranded DNA, due to their planar struc-
ture. Therefore, it is not surprising to see that Pt(3) and Pt(4),
bearing more bulky 1,4-DACH or diphenylethylenediamine
ligands, respectively, were non-toxic.

Docking studies of the Ru(u) and Pt(u) complexes in MST2 and
S6K1

Based on the cytotoxicity of the synthesized complexes, only
the compounds with low toxicity (ICs, > 200 pM) were selected
for docking studies on two protein kinases, i.e. S6K1 (4rlp.pdb)
and MST2 (5dh3.pdb). These proteins have two distinct cellu-
lar functions. MST2 is part of the Hippo signaling pathway,
which contributes to the regulation of organ growth and apop-
tosis activation,'® and is a relevant target for studying the
effects of downregulation of the Hippo pathway on cellular
growth.'” S6K1 is a protein kinase that controls the activity of
the 40S ribosomal protein S6 promoting protein synthesis.*?
Both the 40S ribosomal protein S6 and S6K1 have been impli-
cated in morbidity such as diabetes, aging, obesity or even
cancer.**™°

Eight docking experiments were carried out using the soft-
ware PLANTS with the CHEMPLP scoring function,*” which
includes energy contributions accounting for hydrogen
bonding, protein-ligand shape complementarity, and intra-
ligand torsion and clash penalties (see Methods for details).
To validate the docking protocol, we re-docked the two ligands
co-crystallized with the MST2 and S6K1 kinases and compared
results with the X-ray structures. The RMSD between the pre-
dicted lowest-energy binding pose and the experimentally
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determined X-ray binding pose was 0.5 A for XMU-MP-1 in
MST2'” and 0.89 A for FL772 in S6K1."® The re-docked com-
pounds show significant overlap with the crystal coordinates
establishing the same interactions with the protein (see ESI,
Fig. $31%).

All non-toxic ruthenium and platinum complexes, i.e. Ru
(3), Ru(5), Pt(3) and Pt(4), were docked in the ATP binding
pocket of the two protein kinases. The docking results indicate
a different propensity of the ligands to bind S6K1 or MST2 and
predict that the platinum compounds Pt(3) and Pt(4) have a
better docking score for S6K1, whereas the ruthenium com-
pound Ru(5) interacts stronger with MST2 (Table 3).
Concerning Ru(3), the docking calculations predict an unfavor-
able interaction at MST?2 likely due to steric clashes with the
protein, as indicated by the positive score in Table 3.

Fig. 11 shows an overview of the key protein-ligand inter-
actions that each compound establishes in the binding site of
the kinase for which it has the best docking score. Analysis of
the protein-ligand interactions using the software PLIP*® pro-
vides insights into the binding selectivity. The comparison
with the interaction patterns established by the reference com-
pounds in the X-ray structures (ie. FL772 in S6K1 and
XMU-MP-1 in MST2) reveals that the ruthenium compounds
fit reasonably well the ATP-binding pocket at S6K1 but they are
unable to establish the critical H-bonds that steer protein-
ligand recognition likely due to their shape or bulkiness of the
substituents (Table S1}). By contrast, the platinum compounds
show a suboptimal fit of the ATP-binding pocket in MST2
albeit establishing similar hydrogen bonding interactions as
the reference compound (Table S2}). We conclude that the
binding selectivity predicted by docking originates from an
interplay of shape complementarity and directional inter-
actions steering the recognition of rigid and bulky ligands at
the nucleotide binding site of the two kinases.

Inhibitory activity of the metal complexes in MST2 and S6K1

Having docked both Ru(u) and Pt(i) complexes in MST2 and
S6K1, we next aimed to evaluate their inhibitory activity in vitro
using the GC cell line AGS. GC is a public health problem due
to high aggressiveness with a 5-year survival rate of less than
25% and a median survival of about 11 months.>® The reasons
for this high mortality are multiple, including the variability in

Table 3 Docking results. The first column lists the 4 compounds that
were tested in vitro (see below). The second and third columns report
the docking score of the best binding pose per compound in S6K1 and
MST2, respectively. In the last column, the difference between the
docking scores is given

Compound 4rlp (S6K1) 5dh3 (MST2) A(S6K1-MST2)
Ru(3) -61.3 +13.7 -75
Ru(3)-H,0 — -57.8 —
Ru(3)-DMSO — +12.7 —

Ru(5) -68.9 —74.6 +5.7

Pt(3) ~79.5 —67.5 -11.9

Pt(4) -91.5 —68.6 —22.8
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Fig. 11 Protein-ligand interaction profiles of Ru(3) and Ru(5) com-
pounds in MST2 (PDB code: 5dh3) and of Pt(3) and Pt(4) compounds in
S6K1 (PDB code: 4rlp). Hydrogen bonding and hydrophobic interactions
are highlighted in yellow and green, respectively.

response to first treatment at equivalent tumor stage and that
about 75% of cancers become resistant. Patient management
is still based on surgery combined with oxaliplatin-based che-
motherapies (oxaliplatin + 5-fluoro-uracyl, 5-FU), and only in a
few cases anti-HER2 or anti-PD1 targeted therapies are

a) Ru(3)

View Article Online
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applied.*** Consequently, there is urgent need for the devel-
opment of new therapeutic solution to improve the manage-
ment of gastric cancer patients. In this respect, components of
the Hippo pathway, like MST2, or the S6K1 signaling pathway
have been reported to be frequently altered in GC and are sub-
jects to the development of targeted therapies.”* > To investi-
gate the inhibitory effect of our compounds on the protein
kinase MST2, we chose to analyze the phosphorylation state of
YAP, a downstream in the Hippo pathway. For this AGS cell
were treated for 24 h with the indicated compounds at 2 or
25 pM concentrations, and the expression of YAP and phos-
phorylated YAP was analyzed by western blot (Fig. 12a).

The results show that among the four compounds tested
only Ru(3) at 25 uM significantly diminished the phosphoryl-
ation of YAP, suggesting inhibition of the upstream protein
kinase MST2. By contrast, Ru(5) and Pt(3) showed only a very
slight effect, which did not reach statistical significance, and
Pt(4) showed the opposite effect (Fig. 12). This result is in con-
tradiction with the positive docking score obtained from the
modeling of Ru(3) in the binding pocket of MST2. However,
since the acetonitrile ligands responsible for steric clashing
with the protein are effectively exchanged with less bulky sub-
stituents such as water in a biologically relevant medium (see
above), it is possible that the product of such ligand exchange
is a good fit in the protein binding pocket. This was confirmed
by new docking experiments where the acetonitrile ligands
were exchanged from water or DMSO ligands. These modeled

Ru(5) Pt(3) Pt(4)

Ctl 2 25

2 25 2 25 2 25

YAP, p-§127

N -

YAP

Actin

b)

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Relative pYAP/YAP ratio

I

1
Ctrl

Fig. 12

1 1 1
2 25| 2 25| 2 25
Ru@) | Ru(s) | P3)

Concentration (uM)

(a) AGS cells were treated for 24 h with 2 or 25 pM of the indicated drugs and the expression of YAP and YAP p-S127 was analyzed by

western blot. The expression of actin served as a loading control. Western blot analysis of YAP. The same blot was first probed with an antibody
detecting phosphorylated YAP (mouse monoclonal antibody) and then re-probed with an antibody detecting total YAP (rabbit-monoclonal anti-
body), ensuring accurate comparison while eliminating variability due to loading and migration differences. (b) Relative pYAP and YAP expression
levels were normalized to the corresponding actin expression levels and are represented as ratio pYAP/YAP. The results are given + SEM from three
distinct experiments. Statistical difference was established by a two-value’s t test. *p < 0.05.
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(a) AGS cells were treated for 24 h with 2 or 25 pM of the indicated drugs and the expression of S6 and p-S6 was analyzed by western blot.

The expression of actine served as a loading control. The nitrocellulose blot was successively probed and revealed for S6 p-S235/236, S6 and actin
(b) relative pS6 and S6 expression levels where normalized with the corresponding actin expression level and are represented as ratio pS6/S6. The
results are given + SEM from three distinct experiments. Statistical difference was established by a two-value's t test. *p < 0.05, **p < 0.01, ***p <

0.005, ****p < 0.001.

complexes are named Ru(3)-H,O and Ru(3)-DMSO and the
docking scores obtained for these two complexes with the
binding pocket of MST2 are found in Table 3. The negative
docking score for Ru(3)-H,O (—57.8) demonstrates that this
aqua adduct well fits the binding pocket of the enzyme and
has significant affinity. By contrast, the DMSO adduct (Ru-
DMSO) has an unfavorable docking score (+12.7) similar as the
Ru(3) species. Clearly, this investigation demonstrates that the
efficacy of Ru(3) is enhanced by water and not DMSO substi-
tution. Additionally, the binding mode of Ru-H,O predicted
by docking resembles that of staurosporine with two
H-bonding interactions with the same protein loop.

Next, we evaluated the inhibitory activity of the four com-
plexes on S6K1 by analyzing the protein expression of S6 and
its phosphorylated analogue p-S6. For this purpose, AGS cells
were treated for 24 h with 2 or 25 uM of Ru(3), Ru(5), Pt(3) and
Pt(4) and the expression of S6 and p-S6 analyzed by western
blot (Fig. 13a).

The results show that, in contrast to the YAP phosphoryl-
ation, all compounds significantly decrease the phosphoryl-
ation of S6, suggesting S6K1 inhibition at 25 pM concentration
(Fig. 13). Interestingly and in contrast to the previous results
on YAP phosphorylation, Pt(3) showed to be much more
potent than Ru(3) to inhibit S6K1. Overall, the Pt(un) complexes
seemed to be more efficient in inhibiting the activity of the
protein kinase S6K1 than the Ru(u) complexes. These obser-

This journal is © The Royal Society of Chemistry 2025

vations are consistent with conclusions drawn from the
docking experiments, as the Pt(u) complexes have lower
docking scores than the Ru(u) complexes in the S6K1 binding
pocket (Table 3). Since the S6K1 binding pocket is bigger than
the MST2 binding pocket, these data confirm that bulkier com-
plexes such as the Pt(un) complexes, in comparison to the Ru(u)
complexes, will have stronger interactions with larger protein
binding pockets.

Conclusion

Five Ru(u) complexes, i.e. Ru(1)-(5), and four Pt(un) complexes,
i.e. Pt(1)-(4), were generated from ligands L, and L, that incor-
porate a NH-CO fragment. All of these species are stable in
aqueous media with the exception of Ru(3) where the labile
acetonitrile ligands are substituted. Complexes Ru(1), Ru(2),
Ru(4), Pt(1) and Pt(2) are toxic molecules for AGS cells,
whereas compounds Ru(3), Ru(5), Pt(3) and Pt(4) displayed
IC5o > 200 pM. Hence, the non-toxic species (Ru(3), Ru(5), Pt
(3) and Pt(4)) were selected for docking studies in two protein
kinases, ie. MST2 and S6K1. From this investigation, it
appeared that all complexes could fit the ATP-binding pocket
of these enzymes. Nevertheless, docking results predicted that
platinum compounds have stronger affinities for the ATP-
binding pocket of S6K1. Finally, inhibitory activities in vitro
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using the gastric cancer cell line AGS were evaluated. It was
found that Ru(3) at 25 pM significantly diminished the phos-
phorylation of YAP, suggesting that it inhibited the activity of
the upstream protein kinase MST2. Albeit in contradiction
with the docking results, which indicated that this compound
would not fit the ATP-binding pocket of MST2, this obser-
vation along with the detected lability of the acetonitrile
ligands within Ru(3) in water suggest that the active form of
this compound may be water or DMSO coordinated.
Concerning the inhibition of S6K1, the two platinum species
showed the best activities, consistent with the docking
predictions.

Overall, albeit the structure of the ATP binding pockets of
protein kinases are similar, this investigation has highlighted
a preferred interaction for a particular type of kinase depend-
ing on the architecture and the substitution of the metal
complex inhibitor. These results open to the development of
selective metal complex kinase inhibitors based on the
diimine ligand L,.

Experimental part

Materials and methods

Antibodies list: ESI.}

Synthetic procedures

All reagents and products were purchased from Sigma Aldrich,
Alfa Aesar or TCI and used as received. Ultrapure water used
was purified by a Milli-Q UV purification system (Sartorius
Stedim Biotech SA). Gibco® Versene solution, Gibco® Trypsin/
EDTA solution, Gibco® MEM Non-Essential Amino Acids solu-
tion (NEAA), 10% SDS solution, PenicillinStreptomycin (10 000
U mL™"), Dulbecco’s Phosphate-Buffered Saline (10x).
Hyclone™ RPMI 1640, DMEM medium and fetal bovine serum
(FBS) were purchased from Thermo Fisher Scientific Inc. Bio-
rad Protein Assay Dye Reagent Concentrate, 40% acrylamide/
bis solution, 10x Tris/glycine buffer, TEMED, 4x Laemmli
Sample Buffer, nitrocellulose membrane, 0.2 pm and 0.45 pm
were purchased from Bio-rad Laboratories. Complete™, mini
Protease Inhibitor Cocktail Tablets. Luminata™ Classico and
Luminata™ Crescendo Western HRP Substrate were purchased
from Merck Millipore Corporation.

Bruker Avance-500 and Avance-600 spectrometers were used
for solution NMR analyses performed at 25 °C. Deuterated sol-
vents for "H NMR analysis were dried over molecular sieves
before use. "H NMR spectra were recorded at 500.13 MHz and
referenced to SiMe,. “C{'H} NMR spectra (broadband
decoupled) were recorded at 125.77 MHz and referenced to
SiMe,. Chemical shifts are reported in ppm and coupling con-
stants in Hz; the latter are proton-proton coupling constants.
Multiplicity: s = singlet, d = doublet, t = apparent triplet, m =
multiplet. The *C{'H} signals are singlets. DOSY measure-
ments were performed at 600.13 MHz with a 5 mm "H/X z-gra-
dient BBI probe and applying a PFGSTE pulse sequence using
bipolar gradients. Electrospray analyses were performed on a
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MicroTOF (Bruker) apparatus equipped with an electrospray
(ES) source. The elemental analyses were performed using a
Flash 2000 apparatus (Thermo Fisher Scientific) for C, H, and
N elements. UV-vis liquid and solid spectra were recorded with
a PerkinElmer Lambda650s spectrometer. The X-ray diffraction
data were collected by two different means. Mean 1: the data
were collected at and 173 K on a Bruker SMART CCD diffract-
ometer with MoKa radiation (4 = 0.71073 A). The diffraction
data were corrected for absorption using the SADABS
program.>® The structures were solved using SHELXS97°” and
refined by full matrix least-squares on F* using SHELXL-2014>®
in the anisotropic approximation for all non-hydrogen atoms.
The hydrogen atoms were introduced at calculated positions
and not refined (riding model). z with a 5 mm 1H/X z-gradient
BBI probe and applying a PFGSTE pulse sequence using
bipolar gradients. Mean 2: the X-ray diffraction data were col-
lected on a Bruker PHOTON-III DUO Kappa CPAD diffract-
ometer equipped with an Oxford Cryosystem liquid N, device,
using Mo-Ka radiation (4 = 0.71073 A). The crystal-detector dis-
tance was 37 mm. The cell parameters were determined
(APEX3 software)®® from reflections taken from two sets of 6
frames, each at 10 s exposure. The structure was solved by
Direct methods using the program SHELXT-2014. The refine-
ment and all further calculations were carried out using
SHELXL-2014. The H-atoms were included in calculated posi-
tions and treated as riding atoms using SHELXL default para-
meters. The non-H atoms were refined anisotropically, using
weighted full-matrix least-squares on F°. A semi-empirical
absorption correction was applied using SADABS in APEX3.
The residual electron density was assigned to one molecule of
the chloroform solvent. Absorbance and fluorescence on
96-well plates were measured using Tristar® Multimode Reader
LB942 from Berthold Technologies.

Cell culture and cell survival

AGS (CRL-1739™), and KATOIII (HTB-103TM) cells were
obtained from ATCC. 0.5 x 10* cells were seeded per well in
96-well microplates (Falcon Multiwell), 24 h prior to any treat-
ment, drugs were added in fresh medium for 48 h. Then the
medium was replaced by fresh medium supplemented with
0.5 mg mL~" MTT (Sigma) for 1 h. Subsequently, the medium
was aspirated, and the purple formazan crystals were dissolved
in DMSO (100 pL). Absorbance was measurements at 590 nm
with the LB942 Tristar2 Multimode Reader (Berthold
Technologies). The ICs, and IC,5 was calculated with Prism
9.5.0 using non-linear regression. The experiments were per-
formed in 4 replicates for each drug concentration and were
carried out at least three times independently.

Western blot protocol

AGS cells were grown at 500000 cells per well (2 mL) on
Cellstar® 6-well plates (Greiner Bio-One) for 24 h or 17 h cells
were lysed with NP40 Lysis Buffer (125 mM TrisHCl pH 7.5,
NaCl 150 mM, NP40 0.5%, 10% Glycerol). A total of 50 pg of
proteins were resolved by 10% or 15% SDS-PAGE (depending
on protein molecular weight) according to standard methods.

This journal is © The Royal Society of Chemistry 2025
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Proteins were visualized with selected antibodies (see ESI
Methodsi) and enhanced chemiluminescence using the
Luminata™ Classico and Luminata™ Crescendo western blot-
ting Substrate Millipore reagent, and according to the manu-
facturer instructions. To evaluate the phosphorylation of YAP
at S127 and S6 at S235/236, the same blot was first probed
with an antibody detecting the phosphorylated protein and
then re-probed with an antibody detecting the total protein,
ensuring accurate comparison while eliminating variability
due to loading and migration differences. For instance, for
YAP, the blot was probed first with the mouse monoclonal
antibody directed against the phosphorylated protein (YAP,
anti-rabbit, S127-D9W2I Cell Signaling; in 1/1000 in TBS 1x,
Tween 20 0.1%, BSA 1%) overnight, then it was washed (TBS
1%, Tween 20 0.1%, BSA 1%) 3 times 5 min and probed with
the anti-mouse secondary antibody (sc-101190 Santa Cruz, 1/
5000 in TBS 1x, Tween 20 0.1%, BSA 1%) before revelation
with ECL. The same blot was thoroughly washed (TBS 1x,
Tween 20 0.1%, BSA 1%) and then probed for the whole
protein with an antibody that have been produced in rabbit to
avoid any cross-reaction with the mouse phospho-antibody
previously used. The use of two antibodies produced in
different species avoid the cross-reaction and the necessity of
stripping that may lead to a protein loss on the blot. The ECL
signals were acquired on a Pxi Imager (Syngene®). Expression
intensities of the protein of interest were measured using
Image] software and normalized to their respective loading
control (Actine). Finally, the protein of interest to loading
control ratios were further normalized by setting the value of
this ratio to 1 in the negative control.

Molecular docking

The initial coordinates of the MST2 protein were taken from
the crystal structure of MST2 solved in complex with the
inhibitor 4-[(5,10-dimethyl-6-0x0-6,10-dihydro-5H-pyrimido
[5,4-b]thieno[3,2-€][1,4]diazepin-2-yl)]amino]benzenesulfona-
mide, a.k.a. XMU-MP-1 or 5BS (PDB code: 5DH3). The initial
coordinates of the S6K1 protein were taken from the crystal
structure of S6K1 solved in complex with the ruthenium
complex FL772 (PDB code: 4RLP). Starting from 2D chemical
structures, PrepFlow provides 3D molecular coordinates, after
tautomer, stereoisomer and conformer enumeration at a given
pH, here 7.0. All docking experiments were performed using
the program PLANTS in combination with the scoring function
CHEMPLP, which includes energy contributions accounting
for hydrogen bonding, protein-ligand shape complementarity,
and intra-ligand torsion and clash penalties. The searching
space for docking was defined based on the center of mass of
the co-crystallized ligand and a sphere radius of 8.0 A. For
each compound, 10 binding poses were generated. The best
binding mode according to the docking score was selected and
analyzed as the most representative binding pose.

Ru(1)

In a two-necked round-bottom flask, a mixture of ethylene
glycol and water (9:1, 3 mL) was degassed for 15 min by Ar
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bubbling. 1 (50 mg, 103 pmol) and L, (28 mg, 103 pmol) were
added and the mixture was stirred at 120 °C for 6 h with light
excluded. The orange mixture was cooled to r.t. and water
(4.5 mL) was added. An aqueous saturated solution of KPFg
was added drop by drop until no precipitate formed anymore.
The orange solid was filtered, washed with cold water and
diethyl ether. The crude product was purified by column
chromatography (SiO,, MeCN : water : KNO3z, 100:10:1). The
fractions containing product were combined and the solvent
was removed in vacuo. The residue was dissolved in MeCN, the
excess KNO; was filtered off and an aqueous saturated solution
of KPF¢ was added. The solution was concentrated until a pre-
cipitate formed. The precipitate was filtered, washed with cold
water and diethyl ether to isolate Ru(1) (56 mg, 56%). "H NMR
(CD;CN, 500 MHz): § (ppm) = 8.58-8.49 (m, 7H), 8.15 (s, 1H),
8.12-8.08 (m, 4H), 8.02-7.98 (m, 2H), 7.86-7.84 (m, 2H),
7.75-7.65 (m, 3H), 7.59-7.58 (m, 2H), 7.55-7.53 (m, 1H),
7.47-7.44 (m, 2H), 6.61 (d, 1H). >C NMR (126 MHz, CD,Cl,): §
= 162.45, 157.80, 157.76, 157.57, 157.56, 152.95, 152.92,
152.56, 152.53, 152.48, 152.38, 148.68, 147.62, 143.04, 138.41,
138.40, 138.31, 138.29, 137.08, 136.81, 136.26, 135.64, 131.00,
130.93, 128.10, 128.05, 127.97, 127.93, 126.92, 126.42, 124.83,
124.80, 124.75, 121.20 ppm. MS (ESI) caled for C;,H,,N,ORu**
343.57; found 343.57. Anal. caled for C;;H,,F,,N;OP,Ru-H,O:
C, 44.68; H, 2.94, N, 9.86; found C, 44.17; H, 2.93; N, 9.65.

Ru(2)

In a two-necked round-bottom flask, a mixture of ethylene
glycol and water (9:1, 3 mL) was degassed for 15 min by Ar
bubbling. 1 (50 mg, 103 pmol) and L, (20 mg, 103 pmol) were
added and the mixture was stirred at 120 °C for 6 h with light
excluded. The orange mixture was cooled to r.t. and water
(4.5 mL) was added. An aqueous saturated solution of KPFg
was added drop by drop until no precipitate formed anymore.
The orange solid was filtered, washed with cold water and
diethyl ether. The crude product was purified by column
chromatography (SiO,, MeCN :water : KNO; 100:10:1). The
fractions containing product were combined and the solvent
was removed in vacuo. The residue was dissolved in MeCN, the
excess KNO; was filtered off and an aqueous saturated solution
of KPF¢ was added. The solution was concentrated until a pre-
cipitate formed. The precipitate was filtered, washed with cold
water and diethyl ether to isolate Ru(2) (51 mg, 81%). Crystals
were obtained from acetone/Et,O. T = 296(2) K; monoclinic;
space group P2y,; a = 13.4931(5) A, b = 13.8886(4) A, ¢ =
19.9737(8) A; § = 94.6980(10); V = 3730.5(3) A%; Z = 4; Deareq =
1.707 g cm™>; reflections collected: 35 303; Rine = 0.0671; R;(F)
(I > 26(I)) = 0.0637, wR,(F*) (all data) = 0.1935; GOF(F*) = 1049.
CCDC: 2392833. 'H NMR (CD,CN, 500 MHz): § (ppm) = 8.68
(dd, 1H, 3] = 8.1 Hz, ¥J = 1.2 Hz, H,), 8.52-8.48 (m, 4H, H, +
Hppy); 8.10-8.03 (m, 5H), 7.95 (dd, 1H, ] = 8.3 Hz, %] = 1.2 Hz),
7.80-7.77 (m, 2H), 7.74-7.71 (m, 2H), 7.55-7.50 (m, 2H),
7.44-7.41 (m, 2H), 7.37-7.33 (m, 2H). *C NMR (126 MHz,
CD;CN): 6 (ppm) = 160.58, 158.20, 157.87, 157.85, 156.98,
155.16, 153.31, 153.26, 153.08, 152.96, 147.63, 139.27, 138.93,
138.90, 137.58, 136.99, 129.55, 128.55, 128.50, 128.49, 128.47,
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128.24, 127.36, 125.25, 125.19, 125.15, 124.84. MS (ESI) caled
for C;;H,3N,ORu>" 305.55; found 305.55. Anal. caled for
C31H,3F,N,OP,Ti: C, 41.34 H, 2.57, N, 10.89; found C, 40.28;
H, 2.72; N, 10.25.

Ru(3)

In a two-necked round-bottom flask, MeCN (5 mL) was
degassed by argon bubbling for 15 min. 2 (50 mg, 100 pmol)
and L, (20 mg, 100 pmol) were added and the mixture was
stirred at 30 °C for 48 h, then 40 °C for 24 h and finally 45 °C
for 48 h. The mixture was filtered, and the purple solution was
purified by column chromatography (SiOy,
MeCN : water : KNO; 100:3:1). The red band was recovered,
the fractions were combined, and the solvent was removed in
vacuo. The residue was redissolved in a minimum of MeCN,
and an aqueous saturated KPFs was added (2 mL). MeCN was
removed to obtain a dark precipitate which was filtered and
washed with ether to isolate Ru(3) (12 mg, 18%). 'H NMR
(CDCl3, 500 MHz): § (ppm) = 11.33-11.24 (my,, 2H, N-H), 9.79
(d, 1H, 3] = 5 Hz, H,), 9.27 (d, 1H, ] = 4.7 Hz, H,), 8.87 (d, 1H,
3] =5.4 Hz, Hy), 8.83 (d, 1H, %/ = 8 Hz, H,), 8.62 (d, 1H, *J = 7.9
Hz, H), 8.40 (d, 1H, ] = 5.3 Hz, H,), 8.13 (dd, 1H, *J; = 7.8 Hz,
3], = 5.3 Hz H3), 8.05 (d, 1H, *J; = 8.2 Hz, Hy), 7.96 (dd, 1H, *J,
= 8.1 Hz, *J, = 4.9 Hz Hy), 7.86-7.81 (m, 3H, Hy 4 ), 7.46 (dd,
1H, *J; = 7.7 Hz, *J, = 5.7 Hz Hyg), 7.35 (dd, 1H, *J; = 8.2 Hz, %],
= 5.4 Hz Hg), 7.26-7.21 (m, 2H, Hp ), 7.09-7.07 (m, 2H, Ha ),
6.99-6.94 (m, 2H, H. ), 3.94 (m, 2H, Hyy), 3.34 (d, 1H, /=5
Hz, H,), 3.31 (d, 1H, ] = 5 Hz, Hy), 2.55 (m, 6H, MeCN), 2.31
(s, 6H, Hy ), 2.11 (s, 3H, MeCN), 2.10 (s, 3H, MeCN), 1.42 (s,
3H, H;), 1.40 (s, 3H, Hy). *C NMR (CDCl;, 126 MHz): § (ppm)
= 161.83, 161.28, 157.51, 156.64, 156.11, 152.38, 148.95,
147.68, 146.91, 141.01, 137.41, 136.85, 135.13, 135.12, 134.62,
133.71, 128.87, 128.08, 127.54, 126.63, 125.21, 125.10, 124.63,
123.54, 122.56, 120.73, 120.60, 73.30, 52.85, 52.78, 51.41,
51.09, 4.83, 4.21, 4.20. MS (ESI) caled for C,,H,;N;ORu"
515.11, found 515.11. Anal. caled for C,;H,5;FsNcOPRu-2
CH,Cl,: C, 37.65; H, 3.52; N, 10.13; found C, 35.94; H, 3.50; N,
10.17.

Ru(4)

In a two-necked round-bottom flask, MeOH (10 mL) was
degassed by argon bubbling for 15 min. 3 (95 mg, 149 pmol)
and L, (29 mg, 149 pmol) were added and the mixture was
stirred at 70 °C overnight. The mixture was cooled down at
room temperature and the solvent was removed in vacuo. The
residue was purified by column chromatography (AlO3,
MeCN : water 99 : 1). The red band was recovered, the fractions
were combined, and the solvent was removed in vaccuo to
isolate a purple crystalline powder (20 mg, 18%). 'H NMR
(CDCl;, 500 MHz): § (ppm) = 10.07 (Sp;, 2H, N-H + N-H’), 8.64
(dd, 1H, *J = 8.1 Hz, ¥J = 1.3 Hz, H;), 8.46 (dd, ] = 8 Hz, ¥J =
1.4 Hz, Hs,), 8.32-8.30 (m, 5H), 8.26 (dd, 1H, */ = 5.6 Hz, J =
1.4 Hz, Hs,/), 8.22 (dd, *] = 5.3 Hz, ¥J = 1.4 Hz, Hs,), 8.02-7.99
(m, 2H), 7.87-7.78 (m, 13H), 7.75 (dd, 1H, */ = 5.2 Hz, ¥/ = 1.1
Hz), 7.70-7.66 (m, 6H), 7.62 (dd, 1H, */ = 8.4 Hz, ] = 1 Hz),
7.58-7.55 (m, 4H), 7.48 (dd, 1H, °J; = 5.6 Hz, ], = 8.1 Hz,
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Hphen), 7.36 (dd, 1H, °J; = 5.5 Hz, °], = 8.4 Hz), 7.18-7.14 (m,
2H), 6.92-6.83 (m, 7H), 6.47-6.43 (m, 2H). *C NMR (CD;CN,
126 MHz): § (ppm) = 167.67, 160.71, 160.63, 158.50, 157.42,
157.38, 157.33, 155.58, 153.98, 152.97, 151.53, 151.48, 151.15,
151.04, 150.95, 149.50, 144.57, 137.52, 136.80, 136.60, 136.43,
136.39, 136.09, 135.09, 134.68, 134.55, 133.56, 128.99, 128.75,
128.02, 127.49, 126.89, 126.87, 126.86, 126.67, 126.64, 126.61,
126.28, 124.65, 123.57, 123.53, 123.48, 122.89, 122.83, 122.82,
121.45, 119.37, 119.32. MS (ESI) caled for CzHy;NcORu®
609.10, found 609.10. Anal. Calcd for C;,H,3FsNgOPRu-2
CH,Cl,: C, 44.22; H, 2.95, N, 9.10; found C, 43.50; H, 2.93; N,
9.31.

Ru(5)

A solution of 4 (61 mg, 122 pmol) and L, (50 mg, 254 pmol)
was heated to reflux in MeOH (21 mL) for 4 h. Solvent was
removed in vacuo and the residue was redissolved in water
(10 mL). The unsoluble material was filtered off and a satu-
rated aqueous solution of KPFs was added until no precipate
formed anymore. The precipitate was filtered on a fritted
funnel, washed with water (3 x 10 mL), with Et,O (3 x 10 mL)
to obtain a yellow powder. "H NMR (CD;CN, 500 MHz): §
(ppm) = 9.95 (dd, 1H, *J = 5.4 Hz, *J = 1.3 Hz, H,), 9.18 (dd,
1H, %] = 5.3 Hz, ¥J = 0.9 Hz, H,), 8.81 (dd, 1H, */ = 8.1 Hz, ¥ =
1.31 Hz, H), 7.97-7.93 (m, 2H, H; 5), 7.80 (dd, 1H, */ = 8.1 Hz,
Y = 1.31 Hz, Hg), 6.07 (s, 6H, Hpens). ~C NMR (CD;CN,
126 MHz): § (ppm) = 159.59, 159.38, 152.83, 150.39, 139.04,
137.12, 136.53, 129.10, 127.87, 126.48, 126.42, 87.16. MS (ESI)
caled for C;7H;3CIN;ORu" 411.98, found 411.98. Anal. calcd
for Cy,H,3CIFN;OPRu: C, 36.67; H, 2.35; N, 7.55; found C,
36.51; H, 2.48; N, 7.53.

Pt(1)

5 (48 mg, 126 pmol) and L, (35 mg, 126 pmol) were suspended
in distilled water (12 mL) and the mixture was stirred at reflux
for three days. The clear yellow solution was concentrated in
vacuo until the volume reached around 2 mL. The product was
purified on a Porapak Rxn RP 20cc column with water as
eluent. The fractions containing product were combined, con-
centrated in vacuo until the volume reached around 3 mL.
Saturated aqueous KPFs was added to the solution until no
precipate formed anymore. The yellow residue was filtered on
a fritted funnel, and air-dried. Yield: 20%. "H NMR (CD;CN,
500 MHz): 6 (ppm) = 8.94-8.89 (m, 4H, H,4,), 8.15 (s, 1H,
Hg), 8.08 (dd, 1H, %J; = 8.3 Hz, 3], = 5.4 Hz, H; o ), 8.06 (dd,
1H, *J; = 8.6 Hz, %], = 5.4 Hz, H; o 5), 7.63 (dd, 1H, *] = 9.4 Hz,
% = 2.7 Hz, Hpy,), 7.58 (d, 1H, ¥ = 2.6 Hz, Hyy,), 6.63 (d, 1H, J
= 9.5 Hz, Hpy), 5.82 (Spry, 2H, NH,), 5.17 (Spy, 2H, NH,), 2.78
(m, 2H, Hpacn), 2.25 (M, 2H, Hpac) 1.71 (m, 2H, Hpacn), 1.53
(m, 2H, Hpacu), 1.31 (m, 2H, Hpacu) °C NMR (CD;CN,
126 MHz): 6 (ppm) = 162.89, 152.63, 152.47, 149.04, 147.85,
143.28, 142.09, 140.64, 137.57, 137.15, 131.68, 128.39, 127.78,
127.39, 121.81, 114.91, 62.88, 62.84, 33.15, 24.87. HRMS (ESI)
caled for C,3H,,NsOPt*" 291.0849, found 291.0862.
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Pt(2)

5 (77 mg, 203 pmol) and L, (40 mg, 203 pmol) were suspended
in distilled water (18 mL) and the mixture was stirred at reflux
overnight. The clear yellow solution was concentrated in vacuo
until the volume reached around 2 mL. The product was puri-
fied on a Porapak Rxn RP 20cc column with water as eluent.
The fractions containing product were combined and dried in
vacuo to obtain a yellow solid. Yield: 39%. 'H NMR (D,O,
500 MHz): § (ppm) = 9.01 (d, 1H, 3] = 8.1 Hz, H,), 8.95 (d, 1H,
3] = 5.6 Hz, H,), 8.50 (d, 1H, %] = 5.3 Hz, H,), 8.20 (d, 1H, %] =
8.6 Hz, H5), 8.01 (dd,1H, *J; = 5.7 Hz, %], = 8.06 Hz, H;), 7.87
(dd, 1H, *; = 5.4 Hz, %], = 8.5 Hz, Hg), 2.71-2.69 (m, 2H,
Hpacn), 2.21 (d, 2H, 3] = 13 Hz, Hpacn), 1.66 (d, 2H, *] = 8.8
Hz, Hpacn), 1.47 (d, 2H, *] = 9.2 Hz, Hpacn), 1.29-1.20 (q, 2H,
3] = 13 Hz, Hpacu) ppm. >C NMR (D,0, 125 MHz): § (ppm) =
161.08, 154.52, 154.50, 145.86, 139.87, 138.88, 135.44, 129.08,
128.56, 127.77, 125.51, 61.67, 61.64, 32.01, 31.97, 23.75 ppm.
MS (ESI) caled for Cy,H,;N;OPt** 253.07; found 253.07. Anal.
caled for Cy;H,,CI,N;0OPt-2 H,O: C, 33.29; H, 4.11; N, 11.42;
found C, 32.22; H, 4.10; N, 11.05.

Pt(3)

6 (60 mg, 158 pmol) was dissolved in DMF (4 mL). AgNO;
(59 mg, 347 pmol) was added and the mixture was stirred for
16 h with light excluded. The mixture was centrifuged for
5 min at 4000 rpm. To the supernatant was added L, (37 mg,
189 pmol) and the mixture was stirred for 16 h and then for
24 h at 50 °C. The yellow mixture was cooled to room tempera-
ture and centrifuged for 5 min at 4000 rpm. The yellow precipi-
tate was washed with CH,Cl, (3 x 5 mL) and air-dried. The
residue was dissolved in water (10 mL), filtered and a saturated
aqueous solution of KPF, was added. The solution was concen-
trated in vacuo until a precipate appeared. The mixture was
allowed to rest O.N. with light excluded. The solid was centri-
fuged 5 min at 4000 rpm, the solid was washed with a
50:50 mixture of iPrOH :Et,O and air-dried. Yield: 16%. 'H
NMR (DMSO-ds, 500 MHz): § (ppm) = 8.83 (d, 1H, *] = 8.01 Hz,
H,), 8.64 (d, 1H, *] = 5.2 Hz, H,), 7.99 (dd, */, = 7.8 Hz, ’], = 5.8
Hz, H;), 7.93-7.88 (m, 2H, Hs,0), 7.69 (dd, *J; = 8.6 Hz, *J, = 5.2
Hz, Hg), 6.52 (s, 4H, NH,), 3.44 (Sp;, 2H, CH-NH,), 1.8-1.72
(m, 8H). *C NMR (DMSO-ds, 126 MHz): § (ppm) = 167.11,
154.11, 149.51, 140.46, 138.55, 137.86, 135.41, 126.65, 126.28,
125.11, 46.93, 46.83, 21.75, 21.70. MS (ESI) caled for
C,,H,0NsOPt" [M — H]" 505.13, found 505.13.

Pt(4)

8 (50 mg, 108 pmol) and (15,25)-9 (46 mg, 216 pmol) were sus-
pended in water (100 mL) and stirred for 24 h at reflux. The
mixture was allowed to cool at room temperature and was con-
centrated in vacuo until 50 mL solvent remained. A saturated
aqueous solution of KPFs was added until no precipate formed
anymore. The mixture was filtered on a fritted funnel, washed
with water and Et,O to obtain a yellow powder. Yield: 38%.
Crystals were obtained from MeCN/Et,O. T = 296(2) K; ortho-
rhombic; space group P212121; a = 6.6613(4) A, b = 16.7503(10)

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

A, ¢ =32.2265(18) A; a = = y = 90° V = 3595.8(4) A%; Z = 4;
Dealea = 1.518 g cm™>; reflections collected: 106 407; Ry =
0.0807; Ry(F) (I > 20(I)) = 0.0556, wR,(F?) (all data) = 0.1337;
GOF(F’) = 1.118. CCDC: 2392834.; 'H NMR (CD;CN,
500 MHz): § (ppm) = 8.75 (d, 1H, %/ = 8 Hz, H,), 8.13 (d, 1H, *J
= 5.2 Hz, H,), 7.73 (d, 1H, *J = 8.6 Hz, H), 7.67-7.66 (m, 5H,
Ho, Hpp,), 7.39-7.33 (m, 7H, H;, Hpy,), 7.13 (dd, 1H, %], = 8.4 Hz,
%], = 5.2 Hz, Hg), 6.43-6.09 (my,, 4H, NH,), 4.86 (s, 2H, CH-
NH,). "*C NMR (CD;CN, 126 MHz): § (ppm) = 168.89, 152.96,
152.09, 147.05, 142.17, 140.29, 137.70, 136.24, 136.16, 135.23,
130.11, 130.09, 129.74, 129.72, 129.02, 128.95, 127.56, 127.24,
126.30, 66.76, 66.47. [a]p = 5.8° dm™" em?® g™ (c = 0.67 mM,
DMSO, 20 °C). MS (ESI) caled for C,5H,3N;0Pt>* 302.08, found
302.08. Anal. caled for C,5H,;F;,N5;OP,Pt-2MeCN-CsH,: C,
38.31; H, 3.80; N, 9.48; found C, 39.13; H, 3.41; N, 9.12.
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