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The synthesis of new conjugated bisdemethoxycurcumin ligands, each incorporating a distinct acyl sub-
stituent—cyclic, aliphatic, heteroaromatic, or branched—in place of the native hydroxyl groups, has been
reported. These ligands were employed to prepare the corresponding Ru(i)-p-cymene complexes, which
were comprehensively characterized by FT-IR, NMR spectroscopy, elemental analysis, and ESI-MS.
Single-crystal X-ray diffraction was used to elucidate the solid-state structures of two ligands and two
metal complexes. Density Functional Theory (DFT) calculations provided further insights into the struc-
tural and electronic features of both the free ligands and their complexes. The anticancer potential of the
Ru(i)-cymene compounds was assessed in vitro against a panel of human cancer cell lines (HepG2,
Caco-2, and MCF-7), as well as non-tumorigenic controls. The complexes exhibited selective, cell-type-
specific cytotoxicity, primarily mediated through proteotoxic stress—evidenced by proteasome inhibition

rsc.li/dalton

Introduction

The unique characteristics of transition metals—such as their
wide range of oxidation states and coordination geometries—
enable a diverse array of structural possibilities and mecha-
nisms of action for metal-based drugs, which are often not
achievable with purely organic molecules.' Currently, platinum-
based compounds play a pivotal role in cancer treatment regi-
mens. These drugs primarily exert their effect by binding to
DNA, forming cross-links that inhibit replication and transcrip-
tion. This disruption induces cellular dysfunction and ulti-

“School of Pharmacy, University of Camerino, via Madonna delle Carceri, 62032
Camerino, MC, Italy

bSchool of Science and Technology, University of Camerino, via Madonna delle
Carceri, 62032 Camerino, MC, Italy

“School of Biosciences and Veterinary Medicine, University of Camerino, via
Madonna delle Carceri, 62032 Camerino, MC, Italy

dDepartamento de Quimica Inorgdnica, Facultad de Quimica, Universidad de Sevilla,
Aptdo 1203, 41071 Sevilla, Spain

“Institut des Sciences et Ingénierie Chimiques, Ecole Polytechnique Fédérale de
Lausanne (EPFL), 1015 Lausanne, Switzerland

tElectronic supplementary information (ESI) available: Tables S1-S4 and
Fig. S1-S34. Cartesian coordinates. CCDC 2424467, 2424469, 2424470 and
2424471. For ESI and crystallographic data in CIF or other electronic format see
DOIL: https:/doi.org/10.1039/d5dt01240f

M324 | Dalton Trans., 2025, 54, 1324-11336

and p62 accumulation—and HMG-CoA reductase-dependent downregulation of PCNA expression.

mately triggers apoptosis.” Ruthenium complexes have
emerged as promising candidates in the development of anti-
cancer agents due to their distinctive chemical properties and
favourable biological profiles. Notably, they can overcome
known mechanisms of platinum resistance and act through
alternative pathways, including mitochondrial-mediated apop-
tosis and death receptor signalling.>> Among these, two
classes of ruthenium(u)-arene complexes—RAED and RAPTA—
have gained particular interest for their anticancer and antime-
tastatic properties. Turmeric (Curcuma longa) is a well-known
source of curcuminoids, a class of phytochemicals with a long-
standing history in traditional medicine for treating a variety of
conditions, including skin diseases, respiratory disorders, gas-
trointestinal issues, wounds, and liver dysfunction.®” Although
turmeric contains approximately 235 bioactive compounds, its
therapeutic effects have been primarily attributed to curcumin.
Curcumin (CurcH), which is chemically described as 1,7-bis-(4-
hydroxy-3-methoxyphenyl)-hepta-1,6-diene-3,5-dione, is a lipo-
philic polyphenol belonging to the curcuminoid family.*°
However, its poor chemical stability and rapid metabolic
degradation result in low bioavailability, representing a
major limitation to its clinical application.’® These issues are
also observed in the two other main curcuminoids—
demethoxycurcumin (DCurcH) and bisdemethoxycurcumin
(BDCurcH)—which differ from CurcH by the absence of one or
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two methoxy groups, respectively (Fig. 1)."" Among them,
BDCurcH shows improved chemical stability and reduced sus-
ceptibility to degradation under physiological conditions.
Importantly, while CurcH exhibits general anti-inflammatory
properties, BDCurcH has demonstrated specific inhibitory
activity against key inflaimmatory pathways, particularly the
NF-«B signalling cascade, which plays a central role in
regulating inflammation."” CurcH has been widely studied
for its anticancer, neuroprotective, and anti-angiogenic
potential."® In contrast, BDCurcH has received comparatively
limited attention regarding its anticancer activity.'*'> Our
research group has systematically studied Ru(u) half-sandwich
complexes with various curcuminoids to explore structure-
activity relationships (SARs).'® Despite most previous work
focused on curcumin,'®'” our results show that complexes
containing  bisdemethoxycurcumin consistently display
higher cytotoxicity and selectivity than those with curcumin,
regardless of the other substituents present on the metal
centre.'® Identifying bisdemethoxycurcumin as the key bio-
active component, despite its lower natural abundance in tur-
meric, offers a strong rationale for structure-guided design
and highlights its potential as a privileged scaffold for develop-
ing new metal-based therapeutics. Consequently, recent efforts
have concentrated on synthesizing and characterizing the
most promising bisdemethoxycurcumin-based Ru(u) com-
plexes. In this study, we report the synthesis and
characterisation of novel BDCurcH-based ligands and investi-
gate the influence of varying ester residues on their
biological activity. These ligands were subsequently used to
form corresponding ruthenium(u)-arene complexes, which
were examined to determine whether metal coordination
enhances their solubility, chemical stability, and antitumour
efficacy (Fig. 2).
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Fig. 1 From Curcuma longa to curcuminoids.
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Fig. 2 Molecular structure of compound HL*. Color codes: C, grey; H,
white; O, red.

Results and discussion

The ligands HL'-HL* were synthesised via nucleophilic substi-
tution reactions between the phenolic groups of BDcurcH and
various acyl chlorides bearing cyclic, aliphatic, heteroaromatic,
or branched moieties. The synthetic procedure involved dissol-
ving BDcurcH in acetone, followed by the addition of triethyl-
amine (TEA) to generate a basic medium conducive to deproto-
nation of the two phenolic -OH groups. The esterification reac-
tion was then initiated by the dropwise addition of an excess
of the appropriate acyl chloride at 0 °C: cyclopentanecarbonyl
chloride for HL', heptanoyl chloride for HL?, 2-furoyl chloride
for HL?, and 3,3-dimethylbutyryl chloride for HL* (Scheme 1).
In the IR spectra of the HL'-HL* ligands, the disappearance of
the broad absorption band above 3000 cm™", corresponding to
the O-H stretching vibrations of the phenolic groups in the
starting material BDcurcH, was observed. Furthermore, all
characteristic absorption bands of the newly formed ester
functionalities, particularly those associated with the -OC=0
stretching vibrations, were present in the final spectra. The
structures of HL'-HL* were confirmed by mass spectrometry,
as well as by 'H, >C NMR, and two-dimensional NMR spec-
troscopy (see ESIt). Additionally, suitable single crystals of HL>
and HL* were obtained, and their X-ray crystallographic ana-
lysis confirmed the successful formation of the targeted
BDcurcH-conjugates Complexes 1-4 were synthesised in good
yields by dissolution of the corresponding curcuminoid-conju-
gates in acetonitrile in the presence of one equivalent of tri-
ethylamine, which acts to deprotonate the ligands. After
30 minutes of stirring, the dimer [(p-cym)RuCl,], (p-cym =
para-cymene) was added, and the resulting red solution was
refluxed for 16 hours (Scheme 2).

Complexes 1, 2 and 4 are readily soluble in acetonitrile.
Their solutions were concentrated using a rotavapor, and the
residues were recrystallised with a CH,Cl,/hexane mixture. In
contrast, complex 3, which is only sparingly soluble in aceto-
nitrile, was isolated by filtration and subsequently recrystal-
lized using the same solvent system. Compounds 1-4 are air-
stable and display good solubility in acetone, chlorinated sol-
vents, and DMSO, while exhibiting only limited solubility in
methanol, ethanol, diethyl ether, and petroleum ether. The IR
spectra of 1-4 exhibit the characteristic (C=O0) vibrations at
lower wavenumbers than in the corresponding free ligands,
which can be attributed to coordination through both oxygen
atoms to the metal. In the far-IR region, strong absorptions in
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Scheme 2 Synthetic procedure for complexes 1-4.

the range between 276 and 281 cm ™" may be assigned to v(Ru-
Cl) stretching. Electrospray ionization mass spectrometry
(ESI-MS) was performed in positive-ion mode using aceto-
nitrile solutions of the complexes. The spectra confirmed the
molecular structures through the presence of molecular ion
peaks corresponding to the general fragment [(p-cym)Ru(L/)]",
which result from the loss of the chloride ligand. Conductivity
measurements carried out over 72 hours revealed that all com-
plexes remain predominantly neutral in solution. The conduc-
tivity values in DMSO ranging from 10 to 11 uS cm® mol ™
suggests only a weak ionization process at 298 K due to the

1326 | Dalton Trans., 2025, 54, 1324-11336
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partial chloride dissociation and formation of solvated [(p-
cym)Ru(L")]".

X-ray structural characterization

The precursor ligands HL*> and HL* were analysed by single-
crystal X-ray crystallography. They crystallised in monoclinic
space groups P2, and P2,/n, respectively. Both compounds are
characterised by the presence of an intramolecular hydrogen
bond between the hydrogen atom of the OH group and the
oxygen atom of the C=0 group (O---O distance of 2.457(3) A for
HL?). The discussion of selected structural parameters will focus
on HL* (Fig. 2) because HL> (Fig. S341) has a slightly high
R-factor (10.7%). The olefinic C=C bond distances for HL* are
both 1.392(1) A, while the C=0 and C-OH bonds lengths of the
keto-enol group are 1.284(2) and 1.315(1) A, respectively. The
angles within the keto-enol moiety are all close to the expected
value of 120°. Other structural parameters are typical and no
requires further discussion (see Table S2}). The crystal packing
in both compounds (Fig. S34 and S35%) is not dominated by
potential n-stacking interactions of the phenyl rings.

Complexes 1 and 3 were recrystallised from dichloro-
methane/hexane and structurally characterised by single-
crystal X-ray crystallography. The resulting molecular struc-
tures are shown in Fig. 3 and 4, respectively.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Molecular structure of complex 1. Color codes: C, grey; H,
white; O, red; Cl, green; Ru, turquoise.

Fig. 4 Molecular structure of complex 3. Color codes: C, grey; H,
white; O, red; Cl, green; Ru, turquoise.

The typical piano stool geometry was observed for both com-
plexes with normal Ru-Cl bond lengths of 2.4071(8) and 2.424
(2) A for 1 and 3, respectively. The Ru-O bond lengths, which
range from 2.061(4) to 2.077(2) A, are comparable to those found
in related ruthenium-curcumin derivatives." The ester substitu-
ent does not significantly influence the observed bond distances
within the delocalized six-membered metallacycle or the olefinic
bond of both structures, in comparison to related Ru-curcumin
complexes (C=-O close to 1.29 A, C=:C around 1.38-1.39 A, and
C=C equal to 1.33 A).*° In both structures, the ligands L* and L*
are essentially planar, except for the ester moieties. Other struc-
tural parameters are collected in Table S4.1 Two different confor-
mations of the coordinated L' and L’ ligands were observed
around the (O)C-CH = bond. In 3, the relative orientations of
oxygen and hydrogen atoms around this bond are all transoid
(O-C-C-H torsion angles of approximately 177°). By contrast, in
complex 1, one orientation is ¢transoid and the second cisoid with
an O-C-C-H torsion angle of 14.0°.

Theoretical studies

The precursor ligands HL'-HL* and their L'-L* anions were ana-
lysed using density functional theory (DFT) at the B3LYP/6-
311G* theoretical level. The resulting optimised structures are
shown in Fig. S36,T while selected bond lengths and angles are
collected in Tables S2 and S3.f As expected, the C==O bond

This journal is © The Royal Society of Chemistry 2025
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lengths of the anions (ca. 1.242 A) are intermediate between the
C=O0 and C-OH distances calculated for the precursor ligands
HL'-HL*. Similarly, the alternation of C=C and C-C bonds
within the keto-enol moiety (around 1.379 and 1.443 A, respect-
ively), which is observed in compounds HL'-HL?, disappears in
the anions, where delocalization is observed (C==C bond dis-
tances close to 1.425 A). The olefinic C=C bond lengths of the
anions (mean value 1.343 A) remain essentially unchanged with
respect to those of the parent precursor ligands (mean value
1.346 A). The coordination capabilities of the L'-L* ligands
toward the ruthenium center in complexes 1-4 were analysed by
inspecting the MOs of optimised anions. The ligands are charac-
terised by a HOMO constituted by the & part of the metallacycle.
The out-of-phase and in-phase combinations of in-plane oxygen
orbitals are observed in HOMO-1 and HOMO-2, respectively.
These MOs are involved in c-coordination to the ruthenium
center. The energies of these orbitals are very similar, which
implies that the ester substituent does not significantly influ-
ence the donor capacities of these ligands (Fig. S37).1

The ruthenium complexes 1-4 were also investigated using
DFT at the B3LYP/LANL2DZ/6-311G* theoretical level. Their opti-
mised structures are shown in Fig. 5. The selected combination
of method and basis sets provides a satisfactory structural
description of these complexes, as deduced from the compari-
son of the structural parameters of 1 and 3 with those deter-
mined by X-ray diffraction (Table S47). The calculated Ru-Cl and
Ru-O bond lengths have mean values of 2.443 and 2.094 A,
respectively (Table S4%). This fits well with the Mayer bond
orders calculated for these bonds in complexes 1-4 (Table S57),
which are quite similar for the four types of ester substituents.
The delocalization within the metallacycle is revealed by the
C==0 and C=:C bond lengths (mean values of 1.279 and 1.405 A,
respectively). The former is slightly longer, while the latter is
slightly shorter than those calculated for the corresponding L'-
L* anions. The presence of different conformers in the ligands
of complexes 1 and 3 prompted us to analyze the existence of
rotamers around the (O)C-CH = bond. Three possible rotamers
(transoid-transoid, transoid-cisoid and cisoid-cisoid) were opti-
mised (Fig. S38t). The most stable rotamer for both complexes
is the transoid-transoid. In the molecular structure of 1 the con-
formation detected is transoid-cisoid, which is destabilised by
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Fig. 5 Optimised structures of the complexes 1-4.
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only 4.9 kcal mol™" (as relative AGgas phase; See Table S61). By
contrast, the molecular structure of 3 shows the transoid-transoid
conformation and the transoid-cisoid rotamer has almost the
same energy (energy difference: less than 1 kcal mol™"). The
most destabilised conformer for both complexes is the cisoid-
cisoid, which has not been experimentally observed, being
higher in energy by 4.9 and 3.6 kecal mol™" for 1 and 3, respect-
ively (Table S61). Additionally, we selected ligand L’ and opti-
mised their three possible rotamers corresponding to the trans-
oid-transoid, transoid-cisoid and cisoid-cisoid conformers
(Fig. S6t). Again, the most stable was the transoid-transoid
rotamer, observed in the X-ray structure of 3. The transoid-cisoid
conformation, which was present in 1, is destabilised by 4.8 kcal
mol ™" (as relative AGgas phase), While the most destabilised is the
cisoid—cisoid conformer (less stable by 8.4 kcal mol™’, see
Table S67). The coordination of L'-L* to the Ru metal produces
a reduction of the angles C-=C-=0O and C==C=:C of the metalla-
cycle. This circumstance leads to energy differences between the
conformers that are smaller in complex 3 than those calculated
for the free ligand L°.

Biological studies
UV-Visible stability studies

To investigate the stability profile under physiologically relevant
conditions, phosphate-buffered solutions (PBS, pH = 7.4) of all
the complexes were monitored over time using UV-Visible spec-
troscopy. The complexes were initially dissolved in DMSO
(about 0.7 mg L") and then diluted to 5% the DMSO with PBS.
The absorbance spectra were collected after 0, 24, 48 and 72 h
(Fig. S40%). From the spectra is possible to deduce that, gener-
ally, the complexes suffer an abrupt decrease in the absorbance
after the first 24 hours and, after that, they result unchanged
during time. The complex 3 containing the more polar hetero-
cyclic 2-furoyl group is the most stable while the less stable
specie is 2 which contain the long aliphatic chains which result
more hydrophobic. Moreover, the BDCurcH-conjugated with
acyl chlorides possessing a cyclic structure generally show a
more stable trend in decreasing absorbance. A possible expla-
nation for the decrease of absorption energy over time by the
complexes may be attributed to precipitation phenomena,
observable by clouding of the solution, probably due to the
very high lipophilic character of curcuminoids residue. The 'H
NMR spectra of the insoluble fraction formed after 24 hours in
the physiological solution (H,O-DMSO-PBS) confirm that, in
all cases, the precipitates correspond to the initial ruthenium
complexes (see Fig. S41-S431). However, no changes were
observed in the absorption wavelength, this means that the
coordination environment result unchanged. All the complexes
showed transitions in the range 350-400 nm assignable to
MLCT (metal-ligand charge transfer) from the filled 4d orbitals
of Ru(u) to the empty n* ligand orbitals (4d° Ru — =*).

1328 | Dalton Trans., 2025, 54, 1324-11336
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Cytotoxicity

The cytotoxicity of free ligands and their corresponding Ru-
complexes was evaluated against human hepatocarcinoma
(HepG2), colorectal adenocarcinoma (Caco-2), breast cancer
(MCF-7) cell lines, and non-tumorigenic MCF10A cells. The
resulting ICs, values of the compounds are presented in
Table 1 together with the values for cisplatin used as a control.
The formation of ruthenium complexes resulted in a signifi-
cant enhancement of the cytotoxic potential of HL'-HL* free
ligands. Complexes 1-4 exhibited variable cytotoxic rankings
across the cancer cell lines tested, generally achieving cisplatin-
like ICs, values in the low micromolar range. Notably, all Ru(u)-
complexes exhibited enhanced potency compared to cisplatin
against Caco-2 cells. Excluding complex 3, all complexes exhibi-
ted promising selectivity for MCF7 breast cancer cells, with up
to 5-fold higher cytotoxicity than non-tumorigenic MCF10A.

DNA binding

The DNA binding ability of HL'-HL* free ligands and their
and 1-4 complexes was evaluated using a Surface plasmon
resonance (SPR) biosensor. The mono-exponential nature of
binding kinetics for all the compounds is consistent with the
presence of a single high-affinity site on DNA (Fig. 6 and
Fig. S447). Ligands and metal complexes demonstrated fully
reversible binding behaviour, with equilibrium dissociation
constants in the range 1-29 uM, reflecting moderate affinity
interactions regulated by binding thermodynamics (Table 2).

Effect on proteasome activity

Proteasome inhibition by the HL'-HL? free ligands and com-
plexes 1-4 was evaluated with respect to three major activities
of 20S proteasome, namely chymotrypsin-like (ChT-L), trypsin-
like (T-L) and caspase-like activities (Casp-L) (Table 3). The free
ligands did not inhibit proteasome hydrolytic activities in the
range of concentrations tested. In contrast, complexes 1-4
inhibit proteasome hydrolytic activities, with a pronounced
effect against ChT-L activity and a less significant effect on T-L
activity. It is important to note that no enhancement of Casp-L

Table 1 Cytotoxicity of HL'-HL* and 1-4 towards HepG2, MCF7,
Caco-2 cancer cell lines, as well as non-tumorigenic MCF10A cells. ICsq
values (in pM) represent the mean from three independent experiments
+ standard deviation following exposure to the compounds for 72 h

Selectivity
Compound HepG2 CaCo-2 MCF7 MCF10A index
HL' >100 >100 >100 >100 —
HL? >100 >100 >100 >100 —
HL? >100 >100 >100 >100 —
HL* >100 >100 >100 >100 —
1 3£0.5 5+1.8 4+£04 22+1.7 5.5
2 8+2.1 5+1.4 13+0.5 41+0.6 3.2
3 6+2.0 13+£1.8 12+19 10+0.6 0.8
4 4+1.3 55+ 2.5+ 9£0.2 3.6
0.9 0.8
Cisplatin 1.4+ 18+£1.9 4.2+ 1.2+0.2 0.3
0.7 2.3

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Representative superimposition of sensorgrams obtained upon
binding of soluble HL'-HL* free ligands and complexes 1-4 to a
surface-anchored dsDNA oligomer.

Table 2 Kinetic and equilibrium parameters for the interaction
between HL'~HL? complexes 1-4, and surface-blocked DNA oligomer

Compound kass (M71 Sil) kdiss (Sil) Kp (IJ'M)
HL' 8910 + 1633 0.06 + 0.02 6.78 £ 2.00
HL> 5215 + 667 0.03 £ 0.01 5.01 +£2.01
HL® 4156 + 692 0.06 + 0.01 15.04 +3.15
HL* 6310 + 625 0.19 £ 0.05 29.91 + 8.06
1 16 676 + 2541 0.19 + 0.02 11.99 + 2.16
2 3933 + 359 0.05 £ 0.04 1.21 £ 0.92
3 8049 + 822 0.03 +£0.01 3.40 +1.40
4 2979 + 380 0.05 £ 0.01 18.02 + 2.63
Cisplatin 23 657 + 1508 0.004 + 0.001 0.10 £ 0.02

Table 3 ICsq values for HL'=HL* and 1-4 against proteasomal activity
Compound ChT-L (uM) T-L (uM) Casp-L (uM)
HL' >100 >100 >100

HL> >100 >100 >100

HL? >100 >100 >100

HL* >100 >100 >100

1 12.55 + 0.31 >100 >100

2 13.91 + 0.96 >100 >100

3 13.91 + 0.57 19.88 + 1.5 >100

4 12.17 £ 0.85 86.03 + 1.1 >100
Bortezomib (1.0+0.2)7° >100 0.10 + 0.03

inhibition was observed. The positive correlation between cyto-
toxicity and 20S proteasome inhibition suggested that the 20S
proteasome is likely a relevant target for these complexes. In
particular, the dominant ChT-L inhibition indicated its
primary role in the observed anticancer effects, whereas the
modest T-L inhibition may offer a supporting mechanism.

HMG-CoA reductase binding/
inhibition
HMG-CoA reductase, a key enzyme in cholesterol synthesis, is

an emerging anticancer target. Its inhibition disrupts cell sig-
nalling and membrane integrity, impacting cancer cell growth

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Representative superimposition of sensorgrams obtained upon
binding of soluble HL'-HL* ligands and complexes 1-4 to a surface-
anchored HMGR.

and survival pathways. Both proligands and ruthenium com-
plexes were shown to bind to HMGR and inhibit its activity
with moderate affinity/potency, with a general ameliorative
effect induced by metal incorporation (Fig. 7 and Table 4), in
line with previous evidence on the effect of Ru-complexation of
small ligands toward HMGR.>"?* Similar to the effect observed
on proteasome, the enhanced HMGR inhibition positively cor-
related with the observed cytotoxicity against cancer cells.

According to the results above reported, complex 1 showed
the best toxicity profile and cell selectivity. Further investi-
gations on cell permeability and impact on some relevant bio-
markers, including proliferating cell nuclear antigen (PCNA)
and the multifunctional protein p62, were carried out on 1
and the respective free ligand HL".

Cell permeability

The transmembrane transport of complex 1 and its proligand
HL' was evaluated by monitoring the changes in membrane
fluidity in Caco-2 cells using the fluorescent probe trimethyl-
ammonium diphenylhexatriene (TMA-DPH). No significant
alterations in membrane fluidity were observed that could be
correlated with their cytotoxicity profiles (Fig. 8).

Both compounds exhibited single perturbation events in
membrane fluidity, the event peaking at 80 min HL', while the
larger complex 1 displayed a delayed peak at 110 min. This
kinetic lag aligns with size-dependent internalization rates. A
minor secondary signal at 80 min for 1 suggested the partial

Table 4 Kinetic, equilibrium and inhibitory parameters of HL'-HL* and
1-4 binding to HMGR

Compound  kus M ' s7Y)  kaiss (571 Kp (1M) K; (uM)
HL! 39025 +1741 0.19 £ 0.07 4.87 +1.81 6.30 +£2.81
HL? 14 667 + 853 0.10 £ 0.01 6.82 + 0.79 8.11 £ 2.36
HL? 21003 +£1061 0.09 £ 0.01 4.29 + 0.52 5.22 +£1.34
HL* 18943 + 1484 0.10 £ 0.02 5.28 +1.13 6.00 + 0.88
1 46 922 + 8903 0.08 £ 0.03 1.70 £ 0.72 1.30 £ 0.55
2 29 844 + 3687 0.03 £ 0.01 1.01 £ 0.36 1.28 + 0.48
16109 + 2616 0.05 £ 0.01 3.10 £ 0.80 3.48 £1.16
4 29769 + 2303 0.06 £ 0.02 2.02 +£ 0.69 3.04 £ 0.86
Simvastatin — — — 2.0+0.3
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Fig. 8 Comparative changes in emission anisotropy with time observed
upon internalization of parent ligand HL! (Panel A) and 1 (Panel B).

degradation of the complex during membrane transit. The
observed kinetics were collectively consistent with an endocy-
tosis-driven internalization pathway, which involves transient
membrane restructuring during vesicle formation.

Effects on cellular biomarkers

To assess the impact of 20S proteasome and HMG-CoA
reductase inhibition, and to identify the possible mechanism
of cell death induced by the molecules of interest, we moni-
tored the expression levels of p62 (a multifunctional adaptor
protein involved in autophagy and cellular stress responses)>?
and PCNA (an established marker of cell proliferation that
reflects the cellular response to cholesterol synthesis disrup-
tion)** in Caco-2 cells treated with complex 1 and HL" (Fig. 9).
In line with their effects on Caco-2 cells viability, the
exposure to complex 1 resulted in a marked 25% increase in
p62 levels compared to the control (p < 0.05), indicating a
possible block in autophagic flux,>® whereas the curcuminoid
ligand alone did not significantly alter p62 expression, exhibit-
ing levels comparable to the control. Conversely, both complex
1 and HL' induced a comparable 25% decrease in PCNA
expression (p < 0.05), this downregulation being consistent

PCNA - Wb = p62

B-actin —

S — — ‘ B-aCtin-| se—— —

N
3
3

*
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@
3

PCNA
Densitometry (A.U)
=)
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8

a
3

Control ~ HL' 1 Control ~ HL' 1

Fig. 9 Changes in cellular PCNA and p62 levels in Caco-2 cells treated
with either 2 pM of HL or complex 1 for 24 h (left and right panel,
respectively). Results are representative of three distinct experiments.
Data points marked with an asterisk are significantly different compared
to internal controls (*p < 0.05). Equal protein loading was verified using
p-actin.
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with the arrest cell cycle and reduced tumour growth poten-
tial,® but likely to have a secondary role on Caco-2 cell
viability.

Conclusions

In this work, we obtained four esterified derivatives of bisde-
methoxycurcumin, each featuring a different acyl group-cyclic,
aliphatic, heteroaromatic, or branched. These pro-ligands were
subsequently used to prepare a series of ruthenium(u)-p-
cymene complexes. Both the free ligands and their corres-
ponding metal complexes were comprehensively characterized
in solution and in the solid state. The ruthenium complexes
significantly enhanced the cytotoxicity of the curcuminoid
ligands across various cancer cell lines. Consistent with our
data on cell membrane permeability, suggesting an endocyto-
sis-mediated uptake, the Ru-bisdemethoxycurcuminoid com-
plexes elicited significant cytotoxic effects upon internaliz-
ation, particularly against Caco-2 cells, where their efficacy and
selectivity surpassed those of cisplatin. Mechanistically, their
anticancer activity appears to arise from a multitargeted mode
of action: primarily through proteotoxic stress via proteasome
inhibition and p62 accumulation, and secondarily through
HMG-CoA reductase-mediated downregulation of PCNA
expression, ultimately leading to cancer cell death. The Ru(u)-
curcuminoids complexes here investigated act through mul-
tiple targets by moderately inhibiting proteasome activity,
HMG-CoA reductase, and binding reversibly to DNA. This com-
bined action disrupts key functions in cancer cells, such as
DNA replication, protein degradation, and cholesterol pro-
duction, leading to enhanced cell death. Cancer cells (HepG2,
MCF7, CaCo-2) are more vulnerable to these effects due to
higher oxidative stress and metabolic problems, while normal
cells (MCF10A) are less affected thanks to better detoxification
and stress responses. These complexes selectively trigger apop-
tosis in cancer cells under stress, showing an advantage over
drugs that act on a single target. Overall, their multitarget
activity and good cytotoxic profile make them promising candi-
dates for new metal-based anticancer drugs.

Experimental
Materials and methods

The dimer [(cymene)RuCl,], was purchased from Aldrich while
curcumin and bisdemethoxycurcumin were purchased from
TCI Europe and were used as received. All other materials were
obtained from commercial sources and were used as received.
IR spectra were recorded from 4000 to 200 cm™' with a
PerkinElmer Spectrum 100 FT-IR instrument. 'H, *C NMR,
{'"H-"H}-COSY NMR, {'H-"C}-HSQC and {'H-'’C}-HMBC
spectra were recorded on a 500 Bruker Ascend (500.1 MHz for
'H and 100 MHz for "*C) and a 400 Mercury Plus Varian instru-
ment (400 MHz for "H and 100 MHz for '*C). Referencing is
relative to TMS (1H). Coupling constants are given in Hz.

This journal is © The Royal Society of Chemistry 2025
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Positive and negative ion electrospray ionization mass spectra
(ESI-MS) were obtained on a Series 1100 MSI detector HP
spectrometer using methanol or acetonitrile as the mobile
phase. Solutions for analysis (3 mg mL™") were prepared using
reagent-grade methanol and acetonitrile. Masses and intensi-
ties were compared to those calculated using IsoPro Isotopic
Abundance Simulator, version 2.1.28. Melting points were
recorded on an STMP3 Stuart scientific instrument and a capil-
lary apparatus. Samples for microanalysis were dried in vacuo
to constant weight (20 °C, ca. 0.1 Torr) and analysed with a
Fisons Instruments 1108 CHNS-O elemental analyser. UV-
stability studies have been conducted with a Varian Caryl
spectrometer. Electrical conductivity measurements (AM,
reported as pS cm® mol ") of DMSO solutions of the complexes
were recorded using a Crison CDTM 522 conductimeter at
room temperature.

Single-crystal X-ray crystallography

The most relevant crystallographic data and structure refine-
ment results for the compounds HL?> and HL* and complexes
1 and 3 are given in Table S1.} Suitable crystals were selected
and mounted on a XtaLAB Synergy R, DW system, HyPix-Arc
150 diffractometer, where intensities were collected at 140 K
using Cu Ko radiation. The data sets were reduced and cor-
rected for absorption using CrysAlis®™.>” The structures were
solved with the ShelXT solution program®® using dual
methods and by using Olex2 1.5 as the graphical interface.”
All non-hydrogen atoms were refined anisotropically using
full-matrix least-squares based on |F|>. Hydrogen atoms were
placed at calculated positions using the ‘riding’ model. The
CCDC numbers 2424467, 2424469, 2424470 and 2424471%
contain the crystallographic data for compounds HL? and HL*
and complexes 1 and 3, respectively. Another experimental
X-ray determination of complex 3 was carried out, which has
been deposited as CCDC 2424472, but was not discussed here
because it has a higher R value.

Computational details

The electronic structure and geometries of the precursor
ligands HL'-HL?, their L'-L* anions, and complexes 1-4 were
calculated using DFT at the B3LYP level***! with the 6-311G*
basis set and the LANL2DZ basis set’> for the Ru atom.
Molecular geometries of HL?, HL? 1 and 3 were optimised by
starting from the crystallographic coordinates. Frequency cal-
culations were carried out at the same level of theory to ident-
ify all the stationary points as minima (zero imaginary frequen-
cies). DFT calculations were performed with the Gaussian 09
suite of programs.®® The theoretical IR spectra were scaled by a
factor of 0.96.>**° The coordinates of all optimised com-
pounds are reported in Table S7.}

Cell Culture and cytotoxicity tests

Cell lines were grown in a humidified 5% CO, environment at
37 °C in dedicated media. Specifically, growth media were
MEM supplemented with 10% FBS, 1% sodium pyruvate, anti-
biotic, and antimycotic for MCF-7, Caco-2 and HepG2.

This journal is © The Royal Society of Chemistry 2025
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MCF-10A cells were cultured in a DMEM/F12 Ham’s mixture
supplemented with 5% equine serum, 20 ng mL~" EGF, 10 pg
mL™" insulin, 0.5 mg mL™" hydrocortisone, antibiotics, and
antimycotics. The effect exerted on cell viability by the metal
complexes was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay.’® After individual
72 h treatments with 0-100 pM of the bd-curcuminoid ligands
and the corresponding Ru-complexes, MTT was added to the
culture media at a final concentration of 0.5 mg mL™" and
incubated for 2 h at 37 °C. Cisplatin was used as positive
control. The medium was replaced with 100 pL of DMSO, and
after 10 min the optical density was recorded at 550 nm on a
microplate reader. All compounds were dissolved in DMSO,
with its concentration maintained at 1% during cellular assays
to minimize cytotoxic effects arising from the vehicle. Cells
treated with 1% DMSO served as the control throughout the
experiments. At least six replicates were performed for each
data point. Chemicals (Merck-Sigma — Milan, Italy) and plastic-
wares (Corning - Milan, Italy) were cell culture grade.

Proliferation and apoptotic marker analysis

Western blotting assays were used to analyse the levels of pro-
liferating cell nuclear antigen (PCNA) and p62. Caco-2 cells
were treated for 24 h with subtoxic levels (2 uM) of HL' and
complex 1. Upon lysis, protein lysates were separated using
12% SDS-PAGE, then electroblotted onto PVDF membranes.
The membranes were then blocked overnight at 4 °C in TBS
buffer (10mM Tris-HCI and 0.5 M NaCl) supplemented with
5% bovine serum albumin. Following the blocking step, the
membranes were incubated with the specific primary mono-
clonal antibody, followed by incubation with a specific peroxi-
dase-conjugated secondary monoclonal antibody. Immunoblot
detection was achieved using an ECL western blotting analysis
system. Enhanced ChemiLuminescence Western Blotting ana-
lysis system (Amersham-Pharmacia-Biotech) was used for
immunoblotting detections. p-Actin served as an internal
control to ensure equal protein loading. Densitometric quanti-
fication of the immunoblots was performed using Fiji
software.®”

Binding to DNA

DNA binding affinities and kinetic parameters were deter-
mined using a biosensor platform as described elsewhere.?® A
carboxylate-functionalized sensor surface was first activated
via EDC/NHS chemistry to immobilize streptavidin. Prior to
DNA immobilization, residual reactive carboxylic sites were
blocked with ethanolamine.®® A 5'-biotinylated double-
stranded DNA oligonucleotide (sequence: 5'-
GGTGTGGGATGGGACCAACCTACGATTACA-3') was successively
coupled to the streptavidin-coated surface. Curcuminoid
derivatives and their corresponding ruthenium complexes
were individually tested over a concentration range of
0.5-50 pM in phosphate-buffered saline (PBS, pH 7.4). Binding
events were monitored in real-time until equilibrium stabiliz-
ation, followed by dissociation phases in pure PBS buffer.
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Surface regeneration between analyte injections was achieved
using 10 mM glycine-HCI (pH 2.5).
Raw data were analyzed using dual kinetic models:
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and the validity of each model was assessed by a standard
F-test procedure.

Effect on proteasome activity. The inhibitory effects of cur-
cuminoid ligands and their metal complexes on 20S protea-
some activity were evaluated using synthetic fluorogenic
peptide substrates (Suc-Leu-Leu-Val-Tyr-AMC, Z-Leu-Ser-Thr-
Arg-AMC and Z-Leu-Leu-Glu-AMC for chymotrypsin-like,
trypsin-like, and caspase-like activity, respectively).

Reaction mixtures contained isolated 20S proteasome
(1 pg), test compounds (0-100 pM), substrate (20 pM), and
50 mM Tris-HCI buffer (pH 8.0) in a final volume of 100 pL.
After incubation at 37 °C for 60 min, proteasomal cleavage of
AMC (7-amino-4-methylcoumarin) was quantified using a
SpectraMax Gemini XPS fluorescence microplate reader (Aexe =
365 nm, Aey, = 449 nm).

Binding and inhibition of HMGR activity. HMGR surface
was prepared as reported elsewhere,’® and essentially as
described for streptavidin in the preparation of the dsDNA
surface. Surface-blocked HMGR was tested for binding to the
compounds of interest at different concentrations in the range
0.1-100 pM. The biosensor chamber was set at 37 °C through-
out. Raw data were analyzed with mono- and bi-exponential
models, the validity of each model to fit time courses being
assessed by F-test procedure. Next, the inhibitory effect of the
molecules of interest was established according to a chromato-
graphic method described elsewhere.** The residual activity of
human HMGR was assessed after pre-incubating isolated
HMGR (0.4 pM) with increasing concentrations (0.1-100 pM)
of each test molecule for 60 min. The enzymatic reaction was
initiated by adding 1.55 mM HMG-CoA and 2.68 mM NADPH,
followed by a 60 min incubation at 37 °C. The reaction mixture
was then analyzed using a Phenomenex Luna C18 reverse-
phase HPLC column at 26 + 0.1 °C. The assay monitored both
the consumption rates of HMG-CoA and NADPH and the pro-
duction rates of mevalonate and NADP'. Residual activity
values were calculated from raw data using a standard model
for reversible competitive inhibition.*>

Syntheses of the pro-ligands

The proligand HL? has been previously described in the litera-
ture,”® and a similar synthetic procedure was employed to
prepare the HL', HL?, and HL* proligands, which have not
been previously reported. Proligands HL'-HL* were syn-
thesised by dissolving bisdemethoxycurcumin (0.97 mmol) in
acetone (9 mL), followed by the addition of triethylamine
(TEA, 2.92 mmol). After 15 minutes, the appropriate carbonyl
chloride (2.92 mmol) was added at 0 °C under N, atmosphere.
The reaction mixture was stirred at room temperature. Thin
layer chromatography (7 : 3 hexane/ethylacetate) displayed the
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disappearance of bisdemethoxycurcumin and the formation of
a faster running yellow spot after 4 hours. The resulting yellow
precipitate was filtered with acetone and then purified by crys-
tallization with dichloromethane/ethanol giving the final proli-
gand as yellow powder.

HL'. To a solution of bisdemethoxycurcumin (300 mg,
0.97 mmol) in acetone (9 mL), was mixed triethylamine (TEA
0.41 mL, 2.92 mmol) and then cyclopentanecarbonyl chloride
(0.35 mL, 2.92 mmol) was added. The proligand HL" (369 mg,
yield 76%), is soluble in DMSO and chlorinated solvents,
slightly soluble in alcohols, acetone and CH;CN, and insoluble
in H,O and n-hexane. Anal. Calcd for C;,H;,06: C, 74.38; H,
6.44. Found: C, 74.44; H, 6.41. m.p.: 219-220 °C. IR (cm™"):
2950 m, 2870 m y(aliphatic C-H); 1743 s 1(-OC=0), 1632 m
y(C=0); 1567 m, 1505 m, 1447 m y(C=C); 1415 m, 1363 m,
1305 m, 1209 s, 1164 s, 1127 s, 1013 m, 967 s, 882 s, 860 s,
726 m, 696 m, 608 m. 'H NMR (CDCl;, 293 K): § 1.69 m,
1.81m [8H, C[12—12')H], 1.99 m, 2.05 m [8H, C(ll—ll’)H], 3.02
[quint, 2H, C(10-10")H], 5.86 [s, 1H, C(1)H], 6.60 [d, 2H, C(3-3")
H, %] = 16 Hz], 7.15 [d, 4H, C(7-7)H, * = 9 Hz], 7.59 [d, 4H,
C(6-6")H, *J = 9 Hz], 7.67 [d, 2H, C(4-4"H, *] = 16 Hz], C{"H}
NMR (CDCls, 293 K): § 25.9 [C(12-12")], 30.1 [C(11-11")], 43.9
[C(10-10")], 101.9 [C(1)], 122.2 [C(7-7")], 124.1 [C(3-3")], 129.2
[C(6-6")], 132.5 [C(5-5")], 139.6 [C(4-4")], 152.3 [C(8-8")], 175.0
[C(9-99], 183.2 [C(2-2")=0]. ESI-MS(—) CH30OH (m/z [relative
intensity, %]): 499 [100] [L']".

HL?. To a solution of bisdemethoxycurcumin (300 mg,
0.97 mmol) in acetone (9 mL), was mixed triethylamine (TEA
0.41 mL, 2.92 mmol) and then heptanoyl chloride (0.45 mL,
2.92 mmol) was added. The proligand HL? (252 mg, yield 49%)
is soluble in DMSO and chlorinated solvents, slightly soluble
in alcohols, acetone and CH3;CN, and insoluble in H,O and
n-hexane. Anal. Calcd for C;3H,006: C, 74.41; H, 7.57. Found:
C, 74.35; H, 7.59. m.p.: 171-172 °C. IR (ecm™"): 2957 w, 2927 s,
2853 w y(aliphatic C-H); 1756 s y(-OC=0), 1627 m v(C=0);
1586 m, 1556 m, 1506 m, 1465 m, 1414 m »(C=C); 1379 m,
1344 w, 1320 w, 1283 w, 1213 s, 1165 s, 1133 s, 1105 s, 1036 m,
1014 m, 977 s, 955 s, 922 s, 865 m, 842 vs, 796 m, 779 m, 723

"H NMR (CDCly, 293 K): § 0.94 [t, 6H, C(15-15")H], 1.37 [m,
8H, C(14-14")H and C(13-13)H], 1.45 [m, 4H, C(12-12")H], 1.78
[quint, 4H, C(11-11")H], 2.59 [t, 4H, C(10-10")H], 5.86 [s, 1H,
C(1)H], 6.60 [d, 2H, C(3-3")H, *] = 16 Hz], 7.15 [d, 4H, C(7-7")H,
3] =9 Hz], 7.59 [d, 4H, C(6-6")H, *] = 9 Hz], 7.67 [d, 2H, C(4-4)
H, %] = 16 Hz]. C{'"H} NMR (CDCl;, 293 K): § 13.9 [C(15-15")],
22.4 [C(14-14")], 24.8 [C(11-11")], 28.7 [C(12-12)], 31.4
[C(13-13")], 34.4 [C(10-10")], 101.8 [C(1)], 122.1 [C(7-7")], 124.1
[C(3-3)], 129.2 [C(6-6")], 132.6 [C(5-5")], 139.5 [C(4-4")], 152.1
[C(8-8")], 172.1 [C(9-9")], 182.7 [C(2-2")=0O]. ESI-MS(—) CH;0H
(m/z [relative intensity, %]): 531 [100] [L*]".

HL?. To a solution of bisdemethoxycurcumin (300 mg,
0.97 mmol) in acetone (9 mL), was mixed triethylamine (TEA
0.27 mL, 1.95 mmol) and then furan-2-carbonyl chloride
(0.29 mL, 2.92 mmol) was added. The proligand HL? (218 mg,
yield 45%) is soluble in DMSO and chlorinated solvents,
slightly soluble in alcohols, acetone and CH;CN, and insoluble
in H,O and n-hexane. Anal. Caled for C,oH,,0g: C,70.16; H,

This journal is © The Royal Society of Chemistry 2025
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4.06. Found: C,70.04; H, 4.14; m.p.: 211-212 °C. IR (cm™):
3140 w, 3113 w y(aromatic C-H); 1747 m, 1732 s y(-OC=O0),
1628 m, 1601 m y(C=0); 1586 m, 1565 m, 1506 s, 1465 s,
1418 m y(C=C); 1393 s, 1321 m, 1296 s, 1234 m, 1213 s, 1172
s, 1133 s, 1070 vs, 1013 s, 964 s, 932 5, 884 5, 847 5, 793 5, 781
s, 747 s, 727 s, 693 m, 651 m. 'H NMR (DMSO, 293 K): § 6.21
[s, 1H, C(1)H], 6.82 [dd, 2H, C(12-12")H], 6.99 [d, 2H, C(3-3")H
% = 16 Hz], 7.38 [d, 4H, C(7-7)H, *] = 9 Hz], 7.60 [d, 2H,
C(11-11)H], 7.70 [d, 2H, C(4-4)H, ] = 16 Hz], 7.85 [d, 4H,
C(6-6)H, ] = 9 Hz], 8.12 [d, 2H, C(13-13)H]. C{'"H} NMR
(DMSO, 293K): & 102.4 [C(1)], 113.3 [C(12-12')], 120.9
[c(11-111], 123.0 [C(7-77)], 125.1 [C(3-3")], 130.2 [C(6-6')],
133.2 [C(5-5)], 139.8 [C(4-4')], 143.3 [C(10-10")], 149.3
[C(13-13")], 151.7 [C(8-8")], 156.6 [C(9-9")], 183.6 [C(2-2")=O].
ESI-MS(-) CH3OH (m/z [relative intensity, %]): 495 [100] [L*]".

HL®. To a solution of bisdemethoxycurcumin (300 mg,
0.97 mmol) in acetone (9 mL), was mixed triethylamine (TEA
0.41 mL, 2.92 mmol) and then 3,3-dimethylbutyryl chloride
(0.41 mL, 2.92 mmol) was added. The proligand HL* (247 mg,
yield 50%) is soluble in DMSO and chlorinated solvents,
slightly soluble in alcohols, acetone and CH;CN, and insoluble
in H,O and n-hexane. Anal. Caled for C3;H3604: C, 73.79; H,
7.19. Found: C, 73.89; H, 7.21. m.p.: 203-204 °C. IR (cm™):
2959 w, 2904 w, 2868 w v(aliphatic C-H); 1754 s 1(-OC=0),
1626 m (C=0); 1595 m, 1580 m, 1535 m, 1506 s, 1469 m,
1415 m »(C=C); 1365 m, 1350 m, 1314 m, 1207 s, 1188 s, 1164
s, 1140 m, 1106 s, 1014 m, 975 s, 956 s, 927 s, 898 s, 838 s,
800 m, 785 m, 727 m, 615 m. "H NMR (CDCl;, 293 K): § 1.17
[s, 18H, C(12-12")H], 2.47 [s, 4H, C(10-10")H], 5.86 [s, 1H, C(1)
H], 6.60 [d, 2H, C(3-3"H, *] = 16 Hz], 7.15 [d, 4H, C(7-7)H, %] =
9 Hz], 7.59 [d, 4H, C(6-6)H, *] = 9 Hz], 7.67 [d 2H, C(4-4")H, %]
=16 Hz]. "*C{"H} NMR (CDCl;, 293 K): § 29.7 [C(12-12")], 31.2
[C(11-11")], 47.8 [C(10-10")], 101.8 [C(1)], 122.3 [C(7-7")], 124.1
[C(3-3")], 129.2 [C(6-6')], 132.6 [C(5-5")], 139.6 [C(4-4")], 152.0
[C(8-8")], 170.4 [C(9-9")], 183.2 [C(2-2")—O]. ESI-MS(—) CH;0H
(m/z [relative intensity, %]): 503 [100] [L*]".

[Ru(p-cym)(L")CI] (1). The proligand HL' (200 mg,
0.4 mmol) and triethylamine (TEA 56 pL, 0.4 mmol) were dis-
solved in CH3CN (5 mL) at 50 °C. After 30 minutes, [(p-
cymene)RuCl,], (122 mg, 0.2 mmol) was added. The resulting
red solution was stirred under reflux for 16 hours. The solvent
was then dried under reduced pressure and the residue was
dissolved with CH,Cl, and precipitated with hexane. The red
precipitate was filtered and washed with cold 2-propanol to
ensure the removal of the triethylammonium chloride formed
during the reaction. 1 (152 mg, 50% yield) is soluble in DMSO,
CH;3CN and chlorinated solvents, slightly soluble in alcohols
and insoluble in H,0. Anal. Caled for C,;H,5CIOgRu: C, 63.93,
H, 5.89 Found: C, 63.84; H, 5.82, m.p.: 202-203 °C. IR (cm™):
2957 w, 2868 w v(aliphatic C-H); 1748 s v(-OC=0), 1630 m
y(C=0); 1598 m, 1517 s, 1506 s, 1455 m, 1405 m (C=C);
1365 m, 1308 m, 1284 m, 1212 m, 1163 s, 1123 s, 1033 m,
1015 m, 991 m, 969 s, 884 m, 862 m, 803 m, 738 m, 684 m,
645 m, 281 s y(Ru-Cl). "H NMR (CDCl;, 293 K): 6 1.42 [d, 6H,
-CH(CH,), of p-cym, *J = 7Hz], 1.69 m, 1.81 m [8H, C(12-12')
H], 1.99 m, 2.05 m [8H, C(11-11)H], 2.37 [s, 3H, -CH; of

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

p-cym], 3.02 quint, 3.02 sept [3H, C(10-10")H of ligand and
—-CH(CHa;),, of p-cym], 5.33 d, 5.60 d [4H, aa’bb’ system, CH;-
CeH4~CH(CH3), of p-cym, ] = 6 Hz], 5.49 [s, 1H, C(1)H], 6.54
[d, 2H, C(3-3"H, *J = 16 Hz], 7.11 [d, 4H, C(7-7")H, *] = 9 Hz],
7.53 [d, 4H, C(6-6')H, ] = 9 Hz], 7.60 [d, 2H, C(4-4)H, *] = 16
Hz]. “C{'H} NMR (CDCl;, 293 K): 5 18.0 [-CH; of p-cym], 22.4
[-CH(CH3;), of p-cym], 25.9 [C(12-12")], 30.1 [C(11-11")], 30.9 [~
CH(CHj3;), of p-cym], 43.9 [C(10-10")], 79.2 [C(a-a") of p-cym],
83.0 [C(b-b") of p-cym], 97.5 [Ci’ of p-cym], 99.7 [Ci of p-cym],
102.4 [C(1)], 121.9 [C(7-7")], 127.7 [C(3-3")], 128.7 [C(6-6")],
133.4 [C(5-5"], 137.8 [C(4-4")], 151.7 [C(8-8")], 175.0 [C(9-9"],
178.4 [C(2-2"}=0]. ESI-MS(+) CH;CN (m/z [relative intensity,
%]): 735 [100] [Ru(p-cym)(LY)]". A, (T = 298K, DMSO, 10~° mol
L™): 10 (¢ = 0), 10 (¢ = 24h), 11 (¢ = 48h), 11 (¢ = 72h) pS cm?
mol ™.

[(p-cym)Ru(L*)CI] (2). The complex has been synthesised fol-
lowing the same procedure as reported for 1 by using HL> as
proligand. 2 (187 mg, yield 57%) is soluble in DMSO, CH;CN
and chlorinated solvents, slightly soluble in alcohols and in-
soluble in H,O. Anal. Caled for C43H53ClOgRu: C, 64.37, H,
6.66. Found: C, 64.40; H, 6.53. m.p.: 152-153 °C. IR (cm™):
3064 w, 3033 w, 2926 w, 2871 w, 2857 w u(aliphatic C-H);
1759 m »(-OC=0), 1635 m y(C=O0); 1600 w, 1582 w, 1532 s,
1505 s, 1467 m, 1427 m, 1409 m y(C—=C); 1387 m, 1375 m,
1341 w, 1322 w, 1290 w, 1265 w, 1210 m, 1164 s, 1142 s, 1129
s, 1101 vs, 1014 m, 975 m, 944 m, 919 m, 907 m, 866 m,
834 m, 820 m, 806 m, 727 m, 690 w, 278 s v(Ru-Cl). "H NMR
(CDCl3, 293 K): 6 0.94 [t, 6H, C(15-15")H], 1.37 [m, 8H,
C(13-13")H and C(14,14")H], 1.42 [d, 6H, -CH(CH3), of p-cym,
J = 7Hz], 1.45 [m, 4H, C(12-12")H], 1.78 [quint., 4H, C(11-11)
H], 2.36 [s, 3H, -CH; of p-cym], 2.59 [t, 4H, C(10-10")H], 3.01
[sept, 1H, -CH(CHj;), of p-cym], 5.33 d, 5.60 d [4H, aa'bb’
system, CH3;~C¢H,~CH(CH3), of p-cym, ] = 6 Hz], 5.49 [s, 1H,
C(1)H], 6.54 [d, 2H, C(3-3")H, ] = 16 Hz], 7.11 [d, 4H, C(7-7"H,
3] = 9 Hz], 7.53 [d, 4H, C(6-6")H, *] = 9 Hz], 7.60 [d, 2H, C(4-4)
H, *] = 16 Hz]. C{'"H} NMR (CDCl;, 293 K): § 14.0 [C(15-15")],
18.0 [-CH; of p-cym], 22.4 [-CH(CHj), of p-cym], 22.5
[C(14-14")], 24.9 [C(11-11")], 28.8 [C(12-12")], 30.9 [-CH(CH3;),
of p-cym], 31.4 [C(13-13')], 34.4 [s, C(10-10")], 79.2 [C(a-a") of
p-cym], 83.0 [C(b-b") of p-cym], 97.6 [Ci’ of p-cym], 99.7 [Ci of
p-cym], 102.5 [C(1)], 122.0 [C(7-7")], 127.7 [C(3-3")], 128.8
[C(6-6")], 133.5 [C(5-5")], 137.7 [C(4-4")], 151.5 [C(8-8")], 172.1
[C(9-9)], 178.4 [C(2-2")=0]. ESI-MS(+) CH;CN (m/z [relative
intensity, %]): 767 [100] [Ru(p-cym)(L*)]*. Ay, (T = 298K, DMSO,
107> mol L™): 10 (¢ = 0), 10 (¢ = 24h), 10 (¢ = 48h), 10 (¢ = 72h)
pS ecm?® mol ™.

[(p-cym)Ru(L*)CI] (3). The complex has been synthesised fol-
lowing the same procedure as reported for 1 by using HL? as
proligand. After 16 hours of reflux, the precipitate was filtered
giving the final complex as a red powder (226 mg, yield 74%).
3 is soluble in DMSO and chlorinated solvents, slightly soluble
in CH;CN and alcohols and insoluble in H,O. Anal. Calcd for
C30H;3ClOgRu: C, 61.14, H, 4.34. Found: C, 61.21, H, 4.41.
m.p.: 267-268 °C. IR (cm™): 3141 w, 3128 w, 3112 w, 3037 w,
2923 w, 2866 w v(aromatic C-H); 1732 m y(-OC=0), 1627 m
1(C=0); 1599 w, 1568 w, 1541 m, 1509 s, 1467 s, 1401 s
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1y(C=C); 1330 w, 1319 w, 1295 s, 1231 m, 1204 s, 1172 s, 1159
s, 1090 s, 1010 m, 998 m, 990 m, 977 m, 969 m, 948 m, 928 m,
883 m, 869 m, 853 m, 825 m, 805 m, 796 m, 768 m, 751 m,
734 m, 685 m, 610 m, 276 s y(Ru—Cl). 'H NMR (CDCl;, 293 K):
6 1.43 [d, 6H, -CH(CHj3), of p-cym, *J = 7Hz], 2.38 [s, 3H, ~CHj
of p-cym], 3.02 [sept, 1H, -CH(CHz), of p-cym], 5.34 d, 5.61 d
[4H, aa’bb’ system, CH;-C¢H,~CH(CHj3), of p-cym, *] = 6 Hz],
5.51 [s, 1H, C(1)H], 6.58 [d, 2H, C(3-3")H, *] = 16 Hz], 6.63 [m,
2H, C(12-12')H], 7.26 [d, 4H, C(7-7")H, *] = 9 Hz], 7.42 [d, 2H,
C(11-11)H], 7.59 [d, 4H, C(6-6"H, *] = 9 Hz], 7.63 [d, 2H,
C(4-4)H, *] = 16 Hz], 7.72 [s, 2H, C(13-13H]. ">C{'H} NMR
(CDCl;, 293 K): 6 18.0 [-CH; of p-cym], 22.4 [-CH(CH3), of
p-cym], 30.9 [-CH(CHj3), of p-cym], 79.2 [C(a-a’) of p-cym], 83.1
[C(b-b") of p-cym], 97.6 [Ci' of p-cym], 99.7 [Ci of p-cym], 102.6
[c(1)], 112.3 [C(12-12")], 119.7 [C(11-11")], 122.0 [C(7-7")], 127.9
[C(3-3")], 128.9 [C(6-6")], 133.8 [C(5-5")], 137.7 [C(4-4")], 143.9
[C(10-10")], 147.3 [C(13-13")], 150.9 [C(8-8')], 156.2 [C(9-9")],
178.4 [C(2-2")=0]. ESI-MS(+) CH3CN (m/z [relative intensity,
%]): 731 [100] [Ru(p-cym)(L?)]". A, (T = 298K, DMSO, 10~> mol
L™): 10 (¢t = 0), 11 (¢ = 24h), 11 (¢ = 48h), 12 (¢t = 72h) pS cm?
mol ™.

[Ru(p-cym)(L*)CI] (4). The complex has been synthesised fol-
lowing the same procedure as reported for (1) by using HL* as
proligand. 4 (183 mg, yield 59%) is soluble in DMSO, CH;CN
and chlorinated solvents, slightly soluble in alcohols and in-
soluble in H,0. Anal. Caled for C4H,4oClOgRu: C, 63.59, H,
6.38. Found: C, 63.72, H, 6.50. m.p.: 227-228 °C. IR (cm™):
2961 w, 2930 w, 2871 w u(aliphatic C-H); 1751 m 1(-OC=O0),
1635 m »(C=0); 1598 w, 1586 w, 1533 s, 1506 m, 1472 m,
1408 m y(C=C); 1368 m, 1321 m, 1281 w, 1210 m, 1186 s,
1163 s, 1110 s, 1033 m, 1013 m, 976 m, 926 m, 896 m, 875 m,
842 m, 806 w, 723 w, 714 w, 620 m, 280 s y(Ru-Cl). '"H NMR
(CDCl3, 293 K): 6 1.16 [s, 18H, C(12-12")H], 1.42 [d, 6H, -CH
(CH3), of p-cym, %] = 7 Hz], 2.36 [s, 3H, ~CHj, of p-cym], 2.47 [s,
4H, C(10-10")H], 3.01 [sept, 1H, -CH(CHz;), of p-cym], 5.33 d,
5.60 d [4H, aa’bb’ system, CH;-CsH,~CH(CH3), of p-cym, */ = 6
Hz], 5.50 [s, 1H, C(1)H], 6.54 [d, 2H, C(3-3")H, *J = 16 Hz], 7.11
[d, 4H, C(7-7"H, *] = 9 Hz], 7.53 [d, 4H, C(6-6")H, *] = 9 Hz],
7.60 [d, 2H, C(4-4")H, *J = 16 Hz]. C{"H} NMR (CDCl;, 293 K):
5 18.0 [-CH; of p-cym], 22.4 [-CH(CHs), of p-cym], 29.7
[Cc(12-12"], 30.9 [-CH(CH3), of p-cym], 31.2 [C(11-11)], 47.9
[C(10-10"], 79.2 [C(a-a') of p-cym], 83.0 [C(b-D') of p-cym], 97.6
[Ci’" of p-cym], 99.7 [Ci of p-cym], 102.4 [C(1)], 122.0 [C(7-7")],
127.7 [C(3-3")], 128.8 [C(6-6")], 133.5 [C(5-5")], 137.7 [C(4-4")],
151.4 [C(8-8")], 170.5 [C(9-9")], 178.4 [C(2-2")=O0]. ESI-MS(+)
CH;CN (m/z [relative intensity, %]): 739 [100] [Ru(p-cym)(L*)]".
Am (T =298 K, DMSO, 10> mol L™"): 9 (¢ = 0), 10 (¢ = 24h), 10
(¢t =48h), 11 (¢ = 72h) pS cm® mol .
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