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Ruthenium or copper complexes have emerged as some of the most promising alternatives for the treat-
ment of many types of cancer. They have enhanced activity, greater selectivity and reduced side effects
compared to their predecessors, cisplatin and its analogues. On the other hand, polyamine metabolism is
often deregulated in cancer, leading to increased intracellular concentrations of polyamines that promote
cell proliferation, differentiation, and tumorigenesis. In the present work, we report the synthesis and
characterization of a family of mono- and binuclear Ru(i) and Cu(i) complexes functionalized with polya-
mine ligands derived from norspermine. The computer-aided analysis of the electron paramagnetic reso-
nance (EPR) spectra provided magnetic and dynamic parameters, which helped to identify prevalent Cu—
N2 coordination in a partially distorted square planar geometry of the Cu(i) complexes and the flexibility
of the complexes in solution, slowed down by both the complex size and the hydrophobic interactions
between chains. In vitro studies focused on advanced prostate cancer have demonstrated that these new
metal complexes present a high level of cytotoxicity against PC3 cells. Furthermore, these metallic com-
pounds exhibit the ability to inhibit cell adhesion and migration while reducing intracellular reactive

rsc.li/dalton

1. Introduction

Prostate cancer is one of the most frequent malignant tumors
in men, together with colorectal and lung cancer.”* Among
the different prostate cancers, non-metastatic castration-resist-
ant prostate cancer (nmCRPC) has no curative therapies,
making the search for new drug treatments a vital necessity.>*

The use of metal complexes in cancer treatment started
after the discovery of the antitumor activity of cisplatin.*” The
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oxygen species levels, which are key factors of metastasis.

advantage of these compounds over conventional, mainly
organic pharmaceuticals is the ability of the metal centers to
exhibit different oxidation states, number of charges, coordi-
nation index and redox properties, giving them unique struc-
tural, physical and chemical properties.” However, there are
challenges associated with the use of cisplatin such as high
cytotoxicity, due to its lack of selectivity, and the development
of tumor resistance. These drawbacks drive the search for
more sophisticated organometallic systems capable of addres-
sing these issues. Alternatives to cisplatin are Ru(u) and Cu(u)
complexes.®® Although the mechanism of action of ruthenium
(1) complexes is unclear, their anticancer properties might be
linked to their ability to induce apoptosis via mitochondrial,
autophagy or ROS species-dependent apoptosis, as well as
their capacity to interact with DNA and different proteins.'*"*
Regarding Cu(u) complexes, their antitumor activity is due to
their ability to form non-covalent adducts with DNA and
inhibit the proteosomal function, as well as the activity of
topoisomerase I and II tumor cells.”>"® The nature of the
ligand(s) present on the coordination sphere of the metal
center determines its potential as an anticancer drug, playing
an important role in its solubility and ability to cross the
plasma membrane (lipophilic/hydrophilic balance)."*'® As an
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example, the presence of arene-type ligands in the Ru(u)
coordination sphere imparts amphipathic properties to the
complexes, where the hydrophobic aromatic ring shields the
hydrophilicity of the metal center, facilitating the internaliz-
ation of the complex in the cells."®

Biogenic amines and polyamines are essential growth
factors in eukaryotic organisms, bacteria, and viruses.'” The
coordination of polyamine ligands, in particular spermine,®
to metal centers such as Pd and Pt has led to the development
of new organometallic compounds with anticancer activity as
an alternative to cisplatin. This type of ligand provides flexible
linkers and increases the hydrophobic character of the mole-
cule, which is important for drug uptake and interaction with
DNA."?° Some studies have shown that the coordinating
capacity of these alkylamines can be utilized to coordinate
metal ions such as Pt(u) and Pd(u), and their anticancer activi-
ties have been tested.>’ In these complexes, polyamine
ligands are thought to promote the internalization of the
metal complexes into tumor cells since the cell recognises
them as natural polyamines. Therefore, they are readily taken
up and accumulated at high levels.

Based on previous studies of our research group, which
demonstrated that carbosilane dendritic backbones favour the
cell internalization of metallodrugs due to their hydrophobic
nature,>*** the present study focuses on the design, character-
ization, and biological evaluation of novel Ru(u) and Cu(u)
complexes with norspermine-derived ligands with the aim to
evaluate their biological properties, particularly against the
prostate cancer cell line PC3. The inclusion of a carbosilane
moiety in polyamine ligands will also help us in the future to
use these compounds as references for the preparation of car-
bosilane metallodendrimers functionalized with these types of
ligands.

Since the coordination structure and geometry of the com-
plexes, and their interacting ability are key factors for their use
in cancer treatment, electron paramagnetic resonance (EPR)
studies were performed on the Cu(u) complex solutions. EPR
has already been shown in previous studies from this group to
provide structural and dynamical information of Cu(u)-carbosi-
lane dendrimer complexes.*®

2. Experimental part

2.1. Syntheses

All reactions were carried out under an inert atmosphere and
solvents were obtained from MBraun’s MB-SPS purification
system. All the reagents for the different synthetic routes
described were used as received from commercial companies
without prior purification (see the ESIf for experimental
details and methodologies of biological assays).
Et;Si(CH,),N{(CH,);Pht}, (1). To a solution of (4-bromobu-
tyl)triethylsilane (332.6 mg, 1.33 mmol) in acetone, K,CO;
(211.5 mg, 1.60 mmol), NaI (199.4 mg, 1.33 mmol), 18-crown-6
and N-bis-(phthalimidepropyl)amine (485.1 mg, 1.60 mmol)
were added. The mixture was stirred at reflux for 16 h. After
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completion of the reaction, the mixture was filtered using
silica gel and the solvent was evaporated. The crude reaction
product was washed with hexane and purified by silica chrom-
atography in ethyl acetate. Compound 1 was isolated as a
white solid (412.0 mg, 55%). C3,H43N30,Si (561.30 g mol ™).
"H-NMR (CDCl,): & (ppm) 0.47 (m, overlapping of signals, 8H,
(H5CCH,);Si- and -SiCH,CH,CH,CH,N-); 0.90 (t, *J-m) = 7.93
Hz, 9H, (H;CCH,),Si-); 1.24 (m, 2H, -SiCH,CH,CH,CH,N-);
139 (m, 2H, -SiCH,CH,CH,CH,N-); 1.79 (m, 4H, -N
(CH,CH,CH,NPht),); 2.38 (t, YJum 7.50 Hz, 2H,
-SiCH,CH,CH,CH,N-); 2.48 (t, *Jium) = 7.09 Hz, 4H, -N
(CH,CH,CH,NPht),); 3.72 (t, YJgmy = 7.38 Hz, 4H, -N
(CH,CH,CH,NPht),); 7.69 (m, 4H, Ar); 7.82 (m, 4H, Ar). **C
{'H}-NMR (CDCl;): & 3.4 (ppm) ((H;CCH,);Si-); 7.6
((H;CCH,);Si-); 11.5 (-SiCH,CH,CH,CH,N-); 21.9
(-SiCH,CH,CH,CH,N-); 26.3 (-N(CH,CH,CH,NPht),); 31.2
(-SiCH,CH,CH,CH,N-); 36.6 (-N(CH,CH,CH,NPht),); 51.6
(-N(CH,CH,CH,NPht),); 53.6 (-SiCH,CH,CH,CH,N-); 123.2,
133.9 (CH™); 132.4 (Cipso); 168.5 (CO). Elemental analysis (%).
Calc.: C, 68.41; H, 7.72; N, 7.48. Exp.: C, 67.78; H: 7.71; N: 7.67.
MS (ESI-Q): m/z [M + H'] = 562.31 uma.
Et;Si(CH,),N{(CH,);NH,}, (2). Under an inert atmosphere, 1
(359.1 mg, 0.640 mmol) was dissolved in methanol and hydra-
zine monohydrate (128.2 mg, 2.56 mmol) was added. The
mixture was stirred at reflux for 24 h. Then, the solvent was
evaporated under vacuum and the crude reaction product was
extracted with dichloromethane and then the solvent was evap-
orated. Compound 2 was isolated as a yellow oil (142.4 mg,
74%). C16H30N3Si (301.29 g mol ™). "H-NMR (CDCl;): § (ppm)
0.45 (m, overlapping of signals, 8H, (H3CCH,);Si- and
-SiCH,CH,CH,CH,N-); 0.87 (t, *Juwy = 7.93 Hz, 9H,
(H;CCH,);Si-); 1.22 (m, 2H, -SiCH,CH,CH,CH,N-); 1.36 (m,
overlapping of signals 6H, -SiCH,CH,CH,CH,N- and -NH,);
1.54 (m, 4H, -N(CH,CH,CH,NH,),); 2.33 (t, *Jss_ms) = 7.38 Hz,
2H, -SiCH,CH,CH,CH,N-); 2.40 (t, *Jpss) = 7.02 Hz, 4H, -N

(CH,CH,CH,NH,),); 2.68 (t, Jum) = 6.74 Hz, 4H, -N
(CH,CH,CH,NH,),). *C {'H}-NMR (CDCl): 6 3.3 (ppm)
((H3CCH,);Si-); 7.5 ((H3CCH,);Si-); 11.4
(-SiCH,CH,CH,CH,N-); 21.9 (-SiCH,CH,CH,CH,N-); 30.9
(-N(CH,CH,CH,NH,),); 31.2 (-SiCH,CH,CH,CH,N-); 40.8
(-N(CH,CH,CH,NH,),); 52.0 (-N(CH,CH,CH,NH,),); 53.9

(-SiCH,CH,CH,CH,N-). Elemental analysis (%). Calc.: C,
63.72; H, 13.03; N, 13.93. Exp.: C, 63.35; H: 12.78; N: 13.16. MS
(Q-TOF): m/z [M + H'] = 302.29 uma.
Et;Si(CH,),N{(CH,);NCPh}, (3). Under an inert atmosphere,
2 (65.2 mg, 0.216 mmol) was dissolved in dry tetrahydrofuran
(THF) and 2-pyridinecarboxaldehyde (46.3 mg, 0.432 mmol)
was added. The reaction mixture was maintained under con-
stant stirring at room temperature and in the presence of
MgSO, for 12 h. After completion of the reaction, the solvent
was evaporated, and the crude reaction product was purified
by solubility difference with hexane. The supernatant was fil-
tered and was evaporated to dryness. Compound 3 was
obtained as a brown oil (61.3 mg, 59%). C,gH,s5N5Si (479.34 g
mol™"). "H-NMR (CDCl;): § 0.48 (ppm) (m, overlapping of
signals, 8H, (H3CCH,);Si- and -SiCH,CH,CH,CH,N-); 0.90 (t,
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Jomy = 7.92 Hz, 9H, (H;CCH,);Si-); 1.26 (m, 2H,
-SiCH,CH,CH,CH,N-); 1.45 (m, 2H, -SiCH,CH,CH,CH,N-);
1.87 (m, 4H, -N(CH,CH,CH,NCPh(0-N)),); 2.43 (t, *Jun) =
7.52 Hz, 2H, -SiCH,CH,CH,CH,N-); 2.54 (t, *Jqsm) = 7.28 Hz,
4H, -N(CH,CH,CH,NCPh(0-N)),); 3.69 (t, *Jju_m) = 6.64 Hz, 4H,
-N(CH,CH,CH,NCPh(0-N)),); 7.29 (m, 2H, CH""); 7.72 (m, 2H,
CH™); 7.96 (m, 2H, CH"); 8.38 (s, 2H, -N—CH-); 8.63 (m, 2H,
CH*). *C {"H}-NMR (CDCly): 6 3.4 (ppm) ((H;CCH,);Si-); 7.6
((H3CCH,);Si-); 11.5 (-SiCH,CH,CH,CH,N-); 22.0
(-SiCH,CH,CH,CH,N-); 28.3 (-N(CH,CH,CH,NCPh(0-N)),);
31.4 (-SiCH,CH,CH,CH,N-); 51.9 (-N(CH,CH,CH,NCPh(o-
N)),); 53.9 (-SiCH,CH,CH,CH,N-); 59.7 (-N(CH,CH,CH,NCPh
(0-N)),); 121.3, 124.7, 136.6 and 149.5 (CH™); 154.7 (Cipso);
162.0 (-N=CH-). Elemental analysis (%). Calc.: C, 70.10; H,
9.45; N, 14.60. Exp.: C, 70.75; H: 10.25; N:15.25. MS (ESI-Q):
m/z [M + H'] = 480.35 uma.
[Et;Si(CH,),N{(CH,);NH,},(CuCl,-H,0)] (4). To a solution of
2 (114.5 mg, 0.380 mmol) in MeOH, CuCl,-H,0 (64.7 mg,
0.380 mmol) was added. A change of colour could be seen
from yellow CuCl, to green. The reaction mixture was stirred at
room temperature for 16 h. After completion of the reaction
the solvent was evaporated, and the product was washed with
ethyl ether. Compound 4 was obtained as a black-green solid
(165.2 mg, quantitative yield). C;sH4;Cl,CuN;0Si (452.17 ¢
mol ). Elemental analysis (%). Calc.: C, 42.32; H, 9.10; N,
9.25. Exp.: C, 41.62; H: 8.90; N: 9.07. ICP-OES (%Cu): cal.:
14.57; exp.: 14.53. UV-vis (SPR): A = 630 nm. MS (ESI-Q): m/z
(molecular peak corresponding to the ligand): 302.30 uma.
[Et;Si N{(CH,);NH,},(Cu(NO;),-H,0)] (5). Compound 5 was
prepared using a similar method to that described for 4, start-
ing from 2 (94.0 mg, 0.312 mmol) and Cu(NOj3),-3H,0
(75.3 mg, 0.312 mmol) in methanol as a solvent. A change of
color could be seen from light blue Cu(NOj3), to dark blue.
Compound 5 was obtained as a black-blue and hygroscopic
solid (150.5 mg, quantitative yield). C;¢H,;CuN50Si (506.21 g
mol™"). Elemental analysis (%). Calc.: C, 37.89; H, 8.15; N,
13.81. Exp.: C, 37.40; H: 7.18; N: 13.65. ICP-OES (%Cu): cal.:
12.53; exp.: 12.50. UV-vis (SPR): A = 640 nm. MS (ESI-Q): m/z
(molecular peak corresponding to the ligand): 302.30 uma.
[Et3Si(CH,),N{(CH,);NCPh(0-N)(CuCl,-H,0)},] (6).
Compound 6 was prepared using a similar method to that
described for 4, starting from 3 (69.5 mg, 0.145 mmol) and
CuCl,-H,0 (49.4 mg, 0.290 mmol) in methanol as a solvent. A
change of color could be seen from yellow CuCl, to green.
Compound 6 was obtained as a black-green and hygroscopic
solid (110.3, quantitative yield). C,sH,;oCl,Cu,N50,Si (781.10 g
mol™). Elemental analysis (%). Calc.: C, 42.86; H, 6.29; N,
8.92. Exp.: C, 42.86; H, 5.90; N, 9.22. ICP-OES (%Cu): cal.:
16.20; exp.: 16.52. UV-vis (SPR): 1 = 650 nm. MS (ESI-Q): m/z
(IM + H]" - Cu-Cl) 578.29 uma. FTIR: v (C—=N): 1638.2 cm™".
[Et;Si(CH,),N  {(CH,);NCPh(0-N)(Cu(NO;),-H,0)},] (7).
Compound 7 was prepared using a similar method to that
described for 4, starting from 3 (69.5 mg, 0.145 mmol) and Cu
(NO3),-3H,0 (70.0 mg, 0.290 mmol) in methanol as a solvent.
A change of color was observed from light blue Cu(NOj3), to
dark blue. Compound 7 was obtained as a black-blue and
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hygroscopic solid (125.9, quantitative yield). C,gH,49Cu,NoO44Si
(889.18 ¢ mol™'). Elemental analysis (%). Calc.: C, 37.75; H,
5.54; N, 8.92. Exp.: C, 37.73; H, 5.44; N, 8.22. ICP-OES (%Cu):
cal.: 14.27; exp.: 14.26. UV-vis (SPR): 4 = 660 nm. MS (ESI-Q):
m/z [M + H'] = 890.18 uma. FTIR: v (C—=N): 1645.6 cm™".
[Et;Si(CH,),N{(CH,);NH,},(Ru(n’®-p-cymene)CL,)] (8). Under
an inert atmosphere, 2 (66.3 mg, 0.220 mmol) was dissolved in
dichloromethane (DCM) and [RuCl,(n®p-cymene)], (67.3 mg,
0.110 mmol) was added. The reaction mixture was stirred at
room temperature for 16 h. After completion of the reaction,
the solvent was evaporated. Compound 8 was obtained as a
yellow solid (117.6 mg, 88%). C,¢Hs3Cl,N3;RuSi (607.24 ¢
mol™"). "H-NMR (CD;0D): § (ppm) 0.47 (m, overlapping of
signals, 8H, (H3;CCH,);Si-, -SiCH,CH,CH,CH,N-); 0.86 (m,
9H, (H3CCH,);Si-); 1.32 (m, overlapping of signals, 10H, -CH
(CH,;),®™, -SiCH,CH,CH,CH,N-, and ~SiCH,CH,CH,CH,N-);
1.54 (m, 4H, -N(CH,CH,CH,NH,); 2.16 (s, 3H, -CCH); 2.41
(m, 2H, SiCH,CH,CH,CH,N-); 2.78 (m, overlapping of signals,
5H, -CH(CH;),”™ and -N(CH,CH,CH,NH,)); 2.97 (m, 4H, -N
(CH,CH,CH,NH,)); 5.54 (m, overlapping of signals, 4H,
CHY™). C {"H}-NMR (CD;0D): § (ppm) 4.2 ((H;CCH,);Si-);

7.4 ((HsCCH,)sSi-); 11.7 (-SiCH,CH,CH,CH,N-); 17.8
(-CCH;™™); 21.13 (-SiCH,CH,CH,CH,N-); 22.88 (-CH
(CH;),™); 29.1 (-N(CH,CH,CH,NHy,)); 29.4
(-SiCH,CH,CH,CH,N-); 31.6 (-CH(CH3),”™); 48.9
(-SiCH,CH,CH,CH,N-); 50.5 (-N(CH,CH,CH,NH,)); 53.4
(-SiCH,CH,CH,CH,N-); 80.2-83.0 (CH™). Elemental analysis

(%). Calc.: C, 51.38; H, 8.79; N, 6.61. Exp.: C, 50.61; H: 8.64; N:
7.06. ICP-OES (%): calc.: Ru, 16.63; exp.: 16.60. MS (ESI-Q): [M
+H']=572.27 uma.
[Et;Si(CH,),N{(CH,);NCPh(0-N)(Ru(n’-p-cymene)Cl,)},] (9).
Under an inert atmosphere, 3 (63.3 mg, 0.132 mmol) was dis-
solved in dichloromethane (DCM) and [RuCl,(n®p-cymene)],
(80.8 mg, 0.132 mmol) was added. The reaction mixture was
stirred at room temperature for 16 h. After completion of the
reaction, the solvent was evaporated and compound 9 was
obtained as a brown solid (131.2 mg, quantitative yield).
CasH73CLNsRU,Si (1091.25 g mol™'). 'H-NMR (CD;OD): &
(ppm) 0.54 (m, overlapping of signals, 8H, (HsCCH,);Si- and
-SiCH,CH,CH,CH,N-); 0.95 (m, 9H, (H3;CCH,);Si-); 1.04 (m
6H, ~CH(CH3),"™); 1.11 (m, 6H -CH(CHj),"™); 1.24 (m, 2H,
-SiCH,CH,CH,CH,N-); 1.57 (m, 2H, -SiCH,CH,CH,CH,N-);
2.22 (m, overlapping of signals, 10H, -CCH; and -N
(CH,CH,CH,NCPh(0-N)),); 2.66 (m, 2H, (-CH(CH;),“™)); 2.79
(m, overlapping of signals, 6H, -SiCH,CH,CH,CH,N- and -N
(CH,CH,CH,NCPh(0-N)),); 4.41 (m, 2H, -N(CH,CH,CH,NCPh
(0-N)),); and 4.68 (m, 2H, -N(CH,CH,CH,NCPh(0-N)),); 7.67
(m, 2H, CH*"); 8.10 (m, overlapping of signals, 4H, CH""); 8.65
(s, 2H, -N=CH-); 9.36 (m, 2H, CH""). "*C {"H}-NMR (CD;0D):

5 (ppm) 4.3 ((H3CCH,);Si-); 7.8 ((H3CCH,)sSi-); 11.7
(-SiCH,CH,CH,CH,N-); 18.8 (-CCH;™); 20.3
(-SiCH,CH,CH,CH,N-); 21.5 (-CH(CH,3),“™); 24.7

(-N(CH,CH,CH,NCPh(0-N)),); 28.0 (-SiCH,CH,CH,CH,N-);
32.1 (-CH(CH3),™); 50.8 (-N(CH,CH,CH,NCPh(0-N)),); 53.4
(-SiCH,CH,CH,CH,N-); 65.2 (-N(CH,CH,CH,NCPh(0-N)),);
86.2-88.6 (CH®™); 129.8, 130.2, 141.1 and 157.0 (CH*"); 169.4

This journal is © The Royal Society of Chemistry 2025
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(-N=CH-). Elemental analysis (%): calc.: C, 52.79; H, 6.74; N,
6.41. Exp.: C, 52.69; H: 6.47; N: 6.47. ICP-OES (%): calc.: Ru,
18.5; exp.: 18.7. MS (QTOF): m/z (M + H'] - 2 Cl) = 1021.3121
uma.

3. Results and discussion

3.1. Synthesis and characterisation of organic ligands

Norspermidine (NSPD), a polyamine ligand and chemical
homologue of spermidine (SPD), was selected for the synthesis
of new Ru(un) and Cu(u) derivatives due to its anti-tumor
activity.””

To favor the cellular uptake of organometallic compounds,
the NSPD was modified with a carbosilane moiety, Br(CH,),Si
(CH,CH3)s, by N-alkylation of the secondary amines present in
the NSPD ligand with the primary amino groups protected
with phthalimide*® to obtain Et;Si(CH,),N[(CH,);NPht], (1).
The alkylation was confirmed through 'H and "*C-NMR where
the resonances of the newly formed CH,-N group were
observed at 2.33 ppm along with the signals corresponding to
the aromatic ring of the phthalimide group at 7.64 and
7.74 ppm. The next step was the deprotection of the amino
groups in compound 1 with an excess of hydrazine, heated
under reflux with MeOH as the solvent, resulting in the for-
mation of compound 2, Et;Si(CH,),N[(CH,);NH,],. The displa-
cement of the signal from 3.66 to 2.92 ppm in CDCIl; for the
methylene -CH,NPht group and the disappearance of the aro-

(o]
N
(o}
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matic signals in the "H-NMR spectrum confirmed the de-
protection reaction. Furthermore, the presence of free amines
was corroborated by the Kaiser test, and by infrared spec-
troscopy (FTIR), where the bands at 2927 and 2890 cm™*
corresponding to the NH tension were observed.

The presence of free amine groups in compound 2 allowed
us to carry out a condensation reaction to obtain Schiff bases,
which have demonstrated excellent coordination capabilities
for metal complexes. Therefore, the reaction of compound 2
with 2-pyridincarbaldehyde under an inert atmosphere gave
rise to the formation of N,N-chelating ligand Et;Si(CH,),N
[(CH,);NCPh(p-N)], (3). The reaction was carried out in the
presence of MgSO, to remove the water generated during the
reaction.

Compounds 1-3 were characterized by mono- and bi-
dimensional multinuclear NMR spectroscopy (‘H, '*C{'H}),
mass spectrometry and elemental analysis. The analytical
and spectroscopic data reported in the Experimental section
and the ESIf are consistent with the proposed structures
(Scheme 1).

3.2. Synthesis and characterisation of metallic complexes

[RuCl,(p-cymene)], as well as CuCl, and Cu(NOj;),, were used
as precursors to obtain the ruthenium and copper derivatives,
respectively.

Copper complexes. When the ligand used for coordination
was Et;Si(CH,),N[(CH,);NH,], (2) with primary amine-type

(o]
N
o
K,CO3, Nal,
Br HN: 18-Crown-6 AN
AN AN A + _\_\ Et;Si _\_\
EtSi 0o Acetone, ? 0
N 90°C,24h N
(e} O
N,N-bis-(phthalimidopropyl)amine Et3Si(CH2)4N[(CH2)3NPht]; (1)
MeOH,
N NaHa | ggec, 24n
L &
= H HaN
X (¢]
N
N < N
Et,Si” "N _\_\ EtySi” TN _\—\
N THF, MgSO,, NH,
y RT, 24h
N
]
A

Et3Si(CH2)sNI(CHZ)sNCPh(p-N)]; (3)

Scheme 1 Synthesis of organic ligands.
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Et3Si(CH2)4N[(CH2)3sNH2], (2)
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ligands, the reaction was carried out at room temperature with
CuCl, or Cu(NO3), in a 1:1 ratio in methanol as the solvent to
obtain Et;Si(CH,),N[(CH,);NH,],CuCl, (4) and Et;Si(CH,),N
[(CH,)3;NH,],Cu(NO3), (5). The presence of Schiff bases in the
structure of compound 3 opened up the possibility of co-
ordinating more than one metal center. Therefore, when the
reaction of the copper salts with ligand 3 was carried out at a
stoichiometric 2:1 ratio (metal/ligand), this led to the for-
mation of bimetallic derivatives Et;Si(CH,),N[(CH,);NCPh(o-
N)][CuCl,-H,0], (6) and Et;Si(CH,),N[(CH,);NCPh(o-N)][Cu
(NO3),-H,0], (7). In all cases, the incorporation of the metal
complex into the structure was confirmed by FTIR spec-
troscopy and UV-vis spectrophotometry. For compounds 6 and
7, FTIR spectroscopy showed the shift of the vC=N strain
band from 1600 cm™" to 1650 cm™". UV-vis spectra showed a
band at around 4 = 290 nm that can be ascribed to a transition
band (MLCT or LMCT).*® The d-d transfer band could only be
identified as a broad band of low intensity at around 650 nm
(Fig. 1). In addition, the percentages of copper in the new
complex were determined by ICP-OES, resulting in 14.53%,
14.62%, 16.52% and 14.25% for 4, 5, 6 and 7, respectively and con-
firming the presence of 1 or 2 copper atoms per molecule.

Finally, to understand the Cu(u) coordination and geometry
to polyamine ligands, EPR spectroscopy was employed. The 4;;
and g;; values used to compute the spectra at low temperature
were the same as those used to compute the spectra at room
temperature, and this held for all samples as shown in
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Fig. 1 UV-vis spectra for the compounds Et3Si(CH,)4NI[(CH2)sNH,],CuCl,
N)][CuCl2H20]2 (6) and Et3sl(CH2)4N[(CH2)3NCPh(O-N)][CU(NO3)2Hzolz (7)
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Table S1 of the ESI.f The discrepancies between the experi-
mental and the computed lines indicated the presence of
further spectral components at low relative intensities, but the
main component showed a good fit as shown in Fig. 2 and S13
(ESIT). For the monometallic complex 5 (Fig. 2), the para-
meters, compared with those in the literature, were indicative
of a Cu-N2 coordination with two nitrogen sites (the amino
groups) in a partially distorted square planar symmetry.
Probably a third nitrogen site was also present during the com-
plexation, but positioned at a greater distance from the copper
atom. Some examples in the literature, which exhibit crystallo-
graphic data of similar complexes, show structures based on a
tripodal coordination to the metal center, with the three nitro-
gen atoms of the norspermidine acting as donor atoms (see
Scheme 2).*° However, EPR data show that in solution the
coordination was different, differentiating the position of the
amino groups with respect to the third nitrogen site.
Interestingly, at room temperature, a further parameter was
needed for the computation, which renders the computation
less accurate with respect to the magnetic and mobility para-
meters. This additional parameter was the spin exchange fre-
quency (We,), which was related to collisions between para-
magnetic moieties occurring in a fluid medium. In this case,
this was not due to condensation because the solution was
clear, and the concentration was not high enough to lead to
aggregation. Furthermore, the cupric ions cannot approach
each other due to charge repulsion. We suspect that the pres-
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(4), EtsSi(CH2)4NI(CH2)3sNH1,Cu(NO3), (5), EtsSi(CHL)4NI(CH,)sNCPh(o-
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The main parameters used for computations are shown in the figure legends.
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Scheme 2 Synthesis of mono- and bimetallic complexes of Ru(i) and Cu(i). The structures proposed are based on spectroscopic results obtained.

ence of hydrophobic chains in the ligand, even if relatively
short, favored chain-chain interactions, which led to Cu-Cu
approaching in spite of the charge repulsion. The counterions
played a significant role, as the presence of chloride ions
(monometallic complex 4) instead of nitrate ions (monometal-
lic complex 5) favored line broadening at low temperature in
line with cupric ions sitting close to each other after charge

This journal is © The Royal Society of Chemistry 2025

neutralization, as expected for chloride ions, which much
better interact with Cu(u) if compared to nitrate ions.
Therefore, spectral computation was not possible for sample 4,
but this was also informative of the properties of the complex.
For bimetallic complexes 6 and 7, the results obtained were
similar to those of 4 and 5, but with a substantial difference: a
significant fraction (about 50%) of Cu(u) was not complexed by
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ligand 3 and was interacting with the solvent. The Cu(u)-
solvent complex was simply indicated as Cu-MeOH. The com-
puted Cu-MeOH signals both at 298 K and 120 K are shown in
Fig. S13 (ESI),t while the main parameters of computations
are listed in Table S1.7 These parameters are characteristic of a
Cu-04 coordination (square planar) unit of Cu(u) with 4
MeOH molecules, while two additional MeOH molecules are
located at farther distances in the apical octahedral positions.
We noted that the microviscosity of the Cu(u) environment,
denoted by 7, was about half for the Cu-MeOH complex when
compared to the Cu-ligand complexes, as expected for the
steric bulk of the ligands. Also, we want to underline that we
assumed a constant 7 value (17 ns) for all spectral compu-
tations at 120 K, assuming almost rigid motion at that temp-
erature. Computations of the spectra of 6 and 7 were per-
formed after subtracting the Cu-MeOH signal. In this case
too, the computations are shown in Fig. S1f and the main
parameters of computation are listed in Table S1.} Similarly to
the situation of monometallic 4 and 5, in this case too, the
substitution of the nitrate counterion with the chloride one
provoked line broadening, mainly at room temperature. The
magnetic parameters of 6 and 7 indicated coordination similar
to that of 5, but in a trigonally distorted structure. This means
that polyamine ligand 3 generated a trigonally distorted square
planar complex with Cu(u). The large fraction of Cu-MeOH
complex suggested lower interacting ability of ligand 3 with
respect to ligand 2.

In order to study in detail the coordination situations of Cu
(u) in the new mono- and bimetallic derivatives, a computer-
aided EPR analysis was carried out on the ligands 2 and 3 with
increasing concentration of Cu(u). Fig. 3 shows the experi-
mental spectra of the sample termed for simplicity 2-NO; (2-
NO; indicates a sample containing the ligand 2 and the cupric
nitrate salt in MeOH solution), for three different Cu(u) con-
centrations at 298 K (Fig. 3a) and at 120 K (Fig. 3b). Three
different spectral components were identified in the spectra,
whose minimum peaks are indicated with arrows in Fig. 3 and
termed signal 1, signal 2, and Cu-MeOH. These components
were extracted by subtracting the spectra from each other. This
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allowed us to evaluate the relative percentages of each com-
ponent in the spectra. Then, the components were computed.
We noted the presence of other minor spectral components,
which, in some cases, were responsible for decreasing the
quality of the fitting between experimental and computed
signal 1 and signal 2. Fig. 4 shows experimental and computed
signal 1 minima obtained for 3-NO;, selected as an example,
at [Cu(u)] = 6.25 mM, that is, at almost the lowest copper con-
centration, at 298 K (a) and at 120 K (b).

Other examples of computations of signal 1 are shown in
the ESI (Fig. S131). Signal 1 was almost the only signal that
constituted the EPR spectra at the lowest Cu(u) concentrations.
The magnetic parameters (summarized in Table 1) corre-
sponded to a distorted square planar Cu-N4 coordination,
implying that at least two ligands were involved in the com-
plexation of each Cu(u) ion. An apparent contradiction
occurred with respect to the variation of 4,,, since we expected
a higher 4,, value (and lower g,, value) for ligand 2, bearing
amino groups, with respect to 3, bearing pyridine groups, due
to the higher electron-donor strength of the former ligand
with respect to the latter one*>*’Also, gy, values are lower for
the Cu(u) complex formed with ligand 2 (Cu-2 complexes) than
for the Cu(u) complex formed with ligand 3 (Cu-3), indicating
a higher anisotropy for the Cu-2 ligand field. Furthermore, at
298 K the spectra showed a lower mobility (higher 7) for the
Cu-3 complexes, in line with a higher steric hindrance. This
indicates that, although the amino groups in ligand 2 exhibit
higher affinity for Cu(u) compared to the nitrogen sites in
ligand 3, the structure of ligand 2 leads to less stable Cu-N4
complexes than those formed with ligand 3. This is attributed
to the bidentate nature of the iminopyridine ligand in com-
pound 3, which forms stable chelate rings with the metal
center, enhancing the stability of the Cu-N4 coordination
mode. Finally, it is possible to analyze the influence of the
counterions, NO; or Cl, on the coordination of the metal
center. The spectra show that in the case of ligand 3, the
nature of the counterion does not affect the coordination
mode, which in both NO; and Cl cases is Cu-N4 coordination.
Conversely, chloride counterions perturbed the Cu-2 binding
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Fig. 3 Experimental spectra of the 2-NO3z sample at 298 K (a) and at 120 K (b), and at three different Cu(i) concentrations; three different spectral
components (signal 1, signal 2, and Cu-MeOH) are indicated with arrows in the figure.
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Fig. 4 Experimental and computed signal 1 obtained for the 3-NOs sample at [Cu(i)] = 6.25 mM and at 298 K (a) and at 120 K (b).
Table 1 EPR parameters
Sample Zxx Ly oz Ax (G) Ay (G) Az (G) 7 (ns) Wex 87
4 both 298 and 120 K (2-C11:1) Broad and not resolved spectrum
5120 K (2-NO3 1:1) 2.03 2.08 2.25 5 5 153 17
5298 K 2.03 2.08 2.25 5 5 153 0.1 7 x 10°
6 subtracted Cu-MeOH 120 K (3-Cl 1:2) 2.038 2.11 2.29 25 35 149 17
6298 K Intense Cu-MeOH signal, not subtractable, and broad signal
7 subtracted Cu-MeOH 120 K (3-NO;3 1:2) 2.03 2.08 2.21 15 15 153 17
7 subtracted Cu-MeOH 298 K 2.03 2.08 2.21 15 15 153 0.1
Cu-MeOH 120 K 2.0795 2.11 2.438 1 1 109 17
Cu-MeOH 298 K 2.0795 2.11 2.438 1 1 109 0.05
2-NOj; signal 1 120 K 2.005 2.05 2.211 5 5 180 17
2-NO; signal 1 298 K 2.005 2.05 2.211 5 5 180 0.09
2-Cl signal 1 120 K 2.005 2.053 2.21 10 10 178 17
2-Cl signal 1 298 K 2.005 2.053 2.21 10 10 178 0.1
3-NOj; signal 1 120 K 2.012 2.03 2.21 5 5 183 17
3-NO; signal 1 298 K 2.012 2.03 2.21 5 5 183 0.25
3-Cl signal 1 120 K 2.012 2.03 2.21 5 5 183 17
3-Cl signal 1 298 K 2.012 2.03 2.21 5 5 183 0.25
2-NOj; signal 2 120 K 2.03 2.08 2.25 5 5 153 17
2-NOj; signal 2 298 K 2.03 2.08 2.25 5 5 153 0.17
2-Cl signal 2 120 K 2.038 2.13 2.265 5 5 150 17
2-Cl signal 2 298 K 2.038 2.13 2.265 5 5 150 0.1 8 x 108
3-NO; signal 2 120 K 2.038 2.05 2.26 5 5 170 17
3-NOj; signal 2 298 K 2.038 2.085 2.26 5 5 170 0.2
3-Cl signal 2 120 K 2.038 2.09 2.265 5 5 173 17
3-Cl signal 2 298 K 2.038 2.09 2.265 5 5 173 0.1 8 x 108

more than nitrate counterions, due to the stronger Cu-Cl
binding if compared to the Cu-NO; one.

Signal 2 formed in an intermediate range of Cu(u) concen-
trations, and reached maximum relative percentage when the
Cu(u)/ligand molar ratio was about 1:2 (for ligand 2) and 1:4
(for ligand 3). This is evident in Fig. S12 of the ESI, which
shows the variations of the relative percentages of signal 1,
signal 2 and Cu-MeOH as a function of [Cu(u)] for the various
samples. Fig. 5 shows experimental and computed signal 2
peaks obtained after the subtraction of signal 1 from the spec-
trum of 2-NOj3 at [Cu(u)] = 0.05 M and 298 K (a) and at 120 K
(b). The main parameters of computation are shown in the
figure legends. Other examples of computations of signal 2 for
the other samples are shown in Fig. S13 (ESI).t The main para-
meters of computations are reported both in the figure

This journal is © The Royal Society of Chemistry 2025

legends and in Table S1.f Interestingly, the magnetic para-
meters (g;; and A;;) of signal 2 for 2-NO3, shown in Fig. 5, were
the same as the magnetic parameters of the spectrum of the
monometallic complex 5, shown in Fig. 2. This means that
these two samples have the same coordination and geometry,
being in both cases Cu(u) ions complexed by the 2 amino
groups of the ligand 2-NOj; (coordination Cu-N2) in a distorted
square planar (octahedral) coordination. The other ligands
were solvent molecules, but a more distant nitrogen site and
counterions are probably included in the Cu(u) coordination
sphere.

The inclusion of the counterions (nitrate or chloride ions)
in the coordination sphere was proved by the difference
between the magnetic parameters of signal 2 for 2-NO; and 2-
Cl: as already underlined, CI perturbs the ligand field strength

Dalton Trans., 2025, 54, 7506-7521 | 7513


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt03377a

Open Access Article. Published on 15 April 2025. Downloaded on 6/14/2026 11:49:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Dalton Transactions
a) Signal2 2-NO, 298K b)
9,72.03;g =2.13; g, =2.25; A =5G; A =5G; A =153G; ¢ =0.17ns — Signal2 2-NO, 120 K
04 51— 9,7203;g =2.08; g,=2.25; A_=5G; A =5G; A _=153G; t =17ns
044
0.3 o
0.2 78
/ |
=) J = 014 A e |
E 0.0 — = Y N E 00l 7_,/‘J\ ‘\ —
g / g -0.14 ‘\ /f
g 0.2 | g 024
=2 | 2 034 |
2 044 | g 7] \
£ ‘\‘ £ 05 :\ /
‘w‘ -0.6 “\‘
0.6+ 0.7 U
T T T T T T T T T -0.8 T T T T T T T T T
2200 2400 2600 2800 3000 3200 3400 3600 3800 2200 2400 2600 2800 3000 3200 3400 3600 3800
Magnetic Field (G) Magnetic Field (G)
Fig. 5 Experimental and computed Signal 2 obtained after subtraction of Signal 1 from the spectrum of 2-NOs at [Cu(i)] = 0.05 M and at 298 K (a)

and at 120 K (b). The main parameters of computation are listed in the figure legend.

of Cu(n) with the nitrogen ligands leading to a decrease of 4,,
(from 153 G for 2-NOj; to 150 G for 2-Cl) and an increase of g,
(from 2.25 for 2-NO; to 2.265 for 2-Cl). However, a significant
difference was evident by comparing Fig. 2 and 5, mainly for
the spectra at 298 K. The spectrum of monometallic complex 5
at 298 K (Fig. 2(b)) needed a high W, value in the compu-
tation, while signal 2 at 298 K was computed without including
the W, parameter. This last event probably happened because
40% of Cu(u) ions were engaged in forming the Cu-N4 coordi-
nation with 2-NO; (signal 1), as shown in Fig. S12 (ESI}). This
impeded complexes like 5 from approaching each other,
chain-to-chain. Similarly, the spectra of complex 6 could not
be computed because they were completely unresolved, while
signal 2 of 2-Cl, obtained after subtraction of signal 1, was
broad at 120 K, and partially resolved (Fig. S13, ESI{) allowing
us to compute it and obtain reliable main parameters of com-
putation. Interestingly, Signal 2 of 2-Cl needed a high W, in
the computation (Table S1t), again related to the electrostatic
binding of Cl to the Cu complex which favors chain-to-chain
interactions in solution. The parameters of signal 2 for ligand
3 were almost those of ligand 2, with the exception of 4,,,
which is higher than expected for the Cu-N2 coordination
described above. Again the bidentate nature of the iminopyri-
dine moiety in ligand 3 played a role in increasing the electron
spin density on the Cu(u) nucleus in the perpendicular
direction.

Ruthenium complexes. Compound Et3Si(CH,),N
[(CH,);NH,],Ru(®-p-cymene)Cl, 8 with a single metal center
in the structure was obtained by the reaction of compound 2
and the starting reagent [RuCl,(p-cymene)], in a 0.5:1 ratio
(metal/ligand). Metal center coordination was corroborated by
"H-NMR, where the signal attributed to the methylene group
attached to the nitrogen of the secondary amine was shifted to
3.65 ppm, while for the free ligand it was located at 2.92 ppm
(Fig. 6). However, the signal corresponding to methylene
groups attached to the central tertiary amine was unaffected by
the coordination of the metal center. Based on these spectro-
scopic data, a novel coordination mode was proposed where

7514 | Dalton Trans., 2025, 54, 7506-7521

the primary amine groups would chelate the Ru(un) complex
stabilizing the metal center without involving the central
ligand nitrogen (see Scheme 2). This proposed monometallic
structure was in agreement with the ICP-OES and elemental
analysis data, which corroborated a metal/ligand ratio of 1:1
as mentioned above.

A Ru(u) bimetallic complex, Et;Si(CH,)3[N[[(CH,);NCPh(o-
N)]Ru(;7°p-cymene)Cl,],] (9), was also synthesized using a 1:1
ratio (metal/ligand 3). Again, "H-NMR allowed for the determi-
nation of the mode of coordination of the metal center by the
displacement of the signal corresponding to the iminic hydro-
gen, which appeared at 8.30 ppm, while in the free ligand it
was observed at 9.39 ppm. Additionally, the splitting of the
signal corresponding to the methylene group attached to the
nitrogen atom of the imine group, CH,NCPh, indicated the
formation of the metallic complex (Fig. 7) Moreover, the
amount of Ru determined by ICP-OES in the compound
(18.70%) was in agreement with the expected results for bi-
metallic complexes. Moreover, compound 9 was further
characterized by Q-Toff mass spectrometry, which showed the
peak corresponding to the di-cationic compound after the loss
of the two chloride ions present in the coordination sphere
(theoretical mass = 1021.27 uma).

3.3. Evaluation of biological properties as antitumoral agents

Stability of Ru(u) and Cu(u) complexes in solution. Before
determining the therapeutic activity of the newly synthesized
metal complexes, we studied their stability in water and PBS
(pH = 7.4). For the new copper complexes 4-7, the stability was
analyzed by UV-vis measurements after dissolving them in
H,O or PBS. The spectra were recorded at different time inter-
vals over a period of up to 24 h. The results showed the same
absorbance pattern across 24 h at 37 °C, indicating that no sig-
nificant changes in the copper(u) coordination environment
occurred under these conditions (see ESI Fig. S19 and S207).
As described in the literature, the mechanism of action of
copper(un) complexes as antitumoral agents is strongly influ-
enced by the coordinating ligands.*'** To take into account

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 *H and **C{*H} NMR spectra of EtzSi(CH,)sINI[(CH,)sNCPh(o-N)IRu(®-p-cymene)Cl,l,] (9).

that a significant proportion of them induce cancer cell death
by triggering oxidative stress, we conducted a cyclic voltamme-
try assay to determine if the copper(n) complexes could
undergo redox cycling in solution. The cyclic voltammogram

This journal is © The Royal Society of Chemistry 2025

of complexes 4-7 displayed one reduction signal for Cu(u) to
Cu(1) at potentials of —0.225, —0.203, —0.150, and —0.160 V for
4, 5, 6, and 7, respectively (Fig. 8). Peak-to-peak separation for
compounds 6 and 7 (0.048 and 0.062 V) was smaller than that
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Fig. 8 Cyclic voltammograms of compounds 4, 5, 6 and 7 (a). CV experiments were recorded in 0.1 M PBS, using 0.1 V s™* as the scan rate. The
black dotted line corresponds to the background scan. (b) Expansion of the area where the anodic peak (E,) is located.

observed for compounds 4 and 5 (0.357 and 0.345 V). In
addition, an increase in the intensity was observed for com-
pounds 6 and 7. This increase was directly related to the pres-
ence of two metal centers, while the enhanced reversibility of
the redox electron transfer process (demonstrated by the
recorded lower peak-to-peak separation) evidenced the higher
antioxidant capacity compared with derivatives 4 and 5, which
contained a single metal center.

In the case of Ru(u) derivatives, the literature has reported
the stability of similar triethylsilane iminopyridine ligands
acting as chelates, where only one chlorine atom remains co-
ordinated to the metal center. These complexes, exhibiting the
same coordination mode as compound 9, demonstrated high
stability in D,0, PBS-D,0, or neat DMSO-d¢ after 72 hours in
solution.>® In the case of compound 8, we have proposed,
based on spectroscopic data, a novel coordination mode where
the primary amine groups will chelate with the Ru(i) complex,
stabilizing the metal center without involving the central
ligand nitrogen. The stability of compound 8 was evaluated by
"H-NMR spectroscopy in D,O and PBS-D,O. In this case, the
appearance over time (0-24 h) of new signals at 2.40 ppm was
observed, probably attributed to the methylene group directly
bonded to the amino group (-CH,NH,), suggesting a possible
de-coordination, at least of one of the amino groups of the
polyaminated ligand from the metal center (see ESI Fig. S187).
This behavior aligns with previously studied ruthenium com-
pounds bearing nitrogen ligands.**

Anticancer activity. The anticancer activity of the newly syn-
thesized organometallic complexes was evaluated through
in vitro assays on the PC3 prostate cancer (PC) cell line, which
was derived from bone metastases and characterized as andro-
gen-independent. Therefore, we considered it a suitable model
for assessing antitumor activity in advanced-stage PC, where
conventional androgen deprivation therapies are ineffective.

Firstly, the ICs, of the new metallic compounds was deter-
mined by MMT assays; the obtained values are presented in
Table 3. All the tested compounds induced a significant
decrease in cell viability, even at low concentrations. The pres-
ence of two metal centers in the molecules generally implied a
reduction of the ICs, values decreasing from 16.8 to 13.6 pM

7516 | Dalton Trans., 2025, 54, 7506-7521

Table 2 Electrochemical parameters obtained from the analysis of the
compounds

Compound  E, (V) i (wA)  Ec (V) io (nA)! AE (V)
(a) —0.225  —42.0 0.132 9.8 0.357
(5) -0.203  —44.4 0.142  13.8 0.345
(6) —-0.150  —62.1 -0.102  23.1 0.048
) —-0.160  —56.6 —-0.098  24.1 0.062

“ Anodic peak potential. ? Anodic intensity. ¢ Cathodic peak potential.
4 Cathodic intensity. ° Peak-to-peak separation.

Table 3 ICsq values for PC3 cells after treatment with ruthenium(i) or
copper(i) complexes. Data in the table are the mean + SEM of four inde-
pendent experiments

Monometallic ICso (UM) Bimetallic ICso (UM)
complex SEM complex SEM
Cu(m) 4 16.0 + 0.9 6 9.6+ 0.5
5 10.6 £ 0.5 7 15.1£0.8
Ru(ur) 8 16.8 £ 1.1 9 13.6 £ 1.5

for the ruthenium complexes (8 and 9). For the iminopyridine
Ru(n) complex, despite bearing half of the metal centers, it is
important to note that the cytotoxicity observed (ICs, = 13.6 +
1.5) is quite similar to first-generation carbosilane metalloden-
drimers based on arene ruthenium(un) complexes that contain
four metallic centers in the prostatic cell line (IC5, = 7.8 =
1.4).>* In the case of ruthenium derivatives, the low ICsq
observed for the monometallic derivative suggests that the
therapeutic activity could be due not only to the presence of a
single metal atom but probably also the presence of free
amino groups due to the instability of the complex in solution,
as evidenced by "H-NMR spectroscopy.

The cytotoxicity of copper complexes was consistent with
previously reported organometallic copper(n) chelate com-
plexes containing N,N-ligands, which inhibit the growth of
PC3 cells.”® No clear trends were observed regarding the
different ligands—chloride or nitrate—in the coordination
sphere or the nature of the ligand, 2 (polyamino) and 3 (imino-

This journal is © The Royal Society of Chemistry 2025
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pyridine), in copper complexes. In the monometallic copper
complexes, the difference in activity observed where the most
active complex was complex 5 (10.6 + 0.5 uM) containing a
nitrate ligand, could be attributed to its greater solubility in
aqueous medium compared to the chloride derivative, which
creates a more hydrophobic environment and exhibits lower
activity (16.0 + 0.9 uM).>* However, in the case of bimetallic
complexes 6 and 7 the tendency was unclear indicating that
the nature of the counterion is crucial in the biological
outcome of these derivatives, in agreement with the EPR
results. This difference in activity among the copper complexes
bearing different ligands—chloride or nitrate—in the coordi-
nation sphere, has been previously reported in the literature
for dendritic carbosilane systems decorated with the same imi-
nopyridine complexes. These studies revealed that replacing
the nitrate ion with chloride increased both the quantity and
strength of dendrimer interactions with membrane models,
with the chloride-containing dendrimer exhibiting the stron-
gest interactions. However, excessive stabilization within the
cell membrane could sometimes lead to a reduced cytotoxic
effect or even affect the internalization mechanism of the den-
dritic species within the cell.*®

Next, we focused on two processes, cell migration and
adhesion, intimately related to tumor invasion and metastasis
processes.*>3°

Cell migration occurs throughout the carcinogenesis
cascade and is particularly important during invasion, which
is the first step towards metastasis. After chemotactic
migration, a cancer cell infiltrates the adjacent tissue and local
vasculature. The ability of the compounds to inhibit cell
migration was evaluated using a wound closure assay. Fig. 9A
and B shows that all the compounds caused a significant

24 h
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Fig. 9
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decrease in cell migration. The percentage (%+ESM) of wound
closure after 24 h of treatment with respect to the untreated
control (100%) was as follows: (4), 39 + 8; (5), 35 + 7; (8), 35 =
9; (6), 38 £ 105 (7), 46 + 10; (9), 54 + 10. Most of the compounds
showed great capacity to prevent closure, with no significant
differences between them, with only the bimetallic Ru(u) 9
complex showing capacity of wound closure lower than 50%
with respect to the control at 24 hours.

Cell adhesion is a critical component in cancer progression
and in the development of resistance in cancer treatment.
Through this mechanism, tumor cells are able to invade the
tissues bordering the primary tumor and extravasate during
metastasis. Regarding cell adhesion assays, the capacity of PC3
cells to adhere to a type I collagen layer was analyzed at two
different times, 0 and 80 minutes after treatment of the cells
with the synthesized compounds. The obtained results were
compared with their respective untreated controls and are
shown in Fig. 9C. All the complexes had the capacity to reduce
cell adhesion, with the monometallic complexes 4, 5 and 8
with primary amine type ligands being more relevant, which
achieved even significant reductions immediately after the
addition of the respective compounds with no significant
difference in the nature of the metal core. On the other hand,
bimetallic complexes with iminopyridine-type ligands, 6, 7
and 9, were able to reduce adhesion at short times, while, at
longer times, they showed a lower efficiency with respect to
monometallic derivatives.

In any case, the fact that all complexes have the capacity to
reduce cell adhesion and migration is an encouraging result,
taking into account that advanced prostate cancer tends to
metastasize more frequently to the bone, whose matrix is
mainly composed of collagen.’” Therefore, at this point it

(6) (7 _(8) (9)

Time (h)

(A) Wound closure assay. Images were obtained at 0 h and 24 h after the wounds. (B) Cell migration under treatment with compounds 4-9

after 24 h. (C) Cell adhesion under treatment with compounds 4-9. Values are mean + SEM representative of three independently performed experi-

ments are shown. ***p < 0.001 with respect to control values.

This journal is © The Royal Society of Chemistry 2025
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could be affirmed with the adhesion and migration results

that the complexes could have antimetastatic activity in vitro.
Anti-cancer therapies aim to eliminate cancer cells through

various mechanisms of destruction, including metabolic
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Fig. 10 Effect of compounds 4-9 on the clonogenicity in PC3. The
results are expressed as a percentage of the control value. Data are
mean + SEM of three independent experiments; ***p < 0.001, with
respect to control values.
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death, apoptosis, and clonogenic death.’® Apoptosis is a form
of programmed cell death that results in nuclear DNA frag-
mentation,*® while clonogenic death is a result of the loss of a
cancer cell’s ability to proliferate indefinitely.

The effect of metallic compounds on decreasing the
number of tumor cell colonies formed from individualized
cells was analyzed by a clonogenic assay that measures the
capability of a single cell to form a colony. Fig. 10 shows the
colonies of PC3 cells before (control) and after the treatments.
In the case of the copper derivatives, no cell colonies were
observed on the plate. This suggests that complexes 4-7 have
the highest antiproliferative activity. In the case of the ruthe-
nium derivatives 8 and 9, some colonies were observed, but
their numbers were minimal with respect to the control
(untreated) cells. Consequently, the newly generated complexes
are able to prevent the uncontrolled growth of small colonies
that would eventually constitute the tumor.*

Other important parameters in tumorigenesis is cell cycle
regulation, and therapeutic agents designed to regulate the
cell cycle have beneficial effects on tumorigenesis.*"**> The
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Fig. 11 Analysis of the cell cycle in PC3 cells after treatment with polyamine ligand complexed by ruthenium(i) or copper(i). The table shows the
results as a percentage of cells in each phase of the cycle compared to untreated control cells. Data in the table are the mean + SEM of four inde-

pendent experiments; *p < 0.05; **p < 0.01; ***p < 0.001 vs. control.
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arrest of the cell cycle allows damaged cells to be repaired, and
prevents the progression of DNA alterations. If this repair is
unsuccessful, it may lead to the apoptosis of damaged cells.

Analysis of the cell cycle was carried out to discover any
change in the PC3 cell cycle that may be related to the
reduction of cell proliferation (Fig. 11). Analysis of the
cell cycle allowed us to classify cells in different phases: G1
(cell growth), S (DNA duplication), G2/M (cell growth and
mitosis), and SubGo (resting phase, that could lead to apopto-
sis). Table 2 shows that, after treatment of PC3 cells with all
compounds the number of cells in the G2/M phase decreased
to 13.05 + 0.9%, whereas cells in the S-phase increased up to
15.49 + 1.76% after treatment with compounds 4, 5, 6 and 7,
indicating S-phase arrest. Moreover, the treatment with com-
pounds 4 and 5 led to apoptosis, leading to 9.60 + 1.13% cells
in this phase. These results indicate that our complexes could
produce cyclic arrest, and apoptosis would reduce the pro-
gression of cancer cells. These results are consistent with the
literature for different types of Ru(u) and Cu(u) metal com-
plexes, where it is postulated that death by apoptosis may
occur by different pathways mediated by death receptors, mito-
chondria and/or endoplasmic reticulum stress.**™*>

Furthermore, a large number of studies have shown that
reactive oxygen species (ROS) play an important role in almost
all types of cancer. Many aspects of tumor development and
progression are favored by elevated levels of ROS in these
cancers. Nevertheless, the presence of antioxidant proteins in
the tumor microenvironment has also been described,
suggesting that a delicate balance of intracellular ROS levels is
required to allow cancer cells to have a viable life. Fine-tuning
intracellular ROS signaling to block tumor-promoting effects
and enhance ROS-driven apoptosis is a key challenge for new
therapies.*®

We assessed the effect of new metallic complexes on the
levels of ROS generated after treatment with bis(2-ethylhexyl)-
3,4,5,6-tetrabromophthalate (TBPH). The cells were incubated
with complexes for 24 h and then treated for 30 min with the
probe CMH,DCFDA. The effect of TBPH on cell levels of
endogenous ROS was studied with a pulse. As shown in
Fig. 12, a significant increase in intracellular ROS production
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Fig. 12 Effect of compounds 4-9 on oxidative stress induced by TBPH
in PC-3 cells. The results are expressed as mean fluorescence per cell.
Data are mean + SEM of three independent experiments; ***p < 0.001,
with respect to control values.
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was achieved in cells treated with TBPH. Pre-treatment with all
compounds significantly decreased the endogenous levels of
ROS induced by this pulse of TBPH indicating a potential anti-
oxidant effect of all complexes in PC3 cells. Therefore, our
complexes could limit ROS levels, inhibiting protumoral and
prometastatic signaling pathways.

4. Conclusions

In summary, organometallic complexes of Ru(u) and Cu(u) were
successfully synthesized and characterized, containing a nor-
spermine ligand modified with a carbosilane moiety in the
central amino group of their structure. We found that the che-
lating effect of the iminopyridine ligand stabilizes the metallo-
drug and promotes the formation of a bimetallic complex, in
contrast to polyamino ligand 2, which tends to incorporate a
single metal center. EPR studies of the copper complex provided
valuable information about the behavior of the metallodrugs in
solution and revealed a partially distorted square planar Cu-N2
coordination for the complexes with molar ratios of ligand : Cu
(n) ranging from 1:1 to 2 : 1. Their mobility was reduced to half
if compared to the ions in the absence of the ligands. However,
a parallel study with increasing Cu(u) concentrations shows the
formation of a Cu-N4 coordination at the lowest Cu(u) concen-
trations, but partially surviving at the 1:1 molar ratio, while,
starting from the same 1:1 molar ratio, an increasing fraction
of Cu(u) ions were confined outside the complexes, only inter-
acting with the solvent. The chloride counterions play a signifi-
cant role in modifying the parameters with respect to the
nitrate counterions, showing that they participate in the coordi-
nation sphere of the Cu(u) ions.

In the study of antitumoral activity, we observed how
increased metallodrug lipophilicity and the nature of the in-
organic ligand (chloride or nitrate in the case of copper metal-
lodrugs) produces a different cytotoxic effect. However, while
the type of metal ion does not seem to be critical for antitu-
moral activity—since all the complexes evaluated exhibited
similar ICs, values, all compounds induced apoptosis and
arrested the cell cycle, prevented cell migration and cell
adhesion and decreased the endogenous levels of ROS
induced by external stimuli—it plays a crucial role in antiproli-
ferative activity, with the copper derivatives demonstrating a
greater effect.

Overall, the promising results obtained with Ru(u) and Cu
() complexes, as described in this work, provide a solid base
for the design of multivalent platforms, such as dendrimers.
Furthermore, this approach helps to understand the effects of
incorporating multiple Ru(u) or Cu(i) complexes per dendritic
branch into a single scaffold and allows the study of the
impact on their antitumoral activity. In addition, the monome-
tallic Cu(u) derivative (4) stands out with the best in vitro
activity of all the complexes studied. These results open the
door for future in vivo experiments confirming the potential
anticancer and antimetastatic use of 4 in different prostate
cancers.
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