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C

The synthesis and characterization of novel platinum(i) and platinum(v) complexes derived from unsym-
metrical ethylene or propylenediamine derivatives are presented. IR spectroscopy and ESI mass spec-
trometry techniques were employed to characterize the complexes, revealing distinctive absorption
bands and isotope patterns. Furthermore, the complexes were characterized by 'H and **C NMR spec-
troscopy. Single-crystal X-ray structural analysis elucidated the coordination geometry and intermolecular
interactions of complexes 3, 4 and 6. Cytotoxicity evaluation of the complexes on various cell lines high-
lighted complex 3 as the most active, realizing its tumoricidal activity through induction of apoptosis and
increased total caspase activity in MCF-7 cells. Since its application is followed by cytoprotective auto-
phagy, the effectiveness can be additionally empowered by concomitant inhibition of this process.
Furthermore, the Pt" compound 3 induces oxidative stress in hemoglobin, and is reducible by gluta-
thione, suggesting its potential as a carrier for the active Pt" precursor 2a to cancer cells without increas-
ing cytotoxicity. Cyclic voltammetry corroborates the ability of complex 3 to undergo reduction under

rsc.li/dalton physiological conditions.

Introduction

Platinum-based complexes, particularly cisplatin, have played
a pivotal role in cancer treatment for nearly 60 years.'
Discovered by Barnett Rosenberg, the cytotoxic properties of
cisplatin were a breakthrough in cancer treatment. Although
initially synthesized in 1844, it only entered clinical use in the
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late 1970s. Cisplatin is widely employed against various
tumors, achieving significant success, especially in testicular
cancer, once considered fatal.> However, its effectiveness is
marred by severe side effects and the development of resis-
tance by tumor cells.>* To address these challenges, research
has focused on enhancing selectivity and developing new plati-
num-based compounds. Derivatives like carboplatin, oxalipla-
tin and platinum(iv) complex satraplatin (2"4-4™ generation of
platinum-based drugs)® showcase advancements, aiming for
improved efficacy and reduced side effects. Platinum(v) com-
plexes represent an innovative avenue in platinum-based
chemotherapy.® These complexes offer the potential for oral
administration, addressing some limitations associated with
intravenous delivery. Satraplatin, the first oral platinum-
based drug, showed promising properties, demonstrating
efficacy against cancer cells resistant to cisplatin, attributed
to decreased platinum transport.” Synergistic pairings invol-
ving satraplatin include erlotinib for ovarian cancer, bevaci-
zumab, docetaxel, and prednisone for prostate cancer.
Moreover, satraplatin exhibited synergy with gemcitabine in
addressing a spectrum of cancers, including prostate cancer,
pancreatic, hepatocellular carcinoma, gastric, bladder, and
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papillary renal carcinoma. Despite the success of platinum
complexes, challenges such as resistance development and
side effects persist. The goal in development of each plati-
num-based drug was to overcome limitations of cisplatin
and refine platinum-based chemotherapy for better cancer
treatment outcomes.

Platinum complexes have been at the forefront of medicinal
chemistry for decades, particularly in the field of cancer treat-
ment.® Among the various platinum complexes, those invol-
ving ethylenediamine (en) and propylenediamine (pn) ligands
have demonstrated significant promise due to potential thera-
peutic applications. Platinum(n) complexes with en and pn
ligands have been extensively studied. The groups of Nolan
and Kaluderovi¢ investigated platinum(u/iv) complexes with
different ethylenediamine derivatives.” ™ In vitro studies have
demonstrated for instance that some of these complexes
showed improved pharmacological profile under normoxic
and hypoxic conditions in comparison to cisplatin.'* Also the
selectivity toward tumor cells was enhanced, which is crucial
for minimizing collateral damage to healthy tissues and redu-
cing adverse effects during treatment. These findings were fur-
thermore corroborated with in vivo experiments, showcasing
the potential of platinum(v) complexes as promising candi-
dates for cancer therapy.'® Their ability to exhibit enhanced
tumor-targeting properties while mitigating systemic toxicity
underscores their potential as effective anticancer agents. On
the other hand some transition metal ions (Ni", Cr'", Co™)
bearing 2-(2-aminoethylamino)acetate as ligand are well
studied."®® Furthermore crystal structures were determined
for Re', cu", cr', and Co™ complexes.'*>* The group of
Gielen investigated different platinum(u) complexes with
4-[(2-aminoethylamino)methyl Jphenyl derivatives.>*

In the present work we have explored the synthetic path-
ways, structural characteristics, and biological implications of
platinum(u) and platinum(iv) complexes incorporating ethyle-
nediamine and propylenediamine ligands (Scheme 1).

Scheme 1 Synthesis of the Pt and Pt" complexes.
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Results and discussion
Synthetic procedures

As starting compounds for the synthesis of novel platinum(u)
and platinum(iv) complexes, K,[PtCl,] or K,[PtCls] and unsym-
metrical ethylene- or propylenediamine derivatives were used
(Scheme 1). The ester-protected ligands employed can be
directly added as basic diamines or hydrochloride salts to an
aqueous solution of the appropriate platinum complex.
However, it is crucial to precisely control the pH milieu in this
synthesis, as exceeding a pH value of 7 due to a high concen-
tration of unreacted diamines leads to decomposition of the
starting materials, platinum(u) or platinum(v) complex, to
metallic platinum. Complex 8 was obtained in good yield by
reacting complex 3 with an aqueous HCI solution (0.1 M) for
several hours. The isolated platinum(ir) and platinum(w) com-
plexes were characterized by 'H, "*C NMR spectroscopy, IR
spectroscopy, and mass spectrometry. The purity of the com-
pounds was confirmed by elemental analysis. All complexes
are obtained as racemates (chiral secondary nitrogen atom).

Characterization

IR spectra of complexes 1-8 exhibit a prominently evident
absorption band centered around 1700 cm™ ", assigned to the
C=0O0 stretching vibration (Table 1), associated with either car-
boxylic acids or their ethyl esters. The symmetric COOH/
COOEt stretching vibrations appear at ca. 1370 cm™". For the
platinum(n) and platinum(v) complexes bearing N,N-di-
substituted ethylene- and propylenediamine ligands appropri-
ate absorptions are found at similar wavelengths.”>™” The
platinum(n) complex 4 was already reported by Nolan et al
and showed good agreement (e.g. ¥(COOH) was observed at
1719 cm™" (literature: 1720 cm™')).° Furthermore, O-H
vibrational bands were detected at around 3440 cm™, N-H
vibrational band at approximately 3200 cm™".

The ESI mass spectra of complexes 5 and 7, representing
platinum(n) and platinum(iv) complexes with two and four
chlorido ligands, are discussed here as examples. Due to the
natural abundance of various platinum (***Pt 32.90%, '*°Pt
33.80%, "°Pt 25.3%, '°®Pt 7.2%) and chlorine isotopes (**Cl
75.77%, *’Cl 24.23%), the isotope patterns of the presented
platinum(n) complexes are comparatively rich in lines and

Table 1 Selected IR (cm™) and NMR (ppm) data for complexes 1-8

IR data NMR data
NHCH,C NHCH,C CO

Complex »(N-H) ¢(O-H) ¢(C=0) 6y S Sc

1 2962 — 1717 4.01 54.6 165.6
2 3264 — 1708 4.31 (br) 55.8 165.9
3 3200 — 1716 4.31 (br) 50.2 165.8
4 3141 3446 1719 3.45-4.09 56.9 170.1
5 3214 3433 1690 4.00-4.32 55.3 168.5
6 3183 — 1679 3.46-4.06 55.4 179.7
7 3181 3440 1686 4.32 (br) 56.1 167.5
8 3240 3456 1701 4.19 49.7 166.9

This journal is © The Royal Society of Chemistry 2025
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informative regarding the number of chlorido ligands. From
this, the elemental composition can be inferred by calculating
the relative intensities of the isotope peaks. Fig. 1 shows
excerpts of the ESI mass spectra in the range of the molecular
ion peak of 5, namely [5 + Na]’, along with the calculated
isotope pattern. Compared to the platinum(u) complexes, the
depicted platinum(iv) complexes contain two additional chlor-
ido ligands, and therefore the obtained mass spectra are con-
siderably richer in lines. The mass spectrum of complex 7
shown in Fig. 1, measured in negative ion mode, closely
matches the calculated isotope pattern in appearance and
shape, particularly in the region of the molecular ion peak. In
this case, the complex is negatively charged due to the release
of a proton [7-H']".

The ethylenediamine- or propylenediamine-containing ligands,
bind in a ¥*-N,N' mode to the platinum(u) or platinum(wv) ions,
forming five- or six-membered rings. A comparison of the
chemical shifts in the "H NMR spectra of the ligands and the
appropriate platinum(u) and platinum(iv) complexes showed a
coordination-induced shift of the proton resonances in the
ligand backbone as well as multiplets, as the protons exhibit
diastereotopic behavior upon coordination. This is particularly
evident in the resonance pattern of the methylene bridge
between the amine-containing chelate systems and the
aromatic ring in the "H NMR spectrum, as observed and
shown exemplarily for complex 5 (Fig. 2). Upon coordination
of 4-[(2-aminoethylamino)methyl]benzoic acid, the chemically
identical hydrogen atoms H3 and H3' become diastereotopic.
Due to the resulting *Ji u coupling, the chemical shift, orig-
inally observed as a singlet in the free ligand, changes to a
complex, unsymmetrical multiplet, observed in the range of
4.00-4.32 ppm for complex 5.
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Fig. 1 Molecular ion peak in the ESI mass spectrum of 5 (upper: [5 +
Na]*) and 7 (lower: [7-H*]7).
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Fig.2 H NMR spectrum of 4-[(2-aminoethylamino)methyllbenzoic
acid and 5 (300 MHz, DMSO-ds).

Moreover, a coordination-induced shift was observed in the
ethylenediamine/propylenediamine chelating moiety. In the
'H NMR spectrum, exemplarily shown for complex 5, the four
hydrogen atoms of the CH, groups in the NHCH,CH,NH,
moiety (in the range of 2.10-2.30 ppm) were downfield shifted
in comparison to the free ligand (Fig. 2). One reason might be
the possible - and A-conformation of the five-membered ring
in complex 5. Yoshikawa et al. reported the '"H NMR spectra of
platinum(u) complexes with coordinated N-substituted ethyle-
nediamines.”® In that study, a spectrum analysis was con-
ducted after ligand coordination at the platinum atom. Similar
to the present work, upon coordination of the analogous che-
lating ligand N-benzylethylenediamine, the resonances of the
methylene hydrogen atoms are observed as a multiplet, a
similar pattern to what was found in our study. Similarly to
complex 5, other platinum(u) and platinum(iv) complexes (1-4
and 6-8) showed multiplets or at least a broad resonance in
the range of 3.43-4.32 ppm for the methylene hydrogen atoms.
The chemical shifts of the respective CH, groups in the appro-
priate complexes can be found in the "*C{'"H} NMR spectra
between 50-60 ppm. The hydrogen and carbon atoms within
the Et moieties (from the ester function) of complexes 1-3 dis-
played resonances resembling those seen in the NMR spectra
of their respective free ligands.

Molecular structures

Three complexes 3, 4 and 6 have been characterized by single-
crystal X-ray structural analysis. Clear yellow crystals of
complex 3 suitable for single-crystal X-ray structural analysis
were obtained from a saturated DMSO solution. The complex

Dalton Trans., 2025, 54, 3597-3609 | 3599
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crystallizes in the monoclinic space group P2;/n with four
molecules of platinum(v) complex and DMSO each, as well as
two molecules of water in the asymmetric unit. With the excep-
tion of the COOEt substituent and solvent molecules, these
complex molecules are symmetry related (pseudo symmetry;
Fig. S1 (ESDt). Platinum atoms are octahedrally coordinated
(Fig. 3 and S2 (ESDf). The six-membered ring formed by the
coordination of nitrogen atoms adopts the typical chair confor-

'
e ee“ ¢ 0 a
0&1 xN' o cle L» c

Fig. 3 Molecular structure of 3 (top; displacement ellipsoids 50% prob-
ability) with co-crystallized solvent molecules (bottom; ball and stick).

Table 2 Selected bond lengths and angles for complexes 3, 4 and 6

View Article Online
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mation, with N-Pt-N bond angles ranging from 96.5(2)° to 97.2
(2)° (Table 2). DMSO and water molecules, co-crystallized in
“solvent channels” parallel to (100), interact via intermolecular
hydrogen donor acceptor bonds with adjacent molecules and are
arranged in a completely ordered manner (Fig. 3, bottom;
Table S2, ESIt). The most important intermolecular hydrogen
donor---acceptor distances are N1(H)---O9 (2.788(5) A), N3(H)
012 (2.754(5) A), N5(H)--011 (2.753(5) A), N7(H)---010
(2.796(5) A), O13(H)---O11 (2.863(7) A), O13(H)---Cl4 (3.445(6) A),
014(H)---012 (2.862(7) A) and O14(H)---Cl16 (3.493(6) A).

Complex 4 has already been described and characterized by
Nolan et al. in 2001.° In the present study, complex 4 was
additionally characterized by single crystal X-ray diffraction
analysis. Complex 4 crystallizes from a boiling aqueous solu-
tion by slow cooling to 4 °C as colorless needles in the mono-
clinic space group P2;/c. The corresponding platinum(iv)
complex 6 crystallizes also from a boiling aqueous solution by
slow cooling to 4 °C as yellow needles in the monoclinic space
group C2/c. The molecular structures of both complexes are
depicted in Fig. 4, a selection of bond lengths and angles of
the two complexes is compiled in Table 2 and Table S2, ESIf.

The platinum(i) complex 4 crystallizes with one equivalent
of water. The platinum atom in the complex exhibits a typical
square-planar coordination environment, with a total angle
sum of 360.07°. In the solid state hydrogen donor-:-acceptor
bonds are detectable (Fig. 5, top; Table S2, ESIt). Thus, the
complex interacts with the water molecule O3 (N1(H)---O3 =
2.871(6) A and 03'(H)---Cl1 = 3.282(5) A), via N2 with Cl1’ (N2
(H)---Cl1’ = 3.280(4) A) and the COOH group of an adjacent
molecule (O1(H)---02' = 2.639(5) A), which is typical for car-
boxylic acids. In addition, the water molecules interact with
each other as well (O3(H)---03' = 2.941(7) A). As O3 and 03’ are
related by symmetry (center of inversion), the hydrogen atoms
H203 and H2OF are disordered by symmetry (Fig. 5, top).
Overall, all these intermolecular interactions form a 3D
polymer network. The five-membered Pt-N1-C1-C2-N2 ring
adopts the typical § and 1 conformations, with the carbon
atoms C1 and C2 protruding from the square-planar coordi-
nation sphere of the platinum atom (Fig. 4).

3¢ 4

Pt-N1 2.050-2.056(4) Pt-N1
Pt-N2 2.095-2.109(4) Pt-N2
Pt-Cl1 2.321-2.326(1) Pt-Cl1
Pt-CI2 2.299-2.304(1) Pt-CI2
Pt-Cl3 2.334-2.339(1) N1---03
Pt-Cl4 2.306-2.308(1) 01---02'
NH-O(pumso) 2.753-2.796(5) 03---03'
OH-O(pmso) 2.862-2.863(7) N1-Pt-N2
CH-O 3.211-3.580(7) N1-Pt-Cl1
OH-CI 3.445-3.493(6) N1-Pt-CI2
N1-Pt-N2 96.5-97.2(2) N2-Pt-CI2
N1-Pt-Cl1 86.7-87.6(1) Cl1-Pt-Cl2
N1-Pt-Cl2 89.2-89.7(1) N1-Pt-CI2
N1-Pt-Cl4 86.5-87.2(1)

6

2.032(4) Pt-N1 2.037(3)
2.058(4) Pt-N2 2.048(3)
2.301(1) Pt-Cl1 2.293(1)
2.320(1) Pt-CI2 2.298(1)
2.871(6) Pt-CI3 2.295(8)"
2.639(5) Pt-O1 2.017(3)
2.941(7) N1---02' 2.843(5)
84.0(2) N1---02" 2.839(5)
91.6(1) N1-Pt-N2 84.6(1)
177.9(1) N1-Pt-Cl1 91.4(1)
94.4(1) N1-Pt-CI2 89.8(1)
90.07(4) N2-Pt-CI3 94.1(3)"
177.9(1) Chi-pt-Cl2 92.65(4)

“ For the four independent molecules of 3 a range is given. ® Disordered Cl3 overlapped with Br3F.
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Fig. 4 Molecular structures of platinum(i) complex 4-H,O (upper) and
platinum(iv) complex 6 (bottom). The depicted ellipsoids correspond to
a probability of 50%. For the sake of clarity, disordered and hydrogen
atoms, except NH and OH, are omitted.

Fig. 5 Intermolecular interactions in complexes 4 (top) and 6 (bottom).

In the molecular structure of complex 6, bromine impuri-
ties are observed (Cl3:Br3F disorder = 0.776(3):0.224(3)). It
can be assumed that bromide was present as an impurity in
the protonated ligand, as bromoacetic acid was used as a start-

This journal is © The Royal Society of Chemistry 2025
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ing material for the synthesis. However, this impurity exhibits
an interesting property as only the CI3 substituent is affected.
Through chelating coordination of the ethylenediamine
ligand, a five-membered ring (Pt-N1-C1-C2-N2) is formed,
which, similar to platinum(u) complex 4, adopts § and 4 con-
formations. Another feature of complex 6 is the coordination
of the carboxylate group at the platinum atom, resulting in the
formation of a second five-membered ring (Pt-N2-C3-C4-01)
in an envelope conformation (Fig. 4). Platinum(iv) complexes
described in the literature with a comparable ethylenediamine
derivative (ethylenediamine-N,N’-diacetic acid, H,edda) as a
ligand also show coordination of the carboxylato groups at the
central atom. In the platinum(iv) complex [PtCl,(edda)]
described by Nolan et al.,” water molecules form hydrogen
bonds to the oxygen atom of one of the coordinated carboxy-
lato groups in the solid state. However, the platinum(iv)
complex 6 discussed in this study crystallizes without solvent,
yet intermolecular hydrogen bonding occurs between N1 and
02 (N1(H)---02' = 2.843(5) and N1(H)---02" = 2.839(5); Fig. 5
bottom) forming chains along (110).

Stability study

Despite the widespread use of DMSO as a solvent for the anti-
cancer drug cisplatin in pharmacobiochemical experiments,
until Sadler’s investigations there were insufficient data on
potential solvolysis products, primarily due to the limited
methods available to detect and structurally characterize such
products.”® Using '®’Pt NMR spectroscopy, the Sadler group
was first to identify up to six different solvolysis products of
cisplatin in a DMSO solution, with cis-[PtCI(NH;),(DMSO)]"
being the main product.

As an example of the solvolysis susceptibility of the plati-
num(u) complexes synthesized in this study, we will use
complex 5. Complex 5 was dissolved in DMSO-dg, and immedi-
ately afterward, a 'H NMR spectrum was recorded (Fig. 6),
which is considered representative of the intact complex.

At 2.20 ppm, the proton signals of the ethylenediamine
backbone are observed as a multiplet. The two diastereotopic

| | solvolysis product(s)
2h

35 min l l

25 min

10 min

145 13.5 125 8.0 7.0 6.0 5.0 40 3.0
&in ppm

Fig. 6 Time-resolved *H NMR spectra of 5 (300 MHz, DMSO-d).
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protons of the methylene group NHCH,C split into a multiplet
in the range of 4.15 ppm due to a geminal coupling. The
proton resonances of the coordinated amine groups are
observed as doublet and singlet at 5.30 ppm and 6.75 ppm,
respectively. The center of gravity of the AB spin system of the
four protons of the aromatic ring is found around 7.82 ppm.
Likewise, the proton of the free carboxylic acid group appears
as a broad singlet around 13.0 ppm. After immediately record-
ing the proton spectrum, additional spectra of the same
sample were recorded 10, 25, 35, 60, and 120 min after
complex 5 was dissolved. Already 35 min after dissolution, in
addition to the initial chemical shifts, further resonances in
the range of the amine protons can be found (Fig. 6, 35 min).
These are shifted to lower field compared to the amine proton
resonances observed earlier. After 2 h, a series of new reso-
nances appeared in the "H NMR spectrum, making the overall
spectrum difficult to interpret (Fig. 6, 2 h). The expected solvo-
lysis product is shown in Scheme 2. However, the complexes
do not undergo solvolysis in DMF for the time period relevant
for in vitro tests (96 h).

In vitro activity

Evaluation of the cytotoxic effects of five platinum(u) and plati-
num(wv) complexes on a panel of four distinct cell lines,
namely 8505C, MCF-7, 518A2, and SW-480, was performed.
The cells were treated for 96 h and the impact of the com-
pounds on cell viability was determined via a sulforhodamine
B (SRB) assay.’®?! The results obtained from these experi-
ments, as well as literature values for cisplatin,** are summar-
ized in Table 3, while dose-dependent graphs can be found in
Fig. S5 (ESI).t

Complexes 5 and 7 demonstrated lower cytotoxic activity
compared to the other investigated platinum(u) and
platinum(iv) complexes as well as cisplatin. Both 5 and 7 were
inactive against the tested cell lines except SW-480 cells,
suggesting a weaker cytotoxic potential and a moderate sensi-

H oH H oH
CI/,I' “‘\\N fo) DMSO DMSO/,,’ ..\\‘N

Pt - Pt
H H

Scheme 2 Solvolysis of 5in DMSO.

Table 3 The ICso concentrations (mean + SD in uM) were determined
for complexes 2, 3, 5, 7, and 8 following 96 h of treatment using an SRB
assay

Complex 8505C MCF-7 518A2 SW-480
2 38+2 17 +3 19 +4 8+1
3 20+1 13 +£3 14 + 4 13 + 4
5 >100 >100 >100 50 +8
7 >100 >100 >100 84 +10
8 325 29+3 16 +3 10+£2
Cisplatin®? 5+0 240 2+0 3+0

3602 | Dalton Trans., 2025, 54, 3597-3609
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tivity of certain cell type. Of particular interest was the sensi-
tivity of the SW-480 cell line to all platinum complexes. This
underscores the importance of structural variations in plati-
num complexes and their impact on biological activity.
Notably, while complex 3 exhibited significant antitumor
activity across multiple cell lines, it did not surpass the efficacy
of cisplatin. On the other hand, when the investigated com-
plexes were initially dissolved in DMSO the viability experi-
ments showed that solvolyzed products mostly lose initial
in vitro activity showing clearly that solvolytic products exhibit
mostly lower activity (Table S3, ESIT). Complex 3 emerged as
the most active among all investigated complexes and was
selected for further investigation. Primarily, the examination
of the effect of 3 on human transformed MRC5 lung fibro-
blasts (Fig. S6, ESIT) revealed lower sensitivity comparing to
MCF-7 cells, outlining a tendency to recognize tumor pheno-
types over normal cells (the selectivity index (SI) is 4.6).

Further, an examination was conducted to determine
whether 3 induces apoptosis in the MCF-7 cell line (Fig. 7). It
was revealed that 3 causes an increase in the early and late
apoptotic cell population. Upon identifying the cause of cell
death in MCF-7 cells, further investigation was carried out to
determine if complex 3 induces caspase activation. Despite the
fact that the MCF-7 cell line is deficient in caspase 3, 3 was
able to boost total caspase activation and consequently realiz-
ation of the complete apoptotic program.*?

Subsequently, the impact of 3 on inducing autophagy in
treated MCF-7 cells was examined (Fig. 8). It was detected that
treatment with 3 led to extensive autophagy in MCF-7 cells. As
autophagy initiation can serve as both, a cell destruction and a
cytoprotective mechanism,** the role of autophagy in MCF-7
cells was investigated in the presence of the autophagy inhibi-
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tor 3-methyladenine (3-MA) along with 3 (Fig. 8). It was
demonstrated that in this case, autophagy induction influ-
enced by 3 was exclusively of a cytoprotective nature.

Biologically-relevant reactivity

Since Pt" drugs or drug candidates are generally expected to
be reduced to Pt" by the thiol pools inside living cells, the
reactivity of compound 3 towards a representative thiol, gluta-
thione (GSH),**>® was investigated. At concentrations ranging
up to 1 mM and pH 7, which are biologically relevant,’” GSH
caused a reduction in the UV absorbance characteristic of the
compound (Fig. S7, ESIt). This reduction occurs at concen-
trations of 3 as low as 15 pM (and up to the highest tested con-
centration, 75 pM), and with thiol concentrations ranging
from 1.5 pM to 1 mM. These concentrations span not only the
values seen inside cells, but also those in blood. As such, one
may expect that partial reduction of 3 would already occur in
blood, before reaching the target tissues. Alternative reduction
pathways for Pt compounds in blood have also been evi-
denced, e.g. with ascorbate.*®

Serum albumin, which is a major reservoir of thiol groups
in the blood and reaches concentrations of ca. 600 pM, was
found not to affect the UV-vis spectrum of 3 upon mixing.
Incubation of 3 at 37 °C in phosphate buffer for 4 h resulted in
only a minor decrease in absorbance, similar to the one
induced by GSH; serum albumin did not affect this phenom-
enon (Fig. S8, ESIT).

Another major component in blood, to which any thera-
peutic agent would be exposed, is hemoglobin (Hb). A range of
compounds with therapeutic action or potential (e.g. anti-
cancer, but also others), including Pt"-based compounds, have
been shown to affect the oxidative reactivity of Hb - either
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acting as antioxidants or as agents of oxidative stress that favor
Hb autoxidation and ensuing pro-oxidant cascades.***° The
latter situation may be of relevance in understanding the
potential side effects or, in limiting cases, the modulation of
the therapeutic effects of those agents. The sources of reactiv-
ity towards Hb may either be the redox-active groups in the
therapeutic agents (e.g., aromatic rings, or metal centers) that
interact with Hb directly or with Hb-derived oxidative stress
agents, or simple allosteric interactions, or both. Compound 3
would in this context not be expected to be an efficient source
of electrons - due to the oxidation state of the metal (Pt") and
the rather low redox reactivity of the pyridine ring in the
ligand. Unlike some other anticancer drugs, compound 3
indeed showed no ability to reduce the high-valent ferryl form
of Hb (Fig. S10, ESIt) known to be involved in physiologically
relevant processes.*” Instead, 3 clearly induces autoxidation of
oxy Hb even at low-micromolar concentrations (Fig. S9, ESIf)
that are at the upper limits of physiologically attainable con-
centrations during intravenous administration of anticancer
drugs.*!

Binding of 3 to serum albumin as well as to Hb was con-
firmed by fluorescence measurements (Fig. S11, ESI{). The
intrinsic fluorescence of these two proteins, due to the aro-
matic tryptophan and tyrosine residues, is quenched effectively
by 3 at concentrations of 50 pM and higher (Fig. S11, ESIf),
suggesting that the ability of 3 to bind to proteins is relatively
limited. The latter would be an advantage for a therapeutically
useful platinum(iv) complex whose goal is to deliver the Pt and
its axial ligands into cells without remaining trapped on blood
proteins.

Overall, in terms of biologically relevant reactivity, these
data confirm that Pt" compounds of the class synthesized and
described in the present study (1) show moderate affinities to
proteins at physiologically relevant concentrations, (2) can act
as inducers of oxidative stress towards a major metalloprotein
in the blood, hemoglobin, and (3) can be efficiently reduced by
a representative thiol, glutathione.

Electrochemistry

Because Pt" compounds function as prodrugs, the reduction
potential represents a pivotal pharmacological parameter,
enabling the assessment of drug activity toward tumoral cells.
The correlation between the reduction potential of Pt"™ conju-
gates and the biostability of the compound in the bloodstream
was mentioned in previous investigations;** in case of a high
reduction potential (tetraplatin E.q = —0.090 V, Ag/AgCl or
—0.638 V FcH/FcH"), the reduction is too fast in the blood and
the toxicity expressed by the compound is too high, while a
low reduction potential (iproplatin E,.q = —0.730 V, Ag/AgCl, or
—1.278 V FcH/FcH") diminishes the possibility of Pt" to be
reduced to the biologically active Pt" species in the tumor
cells.*>*

Due to the low solubility of Pt" derivative 3 in water, the
redox potential was evaluated by cyclic voltammetry in DMF
solution (Fig. S12, ESIf) and the potential was expressed
against that of the ferrocene/ferrocenium (FcH/FcH') redox
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Potential/V (vs. Ag/AgCl)

Potential/V (vs. FcH/FcH")

Peak position Oxidation (anodic) Reduction (cathodic) Oxidation (anodic) Reduction (cathodic) AELIV
I —0.064 —-0.305 -0.612 —-0.853 0.241
I -0.755 —0.800 -1.303 —1.348 0.045
I -1.340 -1.390 —1.888 —1.938 0.050

AEP = Epeak anodic — Lpeak cathodic

couple. In the cyclic voltammogram 3 shows three oxido-
reduction processes, where peak I is quasi reversible (AE, >
59 mvV), while peak II and peak III are reversible (AE, <
59 mv).

Analyzing the values of the reduction potentials of com-
pound 3 (Table 4) and comparing them with previously
reported data, it can be said that the values obtained are much
lower than those reported for iproplatin, whose reduction in
the body to Pt" is too slow, and higher than those for tetrapla-
tin, whose reduction in the body is too rapid. This gives the
Pt" derivative 3 the potential to act as a carrier of the active
cytotoxic Pt" precursor 2 to cancer cells when reduced by the
cellular environment. Cyclic voltammetry alone is insufficient
to guarantee the behavior of the platinum(iv) complex in the
bloodstream and intracellular environment. However, when
combined with biological investigations, it was observed that
compound 3 can be reduced inside cells and in blood.

Experimental

Materials and methods

K,[PtCl,], K,[PtClg], ethanol, diethyl ether, CH;Cl, CH,Cl,,
DMF, and DMSO are commercially available. Bovine hemo-
globin (oxy Hb) was obtained as previously described and con-
verted to the met form using potassium ferricyanide; the
excess ferricyanide was removed through the desalting
column.*> Proteins were manipulated in 137 mM NaCl,
2.7 mM KCl, and 12 mM NaH,PO,;, pH 7.4 (phosphate
buffered saline, PBS). Bovine serum albumin (BSA fraction V,
Sigma-Aldrich, Germany), hydrogen peroxide 30% (ChemPUR),
L-ascorbic acid (99%, A.C.S. reagent, Sigma, Germany),
t-glutathione reduced (Sigma-Aldrich, Germany), dimethyl
sulfoxide (DMSO, VWR United States) were used as provided
without further purification. 'H and '*C NMR spectra (at
300 MHz and 75 MHz, as well as at 400 MHz and 100 MHz,
respectively) were recorded on a Bruker Fourier-300 and
Avance DRX-400 spectrometer, using tetramethylsilane (TMS)
or the deuterated solvent as the internal reference (see
Fig. S13-519 (ESI)f). Melting points were determined with a
Gallenkamp capillary apparatus. Elemental analysis was con-
ducted using a Thermo Scientific Flash Smart CHNS analyzer
(Italy). IR spectra were obtained with a PerkinElmer Spectrum
2000 FT-IR spectrometer, covering the range from 4000 to
400 cm™", using KBr pellets. ESI mass spectra, in both positive
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and negative modes, were recorded on a Bruker Daltonics
FT-ICR mass spectrometer, with isotope distribution calcu-
lations performed using Molecular Weight Calculator 6.45.*°
Ligand precursors 2-(2-aminoethylamino)acetic acid hydro-
chloride (L3-HCI)**" and 4-[(2-aminoethylamino)methyl]
benzoic acid hydrochloride (L4-HCI)*® were prepared according
to modified published protocols (see ESIT). For other ligand
precursors (4-[(2-aminoethylamino)methyl]benzoic acid ethyl
ester (L1-HCl), 4-[(3-aminopropylamino)methyl]benzoic acid
ethyl ester (L2-HCI), 4-[(3-aminopropylamino)methyl]benzoic
acid hydrochloride (L5-HCl)), details are given in ESL{ UV-vis
spectra were performed on a Lambda 25 spectrophotometer
(PerkinElmer, Singapore), in the range of 200-1000 nm, in
1 mL quartz cuvettes under conditions indicated in the
legends of the figures. Fluorescence emission spectra were
obtained with a PerkinElmer LS55 spectrophotometer, in the
range of 200-900 nm, 280 nm excitation wavelength, in 0.4 mL
quartz cuvettes.

Synthetic procedures

Synthesis of dichlorido(4-[(2-aminoethylamino)methyl]-
benzoic acid ethyl ester)platinum(u), [PtCL,L1], 1. A suspension
of L1-HCI (80 mg, 0.36 mmol) in water (10 mL) was added
dropwise over 6 h at room temperature to a clear solution of
K,[PtCl,] (150 mg, 0.36 mmol) in water (10 mL). After approxi-
mately half of the suspension had been added, a brown-yellow
solid precipitated. Stirring was continued overnight after com-
plete addition. Subsequently, the solid was filtered off, washed
with water (5 mL) and diethyl ether (10 mL), and dried under
vacuum.

Yield: 165 mg (94%). Properties: light yellow solid; soluble
in DMSO, DMF; insoluble in water, diethyl ether.
Decomposition temperature: 275 °C (from light yellow to
black). Elemental analysis for C;,H;5Cl,N,0,Pt (488.3), found
(calc.): C 30.01 (29.52), H 3.81 (3.72), N 5.98 (5.74). "H NMR
(400 MHz, DMSO-dg, in ppm): § 1.31 (s, br, 3H, CH;?),
2.10-2.26 (m, 3,6H, CH,’CH,®), 3.85-4.02 (m, 2H, CH,"), 4.30
(s, 2H, CH,®), 5.34 (m, 2H, NH,), 6.77 (s, 1H, NH), 7.73-7.94
(m, 4H, CH', CH"). *C{'H} NMR (100 MHz, DMSO-dg, in
ppm): 6 14.2 (s, CH;%), 46.5 (s, CH,"), 54.6 (s, CH,), 54.9 (s,
CH,%), 60.9 (s, CH,®), 129.2 (s, CH'), 129.6 (s, C%), 130.5 (s,
CH"), 140.6 (s, ¢'), 165.6 (s, CO). ESI-MS (neg. mode): m/z:
523.1 ([PtCI3L1]"). IR: & (cm™"): 3447 (s, br), 2962 (w), 2358 (W),
1868 (w), 1717 (s), 1647 (s), 1636 (s), 1616 (s), 1507 (m), 1473
(m), 1457 (m), 1418 (m), 1280 (s), 1181 (w), 1105 (s), 1021 (s).
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Synthesis of dichlorido(4-[(3-aminopropylamino)methyl]-
benzoic acid ethyl ester)platinum(u), [PtCL,L2], 2. K,[PtCl,]
(100 mg, 0.24 mmol) was dissolved in water (10 mL). A suspen-
sion of L2-HCI (57 mg, 0.24 mmol) in water was added drop-
wise over 6 h at room temperature to this clear red solution.
After stirring overnight at room temperature, the resulting
light brown solid was filtered off, washed with water (3 mL),
diethyl ether (5 mL), and ethanol (2 mL). The product was
dried under vacuum.

Yield: 120 mg (66%). Properties: beige solid; soluble in
DMSO, DMF; poorly soluble in chloroform, dichloromethane;
insoluble in water, diethyl ether. Decomposition temperature:
200 °C (from ochre to dark brown). Elemental analysis for
C13H,0CL,N,0,Pt (501.1), found (calc.): C 31.42 (31.13), H 3.97
(4.02), N 4.96 (5.58). "H NMR (400 MHz, DMSO-d,, in ppm): &
1.31-1.40 (m, br, 5.4H, CH5*, CH ), 1.59-2.05 (m, 2H, CH,°),
2.56-2.97 (m, 2.4H, CH,%), 4.31 (s, br, 2H, CH,®), 4.80-5.40 (m,
1.5H, NH,), 5.90-6.30 (s, br, 0.8H, NH), 7.40-7.93 (m, 4H, CHS,
CH)). C{'H} NMR (100 MHz, DMSO-ds, in ppm): 6 14.4 (s,
CH;%), 23.5 (s, CH,), 42.8 (s, CH®), 48.3 (s, CH,%), 55.8 (s,
CH,®), 61.1 (s, CH,"), 129.4 (s, CH®), 129.7 (s, C"), 130.7 (s,
CH), 140.5 (s, C¥), 165.9 (CO). *>Pt NMR (85 MHz, DMSO-dg,
in ppm): § —2243 (s). ESI-MS (neg. mode): m/z: 537.1
([PtCl;L2]7). IR: & (cm™): 3434 (s), 3264 (m), 2936 (w), 1708 (s),
1614 (w), 1454 (w), 1367 (w), 1283 (s), 1178 (w), 1108 (m), 1021
(w).

Synthesis of tetrachlorido(4-[(3-aminopropylamino)methyl]-
benzoic acid ethyl ester)platinum(wv), [PtCl,L2], 3. A solution of
L2-HCI (50 mg, 0.21 mmol) in water (5 mL) was added drop-
wise over six hours to a clear yellow solution of K,[PtClg]
(100 mg, 0.21 mmol) in water (15 mL) at 40 °C. A yellow pre-
cipitate formed, which was subsequently filtered off after stir-
ring for 12 h at room temperature, then washed with water
(5 mL), ethanol (2 mL), and diethyl ether (5 mL). The product
was dried under vacuum.

Yield: 80 mg (68%). Properties: light yellow powder; soluble
in DMSO, DMEF; insoluble in water, diethyl ether.
Decomposition temperature: 189 °C (from light yellow to dark
brown). Elemental analysis for C;3H,,Cl;N,0,Pt-H,O (591.2),
found (calc.): C 26.48 (26.40), H 3.85 (3.70), N 4.69 (4.74). 'H
NMR (400 MHz, DMSO-d,, in ppm): § 1.31 (s, br, 3H, CH,%),
1.91-2.11 (m, br, 2H, CH,"), 2.75-2.95 (m, br, 4H, CH,, CH,%),
4.31 (m, br, 4H, CH,¢, CH,"), 6.15 (s, br, 1H, NH), 7.63 (s, br,
2H, CHE), 8.00 (s, br, 2H, CH"), 8.94 (s, br, 2H, NH,). *C{"H}
NMR (100 MHz, DMSO-dg, in ppm): § 14.6 (s, CH;?), 25.2 (s,
CH,"), 26.3 (s, solvolysis product), 43.7 (s, CH,%), 45.2 (s,
CH,Y), 50.2 (s, CH,®), 61.4 (s, CH,"), 127.9 (s, solvolysis
product), 129.8 (s, CH?), 130.4 (s, solvolysis product t), 130.7 (s,
CH"), 131.9 (s, @), 137.4 (s, C), 165.8 (s, CO). ESI-MS (neg.
mode): m/z: 609.0 ([PtClsL2]7). IR: & (em™"): 3447 (s, br), 3200
(m), 2964 (m), 2363 (w), 1868 (w), 1844 (w), 1716 (s), 1653 (s),
1647 (s), 1616 (s), 1558 (m), 1541 (s), 1507 (s), 1457 (m), 1367
(w), 1281 (s, br), 1183 (w), 1106 (s), 1020 (s).

Synthesis of dichlorido[2-(2-aminoethylamino)acetic acid]
platinum(u), [PtCL,L3], 4. K,[PtCl,] (200 mg, 0.48 mmol) and
the ligand L3-HCI (92 mg, 0.48 mmol) were dissolved in water
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(20 mL). The solution was then heated to 60 °C for 24 h. The
resulting clear yellow solution was concentrated to 5 mlL,
resulting in the precipitation of a light yellow solid. This solid
was recrystallized in boiling water (8 mL). Upon cooling to
room temperature, colorless needles were obtained, filtered
off, washed with water (2 mL) and diethyl ether (4 mL), and
air-dried.

Yield: 45 mg (24%). Properties: colorless needles; soluble in
DMSO; moderately soluble in water; insoluble in diethyl ether.
Decomposition temperature: 230 °C (from light yellow to dark
brown). Elemental analysis for C,H;,Cl,N,0,Pt (384.1), found
(cale.): C 12.87 (12.51), H 2.44 (2.62), N 7.18 (7.29). '"H NMR
(400 MHz, DMSO-d, in ppm): § 2.36 (s, br, 3H, CH,CH,), 2.75
(s, br, 1H, CH,CH,), 3.45-4.09 (m, 2.5H, NHCH,C), 5.36 (s, br,
2H, NH,), 6.40 (s, 1H, NH), 13.1 (s, br, 1H, OH). ">C{'"H} NMR
(100 MHz, DMSO-dg, in ppm): § 46.5 (s, NH,CH,CH,), 53.1 (s,
CH,CH,NH), 56.9 (s, NHCH,C), 170.1 (s, CO). IR: & (cm™):
3446 (s, br), 3301 (w), 3250 (w), 3141 (s), 2963 (w), 2934 (w),
1719 (s), 1568 (m), 1456 (w), 1432 (w), 1405 (w), 1355 (w), 1283
(w), 1261 (m).

Synthesis of dichlorido(4-[(2-aminoethylamino)methyl]-
benzoic acid)platinum(u), [PtCL,L4], 5. K,[PtCl,] (200 mg,
0.48 mmol) and L4-HCI (128 mg, 0.48 mmol) were dissolved in
water (20 ml) and stirred at 60 °C for 24 h. A beige solid preci-
pitated from the clear reddish solution after 4 h. To complete
the precipitation of the product, the volume was reduced to
10 mL, then the precipitated solid was filtered off and sub-
sequently washed with water (2 x 10 mL), ethanol (3 mL), and
diethyl ether (10 mL), and dried under vacuum.

Yield: 100 mg (45%). Properties: beige powder; soluble in
DMSO, DMF; moderately soluble in water; insoluble in diethyl
ether. Decomposition temperature: 290 °C (from beige to
brown). Elemental analysis for C;,H;,Cl,N,0,Pt (460.2), found
(calc.): C 26.21 (26.01), H 3.16 (3.07), N 5.74 (6.09). "H NMR
(400 MHz, DMSO-dg, in ppm): § 2.10-2.30 (m, 4H, CH,*CH ),
4.00-4.32 (m, 2H, CH,"), 5.33 (s, 1H, NH,), 5.40 (s, 1H, NH,),
6.78 (s, 1H, NH), 7.72 (d, *Juu = 8.1 Hz, 2H, CH?), 7.95 (d,
*Juu = 8.1 Hz, 2H, CH®). "*C{"H} NMR (100 MHz, DMSO-d,): §
46.9 (s, CH,%), 55.0 (s, CH,), 55.3 (s, CH,®), 129.7 (s, CHY),
130.7 (s, CHS), 130.9 (s, C"), 140.2 (s, C®), 168.5 (s, CO). 'H
NMR (300 MHz, DMF-d,, in ppm): § 2.36-2.71 (m, 4H,
CH,*CH,"), 4.22-4.56 (m, 2H, CH,®), 5.47 (s, 2H, NH,), 6.68 (s,
1H, NH), 7.84 (d, *Juu = 7.8 Hz, 2H, CH"), 8.04 (d, */yu = 7.6
Hz, CH®). C{'H} NMR (75 MHz, DMF-d, in ppm): § 47.8 (s,
CH,?), 55.6 (s, CH ®), 56.0 (s, CH,°), 130.2 (s, CH%), 131.0 (s,
CH®), 131.5 (s, C"), 141.2 (s, C®), 167.9 (s, CO). ESI-MS (pos.
mode): m/z: 482.9 ([PtCl,L4+Na]"). IR: 7 (cm™"): 3433 (s), 3214
(s), 1690 (s), 1614 (m), 1420 (w), 1280 (m), 1180 (w), 1108 (w),
1059 (w), 1017 (w).

Synthesis of trichlorido[2-(2-aminoethylamino)acetato]plati-
num(w), [PtCLL3], 6. K,[PtCls] (200 mg, 0.41 mmol) and
L3-HCI (89 mg, 0.41 mmol) were suspended in water (20 mL).
The reaction mixture was heated to 70 °C, causing the solution
to clarify. After stirring for 24 h at the given temperature, the
clear yellow solution was cooled to room temperature and
stirred for an additional 12 h. The resulting light yellow pre-
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cipitate was filtered off and washed with water (5 mL) and
diethyl ether (10 mL). The product was dried in air.

Yield: 80 mg (44%). Properties: light yellow powder; soluble
in DMSO; poorly soluble in water; insoluble in diethyl ether.
Decomposition temperature: 210 °C (from light yellow to
brown). Elemental analysis for C;HoCl;N,0,Pt (418.6), found
(calc.): C 11.55 (11.48), H 2.21 (2.17), N 6.55 (6.69). "H NMR
(400 MHz, DMSO-dg, in ppm): 6 2.73-3.25 (m, 3H, CH,CH,),
3.46-4.06 (m, 3H, CH,CH,, NHCH,CO), 7.80 (s, br, 3H, NH,,
NH). *C{'H} NMR (100 MHz, DMSO-d,, in ppm): § 35.4 (s,
NH,CH,), 46.2 (s, solvolysis product), 50.4 (s, NHCH,CH,),
55.4 (s, NHCH,C), 55.7 (s, solvolysis product), 59.3 (s, solvolysis
product), 179.7 (s, CO), 181.3 (s, solvolysis product). ESI-MS
(neg. mode): m/z: 452.9 ([PtCLL3]"). IR: & (cm™"): 3427 (s, br),
3183 (s, br), 2974 (w), 2928 (W), 1679 (s), 1666 (s), 1580 (m),
1497 (w), 1450 (m), 1411 (m), 1357 (m), 1295 (m).

Synthesis of tetrachlorido(4-[(2-aminoethylamino)methyl]-
benzoic acid)platinum(w), [PtClL4], 7. K,[PtCls] (200 mg,
0.41 mmol) was suspended in water (30 mL) and heated to
60 °C. L4-HCI (110 mg, 0.41 mmol) was added to the resulting
clear yellow solution and refluxed at 100 °C for 24 h. A yellow
solid precipitated from the solution, was filtered off, washed
with water (5 mL) and diethyl ether (10 mL). The product was
dried under vacuum.

Yield: 150 mg (69%). Properties: light yellow solid; very
soluble in DMSO, DMF; moderately soluble in water; insoluble
in diethyl ether. Decomposition temperature: 285 °C (from
light yellow to brown). Elemental analysis for C;,H;,Cl,N,0,Pt
(531.1), found (calc.): C 22.45 (22.60), H 2.81 (2.66), N 5.19
(5.27). 'H NMR (400 MHz, DMSO-dg, in ppm): & 3.20 (m, 4H,
CH,*CHP), 4.32 (s, 2H, CH,®), 7.66 (d, *Juu = 7.8 Hz, 2H, CHY),
7.94 (s, 2H, NH,), 8.01 (d, *Juu = 7.7 Hz, 2H, CH), 9.22 (s, 1H,
NH), 13.14 (s, br, 0,5H, OH). "*C{*H} NMR (75 MHz, DMSO-d,,
in ppm): & 47.4 (s, CH%), 56.1 (s, br, CH", CH®), 129.8 (s, CHY),
131.4 (s, C°), 131.8 (s, CH'), 138.1 (s, C®), 167.5 (s, CO). ESI-MS
(neg. mode): m/z: 528.8 ([PtClL4-H] ). IR: 7 (cm™"): 3440 (s),
3181 (s), 3131 (s), 2553 (W), 1686 (s), 1616 (m), 1562 (m), 1427
(m), 1294 (s), 1185 (w).

Synthesis of tetrachlorido(4-[(3-aminopropylamino)methyl]-
benzoic acid)platinum(wv), [PtCl,(L2-Et+H)], 8. Complex 3
(200 mg, 0.35 mmol) was dissolved in an aqueous HCI solu-
tion (0.1 M, 40 mL, pH = 1) and refluxed for 24 h.
Subsequently, the clear yellow solution was brought to room
temperature, resulting in the precipitation of a yellow solid.
This solid was filtered off, washed with water (5 mL) and
diethyl ether (10 mL), and dried under vacuum.

Yield: 45 mg (23%). Properties: light yellow powder; soluble
in DMSO; poorly soluble in water; insoluble in diethyl ether.
Decomposition temperature: 230 °C (from light yellow to dark
brown). '"H NMR (400 MHz, DMSO-dg, in ppm): 6§ 2.13 (m, 2H,
CH,%), 2.77 (m, 2H, CH"), 3.00 (m, 2H, CH,®), 4.19 (m, 2H,
CH,?), 6.45 (t, “Jxu = 52 Hz, 2H, NH,), 7.62 (d, > 11 = 8.0 Hz,
2H, CHS), 7.99 (d, *Juu = 8.3 Hz, 2H, CH'), 9.02 (s, 1H, NH).
BC{'H} NMR (100 MHz, DMSO-dg, in ppm): § 23.7 (s, CH,%),
36.2 (s, CH,"), 43.9 (s, CH,), 49.7 (s, CH,%), 129.5 (s, CH®),
130.3 (s, CH'), 131.2 (s, C®), 136.6 (s, C"), 166.9 (s, CO). ESI-MS
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(neg. mode): m/z: 580.8 ([PtCls(L2-Et+H)]"). IR: &' (cm™"): 3456
(s), 3240 (s), 3197 (s), 1701 (s), 1617 (s), 1563 (m), 1423 (W),
1262 (W), 1114 (w).

Crystallography

The single crystal X-ray structure analyses of compounds 3, 4
and 6 were conducted using a Gemini diffractometer (Rigaku
Oxford Diffraction) with Mo-Ka radiation and @-scan rotation.
Data reduction was performed using CrysAlis Pro,*® which
included the SCALE3 ABSPACK program for empirical absorp-
tion correction and an analytical numeric absorption correction
based on a multifaceted crystal model as described by Clark and
Reid.>® The structures were determined by “direct methods”
with SHELXS-2013 (3, 4) or “dual-space methods” with
SHELXT-2014 (6) and refined with SHELXL-2018.>!
Crystallographic parameters are summarized in Table S1 (ESI).T
Structural images were generated and processed using the
Diamond program.>* Supplementary crystallographic data can
be accessed at https:/www.ccde.cam.ac.uk/structures/ with the
following CCDC: 2390314 (3), 2390315 (4) and 2390316 (6).+

Biological studies

Reagents and cells. Fetal bovine serum (FBS), RPMI-1640,
phosphate-buffered saline (PBS), trypsin, propidium iodide
(PI), sulforhodamine B (SRB), 3-methyladenine (3-MA), tri-
chloroacetic acid (TCA) and dimethylformamide (DMF) were
purchased from Sigma-Aldrich (St Louis, MO, USA). The peni-
cillin/streptomycin solution was from Biological Industries
(Cromwell, CT, USA). Acridine orange (AO) was obtained from
Labo-Moderna (Paris, France). Annexin V-FITC (AnnV) was
bought from Santa Cruz Biotechnology (Dallas, TX, USA) and
ApoStat was from R&D Systems (Minneapolis, MN, USA).

Human colorectal (SW-480), breast (MCF-7) and thyroid
(8505C) cancer cell lines, melanoma (518A2) and non-malig-
nant fibroblast cell line (MRC5) were purchased from the
American Type Culture Collection (ATCC, Manassas, Virginia,
USA). Cells were grown in HEPES-buffered RPMI-1640 medium
supplemented with 10% FBS, 2 mM tr-glutamine, 0.01%
sodium pyruvate and antibiotics (penicillin 100 units per mL
and streptomycin 100 pg mL ") at 37 °C in a humidified atmo-
sphere with 5% CO,. For viability assays, cells were seeded in
following densities per well: SW-480 and 8505C: 1.5 x 10’
MCF-7: 2 x 10% 518A2: 1 x 10% and MRC5: 7 x 10>. For flow
cytometry, MCF-7 cells were seeded at 2 x 10> density per well
in 6-well plates.

DMF stock solutions of complexes were prepared in
100 mM concentrations and kept at —20 °C. Desired final con-
centrations were diluted in culture medium.

Colorimetric assay for cellular viability. For viability tests,
after the incubation period of 96 h, cells were washed with PBS
and then fixed with 10% TCA for 2 h at 4 °C. Afterwards, cells
were rinsed in distilled water and stained with 0.4% SRB solu-
tion for 45 minutes at room temperature.®' Then, the dye was
dissolved in 1% acetic acid, washed, and left to dry overnight.
Finally, the dye was then dissolved in 10 mM Tris buffer for
20 minutes. The absorbance was measured using an automatic

This journal is © The Royal Society of Chemistry 2025
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reader for microtiter plates (LKB 5060-006, LKB, Vienna,
Austria) at 540/670 nm. The cell viability was expressed as a
percentage of control, non-treated cells, which was arbitrarily
set to 100%. Nature of the detected autophagy was determined
after appliance of concomitant treatment, 3 and 3-MA. After
96 h of incubation, cell viability was estimated using SRB test.

Flow cytometry. MCF-7 cells were incubated with an ICs,
dose of 3 during 96 h and several stainings were performed:
(a) AnnV/PI for the detection of apoptotic cell death; (b)
AposStat for detection of caspase activity; and (c) AO for the
detection of autophagosomes. After the incubation period has
expired, cells were detached and washed with PBS. For AnnV/
PI staining, cells were stained, according to the manufacturer’s
protocols, with AnnV/PI (15 minutes, room temperature) in
AnnV-binding buffer. For Apostat staining, cells were incu-
bated with ApoStat during 30 minutes at 37 °C in PBS 5% FBS,
and for AO staining with 100 pM solution during 15 minutes
at 37 °C in PBS. Cells were then washed, trypsinized, dissolved
in PBS and analyzed. Results were obtained with CyFlow®
Space Partec using the PartecFloMax® software. Experiments
were carried out in three independent replicates. Channels
FL1 (green emission), FL2 (orange emission) and/or FL3 (dark
red emission) were used for fluorescence detection, according
to the specific staining agent.

Cyclic voltammetry

Cyclic voltammetry (CV) measurements were performed using
an Autolab computer-controlled potentiostat (Metrohm, The
Netherlands). For this purpose, a conventional three-electrode
cell was employed, equipped with a glassy carbon electrode
(GCE, 3 mm diameter) as the working electrode, an Ag/AgCl
wire as the reference electrode, and a platinum plate as the
auxiliary electrode. Before the voltammetric experiments, the
working electrode was polished with 0.3 pm alumina on a
clean polishing cloth (Buehler, USA), rinsed with water, soni-
cated in water thoroughly to remove alumina, rinsed succes-
sively with water and ethanol, and finally dried under argon
gas. The electrochemical measurements were performed in a
1 mM solution of compound 3 dissolved in 0.1 M [n-
Bu,N][BF,]/DMF, which was purged with argon before each
measurement, in order to remove the oxygen. The same
measurement was performed in 107> M ferrocene in the same
0.1 M [n-Bu,N][BF,]/DMF, and the potential of the studied
compound was expressed against that of the ferrocene/ferroce-
nium(FcH/FcH') redox couple (+0.75 V vs. SHE).

Conclusions

The synthesis and characterization of novel platinum(u) and
platinum(iv) complexes have provided valuable insights into
their structural properties and cytotoxicity profiles. Complex 3,
from all tested compounds herein, emerged as a standout can-
didate, demonstrating significant cytotoxic effect in MCF-7
cells. 3 demonstrated high antitumor potential, however lower
than cisplatin, including induction of total caspase activity

This journal is © The Royal Society of Chemistry 2025
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and apoptosis despite caspase 3 deficiency of MCF-7 cells.
While 3 also triggered cytoprotective autophagy in MCF-7 cells,
co-treatment with an autophagy inhibitor led to enhanced
antitumor activity. These findings underscore the potential of
complex 3 as a lead compound for further studies. Notably,
Pt" compound 3 demonstrated limited protein binding, oxi-
dative stress induction in hemoglobin, and reducibility by glu-
tathione, indicating its potential as a non-cytotoxic carrier for
the active cytotoxic Pt"™ complex 2 to cancer cells. Cyclic vol-
tammetry supported these findings by showing the reduction
capability of the Pt" complexes under physiological
conditions.
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