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Octahedral PtV complexes are considered highly promising candidates for overcoming some
shortcomings of clinically approved Pt" drugs. Pt

capable of resisting premature aquation and undesired binding to essential plasma proteins and have

compounds, owing to their inertia, appear to be

shown remarkable potential for both oral administration and for reducing side effects. Additionally, their
pharmacological properties can be finely tuned by choosing appropriate axial ligands. The reduction
inside the cell by biological reducing agents to the correponding active cytotoxic Pt' species,
accompanied by the loss of the axial ligands, is considered an essential step of their mechanism and has
been extensively studied. However, a detailed understanding of the mechanism by which PtV prodrugs

Received 13th March 2023,
Accepted 17th May 2023

are activated, which should be highly beneficial for their proper design, is lacking, and many
contradictory results continue to be collected. In the hope of contributing to the advancement of
DOI: 10.1039/d3cp01150j knowledge in this field, this perspective focuses on the insights gained from computational studies

carried out with the aim of finding answers to the many still open questions concerning the reduction of
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Introduction

Cancer is considered one of the world’s most serious health
problems and causes one in six deaths. For fighting cancer,
various strategies can be practiced, including chemotherapy,
radiotherapy, and surgery. Chemotherapy is a technique in
which an anticancer agent with a specific mechanism of action
is introduced into the organism to inhibit the growth and
induce the death of tumor cells.” The most famous chemother-
apeutic agent is cisplatin, which represents one of the greatest
successes in the story of medicinal inorganic chemistry. Synthe-
sized for the first time by Michele Peyrone in 1845, cisplatin’s
cytotoxic activity was accidentally discovered by Barnett Rosen-
berg when he tried to evaluate the role of electrical current in
Escherichia coli cellular division.> After undergoing clinical
trials, cisplatin was approved in 1978 by the Food and Drug
Administration (FDA).* Subsequently, various cisplatin structural
analogues have been developed, including carboplatin and
oxaliplatin, that have been approved for worldwide clinical
use.”® Cisplatin and its analogues are drugs belonging to the
class of DNA alkylating agents. Indeed, their mechanism of
action is mostly based on the formation of DNA adducts through
the binding of the Pt" center to double-helix nucleobases.”
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Pt" complexes in biological environments.

Inside the cancer cells, Pt" complexes are hydrolyzed to produce
the corresponding activated aqua Pt" species. These active
aquated species are able to form both intra- and inter-strand
DNA crosslinks, mainly with nitrogen in the N7 position of
guanine nucleobases, causing distortion of the DNA helix and
proteins to signal for apoptosis.® > Both genomic and mitochon-
drial DNA can be damaged by the action of these drugs.'?
Although widely used, the clinical utility of Pt" drugs is strongly
limited by severe side effects and tumor resistance. The latter is
mainly due to the increased repair of damaged DNA, reduced
cellular accumulation, and increased cytosolic inactivation,
whereas high toxicity to healthy tissue and organs and low
chemical stability cause the former."* In spite of the enormous
number of proposed and synthesized Pt" alternative compounds
and, in some cases, their Pd" analogues,">™® whose coordination
sphere has been modified to properly tune their properties and
reduce well-known shortcomings, none of them has demon-
strated a superior anticancer activity than cisplatin and its
approved derivatives. Among the strategies pursued to improve
the therapeutic index and decrease side effects, Pt" prodrugs have
received a significant amount of attention. Octahedral Pt" pro-
drugs are more inert to ligand substitution than their parent Pt"
complexes and less prone to deactivation en route before reaching
the tumor cells.”® In addition, axial ligands can be properly
chosen to tune both their physical and chemical properties with-
out altering the structure of the active pharmacophore that is
ultimately released.”** Pt" prodrugs are synthesized by oxida-
tion of the corresponding square-planar Pt" precursors, and since,
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Scheme 1 Structure of (a) tetraplatin, (b) iproplatin, and (c) satraplatin/
JM216.

in the beginning, Cl, or H,0, was used for carrying out the
oxidation, tetraplatin and iproplatin (Scheme 1) were the first two
Pt" complexes that entered clinical trials.>** Axial positions are
occupied by two chlorido ligands in the former case and by two
hydroxido ligands in the latter. The possibility of carrying out the
carboxylation of the corresponding dihydroxido compounds
allowed the preparation of a wide category of dicarboxylato
complexes such as satraplatin®® (included in Scheme 1 and
named also JM216) that, even if included in several clinical trials,
has not been approved yet.>” Carboxylato ligands have been
further exploited to enhance the pharmacological properties of
Pt" prodrugs and add bioactive ligands to the axial positions to
exert multi-action effects.?***32 The nature of the axial and,
although to a much lesser extent, equatorial ligands is, therefore,
of key importance in determining the properties of Pt" prodrugs
and, in particular, their propensity to undergo two-electron
reduction that provokes the breaking of the bonds between plati-
num and the axial ligands.*® The rate of the reduction/activation
step has to be appropriately tuned to avoid occurring too rapidly
before the prodrug reaches the tumor, or too slowly if the prodrug
resists the reductive nature of the reducing agents.>**

What this comes down to is that for a successful design of
Pt" prodrugs, a detailed understanding of the factors that
determine the reduction rate is required. Electron transfer
mechanisms for the reduction of Pt" complexes have been
the subject of many studies over several decades and, on the
basis of kinetic measurements, they have been classified as
inner- and outer-sphere and Pt"-catalysed.****3” Inner-sphere
involves direct contact with the reducing agent, leading to
the formation of a new bond that facilitates the flow of the
electrons. In the outer-sphere reduction, instead, the electrons
are transferred without the establishment of any contact. The Pt"
catalysed mechanism is a particular kind of inner-sphere mecha-
nism proposed by Basolo and Pearson®**° that should involve
the catalytic assistance of the produced Pt" complex and, for
that reason, is considered unlikely under cellular Pt" complex
concentrations. The rates of reduction have been commonly
associated with the values of the reduction potentials, consid-
ered to be the most important parameters for determining the
effectiveness of Pt complexes to work as anticancer agents.
Information concerning the ease of reduction is usually obtained
by cyclic voltammetry measurements that provide the values of
the potential for irreversible reduction, but not the standard
redox potential. Indeed, due to the irreversibility of the reduction
process, the peak potential of the irreversible cathodic response
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at a single scan rate is used to approximate the facility with
which the metal centre of Pt complexes is reduced’®** and
some caution has to be taken in using these values. Baik and co-
workers have proposed, on the basis of the results of a series
of electrochemical experiments, a decomposition scheme that
separates the Pt" to Pt" two-electron reduction process into
electron transfer and Pt-ligand bond cleavage steps.*> DFT
calculations have been employed to elucidate the mechanism,
and the calculated reduction potentials have been found to be in
excellent agreement with experimentally determined values that
are generally more positive than measured peak potentials
extracted from voltammograms. Nevertheless, numerous experi-
ments have demonstrated that, very often, measured reduction
potentials do not follow the trend in reduction rates of Pt"
complexes.***> Other experimental methods can be used to
obtain information about the Pt reduction process, such as
UV, NMR, and X-ray absorption near edge spectroscopies. All
these techniques are useful to follow the disappearance of Pt"
species and the formation of Pt"" products. However, information
on the identity of the ligands bound to the metal centre is
difficult to obtain, and the biological environment represents an
obstacle to investigations. Very importantly, none of these
methods can provide information on the mechanism by which
the reduction occurs. Computational analyses are very precious
alternative tools for disentangling the mechanistic details of the
reduction process and have been extensively used in the course of
the years to add further information about the characteristics of
the reduction mechanisms generically classified as inner- and
outer-sphere.’®>* Moreover, computations can be proficiently
used to complement experimental outcomes.>>”° In this perspec-
tive, the main results of the computational investigations carried
out on this topic will be summarized, examining both inner- and
outer-sphere mechanisms viability. Although many potential bio-
logical reducing agents are present in both cells and plasma,
L-ascorbic acid (AscH,) and r-glutathione are commonly believed
to be the species causing the activation of Pt" prodrugs.**7>">°
Of the three forms of AscH,, ie., neutral, monoanionic,
and dianionic, the monodeprotonated one (AscH ) is assumed
to be that with the highest concentration at physiological pH.
Computations considering the presence of the other two forms
will also be reported. Concerning r-glutathione, instead,
-cysteine (1-Cys) is generally used as a model of sulfur-containing
bioreductants in order to reduce the required computational effort.
It is worth mentioning that almost all the reported studies have
been carried out exclusively by means of DFT, adopting the B3LYP
exchange-correlation functional as the best performing one.
The choice of the basis sets, instead, is wider. Details about the
computational protocols have been reported only in a limited
number of cases, while the rest refer to the original papers.

The most investigated axial ligands are chlorides, hydroxides,
and carboxylates that influence the propensity of Pt" complexes
to be reduced in the order CI” > CH3COO™~ > OH  on the basis
of what has been suggested by Hambley examining a large series
of Pt compounds.®® However, the outcomes of the investiga-
tions carried out to elucidate the role played by the identity of the
axial ligands in influencing the reduction rate do not allow for
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pinpointing a clear trend**?*****7°%' and the examples
described in the next paragraphs demonstrate that many vari-
ables have to be taken into due consideration.

Discussion
Reducing agents

A critical role in the reduction of Pt" complexes is played by the
reducing agent (RA), which actively takes part in the reaction
mechanism as, depending on its nature, different pathways could
be in principle accessible. The RAs overly present in the physio-
logical environment that could be implicated in the reduction of
Pt" prodrugs to active Pt" complexes include r-ascorbic acid or
sulphur-donor biomolecules, such as glutathione, r-cysteine, and
L-methionine, but even NADH, as a direct RA or indirectly involved
in the reductive action of cytochrome c¢ or haemoglobin®®
(Scheme 2a). All these reductants have been taken into considera-
tion through the exploration of Pt" prodrug reduction in recent
years, though GSH and ascorbic acid remain the most used RAs.
In particular, from a computational point of view, except parti-
cular examples for which other RAs such as NADH or light
activated molecules have been taken into consideration,”® AscH,
and 1-Cys, as the simplest models of sulphur-containing residues,
are the most used for this purpose.

The active species of ascorbic acid is certainly the mono-
anionic ascorbate, AscH ™, though the dianionic form Asc>~ has
been proven to be much more reactive than AscH ™ ;***** however,
its occurrence at physiological pH is very limited, contrary to
AscH™, which is the most abundant form in such conditions.
Accordingly, AscH ™ is widely considered the putative species for
assisting the two-electron transfer for Pt — Pt" reduction. On
the other hand, in physiological conditions, 1-Cys exists in its
zwitterionic form with intact thiol function. However, a computa-
tional study has evidenced the poor reactivity of such a form of
cysteine and a low barrier in favour of the more active species
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o}
o o SHH
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Scheme 2 (a) Reducing agents (R; = adenine dinucleotide); (b) the most
used models for computational explorations.
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formation that is reported in Scheme 2b, named Cys.*” The
formation of the active species is due to a H transfer from sulphur
to oxygen atoms to afford a thiolate, which is proven to be
extremely more reactive than the thiol functional group.

Reaction mechanisms

The usually invoked classification describes the reduction mecha-
nism of Pt complexes as inner- and outer-sphere two-electron
transfer. However, this general grouping does not adequately take
into consideration all the conceivable alternatives. In particular,
for the inner-sphere mechanism, where the flow of the two
electrons takes place through a direct interaction between the
RA and the Pt" complex, several mechanistic hypotheses, that
have been proposed in the course of the years and allow a more
accurate description of the reduction process, are sketched in
Scheme 3. The mechanism most commonly reported in the
scientific literature is (a) ligand-bridge electron transfer, but three
other reduction modes have been suggested and defined as (b)
ligand-bridge-H transfer, (c) enolate B-carbon attack, and (d) Pt™
catalysed mechanisms. In the first mechanism (a), one of the axial
ligands is able to form a bridge between the Pt" centre and the
reductant, facilitating the electron transfer from the RA to the
metal centre, simultaneously provoking the release of the second
ligand in the axial position and, then, the formation of the active
square planar Pt" species.

In the second mechanism (b), proposed by us for the reduction
of Asplatin,® a cisplatin-based Pt complex, the two-electron
transfer occurs in one step through the shift of a hydrido unit
(H") from the reducing agent to the bridging ligand, leading to
the formation of the RA oxidized form and the concomitant loss
of the trans axial ligand. The mechanism (c) was discovered in
silico by Ariafard and co-workers and involves the reduction of Pt"™
complexes by the monodeprotonated form of ascorbic acid,
AscH™. Specifically, the mechanism involves the nucleophilic
attack of the enolate B-carbon of AscH™ on one axial ligand (X),
leading to the formation of a new C-X bond, and the simulta-
neous release of the second axial ligand. Finally, in the mecha-
nism (d), proposed by Basolo and co-workers,***° Pt" reduction
is catalysed by a Pt" agent. In particular, the Pt" complex
is sandwiched between the RA and the Pt" complex to yield the
AscH-Pt"-X-Pt"V-Y dimer, where X and Y are the Pt" axial

Oy—o,
w H,w Ho;;:g =~ p gy
X X X X
iy, Pl::'v a ﬁ Pt?“’ awn /I/; P;'V“\\\\ //,; P:t'v L‘“
v v v v
(@ (b) (c) (d)
Scheme 3 Inner-sphere mechanisms for the reduction of Pt" complexes

by a generic reducing agent (RA) or a specific one (AscH™). (a) Ligand-
bridge electron transfer; (b) ligand-bridge-H transfer; (c) enolate f-carbon
attack; (d) Pt(n)-catalysed mechanisms.
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ligands, and the bridging ligand mediates the two-electron trans-
fer. During the reduction reaction, the two electrons are trans-
ferred from the RA to the Pt" metal centre, the bridging ligand
passes from the Pt" complex to the Pt" catalyst agent that already
coordinates the RA system, and the other axial ligand is sponta-
neously released. A second RA molecule should help in restoring
the Pt" catalyst. Besides the low cellular concentration of Pt", the
steric hindrance of the axial ligands of the complex undergoing
the reduction could deactivate this type of catalytic mechanism.*?

Concerning the outer-sphere mechanism, the propensity of
Pt" complexes to be reduced is measured by their redox
potential, and, experimentally, this information is usually obtained
by cyclic voltammetry. As it has been underlined above, however,
cyclic voltammetry measurements can provide, owing to the irre-
versibility of the reduction process of such complexes, only the
peak potential of the irreversible cathodic response (E,) but not
the standard redox potential. Indeed, both chemical and electro-
chemical events are involved; two electrons are transferred, and the
process can be significantly influenced by the nature of the axial
ligands and the ease with which they are released. From a
theoretical point of view, various computational approaches can
be used for predicting reduction potentials in solvent.** One group
of such methods is based on the use of thermodynamic cycles,
allowing the evaluation of condensed-phase reduction potentials
from the standard-state Gibbs free energy of the corresponding
reaction or half-reaction. The reaction free energy is computed as a
difference in the free energies of products and reactants, with the
free energy of each reactant being computed as a sum of the gas-
phase free energy and the free energy of solvation. The reduction
process of Pt complexes involves the transfer of two electrons
from a reducing agent so that the corresponding Pt" derivative is
formed and two ligands, in principle the axial ones, are released.
Considering the two-electron transfer for the reaction (Scheme 4a):

L-PtV-L + 2¢” — Pt" + 2L

where L are the released ligands, the redox potential can be
calculated using the formula:
AG

E°=—+E 1
2F+ SHE (1)

AG represents the Gibbs free energy change that accompanies
the two-electron reduction reaction reported above, F is the Faraday
constant, and Egyg is the standard hydrogen electrode potential.

Adopting such an approach, Burda and coworkers have
calculated the redox potential of several Pt" complexes having
chlorido, hydroxido, and carboxylato ligands in axial positions.*
DFT results, obtained using numerous exchange-correlation func-
tionals, have been compared with those of MP2 and CCSD(T)
post-HF methods. In order to take into account the impact of the
solvent, the implicit IEF-PCM model has been used employing
scaled-UAKS radii, whereas to handle the change in the entropy
contributions to Gibbs free energies in going from the gas- to the
condensed-phase, the correction scheme proposed by Wertz has
been used. For the Egyg, the value of —4.281 eV has been adopted.
The authors have demonstrated that DFT calculations, including
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Scheme 4 Proposed outer-sphere mechanisms: (a) two-electron trans-
fer, (b) base-assisted electron transfer, (c) proton-assisted electron
transfer.

Wertz corrections and scaled radii, are able to reproduce experi-
mental potentials.

Due to the unresolved controversy concerning the utility of
the reduction potential obtained as the irreversible peak, Ep, in
the cyclic voltammogram, Baik and co-workers have proposed
experimental and theoretical approaches able to give reliable
results for Pt complexes in solution-phase redox processes.*®
During the study of some Pt" cisplatin-based complex reductions,
the authors have shown that the reduction occurs in two steps.
Within each step, a single electron is transferred, and the process
can be decomposed into electron transfer and Pt-ligand bond
cleavage. In particular, in the first step, which involves a one-
electron addition to the Pt centre, the formation of a metastable
six-coordinate Pt™ intermediate occurs and the standard
reduction potential for the Pt"/Pt™ couple from the irreversible
peak potential in the cyclic voltammogram, within the framework
of Marcus theory, can be extracted. In the same way, the magni-
tude of the standard redox potential can be computationally
determined as the energy change that accompanies the one-
electron transfer for the reduction of the six-coordinate Pt" to
the corresponding six-coordinate Pt™ species with the axial
ligands remaining in the metal centre coordination sphere (see
Scheme 5). The reduction potential is calculated as:

E° = 7AG501 - ESHE (2)

where AG,, is the Gibbs free energy change in solution of the
first step and Esyg is the absolute potential of the standard
hydrogen electrode used as a reference, which has been deter-
mined to be 4.43 eV.

In light of the decomposition scheme suggested by Baik
et al. to be used for the estimation of the redox potential of Pt"
complexes, a detailed theoretical study on the mechanism of
electrochemical reduction of the prototypical Pt" anticancer
complex [Pt(NH;),Cl,(CH3COO),] to the corresponding cispla-
tin active species has been performed by Re and coworkers.*®
The outcomes of this investigation confirm that the initial one-
electron reduction occurs through a stepwise mechanism via
a metastable six-coordinate Pt™ intermediate and subsequent
acetate ligand detachment. Several combinations of DFT
functionals and basis sets have been tested, and the results
have also been used to estimate the redox potential of the
complex under investigation, selecting the B3LYP/aug-cc-pVTZ
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Scheme 5 First step one-electron transfer for the reduction of six-coordinate
PtY complexes in the decomposition scheme proposed by Baik et al**

level of theory as the most accurate for reproducing the
experimental value.

Furthermore, an outer-sphere mechanism named ‘base-
assisted outer-sphere” electron transfer (Scheme 4b) has been
proposed and computationally tested by Ariafard and coworkers in
the presence of ascorbic acid as RA.*® This mechanism has been
recognized considering that, although the monodeprotonated form
of ascorbic acid has the highest concentration in physiological
conditions, the dianionic form, Asc®>™, is several orders of magni-
tude more reactive. Due to this very high reactivity, Pt"™ complexes
are immediately reduced via an outer-sphere two-electron transfer
mechanism. This mechanism involves the presence of an appro-
priate base in the environment for accelerating the reduction
reaction by deprotonating the AscH™ most abundant form of the
reducing agent. This deprotonation reaction requires that an
energetic cost be paid as a transition state has to be overcome.

One of the first detailed computational studies on the
reduction mechanism of Pt"™ complexes has been performed by
Burda and co-workers.* The authors have investigated the mecha-
nism of activation by reduction of satraplatin (cis,trans,cis-
[PtCl,(OAc),(cha)(NHs)], cha =cyclohexylamine), in the presence of
ascorbic acid as a RA. All three protonation forms of ascorbic acid
have been considered, and a further variant of the outer-sphere
mechanism, named “proton-assisted electron transfer”, has been
introduced (Scheme 4c). As it can be deduced from the denomina-
tion of the mechanism, a proton shift from the RA to an axial
ligand of the Pt complex takes place, whereas two electrons pass
from the reducing species to the metal center via an outer-sphere
mechanism. In the examined satraplatin complex, the proton is
transferred to one of the acetato ligands. As a consequence, the Pt"
species is released into the reaction environment, together with the
formed acetic acid, the second axial ligand, and the fully oxidized
form of the RA, which is dehydroascorbic acid (DHA). This
mechanism is considered only for the AscH, and AscH™ forms,
where the corresponding proton is present, and, when the reaction
is investigated in the presence of the AscH, agent, an additional
water molecule is included in the reduction system, which acts as
an acceptor of the second proton from the RA to generate DHA. It is
worth mentioning that both proposed base-assisted and proton-
assisted mechanisms, even if classified as outer-sphere mechan-
isms, depend not only on the value of the complex redox potential,
but also on the presence in the environment of specific compounds
able to assist the process.

Axial ligands

As underlined above, axial ligands are of pivotal importance in
determining the chemical and biological properties of Pt"
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complexes and can be properly designed to accomplish specific
aims such as modulating the reduction potential, increasing
lipophilicity, interfering with cellular processes, targeting can-
cer cells, or targeting intracellular compartments. According
to what was proposed by Gibson,**® axial ligands can be
classified into three categories: (1) “innocent” because they are
devoid of any biological activity, such as hydroxides, acetates,
and chlorides; (2) targeting agents able to make the complex
selective towards cancer cells; and (3)’bioactive” ligands that
disturb cellular processes.

In the next paragraphs, several examples of computational
investigations of the reduction of Pt" complexes having ligands
essentially belonging to the first class will be illustrated.

Chlorido ligands

Among the potential axial ligands, chlorides are very represen-
tative examples, as they have been included in the axial position
of many Pt" complexes bearing several leaving and ancillary
ligands in equatorial positions. Concerning the role played by
axial ligands in influencing the propensity of Pt" complexes to
be reduced, it has been reported that the presence of chlorido
ligands in the axial position instead of hydroxido or carboxylato
ligands should favour the reduction reaction.> This propensity
is ascribed to both the less negative reduction potential values
and the possibility of forming a bridge between the platinum
centre and the RA, enabling the electron transfer according to
an inner-sphere mechanism (mechanism (a) in Scheme 3).
Despite several studies reported in the literature for the
synthesis of Pt" prodrugs bearing chlorido ligands in axial
positions, only for a few of them has a detailed computational
investigation been carried out to clarify the mode of release of the
square-planar Pt" active species.’”*®°>%%%” Among these, three
examples have been selected that can be useful for elucidating
the real mechanism of Pt" complex reduction. Two of them are
classical Pt"V-based complexes of the type [Pt(NN)Cl,], with NN =
ethylenediamine, diaminocyclohexane (tetraplatin in Scheme 1),
whose activity, once reduced, remains that of classical Pt" com-
plexes: hydrolysis and DNA platination. The third system is a Pt"-
salphen complex [Pt(salphen)Cl,] able to target a structurally
different DNA, the G-quadruplex.®® In the theoretical exploration,
to reduce the computational effort, the complex structure has
been simplified by replacing piperidine groups with hydrogen
atoms and named Pt"-Sal (Scheme 6).” The mechanisms of
action of these two types of complexes will be separately
addressed and discussed on the basis of the employed RA.
Reduction mechanism of [Pt(N*N)Cl,] type complexes. The
complexes with the general formula [Pt(N*N)Cl,] are among
the first ones systematically studied from a computational

a " b.
2 Cl 7 _CI
N, T Cl —|—
r =y N7, N=
LN Sy
/,N
H, Cl c HO cl OH

Scheme 6 Structure of (a) [Pt(en)Clyl and (b) Pt'"V—Sal complexes.
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viewpoint in order to identify the most probable reduction
mechanism. In particular, tetraplatin [Pt(dach)Cl,] has been
first accounted for by Ejehi and Ariafard to clarify the preferred
reaction mechanism depending on the RA taken into
consideration.”® In such work, they have proposed for the first
time the mechanism labelled (c) in Scheme 3, observable
only when ascorbate acts as a reductant. As described in
detail above, such a mechanism involves the nucleophilic
attack of the enolate B-carbon on one of the axial chlorido
ligands, finally leading to the release of the Pt" active species.
Fig. 1 reports the comparison between such a mechanism (c)
(on the left) and the classical (a) ligand-bridge one (on the
right). It has been demonstrated by the authors that among the
inner-sphere mechanisms, along the mechanism (c) pathway,
a considerably lower amount of energy is required. Indeed,
while the nucleophilic attack of the enolate B-carbon takes
place surmounting an energy barrier of 13.4 kcal mol ™', the
ligand-bridged transition state has been located 27.2 kcal mol "
above the reference adduct (2). Actually, along the two paths,
the reductant establishes different interactions with the Pt"
complex in the adduct resulting from the IRC calculations starting
from the TSs located for the two mechanisms. Indeed, a stabiliz-
ing hydrogen-bond between the ascorbate and the NH, moiety of
the dach ligand has been observed only in the starting reactant
interaction (3) of mechanism (c), which results in about
7 keal mol™! more stability than the other (2). Moreover, from
the inspection of the two TSs downhill, the relative formed
intermediates have different stability. Indeed, the protonated
dehydroascorbate (4) formed along the mechanism (a) pathway
is significantly less stable than the Cl-ascorbate adduct formed
along the pathway of the (c) mechanism (5). The last step of the
reaction, involving the release of Cl™ by reaction with ascorbate for
mechanism (c) or deprotonation of protonated dehydroascorbate
leading to DHA formation for mechanism (a), are both barrierless.
Therefore, tetraplatin should prefer mechanism (c) for kinetic and
thermodynamic reasons to be reduced by ascorbate.
Outer-sphere mechanisms have also been explored, and on
the basis of the obtained results, the novel mechanism classified
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Fig. 1 Free energy profiles describing the reduction of the tetraplatin
complex by AscH™ via inner sphere mechanisms (a) and (c) in water. In
parentheses, electronic energies are provided. Adapted from ref. 41 with
permission. Copyright 2017 by The Royal Society of Chemistry.
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as (b) base-assisted in Scheme 4 has been proposed. The
assistance of both AscH™ or HCO;  bases has been tested for
their ability to deprotonate the ascorbate to form the very
reactive Asc> species that transfers two electrons to the Pt"
complex by an outer-sphere mechanism. On the basis of the
obtained results and the calculated energy barriers, the authors
concluded that both inner- and outer-sphere mechanisms are
viable. Nevertheless, since the enolate B-carbon attack inner-
sphere reduction (Fig. 1) is calculated to be faster than the
deprotonation of AscH ™, the inner-sphere prevails.

Shortly after, Ariafard and co-workers added another tessera
to the puzzle of Pt" complexes reduction, inspecting the
reduction mechanism of [Pt(en)Cl,] (en = ethylenediamine)
by sulphur-containing biological reductants, like r-Cys and
1-Met.”” Such types of compounds can act according to the
inner-sphere mechanism (a), with Cl™ as the bridging ligand.
The reduction is supposed to involve the electrophilic attack of
the highly polarised chlorido ligand of the Pt" complex on the
thiol.®° The reductive elimination results in the production of
the RSCI species and the concomitant release of the trans
ligand. The RSCl is further consumed, leading to the formation
of an RSSR unit. Exploring the reaction mechanism using the
most abundant zwitterionic form in the physiological environ-
ment of the RA, the authors have evidenced that the reaction
can be assisted by the carboxylate group. However, the energy
cost required for the Cl-bridged mechanism to occur is very
high along both carboxylate-assisted and non-assisted reaction
paths. Moreover, the activation energy barrier computed for the
oxidation of 1-Cys, mediated or not by its carboxylate group, has
been computed to be considerably higher than that of .-Met,
contrary to what has been experimentally observed. Since the
thiol functional group is considerably more reactive when it is
converted into thiolate, the authors have demonstrated that in
the case of the 1-Cys agent, an unusual tautomerization can
occur, surpassing a low energy barrier for a transition state that
permits the transfer of the proton from the S atom to one of the
oxygen atoms of the carboxylato group (TS,_1,). The free energy
profile describing the whole mechanism that involves the active
tautomer (13), formed by an H-transfer, is sketched in Fig. 2.

The reduction requires only 7.4 kecal mol ' to take place,
thus justifying the higher activity of 1-Cys towards Pt" to Pt"
reduction.

Additionally, we have applied the Baik approach to both
tetraplatin and [Pt(en)Cl,] complexes to estimate their redox
potential. The calculated values with respect to the SHE are
0.412 eV for the former and 0.444 eV for the latter. Additionally,
for these two di-chlorido Pt" complexes, highly positive values
have been obtained, in line with the trend of the propensity to
be reduced of Pt" complexes as a function of the identity of
axial ligands.***® Therefore, an outer-sphere mechanism
appears to be viable for both complexes.

Reduction mechanism of the [PtCl,(salphen)] complex. In
the search for more active and less dangerous anticancer drugs,
much effort has been devoted to the design of metal complexes
with more than one mode of action to maximize the cytotoxic
effect. The identification of novel potential biological targets
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Fig. 2 Free energy profile describing the inner-sphere ligand-bridged
reduction of the [Pt(en)Cly] complex by Cys. Reproduced from ref. 40
with permission. Copyright 2018 by The Royal Society of Chemistry.

such as DNA non-canonical structural arrangements with
possible roles in carcinogenic events is a promising strategy
for the development of new metal-containing anticancer drugs.
For this reason, G-quadruplex (G-Q) nucleic acids, which are
structurally quite different from the regular DNA double helix,
have attracted much attention. They are characterized by the
self-assembling of single-stranded guanine-rich DNA sequences
arranged into planar guanine quartets. Such tetrads are stabi-
lized by m-n stacking interactions and alkali-metal cations
(such as Na" and K'), which electrostatically interact with the
guanine carbonyl groups. This type of structure is present in
oncogene promoters as well as in telomeres, regions that have
been identified as suitable targets for antineoplastic drugs, as it
has been shown that the formation of telomeric G-Q nucleic
acids inhibits the telomerase action, causing the cells death.
Thus, the ideal drug suitable for targeting G-Q should be able to
interact with such a secondary DNA structure, stabilizing it. The
structural features of drugs able to stabilize G-Qs include an
extended m-system, essential to establishing m-m interactions
with guanine units, and a limited steric hindrance that could
inhibit the entrance of the drug within the guanine tetrads.
Recently, a salphen-based Pt" complex having two chlorido
ligands in the axial position, shown in Scheme 6, has been
synthesized, and the affinity for G-Q has been explored using
c-myc and H-telo as G-rich DNA structures.®® While the octa-
hedral Pt"-Sal shows a low G-Q affinity, the corresponding Pt"
square planar complex resulted in an excellent G-Q binder.
Thus, a favourable preliminary reduction of the Pt" complex in
the cellular environment is of crucial importance to release the
Pt" complex, which acts as a G-Q binder.

The reduction of the Pt"Y-Sal complex has been explored by
considering the action of two possible bioreductants: the active
form of ascorbic acid, AscH™, and Cys as a model of sulphur-
containing reductants. All the plausible reaction mechanisms
proposed for the leaving of Cl™ axial ligands, which include
inner-sphere (a) ligand-bridged, (c) enolate B-carbon attack, and
outer-sphere mechanisms, have been fully explored. It is worth
reminding ourselves that mechanism (a) can be accessible to
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both the considered RAs, while mechanism (c) may only occur in
the presence of ascorbate. The outcomes summarized here
showed that when ascorbate is the RA, the enolate -carbon attack
is preferred over the ligand-bridged mechanism, as the corres-
ponding activation energy barriers are 3.0 and 20.9 kcal mol ™/,
respectively. In addition, while the former mechanism is accom-
panied by an energy gain of 14 kcal mol ", the formation of the
Pt" active species is endergonic by 6.0 kcal mol " in the latter.
On the other hand, the only viable inner-sphere mechanism for
the reductive action of Cys relied on the (a) ligand-bridge type,
which is accompanied by S-Cl bond formation and the concomi-
tant loss of the chloride occupying the trans position. It requires
7.2 keal mol ™" to take place and is also favoured from a thermo-
dynamic point of view, being exergonic by 15.5 keal mol ™.

The outer-sphere mechanism has been explored as well, and
the decomposition scheme proposed by Baik et al. (Scheme 5) has
been adopted to estimate the reduction potential. Accordingly, the
free energy change in solution that accompanies the first one-
electron transfer leading to the formation of the six-coordinate
Pt™ complex has been evaluated and the reduction potential
calculated employing eqn (2). The obtained value of 0.162 eV, if
compared with that computed for cisPtCl,(NH3),] using the same
approach (0.374 eV), suggested that the Pt"Y-Sal complex may also
be reduced following an outer-sphere mechanism.

Hydroxido ligands

The information about the ease of reduction of Pt" prodrugs
gained from the measurement of the peak potential leads to the
conclusion that, typically, the potentials are more negative
when the axial ligands are hydroxides. However, the presence
of OH™ ligands, while rendering the electrochemical potential
more negative and, then, the corresponding complexes less
prone to reduction, offers the possibility of creating a bridge
facilitating the electron transfer. As a consequence, many
examples exist in the literature that evidence how the observed
rates of reduction may or may not be correlated**°! to the E,
values when Pt" complexes with hydroxido ligands are taken
into consideration. Here, an example of a computational study
trying to identify the correct mechanism that is operative for
the reduction of Pt" complexes bearing hydroxido axial ligands
is reported.

Asplatin hydroxido complex reduction mechanism. Asplatin
or platin-A is a new Pt" cisplatin-based complex, [c,c,t-
[PtCl,(NH,),(OH)(Asp)],**”° having aspirinate (Asp) and hydro-
xido ligands in axial positions (Scheme 7). Thanks to the
presence of a bioactive ligand in the axial position, the complex
can combine anti-inflammatory and chemotherapeutic actions.
An in vivo assay demonstrated that Asplatin possesses higher
antitumor efficacy with lower toxicity in comparison with cispla-
tin. Asplatin, upon reduction, releases both cisplatin, which binds
to DNA and triggers cell apoptosis, and aspirin, which should
enhance the drug efficacy of the platinum complex. A detailed
computational investigation of the reduction mechanism of the
Asplatin complex has been performed by us in the presence of
L-ascorbic acid, in its monoanionic form AscH , as RA. Several
mechanistic hypotheses for the inner-sphere mechanism have
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Scheme 7 Structure of Asplatin.

been explored by means of DFT. Specifically, the mechanisms (b),
(), and (d) in Scheme 3 have been found viable. For an Asplatin
complex having a hydroxide in the axial position, an inner-sphere
reduction mechanism of type (a) has been envisaged. This kind of
mechanism, however, has been considered unfavorable®” due to
the reluctance of the OH unit to work as a bridge for allowing the
two-electron transfer. During the detailed investigation of the
reduction mechanism, a peculiar behavior was highlighted, as
reported in Fig. 3a.

Indeed, the hydroxido ligand plays the role of a bridge, but it
is the shift of a hydride (H™) unit from the OH group of the
ascorbate to the hydroxido ligand that allows the two-electron
transfer and the simultaneous formation of a water molecule.
Trans Asp ligand release, cisplatin formation, and the oxidation
of ascorbate to DHA complete the process. Therefore, the OH™
ligand permits the electron transfer, but it is also directly
involved in the reduction process as it generates the water
molecule and leads to the formation of DHA. The reaction
occurs through the TS depicted in Fig. 3a, overcoming an
energy barrier of 14.6 kcal mol ', and is calculated to be highly
exergonic (—34.5 kcal mol'). Therefore, the new type of
mechanism named “ligand-bridge-H transfer”, as aforemen-
tioned, has been proposed for the first time. The investigation
of mechanism (c) in Scheme 3 involves the nucleophilic attack
of the enolate B-carbon of the ascorbate on the OH ligand,
leading to the formation of a geminal diol product, causing the
subsequent loss of the trans Asp ligand and the generation of
the cisplatin active species. The height of the energy barrier
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that is necessary to overcome is 20.7 kcal mol~". The subse-
quent step involves the elimination of water from the geminal
diol product, which leads to the formation of the DHA oxidized
species. In this process, an auxiliary water molecule, acting as a
proton shuttle, assists the elimination, and the calculated
energy barrier for the transition state is 24.4 kcal mol~". The
whole process is calculated to be exergonic by 31.8 kcal mol ™.

The (d) type reduction, instead, takes place following an
autocatalytic mechanism and involves the Pt" complex catalytic
action that, in the reported case, is cisplatin. As described
above, to carry out its catalytic action and facilitate the two-
electron transfer, the Pt" complex has to be sandwiched
between the Pt" complex and the RA (AscH™). Indeed, in the
first step, an initial dimer adduct, AscH-Pt"~-OH-Pt"V-Asp, is
formed (Fig. 3b). The hydroxido ligand, together with the
deprotonated oxygen of the AscH™ unit, begins to coordinate
with the square planar Pt" complex in the transition state TS1,
and, as a final product, the new OH-Pt"*-AscH complex is
formed. The second ligand in the axial position of Asplatin,
Asp, is released spontaneously, and cisplatin formation is
achieved. Along this pathway, the two electrons are transferred
through the bridge action of the OH™ ligand. The process is
completed when the Pt" intermediate, generated in the first
step, is further reduced by a second AscH ™, realized according to
TS2. The second reduction takes place, overcoming an activation
energy barrier of 17.2 kecal mol . The rate-determining step of
the process involves the action of the catalyst, with the Asplatin
reduction and Asc-PtY-OH intermediate formation, and
requires 24.9 keal mol ™" to occur.

It clearly appears that, among the three explored mecha-
nistic hypotheses, the most viable is the ligand-bridge-H
transfer. This conclusion has been further confirmed by a
metadynamics study of the Asplatin reduction by ascorbate in
which, in order to reduce the complexity of the problem, a new
approach named harmonic linear discriminant analysis
(HLDA) has been applied.”* The standard redox potential of
the Asplatin complex has been calculated adopting the decom-
position scheme proposed by Baik and coworkers, and a value
of —0.239 eV has been obtained. If this value is compared with
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Fig. 3 Reduction mechanism following mechanism (b), the shift of a hydride (H™) unit from the OH group of the ascorbate to the hydroxido ligand

(panel a), and the Pt'-catalyzed mechanism (d) (panel b).
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the measured value of —0.536 eV versus the normal hydrogen
electrode, it is confirmed that the peak potential is more
negative than the normal potential, corresponding to a redox
stability higher than the real one. Nonetheless, this negative
value of the redox potential proves that the outer-sphere
reduction is not viable.

The results of the investigation on the Asplatin reduction
summarized here demonstrate that the inner-sphere ligand-
bridge-H transfer mechanism is the preferred one, corresponding
to the lowest energy barrier. The calculated redox potential, even
less negative than the experimentally measured peak potential,
confirms the low propensity of the complex to be reduced by an
outer-sphere mechanism. Moreover, the classical inner-sphere
ligand-bridge mechanism is proven to be unlikely for hydroxido
ligands. The new proposed ligand-bridge-H transfer mechanism
allows for the resolution of the contradiction between the mea-
sured rapidity of the hydroxido Pt complex reduction and the
impracticality of outer-sphere and classical inner-sphere ligand-
bridge mechanisms.

Carboxylato ligand

The preparation of carboxylato Pt" complexes commenced
later with respect to that of hydroxido and chlorido complexes
that are synthesized by oxidation of the corresponding square-
planar Pt" precursors with Cl, or H,O,. Only the optimization
of the carboxylation process of di-hydroxido Pt" precursors
has allowed the synthesis of a large number of carboxylato
complexes. Among them, the diacetato satraplatin complex is
the first oral deliverable platinum-containing anticancer drug
that has entered a Phase III trial.”> Since no increase in overall
survival has been noted, however, the drug has not obtained
FDA approval. With respect to chlorido and hydroxido ligands
that can act as electron bridges, carboxylato ligands are con-
sidered to be weak electron transfer bridges, and their mea-
sured peak potentials are intermediate between those of
hydroxido and chlorido ligands. Furthermore, while halido
and hydroxido ligands cannot be subjected to modification,
carboxylato groups are the ligands mainly investigated for the
synthesis of functionalized Pt" prodrugs with tuned chemical,
physical, and pharmacological properties. A computational
screening has been carried out by Ceron-Carrasco on a series
of Pt" complexes decorating oxoplatin with five of the latest
FDA-approved oncology drug sets (AOD9) coordinated through
the carboxylato moiety.”?

Two examples of computational studies carried out on
carboxylato Pt" complexes are illustrated here, aiming at high-
lighting that both the characteristics and the versatility of these
complexes can be exploited.

Mechanism of reduction of a multi-action Ru"-pPt"
conjugate. Conjugating bioactive ligands to the axial positions
of PtV complexes has, in recent years, become increasingly
popular in order to achieve synergistic actions, and several
research groups have exploited carboxylato groups as linkers
between the metal centre and biologically active molecules for
the purpose of assembling new classes of Pt compounds
exerting multiple actions.

15594 | Phys. Chem. Chem. Phys., 2023, 25, 15586-15599

View Article Online

Perspective

|
o HaNy, py +Cl

Antineoplastic activity HaN™ ] ~cl

(@)
HDAC inhibition m

conjugate complex.

Scheme 8 Structure of the Ru'-Pt"V

One of the most recent and interesting multi-action Pt"
complexes is the Ru-Pt complex proposed by Karges et al.”*
This novel Ru"-Pt" conjugate complex (Scheme 8) combines
three biological activities: (i) the antineoplastic activity of
the platinum complex; (ii) the light-mediated action of the Ru
complex acting as a photosensitizer for photodynamic therapy
(PDT); and (iii) the histone deacetylase (HDAC) inhibition
action of 4-phenylbutyrate (PB). All these actions should be
activated by the primary reduction of the conjugate to yield
cisplatin, PB, and the Ru-based chromophore in the presence of
a biological RA.

The reduction mechanism, assisted by ascorbate, of the pt"Y
prodrug to the Pt" active species has been explored, taking into
consideration all the possible modes of attack of the reductant
for releasing the axial ligands and affording active cisplatin.”®
Specifically, ligand-bridge-H transfer and enolate B-carbon
attack in the presence of AscH as a model of the RA have been
studied by taking into account that the interaction may be estab-
lished through both the axial ligands, carbamate (Ru-motif) and
carboxylate (PB-motif). As in the reference paper, it is underlined
that the long aliphatic chain has been used to make the Ru™ and
Pt" portions independent, and the elucidation of the reduction
mechanism has been performed considering a model of the
complex reported in Scheme 9.

Then, both axial ligands have been considered to be directly
involved in the reduction mechanism, distinguishing the two
paths as Up and Down attacks. Furthermore, the participation of
both oxygen atoms, labelled O, and Og, of the two ligands has
been explored. The ligand-bridge-H transfer pathway that involves
a bridge formation with the O, atom occurs, overcoming an
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Scheme 9 Portion of the Ru'-Pt" complex used to elucidate the

reduction mechanism.
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energy barrier of 25.5 and 32.1 kcal mol ™', respectively, for Up
and Down attacks. Furthermore, the reaction is exergonic by
8.6 kcal mol ' for Up and 6.1 kcal mol * for Down attacks,
respectively. The same reactions, but with Og playing the role of
bridge, entail energy barriers of 29.4 and 30.6 kcal mol ',
respectively, for Up and Down attacks. The product is more stable
than the initial adduct by 0.3 kcal mol " and 1.7 kcal mol " along
the Up and Down attack pathways, respectively. From a kinetic
point of view, the reduction mechanism is favoured when ascor-
bate approaches carbamate (Up attack). Similar behaviour has
also been found for the enolate f-carbon attack, with the favoured
pathway being that entailing the ascorbate interaction with the
carbamate ligand from the Up side, requiring 27.1 keal mol " to
take place versus 35.1 kecal mol ' needed for the Down attack.
Cisplatin formation is accompanied by the generation of
an ascorbate with an additional carboxylate moiety bound to
the enolate B-carbon. The reaction is exergonic by 11.0 and
7.8 keal mol ™" for Up and Down attacks, respectively. Comparing
the energy profiles of the two different mechanisms, the ligand-
bridge-H transfer turns out to be the favoured mechanism when
functional groups such as carboxylates and carbamates are pre-
sent in the axial position; the same result was found for hydroxido
axial ligands. In addition, as a covalent C-O bond between
ascorbate and the ligand is formed, the enolate B-carbon attack
needs an additional step for the formation of final products to
occur. The conclusion that the favoured reduction mechanism
is the ligand-bridge-H transfer on the carbamate is consistent
with the experimentally observed behaviour of a series of Pt(iv)
complexes having carbamates and carboxylates as axial ligands,
showing that complexes having carbamates are reduced faster.”®
To evaluate whether the Pt"™ complex can be reduced by an
outer-sphere mechanism, the standard reduction potential
has been calculated using the Baik decomposition method.
The computed value with respect to the SHE of —0.314 eV
suggests, if compared with that of other complexes, that this
complex is difficult to be reduced by this route.
Flavin-mediated photoactivation of Pt" prodrugs. Salassa
and co-workers have demonstrated that flavins (FL), like ribo-
flavin, and flavoproteins are able to catalyse the reduction of
Pt" complexes under light irradiation.”””~” In this photoca-
talytic reaction, upon light excitation, the FL excited singlet
state undergoes an intersystem spin crossing to the excited
triplet state, which is then reduced by NADH to yield the
reduced form of flavin and NAD". The FL reduced form, FLH ",
decays in its singlet ground state and can then cause a rapid
conversion of Pt" into Pt" while the catalyst is restored and can
restart the catalytic cycle. A schematic representation of the
catalytic process by riboflavin Rf is sketched in Scheme 10. The
mechanism of photoactivation of Rf to its triplet excited state
has been recently studied by means of Time-Dependent DFT.*°
The key steps of the photocatalytic mechanism of Pt" com-
plexes reduction by Rf,> as a flavin model, have been eluci-
dated by means of DFT using two PtV prodrugs containing
carboxylato groups as axial ligands (Scheme 11): cis,cis,trans-
[Pt(NH;3),Cl,(CH3CO,),] (1) and cis,cis,trans-[Pt(NH3),(C,Hs-
(CO,),)(CH3CO,),] (2), which, upon reduction, release the
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clinically-approved cisplatin and carboplatin. The ligand-bridge-
H transfer mechanism has been explored as the most probable
inner-sphere mechanism for both complexes. The reducing ability
of the reduced form of riboflavin, RfH ", has been investigated
and compared with that of two possible reducing agents: AscH™
and 1-methylnicotinamide (MADH), as a model of NADH.

It is worth underlining that carboxylato ligands are able to
form bridges with RAs by both oxygens: the one bound to the
metal centre and the carbonylic one. Therefore, DFT calculations
for the conversion of Pt" complexes by RfH ™, MADH, and AscH ™
have been performed considering two different interaction
modes. However, comparable trends have been calculated along
both pathways, even if the pathway involving the formation of a
bridge with oxygen O, is slightly preferred kinetically. Focusing
only on O,, for all three donors, the hydride-donating moiety
(N-H, C-H, and O-H) transfers 2e~ and a proton to the O,,
causing the detachment of the two axial ligands and the for-
mation of cisplatin or carboplatin.

All the products obtained are strongly stabilized with respect
to the entrance channel. The obtained free energy profiles prove
that the reduction of both complexes takes place in the order RfH™
> AscH > NADH, the same trend observed experimentally.>*
Moreover, RfH™ results in a very efficient RA with an activation
barrier lower than 10 kcal mol™'. In addition, calculations show
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Scheme 11 Structure of complexes (1) cis,cis,trans-[Pt(NHz),Clo(CHzCO,),]
and (2) cis,cis,trans-[Pt(NHz),(CBDCA)(CHzCO,),].

Phys. Chem. Chem. Phys., 2023, 25, 15586-15599 | 15595


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp01150j

Open Access Article. Published on 18 May 2023. Downloaded on 6/29/2026 8:35:47 AM.

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

(cc)

PCCP

that complex (1) having cisplatin in the square plane is reduced
more readily than (2).

Moreover, the values of the reduction potential have been
calculated for both complexes. The low reduction potentials of
(1) (B, = —0.324 V vs. SHE) and (2) (E, = —0.693 V vs SHE)*'
suggest that an outer-sphere mechanism is unlikely for both
complexes.

Conclusions

Reduction of Pt" complexes by bioreductants appears to be the
key step of their mechanism of action for eliminating the axial
ligands and releasing the corresponding active Pt" species that
are protected from deactivation en route before reaching their
biological targets. Several parameters can be varied for tuning
the activity of the prodrugs, requiring that their reduction be
neither too fast, in order to avoid premature activation outside
the cell, nor too slow to ensure the cytotoxic Pt" drug is released
effectively in tumor cells. The mechanisms of reduction, classi-
fied as inner- and outer-sphere, depend essentially on the
nature of the axial ligands and, when an inner-sphere mecha-
nism is operative, also on the identity of the reducing agent.
In the present paper, an overview is given of the computational
studies performed to identify the correct mechanism of the
decisive step for the activation of Pt" compounds. All the
proposed inner- and outer-sphere mechanistic hypotheses have
been taken into consideration, and several examples of compu-
tational investigations of the reduction of Pt" complexes bear-
ing hydroxido, chloride, and carboxylato ligands have been
illustrated. We hope, with the overview given here, to contribute
to properly addressing all the efforts presently directed towards
the design and synthesis of Pt" prodrugs with both controlla-
ble activation characteristics and enhanced properties allowing
targeted treatments and mitigation of severe side effects.
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