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Abstract

Metal containing drugs have attracted an enormous deal of interest for
their use in cancer therapy. Transition metal compounds’ richness offers
extraordinary opportunities for the design of anticancer compounds,
possessing pharmacokinetic properties inaccessible to purely organic
compounds. The most successful and evident proof of their pivotal role
is represented by cisplatin that, together with its carboplatin and
oxaliplatin derivatives, continues to be routinely used worldwide in
clinical practice. However, it is well known that the use of such drugs
for fighting cancer is accompanied by severe side effects and intrinsic
or acquired resistance that drastically limit their successful action.
Therefore, decades of research efforts have been devoted to the search
and the synthesis of safer and more effective and selective agents, either
containing platinum or alternative metals, acting with similar or
different mechanisms. In order to accomplish this aim is of decisive

importance the elucidation of the mechanism of action of the drugs.

Molecular simulations, or in silico experiments, are able to provide
detailed information at atomistic resolution, rarely accessible to
experiments, that can complement laboratory experiments. The
increasing accuracy of computational approaches and the growing
performance of computer performance, allow to properly describe
reaction paths and involved molecular orbitals, calculate electronic
properties, simulate spectra without any limitation except those
connected with the adopted level of theory and compuatational
protocol.



The main aim of the present work was the detailed investigation, in the
framework of the Density Functional Theory, of the mechanism of
action of “non classical” platinum and transition metal non-platinum
compounds, for some of them in collaboration with experimentalists,
and the rationalization of their behaviors. In the next paragraphs all the
studied systems will be shortly described together with the motivations
that have prompted us to study such systems.

Both “non classical” platinum(lIV) prodrugs, non-platinum drugs and
photoactivatable Pt(Il) and Pt(IVV) complexes have been examined. In
the development of new platinum-based anticancer drugs, is of great
interest the emerging class of "dual action” Pt(IV) prodrugs that,
undergoing a reductive elimination process, which is the key step for
their activation, are able to release the active Pt(ll) complexes and
bioactive axial ligands that together lead to cell death. Indeed, the two
axial ligands, in turn, can be chosen to possess physico-chemical and
biopharmaceutical properties or even facilitate the incorporation into a

drug delivery system.

According to the research lines mentioned above, the use of drug
delivery systems has also grown, and many different strategies have
been examined to encapsulate platinum drugs within macromolecules,
including macrocyclic species, which are responsible for creating
supramolecular host-guest structures. The encapsulation slows down
and prevents the drug degradation by proteins and peptides. One of the
most widely studied class of synthetic supramolecular macrocycles are
Calix[n]arenes (CX), whose property, as molecular hosts and delivery

systems, are of increasing interest.
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Photodynamic Therapy (PDT) is a non-toxic therapeutic technique,
clinically approved and minimally invasive, used for the treatment of
several types of cancers based on the generation of reactive oxygen
species (ROS), that acts as cytotoxic agents. In PDT applications three
components are required: a photosensitizer (PS), a light of a specific

wavelength and tissue oxygen.

A promising approach to increase the effectiveness of anticancer therapy
Is the combination of multimodal treatment methods into a single
system. Recently, a strategy has been proposed providing the possibility
to combine the classical Pt-based chemotherapy with photodynamic
therapy (PDT) treatment. This approach involves the functionalization
of a photosensitizer (PS) with a therapeutic drug such as cisplatin-like

compounds.

Vii



Abstract

| farmaci contenenti metalli hanno riscosso un enorme interesse per il
loro impiego nelle terapie antitumorali. La ricchezza chimica dei
complessi dei metalli di transizione offre straordinarie opportunita per
la progettazione di composti antitumorali, che presentano proprieta

farmacocinetiche inaccessibili ai composti puramente organici.

La prova piu riuscita ed evidente del loro ruolo cardine é rappresentata
dal cisplatino che, insieme ai suoi derivati, carboplatino e ossaliplatino,
continua ad essere utilizzato abitualmente a livello mondiale nella

pratica clinica.

Tuttavia, € ben noto che l'uso di tali farmaci € accompagnato da gravi
effetti collaterali e resistenza intrinseca o acquisita che limita
drasticamente la loro efficacia. Pertanto, decenni di sforzi di ricerca
sono stati dedicati all’individuazione e alla sintesi di agenti piu sicuri,
piu efficaci e piu selettivi, contenenti platino o metalli alternativi, che
agiscono con meccanismi simili o diversi. Per raggiungere questo

obiettivo, & necessario chiarire il meccanismo d'azione dei farmaci.

Le simulazioni molecolari (esperimenti in silico) sono in grado di
fornire informazioni dettagliate con risoluzione atomistica, raramente
accessibili agli esperimenti, che possono integrare gli esperimenti di
laboratorio. La sempre maggiore accuratezza degli approcci

computazionali e le crescenti prestazioni dei calcolatori, consentono di:

e descrivere correttamente i percorsi di reazione e gli orbitali

molecolari coinvolti;

e calcolare le proprieta elettroniche;
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e simulare gli spettri

senza alcuna limitazione, fatta eccezione per quelle connesse al livello

di teoria adottato e al protocollo computazionale.

L’obiettivo del presente lavoro ¢ stato quello di indagare
dettagliatamente, nell'ambito della Teoria Funzionale della Densita, il
meccanismo d'azione di complessi “non classici” del platino e di
composti contenenti metalli di transizione diversi dal platino. Per alcuni
di essi, I’indagine e la razionalizzazione dei loro comportamenti sono
state condotte in collaborazione con gruppi sperimentali. Di seguito
sono brevemente descritti tutti i sistemi studiati e le motivazioni che

hanno condotto alla scelta di tali sistemi.

Sono stati esaminati i profarmaci di platino (IV), i farmaci a base di altri
metalli e i complessi fotoattivabili di Pt(Il) e Pt(1V).

Nello sviluppo di nuovi farmaci antitumorali a base di platino, € di
grande interesse la classe emergente di profarmaci di Pt (1) a "doppia
azione" che, sottoposti ad un processo di eliminazione riduttiva, che
rappresenta il passaggio chiave per la loro attivazione, sono in grado di
rilasciare il complesso attivo di Pt(Il) e i leganti assiali bioattivi che
insieme portano alla morte cellulare. Infatti, i due leganti assiali, che a
loro volta possono essere scelti in base alle loro proprieta chimico-
fisiche e biofarmaceutiche, o sono anche in grado di facilitare

I'incorporazione in un sistema di trasporto e rilascio di farmaci.

In accordo con quanto descritto in precedenza, anche l'uso di sistemi di
trasporto di farmaci é cresciuto e sono state esaminate molte strategie

diverse per incapsulare i farmaci del platino all'interno di



macromolecole, comprese specie macrocicliche, che sono responsabili
della  creazione di  strutture  host-guest  supramolecolari.
L'incapsulamento rallenta e previene il degrado del farmaco da parte di
proteine e peptidi. Una delle classi di macrocicli supramolecolari
maggiormente studiate e quella dei Calix[n]areni (CX), le cui proprieta,
di host molecolari e di sistemi di rilascio, sono diventate oggetto di
grande interesse della comunita scientifica.

La terapia fotodinamica (PDT) e una tecnica terapeutica non tossica,
clinicamente approvata e poco invasiva, basata sulla generazione di
specie reattive dell'ossigeno (ROS), che agisce come agente citotossico
e utilizzata per il trattamento di diversi tipi di tumori. Nelle applicazioni
della PDT sono richiesti tre componenti: un fotosensibilizzatore (PS),
una luce di una lunghezza d'onda specifica e la presenza di ossigeno nei

tessuti.

Un approccio promettente per aumentare l'efficacia della terapia
antitumorale e la combinazione di metodi di trattamento multimodale in
un unico sistema. Recentemente, é stata proposta una strategia che offre
la possibilita di combinare la chemioterapia classica a base di Pt con il
trattamento di terapia fotodinamica (PDT). Questo metodo prevede la
funzionalizzazione di un fotosensibilizzatore (PS) con un farmaco

terapeutico come i composti simili al cisplatino.
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INTRODUCTION

Cisplatin and its congeners, carboplatin and oxaliplatin, are the
most used platinum based anticancer drugs in the world. It is
clinically proven that they combat diverse types of cancers but,
despite their worldwide clinical application, their use is limited
by considerable problems of inherent and acquired resistance,

systemic toxicity and low water solubility.

The mechanism of action (MoA) of cisplatin has been clarified in
its essential aspects both experimentally and theoretically.
Activated by hydrolysis, the platinum compound causes cell

death by the formation of DNA cross-links.

Recently, other strategies summarized below, have been
proposed to combat the Pt compounds resistance, to increase the

spectrum of activity and decrease side effects:

1. New platinum compounds, different in structure, whose
mechanism of action is in part or totally different from that
identified in the case of cisplatin.

2. Platinum (1V) prodrugs, an important class of compounds that
are activated by reduction directly in the cell releasing the
corresponding cytotoxic square-planar Pt(Il) active complexes
together with the axial ligands.

The chemical inertness obtained through the hexa-coordination of
the platinum(IVV) complexes makes the compounds stable in
biological fluids. Moreover, the axial ligands, which might



possess antineoplastic or pharmacological properties, provide a
means to control reduction potentials, lipophilicity, charge,
selectivity, targeting and.

3. Complexes based on other metals with different chemical
properties (charge, coordination, redox activity, etc.), which can
act with the same or distinct mechanisms of action than platinum
complexes.

4. Drug delivery systems for platinum complexes that are
obtained by the encapsulation of anticancer drugs within
macrocycles to slow down and prevent degradation before
reaching the target. Interactions of hydrophobic type are
established between the macrocycle (host) and the drug (guest) to
generate a host-guest complexes. Three groups of macrocycles
are relevant as delivery systems: calix[n]arenes, cucurbit[n]urils
and n-cyclodextrins.

5. A less invasive therapeutic techniqgue named Photodynamic
Therapy (PDT) used to treat different types of tumors through the
production of cytotoxic agents, the reactive oxygen species
(ROSs). PDT uses a drug, named photosensitizer agent (PS),
which upon irradiation with light of a specific wavelength,
produces the highly cytotoxic singlet oxygen (*O2) (type |
photoreaction) or other highly reactive radicals (type Il

photoreaction).

It is worth underlining that the knowledge of the mechanisms of

action, the metabolic pathways and the chemical properties of



cisplatin derivatives, non-platinum metal based complexes and
photosensitizing molecules is of paramount importance for the
selection of new approaches to cure cancer. Laboratory
experiments should be complemented by “in silico” experiments
able to afford information not accessible differently and, in
principle, without any limitation except those related to the

adopted level of theory and computational protocol.

The aim of this research project was to study, through the
strategies of the theoretical and computational chemistry, such as
density functional theory (DFT), time dependent DFT (TD-DFT)

and metadynamics:

The reduction mechanisms of new Pt(IV) anticancer prodrugs
aiming at proposing, in some cases, new compounds with higher

anticancer activity. (Chapter 3)

The mechanisms of action of new metal-based anticancer
complexes. Classical hydrolysis mechanism of Ru(ll) and Ir(l1l)
anticancer complexes has been investigated. In addition, the
reactivity of organometallic Ir(l11) and Os(ll) complexes able to
kill cancer cells by novel mechanisms of action has been

explored. (Chapter 4)

The host/guest interaction between 4-sulfocalix[4]arene and a
Pt(1) complex. (Chapter 5)



- The chemical properties of new photosensitizers operating as
photodynamic agents in Photodynamic Therapy (PDT). A
multitarget antineoplastic drug, a particular molecule that
combines a light absorbing chromophore with a cisplatin unit,
was studied. (Chapter 6)
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A BRIEF HISTORY AND NEW
DEVELOPMENTS



Anticancer drugs: a brief history and new developments

1. Cisplatin and beyond

1.1. Cisplatin, Carboplatin and Oxaliplatin, classical Pt(Il)
drugs

Cisplatin, cis-[Pt(NH3)2Cl2], whose cytotoxic activity has been
serendipitously discovered in the 1960s by Rosenberg, is the
most well-known Pt based complex used as anticancer drug
(Figure 1) and very efficacious in the treatment of a wide variety
of cancers such as testicular, ovarian, head, neck and small cell

lung.>”’

Cl
H 3 N /) '/, '/, ///, \\\\\\\\\
., K
Pt

HsN/ \CI

Figure 1. Chemical structure of the anticancer drug cisplatin

It is well known that the cisplatin complex activation starts inside
the cell by hydrolysis of Pt-Cl bonds,>® to generate Pt-H,O
complexes. The lower chlorido concentration (4-20 mM) inside
the cells with respect to the bloodstream promotes the drug
activation. Specifically, the first chlorido ligand is replaced by a
water molecule leading to the formation of the mono-aqua
complex cis-[Pt(NHz)2(OH2)CI]*. The remaining chlorido ligand
can be substituted by a further water molecule to form cis-

[Pt(NH3)2(OH2)2]?*, the di-aqua platinum complex (Scheme 1).
1
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+H,0 +H,0

cis-[Pt(NH;),(Cly)] <= cis-[Pt(NH;),(OH,)CI]" —_— cis-[Pt(NH3)2(OH2)2]2+
-Cr -CI

Scheme 1. Cisplatin, hydrolysis reaction
In the aquated compounds, the water molecules coordinated to
the metal centre lower their pKa causing the formation of
hydroxido complexes. At physiological pH, the equilibria
associated with the formation of Pt-OH species, hence
cis-[ Pt(NHz)2(OH2)(OH)]* and cis-[ Pt(NHs).CI(OH)], become
important.
The Pt aquo/hydroxido complexes are the active forms that, can
interfere with the cell division processes by the formation of
covalent adducts with DNA (Pt-DNA adducts), forming
preferentially 1,2-intrastrand cross-links (65%) with the N7
position of guanines bases.” ! The 1,3-adduct intrastrand and the
interstrand modes are significantly less important.
The DNA lesions induce the cancer cell necrosis and/or
apoptosis.1t2
Despite its success, severe side effects of cisplatin therapies:
vomiting, kidney damage, hearing loss etc. and intrinsic and
acquired drug resistance, limit its clinical use.
The cisplatin shortcomings have motivated, in the first moment,
the exploration of a large number of cisplatin analogues, having
reduced side effects, lower resistance and efficacy toward a wider
range of cancers, acting following the same steps of cisplatin

mechanism of action and, finally, binding to DNA.***4 Since the
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discovery of cisplatin, over 3000 platinum compounds have been
synthesized and screened for antitumor activity and among these,
only two complexes have been approved for clinical use:
Carboplatin a second generation of platinum (I1) complex and

Oxaliplatin, a third generation drug.'® (Figure 2)

o) o)
H,N 0 N2 o
N7 N\ e
Pt Pt
i, \o
H3N o N
o) 2 o

Figure 2. Chemical structure of the clinical carboplatin and oxaliplatin
agents.

In addition, three other complexes have been approved for use in
specific countries, named Nedaplatin (in Japan),'® Lobaplatin
(China), and Heptaplatin (Korea). 1718

Carboplatin ~ (cis-diammine  (1,1-cyclobutanedicarboxylato)
platinum 1) contains the chelating leaving group, the
cyclobutane-1,1-dicarboxylate (CBDCA), instead of the two
chlorido ligands of cisplatin. This chelating ligand is replaced by
water molecules more slowly than cisplatin and causes the
complex to be more stable and soluble compared to cisplatin.
Furthermore, carboplatin exhibits improved nephrotoxicity,
neurotoxicity, ototoxicity,'® but it is less efficacious than the first

generation of platinum drugs. The mechanism of action of

3
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carboplatin involves the formation of covalent drug-DNA
adducts where carboplatin mainly reacts whit guanine and to a
lesser extent with adenine.?

The DNA-carboplatin monoadducts and diadducts involve the
replacement of one or both “arms” of the bidentate dicarboxylate

ligand.

Oxaliplatin (trans-R,R-diaminocyclohexane(oxalate) platinum I1)
Is a third generation platinum derivative, which contains two
bidentate ligands, a chelating oxalate as leaving group and a
chelating R,R-diaminocyclohexane (DACH) as non leaving
group. These chelating ligands confer greater stability to the
complexes than cisplatin. Oxaliplatin is useful in the treatment of
metastatic colorectal cancer, is active in cisplatin and carboplatin
resistant  tumours?*?2 and, moreover, reveals reduced
haematological toxicity than carboplatin.?®?* Oxaliplatin interacts
with DNA forming adducts, whose detailed characteristics are

not known yet.

1.2. Drug candidates with non-classical mechanisms of action:
trans Pt(11) complexes and intercalating agents

Over the years, in an attempt to find drugs with improved
features, a great deal of attention has been focused on new Pt(l1)

derivatives, able to interact with DNA in unconventional ways.
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The first examples of such complexes consisted of platinum
compounds with trans geometry.

Although transplatin (trans-diammine-dichlorido-platinum (I1) is
inactive, several platinum compounds with trans geometry
exhibit promising anticancer activity.

One strategy to obtain active trans-Pt(Il) complexes a is the
replacement of the ammine ligand(s) with planar N-donor ligands
such as pyridine, quinoline, isoquinoline, thiazole, or
benzothiazole. An increased activity in cisplatin and oxaliplatin
resistant is obtained.?®> Moreover, these trans complexes display
different lesions of DNA compared to cisplatin, Pt(Il) derivates,
favouring monofunctional adducts and interstrand cross-links.
Further trans-Pt(ll) analogues complexes, with promising
biological activity, have the amino group(s) substituted by
iminoether ligands.?> 2® These complexes are able to establish
more stable monofunctional adducts with DNA.

Another strategy is to consider trans-Pt(NH3).Cl unit to create
polynuclear platinum(ll) compounds with the aim to improve
DNA binding ability and facilitate long distance interactions, for
obtaining flexible intra- and inter-strand cross-links. This new
proposal increases the affinity to DNA. The complex that has
shown improved features is the trinuclear platinum(ll)
compound, BR3564,bis[trans-diammine-chlorido-
platinum(II)][u-trans-diammine-bis(hexanediamine)-

platinum(11)] nitrate,?® which generates adducts with DNA that

5
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are not recognized during the repair phase. Nevertheless, during
the phase Il trials, the compound has shown a large toxicity and
other side effects.

The systems proposed so far, despite having different properties,
require further studies to mitigate problems of toxicity and drug
resistance.

Another class of complexes studied and tested is represented by
Pt(11) complexes that can bind to DNA in a non-covalent way,
through an intercalation process. Intercalation is a reversible
intermolecular process in which the drugs, containing [I-
conjugated heterocyclic ligands, can establish electrostatic
interactions, H-bonding, van der Waals and hydrophobic
interactions with DNA leading to its distortion. In particular,
insertion and formation of m-m stacking interactions between a
complex containing a planar aromatic ring ligand and the two
adjacent basis of the double-stranded DNA occur, generating a
structural change. The most common binders for these systems
are bipyridine, terpyridine, and phenanthroline. This category
includes the monofunctional platinum(l1) complexes having an
organic intercalator group and a classical leaving group such as a
chlorido ligand. These complexes are able to play a double
function, exhibiting DNA intercalation followed by platination to
form monofunctional DNA adducts. These monofunctional
DNA-damaging agents  such as pyriplatin (cis-
diamminepyridinechloroplatinum(ll)) and phenanthriplatin (cis-

6
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diamminephenanthridinechloroplatinum(ll)) are able to inhibit

DNA polymerases.?®%

1.3. Pt(IV) prodrugs as multi-action anticancer agents.
Reduction and anticancer activity

The second and third-generation of Pt(ll) drugs encounter the
same drawbacks of cisplatin complex. In order to overcome these
limits, new strategies have been adopted over the years including
the use of Pt(IVV) complexes capable to act as prodrugs.

The prodrugs are derivatives of drugs that undergoing in vivo
transformation, can release the active drug able to perform the
desired action. The Pt(IV) prodrugs, after administration, being
relatively inert to substitution, can be directly activated inside the
cells and consequently reduce undesired side effects making even
oral administration feasible.3* One of the best known orally active
Pt(1V) complex, whose clinical trials have been stopped within
Phase I, is Satraplatin  (bis-acetato-ammine-dichlorido-
cyclohexylamine-platinum (1V)) JM216, a cisplatin-based
complex.®? (Figure 3)

However, the clinical tests have been stopped within phase 1132
due to an irrelevant increase of survivors. Its advantage resides in
a small number of collateral effects, especially after
administration. No neurotoxicity, nephrotoxicity, and ototoxicity

have been observed.
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Figure 3. Chemical structure of the Pt(1V) prodrug Satraplatin

Pt(1V) complexes have low-spin d® electron configuration and
adopt octahedral geometries with two additional axial ligands in
the axial position with respect to Pt(Il) complexes.®® Pt(IV)
complexes, thanks to their configuration, are more Kinetically
inert. The inertness makes Pt(IVV) prodrugs more resistant toward
ligand substitution reactions minimizing collateral reactions with
biomolecules before reaching the target, and increases their
lifetime in the blood. Moreover, the two axial ligands can
modulate the biological features of the complex such as
lipophilicity, redox stability, solubility in biological media etc.,
can inhibit reactions related to resistance to the drug and/or afford
pharmacological properties to the complex.

The Pt(IV) complexes can be activated directly inside cancer
cells by a two-electron reduction reaction that involves the loss of
both axial ligands and the simultaneous release of cisplatin or its
derivatives. The resulting square-planar Pt(Il1) complex binds the
DNA and induces cellular death. (Scheme 2).
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reduction cisplatin
NH3//// T \\\\CI +2e- NH3////,pt‘m\\\\\\\C|
Pt — = F ox
NH3/| e NH3/ N
X

Scheme 2. Reduction reaction of Pt(IV) complexes
Therefore, the reduction reactions are the main chemical
processes in which Pt(IV) complexes are involved and the
complexes reduction potential is influenced by the nature of the
ligands in both axial (much stronger influence) and equatorial
positions®! and by the biological reducing agent involved in the
redox process.
For in vitro reduction tests, the reducing agents used to activate
the Pt(IVV) complexes are ascorbic acid (AA), or more properly its
active monoanionic (AscH’) form, and glutathione (y-
glutamylcysteinylglycine, GSH), which are believed to be the
main bio-reducing agents in the cell.3*3 Several experiments
have been carried out using also cysteine, methionine 3 and in
particular cases also the cytochrome c. %’
It is worth mentioning that there are also cases of “spontaneous
reduction” reactions of Pt(IV) through daylight or elevated
temperatures, not only reduction accomplished by biomolecules.
Experimental information concerning the reduction is usually
obtained by cyclic voltammetry, which allows measuring the

reduction potential but not the standard redox potential because
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the Pt(IV) complex is involved in an irreversible process that
leads to the electron transfer and release of both the axial ligands.
Several mechanistic hypotheses have been proposed for the
reductive elimination of Pt(IVV) complexes by ascorbate that are,
generally, classified as:

- inner sphere mechanism, in which the two electron transfer
occurs in one step thanks to a bridge formation between one of
the ligands in axial position and the reducing agent, facilitating
the electron flow. The corresponding reduced Pt(Il) complex and
the oxidized form of the reducing agent are the final products.

- Pt(I1) complex catalyzed inner sphere mechanism that involves
bridged Pt(11)-Pt(1V) dimers formation in the redox reaction.®

- outer sphere mechanism, a process in which the electrons are
transferred without any contact between the complex and
reducing agent, at least without the formation of new covalent
bonds. %

Several studies on the activation step of Pt(IVV) complexes
indicate that the structural features of the prodrugs influence the
activity and the type of mechanism of action followed by the
complex. For example the inner sphere mechanism is active for
complexes containing in axial positions halide ions, hydroxido
ligands 243840 or good leaving groups; in other cases the active
mechanism is thought to be the outer sphere, ! even if details are
still poorly understood. Moreover, also the reduction rate can

change based on the ligand identity.
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Pt(1V) complexes with electron withdrawing groups in axial
positions, able to destabilized the system, are more potent and
are involved in a faster reduction.? For example, the Pt(IV)
complexes with axial trifluoroacetate ligands are more potent
compared to their analogues with acetate.

It is important to underline, as mentioned before, that the Pt(1V)
behavior is based on the nature of the ligands and the enormous
plethora of combinations of ligands can generate a large variety
of Pt(IV) candidates with different physical and chemical
properties, bioactivity etc.

An attractive strategy is to design Pt(IV) prodrugs with bioactive
axial ligands (enzyme, drugs etc.) being the advantage that a
single prodrug can play a multiple action and can act on different
cellular targets. Several example can be found in recent literature
and the number is growing over the years, 4346

For example, when the prodrug contains anti-inflammatory drugs
in axial position, the complex can act combining both anti-
inflammatory and chemotherapy actions. The Asplatin is a good
example of dual action Pt(IV) prodrug with the ability to release,
under reduction conditions, the corresponding Pt(ll) complex,
cisplatin, and aspirin, able to play its biological activity. 44" A
computational study of the reduction mechanism of the Asplatin
prodrug (Figure 4) in presence of the monodeprotonated form of
L-ascorbic acid as reducing agent has been carried out. *® Recent

studies show also that the aspirin can be used to reduce the

11
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incidence of colorectal cancer (CRC) and protect against other
non-CRC associated adenocarcinomas. 4°

Further studies and novel development are going on Asplatin
analogues and Pt(IVV) complexes containing anti-inflammatory

drugs able to act as multi-action anticancer drugs.

o]
H3c/u\o
o]
H3N>It<CI
H;N | Cl
0\H

Figure 4. Asplatin, Pt(I\V) prodrug

1.4. Metal-based non-platinum anticancer drugs

1.4.1 Anticancer activity of organometallic Os(Il), Ir(I11) and
Ru(ll) complexes

With the aim to overcome the well-known limitations of
platinum-based complexes and increasing the range of treatable
cancers, a new generation of complexes with alternative metals
(in particular transition metals) provides a wide platform for the
drug design with higher cancer cell selectivity, lower resistance,
and reduced collateral effects.49->2

With respect to platinum drugs, non-platinum metal complexes
offer several advantages that give the possibility of increasing

selectivity and modulate their anticancer activity. For example,
12
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their different accessible redox states and the wide range of
geometries and coordination numbers allow the proper tuning of
their chemical reactivity from both thermodynamic (strengths of
metal-ligand bonds, redox potentials, etc.) and kinetic (rate of
ligand substitution) points of view. In addition, also the ligands
directly bound to the metal can play important roles in the
biological activity.

Such new non-platinum metal-based therapeutic agents might
have the same cisplatin’s mode of action (classical
chemotherapeutics) or can act with different mechanisms and on
different target sites such as mitochondrial membranes, thiol-
containing proteins, enzymes, metal transport protein and RNA
(non-classical chemotherapeutics). The mechanism of action for
non-classical metal complexes can include the perturbation of the
redox state of cells (the redox balance, in several diseases,
including cancer, is disturbed) which can occur through the direct
participation of the redox metal centre and the ligands or through
the coordination of biomolecules involved in redox processes.

A large number of non-platinum anticancer drugs (gold, gallium,
arsenic, ruthenium, osmium, and iridium complexes) are involved
in redox pathways. According to recent studies, a new way
effective to kill cancer cells is the generation of reactive oxygen
species, ROS. This new strategy entails the use of intracellular
antioxidant molecules such as glutathione (GSH) and

organometallic complexes.

13
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Several organometallic complexes have been widely explored
and mainly Ru, Ir, and Os complexes have been studied in view
of their use as antineoplastic agents. Especially, pseudo-
octahedral half-sandwich complexes of Ru(ll), Os(ll), Rh(lll)
and Ir(111) 33" with cyclopentadienyl or arene ligands, chelating
ligand such as N,N- or C,N- and a monodentate leaving group
such as halide (e.g. Cl or I) or pyridine ligands, show promising
antiproliferative activity towards human cancer cells and are
active in vivo.

As demonstrated from Sadler and co-workers, organometallic
complexes can exhibit their anticancer activity through multiple
mechanisms. For instance, when N,N is a chelating diamine
ligand (e.g., ethylenediamine, en), Osmium(ll) arene complexes,
Ruthenium(l1) arene complexes and iridium(l11) cyclopentadienyl
(CpX) complexes [M(arene/CpX)(N,N)(X)]"" can bind the DNA
and act with classical mechanisms of action.®% If an
azopyridine, instead, is the N,N bidentate ligand (Figure 5), the
complexes are relatively inert toward the classical activation by
hydrolysis and can cause, by redox reactions, an increasing of

reactive oxygen species inside cancer cells.

O

Figure 5. Azopyridine ligand

14
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As experimental studies show, these azopyridine complexes
provide novel and complex mechanism of actions because they
are activated inside the cells by reduction reactions, in the
presence of glutathione. In particular the proposed mechanism
provides the attack of the reducing agent, GSH on the azo bond
of the azopyridine ligand.

The glutathione, through the mediation of the azo group (inert
toward the reduction reactions when it is not coordinated to the
metal centre) can catalyze the metal complexes hydrolysis, can
generate reactive adducts for which their interaction with DNA is
facilitated and/or may include the metal complex in a redox cycle
that appears to lead to the fast generation of ROS in cells.

It is possible to conclude that the use of non-platinum anticancer
complexes is an effective strategy to increase the anticancer

potency thanks to combination of more than one cytotoxic action.

1.5. Drug delivery systems

1.5.1. Calixarenes and related macrocycles as drug vehicles

In the pharmaceutical sector, one of the ongoing challenges, it is
to increase the selectivity for cancerous cells over normal tissues
and solving the intracellular degradation (by glutathione,
proteins, peptides or other species) and further effects that disable

the drug.
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These problems can be overcome using drug delivery vehicles,
macrocycles able to encapsulate and protect the drug within their
cavity, allowing the formation of host-guest inclusion complexes.
The formulation of the supramolecular complex, in addition, may
improve the drug solubility and stability, slow down the drug
release, reduce the systematic toxicity and overcome acquired
drug resistance.

The study of macrocycles used as drug delivery agents is a
promising area of research, as highlighted by a large number of
recent reviews.

A promising class of macrocyclic hosts, with little to null
toxicity, relatively simple to synthesize and functionalized is that
of calix[n]arenes (where n indicates the number of macrocycles
subunits).

These macrocycles can be used, also, in molecular recognition
and have shown potential as host molecules in selective
extraction processes.

The calixarenes are more versatile hosts of bowl or cone shaped
with hydrophobic n-electron rich mid-region cavity (accessible
only through one portal), a larger flexibility of the macrocyclic
backbone and a variable number of conformations, which
increases with the size of the macrocycle.

They are synthesized through the condensation of p-substituted

phenol derivatives with an aldehyde.5!
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The functionalization of these macrocycles at their wide and
narrow rims allows to identify a wider range of applications with
different mechanisms of action (they can act as anti-cancer, anti-
obesity, anti-bacterial and anti-diabetic molecules), and allows
them to possess improved drug carrier properties leading the
development of new drug-delivery system.6263

Here, the main aspect which we are interested in engages the
calixarenes as drug delivery systems able to encapsulate the drug
of interest with the aim to improve the pharmacokinetic and
pharmacodynamics effects and to better target cancerous tissues.
The nature of the drug-macrocycle complexes depends of the
type of used anticancer drug.

Generally, the supramolecular complex is stabilised through
hydrophobic effects within the macrocycle cavity and ion—dipole
or hydrogen bonding to the macrocycles’ portals.

For platinum-based drugs, the most studied macrocycles are para-
sulfonatocalix[4]arenes (SC.) ®* (Figure 6), bowl-shaped water
soluble drug vehicles with a hydrophobic cavity and four

negatively charged sulphate groups.

oH L oH HO

Figure 6. Chemical Structure of para-sulfonatocalix[4]arene.
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Compared to native calixarenes, the sulfonatocalixarens showed
improved drug solubility, chemical stability, bioavailability,
biodistribution and transport, and/or elimination of drug
polymorphism in the solid state.55¢

This type of macrocycles is also capable of forming inclusion
complexes with different types of platinum anticancer complexes,
including dinuclear complexes.

In conclusion, the supramolecular strategy opens to a wide range
of opportunities to build versatile delivery systems able to
transport anticancer drugs, improving their properties and

performance.

1.6. Photodynamic Therapy (PDT), general principles
Photodynamic Therapy (PDT) is a clinically approved, minimally
invasive and non-toxic therapeutic technique for the treatment of
different cancer cell types and other non-malignant diseases,
based on the generation of cytotoxic active species.

This therapy has also proved to be highly efficacious to Kkill
bacteria, fungi and viruses and can be used for the sterilization of
blood plasma and water.%’

PDT application is based on the combination of three
components, namely an oxygen molecule, a photosensitizer (PS)
and a light of a specific wavelength.

The therapy is based on the ability of the PS, a molecule with

specific chemical and photophysical properties, to trigger, upon
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activation, a series of photochemical and photobiological
reactions that induce apoptosis and/or necrosis in the tumor cells
through the production of intracellular reactive oxygen species
(ROS), singlet oxygen 0. and free radicals.

Specifically, the photosensitizer is injected into the bloodstream
or can be administered intraperitoneally or topically and when is
localized in cancer cells, is excited by irradiation from the ground
state SO to the singlet exited state S1 (PS: SO— S1) with a laser
light of a wavelength that falls in the range between 600-800 nm,
the so-called therapeutic window. In order to maximize the tissue
penetration is better to use a photosensitizer that absorbs a
radiation around 800 nm (the penetration depth of approximately
1 cm) than visible radiation. So, the PDT application is limited to
the treatment of superficial lesions.

The activation process of PS by light (in the form of photons),
generates the exited state, usually S1 state, and is followed by
competing of radiative or non-radiative processes.

The S1 state can relax back to the ground state via a radiative
process by emitting fluorescent light (the singlet—singlet emission
is called fluorescence) or by internal conversion (IC) into heat.
The photochemical process, instead, that leads the tumor cells
necrosis or apoptosis, consists in the S1 energy transfer, via
nonradiative intersystem crossing (ISC), to a low-lying triplet
state, forbidden by the selection rules in principle, but allowed

by spin orbit couplings.
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If the PS energy triplet state is sufficiently high and the lifetime is
in the micro-millisecond range, it can generate cytotoxic species
through two types of photodynamic reactions, known as:

1. Photochemical reactions of type |

2. Photochemical reactions of type II.

However, the deactivation of the excited T1 state can occur
either by internal or external conversion or by triplet-singlet
emission process (phosphorescence).

The type | photochemical reactions involves the formation of free
radicals (anions and cations species) through the reaction
(electron transfer or hydrogen transfer) between the triplet
excited state of PS and substrates (e.g. lipids and other biological
molecules) present in the environment, which, in turn, may
produce, through reactions with oxygen, reactive oxygen species
(i.e., O2 7, H202, OH"). In the photochemical reactions of type I,
instead, the triplet exited state returns to the ground state SO via
energy transfer to molecular oxygen, which is excited from the
triplet state to singlet-excited state (cytotoxic agent in PDT).

The active singlet oxygen O can react with many biological
species, such as lipids, proteins, and nucleic acids leading to

cancer cell death.

20



Anticancer drugs: a brief history and new developments

The amount of energy required to promote the Oz 3%y = !Aq
transition, and obtain the highly reactive and cytotoxic singlet
oxygen is 0.98 eV and a PS in PDT must have an energy gap SO-
T1 larger than this value. The typical process of PDT can be

briefly summarized in an energy diagram. (Figure 7)

ROS
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Fig.7 Jablonski diagrams and 'O, production

Obviously, the singlet oxygen production (cytotoxic agent) is
possible only if an efficient intersystem crossing mechanism
occurs and a quantitative analysis (it is possible to calculate the
rate of the 1ISC mechanism, Kis) is made on the basis of some
rules such as Fermi golden rule and energy-gap rule. The Kisc
depends partly on the relative magnitude of the spin—orbit matrix
elements (SOC) between the wavefunctions of singlet (Sn) and
triplet (Tn) that are engaged in the transition. According to the
first rule, the Kis is proportional to the square module of the SOC

elements and roughly, proportional to the energy difference
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between the electronic states that are involved (the energy-gap
rule).

Furthermore, according to El-Sayed rules, the Kisc increases if
during the transition there is an orbital change. So, to promote the
type Il photochemical reaction, a photosensitizer must possess a
high value of spin-orbit coupling that ensures an efficient ISC
mechanism, strong absorption in the therapeutic window and a
singlet-triplet energy gap (AEs t) higher than 0.98 eV (the energy
required to generate the singlet oxygen.

In the PDT field, an ideal photosensitizer, in addition, must have
several properties such as chemical stability, water solubility,
high and selective accumulation in tumour tissue, no cytotoxicity
in the dark, high molar extinction coefficients.

Different classes of PSs have been proposed over the years. The
first photosensitizer, approved in 1995, belongs to the family of
porphyrins and it is the Photofrin (Fig.10),% a molecule formed
by dimers and oligomers of hematoporphyrin, which, after
several clinical tests, showed numerous limitations mainly due to
low light absorption. In a series of states, other drugs are
presently approved, such as: Foscan, % (Figure 11) with generic
name “Temoporfin”, the 5,10,15,20-tetrakis(m-hydroxyphenyl)
chlorin, a benzoporphyrin derivative named Verteporfin® and a
lutetium Texaphyrin.”

Porphyrins derivatives including chlorins, bacteriochlorins,

phthalocianines, and related structures are the most commonly
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used photosensitizers thanks to their well known photophysical
properties. Other classes of PSs known for the production of ROS
include tetrapyrrolic systems, fullerenes derivatives and aromatic
ketones.

New photosensitizers, whose properties can be appropriately
modulated by introducing into the macrocycles (typical
photodynamic agents) various transition metals and heavy
substituents, have been synthesized in recent years.

In this specific field, several attempts have been made to find a
new type of functionalizable chromophores other than
porphyrins.

Recently, the well known BODIPY, (the IUPAC name is 4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene), and its aza derivatives
(aza BODIPY)? have been proposed as promising
photosensitizers in PDT. The “BODIPY core” and its IUPAC

numbering system representation are reported in Figure 8.
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Figure 8. IUPAC labelling system for BODIPY dyes
23



Anticancer drugs: a brief history and new developments

These molecules have attracted considerable attention for their
very favourable chemico-physical properties such as good
thermodynamic stability, large absorption extinction coefficients
in the visible region, non-dark toxicity, no dependence on
environmental conditions (solvent polarity or pH), etc. "

Beside, thanks to these properties, the BODIPY family is widely
used in several field as biological labelling, electroluminescent
devices, tunable laser dyes, solid-state solar concentrators,
fluorescent switches, and fluorophores in sensors.

Although the BODIPY exhibit a negligible efficiency of T1
formation due to the high fluorescence quantum vyields, there are
diverse strategies to enhance the mechanism of intersystem
crossing and encouraging the spin—orbit coupling such as the
direct incorporation of heavy atoms (i.e. Br, 1) into the BODIPY
core. Moreover, the substitution on the meso position, or atom
number 8, with electron donors or acceptors, has been
extensively studied for the reason that for the meso-modified
BODIPY dyes the fluorescence can be quenched.’

Research currently conducted in this area is focused on the design
of new PSs functionalized with classical Pt-based
chemotherapeutics. These compounds are capable of carrying out
a double action, because they can play both a photo-based
treatment (through the dye) and a cytostatic activity (through the
Pt-based chemotherapeutics, which can covalently bind DNA).

The conjugation allows a different drug activity, which could
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eliminate the drawbacks of classical anticancer drugs, and a
better distribution of the drug in the cancer cells.

Recent literature reports the design and the synthesis of Pt-
BODIPY conjugates, compounds in which the boron
dipyrromethene (BODIPY) dye is functionalized with cis-PtCl.
moiety.”>’® This two-component systems show, upon radiation
and at low concentration, an excellent phototoxicity and
comparable toxicity with cisplatin. 7°

It is possible to conclude that to improve the effectiveness of
photodynamic therapy treatments it is important to evaluate
different factors such as the type of wused light, the
photosensitizers and their concentration, the site to be treated and
its depth and finally the tumor oxygenation status. Moreover, the
combination between PDT and chemotherapy should be an

excellent method to develop new anticancer drugs.
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B Computational Methods

Preliminary Introduction

The quantum-mechanical study of the stationary properties of
microscopic systems and their evolution over time is based on the
equation of the Austrian physicist Erwin Schrédinger and from
him it takes its name. The Schrédinger equation can only be
solved for simple systems, while for multielectronic systems it is
practically impossible to trace the energy of the system itself by
solving this equation, due to its explicit dependence on the

number of particles present in the system.

Based on the Heisenberg uncertainty principle, it is not possible
to know exactly how a microscopic particle evolves over time
because its position and moment cannot be known at the same
time. For this reason, we resort to the use of a wavefunction, a
function that depends on the spatial coordinates and time ¥ (r, t)
! that contains all the information regarding the behavior of

microscopic particles such as the electrons.

Given the impossibility of solving the Schrédinger equation and
therefore representing the behavior of electrons with the
wavefunction V¥ (r, t) in the case of polyelectronic systems, their
quantum-mechanical study requires an approach that uses a
function that is not directly related to the number of particles and

able to describe the system itself. Starting from such premise the
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theoretical method that goes under the name of Density
functional theory (DFT) has been developed. DFT uses a
functional detail strictly dependent on only three spatial
coordinates, but independent of the whole number of particles in
the system. Its rigorous physical treatment has been achieved
through gradual theoretical developments starting from the first
attempt carried out with the introduction of the Thomas-Fermi
model, by which the energy of a multi-electronic system is
evaluated without the explicit use of the wavefunction. The use
of this statistical model gives the possibility to derive, for a
homogeneous electron gas, a medium potential (VTF) expressible
simply through the density p(r). However, the results obtained

were based on a too coarse theoretical approximation.

The quantum mechanical DFT approach requires, for each energy
contribution, a direct dependence on the density, but above all for
a solid theoretical foundation, it was necessary to univocally
express all the properties of a system through pi (r) and formulate

a variational principle allowing energy minimization.

The DFT method is now considered the theoretical method that
most effectively approximates real multielectronic systems. In
fact, the computational results, compared with those of traditional
ab initio methods, also correlated, confirm the reliability of the

method.
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The Born-Oppenheimer Approximation

A quantum system can be described by non-relativistic time-

independent Schrodinger equation. 2
Ay = Ey (2.1)

where H is the Hamiltonian operator for a system of nuclei and

electrons described by position vectors Ra and ri, respectively.

In atomic units, for a general N electrons and M nuclei the

Hamiltonian and potential energy is:

zZ ZaZ
H=-%L 12 D)y 12M Vi—-2l i A+21V1Z]>1 +ZA 12%>A;B (2.2)
AB

The first term in Eq. (2.2) is the operator for the kinetic energy of
the electron while the second term is the operator for the kinetic
energy of nuclei; the third term is the coulomb attraction between
electrons and nuclei; the fourth and fifth terms are the repulsion

between electrons and nuclei, respectively.

Due to the Born-Oppenheimer approximation, 2 in equation (2.2),
the second term can be neglected, and the last term can be
considered constant. The remaining terms in (2.2) compose the
electronic Hamiltonian, that is the Hamiltonian describing the

motion of N electrons in the field of M point charges.

A 1
H giec = Z{V 15 ‘712 =1 ZA 1 + Z =1 Z]>1 (2.3)
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Quantum chemistry tries to find approximate solutions to the
electronic Schrddinger equation, because it can be solved exactly
only for one- electron systems, such as hydrogen atom or H.*

molecule.
The Hartree-Fock approximation

To find and to describe approximate solutions to the electronic
Schrodinger equation results to be very difficult. To try to solve
this problem another approximation is used, that is the Hartree-
Fock (HF) approximation.>® The simplest antisymmetric wave
function, which can be used to describe the ground state of an N-

electron system, is a single Slater determinant.

The variation principle states that the best wave function, of this
functional form, is the one which gives the lowest possible
energy and, in the Slater Determinant wave function, the

variational flexibility is in the choice of spin orbitals.

Minimizing the energy with respect to the choice of spin orbitals
lead to the HF equation, that is an eigenvalue equation of the

form:

f@Oy(rsy) = ep(risy) (2.9)

where f(i) is the Fock operator that includes a one-electron

contribute for the kinetic energy of ith electron and for the
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coulomb attraction between the ith electron and nucleus, and two-
electron contribute that measure the “field” seen by the ith
electron due to the presence of the other electrons on the other

spin orbitals.

Thus the Hartree-Fock equations depend on their eigenfunctions,
so they are non-linear equations that must be solved iteratively,
using the self-consistent-field (SCF) method. However, with the
HF approach the motion of the electrons with opposite spins

remains not correlated.

Electron correlation can be included explicitly with well-known
extensions collectively called post-Hartree-Fock methods, ° like
Moller-Plesset perturbation theory (MP), the generalized valence
bond method (GVB), -configuration interaction (CI),
multiconfigurational self—consistent field (MCSCF) and coupled
cluster theory (CC).

These approaches improve the level of accuracy but become
computationally much more demanding and thus are only
suitable for relatively small systems. To handle larger systems an

alternative approach has been developed.
2.1 Density Functional Theory (DFT)

Density Functional Theory (DFT) allows to deal with large

molecular systems, including the electron correlation, with a
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computational demanding much lower than post-HF methods.
These DFT vantages are due to the use of the electron density

p(r) as basic variable.
p() =N [ .. [1(xy, x5, . xp)|Pdxy dxy .. dxy (2.5)

In contrast to the wave function, , that depends on 3N variable
excluding the spin variable, the electron density p(r) depends on

3 variables only, also for many-electron systems.

In 1964, Hohenberg-Kohn introduced the existence of an unique
relationship between p(r) and all fundamental properties of a

given system. 0

The Hohenberg-Kohn theorems

The first theorem of Hohenberg-Kohn'® affirms that every
observable of a quantum mechanical system can be calculated
exactly from the ground-state electron density p(r), so every
observable can be written as a functional of the ground-state

electron density p(7).

For a system defined by an external potential v(r), acting on the
electrons due to the nuclear charges, the energy E, can be written

as functional of the electron density.
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Within the approximation of Born Oppenheimer, E, can be
splitted into three terms, which are kinetic energy T, electron-

electron repulsion Eee and the nuclei-electron attraction V:
E,[p] = T[p] + Ecelp] + VIp] = Tlp] + Ecclp] + [ p(r)v(r)dr  (2.6)

Since the terms T and Eee depend exclusively on the coordinates
of the electrons and their forms are the same for all systems,
depending only on the number of electrons, they are grouped

together into the universal Hohenberg and Kohn functional

FHK[p].
FH¥[p] = Tlpl + E.. [p] 2.7

FHK contains the functional for the kinetic energy 7/p/ and that
for the electron-electron interaction Eee/p/. The explicit form of

both these functionals are unknown.

However from term Eee/p/ can be extracted at least, analytically,
the classical part J/p/ that measures the coulomb electron-
electron interaction, whereas Vq/p/ is a measure of the non-

classical electronic interaction:

pIr] dr dr' +Vq[p] (2.8)

ITTI

Eeelp] = Jlp] + Vqlp] = 1 [y 2]
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The complete form of the ground state energy associated with the

density p(r), is the functional

Elo] = F#¥[p] + [ pryvr)dr = Tlo] + 2§ 222 ar ar' + vqp] +

+ [ p()v(r)dr 2.9)

The second Hohenberg-Kohn theorem, 1© affirms that for a trial
electron density p(r), the energy is higher or equal to the real

energy of system:
Eo < E, [7] (2.10)

where Eo is the correct energy and Ey[p] is the energy, written as
functional of trial electron density p(r), of a system with an

external potential v(r).

So, this theorem states the variational principle for the DFT
theory. The applicability of the variational principle is limited to
the ground state. Hence the strategy cannot be easily transferred
to the problem of excited states. According to the two theorems,
the energy can be known exactly when the electron density of the

system is exact.
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The Kohn-Sham equations

The explicit form of the functional F#X[p] is the major challenge
of DFT. Since only the J/p] term is known, the main problem is
to find the expression for 7/p/] and Vg/p].

In 1927 Thomas and Fermi provided the first example of density
functional theory. However the performance of their model had a

deficiency due to the poor approximation of the kinetic energy.

To solve this problem Kohn and Sham proposed, in 1965, a new

approach.t

They considered a reference system whit non-interacting

electrons, having the same density of the real, interacting one.

For the reference system, both the kinetic energy and ground-

state electron density can be written using one-electron orbital:

Tslp] = XL, < Y > (2.11)

152
_EVl

plrl = ZiLi Zs 19 (r, )12 (2.12)

The kinetic energy of the real system can be expressed as sum of
two contributes: the kinetic energy of the reference system T;[p]

and the Kinetic energy that measures the electron correlation
Telp]

T[p] = Ts[p] + T.[p] (2.13)

42



B Computational Methods

Consequently, a new redefinition of the universal functional can

be introduced:

Flp] = Ts[p] + J[p] + Exclp] (2.14)

Where E,.[p] is the exchange and correlation functional that
represents the sum of the terms having an unknown analytically
form: 1) the difference between the exact kinetic energy and the
kinetic energy of the reference system; ii) the non-classical

electron-electron interaction; iii) the self-interaction correction.
So the exchange and correlation functional can be defined as

Exclp] = (Tlp] — Ts[p]) + (Eeelp] —J 1D (2.15)

Including all these considerations the expression of energy for the

real, interacting system is

E,[p] = Tslpl + J[p] + Exclp]l + [ p(r)v(r)dr (2.16)

The only term for which no explicit form can be given is Exc,

Applying the variational method, imposing the wave function
orthogonality condition and using the Lagrange multipliers

method, the Kohn-Sham equations have been obtained:

_%Viz + v (Y = eap (2.17)
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Where vs is the local potential for the single particle that includes
the exchange and correlation potential, vy, defined as the
functional derivative of Exc with respect to p(r). So vs depends on
the density and therefore the Kohn-Sham equations have to be

solved iteratively.

__ O6Ex|[p]
Vye = —5p(r) (2.18)

Kohn-Sham equations led to a formalism that is exact and
computationally accessible. The only one lack is the fact that the
explicit form of the functional Exc is unknown. The major
challenge in DFT is to find e improve approximate model for this
unknown functional. Although there is no exact solution of this
functional, an approximate functional have been proposed. One
approach to calculate the functional Exc is the Local (Spin)
Density Approximation (L(S)DA). This approach is based on
assuming that the density p varies very slowly and locally with
position and can thus be treated as a homogeneous electron gas’.
In fact, the exchange energy of an electron gas with uniform
density can be calculated exactly. Unfortunately, the L(S)DA
approximation cannot be used for systems with no uniform
electronic distribution. In this case, to yield accurate chemical

description, Gradient Corrected or Generalized Gradient
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Approximation (GGA) was introduced. This approximation

depend not only on the density p, but also on the gradient A,
The development of GGA methods is based on two main lines.

The first one, also credited Semiempirical approach was
proposed by Becke.'?>"The basic idea is to choose a flexible
mathematical functional form depending on one or more
parameters extracted from molecular thermochemical data.
Exchange functionals of this category are for example Becke88

(B), Perdew-Wang (PW) and modified-Perdew-Wang (MPW); &
22

The second set of GGA method, Nonempirical approach, was
proposed by Perdew. This approach provides that the
development of exchange- correlation functionals should depend
on principles derived by quantum mechanics. Exchange
functionals of this category are for example Perdew 86 (P),
Perdew- Burke-Ernzerhof (PBE) and modified-Perdew-Burke-
Ernzerhof (mMPBE).%2°

GGA functionals have been shown to give more accurate
predictions for thermochemistry than LSDA ones, but they still
underestimate barrier heights. LSDAs and GGAs are “local”

functionals because the electronic energy density at a single

45



B Computational Methods

spatial point depends only on the behaviour of the electronic

density and kinetic energy at and near that point.?

Local functional can be mixed with non-local HF exchange
(calculated via Kohn-Sham orbitals) leading to the hybrid
functionals, that are often more accurate than local functional

especially for main group thermochemistry.

One popular group of hybrid methods is Becke 3 parameter
functional (B3), with the three empirical fitted parameters A,B
and C:

Ef2 = (1 — A)ERirac=stater 4 ARHF 4 BEBSS 4 FYWN 4 CAEESA (2.19)

LSDA exchange, EPirac=Slater s gjven by the Dirac-Slater
formula for a uniform electron gas, and LSA correlation energy
EYWN is the functional by Vosko, Wilk an Nusair (VWN).?’

When AESS4 gradient correction to correlation in eq. (2.19) is
Lee, Yang and Parr functional (LYP),® the approximate
functional is known as B3LYP. So A determines the extent of
replacement of the Slater local exchange EPirac=Stater py the
exact HF exchange EFF; B controls the addition of Becke’s
gradient-correction to the exchange functional EZ88; C defines
the weight of the LYP correlation EX"? and the VWN correlation

EYWNfunctionals.
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In recent years, new density functionals have been developed,
belonging to the M05-class and M06-class functionals (including
MO05, M052X, MO6L, M06, M062X, MO6HF).?®

In this thesis, the B3LYP and MO6L functionals are used to

investigate the various reaction mechanisms.

2.2 Time-Dependent Density-Functional Theory (TD-DFT)

The fundamental ideas of DFT in the ground state are extended
by means of time-dependent scheme to deal with the excitations
or time-dependent phenomena in more general, so called TD-
DFT. In the TD-DFT, the standard way to obtain the electron
density, p(r,t) is helped by a fictitious system with non-
interacting electrons, i.e. the Kohn-Sham system. The equations
for the systems are numerically simple to be solved. The scheme
is general and there are two regimes as explained next. When the
time dependent potential is weak, it is sufficient to resort to linear
response theory and optical adsorption spectra can be calculated
for instance. The spectra calculated within this framework agree
with experimental results well, although the potential is
approximated simply. If the TD potential is strong, full
description of the Kohn Sham equations is required. The

treatment of atoms or molecules in strong laser field is a
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canonical example for this regime. In such case, TD-DFT can
describe non-linear phenomena (e.g. high harmonic generation or
multi-photon ionization).3%3'The TD-DFT formulation s
analogous derivation of the Kohn-Sham equation from the
Schrodinger equation with time-independent regime, except for

consideration of time-dependency.
Time Dependent Kohn-Sham Equations

The equations for a set of non-interacting electrons are described
by single particle wavefunctions, {¢;(t)} known as orbitals. The
total electronic wavefunction in this context is taken to be a

Slater determinant of the single particle orbitals as follow:

(2.20)

) b1(r, t) o Pan(r,t)
i) b0

Herein, the time-dependent density of the interacting system can

be computed from the following equation:

p(r,t) = XiL, ¢; (r,);(r, 1), 2.21)

The time-dependent Kohn Sham orbitals are obtained by solving
the time-dependent Schrddinger equation of the non-interacting

particle system shown below:

L0¢j(rt)
[— % V2 + v [p](r, t)] ¢;(r,t) =i— —. (2.22)
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The single particle Kohn Sham potential is given by the

following formula:

vs[p](r, t) = [dr’ P + Uyt (1, ) + Ve (2.23)

[r—r'|

The first and second terms represent the Coulomb and the
external potentials, respectively, while the third term means the
exchange-correlation potential which is approximated by the
same exchange-correlation potential as in time-independent DFT.
However, the time-dependent density at a particular time t is used

in TD-DFT, rather than the time-independent density.

2.3 Metadynamics

To overcome the timescale problem, characteristic of many
chemical reactions, a large number of enhanced sampling
methods have been developed over the years. Metadynamics is
one of such techniques, which allows to accelerate processes
characterized by timescale problems and to reconstruct the free
energy profile by adding a history-dependent potential, function
of selected Collective Variables (CV).

In metadynamics, the external history-dependent bias potential

can be written as a sum of Gaussians deposited in the CVs space
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and it encourages the system under investigation to explore
several configurations and different reaction pathways.

The metadynamics bias potential, at time t, can be written as:

a
Ve(S,6) = [, dt'w exp <— E w> (2.24)
i=1

Where S is a set of d functions of the miscoscopic coordinates R
of the system, w is an energy rate and oi is the Gaussian width.
The energy rate is constant and depends on a Gaussian height W

and a deposition stride G according to the equation 2.25

w=2 2.25
=G (2.25)

The effect of Vg on the evolution of the system can be
understood by considerying the simple case of the one-
dimensional potential of Figure 1, in which three local minima A,

B and C are present.
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Figure 1. Example of metadynamics simulation in a one dimensional
potential.

During the metadynamics simulation, the relative filling of the
basins occurs until the thermodynamic bias is overcome in the
whole (or a large region of) phase space. When this is
accomplished, the system will visit all regions of phase space
with equal probability and the biasing potential will

approximately flatten the original profile F(s), such that
Ve (S, t> ) = —F(S) (2.26)
Nevertheless, Metadynamics presents two main problems:

VG, in a single run, does not converge modulo a constant to the
free energy, but oscillates around it, causing the overfilling the
underlying FES, pushing the system toward high energy regions

of the CVs space. Moreover, it is not trivial to decide when to
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stop a simulation and to choose proper collective variables for

describing the processes.

The first problem can be solved by Well-tempered metadynamics

Well-tempered metadynamics

In well-tempered metadynamics, the external bias potential
becomes smaller as the metadynamics simulation progresses. In

this case the bias potential can be expressed as:

(2.27)

Ve(S,6) = Kz AT In (1 +2C2)

kb AT

In this case'V(S, t) is the time derivative of the bias potential,
N(S, t) is the histogram of the S variables collected during the
simulation, and AT an input parameter with the dimension of a
temperature. Respect to the standard metadynamics, the bias

potential .

The bias potential, for a long time of analysis, converges to a
value proportional to the F(s), free-energy surface, according to

the formula:

V(s) = — (1 — %) F(s) (2.28)
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Where vy is the bias factor and (s) is the free energy associated to
the CVs.

If the simulation has been properly carried out it is,thus, possible
to obtain the FES of the studied reaction according to the chosen

collective variable
Harmonic linear discriminant analysis

In order to select a proper set of CVs, some requirements must be
fulfilled. The different metastable states have to be distinguished
by the order parameters, the most relevant system slow modes
have to be included and the CV number has to be limited. Thus,
to reduce the complexity of the problem some outlines have been
proposed in a new approach based on Fisher’s Linear
Discriminant  Analysis (LDA), named Harmonic Linear
Discriminant Analysis (HLDA).%

Here has been reported its simplest form.

It is assumed that there are two separated states identified by Nd
descriptors (R), function of the microscopic atomic coordinates R
and arranged to form a vector (R). It is assumed that the average
values in the two basins (u4 and uB) are different and there is no

overlap between the two states in the Nd space. The (R)’s
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fluctuation in the two states are given by the covariance matrices,
indicated as XA and XB.

The idea of HLDA is to find the direction along which the
projected data of the two metastables states is best separated.
This is obtained by maximizing the ratio of the between-class
variation SB=(uA-uB)(uA-uB)" and the within-class variance
calculated by a harmonic average SW=XAXB/(2A+XB) , which

leads to the function:

T
J(W) = :VVT:V?,VV\; (2.29)
maximized b - ) 1.1
y W=, -n) (ZA +ZB) (2.30)
So, the CV based on HLDA is
0 T B T /1 1
S(R) =WIAR)~(, - 1) (55 *55) 4R (.31)

For process that involve several metastable states, an extension of
HLDA has named multi-class HLDA (MC-HLDA been

proposed). 33

It is assumed that there are c classes, the between-class variance

matrix in this case isexpressed as:

Sp=Xi— (Wi — wW(ui — WT, (2.32)
where u=% i—; i and the within-class variance matrix is

expressed as 54
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1

SW= (2.33)

@@+
The projection matrix K = [W1|W2|...|Wc] that maximizes the
ratio J(W) = E::;,; is the one whose columns are the

eigenvectors corresponding to the generalized eigenvalue

problem:

(Sp—A:iSw)W=0. (2.34)
Now, the optimized CVs are given by

S(R)=WTd(R) (2.35)

Notice that, because Sg is of rank (c-1) or less, there will be at

most c-1 eigenvectors with non-zero eigenvalues Ai.
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Introduction

Pt(IV) complexes are an emerging novel class of anticancer

drugs.

They can act as pro-drugs, which are activated inside the cells by
reducing agents such as L-glutathione or L-ascorbic acid and can
release, by various mechanisms, the active square-planar Pt(Il)
species and the ligands in axial position. In addition to their
increased kinetic stability, the further advantage of the use of
Pt(1V) prodrugs is the possibility to choose the axial ligands

properly tuning their pharmacokinetic properties.

The reduction mechanism of these complexes, that involves a two
electrons transfer, is still under investigation and it is matter of
debate whether activation by reduction occurs following an inner-
sphere mechanism (the formation of a chemical bridge between
the ligand and the reducing agent is required) or outer-sphere
mechanism (this mechanism does not require the formation of
covalent bond and the electron transfer occurs from the reaction

environment to the oxidizing species).

The information concerning the activation by reduction is usually
obtained by cyclic voltammetry that allows to measure the
reduction potential, but not the standard redox one because the
platinum(1V)-to-platinum(ll) reduction is irreversible. Baik and
co-workers, thanks to a series of electrochemical experiments,
have proposed a decomposition scheme able to give reliable
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results for solution-phase redox processes, which allows

separating the chemical events from the electrochemical events.

To understand which is the reduction mechanism followed by the
platinum (IV) complexes, it is important to take into
consideration the ligand bridging ability as, generally, the inner-
sphere mechanism is more favored as the ligand bridging ability
increases. Such ability leads to a lowering of the activation
energy barriers and therefore an increase in the reduction rate.
Viceversa, if bridging ability is low, the electron transfer by
outer-sphere mechanism should prevail. Therefore, for the
development of new platinum-based anticancer drugs, the

knowledge of the Pt(IV) activation mechanism is crucial.

In the design of new Pt(IV) prodrugs, the species mainly used as
axial ligands are chlorido, bromido, hydroxido and acetato
groups, in connection with the role they should play as bridges,
trans leaving species and proton acceptors.! In addition, a
promising strategy, involves the incorporation of the axial ligands
which can be biologically active and able to enhance the potential
of the Pt(IV) drug through synergistic effects with classical
platinum therapy.

Recently, a new cisplatin-based complex named Asplatin, a
Pt(1V) prodrug with aspirin and hydroxido ligands in axial
position, has been synthesized. 23 Asplatin, upon reduction by

ascorbic acid, releases both cisplatin, which binds to DNA and
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triggers cell apoptosis, and aspirin, a widely used anti-
inflammatory drug that enhances the drug efficacy of the
platinum complex and could modulate the apoptosis of cancer

cells thanks to its newly discovered antineoplastic action.
Aim of the work

With the aim to identify the correct activation mechanism, a
detailed computational investigation of the mechanism of
reduction of some Pt(IV) prodrugs has been carried out. In
particular, the study of the reduction mechanism of Asplatin and
other Asplatin derivatives in presence of L-ascorbic acid as
reducing agent has been carried out by means of Density
Functional Theory (DFT). Moreover, the reduction potentials for
all the examined complexes have been quantum-mechanically

calculated (Paper 1)

After a detailed quantum-mechanical DFT study on Asplatin
complex, the metadynamics sampling technique, which allows
exploring the different paths of reduction and tracing the relative
free energy surface, and a new method named Multi Class
Harmonic Linear Discriminant Analysis (MC-HLDA) have been
applied to investigate the reduction process of this complex.
(Paper 2)

Furthermore, the reduction processes, in presence of ascorbate as
a model reducing agent, and the reduction potentials of a set of
platinum(lV) anticancer drugs have been computationally
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explored by using DFT. The reduction process details have been
examined as a function of the identity of both axial and equatorial
ligands. (Paper 3)

Finally, for two sampled Pt(IVV) complexes, DFT calculations
have been performed to outline the free energy profiles for the

gas-phase fragmentation pattern. (Paper 4)
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3.1 Insights from Computations on the Mechanism of
Reduction by Ascorbic Acid of Pt(IV) Prodrugs with Asplatin

and Its Chlorido and Bromido Analogues as Model Systems

Here the outcomes of a DFT computational exploration of the
possible pathways leading to the reduction by L-ascorbic acid of
the “dual action” Asplatin Pt(IV) complex, c,C,t-
[PtCl2(NH3)2(OH)(aspirin)], have been reported.

In addition, the same reduction mechanisms have been explored
for Asplatin analogues obtained by replacing the OH" axial ligand
with CI- and Br- to assess the assumption that better bridging
ligands (OH <CI <Br) 2 should favour bridge formation and,

therefore, the reduction of the complex (Scheme 1).

P+(IV)-Aspirin
prodrugs
9.
Reduction M‘ Cisplatin
« —_— v .
Ascorbate mechanism Dehydroascorbic
) acid (DHA)
2e &
\_ } Je Aspirinate

X

Scheme 1. Reduction Mechanism of Pt(I\V)-Aspirin prodrugs by
Ascorbate

Here, both the viable alternatives, that is inner- and outer-sphere
mechanisms have been theoretically studied. In particular, for the
first mechanism, where the electron transfer takes place through a
bridging ligand, several mechanistic hypotheses have been
considered.
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1) X-bridged electron transfer
2) Nucleophilic attack of the enolate B-carbon of the ascorbate
on X-group

3) Pt(Il) complex catalytic action

Our calculations show that the most favourable mechanism for
Asplatin complex is the inner sphere “OH-bridged electron
transfer” that required the formation of a bridge between the OH
ligand and the reducing agent. For this mechanism, the energy
barrier is the lowest than the energy barriers calculated for
Asplatin analogues. These outcomes are in apparent disagreement

with the bridging ability trend reported above.

The obtained results can be justified based on the fact the OH
axial group can play two roles: acting as bridge and directly
participating in the process leading to the formation of DHA, the
oxidized form of ascorbic acid. Moreover, from the calculations
of the standard reduction potentials it is clear that, in case an
outer-sphere mechanism is assumed to be operative, the tendency
towards the reduction increases in going from Asplatin to
Asplatin-Cl to Asplatin-Br. Such trend respects the assumption
known in the literature but does not reflect the trend in the rate of

reduction by an inner-sphere mechanism.

From this study it is possible to infer how there is not a close
correlation between the reduction rates and the reduction

potentials.
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3.2 A metadynamics perspective of the reduction mechanism
of the Pt(1V) Asplatin prodrug

A detailed reduction study of Asplatin Pt(IVV) complex has been,
previously performed using functional density theory (DFT),® and
in order to obtain further information about the activation key
step of the complex, the metadynamics sampling technique has
been applied. The adopted method allows simulating the different
reduction pathways of the complex, giving information about the

mechanism, and outlining the relative free energy surface.

In order to ensure the correct application of Metadynamics and
then get successful simulations, it is required the selection of

adequate degrees of freedom (collective variables, CVs).

To achieve such a goal, here, the new method named Multi Class
Harmonic Linear Discriminant Analysis (MC-HLDA) has been
used to build two one-dimensional collective variables (s "-°A

and s HLPA ),

The free energy surface reconstructed by metadynamics, as a
function of two collective variables s; and sz, shows the presence
of 3 well separated minima related to the three metastable states
(React, Prodreqsz and Prodred2), as shown Figure 1, and the
reduction mechanism which involves the formation of cisplatin
and dehydroascorbic acid is the minimum energy path, in good

agreement with the theoretical data obtained in static simulations.
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In conclusion, the method can be successfully adopted for the
study of complex redox reactions that involve several reaction

pathways by properly choosing collective variables.

T
3&; —

Figure 1. Structures of the React, Prodreq1 and Prodred2

.

3.3 Antitumor Pt(IV) prodrugs: a systematic computational

exploration of their reduction mechanism by L-ascorbic acid

Here have been reported the outcomes of a systematic
computational analysis of the mechanism of activation, of
different platinum complexes, with the aim of clarifying the
mechanism of reduction, to establish the role played by the axial
and equatorial ligands (both cisplatin and oxaliplatin complexes
have been considered) and to advance conclusions about their

activation and efficiency.

All the investigated system are reported in Scheme 2.
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o ci H2 T o
H3N | ci HsN | ci ~J _~-O

Pt Pt Pt
HyN™ | Cl H3N"|~Cl N | O

X X H2 X o
1:X=O0OH 5:X=O0H 9:X=O0OH
2:X=Cl 6:X=Cl 10 : X=Cl
3:X=Br 7 : X=Br
4:X=0Ac 8:X = OAc

Scheme 2. Pt(IV) complexes investigated for reduction

For some of the investigated complexes, the inner sphere
mechanism seems to be the preferred mode of reduction because
the reduction by ascorbate occurs overcoming very low energy
barriers. Their ability to favour bridge formation lowers the
energy barrier and increases the reduction rate. Moreover, the

steric hindrance plays an important role for this mechanism.

Also the outer-sphere mechanism, following the procedure
proposed by Baik and co-worker, has been explored. ® The
standard reduction potentials have been calculated for all the
Pt(1V) complexes and such values indicate that if an outer-sphere
mechanism is assumed to be operative the probability with which
the redox reaction occurs depends principally on the nature of
axial ligands and increases in the order: OH<OACc<CI<Br and the
rate of the reduction decreases in going from cisplatin derivatives

to oxaliplatin ones.
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For the complex with two chlorido ligands in axial position the
mechanism named “base assisted outer-sphere” has been
explored in detail. A two steps outer-sphere electron transfer
leads the formation of metastable six-coordinate Pt(l1)
intermediate,® and it has been demonstrated to involve
intersystem singlet-triplet crossings (the mechanism will be
called as base-assisted outer sphere). This mechanism can

become competitive with respect to the inner one.

It is possible to conclude that the tendency of Pt(IV) prodrugs
toward the reduction can be properly modulated. Moreover, the
obtained data show that when the activation by reduction for
some of the investigated complexes of platinum(lV) is too fast,
they can hardly reach the target before reduction and the

reduction takes place extracellularly.

3.4 Elusive Intermediates in the Breakdown Reactivity

Patterns of Prodrug Platinum(1V) Complexes

Since many years, the design of new drugs with improved

pharmacokinetic properties is a challenge.

Literature data indicate that the properties of a Pt(IVV) complex
can be modulated by the nature of the ligand in both axial and

equatorial positions.
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For this reason, for a series of platinum Pt(IV) prodrugs with
different ligands, the possible paths for the transformation that
lead to Pt(ll) species have been explored, employing mass
spectrometric technique utilizing electrospray ionization (ESI-

MS) in negative (deprotonated and negative ions) mode.

In particular, the technique that provides information about the
ligand binding energies is the collision induced dissociation

(CID), a mechanism of fragmentation of ions in the gas phase.

The fragmentation analysis of negative ions prove the presence of

Pt(111) intermediates,’® that are quite elusive in solution.

On the other hand, as ESI-MS studies are carried out on ionic
species isolated in gas phase there is not direct connection with

reaction dynamics in solution.

Here, the outcomes of a detailed ESI-MS study have been
reported on a set of Pt(IV) complexes cisplatin and carboplatin
based. In particular, DFT calculations have been employed to
outline the free energy profile for the gas-phase fragmentation
pattern of two sampled Pt(IVV) complexes based on cisplatin and

deprotonated on ammine ligand.(Figure 2)
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Figure 2. Chemical structure of the sampled Pt(I\V) compounds
theoretically studied.

The theoretical study of the free energy profiles of the presented
complexes provide excellent support to the data obtained from

CID experiments.

In particular, the formation of Pt(l1l) intermediates (isolated and
characterized) has also been verified by DFT calculations.
Moreover, during the reduction processes towards CID, the
fragmentation paths show that complexes may have the
possibility to lose both axial and equatorial ligands, confirmed

also theoretically.
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Insights from Computations on the Mechanism of Reduction by
Ascorbic Acid of Pt" Prodrugs with Asplatin and Its Chlorido and
Bromido Analogues as Model Systems

Fortuna Ponte, Nino Russo, and Emilia Sicilia*®

(Abstract: The elucidation of the mechanism by which the
reduction of coordinatively saturated Pt" prodrugs occurs,
leading to the release of the two axial ligands, is of foremost
importance, being the key step for the activation of these
anticancer compounds, and addressing their synthetic strat-
egies. A systematic DFT computational analysis of the reduc-
tion process by small biomolecules, which is supposed to
occur by inner- or outer-sphere electron-transfer mecha-
nisms, has been undertaken using the recently synthesised
Asplatin PtV complex, ¢,ct-[PtCl,(NH;),(OH)(aspirin)l, as

N

model system and L-ascorbic acid as reducing agent. Further
calculations have been carried out on Asplatin analogues
that should be obtained replacing the OH™ ligand with CI~
and Br~. The most accredited inner-sphere mechanistic sug-
gestions have been explored and a recently proposed com-
putational methodology has been applied to estimate the
corresponding standard redox potentials, which cannot be
directly obtained from voltammetric experiments due to the
irreversibility of the platinum(IV)-to-platinum(ll) reduction

process.
/

Introduction

The Pt drug that dominates medical oncology therapies cispla-
tin (cis-diamminedichloridoplatinum(ll), PtCl,(NH,),), was syn-
thesised by the Italian scientist Peyrone in 1845, but its anti-
cancer properties were fortuitously discovered by Rosenberg
120 years later (1965)." Since then, cisplatin and platinum-
based antitumor drugs, the use of which have been approved
in medical protocols, continue to play a central role in the
treatment of various types of cancer.?’ Despite the enormous
success of cisplatin and related Pt' complexes, severe toxic
side effects together with acquired or intrinsic drug resistance
have limited their use.”’ One promising alternative for decreas-
ing side effects is to use much more inert low-spin d® Pt" octa-
hedral complexes that, being coordinatively saturated, are
more resistant to ligand substitution with respect to their Pt"
congeners.”! Therefore, given that interactions of the prodrug
and its degradation before arriving at the desired target are
limited, unwanted side reactions and corresponding side ef-
fects are reduced. In addition, the two axial ligands can be
chosen on the basis of tuneable properties such as increased
cellular uptake, improved tumour cell targeting or enhanced
cytotoxicity due to the incorporation of biologically active li-
gands, which may have synergistic effects with platinum thera-
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py. Activation of PtV prodrugs occurs inside the target cell
where they are reduced, releasing the axial ligands and afford-
ing the active, four-coordinate, square-planar Pt" analogues.”
The reduction/activation step of the Pt" prodrugs is, therefore,
of crucial importance in the mechanism of action of these
compounds. Reduction can occur too rapidly, before the pro-
drug reaches the tumour, or too slowly if the prodrug resists
the reductive nature of the reducing agents.*®® Although
there are many potential reducing agents in cells, L-ascorbic
acid (AscH,) and L-glutathione, which are present both in
plasma and cells, are commonly believed to be the biological
species responsible for the activation of Pt" prodrugs by re-
duction.®®”# Several mechanistic hypotheses have been for-
mulated for the reductive elimination of axial ligands, and dif-
ferent mechanisms should be expected to be operative due to
differences, for instance, in the nature of the involved sub-
strate complexes. Thus, the mechanisms for the two-electron
transfer have been classified as outer- and inner-sphere.5*” In
the latter case it is assumed that one of the axial ligands is
able to form a bridge between the PtV centre and the reduc-
tant, facilitating the electron-transfer process. The inner-sphere
mechanism has also been suggested to involve the Pt' com-
plex catalytic action.”’ This latter mechanism, involving bridged
Pt'—Pt" dimers seems unlikely under cellular Pt" complex con-
centrations. The most investigated axial ligands have been
chlorides, hydroxides and carboxylates, but the data concern-
ing both the mechanism and the ease of release is very contro-
versial and a matter of debate.*4%% The information con-
cerning the activation by reduction is usually obtained by
cyclic voltammetry, which allows the reduction potential to be
measured, but not the standard redox one because the plati-
num(IV)-to-platinum(ll) reduction is irreversible. The standard
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redox potential cannot be obtained as the midpoint potential
from a typical cyclic voltammogram, and the peak potential for
the cathodic wave obtained in cyclic voltammetric measure-
ments is usually exploited. Some caution must be taken, how-
ever, because, besides the intrinsic irreversibility, the process
involves two electrons and can be significantly influenced by
the nature of the axial ligands and the ease with which they
are released.”™'? Contrary to what would be expected, very
often reduction potentials, measured by cyclic voltammetry, do
not correlate with the reduction rate of Pt complexes.®> "

With the aim of contributing to the identification of the cor-
rect mechanism of this decisive step for the activation of Pt"
prodrugs, in this study we have examined several mechanistic
hypotheses using the recently proposed Asplatin'? Pt com-
plex as prodrug model and L-ascorbic acid as reducing agent.
Asplatin (or platin-A) is a novel Pt prodrug of cisplatin, that is
¢,¢,t-[PtCl,(NH,),(OH)(aspirin)] (see Scheme 1), synthesised by
tethering aspirin to oxoplatin and it is designed to release cis-
platin and aspirin to modulate the apoptotic process and en-
hance the action of cisplatin.

o}
Hac/u\o
(o}
HsN\i /CI
H3N/ e
O\H

Scheme 1. The structure of Asplatin.

In addition, the same reduction mechanisms have been ex-
plored for Asplatin analogues that should be obtained by sub-
stituting the OH™ group with either CI~ or Br™ to assess the as-
sumption that better bridging ligands (OH™ <Cl~<Br)"™'?
should favour bridge formation, lowering the energy barrier
and increasing the reduction rate. Finally, by following an ap-
proach recently proposed in the literature,™® the reduction po-
tentials for all the examined complexes have been quantum-
mechanically calculated by using DFT.

Results and Discussion

Inner-sphere electron-transfer reduction of Asplatin investi-
gations

The outcomes of our computational analysis of the inner-
sphere reduction steps leading to the release of axial ligands
in Asplatin (Asp) prodrug assisted by ascorbic acid are reported
in Figures 1, 2 and 3 for all the explored mechanistic alterna-
tives. A sketch of the stationary point structures is reported in
the same figures, whereas complete Cartesian coordinate sets
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Figure 1. Calculated B3LYP-D3 free energy profile in water describing the
OH-bridged electron transfer mechanism (a) for the Asplatin reduction by as-
corbate. Energies are in kcalmol ' and relative to separated reactants.
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Figure 2. Calculated B3LYP-D3 free energy profile in water describing the
enolate p-carbon attack on the axial OH- ligand mechanism (b) for the As-
platin reduction by ascorbate. Energies are in kcalmol ' and relative to sepa-
rated reactants.
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Figure 3. Calculated B3LYP-D3 free energy profile in water describing the
Pt'-assisted mechanism (c) for the Asplatin reduction by ascorbate. Energies

are in kcalmol ™' and relative to separated reactants.
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can be found in the Supporting Information in Table S1. Al-
though recent theoretical investigations''” have examined
the possible participation of all the three forms, that is, neutral,
monoanionic and dianionic, of ascorbic acid in the reduction
process, here only the monodeprotonated form of ascorbic
acid (AscH™) has been assumed to be the reducing agent, with
the concentration of such species, very likely, being the highest
at physiological pH. Relative free energies, expressed in kcal
mol™', have been calculated with respect to the sum of sepa-
rated reactants free energies. All the intercepted transition
states have been carefully checked by IRC calculations™ to
assess their proper connection with the corresponding
minima. The mechanistic hypotheses taken into consideration
are: a) OH-bridged electron transfer, b) the recently proposed
nucleophilic attack of the enolate B-carbon!™ on the axial OH
ligand and c) the Asc-Pt"-X-Pt"-X dimer formation®® due to the
Pt catalytic action. The first examined mechanism (a), involv-
ing the hydroxido ligand as a bridge to facilitate the two-elec-
tron transfer, starts with the interaction between the reducing
agent and the Asplatin Pt" complex. The adduct, named Asp_
AscH™, is formed, which is stabilised with respect to reactants
by 9.8 kcalmol™' due to the formation of a hydrogen bond be-
tween the ascorbate and the hydroxide ligand. The two-elec-
tron transfer occurs in one step through the shift of a H™ unit
from the OH group of the ascorbate to the hydroxido ligand,
leading to formation of a water molecule. Detachment of the
water molecule occurs simultaneously with the release of the
trans aspirinate ligand and dehydroascorbic acid (DHA) forma-
tion. The reduction of PtV to Pt' caused by such a rearrange-
ment takes place, overcoming an energy barrier for the corre-
sponding concerted transition state, TS_OHy4q., Of 14.6 kcal
mol~". Separated products lie well below the energy at the en-
trance channel, as the process is calculated to be exergonic by
34.5 kcalmol~". The calculated activation energy barrier is low
enough to assume that the reduction reaction could occur by
following this mechanism. Nevertheless, the other two sur-
mised alternative mechanisms have been also examined.

The free energy profile describing the nucleophilic attack to
the OH™ ligand of the enolate B-carbon for the mechanism (b)
is shown in Figure 2 together with the structures of the corre-
sponding minima and transition states. Relative energies are
calculated with respect to the sum of the energies of separat-
ed reactants, including a water molecule that plays an impor-
tant role in the second part of the reaction. In analogy with
the pathway described above, the Asp_AscH™ adduct plus an
explicit water molecule is formed. The next step, instead, is the
enolate f-carbon attack to the OH ligand, leading to the for-
mation of a new C—O bond simultaneously with the release of
the trans aspirinate ligand. The height of the barrier for the
corresponding concerted transition state, named TS_OHo-
nAscH, is 20.7 kcalmol ' and the products are cisplatin, aspiri-
nate and the ascorbate with an additional OH moiety on the
enolate 3-carbon. Formation of such products is very favoura-
ble, being exergonic by 41.8 kcalmol ™. The subsequent elimi-
nation of a water molecule from the two geminal hydroxo
groups leads to the formation of the DHA oxidised species.
This process occurs with the involvement of an additional
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water molecule that assists the elimination, working as a
proton shuttle. The calculated height of the barrier for the cor-
responding transition state, TS_H,0, is 24.4 kcalmol™' and is
significantly lower than that calculated in the absence of the
auxiliary H,O molecule, that is 39.1 (see Figure S1 in the Sup-
porting Information). The whole process was calculated to be
exergonic by 31.8 kcalmol ™.

Finally, mechanism (c), involving Pt" as catalyst for the reduc-
tion process, has also been explored, as shown in Figure 3,
even if it is very unlikely that the reduction can occur following
such a path due to the low cellular concentration of Pt". The
postulated Pt" catalysed reduction of PtV complexes entails
that the square planar Pt' complex, coordinating an ascorbate,
forms a square pyramidal five-coordinate Pt" complex. This
five-coordinate complex forms a ligand bridge to the PtV
centre to yield an AscH-Pt"-X-Pt"-X dimer. Two electrons are
transferred through the bridge, resulting in the formation of a
Pt" ascorbato intermediate that is further reduced to yield the
Pt" complex. The mechanism we describe here, as is evident
from Figure 3, does not involve all the hypothesised minima.
Indeed, we have demonstrated” that the only formed inter-
mediate is an adduct between the reducing agent and the Pt"
and PtV complexes, which lies 10.9 kcalmol™' below the
energy of the entrance channel. The dimer is formed in only
one step by overcoming an energy barrier of 24.9 kcalmol™'
for the concerted transition state TSPt(IV)—Pt". The intercepted
transition state has been carefully checked by IRC calculations
to establish whether it is connected to the correct minima. The
normal mode associated with the imaginary frequency corre-
sponds to the simultaneous coordination of the ascorbate to
the platinum centre of cisplatin, detachment of the bridging
OH" ligand of the Pt" complex and its coordination to the Pt"
centre, and release of the aspirinate axial ligand. Formation of
the corresponding products, that is cisplatin, aspirinate and
the new Pt" complex with ascorbate and hydroxido ligands in
axial positions, is calculated to be exergonic by 15.1 kcalmol ™.

The formed ascorbate Pt complex is further reduced by a
second AscH™ unit with the OH ligand that again accepts a H™
unit from the ascorbate, causing the oxidation to DHA of the
reducing agent and the release of the ligand in trans. The
height of the barrier that is necessary to overcome for such re-
arrangement to occur is 17.2 kcalmol . It is worthwhile under-
lining that, in this examined case, the Pt" complex does not
play a catalytic role because the first and the second barrier
heights are higher than and comparable to, respectively, the
barrier calculated in its absence. The second step of the pro-
cess occurs thanks to the bridging action of the hydroxido
ligand and the barrier of 17.2 kcalmol™ is about 3 kcalmol™'
higher than that along the analogous pathway for mechanism
(a), with a different ligand, aspirinate in the former and ascor-
bate in the latter, in trans with respect to the OH ligand. Fur-
ther investigations of such aspects are in progress to ascertain
how the identity of the trans ligand might influence the rate
of the process.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

A®*xChemPubSoc
‘ Europe

Brtted
*ok

Inner-sphere electron-transfer reduction of ¢,c,t-
[PtCl,(NH;),(Cl)(aspirin)] and c,c,t-[PtCl,(NH,),(Br)(aspirin)]

The inner-sphere reduction mechanisms (a) and (b) have been
studied for the Asp Pt" analogous complexes in which we
have substituted the OH™ ligand with chlorido and bromido li-
gands. Such complexes will be named from now on Asp—Cl
and Asp—Br, respectively. The results of our investigation are
reported in Figures 4 and 5, in which the structures of the in-
tercepted stationary points are also sketched. Cartesian coordi-
nates of minima and transition states can be found in Table S2
of the Supporting Information. Also in this case, the chlorido
and bromido ligands should act as bridging ligands facilitating
the electron transfer. Along the pathway for the Asp—Cl com-

20

Asp-X + AscH™

AG(kcal mol)
5

Asp-X_AscH"
-20 /
-30
cisPt+X-+DHA+Aspirin
-40

Figure 4. Calculated B3LYP-D3 free energy profile in water describing the X-
bridged (X=Cl, Br) electron-transfer mechanism (a) for the Asp—Cl and Asp—
Br complex reduction by ascorbate. Solid and dotted line profiles describe
Asp—Cl and Asp—Br complexes, respectively. Energies are in kcalmol™" and
relative to separated reactants.

20 N
;;'4 12.2 TS_XonAscH
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Figure 5. Calculated B3LYP-D3 free energy profiles in water describing the
enolate B-carbon attack on the X (X=Cl, Br) axial ligand mechanism (b) for
the Asp—Cl and Asp—Br complexes reduction by ascorbate. Solid and dotted
line profiles are for Asp—Cl and Asp—Br complexes, respectively. Energies are
in kcalmol ™" and relative to separated reactants.
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plex, the reaction starts with the formation of the first adduct
that is stabilised by 8.6 kcalmol™ with respect to separated re-
actants. Also in this case, the two-electron transfer from the
AscH™ reducing agent occurs in one step through the concert-
ed TS_Xpgge transition state. The electrons are transferred
thanks to the bridging Cl ligand that interacts with the depro-
tonated oxygen of the AscH™ reducing species and simultane-
ously a proton shift occurs from the OH group to the trans as-
pirinate. As a result, the axial chloride and aspirin ligands are
released and cisplatin and DHA are formed with a calculated
energetic gain of 30.5 kcalmol™'. The intercepted transition
state has been carefully checked by IRC calculations, whereas
all the attempts to locate minima and transition states along a
stepwise pathway, in analogy with the results reported by
Ejehi and Ariafard," failed. The calculated height of the barrier
for such rearrangement is 25.7 kcalmol™'. Analogous calcula-
tions have been carried out on the complex named Asp—Br,
bearing a Br ligand in axial position, and the results are also il-
lustrated in Figure 4. The reaction proceeds in a similar manner
by forming a first adduct lower in energy with respect to sepa-
rated reactants by 12.5 kcalmol™'". The concerted transition
state that allows the transfer of the electrons from the ascor-
bate to the Pt" complex causing the detachment of the bro-
mide and aspirinate ligands simultaneously to the shift of the
proton from the OH group of AscH™ to the aspirinate is higher
in energy by 14.4kcalmol™' than separated reactants. An
energy of 26.9 kcalmol™' is required to surmount the transition
state barrier and form the Pt' cisplatin complex, DHA, aspirin
and Br~.

It is worth underlining that the presence in the axial position
of a ligand that is directly involved in the reduction process as
a proton acceptor influences the course of the reaction; this is
also evident from comparison of previous computational re-
sults." On the basis of such results it is possible to draw the
conclusion that, when the bridging ligand is a chloride or bro-
mide ligand, the heights of the transition state barrier for the
X-bridged electron transfer (a) mechanism are very similar and
high enough to hypothesise that mechanism (b), involving the
attack of the enolate (-carbon on the Cl or Br ligand, repre-
sents a viable alternative. The outcomes of the investigation of
mechanism (b) for both Asp—Cl and Asp—Br are described in
Figure 5.

After the first adduct, Asp-X_AscH™, is formed, the nucleo-
philic attack of the enolate (-carbon on the X~ (X=Cl, Br)
ligand occurs forming a new C—X bond and at the same time
the trans aspirinate ligand is released. The concerted transition
state is identified by a negative frequency that corresponds to
such rearrangement and for the Asp—Cl complex lies 12.2 kcal
mol™' above the energy of separated reactants for a calculated
barrier of 20.8 kcalmol™'. The height of the analogous transi-
tion state for the Asp—Br complex is 23.7 kcalmol ™. This step
of the reaction is calculated to be exergonic by 11.9 and
8.8 kcalmol™" for the Asp—Cl and Asp-Br, respectively, and
leads to the release of the cisplatin complex, the free aspirinate
ligand and the intermediate species in which the X atom is
bonded to the enolate (3-carbon in germinal position to the
hydroxide. The addition of a second AscH™ unit causes OH
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group deprotonation to occur together with the formation of
the final products in a process that does not involve any
energy barrier to be overcome. Deprotonation of the OH
group leads to the formation of the final DHA oxidized species
and to the release of the X~ anions. The whole process is exer-
gonic by 38.3 and 33.7 kcalmol ™' for Asp—Cl and Asp—Br, re-
spectively. The exploration of the alternative mechanism (b)
has shown that the whole process is thermodynamically more
favourable than mechanism (a), involving an energy gain of
about 8 kcalmol™', for both Asp—Cl and Asp—Br complexes.
From a kinetic point of view, instead, the barrier is lower by
about 5 kcalmol™' for Asp—Cl and less than 3 kcalmol™" for
Asp—Br. Our computational analysis results show that, with re-
spect to the behaviour of Asplatin, substitution of the hydroxi-
do with chlorido and bromido ligands causes a decrease of the
propensity to undergo reduction by monodeprotonated ascor-
bate, the active form of ascorbic acid at physiological pH, even
when a different mechanism by which the reduction occurs is
considered.

According to previous studies®®'®" demonstrating that re-
duction of PtV pro-drugs might proceed not only by loss of
the two axial ligands and equatorial ligands likewise could be
involved, additional calculations have been performed on the
Asp—Cl model to examine this hypothesis. Many unsuccessful
attempts to check whether chlorido ligands in the equatorial
position could assist the reduction process acting as bridging
ligands have been carried out. Chorido axial ligands do not
allow two-electron transfer to occur for the release of either
cisplatin drug or reduction products maintaining the original
axial ligands.

Summarising the reported results, it is worth underscoring
the peculiarity of the hydroxo ligand in favouring the reduc-
tion process assisted by ascorbate. Indeed, as already emphas-
ised above, it is generally assumed that inner-sphere electron-
transfer requires the formation of a chemical bridge between
the PtV prodrug with halide or hydroxide ligands trans to a
good leaving group. Electron transfer, therefore, is expected to
be more favourable for chlorido and bromido ligands with re-
spect to hydroxido as it is easier to form CI* and Br* than
OH*. Previous results in contradiction'® with this expected be-
haviour can be rationalised on the basis of what we report
here, as we have demonstrated that the electron-transfer
mechanism differs when the OH™ ligand is taken into consider-
ation. Such a mechanism, indeed, involves formation and re-
lease of a water molecule due to the shift of an H™ unit from
the OH group of the ascorbate to the hydroxido ligand. There-
fore, the OH™ ligand not only plays the role of bridge to allow
the transfer of the electrons, but directly participates in the re-
duction process leading to formation of the oxidised form of
the ascorbic acid DHA. Moreover, even if chlorido and bromido
can act as bridging ligands, the most favourable mechanism
involves the enolate f-carbon attack on the CI~ and Br™ axial li-
gands forming an intermediate that can be subsequently de-
protonated by another AscH™ to yield the final products. It is
important to highlight the non-innocent role of the ligand in
trans position, aspirinate in the present case, which can influ-
ence the course of the reaction as a proton acceptor.
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Quantum chemically calculated reduction potentials for the
two-electron reduction of Asp, Asp—Cl and Asp—Br Pt" com-
plexes

As highlighted above, a convenient way to measure reduction
of platinum(lV) to platinum(ll) is the use of voltammetric ex-
periments. However, since the reduction is an irreversible pro-
cess, a standard redox potential cannot be obtained as the
mid-point potential from a typical cyclic voltammogram. The
peak potential of the irreversible cathodic response at a single
scan rate is, therefore, used to approximate the ease of reduc-
tion of Pt complexes. However, some caution has to be taken
in interpreting these values because the cathodic peak poten-
tial of an irreversible process does not depend only on the
thermodynamics of reduction, but is influenced by other fac-
tors such as the scan rate. Nevertheless, the relative cathodic
peak potentials of structurally related complexes are generally
correlated to the relative facility with which the metal centre is
reduced and are utilised to estimate reduction rates in solu-
tion.®” Baik and co-workers"® have demonstrated, with a
series of electrochemical experiments, that the two-electron re-
duction process of Pt produgs to their Pt" analogues can be
decomposed into electron transfers and Pt-ligand bond cleav-
age. DFT calculations have been employed to elucidate the
mechanism and the calculated reduction potentials have been
found to be in excellent agreement with experimentally deter-
mined values that are notably more positive than peak poten-
tials previously reported in the literature. Baik and co-workers
have adopted a decomposition scheme, sketched in Scheme 2,
which has been shown to give reliable results for solution-
phase redox processes*?" and allows chemical events to be
separated from electrochemical events. As shown in Scheme 2,
from the first six-coordinate Pt“-complex, adding an electron
but not allowing the axial ligand to leave the coordination
sphere of the metal centre, a Pt" intermediate is obtained
from which the two axial ligands are removed sequentially,
with the second ligand released being a consequence of the
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Scheme 2. Decomposition scheme for the electron transfer and ligand loss
processes for the step-wise two-electron reduction of investigated Pt" com-

plexes. Y=OH~, CI~, Br™ in the present paper.
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second electron addition. Structures labelled with an asterisk
do not correspond to real minima because the ligands do not
spontaneously remain in the coordination sphere of the Pt
centre. The horizontal lines in Scheme 2 correspond to electron
addition energies in eV and vertical lines represent ligand dis-
sociation energies in eV. To separate the electron transfer ener-
getics from the ligand loss chemical step, it has been assumed
that, after the electron transfer, the anionic ligands are still
bonded to the cationic Pt complex. By adopting such a
scheme, all the energy changes corresponding to the forma-
tion of each of the species shown in Scheme 2 have been cal-
culated. Cartesian coordinates for the species cited in the next
paragraphs are collected in Table S3 of the Supporting Infor-
mation.

Baik and co-workers have shown that addition of one elec-
tron to the first Pt complex is more favourable than reduction
of the five-coordinate Pt" intermediate, named here A—Asp,
whereas detachment of the first axial ligand from the anionic
A~ intermediate is significantly less exergonic than detachment
of the second axial ligand. As confirmed by comparison with
the measured values obtained from their Savéant analysis,*?
they have demonstrated that the quantum-mechanically calcu-
lated reduction potential corresponds to the energy change
that accompanies the one-electron transfer for the reduction
of the six-coordinate PtV to the six-coordinate Pt" species. This
trend is confirmed by the values of the analogous energy
changes calculated for the Asplatin, Asp—Cl and Asp—Br com-
plexes collected in Table 1. Consistent with previous calcula-
tions, minima corresponding to species indicated with an as-
terisk have not been located and their energies have been ob-
tained from single-point energy calculations at the optimised
geometries of their respective Pt" analogues.

Full optimization of the structure of six coordinate, c,ct-
[PtCL(NH,),(Y)(aspirin)] (Y=OH, Cl, Br), PtV anionic complexes
was carried out in gas-phase without imposing any geometri-
cal constraints. It is worth underlining a significant difference
in behaviour between the Asplatin complex and the Asp—Cl
and Asp—Br analogues. Indeed, for Asp—Cl and Asp—Br, after
the addition of the first electron leading to the formation of
the Pt" anionic intermediate A~, the detached ligands, accord-
ing to the results reported by Baik and co-workers,® remain in
the primary coordination sphere of the metal centre, forming
hydrogen bonds with the equatorial ammonia ligands. Since
these structures are realistic in gas-phase and unrealistic in sol-
vent, as previously suggested, explicit water molecules, which
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have been removed for subsequent calculations in implicit sol-
vent, have been added around the axial ligands. Fully opti-
mised structures of such species with and without the inclu-
sion of additional water molecules are shown in Figure S2 of
the Supporting Information. When the Asplatin complex was
examined, the addition of one electron, instead, did not cause
the spontaneous release of the axial ligands. For such a chemi-
cal event to occur, in fact, it is necessary to surmount an acti-
vation energy barrier of 6.2 kcalmol™', as shown in Figure 6.

Y.

7 : Aspirinate
6.2 TS_Asp~ . +
s 46

cispt_OH+Aspirinate

AG (kcal mol)
w E

~n

Figure 6. Calculated B3LYP-D3 free energy profile in water describing de-
tachment of axial asprinate ligand from the anionic form of the Asplatin
complex. Energies are in kcalmol " and relative to separated reactants.

The normal mode associated with the negative frequency that
identifies the transition state TS_Asp™ corresponds to the elon-
gation of the Pt—O bond, leading to the detachment of the
ligand and to the formation of the corresponding products
that are even destabilised with respect to the initial complex
by 4.6 kcalmol™". This different behaviour highlights the low
propensity of Asplatin drug to be reduced by an outer-sphere
electron-transfer mechanism with respect to analogous Asp—Cl
and Asp—Br complexes as it is mirrored by the values of the
calculated reduction potentials reported below. To obtain cal-
culated values of the standard redox potential for each of the
examined complexes, the absolute potential of the standard
hydrogen electrode (SHE), which has been determined to be
4.43V in water,” has been used as a reference for the energy
changes of Step 1. Thus, the relative potential is computed by
using Equation (1):

Table 1. Free energy changes in eV for the electron transfer and ligand-Pt bond cleavage steps of the decomposition scheme describing the stepwise

two-electron reduction of Asp, Asp—Cl and Asp—Br Pt" prodrugs. Values in italics are reported in kcalmol .

X First electron transfer First ligand detachment Step 1 Second electron transfer Second ligand detachment Step 2 AE

OH™ —4.191 0.201 —3.990 —3.741 —0.895 —4.636 —0.646
—96.6 4.6 —92.0 —86.3 —20.6 —106.9 —14.9

cl- —4.559 —0.169 —4.728 —4.460 —1.029 —5.489 —0.761
—105.1 -39 —109.0 —102.8 —237 —126.6 —17.5

Br~ —4.709 —0.369 —5.078 —4.459 —0.930 —5.389 —0.311
—108.6 -85 —117.1 —102.8 —21.4 —124.3 —7.2

Chem. Eur. J. 2018, 24, 9572 - 9580 www.chemeurj.org 9577 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

®*ChemPubSoc
‘ Europe

Brtted
*ok

E° = —AG(y)—4.43V (1)

Therefore, the calculated standard reduction potentials are
—0.239, 0.129 and 0.279 eV for Asp, Asp—Cl and Asp—Br com-
plexes, respectively. Such values, which allow an estimation of
the probability with which the redox reaction occurs, indicate
that the propensity to be reduced increases in going from Asp
to Asp—Cl to Asp—Br, in case an outer-sphere mechanism is as-
sumed to be operative. The trend in estimated values of the
redox potentials does not reflect the trend in the rate of reduc-
tion by an inner-sphere mechanism that depends, instead, on
the height of the energy barrier as illustrated above. This be-
haviour is consistent with the examples previously reported
showing the lack of correlation between the rates of reaction
and the reduction potentials.**'? Moreover, if the calculated
value of —0.239 eV of the standard reduction potential for the
Asplatin drug is compared with the measured value —0.536 eV,
versus the normal hydrogen electrode, it is confirmed that the
peak potential is more negative than the normal potential, cor-
responding to a redox stability higher than the real one.

Conclusion

The elucidation of the mechanism by which PV pro-drugs are
reduced to the corresponding platinum(ll) drugs is of leading
importance, being the key step for the activation of these anti-
cancer compounds. On the basis of the information coming
from experiments, many mechanistic hypotheses have been
formulated that should depend on the identity of the equatori-
al and axial ligands and biological reducing agents. When as-
sisted by small biological molecules, two are supposed to be
viable alternatives; namely, inner- and outer-sphere mecha-
nisms. Formation of a bridge between the ligand and the re-
ducing agent is required in the former case. Therefore, an
inner-sphere mechanism is favoured and the reduction rate in-
creases as the ligand bridging ability increases. Vice versa,
when such ability is low, an outer-sphere mechanism should
prevail. A systematic detailed DFT theoretical investigation of
the reduction mechanism has been carried out using the Pt"
Asplatin  complex, c¢,ct-[PtCl,(NH;),(OH)(aspirin)], as model
system and ascorbic acid, in its mono-deprotonated form, as
reductant. Reduction of analogous complexes obtained replac-
ing the OH™ ligand with chlorido and bromido ligands have
also been investigated. In addition, for all these complexes, the
standard redox potential has been quantum-mechanically esti-
mated by adopting an approach recently proposed as an alter-
native with respect to voltammetric experiments that cannot
measure the redox potential due to the irreversibility of the re-
duction process. The outcomes reported here show how the
mechanism for the Asplatin complex is different and involves a
lower energy barrier than the corresponding ClI~ and Br~ con-
taining complexes, in apparent disagreement with the behav-
iour expected on the basis of the bridging ability (Br™ >Cl™ >
OH") of the involved ligands. Indeed, the OH™ ligand assists
the electron transfer both acting as a bridge and directly par-
ticipating in the process, leading to the formation of DHA,
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which is the oxidised form of ascorbic acid. Chlorido and bro-
mido can play the role of bridging ligands, allowing the elec-
tron transfer from ascorbate, and calculations show that the
possibility of the ligand in trans position, aspirinate in the pres-
ent case, accepting protons can influence the rate of the reac-
tion. The most favourable mechanism, however, entails the
attack of the carbon atom in B-position of the enolate on CI~
and Br~ ligands, forming an intermediate that is further depro-
tonated by another AscH™ unit to yield the final products. The
calculated standard reduction potentials are —0.239, 0.129 and
0.279 eV for Asp, Asp—Cl and Asp—Br complexes, respectively.
Such values, which allow the probability that the redox reac-
tion occurs to be estimated, indicate that the propensity to be
reduced increases on going from Asp to Asp—Cl to Asp—Br, in
case an outer-sphere mechanism is assumed to be operative.
Further investigations are in progress to assess the role of the
ligands both in trans and equatorial position and the nature of
the reducing agent.

Computational Details

All calculations have been performed with the Gaussian 09 suite of
programs,?¥ in the framework of the density functional theory em-
ploying the hybrid Becke three-parameter exchange functional®
and the Lee-Yang-Parr correlation functional,® B3LYP, including
dispersion corrections for nonbonding interaction through the
Grimme approach using atom pair-wise additive schemes,?” de-
noted as DFT-D3 method. To describe the Pt atom, the relativistic
compact Stuttgart/Dresden effective core potential® together
with the split valence basis set has been used. Standard 6-311+
G** Pople basis sets have been used to describe the rest of the
atoms, except for peripheral atoms for which the 6-311G** basis
sets have been employed to reduce the computational effort. Pre-
liminary calculations have clearly shown that such basis set size
saving does not provoke any significant change in geometrical
structure and reactivity. Frequency calculations at the same level of
theory have been performed to both calculate zero-point energy
(ZPE) corrections and to identify all stationary points as minima
(zero imaginary frequencies) or transition states (one imaginary fre-
quency). The intercepted transition states have been carefully
checked to be properly connected to the corresponding minima
by IRC (intrinsic reaction coordinate) analysis'"® and to confirm that
the vibrational mode associated with the imaginary frequency cor-
responds to the correct movement of the involved atoms. As un-
derscored above, for the species indicated with an asterisk in the
decomposition scheme proposed by Baik and co-workers,"™® full
geometry optimization carried out without imposing any con-
straint did not allow proper minima to be located. The energies of
these species have been obtained, in fact, from single-point
energy calculations of the optimised geometries of the corre-
sponding Pt" analogues. Also for anionic forms of Asp—Cl and
Asp—Br, obtained by one-electron transfer, unconstrained optimiza-
tion gives unrealistic structures in solvent, as the released ligands
interact with the ammonia ligands by forming hydrogen bonds. To
include the effects of solvation during the optimization of the ge-
ometry, explicit water molecules have been added around the axial
ligands. Such explicit solvent molecules, that do not allow the li-
gands to detach, have been removed for the subsequent calcula-
tions in implicit solvent. The influence of the aqueous environment
has been taken into consideration by using the Tomasi’s implicit
Polarizable Continuum Model (PCM)?? as implemented in Gaussi-
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an 09. The UFF set of radii has been used to build-up the cavity in
which solute molecules are accommodated. The solvation Gibbs
free energies have been calculated in implicit water (e=78.4) at
the same level, performing single-point calculations on all station-
ary point structures obtained from vacuum calculations. Enthalpies
and Gibbs free energies have been obtained at 298 K at 1 atm
from total energies, including zero-point, thermal and solvent cor-
rections, using standard statistical procedures.*® However, with the
aim to more properly consider the entropic change, more relevant
when association and dissociation steps are involved, that occurs
when a solute is transferred from the gas- to the condensed-phase
the following correction scheme has been adopted. Since the
Gaussian’s default standard state corresponds to an ideal gas at a
standard pressure of 1 atm, the computed free energies have been
converted®” to yield Gibbs energies with a solution-phase stan-
dard state of 1 molL™" for all the species. For water molecules a
standard state of 55.5M has been used. That is, to the free energy
of each species, as computed in Gaussian, a free energy correction
term equal to RT IN (V;oiar gas/Vinolar solution)s (R=gas constant, T=abso-
lute temperature) has been added, where V.., 4. is the volume
occupied by one mole of ideal gas at the considered temperature,
and Vi oiar solution 1S the volume occupied by one mole of species in a
standard solution of concentration 1 molL™".
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A Metadynamics Perspective on the Reduction Mechanism

of the Pt(IV) Asplatin Prodrug

Fortuna Ponte ©,* GiovanniMaria Piccini,*<

Enhanced sampling molecular dynamics has been used to
model the reduction mechanism of the antitumoral Asplatin
Pt(IV) complex, c,c,t-[PtCI2(NH3)2(OH)(aspirin)] in the presence
of L-ascorbic acid as reducing agent. In order to overcome the
timescale problem, characteristic of many chemical reactions,
we enhanced the sampling of the free energy landscape using
Metadynamics. To achieve such a goal, the selection of ade-
quate collective variables is crucial for the application of the
method. Recently, a new method called Multi-Class Harmonic
Linear Discriminant Analysis (MC-HLDA) has been proposed as a
tool for constructing collective variables (CVs) for complex

Introduction

In recent years, the interest in the emerging class of inert and
reasonably resistant Pt(IV) chemotherapeutic prodrugs, acting
like potential alternative to the traditional Pt(ll) drugs, has been
growing. Their anticancer activity depends on the type of axial
and equatorial ligands. In particular, actual research strategies
propose the synthesis of new complexes in which the axial
ligands may possess bio-pharmaceutical properties that improve
their anticancer activity. Pt(IV) prodrugs are activated by reduc-
tion. Under particular conditions and in the presence of a reduc-
ing agent such as ascorbate, the reduction reaction involves the
transfer of two electrons to the platinum center, the subsequent
loss of the two ligands in axial position, and the formation of the
Pt(ll) active species. However, since the nature of the two axial
ligands influences the course of the reduction process, the
knowledge of the Pt(IV) activation mechanism is crucial for the
development of new platinum-based anticancer drugs.

Aiming at elucidating the mechanism of reduction of
Pt(IV) complexes, many theoretical"~! and experimental'® stud-
ies have been carried out over the years. As a consequence of
such efforts, many mechanistic details have been understood.”

Recently, a new cisplatin-based complex with aspirin and
hydroxido ligands in axial position, named Asplatin, has been
synthesized® A computational investigation of the mechanism
of the Asplatin prodrug reduction in the presence of the mono-
deprotonated form of L-ascorbic acid as a reducing agent has
been carried out by means of density functional theory (DFT).["
This study has demonstrated that for this complex the reduction
reaction can take place following a mechanism different from
those previously proposed and two different pathways, providing
two different reduction products, have been suggested. These
mechanistic alternatives have been selected using mechanistic

Wiley Online Library
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[ [b,c,d]

chemical processes. The method reduces the dimensionality of
the variable space by generating appropriate linear combina-
tions of several relevant chemical descriptors. The aim of this
work is to assess the ability and performance of this method in
describing the fundamental features of complex chemical reac-
tions such as the Asplatin reduction mechanism in a compact,
simple, and physically transparent manner. © 2019 Wiley Peri-
odicals, Inc.

DOI: 10.1002/jcc.26100

hypotheses suggested in the recent®® and less recent literature™
together with a dose of chemical intuition.

The proposed mechanisms, as reported in Scheme 1, are
(1) OH-bridged electron transfer, leading to the direct formation
of the reduction products. These consist of dehydroascorbic acid
(DHA), cisplatin, a water molecule, and the acetylsalicylate ion;
(2) nucleophilic attack of the enolate p-carbon of the ascorbate on
the OH ligand leading to the formation of a new C-OH bond on
ascorbate and the consequent loss of the aspirinate axial ligand.
The reduction product will be named Prod,ey; for mechanism
(1) and Prod,eq> for mechanism (2). The latter mechanistic alterna-
tive has been previously suggested for a cisplatin derivative hav-
ing a chlorido ligand in axial position,™ whereas the former has
not yet been proposed and is a viable path also for other ligands
able to accept a proton when working as bridging ligands.'”

Quantum-mechanical computations are powerful tools for the
investigation of reaction mechanisms and can be applied to the
characterization equally well of stable and short-life stationary
points along the reaction paths. However, their application
requires making use of assumptions based on experimental
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information and/or chemical intuition. Therefore, in the course of
the years, much effort has been devoted to the development of
computational methods able to clarify reaction mechanisms even
without using any prior information and chemical intuition.

Molecular dynamics (MD) is a versatile approach used for the
study of chemical properties in atomistic detail. However, chem-
ists are mainly interested in studying activated processes such as
chemical reactions involving high free energy barriers and
exhibiting complex energy landscapes. These events occur in a
time scale for which the application of MD is not suitable. To cir-
cumvent this problem a wide variety of computational methods
have been developed. Over the years, metadynamics has become
a popular tool™'""*! for unraveling the mechanistic aspects of
complex processes, rationalizing the experimental findings and
predicting new results. Metadynamics adds a history-dependent
bias potential, constructed as a sum of Gaussians, which facili-
tates sampling by increasing fluctuations between metastable
states and allowing exploration of the reaction pathways. The
bias potential acts on few parameters representing the slowest
degrees of freedom involved in the reaction. These are functions,
s, of the atomic coordinates R, s(R), and are commonly referred to
as collective variables (CVs). Selecting these degrees of freedom
represents a key step for computing efficiently the free energy of
an activated process. Thus, finding good CVs remains a challenge
especially for complex transformations.

In order to select a proper set of CVs, some requirements
must be fulfilled. The different metastable states have to be dis-
tinguished by the order parameters, the most relevant system
slow modes have to be included and the CVs number has to be
limited. Thus, to reduce the complexity of the problem a new
approach, based on Fisher’s linear discriminant analysis (LDA),
named harmonic linear discriminant analysis (HLDA).' This
technique, that has been originally used for dimensionality
reduction, allows generating a lower-dimensional CV space
reducing the complexity of the problem.
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Scheme 1. Proposed Asplatin reduction
mechanisms: (1) OH-bridged electron transfer
and (2) enolate B-carbon.

The procedure starts by choosing descriptors di(R) that are
able to distinguish the metastable states. Collecting the local
fluctuations of these descriptors within the metastable states of
interest, HLDA combines these descriptors into low-dimensional
linear combination that can serve as CVs. The only information
needed is the expectation values of the descriptors in the dif-
ferent states ad their covariance matrices.

This method has been tested so far for small chemically rele-
vant systems'*'®! obtaining encouraging results. If more than
two metastable states are relevant, the method can be extended
to include multi-class (MC) problems,!'® where the classes corre-
spond to the metastable states of interest. Therefore, for the
study of chemical reactions, the combination of metadynamics
and the MC-HLDA approach could be used to explore complex
reaction free energy landscapes. The novelty is that this
approach allows to study simultaneously in detail different reac-
tion pathways without the guidance of any preliminary informa-
tion, outlining the free energy profile and elucidating the
minimum energy paths connecting reactants and products.

In this work, we report the ability of MC-HLDA in describing
complex chemical free energy landscapes such as the one
related to the Asplatin prodrug reduction in the presence of
ascorbate. For computational convenience, we restricted our
system to a model in which the prodrug and the ascorbic acid
as isolated in the gas-phase. The aim of this work is to show
how this approach can provide detailed mechanistic insights
for complex reactions using a very limited amount of informa-
tion and automating the process of chemical intuition.

Methods
Ab initio molecular dynamics

Ab initio molecular dynamics calculations have been performed
using the CP2K-QuickStep code 78 at the semiempirical PM6
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level.l" The system has been kept at a temperature of 300 K
through the velocity rescaling thermostat of Bussi et al.2%

A time step of 1 fs has been used for the integration of the
equations of motion and a wave function convergence of 10-5
a.u. has been set. The three metastable states have been equili-
brated for 80 ps in the NVT ensemble.

Metadynamics

We use the well-tempered variant of metadynamics WT-MTD!" as
implemented in the PLUMED2 code 2?2 Such a method allows
sampling rare events during a MD simulation, while at the same
time building the relative free energy landscape. Namely, it encour-
ages the system to explore several configurations and different
reaction pathways, through the addition of a history-dependent
bias potential that grows whit time and acts on selected degrees of
freedom. This potential is built as a sum of Gaussians. The WT-MTD
run has been performed at 300 K for 2.5 ns adopting a bias factor y
of 50 and using a time step of 1 fs.["*)

Gaussian kernels of initial height of 5 kJ/mol were deposited
every 50 fs. The Gaussians width was adapted to the underlying
free-energy surface (FES) landscape using the dynamical
approach of Branduardi et al. (https://pubs.acs.org/doi/10.1021/
ct3002464).

In order to ensure the correct application of Metadynamics
and then perform a successful simulation selection of adequate
CVs is required. It is not easy to choose a reasonable number of
CVs, especially for complex reactions in which many degrees of
freedom are involved. The appropriate selection allows discrimi-
nating all system accessible configurations and building the
free-energy surface as a function of the chosen CVs.

MC-HLDA

To study the reduction reaction in gas-phase, we applied the
MC-HLDA method to extract chemically intuitive collective vari-
ables. The general formulation of the method permits to treat
several metastable states simultaneously (multi-class problem)
and in this case, the simultaneous study of both reaction paths.

For a system like the one under investigation, in which the
metastable states (React, Prod,eqs, Prod,eq,) are three, MC-HLDA
provides two CVs.

The first step for applying MC-HLDA is to choose good
descriptors able to discriminate at best the three states of the
reaction under examination. Four multiple coordination num-
bers CVs have been chosen as descriptors capable to describe
the breaking and the formation of bonds in the three basins
and to discriminate the states (a detailed definition of the uti-
lized descriptors can be found in the Electronic Supplementary
Information).

Thus, once selected the descriptors set for the three metasta-
ble states, 80 ps of unbiased simulation have been performed
to compute average values and their variance.

Results and discussion

We are going to report the results of the study carried out by
using MC-HLDA of reduction reaction of Asplatin assisted by
mono-deprotonate ascorbic acid.
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The outcomes of the MC-HLDA analysis provide the following
linear combinations for the CVs that we report in Table 1.

It is noteworthy that important information about the
Asplatin complex reduction mechanisms comes from analysis
of the weight distributions. Indeed, for the first CV, the major
contribution is given by the last coefficient d4, associated with
the interaction between the ascorbate p-C and both the proton-
ated ascorbate oxygen atom and the hydroxido ligand oxygen
atom. This is indicative of the formation of a new C-O bond as
a consequence of the attack of the enolate -carbon to the OH
ligand. In the second CV, the third coefficient d3 assumes the
largest amplitude. This coefficient is representative of the inter-
action between the oxygen atoms of the OH ligand and the
deprotonated one of the ascorbate with the H atoms of the OH
groups of both ascorbate and hydroxido ligand. Therefore, the
reducing agent, under these conditions, reacts by donating its
H to the OH ligand leading to the formation of one water
molecule.

The sign of the coefficients also contains precious informa-
tion. For s1, the opposite signs of the d1, d2 and d3 descriptors
with respect to d4, points out that they are associated with
breaking of bonds. This detail confirms that the diol-product
formation (Prodred2) occurs in a concerted fashion implicating
the release of the ligands in axial position. The same informa-
tion can be deduced for the s2 variable. The reaction occurs in
one step by loss of the two axial ligands.

Thus, after the selection of the two collective variables s1
and s2, that are able to describe the entire process, a WT-MTD
simulation has been run in the next step for 2.5 ns.

The free energy surface as a function of two CVs has been
reconstructed and more insights into the reduction pathways
have been obtained. The FES for the reduction of Asplatin has
been reported in Figure 1.

It is possible to observe the presence of three channels that
lead to the formation of three well-separated regions related to
the three metastable states. The first state on the left is associ-
ated with the reactants state. Starting from it, a two-electron
transfer can occur following two alternative mechanisms lead-
ing the formation of the reduction product Prodred1 (bottom
left) and the second reduction product-intermediate Prodred2
(in the upper right), overcoming two different energy barriers.

The barrier for the first transition that leads to the formation
of Prodred1 is estimated to be about 126 kJ mol™, while for the
formation of Prodred2 the barrier is approximately 152 kJ
mol~". Since the transitions between the metastable states
occur with a probability proportional to the exponential of the
free energy, the first reduction mechanism which involves the
formation of cisplatin and dehydroascorbic acid is the most
likely one from a kinetic point of view.

Table 1. MC-HLDA coefficients for the reaction collective variable

sHLDA d1 d2 d3 d4
sl —0.243 —-0.083 -0.220 0.941
s2 0.546 0.188 —-0.808 0.118
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Figure 1. Free energy surface showing three basins. To each basin, the
corresponding structure was associated. [Color figure can be viewed at
wileyonlinelibrary.com]

This result is in good agreement with the theoretical data
obtained in static simulations.

In addition, the two basins, corresponding to the two reduc-
tion products, Prodred1 and Prodred2, are interconnected by
an energy barrier of 160 kJ mol™'. Moreover, from the transition
zones of the three channels, the configurations corresponding
to the transition states have been extracted (Figure 2).

The configurations associated with the first concerted transi-
tion state correspond to hydrogen transfer from the hydroxido
group of the Ascorbate to the OH ligand, leading to the forma-
tion of a water molecule and simultaneous release of an
Aspirinate. This transition state well connects the two metasta-
ble states of reactant and the first reduction product. The

React = Prodred1

React = Prodred2
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second transition state links the reactant metastable state to
the second reduction product. The associated configurations
show the OH transfer from platinum center to the $-Carbon of
AscH. Finally, the third transition state is related to the highest
energy path and, as it is shown by the configurations, involves
the elimination of a water molecule from the two germinal
hydroxido moieties.

The free energy surface reconstructed by metadynamics
gives the possibility to show how this method is able to well
describe these complex transitions using only two CVs and
identify the exact mechanism of this important reduction reac-
tion in a compact and instructive form.

The two one-dimensional CVs obtained by MC-HLDA analysis
provides a very satisfactory solution to the problem under
investigation, describing in appropriate way the two different
reaction mechanisms.

Conclusions

The reduction reaction of the Pt(IV) prodrug Asplatin can be
classified as a rare event. We presented the outcomes of a com-
putational investigation involving a combination of Meta-
dynamics and MC-HLDA. The two collective variables obtained
by using the MC-HLDA method allow a deep insight into the
nature of this complicated process. This method provides reli-
able results on the reaction mechanisms and allows a full inves-
tigation of multidimensional free energy landscapes. The
analysis of the barrier connected to the three reaction pathways
allows to identify the minimum free energy path.

It is worth mentioning that the application of this method
only requires the knowledge of the fluctuations in the basins of
the three metastable states and no prior information on the
reaction pathways is necessary.

In conclusion, the present investigation demonstrates that
the new MC-HLDA approach can be successfully adopted, by
properly choosing collective variables, for the study of redox
reactions that involve several reaction pathways.

Work is in progress to take into account the influence the sol-
vent can have on the description of the reduction mechanism
and to apply this tool for the exploration of new anticancer
drug mechanisms of action.

Figure 2. Configurations transition states
extracted from the barrier top region. [Color
figure can be viewed at
wileyonlinelibrary.com]
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Antitumor Platinium(lV) Prodrugs: A Systematic Computational
Exploration of Their Reduction Mechanism by L-Ascorbic Acid

Eslam Dabbish, Fortuna Ponte, Nino Russo, and Emilia Sicilia*

Department of Chemistry and Chemical Technologies, Universita della Calabria, 87036, Arcavacata di Rende, CS, Italy

ABSTRACT: The reduction mechanism of Pt(IV) anticancer prodrugs,
still today a matter of debate, assisted by one of the dominant reductants
in human plasma, that is L-ascorbic acid in its monodeprotonated form,

\‘/

)
has been computationally examined in this work. In order to check what Ptiv)* L=hy)
should be the influence on the reduction rate of the identity of the ligands N } A / 1= i

N — A A

in axial and equatorial position, both cisplatin and oxaliplatin derivatives

have been studied, varying the ligands in axial position in connection with ~ CAc_»
the role they should play as bridges, trans leaving species, and proton

acceptors. OH, OAc, Cl, and Br ligands have been tested as bridging/

leaving ligands, whereas Cl and aspirin have been used as trans labile and less labile ligands, respectively. The most recent
theoretical and experimental investigations have demonstrated that the generally adopted grouping of reduction mechanisms
into inner- and outer-sphere does not properly take into account all the viable alternatives. Therefore, inner-sphere mechanisms,
classified as ligand-bridged, ligand-bridged-H transfer and enolate f-carbon attack, have been explored for all the complexes
under investigation. Concerning the outer-sphere mechanism, redox potentials have been calculated adopting a recently
proposed procedure based on the separation between electrochemical and chemical events to evaluate their propensity to be
reduced. Moreover, according to the hypothesis that the outer-sphere reduction mechanism involves the sequential addition of
two electrons causing the formation of a Pt(III) intermediate, the possibility that singlet and triplet pathways can cross for the
Pt(IV) cisplatin derivative having two chlorido ligands in axial position has been explored in detail. Results show that the
mechanism indicated as base-assisted outer sphere can become competitive with respect to the inner one if two singlet—triplet
spin inversions occur. Results presented here are helpful in addressing synthetic strategies as they show that Pt(IV) prodrugs

x Pt(n)
i e

propensity to be reduced can be properly tuned and give indications on how this aim can be accomplished.

1. INTRODUCTION

Platinum complexes, notwithstanding the fact that only a
relatively small number of metal-containing drugs are currently
in clinical use, have proven to be invaluable and are the pillars
of cancer chemotherapy." Only three Pt(II)-based anticancer
drugs are approved by the FDA and used worldwide: cisplatin,
carboplatin, and oxaliplatin, which are square-planar d* Pt(II)
complexes, whose mechanism of action (MoA) involves water
substitution of ligands for the formation of the corresponding
“aquated” complexes acting as transcription inhibitors by
binding to nuclear DNA and distorting its structure.”” "
Although very efficacious, cisplatin and related Pt(II)
complexes suffer from side-effects. Furthermore, bioavailability
is limited and oral administration is precluded, since a large
amount of Pt(II) drugs is lost in the bloodstream before
arriving at the ultimate target.5 Aiming at overcoming such
shortcomings new strategies have emerged including the use of
six-coordinate Pt(IV) complexes, as inert prodrugs, which are
shown to release the corresponding four-coordinate active
Pt(II) species upon reduction by cellular reducing agents or by
photoactivation.®

Pt(IV) complexes are relatively inert to substitution.”
Reactions with biological nucleophiles, therefore, are disfa-
vored and lifetime in biological fluids is expected to increase
making even oral administration feasible. The administration
of nontoxic Pt(IV) prodrugs might reduce unwanted reactions

v ACS Publicationg © 2019 American Chemical Society
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with biomolecules and consequently minimize undesired side-
effects. In addition, axial ligands can be designed to improve in
different ways the pharmacological properties of the prodrug.
Intracellular reductive elimination represents the critical and
decisive step of the MoA of such compounds and, as a
consequence, a great amount of attention has been focused on
aspects such as the identity of the reducing agents, the ease, the
rate and mainly the mechanism of the reduction process.
Although many potential reducing agents are present both in
plasma and cells and several hypotheses have been
formulated,® L-ascorbic acid (AscH,) and L-glutathione are
commonly believed to be the biological species responsible for
the reduction of Pt(IV) prodrugs and continue to be used for
in vitro experiments.”

Several hypotheses on the mechanism by which Pt(IV)
prodrugs are reduced have been formulated mainly on the
basis of the information coming from kinetic measurements.
Electron transfer mechanisms are generally classified as ligand-
bridged inner-sphere, assuming that one of the axial ligands is
able to form a bridge between the Pt(IV) center and the
reductant mediating the flow of the electrons, and outer-
sphere.*!'“'* However, such classification does not properly
account for all the proposed mechanistic alternatives. The
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inner-sphere mechanism could involve the Pt(II) complex
catalytic action'® or the enolate 3-carbon of the monodeproto-
nated form of L-ascorbic acid (AscH™) attack to the axial
ligands."® Outer-sphere reduction can take place through a two
steps electron transfer encompassin% formation of a metastable
six-coordinate Pt(III) intermediate, ’ and intersystem singlet—
triplet crossings.m Very recently, we have shown that when
one of the axial ligands is an OH group and AscH™ is the
reducing agent, the inner-sphere electron transfer proceeds by
the direct participation of the ligand, leading to the release of a
water molecule and formation of dehydroascorbic acid (DHA),
the oxidized form of L-ascorbic acid."®

Experimental information on the ease of reduction is usually
obtained by cyclic voltammetry, which allows to measure the
peak potential for the irreversible reduction, but not the
standard redox potential. Since the electron transfer is
accompanied by the release of the two axial ligands, the
measured peak potentials do not necessarily correlate with the
rate of the reduction process'® that depends both on the rate
of the electron transfer and on strength of the bonds between
the ligands and the metal center. Theoretical procedures for
the elucidation of the reduction mechanism and calculation of
redox potential have been proposed.'””’ Baik and co-
workers'” have demonstrated that reduction occurs in two
steps. The first step involves one electron transfer accompanied
by the formation of a six-coordinate Pt(III) complex and, being
less exergonic than the second one, determines the magnitude
of the redox potential as it has been confirmed by
computations.m'21

Motivated by the attention devoted to the design of novel
antineoplastic agents based on Pt(IV) prodrugs and the
contradictory information coming from experimental and
theoretical investigations, we have undertaken a thorough
computational analysis of the chief reduction step using several
platinum complexes and L-ascorbic acid as reducing agent. The
Pt(IV) model complexes have been selected to check what is
the influence on the reduction rate of the nature of the
equatorial and, mostly, axial ligands owing to the role they
should play as bridges, trans leaving species and proton
acceptors.

2. RESULTS AND DISCUSSION

A systematic examination of the inner- and outer-sphere
reduction mechanisms for all the Pt(IV) complexes, shown in
Scheme 1 has been carried out. Ascorbic acid, in its monoanic
form, AscH™ at physiological pH (pK, ca. 3.8), has been used
as reducing agent. The reduction mechanism of Asplatin
complex, ¢,c,t-[PtCL,(NH;),(OH)(aspirin)], a dual-action drug
with the ability to release cisplatin and aspirin for their

Scheme 1. Pt(IV) Complexes Investigated for Reduction
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respective biological actions,”™" has been recently investigated
by us.'® For comparison with the outcomes of our study on
Asplatin and its analogues, obtained by substituting the OH
(1) group with either Cl (2) or Br (3), the corresponding
acetate (OAc) complex (4) has been examined. Furthermore,
in order to check the influence on the reaction rate of the
nature of the ligand in trans with respect to bridging/leaving
ligands, the behavior of the Pt(IV) complexes cc,t-
[PtCL(NH;),(X)(CD] (X = OH (8), CI” (6), Br (7), Ac”
(8)) has been analyzed, with the chlorido ligand being both a
better leaving ligand than aspirinate and unable to accept a
proton. The influence of the nature of the ligands in equatorial
position has been examined by considering Pt(IV) derivatives
of oxaliplatin, that is [Pt(dach)(Ox)] (dach = (1R2R)-1,2-
diaminocyclohexane, Ox = oxalate). Calculations have been
carried out for two complexes in which one of the axial ligands
is the aspirinate having in the trans position a hydroxido (9)
and a chlorido (10) ligand.

The explored alternatives are shown in Scheme 2. The inner-
sphere mechanistic alternative involving Pt(II) as catalyst has

Scheme 2. Inner-Sphere Mechanistic Alternatives
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a) Ligand-bridged b) Ligand-bridged-H transfer c) Enolate B-carbon attack

not been explored because of both the previously calculated"®
high energy barriers for the reduction and the low viability of
this path as a consequence of the low cellular concentration of
Pt(10).

2.1. Inner-Sphere Reduction of c,c,t-[PtCl,(NH;),(X)-
(aspirin)], X = OH~, CI7, Br7, OAc™. The detailed
investigation of the inner-sphere reduction reaction of Asplatin
(1) and its chlorido (2) and bromido (3) derivatives in the
presence of AscH™ has highlighted'® the peculiar behavior of
the OH" ligand. Indeed, for the (1) complex, the reduction
mechanism involves formation and release of a water molecule
due to the shift of a H™ unit from the OH group of the
ascorbate to the hydroxido ligand. Therefore, the hydroxido
ligand not only plays the role of bridge to allow the transfer of
the electrons, but directly participates in the reduction process
leading to formation of the oxidized form of the ascorbic acid
DHA. Simultaneously, the trans aspirinate ligand detaches and
the cisplatin drug is formed. When the reduction mechanism of
2 and 3 complexes is taken into consideration, the electrons
are transferred thanks to the bridging Cl and Br ligands that
interact with the deprotonated oxygen of the AscH™ reducing
species and concurrently a proton shift occurs from the OH
group of the ascorbate to the trans aspirinate. As a result, the
chlorido or bromido, ligands are released along with aspirin.
Cisplatin and DHA are formed. However, for (2) and (3)
complexes the most favorable mechanism is that involving the
nucleophilic attack of the enolate f-carbon of ascorbate on the
X (X = Cl, Br) ligand leading to the formation of a new C—X
bond and the release of the ligand in trans position. Since many

DOI: 10.1021/acs.inorgchem.8b03486
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Figure 1. Calculated B3LYP-D3 free energy profile in water describing the OAc-bridged-H electron transfer mechanism for the reduction of
complex 4 by ascorbate. Energies are in kcal'mol™" and relative to separated reactants.

Pt(IV) cisplatin and oxaliplatin derivatives have been prepared
by tethering carboxylate axial ligands to the metal center, also
the behavior of a possible Asplatin derivative obtained by
substituting the OH ligand with an acetate (OAc) (4) one has
been investigated. The calculated energy profile together with
the structures of intercepted stationary points describing the
ascorbate assisted reduction of complex 4 is reported in Figure
1.

In the same figure, for the sake of comparison, the heights of
the analogous free energy barriers for complexes 1, 2, and 3 are
reported. The interaction between the reducing agent and
complex 4 leads to the formation of the adduct named Asp-
OAc_AscH’, which is slightly more stable than the reactants by
1.3 kcal mol™. In analogy with the mechanism ozgerative for
the hydroxido ligand and as already suggested,” the two-
electron transfer occurs in one step through the shift of a H™
unit from the OH group of the ascorbate to the acetate oxygen
coordinated to the metal center. Formed acetic acid detaches
and, simultaneously, the trans-aspirinate ligand is released and
dehydroascorbic acid is formed. The Pt(IV) to Pt(II)
reduction caused by such rearrangement takes place over-
coming on an energy barrier of 18.8 kcal mol™' for the
corresponding concerted transition state, TS_OAcb,idge,
characterized by an imaginary frequency of 142i cm .
Formation of separated products is calculated to be exergonic
by 16.7 kcal mol™".

The possibility that the reduction reaction can occur by a
nucleophilic attack of the enolate S-carbon of ascorbate
(mechanism c in Scheme 2) on the acetate ligand has been also
unsuccessfully explored, very likely due to steric hindrance of
the acetate ligand.

2.2. Inner-Sphere Reduction of c,c,t-[PtCl,(NH;),(X)-
(CN1, X = OH, Cl, Br, OAc. Aiming at analyzing what should
be the role played by the ligands in trans with respect to the
bridging ligands that allow the Pt(IV) reduction to occur,
Pt(IV) cisplatin derivatives c,c,t-[PtCL,(NH;),(X)(CD)] (X =
OH (5), ClI (6), Br (7), OAc (8)) have been examined. With
respect to aspirin, chlorido ligand both is a better leaving
ligand and is not able to accept protons. It is worth underlining
that for complex (6), recently, Dong et al.'”" have studied the
reduction process by ascorbic acid in a wide range of pH and
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proposed a halide-bridged inner-sphere electron transfer mode
for the rate-determining steps. The outer-sphere electron
transfer mode practically has been excluded and activation
parameters have been measured at physiological pH. The
energy profiles describing the reduction of complexes 5—8 by
ascorbate are depicted in Figure 2.

-16.3
Cl-Pt-X_AscH-

AG(kcal molt)

00
Cl-Pt-X_AscH-

AG(kcal mol-1)

cisPt+AscH,+DHA+X-+Cl-

Figure 2. Calculated B3LYP-D3 free energy profiles in water
describing the X-bridged electron transfer mechanism in the presence
of ascorbate as reducing agent for (a) § (X = OH), solid line, and 8
(X= OAc), dotted line, and (b) 6 (X = ClI), solid line, and 7 (X = Br),
dotted line. Energies are in kcal'mol™ and are relative to separated
reactants.
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Figure 3. Calculated B3LYP-D3 free energy profiles in water describing the enolate f-carbon attack mechanism in the presence of ascorbate as
reducing agent for (a) 5 (X = OH) and (b) 6 (X = Cl), solid line, and 7 (X = Br), dotted line. Energies are in kcal mol™" and are relative to

separated reactants.

The two (S and 8) cisplatin derivatives undergo the two-
electrons reduction reaction following a mechanism that, in
analogy with complexes 1 and 4, involves the transfer of a H™
unit from the OH group of the ascorbate to the bridging
hydroxido and acetato ligands, respectively, to form the
oxidized form of ascorbic acid, DHA. Formed water and
acetic acid molecules detach from the platinum center inducing
the simultaneous detachment of the trans chlorido ligand. After
the exergonic formation of the first adduct (—14.4 and —16.3
kcal mol™" for OH and OAg, respectively), for the subsequent
rearrangement to take place it is required that a barrier of 14.5
kcal mol™" for the OH ligand and 19.9 kcal mol™" for the OAc
ligand is overcome. The corresponding transition states are
characterized by 94i and 172i cm™' imaginary frequencies,
respectively.

The whole process is calculated to be exergonic by 40.4 and
35.7 kcal mol™ for complexes 5 and 8, respectively.
Comparison with the results obtained for complexes 1 and
4, shows that the reduction process is not greatly affected by
the identity of the trans ligand. When the reduction behavior of
6 and 7 complexes is examined, Cl and Br only act as bridging
ligands allowing two-electron transfer after the endergonic
formation of the initial adducts (4.5 and 3.4 kcal mol™ for Cl
and Br, respectively). In the subsequent transition state,
chlorido and bromido ligands interact with the deprotanated
oxygen of the ascorbate reducing agent causing the detachment
of the trans chlorido ligand. The imaginary frequencies are 65i
and 68i cm™' for chlorido and bromido, respectively. Such
rearrangement has an energetic cost of 8.5 keal mol™ for Cl
and 6.5 keal mol™ for Br and leads to the release of the anionic
axial ligands, the reduced platinum complex and protonated
dehydroascorbate. Products lie 10.4 and 5.6 kcal mol™!,
respectively above the zero reference energy.

The Pt(IV) to Pt(II) reduction is completed by the
intervention of a species, that we have imagined to be a
second AscH™ unit, capable to accept the proton from the OH
group of the dehydroascorbate. DHA together with the
cisplatin complex and the detached axial ligands are afforded.
Such step is barrierless and exergonic by 44.7 kcal mol™" for
the 6 complex and 37.6 kcal mol™" for the 7 one. With respect
to our previous investigation,18 the presence in trans position
of the chlorido ligand, which is a good leaving group unable to
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accept the proton from the ascorbate, has a beneficial effect on
the kinetics of the process as the calculated activation barriers
significantly lower. Moreover, the assistance of an additional
basic species is required in order to accomplish the reduction
process.

The main conclusion of such analysis is that when the trans
living ligand is the labile chlorido the rate of the reaction
depends on the bridging ability that follows the expected trend
(Br > Cl > OAc > OH) even if the role played by hydroxido
and acetato is different with respect to that of chlorido and
bromido ligands.

The outcomes of the examination of the alternative f-carbon
inner-sphere mechanism involving the attack of the enolate f3-
carbon on the X = OH, ClI, Br ligands, of complexes 5—7, are
shown in Figure 3. Once again the f-carbon attack does not
take place when X = OAc.

In the first step the adduct, CI-Pt-X AscH™ (1), which
favorably orients the ascorbate to facilitate the nucleophilic
attack of the enolate f-carbon on the X (X = OH, Cl, Br)
ligand, is formed. All the intermediates lie lower in energy with
respect to reactants: —11.8, —2.4, and —4.8 kcal mol™" for OH,
Cl and Br, respectively. As a consequence of the attack a new
C—X bond is formed and simultaneously the trans chlorido
ligand is released. The intercepted concerted transition states,
are identified by a negative frequency (120i cm™ for the
hydroxido and 85i cm™ for both chlorido and bromido
ligands) corresponding to such rearrangement and the
calculated barriers are 18.3 kcal mol™' for the hydroxido
complex and 7.8 and 8.6 kcal mol™' for the chlorido and
bromido ones, respectively. The reaction is calculated to be
exergonic for all the examined complexes, as shown in Figure 3,
and leads to the release of the cisplatin complex, the free
chlorido trans ligand and the intermediate species in which the
X atom is bonded to the enolate f-carbon in geminal position
to the OH. In the case of the hydroxido complex (5),
elimination of a water molecule requires an auxiliary water
molecule that assists the process acting as a proton shuttle. The
calculated barrier height for the corresponding transition state
is 22.8 kcal mol™" and leads to the exergonic formation of the
final products. For the chlorido and bromido complexes (6 and
7), instead, the action of a second AscH™ unit causes the OH
group deprotonation and the final products formation in a
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barrierless process. The whole process results to be exergonic
by 44.7 and 37.6 kcal mol™ for the chlorido and bromido
complexes, respectively.

The height of the calculated barriers for both inner sphere
ligand-bridging and f-carbon mechanisms for complex 6, even
if lower than the value which can be obtained using the
activation parameters measured by Dong et al.'” (AH! = 46.7
+ 1.5 kJ mol™!, AS* = =34 + 9 J K™' mol™"), support the
hypothesis that the electron transfer occurs in an inner-sphere
fashion.

2.3. Inner-Sphere Reduction of [Pt(dach)(Ox)(X)-
(aspirin)], X = OH, Cl. As anticipated above, in order to
understand how the nature of the ligands in equatorial position
can influence the Pt(IV) complexes reduction, two possible
oxaliplatin derivatives have been considered: with one
aspirinate and one hydroxido ligand (9), with one aspirinate
and one chlorido ligand (10). For each complex, both inner
bridging and p-carbon mechanisms have been examined.
Outcomes for the bridging mechanism are shown in Figure 4.

/
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Figure 4. Calculated B3LYP-D3 free energy profiles in water
describing the bridging reduction mechanism in the presence of
ascorbate as reducing agent for (a) 9 (X = OH) and (b) 10 (X = CI),
complexes. Energies are in kcal'mol™ and relative to separated
reactants.

Along the calculated pathways the structures of the intercepted
transition states are sketched. For the oxaliplatin derivative (9)
having a hydroxido group in trans position to the aspirinate
ligand, the reaction proceeds following the same steps already
illustrated above, and the drawn energy profile strictly mirrors
those of 1 and 5 complexes. After the formation of the first
adduct (AG = —4.7 kcal mol™"), reduction takes place by the
transfer of a H™ unit to the OH group causing the
contemporaneous detachment of a water molecule and the
trans aspirinate ligand. The active Pt(II) species and the DHA
oxidized form of ascorbic acid are formed. The intercepted
transition state lies 10.8 kcal mol™" above the zero reference

3855

energy of reactants for a calculated barrier of 15.5 kcal mol~},
and is characterized by an imaginary frequency of 75i cm™".
The whole reaction is exergonic by 19.8 kcal mol™". The
behavior of complex (10), having in axial position a chlorido in
trans position to the aspirinate, significantly differs with respect
to the similar situations already examined.

Indeed, many unsuccessful attempts have been carried out to
locate a transition state for the formation of a bridge between
the negatively charged ascorbate oxygen atom and the ClI
ligand to allow two-electron transfer. Due to the steric
hindrance of the ligands in equatorial position, the two-
electron transfer through the Cl bridging ligand accompanied
by the proton shift from the OH group of the ascorbate to the
trans aspirinate cannot occur. The only intercepted transition
state, named TSy sqpbriager iNVOlves the shift of a H™ unit from
the OH group of the ascorbate to the aspirinate ligand leading
to the detachment of an aspirin molecule. The trans chlorido
ligand is released and oxaliplatin and DHA reduction products
are formed. The height of the energy barrier that is necessary
to overcome is 18.9 kcal mol™". The imaginary frequency that
confirms the nature of this stationary point is $9i cm™.

The pathways describing the alternative inner-sphere
mechanism comprising the nucleophilic attack of the enolate
f-carbon to the OH and Cl ligand are shown in Figure S. Once
again the two (9 and 10) complexes behave differently as a
consequence of the presence of a hydroxido and chlorido
ligand in trans to the aspirinate. Indeed, after the slightly
exergonic formation of the first adduct (—0.4 kcal mol™ for
OH and —3.3 keal mol™ for Cl), the reaction proceeds with
the f-carbon attack of the ascorbate on the living ligand
forming new C—O and C—Cl bonds and causing the trans
aspirinate ligand release. The calculated barrier is 21.5 kcal
mol ™" for both complexes, whereas the reaction is exergonic by
18.9 and 1.9 kcal mol™" for the Asp-OxPt—OH and Asp-OxPt-
Cl, respectively. The oxaliplatin complex, the free aspirinate
ligand and the intermediate species in which the OH and CI
moieties are bonded to the enolate f-carbon in germinal
position to the OH are formed. The imaginary frequencies
characterizing these TSs are 247i for Asp-OxPt—OH and 122i
cm™" for Asp-OxPt-Cl. The reaction is completed by the
release of a water molecule for complex (9) assisted by an
additional water molecule and surpassing a barrier of 20.0 kcal
mol™". The transition state structure is characterized by an
imaginary frequency of 1177i cm™". Detachment of the CI” ion
and deprotonation of the OH group to yield the oxidized DHA
product occurs in the presence of a second AscH™ unit in a
barrierless fashion according to what observed in all analogous
situations.

2.4. Calculated Two-Electron Reduction Potentials of
Complexes 1—10. Although standard cyclic voltammetry has
been routinely used to characterize redox behavior of Pt(IV)
antitumor compounds, the study of the reduction process
involving transfer of two electrons and release of the two axial
ligands is challenging owing to the intrinsic irreversibility of the
reduction and the influence that the rate of the ligand loss can
have on the thermodynamics and kinetics of the process. The
two-electron redox process is commonly observed as a single
irreversible reduction event, and the peak potential for the
cathodic wave obtained in cyclic voltammetric measurements
is usually used to measure the ease of reduction instead of the
standard redox potential. Peak potentials, however, strongly
depend on the experimental conditions. Therefore, it is matter

DOI: 10.1021/acs.inorgchem.8b03486
Inorg. Chem. 2019, 58, 3851-3860


http://dx.doi.org/10.1021/acs.inorgchem.8b03486

Inorganic Chemistry

fg )
TS_B-OH-OxPt
~2L1 d

b) ##'Qx
/ 1€ —C| -

25

s
~ €
G AsprOnpr-OHuAscH oy 5 § DASP-Ogft-ClAscH
=~ 0 o
3 04 95
& -10 | Asp-OxPt-OH_AscH-(1)
<
-20 i —15
OxPt+AscH-OH+Asp
30 -25.2 25 -22.3
OxPt+Aspirinate OxPt+DHA+CI"
+2H,0+DHA +AscH+Aspirinate

Figure S. Calculated B3LYP-D3 free energy profiles in water describing the enolate f-carbon attack mechanism in the presence of ascorbate as
reducing agent for (a) 9 (X = OH) and (b) 10 (X = Cl) complexes. Energies are in kcal'mol™ and relative to those of separated reactants.

of debate the possibility to extract information about the redox
behavior of Pt(IV) prodrugs from such measurements

Baik and co-workers in a recent study,'” have carried out a
series of electrochemical experiments to study the mechanism
of the two-electron reduction of Pt(IV) cisplatin derivatives
demonstrating that electron transfer and Pt—ligand bond
cleavage occur in a stepwise fashion, thus leading to the
formation of a metastable six-coordinate Pt(IIl) intermediate
upon the first electron addition. From this intermediate the
two axial ligands are removed sequentially, being the second
ligand released as a consequence of the second electron
addition. Furthermore, density functional calculations have
been performed to elucidate the reduction mechanism and
estimate standard reduction potentials. Indeed, on the basis of
the adopted decomposition scheme the reduction potential can
be calculated as the energy change that accompanies the one
electron transfer for the reduction of the six-coordinate Pt(IV)
complex to the corresponding six-coordinate Pt(III) (see
Scheme 3) species with the axial ligand remaining in the
coordination sphere of the metal center as it is illustrated in the
Computational Details section.

Scheme 3. First Step of the Decomposition Scheme
Proposed by Baik et al. for the First Electron Transfer
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The reduction potential is computed as E,q° = —AG(,)) —
4.43 V, where AGy is the Gibbs free energy change in
solution for the one electron transfer to the Pt(IV) complex
and 4.43 V is the absolute potential of the standard hydrogen
electrode (SHE) in water used as a reference. The values of the
calculated redox potential for all the examined complexes are
collected in Table 1. The difference in behavior between the
Asplatin complex (1) and its Asp-Cl (2) and Asp-Br (3)
derivatives has been already underlined.'® Indeed, the addition
of one electron to 2 and 3 complexes causes the spontaneous
release of the aspirinate ligand that, according to the results
reported by Baik and co-workers,'” remains in the primary
coordination sphere of the metal center forming hydrogen
bonds with the equatorial ammonia ligands.

As formation of such bonds is unrealistic in solvent, explicit
water molecules have to be included for a more realiable
simulation. Aspirinate detachment from complex 1, instead,
takes place, overcoming an energy barrier. In analogous way,
full optimization of the structure of six coordinate Pt(III)
anionic complexes obtained by adding an electron to neutral
(4-10) complexes has been carried out in gas-phase without
imposing any geometrical constrain. Spontaneous release of
the first ligand as a consequence of one electron addition has
been observed for 6, 7, and 8 cisplatin derivatives. Thus,
explicit water molecules, which have been removed for
subsequent calculations in implicit solvent, have been added
around the axial ligands. For the rest of complexes, the
electrochemical and chemical events occur in two separate
steps.

The calculated standard reduction potentials allow to
estimate the propensity of the examined complexes to be
reduced. Therefore, the possibility that the reduction occurs, if
an outer-sphere mechanism is assumed to be operative,
depends principally on the nature of axial ligands and increases

Table 1. Standard Reduction Potentials, in eV, Calculated as the Energy Change That Accompanies the First Step One-

Electron Transfer for the Reduction of the Six-Coordinate Pt(IV) Complexes in the Proposed by Baik et al.'”

Decomposition

(3) Asp-Br 0.279
(7) Cl=Pt—Br 0.439

(4) Asp-OAc —0.051
(8) Cl-Pt—OAc 0.431

Scheme
Eji® (1) Asp-OH —0.241 (2) Asp-Cl 0.127
e (5) CI-Pt—OH —0.163 (6) Cl-Pt—Cl 0374
Efirs® (9) Asp-Oxpt—OH —0.536 (10) Asp-Oxpt-Cl 0.132
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AG ( keal mol!)

Figure 6. Singlet (solid) and triplet (dotted) crossing free energy profiles for the Cl—-Pt—Cl (6) complex describing the “base-assisted” outer-
sphere electron transfer mechanism in presence of ascorbate as reducing agent. Energies are in kcal mol™" and relative to separated reactants.

in the order: OH < OAc < Cl < Br. Moreover, the tendency to
be reduced increases when in cisplatin derivatives the
aspirinate ligand is substituted by the chlorido one.
Concerning the influence of the nature of the equatorial
ligands, it appears that the rate of the reduction for cisplatin
derivatives is generally higher than oxaliplatin ones. The trend
in the tendency to be reduced by an outer-sphere mechanism
does not necessarily correspond to the trend in the rate of
reduction by an inner-sphere mechanism. This disagreement
can explain the observed lack of correlation between the
measured rates of reaction and the reduction potentials.'™"'¢

The calculated valued of 0.374 eV of the standard reduction
potential for complex (6) compared with the measured value
—0.206 eV,>® versus the normal hydrogen electrode, confirms
the already reported trends.'”'® That is, redox potentials
calculated adopting such procedure are considerably different
from those reported in the literature, corresponding to a redox-
stability higher than the real one.

2.5. Potential Energy Surface Description of the
Outer-Sphere Electron Transfer Mechanism. According
to the hypothesis that the outer-sphere reduction mechanism
involves the sequential addition of two electrons causing the
formation of a Pt(III) intermediate, the possibility that singlet
and triplet pathways can cross has been recently computa-
tionally examined for the [Pt(dach)Cl,] (dach = diaminocy-
clohexane) model complex.'® Here, the results of an analogous
calculation carried out for complex (6) having two axial
chlorido ligands are reported. Free energy profiles for both
singlet and triplet multiplicities are drawn in Figure 6. Relative
free energies in solution have been calculated with respect to
the ground-state singlet reactants’ asymptote (6) + 2AscH™.
The adduct formed by the Cl-Pt—Cl (6) complex and two
ascorbate molecules has been optimized in both singlet and
triplet multiplicities. The singlet and triplet adducts lie 17.8
and 12.8 kcal mol™, respectively below the entrance channel.
The reduction reaction, along the singlet pathway directly
leads to the formation of the products: cisplatin, two chlorido
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ligands, ascorbic acid and dehydroascorbic acid. The concerted
transition state, that is necessary to overcome for the reduction
to occur, lies 7.9 kcal mol™' above the reactants’ reference
energy for a barrier of 25.7 kcal mol™'. The imaginary
frequency is 59.2i cm™'. The rearrangement of the reactants
involves the elimination of the two axial chlorido ligands as a
consequence of the outer-sphere two-electrons transfer and the
proton shift from one of the ascorbates to the other, leading to
the formation of both ascorbic and dehydroascorbic acids. The
reaction is calculated to be exergonic by 39.0 kcal mol™". The
presence of two ascorbate units is required for the proton shift
to occur simultaneously with the electron transfer. Indeed, a
very huge number of attempts carried out in presence of only
one ascorbate unit all failed. It is worth underlining that such
mechanism corresponds to the mechanism classified as “base
assisted outer-sphere” by Ejehi and Ariafard, found to be the
preferred one for the reduction of the [Pt(dach)Cl,]
complex.'® Along the triplet surface the reaction takes place
going through several intermediates. Once the first adduct is
formed the reaction proceeds with the transfer of one electron
leading to the release of one chlorido ligand and formation of a
penta-coordinated intermediate more stable than the previous
one by 13.2 kcal mol™". The barrier for the corresponding
transition state is only 2.5 kcal mol™' and the imaginary
frequency is 38.5i cm™.. In the next step the transfer of the
proton from one ascorbate to the other occurs surmounting an
energy barrier of 6.3 kcal mol™), and forming a stable
intermediate at —31.0 kcal mol™". The TS is characterized by
an imaginary frequency of 391.0i cm™".

In the last step the second electron is transferred causing the
detachment of the second axial Cl ligand and therefore the
exergonic (AG = —29.6 kcal mol™") formation of the final
products.

A careful search of the minimum energy crossing points
(MECPs) has allowed to identify the structure and the energy
of the points where the singlet and triplet PESs cross along
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with the calculation of the frequencies within the seam of
crossing for both MECPs.

The reaction starts in a singlet state and, immediately after, a
crossing occurs avoiding the high energy barrier for the singlet
transition state. In going from the singlet state adduct to the
triplet transition state it is necessary to overcome a barrier of
7.5 keal mol™". As it is evident from both geometry and energy
of this point, the crossing occurs in the vicinity of the triplet
minimum with the MECP1 structure that lies only 0.5 kcal
mol™" higher in energy. In the framework of the two-state
reactivity (TSR) paradigm, this kind of spin crossing occurring
before formation of the transition state has to be considered a
rate-limiting factor.”* The second surface spin crossing occurs
after the triplet transition state is surpassed and due to the spin
change the reaction finishes with the formation of the products
in a singlet spin multiplicity. Looking at the energy of the
MECP2 reported in Figure 6, it appears that it is closer to the
triplet transition state and, as it is located after the transition
states, does not play a key role. This process is a typical
example of the TSR paradigm®* as a reaction that is not viable
becomes accessible thanks to a spin change and products
formation arises from an interplay of spin inversion and the
respective barrier heights on both spin surfaces. Moreover, the
reaction is formally spin conserving as reactants and products
ground states have the same spin multiplicity. Along the
reaction path, the reaction starts in a singlet state, the spin is
changed to triplet to avoid the very high energy singlet
transition state and continues to form the final products in a
singlet state. It is worth mentioning that only if the spin
inversions are taken into consideration do the so-called base-
assisted outer-sphere path become viable and competitive with
respect to the described inner-sphere alternatives.

3. SUMMARY AND CONCLUSIONS

In this paper, the outcomes of a systematic investigation of the
key reduction step of Pt(IV) antiproliferative complexes have
been illustrated. In order to obtain information on the
influence of the identity of ligands in axial and equatorial
position, both cisplatin and oxaliplatin derivatives have been
examined and compared varying involved ligands. Mono-
deprotonated ascorbic acid has been used as reducing agent
model. The usually invoked classification of Pt(IV) into Pt(II)
complexes reduction mechanisms as inner- and outer-sphere
does not properly account for all the possible alternatives.
Indeed, beside the possible involvement of Pt(II) as catalyst
that has been considered to be not viable, the inner-sphere
mechanisms have been classified as (a) ligand-bridged, (b)
ligand-bridged-H transfer, and (c) enolate f-carbon attack.
Results reported here show that (i) for both OH and OAc
ligands the inner sphere two-electron transfer, classified as
ligand-bridged-H transfer, is the preferred mechanism. The
rate of the process is not influenced by the identity of the
ligands in both axial and equatorial positions. The enolate f3-
carbon attack can occur for the OH group but overcoming
higher energy barriers, whereas it does not take place when the
OAc ligand is involved. (ii) For Cl and Br ligands, the
preferred mechanism is a function of the nature of the ligands
in trans-axial and equatorial positions. When cisplatin
derivatives are taken into consideration and the trans ligand
is Cl the inner-sphere ligand-bridged is the most favorable
mechanism. When the ligand in trans is the aspirinate, the
calculated barriers become significantly higher and the enolate
f-carbon attack becomes the preferred mechanism. (jii) For
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the Cl oxaliplatin derivative having aspirinate in trans axial
position, the reduction occurs by the ligand-bridged-H transfer
mechanism involving the aspirinate ligand. Very likely the
mechanism changes due to the equatorial ligands steric
hindrance. The enolate f-carbon attack can occur, but it is
not competitive.

The exploration of the so-called base-assisted outer-sphere
mechanism shows that both singlet and triplet multiplicities are
involved. The apparently spin conserving process starts in a
singlet state, the spin is changed to triplet to avoid the very
high energy singlet transition state and continues along the
singlet energy profile, due to a second spin crossing, to form
the final products. The spin inversions allow the base-assisted
outer-sphere mechanism to be accessible and competitive with
respect to inner-sphere alternatives.

Finally, redox potentials calculated for all the Pt(IV)
complexes under examination by separating the steps for the
electron transfer from those for the axial ligand release, show
that the propensity to be reduced by an outer-sphere
mechanism depends principally on the nature of axial ligands.
Such propensity increases in the order: OH < OAc < Cl < Br
and the rate of the reduction decreases in going from cisplatin
derivatives to oxaliplatin ones. Calculated values for the
cisplatin derivative (6) having two chlorido ligands in axial
position confirms that generally used peak potentials are
significantly more negative than redox potentials computed
adopting this method.

In conclusion, results demonstrate that the propensity of
Pt(IV) prodrugs to be reduced can be appropriately
modulated. The inner-sphere, in its different mechanistic
alternatives, is the preferred mode of reduction, when
monoanionic ascorbate is the reducing agent, for some of
the examined cases. Very low calculated energy barriers
strongly support the thesis, already formulated, that these
prodrugs can hardly reach the target before reduction and the
reduction takes place extracellularly.

4. COMPUTATIONAL DETAILS

All molecular geometry optimizations have been carried out
with the Gaussian09 software package,” at density functional
level of theory employing the B3LYP functional’®*’ and
including dispersion corrections for nonbonding interaction
through the Grimme approach® that uses an atom pairwise
additive scheme denoted as DFT-D3.

For the Pt atom, the relativistic compact Stuttgart/Dresden
effective core potential has been used*” in conjunction with the
split valence basis set. For the atoms directly participating in
the process the standard triple-{ quality 6-311+G** basis sets
of Pople and co-workers have been used, while to reduce the
computational effort, for peripheral atoms, the 6-311G** basis
sets have been employed.

Calculation of vibrational frequencies at the same level of
theory has been carried out to both establishing the nature of
intercepted stationary points as minima and transition states
and calculating both zero-point energy (ZPE) and Gibbs free
energy corrections. The involved transition states have been
carefully checked to be properly connected to the correct
minima by IRC (intrinsic reaction coordinate) analysis.*’

With the purpose of characterizing the MECPs, geometries
and corresponding frequencies have been calculated with the
help codes developed for the localization of MECPs®" and the
vibrational frequency analysis at these points (GlowFreq).*>*
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In the decomposition scheme proposed by Baik and co-
workers,'” it is assumed that electron transfer occurs separately
with respect to ligand release. However, it can happen that in
Pt(III) anionic intermediates ligands are released and remain
in the metal coordination sphere as a consequence of the
bonding interactions with the equatorial ligands. As these
structures are unrealistic in solvent, explicit water molecules in
proximity of the axial ligands have been included for the gas-
phase optimizations and removed for subsequent calculations
in implicit solvent.

The effects due to the presence oft he solvent have been
taken into consideration by using the Tomasi’s implicit
polarizable continuum model (PCM)** as implemented in
Gaussian09. The UFF set of radii has been used to build-up
the cavity in which solute molecules are accommodated.
Single-point calculations on all stationary points structures
obtained in vacuum have been carried out in implicit water (&
= 78.4) at the same level for obtaining solvation Gibbs free
energies. Using standard statistical procedures,® enthalpies
and Gibbs free energies have been obtained at 298 K at 1 atm
from total energies, including zero-point, thermal and solvent
corrections. However, mainly when association and dissocia-
tion steps are involved, the entropic change that occurs when a
solute is transferred from the gas- to the condensed-phase is
not properly taken into consideration the following correction
scheme has been adopted. Since the Gaussian’s default
standard state corresponds to an ideal gas at a standard
pressure of 1 atm, the computed free energies have been
converted®® to yield Gibbs energies with a solution phase
standard state of 1 mol L™' for all the species. For water
molecules a standard state of 55.5 M has been used. That is, to
the free energy of each species, as computed in Gaussian, a free
energy correction term equal to RT 1In(Viyotar gas/ Vinolar solution)s
(R = gas constant, T = absolute temperature) has been added,
where V,ojq gas i the volume occupied by one mole of ideal gas
at the considered temperature, and Vi, j.r solution 1 the volume
occupied by one mole of species in a standard solution of
concentration 1 mol L™".
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Abstract. Kinetically inert platinum(IV) com-
Pt reduction plexes are receiving growing attention as promis-
ing candidates in the effort to develop safe and
valid alternatives to classical square-planar Pt(Il)
o complexes currently used in antineoplastic thera-
py. Their antiproliferative activity requires intracel-
lular Pt(IV)—-Pt(Il) reduction (activation by reduc-
tion). In the present work, a set of five Pt(IV)
331 complexes has been assayed using mass
220 240 260 280 300 320 340 mz spectrometry—based techniques, i.e., collision-
induced dissociation (CID), and IR multiple photon dissociation (IRMPD) spectroscopy, together with ab initio
theoretical investigations. Breakdown and reduction mechanisms are observed that lead to Pt(Il) species.
Evidence is found for typically transient Pt(lll) intermediates along the dissociation paths of isolated, negatively
charged (electron-rich) Pt(IV) prodrug complexes.
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Introduction has gained renewed interest since evidence indicated that

he redox behavior of transition metal complexes has rep-
resented an important topic since the dawn of coordination
chemistry [1]. In particular, the mechanism of reduction of six-
coordinate octahedral d® Pt(IV) complexes to the correspond-
ing four-coordinate square planar d® Pt(Il) congeners has been
intensely studied by Basolo and coworkers [2]. This process
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Pt(IV) anticancer prodrugs are reduced in the hypoxic tumor
cells to the pharmacologically active Pt(Il) counterparts
(Scheme 1) [3-6]. The interpretation of the experimental data
concerning such process is not conclusive though [7].
Electrochemical investigations have been hampered by the
chemically irreversible character of such a reduction that im-
pedes the evaluation of a meaningful thermodynamic potential
[8], as well as by the quick poisoning of the working electrode
surface [9]. A number of computational studies at density
functional theory (DFT) level have been recently carried out
in order to estimate the electrochemical potentials and to sug-
gest a reliable pathway of reduction [10-12]. Interestingly,
most of these studies suggested a metastable six-coordinate
Pt(Ill) intermediate. A Pt(Ill)-containing polymeric material
has been indeed described as “platinblau” (platinum blue)
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Scheme 1. A cisplatin-based Pt(IV) derivative bearing two
axial X ligands. The 2e™ reduction produces the active cisplatin
metabolite with loss of two X~ anions

because of its characteristic dark blue color. Thus, Pt(IlI) does
exist at least in solid state [13].

Several kinetic experiments on the reduction of Pt(IV) de-
rivatives have been carried out using biological reductants such
as ascorbic acid (H,Asc, or more properly at physiologic pH its
mono-anion HAsc"), glutathione, cysteine, or methionine [14].
Depending on the kind of the six ligands around the Pt(IV) core
and on the nature of the reducing agent, inner-sphere (attack of
the reductant especially on hydroxido or chlorido ligands) or
outer-sphere redox processes have been suggested [7]. How-
ever, it was shown that reduction of Pt(IV) derivatives is
mainly carried out by high molecular weight cellular compo-
nents [15], and Arnesano et al. [16] proved that cytochrome c is
indeed able to promote such activation by reduction. Although
this mechanism is not fully elucidated in its intimate details,
QSAR studies [17] indicated that appropriate reduction poten-
tial and lipophilicity are the key factors for designing efficient
Pt(IV) anticancer prodrugs. Thus, it is clearly a challenge to
ascertain the role of the ligands around the Pt(IV) core and to
design new prodrugs with better pharmacokinetics
performances.

In view of this highly active interest, a study has been
undertaken on possible pathways for the transformation from
six-coordinate Pt(IV) to four-coordinate Pt(Il) complexes fol-
lowing the evolution of ions sampled by electrospray ionization
mass spectrometry (ESI-MS) in negative (deprotonated spe-
cies) mode. In particular, in the fragmentation scheme of neg-
ative ions (electron-rich species, potentially prone to undergo
reduction), evidence for intermediates (in particular species
formally containing Pt(IlI)) that are quite elusive in solution
[18, 19] is specifically searched, also taking advantage of the
long-lived conditions that may be attained by a naked ion in the
gas phase. Clearly, this study refers to ionic species isolated in
the gas phase rather than to solvated ions or neutrals stabilized
by non-covalent interactions in a dielectric medium. It will
therefore definitely not provide any direct connection with
reaction dynamics in solution or, even less, in vivo. ESI-MS-
based methods have been already largely exploited, allowing
in-depth studies on the gas phase chemistry of platinum(II)
complexes and enabling the determination of ligand binding
energies through the measurement of energy-resolved colli-
sion-induced dissociation (CID) experiments [20]. In another
area, ESI-MS combined with kinetic studies has allowed to
establish that cationic platinum(II) complexes are catalytically
active in H/D exchanges involving benzene [21]. ESI-MS
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coupled with density functional theory (DFT) calculations have
shown the occurrence of gas-phase carbon—carbon bond
forming reactions catalyzed by Pt(II) and other group 10 metal
complexes [22]. Positively charged cisplatin adducts with pri-
mary and secondary alcohols have shown C—H bond activation
and unexpected dissociation pathways when activated in a
linear ion trap [23]. More recently, kinetic and mechanistic
features of the ligand exchange reactions of cisplatin-derived
aqua complexes have been assayed by ESI coupled with Fou-
rier transform ion cyclotron resonance (FT-ICR) MS [24, 25].
ESI has succeeded in delivering the encounter complexes that
play a key role in the ligand displacement reaction in solution,
to the gas phase where they have been characterized by both
reactivity and spectroscopy [25, 26]. With regard to
platinum(IV) complexes, a detailed study has addressed the
degradation paths of protonated satraplatin (trans,cis,cis-
bis(acetato)ammine-cyclohexylaminedichloridoplatinum(IV)),
platinum anticancer agent suitable for oral administration [27].
Results based on ESI-MS and DFT calculations have shown
that protonation, as verified in the gastric acidic environment,
facilitates the loss of the axial ligand, a key step towards the
formation of the platinum(Il) effective drug. Energy-resolved
CID experiments have proven valuable in disclosing the C—C
coupling rate-limiting step in alkane reductive elimination from
Pt(IV) complexes in the gas phase [28].

While the development of new anticancer drugs has in-
volved the design and synthesis of numerous Pt(IV) com-
pounds [29-32], the present study is focused on a set of
compounds characterized by two NH3 molecules in cis position
in the equatorial plane. Pt(IV) complexes typically display
octahedral coordination and react slowly in ligand substitution
reactions. The remaining positions in the equatorial plane bear
either two chlorido or 1,1-cyclobutanedicarboxylato ligands,
and the sampled compounds are shown in Scheme 2. They can
be reduced readily to their Pt(II) counterparts, thus behaving as
prodrugs, and reactivity can be tuned by the nature of the axial
ligands.

High-resolution MS (based on the use of a 7T FT-ICR mass
spectrometer in France) and infrared multiple photon dissocia-
tion (IRMPD) spectroscopy are employed to gain precise detail
on the ion compositions and indication on their structures. The
proposed pathways and intermediates are corroborated by
means of theoretical calculations at the DFT level.

Methods
Sample Preparation

The complexes under investigation, namely (SP-6-33)-
diamminedichloridodihydroxidoplatinum(IV) (oxoplatin,
EP32, cis,trans,cis-PtCl,(OH),(NH3),), (SP-6-33)-
diacetatodiamminedichloridoplatinum(IV) (EP416,
cis,trans,cis-PtCl,(CH3COO),(NHj3),), (SP-6-44)-
acetatodiamminedichloridohydroxidoplatinum(IV) (EP417,
cis,trans,cis-PtCl,(CH;COO)(OH)(NH3),), (SP-6-33)-
diammine(cyclobutane-1,1-dicarboxylato)
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Scheme 2. Schematic representation of the sampled Pt(IV) compounds either cisplatin- (EP32, EP416, EP417) or carboplatin-
based (EP440, EP456). The structures of the related Pt(ll) drugs are also displayed

dihydroxidoplatinum(IV) (EP440, cis,trans,cis-Pt
(C¢HgO4)(OH),(NH3),), and (SP-6-33)-diacetato-
diammine(cyclobutane-1,1-dicarboxylato)platinum(IV)
(EP456, cis,trans,cis-Pt(CcHgO4)(CH3CO0),(NH;),), have
been prepared according to previously published procedures.
In particular, EP32 [17, 33] and EP440 [34] have been synthe-
sized by oxidation of cisplatin or carboplatin with hydrogen
peroxide in water.

EP416 [17, 35] and EP456 [36] have been synthesized by
the reaction between the corresponding dihydroxido complex
and acetic anhydride.

EP417 [37, 38] has been prepared by oxidation of
cisplatin with hydrogen peroxide in acetic acid, but the
same method has been only partially successful in the case
of (SP-6-44)-acetatodiammine(cyclobutane-1,1-
dicarboxylato)hydroxidoplatinum(IV), because the synthe-
sis seemed to result in two isomeric products. In fact,
HPLC-MS analysis indicated the presence of two chro-
matographic peaks (in different ratios depending on the
reaction time), corresponding to the same MS signal, pos-
sibly due to cis/trans isomers. The formation of the cis
isomer has been rarely reported, but it has been already
observed for a similar Pt(Il) compound containing
cyclobutane-1,1-dicarboxylato and 2,2-dimethyl-1,3-
propanediamine, in the case of its oxidation with hydrogen
peroxide in acetic acid (to cis-diacetato Pt(IV) product),
with respect to the use of acetic anhydride (frans-diacetato
Pt(IV) product) [39, 40]. Because the two isomers could not
be easily separated and might have different reduction behav-
ior, the (SP-6-44)-acetatodiammine(cyclobutane-1,1-
dicarboxylato)hydroxidoplatinum(I'V) derivative has been ex-
cluded from the present investigation.

All the complexes employed have been washed several
times with cold water, methanol, and diethyl ether, and their
purity has been checked with HPLC-MS and elemental analy-
sis (within + 0.4% of the calculated value) as reported else-
where [41, 42]. This point is particularly important because
impurities might give rise to undesired mass signals (above all,
when they are easily ionized).

The samples for ESI-MS experiments have been prepared
starting from stock solutions of the selected complexes 10> M
in water. The solutions have been subsequently diluted in
MeOH/H,O (1:1 v/v) to 5 x 107> M to be directly infused in
the ESI source of the MS platforms described in the following
section. In order to enhance the abundance of the deprotonated

species, an ammonia solution 0.1 M in aqueous methanol has
been used as a solvent system.

Mass Analysis and CID Experiments

Three different mass spectrometry platforms have been
employed.

Preliminary MS analyses were conducted in a Paul ion-trap
(Esquire 6000, Bruker) through direct infusion of the solutions,
prepared as stated above, in the ESI source at a flow rate of
180 pL h™'. Typical parameters were a capillary voltage at
3.8 kV and drying gas (N>) fluxed at 7 L/min "' at 300 °C. Soft
conditions were needed to avoid unwanted dissociation of the
complexes in the ESI process. Therefore, low voltage settings
have been used for the capillary exit and the skimmer, respec-
tively, — 60 V and — 45 V. CID experiments have been
performed on mass-selected ions using an activation amplitude
comprised between 0.20 V and 0.35 V and an activation time of
0.50 ms.

High-resolution mass spectra have been recorded on a
hybrid FT-ICR tandem MS (APEX-Qe Bruker Daltonics)
sited at the Université Paris-Sud, Orsay. The samples have
been directly infused in the ESI source of the mass spec-
trometer whose capillary voltage has been set to ca. 4 kV.
The instrument comprises a quadrupole-hexapole interface
to mass select and accumulate ions before the FT-ICR
analyzer, equipped with 7.0 T actively shielded
cryomagnet. In particular, the Pt(IV) complexes have been
mass-selected in the quadrupole and subsequently accumu-
lated for 1 s in the hexapole pressurized with argon. Final-
ly, the ions have been mass-analyzed in a broadband mode
using a 2-M data set. Mass spectra result from the accu-
mulation of 30 scans. The elemental composition has been
determined comparing the experimentally obtained accu-
rate masses with the exact ones calculated using the iso-
tope list of the National Institute of Standards and Tech-
nology (https://physics.nist.gov/cgi-bin/Compositions/
stand_alone.pl). The ions have been assigned to their
chemical formula with a tolerance below 3 ppm.
Accurate masses of the fragments generated by CID of
deprotonated EP32, EP416, and EP417 have been also
recorded, by performing a mass selection of the precursor
ion in the quadrupole sector of the instrument and
activation in the hexapole. The accurate masses have
been compared with the calculated ones, as previously
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described, to assess the chemical composition of the
product ions of interest.

CID experiments varying the collision energy (CE) have
been carried out using a hybrid triple quadrupole linear ion trap
(Q192Qqr) instrument (Applied Biosystems API 2000 Q-
Trap). The presence of a quadrupole linear ion trap (Qyr) as
the third sector of the instrument permits to accumulate the
fragments obtained by CID in the second sector (q2) and to
increase sensitivity and resolution. The MS parameters used for
the experiments are the following: curtain gas at 50.0 psi, ion
source gas at 20.0 psi, declustering potential at 30 V, and
entrance potential at 5 V. Nitrogen has been used as collision
gas at a nominal pressure of 2.7 x 10~> mbar.

IRMPD Experiments

IR multiple photon dissociation (IRMPD) spectra have been
obtained in the 3000-3700 cm ™" range (pertinent to X—H (X =
C, N, O) stretching modes) employing an optical parametric
oscillator/amplifier (OPO/OPA) laser system (LaserVision)
pumped by a 10-Hz Nd:YAG laser coupled with a Paul ion-
trap (Bruker Esquire 6000) mass spectrometer. The apparatus
has been already described in detail [43]. The mass-selected
ions have been trapped for 1040 ms, depending on their
abundance, and irradiated for 1 s or 2 s, depending on their
ease to undergo fragmentation. The typical output energy from
the OPO/OPA laser was 15 mJ pulse ' with a spectral width of
5 cm ' In a few instances, IRMPD has been assisted by a
continuous wave CO, laser [44]. A train of CO, pulses at 25 Hz
has been generated and synchronized with the tunable laser to
enhance the fragmentation yield. The CO, laser pulse length
was adjusted so as to avoid IRMPD by the CO, laser radiation
alone. The IR action spectra are obtained by plotting the
photofragmentation yield R = — In[I,/(1, + Z1))], where I, and
21y are the parent and sum of the fragment ion intensities,
respectively, as a function of the radiation wavenumber [45].

Computational Details

Geometry optimizations have been performed with the Gauss-
ian09 software package [46], at DFT level using the hybrid
Becke three parameter exchange functional [47] and the Lee-
Yang-Parr correlation functional [48], B3LYP. To describe the
Pt atom, the relativistic compact Stuttgart/Dresden effective
core potential [49] in combination with the split valence basis
set has been employed. For the rest of the atoms, the standard
triple-C quality 6-311++G** basis sets of Pople have been used.
Calculation of vibrational frequencies at the same level of
theory has been performed to both establish the nature of
intercepted stationary points as minima and transition states
and get zero point energy (ZPE) corrections. Enthalpies and
Gibbs free energies have been obtained at 298 K at 1 atm from
total energies, including zero-point and thermal corrections,
using standard statistical procedures [50]. The involved transi-
tion states have been carefully checked to be properly connect-
ed to the correct minima by IRC (intrinsic reaction coordinate)
analysis [51, 52].
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Results and Discussion
Breakdown Behavior of Prodrug Pt(IV) Complexes

The mass spectra of the selected set of compounds, recorded by
ESI in negative ion mode, display the pattern of ionic species
formed in solution. Common features as well as distinctive
trends are observed, depending on individual structures. The
mass spectrum of the prototypical complex in the series, name-
ly EP32, is reported in Figure S1 in the Supplementary Material
(SM). The major ion cluster in the spectrum corresponds to the
deprotonated species [EP32-H] ", confirming the stability of the
complex and its resistance to hydrolysis. The isotopic pattern
reflects the natural abundances of Pt and Cl isotopes giving rise
to the distribution well identified in high-resolution FT-ICR
MS. The insert in Figure S1 shows the isotopic cluster while
the exact mass measurements on the individual peaks confirm
the expected elemental composition. Henceforth, anionic com-
plexes will be associated to and named after the m/z value of the
first significant ion in the isotopic cluster. For example, [EP32-
H] is represented by m/z 331, corresponding to the
[{"*Pt(OH),(**C1),(NH;),}-H]  isotopic composition. Other
ions appearing in the mass spectrum are related to [EP32-H-
H,0] and [EP32+Cl], the former due to H,O loss and the
second one to the attachment of chloride, a ubiquitous ion in
solution. The mass spectra of the other compounds in the series
conform to a similar pattern and are displayed in Figures S2—
S5. The minor presence of an ion due to water loss is observed
also in the mass spectra of EP417 and EP440, while the only
negligible loss of acetic acid is found in the mass spectra of
EP416, EP417, and EP456.

The naked negatively charged complexes [EPX-H] (X =
32,416, 417, 440, and 456) have been submitted to collision-
induced dissociation (CID) aiming to point out fragmentation
products discriminating any tendency towards a reduction in
oxidation state and ligation number. In these experiments, the
energy released on the activated ion may be varied to provide a
relative trend of energy thresholds in dissociation processes.
When submitted to CID, [EPX-H] ions display a complex
scheme of parallel and consecutive fragmentation paths. The
first step, common to all species, involves loss of an axial
ligand and is typically followed by either a direct cleavage of
one of the equatorial ligands or a fragmentation process involv-
ing reduction of the remaining ionic species. In the following
paragraph, the fragmentation of [EP32-H] is described in
detail and used as a reference for the behavior of other sampled
Pt(IV) complexes.

Figure 1 shows the CID mass spectra of selected [EP32-
H] ions recorded at high resolution in FT-ICR MS. The
analogous CID experiments performed on [EPX-H] (X =
416, 417, 440) are illustrated in Figures S6-S8 in the SM.
Mass spectra are collected in the FT-ICR cell after CID in
the quadrupole sector of the instrument run at two different
values of collision energy (CE, in the laboratory frame).
The main fragment formed from [EP32-H] at low CE
(4 V) is the product ion at m/z 313 due to loss of water.
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Figure 1. CID mass spectrum of [EP32-H]™ (m/z 331-337) recorded with a collision energy of 4 V (panel (a), black profile) and 8 V
(panel (b), blue profile). Relative abundances (RAs) are in arbitrary units

Increasing the collision energy to 8 V, the abundance of
the precursor ion [EP32-H] at m/z 331 becomes negligible
and also the relative fraction of [EP32-H-H,O] at m/z 313
decreases in favor of lower mass ions. A complete frag-
mentation scheme linking all the observed species is ob-
tained by MS" experiments, in which each individual prod-
uct ion from [EP32-H] is submitted to activation and
subsequent mass analysis.

The complete frame linking the observed fragments is sum-
marized in Scheme 3, showing that all lower mass fragments
are generated from the ion m/z 313. As also shown by the CID
mass spectrum of [EP32-H] at 4 V (Figure 1), two main
product ions are formed by the subsequent fragmentation of
[EP32-H-H,O] at m/z 313, namely an ion at m/z 295 corre-
sponding to loss of a second water molecule and an ion at m/z
281 involving a neutral loss of 32 Da, possibly accounted for
by either NHOH or N,H, as neutral fragment. The former
possibility involves a single-electron reduction, leading to a
formal Pt(IlI)—containing species, while in the second one, a 2-
electron redox process yields a Pt(Il) complex [PtCL,(OH)] .
Other fragments also observed in Figure 1 pertain to dissocia-
tion paths from the ion at m/z 295. In particular, the species at
m/z 259 derives from HCI loss yielding in turn the ion at m/z
231 by loss of N,. Moving to higher CE (Figure 1b), a novel
feature regards the formation of an ion at m/z 297 with an
isotopic cluster overlaying the ion at m/z 295. This dissociation
channel involves a 16-Da loss that can be ascribed to either
NH, loss, concomitant with a one-electron reduction of the
complex, or an O atom loss implying a two-electron reduction.

In order to solve the ambiguities regarding fragments at m/z
297 and 281, their accurate mass obtained by high-resolution

(HR) FT-ICR mass spectrometry has been compared with the
calculated exact mass for potential candidates. An example of
these measurements is provided in Figure 2, an enlargement of
the HR mass spectrum of Figure 1b showing that four elemen-
tal compositions are contributing to m/z 297.

The most abundant peak at m/z 296.92210 is assigned to
["**PCl,(NH,)(OH)]” with a confidence of 0.8 ppm, thus
confirming the presence of a formal Pt(Ill)—containing com-
plex generated by a neutral NH, loss from the m/z 313 ion (as
displayed in Scheme 3). No signal complying with the elemen-
tal composition of a candidate Pt(Il) complex
[PtCI(NH,)(NH3)] ™ has been found, while the m/z signals at
296.92734 and 296.93257 are consistent with the presence of
the ions ['°*Pt*3CI1*7CI(NH,)(NH)] and
['°Pt>CL(NH,)(NH)| ", respectively, which are part of the
isotopic cluster of the fragment generated by water loss from
the complex at m/z 313. Finally, the ion m/z 296.91630 con-
forms to the formula ['**Pt*>Cl,(NH)(OH)] arguably obtained
from a tiny fraction of secondary NHj loss (not reported in
Scheme 3 due to negligible intensity). The whole set of frag-
ments reported in Scheme 3 has been confirmed comparing the
high-resolution experimental mass with the calculated exact
mass (Table S2), also assessing the nature of the ion at m/z
281, which has been assigned to a formal Pt(Il)—containing
complex, [PtCl,(OH)] ", generated by N,H, loss from
[PtCL(NH,)2(OH)] .

The same procedure has been employed to establish break-
down schemes for [EP416-H] , [EP417-H] , [EP440-H] , and
[EP456-H]  (Schemes S1-S4 and Tables S3—S5 in the SM).
The schemes display increasing complexity. For example, the
dissociation pattern of [EP416-H] (Scheme S1) entails the
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presence of more than 25 different product ions. For the sake of
simplicity, we will refer to the primary channels generated from
the precursor ion, noting two dissociation paths related to the
axial ligands, acetic acid loss and CH,COO loss, and two
fragmentations involving the equatorial ligands, loss of ammo-
nia, and NH,Cl loss. Interestingly, loss of CH,COO has been
already observed in the degradation of polynuclear platinum
complexes bearing acetato ligands, and this fragment has been
ascribed to oxacyclopropanone [53]. In this study, a formal
Pt(I1IT) dinuclear cluster has been obtained in the gas phase by
degradation of a tetrameric compound in the ESI source [53].
The CH,COO loss channel leads to the formation of a Pt(I)
complex, [PtCly(NH;),(CH3CO,)] ", presenting the base struc-
ture of cisplatin with an additional acetato ligand, likely placed
in an external coordination sphere [10]. It represents the only
dissociation channel involving a redox reaction associated with
cleavage of an axial ligand in the whole set of examined Pt(IV)
species. The dissociation path involving NH,Cl loss also re-
quires a redox step generating a Pt(II) complex in which the
two axial ligands are still bound to platinum. In contrast, the
redox process in water is considered to involve mainly the axial
ligands [3, 7, 54, 55], while leaving the equatorial ones un-
touched. However, a few evidences are reported supporting
possible participation of the equatorial ligands in some redox
process [30], rather in line with the gas-phase reaction where
the equatorial ligands are acting in the reduction reaction of
platinum(IV).

In the endeavor to provide a comprehensive description of
the breakdown behavior of the sampled complexes, Figure 3
summarizes the normalized intensities of the major dissociation
channels of [EPX-H]™ (X = 32, 416, 417, 440, 456) at a
common CE value.

The behavior of [EP416-H] , compared with that of [EP32-
H]", shows less extensive dissociation and the contribution of
an important ammonia loss. Moving to [EP417-H] ,
possessing different axial ligands, the behavior under CID
condition reflects its mixed nature showing an intermediate
extent of precursor ion fragmentation to yield fragments
pertaining to both [EP32-H] and [EP416-H] , as reported in
Scheme 4 (and more thoroughly illustrated in Scheme S2 of the
SM). However, the primary water loss is the most prominent

channel (Figure 3), confirming it to be the easiest dissociation
path.

Concerning [EP440-H] , it presents the same hydroxido
axial ligands as EP32 but differs for the equatorial ligands,
where the two chlorido are substituted by a chelating 1,1-
cyclobutanedicarboxylato ligand. The low percentage of
intact precursor ion makes it similar to [EP32-H] suggest-
ing the crucial factor that eases the water loss path to be
the presence of two hydroxido ligands in axial positions. In
addition, one may note the presence of a small fraction of
anionic ligand, 1,1-cyclobutanedicarboxylate, dissociating
from the complex. Scheme S3 in the SI displays the

296.92210

[194Pt35CI2(NH2)(OH)]-

/ (296.92185)

[194Pt35CI37CI(NH,)(NH)]

296.92796
ek )
296.92734
[195Pt35CIz(NH)(OH)]' 296.93257
(296.91613) [196Pt35CI,(NH,)(NH)I-
/(296.93228)
296.91630 ’
fL o \. \
sttt WA ol Mgy ‘"‘"‘M"""M"\m«lv/www-.mw._.»\«w.«\»mmﬂ.,
296.90 296.92 296.94 296.96 m/z

Figure 2. Excerpt of the CID mass spectrum of [EP32-H]". The
assigned elemental composition is reported for each ion to-
gether with the corresponding calculated exact mass in Da (in
brackets). The ion corresponding to the Pt(lll)-containing com-
plex (in blue) is the most abundant species, while all other
species are formal Pt(IV) complexes. Table S1 in the SM pro-
vides a comprehensive list of experimental and calculated m/z
values and associated error
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spectrumat CE=5V

complete fragmentation pattern of [EP440-H] showing the
presence of a channel producing a formal Pt(IIT)—contain-
ing complex by loss of NH, following the primary disso-
ciation of water. This channel is instead missing in the CID
of [EP416-H] suggesting the hydroxido ligand to have a
major role in the reaction mechanism along the
EP32/EP416/EP417 series. The process is conceivably
bound to the possibility for the OH to swap from axial to
equatorial position, thus replacing the NH, group in the
pentacoordinated complexes formed by the primary water

loss, as further illustrated in the following section. This
evidence is limited to the cisplatin prodrugs EP32/EP416/
EP417 though. In fact, in the case of EP456, the fragmen-
tation pattern of the deprotonated species, reported in
Scheme 5 and, more comprehensively, in Scheme S4,
shows the formation of an ion corresponding to [Pt(1,1-
cyclobutanedicarboxylato)(CH;COO)(NH,)] ™ formally
containing Pt(III) despite the absence of any OH ligand.
Interestingly, this is also the major secondary channel as
shown in Figure 3.
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The [Pt(1,1-cyclobutanedicarboxylato)(CH;COO)(NH,)]™
complex at m/z 411 fragments once again by loss of NH,
forming a Pt(I) complex. This two-step sequence, correspond-
ing to a stepwise reduction from Pt(IV) to Pt(Il), is character-
istic of EP456 and unusual with respect to the otherwise
prevailing direct dissociation of N,Hy. The [EP456-H] com-
plex is also the most resistant towards fragmentation, as dem-
onstrated by the high fraction of intact parent ion reported in
Figure 3. In this respect, EP456 conforms to the already men-
tioned lower ease to undergo dissociation shown by complexes
presenting two acetato ligands in axial positions.

Structural Assay of Selected Deprotonated Com-
plexes by IRMPD Spectroscopy

Two species in the set of deprotonated complexes have been
selected for an assay by vibrational spectroscopy in the X—H (X
= C, N, O) stretching range, namely [EP32-H] and [EP417-
H]', in order to gain direct, experimental evidence on the
structure of these species which may be ascertained by com-
paring experimental IRMPD features with IR spectra of com-
puted structures.

The experimental spectrum of [EP32-H] in the 3000—
3700 cm ' region is reported in Figure 4 together with the
calculated IR spectra for two candidate isomers, EP32 1 and
EP32 2.

The first species is obtained from EP32 neutral complex by
abstraction of a proton from one of the ammine ligands. This
isomer is lower in energy. The search for a local minimum
corresponding to deprotonation from the OH group has failed
in spite of sustained effort. In the second isomer, EP32 2, a
proton has moved from NHj to one of the hydroxido ligands.
The ensuing species is higher in free energy by 10.0 kcal mol .
It is thus not surprising that the comparison between experi-
mental and theoretical spectra points to EP32_1 as the major
species representing the gas-phase population. The IRMPD
spectrum is dominated by a broad and asymmetric feature
around 3400 cm ' comprising two signals at 3410 and
3332 cm! (see gray profile in Figure 4 and Table S6 in the
SM) which may be ascribed to the asymmetric stretching
modes of the intact ammine ligand calculated at 3440 and
3394 cm'. The sharp feature at 3625 cm ' can be assigned
to the OH stretching mode that is calculated at 3670 cm™ ' for
EP32_1. Thus, in the experimental spectrum, the OH stretching
mode is shifted to a lower value with respect to the calculated

(e]
0] -CH,COOH
N 8 N 5 a03 W
o o -CH,COOH,-CO, PN IV NH, -
HN_ VO T >R —1——— > 366
DA HN o © -[CH20.] 1V-[CH202] v
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Scheme 5. Schematic representation of the dissociation pattern generated by CID of [EP456-H]". The m/z ratio of each species is
indicated in blue and the formal oxidation state of platinum in red. Every complex is negatively charged; charges are not made

explicit
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Figure 4. IRMPD spectrum of [EP32-H]" (red profile and gray

profile recorded at lower laser power) compared with calculated
IR spectra for EP32_1 and EP32_2 (black profiles). Optimized
geometries are reported together with relative enthalpies and
free energies (in brackets) at 298 K in kcal mol'. A factor of 0.957
is used to scale the calculated harmonic frequencies

IR frequency. This kind of discrepancy is, however, a common
finding for the OH stretching mode in related platinum com-
plexes assayed by IRMPD spectroscopy [25]. A small band
around 3247 cm ™! in the IRMPD spectrum can be assigned to
the N-H symmetric stretching calculated at 3263 cm ' for the
NH; ligand in EP32_1. The contribution of EP32 2 to the
sampled gas-phase population is unlikely, in view of the ab-
sence of any IRMPD activity in the 3500-3550 and 3100~
3200 cm ' ranges. In fact, isomer EP32 2 is expected to
present strong absorptions near 3515 and 3158 cm ', related
to the H,O asymmetric and symmetric stretching modes,

EP417_1
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IRMPD spectrum of [EP417-H]™ (red profile) com-
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Figure 5.
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respectively. Their relatively low wavenumber in the calculated
spectrum is due to the interaction of the water hydrogen atoms
with nitrogen of equatorial NH,. This isomer is rather likely to
play a role as intermediate in the water loss path, the largely
prevailing dissociation process in the breakdown chemistry of
[EP32-H] .

IRMPD spectroscopy has also been used to inquire about
the structural and vibrational features of [EP417-H] . Figure 5
shows the experimental spectrum (red profile) to be compared
with the IR spectrum (black profile) for the optimized geometry
of the lowest lying conformer of [EP417-H] , namely
EP417 1. Once again, the deprotonation site is an ammine
ligand. No other isomers have been found exploring possible
prototropic rearrangements. A few other conformers of
EP417 1 have been also considered, involving modifications
in the Pt-O-C angle and rotations around the O-Pt-O axis. The
optimized geometries and their relative enthalpies and free
energies are reported in Figure S9 together with their calculated
IR spectra. However, the presence of these higher lying con-
formers in the sampled gas-phase population is unlikely on the
basis of both their high relative free energy compared to the
global minimum (G,(298 K) > 6.4 kcal mol ') and the com-
parison of calculated and experimental spectroscopic features.
We will therefore refer to the lowest lying conformer EP417 1
in discussing the experimental IR features.

The IRMPD spectrum (Figure 5 and Table S7) shows a
signal at 3605 em !, matching the OH stretching frequency
calculated at 3654 cm ' [25], which is followed by two features
at 3397 and 3330 cm ™' fairly well accounted for by the NH;
asymmetric stretching modes calculated at 3435 and 3345 cm
! In the spectral range below 3100 cm ', one may recognize a
broad asymmetric absorption with maximum around 2920 cm
! that can be attributed to a combination of the asymmetric and
symmetric stretching modes of the methyl group (2996, 2969,
and 2906 cm™", respectively) with the symmetric stretching of
ammonia at 3050 cm ', This latter vibrational mode is red-
shifted due to H-bonding between a positively polarized hy-
drogen of NH; oriented towards the carbonyl oxygen of the
acetato ligand. This stabilizing interaction undoubtedly con-
tributes to this geometry being the lowest lying in energy. It
also explains the low activity of the experimental feature and its
broad width, as extensively reported in the literature [S6-59].

Computed Paths for the Gas-Phase Breakdown
Pattern

DFT calculations have been employed to outline the free
energy profile for the gas-phase fragmentation pattern of two
sampled Pt(IV) complexes. Figure 6 presents the potential
energy surface (PES) for the [EP32-H] complex. IRMPD
evidence has pointed to the EP32 1 structure for [EP32-H]"
involving deprotonation at an ammine ligand.

Water loss is the common first event, prior to subsequent
dissociation steps as depicted in Scheme 3. The water loss
process in the dissociation pathway of [EP32-H] occurs in
two steps, namely proton transfer from the remaining NH;
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ligand within EP32_1 to an axial OH (forming EP32_2) and
detachment of the so-formed water molecule. The two corre-
sponding intercepted transition states lie at 11.5 and
17.7 keal mol ™" for the former and the latter step, respectively.
These relatively low values are in agreement with the observed
ease for fragmentation even at low CE (Figures la and 3). The
overall process for dissociation of water from [EP32-H] yield-
ing the product ion at m/z 313 results to involve a AG value of
16.0 keal mol . Subsequent fragmentation paths entail com-
peting losses of a second H,O molecule, N,H,, and NH,. For
the second water loss, it is necessary to overcome three transi-
tion states involving motion of one of the NH, groups from
equatorial to axial position, transfer of one hydrogen from the
NH, group in equatorial position to OH, and detachment of the
so-formed water. The three transition states lie at 23.0, 39.6,
and 30.5 kcal mol ', respectively (black profile, Figure 6). For
N,H,4 and NH, release, the corresponding transitions states lie
at 47.2 (blue profile, Figure 6) and 58.0 (purple profile,
Figure 6) kcal mol ', respectively. The data are consistent with
the behavior of [EP32-H] which shows a preferential second-
step fragmentation involving water loss (m/z 295) and loss of
N,Hy (m/z 281) at 4 V CE (Figure 1a). At this CE value, hardly
any product involving NH; loss is formed while it becomes a
prevailing species at 8 V CE (Figure 1b). At this same CE, the
product at m/z 295 undergoes subsequent dissociation yielding
ions at m/z 259, m/z 231, and m/z 278. The last one is the least
abundant (Figure 1b) in agreement with the higher activation

free energy (40.4 keal mol ™', green profile of Figure 6) com-
pared to the 34.7 kcal mol ' needed to activate the loss of HCI
from m/z 295 (orange profile, Figure 6). Finally, the ion m/z
259 generates the fragment at m/z 231 in a process involving N,
loss as shown in Scheme 3. This latter dissociation channel
presents a calculated transition state energy of 16.7 kcal mol ™!,
lower than the one involved in the secondary channel involving
loss of NH,, as shown in the orange and purple profiles of
Figure 6, respectively.

Overall, the computational survey offers a reliable descrip-
tion and interpretation of the experimentally observed phenom-
ena. A few details regarding the reaction mechanism can be
underlined, focusing in particular on the processes generating
the reduced platinum species. There are three paths leading to
either Pt(II) (m/z 231 and 281) or Pt(IlI) (m/z 297) species that
are formed via a redox process involving the former ammonia
molecules bound to the metal. Indeed, it is a different landscape
when compared with the reactivity pattern in solution where
reduction of platinum(IV) is accompanied by oxidation and
dissociation of the axial ligands [7, 17, 30, 32]. However, in the
naked gaseous platinum(IV) complex, water molecules are
largely lost by direct cleavage concomitant with proton transfer
from the ammine ligand, whose acidity is enhanced by ligation
to the metal. The so-formed cis NH, groups react upon CID by
donating two electrons to the electron-poor Pt(IV) atom to
generate a N-N bond leading to dissociation (blue profile in
Figure 6). In contrast, the reaction producing the Pt(1II)
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complex proceeds by a direct cleavage of NH, with a prelim-
inary swapping of the hydroxido axial group to the equatorial
position forming a complex where the NH, group is in axial
position. The so-formed Pt(IlI) complex [PtCl,(OH)(NH,)] is
stable enough and can be isolated and subsequently assayed in
the gas phase in spite of there being no clearcut evidence for the
formation of Pt(IIl) species in the reaction paths of Pt(IV)
complexes in solution.

The second Pt(IV) complex sampled by DFT calculations is
[EP417-H] , where deprotonation has once again interested
one of the NHj ligands, as shown by the IRMPD spectroscopic
assay. The different ligands in the axial position open a larger
variety of breakdown paths as reported in Scheme 4 and
Scheme S2. The calculated PES for the early steps in the
dissociation pattern is depicted in Figure 7 and shows the first
competing processes involving loss of either water (orange
profile), acetic acid (green profile), or ammonia (pale blue
profile). The pathway for water cleavage illustrated in the
yellow profile comprises two steps. Starting from the most
stable structure, corresponding to EP417 1, the transition state
for proton shift from NHj to the axial OH group lies at
20.0 kcal mol ™', The subsequent event of H,O cleavage in-
volves a barrier at 27.5 kcal mol !. The magnitude of the
overall activation barrier for water loss is thus significantly
higher than the one affecting the departure of water from
EP32_1, which is in agreement with the comparatively limited
dissociation of [EP417-H] relative to [EP32-H] (Figure 4).

As already noticed, the hydrogen bond between a proton
belonging to NHj and the carbonyl group of the acetato
ligand exerts a stabilizing influence. However, this interac-
tion needs to be released in order to activate the NHj cleav-
age process, which occurs by way of a transition state at
8.3 kcal mol " relative to EP417 1 (see pale blue profile in
Figure 7) to achieve a higher energy structure at 6.6 kcal mol
“! relative energy (named EP417_3 in the survey of [EP417-
H] geometries collected in Figure S9). EP417 3 then re-
leases NHj after passing a barrier at 31.8 kcal mol ' in an
overall 21.4 kcal mol ! endoergonic process. The third pos-
sible primary cleavage of [EP417-H] ions concerns acetic
acid loss. Once again, a proton migration event is required
which needs a rotational rearrangement of EP417_1 to be
activated. As shown in the green profile of Figure 7,
EP417 1 isomerizes to a structure (EP417 2 in Figure S9)
lying at 6.4 kcal mol™ !, whereby the methyl hydrogens are
oriented towards the two chlorido ligands. From this config-
uration, a transition state for proton shift from NH; to acetate
is reached at 27.8 kcal mol™!, and finally, overcoming a
barrier at 30.2 kcal mol !, acetic acid is released in an overall
28.5 kcal mol ™! endoergonic process. One may notice that
the highest lying transition state for acetic acid loss (at
30.2 kcal mol ") is rather close to the one for NH5 departure
(31.8 kcal mol™"). This nearly negligible difference may
account for the similar ease for acetic acid vs. NH; loss that
results from the data displayed in Figure 3.
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It may be underlined that also the breakdown pattern of
[EP417-H] shows the formation of products where the metal
has formally undergone reduction. Thus, the ion at m/z 313,
corresponding to [Pt(OH)Cly(NH;),] ", a common species in
the fragmentation landscape of [EP32-H], confirms here the
reduction to a Pt(I) product, [Pt(OH)Cl,] , concomitant with
cleavage of N,H,. Also, the formal Pt(Ill) complex already
observed in the breakdown pattern of [EP32-H]",
[Pt(OH)CLL,(NH,)] , is formed along the pathway depicted in
dark blue in Figure 7 involving loss of CH,COOH, an oxida-
tion product of acetic acid. In this case, the reduction is accom-
panying the cleavage of a former axial ligand, occurring, how-
ever, only after the release of NHj. The process is reminiscent
of the fragmentation pathway by loss of an acetyloxyl radical
from a gaseous uranyl complex, thus undergoing reduction
from UY'0,%" to UY0," [60]. The formation of reduced species
after CID activation has indeed been reported in the breakdown
behavior of deprotonated uranyl-containing complexes [61—
63], while the corresponding protonated species showed no
tendency to undergo reduction reactions [62].

Conclusions

The ESI-MS study of the breakdown pattern of negatively
charged ions corresponding to deprotonated platinum(IV)
complexes EPX (X = 32, 416, 417, 440, 456), prodrugs for
the widely used cisplatin and carboplatin anticancer agents, has
revealed a highly varied landscape, modulated by the nature of
the axial ligands as well as by the equatorial ones. The
deprotonated, negatively charged ions have been purposely
assayed, aiming to verify reduction processes leading to
platinum(II) species. To this end, a detailed survey of CID
schemes has been accomplished, whereas IRMPD spectrosco-
py has provided the means to ascertain the structure of the
starting sampled ions. The ammine ligand has thus been found
to be the preferred deprotonation site. When interrogated by
CID, the deprotonated species show a complex dissociation
pattern, involving axial ligand as well as ammonia loss and
dissociation channels eventually leading to reduction of the
metal. Interestingly, the reduction processes observed upon
activation towards CID have been always accompanied by
equatorial ligand loss, either ammine or chlorido. In contrast,
reduction reactions from Pt(IV) complexes in condensed phase
are considered to be concomitant with axial ligand loss. In this
regard, the reduced species characterized using ESI and high-
resolution mass spectrometry present alternative paths in the
reduction mechanism of platinum(IV) complexes.
Noteworthyly, the gas-phase activation of [EP32-H],
[EP417-H] ", [EP440-H], and [EP456-H] has permitted to
isolate and characterize platinum complexes with formal metal
oxidation state of +3. Platinum(Il)-containing species have
been seldom observed in solution and only theoretically pos-
tulated in the reaction mechanism of Pt(IV) prodrugs. Howev-
er, as shown in the present work, the mononuclear Pt(III)
complexes generated by dissociation in the gas phase have
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been found to be stable enough to be isolated and further
activated. Finally, DFT calculations on the free energy paths
for the observed fragmentation reactions have provided theo-
retical support for the CID dissociation patterns, viewed in the
light of thermodynamic reasons.

As an ending note, one may restate that the observed break-
down reactivity patterns describe high energy paths as avail-
able to isolated ionic species activated to undergo CID. How-
ever, high-resolution FT-ICR mass spectrometry is highly ef-
ficient in uncovering the potentially cytotoxic reactivity prop-
erties of platinum(IV) complexes, as comprehensively de-
scribed in a recent report on light-driven platination of neuro-
peptides having a role in some types of cancer [5].
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Introduction

In the development of new anticancer drugs, it is of great interest the
class of organometallic complexes containing metals other than
platinum.

The organometallic complexes reactivity is strongly dependent on
the ligand set. Therefore, the discovery of new metallodrugs with
different structure and mechanism of action plays an important role
in cancer drug research.

Promising alternatives, concomitantly with platinum based
metallodrugs, are Ru, Ir, Os and Rh organometallodrugs. In
particular, half-sandwich iridium(l1l) cyclopentadienyl, ruthenium
(1) arene and osmium(ll) arene complexes containing chelating
ligands are a new and promising generation of anticancer drugs.
These complexes, based on structural modifications in ligands
around the metal center, can bind to DNA and/or also perturb the

redox status of cells.

Here, the attention has been focused on two categories of complexes
that present polyvalent ligands and represent an innovative strategy
in the development and design of new metallodrugs with diverse and
simultaneous functions. In particular, the investigation of the
mechanism of activation of novel C,N-cyclometalated benzimidazole
complexes and organo-metal complexes containing azo-aromatic

ligands has been carried out.
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The iridium(l1) and ruthenium(ll) compounds containing a
benzimidazole ligand (a widely used pharmacophore) linked with a
phenyl ring, exhibit a promising cytotoxic activity against several
cancer cell lines.! These complexes can undergo hydrolysis, to be
activated in cancer cells. Their reactivity depends on the type of
ligands. In particular, the benzimidazole ligand and the phenyl ring
allow a simple functionalization through the binding of different
substituents to modulate several chemical properties and anticancer
activity. So, the study of their structure-activity relationship (SAR)

opens new perspectives on cancer drugs development.

In vitro tests have also shown that osmium and iridium complexes
containing an azopyridine chelating ligand exhibit promising
anticancer activity?® and a novel activation mechanisms with respect
to that of platinum complexes. These new complexes could therefore

be potential candidates to overcome platinum resistance.

These azopyridine complexes are hypothesized to be activated in the
cancer cells by the most important biological reducing agent

glutathione (GSH), probably through the redox mediation of the azo
group.

A proposed mechanism for the organo-Ir complex involves the
glutathione attack to the azo bond, formation of the GSSG species

and the regeneration of the azo bond. For the osmium complex, the

glutathione can promote intracellular activation by hydrolysis
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reactions via redox mediation of the azo group. Both drug-
candidates are capable of increasing dramatically the production of
reactive oxygen species (ROS) and perturb the oxidative status in

cancer cells.
Aim of the work

A theoretical study with the aid of density functional theory (DFT)
has been carried out to investigate the hydrolysis reactions of two
novel half-sandwich organo-iridium and organo-ruthenium
complexes containing benzimidazole ligands, recently synthetized
and proposed as antitumor agents (Paper 5).

Moreover, a theoretical investigation, performed at density
functional level of theory has been carried out, with the purpose of
elucidating the activation mechanism of the iodido Os(l1) azopydine
complex (Paper 6) and Ir(11l) azopyridine complex (Paper 7), and
rationalizing experimental data provided by the Sadler’s group.

Here, are reported the outcomes to prove that the hydrolytic
activation of the iodido Os(ll) and Ir(lll) complexes under
investigation involves catalytic attack by the intracellular tripeptide
glutathione (GSH) on the azo bond of the chelating ligand in the

complexes.
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4.1 Theoretical determination of the aquation reaction
mechanism of cyclometalated benzimidazole Ru(ll) and Ir(Il1)
anticancer complexes

For many anticancer drugs, the activation step coincides with
hydrolysis step. Over the years, several experimental and theoretical
studies established a relationship between the hydrolysis rate and
anticancer activity.*® So, the exploration of factors that control the
aqueous chemistry of organometallic compounds could lead to
design of more efficient anticancer drugs.

Here, the hydrolysis reaction of novel C,N-cyclometalated
benzimidazole ruthenium(ll) and iridium(111) complexes of the type
[(n®>-CsMes)IrCl(methyl  1-butyl-2-arylbenzimidazolecarboxylate),
named 1A, and[(n%-pcymene)-RuCl(methyl1-butyl-2-
rylbenzimidazolecarboxylate)], named 2A, with various substituents
(H, CF3) in the R4 position of the phenyl ring of the 2-
phenylbenzimidazole chelating ligand has been theoretically
explored.

The structures of the two neutral benzimidazole C,N cyclometalated

complexes are reported in Scheme 1.

L T
( (
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Scheme 1. Chemical structure of cyclometalated Ru and Ir complexes
The reaction, for all the complexes investigated here, proceeds by
one step second-order nucleophilic substitution (SN2) mechanism,
that involves the exchange of leaving group, the chlorido anion, with
the water molecule to generate the aqua complexes Ir/Ru-H20.

In order to test the influence of the monodentate ligand on the rate of
aquation, the hydrolysis mechanism of the complexes in which the
chlorido ligand has been replaced with pyridine, has been studied.
Also in this case, the hydrolysis reaction occurs following a SN2
mechanism, which leads to the formation of the corresponding aqua
complex.

Such studies have shown as the presence of the strongly bound
pyridine ligand slows down the rate of hydrolysis reaction compared
to that of its chlorido analogue. The more electron withdrawing CF3
group in R4 position of the phenyl ring decreases lability of the
monodentate ligand with a consequent increment of the energy

barriers.

From this theoretical investigation it is possible to assume that the

reactivity of all the investigated complexes is ligand-dependent.
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4.2 Glutathione activation of an organometallic half-sandwich
anticancer drug candidate by ligand attack

The organometallic complexes belonging to the family of Os(l1)
arene complexes [Os(n®-p-cym)(5-R!-pyridylazo-4-R2-phenyl))I]*
(where p-cym = para-cymene), 1-1 (R'= H, R?= NMe,), show
promising anticancer activity as they are capable of overcoming
platinum resistance problems and cause fewer side-effects, 36 very

likely due to the novel mechanism of action (MoA) "2 they exhibit.

Another potent drug-candidate in anticancer treatment, the [Os(n®-p-
cymene)(4-(2-pyridylazo)-N,N-dimethylaniline)l]* complex, also
known as FY26 and here reported as 1-1 (Figure 1) has been the
focus of the attention of Sadler’s group. This osmium complex is

49x more active than cisplatin in 800 cancer cell lines.’

oo T

/ds\l
= O
Figure 1.Chemical structure of FY26

The drug-candidate reported in Figure 1 increases oxidative stress in
treated cells through the production of reactive oxygen species
(ROS) and target mitochondrial metabolism rather than DNA 3°

Experimental data provided by Sadler and co-workers show that the

osmium complex is relatively inert in solution, over long period is
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stable in blood serum, but appears to be activated by GSH (y-L-Glu-
L-Cys-Gly) in cancer cells and generates ROS.
The hydrolysis reaction seems to be the key step in the complex
activation and it is promoted by the tripeptide glutathione to generate
the hydroxido 1-OH more reactive complex. 1-OH organo-complex,
In turn, can react with other molecules/ions present in cells, such as
hydrogen peroxide generating hydroxido radicals in the process.®
In addition, obtained experimental results suggest the possible
catalytic nature of the reaction and that the hydrolysis of the complex
occurs only in presence of glutathione and, in particular, through its
direct interaction with the azo bond of the chelating ligand in the
complex.
In collaboration with Sadler’s group, combined theoretical and
experimental approaches have been used to study the hydrolysis of
the organo-osmium complex in presence of GSH.
Three different possible hydrolysis mechanisms, in presence of
deprotonated glutathione (GS°), have been proposed and explored:

1. Direct hydrolysis of the Os-1 bond

2. Direct interaction of the metal with GS = and subsequent

hydrolysis
3. Attack of GS to the —N=N- bond followed by hydrolysis
reaction.

DFT computational analysis shows that the most favourable

hydrolysis pathway involves the redox mediation by the azo group.
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The proposed attack of the glutathione on the azo bond (-N=N-) in
Os-I during the hydrolysis process has been further probed using X-
ray absorption spectroscopy (XAS) and chromatographic
experiments, to provide structural information.

Analogous calculations have been carried out for the complex
obtained by the binding to the pyridine ring the electron-donating
ethoxy group.

Very similar results have been obtained, but lower energy barriers

have been calculated when compared with 1-1 according to

}@— T

Figure 2.Chemical structure of 2-I.

experimental findings.

It is possible to conclude that GSH plays an important role in the
activation of the osmium complex. Specifically, the redox mediation
by the azo group has an important role in the hydrolysis and
intracellular activation.

Overall, these results provide new insights into the novel mechanism
of activation of 1-1 and will be of fundamental importance in the

development of future generations of anticancer agents.
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4.3 Ligand-centred redox activation of inert organo-iridium(lIl)
anticancer complexes

Half-sandwich iridium(l11) cyclopentadienyl complexes containing
azopyridine ligands exhibit promising in vitro antiproliferative
activity and novel mechanism of action that differ from Pt(ll)
complexes.

Experimental data provided by the group of Sadler, probe that they
are inert towards hydrolysis reactions, but are activated by GSH,
under physiologically relevant conditions, forming Ir-thiolate
complexes.

It is worth of attention the catalytic action of these azopyridine
complexes in the reduction reaction that involves the oxidation of the
most important biological reducing agent glutathione (GSH) to
glutathione disulphide (GSSG). A proposed redox cycle involves the
attack to the azo bond, the formation of GSSG species and the
regeneration of the azo bond.

The reactivity of the Ir(I11)-iodido complex, [(CpPMIr(azpy-OH)I]*,
named 2-1 (Figure 3) with the aid of density functional theory (DFT)
has been studied with the purpose of elucidating the activation
mechanism and rationalizing experimental data. The possible
involvement of O in reactive oxygen species (ROS) generation has

been also taken into consideration.
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Tt

Figure 3.Chemical structure of 2-1.

Three different possible reaction mechanisms have been explored for
the iridium complex. The first studied mechanism involves the
hydrolysis of the Ir-1 bond. The second mechanism involves the
displacement of iodide by SG~. The third investigated mechanism,
instead, occurs by the GS- attack on the N atom of the double bond.
Subsequent hypothesized steps lead to the formation of the GSSG
oxidized product, in presence of Oa.

The energy barrier for the attack to the azo bond by GSH is much
lower than the direct replacement of iodide by GSH from the Ir
center (20.2 kcal-mol1), and it is 5.6 kcal-mol*. Moreover, it is
important to underline that the Ir center preferably binds with GS™ to
form the Ir-SG complex rather than bind with H2O. Finally, it is
important to note that the product of the whole reaction, which
includes the formation of superoxide anion and GSSG, is largely

exergonic with final energy of -59.4 kcal-mol™.

From a detailed analysis of the explored reaction paths, it can be
concluded that GSH plays a role in the activation and ROS
generation and that the activation of the Ir-I complex occurs through
attack of GS™ on the azo bond.

120



A new class of anticancer drugs:
Organo Iridium, Ruthenium and Osmium complexes

Outcomes from computations are in good agreement with the

experimental evidence.
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The free energy profiles for the hydrolysis reaction mechanism of two synthesized C,N-cyclometalated
benzimidazole chorido-Ir(Ill) and Ru(Il) anticancer complexes, which have shown promising anticancer
activity, have been explored theoretically employing density functional theory (DFT). Analogous calcula-
tions have been carried out for the complexes obtained by the substitution of either the H atom in R4
position of the phenyl ring of the 2-phenylbenzimidazole chelating ligand with the electron-withdrawing
CF3 group or the chloride ligand with pyridine with the purpose to probe the influence of such substitu-
tions on the hydrolysis profiles. Results show that for the unsubstituted complexes displacement of the
labile chloride ligand by water requires that low energy barriers are surmounted for the aquation process
to occur. Substitution with either the CF; group in peripheral position or chloride with pyridine causes an
increase of barriers heights. The only complex with an hydrolysis barrier comparable with that of
cisplatin is the pyridine leaving ligand ruthenium complex.
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1. Introduction

Cisplatin (cis-diamminedichloridoplatinum(II), PtCl,(NHs)y),
the most used drug in anticancer therapy, was synthesized by
the Italian scientist Peyrone in 1845, but its ability to inhibit cell
division has been serendipitously discovered by Rosenberg after
120 years (1965) [1]. Over the past decades it has been used with
some success in the treatment of testicular and ovarian tumors
and, consequently, its use has been extended to other types of can-
cer (e.g. in bladder, cervical, head and neck). Despite this intensive
use, this drug presents severe limitations due to its serious side
effects and the resistance that some cancers develop towards its
use. These limitations have to a great extent stimulated the search
for new metal-containing anticancer drugs able to circumvent cis-
platin resistance and reduce its toxicity [2]. To date, amongst thou-
sands of proposed and tested compounds, only two, carboplatin [3]
and oxaliplatin [4], have obtained the necessary approvals in most
of the world for their use in medical protocols and, besides the
classical Pt(II) compounds, also Pt(IV) prodrugs, that release Pt(II)
anticancer agents, have been the subject of intensive studies
[2,5-10]. Particularly promising is the Pt(IV) drug satraplatin
designed with ligands ensuring lipophilicity and stability that

* Corresponding author.
E-mail address: siciliae@unical.it (E. Sicilia).

http://dx.doi.org/10.1016/j.ica.2017.06.001
0020-1693/© 2017 Elsevier B.V. All rights reserved.

allow oral administration [9]. The latest strategies for finding
new antineoplastic agents, however, focus on organometallic com-
pounds containing metals other than platinum and, to this aim the
potential of many metal based compounds has been widely
explored. Ruthenium-based complexes, designed on the model of
cisplatin, have shown favorable antineoplastic activity and lower
systemic toxicity than platinum(Il) compounds, both in vitro and
in vivo, towards a number of cancers [11-18]. One of these, the
[Him]trans-[RuCl4(DMSO-S)Im] has passed the preclinical tests
and entered in phase I clinical trial [11]. A series of half-sandwich
cyclopentadienyl Iridium (III) complexes has been synthesized and
characterized as potential anticancer agents [19-21]. In the recent
literature many examples of half-sandwich metal complexes of
general formula [(n®-arene)Me(YZ)(X)]?*, where YZ is typically a
chelating ligand and X is a halide, have been reported [20,22-
27]. Such compounds have demonstrated their potential as anti-
cancer agents due the presence of the hydrophobic arene ligand
that seems to enable the diffusion through the cell membrane,
and of various ligands around the metal centre capable to properly
tune biological and pharmacological properties.

It is well known that the anticancer activity of platinum-con-
taining compounds is essentially due to their binding ability to
DNA with consequent inhibition of the replication process, even
if other targets such as mitochondrial membranes, thiol-containing
proteins, enzymes, metal transport protein and RNA can be
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involved [28-33]. The interaction with these target is also respon-
sible of the strong site effects of cisplatin, while the resistance is
due to the possible repair of platinated DNA that can be conferred
by a number of mechanisms [34,35]. While the DNA is the main
biological target of cisplatin, its widely accepted mechanism of
action includes a first phase for the cellular uptake followed by
the drug activation through the hydrolysis reaction, the subse-
quent interaction of the aquated complex with DNA and, as a last
step, the cellular processing of DNA lesions that lead to cell death
[36,37]. The hydrolysis process plays an important role since if the
ligand substitution is fast, a high amount of activated drug enters
the cellular environment reducing its effectiveness and contribut-
ing to the increase of side effects. Previous studies have demon-
strated as the chloride/water ligand exchange does not occur in
blood, where the CI” concentration is about 100 mM, but into the
cell where the CI" ion concentration is less than 20 mM and
requires about 2 h to occur [2]. The superior activity of carboplatin
and oxaliplatin has been related to the slow kinetics of the aqua-
tion process that occurs in more than a week. In this scenario, accu-
rate qualitative and quantitative studies of the hydrolysis
mechanism become important and allow for a rational design of
new metal-bases anticancer drugs. Computational investigations,
able to locate and characterize stationary points along potential
energy surfaces, have allowed the elucidation at atomistic level
of the hydrolysis reaction of cisplatin, carboplatin, oxaliplatin and
other anticancer complexes as well as the binding with DNA high-
lighting the role of the ligands in the exchange process [14,38-45].
In this paper we present a detailed theoretical study, performed at
density functional level of theory, of the hydrolysis reactions of
two novel half-sandwich organo-iridium and organo-ruthenium
complexes recently synthetized and proposed as antitumor agents
[46,47]. The structures of the two neutral benzimidazole C,N-
cyclometalated investigated complexes, [(1°-CsMes)IrCl(methyl
1-butyl-2-arylbenzimidazolecarboxylate), named 1A, and [(1®-p-
cymene)-RuCl(methyl 1-butyl-2-arylbenzimidazolecarboxylate)],
named 2A, are sketched in Scheme 1. With the purpose to reduce
the computational cost, the methyl groups of the pentamethylcy-
clopentadienyl ligand have been substituted with hydrogen atoms
and preliminary calculations have been performed to probe that
such substitution does not affect the course of the hydrolysis reac-
tions. Additional calculations have been carried out on the same

N N/ N +X
o \ .

N N/ N +X
o \ .

Scheme 1.

complexes substituting either the H atom in the R4 position of
the phenyl ring of the 2-phenylbenzimidazole chelating ligand
with the more electron-withdrawing CF; group or the chloride
ligand with pyridine, as shown in Scheme 1, aiming at probing
the influence of such substitutions on the hydrolysis profiles.

2. Computational details

Geometry optimizations have been performed at DFT level
using the Truhlar’'s meta-GGA functional M06-L [48], whose use
is suggested for the study of organometallic systems [49], employ-
ing the relativistic compact Stuttgart/Dresden effective core poten-
tials [50] for Ir and Ru centers in combination with the split
valence basis set. The standard triple-{ quality 6-311G™ basis sets
of Pople and co-workers have been used for the rest of the atoms
except peripheral atoms, not directly influencing the behavior of
the complexes, for which the smaller 6-31G basis sets have been
employed. It is worth mentioning that for Cl atom the 6-311+G**
basis set has been employed to take into consideration the forma-
tion of an anion. All calculations have been carried out with the
Gaussian09 software package [51]. Calculation of vibrational fre-
quencies has been performed for both establishing the nature of
intercepted stationary points as minima and transition states and
including unscaled zero point energy corrections. The involved
transition states have been checked to connect the correct minima
by IRC (intrinsic reaction coordinate) analysis [52,53]. In order to
estimate the impact of solvation effects on the energy profiles
the Tomasi’s implicit polarizable continuum model (PCM) in its
Integral-Equation-Formalism (IEF) [54-56] formulation as imple-
mented in Gaussian09 has been adopted and the UFF set of radii
has been chosen to build up the cavity. The solvation Gibbs free
energies have been calculated in implicit water (¢ =78.4) at the
same level of theory by performing single-point calculations on
all stationary points structures optimized in vacuum. Enthalpies
and Gibbs free energies have been obtained at standard (298 K
and 1atm) from total energies, including zero-point, thermal,
and solvent corrections, using standard statistical procedures
[57]. However, since the Gaussian’s default standard state corre-
sponds to an ideal gas at a standard pressure of 1 atm, the com-
puted free energies have been converted [58] to yield Gibbs
energies with a solution phase standard state of 1 mol L™! for all
the species. For water molecules a standard state of 55.5 M has
been used. That is, to the free energy of each species as computed
in Gaussian has been added a free energy correction term equal to
RT In(Vimolar gas/Vimolar solution)» (R=gas constant, T = absolute tem-
perature) where Viqlar gas is the volume occupied by one mole of
ideal gas at the considered temperature, and Violar solution iS the
volume occupied by one mole of species in a standard solution of
concentration 1 mol L.

3. Results and discussion

Fully optimized structure of the investigated C,N-cyclometa-
lated benzimidazole iridium(IIl), labeled 1A, and ruthenium(II),
labeled 2A, complexes are depicted in Fig. 1, where the experimen-
tal and theoretical values of the most significant geometrical
parameters are compared. The adopted classical pseudo-octahe-
dral piano-stool arrangement is properly reproduced, with the
arene ring displaying the common m-bonded m°-coordination
mode and the arylbenzimidazole-type ligand assuming a bidentate
chelating coordination mode. The comparison between calculated
and experimental, extracted from the crystallographic characteri-
zation, geometrical parameters shows a good modeling of the
investigated systems.



F. Ponte et al./Inorganica Chimica Acta 470 (2018) 325-330 327

Ir-Cl=2.434 (2.406)
Ir-N,=2.107(2.060)
Ir-C,=2.046(2.059)
Ir-Cp{centroid)=1.898(1.81)
C,-Ir-N1=76.64 (76.8)
C,-Ir-Cl=86.45(88.7)
N,-Ir-Cl=82.82(85.6)
Cp(centroid)-Ir-Cl=125.00(125.6)
Cp(centroid)-Ir-N,=137.15(133.1)
Cp(centroid)-1r-C,=130.79(130.4)

Ru-Cl=2.441(2.419)
Ru-N,=2.115(2.0666)
Ru-C,=2.066(2.0508)
Ru-Cym(centroid)=1.725(1.712)
C,-Ru-N,=76.23(76.64)
C,-Ru-Cl=85.61(87.68)
N,-Ru-Cl=83.23(86.77)
Cym(centroid)-Ru-Cl=125.67{128.26)
Cym(centroid)-Ru-N,=133.41(131.30)
Cym(centroid)-Ru-C,=133.86(129.02)

Fig. 1. Fully optimized structures of 1A and 2A complexes. Selected bond lengths
(in A) and angles (degrees) are compared with available experimental values (in
parentheses).

As metal aqua complexes are generally more reactive than the
corresponding non-aqua complexes and the hydrolysis might rep-
resent a key step of the activation process of the proposed anti-
cancer drugs, in analogy with a wide number of previously
examined metal-containing anticancer compounds [2,38-45], the
hydrolysis reaction mechanism of the M-Cl bond has been investi-
gated (see Scheme 1) for the half-sandwich 1A and 2A complexes.
According to the substitution patterns experimentally carried out
at the peripheral R4 position of the phenyl ring of 2-phenylbenzim-
idazole chelating ligand [47], the effect of the substitution with the
electron-withdrawing CF3 group on the hydrolysis pathways has
been also investigated. The corresponding Ir(Ill) and Ru(Il) com-
plexes have been named 1B and 2B, respectively. Furthermore, as
a result of our previous experience with iridium complexes [59]
we have considered to be of interest to study the effect of the sub-
stitution of the chloride ligand with the less labile pyridine ligand.
As shown in Scheme 1, the pyridine substituted complexes have
been indicated as 1C and 2C. The hydration process consists of only
one step in which a water molecule approaches the complex and
going throughout the transition state it replaces the X ligand in
an associative way. The potential energy surfaces for the hydrolysis
of the studied complexes are reported in Fig. 2. The optimized
structures of the intermediates and transition states intercepted
along the hydrolysis pathways are depicted in Fig. 3a for 1A, 1B
and 1C complexes and in Fig. 3b for 2A, 2B and 2C complexes.
For the Ir(Ill) 1A, 1B and 1C complexes the approach of water leads
to the formation of three adducts with energies that lie below that
of separated reactants and the more stable one is INT;4 (at
—3.4 kcal mol~") followed by INT;g (at —2.7 kcal mol~") and INT;¢
(at —0.7 kcal mol ). In all three intermediates, the incoming water
molecule is located at relatively long distance (about 4 A), while
the bond distances of the Cl~ leaving group are close to those of
the corresponding starting complexes. The entering water mole-
cule, in all cases, appears to occupy a position that does not allow
establishing interactions with both metal and leaving Cl~ and py
ligands. The respective transition state relative energies result to
be 11.9kcalmol™ (TS;a), 14.8kcalmol™' (TS;g) and

e |-
I ()
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1S

o N MO ™

'
)

'
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Fig. 2. Calculated free energy profiles in water for the hydrolysis of (a) Ir(Ill) 1A, 1B
and 1C and (b) Ru(ll) 2A, 2B and 2C complexes. Energies are in kcal mol~' and
relative to separated reactants for TSqa, TSip and TS;c, respectively and the
vibrational mode properly corresponds to the simultaneous Ir-Cl/Ir-N bond
breaking and Ir-O bond formation. Proper connection of intercepted transition
states with corresponding minima has been verified by IRC calculations.

18.2 kcal mol~! (TS;¢). Thus, as expected, the formation of the
aquated complexes requires the overcoming of an energy barrier
that depends on the nature of the ligands. In fact, for the 1A chlo-
ride complex the barrier is 15.3 kcal mol~! while, introducing the
withdrawing CF; group in the ancillary ligand (1B) the barrier
increases (17.5 kcal mol~!). The replacement of the chloride with
pyridine (1C) leads to an even higher barrier (18.9 kcal mol™").
All the structures of the intercepted TSs (Fig. 3) correspond to
the associative X ligand displacement by water and are character-
ized by imaginary frequencies of 102i, 128i and 70i cm ™.

Formation of the adducts PROD;s, PROD;gz and PROD;¢ in
which the released ligands are weakly bonded to the aquated com-
plexes is calculated to be endothermic in all cases, even if for the
1A complex is almost thermoneutral. Finally, definitive release
from the formed adducts of the displaced CI" and py ligands
requires 3.7, 3.8 and 2.0 kcal mol~! to occur for 1A, 1B and 1C com-
plexes, respectively.

The Ru(ll) corresponding complexes, 2A, 2B and 2C, (see
Fig. 1b), show very similar behaviors with the formation of first
intermediates and adducts between released ligands and aquated
complexes calculated to be exothermic and endothermic, respec-
tively. The barriers heights are 13.5kcalmol™! for 2A,
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Fig. 3. Fully optimized structures of stationary points intercepted along the hydration pathways of the 1A, 1B and 1C Ir(Ill) complexes. The breaking (Cl~ and py) and forming
(H,0) bond lengths (in A) are reported.

Fig. 4. Fully optimized structures of stationary points intercepted along the hydration pathways of the 2A, 2B and 2C Ru(II) complexes. The breaking (Cl~ and py) and forming
(H,0) bond lengths (in A) are reported.
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LUMO

Fig. 5. HOMO and LUMO plots for chloride 1A and 2A, and pyridine 1C and 2C
complexes.

15.4 kcal mol~! for 2B and 21.1 kcal mol~! for 2C. Also in this case
the highest barrier is obtained for the pyridine complex. Loss of the
released CI" and py ligands requires 3.3, 5.3 and 2.7 kcal mol~! to
occur from the formed PROD,4, PROD,g and PROD,¢ adducts,
respectively. As shown in Fig. 4, the structural changes in station-
ary points intercepted along the hydrolysis pathways show similar
trends to those observed for the iridium complexes. Comparison
with cisplatin, for which the calculated barrier for the first aqua-
tion process is 23.8 kcal mol~! [60] (24.1 kcal mol~!) [61], reveals
that the hydrolysis process for the examined complexes require
less energy to occur with a consequent increase of the reaction
rate. As mentioned above and demonstrated by Sadler et al. for
Ru(ll) arene complexes [14,21], a relationship exists between
hydrolysis rate and cytotoxic activity. Therefore, aquation kinetics
might play a key role since fast aquation causes the release of high
amounts of activated drug reducing, consequently, its activity and
increasing the side effects. Comparable kinetics with cisplatin can
be obtained only if the chloride ligand is substituted by pyridine
in Ru complex 2A.

In order try to rationalize the reported results and better char-
acterize the complexes we have examined the energy and the com-
position of HOMO and LUMO frontier orbitals. The HOMO to LUMO
energy gaps of complexes 1A and 2A are comparable being 2.69
and 2.72 eV, respectively. When the pyridine complexes are exam-
ined the values of the gap become 3.02 and 2.97 eV for 1C and 2C,
respectively. The values for the pyridine complexes account for the

higher kinetic stability and lower chemical reactivity of these spe-
cies as revealed by the calculated energy barriers. The analysis of
the molecular frontier orbitals, shown in Fig. 5, for chloride and
pyridine complexes 1A, 2A, 1C and 2C.

In both 1A and 2A HOMO a high contribution of chloride is pre-
sent, while the contribution of the m system is larger for the Ru
complex due the participation of 1°-p-cymene ligand. The LUMOs
of 1A and 2A systems show similar composition. The 1C and 2C
complexes are characterized by a large participation of the pyri-
dine ligand in the LUMO while the HOMOs’ compositions are
similar.

4. Conclusions

In this work we have investigated the hydrolysis pathways of
two recently synthesized and characterized cyclometalated benz-
imidazole Ru(Il) and Ir(Ill) anticancer compounds and of the corre-
sponding complexes obtained by substitution of the H atom in R4
position of the phenyl ring of the 2-phenylbenzimidazole chelating
ligand with the more electron-withdrawing CF; group. In addition,
other two complexes in which the leaving chloride ligand has been
replaced by pyridine have been examined with the aim to prove
whether this substitution can slow down the aquation kinetics.
The investigation has been carried out at density functional level
of theory accounting for solvent effects and employing a computa-
tional protocol previously and successfully used in a series of
metal-containing anticancer systems. The outcomes of our compu-
tational analysis show that the one-step hydrolysis reaction pro-
ceeds, in all cases, going through a transition state for the
associative replacement of the labile ligand and for the ruthenium
complexes calculated barriers are higher than those for the corre-
sponding iridium ones. The presence of an electron withdrawing
CF; group in R4 position of the phenyl ring of the phenyl-benizim-
idazole ancillary ligand causes an increase of the activation barri-
ers, which are further raised by the substitution of the Cl- labile
ligand with pyridine. We hope the results reported here can stim-
ulate further experimental investigations on these promising com-
plexes for their potential anticancer activity.
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Cartesian coordinates, absolute energies and zero-point cor-
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In contrast to the clinical drug cisplatin, the anticancer complex
[Os(n®-p-cymene)(4-(2-pyridylazo)-N,N-dimethylaniline)l]* [1-1] is
inert towards hydrolysis and targets cancer cell metabolism rather
than DNA. A combination of DFT calculations and X-ray absorption
spectroscopy (XAS) suggests that hydrolytic activation of 1-I
involves catalytic attack by the intracellular tripeptide glutathione
(GSH) on the azo bond of the chelating ligand in the complex.

[0s(n®p-cymene)(4-(2-pyridylazo)-N,N-dimethylaniline)I]" [1-I] and
its analogues (Chart 1), are inert prodrugs activated by the
reducing environment in cancer cells." 11, is a promising drug
candidate capable of overcoming Pt resistance,> with a novel
mechanism of action.® 1-I increases oxidative stress in cancer
cells through mitochondrial and other pathways, and exploits
an inherent weakness in cancer cell energy generation.?
Prodrugs hypothesised to be activated by intracellular
reduction include Pt" complexes which are reduced to active
Pt" species.® A number of Ru" anticancer complexes are also
thought to be prodrugs activated in a similar way,* but recent
experiments have not detected reduction of Ru"" compounds in
tumours.” However, activation of 1-I and its analogues does not
appear to involve changes in the oxidation state of Os" in cells.
On the contrary, initial experiments suggest that hydrolysis of
the Os-1 bond is promoted by the tripeptide glutathione (GSH).
This generates the more reactive hydroxido adduct 1-OH,
which can react with other molecules in cells, such as H,O,
(generating hydroxyl radicals)." The aim of the present work

“ Department of Chemistry, University of Warwick, Coventry, CV4 7AL, UK.
E-mail: p.j.sadler@warwick.ac.uk
b Dipartimento di Chimica e Tecnologie Chimiche, Universita della Calabria,
Ponte P. Bucci, Cubo 14cI-87030, Arcavacata di Rende, Italy.
E-mail: emilia.sicilia@unical.it
¢ Department of Chemistry, NIS Center and INSTM Reference Center,
University of Turin, via Giuria 7, 10125, Turin, Italy
+ Electronic supplementary information (ESI) available. See DOI: 10.1039/c9¢cc06725f
1 These authors contributed equally to the manuscript.
§ Current address: CIC biomaGUNE, Parque Cientifico y Tecnologico de Gipuzkoa,
Paseo Miramon 182, 20014 San Sebastian, Spain. E-mail: csanchez@cicbiomagune.es

This journal is © The Royal Society of Chemistry 2019

Xin Zhang,1® Fortuna Ponte,1° Elisa Borfecchia,
§** Emilia Sicilia

C

¢ Andrea Martini,
* and Peter J. Sadler (@

was to establish both experimental and theoretical (density
functional theory, DFT) evidence for this proposed highly
unusual mechanism of activation of a metallo-prodrug.

DFT computational analysis can provide insights into reaction
mechanisms for metal coordination compounds.® Hence we
probed the most favourable mechanism, involving deprotonated
glutathione (GS™), for the hydrolysis of 1-I using quantum-
mechanical DFT calculations. First, the direct replacement of
the iodido ligand by water (pathway a), a process observed under
physiological conditions for many Os", Ru", or Ir'" half-sandwich
complexes [M(arene)(L)X]",” was explored. Our calculations
suggested an overall energy barrier of 25.4 kcal mol ' and an
endergonic (by 9.8 kcal mol ") exchange by second-order nucleo-
philic substitution (SN2) (pathway a; Fig. S1a, ESIT). An alter-
native, direct replacement of the iodide ligand by GS™, to form
an Os-SG adducts, followed by replacement of the thiolate
ligand by water was also studied (pathway b). Such a reaction
has been reported for other complexes, e.g. [Ru(arene)(en)Cl]*
and its analogues.® In this case, the energy barrier to generate
the stable 1-SG complex was 23.2 kcal mol™, and the sub-
stitution product lies 18.9 kecal mol™* below the entrance
channel. However, hydrolysis of 1-SG to form the experimentally
observed 1-OH required surmounting a very high energy barrier of
30.3 keal mol " (pathway b, Fig. S1b, ESIf). Finally, we explored
ligand-based attack on the complex by GSH resulting in hydrolysis of
the Os-1 bond through redox mediation involving the N—=N double
bond (pathway c).

Some organic azo compounds are known to catalyse oxidation of
GSH in presence of O,,” reactions also possible for azo-containing
ligands in Ru" or I complexes.'® The reported mechanism can
involve addition of GSH to the diazene double bond and subsequent

— . ,
Wy il DS oD > o PSR
> °;' @ c|’°" @ ,M\NO .—":‘*IQ I,o:-\g;@
Ny N 1.8 Ny N N, N-SG

> Qg ™ e -

1 1-Cl 1-impy-l 241 1-GS/NN

Chart 1 Structures of complexes and captured intermediate (1-GS/NN).
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Fig. 1 DFT free energy profile describing the most favourable pathway
for the reaction of 1-l with GS™ (pathway c). Calculated energies are in
kcal mol™ and relative to reference energy of separated reactants. Alter-
native higher energy pathways a and b are in Fig. S1 (ESIY).

reduction to an hydrazo group.’ However, the free azo ligand in 1-1
does not react with GSH."*

We probed azo bond attack by GSH using DFT, but the most
favourable energy barrier for the only viable reaction mecha-
nism was high (40.2 keal mol ™" Fig. S2, ESI). Nevertheless, the
attack by GS™ on the azo N atom bound to the pyridine ring,
preluding hydrolysis of 1-I, yielded the lowest barrier (19.0 kcal
mol ). This led to intermediate 1-GS/NN (pathway ¢, Fig. 1),
that lies 11.8 kcal mol ™" above the reactant reference energy,
and accumulated electronic density near Os, causing the weak-
ening of the Os-I bond. This facilitates displacement of the
I ligand by water (13.9 kcal mol '), which occurred simulta-
neously with detachment of the GS™ and regeneration of the
azo bond. Further deprotonation of the coordinated water
(requiring 5.5 kecal mol ') yielded 1-OH, which was stabilised
by 7.3 keal mol ! (with respect to entrance channel). Computa-
tional analysis of the activation of 2-I, an analogue with an
electron donating ethoxy group on the pyridine ring gave
similar results, but with lower energy barriers (Fig. S3, ESIt).
This paralleled experimental data showing faster hydrolysis of
2-1 compared to 1-L.

Interestingly, our calculations proposed thermodynamically
favoured hydrolysis pathways in the presence of glutathione,
and kinetic control favouring the azo-based mechanism. This
was confirmed by following the hydrolysis of chlorido [Os(n°p-
cymene)(4-(2-pyridylazo)-N,N-dimethylaniline)CI]" [1-CI] and imino
[0s(n°-p-cymene)(4-(2-iminopyridine)-N,N-dimethyl-aniline)1]"
[1-impy-I] analogues in presence or absence of GSH using
HPLC (the solvent gradient used is on page S11 of the ESI}).
As for 1-1, 1-Cl is stable in aqueous solution, but treatment with
GSH promotes faster hydrolysis than 1-I (Fig. S18, ESIT). How-
ever, both 1-Cl and 1-I hydrolysed in the presence of GSH
following the same mechanism, generating first 1-OH (Fig. S19,
S20 and Tables S3, S4, ESIT), which can be attacked by GSH or Cl™
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to form 1-Cl or 1-SG. 1-SG can be further oxidised to the sulfenate
complex 1-SOG (Fig. S21 and S22, ESIt). Notably, similar pathways
were observed when different thiols induce hydrolysis of 1-1
(Fig. S23, S24 and Table S5, ESIT). In contrast, the iminopyridine
complex 1-impy-I readily hydrolysed in the absence of GSH,
generating both hydroxido 1-impy-OH and chlorido 1-impy-Cl
species. Incubation with GSH did not increase the extent of
hydrolysis, but generated the thiolato adduct 1-impy-SG
(Fig. S18 and S25, ESIt), even when 1-impy-I was in large excess.
This confirmed that the azo bond in the azopyridine complexes is
the likely target site for GS™ (as it is the only difference between
the chemical structure of 1-I and 1-impy-I). Hydrolysis of 1-I was
ca. 3x faster at pH 10 compared to pH 7, attributable to the higher
proportion of GS™ present (PKysmy: 9.42),"> whereas hydrolysis was
inhibited at pH 2.4 (Fig. S26 and Table S6, ESIt). No 1-OH was
observed in the absence of thiol at basic pH (Fig. S27, ESIT).
The proposed attack of GSH on the -N=N- bond in 1-I
during the hydrolysis was further probed using X-ray absorp-
tion spectroscopy (XAS), to provide structural information.'®
We acquired XAS spectra at the Os L;-edge for solid reference
compounds 1-I, 1-Cl, 1-OH and 1-SG (for synthesis and char-
acterisation see ESIt), and an aqueous solution (pH 7 buffer) of
1-I on beamline BM23 at ESRF."* Discrimination between the
different references could not rely on analysis of the XANES
region (Fig. 2a and Fig. $28, ESIf)."> However, there were
distinguishing differences in the EXAFS oscillations for 1-I,
when compared with 1-Cl, 1-OH and 1-SG especially from
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Fig. 2 (a) Os Ls-edge XANES spectra of aqueous 1-1 (30 mM, pH 7; blue),
and solid 1-1 (purple) and 1-SG (orange). (b) k%x(k) EXAFS functions for samples
in (a). Phase-uncorrected (c) magnitude, and (d) imaginary part of the
FT-EXAFS functions for the same samples, obtained by transforming the k%y(k)
functions (b) in the 2.0-15.5 A~* range. R-space ranges of major contributions
from the different EXAFS components arising from the coordination spheres
around Os centres are highlighted by coloured rectangles.
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k =10 A™' upward (Fig. 2b-d and Fig. $29, $30, ESI{). In
contrast, the spectra of 1-Cl and 1-SG were similar (due to similar
size and atomic number of Cl and S). XAS spectra from the
reference compounds were also used to validate structural models
generated by our DFT calculations (Fig. S31, ESIT). Based on these
data, we simulated an EXAFS signature corresponding to the DFT
model of the intermediate 1-GS/NN (Fig. S31, see ESI} for details).
This allowed us to probe the presence of 1-GS/NN in reactions
between 1-I1 and GSH followed in situ by EXAFS.

The kinetics for the hydrolysis of 1-I in presence of GSH was
further monitored in situ by acquiring consecutive EXAFS
spectra (Fig. 3). Data analysis used the structural models
obtained from EXAFS spectra of the experimental standards
and DFT calculations for the 1-GS/NN intermediate. Initially, an
in situ XAS experiment was carried at pH 7, at an Os: GSH mol
ratio of 1:2 (Fig. 3a). Under these conditions (30 mM 1-,
60 mM GSH; pH 7) Os-I hydrolysis was much faster than in HPLC
experiments, and the reaction was complete after ca. 40 min, with
only minor further spectral modifications up to 220 min. Linear
combination fits (LCF) indicated the dominant presence of 1-SG
and 1-Cl after 80 min, accounting for >80% of the Os species in
the reaction mixture, together with contributions of <10% from 1-I
and 1-OH (Table S9 and Fig. S33, ESI}). LCF provided estimates of
the combined % of chlorido and thiolato adducts (Table S9, ESIt)
since 1-Cl and 1-SG could not be readily discriminated by EXAFS
analysis. In contrast, when the same experiment (30 mM 1-1,
60 mM GSH) was repeated at pH 3, EXAFS spectra were almost
identical to 1-I standards, and remained unchanged over the
duration of study (Fig. 3b). This suggested that it is possible to
capture the dynamics of some steps in these reactions from XAS
measurements by careful tuning of the reaction conditions.

PH 7 - Os : GSH=1:2 PH 3 - 0s:GSH=1:2
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Fig. 3 Time-resolved in situ FT-EXAFS during reaction between 1-1
(30 mM) and GSH in buffered aqueous solutions at (a) pH 7, Os:GSH =
1:2,(b)pH 3, Os:GSH =1:2 and (c) pH 5, Os: GSH = 2: 1. (d) LCF analysis of
the time-resolved k°;(k) curves resulting in the EXAFS spectra in (c), yielding
concentration profiles for reactant 1-1, product 1-SG, and proposed inter-
mediate 1-GS/NN, which all appear to oscillate but with different phases. LCF
R-factors (grey x) are also given (right axis). In (a and b) FT-EXAFS spectra of
solid-state references are dashed lines, for comparison. All FT-EXAFS spectra
have been transformed in the 2.0-12.5 A~* range.
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The reaction of 1-I (30 mM) with GSH was further studied at
pH = 5, at an Os:GSH ratio of 2:1, in an attempt to moderate
the reaction rate (as the [GS™] at pH 5 is two orders of
magnitude lower than at pH 7, according to the Henderson—
Hasselbalch equation;'® Fig. 3¢ and Fig. S34, ESIf). Remarkably,
EXAFS spectra in the 40-220 min reaction time range, showed an
oscillatory behaviour. Periodic and opposite changes in the
intensities of the peaks at ca. 2.5 A (Os-I single scattering [SS]
contribution from 1-I), and the shoulder at ca. 2.0 A (Os-S SS
contribution from 1-SG) in the phase-uncorrected spectra were
observed (Fig. 3c). Yet, certain time points showed dampened
contributions from Os-I SS without an increase in the character-
istic Os-S SS (e.g. after 200 min; red curve in Fig. 3c), suggesting
the presence within the reaction of additional unknown Os
species. Furthermore, the cyclic behaviour might arise from
alternating periods dominated by cleavage or formation of Os-1
bonds. To check this, Os-speciation as a function of the reaction
time was evaluated by applying EXAFS LCF analysis in k-space
(Fig. 3d). Based on our observations, three different components
were used to generate the LCF model: the reference compounds
1-I and 1-SG and the simulated EXAFS signature for the 1-GS/NN
intermediate predicted by theory. The model adopted reproduced
the experimental data well (Fig. S35, ESIT). Inclusion in the LCF
model of the 1-GS/NN component resulted in a significant
improvement of the fitting quality for the time points with high
concentrations of such species (coloured arrows in Fig. 3d) with
respect to a two-component model of only 1-I and 1-SG (Fig. S36,
ESIt). Crucially, the maxima in the relative abundance of 1-GS/NN
(16-24% total Os) systematically preluded increases in the concen-
tration of 1-SG. These data supported the presence of the 1-GS/NN
species during the reaction, in line with its intermediate character
defined by DFT. LCF results highlighted the oscillating character
of the reaction. 1-I was cyclically converted into 1-SG (with a
period of 60-80 min), which then was transformed again to 1-I.
This may be related to fluctuations in the concentrations of free I"
ions and free GSH as a result of the hydrolysis of Os-I bonds, and
the formation of new Os-SG species. Indeed, our chromato-
graphic experiments have shown previously that the presence of
high concentrations of Cl~ ions in the medium can alter the
amount of 1-Cl detected during the hydrolysis of 1-I in the
presence of GSH. Moreover, a more complex four-component
LCF model (with 1-I, 1-SG and 1-OH and simulated 1-GS/NN
references) suggested negligible presence of 1-OH in the reaction
mixture (Fig. S37, ESIT). This might indicate the presence of high
concentrations of free I" ions and free GSH. By calculating the
concentrations of free I ions and free GSH (from amounts of 1-I
and 1-SG species indicated by LCF), we observed an alternation
between long periods of low I /GSH ratios and short periods of
high I"/GSH ratios (every 60-80 min). Remarkably, the highest
concentrations of free I ions were always just before periods
dominated by the formation of Os-I bonds (Fig. S38, ESIt),
providing a possible explanation for the regeneration of 1-I. The
presence of fluctuations in GSH, together with complete hydro-
lysis of Os-I bonds (31.2 mM in total, calculated from amounts
of 1-I and 1-SG indicated by LCF) by 15 mM of GSH suggested
a catalytic reaction, with the thiol being regenerated. This was

Chem. Commun


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9cc06725f

Open Access Article. Published on 19 November 2019. Downloaded on 11/28/2019 12:53:12 AM.

Thisarticleis licensed under a Creative Commons Attribution 3.0 Unported Licence.

fec)

Communication

2.0+

=
@
L

h
o
1

1-0H

Concentration (mM)
o X
> kS
1 \
AY

=
N
L

oy

T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120
Time (min)

=
=
1

Fig. 4 Time-dependent concentration changes for GSH, 1-1 and 1-OH
in the reaction of 1-1 (2 mM) with GSH (200 pM), 75 mM phosphate
buffer (pH 7.4), 298 K, for 2 h based on integration of *H NMR peak areas
(Table S10 and Fig. S40, ESIY).

confirmed by the almost total conversion of 1-Cl to 1-OH after
12 h incubation with sub-stoichiometric quantities of GSH
(0.5, 0.25 or 0.125 mol equiv.; Fig. S39, ESIt). Furthermore,
significant amounts of 1-OH (525 uM) were generated with little
consumption of GSH when 1-I (2 mM) reacted with 0.1 mol equiv.
of the thiol (200 M) for 2 h (Fig. 4) under N, (protecting GSH
from oxidation). "H NMR spectra provided a turnover frequency
(TOF) number of 1.97 h™" for the reaction under such conditions.

In summary, DFT calculations suggested that substitution of
bound iodide by water in the inert organo-osmium anticancer
complex 1-I is dependent on high energy kinetic barriers, but
revealed a favourable reaction pathway involving attack of GS™
on the -N=N- azo bond in the chelating ligand, giving a 1-GS/NN
intermediate (Fig. S31, ESIt) containing an N-SG bond.

Experimental chromatographic analysis of the GSH-induced
hydrolysis then confirmed the importance of the azo ligand in
the mechanism of the hydrolysis, and demonstrated enhanced
rates at high pH and inhibition at low pH (importance of GS™ in
the attack). Time resolved XAS data provided evidence for the
proposed 1-GS/NN intermediate during the hydrolysis reaction.
Our experiments also revealed the possible catalytic nature of
the reaction (TOF ca. 2 h™"). Overall, these investigations reveal
a novel activation pathway for a metallodrug in which an inert
metal-ligand bond is activated towards hydrolysis, and sub-
sequent interactions with biomolecules, by the attack of the
abundant intracellular thiol glutathione on a chelating ligand.
Such findings have implications for the design of new genera-
tions of anticancer metallodrugs.
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Abstract

We report the synthesis and characterization of 10 novel half-sandwich phenylazopyridine
Ir(lll)  complexes, [(n®-CpX)Ir(5-Ri-pyridylazo-4-Ro-phenyl)X]PFs  where Cp* s
pentamethylcyclopentadienyl (Cp*) or 1-phenyl-2,3,4,5-tetramethyl cyclopentadienyl
(CpPM), Ry = -Br, -CF3 or -H, R> = -OH or -H, X = Cl or |, including eight x-ray crystal
structures. The iodido complexes, in contrast to chlorido analogues, are remarkably inert
towards aquation or reaction with nucleobases. Most of the complexes are more active
against A549 human lung cancer cells than cisplatin with ICso values (half maximal
inhibitory concentration) ranging from 0.33 (ca. 10x more active) to 1.59 pM. Also iodido
complex 1 has a lower resistance factor (RF = 0.20) towards cisplatin-resistant human
ovarian cancer cells (A2780cisR) as well as lower toxicity in zebrafish (Danio rerio)
embryos than its chlorido analogue complex 9 (RF = 0.95). lodido complexes 1-6 exhibit a
zwitterionic character due to deprotonation of the ligand phenol group at physiological pH
7.4, which increases their cellular accumulation and cytotoxicity. These inert iridium iodido
complexes are activated by forming Ir-thiolate complexes with GSH under physiologically
relevant conditions. DFT calculations suggest that release of iodide is preceded by attack
of GS™ on the azo bond in the chelated ligand. Cyclic voltammetry showed that the 2-step
reduction of the azo bond is more facile for the complexes compared to free azopyridine
ligands. In the presence of O, this redox reaction leads to the formation of hydroxyl
radicals (detected by EPR), and GSSG. Complex 7, induced a dramatic increase in the
level of reactive oxygen species (ROS) in A549 lung cancer cells. These ligand-centered
redox reactions of an inert organo-iridium iodido prodrug induced by an abundant cellular
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metabolite (GSH), represent a novel mechanism of action for an anticancer metal
coordination complex.

Introduction

Three key platinum drugs, cisplatin, carboplatin, and oxaliplatin are administered in
approximately 50% of worldwide cancer chemotherapies. However, platinum resistance
and undesirable side effects are now limiting their future use." Therefore, it is important to
discover non-classical metal complexes with different modes of action compared with
platinum drugs.? 8 Third-row 5d® iridium(l1l) complexes offer potential structural diversity of
octahedral coordination geometry and slow ligand exchange kinetics, as well as facile
synthesis.*® For example, Meggers and co-workers have reported kinetically inert
octahedral iridium pyridicarbazole scaffolds as selective protein kinase inhibitors,” and
Sheldrick et al. have investigated extensively the anticancer activity of inert iridium
polypyridine complexes which might have targets other than DNA.2 Inert bis-
cyclometalated iridium complexes are promising photosensitizers for singlet oxygen
production,® 19 and the diselenobenzoquinone-based iridium complex reported by Amouri
et al. exhibits comparable potency to cisplatin and appears to target cytochrome P450
reductase.!'” Here we report a novel activation mechanism for potent kinetically-inert
organo-iridium(Ill) anticancer complexes.

Half-sandwich ~ organometallic  iridium  cyclopentadienyl —complexes  [(n°-
CpMIr(LAL)X]™0,  where Cp° = Cp°  (pentamethyl-cyclopentadienyl),  CpPh
(tetramethyl(phenyl)-cyclopentadienyl), or CpPP" (tetramethyl(biphenyl)-cyclopentadienyl),
can bind to DNA, but also perturb the redox status of cells and target lysosomes.'>'* The
chelated ligand LAL’, the ancillary leaving group X and the m-bound Cp* ligand together
modulate the overall electronic structures and chemical reactivity of such iridium
complexes. Reported half-sandwich iridium anticancer complexes with X=Cl are labile and
most likely to be activated in the cancer cells through fast hydrolysis (minutes) of the
chlorido ligand.® Extension of the Cp* ring to CpP" or Cp°P" can slow down the hydrolysis
rate, and increase the extent of hydrolysis.’™ Rapid hydrolysis sometimes compromises
the anticancer activity due to rapid deactivation by side reactions in advance of reaching
targets. For example, compared to pyridine analogue [(n°-Cp°®PMIr(ppy)py]* (ppy = 2-
phenylpyridine), the chlorido complex [(n°-Cp®P")Ir(ppy)Cl] is more reactive, hydrolyzes
rapidly, and reacts readily with the abundant (ca. 0.5-10 mM) cellular thiol glutathione
(GSH), but has only one third the potency of the pyridine analogue toward cancer cells.'?
Hence, a major aim is to design potent iridium(lll) anticancer agents by rational control of
their reactivity.

In this work, two complementary approaches are explored to potentially optimise the
anticancer activity. Firstly, iodide is used as the monodentate ancillary leaving group since
based on the distinctly ‘soft’ nature of iridium(lll) and the steric bulk and softer character of

iodide compared to chloride, it is expected to be more strongly bond and a poorer leaving
2



group.'® Only a few biologically active half-sandwich iodido iridium complexes appear to
have been reported, namely, [Cp*Ir(dpa)l]* (dpa = 2, 2'-dipyridylamine),'” [CpPPhIr(tolbig)I]*
(tolbig = 1-(o-Tolyl)biguanide),'® and [Cp*Ir(pp)I]* (pp = pyridylphosphinate)'®. Secondly,
due to the low-lying T* orbitals of the azo bond, the chelated azopyridine ligand provides
a pathway for electron transfer and redox reactions. Previously we have found that
phenylazopyridine ligands in half-sandwich arene Ru(ll) and Os(Il) complexes can bring
about intriguing reactivities with glutathione.?> 2! Interestingly the combination of
azopyridine ligand azpyNMe: (N,N-dimethylphenylazopyridne) with CpP" Ir(lll) chloride
gives a markedly different pattern of antiproliferative activity in over 800 cancer cell lines
compared with 253 standard drugs, suggesting a novel multi-targeting mechanism of
action which can overcome resistance.??

Here we report the design of ten novel half-sandwich organoiridium(lil) iodido
complexes bearing variously substituted bidentate phenylazopyridine ligands, as shown in
Chart 1. Their toxicity in vivo as well as anticancer activity in a variety of cancer cell lines
are compared to chlorido complexes. Correlations between the anticancer activity of the
iodido complexes and stability in aqueous solution, lipophilicity, cellular accumulation and
generation of reactive oxygen species (ROS) are investigated. The mechanism of
reactions with GSH is elucidated by density functional theory (DFT) calculations. This work
reveals new metal and ligand-based activation mechanisms for potent inert half-sandwich
iridium(lll) iodido complexes which provide a strategy for overcoming resistance to current
clinical drugs.

Chart 1. Synthetic route to and structures of iodido iridium(Ill) complexes.
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Complex R1 R2 X

[(Cp)Ir(azpy-OH)IIPFs (1) H OH I
[(CpP")Ir(azpy-OH)I]PFs (2) H OH |1
[(Cp")Ir(Br-azpy-OH)I]PFs (3) Br OH |
[CpP")Ir(Br-azpy-OH)I]PFs (4) Br OH |

[(Cp)Ir(CFs-azpy-OH)[IPFs (5)  CFs  OH |
[(CpPMIr(CFs-azpy-OH)I|PFs (6) CFs OH |

(

(

[(Cp")Ir(azpy)I]PFs (7) H H [
[(CpP")Ir(azpy)I]PFe (8) H H |
[(Cp")Ir(azpy-OH)CI]PFs (9) H OH cCl
[(Cp™")Ir(azpy-OH)CIIPFs (10) H OH Cl

Results
Synthesis and characterization

Ten novel iridium(Ill) azopyridine complexes were synthesized in good yields by
vigorously stirring mixtures of 1 mol equiv. iridium chlorido/iodido dimer precursor and 2
mol equiv. of the appropriate chelating azopyridine ligand in dichloromethane (Chart 1).
All the complexes were characterized by NMR spectroscopy ('H, 'H-'H COSY, °C, HSQC,
HMBC), elemental analysis and ESI-MS.

The complexes have a chiral Ir(Ill) centre. '"H NMR spectra of cationic complexes 1
and 2 in d4-MeOD after addition of the chiral anionic shift regent A-trisphat at 298 K (Figs.
S1, S2) show splitting of the aromatic proton signals in 1:1 ratios, indicating the presence
of two stable enantiomers in equal abundance, consistent with previously reported chiral
osmium/ruthenium arene picolinamide and iminopyridine anticancer complexes.23 24

Single crystals suitable for x-ray diffraction of 1-1-MeOH, 2, 3-MeOH, 5-MeOH, 7-1, 8-
I, 9-CI-MeOH and 10 as PFe salts (except 1-l, 7-1, 8-1, and 9-Cl as iodide/chloride salts)
were obtained at ambient temperature by slow diffusion of Et2O into saturated methanol or
dichloromethane (8-1) solutions. X-ray crystal structures for complexes 1-1 and 9-Cl are
shown in Fig. 1, and for the other six complexes in Fig. S3. In the unit cells of these
complexes, there are two mirror-image enantiomers, for example shown in Fig. S4 for
complex 7-1. X-ray crystallographic data are listed in Tables S1, S2, and selected bond
lengths and bond angles in Tables S3, S4. All complexes adopt a typical pseudo-
octahedral geometry with a “piano-stool” shape. The Ir-I bond lengths in the Cp” structures
range from 2.6799(5)-2.6851(2) A, a little shorter than 2.69042(16)-2.6943(3) A for
complexes with the CpP"ring. Interestingly, in the Cp” complexes 1-1-MeOH and 7-1, the Ir-
N1 bond length is slightly longer than Ir-N8, while in their CpP" analogues 2 and 8-I, these
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bond lengths are similar. The azo N=N bond lengths are within the range of 1.27-1.29 A,
consistent with the normal N=N double bond length (1.20-1.28 A)?5. The distances from
the Cp” ring centroid to iridium are within 1.820 + 0.009 A, except for complex 5 (1.870 A),
similar to the CN chelated complex [(n5-Cp’)Ir(ppy)Cl] (1.82 A) (ppy = 2-phenylpyridine)
while slightly longer than the N*N chelated complex [(7-Cp")Ir(bpy)CI|CI (1.78 A) (bpy =
2,2"-bipyridine).'® 26.27 The crystal structures of all 6 phenolic complexes (1, 2, 3, 5, 9, 10)
contained protonated phenolic groups.

Fig. 1. X-ray crystal structures of (a) [(n°-Cp’)Ir(azpy-OH)I]l-MeOH (1-1-MeOH), (b) [(n®-
Cp’)Ir(azpy-OH)CI|CI-MeOH (9-CI-MeOH). The hydrogen atoms, counter anions and
solvent molecules have been omitted for clarity.

UV-visible spectra and pK, of the phenolic group

Complexes [(Cp’)Ir(azpy-OH)I]PFs (1), [(Cp’)Ir(Br-azpy-OH)I|PFs (3) and [(Cp’)Ir(CFs-
azpy-OH)I]PFe (5) containing a phenolic group on the ligand showed pH-dependent UV-
vis spectra in aqueous solution, illustrated in Fig. 2a. At pH = 3.0, the spectra of 1, 3, and
5, display a MLCT (metal-to-ligand charge-transfer) absorption band at 439-464 nm (&=
8000-23000 M-'-cm™'). Raising the pH to 11.5 led to a dramatic red-shift of this MLCT band
to 558-586 nm with a much higher extinction coefficient (26900-57200 M '-cm-'). The
maximum absorption wavelengths and the corresponding molar extinction coefficients of
phenolic complexes 1-6 at pH = 3.0 £ 0.1 and pH = 11.5 £ 0.3 are listed in Table S5.

a) 1.5- pH=11.0

A

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)



Fig. 2. (a) UV-vis spectra of aqueous solutions of complexes 1 (41 uM, black), 3 (33 uM,
red) and 5 (29 uM, blue) at pH = 3.0 £ 0.3 (dash lines) and pH = 11.0 £ 0.3 (solid lines);
(b) UV-vis changes for complex 1 from pH 4 to 8.5.

The changes of UV-vis absorbance with pH allowed determination of the pK; values
of the phenolic groups in complexes 1-6 and 9-10 (Figs. 2b and S5) as 5.90-6.50, with the
exception of the more acidic [(CpP")Ir(CFs-azpy-OH)I)PFs (6), pKa 3.90 (Chart 2).
Compared to the pKa values of Cp” analogues, all the iodido CpP" complexes have lower
pKavalues. For example, ApKa = -0.22 from 1 to 2 (Ry = H), -0.35 from 3 to 4 (R1 = Br), -
2.55 from 5 to 6 (R1 = CF3). The chlorido Cp* complex 9 and its CpP" analogue complex 10
have the same pKa value of 5.88, much lower than their respective iodido analogues 1 and
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Chart 2. pK;, values of phenolic groups of iodido complexes 1-6 and chlorido complexes
9-10.

Electrochemistry of iodido iridium complexes

Electrochemical reduction of complexes 1, 3, 7 in comparison with unbound azpy
(phenylazopyridine), azpy-OH (4-OH-phenylazopyridine) ligands and iridium dimeric
precursor [(Cp")Ir(u-1)1]2, was studied by cyclic voltammetry (CV) under N2 versus a Ag*/Ag
reference electrode. Complexes 1, 3, 7 exhibited more facile sequential reduction
potentials than the corresponding free azopyridine ligands as well as the iridium precursor
[(Cp")Ir(u-I)]2. The first reduction step is quasi-reversible, ranging from -0.07 to -0.28 V and
the second is irreversible, ranging from -0.58 to -0.79 V (Table 1, cyclic voltammograms
shown in Fig.S6).

Table 1. Electrochemical reduction potentials of selected ligands and complexes.



Ligand/Complex? Ered (V) Complex? Ered (V)

Azpy -1.07, -1.93 1 -0.28, -0.79
Azpy-OH -0.94, -1.76 3 -0.13,-0.58
[Cp*Ir(u-l)l]2 -1.21,-1.69 7 -0.07, -0.63

@ Conditions: 1 mM free ligand or iridium complexes with 0.1 M BusNPFs as supporting
electrolyte in acetonitrile under N2 at ambient temperature, E12 (ferrocene/ferrocenium) =
0.063 V, scan rate = 100 mV-s™.

Hydrolysis of chlorido and iodido complexes

"H NMR spectra of iodido complexes 1-8 were recorded in ds-MeOD/D>O (1/5 v/v) at
310 K at various time intervals up to 24 h. No changes in the spectra were observed after
24 h. Over this time the ESI-MS analysis of the NMR solutions showed only peaks
assignable to cation [M-PFe]* of the intact iodido complexes. To verify that the '"H NMR
spectrum contained only peaks for the intact complexes, and therefore no hydrolysis had
occurred, complex [(Cp")Ir(Br-azpy-OH)I]PFs (3) was reacted with 1.2 molar equiv. AGQNO3
at 310 K to remove the coordinated iodide in MeOD/D20 (1/1, v/v). The resulting NMR
peaks for the aqua adduct 3-H20 were assigned (Fig. S7a) and contrasted with the
hydrolysis-inert complex 3 (Fig. S7b).

In contrast, chlorido complexes 9 and 10 hydrolyzed rapidly to the extent of 53% (Fig.
S$8) and 66% (Fig. S9), respectively, after 24 h.

Stability in aqueous NaCl and DMSO

The stability of the iodido complex [(Cp’)Ir(Br-azpy-OH)I]PFs (3) (1.0 mM) in
MeOD/D>0 (1/1, v/v, pH’ 7.0) in the presence of 4.0 mM, 23.0 mM, or 103.0 mM NaCl over
24 h at 310 K was evaluated by integration of the methyl '"H NMR peaks for Cp” at & 1.73
ppm (3) and & 1.59 ppm (8-Cl, the chlorido analogue of 3), Fig. S10. The amount of 3-ClI
formed by I/CI- ligand exchange at these three NaCl concentrations was 2.7%, 7.8%, and
16.5%, respectively, Fig. S10. LC-MS for complex 3 at micromolar concentrations with the
three different NaCl concentrations showed a positive-ion peak for the chlorido analogue
with a shorter retention time of ca. 17.6 min (ca. 21.0 min for 3, Fig. S11).

In addition, "H NMR spectra of iodido complex [(CpP")Ir(CFs-azpy-OH)I]PFs (6) as well
as the chlorido complexes [(Cp")Ir(azpy-OH)CI]PFs (9) in ds-DMSO were monitored for 27
d at 298 K to investigate their stability, since DMSO was used as a solvent in cell growth
inhibition assays. However, no changes to any '"H NMR peaks was observed (Fig. S12,
S$13). ESI-MS data showed peaks only for the original complexes, providing evidence for
the inertness of these complexes toward solvolysis in DMSO.



Interaction with nucleobase models and amino acids

Reactions of complexes [(CpP")Ir(azpy-OH)I|PFs (2) and [(Cp’)Ir(Br-azpy-OH)I]PFs (3)
with 3.0 molar equiv. nucleotide guanosine 5'-monophosphate (5'-GMP) or nucleobase 9-
ethylguanine (9-EtG) (Fig. S14) in 0.1 M phosphate buffer D-O/ds-MeQOD (1/1, v/v, pH" 7.8)
were investigated by monitoring 'H NMR spectra and ESI-MS over 24 h at 310 K. However,
no adducts were observed by NMR or ESI-MS.

Reactions of complex 3 (1 mM) with 3.0 mol equiv. of amino acids L-histidine, N-acetyl-
L-methionine, L-tryptophan, and L-arginine were studied by 'H NMR at pH 7.4 at 310 K
over 24 h. Only trace formation (<5%) of adducts of 3 with with N-acetyl-L-methionine or
L-histidine was observed (Fig. S15), and no reaction with L-Trp or L-Arg.

Reactions with N-acetyl-L-cysteine (NAC)

Reactions of highly potent complexes 1 and 3 as well as moderately potent complex
7 with N-acetyl-L-cysteine (NAC) as an example of a biologically important thiol, were
initially studied by 'H NMR spectroscopy. Time-dependent 'H NMR spectra of
[(Cp")Ir(azpy-OH)I]PFgs (1) (1 mM) with 3 mol equiv. NAC in ds-MeOD/0.1 M phosphate
buffer D2O (3/7 v/v, pH" 7.4) were recorded up to 24 h at 310 K (Fig.S16). In the aromatic
region, a new set of ligand-based peaks appeared with the set of ligand peaks of iodido
complex 1 decaying during the first hour (Fig. $16). While in the aliphatic area, the peak
for Cp” protons of complex 1 shifted completely from & 1.71 ppm to 1.59 ppm within the
first hour, and two new sets of peaks in a 1:1 ratio for acetyl methyl protons of NAC
appeared at 6 1.88 ppm and 1.77 ppm.

LC-MS analysis of 1 (100 uM) after reaction with 3 mol equiv. NAC for 1 h showed
one new ESI-MS peak at a shorter retention time of ca. 12.5 min with m/z [689.26]*
assignable as [(1-I)+NAC]* (calcd 689.18, NAC is [CH3CONHCH(COOH)(CHzS)] with a
bound deprotonated thiolate group; Fig. S17). This confirmed that the new sets of NMR
peaks for ligand, Cp* and NAC were from 1-NAC adducts. The two sets of acetyl methyl
peaks for the bound NAC can be assigned to the diastereomers of 1-NAC (Fig. S16) due
to the chirality of the iridium centre and the chiral nature of NAC. Diastereomers were more
explicitly observed in the 'H NMR spectra for the adducts of complex 7 (Fig. 3) and 3 (Fig.
S18) with NAC, which had been isolated and characterized. Similarly, all the 3C NMR
signals showed equally duplicated peaks for 7-NAC (see assignments of *C NMR for 7-
NAC in the Synthesis and Characterization part of the Supporting Information). This
appears to be the first report of characterised half-sandwich iridium NAC adducts.

In contrast, no adduct was observed by LC-MS upon incubation of complex 7 with 10
mol equiv. of the amino acid B-alanine under the same reaction conditions. Hence the thiol
group of NAC appears to be a critical reaction site for reaction with these iodido iridium
complexes.
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Fig. 3. '"H NMR spectrum (400 MHz, ds-MeOD/0.1 M phosphate buffer D20, 3/7, v/v, pH’
7.4, 298 K) of isolated 7-NAC adduct. The bound NAC has two sets of peaks (assigned as
red i, j, k) due to the presence of diastereomers of 7-NAC.

Reactions with glutathione (GSH)

In the "H NMR spectrum of [(Cp")Ir(azpy)I]PFs (7) (1 mM) within 15 min of reaction with
GSH (20 mM) in d4-MeOD/0.1 M phosphate buffer D20, 3/7, v/v, pH 7.4 at 310 K, a new
set of aromatic ligand peaks as well as a new set of GSH protons appeared, and the Cp*
methyl peak shifted from 1.70 ppm to 1.53 ppm and split into two peaks (Fig. 4).

Meanwhile, HPLC separation on the NMR solution revealed a new peak with a shorter
retention time (ca. 12 min) compared with the parent complex 7 (ca. 21.5 min, Fig. S19a).
The new peak was identified by ESI-MS with m/z 817.4 (Fig. S19b) as the glutathione
thiolato adduct [(7-SG)+H"] (calcd m/z817.2).
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Fig. 4. '"H NMR spectra (400 MHz, d4-MeOD/0.1 M phosphate buffer D20, 3/7, v/v, pH" 7.4,
298 K) of (a) free complex 7; (b) 15 min after addition of 2 mol equiv. GSH (2 mM) to
complex 7 (1 mM) at 310 K. 7-SG adduct formed within 15 min of addition of GSH to
solution of complex 7; the doublet peak for Cp* in 7-SG indicates the diastereomers of 7-
SG.

When the reaction of 7 was repeated with 10 mol equiv. GSH under similar conditions,
there was a dramatic loss in intensity of peaks in the aromatic region of the 'H NMR
spectrum after 15 min, together with broadening of several peaks in the aliphatic region
shown in Fig. 5b. After 3 h, a new set of peaks appeared in the aromatic region combined
with double peaks at 1.79 /1.82 ppm in 1:1 ratio as well as peaks assignable to GSSG,
shown in Fig. 5c.

The main species in the final NMR mixture were subsequently separated by HPLC
and analyzed by LC-MS. The MS peak at m/z 183.65 was assigned as unbound azpy
ligand [(azpy)+H*] (calcd 183.08), and the peak at m/z 185.64 as the two-electron-reduced
azpy ligand phenylhydrazopyridine [(Hazpy)+H*] (calcd 186.10) (Fig. S20). In addition, an
observed MS peak at m/z 786.96 was assigned as binuclear [(Cp)2lr2(u-SG)s+H*]?* (calcd
787.19; Fig. S20). These species indicate that after 3 h the new set of aromatic peaks in
the 'H NMR (Fig. 5¢) is phenylhydrazopyridine which is formed due to the reduction and
release of azpy ligand, and the symmetrical doublet peak at 1.79 /1.82 ppm is assignable
to the Cp* methyls of [(Cp")alr2(u-SG)s]*.
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Fig. 5. "H NMR spectra (400 MHz, d4-MeOD/0.1 M phosphate buffer D20, 3/7, v/v, pH’ 7.4,
298 K) of (a) complex 7, (b) 15 min, and (c) 3 h after reaction of complex 7 (1 mM) with 10
mol equiv. GSH at 310 K. The broadening of peaks in (b) can be ascribed to either
exchange or (more likely —see text) paramagnetic effects, and the new set of peaks in (c)
assigned to the formed phenylhydrazopyridine (Hazpy) and tri-SG bridged iridium dimer
[(Cp")alra(u-SG)s]*. * denotes residual CHCD-OD.

Radical trapping by EPR

Next we investigated whether the NMR peak broadening (Fig. 5b) might be due to the
presence of radicals and attempted to detect them by electron paramagnetic resonance
(EPR) using a spin trap. EPR spectra of solution containing 7 (1 mM) with 20 mol equiv.
GSH in 0.1 M phosphate buffer pH 7.4 and a spin trap DEPMPO (Fig. 6) or DMPO (Fig.
S21) showed a strong doublet of quartets of 1: 2: 2: 1 peak ratio within the first 1.45 h (Fig.
6), which decreased in intensity thereafter. As expected, the control sample of GSH alone
in 0.1 M phosphate buffer without complex 7 was EPR-silent. The EPR signals are
assignable by simulation to trapped hydroxyl radicals (Fig. 6).

11



s
o\/lll OH
/—— ° >O<H

H,C ’i‘

o  DEPMPO-OH
a) GSH

b) 7 + GSH

c) Simulated 1

3440 3480 3520
Magnetic Field/G

Fig. 6. EPR spectra of (a) GSH alone;(b) radicals trapped by DEPMPO (100 mM) in the
reaction mixture of complex 7 (1 mM) with GSH (20 mM) in 0.1 M phosphate buffer, pH
7.4, in the initial 87 min at 298 K; (c) simulated spectrum for trapped hydroxyl radicals
DEPMPO-OH (aN = 14.0 G, a" = 13.2 G, and a” = 47.3 G).*8

DFT simulation of aquation and GSH reactions
Direct attack of GSH on Ir

The x-ray crystal structure of the [(CpP")Ir(azpy-OH)I]PFes complex (2) was used as a
starting point for DFT calculations on the attack of H2O or glutathione GSH, on the Ir centre
with the displacement of the iodide ligand. DFT calculations suggested that all the
investigated pathways involve deprotonated GSH.

After initial formation of the slightly less stable adducts between 2 and H20 or GS-, the
reactions proceed by a second-order nucleophilic substitution (SN2). The activation
barriers to form the transition states for the associative attack by water or GS- are similar
(19.9 vs 20.2 kcal-mol ™, Fig. 7). In contrast, the thermodynamics for the displacement of
iodide by H20 or GS- are calculated to be different, being endergonic by 10.7 kcal-mol' for
H20, and exergonic by -30.3 kcal-mol to form Ir-SG.
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Fig. 7. DFT calculated free energy profiles for direct substitution of iodide in complex 2 by
water (aquation) or GS-. Relative energies are in kcal-mol"" and calculated with respect to
separated reactants.

Attack of GSH to the azo bond.

DFT exploration of possible, less energy-demanding, alternative pathways for the
substitution of iodide by GS- or H20 shows that the reversible attack of GS- on the N=N
double bond of the azopyridine ligand can assist the process (Scheme 1).

The attack of GS- to the non-coordinated N atom of the azo double bond, that can
precede water coordination, involves a barrier of only 9.2 kcal‘mol', and causes the
contemporaneous release of I (Fig. 8a). Along pathway I, water coordination to the vacant
site on Ir occurs by surmounting an energy barrier of 8.7 kcal-mol!. Detachment of GS-
from the N atom corresponds to a very low energy barrier of only 0.2 kcal-mol, and
completes the substitution of I by water. The whole reaction is almost thermoneutral.
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assisted by the attack of GS™ on the azo bond, as investigated by DFT calculations.
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Fig. 8. Calculated free energy profiles describing iodide substitution by (a) water (pathway
1), and (b) GS- (pathway Il). Relative energies are in kcal-mol-' and calculated with respect
to separated reactants.
Along pathway Il (Fig. 8b), the first step of attack by GS™ on the N atom of the azo
bond and the simultaneous release of the iodide ligand occur by surmounting a low energy
14



barrier of 5.6 kcal-mol'. The free energy profile for the next step, that is the coordination
of GS" to iridium is very flat with a barrier of only 1.3 kcal-mol! to form the transitional state
of [(Ir-SG)(N-N-SG)]. With respect to the pathway illustrated above describing attack by
water in Figure 8a, the GS-bound to the N atom of the azo group in pathway Il is not
spontaneously released. Instead, in the presence of a third GS, the detachment of GS-
from the N atom occurs to form oxidized glutathione, GSSG. The latter step, therefore,
involves the transfer of two electrons from the two released GS- molecules. Computations
suggest that ground state triplet-O2 can act as an electron acceptor for this step. The O-O
bond elongates consistent with formation of superoxide Oz, whereas the second electron
is localized on the N atom previously bound to GS- (N-N single bond). The whole system
is in a triplet state again, and the spin is conserved. The singlet multiplicity of the complex
can be recovered in several ways, for example, due to the presence of a second O:
molecule. In Scheme 2 pathway Il, the reported final products are the singlet state complex,
GSSG, and two O2- radicals to conserve the triplet multiplicity. Overall, this reaction is
largely exergonic.

pH-dependent formation of Ir-SG

When complex 7 (1 mM) reacted with 5 mol equiv. GSH at 310 K over 24 h, at pH’ 3.6,
75% formed 7-SG, while in the presence of 100 mM KI, only 20% formed 7-SG, Fig. S22.
At pH" 8.0, the reaction of complex 7 with GSH to form 7-SG was complete within 10 min,
even in the presence of 100 mM KI, Fig. S23.

Anticancer activity of iridium azopyridine complexes

The antiproliferative activity of complexes 1-10 towards human lung A549 cancer cells
in comparison with cisplatin (CDDP) was determined using the SRB assay?®, Fig. 9. lodido
complexes 1-6 and chlorido complexes 9-10 sharing the common feature of a phenolic
substituent on the phenylazo-pyridine ligand are highly potent, with ICso values (the
concentration that inhibits cell growth by 50%) within the range of 0.3-1.6 uM. Particularly,
complex 3 (R2 = OH, Ry = Br), with an ICso value of 0.33 uM towards A549 cancer cells, is
10x more active than cisplatin. By contrast, complexes 7 and 8 with unsubstituted phenyl-
azopyridine ligands are less active than 1-6 and 9-10. The substitution of one methyl group
on Cp* by a phenyl substituent to give CpP" does not enhance the anticancer activity of
iodido complexes 1-8, while the CpP" chlorido complex 10 with is slightly more active than
its Cp* analogue 9.

To study the influence of the halido ligand on anticancer activity, representative iodido
complex 1 and its chlorido analogue complex 9 bearing the same phenylazopyridine ligand
were screened against four human cancer cell lines, A549 (lung), CNE2 (nasopharyngeal),
A2780 (ovarian), and A2780cisR (cisplatin-resistant ovarian), Table 2. A2780cisR is
resistant through reduced drug transport, enhanced DNA repair/tolerance and elevated

GSH levels.® lodido complex 1 exhibited similar potency to chlorido analogue 9 against
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A549, CNE2, and A2780 cell lines (ICso values in Table 2), although both are much more
potent than cisplatin. lodido complex 1 was ca. 2x more potent than the chlorido complex
9 towards the A2780cisR resistant ovarian cell line, and notably neither complex was not
cross resistant with cisplatin (resistance factor = ICs0(A2780cisR)/ICso(A2780) = 0.2 for 1
and 0.95 for 9).

24+ 21.73

21
IC50 =

A\

3.3
101 1.59 1.5
01 0.83 mo.sg
0.55
0 m0.33 0.36 s
Complex 1 3 4 5 7 8 9 10 CDDP

Fig. 9. Inhibition of growth of A549 human lung cancer cells in vitro by complexes 1-10 in
comparison with cisplatin (CDDP). The values of half maximal growth inhibitory
concentration (ICso) are given as the mean * standard deviations for three independent
experiments.

Table 2. Cytotoxicity of iodido complex 1 and chlorido analogue 9 towards human A549
lung, CNE2 nasopharyngeal, A2780 ovarian, and A2780cisR cisplatin-resistant ovarian

cancer cells.
Complex A549 CNE2 A2780 A2780cisR (RF)2
Cp’)Ir(azpy-OH)IIPF 0.049 + 0.001®
[(Cp)r(azpy JIPFe 1.01 £0.08 1.26 +0.3 0.25+0.02
1 (0.20)
Cp’)Ir(azpy-OH)CI|PF 0.114 £0.003
[(Cp)lr(azpy-OH)CIIPFe 1.5+0.3 2.3+0.3 0.12 +0.04
9) (0.95)
Cisplatin 11.5+£0.3 3.3+0.1 1.2+£0.2 7.7+0.3 (6.41)

aresistance factor RF = ICsp resistant/ ICso sensitive; 21Cso for complex 9 with chloride as
counter anion.

Toxicity in vivo

The toxicity of iodide complex 1 in comparison with its chlorido analogue 9 was
determined in zebrafish (Danio rerio) embryos, a high-throughput vertebrate model often
used as a predictor for drug toxicity in humans.?!-** The iodido complex 1 (LCso = 0.26 *
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0.08 pM) was ca. 25x less toxic to zebrafish than its chlorido analogue 9 (LCso = 0.010 *
0.003 pM).
Partition coefficients (log P) and cell accumulation

Anticancer activity of metal complexes often correlates with cellular uptake and
lipophilicity.3® Partition coefficients (log P values) provide measurements of the lipophilicity
of compounds. We compared the lipophilicity of complexes 3 and 7 by determining their
octanol-phosphate buffer (pH 7.4) partition coefficients using the “shake-tube” method. 2
Phosphate buffer was used instead of water on account of the tendency of the phenolate
complexes to deprotonate at physiological pH, which would affect their partition. As shown
in Table 3, phenolic complex 3 [(Cp")Ir(Br-azpy-O)I]PFs which would exist as a neutral
zwitterion at pH 7.4, has a larger partition coefficient and is much more lipophilic than
cationic complex 7 [(Cp’)Ir(azpy)l]PFes. Accumulation of iridium in A549 lung cancer cells
was determined by ICP-MS after treatment with 0.5x, 1.0x, and 2.0x ICso concentrations of
complexes of 3 or 7 for 24 h. A linear correlation of Ir accumulation with the dose of complex
3 or 7 was observed (Fig. S24). The cellular Ir accumulation of [(Cp")Ir(Br-azpy-O)I]PFs (3)
is over 2x that of [(Cp’)Ir(azpy)I]PFs (7) (101 + 1.3 ng of Ir vs 51 + 10.1 ng of Ir per 10°
cells) at their equipotent ICso concentrations, shown in Table 3. This difference correlates
well with their cytotoxicity (ICso = 0.33 uM for 3 vs 8.84 uyM for 7).

Table 3. Partition coefficients between octanol and phosphate buffer (2 mM, pH 7.4) at
298 K for complexes 3 and 7, and their cellular iridium accumulation (at equipotent ICso
concentrations) in A549 lung cancer cells.

Ir Accumulation

Complex logPza  1Cso (M) 1\ 1/10¢ A549 cells)

[(Cp)Ir(Br-azpy-O)l]PFs (3)  -0.08 0.33 £ 0.01 101 £1.3

[(Cp")Ir(azpy)I]PFs (7) -0.59 8.84 £0.29 51.3+10.1
ROS detection

The levels of reactive oxygen species (ROS) in A549 human lung cancer cells treated
with complexes 3 and 7 were determined at 2x ICso concentrations (Fig. 10) by flow
cytometry fluorescence analysis through the total ROS/Superoxide (SO) Detection Kit. The
superoxide production was monitored by the orange channel FL1, and total ROS species,
including H202, peroxy and hydroxyl radicals, peroxynitrile and NO, were monitored by the
green channel FL2, respectively. After 24 h drug exposure, an increase in ROS/SO levels
in cells treated with complexes 3 and 7 compared to untreated cells was observed.
Meanwhile, a burst of superoxide production by complex 7 was also observed, while
complex 3 produced a negliable level of superoxide.
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Fig. 10. ROS induction in A549 cancer cells exposed to complexes 3 and 7 at 2x ICsp
concentrations for 24 h compared with the untreated cells (negative control). FL1 channel
detects superoxide production, and FL2 channel detects total oxidative stress. Normalized
population data are presented as the mean +SD of triplicate samples for one experiment.
p-Values were calculated after t-test against the negative control data, *p< 0.05, **p<0.01.

Discussion
Aquation and stability

Transition metal anticancer complexes containing chlorido ligands can undergo
activation by hydrolysis, including cisplatin and Ru(ll) arene complexes, which are more
reactive in the form of aqua adducts. The Ir(lll) analogue of the Ru(lll) clinic trial drug
NAMI-A, trans-[IrCl4(DMSO)(Im)][ImH], (DMSO = dimethyl sulfoxide, Im = imidazole),
exhibits low cytotoxic activity, attributable to its inertness towards hydrolysis.3” Potent half-
sandwich 5d8 Ir(l1l) chlorido complexes with N,N chelating bidentate ligands often undergo
rapid hydrolysis.®® Similarly, the chlorido iridium complexes 9 and 10 studied here bearing
azopyridine-OH ligands were ca. 53% and 66% hydrolyzed after 24 h at 310 K. However,
their iodido analogues complexes 1 and 2 are inert towards hydrolysis, consistent with the
expected softer character of iodide and stronger covalency of Ir'-1 bonds. Similarly, the
higher stability of iodido Ru(ll) and Os(ll) arene azopyridine complexes compared to
chlorido analogues has also been observed.3®

In addition, these iodido complexes are not readily converted into the chlorido
analogues even at high blood plasma NaCl concentrations (103 mM), Fig. S10e,
suggesting that intact iodido complexes can enter cells. Although lack of hydrolysis or
interaction with nucleobases (9-EtG or 5'-GMP), the most active iodido complex [(Cp’)Ir(Br-
azpy-OH)I]PFs (3) is 10x more active than cisplatin, suggesting that other factors play
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important roles in the mechanism of action of these iridium azopyridine complexes. This is
distinct from other iridium anticancer agents,*® which undergo hydrolysis first before
reacting with possible targets, such as coenzyme NADH. The extension of Cp* to CpP" in
the iridium complexes studied did not improve the anticancer activity significantly, contrary
to expectations if DNA is a target.

Anticancer activity for chlorido and iodido complexes

Despite its substitutional inertness, iodido complex 1 still exhibits similar potency to its
chlorido analogue against A549, CNE2, and A2780 cancer cell lines, and even higher
potency and a lower resistance factor towards cisplatin resistant A2780cisR ovarian cancer
cells. Firstly, the hydrolysis might readily lead to unwanted side-reactions before reaching
target sites. On the other hand, if hydrolysis is not essential for potent anticancer activity,
these inert iodido complexes might be activated in cancer cells by an alternative
mechanism as is the case for iodido Os(ll) arene complexes.*!

Organometallic iodido Ru(ll) and Os(ll) anticancer complexes with azo/imino-pyridine
ligands are more selective for cancer cells versus normal cells than the corresponding
chlorido analogues.?® Halide replacement of chloride in complex 9 by iodide in complex 1
greatly reduces the toxicity in vivo as assessed in zebrafish embryos. Whereas the iodido
complex has a similar toxicity to cisplatin (LCso = 0.6 uM),*2 the chlorido complex is 25x
more toxic than the iodido complex. Meanwhile, the iodido complex 1 retains high potency
(Table 2) in cancer cells.

Structure-activity relationship for iodido complexes

The iodido complexes 1-6 were isolated with protonated phenolic substituents, but
their pH-dependent UV-vis absorption shows that at pH 7.4, under biological screening
conditions, they will exist largely as deprotonated forms (pKa values 3.90-6.49, Fig. 2,
Table S5).

The deprotonated phenolate ligands (Fig. 11) decrease the m-acidity of the azo
group,*® thus shifting the Ir 5d® orbitals to higher energy, and narrowing the energy gap
between Ir 5d® and azo T* orbitals, which is manifested in the spectrum with a progressive
red-shift of the MLCT band from the filled 5d orbitals of Ir(lll) to the empty T* ligand orbitals.
The pKa values of the OH group in complexes 1-6 are much lower than that of the free
azpy-OH ligand (8.08),** with Ir(lll) delocalizing the negative electron density of the
phenolate. Interestingly, compared with Cp” analogues bearing the same ligand, all the
CpPh complexes have lower pKa values, enhanced for CF3 < Br < H substituents on the
ligand, showing that the pKa values are affected both by the Cp* ligand as well as the
substituents on the phenylazopyridine ligands. Both the extended CpP" ring and electron-
withdrawing groups on the ligand delocalize the negative density from O, thus leading to
lower pKa values.
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In cell culture media, complexes 1-6 will all exist predominately in zwitterionic forms,
which appears to give rise to higher cellular accumulation and contribute to higher
anticancer potency compared to complexes 7-8 which bear unsubstituted azpy ligands.
This was evident for the cellular accumulation of complex 3 which is ca. 2x that of complex
7 at equipotent concentrations, and higher cytotoxicity (ICsp 0.33 uM of 3, versus ICso 8.84
uM of 7, in Table 3). Higher Ir accumulation of zwitterionic complex 3 results from a higher
lipophilicity compared to cationic complex 7 (logPz4 = -0.08 for 3 vs -0.59 for 7).
Interestingly the phenolic pKa values (3.9-6.5) might allow trapping of the complexes by
protonation in cell organelles where the pH is lower (e.g. lysosomes ca. 5.6)

X/Ir\N -H X/Ir\N
| ) = " |
N N +H* N N
z \ v |
Y
R = R;

Fig. 11. Acidity of complexes 1-6.

GSH-mediated ligand-centered activation and ROS production

GSH is an important cellular antioxidant which detoxifies various xenobiotics as well as
protects cells from toxic reactive oxygen species.*® Thus, reactions of metal complexes with
GSH can disturb the redox state of cells. Unlike the detoxification of platinum drugs by
conjugation with GSH, some chlorido Ru'" arene ethylenediamine anticancer complexes
form Ru thiolate adducts which are not the ‘dead-end’ products and can be further oxidized
to sulfenato and sulfinato adducts which facilitate the interaction of Ru complexes with
DNA.6 Other Ru(ll)*7- 48, Os(Il)*', and Pt (IV)*® complexes are also thought to be activated
by GSH. It is worthy to note that although the pK: of the Cys thiol in GSH is high (ca. 9.4),
there will be a small but significant amount (ca. 0.3%) of deprotonated GSH present at pH
7.%0 Excitingly, although the Ir-1 complexes studied here are inert towards hydrolysis (Fig.
S7b) and do not bind to guanine, they react with the thiolate group on the cysteine of NAC
or GSH to form Ir-NAC/SG adducts (Fig. 3 and Fig. 4) and show potent anticancer activity
toward A549 cancer cells (Fig. 10). DFT calculations suggest that, compared with
hydrolysis to form an Ir-aqua complex, displacement of I by GS- to yield an Ir-SG complex
is much more thermodynamically favorable, overall being exergonic by 52.1 kcal-mol-' (Fig-
8), in accordance with the experimentally-observed preferential reactivity of these iodido
iridium complexes with GSH. Furthermore, the observed product that is formed by reaction
of complex 7 with GSH is Ir-SG (Fig. S19a), in contrast to iodido Os'" phenylazopyridine
complexes which form the Os-OH species when incubated with low molar ratios of GSH.*!

Based on previous reports for metal-azo complexes,?'- 52 the first-step reduction can
be assigned to one-electron addition into the T orbital centred on the azo group to give
the azo anion radical and the second reduction is assigned to formation of the dianionic
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species ([-N-N-]>). However, in aqueous media, the two-electron reduction of azo groups
is also accompanied by the proton transfer to give hydrazo groups [-NH-NH-1.53 From the
assignment, the azo bond is more likely to be the active centre for reduction of these idodio
complexes.

In cells and tissues, the redox potentials of the GSH/GSSG couple (-240 mV)3* are
more negative than the reduction potentials of the azo bonds in the anticancer active
complexes 3 and 7 (-130 mV and -70 mV, respectively, Table 1), which means that the
azo bonds on the ligands of 3/7 are likely to be readily reduced by GSH. Complex 7 reacts
with 10 mol equiv. GSH under physiological conditions to produce initially the 7-SG adduct.
Then the disappearance of the aromatic signals combined with the broadened Cp* methyl
peaks after 15 min in Fig. 5 suggests that the aromatic ligand is susceptible to redox
reactions with the reductant GSH. Hydroxyl radicals were trapped and detected by EPR
addition of complex 7 to 20 molar equiv. GSH (Fig. 6). It seems likely that these are formed
via initial donation of an electron from the reduced azo bind to O to form superoxide
radicals which tend to decompose into hydroxyl radicals.5 56

The hydroxyl radicals produced within the first 1.45 h and decayed with time.  After 3
h the released 2.0 mol equiv. phenylhydrazopyridine (reduced form of phenylazopyridine)
appeared in the solution together with 1.0 mol equiv. tri-SG bridged di-iridium adduct. This
might be ascribed to the depletion of oxygen in the solution halting electron transfer from
the reduced azo bond.

Thiolate-bridged dimeric Ir(Ill) complexes [(Cp*)2Ir2(u-SR)s], have been reported by
Therrien et al. to exhibit high anticancer activity toward A2780 and cisplatin-resistant
A2780cisR human ovarian cell lines.5” Procarbazine, an organic molecule with a redox
active hydrazine group, was approved in the late 1960s as a cytotoxic anticancer drug.58
Hence, the potent inert iridium iodido complexes studied in the present work might behave
as multi-prodrugs as a “pro-drug”, giving rise to oxidative species (hydroxyl radicals),
redox-active phenylhydrazopyridine, as well as active tri-SG bridged dimeric iridium
adducts, on intracellular activation by GSH.

In order to elucidate the nature of possible ligand-centred reactivity of these inert
iodido complexes, DFT calculations were carried out to investigate whether the formation
of Ir-aqua and Ir-SG compounds can be facilitated by the attack of GS™ on the azo bond.
Surprisingly, DFT results suggest that loss of the iodido ligand from Ir(ll) and the
subsequent binding of GS™ or water to Ir is preceded by attack of GS™ on the N=N double
bond, as shown in pathways VIl in Scheme 1. Binding of GS- to the N=N double bond,
therefore, increases the lability of the iodido ligand favouring substitution reactions. The
energy barriers for the first step of GS binding to the non-coordinated N atom of the azo
bond to form Ir-OH» and Ir-SG are only 9.2 kcal-mol' (Fig. 8a) and 5.6 kcal-mol' (Fig. 8b),
respectively. These barriers are much lower than those calculated for the direct
replacement of iodide by water or GS- (19.9 and 20.2 kcal-mol™', respectively, Fig. 7). At

the same time, the experimental detection of a faster rate (within 10 min) and 100%
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formation of 7-SG even in presence of 100 mM KI in basic conditions, persuasively
indicates that the formation of 7-SG is likely initiated by the attack of GS- on the azo bond.
Furthermore, DFT calculations show that, after the iodide ligand is released, a step
involving attack by a second GS- on the Ir centre to form a Ir-SG complex requires only 1.3
kcal-mol ' (Fig. 8b), whereas along pathway |, water binding to the Ir center to form Ir-OH.
requires 8.7 kcal-mol”' (Fig. 8a). Therefore, after the attack of the first GS- on the N atom
of the azo bond, the energy-preferred sequence of steps is that shown by pathway Il in
Scheme 1, that is, a second GS- attack on the Ir centre to form [(Ir-SG)(NN-SG)J? instead
of forming the agua complex [(Ir-OH2)(NN-SG)]°. In the final step of pathway Il, the [(Ir-
SG)(NN-SG)J> complex reacts with a third GS-and forms the oxidized glutathione species
GSSG by the detachment of the GS- group from the azo bond. One electron is transferred
to an oxygen molecule as evidenced by O-O bond elongation. A superoxide anion is
formed, whereas another electron is localized on the previously bound N atom. The
reaction is calculated to be largely exergonic by 59.4 kcal-mol'. This correlates well with
the ligand-centred reduction observed by 'H NMR (Fig. 5), and the formation of hydroxyl
radicals as decay products from superoxide radicals trapped in the EPR study (Fig. 6).
Meanwhile, ROS accumulation in A549 lung cancer cells for complexes 3 and 7 (Fig. 10)
is consistent with a cellular redox-mediated mechanism of action for these iodido
complexes.

Conclusions

We have designed a novel family of half-sandwich cyclopentadienyl! Ir(lll) complexes
containing a soft monodentate iodido ligand and redox-active chelated azo-pyridine ligands
with 10-fold higher potency than the anticancer drug cisplatin against A549 human lung
cancer cells. Remarkably, iodido complex 1 is more promising than its chlorido analogue
for overcoming cisplatin resistance toward A2780 human lung cancer cells and shows
lower in vivo toxicity toward Zebrafish embryos. Deprotonation of the phenol group on the
ligand at physiological pH 7.4 confers zwitterionic characteristics on complexes 1-6. These
appear to be the first examples of zwitterionic half-sandwich iridium complexes with high
anticancer potency.

Reactions of transition metal anticancer complexes with glutathione are usually
considered to be deactivating. In the present case hydrolysis-inert iodido iridium complexes
are activated by GSH to form Ir-thiolate adducts combined with production of reactive
oxygen species. DFT calculations suggest that energy-favored attack of GS™ on the azo
bond, promotes the subsequent release of the iodido ligand, followed by preferential
binding of Ir(lll) to glutathione rather than water, which matches experimental observations
well. In presence of excess GSH, one electron can be donated by GSH to oxygen leading
to formation of oxidized glutathione (GSSG), which is largely exergonic. The production of
hydroxyl radicals can contribute to the increased cellular ROS level, suggesting that the

cellular redox behavior of these iodido complexes may contribute to their cytotoxicity.
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Therefore although glutathione is usually considered to deactivate transition metal
drugs, the present work shows that it can also have an activating role towards half-
sandwich cyclopentadienyl Ir(lll) anticancer complexes, one which can involve attack on
ligand sites (an azo bond in this case), as well as on the metal itself. Such findings open
up new strategies for the design on metallodrugs with novel mechanisms of action which
can combat resistance.
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B Calixarenes as vehicle systems for platinum complexes in
chemotherapy

Introduction

One of the ongoing challenges in the fight against cancer is to
improve the effectiveness of “old” drugs and increase the specificity
with which the drug reaches the target. A promising area of research,
in this field, is the study of macromolecules including macrocyclic
species, as drug delivery agents.

The encapsulation of drugs inside the macrocycle cavity protects the
drug from side reactions, increases its targeting and its solubility,
stability and bioavailability.

Calix[n]arenes (CX) are one the most widely studied class of
synthetic supramolecular macrocycles of bowl or cone shaped whose
properties, as molecular hosts and delivery systems, are of increasing
interest.

These compounds possess a hydrophobic cavity, which is accessible
from a wide number of non-polar molecules of appropriated size,
leading to the formation of host-guest inclusion complexes.
According to recent literature, the study of calixarenes as
encapsulatory vehicles for drugs, has been focused on functionalized
calixarenes, in particular anionic derivatives. Among these many
derivatives, p-sulfonatocalix[n]arene molecules have shown
considerable potential in drug delivery and greater solubility and
versatility.

The host possesses sulfonate groups that together with the interior
surface provide a bipolar structure able to capture both hydrophobic

and hydrophilic molecules, respectively.
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In particular, the para-sulfonatocalix [4] arenes (SCs) are the most
studied macrocycles for platin-based drugs.
It is important to underline, however, that the selectivity of the host
is influenced by the size of the drug to be transported and in some
cases only the ability of the host to form weak interactions with the

drug is exploited.

Aim of the work

The suitability of p-sulfonatocalix[4]arene (SCs) as drug delivery
system has been analyzed, by means of DFT calculations. An
inclusion complexation properties, that is complex stability constants
and inclusion mode in aqueous media, of a host-guest complex
formed between nedaplatin, a second generation platinum derivative,
and p-sulfonatocalix[4]arene have been investigated.

The useful information about the supramolecular complex, obtained
from theoretical investigation, have been compared with
experimental data from *HNMR,UV, Job's plot analysis, and HPLC.
(Paper 8)
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5.1 Investigation of the host-guest complexation between
4-sulfocalix[4]arene and nedaplatin for potential use in drug

delivery

In this study the encapsulation of nedplatin, cis-diammine-glycolate-
0,0'-platinum Il (Figure 1), a cisplatin derivative, with p-
sulfonatocalix[4]arene has been examinated.

Nedaplatin is a second generation of platinum based anticancer drug
appoved in Japan. This platinum complex was used to treat head and
neck, lung, and cervical cancers and showeda siginificantly

better antitumor activity and less toxicity than cisplatin.*=

O

—

O O

Pt

HsN  NH;
Figure 1. Chemical structure of Nedaplatin

The nedaplatin action mechanism involves two sequential hydrolysis
reactions in wich the glycolate bidentate ligand is eliminated to
generate the activated drug species that binds the DNA to form
intrastrand and interstrand DNA adducts.
Despite the nedaplatin has improved capability compared to
cisplatin, it reacts very fast with thiols of the plasma proteins present
in the bloodstream leading to the formation of nonactive complexes
and the development of side effects. #
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A novel strategy to overcome such difficulties is to use of drug
carrier agents, water soluble macrocycles with host properties able to
protect the platinum drug inside the cavity via weak non-covalent
interactions that facilitate release, once the target is reached.

For platinum based complexes, the para-Sulfonatocalix[4]arene has
been described as an efficient accomodation.

This anionic receptor possesses a hydrophobic cavity and
hydrophilic upper and lower rims and adopts the cone conformation
which is stabilized, at the lower rim, by four hydrogen bonds.

So, the interaction energies and bonding properties have been
calculated for the host-guest complex formed by nedaplatin and p-
Sulfonatocalix[4]arene.

The initial optimized structure for the free SC4 host and the diameters

value of the upper and lower rims are reported in figure 2.

d, 9.600

Figure 2. Optimized geometrical structures of SC4
To simulate the insertion of the antineoplatic complex into the host's
cavity, several conformations have been proposed. The optimization

of supramolecules allowed to consider only two of them plausible.
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The nedaplatin and the SC4 calixarene weakly interact and
nedaplatin lies in two different positions: either on top the upper rim,
where the drug interacts by the hydrophilic ammine ligands of the
platinum complex with the SOzH groups at the upper rim, (U(a)
conformation), or at the bottom of the lower rim, where the drugs’s
NHz3 groups interact with the O atoms of the OH groups at the lower

rim, (L(a) conformation).

A geometry analysis allows to affirm that the supramolecular system
Is essentially stabilized by hydrogen bridge bonds.

The free energies of complexation have been calculated for both the
supramolecular complexes and are -4.9 kcal mol-1 for the U(a) and
0.4 kcal mol* for the L(a).

The interaction free energy experimentally estimated are -6.2 and -
5.9 kcal mol™* These results agree with the calculated values of the
energy of formation of the U(a) complex. This study suggests that
the formation of hydrogen-bonds stabilizes the complex, but the

complex is not included within the host-cavity.
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Macromolecules including macrocyclic species have been reported to have the potential to encapsulate biologi-
cally active compounds such as drugs through host-guest complexation to increase their solubility, stability and
bioavailability. In this paper the first experimental and theoretical investigation of the complexation between
nedaplatin, a second generation antineoplastic drug, and p-4-sulfocalix[4]arene, a macromolecule possessing a
bipolar amphiphilic structure with good biocompatibility and relatively low haemolytic toxicity for potential
use as a drug delivery system is presented. Data from 'H NMR, UV, Job's plot analysis, HPLC and DFT calculations

Keywords:
Nﬂplatin are detailed and suggest the formation of a 1:1 complex. The stability constant of the complex was experimen-
Drug delivery tally estimated to be 3.6 x 10* M~! and 2.1 x 10* M~' which correspond to values of —6.2 and

—5.9kecal mol ™", respectively for the free energy of complexation while the interaction free energy is calculated
to be —4.9 kcal mol . The formed species is shown to be stabilised in solution through hydrogen bonding be-
tween the host and the guest which may allow for this strategy to be effective for potential use in drug delivery.
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1. Introduction

Since the discovery of cisplatin, thousands of platinum based com-
pounds have been synthesized for the hope of obtaining anticancer
agents with higher activities and fewer limitations. Among these com-
pounds only carboplatin and oxaliplatin were approved for worldwide
use while loboplatin, heptaplatin and nedaplatin were approved in
China, South Korea and Japan respectively. Nedaplatin is an analogue
of cisplatin, the most commonly used platinum-based anti-cancer
drug. Nedaplatin retains the two amine carrier ligands of cisplatin
while the two chloride leaving groups are replaced with a glycolate
five membered ring structure that binds to the central platinum metal
in a bidentate fashion (see Fig. 1). A mechanism of action of nedaplatin
has been proposed to entail two sequential hydrolysis steps to eventu-
ally eliminate the glycolate moiety resulting in the activated drug spe-
cies [1]. This proposed mechanism is similar to that of cisplatin,
however, it has been observed that the former possesses greater solubil-
ity and quicker excretion rates [2]. Nedaplatin has been developed to

* Corresponding authors.
E-mail addresses: Emilia.sicilia@unical.it (E. Sicilia), T.Shoeib@aucegypt.edu
(T. Shoeib).
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decrease cisplatin's undesirable side effects such as nephrotoxicity and
gastrointestinal toxicity as well as to overcome problems of cisplatin re-
sistance [3,4]. This second generation drug has shown pronounced anti-
cancer activity relative to cisplatin in several clinical studies where it
was used to treat head, neck, lung, testicular and cervical cancers
[5-10]. Nedaplatin has been available for use in Japan since 1995, how-
ever, the ability of cancer cells to become resistant to this chemothera-
peutic agent and the potential risk to cause nephrotoxicity at its
therapeutic dose without hydration present significant obstacles for its
worldwide acceptance.

While novel drug discovery remains a viable route for overcoming
such difficulties, the fact remains that the overwhelming majority of
platinum compounds synthesized are abandoned for reasons including
low solubility, low efficacy, and high toxicity. Thus two other strategies
are adopted for the advancement of Pt drug-based chemotherapy. The
first of these is the use of combination therapy, where two or more
pharmacologically active agents with different mechanisms are co-
administered. Substantial effort has therefore been spent recently in
identifying new chemotherapy treatments which incorporate
nedaplatin in conjunction with other agents to enhance the knowledge
of nedaplatin resistance and support the development of nedaplatin-
based approaches to cancer therapy. In fact, the resistance to nedaplatin
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Fig. 1. Chemical Structure of Nedaplatin.

was shown to be significantly reduced in combination therapies with 5-
fluorouracil, docetaxel, vindesine, paclitaxel, gemcitabine, capecitabine
and irinotecan followed by gefitinib [11-23].

Despite nedaplatin's ability for the reduction of some side effects
when compared to cisplatin, it still displays significant reactivity much
like all Pt drug-based chemotherapeutics toward thiols that are present
in the plasma proteins in the bloodstream [24]. This reactivity in turn
causes side effects and for the drug to undergo degradation into non-
active complexes [24].

Thus considerable energy has been recently exerted on the second
strategy for the advancement of chemotherapeutics, including Pt-
based drugs, which involves their reformulation. This provides delivery
systems with the possibility of protecting these drugs from non-
intended side reactions which cause their deactivation while simulta-
neously increasing their targeting and their uptake into the intended
cells. Such drug delivery systems are thought to may be able to revive
interest in abandoned compound and possibly lead compounds with
limited acceptance such as nedaplatin to wider approval [25]. There
are several types of delivery systems reported for full or partial encapsu-
lation of Pt based anti-cancer drugs including liposomes, polymer-based
micelles, dendrimers, niosomes, and nanotubes [26-32]. More recently,
macromolecules are playing an increasingly important role in drug de-
livery, for example, a recent clinical trial on patients exhibiting metasta-
tic cervical cancer in which nedaplatin was combined with Albumin-
bound paclitaxel where human serum albumin was employed as a
novel drug carrier and delivery vehicle has shown great promise [2].

Other macromolecules including macrocyclic species have also been
reported to have the potential to encapsulate biologically active com-
pounds such as drugs to increase their solubility, stability and
bioavailability [33,34]. Calix[n]arenes are a class of synthetic supramo-
lecular macrocycles that are cone shaped, produced through the
hydroxyalkylation of phenols and aldehydes to yield phenol units linked
by methylene bridges producing hydrophilic upper and lower rims of
the truncated cone structures with hydrophobic m-electron rich mid-
region cavity. Functionalization of these macrocycles allows them to
possess different properties at their phenolic faces and their para-
aromatic positions, thus the range of calix[n]arene derivatives is very
large. Functionalized calix|[n]arenes (n = 4, 6 and 8) have been reported
to have anti-cancer, anti-obesity, anti-bacterial and anti-diabetic activi-
ties with wide ranging mechanisms of action [35-49]. Among these
many derivatives, the para-Sulfonato-calix[4]arine, SC4, (see Fig. 2) pos-
sesses a bipolar amphiphilic structure allowing for significant water sol-
ubility. More importantly SC4 exhibits good biocompatibility and has
been reported to be relatively innocuous demonstrating no haemolytic
toxicity in-vitro at concentrations up to 5 mM and is non-toxic in-vivo at
doses up to 100 mg/kg[50,51]. SC4 has also been reported to prevent the
interactions of platelet-derived growth factor and its receptor leading to
the inhibition of angiogenesis [41,42].

In this paper we investigate host-guest complexation between SC4
and nedaplatin in aqueous media for potential use as a drug delivery
system for nedaplatin. To the best of our knowledge there have been
no previous reports on this system subject to our investigation. The

‘O3S

Fig. 2. Chemical Structure of para-Sulfonato-calix[4]arine.

formed complex has been characterized by means of UV-Vis, and 'H
NMR spectroscopy. The stoichiometry and binding constant were deter-
mined by means of the continuous variation method (Job's plot) and by
HPLC. The derivative ratio method was adopted to resolve the overlap of
the absorbance of the SC4 host spectrum and the spectrum of the com-
plex formed to allow for the measurement of the UV spectrum of the
complex in the presence of this overlap. Structural characterization of
the host-guest complexes was carried out theoretically employing
quantum mechanical calculations at Density Functional Theory (DFT)
level whose outcomes are reported. The intermolecular hydrogen
bonds of the nedaplatin-SC4 adducts were investigated by means of
the Bader theory of Atoms In Molecules (AIM).

2. Experimental and Computational Details
2.1. Chemicals and Reagents

Nedaplatin was obtained from Shandong Boyuan Pharmaceutical Co.
Ltd.; Para-Sulfonato-calix[4]arine, SC4, Deuterium Oxide and HPLC-
grade water were purchased from Sigma-Aldrich.

2.2. Instrumentation

UV spectrophotometric measurements were carried out on a CARY
500 UV-Vis-NIR Scan dual beam spectrophotometer (Varian, USA). 'H
NMR spectra were measured on a Bruker Ascend™-400/R~ ! MHz spec-
trometer. HPLC measurements were conducted on a Thermo Fischer
Scientific DIONEX ultimate 3000 series HPLC equipped with a RP BDS
HYPERSIL C18, 250 x 4.6 mm, 5 pm column.

2.3. Computational Methods

All the calculations were performed using the Turbomole 5.0 soft-
ware package [52]. Full geometry optimizations were carried out at
Density-Functional Theory (DFT) level using the semiempirically dis-
persion corrected B97-D functional [53], which demonstrated to be
able to successfully simulate non covalent interactions [54] and host-
guest systems [55]. The Pt atom was described using the Stuttgart/Dres-
den pseudopotential [56] together with the corresponding basis set for
the valence electrons. The standard Pople 6-311G** basis set was used
for all other atoms except for oxygen, for which diffuse functions were
added (6-311 + G**). Bulk solvent effects were taken into account by
means of the Conductor-like Screening Model (COSMO) [57] in water
dielectric environment (& = 78.39) performing single point calculations
on optimized gas-phase geometries. Vibrational frequencies were calcu-
lated from analytic second derivatives to confirm the nature of minima
of optimized structures. Inclusion Gibbs free energies in solution AGs
were calculated as the sum of two contributions: a gas-phase free ener-
gy AGg,s and a solvation free energy AGs, calculated with the continu-
um approach. However, such approach does not reflect the real entropic
change that occurs when the examined systems go from the gas to the
condensed-phase, and the effects are more relevant when association
and dissociation are involved. Following one of the adopted correction
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schemes, the solvation entropy has been estimated neglecting the trans-
lational and rotational components of the gas-phase entropy term and
accounting only of the vibrational component of the entropy change
for the system optimized in the gas phase [58]. Counterpoise correction
calculations, as formulated by Boys and Bernadi [59], were carried out to
estimate the Basis Set Superposition Error (BSSE). The nature of the

intermolecular hydrogen bonds responsible for the formation of the
nedaplatin-SC4 adducts was studied by means of the Bader theory of
Atoms In Molecules (AIM) [60]. The AIM analysis is based on the use
of the electron density of molecules p(r) as a tool for studying the nature
of the bonding in molecular systems [61]. The topological properties of p
(r) and its derivatives were found to be very useful to characterize
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Fig. 3. "H NMR spectra of nadaplatin alone (panel A), SC4 alone (panel B) and equal molar ratio of amount of nadaplatin and SC, (panel C). Structures of nadaplatin and SC, are shown with

appropriate protons labeled.
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bonding and the so called Critical Points (CPs). The values of p (r) and its
derivatives at the CPs provide specific information on bonding. Indeed,
the derivatives at the CPs are zero, i.e. Vp(r) = 0. The nine second
order derivatives of p (r) are the elements of the real and symmetric
Hessian matrix that is diagonalized to obtain the corresponding eigen-
values. CPs are, therefore, characterized by the rank o, and the signa-
ture, 0, where the rank is equal to the number of non-zero
eigenvalues, that is non-zero curvatures of p(r) at the BCPs and the sig-
nature is the algebraic sum of the signs of eigenvalues, that is the signs
of curvatures of p(r), the Laplacian V2p(r), at the CPs. CPs with & = 3
and 0 = +1 have two positive curvatures and p is a minimum at CP
in the plane defined by their corresponding axes, while p is a maximum
at CP along the third axis, perpendicular to this plane. The presence of a
(3, —1) CP highlights that electronic charge density is accumulated
within a bond exists between the involved atoms. Such point is referred
to as a bond critical point (BCP).

3. Results and Discussion
3.1. "H NMR Spectroscopy

'H NMR experiments performed in D,0O were employed to investi-
gate the interaction between nedaplatin and SC,. Fig. 3 shows the 'H
NMR spectra for each of nedaplatin (Panel A), SC4 (Panel B) and 1:1 M
ratio mixture of SC4 and nedaplatin (Panel C) were signal integration
was essential in order to distinguish between the peaks due to the
CH, protons of the glycolate moiety of nedaplatin (labeled Hx) the
peak due to the methylene bridges protons in SCy4, (labeled Hy ). Exam-
ining the observed shielding of the assigned protons as listed in
Table 1, it is evident that no significant complexation-induced shifts
are observed. The magnitude change in chemical shift of the protons of
a guest molecule has been reported to be directly proportional to the
depth of these protons resonance within the cavity of a host molecule
[62-64]. The very small change in chemical shift of the two assigned
CH, protons of the glycolate moiety of nedaplatin observed here
(0.08 ppm), which is within our instrumental error, suggests that these
protons are not imbedded within the cavity of SC,. It is however, apparent
that the signal due to the protons of the methylene bridges in SC, in the
case of the 1:1 M ratio mixture of SC4 and nedaplatin shows significant
broadening relative to the same signal in SC4 alone (see Fig. 3 Panels B
and C). This observation has previously been reported in other SC4 com-
plexes and attributed to be due to complexation-induced conformational
rigidity of the macrocyclic structure [63,65,66]. This interesting "H NMR
data which suggests that complexation between nedaplatin and SCy4
does exist but without involving the penetration of CH, protons of the
glycolate moiety of nedaplatin within the cavity of the SC,4 led us to fur-
ther examine this complex using UV-Vis spectroscopy.

3.2. UV-Vis Spectroscopy

Fig. 4 shows the UV absorbance spectra of 0.2 mM nedaplatin,
0.2 mM SC4, and several mixtures containing successively increasing
concentrations of nedaplatin (ranging from 0.01-0.21 mM) and a
fixed concentration of 0.2 mM SCj, all in deionized water. The spectrum
of nedaplatin shows very weak absorbance in the range of 220-240 nm
and no observed absorbance beyond 260 nm. The spectrum of SC4 on
the other hand shows strong UV absorbance with a characteristic pair
of absorption maxima at 277 and 284 nm. The spectra of the mixtures
also show a UV absorbance as seen for SC; with an observable
hyperchromic shift as evident by the observed increase in absorbance
with increasing concentrations of nedaplatin. Throughout this trend of
increased absorbance, the characteristic pair of absorption maxima for
SC4 were retained and no significant bathochromic or hypsochromic
shifts were observed. This indicates that most likely the observed spe-
cies formed between nedaplatin and SC, is not an inclusion complex.
This is in line with previous reports showing a merge of the two

absorption maxima of free SC4 and appearance of a new maximum
due to the formation of a host-guest inclusion complex with SC4 [63].

In order to examine the correlation of this observed hyperchromic
shift with increasing concentration of nedaplatin, the zero order spectra
of the prepared mixtures were divided by the spectrum of SCy4, and the
first derivative of the ratio spectra as described elsewhere were obtain-
ed using a scaling factor of 10 and AN = 4 nm [67]. The values of the
peak amplitudes of the first derivative of the ratio spectra for the mix-
tures (shown in Fig. S1 of the supplementary material) were then ob-
tained at 265 nm. Fig. 5 shows a plot of the obtained peak amplitudes
and the corresponding concentrations of nedaplatin. The nearly perfect
linear correlation presented in this plot strongly suggests the
hyperchromic shift observed in the absorbance spectra of the mixtures
as seen in Fig. 4 to be due to complexation between nedaplatin and SC.

The method of continuous variation (commonly known as Job's
plot) was adopted to study the stoichiometry and the stability constant
of this supramolecular complex. In this method several solutions of
varying molar ratios of SC4 and nedaplatin within the limits of 0 and 1
were prepared while keeping the total concentration of both species
constant at 0.1 mM. The UV absorbance of each of these solutions was
subsequently measured. While direct determination of the absorbance
of the complex between SC4 and nedaplatin is not possible due to signif-
icant overlap with the absorption of SC, (see Fig. 4), the derivative ratio
method where the resolution of overlapping absorbance in binary and
ternary solution mixtures is possible without resorting to prior analyti-
cal separation was adopted [68,69]. Another advantage of the derivative
ratio method is the fact that the entire spectrum of the interfering signal,
in this case due to SCy, is cancelled making the method much less sensi-
tive to the choice of wavelength used for calibration relative to simple
derivative methods [70]. Here, the derivative ratio was obtained by di-
viding the spectra of the prepared solutions by the spectrum of
0.2 mM SC, to obtain the first derivative of the ratio spectra using a scal-
ing factor of 10 and AN = 4 nm. The amplitudes of the first derivative
ratio spectra peaks at 265 nm which are proportional to the complex
concentration were subsequently measured. A Job's plot where the am-
plitudes of the first derivative ratio spectra peaks are plotted against the
mole fraction of the corresponding SC4 molar fraction was constructed.
The maximum amplitude of this plot was observed at a molar fraction of
0.5 indicating a complex stoichiometry of 1:1. A normalized version of
this Job's plot where each of the amplitude values, S, were divided by
the maximum amplitude, Sy,ax, is shown in Fig. 6. The stability constant
of the complex was estimated using methods described previously to be
3.6 x 10* M~ [70,71]. This value lies within the range of the stability
constants (0.01 x 103~1.7 x 10°) M~ previously reported for com-
plexes, many of which are intended for drug delivery, between three
different classes of macromolecule hosts being cyclodextrins,
calixarenes and cucurbiturils with various neutral guest molecules
[72-88]. Complexes between SC4 and neutral host molecules were re-
ported to have stability constants of 0.48-6.8 x 10* M~ ! [88-91].Itis in-
teresting to note that the host-guest complex between SC, and
benzocaine with a stability constant of just 8.3 x 10> M~ ! showed im-
proved bioavailability for the benzocaine drug [87].

3.3. HPLC

HPLC coupled with UV detection has been employed to study the in-
teractions between nedaplatin and SC,4. The use of a diode array detector

Table 1
Observed shielding in ppm for assigned protons in nedaplatin and SC4 individually and ina
1:1 M ratio mixture in D,0.

Proton signal Individual molecules 1:1 M ratio
Hx 4.0363 4.1122
Hy 3.9696 3.9571
Hy 7.5350 7.5222
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Fig. 4. Absorbance spectra of 0.2 mM nedaplatin, 0.2 mM SC,, and several mixtures containing successively increasing concentrations of nedaplatin (ranging from 0.00-0.21 mM as marked

in the insert) and a fixed concentration of 0.2 mM SC, all in distilled water.

allowed for simultaneous absorbance readings at 210 nm to detect
nedaplatin and at 265 nm in order to detect both SC4 and the SCy4—
nedaplatin complex. The chromatographic conditions used here
allowed for the clear separation of the three species while calibration
curves for nedaplatin and SC,4 provided linear relationships. The ob-
served nedaplatin signal was shown to diminish with increasing con-
centrations of SC4 used while the nedaplatin concentration was kept
fixed; this suggested that nedaplatin was being complexed with SC4 in
line with our previous discussion. This led us to examine several solu-
tions of varying molar ratios of SC4 and nedaplatin where the latter
was fixed at 0.05 mM and the former was allowed to vary from 0.01
to 0.09 mM as shown in Fig. 7. In this figure, it is observed that the

0.25

free concentration of nedaplatin which was initially fixed at
0.05 mM in solutions where SC4 was present within the concentra-
tion range of 0.09-0.06 mM to be negligible. This suggests that at
these molar ratios nearly all the nedaplatin in these solutions was
complexed with SC,. Fig. 7 also shows a signal for nedaplatin to be
observed initially only when equal molar ratios of 0.05 mM for
each of nedaplatin and SC4 were present in the solution analyzed,
suggesting a weak 1:1 nedaplatin to SC4 complexation as discussed
earlier. The stability constant of the complex was estimated from
the data obtained to be 2.1 x 10 M~ " which is in line with the stabil-
ity constant obtained from Job's plot, suggesting a weakly bound
complex.

y=0.1109x - 0.0088
R?=0.999 e

0.15

Peak Amplitude

0.1

0.05

0 0.5 1

S}
o
n

1.5

Concentration of nedaplatin (10 M)

Fig. 5. Plot of peak amplitudes at 265 nm obtained from the mixtures containing successively increasing concentrations of nedaplatin (ranging from 0.01-0.21 mM) and a fixed
concentration of 0.2 mM SC4 all in distilled water using the spectrum of 0.2 mM of SC, as a divisor against the corresponding concentration of nedaplatin in the complex mixtures.
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Fig. 6. Normalized Job's plot where each of the amplitude values, S, of the first derivative ratio spectra peaks were divided by the maximum amplitude, Spax are plotted against the mole

fraction of the corresponding SC4 molar fraction.

3.4. Computational Results

The optimized structure of SC4 shows values of the diameters at
upper (d; = 9.600 A) and lower rims (d, = 5.350 A) as shown in
Fig. 8 while Van der Waals surface graph detailing the maximum dis-
tances for height, length and width describing the size for nedaplatin
obtained by the intersections of the atomic van der Waals spheres is re-
ported in Fig. 9 for comparison. From such comparison, it appears that

0.1
0.09 ¢

0.08 ¢

0.05 °
0.04 e

0.03 ]

Calculated concentration of SC, in mM

0.02

0.01

based on size it may be possible for nedaplatin to be inserted within
the cavity of SC,. In order to computationally simulate the insertion of
nedaplatin drug into the cavity of SC4, four possible initial arrangements
were examined, as it is exemplified in Scheme 1. Indeed, the inclusion
can occur from both the side of the wider upper rim (U) and the side
of the lower rim (L). In addition, nedaplatin can insert assuming two dif-
ferent orientations with respect to SC4. That is, the arrangement is la-
beled as (a) when the ammonia ligands point inwards to the cavity

0.000 0.005 0.010 0.015 0.020

0.025 0.030 0.035 0.040 0.045

Observed concentration of nedaplatin in mM

Fig. 7. HPLC observed concentrations of nedaplatin of solutions containing a fixed 0.05 mM of nedaplatin and a varying concentrations of SC4 in the range of 0.01-0.09 mM.
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, 2560 BCP1(3,-1)
a p(r,) = 0.0085
V2p(r,) = 0.0260

1.811

BCP2(3,-1)
p(r,) = 0.0265
Vp(r,) = 0.0849

BCP3(3,-1)
p(r)) = 0.0360
V2p(r) = 0.1111

U@@) AG;,,=-4.9 kcal mol!

p(ry) =0.0201
p(r) =0.0215 V2p(r,) = 0.0663

V2p(r,) = 0.0687

L(a) AG;,,= 0.4 kcal mol™!

incl

Fig. 8.B97-D optimized geometrical structures of SC4, and U(a) and L(a) complexes. Upper (d;) and lower (d;) rim diameters of the calixarene are reported together with the most relevant
distances (A), calculated interaction energies (kcal mol~') and electron density (r) and Laplacian of electron density (V?p) at the BCPs present between NH and O atoms for the adducts.

and the glycolate ring points outwards and (b) when the glycolate ring
points inwards to the cavity and the ammonia ligands point outwards.
Fully optimized structures obtained without imposing any constrain
for these complexes are shown in Fig. 8, whereas cartesian coordinates
can be found in Table S1 of the supplementary material. The most rele-
vant geometrical parameters are reported in the same figure together
with the values of the free insertion energies calculated, as detailed
above, including BSSE and entropy change corrections. As it is evident
from Fig. 8, only the (a) arrangements were obtained for the inclusion
from both sides (U and L) of the SC4 calixarene host. In spite of the nu-
merous attempts carried out starting from different initial reciprocal po-
sitions of the host and the guest, the orientation of nedaplatin with
respect to the calixarene changed and the optimized geometries
collapsed into the two structures shown in Fig. 8. The SC, calixarene
and the drug weakly interact and nedaplatin lies either on top the
upper rim, U(a) conformation, or at the bottom of the lower rim,
L(a) conformation. The calculated interaction free energies are —4.9
and 0.4 kcal mol ! for the U(a) and the L(a), respectively indicating
that only a weak association complex is formed in the former case.
This result agrees with the experimental estimated stability constants
reported above to be 3.6 x 10* M~ ! and 2.1 x 10* M~ which corre-
spond to values of —6.2 and —5.9 kcal mol ™!, respectively for the
free energy of complexation. The hydrogen bond interactions in com-
plex U(a), evidenced in Fig. 8, established between the hydrogen
atoms of the nedaplatin ammonia ligands with the O atoms of the
calixarene sulfonato moiety are responsible for the measured stabiliza-
tion. On the contrary, the hydrogen bonds formed by the hydrogen
atoms of the two NH3 groups with the O atoms of the OH groups at
the lower rim perturb the existing charge distribution and the energy
of the new interactions compensates the weakening of the already
existing hydrogen bonds. Furthermore, AIM analysis was used to better
characterize such hydrogen bonding interactions. This analysis was per-
formed as it was demonstrated that the electronic density value -pBCP

at the bond critical point (BCP), and its Laplacian - V2pgcp can be very
useful parameters for the characterization of hydrogen bonding. Bader
and Essén have reported that covalent interactions correspond to a
high value of p(r), that is a concentration of electronic charge at the
BCP of order >10~" a.u., and negative value of V2p(r) [92]. For weak
van der Waals and hydrogen bonding interactions, p(r) is quite small,
that is ~10~2 a.u. or less for H-bonded and 10~3 a.u. for van der
Waals species, and V2p(r) is positive. The values calculated for the den-
sity and the Laplacian at the BCPs highlighting the possible formation of
hydrogen bonds are reported in Fig. 8. Except for the critical point indi-
cated as BCP1, the electron density values fall in the expected range
(0.0102-0.0642 a.u) for H-bonds [93] and the sign of Laplacian of elec-
tron density is positive. Due to the correlation existing between the
strength of the hydrogen-bond interaction and the value of the electron
density, the critical points indicated as BCP2 and BCP3 in
U(a) correspond to stronger interactions than those existing in U(b).

B A
A=4.637
B=7.101
C (C=8.838

Fig. 9. Calculated van der Waals surface for nedaplatin and height, length and width (in A)
defining its size.
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gy

U(a)

L(a) E

St
5

L(b)

Scheme 1. Four possible inclusion modes of nedaplatin through the upper (U) and lower (L) rims of SC4, U(a) the ammonia ligands pointing on the inside of the upper cavity and the
glycolate ring pointing outwards, U(b) the glycolate ring pointing on the inside of the upper cavity and the ammonia ligands pointing outwards, L(a) the ammonia ligands pointing on
the inside of the lower cavity and the glycolate ring pointing outwards, L(b) the glycolate ring pointing on the inside of the lower cavity and the ammonia ligands pointing outwards.

The calculated values of the energy of formation of the adducts U(a) a
U(b), indeed, correspond to such description.

4. Conclusions

Data from 'H NMR, UV, Job's plot analysis, HPLC and DFT calculations
suggests that complexation between nedaplatin and SC4ina 1:1 M ratio
under the conditions investigated here does exist. The stability constant
of the complex was estimated to be 3.6 x 10* M~ and 2.1 x 10 M ™!
which correspond to values of —6.2 and — 5.9 kcal mol ™' respectively
for the free energy of complexation. These results agree with calcula-
tions which provide an interaction free energy of — 4.9 kcal mol ! for
the association of nedaplatin with its ammonia ligands pointing in-
wards toward the wider upper rim of the cavity of SC4. The formed
complex is shown to not involve the penetration of nedaplatin with-
in the cavity of the SC4, however, it is mainly stabilised due hydrogen
bonding between the hydrogen atoms of the nedaplatin ammonia li-
gands with the O atoms of the calixarene sulfonato moiety. The sta-
bility of the complex in solution may allow for its potential use as a
drug delivery system.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.saa.2017.12.070.
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Introduction

Photodynamic therapy (PDT) is a clinically approved anti-cancer
treatment that exploits the interaction of light with a photosensitizing
drug and tissue oxygen. Upon irradiation, the photosensitizer (PS) is
activated to the single excited state. This state with a short halflife,
undergoes intersystem crossing (ISC) to the longer lived triplet
excited state. The interaction of the triplet PS with surrounding
molecules results in two types of photooxidative reactions exploited
in photodynamic treatment. In the Type Il photoreactions, the
transfer of triplet PS energy directly to molecular oxygen leads to
excited-state singlet oxygen, the most important reactive specie in

PDT-mediated cytotoxicity.

In recent years, new sensitizers have been studied for their use in
PDT, such as boron-dipyrromethene compounds (BODIPY).
However, their application can be achieved by particular structural
modifications aimed at modulating their photophysical properties, as
the wavelength for their maximum absorption does not fall in the
therapeutic window (600-850 nm) and, being highly fluorescent,
they hardly can undergo I1SC.

In particular, a strategy used to enhanced the intersystem crossing
mechanism is the introduction of heavy atoms (i.e. Br, I) or heavy
metal (i.e. Pt(Il)) in the BODIPY core which significantly favors
spin—orbit coupling. In fact, in vitro and in vivo tests have already
showed the efficacy of halogenated BODIPYs and platinum
BODIPY conjugates to kill tumor cells. 2 In addition, the
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conjugation between the BODIPY dyes and the classical platinum
based chemotherapy generates multitarget agents able to play a dual

action therapy.

Aim of the work

The role played by bromine atoms in influencing the photophysical
properties of 8-phenyl boron-dipyrromethene has been elucidated.
(Paper 9) Moreover, the influence of a platinum moiety on the
physicochemical behavior of the BODIPY dyes and the study of
Pt(I1)-moiety hydrolysis process affected by the photosensitizers

have been carried out. (Paper 10)

Both the investigations have been performed by means of Density
Functional Theory (DFT) and its time-dependent formulation
(TDDFT).
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6.1 BODIPY for photodynamic therapy applications:
computational study of the effect of bromine substitution on 1O;

photosensitization

4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene also known as BODIPY,
thanks to its very favourable chemico-physical features, is the most

investigated organic compound in the framework of PDT.

Here, the influence of bromine substitution, in different amounts and
positions in the BODIPY core, on the photophysical properties of 8-
phenyl BODIPY has been investigated (Scheme 1). The heavy atom
effect on the absorption wavelength, singlet—triplet energy gap, and
spin—orbit coupling constants as well as on the singlet oxygen

production has been theoretically studied.

8-phenyl BODIPY
1-Br-8-phenyl BODIPY
2-Br-8-phenyl BODIPY
3-Br-8phenyl BODIPY
1,7-diBr-8-phenyl BODIPY
2,6-diBr-8-phenyl BODIPY
3,5-diBr-8-phenyl BODIPY
1,2,5,6-tetraBr-8-phenyl BODIPY
1,3,5,6-tetraBr-8-phenyl BODIPY
1,3,5,7-tetraBr-8-phenyl BODIPY
2,3,5,6-tetraBr-8-phenyl BODIPY

EREEREBYNEBD

Scheme 1. The molecular structure of the 8-phenyl BODIPY and the
investigated system names.

All the investigated compounds possess a triplet state T1 with energy
greater than that required to excite the molecular oxygen (0.98 eV),
by considering So-T: energy gaps. Then, in principle, all of them
should be able to produce the highly cytotoxic singlet molecular

oxygen (*Ag).
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Furthermore, to evaluate the influence of the halogen atoms on the
photophysical properties, the absorption spectra have been calculated
in toluene. The absorption maximum, however, has been changed by
the Br presence, which increases the redshift. The comparison
between computed and experimental wavelengths shows a
reasonable agreement with an error of few tens of nm.* However, the
introduction of bromine atoms, induces a variation of the spin—orbit
matrix elements, whose values depend on the positions. In particular,
the 8-phenyl BODIPY substituted in 1 and 7 positions appears to be
best for enhancing spin—orbit couplings and thus ISC kinetics.

The theoretical outcomes support the use of these bromine-BODIPY

compounds as photosensitizers in photodynamic therapy.
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6.2 Photophysical Exploration of Dual-Approach PtII-BODIPY

Conjugates: Theoretical Insights

In view of the success of the BODIPY dye in PDT and of cisplatin in
chemotherapy practice, particular attention has been given to two -
component system PtlI-BODIPY, a promising class of compounds
for a multitarget approach.

Experimental studies shown how the introduction of platinum in the
PS, increases the photodynamic behaviour of BODIPY also
improving the cellular accumulation.>®

Here, have been theoretically explored the photophysical and
chemical properties of two new synthesized BODIPYs (1 and 2)
which have been functionalized with cisplatin moiety (Pt-1 and Pt-
2). (Figure 2).

In addition, the hydrolysis process of the platinum complexes,
affected by

the photosensitizer, has been investigated.

Figure 2.BODIPY Dyes 1 and 2 and Their Complexes with
Monofunctional Ptll Ligand Pt-1 and Pt-2.
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For all compounds, UV—vis spectra have been computed in water.

The electronic absorption spectra show how only the Pt-2 complex,
thanks to its extended conjugation, has a wavelength of absorption
that falls in the therapeutic window. Other complexes, although they
may be suitable in the PDT field, are not useful for treating deep

tumors.

The energy gap SO-T1 for all the BODIPYs studied, is high enough
(greater than 0.98 eV) to ensure the generation of excited oxygen.
Beside, from the investigation of the intersystem crossing process
and therefore from the spin-orbit matrix elements, have been
revealed that both the dyes containing the platinum moiety are more
efficient to generate the cytotoxic singlet oxygen than the free-metal
BODIPY.

The activation mechanism of both platinum complexes, whit three
explicit water molecules has been explored and the energy barriers
for the chloride/water substitution process are respectively 22.2
kcal/mol for Pt-1 and 20.8 kcal/mol for Pt-2.

Both the platinum complexes have only one labile group, so these
complexes form only one covalent bond with DNA.

The obtained date reveal that aquation reaction requires the
overcome

an energy barrier very similar to that previously computed for
cisplatin and other platinum-based anticancer drugs already used in

chemotherapy.
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It is possible to conclude that the two-component Pt(I1)-BODIPY

can open new perspective in the in a dual-action anticancer therapy.
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Abstract
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Density functional theory and its time-dependent extension (DFT, TDDFT) were employed to establish the feasibility of using a
series of 4,4-difluoro-4-bora-3a,4a-diaza-s-indacenes (BODIPYs) in photodynamic therapy. Their absorption electronic spectra,
singlet—triplet energy gaps, and spin—orbit matrix elements were computed and are discussed here. The effects of bromine
substitution on the photophysical properties of BODIPY were elucidated. The investigated compounds were found to possess
different excited triplet states that lie below the energy of the bright excited singlet state (S; or S,), depending on the positions
occupied by the bromine atoms. The computed spin—orbit matrix elements for the radiationless intersystem crossing S, — T,,
and the relative singlet—triplet energy gaps allowed the prediction of plausible nonradiative decay pathways for the production of
singlet excited molecular oxygen, the key cytotoxic agent in photodynamic therapy.

Keywords PDT - BODIPY - Electronic spectra - Heavy atom effect - Singlet-triplet energy gaps

Introduction

Despite headway in basic research that has provided a better
understanding of tumor biology, cancer remains one of the
most lethal diseases of our time. Beside conventional thera-
pies, photodynamic therapy (PDT) has emerged as a minimal-
ly invasive and nontoxic light-assisted treatment of cancer and
other nonmalignant diseases [1-3]. PDT is based on the ability
of photosensitizers to selectively accumulate and kill tumor
cells via reactive oxygen species (ROS) upon activation by
guided light of a particular wavelength. The photophysical
cycle for ROS production starts with the excitation of a

This paper belongs to Topical Collection MIB 2017 (Modeling
Interactions in Biomolecules VIII)

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00894-018-3727-3) contains supplementary
material, which is available to authorized users.

P4 Gloria Mazzone
gloria.mazzone @unical.it

Dipartimento di Chimica e Tecnologie Chimiche, Universita della
Calabria, 87036 Rende, CS, Italy

Dipartimento di Ingegneria Informatica, Modellistica, Elettronica e
Sistemistica, Universita della Calabria, 87036 Rende, CS, Italy

Published online: 29 June 2018

photosensitizer (PS; Syo— S;) by laser light of a wavelength
that falls within the so-called therapeutic window (500—
850 nm) in order to maximize penetration into the tissues.
After absorbing light, the PS can transfer the absorbed energy
to the triplet excited state (T;) via nonradiative intersystem
spin crossing (ISC), which mainly depends on the amplitude
of the spin—orbit coupling constants between the two states
with different multiplicities. The populated triplet state can
react with substrate molecules through either electron or hy-
drogen transfer reactions, leading to the formation of a super-
oxide ion and a hydroxyl radical (type I photoreactions), or it
can transfer its energy to a ground-state oxygen molecule
é ¥4 ), producing a highly reactive excited singlet state ( lAg;
type 1l photoreactions), which is believed to be responsible for
destroying tumor cells. Although these two processes can oc-
cur competitively, depending on both the electronic structure
ofthe PS and the concentration of oxygen in the substrate, type
II photoreactions can only take place if the energy of the PS
triplet is higher than the energy required to excite molecular
oxygen (0.98 eV). In PDT, type Il photoreactions are pre-
ferred, as singlet oxygen is a more selective oxidant [4].
Therefore, the photosensitizer used must possess some specific
photophysical properties, such as an absorption wavelength in
the range 500—850 nm, a triplet energy greater than 0.98 eV,
and efficient intersystem crossing between singlet and triplet
states. Furthermore, the PS must be thermodynamically stable
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and resistant to redox processes that can be caused by the
cellular environment; it should not aggregate, as this would
reduce the amount of singlet oxygen generated; and it must
be not cytotoxic in the dark.

Today, most of the PDT photosensitizers that have been
approved and used for the clinical treatment of solid tumors
are porphyrin- or phthalocyanine-based drugs, but recent ex-
perimental and theoretical investigations have suggested that
molecules belonging to other classes of compounds may also
be good PSs [5]. For instance, interest in using 4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene (BODIPY) systems as PSs has
recently grown considerably. Because of their absorption
and fluorescence spectral features, some of them have been
already employed as chemosensors, laser dyes, fluorophores,
OLEDs, and labeling reagents [6]. In recent years, they have
also been applied as singlet oxygen generators in PDT.
BODIPYs have been shown to have interesting photophysical
properties for PDT applications, as demonstrated by a very
recent study in which their ability to generate singlet oxygen
was investigated [7, 8].

In the work reported in the present paper, we theoretically
explored the effects of bromine atom substitution in the
BODIPY core on the absorption wavelength, singlet—triplet
energy gap, and spin—orbit coupling constants. Previous stud-
ies [9—19] have demonstrated that introducing a heavy atom
significantly increases the spin—orbit matrix element values
and consequently facilitates intersystem crossing between
states with different spin multiplicities. As shown in
Scheme 1, we systematically studied how the photophysical
properties of BODIPY are affected by the introduction of a
bromine atom at different positions in the core, as well as the
impact of inserting more than one heavy atom.

Results and discussion

In order to select the most suitable computational protocol, we
performed a preliminary investigation on the abilities of dif-
ferent exchange and correlation functionals (XCs) to accurate-
ly reproduce the main geometrical and spectroscopic

Scheme 1 Structures of the series
of brominated 8-phenyl
BODIPYs considered in this
work

@ Springer

parameters of compound 4d, the structure and absorption
spectrum of which were recently characterized [8, 20]; see
the “Electronic supplementary material” (ESM) for further
details. The best agreement was obtained using the PBE func-
tional, which was therefore used for all the calculations carried
out on the other compounds of interest in this work. In Table 1,
we report the singlet and triplet excitation energies for all the
considered systems.

The substitution of a hydrogen atom with a bromine one at
positions 2 and 3 of the BODIPY core, resulting in compounds
2b and 2c¢, respectively, slightly redshifts the Q band by 58 and
16 nm, respectively, with respect to the unsubstituted com-
pound 1, while the insertion of bromine at position 1, 2a, does
not affect the position of the Q band (448 nm). The introduc-
tion of two bromine atoms (compounds 3a—c) further increases
the redshift and, again, substitution at position 2 (2b) results in
the largest wavelength shift. The addition of four Br atoms (see
compounds 4a—d) does not significantly affect the absorption
properties. Experimental results for the wavelengths of maxi-
mum absorption of the compounds 1, 2b, 3b and 4d [8] were
reproduced well by our theoretical calculations, with errors
averaging around 20 nm.

The presence of a bromine atom at position 1 in compounds
2a, 3a, and 4c results in the activation of the S, state as the
bright one and considerably reduces (2a) or eliminates the
oscillator strength of S;. Furthermore, it induces changes in
the orbital composition of the transitions. In fact, when Br
occupies position 1, S; is not HOMO-LUMO in nature, in
contrast to the cases in which Sy is the bright state (see Table
1). Depending on the position of the bromine substituent, there
are different triplet states that lie below the bright state S; or S,.
In all the investigated compounds, the low-energy triplet (T;) is
always generated by a HOMO — LUMO transition, and the
energy gap with respect to the ground singlet state is always
significantly greater than the energy required to produce the
excited singlet molecular oxygen (lAg) state (0.98 eV).
Consequently, all of the examined compounds could potential-
ly be used as type II photosensitizers in PDT.

Production of cytotoxic singlet oxygen is directly related to
the rate constant of the radiationless intersystem crossing

1 8-phenylBODIPY

2a 1-Br- 8-phenyl BODIPY
2b 2-Br-8-phenyl BODIPY
2c 3-Br-8-phenyl BODIPY
3a 1,7-diBr-8-phenylBODIPY
3b 2,6-diBr-8-phenyl BODIPY
3c 3,5-diBr-8-phenyl BODIPY

4a 1,2,5,6-tetraBr-8-phenyl BODIPY
4b 1,3,5,6-tetraBr-8-phenyl BODIPY
4c 1,3,5,7-tetraBr-8-phenyl BODIPY
ad 2,3,5,6-tetraBr-8-phenyl BODIPY
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Table 1 Main vertical excitation energies (AE in eV), absorption
wavelengths (A in nm), oscillator strengths (f), and transitions
(molecular orbital contribution in %) for the studied compounds in
toluene solvent

Compound ~ State  Transition f AE A AP @

1 T, H— L, 99%
T, H1-L, 98%
T, H2-L 72%
T, H3-L 73%
S, H—L,78%
2a T, H-L, 100%
T, H1-L, 98%
T,  H2— L, 60%
S H-1->L,82%
T, H3-L, 50%
S, H2-L,58% 0205 280 448
2b T, H-L, 99% 0.000 1.62 766
T, H1-L,97% 000 226 548
S, H—L,75% 0218 246 506 521
2¢ T, H-L 100% 0000 163 76l
T,  HI1-L,98% 0000 251 493
T,  H2-5L,90% 0000 264 470
S, H-1-L,93% 0466 2.67 464
3a T, H—L,100% 0000 1.66 745
T, H1-L,98% 0000 219 565
T,  H3-L,99% 0000 229 543
T,  H2-L,100% 0000 240 517

0.000 1.69 733
0.000 247 502
0.000 2.63 472
0.000 2.75 451
0311 277 448 501
0.000 1.69 735
0.000 224 553
0.000 252 493
0.010 2.61 475
0.000 2.64 497

S H-2—-1L,100% 0.000 243 511
S, H-1-L,71% 0.062 249 497
3b T, H—-L,99% 0.000 1.54 806

T,  H-l1—L,99%
T,  H2-L, 98%
Si  H—L, 84%

0.000 222 556
0.000 225 550
0253 229 540 540

3¢ T, H—L, 100% 0.000 1.57 788
S, H—L, 98% 0.539  2.60 476
4a T, H—-L, 99% 0.000 1.53 813

T, H-1-L,98%
N H—-L,57%

0.000 1.99 o624
0.180 228 543

4b T, H—L, 100% 0.000 1.52 817
T, H-1—-L,90% 0.000 226 548
N H—-L, 8% 0485 240 516
4c T, H—L, 100% 0.000 1.57 791

T,  Hl—L, 9%
T,  H2-L, 100%
T, H3-L, 98%

0.000 229 540
0.000 240 516
0.000 242 512

N H-2—-1L,100% 0.000 243 510
S, H—-L, 56% 0372 253 490
4d T, H—L, 100% 0.000 1.46 847
N H—L,91% 0437 227 545 559

18]

(ISC) between S,, and T, states. As established by an approx-
imation of the Fermi golden rule, the intersystem crossing
kinetics are directly related to the spin—orbit matrix elements
<S,,}I:ISO|T,,1> and the Franck—Condon weighted density of
states (FCWD):

nm 27 & 2
= 7<sn|HSO|T,,,> x FCWD

In the framework of Marcus—Levich—Jortner theory [21],
the FCWD is proportional to the exponential factor:

(AEs-1)’

FCWD « exXp |: W:|

where A is the Marcus reorganization energy and AE is the
difference between the energies of the singlet and triplet states
at their equilibrium geometries. Since estimating FCWD is too
computationally expensive, we only determined the spin—orbit
matrix elements and the singlet—triplet energy gaps, which
allowed us to predict the deactivation pathways that lead to the
production of the 'Ag state of molecular oxygen. The accuracy
of this procedure has already been demonstrated by previous ab
initio [22] and DFT studies [9, 13, 15] of a series of compounds
that can act as photosensitizers in photodynamic therapy.

The SOCs computed for the S,, — T, transitions together
with the corresponding singlet—triplet energy gaps are report-
ed in Table 2. Using these data, we can rationalize how the
presence of one or more heavy atoms at different positions can
significantly affect the SOC values.

The presence of a bromine atom at position 1 in the
BODIBY core significantly increases all of the plausible
SOC values as compared to the unsubstituted system. In par-
ticular, the values for the S; — T, and S; — Tj transitions
increase from 0.05 and 4.3 cm ™, respectively, in compound 1
to 46.3 and 77.1 cm ' in 2a. Since absorption causes the S,
excited state of this molecule to be populated, we also com-
puted the SOCs for the transitions from S, to the closest triplet
states (T, T3, and T4). The results show how the SOC values
for these nonradiative transitions improve upon going from 1
to 2a. The introduction of a bromine atom at position 2 (2b)
results in a significant decrease in SOC (e.g., SOC for S; —
T,=10.9 cm™"). A further reduction is observed when bro-
mine is inserted at position 3 (e.g., SOC for S; — T; =
1.9 cm™' for 2¢). Following the El-Sayed rule [23, 24], the
change in orbital composition observed for the S; — T, tran-
sition in compound 2a justifies the enhanced SOC values
found for this system as compared to the compounds in which
the bromine atom occupies other positions, i.e., 2b—c. In all
the compounds, the orbitals of the T; state (originated by a
H — L transition) extend over the entire molecule, including a
considerable contribution from the unpaired electrons of bro-
mine; however, in 2a, the S; state (originated froma H-1 —» L

@ Springer
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Table 2 SOC values (cm™") for the S, — T, transitions and singlet—
triplet energy gaps (eV)

Compound n.m SOoC AE
1 1.1 5x1072 1.08
12 1x107! 0.30
13 43 0.14
14 0.26 0.02
2a 1.1 463 0.93
12 18.0 0.37
13 77.1 0.10
22 6.8 0.56
23 259 0.28
24 34.4 0.16
2b 1.1 10.9 0.84
12 2.0 0.20
2c 1.1 1.9 1.04
12 6x107" 0.16
13 3.0 0.03
3a 1.1 70.8 0.76
12 70.4 0.23
13 287.7 0.14
1.4 9x1072 0.03
22 7x1072 0.30
23 47 0.21
24 117.2 0.10
3b 1.1 32 0.75
12 1.5 0.07
13 2.7 0.04
3c 1.1 2.0 1.03
4a 1.1 2.0 1.03
1.1 12,6 0.76
4b 12 9.1 0.29
1.1 6.6 0.88
4c 12 6.7 0.14
1.1 51.0 0.86
12 20.5 0.14
13 83.8 0.03
1.4 283.1 0.01
22 76.4 0.24
23 17.7 0.13
4d 24 70.1 0.11

transition) is characterized by a H-1 with a little participation
of the heavy atom, whereas in 2b—c¢, in which the S; state is
originated by a H — L transition, both of the orbitals involved
are entirely delocalized over the whole molecule, as in the T,
state (see the ESM).

When two bromine atoms are inserted into the core of
BODIPY, the SOCs assume different values depending on
the position occupied by the heavy atoms. On one hand, the

@ Springer

presence of Br at positions 1 and 7 (3a) leads to a marked
increase in the SOC values, especially for the S; — Tj; tran-
sition (287.7 cm™ ). On the other hand, when the bromine
atoms occupy positions 2 and 6 (3b) or 3 and 5 (3¢), the
resulting SOCs are very small (e.g., the SOC for S; — T is
3.2.and 2.0 cm ' for 3b and 3¢, respectively).

The SOCs obtained when four bromine atoms were added
to the core (compounds 4a—d) are highest when two of them
are located at positions 1 and 7 (4¢) and smallest when neither
of these two positions are occupied by a heavy atom (4d).

From Table 1, it is clear that a series of plausible
nonradiative decay pathways to populate the lowest triplet
state are possible. For molecules in which the S; excited state
is populated upon irradiation (1, 2b—c, 3b—c, 4a—b,d), the
lowest triplet excited state can be populated in three ways,
depending on the number of triplet excited states lying below
the bright singlet one:

a) So s S, S S, 51 b) So s S ST, S,

C) So 5 BT, 5T d) S

In pathways a—c, an ISC that occurs between S; and T,
(n=1-4) is followed by a fast T,, — T, internal conversion
(IC), while in pathway d, a direct S; — T, ISC leads to the
population of the lowest triplet state. Compound 1 can employ
all the plausible pathways, while pathways b—d are viable for
2¢ and 3b. For the other compounds, with the exception of 3¢
and 4d (which exclusively have a triplet state below the S;
one; i.e., only pathway d is feasible), pathways ¢ and d are
both viable channels for populating T,.

For compounds 2a, 3a, and 4c¢, in which S, is the bright
state, the following pathways also appear to be feasible:

e) So 58, S ST, 557,51y, f) So58 S5 S ST, 51y,

g) So 58,58, 51, 51, h) Se 88,58, 55T,

i) So A8, ST, 51,51, 51, 1) Se 58, ST, 51, 51,

m) st)iszls*(;Tzl‘C'Tl; n) soé’szli’CTl

Examining the SOC values and energy gaps between the
states involved in the nonradiative intersystem spin-crossing
processes (Table 2) allows the preferred deactivation channel
to be hypothesized for each compound. All of the calculated
SOCs for 1 are very small, with S; — T providing the
highest value. The AE between these two states is just
0.1 eV, with path b the preferred one. For compound 2a, the
highest SOC values are found for the S; — T; (46.3 cem Y,
S, — T3(77.1em '), and S, — T4 (34.4 cm™ ') transitions, so
pathways f, h, and i are plausible. However, after looking at
the singlet—triplet energy gaps and considering the Kasha rules
[25], pathways fand i stand out as the most probable ones. For
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2b, the SOC value 0f 10.9 cm™! for S; — T, clearly indicates
that the deactivation pathway d is favored over pathway c. The
situation appears to be different for 2¢, since the highest SOC
value is found for the S; — Tj; ISC, so path b should be the
preferred one.

In 3a, the two halogen atoms at positions 1 and 7 lead to
similar photophysical properties to those of 2a. In fact, the S,
state is also populated upon irradiation in this case. However,
upon considering the Kasha rule and combining the SOC and
AEjs tvalues, it appears that path fis favored, especially when
the SOC 0f287.7 cm ™" obtained for the S; — T; ISC is noted.
In the case of 3b, though the SOC values computed for S; —
T; and S; — Tj are of the same magnitude (3.2 and 2.7 cm |,
respectively), the energy gaps suggest that coupling with the
T; state is favored and pathway b is the most accessible. For
3¢, on the other hand, only pathway d can be considered a
viable channel.

For compounds 4a and 4b, the data reported in Table 2
suggest that channel c is followed in the deactivation of S,
in contrast to compound 4d, for which path d is the only
plausible channel for populating T;. 4¢ is characterized by
the presence of two Br atoms at positions 1 and 7, and the
value 0f283.1 cm™ ' for the S; — T, ISC as well as the energy
gap of 0.01 eV imply that S, deactivates through path i.

Computational methods

All geometry optimizations were performed using the
Gaussian 09 code [26] at DFT and TD-DFT [27] levels of
theory. A preliminary benchmark study was carried out using
several functionals (B3LYP [28, 29], Cam-B3LYP [30], M06
[31], PBEO [32], and PBE [33, 34]), and their performances
were evaluated by comparing both the calculated geometric
parameters and the wavelength of maximum absorption for
compound 4d with the corresponding available experimental
data [8, 20].

Geometry optimization without symmetry constraints was
carried out using the 6-31 + G* basis set for all atoms except
Br, which was described using the 6-31G* basis set. When
simulating electronic spectra, solvent effects were included by
applying the polarizable continuum model (PCM) [35] for
implicit toluene (¢ =2.379).

Electronic absorption spectra were calculated via the time-
dependent DFT formalism at the corresponding optimized
geometries in toluene.

Spin—orbit matrix elements were computed within the
atomic mean field approximation as implemented in the
DALTON code [36] (previous studies have demonstrated that
the Breit—Pauli method and the atomic mean field approxima-
tion give very similar values [37], but the latter is less compu-
tationally demanding). For this purpose, the quadratic re-
sponse TDDFT approach was applied, employing B3LYP in

conjunction with the cc-pVDZ basis set for all the atoms, as
suggested by the authors of the software, and using the first
singlet excited state structures optimized at the TD-PBE level.

SOC; = \/z K% }ﬁso|¢rl_">‘2; n=x2

where H so 18 the spin—orbit Hamiltonian.

This computational protocol has been successfully applied
to study the photophysical properties of several potential pho-
tosensitizers for use in PDT [9-19].

Conclusions

Based on the computed excitation energies, singlet—triplet en-
ergy gaps, and spin—orbit matrix elements for a series of
BODIPYs with different numbers of bromine substituents at
different positions, the following conclusions can be drawn:

—  Benchmarking performed on the tetrabromo-substituted
compound 4d indicates that PBE is the functional that best
reproduces experimental structural and absorption data;

— Introducing bromine atoms at positions 1 and 7 signifi-
cantly changes the photophysical properties, as S, be-
comes the populated singlet excited state upon irradiation
instead of S;;

— All of the investigated compounds possess a low-lying
triplet state at a higher energy than that required to pro-
duce the cytotoxic singlet molecular oxygen;

—  SOC values strongly depend on the position(s) of the
heavy atom(s) in the BODIPY core, and substitution at
positions 1 and 7 appears to be best for enhancing spin—
orbit couplings and thus ISC kinetics.

—  The preferred intersystem spin-crossing pathway for pop-
ulating the lowest triplet state also seems to effectively
depend on the position(s) of the bromine atom(s) in the
BODIPY core.

Our computations of their photophysical properties dem-
onstrate that all of the bromine-substituted systems examined
here are candidate photosensitizers for PDT.
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ABSTRACT: Two-component Pt'—BODIPY dyes were recently proposed as potential
multitarget agents able to conjugate the photobased photodynamic therapy (PDT)
treatment with the classical chemotherapy approach based on Pt" complexes. A careful
first-principle investigation is herein presented on the above-mentioned conjugates (Pt-1
and Pt-2) and on the two metal-free precursors (1 and 2), aimed at revealing the
influence of the platinum moiety on the physicochemical behavior of the photosensitizer
(PS) and to inspect, in turn, the possible modulation of the hydrolysis rate of the Pt"
ligand induced by the PS. The investigated photophysical properties for singlet and triplet
states and the amplitude of the computed spin—orbit matrix elements reveal that the Pt-

containing systems are able to enhance the cytotoxic 'O, production. The Pt" moiety,
instead, follows an activation mechanism similar to that previously found for cisplatin and its analogues already used in cancer

therapy.

H INTRODUCTION

Two-component systems made up of a photosensitizer (PS)
linked to a Pt" moiety recently garnered increasing attention
due to the possibility to combine photodynamic therapy
(PDT) treatment with classical Pt chemotherapy. These
assemblies attempt to circumvent the chemotherapy drawbacks
also promoting an improved distribution of the PS inside the
tumor.' ™’

In such kinds of conjugates, the light absorber should
possess fundamental physicochemical properties to allow the
photodynamic process to efficiently take place, therefore
allowing the photobased treatment to exert its highly reliable
tumor ablative ability.*”"" Actually, PDT is a worldwide
accepted, less invasive medical treatment able to efficiently
destroy tumors through a light-triggered sequence of photo-
chemical processes leading to the production of the extremely
reactive singlet oxygen species 'O,. The photodynamic process
involves the promotion of the PS from its ground state S, to
the excited one S; upon absorption of proper wavelengths,
followed by intersystem crossing (ISC) transition to a lower
triplet state.'>'® Such a nonradiative process, usually
prohibited, can take place if the relativistic spin—orbit coupling
value between the two states (S,|HIT,) is large enough and if
the involved states are close in energy to permit the process to
be efficient. Once in the triplet excited state, the PS can relax
back to the ground state via a triplet—singlet emission process
(phosphorescence) or via a radiationless transition by
transferring energy to other molecules. In oxygenated tissues,
two different routes are possible for the T, quenching
mechanisms. Type II photoreactions originate from the direct
energy transfer to ground-state molecular oxygen (°0,),
producing the highly reactive singlet oxygen 'O, which
oxidizes biomolecules of all kinds, such as lipids, proteins, and
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nucleic acids, ultimately killing tumors cells via a combination
of necrosis and/or apoptosis. The oxygen triplet to singlet
transition requires an energy equal to 0.98 eV to take place.

Alternatively, the excited PS can be involved in direct
electron exchange reactions with organic substrates ultimately
leading to the generation of the superoxide oxygen radical
species O,*) and other radicals (type-I photoreactions). Due
to the high chemical reactivity of singlet oxygen, which
irreversibly destroys tumor cells, type II photoreactions should
be the predominant mechanism. Accordingly, a good PS must
possess a series of intrinsic properties to selectively favor that
process. In particular, (i) the singlet—triplet splitting (AEs_r)
should be higher than 0.98 eV to allow the production of the
singlet oxygen; (ii) the intersystem crossing between these two
states should be efficient to guarantee an effective singlet
oxygen generation;'® and (iii) the PS should possess a red-
shifted absorption wavelength to allow penetration into the
tissues without interfering with the physiological processes in
the cell."””

The tissue penetration turns out to be optimal within the so-
called therapeutic window, which is limited at shorter and
longer wavelengths by the light absorption of endogenous
biomolecules and by water absorption, respectively. Although
several ranges have been reported in the literature, the PDT
window can be comprised between 600 and 1200 nm. While
some of these properties can be easily achieved during the
synthesis, others are required to be rationally designed
beforehand. In that preliminary phase, theoretical and
computational chemistry can offer a valuable contribution. In
particular, the density functional theory (DFT) and its time-
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Scheme 1. BODIPY Dyes 1 and 2 and Their Complexes with Monofunctional Pt" Ligand Pt-1 and Pt-2, herein Investigated

dependent version (TDDFT) allow prediction of the excitation
energies, the splittings between states with different spin
multiplicity and spin couplings in systems of medium-large size
and complexity, with a certain reliability."*”'” Recently, a Pt"
moiety has been used to functionalize two different boron
dipyrromethene (BODIPY) dyes 1 and 2, leading to the Pt-1
and Pt-2 metal complexes (Scheme 1). Such compounds were
synthesized and tested in vitro.”” Due to the high fluorescence
quantum yields of BODIPYs dyes, the triplet formation is
generally negligible. Nevertheless, the introduction of heavy
atoms or even atoms belonging to the third-row in the core
region could enhance the intersystem crossing, thereby
favoring spin—orbit coupling.'® Platinum plays an important
role since experimental studies revealed how the platination
process increases the photodynamic effect of BODIPY also
improving the cellular accumulation.”” While the properties of
BODIPY dyes were extensively explored in the past for their
potential application in PDT," the modulation of their
properties caused by the introduction of a platinum moiety
has not yet been elucidated. To explore these interesting
conjugates, we thus focused on their photophysical properties
carrying out a careful DFT and TDDFT investigation. The
used approach was extensively employed in the literature to
elucidate the photochemistry of several classes of photo-
sensitizers.'®*° Herein, the effect of the Pt ligand on the
photochemical behavior of the BODIPY light absorber has
been accurately elucidated, providing information on the type
II photoreactions also computing spin orbit coupling (SOC)
values and comparing the obtained data with the metal-free
BODIPY 1 and 2 dyes. On the other hand, the possible
modulation of the Pt'-moiety hydrolysis process affected by
the photosensitizer has been evaluated analyzing the ligand
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substitution mechanisms by water, which represents the most
energetically relevant process preceding the drugs’ interaction
with DNA. The obtained results have also been compared with
those computed for cisplatin and its previously investigated
analogues.” ~

Bl EXPERIMENTAL SECTION

All the computations presented in this paper were performed at DFT
and time-dependent DFT levels of theory, as implemented in the
Gaussian 09 program code.”® Ground singlet state optimizations were
carried out in water by using the B3LYP exchange-correlation
functional (XC)***” and adopting the IEFPCM model (integral
equation formalism polarizable continuum model***) to reproduce
the solvent environment (& 80). The Stuttgart—Dresden
pseudopotential®® was selected to describe the heavy Pt ion while
all the other atoms were described by using a 6-31+G(d,p) basis set.
Although the Pt" chloride—water exchange process was studied in
implicit solvent, two explicit extra water molecules, in addition to the
catalytic one, were also added in the system to better account for the
hydrogen bonding network and to allow a proper solvation of the
leaving chloride.

To explore and confirm the nature of the transition states,
vibrational frequency analysis was carried out at the same level of
theory. In addition, to accurately describe the hydrolysis process,
single-point calculations were performed with the larger basis set 6-
31++G(2df2pd) and using the DFT-D3 atom pairwise additive
schemes,®" which account for the dispersion corrections for
nonbonding interaction. The energetic profiles were also evaluated
in a less polar solvent (e 8), which should account for the
hydrophobic nature of the several macromolecules present in the cell
and the water medium surrounding them.

UV—vis spectra reported in the manuscript were computed in
water as vertical electronic excitations on the ground-state structures
adopting the B3LYP XC functional in conjunction with 6-31+G(d,p)/
SDD bases. Such a protocol was established testing several XC
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Figure 3. HOMO, LUMO, HOMO-1, and LUMO+1 MOs for (a) Pt-1 and (b) Pt-2 conjugates.

functionals against the experimental A, available in methanol® for
molecule 2. Results are reported in the Supporting Information,
Figure S1. Singlet—Triplet (S-T) energy gaps discussed in the text
were obtained at the same level of theory and compared with the
oxygen S-T splitting (0.90 eV) previously computed adopting a
similar protocol.”” It is worthy of note that S-T gaps are particularly
functional-dependent,”” and their values tend to be generally
underestimated by the use of fixed exact exchange functionals.*”
Anyway, we are interested in a comparison between PSs and O,
splittings that are all obtained under the same conditions, rather than
at determining absolute triplet energies for the systems under
investigation. To trace the spectra, a value of the fwhm equal to
0.33 eV was adopted. The quadratic-response (QR-TDDFT)*?
approach, as implemented in the Dalton code,® was applied to
obtain spin—orbit matrix elements at the S, optimized geometries of
the studied systems. The approximate one-electron spin—orbit
operator with scaled nuclear charges® was used for platinum
containing molecules (Pt-1, Pt-2), while the atomic-mean field
approximation® was adopted in the other cases (1, 2). B3LYP
combined with the cc-pVDZ basis set was chosen to describe all
atoms, while the SDD pseudopotential was used for metal ions. The
SOC values were obtained according to the following formula:

SOC; = Z hlfs‘lﬁso"l’T,mlz; n=x,y,z
n

B RESULTS AND DISCUSSION

BODIPY dyes possess remarkable optical and photophysical
properties, such as very intense absorption bands at visible
wavelengths. As the dye scaffold allows versatile functionaliza-
tion, their spectroscopic properties can be easily modulated
introducing structural chemical modifications. The meso
position, in particular, was extensively studied.”” The presently
investigated BODIPY dyes 1 and 2 are both meso-substituted
(Scheme 1), and they also contain styryl substituents on the
BODIPY core. Just one styryl group is present on the BODIPY
structure 1, while BODIPY 2 is a distyryl complex with a
consequent extended 7 system resulting also in an appreciable
shift of the absorbance toward longer wavelengths. Never-
theless, in going from 1 to 2, the observed shift is smaller than
expected due to the weaker electron-donor character of the
methoxy substituent compared to the NH, one of the BODIPY
1. The computed UV—vis spectra of 1 and 2 in water are
reported in Figure 1.

Both dyes efficiently absorb light throughout the UV and
visible regions. Although they show intense high-energy
absorption bands in the lowest UV region of the spectrum,
especially in the case of BODIPY 2, those bands are not
suitable to treat deep tumors. On the contrary, low-energy
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bands are generally used for PDT. A strong absorption at 562
nm is found for system 1, and it experiences a significant red-
shift in BODIPY 2 in which the A,,,, is located at 636 nm. Our
findings are in nice agreement with the available experimental
values (592 and 645 nm for 1 and 2, respectively). Both the
mentioned bands are characterized by a HOMO — LUMO
transition and turn out to be 7—7* in nature, the donor and
acceptor orbitals in both cases being localized mainly on the
BODIPY core and on the styryl ligands (Figure 1b).

To establish the influence of the Pt' moiety on the
photophysics of the two metal-free chromophores 1 and 2, the
UV—vis spectra of complexes Pt-1 and Pt-2 were computed in
water and compared with those previously obtained (Figure 2).
The presence of the Pt" ligand generates two opposite effects
on the BODIPY systems.

Indeed, when the monofunctional Pt-1 is formed, the
maximum absorption band experiences a hypsochromic shift to
526 nm due to the platination process (See Figure 2). Looking
at the involved orbitals, the A, band in the case of the
metallic complex is also due to a HOMO-LUMO 7#—r*
transition. The molecular orbitals involved in such a transition
indeed are visibly localized on the BODIPY and on the styryl
ligand and clearly indicate the IL nature of the band. On the
contrary, part of the electron density is localized on the Pt
metal only when the HOMO-—1 orbital is analyzed. Such an
orbital is involved in the transition found at 358 nm, which,
thus, possesses a partial MLCT character (HOMO-1 —
LUMO). That transition is blue-shifted with respect to the
weak IL band found at 411 nm also due to a HOMO—1— L
transition found for BODIPY 1. This effect originates from the
great stabilization that the HOMO—1 orbital experiences after
platination. The other IL band detected below 400 nm for
BODIPY 1 disappeared with the introduction of the Pt moiety.

In contrast, when BODIPY 2 undergoes a platination
process generating the Pt-2 conjugate, the effects on the UV—
vis spectrum are different from those observed in Pt-1.
Actually, the presence of the metallic moiety just slightly
influences the position of the maximum absorption band,
bathochromically shifting it to 645 nm. As in the previous case,
the A, can be characterized as an IL z—z* transition
involving a BODIPY styryl-based HOMO and LUMO orbitals.

In this case, differently from the Pt-1 conjugate, no metal
contribution is detected in the next-HOMO and the next-
LUMO orbital plots for the Pt-2 system. As a consequence, the
UV region of the spectrum remains almost unchanged, the
involved orbitals not being affected at all by the presence of the
Pt moiety (see Figure 3).
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In order to shed light on the influence of the Pt" moiety on
the crucial PDT properties of the explored systems, it is
essential to evaluate if its presence influences the energy of the
triplet state. It is well known that for the type II photoreactions
to take place, the energy transfer process from the PS to
molecular oxygen must ensure the O,’Lg” — 'Ag transition.
Obviously, to achieve a good singlet oxygen quantum yield, the
PS singlet—triplet (S-T) splitting should be larger than the
oxygen S-T one, computed to be 0.90 eV,”™ in good
agreement with the experimental value of 0.98 eV. Besides
this important issue, an efficient triplet state population via the
ISC mechanism is also indispensable. It is worthy of note that
just one triplet state is found below the bright S, state for
systems under investigation, so that it is the only one that
could be populated through an ISC mechanism (see Figure S2,
SI). From the plot of the singlet—triplet energy gap Ag_t
(Figure 4), it can be inferred that all compounds are able to
promote the production of singlet oxygen, the T state of all
the investigated dyes lying above the 'O, one.

14
_ 125
> LV
&
B
4 11
1.02
Active in PDT — 098
0, g—lAg
0.8
1 Pt-1 2 Pt-2

Figure 4. Singlet—triplet energy gap (eV) for 1 and 2 and their Pt
complexes Pt-1 and Pt-2, at the B3LYP/6-31+G(d,p) level of theory,

in a water environment.

Looking at the triplet states of platinated deriatives Pt-1 and
Pt-2, no involvement of the metal ion has been detected in the
molecular orbital plots (see Figure S3, SI). The inspection of
the electronic density difference between singlet and triplet
state unequivocally shows that there is no movement of the
density on the Pt'! moiety after excitation. This is the reason
why the triplet energies of 1 and Pt-1 are quite similar, the
same being true also comparing 2 and Pt-2.

As previously mentioned, a good photosensitizer should
efficiently populate the triplet state through an efficient
nonradiative intersystem crossing from the singlet exited
state. The ISC rate constant Kigc for the S;-T, transition in
the limit of the Franck—Condon approximation can be
obtained in the framework of Fermi’s golden rule expression,
considering that both the states are harmonic:>*

nm

2n ~
1sc = ?(WSJHSO'WTJZ x FCWD

(1)

In that expression, the main terms are the spin—orbit coupling
between the considered states and the Franck—Condon
weighted density of states (FCWD). In the framework of
Marcus—Levich—Jortner theory, this term is proportional to
the exponential factor:
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(AE_)"
43k T

FCWD  exp

@

where /A is the Marcus reorganization energy and AEg y is the
singlet—triplet gap in their equilibrium geometries. Many
previous works on a series of different kinds of molecular
systems'®*® have emphasized that the spin—orbit coupling is
the most important perturbation operator of the ISC process.
From the obtained values collected in Table 1, it is evident as

Table 1. Spin—Orbit Matrix Elements (cm™') Calculated at
the B3LYP/6-31G(d)//B3LYP Level of Theory, Using the

S, Geometry, and the Corresponding Vertical AEg 1, (eV)

Values
compound Il/lslII:Iwh//T] AEg g, D0 @,
1 0.33 1.032 0.13
Pt-1 156.7 1.126
2 0.01 0.978 0.13
Pt-2 86.86 0.985 0.08

compound 1 and 2, possessing a very small value of the spin—
orbit coupling, should be considered bad photosensitizers to be
used in photodynamic therapy. On the contrary, values reveal a
strong enhancement of the S;-T, spin—orbit coupling matrix
elements with the introduction of the Pt heavy atom. In
particular, values of 156.7 and 86.9 cm™' have been herein
obtained for Pt-1 and Pt-2, respectively. This difference can be
explained in the framework of the El Sayed rule® affirming
that a significant SOC enhancement can be produced if the
radiationless transition involves a change of orbital type. While
no significant differences in the MOs electronic distribution
between singlet and triplet can be detected for Pt-1, a
movement of the density from the central core toward the
pyridyl group is observed after excitation in the case of the Pt-2
conjugate, producing an increase of the SOC values (see
Figure 3 and Figure S3). Anyway, such high values suggest that
both the two-component systems could produce the cytotoxic
'0, molecular oxygen, providing that an appropriate light
irradiation is used.

Aiming at providing a picture of the influence of the
BODIPY core on the Pt" activation mechanism, we have also
explored the chloride—water substitution process. Indeed, it is
well established that cisplatin-like drugs have DNA as their
main target. In particular, they establish bonds (in mono- or
bicoordinated fashion) with the N7 nitrogen atoms of
guanosine, thus preventing the transcription process. To
perform this action, the complexes need to replace the
chloride ligands once they enter the cell nucleus. This process
occurs in the dark, producing an aquated form of the complex
able to reach and bind to DNA bases. For cisplatin and a series
of other similar anticancer drugs, that reaction was widely
studied®*'7>*** and the reaction path follows an SN,
mechanism through a five-coordinated transition state (TS).
With the aim to maximize the anticancer action and to reduce
the dangerous side effect, the aquation process must be not too
slow nor too fast, and as an average reference value, that of
cisplatin is considered.”' Differently from cisplatin, the
complexes under investigation possess a monofunctional Pt
ligand each, so that just one leaving chloride ion could be
substituted by water (Scheme 2). Accordingly, similar to other
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Scheme 2. Investigated Hydrolysis Process for Pt-1 (a) and Pt-2 (b)“
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“Reaction mechanism and free-energy profiles are reported in the Supporting Information.

two-component systems® already investigated, they are
expected to establish only one covalent bond with DNA.

In the hydrolysis inspection, besides the catalytic water, two
extra H,O molecules were added to the system to better
account for the hydrogen bonding network and to allow a
proper solvation of the leaving chloride. The potential energy
surfaces for the hydrolysis of the Pt-1 and Pt-2 complexes,
computed in water and in a less polar solvent (¢ = 8), are
reported in Figure S4 of the Supporting Information. All the
stationary points intercepted along the reaction paths, together
with more detailed information, are collected in Figure SS.

At the initial stage, water approaches the Pt" center (3.61
and 3.71 A for Pt-1 and Pt-2, respectively) forming a weak
interaction, leaving almost unchanged the Pt—Cl bond
compared to the corresponding starting complexes. As
expected, the transition state (TS) adopts a trigonal
bipyramidal geometry in which the Pt—Cl bond is sensibly
elongated (2.73 A in Pt-1 and 2.79 in Pt-2), while water is
forming its bond with platinum (2.49 and 2.40 A for Pt-1 and
Pt-2, respectively). The analyses of the TS vibrational modes
unequivocally show the Pt—Cl bond breaking and the
simultaneous metal—water bond formation. In the product,
the Pt—OH, bond is completely formed, and the chloride lies
far from Pt center. According to our calculations, the Pt-1 and
Pt-2 hydrolysis reactions require energy barriers of 22.2 and
20.8 kcal/mol to be overcome in water, respectively. The
activation energy values computed for Pt-1 and Pt-2
complexes compared with those previously obtained for
cisplatin®' and its analogues®**™>* are collected in Figure 5.

The inspection of the hydrolysis process in the dark reveals
that the Pt" moiety follows an activation mechanism similar to
that previously found for cisplatin and its analogues already
used in cancer therapy. The exploration of the hydrolysis
process, indeed, reveals no consistent differences between the
two computed energy barriers, meaning that the Pt'-
coordinated chromophore has a negligible effect on the
aquation process. On the other hand, the heights of the
barriers found are similar to those determined in other
platinum-based anticancer drugs used in chemotherapy.

Bl CONCLUSIONS

Two Pt!~BODIPY conjugates (Pt-1 and Pt-2) and the two
metal-free precursors (1 and 2) have been herein investigated
at DFT and TDDEFT levels of theory in order to explore how
the Pt" moiety affects the photophysics of the light absorber
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Figure 5. Computed activation energies in solution (kcal mol™") for
Pt-1, Pt-2, and cisplatin analogues previously investigated.

and to inspect, in turn, the possible modulation of the
hydrolysis rate of the Pt" ligand before reaching the biological
target, induced by the presence of the BODIPY core.

The investigated photophysical properties for singlet and
triplet states and the amplitude of the computed spin—orbit
matrix elements reveal that the Pt-containing systems are both
able to enhance the cytotoxic 'O, production. In particular,
results also show a significant enhancement of the spin—orbit
matrix elements in complex Pt-1, suggesting a more efficient
intersystem crossing process along the investigated S;-T,
channel and better meeting the criteria to be successful in
the PDT application. Nevertheless, due to the more extended
conjugation in the chromophore moiety, the absorption
wavelength of Pt-2 better falls in the so-called photo-
therapeutic window. The Pt" moiety, instead, follows an
activation mechanism similar to that previously found for
cisplatin and its analogues already used in cancer therapy. The
exploration of the hydrolysis process indeed reveals no
noteworthy differences between the two computed energy
barriers, meaning that the Pt"-coordinated chromophore has
no influence on the aquation process. On the other hand, the
heights of the barriers found are similar to those determined
for other previously investigated platinum-based anticancer
drugs used in chemotherapy.
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