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1.1.CANCER AND PLATINUM METALLODRUGS

Cancer is currently the second leading cause dhdealeveloped countries despite
the huge advancement in drug research and technfdpbgancer treatment during the past
decadesAs reported by the World Health OrganizatiHO), cancer was responsible
for approximately 9.6 million deaths in 2018. Glthpaabout 1 in 6 deaths is due to this
illness. With global cancer morbidity increasirtig levelopment of new cancer treatments
is crucial.

The conventional anticancer treatmentsiggre 1.1) rely mainly on surgery,
chemotherapy, and radiation theraPyher therapies (immunotheraptargeted therapy
or photodynamic therapy (PBvide infra)) have aroused great interest in recent years.
However, some of these therapies may be insuffidenaddress a problem of such
magnitude. For example, only localized cancersbeaimeated by surgery, and tumors such
as the pancreas and hepatocellular carcinoma, tdmaemoved by this surgical
procedure. On the other hand, radiation therapyiesathe risk of inducing secondary
neoplasms due to high-energy radiation used. Inunotherapy of cancer, a key obstacle

is the immunosuppressive environment of the growimgor>

Chemotherapy
Surgery \ Eﬁ. Radiotherapy
— 0 5
(i |
(g%
¢/ CONVENTIONAL\, &3

ANTICANCER
TREATMENTS

®

Targeted therapy

EMERGENT ./

Inmunotherapy

Photodynamic therapy

Figure 1.1. Types of anti-cancer treatment.



4 Chapter 1. Introduction and Objectives

Chemotherapy, meanwhile, attempts to cause theecaalls’ death to arrest the
tumor’s progression through the use of drugs (dogan inorganic), usually attacking
cellular DNA or metabolic sites essential for cepplication.ldeally, these anticancer drugs
should interfere with cellular processes that anilignant cells posseddnfortunately,
most clinically approved anticancer agents do rpscHically recognize tumor cells;
instead, they affect all kinds of cells (normal arebplasicf. In addition, cancer-related
multidrug resistance (MDR) can directly lead tomla¢herapy failuré:® Luckily, there is
a continuous effort to develop of new chemothertipelnugs that allow overcoming these
drawbacks.

Most of the drugs used in the clinic are organidenwles (Paclitaxel, Doxorubicin,
Mitomycin, etc.;Figure 1.2A). Howeverthe serendipitous discovery of the biological
activity of cisplatin ¢is-diamminedichloridoplatinum(ll), Figure 1.2B)° and its
subsequent approval as a therapeutic drug in 183&ransformed cancer treatment over
the last 50 yearsSeveral platinum complexes with a similar struct(garboplatin and
oxaliplatin; Figure 1.2B) have also been approved by the FDA (U.S. Food Ry
Administration) and are used worldwide in canceerdpy. Nowadays, these three
platinum-containing drugs are utilized to treatatihost 50% of cancer patients going
through chemotherapy,employed alone or in combination with other agemotgreat

various solid tumors.

A. Organic-based drugs in clinical use

O OH O
OH
HoN
o}

O O OH O,

-
OH HoN
Placlitaxel Doxorubicin  NH, Mitomycin
B. Platinum metallodrugs in clinical use
O H, o
HN_  cl HN_ O N_ 0
_Pt _Pt Pt
HN™ i HN" Yo “N” Yo
Y H, o)
Cisplatin Carboplatin Oxaliplatin

Figure1.2. A) Some organic FDA-approved anti-cancer drug§BRA-approved platinum-containing
drugs
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The mechanism of action of cisplatin (CDDP) hasledensively studied through the
years. Surprisingly, only 1% of intracellular CDD&ms covalent bonds with nuclear
DNA lead to cell death. Briefly, CDDP is injectattravenously since oral administration
would produce its hydrolysis in the stomach andpatue to its low solubility in the
agueous medium. Once in the bloodstrean](EC100 mM), part of the complex can react
with some proteins in a non-selective way, esplgoigth those with thiol group¥? This
is excreted through the kidneys, where it causphnotoxicity. The remaining drug enters
cells both by passive diffusion and by active tpams The intracellular Clion
concentration is not high enough (4-10 mM) to avoydrolysis of the complex~(gure
1.3), forming the cationic species [PtCI(NI{OH.)]* and [Pt(NH)2(OH)2]?*, whose
positive charge prevents it from leaving the cghia. Since platinum(ll) is a soft acid, it
preferably interacts with the nitrogen atoms of thecleobases. The most accessible
position is the N7 of the guaninghe different adducts formed, among them 1,2-d(GpG)
(60-65%) and 1,2-d(ApG) (20-55%), modify the confiation of the double helix making
it more unstable. Specifically, the majority 1,2dduct (GpG) causes unwinding of the
double helix and folding towards the major grod®e. the other hand, they enable the
binding of specific nuclear proteins through thenamigroove, as occurs, fundamentally,
with proteins of the high mobility group (High-mdiby group box protein 1, HMGB1) that
“mask” the CDDP/DNA adducts, preventing the lesiepair from the nucleotide excision
repair machinery? CDDP can also interact with other nucleophileshsas RNA
molecules, the N- and S-donor moieties of biomde(e.qg., glutathiondyf,and proteins,
disrupting essential cellular proces$&s! The interaction between CDDP and RNA can
impact cisplatin bioactivity, influencing its toxig and interfering in processes such as
protein translatiod® In addition, the union of CDPP to chaperonage ginst such as
HSP90 can inhibit its protein-folding assistanasction*® Furthermore, CDDP can induce
cellular damage by generating reactive oxygen sgeROS), producing mitochondrial
dysfunction through mtDNA adducts, and cause adectransport chain imbalance. All

these processes ultimately lead to cell death giv@poptosis®=2?
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N,/
Pt
HN" i
[CI] =104 mM (Blood) Cell membrane
[CI] = 4-10 mM (Cytoplasm)
(i)
v ER stress
ROS generation
(ii) mitochondrial dysfunction
J, (iii) CDDP binds at N7
H e
“N—H----- 0 N
HiN_  OH, |2+ 7R N o
i . C N~ HN>E NH (iv)
N N —N
H3N OH2 \< 0 H_N\ >/

Figure 1.3. Mechanism of action of cisplatin: (i) Cellulartage, (ii) aquation/ activation, (iii) some of
the alternative under-reported effects of cisplgfir) DNA binding and (v) activation of cell deagignalling
pathways and promotion of apoptosis. Adapted frefarence?

The structures of carboplatin and oxaliplatin hdneen modified to increase the
stability of the platinum compounds before theiimnate target, the nuclear DNA. Thus,
the half-life of the aquation reaction, which ipagximately 2 h for the generation @&
[PtCI(NH3)2(OH2)]*, drastically decreases in these complexes oveksmeemonths? As
a consequence, carboplatin has lower toxicity apdvalent efficacy than cisplatin, so it
has become the drug selected for chose tumor &pestead, oxaliplatin is effective
against colorectal canéerand contains the diaminocyclohexane (DACH) ligahdtt
correlates with a lack of cross-resistance with ®BDRecently, Lippardet al. have
demonstrated that oxaliplatin has a different meidma of action to cisplatin and
carboplatin. This platinum complex of third-generatinduces ribosome biogenesis stress
and does not cause DNA damage, as was previoughyee?’

Unfortunately, despite their success and histamalksplatinum agents suffer many
limitations: poor stability, lack of tumor seledty high toxicity?® and multiple
mechanisms of resistance (inherent and acquife@hntinued efforts to improve upon
platinum anticancer agents have been studiEdgufe 1.4): Trans-platinum(ll)
complexes? monofunctional Pt(Il) complexés, platinum compounds that bind non-
covalently to DNA3? among others. In addition, Pt(IV) compleXeBave aroused great

interest because of the inertness of the low-spiRtdV) center to ligand substitution
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reactions, which minimizes side reactions with bitgcules other than DNA. Thus, they
are considered pro-drugs until the Pt(IV) reductiorPt(ll) active species inside the cell.
However, there are not new drugs of all of theassds used in the clinic since the FDA
approval of oxaliplatin in 200%. All this has supported the development of new drug
candidates based on other metals.

Trans Monofunctional Metallointercalator Pt(IV) complexes

H3N\| Cl
Cl_ NH; ! , O’ D¢
Pt HaN S i N | cl
HN" ¢ HN/Pt\CI 20
3
/go
Transplatin phenanthriplatin [Pt(dpq)(S,S-dach)]?* Satraplatin

Figure 1.4. Example of chemical structures of non-conventigteinum anti-cancer complexes.

1.2. ALTERNATIVE METALLODRUGS: OVERCOMING THE DRAWBACKS

Compare to organic-based drugs, organometallic toap are by far more versatile
due to possessing a wide range of coordination eusnlbgeometries, and oxidation
state€>3 (Figure 1.5A) that allow fine-tuning the biological activitie$ the metallodrugs.
These features increase the interest as pharmealsuir the use of antitumor drugs and
diagnostic agent¥. Gold32° ruthenium®* iridium,*>*3 rhodium?*4°> osmium?!4¢
rhenium?’*® and other so-called noble elements have beenyhigisearched in recent
years. Organometallic agents combine the advantdg#assic inorganic systems with the
high stability of an organic scaffold. In additicdhgey are relatively lipophilic and can be
synthesized using a wide variety of organic ligaradl®wing the introduction of
stereospecificity with access to a large numbaetroictural possibilities. The strong metal-
carbon (M-C) bond provides an increased metal cexgtiability against ligand exchange
reactions and biological reduction. Moreovéne properties of the cyclometalated
compounds can be easily modified by tuning both #reillary or the anionic
cyclometalated ligands, thus improving their phazakinetics and cytotoxicit§?

After Pt(I)-based drugs, ruthenium complexes (bo#ssical and organometallic) are
among the most studied therapeutic agents. Thas;lassical Ru(lll) compound known
as NAMI-A (Figure 1.5B) was the first compound of this metal to entergaiseof clinical
trials. However, recently these studies have bespended because of the lack of a specific
target>® On the other hand, the Ru(lll) complex known asLB€100 (formerly IT-139
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and KP1339Figure 1.5B) is currently in the clinical trial phase Ilith up-and-coming
prospect$->3In biological conditions, two oxidation states atable for ruthenium, Ru(ll)
and Ru(lll), where the latter is less reactdmong the advantages, Ru-based drugs include
(a) an octahedral geometry, which allows for a Bevarange of reaction mechanisms
involving the metal center, (b) several accesst)&lation states within physiological
conditions, and (c) the ability of Ru to mimic Rehich binds to transferrin proteif$,

whose receptors are overexpressed mainly on tifecsuof carcinogenic cells.

A Metallodrug design B —|_ Na*
ypes o :j -~ H
ganas es HN\N/ _\S;O—| &Nﬁ
Ny, ci | _c c | _ci NH
/II 7 u\ /Ru\
Kinetic ¢ | W, Coordina Cl ,L cl Cl n|1 cl
propertiesC | P geometries HNTTS ﬁ_\7
NH
@]
Oxidation
state BOLD-100 NAMI-A

Figure 1.5. A) Advantages in metallodrug design. B) Strucsuoé the classical Ru(lll) octahedral
complexeBOL D-100 andNAM I -A.

The history of anti-cancer Ru chemistry shows thasc classes of active compounds:
Ru(lll) compounds (e.g., NAMI-AFigure 1.5B), Ru(ll)-arene complexes of the typg®%(
arene)RukL.Cl] (e.g., RAPTA-C) or [§°-arene)Ru(C~N)CI] Figure 1.6A), and tris-
heteroleptic polypyridyl complexesFigure 1.6B). These three groups of active
compounds have different mechanisms of actionekample, some arene compounds can
interact with DNA, whereas others can inhibit photéranslatior?® Tris-heteroleptic
polypyridyl complexes can include a cyclometalatiliggand to activate their
cytotoxicity>®°” while complexes of the type [Ru(N*j* are actively being studied as
photosensitizers (PSs) in PDY.

A. Arene B. Tris-heteroleptic

O Ru—Cl

Cl—Ru___~_ V2

/ P N ~ N

R Ras«y
RAPTA-;/ \\\\

Figure 1.6. Example of chemical structures of two familiedRaf(ll) complexes: A) Arene complexes
of the type [f5-arene)RukL.CI]*® and [f5-arene)Ru(C*N)CIf? B) Tris-heteroleptic complexes of general
formula [Ru(N~AN}(C”N)]* ¢* and [Ru(N~N)]?*.62
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1.3.IRIDIUM BASED-THERAPEUTICS. PHOTOPHYSICAL PROPERTIES AND ANTINCANCER
ACTIVITY

Iridium is a third-row transition metal, a membédrtioe platinum group of “precious
metals.” Discovered in 1803 by the English chemestnant, as an impurity in platinum,
iridium is undoubtedly the rarest element and thestntorrosion-resistant metal in the
earth's crust, possessing excellent chemical aysiqai properties.

The iridium chemistry is fascinating and diversevide range of oxidation states (-1-
+9), three coordination numbers (4, 5, and 6), wiked coordination geometries. The
most common oxidation states of iridium are +1 &Bd The cation Ir(l) is a%electron
system and forms tetra-coordinate or pentacooriramplexes whose molecular
geometry is square planar or trigonal bipyramidagpectively. In the oxidation state +3,
iridium is a 5d center, and its compounds are hexacoordinate atahedraf® It is
interesting to know that in the 70s, the anti-canm@mplexes based on iridium were
centered on%kquare-planar 1,5-cyclooctadiene Ir(l) compourdgure 1.7A), owing to
their structural similarity to those of Pt(ll). Hewer, nowadays, the development of
therapeutic agents is based on Ir(lll) compleXegure 1.7B). This oxidation state is more
stable than Ir(l), with a higheoordination number (6 versus 4), which can giveagr
structural diversity due to the extensive rangkgainds.

A. Ir(l) anti-cancer compounds

\y,
"y, \\\\“\\L
f

e
N

L

B. Ir(lll) anti-cancer compounds

R |+0 /N E

e | n

| >"<
L r\\z c ‘ N

L N

Arene Tris-heteroleptic

Figure 1.7. Coordination geometries for A) Ir(l) and B) lifitherapeutic compounds.

In organometallics, Ir(Ill) complexes have shownraredible range of properties that
make them appropriate for many applications, extenffom catalysis to optoelectronics.
The most significant functions of Ir(Ill) compoundee their use as catalysts in different

reaction§* (metathesis of alkanes, hydrogenation, water dixidaetc), and their use in
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electronic devices, such as luminescent chemosgnsorphotoelectronic sensors. The
articles associated with these applications haea geowing exponentially until 2016 but
have decreased slightly in the last three yearsoftrast, the use of iridium complexes in
therapy is increasing, although it is still in keginning Figure 1.8). Unlike Ru(ll)
complexes, isoelectronic Ir(lll) compounds were w©onsidered potentially useful as
cytotoxic due to the inertness of the metal ceitewever, the development of new iridium
compounds with biomedical purposes has increasedule they can modulate their
reactivity from kinetically inert species to othabile species with the proper choice of
auxiliary ligands®® Furthermore, Ir(lll) complexes show several advgesaegarding
platinum and ruthenium compounds that support thlea@rapeutic potential: easier
synthesis and purification, air and moisture sighif and impressive tunability of their
optoelectronic properti€s:®’
-e- Catalysis % LEDs -+ Therapy
300

200

100

Publication per year

U T T T 1
2011 2013 2015 2017 2019

(o]

Figure 1.8. Published articles between 2010 and 2019 onuimidcompounds applications (Web of
Science, core collection, 2020-April).

Ir(1ll) anti-cancer agents can be divided mainlyoitwo types of complexes: arene
complexes and tris-chelate complexieg(re 1.7B).

Arene complexes, also known as ‘half-sandwichllly@omplexes, have proven their
potential chemotherapy activity towards variousesypof cancet®®® These pseudo-
octahedral iridium complexes of the typglCp9Ir(L*L")Z] °* (Figure 1.7B), where Cp
is pentamethylcyclopentadienyl (Cp*) or extended,@pL’ is a chelating C*N or NN
ligand and Z a neutral pyridyl ligand or an aniocitoride, have been widely investigated
by Sadler and co-workef&’°The ligands usually rule these complexes' eleatranid
physiological properties so that an intelligentigesan lead to a wide range of biological
activities For example, the anti-cancer activity ayclopentadienyl organoiridium(lIl)
compounds can be activated by changing a neutrisl¢lrelating ligand to a negatively
charged C~N analog. Also, the rapid ligand exchaegetions in these complexes (on the
order of few seconds) are connected to their antituactivities. In addition, these Ir

compounds can act as catalytic drugs or possessx ratechanisms of actidif.’
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Interestingly, some of these compounds can inbibibgically relevant enzymés;”®and
some cyclometalated benzimidazole Ir(lll) complexese shown dual cytotoxic and
antiangiogenesis activitié8/

On the other hand, octahedral cyclometalated mdaomplexes have aroused great
interest since, in addition to presenting antiturpooperties, they possess an intrinsic
luminescence, so they can be used simultaneouslherapy and diagnosis. These
octahedral complexes can be mgnus-, and tris cyclometalated, which broadens the
range of potentially available structures, which ba ionic or neutral.

In this thesis, Ir(lll) complexes of the type [II8)2(N~N)]"and [Ir(C N)] have been
developed fundamentally, so we will focus on theperties of these compounds.

Both types of cyclometalated Ir(lll) complexes aoenmonly synthesized through two
steps: first with the formation of the dichloridadged dinuclear Ir(lll) complex
[Ir(C~N)2(u-Cl)]2 from the reaction between the cyclometalating legghlC~N) and
IrCls-xH20, and then through the reaction between the dandra third ligand, to obtain
the bis- or tris-cyclometalated monomerBigure 1.9). Bis-cyclometalated Ir(lll)
compounds are generally obtained as racemic mixtafeheA and A enantiomerg?
although, the separation of these enantiomers drabyroccurred®"® While, for tris
cyclometalated complexdsvo isomers are possible, facidéd) and meridionalrfer),”®
being the latest easily isomerized to the morelstidz isomer using heat or lighf.
Cyclometalated Ir(1ll) complexes can be categoriagtheteroleptic when different ligands
are integrated to the iridium center (e.g., bislayetalated complexes) or homoleptic

when three identical bidentate ligands are involvettie complex.

C/,, \\\\N
Ilr\ >
N /3 N
C ‘ C Cn ¢
LN U \ C/""nl\r --“‘\\\N> hv or heat N/""',IL-\““\\N>
e |\ o |\C
N k/N
mer-isomer fac-isomer

Figure 1.9. General synthetic scheme for bis- and tris- cyel@tated Ir(11l) complexes.
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1.3.1. Photophysical properties of octahedral Ir(lll) complexes

Before introducing the properties of these comp@exds advisable to review the
Jablonski diagramF{gure 1.10A).8182 After light absorption (A), a molecule is usually
excited from the ground singlet state)($ the excited singlet state.Jhe excitation
process occurs so rapidly (on the order oft16) that no rearrangement of the nuclear
framework occurs during this process (Frank-Condonciple). In the excited state, a
molecule relaxes through internal conversion (KChigher vibrational levels of the first
excited singlet state,;Swithin 10'-10"* s. Then, via vibrational relaxation (VR), the
molecule quickly relaxes (1¥ s) to the lowest vibrational level of &asha’s rulepy
dissipating energy for collisions between moleculdse spacing of the vibrational energy
levels of the excited states is similar to thathef ground state. As a result, the vibrational
structures seen in the emission and absorptiontrapace comparable. If the radiative
depopulation occurs from thig State, the spontaneous emission is known as #uenee
(F). If the spin of an excited electron is reverbgdntersystem crossing (ISC), leaving the
molecule in the first excited triplet state, The emission is termed phosphorescence (P).
This emission is usually shifted to longer wavetbsglower energy) than fluorescence.
Because the 8T 3 transition is also spin forbidden, triplet statetimes are very long after
fluorescence (microsecond to millisecond time gcale

The chemical nature of cyclometalated Ir(lll) coexy#s can be readily tuned by
chemical variations of the coordinated and auxiliayands, allowing fine-tuning of their
photoluminescent characteristics. This family ofmpbexes possesses excellent
photophysical properti€s that overcome the disadvantages of classic organic
luminophore$®

v High photostability, which avoids photobleachindang-term excitation

v Efficient tuning of the emission color with slighhodifications in their

structures

v' Large stoke shifts Rigure 1.10B) allow easily distinguishing emission

overexcitation and eliminating self-quenching psses.

v" Long luminescent lifetimeg)

v" High phosphorescence quantum yields)(

These favorable characteristics are essentiallyibest to the strong spin-orbit
coupling (SOC) induced by the 5d orbitals &f ion Ir = 4430 cm?) 8485
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Figure1.10. A) Jablonski diagram with the electronic levetsl possible transitions between singlet (S)
and triplet (T) states of a luminescent molecule.aBsorption, F: fluorescence, P: phosphorescdfice,
internal conversion, VRiibrational relaxation, 1SGntersystem crossing. B) Example of large stoké shi

a molecule.

In these Bicomplexes, the degenerated d-orbitals are degtdbind divided by a
certain energy\o (Figure 1. 11A) in an octahedral ligand field. This energy betw#en
three orbitalsz (dyy, bz, d)z) and the two orbitalsy€d,2, dio-y2) is determined by the metal
oxidation state, the atomic number, and the figldngth of the ligand (whose order
establishes the spectrochemical sefitk)is additionally possible to portray the moleaul
orbitals (MOs) of the metal complex and the traosg between it and the ligands, using
the same ligand field theory. According to the l@adion and nature of these orbitals, we
can distinguish different electronic transitioriSgure 1. 11B): metal-centered (MC),
ligand-centered (LC), and charge transfer (CT),l&ltier occurring from metal-to-ligand
(MLCT), ligand-to-metal (LMCT) or ligand-to-ligan@LLCT). Furthermore, the strong
SOC of the Ir(lll) center enables efficient intesggm crossing (ISC) from singlet to the
forbidden triplet excited state$ILCT, 3LC, and3LLCT.8%8" Also, an increase in the
ligand-field stabilization energy (LFSE) in theserplexes, the higher ionic charge of the
metal, and the larger size of the d orbitals resuti less thermally accessible M@on-

emissive stateynlike their Fe(ll) and Ru(ll) Yanalog$e8°
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Figure 1. 11. A) Orbital diagram of a dcomplex in an octahedral ligand field. B) Diagrafthe
electronic energy levels for a generic [Ir(C20*X)]. LC: ligand-centered, MC: metal-centered, MIL:
metal-to-ligand charge transfer, LLCT: ligand-tgdind charge transfekdapted from referenc®.

We can obtain a greater understanding of the eleictiproperties of cyclometalated
Ir(1l) complexes taking advantage of the good jmde power of density functional
theory (DFT) calculations. Using [Ir(pp¥bpy)]” (ppy: 2-phenylpyridine; bpy: 2,2'-
bipyrirdine) as an “archetype” complex, it is pddsito illustrate some general properties.
The highest occupied molecular orbital (HOMO) gaiigthas contributions from an Ir d-
orbital and also from the-system of the aryl rings of the C”N ligands. Imtrast, the
lowest unoccupied molecular orbital (LUMO) has ity n*-character localized on the
ancillary N~N ligand Figure 1.12).°%%1 More expensive spin unrestricted DFT
optimizations on the lowest triplet state of thenpdex confirmed that the lowest energy
emitting state is expected to originate from tripietal-to-ligand charge transféMLCT)
states admixed with ligand-to-ligand charge tranéi@acillary-based®LL’'CT) or ligand
centered LC) state character through the population of higiieg vacant C~N-based
orbitals®92 A less commonly encountered situation occurs wétemng electron donor
groups are substituents on the diimine ligand, améhtra-ligand charge transfer (ILCT)
arises’? Interestingly, the nature of emission can be di@skiby the band shape and
luminescence lifetimes. Thus, structured bands stgwibronic progressions result from
SMLCT/3LC states, while broad featureless bands are obdefor SMLCT/3LL'CT
states’ In addition, emission lifetimes on the order oftlteds of nanoseconds are typical
of 3MLCT states, while lifetimes for states with an lagaus emission intensity but more

marked®LC character can reach a few tens of microsec&hds.
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Spin-density
distribution of T,

HOMO

Figure 1.12. DFT predictions of the electron density distriboton the HOMO and LUMO. HOMO:
localized on the metal center and the phenyl risfghe cyclometalating ligands. LUMO: localized thre
N~N ligand. Spin-density distribution of the triplexcited state. Adapted from referefige.

The aforementioned indicates that a rational maalifon of the ligands around the Ir
center can tune the key parameters to achieve omplexes for many applications. These
parameters include the emission color, photolunc@ese quantum yield®), and the
excited-state lifetime@). Therefore, bis-cyclometalated complexes showhlenemission
color over a wide range of the visible spectrum awen part of the near-infrared (NIR)
region through different ligands since the eneryels of the N*N and C~N units can be
tuned independently of one anotf&iFor example, the placement of electron-donating
groups on the ancillary ligand leads to an oveataditabilization of the lowest unoccupied
molecular orbital (LUMO) and a resulting blue shifthe emission spectrufp.Thus, we
can get complexes with an intense blue emissidtafda for OLED applicatior?$®% and
complexes with a red-NIR emission (650-950 nm) cilig optimal for use as bioimaging
agents, combining virtues of good tissue penetmasind low autofluorescence in this
range®®

The phosphorescent emission quantum yi@ldis defined as the ratio between the
number of photons emitted and the number of photdrs®rbed. To change this value,
some modifications can be carried out. For exanipeeguantum yield of the “archetype”
complex [Ir(ppyX(bpy)]’ is reported to be just 9%, yet other derivatives faund to
possess much higher quantum yields depending upossien wavelength and steric
effects?®1%Hence, a broad range of phosphorescent quantuds yas well as incredible
color versatility and different excited-state lifeeés, has been achieved with 2—
phenylpyridine-based iridium(lll) complexes withmgle modifications in the ligands
(Figure 1.13).85191 For all this, biscyclometalated Ir(lll) compounds have been widely

studied as cellular imaging reagents and biomotequiobes %103
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On the other hand, the neutral tris-cyclometalataplexes [Ir(C*Ng] often exhibit
higher quantum yields than the cationic bis-cycltataéed complexes analotfdHowever,
its application in living systems is limited dueit®lack of charge, which makes it difficult

to enter the cell, and therefore, modifications hinesmade to solubilize thetff:19°

(a.u.)

H
8 Normalized intensity

T T T
500 600 700
Emission wavelength (nm)

~7 e oY
li\P‘p%p‘Pm i\N: I J\N: !
iy 'NZ i »
o (%) - 68 45 20

Figure 1.13. Emission quantum vyields of cationic luminesceidium(lll) complexes in acetonitrile
involving 2—phenylpyridine as a cyclometalated tigain the order of increasing emission waveleiighhe
to red) Adapted from referencé&g

1.3.2. Cyclometalated Ir(lll) anti-cancer theranostic agents

In addition to the role of luminophore, bis-cyclamadated Ir(Ill) complexes also have
a great potential to act as organometallic antceaagent$?®1°“The combination of both
features has allowed the development of new arteratheranostic agents, which offer
both therapeutic promise and potential for diagst®fsfFigure 1.14).

The successful design of cyclometalated iridiumpf(heranostic agents with particular
biological properties is still relatively difficulto rationalize and usually relies on
lipophilicity, the complex'’s intrinsic charge, aitslaqueous solubility. However, given all
the research done so far, the strategies to dégitjh complexes to fight cancer can be
broadly divided into three main types: organelig¢ded agents, protein-targeted
inhibitors, and photosensitizers in PDidg infra).

For the design of the first ones, we don’'t havetepn to follow because there is no
clear relationship between the localization insfdecell and the structure of compourtfs.
Sometimes, with a simple change in the structuréhercharge, the complexes can be

directed to one organelle or another (efggure 1.15A). However, in some cases, it is
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possible to target more specifically with organ¢diegeting moieties, which are divided
into small molecules and peptides. Thus, small mdés such as morpholitté and
triphenylphosphine (TPP¥ or peptides as octaargintitcan be used to target lysosomes,
mitochondria, or nucleus, respectively (§égure 1.15B).

Diagnostic tools:
* Magnetic resonance imaging (MRI)
Fluorescence
Positron emission tomography
. . (PET)
Diagnostics |- Single photon emission computed
tomography (SPECT)

Evaluation or estimation of the
nature, quality, or ability of the
antitumor agents

Assessment Therapy

Therapies:
Chemotherapy
Photodynamic therapy (PDT)
Immunotherapy
Phototermal therapy (PPT)

THERANOSTICS
- -

Figure 1.14. Representation of theranostics: a combinatiathefapy and diagnostics.

On the other hand, the complexes can be biocorgdgat biological or targeting
vectors (normally proteins) to induce a specificltgical behaviot!? For example, one
approach is based on ligands whose receptors arexgpressed in cancer cells compared
to healthy cells. Accordingly, a complex conjugatedctreotide-based peptides can target
tumor cells overexpressing somatostatin subtypee2ptors (SSTR2 (Figure 1.16A).
Another Ir-peptide conjugate with an integrin tangg motif RGD can selectively target
angiogenic cancer cells becausg3z and avPs integrins are implicated in tumor
angiogenesis* (Figure 1.16B).

The complexes can also be designed to act as gmerar protein-protein interaction
inhibitors. For instance, in developing organomietdi(lll) compounds as effective and
specific enzyme inhibitors, Meggers and co-workerge pioneeret® In this regard, our
research group synthesized an iridium complex thithbsemicarbazide NS chelate ligand
(Figure 1.17A),11¢ inhibiting cathepsin B (involved in invasion andgnation of many

tumors).
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Organelle-targeted agents
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Figure 1.15. A) Changes in the structure of some Ir(lll) coexds targeted different organelles: ER,
Mitochondrid!” and Lysosom@8B) Ir(Ill) complexes specifically target to mitoshdrial'® lysosomé®® or
nucleust't

Protein-protein interactions (PPIs) represent atpivrole in the functions of the cell
and, therefore, constitute promising targets foigdtiscoveryMa and Leung, innovators
in the field, published a very interesting relatediew in 2014° PPIs disorders are
concerned with oncogenesis because these intaractegulate the receptor tyrosine
kinases tanduce oncogenic signals to allow cancer progress$ior example, anomalous
activation of Ras/Raf/mitogen-activated protein dga (MEK)/extracellular-signal-
regulated kinase (ERK) signaling pathway improvesdr initiation, evolution, and
metastasis and consequently, occurs frequentlyamtost recurrent metastasizing tumor,
renal cell carcinom&® In this sense, in 2017, Ma and Leung designed(i) tompound
(Figure 1.17B) with the diimine ligand 4,4’-dinonyl-2,2’-bipyride *° which inhibited the

H-Ras/Raf-1 interaction and its downstream pathways
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On the other hand, there is an increased numbgrublications based on Ir(lll)
photosensitizers to fight cancer (see Section 1.4).

Despite everything, a rationalization between tlotivily and structure of the
compounds seems difficult to achieve. The expertalaonditions used by the research
groups worldwide usually are very different, witariations occurring on the biological
protocol, the cell lines used, incubation time, d@hed compound concentration. These
features frequently lead to results that are nsit giependent on the chemical nature and
characteristics of the metal complex. Nevertheltss field has rapidly increased in the
past decades.

A

Enzyme inhibitor Protein-protein interactions inhibitor
H H e N “1PFg
_N_ N |
Ph AN = X
N "
S ‘ Na N A
\Ir/ |r<
X
= N/ N|
N | | Ny =
=

Figure 1.17. Examples of A) an enzyme inhibitétand B) protein—protein interactions inhibifé?.

1.4.PHOTOTHERAPEUTIC TRANSITION METAL COMPLEXES: PDT AND PACT

The transition metal complexes allow, with the tfity of their excited states,
designing drugs with the desired photobiologicachamisms that are not possible with
organic compounds. The modes of light-mediatedaiitin of these antiproliferative drugs
can be generally divided into two main categor{@$: photosensitization reactions that
involve reactive oxygen species (photodynamic {werd&DT) and (2) photocleavage
reactions of the metal-ligand bond (photoactivatieeimotherapy, PACT).
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1.4.1. Photodynamic anti-cancer therapy

Light has been used for hundreds of years in tlyei@pdifferent ailments. Egyptian,
Indian and Chinese ancestors used light to treabua diseases, including psoriasis,
vitiligo, or even skin cancérAt the end of the 19th century, Niels Finsen began
contemporary investigations into phototheraffyFinsen treated patients with lupus
vulgaris using concentrated beams of UV light, drathks to this revolutionary approach
to treating diseases, he was awarded a Nobel Pri2dysiology and Medicine in 1903.
Thus, the discovery in the 1960s of hematoporpltdenivative (isolated from hemoglobin)
as an effective antitumor drug activated with liglarked the start of modern

photodynamic anti-cancer therapgyidur e 1.18).

TLD1433: the

Sunlight-activated Lipson reports first Ru-based
psoralens used to Meyer-Betz first use of First controlled || PS completes
treat vitiligo in ancient || injects self with HPD+light to human clinical phase Il Aproved
Egypt and India hematoporphyrin treat cancer study clinical trial PSs to date:
Photofrin
Visudyne
Levulan
~-3000 1903 1913 1955 1960 1975 1978 1993 2018 Eoseem
Metvix
Hexvix
Niels Finsen wins the Noble | | Schwartz isolates | | Dougherty First PDT Cysview
Price. Von Tappeiner coins hematoporphyrin treats skin approved: Photosense
the term “photodynamic” to derivate (HPD) cancer Photofrin Padeliporfin

treat carcinoma in Canada

Figure 1.18. Timeline of the historical development of PDT. BSphotosensitizer. Adapted from
reference?

In general terms, we can define PDT as an approvednvasive medical procedure
that uses light to activate a drug over a flexiiolee in a precise space. It is based on the
production of toxic singlet oxyge#@,) and/or reactive oxygen species (ROS) through the
combination of three non-toxic components: the dmlgo called photosensitizer (PS),
molecular oxygen3Qy), and light. After light irradiation at a waveldghgn its range of
absorption, the PS is excited from the ground singfiate (§ to the excited singlet state
(S1) and then undergo intersystem crossing (ISC)dolrehe first excited triplet state T
T triggers the photodynamic therapy through two pdtipe | and type II) based on the
different photochemical reaction procesdag\ire 1.19). Type | photoprocess consists of
electron or hydrogen transfer to the around bi@algsubstrates, generating free radicals
that can react witfO. to form ROS (e.g., hydroxyl radicals, peroxidessaperoxide
anions). Instead, type Il mainly involves energysfer from the photosensitizer to ground-
state®0; to yield singlet oxygen'Q.). The photo-generated ROS at@, during PDT

induce oxidative stress interrupting normal cetidtions that finally drive tumor cell death.
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Figure 1.19. Jablonski diagram showing type | and type || Ribibtoreactions.

Both mechanisms have complete dependence on matemutgert®thus, immediate
oxygen consumption during the therapy could wort®n intrinsic tumor’s hypoxic
condition. However, in the type | mechanism, sogective oxygen species could be less
oxygen-dependent. For instance, superoxide aniaicala (&) disproportionation
reaction or Haber—Weiss/Fenton reaction would corsge for this oxygen
consumptiont?1122

To be applicable in the clinic, a PS should meatesoequirements. On the one hand,
the PS should be non-toxic in the dark, exhibistrgng phototoxicity. This fact is depicted
by the phototoxic index (PI), calculated as therat PS toxicity in the dark and upon light
irradiation (Pl = [IGd]dard[IC50]iight, being 1Go the concentration of drug required for 50%
of cancer cells inhibition). On the other hand, B& should localize mainly in tumor cells
and preferably have great absorption in the “pti@oapeutic window” (650-850 nm) to
minimize both autofluorescence and light toxicihdanaximize tissue penetration of the
light.}?®> Undoubtedly, for deep-seated thicker solid tumors, tissue-penetrating near-
infrared light is necessary. Nevertheless, if PBTapplied topically (e.g., skin cancer),
there is no reason to sacrifice PDT potency formpdegenetration through the human
tissues?®

Current FDA-approved photosensitizers for PDT treatt are mostly porphyrin-based
compound¥* (phthalocyanines, bacteriochlorins, chlorins, asidhilar structures).
Nonetheless, their use in the clinic is restridigdhe low quantum yield of singlet oxygen
generation, the short lifetime of their excited tstaand rapid photodegradation
(photobleaching}?® These facts, in addition to their significant sigéfects, have

encouraged the design of new classes of PSs. Ot aftrategies is the use of metals.
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These PSs have many advantages as long lifetimésenMLCT excited states, an
efficient intersystem crossing, and bathochromittsin their absorption spectra. The first
metal-based PSs were porphyrinoid compounds, anddiiance of these kinds®s is
well represented with the palladium bacteriopheopide Padeliporfin (TOOKAB
soluble,Figure 1.20A). This compound is the first and only palladiunsée PS to be

approved anywhere globally. At present, it is ukedthe treatment of low-risk prostate

H

N
gI/

N

cancer with vascular-targeted PDT (VEB.

_| Cl,

KOsS Padeliporfin (WST11)
TOOKAD® Soluble TLD-1433

Figure 1.20. Metal-based PSs A) Padeliporfin (WST11, TOOKAD#uUble) and B) TLD-1433.

Therefore, transition metal complexes are a pramgisand emerging class of
photosensitizers. Almost all complexes screendelak agents are octahedral polypyridyl
Ru(l) compounds$?’ Between them, TLD-1433{gure 1.20B) has been approved to start
phase Il clinical trials to treat of non-muscle-asiwe bladder canceClinicalTrials.gov
Identifier: NCT0394516p

Beyond theRu(ll) photosensitizers, Ir(lll) complexes have epped as potential

alternatives to these isoelectronic counterpartalree they usually have cyclometalated
ligands in their structure. This fact enables widsrdification of their photophysical
properties, increases ligand-field stabilizatiorergly, and enhances decoupling of the
SMLCT excited states concerning MC states of thdlRd{imine complexe$? Moreover,
Ir(11)-based PSs possess several advantagesuppbg their use in PDT: color-tuning of
the emissions, long emission lifetimes (from np$p, energy-level control, and high ROS
production under hypoxia via energy or electrongfar06.128.129

The principal disadvantage of iridium-based P3kay are generally excited by short-
wavelength UV/Vis light. In addition, the two-phot@P) absorption strategy often results
inefficient. The latter uses a 2P exciting lasarrse that possesses a minimal irradiation

volume, resulting in practical limitations to trdatge areas. Moreover, the instruments
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required for applying this strategy are associatéti a high cost and are currently not
present in clinic$3® Nevertheless, a new technique named “interstRBIT” allows
irradiating with light internal organs such as fhencreas, the brain, or even the lungs
through the use of optical fibers that are direttttyoduced into the tumd#?!

In the last year, there has been an increase ipubbcation of Ir(ll)-based PSs in
high-impact index journal$>-*¢ which shows great interest in developing theseskiof
drugs. Some of these complexes (with high Pl eveteuhypoxia) are shown Figure
1.21.

Blue light Blue light
PI: 588 (A549 cells, normoxia) P1: 27.2 (A549 cells, normoxia)
Pl: 147 (A549 cells, hypoxia) —| . Pl: 18.5 (A549 cells, hypoxia)
NH N
N= x_CN
HN ) / Et:N o
N
o g
/ \ NS
—N y N H/\/\NH
\ :/) N
Blue light Green light
Pl: 161 (HelLa cells, normoxia) PI: 85 (HeLa cells, normoxia)
PI: 153 (HelLa cells, hypoxia) PI: 79 (HelLa cells, hypoxia)

Figure 1.21. Examples of Ir(lll)-based PSdth their Pl in normoxia and hypoxi&2134

In the same way as for iridium theranostic ages#sh research group uses different
conditions (light potency (W/cfhy determination of singlet oxygen quantum yielcks)
lines, etc.) and different light sources. Thus difficult to compare the activity from one

PS and another because there are no generalizedqe

1.4.2. Photoactivated chemotherapeutic (PACT)

Inorganic photoactivated chemotherapy (PACT) isapproach where a protected
bioactive caged compound (M-IEigure 1.22A) is triggered and released by light
irradiation. Cleavage of the M—L bond can occurphatoreduction, photosubstitution, or
radical mechanisms, and either the fragment M oo both, may have biological
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activity.®* PACT is oxygen-independent, and therefore, it can remtean important

alternative to target oxygen-deprived tumors whbee effectiveness of PDT agents is

reduced.
A
. Light .
M —) M db
<Caged>
No effect Active molecules
B i A <
= i N — N/i/@ = ‘ NJ
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e e
P450 Enzyme

Figure 1.22. A) General principle of photoactivated chemotpgraM represents a metal-based
compound and L a ligand. B) Ru(ll) complex actemg a dual-action drug (DNA damage and enzyme
inhibitor) under blue light irradiatiof?’

Ru(ll) complexes have been the most studied metaipounds agphotoactivated
chemotherapeutic ager8:13"1%The photochemical reaction can happen at any step
during the decay to the ground state, and is thexdfighly connected to the excited state
configurations, the nature and energy of closeestatnd the accessibility of the dynamic
process3® Thus, Ru(ll) compounds can populate triplet metaitered IMC)*3 which
havea strong dissociative character, leading to ligsutastitution. An example of this type
of complexes is shown iRigure 1.22B: a ruthenium complex containing P450 inhibitors
for dual DNA damage and enzyme inhibition.

In contrast, the mixedMLCT and3LC states of iridium complexes turn them into
highly photostable drugs, and their use in PACTtiooies undevelopetf® Thus, only two
examples of photoactivated chemotherapeutic Irfidhnpounds have been described. Lo
et al. designed’® a photoactivatable iridium agerfEigure 1.23A) similar to the Ru(ll)
compound previously reported by Gas$éysing the photocaging technology to avoid the
Ir(1Il) complex activation before irradiation. Thaetive iridium compound [Ir(C*"Njbpy-
CH2NH2] (bpy-CH:NH2 = 4-aminomethyl-40-methyl-2,20-bipyridine) was rifeel with
a PEG chain using a nitrobenzyl photolabile pratgegroup (PPG). In addition, Mao and
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co-workers synthesized three Ir(lll) complexEgy(r e 1.23B)**? with two five-membered
heterocyclic ligands, mainly because of the coatiiim of these monodentate ligands to
the metal is more unstable as compared with biteefigandsAfter blue light irradiation
(425 nm), the monodentate heterocyclic ligands vadtssociated from the metal center,

showing a high light-initiated anti-cancer therageaffectiveness.
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Figure 1.23. A) Photorelease of the PEG pendant from theundll)-PPG— PEG compleX? B)
Chemical structures of complexes designed by Mao.

1.5.0BJECTIVES

This thesis is outlined in the context of the swsih and characterization of new
octahedral Ir(Ill) complexes and the study of theatential as anti-cancer drugs in the
therapy and phototherapy of cancer. The work iscired in eight chapters, including a
general introduction (chapter 1) and final condusi(chapter 8). Chapters 2, 3, and 4 will
focus on a structure-activity relationship (SAR)dst of cationic Ir(1ll) complexes, where
we will introduce modifications in both the NN atite C*N ligands to study the effect
on their photodynamic activity. In the followingaters (5, 6, and 7), we will elucidate
the synergistic effect of using two metals in taene molecule, the advantage of operating
in vivo models in the investigation of a new drug, andrbed to use nanoparticles to
increase the accumulation and biocompatibility efitnal iridium complexes respectively.
This research field is multidisciplinary, and camgently, the results obtained from bath
vitro andin vivo biological studies, and the preparation of nantigdas loaded with some

selected iridium complexes, have required the boHation with other research groups
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with expertise in these fields: Prof. Viktor Bralkigastitute of Biophysics of Brno, Czech
Republic), Dr. Fernando Gandia-Herrero (Biochemastd Molecular Biology A
Department, University of Murcia) and Dr. VicenteaMhan (Organic Chemistry
Department, University of Barcelona).

The aims of each chapter are:
1. Synthesis and characterization of bis-cyclonag¢al Ir(1ll) complexes bearing different
polypyridyl NAN ligands withrn-extended conjugation to investigate their photcuat
properties and cytotoxic potential in dark conais@and after irradiation with blue light.
2. Modification of cyclometalating ligand in a sgiof Ir(lll) complexes of the type
[Ir(C~N)2(dppz)][PFe] to tune the photophysical properties, lipophilicicellular uptake
efficacy, and phototherapy activity even under nmxra and hypoxia.
3. Development of novel bis-cyclometalated Ir(Bmplexes modifying the NN ligand
based on benzimidazole backbone containing NH grdapstudy their activity against
melanoma cancer cells under blue light irradiaiod deepen into its mechanism of action.
4. Design and synthesize of a new dinuclear IFli{ll) complex to overcome resistance
to drugs such as cisplatin with a synergistic e¢ftdfctwo metal centers and incorporate
features like traceability.
5. Synthesis of a new Ir(lll) complex to investigats potential as an anti-cancer drag
vivo in a recently develope@aenorhabditis Elegans tumoral model.
6. Synthesis and characterization of four neutrsddyclometalated Ir(lll) complexes and
their vehiculation using polymeric nanocapsulesnmrove their biocompatibility and
cellular uptake and study their potential actiatyainst multidrug-resistant HeLa cancer

cells.
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2.1. INTRODUCTION

As commented in Chapter 1, the antiproliferativevay of cisplatin arises from the
ability of this complex to generate covalent addueith nuclear DNA, which ultimately
triggers cell death There are many metallodrugs with this traditiomalde of actiorf,but
the side effects observed by the patients undeggdiemotherapy with this kind of drugs
are due, among other things, to the lack of seliégtof this covalent binding. Therefore,
new strategies have been developed for the disg@ferovel metallodrugs with different
mechanisms of action as targeting cellular orgasgl|

The endoplasmic reticulum (ER), which has an impartrole in the synthesis of
protein, lipid, and hormonés® is not well explored as the target for anticanagents
compared to the other subcellular tardetdost metal-based drugs directed at this
organelle cause ER stress, leading to subsequiknkeagh!-® However, obtaining metal-
based translation inhibitor drugs is virtually nexistent, only some complexes are
known?!! Our research group has developed some series @f) Romplexes that
interfered with protein synthesis with a markedligher potency than conventional
inhibitors of DNA translatiof:'> More recently, Ruiz, Gandia-Herresal. have reported
new half-sandwich osmium(ll) complexes that redym@dein translatiom vitro and were
able to reducén vivo tumor growth using the animal mod&lelegans.'® Furthermore, the
antitumor platinum complex oxaliplatin can induéeosome biogenesis stress causing
cancer cell death and not by eliciting a DNA-damagponse, as believed up to recettly.

As mentioned previously, bis-cyclometalated irid{ilih complexes have attracted
much attention as possible PDT agents due to tmvenient tunable photophysical
properties=® Ir(1l) complexes exhibit significantly larger Stes shifts than do organic
PDT agents; this greatly reduces the interferenesvden excitation and emission.
Remarkably, photophysical properties such as absarwavelength, quantum yields, and
emission lifetimes can be tuned by modifying thelametalated ligand and/or ancillary
ligand to optimize PDT requirements. Moreover, lly(lcompounds also show high
photochemical stability, in contrast to the fastogliegradation (photobleaching) of
porphyrin derivatives®

In this chapter, we describe a series of phospheré®rganometallic Ir(l1l) complexes
(8-12) of the type [Ir(C*N)(N"N)][PFs] (Scheme 2.}, in which the cyclometalating ligand
(1) 2-phenyl-1-[4-(trifluoromethyl)benzyl]-1H-benzd[chidazol remains as the C~N
backbone and the diimine ligand is varied {N*N=pli@&n dpq @), dppz 4), dppn &), and
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dppz-izdo 6); phen=1,10-phenanthroline; dpqg=dipyrido[3,2-B2f]quinoxaline;
dppz=dipyrido[3,2-a:2’,3’-c]phenazine; dppn=benidipyrido[ 3,2-a:2’,3’-c]phenazine;
dppz-izdo=dipyrido[3,2-a:2’,3’-c]phenazine-10,11iazolone} with the aim to fine-tune
the photophysical and antitumor properties of tikirsé of interesting drug¥’. Particularly,
benzimidazole is a widely used pharmacoph®reand the choice of the
trifluoromethylbenzyl group on the nitrogen atomtloé benzimidazole provides a higher
lipophilicity of the ligand. Than vitro antiproliferative activities 08—12 were studied
against various human cancer cell lines both uddek and irradiation conditions. The
complexes preferentially targeted the endoplaseticulum and the mechanism of action
of 8 and12in the dark, which included the induction of apmi$, also involved inhibition
of protein translation. In addition, their activitycreased upon blue light irradiation with a
large increase (~10-30-fold) of the intracellul®@Rlevel.

2.2. RESULTS AND DISCUSSION

2.2.1. Synthesis and characterization

Five new luminescent iridium(lll) complex8&s12 (Scheme 2.1 (C*N = 2-phenyl-1-
[4-(trifluoromethyl)benzyl]-1H-benzo[d]imidazadN,C; N*N = phen8, dpq9, dppz 10,
dppnlland dppz-izdd2) were synthesized and characterized to investifja@teffect of
the degree of the conjugation of the polypyridyl ligands on the pbyatysical properties
and their Dbiological activity. The HC”N pro-ligand(l) 2-phenyl-1-[4-
(trifluoromethyl)benzyl]-1H-benzo[d]imidazol-kN,C as synthesized as previously
reported by u$ (Scheme E2.lin the Experimental Section). The N~N ligand 1,10
phenanthroline2) is commercial. The quinoxaline and phenazine Nginds (dpq J),
dppz @), dppn 6), and dppz-izdof)) were synthesized through Schiff-base condensatio
of 1,10-phenanthroline-5,6-dione (phendio) withy&hediamine, o-phenylenediamine,
2,3-diaminonaphthalene or 5,6-diaminobenzimidazei®n Scheme E2.2 in the

Experimental Section) as previously reportett.
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Scheme 2.1Structures of new iridium(lll) complexés-12

The complexe$-12 were obtained in good yields (65-86%) in the farfrracemic
mixtures A andA enantiomers), by reaction of the chloro-bridgétl)rdimer 7 with the
corresponding N”N ligand in a 1:2 molar ratiScheme 2.2 All compounds were
characterized byH and*3C NMR spectroscopyFigures S2.1-S2.yand positive-ion HR
ESI-MS (Figure S2.9, and they were shown to be at least 96% puredbly elemental
analysis and RP-HPLC in DMS@Figure S2.9. The NMR spectra of new complexes
exhibited one set of peaks for the two equivalgydianetalating ligands due to the
symmetric nature of the coordination environmeouad the metal. The positive-ion ESI

mass spectra showed the [M-sPFsignals with the expected isotopic distributiompm.

v (¥ s [
el | ¢ CHQCIleeOH23> c, ‘ > PF,

Ao r\

HO/\/OEt/HO31 C/| O 2) 2 KPFg L,N

2 |rC|3.XH20

110°C
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Scheme 2.2Synthetic route for the preparation of the nefill)rcomplexes8-12
2.2.2. Structures determination

Single crystals suitable for X-ray diffraction aysik were obtained by slow diffusion
of hexane into saturated solutions9adnd10 in dichloromethane and 1,2-dichloroethane,
respectively. Their molecular structures with hygo-bonding schemes are shown in
Figure 2.1 Crystallographic data are givenTiables S2.1-S2.6and selected bond lengths
and angles are listed ifable S2.7 The iridium atoms have a pseudo-octahedral
coordination geometry, and the largest deviatioepsesented by the bite angle (from 77.6
to 77.988) of the ancillary ligand. In the C~N Iigks, the two Ir-C bonds are in a mutual
cis disposition and their high trans influence fessin Ir-N bond lengths that are slightly

shorter than in the NN ligands. These findingsa@monly observed for reported bis-
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cyclometalated Ir(Ill) complexe€.The iridium complex cation ¢ crystallized with one
PFs anion and approximately 1.75 methylene chlorideesd molecules. The positive
complex cation ofl0 crystallized with one RFanion and approximately 2.375 1,2-
dichloroethane and one hexane solvent moleculefopaula unit,exhibiting disorder of
the solvent molecules within the solvent-occupiedls between the complex molecules.
Besides the important cation-anion Coulomb intévast the packing in the structures of
9 and 10 is organized (according to an analysis by PLAR®Nby intermolecular C-
H.---B42" (Tables S2.8, and S2.1), C-H---Cl contacts (only for3), C-H--n
interactiong®?° (Scheme S2.1, Tables S2.8ndS2.12, Figures S2.11 and S1)14ndn—

n interactiond®3! (Scheme S2.2, Tables S2.1@nd S2.13, Figure S2.12 The n—n
interactions between the dipyridophenazine ligasfd$) lead to the pairwise arrangement
of two symmetry-related moleculeSigure 2.10).

Figure 2.1.Molecular structures and part of hydrogen bondicitemes A) for compleX showing the Ir(lll)
complex cation and three surroundings Riions in the crystal structure (&, solvent molecules of
crystallization were omitted for clarity). B) foomplex 10, showing the Ir(lll) complex cation and two
surrounding P§anions, a trifluoromethylphenyl fragment from atjagent cation, and a-B4Cl, solvent
molecule in the crystal structure. £ interactions in the packing @D in the crystal, indicated as dashed
black lines. Details of theser interactions, including the symmetry transformasiare given irmable
S2.13(Cg = ring centroid).
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2.2.3. Photophysical properties

The UV/Vis absorption and emission spectra wererdax for8—12in CHCN, Tris
buffer (1% DMSO), and water (1% DMSO) at room tenapgre Table 2.1, Figures S2.15
-S2.17. The UV/Vis spectra of complexes are charactdrizg multiple bandsHigure

2.2Afor 8-12in water (1% DMSO) an#ligure S2.16.

Table 2.1.UV/Vis absorption bands, extinction coefficientgleemission wavelengths f8+12

Compound Solvent dabs, NM (£/10° M~t cmi™Y) rexchem, nm
) ACN 251 (3.18), 299 (2.22), 307 (2.31), 380 381/565
(0.79)
H.0P 235 (4.76), 297 (3.24), 381 (1.18) 381/557
TrisHCP 238 (4.02), 274 (3.50), 309 (3.10), 379 381/555
(1.39)
9 ACN 260 (5.64), 291 (3.37), 314 (3.47), 378 381/581
(0.98)
H,0P 254 (6.03), 296 (3.95), 381 (1.13) 381/582
TrisHCP 259 (5.71), 300 (4.13), 383 (1.32) 381/581
10 ACN 242 (4.57), 280 (7.19), 362 (2.04), 382 380/615
(1.32)
H,0P 245 (5.41), 281 (6.18), 380 (1.78) 380/596
TrisHCP 249 (3.98), 280 (4.41), 364 (2.07), 384 380/605
(1.94)
11 ACN 241 (6.11), 326 (8.10), 395 (1.51), 421 380/575
(1.05)
H.0P 242 (6.47), 310 (5.65), 380 (1.52) 380/566
TrisHCP 248 (3.58), 324 (3.32), 400 (1.42) 380/566
12 ACN 235 (6.15), 307 (6.03), 413 (3.09), 505 405/582
(0.36)
H,0P 232 (9.41), 308 (5.62), 415 (2.30) 405/580
TrisHCIP 239 (5.02), 311 (4.41), 412 (2.28) 405/585

3Ir complex] = 10 uM in aerated solvehtl% DMSO

All complexes display intense and structured aligsmipbands at approximately
230-350 nm. The magnitudes of their molar extinctioefficients in this region~d—6 x
10* L mol™t cm™?, Table 2.1) are consistent with spin-allowed ligand-centgfé€) n—n*

transitions arising from cyclometalated (C”N) arnignthe (N~N) ligands®? The less
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intense absorbance bands and shoulders>3650 nm can be mainly attributable to mixed
singlet and triplet metal-to-ligand charge-trangggin-allowed singlet-to-singléMLCT

and spin-forbidden singlet-to-triplB¥ILCT) and ligand-to-ligand charge-transfer (LLCT)
transitions>>—*°*The intensities of these absorption bands gragliradteased from complex

8 to complexl2 when ther-conjugation was increased on the diimine ligaad$)appened

in other Ir(11) polypyridyl complexes previouslyedcribed? Upon excitation &é=380 nm

(for 811 orA=405 nm (forl2), they exhibit yellow to orange emissidadure 2.2Band
S2.17 slightly sensitive to the nature of the solverdlfle 2.7). The emission lifetimes of
8—-10and12in water are shown ifiable 2.2and they are consistent with excited states of
triplet parentagé® The lifetime of11 could not be measured because the intensity in the
decay kinetics curves was very low and matched thighbackground (prompt iigure
S2.18.

Table 2.2 Excitation wavelengths\{,), emission wavelengthd«,, emission lifetimestn), and quantum
yields @em) of 8—-12in water (1% DMSO).

Compound dexe, NM? dem, NM Tem, NS Dem, %
8 381 557 54 (12%) 310 (88%) 22.3
9 381 582 55 (9%) 290 (91%) 10.5
10 380 595 34 (22%) 170 (78%) 1.5
11 380 566 - <1
12 405 580 22 (25%) 190 (75%) <1

a)exc Maxima.PEmission lifetimes measured in aerated solutiBhso weak to be measuréEmission
guantum yields measured in deaerated solution

A decrease in the emission intenskjgure 2.2B) and emission quantum yieldgable
2.2) is observed in water upon increasing the lendtkthe polypyridyl ligand. As the
emission spectra remain the same in the preseratesence of oxygeffrigure 2.20), the
decrease in the emission intensity is attributedht luminescence aggregation-caused
quenching (ACQ) effect/—3°
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Figure 2.2 A) UV/Vis absorption and B) emission spectra ofmplexes8-12in water at room temperature.
dex= 405 nm. C) Emission spectra d1 in aerated and deaerated water solutigp= 405 nm. In all
measures, the concentration was 10 uM and thedorgkbnt of DMSO was 1%.

To study the aggregation for the new compouridsNMR spectroscopy was used.
The aromatic proton resonances of the N*N ligarmvshan upfield shift in the spectrum
of 11 with increasing the concentratioRigure 2.3A) and at different compositions of
mixtures of [Q]IDMSO and RO (Figure 2.3Bfor 11 andFigure S2.19for 12). This can
be attributed to favorable-n stacking, which is well known to lead to the fotioa of
dimers or higher-order aggregates in soluffgttin fact, the proton signals become poorly
resolved when the percentage of water increases @rto 30% (forll, Figure 2.3B) and
from 0% to 50% (fod 2, Figure S2.19. In both cases, an increase in the water content up
to 70% lead to the virtual disappearance of therrasces in théH-NMR spectraThis
behavior is not observed for complexes with a lowegree ofr conjugation of the
polypyridyl ligand Figure S2.20for complex8). Spherical and elongated aggregates in
water were observed by transmission electron nmeomg (TEM) forll (Figure 2.4Aand
S2.2), and12 (Figure 2.4B) respectively verifying the occurrence of aggremat
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Figure 2.3. A) 11 at different concentration in IDMSO (400 MHz, 25 °C). Some proton signals (N*N
ligand) show an upfield shift when the concentratiocreases (green dots). B} NMR traces ofl1 at
different composition of BD in [Dg]DMSO (1 x 10° M, 400 MHz, 25 °C).

Figure 2.4.TEM images of the aggregates prepared A)lfband B) forl2 in water:DMSO (99:1) (10
uM).
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2.2.4. Stability and photostability studies

Before the biological study, it is important to kmohe solution stability of the new
compounds. Since the complexes are not solubleaterwwe need to dissolve them in a
minimal amount of DMSO to solubilize them. Thus #tability was studied firstin DMSO
byH-NMR, and no free ligand was observed after 2érb@m temperaturd={gure 2.5A).
The stability of complexes was also confirmed aérh in RPMI culture medium by
HPLC (Figure 2.5BandFigure S2.23.

It is also important to check the photostabilitytted complexes to ensure that they are
not degraded by the action of light. The photoditgin water (1% DMSO) was confirmed
for 10 by UV/Vis, not observing changes in the spectifateeand after light irradiation at
420 nm for 15 minKigure 2.50).
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Figure 2.5 A) 'H NMR spectra ofi2 measured after dissolving immediately inIDMSO (top) and after
24 h (bottom) at RT. B) HPLC chromatogram of comén RPMI culture medium (5 % DMSO) att=0 h
(—) and t= 24 h-{ - incubation. CUV/Vis spectra of complet0 before (t= 0 h) and after light exposure
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2.2.5. Cytotoxicity studies towards human cancer e

The antiproliferative activity of complex&s12 were evaluateth vitro against several
human tumor cell lines: ovarian A2780, cisplatisiségant ovarian A2780cisR, cervix
HelLa, and breast MCF-7 cancer cells. The standail53dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay was usedttain their cytotoxicity values.

Table 2.3 Cytotoxicity [ICs® mean valuesuM)] obtained for complexe8-12 and cisplatir?.

A2780 A2780cisR RF HelLa MCF-7 MCF-10A SH

Cisplatin 5.4 +0.¢ 155+0.. 2. 14.0+0.¢ 16.6 £0. 20+2 1.2
8 0.63+0.00 0.38+0.00 O0.€ 1.8+0.: 0.7+0.. 260 3.7

9 1.1+0. 0.37+0.00 0.2 09=+0.: 0.5+0.. 3.2+0. 6.4

1C 290 280+0.0. 0. 6.1+0. 6.3 +0.¢ 9.9+0.¢ 1.€

11 20 %< 202 1.C > 25 uNV 23 +¢ 40 +¢ 1.7

12 4.7 +0.¢ 3.4+0.! 0.7 23 *¢ 11+:¢ 41 +¢ 3.7

2Concentration of drug which exhibited 50% cell viip PThe results are expressed as mean values *
SD of three independent experiments, each of thadern quadruplicatéResistance factor (RF) is defined

as 1Go (resistant cells)/I&(sensitive cells)? Selectivity Factor (SF) is defined asséGhealthy MCF-10A
cells)/IGo(cancer MCF-7 cells).

Cisplatin was also evaluated under the same expatahconditions for comparative
purposesAs indicated inTable 2.3 the new Ir(1ll) complexes were toxic in all cancell
lines tested and their antitumor potency decreast ordei8~9>10>12>11, when ther
conjugation of the polypyridyl ligand and the ligolcity of the complex (determined by
the retention times in RP-HPLC analysEable 2.4andFigure S2.9 increaseAll iridium
compounds could overcome acquired resistance patiis and were at least as cytotoxic
in cisplatin-resistant A2780cisR cells as in thevtype A2780 line. The resistance factor,
defined as the ratio of the inhibitory concentmat{¢Cso) values in resistant (A2780cisR)
and cisplatin-sensitive parent cells (A2780), washe range of 0.34 to 1.02 for the
complexes, whereas it was markedly higher for atspl(2.89). Moreover, all complexes
(exceptll) were also more toxic than cisplatin in breast MCgells, which are naturally
resistant towards cisplatif.hese results indicate that the mechanism of aatiothe
complexes should be different from that of clinigalsed cisplatin and its direct
derivatives, which allows the Ir(lll) compoundsdweercome the resistance mechanisms
operating in the case of conventional platinum driRemarkably,8-12 showed less
cytotoxic in noncancerous breast cells, MCF-10Ad axhibited higher selectivity for

breast cancer cells, MCF-7, than cispldiiable 2.3.
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2.2.6. Cellular accumulation

The biological activity of metallodrugs is closelgpendent on their ability to cross cell
membranes and enter the cell. Therefore, the igittdar content of Ir was determined in
human Hela cancer cells treated with equimolan(f) concentrations of complex8s
12for 5 and 24 h. The iridium (or platinum in theseaof cisplatin) contents in the samples
were determined by inductively coupled plasma msigsctrometry (ICP-MS). The
viability of these cells was approximately 85— 9@#@ no marked increase in dead cells
was observed in comparison with the control. Botd &nd dead cells were harvested and
included in the experiment.

The amount of iridium that accumulated in celleaf or 24 h of treatment increased
in the order8<9<10~11~12 (Table 2.4. Although most lipophilic complexel) and11
showed the highest accumulation, the correlaticgsdwt work forl2. The effect of the
NN ligand on drug lipophilicity was studied by cparing their RP-HPLC retention times
(tr) on a C18 columnTfable 2.4andFigure S2.9. This is considered a reliable method to
estimate the relative hydrophobicities, as the FR-El behavior of a compound depends
on its hydrophobic interactions with the nonpolgatisnary phase: more lipophilic
complexes should have larger retention tifife®.

This correlation suggests a role of passive difflmsn the cellular uptake of these
compounds (except fdr2). Interestingly, most activ@ showed the lowest accumulation
in cells, whereas much less activeand12 showed an accumulation almost one order of
magnitude higher. Thus, the cytotoxicities of trewvnir(lll) complexes do not seem to
reflect their ability to accumulate in cells.

Table 2.4.Retention times &) by RP-HPLC, cellular accumulation of cisplatirdasomplexe$-12in HelLa
cells

tr (Min) 5h 24h
cisplatin - 22.7+0.7 110+ 10
8 17.1 34+4 61.0+0.9
9 17.4 105+ 11 219+9
10 18.5 305+5 536 £ 12
11 19.1 275+ 11 461 £ 55
12 17.2 246.0+ 13 406 + 12

aCellular uptake of the investigated metal compoy@fds.1M) into HelLa cells after 5 or 24 h. Each ealu
in the table is in pmol Pt or Ir/8@ells. The results are expressed as the mean af $idee independent
experiments.
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2.2.7. Mechanism of action studies

The profiles of time-dependent cell-response cuhage been shown to be a method
of partially identify the mechanism of biologicait®n of small molecule®4’ Thus, we
used impedance-based time-dependent cell-respoofdeng as the predictive method for
the mechanism of action of complexes. The time-ddeet cell-response profiles (TCRPS)
of 8 and12 are characterized by an initial increase in tHeimdex (Cl) above the level of
the CI for the control, followed by a peak with ath that is inversely proportional to the
concentration of the investigated compound appbeithe cells (shown ifrigure 2.6 for
HelLa and A2780 cells treatedth 8). The slope of the CI decline is directly propontl

to the treated concentration.
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Figure 2.6. The TCRPs of A) A2780 and B) HeLa cells treatdith wcreasing concentrations & Curves:
untreated control (black line§,at the concentration of @M (light green), 3uM (dark green), 1@M (blue)

and 20uM (red). Data were normalized to the time of theatment and expressed as the normalized cell
index. Curve profiles af2 were found to be the same as8at approximately 5-times higher concentrations.
Thus, only results fo are shown.

The acquired profilesHgure 2.6) were compared to those of a library of compounds
that were clustered into groups based on the gitiels of their mechanism of action. The
TCRPs 0f8 and12 were the same as those of the group of compouifelstiag protein
synthesis. In addition, a complete match with amigtin was found® This model
compound inhibits peptidyl transferase, which isirstegral part of the large subunit of
ribosomes and catalyzes peptide-bond formatiolnaretongation step of translation during
protein biosynthesi€4° Altogether, the obtained TCRPs for the investigatempounds
are consistent with the view and support the hyggiththat a possible mechanism of action
of the complexes involves inhibition of proteinrtstation.

To support this hypothesis, the incorporation B8Jmethionine was detected as a
measure of translation activity of the cells in gresence of the new compounds. In these

experiments, we intentionally used low concentregiof8 or 12 and a short incubation
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time (1 h) to secure cell viability to detect mgirthe upstream effects of the Ir(lll)

complexes. HelLa cells were further incubated witt]fMet for 2 h toallow their
incorporation into the newly synthesized proteiAs. shownFigure 2.7, complex 8

significantly decreased protein synthesis.
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Figure 2.7. Effect of8 on translation in HeLa cells as a measure of {mo@tion of3*S-methionine. The
radioactivities of control, untreated cells wer&eta as 1006. Cells were treated witB at indicated
concentrations for 1 h. Bars represent mean + 8@ fwo independent measurements.

2.2.8. Cellular localization and distribution

Fluorescence confocal microscopy was used to futdhe cellular distribution of the
new complexes. In this study, two representativegmaunds were selecte]:which shows
a high quantum vyield value in cell-free media, d&l despite having a luminescence
aggregation-caused quenching (ACQ) effect in ws&rtions.

As indicated inFigure 2.8A, the luminescence from both complexes was loddlize
preferentially out of the cell nucleus, and theaniéy of the luminescence was associated
with the cytoplasm. Based on the results of reaétcell electronic sensingifure 2.6)
and the fact that DNA is a very unlikely target fbe complexes, we also performed a co-
localization study, which may suggest the intradati target organelle.

The luminescence signal coming from Ir(lll) commexalmost completely matched
the luminescence coming from the endoplasmic retic{ER)-Tracker marked organelles
(Figure 2.8). Co-localization oB and12 with the ER was also analyzed by using Pearson’s
correlation coefficient (PCCf. The calculated PCCs were 0.43+0.03 and 0.60+@08 f
and12, respectively, and confirmed a relatively highdkeef co-localization with the ER.
These results underscore the abilityd@nd12 to target the ER preferentially.
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JR— ]
Figure 2.8 Colocalization studies & and12 in HelLa cells. Hela cells were treated withM of 8 (upper
images) and 2 (bottom images) for 2 h and co-stained with thettaRker. Channels: A) luminescence signal
from the tested compounds, B) ER-tracker fluoreseeiC) bright field, D) overlay of the luminescence
channels. Samples were sequentially scanned onfaazd laser scanning microscope, and the scakedrar
25um.

2.2.9. Cell-death detection studies

Many metal-based complexes kills cancer cells iggéring cellular processes leading
to apoptosis$!—>3However, cytotoxic compounds may also kill cefissugh non-apoptotic
cell-death pathways such as necré$i® To distinguish whether the cells treated with the
Ir(111) complexes underwent apoptosis or necrodBNA fragmentation induced by various
concentrations 08 and 12 was quantified by a specific ELISA colorimetrict.kirhis
analysis allows relative amounts of cytoplasmitdmns-associated DNA fragments (mono-
and oligonucleosomes) to be measured after thgyradeiced during the apoptotic process
or if these fragments are released from necrotits.c&hese results irFigure 2.9
demonstrate that treatment of cancer cells with lootplexes led primarily to apoptotic

events.
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Figure 2.9 Detection of apoptosis and necrosis in HeLa caésted with equitoxic (1€, 1Cso, and 1Gyg)
concentrations d8 and12 for 24 h. Data show mean + SD from two independeperiments, each of them

made in duplicate.

2.2.10. Photo-toxicity

We also studied the effect of visible lightthie antitumor properties of the new Ir(lII)
compounds. HelLa cells were treated v&th2 in Earle’s balanced salt solution (EBSS) for
1 h in the dark to give the compounds time to etitercells, and subsequently, the cells
were irradiated with blue light\ga=420 nm) for 1 h. After irradiation, the cells were
washed and incubated in complete Dulbecco’s matiiagle medium (DMEM) (without
Ir complex) for another 70 h (recovery time). Theg viability of the cells was assessed

by the MTT test, as described in the Experimengatisn.

Table 2.5 Phototoxicity [IGo mean valuesuM)] of the new Ir(Ill) complexes in HelLa cells

Dark 420 nm PP

8 11.5+0.2 0.044 +0.006 261
9 10.36+0.06  0.103 +0.005 100

10 > 100 0.866 £ 0.009 >115
11 > 50 0.58 +£0.01 > 86
12 > 50 0.35+001 > 143

aThe results are expressed as mean values + SDesf thdependent experiments, each of them made in
quadruplicate® PI (phototoxic index) is defined as the ratio lné toxic effect in the dark and upon light
irradiation; Pl= [1Gq]dark /[1Cs0]420nm

As observed inTrable 2.5 the cytotoxic effects of all complexes in HeLdls&vere
significantly potentiated by irradiation with visgblight. The phototoxicities d-12were
elevated by more than two orders of magnitude coetpto the samples in the dark (the

phototoxic indexes fall in the range of >86-261).
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2.2.11. Determination of intracellular reactive oxgen species (ROS)

It was already shown that upon irradiation Ir(Idpmplexes could significantly
increase intracellular reactive oxygen species (RI®®Is>’~° Therefore, intracellular
ROS were guantified to determine the oxidativesstia cells treated witl or 12 in the
dark and after irradiation. A method developed mbiRson et at®®! was used. This
method was designed to provide a highly sensitjuantifiable, real-time assessment of
ROS productiort’ To evaluate ROS formation, HelLa cells untreatettemated with8 or
12 in the dark or under irradiation conditioris.{=420 nm) were incubated with 10 uM
2',7’-dichloro-dihydro-fluorescein diacetate (DCHPA) for 30 min in the dark. DCFH-
DA, after cleavage by cellular esterases, is oridlizby ROS to vyield 2'-
7'dichlorofluorescein (DCF), a fluorescent compoundfl which fluorescence was
measured. The data demonstrating the generatiBR®8&fin HelLa cells induced by various
concentrations d8 or 12 are showed ifrigure 2.1Q
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Figure 2.10 ROS generation in HelLa cells induced by varicuscentrations of AB or B) 12. The values
shown represent the fluorescence intensity in Atdioled for various concentrations of the Ir(llInaplexes
from which the luminescence intensity obtained fbe untreated control cells was subtracted. The
fluorescence intensities yielded by the untrea&did i the dark or under irradiation conditiong@&833+57

AU or 438157 AU, respectively. Data represent me&D from three independent measurements.

Treatment of HelLa cells witB in the dark resulted in a concentration-dependent
increase in fluorescenc&igure 2.10A black bars), which indicated the production of
ROS. Importantly, the fluorescence was markedly-{#tfold) increased if the treated
cells were irradiated=jgure 2.10A white bars). This implies that the level of ircedular
ROS induced by could be markedly elevated by irradiation with bliglt. Complex12
showed qualitatively similar effects (i.e., 18—2#df increase in intracellular ROS level
upon irradiationfFigure 2.10B), but altogether, it was less effective in indgchROS than

8, which likely reflects its lower cytotoxicity undeoth dark and light conditions.
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2.3. CONCLUSIONS

We have explored the influence of the degree oftthenjugation of the polypyridyl
ligands on the photophysical properties and thibical activity of five Ir(lll) complexes
of the type [Ir(C*"N)}(N"N)][PFe] with 2-phenyl-1-[4-(trifluoromethyl)benzyl]-1H-
benzo[d]imidazole cyclometalating ligand as the Gyadkbone.

The complexes showed different photophysical prtoggedepending on the length and
degree oft conjugation of the NN ligand; the largest (dpprl @ppz-izdo) exhibited a
luminescence aggregation-caused quenching effectliffree media. Their antitumoral
study reveal that less lipophilic complex@sand 9 (with the lowest level of cellular
accumulation) exhibited the highest toxicities i8780, HeLa, and MCF-7 cancer cells,
and they were markedly more efficient than clidicalsed cisplatin. In contrast, the
cytotoxicities of more lipophilid1 and12 were considerably diminished @&values were
~4-55-fold higher). It is noteworthy that the intigated agents displayed the capability to
overcome acquired and inherent resistance to tisgia A2780cisR and MCF-7 cells,
respectively) and were more selective for breasteacells than healthy breast cells. In
addition, the cytotoxicity of the Ir(Ill) complexeld not reflect their cellular accumulation
and that they preferentially targeted the endopiasaticulum. The time-dependent cell
response profiles and estimations of the incorpaadf [*°S]methionine as a measure of
translation activity of the cells, suggested thatoasible mechanism of action involved
inhibition of protein translation. Moreove8,and 12 induced apoptosis similarly to other
antitumor metal-based drugs. Our examinations ialdicated that the toxic effect of all
complexes in Hela cells was significantly elevatagdmore than two orders of magnitude)
by irradiation with visible lightX = 420 nm). This photopotentiation was attributedt
marked increase (~10-30-fold) in intracellular teacoxygen species. To our knowledge,
the Ir(lll) compounds investigated in this studpnesent the first iridium complexes that
induce cancer cell death by inhibiting cell tratisia, whose activity could be markedly

photo-enhanced.
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study their photodynamic activity in
normoxia and hypoxia
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3.1. INTRODUCTION

As an emerging treatment modality, photodynamiadapg (PDT) shows several
advantages: temporal and spatial control of thadiation in the target site, minimal
invasiveness, low general organ toxicity, and latknitiating resistancé3 Currently,
most reported PDT systems operate via a type lhar@sm, in which PSs transfer their
excited-state energy to the surrounding oxygeprfoducing singlet oxygen. However, the
native microenvironment in solid tumors is hypofdd2—-2% Q) due to their rapid growth
and insufficient oxygen supplyFigure 3.1A).*° Besides, quick oxygen consumption
during the treatment further disturbs the hypoxiedition and limits the therapeutic effect.
As a result, a hypoxic environment seems to begaifsiant restriction of PDT, and
resolving this Achilles’ heel arouses general ieg¢s?’

Among other strategies, type | PDT appears to ke way to overcome hypoxia
limitation 3! The different reactive oxygen species (ROS; hygroadicals, superoxide
anions, hydrogen peroxide, or peroxyl radicalshdodepend on a single mechanism of
action, making it difficult for tumor cells to delep resistance PDY.In addition, some of
these ROS, such as superoxide radicals, could be @xygen-dependent with
disproportionation reactions or Fenton/Haber—Wegssctions Figure 3.1B) that would

compensate for the oxygen consumpfiti?

A B 0, Mediated Type | PDT
Drug Resistance [O,]

0,
Necrotic: 1,0, ] _L)

region Fenton/Haber.
egloi o £ Weiss reactions

Fenton/Habe\Neiss
reactiohs’

. VS
@y ypel i y
0, SOD

S eitra ABRer

Tumor vasculature

Figure 3.1 A) Hypoxic tumor microenvironment and associatedistancé® B) Compensation of
oxygen consumption by superoxide radical dispropoation reactior?

Superoxide radicals (O) have been identified as the main oxidant for eatreatment
and as an adjuvant to synergize the chemothéefdpyin excess of @ in the cells can
react with proteins, lipids, and DNA, irreversibtiamaging cellular components and
resulting in tumor cell deat¥. Recently, Liet al. have confirmed the intracellular
generation of superoxide anion radicals of benzoptigazines-derived agents, after near-

infrared light irradiation even under hypoxfet® On the other hand, a superoxide anions
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photogenerator based on a cyclometalated iridiumpound conjugated to coumarin has
shown promising PDT activity towards hypoxic tuméts

Herein we report the design and synthesis of tieg series of octahedral Ir(lll)
complexes of the general formula [Ir(C8ppz)][PF] (dppz = dipyrido[3,2-a:2’,3'-
c]phenazine), which include some modifications d¢we tC*N ligands such as the
incorporation of a sulfur heteroatom or a largeronjugation to tune the photophysical
properties, lipophilicity, cellular uptake efficgcgnd phototherapy activity even under
hypoxia?! The new compounds have been investigated in hurearsical cancer HelLa
cells both in the dark and after irradiation byeblight under normoxic and hypoxic
conditions. We demonstrate that in HeLa cells,n&& complexes can switch from Type
Il to Type | photochemical mechanism, and thereftrey can be active in all areas of a
solid tumor, adapting their mechanism of actionoading to the oxygen concentration.
This fact supposes overcoming the Achilles’ he® DT, related to its limited applicability

to treat hypoxic tumor cells and thus resistandeld.

3.2. RESULTS AND DISCUSSION

3.2.1. Synthesis and characterization

Three series of Iluminescent octahedral Ir(lll) céemps of the type
[Ir(C*N)2(dppz)][PFe] (Scheme 3.1were synthesized to study the effect on theitambor
photodynamic activity by modifying the cyclometabatligand.

7N\
HC N
Series 1 Series 2 Series 3
: O e
-0 Uy Oy
N N N
R R R
R=H 13a R=H 14a R=H 15a
Me 13b Me 14b Me 15b
CH,CgHsCF3 1 CH,CgH5CF3 14c CH,CgHsCF5 15¢

Complex C”N Ligand

19a 13a
19b 13b
10 1

20a 14a
20b 14b
20c 14c
21a 15a
21b 15b
21c 15¢

Scheme 3.1Structures of the pro-ligands HC”N and new iridicompoundd9a-b, 20a—cand21la—¢
showing labels and abbreviations used throughauiole text.
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Consistently, nine different C*N ligands based be benzimidazole core were
designed and incorporated into the metal, six efrtltontaining 2-phenyllBa 13b, and
1) or 2-naphthalen-2-yl1da-gQ groups and three others containing a sulfur batem
(15a-9. In addition, hydrogen, methyl and 4-(trifluoroting) benzyl substituents (a, b,
and c compounds, respectively) were included inrthidazole unit. The dppz ligand was
chosen as the N”N ligand due to its interesting RDflvity exhibited by the previously
reported complex1O (Chapter 2§? The new pro-ligands were synthesized by slight
modifications of protocols reported in the liter&Scheme 3.2andSchemes E2.3-E2.6
in the Experimental Sectiof}.>®

The new monomeric Ir(lll) complexes were synthesizetwo stages as previously
described in Chapter 2. First, dimeric iridium(ipiecursors [Ir(C*"NYu-Cl)]2 16a-b, 17a-
¢, 18a-c (Scheme 3.2and Scheme 3.3 were obtained by reacting IfZH.O and the
different HC”N pro-ligands. Then, the correspondiiger was reacted with dppz ina 1:2
molar ratio yielding orange to red monom&ga-21c

@N@ 2 (O |
=,
N
R=Me: 13b
R=CH,CeHsCFa: 1

C0 = CEM -, Clafy (Ol

/Ir\C|,Ir\ 5, Ir\ Fe
@i R=Me: 14b ¢ ‘ ¢
NH, R=CHyCeHsCFs: 14¢ LN N Q/N
2)
7 N N
or«c@ — \>_@ 3) \>_@ 16a-b, 7 NAN = dppz
S N S > s 17a-c :
N 18 avc Series 1-3
15a R=Me: 15b

R=CHoCeHsCFs: 156
Scheme 3.2Synthetic route for pro-ligands and new Ir(lll) gpounds. Reaction conditions: (1) DMF, 80°C,
5 days; (2) NaHS¢) H;O, reflux, 20 min; (3) Mel or ChCsHsCRBr, CsCQOs, CHCN, r.t., 24h; (4)
IrCls- HO, 2-ethoxylethanol/bD, reflux, 24h; (5) dppz, Ci€1/MeOH (2:3), reflux; then KP& r.t.

The complexes were characterized ¥ 3°C NMR spectroscopyFjgures S3.1—
S3.1), and positive-ion ESI-HRMS-{gures S3.12-S3.14 Due to the symmetric nature
of the coordination environment around the iridieenter, the NMR spectra of new
compounds exhibit one set of peaks for the two\edeint C*N ligandsKigure 3.2). The
positive-ion ESI mass spectra clearly showed thkeocutar peaks corresponding to [M —

PFs]". On the other hand, complexes were shown to leastt 96% pure by both elemental
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analysis and reverse-phase RP-HPE@re S3.15. In addition, the order of expected
lipophilicity was verified using RP-HPLC, i.e., HMe < CHCsH4CRs-p (Figure S3.15.

0 ooy Sy

Ir
r
/ \c|/ \ Ir\ / \
QO
_N N \
RN NR
RN NR
R=H 16a R=H 17a
Me 16b Me 17b
RN NR CH,CeHsCF3 17¢
S

CH,CgHsCFs 7

S \\N
\ \/m\/ Iy
|r\CI/|r
am \ B
S =N N S
RN\© O/NR
R=H 18a
Me 18b

CH,CgHsCF5 18¢

Scheme 3.3Chemical structures of Ir(lll) dimers
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Figure 3.2.1H NMR in [Dg]DMSO for 21b. The peak of the CHgroups integrates by 6 due to the

equivalence of both C* N ligands.

3.2.2. Structures determination
The crystal structure dfo has been previously reported in Chaptét Qingle crystals

of 20b-~3 GH4Cl2-~0.33 hexane suitable for X-ray diffraction analysisre obtained by
slow diffusion of hexane into a saturated solutwéri,2-GH4Cl,. The structure o20b is
shown inFigure 3.3A andS3.16 Crystallographic data are given Trables S3.1-S3.3
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The Ir atom has a distorted octahedral coordinageometry with the expected cis-C,C,
and trans-N,N mutual disposition for the C”N ligandhe Ir—Gw and Ir-Neay bond
distances lie within the expected ranges for thi @gands, that is, very close to 2.07A.
The Ir-N bond lengths for the dppz ancillary ligaf®i130 (4) and 2.131 (4) A) are
significantly longer due to the strong trans infiae attributed to the C atoms of the C*N
ligands?225The iridium cation oR0b crystallized with one RFanion and, as stated above,
about three 1,2-£H4Cl> and about third hexane solvent molecules per famuit. Apart
from the important cation-anion Coulomb interacsiptihe packing in the structure 20b

is organized (according to an analysis by PLAFObY intermolecular C—HF (Table
S3.4,%8-31 C—H-1t interactions Table S3.5and Scheme S3)1323 andn—n interactions

(Table S3.6andScheme S3.2%43° Then—r interactions between the dppz ligand20b
are shown irFigure 3.3B.

. Lg
3793 493.897 A 38979%3.793A @
. s e X

Figure 3.3.A) Molecular structure within the crystal 80b showing only the iridium cation (50% thermal
ellipsoids), and full atom numbering. Selected bamths (A) and angles (deg) @0b: Ir—N1 = 2.130
(4), Ir—N4 = 2.131 (4), Ir—N5 = 2.038 (4), I—N72:043 (4), Ir—C27 = 2.023 (5), Ir—C45 = 2.019 (5),
N1—Ir—N4 = 77.49 (15), C27—Ir—N5 = 79.66 (17), C4%—N7 = 79.87 (17). B)n—n interactions in
the packing oR0b, indicated as dashed black lines.

3.2.3. Photophysical properties

The UV/Vis absorption spectra of the new complexere recorded in both water (1%
DMSO)and acetonitrile at room temperatufggure 3.4, Figures S3.17-S3.18ndTable
S3.7. All complexes exhibit intense amtiuctured absorption bands in the ultraviolet
region below 350 nm that can be assigned to spomvatl ligand-centered(C) n—n*
transitions within the N*N and C”N ligandsgure 3.4). The less intense absorption bands
and shoulders recordedlat 350 nm could be attributed to spin-allowed matdigand
(*MLCT), spin forbidden singlet-to-tripleENILCT) charge-transfer, and ligand-to-ligand
charge-transfer (LLCT) transitiof&:38
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Figure 3.4. UV/Vis absorption spectra of serig2 and3 in water (1% DMSO).

Apart from the above-mentioned features common ltothe complexes, some
differences were found in the absorption spectta@ge derivatives depending on the C*N
ligand. In particular, complexe®0a 20b and 20c with 2-naphthalen-2-yl C*N ligand
displayed the higher intense bands in the-350 nm range (40000&<75000 M?-cnil)
(Figure 3.4), whereas complexéd a 21b and21cbearing the C”N ligand with the sulfur
heteroatom, showed the higher molar extinctionfeneht above 420 nmg(> 20000 M
Lenmh) (Figure 3.5). Noteworthy, high molar absorption coefficient vadudserved at the

visible region are suitable for visible-light-drivapplications?
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Figure 3. 5 Less intense absorption bands and shoulders ivid8pectra of complexes.

The emission spectra of complexes were measuredhiar (1% DMSO) at 25 °C
(Figure 3.6, S3.20,and Table 3.1). Upon excitation afexc maxima, the new iridium
compounds exhibit orange to red phosphorescencesems {able 3.1) in water. These
emission wavelengthddmn) were higher for the methyl derivatives within eaeries that
might be due to the electron-donating nature ofGke groups in19b, 20b and21b.4°
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Figure 3.6. Emission spectra of serig¢s2, and3in water (1% DMSO), 1QM. Xexc =420 nm.

The emission lifetimes of complexes in water shdvirexponential decay with a short
(18-46 ns) and a long (170 — 364 ns) compol&able 3.1andFigures S3.21-2Bwhich
supports the triplet nature of the emission stafde quantum yields in the deaerated water
solution are below 1.5% for all compoundsble 3.1). This weak emission is common in
some other Ir(Ill) complexes containing d@¥22and could be explained by the increase
of the non-radiative process due to the interactbrthe solvent with non-chelating
nitrogen atoms of the dppz ligafitiMoreover, the decrease in the emission intensijcc
also be attributed to the luminescence aggrega@msed quenching (ACQ) effect,
explained in ChapterZ.To test the extent of aggregation for the new coumpls 'H NMR
spectroscopy was used. Thus, an upfield shift ofesaromatic peaks of the dppz ligand
was observed in the spectruml®b when the concentration increaseg(re S3.29, as
well as at different compositions of mixtures og[DMSO and DO (Figure S3.25. This
effect can be attributed to favorahier stacking (as observed in the crystal structure of
20b in Figure 3.3B). In addition, the emission spectra is non-oxydependentKigure
S3.29 as reported before for other Ir(lll) polypyridgomplexes withr-expansive

ligands?244
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Table 3.1.Excitation fexd, emission Xem) Wavelengths, emission lifetimesd), and quantum yields
(Dem) Of Ir(11) complexes in water (1% DMSO).

Compound  Aexe, NM?  Aem, NM Tem, NS Dem, %P
19% 38t 61z 46 (4%) 308 (96% <1
1% 381 625 35(19%) 282 (81% <1
10 38C 60z 34 (22%) 170 (78Y 1E
20a 38¢ 66C 39 (6%) 364 (94¥ <1
20b 40( 665  18.3 (4%) 292 (969 <1
20c 38( 62€ 33 (26%) 214 (74Y 1.
2]la 38C - - ¢
21b 39( 667 35 (6%) 323 (94Y <1
21c 38¢ 624 22 (15%)244 (859 1.1

2)exc Maxima.? Emission lifetimes and quantum yields measuredeiaedated solution, respectively.
“Too weak to be measured.

Furthermore, there is a significant influence o gubstituent on the imidazole units
on the emission intensityFigure 3.6 and S3.20. The complexes with the 4-
(trifluoromethyl) benzyl substituent exhibit theghest emission intensity of the three
series, whereas complex&8a 20a and2la (H derivatives) suffer important emission
guenching, probably by H-bonding interactions. Desthat, these complexes have pH-
sensitive emissiond={gure S3.27. To exclude another explanation of the observdd p
dependent luminescence, we also tested the lun@nesmfl9b at different pH values
(Figure 3.7). Whereas for complek9a(R = H) the luminescence at pH 3.3 was 16-fold of
that observed at pH 7.4, the increaselfain (R = Me) was only 1.2-fold. This implies that
the increase in luminescence is mainly due to tbéopation/deprotonation processes of

the benzimidazolyl-NH? increasing the emission intensity at acidic pH.

19a (R= H) 19b (R= Me)
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,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, — pH74 — pH7.4
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Figure 3.7. pH dependence on the luminescencelfimand19bin buffer/DMSO (99:1).
3.2.4. Stability and photostability studies

The stability in DMSO and Roswell Park Memorialtihge (RPMI) culture medium
of 19b, 20a and21cat 24 h was checked by RP-HPLC. As showhigure 3.8 the peak

of each compound does not change after 24h.
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Figure 3.8 HPLC chromatograms of complex&8b, 20a, and21cin A) DMSO att=0h (—) and t=24 h
(=-) incubation and B) RPMI culture medium (contain B¥SO) at t= 0 h (—) and t= 24 k () incubation.

The photostability in water (1% DMSO) was checked 21a—c by absorption
spectroscopy under irradiation at 450 nm for 1 He UV/Vis spectra remained the same

before and after light exposuréigure 3.9).
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Figure 3.9.Photostability of complexe&la-cin water under 450 nm at t= 0 h and after 1hraidiation.



70 Chapter 3

3.2.5. Photo-toxicity studies towards human cancerells

The antitumor activity of new complexes and com@de¥ for comparative purposes
was examined in the dark and after irradiation isible light (1 himax =420 nm, 77 +3
W m?) in human cervical cancer Hela cells.

As shown inTable 3.2 some of the complexes display a significant aoliferative
effect in the dark. Within the three series, thedthyl benzimidazole complexe$9p,
20b, and21b) were the most active. In addition, the antiturpotency of all compounds
was increased by irradiation with blue light, belgl15 times more active. Particularly,
the 4-(trifluoromethyl) benzyl derivatived@ 20¢, and21¢ have low toxicity in the dark
and therefore exhibit a high phototoxicity indexjigh makes them promising candidates
for PDT.

Furthermore, the antitumor effect of all complexas also tested in hypoxia (2%)O
Remarkably, the compounds were also significantfiva under hypoxic conditions
(Table 3.2, being the activity of the compounds of series@ 3 similar to that determined
in normoxia (21% ©). Therefore, the results obtained under hypoxggest that the new
complexes may represent candidate compounds fargaenent of hypoxic tumors.

Table 3.2 1Cs values ((M) obtained for HeLa cells treated with the invgated Ir complexes in the dark or
after irradiation by visible light (1 Bmax= 420 nm, 77+3 Wrf) determined by the MTT assay

Normoxia Hypoxia
Dark 420 nm =] Dark 420 nm PI®
1% 21 +¢2 0.7+0.. 3C > 5C 2.5+0. > 2C

1%b 2.57+0.00 0.48=0.0. 5.8 9.5+ 1.( 1.3+0. 7.8
1C > 10( 0.866 £0.00 > 11f > 10( 2701 >37

2Ca > 5C 2.64 £ 0.0 > 1€ > 5C 2.3+0.: > 22
2Cb 3.5%0.: 0.21 +0.0: 17 44+0f 08501 >5.z2
20c > 5(C 1.26 £ 0.0. > 4C > 5(C 1.15+0.1. >4:
2la 29%0.. 1.4+0.: 2.1 3.1+0.! 2.2 +0. 14

2lb 11+05 0.016£0.00 6¢ 0.97x0. 0.02x0.00 42

21c 131 0.64 +0.0! 2C 15+< 07100 21
a8The data are expressed as mean values = SD of itldependent experiments, each of them made in
quadruplicate® PI (phototoxic index) is defined as the ratio lné toxic effect in the dark and upon light
irradiation; Pl= [1Gq]dark /[1Cs0]420nm

3.2.6. Cellular accumulation

Intracellular accumulation and cellular uptake adtaflodrugs is an important step in
performing their biological actions. Thus, we detered the amount of Ir or Pt from the

investigated complexes and cisplatin accumulatetierHelLa cells after their incubation
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at their equimolar concentrations (jtM). As shown inTable 3.3 the highest iridium
cellular content was observed for methyl derivai{EOb, 20b, and21b), which nicely

correlated with their highest toxic effects (in therk and after irradiation).

Table 3.3.Accumulation of Ir or Pt from new compounds or tsim in HelLa cell3

ng Ir or Pt/10° cells pmol Ir or Pt/1CP cells

1% 87 17 455 + 3!
19 352+25 1832 £ 131
1C 59 ¢ 307 + 2(
2Ca 26.5+0.9 138+5
20b 157 + 24 817 + 125
2Cc 63 £ 11 327 + 5¢
21a 82+9 425 + 49
21b 321+ 1° 1672 + 8¢
21c 119+5 621 + 27
Cisplatin 46+0.5 24+3

a Cells were treated with the investigated Ir(libngpounds and cisplatin (10) and incubated for 5 h
at 37 °C. Cellular complex accumulation was exmrdsn ng of iridium or platinum per t@ells, or pmol
of Ir or Pt per 18cells. Results are the mean + SDs from three imwlé@nt experiments.

3.2.7. Cellular localization and distribution

A co-localization study was performed to determine intracellular distribution of
Ir(Ill) complexes by confocal laser-scanning miagse. For these studies, the 4-
(trifluoromethyl)benzyl derivativesl(, 20c and21¢) were selected because they showed
the highest quantum vyields in water. In contrds, internal fluorescence of other series
(19a—21aand19b-21h was low so that the signal was under the deteditnoit.

HelLa cells were treated withy® of 10, 20c and21cfor 18 h and subsequently, cells
were co-incubated with the ER-TracKér As shown irFigure 3.10(panels 2 and 4), the
luminescence from complexé&® and20c matched very well to the signal of organelles
stained by the ER-Tracker. Furthermore, Pearsani®lation coefficient (PCC) was used
to quantify the co-localization of iridium compouwndith the ER. The PCCs above the
threshold were 0.61 and 0.68 fild and20c¢ respectivelyTable 3.4, indicating that both

complexes highly co-localized with the ER.

Table 3.4 PCCs calculated for complex&8, 20c,and21c?

Compound Mitochondria Endoplasmic reticulum

10 0.41 +0.06 0.61+£0.04
20c 0.44 +0.03 0.68 £0.05
21c 0.62 +0.06 0.33+£0.04

a Complexes were investigated for their co-localmmatin the mitochondria and ER of Hela cells.
Results are the means from three independent expets with at least eight pictures for individuatal set.
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Interestingly, the calculated PCC tcwas significantly lower than those found for
10 and20c (PCC of 0.33;Table 3.4 suggesting inferior co-localization &fL.c with the
ER. Next, the co-localization of complexes with echondria was tested as well. As
indicated inFigure 3.10(panels 5 and 6) anthble 3.4 the fluorescence signal coming
from 21cco-localized with the fluorescence from the Mit@adker much better than with
that from the ER-Tracker. The PCC calculated foronfiondrial localization was 0.62,
which is almost double that the coefficient found ER.Therefore21chas a preferential

localization in mitochondria. In comparisdi) and20ctarget ER preferentially.

Figure 3.1Q Co-localization of compounds in HelLa cells. Cealisre treated with aM 10 (panels 1,
2); 20c (panels 3, 4); oR1c (panels 5, 6) and co-stained with MitoTracke(panels 1, 3, and 5) or ER-
Trackef™ (panels 2, 4, 6). Channels: A) luminescence corfiiogn complexes, B) ER- or Mito-Tracker
fluorescence, C) bright field, D) overlay of thedtescence channels. Scale bars represaunn30

3.2.8. Effect on the mitochondrial membrane potendil

The great localization df1lcin mitochondria prompted us to examine the efté¢he
iridium compounds in the early stage of their actan this bio-energetically essential

cellular organelle. For this purpose, a method dasa the measurement of the
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mitochondrial membrane potential by tetramethyldrothe ethyl ester (TMRE), was
used*® TMRE is a cell-permeant dye, easily accumulatingactive mitochondria.

Depolarized or damaged mitochondria cannot accusdi®IRE, and thus the cells with
inactive mitochondria exhibit lower fluorescence.

HeLa cells were treated withD, 20¢ and21c or cisplatin (10uM) for 5 h and then
analyzed by flow cytometry. As observedHigure 3.11andS3.28 complex21cwas the
only compound of the 4-(trifluoromethyl)benzyl dextives that significantly sequestered
the mitochondrial uptake of TMRE, which correlateth the results of the co-localization

studies by confocal microscopligure 3.10.
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Figure 3.11 Mitochondrial membrane potential. HeLa cells wieeated with the complexes (L)
for 5 h, subsequently stained with TMRE, and aredylay using flow cytometry. Data are expressedas t
mean fluorescence intensities calculated from tadependent experiments; error bars are the standard
deviations. *Star at the top of the bar denotegaificant difference from the untreated controlccdated
by using Student's t-test (p < 0.01).

3.2.9. Determination of intracellular reactive oxy@n species (ROS)

Mitochondrial damage is accompanied by oxidativesst and an increase of the
intracellular ROS level. Moreover, a large numideridium complexes was already shown
to behave as photosensitiZ8f€=° by increasing the intracellular ROS if they are
irradiated. Thus, the ability &fla 21b and21cto affect the ROS level was investigated
in HeLa cells after their treatment in the darkuader irradiation Xmax = 420 nm). HelLa
cells untreated or pre-treated with complexes ofese3 were incubated with 2',7’-
dichlorodihydro-fluorescein diacetate (DCFH-DA).

As indicated inFigure 3.12 Hela cells treated with complex2%a, 21b, and21cin
the dark resulted, after subsequent incubation MIBFH-DA, in a concentration-
dependent increase in fluorescence as compareaetaantrol untreated cell$igure
3.12AandC-E). That fact showed the production of ROS in cellen in the dark, whereas
the treatment with compoun@daand21cin the dark hardly increased the intracellular
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ROS as compared to the untreated cells. Furtherntogeincrease caused Bib was
markedly more effective, which correlates withhighest antitumor activity in the dark.
The fluorescence was significantly enhanced dueradiation of the cells by blue light
before the addition of DCFH-DA (séegure 3.12Band white bars ifrigure 3.12C-B.
These results can be interpreted to mean that ¢nergtion of intracellular ROS by
complexes of series 3 inside cells was considenatigntiated after irradiation. The ROS
levelin irradiated cells treated withla was lower than that in the cells treated with the

other two complexe21b and21¢ which likely reflects its lower phototoxic indéXable
3.2.
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Figure 3.12 ROS generation dfla 21b, and21cin the dark or after irradiation (1 h) in HelLalsel
Top panels: Comparison of effects2ifa-c A) in the dark or B) after irradiation. Bottom pest Comparison
of ROS induction in the dark (black columns) andemirradiation (empty columns) for complexes21p,
D) 21b, and E)21c Data represent means + SD of three independpetiexents.

To find out the specific ROS produced in cancelsdetated with the new compounds,
a set of ROS inhibitors or scavengers was emplogails were pre-treated with the
selective ROS scavengers for 1 h at 37 °C and inatedg after this pre-treatment, the
cells were treated with the investigated compl€28sM) for 2 h (1 h of incubation in the
dark followed by 1 h under blue light irradiatioiihe cells were then collected and stained
using a fluorogenic ROS sensor (CellRox® Oxidatsteess Deep red reagent) and
fluorescence intensity was analyzed by flow cytognén its reduced state, CellROX™ is
non-fluorescent; however, upon oxidation by ROSs tieagent exhibits bright near-
infrared fluorescence that serves as a direct meamsnt of the ROS levels in live cells.
With an excitation/emission maxima of 640/665 nime fluorescence of the oxidized

CellROX™ Deep Red reagent does not interfere wit@ luminescence of the new
compounds.
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The effects of various ROS scavengers on the ielltdar level of ROS after the
irradiation are summarized Figure 3.13andS3.29 Since the fluorescence signal was
not inhibited in the presence of hydroxyl radic@H)) and hydrogen peroxide £B>)
scavengers such as mannitol and sodium pyruvatepecavely, even at high
concentrations (50 and 10 mM, respectively), boih lhydroxyl radicals and hydrogen
peroxide are unlikely to be responsible for oxidatstress. In contrast, the presence of the
cell-permeable superoxide scavenger Tiron resufidkde decrease of fluorescence in the
cell treated with2la—¢ indicating that superoxide anions2(Q) are likely candidates
responsible for oxidative stress induced by irraoila To test the possibility that the
photopotentiation o21a—calso involves the formation of singl®tygen, the fluorescence
was measured in the presence of sodium azide, vidmhe of the most effective singlet-
oxygen quencher®.
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Figure 3.13 Determination of specific ROS generatediy-c Cells were pre-incubated for 1 h with
specific ROS scavengers: D-mannitol (50 mM), sodanide (5 mM), sodium pyruvate (10 mM), and tiron
(5 mM). Cells were treated withla-c(10 uM), incubated for 1 h in the dark followed by iriation (1 h).
Scavengers remained throughout the experimentfllibeescence signals from positive controls (iredeld
cells treated witl21a-cwithout scavengers) were set to 100% and are atelicas the full horizontal line
with SD (dashed lines). Stars at the top of the baticate a significant difference from the pastcontrol
with p < 0.01 calculated by using analysis of variance (AMM(pand non-parametric student’s t-test; error
bars represent the SDs.

As shown inFigure 3.13 S3.29 and S3.3Q oxidation of the reporter reagent was
inhibited in the presence of sodium azide if thiksagere treated witRlaand21¢ but not
21b. The conclusion that the photopotentiatior2bé and21calso involves the formation
of singlet oxygen is consistent with the resultshef experiments performed in a cell-free
medium using 1,3-diphenylisobenzofuran (DPBFigure E3.1 in Experimental
Section}®**demonstrating that under blue light irradiatidhaand21cproduced singlet-
oxygen Figure 3.14). The effect of the individual scavengers on ocsls checked by flow
cytometry and cells were analyzed for flow cell geland granularity as indicators of the
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cell culture conditionKigure S3.30. No significant effect on cells was observed uride

conditions of the experiment.
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Figure 3.14 Rate of decay of DPBF sensitized by comple®&s-cin PBS solution (1 % DMSO) as
shown by the decrease in the absorbance at 418 nm.

Given the strong photopotentiation of cytotoxicf new complexes under both
normoxic and hypoxic condition¥ @ble 3.9, the ROS generation was also studied under
hypoxic conditions by standard dihydroethidium (DHfad singlet oxygen sensor green
(SOSG) staining assaysFor comparative purposes, the same proceduresapptied to
the cells cultivated under normoxic conditions. Wslicated inFigure 3.15 in the
normoxic environment (21%A) bright red fluorescence related to the oxidabdbDHE
by O~ was observed by confocal microscopy with the digmarkedly increased after
exposure to 420 nm light, in agreement with the R@#8ies described abovedure 3.12
andFigure 3.13. Importantly, remarkable DHE fluorescence wa® alstected in HelLa
cells in a hypoxic environment, indicating the piauttivated generation of superoxide
radicals even atlaw O> concentration. In contrast, a slight, but notafpieen fluorescence
of singlet oxygen sensor green (SOSG) after irtamhaof cells treated witlR1laand21c
under normoxic, but not in hypoxic conditions, icating the formation of singlet oxygen
mainly in normoxia, but not under hypoxia. Thesesufts correspond with the
photopotentiation oRla—calso in hypoxia indicating that under both norraatl low
oxygen concentrations, the formation of superoxaticals is mainly responsible for the
cytotoxic effect of that complexes, and the biotadeffect of these radicals predominates

over the singlet oxygen.
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NORMOXIA

Figure 3.15 ROS detection in HelLa cells treated watta-cunder A) normoxic (21% £) or B) hypoxic
(2% Q) conditions by confocal microscopy using DHE a@iS& as the © and*O,, fluorescence indicator,
respectively. Cells were treated with complexesy(#) for 1 h followed by 1 h of irradiation in photactor
[(+)420 nm] or kept in the dark [(-)420 nm]. Schker represents 4am.

3.2.10. Cell-death detection studies

We investigated the progression of the Hela cetdistlu treated with all complexes,
including cell fragmentation and generation of &ptip bodies using a previously
published flow cytometry-based protoédNotably, compound&9b, 20b, and21b were
markedly more effective in killing the cells thd®a-21aand 10, 20a-b(Figure 3.16.
These observations nicely correlate with the poteot complexes to affect their
proliferative activity and viabilityTable 3.2. The number of early apoptotic cells largely
increased after the irradiation of cells treatedhwtompounds of series 2 and 3.
Interestingly, a substantial increase of apoptbtidies was detected after the treatment
with the methyl derivatives1@b, 20b, and21b). Moreover, as a consequence of the
irradiation of the HelLa cells pre-treated with @mpounds, fractions of cells were also
undergoing necrotic processes. These results dhawwnder irradiation by visible light,
the complexes are phototoxic and induce cell de@hboth, apoptotic and necrotic
pathways. Although apoptosis is the preferred paghiwr cancer cell death because is an
orderly and programmed process, it has been olsdoveseveral tumors that they are
resistant to this kind of cell death> Therefore, the photoactivatable Ir(lll) complexds
this study, which are capable of killing cells thgt both apoptosis and necrosis, are highly
sought as very promising candidates for chemotleertsgs acting in human tumors

resistant to existing antitumor drugs.
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Figure 3.16 Cell death detection. HelLa cells were treatedh @it complexes (1qM) for 2 h [1 h of
pre-incubation followed by 1 h of irradiation wiliight (420 nm) (double-hatched bars) or kept in diagk
(empty bars)]. Cells were stained with annexin-W<€Eland TO-PRO-3. Samples were analyzed by flow
cytometry. The seven-stage electronic gating siyateas used to identify cell populations at varistegges
of cell death: viable cells, annexirff%2™e)(A5-) early apoptotic cells, necrotic cells, anineX (Positve) (AS+)
early apoptotic cells, apoptotic bodies, and A5rtipi@s/debris. Data are expressed as the meathetedted
events from two independent experiments + SDs. Bifipn of 30000 events was used for each sample.

3.3. CONCLUSIONS

Nine octahedral biscyclometalated Ir(1ll) complexesmring C N ligands based on 2-
phenyl-, 2-(naphthalen-2-yl)- or 2-(thiophen-2-gBnzimidazole scaffolds (series 1, 2, and
3, respectively) have been synthesized. The subastiin the imidazole unit of the C*N
ligand plays a fundamental role in the photophysgcaperties of the complexes and their
antiproliferative activity in human cervical candéelLa cells under normoxic and hypoxic
conditions. The methyl derivative&9b, 20b, and21b) were the most active in the dark
while complexes with the group G&H4CRs-p (10, 20c and 219 exhibit the lower
toxicity in the dark and have a high PIl. On theeothiand, the substitution in position 2 of
the benzimidazole seems to be directly relatedhto lbcation in the cell: the sulfur-
containing complex21c mostly localized in mitochondria, whereas the ¥-ar
benzimidazole complexes targeted ER. The ROS ptmiumvestigated by DHE and
SOSG staining assays showed that the generatisoparoxide radicals competed with
singlet oxygen production in cells in normoxia, betame dominant under hypoxia. The
importance of the switch from Type Il to Type | pbchemical mechanism by the new
compounds is that they can be active in all aréassolid tumor, adapting their mechanism
of action according to the oxygen concentratioareby overcoming the Achilles’ heel of
PDT.
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Photoactivated Ir(lll) complexes that target
cancer stem cells and induce immunogenic
cell death in melanoma cells
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4.1. INTRODUCTION

Cancer recurrence and metastasis have been stioriglg to the existence of cancer
stem cells (CSCs)These cells are responsible for self-renewing giud rise to other,
more differentiated cells that form the bulk of thenor? There is hard evidence of CSCs
in solid cancers, such as breast, brain, coloncneas, and melanonid. CSCs can
overcome chemotherapy, radiotherapy, and immumrelgtivhich trigger tumor relapse.
This unsuccessful recognition of CSCs by the immaystem is because of their ability of
antigen-editing and maintenance of only limitedigen presentation.Current research
suggests immunotherapeutic strategies that taig€s@nay improve the efficacy of cancer
treatment, using in combination with traditionalatpxic therapie§.Thus, developing new
immuno-chemotherapeutic agents capable of redudimgor mass by cytotoxic
mechanisms and removing residual CSCs by immunmbgictivation simultaneougly
holds hope for improving cancer patients’ surviaadl life quality, including those in the
metastatic stage of the disease.

One of the approaches by which chemotherapeutiosinuce a tumor-targeting
immune response is through immunogenic cell dd@) This rare immunostimulatory
form of cell death is a chain process characteligetthe release into the extracellular space
of damage-associated molecular patterns (DAMPs) #na recognized by antigen-
presenting cells (APCs) and activate dendriticsc@liCs) can lead to the subsequent
development and activation of tumor-specific efbedt cells and memory T cefl§Figure
4.1). Molecularly, these signals or DAMPs, also knoas)biochemical hallmarks, are
mainly: i) the surface exposure of the chaperornestwaulin (CRT) during the early
apoptotic stage of the cell as a result of stresthe endoplasmic reticulum (ER) induced
by the drug, acting as an 'eat me' signal agai@st, i) extracellular secretion of adenosine
triphosphate (ATP) during the late apoptotic stagéng as a 'find me' signal and recruiting
DCs, and iii) passive release of high mobility grqurotein B1 (HMGB1) during the final
necrotic stage of the cell, constituting the laabger signal recognized by DCs before
activating of T lymphocyte$.In cooperation, these factors initiate graduakcpsses of
dendritic cell recruitment, phagocytosis, antigen processing, raatum, and antigen
presentation to T cellEinally, the cascade process produces cytotoxakays like IFN-

v involvingyd T cells and cytotoxic CD8+ T lymphocytes, resudtin the killing of target

cells® The absence of any of this three hallmarks supeses® activation of ICD.
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Of the clinically approved anti-cancer platinum(@jugs (cisplatin, carboplatin, and
oxaliplatin), only oxaliplatin can induce ICH.Despite exciting advances in the field of
bio-inorganic chemistry regarding the design of rewicancer metal drugs (based on
platinum, iridium, ruthenium, etd}, their immuno-modulatory features have not been

addressed systematically so far.

Clonal expansion

T cell priming

V4

»/a
ICD inducer

DC maturation

Antigen uptake
DC recruitment

Figure 4.1.Molecular hallmarks of immunogenic cell death (ICBYP, adenosine triphosphate CRT,
calreticulin; HMGBZ1, high-mobility group box 1; D@gndritic cell; IFN, interferon.

In the last years, it has been shown that photadimtherapy (PDT) can produce ICD
in cancer cell$?1® As commented before, PDT is an antitumor approasing the
activation of a drug by light, directly destroyitagal tumor cells due to the generation of
toxic singlet oxygen and/or reactive oxygen spe(f9S). Recently, some studies have
demonstrated that PDT can exhibit immunomodulafanctions apart from its direct
tumor-destroying capability. This phototherapy cdimulate the innate and adaptive
immune responses, Killing untreated primary or staté&c tumor cells and promoting anti-
cancer immunity to avoid the tumor rep&athe induction of ROS-based ER stress is vital
for the danger signaling pathways activatié® Consequently, this makes each
photosensitizer with a high production of ROS amuiging drug for ICD induction.

On the other hand, metastatic malignant melanorags sfjuite possibly the most

dreaded skin cancer around the planet. To date, IFA3Tnot exhibited high efficiency
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against melanoma, primarily because of the high daxicity of the most recognized
photosensitizers (PSs), melanin pigmentation, ardoxidant defense mechanisms in
melanoma cell$’ However, since melanoma is a limited cutaneoustuand the skin is
not difficult to illuminate with light, PDT is asey quite possibly the most encouraging
helpful method?! Furthermore, using PSs that are not active irdéirk and display a high
ROS generation under light irradiation can incretagesuccess of this phototherapeutic
modality against melanoma. In this sense, Ir(ltinplexes have attracted much attention
as possible PDT agents due to their highly popdldtglet excited states for ROS
production and their easy structural modificatidratt allows precise tuning of their
photophysical and photobiological propertté$>Additionally, these Ir(1ll) PSs are usually
excited by short-wavelength UV/Vis light (generaity the blue region), limiting their
potential application for deep-seated tumors bulviging adequate PDT potency for
superficial treatments as melanoffia.

Herein, we report the design and synthesis of newr fphosphorescent Ir(lll)
complexes and their potency towards melanoma aridh ldancer cells after blue light
irradiation. In addition, we show that the 2-(pym@-yl)-1H-phenanthro[9,10-
d]imidazole-bearing complex,29, can evoke ICD in melanoma cells under
photoirradiation. Moreover,29 also exhibits a promising photoactivity in three-
dimensionalin vitro models that mimic features of the vivo environment, and it is
selective toward CSCs-like melanoma cancer cellg after blue light irradiation. To the
best of our knowledge, this is the first iridiumngolex that selectively targets CSCs and

induces ICD hallmarks in melanoma by light irrantiat

4.2. RESULTS AND DISCUSSION

4.2.1. Synthesis and characterization

A series of four luminescent and cationic Ir(lll)oroplexes of the type
[Ir(C*N)2(N~N)][PFe] (Scheme 4. 1 were synthesized to investigate the effect of
modifying the ancillary ligand on their phototheyaaxtivity.
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Scheme 4. 1Structures of new iridium complex26-29

The HC”N pro-ligand was chosen because it proviodeddark toxicity and one of the
highest phototoxicity indexes in the complexes bhgter 3. The different N*N ligands
(22-25) were based on a commoH-benzo[d]imidazole backbone containing NH groups
in their structure. According to literature, thé&&N ligands with NH groups seems to have
a crucial role in the activity of the PS becauseytprovided very low toxicity of the
complexes in the dak-2’23 and24 were prepared by condensation reactions between o-
phenylenediamine and the corresponding aldehydag as adaptation method reported
in the literaturé (Schemes E2.AndE2.8in Experimental Sectionp5 was synthesized
by the reaction between picolinaldehyde and phémane-9,10-dione using an adaptation
method reported in the literatdPe(Scheme E2.9in Experimental Section)The new
complexes were synthesized similarly to previoustported method®3? First, the
cyclometalated Ir(Ill) dimer was obtained by reagtiridium(lll) chloride hydrate and
HCA~N pro-ligand. Then, the dimer7c (described in Chapter 3) was reacted with the
corresponding NN ligand2@-25) in a 1:2 molar ratio yielding the yellow to orang
monomers26-29 The investigated complexegere characterized b4 and 3C NMR
spectroscopyHigures S4.1-6, and positiveion ESFHRMS (Figure S4.7-§. The NMR
spectra of the new complexes exhibit one set dipta each of the two inequivalent C*N

ligands due to the asymmetric nature of the coatthn environment around the iridium
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center. The positiveon ESI mass spectra displayed the expected maleicul ((M-PF]*)
with the expected isotopic distribution pattelfngure S4.9. Complexes were shown to be
at least 984 pure by both revergghase RP-HPLC in DMSQr{gure S4.9 and elemental
analysis.

4.2.2. Photophysical properties

The UV/Vis absorption spectra and the luminescémteviors of the complexes were
measured in water (1% DMSO) and acetonitrile ahrdemperatureRigure 4.2 and
S4.10-1). All complexes demonstrate strong absorbancéenrange 230-330 nng ¢
100000-70000 Mcmt) owing ton>n* electronic transitions located on the C*N and N*N
ligands. The less intense broad bands at 350-40@ rr80000-12000 Mcm?) as well as
the bands in the visible range (> 400 nm) couldttrébuted to spin-allowed metal to ligand
(*MLCT), spin forbidden singlet-to-tripleBNMILCT) charge-transfer and ligand-to-ligand
charge-transferfLLCT) transitions>3-3°

Upon excitation at 405 nn26-29exhibit yellow to orange phosphorescent emissions
in water Eigure 4.2andTable 4.1), showing28 and29 a red-shift in their emission bands
probably due to the increaseetonjugation of the NAN liganf:*” It has been reported
that the lowest unoccupied molecular orbital (LUM®pased on benzimidazole for the
complex with a similar structufé. Thus, the addition of a phenyl ring on N*N ligands
stabilizes LUMO and leads to the decline in thergngap, which induces the red-shift in
the emission maximum of these complexes. The eomsgjuantum yields in the
deoxygenated water éble 4.1) were lower fo26 and27 (<1%) and29 showed the highest
guantum yield (7.3%).
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Figure 4.2.UV/Vis andemission spectra &6-29in water (1% DMSO)kexc =405 nm.

The excited-state lifetimes in water for these claxgs at room temperature show a
bi-exponential decay with a short (21 — 62 ns)atwhg (173 — 237 ns) componenaple
4.1). The bi-exponential intensity decays are showFignire S4.12and they are consistent

with triplet excited states, which is in line withe other reported Ir(lll) complexés*!
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Table 4.1 Excitation fexd, emission Xem) Wavelengths, emission lifetimesd), and quantum yields
(Dem) Of 26-29in water (1% DMSO).

Compound Aexe, NM? Aem, NM Tem, NS Dem, %P
26 37C 547 21 (20%), 237 (809 <1
27 35C 54¢ < <1
28 39C 604 38 (36%), 173 (649 1.C
29 38C 59t 62 (15%), 227 (85% 7.3

2)exc MaximaP Emission lifetimes and quantum yields measureceedated solutioiToo weak to be
measured.

To study the influence of the NH group of the N4gjahd in the luminescence of the
new complexes, the emission intensity of these camgs was studied in a mixture of
water and DMSO with different water fractions andlifferent pHs. As shown iRigure
4.3 the emission intensity reached a maximum whemtter content of th26, 27, and
28 mixtures increased up to 30%. When the percentageased to 99%, these mixtures
exhibited almost no emission (suffer important esmois quenching). Remarkablg9
exhibited a very similar emission intensity in\ahter fractions. Among these complexes,

only complex27 showed a significant pH-sensitive emissibigre S4.13.
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Figure 4.3.Emission spectra of A26, B) 27, C) 28, D) 29 in DMSO/water mixtures with different water
fractions (fw).The excitation wavelength was 405. nm
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4.2.3. Stability and photostability studies

The stability of the complexes in solution was asteed by NMR and UV/Vis
techniques. The stability &6-29in DMSO at room temperature was checked by NMR,
no free ligands were detected after 7 d&ygure 4.4A). The stability was also checked in
Roswell Park Memorial Institute (RPMI) culture mewh by UV/Vis (Figure 4.4B and

S4.19.

A

t= 7 days 1

u M A
i M AN Ao A I

t=0h

29

— t=0h
--- t=24h

Absorbance

85 75

Wavelength (nm)

Figure 4.4.A) 'H NMR spectra o26 measured after dissolving immediately insIDMSO (bottom) and
after 7 days (top) at RT. B) UV/Vis spectra of cdexp?9 before (t= 0 h) and after 24 h in RPMI culture

medium.

The photostability in water (1% DMSO) was testeddomplexe26-29 by UV/Vis
spectroscopy after irradiation with blue light € 465 nm, 8.4 mW/cA) for 1 h. The

absorption spectra remained the same before amdligfit exposureRigure 4.5).
27

26
0.57
— t=0h

0.4 --- t=1h light irradiation
[] [0]
8 (8]
S 0.3 S
2 2
< <

0.1

0.0 T T T T

300 400 500 600
Wavelength (nm)
28
0.6
— t=0h
8 0.4 S
c c
IS 5]
2 2
(=} o
2 02 N\ g
<~ \\ <
S ——
0.0 T T T —T
300 400 500 600

Wavelength (nm)

— t=0h

0.4 --- t=1h light irradiation

T T T
400 500 600

Wavelength (nm)

T
300

29
0.8
— t=0h

0.6

f
0.44
0.2
0.0 I T T — T

300 400 500 600

Wavelength (nm)

Figure 4.5 Photostability of complexe26-27in water under 465 nm at t= 0 h and after 1 hrafiation.



92 Chapter 4

4.2.4. Photo-oxidation of NADH by the new Ir(Ill) complexes in cell-free media

Ir(111) complexes have been effectively utilized @sotocatalysts in numerous organic
transformation$? More specifically, they have also been used in@hxidation reactions,
in which they are efficient photosensitizers duth&r ability to produce superoxide anion
radicals (@) or singlet oxygen'Q,).**Therefore, before the biological assays, we studied
if the new complexes could photocatalytically ox&liNADH. This coenzyme is an
essential molecule in living cells, which partidigaiin maintaining the intracellular redox
balance, and has recently been studied as a phdatiox test**® The photocatalytic
oxidation of NADH (100 uM) by26-29(5 uM) in PBS (0.5 % DMSO) was observed by
UV/Vis spectroscopy Rigure 4.6 and S4.173. While the UV/Vis spectrum of NADH
remained unchanged in the dark and in the presaraght for 30 min Figure 4.6A and
S4.15 and the spectrum did not change in the presehceroplexes in the dark neither
(Figure 4.6BandS4.16, under blue light (465 nm, 8.4 mW/énin air, the absorbance of
NADH at 339 nm decreased gradually with all compkegigure S4.17. Surprisingly 29
was able to completely oxidize NADH to NARfter 30 min of irradiationRigure 4.6C)
and showed the highest NADH oxidation turnover nen{dON = 16.4 after 30 min) with
a turnover frequency (TOF) of 32.9'Table 4.2. In addition, this TON was greater than
the (non-photoactivated) Ir(lll) half-sandwich dgt [(n5-Cp*biph)ir(phpy)py]Pk (TON
= 7.6 after 20 h) previously reportéd.

Table 4.2 TON and TOF of the new Ir(lll) compounds. TON isfided as the number of moles of
NADH that the Ir compound can convert in 30 min.H® calculated from the concentration of oxidized

NADH (calculated by the difference of concentratafNADH) after 30 min divided by the concentration
of complexes

Compound TON TOF (x10% TOF
(s (h)

26 10.1 55.¢ 20.1
27 4.2 23.2 8.2
28 9,¢ 55.¢ 20.C
29 16.4 91.: 32.¢

When the photocatalytic reaction is carried oulhypoxic conditions (after bubbling
nitrogen for 30 min), compleXx9 still maintains a certain ability to oxidize NADHigure
4.6D).
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Figure 4.6 UV/Vis spectra for the photocatalytic oxidationNADH (100 uM) by29 (5 uM) in PBS
at RT.A) NADH under 465 nm blue light irradiation. B) NADIn presence of comple29 in the dark for
30 min. C) NADH in presence of compl®@ under continuous 465 nm light irradiation. D) NAD#
presence a29at t= 0 h (—), t= 30 min irradiation with,@—) and t= 30 min irradiation underldtmosphere

(—).
4.2.5. LogP by HPLC-based method

The partition coefficient lodP is an important factor for cellular uptake andi-ant
cancer activity, which provides a measure of hyHafyicity. Recently, Keppleet al.*’
have designed a new HPLC-based methadl allows transforming the chromatographic
lipophilicity parameterpoin log P (see Experimental section aRjures S4.18-1% o is
defined as the percentage of the organic phadeeireltient at which the partition of an
analyte between the mobile and stationary phaseqisal. This chromatographic
lipophilicity parameter ranges between 0-100, armghdr values indicate a stronger
lipophilic character of the analyt@oandlog P values for Ir complexes are showrTiable
4.3

Table 4.3. Chromatographic lipophilicity parametep and logP values of new iridium complexes
calculated with the HPLC-based method validate&kégpleret al.

Compound ®o log P (HPLC)?
26 84.0 3.4+0.01
27 84.8 3.5+0.01
28 88.0 4.0+0.01
29 89.3 42+0.1

3Results are the mean + SDs from two independentiexgets.
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4.2.6. Photo-toxicity studies towards human cancerells

The phototoxic activity o26-29 was determined against human skin melanoma
cells (A375 and 518.A2) and human cervix adenonaroia cells (HeLa) in the dark and
after irradiation Table 4.4 4.5 and4.6). These cell lines were selected because skin and
cervical cancer belong to the cancer types predegbdo photodynamic therapy and the
tumors are easily accessible for therapy by irtamha The tested compounds were added
to the cells in EBSS and incubated for 1 h in thekdAfterward, the cells were irradiated
for 1 h Qunax = 420 nm, 7.7 + 3 mW/f or left in the dark. Subsequently, EBSS was
removed, and cells were returned to the incubattite complete, Ir-complex free, DMEM
medium. The metabolic activity of the cells wasedetined 72 h after irradiation using
standard MTT assay. To assess the effect of oxygengxperiments were performed in
normoxia (21% @ 5% CQ) or under hypoxic conditions (2%(%% CQ).

Table 4.4 ICso values (M) obtained for A375 melanoma cells treated witvr@mplexes in the dark or

after irradiation by visible light (1 Hymax = 420 nm, 7.7 = 3 mW/f determined by the MTT assay in
normoxic or hypoxic conditiors.

Normoxia Hypoxia

A375 Dark 420nm PI| Dark 420nm PP

26 >30C 9.7+x2! >3C >30C 18.3+0. >1€

27 >30C >5C >30( >5C

28 >30C 8.1x21 >37 >30C 25.0+x2.¢ >12

29 >30C 3.2+0.7 >10C >30C 6.9+0.. >42
&The data are expressed as mean values + SD of ittidependent experiments, each of them made in
triplicate.’PI (phototoxic index) is defined as the ratio @& thxic effect in the dark and upon light irradiatj

P1= [1Cs0] dark /[ Cs0] 420nm

Table 4.5 ICso values (M) obtained for 518.A2 melanoma cells treated wiglv complexes in the dark or
after irradiation by visible light (1 Hymax = 420 nm, 7.7 = 3 mW/f determined by the MTT assay in
normoxic or hypoxic conditiors.

Normoxia Hypoxia

518.A2 Dark 420nm Pl Dark 420 nm PP

26 >30C 15z >2C >30C >5C  >17

27 >30( >5C >30( >5C

28 >30C 14+z >21 >30C 48x: >17

29 >30C 3.3+0.: >9C >30C 71 >48
&The data are expressed as mean values + SD of ittdependent experiments, each of them made in
triplicate.”PI (phototoxic index) is defined as the ratio @& thxic effect in the dark and upon light irradiatj

P1= [1Cs0] dark /[ Cs0] 420nm
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Table 4.6 ICso values (M) obtained for HelLa cells treated with new complexn the dark or after
irradiation by visible light (1 Hmax = 420 nm, 7.7 + 3 mW/&h determined by the MTT assay in normoxic
or hypoxic conditions.

Normoxia Hypoxia

HeLa Dark 420nm Pl Dark 420nm PP

26 >30C 13.4+1.¢ >22 >30C 17.3+3.. >17
27  >30C >5C >30( >5C
28 >30C 9.7+£0.¢ >31 >30C 17.9x4.¢ >17
29 >30C 45+£0.¢t >6€ >30C 6.1x2.( >4¢
&The data are expressed as mean values + SD of ittdependent experiments, each of them made in

triplicate.”PI (phototoxic index) is defined as the ratio @& thxic effect in the dark and upon light irradtiatj
P1= [1Cs0] dark /[ Cs0] 420nm

All tested complexes have no effect on cellulabiigy and proliferation in the
dark, even at very high (300 pM) concentrationsweler, when irradiated, they show a
significant effect on melanoma and cervical cargiaocell lines in both normoxia and
hypoxia. Remarkably, comple29 was the most active, demonstrating the highest
phototoxicity index in the two cell lines.

The data obtained by measurement of the metabiolieat MTT could be affected
by the possible impact of tested compounds on mmitodrial metabolism. Therefore, the
above-described experiments focused on the Ir-oexegl antiproliferative activity have
also been performed using an assay based on neagnaptake into cellular lysosomes. As
shown inTable S4.2 the neutral red assay confirmed the same trerntiarbiological
activity of all tested compounds in the dark an@rafradiation, as found by MTT, being

complex29 the most effective.
4.2.7. Cellular accumulation

To evaluate the effect of cellular uptake and aadation on the biological activity
of new complexes, the intracellular content ohlA375 cells was determined by ICP-MS
after the cells were treated with tested compoantiseir equimolar concentrations (5 uM).

The data collected imable 4.7indicatethat the most active compl@@ markedly
accumulates more effectively as compared @@h27 and28 (possibly due to the elevated
uptake through cellular membrane caused by thetegrdgophilicity of ligand 25).
Complex29 also showed the highest log P valtialfle 4.3.
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Table 4.7.Accumulation of Ir from new Ir(lll) complexes in A3 cancer cell8.

pmol Ir /108 cells

26 14+ 1
27 9+4
28 14 +¢
29 92 +2

@ Results are the mean = SDs from two independeyerarents.

Therefore, the highest photoactivity28 can be likely associated with its increased
cellular uptake and accumulation. Interestingly, which was inactive towards cancer
cells, accumulated to a comparable extent as mcieeacomplexe26 and 28. This
observation indicates that factors other than the@uced intracellular transport are
responsible for the biological ineffectivenes@f

4.2.8. Determination of intracellular reactive oxygn species (ROS)

As shown in previous chapters, the phototoxicityidfum complexes is associated
with their ability to arouse ROS generation ingidacer cells. Thus, the intracellular levels
of ROS were quantified in A375 cells by using trdlIROX® deep red assay. In this assay,
the fluorescence intensity at 660 nke = 640 nm) was determined as a measure of ROS
concentration. The tested complexes do not congitmuthe final fluorescence signal by
the excitation wavelength used.

As demonstrated iRigure 4.7, none of the new compounds cause ROS production
in the dark. When irradiated, the intracellular R@&I was significantly elevated for cells
treated with26, 28, and29, being29 markedly more effective than t26é and28. However,
irradiation by blue light does not affect ROS proiilon in cells treated with compled.

The results of this experiment correlate with tladadon phototoxicity; the complexes

showing significant phototoxicity (Pl > 22-100) denstrated the photoinduced increase
of intracellular ROS, whereas non-tox2¥ was unable to modulate ROS level after
irradiation. The superior effect 80 might be connected with its high cellular accurtiala

and its good performance as a photocatalyst aged®DH.



Chapter 4 97

= Dark

<
2
)
c *
g 1 SOOI poeest
@
g *
% 1000 g g

N OSSOSO UL S &
5 I . '
3 I E I gz
w

[ E
control 5 10 20 5 10 20 5 10 20 5 10 20

26 27 28 29

Figure 4.7.ROS generation in A375 cells induced by increasioigcentrations (5, 10, 20 uM) 26-
29. Data represent means + SD of two measuremerdss 89 at the top of the bars show a significant
difference from the control (irradiated) withc@O01. Statistical significance was calculated usihg
Students’ t-test.

The results described above clearly show #tapossesses the best biological
properties: the highest PI, cellular uptake, andt@hduced ROS generation. Moreover,
29 showed the strongest luminescence in cell-freeian@le highest quantum yield),
which, together with the high uptake, enables dsalization in cells by confocal
microscopyBased on that, comple20 was selected for further experiments focused on a

detailed mechanism of its biological action.

4.2 .9. Cellular localization and distribution

Intracellular localization of comple9 were studied to understand the mechanism
underlying the photoactivity of this compound. s purpose, confocal microscopy was
employed, ag9 favorably exhibits a high emissioniak.= 405 nm.

As shown inFigure 4.8 the luminescence signal fra?® was localized mainly out of
the cell nucleus, with most of the signal assodiateh the cytoplasm (Panels 1A and 2A).
To find out the intracellular target organelle,@localization study was also performed.
The phosphorescence signal coming fr@@was compared to those from Mito-Tracker
(panels 1A-C) or ER-Tracker (panels 2A-C). As irdiéd, the signal frorB9 matched the
fluorescence coming from Mito-Tracker marked ordl@sebetter than that coming from
ER-Tracker. Pearson’s correlation coefficients (BC@®ere found to be 0.63 £ 0.10 and
0.35 £ 0.09 for mitochondria and ER, respectivdljie calculated PCCs confirmed a
preferential accumulation a29 in mitochondria. However, a positive value of PCC
calculated for co-localization with the signal cogifrom the endoplasmic reticulum
suggests tha9 can be partially associated also with ER.
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Figure 4.8.Co-localization of29 in A375 melanoma cells. Cells were treated &85 pM) and co-
stained with Mito-TrackéM (panels 1) or ER-TrackBt (panels 2). Channels: (1A, 2A) phosphorescence
coming from?29, (1B) Mito-Tracker fluorescence, (2B) ER-track&rofescence, (1C, 2C) overlay of the
channels. Scale bars represent 10 um.

4.2.10. Induction of immunogenic cell death in meleoma cells

Some conventional antitumor drugs (including oxatip or doxorubicin) can also
induce ICD, enhancing their anti-cancer efficiendg. commented before, it has been
shown that ICD-associated immunogenicity can bekedothrough ROS, and it is
frequently associated with ER stré&&ecently, mitochondria have emerged as organelles
with key roles in the immune system. It is hypothed that the alteration of mitochondria
in cancer cells could be an important target faettgping an efficient ICD inducer for use
in cancer immunotheragy. Thus, it was reasonable to assume that the photatsc
complex29, which generates ROS and accumulates in mitocieadd partially also in
ER, could induce ICD. Therefore, biochemical hallksasuch as active secretion of ATP,
extracellular secretion of nuclear HMGB1, transtawa of calreticulin from ER, and
immunogenic phagocytosis, were studied to provethdr@9 induces ICDn vitro under

light irradiation.
a. Analysis of the extracellular release of ATP and HNGB1

Extracellular ATP and HMGBL1 released from A375 melaa cells were detected by
using ATP bioluminescence assay kit CLSII and eomwletric HMGB1 ELISA kit
respectively after the cells were treated with masi concentrations &9 (5, 10, and 20
uM) for 1 h in the dark and subsequently irradia@20 nm, 7.7 + 3 mW/R). As for the

positive controls, doxorubicin and oxaliplatin waleo included in the experiment.
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The results demonstrated the ability26fto provoke ATP Eigure 4.9A) and HMGB1
(Figure 4.9B) secretion after the cells were irradiated. THieat was concentration-
dependent. In contrast, a very low extracelluldease of nuclear HMGB1 and ATP
(insignificantly different from the untreated c¢lgas detected if the melanoma cells were
treated witi29 in the dark.
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Figure 4.9.Extracellular A) ATP or B) HMGBL levels in A375 ¢l Cells were treated with9 and
positive control ICD agents: doxorubicin and oxkim at the concentrations indicated in the figurke
drug treatment period was 2 h (1 h of incubatiothendark followed by 1 h irradiation with 420 nmkept
in the dark) with 22 h of recovery time in a drugd medium. Symbols at the top of the bars (*,éfjade a
significant difference from untreated control (*j between irradiated and non-irradiated samples (#)
Statistical significance was calculated by using Students’t-test with the<p.01. Three independent
experiments were done with quadruplicate for eachpie set.

b. Detection of calreticulin (CRT) exposure

The effect 0f29 on the exposure of calreticulin in melanoma celés analyzed by
using flow cytometry after the cells were stainathwanti-CRT-alexa fluor 488 conjugate.
Before analysis, the cells were co-stained withpjgiom iodide. Propidium iodide-
negative cells were gated out to eliminate posdedke-positive results due to the non-
specific accumulation of anti-CRT antibodies throtige compromised cell membranes of
dying cells. Single cells (1xf®@ells) were analyzed and plotted on the histognatin a
bi-exponential scale<{gure 4.10andS4.2Q Table S4.3.

Well-known ICD inducers doxorubicin and oxalipla(both used as a positive control)
caused a relatively extensive induction of CRT expe. Similarly, the amount of ecto-
CRT (calreticulin translocated from ER to the owerface of the cell membrane) observed
on the surface of cells treated wifiincreased significantly in a concentration-dependen
manner when the cells were irradiated. Howevegffext on CRT exposure was observed

for cells treated witf29 in the dark.
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Figure 4.10.Flow cytometric analysis of ecto-CRT exposure aftertreatment of A375 cells with tested
compounds. A) Representative histograms of celpsesritreated with 20 uI29in dark or under irradiation.
B) Analysis of samples for overall mean fluoreseerftars (*) at the top of the bars indicate astieally
significant difference from untreated controk@p05) or (#) the statistically significant diffe@nbetween
irradiated and non-irradiated samplesQ®5). The bars represent the mean + SD from twlegaendent
experiments.

To confirm data obtained by flow cytometry, CRT egpre was also pictured by
confocal microscopy. The cells treated w2thin the dark or under irradiation were fixed
with 4% formaldehyde and stained with anti-CRT-alélMor 488 conjugate. Samples were
visualized on a confocal microscope, and the remtasive images are shown kigure
4.11 and S4.21 As indicated, the fluorescence signal of anti-Ck8xa fluor 488
antibodies is observed on the cell membrane ofdlie treated witl29, but only after the
cells were irradiatedHgure 4.11, bottom panels). Qualitatively identical resultere/
obtained when the cells were treated with oxaliplat doxorubicin in the darkgure
S4.2). In contrast, the cells treated wi#® in the dark yielded no fluorescence signal
indicating a lack of CRT exposurgigure 4.11, top panels), similarly to untreated control
cells Figure S4.21. Thus, results of the confocal microscopy experita are consistent
with those found by flow cytometric analysisidure 4.10, demonstrating thaR9

encourages exposure of CRT to the cell surfacewhgn the complex is photoactivated.

DARK

IRRAD.(420nm)

Figure 4.11.Immunofluorescence analysis of ecto-CRT exposuredmjocal microscopy. A375 cells
were treated witl29 (20 uM) for 1 h pre-incubation, irradiated withubllight (bottom panels) or in the dark
(top panels) followed by 22 h of recovery in a defle medium. Channels: A) Fluorescence signal famiix
CRT-Alexa fluor 488 conjugate. B) Bright field. G)erge of the fluorescence and bright field channels
Scale bars represent 10 pm.
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c. Invitro phagocytosis assay

Another important step of ICD is an engulfment pihg cancer cells by macrophages
that facilitates immuno-stimulatory clearance oha@ar cell corpse®. A stimulation of
immunogenic phagocytosis is one of the most impoiéochemical hallmarks of ICE.
For these purposes, tiwevitro phagocytosis assay was applied to identify posdibD
inducers>2°3 Therefore, we employ this assay to evaluate thityabf 29 to provoke
phagocytosis of cancer cells by macrophages.

Briefly, murine cancer cells CT26 (treated wi#f, doxorubicin, or untreated) were
co-incubated with J774.A1 murine macrophages fori2.To distinguish these two cell
populations and facilitate detection, cancer celtye pre-stained green, whereas the
macrophages were stained red. The samples weratiadyred by flow cytometry for the
red and green fluorescence. The cells showing sgnaboth channels (double-stained)
indicated phagocytosis. Representative flow cytoimdensitograms for cells treated with
29 (10 uM) in the dark or under irradiation are shownFigure 4.12A The data were
guantitatively evaluated, and the percentage ofjptyosis was calculated as the number
of double-stained macrophages to the total numberagrophages x100.

The results show that irradiation of cells treateith 29 significantly potentiated
phagocytoses of tumor cells. In contrast, cellate@ with29 in the dark or non-treated
control were phagocytized very reluctantly: 4.36t@r 12.6 + 3.8 % for untreated control
or 29in the dark, respectively, vs. 32.5 = 2.5% foadliated29 (see alsd-igure S4.23.
Interestingly, the level of phagocytosis inducedlByuM 29 after irradiation was almost
double that induced by the same concentration gbaicin, a well-known inducer of
ICD and phagocytosig{gure 4.12BandFigure S4.22.>* Oxaliplatin, although capable
of the effective induction of ICEY was unable to promote phagocytosis in agreemeht wi
previously published daf&.Thus, the results suggest t28 when irradiated, stimulates

phagocytosis with high efficiency, in contrast tmically used Pt-based drugs.
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Figure 4.12. Phagocytosis assay. A) Representative flow cytometnsity plots showing the
phagocytosis after the treatment w2té (10 uM) in the dark or upon irradiation. B) Quantitatiaealysis of
phagocytosis by flow cytometry. Symbols at the edphe bars (*, #) denote a significant differericem
untreated control (*) or between irradiated and -imoediated samples (#). Statistical significancasw
calculated using the Students’ t-test with tk@.01. The experiment was performed in duplicate.

4.2.11. Activity against cancer stem cells

In an assortment of tumors, including melanomamalissubset of stem-like cells
(cancer stem cells, CSCs) was identifiedlthough there is still no consensus on the on
CSCs classification criterf&,the expression of cell surface markers is commasd to
isolate and enrich CSCs from different tumors. Expression of CSC surface markers is
tissue type-specific and in melanoma, stem cedl-ldubpopulation expressing CD20

marker has been describ¥d.

Therefore, CD20 expressing melanoma cells (A375Gp2@as tested to study the
ability of 29 to inhibit the growth of these CSCs-like melanore#is. The sensitivity of
A375CD20+ cells was compared with CD20 non-expresA375CD20-). Additionally,
we tested the effect @& in 3D cell culture, which mimics the tumor micre@oenment,
including intercellular interactions, oxygen gradieand drug penetration more closely
than conventional 2D cell cultureés®® A CSCs-selective agent abamectin was included in
the experiment as a contrl.

The A375CD20+ and A375CD20- cells were culturediagle-cell suspensions in
serum-free media to form melanospheres. 96 h didrsjds were then treated wizB for
1 hin the dark and subsequently irradiated (420Inh) or kept in the dark. After that, the
drug-containing medium was removed, and melanosgheere incubated for a further 72
h for recovery. The viability of cells was thentezb by using CellTiter-Glo® 3D Cell
Viability Assay.
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Complex 29 was found to be selective toward CD20+ cells urigat irradiation
(Table 4.8. Interestingly29was approximately as effective as abamectin imé#nk, with
the advantage that selectivity @0 (ICso A375CD20- /IGo A375CD20+ ratio) was
markedly higher.

Table 4.8 1Cso values$ (uM) for the tested compounds in human melanogshdetermined using CellTiter-
Glo® 3D Cell Viability Assay.

A375 sorted CD20+ CD20-
Dark Light Dark Light
29 >2C 74+1. >2C >2C
Abamectin 6.5+0.7 8.0+0.5 11.4+0.3 11.0

4 Cso values were determined on 96-h old spheroidsddeaith the investigated compounds for 1 h followed
by irradiation/dark for 1 h. After the treatmertgtspheroids were washed out and cultured in a-fleeg
medium for 72 h. The data represent the mean #+&0D 8 measurements.

Late investigations have discovered that, in catt@bulk breast cancer cells in which
ROS levels are elevated due to their higher meitsthalate, CSCs possess low levels of
ROS® The adaptation of CSCs to survive in ROS-deficieonditions implies high
sensitivity of CSCs towards ROS elevation by exogenchemical§! Our data Figure
4.7) revealed thaR9, after irradiation, markedly increases the leeR®S in melanoma
cells. Therefore, the CSC-specificity observed®could arise from its ability to activate
the generation of this reactive oxygen specieslibg lght.

To verify this hypothesis, the penetration andritistion of complex29 in A375
spheroids formed from both unsorted and CD20+ oR@3orted cells have been tested
using confocal microscopy. As indicatedHigure 4.13andFigure 4.14 the short-time (2
h) incubation with29 resulted in surface-distribution of compl2®, while an effective
penetration oR9 into spheroids was observed after a longer indcoaifter 24 h, the
luminescence signal @9 was apparent in cells localized near the spharendrum. It is
also obvious that the penetration is comparablédtn CD20+ and CD20- cell spheroids.
Thus, the selectivity a29 for CSC-like CD20+ cellsTable 4.8 cannot be attributed to
the increased or selective uptake. Thus, theséisdéstther support the view that the ability
of 29to generate intracellular ROS after irradiationldpat least partly, explain its CSC-

selectivity.
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CD20+
2h

24 h

CD20-
2h

24 h

Figure 4.13 Penetration o029 into 3D spheroids generated from A375CD20+ and5&3320- cells.
Cell spheroids (diameter: 40 — 60 um) were treatéad29 (10 uM) and incubated for 2 h or 24 h in the dark.
Spheroids were subsequently fixed and stained ARG anti-human CD20 antibody. Channels: Panels A,
phosphorescence fro29. Panels B, CD20 antibody. Panels C, overlay ofltinenescence channels and
bright field. Scale bar represents 10 um.

Z-stack depth—

10 pm 15 pm 20 ym 25 um 30 um 35 um

Figure 4.14 Penetration 029to 3D spheroid generated from unsorted A375 c8fihieroids (diameter:
80 um) were treated wi209 (10 uM) and incubated in the dark for 24 h. Aftexshing, cells were co-stained
with APC anti-human CD20 antibody. Channels: Parelphosphorescence fro20. Panels B, CD20
antibody. Panels C, overlay of the luminescencawbls. Confocal z-stacks were acquired in definefdss
(10-35 pm). Scale bar represents 20 pm).
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4.3. CONCLUSIONS
A rational design and efficient synthesis of folmopphorescent and photoactivated

Ir(111) complexes is described. The choice of theihary ligands was based on a common
1H-benzofljimidazole backbone containing one or two NH gromga$eir structure, which
usually provide low cytotoxicity to their correspmt complexes in the dark according to
literature, a crucial condition to be met for thesign of ideal photosensitizers. In a cell-
free medium,26-29 were able to photo-catalytically oxidize NADH undaue light
irradiation, with a very high TOF. The new complg»xhibited very low toxicity in the
dark even at high concentrations (300 M) againstdn skin melanoma cells (A375 and
518.A2) and human cervix adenocarcinoma cells (leLllzey showed high phototoxicity
by blue light irradiation under normoxic and hypogbnditions, bein@9 the most active
with the highest phototoxicity indexes (46-100)isTbomplex also displayed the highest
accumulation in cancer cells and the most elevaltedoinduced ROS generation. On the
0.63),

although the co-localization study with ER-Trackaggests that this complex can also be

other hand,29 showed preferential localization in the mitochoadfPCCs

partially associated with this organelle.

In addition, the data introduced in this chapteligate tha9 induces immunogenic
cell death in melanoma to the same extent as knk@ih inducers (oxaliplatin and
doxorubicin), but only if the cells are irradiatied light. On the other han@9 showed a
potent ability to inhibit the growth of CSCs-likeelanoma cells after light irradiation,
being approximately as effective as the CSCs-spatiifig abamectin in the dark, but with
a selectivity markedly higher toward the CSCs.

As far as we know29 is the first iridium complex to induce ICD in matama cells
and target selectively CSCs by blue light irradiatiTherefore, these results represent a
significant scientific advance in the field of cancchemotherapeutic agents with an
alternative mechanism of action, developing prongsCSCs-directed candidates for
immunostimulation phototherapy, which could suppresde effects with a selective
activation with light and fights against acquiredgistance and metastasis of cancers such

as melanoma.
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Synthesis and characterization of a new
heterobimetallic Ir(l11)-Pt(l1l) complex that
overcomes cisplatin resistance
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The biological experiments included in this chapter were carried out by Enrique Ortega and

Pezhman Ashooh (Departamento de Quimica Inorganica, Universidad de Murcia).
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5.1. INTRODUCTION

The discovery of the biological activity of cisptatand its analogs marked the
beginning of developing antitumor drugs based otateeAs commented before, cisplatin
is still one of the most extensively used drugsajodbut its efficacy is limited by its low
selectivity for cancer cells and acquired or irgrinresistance of tumor cells to the drug.
Cisplatin resistance mechanisrsan be divided into three stages: (1) the preetstage,
based on cisplatin accumulation inside the celemgtihe intracellular content of the drug
is reduced by decreasing of compound uptake amdasing efflux, (2)he on-target stage,
based upon the inhibition of cisplatin-DNA adductsiggering by DNA repair
mechanism$, (3) the post-target stage, involving the cell deathapoptosis by DNA
damage, which is controlled by some anti-apoptptiateins. Different approaches to
overcoming this resistance have been studied: natesials for the drug delivedPt(IV)
compound$,and hetero-nuclear complexcs.

The combination of two or more transition metals dnordination chemistry can
improve the antitumor potency of metallodrugs. tdiion, these heterobimetallic or
multi-metallic complexes may induce additive ormeggnergistic effects using two or more
metals in a single molecule'® In contrast to the investigation of mononucleai-aancer
complexes, dinuclear metal compounds have beennekstudied. Nevertheless, these
dinuclear species can show extraordinary propedia$ capacities due to tuning the
bridging ligands, the two metal centers, or thd@yetalating ligands® The development
of a new dinuclear complex can be complicatedna¢$i posing the following challenges:
low production yields due to complicated synth@tiocesse$?!3 poor optical properties
with low luminescence quantum yields produced lgydbnsiderable contribution of non-
radiative excited states from the bridging ligaitf$, relative large molecular weights
which can decrease their solubility in biologicakdia, etc. Nonetheless, significant
progress has been made with dinuclear complexé&sological applications in the last
yearst®-19

Given the importance of cellular tracking for deaghg new and more effective metal
drugs, proper selection of different metallic fraagts would make it possible to increase
the therapeutic activity with a synergistic effemtd incorporate key features like
traceability?® Cyclometalated Ir(lll) compounds have been denraret to be excellent
candidates for their use as emissive tags of teetapdrugs?>Thus, inspired by the need

to overcome the disadvantages of current platinmgdand in the excellent photophysical
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properties of bis-cyclometalated Ir(Ill) complexase design and synthesis the new
dinuclear Ir(111)-Pt(Il) complex35 (Scheme 5.1) of general formula [Ir(C*NJN”N)(u-
NHCHzpy)Pt(DACH)CIF* (where CAN = 2-phenyl-1-[4-(trifluoromethyl)beniliH-
benzo[d]imidazol-kN,C; NAN = an in-house ligafd modified with 4-
(aminomethyl)pyridine; DACH = 1R, 2R)-(-)-diamingdohexane) to investigate its
potential as an anti-cancer druthis heterobimetallic complex showed an intense red
phosphorescent in water granted by the Ir(lll) ryi€he antiproliferative study revealed
the ability of35 to kill cisplatin-resistant cervical and ovariaancer cells. In addition, the
dinuclear complex exhibited less toxicity than @sp towards healthy kidney cells.
Further studies on cell death induction revealed], ih contrast to cisplatin, which induced

apoptosis in A2780 cell85 was causing necrosis rather than apoptosis aftar 2

5.2. RESULTS AND DISCUSSION

5.2.1. Synthesis and char acterization

A novel red luminescent heterobimetallic Ir(l11)¢Px complex 35 (Scheme 5.1) was
designed and synthesized. The platinum comg@éxwas used in this study with

comparative purposes.

Pt Ir-Pt

NJUN\ N=

=( H

34 g NGO/ 35
@

R:CH,CgH4CF3

Scheme 5.1. Structures of heterobimetallic Ir(111)-Pt(ll) cgiex 35 and the platinum complex 34 used
with comparative purposes.

First, the Ir(1ll) complex32 (Scheme 5.2) was obtained with an acid group in the N*N
ligand to synthesize the Ir compl@&8 functionalized with 4-(aminomethyl)pyridine, a
linker which was used for binding to Pt(Il) compl&xis 4-(aminomethyl)pyridine-based

linker has already been used successfully in théhegis of other dinuclear complexés®
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Scheme 5.2. Synthesis of Ir(l1l) comple83 with the 4-(aminomethyl)pyridine-based linker.

As a Pt(ll) complex, cisplatin was used first, bl synthesis witl33 resulted in a
mixture of two major compounds§iQure 5.1A): the desired one and the other resulting
from the substitution of an ammonia ligand for gheidine. That fact was observed by
ESI-MS (Figure 5.1B) and thin-layer chromatography (TLC). However, toenpounds
were tough to separate by column chromatographytaltigeir similar Rf. Therefore, we
decided to choose the Pt(ll) compld84 (Scheme 5.1), which possesses the chelated
diamine ligand (1R, 2R)-(-)-diaminocyclohexane (DAC This diamine is used to
synthesize oxaliplatin ancbrrelates with a lack of cross-resistance of @iatin with
cisplatin?®

The dinuclear comple35 was obtained in a good yield (72%) using a modifan of
a method of literatufé (Scheme 5.3). First, by reaction of the platinum compla and
AgPFs in anhydrous DMF overnight at 45 °C, and then rgldi solution o83 in DMF
dropwise over the previous platinum complex solutmd stirring for 24 h in the dark at
55 °C.

H2 H2
N Anhydrous DMF N
e S
,,,N Cl o/n, 45°C ',,N Cl
Ha Ha ] 2pF
6
34 N " PFs N N
C\ Ir j C\Ir
a k@ %ﬁ r
= 24h, 55°C \ /
Y
NH2

Scheme 5.3. Synthesis of heterodinuclear comp88¢
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R:CH,CgH,4CF3 R:CH,CgH,4CF3
m/z: 797.19 m/z = 1612.33

B %104 |+ESI Scan (0.237-0.290 min, 14 scans) Frag=200.0v GVBS6-ACN.d

21
797 6844 1613.3330
1.9
18
1.7
1.6
1.5+
1.4
13
12 922.0101
11

0.9
0.8
074
0.6
0.5 1862185 1320.3991
0.4

ﬁf \‘ \ 665.6923 L ‘
0 lll. Bl wl wll ol pas L L“n B TORTUWRETY AT RO P I.M

.. .
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700
Counts vs. Mass-to-Charge (m/z)

Figure5.1. A) Major products in the reaction 88 with cisplatin. B) MS spectra of the mixture.

All complexes were characterized Hy and*3C NMR spectroscopyRigures S5.2-
S5.8), positive-ion HR ESI-MSKigure S5.9-S5.11), and elemental analysis. TH&NMR
spectrum 0of33 exhibits new signals between 9-8 ppm, a singletizd 6.6 ppm and a
multiplet around 4 ppm that confirm the functiomation of complex32 with 4-
(aminomethyl)pyridineKigur es S5.12).

The formation of the new heterodinuclear com@Bxvas checked by NMR={gures
S5.6-S5.8) and confirmed with ESI-MSwhere the MS spectra clearly showed the

molecular peaks corresponding to m/2 raimyre 5.2).



Chapter 5 117

x10 5 |+ESI Scan (0.216-0.310 min, 9 scans) Frag=200.0V GVB91-D.d

837.7221
32

o T i

N el A
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700
Counts vs. Mass-to-Charge (n z)

x10 5 |+ESI Scan (0.216-0.310 min, 9 scans) Frag=200.0V GVB91-D.d
837.7221

3 837.2215

836.7211
838.2226

16 838.7230

121 836.2211

839.2242
835.7202
839.7245

840.2252

02 837.4583 840.7278
Ll Al 1 1l ITHTI I T I T Y e

m Ll
835 8355 836 8365 837 8375 838 8385 839 8395 840 8405 841 8415
Counts vs. Mass-to-Charge (m/2)

Figure5.2. MS spectra of Ir-Pt comple35 in DMF.

5.2.2. Stability studies

The free chlorine in the molecule caused us toysthe solution stability of the
dinuclear complex previous to the luminescencelaoldgical studies.

As 35 is not soluble in water, its stability was tesfedt in DMSO byH NMR
spectroscopy at room temperature. As observeligare S5.13, after 24 hours, new
signals appear on the spectrum.

Then, the stability 085 was studied in DMF, which is another solvent cottgb@with
the biological medium in small percentages. No geanwere detected in the NMR
spectrum after 72H-(gure 5.3). The Ir-Pt complex was also stable for at ledsh@urs in
water containing 1% DMF at room temperature, agatdd by the unchanged MS spectra
of the compoundHKigure 5.4 and Figure S5.11). Therefore, subsequent studies were

carried out at DMF and DMF:water mixtures.
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t=72h k’/ U

Figure 5.3. 'H NMR spectra of35 measured after dissolving immediately in][DMF (bottom) and
after 72 hours (top) at RT.
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Figure5.4. MS spectra of Ir-Pt comple35 at t=0 h and 24 h in water (1% DMF).

Physiological pH values (pH 5.0-8.0) did not sub#dly affect the stability of the
heterodinuclear complex eithdfigure 5.5). The stability was also studied in water using
different chloride concentration® mM, 4 mM (intracellular) and 100 mM TI
(bloodstream). As observed iRigure 5.6, the UV/Vis spectrum of heterodinuclear
complex35 remains the same at 0, 1, 5 and 24 h, confirmagtability against hydrolysis.
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Figure5.5. UV/Vis absorption spectra @& (10 uM, water/DMF, 50:50) measured at 0 h and 24 hours
in aqueous solution at different pH values. Thewr4 adjusted with 0.1M NaOH and HCI (10%) solutions
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Figure 5.6. UV/Vis spectra of complex35 in water:DMF (50:50, v:v) with different chloride
concentrations (0, 4 and 100 mM) at 0, 1, 5 ant.24

Finally, the stability in RPMI culture medium wasrified by UV/Vis, not observing

changes after 48l(gure5.7).
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Figure5.7. UV/Vis spectra of compleg5 (Ir-Pt) in RPMI:DMF (50:50, v:v) at 0, 24 and 48 h
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5.2.3. Photophysical properties

The photophysical properties of Ir-Pt compB&were investigated in DMF and water
(1% DMF) solution Table5.1). The UV/Vis absorption spectrgigure 5.8A) showed the
typical absorption bands of cyclometalated Ir(tdmplexes. Thus, intense bands between
230 and 350 nm can be assigned to ligand-centékedtfansitions within the C*N and
NN ligands of Ir(Ill) moiety. Bands at> 350 nm as well as the bands in the visible range
(> 400 nm) could be attributed to spin-allowed rhagdigand ¢MLCT), spin forbidden
singlet-to-triplet {MLCT) charge-transfer and ligand-to-ligand chargasfer {°LLCT)
transitions’® Upon excitation af.exc maxima, the heterodinuclear complex exhibits an
intense red (632-662 nm) phosphorescence emissibath solventsHigure 5.8B). The
luminescence quantum yields were found to be sinfidanovr= 12.1 %,Dem wate= 8.8
%). The complex was found to have excited stagditifes in the nanosecond rangelle

5.1, Figure S5.14) which is in the same range as other publishedparescent Ir(l11)

complexegd-3t

Table 5.1. Excitation fexd, emission Xem) Wavelengths, emission lifetimesd), and quantum yields
(®em) of 35 in DMF and water.

Compound  Solvent Aexc, NM?  kem, NM  Tem, NS ®em, %P

558
DMF 370 662 (100%) 12.1
Ir-Pt complex35
0,
Watef 368 632 70 (84%) 8.8
25 (16%)

ajexc maximaPDegassed by bubbling 20 min under argatfo DMF

A B
5.0x104 - __ 1.0x10°
— DMF 5
4.0x10* — Water S 8.0x10°
e 2
‘Tg 3.0x104 4 E 6.0x105 - Water DMF
[
= 20404 = 40x10°-
w K]
1.0x10* 8 2.0x105 -
£
i
o T T T T 1 o T L 1
300 400 500 600 700 600 700 800
Wavelength (nm) Wavelength (nm)

Figure5.8. A) UV/Vis and B) Emission spectra 85 in DMF and water (1% DMFJexc = 405 nm.
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5.2.4. Interaction with biomolecules

The reactivity of the heterodinuclear compl&x with relevant biomolecules was
studied by UV/Vis. Glutathione and L-histidinEBigure 5.9A) were used as models for
amino acid residues on proteins. Glutathione iki@-tontaining tripeptideyfL-Glu-r-
Cys-Gly, GSH) present in most celNgth an intracellular concentration (10 mM)
substantially higher than the extracellular levés mM)3? Intracellular interactions
between cisplatin and glutathione have previousigrbfound to be deactivated, and
cisplatin-resistant tumor cells often contain eteddevels of glutathion& However, there
are no definitive conclusions in the expressiothajdl-containing proteins and resistance
to cisplatin®* Interestingly, the strong affinity of sulfur fotgtinum complexes has led to
the coadministration of platinum drugs with glutatte as a chemoprotectant to prevent
the toxic side-effects of Pt-S adducts in proté¥@n the other hand, L-histidine is a highly
versatile amino acid that plays key roles in thevdag of many proteins and peptides,
acting as a hydrogen bond donor or acceptor, amatio residue, or as a coordinating
ligand3° Histidine (His) is also important biologically, Ingj the precursor for histamine,
which is involved in many physiological procesd8siptaet al. have recently reportea
cyclometalated trinuclear Ir(llI)/Pt(ll) compleas a new protein-binding agdrdased on
specific interactions with the amino acid histid#elhus, the histidine residues from

proteins reversibly coordinate with the Pt cengglaicing the chloride ion of the trinuclear

complex.
A Glutathione L-Histidine
SH o
0 0 O N
J N N % OH
HO™ ™ N \)J\OH ¢ NH
NH, 0 HN ?
B IrPt+ GSH Ir-Pt + His
0.3- . 0.8- )
— O min — O min
— 15 min — 15 min
g 0.6+ 30 min 8 0.61 30 min
£ — 45 min 5 — 45 min
._g 0.4- — 60 min -.g 0.4+ — 60 min
a — 75min 3 — 75min
< 021 — 90 min < 521 — 90min
o-e T T L o-e T T T 1
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Wavelength (nm)
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Figure5.9. A) Chemical structures of glutathione and L-hist&liB) UV/Vis spectra 035 (10 uM) in
water (1% DMF) after adding 10 mM of glutathionaldristidine.
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As observed inFigure 5.9B, the UV/Vis spectra oB5 remain unchanged in the
presence of 10 mM of glutathione and histidined0rmin. This fact tests the stability of

the chlorine ligand in the heterobimetallic compégainst substitution reactions.
5.2.5. Cytotoxicity study towards human cancer cells

To probe whether the new heterobimetallic Ir(IIDHP complex had the potential as
an anti-cancer agent and any ability to countetfaetcisplatin resistance, we tested its
cytotoxicity against A2780 cells and cisplatin-stant A2780cisR and HelLa cell lines. The
Pt complex34 was studied with comparative purposes. As obsearv@able 5.2, the Ir—

Pt complex35 showed high cytotoxicity in the tested cell linedth ICsp values ranging
from 3.6 to 7.M. In addition, Ir—Pt displayed approximately 14eftigher potency than
cisplatin in A2780cisR cells and 5-fold higher patg than cisplatin in HelLa cells,
indicating that35 has better anticancer potential toward cisplaggistant cancer cells.
Furthermore35 exhibited a higher selectivity towards tumor cétlian34 and cisplatin, as

shown in the study in non-tumorigenic renal BGMr{édn green monkey kidney) cells.

Table5.2. ICs values [uM] of complexe®4, 35 and cisplatin after 48 h.

A2780 A2780cisR (RFY) HeLa BGM SFe
34 (Pt) 12.6 £ 0.9 13.7 £2.4 (1.1) >100 >100 >8
35 (Ir-Pt) 3.6+0.2 3.6 £ 0.3 (1.0) 7.6+0.9 >100 >28
Cisplatin 2.0+0.6 50 + 0.3 (25) 33140 16.5+0.16 8.3

a8The data are expressed as mean values + SD ohtiepéndent experiments, each of them made in
quadruplicate’Resistance factor: K3 A2780cis/IGo A2780; selectivity factor: 1Go BGM /ICso A2780

5.2.6. Metal accumulation in isolated DNA

Several metal-based drutfs?including cisplatin, have demonstrated their céjtgb
to bind and damage nuclear DNA, and therefore, Dd#A be considered one of their
principal target. Thus, metal accumulation in isgelDNA in HelLa cells was measured by
ICP-MSto investigate if the dinuclear compl8% could bind DNA. As observed ihable
5.3, the amount of Ir and Pt bound to DNA in the hed@ruclear complex was very small
compared to cisplatin, so DNA does not appear tissb@main target. However, finding the
same Ir and Pt accumulation36 clearly indicates that the complex is not brokeside

the cell.
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Table 5.3. ICP-MS analysis to determine metal accumulatioisolated DNA in HelLa cells after 2 h
treatment with 5 uM of Ir-Pt comple86 and cisplatin.

pg metal/png DNA

Ir-DNA Pt-DNA
35 11.8+04 149+1.7
Cisplatin 09+0.1 84.6+5.2

a Cells were treated witBs and cisplatin (uM) and incubated for 2 h at 37 °C. Complex accutma
was expressed in pg of iridium or platinum pgmDNA. Results are the mean + SDs from two independent
experiments.

5.2.7. Cédll-death studies and cell cycle analysis

In order to elucidate the mode of cell death indulog heterodinuclear comple3b,
dual Annexin V-FLUOS/Propidium lodide (PIl) stainirgssays were performed to
discriminate apoptotic and necrotic cell death ctolun. Compared to cisplatin arg4
treatment, which showed positive staining for AnneX due to apoptosis, A2780 cells
treated with the concentration ofs{Cand 2 x 1Go (2.5 and 5uM respectively) of35
revealed a Pl-positive population after 24-g(ire 5.10).

Control Cisplatin (5 pM)

4
10t o @2 10 jo1 a2
154 143 0.94 3.23

3 o ¢
2560 0 1828 . 133

T
2 2 3 4
10° 10 10 10° 10 10 10 10 10 10

34 (10 uM) 34 (20 uM)

4
10 Jo @ 10t Jo @
122 5.04 295 9.65

Propidium lodide

Q4 Gay
0 1774 Lk 16.6

35 (2.5 uM)

4
10 jo1 Q2
19.9 5.62

@ s g A o
o ]70.9 3.60 o T304 %7 L 3.03

Annexin V - FITC

Figure 5.10. Apoptosis assay of A2780 cells incubated v@4hand35 at the concentration of kgand
2 x 1G5 for 24h.
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This induction of necrotic cell death could be of¢hose responsible for overcoming

resistance to cisplatin during thest-target stage.

In addition, to investigate the mechanism of actimderpinning the Ir(ll1)-Pt(ll)
complex effects, the cell cycle progression of earcells was studied. The impact3&
on cell cycle distribution was examined in A278M0@er cells after 24 h. Fluorescence-
activated cell sorting (FACS) analysis showed tmamplex35 not induced an effect in the
cell cycle in contrast to cisplatin and compBk which induce G2/M and S phase arrest
(Figure5.11).

Control Cisplatin 5 puM

L 0/GL
S S
52/M 52/M

800
800
aQ

G0/G

FL’Z-A ' ' ' ' "m‘ ' ' FLé-A ' l ' ' 124
34 10uM 35 2.5 uM
0/GlL

800
o
800
&

0/GlL

52/M 52/M

FL2-A o2 FL2-A o

Figure 5.11. Cell cycle analysis in A2780 cells incubated wa#, 35 and cisplatin at indicated
concentrations (I¢g) for 24h.

New studies will be carried out to investigate iertthe mechanism of action of this

promising Ir(I)-Pt(Il) antitumor agent.

5.3. CONCLUSIONS

A new dinuclear Ir(lll)-Pt(Il) complex was designednd synthesized. This
heterobimetallic complex showed an intense red phamescence in water granted by the
Ir(Il) moiety. In addition, the stability studiesr solution and the interaction with
biomolecules showed the resistance of the chldii@ad to substitution and hydrolysis
reactions. The antitumoral study revealed thetgitwhi 35 to kill cisplatin-resistant cervical
and ovarian cancer cells. In addition, the dinuckamplex exhibited no effect in non-
tumorigenic normal renal cells, showing its bettefectivity towards cancer cells than

cisplatin.
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Further studies on cell death induction revealed, tin contrast to cisplatin, which
induced apoptosis in A2780 cells, comp8&«was causing necrosis rather than apoptosis.
In addition, the dinuclear compl@ppears not to affect the cell cycle in contrasthi®
platinum precursor and cisplatin, which induce G2iiMl S phase arrest. All of the above
indicates that the Ir(Il)-Pt(ll) heterodinucleasmplex could have a different mechanism
of action than cisplatin.

To get more conclusions, we need a deeper biologficdy of the dinuclear complex.
Even so, this preliminary study reveals a promisingtumor agent that could overcome
the cisplatin resistance and represents a furtbep & the development of new
heterodinuclear Ir-Pt complexes with dual antitued luminescent properties, which is

still a developing area.
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6.1. INTRODUCTION

The excellent photophysical properties of Ir(lljneplexes commented in Chapter 1
have triggered a growing interest in developingéheomplexes as biological probes and
visualizing reagentsThat fact has allowed deeper mechanism of actioties inside the
cells or even inside transparent organisms as fzeordhusjn vivo studies using zebrafish
as an animal model have evidenced the applicatidn(ld) compounds as visualizing
reagent$* (Figure 6.1).

To advance in the research of new anti-cancer deugaportant to demonstrate the
measurable effects of the drug against this hunsade. For this purpose, the preclinical
oncology models have extended significantly in ket decades. Such models allow the
demonstration ofn vivo effectiveness, along with the confirmation of thechanism of

action and the main target of the drug candidate.

1 h after microinjection 24 h after microinjection

(0]
(0]
H n

\'
Pz
N

N\ 7/ \ 7/

Ir-PEG

Figure 6.1. In vivo distribution ofir-PEG complex in zebrafish larva.

Despite its simplicity, the nematode woKbaenorhabditis elegans (C. elegans) has
been widely studied as an animal model in biochamigharmaceutical, and medical
research, mainly in the characterization of novebdarget$:” This animal model has a
whole organism (with digestive, reproductive, ardvious systems), and their transparency
also enables the visualization of fluorescentlyelad tissues in mutant strains
Additionally, most human disease genes and digeatbevays are present@ elegans, as
confirmed by comparing the human aDdelegans genomes.

The application of mammals far vivo studies is common. However, testing firs€Cin
elegans supposes a decrease in the use of mammals irrgkseampliant with the 3R
principles (Reduction, Refinement, and Replacemémtlanimal testing. Thus, the

Caenor habditis elegans tumoral model has been recently develoffefihe tumor inC.
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elegansis induced using RNAI technology: the knockdowrthegld-1 gene prevents the
germ cells from exiting from mitosis and conseqlyemduces cell proliferation through
the gonad, forming a germline tumor lethal to thigmal (Figure 6.2).11120nce cancer has
been generated, this tumoral strairCoflegans can be used to investigate the effects of

the drugn vivo.

Germ RNAi technology

Knockdown of
gld-1 gene

b4/ o,

Adult C.elegans Wild-type JK1466 tumoral
gonad (normal gonad) strain gonads

Figure 6.2. RNAI technology to form a germline tumor in th@raal gonad.

Herein we report the synthesis and characterizatioa new red phosphorescent
iridium complex [Ir(C*NYN~N)][PFs] (37) (where C~N = 2-phenyl-1-[4-
(trifluoromethyl)benzyl]-1H-benzo[d]imidazol-kN,C nd NAN= methyl 2-
(benzold]thiazol-2-yl)-1-butyl-1H-benzo[d]imidazetecarboxylate) in  order to
investigate its potential as anti-cancer dnugivo. The pro-ligandl was selected as the
C”N ligand due to the excellent photophysical proes it provides the final complexes in
previous chapters. As N~N ligand was selected a 2dwnzothiazol-yl benzimidazole
core with an ester group as a handy tool for furthectionalization and a butyl group for
N-substitution in order to modulate its lipophifcoperties. On the other hand, the choice
of a sulfur heteroatom in this ligand has been ntadiine the emission color and the
cellular uptake efficacy of the iridium complex. lantitumoral capacities &7 were
testedin vitro in ovarian cell lines anth vivo in a recently develope@aenorhabditis
elegans tumoral model. The use of an animal model in Wask have allowed a study in

depth of the underlying mechanism of action ofribes iridium complexn vivo.
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6.2. RESULTS AND DISCUSSION

6.2.1. Synthesis and characterization

A new red luminescent iridium complexd7) of the type [Ir(C*N)(N*N)][PFe]
(Scheme 6.1A) was designed and synthesiz€de HC”N proligand 1) was synthesized
as previously reportetfThe new N~N ligand methyl 2-(benzo[d]thiazol-2-¢hbutyl-1H-
benzo[d]imidazole-5-carboxylat8g) was synthesized by condensation of the internbedia
methyl 3-amino-4-(butylamino)benzodte,with 1,3-benzothiazole-2-carbaldehyde in
ethanol with a catalytic amount of trifluoroaceticid at room temperature for 24 h
(Scheme 6.1B). Complex 37 was obtained in a good vyield (72%) by reactionthod
cyclometalated iridium(lll) dime# with the N~N ligand in a 1:2 molar ratio. The new
ligand and the Ir(Ill) complex were characterizeg 1 and 13C NMR spectroscopy
(Figures $6.1-6.5) and positive-ion HR ESI-MSF{gures S6.6-6.7), showing the
[M—PF¢]* signals with the expected isotopic distributiortga. The'H-NMR spectrum
of the new complex exhibits one set of peaks fehed the two inequivalent C*N ligands
due to the asymmetric nature of the coordinatiomrenment around the metal. The
corresponding signals of the butyl group of the Niydnd appears between 5.02 and 0.69
ppm Eigure S6.4). Complex37 was shown to be at least @6pure by both revergghase
RP-HPLC in DMSO Figure S6.8) and elemental analysis.

B Complex 37
(0} (0]

~ NH2 H ~

O)KCE £ /{‘j@ TFA, MgSO,EtOH O N)\ /<Nji>

_
NS 9 s RT, 24 h N s
methyl 3-amino-4-(butylamino) 1,3-benzothiazole-2- \\\\
benzoate carbaldehyde N~N Ligand 36

Scheme 6.1. A) Structure of new iridium comple3?7. B) Synthesis of the new N”N ligand.
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6.2.2. Photophysical properties

The UV/Vis absorption and emission spectr&bfwvere recorded in both acetonitrile
and water (1% DMSO) at room temperatukeg(re 6.3). The new complex displays
intense absorption bands Jat< 350 nm that can be assigned to ligand-centet€d (
transitions within the C*N and N”N ligands. Bantla a 350 nm and the lowest energetic
absorption wavelength could be associated witmtga-ligand charge transfer (LLCT)
and metal to ligand charge transfer (MLCT) phenoateiRecent theoretical calculations
based on a similar Ir(lll) complex, suggest that plarent Ir(pbz]N~*N) complex (pbz: 2-
phenylbenzimidazole) adopts a push—pull architectwhere the metallic center and the
pbz ligand play the role of donor, and the NN myiacts as the accepttrThis fact
supposes that the decoration of ligands triggemeghfhancement in the charge transfer and
a shift in the absorption to larger wavelengthsotUpxcitation akexc maxima,37 exhibits
an intense red (~665 nm) phosphorescence emissitoth solventsKigure 6.3 and
Figures S6.9).
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Figure 6.3. UV/Vis andemission spectra &7 in A) acetonitrile and B) water (1% DMSOQO)x: =405 nm.

The lifetimes of the new Ir(lll) complex in acettiie and water Table 6.1) were of
hundreds of nanoseconds, indicating the phosphemesmature of the emissiéh® The
study of the emission quantum yield in aerateddarated solutions showed no influence
of the oxygen in the emission in water, but thaindioccur in acetonitrile. On the other

hand, in aerated solution, the quantum yield inewe higher than in acetonitrild@ &ble
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6.1). Therefore, the change in the emission intenséty studied in a mixture of water and
DMSO with different water fractions. As shown kigure 6.4, the emission intensity
increases 3 times when the water content mixturagased up from 75% to 95%, which

is suitable for further confocal microscopy in thevivo study.

Table 6.1. Excitation fexd, emission Xem) Wavelengths, emission lifetimesd), and quantum yields
(®em) of 37 in acetonitrile and water (1% DMSO).

aer ated solution deaer ated solution?
Solvent hexc, NmM? hem, NM
Tem, NS Dem,% Tem, NS Dem,%
o 393 (96%)
Acetonitrile 372 665 223 (100%) 3.9 6.9
744 (4%)
181 (13%) 370 (89%)
Water (1% DM SO) 376 661 6.0 6.1
413 (87%) 1237 (11%)
[a %exc maxima.lP!l Degassed by bubbling 20 min under argon
. 1200000.0- % water
S 0 ‘
« 1000000.0- 8% — 0% 95%
2 800000.0 0k — 9Tk
g ) 5% — 99%
2 600000.0
£
S 400000.0-
[/
(/]
= 200000.0-
£
wi

600 7(I)0 8(I)0
Wavelength (nm)

Figure 6.4. Emission spectra 087 in DMSO/water mixtures with different water framtis (fw). The
excitation wavelength was 405 nm.

6.2.3. Stability studies

Before than vitro andin vivo studies, it is very important to know the solutstability
of the new compound. The stability of the complexDMSO was studied bfH NMR
spectroscopy, and no free ligand was detected aftlxys at room temperaturéidure
6.5).
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Figure 6.5. *H NMR spectra oB7 measured after dissolving immediately inIDMSO (bottom) and
after 5 days (top) at RT.

The stability of37 was also confirmed after 24 h in Roswell Park Mealdnstitute
(RPMI) culture medium by UV/Vis upon dissolving tbempound in 1% DMSOF{gure

6.6).
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Figure 6.6. UV/Vis spectra 087 in RPMI medium (1% DMSO) measured at t=0h andr&td.

C. elegans has an intestinal pH oscillating between 3.5 and To ensure the
permanence of the iridium complex inside de worwes,also performed the stability at

different pH. As shown ifrigure 6.7, the UV/Vis spectrum o837 remains the same in the

pH range of 7.4 to 3.3.
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Figure 6.7. Effect of pH on Ir(lll) complex stabilityn disodium hydrogen phosphate/citric acid buffer
solutions (pH 3.3, 5.4. 6.3 and 7.4) with 10% DMSO

In vitro study

6.2.4. Cytotoxicity studiestowards human cancer cells

The cytotoxicity of complex37 was tested against human ovarian carcinoma cells
(A2780), cisplatin-resistant A2780 cells (A2780gisBnd normal ovarian cells (CHO)
using the standard MTT assay. With agol@alue of 0.17 uM, the Ir(lll) complex showed
a much higher antiproliferative effect than the ooom clinical drug cisplatin against
ovarian cancer cell lineJ @ble 6.2). Remarkably, the iridium complex also exhibiteghh
cytotoxicity against A2780cisR cells with a resita factor below 1. In addition, under
the same experimental conditio3,achieved 12-fold higher cytotoxicity against oaari
cancer cells than against normal ovarian cells.s Thighly selective factorn vitro

suggested th&7 could act preferentially in tumor cells in the nabdnimalC. elegans.
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Table 6.2. ICsovalues [uM] of complex and cisplatin after 48 h.

A2780 A2780cisR (RF?) CHO SFP
37 0.17 +0.02 0.168 + 0.007 (0.98) 20+0.4 11.8
Cisplatin 23+0.2 22 + 4 (9.56) 7.8+08 3.4

aResistance factor: K3 A2780cis/IGo A2780;selectivity factor: IGo CHO /ICso A2780

6.2.5. Cdlular localization and distribution

The localization within cancer cells was investighby confocal microscopy owing
to the intrinsic phosphorescence of compd@x Co-staining with mitochondria-specific
probe MitoTracker Green FM was performed in A2780scFigure 6.8), where a partial
overlapping pattern betwe&i and MitoTracker was observed after 2 h treatmiéiguf e
6.8D), displaying a Pearson’s correlation coefficieil®®6 Figure S6.10). Moreover, the
luminescence of comple87 was also observed in the cytoplasmic membranes Thi
distinctive localization pattern reminded us thatqreviously published similar Ir(lll)
complex accumulated in the actin cortésuggests th&7 might be able to target the actin

cortex as well.

Figure 6.8. Co-localization study a7 in A2780 cells. A2780 cells were treated withM of 37 for 2 h and
co-stained with the MitoTracker Gré&h (0.1 uM). Channels: A) Mito-Tracker fluorescence, B)
luminescence signal from Ir compound, C) brighkdfi®) overlay of the luminescence channels. Sbafe
=10 pm.

6.2.6. Cell-death induction

Necrosis is an acute form of cell death due toggtars failure that produces a loss of
nuclear and plasma membrane integrities. Althouggrasis has been long considered an
unregulated process, recent evidence has dema@usthatt necrosis can also be a regulated
form of cell deattt® Dual Annexin V-FLUOS/Propidium lodide (PI) staigiassays were
performed to discriminate apoptotic and necrotid death induction. Compared to
cisplatin treatment, which showed positive staifimgAnnexin V due to apoptosis being

induced, A2780 cells treated with 2 uM3¥ revealed a Pl-positive population after 24 h
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(Figure 6.9). Indeed, the increment in compl8X concentration (5 puM) in the treatment
induced a more significant population of Pl-pogtoells. Thus, the study revealed that, in

contrast to cisplatir7 was causing necrosis rather than apoptosis aftér 2

Control o Cisplatin
5.33% 051% gy 11.41% 21.58%

10000

FL2-H

212%  UiGE :
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e 37 2um) 37 (5uM)
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Figure 6.9. Dual Annexin-FLUOS (FL1-H)/Propidium iodide (FLE2) flow cytometric analysis of A2780
untreated cells, cisplatin (2 uM) treated celldlsceeated with37 at 2 and 5 puM. Cisplatin was used as a
positive control for apoptosis induction.

6.2.7. Superoxide anion production

Since elevated ROS, and particularly high supemaiton levels, can trigger necrotic
cell deatt?!??we decided to measure the amount of ROS insid&®2&lls upon exposure
to Ir(1ll) complex. Flow cytometry analysis of A2@0&ells using DCFH-DA showed that
ROS levels irB7-exposed cells were comparable to those presemitreated cellsHigure
$6.11). However, the use of specific fluorescent supel@@anion probe dihydroethidium
(DHE) revealed a significant rise of red fluoresmenn ovarian cancer cells after 2 h
treatment witt87 at 5 uM Eigure 6.10). Furthermore, the DHE fluorescence was reduced
in the well-known ROS scavenger N-acetylcysteinAQ)presence. Moreover, complex

21b (Chapter 3) was used as a positive coritnosuperoxide generation.
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Figure 6.10. Normalized levels of superoxide production in 82%ells after treatments wigY (5 uM) or
cisplatin (5 uM) measured by flow cytometry. N-adeysteine (NAC) at 2 mM was used as a negative
control, wherea®1b (5 uM) was used as a positive control for supet®xjeneration. Data expressed as
Mean RFI + SD from two independent experiments (refficates). *p < 0.05 unpaired t-test.

In vivo study

6.2.8. Assimilation of Ir(111) complex by the model animal C. elegans

The bright phosphorescence of the compound allaweddetectiorin vivo and its
guantification insideCaenorhabditis elegans worms, as showed ifigure 6.11. The
images showed that the animals could assimilatedhgound supplied along with tke
coli, and it was detected in the intestinal luménggre 6.11B). As expected, the
assimilation was related to the complex concemingirovided, showing a dose-dependent
behavior Figure 6.11C). C. elegans have gustatory and olfactory receptors to detsud f
danger, or other worms. The responses to chemagestsouli produce different patterns
in the animals as changes in feeding, motility jdaoce of the compound or dauer arrést.
Thus, assimilation of the complex suggests thatwbems were not repelled by it as
happens with some other compounds like heavy metatergents, bitter alkaloids, and

some organic moleculé$?®
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Figure6.11. Accumulation of37 invivo. (A-C) Representative images of N2 animals expdseie iridium
complex 37. A) Brigthfield at 100 uM. B) Luminescence image 180 uM. C) Quantification of the
fluorescence intensity inside the animals, dateefwesented as mean + S.D, n > 15, two independent
experiments were performed, **significantly at®.05 by ANOVA test. Scale bars 200 um.

6.2.9. Antitumoral potential of theiridium complex in vivo

The chemotherapeutic effects 3f were evaluated using the mutant strain JK1466;
these animals have suppresseddltel gene involved in the oocyte fate determination.
gld-1 is necessary for the regulation of mitosis aredogis entry in the germ line cells.
Without it, germ cells are arrested in the mitgéiase and proliferate, forming large tumors
in the proximal gonaé Gonads of normal young adults showed oocytes anahy®s in
the proximal zone and germinal cells in the digtale, as displayed iigure 6.12A. In
contrast, worms of the tumoral strain showed pecdifive germ cells in all the gonad
regions and the absence of oocytes and embFygare 6.12B). In addition, the acridine
orange stain allowed the visualization of the imndlisal cells in the gonad and their
morphology, showing that oocytes and embryos agetahan germinal cells. The tumoral
strain JK1466 has bigger and swollen tumoral goriedgire 6.12B). However, the size
and the swell were reduced when the animals wesged with the iridium comple37
(Figure 6.12C).
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Figure 6.12. A) Wild-type gonad, B) control JK1466 tumor gonawiaC) tumor gonads of JK1466 animals
treated with 100 uM o387 visualized with differential interference contré®iC) and stained with acridine
orange.

Measurements of the tumor area were performed ubffegent concentrations &7
(0.1, 1, 10 and 100 uM). Cisplatin was used asn@rab The results are shown kigure
6.13 andTable S6.1. The higher concentration tested (100 uM) redukbedumor growth
by 41.03 % (p < 0.0001), while cisplatin reduceel tinmor size by 42.49 % (p < 0.0001),
showing the efficacy of this novel iridium complag an antitumoral agent.

Moreover, theC. elegans tumoral strain JK1466 and the wild-type strainevesed to
estimate the chronicle exposure toxicity of 87e Previous studies oB. elegans treated
with iridium(lll) complexes reported their use fbrosensing and bioimaginign vivo.
However, the studies did not evaluate the possibiieity effects of the compounds in the
worms?’~?°Furthermore, toxicity studies of other metal coaxgls such as ruthenium ones
reported a 20% decrease in the survivalCofelegans treated with 100 uM of these
complexes for 24 f31
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Figure 6.13. Tumor size evaluation data is represented as m&B, n > 10, two independent experiments
were performed, **significantly at § 0.05 by ANOVA test. Scale bars 50 um.

The results obtained showed low toxicity for thddviiype animals treated with 100
1M of the complex as their mean lifespan was uredit¢igur e S6.12A), and a significant
increase was observed in the mean lifespan of uhwral animals Kigure S6.12B),

suggesting that the tumor reduction was improvirgghtealth status of the animals.

6.2.10. ROS accumulation in C. elegans

Reactive oxygen species @ elegans was measured by using the fluorescent probe
DCFH-DA. The probe detects peroxyl, hydroxyl, okadyl radicals and some nitrogen
species, being an assay for generalized oxidatreessrather than a detection method for
specific specie® The treatment with cisplatin increased the totalsRevels 4.1-fold (g
0.00001) compared with the control, while the R@8els produced b7 were not
significantly different to control leveld={gure S6.13). Since the DCFH-DA probe shows
the general redox state of the worms but cannokctlesuperoxide anions,
dihydroethidium (DHE) was used as a fluorescenb@i®igure 6.14) in order to check if
the same could be happening in full animals. Asitiye control, the widely studied
superoxide generator paraquat (methyl viologen) wsast
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Figure 6.14. In vivo effects of37 in superoxide generation. (A-C) Representativegesaof wild-type C.
elegans stained with DHE to detected superoxidenaniA) Positive control (200 uM paraquat) worm in
brigthfield. B) The same animal visualized undepfescence visualization. C) Worm treated with [1G0
iridium complex under fluorescence visualization. Quantification of superoxide levels presented as
mean+SD, n > 10, two independent experiments weropned, **significantly at p< 0.05 by ANOVA
test.

Consistently with the results in cell87 treatment increased the superoxide levels
inside the worms, in contrast to cisplatiingur e 6.14D). Furthermore, the iridium complex
generated more superoxide anions than paraqulaé aame concentration. Remarkably,
the treatment with the Ir(lll) complex did not affehe mean lifespan of the wild-type
animals and increased the lifespan of the tumdrains consistent with previous results
that reported an increase of superoxide levelsymed by paraquat did not reduce the

lifespan of wild-type animal&

6.2.11. Morphology of C. eleganstumoral cells

Necrotic cells are morphologically different fromagptotic cells, as they form swelled,
enlarged corpses, while apoptotic cells are smatlesize, more compact, and have a
button-liker form3® The morphology of the tumoral cells in the anig@hads was studied
using acridine orange. Under normal conditions,dfaén does not penetrate cell nuclei.
However, when the cell nuclear membrane is commedi-as happens in apoptotic and
necrotic death- the acridine orange binds to théRNd the compound’s fluorescence is
increased, showing cell corpses much more fluorgdt@n normal cellsRigure 6.15).
While the gonad cells of the animals treated wisiplatin showed small corpses similar to
apoptosis corpsesigure 6.15A), the gonad cells treated with the iridium complesre
swollen and enlarged, properties associated withoses rather than to apoptosisdure
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6.15B). These results indicate that the iridium compdelikely to reduce tumor growth by
activating cell death by necrosis, consistent witl result in cells and in contrast to

cisplatin, which promotes cell death by apoptosis.
A B

Figure 6.15. Representative images of extracted gonads ofralraaimals stained with acridine orange and
treated with A) 100 uM of cisplatin or B) 100 uM3¥. Scale bars 50 pum.

6.3. CONCLUSIONS
A new inert Ir(1ll) complex of the type [Ir(C*N(N”~N)][PFe] has been synthesized and

characterized to investigates potential as an antitumor drug vivo. Complex 37,
containing a new 2-benzothiazol-yl benzimidazoleeasith an ester group as NN ligand,
showed an intense red luminescence in water, whichitable to visualize the complex
inside the cell orn vivo. The potential anti-cancer effects were evaluatgdg cell lines
and a recently developéil elegans tumoral model, in which the tumor reduction ane th
survival of treated specimens can be measured. @ar@preduced the tumor size as much
as cisplatin in th€. elegans tumoral model, being less toxic for the animaigthie ovarian
cancer cell lines, the Kgwas much lower than cisplatin, while the seletyifactor of the
compound was higher.

Interestingly,37 induces necrosis rather than apoptosis in A2786 aad localizes
both in cytoplasmic membrane and mitochondria ($teacoefficient = 0.56 for the latter)
of cancer cells as shown by confocal microscopytheumore, the measurements of
superoxide anions showed increased levels botlvamnian cell lines and il€. elegans,
suggesting that these radicals play a crucialinollee mechanism of action 87 that leads
to cell death by necrosia non-apoptotic cell death that is another efficieay to
overcome cisplatin resistance during the post-tastgge. The aforementioned indicates
that the antitumor mechanism of action of the caxplaluateh vitro corresponds pretty
well tooin vivo study,and therefore shows the antitumor action preval@idée drug

when moving from two-dimensional vitro models tdhein vivo environment.
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7.1. INTRODUCTION

So far, the most studied phosphorescent materilseutral Ir(l1l) complexes? This
is because they possess excellent propertiesiistaifithe octahedral geometry, triplet
emission lifetimes of microseconds that ensure lefjiciency in the fabricated organic
light-emitting diodes (OLEDSs), high emission quantyields, and tunable emission cotor.
These phosphorescent neutral Ir(lll) compoundshbeadivided into two main categories:
bis- and tris-cyclometalated.

Tris-cyclometalated iridium(lll) complexes show geetric fac-mer isomerism
(Figure 7.1). Of the two possible isomers, tfee-isomer is thermodynamically favored,
while the mer-isomer is kinetically favored. The lower thermodymc stability of the
meridional isomer is mainly because two carbon atgwith a hightrans effect) of the
C”N ligands are mutually in trans arrangement.This has caused that in therapeutic
applications, théac isomer is mainly used although, generally, ithsained with a lower
yield. The reaction temperature, time, and typehef cyclometalated ligand affect the
synthesis processes' facial/meridional producbrdtinus, themner-isomer can be obtained
by performing the reactions at lower temperatumsil§iting thefac-isomers formation),
often supported by admixing of base (e.qg., triettnihe)? On the other hand, thac-
isomer synthesis requires more tough conditiogsinkdl excess and higher temperatures
(e.g., refluxing in 2-ethoxyethanol or glycerolhd& meridional isomer can be efficiently

transformed to the facial at high temperaturesradiating with light®

N C
Con, ‘ N hv or heat Now, ‘ N\ Thermodynamical
Kinetically Il > u» “Ird ermodynamically
favored
favored C/ . C ﬁ%; c/ .\C
L N
mer-isomer fac-isomer

Figure7.1. Facial and meridional isomers of the tris-cyclorfagtal iridium complexes.
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Recently, the OLEDs application of phosphorescergnzimidazole-based
cyclometalated iridium compounds has been stutiBghzimidazole-type cyclometalating
ligands are essential components to prepare higffilgient Ir(lll) emissive phosphors
because of their excellent thermal stability, ebecel electron mobility, and flexible
modification. However, as commented in Chapterpghlyang these highly luminescent
neutral complexes in living systems is limited doéts lack of charge, making it difficult
to enter the cell. Thus, the complex structurestmamodified with groups thaicrease
water solubility’® cationic peptide$!® or pH-sensitive group$:*? Furthermore,
nanocarriers that can transport the complexes ensti@ cells are another emergent
strategy*3

Nanomedicine is a developing method for treatirifipoent diseases where sub-micron
particles (e.g., nanoparticles) are employed in iomeel!*'® Recent advances in
nanotechnology have opened up unprecedented fisiior the efficient delivery and
protection of drugs with the development of sevéyakes of drug-loaded nanocarriers
(Figure 7.2A), such as liposomes, carbon and inorganic naneiaigteand polymeric
particles'® Recently, nanotechnology has been very necessastain vaccines against
the SARS-CoV-2 virus. For instance, lipid nanodes are a vital component of the new
Pfizer and Moderna mRNA COVID-19 vaccines, playangivotal role in transporting and
protecting the mRNA effectively to the right plaicecells’8

In cancer therapy, the characteristics of nanagastiNPs), including their small sizes,
high surface area, favorable drug release profilgater solubility, and targeting
modifications, can allow them to reach target tutigsue better and release drugs in a
stable and controlled manner. In addition, NPspmatect the payloads from degradation
and premature release and accumulate in leaky gl while sparing healthy cells
thanks to the enhanced permeability and reten&®R( effect Figure 7.2B). This effect
exploits the atypical vascular architecture, thakje blood vessels, and a damaged
lymphatic drainage system of tumor tis$8iggsulting in the efficient retention in the tumor
interstitium.  Accordingly, incorporating the drugnte nanoparticles improves
biodistribution, solubility, pharmacokinetics, aadicity, reducing the adverse side effects
observed with conventional treatmefft3hus, Doxil® (liposomal doxorubicin) is the first
liposome nanomedicine approved for the Food andgDxdministration (FDA) that
exhibits passive tumor targeting features and leageirf side effects comparing free
doxorubicin (DOX)?*
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Figure7.2. A) Organic and inorganic nanomaterials used idinige. B) Schematic EPR effect showing
differential uptake of NPs and small molecules Hasetheir size across normal and tumor tisséidapted
from referenceé?

Herein we report the synthesis of four new neutr&-cyclometalated Ir(lll)
complexes: two homoleptic [Ir(C"B]) and two heteroleptic [Ir(C*"NJC*N")]. They
exhibited high emission intensity and quantum \getdorganic mediums. However, they
could not enter the cell due to its lack of chargkich also limited its solubility in water),
as demonstrated by confocal microscopy. Thus, tivthem were encapsulated using
polyurethane-polyurea hybrid nanocapsules to imptbeir biocompatibility and cellular
uptake and study their potential activity againstltidrug-resistant HeLa cancer cells.
Incorporating neutral Ir(lll) complexes into nandpaes offers an exciting improvement
in delivery, targeting, and cellular uptake forades and more successful therapy in the
future.
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7.2. RESULTS AND DISCUSSION

7.2.1. Synthesis and characterization

A series of four luminescent, tris-cyclometalatedll) complexes of the type
[Ir(C"N)3z] and [Ir(CA"NX(C"*N")] (Scheme 7.1) were synthesized and characterized.

Homoleptic Heteroleptic
OO
\
N N
HC/\N: |r > ///,,Ir\\\\\\
1 / ‘\ -~ ‘\c'
N
FsC
[Ir(C"N)3] fac-38 [Ir(C"N)2(C"N)] fac-40
AN= >—< >
HCAN= ©: [Ir(C~AN)3] fac-39 [I(CAN)(C”N),] fac-41
13a

Scheme 7.1. Structures of new tris-cyclometalated iridium coexas.

The HC~AN pro-ligands have in common the benzimittazmore that has been
demonstrated to be an extensively used pharmacefgtféand has given good results in
previous chapters of this thesis. 2-phenyl-1H-bddiimidazole (3a) is commercial and
2-phenyl-1-[4-(trifluoromethyl)benzyl]-1H-benzo[djidazole () was synthesized
according to literatur& The new neutral iridium(Il) complexes (two homaiie and two
heteroleptic) were synthesized in the thermodynaltyidavoredfac-configuration. The
first step for all of them was the synthesis of dimaer by reaction of iridium(lll) chloride
hydrate with the corresponding HC”N pro-ligaisdi{eme 7.2).

RN/Q Q\NR
OE _ /
NG on” "/ Ha0 3:1 PN
2 IrCI3.H20 + 4 = Ir
Ir\ /
N 110°C \
N\
R: CGH4CH20F3 1

H 13a

R: CGH4CH20F3 7
H 16a

Scheme 7.2. Synthesis of starting dimeric iridium complex@sa(dl6a previously reported in Chapters
2 and 3, respectively).
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Homoleptic complexes were synthesized by reactiainer complex T or 16a) with
an excess of ligand, using a high boiling pointent (2-ethoxyethanol for comp|&8?’

and glycerol for compleg9’) and silver triflate to extract the chlorid&ziieme 7.3).

(

//

//

./v < N 2-ethoxyethanol or glycerol

. '/,I \\\\
\) C—H reflux, AGCF5SO5 o ‘r\c
HCAN = 1: 38
13a: 39

Scheme 7.3. Synthesis of new homoleptic Ir(lll) complexes.

Heteroleptic complexes were synthesized in reffilethoxyethanol for 3 hours using
sodium carbonateStheme 7.4).28 The product of the reaction was a mixture of thredh
possible neutral compounds: [Ir(CMN)[Ir(C*N)2(C~N")] and [Ir(CAN)(C'*N’) 2], whose
proportion depends on the starting dinteahieme 7.5 andScheme 7.6). Similar behavior

as previously describéed.

AR 5

N
C., Cl, | .c N 2-ethoxyethanol N
Ir\ | <

Ir
reflux ‘ \
N

cl”
C—H
L J Na,COs

Cl

HCAN= 1; HC'N'= 13a: 40
HCAN= 13a; HC'*N'=1: 41

Scheme 7.4. Synthesis of new heteroleptic Ir(lll) complexes.

The purification of heteroleptic complexes was iegrout using silica column
chromatography and dichloromethane as eluent,gadgivantage of the differences in the
retention times (Rfpf the complexes with a different number of NH grsuAs a result,
the complexd0 (Scheme 7.5) was eluted in second place (31%), preceded bgdhwlex
38 (9%), and finally, the most retained product was¢omplexdl (13%).

In the synthesis of compleid, that complex was the main product with a yield 5%
(Scheme 7.6). The compound with more NH groups and more rethimas the homoleptic
complex39 (8%), and the first product was the compd€x(12%).
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31%
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8%

+
HN’Q
SN
12%
/Ir\N/ N/\©\
N\ @ CF,

Scheme 7.6. The mixture of the three neutral compounds okthin the synthesis dfl.
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All investigated complexesvere characterized byH and *3C NMR spectroscopy
(Figures S7.1-S7.4) and positiveon ESFHRMS (Figure S7.5). Thefac-mer configuration
of the complexes can be assigned uskdNMR. In fac-tris-cyclometalated homoleptic
complexes, the three C~N ligands surrounding tinérakatom are magnetically equivalent
due to the @symmetry of the compounds. This fact makes tred tatmber of resonances
equal to the number of resonances of a single @@hd° The signals in théH-NMR
spectrum of39 (Figure 7.3) correspond to eight aromatic protons of threawedent 13a
ligands. The same occurs38 (Figure S7.1).

Recently,fac isomerism has been assigned to heteroleptic )Ir@dmplexes with
phenylpyridine ligands based on the synthesis temtpe (~ 135 °C) and the simplicity of
their IH-NMR spectr&! In our case, given the impossibility of obtaininglid
monocrystals for X-ray diffraction, thiac configuration was assigned for heteroleptic
complexes0 and41 based on theitH-NMR spectra and due to they were synthetised at
136°C. In all cases, the positive-ion ESI mass tspexxhibit the expected molecular ion
(Figure S7.5).

\\SJ
o
o
-

Figure 7.3. The'H-NMR spectrum o089 in [Dg]DMSO.

The complexes with the highest number of NH gro(§% and 41) showed more
significant solubility in DMSO, while88 and40 exhibited greater solubility in less polar
solvents (e.g., dichloromethane). In any case, ndisplayed great solubility in
DMSO:water mixtures, probably due to its neutralina Therefore, the solution stability
study was carried out in DMSO. All complexes wetewsn to be stable in DMSO after 3
days by'*H-NMR (Figure 7.4, S7.6-S7.8).



158 Chapter 7
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Figure 7.4. 'H NMR spectra oftl measured after dissolving immediately in]IDMSO (top) and after
three days (bottom) at RT.

7.2.2. Photophysical properties

The UV/Vis absorption spectra of complex&sg(re 7.5) were recorded in Cil>
and DMSO solutions (10 uM). It was only impossilie measure the luminescent
properties of39 in dichloromethane due to its insolubility in tleslvent. All complexes
exhibit characteristic absorptions of the tris-oysktalated iridium complexé$;®® with
very similar spectra. Between 240 and 330 nm, it loa observed intense bands (molar
extinction coefficients of the order of 48 cm™® assigned to the permitted transitions
centered on the ligandsn{n*). On the other hand, the broad bands of lowergne
between 330 and 440 nm and the rest of weak alimaspbetween 440-520 nm are
assigned tGMLCT and3MLCT transitions.
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Figure7.5. UV/Vis andemission spectra @8-41 in A) aerated CbCl,. Aexe =380 nm and B) aerated DMSO.
Aexc =405 nm.
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The photophysical properties are further summarizdchble 7.1. Upon excitation at
the absorption wavelength maxima, the complexesib@xhvery similar green
phosphorescent emissions in both solvetsvever, the heteroleptic complex® @nd
41) show slight redshifts relative to the homolep@mn the other han@8-41 exhibited
high emission quantum yield®). As shown iriTable 7.1, the® in degassed solution were
in the range of 65-81%, while in air-equilibratemugions, the quantum yields decreased
over 3%. On the other hand, their luminescencérikes go from nanoseconds in aerated
solution tous in degassed solution. These long-lived excitatésttigure S7.9) compare
well with the respective values for other phospkoeat Ir(11l) compounds, which supports
the triplet nature of the emission st3#é>

Table 7.1. Excitation fexd, emission Xem) Wavelengths, emission lifetimes), and quantum yields
(®em) of complexes in dichloromethane and DMSO

A N Aerated Degassed
Compound Solvent oo s
nm nm Tem, NS Dem Tem, né’ q)emb
375 509 35.6 0.026 764 0.784
(7%) (53%)
CH.Cl> 47.9 1295
38 (93%) (47%)
380 512 171 0.086 1230 0.810
DMSO (99.7%) (100%)
47.8
(0.3%)
CH2Cl2
39 390 500 128 0.085 1181  0.678
DMSO (26%) (100%)
153
(74%)
380 511 46.7 0.025 596 0.655
CH.Cl> (98%) (37%)
139 (2%) 777
40 (63%)
385 517 171 0.094 1286 0.799
DMSO (100%) (100%)
375 510 58(96%) 0.031 716 0.705
CH.Clo 98 (4%) (40%)
1053
a1 (60%)
400 520 180 0.104 1233 0.742
DMSO (38%) (100%)
153

(62%)

2exc Maxima.b20 min under argon.
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7.2.3. Preliminary biological study

The cytotoxicity of complex38 was evaluated against human ovarian and cervical
tumor cell lines (A2780, cisplatin-resistant A27BBand multidrug-resistant Het®%and
against the BGM healthy cell line (green primatdnley) by MTT-based assay. For
comparison purposes, the cytotoxicity of cisplatias also evaluated under the same
experimental conditionsTable 7.2 shows the Ig values obtained and indicates that
complex38 is not toxic against any of the lines tested. Ehesults may be a consequence
of the zero interference of the complex in celldlarctions, the impossibility of crossing

the cell membrane due to the lack of charge onaaiboth effects.

Table 7.2. Cytotoxicity [ICso mean valuesufM)] obtained for38 and cisplatirt.

A2780 A2780CisR HelLa BGM

38 >80 >80 >100 >80
Cisplatin 145011 71.99+0.5 33+2401 16.62 +0.1

aThe results are expressed as mean values = SDeef ittdependent experiments, each of them made
in quadruplicate

Thus, the cellular location of the complex was &ddoy confocal microscopy in
A2780 cells. As shown ifrigure 7.6, the iridium compound seems to be not able to
penetrate the cell. These facts motivated encasulaf complexes38 and 40 (one
homoleptic and another heteroleptic) due to thaiebent photophysical properties and to

investigate their possible biological activity.

Figure 7.6. Confocal microscopy studies of A2780 cells trdatéth 38. A) Luminescence channel; B)
bright-field channel; C) merge of the luminesceand bright field channels.
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7.2.4. Encapsulation of 38 and 40

The encapsulation of neutral Ir complexes was peréol by Joaquin Bonelli Blasco

(University of Barcelona, Nanobiotechnological Roers Division, Ecopol Tech). The

preparation of Ir(lll) complex-loaded nanocapsu{&sheme 7.7)

involved two main

processes: (1) the preparation of an amphiphiligysethane/polyurea amino terminal-

reactive prepolymer and (2) the iridium complex eamcapsulationThe physical

encapsulation of complexes relying on non-covalaetractions between the drug and the

polymer matrix.
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Scheme 7.7. Schematic representation of the structure of a litodtag-loaded nanocapsule, showing

the orientation of the hydrophilic and hydrophotziis of the prepolymer.

The encapsulation reaction was controlled by lefilafiR) spectroscopy, and the
nanocapsules obtained were characterized by dyrahiscattering (DLS). The particle
size distribution of the Ir(lll) complex-loaded raparticles NPs-38 and NPs-40) was
measured by DLS and compared with non-loaded N®sh&erved i able S7.1, the size
was approximately 18 nm fdtPs-38/40, which was slightly lower than non-loaded NPs
(22 nm), with a very low standard deviation. Theaential of the nanocapsuldsdure
S7.10) was determined at different pH values (6.5, @@, 7.5). The Ir(lll) complex-loaded
nanoparticles are slightly anionic under physiatagconditions (pH = 7.4), mainly those
containing the heteroleptic complé®, but become cationic at low pH valugése above
allows a prolonged circulation through the bloogisitn and a slow accumulation in the
tumor tissues where the environment is acidic (#48=6-9). The nanopatrticles, therefore,

become cationic there, increasing their internéibracapacity through association with

negatively charged cell receptors.
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The amount 088 and40 inside the NPs was determined by ICP-MS analysible
S7.2). The encapsulation efficiency was relatively highvoth cases (~40 %), considering
that no external surfactants were required. Asaltghe following loading of both iridium
compounds was obtained: 130 uMNRs-38 and 206 pM iMNPs-40.

7.2.5. Photophysical study of nanoparticlesloaded with complexes

The UV/Vis absorption and emission spectra wererged in water solutions for the
nanocapsuleg-{gure 7.7). The lifetimes and quantum yields for NPs are mamized in
Table 7.3. As observed irFigure 7.7, both absorption spectrum and emission bands of
NPs-38 andNPs-40 resemble that registered wiB8 and40 in CH.Cl, (Figure 7.5). In
addition, the luminescence lifetimes increased frat@-90 ns in air-equilibrated solutions
to ~1.5us in degassed solutions, as it happened with geedomplexes in Ci€l> (Table
7.1, Figure S7.11). This fact is indicative of the hydrophobic emriment generated by
the nanopatrticles.

On the other hand, the nanocapsuNB«38 andNPs-40) exhibited high emission
guantum yield in waterT{@ble 7.3). Unlike free complexes, which were easily quemniche
by oxygen, the oxygen quenching of the emission less efficient when the complexes
were encapsulated in the nanopartidighile the emission quantum yields2d and40 in
an air-equilibrated solventgir ~ 3%) have a 30-fold reduction in luminescence fiestu
concerning degassed solutiods+ 78%),NPs-38 andNPs-40 showed a less difference
between aerateddgir ~ 20%) and degassedd (=~ 40%) solutions. Interestingly, the
nanocapsules displayed quantum yields of 12-20%enrated aqueous solution, which
indicated that these nanostructures can be usHteipresence of dissolved oxygen and

still exhibit a high quantum yield.

NPs-38 NPs-40
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Figure7.7. UV-visible and emission spectra in aerated waddutions of AINPs-38 (hex= 378 nm) and
B) NPs-40 (Aex= 382 nm).
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Table 7.3. Excitation fexd, emission Xem) Wavelengths, emission lifetimesd), and quantum yields
(Dem) of NPs-38 andNPs-40 in water.

N N aerated degassed

Compound Solvent nerﬁé nan:’ -

Tem, l’le (Pemb ner;, Dem®

22.3 417
NPs-38 Water 378 so7 &9 0107 9% 0411

(92%) (94%)

19.5 282
NPs-40 Water 382 511 GO 0124 (%) 0198

(79%) (94%)

[8 )exc maxima.®! air equilibrated solutioldl deaerated solution (20 min under argon).

7.2.6. Cellular accumulation

To find out if the nanopatrticles were able to erher cell, their cellular uptake and
accumulation in HeLa cells were determined by ICB-dter the cells were treated with
the tested compounds or nanocapsule agents.

The data collected imable 7.4 indicate that the nanoparticledHs-38 andNPs-40)
accumulate more effectively (6 to 21— fold high#dman free complexe88 and 40,

confirming the vehiculation of the complexes inside cell.

Table 7.4. Intracellular iridium content measured by ICP-M&@&a30 min treatmerit.

ng Ir/10° cells

Control 0.81+0.2
38 2496 +1.05
NPs-38 532.84 + 35.89
40 60.30 £ 2.04
NPs-40 356.94 + 26.44

@ Results are the mean = SDs from two independeyerarents.

7.2.7. Cytotoxicity studies of the nanoparticles

The cytotoxicity of the nanoparticles loaded witidium complexes NPs-38 and
NPs-40) was evaluated against cervical cancer cells ([Habd non-tumorigenic normal
renal cells (BGM) using MTT-based assays. The abthilGo values, expressed as a
function of the concentration of complex insidenahoparticles, are shown Trable 7.5.
Treatment witiNPs-38 andNPs-40 resulted in high antitumor activity against canualrs,

while non-loaded NPs did not affect the cellaljle S7.3). These results indicated that the
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cytotoxic action of the Ir(lll) complexes greatlymproved upon encapsulation.
Furthermore, as observedTiable 7.5, the treatment withlPs-38 andNPs-40 affected the
viability of HelLa cells after 24 and 48 h. On tliher hand, an absence of cytotoxicity was
observed in BGM healthy cells, thus indicating #iaility of NPs-loaded agents to

eliminate cancer cells over normal dividing cellsfprentially.

Table 7.5. Cytotoxicity [ICso mean values (LM)] obtained for nanoparticles agplatin in HeLa cells,

HelLa BGM
2h 24 h 48 h 24h
NPs-38° 2248 = 1.14 2.89+0.20 1.77 £0.06 >86
NPs-4Q° 47.60 £6.35 3.56 +£0.19 2.92+0.13 >95
Cisplatin - - 34.08 +4.10 16.80 £ 0.17

&The results are expressed as mean values + Shahtl@pendent experimenit$Cso mean values obtained
as a function of the amount of Ir complex insidenafoparticles.

7.3. CONCLUSIONS

Four neutral tris-cyclometalated Ir(lll) complexg$wo homoleptic and two
heteroleptic) were synthesized and characterizé@dofmplexes exhibited very high green
phosphorescent emission in both dichloromethane RM&O solvents. However, the
iridium complexes could not penetrate the dek to their lack of charge, as shown by
confocal microscopy. Therefore, two of them wereagmsulated using polyurethane-
polyurea hybrid nanocapsules to improve their biogatibility and cellular accumulation.
The cellular uptake of Ir(lll) compounds determin®dICP-MS showed that the iridium
content inside cancer cells treated WiiRs-38 andNPs-40 was 6 to 21— fold higher than
those treated witB8 and40, thus suggesting that treatment with Ir-loaded HlRsved Ir
compounds to enter cells rapidly.

Furthermore, the antiproliferative study demonstlahe effective cytotoxic action of
NPs-38 andNPs-40 againsmultidrug-resistant HeLa cancer cells. In additid®s-loaded
agents showed low cytotoxicity in the non-tumorigekidney cells BGM, indicating the
ability of NPs-38 andNPs-40 to eliminate cancer cells over normal cells preidally.
Thus, this incorporation of neutral Ir(lll) compksx into nanoparticles could offer an
exciting improvement in delivery, targeting, andlwar uptake for a safer and more

successful cervical cancer therapy.
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1. A structure-activity relationship (SAR) study fiorvitro antiproliferative activity
of a new series of cationic iridium complexes @& tipe [Ir(C*"NYN”~N)][PFg], in
which the cyclometalating ligand 2-phenyl-1-[4f{troromethyl)benzyl]-1H-
benzo[d]imidazol remains as the C*N backbone aeddiimine ligand is varied
{N~N=phen, dpqg, dppz, dppn, and dppz-izdo}, demmatss that the auxiliary N*N
ligand affects both the photophysical properties e antiproliferative activity of
the complexes. The photophysical properties arafraddlepending on the length
and degree af conjugation of the N*N ligand; the complexes vdfipn and dppz-
izdo exhibit a luminescence ACQ effect in watereifttytotoxicity under dark
conditions decreases as the length of the N*N tigacreases, but an enhancement
of the activity of these complexes is observed utdige light irradiation with a
marked increase in intracellular reactive oxygeecggs (ROS). In addition, they
preferentially target the endoplasmic reticulum ameir possible mechanism of

action in the dark involve inhibition of proteiratrslation.

2. A second SAR study was performed by modifying tH&Ndigand based on 2-
phenyl-, 2-(naphthalen-2-yl)- or 2-(thiophen-2-gBnzimidazole scaffolds in
complexes of the general formula [Ir(C8ppz)][PF|, demonstrates the
influence of this ligand in their photodynamic aiil. The complexes with the
substituent 4-(trifluoromethyl) benzyl in the imitde unit of the C*N ligand show
the highest emission intensity of the three semndsgreas H derivatives suffer
important emission quenching. The substituent enithidazole unit also plays a
fundamental role in their antiproliferative activin human cervical cancer HelLa
cells under normoxia and hypoxia. Thus, the metlgrivatives were the most
active in the dark while complexes with the grouCesH4CFs-p exhibit the lower
toxicity in the dark and have a high phototoxiditgex. On the other hand, the
substitution in position 2 of the benzimidazolerssdo be directly related to the
location in the cell: the sulfur-containing compdex mostly localize in
mitochondria, whereas the 2-aryl-benzimidazole demgs targeted endoplasmic
reticulum. The ROS production studied by DHE andS&Gstaining assays with
sulfur-containing complexes showed that the germmeradf superoxide radicals
competed with singlet oxygen production in cells narmoxia, but became
dominant under hypoxia, showing the switch from&¥igo Type | photochemical

mechanism.
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3. Theintroduction of a benzimidazole scaffold with §roups in the auxiliary ligand

of [Ir(C"N)2(N~N)][PFe] complexes results in very low cytotoxicity to ihe
correspondent complexes in the dark, a crucial itiondto be met for the design
of ideal photosensitizer§he new complexes show high phototoxicity by blgktl
irradiation under normoxic and hypoxic conditionshuman skin melanoma cells
(A375 and 518.A2) and human cervix adenocarcinoetla (HelLa), bein@9 the
most active with the highest phototoxicity indexglis complex also displays the
highest accumulation in cancer cells and the miestaged photoinduced ROS
generation. On the other har®), is localized in the mitochondria (PCCs = 0.63),
although the co-localization study with ER-Trackaggests that this complex can
also be partially associated with this organella. dddition, 29 induces
immunogenic cell death in melanoma cells to the es@xtent as known ICD
inducers (oxaliplatin and doxorubicin), but onlythie cells are irradiated by light.
Complex29 shows a potent ability to inhibit the growth of CSlike melanoma

cells after light irradiation, with markedly higklsctivity toward the CSCs.

The combination of two transition metals in a sengholecule in the dinuclear
Ir(11D)-Pt(1) complex of general formula [Ir(C "NIN~N) (-
NHCH,py)Pt(DACH)CIF* reveals the promising activity of this new comptex
overcome resistance to drugs such as cisplatins fterobimetallic complex
displays an intense red phosphorescence in watetegt by the Ir(Ill) moiety. The
antitumoral study shows the ability of the Ir(IRPKII) complex to kill cisplatin-
resistant cervical and ovarian cancer cells. Initenid the dinuclear complex
exhibits no effect in non-tumorigenic normal rerells, showing its better
selectivity towards cancer cells than cisplatine Hieterodinuclear complex causes
necrosis rather than apoptosis. In addition, tlve caanpound appears not to affect
the cell cycle in contrast to the platinum precuesd cisplatin which induce G2/M
and S phase arredtore studies are needed to fully investigate itsma@ism of

action.
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5. A new bis-cyclometalated iridium complex has begntlsesized to study the
antitumor action prevalence of a drug when moviogiftwo-dimensionain vitro
models to théen vivo environment. This new inert iridium(lll) compouodntaining
a new 2-benzothiazol-yl benzimidazole core witheater group as N~N ligand,
shows an intense red luminescence in water. Thenpal effects are evaluated
using cell lines and a recently developédelegans tumoral model. The new
complex reduces the tumor size as much as cisplatihe C. elegans tumoral
model while being less toxic for the animals. le thvarian cancer cell lines, the
cytotoxicity is much lower than cisplatin, while ethselectivity factor of the
compound is higher. Interestingly, the iridium cauapd induces necrosis rather
than apoptosis in A2780 cells. The measurementsupéroxide anions show
increased levels both in ovarian cell lines andcCirelegans suggesting that the
superoxide anions play an important role in the masm of action. Thus, the
antitumor mechanism of action of the complex evaidian vitro corresponds pretty

well tooin vivo study.

6. The design of highly luminescent neutral Ir(lll)naplexes of the type [Ir(C"N)
and [Ir(CA"N)(C'*N")] proves the influence of their neutral natin the biological
study. These iridium complexes are not able to fpateethe cell due to their lack
of charge, as shown by confocal microscopy. Theeefétwo of them were
encapsulated using polyurethane-polyurea hybricbcegsules to improve their
biocompatibility and cellular accumulation. The lakr uptake shows that the
iridium content inside cancer cells treated wittholrded nanopatrticles is 6 to 21—
fold higher than those treated with free complexdse antiproliferative study
demonstrates the effective cytotoxic action of memtcles against multidrug-
resistant HeLa cancer cells. In addition, thesentsgehow low cytotoxicity in the
non-tumorigenic kidney cells BGM, indicating theildyp of the Ir-loaded
nanoparticles to preferentially eliminate cancellscever normal cells. This
incorporation of neutral Ir(lll) complexes into rggarticles offer an exciting
improvement in delivery, targeting, and cellulartake for a more safer and

successful therapy of cervical cancer.
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E1l. INSTRUMENTAL AND SPECTROSCOPIC TECHNIQUES

E1.1. General Materials

Theiridium chloride (IrCls-H20) was obtained from Johnson Matthey. The commercial
cyclometalating pro-ligand 2-phenyl-1H-benzo [d]imidazole (13a) and the N~N ligand 2-
(pyridin-2-yl)-1H-benzo[d]imidazole (22) was obtained from Sigma-Aldrich (Madrid,
Spain) and used without further purification. Deuterated solvents were purchased from

Euriso-top.

E1.2. Elemental analyses

The C, H, N and S analyses were performed with a Carlo Erba model EA 1108

microanalyzer.
E1.3. Direct insertion probe—mass spectrometry (MS-DIP)

Mass spectra were recorded on an Agilent Q-TOF 6550 hybrid spectrometer with
JetStream electrospray + i-Funnel ionization source. Mass spectrometry data were acquired
in the positive ionization mode. The isotopic distribution of the heaviest set of signals
matched very closely to that calculated for the formulation of the complex cation in every

case.
El.4. RP-HPLC/MS spectra

The purity and stability of some iridum compounds were analyzed using an RP-
HPLC/MS TOF 6220 equipped with a double binary pump (model G1312A), degasser,
autosampler (model G1329A), diode array detector (model G1315D), and mass detector in
series Agilent Technologies 1200. Chromatographic analyses were carried out on a Brisa
C18 column (150 mm x 4.6 mm, 5 um particle size). The mobile phase was a mixture of
(A) H.O/HCOOH 0.1% and (B) acetonitrile/HCOOH 0.1%. The flow rate was 0.6 mL
min~t in a linear gradient starting (see Table E1.1 for the gradient used). Chromatograms
were recorded at 280 nm. The HPLC system was controlled by ChemStation software
(MASS HUNTER.). The mass detector was an ion trap spectrometer equipped with a dual-
source electrospray-APCI. Mass spectrometry data were acquired in the positive ionization
mode. The full scan mass covered the range from m/z 100 up to m/z 1000. Samples were

dissolved in acetonitrile, DMSO or DMF.
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Table E1.1 HPLC method

Time (min) 0.1% acid formic in H,O 0.1% acid formic in CHsCN
0-14 90 10
14-20 10 90
20-25 90 10

E1.5. Nuclear Magnetic Resonance spectra

'H NMR and *3C NMR spectra were recorded with a Bruker AC 300E, Bruker AV 400,
or Bruker AV 600 NMR spectrometer. Chemical shifts are cited relative to SiMes (*H and

13C, external).

E1.6. UV/Vis absorption spectroscopy

UV/Vis spectroscopy was carried out on a PerkinEImer Lambda 750 S spectrometer

with operating software.

E1.7. Emission spectroscopy, quantum yields and lifetime measurements

Emission spectra were obtained with a Horiba Jobin Yvon Fluorolog 3—22 modular
spectrofluorometer with a 450 W xenon lamp. Measurements were performed in a right
angle configuration using 10 mm quartz fluorescence cells for solutions at 298 K. Emission
lifetimes (t) were measured using an IBH FluoroHub TCSPC controller and a NanoLED
pulse diode excitation source (t < 10us); the estimated uncertainty is £10% or better.
Emission quantum yields (®) were measured using a Hamamatsu C11347 Absolute PL
Quantum Yield Spectrometer; the estimated uncertainty is 5% or better. For
measurements in deaerated conditions, solutions of the samples were previously degassed

by bubbling argon for 30 min.

E1.8. Transmission electron microscopy

TEM experiments were performed on a PHILIPS TECNAI 12 transmission electron
and JEOL 1011 transmission electron microscopes. The samples were prepared by
dropping a few drops of water solutions (1% DMSO) of complexes 11 and 12 onto a
carbon-coated nickel grid. Slow evaporation of solvents in the air for 10 min was allowed

before placing the samples into the sample chamber of the instrument.
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E2. SYNTHESIS PROCEDURES
E2.1. Synthesis of ligands

Preparation of HC”N proligand 1

Scheme E2.1 Synthesis of HC”N proligand 1.

The N-benzylation was performed as previously reported.! A suspension of 2-
phenylbenzimidazol (1 mmol), cesium carbonate (1.5 mmol), and the 1-(bromomethyl)-4-
(trifluoromethyl)benzene (1.05 mmol) in acetonitrile (1 mL/ 0.1 mmol benzimidazole) was
stirred at RT for 24 h under nitrogen atmosphere. The progress of the reaction was
monitored by TLC. After completion of the reaction, the mixture was concentrated in
vacuo. The residue was suspended in a mixture of CH>Cl, and sat. NaHCO3 (vol % 50:50,
10 mL/0.1 mmol benzimidazole). The aqueous layer was extracted with CH2Cl, (2 x 10
mL/0.1 mmol benzimidazole). The combined organic layers were dried over Mg2SOsa,
filtered and the solvent was removed under reduced pressure.

2-phenyl-1-[4-(trifluoromethyl)benzyl]-1H-benzo[d]imidazole (1). White solid.
Isolated yield: 92%. Reported.t

Preparation of N*N ligands 3-6

| X
N~ 0
H,SO4HNO; Diamine
NI N o]
=
phen (2) phendio dppz(4) dppz-izdo (6)
(precursor)

dppn(5)

Scheme E2.2. Synthesis of polypyridyl NN ligands 3-6.

The precursor phendio and ligands 3-5 were synthesized using an adaptation method

of reference.?
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Preparation of precursor 1,10-phenanthroline-5,6-dione (phendio).

1,10-Phenanthroline (2) (10 mmol) and potassium bromide (15 mmol) were thoroughly
mixed and slowly added to an ice-cold mixture of H>SO4 (20 mL) and HNO3 (10 mL). The
solution was refluxed for 3 h at 100°C, then cooled to room temperature, poured onto
crushed ice (~200 mL), and neutralized with an aqueous NaOH solution (40 g per 200 mL)
to a pH between 4 and 5, yielding a yellow solution. The solution was extracted with
CH:ClI (in 4x100mL portions). The organic phase was combined and dried with anhydrous
MgSOs and then filtered before being evaporated to dryness. Bright yellow solid was
obtained. Isolated yield: 82%. Reported.?

Dipyrido[3,2-f:2,3-h]quinoxaline (3, dpq).

To a solution of phendio (1 mmol) in water (20 mL) was added ethylenediamine (5
mmol), and the resultant suspension was refluxed for 12 h at 60°C. The resulting product
was washed with water (10 mL) and a minimum volume of diethyl ether. Isolated yield:
83%. Reported.?

Dipyrido[3,2-a:2,3-c]phenazine (4, dppz).

A methanolic solution (10 mL) of 1,2-phenylenediamine (1 mmol) was refluxed until
it was dissolved. A warm ethanolic solution of phendio (1 mmol) was prepared (10 mL),
added over the methanolic solution, and refluxed with constant stirring for 3 h. The
resulting solution was vacuum-filtered and recrystallized from EtOH, producing gray
filaments. Isolated Yield: 56%. Reported.?

Benzo[I]dipyrido[3,2-a:2,3-c]phenazine (5, dppn).

To a warm solution of phendio (1 mmol) in EtOH (32 mL) was added 2,3-
diaminonaphthalene (1 mmol), and the resulting suspension was refluxed for 3 h, during
which time an orange precipitate formed. The solid was vacuum-filtered, washed with cold
EtOH, and allowed to dry. Isolated yield: 76%. Reported.?

Dipyrido[3,2-a:2,3-c]phenazine-10,11-imidazolone-2 (6, dppz-idzo).
The ligand 6 was synthesized using an adaptation method of reference.® Phendio (1
mmol) was dissolved in 35 mL of EtOH with stirring. 5,6-diaminobenzimidazolone-2 (1

mmol) was added to this solution and the mixture was refluxed for 12 h at 78°C. The yellow
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precipitate formed during that time was collected by filtration and dried. Isolated yield:
84%. Reported.®

Preparation of 2-(naphthalen-2-yl)-1H-benzo[d]imidazole (14a):

CL.. - "0 Co-O oY
NH, 5 days, 02

14a
Scheme E2.3. Synthesis of HC”N pro-ligand 14a.

Pro-ligand 14a was synthesized using an adaptation method of reference.* 2-
Naphthaldehyde (7.77 mmol) and o-phenylenediamine (7.4 mmol) were dissolved in 2 ml
of DMF. The mixture was stirred at 80°C for 5 days. Then, the reaction mixture was
suspended in 30 mL of CH>Cl> and was extracted with water (5 x 60 mL). The organic
layer was dried over MgSOs, filtered and the solvent was removed under reduced pressure.
The residue was stirred with diethyl ether for 3 h, and the solid was filtered. Brown solid.
Isolated yield: 40%. Reported.*

Preparation of 2-(thiophen-2-yl)-1H-benzo[d]imidazole (15a):

Cl e w3 2 (0

NaHSO3; 20 min

15a
Scheme E2.4. Synthesis of HC*N proligand 15a.

Pro-ligand 15a was synthesized with a slight modification of the method of literature.®
Thiophene-2-carbaldehyde (1.0 mmol) and NaHSO3 (11.0 eq, 1.14 g) was dissolved in H.O
(4.0 mL). When the mixture reached refluxing temperature, o-phenylenediamine (1.0
mmol) was added. The resulting mixture was stirred for 30 min. Then, the solid was filtered,
washed with water (2 x 4 mL), and air-dried.

Pale yellow solid. Isolated yield: 78%. Reported.®
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Preparation of pro-ligands 13b, 14b, and 15b:

NO 7 Cs,CO; No T
@[ S— Ar ; +  Mel - @[ \>—<\ Ar |
N Lt Acetonitrile, 24h N N
H \ -
13a-15a 13b-15b
Scheme E2.5. Synthesis of HC”N pro-ligands 13b, 14b, and 15b.

The N-methylation was performed with a modification of the method of literature.!

A suspension of 13a, 14a, or 15a (1 mmol), cesium carbonate (1.5 mmol), and the
methyl iodide (1.8 mmol) in acetonitrile (1 mL/ 0.1 mmol benzimidazole) was stirred at
RT for 24 h under nitrogen atmosphere. The progress of the reaction was monitored by
TLC. After completion of the reaction, the mixture was concentrated in vacuo. The residue
was suspended in a mixture of CH2Cl, and sat. NaHCOs (vol % 50:50, 10 mL/0.1 mmol
13a-15a). The aqueous layer was extracted with CH2Cl> (2 x 10 mL/0.1 mmol 13a-15a).
The combined organic layers were dried over MgSOsa, filtered and the solvent was removed
under reduced pressure. The crude product was purified by column chromatography on
silica gel using ethyl acetate/hexane (2:3) as eluent.

1-methyl-2-phenyl-1H-benzo[d]imidazole (13b). Brown solid. Isolated yield: 74%.
Reported.’

1-methyl-2-(naphthalen-2-yl)-1H-benzo[d]imidazole (14b). Brown solid. Isolated
yield: 51%. Reported.®

1-methyl-2-(thiophen-2-yl)-1H-benzo[d]imidazole (15b). Brown solid. Isolated yield:
70%. Reported.®

Preparation of pro-ligands 14c¢ and 15c:
082CO3 N /’_-\\\
@E% Afﬁ* /\Q >— Ar ]
ACN, 24 h, N2 N
14a-15a 14c, 15¢

F1C
Scheme E2.6. Synthesis of HC”N pro-ligands 14c, and 15c.
The N-benzylation was performed as previously described for pro-ligand 1.
2-(naphthalen-2-yl)-1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazole (14c). Pale
brown solid. Isolated yield: 80%. *H-NMR (400 MHz, CDCls): § 8.16 (s, 1H), 7.97 (d, J=
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8.2 Hz, 2H), 7.92 (d, J= 8.2 Hz, 1H), 7.81-7.78 (m, 2H), 7.66 (d, J= 8.2 Hz, 2H), 7.61-7.54
(m, 2H), 7.41-7.38 (m, 1H), 7.33-7.23 (m, 4H), 5.60 (s, 2H). m/z = 403.1426 [M+H]".

2-(thiophen-2-yl)-1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazole (15c). White
solid. Isolated yield: 87%. *H-NMR (300 MHz, CDCls): 7.86 (dd, J= 0.6, 8.0 Hz, 1H), 7.59
(d, J=8.2 Hz, 2H), 7.49-7.47 (m, 1H), 7.34-7.19 (m, 6H), 7.16-7.06 (m, 1H), 5.64 (s, 2H).
m/z = 359.081 [M+H]".

Preparation of 2-(1H-imidazol-2-y|)-1H-benzo[d]imidazole (23):

NH
L, sl D S
NH, J EtOH, 12 h, O, NN

23

Scheme E2.7. Synthesis of the N~N ligand 23.

Ligand 23 was synthesized using an adaptation method of reference.® A suspension of
o-phenylenediamine (1.6 mmol), 1H-imidazole-2-carbaldehyde (1.6 mmol), and
ammonium chloride (1.4 mmol) in 5 mL of EtOH, was stirred at 80 °C for 12 h. After
completion of the reaction, the mixture was then poured into ice-cold water and the
precipitated solid was filtered and washed with water thoroughly. White solid. Isolated
yield: 48%. Reported.!!

Preparation of 2-(1H-benzo[d]imidazol-2-yl)quinolone (24):

NH2 NH4CI N\ N=
\ 7/
NH2 EtOH,5h, O, H
Scheme E2.8. Synthesis of N~N ligand 24.

Ligand 24 was also synthesized using an adaptation method of reference.’® A
suspension of o-phenylenediamine (1.6 mmol), 2-quinolinecarboxyaldehyde (1.6 mmol),
and ammonium chloride (1.4 mmol) in 5 mL of EtOH, was stirred at 80 °C for 5 h. After
completion of the reaction, the mixture was then poured into ice-cold water and the product
was precipitated as an orange solid. The solid was filtered, washed with water thoroughly,
and purified by column chromatography on silica gel with a mixture of CH>Cl>,/MeOH
(95:5). Pale yellow solid. Isolated yield: 35%. Reported.*°
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Preparation of 2-(pyridin-2-yl)-1H-phenanthro[9,10-d]imidazole (25):

)J\RJ NH4OAc I N N=
EtOH, 4 h, N, O N\>_O
O ¥
25

Scheme E2.9. Synthesis of N~N ligand 25.

Ligand 25 was synthesized using an adaptation method of reference.? A suspension of
picolinaldehyde (1.0 mmol), phenanthrene-9,10-dione (1.0 mmol), NH4OAc (3.0 mmol)
and I> (0.05 mmol) in 15 mL of EtOH was stirred at 80 °C for 4 h under nitrogen
atmosphere. The progress of the reaction was monitored by TLC. After completion of the
reaction, the mixture was diluted with water (having a small amount of ammonium sulfate)
and the pale yellow precipitate was filtered and washed with water. The product was

purified by column chromatography on silica gel with a mixture of CH.Clo/MeOH (95:5).
White solid. Isolated yield: 56%. Reported.*®

Preparation of 1-butyl-2-(quinolin-2-yl)-1H-benzo[d]imidazole-5-carboxylic acid (31):

O o}

o NN THF:MeOH (5:1) 1O Ny N=
N N\ / +  LiOH (exc) N N\ /
\\\\ 60°C, 24h \\\\

30 31

Scheme E2.10. Synthesis of the N~N ligand 31 with the carboxylic group.

The precursor methyl 1-butyl-2-(quinolin-2-yl)-1H-benzo[d]imidazole-5-carboxylate,
30, was synthesized as previously reported.! 31 was synthesized by hydrolysis of 30 using
a method described by us.** 30 (0.446 mmol) was dissolved in 10 mL of THF/MeOH (5:1).
A saturated solution of LIOH was added slowly with constant stirring until pH = 8-9. The
reaction mixture was stirred at 60 °C for 24 h, and the progress of the reaction was
monitored by TLC. After completing the reaction, the solvent was removed under reduced
pressure, and the resulting residue was suspended in a mixture of water and diethyl ether.
The aqueous layer was separated and concentrated using a rotary evaporator to remove any
traces of diethyl ether. Next, HCI 10% was carefully added dropwise until pH = 5-6. The
precipitated solid was filtered and washed with water. White solid. Isolated yield: 75%;
Reported.*
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Preparation of methyl 2-(benzo[d]thiazol-2-yl)-1-butyl-1H-benzo[d]imidazole-5-
carboxylate (36):

o) o)
~ NH; H ~
OJ\O: £ /(Nj@ TFA, MgSO,EtOH O N;\ /:Nj@
N 0 s RT, 24 h N s

36

Scheme E2.11. Synthesis of the N~N ligand 36.

The N~N ligand 36 was synthesized with a method adapted from literature.* Methyl 3-
amino-4- (butylamino)benzoate (1.12 mmol) and 1,3- benzothiazole-2-carbaldehyde (1.12
mmol) were dissolved in ethanol (7 mL) in a round-bottom flask. Then, trifluoroacetic acid
(0.11 mmol) and magnesium sulfate (5.56 mmol) were added and the reaction was stirred
at RT for 24 h. The mixture was filtered to remove magnesium sulfate and the filtrate was
concentrated and dissolved in CHCl,. Dichloromethane was extracted with water (2 x 10
mL) and brine (10 mL), dried on MgSOs, and concentrated under reduced pressure. The
brown solid was washed with hexane. Isolated yield: 32%.'H-NMR (400 MHz, CDCls): §
8.60 (d, J=0.8 Hz, 1H), 8.11-8.10 (m, 2H), 8.01-7.99 (m, 1H), 7.56-7.53 (m, 1H), 7.51-7.48
(m, 2H), 4.98 (t, J=7.6 Hz, 2H), 3.98 (s, 3H), 1.97-1.93 (m, 2H), 1.51-1.44 (m, 2H), 1.03
(t, J=7.2 Hz, 3H). 3C NMR (100 MHz, CDCl3): § 168.37, 160.11, 155.07, 147.63, 143.41,
140.74, 136.50, 127.53, 127.41, 126.62, 126.35, 125.04, 124.07, 122.80, 111.10, 53.21,
46.38, 33.08, 21.08, 14.76. ESI-MS (pos. ion mode, CH3CN): m/z = 366.1278 [M+H]".
Anal. Calcd. for C2oH19N302S: C, 65.73; H, 5.24; N, 11.50; S, 8.77. Found: C, 65.5; H, 5.0;
N, 11.3; S, 8.8 (%).

E2.2. Synthesis of cationic Ir(111) complexes

The cationic monomeric iridium complexes corresponding to Chapters 2-6 were
synthesized in two steps using the method previously described for these types of

compounds. 1516
Step 1. Synthesis of dimeric complexes [(Ir(u-Cl)(C*N).].:

HCAN pro-ligands (2.2 mmol) and iridium(111) chloride (1 mmol) were suspended in
2-ethoxyethanol/deionized H>O (3:1) in a Schlenk flask. The mixture was stirred at 110 °C

for 24 h under a nitrogen atmosphere. The reaction was cooled to RT, and the solid obtained
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was collected by filtration. The product was washed with water and cold EtOH and used in

the next step without further purification.
Step 2. Synthesis of monomeric complexes [Ir(C*N)2(N*N)][PFs]:

Cyclometalated Ir(I11) dimers (1.0 mmol) and the respective N*N ligands (2.1 mmol)
were dissolved in CH2Cl2/MeOH (2:3, v/v) in a Schlenk flask. The mixture was stirred at
58°C for 24 h under a nitrogen atmosphere. After cooling the reaction to RT, an excess
amount of KPFg (2.5 mmol) was added, and the mixture was stirred for 30 min. The solvent
was removed under reduced pressure, and the resultant solid was washed with water. The
product was recrystallized from CH2Cl. and ether. The complex 21a was further purified
by column chromatography on neutral alumina with a mixture of CH2CI2/ACN (8:2).
Complex 28 was purified by column chromatography on neutral alumina with a mixture of
CH2Cl/MeOH (95:5).

Complex 8. Yellow solid. Isolated yield: 65%. *H-NMR (400 MHz, c
[Ds]DMSO): 6 8.95 (dd, J = 8.4, 1.2 Hz, 2H), 8.43 (dd, J = 5.2, 1.2 Hz, Q s,
2H), 8.37 (s, 2H), 8.20-8.01 (m, 2H), 7.82-7.72 (m, 8H), 7.29 (d, J = 8.0 =~
Hz, 4H), 7.17 (t, J = 8.4 Hz, 2H), 7.01-6.90 (m, 4H), 6.78 (t, J = 7.6 Hz, /<%j
2H), 6.40 (dd, J =7.6, 1.2 Hz, 2H), 6.29 (br s, NCH2Ar, 4H), 5.31 (d, J = ©\/fb/
8.4 Hz, 2H). °C- NMR (50 MHz, DMSO-d6): & 164.18, 153.10, 152.72,

148.60, 142.19, 140.31, 139.63, 136.54, 134.82, 134.38, 131.91, 129.86, “*

129.63, 128.35, 128.03, 127.31, 127.08, 125.70, 125.11, 123.75, 114.14, 113.30, 48.26;
ESI-MS (pos. ion mode, DMSO): m/z = 1075.2492 [M-PF¢]*. Anal. Calcd. for
CssHssF12IrN6P: C, 53.16; H, 2.97; N, 6.89. Found: C, 53.04; H, 2.91; N, 6.81 (%).

Complex 9. Bright orange solid. Isolated yield: 83%. H-NMR (300 | s
MHz, CDsCN): § 9.70 (dd, J = 8.4, 1.5 Hz, 2H), 9.21 (s, 2H), 8.60 (dd, J Q e,
= 5.1, 3.6 Hz, 2H), 8.07 (dd, J = 8.1, 5.1 Hz, 2H), 7.72 (d, J = 7.2 Hz, L
2H), 7.67 (d, J = 8.1 Hz, 4H), 7.50 (d, J = 8.4 Hz, 2H), 7.31 (d, J = 8.1
Hz, 4H), 7.18 (td, J = 7.2, 0.9 Hz, 2H), 6.98 (td, J = 7.5, 1.5 Hz, 2H), 6.90 KZG/
(td, J = 7.5, 1.2 Hz, 2H), 6.79 (td, J = 8.4, 1.2 Hz, 2H), 6.53 (dd, J = 7.5, Q

0.9 Hz, 2H), 6.10 (br s, NCH2Ar, 4H), 5.62 (d, J = 8.1 Hz, 2H). 3C-NMR <

(75.4 MHz, CD3CN): 6 164.35, 154.21, 152.38, 150.32, 147.74, 141.23, 140.67, 139.82,
136.42, 136.04, 134.86, 134.48, 131.55, 131.01, 128.78, 127.73, 126.94, 126.69, 125.52,
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124.90, 123.62, 114.96, 112.04, 48.49. ESI-MS (pos ion mode, CH3CN): m/z = 1127.2638
([M-PFs])*. Anal. Calcd. for CseHasF12IrNsP: C, 52.87; H, 2.85; N, 8.81. Found: C, 52.65;
H, 2.65; N, 8.47 (%).

Complex 10. Orangish brown solid. Isolated yield: 79%. *H-NMR | ™

(400 MHz, CD3CN): § 9.81 (dd, J = 8.4, 1.2 Hz, 2H), 8.60 (dd, J = s,
5.2, 1.6 Hz, 2H), 8.46 (dd, J = 6.8, 3.6 Hz, 2H), 8.12 (dd, J = 6.8, &T N

3.6 Hz, 2H), 8.07 (dd, J = 8.0, 2.8 Hz, 2H), 7.73 (d, J = 7.6 Hz, 2H), (XK e
7.68 (d, J = 8.0 Hz, 4H), 7.51 (d, J = 8.0 Hz, 2H), 7.33 (d, J = 8.4 r

Hz, 4H), 7.18 (t, J = 8 Hz, 2H), 6.99 (t, J = 6.8 Hz, 2H), 6.91 (t, J = gg

7.2 Hz, 2H), 6.82 (t, J = 8 Hz, 2H), 6.53 (d, J = 7.2 Hz, 2H), 6.12 <

(br s, NCH2Ar, 4H), 5.73 (d, J = 8.0 Hz, 2H). 3C-NMR (100 MHz, CDsCN): 5 164.28,
154.16, 152.27, 151.36, 143.60, 141.12, 140.79, 139.76, 136.36, 136.07, 134.75, 134.35,
133.34, 131.54, 131.48, 130.45, 129.01, 127.64, 126.83, 126.61, 125.48, 124.83, 123.55,
114.97, 111.97, 48.41. ESI-MS (pos ion mode, CHsCN): m/z = 1177.2761 ([M-PFg])*.
Anal. Calcd. for CeoHasgF12IrNgP: C, 54.50; H, 2.90; N, 8.47. Found: C, 54.19; H, 2.84; N,
8.23 (%).

Complex 11. Reddish solid. Isolated yield: 86%. *H-NMR (400

MHz, CD3CN): & 9.70 (dd, J = 8.0, 1.2 Hz, 2H), 8.97 (s, 2H), Q e,
8.58 (dd, J = 5.2, 1.2 Hz, 2H), 8.25-8.22 (m, 2H), 8.03 (dd, J = .
8,5.2 Hz, 2H), 7.75 (d, J = 8.0 Hz, 2H), 7.69 (d, J = 8.0 Hz, 4H), @.\r " ’
7.64-7.62 (m, 2H), 7.53 (d, J = 8.0 Hz, 2H), 7.34 (d, J = 8.0 Hz, (X/ I
4H), 7.20 (t, = 7.6 Hz, 2H), 7.01 (t, J = 6.8 Hz, 2H), 6.92-6.88 Qg

(m, 4H), 6.54 (d, J = 7.6, 2H), 6.14 (br s, NCH2Ar, 4H), 5.83 (d, 'r.c

J=8.0 Hz, 2H). BC-NMR (75.4 MHz, CD3sCN): § 164.42, 154.32, 152.36, 151.94, 141.50,
141.24, 139.91, 139.31, 136.50, 136.15, 135.92, 134.82, 134.46, 131.86, 131.63, 130.70,
129.41, 129.26, 129.02, 128.88, 127.77, 126.96, 126.76, 125.68, 125.01, 123.69, 115.18,
112.14, 48.53. ESI-MS (pos ion mode, CH3CN): m/z = 1227.2871 ([M-PFe])*. Anal. Calcd.

for CeaHaoF121rNgP: C, 56.02; H, 2.94; N, 8.17. Found: C, 55.86; H, 2.93; N, 7.91 (%).

N
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(400 MHz, CDsCN): 6 9.75 (d, J = 8.4 Hz, 2H), 8.54 (dd, J =

4.8,1.2 Hz, 2H), 8.04 (dd, J = 8.24, 5.16 Hz, 2H), 7.75 (s, 2H), L
7.73 (d, J = 8.0 Hz, 2H), 7.67 (d, J = 8.0 Hz, 4H), 7.53 (d, J = .l< ) F
8 Hz, 2H), 7.31 (d, J = 8.0 Hz, 4H), 7.17 (t, J = 8.0 Hz, 2H), (Xl © i
6.98 (t, J = 7.6 Hz, 2H), 6.89 (t, J = 7.6 Hz, 2H), 6.80 (t, J = gg @

8.0 Hz, 2H), 6.51 (d, J = 7.6 Hz, 2H), 6.13 (br s, NCH2Ar, 4H), .

5.70 (d, J = 8.4 Hz, 2H). BC-NMR (75.4 MHz, CD3CN): & 164.44, 156.11, 153.48, 152.62,
150.63, 141.60, 141.23, 139.90, 137.96, 136.47, 135.49, 134.88, 134.46, 131.72, 131.58,
128.66, 127.77, 126.98, 126.93, 126.70, 125.57, 124.95, 123.74, 115.06, 112.10, 105.09,
48.53. ESI-MS (pos ion mode, CH3CN): m/z = 1233.2884 ([M-PF¢])*. Anal. Calcd. for
Ce1H3sF12IrN1oOP: C, 53.16; H, 2.78; N, 10.16. Found: C, 52.98; H, 2.73; N, 9.90 (%).

Complex 12. Orange solid. Isolated yield: 83%. *H-NMR Fs:q

Complex 19a. Orange solid. Isolated yield: 83%. *H-NMR (300
MHz, [Dg]DMSO): 6 13.94 (br s, 2H), 9.76 (d, J = 8.4 Hz, 2H), 8.58
(d, J =4.8 Hz, 2H), 8.48-8.45 (m, 2H), 8.26 (dd, J = 6, 13.2 Hz, 2H), '/<: Q
8.17-8.14 (m, 2H), 7.92 (d, J = 7.5 Hz, 2H), 7.54 (d, J = 7.8 Hz, 2H),

7.11-7.07 (m, 4H), 6.89 (t, J = 7.2 Hz, 2H), 6.75 (t, J = 8.1 Hz, 2H),

6.30 (d, J = 7.8 Hz, 2H), 5.55 (d, J = 8.4 Hz, 2H). *C-NMR (75.4 MHz, [D¢]DMSO0): &
164.17, 152.911, 150.26, 149.33, 142.02, 139.70, 139.24, 135.00, 134.24, 133.16, 132.63,
132.49, 130.48, 129.99, 129.33, 128.32, 124.39, 123.49, 123.11, 122.27, 113.01. ESI-MS
(pos. ion mode, CH3CN): m/z = 861.2045 [M — PFe]*. Anal. calcd for CasH2sFsIrNsP: C,
52.54; H, 2.81; N, 11.14. Found: C, 52.60, H, 2.79; N, 11.0 (%).

HN _\ PFg

Complex 19b. Orange solid. Isolated yield: 68%. *H-NMR (300
MHz, [Ds]DMSO): & 9.75 (d, J = 8.1 Hz, 2H), 8.50-8.44 (m, 4H), &N N
8.25-8.21 (m, 2H), 8.17-8.09 (m, 4H), 7.75 (d, J = 8.4 Hz, 2H), 7.19—

7.09 (m, 4H), 6.89 (t, J = 7.5 Hz, 2H), 6.77 (t, J = 7.5 Hz, 2H), 6.32 ©§©
(d, J=7.5Hz, 2H), 5.53 (d, J = 8.4 Hz, 2H), 4.36 (s, 6H). *C-NMR

(75.4 MHz, [Ds]DMSO): 164.36, 154.26, 152.38, 151.49, 143.49, 141.07, 139.79, 136.78,
136.51, 135.67, 134.39, 134.02, 131.75, 131.41, 130.79, 129.83, 127.46, 125.37, 124.46,
123.80, 114.54, 113.29, 33.68. ESI-MS (pos. ion mode, CH3CN): m/z = 889.2393 [M —
PFe]*. Anal. calcd for CasHa2FsIrNgP: C, 54.43; H, 3.12; N, 10.84. Found: C, 53.44; H,
3.15; N, 10.73 (%).
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Complex 20a. Reddish solid. Isolated yield: 76%. *H-NMR (300
MHz, [Dg]DMSO): 6 14.24 (s, 2H), 9.77 (dd, J = 1.5, 8.4 Hz, 2H), O
8.67 (dd, J = 1.2, 5.1 Hz, 2H), 8.49-8.43 (m, 4H), 8.19-8.11 (m, 9
4H), 7.81 (d, J = 7.5 Hz, 2H), 7.64 (d, J = 8.1 Hz, 2H), 7.28-7.13 “”/b/

(m, 8H), 6.78 (t, J = 7.5 Hz, 2H), 6.67 (s, 2H), 5.58 (d, J = 6.67

Hz, 2H). *C-NMR (75.4 MHz, [Ds]DMSO): § 164.57, 154.44, 151.71, 143.99, 143.40,
141.07, 140.83, 136.43, 136.09, 135.72, 135.03, 133.87, 131.34, 131.09, 131.04, 130.71,
129.99, 129.79, 128.47, 127.49, 125.31, 125.11, 125.06, 124.92, 114.71. ESI-MS (pos. ion
mode, CH3CN): m/z = 961.2406 [M — PFe]*. Anal. calcd for CsaHz2FsIrNgP: C, 56.47; H,
2.92; N, 10.13. Found: C, 56.30; H, 2.89; N, 10.0 (%).

Complex 20b. Red solid. Isolated yield: 90%. *H-NMR (300 MHz, \N TPFS
[De]DMSO): §9.76 (dd, J = 1.8, 8.4 Hz, 2H), 8.72 (s, 2H), 8.59 (dd, \
J=1.2, 5.4 Hz, 2H), 8.48-8.45 (m, 2H), 8.19-8.14 (m, 4H), 7.99 }“ Y Q

(d, J = 9.3 Hz, 2H), 7.86 (d, J = 8.4 Hz, 2H), 7.33-7.16 (m, 8H),

6.80 (t, J = 8.1 Hz, 2H), 6.68 (s, 2H), 5.58 (d, J = 8.4 Hz, 2H), 4.54 (s, 6H). 13c NMR (75.4
MHz, [Ds]DMSO): 163.31, 154.42, 151.61, 145.07, 143.53, 141.09, 139.99, 137.19,
136.55, 135.72, 135.51, 134.03, 131.39, 131.33, 131.28, 130.79, 129.94, 128.84, 127.35,
127.13, 125.57, 125.28, 124.91, 114.93, 113.55, 34.06. ESI-MS (pos. ion mode, CH3CN):
m/z = 989.2722 [M — PFe]*. Anal. calcd for CssHzsFslrNgP: C, 57.19; H, 3.20; N, 9.88.
Found: C, 57.10; H, 3.19; N, 9.80 (%).

Complex 20c. Orangish brown solid. Isolated yield: 88%. *H-NMR «,

(300 MHz, [Ds]DMSO): 5 9.78 (d, J = 7.2 Hz, 2H), 8.64 (d, J = 4.9 .
Hz, 2H), 8.49-8.47 (m, 4H), 8.23-8.15 (m, 4H), 7.92 (d, J = 8.3 Hz, o0 fQ\ N
2H), 7.77-7.75 (m, 2H), 7.65 (d, J = 8.3 Hz, 4H), 7.49 (d, J = 8.1 l"<~ pe
Hz, 4H), 7.29-7.24 (m, 6H), 7.18-7.15 (m, 2H), 6.85 (t, J = 7.7 Hz, -0

2H), 6.59 (s, 2H), 6.45 (brs, NCH2Ar, 4H), 5.62 (d, J = 8.3 Hz, 2H). @

13C-NMR (75.4 MHz, [Ds]DMSO): 163.02, 154.57, 151.69, 145.34,
143.56, 142.52, 141.26, 139.99, 137.23, 136.85, 135.70, 134.63, 134.07, 131.62, 131.13,
130.83, 130.67, 130.04, 129.61, 129.08, 128.52, 127.36, 127.15, 126.93, 126.29, 125.78,
125.45, 123.55, 115.32, 113.63, 48.45. ESI-MS (pos. ion mode, CH3CN): m/z = 1277.3030
[M — PFs]". Anal. calcd for CegHa2F12IrNsP: C, 57.42; H, 2.98; N, 7.88. Found: C, 57.40;
H, 2.96; N, 7.88 (%).
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Complex 21a. Red solid. Isolated yield: 20%. *H-NMR (400 MHz, HN@
[Ds]DMSO): & 13.77 (br s, 2H), 9.76 (d, J = 8.2 Hz, 2H), 8.53 (dd, (ﬁT m TNPFS
J=0.9,5.2 Hz, 2H), 8.47 (dd, J = 3.4, 6.5 Hz, 2H), 8.28-8.25 (m, <1 /<N‘ ND
2H), 8.15 (dd, J = 3.3, 6.4 Hz, 2H), 7.60 (d, J = 4.6 Hz, 2H) 7.44 "< )~

(d, J=7.9Hz, 2H), 7.04 (t, J = 7.4 Hz, 2H), 6.73 (t, J = 7.4 Hz, 2H), 6.17 (d, J = 4.6 Hz,
2H), 5.54 (d, J = 8.1 Hz, 2H). *3C-NMR (150 MHz, [D]DMSO): 171.41, 160.82, 153.29,
150.34, 142.15, 140.03, 139.70, 132.52, 130.68, 129.37, 128.30, 123.55, 123.25, 123.21,
122.18, 120.38, 115.57, 112.66, 111.94, 110.77. ESI-MS (pos. ion mode, CH3CN): m/z =
873. 1150 [M — PFg]*. Anal. calcd for CaoH24FslrNgPS2: C, 47.20; H, 2.38; N, 11.01; S,
6.30. Found: C, 47.18; H, 2.37; N, 11.01; S, 6.31 (%).

Complex 21b. Red solid. Isolated yield: 91%. *H-NMR (300 MHz, N
[Ds]DMSO): 6 9.70 (d, J = 8.1 Hz, 2H), 8. 47 (d, ) =48 Hz, 2H), (|~
8.42-8.39 (m, 2H), 8.25-8.21 (m, 2H), 8.11-8.09 (m, 2H), 7.79 (d, T /"<N‘ pe
J=45Hz, 2H), 7.58 (d, J = 8.1 Hz, 2H), 7.08 (t, J = 7.5 Hz, 2H), O

6.75 (t, J = 7.6 Hz, 2H), 6.23 (d, J = 4.6 Hz, 2H), 5.52 (d, J = 8.2 Hz, 2H), 4.16 (s, 6H).
3C-NMR (100 MHz, [Ds]DMSO): 161.28, 154.87, 153.37, 150.15, 141.97, 139.55,
135.13, 134.27, 132.64, 132.52, 131.60, 129.95, 129.30, 128.33,123.66, 122.56, 122.09,
112.01, 111.51, 31.69. ESI-MS (pos. lon mode, CHsCN): m/z = 901.1563 [M — PFe]".
Anal. calcd for Cs2Ha2gFsIrNgPS2: C, 48.23; H, 2.70; N, 10.71; S, 6.13. Found: C, 48.21; H,
2.70; N, 10.72; S, 6.12 (%).

MHz, [Ds]DMSO): § 9.79 (d, J = 8.2 Hz, 2H), 8.49-8.44 (m, 4H),
8.32-8.28 (M, 2H), 8.16-8.28 (m, 2H), 7.79 (d, J = 4.7 Hz, 2H), 7.71 i
(d, J =8.3 Hz, 4H), 7.60 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.1 Hz, 4H),
7.07 (t, J = 7.8 Hz, 2H), 6.79 (t, J = 8.0 Hz, 2H), 6.26 (d, J = 4.6 Hz, "

2H), 6.02-6.01 (m, 4H), 5.57 (d, J = 8.2 Hz, 2H). *C-NMR (75.4 @

MHz, [Ds]DMSO): 162.90, 157.45, 154.70, 151.71, 143.49, 141.98, 141.18, 141.06,
136.94, 135.24, 135.12, 134.06, 132.72, 131.63, 130.85, 129.93, 128.51, 127.42, 125.71,
124.20, 123.66, 113.86, 113.15, 49.18. ESI-MS (pos. ion mode, CH3CN): m/z = 1189.1963
[M — PFs]". Anal. calcd for CseHasF12IrNgPS:: C, 50.41; H, 2.57; N, 8.40; S, 4.81. Found:
C,50.42; H, 2.58; N, 8.42 S, 4.81 (%).

Complex 21c. Orange solid. Isolated yield: 55%. *H-NMR (300 @
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Complex 26. Orange solid. Isolated yield: 80%. 'H-

j PFg
NMR (400 MHz, [Ds]DMSO): 315.00 (brs, 1H),8.68 . (")~ {{%
(d, J= 8 Hz, 1H), 8.47 (d, J= 11.2 Hz, 2H), 8.35 (t, J=

7.8 Hz, 1H), 8.15 (d, J= 4.8 Hz, 1H), 7.96 (q, J= 8.4 -

Hz, 2H), 7.76-7.69 (m, 6H), 7.52 (t, J= 8.2 Hz, 4H),

7.36-7.29 (m, 5H), 7.24-7.17 (m, 6H), 7.04 (t, J= 7.8 Hz, 1H), 6.89 (t, J= 7.8 Hz, 1H), 6.81
(t, J=7.4 Hz, 1H), 6.66 (d, J= 16.4 Hz, 2H), 6.54-6.39 (m, , NCH2Ar, 4H), 6.22 (d, J=8.4
Hz, 1H), 5.89 (d, J= 8.4 Hz, 1H), 5.77 (d, J= 8.4 Hz, 1H). 3C-NMR (75.4 MHz,
[Ds]DMSO): & 161.65, 154.46, 151.43, 148.98, 145.69, 141.49, 141.37, 141.20, 141.09,
139.97, 138.74, 138.55, 135.77, 135.71, 134.24, 133.91, 133.73, 133.48, 129.59, 129.44,
129.30, 129.18, 128.56, 128.40, 128.14, 127.98, 127.50, 127.08, 126.86, 125.89, 125.74,
125.31, 124.57, 124.28, 124.19, 124.07, 123.69, 123.63, 123.56, 116.51, 114.59, 114.05,
113.55, 112.27, 112.09, 46.96, 46.80. ESI-MS (pos. ion mode, CH3CN): m/z = 1190.3053
[M - PFe]*. Anal. Calcd. for Ce2Ha1F12IrN7P: C, 55.77; H, 3.10; N, 7.34. Found: C, 55.81;
H, 3.12; N, 7.32 (%).

Complex 27. Yellow solid. Isolated yield: 72%. *H- " er
NMR (600 MHz, [Ds]DMSO): & 14.03 (br s, 1H), @4 Y{%
8.46 (s, 1H), 8.40 (s, 1H), 7.97 (d, J = 8.3 Hz, 1H), lﬂN

7.91 (d, 8.3 Hz, 1H), 7.76-7.74 (m, 1H), 7.71 (d, J = @E H j

8.3 Hz, 4H), 7.65 (br s, 1H), 7.51-7.48 (m, 4H), 7.33-

7.30 (m, 4H), 7.23-7.09 (m, 8H), 6,89 (t, J = 7.8 Hz, 1H), 6.76 (s, 2H), 6.71 (s, 1H), 6.66
(s, 1H), 6.53-6.43 (m, NCH.Ar, 4H), 6.14 (d, J = 8.3 Hz, 1H), 6.02 (t, J = 8.5 Hz, 2H). 3C-
NMR (100 MHz, [Ds]DMSO): 6 162.00, 161.81, 141.35, 141.25, 138.89, 138.78, 135.73,
135.65, 134.54, 133.95, 133.77, 129.84, 129.37, 129.22, 129.01, 128.81, 128.42, 128.24,
128.04, 127.38, 127.27, 127.05, 126.84, 125.91, 125.71, 125.19, 125.10, 125.04, 124.85,
124.78, 124.43, 124.33, 124.10, 123.33, 123.05, 122.98, 115.94, 114.33, 114.22, 111.98,
46.89, 46.75. ESI-MS (pos ion mode, CH3CN): m/z =1179.2865 ([M - PF¢])*. Anal. Calcd.
for CeoHaoF121rNgP: C, 54.42; H, 3.04; N, 8.46. Found: C, 54.45; H, 3.02; N, 8.47 (%).
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Complex 28. Orange solid. Isolated yield: 40%. *H- ‘ O " ers
NMR (400 MHz, [De]DMSO): 8.62 (4, J=93Hz, o ()~ (T )

2H), 8.42 (d, J= 9.3 Hz, 2H), 8.20 (d, J= 8.7 Hz, 1H), @N'\"—g ”AQCFS
7.98 (d, J= 7.5 Hz, 1H), 7.90 (d, J= 8.4 Hz, 1H), 7.82 NQNCQ@

(d, J= 8.4 Hz, 1H), 7.76-7.74 (m, 1H), 7.71-7.68 (m, y

1H), 7.61-7.57 (m, 5H), 7.45 (d, J= 8.1 Hz, 2H), 7.37-7.34 (m, 3H), 7.27-7.18 (m, 8H),
6.88-6.73 (M, 5H), 6.58 (s, 1H), 6.45-6.38 (M, NCH2Ar, 4H), 6.28 (t, J= 7.7 Hz, 1H), 6.06
(d, J= 8.1 Hz, 1H), 5.75 (d, J= 8.1 Hz, 1H), 5.54 (d, J= 8.1 Hz, 1H). ®C-NMR (75.4 MHz,
[De]DMSO): 6 163.89, 163.48, 162.89, 158.65, 149.69, 147.07, 142.68, 142.21, 140.76,
140.51, 137.06, 136.97, 135.86, 135.72, 135.50, 135.11, 131.41, 130.62, 130.23, 130.08,
129.81, 129.48, 129.31, 128.63, 128.47, 128.37, 128.12, 127.20, 126.68, 126.30, 125.39,
125.23, 124.74, 124.49, 122.19, 121.36, 120.55, 116.75, 116.57, 116.02, 113.31, 112.86,
48.27. ESI-MS (pos ion mode, CH3CN): m/z = 1240.3169 ([M - PFe])*. Anal. Calcd. for
CesHasF12IrN7P: C, 57.22; H, 3.13; N, 7.08. Found: C, 57.24; H, 3.12; N, 7.10 (%).

Complex 29. Orangish brown solid. Isolated yield:

‘O jPFG
68%. H-NMR (300 MHz, 343 K, [Ds]DMSO): & WeSNe B

8.92-8.89 (m, 2H), 8.75 (d, J= 8.4 Hz, 1H), 8.57-8.46 @'\ /) “@LC
(m, 3H), 8.38 (s, 1H), 8.11 (d, J= 5.4 Hz, 1H), 7.93 (d, L\ @
J=8.1Hz, 1H), 7.91-7.78 (m, 6H), 7.74-7.72 (m, 2H), ‘O O

7.64-7.58 (m, 4H), 7.35-7.13 (m, 7H), 7.22-7.04 (m,

6H), 6.88 (t, J=7.7 Hz, 1H), 6.74 (d, J= 7.5 Hz, 2H), 6.61 (s, 1H), 6.54-6.45 (m, , NCH2Ar,
2H), 6.37-6.29 (m, NCHAr, 2H), 5.79-5.75 (m, 2H). ¥C-NMR (75.4 MHz, 343 K,
[De]DMSO): 6165.24, 161.39, 160.59, 150.92, 145.98, 144.55, 141.20, 140.46, 140.01,
138.58, 138.05, 136.17, 135.37, 133.95, 133.86, 133.44, 132.53, 132.30, 130.18, 129.75,
129.58, 129.44, 128.78, 128.15, 127.32, 126.87, 126.67, 126.25, 126.06, 125.97, 125.66,
125.54, 125.34, 125.12, 124.95, 124.57, 124.44, 124.24, 123.93, 123.79, 123.44, 122.85,
121.83, 120.92, 118.81, 114.27, 113.06, 111.88, 111.74, 47.03, 46.65. ESI-MS (pos ion
mode, CH3CN): m/z = 1291.3182 ([M+H - PFg])*. Anal. Calcd. for C7oHasF12IrN7P: C,
58.58; H, 3.16; N, 6.83. Found: C, 58.67; H, 3.17; N, 6.81 (%).

Complex 32. Red solid. Isolated yield: 72%. H-NMR I
(400 MHz, [Ds]DMSO): 6 8.90 (d, J = 8.7 Hz, 1H), 8.67 ; e ﬂ ‘,
/
(d,J=8.7Hz, 1H), 8.20 (d, J = 8.4 Hz, 1H), 8.09-8.01 (m, / @
*@zm@\ /

2
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3H), 7.82 (d, J = 8.1 Hz, 1H), 7.75 (d, J = 7.9 Hz, 1H), 7.70-7.67 (m, 2H), 7.63 (t,J=7.7
Hz, 1H), 7.55 (d, J = 8.2 Hz, 2H), 7.45 (d, J = 8.2 Hz, 2H), 7.19 (t, J = 8.0 Hz, 2H), 7.10-
7-08 (m, 3H), 7.01-6.99 (m, 2H), 6.96-6.91 (m, 2H), 6.88-6.82 (m, 5H), 6.42 (d,J = 7.6
Hz, 1H), 6.33-6.31 (m, 2H), 6.28-6.11 (m, 4H), 6.03 (d, J = 8.2 Hz, 1H), 5.14-4.93 (m,
2H), 1.73-1.54 (m, 2H), 0.90-0.70 (m, 2H), 0.52 (t, J = 7.2 Hz, 3H). **C- NMR (150 MHz,
[De]DMSO): 6 166.37, 162.85, 162.10, 156.03, 154.21, 149.78, 148.15, 145.01, 141.57,
140.86, 140.73, 139.12, 138.99, 138.42, 138.34, 134.92, 134.85, 133.32, 132.47, 131.42,
130.53, 130.31, 129.32, 129.02, 128.37, 128.13, 126.64, 126.47, 126.03, 125.81, 125.54,
125.37, 125.28, 124.38, 123.87, 123.11, 122.67, 122.59, 121.96, 120.83, 120.10, 113.85,
113.67,112.95,111.89, 111.77, 46.74, 46.66, 45.92, 31.67, 18.76, 13.26. ESI-MS (pos. ion
mode, DMSO): m/z = 1240.3264 [M - PFe]*. Anal. Calcd. for CesHa7F121rN7O2P: C, 54.62;
H, 3.42; N, 7.08. Found: C, 54.70; H, 3.42; N, 6.98; (%).

Complex 37. Red solid. Isolated yield: 73%. *H-NMR

(300 MHz, [Ds]DMSO0): 5 8.47 (d, J = 7.9 Hz, 1H), 8.18 Q Q 1P
(d, J = 8.8 Hz, 1H), 8.05 (dd, J = 8.8, 1.5 Hz, 1H), 7.85 \

(d, J = 8.0 Hz, 1H), 7.79-7.73 (m, 3H), 7.67-7.61 (m, o pal @
1H), 7.50 (d, J = 8.2 Hz, 2H), 7.32 (d, J = 8,3 Hz, 2H), \OJKCE:HZQ
7.23-7-18 (m, 3H), 7.13-7.06 (m, 3H), 7.05-6.76 (m,

8H), 6.73 (d, J = 1.0 Hz, 1H), 6.49 (dd, J = 7.6, 1.2 Hz, 1H), 6.37 (dd, J = 7.7, 0.9 Hz, 1H),
6.31-6.15 (m, 4H), 5.80 (d, J = 8.2 Hz, 1H), 5.69 (d, J = 8.2 Hz, 1H), 5.02-4.90 (m, 2H),
3.52 (s, 3H), 1.90-1.72 (m, 2H), 1.21-1.09 (m, 2H), 0.69 (t, J = 7.2 Hz, 3H). 3C-NMR (150
MHz, [De]DMSO): 6 166.24, 164.27, 163.74, 158.83, 152.68, 151.96, 151.04, 147.32,
142.21, 140.57, 139.77, 139.56, 139.32, 136.49, 136.42, 135.61, 135.26, 135.11, 134.78,
134.34, 131.70, 131.58, 130.03, 129.83, 129.35, 128.25, 128.05, 127.95, 127.63, 127.29,
127.07, 126.73, 126.02, 125.75, 125.23, 124.07, 123.75, 123.03, 121.35, 114.89, 114.76,
114.61, 113.33, 113.20, 52.92, 48.08, 47.77, 33.37, 20.72, 14.81. ESI-MS (pos. ion mode,
DMSO): m/z = 1260.3054 [M - PFe]*. Anal. Calcd. for Ce2Ha7F12lrN7O2PS: C, 52.99; H,
3.37; N, 6. 89; S, 2.28 Found: C, 53.01; H, 3.35; N, 6.87; S, 2.29 (%).

CF;

E2.3. Synthesis of the heterobimetallic Ir(111)-Pt(I1) complex

The synthesis of the heterodinuclear complex of Chapter 5 was carried out, first
synthesizing the iridium complex with the linker (complex 33) and then by reacting it with
the platinum complex 34.
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Preparation of complex 33:

Ir complex 32 (1.3 mol equiv.) was coupled onto 4-(aminomethyl)pyridine (1.0 mol
equiv.) with the coupling reagent HATU (1.2 mol equiv.) in anhydrous DMF in the
presence of DIPEA (5 mol equiv.) for 24 h under nitrogen atmosphere at RT. Then, water
was added, and the red solid was filtered and washed with water, cold MeOH, and
diethylether.

Red solid. Isolated yield: 90%.'H-NMR (300 MHz, G
[Dg]DMSO): & 8.89 (d, J = 8.8 Hz, 1H), 8.67 (d, J = FBCQjN N“@
8.8 Hz, 1H), 8.44 (d, J = 4.2 Hz, 2H), 8.29 (d, J = 5.6 @N\"/NG

Hz, 1H), 8.16 (d, J = 8.8 Hz, 2H), 8.03-7.91 (m, 2H), 0 /\

7.76-7-66 (m, 4H), 7.60 (t, J = 7.0 Hz, 1H), 7.53-7.50 d ”kﬁz —

(m, 4H), 7.22-7.13 (m, 6H), 7.08-7.03 (m, 1H), 6.92- i

6.76 (m, 8H), 6.63 (br s, 1H), 6.34-6.28 (m, 3H), 6.22-6.07 (m, 4H), 5.93 (d, J = 8.2 Hz,
1H), 5.15-4.97 (m, 2H), 4.41-4.27 (m, 2H), 1.70-1.57 (m, 2H), 0.91-0.72 (m, 2H), 0.50 (t,
J = 7.1 Hz, 3H). C- NMR (150 MHz, [Ds]DMSO): 167.26, 164.15, 163.66, 163.52,
157.11, 155.57, 151.14, 150.76, 149.49, 149.39, 146.67, 142.84, 142.09, 142.04, 140.46,
139.83, 139.59, 139.56, 136.23, 136.18, 134.77, 134.68, 134.21, 133.58, 132.89, 132.64,
131.84, 131.59, 130.58, 130.29, 129.83, 129.73, 129.50, 129.36, 128.09, 127.71, 127.26,
127.05, 126.82, 126.66, 126.09, 125.67, 125.23, 125.09, 124.01, 123.99, 123.47, 123.30,
122.04,119.06, 115.32, 114.89, 114.29, 113.18, 113.07, 48.20, 47.96, 47.27, 43.07, 33.08,
20.16, 14.60. ESI-MS (pos. ion mode, DMSO): m/z = 1330.3912 [M - PFs]*. Anal. Calcd.
for CegHs3F121rNgOP: C, 56.17; H, 3.62; N, 8.54. Found: C, 56.20; H, 3.63; N, 8.60 (%).

Preparation of platinum complex 34:

The dichloro[(1R,2R)-trans-diaminocyclohexane]platinum(Il) H,
complex 34 was prepared according to standard literature O’N\Pt/m

d 17-19 N
procedures. N,

K>[PtCls] (7.23 mmol) was dissolved in 40 mL water. (1R, 2R)-(-

)-diaminocyclohexane) (7.23 mmol) was dissolved in 15 mL water, added to the dark red
solution, and the reaction mixture was stirred at room temperature for 5 h in the dark. The
yellow precipitate formed was filtered off and washed three times with water, EtOH, and
diethyl ether. The product was dried five days over P>Os under reduced pressure. Yellow

solid. Isolated yield: 85%. Reported.’
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Preparation of heterobimetallic complex 35:

The heterobimetallic complex 35 was synthesized with a modification of a method of
literature.?® Pt complex 34 (0.039 mmol) and AgPFs (0.037 mmol) were stirred in
anhydrous DMF (1 mL) overnight in the dark at 45 °C. The suspension was filtered with
celite to remove AgCI. Then, an Ir complex 33 (0.031 mmol) solution in DMF (1 mL) was
dropped into the previous platinum solution and stirred for 24 h in the dark at 55 °C. The
DMF was removed, and the residue was treated with diethyl ether in constant stirring for
30 min. The precipitate obtained was filtered and dried under vacuum. Intense red solid.

Isolated yield: 81%. *H-NMR (400 MHz, [D7]DMF): § e
9.03 (d, J = 8.8 Hz, 1H), 8.91 (d, J = 8.8 Hz, 1H), 8.77 . ijrm
(d, J = 6.5 Hz, 2H), 8.34-8.27 (m, 4H), 8.10 (t, J = 8.8 @(”\Ir/ N@
Hz, 1H), 8.03-8.00 (m, 1H), 7.90-7.86 (m, 2H), 7.81 (d, ) i I\
J=8.6 Hz, 1H), 7.76 (t, J = 7.7 Hz, 1H), 7.69 (dd, J = d”k@[N\ \_/

8.6, 1.2 Hz, 1H), 7.65 (d, J = 8.4 Hz, 2H), 7.50 (d, J = N, i

5.3 Hz, 2H), 7.41-7.38 (m, 2H), 7.34-7.22 (m, 3H), 7.14 RCH,CoHACFs

(d, J =8.1 Hz, 2H), 6.97-6.92 (m, 4H), 6.88-6.84 (m, 2H), 6.56-6.52 (m, 2H), 6.47-6.29
(m, 5H), 6.22 (d, J =8.0 Hz, 1H), 6.12 (d, J = 9.2 Hz, 1H), 5.85-5.80 (m, 1H), 5.63-5.54
(m, 1H), 5.35-5.16 (m, 2H), 4.64-4.53 (m, 2H), 2.66-2.51 (m, 2H), 2.16-2.07 (m, 2H), 2.00-
1.80 (m, 2H), 1.60-1.43 (m, 5H), 1.28 (br s, 2H), 1.22-1.10 (m, 2H), 1.07-0.83 (m, 2H),
0.70 (t, J = 7.3 Hz, 3H). *C- NMR (150 MHz, [D7]DMF): § 167.59, 164.38, 163.61,
157.35, 155.50, 153.56, 153.34, 151.22, 149.62, 146.84, 142.51, 141.96, 140.65, 140.01,
139.77, 139.72, 136.29, 136.17, 135.04, 134.79, 134.26, 133.52, 132.51, 131.48, 131.22,
130.52, 130.39, 129.99, 128.11, 127.67, 127.10, 126.85, 126.70, 126.62, 125.94, 125.37,
125.07, 124.84, 123.92, 123.73, 123.00, 121.98, 119.07, 115.72, 115.09, 113.94, 112.60,
64.29, 63.93, 63.45, 48.14, 47.89, 47.22, 42.96, 33.26, 33.11, 32.86, 32.66, 25.39, 25.26,
25.09, 20.25, 14.02. ESI-MS (pos. ion mode, DMF): m/z = 837.7221 [M - PFg]?*. Anal.
Calcd. for C7sHe7CIF18IrN11OP2Pt: C, 45.84; H, 3.44; N, 7.84. Found: C, 45.70; H, 3.48;
N, 7.77 (%).1°°Pt NMR (600 MHz, [D7]DMF): § = -2460 (s, 1Pt).

E2.4. Synthesis of neutral tris-cyclometalated Ir(l111) complexes

The neutral complexes of Chapter 7 were synthesized in two stages. Firstly, through
the formation of the dimer, as explained in section E2.2, and then through the synthesis of

the monomer as indicated below:
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Preparation of the homoleptic complex 38:

Complex 38 was synthesized using an adaptation method of reference.?* The Ir(111)
dimer 7 (0.081 mmol), 2-phenyl-1-[4-(trifluoromethyl)benzyl]-1H-benzo[d]imidazol
(0.59 mmol), and silver triflate (0.16 mmol) in 2-ethoxyethanol (2 mL) was heated at 95
°C overnight under nitrogen atmosphere. The solvent was concentrated under reduced
pressure, and the product was re-suspended in dichloromethane. The suspension was
filtered with celite to remove the white AgCI precipitate, and the filtrate was solvent-
stripped to dryness. Then, the obtained solid was washed with ethyl acetate to obtain the
bright yellow product.

Bright yellow solid. Isolated yield: 65%. *H-NMR (300 MHz, [D:] T
Methylene Chloride): § 7.55 (d, J= 8.1 Hz, 2H), 7.46-7.44 (m, 1H),
7.34-7.18 (m, 4H), 6.87 (t, J= 7.2 Hz, 1H), 6.73-6.71 (m, 3H), 6.50 @<@
(d, J= 8.1 Hz, 1H), 6.07-5.86 (m, NCH2Ar, 2H). *C-NMR (75.4 Z?
MHz, [D2] Methylene Chloride): 6 163.73, 142.89, 140.99, 138.44,
136.93, 135.85, 131.09, 130.66, 130.51, 127.37, 127.01, 126.96,
125.28, 124.29, 123.84, 120.71, 117.11, 110.76, 48.81. ESI-MS (pos. ion mode, CH2Cly):
m/z = 1247.3001 [M+H]*. Anal. Calcd. for Ce3Ha2F12IrNe: C, 60.72; H, 3.40; N, 6.74.
Found: C, 60.66; H, 3.41; N, 6.62 (%).

Preparation of the homoleptic complex 39:

Complex 39 was synthesized using an adaptation method of reference.? The Ir(111)
dimer 16a (1 mmol), 2-phenyl-1H-benzo[d]imidazole (10 mmol), and silver triflate (2
mmol) were all suspended in 10 mL of ethylene glycol. Under a nitrogen atmosphere, the
mixture was heated at 180 °C for 5 h. The reaction product was cooled to room temperature
and poured into 100 mL of water after 5 h. To this solution, CH2Cl, was added and extracted
using a separatory funnel. Upon solvent evaporation from the organic layer, the crude
product was purified by column chromatography on silica gel with a mixture of
CH2CI2/ACN (8:2).
Green solid. Isolated yield: 27%. *H-NMR (300 MHz, [Dg]DMS0):§ |~~~ Q """

13.15 (s, 1H), 7.62 (d, J=7.2 Hz, 1H), 7.48 (d, J=7.8 Hz, 1H), 7.05 (t, | @i
J=14.7 Hz, 1H), 6.73-6.66 (m, 1H), 6.62 (s, 3H), 6.00 (d, J=8.1 Hz, /9 5

1H). **C-NMR (75.4 MHz, [Ds]DMSO): & 164.57, 161.84, 144.06,
138.10, 136.77, 134.98, 130.48, 124.61, 123.60, 120.28, 116.28, “------- 2 .
113.23, 31.87. ESI-MS (pos ion mode, DMSO): m/z = 772.1926. Anal. Calcd. for
CagH271rNe: C, 60.68; H, 3.53; N, 10.89. Found: C, 60.56; H, 3.49; N, 10.91 (%).
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Preparation of the heteroleptic complexes 40y 41:

The heteroleptic complexes were synthesized using an adaptation method of
reference.?®> The iridium(lll) dimers 7 or 16a (1 mmol), the corresponding 2-
phenylbenzimidazole-based ligands (10 mmol), and Na2COs (2 mmol) were all suspended
in 2 mL of 2-ethoxyethanol. The mixture was refluxed for 3 h and the solid was filtered
after cooling in the fridge for 2 hours. Finally, the crude was purified by a chromatography

column on silica gel with dichloromethane as eluent.

Complex 40. Yellow solid. Isolated yield: 31%. *H-NMR (300 :----------z=-----------
MHz, [D2] Methylene Chloride): 6 9.59 (s, 1H), 7.56-7.45 (m,
8H), 7.35-7.19 (m, 6H), 7.24-7.14 (m, 3H), 6.95-6.73 (m, 12H), Qw/ < o NA©\
6.46 (d, J=7.8 Hz, 1H), 6.40 (d, J=8.37 Hz, 1H), 6.32 (d, J=7.5 \xé @
Hz, 1H), 6.07 (br s, 1H), 6.01 (br s, 1H), 5.93 (d, J=5.82 Hz, |
1H), 5.71 (d, J=6.21 Hz, 1H). C-NMR (75.4 MHz, [D;]
Methylene Chloride): 6 174.54, 164.07, 163.92, 163.71, 143.47, 142,91, 142.77, 141.01,
138.51, 138.32, 137.82, 136.83, 135.68, 135.47, 134.10, 134.04, 131.08, 130.69, 130.55,
127.38, 127.01, 126.96, 125.42, 125.39, 124.48, 124.28, 123.91, 123.75, 123.66, 120.48,
120.42, 120.30, 117.09, 116.60, 112.60, 110.74, 110.62, 48.80. ESI-MS (pos. ion mode,
DMSO): m/z = 1089.2669 [M+H]*. Anal. Calcd. for CssHz7FsIrNe. C, 60.71; H, 3.43; N,
7.72. Found: C, 60.82; H, 3.43; N, 7.60 (%).

Complex 41. Green yellowish solid. Isolated yield: 45%. ‘H- =" @ ““““““

NMR (300 MHz, [De]DMSO): & 13.22 (s, 2H), 7.72 (d, J=8.4 | @/?
Hz, 1H) 7.68-7.64 (m, 2H), 7.59 (d, J= 8.0 Hz, 2H), 7.54-7.52 | )

(m, 3H) 7.30 (d, J= 7.8 Hz, 2H), 7.16-7.08 (m, 3H), 6.80-6.74
(m, 4H) , 6.70-6.54 (m, 8H) , 6.23-6.14 (m, 3H), 6.11(d,J=8.0 o
Hz, 1H), 6.05 (d, J= 7.8 Hz, 1H).*C-NMR (75.4 MHz, [Ds]DMSO): & 163.53, 163.41,
163.17, 162.12, 161.17, 160.09, 142.37, 141.68, 141.46, 137.07, 136.50, 136.27, 135.80,
135.36, 134.53, 133.68, 129.23, 129.10, 129.01, 126.74, 125.62, 124.92, 124.62, 123.41,
123.31, 123.12, 122.55, 122.27, 122.17, 122.04, 119.00, 118.90, 118.76, 115.13, 114.59,
112.09, 112.03, 110.77, 46.79. ESI-MS (pos ion mode, DMSO): m/z = 931.2300 ([M+H])".
Anal. Calcd. for C47H32F3IrNe: C, 60.70; H, 3.47; N, 9.04. Found: C, 60.81; H, 3.38; N,
8.98 (%).
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E3. CELL-FREE ASSAYS

E3.1. Solution stability of the new complexes

Stability of complexes in DMSO or DMF was studied by *H-NMR, verifying that no
new signals appear after 1, 3 or even 7 days. Stability in cell culture medium was checked
by HPLC (50 uM, 5% DMSO) in chapters 2 and 3, and by UV/Vis spectrophotometry (10
UM, 1% DMSO or DMF) in chapters 4, 5 and 6. The stability of 35 at physiological pH
values was checked by UV/Vis in water/DMF (50:50) solutions (10 pM) with pH
adjustment using 0.1M NaOH and HCI (10%) solutions. UV/Vis also checked the stability
of 37 at different pHs in disodium hydrogen phosphate/citric acid buffer solutions (pH 3.3,
5.4, 6.3, and 7.4) with 10% of DMSO.

E3.2. Photostability analyses

Chapter 2. The UV/Vis spectrum of a solution of complex 10 in water (10 uM, 1%
DMSO) was recorded. The sample in the cuvette was irradiated at 420 nm for 15 min with

a 450 W xenon lamp. After this time, the UV/Vis spectrum was collected again.

Chapter 3. The UV/Vis spectra of 21a, 21b, and 21c solutions (10 uM) in water (1%
DMSO) were recorded. The samples were irradiated for 1 h with a blue-centered LED (450

nm) and subsequently, the UV/Vis spectra were recorded again.

Chapter 4. Solutions of 26-29 (10 uM) in water (1% DMSO) were prepared and their
UV/Vis spectra were recorded. The samples were irradiated for 1 h with a photoreactor
Luzchem EXPO-LED with blue light led lamp (465 nm, 8.4 mW/cm?) and subsequently,
the UV/Vis spectra were recorded again. The measures of light power were realized using
Thorlabs Digital Optical Power and Energy Meter PM100D with S120VC photodiode

power sensor.

E3.3. Singlet oxygen detection using 1,3-diphenylisobenzofuran (DPBF)

Singlet oxygen was detected by the standard method using DPBF as the 'O indicator
through monitoring the decrease in the absorption at 418 nm of 1,3-diphenylisobenzofuran
(DPBF) due to its photooxidation to o-dibenzoylbenzene (DBB) under blue light
irradiation?*?® (Scheme E3.1). The registration of the absorbance was carried out on a

PerkinEImer Lambda 750 S spectrometer with operating software.
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Scheme E3.1. The reaction of DPBF with singlet oxygen.

The PBS solutions (1 % DMSO) of 21a, 21b, and 21c (10 uM) containing 10 uM of
DPBF, was prepared in the dark and irradiated with blue light (450 nm centered LED). The
absorbance of DPBF at 418 nm was recorded every 15 s. A PBS solution (1 % DMSO) of
DPBF without the photosensitizer was used as a negative control. The plots shown in
Figure 3.14 reveal that 21a and 21c are efficient 1O, generators whereas 21b not, which is
consistent with the results demonstrating the involvement of 1O, in the photopotentiation

of Ir(111) complexes 21a-c in cells.

E3.4. Photo-oxidation of NADH.

Reactions between complexes 26-29 (5 uM) and NADH (100 uM) at different ratios
were monitored by UV/Vis in the dark or on irradiation with 465 nm light (8.5 mW/cm?)
in PBS (0.5 % DMSO). Turnover number (TON) was defined as the number of moles of
NADH that the Ir compound could convert in 30 min. Turnover frequency (TOF) was
calculated from the concentration of oxidized NADH (calculated by the difference of
concentration of NADH) after 30 min divided by the concentration of complexes. The
concentration of NADH was obtained using the extinction coefficient?® (:,=6220 M-tcm).
For the measures in hypoxic conditions, the cuvette was degassed by bubbling N2 for 30

min.

E3.5. Log P determination

Log P values of 26-29 were calculated using an HPLC-based method validated by
Keppler et al..” The iridium complexes were dissolved in 1 mL of water/methanol (1:1)
and the solutions were filtered through a 0.45-um filter. Uracil was employed as an internal
standard (1 pmol LY) for determining the system dead time (to). The obtained samples were
directly analyzed by RP-HPLC. The RP-HPLC experiments were performed in isocratic
modes at least in duplicates, employing 3 different water/methanol compositions per
complex (30/70, 25/75, and 20/80). The eluent flow rate was 0.7 mL/min. The capacity

factors k = (tr - to)/to, where t; is the retention time of the analyte, were determined for the
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three investigated eluent compositions. Then, we used the linear Soczewinski—Snyder

relationship:
Log k = Log kw — Se
Log k is the capacity factor in a specific mobile phase composition
¢ is the volume fraction of the methanol in the eluent
S is a constant for a given analyte and HPLC system

By representing Log k against their correspondent methanol percentages in the eluent
(Figure S4.18), we obtained the chromatographic hydrophobicity parameter @0,
corresponding to Log k = 0. Log P was calculated through the equation obtained by
representing the log P of the most lipophilic complexes found by Keppler et al.?” and their
corresponding values of @o (Figure S4.19). The method was checked first comparing with
the log P measured using the ‘‘shake flask’” method for the Ir complex previously described
by us! (Table S4.1).

E3.6. Interaction with biomolecules

Solutions of 35 (10 uM) were prepared in water (1% DMF) and 10 mM of glutathione

or histidine was added. UV/Vis spectra were recorded every 15 min for 90 min at RT.

E3.7. Encapsulation of iridium complexes and characterization of NPs (collaboration
with Dr. Marchan)

The synthesis of amphiphilic cationic polymer and Ir-loaded amphoteric NPs (NPs-38
and NPs-40) and the characterization of nanoparticles were carried out by Joaquin Bonelli
Blasco (University of Barcelona, Nanobiotechnological Polymers Division, Ecopol Tech).
The polymerization reaction progress for NPs synthesis, and the encapsulation reaction was
controlled by IR spectroscopy. IR spectra were acquired in a Smart ATR (Nicolet iS10,
Thermo Scientific, Raleigh, USA) using a transmittance mode (16 scans) and OMNIC
software. For the monitoring of solvent-based samples, one drop was deposited onto the
diamond crystal and the solvent was left to dry by evaporation. IR spectra were recorded

from a dry film of the sample for the reaction control after emulsification.
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The size distribution of the NPs was analyzed on a Zetasizer Nano ZS90 (Malvern,
Worcestershire, UK) in Milli Q water at 25 °C at a concentration of 0.5 mg/mL. The Z-pot
of the NPs was analyzed on a Zetasizer Nano ZS90 (Malvern, Worcestershire, UK) in Milli
Q water at 25 °C at a concentration of 1 mg/mL, measured at different pH values.

The amount of Ir complexes inside the NPs was determined by ICP-MS analysis. A
fixed volume of NPs emulsion (previously dialyzed) was diluted in 500 pL of concentrated
72% (v/v) nitric acid into Wheaton v-vials (Sigma-Aldrich) and heated in an oven at 373
K for 18 h. The vials were then allowed to cool, and each sample solution was transferred
into a volumetric tube and combined with Milli-Q water washings (1.5 mL). Digested
samples were diluted 5 times with Milli-Q to obtain a final HNO3 concentration of
approximately 3.6% v/v. Iridium content was analyzed on an ICP-MS Perkin Elmer Elan
6000 series instrument at the Centres Cientifics i Tecnologics of the Universitat de
Barcelona. The solvent used for all ICP-MS experiments was Milli-Q water with 1%
HNO:s. The iridium standard (High-Purity Standards, 1000 pg/mL + 5 pg/mL in 5% HNO3)
was diluted with 1% HNO3 to 10 ppb. Iridium standards were freshly prepared in Milli-Q
water with 1% HNO3 before each experiment. The concentrations used for the calibration
curve were in all cases 0, 0.2, 0.4, 1, and 2 ppb. The isotope detected was ***Ir and readings
were made in triplicate for each sample. Rhodium was added as an internal standard at a

concentration of 10 ppb in all samples.

The following equations were used to calculate Encapsulation Efficiency EE (%) and
Drug Loading DL (%):

amount of Ir complex incorporated in the nanocapsule
% EE = - - —* 100
total amount of Ir complex added in the aqueous dispersion

amount of Ir complex incorporated in the nanocapsule
% DL = , * 100
total amount of dried nanocapsules

E4. IN VITRO BIOLOGICAL STUDIES (Collaboration with Prof. Brabec)

E4.1. Cell culture

The A2780 and A2780cisR cells were grown in RPMI 1640 medium supplemented
with gentamycin (50 pg mL 1) and 10% heat-inactivated fetal bovine serum. The acquired

resistance of A2780cisR cells was maintained by supplementing the medium with 1 uM
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cisplatin every second passage. The MCF-7, HeLa, MCF-10A, A375,518.A2,J774.Al and
BGM cells were grown in DMEM medium (high glucose, 4.5 g L ™) supplemented with
gentamycin (50 pg mL™1) and 10% heat-inactivated fetal bovine serum (Biosera). The
medium for MCF-10A cells was supplemented with 100 ng mL* cholera toxin. CT26
murine fibroblasts were cultured in RPMI growth medium (Biosera) supplemented with
gentamycin (50 mgmL-1) and 10% heat-inactivated FBS. Non-tumorigenic chinese
hamster ovary cells, CHO, were grown in FK-12 medium supplemented with 10 % FBS
and 2 mM L-glutamine.

E4.2. Cytotoxicity assay

The MTT assay is used to measure cellular metabolic activity as an indicator of cell
viability, proliferation, and cytotoxicity. This colorimetric assay is based on the reduction
of a yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
or MTT) to purple formazan crystals (Figure E4.1). Viable cells with active metabolism
contain NAD(P)H-dependent oxidoreductase and convert MTT into purple-colored
insoluble formazan crystals with an absorbance maximum near 570 nm. When cells die,
they lose the ability to convert MTT into formazan, thus color formation serves as a useful

and convenient marker of only the viable cells.
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Figure E4.1. Metabolism of MTT to formazan by viable cells as shown in a A) chemical reaction and
B) in a 96-well plate.
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Cells were seeded on 96-well tissue culture plates at a density of 10* cells/well for
A2780 and A2780cisR cells or 5 x102 cells/well for HeLa and MCF7 cells in 100 pL of
growth medium and incubated at 37 °C in a humidified 5% CO_ atmosphere for 16 h. After
the incubation period, the cells were treated with the compounds and kept in the incubator
for additional 72 h. The stock solutions of metal-based compounds were always freshly
prepared in DMSO, DMF (for complexes 34 and 35) or H20O (for cisplatin) before use. The
final concentration of DMSO or DMF in the cell culture medium did not exceed 0.1% (v/v),
which was shown not to affect cell growth. The final concentrations of tested compounds
were in the range of 0—50 uM in a volume of 200 puL/well. Subsequently, 10 uL of MTT
solution (5 mg mL 1) was added to each well, and plates were incubated for 4 h. At the end
of the incubation time, the medium was removed, and the formazan product was dissolved
in 100 uL of DMSO per well. Cell viability was evaluated by measuring the absorbance at
570 nm (reference wavelength at 630 nm) using an absorbance reader Synergy Mx (Biotek,
USA). The ICso values were calculated based on the inhibitory rate curves using the next

the equation:

Imax

ICso\"

1+ ()
Where | represent the percentage inhibition of viability observed, Imax is the maximal
inhibitory effect, ICs is the concentration that inhibits 50% of maximal growth, C is the
concentration of the treatment and n is the slope of the semi-logarithmic dose-response

sigmoidal curves (Figure E4.2).
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Figure E4.2. Curves constructed by plotting cell survival (%) versus drug concentration (uM) for the
calculation of ICso values.
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E4.3. Photo-toxicity testing

The phototoxic activity of the new Ir(I1l) complexes was determined against HelLa
cells (in Chapters 2, 3 and 4) and against A375 and 518.A2 (in Chapter 4). Briefly, at a
density of 5x103 cells/well were cultured under normoxic (21% O, 5% CO2) or hypoxic
(2% O, 5% CO3) conditions in a humidified incubator. After overnight incubation, the
tested compound was added in EBSS, and the cells were irradiated for 1 h (Amax = 420 nm,
7.7 + 3 mW/m?) or left in the dark. After the irradiation, cells were washed and incubated
in the normoxic or hypoxic conditions in a complete drug-free culture medium. The
viability of cells was determined 72 h after irradiation using standard MTT assay. The

Neutral red assay was also used in Chapter 4 for comparative purposes.
E4.4. Cellular accumulation

The cells were seeded on 100 mm tissue culture dishes (1.5 x 108 cells/dish in 8 mL of
growth medium). After 48 h of incubation, the cells were treated with tested compounds at
equimolar concentrations for 5 or 24 h. The attached cells were harvested by trypsinization,
and the cell pellets were washed twice with cold PBS. The pellets were digested by using
a microwave acid (HCI, 11 M) digestion system (MARS5, CEM) to give a fully
homogenized solution. Final iridium or platinum content in the samples was determined by
inductively coupled plasma mass spectrometry (ICP-MS).

In Chapter 7, cellular accumulation from iridium complexes (38 and 40) and from
iridium-containing nanocapsules (NPs-38 and NPs-40) was measured in HeLa cells. The
cells were seeded in 6-well plates at a density of 6 x10° cells/well in 1.8 mL of complete
growth medium and incubated for 48 h before treatment. Cells were then treated with 5 uM
of the iridium complexes or 2 mg/mL of the nanocapsules for 30 min. After trypsinization,
cells were counted and the pellets digested using Suprapur® nitric acid 30 % for 1 h. The
amount of iridium was determined using ICP-MS. Two independent measurements were

conducted (n=2 replicate).
E4.5. Cellular localization

HelLa, A375 or A2780 cells were seeded on 35 mm glass-bottom confocal culture
dishes at the density of 2 x10° cells/dish and incubated overnight. The next day, the cells
were treated with tested compounds (5 uM). After the 2 h incubation, cells were co-stained
with ER-TrackerTM (red, BODIPYTM TR glibenclamide) at the concentration of 1 uM
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and/or Mitotracker Green FM (0.1 uM) for 30 min. Then, cells were analyzed on confocal
laser-scanning microscope Leica TCS SP8 SMD. The complexes were excited at 405 nm.
Samples were scanned sequentially, and the emission parameters were carefully set to omit
possible fluorescence overlaps. Co-localization analysis was performed as described
previously?® using the Coloc2 plugin in ImageJ software. Briefly, the Pearson coefficient
of correlation (PCC) was measured for entire images by default, and the Costes regression

method for estimation of the threshold was used.
E4.6. Real-time cell electronic sensing

The Real-time Cell Analyzer (RTCA) equipment (XCELLigence RTCA SP
instrument, Roche) was calibrated for the background impedance with 100 pL of fresh
RPMI-1640 medium. A2780 cells and HelLa cells were added at the density of 8000 and
4000 cells/well, respectively, and incubated for 24 h at 37°C in a humidified 5% CO:
atmosphere. Subsequently, the cells were treated with 8 and 12. Cell-sensor impedance
called cell index is defined as (Rt— Ry)/15, where Rt is the impedance of the cells at defined
time points, and Ry, is the background impedance of the culture medium. Impedance was
monitored 5-minute sweeps for all the time during the experiment. Cell index was
normalized at the time of treatment (24 h). Each sample was plated on the E-plate as a
quadruplicate. The concentrations of treated compounds in the media used for treatment
were verified by FAAS.

E4.7. Effect on translation

HelLa cells were seeded in 6-w plates (5x10° cell/well) and grown for 24 h. The
medium was replaced with a fresh medium with the absence and/or presence of Ir(lll)
compounds (8 and 12) and the cells were incubated for 1 h. The medium was removed and
the cells were washed twice with PBS and incubated in the medium containing
[*®*S]methionine (5 puCi/sample) for 2 h. A negative control sample was incubated without
[**S]methionine. The medium was removed and the cells were washed with PBS thrice,
trypsinized, counted, and pelleted. Cell pellets were lysed in ice-cold RIPA buffer (1 mL/30
min). The lysates were cleared by centrifugation (15 000g/15 min). 40 pL of individual
lysates were transferred onto a 0.22 um filter and washed trice with 5% TFA. The samples

were analyzed using Scintillation analyzer Tri-Carb 2800TR.



206 Experimental Section

E4.8. Cell-death studies

Chapter 2. The cell death detection ELISA plus kit was used to determine the extent
of apoptosis and necrosis in cancer cells treated with 8 and 12. In this assay,
internucleosomal DNA fragmentation was quantitatively assayed by antibody-mediated
capture and detection of cytoplasmic mononucleosome- and oligonucleosome-associated
histone-DNA complexes. HelLa cells were treated with concentrations of complexes
corresponding to their I1Czo, 1Cso and 1Cgo determined after 72 h in these cells (0.36, 1.76,
and 4.68 uM for 8, and 7.6, 23, and 36 uM for 12). Then, the cells were centrifuged (300g,
10 min) and the experiment was performed as already described?® according to the

manufacturer’s protocol.

Chapter 3. The seven-stage electronic gating strategy was used to identify six different
populations of the cells undergoing cell death as described previously.®® HeLa cells were
seeded on 6-well plates at the density of 1.5 x 10° cells per well and incubated overnight.
Then, the cells were treated with the investigated compounds (10 uM) and incubated for 1
h in a humidified 5% CO, atmosphere. Cells were placed on a LZC-ICH2 photoreactor
from Luzchem (Canada) and irradiated with blue light (Amax = 420 nm, 77 = 3 W m2) for
another 1 h. Subsequently, cells at different stages of cell death were harvested and stained
with Annexin-V-FITC and TO-PRO®-3. Thirty thousand events were analyzed on the flow
cytometer (BD FACSVerse). The seven-stage electronic gating strategy was performed by
using FCS Express 6 (DeNovo software; Glendale, CA).

Chapters 5 and 6. The impact on cell death induction of the iridium complex on
A2780 cells was evaluated using the Annexin V/Propidium lodide labeling method. First,
3 x 10° A2780 cells were seeded and incubated 24 h (37 °C, 5% CO>) in complete medium
in flat-bottom 12-well plates and treated with the compounds at indicated concentrations.
After 24 h treatment, cells were trypsinized, centrifuged, and stained with a mixture of 5
ML Annexin V-FITC and 10 pL propidium iodide already diluted in binding buffer for 15
min at RT. Finally, cells were acquired at a total number of 10,000 cells on a FACS
CaliburTM flow cytometer. Data were analyzed using FlowingSoftware version 2.5.1. The
assay was performed in two independent experiences (n= 2 per replicate), yielding similar

results.
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E4.9. Intracellular reactive oxygen species (ROS) determination

Chapters 2, 3 and 6. Cells were seeded on 96-well black plates at a density of 1 x 10*
cells/well and incubated at 37 °C in a humidified 5% CO2 atmosphere overnight.
Subsequently, the cells were treated with tested compounds in EBSS at equimolar
concentrations (1, 5, 10, 20 uM) and held under cultivation conditions for 1 h. Then cells
were irradiated at 420 nm for 1 h or kept in the dark for this period. Afterward, intracellular
ROS were quantified using a method developed by Robinson et al..3*® Briefly, 10 uM of
2", 7" -dichlorodihydrofluorescein diacetate (DCFH-DA) was added to cells, and samples
were incubated for 30 min at 37 °C. After cell uptake, cellular esterases deacetylate DCFH-
DA, yielding a non-fluorescent compound and then, ROS oxidize DCFH-DA into 2’-
7’dichlorofluorescein (DCF), a fluorescent compound (Scheme E4.1). The fluorescence
intensity was evaluated by measuring the fluorescence (excitation/emission wavelengths:
504 nm/529 nm) using a fluorescence reader Synergy Mx (Biotek, USA). Three

independent experiments were performed.
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Scheme E4.1. Mechanism of DCFH-DA probe inside the cell.

Chapter 4. A375 cells were seeded on 6-well plates at a density of 2 x 10° cells per
well and were incubated (37°C, 5% CO>) overnight. Subsequently, cells were treated with
tested compounds in EBSS at equimolar concentrations (5, 10, and 20 uM) and irradiated
as described above. The cells were then washed with PBS, harvested by trypsinization, and
5uM CellROX®Deep Red reagent was added to the cells and incubated for 30 min at 37°C.
This dye penetrates the cell and is not fluorescent when in a reduced state, but presents a
red photostable fluorescence after oxidation ROS. Cells were washed with PBS, and the
fluorescence intensity (exc: 640nm, em: 660nm) was analyzed by flow cytometer. Data
were analyzed by using FCS Express 6. It was verified experimentally that the free

complexes (in cell-free media) do not contribute to the final fluorescence signal.
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E4.10. Characterization of reactive oxygen species

HeLa cells were seeded at the density of 1.5 x 10° cells per cm? on 6-well plates and
incubated overnight. For the determination of specific ROS generated in HeLa cells after
the treatment with compounds 21a—c, cells were pre-treated with selective ROS scavengers
and incubated for 1 h at 37 °C before the treatment with 10 uM of the investigated
compounds. We used 10 mM of sodium pyruvate for hydrogen peroxide (H20),3* 50 mM
of D-mannitol for hydroxyl radicals ((OH"),%3% 5 mM of tiron (4,5-dihydroxy-1,3-
benzenedisulfonic acid disodium salt monohydrate) for superoxide anions (02"),%*¢ 5 mM
of sodium azide to eliminated singlet oxygen (*02),%® and 50 uM of ebselen (2-phenyl-1,2-
benzisoselenazol-3(2H)-one) to prevent the generation of peroxynitrite anion species.**
The antioxidants remained throughout the experiment. After the pre-treatment with
selective ROS scavengers, the cells were treated for 2 h with 10 uM of 21a—c (1 h of
incubation in the dark followed by 1 h of irradiation with 420 nm; 77 + 3 W m™2). After
irradiation the cells were collected, stained by using CellRox® Oxidative stress Deep red
reagent and analyzed on a flow cytometer (BD FACSVerse). Data were analyzed by using
FCS Express 6.

E4.11. ROS detection in cells by confocal microscopy

Cells were seeded at a density of 1.5 x 10° cells per confocal 35 mm dish and incubated
overnight under normoxic (21% Oz, 5% CO>) or hypoxic (2% O, 5% CO2) conditions in
a humidified incubator. After that, cells were treated with compounds at appropriate
concentrations and incubated for 1 h in the dark. Subsequently, samples were irradiated
with 420 nm or kept in the dark for another 1 h. Cells were stained with 15 uM of
dihydroethidium (DHE, "O2 specific probe, Sigma) or with 5 uM of singlet oxygen sensor
green (SOSG, 10 specific probe, Thermo Fisher Scientific) for 15 min and then visualized
on a confocal microscope Leica TCS SP8 SMD. In Chapter 6, N-acetyl-cysteine (NAC)
was used at 5 mM for ROS scavenging as negative control whereas 21b (5 uM) was used
as a positive control for superoxide generation. Cells were analyzed by flow cytometry
(Fortessa X-20; 5-10° events/sample) using Ex515/Em630 parameters to obtain
fluorescence intensities that were normalized to untreated controls to calculate relative
superoxide levels.

We should observe a red fluorescence related to the oxidation of dihydroethidium to 2-

hydroxyethidium by superoxide anion radicals (Scheme E4.2A). Instead, the SOSG
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indicator initially exhibits weak blue fluorescence, but in the presence of singlet oxygen, it

emits a green fluorescence due to the formation of endoperoxide SOSG-EP (Scheme

E4.2B).
A
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Scheme E4.2. A) Oxidation of DHE to 2-hydroxyethidium by superoxide anion radicals. B) Formation
of green fluorescent endoperoxide by reaction of weak blue fluorescent SOSG with singlet oxygen.

E4.12. Mitochondrial membrane potential

The mitochondrial membrane potential was analyzed by using tetramethylrhodamine
ethyl ester (TMRE) that readily accumulates in active mitochondria due to a mitochondrial
relative negative charge. Damaged, depolarized, or inactive mitochondria decreased the
membrane potential and failed to sequester TMRE. HelLa cells were seeded at the density
of 1.5 x 10° cells per well and incubated overnight. Then, the cells were treated with 10,
20c and 21c (10 uM) or cisplatin and incubated for 5 h in a humidified 5% CO- atmosphere.
Then, the TMRE solution (100 nM) was applied to the cells and incubated for another 30
min at 37 °C. Thirty thousand single cells were analyzed on the flow cytometer followed

by data analysis in FCS Express 6.
E4.13. Analysis of the extracellular ATP release

A375 cells were seeded on the 96-well black plate (Corning) at the density of 2 x 10*
cells/well and incubated overnight. Cells were then treated with increasing concentration
of 29 (1, 5, 10 uM), doxorubicin (0.5 pM), or oxaliplatin (200 uM), irradiated (1 h, Amax =

420 nm, 77 £ 3W m2), or kept in the dark for 1 h. The samples were washed and incubated
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for 24 h in a drug-free medium. Cells were centrifuged (200 g, 5 min), and cell supernatants
were analyzed using ATP bioluminescence assay kit CLSIlI (Roche) according to

manufacturer instructions. Luminescence was measured on the SPARK reader (Tecan).
E4.14. Analysis of the extracellular HMGB1 release

A375 cells were seeded on the 96-well plates (TPP) at the density of 10* cells/well and
incubated for 48 h. The cells were then treated with the indicated concentration of 29,
doxorubicin or oxaliplatin, irradiated with blue light (1 h, Amax = 420 nm, 77 = 3 W m2),
washed, and incubated for 24 h in a drug-free medium. Cells were centrifuged (200 g, 5
min), and cell supernatants were analyzed using a colorimetric HMGB1 ELISA kit (IBL
International) according to the manufacturer‘s instructions. The absorbance of the resulting

product was determined by the SPARK reader (Tecan).
E4.15. Detection of calreticulin exposure by flow cytometry

Exposure of calreticulin was quantitatively analyzed by using flow cytometry. A375
cells were seeded on the 6-well plate at the density of 4 x 10° cells/well and incubated
overnight. The cells were then treated with the indicated concentration of 29, doxorubicin,
or oxaliplatin, and irradiated as described above. The treatment was followed by 20 h of
recovery in a drug-free medium. The cells were fixed with 4% formaldehyde and stained
with antiCALR-Alexa fluor 488 conjugate (Abcam) (24 h, 4°C). Before analysis on flow
cytometry, cells were co-stained with propidium iodide. Single cells (1x10*) were analyzed
and plotted on the histogram with a bi-exponential scale. Data were analyzed by using FCS

Express 6.
E4.16. Detection of calreticulin exposure by confocal microscopy

A375 cells were seeded on the 50 mm glass-bottom culture dishes at the density of 2
x 10° cells/dish and incubated overnight. Then the cells were treated with 29, doxorubicin,
or oxaliplatin at indicated concentrations and irradiated. The treatment was followed by 20
h of recovery in a drug-free medium. After that, the cells were fixed with 4% formaldehyde
and stained with antiCALR-Alexa fluor 488 conjugate (Abcam) (24 h, 4°C). Samples were

visualized on a confocal microscope Leica TCS SP8 SMD.



Experimental Section 211

E4.17. In vitro phagocytosis assay

CT26 murine fibroblasts were cultured in RPMI growth medium supplemented with
gentamycin (50 mgmL™) and 10% heat-inactivated FBS. CT26 cells were seeded in a 6-
well plate at the density of 2 x10° cells/well and incubated overnight. Cells were then
treated with 29, doxorubicin or oxaliplatin and irradiated (or kept in the dark) as described
above. After this procedure, CT26 cells were stained with Cell Tracker™ green CMFDA
(5 UM, 45 min, 37°C, Invitrogen). Moreover, J774.A1 macrophages were stained with Cell
Tracker™ red CMTPX (15 puM, 45 min, 37°C, Invitrogen). Both cells were washed and
co-incubated at the 1:5 (J774.A1:CT26) ratio for 3 h. After the incubation period, the cells
were harvested, washed, and fixed with 4% formaldehyde (10 min, RT). The samples were

analyzed by flow cytometry, and the data were evaluated by FCS Express 6.

E4.18. Isolation of Cancer Stem Cells and anti-CSCs activity

A375 cells were used as the primary culture for sorting of CSCs. These human
melanoma cancer cells were stained by CD20-APC antibody and subsequently incubated
with MACS® anti-APC microbeads. The stained cells were then sorted on a MACS
magnetic separator (Miltenyi, Biotec).

The viability of melanospheres was determined by CellTiter-Glo® 3D cell viability
assay. The A375CD20+ and A375CD20- cells were transferred to 96-well ultra-low
attachment plates (Corning, NY, USA) in tumorsphere medium (DMEM/F12 medium
supplemented with B27, hEGF (20 ngmL™), hFGF2 (10 ngmL™) and BSA (0.4 %) and
cultivated for 4 days to form melanospheres. The melanospheres were then treated with
increasing concentrations of 29 for 1 hour. After the incubation period, the cells were
irradiated for 1 h (Amax = 420 nm, 7.7 + 3 mW/m?) or left in the dark. Subsequently, the
spheroids were washed and cultured in a drug-free medium for 72 h. Finally, the Cell-Titer
Glo® 3D Reagent was added, the plates were shaken and incubated at room temperature
for 30 min. The viability of cells was evaluated by measuring the luminescence using a

fluorescence/luminescence reader Tecan SPARK.
E4.19. Penetration of 29 into A375 melanospheres

Monitoring Penetration of 29 into A375 melanospheres by Confocal Microscopy.
Unsorted A375 or A375CD20+ and A375CD20- cells were seeded on 24w plates under

ultra-low attachment conditions in tumorsphere formation medium and cultured for 96 h to
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form spheroids. The spheroids were subsequently treated with complex 29 (10 uM) for 2 h
or 24 h (dark). The spheroids were then harvested, washed with PBS, and fixed with 4%
paraformaldehyde. The fixed samples were stained with CD20 antibody conjugated with
APC (recombinant, Miltenyi Biotec). After washing with PBS, the samples were replaced
on 35 mm confocal dished and mounted with Prolong Diamond Mounting medium.

Samples were analyzed and visualized with a confocal microscope Leica TCS SP8 SMD.
E4.20. Metal accumulation in isolated DNA

HeLa cells were harvested at a density of 1 x 10° per well in a 6-well plate. After 24 h
incubation, cells were exposed to 5 uM of 34, 35 and cisplatin, and additional 2 h
incubation was allowed. For genomic DNA isolation, cells were lysed in DNAZzol reagent
(DNAZzol®, Merck) contained RNAse A (100 mg/mL). The DNA was precipitated by
adding 100% ethanol followed by twice washing with 75% ethanol and then solubilized in
8 mM NaOH. The DNA content was determined using UV spectrophotometry measuring
A260 (NanoDrop ND-1000 spectrophotometer) and the amount of platinum and iridium
was quantified by ICP-MS.

E4.21. Cell cycle arrest analysis

For cell cycle analysis, A2780 cells were harvested into a 12-well plate at 3 x 10° per
well and grown overnight in optimal condition. The following day cells were exposed to
compounds 34, 35 and cisplatin, at 1Cso value for 24 h. After trypsinization and centrifuge,
cells were fixed in cold 70% EtOH and stained with propidium iodide for 30 min in the
dark and analyzed with flow cytometry (Aexc = 488 nm and Aem = 530). All experiments

were performed in duplicate.

E5. IN VIVO STUDIES IN C. ELEGANS (Chapter 6, collaboration with Dr. Gandia-

Herrero)
E5.1. Caenorhabditis elegans strains and maintenance

The strains used in this work were obtained from the Caenorhabditis Genetic Center
(CGC, St Paul, MN, USA), supported by the National Institutes of Health - Office of
Research Infrastructure Programs (P40 ODO010440). Wild-type N2 and JK1466 (gld-
1(g485)/dpy-5(e61) unc-13(e51)) strains were used. The strains were maintained and
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synchronized following the published methods.***® Escherichia coli OP50 concentrated
10x in M9 buffer was used to feed all the strains except the JK1466. The JK1466 strain
was feed with the E. coli strain HT115 (DE3) with the homologous DNA sequence for the
gld-1 (T23G11.3) gene inside the vector L4440 (pPD129.36) was obtained from Source
BioScience (sourcebioscience.com) from the library “RNAi Library (Ahringer)” to assure

that all the worms had the tumoral phenotype following the published method.**
E5.2. Assimilation in vivo

Age synchronized L4 larvae of wild-type worms were feed with E. coli OP50 and
different concentrations of 37 (0.1, 1, 10 and 100 uM) in S basal medium for 48 hours at
20 °C. Then worms were washed with M9 buffer three and transferred to microscope slides
containing sodium azide (10 mM) as anesthetic for its visualization. Fluorescent images of
the animals were taken using the A filter cube of a Leica DM 2500 LED microscope fitted
with a Leica DFC550 camera (Leica Microsystems, Wetzlar, Germany) with the 10x lens.
The quantification of the 37 inside the worms was performed using ImageJ software.* The
images were split in RGB channels and only the red channel was used to measure the
luminescence of the compound inside the worms using the threshold tool of the software.
Two independent assays were performed with n > 10 and the significance of the obtained

results was estimated by ANOVA test.
E5.3. Antitumoral evaluation of 37 in the C. elegans tumoral strain JK1466

The evaluation of the antitumoral potential of the metal complex was performed as
published before using cisplatin as a positive control.** Briefly, JK1466 age synchronized
L1 larvae was treated with 37 at different concentrations (0.1, 1, 10 and 100 puM) in S basal
medium supplemented with previously induced E. coli HT115 gld-1 at 20 °C under orbital
shaking. DMSO (0.4 %) and water were used as negative controls and cisplatin (100 uM)
as positive control. At the four day of adulthood worms were washed in M9 buffer and
visualized under the bright-field microscope. Images of the tumoral gonads were taken at
40x and the size of the tumor was evaluated using the imageJ software. Two independent
assays were performed with n > 10 and the significance of the obtained results was

estimated by ANOVA test.
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E5.4. Toxicity evaluation of 37 in vivo

The effect of 37 on the C. elegans lifespan, both the tumoral strain, and the wild-type
strain was performed automatically using the lifespan machine*® following the
modifications of Guerrero-Rubio and coauthors.*® Age-synchronized L4 larvae (30-40
individuals) were transferred to analysis plates containing Nematode Growth Medium
(NGM) supplemented with 30 pg/mL of nystatin, 30 pg/mL of carbenicillin, FUdR (2’-
deoxy-5-fluorouridine) at 10 pg/mL and IPTG (Isopropyl B-D-1-thiogalactopyranoside)
was added to a final concentration of 1 mM to induce E. coli HT115 gld-1 bacterial cells
only when using the JK1466 strain. Different concentrations of the compound (0.1, 1, 10
and 100 uM) were added for the test plates or DMSO (0.4 %) for the control plates. The
plates for the wild-type assay were seeded with heat-inactivated E. coli OP50 and the plates
used for the JK1466 strain contained IPTG (1 mM) and were seeded with HT115 gld-1.
Two independent assays were performed, mathematical analysis of the obtained data was
performed using the online application for survival analysis OASIS 2,*” with the parameters

Kaplan-Meier estimator and Survival Time F-Test.
E5.5. ROS measurement in vivo

The effect of 37 in the production of reactive oxygen species (ROS) was evaluated
using DCFH-DA (2’,7’-dichlorodihydrofluorescein diacetate) fluorescent probe. Age
synchronized N2 young adults treated with the compound (100 uM), cisplatin (100 uM),
DMSO (0.4 %) or juglone (20 uM) for 48 hours in liquid medium at 20 °C were washed
with M9 buffer three times and stained with DCFH-DA (10 uM) in S medium at 37 °C for
one hour. Then the animals were washed twice with M9 to avoid background fluorescence,
mounted onto glass slides and visualized under fluorescent light using the filter cube 13.
The obtained images were analyzed using ImageJ software, the images were separated into
channels, and the measurement was performed in the green channel using the thresholding
tool. Two independent assays were performed with n > 10, and the significance of the

obtained results was estimated by the ANOVA test.
E5.6. In vivo superoxide levels measurement

The level of superoxide species generated by 37 was measured with DHE
(dihydroethidium) following the published protocol of Dues and coauthors*® with slight

modifications. Briefly, synchronized wild-type L1 larvae were treated with the metallic
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complex (100 uM), cisplatin (100 uM), DMSO (0.4 %) and paraquat (methyl viologen 200
M) for 72 hours at 20 °C. Then the animals were collected and washed three times with
PBS buffer and stained with 500 pL of a DHE solution (30 M in PBS) for one hour at 37
°C under orbital shaking. Following the staining procedure, the animals were visualized
under fluorescent light using the N2.1 filter cube and the 40x lens. The analysis of the
images was performed with ImageJ software using only the red channel. Two independent
assays were performed with n > 10 and the significance of the obtained results was

estimated by ANOVA test.
E5.7. Morphology. Acridine orange staining

Morphology of gonad cells was visualized using the in vivo stain acridine orange.*
Adult animals (4 days) were washed in M9 buffer and transferred to 5 mL of fresh M9
containing 100 pL of concentrated E. coli OP50 and 5 pg/mL of acridine orange and left
to stain for 1 hour at 20 °C under orbital shaking. After one hour, the animals were washed
with M9 three times and left in 5 mL of clean M9 for another hour to reduce the stain

accumulated in the digestive tube. Two independent assays were performed with n> 10.

E6. X-RAY CRYSTALLOGRAPHY

The diffraction data were collected in the University of Murcia’s crystallography
service and the resolution of the structure was carried out by Prof. Christoph Janiak in

Germany.

Chapter 2. Single crystals suitable for X-ray diffraction analysis were obtained for
complex 9 from CH.Cl./hexane and complex 10 from 1,2-C>H4Cl./hexane. A summary of
crystal data collection and refinement parameters for all compounds are given in Tables
S2.1-S2.6 in the Supporting Information. Crystals were mounted on glass fibers and
transferred to the cold gas stream of the diffractometer Bruker Smart APEX. Data were
recorded with Mo Ka radiation (A =0.71073 A) in ® scan mode. Absorption correction for
the compound was based on multi-scans. Both structures were solved by direct methods
(SHELXS-97%%); refinement was done by full-matrix least-squares on F2 using the
SHELXL-97 program suite;>® empirical (multi-scan) absorption correction with SADABS
(Bruker). All non-hydrogen positions were refined with anisotropic temperature factors.

Hydrogen atoms for aromatic CH, aliphatic CH2 and CHs groups were positioned
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geometrically (C—H = 0.95 A for aromatic CH, C—H = 0.99 A for CH,, C-H = 0.98 A for
CHB3) and refined using a riding model (AFIX 43 for aromatic CH, AFIX 23 for CH2, AFIX
137 for CHzs), with Uiso(H) = 1.2Ueq(CH, CH3) and Uiso(H) = 1.5Ueq(CHz). Graphics
were drawn with DIAMOND (Version 4) [DIAMOND 4 for Windows; Crystal Impact Gbr,
B, 2016, Germany, http://www.crystalimpact.com/diamond]. The structural data have been
deposited with the Cambridge Crystallographic Data Center (CCDC 1584720 (9) and
1584721 (10) contain the supplementary crystallographic data for this chapter).

Chapter 3. Suitable crystals 20b were grown from 1,2-C>H4Clz/hexane. Details of the
X-ray structure determinations and refinement parameters for the compound are given in
Tables S3.1-S3.3 in the Supporting Information. Crystals were mounted on glass fibers
and transferred to the cold gas stream of the diffractometer Bruker Smart APEX. Data were
recorded with Mo Ka radiation (A = 0.71073 A) in the ® scan mode. The structure was
solved by direct methods; refinement was done by full-matrix least-squares on F? using the
SHELXL program suite®® and empirical (multi-scan) absorption correction with SADABS
(Bruker). Graphics were drawn with DIAMOND [DIAMOND4 for Windows; Crystal

Impact Gbr, Bonn, Germany, 2016, http://www.crystalimpact. com/diamond].
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La finalidad de esta tesis doctoral ha sido la sintesis y caracterizacion de nuevos
complejos octaedricos de Ir(lll) y el estudio de su potencial como farmacos
anticancerigenos en terapia y fototerapia del cancer. Este trabajo consta de ocho capitulos
entre los que se incluye una introduccion general (capitulo 1) y las conclusiones finales
(capitulo 8). En los capitulos 2, 3, y 4, se ha realizado un estudio de relacion estructura-
actividad (SAR) de complejos catidnicos de Ir(lll), donde se han introducido
modificaciones tanto en los ligandos ciclometalados como en los ligandos auxiliares, para
estudiar el efecto sobre su actividad fotodinamica. En los siguientes capitulos se ha
estudiado el efecto sinérgico que puede tener el uso de dos metales en una misma molécula
(capitulo 5), la ventaja de utilizar modelos in vivo en la investigacion de un nuevo farmaco
(capitulo 6) y la necesidad de usar nanoparticulas para aumentar la acumulacion y
biocompatibilidad de complejos neutros de iridio (capitulo 7).

Este campo de investigacion es claramente multidisciplinar, por lo que los resultados
bioldgicos obtenidos tanto in vitro como in vivo, y la preparacion de nanoparticulas
cargadas con algunos complejos de iridio seleccionados, han requerido la colaboracién de
otros grupos de investigacidn con experiencia en estos campos, pertenecientes al Instituto
de Biofisica de Brno (Republica Checa), a la Universidad de Murcia (Departamento de
Bioquimica y Biologia Molecular) y a la Universidad de Barcelona (Departamento de

Quimica Organica).

CAPITULO 2

La actividad anticancerigena del farmaco en uso clinico cisplatino surge de la
capacidad de este complejo para generar aductos covalentes con el ADN nuclear, lo que
finalmente desencadena la muerte celular. Existen muchos metalofarmacos con este modo
de accidn tradicional, pero los principales efectos secundarios observados en los pacientes
sometidos a este tipo de quimioterapia, se deben entre otras causas a la falta de selectividad
de esta unién covalente. Este hecho ha provocado el desarrollo de farmacos con nuevos
mecanismos de accion.

La traduccidn es la actividad que mas energia consume dentro de las células. Debido
a las demandas metabolicas y a la alta proliferacion, las células cancerigenas requieren
tasas elevadas de sintesis de proteinas. Por tanto, dirigirse a este proceso de proteosintesis

directa o indirectamente, ya sea aumentando el estrés del reticulo endoplasmaético o
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interfiriendo con otras vias de estrés que detengan la traduccion, representa una estrategia
terapéutica emergente para la terapia contra el cancer.

Por otro lado, los complejos bis-ciclometalados de Ir(l111) han despertado un gran
interés como posibles agentes en terapia fotodinamica (PDT) debido a sus excelentes
propiedades fotofisicas modulables. Estos compuestos exhiben desplazamientos de Stokes
significativamente mayores que los agentes de PDT organicos, lo que reduce en gran
medida la interferencia entre la excitacion y la emision. Sorprendentemente, las
propiedades fotofisicas como la longitud de onda de absorcion, los rendimientos cuanticos
y los tiempos de vida media de emision pueden ajustarse modificando el ligando
ciclometalado y/o el ligando auxiliar para optimizar los requisitos de esta terapia. Ademas,
los complejos de Ir(111) también muestran una alta estabilidad quimica y fotoquimica, en
contraste con la rapida fotodegradacion de los derivados de porfirina utilizados en PDT.

En este capitulo, se han desarrollado una serie de complejos organometalicos
luminiscentes de iridio(111) (8-12) del tipo [Ir(C*N)2(N"N)][PFs] (Esquema 1), en los que
el ligando ciclometalado basado en benzimidazol se ha mantenido fijo, y el ligando de
auxiliar se ha variado {N”N = phen (2), dpq (3), dppz (4), dppn (5) y dppz-izdo (6)}, con
el objetivo de ajustar las propiedades fotofisicas y citotdxicas de este tipo de compuestos

prometedores.
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Esquema 1

Se ha observado que los complejos exhiben diferentes propiedades fotofisicas
dependiendo de la longitud y el grado de conjugacion « del ligando N”N; los complejos
con los ligandos mas largos (10, 11 y 12) muestran un efecto de extincion de la
luminiscencia en agua causado por agregacion. En cuanto al estudio de citotoxicidad, los
complejos menos lipofilicos 8 y 9 (con el nivel mas bajo de acumulacion celular) exhiben
las mayores toxicidades en las células cancerigenas de ovario, cuello uterino y mama

(A2780, HeLa y MCF-7 receptivamente) y son marcadamente mas eficientes que
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cisplatino. Por el contrario, las citotoxicidades de los complejos mas lipofilicos 11 y 12,
disminuyen considerablemente, indicando que la citotoxicidad de los compuestos no refleja
su acumulacion celular. Cabe destacar que los agentes investigados son capaces de superar
la resistencia adquirida e inherente al cisplatino (en las células A2780cisR y MCF-7,
respectivamente) y son mas selectivos hacia las células de cancer de mama que hacia las
células sanas. También se ha demostrado que los compuestos se dirigen preferentemente al
reticulo endoplasmico. Asi, los perfiles de respuesta celular dependientes del tiempo y las
estimaciones de la incorporacion de metionina-[*S] como medida de la actividad de
traduccion de las células en presencia de los complejos, sugieren que un posible mecanismo
de accion implica la inhibicion de la sintesis de proteinas. Ademas, se ha encontrado que
los complejos 8-12 inducen apoptosis de forma similar a otros metalofarmacos
antitumorales. Por otro lado, el estudio de citotoxicidad irradiando con luz azul (A = 420
nm) demuestra que el efecto toxico de todos los complejos en las células HelLa es capaz de
elevarse en mas de dos drdenes de magnitud. Esta fotopotenciacion se atribuye a un
marcado aumento (~ 10 a 30 veces) de las especies reactivas de oxigeno (ROS) en el interior
celular. Hasta donde sabemos, los complejos de Ir(lll) investigados en este estudio
representan los primeros compuestos de iridio que inducen la muerte de las células
tumorales mediante la inhibicion de la traduccion celular, y cuya actividad esta

marcadamente fotopotenciada.

CAPITULO 3

Como modalidad de tratamiento emergente, la PDT muestra varias ventajas: control
temporal y espacial de la fotoirradiacion en el sitio diana, minima invasividad, baja
toxicidad general en los 6rganos Y falta de resistencia inicial. Actualmente, la mayoria de
los farmacos desarrollados funcionan mediante un mecanismo de tipo Il, en el que el
farmaco (también Ilamado fotosensibilizador, PS) transfiere la energia del estado excitado
al oxigeno circundante para producir oxigeno singlete. Sin embargo, el microambiente
nativo en los tumores solidos es hipdéxico (0.02-2% O2) debido al rapido crecimiento
tumoral y al suministro insuficiente de oxigeno. Ademas, un consumo rapido de oxigeno
durante la terapia agrava aun mas la condicion hipoxica y restringe el efecto terapéutico.
Como resultado, el ambiente hipoxico parece ser una limitacion significativa de la PDT y

resolver este talon de Aquiles ha despertado un gran interés entre la comunidad cientifica.
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Entre las diferentes estrategias, el mecanismo de PDT tipo I, parece ser una forma de
superar la limitacion de la hipoxia: el hecho mismo de que se puedan generar diferentes
ROS (radicales hidroxilo, aniones superdxido, peroxido de hidrdgeno o radicales peroxilo)
y estos no se basen en un Gnico mecanismo de accion, dificulta que las células desarrollen
resistencia. Ademas, algunas de estas ROS, como los radicales superdxido, pueden ser
menos dependientes de O2 con reacciones de desproporcion o reacciones de Fenton/Haber-
Weiss que compensarian este consumo de oxigeno.

En este capitulo se han disefiado y sintetizado nueve complejos octaédricos de Ir(I11)
(Esquema 2) de formula general [Ir(C*N)2(dppz)][PFs] (dppz = dipirido [3,2-a: 2 ', 3'-c]
fenazina), con modificaciones en los ligandos ciclometalados como la incorporacién de un
heteroatomo de azufre o un aumento de la conjugacion m, para ajustar las propiedades

fotofisicas, la lipofilia, la eficacia de captacion celular y la actividad de fototerapia incluso

bajo hipoxia.
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Esquema 2

Se ha observado que el sustituyente en la unidad imidazol del ligando ciclometalado
juega un papel fundamental en las propiedades fotofisicas de los complejos y también en
su actividad antiprolferativa en células cancerigenas de cuello uterino humano, bajo
normoxia e hipoxia: los derivados metilicos (19b, 20b y 21b) son los més activos en la
oscuridad, mientras que los complejos con el grupo CH2CsHsCF3-p (10, 20c y 21¢) exhiben
una menor toxicidad en la oscuridad y un alto indice de fototoxicidad. Por otro lado, la
sustitucion en la posicion 2 del benzimidazol parece estar directamente relacionada con la
ubicacion en la célula: el complejo 21c que contiene azufre, se localiza principalmente en

la mitocondria, mientras que los complejos 2-aril-benzimidazol se localizan en el reticulo
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endoplasmatico. La generacion de ROS estudiada mediante ensayos de tincion con
dihidroetidio (DHE) y sensor de oxigeno singlete verde (SOSG) ha mostrado que la
generacion de radicales superdxido compite con la produccion de oxigeno singlete en las
células en normoxia, pero se vuelve dominante bajo hipoxia. La importancia del cambio de
mecanismo fotoquimico de tipo Il a tipo | por parte de los nuevos complejos de Ir(l11),
indica que podrian ser activos en todas las areas de un tumor solido, adaptando su
mecanismo de accion segln la concentracion de oxigeno, superando asi el talon de Aquiles
de la PDT.

CAPITULO 4

La recurrencia del cancer y la metéstasis se han relacionado estrechamente con la
existencia de células madre cancerigenas (CSC). Estas células son responsables de la
autorrenovacion y dan lugar a otras células mas diferenciadas que forman la mayor parte
del tumor, y hay pruebas contundentes de CSC en céanceres sélidos, como mama, cerebro,
colon, pancreas y melanoma. Las CSC son capaces de sobrevivir a la quimioterapia, la
radioterapia y el ataque inmunoldgico que desencadenan la recaida del tumor. La
investigacion actual sugiere que las estrategias inmunoterapéuticas dirigidas a las CSC
pueden mejorar la eficacia del tratamiento del cancer cuando se usan en combinacién con
terapias citotoxicas tradicionales. Por tanto, el desarrollo de nuevos agentes
inmunoquimioterapéuticos capaces de reducir la masa tumoral mediante mecanismos
citotoxicos y eliminar las CSC residuales mediante activacion inmunoldgica de forma
simultanea, mantiene la esperanza de mejorar la supervivencia y la calidad de vida de los
pacientes con cancer, incluidos los que se encuentran en la etapa metastasica de la
enfermedad. Uno de los enfoques mediante los cuales los quimioterapéuticos pueden
inducir una respuesta inmune dirigida al tumor es a través de la muerte celular
inmunogénica (ICD).

En los ultimos afos, se ha demostrado que la PDT puede inducir ICD en células
cancerigenas. Recientemente, algunos estudios preclinicos y clinicos han demostrado que,
ademas de su capacidad destructora de tumores, la PDT es capaz de realizar funciones
inmunomoduladoras. Esta fototerapia puede estimular las respuestas inmunitarias tanto

innatas como adaptativas, destruyendo células tumorales distantes no tratadas (en sitios
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primarios o metastasicos) y conduciendo al desarrollo de inmunidad antitumoral que puede
proteger contra la recurrencia del tumor.

En este capitulo se ha sintetizado y caracterizado cuatro complejos cationicos de Ir(111)
luminiscentes 26-29 (Esquema 3) para investigar el efecto de modificar el ligando auxiliar

en su actividad fototerapéutica.
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El ligando ciclometalado se ha elegido porque proporcioné una baja toxicidad en la
oscuridad y uno de los indices de fototoxicidad mas altos en los complejos del Capitulo 3.
La eleccion de los ligandos auxiliares se basa en un esqueleto comin de benzimidazol que
contiene uno o dos grupos NH en su estructura. De acuerdo con la bibliografia, estos grupos
generan una baja citotoxicidad de sus correspondientes complejos en la oscuridad, una
condicion crucial para el disefio ideal de un fotosensibilizador.

En medio libre de células, 26-29 pueden oxidar fotocataliticamente el NADH bajo
irradiacion de luz azul. Ademas, los nuevos complejos exhiben una toxicidad muy baja en
la oscuridad incluso a altas concentraciones (300 M) contra células humanas de melanoma
(A375 y 518.A2) y de adenocarcinoma de cuello uterino (HeLa). Todos los complejos,
excepto 27, muestran una alta fototoxicidad por irradiacién con luz azul en condiciones
normdxicas e hipoxicas, siendo 29 el mas activo de los complejos, con los indices de
fototoxicidad mas altos (46-100). Este complejo también presenta la mayor acumulacion

en células cancerigenas y la generacion de ROS fotoinducida mas elevada. Por otro lado,
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29 se acumula preferentemente en la mitocondria, aunque el estudio de co-localizacién con
ER-Tracker sugiere que este complejo también podria estar asociado parcialmente con el
reticulo endoplasmatico.

Asimismo, los datos presentados en este capitulo indican que el complejo 29 induce la
muerte celular inmunogénica en el melanoma en la misma medida que los inductores de
ICD conocidos (oxaliplatino y doxorrubicina), pero solo si las células se irradian con luz.
Por otro lado, 29 inhibe potencialmente el crecimiento de células madre de melanoma
después de la irradiacion con luz, siendo aproximadamente tan eficaz como el farmaco
especifico de CSC abamectina (en la oscuridad), pero presentando una notable mayor
selectividad hacia las CSC.

Hasta donde sabemos, 29 es el primer complejo de iridio que induce ICD en células de
melanoma y se dirige selectivamente a las CSC mediante irradiacion con luz azul. Por tanto,
este resultado representa un avance cientifico significativo en el campo de los agentes
guimioterapéuticos oncoldgicos con mecanismo de accién no convencional. EI complejo
29 es un prometedor candidato dirigido a CSC para fototerapia de inmunoestimulacion, que
podria suprimir los efectos secundarios con una activacion selectiva con luz y luchar contra

las resistencias adquiridas de canceres metastasicos como el melanoma.

CAPITULO 5

El descubrimiento del cisplatino y sus analogos marcé el comienzo del desarrollo de
farmacos antitumorales basados en metales. El cisplatino sigue siendo uno de los farmacos
mas utilizados en la actualidad, pero su eficacia esta limitada por su baja selectividad por
las células tumorales y por la resistencia adquirida o intrinseca que desarrollan algunos
tipos de cancer a él. Recientemente se han investigado diferentes enfoques para superar
esta resistencia: nanomateriales basados en platino, profarmacos de Pt(IV) y complejos
heteronucleares.

La combinacion de dos o mas metales de transicion mediante quimica de coordinacion
puede mejorar la actividad antitumoral de los metalofarmacos. Estos complejos
heterobimetalicos o multimetalicos pueden inducir efectos aditivos o incluso sinérgicos
utilizando dos o mas metales en una sola molécula. En contraste con el desarrollo de
complejos anticancerigenos mononucleares, los complejos metalicos dinucleares se han
estudiado menos. Sin embargo, estas especies bimetalicas pueden mejorar las propiedades
de los ménomeros como resultado de la modificacion de los ligandos puente, los dos
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centros metélicos o los ligandos ciclometalantes. El disefio de un nuevo complejo dinuclear
puede resultar dificil por los siguientes desafios: bajos rendimientos de produccion debido
a procesos sintéticos complicados, propiedades 6pticas deficientes con rendimientos
cuénticos de luminiscencia bajos causados por la gran contribucion de estados excitados
no radiativos de los ligandos puente, grandes pesos moleculares que pueden disminuir su
solubilidad en medios bioldgicos, etc. No obstante, se han logrado avances importantes en
este campo.

Dada la importancia del conocimiento del mecanismo de accion para el desarrollo de
farmacos metalicos méas efectivos, una adecuada seleccion de diferentes fragmentos
metalicos permitiria mejorar no solo la actividad terapéutica con efecto sinérgico sino
también incorporar caracteristicas clave como la trazabilidad. En este sentido, los
complejos bis-ciclometalados de Ir(I11) han demostrado ser unos excelentes candidatos para
Su Uso en teranostia.

Asi, inspirados por la necesidad de superar las desventajas de los farmacos de platino
actuales y en las excelentes propiedades fotofisicas de los complejos de iridio, en este
capitulo, se ha disefiado y sintetizado un nuevo complejo dinuclear de Ir(111)-Pt(1l)
(Esquema 4) para investigar su potencial como farmaco antitumoral. Este complejo
heterobimetalico presenta una fosforescencia roja intensa en agua otorgada por el
fragmento de Ir(111). Ademas, los estudios de estabilidad en disolucién e interaccion con
biomoléculas muestran la resistencia del ligando cloruro a reacciones de sustitucion e

hidrélisis.
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El estudio antiproliferativo ha revelado la capacidad citotdxica de 35 hacia células de
cancer de cuello uterino y ovario resistentes a cisplatino. Ademas, el complejo dinuclear es
mas selectivo hacia las células cancerigenas que cisplatino y el complejo precursor de Pt(11)
34. Otros estudios sobre la induccion de la muerte celular revelan que, a diferencia del
cisplatino, que induce apoptosis en células de A2780, el complejo dinuclear causa necrosis
después de 24 h. Esta induccion de muerte celular necrética podria ser una de las causas
responsables de vencer la resistencia a cisplatino.

Este estudio revela la capacidad sinérgica que puede tener el uso de diferentes metales
en una sola molécula para superar la resistencia a farmacos, y representa un paso mas en el
desarrollo de nuevos complejos heterodinucleares Ir-Pt con propiedades duales antitumoral

y luminiscente, un area que estéa actualmente poco desarrollada.

CAPITULO 6

Como ya se ha comentado anteriormente, las excelentes propiedades fotofisicas de los
complejos de Ir(111) han suscitado un creciente interés en el desarrollo de estos complejos
como sensores. Este hecho ha permitido estudios mas profundos del mecanismo de accién
dentro de las células o incluso dentro de organismos transparentes como el pez cebra.

Para el desarrollo de nuevos farmacos contra el cancer son cruciales los estudios con
modelos oncolégicos preclinicos, los cuales se han extendido significativamente en las
ultimas décadas. Dichos modelos permiten la demostracion de la eficacia in vivo, de su baja
toxicidad, junto con la confirmacién del mecanismo de accién y la diana principal del
farmaco candidato.

A pesar de su aparente simplicidad, el gusano nematodo Caenorhabditis elegans (C.
elegans) se ha convertido en un importante modelo animal ampliamente utilizado en la
investigacion biogquimica, farmacéutica y médica, principalmente en la caracterizacion de
nuevas dianas farmacoldgicas. Esto se debe a que este modelo animal tiene un organismo
completo (con sistemas digestivo, reproductivo y nervioso), y su transparencia también
permite la visualizacion de tejidos marcados con fluorescencia en cepas mutantes. Ademas,
la mayoria de los genes y las vias de las enfermedades humanas estan presentes en C.
elegans. Aunque el uso de mamiferos para estudios in vivo es comun, probar primero en
C. elegans supone una reduccion en el uso de mamiferos en la investigacion, de acuerdo

con los principios 3R (Reduccion, Refinamiento y Reemplazo) en pruebas con animales.
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Asi, el modelo tumoral de Caenorhabditis elegans desarrollado recientemente, ha sido
utilizado en este trabajo.

En este capitulo se ha sintetizado un nuevo complejo de iridio(I1l) (Esquema 5) del
tipo [Ir(C~N)2(N~N)][PFs] (37), que contiene un nuevo nucleo de 2-benzotiazol-il
benzimidazol con un grupo éster como ligando N*N. Este complejo posee una intensa
luminiscencia roja con un alto rendimiento cuantico en agua, lo que resulta conveniente
para la visualizacion del complejo in vivo.

In vivo model
C. elegans

+
| I

Iridium complex

Confocal microscopy image

Esquema 5

Los efectos potenciales de este farmaco se han evaluado in vitro e in vivo. El complejo
37 reduce el tamafio del tumor en el modelo tumoral de C. elegans en la misma medida que
cisplatino, siendo el complejo de iridio menos toxico para los animales. En las lineas
celulares de cancer de ovario, la citotoxicidad de 37 es mucho mas baja que la del
cisplatino, mientras que el factor de selectividad del compuesto es mayor. Curiosamente,
37 induce necrosis en lugar de apoptosis en las células A2780. Por otro lado, la medida de
aniones superoxido muestra niveles aumentados tanto en lineas celulares de ovario como
en C. elegans, lo que sugiere que estos radicales juegan un papel importante en el
mecanismo de accion de 37. Todo lo anterior indica que el mecanismo de accion
antitumoral del complejo evaluado in vitro se corresponde bastante bien con el estudio in
vivo, y por tanto muestra la prevalencia de la accion antitumoral del farmaco al pasar de
modelos in vitro bidimensionales al entorno in vivo. Este trabajo supone un paso adelante

en la investigacion de nuevos farmacos quimioterapéuticos con propiedades mejoradas.
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CAPITULO 7

Hasta la fecha, los complejos de Ir(I11) neutros son los materiales fosforescentes mas
estudiados debido a sus excelentes propiedades fotofisicas: tiempos de vida de emision de
microsegundos, que garantizan una alta eficiencia en los diodos emisores de luz organicos
fabricados (OLEDs); altos rendimientos cuanticos de emision; y color de emisién
modulable. Estos compuestos neutros fosforescentes se pueden dividir en dos categorias
principales: bis- y tris-ciclometalados.

Los complejos tris-ciclometalados de Ir(111) muestran isomeria geométrica fac-mer. De
los dos posibles isomeros, el isdmero fac se favorece termodinamicamente mientras que el
isomero mer es el favorecido cinéticamente. La menor estabilidad termodinamica del
isdmero meridional se debe principalmente al hecho de que dos &tomos de carbono (con un
fuerte efecto trans) de los ligandos ciclometalados estan mutuamente en una disposicién
trans. Esto ha provocado que en aplicaciones terapéuticas, el isomero fac se utilice
principalmente aunque, por lo general, se obtiene con menor rendimiento. La aplicacion de
estos compuestos neutros altamente luminiscentes en los sistemas vivos es limitada debido
a su falta de carga, lo que dificulta su entrada a la célula. Asi, las estructuras de los
complejos se han modificado con grupos que aumentan la solubilidad en agua, péptidos
cationicos o grupos sensibles al pH. Ademas, otra estrategia emergente es el uso de
nanoparticulas que puedan transportar los complejos al interior de las células.

En la terapia contra el cancer, las propiedades de las nanoparticulas (NP), incluido su
pequefio tamafio, gran superficie, perfiles favorables de liberacion de farmacos, solubilidad
en agua y modificaciones de direccion, pueden permitirles alcanzar mejor el tejido tumoral
diana y liberar farmacos de forma estable y controlada. Las NP pueden proteger las cargas
utiles de la degradacion y la liberacidén prematura, y pueden acumularse en el tumor vy, al
mismo tiempo, preservar las células sanas gracias al efecto de permeabilidad y retencion
mejorada (EPR). Este efecto aprovecha la arquitectura vascular atipica y un sistema de
drenaje linfatico deteriorado del tejido tumoral, resultando en la retencién eficiente en el
intersticio del tumor.

En este capitulo se han sintetizado cuatro complejos neutros de Ir(lll) tris-
ciclometalados (dos homoleépticos y dos heterolépticos) (Esquema 6). Todos los complejos
presentan una emision fosforescente verde muy alta tanto en diclorometano como en
DMSO. Sin embargo, los complejos de iridio no pueden penetrar al interior celular debido

a su falta de carga, como se ha demostrado por microscopia confocal. Por tanto, 38 y 40 se
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han encapsulado utilizando nanoparticulas hibridas poliuretano-poliurea para mejorar su
biocompatibilidad y acumulacion celular. La absorcion celular de los compuestos de Ir(111)
determinada por ICP-MS, muestra que el contenido de iridio dentro de las células
cancerigenas tratadas con NP-38 y NP-40 fue de 6 a 21 veces mayor que las tratadas con
los complejos libres. El estudio antiproliferativo confirma la accion citotdxica eficaz de
NP-38 y NP-40 contra células cancerigenas de cancer de cuello uterino (HelLa). Ademas,
los agentes cargados en las NP muestran una baja citotoxicidad en las células renales no
tumorigénicas BGM, lo que indica la capacidad de NP-38 y NP-40 para eliminar
preferentemente las células tumorales sobre las células normales. Esta incorporacion de
complejos de Ir(111) neutros en nanoparticulas podria ofrecer una mejora emocionante en
la administracion, focalizacion y captacion celular para una terapia méas segura y exitosa
del céncer de cuello uterino.

Homoleptic Heteroleptic Loaded-nanoparticles

[I(CAN)s] 38 [I(C"N)z(C*N)] 40

N o :J Ji ?1:‘“ ‘
A = \ . P
HCAN ©[N>—© [I(CAN)] 39 [I(CAN)(C N),] 41 Iridium complex
H

13a NP38 / NP40

Esquema 6

Esta Tesis Doctoral ha sido posible gracias a la financiacién de los siguientes programas
e instituciones:

e Ministerio de Economia y Competitividad de Espafia y FEDER (Proyecto
CTQ2015-64319-R).

e COST CM1105y red MetDrugs (CTQ2015-70371-REDT).

e Ministerio de Ciencia e Innovacién y fondos FEDER (Proyecto RTI12018-
096891-b-100).

e Red MultiMetDrugs (RED2018-102471-T).

e Fundacion Séneca-Region de Murcia (Proyecto 20857/P1/18).

e Contrato predoctoral FPU de la universidad de Murcia (R-1034/2016).









Supporting Information






Chapter 2

Effect of polypyridyl ligands on the anticancer

activity of phosphorescent
Ir(111) complexes under dark and light conditions







Supporting Information: Chapter 2 S5
Supporting Information: Chapter 2
Table of Contents
IH and®*C NMR spectra of new Ir(lll) compounds S7
Positive-ion ESI-MS of complex&s12. S13
HPLC chromatograms of Ir compounds in DMSO S14
X-Ray crystallographic analysis frand 10 Si4
UV/Vis absorption spectra of complexes S26
Emission spectra of Ir(lll) complexes in water (D¥ISO) S27
Emission decay kinetics of complexes in water S27
'H NMR spectral traces o8 and 12 at different concentration in S28
[De]DMSO and at different composition 0£0 in [Ds]DMSO
TEM images of the aggregates prepared fidnn water S29
HPLC chromatograms of Ir(lll) compounds in DMSO &idMI S29
References S30






Supporting Information: Chapter 2 S7

/
/

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 ppm
o o < ooy ©o| = o~ s <| | o~
=} | ~ |[co | |o =] | ™| |© —
o oo o || o| o ol|of |o o |« o
o~ Al — ol <] |y IS I LI o] —

T NV OEMNENVANT NN MOO
O® XADOVOINNND A= AN NN O D O T 0 @©
d OFVANUVNOMOOOMNONOS WO O™ A ©w
T ~
< 0 oo < ™ .
O NN — ©
o — <
[ P

/

| .
" }X ‘J) )‘ J /
' il byt W\{wwmMMMWJWMW»JWww.wwmwmwmm\wwww-mmwwwmw‘Mww Wiy

|

WWMMWM‘»JLWWMWW i WM‘M‘M”J

T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 ppm

Figure S2.1.1H and'3C NMR spectra 08 (400 MHz, [s]DMSO).




Supporting Information: Chapter 2

S8

ppm

(4494

CIT ¥

6TT"°C

€20°¢

L00"2

110°2

000°2

T67 8%

T70°21T
966" FTT
6LZ°8TT
¥29° €21
£06° 72T
LTS STT
989921
£¥6°92T
TELLZT
z8L" 821
0€Z°0€T —
099°06T — ——
TT0°T€ET
TGS TET
€81 bET
668 vET
Tr0°9€T
LZ876€T
£L970%T
02" TVT
TPL LYT
82€°0GT

18€°26T i aen

60C°vST

e/

AN

\

GGETPIT

U ,J

LJHI JLHL

L

150 140 130 120 110 100 90 80 70 60 ppm

160

Figure S2.2.1H and3C NMR spectra 09 (300 MHz, C3CN).



S9

Supporting Information: Chapter 2

ppm

8%6°1T

€E€8°€

66°T

021°2
G12°¢
T11°2

160°¢

POT" ¥

€60°¢

|

LY7 9

[

(44404

|

080°¢

656°T

000°2

IV 87—

SL6 TTIT

nwnom

—

o v Y
TN AHOONS OO T M
MMM MOONNNNNNN A
A A A A A A A A A A A A

TN NToNC)

IR RT)

oM
TAAMNAHO O OO
VOO S FEFTNOOM
A A A A A

8VL VET

o
fee}
~N
<
©
—

SSNTHT10 —

80

Figure S2.3.1H and3C NMR spectra 010 (400 MHz, CRCN).

90

100

50 ppm

60

70

160 150 140 130 120 110

170



Supporting Information: Chapter 2

S10

ppm

vL6°T

¥0T" ¥

680°¢

SIG ¥

_

TLE"T
182°¢
6L9°%

I65€°¢
L¥9°2
GEB ¥
—0€e"¢

621°C

§22°¢

¢e0°¢

2L0 2

000°2

GEG 8T

LPT 21T
P8I STT
6TE 8T
€69°€2T
900°52T
LL9°G2T
LGL"92T
096921
PLLTLZT
L88°8ZT
8T10°62T
LSZ 62T

LOV 62T o
869 0€T — =

260 161 —

968 T€T
LSV VET
LZ8FET
616 GET
LT 9€T
00G8°9€T
60€"6€T
TT16°6€T
P2 17T
TO0G TP T
0v6"1ST
Yk “2SL
GCE VST

T2yv 791

.

A N

IR Y T

50 ppm

150 140 130 120 110 100 90 80 70 60

160

Figure S2.4.1H and '3C NMR spectra ofll (CDsCN, 400 MHz and 300 MHz

respectively).



S11

Supporting Information: Chapter 2

ppm

0TI 2

2G0°¥

10T°¢

290°¢

¥90°¢

€667 87—
680°50T
POT ZTToN
960°STT
8eL €21
8%6°HZT
0L5° 52T
0TL 92T
bE6° 92T
¥86°92T
89L°LTT
850 87T
L8S"TET
oTL TET>
SOV YET—F
v@w.qMH“\m
qu.mMH\\\
TLE"9€T
$96°LET
G06°6€T
T€Z THT
moo.::\
Hmw.omﬂx\\
$29°2ST
€8b°€ST
ZI1° 96T
b P9T—

ST TN 11 1V

Ppm

160 150 140 130 120 110 100 90 80 70 60 50

170

Figure S2.5.1H and 13C NMR spectra of12 (CDsCN, 400 MHz and 300 MHz

respectively).



S12

Supporting Information: Chapter 2

ppm

% s &

I'4 . %

LLLJUMMM
\ ..

T T T T T \ T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5

Figure S2.6.NOESY 2D'H-'H NMR of 9 (CDsCN).

6.0

5.5

10.0
ppm

J“_A.,_JJL_JU JJ m U@L

% L 40
: - 60
3
i - 80
100
R —
_ T = —
_— _ 120
= — _— T
= 140
F 160
—
T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 ppm

Figure S2.7.HSQC 2D'H-*3C NMR of 11 (CDsCN).



Supporting Information: Chapter 2 S13

x10 6 [*ESI Scan (14.621-14.868 min, 22 scans) Frag=200.0V

1.2 *1075.2492

Complex 8

0.8
0.6
0.4
0.2

200 300 400 500 600 700 800 900 1000 1100 1200 1300
Counts vs. Mass-to-Charge (m/z)

x10 6 |+ESI Scan (14.929-15.141 min, 19 scans) Frag=200.0V
1 *1127.2638

Complex 9

0.8
0.6
0.4

0.2

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
Counts vs. Mass-to-Charge (m/z)

x10 6 |+ESI Scan (15.857-16.127 min, 24 scans) Frag=200.0V t
1.2 *1177.2761

Complex 10
0.8
0.6

0.4
0.2

200 300 400 500 600 700 800 900 1000 1100 1200 1300
Counts vs. Mass-to-Charge (m/z)

x10 5 +ESI Scan (16.300-16.888 min, 51 scans) Frag=200.0V
1227.2871

Complex 11

O = N W b o N

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
Counts vs. Mass-to-Charge (m/z)

x10 5 |+ESI Scan (17.022-17.269 min, 22 scans) Frag=220.0V
1233,2884

L Complex 12

0.8
0.6
0.4
0.2

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Counts vs. Mass-to-Charge (m/z)

Figure S2.8.Positive-ionESI-MS of complexe8-12



S14 Supporting Information: Chapter 2

100- 8 100+ 9
80- 80-
5 60 o 601
2 <
401 E 40
201 20-
0 e 0 J =
T T T T T T T T

0 5 10 15 20 0 5 10 15 20
Time (min) Time (min)
3001 10 150+ 11
200 100
2 2
1S 1S
1004 50+
C T a— T T T C l.L T T T
0 5 10 15 20 0 5 10 15 20
Time (min) Time (min)
150+ 12
1004
>
<
1S
50
R —
0 T T T T 1
0 5 10 15 20 25
Time (min)
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Table S2.1.Crystal data fo®

2(CseHaeFslrNsg)- 2(FsP)- Go.sHCI- 3(CH.CIy) zZ=1

Mr = 2841.43 F(000) = 1403

Triclinic, P~ 1 Dy =1.676 Mg ¥

a=12.9785 (11) A Mo Ka radiation A = 0.71073 A
b=13.2427 (11) A Cell parameters from 9171 reflections
c=18.6875 (16) A 0=2.2-28.3°

o = 86.168 (3)° §=2.65 mmt

B =80.313 (3)° T=100K

y=62.762 (3)° Block, orange

V=2814.8 (4) A 0.31 x 0.21 x 0.12 mm
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Table S2.2.Data collection fo®

Bruker D8 Quest CCD diffractometer 11326 reflections with > 20(1)
Radiation source: fine-focus sealed tube Rint = 0.047

wandg scans Bmax = 26.9°,0min = 2.0°
Absorption correction: multi-scais4DABS, Sheldrick, 1996) h=-16-16

Tmin = 0.514,Tmax = 0.746 k=-16-16

122280 measured reflections | =-23-23

12091 independent reflections

Table S2.3.Refinement data fd

Refinement orF? 0 restraints

Least-squares matrix: full Hydrogen site locatimrferred from neighbouring sites

R[F? > 20(F?)] = 0.032 H-atom parameters constrained

WR(F?) = 0.085 w = 1U[o%(F?) + (0.044P)2 + 9.2106°] whereP = (F;? +
2FA)/3

S=1.05 (Ao)max< 0.001

12091 reflections D)max=2.84e B

770 parameters Nmin=-1.29 e B

Table S2.4 Crystal data fod0

CeoHzgFslrNg- RsP- 2.375(GH4Cly) Z=2

M = 1557.16 F(000) = 1546

Triclinic, P~ 1 Dy = 1.578 Mg r#

a=11.4643 (18) A Mo Ka radiation = 0.71073 A

b=16.517 (3) A Cell parameters from 9653
reflections

c=17.657 (3) A 0 =2.4-28.0°

o =79.448 (5)° i = 2.34 mmt

B =85.642 (5)° T=100K

y=89.333 (5)° Block, orange

V=23277.4(10) A 0.24 x 0.14 x 0.07 mm

Table S2.5.Data collection fodO

Bruker D8 Quest CCD diffractometer 10168 reflecsiowith 1 >
2a(l)

Radiation source: fine-focus sealed tube Rint = 0.060

wandg scans Bmax = 25.2°,0min = 1.9°

Absorption correction: multi-scais4DABS, Sheldrick, 1996) h=-13-13

Tmin = 0621,Tmax =0.746 k =-19.19
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114715 measured reflections | =-21-21

11795 independent reflections

Table S2.6.Refinement data fat0

Refinement o2 O restraints

Least-squares matrix: full Hydrogen site locatimrfierred from neighbouring sites

R[F? > 20(F?)] = 0.058 H-atom parameters constrained

wWR(F?) = 0.160 w =  1cAFH + (0.082#)2 +
whereP = (Fo? + 2FP)/3

22.6999]

S=1.04
11795 reflectio

838 parameters

(A/O)max = 0.001

ns

DNmax=3.23e B
A)min = '200 e A3

Table S2.7.Selected bond lengths and bond angle$aid10

Compound
Bond lengths (A)

Bond angles (deg)

9
Ir—C44 = 2.020 (4)
Ir—C23 = 2.020 (3)
Ir—N5 = 2.039 (3)
Ir—N7 = 2.045 (3)
Ir—N1 =2.132 (3)
Ir—N4 = 2.133 (3)

C44—Ir—C23 = 92.69 (13)

C44—Ir—N5 = 94.74 (13)

C23—Ir—N5= 79.29 (13)

C44—Ir—N7 = 79.39 (13)
C23—Ir—N7 = 93.32 (13)
N5—Ir—N7 = 170.41 (11)

C44—Ir—N1 = 95.06 (12)
C23—Ir—N1= 171.45 (12)
N5—Ir—N1 = 96.44 (11)
N7—Ir—N1 = 91.66 (11)
C44—Ir—N4 = 172.57 (12)

C23—Ir—N4 = 94.69 (12)
N5—Ir—N4 = 87.40 (11)
N7—Ir—N4 = 99.38 (11)
N1—Ir—N4 = 77.62 (11)

10
Ir—C27= 2.006 (7)
Ir—C48 = 2.015 (8)
Ir—N5 = 2.042 (6)
Ir—N7= 2.049 (5)
Ir—N1 = 2.123 (6)
Ir—N4 = 2.134 (6)

C27—I—C48 = 91.0 (3)
C27—Ir—N5 = 80.1 (3)

C48—Ir—N5 = 95.0 (3)

C27—I—N7 =95.1 (2)

C48—I—N7 =79.7 (3)
N5—Ir—N7 = 172.9 (3)
C27—Ir—N1 =173.6 (3)

C48—Ir—N1 =94.9 (3)
N5—Ir—N1 = 96.8 (3)
N7—Ir—N1 = 88.4 (2)

C27—Ir—N4 = 96.4 (2)
C48—Ir—N4 = 172.0 (3)
N5—Ir—N4 = 89.1 (2)
N7—Ir—N4 = 96.7 (2)
N1—Ir—N4 = 77.8 (2)
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Figure S2.10.Molecular structure within the crystal 8f (a) showing the iridium cation,
the Pk anion and the three partially occupied methylemlerdde solvent molecules of
crystallization. All three CECl> molecules are not fully occupied; occupation fexteere
refined to about 0.9 (for C57-Cl1-CI2) and 0.6 (€&58-Cl4) and 0.5 (C59-CI5). After
occupation factor refinement they were kept fixeding the last refinement cycles. One
CHCI> sits on the inversion center and is half occupigtth the CH part (occupation
factor 0.25) split over two positions. Symmetryngtormation i = —x, 2-y, 1-z. (b) showing
only the iridium cation (50% thermal ellipsoids atbms with arbitrary radii).
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Table S2.8.C-H- - - F Hydrogen-bond geometry (A, °) ot

Analysis of Potential Hydrogen Bonds and Schemdb @({D...A) < R(D)+R(A)+0.50, d(H...A) <
R(H)+R(A)-0.12 Ang., D-H...A > 100.0 Deg

Note: - ARU codes in [] are with reference to theo@linates printed above (Possibly transformed rwhe
MOVE .NE. 1.555)

D--H..A [ ARU ] D-H
H...A D..A D-H..A
C(6) —-H(6) ..F(9) [ 2566.02] 0.95 2.37 2.937(5) 118
C(11) -H(11) ..F(8) [ 1555.02] 0.95 2.48 3.225(6) 136
C(17) -H(17) ..F(1) [ 2467.01] 0.95 2.40 3.176(5) 138
C(55) --H(55) ..F(9) [ 1545.02] 0.95 2.46 3.328(6) 152
C(55) --H(55) ..F(10) [ 1545.02] 0.95 2.50 3.381(5) 154
C(57) -H(57A) ..F(10) [ 1555.02]  0.99 2.46 3.283(6) 141
[ 2467.]=[ 2_467] =-1-x,1-y,2-Z
[ 2566.]=[ 2_566] =-x,1-y,1-z
[ 1545.] =[ 1_545] =x,-1+y,z

aD = Donor, A = Acceptor. For found and refined tdras the standard deviations are
given for their hydrogen bond distances and angles.

Significant intermolecular C-H-x-contacts start below around 2.7 A for the (C-
)H---ring centroid distances with H-perp also stgrat below 2.6-2.7 A and C-H--Cg >
145°1

¢

IEG(D[CH---CQ]

d[c...(;g];b: I/+; d[H-- -Cqg]
i,'y.-«— dH-- 0]

/ Y /
Cg

Scheme S2.1Graphical presentation of the parameters usetthéodescription of CH-
Ttinteractions.
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Table S2.9.Analysis of intermolecular C-H...Cg(Pi-Ring) Intetians (H..Cg < 3.0
Ang. - Gamma < 30.0 Deg)

- Cg(J) = Center of gravity of ring J (Plane n@mnhbove)

- H-Perp = Perpendicular distance of H to ringhpld

- Gamma = Angle between Cg-H vector and ringrinab

- C-H..Cg = C-H-Cg angle (degrees)

- C..Cg = Distance of X to Cg (Angstrom)

- C-H, Pi = Angle of the X-H bond with the Pi-plafiee.' Perpendicular = 90 degrees, Parallel = 0
degrees)

C--H(l) Cg(d) [ ARU@)] g H-Perp Gamma C-H..Cg C..Cg
C-H,Pi

C(28)-H(28B) Cg(11) [ 2557.01] 2.94 2.78 2. 107  3.368(4) 36

C(30)-H(30) Cg(15) [ 2557.01] 2.98 2.90 13.44 153 3.852(4) 56

[ 2557] = -X,-Y,2-Z

The Cg(l) refer to the Ring Centre-of-Gravity numggiven in
Cg(11) = Ring C22-C23-C24-C25-C26-C27

Cg(15) = Ring C50-C51-C52-C53-C54-C55

[ 2557] =-X,-Y,2-Z

Figure S2.11 Intermolecular C-H- & interactions ir@ indicated as dashed orange lines.
Symmetry transformation: v = -X, -Y, 2-Z



S20 Supporting Information: Chapter 2

dal cal) plane P(l)
YOS
diCa() PO — B> \ d[Cg(l) -P)]
d[Ca(l)"-Cga(I)]

Cg(J)
plane P(J)

Scheme S2.ZGraphical presentation of the parameters usedh&déscription ofe- 1t
stacking?3

Table S2.10. Analysis of possible intermoleculart interactions in9 with short
centroid-centroid contacts (<4.0 A).

Analysis of Short Ring-Interactions with Cg-Cg Ristes < 6.0 Angstrom and Beta < 60.0 Deg.

- Cg(l) =Plane number | (= ring number in (pab)

- Alpha = Dihedral Angle between Planes | aribdg)

-Beta = Angle Cg(l)-->Cg(J) or Cg(l)-->Me vectand normal to plane | (Deg)

- Gamma = Angle Cg(l)-->Cg(J) vector and nortogblane J (Deg)

- Cg-Cg = Distance between ring Centroids (Ang.)

- Cgl_Perp = Perpendicular distance of Cg(l) og dr{Ang.)

- CgJ_Perp = Perpendicular distance of Cg(J) anlr{\ng.)

- Slippage = Distance between Cg(l) and Perperatidiojection of Cg(J) on Ring | (Ang).

Cg() Cg(d) [ ARU(J)] Cg-Cg Alpha Beta Gavm  Cgl_Perp
CgJ_Perp Slippage

Cg(7) -Cg(15) [ 1465.01] 3.719(2) 11.0(2) 312 19.8 3.4991(16)
3.6335(17) 0.795

Cg(15) --Cg(7) [ 1645.01] 3.719(2) 11.0(2) 9.81 12.3 3.6336(17)

3.4991(16) 1.261

[ 1465] = -1+X, 1+Y, Z
[ 1645] = 1+X, -1+Y, Z

The Cg(l) refer to the Ring Centre-of-Gravity numbers given in
Cg(7) = Ring N2-N3-NC5-C6-C7-C8
Cg(15) = Ring C50-C51-C52-C53-C54-C55
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Figure S2.12 reminteraction in the packing & in the crystal, indicated as dashed black
line. Symmetry transformations to other moleculs:x, 1+Y, Z.
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Figure S2.13.Molecular structure within the crystal d0 (a) showing the iridium cation,
the Pk anion and the three 1,2-dichloroethane solventeoudés of crystallization. The
C2H4Cl2 molecule with C61 and CI1 sits on a special positnd is not fully occupied;
occupation factors were refined to about 0.75. rAdteupation factor refinement they were
kept fixed during the last refinement cycles. Syrmnegansformation i = —x, -y, —z+1. (b)
showing only the iridium cation (50% thermal ellygds for Ir and N, 30% for C and F, H
atoms with arbitrary radii).
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Table S2.11.C-H---F and C-H- - - F Hydrogen-bond geometry (A9r°10.2

Analysis of Potential Hydrogen Bonds and Schemdb @{D...A) < R(D)+R(A)+0.50, d(H...A) <
R(H)+R(A)-0.12 Ang., D-H...A > 100.0 Deg

Note: - ARU codes in [] are with reference to theo@linates printed above (Possibly transformed rwhe
MOVE .NE. 1.555)

D--H...A [ ARU ] D-H H...A D...A DH..A

C(3) --H(3) ..F(8) [ 1655.02] 0.95 2.50 3.301(13) 142
C(7) --H(7) ..CI(4B) [ 2666.03] 0.95 2.76 3.56(2) 142
C(35) --H(35) ..F(4) [ 1545.01] 0.95 2.45 3.192(14) 135
C(42) -H(42) ..F(10) [ 1555.02] 0.95 2.53 3.453(9) 164
C(63) --H(63B) ..F(10) [ 2566.02] 0.99 2.55 3.323(12) 135
i=[ 1655.]=[ 1_655]=1+x,y,z

ii=[ 2666.]=[ 2_666]=1-x,1-y,1-z

iv=[ 1545]=[ 1_545]=X,-1+y,z

v=[ 2566.]=[ 2_566]=-x,1-y,1-z

aD = Donor, A = Acceptor. For found and refined tdras the standard deviations are
given for their hydrogen bond distances and angles.

Significant intermolecular C-H--contacts start below around 2.7 A for the (C-

YH- - -ring centroid distances with H-perp also BtgrScheme S1) at below 2.6-2.7 A and
C-H--Cg > 145%7

Table S2.12 Analysis of intermolecular C-H...Cg(Pi-Ring) Intetians (H..Cg < 3.0
Ang. - Gamma < 30.0 Deg) it

- Cg(J) = Center of gravity of ring J (Plane n@mnhbove)
- H-Perp = Perpendicular distance of H to ringpld

- Gamma = Angle between Cg-H vector and ringrinab
- C-H..Cg = C-H-Cg angle (degrees)

- C..Cg = Distance of X to Cg (Angstrom)

- C-H, Pi = Angle of the X-H bond with the Pi-plafiee.' Perpendicular = 90 degrees, Parallel = 0
degrees)

C--H(l) Cg(@J) [ ARU(QI)] H..Cg -Perp Gamma C-H..Cg C..Cg C-H,Pi
C(9)-H(9)-> Cg(11) [ 2656.01] 2.84 2.59 2394 164 3.758(18) 73
C(44)-H(44)-> Cg(6) [ 2666.01] 2.80 72. 9.12 138 3.560(8)57

Min or Max 2.580 2.750 35 164 3.237 73

vi=[ 2656] = 1-X,-Y,1-Z
iii = [ 2666] = 1-X,1-Y,1-Z

The Cg(l) refer to the Ring Centre-of-Gravity numgbgiven in
Cg(6) = Ring N1-C1-C2-C3-C4-C17
Cg(11) = Ring C19-C20-C21-C22-C23-C24
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Figure S2.14.Intermolecular C-H- - interactions irl0 indicated as dashed orange lines.
The two symmetry related cations are only partlgwdr for clarity. Details of these
hydrogen bonds including the symmetry transfornmegtiare given in Table 2 (Cg = ring
centroid).

In comparison, significant-stacking show rather short centroid-centroid cotst<3.8
A), near parallel ring planes (alpha < 10° to ~@®wen exactly 0° by symmetry), small
slip angles [§, y<25°) and vertical displacements (slippage <1.5vAjch translate into a
sizable overlap of the aryl-plane areas (Schemé&-$2)

Table S2.13. Analysis of possible intermolecular)r interactions inLO with short
centroid-centroid contacts (<4.0 A).

Analysis of Short Ring-Interactions with Cg-Cg Ristes < 6.0 Angstrom and Beta
< 60.0 Deg.

- Cg(l) = Plane number | (= ring number in (pab)

- Alpha = Dihedral Angle between Planes | aibdg)

-Beta = Angle Cg(l)-->Cg(J) or Cg(l)-->Me vectand normal to plane | (Deg)

- Gamma = Angle Cg(l)-->Cqg(J) vector and nortogblane J (Deg)

- Cg-Cg = Distance between ring Centroids (Ang.)

- Cgl_Perp = Perpendicular distance of Cg(l) og dr(Ang.)

- CgJ_Perp = Perpendicular distance of Cg(J) anlr{\ng.)

- Slippage = Distance between Cg(l) and Perpenalidelojection of Cg(J) on Ring |

(Ang).

Cg() Cg(d) [ ARU(J)] Cg-Cg Alpha Beta Gavm  Cgl_Perp
CgJ_Perp Slippage
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Cg(5)->Cg(14) [ 2666.01] 3.724(4) 0.3(4) 250 2438 3.381(3)
3.374(3) 1576

Cg(7)->Cg(7) [ 2656.01] 3.764(5) 0.0(4) 260 260 -  3.383(4)
3.383(4) 1.650

Cg(8)->Cg(10) [ 2656.01] 3.970(6) 3.9(5) 314 326 -  3.344(3)
3.390(5) 2.066

Cg(9)->Cg(10) [ 2656.01] 3.803(6) 3.1(5) 277 246 3.458(3)
3.367(5) 1.768

Cg(10)->Cg(8) [ 2656.01] 3.970(6) 3.9(5) 326 314 3.390(5)
3.344(3) 2.141

Cg(10)->Cg(9) [ 2656.01] 3.803(6) 3.1(5) 246 277 3.367(5)
3.458(3) 1.585

Cg(14)->Cg(5) [ 2666.01] 3.724(4) 0.3(4) 248 250 3.374(3)
3.381(3) 1560

Cg(14)->Cg(14) [ 2666.01] 3.863(4)  0.0(3) 29.0 29.0 3.380(3)

3.380(3) 1.870

Vi =[ 2656] = 1-X,-Y,1-Z
iii = [ 2666] = 1-X,1-Y,1-Z

(unique contacts are highlighted in yellow — reciprocal contacts are not highlighted)

The Cg(l) refer to the Ring Centre-of-Gravity numbers given in
Cg(5) = Ring N7-N8-C40-C45-C46

Cg(7) = Ring N2-N3-C5-C6-C11-C12

Cg(8) = Ring N4-C13-C14-C15-C16-C18

Cg(9) = Ring C4-C5-C12-C13-C17-C18

Cg(10) = Ring C6-C7-C8-C9-C10-C11

Cg(14) = Ring C40-C41-C42-C43-C44-C45
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Figure S2.15 UV/Vis absorption spectra comparison of complexed ligands in
acetonitrile. The ligand dppz-izdo was not solubléhis medium.
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Figure S2.17.Normalized emission spectra of comple8ed2in acetonitrile and Tris-
HCI buffer.
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Figure S3.13. Positive-ion ESI-MS of series
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Figure S3.15. HPLC chromatograms of seri#s2 and3 in DMSO.

Table S3.1. Crystal data foROb.

Cs4Hs3elrNg- 0.5(G 29Hs.56Cl3.29)- FsP- 2.18(GH4
Cly)

Z=2

Mr = 1454.95

F(000) = 1448

Triclinic, P 1

Dy = 1.595 Mg ?

a=14.2342 (14) A

Mo Ka radiation\ = 0.71073 A

b= 15.3701 (15) A

Cell parameters from 9790 reftect

c=15.5819 (15) A 6 =2.3-29.6°
a = 65.102 (3)° W= 2.56 mmt
B =83.431 (3)° T=100K

y=78.541 (3)°

Block, orange

V=3028.7 (5) A

0.29 x 0.20 x 0.13 mm

Table S3.2. Data collection fo20b.

Bruker D8 Quest CCD diffractometer

11041 reflections witt > 2o(1)

Radiation source: fine-focus sealed tube

Rint = 0.032

wand@ scans

emax: 25.6°,emin = 1.90

Absorption correction: multscarn

h=-17-17
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(SADABS; Sheldrick, 1996)
Tmin = 0.610,Tmax = 0746 k = -18—> 18
330048 measured reflections | =-18-18

11401 independent reflections

Table S3.3. Refinement data faz0b.

Refinement orf2 0 restraints

Least-squares matrix: full Hydrogen site location: inferred frg
neighbouring sites

R[F? > 20(F?)] = 0.0412 H-atom parameters constrained

WR[F? > 20(F?)] = 0.1123

R(F?) = 0.0424 W = 1/[o%(F?) + (0.060%)2 + 17.743P]

WR(F?) = 0.1133 whereP = (Fo* + 2F:)/3

S$=1.08 (A/O)max = 0.001

11401 reflections DNmax=3.24e B

774 parameters Dymin=-1.27e B

Figure S3.16. Molecular structure within the crystal 20b, (showing the iridium cation,
the Pk anion and three 1,2-dichloroethane solvent moéscuf crystallization. The
disordered hexane and site-sharingl4Cls molecule were not shown for clarity.
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Table S3.4 C-H- - - F Hydrogen-bond geometry (A, °) giib.2

Analysis of Potential Hydrogen Bonds and Schemeh d{D...A) < R(D)+R(A)+0.50, d(H...A) <
R(H)+R(A)-0.12 Ang., D-H...A > 100.0 Deg

Note: - ARU codes in [] are with reference to theo@linates printed above (Possibly transformed rwhe
MOVE .NE. 1.555)

D--H..A [ ARU] D-H H..A D..A DH..A
C(15) --H(15) ..F(3) [ 1556.03] 0.95  2.50 3.437(7) 167
C(22) --H(22) ..F(1) [ 2566.03] 0.95  2.50 3.280(8) 139
C(22) --H(22) ..F(3) [ 2566.03] 0.95  2.53 3.251(8) 133
C(41) --H(41) ..F(4) [ 2656.03] 0.95  2.38 3.228(8) 148
C(49) --H(49) ..F(4) [ 2556.03] 0.95  2.44 3.141(8) 130
C(54) --H(54C) ..F(2) [ 2656.03] 098  2.48 3.418(8) 161
C(55) --H(55A) ..F(5) [ 1555.03] 0.99  2.41 3.247(12) 141
C(55) --H(55A) ..F(6) [ 1555.03] 0.99 255 3.203(14) 124
C(56) --H(56B) ..F(6) [ 1555.03] 0.99  2.50 2.990(13) 110
C(57) --H(57B) ..F(3) [ 1655.03] 099  2.50 3.355(13) 145

[ 2566.]=[ 2_566]=-X, 1-y, 1-Z

[ 2656.]=[ 2_656] =1, -y, 1-Z

[ 2556.] =[ 2_556]=-X, -y, 1-z

[ 1556.]=[ 1_556]=x,y, 1+z

[ 1655.]=[ 1_655]=1+x,y,z

a D = Donor, A = Acceptor. For found and refined tdras the standard deviations are given for their
hydrogen bond distances and angles.

Table S3.5. Analysis ofintermolecular C-H...Cg(Pi-Ring) Interactions (H..Cg © &ng.
- Gamma < 30.0 Deg) i?0b (see Scheme S6 for explanation).

- Cg(J) = Center of gravity of ring J (Plane numaleove)

- H-Perp = Perpendicular distance of H to ringupld

- Gamma = Angle between Cg-H vector and ringrinab

- C-H..Cg = C-H-Cg angle (degrees)

- C..Cg = Distance of X to Cg (Angstrom)

- C-H, Pi = Angle of the X-H bond with the Pi-pla@ies.' Perpendicular = 90 degrees,
Parallel = 0 degrees)

C--H() Cg(@J) [ ARU(QI)] H..Cg -Perp Gamma C-H..Cg C..Cg C-H,Pi
C(9)-H(9) -> Cg(14) [ 2667.01] 2.83 2.75 13.39 155 3.710(7) 69
C(36)-H(36C) -> Cg(12) [ 2566.01] 277 .62 16.91 127 3.448(6) 52
C(39)-H(39) -> Cg(12) [ 2666.01] 2.85 52. 25.83 152 3.718(6)88
C(39)-H(39) -> Cg(13) [ 2666.01] 2.78 25 2261 156 3.670(7)89

[ 2667] = 1-X,1-Y,2-Z
[ 2566] = -X,1-Y,1-Z
[ 2666] = 1-X,1-Y,1-Z
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The Cg(l) refer to the Ring Centre-of-Gravity numgogiven in
Cg(12) = Ring C26-C27-C28-C29-C34-C35
Cg(13) = Ring C29-C30-C31-C32-C33-C34
Cg(14) = Ring C37-C38-C39-C40-C41-C42

Significant intermolecular C-H--contacts start below around 2.7 A for the (C-

)H---ring centroid distances with H-perp also stgrat below 2.6-2.7 A and C-H--Cg >
145°1

\</3 Z[CH---Cg]
(

d[C+~Cgl——1 Yk d[HCg]
| iy dH-1]
11
Y
Cg

Scheme S3.1. Graphical presentation of the parameters useth@®odescription of CH:-
interactions.

Table S3.6. Packing Analysis fo20b for possiblen—= interactions (see Scheme S7 for
explanation).

- Cg(l) =Plane number I (= ring number in () abp

- Alpha = Dihedral Angle between Planes | aiiD&g)

-Beta = Angle Cg(l)-->Cg(J) or Cg(l)-->Me vectardanormal to plane | (Deg)

- Gamma = Angle Cg(l)-->Cg(J) vector and norrogblane J (Deg)

- Cg-Cg = Distance between ring Centroids (Ang.)

- Cgl_Perp = Perpendicular distance of Cg(l) on dirfégng.)

- CgJ_Perp = Perpendicular distance of Cg(J) onlr{Agg.)

- Slippage = Distance between Cg(l) and Perpendi€uigjection of Cg(J) on Ring | (Ang).

Cg(l) Res(l) Cg(J) [ ARU(I)] Cg-Cg Alpha Beta Gamma Cgl_Perp  CgJ_Perp
slippage

Cg(8) [1]-> Cg(10) [ 2667.01] 3.796(3) 5)1(26.5 23.6 3.479(2) 3.398(3)
1.692

Cg(10) [ 1] -> Cg(8) [ 2667.01] 3.796(3) 5)(23.6 26.5 3.398(3) 3.479(2)
1517

Cg(10) [ 1] -> Cg(22) [ 2667.01] 3.898(3) 4y (25.3 30.0 3.375(2)
3.5224(14) 1.668

Cg(22) [ 1] -> Cg(10) [ 2667.01] 3.897(3) 4.)(30.0 25.3 3.5224(14) 3.375(2) 1.950

[ 2667] = 1-X,1-Y,2-Z

Cg8 = centroid of ring N4-C13-C14-C15-C16-C18

Cg10 = centroid of ring C6-C7-C8-C9-C10-C11

Cg22 = centroid of ring N4-C4-C5-C12-C13-C14-C15117-C18
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The PLATON-listing" Analysis of Short Ring-Interactions’ for possible n-stacking
interactions yielded mainly rather long centroid-centroid distes (>4.0 A) together with
non-parallel ring planes (alpha >> 0°) and large ahgles §, y >30°).

In comparison, significant-stacking show rather short centroid-centroid ccista
(<3.8 A), near parallel ring planes (alpha < 10%@5 or even exactly 0° by symmetry),
small slip anglesp( y <25°) and vertical displacements (slippage <1.5vAjch translate
into a sizable overlap of the aryl-plane aréas.

TeInteractions between pyridyl-type ligands for caripon®-°

da]

d[Cg(J)"-P(] ™ d[Cg()-PW)]

diCg()"-Ca(J)]
plane P(J)

Scheme S3.2. Graphical presentation of the parameters usedéodéscription of—= stacking?
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Figure S3.17. UV/Vis absorption spectra of complex&3a, 19b and 10 in acetonitrile
(blue) and water (1% DMSO) (red) at room temperatur



S52

Supporting Information: Chapter 3

20a 20b
120000 100000~
100000+ 800004
< 80000 E
c £ 60000~
2 60000- &
s s i
w  40000- - 40000
20000 20000
0 T T T ! I T T T T !
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)
20c
120000~
100000
<4 80000
5
< 60000
=3
w 40000
20000
C L} L} L} L} 1
300 400 500 600 700

Wavelength (nm)

Figure S3.18. UV/Vis absorption spectra of complex23a—c in acetonitrile (blue) and

water (1% DMSO) (red) at room temperature.
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Figure S3.19. UV/Vis absorption spectra of complex2ka—c in acetonitrile (blue) and

water (1% DMSO) (red) at room temperature.
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Table S3.7. UV/Vis absorption bands and extinction coeffi¢gefor 19a—21c in watef.

Compound Wavelength, nm (¢ average, M-lcm-l)

246 282 369 385 426

. (55540) (57550) (16240) (13100) (3850)
248 285 369 381 429

P (48230) (50020) (15970) (14440) (2930)
245 281 370 380 425

10 (54130) (61820) (18640) (17773) (4220)
247 288 342 385 432

20 (62220) (55779) (28407) (12790) (4500)
249 291 347 400 436

200 (74540) (64490) (32340) (9340) (4530)
247 294 345 380 436

e (65670) (67910) (42340) (20690) (5590)
286 369 380 429

21 (41550) (19020) (16830) (4790)
285 372 390 431

“ (49690) (20980) (16610) (3520)
284 375 385 428

#ie (50750) (20690) (18220) (4450)

21% DMSO
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Figure S3.20. Effect of substituent in the emission of Ir comm@sxin water (1%
DMSO), 10 LlM.)Lex(,: 420 nm.
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Figure S3.21. Fluorescence emission decay kinetics of setias water (1% DMSO).
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Figure S3.22. Fluorescence emission decay kinetics of s@riasvater (1% DMSO).
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Figure S3.23. Fluorescence emission decay kinetics of s&iasvater (1% DMSO).
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Figure S3.24. 'H NMR spectral traces dBb at different concentration in IDMSO (400
MHz, 298 K). Some proton signals of dppz ligand vghan upfield shift when the
concentration increases.
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Figure S3.25. 'H NMR spectral traces ol9b at different composition of fD in
[Dg]DMSO (1 x 10° M, 400 MHz, 298 K). The proton signals show anieigfshift when
the percentage of water increases from 0 to 508tcating the occurrence of aggregation.
The increase of the water content up to 70% gigdsr@ad signals that lead to the virtual
disappearance of spectra.
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Figure S3.26. Emission spectra o21b and 21c in aerated and deaerated water (1%
DMSO), 10uM. dex= 420 nm.
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Figure S3.27. pH-sensitive emission of complex&8a, 20a and 21a in buffer/DMSO
(99:1), 10 uMaexc= 420 nm.
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Figure S3.28. Representative overlaid histograms displaying theasurement of
mitochondrial membrane potential. HelLa cells wereated with the investigated
compounds (1@M) and incubated for 5 h in the dark. Panels: &ries1; 2 — Serie®; 3 —
Series 3; 4 — untreated control (black), cisplatin (gree@plors in panels 1-3: “a”
compounds — black color, “b” — red color, “c” — bleolor. Mitochondrial membrane
potential was determined by TMRE staining with fthgent analysis by flow cytometry.
Histograms are the representatives of two indep@neleperiments, expressed at the bi-
exponential scale.
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Figure S3.29. Representative histograms displaying determinatbROS in Hela cells
treated with2la-c, as determined by the flow cytometry. Cells were-ipcubated for 1 h
with specific ROS scavengers: D-mannitol (50 mM)diam azide (5 mM), sodium
pyruvate (10 mM), tiron (5 mM), and ebselen (@M). Cells were treated with the
investigated compounds (1), incubated for 1 h in the dark followed by 1lrntubation
under the irradiation with 420 nm or 2 h incubatiothe dark (samples marked as ,dark").
The controls were treated with an appropriate amofirDMSO. Scavengers remained
throughout the duration of the whole experimenttaDare the representatives of three
independent experiments expressed on the histogrétimbi-exponential scale.
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Figure S3.30. Flow cytometric analysis of HeLa cells treatedROS scavengers. Cells
were treated with D-mannitol (50 mM), sodium az{enM), sodium pyruvate (10 mM),
tiron (5mM) for 3h to check possible toxic effedfsindividual scavengers on the cells
demonstrated by the number of debris/particlehéensdample (top panels) or by cellular
granularity (bottom panels). Top panels: forwardtr area vs. forward scatter high;
bottom panels: forward scatter area vs. side scatba.
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Figure S4.5 'H NMR in [Dg]DMSO for 29 at 25°C, 70°C and cooled to 25°C again.
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Figure S4.6 COSY 2D*H-H NMR of complex28.
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Figure S4.9.HPLC chromatograms @&6-29in DMSO.
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Figure S4.10 UV/Vis absorption spectra 8f12in acetonitrile.
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Figure S4.13 A) UV/Vis absorption spectra and B) emission $fze®f 26-29 in
buffer/DMSO (99:1) at different pH. The excitatismavelength was 405 nm.
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Figure S4.14 UV/Vis spectra of complexe®6-29 showing the stability in RPMI cell
culture medium after 24h.
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Figure S4.15 Stability of NADH in the dark and under lightadiation (465 nm, 8.4
mW/cnr) after 30 min.
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Figure S4.16 UV/Vis spectra of NADH (100 puM) in presence ofmaexes (5 uM) in the
dark for 30 min.
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Figure S4.17 UV/Vis spectra of NADH (100 uM) in presence ofrqaexes (5 uM) under
465 nm blue light irradiation for 30 min.
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Table S4.1 LogP values of an iridium complex reported by oseasured using the “shake
flask” method and the HPLC-method designed by Kepg al.> at room temperature.

Method

Qo

Log P

Shake flask (ICP-MS) -

HPLC-based method

76.7

26+0.1

23+0.1

Q8" .
FRE°

®Results are expressed as the mean = SD from tvepartient experiments.
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Figure S4.18 Soczewinski—Snyder relationship #6-290f two independent experiments.
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Figure S4.19 Graphic representation of the 1Bgf the most lipophilic complexes found
by Keppleret al. and their corresponding valuesgaf

Table S4.2ICsovalues (M) obtained for melanoma and HelLa celemacer cells treated
with the investigated Ir complexes in the dark fterairradiation by visible light (1 Hymax
=420 nm, 7.7 + 3 mW/f) determined by Neutral Red assay in normoxic dioli

A375 518.A2 Hela
dark 420 nm dark 420 nm dark 420 nm
1 >50 16+2 >50 11.4+05 >50 203
2 >50 >50 >50 48 +2 >50 >50
3 >50 13.8+0.8 >50 8+1 >50 17+4
4 >50 59+0.1 >50 3.3+x02 >50 6.5%0.9

#Data represent the mean = SD from two independgrgranents, each made in triplicate

CALR high

CALR high

7 A)

- control

- 29 10uM
- 29 20uM &
- doxorubicin 0.5uM | ©

- oxaliplatin 200uM

10°
calreticulin FITC-A

Figure S4.20 Representative flow cytometry histograms of ecédr€liculin exposure for
A375 cells treated with the tested complexX&3; (loxorubicin, oxaliplatin) A) in the dark
B) after irradiation.

Table S4.3.Ecto-Calreticulin exposing population (%) obtainiedm flow cytometry
histograms.
DARK  IRRADIATED

control 16.8 16.6
295 uM 14.7 17.2
29 10 uM 9.9 27.9
29 20 uM 16.6 60.1
doxorubicin 0.5 pM 63.7 ND

oxaliplatin 200 pM 41.2 ND
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IRRADIATED

Figure S4.21. Immunofluorescence analysis of calreticulin expesiy confocal
microscopy. A375 cells were untreated (panels Ijeated withi29 (10 uM panels 2, 20
UM panels 3), doxorubicin (0,5uM — panels 4) orlptatin (200uM — panels 5) followed
by irradiation with blue light (420nm, 1 h) or kaptthe dark with subsequent incubation
for 22 h in the drug-free medium in the dark. ChelanA) Fluorescence signal from CRT-
Alexa fluor 488 conjugate. B) Bright field. C) Mer@f the fluorescence and bright field
channels.
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Figure S4.22.Phagocytosis assay CT26/J774.A1. Murine cancés €d126 (non-treated
or pretreated witl29, doxorubicin, or oxaliplatin) were stained withliTeackerTM green
CMFDA and co-incubated with pre-stained (CellTradkd red CMTPX) murine
macrophages J774.A1. The cell mixture was analpyeitbw cytometry. Double-stained
macrophages indicate phagocytosis.
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Figure S6.10.Confocal microscopy images of A2780 cells treatetd complex37 (5 uM)
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Figure S6.11.Representative flow cytometry histograms of RO&le in A2780 cells
after treatment with37 for 2 h at indicated concentration as measured2bhy-
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Table S6.1.1nvivo measurements of tumor size

C Tumor sD Reduction p valuevs
(UM) Area (Um?) ) (%) control
Control 39 14169.02 2613.06 0.00
CDDP 100 24 8149.27 1072.96 -42.49 <0.00001
DMSO (0.4 %) 20 13622.75 1287.38 0.00 0.099197
0.1 47 12193.85 2703.41 -10.49 <0.00001
1 21 9517.95 1558.20 -30.13 <0.00001
37 10 20 8794.06 1461.13 -35.45 <0.00001
100 42 8033.38 2067.55 -41.03 <0.00001
a Controlvs DMSO control
A B
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Figure S6.12.A) Mean lifespan of N2 animals treated with diffiet concentrations of the
iridium complex, B) Mean lifespan of JK1466 str&ieated with different concentrations
of 37. Data represented as mean lifespanzE.S, riffsigntly at p< 0.05 by Log Rank test.
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Figure S6.13.Representative images of wild-type animals, tckatgh A) juglone as
positive control (20 uM) or B) 100 uM of compleéd7. C) Quantification of the
fluorescence of the assays is shown, being datasepted as meantS.D, n > 15, two
independent experiments were performed, **signifigaat p< 0.05 by ANOVA test.

Scale bars 50 pm.
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Figure S7.6.'H NMR spectra of38 measured after dissolving immediately in
[De]DMSO (top) and after 3 days (bottom) at RT.
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Figure S7.7 'H NMR spectra of39 measured after dissolving immediately in
[De]DMSO (top) and after 3 days (bottom) at RT.

t=0h
e

t=3 days

o i Nz v .

Figure S7.8 'H NMR spectra of40 measured after dissolving immediately in
[De]DMSO (top) and after 3 days (bottom) at RT.
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Figure S7.9 Emission decay kinetics of complexes in dichloetimne and DMSO.

Table S7.1 Average patrticle size of NPs

NPs 22.48 £ 3.95
NPs-38 18.61 +0.39
NPs-40 18.45 +0.39
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Figure S7.10 Z-potential measurements under different pH dioons of non-loaded
NPs and38 and40 loaded NPs.

Table S7.2 Drug loading and EE parameters ifPs-38andNPs-4Q

[NPs] Drug Loading | Drug Loading, Encapsulation
(mg/mL) (DL, %) (HM) Efficiency (EE, %)
NPs 64.8+0.5 - - -
NPs-38 454 +3.1 0.36% 130.5+16.2 41.4%
NPs-40 64.8+£0.5 0.34% 206.2 +16.8 40.0%
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Figure S7.11 Emission decay kinetics of nanopatrticles in water

Table S7.3.Cytotoxicity [ICso mean values (mg/mL)] obtained for nanopatrticles in
HelLa cells?

HelLa BGM
2h 24 h 48 h 24h
NPs >30 >30 >30 >30
NPs-38 8.2+04 1.01 +0.07 0.62 £ 0.02 >30
NPs-38 15+2 1.12 + 0.06 0.92 +0.04 >30

aThe results are expressed as mean values + Shahtependent experimentde terms
>30 indicate that no Iég was reached up to that concentration.
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