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Para Noemi






“It's like in the great stories, Mr. Frodo. The ones that really mattered. Full of darkness and danger
they were. And sometimes you didn't want to know the end. Because how could the end be happy?
How could the world go back to the way it was when so much bad had happened? But in the end,
it’s only a passing thing, this shadow. Even darkness must pass. A new day will come. And when
the sun shines it will shine out the clearer. Those were the stories that stayed with you. That meant
something, even if you were too small to understand why. But I think, Mr. Frodo, | do understand.
I know now. Folk in those stories had lots of chances of turning back, only they didn’t. They kept
going because they were holding on to something. That there is some good in this world, and it's
worth fighting for.”

The Lord of the Rings: The Two Towers
-J.R.R. Tolkien
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RESUM

RESUM

Aquesta Tesi Doctoral esta centrada en la sintesi de compostos ciclometal-lats de plati
amb diferents modificacions estructurals dissenyades racionalment per dur a terme
aplicacions biologiques o optiques. Especificament, s’han sintetitzat compostos
ciclometal-lats tridentats [C,N,N’] i [N,C,N] que es diferencien en el seu estat d’oxidacio,
naturalesa del lligand ciclometal-lat, amb variacions en la rigidesa i I’aromaticitat, i amb
una varietat de lligands auxiliars. S’han utilitzat diferents metodologies sintétiques i s’ha
comprovat la correcta formacié dels compostos amb una gran varietat de tecniques com
I’espectroscopia RMN i infraroja, I’espectrometria de masses, 1’analisi elemental i la

difraccié de raigs-X de monocristall.

Quant a les aplicacions biologiques, s’han sintetitzat amb ¢xit diversos compostos amb
propietats anticancerigenes, obtenint algunes espécies amb eficacia elevada i amb
toxicitat minima que han estat estudiades a través d’assajos de viabilitat en cél-lules. A
més, diversos compostos dels que s’han sintetitzat van presentar una abséncia completa
de resisténcia entrecreuada i gracies a proves addicionals com la voltametria ciclica,
estudis de la interacci6 amb I’ADN i experiments de distribucié a les fases del cicle
cel-lular, s’ha observat que presenten mecanismes no analegs als dels farmacs clinicament

aprovats.

Quant a les aplicacions optiques, 1’afinacio de I’estructura dels compostos, especialment
en el lligand ciclometal-lat, ha estat clau per aconseguir compostos de plati(ll) amb una
fosforescencia eficient i amb diversos estats emissius. S’han determinat els rendiments
quantics i temps de vida d’emissi0 i els calculs DFT han permés un coneixement més
detallat dels estats excitats de les molécules. A més, la modificacio dels lligands auxiliars,
el dissolvent, la concentracio o la preséncia d’un catié metal-lic addicional, s’han utilitzat
com a estrategia per promoure un desplagament cap al vermell en I’emissio a través de la
formacié d’agregats 0 compostos heterometal-lics. Finalment, s’ha seleccionat un
compost per la preparacio de cel-les electroquimiques emissores de llum (LEECs)
obtenint nous resultats per un dispositiu dopat amb plati que sén competitius amb els
resultats descrits a la bibliografia per altres metalls i, dins del nostre coneixement, el

sistema de plati més eficient utilitzat per la seva aplicacié en LEECs.






ABSTRACT

ABSTRACT

This Doctoral Thesis is focused on the synthesis of cyclometallated platinum compounds
with different structural modifications rationally designed specifically for biological or
optical applications. Specifically, tridentate [C,N,N’] and [N,C,N] cyclometallated
compounds have been synthesised, differing in their oxidation state, the nature of the
cyclometallated ligand, with variations in the rigidity and aromaticity, and with a variety
of ancillary ligands. Several synthetic methodologies have been employed and the correct
formation of the compounds has been checked by a great variety of techniques such as
NMR and infrared spectroscopy, mass spectrometry elemental analysis and single crystal

X-ray diffraction.

Concerning biological applications, several compounds with anticancer properties have
been successfully synthesised, obtaining some species with a high efficacy and minimal
toxicity studied through cell viability assays. Additionally, several of the designed
compounds presented a complete absence of cross-resistance and thanks to additional
testing such as cyclic voltammetry, DNA interaction studies and cell-cycle phase
distribution experiments, it has been observed that they present mechanisms of action not

analogous to those of the clinically approved drugs.

Concerning optical applications, the tuning of the structure of the compounds, especially
in the cyclometallating ligands, has been key to achieve efficient phosphorescent
platinum(11) compounds with various emissive states. Both emission quantum yields and
lifetimes have been determined and DFT calculations have allowed a further
understanding of the molecules excited states. Additionally, modification of the ancillary
ligands, the solvent, the concentration or the presence of an additional metallic cation
have been used as a strategy to promote a red-shift in the emission through the formation
of aggregates or heterometallic compounds. Finally, one compound has been selected and
tested for the preparation of a Light-Emitting Electrochemical Cell (LEEC) obtaining
novel results for a platinum-doped device which are competitive with those reported in
the literature for other metals and, to the best of our knowledge, the most efficient

platinum system used for LEEC applications.
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ABBREVIATIONS

ABBREVIATIONS

AlE Aggregation induced emission

ATR Attenuated total reflectance

CT Charge transfer

CPCM Conductor-like Polarizable Continuum Model
CRC Colorectal cancer

CRPC Castration-resistant prostate cancer
CVv Cyclic voltammetry

d doublet

DCA Dichloroacetate

DCFH-DA Dichlorodihydrofluorescein diacetate
DFT Density functional theory

DMEM Dulbecco's modified eagle medium
DMF N,N-dimethyl formamide

DMSO Dimethyl sulfoxide

EDTA Ethylenediaminetetraacetic acid

EQE External quantum efficiency

ES Electrospray

ESA Excited state absorption

ET Energy transfer

FBS Fetal bovine serum

FT Fourier transform

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid
HOMO Highest occupied molecular orbital

IC Internal conversion

I1Cso Half-maximal inhibitory concentration
ILCT Intraligand charge transfer

IR Infrared



ABBREVIATIONS

ISC Intersystem crossing

ITO Indium tin oxide

LC Ligand-centred

LC/MSD-TOF Liquid Chromatography/Mass Selective Detector-Time of Flight
LEECs Light-emitting electrochemical cells

LL Ligand-to-ligand

LM Ligand-to-metal

LUMO Lowest unoccupied molecular orbital

m multiplet

MLCT Metal-to-ligand charge transfer

MMLCT Metal-to-metal-to-ligand charge transfer

MPR Multiplatinum resistance

MS-ESI* Mass Spectrometry-Positive Electrospray lonization

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NIR Near infrared

NMR Nuclear Magnetic Resonance

OLEDs Organic Light Emitting Diodes

OXD7 1,3-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl]benzene
PBS Phosphate Buffer Saline

PEDOT:PSS Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate

Pl Propidium iodide

PVK Poly(9-vinylcarbazole)

QY Quantum yield

RI Resistance index

ROS Reactive oxygen species

RPM Revolutions per minute

S singlet

SHE Standard hydrogen electrode

t triplet
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TA Transient absorption

TADF Thermally activated delayed fluorescence
TAE Tris-acetate-EDTA

TCSPC Time-correlated single photon counting
TD Time-dependant

TE Tris-EDTA

TFA Trifluoroacetate

THABF4 Tetrahexylammonium tetrafluoroborate
TMS Tetramethyl silane

UV-Vis Ultraviolet-visible
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Chapter 1: Introduction

1. Introduction

Platinum compounds have had a great impact in several areas of inorganic chemistry such
as coordination and organometallic chemistry, and in the establishment of reaction
mechanisms. Upon the discovery by Werner of the existence of cis and trans isomers of
[PtCI2(PPhs)2], the square-planar geometry of platinum(ll) compounds was elucidated
and lead to several mechanistic studies on substitution reactions and the trans effect.!
Regarding organometallic chemistry, the first compound containing an unsaturated
hydrocarbon attached to a metal was K[PtCls(C2H4)]-H20, known as Zeise’s salt.
Afterwards, the first c-bonded compounds containing a trimethylplatinum(IV) group
were reported by Pope and Peachey in 1907.2 Moreover, since the work from Shilov in
the early 1970s, platinum has played an important role in the study of C-H bond

activation.®
1.1. Cyclometallated platinum compounds

Cyclometallated compounds are one specific kind of organometallic compound that
present a platinum-carbon bond intramolecularly stabilized by one or several neutral
donor atoms. Both the carbon and the neutral donor atom or atoms are located in the same
ligand, which acts as polydentate thus forming a platinacycle where the metal is bound to
carbon through a covalent bond while the donor atoms present coordinate bonds. These
donor atoms can be either a sulphur, phosphorus, or oxygen but this work, as they are the
more commonly studied, is focused on compounds containing one or more nitrogen
atoms.*® As platinum compounds can present either a square-planar (platinum(il)) or
octahedral (platinum(IV)) geometry, the remaining positions are occupied by ancillary
ligands which can be of various natures.® Depending on the number and nature of the

ligands, cyclometallated platinum compounds can either be neutral or ionic.

The first reported examples of cyclometallated platinum compounds were obtained by
Cope and Friedrich in the 1960s.”® In 1988 Zelewsky and co-workers synthesised the first
bis-cyclometallated [C,N,C] platinum(ll) compounds.>*° It was not until 1999 when
Rourke and co-workers reported a versatile synthetic route to prepare this class of
compounds in a high yield.'*? Since then, a large amount of cyclometallated compounds

has been reported in the literature with a great range of different structures. -6
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Generally, they have resulted of interest in two main fields, in biochemistry as anticancer
agents but also for other bioorganometallic applications,!” and in the field of optical
materials as photophysical devices in organometallic light emitting diodes,**° for light
harvesting and energy transfer such as in photovoltaic cells®® or as active units in
sensors.>*Additionally, some have been used as gelators??, birefringents in liquid

crystalline materials?®2* or molecular or crystalline switches.?
1.1.1. Types of cyclometallated compounds

In general, there are five coordination patterns for platinum(ll) cyclometallated
compounds which differ in the type of cyclometallating ligand (bidentate, tridentate or
tetradentate) and the presence or absence of ancillary ligands which can be monodentate
or bidentate (Figure 1.1).2

The first type is the bidentate-monodentate-monodentate compounds (1) containing a
bidentate cyclometallating ligand and two monodentate ancillary ligands. Type 2
(bidentate-bidentate) contains two bidentate ligands with at least one cyclometallating
ligand. Although most of these compounds present a non-cyclometallating second ligand,

both homoleptic and heteroleptic bis-cyclometallated complexes are known.

X X
>Pt< >Pt/ Z—F|>t—Y < \pt/ > < \Pt/ >
Z L Z \L ||_ z/ \L z/ \L
N2 N
1 2 3 4 5

Figure 1.1. Types of cyclometallated platinum(Il) compounds. X, Y, Z, L = structural units
containing a donating atom, with at least one of them being the carbon donor in the
cyclometallating ligand.

Tridentate-monodentate compounds (3) present a tridentate cyclometallating ligand and
an ancillary monodentate ligand. Finally, types 4 and 5 are based on a single tetradentate
cyclometallating ligand, that can be either acyclic (tetradentate-open, 4) or cyclic

(tetradentate-closed, 5).

The work carried out along this Thesis is mainly based on tridentate cyclometallated

platinum(ll) compounds with nitrogen donor atoms and one monodentate ancillary
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ligand, therefore type 3 compounds. These compounds can display different structures
depending on the number and arrangement of the carbon and nitrogen atoms in the
cyclometallating ligands. The larger number of reported compounds contain one
platinum-carbon bond and two coordinative bonds with nitrogen atoms.*32"2 This results
in neutral compounds with an anionic monodentate ancillary ligand, which is the usual,
and in ionic compounds with neutral ancillary ligands. The position of the carbon atom

can give rise to [C,N,N] or [N,C,N] compounds (Figure 1.2).

In the case of [N,C,N] compounds, the cyclometallating ligand gives rise to the formation
of two metallacycles. This is in contrast with [C,N,N] compounds were a metallacycle
and a chelate ring are formed. Depending on the nature of the ligand, this chelate can be

more or less rigid and give rise to more or less planar compounds.

ARG NEh
| |

C—P|t—N
L L L
[C.N.N] [N,C,N] [C.N,C]

Figure 1.2. Types of cyclometallated tridentate platinum(l1) compounds with N as donor atoms.

Additionally, some [C,N,C] cyclometallated compounds have been reported although
they have been less studied and they usually present a neutral monodentate ancillary
ligand for the obtention of neutral compounds. Finally, [C,C,N] cyclometallated

compounds are extremely rare.?%%

Cyclometallated platinum(IVV) compounds, which usually arise from the oxidative
addition of halogens, hydrogen peroxide or alkyl halides that occurs in trans, present the
same equatorial plane as the starting platinum(ll) compounds with two ancillary ligands
in axial positions giving rise to an octahedral geometry.! However, in some cases, upon
similar sizes between the axial and the equatorial ancillary ligand, isomerisation can

occur.3?
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1.1.2. Cyclometallation reactions

Cyclometallation refers to the transition metal-mediated activation of a C-R bond to form
a metallacycle comprising a new metal-carbon ¢ bond. Among the literature, it is the
preferred method to obtain cyclometallated platinum compounds, although alternative
methods such as oxidative addition involving a C-X bond activation (X = F, Cl, Br, I,
OTf) have been reported. Less common preparation methods include transmetallation,
elimination, cycloaddition or hydrometallation reactions.®

This reaction consists of two consecutive steps. First, the metal centre is coordinated to
the cyclometallating ligand through one or more donor groups. Secondly, the C-R bond
is activated followed by the closing of the metallacycle, which needs to be assisted by the
donor heteroatom coordination (Scheme 1.1).3 By far, the largest portion of
cyclometallation reactions occurs through C-H bond activation, which can mainly
proceed through electrophilic activation or oxidative addition. This is highly depending
on the metal compound used as a metalating substrate.

*

C—N NM C—N NM
H ©2 coordination \ / H \Pt/ ©2
N
Me

* <\_> Me

cyclometallation

MEQN
"Nl
CH ~
\\ N
N Il
C

/ H
/Pt\
N

6-membered 5-membered

Scheme 1.1. Cyclometallation by C-H bond activation and formation of five-membered
metallacycles.®
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This is why, metallacycles have been successfully applied in traditional domains of
organic transformations and catalysis, such as the catalytic activation of C-H bonds in

unreactive alkanes®” or the stabilization of reactive intermediates.383°

Commonly, these reactions result in the formation of the more stable five-membered
metallacycles, usually by the activation of a C-H bond in the ortho position of an aromatic
ring (Scheme 1.1). It is known that if all the elements of a ring are carbon, the equilateral
pentagon easily forms in an almost planar stable structure without strain because the bond
angles of the tetrahedral structure are almost the same as the interior angles of the
equilateral pentagon. If the metal and coordination atom have similar bond angles to that
of carbon, the compound tends to easily form an almost planar structure, which is the case
for the square planar platinum(11).3* However, some examples of six-membered

platinacycles are also reported, but more uncommon.*

Additionally, if a C=N bond is present in the ligand, two different five-membered
metallacycles could in principle be obtained, one which contains the C=N bond (endo)
and one that does not (exo). It was observed that there is a strong tendency to form
endocyclic compounds, as the C=N bond can provide extra stability to the platinacycle.
However, this is considering that imines usually exist in the more stable E form, from
which both endo- and exo-cycles can be formed, while if the imine displays a Z

conformation only the obtention of exo-cycles is possible (Scheme 1.2). 4142
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N—CH,

<

\
H

E-conformation

Z-conformation

Y

H,C exo

\

N----Pt

Scheme 1.2. Possible conformations of the iminic ligands and resulting cyclometallated
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1.2 Biological activity

One of the main applications for cyclometallated platinum compounds is their use as
potential anticancer drugs. These compounds arise as an alternative to the conventional

platinum drugs whose development and properties are described below.
1.2.1. Platinum compounds as anticancer agents

Upon the demonstration in the 1960s that cisplatin was able to inhibit cellular division of
Escherichia coli bacteria,*® it was discovered subsequently that it was able to act as an
efficient antitumor agent in mouse models despite its simple structure.** Afterwards, it
was validated as an efficient anticancer drug in humans as well.*>*8 Therefore, in 1978 it
was approved by FDA for the treatment of metastatic ovarian and testicular cancer.*®
With its introduction, the survival outlook was significantly improved from a 10% cure
rate for testicular cancer up to a 90% with the use of this modern platinum

chemotherapy.

The mechanism of action of cisplatin depicted in Figure 1.3 was later elucidated and was
found to be based in the crosslinking of DNA and the inhibition of transcription.>! This
starts with the entrance of cisplatin in the cell where it undergoes aquation which results
in the loss of one or both chlorido ligands, giving rise to the formation of a platinum(ll)
aqua complex, a potent electrophile. Then, the resulting compound can readily react with
many biological molecules found in cell media with loss of the bound water molecules.
Specifically, the purine bases of nucleic acids that form DNA are strongly nucleophilic at
the N7 position. Therefore, the electrophilic aqua complex derived from cisplatin binds
easily to DNA, forming mainly bifunctional adducts, being the intrastrand 1,2-d(GpG)
the major one, accounting for a 60-65% of the bound platinum.*2%2 The resulting Pt-DNA
adducts can inhibit transcription as they bend and distort the DNA structure, which

ultimately leads to cell death.>>’
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Cisplatin

| Intrastrand Adduct I | Interstrand Crosslink (ICL) |

Figure 1.3. Cisplatin activation and DNA damage induction. The percentages represent the
frequency of each type of DNA damage induced by cisplatin. Adapted figure.®®

However, despite its great success in the treatment of testicular cancer, it was found to be
not as effective for other cancer types and to induce toxicity and thus a large number of
side effects.®®%° Additionally, it was observed that some cancers could be resistant to its
action, whose resistance could be intrinsic or acquired during prolonged treatment.51-62
This is why, for years, wide research has been devoted to find new platinum complexes
with antitumour activity to avoid these problems. Even though several thousands of
compounds have been prepared and tested, only two have been approved for clinical use
worldwide, with three additional ones approved for regional use in Asia. All these
compounds, displayed in Figure 1.4 operate with a similar mechanism of action than

cisplatin.53-5¢
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0O
H 0
H3N\ /Cl H3N\ /O N\ /O
/Pt\ /Pt\ /Pt\
HsN™  Cl HN~ O “N" 0
O 2
cisplatin carboplatin oxaliplatin
O
H3N\ /O NHZ/ O "y NH2/
/Pt\
HsN" O NHz NH2
nedaplatin lobaplatin heptaplatin

Figure 1.4. Chemical structures of the clinically used platinum anticancer drugs. Cisplatin,
carboplatin and oxaliplatin are approved for use worldwide. Nedaplatin, lobaplatin and
heptaplatin are approved for use in Japan, China, and Korea respectively.

These compounds generally present three types of ligands that can be strategically
modified to tune the final anticancer properties of the platinum complexes (Figure 1.5).
First, ligands L, referred as non-leaving groups, are typically nitrogen donors and are
retained in the final platinum-DNA adduct as they form thermodynamically stable bonds
with platinum. Therefore, the nature of these ligands will affect how the cellular repair
pathways respond to those adducts.®”®® This has been evidenced with oxaliplatin, which
contains a chelating 1,2-diaminocyclohexane ligand instead of the ammonia ligands from
cisplatin. This allows oxaliplatin to display a different spectrum of activity in cancer cell

lines and avoid the cisplatin cross-resistance.

R .
L = Non-leaving group
L////l \\\\\X
Pt X= Leaving group
v |V
L X o
R R = Axial ligands

Figure 1.5. Different ligands in platinum anticancer complexes.

Leaving group ligands (X), named as they are lost upon binding to DNA, can be modified
to alter the aquation dynamics and overall reaction stoichiometry of the platinum
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complexes. With the use of highly labile ligands, such as nitrate, complexes can react
very quickly which causes a greater toxicity as they can indiscriminately bind to off-target
biological nucleophiles.5®" Carboplatin, on the other hand, contains a relatively stable
chelating 1,1-cyclobutanedicarboxylato leaving group and upon comparison with
cisplatin, containing a much more labile chlorido, it can be administered at higher doses
as it displays a lower toxicity profile. However, they both present a similar spectrum of
activity because of the same ammino ligand as a non-leaving group and therefore, they
form the same kind of Pt-DNA adduct. Consequently, carboplatin is not able to display

cross-resistance to cisplatin. 172

Finally, the axial ligands (R), which are only present in platinum(I\VV) compounds, can be
dissociated upon the reduction of the complex to a platinum(ll) species under cellular
media. It has been proved that their nature is the responsible for the rate of reduction of
the final complexes and they additionally provide a point of installation for tumour
targeting moieties.”* Overall, the modification of any of the ligand types can alter the
water solubility and the lipophilicity of the final platinum complex, which can

significantly affect its ability to interact with or penetrate the cell.”

Specifically, platinum(IV) compounds have been given less attention, as they were not
studied in depth before due to their less effectiveness than cisplatin. However, recently
they have received a renewed interest based in the assumption that they can overcome
some of the problems associated with acquired resistance and severe side effects.’®78
This is because these octahedral complexes with a low spin tg® configuration are
considered inert towards substitution reactions and therefore are believed to be stable
outside the cell and activated by a two-electron reduction only when they reach the
inside.” The hypoxic environments of cancer cells, with a high concentration of reducing
agents, allow the intracellular reduction of these complexes to give the cytotoxic
platinum(l1) active compound.&%8! However, although some platinum(1V) compounds

have undergone clinical trials, none of them have been approved for clinical use yet.
1.2.2. Anticancer properties of cyclometallated platinum compounds

After years of research devoted to finding new platinum compounds with improved
anticancer properties regarding cisplatin, organometallic platinum compounds became
interesting candidates. Recent studies indicate that organometallic compounds are

promising anticancer agents despite the initial assumption that they would be unstable
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under physiological conditions.®?84 These compounds present the combined properties
of a metal centre and the organic ligands, with the presence of strong M-C bonds which
improve their stability and greatly influence the lability of the other present bonds. In
addition, they can be easily modified, and a wide range of C-donor ligands provides the

opportunity to perform a rational design and establish structure-activity relationships.®

Among them, cyclometallated platinum compounds have attracted a greater interest as
they are generally more stable than acyclic compounds, thus increasing their probability
to reach the cell unaltered avoiding the appearance of side effects. 18 Furthermore, the
presence of aromatic planar groups might favour intercalative binding to DNA through
non-covalent n-n stacking interactions, while the labile positions in the coordination
sphere of the metal favour covalent interaction to DNA as for cisplatin. The latter is

largely favoured by the higher lability of the ligands in trans to a o(Pt-C) bond.®’

A large number of cyclometallated platinum(ll) compounds containing bidentate [C,N]
or tridentate [C,N,N’] ligands have been screened against tumour cells and their
properties can be easily modulated by modifications in the substituents of the aromatic
rings of the cyclometallating moieties or by the use of different ancillary ligands. Some
examples are shown in Figure 1.6. Compound 1 is the most potent anticancer agent
among the [C,N,N’] reported compounds, exhibiting cytotoxic activity higher than
cisplatin both in vitro and in vivo assays and [C,N] compound 2 exhibits high cytotoxicity
toward cells that have acquired cisplatin resistance.8*% Fewer reports exist on the
anticancer properties of [N,C,N] cyclometallated platinum(I1) compounds although some
examples, such as compound 3 shown in Figure 1.6, have displayed interesting
antitumoral properties.®® Moreover, several of these compounds present luminescent
properties, making them potential luminescent probes for DNA in living cells and
allowing the tracking of their cellular uptake and distribution in the cell by fluorescence

microscopy.*0-%?
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Figure 1.6. Relevant examples of cyclometallated platinum(l1) compounds with anticancer
activity.

However, less attention has been focused in cyclometallated platinum(IVV) compounds,
that present the combined properties of the platinum(lV) centre and a cyclometallated
ligand. The few [C,N,N’] platinum(IV) compounds that have been reported recently
presented remarkable anticancer properties, with lower activity for bidentate [C,N]

derivatives. Thus, it could be a starting point in the research to find new alternatives as

anticancer drugs.%-%
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1.3. Optical properties

The other main application of cyclometallated platinum compounds is in the fabrication
of optical materials due to their interesting photophysical properties which are described

below.
1.3.1. Luminescent properties of platinum compounds

To understand the different photophysical properties of platinum compounds, it is
necessary to clarify some fundamental bases on this topic. Specifically, photophysics
researches the several electronic internal processes that occur after the absorption of light
by a molecule without leading to changes in its chemical structure. All these processes
are described in the Jablonski diagram, which illustrates the possible electronic and
vibrational transitions between the ground and excited states of any molecule (Figure
1.7).

: (
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Figure 1.7. Simplified Jablonski diagram illustrating the main photophysical processes.
Non-radiative transitions are drawn in orange.

For any molecule, absorption occurs when it receives a photon of light promoting the
excitation of one electron from the ground state (So) to a higher energy excited state (Sn).
This electron then relaxes through internal conversion (IC), which is a vibrational non-
radiative process, to the lowest excited state (S1). From there, this electron can undergo
several pathways to return to the ground state. The first one consists in the emission of a
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photon from the first singlet excited state (S1) to the ground state (So), which corresponds
to a radiative pathway called fluorescence. Since this transition is between two states with
a singlet multiplicity, it is spin allowed and therefore is a fast process that occurs in the
picoseconds to nanoseconds time scale. On the other hand, the electron can undergo
intersystem crossing to a triplet excited state (Tn), relax through internal conversion to the
first triplet excited state (T1) and then be followed by the emission of a photon to the
ground state (So). Since this transition is spin forbidden, this decay occurs at a much lower
time scale, from microseconds to seconds, and it is named phosphorescence. Finally, a
non-radiative vibronic relaxation mediated by the collisions of the molecules in the
surrounding environment can occur from either the singlet or the triplet excited states
resulting in the molecule not displaying any luminescence. Therefore, it is evidenced that
the challenges in the obtention of luminescent compounds rely in the favouring of the

radiative versus the non-radiative pathways.

Additionally, one of the areas of interest in the preparation of luminescent compounds is
the obtention of phosphorescence emission, which is more challenging as it requires an
intersystem crossing transition which is spin forbidden. One strategy to favour this
transition is by the introduction of a heavy atom in the chemical structure, which presents
a high spin orbit coupling constant due to relativistic effects allowing the S1 — Ti
transition. However, the emission from the singlet might compete with ISC, which can
result in one molecule displaying either fluorescence, phosphorescence, or both at the

same time (dual emission).

Therefore, the use of platinum, which is a heavy atom, results in a fast intersystem
crossing promoting this phosphorescent emission. Particularly, cyclometallated platinum
compounds have been widely studied for their application as phosphorescent materials as
they display more efficient emission regarding other platinum complexes.®” % This is
because they present a strong Pt-C bond, whose strong ligand field nature can induce a
large d-orbital splitting, raising the non-radiative d-d transition to a higher energy to avoid
competition with the emissive states which are usually identified as metal-to-ligand
charge transfer (MLCT), or a ligand centred (’LC) mixed state.®® The energy gap for
these transitions is between the d;? orbital of the platinum and the =* orbital of the ligand
(MLCT) or between the m and = * orbitals of the ligand (°LC).1%° Additionally, they are
geometrically rigid because of the nature of chelation, which is a major factor as

geometric distortion in the excited state would accelerate the non-radiative decay through
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vibrational transitions. The combination of both factors contributes to a high quantum
efficiency of the emission in these compounds, therefore making them excellent

candidates for the fabrication of efficient optical devices,'®101.102
1.3.2. Tuning of the luminescence

Research in the obtention of phosphorescent materials is mainly focused in improving the
emission quantum efficiency and tuning the colour of the emission. This is necessary for
the fabrication of efficient devices such as solar cells or OLEDs; or their use in other

applications such as photocatalysis or chemosensing among others.1%

Cyclometallated platinum compounds, which can accommodate bidentate, tridentate or
tetradentate chelating ligands and complementary ancillary ligands when required that
can be easily modified, allow a considerable flexibility in the design of a compound with
specific properties. The HOMO and LUMO levels of the ligands must be managed to
allow the participation of the platinum heavy atom in the emissive transition state, which

is crucial for promoting phosphorescence emission.?

For this, the photophysical properties of a large number of cyclometallated platinum(ll)
compounds have been reported allowing to establish some correlations between their
structure and their emissive character.141% Generally, it has been observed that upon
increase in the rigidity of the cyclometallating ligand (from bidentate, to tridentate or
tetradentate), an increase in the quantum efficiency of the emission is generally observed,
due to a reduction of the vibrational transitions. As expected, this is also seen upon

increasing aromaticity of the ligand.

Additionally, upon decrease of the emission energy, the quantum yield of the emission is
expected to decrease according to the energy gap law that favours the non-radiative
deactivation pathways. Therefore, one of the major challenges is to develop highly
efficient materials emitting in the red and near-infrared (NIR) region. This is of interest
for the fabrication of optical devices that emit in this region, but it is particularly
meaningful in in vivo biological sensing and imaging because the near-infrared region is
the optical window for biological systems in which their absorption is minimum

compared with the other areas of the visible region.106.17

Some changes in the energy gap, and thus in the emission colour, can be induced by the

use of either electron donating or electron withdrawing substituents in both the
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cyclometallating ligand or in the ancillary positions. However, this is not straight forward
as the change in the emission energy might not be accompanied with an increase in the

emission quantum yield.%’

For example, a series [N,C,N] cyclometallated platinum(ll) compounds were reported
which differ in the substituent in the 4- position (R) of the central phenyl ring. It was
observed that the introduction of electron-releasing aryl groups shifts the emission
increasingly to the red according to their electron-donating ability (Figure 1.8). DFT
calculations confirmed that the influence of the substituent is primarily on the HOMO,
and that the observed red shift with increasing electron-donating ability reflects an
increase in the HOMO level and a LUMO that remains essentially unchanged, as it is

localised predominantly on the pyridyl rings.%®
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Figure 1.8. Normalised emission spectra for [N,C,N] compounds at room temperature in
CH,Cl (hexc = 400 nm).Adapted figure.*’

The planar geometry of cyclometallated platinum(ll) compounds facilitates their
aggregation through the presence of intermolecular interactions, including n-n stacking

between the aromatic parts of the molecule.’® Metallophilic interactions can also be
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observed if the platinum atoms are at a distance no longer than the sum of their van der
Waals radii (3.5 A), specifically called platinophilic interactions. All these are sensitive
to both the solvent composition and the compound concentration, as well as the steric

hindrance and nature of both the cyclometallating and the ancillary ligands. 1!

According to Miskowski and co-workers, upon the presence of platinophilic interactions,
the axial 5d.? orbitals of two platinum(ll) atoms overlap to give bonding (ds) and
antibonding (do*) orbitals. This also happens with the = and n* orbitals localized in the
aromatic ligand upon the presence of n-n stacking interactions, which produce bonding
(o(m) and o(n*)) and antibonding (o*(x) and o*(n*)) orbitals. Consequently, do* — o(n
*) metal-to-metal-to-ligand charge transfer (MMLCT) transitions occur with a reduced
energy gap, giving rise to a red-shifted absorption and emission maxima (Figure 7.9).
112-114 Even if no metallophilic interactions are present, o*() — o(*) transitions because
of intermolecular n-m interactions also lead to electronic excited states of lower

energy. 100,115,116
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Figure 1.9. Proposed molecular orbital diagram illustrating d®-d® and z- @ interactions in
platinum(l1) compounds. Adapted figure.'%
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As a summary, the presence of these platinophilic or n-m contacts implies a raise in energy
in the ground state compared to that of the isolated molecules, therefore shifting the
emission to lower energies. However, it has to be considered that these interactions can
also be present in the excited state, resulting in lower-energy emissive excimeric
SMMLCT or 3n—n* excited states.!*”1'8 Furthermore, the packing of the monomers in
fixed assemblies contributes to the decrease of non-radiative processes by reducing
vibration which can lead to aggregation induced emission (AIE) enhancement

behaviours.!®
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1.4. Objectives of the present work

For several years, the Synthesis and Applications of Cyclometallated Compounds (CM)
group from Universitat de Barcelona has been devoted to the synthesis and mechanistic
studies of cyclometallated platinum(ll) and platinum(lV) compounds.t?>*22 More
recently, the group has successfully designed and evaluated the anticancer properties of
several of these compounds setting a base on the correlation between their biological
activity and their structural modifications.1:939%123 NMoreover, the Supra and
Nanostructured Systems (SuNS) from Universitat de Barcelona has developed an
extensive research in luminescent compounds and their application in optical devices,
specifically studying the photophysical properties of some cyclometallated platinum(ll)

compounds in collaboration with the CM group.t?*

Therefore, this Thesis follows up with this prior knowledge as a collaboration between
the two groups, with the aim to synthesise several cyclometallated platinum compounds
with different structural modifications rationally designed specifically for biological or
optical applications. This requires the use of different synthetic strategies to achieve the
final products and a wide use of characterisation techniques (*H and '°F NMR, mass
spectrometry, IR spectroscopy, elemental analysis, and X-ray diffraction), to evidence the

correct formation of the desired compounds.

For the biological applications, the specific objectives are to obtain efficient alternatives
to the clinically approved platinum anticancer drugs, minimizing their side effects and
attempting to overcome platinum resistance. On the other hand, for the optical
applications this research aims towards the obtention of luminescent compounds with an
optimized, red-shifted phosphorescence emission with the possibility to be applied in the
fabrication of optical devices.

The particular objectives of this Thesis are summarized below.

In Chapter 2, a large family of [C,N,N’] cyclometallated platinum(Il) and platinum(IV)
compounds will be prepared with the use of different synthetic methods from ligand 4-
FCsH4CH=N(CH?2)3sN(CHs3)2, previously known to give rise to luminescent compounds.
It will be aimed to establish a correlation between the nature of the ancillary ligands
(methyl or halido) and the oxidation state of the platinum with the resulting optical

properties of the final compounds.
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In Chapter 3, an analogous family of [C,N,N’] cyclometallated compounds will be
synthesised from ligand 4-FCeéH4CH=N(CHz2)2N(CHs)2 with a more rigid ethylene chain.
Following up on previous studies, these compounds along with some selected from
Chapter 2 will be studied to establish the effect of their nature (oxidation state, ancillary
ligands, and length of the aliphatic chain) in their anticancer activity, as well as their
differences in their luminescence properties and their ability to overcome platinum

resistance in different cancer cell lines.

In Chapter 4, the structure of compound [PtClz{(CH3)2N(CH2)sN=CH(4-FCsH3)}] (5a),
which gave the more promising results in Chapter 3, has been selected to introduce
hydroxido or carboxylato groups as axial ancillary ligands to prepare cyclometallated
platinum(IVV) compounds and attempt to enhance their anticancer activity through the
introduction of these groups. The biological properties of the new compounds will be
studied and compared with compound 5a and their reduction potentials will be
determined to establish their ability to reduce under cellular media and perform as pro-
drugs, all as a direct relation with the nature of the axial ligands (chlorido, hydroxido or

carboxylato).

In Chapter 5, upon selection of the structure [PtCI{(CH3)2N(CH2)2N=CH(4-FCsH3)}]
(4a) from Chapter 3 that gave rise to the most efficient luminescent properties, the
substitution of the chlorido for different alkynyl aromatic ligands will be performed to
evaluate their effect in the optical properties of the new compounds. An exhaustive
photophysical characterisation will be performed to understand the different radiative and
non-radiative pathways that govern the emission of these molecules along with testing

their ability to produce singlet oxygen (*O2).

In Chapter 6, two series of planar [N,C,N] cyclometallated platinum(ll) compounds
derived from 1,3-di(2-pyridinyl)benzene (L3) or 2,2°-(5-fluoro-1,3-phenylene)dipyridine
(L4) will be synthesised with an alkynyl chromophore moiety as an ancillary ligand. The
effect of both the cyclometallated moiety as well as the nature of the chromophore in the
photophysical properties and the ability of the compounds to establish intermolecular
interactions will be evaluated, aiming to achieve a red-shifted emission due to excimeric

excited states or aggregation.

In Chapter 7, the effect of the addition of silver(l) in the photophysical properties of the
compounds synthesised in Chapter 6 will be evaluated with the aim to induce a red-
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shifted emission without modifications in the environment. Upon selection of the best
results, two families of heterometallic platinum(ll)/silver(l) compounds will be
synthesised to evaluate the difference in their luminescent properties in comparison with
their  precursors.  Compound  [{2,6-(2-CsHaN)2-4-FCesH2}Pt(u-C=CPhen)Ag(u-
C=CPhen)Pt[{2,6-(2-CsHaN)2-4-FCesH2}] (12€) will be used for the preparation of Light-
emitting electrochemical cells (LEECs) and therefore to evaluate its possible application

in optical devices.
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2. Influence of the ancillary ligand and oxidation
state in the photophysical properties of

cyclometallated [C,N,N’] platinum compounds

2.1. Introduction

Cyclometallated platinum(II) compounds containing a tridentate [C,N,N’] ligand have
attracted a great interest thanks to their photophysical properties. These properties are
enhanced compared to [C,N] cyclometallated compounds, due to their higher rigidity
which favours luminescence over other non-radiative decay pathways. Additionally, they
benefit from a second N-donor atom that gives them higher stability.X* Moreover, several
studies carried out in different families of compounds reveal that their emission can be
tuned by structural modifications, such as the functionalization of the tridentate ligand as

well as the nature of the ancillary ligand.>”

However, in spite of the great number of cycloplatinated compounds for which the
luminescence properties have been studied so far, those containing aldimide or ketamide
ligands have been less explored.®1° The synthesis of these compounds can be carried out
through different methods although cyclometallation, which can undergo different
mechanisms, is the most commonly used. For all of them, the first step is the coordination
of the ligand as a bidentate [N,N’] ligand, for which is required to use a platinum(ll)
metallating agent that contains two labile ligands that could be replaced. Once the [N,N’]
coordination compound is formed, in order to form the Pt-C bond, a C-H activation has

to take place.!*?

This activation proceeds through different mechanisms depending on the type of
platinum(l1) complex used as a metallating agent. The first mechanism, shown in Scheme
2.1, is the oxidative addition of the C-H bond at the platinum(l1) centre, which implies its
oxidation to platinum(IV) and immediate reductive elimination to the initial oxidation

state.131°
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N N
pe. — > " P|t/ " > <N\Pt/ "
C—H ¢

Scheme 2.1. Oxidative addition mechanism for C-H activation.

The second mechanism is an electrophilic activation (Scheme 2.2), where the aromatic
carbon undergoes an electrophilic aromatic substitution of the H for the metal, giving rise
to the formation of the Pt-C bond. The presence of a base in this reaction is essential for
the removal of the protons that are generated.'®

D N > N\Pt/N
PN /Pt\ o PN
X X Y= X orB- Y Y -HY C X
C—H c—H

Scheme 2.2. Electrophilic substitution mechanism for C-H activation, X: Halogen, B: Base.

Another less common method to prepare these compounds is by a metathesis reaction,
widely used for other square planar complexes, which consists in the exchange of the

ancillary ligand of a cyclometallated platinum (1) compound.

On the other hand, the photophysical properties of analogous cyclometallated
platinum(IV) compounds have attracted less attention.’®2° For their preparation, the
oxidative addition of molecules like methyl iodide to a cyclometallated platinum(ll)
compounds has been extensively studied; which takes place through an Sn2 mechanism.
However, oxidative halogenation, which follows the same mechanism as for conventional

square planar complexes, is not as widely studied for these compounds.?

In the first step, a halogen molecule coordinates in an axial position. Depending on the
solvent used, a halide anion may be released, and a molecule of solvent can coordinate in
the free axial position to give a cationic complex. This is usually an intermediate to the
final compound, where the solvent molecule is substituted by the halide anion giving the

expected compound (Scheme 2.3).222
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®,0

N N
o L,(\t/ _ s \I/ _><\|/
I NS /|\ /|\

Scheme 2.3. Oxidative halogenation mechanism in platinum (I1) cyclometallated compounds
(Y: halogen, X: halogen or R).

In this chapter, a large family of [C,N,N’] cyclometallated platinum(II) and platinum(I'V)
compounds derived from ligand 4-FCsHsCH=N(CH2)3sN(CHz3)2 was synthesized through
the different processes mentioned above. The resulting compounds differ in the nature of
the ancillary ligand (methyl or halido) and the platinum oxidation state. This study should
allow us to evaluate the effect of these variables in the resulting luminescent properties
of the platinacycles. This ligand was selected for this chapter since, according to previous
results, it allows the formation of luminescent tridentate [C,N,N’] platinum(II)
compounds. It contains a fluoro substituent in para which has proven to lead to higher
quantum yields compared to it being in other positions.?* The presence of this fluorine
atom not only favours their photophysical properties, but also provides these compounds
with a higher stability, due to the strength of the C-F bond, and it results useful to

complete their characterisation by *F NMR spectroscopy.?®
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2.2. Results and Discussion

2.2.1. Synthesis and characterisation

Ligand 4-FCeH4CH=N(CH2)sN(CH?s)2 (L) was prepared as reported in the literature via
the condensation of 4-fluorobenzaldehyde and 3-dimethyl-1-propylamine in toluene, with
the consequent removal of the water released (Scheme 2.4). Characterisation by *H and
1%F NMR spectroscopy matched with the literature and showed the formation of only one
isomer. It is attributed to the more stable E configuration around the C=N bond.?

d e f h
CHO CHj c A N _~CHa
NN N N
+ HaN T _ > g | i
CHs toluene, 2h, rt a CH,4
F F
b

Scheme 2.4. Synthesis of ligand L1.

A series of tridentate [C,N,N’] cyclometallated platinum(Il) compounds that differ in the
ancillary ligand were synthesized with this imine as a cyclometallating ligand. The
synthesis of compound [PtCI{(CH3)2N(CH2)sN=CH(4-FCsH3)}] (1a) was carried out as
reported in the literature by using cis-[PtCl2(DMSQO):] as a metallating agent (Scheme
2.5). In this reaction, after the coordination of the imine as a bidentate [N,N’] ligand
substituting both DMSO molecules, the C-H bond activation occurs due to an
electrophilic substitution on the aromatic carbon with the consequent release of HCI.Y’
Therefore, the use of sodium acetate (CHsCOONa) as a base is essential to achieve the
final product, not only for the neutralization of the formed hydrochloric acid, but because
it can substitute one of the chloride ligands cis to the iminic nitrogen. The presence of the
acetate allows a CH®-NO-CH: intramolecular interaction that stabilises the iminic
positive carbon, which favours the intramolecular reaction for the C-H activation,
minimizing charge separation. To facilitate this charge transfer a donor solvent such as

methanol is more adequate to perform the cyclometallation.?®
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c d
° N\
N ~CH (1), CH3COONa
N N / P
| methanol, 72 h, reflux F /Pt\
CHj,
F 1a X=Cl / \ 9
f 1b X=Br Hs
1c X=|
em g
(1) CHs CH;COONa T
d N N h
=\ / AN
methanol, 4 h, reflux a Pt 3 methanol, 72 h, reflux
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X X
b
1b' X=Br
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Scheme 2.5. Synthesis of compounds 1a, 1b and 1c. (1) cis-[PtCl,(DMSQ),] (1a); cis-
[PtBr(DMSO0):] (1b); cis-[Ptl.(DMSO)] (1c).

The synthesis of compounds [PtBr{(CHs)2N(CH2)sN=CH(4-FC¢H3)}] (1b) and
[PtI{(CHs3)2N(CH2)sN=CH(4-FCsHz3)}] (1c) by the same method with the corresponding
cis-[PtX2(DMSO):] precursors was only successful in the obtention of compound 1c. For
compound 1b, it resulted in a mixture of the final compound and the non-cyclometallated
coordination compound [PtBr2{(CHs)2N(CH2)sN=CH(4-FCsH4)}] (1b’). Both this
compound and compound [Ptl2{(CH3s)2N(CH2)sN=CH(4-FCsHa4)}] (1¢’) can be isolated
from the reaction in the absence of sodium acetate, which prevents the C-H activation
from taking place (Scheme 2.5). Compound 1b was finally obtained in a pure form by

ligand exchange with KBr from compound 1a (Scheme 2.6).

d
b
‘ \N KBr \ e
4 - I
F /Pt\N methanol, 48 h, reflux E Z0N

N

/\ /\ g

H3C CH3 3

Scheme 2.6. Synthesis of compound 1b.

Compound [Pt(CHz){(CH3)2N(CH2)sN=CH(4-FCsH3)}] (1d) was prepared following the
reference method by direct cyclometallation of [Pt2(CHs)4{u-S(CHs)2}] with imine L1 in

refluxing toluene (Scheme 2.7).2* In this case, the C-H bond activation takes place through
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oxidative addition. Firstly, the imine substitutes the dimethyl sulphide bridge groups
acting as a bidentate [N, N’] ligand, obtaining both E and Z configurations around the
C=N bond. In the second step of the synthesis, this compound isomerizes into the
configuration where the C-H bond is closer to the aromatic ring, which is activated by the
oxidative addition to the metal. Then, a platinum(IV) intermediate is formed with the
immediate reductive elimination of methane to give the cyclometallated platinum(ll)

compound.?’

3 a HiC
i

c d
b \ e
Ny SO PL(CHa)-S(CH))] | w
(|:H toluene, 1 h, reflux F /Pt\N :
. AN
3 Hs

h
Scheme 2.7. Synthesis of compound 1d.

All platinum(11) compounds were characterised by *H and *°F NMR spectroscopy, mass
spectrometry and elemental analysis, matching the desired structures. For both [N,N’]
chelate compounds (1b’ and 1¢’) the iminic proton was coupled to platinum with the
expected coupling constant (3J(Pt-H) = 115.6 Hz). This value agrees with the imine ligand
having an E configuration, where the iminic proton (HY) is in trans to the platinum atom.
This later favours the intramolecular C-H bond activation pathway since it brings the aryl

close to the halido ligand.?*

Cyclometallated platinum(ll) compounds gave the expected fused [6,5,6-tricyclic]
systems. The aromatic region of the *H NMR spectra for these compounds is depicted in
Figure 2.1 The coupling constant of the iminic proton (HY) with the platinum atom in
compounds 1a, 1b and 1c (3J(Pt-H) = 135.8-143.7 Hz) matches those reported in the
literature for similar compounds. However, in compound 1d where the ancillary ligand is
a methyl instead of a halido, this coupling constant is significantly reduced to 62.8 Hz,
due to the higher trans influence of this group. The higher the trans influence of the
ancillary ligand, the stronger is its bond with platinum. Therefore, the Pt-N bond in trans
is weakened which lowers the coupling constant of the adjacent iminic proton (H%) with

platinum,?829

The proton adjacent to the metalated carbon (H?) is also coupled with platinum with

values around 40 Hz and its chemical shift is significantly dependant on the nature of the
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ancillary ligand. For compounds 1a, 1b and 1c containing a halido as an ancillary ligand,
it shifts downfield following the sequence CI (7.72 ppm) < Br (8.00 ppm) < I (8.45 ppm).
Although a decrease in the chemical shift of a nucleus with increasing atomic number of
the vicinal halogen is frequently observed, inverse halogen dependence can also be

observed, and it suggests a relationship with spin-orbit coupling.*

In compound 1d, the chemical shift of H? is lower than those of the halido ligands and,
additionally, the CHs ancillary ligand (6 = 0.81 ppm) is also coupled to platinum with a

coupling constant of 81.7 Hz.

d
b
1a A 2 1‘ |
N N N R, S
d
b
i| a |
ltf-wmwd'wﬂu'w ~ "I b, 1 FIII|
d
a b
1c I |'| I g.'tu
N P 1| W S N J ST
d
| a b
LI NV N |

—_——m————————
89 88 87 86 B5 B4 83 B2 81 80 = B - T A N TR - T I SN S | J0O 6% B8 67 66 65 64 63
f1 (ppm)

Figure 2.1. Aromatic region of the *H NMR spectra for compounds 1 in CDCls.

Cyclometallated  platinum(lV) compounds [Pt(CH3s)X2{(CH3)2N(CH2)sN=CH(4-
FCeH3)}] (2a, X = Cl; 2b, X = Br; 2c X =1 ) were synthesized by oxidative addition of
Cl2 (2a), Brz2 (2b) and I2 (2c¢) to the platinum(ll) compound 1d in acetone at room
temperature. For the addition of Clz, iodobenzene dichloride (PhICI2) was used as an
oxidant to avoid the use of chlorine gas. The proposed mechanism for the oxidative

addition of halogens in this type of compounds points to the formation of an octahedral

53



Chapter 2: Influence of the ancillary ligand and oxidation state in the...

platinum(1VV) compound where the new ligands are added in trans to each other (Scheme
2.8).21—23,31

c d
b

| \N | X\N e
% i 0N B
F N . F Pt i

H,C N acetone, 1 h, rt a H3c/| \N 2c¢ X=|
/\ X g
HsC  CHs H3C/ \CH3

Scheme 2.8. Synthesis of compounds 2a, 2b and 2c. (1) PhICI; (2a); Br (2b); 12 (2c).

However, further isomerization can take place after the reaction depending on the size
similarity of the ancillary ligands. For all compounds, only one isomer was observed by
'H NMR spectra. Compounds 2b and 2c, containing bromido and iodido ligands,
significantly bigger in size than the methyl group, stay in a trans configuration after the
reaction.2 However, compound 2a undergoes isomerization to finally give the cis isomer.
This is evidenced by the doubled signals of the N(CHz3)2 and the (CH2)s protons in the *H
NMR spectra, meaning that they become diastereotopic due to the formation of a new

chiral centre in the platinum(lV) atom.

This isomerization could arise from the exchange of a chlorido for a methyl ligand, as
depicted in path 1 from Scheme 2.9. Nevertheless, the higher strength of the Pt-C bond
suggests a more likely path in which the exchange takes place between a chlorido and the
dimethyl amino moiety (path 2, Scheme 2.9). This is in agreement with the mer to fac-
[C,N,N’] isomerization previously reported for similar cyclometallated platinum(IV)

compounds.t33
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Scheme 2.9. Possible isomerization paths for compound 2a. (1) CHs/Cl exchange; (2)
N(CHs5),/Cl exchange.

Cyclometallated platinum(1V) compounds [PtXs{(CHs)2N(CH2)sN=CH(4-FCsHs3)}] (3a,
X = Cl; 3b, X = Br; 3c X = 1) were synthesized following the same procedure from
compounds 2. In this case, the possibility of having different isomers is avoided by having
three identical ancillary ligands in all compounds. Therefore, they were all obtained as

the only single possible isomer (Scheme 2.10).

¢ d
b
| \N X\ e
/ (1) | | /N 3a X=Cl
. pf - pi »f  3bX=Br
x/ \N acetone, 1h,rt  F a X/| \N 3c X=|
/N X /N ¢
HsC  CHs H, Hy

h

Scheme 2.10. Synthesis of compounds 3a, 3b and 3c. (1) PhIClI; (3a); Br, (3b); I (3c).

Platinum(IV) compounds 2 and 3 were characterised by *H and °F NMR spectroscopy,
mass spectrometry and elemental analysis. Selected *H NMR data for these compounds
are collected in Table 2.1. The iminic proton (H) of all compounds is coupled to
platinum, with values of 44.6-47.2 Hz for compounds 2 and 91.2-95.7 Hz for compounds
3. These values are lower than those of the analogous platinum(ll) compounds due to the
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increase in the oxidation state, which implies a lower electronic density of the platinum
centre. The difference in values for families 2 and 3 is again due to the difference in the
trans influence of the ancillary ligands, with the same effect previously seen in

platinum(l1) compounds.

Table 2.1. Selected *H NMR data for platinum(IV) compounds®

Compound  &(HY) [FJ(Pt-H)] 3(H?) [BI(Pt-H)] 8(CH3) [FI(Pt-H)]
2a 8.49 [45.5] 7.01° 1.80 [59.6]

2b 8.37 [44.6] 7.02 [33.3] 1.99 [67.6]

2c 8.21 [47.2] 7.02 [38.2] 2.26 [68.3]

3a 8.19 [95.7] 7.78° -

3b 8.09 [93.9] 7.97° -

3c 7.96 [91.2] 8.25 [33.6] -

®1n CDCls, 6 in ppm, J in Hz, labels as indicated in Schemes 2.8 and 2.10. b Not observed.

Furthermore, in compounds 2 the ancillary methyl also couples with platinum (2J(Pt-H)
= 59.6 - 68.3 Hz), a value which is significantly lower than that of its analogous
platinum(1l) precursor 1d. Its chemical shift is downshifted as the size of the halido ligand
increases (2a, 6 = 1.80, 2b, 6 = 1.99, 2c, 6 = 2.26). This also affects the chemical shift of
the iminic proton (HY) which decreases for both series of compounds 2 and 3 as the halido
size increases. Additionally, for compounds 3, the chemical shift of the proton adjacent
to the metalation site (H%) increases with the increase in the bulk of the corresponding
halide.

2.2.2. X-ray crystal structure determination

For platinum(Il) compounds, three (1b) or two (1b’) independent molecules were found
in the asymmetric unit with parameters equal within experimental error. Both compounds
present the expected square planar environment around the platinum atom (Figure 2.2).
In the cyclometallated platinum(ll) compound 1b, it is completed by the tridentate
[C,N,N’] ligand and the bromido trans to the imine. The formation of a fused [6,5,6]-
tricyclic system with a 5-membered platinacycle and a 6-membered chelate ring is

confirmed.
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Compound 1b’ presents the square planar coordination of the platinum completed by a
[N,N’] bidentate ligand and two mutually cis bromido ancillary ligands. As previously
observed by *H NMR spectra the imine adopts an E configuration with the phenyl ring

close to the metal.

Figure 2.2. Molecular structure of compounds 1b (molecule a) (left) and 1b’ (molecule a)
(right). Selected bond lengths (A) and angles (deg.) with estimated standard deviations. For 1b:
Pt(1A)-C(1A): 1.993(9); Pt(1A)-N(1A): 2.019(7); Pt(LA)-N(2A): 2.197(8); Pt(1A)-Br(1A):
2.4302(10); C(1A)-Pt(1LA)-N(1A): 80.8(3); N(1A)-Pt(LA)-N(2A): 95.8(3); C(1LA)-Pt(1A)-
Br(1A): 92.7(3); N(2A)-Pt(1A)-Br(1A): 90.5(2). For 1b’: Pt(1A)-N(1A): 2.016(2); Pt(1A)-
N(2A): 2.093(2); Pt(1A)-Br(1A): 2.4248(3); Pt(1A)-Br(2A): 2.4238(3); N(1A)-Pt(1A)-N(2A):
89.27(10); N(1A)-Pt(1A)-Br(1A): 88.96(7); N(2A)-Pt(1A)-Br(2A): 92.36(7); Br(1A)-Pt(1A)-
Br(2A): 89.361(11). The thermal ellipsoids are drawn at the 50% probability level. Hydrogens
have been omitted for clarity.

Bond lengths and angles are in range of those reported in the literature for analogous
compounds.t’?426 For both compounds 1b and 1b’, Pt-Br distances present no significant
differences (2.4238 A and 2.4302 A) and Pt-amine distances are found to be longer than
Pt-imine ones, due to the higher affinity of the latter in bonding to platinum. Furthermore,
this Pt-amine distance is larger for the cyclometallated compound 1b (2.197 A) than for
the coordination complex 1b’ (2.093 A), because of the greater trans influence of the aryl

versus the bromido ligand.

Most angles are close to the ideal value of 90°, being the smallest one the corresponding
to the metallacyle C(1)-Pt-N(1) for 1b (80.8(3)°) or the chelate N(1)-Pt-N(2) for 1b’
(89.27(10)°). For compound 1b, as previously seen in analogous cyclometallated
compounds”?* and in agreement with the flexibility of the propylamine chain, the chelate
angle N(1)-Pt-N(2) increases up to 95.8(3)°.
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The crystal structure of compound 1b (Figure 2.3) revealed the presence of several
intermolecular contacts shorter than the sum of van der Waals radii in its packing between
bromide ligands and methyl protons (d(Br---H) = 2.854 A) as well as different C--H
contacts between aromatic and chelate rings (d(C---H) = 2.805-2.881 A). Due to the non-
planarity of the chelate ring and the steric hindrance of the methyl group, no Pt---Pt or

n-- -7 stacking interactions are observed.

Figure 2.3. A view of the structure of compound 1b with all intermolecular contacts
shorter than the sum of van der Waals radii highlighted in blue: Br(1)-H(12): 2.854 A,
C(1)-H(9): 2.861 A, C(2)-H(8): 2.881 A, C(2)-H(9): 2.817 A, C(4)-H(7): 2.805 A, C(5)-
H(5): 2.875, C(5)-H(7): 2.869 A.

Cyclometallated platinum(l1V) compounds 2b and 3b display an octahedral coordination
around the platinum with a meridional tridentate [C,N,N’] ligand, an equatorial methyl
and two (2b) or three (3b) bromido ligands completing the coordination sphere (Figure
2.4).
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Figure 2.4. Molecular structure of compounds 2b (molecule a) (left) and 3b (molecule a)
(right). Selected bond lengths (A) and angles (deg.) with estimated standard deviations. For 2b:
Pt(1)-C(1), 2.007(3); Pt(1)-C(13), 2.135(3); Pt(1)-N(1), 2.141(2); Pt(1)-N(2), 2.258(3); Pt(1)-
Br(1), 2.4485(3); Pt(1)-Br(2), 2.4675(3); C(1)-Pt(1)-C(13), 94.51(11); C(1)-Pt(1)-N(1),
79.97(11); C(13)-Pt(1)-N(2), 90.27(10); N(1)-Pt(1)-N(2), 95.28(10); C(1)-Pt(1)-Br(1), 86.43(8);
C(13)-Pt(1)-Br(1), 91.27(8); N(1)-Pt(1)-Br(1), 89.37(7); N(2)-Pt(1)-Br(1), 90.95(7); C(1)-Pt(1)-
Br(2), 87.53(8); C(13)-Pt(1)-Br(2), 89.49(8); N(1)-Pt(1)-Br(2), 89.29(7); N(2)-Pt(1)-Br(2),
95.05(7). For 3b: Pt(1)-C(1), 2.027(9); Pt(1)-N(1), 2.032(8); Pt(1)-N(2), 2.276(8); Pt(1)-Br(1),
2.4496(10); Pt(1)-Br(3), 2.4624(9); Pt(1)-Br(2), 2.4636(10); C(1)-Pt(1)-N(1), 80.3(3); N(1)-
Pt(1)-N(2), 96.2(3); C(1)-Pt(1)-Br(1), 94.5(3); N(2)-Pt(1)-Br(1), 89.07(19); C(1)-Pt(1)-Br(3),
89.8(2); N(1)-Pt(1)-Br(3), 88.1(2); N(2)-Pt(1)-Br(3), 91.9(2); Br(1)-Pt(1)-Br(3), 91.90(3); C(1)-
Pt(1)-Br(2), 84.6(2); N(1)-Pt(1)-Br(2), 89.0(2); N(2)-Pt(1)-Br(2), 93.6(2); Br(1)-Pt(1)-Br(2),
90.58(4).The thermal ellipsoids are drawn at the 50% probability level. Hydrogens have been
omitted for clarity.

Bond lengths and angles are within the range of values obtained for analogous
compounds.®* The metallacycle bite angle (2b, 79.97(11)°, 3b 80.3(3)°) has the smallest
value in the coordination sphere while the largest corresponds to the chelate ring. Axial
bromido ligands present values close to the ideal linearity expected for an octahedral
environment (2b, 173.947(11)°, 3b 173.99(3)°) . As previously observed for compound
1b, Pt-amine distances (2b, 2.258 A, 3b, 2.276 A) are larger than for Pt-imine bonds (2b,
2.141 A, 3b, 2.032 A). The latter is larger for compound 2b (trans to a CHs) than for
compound 3b (trans to a bromido), due to the higher trans influence of a C-donor ligand.
This agrees with the lower coupling constant of the iminic proton with platinum observed
by *H NMR for compound 2b. When comparing to the platinum(ll) precursor 1b , Pt-
amine, Pt-imine and Pt-C bond distances are slightly longer for the platinum(lV)

derivatives.3*

The packing arrangement for 2b and 3b are shown in Figures 2.5 and 2.6, respectively.
For 2b, intramolecular short contacts C-F---Br-Pt and C-F---HsCN are observed
(d(F---Br) = 3.176 A and d(F---H) = 2.509 A). In addition, bromido ligands display
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intramolecular interactions with aromatic and methyl protons (d(Br---H) = 2.959 A and
3.115 A, respectively). Analogous interactions of bromido ligands and aromatic and
methylene protons are observed for 3b (d(Br---H) = 2.933 A and 3.045 A, respectively).
For 3b, the fluoro substituent is not involved in intramolecular interactions while the axial
bromido ligands lead to short contacts (d(Br---Br) = 3.674 A). In both cases, the
octahedral environment around the platinum with two axial ligands eliminates the

possibility that the molecules establish Pt---Pt or 7t- - -7 stacking interactions.

Figure 2.5. A view of the structure of compound 2a with all intermolecular contacts
shorter than the sum of van der Waals radii highlighted in blue: Br(1)-F(1): 3.176 A,
F(1)-H(10): 2.509 A (left); Br(1)-H(11): 3.115 A, Br(1)-H(5): 9.959 A (right).
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Figure 2.6. A view of the structure of compound 2b with all intermolecular contacts
shorter than the sum of van der Waals radii highlighted in blue: Br(3)-H(4): 2.933 A,
Br(1)-H(10): 3.045 A (left); Br(2)-Br(3): 3.674 A (right).
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2.2.3. Photophysical characterisation

Absorption and emission spectra of all compounds were recorded in 10% M
dichloromethane solutions at room temperature. The results are summarized in Table 2.2,

Table 2.2. Absorption and emission data for all compounds in dichloromethane solutions at

298 K.
Absorption Amax/nm ..

Compound (&l M cm') Emission Amax/nm (i)
L1 276 (1506), 286 (1060) 350 0.0742
1a 285 (3443), 311 (2563), 347 0.056%

357 (2387), 374 (2618) 577, 620 0.003°
1b 288 (4524), 318 (2713), 349 0.0442

357 (2140), 378 (2618) 576, 622 0.004°
1b’ 296 (7941), 336 (3239) 349 0.016?

295 (4194), 325 (2857), a
1c 386 (2731) 356 0.045
1¢ 300 (6520), 375 (3078) 344 0.0142
1d 285 (6548), 319 (3158), 345 0.0442

364 (3104), 391 (3158) 574, 619 0.001°
2a 274 (4929) 348 0.0512
2b 274 (8094) 351 0.0642
2C 267 (24526), 360 (1509) - -
3a 287 (3831) 349 0.0512
3b 286 (6353) 350 0.056%
3c 271 (23289), 379 (3449), ) )

450 (3286)

2 Quantum yields for emission in solution referred to naphthalene in cyclohexane. ® Quantum
yields for emission in solution referred to [Ru(bipy)s]Cls in water.

Cyclometallated platinum(ll) compounds display several bands in the UV-Visible
absorption spectra with moderate ¢ values (Figure 2.7). The lowest energy band (357-391
nm) can be assigned to a Pt(5d) — n* (L) metal-to-ligand charge transfer (MLCT) mixed
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with intraligand transitions.3?4353% Higher energy bands are also observed in the 285-300
nm range, which are also recorded for the free ligand L1 and therefore can be assigned to

n-m* intraligand transitions intrinsic of the imine.

4 ! !
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Figure 2.7. Absorption spectra for 10“ M dichloromethane solutions of ligand L1 and
platinum(l1) compounds 1 (left); and platinum(IVV) compounds 2 and 3 (right).

For the platinum(IV) analogues, only the higher energy bands are observed (Figure 2.7).
The loss of electron density of the platinum centre due to the oxidation results in the
disappearance of the lower energy bands assigned to a MLCT mixed with IL transitions.%’
Additionally, compounds 2c and 3c, which contain iodido as an ancillary ligand, also
present some lower energy bands in the 360-450 nm range. The possible origin of this
band, according to the literature, is either a ligand-to-ligand charge transfer (LLCT, I' —
n* (L1)) or a ligand-to-metal charge transfer (LMCT, I' — do* (Pt)) transition, caused by
the n-donating character of the iodido ligand.*®

All platinum compounds except 2c and 3c display a broad emission band centred at
around 350 nm when excited at their high energy bands (270 -290 nm) (Figure 2.8). This
emission is also observed upon excitation of the free ligand L1 at the same wavelength
and can therefore be assigned to intraligand (*IL) transitions perturbed by the platinum
atom.*®*° This is evidenced in the decrease of the emission quantum yield with the
addition of the platinum. This may be due to the metal orbital contribution of the emitting
excited state in the complexes with a MLCT character, which causes a reduction in the

radiative constant.*%4!

63



Chapter 2: Influence of the ancillary ligand and oxidation state in the...

1.0

0.8

0.6

(a.u.)

norm

0.4-

0.2

0.0 : . : . . ; T -
300 350 400 450 500 300 350 400 450

Wavelength (nm) Wavelength (nm)

Figure 2.8. Normalized emission spectra for 10 M dichloromethane solutions of ligand L1 and
platinum(Il) compounds 1 (left); and platinum(IV) compounds 2 and 3 (right) upon excitation at
their high energy band (Aexc= 350 nm).

The emission quantum yield for coordination compounds 1b’ and 1¢’ is significantly
lower than for their cyclometallated analogues 1b and 1c. The higher rigidity of the latter
can be responsible for favouring the radiative emission versus the non-radiative energy

loss.

Furthermore, when excited in their lower energy absorption bands, platinum(ll)
compounds 1a, 1b and 1d display a structured emission band centred at 620 nm (Figure
2.9). The vibronic spacings of 1200 cm™, typical of v(C=C) and v(C=N) stretching
frequencies in the excited state proves the involvement of the ligand character in the
emission origin. This along with the large Stokes’ shift and the significant quenching of
the emission in the presence of oxygen indicates a phosphorescent IL transition (Figure
2.9). Compound 1c does not display this emission band, probably due to the heavy atom
quenching effect from the iodide atom, which is in concordance with the non-emissive

properties observed for its platinum(lV) analogues 2c and 3c.*?
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Figure 2.9. Normalized emission spectra for 10* M dichloromethane solutions of platinum(I1)
compounds 1a, 1b and 1d upon excitation at their low energy band (Aexc= 625 nm) (left) and
comparison between air equilibrated and N saturated emission spectra of compound 1b (right).

In all cases, no excimeric or aggregates’ bands that usually present a broad emission at

higher wavelengths were recorded. This agrees with the fact that no Pt---Pt or n---x

stacking interactions are observed in the crystal packing of the molecules.
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2.3. Conclusions

A large series of compounds comprised of [N,N’] chelate platinum(ll) compounds and
tridentate [C,N,N’] cyclometallated platinum(II) and platinum(IV) compounds were
successfully synthesized through a wide variety of synthetic methods. All of them were
fully characterised by several techniques and for the bromide derivatives, X-ray crystal

structures were obtained.

The photophysical study of these compounds revealed that most of them present
luminescent properties. However, the emission quantum yields that were measured
presented low values for all compounds, probably due to the high flexibility of the

propylene chain, which favours non-radiative pathways.

It was also observed that the presence of iodine atoms as ancillary ligands quenches
partially or completely the emission, making those compounds not suitable for optical

applications.

Finally, it can be concluded that for this family of compounds, the oxidation to
platinum(1V) resulted in the loss of the 3IL phosphorescent band, due to the loss in
electron density in the platinum. Therefore, they only presented the higher energy band
that matches the fluorescence emission of the free ligand with perturbation from the

platinum atom.
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2.4. Experimental Section

2.4.1. General procedures

Commercial reagents 4-fluorobenzaldehyde (Sigma Aldrich, 98%), 3-dimethylamino-1-
propylamine (Sigma Aldrich, 99%), sodium sulphate (Na2SOs4, Panreac, 99%), sodium
acetate (CHsCOONa, Carlo Erba, 99%), potassium bromide (KBr, Probus, 98%),
bromine (Brz, Sigma Aldrich, >99%) and iodine (I2, Panreac, >99%); and solvents toluene
(Scharlau, 99.9%), methanol (Sigma Aldrich, >99%), dichloromethane (CH:Cl:,
Scharlau, 99%), acetone (Carlo Erba, >99%) and diethyl ether (Carlo Erba, 99%) were

used as received.

Complexes  cis-[PtBr2(DMS0)2]*,  cis-[Ptl2(DMS0)2]*,  cis-[PtCl2(DMS0)2]*,
[Pt2(CH3)4{u-S(CH3)2}]* and iodobenzene dichloride (PhICI2)* were prepared as

reported in the literature.
2.4.2. Physical measurements

NMR spectra were recorded in CDCls at the Unitat de RMN of the Universitat de
Barcelona with a Mercury 400 spectrometer (*H, 400 MHz; ‘°F, 376.5 MHz). Chemical
shifts are given in § values (ppm) relative to TMS (*H) or CFClz (*°F) and coupling

constants J are given in Hz.

Electrospray mass spectra were performed at the Unitat d’Espectrometria de Masses
(Universitat de Barcelona) in a LC/MSD-TOF spectrometer using H20-CHsCN 1:1 to

introduce the sample.

Microanalyses were performed at the Centres Cientifics i Tecnologics (Universitat de

Barcelona) using a Carlo Erba model EA1108 elemental analyser.

UV/Vis spectra were recorded with a Cary 100 scan 388 Varian UV spectrometer.
Emission and excitation spectra were recorded in a Horiba Jobin-Yvon SPEX Nanolog-

TM spectrofluorimeter at 298 K using 10 M dichloromethane solutions.

Total luminescence quantum yields were measured at 298 K relative to [Ru(bipy)s]Clz in

water (¢ = 0.042) and naphthalene in cyclohexane (¢ = 0.23) as standard references.
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2.4.3. Synthesis and characterisation

Synthesis of 4-FCsHsCH=N(CH2)sN(CHs3), (L1)

d € f h
c \ /\/\ CH3
N N/ ]
g | i
. CH,
F
b

Ligand 4-FCsH4CH=N(CH2)sN(CHs)2 (L1)** was obtained by following the method
described in the literature from the reaction of 0.618 g (4.980 mmols) of 4-
fluorobenzaldehyde and 0.577 g (5.647 mmols) of 3-dimethylamino-1-propylamine in 20
ml of toluene. The mixture was stirred at room temperature for 2 hours and water was
eliminated by adding sodium sulphate and filtering it off. The solvent was removed under

vacuum to give a yellow oil. Yield: 0.898 g (87%).

IH NMR (CDCls, 400 MHz): & 8.25 [s, 1H, H¢]; 7.72 [m, 2H, H24]; 7.08 [dd, 2H, 3J(F-
H) = 8.8, 4J(H-H) = 2.4, H><]; 3.63 [td, 2H, 3J(H-H) = 7.2, 9J(H-H) = 1.2, HT; 2.35 [t, 2H
3J(H-H) = 7.2, H"; 2.24 [s, 6H, H]; 1.87 [qi, 2H, 3J(H-H) = 7.2, H9]. 1°F NMR (CDCls,
376.5 MHz): 5 -109.90 [m, 1F].

Synthesis of [PtBr2{(CHs)2N(CH2)sN=CH(4-FCsHa4)}] (1b’)

a / N

Compound [PtBr2{(CHs)2N(CH2)sN=CH(4-FCsH4)}] (1b’) was obtained from the
reaction of 0.405 g (0.797 mmols) of cis-[PtBr2(DMSO)2] and 0.177 g (0.850 mmols) of
4-FCsH4aCH=N(CH2)3sN(CHs)2 (L1) in 25 ml of dry methanol. The mixture was refluxed
at 65 °C for 4 hours. Half of the volume was removed, and the solution was left to
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crystallise in the freezer. The yellow solid was filtered and dried under vacuum. Yield:
0.250 g (56%).

H NMR (CDCls, 400 MHz): & 9.38 [m, 2H, H?]; 8.43 [s, 1H, 3)(Pt-H) = 115.6, H]; 7.27
[t, 2H, 3J(F-H) = 8.0, H]; {4.93 [m, 1H]; 4.11 [m, 1H]; 3.49 [m, 1H]; 2.62 [m, 1H]; 2.17
[m, 1H]; 1.99 [m, 1H], H&"9}; {2.95 [s, 3H]; 2.85 [s, 3H], H"}. *°F NMR (CDCls, 376.5
MHz): 6 -101.50 [m, 1F]. MS-ESI*: m/z 483.02 [M-Br]*. Anal. Found (calcd for
C12H17Br2FN2Pt): C, 26.27 (25.59); H, 3.23 (3.04); N, 5.01 (4.97).

Synthesis of [Ptl2{(CHz3)2N(CH2)sN=CH(4-FCsH)}] (1¢”)

f
em g
. J N/CH3h
=N/ cH,

a /Pt\

| |

b

F

Compound [Ptl2{(CH3)2N(CH2)sN=CH(4-FCsH4)}] (1¢’) was prepared as a brown solid
by following the same method from 0.255 g (0.372 mmols) of cis-[Ptl2(DMSO).] and
0.082 g (0.394 mmols) of 4-FCsHsCH=N(CH2)sN(CHs)2 (L1) in 25 ml of dry methanol.
Yield: 0.100 g (41%).

IH NMR (CDCls, 400 MHz): § 9.45 [m, 2H, H?]; 8.47 [s, 1H, 3J(Pt-H) = 115.6, H]; 7.25
[t, 2H, 3J(F-H) = 8.0, H"]; {4.95 [m, 1H]; 4.13 [m, 1H]; 3.23 [m, 1H]; 2.72 [m, 1H]; 2.50
[m, 1H]; 1.97 [m, 1H], H&f9}; {2.97 [s, 3H]; 2.84 [s, 3H], H"}. 1°F NMR (CDCls, 376.5
MHz): 6 -101.50 [m, 1F]. MS-ESI*: m/z 530.00 [M-I]*. Anal. Found (calcd for
C12H1712FN2Pt): C, 21.56 (21.93); H, 2.67 (2.61); N, 4.07 (4.26).
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Synthesis of [PtCI{(CHs)2N(CH2)sN=CH(4-FCsHs)}] (1a)

Cc

d
b \ e
/N

- /Pt\
/

\ g

h 3

Compound [PtCI{(CH3)2N(CH2)sN=CH(4-FCsH3)}] (1a)>* was obtained by following
the method described in the literature from the reaction of 0.403 g (0.954 mmols) of cis-
[PtCl2(DMS0)2], 0.222 g (1.066 mmols) of 4-FCeHsCH=N(CH2)sN(CHzs)2 (L1) and
0.080 g (0.975 mmols) of anhydrous sodium acetate in 50 ml of dry methanol. The
mixture was refluxed at 65 °C for 72 hours and the solvent was removed under vacuum.
The residue was extracted with 10 ml of CH2Cl2 and 10 ml of methanol were added. Half
of the volume was removed under vacuum and the solution was left to crystallise in the

freezer. The orange solid was filtered and dried under vacuum. Yield: 0.188 g (45%).

IH NMR (CDCls, 400 MHz): & 8.32 [t, 1H, “J(H-H) = 1.7, 3)(Pt-H) = 141.9, H]; 7.72
[dd, 1H, 3J(F-H) = 10.3, “J(H-H) = 2.5, 3)(Pt-H) = 44.2, H¥]; 7.27 [m, 1H, H; 6.70 [td,
1H, 3J(F-H) = 3J(H-H) = 8.5, 4J(H-H) = 2.5, H"]; 3.87 [m, 2H, 3J(Pt-H) = 34.2, H¢]; 2.85
[m, 8H, H"; 2.02 [qi, 2H,3)(H-H) = 5.1, H']. 9F NMR (CDCls, 376.5 MHz): & -103.99
[m, 1F]. MS-ESI*: m/z 439.07 [M+H]"; 456.10 [M+NH4]*. Anal. Found (calcd for
C12H16CIFN2Pt): C, 32.00 (32.92); H, 3.70 (3.68); N, 6.30 (6.40).

Synthesis of [PtBr{(CHz3).N(CH2)sN=CH(4-FCsH3)}] (1b)

\ 9

Ha

Compound [PtBr{(CHs)2N(CH2)sN=CH(4-FCsH3)}] (1b) was obtained from the reaction
of 0.102 g (0.233 mmols) of [PtCI{(CH3)2N(CH2)sN=CH(4-FCsH3)}] (1a) and 0.116 g
(0.975 mmols) of KBr in 10 ml of dry methanol. The mixture was refluxed at 65 °C for
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48 hours and the solvent was removed under vacuum. The residue was extracted with 10
ml of CH2Cl2 and 10 ml of methanol were added. Half of the volume was removed under
vacuum and the solution was left to crystallise in the freezer. The orange solid was filtered
and dried under vacuum. Yield: 0.039 g (35%).

H NMR (CDCls, 400 MHz): § 8.33 [t, 1H, “J(H-H) = 1.5, 3J(Pt-H) = 143.7, H]; 8.00
[dd, 1H, 3J(F-H) = 10.7, 4J(H-H) = 2.5, 3J(Pt-H) = 46.6, H%]; 7.26 [m, 1H, H]; 6.68 [td,
1H, 3J(F-H) = 3J(H-H) = 8.5, “J(H-H) = 2.5, H’]; 3.86 [t, 2H, 3J(H-H) = 5.1, 3J(Pt-H) =
35.2, He]; 2.86 [m, 8H, H%"; 2.03 [qi, 2H, 3J(H-H) = 5.6, H. 1°®F NMR (CDCls, 376.5
MHz): & -103.85 [m, 1F]. MS-ESI*: m/z 438.02 [M+H]* ; 402.10 [M-Br]*. Anal. Found
(calcd for C12H16BrFN2Pt): C, 30.00 (29.89); H, 3.45 (3.34); N, 5.70 (5.81).

Synthesis of [PtI{(CH3).N(CH2)sN=CH(4-FC¢H3)}] (1c)

\ 9

Ha

Compound [PtI{(CH3)2N(CH2)sN=CH(4-FCsH3)}] (1c) was obtained from the reaction
of 0.306 g (0.504 mmols) of cis-[Ptl2(DMSO)2], 0.133 g (0.639 mmols) of 4-
FCeéH4CH=N(CH2)sN(CH3)2 (L1) and 0.053 g (0.646 mmols) of anhydrous sodium
acetate in 50 ml of dry methanol. The mixture was refluxed at 65 °C for 72 hours and the
solvent was removed under vacuum. The residue was extracted with 10 ml of CH2Cl2 and
10 ml of methanol were added. Half of the volume was removed under vacuum and the
solution was left to crystallise in the freezer. The red solid was filtered and dried under
vacuum. Yield: 0.081 g (30%).

'H NMR (CDCls, 400 MHz): & 8.45 [dd, 1H, 3)(F-H) = 11.4, 4)(H-H) = 2.5, })(Pt-H) =
39.8, H; 8.38 [t, 1H, “J(H-H) = 1.7, 3)(Pt-H) = 135.8, H]; 7.26 [m, 1H, H]; 6.65 [td,
1H, 3J(F-H) = *J(H-H) = 8.4, “J(H-H) = 2.6, H"]; 3.83 [t, 2H, *J(H-H) = 5.6, H°]; 3.01 [s,
6H, 2J(Pt-H) =16.7, H"]; 2.81 [m, 2H, H9; 2.05 [qi, 2H, *J(H-H) = 5.7, H]. 1*F NMR
(CDCls, 376.5 MHz): & -103.71 [m, 1F]. MS-ESI*: m/z 530.01 [M+H]" ; 443.12 [M-
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I+CH3CN]*; 401.09 [M-I]*; 402.09 [M-I]*. Anal. Found (calcd for Ci2H1sIFN2Pt): C,
27.08 (27.23); H, 3.13 (3.05); N, 5.23 (5.29).

Synthesis of [Pt(CH3){(CHz3)2N(CH2)sN=CH(4-FCsHs)}] (1d)

c d
b \ .
Pt/ f

F /\N

X /\g

3

Compound  [Pt(CH3){(CH3)2N(CH2)sN=CH(4-FCsH3)}] (1d)** was obtained by
following the method described in the literature from the reaction of 0.327 g (0.569
mmols) of [Pt2(CHs)a{u-S(CHs)2}] and 0.265 g (1.272 mmols) of 4-
FCeH4CH=N(CH2)3sN(CHz3)2 (L1) in 20 ml of toluene. The mixture was refluxed at 100
°C for 1 hour. The solvent was removed under vacuum and the residue obtained was
treated with diethyl ether for a few minutes. The dark orange solid was filtered and dried
under vacuum. Yield: 0.327 g (69%).

H NMR (CDCls, 400 MHz): § 8.53 [s, 1H, 3J(Pt-H) = 60.1, HY]; 7.36 [dd, 1H, 3J(F-H) =
10.9, 4)(H-H) = 2.5, 3J(Pt-H) =78.7, H?]; 7.25 [m, 1H, H; 6.64 [td, 1H, 3J(F-H) = 3)(H-
H) =8.5, 4J(H-H) =2.5, H"]; 3.84 [t, 2H, 3J(H-H) = 5.0, H¢]; 2.91 [m, 2H, HY]; 2.74 [s, 6H,
3J(Pt-H) = 23.2, H"; 2.02 [qi, 2H,3](H-H) = 5.1, H']; 0.97 [s, 3H, 2J(Pt-H) =79.7, H']. 1°F
NMR (CDCls, 376.5 MHz): 6 -107.55 [m, 1F]. MS-ESI*: m/z 443.12 [M-H+CH3CN]".
Anal. Found (calcd for CisHi9FN2Pt-2H20): C, 34.50 (34.44); H, 4.8 (5.11); N, 6.00
(6.17).

Synthesis of [Pt(CH3)Cl2{(CHs)N(CH2)sN=CH(4-FCsHz)}] (2a)
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Compound [Pt(CH3)Cl2{(CH3s)2N(CH2)sN=CH(4-FCsHz)}] (2a) was obtained from the
reaction of 0.076 g (0.182 mmols) of [Pt(CH3){(CH3)2N(CH2)sN=CH(4-FCesH3)}] (1d)
and 0.051 g (0.185 mmols) of iodobenzene dichloride (PhICI2) in 8 ml of acetone. The
mixture was stirred at room temperature for 1 hour and the solvent was removed under
vacuum. The residue was treated with diethyl ether and the yellow solid was filtered and
dried under vacuum. Yield: 0.071 g (80%).

IH NMR (CDCls, 400 MHz): & 8.49 [s, 1H, 3J(Pt-H) = 45.5, H%]; 7.43 [dd, 1H, 3J(H-H)
= 8.3, 3J(F-H) = 5.6, H°; 7.01 [dd, 1H, 3J(F-H) = 8.9, “J(H-H) = 2.4, H?]; 6.83 [td, 1H,
3)(F-H) = 3J(H-H) = 8.4, “J(H-H) = 2.4, H"]; 4.26 [m, 1H, H?]; 3.90 [m, 1H, H°]; 2.94
[m, 2H, HY]; 2.65 [s, 3H, H"; 2.48 [s, 3H, H"; 2.27 [m, 1H, HT; 2.12 [m, 1H, H'; 1.80
[s, 3H, 2J(Pt-H) = 59.6, H]. 1°F NMR (CDCls, 376.5 MHz): 5 -101.46 [m, 1F]. MS-ESI*:
m/z 494.11 [M-CI+CHsCN]"; 453.09 [M-CI]*; 416.11 [M-2CI-H]". Anal. Found (calcd
for C13H19CI2FN2Pt-2H20): C, 29.80 (29.78); H, 3.78 (4.42); N, 5.27 (5.34).

Synthesis of [Pt(CHz)Br2{(CHs)2N(CH2)sN=CH(4-FC¢H3)}] (2b)

Compound [Pt(CHz)Br2{(CHz)2N(CH2)sN=CH(4-FCeH3)}] (2b) was prepared as an
orange solid by following the same method from 0.078 g (0.187 mmols) of
[Pt(CH3){(CHs)2N(CH2)sN=CH(4-FC¢H3)}] (1d) and 0.060 g (0.375 mmols) of Brz.
Yield: 0.082 g (76%).

IH NMR (CDCls, 400 MHz): & 8.37 [s, 1H, 3J(Pt-H) = 44.6, H]; 7.43 [dd, 1H, 3J(H-H)
= 8.3, 3J(F-H) = 5.8, H]; 7.02 [dd, 1H, 3J(F-H) = 9.9, “J(H-H) = 2.3, 3J(Pt-H) = 33.3, H;
6.76 [td, 1H, 3J(F-H) = 3J(H-H) = 8.5, 4J(H-H) = 2.4, H"]; 4.01 [m, 2H, H¢]; 2.98 [m, 2H,
H9); 2.87 [s, 6H, 3J(Pt-H) = 15.1, H"]; 2.21 [m, 2H, H']; 1.99 [s, 3H, 2J(Pt-H) = 67.6, H].
F NMR (CDCls, 376.5 MHz): § -102.43 [m, 1F]. MS-ESI*: m/z 538.06 [M-
Br+CHsCN]"; 497.03 [M-Br]*; 416.11 [M-2Br-H]*. Anal. Found (calcd for
C13H10Br2FN2Pt-H20): C, 25.69 (26.23); H, 3.20 (3.19); N, 4.53 (4.71).
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Synthesis of [Pt(CH3)12{(CH3)2N(CH2)sN=CH(4-FCsH3)}] (2c)

¢ d
b
[
|/
. /Pt\ f
2 HsC ! N—
i / \
HsC  CHs
h

Compound [Pt(CH3)I2{(CH3)2N(CH2)sN=CH(4-FCsH3)}] (2c) was prepared as a dark
brown solid by following the same method from 0.073 g (0.175 mmols) of
[Pt(CH3){(CHs3)2N(CH2)sN=CH(4-FCsHs3)}] (1d) and 0.055 g (0.217 mmols) of I.. Yield:
0.061 g (52%).

'H NMR (CDCls, 400 MHz): § 8.21 [t, 1H, “J(H-H) = 1.7, 3)(Pt-H) = 47.2, H]; 7.45 [dd,
1H, 3J(H-H) = 8.3, 3J(F-H) = 5.7, H%; 7.02 [dd, 1H, 3J(F-H) = 9.7, 2)J(H-H) = 2.4, 3J(Pt-
H) = 38.2, H]; 6.64 [td, 1H, 3J(F-H) = 3)(H-H) = 8.5, *J(H-H) = 2.3, H"]; 4.06 [t, 2H,
SJ(H-H) = 4.6, H]; 3.18 [s, 6H, 3J(Pt-H) = 17.4, H"]; 3.05 [m, 2H, H9; 2.26 [s, 3H, 2J(Pt-
H) = 68.3, H], 2.22 [m, 2H, H']. ®F NMR (CDCls, 376.5 MHz): § -102.63 [m, 1F]. MS-
ESI*: m/z 688.96 [M+NH4]*; 544.02 [M-I]*; 415.11 [M-21-H]*. Anal. Found (calcd for
CasH1ol2FN2Pt-%12): C, 19.14 (19.56); H, 2.16 (2.40); N, 3.17 (3.51).

Synthesis of [PtClz{(CH3)2N(CH2)sN=CH(4-FC¢H3)}] (3a)

¢ d

Compound [PtCIs{(CH3)2N(CH2)sN=CH(4-FCsH3)}] (3a) was obtained by following the
method described in the literature from the reaction of 0.096 g (0.219 mmols) of
[PtCI{(CH3)2N(CH2)sN=CH(4-FCesH3)}] (1a) and 0.072 g (0.262 mmols) of iodobenzene
dichloride (PhICI2) in 10 ml of acetone. The mixture was stirred for 10 minutes and the
solvent was removed under vacuum. The residue was treated with diethyl ether and the

yellow solid was filtered and dried under vacuum. Yield: 0.035 g (31%).
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IH NMR (CDCls, 400 MHz): & 8.19 [s, 1H, 3J(Pt-H) = 95.7, HY]; 7.78 [dd, 1H, 3)(F-H) =
9.0, 4J(H-H) = 2.5, H]; 7.53 [dd, 1H, 2J(H-H) = 5.7, 4J(F-H) = 2.6, H°; 6.95 [td, 1H, 3J(F-
H) = 3J(H-H) = 8.4, “)(H-H) = 2.4, H]; 3.98 [t, 2H, 3J(H-H) = 5.4, H¢]; 2.97 [s, 6H, 2J(Pt-
H) = 10,2 H"]; 2.96 [m, 2H, H]; 2.25 [m, 2H, H. °F NMR (CDCls, 376.5 MHz): 5 -
101.46 [m,1F]. MS-ESI*: m/z 526.04 [M+NH4]*; 508.01 [M+H]"; 472.03 [M-CI]";
436.06 [M-2CI-H]*. Anal. Found (calcd for C12H1sCIsFN2PY): C, 28.32 (28.33); H, 3.24
(3.17); N, 5.32 (5.51).

Synthesis of [PtBrz{(CHz)2N(CH2)sN=CH(4-FCsH3)}] (3b)

Compound [PtBrs{(CHzs)2N(CH2)sN=CH(4-FCsHz3)}] (3b) was prepared as a brown solid
by following the same method from 0.029 g (0.060 mmols) of
[PtBr{(CHz3)2N(CH2)sN=CH(4-FCesH3)}] (1b) and 0.050 g (0.313 mmols) of Brz. Yield:
0.039 g (86%).

IH NMR (CDCls, 400 MHz): § 8.09 [s, 1H, 3J(Pt-H) = 93.9, HY]; 7.97 [dd, 1H, 3J(F-H) =
9.5, 4J(H-H) = 2.6, H¥]; 7.52 [dd, 1H, 3J(H-H) = 8.9, 4J(F-H) = 5.4, H°]; 6.85 [td, 1H, 3J(F-
H) = 3J(H-H) = 8.2, 4J(H-H) = 2.1, H"]; 3.99 [t, 2H, 3J(H-H) = 5.1, He]; 3.17[s, 6H, 3J(Pt-
H) = 13.4, H"; 2.94 [m, 2H, H9]; 2.28 [m, 2H, H']. 2°F NMR (CDCls, 376.5 MHz): & -
101.75 [m, 1F]. MS-ESI*: m/z 642.85 [M+H]*; 562.90 [M-Br]*; 483.02 [M-2Br+H]".
Anal. Found (calcd for Ci2H16BrsFN2Pt): C, 22.38 (22.45); H, 2.65 (2.51); N, 3.99
(4.36).
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Synthesis of [Ptlz{(CHz3)2N(CH2)sN=CH(4-FCsHs3)}] (3c)
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Compound [Ptl3{(CHs)2N(CH2)sN=CH(4-FCsHs3)}] (3c) was prepared as a dark brown
solid by following the same method from 0.035 g (0.058 mmols) of
[PtI{(CH3)2N(CH2)sN=CH(4-FCesH3)}] (1c) and 0.059 g (0.232 mmols) of l2. Yield:
0.043 g (93%).

IH NMR (CDCls, 400 MHz): § 8.25 [dd, 1H, 3J(Pt-H) = 33.6, 3J(F-H) = 10.3, “J(H-H) =
2.4, H; 7.96 [s, 1H, 3J(Pt-H) = 91.2, HY]; 7.52 [dd, 1H, 3J(H-H) = 8.2, 4J(F-H) = 5.9, H°];
6.66 [td, 1H, 3J(F-H) = 3J(H-H) = 8.3, 4J(H-H) = 2.4, HY]; 3.96 [t, 2H, 3J(H-H) = 5.6, H°];
3.55 [s, 6H, 3J(Pt-H) = 16.6, H"]; 2.92 [m, 2H, H9]; 2.32 [gi, 2H, 3J(H-H) = 5.2, H.1°F
NMR (CDCls, 376.5 MHz): 5 -97.45 [m, 1F]. MS-ESI*: m/z 783.82 [M+H]"*, 655.90 [M-
1]*, 529.00 [M-2I-H]*. Anal. Found (calcd for C12H16lsFN2Pt): C, 15.44 (15.84); H, 1.87
(1.77); N, 2.82 (3.08).

2.4.4. X-Ray Diffraction

Suitable crystals of compounds 1b’, 1b, 2b and 3b were grown at room temperature in
dichloromethane-methanol. X-ray diffraction data were collected for prism-like
specimens on a D8 VENTURE system equipped with a multilayer monochromator and a
Mo high brilliance Incoatec Microfocus Source (A = 0.71073 A) at 100 K (1b’, 2b, 3b)
or at 293 K (1b). The structures were solved and refined using the Bruker SHELXTL
Software package.*® Crystallographic details are given in Tables Al and A2.
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CHAPTER 3

Anticancer activity of luminescent platinacycles
against multiplatinum-resistant metastatic CRC
and CRPC cell models
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3. Anticancer activity of luminescent platinacycles
against multiplatinum-resistant metastatic CRC
and CRPC cell models

3.1. Introduction

Platinum based chemotherapy remains to be the only effective treatment against a wide
variety of tumours. However, the acquisition of platinum resistance is very common
which makes conventional platinum drugs ineffective in time against cancer cells.
Therefore, it is necessary to find alternatives that are both effective and non-cross
resistant. Nowadays, the strategy is to administer simultaneously several drugs that
proceed through different mechanisms to avoid the adaptation of the cell to one action
route. Then, it becomes crucial to find alternatives to conventional drugs with different

mechanisms.1 3

Platinum(lV) compounds have attracted a great interest as they are kinetically inert
compared to platinum(I1) analogues due to their d® low spin configuration and present
two extra coordination positions that allow the tuning of their properties.*® Particularly,
a lot of interest has been devoted to multiple action platinum(IVV) compounds derived

from cisplatin which contain bioactive ligands in the axial positions.”

It is generally assumed that platinum(1\VV) compounds can act as prodrugs if they have the
ability to undergo reductive elimination under cellular media to give the platinum(ll)
active species as well as the two axial ligands (Scheme 3.1). This allows them to remain
inert until reaching the target cells without causing secondary effects in other parts of the
body. This could mean they could even be administered orally which would improve the

quality of life of patients in treatment.10

X L X
\\\\\ /// 1,, . \\\\\

Pt > Pt + + Q
g X g X

Scheme 3.1. Scheme of the reduction of platinum(1V) compounds in cellular media.
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Specifically, cancer cells present a hypoxic environment with a high concentration of
reducing agents. So, reduction is a key step in the mechanism of action of the prodrug, as
it should not be reduced before reaching the cells or neither be too resistant to reduction

as it would then become inactive.1> 14

In spite of the attention that platinum(lVV) compounds and cyclometallated platinum(ll)
compounds have attracted, less studies have been performed in cyclometallated
platinum(IV) analogues. They present the combined properties of a platinum(1V) centre
with the higher stability provided by the presence of a Pt-C bond and the higher lability
of the ligand in trans to it, which could enhance their anticancer properties.’®

A previous study of compounds with the general formulae [PtX(C,N,N’)] and
[PtXYZ(C,N,N")] depicted in Figure 3.1 revealed that although remarkable
antiproliferative activity in selected cancer lines was observed for both platinum(ll) and
platinum(IV) derivatives, the latter were not able to reduce under cellular media if they
contain C-donor ligands such as methyl or aryl in addition to the cyclometallated imine.
Furthermore, compounds with more than one iodido ligand presented low solubility
which did not allow to perform analogous studies.6:’

A\ B\
cl PN cl /Tt\
X N X N
/ \ / \

CH, HiC  CHs
X = Cl, CHs, I, p-tolyl X=Cl,Y=CHs Z=1 X=ClLY=2Z=|
X=CHs, Y =CHs, Z=| X=CHs Y=2Z=|
X=1,Y=CHs Z=I X=Y=2Z=|
X = p-tolyl, Y = CHy, Z = | X=p-tolyl, Y =Z = |

Figure 3.1. Structure of the cyclometallated [C,N,N’] compounds previously studied.

Therefore, in this work, it has been attempted to optimize these structures to maximise
their efficacy and selectivity against cancer cells as well as to achieve the synthesis of
cyclometallated platinum(l1VV) compounds that are able to get reduced in the cell so they
can act as prodrugs. For this, a new family of [C,N,N’] cyclometallated compounds
derived from ligand 4-FCsHsCH=N(CH2)2N(CHs)2 has been synthesised. Compounds
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differ in the nature of the ancillary ligand (chlorido or bromido) and the oxidation state
of the platinum centre. The effect of the length of the aliphatic chain of the ligand in the
resulting properties was also assessed by evaluating the antiproliferative effect of their
longer chain analogues derived from ligand 4-FCsH4CH=N(CH2)3sN(CHs)2 depicted in
Chapter 2.

Their antiproliferative activity has been evaluated in a wide cancer cells panel as well as
for tumour cells that have acquired platinum resistance and healthy cells to evaluate their
selectivity. To further understand their mechanism of action, several studies such as DNA
interaction, reduction under cellular media, their effect in cell cycle phase distribution,

apoptosis and ROS production were performed.

Additionally, the luminescent properties of all compounds were also evaluated, as it could
be of remarkable interest for their application for in vivo cell imaging, as DNA probes or

as a mean to track their cellular uptake and distribution by fluorescence microscopy.&-2
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3.2. Results and Discussion

3.2.1. Synthesis and characterisation

Ligand 4-FCeH4CH=N(CH2)2N(CHs3)2 (L2) was synthesised by Schiff condensation of 4-
fluorobenzaldehyde and 2-dimethylamino-1-ethanamine in toluene, an analogous
procedure than the one depicted in Chapter 2 for ligand L1 (Scheme 3.2). As well as its
derivative with the longer chain (L1), characterisation by *H and **F NMR confirms the
formation of a single isomer which is attributed to the more stable E configuration around
the C=N bond.?

CHj
I S
CHO N
CH c A
H N/\/\N/ 3 N/\/ \CH3
+ 2 | _— g
CH, toluene, 2h, rt a
F F
b

Scheme 3.2. Synthesis of ligand L2.

All cyclometallated compounds were also synthesised via the same methods described in
Chapter 2 for their longer chain analogues. Compound [PtCI{(CH3)2N(CH2)2N=CH(4-
FCsH3)}] (4a) was prepared by the cyclometallation of L2 with cis-[PtCl2(DMSO0):] as a
metallating agent, which proceeds through electrophilic activation of the C-H bond in
ortho position of the aryl ring in the presence of a base (Scheme 3.3).232* In this case, the
reaction time required for the complete formation of the cyclometallated compound
without traces of the [N,N’] coordination compound is 24 hours longer than its analogue

with the longer propylene chain la.

N r\|l (1), CH3COON ° \
) 3 a
N/\/ \CH3 ‘ P/Nj e
t
methanol, 96 h, reflux F
a CI/ \N f
F /\
Hs Hs

9

Scheme 3.3. Synthesis of compound 4a. (1) cis-[PtCl,(DMSO),].

Compound [PtBr{(CHzs)2N(CH2)sN=CH(4-FCeHz)}] (4b) was synthesised by ligand

substitution from compound 4a using an excess of KBr in methanol (Scheme 3.4).
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c d
b
| AW KBr ‘ N .
] ]
thanol, 48 h, refl
F CI/ \N methano reflux F a Br/ \N §
/N /\
H3C

H Hs Hs
: g

Scheme 3.4. Synthesis of compound 4b.

Oxidative halogenation reactions were performed on compounds 4a and 4b to obtain the
corresponding cyclometallated platinum(IVV) compounds [PtX3{(CHs)2N(CH2)sN=CH(4-
FCeHs)}] (5a, X = CI; 5b, X = Br) using iodobenzene dichloride (PhICI2) and Bro,
respectively (Scheme 3.5).

¢ d
B ISR,
F)t/ j (1) F|>/ ¢ sBax=cCl
" x" " @ x/|t\N rooR
/ \ X /\
HBC H3C g CH3

acetone, 1 h, rt

Hs

Scheme 3.5. Synthesis of compounds 5a and 5b. (1) PhICI; (5a); Br, (5b).

All compounds were characterised by elemental analyses, mass spectrometry and *H and
9F NMR spectroscopy, matching the desired structures. For the compounds under study,
the dimethylamino protons appear as a singlet integrating for 6 H coupled to platinum.
As expected, the 3J(Pt-H) values for the imine proton are significantly smaller for
platinum(1V) derivatives 5a and 5b (3J(Pt-H) = 89-90 Hz) than for the parent platinum(l1)
compounds (3J(Pt-H) = 141-143 Hz). For 4b and 5b, the coupling of the proton adjacent
to the metallated carbon H? to 1%°Pt is also observed and the value of the coupling constant
is also reduced upon increase of the oxidation state from 50.8 Hz (4b) to 27.5 Hz (5b).

3.2.2. X-ray crystal structure determination

Single crystals suitable for X-ray diffraction were obtained for all compounds with, in all
cases, one single molecule present in the asymmetric unit. Both cyclometallated
platinum(Il) compounds 4a and 4b (Figure 3.2) present the expected square-planar
environment around the platinum atom completed with a tridentate [C,N,N’] ligand and

a halido (4a, X = Cl, 4b X = Br). As a result, fused [6,5,5]-tricyclic systems containing
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an ortho-metallated phenyl group, a five-membered platinacycle and a five-membered
chelate ring with two nitrogen atoms coordinated to platinum are formed. In these
systems, both the platinacycle and the chelate rings are nearly coplanar with the
coordination plane leading to more rigid structures than those reported in the previous

chapter for compounds 1a and 1b containing the longer propylene chain.?%2°

Br1

Figure 3.2. Molecular structure of compounds 4a (left) and 4b (right). Selected bond lengths
(A) and angles (deg.) with estimated standard deviations. For 4a: Pt(1)-N(1): 1.962(2); Pt(1)—
N(2): 2.157(3); Pt(1)-C(1): 1.986 (3); Pt(1)-Cl(1): 2.3119 (10); C(1)-Pt-N(1): 81.33(11);
N(1)-Pt-N(2): 83.52(10); N(2)-Pt-CI(1): 97.07(7); CI(1)-Pt-C(1): 98.10(9). For 4b: Pt(1)-
N(8): 1.958(6); Pt(1)-N(11): 2.151(6); Pt(1)-C(1): 1.996(7); Pt(1)-Br(1): 2.4224 (8); C(1)-Pt-
N(8): 81.4(3); N(8)-Pt—N(11): 83.2(2); N(11)-Pt-Br(1): 97.15(17); Br(1)-Pt—C(1): 98.3(2).

Bond lengths and angles are well within the range of values obtained for analogous
compounds.??23 For both compounds, bond lengths around the platinum are very similar
except for the Pt-Br bond in 4b which is longer (2.4224 A) than the Pt-Cl bond (2.3119
A) in 4a. As seen in the previous chapter, Pt-amine distances are larger than Pt-imine
distances in agreement with the weaker ligating ability of amines for platinum. Most
angles around the platinum are close to the ideal value of 90°, with the smallest angles
corresponding to the metallacycle C-Pt-N (81.33(11)° for 4a and 81.4(3)° for 4b) and to
the chelate angle N-Pt-N (83.52(10)° for 4a and 83.2(2)° for 4b). The latter is in contrast
with the fact that for compounds 1b and 1b, containing a more flexible propanediamine

chain, the chelate angle has a larger value in the range 95-97°.2°

For platinum(IVV) compounds 5a and 5b, the platinum atom displays an octahedral
coordination with a meridional tridentate [C,N,N’] ligand (Figure 3.3). Three chlorido

(5a) or bromido (5b) ligands complete the coordination around the platinum. As observed
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for the parent platinum(ll) compounds, Pt-amine distances are larger than Pt-imine
distances and the smallest angles correspond to the metallacycle (C-Pt-N (81.6(3)° for 5a
and 82.8(8)° for 5b) and to the chelate angle N-Pt-N (82.2(3)° for 5a and 82.0(6)° for 5b).
The axial ligands form a CI-Pt-Cl angle of 175.86(8) (5a) or a Br-Pt-Br of 173.85(8) (5b).
As previously observed, a comparison of the bond distances of the cyclometallated
platinum(1VV) compounds with those of the platinum(ll) precursors reveals that the Pt-
Nimine, Pt-Namine and Pt-C bond lengths are moderately longer for the platinum(IV)

compounds.'®

Figure 3.3. Molecular structure of compound 5a (left) and 5b (right). Selected bond lengths (A)
and angles (deg.) with estimated standard deviations. For 5a: Pt(1)-N(8): 1.984(8); Pt(1)-
N(11): 2.253(8); Pt(1)-C(1): 2.019(9); Pt(1)-CI(1): 2.320(2); Pt(1)-CI(2): 2.313(2); Pt(1)-
CI(3): 2.322(2); C(1)-Pt—N(8): 81.6(3); N(8)-Pt—N(11): 82.2(3); N(11)-Pt-CI(1): 97.8(2);
CI(1)-Pt—C(1): 98.4(3); CI(2)-Pt—CI(1): 90.02(8); CI(2)-Pt—N(8): 90.6(2); CI(2)—Pt-N(11):

90.0(2); CI(2)-Pt—C(1): 87.0(3); CI(3)-Pt—CI(1): 90.78(8); CI(3)—Pt—N(8): 88.6(2); CI(3)-Pt—
N(11): 93.9(2); CI(3)-Pt—C(1): 88.8(3). For 5b: Pt(1)-N(8): 1.986(14); Pt(1)-N(11): 2.231(16);
Pt(1)-C(1): 2.03(2); Pt(1)-Br(1): 2.4507(19); Pt(1)-Br(2): 2.4563(19); Pt(1)-Br(3):
2.4668(182); C(1)-Pt—N(8): 82.8(8); N(8)—Pt—N(11): 82.0(6); N(11)-Pt-Br(1): 97.6(4); Br(1)-
Pt—C(1): 98.3(6); Br(2)-Pt—Br(1): 90.01(6); Br(2)-Pt—N(8): 90.6(4); Br(2)-Pt-N(11): 91.2(5);
Br(2)-Pt-C(1): 86.0(5); Br(3)-Pt—Br(1): 90.80(7); Br(3)-Pt—N(8): 88.7(5); Br(3)-Pt-N(11):
94.7(5); Br(3)-Pt—C(1): 87.8(5).

As shown in Figures 3.4 and 3.5, all four crystal structures reveal the presence of
intermolecular contacts shorter than the sum of van der Waals radii. For square-planar
platinum(ll) compounds 4a and 4b, the fluorine substituent is involved in these
interactions leading to F---Himine (4a, d(F---H) = 2.622 A and 2.569 A; 4b, d(F---H) =
2.637 A) and F---F (4a, d(F---F) = 2.810 A; 4b, d(F---F) = 2.900 A) interactions, in
addition to X:-- HsC (4a, X = Cl, 4b, X = Br) and several C---H interactions.
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Figure 3.4. A view of the structure of compounds 4a (top) and 4b (bottom) with all
intermolecular contacts shorter than the sum of van der Waals radii highlighted in blue. For 4a:
F(1)-H(7): 2.569 A; F(1)-F(1): 2.810 A; H(10A)-CI(1): 2.750 A; C(1)-H(9): 2.673 A; C(6)-
H(9): 2.737 A; C(1)-H(11): 2.729 A. For 4b: F(1)-H(7): 2.637 A; F(1)-F(1): 2.900 A; H(10)-
C(1): 2.728 A; C(1)-H(12): 2.744 A; C(6)-H(10): 2.759 A ; Br(1)-H(13): 2.817 A.

In contrast, for the octahedral platinum(IVV) compounds 5a and 5b, the fluorine is not
involved in these short contacts which consist mainly on intermolecular interactions of
the halido ligand (5a, X = Cl, 5b, X = Br) with aromatic (5a, d(Cl---H) = 2.848 A; 5b,
d(Br---H) = 2.963 A) and methyl protons (5a, d(Cl---H) = 2.887 A; 5b, d(Br---H) = 3.047
A) in addition to C---H interactions for compound 5a (d(C---H) = 2.828 A) and a Br---Br
interaction between the axial bromido ligands for compound 5b (d(Br---Br) = 3.533 A).
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Figure 3.5. A view of the structure of compounds 5a (left) and 5b (right) with all intermolecular
contacts shorter than the sum of van der Waals radii highlighted in blue. For 5a: CI(3)-H(12) =
2.887 A, CI(3)-H(4) = 2.848 A, C(2)-H(10) = 2.828 A. For 5b: Br(2)-Br(3) = 3.533 A, Br(3)-
H(12) = 3.047 A, Br(3)-H(4) = 2.963 A.

3.2.3. Photophysical characterisation

Absorption and emission spectra of all compounds were recorded in 5-10° M
dichloromethane solutions at room temperature. The results are summarized in Table 3.1.

Table 3.1. Absorption and emission data for all compounds in dichloromethane solutions at

298K.
Absorption Amax/nm ..

Compound (&/ M cm™) Emission Amax/nm (i)
L2 275 (1994), 286 (1295) 350 0.059?
4a 277 (7524), 288 (5960), 347 0.069?

324 (4843), 383 (4203) 577, 630 0.005°
b 280 (7645), 291 (6901), 350 0.065%

326 (5898), 386 (5396) 576, 625 0.006"
5a 270 (22702), 336 (2655) 352 0.123?
5b 280 (12290), 301 (9805), 351 0.046%

340 (4097), 380 (2228) 578, 628 0.002°

@ Quantum yields for emission in solution referred to naphthalene in cyclohexane. ® Quantum
yields for emission in solution referred to [Ru(bipy)s]Cls in water.
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All compounds show several bands in the 270-301 nm range in the UV-Visible absorption
spectra with high € values. These bands can be attributed to =—n* intraligand transitions
as they match the absorption of the free ligand L2 (Figure 3.6). Additionally,
cyclometallated platinum(l1) compounds 4a and 4b and platinum(1V) compound 5b show
bands in the lower energy range (380-386 nm) that can be assigned as Pt(5d) — n* (L)
metal-to-ligand charge transfer (MLCT) mixed with intraligand transitions.?%-2

Upon excitation at their high energy absorption bands, all compounds display a broad
emission band around 350 nm for both L2 and the resulting cyclometallated complexes
(Figure 3.6). Therefore, it can be attributed to an intraligand (*IL) transition that can be

perturbed by the presence of the platinum.2%%

—1L2
—14a
2x10° 4b
—5a
— 5b| ~
£ 3
o s
S 1x104 §
= - —
0 K /\ — : . . .
300 400 500 300 350 400 450 500
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Figure 3.6. Absorption spectra (left) and normalized emission spectra upon excitation at their
high energy band (Aexc= 350 nm, right) for 5-10" M dichloromethane solutions of ligand L2 and
platinum compounds 4 and 5.

When excited at their lower energy absorption bands, a vibronically structured band in
the 576-630 nm range is observed for compounds 4 and 5b. As seen previously, it can be
attributed to phosphorescence 3IL emission due to the large Stokes’ shift and the
guenching of the emission in the presence of oxygen (Figure 3.7).22% In all cases, no
excimer’s or aggregates’ bands that usually present a broad emission at higher
wavelengths were recorded. This agrees with the fact that no Pt---Pt or - stacking

interactions are observed in the crystal packing of the molecules.
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Figure 3.7. Normalized emission spectra for 5-10° M dichloromethane solutions of platinum
compounds 4a, 4b and 5b upon excitation at their low energy band (Aexc= 625 nm, left) and
comparison between air equilibrated and N saturated emission spectra of compound 4a (right).

The quantum yield values for all emission bands are summarized in Table 3.2 for all

compounds and their analogues (compounds 1a, 1b, 3a, 3b) depicted in Chapter 2.

Table 3.2. Absorption and emission data for all compounds

N XN\
1aX=Cl, n=2 /N |/N 3aX=Cl,n=2
4a X =Cl, n=1 Pt Pt 5a X =Cl, n=1
1bX=Br,n=2 F /7 \ )n F )n
X /N\ X
HsC

4b X = Br, n= 1 /)l(\N 2333?:3?
, CHs H3C/ \CH3 |

Compound ¢ (hem = 350 NM) $pn° (hem = 576-630 nm)
la 0.056 0.003

4a 0.069 0.005

1b 0.044 0.004

4b 0.065 0.006

3a 0.051 -

5a 0.123 -

3b 0.056 -

5b 0.046 0.002

2 Quantum yields for emission in solution referred to naphthalene in cyclohexane. ® Quantum
yields for emission in solution referred to [Ru(bipy)s]Cls in water.
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We can observe that for the emission band at 350 nm, quantum yield values are higher
for those compounds that derive from the more rigid ethylene chain (4 and 5, ¢ = 0.046-
0.123) than their analogues depicted in Chapter 2 containing a propylene chain (1 and 3,
¢ = 0.044-0.064). As an exception, compound 5b presents a lower quantum yield
regarding its analogue 3b, which is explained by the presence of the previously not
observed band at higher wavelengths. For the emission band at higher wavelength, the
same tendency can be observed when comparing compounds 1 and 4. Therefore, it can
be concluded that the higher rigidity in compounds 4 and 5 restricts their vibrations which

results in an increase in the radiative pathways versus non-radiative ones.
3.2.4. Cell viability assays

All compounds along with their analogues with a longer aliphatic chain depicted in
Chapter 2 were selected to study their anticancer properties (Figure 3.8). Compounds
containing a methyl as an ancillary ligand (2a-2c) were discarded for these studies as it
has been previously stated that the presence of more Pt-C bonds prevents platinum(1V)
compounds reduction under cellular media and therefore the possibility of them acting as
prodrugs.?®>3 Additionally, those containing iodido ligands (1c, 3c) were not selected as
it has been observed that they present a low solubility which does not allow the
performance of this studies in biological media.*®

N X\
1aX=Cl, n=2 /N |/N 3aX=Cl,n=2
1b X =Br, n=2 Pt Pt 3b X =Br, n=2
F 7\ )n F )n
VAN
HsC

4aX=Cl,n=1 5a X =CIl, n=1
4b X =Br, n=1 X /\ 5b X =Br, n=1

CH, H,C  CHs

Figure 3.8. Molecular structure of the selected compounds for biological studies.

The antiproliferative activity of all compounds was assessed against a wide panel of
cancer cell lines including SW620 (colorectal cancer), PC-3 (prostate cancer), A549 (lung
adenocarcinoma) and MCF-7 (breast adenocarcinoma). The resulting 1Cso values are

summarised in Table 3.3.
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Table 3.3. Antiproliferative activity (1Cso, uM) on A549 lung, SW620 colorectal, MCF-7 breast
and PC-3 prostate cancer cell lines for the studied compounds, cisplatin and oxaliplatin.

Compound? A549 SW620 MCF-7 PC-3
la 512 5.7+11 62 1.1+06
1b 52 55+04 7+2 21+13
4a 57 %3 46+0.38 >100 19+5
4b 48 £5 31+1.1 >100 66 + 13
3a 1.4+05 0.9+0.3 3.3+£05 0.9+0.2
3b 3.39+0.12 1.8+0.7 6.6 +0.8 1.46 £0.13
oa 41+0.3 0.41+0.04 54+10 12+05
5b 4+72 0.7+04 8.0+0.8 146 +£0.11

Cisplatin® 55+0.2 14+05 25.6 0.7 1.5+0.4

Oxaliplatin® 1.3+0.2 0.3+£0.2 23.4+0.2 12+03

? Results shown correspond to mean * standard deviation of two experiments performed in
triplicates. ® Cisplatin and oxaliplatin are taken as reference compounds.

Remarkably, all compounds except 4a and 4b present significantly lower 1Cso values than
both reference compounds (cisplatin and oxaliplatin) in the breast cancer cell line MCF-
7. Additionally, some platinum(IVV) compounds display values in the nanomolar range,
being compound 5a the most effective against SW620 (0.41 uM), whereas compound 3a
presented the highest efficiency against the remaining cancer cell lines (PC-3, 0.9 uM;
A549, 1.4 uM; MCF-7; 3.3 uM). The latter reaches for A549 a similar efficacy than
oxaliplatin, and all platinum(1V) derivatives are slightly more potent than cisplatin in this
cell line. On the other hand, platinum(Il) compound 1a has a similar effect in PC-3 than

platinum(1V) derivatives.

The heterogeneity of these results, except for the less active compounds 4a and 4b,
suggests the existence of more than one mechanism of action for the studied compounds.
Platinum(1V) compounds 3a and 5a were selected as lead compounds as well as

platinum(11) compound 1a, which also presents a competitive efficiency.

For these compounds, their antiproliferative effect on normal human foreskin fibroblast
cells (BJ) was also evaluated to test their selectivity at the range of concentrations where
they completely stop the proliferation of all cancer cell lines. As it can be seen in
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Figure 3.9, compound 3a is highly selective for all cell lines at 5 UM concentration, as
well as at 1 pM for PC-3 and SW620, a concentration where the proliferation of BJ was
completely unaffected. On the other hand, compound 5a presents selectivity for all cell
lines at 5 uM without compromising the viability of the healthy cells at this higher
concentration and also displays a high selectivity for SW620 at 1 mM concentration.
Compound 1a also presents similar selectivity with the advantage that it does not present
any effect in BJ cells at none of the concentrations. This implies that though its 1Cso values
are indeed higher than those of platinum(lVV) compounds, they could display a better

toxicity profile with lower secondary effects.
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Figure 3.9. Normalized cell viability after 72 h incubation with 0, 1, 5 or 10 uM of compounds
3a (A), 5a (B) and 1a (C) in BJ healthy foreskin fibroblasts, SW620 colorectal cancer, PC-3
metastatic prostate adenocarcinoma, A549 lung adenocarcinoma and MCF-7 breast
cancer cells determined by MTT antiproliferative assay.
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Afterwards, the effect of platinum(IVV) compounds 3 and 5 against metastatic tumours
that have acquired multiplatinum resistance (MPR) was evaluated by testing them for
prostate PC-3-MPR and colorectal SW620-MPR and their age matched controls (PC-3-
O and SW620-0). Surprisingly, all compounds present a complete absence of cross-
resistance, as they exhibit similar antiproliferative effect in both metastatic resistant cell
models, with resistance indexes (Rlrsist) close to 1 (Tables 3.4 and 3.5).

Table 3.4. Antiproliferative activity (1Cso, uM) and resistance index (RI) of the studied

compounds, cisplatin and oxaliplatin on the generated colorectal cancer (CRC) model of
multiplatinum resistance (SW620-MPR) and its age-matched control (SW620-0).

Compound?®  SW620-O SW620-MPR Rlaging R resist Rltotal
la 7%3 71+0.6 1.2 1 1.3
3a 22+03 3+2 24 1.2 2.8
3b 3.6+1.2 48+14 2 1.3 2.7
S5a 1.1+0.7 1.64 +£0.01 2.8 1.4 4
5b 08+04 1.4+0.7 1.2 1.7 2
Cisplatin 1.1+09 21+4 0.8 19 15
Oxaliplatin 0.3+0.2 32+x11 1 10 10

 Results shown correspond to mean * standard deviation of two experiments performed in
triplicates. ® Rlaging cOrresponds to the ratio of 1Cso between SW620-O (age-matched control) and
SW620 (parental). © Rlyesist corresponds to the ratio of 1Cso between SW620-MPR (resistant) and
SW620-0 (age-matched control). ¢ Rl corresponds to the ratio of 1Cs between SW620-MPR
(resistant) and SW620 (parental).
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Table 3.5 . Antiproliferative activity (ICso, uM) and resistance index (RI) of the studied
compounds, cisplatin and oxaliplatin on the generated colorectal cancer (CRC) model of
multiplatinum resistance (PC-3-MPR) and its age-matched control (PC-3-0).

Compound? PC-3-O PC-3-MPR Rlaging Rl resit R ltotal
la 0.67+£0.11 16+0.2 0.6 2.5 1.5
3a 14+08 1.5+0.3 1.5 1 1.6
3b 53+03 3.7+13 3.7 0.7 2.5
oa 22 29+04 1.9 1.3 24
5b 4+2 3.7+04 24 1 2.5
Cisplatin 25+09 239 1.7 9 15
Oxaliplatin  0.69 £ 0.02 51+12 0.6 74 42

 Results shown correspond to mean * standard deviation of two experiments performed in
triplicates. ® Rlaging COrresponds to the ratio of 1Csy between PC-3-O (age-matched control) and
PC-3 (parental). © Rlyesist corresponds to the ratio of IC50 between PC-3-MPR (resistant) and PC-
3-0 (age-matched control). ¢ Rl corresponds to the ratio of 1Cso between PC-3-MPR (resistant)
and PC-3 (parental).

Although other examples of low cross-resistance have been reported in the literature, they
are usually related to the presence of bioactive agents as axial ligands that upon their
release can act in combination with the resulting platinum(11) compound.”®32 In our case,
having halogen groups in the axial positions, the absence of cross-resistance must arise
from the platinacycle itself. This is confirmed by the similar Rlrsist values observed for

platinum(I1) compound 1a against these cell lines.

To further understand the mechanism of action of these compounds, compound 5a and
cisplatin as a reference were selected to study their effect in the cell cycle progression,
apoptosis and intracellular ROS levels in both SW620-O and SW620-MPR (Figure 3.10).

The cell cycle is a series of tightly and sequential events that cells undergo before being
divided by mitosis. It consists in a GO/G1 phase where a cell can be either quiescent (G0)
or preparing for DNA replication (G1); the duplication of its genome (synthesis, S) and
G2/Mitosis (M) where an exact copy of the cell is generated. In healthy cells, several
checkpoints exist that allow them to avoid uncontrolled proliferation or proliferation of
damaged cells. It is the malfunction of these checkpoints what is key to oncogenic
proliferation and therefore, inhibiting this proliferation through cell cycle arrest is one

approach for anticancer therapy.3® Another appealing therapeutic window is to counteract
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the anti-apoptotic oncogenic activation that allows cancer cells to avoid apoptotic stimuli
by activating oncogenes that promote cell survival. Therefore, it is of interest to analyse
the effect of our compounds in these phases to understand the origin of their cancer

activity.

Additionally, the concentration of reactive oxygen species (ROS), which are oxidant by-
products of cell metabolism (superoxide, O2"; hydrogen peroxide; H202; hydroxyl radical,
-OH and singlet oxygen, *02), is usually low in healthy cells and contributes to the cell
survival and proliferation. On the other hand, high ROS levels are attributed to stress and
pathological conditions which produce damage to DNA leading to apoptosis. This is of
interest as cancer cells can evade these apoptotic programs while maintaining a high ROS
level, which is why the mechanism of action of cisplatin consists in further increase the

ROS production to an extent where the cancer cells can no longer evade apoptosis.®*

The effect in the cell cycle was completely different for both compounds. While cisplatin
causes a significant G2/M arrest in SW620-0 at its 1Cso value, as previously observed, its
effect in SW620-MPR is much lower.®® On the other hand, compound 5a induced an S
arrest in SW620-0 but had no interference in the cell cycle of SW620-MPR. This implies
that, considering that its I1Cso values are the same for both resistant and non-resistant cell
lines, compound 5a should perform through a different mechanism than conventional

platinum drugs, for which SW620-MPR has not developed resistance.
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Figure 3.10. Cell cycle phase distribution at 72 h incubation with cisplatin or 5a at their 1Cso
concentration in (A) SW620-0 and (B) SW620-MPR. Percentage variations of alive, early
apoptotic and late apoptotic/necrotic cell populations at 72 h incubation with cisplatin or 5a at
their 1Cso concentrations in (C) SW620-O and (D) SW620-MPR cells.

In this regard, it was observed that while cisplatin causes a significant increase in ROS
production in SW620-O with lesser effect in SW620-MPR, compound 5a presented this

effect in the multiplatinum resistant cell line but not in SW620-0.

Finally, compound 5a was able to significantly induce apoptosis in both SW620-O and
SW620-MPR cell lines while cisplatin had a more modest effect. These apoptosis levels
do not correlate with the ROS accumulation in the cells treated with either cisplatin or

compound 5a.

Therefore, in general terms, the results indicate that although multiplatinum resistant cells
have adapted to and minimised the effect of conventional platinum compounds that cause
a cell cycle disruption, they are vulnerable to the induction of apoptosis caused by

compound 5a.
3.2.5. DNA migration assays

The ability of all compounds to modify the mobility of the supercoiled close (sc) and the
open circular (oc) forms of pBluescript SK + plasmid DNA was tested in agarose gel by

electrophoresis (Figure 3.11). It can be observed that platinum(ll) compounds cause
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significant changes in the mobility of plasmid DNA at concentrations as low as 10 uM
for compounds 1 and an even lower concentration of 5 uM for compounds 4. However,
for platinum(lIV) compounds, only 5b presents some interaction with DNA at a high
concentration of 100 uM, while the rest were not efficient at all at modifying its mobility.
This lack of effect could be an indicator that these compounds are in fact acting as pro-
drugs and are only activated upon reduction to platinum(ll) in cellular media.

A) 1a 1b 4a 4b

156789 156789 156789 156789

ocC»
SC»

3a 3b ba 5b

156789 156789 156789 1 561789

B) 4a 4b cisplatin

12 456789 12 4561789 12 3456

oC»
SC»

Figure 3.11. Interaction of pBluescript SK+ plasmid DNA (0.3 pg) with increasing
concentrations of compounds under study. A) All compounds were analysed from 10 to 200 uM
concentration Lane 1: DNA only. Lane 5: 10 puM. Lane 6: 25 pM. Lane 7: 50 uM. Lane 8: 100
MM. Lane 9: 200 M. B) Compounds 4a and 4b were also analysed at lower concentrations and
compared with cisplatin as a standard reference. Lane 1: 0 uM. Lane 2: 1 uM. Lane 3: 2.5 uM.
Lane 4: 5 pM. Lane 5: 10 pM. Lane 6: 25 pM. Lane 7: 50 puM. Lane 8: 100 pM. Lane 9: 200
MM; sc = supercoiled closed circular DNA; oc = open circular DNA.

oC»

SC»
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3.2.6. NMR stability studies

The stability of platinum(IVV) compound 3a in the aqueous biological media was assessed
by performing *H-NMR spectra at time periods up to one week. A solution of compound
3a at a 1 mM concentration was prepared in a 50 mM phosphate buffer in D20 (pD =
7.40) and two drops of d®-DMSO to allow solubilisation of the compound.

The most informative resonances of the resulting spectra are those in the imine region, as
previously reported for previous stability studies performed by *H-NMR in similar
compounds.'®!” As depicted in Figure 3.12, a major product which gives a singlet in this
region (6 = 8.44 ppm) remains stable up to one week is observed. No coupling with
platinum is observed for these nor for the other minor compounds, which suggest the
formation of a mixture of solvato complexes where the solvents used (D20 or d®-DMSO)
might have replaced the more labile N-donor or chlorido ligands. This agrees with the

aquation of equatorial ligands recently observed in the literature.3®
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Figure 3.12. Partial view of the 'H NMR spectrum of a solution of compound 3a (1 mM) in 50
mM phosphate buffer (in D20, pH 7.40) and -DMSO-d°®, freshly prepared, after 24 h and 1 week
of storage at 298 K.

103



Chapter 3: Anticancer activity of luminescent platinacyles against...

To investigate our hypothesis that these platinum(IVV) compounds can be rapidly reduced
under biological conditions by reducing agents present in cell media, the reactions of
compound 3a with glutathione, ascorbic acid and cysteine were monitored by *H NMR
spectroscopy under analogous conditions. A mixture containing 1 mM concentration of
compound 3a and 25 mM of the corresponding reductant were prepared in a 50 mM
phosphate buffer (D20, pD = 7.40) and two drops of DMSO-d® and were measured at
several time periods up to one week. As previously mentioned, the imine region was
analysed as it easily provides information, and it avoids the interference of the signals

corresponding to the reductants.

The aromatic and imine region of the *H NMR corresponding to reaction with cysteine is
shown in Figure 3.13, as it was the most conclusive. This is in agreement with recent
studies that suggest that cysteine is the most effective in the reduction of platinum(IV)
anticancer prodrugs under physiological conditions and that its reactivity is highly

dependent on pH.3"%
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Figure 3.13. Partial view of *"H NMR spectrum of a solution of compound 3a (1 mM) in 50
mM phosphate buffer (in DO, pH 7.40) and d6-DMSO containing 25 mM L-cysteine, freshly
prepared, and after 24 h and 1 week of storage at 298 K.

This reaction produces from the early stages a compound that is stable in solution up to

one week and its signal at § = 8.51 ppm with a coupling constant 3J(H-Pt) = 100 Hz can
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be assigned to platinum(Il) compound la-cys. The coupling constant value confirms the
substitution of the chlorido ligand by cysteine, as it depends not only on the oxidation
state of platinum, with higher values for platinum(ll) compounds, but also on the trans
influence of the ancillary ligand in equatorial position. Therefore, it presents a lower value
than the chlorido derivative 1a (3J(Pt-H)= 141 Hz), in agreement with its higher trans

influence.®

Additionally, the proposed mechanism depicted in Scheme 3.6 matches kinetic studies
reported in the literature for analogous compounds, where it was found that the reaction
of this kind of cyclometallated platinum(IVV) compounds consists in two consecutive
steps. First, cysteine reduces the compound to platinum(ll) (step 1, Scheme 3.6) which is
followed by the substitution of the remaining chlorido ligand for a cysteine deprotonated

moiety (step 2, Scheme 3.6).%°

CI
F‘/ > B +
/\ + RSCI+H" +CI
3

CI / \
3a 1a
o RSH | (2)
RSH = cysteine = HS OH
NH,
| >Nj
. Pt\ + H"+CI
RS/ /N\
H3C  CHj;
1a-cys

Scheme 3.6. Proposed mechanism for the reaction of compound 3a with cysteine in
aqueous biological medium.
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3.3. Conclusions

The anticancer and photophysical properties of a new family of [C,N,N’] cyclometallated
platinum(I1) and platinum(1V) with differences in the nature of the ancillary ligand and
the length of the aliphatic chain have been analysed. Their luminescent properties were
slightly enhanced regarding their analogues with a propylene chain depicted in Chapter
2, thanks to the increase in rigidity that the shorter ethylene chain provides. This favours
the radiative pathways and a subsequent increase in their luminescence quantum yields,

which still present moderate values.

The antiproliferative studies for all compounds including their analogues from Chapter 2
revealed that they present high efficacy and selectivity against a broad cancer cells panel.
Specifically, platinum(IVV) compounds display an enhanced effect and a complete absence
of cross-resistance in multiplatinum resistant cell models. This property has been found
to be intrinsic of the platinacycle and cell phase distribution and apoptosis studies have

proved that they undergo a different mechanism than conventional platinum compounds.

In addition, DNA interaction and NMR studies have proved the ability of platinum(IV)
compounds to be reduced under cellular media, and that this appears to be a key point in
their antiproliferative activity. As a whole, these compounds offer a high potential to be
developed as pro-drugs in cancer chemotherapies as second-line treatments for platinum-

resistant tumours.
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3.4. Experimental Section

3.4.1. General procedures

Commercial reagents 4-fluorobenzaldehyde (Sigma Aldrich, 98%), 2-dimethylamino-1-
ethanamine (Sigma Aldrich, 95%), sodium sulphate (Na2SOa, Panreac, 99%), sodium
acetate (CHsCOONa, Carlo Erba, 99%), potassium bromide (KBr, Probus, 98%),
bromine (Brz, Sigma Aldrich, >99%) and iodine (l2, Panreac, >99%); and solvents
methanol (Sigma Aldrich, >99%), dichloromethane (CH2Clz, Scharlau, 99%), acetone

(Carlo Erba, >99%) and hexane (Sigma Aldrich, >98%) were used as received.

Complexes cis-[PtCl2(DMSO0)2]** and iodobenzene dichloride (PhICI2)*? were prepared
as reported in the literature.

3.4.2. Physical measurements

NMR spectra were recorded in CDClIs at the Unitat de RMN of the Universitat de
Barcelona with a Mercury 400 spectrometer (*H, 400 MHz; *°F, 376.5 MHz). Chemical
shifts are given in & values (ppm) relative to TMS (*H) or CFCIz (*°F) and coupling

constants J are given in Hz.

Electrospray mass spectra were performed at the Unitat d’Espectrometria de Masses
(Universitat de Barcelona) in a LC/MSD-TOF spectrometer using H20-CHsCN 1:1 to

introduce the sample.

Microanalyses were performed at the Centres Cientifics i Tecnologics (Universitat de

Barcelona) using a Carlo Erba model EA1108 elemental analyser.

UV/Vis spectra were recorded with a Cary 100 scan 388 Varian UV spectrometer.
Emission and excitation spectra were recorded in a Horiba Jobin-Yvon SPEX Nanolog-

TM spectrofluorimeter at 298 K using 5-10° M dichloromethane solutions.

Total luminescence quantum yields were measured at 298K relative to [Ru(bipy)s]Clz in
water (¢ = 0.042) and naphthalene in cyclohexane (¢ = 0.23) as standard references.
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3.4.3. Synthesis and characterisation
Synthesis of 4-FCsHsCH=N(CH)2N(CH3). (L2)

CH

3
d e f | n
N N
c N/\/ \CH3
9
a
F
b

Ligand 4-FCsHsCH=N(CH2)2N(CHz3)2 (L2)** was obtained by following the method
described in the literature from the reaction of 0.782 g (6.301 mmols) of 4-
fluorobenzaldehyde and 0.626 g (7.102 mmols) of 2-dimethylamino-1-ethanamine in 20
ml of toluene. The mixture was stirred at room temperature for 2 hours and water was
eliminated by adding sodium sulphate and filtering it off. The solvent was removed under

vacuum to give a yellow oil. Yield: 1.044 g (85%).

IH NMR (CDCls, 400 MHz): & 8.26 [s, 1H, H¢]; 7.70 [dd, 2H, 3J(H-H) = 8.8, 4J(F-H) =
5.6, H*4]; 7.07 [t, 2H, 3J(F-H) = 3)(H-H) = 8.8, H>¢]; 3.71 [t, 2H, 3J(H-H) = 6.8, H; 2.62
[t, 2H, 3)(H-H) = 6.8, H9]; 2.29 [s, 6H, H"]. 13F NMR (CDCls, 376.5 MHz): & -109.90
[m, 1F].

Synthesis of [PtCI{(CH3)2:N(CH).N=CH(4-FCsH3)}] (4a)

c d
b
@j
F e \N f
/\
Hs

Hs
g

Compound [PtCI{(CHs)2N(CH2)2N=CH(4-FCsH3)}] (4a)*®> was obtained by slight
modification of the method described in the literature from the reaction of 0.402 g (0.951
mmols) of cis-[PtCl2(DMSO0):], 0.222 g (1.067 mmols) of 4-FCsHsCH=N(CH2)2N(CH?3)
(L2) and 0.079 g (0.975 mmols) of anhydrous sodium acetate in 50 ml of dry methanol.
The mixture was refluxed at 65 °C for 96 hours and the solvent was removed under

vacuum. The residue was extracted with 10 ml of CH2Cl2 and 10 ml of methanol were
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added. Half of the volume was removed under vacuum and the solution was left to
crystallise in the freezer. The orange solid was filtered and dried under vacuum. Yield:
0.174 g (42%).

IH NMR (CDCls, 400 MHz): & 8.26 [s, 1H, 3J(Pt-H) = 141.2, HY]; 7.41 [dd, 1H, 3J(F-H)
= 9.5, “J(H-H) = 2.8, 3J(Pt-H) = 50.8, H2]; 7.24 [dd, 1H, 3J(H-H) = 8.0, *J(F-H) = 5.6, H];
6.69 [td, 1H, 3J(F-H) = 3J(H-H) = 8.8, “J(H-H) = 2.8, H"]; 4.06 [t, 2H, 3J(H-H) = 6.0, H¢];
3.11t, 2H, 3J(H-H) = 6.0, Hf; 2.90 [s, 6H, HY]. 1°F NMR (CDCls, 376.5 MHz): § -102.92
[m, 1F]. MS-ESI*: m/z 442.08 [M+NH4]*. Anal. Found (calcd for C11H14CIFN2Pt): C,
30.70 (31.20); H, 3.40 (3.33); N, 6.70 (6.62).

Synthesis of [PtBr{(CHs).N(CH).N=CH(4-FC¢H3)}] (4b)

c d
b
Ly
- a Br/ \N f
/ \
Hj

Hs
g

Compound [PtBr{(CHs)2N(CH2)sN=CH(4-FCsH3)}] (4b) was obtained from the reaction
of 0.260 g (0.614 mmols) of [PtCI{(CH3)2N(CH2)2N=CH(4-FCsH3)}] (4a) and 0.309 g
(2.597 mmols) of KBr in 25 ml of dry methanol. The mixture was refluxed at 65 °C for
48 hours and the solvent was removed under vacuum. The residue was extracted with 10
ml of CH2Cl2 and 10 ml of methanol were added. Half of the volume was removed under
vacuum and the solution was left to crystallise in the freezer. The orange solid was filtered
and dried under vacuum. Yield: 0.131 g (46%).

IH NMR (CDCls, 400 MHz): 5 8.28 [s, 1H, 3J(Pt-H) = 143.4, H%]; 7.60 [dd, 1H, 3J(F-H)
= 9.6, “J(H-H) = 2.6, 3J(Pt-H) = 50.8, H?], 7.24-7.28 [m, 1H, H°], 6.67 [td, 1H, 3J(F-H) =
3)(H-H) = 8.6, 4J(H-H) = 2.5, H"], 4.06 [t, 2H, 3)J(H-H) = 5.8, H¢], 3.10 [t, 2H, 3J(H-H) =
6.1, H', 2.93 [s, 6H, 3J(Pt-H) = 14.7, HY]. 2°F NMR (CDCls, 376.5 MHz): & -102.8 [m,
1F]. MS-ESI*: m/z 469.00 [M + H]".
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Synthesis of [PtCI3{(CH3)2N(CH2).N=CH(4-FC¢H3)}] (5a)

c d
b
[ s
F i j
a” | f
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Cl /
H,;C \CH
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3

Compound [PtCls{(CH3)2N(CH2)sN=CH(4-FCsH3)}] (5a) was obtained from the
reaction of 0.051 g (0.120 mmols) of [PtCI{(CH3)2N(CH2)2N=CH(4-FCsH3)}] (4a) and
0.034 g (0.124 mmols) of iodobenzene dichloride (PhICI2) in 7 ml of acetone. The mixture
was stirred at room temperature for 10 minutes and the solvent was removed under
vacuum. The residue was treated with hexane and the yellow solid was filtered and dried
under vacuum. Yield: 0.050 g (84%).

IH NMR (CDCls, 400 MHz):  8.16 [s, 1H, 3J(Pt-H) = 89.4, H']; 7.53 [m, 2H, H*¢], 6.94
[td, 1H, 3J(F-H) = 3J(H-H) = 8.5, “)(H-H) = 2.5, H"], 4.17 [t, 2H, 2J(H-H) = 5.8H¢], 3.38
[t, 2H, 3)(H-H) = 5.7, HT, 3.06 [s, 6H, 3J(Pt-H) = 10.1, HY. °F NMR (CDCls, 376.5
MHz): & -94.8 [m, 1F]. MS-ESI*: m/z 494.99 [M + H]*. Anal. Found (calcd
C11H1CIsFN2Pt-H20): C, 25.62 (25.75); H, 3.00 (3.15); N, 5.52 (5.46).

Synthesis of [PtBrs{(CHs)2N(CH2).N=CH(4-FC¢sH3)}] (5b)

c d

° Br
o)
F - r/||3r\N f
H3C/ \CH3

Compound [PtBrs{(CHz)2N(CH2)2N=CH(4-FCsH3)}] (5b) was prepared as a brown solid
by following the same method from 0.050 g (0.107 mmols) of
[PtBr{(CHz3)2N(CH2)2N=CH(4-FCesH3)}] (4b) and 0.103 g (0.642 mmols) of Brz. Yield:
0.054 g (81%).

IH NMR (CDCls, 400 MHz): & 8.05 [s, 1H, 3J(Pt-H) = 90.4, HY]; 7.62 [dd, 1H, 3J(F-H) =
8.5, 4J(H-H) = 2.4, 3)(Pt-H) = 27.5, H?], 7.50 [dd, 1H, 3J(H-H) = 8.4, 4J(F-H) = 5.4, H,
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6.84 [td, 1H, 3J(F-H) = 3J(H-H) = 8.5, 4J(H-H) = 2.4, H"], 4.18 [t, 2H, 3J(H-H) =5.6, H¢],
3.45[t, 2H, 3J(H-H) = 5.5, Hf, 3.21 [s, 6H, 3J(Pt-H) = 12.0, H9]. *F NMR (CDCls, 376.5
MHz): § -95.2 [m, 1F]. MS-ESI*: m/z 628.83 [M + H]*. Anal. Found (calcd for
C11H14BrsFN2Pt-H20): C, 20.16 (20.44); H, 2.23 (2.50); N, 4.03 (4.34).

3.4.4. X-ray Diffraction

Suitable crystals of compounds 4a, 4b, 5a and 5b were grown at room temperature in
dichloromethane-methanol (4a, 5a and 5b) or dichloromethane-hexane (4b). X-ray
diffraction data were collected on a D8 VENTURE system equipped with a multilayer
monochromator and a Mo high brilliance Incoatec Microfocus Source (A= 0.71073 A) at
293 K (4a) or on a Bruker-Nonius KappaCCD system with an APEX-1l CCD detector
with graphite-monochromatised Mo-Ka (A = 0.71073 A) radiation. The structures were
solved and refined using the Bruker SHELXTL Software package.*® Crystallographic
details are given in Tables A3-A4.

3.4.5. Biological assays

Cell culture and viability assays

Human lung adenocarcinoma A-549 cells and lymph node metastasis of colorectal
SW620 cells were grown in minimum essential medium (DMEM (Dulbecco’s Modified
Eagle Medium). Human breast adenocarcinoma MCF-7 cells were cultured in DMEM
without phenol red, containing 1 mM sodium pyruvate, 0.01 mg-ml~* insulin, and 1%
non-essential amino acids. Bone metastasis of CRPC PC-3 cells were cultured in RPMI-
1640. 10% Foetal Bovine Serum (FBS) and 0.1% streptomycin/penicillin were added to
all culture media, and cells were cultured in standard culture conditions (humidified air
with 5% COz2 at 37°C). Cell viability assays were performed by a variation of the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide) assay described
previously.** Relative cell viability, compared to the viability of untreated cells, was
measured by absorbance at 550 nm on an ELISA plate reader (Tecan Sunrise MR20-301,
TECAN, Salzburg, Austria). Concentrations that inhibited cell growth by 50% (ICso) after
72 h of treatment were subsequently calculated by sigmoidal fitting with GraphPad Prism

6 software.
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Generation of multiplatinum-resistant cell models and age-matched controls

PC-3 and SW620 cells were cultured for about eight months either with or without
incremental doses of cisplatin, obtaining cell models that are resistant to cisplatin and
cross-resistant to oxaliplatin, thus termed multiplatinum-resistant (PC-3-MPR or SW620-
MPR), and their age-matched/old controls (PC-3-O or SW620-0). Cell viability and 1Cso
progression for the four cell lines were regularly monitored until passage 43-45, in which
cells were frozen and preserved in liquid nitrogen. Upon use, cells were defrozen and
used through passages 45 to 60, routine culturing MPR cell lines under the presence of
5.5 uM cisplatin (SW620-MPR) and 1 pM cisplatin (PC-3-MPR).

Flow cytometry-based cell cycle, apoptosis and ROS analyses

Cells in triplicates for each condition were seeded in 6-well plates. After 24 h, cell culture
medium was removed and fresh medium with each compound at the previously
determined ICso for each cell line (Table 3.3) was added to the plates, and cells were
incubated for 72 h. For cell cycle, cells were trypsinized mildly, collected, fixed in 70%
ethanol and stored at —20°C until measure. Right before measuring, fixed cells were
incubated for 1 h with PBS containing 50 mg-ml~* propidium iodide (P1) and 10 mg-ml™*
DNase-free RNase. For apoptosis, trypsinized and collected cells were double stained
with P1 and annexin-V in binding buffer (10 mM HEPES/NaOH, pH 7.40, 140 mM NacCl,
2.5 mM CaClz) and incubated in darkness for 30 min at room temperature. For ROS
analysis, attached cells after 72 h with each condition were incubated with 5 uM 2',7'-
dichlorofluorescein diacetate (DCFH-DA, Invitrogen) in PBS supplemented with 10 mM
glucose and 2 mM glutamine for 30 min at 37°C, and further incubated for another 30
min with full culture medium. Finally, cells were trypsinised and resuspended thoroughly
in 0.4 mL of PBS containing DCFH-DA (50 uM) and PI (20 ug-ml™?). For all three assays,
fluorescence data of 10* cells was collected on a CyAn flow cytometer (Beckman Coulter)

and analysed using FlowJo v10 software.
Data analysis

For each compound, a minimum of three independent experiments with triplicate values
were conducted to measure cell viability. A minimum of two independent experiments in
triplicates were performed for cell cycle analysis and assessment of apoptosis. Significant
differences compared to control were assessed by Student’s t-test where p < 0.05(#), p <
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0.01(##) or p < 0.001(###) were taken into consideration. Data are given as the mean +
standard deviation (SD).

DNA migration assays

DNA migration studies were performed as described before.!” Compounds under study
were prepared in high purity DMSO at 10 mM concentration and then serial dilutions
with MilliQ water (1:1) were made. pBluescript SK+ plasmid DNA-drug interaction was
analysed by agarose gel electrophoresis. Plasmid DNA aliquots (0.3 pg) were incubated
in TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 7.5) with different concentrations of
compounds under study ranging from 0 uM to 200 uM at 37 °C for 24 h. Cisplatin was
used as a reference control. Samples were then subjected to 1% agarose gel
electrophoresis in TAE buffer, stained in TAE buffer containing ethidium bromide (0.5
mg mlt) and visualized and photographed under UV light. All compounds under study
were firstly analysed between 10 and 200 puM concentration. Compounds 4a and 4b
which show the higher retardation at 10 uM concentration were also analysed at lower

concentration and interaction with DNA was also observed at 5 uM.
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4. Effect of the axial ligands on the anticancer
activity of novel cyclometallated platinum(1V)

compounds against colorectal cancer cells lines

4.1. Introduction

In the recent years, platinum complexes with non-classical structures such as
platinum(IVV) compounds or with different mechanisms of action than cisplatin have been
thoroughly investigated.r The platinum(IV) compounds include two axial ligands that
can dissociate after biological reduction and their nature can modulate the reduction
parameters, Kinetic stability, lipophilicity, and pharmacological properties of the

prodrug.*®

Upon these parameters, the reduction potential is key to predict the activity of these
compounds. Very high redox potentials might lead to straightforward fast reduction and
severe side effects while a lack of anticancer activity might be related to a lower reduction
rate, which can prevent the compound from giving the active platinum(ll) species. These
potentials are mainly affected by the electron donating properties of the ancillary axial

ligands.”®

However, no straightforward correlation has been established between the reduction
potential of platinum(lV) compounds and their biological activity, as the ability of the
coordination sphere to associate with the reducing agents present in cellular media also
plays a major role in facilitating the electron transfer.2%!! This is why more studies are
being aimed at disclosing their reactivity and understanding the precise mechanisms of

the reduction process and therefore develop a rational design of new compounds.*?

Several compounds derived from the oxidation of platinum(ll) clinically approved drugs
such as cisplatin and derivatives have been reported so far.'*>'* Among them, iproplatin,
satraplatin and tetraplatin, shown in Figure 4.1, have undergone clinical trials but none

of them or other platinum(1V) structures have been yet approved for their use.!>°
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Figure 4.1. Structure of the described platinum(IVV) compounds.

Most reported platinum(lV) prodrugs bear axial chlorido, hydroxido or carboxylato
ligands because of the synthetic ease with which they can be introduced. Hydrogen
peroxide or several species releasing chlorine such as iodobenzene dichloride can be used

with platinum(I1) compounds to give the trans oxidative addition products.®®

Specifically, hydroxido derivatives are interesting as upon reduction, the release of
hydrogen peroxide can increase the reactive oxygen species (ROS) level in cellular media
which is known to induce cell death.!” Additionally, the metal-bound hydroxido ligands
are sufficiently nucleophilic to attack carboxylic acid anhydrides to yield platinum(1V)

carboxylates (Scheme 4.1).18

OH
H3N,, Cl H,O,  H3N, | «Cl anhydride of |'|3N//,,CR\\\\CI cellular  HaNy,  Cl
N T ey P, = PGt 20
H3N cl HNT | Yl Q HSN’CB‘Q reduction HsN cl
OH

Scheme 4.1. Scheme of the preparation of the described compounds from cisplatin and their
reduction under cellular media.

Upon all the reported examples of compounds containing these axial ligands, it has been
established that the ease of reduction is higher for chlorido than for hidroxido ligands,
with intermediate values for several carboxylato moieties.!*! This reduction potentials
have been widely determined by the use of cyclic voltammetry (CV) techniques, which

reveal an irreversible reduction peak for all platinum(IV) derivatives.??
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Nevertheless, the synthesis and biological activity of cyclometallated analogues of these
compounds has been less studied. This is why in this chapter, a family of cyclometallated
platinum(IVV) compounds with variations in the nature of the axial ancillary ligands was
synthesised. Among all the structures reported in Chapter 3, compound
[PtCIs{(CH3)2N(CH2)sN=CH(4-FCsH3)}] (5a), containing chlorido as axial ligands,
presented the most remarkable biological activity and therefore the structure of its
platinacycle was selected for the preparation of the new compounds and chosen as a
reference for comparison purposes. An hydroxido derivative was prepared to study its
biological activity and reduction potentials as well as to serve as a precursor for different
carboxylato derivatives. Dichloroacetate (DCA) and trifluoroacetate (TFA) were used to
synthesise two different carboxylato compounds to also study the effect of their nature in

the properties of the final compounds (Figure 4.2).

5a X= Cl|
‘ )|(\N 6a X= OH
/
|
c” y N o 0
/\
H3C CH3 ‘—22&/' ‘/??—21/
Cl,HC o~ F3C O

Figure 4.2. Structure of the compounds studied in this chapter.

DCA is a known anticancer agent that inhibits a key enzyme (pyruvate dehydrogenase
kinase), which is present in cancer cells. Platinum(I\VV) compounds containing DCA
ligands act as dual-action compounds which upon entry in the cell release a platinum(ll)

species and two molecules of DCA which target the mitochondria in the cell 2324

Finally, TFA does not display any biological activity, but was selected as compounds
with this axial ligand are known to reduce more rapidly and be more cytotoxic than those
containing acetato moieties.?® This has been attributed also to the enhanced intracellular
accumulation of the first, resulting from the higher lipophilicity of the fluorinated
complexes.?! Furthermore, the presence of fluorine atoms allows an easy tracking of its
behaviour in the cell, as the '°F isotope is NMR sensitive with a large chemical shift range
and avoids the difficulties of interpreting 'H NMR in the crowded cellular

environment.26:27
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4.2. Results and Discussion

4.2.1. Synthesis and characterisation

Compound [PtCI(OH)2{(CH?3)2N(CH2)2N=CH(4-FCsH3)}] (6a) was synthesised by slight
modification of the method reported in the literature by the addition of hydrogen peroxide
(H202) to the platinum(ll) compound [PtCI{(CH3)2N(CH2)2N=CH(4-FCsH3)}] (4a) in
dichloromethane to allow the oxidative addition of two hydroxyl axial ligands to obtain

the final cyclometallated platinum(IV) compound (Scheme 4.2) 8

j CH,Cl, rt, 2 h /Pt\j

a
OH
Hs /\ Hs
9

4a 6a

Scheme 4.2. Synthesis of compound 6a.

Compounds  [PtCI(CHCI2COO)2{(CHs)2N(CH2)2N=CH(4-FCsH3)}] (6b) and
[PtCI(CF3COO0)2{(CH3)2N(CH2)2N=CH(4-FCsH3)}] (6c) were obtained by the reaction
depicted in Scheme 4.3 between the hydroxyl axial groups of compound
[PtCI(OH)2{(CH3)2N(CH2)2N=CH(4-FCsHs)}] (6a) and the corresponding anhydride

(dichloroacetic anhydride, 6b; trifluoroacetic anhydride, 6¢).
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oM DCA anydride (6b)
‘ | N TFA anhydride (6c)
pf |/
] /1N /Tt\

c” dy N CH,Cl,/diethyl ether :
/ \ r.t., overnight OR/
HsC  CH, Hy
9
6a
0] (0]
Cl - Fo -
RO = h o}i o:ael
Fb
Cl Fb
6b 6¢c

Scheme 4.3. Synthesis of compounds 6b and 6c¢.

All final compounds were characterised by *H and '°F NMR spectra, mass spectrometry
and infrared spectroscopy matching the desired structures.

'H NMR spectra of all compounds present the expected signals for the fused [6,5,5]-
tricyclic system with no significant differences between the different derivatives, except
for an additional singlet signal at 5.85 ppm for compound 6b corresponding to the protons
from the dichloroacetate moieties. Upon comparison with the platinum(Il) precursor 4a,
it can be observed that the coupling constant of the iminic proton (HY) is significantly
reduced from 141 Hz to values between 89 - 100 Hz for compounds 6. This is due to the
increase in the oxidation state, which implies a lower electronic density of the platinum
centre.?8 Furthermore, the chemical shift of this proton is not significantly affected by the
presence of different ancillary ligands, as it is directly influenced by the nature of the
ligand in trans to the imine bond, which corresponds to a chlorido in all cases.?® As
expected, upon oxidation with H202, which occurs in trans, compound 6a retains this
disposition in solution without further isomerisation, which would result in the doubling
of the signals of the N(CHs)2 and the (CH2)2 protons in the *H NMR, as they would
become diastereotopic.*

Additionally, compound 6a presents one single signal as a multiplet in its °F NMR
spectra (6 = -96.50 ppm) which appears shifted regarding its platinum(l1) precursor 4a (6
=-102.92 ppm), as previously observed upon change of the oxidation state of analogous
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compounds.®® This signal is also present in the °F NMR spectra for compounds 6b and
6c¢ at a similar position (3 = -95.49 ppm, 6b, & = -94.71 ppm, 6¢), in agreement with the
lesser effect of the nature of the axial ancillary ligands in its chemical shift.3! Compound
6¢ presents an additional singlet signal at -74.42 ppm that integrates to 6 fluorine atoms,

corresponding to the two equivalent trifluoroacetato axial ligands.

Infrared spectroscopy allowed to identify the most characteristic bands of all compounds.
Compound 6a displays a broad band centred at 3471 cm™ attributed to the O-H stretching
of the hydroxyl group while compounds 6b and 6¢ present an intense band at 1705 cm™
and 1736 cm, respectively, characteristic of the C=0 vibration band of an ester group.
Finally, all the protonated molecular peaks were found by mass spectrometry further

confirming the successful formation of the desired products.
4.2.2. Electrochemistry

Cyclic voltammetry was performed for 10~ M solutions in dimethyl sulfoxide/water (1:1)
of all compounds 6 along with their chloride analogue [PtCls{(CHz3)2N(CH2)sN=CH(4-
FCeH3)}] (5a) to evaluate their ease to be reduced to platinum(ll). All compounds show
an irreversible reduction peak, which is a common feature for platinum(I\VV) compounds
upon loss of the axial ligands.?? This is shown in Figure 4.3 for compound 5a as an

example.

2X1 0_3 1 " 1 " 1 " 1 " 1

-2x10°-

-4x10°-

I (mA)

-6x10°-

-8x107 -—
0.8 0.4 0.0 0.4 0.8

V(V)

Figure 4.3. First cycle of the cyclic voltammogram of compound 5a in a dimethyl
sulfoxide/water (1:1) solution at a scan rate of 100 mV/s.
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As previously observed for non-cyclometallated similar compounds, the reduction
process occurs more readily for chlorido (5a) than for hydroxido (6a) axial ligands, with
intermediate values for carboxylato ligands (6b, 6¢) (Table 4.1). Additionally, it has been
observed that variations in the nature of the latter only results in small changes in the

reduction potential, but with a higher reduction potential for trifluoracetate derivatives.®

Table 4.1. Reduction potentials versus SHE for compounds 5a and 6.

Compound E° (mV)
5a -209
6a -261
6b -234
6¢ -226

4.2.3. Cell viability assays

The antiproliferative activity of all compounds was assessed against the HCT116

colorectal cancer cell line. The resulting 1Cso values are summarised in Table 4.2.

Table 4.2. Antiproliferative activity (ICso, uM) on the HCT116 colorectal cancer cell line for
the studied compounds and cisplatin.

Compound? HCT116

S5a 1.85+0.52
6a 19.15+2.79
6b 8.87 +0.55
6c 4,92 +1.52
Cisplatin® 21.10+1.34

# Results shown correspond to mean + standard
deviation of two experiments performed in triplicates.
b Cisplatin is taken as a reference compound.

The new compounds display significantly lower I1Cso values than the reference compound
(cisplatin) for this cell line, with only a slightly lower value for the hydroxido compound
6a. Despite most of them presenting high efficacy, they do not display improved values
when compared to that of the chlorido derivative 5a. Compound 6c, containing TFA

ligands displays the lowest ICso. Some studies have shown that platinum(lV) with axial
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trifluoroacetato ligands were more potent than their analogues with acetato ligands. This
has been attributed to the enhanced intracellular accumulation, which results from the

higher lipophilicity of the fluorinated complexes.?

On the other hand, the lower efficacy of compound 6a could be related to the higher
difficulty to be reduced previously confirmed by cyclic voltammetry, under the
assumption that these compounds act as pro-drugs and are only activated upon reduction
under cellular media. Finally, compound 6b which present bioactive DCA ligands, does
not benefit from these and shows an intermediate value, which could again be
hypothesised to be related to its higher reduction potential. In summary, even though more
studies should be performed for the understanding of their mechanism of action, their
antiproliferative activity seems to follow a trend, with higher activity upon a higher

tendency to reduce, as expected for platinum(IV) prodrugs.

However, further testing in different cancer cell lines could give rise to different results
and provide more information on their selectivity. Additionally, their antiproliferative
effect against healthy cells should also be evaluated, as they could display a better toxicity
profile with lower secondary effects which could be an advantage even if they present

higher ICso values.
4.2.4. DNA migration assays

The ability of all compounds to modify the mobility of the supercoiled close (sc) and the
open circular (oc) forms of pBluescript SK + plasmid DNA was tested in agarose gel by

electrophoresis (Figure 4.4).

Interestingly, compounds 6 cause significant changes in the mobility at concentrations of
25 UM (6a), 50 uM (6b) and 100 uM (6¢). These values, although they correspond to
higher concentrations than the reference compounds, such as cisplatin (2.5 uM), show
that the presence of hydroxido or carboxylato ligands allows these compounds to interact
with DNA, which is not observed for compound 5a with only chlorido as ancillary

ligands.
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S5a 6a 6b 6¢c
123456 123456 123456 123456

oc >
SC P

Figure 4.4. Interaction of pBluescript SK+ plasmid DNA (0.3 nug) with increasing
concentrations of compounds under study. All compounds were analysed from 10 to 200 uM
concentration Lane 1: DNA only. Lane 2: 10 uM. Lane 3: 25 puM. Lane 4: 50 uM. Lane 5: 100
MM. Lane 6: 200 uM. sc = supercoiled closed circular DNA; oc = open circular DNA.

The lack of interaction for compound 5a despite its high effectivity against cancer cell
lines was previously attributed to its action as a pro-drug which only becomes active upon
reduction under biological media to give the active platinum(Il) species.* The fact that
the new compounds 6 can interact with DNA prior to its reduction, could be attributed to
a coordination mediated by the presence of hydrogen bonding with the hydroxido or
carboxylato ligands. The mode in which this interactions work could be determined by
further studies on molecular docking, but from the presented data, they appear to be more
favourable for compound 6a containing two hydroxido ligands as it is able to modify the

mobility of plasmid DNA at lower concentrations.

Upon comparison of these results with the 1Cso values indicated above, compounds that
present none or less interaction with DNA display the highest antiproliferative activity.
This also suggests an alternative mechanism that involves platinum(IVV) compounds
interacting with DNA prior to reduction which could compete in a less effective manner
with the expected pro-drug behaviour.
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4.3. Conclusions

The anticancer properties of a family of [C,N,N’] cyclometallated platinum(IV)
compounds upon variation of the ancillary ligands (chlorido, hydroxido or carboxylato)

have been studied.

Cyclic voltammetry studies revealed that all compounds present an irreversible reduction
peak, with reduction potentials following the trend Cl > TFA > DCA > OH, as previously
reported for non-cyclometallated analogues, suggesting that their tendency to be reduced

under cellular media should follow this trend.

Antiproliferative studies for all compounds reveal a range of 1Cso values for the colorectal
cancer cell line HCT116, being all of them lower than the reference compound (cisplatin).
Their anticancer properties seem to follow a trend, with higher activity upon a higher

tendency to reduce, which would agree with them acting as pro-drugs.

Finally, DNA interaction studies revealed that hydroxido and carboxylato derivatives are
able to interact with plasmid DNA prior to reduction, whereas the chlorido derivative
does not interact at all. This suggests an interaction likely based in hydrogen bonding and
interestingly, the higher the 1Cso values the lower is the compound interaction. This could
suggest an alternative mechanism that could be competing with the expected pro-drug

behaviour.
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4.4. Experimental Section

4.4.1. General procedures

Commercial reagents hydrogen peroxide (H202, Panreac, 33%), dichloroacetic anhydride
(Acros Organics, 98%) and trifluoroacetic anhydride (Sigma Aldrich, >99%); and
solvents dichloromethane (CH2Cl2, Scharlau, 99%), diethyl ether (Carlo Erba, 99%) and
acetone (Carlo Erba, >99%) were used as received.

Compounds [PtCH{(CHs)2N(CH2)2N=CH(4-FCsHz)}] (4a)* and
[PtCI3{(CH3)2N(CH2)2N=CH(4-FCeH3)}] (5a)*! were prepared as reported in the

literature.
4.4.2. Physical measurements

NMR spectra were recorded in CDCls at the Unitat de RMN of the Universitat de
Barcelona with a Mercury 400 spectrometer (*H, 400 MHz; ‘°F, 376.5 MHz). Chemical
shifts are given in & values (ppm) relative to TMS (*H) or CFCIz (*°F) and coupling

constants J are given in Hz.

Infrared spectra were recorded in a Thermo Scientific FT-IR Nicolet iS5 spectrometer

with an iD7 ATR accessory.

Electrospray mass spectra were performed at the Unitat d’Espectrometria de Masses
(Universitat de Barcelona) in a LC/MSD-TOF spectrometer using H20-CHsCN 1:1 to
introduce the sample.
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4.4.3. Synthesis and characterisation

Synthesis of [PtCI(OH)2{(CH3).N(CH2):N=CH(4-FCsH3)}] (6a)

B j
TN
OH/
C CH

3 3

9

Compound [PtCI(OH)2{(CHz3)2N(CH2)2N=CH(4-FCsHz3)}] (6a)® was obtained by slight
modifications of the method reported in the literature from the reaction of 0.050 g (0.118
mmols) of [PtCI{(CHz)2N(CH2)2N=CH(4-FCesH3)}] (4a) and 0.004 g (0.118 mmols) of
H202 in 10 ml of dichloromethane. The mixture was stirred at room temperature for 2
hours and the solvent was removed under vacuum. The residue was treated with diethyl

ether and the yellow solid was filtered and dried under vacuum. Yield: 0.031 g (57%).

IH NMR (CDCls, 400 MHz): § 8.19 [s, 1H, 3J(Pt-H) = 103.9, H%]; 7.45-7.56 [m, 2H,
H>¢], 6.94 [td, 1H, 3J(F-H) = 3J(H-H) = 8.5, 4J(H-H) = 2.4, H"], 4.14 [t, 3J(H-H) = 5.7,
2H, H¢, 3.28 [t, 2H, 3J(H-H) = 5.7, HT, 3.06 [s, 6H, 3J(Pt-H) = 10.4, HY]. °F NMR
(CDCls, 376.5 MHz): & -96.50 [m, 1F]. MS-ESI*: m/z 459.02 [M + H]*. IR: v 3471.24
(O-H).

Synthesis of [PtCI(CHCI,COO)2{(CH3)N(CH2).N=CH(4-FCsH3)}] (6b)

| N~ o ‘??{‘
Pt RO = o

| N\ f

OR/ \ Cl

H5;C CHs;

g
Compound [PtCI(CHCI2COQ)2{(CHs)2N(CH2)2N=CH(4-FCesHz)}] (6b) was obtained
from the reaction of 0.020 g (0.044 mmols) of [PtCI(OH)2{(CHs)2N(CH2)2N=CH(4-
FCeHs)}] (6a) and 0.027 g (0.109 mmols) of dichloroacetic anhydride in 10 ml of
dichloromethane/diethyl ether (1:1). The mixture was stirred at room temperature

overnight and the solvent was removed under vacuum. The residue was dissolved in
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acetone and diethyl ether was added. The yellow solid was filtered and dried under
vacuum. Yield: 0.017 g (57%).

'H NMR (CDCls, 400 MHz): § 8.09 [s, 1H, 3J(Pt-H) = 92.1, HY]; 7.44-7.56 [m, 2H, H],
6.95 [td, 1H, 2J(F-H) = 3J(H-H) = 8.4, 4J(H-H) = 2.3, H"], 5.84 [s, 2H, H"], 4.11 [t, 3J(H-
H) =5.3, 2H, H¢], 3.39 [t, 2H, 3J(H-H) = 5.3, H, 3.06 [s, 6H, 3J(Pt-H) = 10.2 H]. °F
NMR (CDCls, 376.5 MHz): § -95.49 [m, 1F]. MS-ESI*: m/z 680.92 [M + H]*. IR: v
1705.79 (C=0).

Synthesis of Synthesis of [PtCI(CF3COQO)2{(CHz3)2N(CH2).N=CH(4-FCsH3)}] (6¢)

(0]
Fo s
J@\/J’; j RO = O:LL&'
o’ 1N F?

a OR/\

9

Hs

Compound [PtCI(CF3COOQ)2{(CH3)2N(CH2)2N=CH(4-FCesHs3)}] (6C) was prepared as a
yellow solid by following the same method from 0.020 g (0.044 mmols) of
[PtCI(OH)2{(CH3)2N(CH2)2N=CH(4-FCsH3)}] (6a) and 0.023 g (0.109 mmols) of
trifluoroacetic anhydride. Yield: 0.014 g (49%).

IH NMR (CDCls, 400 MHz): § 8.16 [s, 1H, 3J(Pt-H) = 88.9, HY]; 7.49-7.55 [m, 2H, Ha<],
6.94 [td, 1H, 3J(F-H) = 3J(H-H) = 8.5, 4J(H-H) = 2.5, H®], 4.17 [t, 2H, 3)(H-H) =5.9, H],
3.38 [t, 2H, 3J(H-H) = 5.8, H', 3.06 [s, 6H, 3J(Pt-H) = 9.9, H9]. 1°F NMR (CDCls, 376.5
MHz): & -74.42 [s, 6F, F°], -94.71 [m, 1F, F{]. MS-ESI*: m/z 650.17 [M + H]*. IR: v
1736.15 (C=0).

4.4.4. Electrochemistry

Electrochemistry experiments were carried out with a BioLogic SP150 instrument using
a glassy carbon working electrode, a Ag/AgCl (3 M KCI) reference electrode, and
platinum wire counter electrode; potential values are given versus SHE.® The samples
were dissolved in 1:1 a water-DMSO mixture at the 1-10° M level concentration and

using 0.1 M (BusN)CIOq4 as supporting electrolyte.
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4.4.5. Biological assays

Cell culture and viability assays

Human colorectal carcinoma HCT116 cells were cultured ina DMEM/HAM F12 (1: 1
volume) mixture containing 10% FBS, 4 mM L-glutamine, 12.5 mM D-glucose and 0.1%
streptomycin/penicillin. Cell viability assays were performed by a variation of the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide) assay described
previously. Relative cell viability, compared to the viability of untreated cells, was
measured by absorbance at 550 nm on an ELISA plate reader (Tecan Sunrise MR20-301,
TECAN, Salzburg, Austria). Concentrations that inhibited cell growth by 50% (1Cso) after
72 h of treatment were subsequently calculated by sigmoidal fitting with GraphPad Prism

6 software.
Data analysis

For each compound, a minimum of three independent experiments with triplicate values
were conducted to measure cell viability. Significant differences compared to control
were assessed by Student’s t-test where p < 0.03(#), p < 0.004(##) or p < 0.0005(###)
were taken into consideration. Data are given as the mean + standard deviation (SD).

DNA migration assays

DNA migration studies were performed as described before.®* Compounds under study
were prepared in high purity DMSO at 10 mM concentration and then serial dilutions
with MilliQ water (1:1) were made. pBluescript SK+ plasmid DNA-drug interaction was
analysed by agarose gel electrophoresis. Plasmid DNA aliquots (0.3 pg) were incubated
in TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 7.5) with different concentrations of
compounds under study ranging from 0 uM to 200 uM at 37 °C for 24 h. Cisplatin was
used as a reference control. Samples were then subjected to 1% agarose gel
electrophoresis in TAE buffer, stained in TAE buffer containing ethidium bromide (0.5
mg ml?) and visualized and photographed under UV light. All compounds under study

were analysed between 10 and 200 UM concentration.
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CHAPTER S

Phosphorescent cyclometallated platinum(ll)
compounds containing different chromophores

as efficient singlet oxygen photosensitisers
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5. Phosphorescent cyclometallated platinum(ll)
compounds containing different chromophores as

efficient singlet oxygen photosensitisers

5.1. Introduction

Cyclometallated platinum(ll) are widely studied as luminescent materials for their
application in optical devices, sensors or electronic displays, among others.>? In these
areas, phosphorescent compounds attract a special interest in more specific fields such as
the fabrication of organic light-emitting diodes (OLEDs), photodynamic therapy,
bioimaging or oxygen sensing.> In particular, the latter persists at the forefront of
research, as the generated singlet oxygen (*O2) is considered a reactive oxygen species
(ROS) that therefore can be used for synthetic or biological purposes.®®

Uncommonly, oxygen is a molecule whose electronic ground state has a triplet spin state
(302 (3zg’)) and whose two lowest energy excited states have a singlet nature (02 (*Ag));
102 (*=g")). In solution, the second singlet excited state decays to the first one before

reacting to another molecule.®

Taking this into account, the presence of a molecule, called photosensitiser, with a
populated first triplet excited state (T1) is necessary for the 02 formation, as it arises from
the energy transfer from this state allowed due to the same spin multiplicity (Figure 5.1).
The presence and efficiency of this singlet oxygen production can be determined as
singlet oxygen returns to its triplet ground state by emitting phosphorescence centred at
1270 nm 101
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Figure 5.1. Jablonski diagram illustrating the formation of singlet oxygen.

Laser flash photolysis is a pump-probe technique used to detect singlet oxygen. It consists
of a strong pump laser that gives short flashes that allow a high concentration of excited
states in the sample, and a weak broad probe with a time delay that allows their
spectroscopic analysis.?? The specific method that is used is called transient absorption,
which allows to determine the absorption of the singlet (fs-TA, S1 — Sn) or triplet (ns-
TA, T1 — Tn) excited states by analysing the change in the absorption of the probe. From
the transient absorption spectra, kinetic data can be obtained which helps illustrate both
the radiative and non-radiative processes through which these excited states are
deactivated, including the formation of singlet oxygen. This also provides an in-depth
photophysical study of the analysed compounds with a further understanding of their

luminescent properties.*34

As previously mentioned, a populated triplet state is crucial for the obtention of singlet
oxygen. Thus, the photosensitiser needs to present an efficient intersystem crossing (ISC)
which can be enhanced by the presence of a transition metal, such as platinum, in the
molecules’ structure, thanks to its high spin orbit coupling.'>® Therefore, the first report
on cyclometallated platinum(ll) compounds as photosensitisers for singlet oxygen
generation was contributed by Weinstein and co-workers, with some later examples
published to date.5’

Taking all of this into consideration, in this Chapter, a series of new cyclometallated
platinum(ll) compounds with the general structure [Pt(C=CR){(CH3)2N(CH2)2N=CH(4-
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FCeH3)}] containing a tridentate [C,N,N’] ligand and an alkynyl chromophoric unit
occupying the fourth position has been reported. An exhaustive photophysical study has
been performed for all compounds and their ability to produce singlet oxygen has also

been evaluated.

Although the luminescence of cyclometallated platinum(ll) compounds with alkynyl
aromatic ligands has been widely studied, in all the reported examples the [C,N,N’]
positions belong to an aromatic cycle.*®?° In this case, the structure derives from imine
4-FCsHaCH=N(CH2)2N(CHs)2, which results in a compound with an aromatic and a
chelate ring. The photophysical properties of compounds derived from this ligand and
containing halido ancillary ligands were already described in Chapter 3. Nevertheless,
the change in this fourth ligand to an alkynyl aromatic moiety could have a significant

effect in the resulting luminescent properties.?
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5.2. Results and Discussion

5.2.1. Synthesis and characterisation

Compounds [Pt(C=CR){(CHz)2N(CH2)2N=CH(4-FCeH3)}] (7) were synthesised by
following  the strategy  describped in  Scheme 51 from compound
[PtCI{(CH3)2N(CH2)2N=CH(4-FCsH3s)}] (4a) previously reported in Chapter 3. It
consists in a slight modification of a Sonogashira method reported in the literature where
the corresponding R-C=C-H ligand is deprotonated with a base (sodium acetate) followed
by the substitution of the chlorido ligand with Cul as a catalyst.?? The reaction was also
assayed with 1-ethynylpyrene, and the final compound was isolated in a pure form.
However, its high instability did not make it a suitable candidate for photophysical studies

and therefore was discarded.

B
yZ j RCEC-H,CuI,CH3COONa
Pt
F Pt j
CI/ \N

CH,Cl,y/methanol
rt, 48 h

a H3C CH3 3chH3
RC=C-H =
H
Q/ Q/ Q/ | .
7a 7b 7c 7e
Ph Ph-F Thio Naph Phen

Scheme 5.1. Synthesis of compounds 7. The letters in red are used for NMR assignment.

All compounds were characterised by *H and *°F NMR spectroscopy, mass spectrometry
and infrared spectroscopy confirming the correct formation of the desired products. The
disappearance of the alkynyl terminal proton as well as the presence of the new aromatic
signals with significant shifts regarding the free alkynyl ligand were observed by 'H
NMR. As seen in previous compounds with an analogous cyclometallated structure, the

dimethylamino protons appear as a singlet (6 = 3 ppm) coupled to platinum
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(3J(Pt-H) = 20 Hz) as is the proton adjacent to the metallated carbon (H%) with a coupling
constant around 70 Hz. The iminic proton (HY) for all compounds appears as a singlet
coupled to platinum with coupling constants ranging between 79 to 81 Hz. This value is
significantly lower than that of their precursor 4a (*J(Pt-H) = 141 Hz), which agrees with
the higher trans influence of an alkynyl ligand versus a chlorido, which results in the
weakening of the Pt-N bond in trans.?

Additionally, one single peak was observed in *F NMR which is not significantly
affected by the exchange of the chlorido for the alkynyl moiety. A second signal is present
for compound 7b due to the presence of the p-fluorobenzene group. Furthermore, all
molecular peaks were identified by ESI(+) mass spectrometry as well as the identification
of the C=C vibration band around 2100 cm™ observed by IR spectroscopy, where the

absence of the C=C-H stretch was confirmed.

Elemental analyses were performed for all compounds, obtaining results that matched the
desired structure only for compounds 7a, 7b and 7c. This could be due to the difficulty in
the analyses of fluorinated compounds previously reported in the literature.?* However,
all other techniques along with the following photophysical studies can support the purity

of all compounds.
5.2.2. X-ray crystal structure determination

Single crystals suitable for X-ray diffraction were obtained for compounds 7b, 7c and 7d.
One single molecule is present in the asymmetric unit of compounds 7b and 7d while
three independent molecules are observed in the asymmetric unit of compound 7¢ (Figure
5.2). As expected for these compounds, the platinum adopts a square planar geometry
completed by the tridentate [C,N,N’] ligand and the alkynyl aromatic group trans to the

imine.
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Figure 5.2. Molecular structure of compounds 7b (A), 7c (B) and 7d (C). Selected bond lengths
(A) and angles (deg.) with estimated standard deviations. For 7b: Pt(1)-N(8): 2.010(6); Pt(1)—
N(11): 2.176(5); Pt(1)-C(14): 2.002(7); Pt(1)-C(1): 1.999(6); C(14)-C(15): 1.161(9); N(8)-
Pt(1)-N(11): 81.9(2); C(1)-Pt(1)-N(8): 81.5(2); C(1)-Pt(1)-C(14): 97.2(3); C(14)-Pt(1)-
N(11): 99.1(2); Pt(1)-C(14)-C(15): 170.05. For 7c: Pt(1)-N(8): 2.001(11); Pt(1)-N(11):
2.157(12); Pt(1)-C(14): 1.992(15); Pt(1)-C(1): 1.984(14); C(14)-C(15): 1.180(2); N(8)—Pt(1)—
N(11): 81.6(5); C(1)-Pt(1)-N(8): 81.6(5); C(1)-Pt(1)-C(14): 100.0(6); C(14)-Pt(1)-N(11):
96.7(5); Pt(1)-C(14)-C(15): 174.03. For 7d: Pt(1)-N(2): 1.990(11); Pt(1)-N(1): 2.161(11);
Pt(1)-C(12): 1.963(13); Pt(1)-C(7): 2.005(14); C(12)-C(13): 1.199(18); N(2)-Pt(1)-N(1):
82.4(5); C(7)-Pt(1)-N(2): 81.5(5); C(7)-Pt(1)-C(12): 98.1(5); C(12)—Pt(1)-N(1): 98.1(5);
Pt(1)-C(14)-C(15): 174.72. The thermal ellipsoids are drawn at the 50% probability level.
Hydrogens have been omitted for clarity.

Bond lengths and angles are in the same range of those reported in the literature for
analogous compounds.?®2>%6 No significant differences in the distances around the
platinum atom were observed between compounds with different alkynyl aromatic bonds.
However, Pt-Nimine distances are larger for compounds 7 (2.010 A for 7b, 2.001 A for 7¢
and 1.990 A for 7d) when compared to their precursor 4a (1.962 A). This is consistent
with the higher trans influence of the alkynyl group and agrees with the lower platinum

coupling constant observed by *H NMR for these new family of compounds.

The alkynyl chromophore is at a nearly linear conformation with the platinum atom with
angles between 170° and 175° for all compounds and its aromatic ring is nearly
perpendicular to the tridentate [C,N,N’]-platinum coordination plane.
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The crystalline packing of compounds 7c and 7d (Figures 5.3 and 5.4) shows
intermolecular short contacts involving the fluorine atom (7c, d(F---H) = 2.551 A; 7d,
d(F---H) =2.552 A), while for 7b the most relevant intermolecular short contacts involve
the alkynyl moiety or the platinum atom (d(C---H) = 2.689 A) and d(Pt---H) = 2.782 A
(Figure 5.5). The latter are known as c-hole interactions where uncommonly, the
platinum centre acts as a nucleophile and displays an intermolecular interaction with a
hydrogen donor, the aromatic proton in this case. This has been reported in the literature

for several compounds.?’

Figure 5.3. A view of the structure of compound 7c with relevant intermolecular short contacts
highlighted in blue: F(1)-H(9): 2.551 A.
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Figure 5.4. A view of the structure of compound 7d with relevant intermolecular short contacts
highlighted in blue: F(1)-H(17): 2.552 A.

Figure 5.5. A view of the structure of compound 7b with relevant intermolecular short contacts
highlighted in blue: Pt(1)-H(21): 2.782 A; C(15)-H(9B): 2.689 A.
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5.2.3. Photophysical characterization

Absorption and emission spectra of all the compounds were recorded in 1.3-10° M

acetonitrile solutions at room temperature. The results are summarized in Table 5.1.

Table 5.1. Spectral data for all compounds in acetonitrile solutions at 298 K.

Absorption i ° .
Emission dpp bpn Tpp (NS)
sempound (X 1;627X{\2Tcm-1) hmadNM - (with Oz)*  (N2sat.)* (Nasat)®

4a 378 (7.7) 629 0.005 0.016 353

282 (21.6), 342

7a o0 380 (16) 624 0005 0023 438
7b %g.%)(%ézz) (73‘% 625 0007 0023 491
7c %58%)(’1%72) (g"g 626 0009 0018 557
7d (28927)(2% (?,’92) 626 0008 0025 464
7 333 (10.1), 380 624 0008 0028 579

(3.5)

#Phosphorescence quantum yields ¢pn Obtained in aerated (with Oy) or degassed (N saturated, N>
sat.) acetonitrile solutions. 8 Phosphorescence lifetimes tpn® obtained in degassed (N, saturated,
N sat.) acetonitrile solutions using time-correlated single-photon counting technique.

Several bands are present in the absorption spectra of compounds 7 and their precursor
4a with moderate molar extinction coefficients ¢ values (Figure 5.6). According to
previous data, the lowest energy absorption band centred around 380 nm can be attributed
to a Pt(5d)—n*(ligand) metal to ligand charge transfer (MLCT) mixed with intraligand
transition. A higher energy absorption band in the 280-300 nm range is also recorded for
all compounds. This band is also recorded for the free imine as it was recorded in Chapter
3, and therefore can be assigned to a m-n* intraligand transition intrinsic of the
cyclometallated ligand.?-3° Furthermore, compounds 7d and 7e present additional bands
at 309 nm and 333 nm, respectively, which correspond to transitions typical of the
naphthyl and phenanthryl chromophores and that are also observed in the corresponding

free alkynyl ligand.
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Figure 5.6. Absorption spectra (left) and normalized emission spectra (right) for 1.3-10° M
acetonitrile solutions of compounds 7 at 298 K (Aexc = 625 nm).

Emission spectra for all compounds show a vibronically structured band centred at ca.
625 nm, with progressional spacings of 1200 cm™, typical of v(C=N) and v(C=C)
stretching frequencies, which demonstrates the involvement of the cyclometallated ligand
character in the emission origin, as previously observed for compounds derived from the
same structure. The large Stokes’ shift and the quenching in the emission intensity by the
presence of oxygen indicates a triplet origin for this luminescence. This is typical of
platinum compounds due to its heavy atom effect, which favours the intersystem crossing
enhancing the triplet population and therefore, the phosphorescence emission.
Specifically, in accordance with the literature, it can be assigned to a *IL transition mixed
with 3MLCT transitions involving the cyclometallating ligand, supported by the obtention

of the same emission profile independent of the alkynyl aromatic chromophore.?32%2

Phosphorescence lifetimes (tpn®) were also recorded for nitrogen saturated solutions using
a time-correlated single-photon counting technique (ns-TCSPC) (Table 5.1). The values,
between 430-580 ns for the new compounds 7, with a lower value for their precursor 4a
(ten® = 353 ns), support a triplet origin where the T1 — So transition is allowed thanks to
the spin orbit coupling provided by the platinum atom. As previously mentioned, the
phosphorescence quantum yields for compounds 4a and 7 increase in the absence of
oxygen, still presenting moderate values, which are slightly lower for the chlorido
analogue 4a (Table 5.1). Higher values have been recorded for other cyclometallated

platinum(ll) compounds with aromatic alkynyl ligands, but they usually present a
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completely aromatic structure in contrast with the flexible ethylene chain present in the

cyclometallating imine in these compounds.3!
5.2.4. ns-transient absorption

Time-resolved transient absorption experiments were performed to further understand the
characteristics of the excited states of all compounds. Firstly, transient triplet-triplet
absorption spectra were recorded by flash photolysis at 355 nm (ns-TA) for degassed
acetonitrile solutions for all derivatives (Figure 5.7). The spectra show, besides the
ground state depletion in the 380-410 nm range, intense broad triplet-triplet absorption
bands in the 420-700 nm range for all compounds. This allows to confirm that, as the
transient triplet-triplet absorption maxima (/13;;;”, Table 5.2) are constant for the
different alkynyl aromatic derivatives 7 and their precursor 4a, the triplet state is much

more localised in the cyclometallated unit.

0.06} L m 0.1-6 ps ) ' 7b 0.04

e 0.24 ps

A 0.32ps
0.03} 40.02
0.00 J0.00
; : : 0.06
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Q - >
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Figure 5.7. Room temperature time-resolved transient triplet-triplet absorption spectra for
compounds 7 and their precursor 4a collected by laser flash photolysis at 355 nm (ns-TA) in
degassed acetonitrile solutions.
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Therefore, this allows us to confirm that the phosphorescence emission of compounds 7
arises from a triplet state were the alkynyl aromatic moiety is not participating, which
supports the previous assignment of the phosphorescence emission band as an 3IL
transition mixed with 3MLCT intrinsic of the cyclometallated unit. Upon further analysis
of these data, triplet state lifetimes (tr) were also recorded for all compounds (Table 5.2),
with values ranging from 630 to 1200 ns for compounds 7, with a slightly lower value for
compound 4a (tr =423 ns). This implies that the triplet deactivation occurs faster for the
precursor with a chlorido ligand than for the aromatic alkynyl derivatives, with further

investigation required to understand the specific deactivation pathways.

Table 5.2. ns-TA data for all compounds?

Compound  Auia™0m) 0 )
4a 460 423
7a 540 630
7b 540 700
7cC 540 650
7d 490 700
7e 540 1200

 Transient T; — T, maxima and triplet-state lifetimes tr
obtained from ns-ms laser flash photolysis in deareated
(N2 saturated, N sat.) acetonitrile solutions.

5.2.5. fs-transient absorption

Femtosecond transient absorption (fs-TA) experiments were performed to acquire
additional information on the excited state formation and deactivation processes. The
obtained data is shown in Figure 5.8 for compound 7a as an example. For all compounds
7 and their precursor 4a, the spectra show a positive overlapped transient absorption band
between 430 and 690 nm that corresponds to the convolution of the single excited state
absorption (ESA®1=51)) and the triplet excited state absorption (ESA:~T)) (Figure 5.8

A). Although the overlapping between these bands is strong, due to their spectral

152



Chapter 5: Phosphorescent cyclometallated platinum(IT) compounds. ..

resemblance at longer delay times with the triplet-triplet absorption spectra (Figure 5.7)
and their long-lived nature (kinetic traces not decaying at the fs-TA time window, 7.6 ns),

we can assign them to the excited state absorption, following intersystem crossing.

L]
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m— 524 fs

— 2.34 ps
09F 160 ns (ns-TA)
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Figure 5.8. (A) Room temperature femtosecond time-resolved transient absorption data for
compound 7a collected in an aerated acetonitrile solution with excitation at 390 nm, together
with the normalized ns-ms transient absorption spectra collected at 160 ns after laser flash
photolysis; as inset the concentration profiles of the time constants obtained from the analysis to
the transient absorption data are presented; the fs-TA data in the spectral range 380-400 nm is
not shown because it is disturbed by the scattered pump beam. (B) Representative Kinetic traces
with fits, lifetimes and pre-exponential values resulting from the analysis of the transient
absorption data; for a better judgment of the quality of the fits the residuals are also shown.

The best fitting results and kinetic data are shown in Table 5.3 for all compounds and the

decay profile is shown in Figure 5.8 B for compound 7a as an example.

For all cases, the kinetic traces fit well with a tri-exponential decay consisting of a fast
decay transient with values around 200 fs, a second decay with values from 0.5 ps to
3.8 ps and a long-lived transient decay associated to the deactivation of the triplet excited

state that was fitted to the previously obtained values (ns-TA).

The fastest lifetime can be attributed to solvation dynamics as it agrees with the solvent

relaxation time of acetonitrile (0.26 ps)3? while the second can be attributed to the decay

153



Chapter 5: Phosphorescent cyclometallated platinum(IT) compounds...

of the singlet excited state which undergoes a rapid intersystem crossing (z51~>71) to then
give the observed long-lived triplet state. Interestingly, it can be observed that this rapid
intersystem crossing is even faster for the precursor 4a than for compounds 7 (Table 5.3).
The fact that this triplet state is formed at the expense of the singlet excited state is
supported by the observed negative values associated with the 0.5-3.8 ps lifetime in the
wavelength where the ESAT1=T) occurs (565 nm, Figure 5.8 B) together with the
concentration profiles and the distinct rise of the long-lived 438 ns time constant (Figure
5.8 A). This confirms that the presence of the enhanced spin-orbit coupling induced by
the platinum atom is indeed allowing the decay of the triplet state with a T1 — So

transition.

Table 5.3. Intersystem crossing rate constants®

Compound 517°T1 (ps) K'pae”™ x10 (s)
4a 0.5 9.4
7a 2.4 0.8
7b 3.2 0.3
7c 2.9 1.0
7d 11 11
7e 3.8 04

& Obtained from the results of the global fit analysis to the fs-TA
data in aerated acetonitrile solutions of all compounds at 293 K.

In addition, the intersystem crossing (ISC) rate constants k'fgg ~T1 \vere also calculated

by assuming a unitary singlet oxygen sensitisation efficiency (S, = %), which implies
A

that the triplet state formation quantum yield (¢1) can be approximated to the singlet
oxygen sensitization quantum yield (¢a, Table 5.4) (¢t = ¢a), using the following

equation:

1S1~-T1 _ q)T
Kige = Te O
51~—’T1
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where the decay lifetime and quantum yield were determined in aerated acetonitrile
solutions. The fast triplet state formation is again supported by these values for all

compounds, with a higher rate constant for the precursor 4a (Table 5.3).
5.2.6. Singlet oxygen production

Singlet oxygen sensitisation quantum yields (¢a) were determined by comparison of the
near-infrared phosphorescence signal of 'Oz at 1270 nm of all compounds in aerated
acetonitrile solutions with that obtained for 1H-phenalenone in toluene as a reference
(Table 5.4). These signals were measured by flash photolysis upon excitation at 355 nm
and ¢a were calculated using the following equation:

slopecy  AbSper Mo

f
by = X X x &y )
A sloperef Abscp n?olv,ref ‘

where slope is obtained by plotting the photosensitized singlet oxygen phosphorescence
intensity at 1270 nm as a function of the laser energy, Abs corresponds to the absorption

value at 355 nm, n?,,, refers to the refraction index of the corresponding solvent and

Zefis the known singlet oxygen sensitisation quantum yield for the reference (¢pa (1H-

phenalenone, toluene, 298 K) = 0.93).

The obtained results present moderate values but in the range of those reported in the
literature for some platinum complexes.®*3* However, the complexes that present the
higher singlet oxygen sensitisation are those where the platinum is directly attached to a
macrocyclic structure such as a porphyrin or a calixarene.®-3 For all of them, it is agreed
that the presence of the platinum heavy atom, which increases the efficiency of the
intersystem crossing and allows a long-lived triplet state, is crucial for this generation of

102_39
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Table 5.4. Singlet oxygen sensitisation, internal conversion quantum yields and calculated rate
constants in aerated acetonitrile solutions at 298 K.

C d Pa $1750b  kerx106(s)P kpn X108(s)P kige
ompoun X S X S

P (with 02 1€ eTxI07()" kenx107(s) X106(s)P
4a 0.47 0.53 6.23 0.07 2.76
7a 0.21 0.79 8.21 0.20 2.09
7b 0.11 0.89 4.66 0.30 1.74
7c 0.29 0.71 1.80 0.06 1.74
7d 0.12 0.88 4.58 0.31 1.85
7e 0.16 0.84 4.32 0.22 151

2 Singlet oxygen sensitization quantum yields (¢).  Internal conversion quantum yields (¢ic) and

associated rate constants, Kker, radiative phosphorescence decay, ken, and intersystem

crossing, k,T;CHS". cpfg_’s": 1 - ¢ — ¢r, assuming ¢ — 0 and unitary singlet oxygen sensitization

efficiency S, = % and therefore ¢t = ¢a.
A

To calculate the pseudo-unimolecular rate constant of energy transfer that leads to the
formation of singlet oxygen (ker), the following Stern-VVolmer type relation can be
retrieved (assuming a negligible effect of oxygen in the singlet lifetime as can be seen in
the fs-TA data):

e

=1+ tppker 3)
bpn

where ¢p,, and ¢, are the phosphorescence quantum yields recorded in acetonitrile in
the presence and absence of oxygen and 7, is the phosphorescence decay obtained in
deaerated acetonitrile. The values of ket calculated with this equation are summarized in
Table 3.4.

Afterwards, the following relation can be established between the singlet oxygen
sensitisation quantum yield (¢ ,) and the phosphorescence quantum yield (¢p,) obtained

in the presence of oxygen:

bs  Ker
oon Fon )
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where kp,, is the radiative constant for phosphorescence that can be obtained once kg is

known.

Finally, the non-radiative rate constant for intersystem crossing between Ti~ — So,

kias ~>°, can be calculated using the following two equations:
Ti~=So _ 1 _ Ty~>So _ 1
k]gc - TP kPh kET (5) or kzsc - T}gh kPh (6)

Upon analysis of all the calculated parameters (Table 5.4), in the absence of Oz, the main

deactivation pathway corresponds to the radiationless internal conversion process
(cpfg*s(’: 1 — ¢r — ¢7) for all compounds. This agrees with previously observed low

phosphorescence quantum yields even in the deaerated conditions.

The pathway leading to the formation of *O2 (ket) is always predominant among the rate
constants, being higher in all cases than the internal conversion process (kITSlg ﬁs"). Both
ket and the radiative rate constant for the triplet emission (ken) are affected by the change
in the ancillary ligand from a chlorido to an alkynyl aromatic moiety, except for the
tiophene derivative. Compounds 7 present a significant increase in the ken, being still

significantly lower than the internal conversion, regarding their precursor 4a.
5.2.7. Theoretical studies

Theoretical calculations were performed at the DFT/B3LYP level to further understand
the photophysical properties of all compounds. Firstly, the optimisation of the geometry
revealed that the minimum energy conformation consists in a perpendicular disposition
between the square planar geometry around the platinum and the aromatic alkynyl moiety,
which agrees with the obtained X-ray crystal structures and validates the theoretical

model.

To confirm that this conformation is maintained in solution, the absorption spectra of
compound 7a was calculated in the perpendicular, oblique, and parallel disposition
between the metallacycle and the aromatic chromophore. As it can be seen in Figure 5.9.,
the perpendicular disposition is the one that better reproduces the experimental spectra

and, therefore, it was chosen to perform the calculations of all spectra in acetonitrile.
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Figure 5.9. Calculations of the UV-visible spectrum of compound 7a taking into consideration
the different possible conformations in solution. Each graphic contains the experimental data
(green), calculated transitions (red) and the calculated spectrum (blue).

The molecular orbitals involved in the main transitions were calculated for all compounds
and are shown in Figure 5.10 for compound 7a as an example along with its absorption
transitions in Table 5.5. In all cases, the HOMO orbital is in the platinum-alkynyl moiety,
with the closest occupied orbitals HOMO-1 and HOMO-2 located in the Pt-alkynyl bond
and the aryl ring of the cyclometallated unit, and HOMO-3 mainly located at the metal.
The lowest occupied molecular orbital (LUMO) is mainly centred in the ©* orbital of the
phenyl ring of the metallacycle. Therefore, the lower energy absorption bands can be
assigned to 'LLCT (C=C — C~N) /*MLCT transitions. Several high energy transitions
between 260-290 nm can be observed. The most intense one corresponds to a HOMO —
LUMO +4 transition, where both orbitals correspond mainly to the alkynyl group with a
small contribution of the d-orbitals of the metal. Additionally, the cyclometallated
fragments is also contributing to LUMO+4. Thus, these can be regarded as mainly n-n*

intraligand transitions.
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LUMO

HOMO HOMO-1

HOMO-2 HOMO-3

Figure 5.10. Selected frontier molecular orbitals involved in the transitions of compound 7a in
the ground state.
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Table 5.5. Absorption transitions (experimental and calculated) and corresponding
calculated force strength (f) and assigned transitions for compound 7a.

hexp (NM) heatc (NmM) (F) Assignation
450 420.3 (0.0011) HOMO — LUMO
385 385.8 (0.0349) HOMO-1 — LUMO
344 345.7 (0.1997) HOMO-2 — LUMO
289.8 (0.1377) HOMO — LUMO+1
284sh 287.7 (0.0744) HOMO-1 — LUMO+1
283.2 (0.2100) HOMO-4 — LUMO
277.4 (0.0660) HOMO — LUMO+2
264.5 (0.0510) HOMO-1 — LUMO+4
269 262.1 (0.2403) HOMO — LUMO+4
258.5 (0.2075) HOMO-1 — LUMO+2

Finally, the vertical energies corresponding to the transitions between the first singlet
(fluorescence) or triplet (phosphorescence) excited states were calculated to further
understand the luminescence results using in each case the optimised geometry in the
corresponding excited state. The calculations predict a triplet emission from the
LUMO+1/LUMO to HOMO/HOMO-1 orbitals (Table 5.6), with predicted wavelengths
in agreement with the experimental data, which confirms the phosphorescent origin of
the emission. Furthermore, both HOMO-1 and HOMO present contribution from the
metal as well as from the alkynyl moiety, with the LUMO mainly located in the
cyclometallating ligand. This confirms and supports the assignment of the

phosphorescence band to a mixture of 3IL and 3MLCT transitions.

160



Chapter 5: Phosphorescent cyclometallated platinum(IT) compounds. ..

Table 5.6. Predicted singlet and triplet transitions for all complexes including the expected

wavelength and the orbitals involved in the transition.

Compound Singlet N Triplet N
Aem (NM) (f) / transition Aem (NM) / transition
457 (0.0174) o
4a LUMO — HOMO (88%) 629 LUMO — HOMO (81%)
73 491 (0.0008) 607 LUMO — HOMO-1 (77%)
LUMO — HOMO (98%) 522 LUMO — HOMO (97%)
b 496 (0.0012) 496 LUMO — HOMO-1 (75%)
LUMO — HOMO (98%) 429 LUMO — HOMO (96%)
7c 507 (0.0018) 608 LUMO — HOMO-1 (76%)
LUMO — HOMO (98%) 548 LUMO — HOMO (97%)
609 LUMO — HOMO-1 (78%)
482 (0.2675)
7d . 536 LUMO+1 — HOMO (77%)
LUMO — HOMO (96%)  “s31 1 MO — HOMO (90%)
608 LUMO — HOMO-1 (75%)
514 (0.0226) o
7e LUMO —» HOMO (96%) 591 LUMO+1 — HOMO (88%)

550 LUMO — HOMO (96%)
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5.3. Conclusions

The photophysical analysis of this family of [C,N,N’] cyclometallated platinum(II)
compounds derived from the same structure as those reported in Chapter 3 but with the
introduction of an alkynyl aromatic chromophore as an ancillary ligand has been

described.

These new compounds present similar luminescent properties as their analogues
containing halido ligands, presenting a phosphorescent emission that can be assigned to
a IL mixed with 3MLCT transition, with slightly higher quantum yield values for the
alkynyl derivatives. Additionally, this assignment has been confirmed by DFT
calculations that have determined the orbitals involved in both this and the absorption

transitions.

Thanks to the use of flash photolysis techniques, a more in depth photophysical analysis
has provided further information in the formation and deactivation pathways of the triplet
state of all compounds. Both these phenomena have been observed to be faster for the

chlorido precursor that the alkynyl aromatic final compounds.

Additionally, all compounds have proved to be able to efficiently sensitise molecular
oxygen with singlet oxygen sensitisation quantum yield values ranging from 11 to 47%,
the latter corresponding to the chlorido derivative, which therefore could potentially have

some biological or photocatalytic applications.

Although this generation of singlet oxygen is the preferred deactivation pathway for all
compounds, the new compounds present a significant increase in the phosphorescence
rate constant regarding their chlorido precursor. Overall, it could be stated that the
substitution of the halido by an alkynyl aromatic moiety results in an enhancement in the

efficiency of the phosphorescence emission of the resulting compounds.
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5.4. Experimental Section

5.4.1. General procedures

Commercial reagents phenylacetylene (Sigma Aldrich, 98%), copper iodide (Cul, Riedel
de Haén, >99%), sodium acetate (CH3COONa, Carlo Erba, 99%), 1-ethynyl-4-
fluorobenzene (Sigma Aldrich, 99%), 3-ethynyltiophene (Sigma Aldrich, 96%), 2-
ethynylnaphthalene (Sigma Aldrich, 97%) and 9-ethynylphenanthrene (Sigma Aldrich,
97%); and solvents methanol (Sigma Aldrich, >99%), dichloromethane (CH:Clz,

Scharlau, 99%) and hexane (Sigma Aldrich, >98%) were used as received.

Compound [PtCI{(CH3)2N(CH2)2N=CH(4-FCsH3)}] (4a)> was prepared as reported in
the literature.

5.4.2. Physical measurements

NMR spectra were recorded in CDCls at the Unitat de RMN of the Universitat de
Barcelona with a Mercury 400 spectrometer (*H, 400 MHz; *°F, 376.5 MHz). Chemical
shifts are given in & values (ppm) relative to TMS (*H) or CFCIz (*°F) and coupling

constants J are given in Hz.

Infrared spectra were recorded in a Thermo Scientific FT-IR Nicolet iS5 spectrometer

with an iD7 ATR accessory. IR frequencies v are given in cm™.

Electrospray mass spectra were performed at the Unitat d’Espectrometria de Masses
(Universitat de Barcelona) in a LC/MSD-TOF spectrometer using H20-CHsCN 1:1 to
introduce the sample.

Microanalyses were performed at the Centres Cientifics i Tecnologics (Universitat de

Barcelona) using a Carlo Erba model EA1108 elemental analyser.
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5.4.3. Synthesis and characterisation

Synthesis of [Pt(C=CPh){(CH3):N(CH2):2N=CH(4-FCsH3)}] (7a)

)
F a/ \N f
/ H3C/ \C

9

3

Ph

Compound [Pt(C=CPh){(CHs)2N(CH2)2N=CH(4-FCesHz3)}] (7a) was obtained from the
reaction of 0.103 g (0.243 mmols) of [PtCI{(CH3)2N(CH2)2N=CH(4-FCsH3)}] (4a),
0.025 g (0.249 mmols) of phenylacetylene, 0.010 g (0.053 mmols) of Cul and 0.061 g
(0.744 mmols) of sodium acetate in CH2Cl2/methanol (10:1). The mixture was stirred at
room temperature under nitrogen and protected from light for 48 hours. The solvent was
removed under vacuum and the residue was treated with hexane. The orange solid was
filtered and dried under vacuum. Yield: 0.091 g (76%).

'H NMR (CDCls, 400 MHz):  8.32 [s, 1H, 3J(Pt-H) = 81.2, H]; 7.55 [dd, 1H, 3J(F-H) =
9.6, 4J(H-H) = 2.3, 3J(Pt-H) = 70.2, H¥], 7.48 [d, 2H, 3J(H-H) = 7.1, H™, 7.22-7.24 [m,
3H, HoPM, 7.15 [t, 1H, 3J(H-H) = 7.4, H™], 6.66 [td, 1H, 3J(F-H) = 3J(H-H) = 8.8, *J(H-
H) = 2.6, H"], 4.01 [t, 2H, 3J(H-H) = 11.7, H°], 3.15 [t, 2H, 3J(H-H) = 6.0 Hz, H, 3.06
[s, 6H, 3J(Pt-H) = 20.2, H9]. ®F NMR (CDCls, 376.5 MHz): § -108.44 [s, 1F]. MS-ESI*:
m/z 490.12 [M + H]*. IR: v 2097 (C=C). Anal. Found (calcd for Ci9H19FN2Pt-0.5
CH2Cl): C 44.86 (44.03); H 3.52 (3.79); N 5.24 (5.27).

164



Chapter 5: Phosphorescent cyclometallated platinum(IT) compounds. ..

Synthesis of [Pt(C=CPh-F){(CHz3).N(CH)2N=CH(4-FCsH3)}] (7b)

N~
a
F a \N f

Ph-F
Fb

Compound [Pt(C=CPh-F){(CHz)2N(CH2)2N=CH(4-FCesH3)}] (7b) was prepared as an
orange solid by following the same method from 0.102 g (0.241 mmols) of
[PtCI{(CH3)2N(CH2)2N=CH(4-FCsH3)}] (4a), 0.030 g (0.249 mmols) of 1-ethynyl-4-
fluorobenzene, 0.010 g (0.053 mmols) of Cul and 0.063 g (0.768 mmols) of sodium
acetate. Yield: 0.070 g (57%).

IH NMR (CDCls, 400 MHz): & 8.34 [s, 1H, 3J(Pt-H) = 81.3, HY], 7.53 [dd, 1H, 3J(F-H) =
9.4, 4)(H-H) = 2.7, 3J(Pt-H) = 71.1, H?, 7.43 [dd, J = 8.9, 5.5 Hz, 2H, H?™F], 7.23 [m,
1H, H°, 6.93 [t, 2H, 3J(F-H) = 3J(H-H) =8.9 , H™F], 6.67 [td, 1H, 3J(F-H) = 3J(H-H) =
8.6, “J(H-H) = 2.6, H], 4.03 [t, 2H, 3J(H-H) = 5.9 ,H¢], 3.15 [t, 2H, 3J(H-H) = 6.0, HT,
3.04 [s, 6H, 3J(Pt-H) = 20.2, HY]. 1°F NMR (CDCls, 376.5 MHz): & -103.98 [s, 1F?; -
115.55 [s, 1F, F*]. MS-ESI*: m/z 508.12 [M + H]*. IR: v 2100 (C=C). Anal. Found
(calcd for CisHisF2N2Pt-0.5 CH:Clo): C 42.59 (42.59); H 3.29 (3.48); N 5.12 (5.09).
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Synthesis of [Pt(C=CThio){(CHz)2N(CH2)2N=CH(4-FCsH3)}] (7c)

N
)
F a \N f
7 /\
HiC C
Thio /~——= g
S

3

F

Compound [Pt(C=CThio){(CHs)2N(CH2)2N=CH(4-FCsHs3)}] (7c) was prepared as an
orange solid by following the same method from 0.099 g (0.243 mmols) of
[PtCI{(CH3)2N(CH2)2N=CH(4-FCe¢H3)}] (4a), 0.027 g (0.249 mmols) of 3-
ethynyltiophene, 0.010 g (0.053 mmols) of Cul and 0.060 g (0.731 mmols) of sodium
acetate. Yield: 0.086 g (74%).

IH NMR (CDCls, 400 MHz): § 8.35 [s, 1H, 3J(Pt-H) = 80.9, H], 7.56 [dd, 1H, 3J(F-H) =
9.6, ¥J(H-H) = 2.7, 3)(Pt-H) = 70.7, H?], 7.24 [m, 2H, HETP"] 7,19 [dd, 1H, 3J(H-H) =
4.9, 3J(H-H) = 3.0, HT""], 7.14 [dd, 1H, 3J(H-H) = 4.9, 3J(H-H) = 1.1, HT*""], 6.66 [td,
1H, 3J(F-H) = 3J(H-H) = 8.6, “J(H-H) = 2.5, H’], 4.03 [t, 2H, 3J(H-H) = 6.4, H°], 3.14 [t,
2H, 3J(H-H) = 6.0, H7, 3.04 [s, 6H, 2J(Pt-H) = 20.5, HY]. 1°F NMR (CDCls, 376.5 MHz):
8-104.17 [s, 1F]. MS-ESI*: m/z 496.08 [M + H]". IR: v 2104 (C=C). Anal. Found (calcd.
for C17H17FN2PtS-0.5 CH2Cl2): C 39.07 (39.52); H 3.34 (3.37); N 5.31 (5.21); S 5.77
(5.96).
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Synthesis of [Pt(C=CNaph){(CHz).N(CH_).N=CH(4-FCgH3)}] (7d)

Naph CD

Compound [Pt(C=CNaph){(CHs)2N(CH2)2N=CH(4-FC¢H3)}] (7d) was prepared as an
orange solid by following the same method from 0.051 g (0.120 mmols) of
[PtCI{(CH3)2N(CH2)2N=CH(4-FCsH3)}] (4a), 0.019 g (0.125 mmols) of 2-
ethynylnaphthalene, 0.005 g (0.026 mmols) of Cul and 0.029 g (0.359 mmols) of sodium
acetate. Yield: 0.050 g (77%).

IH NMR (CDCls, 400 MHz): & 8.36 [s, 1H, 3J(Pt-H) = 79.5, HY], 7.92 [s, 1H, HNe"];
7.74 [t, 2H, 3J(H-H) = 6.7, HN®": 7.70 [d, 1H, 2J(H-H) = 8.4, H\®"]: 7.64 [d, 1H, 3J(F-
H) = 10.4, HY; 7.57 [d, 1H, 3J(H-H) = 8.4, HN®"]: 7.39 [m, 2H, HN*"]: 7.26 [m, 1H, H°;
6.68 [t, 1H, 3J(F-H) = 3J(H-H) = 8.8, H"], 4.04 [t, 2H, 3J(H-H) = 6.2, H?], 3.17 [t, 2H,
3J(H-H) = 5.4, HT, 3.10 [s, 6H, 3J(Pt-H) = 19.6, H%]. °F NMR (CDCls, 376.5 MHz): 5 -
104.16 [s, 1F]. MS-ESI*: m/z 539.14 [M + H]*. IR: v 2099 (C=C).
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Synthesis of [Pt(C=CPhen){(CH3)2N(CH2).N=CH(4-FCsH3)}] (7€)

Phen

Compound [Pt(C=CPhen){(CHs)2N(CH2)2N=CH(4-FCsH3)}] (7€) was prepared as an
orange solid by following the same method from 0.052 g (0.123 mmols) of
[PtCI{(CH3)2N(CH2)2N=CH(4-FCesH3)}] (4a), 0.025 g (0.125 mmols) of 9-
ethynylphenanthrene, 0.005 g (0.026 mmols) of Cul and 0.031 g (0.378 mmols) of sodium
acetate. Yield: 0.061 g (84%).

H NMR (CDCls, 400 MHz): & 8.81 [m, 1H, H™™"]: 8.65 [m, 1H, HP""]; 8.61 [d, 3J(H-
H) = 7.8, 1H, HP""]: 8.30 [s, 1H, 3J(Pt-H) = 81.9, HY], 7.96 [s, 1H, HP""]: 7.79 [d, 3J(H-
H) = 7.3, 1H, H3]; 7.68 [dd, 1H, 2J(H-H) = 9.6, *J(H-H) = 2.3, H™™"], 7.63 [m, 2H, H"™";
7.55 [m, 2H, HP""; 7.26 [m, 1H, H°], 6.68 [td, 1H, 3J(F-H) = 3J(H-H) = 8.5, 4J(H-H) =
2.6, H"], 4.53[t, 2H, 3J(H-H) = 6.2, H°], 3.18 [t, 2H, 3J(H-H) = 5.9, H1, 3.12 [s, 6H, 3J(Pt-
H) = 19.3, H%]. °F NMR (CDCls, 376.5 MHz): & -103.86 [s, 1F]. MS-ESI*: m/z 590.16
[M + H]*. IR: v 2078 (C=C).

5.4.4. X-ray Diffraction

Single crystals suitable for X-ray diffraction analysis were grown for 7b, 7c, and 7d by
slow diffusion of hexane in a dichloromethane solution of the compounds. The crystal
data and experimental details for the data collections are given below. Single crystal X-
ray data for 7b, 7c, and 7d were collected at 170 K on a Bruker-Nonius KappaCCD
diffractometer with an APEX-II detector with graphite-monochromatised Mo—Ka (A =
0.71073 A) radiation. Data collection was carried out using the program COLLECT,*
with data reduction performed using HKL DENZO and SCALEPACK,* with intensities
absorption corrected using SADABS.* All structures were solved using ShelXT,* and

168



Chapter 5: Phosphorescent cyclometallated platinum(IT) compounds. ..

refined by full-matrix least-squares on F? using SHELXL* in the OLEX2 program
package.® Anisotropic displacement parameters were assigned to non-H atoms.
Positional disorder in the structures was treated by gently restraining geometric and
anisotropic displacement parameters. All hydrogen atoms were refined using riding

models with Ueq(H) of 1.5Ueq(C). Crystallographic details are given in Tables A5-A6.
5.4.5. Photophysical studies

Absorption spectra were obtained in a 5 mm or 10 mm quartz cuvette for 1.3-10° M
acetonitrile solutions on a Cary 5000 UV-vis-NIR or Shimadzu UV-2450
spectrophotometer. The emission spectra of the compounds in solution were obtained in
fluorescence quartz cuvette of 5 mm or 10 mm path length, using a Horiba-Jobin-Vonn
Fluorolog 3.22 or Fluoromax spectrometers. Phosphorescence spectra and decays were
obtained with the D1934 unit of Fluoromax 3.22 spectrometer. All the fluorescence and
phosphorescence spectra were corrected for the wavelength response of the system with
the appropriate correction files obtained for the instrument.

Emission quantum yield determinations and laser flash photolysis experiments

All measured solutions were degassed using a cuvette specially designed and described
elsewhere for 20—-30 min with N2 or Ar.*® Emission quantum yields were measured with
a Hamamatsu Quantaurus QY absolute photoluminescence quantum yield spectrometer
model C11437 (integration sphere). Transient absorption spectra were measured using a
flash photolysis setup composed of a LKS 60 ns laser photolysis spectrometer from
Applied Photophysics, pumped with third harmonic, 355 nm, of a Spectra Physics
Quanta-Ray Nd:YAG laser. The transient spectra were obtained by monitoring the optical

density change at 5—10 nm intervals, averaging at least 10 decays at each wavelength.
Singlet oxygen yields

Room-temperature singlet oxygen NIR phosphorescence was detected using a
Hamamatsu R5509—-42 photomultiplier in the Applied Photophysics laser flash photolysis
apparatus described above. A Newport RG1000 filter was used to eliminate the harmonic
contribution of sensitizer emission from the infrared signal. The singlet oxygen formation
quantum vyields were determined by plotting the photosensitized singlet oxygen

phosphorescence intensity at 1270 nm of optically matched aerated solutions of the
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samples and reference compound as a function of the laser energy*’ and comparing the

slopes using eq 2:

slopec,  Absyer n?olv,cp ref (2)
2

A= X 2
SlOPeref Abscp Nsow,ref

with q)zef being the singlet oxygen formation quantum yield of the reference compound-

1H-Phenal-1-one in toluene (¢a= 0.93) was used as the standard.
TCSPC

Phosphorescence decays were obtained either in aerated or degassed acetonitrile solutions
and were measured with two different custom-built time-correlated single-photon
counting equipment (TCSPC). For the Pt—Ar (7a—e) and Pt—Cl (4a) compounds, ns-
TCSPC was carried out as elsewhere reported except that a NanoLED (excitation at 373
nm) IBH was used as the excitation source.*® Deconvolution of the phosphorescence
decay curves was performed using the modulating function method, as implemented by
G. Striker in the SAND program.*®

fs-TA

The experimental setup for ultrafast spectroscopic and kinetic measurements was
described elsewhere®® and consists of a broadband HELIOS pump—probe fs-TA
(350-1600 nm) spectrometer from Ultrafast Systems equipped with an amplified
femtosecond Spectra-Physics Solstice-100F laser (800 nm central wavelength displaying
a pulse width of 128 fs at 1 kHz repetition rate) that is coupled with a Spectra-Physics
TOPAS Prime F optical parametric amplifier (195-22 000 nm) for pulse pump
generation. Probe light in the UV range was generated by passing a small portion of the
800 nm light from the Solstice-100F laser through a computerized optical delay (with a
time window up to 8 ns) and focusing on a vertical translating CaF2 crystal to generate a
white-light continuum (350—750 nm). All measurements were obtained in a 2 mm quartz
cuvette with absorptions lower than 0.3 at the pump excitation wavelength. The
instrumental response function of the system was assumed to be equal to that of the
pump—probe cross-correlation determined from the measurement of the instantaneous
stimulated Raman signal from the pure solvent (in an analogous 2 mm cuvette). Typical
values for the IRF of the system were found to be better than 250 fs. The solutions were

stirred during the experiments or kept moving using a motorized translating sample holder
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to avoid photodegradation. The spectral chirp of the data was corrected using Surface
Xplorer PRO program from Ultrafast Systems. Global analysis of the data (using a
sequential model) was performed after single value decomposition using Glotaran

software.5!
5.4.6. Theoretical calculations

DFT calculations have been performed using the Q-Chem® software implemented in
Spartan’18,% with the B3LYP>**® functional and the following basis set: 6- 31G*,%:°7
including polarization for non-hydrogen atoms, for C, H, N, and Cl and LANL2DZ%® for
Pt. Solvation effects have been included using the CPCM method.*

UV/vis transitions have been calculated at the TD-DFT level using the same functional
and basis set; this methodology has provided satisfactory results in our previous work.%°
To estimate the emission spectra, we have optimized the geometries corresponding to the
first singlet (for fluorescence) and triplet (for phosphorescence) states and calculated the
transitions between the ground state and the excited states using the corresponding excited

state geometries.
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CHAPTERG

Cyclometallated [N,C,N] platinum(ll)
compounds toward a red-shifted emission with

excimers’ formation and aggregation induced

emission

R1 = H, F
R, = - i
2 = Ph, Ph-F, Thio, Naph, Phen ,1\ % HZO

Part of this chapter has been published in: Lazaro, A.; Bosque, R.; Ward, J.S.; Rissanen,
K.; Crespo, M.; Rodriguez, L. Inorg. Chem. 2023, 62, 2000-2012.
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6. Cyclometallated [N,C,N] platinum(ll)
compounds toward a red-shifted emission with
excimers’ formation and aggregation induced

emission.

6.1. Introduction

An interesting tangent in the field of optical materials is the modulation of the chemical
structures and assemblies to shift the emission to the red since, for example, OLEDs and
materials that emit in the red or near-infrared (NIR) region represent a challenging target,
due to the favored deactivation processes in low-energy emissive populated states.* Red-
shifted and NIR emission are of vital importance in several relevant applications such as
full-color displays, remote sensing of environmental conditions, night-vision displays,
bio-chemosensors and in vivo imaging, Light-Fidelity (Li-Fi) communication or security

authentication devices and it is mostly explored with pure organic molecules.?

One strategy to modulate the photophysical properties and achieve a red shift in the
emission is to study molecules that present supramolecular self-assembly properties. In
this area, platinum(ll) compounds are of great interest as they present square-planar
geometries that can undergo face-to-face intermolecular interactions through ligand—
ligand and Pt---Pt interactions, that can give rise to new electronic excited states that
produce red-shifted emission from triplet metal-metal-to-ligand charge-transfer
(CMMLCT) or excimeric ’IL excited states in addition to the one arising from the
mononuclear platinum(Il) moiety.®1° These excimers are dimers formed thanks to the
presence of these intermolecular interactions that are non-existing in the ground state.
Their energy is lower compared to the monomeric singlet excited state and therefore
present a less energetic emission that results in a higher wavelength thus shifting the

molecule’s emission to the red (Figure 6.1).1112
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Figure 6.1. Diagram illustrating the energy of an excimer emission.

Additionally, the aggregation of platinum(ll) compounds can also be present in the
ground state and can either be tuned by structural or environment modifications, such as
the polarity of the solvent or the introduction of a bad solvent were the studied compounds
present a lower solubility. In this case, aggregates are found in the ground state and can
absorb and emit light in a different manner than the monomeric species. Furthermore, this
aggregation can result in a decrease in the non-radiative emission pathways due to the
loss of vibrational movement in the aggregate, which gives rise to more efficient radiative

pathways (aggregation induced emission, AIE).13-15

Specifically, cyclometallated platinum(Il) compounds are currently relevant in this field
as their rigidity allows to achieve high luminescence (mainly from the triplet excited state,
i.e., phosphorescence) quantum yields, color tunability and stability.!® For this, the
nature of the cyclometallated ligands, ancillary ligands and the ionic or neutral character
of the molecules are extremely relevant to modulate the absorption and emission
properties.t” Among them, [N,C,N] cyclometallated compounds, especially those derived
from a completely planar ligand, have been observed to exhibit intense luminescence and
versatile emissive excited states, including not only intraligand (IL) (m—n*) excited states

but also excimeric excited states and emissive aggregates.’®2° The aromaticity and
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planarity of these compounds is a key aspect to their ability to establish efficient
intermolecular interactions which influence the resulting luminescence properties.
However, less efforts have been paid on the analysis of the ancillary ligand that occupies
the fourth coordination position at the platinum(ll) center, even though they can also play

an influence on their resulting assemblies and luminescent properties.?

In this chapter, two series of cyclometallated platinum(ll) compounds containing planar
tridentate [N,C,N] ligands with an alkynyl-chromophore as the co-ligand occupying the
fourth coordination position have been synthesised. Different chromophores have been
chosen to evaluate how the electrowithdrawing character (fluorine), soft atom (sulfur in
thiophene) or extended aromaticity (benzene, naphthalene and phenanthrene) can affect
the resulting packing through intermolecular contacts and the resulting influence in their
luminescent properties. Additionally, the two series of compounds differ on the presence
of a H or F atom at the central benzyl ring, that could confer also different intermolecular
forces in the packing. The differences on the resulting photophysical properties depending
on the [N,C,N] ligand and co-ligands have been analyzed in detail together with their

ability to exhibit a red-shifted excimeric or aggregates’ emission.
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6.2. Results and Discussion

6.2.1. Synthesis and characterisation

Ligands 1,3-di(2-pyridyl)benzene (L3) and 2,2’-(5-fluoro-1,3-phenylene)dipyridine (L4)
were synthesised by following the method described in the literature shown in Scheme
6.1.22 It consists in a microwave-accelerated palladium catalysed Stille coupling using
CuO as a bhase. The use of the microwave significantly reduces the reaction time from
days to minutes without compromising the resulting reaction yields when compared to

the traditional synthesis carried out under reflux.?

Ry
SnBuj CuO
. ‘ X [PdCIy(PPh3),]
N microwave,
Br Br 1h, 160 °C

Scheme 6.1. Synthesis of ligands L3 and L4.

An analogous strategy was used to perform cyclometallation on these two ligands with
K2PtCls in order to obtain two [PtCI(N,C,N)] precursors [PtCI{2,6-(CsHaN)2-CsH3}] (8)
and [PtCI{2,6-(CsHaN)2-4-FCsH2}] (9) to further perform the substitution of the chlorido
ligand (Scheme 6.2). As it is reported, the reaction time versus the same procedure

performed under reflux is reduced from 3 days to 30 minutes.??

K,PtCl,

=

microwave, 160° C, 30 min

Scheme 6.2. Synthesis of compounds 8 and 9.
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Both the ligands and the chlorido precursors were successfully obtained, which was
confirmed as their *H NMR spectra matched those reported in the literature.

All the final [PtC=CR2(N,C,N)] compounds were syntesised through the reaction
depicted in Scheme 6.3. As reported in the literature, the corresponding precursors 8 or 9
were reacted with an excess of different alkynyl aromatic ligands which were previously
deprotonated using sodium hydroxide as a base.?* Final compounds [Pt(C=CR2){2,6-
(CsHaN)2-CesHs}] (8x) and [Pt(C=CR2){2,6-(CsHaN)2-4-FCsH2}] (9%) were isolated as
orange solids after precipitation and washing with water, methanol and hexane.

R,-C=C-H, NaOH

methanol, rt, 24 h

Y e

a b c d
Ph Ph-F Thio Naph Phen

Scheme 6.3. Synthesis of compounds 8x and 9x. The letters in red are used for NMR
assignment.

Characterisation by *H NMR showed the disappearance of the terminal alkynyl proton
from the corresponding aromatic R2C=C-H chromophore as well as the presence of the
aromatic protons from the [N,C,N] tridentate ligand confirming the formation of the
desired products. This is also supported by a significant shift of the protons that belong
to the cyclometallated unit, with a downfield shift in the pyridine proton (H") of ca. 0.10-
0.25 ppm when compared to that of the precursors. As expected, no significant changes
were observed in the coupling constants of this proton with platinum between the

precursors and the final compounds, as the ligand in trans with the nitrogen of the
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pyridine bond is not exchanged. Additionally, compounds 9x were also characterised by
F NMR, showing only one signal as a triplet assigned to the fluorine in the central
position of the aromatic ring which is coupled with the two adjacent aromatic protons.
Compound 9b, due to the aromatic p-fluorobenzene moiety, presents a second signal as
a multiplet. This signal can also be observed when performing the °F NMR spectrum of
compound 8b, which also contains this moiety.

Infrared spectroscopy was also useful to detect the C=C stretching vibration (around 2070
cm?) for all compounds along with the absence of the band assigned to the stretching of
the terminal proton of the free alkynyl aromatic ligand (around 3300 cm™). Finally, all
the protonated molecular peaks were found by mass spectrometry further confirming the

successful formation of the desired products.
6.2.2. X-ray crystal structure determination

Single crystals suitable for X-ray diffraction were grown for compounds 8e and 9c by
slow diffusion of hexane into a concentrated dichloromethane solution with one (8e,
Figure 6.2) or two (9c, Figure 6.3) crystallographically independent molecules present in
the asymmetric unit. For both cases, the platinum adopts the expected square-planar
environment completed with the corresponding tridentate [N,C,N] cyclometallating
ligand and the alkynyl aromatic ancillary group. Bond distances and angles are in the
range of those reported in the literature for analogous cyclometallated platinum(ll)
complexes and no significant differences can be observed in the bond lengths between
the two compounds.?>?® However, the aromatic ring of the alkynyl ligand is almost
perpendicular to the planar cyclometallated unit for compound 8e (85.3°) while
compound 9c presents two different conformations in the two different molecules present

in the asymmetric unit with angles of 52.1° and 83.3°.
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Figure 6.2. Molecular structure of compound 8e. Selected bond lengths (A) and angles (°) with
estimated standard deviations: Pt(1)-N(34): 2.038(7); Pt(1)-C(21): 1.939(7); Pt(1)-N(28):
2.035(7); Pt(1)-C(1): 2.077(8); C(1)-C(2): 1.181(11); N(34)-Pt(1)-C(21): 79.4(3); C(21)-
Pt(1)-N(28): 79.7(3); N(28)-Pt(1)-C(1): 100.2(3); C(1)-Pt(1)-N(34): 100.9(3); Pt(1)-C(1)-

C(2): 177.71(9). The thermal ellipsoids are drawn at the 50% probability level and hydrogen
atoms omitted for clarity

Figure 6.3. Molecular structure of compound 9c (two crystallographically independent
molecules present in the asymmetric unit cell, A and B). Selected bond lengths (A) and angles
(°) with estimated standard deviations: (A) Pt(1)-N(18): 2.033(5); Pt(1)-C(11): 1.942(7); Pt(1)-
N(25): 2.035(5); Pt(1)-C(1): 2.099(7); C(1)-C(2): 1.179(9); N(18)-Pt(1)-C(11): 80.0(3);
C(11)-Pt(1)-N(25): 80.1(3); N(25)-Pt(1)-C(1): 98.0(2); C(1)-Pt(1)-N(18): 101.7(2); Pt(1)-
C(1)-C(2): 165.2(6). (B) Pt(2)—N(118): 2.040(5); Pt(2)-C(111): 1.930(8); Pt(2)—N(125):
2.038(7); Pt(2)-C(101): 2.054(8); C(101)-C(102): 1.185(10); N(118)-Pt(2)-C(111): 80.1(3);
C(11)-Pt(2)-N(125): 79.3(3); N(125)-Pt(2)-C(101): 99.9(3); C(101)-Pt(2)-N(118): 100.8(3);
Pt(2)-C(101)-C(102): 178.7(6). The thermal ellipsoids are drawn at the 50% probability level
and hydrogen atoms omitted for clarity.
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The packing of compound 8e presents a zig-zag conformation held together by the
stacking of two cyclometallated moieties (Figure 6.4). However, since these dimeric
structures are arranged in a head-to-tail fashion, the presence of metallophilic interactions
are not permitted with a Pt---Pt distance of 5.052 A. Instead, n-n stacking interactions
(d(C---C) = 3.5-3.36 A) are the ones responsible for the presence of these dimer-like
structures along with additional C---H intermolecular contacts (d(C---H) = 2.849 A). This
results in an interplanar distance of 3.0 A between platinacycles of the two stacked

molecules.

Figure 6.4. A view of the relevant intermolecular short contacts highlighted in blue: C(31)-
C(33):3.361 A; C(20)-C(26) = 3.345 A; C(23)-H(5): 2.849 A (top) and the general packing for
compound 8e (bottom).
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For compound 9c, the packing also displays a zig-zag conformation with the stacking of
two cyclometallated moieties (Figure 6.5). However, only F---H (2.449 A) and C---H
(3.345 A) interactions can be observed in the stacking of these dimers, which are in a
head to tail disposition with a Pt(2)---Pt(2) distance of 4.988 A. The lack of interactions
between the cyclometallated moieties leads to a higher interplanar distance of 3.2 A

compared to compound 8e.

Figure 6.5. A view of the relevant intermolecular short contacts highlighted in blue: F(23)-
H(115): 2.449 A; C(102)-H(22) = 3.345 A (top) and the general packing for compound 9c
(bottom).
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Interestingly, as two crystallographic independent molecules are present in the
asymmetric unit, a second kind of stacking can be observed where the Pt(1)---Pt(1)
distance (3.466 A) is just below the combined van der Waals radii (3.5 A) and can
therefore be considered a platinophilic interaction.?* The different arrangements are
depicted in Figure 6.6. This ability to present stacked structures, in a different fashion for
each compound, suggests the possibility that they can aggregate in solution and that the
differences in the aggregation mode could potentially lead to the observation of different

emissive properties.

Figure 6.6. Disposition of the two different Pt---Pt contacts for compound 9c: Pt(1)-Pt(1) =
3.466 A (A and B); Pt(2)-Pt(2) = 5.052 A (C and D).

188



Chapter 6: Cyclometallated [N,C,N] platinum(IT) compounds toward...

6.2.3. Photophysical characterisation

The absorption spectra of all compounds and ligands were recorded in 5-10° M
dichloromethane solutions at room temperature and the results are shown in Table 6.1

and Figure 6.7.

Table 6.1. Spectral data including absorption and phosphorescence emission maxima in
dichloromethane solutions at 298 K.

Compound Aes, NI dem
(x 103, ML cm?) (nm)
L3 280 (8.6) 341
L4 279 (8.9) 337
8 290 (18.4), 333 (5.8), 380 (7.2), 402 (5.9) 490
9 290 (12.5), 378 (4.2), 422 (4.7) 505
8a 291 (17.0), 389 (4.6) 497, 702
8b 290 (18.2), 388 (5.5) 495, 692
8¢ 292 (25.5), 391 (7.0) 501, 698
8d 288 (8.7), 309 (5.8), 389 (2.3) 490, 693
8e 289 (28.4), 319 (22.3), 334 (24.0), 391 (7.7) 547, 698
9a 289 (10.1), 380 (3.5), 421 (3.5) 507, 692
9b 292 (20.6), 390 (5.5), 422 (5.7) 511, 694
9c 291 (10.8), 391 (2.7), 424 (2.8) 513, 696
od 294 (31.5), 310 (2.5), 392 (6.8), 427 (7.5) 520, 699
% 290 (32.1), 319 (25.6), 333 (26.6), 425 (8.2) 547, 700
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Compounds 8x and 9x present intense absorption bands in the high energy region (ca.
290 nm) that can be assigned to 'n-n* transitions intrinsic of the cyclometallated (1,3-
di(2-pyridyl)benzene or 2,2’-(5-fluoro-1,3-phenylene)dipyridine) ligand as they are also
recorded in the absorption of the free ligands L3 and L4 (Figure 6.7) In the lower energy
region (380-430 nm), less intense bands, which are also present in the precursors 8 and 9,
are observed that can correspond to mixed charge transfer and ligand centred transitions

according to the literature.”8:1527.28
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Figure 6.7. Absorption spectra for 5-:10° M dichloromethane solutions of compounds 8x (A)
and 9x (B), ligands L3 and L4 (C) and compounds 8 and 9 (D) at 298 K.

All final compounds present a vibronically structured band with maxima around 500 nm
when excited at their lower energy absorption band. This band is attributed to a mainly
ligand centred *x-n* transition from the [N,C,N] cyclometallated ligand that can be mixed
with metal-to-ligand or intraligand charge transfer transitions (MLCT or *ILCT). For the

chlorido precursors, the same pattern can be observed (Figure 6.8).182%31

The phosphorescent assignment is supported by the large Stokes’ shift and the quenching
of the emission in the presence of oxygen for both compounds 8x and 9x and their
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precursors. Ligands L3 and L4 present a broad emission around 350 nm (Figure 6.8)
when excited at their only absorption band (280 nm) that can be assigned to a fluorescent
ln-n* intraligand transition not quenched by the presence of oxygen, which indicates that

the phosphorescence is induced thanks to the perturbation of the platinum atom in the

emission.
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Figure 6.8. Normalized emission spectra (right) for 5-:10° M dichloromethane solutions of of
compounds 8x (A) and 9x (B) (Aexc = 390 nm), ligands L3 and L4 (C) (Aexc = 280 nm) and
compounds 8 and 9 (D) (hexc = 380 nm) at 298 K.

An additional band at 700 nm is observed for all the final compounds 8x and 9x, which
can be attributed to an excimer formation.®3 This is supported by the recording of the
excitation spectra of compound 9e, as an example, at the two emission maxima (500 and
700 nm) which resemble the same pattern that matches the absorption spectra (Figure
6.9). This fact confirms that the emitting species is indeed not present in the ground state

and discards the possibility of an emission coming from aggregates.
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Figure 6.9. Excitation spectra of compound 2e in dichloromethane at the two different emission
maxima at 298 K.

The lack of excimer formation in the precursors 8 and 9 along with the different excimer
intensities along compounds 8x and 9x indicates an important role of the alkynyl aromatic
moiety and the substituent in the central benzene ring in the resulting emissive properties.
The excimer formation is generally more favoured in compounds 9x and mainly for the
bigger chromophore, phenanthrene, in compounds 8e and 9e. In fact, the presence of the
excimer in compounds analogous to 8 and 9, where the ancillary ligand is a chlorido, has

only been observed in the literature at higher concentrations.!2

Global phosphorescence guantum yields were recorded and are displayed in Table 6.2
along with the splitting into the contribution of the monomer and the excimer emission.
The total values increase in the absence of oxygen up to a 60 %, in the range of those
reported in the literature for analogous compounds.'??4% In most cases, the monomer
emission is the major radiative deactivation pathway, with a larger excimer contribution
for compounds containing a phenanthrene as an alkynyl aromatic moiety (8e and 9e),
being almost dominant for compound 9e. This could be attributed to the establishment of
n-n stacking intermolecular interactions in solution that have been observed in the crystal

structure of compound 8e.
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Table 6.2. Phosphorescence quantum yields recorded in air-equilibrated (with O;) or degassed
(N2 sat.) in dichloromethane solutions at 298 K.

. bpn b bpn bpn
ompound (with Oy) (N, sat) monomer (N2 excimer (N2
sat.) sat.)
L3 0.004 0.004 0.004 -
L4 0.007 0.007 0.007 -
8 0.03 0.61 0.61 -
9 0.03 0.66 0.66 -
8a 0.04 0.61 0.46 0.15
8b 0.05 0.56 0.39 0.17
8c 0.03 0.52 0.36 0.16
8d 0.04 0.55 0.45 0.10
8e 0.01 0.34 0.13 0.21
%9a 0.04 0.60 0.49 0.11
9 0.03 0.49 0.34 0.15
9c 0.03 0.59 0.46 0.13
od 0.03 0.50 0.27 0.23
Oe 0.01 0.37 0.07 0.30

Therefore, although no significant differences are observed in the global quantum yields
in general, a variation can be observed when they are split into the two contributions
(monomer and excimer). The main effect seems to arise from an extended aromaticity, as
it can be seen for compounds 8e and 9e, but also the hydrogen or fluorine atom in the
central position of the [N,C,N] ligand, with a larger excimer formation in the presence of
a fluorine as it can be seen by comparing the naphthalene and phenanthrene derivatives
of both families. This could be attributed to the less electronic density present in the

aromatic rings which could favour the establishment of intermolecular contacts.
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Phosphorescence emission lifetimes were recorded for both the monomer and excimer
emission and are displayed in Table 6.3. For all final compounds and the precursors, the
values are of hundreds of nanoseconds and increase to a few microseconds in deaerated
solutions, which are in the range of those reported for similar compounds supporting a
triplet emission origin.'?*+* Phenanthrene derivatives are again a particular case as they
display longer decay time values than the rest of compounds, which has been previously
observed in other cyclometallated platinum(ll) compounds containing this
chromophore.’

Table 6.3. Phosphorescence lifetimes of the compounds recorded in air-equilibrated (with O2)
or degassed (N sat.) dichloromethane solutions.

T (Us) T (us) ° (Us) T°(Ms)

Compound monomer excimer monomer excimer

(with Oy) (with Oy) (N2 sat.) (N2 sat)
L3 3.91-10°3 - - -
L4 2.26 -10°3 - - -
8 0.4 - 8.3 -
9 0.4 - 6.9 -
8a 0.3 0.2 5.3 2.9
8b 0.4 0.2 7.4 3.3
8c 0.2 0.1 4.6 3.0
8d 0.2 0.1 4.9 2.9
8e 0.4 0.3 414 5.3
%9a 0.5 0.2 5.9 3.1
9b 0.4 0.2 7.0 3.0
9c 0.4 0.2 5.4 2.7
ad 0.5 0.2 7.2 3.7
Oe 0.6 0.3 34.4 6.9
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For these two compounds (8e and 9e), time resolved spectra were performed and the
resulting kinetics show the clear predominance of the monomer emission regarding the

excimer at increasing times in agreement with the longer recorded decay times (Figure

6.10)
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Figure 6.10. Time-resolved phosphorescence spectra (left) and emission spectra (right) in
dearated dichloromethane solutions at 298 K of compounds 8e and 9e.

Radiative and non-radiative constants were calculated from the experimental quantum
yields and lifetime values (Table 6.4). According to the values, the increase in the
monomer emission quantum vyield is attributed to a decrease in the non-radiative
deactivation pathways rate, as the non-radiative constant values (knr) are of one order of
magnitude smaller than in air-equilibrated samples while radiative constants (kr) stay the
same. Additionally, in the excimer emission band, we can observe that the knr values for

the phenanthrene derivatives 8e and 9e are smaller than those calculated for the rest of
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compounds, in agreement with the significant increase in the emission intensity of this

band in these compounds.

Table 6.4. Spectral data including radiative and non-radiative rate constants obtained in air-
equilibrated (with O2) or degassed (N sat.) dichloromethane solutions.

ke(UsY)  Kr(usY)  ke(us?)  Kar(us?)  ke(ust)  Kor(us)
Compound  monomer monomer monomer monomer excimer ~ €Xcimer
(with Oz)  (with Oz) (N2 sat.) (N2sat.) (N2 sat.) (N2 sat.)

L3 1.02 254.73 - - - -
L4 3.08 439.38 - - - -

8 0.08 2.32 0.07 0.05 - -

9 0.08 2.51 0.10 0.05 - -

8a 0.12 3.04 0.09 0.10 0.05 0.29
8b 0.10 2.17 0.05 0.08 0.05 0.25
8c 0.14 4.34 0.08 0.14 0.05 0.28
8d 0.18 4.28 0.09 0.11 0.03 0.31
8e 0.03 2.62 0.03 0.21 0.04 0.15
9a 0.07 1.77 0.08 0.09 0.04 0.29
9b 0.07 2.33 0.05 0.10 0.05 0.28
9c 0.09 2.65 0.09 0.10 0.05 0.33
9d 0.06 2.15 0.04 0.10 0.06 0.21
%e 0.02 1.66 0.02 0.27 0.04 0.10
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In solid state, all compounds present a broad emission band centred between 579 and
626 nm (Figure 6.11) which can be assigned to the emission of the r-x stacked forms that
are in accordance with the observation of the dimer formation in the obtained crystalline

structures.?*
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Figure 6.11. Normalized emission spectra in solid state of compounds 8x (left) and 9x (right) at
298 K (Aexc = 390 nm).

Phosphorescence quantum yields have moderate values up to 12 % and the corresponding
lifetimes are of hundreds of nanoseconds, in agreement with a triplet state emission origin
(Table 6.5). It can be observed that quantum yields for compounds 8x in the solid state
are larger than in solution while in the case of compounds 9x these values are in the same
order as those previously recorded in dichloromethane. This can be rationalized to the
more efficient intermolecular packing in the absence of the fluorine atom at the
cyclometallated ligand that seems to favor the n-m stacking and the formation of
aggregates, as previously observed in the packing in the X-ray diffraction determined
structures. Interestingly, the calculated kr and knr values show an enhancement of the
radiative deactivation channels with kr values larger for compounds 8x and 9x and knr
smaller (8x) or similar (9x) than those previously obtained in air-equilibrated solution
samples.
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Table 6.5. Electronic absorption and emission data including absorption and emission maxima
and phosphorescence quantum yields recorded in solid state (powder).

Compound  A™2* (nm) drh T (US) Ky (us™) Knr (us™?)
L3 357 0.005 - - -
L4 390 0.008 - - -
8 559 0.03 0.7 0.05 1.39
9 506 0.02 0.5 0.04 2.01
8a 612 0.14 0.4 0.35 2.20
8b 611 0.09 0.5 0.18 1.75
8c 601 0.05 0.6 0.08 1.60
8d 610 0.10 0.6 0.18 1.51
8e 609 0.12 0.7 0.17 1.23
%9a 626 0.03 0.4 0.07 241
9b 617 0.06 0.3 0.17 2.78
9c 616 0.04 0.7 0.06 1.42
ad 625 0.13 0.4 0.30 2.09
%e 623 0.02 0.3 0.06 3.15

6.2.4. DFT calculations

To further understand the experimental results, DFT calculations were performed for
compounds 8x and 9x and their precursors in solution using the BL3YP functional, 6-
31G*/LANL2DZ basis set and CPCM solvation model. In all cases, the experimental
geometries are well reproduced and show that the aromatic group is nearly perpendicular
to the cyclometallated moiety (Tables 6.6 and 6.7). The calculated values for bond lengths

and angles match well those found experimentally in the crystal structure for compounds
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8e and 9c. In particular, the calculated torsion angles (80.5° for 8e and 75.2° for 9c) are

close to the values observed experimentally (85.3° for 8e and 83.3° for 9c).

Upon analysis of the results, it can be observed that the change of a hydrogen for a fluorine

in the central position of the cyclometallated ligand (compounds 8x versus 9x) results in

a shortening of the distance between the platinum and the alkynyl ligand in trans position

with respect to the metallated carbon while the bond length between the metal and this

carbon remains constant. Finally, no significant variations in the distances and angles are

observed when changing the nature of the aromatic ring attached to the alkynyl bond.

Table 6.6. Key geometrical parameters optimized at the DFT level in solution for compounds 8
and 8x. C(1): metallated carbon of the pincer ligand. C(2): Alkyne carbon bonded to platinum.
C(3): Alkyne carbon bonded to the aromatic moiety. C(4): aromatic carbon bonded to the
alkyne moiety. Torsion: Angle between the aromatic moiety and the pincer ligand.

Parameter 8 8a 8b 8c 8d 8e
Pt-ClI 2.521 -- -- -- -- --
Pt-C(1) 1.930 1.962 1.961 1.962 1.963 1.963
Pt-N 2.076 2.080 2.080 2.080 2.081 2.082
Pt-C(2) -- 2.077 2.076 2.078 2.073 2.074
C(2)-C(3) - 1.232 1.231 1.231 1.232 1.232
C(3)-C(4) - 1.429 1.429 1.426 1.428 1.427
C(2)-Pt-N 80.4 79.5 79.5 79.5 79.5 79.5
C(1)-Pt-Cl  179.9 - - - - -
C(1)-Pt-C2)  -- 179.2 179.9 179.3 179.9 180.0
N-Pt-N 160.8 159.0 159.1 159.0 159.0 159.0
N-Pt-Cl 99.6 -- -- -- -- --
N-Pt-C(2) -- 100.5 100.5 100.5 100.5 100.5
Torsion -- 90.6 91.1 73.9 80.8 80.5
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Table 6.7. Key geometrical parameters optimized at the DFT level in solution for compounds 9
and 9x. C(1): metallated carbon of the pincer ligand. C(2): Alkyne carbon bonded to platinum.
C(3): Alkyne carbon bonded to the aromatic moiety. C(4): aromatic carbon bonded to the
alkyne moiety. Torsion: Angle between the aromatic moiety and the pincer ligand

Parameter 9 %a 9% 9c ad Oe
Pt-Cl 2.516 - -- -- - -
Pt-C(1) 1.930 1.961 1.962 1.962 1.963 1.963
Pt-N 2.075 2.079 2.080 2.081 2.081 2.082
Pt-C(2) - 2.073 2.077 2.076 2.071 2.072
C(2)-C(3) - 1.231 1.232 1.231 1.232 1.232
C(3)-C(4) -- 1.430 1.429 1.426 1.428 1.428
C(2)-Pt-N 80.4 79.5 79.5 79.4 79.5 79.4
C(1)-pt-ClI  180.0 - -- -- - -
C(1)-Pt-C(2) - 179.9 179.2 179.5 179.9 180.0
N-Pt-N 160.7 159.0 159.0 158.9 158.9 158.9
N-Pt-ClI 99.6 - -- -- - -
N-Pt-C(2) - 100.5 100.5 100.6 100.6 100.6
Torsion -- 90.9 90.6 74.4 80.8 80.4

The rotation of the phenanthrene moiety was also studied for compound 8e to determine
the possibility of the existence of rotational conformers using the same level of theory.
The calculated barrier of 3.3 kJ/mol is not high enough to allow free rotation around the
triple bond, therefore confirming that only the almost perpendicular conformation can be

present in solution.

TD-DFT calculations were performed for compounds 8x and 9x and their precursors in
solution, using the geometries previously optimized, to calculate the UV absorption
spectra using dichloromethane as solvent. Figures 6.12 and 6.13 show the energy and the
nature of the orbitals involved in these transitions for all compounds, which are in all

cases of the m-* type.

HOMO — LUMO transitions are only observable in compounds 8 and 9. The HOMO
orbital is centered mainly in the central ring of the cyclometallated moiety, with smaller
contributions from the platinum atom and the chlorido ligand, while the LUMO has the
greatest contribution from the N-substituted rings of the same pincer ligand, also with a

small contribution of the platinum atom. This transition is ILCT/LLCT in character.
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For compounds 8x, the lowest energy absorption band around 390 nm corresponds mainly
to a HOMO-1 — LUMO+1 transition. The former is based mainly in the alkyne moiety
and the central ring of the cyclometallated ligand, with a very small contribution of Pt,
while the latter is based mainly on the three rings of the same ligand. Thus, this transition
is ILCT/LLCT in character.

In this same energy region, compounds 9x show an absorption band at this region in
addition to HOMO-1 — LUMO-+1 transition the that can be assigned it to a HOMO-1 —
LUMO transition. As previously stated, HOMO-1 has a contribution of the alkyne moiety
and the central ring of the cyclometallated ligand, while LUMO is centered on the N-
substituted rings of the pincer ligand, thus this transition is also ILCT/LLCT in character.

As an exception, compound 9e only displays the latter transition.

Compounds with napthalene (8d, 9d) and phenanthrene (8e, 9e) moieties also feature a
band in the 309-319 nm interval. There are several transitions that can contribute to this
band, but the one that is always present is HOMO-3 — LUMO+1 (HOMO-3 — LUMO
for 9e). Both orbitals are centered in the pincer ligand and so this transition can be
regarded as ILCT.

Finally, complexes 8e and 9e feature a supplementary absorption band at 333-334 nm,
that can be ascribed to the HOMO — LUMO+2 transition. Both orbitals are centered
mainly in the phenanthrene moiety so the transition can be assigned to an ILCT.
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Figure 6.13. Orbitals that participate in the UV-vis transitions discussed in the text for
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the arrows show the energy of the transition in nm. The y-axis indicates the energy of the
orbitals.
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The triplet state for compounds 8x and 9x and their precursors were optimized in solution
to study their emission spectra and the triplet-singlet transitions were calculated using
dichloromethane as a solvent and are listed in Table 6.8. The geometries differ from the
ground state in the orientation of the aromatic ring attached to the alkynyl bond. In the

ground state this ring was found to be nearly perpendicular to the cyclometallated moiety

whereas in the triplet state is nearly coplanar.

Table 6.8. Experimental and calculated emission energies.

Compound hem (EXP, NM) Aem (calc, Nnm) Assignment

8 490 440.1 LUMO — HOMO-1
9 505 521.6 LUMO+1 — HOMO
8a 497 485.6 LUMO+1 — HOMO
8b 495 486.8 LUMO+1 — HOMO
8c 501 494.9 LUMO+1 — HOMO
8d 490 485.3 LUMO+1 — HOMO
. s Lo rouo
%9a 507 503.6 LUMO+1 — HOMO
9b 511 505.6 LUMO+1 — HOMO
9c 513 512.9 LUMO+1 — HOMO
od 520 518.0 LUMO+1 — HOMO
%e 547 527.9 LUMO+1 — HOMO

The main emission band corresponds, in most cases, to a LUMO +1 — HOMO transition,
being the first one centred in the alkynyl aromatic moiety and the latter in the
cyclometallated ligand with some contribution of the metal. Therefore, this transition can
be assigned to present a mixed intra-ligand, ligand-to-ligand, and metal-to ligand charge
transfer (ILCT/LLCT/MLCT) character in nature, confirming the previous assignment.
As an example, Figure 6.14 shows the orbitals that take part in this transition for

compound 8a.

204



Chapter 6: Cyclometallated [N,C,N] platinum(IT) compounds toward...

Figure 6.14. LUMO+1 and HOMO orbitals for complex 8a.

As an exception, compound 8e has a contribution from LUMO — HOMO and LUMO-2
— HOMO transitions. In this case, the HOMO orbital is again based mainly in the alkynyl
aromatic moiety and the LUMO in the cyclometallated ligand, thus corresponding to the
LUMO+1 of the remaining systems. In contrast, the LUMO+2 orbital is centred mainly
in the phenanthrene group.

6.2.5. Aggregation induced emission experiments (AIE)

To try to induce the red-shifted emission in air-equilibrated samples, water was tested as
a bad solvent to induce aggregation by preparing several acetonitrile/water mixtures. The
resulting behavior is observed to be strongly dependent on the alkynyl aromatic group. In
general, the formation of a new band around 650 nm due to the formation of emissive

aggregates can be observed (Figure 6.15).
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The assignment of this emission band to the excimer in acetonitrile is discarded, since the
latter appears at larger wavelengths, as evidenced upon deoxygenation of the acetonitrile
samples (Figure 6.16). Excitation spectra also supports this assignment since it displays
a different profile from the recorded for the monomer, with a significant red-shift upon

excitation at the aggregates emission band (Figure 6.16).

8.0x10°
4x10° —9e —,, =500 nm
. ——x__ =650 nm
6.0x10° em
3x10° A
= el 6
: - 4.0x10°
© 5 ©
~  2x10°A =
1x10° 2.0x10°
0 T T T T T 0.0 T T
500 600 700 800 900 400 450 500
Wavelength (nm) Wavelength (nm)

Figure 6.16. Emission spectra for a N»-saturated acetonitrile solution of compound 9e at 298 K
(Aexc = 390 Nnm) (left) and excitation spectra of compound 9e in a 90% water/10% acetonitrile at
the two different emission maxima at 298 K (right).

The aggregation induced emission (AIE) band is enhanced when the percentage of water
is higher than 75%. At 90% water contents, this emission reaches the maximum intensity,
and, in some cases, it is predominant to the monomer, even becoming the sole emission
in compound 9e affording a completely red-shifted emission. In fact, AIE seems to be
more favored in compounds 9x (Figure 6.17), probably due to the presence of the fluoro
substituent that can establish additional intermolecular contacts favoring the aggregation

process.
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Figure 6.17. A) Plot of the laggregates/Imonomer Of COMpounds 8x at different water contents (only
compounds that aggregate are included in the plot); B) Plot of the laggregates/ Imonomer Of COMpounds
9x at different water contents (only compounds that aggregate are included in the plot); C)
Acetonitrile/water mixtures under the UV lamp for compound 9e (increasing water content from
left to right: 0, 25, 50, 75 and 90%).

The total phosphorescence quantum vyield increases when increasing the water
percentage, as expected for an AIE behavior. This is also supported by the increasing
contribution of the aggregates’ quantum yield when it is present by splitting the global
QY value in the corresponding contribution of the monomer and the aggregated forms.
The phosphorescence lifetime values of both monomer and aggregates become larger
with increasing water contents in all compounds with, in all cases, a larger lifetime for

the monomeric species (Tables 6.9 and 6.10).
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Table 6.9. Phosphorescence quantum yields and lifetimes recorded in aerated acetonitrile/water
mixtures for compounds 8x.

brn brn T (1s) T (us)

Compound 7 0}
P H20 P monomer aggregates monomer aggregates

0 0.01 0.01 - 0.19 0.06
25 0.02 0.02 - 0.37 0.09
8a 50  0.02 0.02 - 0.48 0.01
75  0.03 0.01 0.02 0.85 0.27
90 0.04 0.01 0.03 1.34 0.13
0 0.01 0.01 - 0.25 0.08
25 001 0.01 - 0.37 0.10
8b 50  0.02 0.02 - 0.47 0.15
75 0.03 0.02 0.02 0.87 0.23
90 0.04 0.01 0.03 1.25 0.10
0 0.01 0.01 - 0.23 0.05
25 001 0.01 - 0.35 0.07
8c 50  0.02 0.02 - 0.52 0.01
75 0.04 0.01 0.02 0.86 0.25
90 0.2 0.01 0.12 1.25 0.23
0 0.01 0.01 - 0.26 0.11
25 001 0.01 - 0.37 0.02
8d 50  0.02 0.02 - 0.50 0.10
75 0.02 0.01 0.01 0.95 0.19
90 0.038 0.01 0.02 1.17 0.09
0 0.01 0.01 - 0.22 0.08
25 001 0.01 - 0.36 0.16
8e 50  0.02 0.02 - 0.44 0.21
75 0.07 0.01 0.06 0.74 0.20
90 0.08 0.01 0.07 0.79 0.18
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Table 6.10. Phosphorescence quantum yields and lifetimes recorded in aerated
acetonitrile/water mixtures for compounds 9x.

brn brn T (1s) T (us)

Compound 7 0}
P H20 P monomer aggregates monomer aggregates

0 0.01 0.01 - 0.26 0.12
25 001 0.01 - 0.36 0.18
9a 50  0.02 0.02 - 0.48 0.24
75  0.03 0.03 - 0.76 0.11
90 0.01 0.01 - 0.91 0.17
0 0.01 0.01 - 0.24 0.10
25 0.02 0.02 - 0.36 0.09
9b 50  0.02 0.02 - 0.47 0.13
75 0.03 0.03 - 0.78 0.23
90 0.01 0.01 - 0.77 0.09
0 0.01 0.01 - 0.21 0.08
25 001 0.01 - 0.22 0.08
9c 50  0.02 0.02 - 0.43 0.11
75 0.04 0.02 0.02 0.81 0.14
90 0.06 0.01 0.05 1.18 0.24
0 0.01 0.01 - 0.22 0.08
25 001 0.01 - 0.34 0.07
9d 50 0.01 0.01 - 0.44 0.03
75 0.02 0.01 0.02 0.78 0.26
90  0.07 0.01 0.07 0.78 0.11
0 0.01 0.01 - 0.27 0.12
25 001 0.01 - 0.35 0.20
%e 50  0.02 0.02 - 0.46 0.25
75 0.06 0.01 0.05 0.77 0.18
90 011 - 0.11 0.73 0.14
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Radiative (kr) and non-radiative (knr) constants were calculated for the monomer and the
aggregated species where it is observable. It can be observed that the non-radiative
deactivation processes are more favored in both the monomer and the aggregates, as
expected for air-equilibrated conditions. Additionally, the more efficient AIE effect is
directly related to the k: rate constant. A significant increase of kr is detected (up to one
order of magnitude for compound 9d from 0.07 s with a 75% of H20 to 0.66 s* with a
90% of H20) in the emission of the aggregates, while the contribution of knr is much less
important. That is, the aggregation processes induced by the addition of water in the
acetonitrile solutions are favoring the intermolecular contacts and the close distance
between the molecules making the environment more rigid and favoring the efficiency of

the radiative emission process.*
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6.3. Conclusions

In this chapter, two families of [N,C,N] cyclometallated compounds has been synthesised
and a thorough photophysical study has revealed their phosphorescent properties with

different emission origins.

The presence of the alkynyl moiety as an ancillary ligand allows not only the
phosphorescence of the monomeric species, such as what is observed in the chlorido
precursors, but also the appearance of a red-shifted emission band at 700 nm in degassed
solutions assigned to the formation of an excimer. The emission from the monomer has
been assigned to a 3n-n* transition from the [N,C,N] cyclometallated ligand that can be
mixed with 3MLCT or 3ILCT, which is supported by DFT calculations.

Additionally, the red shift of the emission has been induced in air equilibrated conditions
by using a mixture of good and bad solvents, which results in the formation of emissive
aggregates that present aggregation induced emission (AIE) displaying a broad band

centred around 650 nm.

For both emission origins, the behaviour is dependent on the aromatic group attached to
the alkynyl moiety. Specifically, compounds 8e and 9e that contain a phenanthrene group,
are the ones which present a larger excimer formation and a higher ability to form
aggregates, being the sole emission in compound 9e in the mixture with the highest
percentage of water and therefore achieving a completely red-shifted emission. This
agrees with their ability to establish =n-m stacking interactions between two

cyclometallated moieties that has been observed in the X-ray crystal structure.
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6.4. Experimental Section

6.4.1. General procedures

Commercial reagents 1,3-dibromobenzene (Fluorochem, 99%)), 2-
(tributylstannyl)pyridine (Fluorochem, 95%), copper oxide (CuO, Probus, >99%), 1,3-
dibromo-5-fluorobenzene (Fluorochem, 98%), sodium sulphate (Na2SOs, Panreac, 99%),
potassium tetrachloroplatinate (K2PtCls, Johnson Mattheys, 98%), phenylacetylene
(Sigma Aldrich, 98%), sodium hydroxide (NaOH, Panreac, 98%) 1-ethynyl-4-
fluorobenzene (Sigma Aldrich, 99%), 3-ethynyltiophene (Sigma Aldrich, 96%), 2-
ethynylnaphthalene (Sigma Aldrich, 97%) and 9-ethynylphenanthrene (Sigma Aldrich,
97%); and solvents N,N-dimethylformamide (DMF, Panreac, 99%), ethyl acetate
(Panreac, 99.5%), acetic acid (Panreac, >99%), methanol (Sigma Aldrich, >99%), ethanol
(Fischer, >99%), diethyl ether (Carlo Erba, >99%), and hexane (Sigma Aldrich, >98%)

were used as received.
6.4.2. Physical measurements

NMR spectra were recorded in CDCls at the Unitat de RMN of the Universitat de
Barcelona with a Mercury 400 spectrometer (*H, 400 MHz; °F, 376.5 MHz). Chemical
shifts are given in § values (ppm) relative to TMS (*H) or CFClz (*°F) and coupling

constants J are given in Hz.

Infrared spectra were recorded in a Thermo Scientific FT-IR Nicolet iS5 spectrometer

with an iD7 ATR accessory. IR frequencies v are given in cm™.

Electrospray mass spectra were performed at the Unitat d’Espectrometria de Masses
(Universitat de Barcelona) in a LC/MSD-TOF spectrometer using H20-CHsCN 1:1 to

introduce the sample.

UV/Vis spectra were recorded in CH2Cl> with a Cary 100 scan 388 Varian UV
spectrometer. Emission and excitation spectra were recorded in a Horiba Jobin-Yvon
SPEX Nanolog-TM spectrofluorimeter at 298 K using 5-10°M solutions and in solid

state.

Emission quantum yields were determined with a Hamamatsu Quantaurus QY absolute

photoluminescence quantum yield spectrometer C11347.
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Luminescence lifetimes were measured on a JYF-DELTAPRO-NL equipment upon
excitation of the samples with a 390 nm NanoLED and collecting the decays through a
cut-off filter of 450 nm.

6.4.3. Synthesis and characterisation

Synthesis of 1,3-di(2-pyridinyl)benzene (L3)

Ligand 1,3-di(2-pyridinyl)benzene (L3)?> was obtained by slight modification of the
method described in the literature from 0.121 ml (1 mmol) of 1,3-dibromobenzene, 0.971
ml (3 mmol) of 2-(tributylstannyl)pyridine, 0.240 g (3 mmol) of CuO and 0.007 g (0.1
mmol) of [PdCI2(PPhs)z] in 4 ml of dimethylformamide under a nitrogen atmosphere. The
mixture was heated in a microwave reactor for 1 hour at 160 °C. After cooling, the mixture
was poured into 50 ml of ethyl acetate and was filtered. The filtrate was washed with
water and dried over sodium sulphate. The resulting solution was evaporated to dryness
and the crude mixture was purified by column chromatography using a mixture of
hexane/diethyl ether (1:1) to give a white solid. Yield: 0.154 g (66%)

IH NMR (CDCls, 400 MHz): 5 8.74 [d, 2H, 3J(H-H) = 4.6, HT], 8.66 [s, 1H, HY], 8.09
[dd, 2H, 33(H-H) = 7.8, “J(H-H) = 1.6, HY], 7.89 [d, 2H, 3J(H-H) = 7.9, HY], 7.82 [td, 2H,
3J(H-H) = 7.8, “J(H-H) = 1.6, HY], 7.61 [t, 1H, 3J(H-H) = 7.8 Hz, H?], 7.27-7.32 [m, 2H,
He].
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Synthesis of 2,2°-(5-fluoro-1,3-phenylene)dipyridine (L4)

Ligand 2,2’-(5-fluoro-1,3-phenylene)dipyridine (L4)? was prepared as a white solid by
following the same method from 0.126 ml (1 mmol) of 1,3-dibromo-5-fluorobenzene,
0.971 ml (3 mmol) of 2-(tributylstannyl)pyridine, 0.240 g (3 mmol) of CuO and 0.007 g
(0.1 mmol) of [PACI2(PPhs)2. Yield: 0.178 g (71%)

IH NMR (CDCls, 400 MHz): & 8.74 [dd, 2H, 3J(H-H) = 7.5, ¥J(H-H) = 5, , HT, 8.43 [t,
1H, 4J(H-H) = 1.5 Hz, H9], 7.76-7.81 [m, 6H, HP<4], 7.25-7.31 [m, 2H, H¢].

Synthesis of [PtCI{2,6-(2-CsHaN).-CsH3}] (8)

Compound [PtCI{2,6-(2-CsHaN)2-CeHs}] (8)?* was obtained by following the method
reported in the literature from 0.138 g (0.332 mmol) of potassium tetrachloroplatinate and
0.077 g (0.332 mmol) of 1,3-di(2-pyridyl)benzene (L3) in 4 ml of acetic acid/water (9:1).
The mixture was heated in a microwave reactor for 30 min at 160 °C. After cooling, the
mixture was filtered and the yellow solid was washed with methanol, water, ethanol and
diethyl ether and dried under vacuum. Yield: 0.116 g (76%)

IH NMR (CDCls, 400 MHz): § 9.37 [d, 2H, 3J(H-H) = 5.7, 3J(Pt-H) = 44.2, H1, 7.95 [td,
2H, 3)(H-H) = 7.8, “J(H-H) = 1.5, H%], 7.70 [d, 2H, 3J(H-H) = 7.4, H°], 7.47 [d, 2H, 3J(H-
H) = 7.7, H°], 7.28-7.31 [m, 2H, H¢], 7.24 [t, 1H, 3J(H-H) = 7.7 Hz, Ha].
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Synthesis of [PtCI{2,6-(2-CsH4N)2-4-FCsH2}] (9)

Compound [PtCI{2,6-(2-CsHaN)2-4-FCsH2}] (9)?> was prepared as a yellow solid by
following the same method from 0.060 g (0.200 mmol) of potassium tetrachloroplatinate
and 0.040 g (0.200 mmol) of 2,2’-(5-fluoro-1,3-phenylene)dipyridine (L4). Yield: 0.070
g (74%)

IH NMR (CDCls, 400 MHz): § 9.38 [d, 2H, 3J(H-H) = 5.6, 3J(Pt-H) = 41.6, H'], 7.99 [td,
2H, 3J(H-H) = 7.8, “)(H-H) = 1.6, HY], 7.66 [d, 2H, 3J(H-H) = 7.4, H%], 7.30-7.38 [m, 2H,
He], 7.24 [d, 2H, 3J(F-H) =10.0, H"].

General Procedure for the synthesis of complexes 8x and 9x?*

A mixture of arylacetylene and sodium hydroxide were stirred at room temperature under
an atmosphere of nitrogen for 30 min. The corresponding precursor 8 or 9 was added and
the mixture was further stirred for 24 hours. The obtained solid was filtered, washed with

water, methanol and hexane and dried under vacuum.
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Synthesis of [Pt(C=CPh){2,6-(2-CsHsN).-CsHs}] (8a)

Compound [Pt(C=CPh){2,6-(2-CsHaN)2-CeHs}] (8a) was obtained as an orange solid
from 0.025 g (0.054 mmols) of compound [PtCI{2,6-(2-CsHaN)2-4-FCesHs}] (8), 0.011 g
(0.108 mmols) of phenylacetylene and 0.004 g (0.108 mmols) of sodium hydroxide.
Yield: 0.017 g (61%).

IH NMR (CDCls, 400 MHz): & 9.51 [d, 2H, 3J(Pt-H) = 48.0, 3J(H-H) = 5.6, H]; 7.93 [td,
2H, 3J(H-H) = 7.8, *J(H-H) = 1.6, H]; 7.68 [d, 2H, 3)(H-H) = 7.8, H°]; 7.59 [d, 2H, 2J(H-
H) = 8.4; HP"; 7.52 [d, 2H, 3J(H-H) = 7.8; H®]; 7.18-7.31 [m, 6H, H*P". MS-ESI*: m/z
951.06 [2M-CsHs]*, 527.10 [M+H]*, 426.06 [M-CsHs]*. IR: v 2082 (C=C).
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Synthesis of [Pt(C=CPh){2,6-(2-CsHsN).-4-FC¢H>}] (9a)

Compound [Pt(C=CPh){2,6-(2-CsH4N)2-4-FCsH2}] (9a) was obtained as an orange solid
from 0.025 g (0.052 mmols) of compound [PtCI{2,6-(2-CsHaN)2-4-FCeH2}] (9), 0.011 g
(0.104 mmols) of phenylacetylene and 0.004 g (0.104 mmols) of sodium hydroxide.
Yield: 0.017 g (61%).

IH NMR (CDCls, 400 MHz): § 9.52 [dd, 2H, 3J(Pt-H) = 47.6, 3J(H-H) = 5.6, 2)J(H-H) =
1.6, Hf; 7.96 [td, 2H, 3J(H-H) = 8.0, *J(H-H) = 1.6, H]; 7.64 [d, 2H, 3J(H-H) = 7.6, H™];
7.58 [dd, 2H, 3J(H-H) = 8.0, “)(H-H) = 1.1, H; 7.27 [d, 2H, 3J(F-H) = 10.8, H"]; 7.23-
7.26 [m, 4H, H&P; 7.19 [t, 1H, 3J(H-H) = 7.6, H™]. °F NMR (CDCls, 376.5 MHz): § -
118.62 [t, 1H, 3J(H-F) = 9.9]. MS-ESI*: m/z 989.13 [2M-CsHs]", 546.09 [M+H]*, 444.05
[M-CsgHs]". IR: v 2085 (C=C).
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Synthesis of [Pt(C=CPh-F){2,6-(2-CsH4N)2-CsHs}] (8b)

Compound [Pt(C=CPh-F){2,6-(2-CsHaN)2-CsHs}] (8b) was obtained as an orange solid
from 0.020 g (0.043 mmols) of compound [PtCI{2,6-(2-CsHaN)2-4-FCesHs}] (8), 0.010 g
(0.086 mmols) of 1-ethynyl-4-fluorobenzene and 0.004 g (0.086 mmols) of sodium
hydroxide. Yield: 0.017 g (71%).

IH NMR (CDCls, 400 MHz): & 9.49 [d, 2H, 3J(Pt-H) = 47.6, 3J(H-H) = 5.5, H]; 7.93 [td,
2H, 3J(H-H) = 7.8, 4J(H-H) = 1.4, H]; 7.69 [d, 2H, 3)(H-H) = 7.8, H°]; 7.51-7.56 [m, 4H,
HEPhF); 7.24-7.26 [m, 3H, H¢]; 6.97 [t, 1H, 3J(F-H) = 3J(H-H) = 8.8, H"™]. °F NMR
(CDCls, 376.5 MHz): & -116.03 [m, 1F]. MS-ESI*: m/z 971.14 [2M-CsH4F]*, 546.09
[M+H]*, 426.06 [M-CsH4F]*. IR: v 2081 (C=C).

219



Chapter 6: Cyclometallated [N,C,N] platinum(IT) compounds toward...

Synthesis of [Pt(C=CPh-F){2,6-(2-CsH4N)2-4-FCsH2}] (9b)

Compound [Pt(C=CPh-F){2,6-(2-CsHsN)2-4-FCsH2}] (9b) was obtained as an orange
solid from 0.020 g (0.042 mmols) of compound [PtCI{2,6-(2-CsH4N)2-4-FCeH2}] (9),
0.010 g (0.084 mmols) of 1-ethynyl-4-fluorobenzene and 0.003 g (0.084 mmols) of
sodium hydroxide. Yield: 0.013 g (54%).

'H NMR (CDCls, 400 MHz): § 9.50 [d, 2H, 2J(Pt-H) = 48.0, 3J(H-H) = 5.5, H']; 7.97 [td,
2H, 3)(H-H) = 7.9, “J(H-H) = 1.2, HY]; 7.65 [d, 2H, 3J(H-H) = 7.7, H°; 7.53 [dd, 2H, 3J(H-
H) = 8.5, 4J(F-H) = 5.6, HP"F]; 7.28 [d, 2H, 3)(F-H) = 10.1, H]; 7.24-7.26 [m, 2H, H¢];
6.97 [t, 1H, 3J(F-H) = 3J(H-H) =8.9, H*™]. 9F NMR (CDCls, 376.5 MHz): & -115.88 [m,
1F, F°], -118.14 [t, 1F, 3J(H-F) = 10.0, F2]. MS-ESI*: m/z 1007.12 [2M-CsH4F]*, 564.08
[M+H]*, 444.05 [M-CsH4F]*. IR: v 2085 (C=C).

220



Chapter 6: Cyclometallated [N,C,N] platinum(IT) compounds toward...

Synthesis of [Pt(C=CThio){2,6-(2-CsH4N)2-CsH3}] (8c)

Compound [Pt(C=CThio){2,6-(2-CsHaN)2-CsHs}] (8c) was obtained as an orange solid
from 0.020 g (0.043 mmols) of compound [PtCI{2,6-(2-CsHsN)2-4-FCsHs}] (8), 0.009 g
(0.086 mmols) of 3-ethynylthiophene and 0.004 g (0.086 mmols) of sodium hydroxide.
Yield: 0.014 g (61%).

IH NMR (CDCls, 400 MHz): § 9.50 [dd, 2H, 3J(Pt-H) = 47.6, 3J(H-H) = 5.7, 2)(H-H) =
1.6, H7; 7.93 [td, 2H, 3J(H-H) = 7.6, *J(H-H) = 1.6, H]; 7.68 [d, 2H, 3J(H-H) = 8.0, H°;
7.52 [d, 2H, 3J(H-H) = 7.7, H"]; 7.36 [dd, 1H, 3J(H-H) = 2.8, 4J(H-H) = 1.3, H™°]; 7.18-
7.26 [m, 5H, H&¢Tio] MS-ESI*: m/z 959.11 [2M-CsH3S]*, 534.06 [M+H]*, 426.06 [M-
CesHsS]". IR: v 2076 (C=C).
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Synthesis of [Pt(C=CThio){2,6-(2-CsH4N)2-4-FCsH>}] (9¢)

Compound [Pt(C=CThio){2,6-(2-CsHaN)2-4-FCsH2}] (9c) was obtained as an orange
solid from 0.020 g (0.042 mmols) of compound [PtCI{2,6-(2-CsH4N)2-4-FCeH2}] (9),
0.009 g (0.084 mmols) of 3-ethynylthiophene and 0.003 g (0.084 mmols) of sodium
hydroxide. Yield: 0.015 g (65%).

IH NMR (CDCls, 400 MHz): § 9.51 [dd, 2H, 3J(Pt-H) = 48.4, 3J(H-H) = 5.6, 4J(H-H) =
1.6, H; 7.96 [td, 2H, 2J(H-H) = 7.8, “J(H-H) = 1.7, H]; 7.64 [d, 2H, 3J(H-H) = 7.9, H°];
7.36 [dd, 1H, 3J(H-H) = 2.6, J(H-H) = 1.5, H™°]: 7.28 [d, 2H, 3J(F-H) = 10.1, H"]; 7.21-
7.25 [m, 4H, H®™°], 19F NMR (CDCls, 376.5 MHz): § -118.47 [t, 1H, 3J(H-F) = 10.0].
MS-ESI*: m/z 995.09 [2M-CeH3S]*, 552.05 [M+H]*, 444.05 [M-CeHsS] .
IR: v 2081 (C=C).
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Synthesis of [Pt(C=CNaph){2,6-(2-CsHsN).-CsHs}] (8d)

Compound [Pt(C=CNaph){2,6-(2-CsH4N)2-CsHs}] (8d) was obtained as an orange solid
from 0.020 g (0.043 mmols) of compound [PtCI{2,6-(2-CsHaN)2-4-FCesHs}] (8), 0.013 g
(0.086 mmols) of 2-ethynylnaphthalene and 0.004 g (0.086 mmols) of sodium hydroxide.
Yield: 0.020 g (80%).

IH NMR (CDCls, 400 MHz): & 9.56 [dd, 2H, 3J(Pt-H) = 47.2, 3)J(H-H) = 5.7, 4J(H-H) =
1.5, HT; 8.05 [s, 1H, HN®]; 7.94 [td, 2H, 3J(H-H) = 7.8, 4J(H-H) = 1.6, HY], 7.73-7.81
[m, 3H, HN&Y: 7.67-7.72 [m, 3H, HENeP], 7,54 [d, 2H, 3)(H-H) = 7.7, H°]; 7.34-7.46 [m,
2H, HNeh]; 7.21-7.26 [m, 3H, H¢]. MS-ESI*: m/z 1003.16 [2M-Ci2H7]*, 578.12 [M+H]",
426.06 [M-C12H7]*. IR: v 2085 (C=C).
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Synthesis of [Pt(C=CNaph){2,6-(2-CsHN)2-4-FC¢H2}] (9d)

Compound [Pt(C=CNaph){2,6-(2-CsHaN)2-4-FCsH2}] (9d) was obtained as an orange
solid from 0.015 g (0.033 mmols) of compound [PtCI{2,6-(2-CsH4N)2-4-FCeH2}] (9),
0.010 g (0.066 mmols) of 2-ethynylnaphthalene and 0.003 g (0.066 mmols) of sodium
hydroxide. Yield: 0.012 g (61%).

IH NMR (CDCls, 400 MHz): & 9.57 [dd, 2H, 2J(Pt-H) = 48.0, 3J(H-H) = 5.7, 2)J(H-H) =
1.5, H'; 8.05 [s, 1H, HN#": 7.98 [td, 2H, 3J(H-H) = 7.8, 4J(H-H) = 1.6, HY], 7.77-7.79
[m, 3H, H\®"]: 7.66-7.68 [m, 3H, HoN&M: 7.42 [m, 2H, HN®: 7.29 [d, 2H, 3J(F-H) =
10.0, H®]; 7.26-7.29 [m, 2H, H]. *F NMR (CDCls, 376.5 MHz): & -118.62 [t, 1H, 3J(H-
F) = 10.0]. MS-ESI*: m/z 1009.15 [2M-C12H7]", 596.11 [M+H]", 444.05 [M-C12H]".
IR: v 2087 (C=C).
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Synthesis of [Pt(C=CPhen){2,6-(2-CsHsN)2-CsH3}] (8e)

Compound [Pt(C=CPhen){2,6-(2-CsHaN)2-CsHs}] (8e) was obtained as an orange solid
from 0.020 g (0.043 mmols) of compound [PtCI{2,6-(2-CsHaN)2-4-FCesHs}] (8), 0.017 g
(0.086 mmols) of 9-ethynylphenanthrene and 0.004 g (0.086 mmols) of sodium
hydroxide. Yield: 0.017 g (63%).

IH NMR (CDCls, 400 MHz): § 9.63 [dd, 2H, 3J(Pt-H) = 48.0, 3J(H-H) = 5.7, 4J(H-H) =
1.6, Hf; 8.98 [m, 1H, HP"": 8.71 [m, 1H, H™"]; 8.65 [d, 1H, 2J(H-H) = 7.9, HP""]: 8.08
[s, 1H, HP": 7.95 [td, 2H, 3J(H-H) = 7.8, “J(H-H) = 1.6, HY], 7.84 [dd, 1H, 3J(H-H) =
7.6, “J(H-H) = 1.6, H""®", 7.72 [d, 2H, 3J(H-H) = 7.8, H°]; 7.66 [m, 2H, H™""]; 7.53-7.61
[m, 3H, HPPMe: 7.19-7.25 [m, 3H, H*¢]. MS-ESI*: m/z 1053.18 [2M-CisHs]*, 628.14
[M+H]*, 426.06 [M-C16Hs]". IR: v 2064 (C=C).
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Synthesis of [Pt(C=CPhen){2,6-(2-CsHsN)2-4-FCsH}] (9e)

Compound [Pt(C=CPhen){2,6-(2-CsHaN)2-4-FCsH2}] (9e) was obtained as an orange
solid from 0.020 g (0.042 mmols) of compound [PtCI{2,6-(2-CsH4N)2-4-FCeH2}] (9),
0.017 g (0.084 mmols) of 9-ethynylphenanthrene and 0.004 g (0.084 mmols) of sodium
hydroxide. Yield: 0.020 g (74%).

'H NMR (CDCls, 400 MHz): 8 9.64 [dd, 2H, J(Pt-H) = 48.4, 3)(H-H) = 5.7, “)(H-H) =
1.5, H']; 8.97 [m, 1H, HP™"]; 8.71 [m, 1H, HP™"]; 8.65 [d, 1H, %J(H-H) = 7.9, H?"*"]; 8.08
[s, 1H, HP""; 7.98 [td, 2H, J(H-H) = 7.8, *J(H-H) = 1.6, H%], 7.84 [dd, 1H, *J(H-H) =
7.3, 4)(H-H) = 2.0, H?™", 7.67 [m, 4H, H°P"*"]; 7.57 [m, 2H, H™"]; 7.31 [d, 2H, *J(F-H)
= 10.0, H"]; 7.24-7.28 [m, 2H, H°]. 1*F NMR (CDCls, 376.5 MHz): & -118.35 [t, 1H,
3)(H-F) = 10.0]. MS-ESI*: m/z 1089.16 [2M-CisHe]", 646.12 [M+H]*, 444.05 [M-
Ci6He]". IR: v 2072 (C=C).

6.4.4. X-ray Diffraction

Single crystals suitable for X-ray diffraction analysis were grown for compounds 8e and
9c by slow diffusion of methanol or hexane, respectively, in a dichloromethane solution
of the compounds. Single crystal X-ray data for 8e and 9¢c were measured using a Bruker-
Nonius Kappa CCD diffractometer with an APEX-Il detector with graphite-
monochromatized Mo-Ka (L = 0.71073 A) radiation. Data collection and reduction were
performed using the program COLLECT *and HKL DENZO AND SCALEPACK,%®
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respectively, and the intensities were corrected for absorption using SADABS.*® The
structures were solved with intrinsic phasing (SHELXT)* and refined by full-matrix least
squares on F? using the OLEX2 software,** which utilizes the SHELXL module.*?
Crystallographic details are given in Tables A6-A7.

6.4.5. Theoretical calculations

Theoretical calculations were performed at DFT level using Q-chem 5.1,%% included in
Spartan 20.* The functional chosen was B3LYP,*# and the basis set was chosen as
follows: 6-31G* for C, H, N and Cl, including polarization functions for non-hydrogen
atoms,*"*® and LANL2DZ* for Pt. Solvent effects were considered using the CPCM

model.>® No symmetry restrictions were imposed.
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7. Light-emitting electrochemical cells based on

phosphorescent Ag(l)/Pt(11) compounds

7.1. Introduction

Organometallic metal-alkynyl compounds have been widely described and their ability
to form supramolecular arrays has been explored. Specifically, compounds with a o-
coordinated alkynyl bond have been an important building block thanks to their

luminescent properties.’3

Additionally, much attention has been attracted for compounds with a nZ-alkynyl
coordination mode, especially through the coordination of d*® metals such as copper(l) or
silver(l), which can alter the photophysical properties of these complexes (Scheme 7.1).
Research on these complexes has mainly been dominated by structural and reactivity

studies, with some reports on their luminescent properties.*”’

M*
M—=——R - M M = Cu(l), Ag(l)

Scheme 7.1. n?-alkynyl coordination mode for d'® metals.

Several platinum(I1) compounds involving this bonding to copper(l) or silver(l) centres
have been reported.8 The d'® metal centres are usually found to be sandwiched between
two platinum(I1) alkynyl moieties and this implies a shift in their photophysical properties
to lower energies compared with their monomeric unit. This is because, generally, the
presence of the d'° metal ions would result in the narrowing of the HOMO-LUMO gap
due to an increase in the acceptor ability of the alkynyl as well as the presence of new or
enhanced platinophilic interactions which result in the appearance of lower energy metal-

to-metal-to-ligand charge transfer (MMLCT) states.!?14
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However, less examples are described where the platinum(Il) unit is a cyclometallated
compound.’® The preparation of heterometallic derivatives of these compounds is of
interest, as usually the n2-bonded platinum(I1) alkynyl compounds possess low emission
quantum yields. The higher rigidity and aromaticity of these compounds results in the
favouring of radiative over non-radiative emission pathways, and therefore in more

efficient emissions.1®

In summary, the use of these metals to promote the interaction between two
cyclometallated platinum(I1) moieties could be a good strategy to obtain compounds with
an efficient red-shifted emission that would result from the aggregation between
compounds and the electronic modifications that the introduction of a new metal brings.
This is why, in this Chapter, a new family of heterometallic silver(l)/platinum(ll)
compounds was synthesised from selected compounds described in Chapter 6 in order to
evaluate the effect of the addition of silver in their photophysical properties and attempt
to induce the formation of red-shifted emission as an alternative of using a mixture of
good and bad solvents to obtain aggregates displaying emission bands shifted to longer

wavelengths. Finally, their application for optical devices will be tested.

It has been stated that there is a need for the obtention of optical devices with an efficient
red-shifted emission.*”'® Therefore, these heterometallic compounds could be ideal for
this application. Seeing that the addition of silver results in the formation of a cationic
compound, Light-Emitting Electrochemical Cells (LEECs) were selected to study their

application as an optical device.

LEECs are optical devices with a much simpler and cost-effective structure (Figure 7.1)
than OLEDs, only containing two electrodes (a metal and a transparent conductive oxide)
and an emissive layer, which is a host matrix containing an organic semiconductor, a
supporting electrolyte and the emissive compound. These devices can produce light upon
the application of an electric current through electron-hole recombination, which results
in the generation of energy that can be absorbed and emitted in the form of light by the
emissive dopant.’®2° lonic transition metal complexes have been studied as this emissive

dopants in LEECs, with the best results obtained for iridium(l11) compounds.?!
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N

Light-emitting layer

Transparent electrode

Substrate

LEEC

Figure 7.1. Structure of a light-emitting electrochemical cell and emission of light through
electron hole recombination.?
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7.2. Results and Discussion

7.2.1. Synthesis and characterisation

Compounds [Pt(C=CR2){2,6-(CsHaN)2-CsHs}] (8x) and [Pt(C=CR2){2,6-(CsH4N)2-4-
FCsH2}] (9x) depicted in Scheme 7.2 and previously described in Chapter 6 were selected
to synthesise their corresponding heterometallic compounds through the interaction of a
silver(l) atom to their alkynyl bond. However, although this cation is known to present a
linear coordination, it is unsure whether it would coordinate to one or two alkynyl

moieties, therefore resulting in the formation of different compounds (Scheme 7.2) with

a 2:1 or 1:1 stoichiometry.

— —/+ — —/+
/\ A :,'
R4 N !
Pt— Ag
=z [\Ij i RZ /\ A /
S :' R1 N
4 or Plt\~
/\ \ A'g < [\Ij o= RZ
R R4 ’,\l -'I =
2 Pt—sic
Z—N - RZ
-l
8xRy=H
9x R1 =F L | L _
O = solvent
~dnn e i ¥ i
~\,
X
S
F O
a b c d e

Scheme 7.2. Selected compounds and their possible silver coordination modes.

Therefore, to determine the experimental conditions that should be further used in the
preparation of these compounds, titration studies followed by emission were performed
by the subsequent addition of 0.1 equivalents of silver triflate to a 5-10° M solution of
the starting compound in acetonitrile. It was observed that upon the addition of silver(l),
a new band was formed around 625 nm for all compounds, whose intensity keeps
increasing up to the addition of 0.5 equivalents. This is further evidenced by plotting the

intensity of this maxima versus the added silver(l) equivalents, observing the reaching of
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a plateau in the curve at this point. This confirms that the formed species corresponds to
the 2:1 stoichiometric compound. This is shown in Figure 7.2 for compound 9e as an
example. Furthermore, the fact that the addition of silver results in a red-shifted broad
band, supports the principle that the silver atom is approaching two [Pt(C=CR2)(N,C,N)]
units, which promotes the presence of new intermolecular interactions. For this Chapter,
compounds containing a phenylacetylene or a para-fluorobenzyl alkynyl ligand (8a, 9a,
8b and 9b) were discarded as the new band presented a much lower intensity than the rest
of compounds and thus were not of interest to study the photophysical properties of the

resulting heterometallic compounds.
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Figure 7.2. Emission titration data of compound 9f with increasing amounts of silver triflate
(Rexc = 390 nm) (left) and plot of the emission maxima (Aem = 640 nm) against number of
equivalents of silver(l) salt (right).

Additionally, two new dinuclear cyclometallated platinum(ll) compounds with 1,3-
diethynylbenzene as a bridging ligand were synthesised to investigate how the presence
of two alkynyl bonds affects the coordination of silver(l) and the resulting photophysical
properties. For their synthesis, 2 equivalents of the chlorido precursors [PtCI{2,6-
(CsHaN)2-CesHs}] (8) and [PtCI{2,6-(CsHaN)2-4-FCsH2}] (9) previously described in
Chapter 6 were added to solution of the previously deprotonated alkynyl ligand using
sodium hydroxide as a base (Scheme 7.3). Final compounds [{Pt(2,6-(2-CsHaN)2-
CsH3)}2(p-1,3-(C=C)2-CsH4)] (8f) and [{Pt(2,6-(2-CsHaN)2-4-FCsH2)}2(u-1,3-(C=C)2-
CeHa4)] (9f) were isolated as orange solids after precipitation and washing with water,

methanol and hexane.
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Scheme 7.3. Synthesis of compounds 8f and 9f.

Characterisation by *H NMR of both compounds showed the disappearance of the
terminal alkynyl protons from the 1,3-diethynylbenzene as well as the presence of the
aromatic protons from the [N,C,N] tridentate ligand, which are found to be equivalent for
both cyclometallated units. The formation of the desired products is also supported by a
significant shift of the protons that belong to the cyclometallated unit, with a downfield
shift in the pyridine proton (H") of ca. 0.10-0.25 ppm when compared to that of the
precursors. As expected, no significant changes were observed in the coupling constants
of this proton with platinum between the precursors and the final compounds, as the
ligand in trans with the nitrogen of the pyridine bond is not exchanged. Additionally,
compound 9f was also characterised by °F NMR, showing only one signal as a triplet
assigned to the fluorine in the central position of the aromatic ring which is coupled with
the two adjacent aromatic protons.

Infrared spectroscopy was also useful to detect the C=C stretching vibration (around 2070
cm™?) for both compounds along with the absence of the band assigned to the stretching
of the terminal protons of the free alkynyl aromatic ligand (around 3300 cm™). In both
cases, the protonated molecular peaks were found by mass spectrometry further

confirming the successful formation of the desired products.

As well as for the previous compounds, titration curves followed by emission were
performed for the dinuclear derivatives by the subsequent addition of 0.1 equivalents of
silver triflate to a 5-10° M solution of compounds 8f and 9f in acetonitrile. The results
revealed that for these compounds, not only does a new broad band around 625 nm
appear, but there is also a significant decrease in the emission band from the starting

compounds. Upon plotting the emission intensity at the maxima of the latter versus the
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added silver equivalents, it can be observed that the curve reaches a plateau from the
addition of 1 equivalent. This is shown in Figure 7.3 for compound 9f as an example.
Thus, the corresponding heterometallic compound that is formed presents a 1:1

stoichiometry, suggesting that each silver cation is interacting with two alkynyl bonds,

one from each [{Pt(N,C,N)}2(u-1,3-(C=C)2-CsH4)] unit.
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Figure 7.3. Emission titration of compound 9f with increasing amounts of silver triflate (Aexc =
390 nm) (left) and plot of the emission maxima (Aem = 510 nm) against number of equivalents of
silver(l) salt (right).

After having determined their final stoichiometry, the new heterometallic compounds
were synthesised and isolated to characterise them and acquire further information on
their structure. For the mononuclear compounds, as it was determined, 0.5 equivalents of
silver triflate were added to an acetonitrile solution of the corresponding [Pt(C=CR2){2,6-
(CsHaN)2-CsHs}] (8x) or [Pt(C=CR2){2,6-(CsHaN)2-4-FCeH2}] (9x) precursor and the
mixture was further stirred for 1 hour under a nitrogen atmosphere and covered from light
(Scheme 7.4). After removing half of the solvent, for all compounds a red solid was

obtained, which was filtered and dried under vacuum.
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Scheme 7.4. Synthesis of compounds 11c-e and 12c-e.

The same procedure was performed for the obtention of compounds [Ag{Pt(2,6-(2-
CsHaN)2-CesHs) }2(-1,3-(C=C)2-CsHa)]2 [CF3SOs]2 (11f) and [Ag{Pt(2,6-(2-CsHsN)2-4-
FCsHz2)}2(u-1,3-(C=C)2-CesHa)]2 [CF3SOs]2 (12f) starting from the dinuclear precursors
[{Pt(2,6-(2-CsHaN)2-CeHs)}2(p-1,3-(C=C)2-CeH4)] (8f) and [{Pt(2,6-(2-CsHaN)o-4-
FCsH2)}2(p-1,3-(C=C)2-CesHa4)] (9f), respectively (Scheme 7.5). As calculated in this case,

1 equivalent of silver triflate was used for their obtention as red solids, such as for the

previous compounds.
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Scheme 7.5. Synthesis of compounds 11f and 12f.

Characterisation of all compounds by *H NMR showed the presence of all the protons
from the [N,C,N] cyclometallated moiety and those from the corresponding alkynyl
aromatic group, as well as the absence of the alkynyl terminal proton or any additional
signals confirming that no decomposition of the compound had taken place. All the
signals are shifted regarding the platinum compound prior to the addition of silver, which
Is shown as an example for compound 12e compared to its precursor 9e in Figure 7.4.
Particularly, a larger shift is present in the protons from the cyclometallated moiety, being

the largest one for the pyridine proton (H") of ca. 0.4 ppm.
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Figure 7.4. Aromatic region of the *"H NMR spectra of compounds 9e and 11e.

All compounds were also characterised by °F NMR, which in all cases presented a singlet
around -78 ppm that can be assigned to the fluorine from the triflate group, thus
confirming its presence as a counterion. Compounds 12x present an additional triplet
signal around -118 ppm which corresponds to the fluorine atom in the central position of
the aromatic ring in the [N,C,N] cyclometallated moiety. This signal is not significantly
shifted when compared to the *°F NMR of their corresponding precursors.

Furthermore, infrared spectroscopy data showed the C=C stretching vibration shifted to
lower frequencies in relation to the 8x and 9x precursors, with a decrease of around
30 cm, in accordance with the complexation of the acetylenic units at d'° metal ions.*®
Additionally, the [M-CF3SO3]* or [M-(CF3S0a3)2]** peaks were found by mass
spectrometry further confirming the successful formation of the desired products which

experience the loss of the corresponding counterions in the ionization process.
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7.2.2. Photophysical characterisation

Absorption and emission spectra of all the compounds were recorded in 10° M
acetonitrile solutions at room temperature. The results are summarized in Table 7.1.

Table 7.1. Spectral data for all compounds in acetonitrile solutions at 298 K.

Absorption
Compound Aabs/NM
(ex10% Mtcm?)

287 (38.6), 311 (18.3), 332 (15.5), 357 (12.2),

Emission
rem/NM

b

e 374 (13.8), 424 (2.0)° 486, 514, 653
11d 287 (35.5), 307 (28.6), 383 (9.4), 427 (4.8)° 487, 514, 674°

287 (34.4), 312 (28.6), 332 (18.7), 375 (10.6), .
11e 24 486, 515, 645
” 287 (1025), 333 (420), 371 BL4), 428 a4 514 gapp

(10.0)

12¢ 286 (15.9), 386 (5.3), 427 (3.5)* 519

286 (32.8), 310 (19.0), 330 (17.5), 354 (15.0),
12d 391 (7.1), 410 (3.8)° 495, 523

288 (54.9), 312 (41.8), 329 (35.8), 394 (16.2), .
12¢ PRt 499, 540, 675
of 286 (109.0), 323((1420;3)21, 385 (33.0), 425 521 6ag"

2 Shoulder. ® Emission band arising from the heterometallic species.

Compounds 11x and 12x present several absorption bands, with a spectrum generally
matching that of their precursor prior to the addition of silver but with the presence of a
broader shoulder at around 425 nm, which could arise from the new heterometallic
species (Figure 7.5). As previously reported in Chapter 6, the higher energy bands can
be assigned to n-n* transitions intrinsic of the cyclometallated (1,3-di(2-pyridyl)benzene
or 2,2’-(5-fluoro-1,3-phenylene)dipyridine) ligand as they are also recorded in the
absorption of the free ligands. In the lower energy region, less intense bands are observed
that can correspond to mixed charge transfer and ligand centred transitions according to
the literature.t”-?24 Compounds 11f and 12f present molar absorptivity coefficients that
are doubled regarding those of the rest of the compounds, in agreement with the fact that

they present twice as many cyclometallated units.
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Figure 7.5. Absorption spectra for 10° M acetonitrile solutions of compounds 11x and 12x at
room temperature.

Generally, emission spectra displayed in Figure 7.6 show two different regions. In the
higher energy region, a vibronically structured band centred around 500 nm is present for
all compounds. This band matches the emission of compounds 8x and 9x, the precursors
prior to the addition of silver, which was assigned to a mainly ligand centred *r-m*
transition from the [N,C,N] cyclometallated ligand that can be mixed with metal-to-ligand
or intraligand charge transfer transitions (MLCT or 3ILCT).172>% At the lower energy
region, a broad band matching the wavelength that was observed in silver titration is
observed, suggesting it arises from the formation of the heterometallic compound.
However, the intensity of this band is highly influenced by the nature of the
cyclometallated platinum(ll) precursor, being almost non-existent for some compounds.
The fact that this band is not predominant as it was at the final point of the silver(l)
titrations, could mean that upon the lack of silver excess in the luminescence spectra of
the isolated compounds, a certain equilibrium takes place and results in a mixture of the

precursor and the final compound, which is further confirmed below.
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Figure 7.6. Normalised emission spectra for 10° M acetonitrile solutions of compounds 11x
and 12x at room temperature (Aexc = 365 nm).

Furthermore, excitation spectra at the higher emission wavelength revealed a red-shifted
offset than spectra from the higher emission energy bands, which is shown in Figure 7.7
for compound 12e as an example. This band corresponds to the shoulder recorded
previously in the absorption spectra and this allows to affirm that the species contributing
to the emission at longer wavelengths is indeed present in the ground state and therefore,
it corresponds to aggregation and not to an excimeric emission. Therefore, this is in
agreement with the hypothesis of the dissociation of the heterometallic compound in
solution at this concentration, to give the cyclometallated platinum(ll) unit responsible
for the vibrationally structured band at higher energies.

Contrary to Chapter 6, where the red-shift was induced through aggregation upon the
addition of a bad solvent, in this case it is induced thanks to the interaction of the silver(l)
atom with two cyclometallated platinum(l1) compounds giving rise to a dimer. In addition
to this interaction, several intermolecular contacts could be responsible of the appearance
of the new emission band, such as platinophilic interactions or n-n stacking, although it

is difficult to affirm in the absence of a crystalline structure or DFT calculations.
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Figure 7.7. Excitation spectra for a 10° M acetonitrile solutions of compound 12e at the
different emission maxima at room temperature.

Phosphorescence quantum yields present moderate values, which are significantly lower
than those of the precursors 8x and 9x (Table 7.2). This could suggest that the presence
of the silver in the heterometallic compound results in a quenching of the emission.
Additionally, compounds 11x present slightly higher quantum vyield values than
compounds 12x, meaning that the presence or absence of a fluorine in the central ring of
the cyclometallating ligand could influence the resulting photophysical properties and

efficiency of the final heterometallic compounds.
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Table 7.2. Phosphorescence quantum yields and phosphorescence lifetimes recorded in
degassed acetonitrile solutions at 298 K

. ° (Us) ° (Us)
Compound bpp
dem =500 NM  Aem =680 Nnm

11c 0.38 542 5.99
11d 0.36 4.81 7.12
11e 0.32 6.76 7.35
11f 0.36 4.97 8.70
12c 0.27 5.97 6.66
12d 0.21 6.73 7.33
12e 0.29 3.75 7.55
12f 0.27 3.85 5.25

Emission lifetimes are of a few microseconds, in agreement with a triplet state origin and
in the order of those reported for analogous cyclometallated platinum(ll) compounds
(Table 7.2).17 It can be noted that the emission lifetimes collected by the decay at the
longer wavelength band (680 nm) are larger than those recorded at the shorter wavelength
(500 nm). Additionally, the difference between them is enlarged with the presence of the
band associated to the heterometallic dimer. The fact that the silver(l)/platinum(ll)
compounds present longer lifetimes than the emission arising from the sole platinum(ll)
compound, could suggest an involvement of the silver atom in the molecular orbitals

present in this emission.

Emission spectra were recorded for all compounds in powder at room temperature. The

results are summarised in Table 7.3.
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Table 7.3. Spectral data for all compounds in powder.

Compound E}Tniiﬁirﬁn dpn ° (Us)
1lic 688 0.03 0.35
11d 704 0.09 0.48
lle 693 0.07 0.33
11f 721 0.06 0.38
12c 685 0.01 041
12d 669 0.04 0.49
12e 689 0.05 0.31
12f 703 0.03 0.44

All compounds display a broad emission band in the 685-721 nm region with significant
changes in the emission wavelength between different compounds (Figure 7.8).
Phosphorescence quantum yields have moderate values up to 9 % and the corresponding
lifetimes are of hundreds of nanoseconds, in agreement with a triplet state emission origin
(Table 7.3).

600 800 1000 600 800 1000
Wavelength (nm) Wavelength (nm)

Figure 7.8. Normalised emission spectra for powder samples of compounds 11x and 12x at
room temperature (lexc = 365 nm).
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Comparing to the luminescence of the heterometallic compound present in solution, this
band is further red-shifted which could suggest a different stacking in solid state. This
could be due to the appearance of additional intermolecular contacts in the solid state
where molecules are closer and more compact in the packing. It was observed that
precursors 8x and 9x presented an emission band in solid state around 600 nm, due to the
presence of stacking interactions as it was elucidated by single crystal X-ray diffraction
in Chapter 6. Therefore, this could suggest that for the heterometallic compounds,
additional interactions such as =---mt, Pt---Pt or those related with the additional silver(l)
heavy atom are responsible of the red shifting of this emission. However, the obtention

of single crystal X-ray structures would be crucial to identify this new assembly.
7.2.3. Concentration studies

To further understand the aggregation processes, emission spectra for all the final
compounds were recorded in acetonitrile solutions at various concentrations, higher
(10* M) and lower (10 M and 2-10"" M) than the main studied concentration (10 M).

The resulting spectra are displayed in Figure 7.9.

Upon increase of the concentration, all compounds show the broad band at higher
wavelengths that was assigned to the presence of the heterometallic compound. When
decreasing the concentration, this band decreases in intensity and, for all cases, disappears
at the most diluted solution. This supports the fact that both the heterometallic dimer and
the platinum(I1) precursor are in an equilibrium that is highly dependent on concentration,
which can justify why we only observe the silver(l)/platinum(ll) final compound by

characterisation in NMR where the concentration is much higher.
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Figure 7.9. Normalised emission spectra for acetonitrile solutions at different concentrations of
compounds 11x and 12x at room temperature (Aexc = 365 nm).

252



Chapter 7: Light emitting electrochemical cells...

The nature of the cyclometallating ligand and the ancillary ligand give rise to major
differences in the dissociation of the final heterometallic compound. For example,
compound 12e already presented a significant dominance of the band at lower energy at
10° M, which becomes almost the sole emission at 10* M, is still present at 10° M as a
shoulder and it becomes non-observable at 2-10°" M. On the other hand, other compounds
such as 12d only presents a low intensity band at higher wavelengths and it can only be

observed at the highest concentration.

Recording the excitation spectra at the different emission maxima for 10* M solutions
agrees with what is observed for 10° M solutions, but with the appearance of a more
significant shoulder at this concentration where there is a larger number of aggregated
species. This is shown in Figure 7.10 for compound 12e, and it is again consistent with

the presence of this heterometallic dimer in the ground state.

sx100—m™™—m— @
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Figure 7.10. Excitation spectra for a 10* M acetonitrile solutions of compound 12¢ at the
different emission maxima at room temperature.

7.2.4. Light-emitting electrochemical cells (LEECS)

Compound 12e was selected to produce proof-of-concept light-emitting electrochemical
cells (LEECs). The structure of the cell follows the recently reported highly-efficient
Ir(111) complex-based LEECs:?? ITO | PEDOT:PSS (Al4083) (30 nm) |
PVK:OXD7:THABF4 (56:38:6) co 4% In 12e (100 nm) | Al (100 nm). The blend of PVK
{poly(9-vinylcarbazole)} and OXD7 {1,3-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-

253



Chapter 7: Light emitting electrochemical cells...

yllbenzene} plays a role of a host matrix which is doped with THABF4

(tetrahexylammonium tetrafluoroborate) electrolyte.

The device was driven at a constant voltage bias as previously described.?” The LEEC
demonstrated a turn-on at ~11-12 V and was driven at 125 V and 13 V. The
electroluminescence spectrum of the LEEC (Figure 7.11) is representative of mainly the
photoluminescence of 12e in dilute solutions, which can be rationalised with the low

emitter concentration in the emissive layer.
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Figure 7.11. Electroluminescence spectrum of the LEEC.

The LEEC driven at 12.5 V displays a maximum luminance of 690 cd m2 at t = 12.5 min
and maximum EQE of 4.1 %, at t = 7.1 min. Driving the LEEC at 13 V yields a higher
maximum luminance of 1970 cd m at t = 4.6 min, but a lower maximum EQE of 2.8 %,
att =3.1 min (Figure 7.12).
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Figure 7.12. Plot of the EQE (A), luminance (B) and current density (C) of the LEEC versus
time.

These characteristics are comparable with the best results reported for the most popular
ionic iridium(111) complexes.?® LEEC emitters are generally dominated by iridium(I11)
luminophores, likely due to their high photoluminescence efficiency and relatively simple
introduction of ionic structure. A very limited number of other, mainly copper(1)?® and

silver(1),° complexes have been used in LEECs and a small number of metal-free
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thermally activated delayed fluorescence (TADF) emitters have also been reported as

LEEC emitting dopants with various results.0-32

Nevertheless, platinum(l1) complexes have not been widely studied as LEEC luminescent
dopants. To the best of our knowledge only one such work exists, but EQE and luminance
have not been reported.®® There have been however no reports of LEECs that would
display appreciable luminance using a platinum(ll) or a mixed silver(l)/platinum(ll)
complex emitter. Given that efficient and luminous LEECs are scarce and there exist very
few efficient (EQE > 2-4%) and bright (luminance > 1000 cd m™2) examples, these results
are competitive with the best reported so far and definitely unique for platinum(ll)

complexes.
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7.3. Conclusions

In this Chapter, the interaction of silver(l) with cyclometallated [N,C,N] platinum(Il)
compounds with alkynyl aromatic ancillary ligands described in Chapter 6 was evaluated
by emission titration curves, which determined that each silver atom interacts with two

platinum(Il) compounds.

Then, the corresponding silver(l)/platinum(ll) heterometallic compounds were
synthesised from mononuclear and dinuclear cyclometallated platinum(ll) compounds
and the coordination of silver to the alkynyl bonds was confirmed by NMR, mass
spectrometry and infrared spectroscopy.

Photophysical studies revealed that in solution, the final heterometallic compounds are in
equilibrium with their precursors, giving rise to two different emission bands. The
presence of the silver resulted in the presence of a red-shifted broad band, with an origin
in the ground state. Therefore, this confirms that use of a silver(l) atom can promote the
interaction between two cyclometallated compounds therefore red-shifting the emission

without the use of a bad solvent, as it was seen in Chapter 6.

This equilibrium was found to be highly dependent on concentration and on the nature of
the cyclometallating moiety and the alkynyl aromatic ancillary ligand. Additionally, a
significantly red-shifted band was observed in powder samples suggesting the presence
of more complex structures in solid state, that could arise from the presence of additional

intermolecular interactions.

Finally, compound 12e was selected for the fabrication of LEECs, obtaining luminance
(luminance > 1000 cd m) and efficiency (EQE > 2-4%) values competitive with the best
results reported in the literature. Specifically, to the best of our knowledge, is the first

reported LEEC using a silver(l)/platinum(I1) emitter.
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7.4. Experimental Section

7.4.1. General procedures

Commercial reagents 1,3-diethynylbenzene (Sigma Aldrich, 97%), sodium hydroxide
(NaOH, Panreac, 98%), silver triflate (CF3sSOsAg, Sigma Aldrich, >99%); and solvents
methanol (Sigma Aldrich, >99%), hexane (Sigma Aldrich, >98%) and acetonitrile
(Labkem, >99%) were used as received.

Compounds [PtCI{2,6-(CsHaN)2-CeHs}] (8),** [PtCI{2,6-(CsHaN)2-4-FCeH2}] (9),**
[Pt(C=Cthio){2,6-(CsHaN)2-CsH3}]  (8c),Y”  [Pt(C=Cthio){2,6-(CsHaN)2-4-FCsH2}]
(9c),Y”  [Pt(C=Cnaph){2,6-(CsHaN)2-CsHz}] (8d),!” [Pt(C=Cnaph){2,6-(CsHaN)2-4-
FCsH2}] (9d),}” [Pt(C=Cphen){2,6-(CsHsN)2-CsHs}] (8e)'’ and [Pt(C=Cphen){2,6-
(CsHaN)2-4-FCeH2}] (9e)*’ were prepared as reported in the literature.

7.4.2. Physical measurements

NMR spectra were recorded in CDCIls or in acetone-d® at the Unitat de RMN of the
Universitat de Barcelona with a Mercury 400 spectrometer (*H, 400 MHz; *°F, 376.5
MHz). Chemical shifts are given in & values (ppm) relative to TMS (*H) or CFCls (*°F)

and coupling constants J are given in Hz.

Infrared spectra were recorded in a Thermo Scientific FT-IR Nicolet iS5 spectrometer

with an iD7 ATR accessory. IR frequencies v are given in cm™.

Electrospray mass spectra were performed at the Unitat d’Espectrometria de Masses
(Universitat de Barcelona) in a LC/MSD-TOF spectrometer using H20-CHsCN 1:1 to
introduce the sample.

Titration curves followed by emission were recorded in a Horiba Jobin-Yvon SPEX
Nanolog-TM spectrofluorimeter at 298 K using 5-10° M solutions of the starting

compound.

Emission quantum yields were determined with a Hamamatsu Quantaurus QY absolute
photoluminescence quantum yield spectrometer C11347.
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7.4.3. Synthesis and characterisation

Synthesis of [{Pt(2,6-(2-CsHaN)2-CsHa)}a(pi-1,3-(C=C),-CsHa)] (8f)

Di

Compound [{Pt(2,6-(2-CsHaN)2-CsHs)}2(p-1,3-(C=C)2-CeH4)] (8f) was obtained by
stirring a mixture of 0.003 g (0.027 mmol) of 1,3-diethynylbenzene and 0.001 g (0.027
mmol) of sodium hydroxide at room temperature under an atmosphere of nitrogen for 30
min. Afterwards, 0.025 g (0.054 mmols) of compound [PtCI{2,6-(CsH4N)2-CsHs}] (8)
were added and the mixture was further stirred for 24 hours. The obtained orange solid
was filtered, washed with water, methanol and hexane and dried under Yield: 0.017 g
(65%).

IH NMR (CDCls, 400 MHz): 8 9.47 [d, 4H, 3)(Pt-H) = 47.2, 3)(H-H) = 5.6, H1]; 7.93 [td,
4H, 3)(H-H) = 7.8, “(H-H) = 1.6, HY]; 7.72 [s, 1H, HP1]: 7.68 [d, 4H, 3)(H-H) = 7.8, H°]:
7.52 [d, 2H, 3J(H-H) = 8.4: HO; 7.52 [d, 4H, 3J(H-H) = 7.8; H"]: 7.18-7.31 [m, 9H,
H2€Di]. MS-ESI*: m/z 977.15 [M+H]*, 552.10 [M-CisH1N2Pt+2H]*, 426.06 [M-
Ca6H1sN2Pt]". IR: v 2060 (C=C).
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Synthesis of [{Pt(2,6-(2-CsH4N)2-4-FCsH2)}2(p-1,3-(C=C).-CsH4)] (9f)

Di

Compound [{Pt(2,6-(2-CsHaN)2-4-FCsH2)}2(u-1,3-(C=C)2-CsHa4)] (9f) was obtained as
an orange solid by following the same method from 0.026 g (0.042 mmols) of compound
[PtCI{2,6-(CsH4N)2-4-FCsH2}] (9), 0.003 g (0.024 mmols) of 1,3-diethynylbenzene and
0.001 g (0.024 mmols) of sodium hydroxide. Yield: 0.013 g (54%).

IH NMR (CDCls, 400 MHz): & 9.49 [dd, 4H, 3J(Pt-H) = 48.0, 3J(H-H) = 5.7, 4J(H-H) =
1.6, Hf; 7.97 [td, 4H, 3J(H-H) = 7.8, 40(H-H) = 1.6, H%]; 7.71 [s, 1H, HP; 7.65 [d, 4H,
3)(H-H) = 7.8, H]; 7.55 [d, 2H, 3J(F-H) = 7.6, HP']; 7.21-7.32 [m, 9H, HP¢P]. 19F NMR
(CDCls, 376.5 MHz): & -118.34 [t, 1H, 3J(H-F) = 10.0]. MS-ESI*: m/z 1013.13 [M+H]",
570.09 [M-CisH10FN2Pt+2H]*, 426.06 [M-CasH14FN2Pt]*. IR: v 2064 (C=C).

General Procedure for the synthesis of complexes 11x and 12x

To a solution of the corresponding precursor 8x or 9x in acetonitrile under an atmosphere
of nitrogen, 0.5 or 1 equivalents of silver triflate dissolved in acetonitrile were added. The
mixture was stirred at room temperature covered from light for 1 hour. Half of the solvent

was removed and the obtained solid was filtered and dried under vacuum.
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Synthesis  of  [{2,6-(2-CsHaN)2-CsHs}Pt(p-C=CThio)Ag(u-C=CThio)Pt{2,6-(2-
C5H4N)2-C5H3}] [CF3803] (11C)

CF3SO5

il
/

7
»

ol 3
(o]

Compound [{2,6-(2-CsHaN)2-CeH3}Pt(u-C=CThio)Ag(u-C=CThio)Pt{2,6-(2-CsHaN)2-
CeHs}] [CFsSOs] (11c) was obtained as a red solid from 0.034 g (0.064 mmols) of
compound [Pt(C= CThio){2,6-(CsHsN)2-CsHs}] (8c) and 0.008 g (0.032 mmols) of silver
triflate. Yield: 0.033 g (73%).

'H NMR (acetone-d®, 400 MHz): § 9.17 [d, 4H, *J(Pt-H) = 47.2, 3)(H-H) = 5.7, H[; 8.01
[t, 4H, 3J(H-H) = 7.6, H%]; 7.68 [d, 4H, 3)(H-H) = 8.0, H°]; 7.50 [d, 4H, %J(H-H) = 7.7,
H"]; 7.39 [d, 2H, 3J(H-H) = 2.8, H™°]; 7.26 [m, 4H, H™™°]; 7.22 [m, 6H, H*¢]. MS-ESI*:
m/z 1175.02 [M-CFsSOs]*. IR: v 2048 (C=C).
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Synthesis of [{2,6-(2-CsH4N)z-4-FCsH2}Pt(u-C=CThio)Ag(u-C=CThio)Pt{2,6-(2-
CsH4N)2-4-FCsH2}] [CFsSOs] (12¢)

— —/+
CF3SO05°
= IS
\ S
Thio
S
\ S
Compound [{2,6-(2-CsHaN)2-4-FCeH2}Pt(-C=CThio)Ag(p-C=CThio)Pt{2,6-(2-

CsHaN)2-4-FCsH2}] [CF3sSOs] (12c¢) was obtained as a red solid from 0.032 g (0.058
mmols) of compound [Pt(C=Cthio){2,6-(CsHsN)2-4-FCsH2}] (9c) and 0.008 g (0.029
mmols) of silver triflate. Yield: 0.029 g (81%).

IH NMR (acetone-d®, 400 MHz): & 9.16 [d, 4H, 3J(Pt-H) = 48.1, 3J(H-H) = 5.6, H']; 8.03
[t, 4H, 3J(H-H) = 7.8, H]; 7.77 [d, 4H, 3J(H-H) = 7.8, H°]; 7.38 [d, 2H, 3J(H-H) = 2.6,
HTM°]. 7.29 [d, 4H, 3J(F-H) = 10.2, H®]; 7.25 [m, 4H, H™"°]; 7.21 [m, 4H, H?]. °F NMR
(CDCls, 376.5 MHz): §-78.04 [s,3F, CF3S037; -118.13 [t, 2H, 3J(H-F) = 10.3]. MS-ESI*:
m/z 1210.69 [M-CFsS0s]* IR: v 2054 (C=C).
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Synthesis  of

CsHaN)2-CeHs}] [CF3SO3] (11d)

J

b

0. >
@

Compound

[{2,6-(2-CsHaN)2-CsHs}Pt(u-C=CNaph)Ag(p-C=CNaph)Pt{2,6-(2-

CF3SO5

[{2,6-(2-CsHaN)2-CsH3}Pt(p-C=CNaph)Ag(p-C=CNaph)Pt{2,6-(2-

CsHaN)2-CsHs}] [CF3SOzs] (11d) was obtained as a red solid from 0.048 g (0.084 mmols)
of compound [Pt(C=CNaph){2,6-(CsHsN)2-CsHs}] (8d) and 0.011 g (0.042 mmols) of

silver triflate. Yield: 0.042 g (69%).

'H NMR (acetone-d®, 400 MHz): § 9.20 [d, 4H, 3)(Pt-H) = 47.6, *J(H-H) = 5.6, H; 8.21
[s, 2H, HNe"]; 7.98 [t, 4H, 3J(H-H) = 7.7, HY], 7.79 [m, 6H, HN®"]; 7.67-7.72 [m, 6H,
HeNaP 7,56 [d, 4H, 2J(H-H) = 7.7, H°[; 7.46 [m, 4H, HN*®"]; 7.23 [m, 6H, H*¢]. MS-
ESI*: m/z 1263.15 [M-CF3SOs]". IR: v 2054 (C=C).
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Synthesis of [{2,6-(2-CsHsN)2-4-FCesH2}Pt(u-C=CNaph)Ag(pu-C=CNaph)Pt{2,6-(2-
CsHaN).-4-FCsH2}] [CF3SO3] (12d)

CF3SO5

]
)

0. >
@

Compound [{2,6-(2-CsHaN)2-4-FCeH2}Pt(u-C=CNaph)Ag(u-C=CNaph)Pt{2,6-(2-
CsHaN)2-4-FCsH2}] [CF3SOs] (12d) was obtained as a red solid from 0.042 g (0.070
mmols) of compound [Pt(C=CNaph){2,6-(CsHaN)2-4-FCsH2}] (9d) and 0.009 g (0.035
mmols) of silver triflate. Yield: 0.039 g (75%).

IH NMR (acetone-d®, 400 MHz): & 9.23 [d, 4H, 3J(Pt-H) = 47.8, 3J(H-H) = 5.7, H'; 8.23
[s, 2H, HN®"]: 8.04 [t, 4H, 3J(H-H) = 7.8, HY], 7.81 [m, 6H, H\®": 7.72 [m, 6H, HoNaeh]:
7.44[m, 4H, HN®": 7.27 [d, 4H, 3J(F-H) = 10.1, H®]; 7.24 [m, 4H, H°]. °F NMR (CDCls,
376.5 MHz): § -77.97 [s,3F, CF3SOz7]; -118.48 [t, 2H, 3J(H-F) = 10.3]. MS-ESI*: m/z
1299.08 [M-CF3SOs]*. IR: v 2059 (C=C).
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Synthesis  of
C5H4N)2-C5H3}] [CFgSOg] (116)

]
g

0. >
@

CF3SO5

[{2,6-(2-CsHaN)2-CsHs}Pt(u-C=CPhen)Ag(p-C=CPhen)Pt{2,6-(2-

Compound [{2,6-(2-CsHaN)2-CeH3s}Pt(u-C=CPhen)Ag(u-C=CPhen)Pt{2,6-(2-CsHaN)2-
CeHs}] [CFsSOs3] (11e) was obtained as a red solid from 0.043 g (0.070 mmols) of
compound [Pt(C=CPhen){2,6-(CsHaN)2-CsHs}] (8e) and 0.009 g (0.034 mmols) of silver

triflate. Yield: 0.041 g (78%).

IH NMR (acetone-d®, 400 MHz): & 9.27 [d, 4H, 3J(Pt-H) = 48.0, 3J(H-H) = 5.7, H1; 8.98
[d, 2H, 3J(H-H) = 7.8, H™™"]: 8.81 [d, 2H, 3J(H-H) = 7.8, HP""]: 8.69 [d, 2H, 3J(H-H) =
7.9, HPMeM: 8.08 [s, 2H, HP®"]; 8.07 [t, 4H, 3J(H-H) = 7.8, HY], 7.79 [d, 4H, 3J(H-H) = 7.8,
HC]; 7.75 [m, 2H, H"", 7.66 [m, 4H, H'"]; 7.56 [m, 4H, H?™"; 7.32 [d, 4H, 3J(H-H) =
7.7, H°]; 7.19-7.22 [m, 6H, H*€]. MS-ESI*: m/z 1363.24 [M-CFsSOs]*. IR: v 2045

(C=C).
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Synthesis of [{2,6-(2-CsH4N)2-4-FCgH2}Pt(pu-C=CPhen)Ag(pu-C=CPhen)Pt{2,6-(2-
CsHaN),-4-FCsH2}] [CF3SO3] (12€)

CF3SO5

]
g

0. >
@

Compound [{2,6-(2-CsHaN)2-4-FCeH2}Pt(u-C=CPhen)Ag(p-C=CPhen)Pt{2,6-(2-
CsHaN)2-4-FCsH2}] [CF3SOs] (12e) was obtained as a red solid from 0.034 g (0.052
mmols) of compound [Pt(C=CPhen){2,6-(CsHN)2-4-FCsH2}] (9¢) and 0.007 g (0.026
mmols) of silver triflate. Yield: 0.034 g (83%).

IH NMR (acetone-d®, 400 MHz): & 9.25 [d, 4H, 3J(Pt-H) = 48.4, 3J(H-H) = 5.7, H; 8.88
[d, 2H,3)(H-H) = 7.8, H™™"]; 8.71 [d, 2H, 3J(H-H) = 7.8, HP""]; 8.67 [d, 2H, 3J(H-H) =
7.7, HP'eM: 8.10 [s, 2H, HP®"]; 8.03 [t, 4H, J(H-H) = 7.8, HY], 7.81 [d, 4H, 3J(H-H) = 7.8,
HC]; 7.73 [m, 2H, HP""]; 7.63 [m, 4H, HP"®"]; 7.51 [m, 4H, HP™": 7.32 [d, 4H, 3J(F-H) =
10.0, H"]; 7.18 [m, 4H, H°]. °F NMR (CDCls, 376.5 MHz): § -77.91 [s, 3F, CF3S0z37; -
118.09 [t, 2H, 3J(H-F) = 10.3]. MS-ESI*: m/z 1399.16 [M-CF3S0s]*. IR: v 2043 (C=C).
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Synthesis of [Ag{Pt(2,6-(2-CsHsN)2-CsH3)}2(u-1,3-(C=C)2-CeHa) ]2 [CF3SOs3]2 (11f)
— — 27

[CF3S037,

Compound [Ag{Pt(2,6-(2-CsHaN)2-CeH3) }2(u-1,3-(C=C)2-CsHa)]2 [CF3SOs]2 (11f) was
obtained as a red solid from 0.054 g (0.055 mmols) of compound [{Pt(2,6-(2-CsHaN)2-
CeHz3)}2(p-1,3-(C=C)2-CeHa)] (8f) and 0.014 g (0.055 mmols) of silver triflate. Yield:
0.076 g (56%).

IH NMR (acetone-d®, 400 MHz): & 9.11 [d, 8H, 3J(Pt-H) = 47.4, 3J(H-H) = 5.6, HT; 8.00
[t, 8H, 3J(H-H) = 7.8, H]; 7.96 [s, 2H, H®"]; 7.85 [d, 8H, 3J(H-H) = 7.8, H°]; 7.49 [d, 4H,
SJ(H-H) = 8.4; HP; 7.54 [d, 8H, 3J(H-H) = 7.8; H°]; 7.28 [s, 2H, HP1]; 7.22 [m, 12H,
H2€]. MS-ESI*: m/z 1084.75 [M-(CF3S03)2]?*. IR: v 2034 (C=C).
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Synthesis of [Ag{Pt(2,6-(2-CsH4N)2-4-FCsH2)}2(u-1,3-(C=C)2-CeHa)]2 [CF3SOs]s
(12f)

_2+

[CF3SO037,

Compound [Ag{Pt(2,6-(2-CsHaN)2-4-FCsHz)}2(pi-1,3-(C=C)2-CeHa)]2 [CF3SOs]2 (12f)
was obtained as a red solid from 0.040 g (0.040 mmols) of compound [{Pt(2,6-(2-
CsHaN)2-4-FCeH2) }2(p-1,3-(C=C)2-CsH4)] (9f) and 0.010 g (0.040 mmols) of silver
triflate. Yield: 0.059 g (58%).

IH NMR (acetone-d®, 400 MHz): & 9.13 [d, 8H, 3J(Pt-H) = 48.2, 3J(H-H) = 5.6, H]; 8.03
[t, 8H, 2J(H-H) = 7.8, HY]; 7.92 [s, 2H, HP"]; 7.80 [d, 8H, 3J(H-H) = 7.7, H]; 7.51 [d, 2H,
3J(F-H) = 7.6, HP7; 7.31 [s, 2H, HP'; 7.27 [d, 8H, 3J(F-H) = 10.1, H®]; 7.19 [m, 8H, H°].
9F NMR (CDCls, 376.5 MHz): § -77.83 [s,3F, CFsSOs7; -118.06 [t, 4H, 2J(H-F) = 10.3].
MS-ESI*: m/z 1120.87 [M-(CF3S03)2]*". IR: v 2039 (C=C).

7.4.4. Photophysical studies

Absorption spectra of 10° M acetonitrile solutions of the final compounds were recorded
with a Cary 100 scan 388 Varian UV spectrometer at 298 K. Emission spectra of
solutions and powders were recorded using a QePro compact spectrometer (Ocean
Optics). Excitation spectra in solution were recorded with a Fluorolog fluorescence
spectrometer (Jobin Yvon). Time-resolved decays in solution and powder were recorded
with a Horiba DeltaFlex TCSPC system using a 330 nm SpectraLED light source.
Temperature-dependent experiments were conducted using a liquid nitrogen cryostat
VNF-100 (sample in flowing vapour, Janis Research) under nitrogen atmosphere, while
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measurements at room temperature were recorded under vacuum in the same cryostat.
Solutions were degassed using five freeze-pump-thaw cycles. Emission quantum yields
were determined with a Hamamatsu Quantaurus QY absolute photoluminescence

quantum yield spectrometer C11347.
7.4.5. Light-emitting electrochemical cells (LEECSs) fabrication

LEECs were fabricated by vacuum thermal evaporation. Pre-cleaned indium-tin-oxide
(ITO) coated glass substrates with a sheet resistance of 20 Q cm~2and ITO thickness of
100 nm was used. The substrates were first washed with acetone and then sonicated in
acetone and isopropanol, for 15 min each time. Substrates were dried with compressed
air and transferred into an ozone-plasma generator for 6 min at full power. Thermally
deposited layers were obtained using Kurt J. Lesker Spectros 11 deposition system at 10~
® mbar base pressure. The aluminium electrode was deposited at a rate of 1 A s
Characterisation of LEEC devices was conducted in a 10-inch integrating sphere
(Labsphere) connected to a Source Measure Unit (SMU, Keithley) and coupled with a
spectrometer USB4000 (Ocean Optics). Further details are available in reference.®

Devices of 4 x 2mm pixel size were fabricated.

The LEEC structure comprised PEDOT:PSS Al4083 (Ossila) as the hole injection layer,
Al cathode, and an emissive layer composed of PVK {poly(9-vinylcarbazole), M = 90
000 Da, Sigma Aldrich}, OXD7 {1,3-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-
yl]benzene, Lumtec}, and THABF4 (Sigma Aldrich). The Al4083 layer was obtained by
dynamic spin-coating method at 4000 RPM with the film annealed at 120 °C for 15 mins.
The emissive layer was obtained with static spin-coating method at 1000 RPM from a 10
mg mL* (PVK+OXD7+THABF4+emitter) solution in CH2Cl2 and dried at high vacuum

without annealing.
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8. General Conclusions

In this Thesis, several cyclometallated platinum compounds were synthesised with a
rational design targeted to their specific applications. A wide variety of synthetic
approaches were performed, and several characterisation techniques allowed to
successfully prove the obtention of the final compounds. In the biological area, upon
tailoring the structure of the studied compounds, a very high efficacy and selectivity
against a broad cancer cell panel was achieved, several techniques were used to elucidate
their mechanism of action and some compounds proved to overcome platinum resistance
in tumoral cells. For the optical applications, the design of the cyclometallated
chromophore and the ancillary ligands lead to the obtention of highly phosphorescent
compounds, which can present intermolecular interactions that lead to the red-shifting
and enhancement of their emission and finally, allowed their application in the fabrication

of novel and efficient optical devices.

e In Chapter 2, several strategies were successfully performed to obtain a large
family of [C,N,N’] cyclometallated platinum compounds with different ancillary
ligands (methyl or halido) and oxidation states. Upon analysis of their luminescent
properties, it was determined that best results are obtained for platinum(ll)
compounds and that the use of iodido ligands causes a quenching in the emission.
Generally, luminescence quantum yields present low values which is attributed to
the low rigidity of their propylene chain which favours non-radiative pathways.

e In Chapter 3, a new family of [C,N,N’] cyclometallated compounds with a more
rigid ethylene chain were synthesised and displayed an improvement in their
luminescent properties regarding those from Chapter 2. Cell viability studies
revealed that some selected compounds present a high efficacy and selectivity
against a broad cancer cell lines panel. Specifically, platinum(IVV) compounds
display an enhanced effect and a complete absence of cross-resistance in
multiplatinum resistant cell models, a property that was found to be intrinsic of
the platinacycle. Additionally, the ability of these compounds to be reduced under
cellular media was proved and was found to be a key step in their antiproliferative

activity.
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In Chapter 4, starting from the structure that gave the best antiproliferative effect
in Chapter 3, new [C,N,N’] cyclometallated platinum(IV) compounds were
synthesised with hydroxido, dichloroacetato or trifluoroacetato axial ligands. The
nature of these ligands resulted in differences in the reduction potentials of the
platinum(IVV) compounds for which the antiproliferative effect was found to be
higher upon a higher tendency to be reduced, being in some cases significantly
lower than cisplatin for a colorectal cancer cell line. Additionally, the new
platinum(IVV) compounds presented interaction with DNA prior to reduction
which could suggest an alternative mechanism competing with the pro-drug

behaviour.

In Chapter 5, the substitution of a chlorido for different alkynyl aromatic moieties
as ancillary ligands in the platinum(Il) structure with the best photophysical
properties from Chapter 3, resulted in an enhancement of the phosphorescence
emission with higher quantum yields for the new derivatives. An exhaustive
photophysical study revealed that the preferred deactivation pathway for these
compounds is the generation of singlet oxygen, with singlet oxygen sensitisation

quantum yields up to a 47%.

In Chapter 6, a family of planar [N,C,N] cyclometallated platinum(1l) compounds
was synthesised and they were found to be able to establish intermolecular
interactions between two cyclometallated moieties. This resulted in observing not
only the phosphorescence of the monomeric species, but also the appearance of a
red-shifted emission band attributed to an excimeric emission. Additionally, the
red shift of the emission was also induced by using a mixture of good and bad
solvents, which results in the formation of emissive aggregates that present
aggregation induced emission (AIE). Both these phenomena were found to be
extremely dependent on the aromatic group attached to the alkynyl as it modifies

the resulting intramolecular interactions.

In Chapter 7, the interaction of silver(l) with the compounds reported in Chapter
6 was studied, synthesising a family of heterometallic compounds where each
silver atom interacts with two cyclometallated molecules. These interaction
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between the two compounds gave rise to a red-shifted emission avoiding the use
of a bad solvent to promote aggregation. The presence of this emission was found
to be highly dependent on the concentration and the nature of the cyclometallated
platinum(l1) precursor. More complex structures appeared to be present in solid
state where a broad band further red shifted was observed. Finally, compound 12e
was selected for the fabrication of LEECs, obtaining luminance (luminance >
1000 cd m2) and efficiency (EQE > 2-4%) values competitive with the best results
reported in the literature and, to the best of our knowledge, being the first reported

example using a silver(l)/platinum(I1) emitter.
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Table Al. Crystal data and structure refinement for compounds 1b’ and 1b.

Compound 1b’ 1b
Formula C12H17BraFN2Pt C12H16BrFN2Pt
Crystal size, mm 0.065 x 0.154 x 0.213 0.305 x 0.103 x 0.054
Crystal colour yellow yellow

Fw 563.18 482.27
Temp, K 100(2) 293(2)
Wavelength, A 0.71073 0.71073
Crystal system triclinic monoclinic
Space group P1 P2i/c

a, A 10.7938(5) 15.4189(18)
b, A 11.4007(5) 8.7061(10)

c, A 13.4215(7) 30.311(3)

a, © 89.584(2) 90

B,° 75.569(2) 104.344(4)

Y, ° 71.945(2) 90
Volume, A3 1516.34(13) 3942.1(8)

YA 4 12

Dcalc, mg m 2.467 2.438

abs. coef., mm? 14.519 13.710
F(000) 1040 2688

0 range for data coll, ° 2.560 to 30.562 2.440 to 30.628
Reflns coll. / independent 88505 / 9284 95319 /12130
Data /restraint /parameters 9284/0/329 12130/0/ 466
GOF on F? 1.029 1.012
Final R index (1>2(1) WR2 = 0,0541 wR2 =0,0718
R index all et WR2 = 0.0554 WR2 = 00856

Peak and hole, e A3
CCDC numbers

1.832 and -2.092
1856035

3.091 and -3.050
1856038
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Table A2. Crystal data and structure refinement for compounds 2b and 3b.

Compound 2b 3b
Formula Ci13H19Br2FN2Pt C12H16BrsFN2Pt
Crystal size, mm 0.252 x 0.127 x 0.076 0.306 x 0.174 x 0.072
Crystal colour yellow yellow

Fw 577.21 642.09
Temp, K 100(2) 100(2)
Wavelength, A 0.71073 0.71073
Crystal system monoclinic orthorhombic
Space group P2i/c Pna2i

a, A 8.0750(3) 15.9976(6)

b, A 8.1606(3) 7.1424(3)

c, A 23.9013(9) 13.7123(5)
a, ° 90.0 90.0

B,° 98.3600(10) 90

v, ° 90.0 90.0
Volume, A3 1720.06(12) 1566.78(11)
YA 4 4

Dcaic, mg m 2.460 2.722

abs. coef., mm? 14.131 16.604
F(000) 1072 1176

0 range for data coll, ° 2.549 to 30.539 2.546 to 30.533
Reflns coll. / independent 50.737 /4732 20770/ 4695
Data /restraint /parameters 473212/ 175 4695/ 3/ 174
GOF on F? 1.106 1.046
Finl R index (122 o(1) WR2 = 00444 WR2 = 00673
s ol ) R

Peak and hole, e A3 1.402 and -1.515
CCDC numbers 1856037

1.049 and -2.385
1856036
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Table A3. Crystal data and structure refinement for compounds 4a and 4b.

Compound 4a 4b
Formula C11H14CIFN2Pt C11H14BrFN2Pt
Crystal size, mm 0.868 x 0.203 x 0.198 0.48 x 0.45 x 0.28
Crystal colour orange orange

Fw 423.78 468.24
Temp, K 293 170
Wavelength, A 0.71073 0.71073
Crystal system monoclinic monoclinic
Space group P2i/c P2i/c

a, A 9.579(4) 9.5246(3)

b, A 10.883(4) 11.0464(4)
c, A 12.800(5) 12.8619(5)
a, ° 90 90

B,° 111.369(17) 109.564(2)
Y, ° 90 90
Volume, A3 1242.7(8) 1275.11(8)

YA 4 4

Dcale, mg m 2.265 2.439

abs. coef., mm? 11.492 14.125
F(000) 792 864

0 range for data coll, ° 2.534 t0 29.146 2.269 to 31.008
Reflns coll. / independent 34767 / 3331 7610 /4017
Data /restraint /parameters 3331/0/ 147 4017/0/ 147
GOF on F? 1.141 1.081
Fina R index (122 o() WR2 = 00475 WR2 = 0,125
R indesx sl dat) WR2 = 00482 WR2 = 01844

Peak and hole, e A
CCDC numbers

1.413 and -2.083

1957891

1.658 and -5.891
1958051
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Table A4. Crystal data and structure refinement forc ompounds 5a and 5b.

Compound 5a 5b
Formula C11H14ClsFN2Pt C11H14BrsFN2Pt
Crystal size, mm 0.5x0.32x0.16 0.44 x0.3x0.05
Crystal colour yellow yellow

Fw 494.68 628.06
Temp, K 170 170
Wavelength, A 0.71073 0.71073

Crystal system
Space group

a, A

b, A

c, A

a,°

B,

7,0

Volume, A3

YA

Dcalc, mg m
abs. coef., mm?

F(000)

0 range for data coll, °
Reflns coll. / independent

Data /restraint /parameters

GOF on F?

Final R index (I>2 o(l))

R index (all data)

Peak and hole, e A3

CCDC numbers

orthorhombic
Pna2:
15.7680(7)
6.7221(2)
13.2613(6)

90.0
90.0
90.0

1405.62(10)
4
2.338
10.546
928
2.583 t0 26.372
7042 / 2291
2291/ 1/ 166
1.054

R1 =0.0256,
WR2 =0.0606

R1=0.0276,
WR2 = 0.0615

1.112 and -1.764
1958052

orthorhombic
Pna2:
16.0684(13)
6.9294(5)
13.5530(7)

90.0
90
90.0

1509.05(18)
4
2.764
17.236
1144
2.535 t0 31.367
8347 / 4134
4134/ 37/ 166
1.000

R1=0.0567,
wR2 =0.1533

R1=0.0718,
WR2 = 0.1636

2.582 and -3.194
1958053
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Table A5. Crystal data and structure refinement for compounds 7b and 7c.

Compound 7b 7c
Formula C19H18F2N2Pt C17H17FN2PtS
Crystal size, mm 0.42x 0.22 x 0.18 0.22x0.12x0.10
Crystal colour orange orange

Fw 507.44 495.48
Temp, K 170 170
Wavelength, A 0.71073 0.71073
Crystal system Monoclinic Orthorhombic
Space group P2:/n P212121

a, A 6.3762(3) 8.8289(2)

b, A 20.4502(10) 17.1322(3)

c, A 12.970(6) 32.7257(6)
a,© 90 90

p.° 97.106(3) 90

v, ° 90 90
Volume, A3 1678.25(14) 4948.53(17)

z 4 12

Dealc, mg m™3 2008 1.995

abs. coef., mm? 8.383 8.640
F(000) 968 2832

0 range for data coll, ° 0.407 to 28.700 0.407 to 28.238
Refins coll. / independent 7673/ 4297 36124 /12181
Data /restraint /parameters 4297 /0/219 121817106 / 640
GOF on F2 1052 1.096

Final R index (1>2 o(1)) V\F/{ézzzob?gggb Vsé;:ob?g%’z
R index (all data) e i glece
Peak and hole, e A3 1.522 and -1.585 0.956 and -1.132
CCDC numbers 1970145 1970146
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Table A6. Crystal data and structure refinement for compounds 7d and 8e.

Compound 7d 8e
Formula CasH21FN2Pt C3z2H20N2Pt
Crystal size, mm 0.18 x0.14 x0.04 0.24 X 0.18 x 0.04
Crystal colour orange yellow
Fw 539.51 627.59
Temp, K 170(2) 170
Wavelength, A 0.71073 0.71073
Crystal system Orthorhombic Monoclinic
Space group Pna2; P2i/c
a, A 10.1844(4) 16.1728(7)
b, A 17.0874(7) 11.3593(3)
c, A 11.2125(3) 12.6711(6)
a, ° 90 90
B, O 90 99.073(2)
v,° 90 90
Volume, A® 1951.25(12) 2298.70(16)
z 4 4
Deale, Mg m3 1.837 1.813
abs. coef., mm'? 7.209 6.129
F(000) 1040 1216
0 range for data coll, 0.407 to 30.508 0.407 — 28.700
Refins coll. / independent 9977/ 3880 17638 / 5083
Data /restraint /parameters 3880/1/246 5683/0/316
GOF on F? 1.009 1.047
R1=0.0371, R1 =0.0439,
Final R index (1>2 o(1)) wWR2 = 0.0809 WR2 = 0.1220
R1 =0.0538, R1=0.0597,
R index (all data) WR2 = 0.0874 WwR2 =0.1301

Peak and hole, e A3
CCDC numbers

1.148 and -0.644
1970147

1.322 and -2.596
2192597
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Table A7. Crystal data and structure refinement for compound 9c.

Compound 9c
Formula C22H13FN2PtS
Crystal size, mm 0.36 x 0.18 x 0.06
Crystal colour orange
Fw 551.49
Temp, K 170
Wavelength, A 0.71073
Crystal system Triclinic
Space group P1
a, A 9.1838(3)
b, A 9.5505(3)
c, A 21.4829(8)
a, © 84.057(2)
B,° 85.211(2)
Y, © 73.358(2)
Volume, A3 1793.94(11)
z 4
Dcalc, mg m 2.042
abs. coef., mm? 7.957
F(000) 1048
0 range for data coll, © 0.407 — 28.700
Reflns coll. / independent 17023/ 7859
Data /restraint /parameters 7859 /0 /487
GOF on F? 1.066
R1 =0.0554,
Final R index (1>2 o(l)) WR2 = 0.0999
R1=0.0927,
R index (all data) wR2 =0.1104

Peak and hole, e A
CCDC numbers

0.812 and -0.871
2192598
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