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RESUMEN DE LA TESIS

Durante los ultimos afios, el grupo de investigacion donde se ha realizado esta Tesis
Doctoral ha sido pionero en el desarrollo de diferentes complejos de oro(l) y los
ensamblajes supramoleculares resultantes con una amplia variedad de aplicaciones. El
punto de partida de este intensivo desarrollo de ensamblajes supramoleculares se sitia
en el estudio de un sistema de oro(l)-alquinilo con fosfinas solubles en agua, el cual,
dio lugar a la formacion de un hidrogel con propiedades luminiscentes. Este ejemplo
fue el precedente de un exhaustivo estudio de los procesos de agregacién de los
complejos de oro(l), donde modificaciones en el croméforo o la incorporacién de carga
en el sistema dio lugar a un amplio abanico de morfologias (bastoncillos, vesiculas,
cuadrados, estrellas...) con diferentes propiedades luminiscentes. Teniendo en cuenta

este precedentéa Tesis Doctoral que se presenta se centra en utilizar la quimica
supramolecular de los complejos de oro(l) con el objetivo de modular sus propiedades
luminiscentes, dando un paso mas en la metodologia establecida en el grupo de
investigacion. Se pretende disefiar e investigar nuevos compuestos y ensamblajes de
oro(l) con propiedades mejoradas y aptos para ser estudiados en diferentes tipos de
aplicaciones, desde materiales luminiscentes, reconocimiento molecular o aplicaciones

bioldgicas.

Los complejos sintetizados han sido diseflados racionalmente, donde las diferentes
partes de la estructura molecular fueron seleccionadas para una aplicacion determinada.
Los compuestos de oro(l) presentan una coordinacion lineal. La primera posicion de
coordinacion estara ocupada por el anteriormente dicho grupo alquinilo-cromoforo,
responsable, en parte, de las propiedades luminiscentes observadas. Para la segunda
posicion de coordinacion se han escogido mayoritariamente fosfinas, ya que son
ligandos que pueden modular la solubilidad en diferentes disolventes, asi como la
nuclearidad de los compuestos resultantes. Los carbenos también han sido utilizados

con el objetivo de introducir planaridad en el compuesto final.

Se han utilizado una gran variedad de técnicas para evidenciar la correcta formacion de
los compuestos organicos y organometalicos sintetizados (RMN multinuclear y
multidimensional, IR, ESI y difraccion de rayos X). Las estructuras supramoleculares
obtenidas han sido debidamente analizadas por DLS, SEM, UV-vis, luminiscencia y
SAXS.
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During the last years, the research group where this Doctoral Thesis has been carried
out has been pioneer in the development of different gold(l) complexes and resulting
supramolecular assemblies with a wide variety of applications. The starting point of
this intensive studys foundin the finding of a gold(l)-alkynyl system containing a
water-soluble phosphane, which gave rise to the formation of a hydrogel. This example
was the precedent for an exhaustive study of the aggregation processes of gold(l)
complexes, where modifications in the chromophore or the incorporation of charge in
the system gave rise to a wide variety of morphologies (rods, vesicles, square, stars ...)
with different luminescent properties. Taking into account this precedent, this Doctoral
Thesis focuses on using the supramolecular chemistry of gold(l) complexes in order to
modulate their luminescent properties, going one step further in the methodology
established by the group. We have designed and investigetv gold(l) compounds

and assemblies that present improved properties and are suitable to be studied in
different types of applications, ranging from luminescent materials, molecular
recognition or biological applications. These complexes have been rationally designed,
where the different parts of the molecular structure were selected for a specific goal.
Gold(l) complexes present a linear coordination. In our compounds, the first
coordination position is occupied by an alkynyl-chromophore, responsible, in part, of
the resulting luminescent properties. The second coordination pasitooupied, in
general, by phosphanes, since they can modulate the solubility in different solvents and
the nuclearity of the resulting compounds. Carbenes have also been used in order to
introduce planarity in the final compound.

A great variety of techniques have been used to check the correct formation of organic
and organometallic compounds (NMR, IR, ESI, and X-ray diffraction). The
supramolecular structures obtained have been duly analyzed by DLS, SEM, UV-vis,

luminescence and SAXS.
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The research reported in this Thesis was developed in the Supra and Nanostructured
Systems group (SuNS) at the Departament de Quimica Inorganica i Organica, Seccio
de Quimica Inorganica de la Universitat de Barcelona. It was financially supported by
aPhD fellowship from Generalitat de Catalunya (Ajuts per la contractacié de personal
investigafor novell EI-DGR)) and by Ministerio de Ciencia e Innovacion of Spain
(AEI/FEDER, UE Projects CTQ2016-76120-P and PID2019-104121GB-100).

The results of this research has been disseminated in several international conferences:

e Pinto, A., Zonta, C., Licini, G., Rodriguez, IL. International Symposium on
Nanoparticles/Nanomaterials and Applications, ISN2A 2018 (Lisbon,
Portugal): Shotgun and poster communication tledti “Tripodal
Supramolecular Gold(l) derivatives with tunable luminescent propérties

e Pinto, A., Rodriguez, L10a Trobada de Joves Investigadors dels Paisos

Catalans (Barcelona, Spain): Oral presentation irledit “Sistemes

Supramoleculars d’or(I). Estudi de les Potencials Aplicacions i Morfologies™.

e Pinto, A. Dalmases, M., Aguilé, E., Figuerola, A., Rodriguez XKXVI

GEQO Congress Organometallic Group (Zaragoza, Spain): Poster
communication entitled “Aggregation studies of hybrid systems containing

gold(I) complexes and gold nanoparticles”.

e Pinto, A. Dalmases, M., Aguilo, E., Figuerola, A., RodriguezXXXVII-

Bienal Quimica (Donostia, Spain): Poster communication entitheeparation
and antitumoral activity of Au based inorganic-organometallic

nanocomposites”.

e Pinto, A, Lima, J.C., Rodriguez, KXXVII Reunién del Grupo Especializado

de Quimica Organometalica (Alcala de Henares, Spain): Shotgun
communication entitled “Aggregation studies of gold(l) complexes with
biological activity’.

e Pinto, A., Echeverri, M., Gomez-Lor, B., Rodriguez,3td HC3A Meeting
(Toulouse, France): Oral communication tigad “Luminescent Au(l)

benzothiadiazole-based derivatives
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Workshop on Chemistry of Group 11 Elements (Lisbon, Portugal): Oral

communication entitled “Photophysical effect of the coordination of gold(l) to

coumarin chromophote

Pinto, A., Roma-Rodriges, C., Lima, J.C., Fernandes, A.R., Rodrigué?, L

SupraMat Network (online congress): Shotgammunication entitled “Effect

of theaggregation on the biological activity of gold(I) complexes”.

Additionally, the research reported in Chapt&r8 and6 has already been published

in:

M. Dalmases, A. Pinto, P. Lippmann, Ingo Ott, L. Rodriguez, A. Figuerola.
“Preparation and Antitumoral Activity of Au-Based Inorganic-Organometallic

Nanocomposites”. Frontiers in Chemistrg019 7, 60.

Q Sun, G Aragay, A Pinto, E Aguild, L Rodriguez, P Ballestifluence of

the Attachment of a Gold(l) Phosphine Moiety at the Upper Rim of a
Calix[4]pyrrole on the Binding of Tetraalkylammonium Chloride Salts”.
ChemistryA European Journa202Q 26, 2020.

A Pinto, G Spigolon, R Gavara, C Zonta, G Licini, L Rodrigu&zipodal
gold(l) polypyridyl complexes and their Cuand Zr* heterometallic
derivatives. Effects on luminescence”. Dalton Trans202Q 49, 14613.

A. Pinto, C. Cunha, G. Aullén, J. C. Lima, L. Rodriguez, J. Seixas de Melo.
“Comprehensive investigation of the photophysical properties of
alkynylcoumarin gold(l complexes”. J. Phys. Chem.jp-2021-079855.
Accepted.

and research reported in Chap#rs, 7, 8 and9 will be published soon:

A. Pinto, C. Roma-Rodrigues, J. Ward, R. Puttreddy, K. Rissanen, P. Baptista,
A. Fernandes, J. C. Lima, L. Rodrigu&Xggregation versus biological activity

in gold(l) complexes. An nesplored concept”. Inorg. Chem.ic-2021-
02359y.R1. Submitted.

A. Pinto, M. Echeverri, B. Gobmez-Lor, L. Rodrigu€How to achieve near
unity fluorescence quantum vyields of gold(l) benzothiadiazole-based
derivative”. Inorg. Chem. Front. QI-RES-07-2021-000849. Submitted.
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1.1. Luminescent Materials and Supramolecular Chemistry

The development of new luminescent materials is a highly relevant research field and
has attracted great interest due to the huge amount of applications in many different
areas such as organic light-emitting diode (OLED), bioimaging or selsbhere are
several approaches to build luminescent materials that include different research fields.
Among them, (supra)molecular chemistry is a challenging area and consist of the
careful design of the chemical structure of the molecules in order to achieve the desired
photophysical properties together with their possible assembilies.

Hence, in order to design the molecules and understand the processes involved in their
emission pathways, it is necessary to clarify some fundamental bases on this topic.
Photophysics is the research field that refers to several electronic internal processes
induced by the absorption of light that do not lead to overall changes in the chemical
structure of the molecule. In order to discuss the photophysical processes, it is useful to
describe the Jablonski diagram, which illustrates the different possible electronic and

vibrational transitions (Figure 1.1).

S; k
A ""«,\% IC% T
kISC I T]
ke Phosphorescence
Fluorescence 10° - 103! k
nr
1010- 107 57! v

Figure 1.1.Simplified Jablonski diagram illustrating the main photophysical

processes.
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Absorption occurs when a molecule receives a photon of the light promoting the
excitation of an electron from its ground state to a higher energy excited state. The
molecule relaxes through internal conversion (IC) to the lowest excited state and then
can undergo one of three different possible processes: 1) vibrational relaxation, which
is a non-radiative pathway where the relaxation to the ground state is mediated by
collisions between the molecules and its surrounding environment; 2) emission of a
photon, which is a radiative pathway known as fluorescence. This transition consists of
a decay from the;State to the §and since it is an allowed transition (both states have
the same spin multiplicity), this process is fast and occurs in the picoseconds to
nanoseconds time scale; 3) the electrons can undergo intersystem crossing (ISC) to the
triplet excited state (i, through a change in the spin multiplicity. The decay of the T
state to the &s a spin forbidden pathway, so the photoluminescence that results from
this transition occurs on a much slower time scale, (microseconds to up to seconds) and
is called phosphorescence. Although the intersystem crossing is an improbable pathway
for some molecules due to its a forbidden nature, it is possible to favour it through
different experimental conditions. A usual method is the introduction of heavy atoms,
such as a transition metal or halogens, in the chemical structure, close to the
chromophoric unit. In this way, the intersystem crossing is more efficient due to spin-
orbital interaction, a relativistic effect that is higher in atoms with large nuclei. This
mechanism is known as a spin-orbit coupling intersystem crossing (SOCG4SC).
Alternative methods have also been studied in recent years to promote the intersystem
crossing, such as using a spinconvett@troduction of carbonyl grougsradical-
enhanced I1SCand twist-induced IS€.

The processes described until now are related to an individual molecule, but,
intermolecular interactions between two or more molecules can also affect the
photophysical properties of the compounds. The resulting supramolecular structures
can be controlled by the introduction of specific functional groups that can promote
non-covalat interactions such as hydrogen bonding, n-n stacking or Van der Waal

forces. In this way, Supramolecular Chemistry has provided an unusual “bottom-up”
approach to design sub-nanoscale small molecules to form well-defined nano- or
microscale supramolecular architectures and consequently become one of the
promising methods for being used in nanoscience and nanotechidtogy.

Over the past few decades, Supramolecular Chemistry has expanded its applications in

different fields and has continued to build larger and more complex architectures such
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as macromolecules and multimetallic helicdfesrotaxanes® metal-organic
frameworks (MOFs), coordination polymers, clusters,'®tuch studies help and
guide to design and construct complex synthetic molecular machines, which led to the
recent Nobel Prize in Chemistry (2016) being awarded to Sauvage, Sroddart and
Feringa for their pioneering work. Since then, significant contributions to the field of
self-assembly have facilitated the understanding of the principles behind intermolecular
interactions and guided the development of new targeting and functional materials.
Supramolecular Chemistry provides the possibility to design molecules with interactive
properties with a large variety of potential intermolecular interactions. This principle
offers endless of possibilities for the construction of a variety of supramolecular
structures with tunable specific properties and functionalities on demand. In particular,
Supramolecular Chemistry can be an effective tool to manufacture luminescent
materials, which is of special interest due to their optical properties that can be
modulated by the reversible non-covalent nature of the supramolecular system.
Supramolecular structures may present some properties totally different from those of
the small molecules, which increase the interest of researchers in this field for the
design and development of novel materials based on self-assembled units.

A nice example of how molecular assemblies can show totally different properties from
isolated molecules is the inconsistency found in some cases between a molecular
behaviour and their aggregated form. For instance, luminophores with planar and strong
intermolecular interactions frequently show bright emission in the monomeric state but
weakened or even quenched emission in the aggregated state (phenomenon known as
aggregation caused quenching, ACQ) (Figure 1.2a). In contrast, some propeller shaped
molecules show no emission in their dilute solution but much enhanced emission in
their aggregated form (phenomenon known as aggregation induced emission, AlE)
(Figure 1.2Db).
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Figure 1.2.Molecular structures and photographs of a) perylene and b)
hexaphenylsilole (HPS) solutions with different poor solvent fractions taken under
ultraviolet light irradiation. Adapted with permission frdACopyright 2020 John

Wiley and Sons.

Based on the intrinsic dynamic and reversible property of non-covalent interactions that
are involved in the processes of aggregation, self-assembly provides the luminophores
a control in the conformation and the possibility to switch and respond to external
stimuli. These stimuli can be classified by their nature as physical (light, temperature,
mechanical, electrical, magnetic), chemical (molecules such as solvents, guests,
cations, or anions), or biological (enzymes, receptors). Some examples are summarized

below.

1.2. Mechanochromic effect

Mechanochromism is a change in the luminescence, usually in the colour of the
resulting emission, of a material induced by the application of a mechanical stimulus
such as pressure. The ability to selectively detect the mechanical stress is a useful tool
for technological applications. The change in the luminescent properties induced for a
mechanical stresis almost exclusively originated from variations on the molecular
structure, conformational rearrangements, and/or changes of intermolecular
interactions. These principles can be applied in small molecules that show

mechanochromism, as well as in polymeric materials. In the case of the small
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molecules, the mechanochromic effect is usually associated with mechanically induced
rearrangement of the molecules and a transition from the crystalline to the amorphous
state. The photophysical properties of organic and organometallic compounds that
contain conjugated n-system are highly sensitive to intermolecular distance and the

geometric orientation (Figure 1.%)1°

Grinding

Intermolecular

interactions

Figure 1.3.Schematic representation of the assembled structures of a compound

when a mechanical stress is applied.

Some requirements must be accomplished in order to obtain mechanochromic
materials: 1) the molecules should form at least two different stable states with different
molecular assemblies; 2) the arrangement of the different molecular assemblies must
be different enough in order to impact in their photophysical properties; 3) the
molecular packing must be possible to modify by application of mechanical force.

The emerging knowledge in this field over the years allows to draw several strategies
to design luminescent mechanochromic materials. Some of the approaches to create
metastable states are the establishment of a competitive effect between different
intermolecular interactior®,interfere with the formation of thermodynamically stable
assemblie® or the incorporation an AIE-active moiety in the chemical structure which
have potential to be transformed to more closely packed assembly when a mechanically
stimulation is applied?

In this respect, the influence of the AIE research in the field of mechanochromic
fluorescent materials has gained great importance, since it enables an early-stage
detection of the damage of the materfdl§he dispersion of these compounds in

polymer matrixes can amplify these changes due to the variations in the interactions
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between the interphase and the supramolecular conformation. Notably, this
incorporation may be done by the dispersion of chromophoric probes within polymers

or by a covalent bonding of the chromophoric units with the macromolecular éhains.

1.3. Solvatochromic effect

Solvatochromism is a term to describe the changes in the photophysical properties of a
chemical substance by variation of the solvent. An interaction between the solute and
the solvent is involved in this process and two different situations may happen: 1) the
dipole moment of the molecule increases upon excitation and, therefore, a higher
dipolar moment or polarizable solvent will stabilize more the excited state than the
ground state. In this case, the separation between the ground and the excited states
decreases and a red shift is observed when the polarity of the solvent increases (positive
solvatochromism); 2) the dipole moment of the molecule decreases in the excited state
compared to the ground state in polar solvents and, consequently, the ground state is
stabilized. In this case, there is an increase of the separation between the ground state
and the excited state, and a blue shift is observed when the polarity of the solvent
increases (negative solvatochromism).

Fluorophores with a m-extended structures that pees n-n* transitions, display
commonly larger dipole moment in the excited state than in the ground state and
situation 1 will be the most common. In contrast, molecules witht# transitions,

which is undergone from one of the electrons located at a lone-pair, in an n orbital of
the heteroatom of the molecular structure, to a m*orbital of the molecular system,

involve a reduction of the dipole moment of the molecule and situation 2 will be the
most commor®

The interaction of the chemical substance with the solvent can promote variations in
the position, intensity and shape of the absorption or emission bands. Generally
speaking, the emission spectra of the fluorophores is more affected by the solvent than
absorption since fluorescence lifetimes are usually much longer than the time required
for solvent relaxatioR® Inspection of Figure 1.4 can make more easily to understand
why absorption spectra are less sensitive to the effect of the solvent. When the excited
state of a molecule is created, this is surrounded by solvent molecules and during this
time the solvent molecules present rotational reorientation in order to stabilize it. This

process is called solvent relaxation, which depends on the solvent, and occurs in about
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101° s. Absorption process occurs in about?8§, a time too short for the motion of

the molecule or solvent. In contrast, fluorescence lifetime® §)Gre usually much

longer than the time required for solvent relaxation. Solvent relaxation stabilizes the
energy of the excited state of the molecules in polar solvents (for those cases that there
is a larger dipole moment in the excited state than in the ground state, usually n- ©*
transition). When the excited molecule returns to the ground state, the electronic
configuration of the solvent molecules does not have time to be reorganized in the time
scale of the fluorescence and the energy of this ground state presents high energy than

the equilibrium ground staté?’
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Figure 1.4.Solvent effects on electronic state energiess $e ground state; $

the excited state, dashed line: radiative process, solid lines: non-radiative processes.

Several methods are used to analyse the solvatochromic effects. For example, Lippert-
Mataga plot€ are used to determine the magnitude of the Stodt@& (difference

between the ground and excited state energies) in terms of changes in the molecular
dipole moment. It is assumed that the polarity of the solvent is the only parameter under

consideration, but this becomes an oversimplification. To overcome this problem, a
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multiparametric Kamlet-Taft methdthas been introduced and consists of considering
four single empirical parameters, and each one considers a particular aspect of the
solvent such as the polarizability, solvent ability to act as a hydrogen-bond donor or the
ability of bulk solvents to behave as a hydrogen-bond acceptors. These two methods
are described in more detail in Chapter 5.

Due to all these aspects, a chemical substance with solvatochromic effect must present
specific characteristics which make its intermolecular interactions sensitive to small
changes in the environment. Compounds that present a charge-transfer transition have
found to be highly dependent on the environment. Commonly, these types of
compounds are composed by a donor (D) and acceptor (A) chromophores connected
by a bridge. In their excitation process, the changes in the charge distribution led to a
large dipole moment which strongly modify the interactions with the environihient.
Although solvatochromism has been mostly used to rationalize the solvent effect on the
reaction rates or retention times in chromatograpfrecently, it has been used as
imaging tool of live cells and tissues since any biomolecular interaction or change in
biomolecular organization results in a modification in their environment and, as a

consequence, in their photophysical properiies.

1.4. Host-guest and metal coordination interactions

Molecular recognition represents one of the bases of the supramolecular chemistry
where the formation of supramolecules is based on the principles of molecular
complementary. The molecules that act as receptors are called hosts and those that are
recognized are known as guest. Host-guest systems play a significant role in the
development of advanced supramolecular materials and even in biological processes
due to their good selectivity, high efficiency, and responsiveness. Typically, a host-
guest system is forming an adduct complex through various non-covalent interactions
with excellent selectivity because of the size of the c&fiBince the discovering and

the synthesis of the crown ethers in 1960 by Pederson, which was used as the host
molecule to selectively bind alkali metals, an increasing number of new compounds for
molecular recognition has been developed. The most important building blocks for
supramolecular assemblies based on host-guest found in the literature are macrocyclic
hosts, including crown ethéfs®, cyclodextrins (CDsY! calixarenes? curcubit[n]urils

(CB[n]s)2%**! and pillararene&*3
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The incorporation of these recognizing units into a fluorescent system allows to create
functional smart materials with tunable photophysical propetti@sie approach is the
incorporation of crown ether elements into AIE systems, which allows the manipulation
of the assembly and control the morphologies of the materials with reversibility (Figure
1.5)% In the particular case exemplified in Figure 1.5, benzo-15-crown-5 macrocycles
were functionalized on the four arms of tetraphenylethene (TPE) molecules to afford a
supramolecular fluorescent probe for With the crown ether moieties serving as
recognizing unit. When the *Kis coordinated to the crown ether, induce a crosslink
among the monomers, which is accompanied by the enhancement of the fluorescence

originated from the AIE effect.

Most of the molecular recognition processes reported in the literature are mainly in

solution and are useful for the development of basic research and molecular design. In
contrast, for emerging technologies and practical applications it is usually necessary
that this process takes place in a different media, such as surfaces, where the
environmental effects and perturbations should be considered. This is important since
most of the molecular recognition in practical situations occurs at an interface as can

be seen for example in cell membranes, DNA complexes and device s(ffaces.
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Figure 1.5.Schematic illustration of a molecule with AIE induced by recognition

between the crown ether moieties arnfddns.
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Another approach for the design of a supramolecule is the metal coordination, which
provides strength, well-defined geometry and reversibility and represents a powerful
tool for the assembly of supramolecular species with controllable architetitiébe
assembly by the coordination of a metal requires the use of preformed building blocks
that contains one or several binding sites. The binding sites can be Lewis basic groups,
which are suitably placed in the molecule in order to promote the self-assembly. The
final properties can be introduced by the incorporation of the appropriate functional

groups in its structure, which can be for example luminescence, magnetism, or chirality.

1.5. Matrices

In terms of device fabrication or processing applications, such as sensors, solid-state
lighting or organic light emitting diodes, the incorporation of the molecules within
matrices or formation of thin films can make this process much easier. In addition, for
luminescent materials, the non-radiative pathways can be minimized. The non-radiative
losses can be classified in intramolecular and in external losses to the environment. In
this way, the collisions with quenching sites are mitigated with the incorporation of the
fluorophores in matrices by the suppression of vibrational and diffusional motions. A
wide variety of matrices used for luminescent purposes exists in the literature, such as
silica glasse&’ hydrogen bonded polymer matric8sgraphene quantum détsor

zeolites??

This strategy has been used more recently to achieve room temperature
phosphorescence (RT®).However, systems with bright RTP are challenging to
obtain, since the vibration and diffusion in amorphous matrix favor the vibrational loss
of triplet excitons, causing frequently significant quenching in their phosphoreséence.
To address this issue, the inclusion of luminescent molecules within a carefully chosen
matrix is extremely important in order to mitigate the vibrational triplet decay. Well-
known candidates are poly(methyl)methacrylate (PMMA), polyvinyl acetate (PVA)
and polystyrene (PS), which provides rigidity of the final sample and can also introduce
new non-covalent intermolecular interactions between the matrix and the fluorophore

that help to suppress non-radiative pahways (Figure®?..6).

24



Document signat digitalment per: ANDREA PINTO I MARTINEZ

1. Introduction

Figure 1.6.Example of the inclusion of a phosphorescent molecule into a patymer

matrix.

1.6. Incorporation of gold(l) atoms

Gold(l) is a closed shell cation with an electronic configuration df65§ which
justifies the relative stability of gold(l) compounds. Unlike the expected repulsion
between two metal cations, an important number of examples of metal atoms containing
d'0...d° interactions are knowif.In the particular case of gold(l), these interactions
have been observed in crystal structures with distances between the two gold centers
ranging 2.7 and 3.5 A, being below the sum of two van der Waals radii (3.8 A). In 1990,
Schmidbaur defined these interactions as “the unprecedented affinity between gold
atoms even with “closed-shell” electronic configurations and equivalent electrical
charges and give the name of aurophilic attraction.®” Aurophilicity has become a very
interesting topic because it plays an important role in the resulting emissive properties
and assemblies of gold(l) complexes. The strength of Au(l)- - - Au(l) interactions have
been theoretically calculated and are in the range 29-46 K] witich are comparable

with hydrogen bon@ Hence, apart from the well-known weak interactions of the
organic molecules, gold(l) complexes can establish metal- - - metal interactions, which
can be not only observed in solid state, but can be also maintained in solution, since the

formation of supramolecular assemblies has been def&é&fed.

25



Document signat digitalment per: ANDREA PINTO [ MARTINEZ

1. Introduction

The luminescence of gold(l) complexes can be originated from the fluorophore but also
it can be strongly affected by the presence of Au(l)---Au(l) interactions in the
complexes. When the luminescence comes from the fluorophore, it can be produced by
transitions among 7 orbitals from the organic part or by transitions involving the metal

center, where a charge transfer is involved (n- ©* transitions). The incorporation of

gold(l) can promote the observation of phosphorescence emission due to the heavy-
atom effect, which opens access to the low-lying emissive triplet state through the
intersystem crossing (ISC). However, in complexes containing an extended aromatic
system, emission from the singlet may compete with ISC, which results in the
generation of either dual singlet/triplet emis§f6a or only singlet emission from an
organic chromophor. In this way, the photophysical behavior is strongly driven by

the nature of the ligand and the coordination-sphere geometry, namely by the distance
between the metal and the organic chromophore, which is a crucial parameter for an
effective spin-orbit coupling. For those transitions where the ligand is not involved
(metal centered transitions), also the geometry around the metal center strongly affects
the resulting photophysical properties. For instance, phosphorescence is generally not
observed for isolated linear molecules, since it is a forbidden transition (takes place
with a change in the symmetry between the HOMO and LUMO, Laporte rules) and
thus, the resulting phosphorescence is not observed. In contrast, in three coordinated
species, the transition is orbitally forbidden, and phosphorescence can take place
general, it can be assumed that having a trigonal-planar geometry leads to a higher
probability of having a metal-centered phosphorescent emission. Nevertheless, it is not
a necessary condition since a moderate deviation from linearity produces a shortening
of the HOMO-LUMO gap (Figure 1.7$.Thus, it can be assumed that a deviation from

the linearity on gold(l) complexes would contribute to a shortening of the HOMO-
LUMO gap, and therefore to a higher probability of having phosphorescence emission.
This can be achieved by the introducing of bulky ligands or by the establishment of
strong gold(l)-gold(l) interactions that will distort the linearity of these comp&xes.
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Figure 1.7.Molecular orbital diagram for [Auff" type complexes showing the

decrease on the HOMO-LUMO gap in non-linear Au syst¥ms.

Although a deviation of the linearity produced by the establishment of gold(1)-gold(l)

interactions led to a shortening of the HOMO-LUMO gap, the interaction between the

two metals by themselves lead also to the same phenomenon. This is due to an overlap

of the orbitals of the gold(l) atom, where the degree of shortening is dependent on the

number of interacting gold atoms (Figure £8).
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1.7. Objectives of the present work

During the last years, the Supra and Nanostructured research group at the Universitat
de Barcelona (where this thesis has been carried out), has been pioneer in the
development of different gold(l) complexes and resulting supramolecular assemblies
with a wide variety of applications. It begins with the synthesis of alkynyl gold(l)
derivatives containing water soluble phosphanes (PTA = 1,3,5-triaza-7-
phosphatricyclo[1.3.1.13.7]decane and DAPTA = 3,7-diacetyl-,3,7-triaza-5-
phosphabicyclo[3.3.1]Jnonane), which were found to form luminescent organometallic
hydrogels (Figure 1.9$%° This aggregation was unexpected since this kind of
compounds do not contain any common ligand well-known to induce gelation. The
process was observed to be favoured by the establishment of aurophilic interactions,
hydrogen bonds and n-n stacking’® This work was the starting point of an intensive
study of the supramolecular assemblies where modifications on the chromophore unit
or the incorporation of a charge in the chemical structure gave rise to different types of
morphologies (rods, vesicles, uaggs, stars...) that display different luminescent

properties’t"?

Figure 1.9.Luminescent hydrogel under UV-light (left); chemical structure of gold(l)

derivatives (middle); optical microscope image of the fibres that form the hydrogel.

Taking all this ino consideration, this work aims to use the supramolecular chemistry

of gold(l) complexes in order to modulate the luminescent properties going one step
further on the methodology established by the group. The design and investigation of
new supramolecular gold(l) compounds and assemblies with improved luminescent
properties has been performed and studied in different type of applications, going from

luminescent materials, molecular recognition or biology. Such complexes were
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rationally designed, where the different parts of the molecules were selected in function

of the desired goal.

The particular objectives of this Doctoral Thesis are summarized below, together with

the chapter where they are described.

In Chapter 2, the tris(2-pyridymethyl)amine (TPA) metalloligand, has been used to
synthesize gold(l) complexes containing three different monophosphanes and a
triphosphane. The free coordination positions available in the TPA ligand have been
explored in order to obtain heterometallic structures with tunable photophysical
properties.

In Chapter 3, a gold(l) derivative from the calix[4]pyrrole (macrocycle), known for
their ability to bind halides, has been synthesized and used to perform molecular
recognition studies of halides followed by UV-vis, emission and NMR spectroscopies.

In Chapter 4, coumarins have been chosen as fluorescent groups to coordinate to the
gold(l) atom, due to their well-known tunable photochemical and photophysical
properties depending on their substituents. The effect of the
electrondonating/electronwithdrawing substituents at the coumarin rings on the
photophysical properties has been analysed. Additionally, the potential use of the
gold(l) complexes synthesized as photosensitizers for the generation of singlet oxygen
has been also investigated.

In Chapter 5, new gold(l) complexes containing benzothiadiazole (BTD) core have
been synthesized. They contain flexible long alkyl chain in order to promote the
alignment of the molecules. The steric hindrance and the planarity of the second
coordination position of the gold(l) have been studied with incorporation of different
types of phosphane and carbenes. The solvatochromic and mechanochromic properties
together with the incorporation of the compounds synthesized in polymer matrixes have
been explored. The induction of the aggregation together with the incorporation of the
gold(l) complexes synthesized in polymer matrices allows us to achieve near unity

fluorescence quantum yields.

In Chapter 6, gold nanoparticles have been made interact with those systems that were
previously found to form hydrogéf®® in order to induce new metallophilic

interactions between organometallic molecules and nanoparticles. We have studied
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how these metallophilic contacts can modulate the resulting assemblies in the new
hybrid materials. Additionally, the biological activity of the resulting hybrid systems
has been studied and compared with the isolated gold(l) and gold(0) precursors.

In Chapter 7, gold(l) complexes previously studied in the grGupwith important
activity against cancer cells, were used to perform a careful analysis of the state of the
gold(l) complex before entering the cells. A detailed and complete analysis of their
aggregation process has been performed in order to correlate it with their biological
properties. Moreover, since the gold(l) complex containing tris(1-naphthyl)phosphane
showed a great selectivity for one cancer cell line (A2780 ovarian cells), a new family
of compounds containing a naphthyl group has been synthesized for being tested in the

biological assays.

In Chapter 8, an amphiphilic moiety has been introduced in a pyridine type ligand
incorporated in the chemical structure of the complexes. Although the pyridine ligands
are widely used in coordination chemistry, gold(l) pyridine complexes are limited and
can be a hidden potential. The incorporation of a luminescent chromophore in the
second position (coumarin, used@mapter 4, and aniline, used i€hapter 7) has

been used for the synthesis of gold(l) complexes. Since the introduction of an
amphiphilic moiety is a well-known ligand to induce self-assembly, aggregation studies

and potential applications have been also explored.

In Chapter 9, gold(l) complexes containing TPE core have been designed and
synthesized in order to analyse the resulting AIE behaviour. The effect of the steric
hindrance at the second coordination position of the gold(l) has been studied by the
incorporation of different types of phosphanes suitable to promote the aggregation. The
changes on the resulting luminescence induced by the aggregation have been explored.

In general, phosphanes have been chosen to occupy the second coordination position
of the gold(l) atoms, due to their ability to modulate the solubility of the gold(l)
derivatives in a wide range of solvents and also their nuclearity. In particular, PTA and
DAPTA are the most used due to their ability to increase the solubility of the resulting
compounds in aqueous media. There has been an increasing efforts in industry and
academia to replace chemical processes in traditional organic solvents with an
alternative solvent like water (green solvent). The development of water soluble

compounds has become extremely relevant since water is the biologically most relevant
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solvent. Carbenes were also use@lvapter 5, in order to improve the planarity of the

compounds and favour intermolecular contacts.

A wide variety of characterization techniques have been used to evidence the correct
formation of the organic and organometallic compounds (NMR, IR, ESI and X-Ray
Diffraction). Their resulting supramolecular assemblies have been carefully analysed
through DLS, optical microscope, SEM, UV-vis absorption, emission and SAXS.

SAXS was performedtthe NCD-SWEET beamline at the ALBA Synchrotron thanks
to two consecutive funded projects and it is a useful tool to characterize the aggregates
in their early stages.

A complete photophysical characterization has been performed through UV-vis,
emission, quantum yields and lifetimes. Some of them in our research group but those
more specialized were used thanks to the facilities of Univ. NOVA de Lisboa and

Coimbra Laser lab collaboration project.
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CHAPTER 2

Tripodal gold(l) complexesvs Cu* and Zn?*

heterometallic derivatives.

Part of this Chapter has been published.iRinto, G. Spigolon, R. Gavara, C. Zonta, G. Licini,
L. Rodriguez. Dalton TransactiorZ)2Q 49, 14613-14625.
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2. TRIPODAL GOLD(l) COMPLEXES vs Cu** AND Zn*
HETEROMETALLIC DERIVATIVES

2.1. Introduction

Materials that alter their physical properties under the influence of the external
environmental changes are of significant interest in the recent years due to the wide
range of applications in sophisticated technologies and daily life such as memory
devices, printing technologies, or surfaéésin particular, the construction of
multicolour photoluminescence materials that can be tuned in a simple manner are of
great interest® Controlling the multicolour states has been carried out through
dynamic chemistry, for example, dynamic coordination between a metal and a ligand
as an effective way to obtain multiple colour states.

In terms of the election of the ligands, their electronic and steric characteristics, as well
as the number of donor atoms are key factors. Multidentate ligands containing two or
more pyridine donor units play a significant role in modern coordination. Tris(2-
pyridymethyl)amine (TPA) that possesshree pyridyl moieties connected to a central

N atom, and its derivatives (Figure 2.1) are an important class. These ligands can
interact with a wide variety of metal ions and its coordination chemistry has been
extensively studief’

Figure 2.1.General structure of sfpyridylmethyl)amine (TPA) tripodal ligands.
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For example, TPA derivatives, whose pyridyl group facilitates the coordination to
second- or third-row transitional metaisth different coordination geometries, have
been extensively used as enzyme motfei$jn catalytic applications range from
oxidations using®?? oxygen binding and activatidi,?® water oxidatiorf, esters
hydrolysis?®3! hydrogen productiof? nitrene transfe¥® and atom-transfer radical

addition and polymerizatidfr3® and as a spin-crossover spe¢f&s.

The functionalization of TPA backbone has been obtained originally by introduction of
the desired functional group before the formation of the skefétdhe addition of a
terminal alkynyl moiety by the use of cross-coupling reactions allows the coordination
of closed-shell metals, like gold(l), that can introduce additional arrangements and
luminescent properties by the establishment of metallophilic intera¢fionke
luminescent properties of gold(l) complexes depends on many factors, such as the
number of interacting metals present in the complex and their proximity. Additionally,
gold(l) atoms are well known to facilitate a triplet excited state emission due to the
heavy atom effec® More precisely, heterometallic complexes built by interactions
between gold(l) and another closed-shell metal ions, such as*€agjl),* TI(1),*
Pb(I1),*” Hg(11),%8 Bi(lll) *°® or Sn(I1IP° have been also studied due to a direct correlation
between the presence of these interactions and the resulting photophysical properties.
Among them, the interactions between Au(l) and Cu(l) atoms are not much represented.
There are different strategies that allow this kind of interactions, but, in most cases, the
metallophillic Au(l)---Cu(l) contact takes place by the imposition given by specific
bridging ligands1°? Another strategy is the use of alkynyl ligands that leallsnding
coordination to Au(I) centres and n-bonding coordination to Cu(l) centres giving rise

to Au(l)---Cu(l) interactions. This coordination mode of alkynyl ligand provides
additional opportunities for fine tuning of the photophysical characteristics of the
resulting complexe¥>>*

On the other hand, tertiary phosphanes are common soft donor ligands that have been
extensively used to prepare gold(l) complexes. These ligands are very interesting since
are able to modulate important parameters such as: 1) the solubility; 2) the nuclearity

and, 3) the bulkiness of the resulting compleXes.

In this context, in this chapter we describe the synthesis of different tripodal gold(l)
alkynyl complexes derived from the TPA ligand and containing three different

monophosphanes and also a triphosphane. The potential coordination positions
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(pyridyl, ethynyl and metal- - - metal) available at TPA ligand have been explored in

order to obtain heterometallic structures with tunable photophysical properties.

2.2. Results and Discussion

2.2.1. Synthesis and Characterization

The synthesis of tris((6-ethylpyridin-2-yl)methyl)amirzLl() was carried ouat the
laboratory of Prof. Giulia Licini at the Universita di Padova. The synthesis of the
tripodal gold(I) complexes N[Au(C=Cpy)(PTA)]z (2.1) and N[Au(C=Cpy)(DAPTA)]3

(2.2) were obtained by the deprotonation of the terminal protons of the alkynyl groups
in 2.L and subsequent reaction with the previously synthesized [Aug}](FFR: =

PTA, DAPTA) precursors in 1:3 stoichiometry (see Scheme 2.1).

H
RsP.
\\ : Au
TN A\
N KOH, MeOH B
y + 3 AuCIPR, N_
CH,Cly, 24nrt  RaPy
N W
S / N /
PR = NN 21) >_V> -\<(22) I
/-}u
R4P

Scheme 2.1Synthesis of complexeés1and2.2

This synthetic procedure was not successful in the case.®f(containing
triphenylphosphane, PBh and the reaction should be performed by the previous
substitution of chloride ligand by the acetylacetonate (synthesis of [Au(acat)PPh
complex) that reacts with the terminal protons of the tripodal ligand producing the
coordination of the gold metal atom to the alkynyl moiety and acetylacetone as volatile

subproduct (Scheme 2.2).
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H
Ph3P_
\\ : Au
S \
= CH,CIl,, 2h RT 7 N
H + 3[Au(acac)PPhgy] ——— N___
Ph,P,
\\ N N _— : Au
« N A\ NN\
// S / N /
H 2.3 I
A/«u
Ph,;P

Scheme 2.2Synthesis of compleR.3.

All complexes were obtained as yellow solids stable to air and moisture in moderate
yields. Their spectroscopic data support the proposed stoichiort¢ty§MR spectra
display the typical pattern of the PTA, DAPTA and PBhosphanes, the protons of

the pyridyl moiety and the disappearance of the terminal alkynyl proton (Figure 2.2).
31p{1H} NMR spectra show only one signal at €52 (2.1), 3 (2.2) and 29 ppmZ.3),

which confirms the equivalence of the phosphorous atoms in the molecule and their
coordination to the gold centers. IR spectra show the corresponding vibration bands of
the G=C fragment at ca. 2100 chtogether with the disappearance of the signal of the
terminal proton, the presence of C-P and C=C vibrations of the phosphanes and the
C=0 strong band in the case ®f2 The final evidence of the formation of the
complexes was given by the recorded molecular peak by ESI(+) spectrometry at m/z
1422.274 foR.1([M + H*]"), 557.098[M+3H* + MeOHF") for 2.2 and1737.30Q[M

+ H') in the case 02.3.
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Figure 2.2.1H NMR spectrum oR.2in DMSO-a.
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The reaction o2.L with the trinuclear gold(l) source (triphos)(Augfriphos = 1,1,1-
tris(diphenylphosphinomethyl)ethane) in 1:1 ratio was also assayed to obtain a cage
complex following the same conditions previously detailed2fdarand2.2 (Scheme

2.3). The correct formation of the cage-like compo@n was evidenced by the
molecular peak at m/z 1592.290 ([M+b]H and the expected bands at IR &Hdand

31p NMR peaks.
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Scheme 2.3Synthesis of comple.4.

2.2.2. Photophysical characterization
Absorption and emission spectra of all complexes were recorded in dimethyl sulfoxide

(DMSO) at 1@ M concentration and the results are summarized in Table 2.1.

Table 2.1.Absorption and emission data of the homometallic gold(l) complex
2.1-4 and the ligand precurs@,L in DMSO. kexc = 350 nm.

Compound Absorption Emission Emission
Amax (NM) € (1 Mtem?)  Amax(nm) Amax (NM) solid
2L 283 (5.2) 440 -
2.1 268 (2.9), 306 (42.4) 472 531
2.2 275 (29.7), 305 (31.2) 473 530
2.3 278 (15.4), 300 (22.3) 441 -
2.4 278 (15.4), 300 (6.2) 440 -

43



Document signat digitalment per: ANDREA PINTO [ MARTINEZ

2. Tripodal gold(l) complexegs Cu* and Zri*heterometallic derivatives

All gold(l) complexes display two absorption bands centeree. &70 nm and ca. 300

nm (Figure 2.3). These bands are assignethiotraligand[r—n" (C=C or G=C-Py)
transition. An increase of the baseline in the absorption spectra due to the presence of
small aggregates is observed in the casz4fin agreement with the lower solubility

observed for this complex.
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Figure 2.3 Absorption spectra in DMSO of compourls and2.1-4atca. 1-10°M

Absorption bands become broader when the complexes are dissolved in a “bad”

solvent, such as acetonitrile, together with an increase of the baseline (scattering) as
previously observed for complex.4 in DMSO. UV-vis absorption and emission
spectra at different DMSO-water contents mixtures were recorded in order to analyze
in more detail the formation of aggregates (Figure 2.4). The absorption bands at 270
nm and 308 nm become red-shifted, less intense and broader with increasing the water

contents (consided as “bad” solvent), due to the aggregates’ formation.>®
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Figure 2.4. Absorption (left) and emission (rigth) spectre2dt at different DMSO-

water content.

Only a significant emission was recorded in DMSO solutior2forupon excitation of

the samples at 350 nm. Gold(l) complexes display a very weak emission probably due
to non-radiative decays from previously populated triplet state. Nevertheless, when the
aggregation takes place (higher water contents in DMSO/ water mixtures, see Figure
2.4), a broad emission bands appearsaat530 nm for2.1 and 2.2 while the
corresponding emission band of comp®3 is found at higher energgd 480 nm).

No significant emission was recorded for cage-like compléxn solution. Thus, we

can rationalize that the aggregation process induces an enhanced emission due to the
possibility conferred by the open conformation of the tripodal complexes that can favor
the contact between the different arms, and as consequence, the approach/contact
between the gold(l) atoms and the possible establishment of other weak interactions
such ast—r stacking. The emission band is assigned to triplet metal-ceriMhcbr
SMMLCT transitions, according to the literatuf&’ Only significant emission could

be recorded fof.1 and 2.2 in solid state with maxima that fits perfectly with the

recorded for aggregated samples in solution.

2.2.3. Tuning luminescence by the formation of hetemetallic complexes.
The luminescence profile of the gold(l) complexes often depends dramatically on the
presence of metalmetal interactions (metallophilicity). In this way, a modification of

the conformation of the complex resulting from the coordinatioa $¢cond metal
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center may change the resulting luminescence. With this goal in mind, the
homometallic gold(l) compounds were made react with different metal salts to analyze

the possible tuning of the luminescenc@df-4gold(l) complexes.

The TPA ligand 2.L) presents two kinds of binding units (the pyridyl and the alkynyl
moietied suitable to interact with the metal salts. Hence; and Cd salts have been
chosen due to the well-known coordination of 2l the nitrogen atoms of the pyridy!

moiety*® € and the coordination of Cuo the alkynyl grouf3*°

A preliminary analysis of the possible formation of heterometallic comple®ss w
performed by absorption and emission titrations. In this way, we could also identify the
stoichiometry of the resulting heterometallic complexes. Increasing amounts of the
metal salt were added into a solution of the compl@xes3 and the absorption and
emission spectra were recorded after each addition. The very low solubiliy of
precluded to carry out this type of studies. A decrease on the absorption band is
observed in the case of complex@s and2.2, when larger amounts of ti#&n?* salt

(due to a decrease of the baseline due to the solubilization of the aggregates) while a
blue shift together with a decrease of the baseline is observed in the presente of Cu
salts. On the other hand, the presence of bofii Znd Cd4 metal salts induce the
formation of a lower energy absorption band together with an isosbestic poat at

310 nm in the case of compl@x@3. The different behavior is attributed to the different
solubility of the homometallic complexes in the solvent used for the titrations.
Complexe®.1and2.2 are initially in the aggregated form, while comp®S8is in the
monomeric form. The addition of different amounts of'Zd Cd salts to a 1- 1M

solution of all gold complessleads to a quenching of the emission band in all cases
being indicative of the interaction of these ions with the gold complex (Figure 2.5). In
this way, the stoichiometry of the heterometallic complexes was found to be 1:1 in all
cases, according to the plot of the emission maxima versus the number of equivalents

of the metal salt added.
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Figure 2.5. Absorption (left) and emission (righitexc = 350nm) titrations o2.1 with

increasing amounts of CuCl. Inset: Plot of the variation of emission maximum against

number of equivalents of Csalt.

Heterometallic complexes (Au/Cand Au/Z*) were isolated by the reaction of the

Cu" (CI and BR) and Zrit* (NOg) salts to independent solutions of the gold(l)
complexes (Scheme 2.4). An alternative method was required in the case of the
heterometallic complexes derived frdad (2.4a-Q complexes. The observed lower
solubility in common solvents and the closed conformation of the complex seems to
avoid the interaction with corresponding second metal cation once the cage is formed.
The reaction was then performed in a one-pot synthesis by the addition of the
correspondin@u’ and Zr?* salts in the same reaction mixture containing the precursors

for the synthesis dl.4.
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Scheme 2.4Synthesis of Zfi- and Cd- heterometallic complexes obtained from
2.1-3.
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Characterization of the heterometallic complexes by NMR, IR and mass spectrometry
indicates their correct formatioAH NMR spectra evidences different coordination
motifs for Zrf* and Cd complexes (Figure 2.6). With comparison with the
homometallic gold(l) complex, the NMR spectra of Znomplexes display a shift and
broadening of the methylene proton resonances in the complex. Different shifts are
observed for the pyridyl protons, being upfield shifted for a proton (closer to the central
methylene group) and downfield shifted for b and c protons, as previously observed for
other Zn-TPA complexes reported in the literafi®.On the other hand, the global
downfield shift of all the pyridyl protons recorded for ‘theterometallic systems,
indicates that the copper coordination occurs in the vicinity and that a different

coordination motif is expected in comparison witf Zderivatives.
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Figure 2.6.(A) *H NMR of compound2.1(green line) and with the addition of Zn
(red line) andB) *H NMR of compound.1 (red line) and with the addition of CuCl
and Cu(CHCN)4(BFs) (green and blue line).

3P NMR spectra of all the heterometallic complexes display only one pic, aeing
evidence of the equivalence of the phosphorous environment in the complexes, without
a significant shift of the signal with the incorporation of the second metal salt. IR
spectroscopy indicates that the alkynyl moiety is involved in the coordination*of Cu
(Figure 2.7). In addition, a different coordination mode between the two copper salts
used in this work can be identified. In the case of CuCl there are two different stretching
frequencies, one corresponditg one free arm (identical to homometallic gold(l)
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complex) while the other two are expected to coordinatéuioas suggested by the
presence of a new vibration band ca. 50'cshifted to lower wavenumbers. This
coordination is in agreement with the literaifwhere the chloride anion is expected

to be coordinated to CuHowever, two different stretching frequencies were recorded

in the case of [Cu(NCMg]BF4, but both shifted in relation of homometallic compound
(Figure 2.7). This is possibly due to an asymmetric coordination dftcCthe three

arms of the tripodal complex. Mass spectra confirms the presence of chloride in the
structure and supports the different coordination of the two salts, due to the presence of
the Cl in the molecular peak of thb series (x 2.1, 2.2 2.4).
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Figure 2.7.IR spectra oR.1 and respective Culerivatives oR.1b and2.1c

The photophysical properties were studied in solution and in solid state for all the
synthesized heterometallic complexes and the results are summarized in Table 2.2.
Significant differences between Zrand Cd heterometallic derivatives were observed

in the absorption spectra. In the case of*Zterivatives, the vibronic resolution is
maintained while Cuderivatives become broader, probably due to a decrease of the
vibration freedom of the alkynyl moieties blocked by the coordination of theaZion.
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Table 2.2.Absorption and emission data of heterometallic gold(l) compl2xieda-c.

hexc = 350 nm.
Compound k (nmﬁ)\b(sorption_1 . Emission Emission '
max € (16 Mt cmh) Amax (NmM) Amax (NmM) solid

2.1a 272 (40.0), 315 (41.7) - 577
2.1b 288 (34.9) a 600
2.1c 283 (34.9), 316 (32.4) - 650
2.2a 273 (32.9), 306 (39.2) - 571
2.2b 280 (23.7), 320 (20.9) - 610
2.2c 284 (37.6), 317 (35.8) - 662
2.3a 270(15.2), 311(2.1) 442 -

2.3b 270(16.0), 308(9.1) 442 -

2.3c 270(14.8),319(6.6) 442 -

2.4a 273 (38.2), 304 (38.0) 442, 589 579
2.4b 273(38.1), 304(36.4) 442 626
2.4¢c 272(71.2), 305(63.7) 442, 649 620

The emission spectra of the heterometallic complexes were recorded both in solution
and in the solid state. The emission spectra in the solid state evidenced the different
coordination of zinc and copper heterometallic comple&egradual red shift by the
addition of the different metal salts can be observed when going from Au/Zn to
Au/CuCl and Au/Cu compounds exemplified in the Figure 2.8 for s@resThis
change in the luminescence properties of comp@uaimilar behavior was observed

for 2.1) is due to the different coordination of the metal and the expected modification
in the aurophilic interactions that in solid state must take place together with additional
Cu---Au interactions. When the zinc is coordinated to the pyridyl moieties, the three
arms of the tripodal unit are expected to approach to each other and thus, gold atoms
must be closer, being able to establish Au---Au contacts, as supported by DFT
calculations (see below). On the other hand, two of the three gold atoms become closer
when CuCl coordinates to the alkynyl group, and the aurophilic interactions are
expected to be more effective. Finally, an approximation of the three gold atoms,

increasing aurophilic/metallophilic interactions must be produced when
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[Cu(NCMe)]BF4 coordinates to all alkynyl moieties. Moreover, it can be observed that
in the case 02.4, the addition of a metal salt gives rise to an emission in the solid state
(remember tha?.4 does not present luminescent properties in the solid state). These
statements are supported by the literatéif&/® Unfortunately, several attempts to
grow single crystals suitable for X-ray diffraction failed, mainly due to the low
solubility of the complexes in common and volatile solvents and preclude to confirm

these coordination modes.
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Figure 2.8.Normalized emission spectra in solid state of compo@ri2.2a 2.2b

and2.2c(left); image of the solids observed under UV light (right).

2.2.4. Theoretical Calculations

DFT calculations were performed in collaboration with Dr. Cristiano Zonta, from
Licini’s group at Universita di Padova, in order to have more evidence of the different
coordination observed for Zhand Cu in the heterometallic complexes and the
observed changes in their photophysical properties. The different coordination modes
calculated for serie®.1 complexes is depicted in Figure 2.9. DFT calculations do not
predict aurophilic interactions foR.1 with Au---Au distances of 5.5 A. The
coordination of ZA" is expected to be produced through the pyridine moieties of TPA
ligands, in agreement with NMR and IR data, allowing the three gold atoms to be closer
with a distance of 3.9 A that is equivalent for the three gold atoms. The Cu
heterometallic complexes were also minimized considering the two expected
coordination modes (chloride coordination and” Gwordination to two alkynyl
moieties and BF free counterion with Cucoordination to three alkynyl moieties). In
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the case of CuCl two gold arms gets closer and the chloride does not allow the
coordination with the third arm. The distances between the two gold(l) atoms are higher
than 4 A, but short Cu---Au distances were observed. The use of [Cu(jBRMe)
favors the approach of the tripodal form of TPA where four short metal---metal

(Au---Au and Cu- - - Au) interactions were observed.

Figure 2.9.DFT structures fo2.1 (A) and the Zn structur@,1a(B), CuCl,2.1b(C)
and CuBR, 2.1c(D). Intermetallic distances are indicated. Density functional theory
(DFT) calculations were carried out by the use of the PBEO functional. In the DFT
energy calculations the def2-TZVPP basis set was used (including the def2-TZVPP
pseudopotential for Au) and 6-31G(d,p) for all the other atoms.

The most important data is that the intermetallic distances obtained by DFT calculations
(2.1>2.1a>2.1b> 2.19 are in agreement with the recorded emission red-shift when
going from the homometallic gold complex to the zinc and copper heterometallic

derivatives.
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2.3. Conclusions

The synthesis of four different gold(l) complexes with open strucfuted and cage-

like structure 2.4) can be successfully accomplished following different experimental
procedures depending on important parameters such as: 1) the solubility of the
phosphane and resulting complex in organic and in polar media; 2) open or closed
geometry (and consequently, steric hindrance).

The formation of aggregates induces an enhancement of the emission where Au---Au
interactions plays an important role in the resulting photophysical properties (mainly
emission wavelength). Clear evidence of the aggregation process was observed in the

increase of the baseline and the broadening of the absorption spectra.

The formation of heterometallic complexes using different salt$*(@nd Cd) was
accomplished with 1:1 stoichiometry predicted through absorption and emission

titrations.

A detailed analysis of NMR, IR and emission spectroscopy evidenced the different
coordination sites for the second metal added. These different coordination modes
result in the capacity to tune the emission in the solid state making a red-shift in the
order Au < Au/Zn < Au/Cu-Cl < Au/CBF4.

DFT calculations confirms the different positions adopted by the second metal and
predict the intermetallic distances that are responsible for the red shift observed in the

emission in solid state.
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2.4. Experimental Section

2.4.1. General procedures

All manipulations have been performed under prepurifiedi®ing standard Schlenk
techniques. All solvents have been distilled from appropriated drying agents.
Commercial reagents 1,3,5-triaza-7-phosphatricyclo[3.3.1.13.7]decane (PTA, Aldrich
97%), 3,7-diacetyl-1,3,7-triaza-5- phosphabicyclo[3.3.1Jnonane (DAPTA, Aldrich
97%), copper (1) chloride (Aldrich, 99%), zinc nitrate hexahydrate (Aldrich, 98%).
Literature methods have been used to prepare [AuG[IRR; = PTA,! DAPTA,"?
PPh,” [Au(PPh)(acac)]’* tetrakis(acetonitrile)copper(l) tetrafluoroboratelris((6-
ethylpyridin-2-yl)methyl)aminel() was provided by Prof. Giulia Licini group, from

Universita di Padova, ltaly.

2.4.2. Physical measurements

Infrared spectra have been recorded on a FT-IR 520 Nicolet Spectrophotdieter.
NMR (§(TMS) = 0.0 ppm), *'P{*H} NMR (5(85% H3sPQy) = 0.0 ppm) spectra have

been obtained on a Varian Mercury 400 and Bruker 400 (Universitat de Barcelona).
ElectroSpray-Mass spectra (+) has been recorded on a Fisons VG Quatro spectrometer
(Universitat de Barcelona). MALDI-TOF spectra (+) has been recorded on an Applied
Biosystems 4700 Proteomics Analyzer. Absorption spectra have been recorded on a
Varian Cary 100 Bio UV- spectrophotometer and emission spectra on a Horiba-Jobin-

Yvon SPEX Nanolog spectrofluorimeter (Universitat de Barcelona).

2.4.3. Computational details

Theoretical calculations have been done in Dipartimento di Scienze Chimiche from
Universita di Padova by Dr. Cristiano Zonta. All compounds were minimized with the
Gaussian16 program packa§eat the DFT level of theory with a hybrid density
functional PBEC. The basis set consisted of a quasi-relativistic effective core potential
basis set def2-TZVPPD for gold atoms and 6-31G(d,p) for all afdfsequencies

were calculated to verify the minima.

2.4.4. Synthesis and Characterization
SynthesisN[Au(C=C-Py)(PTA)]s (2.1)

KOH (22 mg, 0.39 mmol) was added to a solution of tris((6-ethynylpyridine-2-
yl)methyl)amine (35 mg, 0.096 mmol) in methanol (15 mL). After 30 min of stirring,
a solution of [AuUCI(PTA)] (122 mg, 0.31 mmol) in dichloromethane (15 mL) was
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added. After 24 hours of stirring at room temperature, the solution was concentrated to
ca. 15 mL and ether was added to precipitate a yellow solid. The product was isolated

by filtration and dried under vacuum. Yield 63 % (86 mg).

31p{1H} NMR (DMSO-ds, ppm): -52.4H NMR (DMSO-a;, ppm): 4.33 (s, 18H, N-
CH.-P), 4.36 (d, J =12.4 Hz, 9H, QH>-N), 4.52 (d, J = 12.4 Hz, 9H, BH>-N), 7.13
(d, J = 7.6Hz, 3H, H), 7.38 (d, J = 7.6Hz, 3H,d), 7.64 (t, J = 8Hz, 3H, ). IR
(KBr, cml): v(C=C): 2103; v(CH2-P): 1450,v(C-N): 1270. ESI-MS (+) m/z: 1422.274
([M+H]™, calc: 1422.263)Anal. Found (calcd for £Hs1AusN13Ps- 4 CHCIy): C 31.36
(31.37); H 3.22 (3.38); N 10.28 (10.34).

SynthesisN[Au(C=C-Py)(DAPTA)]3(2.2)

KOH (14 mg, 0.24mmol) was added to a solution of tris((6-ethynylpyridine-2-
yl)methyl)amine (20 mg, 0.056 mmol) in methanol (15 mL). After 30 min of stirring,

a solution of [AuCI(DAPTA)] (80 mg, 0.17 mmol) in dichloromethane (15 mL) was
added. After 24 hours of stirring at room temperature, the solution was concentrated to
ca. 15 mL and ether was added to precipitate a yellow solid. The product was isolated
by filtration and dried under vacuum. Yield: 40 % (37 mg).

31p{1H} NMR (DMSO-ds, ppm): 3.01.2H NMR (DMSO-a;, ppm): 1.95 (s, 18H,
COMe), 3.69 (s, 3H, NGH2-P), 3.96 (s, 6H, NGH2-P), 4.08 (d, J = 13.2 Hz, 3H, N-
CH2-N), 4.24 (m, 3H, NEHx-P), 4.62 (d, J = 12.8 Hz, 3H, 8H,-N), 4.80 (m, 3H, N-
CHz-P), 4.91 (d, J = 14.4 Hz, 3H, GH,-N), 5.33 (m, 3H, NCHz-P), 5.51 (d, J = 13.2
Hz, 3H, NCHy-N), 7.17 (d, J = 7.6 Hz, 3H, HPy), 7.41 (d, J = 7.6 Hz, 3H, HPy), 7.66
(t, J = 7.6 Hz, 3H, HPy). IR (KBr, ch): v(C=C): 2106; v(C=0): 1636y(CH2-P): 1442;
v(C-N): 1234. ESI-MS (+) m/z: 557.098 (([M+3H + GBIH]*, calc: 557.457). Anal.
Found (calcd for €iHes3AUsN1306Ps- 5CHCl2): C 32.23 (32.61); H 3.45 (3.57); N 8.93
(8.83).

SynthesisN[Au(C=C-Py)(PPhs)]3(2.3

A dichloromethane solution (4 mL) of [Au(acac)BP5 mg, 0.10 mmol) was added
dropwise to a dichloromethane solution (6 mL) of tris((6-ethynylpyridine-2-
yl)methyl)amine (19 mg, 0.03 mmol). After 2 h of stirring at room temperature, the
solution was concentrated under vacuum to a final volume of 3 ml and hexane was

slowly added. During all the manipulations, the solution was protected from the light
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in order to avoid decomposition. The white suspension was separated from brown solid

and it was dried under vacuum to give a yellow solid. Yield: 60% (31 mg).

31pLIHY NMR (CDCls, ppm): 29.1'H NMR (CDCk, ppm): 7.67 (9H, dd = 12.0, 7.6
Hz,), 7.49 (45H, m), 3.83 (6H, s). IR (KBr, &n v(C=C): 2112. ESI-MS (+) m/z;
1737.300 ([M+HT, calc: 1737.302). Anal. Found (calcd fog8s0AusN4P3- 3 CHCly):
C 48.28 (48.84); H 3.06 (3.34); N 2.60 (2.81).

Synthesis of [N[Au(C=C-Py)]s(triphos)] (2.4)

KOH (46 mg, 0.82 mmol) was added to a solution of tris((6-ethynylpyridine-2-
yl)methyl)amine (76 mg, 0.21 mmol) in methanol (20 mL). After 30 min of stirring, a
solution of [(AuCl}(triphos)] (278 mg, 0.21 mmol) in dichloromethane (20 mL) was
added. After 5 hours of stirring at room temperature, the solution was concentrated to
ca. 20 mL and hexane was added to precipitate an orange solid. The product was
isolated by filtration and dried under vacuum. Yield: 54 % (178 mg).

31p{1H} NMR (CDCls, ppm): 16.9!H NMR (CDCk, ppm): 0.88 (s, 3H, C#C-), 3.37
(d, J = 11.6 Hz, 6H, GH-P), 7.48 (m, 18H, P-Ph), 7.79 (m, 12H, P-Ph). IR (KBr, cm
1): v(C=C): 2113; v(PPh): 1435, 1098. ESI-MS (+) m/z: 1592.29 ([M+MH calc:
1592.29). Anal. Found (calcd forsEissAusN4Ps-5 CHCI2): C 41.84 (42.05); H 3.24
(3.23); N 2.69 (2.80).

Synthesis of [N[Au(C=C-Py)(PTA)]sZn](NO3)2 (2.1a)

Solid Zn(NQ)2 (2.8 mg, 9.42-1® mmol) was added to a solution 2f1 (5 mg,
3.51- 16 mmol) in MeOH (10 mL). The solution was stirred for 2h at room
temperature and then evaporated to dryness under vacuum to yield an orange solid that

was washed with methanol. Yield: 65% (5 mg).

31p{*H} NMR (DMSO-ds ppm): -52.2H NMR (DMSO & ppm): 4.33 (s, 18H, N-
CH.-P), 4.36 (d, J =12.4 Hz, 9H, QH>-N), 4.52 (d, J = 12.4 Hz, 9H, 8H>-N), 7.13
(d, J = 7.6 Hz, 3H, H}), 7.38 (d, J = 7.6 Hz, 3H,d), 7.64 (t, J = 8 Hz, 3H, #). IR
(KBr, cmd): v(C=C): 2104; v(CH2-P): 1450; v(NO*): 1383; v(C-N): 1270. MALDI-
TOF m/z: 1565.1 ([[M + HOJ+NOs]*, calc.: 1565.1). Anal. Found (calcd for
Ca2Hs1AU3N1506P3ZNn- 5H0): C 30.05 (29.65); H 3.16 (3.61); N 12.35 (12.35).
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Synthesis ofiIN[Au(C=C-Py)(PTA)]sCuCl] (2.1b)

Solid CuClI (0.51 mg, 0.005 mmol) was added to a solutichlofs mg, 0.004 mmol)

in CH:CN (10 mL). The solution was stirred during 2h at room temperature and then
evaporated to dryness under vacuum to yield an orange solid that was washed with
acetonitrile. Yield: 80% (5 mg).

31p{1H} NMR (DMSO-ds ppm): -52.2H NMR (DMSO-d ppm): 4.33 (s, 18H, N-
CH.-P), 4.36 (d, J =12.4 Hz, 9H, QH>-N), 4.52 (d, J = 12.4 Hz, 9H, BH>-N), 7.44
(d, J =8 Hz, 3H, H), 7.67 (d, J = 8 Hz, 3H, &), 7.90 (t, J = 7.6 Hz, 3H,&). IR
(KBr, cm): v(C=C): 2104, 2055; v(CHz-P): 1450:v(C-N): 1270. MALDI-TOF m/z
1561.1 (M + HJ]+CHCN]*, calc.: 1561.1). Anal. Found (calcd for
Ca2Hs1AUCICUNL3P3- 4 CHCIlL): C 29.47 (29.70); H 2.97 (3.20); N 9.56 (9.79).

Synthesis of [N[Au(C=C-Py)(PTA)]sCu]BF (2.1c)

Similar procedure was used in the synthesig.@t with respect td2.1b but using
[CU(NCMe)]BF4 instead of CuCl. Yield: 75% (5 mg).

31p{IH} NMR (DMSO-ds ppm): -52.2. *H NMR (DMSO-cs ppm): 4.33 (s, 18H, N-
CHz-P), 4.36 (d, J = 12.4 Hz, 9H, 8H,-N), 4.52 (d, J = 12.4 Hz, 9H, BH,-N), 7.44
(d, J =8 Hz, 3H, H,), 7.67 (d, J = 8 Hz, 3H, &), 7.90 (t, J = 7.6 Hz, 3H,4). IR
(KBr, cnl): v(C=C): 2099, 2059; v(CHz-P): 1450;v(C-N): 1270. MALDI-TOF m/z
1592.9 (M + DMSOQ]J, calc.: 1562.2). Anal. Found (calcd far8s51:AusBCuRN13Ps- 3
CH>Cl): C 29.88 (29.59); H 3.10 (3.14); N 9.60 (9.90).

Synthesis of[N[Au(C=C-Py)(DAPTA)]3Zn](NO3)2 (2.2a)

Solid Zn(NQ)2: 6H:0 (1.3 mg, 4.37- I®mmol) was added to a solution2P (4 mg,
2.44-16 mmol) in MeOH (10 mL). The solution was stirred for 2h at room temperature
and then evaporated to dryness under vacuum to yield a yellow solid that was washed
with methanol. Yield: 55% (3 mg).

31p{1H} NMR (DMSO-ds ppm): 3.01.1H NMR (DMSO-¢ ppm): 1.95 (s, 18H,
COMe), 3.70 (d, J = 15.6 Hz, 3H, GBHx-P), 3.99 (s, 6H, NGH-P), 4.10 (d, J = 14 Hz,
3H, N-CHx-N), 4.27 (s, 3H, NEH-P), 4.61 (d, J = 13.2 Hz, 3H, &H-N), 4.79 (m,
3H, N-CHx-P), 4.91 (d, J = 14 Hz, 3H, 8H,-N), 5.36 (d, J = 13.6 Hz, 3H, BH,-P),
5.51 (d, J = 14 Hz, 3H, lHx-N), 7.28 (d, J = 8 Hz, 3H, &), 7.40 (d, J = 7.6 Hz, 3H,
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Hey), 7.73 (t, J = 7.6 Hz, 3H,8). IR (KBr, cnb): v(C=C): 2103; v(C=0): 1636; v(CHz-
P): 1440; v(NO*)1383; v(C-N): 1232. MALDI-TOF m/z: 926.2 ([M 4H.Clz + 2H0
+ CHsOHJ]?*, calc.: 926.6). Anal. Found (calcd fogi8s3AusN1s012PsZn-5 HO): C
31.57 (31.95); H 4.01 (3.84); N 10.62 (10.96).

Synthesis of [N[Au(C=C-Py)(DAPTA)]3CuCl] (2.2b)

Solid CuCl (0.43 mg, 4.34-fOommol) was added to a solution &f2 (5.3 mg,
3.24-103mmol) in CHCN (10 mL). The solution was stirred for 2h at room
temperature and then evaporated to dryness under vacuum to yield an orange solid that
was washed with acetonitrile. Yield: 85% (5 mg).

31pfIH} NMR (DMSO-ds ppm): 3.01.2H NMR (DMSO-t ppm): 1.97 (s, 18H,
COMe), 3.71 (d, J = 14 Hz, 3H, §H,-P), 3.97 (s, 6H, NEH,-P), 4.10 (d, J = 13.6 Hz,
3H, N-CH,-N), 4.24 (d, J = 12.4 Hz, 3H, N.GHP), 4.34 (s, 6H, NeH2-Py), 4.62 (d, J
= 13.6 Hz, 3H, NEHz-N), 4.81 (m, 3H, NEHz-P), 4.92 (d, J = 14 Hz, 3H, BHx>-N),
5.34 (m, 3H, NCHx-P), 5.52 (d, J = 13.2 Hz, 3H, QH.-N), 7.44 (d, J = 7.6 Hz, 3H,
Hpy), 7.67 (d, J = 7.2 Hz, 3H,d), 7.90 (t, J = 7.6 Hz 3H, ). IR (KBr, cmit): v(C=C):
2103, 2060v(C=0): 1628; v(CH2-P): 1444; v(C-N): 1232. MALDI-TOF m/z; 1790.9
(IM + H + 3HQ]", calc.: 1790.3). Anal. Found (calcd fog1863AusCICUN1306Ps- 3
CH:Clz -2 HO): C 31.65 (31.99); H 3.47 (3.63); N 8.65 (8.98).

Synthesis off N[Au(C=C-Py)(DAPTA)]sCu][BF4] (2.2c)

Similar procedure was used in the synthesi2.8t with respect td2.2b but using
[CU(NCMe)]BF4 instead of CuCl. Yield: 74% (5 mg).

31p{iH} NMR (DMSO-ds ppm): 3.01.1H NMR (DMSO-a ppm): 1.97 (s, 18H,
COMe), 3.70 (d, J = 15.2 Hz, 3H, GH,-P), 3.96 (s, 6H, NEH,-P), 4.10 (d, J = 14 Hz,
3H, N-CHx-N), 4.24 (d, J = 14 Hz, 3H, GH.-P), 4.34 (s, 6H, NGHx-Py), 4.62 (d, J =
14 Hz, 3H, NCHz-N), 4.79 (m, 3H, NSH,-P), 4.92 (d, J = 13.6 Hz, 3H, GH,-N),
5.33 (M, 3H, NEHx-P), 5.53 (d, J = 13.2 Hz, 3H, GHx-N), 7.44 (d, J = 7.6 Hz, 3H,
Hpy), 7.67 (d, J = 7.6 Hz, 3H,4), 7.90 (t, J = 7.6 Hz, 3H,d). IR (KBr, cni®): v(C=C):
2098, 2055; v(C=0): 1637; v(CHz-P): 1439; v(C-N): 1232. Anal. Found (calcd for
Cs1He3AUsBCURN1306Ps- 2CHClz- H:0): C 32.02 (32.21); H 3.26 (3.52); N 9.12
(9.21).
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Synthesis of [N[Au(C=C-Py)(PPhs)]3Zn](NO3)2 (2.3a)

Solid Zn(NQ)2- 6H0 (1.71 mg, 5.7610° mmol) was added to a solution®{5.0 mg,

2.88 103 mmol) in MeOH (10 mL). The solution was stirred for 2h at room temperature
and then evaporated to dryness under vacuum to yield a yellow solid that was washed
with methanol. Yield: 55% (3 mg).

31p{1H} NMR (CD3CN ppm): 33.0H NMR (CDsCN ppm): 3.75 (s, 6H, CH, 7.42
(d, J = 8Hz, 3H, Py), 7.62 (m, 45H, PRI¥.78 (d, J = 8 Hz, 3H, Py), 7.94 (t, J = 8 Hz,
3H, Py). IR (KBr, cmb): v(C=C): 2103; v(C=0): 1636; v(CH2-P): 1440; v(NO*)1383;
v(C-N): 1232. Anal. Found (calcd for7&84s0AusNeOsP3Zn-5H,0): C 46.70 (46.46); H
3.75 (3.50); N 4.25 (4.17).

Synthesis of [N[Au(C=C-Py)(PPhs)]3CuCl] (2.3b)

Solid CuCl (0.34 mg, 3.45- fanmol) was added to a solution 28 (6 mg, 3.4510°3

mmol) in CHCN (10 mL). The solution was stirred during 2h at room temperature and
then evaporated to dryness under vacuum to yield an orange solid that was washed with
acetonitrile. Yield: 50% (3 mg).

31p{1H} NMR (CDsCN ppm): 33.0H NMR (CDsCN ppm): 3.27 (s, 6H, Ch), 7.29
(d, J=7.6 Hz, 3H, Py), 7.49 (m, 45H, BR7.64 (d, J = 6.8 Hz, 3H, Py), 7.76 (t, J =8
Hz, 3H, Py)IR (KBr, cml): v(C=C): 2100, 2080; v(CHz-P): 1453v(C-N): 1265. Anal.
Found (calcd for €HesoAusCuCINsP3-3 CHCl2): C 46.73 (46.53); H 3.33 (3.18); N
2.86 (2.68).

Synthesis of [N[Au(C=C-Py)(PPhs)]3Cu]BF4 (2.3c)

Similar procedure was used in the synthesi®.8t with respect ta2.3b but using
[Cu(NCMe)]BF4 instead of CuCl. Yield: 75% (3 mg).

31P{*H} NMR (CD3CN ppm): 33.01H NMR (CDsCN ppm): 4.23 (s, 6H, Ch, 7.30
(d, J = 7.6 Hz, 3H, Py), 7.39 (d, J = 7.6 Hz, 3H, Py), 7.52 (m, 45H) PP (t, J =
7.6 Hz, 3H, Py). IR (KBr, cm): v(C=C): 2099, 2059; v(CH2-P): 1450; v(C-N): 1270.
Anal. Found (calcd for gHeoAusCuBRN4P3-4 CHCI): C 44.34 (44.22); H 3.45
(3.08); N 2.7 (2.52).
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Synthesis of[N[Au(C=C-Py)]s(triphos)Zn](NO 3)2 (2.4a)

KOH (16.1 mg, 0.3 mmol) was added to a solution of tris((6-ethynylpyridine-2-
yl)methyl)amine (20 mg, 0.055 mmol) in methanol (15 mL). After 30 min of stirring a
solution of (AuCl}(triphos) (75 mg, 0.057 mmol) and Zn(Ae 6H0 (33 mg, 0.11
mmol) in a mixture of methanol/dichloromethane (1:2) (15 mL) was added. After 5
hours of stirring at room temperature the solution was concentrated to ca. 15 mL and
hexane was added to precipitate an orange solid. The product was isolated by filtration

and dried under vacuum. Yield 85% (82 mg).

31p{IH} NMR (DMSO-ds, ppm): 17.4H NMR (DMSO-c, ppm): 7.1-7.9 (m, 3H, P-
Ph). IR (KBr, cmb): v(C=C): 2108; v(PPh): 1432, 1094 MALDI-TOF m/z: 819.0

(M?*, calc.: 819.0). Anal. Found (calcd forss8s54AuUsNeOsPsZNn-5 HO): C 41.85

(42.10); H 3.26 (3.48); N 4.32 (4.53).

Synthesis of [N[Au(C=C-Py)]s(triphos)CuCl] (2.4b)

KOH (11.1 mg, 0.2 mmol) was added to a solution of tris((6-ethynylpyridine-2-
yl)methyl)amine (19.5 mg, 0.054 mmol) in methanol (15 mL). After 30 min of stirring,

a solution of (AuCH(triphos) (73.6 mg, 0.056 mmol) and CuCl (5.9 mg, 0.059 mmol)

in a mixture of acetonitrile/dichloromethane (1:2) (15 mL) was added. After 5 hours of
stirring at room temperature the solution was concentrated to ca. 15 mL and hexane
was added to precipitate an orange solid. The product was isolated by filtration and
dried under vacuum. Yield 75 % (68 mgQ).

31p{IH} NMR (DMSO-ds, ppm): 17.4H NMR (DMSO-6, ppm): 7.1-7.9 (m, 3H, P-
Ph). IR (KBr, cmb): v(C=C): 2108, 1957; v(PPh): 1432, 1098. MALDI-TOF mi/z

1673.1 (M + HJ, calc.: 1673.1). Anal. Found (calcd forss854AusCuCINsPs-3

CH.Clo- 2 HO): C 41.75 (41.57); H 3.26 (3.28); N 2.69 (2.85).

Synthesis of [N[Au(C=C-Py)]s(triphos)Cu]BF4 (2.4c)

Similar procedure was used in the synthesi2.4t with respect ta2.4b but using
[Cu(NCMe)]BF4 instead of CuCl. Yield 80 % (74 mg).

31p{IH} NMR (DMSO-ds, ppm): 17.4H NMR (DMSO-¢;, ppm): 7.1-7.9 (m, 3H, P-
Ph). IR (KBr, cmb): v(C=C): 2113, 1957; v(PPh): 1436, 1098. MALDI-TOF m/z:
1637.0 (M, calc.: 1637.2). Anal. Found (calcd fogsB54AuUsCUBRN4P3- 2 CHCl):
C 42.1 (42.46); H 3.36 (3.08); N 3.1 (2.96).
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CHAPTER 3

Influence of the Attachment of Gold(l) at the Upper
Rim of a Calix[4]pyrrole on the Binding of
Tetraalkylammonium Chloride Salts
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Part of this Chapter has been publishedQinSun, G. Aragay, A. Pinto, E. Aguilo, L.
Rodriguez, P. Ballester. ChemistA/European Journa202Q 26, 2020
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3. INFLUENCE OF THE ATTACHMENT OF GOLD(l) AT THE
UPPER RIM OF A CALIX[4]PYRROLE ON THE BINDING OF
TETRAALKYLAMMONIUM CHLORIDE SALTS

3.1. Introduction

Since the “lock-andkey” concept formulated more than a century ago by Emil Fisher,

the understanding of the molecular interactions, enzyme reactivity and material
properties have continued to attract the attention of researchers. This concept has
inspired synthetic chemists in the design of synthetic receptors and catalysts. Building
blocks that present a rigid 3-D structure play an important role in the field of molecular
receptors. Regarding this, a wide range of macrocycles possessing the required
architectures and synthetic tailorability exists. These macrocycles include caliXarenes,
crown etherg,cyclodextrins® cryptand$ and cucurbiturilsamong others. Their facile
synthesis, distinct conformational preferences, n-electron rich cavities, separate ion-
binding site and ease of functionalization give a great opportunity for the development

of new receptors.

In particular, containers based on the calix[4]pyrrole macrocycle are further very
attractive as they are relatively easy to modify and helpful in ion transportation,
recognition and extraction of speciz8.Calix[4]pyrrole consists of four pyrrole units
linked through their 2 and 5 position via four tetrasubstitutédhgpridized meso
carbon atom$1° Functional groups can be introduced at the upper or lower rims of
these units (Figure 3.1). The introduction of functional groups can tune the size of the

inner space of the resulting cavity and their solubility in non-polar or aqueous solvents.
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Upper rim

Lower rim

Figure 3.1.General structure of calix[4]pyrrole (left) and representation of upper rim
and lower rim of the cavity of the calix[4]pyrrole.

Calix[4]pyrroles have an advantage as synthetic receptors owing to different
conformational isomeric forms, which allow different uses and applications. For
instance, the calix[4]pyrroles can adopt different conformers, including the cone, partial
cone, 1,2-alternate and 1,3-alternate (Figure 3.2).

H H A H
M @ 3) @

(

Figure 3.2.Schematic representation of the different isomeric forms that adopt

I

calix[4]pyrrole: cone (1), partial cone (2), 1,3-alternate (3) and 1,2-alternate (4).

In cone conformation, the calix[4]pyrrole displays a polar aromatic cavity ideal for the
binding of spherical anions where the anion establishes four simultaneous hydrogen

bonds with the pyrrole NHs (Figure 3.3).
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Figure 3.3.Schematic representation of a binding sites between a chloride anion and
a calix[4] pyrrole.

Calix[4]pyrroles usually act as heteroditopic receptors for ion-pairs, especially in non-
polar organic solvents like chloroform or dichloromethane, where the cation, usually
prefers to bind opposite to the anidnt? In contrast, in more polar organic solvents,
like acetone or acetonitrile, the influence of the cation in the binding process is
reduced-*

In this way, the confinement of guests in containers based on the calix[4]pyrrole affects
not only their isomeric conformation but also their chemical-physical properties.
Among all the techniques that can be used to observe and monitor the host-guest
interaction, fluorescence spectroscopy is the best non-invasive spectral modality.
Whereas, for example, absorbance measurements can at best determine concentrations
down to~ 0.1 puM, fluorescence can accurately measure concentrations one million
times smaller. Numerous reports have been published in which calixarene-based smart
fluorogenic materials have been used. The introduction of fluorescent properties mainly
was done by the covalent bonding of a fluorophore unit, like pyreheother strategy

is the introduction of a metal in the chemical structure, like gold(l) atom. This metal
can provide intrinsic luminescent properties to the receptor and their complexes. In
addition, this type of substituents will endow to the receptor with the possibility to be

involved in weak aurophilic interactions (Au(l)- - - Au@§)t’

Herein, the synthesis of a gold(l) calix[4]pyrrole derivative is reported in order to
incorporate luminescent properties on the resulting compound. A description of the
binding properties with chloride (as an anion involved in many biological processes) in

different solvents has been tested. Several spectroscopic techniques have been used in
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order to fully characterize the binding process and DFT calculations have confirmed

the obtained experimental results.

3.2. Results and Discussion

3.2.1. Synthesis and characterization

The synthesis of the gold(l) calix[4]pyrradel (Figure 3.4) was carried out with slight
modifications of a previously reported meti8dThe correct formation of the
compound was checked by comparison of the correspofidiagd®P NMR spectra

with the reported data. Photophysical characterization was performed in order to
corroborate the purity of the compound. In contrast with what happehe organic
calix[4]pyrrole, the gold(l) complex presents luminescent properties and
phosphorescent emission when the oxygen is removed and at low temperature (77 K).
This is a nice example on how a heavy-atom favours spin-orbital coupling effects being

able to induce luminescence of non-emissive chromophores.

Figure 3.4.Gold(l) calix[4]pyrrole complex3.1).

3.2.2. Molecular recognition

The gold(l) complex3.1 was tested for molecular recognition of chloride since
calix[4]pyrroles are well-known hosts used in the molecular recognition of mono-
atomic spherical anions such as bromide, chloride or fluorine. The incorporation of a
heavy atom in the chemical structure allows the possibility of following the host guest
interaction by spectrofluorometric methods. The non-covalent interactions between the

anion and the receptor may induce changes in the resulting luminescent properties.
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3.2.2.1. UV-vis spectroscopy binding studies

The interaction between the parent bis-ary-ethynyl calix[4]pyrrole receptorwith

TBACI and MTOACI was firstly studied using UV-vis spectroscopy. A 2- M
dichloromethane solution of MTOACI or TBACI containing also the receptor was
progressively added to an independent solution of the receptor and UV-vis spectrum of
the resulting mixture was acquired after each addition. The absorption spectra of the
titration with MTOACI salt displays two absorption bands suggesting the co-existence
of two species (Figure 3.5). Since calix[4]pyrroles can act as heteroditopic receptor in
non-polar solvents, the anionic chloride complexd&L]" and the ion-paired
counterparClc3.L-MTOA were considered during the mathematical analysis of the
UV-vis titration data using HypSpec softwa?d.he values obtained for [EB.L]” and
Clc3.L-MTOA were K[CE3.L]" = 6.3:-10 M and K(CE3.L-MTOA) = 6.3-16 M-

2. If the Clc3.L-MTOA complex is considered to present a 1:1 stoichiometry, its
binding constant can be estimated as K@&L-MTOA) = (6.3-16 M2 = 25.10

ML The titration of3.L with incremental amounts of TBACI leads to a diminution of

this absorbance band but even after the addition of 32 equivalents of the salt, the
saturation point was not reached. Probably, at this concentration the extent at which the
complex is formed is low and the absorbance changes may be ascribed to an increase

of the dielectric constant of the media.

The interaction between the recept®rl with TBACI and MTOACI salts in
dichloromethane solution has been followed by recording the absorption and emissio
spectra after each addition taking advantage of the emissive properties of the gold(l)
complex. It is worth to say that non-significant changes have been observed in the
emission spectra. A decrease of the absorbance and an increase of a tail at ca. 310 nm
upon the addition of both salts was observed in the absorption spectra (Figure 3.5).
Changes of the absorbance did not reach saturation as previously obsel¥éd for
Based on these results, UV-vis is not a suitable technique to study the bindieg of th
chloride to the gold(l) recept&:1
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Figure 3.5.UV-vis spectra acquired for the titration2t (left) or 3.1 (right) with
MTOACI in dichloromethane solutions.

3.2.2.2. NMR binding studies

The concentration used in UV-vis experiments was unsuitable for the measurement of
equilibrium constant. For this reason, NMR spectroscopy was used. Firstly, the
interaction between the parent bis-ary-ethynyl calix[4]pyrrole recef@dr) (with

TBACI and MTOACI was assayed. ThE NMR spectrum oB.L in CD.Cl, showed

sharp and well-resolved proton signals in agreement with sy@metry (Figure 3.6a).

The incremental addition of TBACI to the ho8tL) solution induces chemical shift
changes in some of the proton signal8.af (Figure 3.6, top). In this case, where the
peaks are assigned to the host in the complex and those to the free host are fused, the
host-guest complexation experienced a very fast exchange rate compared to the NMR
time scal&® The NH proton signal 08.L moved downfield (A8 ~ 3.0 ppm), what
suggests its involvement in hydrogen bonding interactions with the chloride. Protons
of the B-pyrrole moiety (b and B) moved upfield and downfield respectively, which
indicates that the binding with the chloride is concomitant, and their interaction induces
a change in the receptor’s conformation from alternate to cone (Figure 3.6). The
methylene protons alpha to the nitrogen atom of the TBA cation moved slightly
downfield at increasing concentration. This behaviour indicates that TBA cation is
involved in the complex, forming ion-paired compl&¢<3.L- TBACI, where the TBA

cation is expected to bind opposite to the anion in the electron-rich aromatic cavity. The
NMR concentration (~ I®M) suitable to reach a saturation of the equimolar complex
(1:1) and the fittings of the B-pyrrole protons signals using HypSec program allows the
obtention of a value for the binding constant for the ion-paired complex
Clc3.L-TBACI, K (Clc3.L- TBACI) = 2.7-16 ML,
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Figure 3.6.Top panel)H NMR spectra acquired during the titration3of. (10° M)
with incremental amounts of TBACI in CDIz solution: a) 0; b) 0.5; c) 1; d) 1.5; e) 2;
g) 3; g) 5; h) 8 and i) 10 equiv. Bottom pan#&l)NMR spectra acquired during the
titration of 3.L (103 M) with incremental amounts of MTOACI in GDI. solution: a)
0;b) 0.1;¢) 0.3;d) 0.5; e) 1;g) 1.5; g) 2; h) 2.5; i) 3 and j) 5 equivalents.
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The analogoudH NMR titration of 3.L with MTOACI was performed and provided
significant different results (Figure 3.6). The addition of 0.5 equivalents produced a
broadening of the calix[4]pyrrole receptor, as well as the appearance of two separated
signals (one related to the free host and the other related to the bound host-guest
complex). Only the signals related to the bound receptor can be detected after the
addition of 1 equivalent of MTOACI and further additions induce the sharpening of the
signals of3.L without any chemical shift. In this case, where the signals of the host and
the host-guest complex can be differentiated in the NMR spectra, the host-guest
complexation equilibrium betweel.L and MTOACI has a slow/intermediate
exchange rate compared to the NMR time scale. The methyl group, alpha to the nitrogen
atom of the MTOA cation, moved downfield (Ad ~ 0.19 ppm), while the methylene

groups alpha to the nitrogen atom moved in a lesser extent. This can be rationalized
owing to the deeper inclusion of the methyl group in the aromatic cavity defined by the

pyrrole rings of3.L.

The increase in the affinity constant folc3.L- MTOA complex (KCIc3.L-MTOA)

= 2.5-16 M, determined in section 3.2.2.1. UV-vis spectroscopy binding sjudies
compared to that of th@lc3.L- TBACI counterpart (KClc3.L- TBACI) = 2.7-16 M-

1y supports thad.L is acting as a heteroditopic receptor in dichloromethane solution. In
addition, since the proton signals of MTOA cation experienced noticeable chemical
shift changes, while TBA cation did not, the inclusion of the MTOA cation has a better
inclusion than TBA in the aromatic cavity opposed to the bound chloride and is

responsible of the observed selectivity.

Having clarified the binding properties &L towards MTOACI and TBACI in
dichloromethane solutions, we can analyse the influence of the attachment of gold(l) in
the chemical structure. The interaction of gold(l) com@ek with MTOACI and
TBACI using NMR spectroscopy was studied. Gold(l) com@Bek has a reduced
solubility in dichloromethane and its NMR spectrum showed four aromatic proton
signals in agreement with a & mmetry. The aromatic protons can be divided in two
different group of signals: 1) the aromatic protons from the ethynyl substituted meso-
phenyl group that display two doublets at 6 = 7.34 and 6.92 ppm; 2) the aromatic
protons of the meso-phenyl bearithg gold(I) appear slightly upfield shifted at 6 =

7.19 and 6.81 ppm (Figure 3.7). The four chemically ewqrivalent B-pyrrole proton

(Hb-Hb* produced only two separate signals. The addition of incremental amounts of
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each salt to separate dichloromethane solutiorsslgiroduced changes in the NMR

that are similar to those described by the parent li@andmeaning that it also acts as

a heteroditopic receptor. Noteworthy, the appearance of unexpected second set of
signals for the gold(l) receptor during the NMR titration, that became visible when we
added salt over the equimolar point (blue arrows in Figure 3.7), makes us surmised that
the ion-paired complex 08.1 could be present in solution as a mixture of two

conformers of the bound receptor.

b)

a)

1"
Figure 3.7.H NMR spectra acquired during the titration3ot (10° M) with

incremental amounts of MTOACI in CDI2 solution: a) 0; b) 0.5; ¢) 1; d) 1.5; e) 2; f)

3 and g) 5 equivalents.
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Additional titration experiments in acetone solution were performed in order to gain
further evidences of the presence of the mixture of the two conforme3s<l arf
solution. In acetone solution, the ion-pairing is expected to be weaker, and this might
facilitate the assignment of the adducBdf and the salt. The gold(l) compl&8x1 was
titrated with incremental amounts of both salts, TBACI and MTOACI, in separate NMR
tubes. The result of the two titrations with the two salts are quite similar, in accordance
with the more polar environment provided by the acetone that minimizes the ion-
pairing, and therefor®.1behaves as a monotopic receptor (Figure 3.8). In both cases,
the chloride binding saturates after the addition of 1 equivalent, where the addition of
more equivalents of the salt only induces small changes. As well as in the titrations with

dichloromethane, a second set of signals was observed.
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Figure 3.8.Left panel)*H NMR (400 MHz, d-acetone, 298 K) spectra of the
titration of 3.1 (10° M) and TBACI: a) 0; b) 0.5; ¢) 1.0 and d) 2.0 equiv. Right panel)
H NMR (400 MHz, @d-acetone, 298 K) spectra of the titratiorBaf (10° M) and
MTOACI: a) 0; b) 0.5; ¢) 1.0 and d) 2.0 equivalent.

The higher solubility of the gold(l) complek1 in acetone allows to perform DOSY
experiments that helps in the assignment of the second set of the signals that appears
upon addition of chloride salt. It was observed that these signals are independent and
this confirms that the gold(l) receptor present two different conformations in solution
(Figure 3.9).
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Figure 3.9.Left panel) Selected region of the COSY NMR (500 MHz, acetafje- d
298 K) spectrum of TBACI and.1(ca. 3:1 ratio). Right panefelected region of the
COSY NMR (500MHz with cyroprobe, acetone;d298 K) spectrum of the MTOACI

and3.1(ca. 3:1 ratio).

3.2.2.3. Isothermal Titration Calorimetry (ITC) experiments in acetone

Isothermal titration calorimetry (ITC) is a physical technique that measures directly the
heat discharged or consumed where two molecules are in contact according to the basic
principle of thermodynamics. The amount of heat discharged or consumed upon the
host-guest interaction is defined as folloths:

K, [G] }

0= VOAHb[H]t{HT[G]

Where Q is heat evolved/absorbed; % sample cell volume; AHp is enthalpy of
binding per mole of guest; [Hiorresponds to the total concentration of the host in the
sample cell; K is binding constant; [G] is concentration of free guest. Thereby, ITC
allows to determine the entire thermodynamic parameters of the molecular binding that
includes the binding constant {K enthalpy (AH), entropy (AS), and the reaction
stoichiometry (n).

In this way, isothermal titration calorimetry (ITC) experiments have been performed to
characterize thermodynamically the binding processes in acetone of the receptors under
study. Moreover, this technique let us obtain a more accurate value for the binding
constant of host-guest complexes with the recépiiothat was not possible to measure

so rigorously with the other techniques.
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In all cases, the resulting exothermic binding isotherms showed a single sigmoidal
behavior with the inflexion point centered at 1:1, host-guest, ratio (Figure 3.10). The
curvature of the titration depends on the binding affinity, therefore, it is expected that
receptor3.1 has a lower binding constant value than the recé&ptor
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Figure 3.10.Top) Raw data for the ITC titrations 8fL (left) and3.1 (right) with
TBACI. Bottom) Normalized integration of heat vs TBAEL and TBACIB.1 molar
ratio, the fit of the extended binding isotherm (red line) also the experimental data is

also shown.

The fittings of the corresponding isotherms using a simple 1:1 binding model give the
thermodynamic parameters{BndAH) and are summarized in Table 3.1.
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Table 3.1.Apparent binding constants {KkM™), enthalpiesAH, Kcal mol™), free
energies (AG, Kcal mol™) and entropy (AS, Kcal mol™* K1) of the binding
equilibria of3.L and3.1 with TAACI salts (TAA = TBA" or MTOA") in acetone ai
295 K using direct ITC titrations.

Receptor 3.1 3.L

Salt TBACI MTOACI TBACI MTOACI
Kax 10% 1.0 2.4 4.8 7.1
AH -3.6 2.1 -3.0 -3.4
AG -5.5 -6.0 -6.3 -6.5
AS 0.011 0.010 0.006 0.013

The values of the binding constant for the anionic complexes in acetone show
differences between the two salts used. These values should be identical, since it is
expected that the salt used as chloride precursor was completely dissociated. However,

these results derive from not fully dissociation of ion-pairs in acetone solution.

The obtention of an accurate value for the apparent binding constant of the two
receptors with chloride, can be used to study the effect of the incorporation of gold(l)
atom into the chemical structure. The values obtained for the gold(l) complex are lower
than the obtained for the ligand, indicating a repulsive effect between the chloride and
the receptoB.1(see 3.2.3. Theoretical calculations). Finally, the binding of chloride in
both receptors is both enthalpy and entropy driven. The entropic term indicates the
importance of the solvation and desolvation processes that take place in polar solvent

(acetone) for the binding of chloride through hydrogen-bonding interactions.

3.2.3. Theoretical calculations

The results above show that the gold(l) receptor presents two conformers in solution
when it is interacting with the chloride anion and presents lower affinity for the binding
process than its organic precursor. DFT calculations were performed in order to
determine the modification of the electrostatic surface potential (ESP) at the center of
the aromatic ring provoked by the substitution of the terminal alkynyl hydrogen atom
by a gold(l) atom trying to rationalize the experimental results. For the sake of
simplifying, the ESP have been computed for 1-ethynyl-4-methyl benzene &hd [2-
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(methyl)phenyl]ethynyl](1,3,5-triaza-7-phosphaadamantene)Au(l), as model systems

of the two different aromatic walls of the receptors used in this chapter.

As shown in Figure 3.11, the incorporation of gold(l) atom in the chemical structure
doubles the ESP value at the center of the aryl ring. Therefore, the aryl group becomes
more electron rich and gold(l) complex prone a more repulsive ariiadeaction. This

result can be used to explain the lower affinity of the gold(l) complex used as a receptor
for chloride. Additionally, the existence of two conformers in solution during the NMR
titrations can be ascribed to the existence of stronger repulsive chtdritheactions.

These energetic repulsions might induce the bound receptor to adopt a conformation
different from the cone.

M 42

<39
Figure 3.11.Calculated ESP values for the model systems 1-ethynyl-4-methyl

- 40

benzene anf2-[4-(methyl)phenyllethynyl](1,3,5-triaza-7-phosphaadamantene)Au(l).
ESP cubes mapped at electron density value of 0.0004 a.u.

In order to assign the relative the energies and structures to the different binding modes
hypothesized for thedlc3.1]" complex, DFT calculations at bp86-D3 def2-SVP level

of theory and continuum solvent model using GAUSSIAN 09 have been performed.
Figure 3.12 depicts the energy-minimized structures in which the receptor adopts cone
and half-cone conformations. The calculations show that the cone conformation is 2.2
kcal mol* more stable than the half-cone conformation. So, we postulate that the two

different signals observed during the NMR titrations performed in dichloromethane-d
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and acetonesdcorrespond to these two conformations, being the cone conformation

favoured and present largely in solution.

Figure 3.12.Energy minimized structures bp86-D3 def2-SVR@t=3.1]": a)
receptor in cone conformation; b) receptor in half-cone conformation. The receptor is
shown in ball and stick representation. The chloride and the implicit acetone as CPK
models. The gold atom is displayed as scaled ball and stick. The calculation assigns
an energy advantage of 2.2 kcal/mol to the complex with the receptor in cone

conformation.

3.3. Conclusions

The synthesis of a mono gold(l) calix[4]pyrrole has been optimized being necessary a
column chromatography purification of the starting materials. The incorporation of a
gold(l) atom in the chemical structure provides luminescence properties in the resulting
compound. Despite this, the photophysical properties do not allow to study the host-

guest interactions between the gold(l) derivative and chloride.

NMR experiments in dichloromethane show that the parent li@andand mono-
gold(l) derivative 3.1 act as heteroditopic receptors in the binding of
tetraalkylammonium chloride salts producing 1:1 ion-paired complex. The receptors
show high selectivity and affinity for the binding of methyltrioctyl ammonium chloride
(MTOACI) compared to tetrabutyl ammonium chloride (TBACI) due to the better fit
of the methyl group of the MTOA cation in the cavity opposed to the anion binding

site. Moreover, the existence of a mixture of two conformers has been detected in the
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NMR titrations of gold(l) complex as host. This can be rationalized by DFT calculations
that show that there is an increase in the negative ESP value at the centre of the phenyl
ring that is responsible for this deleterious effect. Compowidsand 3.1 mainly

function as homotopic receptors for chloride in acetone solution.

ITC experiments allow us to determine accurately the apparent binding constants values
for gold(l) complexes and demonstrate that the cation effect of the salts is markedly
reduced in this solvent. Also, the difference in energy betw@krB[L] and [Clc3.]]

is in range 0.8-0.5 kcal mblin favour of the later and in agreement with the DFT

calculations.
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3.4. Experimental section

The synthesis of0a,200-bis(4-[ethynylphenyl])calix[4]pyrrole was carried out by Dr..
Qingging Surfrom Institut Catala d’Investigacié Quimica (ICIQ), Tarragona.

Synthesis of [Au{100,200-bis(4-[ethynylphenyl])calix[4]pyrrole}-(PTA)] (1).

A solution of [AuCI(PTA)] (32 mg, 0.08 mmol) in GBI, (5 mL) was added to a
solution of KOH 5 mg, 0.089 mmol) dn 100,200-bis(4-
[ethynylphenyl])calix[4]pirrole (50 mg, 0.083 mmol) in a mixture of MeOH (10 mL)
and DCM (4 mL). After 2 hours of stirring at room temperature, the resulting pale
yellow solution was concentrated to ca. 10 mL, and n-hexane (10 mL) was added to
precipitate a pale yellow solid. The filtered solid was recrystallized isOGHiexane

solution and isolated by filtration. Yield: 60 % (45 mg).

IH NMR (400 MHz, (CDR)2CO): 8.77 (br, 2H, N-H), 8.71 (br, 2H, N-H), 7.33 (d, 2H,
J=8.4 Hz), 7.12 (d, 2H, 3 8.4 Hz), 6.92 (d, 2H, J = 8.4 Hz), 6.77 (d, 2H, J = 8.4 Hz),
5.78 (m, 4H), 5.60 (s, 2H), 5.56 (s, 2H), 4.65-4.48 (d, 3H, J = 12.8 Hz, ANJ;H.50-
4.45 (d, 3H,J = 12.8 Hz, N-GHN ), 4.36 (s, 6H, P-CHN), 3.58 (s, 1H, EC-H), 1.87

(s, 3H, CH), 1.83 (s, 3H, Ch), 1.65 (s, 6H, Ch), 1.48 (s, 6H, CH). 3P{*H} NMR
(162 MHz, (CD)2CO, 298 K,5 ppm): -47.0 ppmESMS (+) m/z: 954.40 ([M + Hij,
calc.: 954.40). IR (KBr, ci): 3413 v(N-H), 3105v(C=C-H), 2092 v(C=C), 1637
v(C=0), 1590v(C=N).

3.4.1. NMR binding studies

NMR titrations were performed at the Institut Catdilvestigacié Quimica (ICIQ). A

10° M solution of the host was prepared in the corresponding deuterated solvent
(dichloromethane«] acetone-g). Subsequently, 0.5 mL of the solution was transferred

to an NMR tube. The remaining solution was used to prepare the titrant solution
(TBACI and MTOACI) at 20-30 fold higher concentration. Thus, the concentration of
the host was maintained constant during the titration. The host solution was titrated by
the addition of incremental amounts of the salt solution and recordidg &MR
spectrum after each addition.
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3.4.2. UV-vis titrations

UV-vis titrations were performed by preparing a dichloromethane solution of the host
(10° M). The same host solution was used to prepare MTOACI or TBACI solutions
(3-10% M). Thus, the concentration of the host was maintained constant through each
addition during the titration. The host solution was titrated by the addition of
incremental amounts of the salt solution and recording a UV-vis spectrum after each

addition.

3.4.3. ITC experiments

ITC experiments were performed By. Qinging Sun from ICIQ using a MicroCal VP-
ITC MicroCalorimeter with the VP Viewer 2000 software. Dichloromethane titrations
of host with MTOACI were carried out at 288 K by adding small aliquotd_(8.6 S)

of a 2.8-1G M solution of MTOACI into a 3.5.0* solution of host. The association
constants and the thermodynamic parameters of the binding meevese derived
using the “one set of sites” model included in the Microcal software. Acetone ITC
experiments with MTOACI and TBACI were performed at 288 K by injecting small
aliquots (8uL, 16 s) of 5.4- 18 M acetone solution of the salt using computer controlled

micro syringe into a 3- 1M solution of the host in the same solvent.

The association constants and the thermodynamic parameters of the binding processes
were obtained from the fit of the titration data to a simple 1:1 binding model using
HypAH software.

3.4.4. Theoretical calculations.
The theoretical calculations were carried out by Prof. Pau Bsllester from ICIQ. The
energy structures were obtained using DFT-dispersion method B&8&{2-SVP

level of theory and a continuum solvent model.
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CHAPTER 4

The role of gold on the luminescent properties of
coumarin derivatives
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4. THE ROLE OF GOLD ON THE LUMINESCENT
PROPERTIES OF COUMARIN DERIVATIVES

4.1. Introduction

Luminescent supramolecular materials have attracted considerable attention for being
environmentally safer and are easier to modulate compared to the pure inorganic
materialst Currently, these compounds can be applied in electronic displays,

luminescent switches, sensors and optical devices.

In this field, phosphorescent compounds have become especially important for a variety
of applications in different fields such as photodynamic thetdpgimaging? optical
limiting,® photon upconversiohlight-emitting diodes (OLED$)and oxygen sensirfy.

In particular, singlet oxygen production stays at the forefront of research due to its
reactivity as a synthetic reagérnt, as an intermediate in oxygenation reactions of
polymers2or as a reactive oxygen species (ROS) for biological purgdses.

Unlike other molecules, oxygen’s electronic ground state has a triplet spin, Oz(X3Z§).

The two lowest energy excited electronic states of oxygen are the singlet states
(Oz(a'Ag) and Q(b'Y)). In solution, Q(b'Y}) generally decays to thex(@'Ag) state

before having time to react with another molectiBinglet oxygen can be formed, for
example, by energy transfer from a photoexcited dye. This can be detected because
singlet oxygen returns to its triplet ground state and, consequently, it emits

phosphorescence at 1270 nm (Figure 4.1).
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Figure 4.1.Diagram illustrating the formation of singlet oxygen.

Thus, the presence of a molecule (photosensitizer) that has populated its lowest energy
triplet state is needed since the mechanism of producing singlet oxygen goes through
an energy transfer from a triplet excited state. For this reason, an effective intersystem
crossing is necessary and this may be favoured through different ways such as: host-
guest interactions, halogen bondfig’ hydrogen bonding® aromatic carbonyl
group®?° or charge transfer stat€sBut one of the most common and effective
methods is the introduction of a heavy atom, such as a transition metal in the chemical
structure of the photosensitizer due to its high spin orbit coupling. Among all the metals
used in the literature for singlet oxygen production, gold(l) is scarcely explored and

only few examples have been reported in the literature in this?fiéfd.

Coumarin derivatives are well-known for their photochemical and photophysical
properties’® The spectroscopic properties of coumarin can easily be tuned by the
introduction of substituents at different positions of the coumarin skeietbithis

allows to obtain compounds that strongly differ in their spectral and emissive abilities.
Recently, coumarin derivatives have been received much attention due to their relative
ease synthetic modification and excellent photophysical stability including high
fluorescence quantum yieldCurrently, a variety of coumarin derivatives have been
extensively studied in the research fields of organic optoelectric materials such as laser

dyeg°% or aggregation induced emission (AIE) emitt&r&
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Thereby, coumarin derivatives can provide great possibilities of molecular design for
the synthesis of gold(l) complexes. A few years ago, a series of new coumarin gold(l)
coumarin complexes were reported in our gréufhese complexes were found to
favour the coumarin phosphorescent emission when the gold(l) atom was coordinated
to the coumarin chromophore through an alkynyl moiety. Taking this into
consideration, in this chapter, the synthesis and comprehensive photophysical
characterization of different coumarin gold(l) derivatives was undertaken (Figure 4.2).
The effect of the presence of different electrondonating/electronwithdrawing
substituents at the coumarin ring on the resulting photophysical properties has been
analysed. Additionally, the potential use of these complexes as photosensitizers for the

generation of singlet oxygen was also investigated.

Ry

s~ Re 4.1: R,=H;R,=H
4.2: Rl = R2:
o 0 4.3: R, = Rz‘@

(0
/ o donor electrodonating group

R,p—AU weak electrowithdrawing group
o
N7\
N v
r\t\" >
N— N>
ot o=l
PTA DAPTA
a b

Figure 4.2.General structure of gold(l) derivatives synthesized in this chapter.

4.2. Results and Discussion

4.2.1. Synthesis and Characterization

The synthesis of the organic alkynyl ligands is the first step for the obtention of the
gold(l) coumarin derivatives. The propargylation of coumarin derivatives have been
prepared following the method previously reported by us (Scheme®34.1).
Commercially available hydroxycoumaridsLi-z were made react with propargyl
bromide in deoxygenated acetone in the presence ofCOK The
propynyloxycoumaringl.1-3 were obtained after 18-36 h of stirring under reflux and

after purification by column chromatography in good yietts 75%).
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R, / R,
Rz K,CO;

Br X R,
Acetone, 50 °C
HO o~ 0 ’ /\0 o~ o
Z
4L R, =H;R,=H B - R, -H
4L2 R] =CH3; R2=H 42 R1=CH3; R2=H
4L3 Rl = CH3; R2 =(Cl 43 Rl = CH3; Rz = Cl

Scheme 4.1Synthesis of propynyloxycoumarin ligands.

The compounddg.1 and4.2 were previously describ&dand their correct formation

was corroborated by comparison of the previous spectroscopic data. Comlmsl

been characterized B4 NMR, IR and mass spectrometry showing the signals of the
protons of the coumarin and the propargyl groups in the NMR spectrum and the typical
vibrations of both carbonyl and terminal alkynyl groups in the same molecule in the

corresponding IR.

Gold(l) coumarin derivatives4.1-3a (containing PTA phosphane) andl1-3b
(containing DAPTA phosphane) were obtained by deprotonation of the terminal
alkynyl proton of4.1-3 with a KOH solution in methanol and by the subsequent
addition of a stoichiometric amount of [AuUCI(B)RIPR: = PTA or DAPTA) complexes
dissolved in dichloromethane (Scheme 4.2). Compouhtla-b and 4.2a-b were
previously described and the recorded spectroscopic data indicates their correct

formation in pure form.

l11 Rl
R R
P 0~ N0  MeOH/CH,Cl, "0 o Yo
2h, RT. Ad
41:R,=H;R,=H R;P
T 0*(/\
4.3:R; = CHy; R, = Cl
1 3> K2 /\ VN/\P
NN N
PR;: NX LN
LN 1
)
PTA (a) DAPTA (b)

Scheme 4.2Synthesis of the propynyloxycoumarin phosphane gold(l) complexes
4.1-3aand4.1-3h
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The complexed.3a-bwere characterized Bi and®P NMR and IR spectroscopy and
ESI(+) mass spectrometry. The correct formation of the complexes was evidenced by
the disappearance of the terminal alkynyl proton clearly observed in the corresponding
IR andH NMR spectra. The protons of the phosphanes follow the typical patterns of
PTA and DAPTA (Figure 4.3F'P{*H} NMR spectra show also a single pe&ak 10

ppm downfield shittdwith respect to the [AUCI(P} precursors, as observed for other
similar compound$33 The molecular peaks have been obtained by ESI (+) mass
spectrometry for all the [M + H monoprotonated species.

a CHs
b Cl
d \
?-I oo f
b+c d

=
- ——
e
(1]

CH,4
jone
f
o 7 d

I\RE/AU/\O
™

N

DAPTA
a C N J

T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5
f1 (ppm)

Figure 4.3 *H NMR spectra o#t.3 and4.3bin CDCl.

4.2.2. Photophysical Characterization

Absorption, fluorescence emission and excitation spectra of all the studied gold(l)
complexes4.1a-hb 4.2a-band4.3a-b) and the different propynyloxycoumarih.{-3
precursors were recorded in acetonitrile at room temperature (293 K) and are displayed
in Figure 4.4. Phosphorescence emission was recorded in 2-methyltetrahydrofuran at

low temperature, 77K (Figure 4.4). The absorption, fluorescence and phosphorescence
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emission data, Stokeshift and transient absorptiod;  T,) for all complexes are

summarized in Table 4.1.

4.3

@ =1
o 1
c 4.2a 5“
© =
e gl
2 —_
e Q
< : D c

1.0} 4.1b 1 4.2b 1

0.5} N\ |

0. N
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A(nm)

Figure 4.4.Normalized absorption (black line), fluorescence emission (red line)
spectra in acetonitrile, at 1.3-1M concentration, and at 293K, and phosphorescence
emission (blue line) spectra in 2-MeTHF, at 77K, of alkynylcoumarin phosphane

gold(l) complexes and alkynyl coumarin precursdri 3.
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Table 4.1 Absorption, emission and phosphorescent maxima, Stokes’ shift and
transientT'y — T,, maxima of alkynylcoumarin phosphane gold(l) complex
(4.1a-h 4.2a-band4.3a-b and propynyloxycoumarin precursofsi-3.

Jabs  1iR(§-8) IMMT-S) Ay [PNTT)

Compound

(nm) (nm) (nm) (cm?) (hm)
4.1 316 381 504 5399 -
4.1a 320 381 503 5003 480
4.1b 321 381 507 4906 480
4.2 316 374 489 4908 -
4.2a 318 373 491 4637 480
4.2b 318 374 493 4709 480
4.3 323 390 524 5319 -
4.3a 325 393 525 5324 480
4.3b 328 392 528 4978 480

Absorption and emission spectra of gold(l) complexes are identical to those of their
propynyloxycoumarin precursofs1-3as previously observed fdrla-b and4.2a-b

in methanof?® This indicates that the spectral properties are essentially dependent on
the propynyloxycoumarin ligand. The absorption spectra displaytaintraligand
transition band at ca. 315-330 nm related to the coumarirt®fiifThe coumarin
fluorescence emission is observed at ca. 375-395 nm and the phosphorescence
vibronically structured band at ca. 490-530 nm is only observed at low temperature (77
K). The small Stokesshift in all the compounds supports the fluorescence origin of the

emission.

A general trend can be deduced comparing the absorption and emission maxima of the
compounds. There is a red-shift in the ord&, 4.2a-b< 4.1, 4.1a-b< 4.3, 4.3a-b

where the presence of an electrondonating grdibderivatives) induces a blue-shift

of the bands. On the contrary, the introduction of an electronwithdrawing group, such

as the chlorine id.3 induces a red-shift of the band, modifying the transition energy.

Ns-transient absorption (ns-TA) spectra were recorded in order to get further
information of the triplet excited state population at room temperature, since

phosphorescence was only detected at low temperature. The transient triplet-triplet
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absorption spectra of the compounds were recorded in acetonitrile solutions at 293 K
by using the laser flash photolysis equipment upon excitation of the samples at 266 nm
of degassed acetonitrile solutions and are depicted in Figure 4.5. It can be recorded a
broad triplet-triplet absorption band with a maximum that is basically constant for all
the gold(l) compounds (ca. 480 nm). Thus, this means that the triplet state of all
compounds is populated at room temperature and that it is essentially localized at the

coumarin unit.

4ps ) ’ = 4us
oo 4.1b oo
8us 8us
10 us 10 us

12 ps 12 ps 0.008
16 pus o 16 ps
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0.016

A & 4 »p o
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Figure 4.5. Transient triplet-triplet absorption spectra at selected time delays (right
inset), time evolution of the transients for acetonitrile solutions of the corresponding
gold(l) complexes4.1a-h 4.2a-h 4.3a-b), at T=293 K. All spectra obtained withp N

saturated solutions

Fluorescence, phosphorescence, singlet oxygen sensitization quantum yields and
lifetimes were measured, and the corresponding rate constants were calculated and
summarized in Table 4.Eluorescence quantum yields do not change in the absence of
oxygen, confirming the assignment of a singlet to singlet transition. A general trend can
be deduced comparing the fluorescence and phosphorescence quantum yields at low

temperature (77 K). Phosphorescence quantum yields increase when gold(l) is
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incorporated in the chemical structure. This is a clear indication that gold promotes the
intersystem crossing due to the heavy atom effect (increase of spin-orbit coupling,
SOC). An exception is the case of gold(l) complex&a-bh whose phosphorescent
guantum yields are barely affected in comparison with their organic precuBsor
Additionally, the sum of the fluorescent and phosphorescence quantum yields is

relatively high (always above 67%) and in the casés2ifand4.3 are equal to 1.
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Table 4.2 Photophysical properties including quantum yield (fluoresceﬁﬁephosphorescencéph, singlet ox

crossing,¢ir , and internal conversionﬁc ), lifetimes (T, ’pyand 77 ) and rate constankﬁ, kNR, kQ,kK; and k|5C) o]

(N2 sat.) acetonitrile solutions at 293K and 77K for the investigated comy

compound _¢F e O O +0p, F ‘o T ) ¢ ¢
(with Oy) (N2 sat.) e - e (ns) (s) (us) A Ic
293K 293K 293K 77K 293K
4.1 0.008 0011 0621 0048 0669 0012 077 - - - :
4.1a 0.01 0011 o578 0134 0712 0032 068 40 0.04 0.05 0.94
4.1b 0.011 0012 (o558 0133 0691 0038 065 10 0.04 0.35 0.64
4.2 0.013 0016 0677 0198 0875 0035 1.06 - - - :
4.2a 0.024 0025 0406 0347 0753 0084 084 26 0.06 031 067
4.2b 0.03 0032 0539 0461 1 0078 074 15 0.07 0.24 0.73
4.3 0.613 0666 0975 0.05 1 215 0224 - - - -
4.3a 0.658 0.711 0628 0.058 0.686 2.36 0.145 34 012 0.11 0.23
4.3b 0.665 0.728 052 0.048 0568 25 0154 37 018 0.24 0.10
b =1- (4 + 41 )k :¢_F;kNR = - f) K = Sl ;klsc:ﬁ
Te Te Te Te
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Fluorescence is a radiative pathway that competes with the following internal factors: the
non-radiative internal conversion to the ground state and the intersystem crossing to the
triplet state (Figure 4.6).

¢

Sy
)L\l/(\l/s\gv\’\ T
.| ]
¢F kf kIC ¢|C
]
So

Figure 4.6.Simplified diagram of the deactivation processes from the excited states.

The values of the radiativedk internal conversion (&), and the intersystem crossing
(kisc) rate constants were calculated for all the compounds. In genaah&ins constant

for all the compounds with values ranging from 0.3-0.%. Ade internal conversion,
which is radiationless decay pathway is dominandftr4.1a-band4.2 4.2a-b. Chlorine
derivatives 4.3 4.3a-b are an exception where the internal conversion rate constant and
the intersystem crossing constant is much lower than for all the others compounds in

agreement with the highest recorded values of the fluorescence quantum yields.

The triplet quantum yields populatio() of gold(l) complexes are in the range of 0.05-

0.35% which are moderate. Interestingly, the incorporation of a methyl group at the 4
position of the coumarird(2a-b) favour the intersystem crossing as previously observed
in the group’® Additionally, the phosphane plays an important role in compodrigs

b, being the complex containing DAPTA.{b), the gold(l) complex that presents the

highestd; .

4.2.3. Singlet oxygen production
Singlet oxygen'Oy, is usually formed when the excitation energy is transferred from the
triplet of a molecule acting as sensitizer to the triplet ground state of the oxygen. The

molecule used as photosensitizer should exhibit the following properties: (a) high
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absorption coefficient in the spectral region of the excitation wavelength; (b) a well-

defined triplet state with appropriate energy>R5 kJmol?, to allow the efficient energy

transfer to the oxygen ground state; (c) high quantum yield of the triplet &tate).4;

(d) long triplet state lifetime7; > 1 us, since the efficiency of the photosensitizer is

dependent on the photophysical properties of its lowest excited triplet state; and (e) high
photo-stability**

Since the gold(l) compounds under study present moderate triplet quantum giglds (

considering an efficient energy transfer process is feasible. For this ré@sgoantum
yields, ¢a, were determined by direct measurement of the phosphorescence at 1270 nm
using 1H-phenal-1-one as standard reference. @halues (4-18%) obtained are
moderate compared with other gold(l) complexes found in the literZttitaterestingly,

it can be observed that the phosphane plays a direct role in this process since an increase
of the singlet oxygen quantum vyields is observed in the cases of compb@hdmd

4.3b. The compounds containing an electronwithdrawing grdupa-b present the

highest singlet oxygen quantum yields. Although these compounds do not present the
highest values of triplet quantum vyields, they have the highest triplet lifetimes and the
ability to produce singlet oxygen depends largely on the production of a long-lived triplet

state?®>4®

Rate constants for the energy transfer from the gold(l) complexes to the molecular oxygen

were obtained from equation 1,

1

ko= (5—) @ O

—
wheret? is the triplet lifetime in the absence of oxygen andwhén the presence of

oxygen and [Q] is the concentration of the quencher (oxygen).

The values of the rate constants,ate displayed in Table 4.2 and are in the order of
10'°s?, which are slightly higher than the pure controlled diffusion reaction rates in this
solvent (kir = 1.9-18° Lmols?). This indicates that the process is not purely diffusional
and an interaction between the ground states of the molecular oxygen and the gold(l)

complexes, which increases the rate of the energy transfer process, cannot be discarded.
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4.2.4. Theoretical studies

Theoretical studies were performed in collaboration with Prof. Gabriel Aullén from the
Universitat de Barcelona in order to understand better the obtained photophysical results.
The different molecular geometries were optimized by DFT calculations, and the main
expected transitions have been analysed. Absorption spectra for the alkynyl coumarins
precursors and gold(l) complexes reproduce the same trends than the experimental data.
These studies let us identify that the observed shift of absorption maxima in thé.®yder
4.2a-b<4.1, 4.1a-b< 4.3, 4.3a-bis due to the modification in the HOMO-LUMO energy

gap which is affected with the substituents located at the 3 and 4 position at the coumarin

ring (Figure 4.7).

Energy/au
-0.05
x (Cou)umo  — %/

14 ' 3 o /
-0.10 - » /f“\

-

-0.15 —

308 nm 305 nm 317 nm

E]:S_iz ' o Wy

\ i
(Cou)uomo —?4— ++—

4.1 4.2 4.3

-0.25

Figure 4.7. Schematic representation of main expected transition in the absorption

spectra of organic coumarins (4.1-3).

The phosphorescent properties and the probability of the intersystem crossing of the
coumarin derivatives is determined not only from the nature of the excited singlet and
triplet states but also by the energy gap between them. In this way, the geometries for the
first singlet and triplet states were optimized. Thd Senergy gaps and the bent angles
were also calculated. The energy of the triplet state and the energy gap obtained is
practically independent of the coordination of gold(l) in the chemical structure, and there
is only small variation between each family of coumarins (Table 4.3).
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Table 4.3 Calculated energies for lowest singlet and triplet stata& T, (in eV, and nm in
parenthesis) from the ground stagdd® the coumarin derivatives in acetonitrile solutiopTS

energy gap and bent angl@€* O') are also shown.

Si-T1 Energy

Compound S1 T1 gap 0C*0h
4.1 4.02 (308) 2.62 (473) 1.24 179.9
4.1a 3.89 (318) 2.61 (475) 1.13 180.0
4.1b 3.98 (312) 2.61 (475) 1.22 179.8
4.2 4.07 (305) 2.70 (459) 1.2 179.7
4.2a 4.00 (310) 2.69 (461) 1.15 179.2
4.2b 4.03 (308) 2.69 (460) 1.18 179.7
4.3 3.91 (317) 2.53 (489) 1.17 165.7
4.3a 3.82 (325) 2.53 (491) 1.1 165.1
4.3b 3.87 (320) 2.53 (490) 1.15 165.1

A detailed analysis of the optimized geometries of all the compounds has been carried
out in order to understand the absence of phosphorescence in the family of compounds
4.3. Although in all cases the atoms remain in more or less planar enviror@@&®4

in Table 4.3, a significant deformation of the lactone rings is observed in the compounds
of series4.3, being practically planar in the familidsl and4.2 So, a major structural
arrangement is needed to involve triplet states in the family of compauBdsven

though a low gap is calculated, and therefore only fluorescence is observed.

4.3. Conclusions

Three series of gold(l) complexes containing different substituents in the chemical
structure of propargyloxycoumarin chromophores were successfully synthesized and a
comprehensive and in depth photophysical characterization was performed. The
photophysical properties of the gold(l) complexes are mainly due to the
propargyloxycoumari ligands since they present a similar profile. The experimental data
together with the theoretical calculations show that the excited state is mainly located in
the ligand. Internal conversion dominates the deactivation of the excited states of gold(l)
complexest.1la-band4.2a-b whereas the dominance of the radiative fluorescence decay

is observed for the compounds that contain the electronwitdrawing gr8aph Finally,
the gold(l) compounds sensitize singlet oxygen with the highestalues of 12% and

18% obtained for the chloro derivatives3a-b).
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4.4. Experimental Section

4.4.1. General procedures

All manipulations have been performed under pre-purifiecuding standard Schlenk
techniques. All solvents have been distilled from appropriated drying agents. Commercial
reagents 1,3,5-triaza-7-phosphatricyclo[3.3.1.13.7]decane (PTA, Aldrich 97%), 3,7-
diacetyl-1,3,7-triaza-5- phosphabicyclo[3.3.1Jnonane (DAPTA, Aldrich 97%).
Deoxygenation was done by bubbling the solutions with a stream of argon or nitrogen
during approximately 20 min. All measured solutions were freshly prepared (within the
day) unless noted otherwidaterature methods have been used to prepare [Au@PR
(PRs = PTA® DAPTA®), 4.1%3 4.1a-b%, 4.2, 4.2a-h%3

4.4.2. Physical Measurements

Infrared spectra have been recorded on a FT-IR 520 Nicolet SpectrophotorhdisiR

(5(TMS) = 0.0 ppm) 3P NMR ©(85% HPQy) = 0.0 ppm) spectra have been obtained

on a Varian Mercury 400 and Bruker 400 (Universitat de Barcelona). Electrospray-Mass
spectra (+) have been recorded on a Fisons VG Quatro spectrometer (Universitat de
Barcelona). Absorption spectra were obtained in a 5 mm or 10 mm quartz cuvette in
acetonitrile 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-Jgkion 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.
-Fluorescence Quantum Yields determination

Emission quantum vyields of the compounds were determined with Hamamatsu
Quantaurus QY absolute photoluminescence quantum yields spectrometer model C11437
(integration sphere) at the Departamento de Quimica from Universidade de Coimbra

during a short stage period.
-Lifetimes measurements
Fluorescence lifetimes have been recorded at the Departamento de Quimica from

Universidade de Coimbra.
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Fluorescence lifetimes were measured by using a home-built picosecorabtisiated

single photon counting (TCSPC) apparatudt consists of a IBH PicoLED (with
excitation at 275 nm) as excitation source light, a double substractive Oriel Cornestone
260 monochromator and Hamamatsu microchannel plate photomultiplier (R3809U-50).
The signal acquisition and data processing are performed with Becker & Hickl SPC-630-
TCSPC module. The fluorescence decays and the intrumental response functions (IRF)
were collected using 1024 channels in time scales varyig from 3.26 to 6.4 ps/channel
scale, until 2000-5000 counts at maximum were reached. The full width at half-maximum
(fwhm) f the IRF was 0.95-1.10 ns. Deconvolution of the fluorescence decay curves was
performed using the modulation function methods as implemented by Stricker et al. in
the SAND2 which allows a value of ca. 10% of the fwhm (9 ps) as the time resolution of

the equipment with this escitation source.
- Laser Flash Photolysis Experiments.

Transient absorption spectra were measured using flash photolysis setup composed of a
LKS 60 ns lased photolysis spectrometer at the Departamento de Quimica from
Universidade de Coimbra. Applied Photophyics with a Brilliant Q-Switch Nd YAG laser
from Quantel using the fourth harmoniasx(= 266 nm, laser pulse half width equal to 6

ns). Transient absorption spectra were obtained by monitoring the optical density change

at 5-10 nm intervals at least 10 decays at each wavelength.
- Singlet Oxygen Yields

Room-temperature singlet oxygen phosphorescence was detected at 1270 nm with a
Hoiba-Jobin-Yvon SPEX Fluorog 3.22 using the Hamamatsu R5509-42 photomultiplier
previously reported at the Departamento de Quimica from Universidade de Coimbra. The
use of a Schott RG 1000 filter was essential to eliminate from the infrared signal all the
first harmonic contribution of sensitizer emission in the region below 850 nm. The singlet
oxygen formation quantum yield was then determined by direct measurement of the
phosphorescence at 1270 nm following irradiation of the aerated solution in acetonitrile
of the samples. 1H-phenal-1-one in acetonitripg £ 0.98) was used as standard
reference? applying eq. (2).

__ ref Emissioniz;0 nm
q)A - q)A .. Tef (2)
EMission ;70 nm

with q;zefthe singlet oxygen formation quantum yield of the reference compound.
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4.4.3. Synthesis and Characterization

Synthesis of 3-chloro-4-methyl-7-(prop-2n-1-yloxy)-1-benzopyran-2-one (4.3)

Solid 3-chloro-4-methyl-7-hydroxy-1-benzopyran-2-one (0.20 g, 0.95 mmol) 0@

(0.164 g, 1.2 mmol) were dissolved in deoxygenated acetone (50 mL). After 5 min of
stirring, propargyl bromide (132 pL, 1.2 mmol) was added dropwise and the solution of
the reaction was concentrated to dryness, extracted with ethyl acetate-water, and purified
by silica chromatography using dichloromethane-ethyl acetate, 9:1, as an eluent to obtain
a white solid in 75% vyield (277 mg).

IH NMR (CDCk, ppm): 7.56 (d, J = 8.4 Hz, 1H-O-CH-CH), 6.98 (d, J = 8.4 Hz, 1H,
O-C-CH-CH), 6.96 (s, 1H, CGCH-C), 4.77 (d, J = 2 Hz, 2H, GH 2.58 (t, J = 2.4 Hz,
1H, C=CH), 2.56 (s, 3H, CH3). IR (KBr, cnb): 2100 (C=C), 1670 (C=0). ESI-MS (+)
m/z: 249.03 ([M+H]T, calc: 249.02).

Synthesis of [Au{3-chloro-4-methyl-7-(prop-2in-1-yloxy)-1-benzopyran-2-one}-
(PTA)] (4.3a)

A Solution of KOH (10.4 mg, 0.18 mmol) in methanol (2 mL) was added to a solution of
3-chloro-4-methyl-7-(prop-2-1-yloxy)-1-benzopyran-2-one (25 mg, 0.11 mmol) in
methanol (5 mL). After 30 min of stirring a dichloromethane solution (5 mL) of
[AuCI(PTA)] (41.5 mg, 0.11 mmol) was added and the solution was maintained at room
temperature protected from the light with aluminium foil. After 1h of stirring, the solution
was concentrated to ca. 2 mL and hexane (5 mL) was added to precipitate an orange pale

solid which was filtered and obtained in 47% yield (30mg).

H NMR (CDsCN, ppm): 7.67 (d, J = 8.8 Hz, 1H;-O-CH-CH), 6.99 (d, J = 8.8 Hz, 1H,
O-C-CH-CH), 6.93 (s, 1H, C&CH-C), 4.81 (s, 2H, Cb), 4.52-4.36 (AB q, J = 13 Hz,
6H, N-CH2-N), 4.19 (s, 6H, NSH2-P), 2.54 (s, 3H, CH). *'P{*H} NMR (CDsCN, ppm):
-49.9. IR (KBr, cmb): 2100 (C=C), 1670 (C=0). ESI-MS (+) m/z: 602.0667 ([M+H]
calc: 602.0596).
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Synthesis of [Au{3-chloro-4-methyl-7-(prop-2in-1-yloxy)-1-benzopyran-2-one}-
(DAPTA)] (4.3b)

Details of synthesis of.3a were also applied to the preparation of this compound but
using DAPTA instead of PTA phosphane. A pale orange solid was obtained in 69% yield
(50 mg.

H NMR (CDCk, ppm): 7.51 (d, J = 8.8 Hz, 1H-O-CH-CH), 7.10 (s, 1H, CGCH-
C), 6.96 (dd, J = 8.8 Hz, 1H-Q-CH-CH), 5.78 (d, J = 14 Hz, 1H, BH>-N), 5.58 (m,
1H, N-CH.-P), 4.95 (d, J = 14 Hz, 1H, 8H>-N), 4.86 (s, 2H, Chb), 4.66-4.56 (m, 2H,
N-CHz-N + N-CH-P), 4.09-4.03 (m, 2H, N\GH2-N + N-CH-P), 3.81 (s, 2H, NGH2-P),
3.46 (d, J = 16 Hz, 1H, ITH.-P), 2.55 (s, 3H, ChJ, 2.10 (s, 6H, NSO-CHg). 3'P{H}
NMR (CDCk, ppm): - 22.4. IR (KBr, cm): 2110 (C=C), 1622 (C=0). ESI-MS (+) m/z
674.0877 ([M+H], calc: 674.0803).
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CHAPTER 5

Solvatochromic and mechanochromic BTD-gold(l)
l complexes

Part of this Chapter has been submitiedA. Pinto, M. Echeverri, B. Gomez-Lor., L.
Rodriguez. Inorg. Chem. Front. QI-RES-07-2021-000849.
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5. SOLVATOCHROMIC AND MECHANOCROMIC  BTD-
GOLD(l) COMPLEXES

5.1. Introduction

Organic electronics is an area of materials science dealing with electrically conductive
polymers and conductive small molecules. In this kind of materials, the behavior of a
single electron depends on the energy of the highest occupied molecular orbital (HOMO)
ard the lowest unoccupied molecular orbital (LUMO). The design of molecules with
tunable HOMO and LUMO levels allows to achieve a control over the properties of the
materials. The molecules with low HOMO/LUMO gap are of particular interest due to
their ability to easily donate or accept an electron, which is the basic process in all organic
electronic devices. There are two basic strategies to endow a low HOMO/LUMO gap: 1)
by extendingt-conjugation in the molecule and 2) by construction of covalent -electron

donor (D) and m-electron acceptor (A) compounds. On the basis of the second strategy,
the intensity and position of the intramolecular charge transfer band of the donor-acceptor
system depends on the nature of the linker between the two units and the substituents

influencing the donor or acceptor character.

In the last few years, benzothiadiazole (BTD) unit (Figure 5.1), which is an electron
acceptor fluorophoréhas emerged as a promising molecular design motif for various
applications such as organic field-effect transistdrslight emitting diode$,
photovoltaics, redox switchable donor-acceptor systeursfluorescent probesamong

others.

Figure 5.1.General chemical structure of the 2,1,3-Benzothiadiazole (BTD) unit.
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In particular, BTD derivatives present desirable characteristics for organic light
technology, such as: 1) the strong electron withdrawing properties that can be used for
electron carriers; 2) high fluorescence quantum efficiedc®sn general, well-ordered
crystal structures due to their highly polarized properties, which engage a variety of
supramolecular interactions such as hydrogen bonding, chalcogen S---N bomding or
interactions”® 4) its electron deficiency moiety presents n-type semiconducting
properties, which can be used as units of electron acceptors for conducting mdterials.

The development of synthetic methods and research on the properties of purely organic
BTD derivatives has been stimulated in the last years. However, the use of metals for the
construction of new BTD-derivatives has received much less attention. The presence of
two s|F nitrogen atoms on the thiadiazole ring to the BTD unit can act as a coordinating
motif for transition metal$! On the other hand, the introduction of coordinating
substituents on the benzene ring allows also the possibility of introducing a metal in the
chemical structure. Interestingly, the combination of BTD ligand and a metal may induce

new properties or modify some characteristics of the ligand.

On the other hand, organometallic architectures containing metal-acetylide motifs have
received much attention due to strong interactions between the metal arsl/gtem of

the ligand. Heavy atoms, such as gold(l), can improve the efficiency of the light emitting
diodes by favouring an emissive triplet state through the promotion of the intersystem
crossing (ISC) transition. Furthermore, as it has been stated in previous Chapters of this
Thesis, gold(l) complexes are able to establish Au(l)- --Au(l) interactions that play an
important role on the resulting luminescent properties. Although gold(l) complexes
generally display phosphorescence owing to the large spin-orbit coupling (SOC) constant
(Eau ~ 5100 crt), ligand-centered fluorescence has also been reported in a number of
gold(l) complexes. Indeed, the few examples of gold(l) congsleantaining BTD units

that are reported in the literature display radiative fluorescence emiéston.

The introduction of molecules in a thin film have emerged as a potential tool for their
deposition on a substrate, since the emission in solid state of the compounds is crucial for
practical device applications. Also, the introduction of the compounds in a patymer
matrix can enhance some of the properties of the compounds. Generally speaking, the
luminescence of m-conjugated compounds is quenched in solid state due to a promotion
of the non-radiative pathwa§. Hence, the polymer allows the dispersion of the
compounds and also ensure a rigid environment in order to reduce vibrational movements
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since it presents long and intertwined chains. Recently, we observed in our group that the
inclusion of gold(l) compounds in polymer matrixes such as PMMA or Zeonex improves
the phosphorescence emission quantum yields of these compgatfhds.

In this context, we have designed in this chapter gold(l) complexes containing a BTD
core with terminal AUPRs or Au-carbene groups that contain flexible chain in order to

favour the alignment and intermolecular contacts of the molecules. The effect of the steric
hindrance and the planarity of the complexes on the resulting photophysical properties
has been evaluated by the incorporation of two different types of ligands coordinated at
the terminal position of the gold(l) atom: phosphanes and carbenes. Specifically, the
resulting solvatochromic and mechanochromic properties and the inclusion of the

molecules in polymér matrixes have been explored.

5.2. Results and discussion

5.2.1. Synthesis and characterization

5.2.1.1. Synthesis of imidazolium salts

Three different imidazolium salts that differ in the aromaticity of the backbones were
synthesized (Figure 5.2hm1 andIm2 were synthesized by slight modifications of a
previously reported experimental method (Scheme5#)Briefly, the commercially
available imidazole and benzimidazole were reacted with ethyl iodide in acetonitrile
yielding the imidazolium saltiml andIm2 in good yieldsIm3 was synthesized by
slight modifications of a previously reported experimental method (Scheniétba?)
requires four synthetic steps. The commercially available 9,10-phenanthrenequinone was
initially reacted with formaldehyde and ammonium acetate in acetic acid to give rise the
1H-phenanthro[9,10-d]imidazole. Subsequent deprotonation of the NH proton by the
addition of a strong base yields the ionic compound that was isolated by the addition of
diethyl ether. Then, the alkylation of the deprotonated imidazole with ethyl iodide at
130°C in DMF yields 1-ethylphenanthro[9,10-d]imidazole. Finally, a second alkylation

with ethyl iodide provides the imidazolium shtt3.
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\/N
Im1 Im2 Im3

Figure 5.2.Imidazolium salts used in this work.
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L — — L/
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Scheme 5.1Synthesis of the imidazolium saltal andim2.

CH,0
‘ acetic acid O N> acn/dmso DMF
(o] 4h, reflux N/ 1-2,5h RT N overnight, 130°C
2- overnight, 37°C
DMF
N overnlght 130°C N+ 1

Scheme 5.2Synthesis of the imidazolium s&th3.

5.2.1.2. Synthesis of gold(l) benzothiadiazole-based derivatives containing phosphanes
The synthesis of gold(l) complexes was performed through two subsequent steps. The
first step was the reaction of the previously synthesized 4-ethyfayl-7-
nonylphenyl)benzolc][1,2,5]thiadiazolg,L with AuCl(tht) to yield [Au(4-ethynyl-74-
nonylphenyl)benzo[c][1,2,5]thiadiazolg)]5.1). This polymer was isolated and made
then react with one equivalent of the corresponding phosphagepRford the desired
products [Au(4-ethynyl-{4-nonylphenyl)benzo[c][1,2,5]thiadiazole)(BR (PR: =
triethylphosphanes(2), triphenylphosphane(3) and tri-1-naphthylphosphan.4)) in

yields above than 70% (Scheme 5.3).
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PRs
Au

S/N\ ||
= AcONa S/N\ O PR3 N
AuCl(tht s \
[ ( )] . CHzclz, 1h, RT. \N/
CH,CIl,/MeOH, 30 min, RT.

CoH1g ‘

— —'n CoHyqg

5.L 5.1 PR; = PEt; (5.2), PPh; (5.3),

PNaph; (5.4)

Scheme 5.3Synthesis of the gold(l) benzothiadiazole-based derivatives.

All complexes were characterized By and®'P NMR and IR spectroscopy as well as by
HRESI-MS (+) in the case &.2 and5.3 and MALDI-TOF in the case d&.4. The'H

NMR spectra display the expected proton patterrisloais well as the protons related to

the phosphane. The disappearance of the terminal alkynyl proton is a clear indication of
the formation of the complexe8P{*H} NMR spectra display in all cases only one peak,
that is ca. 50 ppm downfield shifted with respect to the free phosphane upon coordination
to the metaf®?! The characteristic vibration of v(C=C) around 2100 cm? is
approximately 100 crhshifted to longer wavenumbers with respect to the same vibration
in the polymer%.1), as previously observed in other gold(l) derivatit&d Mass spectra

was a final evidence of the correct formation of the complexes and display the

monoprotonated species [M +Hh all cases.

5.2.1.3. Synthesis of gold(l) benzothiadiazole-based derivatives containing carbenes

Three different gold(l) benzothiadiazole derivatives were synthesized by a previously
established method (Schemes 5.4 and%.5he gold(l) chloride imidazole complexes
were obtained by treating the imidazole salt with@dollowed by a ligand exchange
reaction with [AuCl(tht)]. Then, the labile chloride ligand was replaced by the

benzothiadiazole that was previously deprotonated.
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All complexes were characterized By NMR and IR spectroscopy as well as by ESI-

MS (+) spectrometryH NMR spectra display the proton patternsdf as well as the
protons related to the imidazole. Also, the disappearance of thid-N-@roton of the
imidazole part is a good indication that the metal is coordinated. Mass spectra shows the

monoprotonated species [M +Hpr 5.5 5.6 and5.7.

......

Van N>N No N~
» 1- Ag,0, 6h, 40°C L e OO \Au(

I,,«,—:;r\:]:N>2- [AuClI(tht)], overnight, RT\/N’\ .\N\/ KOH
'*::::;,,.«: N/+ I~ CH,CI, MeOH/THF (2:1), overnight, RT ||
Au
) ! N
N =
N
N
5.5: [N»—Au—g
/ g

Y
5.6: @[:/)—Au—g CoHyo
/)

Scheme 5.4Synthesis of gold(l) benzothiadiazole-based derivatb/geand5.6.

COO N(S;N \/N N N\/

CoH Q ' =
O » 1- Ag,0, 72h, 40°C _ o Au
O N 2- [AuClI(tht)], overnight, RT \/N‘ N KOH
’ T
N+~ CH,CI, MeOH/THF (2:1), overnight, RT ||
Au
|
(_ ) ! N

Scheme 5.5Synthesis of gold(l) benzothiadiazole-based derivdive
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5.2.2. X-ray crystal structure determination

Single crystals suitable for X-ray diffraction were successfully grown from
dichloromethane/hexane solutions of the compl&x®%.4, 5.6and5.7. They crystalize

in the P-1 space group of the triclinic system. Selected bond length and angles are

summarized in Table 5.1.

Table 5.1. Selected bond lengths (A) and angles (deg) for the X-ray crystal stru
of 5.3, 5.4, 5.6and5.7.

Compound Distance (A) Angle (°)
Au-P: 2.275
53 Au-C1: 1.996 C-Au-P: 176.66
Au---Au: 9.286
Au-P: 2.282
54 Au-C1: 2.018 C-Au-P: 175.92

Au --Au: 13.704
Au-C(Im2): 2.009

5.6 Au-C: 1.979 C-Au-C: 176.06
Au---Au: 5.630
Au-C(Im3): 2.018
5.7 Au-C: 1.980 C-Au-C: 178.06
Au --Au: 3.360

The X-ray crystal structure &.3 consists of two molecules in the asymmetric unit in
parallel disposition but slightly shifted in the parallel plane with Ca44C=C) weak
contacts. In contrash.4, 5.6 and 5.7 crystallize with a single molecule in the unit cell
(Figure 5.3). A linear geometry is observed for all complexes around the metal atom with
a PAu-C angle of 176° and a C(Imyd-C angle of 177°. For those compounds that
contain phosphanes, the P-Au and Au-C distances are in agreement with those previously
reported for other PR()-acetylide complexe€?° The bond distances between the
gold(l) centre and the C of the imidazole or the alkynyl are around 2.0 A in the case of
carbene complexes, similarly to other compounds with an alkynyl and an imidazole
attached to the gok#:?>’ The complexes display intermolecular N-Hsp; C-H---m, and

S---H short contacts in the 3D crystal packing.
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Figure 5.3.Representation of the X-ray crystal structureS.8{A), 5.4(B), 5.6 (C)
and5.7 (D).

The packing arrangement shows an alignment of the molecules due to the presence of an
aliphatic chain in the case of comp&8. In the case 5.4, the aliphatic chain is twisted

at the end and the molecules are aligned due to the n-n stacking of the naphthyl rings

(Figure 5.4). The difference in the resulting packing may be due to the steric hindrance
of the phosphane .4 that precludes a linear arrangement of the molecules. No
aurophilic contacts are observed in the packing with Au---Au distances off0a81D

13.704 A for5.3and5.4 respectively.
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A

Figure 5.4.Representation of the 3D packingso8(A) and5.4(B).

The packing of compounds6 and5.7 shows an alignment of the molecules that forms
dimeric species where the aliphatic chain is pointed in an antiparallel manner (Figure 5.5).
In the case of compouri6, this dimer is hold by non-covalent interactions such as N-
H---Gp, C-H:m. In the case of compound 5.7, the dimer is hold by n-zn-stacking and
aurophilic interactions (Au---Au of 3.36 A). The n-extended system of compoubd, let

the molecule stays in a planar mode and makes possible the establishment of aurophilic
contacts due to the substitution of a phosphane for a planar imidazole that allows the

approximation of the gold(l) atoms.

Figure 5.5.Representation of the 3D packing=o6 (A) and5.7 (B).
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5.2.3. Photophysical characterization
The absorption and emission spectra of all complé&x23 and5.L were recorded in
10 ° M dichloromethane solutions and solid state at room temperature and the obtained

data is summarized in Table 5.2.

Table 5.2.Electronic absorption and emission data, quantum yielgsl{fetime @), k- and
knr of 5.L and complexe5.2-7. Emission data, quantum yields, lifetimesaid k; in solid

state are in bold.

Absorption o
Compound Emission o) 1 (NS) kr (nsY) Knr (NS?)
Amax (e cm™ M)

270 (15454) 384

5.L 492485 0.830.36 9.405.8 0.0880.062 0.0180.11
(8007)
287 (10454) 409
5.2 519517 0.860.056 9.878.92 0.0870.014 0.0140.24
(7953)
293 (22355) 410
5.3 509514 0.870.24 9.192.01 0.0940.12  0.0140.37
(12670)
300 (42905) 409
5.4 519517 0.620.18 6.458.78 0.0960.05  0.0590.22
(11750)
298 (13000) 436
5.5 531523 0.880.01 10.24.08 0.0860.0024 0.0120.24
(5000)
243 (22898) 297
5.6 (24455) 412 528528 0.930.026 9.62B.59 0.0970.0072 0.00730.27
(8232)
257 (24271) 298
5.7 (15012) 419 525550 0.460.03 9.154.18 0.050.0071  0.060.23
(5265)

The absorption spectra of compourigl2-4 display two bands: one at high energies
related to the n—n" transition of the molecule and another at lower energies assigned to
a charge transfer (CT) transitihThe absorption spectra of compoubéadisplay three
absorption bands: the two highest energy bands are related tatraligand transition

of the imidazof® and the benzothiadiazole and the lowest energy band is related to charge
transfer (CT) transition. The charge transfer transition is ca. 40 nm red shifted in gold(l)
complexes.2-7with respect tdh.L. This behavior is probably due to an increase in the

conjugation through mixing of the metabebital with the n-system of the ligané
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Emission spectra were recorded in solution and in the solid state upon excitation of the
samples at the lowest energy absorption band (ca. 410 nm) and it is observed that the
emission of the complexes is ca. 30 nm red shifted upon coordinabdn ({igures 5.6

and 5.7). The observed large Stokes’ shifts (around 100 nm) are a consequence of the

efficient intramolecular charge transfer (ICf Thereis no significant change in the
emission in solution and in solid state for compoun@st In the case of compourad?,

a red shift in the emission in solid state is observed probably due to the presence of

aurophilic interactions in the solid state.

A ; : - .
300 400 500 600 700
Wavelength (nm)

Figure 5.6. Absorption (solid lines) and emission (dash lines) spectsa_adind gold(l)
complexes.2-4in dichloromethane.
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Figure 5.7. Absorption (solid lines) and emission (dash lines) spectsa_adnd gold(l)

complexes.5-7in dichloromethane.

Fluorescence quantum yieldgsq§ and lifetimes €1) are measured for all compounds in
dichloromethane and in solid state (Table 5.2). In gengjialndty in solution are in the
high-range order than other BTD derivativé®33There is no significant change in these
values when the gold is coordinated to the BTD structure, except in the ¢adevath

the bulkiest phosphane amld7, with the imidazole with the largest m-system, which
display lower values in solution (Table 2). These decrease in the quantum yields in
solid stateas previously observed in some BTD derivatives previously reported in the
literature, being more significant in the carbine derivativ&s 743 that may perform
more efficient intermolecular packing. In all cases, the fluorescence lifetime profile
shows a single-exponential decay, giving th@alues in the nanoseconds order, which
are in agreement with the assignment of a transition between two singlet states (Figure
5.8).
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Figure 5.8.Fluorescent lifetime 05.L in dichloromethane solution

The fluorescence lifetimes are about 9 ns in the caB4.p%.2, 5.3, 5.5-7and 6 ns in the

case ob.4and are in the order of expected for BTD derivatives, in the range of 2310 ns.
The radiative (K) and non-radiative (Q decay rate constants were calculated from the
fluorescence quantum yields and lifetimes. In generalndt k: remain similar. There is

a deviation of the tendency just in two cases: compduAdwhich presents the less
electron-donating phosphane, a decrease of the fluorescence quantum yield and an
increment of the non-radiative decay rate is observed. This behavior suggests a strong
donor-acceptor interaction, leading to quenching in fluores¥nA decrease of
fluorescence quantum yield and a decrease of the radiative decay rate and an increase of
the non-radiative decay rate is observed for comp&undvith the imidazole with the

largestr-system.

5.2.4. Solvent effect

BTD derivatives show commonly an emission dependence on the solvent polarity, as
usually present chromophores with a charge transfer transition. For this reason,
absorption and emission spectra of compodndsnd5.2-4have been recorded in seven
different solvents with a wide range of polarities (Figure 5.9). The solvents used in this
work together with their respective parametes3(«°, n) employed in the correlations

are presented in Table 5.3. Due to the lack of solubility of compdubdsin a wide

range of solvents, solvent effect has not been tested for them.
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Table 5.3.0, B, n', n Parameters for the solvents uded.

Solvent o B T n &r n

Acetonitrile 0.19 0.40 0.66 13.0 35.94 1.3442
Ethyl acetate 0 0.45 0.55 5.9 6.02 1,3722
Dichloromethane 0.3 0 0.82 3.8 8.93 1.4241
Dimethylsulfoxide 0 0.76 1 13.5 46.45  1.4793
n-Hexane 0 0 -0.11 0 1.88 1.3749
Methanol 0.98 0.66 0.60 9.6 32.66 1.3288
Tetrahydrofuran 0 0.55 0.55 5.8 7.58 1.4072

3_; Dimethylsulfoxide 1.0 Dimethylsulfoxide

—— Acetonitrile

—— Methanol

—— Ethyl acetate
—— Tetrahydrofuran
Dichloromethane
Hexane

| \ —— Acetonitrile

| A —— Methanol
|/ —— Ethyl acetate
—— Tetrahydrofuran
—— Dichloromethane
Hexane

norm

300 400 500 60 400 500 600 700 8C
Wavelength (nm) Wavelength (nm)

Figure 5.9.Normalized absorption (left) and emission (right) spectra of compduihd

recorded in solvents with different polarity.

The absorption spectra do not show a clear dependence on the solvent polarity. In
contrast, the emission spectra of all compounds show a clear dependence on the solvent,
presenting a large change in the emission maxima between hexane and methanol (around
60 nm). All complexes present a red shift of the emission and a decrease on the emission
intensity when the solvent polarity increases. This behaviour is in agreement with the
literature for BTD-containing donor-acceptor chromophéfes.

Lippert-Mataga equation (1) was applied to estimate the excited state polarity from the
recorded changes in the emission fluorescence with solvents of different polarizabilities.
This equation expresses the magnitude of the Stokes’ shift in terms of changes in the

molecular dipole moment and the radius of the Onsager cavity.
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_ ~ 1 2(up — pg)?
Ua = 0p = Af 4me,  hcad

+ constant (1)

whereba andds are the respective absorption and emission energies in wavenugabers,
is the permittivity, pe and pc are, respectively, the magnitudes of excited and ground state
dipole moments, h is the Planck’s constant, c is the speed of the light and a is the Onsager
cavity radius (calculated from the van der Waals voftineThe orientational
polarizability Af is defined as

e—1 n?-1

Af:l2£+1_2n2+1l @)

where € and n are solvent dielectric constant and refractive index respectively.

Plots of the Stkes’ shift versus the orientational polarizability are represented in Figure
5.10 and the slopes, the variation of the dipolar moment in the ground and excited state,

and the Onsager cavity radius are represented in Table 5.4.

Table 5.4.Lippert-Mataga slope, variation of the dipolar moment and Onsag
cavity radius data d.L and5.2-4.

Compound Slope (cn) a (A) pe- e (D)
5.L 6236 4.39 7.24
52 7298 4.89 9.20
53 7452 5.25 10.34
54 6757 5.58 10.79

A positive correlation between the Stokes’ shift and the orientational polarizability factor

implies an intramolecular charge transfer (ICT) mechanism in the excited state. A larger
change in the dipole moment has been observed for gold(l) compl&«dsindicating

that these compounds are significantly more polar in the excited state than in the ground
state. Hence, the interaction between the compound and the solvent becomes stronger in
the excited state with increasing polarity of the solvent and lead to a quenching of the

resulting luminescenc&:*°
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Figure 5.10.Lippert-Mataga plots determined 61 and gold(l) complexes.2-4

The multiparametric Kamlet-Taft method was then applied in order to analyse in more
detail the interaction between the compounds and the solvent. With this analysis,
absorption and emission energies are correlated with different solvent properties
according to equation 3.

V= vg+aa+bB+p(m +dd) (3)
Where vo corresponds to the value of the absorption or the emission energies for a
reference solvent; a is the index related to the solvent ability to act as a hydrogen-bond
donor (or electron pair acceptor) toward a solute; B corresponds to the ability of bulk
sovents to behave as a hydrogen-bond acceptors (or elgairaionors); 7* is the index
of the solvent polarity/polarizability which indicates the solvent ability to stabilize a
neighboring charge or dipole through ngreific dielectric interactions and finally, 6 is
the polarizavility correction factor for different solvents. Considering that often the
contribution of 6 is negligible equation 3 can be simplified as

V= vy+aa+bf +pr*(4)

Linear plots obexp Versudcar, like the exemplified for compourd4 (Figure 5.11), have
been obtained for all compounds and the fitted parametgies 0 and p), as well as slope

and correlation coefficient are presented in Table 5.5.
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Figure 5.11.Plot of bexp VS. Vcalc fOor emission data of compoulsd.

Plots ofvexp Versusucarc yield slopes that are close to 1 and good correlation coefficients
are obtained in all cases.

Inspection of Table 5.5 let us point out that the observed solvatochromism in the emission
of compoundss.L and5.2-4 is essentially reflected in a and p solute parameters, that
means a higher sensitivity to the polarity/polarizability of solvent and to H-bond donor

(or electron pair acceptor) of the solvent towards a sttute.

Table 5.5.%0, a, b and p values, in ¢cinas well as slope and correlation coefficier
obtained from Kamlet-Taft multiparametric of the emission datalofind5.2-4.

Compound Vo a b P Slope r?
5L 21754 -1083 -684 -1382 1.0 0.94
52 20471 -1351 -605 -1038 1.0 0.98
53 20676 -1121 -690 -937 1.0 0.95
54 20383 -1145 -631 -992 1.0 0.93

5.2.5. Water/acetonitrile mixtures

The twisted conformation between the two aromatic rings of the BTD found in the crystal
structures together with previous examples of BTD derivatives found in the litéfature
suggest the possibility of having aggregation induced emission (AIE) for the compounds
under study.
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Emission spectra, quantum yields, and lifetimes were measured in acetonitrile and in
acetonitrile/water mixtures with an increasing water fraction in order to corroborate the
AIE properties (Figure 5.12). The obtained data is summarized in Tables 5.6 and 5.7.
These studies were not possible to be performed for compéufiddiue to the lack of

solubility in the presence of small amounts of water.

3.0x10 —— Acetonitrile
— 25% HO
2.5x16 ; l_L
— 50% I-&O
2.0x16 — 75% I-&O
E 1.5x16
1.0x16
5.0x10
0.0
T r-—r_ -1 -~ 1 T

: —
400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 5.12.Emission spectra &.L in acetonitrile and in acetonitrile/water mixtures
with different water content.

Table 5.6.Quantum yields db.L, 5.2and5.3in acetonitrile and in

acetonitrile/water mixtures with increasing water fractions.

Compound Acetonitrile  25% HO  50% HO 75% HO
5.L 0.81 0.96 0.97 0.19
5.2 0.76 0.83 0.77 0.14
5.3 0.93 0.84 0.74 0.18

Table 5.7 Lifetimes (ns) ob.L, 5.2and5.3in acetonitrile and in acetonitrile/wat:

mixtures with increasing water fractions.

Compound Acetonitrile  25% HO  50% HO 75% HO
5.L 9.8 13.7 14.1 13
5.2 10.8 11.4 12.6 12.6
5.3 11.1 111 11.6 12.1
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A decrease in the absorption bands is observed for all compounds when the water contents
increases, meaning that aggregation is taking place. A red shift is observed in the emission
spectra fob.L (25 nm) anc.2 (8 nm) upon increasing the water fraction up to 75% and

up to 50% in the case 63 (22 nm). Additionally, an increase of the quantum yield is
observed when the water fraction reached 50% loland 25% for gold(l) compleX.2

In the case of gold(l) complex3, a decrease of the quantum yield is observed at higher
water fraction contents. A significant decrease of the quantum vyield is observed for all
compounds in the presence of large amount of water (beyond 50%) and in thecase of
also a blue shift is recorded, suggesting a change on the aggregates’ type under these
conditiors.

The increase of the quantum yield is attributed to the AIE mechanism that is dominating
the effect of the solvent polarify. The AIE phenomenon is more noticeableSdr due

to the presence of the lowest variation of the dipolar moment. Therefore, the effect of the
solvent polarity is smaller. The aggregation process is dominating, in the &3eoty

when the water fraction reached 75% and there is a blue shift in the emission and the
emission intensity decrease is probably due to an aggregation induced quenching (ACQ)
effect.

The radiative and non-radiative constants have been calculated and are summarized in
Table 5.8. A significant decrease of the non-radiative constants has been observed when
the water contents is above 50% %dc and above 25% fds.2 maybe due to the lack of

mobility when the aggregates are formed that deactivates the non-radiative pathways.

Table 5.8. Radiative and non-radiative constantsYjnsf 5.L, 5.2 and 5.3 in

acetonitrile and in acetonitrile/water mixtures with increasing water fractions.

Acetonitrile 25% HO 50% HO 75% HO
Compound
kl’ knr kl’ knr kl’ knr kr knr
5L 0.083 0.019 0.070 0.003 0.068 0.002 0.015 0.062
5.2 0.070 0.022 0.073 0.015 0.061 0.018 0.043 0.036
5.3 0.084 0.006 0.076 0.014 0.064 0.022 0.015 0.068
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5.2.6. Mechanochromic properties.

The mechanochromic properties 6fL and gold(l) complexesh.2-7 were also
investigated. As a first screening step, the photoluminescence of the powder samples of
the compounds under study were observed before and after mechanical stimuli. Only the
gold(l) compounds that contain a carbene group as a second coordination position present
some changes in the photoluminescence properties after the application of a mechanical
stimuli. Interestingly, a correlation between the m-extended system character of the
carbene and the mechanochromic properties was observed. Only small changes in the
emission upon the application of pressure have been observed in the case of the gold(l)
complex5.5, without a change in the crystalline phase. Different emission profiles were
observed for complexést and5.7when the solid is in powder or in crystal (Figure 5.12).

The PXRD of compleX%.6 shows that the changes observed in the emission are due to a
change on the orientation of the molecules. The single crystal is characterized by three
explicit diffractions derived from the (001), (002) and (003) planes (Figure 5.13). Instead,
different planes have been observed in the powder. A red shift of the emission of the
gold(l) complex5.7 is observed when the compound changes from the crystal to the
powder form probably due to the presence of stronger aurophilic interactions in the
powder. Generally speaking, the emission band is red shifted when aurophilic interactions
are stronger due to larger destabilization of the HOMO energy level of the gold
complexes. Some crystallinity seems to be observed when the solid are in contact with
solvent vapors but without recovering completely the emission observed in the single

crystal.
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Figure 5.13.PXRD and photographs under UV light®6 (A) and5.7 (B).

5.2.7. Hybrid materials

The compounds were dispersed in solid matrixes of cellulose, polymethylmethacrylate
(PMMA), polystyrene (PS) and a cyclic olefin copolymer, Zeonex in order to increase
the quantum yield in solid state and block the non-radiative pathways for the decay of the
singlet excited state, and to obtain gold(l) highly luminescent materials. The
corresponding emission spectra were recorded and a blue shift of the emission maxima
(around 10 nm) is observed in all cases when the compound is introduced in the matrixes.
There is not a significant shift in the emission maxima between the different matrixes,
being indicative that the polarity of the matrix is not affecting the resulting emission of
those solvatochromic compounds.

The quantum yields and lifetimes were measured and are summarized in Tables 5.9 and

5.10. In general trends, there is an increase of the quantum yields and the lifetimes when
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the compounds are introduced in the thin films. It must be highlighted that the quantum
yields reached almost 1 in PMMA, PS and Zeonex matrixes.f95.2, 5.3and5.6and
for the best of our knowledge, there are no precedents in the literature of BTD derivatives

in polymer matrixes that presents such near unity quantum yields.

Table 5.9.Quantum yields 05.L and5.2-4in solid state and in cellulose,
polymethylmethacrylate (PMMA), polystyrene (PS) and Zeonex matrixes.
Compound @ (solid) @f (Celulose) @q (PMMA) @ (PS) @5 (Zeonex)

S5.L 0.36 0.91 0.96 0.95 0.93
5.2 0.056 0.91 0.95 0.94 0.92
5.3 0.24 0.89 0.94 0.97 0.96
5.4 0.18 0.31 0.41 0.41 0.45
5.5 0.01 0.12 0.13 0.13 0.31
5.6 0.026 0.87 0.9 0.93 0.83
5.7 0.03 0.56 0.57 0.58 0.53

Table 5.10.Lifetimes (ns) ob.L and5.2-4in solid state and in cellulose,
polymethylmethacrylate (PMMA), polystyrene (PS) and Zeonex matrixes.
Compound 1 (solid) i (Celulose) ™ (PMMA) 1 (PS) 1 (Zeonex)

5.L 5.80 9.69 9.07 8.01 8.4
5.2 3.92 8.32 8.54 7.75 8.51
5.3 2.01 7.82 8.83 7.09 7.69
5.4 3.78 6.79 3.89 3.62 4.32
5.5 4.08 6.93 7.02 6.49 7.43
5.6 3.59 8.02 8.22 6.93 6.74
5.7 4.18 6.93 5.62 5.31 5.59

Radiative and non-radiative constants have been calculated in order to rationalize the
excellent recorded quantum yields (Table 5.11). In general, the introduction of the
compounds in thin films decrease the non-radiative constants. In comparison with the
luminescent properties in solid state, the introduction of the compounds in matrixes
enhances the luminescent properties and allows the dispersion of the molecules avoiding

aggregation processes that quench the resulting emission.
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Table 5.11.Radiative and non-radiative constantsjref 5.L and5.2-4in solid state anc

in matrixes of cellulose, poly methyl methacrylate (PMMA), polystyrene (PS) and Ze

Compound Solid Celulose PMMA PS Zeonex
Kr Knr Kr Knr Kr Knr ki Knr ki Knr
5.L 0.062 0.11 0.094 0.009 0.11 0.004 0.12 0.006 0.11 0.008
5.2 0.014 0.24 0.25 0.025 0.11 0.006 0.12 0.008 0.11 0.009
5.3 0.12 0.37 0.11 0.014 0.11 0.007 0.14 0.004 0.12 0.005
5.4 0.05 0.22 0.046 0.10 0.11 0.5 0.11 0.16 0.10 0.13
55 0.0024 0.24 0.017 0.13 0.018 0.012 0.02 0.13 0.042 0.093
5.6 0.0072 0.27 0.10 0.016 0.11 0.012 0.13 0.010 0.12 0.025
5.7 0.007 0.23 0.08 0.063 0.10 0.076 0.11 0.079 0.09 0.084

5.3. Conclusions

The presence of phosphanes vs. carbenes at the second coordination position of the
gold(l) at in two series of gold(l) complexes containing the same chromophoric unit (4-
ethynyl-7{4-nonylphenyl)benzo[c][1,2,5]thiadiazole) has a direct effect on their
resulting solubities, solvatochromic and mechanochromic properties.

The incorporation of a carbene with an extended n-system allowed the possibility of
having Au(l)- - - Au(l) contacts as shown in the crystal structure of some of the compounds.
This fact affects the resulting mechanochromic properties displayed by compdund
having a red shift in the emission when a mechanic stimulus is present.

The incorporation of the compounds in polymer matrixes enhanced the emissive
properties of the compounds allowing the possibility of the incorporation of these

compounds in devices to produce highly luminescent materials.
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5.4. Experimental Section

5.4.1. General procedures

All manipulations have been performed under prepurifieduding standard Schlenk
techniques. All solvents have been distilled from appropriated drying agents. Commercial
reagents triehylphosphane (BEAIldrich 99%), triphenylphosphane (P#MAldrich

99%), tri-1-naphthylphosphane (PNaphldrich, 97%), imidazole (Aldrich >99.5%),
iodoethane  (Aldrich, 99%), 1H-Benzo[d]imidazole (Fluorochem), 9,10-
phenanthrenequinone (Fluorochem), silver(l) oxide (Alfa Aesa¥)9®ere used as
received. The synthesis and characterization of 4-ethy¥A-7-
nonylphenyl)benzo[c][1,2,5]thiadiazol&.() was carried out by Sr. Marcelo Echeverri

from Instituto de Ciencia de Materiales de Madrid.

5.4.2. Physical measurements

Infrared spectra have been recorded on a FT-IR 520 Nicolet Spectrophotdrh&tsR

(8(TMS) = 0.0 ppm)**P{*H}-NMR (5(85% HPQs) = 0.0 ppm) spectra have been
obtained on a Varian Mercury 400 and Bruker 400 (Universitat de Barcelona).
ElectroSpray-Mass spectra (+) has been recorded on a Fisons VG Quatro spectrometer
(Universitat de Barcelona). Absorption spectra have been recorded on a Varian Cary 100
Bio UV- spectrophotometer and emission spectra on a Horiba-Jobin-Yvon SPEX
Nanolog spectrofluorimeter (Universitat de Barcelona). Luminescent quantum yields
were recorded using an Absolute PL quantum yield spectrometer from Hamamatsu
Photonics upon excitation the samples at 400 nm. Fluorescence lifetimes were measured
via the time-correlated single-photon counting technique (TCSPC) using DeltaPro
fluorescence lifetime System from Horiba upon excitation of the sample with a 390nm
nanoLED. X-ray structure determination were mounted on a Bruker four circle kappa-
diffractometer equippedwith a Cu INCOATED microsource, operated at 30 W power
(45kV, 0.60 mA) to generate Cu Ka radiation (A = 1.54178 A) and a Bruker VANTEC

500 area detector (microgap technology) (Instituto de Ciencias de Materiales de Madrid).
Dynamic Light Scattering (DLS) measurements were carried out in a Zetasizer NanoS

Spectrometer (Universitat de Barcelona). The samples were measured in quartz cuvettes.
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5.4.3. Synthesis and Characterization

Synthesis of [Au(4-ethynyl-7¢4-nonylphenyl)benzolc][1,2,5]thiadiazole)] (5.1)

Sodium acetate (0.0102 g, 0.12 mmol) and [AuClI(tht)] (0.0191 g, 0.06 mmol) were added
to a stirring solution 05.L (0.0212 g, 0.06 mmol) in G&l./MeOH (1:1) (10 mL) under

N2 atmosphere at room temperature. After stirring for 30 min the resulting orange
suspension was filtered, washed with 2CH/MeOH (1:1) (3 x 5 mL), and dried under
vacuum. Yield 63% (20 mg). IR (KBr, cHr v(C=C): 1970.

Synthesis of [Au(4-ethynyl-7¢4-nonylphenyl)benzo[c][1,2,5]thiadiazole)(PES)] (5.2)

31puL of a solution 1.0 M of Pitin THF was added to a stirring suspensiob.@f0.017

g, 0.030 mmol) in dichloromethane (10 mL) underdimosphere at room temperature.
After stirring 1h the resulting yellow solution was concentrated to half volume and hexane
(10 mL) was then added in order to favour precipitation. The resulting yellow solid was

filtered and dried under vacuum. Yield 75% (15 mg).

31p{1H} NMR (CDCls, ppm): 37.6H NMR (CDCk, ppm): 0.88 (t, J = 6.8 Hz, 3H),
1.15-1.4 (m, 21H), 1.66 (m, 2H), 1.83 (m, 6H), 2.67 (t, J = 7.7 Hz, 2H), 7.32 (d, J = 8Hz,
2H), 7.60 (d, J = 7.4 Hz, 1H), 7.78 (d, J = 7.3 Hz, 1H), 7.84 (d, J = 8Hz, 2H). IR (KBr,
cmil): v(C=C): 2108. ESI-MS (+) miz: 677.2391 (M + H] calc: 677.2315).

Synthesis of [Au(4-ethynyl-7¢4-nonylphenyl)benzo|c][1,2,5]thiadiazole)(PPk)]

(5.3)

Solid PPh (0.0086, 0.033 mmol) was added to a stirring suspensiénldd.0185 g,
0.033 mmol) in dichloromethane (10 mL) under &mosphere at room temperature.
After stirring 1h the resulting yellow solution was concentrated to half volume and hexane
(10 mL) was then added in order to favour precipitation. The resulting yellow solid was
filtered and dried under vacuum. Yield 74% (20 mg).

31p{iH}y NMR (CDCls, ppm): 42.12H NMR (CDCk, ppm): 0.88 (t, J = 6.8 Hz, 3H),
1.15-1.4 (m, 12H), 1.66 (m, 2H), 2.67 (t, J = 7.7 Hz, 2H), 7.33 (d, J = 8Hz, 2H), 7.43-
7.63 (M, 16H), 7.81 (d, J = 7.4 Hz, 1H), 7.85 (d, J = 8Hz, 2H). IR (KB¥)cniC=C):

2110. ESI-MS (+) m/z: 821.2392 ([M + H]calc: 821.2315).
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Synthesis of [Au(4-ethynyl-7¢4-nonylphenyl)benzo[c][1,2,5]thiadiazole)(Tri-1-
naphthylphosphane)] (5.4)

Solid tris-1-naphthylphosphane (0.023, 0.056 mmol) was added to a stirring suspension
of 5.1(0.0303 g, 0.054 mmol) in dichloromethane (10 mL) undeatihosphere at room
temperature. After stirring 1h the resulting yellow solution was concentrated to half
volume and hexane (10 mL) was then added in order to favour precipitation. The resulting
yellow solid was filtered and dried under vacuum. Yield 76% (40 mg).

31p{1H} NMR (CDCls, ppm): 21.81H NMR (CDCk, ppm): 0.87 (t, J = 6.8 Hz, 3H),
1.15-1.4 (m, 12H), 1.66 (m, 2H), 2.67 (t, J = 7.7 Hz, 2H), 7.28-7.37 (m, 8H), 7.50-7.62
(m, 4H), 7.71 (d, J = 7.4 Hz, 1H), 7.82 (d, J = 8 Hz, 2H), 7.97 (d, J = 7.9 Hz, 3H), 8.05
(d, J = 7.6 Hz, 3H), 8.83 (d, J = 8.3 Hz, 3H). IR (KBr;¥nv(C=C): 2108. MALDI-TOF

(+) m/z: 1021.2 (M + H + CBDH + HOJ", calc: 1021.3).

Synthesis of Nethyl.N’-ethylimidazolium iodide (Im1)

Three steps are necessary for the synthesis of NJ¥thgthylimidazolium iodide. The

first one is the deprotonation of the imidazole ring with a solution of sodium methoxide.
Imidazole (0.29 g, 4.26 mmol) and small amount of acetonitrile (10 mL) were introduced
into a solution of sodium methoxide (0.23 g, 4.25 mmol) in dry freshly distilled methanol
at room temperature. After 15 min, the white suspension was formed and concentrated
under reduced pressure. The dried white powder was dissolved in acetonitrile and
iodoethane (2.03 g, 13.01 mmol) was added under nitrogen atmosphere. The mixture was
heated at 85°C for 24 h. After the first alkylation, the same procedure was used for the
second alkylation. After cooling to room temperature, the solvent was removed by
evaporation under vacuum, and the brown solid obtained was exhaustively washed with
pentane and dried. Yield: 70% (373 mgQ)

H NMR (CDsOD, ppm): 1.55 (t, J = 4 Hz, 6H, 8H,-CH3s (ethyl)), 4.36 (g, J = 8 Hz,
4H, N-CH2-CHs (ethyl)), 7.80 (s, 2H, CHGH-N (imidazole)), 9.27 (s, 1H, KH-N
(imidazole)). IR (KBr, crm): v(=CH-): 3075y(N=C): 1560. MALDI-TOF (+) m/z: 125.1
(M, calc: 125.1).
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Synthesis of 1,3-diethyl-1H-benzo[d]imidazol-3-ium iodide (Im2)

Three steps are necessary for the synthesis of 1,3-diethyl-1H-benzo[d]imidazol-3-ium
iodide. The first one is the deprotonation of the imidazole ring with a solution of sodium
methoxide. 1H-Benzo[d]imidazole (0.3 g, 2.54 mmol) and small amount of acetonitrile
(10 mL) were introduced into a solution of sodium methoxide (0.139 g, 2.57 mmol) in
dry freshly distilled methanol at room temperature. After 15 min of stirring the white
suspension was formed and concentrated under reduced pressure. The dried white powder
was dissolved in acetonitrile and iodoethane (613 pL, 7.62 mmol) was added under

nitrogen atmosphere. The mixture was heated at 85°C for 24 h. After the first alkylation,
the same procedure was used for the second alkylation. After cooling to room
temperature, the solvent was removed by evaporation under vacuum, and the brown solid

obtained was wash repeatedly with pentane and dried. Yield: 80% (356 mg).

'H NMR (DMSO-d, ppm): 1.54 (t, J = 7.2 Hz, 6H, @H,-CH3 (ethyl)), 4.51 (q, J = 7.2
Hz, 4H, NCH2-CHs (ethyl)), 7.69 (dd, J = 9.6 Hz, J = 3.2 Hz, 2H,C8-CH
(benzo[d]imidazole)), 8.07 (dd, J = 9.6 Hz, J = 3.2 Hz, 2HCHECH
(benzo[d]imidazole)), 9.74 (s, 1H, ®H-N (benzo[d]imidazoly IR (KBr, cnil):
v(=CH-): 3080, v(N=C): 1555. ESI (+) m/z: 175.1217 (Mcalc:175.1230)

Synthesis of 1H-phenanthro[9,10-d]imidazole

A mixture of 9,10-phenanthrenequinone (0.2 g, 0,96 mmol), formaldehyde (0.214 mL,
2.88 mmol), glacial acetic acid (5 mL) and ammonium acetate (1.55 g, 20.16 mmol) was
refluxed for 4 h. After cooling at room temperature, the reaction mixture was diluted with
water and neutralized with concentrated aqueous ammonia until pH 7. A light cream
precipitate was formed. It was filtered, washed with water, acetone, dichloromethane, and
ethyl ether and then dried. Yield: 98% (206 mg).

'H NMR (DMSO-a, ppm): 7.48 (t, J = 7.2 Hz, 2Hphdy), 7.59 (t, J = 7.2 Hz, 2H, Jrky),
8.01 (s, 1H, N€H-NH), 8.42 (d, J = 8 Hz, 2H, #se), 8.75 (d, J = 8 Hz, 2H, ik, 13.38
(br. s, 1H, N-H). )) IR (KBr, cm): v(=CH-): 3070,v(N=C): 1565. ESI (+) m/z: 219.09
([M+H] ", calc: 219.08).
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Synthesis of 1,3-diethyl-1H-phenanthro[9,10-d]imidazol-3-ium iodide (Im3)

Three steps are necessary for the synthesis of 1,3-digthghenanthro[9,10-
d]imidazol-3-ium iodide. The first one is the deprotonation of the imidazole ring. To a
solution of 1H-phenanthro[9,10-d]imidazole (0.3 g, 1.37 mmol) in acetonitrile (5 mL)
and DMSO (2 mL) was added sodium hydroxide (0.055 g, 1.38 mmol). The reaction
mixture was stirred at room temperature for 2.5 h. The temperature was increased to 37°C,
and the reaction mixture was stirred at this temperature overnight. The solvent was
removed until an oil was formed and make precipitate with diethyl ether. The dried solid
was dissolved in DMF (5 mL) and iodoethane (382 4.11 mmol) was added. The
mixture was heated at 130°C during 24 h. After the first alkylation, the same procedure
was used for the second alkylation. After cooling up to room temperature, water was
added, and a red precipitate was formed. It was filtered, washed with water and ethyl ether
and then dried. Yield: 50% (188 mg).

IH NMR (DMSO-d, ppm): 1.68 (t, J = 7.2 Hz, 6H, 8H,-CHs (ethyl)), 4.98 (g, J = 7.2
Hz, 4H, NCH2-CHs (ethyl)), 7.92 (m, 4H, bhey, 8.61 (d, J = 8.4 Hz, 2H,gkr), 9.12 (d,
J = 8.4 Hz, 2H, bhe), 9.74 (s, 1H, NSH-N). IR (KBr, cnt®): v(=CH-): 3070.v(N=C):
1565. ESI (+) m/z; 275.1563 (Mcalc: 275.1543).

Synthesis of (Nethyl.N’-ethylimidazolium)gold(l) chloride

Silver(l) oxide (0.0459 g, 0.19 mmol) was added to a solution of N-&thyl-
ethylimidazolium iodide (0.1 g, 0.33 mmol) in degassed dichloromethane (20 mL). The
mixture was stirred under nitrogen for 6 h at 40°C. [AuClI(tht)] (0.13 g, 0.33 mmol) was
added after the mixture was cooled to room temperature and the mixture was stirred
overnight. The solution was filtered through Celite and concentrated in vacuum to half
volume and hexane (10 mL) was then added in order to favour precipitation. The resulting

orange solid was filtered and dried under vacuum. Yield: 70% (47 mg).

H NMR (CDs;OD, ppm): 1.46 (t, J = 7.2 Hz, 6H, QH,-CH3 (ethyl)), 4.21 (q, J = 7.6
Hz, 4H, N-CH2-CHjs (ethyl)), 7.29 (s, 2H, CHGH-N (imidazole)). IR (KBr, cri):
v(=CH-): 3090,v(N=C): 1565. ESI (+) m/z: 348.077 ( [M-CI+CN+H]Jcalc: 348.069).

142



Document signat digitalment per: ANDREA PINTO [ MARTINEZ

5. Solvatochromic and mechanochromic BTD-gold(l) complexes

Synthesis of (1,3-diethyl-1H-benzo[d]imidazol-3-ium)gold(l) chloride

Silver(l) oxide (0.038 g, 0.16 mmol) was added to a solution of 1,3-diethyl-1H-
benzo[d]imidazol-3-ium iodide (0.1 g, 0.33 mmol) in degassed dichloromethane (20 mL).
The mixture was stirred under nitrogen for 6 h at 40°C. After the mixture was cooled to
room temperature, [AuCl(tht)] (0.106 g, 0.33 mmol) was added and the mixture was
stirred overnight at room temperature. The solution was filtered through Celite and
concentrated in vacuum to half volume and hexane (10 mL) was added in order to favour
precipitation. The resulting orange solid was filtered and dried under vacuum. Yield: 75%
(49 mg)

H NMR (CDCk, ppm): 1.54 (t, J = 7.6 Hz, 6H, QH,-CH3 (ethyl)), 4.54 (q, J = 7.2 Hz,
4H, N-CH2-CHs (ethyl)), 7.43 (dd, J = 9.2 Hz, J = 3.2 Hz, 2H,CE-CH
(benzo[d]imidazole)), 7.49 (dd, J = 9.2 Hz, J = 3.2 Hz, 2HCHCH
(benzo[d]imidazole)). IR (KBr, cm): v(=CH-):3080, v(N=C): 1555. ESI (+) m/z
398.093 ([M-CI+CN+H]T, calc: 398.085).

Synthesis of (1,3-diethyl-1H-phenanthro[9,10-d]imidazol-3-ium)gold(l) chloride

1,3-diethyl-1H-phenanthro[9,10-d]imidazol-3-ium iodide (75 mg, 0.19 mmol) was mixed
with Ag20 (43 mg, 0.18 mmol), 3 A molecular sieves (0.1 g) and drGZH5 mL) and

stirred at 40 °C for 72 h. Then, [AuClI(tht)] (59 mg, 0.19 mmol) was added and the mixture
was stirred overnight at room temperature. The solution was filtered through Celite and
concentrated in vacuum to half volume and hexane (5 mL) was added in order to favor
precipitation. The resulting red solid was filtered and dried under vacuum. Yield: 45%
(50 mg).

H NMR (DMSO-d;, ppm): 1.38 (t, J = 7.08 Hz, 6H, QH,-CH3 (ethyl)), 4.46 (q, J =
7.12 Hz, 4H, NEH2-CHjs (ethyl)), 7.64 (t, J = 7.8 Hz, 2H,pky, 7.75 (t, J = 7.32, 2H,
Hphe), 8.37 (d, J = 8.4 Hz, 2H, Jb1), 8.97 (d, J = 8.4 Hz, 2H, Jty). IR (KBr, cntb):
v(=CH-): 3070,v(N=C): 1565. ESI (+) m/z: 498.124 ( [M-CI+CN+HJcalc: 498.117).
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Synthesis of [Au(4-ethynyl-7¢4-nonylphenyl)benzolc][1,2,5]thiadiazole) (N-
ethyl.N’-ethylimidazolium)] (5.5)

To a stirred solution of 4-ethynyl{A-nonylphenyl)benzo|c][1,2,5]thiadiazole (0.051 g,
0.14 mmol) in THF-MeOH (2:1 v/v, 25 mL) was added KOH (0.0193 g, 0.34 mmol). The
reaction was stirred under nitrogen for 15 min. To stirred yellow solution was édded
ethyl.N’-ethylimidazolium)gold(l) chloride (0.05 g, 0.14 mmol). The solution was stirred
overnight under nitrogen. The mixture was concentrated in vacuum to half volume and
hexane (10 mL) was added in order to favour precipitation. The resulting yellow solid

was filtered and dried under vacuum. Yield: 60% (57 mg)

IH NMR (CDsOD, ppm): 0.90 (t, J = 7.2 Hz, 3H), 1.30-1.37 (m, 21H), 1.50 (t, J = 7.2 Hz,
6H, N-CH2-CHs (ethyl)), 1.68 (m, 2H), 2.70 (t, J = 7.6 Hz, 2H), 4.28 (g, J = 7.2 Hz, 4H,
N-CH2-CHs (ethyl)), 7.29 (s, 2H, CHGH-N (imidazole)), 7.32 (d, J = 8 Hz, 2H), 7.72
(d, J = 5.6 Hz, 2H), 7.90 (d, J = 8 Hz, 2H). IR (KBr, Hmv(=CH-): 3090y(C=C): 2108,
v(N=C): 1565. ESI (+) m/z: 683.248 ( [M+H]calc: 683.240).

Synthesis of [Au(4-ethynyl-7¢4-nonylphenyl)benzo[c][1,2,5]thiadiazole) (1,3-
diethyl-1H-benzo[d]imidazol-3-ium)] (5.6)

To a stirred solution of of 4-ethynyl{&-nonylphenyl)benzo[c][1,2,5]thiadiazole
(0.0445¢g, 0.12 mmol) in THF-MeOH (2:1 v/v, 25 mL) was KOH (0.0174 g, 0.31 mmol).
The reaction was stirred under nitrogen for 15 min. To stirred yellow solution was added
(1,3-diethyl-1H-benzo[d]imidazol-3-ium iodide)gold(l) chloride (0.05 g, 0.12 mmol).
The solution was stirred overnight under nitrogen. The mixture was concentrated in
vacuum to half volume and hexane (10 mL) was added in order to favour precipitation.

The resulting yellow solid was filtered and dried under vacuum. Yield: 70% (61 mg).

'H NMR (CDCk, ppm): 0.88 (t, J = 6.8 Hz, 3H), 1.27-1.35 (m, 21H), 1.66 (m, 2H), 2.68
(t, J =8 Hz, 2H), 4.61 (g, J = 7.6 Hz, 4H,QH2-CHz (ethyl)), 7.33 (d, J = 8.4 Hz, 2H),
7.42 (dd, J = 9.2 Hz, J = 2.8 Hz, 2H,CGH-CH (benzo[d]imidazole)), 7.49 (dd, J = 9.2
Hz, J = 2.8 Hz, 2H, @H-CH (benzo[d]imidazole)), 7.62 (d, J = 7.6 Hz, 1H), 7.82 (d, J
= 7.2 Hz, 1H), 7.86 (d, J = 8 Hz, 2H). IR (KBr, &nv(=CH-):3080,v(C=C): 2110
v(N=C): 1555. ESI (+) m/z: 733.262 ( [M+H]calc: 733.256).
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Synthesis of [Au(4-ethynyl-7¢4-nonylphenyl)benzolc][1,2,5]thiadiazole) (1,3-
diethyl-1H-phenanthro[9,10-d]imidazol-3-ium)] (5.7)

To a stirred solution of of 4-ethynyl{A-nonylphenyl)benzolc][1,2,5]thiadiazole
(0.014g, 0.039 mmol) in THF-MeOH (2:1 v/v, 25 mL) was KOH (0.0054 g, 0.096 mmol).
The reaction was stirred under nitrogen for 15 min. To stirred yellow solution was added
(1,3-diethyl-1H-phenanthro[9,10-d]imidazol-3-ium)gold(l) chloride (0.02 g, 0.039
mmol). The solution was stirred overnight under nitrogen. The mixture was concentrated
in vacuum to half volume and hexane (10 mL) was added in order to favour precipitation.

The resulting yellow solid was filtered and dried under vacuum. Yield: 50% (6 mg).

IH NMR (CDCk, ppm):0.88 (t, J = 6.2 Hz, 3H), 1.26-1.40 (m, 21H), 1.68 (t, J = 8.3 Hz,
2H), 1.74 (t, J = 7.2 Hz, 6H, BH.-CHs (ethyl)), 2.68 (t, J = 7.7 Hz, 2H), 5.22 (g, J =
7.2 Hz, 4H, NEH2-CH;s (ethyl)), 7.34 (d, J = 8.1 Hz, 2H), 7.63 (d, J = 7.3 Hz, 1H), 7.76
(t, J = 8.3 Hz, 4H, bhey), 7.84 (d, J = 7.4 Hz, 1H), 7.88 (d, J = 8.1 Hz, 2H), 8.41 (d, J =
8.2 Hz, 2H, Hher), 8.86 (d, J = 8.2 Hz, 2H,gky). IR (KBr, cni®): v(=CH-): 3070, v(C=C):
2110,v(N=C): 1565. ESI (+) miz833.327 ( [M+H], calc: 833.28).

5.4.4. Preparation of matrixes doped with L and 2-tomplexes

Cellulose, PMMA, PS and Zeonex (Zeon Corporation, Japan) were used as matrix
polymers. The films were prepared via drop-casting, using a mixture of dopant and host
(Cellulose, PMMA, PS or Zeonex). Polymer solutions were prepared as follows: PMMA
(MW 120000, 30% solution in dichloromethane), PS (MW 45000, 35% solution in
dichloromethane). Cellulose (MW 30000, 20% in acetone), Zeonex (20% in chloroform)
The same volume of a solution of the sample was added to a polymer solution at a
concentration of 20 pg/mL. The films were drop-cast onto a quartz substrate at room

temperature to avoid any thermal annealing.
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CHAPTER 6

Aggregation studies and biological activity of hybrid
gold(l)/gold(0) systems

Gold(I) complex

(
1
: HT-29 colon carcinoma I: MDA-MD-231 breast cancer |

Part of this Chapter has been publishedMinDalmases, A. Pinto, P. Lippmann, I. Ott, L.
Rodriguez, and A. Figuerola. Front. Ch&19 7, 60.
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6. AGGREGATION STUDIES AND BIOLOGICAL ACTIVITY OF
HYBRID GOLD(I)/GOLD(0) SYSTEMS

6.1. Introduction

The ability of small molecules to self-assemble by non-covalent interactions lead to the
possibility of building supramolecular structures with a large number of specific
functions, properties and morphologiesin order to control the self-assembly, it is
necessary a careful molecular design of the building blocks, where specific functional
groups must be introduced for the construction of the resulting expected supramolecular
structures. With this in mind, organometallic complexes present a rich chemistry due to
the possibility of introducing weak non-covalent intra- or intermolecular bonds of
different nature that are not common in pure organic compduAdsng them, as it is
previously said, metallophilic interactions may play an important role in the resulting
supramolecular morphologies. In particular, gold(l) organometallic complexes have
found to be excellent building blocks for the construction of plenty of different
supramolecular assemblies with different shapes depending on the chemical structure and
on the reaction conditiortdn these caseaurophilic contacts, not only contribute in the

stability of the assembly, but also in the resulting luminescent propefties.

Taking advantage of these aurophilic aggregation, it is also possible to construct gold(0)
structures using a supramolecular system as a template. Thus, the application of an
external stimuli such as heat or electron beam as a reducing agent, or directly catalytic
amounts of a reductant can form plasmonic architectures in which the morphology of the
previous supramolecular assembly has been maintained starting from Au(l) assemblies
and finishing with Au(0) materials, at the nano- or micro- level, with the similar $hape.

12 This methodology allows an easy control in the size and shape of the metal
nanostructures. These two parameters, size and shape, strongly affect the optical
properties of the gold nanostructures, that present an intense absorption band in the visible
or near infrared region (NIR), known as the Localized Surface Plasmon Resonance
(LSPR) (Figure 6.13° The interaction of light with the metal surface results in a coupling

of the free electrons of the metal and the light giving a coherent surface-confined

oscillation with a resonant frequency that strongly depends on the material itself.
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Therefore, the ability of selectively tune the LSPR features that result from these materials

becomes increasingly important.

. Electric field -

Electron cloud . . . .

Metal Sphereu

Figure 6.1.Schematic illustration of LSPR phenomenon (A) Agdre that illustrates
the relationship between the size and the optical properties (B).

It is known that supramolecular organogels consisting of multiple entangled fibrillary
networks can be used to influence the shape and nanostructure of the inorganicthaterial.
This synergy of the supramolecular chemistry and nanostructured materials have been
widely used in the construction of hybrid materials, which can improve the individual
properties and may be useful in the promising field of supramolecular dé&vi€es.
Among all the possibilities, a good approach can be the incorporation of gold
nanoparticles into a gold(l) supramolecular structure taking advantage of the
metallophilic interactions that may happen also between an organometallic complex and
the surface of the gold nanoparticles. In this way, the incorporation of gold nanoparticles
in a supramolecular assembly of a low molecular weight gold(l) metallogelator was
reported in the group a few years ago. This unconventional mixture allowed the complete
solubilization of hydrophobic colloids in water due to the establishment of metallophilic
interactions as well as being a way to tune the LSPR ¥and.

Based on this, the preparation of hybrid materials based on a combination of a gold(l)
metallogelator and gold nanopatrticles is presented in this chapter with the aim of studying
the possible influence of the addition of the solubility of gold nanoparticles on aqueous
or organic solvents on the resulting supramolecular structure and properties. Additionally,
since the antitumoral properties against cancer cells are well known for both gold

nanoparticle® 2! and gold(l) compound®;?® the biological activity of the resulting
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hybrid systems (nanocomposites) has been studied and compared with the isolated gold(l)

and gold(0) precursors.

6.2. Results and Discussion

6.2.1. Synthesis and Characterization

The synthesis of the nanocomposites consists of the mixture of an organometallic gold(l)
compound and different amounts of a solution of dispersed gold nanoparticles. In this
way, we used three different concentrations of nanoparticles, being called xxx_1 for the
sample that contains the highest concentration of nanoparticles and xxx_3 for the lowest
concentration one. The reaction was done in two different solvents in order to test if there
are differences in the resulting aggregates. So, a hydrophobic solvent such as chloroform
and a hydrophilic solvent such as water were chosen in these reactions. The nomenclature
used for each of the nanocomposites is displayed in Scheme 6.1.

rganic hybrid systems

(stable in organic solvents)

oleylamine

OY
— TN ™ —
N/ A"Ejg 6 N%jﬂ“’ - \_/
NPs /go

PTA (‘G ’7) (“N ) DAPTA (“ ”

SR

("
l
: Aqueous hybrid systems
|
\

(stable in water)
Scheme 6.1Types of nanocomposites prepared, and description of the nomenclature

used for each them. “N” indicates nanoparticles; “P”, PTA phosphane; “D”, DAPTA

phosphae; “O”, organic medium and “A”, aqueous medium.
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The characterization of the nanocomposites has been done with different techniques. The
infrared spectra display the bands from the organometallic complex and from the
stabilizing ligands of the nanoparticles, being an indicative of the presence of the both
parts. Additionally, the alkynyl vibration band at 2100 broadened with respect to

the organometallic hydrogelator, being indicative of possible Au-- 7 interaction between

the nanopatrticle surface and the pyridylethynyl group of the complex, in agreement with
our previous reported datd.The UV-vis absorption spectra of the hybrid material
systems present two different bands (Figure 6.2). On one hand, the band around 260 nm
is attributed to thehromophoric unit of the gold(l) complex (4-ethynylpyridifie€)n the

other hand, the band at 500-600 nm is assigned to the surface plasmon resonance of the
gold nanoparticles. Moreover, we observed that the amount of gold nanoparticles present
in the nanocomposites has a direct effect in the recorded spectra. An increase of the
intensity of the higher energy band is observed when larger amount of nanoparticles is
used. A loss of the vibrational shape in the band is also observed as an evidence of the
interaction between nanoparticles and the corresponding organometallic complex. Also,
there is a slight red shift of 2 nm of the plasmonic band of gold nanoparticles with

increasing interactions with the nanocomposite.

0.6 N
1.24 — DNA_1 b PNA_1

a ——PNA_2
— —— DNA_2 PNA 3
1.0 - ——DNA_3 0.5 I =

0.8 LEEN| 0.4 4

] oos <
0.4 . 0.2

0.2 0.1+

0.0 T T T T T T T T T T T 0.0 T T T T T T T T T T
200 300 400 500 600 700 ao0 200 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 6.2.UV-Visible absorption spectra of (a) DNA_1-3 and (b) PNA_1-3 samples.

6.2.2. Aggregation studies

Aggregation studies in solid and in solution have been performed in order to better

understand the interaction between the gold(l) congslard the gold nanopatrticles and

how the amount of nanoparticles added affects the resulting assemblies. Scanning

Electron Microscope (SEM) shows the size and the shapes of the aggregates in the solid

state. Two kind of aggregates have been observed in the recorded micrographs: gold
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agglomerates and long éls. The first ones present sizes ranging between 100 and 300
nm approximately and are surrounded by a shell of the long fibers of the organometallic
complex. In fact, a shrinkage of the aggregates was observed when the image is recorded
with backscattered electrons, where only the elements that have a high atomic number
have a bright contrast. Therefore, the significant reduction in the volume of the cluster is
indicative of the presence of an organic shell around the metallic nanoparticles. The long
fibers are in the microscale range and correspond to the aggregatesl through
supramolecular interactions between the molecules of organometallic gold(l) complex, as
previously identified® The vanishing of these fibers when it is used the backscattering
electrons mode confirms their organic origin.

A trend can be observed when we compare the micrographs of the nanocomposites
formed at three different amounts of nanoparticles used. Generally speaking, higher
amount of the aggregated nanocomposites is observed when the quantity of the
nanoparticles used in the synthesis is larger, while few or none nanocomposite were found
in samples that contain the less amount of gold nanopatrticles. However, the trend of the
fibers is the opposite, long fibers were only observed when the quantity of nanoparticles
is low (Figure 6.3). In this way, the scarcity of gold nanoparticles allows the
organometallic gold(l) complex to aggregate itself through supramolecular interactions.
The trend is conserved independently of the solvent used; in water, the supramolecular
structures of the organometallic part can be found even with the highest amount of gold

nanoparticles. This can be attributed to the better capacity of this complex to aggregate in

water in comparison with chloroform.

Figure 6.3.SEM micrographs of DNO_1 (1), DNO_2 (2) and DNO_3 (3) showing the
topographical micrographs recorded with secondary electrons.

Aggregation studies in solution were performed in order to know if these aggregates also

exist in solution or are only formed when the sample is dried. The presence and size of
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the aggregates was firstly analysed by Dynamic Light Scattering (DLS) for those samples
prepared with the highest (xxx_1) and medium (xxx_2) amount of gold nanopatrticles at
room temperature. Samples with less amount of nanoparticles (xxx_3) were not measured
since very few aggregates of the nanocomposite were observed by SEM. Two additional
diluted concentrations (i.e. with DNO_1_1 being the as-prepared sample, and DNO_1 2
and DNO_1_3 the samples derived from 1/500 and 1/1000 dilution). Diluted samples
(xxx_x_3) do not present any evidence of aggregates in solution. DLS measurements of
the other samples (xxx_x_1 and xxx_x_2) confirms the sizes observed by SEM, being of
hundreds of nanometres as well as a population of some microscale aggregates. DLS data
shows aggregates in the range of 20-60 nm in some samples, that were not observed in
SEM micrographs. This kind of aggregates may be found at the initial state of the
aggregates formation and then, when the sample is dried, they tend to agglomerate. In
general trend, the samples (xxx_Xx_2) contain two populations of aggregates whereas
more concentrated samples (xxx_x_1) are more homogeneous (Figure 6.4). Thus, it
seems that lower concentrations favours the large aggregation of the organometallic

compound instead of forming only aggregates of nanocomposite.
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Figure 6.4.Size distribution obtained by Dynamic Light Scattering (DLS) for
DNO_1 1 and DNO_1 2 samples in chloroform.

Small Angle X-ray Scattering (SAXS) studies were performed in order to know the size
and the shape of the aggregates in the early stage. The measurements were performed

with the same set of samples as in DLS and at different temperatures (from 20 to 40°C in
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a 5°C gratknt, for better analysis of the aggregates’ formation). The low-resolution
structures were reconstructed ab initio from the scattering patterns using the DAMMIN
program (Figure 6.5%.

Figure 6.5.DAMMIN low resolution structures reconstructed from SAXS patterns for
PNX_x_x and DNX_x_x at 20°C. Grid: 50 A.

The samples with the lowest amount of nanoparticles (xxx_3) were not measured due to
the lack of aggregation detected in DLS studies. No aggregation was observed for more
diluted samples (xxx_x_3), as in DLS measurements, while appreciable degrees of
aggregation were measured for the other more concentrated two solutions. These data
seem to point out the existence of a critical concentration of aggregates below which they
lose their stability. In general, the size of the aggregates is between 10 and 30 nm which
in general agrees with the small aggregates observed in DLS measurements for some
samples. The values obtained by DLS and SAXS highlight the possibility that the large
aggregates (100 - 300 nm) observed in SEM can be formed by smaller subunits (10 - 60
nm) that are merged together with time and upon drying the solutions. Therefore, gold
nanoparticles are mainly wrapped within a network of organometallic complex forming

small agglomerates and then, they tend to aggregate through non-covalent interactions to
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form larger structures. No clear trend was observed with the variation of the temperature,
only in the case of DNO_2, that a significant increase on the size was detected. This can
be due to the higher solubility in water of the DAPTA phosphane and the increase of
temperature favors the intermolecular hydrophobic interactions. So, the size of the
aggregates increases due to the capacity of the DAPTA moiety to avoid the contact with
the organic solvent. Some trend can be observed regarding the amount of nanoparticles
added. In organic media, PNO nanocomposites increase the size when the number of
nanoparticles decreases. On the contrary, DNO nanocomposites follow the opposite
trend, their size decrease together with the amount of nanoparticles. This could be
rationalized in terms of solubility: the presence of more nanoparticles leads to the
formation of more quantity of nanocomposites, so DAPTA (in DNO) presents lower
solubility than PTA (in PNO) in organic media and in this way, they tend to present larger
aggregates when the concentration of nanoparticles increases. It is not surprising that in
aqueous media we observe the inverse trend: PNA nanocomposites are smaller when the

nanoparticles added decrease while DNA nanocomposites, on the contrary increase.

6.2.3. Biological assays.

Previous experimenidemonstrate the biological activity of [Au(C=Cpy)(PR3)] (PR: =

PTA and DAPTA) complexes and showed the preference for the PTA over the DAPTA
phosphane ligand as metallodrugs. The effects against the tumour cells are clearly related
to the presence of gold atoms in the complexes. Hence, as it is also well-known the
potential antitumoral activity of gold nanopatrticles, we envisaged that the biological
activity of the synthesized nanocomposites deserved their investigation, in order to
compare if the resulting activity improves the corresponding to their individual
counterparts (organometallic hydrogelators and nanopatrticles separately). In this way, the
nanocomposites synthesized have been tested in two different tumour cells: HT-29 colon
carcinoma and MDAMB-231 breast cancer (Table 6.2). It can be directly observed in
Table 6.2 that the hybrid systems present higher cytotoxicity than their respective
counterparts. This may be a nice cooperative effect of both parts, the organometallic and
the nanoparticles. Considering the effect of the solvent, the nanocomposites synthesized
in the organic media present higher cytotoxicity than those synthesized in aqueous media.
The DAPTA nanocomposites show higher cytotoxicity with respect to the PTA
nanocomposites in aqueous media. This may be due to the highest solubility of the
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DAPTA phosphane in that solvent. On the other hand, the nanocomposites soluble in
organic media present the highest cytotoxicity and those with better activity are those
with smaller aggregates size (PNO_1 and DNO_2). This may be ascribed to the better
capacity of entering the cells. No significant preference of the nanocomposites has been
observed for one specific tumour cell although, in general, better activity can be observed
against MDAMB-231 cell line.

Table 6.2.1Csp values of the different hybrid systems and corresponding counter

Compound HT-29 (mM) MDA-MB-231 (mM)
DNA_1 6.14 £ 0.29 > 10
DNA_2 > 6.40 >7.7
PNA 1 > 10 > 10
PNA 2 > 10 > 10
DNO_1 3.41+0.29 1.73+0.44
DNO_2 2.76 £ 0.23 >1.4
PNO_1 1.82+£0.32 1.00£0.17
PNO_2 4.16+ 0.38 2.02 +0.40

Org NPs 5.39 +0.89 6.01 £ 0.85
Agueous NPs >10 > 10

AupyPTA? 56.09 + 3.05 52.32 £ 4.76

AypyDAPTA?2 74.78 +9.34 34.07 +3.51

@ From ref?® results of independent repeated experiments are presented

6.3. Conclusions

The reaction of gold(l) complexes with gold nanoparticles gives rise to the correct
formation of hybrid materials (nanocomposites) both in water and in organic (chloroform)
media. SEM, DLS and SAXS reveal the influence of the amount of nanoparticles added
in the reaction on the resulting aggregates’ size and shape of the resulting
nanocomposites. The lowerdralues obtained for the hybrid material compared with

the individual counterparts suggest the existence of a synergetic effect. These results
represent the beginning for the exploitation of these novel nanocomposites in the
biomedical field.
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6.5. Experimental Section

6.5.1. General procedures

Commercial reagents 1,3,5-triaza-7-phosphatricyclo[3.3.1.13.7]decane (PTA; 97%,
Aldrich), 3,7-diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1]Jnonane (DAPTA; 97%,
Aldrich), Gold(lll) chloride trihydrate (HAuGlI 3H0, >99.9, Aldrich), trisodium citrate
dihydrate (HOC(COONa)(C#£OONay}-2H0O, Aldrich), oleylamine (OLAm, 70%,
Aldrich), oleic acid (OLAc, >99%, Aldrich), 1-octadecene (ODE, 90%, Aldrich), 2-
Propanol (iPrOH, for HPLC, VWR Chemicals), and chloroform (CHCI3, 99.2%, VWR
Chemicals) have been used as received. The synthesis and characterization of gold(l)
complexes was carried out by Dr. Elisabet Aguilo fro@partament d’Inorganica i
Organica, Universitat de Barcelariaterature methods were used to prepare [ Au(C=C-
CsHaN)(PTA)]?* and [Au(C=C-CsHsN)(DAPTA)]® compounds. The correct formation

of the compounds was checkedyNMR where the same pattern as the reported was
obtained. Synthesis and characterization of gold nanoparticles was carried out by Dr.
Mariona Dalmases fromDepartament d’Inorgancia i Organica, Universitat de
Barcelona. The synthesis of hydrophilic gold NPs was based on that reported by
Turkevish and co-worket$and the synthesis of the hydrophobic gold NPs was adapted
from that described by Yu and co-workétg.ransmission Electron Microscope (TEM)
micrograph was used to evaluate the morphological and size distribution of the
nanoparticles. The hydrophilic nanoparticles comprise a significant distribution of
shapes: spherical, triangular and elongated whereas, the hydrophobic nanoparticles
shown only spherical faceted nanoparticles. Both shown an average diameter of ca. 14

nm.

6.5.2. Physical measurements

A JEOL 2000 FX 1l conventional TEM operating at an accelerating voltage of 80 kV was
used. Scanning electron microscopy (SEM) was carried out at 20 kV using J-7100F (Jeol)
equipped with a thermal field electron source. Dynamic Light Scattering (DLS)
measurements were carried out in a Zetasizer NanoS Spectrometer. The samples were
measured in quartz cuvettes. IR spectra were recorded with a FTIR 520 Nicolet
Spectrophotometer. For the measurements, a pellet of a mixture of the sample and KBr
was used. A Cary 100 Scan 388 Varian UV/Vis spectrophotometer was used quartz

cuvettes for optical characterization. SAXS was performed on the NCD-SWEET
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beamline at the ALBA Synchrotron at 12.4 keV, and the distance sample/detector was
6.2 m to cover the range of momentuansfer of 0.028 < q <2.56 nm—1. The data were
collected on a Pilatus3S 1M detector with a pixel size of 172.0 X 172.0 pm2. The exposure

time was 30 s.

6.53. Synthesis of hybrid organometallic supported NPs

Au-DAPTA nanocomposites in organic medialfNO systems)

[Au(C=C-CsH4N)(DAPTA) (0.0042 g, 0.0073 mmol) were dissolved in 8 mL of
chloroform and mixed with a solution of hydrophobic Au nanoparticles dispersed in
chloroform at room temperature. The solution was shaken for 24 h. After this time, the

solution was centrifuged and the resultant precipitated was redispersed in chloroform.
Au-PTA nanocomposites in organic media (PNO systems)

The functionalization of hydrophobic Au nanoparticles with [Au(C=C-CsHsN)(PTA)]
was adapted from the protocol described above but using 0.0013 g (0.0085 mmol) of
[Au(C=C-CsHaN)(PTA)] instead of [Au(C=C-CsH4N)(DAPTA)].

Au-DAPTA and Au-PTA nanocomposites in aqueous media (DNA and PNA

systems, respectively)

The synthesis of Au-DAPTA (or -PTA) nanocomposites was carried out following the
same procedure described for the nanocomposites in organic media but substituting the

chloroform for deionized water.

Three different samples of each nanocomposite were synthesised using different amounts

of Au NPs. The volumes of Au NPs solution in each case are compiled in Table 6.3.
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Table 6.3.Volumes of Au NP solution used in each synthesis. The concentratic

Au NPs in aqueous solution was 0.015 uM and in organic solution 2.33 uM

SAMPLE Volume of Au NP solution
DNO_1 540 pL hydrophobic Au NPs
DNO_2 270 pL hydrophobic Au NPs
DNO_3 54 uL hydrophobic Au NPs
DNA_ 1 1600 pL hydrophilic Au NPs
DNA_2 800 pL hydrophilic Au NPs
DNA_3 160 pL hydrophilic Au NPs
PNO_1 540 pL hydrophobic Au NPs
PNO_2 270 pL hydrophobic Au NPs
PNO_3 54 uL hydrophobic Au NPs
PNA 1 1600 pL hydrophilic Au NPs
PNA 2 800 pL hydrophilic Au NPs
PNA 3 160 pL hydrophilic Au NPs
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CHAPTER 7

Effect of the aggregation on the biological activity of
gold(l) complexes

Aggregated species

Va < Monomer

Part of this Chapter has been submitted A. Pinto, C. Roma-Rodrigues, J. WRutly&ddy, K.
Rissanen, P. Baptista, A. Fernandes, J.C. Lima, L. Rodriguez Inorg. iCt#081-02359y.R1.
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/. EFFECT OF THE AGGREGATION ON THE BIOLOGICAL
ACTIVITY OF GOLD(I) COMPLEXES

7.1. Introduction

The use of gold compounds in medicine began with the discovery of the bacteriostatic
behaviour of gold cyanide[Au(CN),] towards the mycobacteria aitdvas subsequently
introduced as a therapy for the tuberculosis treatment. Its toxicity made evolve gold drugs
to other gold species such as gold(l) thiolate compléxeder, the suggestion that the
mycobacteria could be an agent that can cause rheumatoid arthritis, allows to confirm the
effectiveness of gold compounds for this treatment. Since then, gold drugs have been used
to treat a variety of other rheumatic diseases including psoriatic arthritis, juvenile arthritis,
or palindromic rheumatisrhThe study of the mechanism of action together with the
discovery of metal compounds such as cisplatin for chemotherapy allows the most
interesting advances in the pharmacology of gold drugs, expanding the use of gold
compounds not only in the treatment of rheumatoid arthritis but also in other fields such
as anticancer medicine or antimicrobial medicine. Nowadays, gold complexes have
exhibited excellent antiproliferative activity in several tumour cell fifeand, in

particular, Auranofin is on clinical trials for the treatment of leukaemia cdncer.

Platinum-based drugs present side effects and some cancer cell lines develop resistance
for this kind of drugs. For this reason, non-platinum drugs have gained more attention,
especially gold(l) complexes, bearing a softer metal centre. They show lower interaction
with DNA than platinum drugs due to a tight interaction with the nitrogen donor atoms

of the nucleobases. This fact suggests that gold(l) compounds use different mechanisms
of action for their antiproliferative activity. The cytotoxic effects of gold(l) compounds
may come from the interaction between the residues of the proteins of specific enzymes
inducing a suppression of their activity. Gold has a tendency to bind sulfur and selenium
donor ligands and, consequently, most of the enzymes containing these residues could be

potential targets.

Thioredoxin reductase (TrxR) is a homodimeric protein that belongs to the family of

glutathione reductasacting as enzymes. It catalyses the NADPH-dependent reduction of
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thioredoxin (Trx) disulfide and many other oxidized cell constituents. This enzyme is
involved in numerous metabolic pathways and pathophysiological conditions (tumours,
infectious diseases, rheumatoid arthritis, &dpue to its antioxidant properties, the
thioredoxin system is regarded as preventing cells from oxidative stress, which is a key
factor for DNA damage. Over expression of TrxR has been observed in numerous tumour
cell lines and high levels ofithsubstrate have been associated with the resistance to the
cisplatin}! The active site of TrxR contains a selenocysteine motif involved in the
catalytic mode of action of the enzyme. Based on the affinity of gold(l) centre, a preferred
binding with this residue is suggested and can act as an inhibitor agent. Although TrxR
enzyme appears as the main target of gold(l) drugs and their mechanism is not completely
understood yet, other targets such as aquapodfinz®)c finger proteins such as
poly(adenosnediphosphate riose)polymerase-1 (PARP-diadruplex DNA*'® and

other thiolate dependent enzymes, such as human glutathione reductase (hGR),
glutathione peroxidase (GpX), glutathione-S-transferases (GSTs) and cysteine Protease
may not be discarded.

Some parameters must be considered in order to design a gold(l) metallodrug. The
stability of the complex in the biological media is an important feature and, for this reason,
strong ligand-metal bonds have been mainly chosen. The more frequent ligands used to
build biologically active gold complexes are thiolatés dithiocarbamate®
phosphane¥ N-heterocyclic?® thiourea? or alkynyl?? Another important parameter is

the drug distribution and the uptake of the agents into the cells. In this way, a balance
between hydrophilicity and lipophilicity is required for the drug to be water soluble (i.e.,
soluble in the biological medium) and at the same time be able to pass through the
phospholipid cellular membrarf&?® The lipophilicity of compounds is a very important
parameter in optimizing the biodistribution and the biological activity. Some
physicochemical studies on [Au(dpgé)and some analogues revealed a correlation

between drug lipophilicity, cellular uptake and biological actitity.

On other handijt is well known that gold(l) complexes tend to aggregate yielding
supramolecular structures via non-covalent interactions asibiidrogen bonding, n-nt
stacking and in particular by the establishment of Au---Au interactishg.hese
supramolecular architectures can be favoured in aqueous media even at diluted

conditions?®3* Since biological assays are in aqueous media, the aggregation process
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cannot be discarded. Although some studies regarding this field have been found in the
literature related to anticancer drugs based on pure organic structures and with
nanoparticles>® to the best of our knowledge, the consideration of the aggregation

parameter has not precedent in the literature with metallodrugs and is also of great

relevance for further drug design.

In this context, we previously designed and synthesized in our group a series of mono-
and dinuclear gold(l) complexes containing the same chromophoric unit, 4-
ethynylaniline, and a different phosphane located at the second position varying their
aromaticity and the rigidity (Figure 7.3)This family of compounds was tested against
two different cancer cell lines (human colorectal, HCT116 and ovarian carcinoma,
A2780) and we could draw some important conclusions: 1) mononuclear complexes
present higher cytotoxicity and better selectivity for A2780 ovarian cells than dinuclear
complexes; 2) the complex that contains tri(1-naphthyl)phosphane shows a great
selectivity for A2780 ovarian cells with no cytotoxic effect on normal fibroblast, making

it a very interesting candidate for this treatment; 3) the flexibility of the dinuclear

complexes has a direct positive influence on the resulting biological activity.

P P
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Figure 7.1.Chemical structure of the gold(l) complexes with biological activity studied

in this work.

Taking into consideration the important results previously obtained in the group, in this

work, we have been focused on a careful analysis of the behaviour of the metallodrugs
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before entering the cells. That is, how the molecules enter the cells and a detailed and
complete analysis of their aggregation in order to retrieve some denoted information of
great relevance for future gold(l) metallodrugs development and understanding.
Additionally, since the gold(l) complex containing tri(1-naphthyl)phosphane shows a
great selectivity towards A2780 ovarian cells, we have designed a new family of
compounds having a phosphane with a substituted naphthyl group (Figure 7.2) in order
to see the effect on the biological activity of the substituents in this moiety and to analyse

if naphthyl units have positive effect on the biological activity of gold(l) metallodrugs.

R

R = H (P1), CI (P2), Br (P3)

Figure 7.2.P{CH.-1-N(H)naphthylk phosphane used for the synthesis of the new

family of gold(l) complexes.

7.2. Results and discussion

7.2.1. Synthesis and characterization

The complexe§.1-8 have been prepared following the method previously reported by

us3” The recorded spectroscopic data indicates their correct formation in pure form.

The complexe§.9-11 were synthesized by the reaction of the previously synthesized
polymer [Au(4-ethynylaniline}] and the corresponding P{GH-N(H)naphthylk
phosphan® (Scheme 7.1) following the established method previously reported by us
with slight modifications’ Several recrystallizations were necessary in order to obtain
the compounds in pure form and to remove the traces of thg J/RIRCI subproduct that

remains in solution.
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R = H (7.9), Cl (7.10), Br (7.11)

. oL

Scheme 7.1Synthesis of the gold(l) complexé®-11

Complexes7.12-14 were synthesized by the addition in two different steps of one
equivalent of the phosphane to an initial solution of [AuCl(tht)] (Schemé&®F®).

D&,

Y H ‘ [AuCI(tht)] ) (_HN _
N_P._N PR Au P—/ ci
O O CH,CN R O NH ) {
U " a Az ‘NH

R =H (7.12), CI (7.13), Br (7.14)
Scheme 7.2Synthesis of the gold(l) complexésl2-14

The characterization of the complexes by and*P{*H} NMR and IR spectroscopy,
ESI-MS(+) spectrometry evidences the correct formation of the desired products and their
purity. tH NMR spectra display the pattern of the phosphane and the aniline in the case
of complexe¥.9-11 3'P{*H} NMR spectra display a single resonance in all cases, which

is 60 ppm downfield shifted with respect to the free phosphane. IR spectra display the
v(C=C) vibration at ca. 210Ccm in the case of complex@s9-11and v(N-H) vibration

in all complexes. Mass spectra show a final evidence of the correct formation of the
desired products by the identification of the monoprotonated species [Maitd]
[M+Na]* or [M+K]* species in the case of compleXe3-11and the molecular peak [M]

in the case 07.12-14
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7.2.2. Photophysical characterization

The absorption and emission spectra of the uncoordinated phosptiaBesnd gold
complexes7.9-14 were recorded in 1® M dimethyl sulfoxide solutions at room

temperature and the obtained data are summarized in Table 7.1.

Table 7.1.Electronic absorption and emission data, quantum yield of compleXes

14 and uncoordinated phosphanes in dimethyl sulfoxide.

Absorption o Kr Knr
Compound Emission  ®x TF (NS)

max (1P € em? M) (ns?) (ns?)
P1 344 (23.5) 430 0.32 3.97 0.08 0.171
P2 360 (24.2) 446 0.26 2.82 0.092 0.262
P3 360 (21.6) 446 0.13 1.47 0.088 0.591
7.9 324 (34.4) 420 0.026 0.215 0.120 4.530
7.10 342 (27.3) 431 0.019 0.188 0.101 5.218
7.11 342 (28.3) 428 0.015 0.180 0.083 5.472
7.12 339 (25.9) 426 0.027 0.392 0.068 2.482
7.13 354 (26.5) 439 0.021 0.882 0.023 1.109
7.14 354 (41.2) 437 0.01 1.01 0.01 0.980

300 400 500 600 400 450 500 550
Wavelength (nm) Wavelength (nm)

Figure 7.3.Absorption (left) and normalized emission (right) spectra of compléges

14 in dimethyl sulfoxide.
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The absorption spectra of all the compounds in dimethyl sulfoxide displays one
absorption band at 320-350 nm. The absorption spectra of the gold(l) complexes display
the same profile as the corresponding spectra of the uncoordinated phosphane$-P{CH
NHCi10Hes(4-R)}3, but ca. 20 nm bluehifted (Table 7.1) and it is thus assigned to the 7t-

n* transition of the naphthyl moiety of the phosphane. The same trend is observed in the
emission spectra. The recorded blue shift (Figure 7.3) may be ascribed to the change on
the closed conformation of the free phosphane (due to intramolecular N-H---N
interactions}® upon coordination to the metal atom.

A red shift is observed in all cases when a halogen atom is incorporated into the chemical
structure due to an electronegativity effect. Such electronegativity effect occurs if either
the HOMO or the LUMO is particularly stabilized, and it is especially pronounced in
molecules with disjoint orbital structures, where HOMO and LUMO are localized on
different parts of the molecufé. Moreover, the effect of chlorine and bromine
substituents on the resulting emission is almost identical. This is however consistent with
the similar inductive and mesomeric properties of these two halogens (Br: F =+ 0.45, R
=-0.22,Cl: F=+0.42, R =-0.19, F =field effect parameter, R = resonance parameter).
That is, both substituents function as moderately inductive (o) electron withdrawing

group and as weak m-donor, as indicated by the Swain-Lupton parameters quantifying
these two effect§.+2

Emission spectra recorded at 77 K in dimethyl sulfoxide (Figure 7.4) show that only
gold(l) complexes present a phosphorescence band at ca. 575 nm in agreement with the
effect of the heavy atom in the possible intersystem crossing and population of the triplet
state. Gold(l) compounds that contain the P§{aFNHC10He(4-Br)}s phosphane,
present the lowest phosphorescence emission.

The fluorescence quantum yields in dimethyl sulfoxide are between 1 and 3% and follow
the trend R = H > CI > Br. The lowest fluorescence quantum yields observed for gold(l)
compounds also confirms that gold(l) is populating the triplet state, which is much more
favoured when a second heavy atom is included in the chemical structure of the molecule
(Cl, Br). The radiative and non-radiative rate constants were calculated from the
fluorescence quantum yields and lifetimes. In general, the radiative constant remain
similar, while it is in the non-radiative where the addition of gold(l) atom promotes these

deactivation pathways, also in agreement with the observed phosphorescence emission.
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Figure 7.4.Emission spectra of phosphare$-3 and gold(l) complexes.9-14at 77 K

(fluorescence band is normalized).

7.2.3. X-ray crystal ctructure determination

Slow evaporation of dichloromethane/hexane solutions provided single crystals suitable
for X-ray diffraction resolution of the structures®f, 7.4, 7.5and7.13

Complexesr.1, 7.4 and7.5 present a linear coordination at the Au(l) center, with the P-
Au-C angles ranging between 173-177°. The P-Au and Au-C bond parameters are in good
agreement with those of previously reported for compounds that contain 4-ethynylaniline
as a ligand’ The three complexes display-N- - - Gpand G-H--m interactions in the 3D

crystal packing, similar to the previous complexes reported BY us.

The complex’.1crystalizes in two different modes; as two trimers with molecules twisted

in antiparallel form and connected through aurophilic interactibds)(and as a discrete
molecule 7.1b), as shown in Figure 7.5. The main difference between the two modes is
the presence of a solvent molecule in the crystal that leads to the formation of trimers.
Even though compound.l also crystallizes in a discrete structuré1p) where
aurophilic interactions can be observed in the 3D packing. The conformation found for
7.1a is observed in previous complexes reported that contains 1,3,5-triaza-7-

phosphaadamantane as a phospfane.
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Figure 7.5 X-ray crystal structures af.1a(A), 7.1b(B). Yellow: gold; orange:
phosphorus; black: carbon; light blue: nitrogen; pale grey: hydrogen. Solvents have

been omitted for clarity.

Complex7.4 crystalizesas a dimer in antiparallel mode and complé® as a discrete
structure . (Figure 7.6). In the 3D packing of both complexes, the molecules are oriented
by the interactions between NMHnd C=C groups. This kind of interactions play a
significance role in the stabilization of the arrangement also in other cassfidexd in

the literature that contains an ethynylaniline in the chemical strutture.
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Figure 7.6. X-ray crystal structures a%.4 (A), 7.5 (B). Yellow: gold; orange:
phosphorus; black: carbon; light blue: nitrogen; pale grey: hydrogen. Solvents have

been omitted for clarity.

Complex7.13crystallizes as a single molecule with two molecules of methanol (Figure
7.7). A linear geometry is observed around the metal atom witAhaP-angle of 180°
similar to other [(PR2AU]CI complexes® The P-Au bond distance is in a good
agreement with those found in other gold-phosphane compie$akhe angle of RGH;-

N is around 111° which is similar to other gold(l) complexes with similar phospfanes
and is smaller with respect to the uncoordinated phosphane due to a higher steric
hindrance when the gold(l) is coordinated and the phosphanes become closer. The
complex displays intramolecular short N-H---ClI, @l Cl---Ct* contacts in the 3D
crystal packing. The packing arrangement shows that the molecules form a chain due to
the presence of hydrogen bonding of the N-H of the molecule, the chlorine that acts as a

counterion and the methanol molecules present in the crystal structure.
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Figure 7.7.X-Ray crystal structure of.13 Yellow: gold; orange: phosphorous; black:
carbon; light blue: nitrogen; green: chlorine; red: oxygen (All hydrogen atoms except on

N have been removed for clarity).
7.2.4. Biological assays

The cytotoxicity of the new gold(l) complexé®-14was analyzed in order to compare

the results with the previously studied gold(l) complex containing trinaphthylphosphane
(7.3) that was the best one regarding both cytotoxicity and selectivity. MTS assays were
performed on the representative human cancer cell lines: ovarian cisplatin sensitive,
A2780, and colorectal carcinoma, HCT116. The cell viability was observed to be
dependent on the concentration for compouh@lsnd7.12that do not contain a halogen
atom in the naphthalene moiety (see Figures 7.8 and 7.9).
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Figure 7.8 Cytotoxicity of complexeg.9-14in the A2780 cell lines after incubation
for 48 h with increasing concentration of the complex. Cell viability was determined by
means of the MTS assay. Data normalized against the control (0.1 %(v/v) DMSO).
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Figure 7.9.Cytotoxicity of complexe§.9-14in the HCT116 cell lines after incubation
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for 48 h with increasing concentration of the complex. Cell viability was determined by

means of the MTS assay. Data normalized against the control (0.1 %(v/v) DMSO).

ICso values are higher for the complexe8-14with respect to the compl&@a containing
thetrisnaphthylphosphane (PNapland thus, the compounds are less active (Table 7.2).
The introduction of theGH>-NH- moiety between the phosphorous and the naphthalene
seems to affect negatively the cytotoxicity of these compounds. On the other hand, the
introduction of a halogen in the chemical structure of the naphthalene decreases the
cytotoxicity of the complexes.
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Table 7.2.1Cso values of complexes.1-14

Compound A2780 HCT116 Fibroblast
7.12 1.7+04 18.2+8.1 19.0 £7.3
7.2 174+1.0 77.5+0.1 70.4+£3.5
7.3 2.3+0.1 >100 >100
7.4 0.1+0.0 8.7+1.8 5.3+0.7
7.5 0.3+£0.1 6.5+£0.1 1.0+£04
7.6% 10.9+3.7 59.5+17.5 96.3+4.5
7. 0.3+0.0 1.9+0.3 152+1.8
7.8 0.3+0.1 1.3+0.0 36.4+0.0
7.9 10.24 +1.02 >50 >50
7.10 >50 >50 >50
7.11 >50 >50 >50
7.12 10.12 £ 0.46 52.3+1.3 >50
7.13 >50 >50 >50
7.14 >50 >50 >50

2 From ref’

7.2.5. Correlation between aggregation and the meahism to enter the cells

7.2.5.1. Aggregations studies

Gold(l) complexes, with similar chemical structure to the compounds under study in this
work, have been found to aggregate in solutid@Hence, aggregation studies have been
performed with the current complexes in order to try to retrieve some correlation between
the biological activity and the aggregation behavior. Since complé®es4 do not
present relevant cytotoxicity towards ovarian cisplatin-sensitive (A2780) and colorectal
carcinoma (HCT116), the studies correlating the aggregasidmiological properties

have not been performed.

The critical concentration aggregation (CAC) is defined as the concentration where the
aggregates start to be formed. This concentration depends on the interaction between the
complex and the solvent. In this way, the absorption and emission spectra at different
concentrations were recorded in water-dimethyl sulfoxide mixtures. The representation

of the concentration vs the absorption or emission maxima gives a plateau (Figure 7.10),
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which is the point where the molecules start to aggregate. It is thus ascribed as the critical

concentration aggregation (CAC). The obtained values are summarized in the Table 7.3.
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Figure 7.10.Absorption (left) and emission (right) spectra of compouridat different

concentrations (inset: plot intensitythe concentration at the 470 nm maxima

All complexes tend to aggregate between %--10- 10° M where a new absorption band
around 400 nm appears together with an increase on the baseline due to the dispersion
effect of the aggregates. A second emission band also appears at longer wavelengths,
around 470 nm, due to the aggregates. The complekesd7.2 that contain the more

water soluble phosphane (PTA and DAPTA respectively) present the largest CAC. This
is due to the highest solubility of these phosphanes in water and thus the aggregates start
to form at higher concentrations. The other complexes present similar CAC except

complex7.8that shows the lowest CAC due to solubility issues.
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Table 7.3.Values of the critical aggregation concentration of compléxes

Compound CAC
7.1 1.75-1¢ M
7.2 2-10°M
7.3 10° M
7.4 10° M
7.5 10° M
7.6 10° M
7.7 10° M
7.8 5.10°M

NMR studies have been performed at different concentrations in water-dimethyl
sulfoxide mixtures in order to analyze in more detail which part of the molecule is more
affected in the aggregation process. In the case of the more water soluble phosphanes
PTA and DAPTA (compounds$.1 and 7.2 respectively) a shift in the protons on the
phosphane and also in the phosphorous signal can be detected together with the presence
of secondary signals in the pyridine group that indicates the presence of new aggregated
structures. A downfield shift in th#P NMR was also observed. This behavior is in
agreement with the presence of aggregated assemblies at higher concentrations where
both parts of the molecule (phosphane an aniline group) are affected. This may be
correlated with what was previously displayed in the X-ray crystal structures due to the
aurophilic contacts (in the nearby of the phosphorous atom) and Nihteractions are
involved in the intermolecular contacts (affecting the NMR chemical shift). In the case

of compound?.5, that contains a triethylphosphane, only the aniline protons are affected
with no effect neither in the protons of the phosphane nor #HREMR. However, both

the aniline and the phosphane groups are affected in compodinthat contains a
triphenylphosphane (Figure 7.11). Although these two compounds present the same kind
of intermolecular interactions in the crystal structure, the solubilization of compgo4ind

in a water-dimethyl sulfoxide mixture promotes the presence of intermolecular contacts
between the phenyl groups (C-Ht) observed in the X-ray structure. These interactions
may be maintained in solution (aggregated form) and may explain the involvement of the

phosphane in this process (a part from the NsHnteraction involving the aniline).
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Figure 7.11.1H-NMR spectra of7.4 at different concentrations in a mixture of
D20:DMSO-a (above)H NMR spectra o7.4in DMSO-a (below).

Only the protons of the aniline are affected by the concentration in the NMR of the
compounds that are less soluble in the mixture of solvents 1d.6, 7.7 and7.8) due

to a conformation where this group is involved in the aggregation process and somehow
the anilinecan be blocked through - stacking (found in the crystal structure previously
reported by usj’

7.2.5.2. Aggregation vs biological properties

We have observed that gold(l) complexe%-8 aggregate in dimethyl sulfoxide:water
mixtures and we could get some information regarding the parts of the molecule that are
involved. Aiming at correlating the aggregation of these compounds with the biological
properties, it is firstly necessary to determine which species are being uptaken irsthe cell

the monomers or the aggregates. To elucidate this question, absorption spectra and
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dynamic light scattering (DLS) experiments have been recorded at different times (crucial
points for the biological assays) and at the same conditions used for the biological
experiments (aqueous solutions with 0.1% of DMSO at 37 °C). Times Oh, 1h, 3h and 6h
have been chosen since they are relevant in the biological culture. A decrease in the
alsorption band and an increase of the baseline was observed at longer times due to an

increase of the formation of the aggregates (Figure 7.12).
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Figure 7.12.Absorption spectra of a PM aqueous solution (containing 0.1% DMSO)
of 7.5 at different times.

Additionally, dynamic light scattering (DLS) studies reveal that at this starting point the
aggregated form is the species present in the solution. Initially, compéunds2, 7.5,

7.7 and 7.8 present aggregates around 200 nm @8l 7.4 and 7.6 display larger
aggregates due to a lower solubility in the medium. Different trends can be observed at
the different times where the measurements were recorded: the more soluble compounds
show an increase of the size at longer times, as expected for aggregation processes, which
are usually more favored with time. On the other hand, the size of the aggregates
decreases with time in the case of the less soluble compounds. This may be ascribed to
an increase of the aggregates or the appearance of precipitates with time being those
maintained in the suspensions smaller or more homogeneous (sharper signals) (Figure
7.13 left). Similar experiments carried out in biological media (in PBS) show that in this

medium aggregation is still present although smaller sizes can be detected in all cases.
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The aggregates are also maintained in the presence of a biological relevant protein, bovine

serum albumin (BSA), but becoming smaller (Figure 7.13 right).
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Figure 7.13.Dynamic light scattering (DLS) spectra®b of a 10°M aqueous solution
(containing 0.1% DMSO) at different times (left) and of ZMPBS solution (black

line) and in presence of 1% BSA protein (red line).

Small Angle X-ray Scattering (SAXS) experiments were also performed in order to verify
if smaller aggregates might be present in the solutions at the biological temperature
conditions. The low-resolution structures were reconstructed ab initio from the scattering
patterns using the DAMMIN program. As it can be observed in Table 7.4, small
aggregates exist in all cases with a size around 200 A, being a final evidence of the

presence of even smaller aggregates in the solutions of the studied metallodrugs.

Table 7.4.Size of the small aggregates of the complexes retrieved through S/

experiments under analogous conditions than those used for the biological as
Compound 7.1 7.2 7.3 7.4 7.5 7.6 7.7 7.8

Size(A) 269 263 284 189 254 275 389 225

Thus, the first hypothesis is that the samples are introduced in the cells already as

aggregates whose size decreases in the presence of biological proteins. But how is the

mechanism to enter the cells? The cell membrane is a semipermeable barrier and it only

allows the transport of compounds with small molecular size, which can be transported

using channels and specific carri#tsBut not only the size is important, also the

hydrophobic character of the complex is crucial to know how easily it crosses the cell
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membrane. The hydrophobic character of a derivative can be measured experimentally
by testing the relative distribution in an n-octanol/water mixture. Hydrophobic molecules
will prefer to dissolve in the n-octanol layer of this two-phase system, whereas
hydrophilic molecules prefer the aqueous layer. The relative distribution is known as the

partition coefficient (P) and is obtained from the following equation:

Concentraton of the derivative in octanol

Cocentration of the derivative in aqueous solution

In general, hydrophobic compounds present higher P values, whereas lower P values are
obtained for hydrophilic compounds. In this way, the partition coefficients of the
compounds were retrieved through absorption spectra in water/octanol mixtures and we
were only able to determine this parameter for those complexes that present some
solubility in octanol (compoundé.3-5and7.8) (Table 7.5). The observed trend7i§ >

7.4> 7.3> 7.5 Thus, the logky values seem to be related with the corresponding
hydrophobicity of the complexes and we can suggest that the compounds that present a
more aromatic or more rigid phosphane (less soluble in water) might cross the membranes

more easily.

Table 7.5.Partition coefficient for compounds3, 7.4, 7.5and7.8.

Compound Partition coefficient logKow
7.3 2.1 0.3
7.4 4.5 0.7
7.5 1.2 0.1
7.8 6.9 0.8

In terms of size, it is expected that the monomers may enter the cell via passive or an
active pathway, while aggregates with more than 200 nm might require energy-dependent
pathways, such as endocytosis for internalizattéhThe activity of cellular transporters

are temperature dependent, while the energy-dependent mechanisms will be mostly
inhibited at lower temperatufé&*° The percentage of intracellular gold was evaluated in
A2780 cells incubated with complexes for 3 h at 4°C. These experiments were performed
in colaboration with the group of Dr. Alexandra Fernandes and Dr. Pedro V. Baptista at
the UCIBIO-REQUIMTE (Universidade NOVA de Lisboa). We considered for these
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analyses those complexes that present gold internalization levels higher than 4%
(complex7.4, 7.5, 7.7 and7.8) which is the sensitivity of the inductively coupled plasma
atomic emission spectrometry (ICP-AES) technique. A slight deacrease on the
internalized gold was observed when cells were incubated at 4°C relative to incubation at
37°C (Figure 7.14). Only in the case®¥b, a decrease on the interanalized gold (from
3.9% at 37°C to 0.38% at 4°C) was observed. In general, these results suggest that gold(l)
complexes might enter the A2780 cells via a passive mechanism. In the case of compound
7.5, although the decrease of internalization might induce to consider that the uptaking of
this compound is via an active transport mechanism, it is important to note that passive

difussion is also affected by lower temperature.
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Figure 7.14.Internalization of complexe&4, 7.5, 7.7 and7.8in ovarian cancer cells
A2780 after 3h at 37°C (dark blue) and 4°C (light blue) and after 6h at 37°C (green).
Bars represent the percentage of gold in cells relative to the total amount of gold found

in the media and cells for each sample.

A decrease on the internalization is observed after 6h in all complexes. Coriplex
presents the highest alteration (from 41.7% after 3h to 5.2% internalized after 6h). This
observed decrease can be ascribed to the increase of the size of aggregates with time in
the case of compounds more soluble in water or the precipitation over time for compounds

that are less water soluble, previously seen in the DLS experiments.

Dark field microscopy analysis was performed in order to know how the compounds are
interacting with the cell membrane. Compounds with higher partition coeffidigrdrid

7.8) were chosen. A2780 cells were exposed for 3h with gold(l) complexes or with 0.1%
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(v/v) DMSO as control sample. Only cells incubated with comfléxpresent bright
spots in the cell membrane, consistent with denser material and hence to the presence of
aggregates (Figure 7.15). These results suggest that, in the ¢ateagfregates interact

with the cell membrane and are then internalized in this form.

control Complex 7.4 Complex 7.8

Figure 7.15.Analysis of complexeg.4 and7.8internalization in the aggregated form.

Ovarian cancer cell line A2780 was incubated for 3h with tBedCeach complex (0.1
uM for complex7.4 and 0.3uM for complex7.8) or 0.1 % (v/v) DMSO for control

purposes, and then fixed with formaldehyde 4% (w/v). Images were acquired th a Ti-
Eclipse inverted microscope using a Dark field condenser. Orange arrows point to

bright spots consistent with the presence of compléaggregates.

Previous studies carried out for these compounds, suggested a correlation between
complex internalization and its cytotoxicity. In general, gold(l) compounds that present
higher internalization display also higher cytotoxicity (lowegol@alues), as can be seen

in Figure 7.16. However, dinuclear compounds with similagp Malues compared to
mononuclear analogous complexes showed higher intracelular %Au. Interestingly,
complexesb, 7 and 8 with lower aggregates’ size (~ 200 nm) in DLS measurements

present the same 4gin ovarian cancer cell.
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Figure 7.16.Plot of %Au internalized vs Kgvalues against A2780 cell line.

Altogether, the results suggest that although the internalization in the aggregated form
cannot be excluded, the highest cytotoxicity of com@lémight be correlated with its
higher aggregate size and its hydrophobicity that can cross more easily the cell membrane

via a passive transport.

Since different behavior has been observed for mononuclear and dinuclear compounds,
the intracellular distribution within cellular organelles was assayed in order to elucidated
the effect of gold(l) complexes on A2780 cells. Cellular fractionation using a detergent-
based cell fractionation kit was used as a methodology to separate the cell contents into
three fractions: cytosolic fraction, mitochondrial fraction (composed by membranes and
organelles) and nuclear fraction (composed by the nuclei and cytoskeleton). The results
obtained suggest that while mononuclear complexes are mainly found in the cytosolic
fraction, the dinuclear complexes are mainly at the fractions composed by nuclei and
cytoskeleton (Figure 7.}7
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7.4 7.5 7.7 7.8
1po

nuclear fraction W mitocondrial fraction M cytosolic fraction
Figure 7.17.Distribution of complexeg.4, 7.5, 7.7 and7.8in the ovarian carcinoma
cell line A2780. Cells were exposed to 10x IC50 of each complex for 3h at 37°C. Cells
were then fractionated using Cell fractionation kit (Cell signaling technologies) into
cytosolic fraction, mitochondrial fraction (composed by membrane and organelles) and
nuclear fraction (composed by nucleus and cytoskeleton). The concentration of gold in
each fraction was measured by ICP-AES and the represented percentage of gold in each

bar is the gold in each fraction relative to the sum of gold in all fractions.

The different behavior observed between mononuclear and dinuclear compounds and
their different cytotoxicity behavior suggest different targets. A proteomic analysis made
by Modesti and coworket$showed that gold compounds can interact with actin or actin
related proteins in A2780 cells and they observed a decrease on the expression of two
actin isoforms when cells were incubated with auranofin and Auoxo6. The modification
or reorganization of these proteins of the cytoskeleton can cause the apoptosis of the
cell>! In this way, the interaction of complex@st (mononuclear) and.8 (dinuclear)

with actin was examined (Figure 7.18). The results show that both complexes present
some interaction with actin, causing the formation of actin agglomeration. Major actin
modifications was observed for compléx8 being more significant after 3h of
incubation, where the actin filament were more disorganized than cells incubated with
DMSO (control) or with compleX.4. These results suggest that compleédestabilizes

the action cytoskeleton of the cells in major degree probably due to a cooperative effect

between the two gold(l) complex®s.
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Complex 7.4

Complex 7.8

Figure 7.18.Interaction of complexes.4 and7.8 with actin. Ovarian cancer cell line
A2780 was incubated for Oh, 30 min, 1h, 3h and 6h with tegdfCeach complex (0.1
uM for complex7.4 and 0.3uM for complex7.8) and then fixed with formaldehyde 4%
(w/v). Cells were stained with AlexaFluor 488 phalloidin (Invitrogen) and images were
acquired in a Ti-U Eclipse inverted microscope with green filter cube (excitation filter
range 465-495 nm and emission filter range at 515-555 nm). Orange arrows point to

actin agglomerations in cells.

Thus, aggregation seems to be involved in a possible passive mechanism to enter the cell
but the final effect once the compounds are within the cell, is expected to be more affected

by cooperative effect related to nuclearity of the metallodrug.
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7.3. Conclusions

The use of complementary techniques revealed that aggregates are mantained in solution
even at low concentrations. DLS experiments show that at the very beginning these
aggregates already exist. The correlation between the biological activity previously
studied and the aggregation studies let us to asume that aggregates are the species that
cross the cellular membrane possibly through passive diffusion mechanim. Nevertheless,
the biological activity and localization seems to be more related to the nuclearity of the

complexes.

Taking into consideration the previous results, a series of neutral and cationic gold(l)
compounds with a phosphane that contain a naphtyl moieGHPL{-NHC10Hs(4-R)} 3,

R = H, CI, Br) has been successfully synthesized and their biological activity studied. It
has been observed that the introduction of an amine group between the naphthyl and the

phosphorous decreases the resulting biological activity.

To the best of our knowledge, the correlation between the mechanism used for the
metallodrug to enter the cells and the aggregation process has not precedent in the
literature. This study can be of great relevance to better understand the activity of the

gold(l) drugs and for further design of new active molecules.
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7.4. Experimental Section

7.4.1. General procedures

All manipulations have been performed under prepurifiecuding standard Schlenk
techniques. All solvents have been distilled from appropriated drying agents. 4-
ethynylamine (Aldrich, 97%) was used as received. Literature methods were used to
prepare [Au(C=C-CgHaNH2)]n,®" and 4ethynylaniline gold(l) complexes containing
monophosphane (1,3tfaza7-phosphaadamantane (PTA..1), 3,7-diacetytl,3,7%
triaza5-phosphabicyclo[3.3.1]Jnonane (DAPTA;2), and PR, with R=naphthyl 7.3),
phenyl {7.4), and ethyl 7.5 and diphosphane (bis(diphenylphosphano)acetylene (dppa;
7.6), 1,2bis(diphenylphosphano)ethane (dppe; 7.7), and 1,3
bis(diphenylphosphano)propane (dp@g8).2” P{CH2-1-NHC1oHs(4-H)} 3 (P1), P{CH;-
1-NHC10He(4-Cl)} 3 (P2) and P{CH-1-NHC10Hs(4-Br)}s (P3) were provided by Prof.
Martin B. Smith from Department of Chemistry, Loughborough University,
Loughborough, UK.

7.4.2. Physical measurements

Infrared spectra have been recorded on a FT-IR 520 Nicolet SpectrophotobhBisiR
(3(TMS) = 0.0 ppm), 3P{*H} NMR (5(85% H3PQs) = 0.0 ppm) spectra have been
recorded on a Varian Mercury 400 and Bruker 400 (Universitat de Barcelona).
ElectroSpray-Mass spectra (+) has been recorded on a Fisons VG Quatro spectrometer
(Universitat de Barcelona). Absorption spectra have been recorded on a Varian Cary 100
Bio UV- spectrophotometer and emission spectra on a Horiba-Jobin-Yvon SPEX
Nanolog spectrofluorimeter (Universitat de Barcelona). Luminescent quantum yields
were recorded using an Absolute PL quantum yield spectrometer from Hamamatsu
Photonics upon excitation the samples at 300 nm. Dynamic Light Scattering have been
obtained on a Zetasizer Nano S of MALVERN (Parc Cientific de Barcelona). The
samples were measured in quartz cuvettes. SAXS was performed on the NCD-SWEET
beamline at the ALBA Synchrotron at 12.4 keV, and the distance sample/detector was 6.2
m to cover the range of momentum transfer of 0.028 < q < 2.56 fihe data were
collected on a Pilatus3S 1M detector with a pixel size of 172.0 x 172.0 um? The exposure

time was 30 s. The g-axis calibration was obtained by measuring silver beticitate.
program pyFAl was used to integrate the 2D SAXS data into 1D°Hatee data were
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then subtracted by the background using PRIMUS softtvafée maximum particle
dimension Dmax and the pair distance Distribution P (r) were determined with GROM.
The low resolution structure of aggregates was reconstructed ab initio from the initial
portions of the scattering patterns using the program DA¥MNhe crystal data and
experimental details for the data collection7of, 7.4, 7.5and7.13 were made by Jas
Ward in collaboration with the group of Prof. Kari Rissanen from University of Jyvaskyla.
The single crystal data for all compounds were collected using a Bruker-Nonius
KappaCCD diffractometer with an APEX-Il detector with graphite-monochromatized
Mo-K, (A = 0.71073 A) radiation. CCDC-2070637.18, CCDC-2070638 7.1b),
CCDC-2070639 (7.4 and CCDC-2070640 7(5 contain the supplementary
crystallographic data for these structures. These data can be obtained free of charge from

The Cambridge Crystallographic Data Centrewiav.ccdc.cam.ac.uk/data_request/cif

7.4.3.Synthesis and Characterization
Synthesis of [Au(4-ethynylaniline)(P1)] (7.9)

Solid P1 (39 mg, 0.078 mmol) was added to a stirring suspensiopAofC=C-
CeHsNH2)]n (25 mg, 0.079 mmol) in methanol (10 mL) under &tmosphere at room
temperature. After 1h of stirring, the solution was concentrated to the half and diethyl
ether was added in order to favour the precipitation. The resulting yellow solid was
filtered and dried under vacuum. Yield 51% (32 mg).

31p{IH} NMR (DMSO-, 400 MHz): § = 26.1 ppm; *H NMR (DMSO-d;, 400 MHz): &

=4.30 (d, J = 6.12 Hz, 6H, GH 5.09 (s, 2H, NB), 6.35 (d, J= 8.64, 2H, ) 6.62 (m,

3H, Naph), 6.77 (d, J= 8.56 Hz, 2Hp)H6.86 (d, J = 7.56 Hz, 3H, Naph), 7.15 (d, J =
8.08 Hz, 3H, Naph), 7.22 (t, J = 7.68 Hz, 3H, Naph), 7.45 (m, 3H, Naph), 7.78 (d, J = 7.2
Hz, 3H, Naph), 8.14 (d, J = 7 Hz, 3H, Naph); IR (FT): v = 3451 (s), 3349 cm™ (s, N-H),

2101 (w, C=C); ESI (+) m/z: 813.239 ([M+H], calc: 812.234), 835.224 ([M+Na]calc:
835.224), 851.201 ([M+K] calc: 851.198).
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Synthesis of [Au(4-ethynylaniline)(P2)] (7.10)

Complex7.10was synthesized following the same experimental procedure reported for
7.9 but by usingP2 instead ofP1. A yellow solid was obtained in a yield of 60 % (43

mgQ).

31pIH} NMR (DMSO-, 400 MHz): § = 25.3 ppm; *H NMR (DMSO-d;, 400 MHz): &

=4.27 (d, J =5.36 Hz, 6H, GH 5.05 (s, 2H, NB), 6.32 (d, J = 8.2 Hz, 2H,J 6.72 (d,
J=8.2Hz, 2H, k), 6.78 (d, J = 8.2 Hz, 3H, Naph), 7.28 (d, J = 8.3 Hz, 3H, Naph), 7.54
(t, J = 7.36 Hz, 3H, Naph), 7.61 (t, J = 8.12 Hz, 3H, Naph), 8.03 (d, J = 8.3 Hz, 3H, Naph),
8.20 (d, J = 8.3 Hz, 3H, Naph); IR (FT): v = 3449 (s), 3353 cm™ (s, NH), 2103 (w, C=C);

ESI (+) m/z. 915.122 ([M+H] calc: 915.117), 937.107 ([M+Na]calc: 937.107),
953.079 ([M+KT, calc: 953.081).

Synthesis of [Au(4-ethynylaniline)(P3)] (7.11)

Complex7.11was synthesized following the same experimental procedure reported for
7.9but by using®3instead oP1. A purple solid was obtained in a yield of 59 % (41 mg).

31p{H} NMR (DMSO-a, 400 MHz): § = 25.4 ppm; *H NMR (DMSO-d 400 MHz): &
=3.92 (d, J=6.2 Hz, 6H, GH 4.71 (s, 2H, NK), 5.97 (d, J = 8.4 Hz, 2H, 6.39 (d,
J=8.3 Hz, 2H, k), 6.41 (d, J = 8.4 Hz, 3H, Naph), 7.11 (d, J = 8.3 Hz, 3H, Naph), 7.18
(t, J =7 Hz, 3H, Naph), 7.26 (t, J = 8.3 Hz, 3H, Naph), 7.64 (d, J = 7.8 Hz, 3H, Naph),
7.83 (d, J = 8.6 Hz, 3H, Naph); IR (FT): ): v = 3453 (s), 3348 cm™ (s, N-H), 2099 (w,
C=C) ; ESI (+) m/z. 1046.965 ([M+H], calc: 1046.966), 1068.960 ([M+Na]calc:
1068.956), 1084.942 ([M+K] calc: 1084.930).

Synthesis of [Au(P1)]ClI (7.12)

Complex 7.12 was prepared following the procedure previously reported in the
literature® in a yield of 78 % (77 mg)

31p{1H} NMR (DMSO-a, 400 MHz): 5 = 15.9 ppm; *H NMR (DMSO-ds 400 MHz): &

=3.79 (d, J = 5.7 Hz, 12H, GH 6.70 (m, 12H, Naph), 7.07 (d, J = 8.2 Hz, 6H, Naph),
7.44 (m, 12H, Naph), 7.77 (d, J = 7.12 Hz, 6H, Naph), 8.13 (d, J = 7.76 Hz, 6H, Naph);
IR (FT): v = 3400 cm™™ (s, N-H); ESI (+) m/z: 1195.401 ( [M]calc: 1195.402).
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Synthesis of [Au(P2)]CI (7.13)

Complex7.13was synthesized following the same experimental procedure reported for
7.12but usingP2 instead ofP1. A solid was obtained in a yield of 64 % (72 mg).

31p{1H} NMR (DMSO-c, 400 MHz): 6 = 11.3 ppm; 'H NMR (DMSO-d5, 400 MHz): &
=3.91(d, J =4 Hz, 12H, Gl 5.71 (d, J = 8.3 Hz, 6H, Naph), 6.34 (d, J = 7.7 Hz, 6H,
Naph), 7.00 (m, 6H, Naph), 7.62 (m, 6H, Naph), 7.97 (d, J = 8.04 Hz, 6H, Naph), 8.25
(d, J = 8.4 Hz, 6H, Naph); IR (FT): v = 3410 cm™ (s, N-H); ESI (+) m/z: 1399.162 ( [M]

calc: 1399.168).

Synthesis of [Au(P3)]CI (7.14)

Complex7.14was synthesized following the same experimental procedure reported for
7.12but usingP3 instead ofP1. A solid was obtained in a yield of 75 % (101 mg).

31p{1H} NMR (DMSO-d;, 400 MHz): & = 8.8 ppm; *H NMR (DMSO-ds 400 MHz): § =
3.95(d, J=5.5Hz, 12H, G{ 5.58 (d, J = 8.16 Hz, 6H, Naph), 6.36 (d, J = 8.12 Hz, 6H,
Naph), 7.08 (m, 6H, Naph), 7.60 (m, 6H, Naph), 7.90 (d, J = 7.92 Hz, 6H, Naph), 8.25
(d, J = 8.3 Hz, 6H, NaphIR (FT): v =3413 cm™ (s, N-H); ESI (+) m/z: 1662.857 ( [M]

calc: 1662.865).

7.4.4. Aggregation studies

Critical aggregation concentration was obtained by recording the absorption, excitation
and emission spectra at different concentrations B108 M) in a mixture of dimethyl
sulfoxide and water (50:50 in the caserdf-5and7.8 or 60:40 in the case a6 and

7.7.

NMR studies at different concentrations (5.5*104- 10*) were carried out by dissolving
the corresponding amount of the compound in a DM&0D20 mixtures, (50:50 in the
case of7.1-5and7.8 or 60:40 in the case @Gi6 and7.7).

The samples for SAXS experiments were prepared one week before in order to favour the
aggregation processes at different concentration$%100° M) in water for7.1and7.2
and in water and tetrahydrofuran mixtures (50:50)/{8¢8
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Time dependent studies of I water solutions containing 0.1% of dimethyl sulfoxide
were followed by absorption and dynamic light scattering (DLS) at different times (0, 1,
3 and 6 hours) at 37°C.

7.4.5. Partition coefficient

Partition coefficient was calculated following literature meth§ds.known amount of

the compound was dissolved in 1-octanol. Equal volumes of this solution and water was
mixed and stirred for 24 h at room temperature. After 24 h, the solution was transferred
into 60 mL of separating funnel and allowed to stand in order to separate the agqueous and

organic layer. The organic layer was then analysed by UV-vis spectrophotometer.
7.4.6. Biological assays

Biological assays were made by Dr. Catarina Roma-Rodrigues in collaboration from the
group of Dr. Alexandra R. Fernandes and Dr. Pedro V. Baptista from Universidade
NOVA de Lisboa.

Cell culture and cell culture maintenance

Human ovarian carcinoma, A2780, purchased from ATCC (Manassas, VA, USA) were
grown and maintained in RPMI 1640 medium (Gibco, ThermoFisher Scientific,
Waltham, MA, USA) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco,
ThermoFisher Scientific), 1% (v/v) non-essential aminoacids (MEM, Gibco,
ThermoFisher Scientific) and a mixture of 100 U/mL Penicillin and 1@0mL
Streptomycin (Gibco, ThermoFisher Scientific) at 37°C, 5% (v/v} @@n humidified
atmosphere.

Cellular uptake of complexes 5.4, 5.5, 5.7 arisl8 by A2780 cells

To evaluate the internalization of the complexes, 282780 cells were seeded in a 25

cn? T-flask and let to adhere for 24h. Afterwards, the media was replaced by fresh media
supplemented with 10 times the respective 8 each complex and incubated for 3h at
37°C and 4°C or for 6h at 37°C. The supernatant was transferred to a clean tube and cells
were washed with phosphate buffer saline (PBS) that was added to the supernatant
containing tube. Cells were then detached with Tryple express (TE, ThermoFisher

Scientific) and pelleted with a 50@ centrifugation for 5 min. The supernatant was
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transferred to the supernatant containing tube and both cells and supernatant samples were
incubated with aqua regia overnight. The amount of gold in each sample was quantified
with ICP-AES. The percentage of intracellular gold was calculated by dividing the gold
concentration in cells by the sum of gold concentrations in respective supernatant and cell

pellet.
Distribution of complexes 5.4, 5.5, 5.7 and 5.8 in cellular fractions

A2780 cells were seeded in 25 TWflasks in a density of 6x2@ells/mL. After 24h,

cells were exposed to fresh media supplemented wittof@ach complex and incubated

for 3h at 37°C, 5% (v/v) C£n a humidified atmosphere. Afterwards, cells were collected
with a cell scratcher in PBS, pelleted with a 5@ centrifugation for 5 min and
fractionated with Cell fractionation kit (Cell Signalling Technologies, Danvers, MA,
USA) according to the manufacturer’s instructions. With this protocol three fractions are
obtained, the cytoplasmic fraction, the mitochondrial fraction, composed by membranes
and organelles, and the nuclear fraction. After incubation of each obtained fraction with
agua regia, the amount of gold was quantified with ICP-AES. The percentage of gold in
each fraction was calculated by dividing the gold concentration in the specific fraction
with the sum of gold concentrations in respective cytoplasmic, mitochondrial, and nuclear

fractions.
Interaction of complexes 5.4 and 5.8 with actin

A2780 cells were seeded in a 24-well plate in a cell density of 37500 cells/well. After
24h, the media was replaced by theol@f complex7.4 (0.1 uM), the 1Go of complex
7.8(0.3uM) or 0.1 % (v/v) DMSO, the vehicle solvent of complexes. After Oh, 30 min,
1h, 3h or 6h incubation, cells were fixed with formaldehyde 4% (w/v) (Sigma Aldrich,
Merck, Kenilworth, NJ, USA) for 15 min and washed three times with PBS. Cell
membrane was then disrupted through a 5 min incubation with triton 0.1% (v/v) (Sigma
Aldrich, Merck), washed three times with PBS and cells were incubated for 30 min with
BSA 1% (w/v) (NZYtech, Lisbon, Portugal) and 20 min with AlexaFluor 488 phalloidin
(Invitrogen, ThermoFisher Scientific) as previously described. After washing three times
with PBS, cells were visualized with a Ti-U Eclipse inverted microscope with green filter
cube (excitation filter range 465-495 nm and emission filter range at 515-555 nm) and

images were acquired with respective microscope software. Three different images with
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around 20 cells were acquired per sample with 40x objective or 5 different images with

around 5 cells were acquired with 100x objective.

Dark field analysis

A2780 cells were seeded in a 24-well plate in a cell density of 37500 cells/well. After
24h, the media was replaced by theol@f complex7.4 (0.1 uM), the 1Go of complex
7.8(0.3uM) or 0.1 % (v/v) DMSO, the vehicle solvent of complexes. After 3h incubation
cells were fixed with formaldehyde 4% (w/v) (Sigma Aldrich, Merck) for 15 min and
washed three times with PBS. Cells were visualized with a Ti-U Eclipse inverted
microscope using a dark field condenser and 100x objective. Five different images with

around 5 cells were acquired per sample.
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CHAPTER 8

Effect of the incorporation of an amphiphilic moiety on the
resulting supramolecular assemblies
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8. EFFECT OF THE INCORPORATION OF AN AMPHIPHILIC
MOIETY ON THE RESULTING SUPRAMOLECULAR
ASSEMBLIES

8.1. Introduction

The self-assembly of small molecules is a powerful bottom-up approach for the
preparation of nanomaterials and has received great attention in the past'decade.
Molecular self-assembly represents a very attractive way to create a large variety of
supramolecular structures and offers different advantages thanks to its reversibility,
which can confer the ability of changing different properties by an external stimulus. This
technologically relevant science led many research groups to take advantage of non-
covalent interactions in order to construct supramolecular structures with different
morphologies and with specific functiofi§.In particular, controlling supramolecular
interactions in water has become an attractive feature since the use of water as solvent
provides promising benefits with respect to environmental impact and provides also a
better understanding and control of the major processes in nature. One of the main
challenges of supramolecular chemistry in aqueous media is the design of synthetic
structures stable in this medium. Complex systems present usually several restrictions in
terms of solubility, that governs the type of building blocks that can be ohtained
Moreover, the competitive influence of water must be also considered due to the strong
hydration of the individual molecules affecting the non-covalent procésses.

Several strategies can be followed in order to avoid these drawbacks. Among them, the
use of amphiphilic systems, inspired from the intracellular components of the biological
membranes, allows to control and create a wide variety of supramolecular stréictures.
The arrangement of the molecules that contain an amphiphilic group usually is driven by
hydrophilic and hydrophobic interactions that allows constructing supramolecular
structures due to repulsive interactions with the aqueous media. This strategy has been
followed by different research groups. For example, Lee and co-workers studied the self-
assembly of a laterally grafted bent-rod amphiphile in water or Aida and co-workers
performed the self-assembly studies with an amphiphilic hexa-peribenzocoronene
derivates’ In particular, and regarding our work, it is interesting to highlight how the self-
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assembly of luminescent transition metal complexes, can be used as an effective strategy
to modulate their photophysical properties, such as the emission wavelength, excited state
lifetime or the photochemical stabilit§. Within this field, gold(l) complexes are
exceptionally appealing due to the well-known weak Au(l)---Au(l) interactions, being
same of the strongest metallophilic interactions which are comparable to hydrogen

bonding!! and are directly involved on the resulting assemblies and propgrtfes.

In this context, small molecules containing the gold(l) alkynyl unit are attractive building
blocks for the construction of organometallic materials due to the preference of gold(l)
for a linear coordination geometry and the m-unsaturated nature of the acetylide unit. The
addition of a water-soluble phosphane as a secondary coordination position favours the
solubility of gold(l) compounds in water. Additionally, as previously observed in our
group, they govern the construction of supramolecular structures with different
morphologies that are also strongly affected by the introduction of a charge in the
chemical structure or on the chromophoric unit used (Figure“8'4).

— <N S~ 5
R3P-Au%<\://\N IE\N \I\’—AuT@N X

PR; =PTA, DAPTA
O —

Ri;P-Au—= ®N—-CH

4 3 4<\ g 3

o AR \/

PR; =PTA, X =1, OTf

)so PR; = DAPTA, X =1, OTf

Figure 8.1.Molecular structures of gold(l) alkynyl complexes previously studied in the

research group that give rise to supramolecular assemblies in water.

Another approach to ensure the solubility of the molecules in water is by attaching a polar
group in the chemical structure of the molecule. Poly(ethylene glycol) (PEG) is an
amphiphilic moiety with a hydrophilic character that can give a good aqueous solubility
to metal complexes. Moreover, its amphiphilic character ensures the resulting
supramolecular assemblies through strong non-covalent interactions. This ligand has been
barely used in organometallic chemistry and the resulting complexes may be used for

bioimaging purposes since the incorporation of a PEG moiety significantly improve the
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solubility of the molecules in watérDespite this, some applications are found as
catalyst$’ or in controlling the self-assembling with the aim of changing the luminescent
properties are also describ€d?

In this context, we have designed gold(l) complexes containing alpypé ligand with

a PEG moiety incorporated in their chemical structure. Pyridyl type ligands are widely
used in coordination chemistry due to their coordination ability properties. However, the
number of gold(l) pyridine complexes is less and can be a hidden potértialso the
incorporation of two different chromophores (previously used in this thesis) as the second
coordination position was employed in order to introduce luminescent properties to these
systems. Aggregation studies and potential applications derived from them have been also
explored, since the pyridine ligand contains an amphiphilic group, which may induce this

aggregations.

8.2. Results and Discussion
8.2.1. Synthesis and characterization
The synthetic route of the final gold(l) complexes involves various steps. Firstly, the

synthesis of N4-pyridyl)2-[2-(2-methoxyethoxy)ethoxy] acetic acid amidg 1) that

was synthesized following the literature method summarized in Scherie 8.1.

o DCC
o OQK .\ O 1h, refluxed 4h 0 @
~ \/\0/\/ OH H2N = CH2C12 /O\/\O/\/O\AN N
H

8.1

Scheme 8.1Synthesis of N4-pyridyl)2-[2-(2-methoxyethoxy)ethoxy] acetic acid
amide 8.1).

This reaction is a nucleophilic acyl substitution that affects a carboxylic acid and an
amine. This process needs an auxiliary reagent, in this case N,N’-
dicyclohexylcarbodiimide (DCC), otherwise an acid-base reaction between the acid and
the amine would occur. The correct formatior8df was checked byH NMR, IR and

mass spectrometry. A downfield shift (0.2 ppm) of the aromatic protons and the presence

of the proton of the amide at ca. 9 ppm was observed itHH¢MR spectrum. ESI-
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MS(+) shows a peak of the monoprotonated [M%*8f}ecies as a final evidence of the

correct formation of the product.

The introduction of gold(l) was carried out by the reaction of the alkynyl derivatives, 4-
ethynylaniline 8.L3) or 7-propargylcoumarir8(L4), with a common gold(l) precursor.
This one consists of the reaction®1 with [AuCI(tht)] in order to obtain the complex

8.2 Its successful formation was provedyNMR, where a variation in the chemical
shift was observed in the aromatic region. Finally, alkynyl derivatives were deprotonated
with a strong base and then compB&was added in order to form the desired products
8.3and8.4 (Scheme 8.2).

_Cl
/Au
QOL @ [AuClI(tht)] 0o @
0] O N O O N
SN0 N 1h,CH,Cl, ~ 07 Qkﬁ
8.1 8.2
Sl R
R /
0 0 Q
R e Jk 1h, CH2C12 MeOH o\/\o/\/oQL /Q
8.2

R
e T KT
Z
8.3

8.4

Scheme 8.2Synthetic route followed for the synthesis of comple&k&and complexes
8.4.

H NMR spectra confirm the correct formation of the complexes due to the disappearance
of the terminal alkynyl proton and a slight upfield shift (0.04 ppm) of the protons close
to the gold(l) atom (Figure 8.2). It was also confirmed by ESI-MS(+) with the detection
of the monoprotonated [M+HEpecies in both cases.
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Figure 8.2.'H NMR spectra 08.1(a), 7-propargylcoumarin (b) ar@d4 (c) in

DMSO-as.

8.2.2. Photophysical characterization

The absorption and emission spectra of all complexes have been recordetiNh 10
acetonitrile solutions at room temperature and the obtained data are summarized in Table
8.1.

Table 8.1.Electronic absorption and emission date8.4f 8.L.3 and8.L4 and

complexes8.3and8.4in acetonitrile.

Compound Absorption, nm Amax (10 € em™* M-1) Emission (nm)
8.1 240 (16.6) i
813 273 (7.9) 346
8.L4 316 (16.0) 381
8.3 235 (11.1), 288 (19) 348
8.4 237 (16.5), 322 (18.0) 386
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The absorption spectra of the gold(l) comple&&and8.4 display two absorption bands:
one at high energies (c230 nm) related to the n-n* transition located in the pyridine

ring and another at lower energies (#20 nm) due to the n-n* of the alkynyl derivatives,
4-ethynylaniline 8.L3) or 7-propargylcoumarind(L4) (Figure 8.3). The band at lower
energies in both gold(l) complexes is slightly red shifted when the gold(l) is coordinated

to the chemical structure probably due to a participation of the d-orbital in the traffsition.

Emission spectra were recorded in solution upon excitation of the samples at the lowest
energy absorption band. The emission of the gold(l) complexes is observed to be ligand-

centered fluorescence without a significant red shift in the emission maxima.

2.0

—8.L3
—8.L4
159 —83
—84
10 E
< i
0.5
00 T T T . T T T
200 300 400 500 60C 350 400 450 500
Wavelength (nm) Wavelength (nm)

Figure 8.3. Absorption (left) and emission (right) spectra8di3 and8.L4 and gold(l)
complexes8.3and8.4in acetonitrile.

8.2.3. Aggregation studies

The gold(l) complexe8.3and8.4 contain a hydrophobic chromophore and a hydrophilic
triethylene glycol pendant group, that are expected to induce aggregation in water. In
addition, the presence of an amide group, capable of favouring the establishment of
additional directional hydrogen bonds may play an important role in the resulting self-

assembly process.

212



Document signat digitalment per: ANDREA PINTO [ MARTINEZ

8. Effect of the incorporation of an amphiphilic moiety the resulting supramolecular..

For this reason, absorption and emission spectra were recor@8dad8.4 at different
concentrations (2.5-F0M — 10% M). A linear trend is observed in the plot of the
absorption and the emission vs the concentration (Figure 8.4). Therefore, aggregation is

not expected to occur when the concentration increases.

25 1.5
0.74
2.04 .
2.0 0.6 //
1.5 0.5 /
15 01 £ 7
' L1of -
< " < 02 p /
1.0 0.5 0,2—.{_.(
0.5 00 2000 400 60x10° 80x10° 10x10"
0.0 . . . . T rati
0.5 00  20x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10' Concentetion ()
] Concentration (M)
0.0 . : T 0.0 T T T
200 300 400 500 600 200 300 400 500 60C
Wavelength (nm) Wavelength (nm)

Figure 8.4.Absorption spectra .3 (left) and8.4 (right) at different concentrations

(inset: plot ¢ absorption maxima vs the concentration

Studies of the luminescent properties in a solvent/non-solvent mixture have been
performed in order to induce the aggregation of the gold(l) complexes. Water/acetonitrile
mixtures (25% to 75%) were chosen since the complexes are well solubilized in
acetonitrile and the introduction of water, which acts as the non-solvent, can induce their
aggregation. Additionally, similar experiments were carried out with gold(l) complexes

containing the PTA and DAPTA phosphanes and the same chromophoric unit used for

8.3and8.4 for comparison purposes (Figure 8.5).
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Figure 8.5.Gold(l) complexes used to compare the aggregation process with the gold(l)

complexes synthesized in this chapter.

Absorption and emission spectra were recorde8.®17.1-2 8.4and4.1a-bat different

water contents (25% to 75%). A blue shift (10 nm) is observed for those compounds that
contain 4-ethynylaniline§L3) as a chromophore. In the casé8dthe absorption band

is the same to th&L 3 absorption when the water contents reaches 75%. This is probably
due to a degradation of the compound and the more labile character of the pyridine group.
No significant change in the absorption spectra was observed for those compounds
containing 7-propargylcoumarir8.(4) as a chromophore and PTA.18 or DAPTA

(4.1b) as a phosphane. On the other hand, the incorporation of a hydrophilic PEG moiety
(8.4) induces a decrease of the absorption band together with an increase of the baseline
in agreement with the aggregation process. In all cases, the intensity of the emission
increases at higher water contents, due to an aggregation induced emission (AIE) process.
The most interesting data were retrieved from the emission of the gold(l) co&glex

since a new band appears at longer wavelength when the water contents increases (Figure
8.6). This band is attributed to the excimer of the coumarin unit, according to the

literature?®
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Figure 8.6.Absorption (left) and emission (right) spectraBofin acetonitrile/water

mixtures.

Thus, the incorporation of the hydrophilic triethylene glycol pendant group as a second
coordination position in the gold(l) complex that contains 7-propargylcoumarin (complex
8.4) induces the formation of an excimer, meaning that the hydrophobic part of the
molecules stays closer to each other in the resulting aggregates, as exemplified in Figure
8.7.

stacking

Figure 8.7.lllustration of the supramolecular self-assembly expected for corBplex
Left, chemical formula and schematic representation of con@ukeand right,

schematic illustration of the expected assembly.
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8.2.4. Characterization of the aggregates

An in depth characterization of the resulting aggregates in solution and in solid state has
been performed for the gold(l) comple&4. Dynamic light scattering (DLS)
measurements showed the formation of aggregates in pure acetonitrile with a relatively
narrow distribution (220 nm). Thus, aggregation already exists in the absence of water,
in a good solvent such as acetonitrile, as previously observed in other gold(l) coréplexes.
The addition of different amounts of water induces an increase of the size of the
aggregates (ca. 400 nm) and a broadening of the size distribution (Figure 8.8). This data
is in agreement with the results obtained from the absorption and emission spectra at
different acetonitrile/water ratios and the appearance of aggregates where the
chromophoric unit is directly involved.

30
' 0% HO
251
—— 25% HO
0l ——50% HO
S —— 75% HO
>
2 15-
c
5
£ 104
5
0 .

0 200 400 600 800 1000 1200 1400

Size (nm)

Figure 8.8.Size distribution obtained by Dynamic Light Scattering (DLS)3{drat

different water/acetonitrile ratios.

Small Angle X-ray Scattering (SAXS) studies were performed in order to analyze the size
and the shape of the aggregates in an early stage. SAXS measurements have been
performed in the NCD (Non Crystalline Diffraction) beamline at the Alba Synchrotron.
The measurements were performed with® M solutions of the gold(l) compleR.4
dissolved in acetonitrile/water mixtures. The low-resolution structures were reconstructed

ab initio from the scattering patterns using the DAMMIN program (Figure 8.9
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One general tendency can be observed: the aggregates exist even in early sthggs and
have a larger size at higher water contents. These results are in agreement with the data
obtained in the DLS experiments and confirm that the aggregation process is more

favoured when increasing the water contents (non-solvent) in the solvent mixture.

10% HZO 25% HZO 75% HZO
380 A

322 A

A
v

Figure 8.9.DAMMIN low resolution structures reconstructed from SAXS patterns for

8.4 at different water/acetonitrile ratios.

Optical microscopy has been used to determine the size and the shapes of the aggregates
in dried samples after aggregation in solution. The samples were prepared by the
deposition of solutions of gold(l) compl@&4 with different acetonitrile/water mixtures

onto a quartz substrate and let them dry. The aggregates can be detected by optical
microscopy when the water contents reaches up to 50%, in agreement with more favoured
aggregation. The optical microscopy images show the existence of micrometric dendritic
structures and some spherical aggregates (Figure 8.10). It is expected that the more
tangled supramolecular structure comes from the junction of the spherical aggregates as

previously seen for gold(l) complexé&s.
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Figure 8.10.Optical microscopy image of dried solution&®# in acetonitrile/water
mixtures (25/75).

8.2.5. Molecular recognition of naphthalene derivaves

The emissive properties of the gold(l) comeskin acetonitrile/water mixtures together

with the obtained micellar supramolecular assembly encouraged us to use this gold(l)
complex as host for molecular recognition of hydrophobic species in water, such as
naphthalene derivatives. With this goal in mind, three different naphthalene compounds
(Figure 8.11), which differ in the substituents and the capability to perform different weak
interactions with the host system, were chosen as guests. Absorption and emission
titrations were performed in acetonitrile/water mixtures (25:75) and the changes on the
spectroscopic properties were followed upon addition of different amounts of the

corresponding guest.

Cl
SO3Na
Naph_1 Naph_2 Naph_3

Figure 8.11.Naphthalene derivatives used as a guests.
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No significant changes were recorded in the absorption spectra of the host, a part from
the expected presence of increasing amounts of the guest molecules (Figure 8.12 left).
Some changes were observed in the emission spectra. In general trends, the formation of
1:1 host:guest adducts can be expected for all the naphthalene derivatives as exemplified
in figure 8.12 right for theNaph_1 guest, although the small recorded changes in the
emission spectra. Different behaviour has been observed depending on the guest. The
emission intensity of both the monomer and the excimer decreases in the presence of the
guest in the case dfaph_1andNaph_2 On the contrary, the excimer is more favoured
when Naph_3is present in the solution. Considering the monomer/excimer ratio, an
increase of the excimer has been observeN&mh_1andNaph_3(mainly Naph_3). In

contrast, no significant changes have been observedN&mh_2 (Figure 8.13).
Altogether, some conclusions can be retrieved: 1) the substituents of the naphthalene
guest molecule affect the resulting host-guest prese®sthe incorporation of a negative
charge in the naphthalene structuNaph_2) does not affect the excimer band, and
therefore, the aggregates’ formation; 3) the incorporation of a chloride substituent, able

to establish hydrogen bonds with the host, promotes the formation of the excimer

formation and consequently, it has more affinity with the aggregated form of the host.

1.0
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5x10

4x10 4 oo
’; 5510
< g 31, 07 i 5.5x10"
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Figure 8.12.Absorption (left) and emission (right) spectraBofin the presence of
different amounts daph_1 Inset: variations of the emission maxima at 390 nm

againstNaph_1
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Figure 8.13 Plot representing the monomer/ excimer ratio variations vs number of

equivalents of the guest added.

8.3. Conclusions

A series of gold(l) complexes containing  (BHpyridyl)2{2-(2-
methoxyethoxy)ethoxylacetic acid amide and two different chromophores located at the
second coordination position have been successfully synthesized.

The incorporation of hydrophilic triethylene glycol pendant group allows the formation

of an excimer in the case of compkA in acetonitrile/water mixtures and the aggregates

of this compound have been evidenced and characterized by DLS, SAXS and optical
microscopy.

The micellar structure formed in acetonitrile/water mixtures (25/75) of conthkex
allows the possibility of using it as a host for the recognition of naphthalene derivatives.
The substituent in the chemical structure of the naphthalene plays an important role, being
the one that contains a chloriddaph_3) the guest that interacts stronger with the

excimer of the host probably due to the establishment of hydrogen bonds.
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8.4. Experimental Section

8.4.1. General procedures

All manipulations have been performed under prepurifieduding standard Schlenk
techniques. All solvents have been distilled from appropriated drying agents. Commercial
reagents 4sminopyridine (Aldrich, 98%), N,N’-dicyclohexylcarbodiimide (Aldrich,
99%), 2{2-(2-methoxyethoxy)ethoxy]acetic acid (Aldrich), 4-ethynylaniline (Aldrich,
97%), propargyl bromide (Aldrich, 80wt. % toluene), 7-hydroxy-1-benzopyran-2-one
(Aldrich) were used as received. Literature methods were used to prepare 7-{prbp-2-
yloxy)-1-benzopyran-2-on€.

8.4.2. Physical measurements

Infrared spectra have been recorded on a FT-IR 520 Nicolet Spectrophotdrh&tsR

(8(TMS) = 0.0 ppm), 3'P{*H}-NMR (5(85% H3PQs) = 0.0 ppm) spectra have been
obtained on a Varian Mercury 400 and Bruker 400 (Universitat de Barcelona).
ElectroSpray-Mass spectra (+) has been recorded on a Fisons VG Quatro spectrometer
(Universitat de Barcelona). Absorption spectra have been recorded on a Varian Cary 100
Bio UV- spectrophotometer and emission spectra on a Horiba-Jobin-Yvon SPEX
Nanolog spectrofluorimeter (Universitat de Barcelona). Dynamic Light Scattering (DLS)
measurements were carried out in a Zetasizer NanoS Spectrometer (Universitat de
Barcelona). The samples were measured in quartz cuvBA&S experiments were
performed on the NCD-SWEET beamline at the ALBA Synchrotron at 12.4 keV, and the
distance sample/detector was 6.2 m to cover the range of momentum transfer of 0.028 <
q < 2.56 nm. The data were collected on a Pilatus3S 1M detector with a pixel size of
172.0 x 172.0 um?2 The exposure time was 30 s. The g-axis calibration was obtained by
measuring silver behenat®The program pyFAIl was used to integrate the 2D SAXS data
into 1D data®! The data were then subtracted by the background using PRIMUS
software®? The maximum particle dimension Dmax and the pair distance Distribution P
(r) were determined with GNORE. The low resolution structure of aggregates was
reconstructed ab initio from the initial portions of the scattering patterns using the
program DAMM?3* Optical microscopy images were acquired on a Leica ICC50 W
microscope equipped with a Nikon DXM1200F digital camera.
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8.4.3. Synthesis and Characterization

Synthesis of N(4-pyridyl)2- [2-(2-methoxyethoxy)ethoxy]acetic acid amide (pyPEG)

According to the literature proceduf®!® 2{2-(2-methoxyethoxy)ethoxy]acetic acid
(5.724 g, 32.13 mmol) and 4-aminopyridine (2.005 g, 21.31 mmol) were dissolved in 100
mL of CHCk. Then N,N’-dicyclohexylcarbodiimide (DCC) (6.590 g, 31.94) was added

in consecutive small aliquots. During the addition, a white precipitate was formed. The
solution was stirred for one hour at room temperature and then refluxed for four hours.
After cooling down to room temperature, the solution was filtered, and the filtrate
concentrated under vacuum. The resulting crude yellow oil was purified by column
chromatography on silica gel using AcOEt to AcCOEt/MeOH 9:1, monitoring the process
by TLC till obtaining the pure product, which was a pale-yellow oil. Yield: 16%
(860mg).

'H NMR (CDCk, ppm): 3.37 (s, 3H,GHs), 3.58-3.78 (m, 8H, CHO-CH,-CH2-O-CH,-
CHy), 4.11 (s, 2H, CGEH), 7.59 (d, J = 6.0 Hz, 2H,/NCH-CH), 8.51 (d, J = 6.0 Hz,
2H, Noy-CH), 8.99 (br. s, 1H, N-H). IR (KBr, c®): v(N-H): 3079, v(C=0): 1703,
v(C=N): 1594. ESI-MS (+) m/z: 255.1647 ([M + HEalc: 255.1339).

Synthesis of [AuCIl(pyPEG)] (8.2)

[AuClI(tht)] (0.1999 g, 0.6228 mmol) was dissolved inZCH (5 mL) in a purged Schlenk
protected with aluminium foil. pyPEG (0.1558 g, 0.6131 mmol) was dissolvediGlEH

(5 mL). The pyPEG solution was added dropwise to the [AuCI(tht)] solution under
stirring, resulting in a white suspension. After 1 h of stirring, the reaction mixture was
concentrated in vacuum to half volume and hexane (5 mL) was then added in order to
favour precipitation. The resulting white solid was filtered and dried under vacuum.
Yield: 69% (128 my

'H NMR (CDCk, ppm): 3.38 (s, 3H,GHs), 3.60-3.78 (m, 8H, CHO-CH,-CHp-O-CHs-
CHy), 4.15 (s, 2H, CGEHy), 7.89 (d, J = 6.0 Hz, 2H,NCH-CH), 8.40 (d, J = 6.0 Hz,
2H, Npy-CH), 9.53 (br. s, 1H, N-H). IR (KBr, ci): v(N-H): 3452, v(C=0): 1714,
v(C=N): 1622.
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Synthesis of [Au(4-ethynylaniline)(pyPEG)] (8.3)

4-ethynylaniline (0.0148 g, 0.1263 mmol) was reacted with KOH (0.0196 g, 0.3493
mmol) in MeOH (5 mL) under Natmosphere. [AuCIl(pyPEG)] (0.0596 g, 0.1225 mmol)
was dissolved in C¥Cl> (5 mL) and this solution was added dropwise to the previous
one, leading to the formation of a reddish brown solid. After 1 h of stirring, the reaction
mixture was concentrated under vacuum to half volume and hexane (5 mL) was then
added in order to favour precipitation. The resulting reddish solid was filtered and dried
under vacuum. Yield: 59% (41 mg

H NMR (acn-d, ppm): 3.30 (s, 3HGHs), 3.48-3.75 (m, 8H, CHO-CH,-CHp-O-CHs-

CHy), 4.05 (s, 2H, CGEHy), 4.07 (s, 2H,NH>), 6.49 (d, J = 8.2 Hz, 2H,/ 7.00 (d, J
= 8.2 Hz, 2H, k), 7.61 (d, J = 6.0 Hz, 2H, JNCH-CH), 8.45 (d, J = 6.0 Hz, 2H, N

CH), 9.03 (br. s, 1H, N-H). IR (KBr, c®¥): v(N-H): 3436,v(C=C): 1996,v(C=0): 1715,
v(C=N): 1619. ESI-MS (+) m/z: 568.1496 ([M + HEalc: 568.1505).

Synthesis of [Au(7-propargylcoumarin)(pyPEG)] (8.4)

7-propargylcoumarin (0.0184 g, 0.0919 mmol) was treated with KOH (0.0112 g, 0.1996
mmol) in MeOH (5 mL) under Natmosphere. [AuCIl(pyPEG)] (0.0447 g, 0.0918 mmol)
was dissolved in C¥Cl> (5 mL) and this solution was added dropwise to the previous,
leading to the formation of an ochre solid. After 1 h of stirring, the reaction mixture was
concentrated under vacuum to half volume and hexane (5 mL) was then added in order
to favour precipitation. The resulting pale brown solid was filtered and dried under
vacuum. Yield: 63% (31 mg

IH NMR (DMSO-a, ppm): 3.24 (s, 3H,GHs), 3.42-3.68 (M, 8H, CHO-CHz-CHz-O-

CH2-CHy), 4.13 (s, 2H,NH>), 4.81 (s, 2H, EC-CHy), 6.29 (d, J = 9.5 Hz, 1H, CO-

CH), 7.00-6.94 (m, 2H, CHO-C-CH), 7.61 (d, J = 8.5 Hz, 1H, OO-CH-CH-C-CH),

7.64 (d, J = 6.0 Hz, 2H, )CH-CH), 7.99 (d, J = 9.5 Hz, GO-CH-CH), 8.44 (d, J =
6.0 Hz, 2H, N,-CH), 10.03 (br. s, 1H, N-H). IR (KBr, c®): v(N-H): 3436,v(C=C):

2135, v(C=0): 1720,v(C=N): 1612. ESI-MS (+) m/z: 651.1409 ([M + H]calc:

651.1400).
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CHAPTER 9

AIE Gold(l) tetraphenylethene complexes

Solution Aggregate

227



ZANLLMVIN I OLNId VIYANYV :1od juswureytbip jeubs juswnooq

228



Document signat digitalment per: ANDREA PINTO [ MARTINEZ

9. AIE Gold(l) tetraphenylethene complexes

9. AIE GOLD(l) TETRAPHENYLETHENE COMPLEXES

9.1. Introduction

Traditional fluorophores with planar and strong intermolecular interactions frequently
show bright emission in the monomeric state but weakened or even quenched emission
in the aggregated state. On the contrary, an unusual behaviour was found for some organic
molecules, in which the intensity of emission was enhanced in aggregated conditions.
This is known as aggregation induced emission (AIE), and the exposure of this concept
significantly changes the perception towards conventionally photophysical phenomena.
Due to the resulting high quantum yields and tunable emission properties, the molecules
that present AIE properties have become promising candidates as biosensors, opto-

electronic and energy applications among others.

AIE systems were discovered by the Tang group in 20@ere it was observed that
propeller shaped molecules present enhanced emission in solution, in solvent mixtures,
having one solvent considered as “good solvent” where the molecules are perfectly
dissolved and another solvent considered as “bad solvent” that induces aggregation. AIE
behaviour has been commonly observed using water as bad solvent and at high water
contents. In diluted solutions, the free rotation of the common aromatic rings of organic
chromophores leads to non-radiative deactivation pathfvayss can be suppressed
when the intramolecular rotation is restricted, promoting the radiation decays, which
enhances the resulting luminescence. This restriction of intramolecular motion
mechanism is proposed to explain the AIE phenomérorthis way, the modifications

in the stacking of the molecules can produce significant changes in the resulting emission
wavelength and efficiency.

Small molecules such as hexaphenylthiazole (HPS), 2,5-bis(4-alkoxycarbonylphenyl)-
1,4-diaryl-1,4-dihydropyrrolo[3,2-b]pyrrole (AAPP) or tetraphenylethene (TPE) have
been widely used as AIE chromophores. In particular, TPE core represents one of the
most common sources for the synthesis of compounds displaying AIE. This is in part due
to the m-twist of the central C=C bond and the development of simple strategies for its
functionalizatior®® The enhancement of the photoluminescence properties of TPE
derivatives (both in the solid state, or in the aggregated form), may be significantly
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different depending on the system, since the restriction of intramolecular motion
represents an active dissipation factor for the non-radiative deactivation. This was
previously observed in comparison with different TPE derivatives functionalized with
different side chains, where the compounds containing the longest side chains displays

the highest photoluminescence propertfes.

Most of the AIE active molecules reported in the literature are based on organic
molecules, while this phenomenon has been less explored for metal complexes. Apart
from their well-known luminescent properties associated to the metal cefitrésand

d'° complexes can become triplet emitters and display strong phosphorescence emission,
but they are not commonly explored regarding their possibility to aggregate. Among these
metals, gold(l) can also establish aurophillic interactions that can contributed on the

restriction of the intramolecular motion and promote the AIE effect.

Taking this into consideration, in this chapter we have designed gold(l) complexes
containing the TPE core in order to analyse the resulting AIE behaviour. The effect of the
steric hindrance at the second coordination position of the gold(l) has been studied by the
incorporation of different types of phosphanes suitable to promote the aggregation
(Figure 1). The changes on the resulting luminescence induced by the aggregation process

have been explored.

@ @ / M/ 9 0\ v
P P—@—O P—@—o o/ " g

N 0\/\0/\/0\/\0/\/0\
9.5 9.6 9.7

Figure 9.1. TPE gold(l) derivatives synthesized in this work.
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9.2. Results and Discussion

9.2.1. Synthesis and Characterization

Three tetranuclear gold(l) compounds containihg,2,2-tetrakis(4-ethynylphenyl)ethene
(TEPE) chromophore and three different phosphanes {PBh compound 9.5,
P(PhOMej for compound9.6 and P(PhGlyco$) for compound9.7) at the second
coordination position were synthesized following the procedures described in Schemes
9.1-4. Initially, the ligandTBPE was obtained following a previously reported
procedur&® by the bromination reaction between tetraphenylethilene (TPE) and Br
Then, it was made react with ethynyl-(trimethyl)silane via a Sonogashira coupling with
subsequent removal of the TMS-protecting group with potassium hydroxide, giving the
TEPE ligand in a moderate yield (Scheme 9'HNMR and IR spectroscopies and mass
spectrometry verified the correct formation of the product by the presence of the terminal
alkynyl proton at 3.09 ppm and the detection of the [M¥lholecular peak at 429.17.

‘ ‘ Ethynyltrlmethylsnlane
HOAc/CH2C12 PdClz(PPh3)2, Cul, PPh;
O O THF/NEt, O

=z
TBPE TTTPE Si

Scheme 9.1Synthetic route for the synthesis of tHePE ligand.

In order to promote the aggregation, we decided to coordinate as a secondary position of
the gold(l) atom different kind of triphenylphosphanes bearing at the 4 position: 1) a
hydrogen, 2) a methoxy group and 3) a neutral tetraethylene glycol. For the preparation
of the gold(l) complex containing the phospane with tetraethylene glycol group (Scheme
9.2), tris(4-methoxyphenyl)phosphane was firstly reacted with [AuClI(tht)]. Then, the
aromatic methyl ethers &.1 were deprotonated with BBfollowed by hydrolysis to

give the phenolic gold(l) phosphane compl&X in good yields. Finally, the
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etherification with tetraethylene glycol monomethyl ether tosylate leds to the water-
soluble gold(l) phosphar®3. 'H and®P NMR and IR spectroscopies together with mass
spectrometry analysis verified the correct formation of the product by comparison with
the reported dats.

re

o o~ OH

© / [AUCI(tht)] ©

/ BBr:;
P 0O ——> Cl—Au-P-@-O —_— Cl—Au—P—Q—OH

CH,Cl,
O, (U OH
9.1 9.2
o/ °
0’_l ~NO0 A~~~ O A~
OH o o/ (0] (o) (0]
n -~
—( :}—ﬁ—O
(o) O O
c1—Au—P—®—0H —>c1—Au—p—®—o/_\o—/_ g
K,CO;, DMF
OH O\/\O/\/O\/\O/\/O\
9.2 9.3

Scheme 9.2Synthetic route for the preparation®8.

The reaction off EPE with [AuClI(tht)] (tht = tetrahydrothiophene) in a 1:4 ratio and in

the presence of sodium acetate as a base gave rise to the formation of the insoluble
polymer 9.4 The successful formation of the polymer was evidenced by the
disappeance of C=C-H vibration of the terminal alkynyl proton ofEPE in the
corresponding IR spectra. Next, the reaction of triphenylphosphane) (BPtris(4-
methoxyphenyl)phosphane (P(PhOl)&gllowed the formation of the desired products
9.5and9.6, respectively, in good yields (Scheme 9.3).
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[AuCl(tht)]
B —— e
CH,C1,/MeOH

Scheme 9.3Synthetic route for gold(l) compleéx5 and9.6.

An alternative method was used to synthesize the gold(l) con®pfewhere it was
necessary to deprotonate firstly the terminal alkynyl protons of BirE chromophore
and then making it react with the previously synthesized gold(l) chloride pre8usor

a 1:4 stoichiometry (see Scheme 9.4).

9.3, KOH

CHzclz/MeOH

¢

//\ 0O O /
PR;: P—@—O o/ " \¢

Q

0\/\0/\/0\/\0’\/0\

9.7

Scheme 9.4Synthesis of the gold(l) compléx7.
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All complexes were obtained as yellow solids that are stable to the air and moisture in
moderate yields (ca. 60%). Their spectroscopic data supports the proposed stoichiometry.
H NMR spectra display the signals of both the chromophore, slightly upfield shifted due
to the AuPRs coordination, and those protons corresponding to the phosphane.
Additionally, the terminal alkynyl proton at 3.09 ppm of the free lIgRB&®E disappears
providing a direct indication of the formation of the compl&R{*H} NMR spectra
showed in all cases only one signal, which ea$0 ppm downfield shifted with respect

to the free phosphane in the cas8.6fand9.6 andca. 10 ppm downfield with respetti

9.3 for 9.7, indicating the formation of only one product. The final evidence of the
formation of the complexes was given by the recorded molecular peak by ESI(+)
spectrometry at m/z 2261.3661 ®(M + H*]*) and 1311.2441 fa ([M + 2H"?").

9.2.2. Photophysical characterization
Absorption and emission spectra of all complexes were recorded in dichloromethane at

10° M concentration and the results are summarized in Table 9.1.

Table 9.1.Absorption and emission data of gold(l) compleQ&s7 and

the ligand precursof,EPE in dichloromethane.

Absorption

Compound Emission Amax (NM)
Amax (NM) € (10° Mt cm))

TEPE 274 (27.8), 347 (12.3) 517
9.5 235 (120.6), 318 (70.8), 365 (34.¢ 547
9.6 247 (124), 318 (52.8), 365 (27.3] 549
9.7 247 (126.7), 318 (54.6), 365 (29.. 542

All gold(l) complexes display three absorption bands centerea 240 nm, 318 nm and
365 nm (Figure 9.1). The highest band is assigned to intraligand transition where
the phosphane is involved. The two lower absorption bands are also presefEREhe
precursor and are associated with differentt” transition of therEPE where the gold(l)

orbitals are involved and induces a red shift with respect to the free fijend.

Emission spectra were recorded upon excitation of the samples at the lowest absorption

band. The emission of the gold complexes is ca. 30 nm red shifted with respect to the free
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TEPE ligand (Figure 9.2), and no significant changes were observed in the intensity of
the emission when the oxygen was removed in the solution. This supports the assignment
of a fluorescent intraligang—=’ transition.

1.0x10

— TEPE

8.0x10

6.0x10 1

I (a.u.)

4.0x16

2.0x10 1

T ; T 0.0 T T T T T
300 400 500 600 400 450 500 550 600 650

Wavelength (nm) Wavelength (nm)

Figure 9.2. Absorption (left) and emission (right) spectral&PE and gold(l)
complexe®.5-7at ca.10° M.

The emission intensity of the gold(l) complexes is higher than the record@&&Rit

ligand with the following tren®.7>9.5> 9.6, in agreement with the recorded fluorescent
quantum yields®s (Table 9.2). The emission decay times were in the order of a few
nanoseconds, as expected for fluorescence emissions. The radiative and non-radiative rate
constants were calculated from the fluorescence quantum yields and lifetimes. In general,
the radiative rate constants do not seem to be significantly affected by thes AUPR
coordination, while a decrease in the non-radiative rate constant was observed for the
gold(l) complexes with respect to thi&PE organic counterpart, being the comp8X

(the one displaying highest emission intensity) the one with loweakue. This can be
ascribed to the presence of bulky phophanes containing also specific groups that may be
involved in additional aggregation processes (such as the glycol) and promoting the AIE
behaviour. The lowest radiative constant of gold(l) complexes was calculagef (ibrat
contains a methoxy group in the phosphane, P(PhgM@&his can be ascribed to the
presence of this methoxy substituent that has been observed to strongly affect the radiative
and non-radiative relaxation depending on the position and the number of the

substituentg®
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Table 9.2.Quantum yields®s), lifetime (), ke and kr of TEPE and complexe8.5-
7 in dichloromethane.

Compound @1 0 (NS) ke (nS?) knr (NS
TEPE 0.004 0.032 0.124 30.836
9.5 0.007 0.082 0.085 12.169

9.6 0.005 0.087 0.057 11.332

9.7 0.012 0.091 0.131 10.857

9.2.3. Aggregation induced emission (AIE) studies

As stated above, the twisted conformation between the aromatic rings of TEPE together
with previous examples of TPE derivatives found in the literatdfesuggest the
possibility of having aggregation induced emission (AIE) for the compounds under study.
Absorption and emission spectra and quantum yields were measured in THF and in
THF/water mixtures with increasing water contents in order to study the effect of the
incorporation of a gold(l)-phosphane moiety in the AIE effect,. The obtained data is

summarized in Table 9.3.

Table 9.3.Quantum yield offEPE and gold(l) complexe8.5-7in THF and in

THF/water mixtures with increasing water fractions.

Compound THF 25% H20 50% H20  75% H20  90% H20

TEPE 0.008 0.01 0.05 0.13 0.504
9.5 0.017 0.029 0.034 0.241 0.239
9.6 0.014 0.020 0.023 0.150 0.148
9.7 0.013 0.030 0.040 0.278 0.285

A broadening of the absorption bands together with an increase of the baseline was
observed for all compounds when the water contents increases, in agreement with
aggregation process (Figure P'8An increase of the emission is observed foffBEE

when the water fraction increases up to 90% and up to 75% for the gold(l) complexes
9.5-7. This is supported by the quantum yields recorded in the different cases that
significantly increase in the aggregated forms and are stabilized at the maximum value at

these percentages of water in the solvent mixtures.
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The presence of a bulky phosphane may help to block the intermolecular rotations, and,
therefore the non-radiative pathways and this may be the reason for the stabilization of
the maximum quantum yield values at lower water contents with respect T&Bie

Nevertheless, the recorded quantum vyield values of the gold complexes are lower than
the recorded for the organic counterpart probably due to the ISC competitive process due

to the presence of a heavy atom.

2] 2.0x1d
2.0 0% HZO 1.8x10 - 0% Hzo
La] 25% HO L 6x1d ] 25% HO
16] 50% HO L4 50% HO
14] 75% HO 75% HO
Lo] 90%HO | ~ L2x101 90% HO
< ] g 1.0x10
0] —  8.0x10
0.6] 6.0x10
0.4 4.0x16
0.2 2.0x10
0.0 . ; 7 0.0 . . . ; ;
300 400 500 600 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 9.3.Emission spectra &.6in THF and in THF/water mixtures with different
water contents.

9.3. Conclusions

A series of gold(l) complexes containing the tetraphenyleth&fE chromophore and

three different types of phosphanes located at the second coordination position have
shown AIE behaviour thanks to the presence of the AulBRBieties that affect the
resulting photophysical properties.

The incorporation of the gold(l)-phosphane groups reduces the possibility of having
intermolecular rotations in the aggregates formed by the addition of water and the
presence of gold(l) atom favors a faster aggregation in comparison withERE
behaviour. Additionally, the presence of the heavy atom promotes, as expected, the

intersystem crossing.
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9.4. Experimental Section

9.4.1. General procedures

All manipulations have been performed under prepurifieduding standard Schlenk
techniques. All solvents have been distilled from appropriated drying agents. Commercial
reagents 1,1,2,2-tetraphenylethylene, bromine, ethynyltrimethylsilane, copper iodine,
triphenylphosphane, tris(4-methoxyphenyl)phosphane, boron tribromide,
tetraethyleneglycol monoethyl ether tosylate were purchased from sigma Aldrich, and
potassium carbonate and sodium acetate were purchased from Panreac. Literature

methods have been used to prepatexp-bromophenyl)ethane (TBPE)8.3.12

9.4.2. Physical measurements

Infrared spectra have been recorded on a FT-IR 520 Nicolet SpectrophotorhdisiR

(3(TMS) = 0.0 ppm), 3P{*H} NMR (5(85% H3PQs) = 0.0 ppm) spectra have been
obtained on a Varian Mercury 400 and Bruker 400 (Universitat de Barcelona).
ElectroSpray-Mass spectra (+) has been recorded on a Fisons VG Quatro spectrometer
(Universitat de Barcelona). Absorption spectra have been recorded on a Varian Cary 100
Bio UV- spectrophotometer and emission spectra on a Horiba-Jobin-Yvon SPEX
Nanolog spectrofluorimeter (Universitat de Barcelona). Luminescent quantum yields
were recorded using an Absolute PL quantum vyield spectrometer from Hamamatsu
Photonics upon excitation the samples at 400 nm. Fluorescence lifetimes were measured
via the time-correlated single-photon counting technique (TCSPC) using DeltaPro
fluorescence lifetime System from Horiba upon excitation of the sample with a 390 nm
nanoLED.
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9.4.3. Synthesis and Characterization
Synthesis of 1,1,2,2-tetrakis(4-((trimethylsilyl)phenyl)ethene (TTTPE)

1,1,2,2-tetrakis(4-bromophenyl)ethane (0.5 g, 0.77 mmol), #eel). (0.054 g, 0.077

mmol) and triphenylphosphane (0.010 g, 0.038 mmol) were dissolved in a mixture of
THF and triethylamine (4:1) (5 mL) under nitrogen. The solution was heated to 40 °C for
2h, and Cul (0.01469 g, 0.077 mmol) was then added for 15 min. Trimethylsilylacetylene
(0.66 mL, 4.63 mmol) was added and the reaction was heated to 60 °C for 24h. Then, the
temperature was increased to 85 °C during 4h. The mixture was cooled to room
temperature and evaporated to dryness. The crude product was purified by silica gel
column chromatography using hexane/dichloromethane mixture (10:1) as eluent. A white
solid was obtained. Yield: 70 % (386 mg).

'H NMR (CDCk, ppm): 0.23 (s, 36H), 6.88 (d, J = 8.1 Hz, 8H), 7.19 (d, J = 8.1 Hz, 8H).
Synthesis of 1,1,2,2-tetrakis(4-ethynylphenyl)ethene (TEPE)

1,1,2,2-tetrakis(4-((trimethylsilyl)phenyl)ethene (0.2262 g, 0.32 mmol) was dissolved in
THF (10 mL) into a 100 mL round-bottom flask. 10 mL methanol solution of KOH (0.059

g, 8.5 mmol) was then added. The mixture was stirred at room temperature overnight.
After most of the solvent was evaporated, 20 mL of 1 M aqueous HCI solution was added
and the mixture was extracted with dichloromethane three times. The organic layer was
combined and washed with water, brine and then dried over sodium sulfate. After
filtration and solvent evaporation, the crude product was purified by a silica gel columm
chromatography using hexane/dichloromethane (8:1) mixture as eluent. TEPE was
obtained as a pale yellow solid. Yield: 60 % (82 mg).

IH NMR (CDCk, ppm): 3.09 (s, 4H), 6.97 (d, J = 7.9 Hz, 8H), 7.28 (d, J = 7.9 Hz, 8H).
IR (KBr, cnil): v(C=C): 2156. ESI (+) m/z429.17 ([M+HT, calc: 429.1%

Synthesis of [AuW(TEPE)]n (9.4)

Sodium acetate (0.0268 g, 0.32 mmol) and [AuClI(tht)] (0.059 g, 0.18 mmol) were added
to a stirring solution ofEPE (0.0212 g, 0.046 mmol) in GBlz/MeOH (1:1) (10 mL)
under N atmosphere at room temperature. After stirring for 30 min the resulting orange
suspension was filtered, washed with 2CH/MeOH (1:1) (3 x 5 mL), and dried under
vacuum. Yield 80% (45 mg). IR (KBr, chr v(C=C): 1990.
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Synthesis of [(AuPPR)4(TEPE)] (9.5)

Solid PPk (0.022, 0.083 mmol) was added to a stirring suspensi®m@0.025 g, 0.02
mmol) in dichloromethane (10 mL) under Mtmosphere at room temperature. After
stirring 1h the resulting yellow solution was concentrated to half volume and hexane (10
mL) was then added in order to favour precipitation. The resulting yellow solid was
filtered and dried under vacuum. Yield 7%%4 mg).

31pfIH} NMR (CDCls, ppm): 42.3.1H NMR (CDCk, ppm): 6.87 (d, J = 8 Hz, 8H,
TEPE), 7.21 (d, J = 8 Hz, 8HTEPE), 7.47 (m, 60H, PPj. IR (KBr, cmil): v(C=C):
2110. ESI-MS (+) mi2261.3661 ([M + H], calc: 2261.3598

Synthesis of [[AuPPhOMe)4(TEPE)] (9.6)

Complex9.6 was synthesized following the same procedure than corfgdut using
tris(4-methoxyphenyl)phosphane (0.021 g, 0.059 mmol) instead af Pield 60% (24

mgQ).

31p{iHy NMR (CDCls, ppm): 38.6.*H NMR (CDCk, ppm): 3.75 (s, 36H, OMe
(phosphane)), 6.86 (d, J = 8 Hz, 8HEPE), 7.14 (d, J = 8 Hz, 8H,EPE), 7.35 (m, 48H,

PPh (phosphane). IR (KBr, ¢t vw(C=C): 2117. ESI-MS (+) m/z1311.2441 (M +

2H]?*, calc: 1311.2486

Synthesis of [(AuPPhglycal)4(TEPE)] (9.7)

KOH (0.020g, 0.36mmol) was added to a solution ®EPE (0.026, 0.06 mmol) in
methanol (15 mL). After 30 min of stirring, a solution®8 (0.273 g, 0.24 mmol) in
dichloromethane (15 mL) was added. The solution was concentrated to ca. 15 mL after
24 hours of stirring at room temperature, and ether was added to precipitate a yellow

solid. The product was isolated by filtration and dried under vacuum. Yield 30% (85 mg).

31P{*H} NMR (CDCls, ppm): 38.61H NMR (CDCk, ppm):3.31 (s, 36H, glycol), 3.46-
3.48 (m, 24H, glycol), 3.56-3.61 (m, 96H, glycol), 3.64-3.66 (m, 24H, glycol), 3.77-3.80
(m, 24H, glycol), 4.05-4.09 (m, 24H, glycol), 6.77 (d, J = 8 Hz, BERE), 6.87 (d, J =
,.6.87 (d, J = 7.6 Hz, 24H, PPh), 7.12 (d, J = 8 Hz,T®HE), 7.34 (ddd, J = 20.6 Hz, J
=8.6 Hz, J = 1.72 Hz, 24H, PPh). IR (KBr, &nv(C=C): 2117.
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10. GENERAL CONCLUSIONS

In this PhD Thesis, we have successfully synthesized different series of unprededent
gold(l) complexes bearing a chromophore coordinated to the metal atom through an
alkynyl moiety and different phosphanes or carbenes at the second coordination position.
We have studied the luminescent properties of all the synthesized gold(l) complexes and
it was compared to the emission of the parent ligands in order to analyse the effect of the
coordination of a heavy atom in the emission of the chromophore. We have also
investigated the applications in different research areas that include supramolecular
chemistry, biology, and materials science. The luminescent properties have been also

tried to be modified by applying different external stimulus.

The following conclusions are derived from the different chapters presented in this

Thesis:

In Chapter 2, the formation of aggregates induces an enhancement of the emission
where Au---Au interactions play an important role in the resulting photophysical
properties (mainly emission wavelength). The addition of a second metal salt and
the different coordination modes affect the capacity to tune the emission colour in
the solid state.

In Chapter 3, host-guest studies were performed between a gold(l) calix[4]pyrrole
derivative and tetraalkylammonium chloride salts. The receptor operates as
heteroditopic or homotopic in dichloromethane and acetone solution respectively.
Both receptors (ligand and gold(l) complex) bind stronger MTOACI compared to
TBACI.

In Chapter 4, an in depth photophysical characterization was performed of three
different families of gold(l) derivatives containing coumarin ligands. The
experimental and theoretical data shows that the emission is mainly attributed to
the ligand but triplet states were also populated at room temperature in the gold(l)
complexes. The compound were also able to sensitize singlet oxygen with

moderate yields.
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In Chapter 5, two different types of ligands located at the second coordination
position in gold(l) BTD derivatives were synthesized. The introduction of a
carbene with an extended n-system allowed the possibility of having
Au(l)---Au(l) contacts with mechanochromic effect. The incorporation of the
compounds in polymer matrixes enhanced the emissive properties with a near
unity quantum vyields.

In Chapter 6, hybrid materials were obtained by the establishment of aurophilic
interactions between a gold(l) organometallic complex and gold nanoparticles.
The resulting hybrid systems were characterized by SEM, DLS and SAXS
techniques. The biological activity was analysed and lowes VW@lues were
obtained for the hybrid materials compared to the individual counterparts
suggesting the existence of a synergetic effect.

In Chapter 7, the aggregation process was correlated with the biological properties
against cancer cell line A2780 ovarian carcinoma. Additionally, other neutral and
cationic gold(l) compounds with phosphanes that contain a naphtyl group
(P{CH2>-1-NHC10Hs(4-R)}3, R = H, CI, Br) have been successfully synthesized
and their biological activity studd It has been observed that the addition of an
amine between the naphthyl and the phosphorous decreases the resulting
biological activity.

In Chapter 8, the addition of a hydrophilic triethylene glycol pendant arms allows
the formation of an excimer of the coumarin. The micellar structure found during
the characterization of the aggregates allows the possibility of using the
supramolecular assemblies as hosts for the detection of three different naphthalene
derivatives (used as guests).

In Chapter 9, the AIE effect was studied for three different gold(l) complexes
containing the TEPE chromophore. The incorporation of a bulky phosphane
moiety reduces the possibility of having intermolecular rotation in the aggregates
favouring a faster aggregation.
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Table Al. Crystal data and structure 513
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Formula C41H40AUN2PS
Crystal size, nm 0.250 x 0.115 x 0.057
Fw 820.74
Temp., K 296(2)
Wavelength, A 0.71073
Crystal system Triclinic
Space group P-1

a, A 8.6565(2)

b, A 19.0873(4)

c, A 23.6673(7)
a,° 110.9010(10)
B, ° 90.025(2)

Y, ° 95.8040(10)
Volume, A3 3631.68(16)

Z 4

Dealc, mg n® 1.501

Abs. coef., mmt 4.183

F(000) 1640

0 range for data coll, ° 1.15t0 25.35

Reflns coll./independent 205022/13327
Data/restraint/parameters 13327/7/802

GOF on B 1.029

Final R index (I > 2(1)) R1 = 0.0342,wR2 = 0.0749
R index (all data) R1 =0.0661,wR2 = 0.0935
Peak and hole, e A 0.589 and -1.018
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Table A2. Crystal data and structure 514.
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Formula Cs3Has AUN2PS
Crystal size, nm 0.183x0.103 x 0.014
Fw 970.91

Temp., K 270(2)
Wavelength, A 0.71073
Crystal system Triclinic

Space group P-1

a, A 9.4146(2)

b, A 12.3469(3)

c, A 20.7293(6)

a,° 97.6822(16)

B, ° 97.1348(16)

Y, ° 112.2059(14)
Volume, A3 2170.40(10)

z 2

Dcal, mg m? 1.486

Abs. coef., mmt 3.513

F(000) 976

0 range for data coll, ° 1.82 to0 25.35

Reflns coll./independent 126257/7925
Data/restraint/parameters 7925/54/493

GOF on B 1.001

Final R index (I > 2(1)) R1 = 0.0346,wR2 = 0.0981
R index (all data) R1=0.0474,wR2 =0.1131
Peak and hole, e A 1.350 and -0.728
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Table A3. Crystal data and structure f616.
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Formula C34H39AUN4S
Crystal size, nm 0.253 x 0.217 x 0.067
Fw 732.72
Temp., K 200(2)
Wavelength, A 0.71073
Crystal system Triclinic
Space group P-1

a, A 9.4798(3)

b, A 12.6101(3)

c, A 14.3603(4)
a,° 97.6410(10)
B, ° 100.288(2)

Y, ° 109.9550(10)
Volume, A3 1552.35(8)

z 2

Dealc, mg n® 1.568

Abs. coef., mmt 4.835

F(000) 732

0 range for data coll, ° 1.76 to 25.35

Reflns coll./independent 82971/5673
Data/restraint/parameters 5673/0/364

GOF on B 1.107

Final R index (I > (1) R1 = 0.0138,wR2 = 0.0350
R index (all data) R1 =0.0157,wR2 = 0.0356
Peak and hole, e A 0.323 and -0.328
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Table A4. Crystal data and structure f617.
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Formula Ca2Ha3AUNS
Crystal size, nm 0.265 x 0.215 x 0.108
Fw 848.83
Temp., K 200(2)
Wavelength, A 0.71073
Crystal system Triclinic
Space group P-1

a, A 11.1580(4)
b, A 12.2292(5)
c, A 14.6217(7)
a,° 86.513(3)

B, ° 68.107(2)

Y, ° 84.983(2)
Volume, A 1843.34(14)
z 2

Dealc, mg n® 1.529

Abs. coef., mmt 4.085

F(000) 852

0 range for data coll, ° 3.00 to 25.35

Reflns coll./independent 62560/6749
Data/restraint/parameters 6749/0/452

GOF on B 1.066

Final R index (I > 2(1)) R1 = 0.0195,wR2 = 0.0578
R index (all data) R1 =0.0216,wR2 = 0.0590
Peak and hole, e A 1.133 and -0.299
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Table A5. Crystal data and structure férla

Formula

Crystal size, nm
Fw

Temp., K
Wavelength, A
Crystal system
Space group

a, A

b, A

c, A

@ °

B, °

7,°

Volume, A3

z

Dealc, mg nt®

Abs. coef., mmt
F(000)

0 range for data coll, °

Reflns coll./independent

Data/restraint/parameters

GOF on B

Final R index (I > 2(1))
R index (all data)
Peak and hole, e A

3(C14H18AUN4P), CHCI2
0.44 x 0.04 x 0.04
1495.70

170

0.71073
Orthorhombic

P 2c-2n
23.3244(3)
9.27650(10)
45.0709(7)

90

90

90

9751.9(2)

8

2.037

9.258

5712

1.804 to 26.370
77281/19153
19153/768/1130
1.080

R1 =0.0672,wR2 = 0.1531

R1 =0.1066,wR2 = 0.1753

1.657 and -2.083
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Table A6. Crystal data and structure férlhb.

Formula
Crystal size, nm
Fw

Temp., K
Wavelength, A
Crystal system
Space group

a, A

b, A

c, A

@ °

B, °

7,°

Volume, A3

z

Dealc, mg nt®
Abs. coef., mmt
F(000)

0 range for data coll, °
Reflns coll./independent

Data/restraint/parameters

GOF on B

Final R index (I > 2(1))
R index (all data)
Peak and hole, e A

Ci14aH18AU N4P
0.44 x 0.07 x 0.02
470.26

170

0.71073
Orthorhombic
F2-2d
21.9640(7)
41.1815(11)
6.4250(2)

90

90

90

5811.5(3)

16

2.150

10.231

3584

2.712 to 31.389
15857/4324
4324/1/182

1.020

R1 = 0.0485, wR2 = 0.096:
R1 =0.0724, wR2 = 0.1063
2.729 and -1.317
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Table A7.Crystal data and structure for4.

Formula
Crystal size, nm
Fw

Temp., K
Wavelength, A
Crystal system
Space group

a, A

b, A

c, A

@ °

B, °

o

Y,
Volume, A

Z

Deaie, Mg m°
Abs. coef., mmt
F(000)

0 range for data coll, °
Reflns coll./independent

Data/restraint/parameters

GOF on B

Final R index (I > 2(1))

R index (all data)
Peak and hole, e &

Co6H2:AUNP, CHCI,
0.42x 0.32x 0.14
660.30

170

0.71073
Monoclinic

-P 2yn
17.7242(3)
14.0652(3)
20.1117(3)

90

93.1530(10)

90

5006.15(16)

8

1.752

6.170

2560

1.768 to 31.365
57127/16247
16247/51/618
1.037

R1 =0.0519,wR2 = 0.0876
R1 =0.0979,wR2 = 0.0999

0.971 to -1.088
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Table A8. Crystal data and structure fors.
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Formula Ci4aH2:AUNP

Crystal size, nm 0.134 x 0.083 x 0.065
Fw 431.25

Temp., K 120.01(10)
Wavelength, A 1.54184

Crystal system Monoclinic

Space group -P 2yn

a, A 7.18100(18)

b, A 19.7054(6)

c, A 10.4601(3)

a,’ 90

B,° 96.565(2)

v, ° 90

Volume, & 1470.45(7)

YA 4

Dcal, mg m? 1.948

Abs. coef., mrit 19.647

F(000) 824

0 range for data coll, ° 4.488 10 66.713
Reflns coll./independent 4464/2586
Data/restraint/parameters 2586/0/158

GOFon E 1.093

Final R index (1 > 3(l)) R1 =0.0242,wR2 = 0.0621
R index (all data) R1=0.0251,wR2 = 0.0629
Peak and hole, e A 1.088 and -0.884
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Table A9. Crystal data and structure forl3

Formula
Crystal size, nm
Fw

Temp., K
Wavelength, A
Crystal system
Space group

a, A

b, A

c, A

@ °

B, °

7,°

Volume, A3

z

Dealc, mg nt®
Abs. coef., mmt
F(000)

0 range for data coll, °
Reflns coll./independent

Data/restraint/parameters

GOF on B

Final R index (I > 2(1))

R index (all data)
Peak and hole, e &

C70H70AUCIZNO4P>
0.4x0.34x0.12
1566.37

170

0.71073
Monoclinic
Cl2ic1l
20.0915(6)
14.5770(4)
24.3861(7)

90
107.1290(10)
90

6825.3(3)

4

1.524

2.530

3168

1.748 to 28.282
16013/8486
8486/150/412
1.278

R1 = 0.0465,wR2 = 0.1200
R1 = 0.0569,wR2 = 0.1244

1.319 and -1.140
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