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Resumen

Resumen

La presente memoria estd dedicada a la sintesis y caracterizacién de complejos
heterometdlicos Au(T)/M(I) (M(T)= Ag(T), TI(T)) con ligandos macrociclicos y derivados.
Asimismo, se ha realizado el estudio experimental de las propiedades épticas de los
nuevos complejos y los cdlculos tedricos correspondientes que ayuden a la interpretacion
del origen de estas propiedades. Ademds, el empleo de ligandos macrociclicos con
capacidades coordinativas y electrénicas diferentes nos ha permitido sintetizar y
caracterizar una gran variedad de compuestos con interacciones metalofilicas por
reaccion con diversos precursores de oro(I), plata(I) y talio(I). En funcién de los
metales(I) y ligandos empleados, se ha dividido esta memoria en cuatro capitulos: En el
primer capitulo se aborda la sintesis de nuevos sistemas macrociclicos con diferentes
cavidades y diferentes propiedades coordinativas. Nuestro principal objetivo serd
evaluar la influencia que tienen los diferentes ligandos tanto en la disposicién
estructural de los derivados como en las propiedades épticas. En el segundo y en el
tercer capitulo de este trabajo se lleva a cabo la preparacion de complejos
heterometdlicos Au(I)/TI(I) y Au(I)/Ag(I) con los diferentes ligandos sintetizados
anteriormente. En estos apartados se estudia la influencia que ejercen los ligandos
coordinados a los metales en las disposiciones estructurales de los compuestos, asi como
en sus propiedades fotofisicas y en las interacciones metalofilicas. Ademds, en algunos
casos seleccionados, estos compuestos han sido objeto de un profundo estudio a nivel
tedrico, que nos ha permitido conocer el origen de la luminiscencia observada
experimentalmente.

Para concluir, en el dltimo apartado del tercer capitulo se realizé por primera vez la
sintesis de un complejo polimérico heterotrimetdlico con interacciones Ag/Au/Tl sin
precedentes. Ademds, el estudio tedrico a nivel MP2 y HF nos permite explicar la

estabilidad de esta nueva interaccidn












1. Gold

Gold, with the chemical symbol Au and atomic number 79, is undoubtedly the first metal known to
early civilizations. The characteristics of gold are ductility and malleability, which means it can be
stretched into a wire or pounded into other shapes. Gold is the most ductile and malleable element
on our planet. In addition, gold is a good conductor of heat and electricity and is not affected by air,
humidity, or most chemical agents. However, despite being a noble metal, it is sensitive to chlorine,
mercury and a mixture of nitric and hydrochloric acids called “acqua regia” for its ability to dissolve
the king of metals'™. Gold is a little abundant metal in the earth's crust; the largest reserve of
accessible gold for humans is found in the sea, where it has been calculated that 13,700 million tons
of this metal are presentm. On the other hand, a possible explanation of the origin of gold from the
earth's crust has been presented in a paper published in the prestigious journal Nature®. In this
article it is explained that during the formation of the Earth the molten iron sank until its centre
forming the nucleus, taking with it the great majority of the precious metals of our planet, reason
why they propose that all the gold present in the terrestrial crust it is due to the impacts of
meteorites with high concentrations of this metal (170 ppb)m. On the other hand, because it is
relatively inert, it is usually found in nature as native gold, sometimes as large nuggets
(see Figure 1), but generally in the form of small inclusions in some minerals such as pyrite, quartz

veins, slate and metamorphic rocks.

Figure 1. Gold nugget
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In recent decades, the study of gold compounds has aroused a great interest as a result of its
enormous possibilities. Gold is an element that has a greater relativistic effect, so it suffers the
greatest contraction of the atomic radius compared to the elements of the same period (from group
1 (Cs) to group 18 (Rn))[4] (see Figure 2a, left). In fact, according to Einstein's theory of relativity, the
mass of a small object increases when its speed approaches to that of light (see Figure 2b, left). This
determines, in the heavier atoms and in particular gold, an increase in the speed of electrons around
the nuclei due to the increase in the nuclear charge. This is reflected at the same time as an increase
in the mass of the electrons with the consequent contraction of the atomic radius according to the
Bohr equation (see Figure 2b, right). This effect causes a decrease in the energy of the orbitals s and

an increase in the energy of the orbitals d"° ( see Figure 2a, right).

a)

M _ m, 41reygh?n?
(e—rel) — r =
\/1 _ vﬁ/cz M(e—rel) e’

M._..,= relativistic mass m,= mass electron
Vv, = elctron speed ¢ = speed light
r = Bohr radius £p= permittivity of free space
h = Plank’s costant e = elementary charge
n=123 ...

b)

Figure 2. a) The ratio of relativistic (rz) and non-relativistic (ryg) radii versus the atomic number for electrons
6s (left). Energy variation of gold orbitals as a consequence of relativistic effects (right). b) influence of the
relativistic effect of the electron mass (left) and the Bohr radius (right).
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One of the most visible consequences is the typical yellow colour due to the small difference in

energy between the orbitals d and the s-p orbitals from which the electrons can be excited by means
of blue light, showing the complementary yellow colour characteristic of the gold compared to all
the other metals. Furthermore, it has a lower chemical potential than other metals which makes it
more resistant to oxidation than silver. Of all the characteristics mentioned so far, the most
surprising phenomenon, particularly in the oxidation state one, is the tendency of the gold centers(l)
to be located at a smaller distance than the sum of the van der Waals radii, generating dimers,
oligomers and polymers with short gold(l)---gold(l)[7]'[8] contacts. The existence of the interaction
between closed shell metal centers (Au(l): [Xe] 4f**5d"°) is surprising from the point of view of the
classical theory, according to which we should expect a Culombian electrostatic repulsion between
two positively charged ionic species. For this reason, in 1988 Hubert Schmidbaur coined the term
aurophilicity or aurophilic interaction® with the aim of defining the new type of interaction capable
of explaining the structural phenomenon observed in Au(l) compounds. The theoretical study
carried out by Pyykké and Zhao introduces the effects of electronic correlation which are
fundamental to justify and reproduce the phenomenon of aurophilicity[lol. For this same reason,
aurophilicity is attributed to the effects of electronic correlation and more concretely to the
dispersion forces of van der Waals™. The attractive force between the various metal centers is

comparable to that of the hydrogen bonds (30-50 kJ/mol)!*?/23!

, SO as to place this interaction in an
intermediate position between the covalent/ionic bonds and the van der Waals forces. In reality,
gold is not an exception in the periodic table: the original concept of aurophilicity can also be
extended to other metals with a closed shell configuration (s*d® and d'%)**"2 by developing an
evolution to a more general term known as Metallophilia. In fact, although they are much less
numerous than the compounds containing Au(l)---Au(l) contacts, a considerable interest has
aroused about complexes containing Au(l)---M(l) (M(l)= Ag, Tl, Cu) interactions, not only for their

photophysical properties[zz] and potential applications,m] but also for theoretical aspectsm].
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2. Gold and Silver

Due to the growing interest in the study of Au(l)-*M interactions, in recent years numerous
complexes have been described that present Au---Ag interactions, observing in many cases how the
Au---Ag distance is lower than the gold-gold and silver-silver distances in the homometallic
complexes. The synthetic strategy commonly used for the synthesis of Au(l)---Ag(l) heteronuclear
compounds is based on the use of polydendate ligands, symmetric or asymmetric, capable of
bridging the two metal centers. There are numerous examples where nitrogen-phosphorus mixed-
donor ligands or sulfur-phosphorus mixed-donor ligands are used for the synthesis of complexes
having Au(l)---Ag(l) interactions. By exploiting the different affinity of donor atomes, it is possible to
generate new systems with heterometallic interactions supported by organic binders. One of the
first systems synthesized by means of a bidentate ligand was [AuAg(PPh;Py)](ClO,),, where thanks
to the selective coordination of the phosphorus atom to the gold center and the nitrogen atom to
the silver center, a compound containing a supported Au(l)---Ag(l) interaction was synthesized with

a distance of 2.820(1) A between the metal centers (Figure 3)[25].

Figure 3. Structure of the compound [AuAg(PPh,Py)](ClO,),. Colour code: (yellow) gold, (grey) silver,

(light blue) nitrogen, (red) oxygen, (green) chlorine.
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Recently, Catalano and co-workers synthesized different compounds containing M(l):--M(l)

[26]

interactions exploiting the coordination capacity of 2-(Diphenylphosphino)-1-methylimidazole

(dpim).

Figure 4. three-coordinate Au(l)-:-Ag(l) heterobimetallic complex of 2-(Diphenylphosphino)-1-
methylimidazole (dpim). Colour code: (yellow) gold, (grey) silver, (light blue) nitrogen, (black orange)

phosphor.

Using different synthetic strategies and different derivatives of Ag(l) (AgBF;o0 AgClO4) and Au(l)
(AuCl(tht)) a series of binuclear complexes with metal-metal contacts were synthesized. In this case,
the use of the binder dpim favours a three-coordinate Au(l)---Ag(l) heterobimetallic complex that is
unprecedented in the literature (Figure 4). Of great interest from a structural point of view is the

4" with the diphenylphos-

AgAus cluster (see Figure 5) published by Laguna and co-workers in 200
phine-2-pyridine ligand (PPh;py). The central nucleus of the structure consists of a tetrahedron with
an oxygen functioning as a ps-ligand capping the three gold atoms. Each gold(l)---silver(l) contact is
bridged by one PPh,py ligand with the P atom attached to Au(l) and the pyridyl N atom coordinated
to Ag(l). Moreover, by modifying the nature of the ps;-E capping ligand (E = O, S, Se) the optical
properties of the synthesized system are considerably modified: the increase in the size of the donor

atom causes a change in the distance Au(l)---Ag(l) generating a red-shift of the emission band.

Figure 5. AgAus clusters with the diphenylphos-phine-2-pyridine ligand (PPh,py). Colour code: (yellow) gold,
(grey) silver, (light blue) nitrogen, (dark orange) phosphor, (light orange) selenium, (dark blue) sulphur,

(red) oxygen.
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In recent years, another synthetic strategy for the synthesis of heteropolinuclear systems has found

numerous applications. It consists in the acid-base reaction between a negatively or neutrally

28] 1 reality,

charged Au(l) derivative, and a salt containing a Lewis-acidic metal (Ag(l), Cu(l) or TI(1))
both the structure of the compound obtained and the optical properties depend strongly on the
number and type of M(I)--*M(l) interactions present. Moreover, the binders that support this type
of interactions can play a fundamental role in the coordination of the same metal centers. In this
direction, our investigation group has synthesized a large number of compounds thanks to the
reaction between the anionic precursor of Au(l) (bis(perhalophenylaryl)aurate(l)) with silver salts
that act as Lewis acids?®*. The first derivative containing Au(l)---Ag(l) interactions obtained
according to this synthetic strategy was synthesised from the reaction between the
[NBus][Au(CeFs)2] and Ag(ClO4). The synthetic process allows to obtain a polymeric system
[AuzAg>(CeFs)aln in which the two silver atoms present in the tetranuclear unit are able to react with

neutral ligands modifying the photophysical properties of the system as a function of the

coordinating ligand®**"2*"38! (Figure 6).

Figure 6. Part of the [Au,Ag,(CsFs)sln (left) and [Au,Ag,(CeFs)a(tht),], (right) polymeric chains. Colour code:

(yellow) gold, (grey) silver, (dark blue) sulfur.

The use of [Au(CgXs)],” with different halogen atoms influences the electronegativity of the donor
system, and consequently, its basicity and coordination properties. For this same reason the
modification of the Au(l) precursor allows to modify the structural and optical properties of the
synthesized compounds. For example, our investigation group using different aryl groups linked to
the atom Au(l) has synthesized a series of compounds starting from [Au,Ag>(CeXs)sln (X = Cl, F) and
modifying the dimensionality of crown thioethers used during the synthesis as neutral donor ligands

(see Figure 7)B%,
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Figure 7. Structure of [{Au(CsFs),}Ag([9]aneSs),], (left) and [{Au(CsFs)2},Ag,([24]aneSsg)] (right). Colour code:
(yellow) gold; (grey) silver; (dark blue) sulfur.

From Figure 7, it is clearly seen that by modifying the size and the coordination capacity of the
macrocyclic system used, the structural properties of the final system can also be modified, which

can affect the photophysical properties of the different compounds.
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3. Gold and thallium

As already mentioned above, the growing interest in the study of metallophilic interactions has led
many research groups to investigate more on the theoretical aspects that involve the phenomenon.
Since the discovery of the phenomenon, there have been numerous efforts to synthesize new
complexes containing these weak interactions between metals with different electronic
configuration and investigate more on the theoretical aspects involved in this process: whereas the
metallophilic attraction between d'® metal centers is improved by the relativistic contraction of the

s and p orbitals (along with the destabilization of d orbitals)“”

,the relativistic contribution to the
closed-shell interaction between s®> metal centers such as TI(l) actually weakens their dispersive
attraction™. In this way it was concluded that the attraction between d*® metal centers, should be

131143 Eor this reason, It

stronger than that between metal centers having d®and s’ configurations
is not surprising to assume that the presence of Au(l)-TI(l) interactions strongly depends on the use
of organic ligands which, due to structural, electronic or coordination characteristics, may favour
this type of interaction. Many of the initially prepared compounds containing Au(l)-TI(l) interactions
were based on the use of charged bridging ligands, so that the structural rigidity of the ligands would
stabilize the metal-metal interaction. The first derivative containing an interaction Au(l)-TI(l) was
obtained from the reaction of [Au(CH,P(S)Ph,]  with TI" The intermetallic interactions produced a

linear polymeric structure where the repeating unit was [AuTI(CH,P(S)Ph,], (see Figure 8)[42]

presenting optical properties that are not observed in any of the starting substrates.

Figure 8. Monomeric unit (left) and polymeric chain (right) of [AuTI(CH,P(S)Ph,],. Colour code: (yellow) gold;

(garnet) thallium; (black orange) phosphor; (dark blue) sulfur.
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However, in the last few years we have used the acid-base strategy to synthesize compounds

containing Au(l)-TI(l) interactions which consists in a reaction between a rich electron system
(as Au(CeXs)2', Au(CN),, etc.) and a Lewis acid (TIPFg, TINO;s etc.). In this case, the strong negative
charge present on the organometallic compound grants the presence of a strong ionic contribution
that can stabilize this type of interaction without the need to use bridging ligands. For example, in
2003 he reaction between NBu4[Au(CeCls),] and TIPFg in THF leads to the synthesis of a product of

stoichiometry [AuTI(CsCls),]n !

which can be used as a precursor for the synthesis of complexes with
Au(l)-TI(l) interactions. However, The structural arrangement can also be influenced by the presence
of solvents with a coordination capacity: the preparation of the two polymeric systems
[TI(OPPh3),Au(CeFs),]n and [TI(OPPh3)(THF)Au(CgFs),TI(OPPh3)], (Figure 9) in two different solvents
show a linear chain with alternating metal centers in a zig-zag disposition with Au(l)-TI(I) distances
of 3.0529(3), 3.14528(3), 3.1630(3) and 3.3205(3)°A (L: tetrahydrofuran) or 3.2438(3), 3.0937(3),
3.2705(4) and 3.1492(3)°A (L: acetone). Interestingly, in these cases the environments around the

thallium atoms are alternatively pseudotetrahedral and distorted trigonal-bipyramidal (see Figure

9)1431,

Figure 9. Linear chains showing different environments at the thallium centres. [TI(OPPh;),Au(CsFs).], (left);
[TI(OPPh3)(THF)Au(CgFs),TI(OPPh3)], (right). Colour code: (yellow) gold; (garnet) thallium; (black orange)

phosphor; (red) oxygen.

In the same manner, the only difference in the aryl groups bonded to gold produces important
changes in the solid state structures formed in similar acid—base reactions in the presence of 4,4’-
bipyridine. Thus, the reaction of the basic [AuR;]™ (R = CgFs,CsCls) with the salt TIPFg in the presence

of 4,4-bipyridine in tetrahydrofuran leads to highly luminescent materials of stoichiometry
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[TI(bipy)]2[Au(CeFs)2]2 or [TI(bipy)][Tl(bipy)i/2(thf)][Au(CsCls)z] (bipy: 4,4’-bipyridine), respectively

(see Figure 10)14.

Figure 10. TI-Au—Au—TI (left) and Au-TI-Au—-TI’ (right) disposition of metal atoms [TI(bipy)].[Au(CesFs)2], and
[TI(bipy)][TI(bipy)1/2(thf)][Au(CeCls),]. Colour code: (yellow) gold; (garnet) thallium; (light blue) nitrogen.

Extremely interesting is not only the different structural arrangement dependence on the
coordination of the dissolvent inside the heterometallic complex, but also the arrangement of the
metal centers in the two different structures: in the complex [TI(bipy)]l.[Au(CeFs)2], (Figure 10
(right)), the tetramer unit found presents a nonalternating sequence of variance ions [+-—+], which
should not be supported by the simple rules of Coulomb forces. An extension of this work is to
prepare linear chains using perhalophenyl derivatives in the presence of different solvents that
could vary the structure and consequently, the luminescent properties. Thus, for instance, the
reaction between NBu4[Au(CsCls),] and TIPFg in acetone leads to the synthesis of a product of
stoichiometry [Aulez(CGCI5)4]-acetone[45]; while if the solvent is tetrahydrofuran the stoichiometry
of the product is [AuTI(CeCls),]n. The crystal structure of the complex [Au,Tly(CeCls)s]-acetone
consists of a tetranuclear unit where the metals are held together through four unsupported Au-TI

interactions within the range 3.0331(6)-3.1887(6) °A and an additional TI-Tl interaction of 3.6027(6)

°A, resulting in a loosely bound butterfly cluster (see Figure 11).
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Figure 11. Crystal structure of [Au,Tl,(CsCls)s]-acetone showing the butterfly disposition of the metals.

Recently, also the use of crown thioethers for the synthesis of heterometallic Au(l)-TI(l) compounds
gave good results*®: compounds of stoichiometries [{Au(CeXs)2}TI(L)]> or [{Au(CeFs)2}2Tlo(L)] are
obtained depending on the size of the macrocyclic ligand, which can act as a terminal or as a bridging
S-donor ligand. The formation of TI-S bonds and Au(l):--TI(I) or Au(l)---TI(l) and Au(l)---Au(l) contacts
leads to unusual structures for Au/Tl complexes with polymeric [-L—TI-Au—Au-TI-], or tetranuclear
[L=TI-Au—Au-TI-L] or [Au-TI-L-TI-Au] dispositions, clearly influenced by the nature of the ligands

at the metal centres (see Figure 12).

Figure 12. Crystal structure of [TI([9]aneS3)Au(CsFs),], (left) and [{TI([24]aneSg)Au(CsCls),}.], (right).

As it is clear from Figure 12, the different dimensionality and coordinative capacity of the
macrocyclic (from [9]aneS; to [24]aneSg) allows the expansion of the [L-TI-Au-Au-TI-L] molecular
system in a [-L-T-Au-Au-TI-L-],, polymeric system by modifying the number of donor atoms of the

organic ligand.
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4. PhD thesis aims

Taking into account the obtained results so far, in the work carried out, we propose the synthesis
and characterization of new organometallic heteropolinuclear gold(l)-thallium(l) or gold(l)-silver(l)
compounds with mixed thia—aza-oxo macrocyclic ligands of various dimensions and macrocyclic
systems appropriately functionalized with the 2-methylquinoline unit (see Figure 13). The choice to
use this type of ligands lies in the structural, electronic and coordination characteristics of
macrocyclic systems: the possibility to play with the size of the organic ligand used, the number and
type of donor atoms present allows us to compare different parameters that can influence both the
structural nature and the optical properties of the diffused compounds obtained. In particular, the
Li-L3 binders will allow us to synthesize different heterometallic compounds evaluating them as
macrocycles of the same dimensionality but different donor atoms will be able to influence the
structural characteristics and the optical properties of the obtained compounds; Ls-Ls ligands will
allow us to evaluate how macrocycles of different size and different coordination capacity can
influence the metallophilic interactions present in the synthesized systems; Finally, Lg-L7 ligands,
containing the 2-methylquinoline unit, allow us to modify the stoichiometry of the different

reactions made by generating materials with unique structural and electrotonic properties.

&J &“J &oJ

Figure 13. Macrocyclic system L;-L;,
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In chapter one we will describe the different strategies used for the synthesis of the macrocyclic

systems designed for supporting the metallophilic interactions in the final new heteropolinuclear
systems.

In chapter two, we will study the reactivity of the different ligands synthesized with the
[{Au(CeXs)2}Tl], (X=F,Cl) precursors, describing the synthesis, structural characterization and optical
properties of the new heteropolinuclear derivatives obtained. These materials contain metallophilic
interactions that will be analyzed by means of a complete computational study.

In chapter three, indeed we will study the reactivity of the different ligands synthesized with the
[{Au(CeXs)2}Ag]n (X=F,Cl) precursors, describing the synthesis, structural characterization and optical
properties of the new heteropolinuclear derivatives obtained. These materials also contain
metallophilic interactions that will be analyzed by means of the theory. In this way, in each chapter
it will be possible to evaluate not only the influence of the neutral ligands on the structures and the
optical properties of the synthesized systems, but also the different structural and photophysical

properties as a function of the halogen atoms in the aryl unit of the [Au(Ce¢Xs),]” fragment.
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Chapter 1
Synthesis of organic ligands






Chapter 1. Synthesis of organic ligands _

1.1 Introduction

A macrocycle ligand is a cyclic molecule consisting of a minimum of nine atoms (including
heteroatoms) having a ring structure characterized or not by the presence of unsaturations™™. This
definition includes a range of practically unlimited compounds of synthesizable macrocycles since
varying the number or the nature of the donor atoms, and therefore the size of the macrocyclic
cavity, it is possible to vary the affinity of the ligand for a given substrate. Indeed, for many years
the synthesis of macrocyclic systems of different nature has played a fundamental role in all aspects
of modern chemistry, allowing chemists to open new frontiers in the synthesis of supramolecular
systems. These compounds are identified as receptors of many chemical species, such as metal

M8 o organic/inorganic anions®" thanks to their structural variability. In fact, the synthesis

ions
and study of macrocycles have suffered a tremendous growth and their complexation chemistry
with a wide variety of metal ions has been extensively studied™. Macrocycles are important and
powerful ligands in transition metal coordination chemistry for the thermodynamic and kinetic
stabilities of their metal complexes due to their conformational stability. For example, in 2004
Martin Schréder and co-workers published a study on conformational and stereochemical flexibility

in cadmium(ll) complexes of aza-thioether macrocycles [12] (see Figure 1).

—\ /N
S s ( 3 (O o
[ j [ j NH HN
NH HN NH HN H
a) [12]aneN>S, [12]aneNS3 [15]aneNO,S, [15]aneN,0,S
b)

Figure 1. a) Example of aza-thioether macrocycles; b) Single-crystal X-ray structures of
[CA(NOs),([12]aneN,S,)] (left), [Cd(NOs)([15]aneNO,S,)’] (right). Colour code: (off-white) cadmium, (blue)

nitrogen, (yellow) sulfur, (red) oxygen.
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_ Chapter 1- Synthesis of organic ligands

From the structural analysis it was clearly observed that the flexible nature of the coordination
sphere of the metal centre significantly influences the conformational arrangement of the
coordinated macrocyclic units. In addition, there seems to be a strong correlation between the
Cd-0 bond distance and the nitrate ion position, in which the presence of a macrocyclic bond nearby
determines the elongation of the bond. However, the size of the macrocycle influences the possible
sphere of coordination of the metal centre too: with the smaller macrocycles, the metal is
positioned outside the macrocyclic cavity, suffering from a greater exposure to the possible
coordination of further ligands. Furthermore, the development of synthetic strategies to generate
the multitude of existing macrocycles has allowed chemists to use these materials as possible
molecular sensors, metal sequestering agents, mimetics of enzymes, and carriers for transport
through membranes! e, They are able to form stable and selective complexes with a variety of
inorganic and organic cations, and by reaction with some anionic and neutral organic and biological

substrates give supramolecular compounds with specific properties and applicationsm].

For
instance, in 2006 Rita Delgado and co-workers demonstrated the thermodynamic stability of the
complex {Cd[17](DBF)N,0,}(NOs), (DBF= dibenzofuran). The size of the Cd*?is optimal for the
[17](DBF)N,0, macrocycle and the resulting complex shows a strong thermodynamic stability
compared to that of other metal ions (see Figure 2) and for this reason it can be used as metal

sequestering agents at different pH value (18],

CIri)

0]

HN O O NH
(AN AN
[17](DBF)N,0,

Figure 2. Single-crystal X-ray structure of {Cd[17](DBF)N,0,}(NOs),}’ (DBF=dibenzofuran). Colour code:

(off-white) cadmium, (blue) nitrogen, (red) oxygen.

The search for systems with peculiar properties has led to the development of macrocyclic systems
functionalized with appropriate donor groups that confer unique characteristics to the system
synthesized 19 These ligands have been synthesized in large number because they have proved to
be useful for a great variety of different chemical applications. In 2014 Vito Lippolis and co-workers,

starting from the known macrocyclic ligands 1-aza-4,7,10-trithiacyclododecane ([12]aneNSs), 1,7-
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diaza-4,10-dithiacyclododecane ([12]aneNs,S,), and 2,8-dithia-5-aza-2,6-pyridinophane

([12]anePyNS;), synthesized molecular fluorescence sensors for metal ions bearing a coumarin

moiety as fluorogenic unit®® (see Figure 3).

oNg¥e OCHj
S
/N /N \
[s S] [s N] [s N—/
N S N S N S
/ / /
= = =

0”0 OCH; 070 OCH 0”0 OCHs

Figure 3. Molecular fluorescence sensors for metal ions with coumarin units.

The selectivity of macrocycles accompanied by the photophysical properties of coumarin allow to
synthesize highly selective systems for the Hg** ion for the development of optical sensors for the
same heavy metal in natural water and for intracellular mercury imaging in cells in vitro (see Figure
5). Probably the presence of N-S donor atoms plays a significant role in the functioning mechanism
of the synthesized system. In some cases, however, the active unit responsible for the optical
properties of the system is integrated into the structure of the macrocycle. This is the case of the
mixed donor crowns containing the 1,10-phenanthroline unit as an integral part of the macrocyclic
structure which show selectivity for heavy metals such as lead(ll), cadmium(ll) or mercury(ll)m](see

Figure 4).

S S S 0 S S S
LS PR N N

Figure 4. Mixed donor macrocycles containing a phenanthroline unit.

In addition, macrocyclic ligands are used as carriers to study the transport through membranes of
anions. An example was reported by Bradley D. Smith and co-workers who study the ability to

[15].

transport the chloride anion through the vesicular membrane™: they demonstrated the

effectiveness of the macrocyclic system A (as compared to systems B and C, Figure 5) to transport
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the chloride ion through the vesicle membrane via the formation of hydrogen bonds. They also

studied the influence of different cations on the efficiency of the process.

t-Bu
t-Bu

O 0]
@) 0]

A w@ Q .,

o/ﬁ N~ Ph
\aO OJ

A Cc

Figure 5. Structures of A M* Cl complex and partial ion receptors B and C.

In recent years, the high coordination capacity of the thio-crown ethers macrocyclic systems has
also been exploited to support metal-metal interactions between closed-shell transition metal
cations giving excellent results (see Introduction). For instance, in 2013 and 2014, studies were
published concerning the Au-Ag or Au-Tl heterometallic interactions using macrocyclic systems of

different dimensions!?223,

In these cases, it is explained in detail how the cavity size of the
macrocyclic system, the number of donor atoms and the rigidity of the structure of the system play
a decisive role in the formation of these weak interactions. The arrangement of the compound has
consequences on the optical properties of the system, since the strength of the present
metallophilic interactions plays a fundamental role on the photophysical properties of the
synthesized complexes. Moreover, computational calculations allowed to explain the origin of the
photophysical proprieties responsible for the fluorescent or phosphorescent emission processes
observed in the synthesized compounds. However, there are no cases published in the literature in
which mixed N-S-O donor macrocyclic are used to support these weak interactions; In this chapter
we describe the synthesis and the characterisations of organics ligands used to support this type of

interactions (see Figure 6); these include mixed N-S/N-S-O/N macrocyclic ligands (L;-Ls) and mixed

N-S/N-S-O macrocyclic systems functionalized with quinoline unit (Lg-L7).
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Figure 6. Macrocyclic ligands.
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1.2 Coordination chemistry of L;-L;

As discussed previously, the study of macrocyclic chemistry represents a major area of activity which
impinges on a range of other areas in both chemistry and biochemistry. In particular, the synthesis
as well as the study of the coordinative properties of macrocyclic systems containing different donor
atoms represent a very interesting challenge. For this reason, in this paragraph, | am going to focus
in more detail on the chemistry of macrocyclic systems used by observing with an enlargement lens

the coordination characteristics of these systems.

CRY (VN
&SJ&JQOJ

Figure 7. L;-L3 Macrocyclic ligands.

The possible application in the medical-biological field of systems with a high coordination ability
such as those shown in Figure 7, has aroused considerable interest in all aspects of modern
chemistry. For example, the coordinating capacity of L; was exploited for the synthesis and
characterization of ®*Cu radioactive complex used to detect hydrogen sulfide within the human body

)[24]. Recent studies show that gas as hydrogen sulfide, nitric oxide and carbon

(see Figure 8
monoxide are to be involved in various phenomena giving information on physiological changes in
the body.
N
(Y
S 68cy S
S

L1'GSCU
Figure 8. Radiative complex L;-*Cu.

For this reason, the possibility of observing in real time the presence of these compounds through
optical imaging of their complexes is essential to diagnose and localize diseases that produce the
formation of gaseous molecules as a secondary effect.

However, also the kinetics of the formation of metal complexes aroused considerable interest. For
instance, in 2005 Liselotte Siegfried and Thomas A. Kaden published a study of L, on the kinetics of
formation of copper(ll)-nickel(ll) complexes under different conditions (see Figure 9). From the

results obtained it is evident that the formation of possible hydrogen bonds with the solvent or
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protonation of the amine group present in the macrocyclic system makes the formation of the

complexes much more difficult due to modification of the macrocyclic system conformation and

making it less suitable for coordination with the target metallic centre (28],

NH NH
S Ni(ll) S S Cu(ll) S

NH NH
L,-Ni(ll) L,-Cu(ll)

Figure 9. radiative complexes L,-Ni(ll) (left), L,-Cu(ll) (right).

The macrocyclic Li-L3 (see Figure 7) systems over the years have been widely used not only for the
synthesis of metal complexes but also as a starting product for the formation of functionalized
macrocyclic systems featuring unique characteristics. For example, in 2007 Yoichi Habata and co-
workers®?® used the L; binder as a starting product for the formation of compounds with very
different electronic characteristics. By changing the electronic characteristics of the aromatic moiety
with which the macrocycle has been functionalized, it is possible to hypothesize a self-assembling
mechanism that leads to the formation of different systems. In particular, the use of electron
withdrawing groups eliminates the possibility of formation of C-H---1t interactions between the
macrocycle system and the phenyl fragment causing a modification of the structural features of the
system. This behaviour is evident from the diagram shown in Figure 10 where the different
structural arrangements of the silver complexes can be observed. In this case the weak interaction
between the methylene group of the macrocycle and the aromatic moiety play a fundamental role

in the formation silver(l) complexes both in solution and in solid state (see Figure 10).
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M
s/
s/ \ (@NOZ
L4

EWG

trimeric system

a)

b)

Figure 10. a) Schematic representation of the polymeric ([(Ag)N-Benzyl-1,4,7-trithia-10-
azacyclododecane)][OCF3S0s;]) and trimeric ([(Ag)N-(4'-Nitrobenzyl)-1,4,7-trithia-10-
azacyclododecane][OCF3SO3]  systems ; structure of the polymeric ([(Ag)N-Benzyl-1,4,7-trithia-10-
azacyclododecane]’) (left) and trimer ([(Ag)N-(4'-Nitrobenzyl)-1,4,7-trithia-10-azacyclododecane]’) system

(right). Colour code: (grey) silver, (yellow) sulfur, (blue) nitrogen.

In the same way, the use of functionalized macrocyclic systems allows us not only to study how the
effect of the various substituents can influence the intrinsic properties of the macrocycle, but also
allows us to develop new devices with unlimited applications. For example, in electrochemistry

macrocyclic systems are widely used to evaluate the stability of the different oxidation states of a
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metal center. Through the study of the cyclic voltammetry of the different complexes it is possible
to evaluate the stability and the reversibility of the observed red-ox process. In particular, L, was

18 centers.

used to study the stability of complexes formed with zinc, copper, cadmium and mercury[
However, the potential of these systems is not limited to the study of the stability of the complexes
but it is possible to appropriately functionalize the macrocycles to generate devices known as
chemosensors. In 2003, a study was published where L,-L3 macrocyclic ligands were functionalized
with one active ferrocene unit®?”). This system allowed to develop red-ox molecular sensors to detect
metals such as Cu(ll), Zn(ll), Cd(ll), Hg(ll), and Pb(ll) as a function of the observed redox potential

variation (see Figure 11).

= QF
Fe N e
S[H/E - Q gH/g — > ©\‘
s/ NN o/ gN'g
L, e L (oo
a)
b)

Figure 11. a) Ferrocene derivatives of Ly, L3; b) view of the cation N-ferrocenylmethyl-1-aza-4,10-dithia-7-
oxacyclododecane and of the complex [Cd(N-ferrocenylmethyl-1-aza-4,10-dithia-7-oxacyclododecane

)(NO3),]. Colour code: (off-white) cadmium, (yellow) sulfur, (blue) nitrogen, (red) oxygen.

Also, Ls-Ls (see Figure 12) have been used over the years for a variety of applications. For example,
the recovery of heavy metals with high toxicity or precious metals from residual water is an
operation that requires the use of specific binders that are able to guarantee a high selectivity for

the desired species.
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S\\/H\JS —

L, Ls

Figure 12. L;-Ls macrocyclic ligands.

In this regard, Ly was tested together with other macrocyclic systems (see Figure 13) with different
metals (Ag (1), Hg (I1), Cu(ll)) showing a marked selectivity towards silver and mercury allowing the
almost total recovery of the metal centers passing as complexed species from the phase aqueous to

the organic phase[zgl.

Figure 13. Mixed-donor macrocycles containing the 1,10-phenanthroline subunit considered for the

extraction of metal cations from water solutions.

In addition, macrocyclic systems similar to those shown in Figure 13 have been successfully used as
biomimetic model of the coordination environment in blue copper proteins (see Figure 14). This has
allowed to investigate more on the redox process that occurs in biological systems, as it was also in

this case, it was observed the almost total reversibility of the equilibrium copper(lI)—copper(l)m].
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b)

Figure 14. a) Mixed-donor macrocycles containing the 1,10-phenanthroline subunit considered for the
biomimetic model and corresponding structures with Cu(ll). Colour code: (dark orange) copper (weak blue)

nitrogen, (dark blue) sulfur, (red) oxygen, (weak orange) phosphorus, (green) chlorine.

In comparison with the other organic systems, Ls is one of the most used macrocyclic as well as a
simple coordination system for different metal centers (Cu, Zn, Cd, W, Au, Re, Os) and as a starting
material for the synthesis of more complex systems. For example, in 2006 Zijian Guo published a
biological study performed with the Ls-Au(lll) [29] (see Figure 15) complex to evaluate the cytotoxicity

of this system with cells of two different tumours.

Figure 15. Molecular structure of [Au(TACN)Cl,]* (TACN= triazacyclononane) Colour code: (yellow) gold,

(blue) nitrogen, (green) chlorine.

Not only applications in the biological field, even the synthesis of materials with unique magnetic
properties can be generated through the use of macrocyclic systems that act as a support for the

different metal centres. V. Marvaud and co-workers published a study on the synthesis and
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characterization of the magnetic portions of a MogCui4 cluster where the TACN (triazacyclononane)

ligand supports the whole system®®

. The study carried out clearly shows that the magnetic
properties of this system increase considerably after irradiating the system with a red light. The use
of the Ls binder as a support is essential to guarantee the correct structural arrangement of the

system that guarantees the formation of the metallic cluster (See Figure 16).

Figure 16. Crystal structure of [MogCuy4]. Colour code: (blue) cobalt, (red) copper.

The Lg-L; (see Figure 17) are synthetized for the first time by us. However, the presence of the 2-
methylquinoline unit allows us to investigate in more detail the photophysical properties of these

systems. Quinolines and their derivatives are important constituents of several pharmacologically

active synthetic compounds[SI]'[33]. They show biological activities such as DNA binding capability[34],

[35] [36]

antitumor~', and DNA intercalating carrier

7 N\ B
- N4 N7
S S G
LN >3
\ Lo/
Le | X L,
_

Figure 17. Lg-L; macrocyclic ligands.
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The quinoline based receptors are used for various metal ion detections. Especially the zinc ion

sensing by quinoline based receptors is of great valueP4 For example, in 2009 the synthesis and
characterization of a series of molecular sensors able to detect the presence of zinc in aqueous
solution by the variation of the fluorescent emission of the system, was reported[“]. The synthetized
molecular sensors are constituted by a unit of Ls or similar systems functionalized with the quinoline
active unit. The marked selectivity of the system allows to determine the presence of this metal ion

in solution by the changes in the fluorescent emission intensity of the system (see Figure 18).

ZN /IN

| /1(8 ] /l\ N ]
P esiifiscliesiiPioe

b)

Figure 18. a) Fluorescent molecular sensors (N-methylquinoline-1,4,7-triazacyclononane (left); bis-(N-
methylquinoline)-1,4-diaza-7-thiacyclononane (middle); tris-(N-methylquinoline)-1,4,7-triazacyclononane
(right)); b) crystal structures with Zn®* [(Zn)(N-methylquinoline-1,4,7-triazacyclononane)(Cl)],>* (left);
([(Zn)bis-(N-methylquinoline)-1,4-diaza-7-thiacyclononane(NO;)]* (middle); [(Zn)tris-(N-methylquinoline)-
1,4,7-triazacyclononane]®" (right) . Colour code: (dark grey) zinc, (blue) nitrogen, (yellow) sulfur, (red) oxygen,

(green) chlorine.

Furthermore, in some cases it is possible to hypothesize a cellular application of this type of study.
For instance, in in 2010 it was published a study related to the possible application of a molecular
fluorescence sensor which can be used for qualitative/quantitative determinations of Cd** by

[42] |

fluorescence microscopy because of the selectivity of this system for this metal ion ts

fluorescence signal is directly correlated with Cd** content in cells (see Figure 19).
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Figure 19. Fluorescencent molecular sensor (N-(5-clhoro-8-hydroxyquinoline)-2,8-dithia-5-aza-2,6-
pyridinophane) (left), crystal structure ([(Cd)N-(5-clhoro-8-hydroxyquinoline)-2,8-dithia-5-aza-2,6-
pyridinophane]’) (middle) and confocal fluorescence images of Cd* in Saos-2 cells (right). Colour code: (off-

white) cadmium, (blue) nitrogen, (yellow) sulfur, (red) oxygen, (green) chlorine.

[43],[44] [45]

Recently, promising anion recognition and amino acid binding™ properties have been shown.
In fact, a recent study has shown the possibility of using macrocyclic systems containing quinoline
as an active unit to detect the presence of oxy pyrophosphate in aqueous solution!*®!. This possibility
is due to a metal cation (zinc) complex, which through the coordinative system present in the
compound interacts with the anion present in aqueous solution (pyrophosphate anion) modifying

the photophysical properties of the synthesized molecular sensor (see Figure 20).

gﬁ%
7R

Figure 20. Fluorescent molecular sensor of (3-(2-Quinolinylmethyl)-1,5-diphthalimido-3-azapentane) (left),
crystal structure ([(Zn),(3-(2-Quinolinylmethyl)-1,5-diphthalimido-3-azapentane)(NOs),]*") (middle) and
fluorescence intensity change of [Zn,(3-(2-Quinolinylmethyl)-1,5-diphthalimido-3-azapentane)]* (blue)
upon addition of each anion and upon addition of HPPi*™ (pyrophosphate ion) (red bar) (right). Colour code:

(dark grey) zinc, (blue) nitrogen, (red) oxygen.
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The coordinating properties of these organic ligands and the different applications that related to

them have made these devices extremely attractive for the synthesis of heterometallic systems

containing metallophilic interactions.
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1.3 Synthesis of Organic Ligands (L'-L")

The properties of macrocycles strongly depend on the presence in their structure of different donor
atoms such as nitrogen, sulfur and oxygen, and on their ring size. For this reason, over the years
there have been countless efforts in the development of synthetic techniques used for the synthesis
of this series of compounds. During the synthesis of macrocycles, the most delicate phase is
definitely the cyclization. In general, this phase of synthesis can take place according to two different
mechanisms (see Figure 21): cyclization of an open chain precursor (a); 1:1 (or 2:2) condensation of

two (or four) components (b).

A
A X — >
X
(a)
A X A———X
A X A——X
(b)

Figure 21. General mechanisms of a cyclization reaction

Generally, the synthetic procedures consist of typical nucleophilic substitution reactions to carbon
atoms bound to good outgoing groups such as alkyl or acyl halides (chlorinated, brominated,
iodinated)[47]. On the other hand, nucleophiles, are generally alcoholic and thiolic functions or their
sodium salts. The difficulties encountered in the synthesis of a macrocyclic ligand are related to the
cyclization reaction can lead to the formation of secondary products (side reactions) such as
oligomers given by the union of the fragments used for the macrocycle formation. This can
considerably reduce the yield of the desired product.

There are two methods that allow to minimize the side reactions; the template reaction method!“®!

and the high dilution method™ ..
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1.4 Template reaction method

The template method is based on the assumption that an appropriate metal ion can influence the
progress of a chemical reaction towards the formation of a given product by controlling the
orientation of the active sites present; in our particular case the metal, once coordinated, imposes
a particular stereochemistry to the binding sites that can therefore be the subject of a series of
multistage reactions. These reactions are impossible to implement in the absence of the metal,
which address the whole process towards the formation of the macrocycle. For the choice of the
metal ion, one should take into account the principle of Pearson for which a soft metal preferably
binds soft donor atoms, while one hard one adapts to donor ones of the same type. For example,
alkaline metals have been successfully used in the preparation of crown ethers (see Figure 22), while
transition metals are better suited for the synthesis of macrocycles that possess donor atoms such

as sulfur and selenium.

OTs

/™ ﬁ?ﬁ

OTs

(o} o}
Figure 22. Template effect.

The choice of the metal plays a fundamental role, not only avoiding the formation of by-products,
but also controlling kinetically the reaction, which influences the ring size of the macrocycle
synthesized during the whole process. The only disadvantage of this method is the difficulty in

obtaining the free ligand since the complexes with the macrocycles are naturally stable and inert.
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1.5 High dilution method

This method consists of slowly adding the reagents (over several hours) under high dilution
conditions (high amounts of solvent). In this way, intramolecular reactions are favoured with respect
to the intermolecular reactions that would lead to the formation of oligomers; the disadvantage is

that this method requires very long reaction times.

The synthesis of most sulfur macrocycles consists of the reaction catalysed by Cs,CO3 in DMF at high
dilutions, between a dithiol and the appropriate dialogenide. With regard to mixed macrocycles
containing e.g. nitrogen atoms, these must be protected with appropriate groups (BOC [tert-
butoxycarbonyl], Ts [tosyl]), which can be removed easily after synthesizing the desired macrocycle.

An example is shown in Scheme 1:

|
H [ IBOC | I N/
—_— ~ —_— >
SH SH

1L >
Boc = N
P (0]
S H S
(N
Scheme 1. Reaction conducted with the high dilution method. (i) Boc,0, NaOH, 0°, 24 h; (ii) Cs,CO3;, DMF,

55°C, 48 h; (iii) CH,Cl,/TFA, r.t.

Once the macrocycle has been synthesized, the protecting group Boc is removed in acidic conditions
through the use of trifluoroacetic acid (TFA) in dichloromethane (DCM), in a 1: 1 ratio. The
characteristic that makes it easily removable in such conditions depends on the fact that there are
two excellent outgoing groups: CO,, which is eliminated from the equilibrium as gas, and the tert-

butyl cation which is relatively stable in an acidic environment. This later, can give through a
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mechanism of elimination E; (monomolecular), 2-methylpropene, or it can give, through

substitution SN; (monomolecular) with the trifluoroacetic acid, terz-butil trifluoroacetate.
1.6 Synthesis of L; ([12] aneNS3), L; ([12]aneNS,0).

The synthesis of most of sulphur-containing macrocycles is based on the cyclisation of a dithiol and
an appropriate di-halogen derivative in the presence of Cs;CO3 in DMF in high diluition conditions
as shown in Scheme 2 for Ly;3. Once the secondary amino nitrogen has been protected by the
introduction of the Boc, the condensation reaction of the N-Boc-bis (2-chloroethyl) amine with bis(2-
mercaptoethyl)sulphide (L;) or bis(2-mercaptoethyl)ether (Ls) leads to the formation of the
macrocycle Boc-Ly 3; the protective group is subsequently removed by reaction with a mixture of
trifluoroacetic acid/dichloromethane (TFA/DCM) in a 1:1 ratio for about two hours; the product thus

obtained is 1,4,7-tritia-10-azacyclododecane (L;) or 1-aza-4,10-dithia-7-oxacyclododecane (L3) (see

Scheme 2).
E=S,0 70°
H i Boc o i N/w
— + E —
cr >N N TN HS™ """ gH S S

o]
Boc = E&J\OJ< (\”/} E=S,0
S S
e

Lis

Scheme 2. Synthesis of Ly 3. (i): Boc,0, NaOH, 0°, 24 h; (ii) Cs,CO3, DMF, 55°C, 48 h; (iii) CH,Cl,/TFA, r.t.
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1.7 Synthesis of L, ([12]aneN,S,).

L, known as 1,7-dithia-4,11-diazacyclotetradecane is synthesized according to the scheme shown in
Scheme 3 and 4. Once the amino-group has been protected by the introduction of the Boc, the
protected amine reacted with potassium thioacetate to give N-tert-Butoxycarbonyl(2-
thioacetoxyethyl)amine (see Scheme 3). Subsequently the thioacetate group is reacted at room
temperature with sodium methoxide releasing the -SH groups. As previously explained for the
synthesis of L,, the condensation reaction of the N-Boc-bis(2-chloroethyl)amine with N-Boc-bis(2-
mercaptoethyl)amine leads to the formation of the macrocycle Boc-L; (see Scheme 4); The last step
is the deprotection of the amine group through a mixture of trifluoro acetic acid / dichloromethane

for about two hours. The product thus obtained is 1,7-dithia-4,11-diazacyclotetradecane (Lz)[49].

H i Boc i o} Boc o)
—_— —_— \
C|/\/N\/\C| C|/\/N\/\C| )J\S/\/N\/\SJJ\

Scheme 3. Synthesis of N-tert-Butoxycarbonyl(2-thioacetoxyethyl)amine. (i): Boc,O, NaOH, 0°, 24 h; (ii)
CH3COSK, DMF, 48 h, r.t.

Boc [ O L?oc 0 i Boc
— —
e >N )ks/\/"‘\/\s)k Hs >N g

Boc
O

Boc = f‘akok 1l
I?oc

S[H/\ iv ( Nﬁs

S
NI NI
Boc
L,

Scheme 4. Synthesis of L, (i) CH;COSK, DMF, 48 h, t.r.; (ii) MeONa, MeOH, r.t. 10 min; (iii) Cs,CO3, DMF,
55°C, 48 h; (iv) CH,CIl,/TFA, 2 h, r.t.
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1.8 Synthesis of L, (5-aza-2,8-dithia[9](2,9)-1,10-phenanthrolinophane).

The synthesis of the Ly has been described in the experimental part and is summarized in Scheme
5. Briefly, it consists of the oxidation of the 2,9-dimethyl-1,10-phenanthroline to the corresponding
dialdehyde with SeO,, then it is reducted to 2,9-bis (hydroxymethyl) -1,10-phenantholine.
Subsequently a chlorination phase with thionyl chloride was carried out. Finally, the cyclization
reaction of the 2,9-bis(chloromethyl)-1,10-phenanthroline with N-Boc-bis(2-mercaptoethyl)ammine

and subsequent deprotection leads to the formation of the macrocycle Ls;

NS

Boc

Scheme 5. Description of the synthesis of ligands Ls. (i): Se0,, dioxane, reflux; 4 h; (ii) NaBH,, ethanol, reflux

2 h; (iii) SOClI,, r.t., 8 h; (iv) (HSCH,CH,),N-Boc, Cs,CQO3, dimethylformamide (DMF), 55 °C; (v) CH,Cl,/TFA, r.t.
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1.9 Synthesis of Ls ([9]aneNs;).

As seen previously, the cyclization of a dithiol and an appropriate dihalogen derivative allows to
synthesize a variety of sulfur-containing macrocycles. On the contrary, for the synthesis of
macrocyclic ligands containing only N-donors in the aliphatic portion of the ring, appropriate
ditosilated salts are used as nucleophilic precursors (see Scheme 6). This procedure is characterised
by a troublesome deprotection step of the nitrogen atom(s) after the cyclisation reaction, which is

normally performed in concentrate H,SO,4 at 90°C.

/T \ - /T \
HO OH TsO OTs
N/ \ i —\ S\ i N/ \
HoN - N NH, — TsHN N NHTs ——— NaN N NNa
H Ts Ts Ts Ts
+

Scheme 6. Synthesis of Ls_ (i): TsCl, Et:N, DCM, r.t., 24 h (ii) TsCl, EtsN, DCM, r.t., 24 h; (iii) Na, abs. EtOH, 2

h; (iv) DMF, 100°C, 24 h; (v) H,S04, 90 °C, 24 h.

The synthesis of Ls ([9]aneNs) follows this methodology: the first step consists in the protection of
the amine-groups with the tosyl-group and subsequently the formation of the sodium salt by
treatment with metallic sodium. At the same time, the hydroxylic groups of ethylene glycol with the
tosyl-group are protected: this step allows to transform the alcohol-groups (bad leaving groups) into
excellent leaving groups, ensuring the successful outcome of the cyclization reaction. After

cyclization, the tosyl group is removed by sulfuric acid at a temperature of 90 ° C.
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1.10 Synthesis of Lg (5-(2-quinolinylmethyl)-5-aza-2,8-dithia[9](2,9)-1,10-
phenanthrolinophane) and L; (1-(2-quinolinylmethyl)-[12]aneNS,0).

The most common synthetic route for the functionalization of macrocyclic nitrogen atoms consists
in the nucleophilic attack of suitable alkyl or aryl halides®™ % to the amino groups.

The Lg7 ligands were synthesized starting from L34 ([12]aneNS,0, 5-aza-2,8-dithia[9](2,9)-1,10-
phenanthrolinophane) and one equivalent of 2-methylquinoline in dichloromethane
(see Scheme 7). The reaction is based on a simple nucleophilic substitution of the chlorine atom by
the macrocycle nitrogen atom. K,CO3 has the purpose of neutralizing the hydrochloric acid formed

during the reaction.

7\ T A
=N ~A _
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Scheme 7. Synthesis of L7, (i) K;CO3, CH3CN, 80°C, 24 h.
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Chapter 2. Gold(l)-Thallium(l) heteronuclear compounds

2.1 Gold(l)-thallium(l) heteronuclear compounds

As reported in the introduction, there is a strong tendency of heavy metal atoms to form molecular
or polymeric systems with metal-metal distances shorter than the sum of van der Waals radius. In
particular, in the case of gold(l) the number of complexes formed and featuring dimers, oligomers
or polymers based on the interactions between the different metal centers!™ with a force

comparable to that of hydrogen bonds? !

is particularly abundant.

In fact, thanks to the development of instrumental techniques and to the development of new
synthetic strategies, the study of these interactions is more detailed, showing that gold is not an
exception in the periodic table, but that metal centers with similar configuration present the same
behaviour. In time, many examples of heterometallic systems featuring interacting metal centres
with different configurations have been synthesised: d'°-d° (Ag(l)—Ag(I))[G]'[m, Cu(I)—Cu(I)[ZZ]'[34],
Hg(I1)-Hg(1)B*, cd(in)-cd(11)B Y, pt(0)-Pt(0)“*? 4, pd(0)-Pd(0))*1*, d®-d® ( Pt(lI)-Pt(1)* "2,
PA(11)-Pd(11)P2881), 5252 (T1(1)-TI(1)M 73, Po(11)-Pb ()78, s2-d® (TI(1)-P(11)7H B, T1(1)-1r(1) B2,
s2-d™ (T1(1)-Au(1) B8 T1(1)-Pr(0)“X Pb(11)-Au(1)®*), dB-d™ (Pt(11)-Au(1)E%8 pe(11)-Ag(1) 79 pr(1l)-
Cd(IN™ pe(11)-Hg (1202 pg(11)-Au(1)2SH) - These compounds have been subjected to
numerous theorical studies’® due to their peculiar spectroscopic properties deriving from the
metallophilic interactions. In particular, computational studies have shown that Au(l)-TI(l)
heteronuclear systems show little tendency to form this type of weak interactions; while the
relativistic effects seem to cause an increase of this tendency with different metal centers, the same
effect causes a weakening of this tendency with s’-metals!*”.. Despite the difficult tendency of these
metal centers to form this type of interactions, numerous examples are known containing
metallophilic interactions s>-d'° due to additional electrostatic forces, effects of crystalline packing
or due to the architecture of the organic ligand used. For example, the metallophilicity between Au
(1) and Tl (1) centers with an equilibrium distance of about 3 A, includes an ionic contribution of about
80% respected to the total energy of the system[%]. Consequently, the rationalization of these
systems is a challenge both from the synthetic and theorical point of view and from the theoretical
point of view.

According to the strong ionic contribution necessary for the stabilization of these interactions, the
most used synthetic strategy for the synthesis of gold-thallium heteropolinuclear systems is the
basic-acid synthetic strategy developed at the beginning of the 80's by Laguna and co-workers for
the preparation of gold-silver complexes and later used by others as H. Patterson for the preparation

of gold-thallium heteronuclear ones; this strategy consists of the reaction between a rich electron

59



Chapter 2. Gold(l)-Thallium(l) heteronuclear compounds

system (Au(CeXs)2', Au(CN),, etc.) and a Lewis acid (TIPFg, TINOs etc.). In particular, this methodology
allowed the synthesis and characterization of the compound TI[Au(CN)z][logl, prepared by the
reaction of TINOs; and K[Au(CN)z][log]; the Au-Tl interactions present in this compound influence the
energy, intensity and deactivation process of the transition responsible for the photophysical
properties of the system. In the same way, the groups of Prof. Fackler and Burini described a series
of systems containing the unit [AU3T|AU3][110] obtained by reaction of a 1-benzylimidazolate (bzim)

trinuclear derivatives of Au(l) with the acid cation TI" (see Figure 1).

Figure 1. Structure of [TI{[Au(p-N>,C*-bzim]s}]*

Polyhalogenphenyl derivatives of different metal ions have been frequently used to prepare

1121 g3 or Aul, These electron withdrawing

polymetallic systems containing pd, pti cy
groups (CgFs, CsF3Hy, Cs(CF3)3Hy), are capable of stabilizing anionic metal species allowing the
preparation of precursors with different electronic characteristics for their use in basic acid
reactions.

In particular, the use of bis (polyhalophenyl) aurate complexes as Lewis bases for the preparation
of polymeric derivatives with different metal centers dates back more than 20 years. In spite of this,
our group of investigations has been responsible for the preparation of an important polymeric
heteronuclear Au-TI compound by reaction of the Au(CeXs), (X=Cl, F)[114],[115] aurate species and
TIPF¢ (Equation 1).

1) THF

[NBuy][Au(C¢X5),] + TIPFg oo [Au(CeX5),Tl], + [NBuy]PFg
2%-12

Equation 1.
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As shown in equation 1, the synthesis of these systems takes place in two phases: reactions of the
precursors, volume reduction and precipitation of the compounds in dichloromethane. In addition,
the indicated compounds are capable of reacting with different N-, O- or S-donor ligands, forming
derivatives in which the ligands are coordinated at the centre of thallium(l). The steric characteristics
of the ligands as well as the presence of different donor atoms can play a fundamental role in the
modification of the structural arrangement as in the photophysical properties of the resulting
systems. For example, the use of N-donor ligands such as bipyridine[llsl, triethylenetetramine (trien)

(119 tetramethylenediamine (TMDA)™”! or 1,10-phenantroline!™®

, affords polymeric compounds
that show an emission wavelength above 600 nm. On the other hand, the use of ketones as ligands
affords butterfly Au,Tl, clusters whose emission wavelength is more energetic than those

1191 Furthermore, the use of

corresponding to the polymeric compounds mentioned previously
crown thioether ligands such as [9]aneSs; (1,4,7-trithiacyclononane) or [14]aneS; (1,4,8,11-
tetrathiacyclotetradecane) affords tetranuclear discrete molecules with a L-TI-Au-Au-TI-L
disposition in which the crown thioether acts as a terminal ligand, thus preventing polymerization.
By contrast, if a bulkier larger macrocycle such as [24]aneSs (1,4,7,10,13,16,19,22-
octathiacyclotetraeicosane) is employed, its behaviour as bridging ligand gives rise to an Au-TI-L-Tl-
Au disposition, and affords the formation of polymeric chains as a result of unsupported aurophilic
contacts between the Au(l) centres*?%, Additionally, in previous works we have established that the
variations on the basic properties of the gold(l) precursor by changing the halogens presents in the
aryl group, directly affects the characteristics of the final complexes obtained in the reactions. This
is mainly due to the different electronegativity and steric demand of the aryl groups, and hence,
different structural and photophysical properties are observed in the final products[lzll"[lzg’]. Taking
all the above into account, in the first part of this thesis we decided to study the reactivity of the
heterometallic polymeric compound [{Au(Ce¢Xs)2}Tl], (X = F, Cl) with the N,S,0-mixed-donor crown

ethers L;-L3 to synthesize a new class of compounds containing Au(l)-TI(I) metallophilic interactions

(see Figure 2).

Figure 2. N,S,0-mixed-donor crown ethers used in the reactivity with [{Au(CeXs),}TI], (X = F, Cl).
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In this case, we wanted to evaluate how the three macrocycle systems with the same dimensionality
but different type of donor atoms (O, S, N) can influence both the structural properties and the

optical properties of the synthetized heterometallic systems featuring Au(l)-TI(l) interactions.

2.2 N,S,0-mixed-donor crown ligand ethers (L;-L3)

2.2.1 Synthesis and characterization of complexes featuring Au(l)-TI(l) interactions

The heterometallic complexes 1-6 were obtained by reaction of the polymeric compound
[{Au(CeXs)2}Tl], (X=F,Cl) with equimolar amount of the different N,S,0-mixed-donor crown ethers L;-
Lz in tetrahydrofuran and precipitated with hexane (see Scheme 1). The substitution of the chlorine
atoms presents in the aryl moieties bound to the gold(l) atom with the fluorine atoms does not
seem to affect the stoichiometry of the different reactions, but it influences the structural
dispositions and spectroscopic properties of the final products. All the obtained compounds are
insoluble in dichloromethane, acetonitrile and diethyl ether although they appear to be soluble in
O-donor solvents. However, the solubility of the chlorinated compounds is lower than the solubility

of the fluorinated complexes.

[{Au(CeCls), HTI(L1) }1[Au(CeCls),1(1) [{Au(CeCls)  KTI(L;)}1[Au(CeCls),1(2)  [{Au(CeCls) KTI(L3)} (3)

[{Au(CgFs) KTI(L,)}]2 (4) [{Au(CeCls), KTIL,) . (5)  [{Au(CeFs),H{TI(L;)}12(6)

Scheme 1.

The elemental analyses and spectroscopic data of the obtained complexes are in accordance with

the proposed stoichiometries (see Experimental Section). Their IR spectra show, among others,
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absorptions arising from the CeFs " and C¢Cls 2! groups bonded to gold(l) at approximately 1500,
950 and 780 cm™, or about 834 and 614 cm™, respectively. The presence of the [Au(CeFs).]”
fragment in 4-6 is evident in their °F NMR spectra, which resemble that of the precursor complex
NBu4[Au(CsFs).], and seem to indicate that a dissociative process giving rise to aurate(l) anions and
thallium(l) cations takes place in solution. Regarding the NMR spectrum of all the complexes, they
show proton resonances very similar to the chemical shifts observed for the free ligands. Therefore,
the coordination of the macrocyclic ligands to thallium does not significantly affect the position of
the resonances observed in their *H NMR spectra, nor does the dissociative process affect the N,S-
donor molecules. Thus, the 'H NMR spectra of 1 and 4 display two multiplets at 2.72 and 2.91 ppm
(1) or at 2.77 and 2.98 ppm (4), with 1:3 relative integrations, and corresponding to the hydrogen
atoms of the methylene groups adjacent to nitrogen or to sulphur, respectively. The *H NMR spectra
of 2 and 5 show two multiplets at 2.81 and 2.98 ppm (2) or at 2.89 and 3.05 ppm (5), due to the
protons of the methylene groups bonded to the N or S atoms of the ring, respectively, and with 1:1
relative integrations. Finally, in the "H NMR spectra of the other two products (complexes 3 and 6),
we can see two multiplets at 2.68-2.79 and 3.51 ppm (3) or at 2.69 and 3.49 ppm (6), due to the
protons of the methylene groups bonded to the N,S or O atoms of the ring, respectively, and with

1:3 relative integrations.

Regarding their mass spectra (MALDI"), the compound synthesised display a peak due to the unit
[{Au(CeXs)2}2TI at m/z = 1594 (1-3) or 1267 (4-6) or a signal corresponding to [Au(CeXs)2] at m/z =
695 (1-3) or 531 (4-6), the latter appearing as parent peak in all the cases. In their MALDI* mass
spectra, peaks due to the fragment [TI(L)]" appears at m/z = 428 (1, 4) or 411 (2-3, 5-6), showing

experimental isotopic distributions in agreement with the theoretical ones.

Finally, the molar conductivity measurements of the six complexes in acetone agree with a
dissociative process in solution, showing values corresponding to uni-univalent electrolytes (see

Experimental section).
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2.2.2 X-ray structural determinations

In the case of 1-3, single crystals suitable for X-Ray diffraction analyses were grown. Although the
six crystal structures contain similar structural moieties, [Au(C¢Xs)2]” and [TI(L)]" units, there are
significant differences among them. The crystal structures of 1 and 2-:2THF, with pentachlorophenyl
ligands bonded to gold(l), show the same ionic structure, which consists of a trinuclear
[{Au(CsCls),HTI(L)},]" cation featuring a novel L-TI-Au-TI-L trinuclear disposition and a [Au(CsCls),]

fragment as counter-ion (see Figure 3 and Table 1-2).

Figure 3. Crystal structures of 1 (left) and 2-2THF (right) with the labeling scheme adopted for the atom positions.
Hydrogen atoms and THF molecules in the case of 2-2THF are omitted for clarity, and ellipsoids are drawn at the 30%

level. #1 -x+ 1, -y +1,-z; #2 -x+ 1, -y + 1, -z +1(1). #1 —x, -y, -z + 1; #2 -x, -y, -z (2-:2THF).

The intermetallic distances within the cations are different depending on the macrocyclic ligand
employed, showing a Au-Tl distance of 3.2411(2) A in the [12]aneNS; (L;) derivative 1, shorter than
that of 3.3853(5) A observed in the [12]aneN,S; (L,) complex 2:2THF. Nevertheless, both of them lie
within the range of the Au-TI distances described till date, which varies from 2.804(6) A, observed
in  [AuPdTI(P,phenantroline)s](BF4),-2.5CH,CL® | to 3.4899(6) A, found in [TI(2,2’-
bipy))][Au(CSFs)z][“g], and they both are longer than the average Au-Tl distance of 3.064 A. Each gold
atomis linearly coordinated to two pentachlorophenyl groups, displaying normal Au-C bond lengths

of 2.058(5) and 2.046(5) A in 1, and of 2.056(10) and 2.041(12) A in 2-2THF. Totally different is the

structural arrangement observed for the complex 3, which consists of a binuclear system
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[{Au(CeCls), HTI(L3)}] held by an Au(l)-TI(l) interaction (see Figure 4 and Table 3). The intermetallic
distance between the metal centres is quite different from the previously illustrated system (3.0221
(4)) probably due to the greater electronic availability of gold, given the presence of a single
heterometallic interaction. Again, the gold(l) atom is linearly coordinated to two pentachlorophenyl

groups, displaying normal Au-C bond lengths of 2.056 (7) and 2.058 (7) A.

Figure 4. Crystal structures of 3 with the labeling scheme adopted for the atom positions. Hydrogen atoms are omitted

for clarity, and ellipsoids are drawn at the 30% level.

Table 1. Selected bond lengths [A] and angles [°] for 1.

Au(1)-TI(1) 3.2410(2) TI(1)-S(1) 3.0984(13)
Au(1)-C(1) 2.058(5) TI(1)-5(2) 3.2018(14)
Au(2)-C(11) 2.045(5) TI(1)-S(3) 3.0808(14)
TI(1)-N(1) 2.724(4)

C(1)-Au(1)-C(1)#1 180.0 Au(1)-TI(1)-S(2) 167.17(2)
TI(1)#1-Au(1)-TI(1) 180.0 S(1)-Tl(1)-S(3) 109.70(3)

C(11)-Au(2)-C(11)#2  180.0

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+1,-z;#2 -x+1,-y+1,-z+1
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Table 2. Selected bond lengths [A] and angles [°] for 2 2THF.

Au(1)-TI(1) 3.3853(5) TI(1)-N(2) 2.710(12)
Au(1)-C(1) 2.057(10) TI(1)-S(1) 3.110(5)
Au(2)-C(7) 2.041(12) TI(1)-S(2) 3.089(5)
TI(1)-N(1) 2.709(11)

C(1)#1-Au(1)-C(1) 180.0 Au(1)-TI(1)-N(2) 158.6(3)
TI(1)#1-Au(1)-TI(1) 180.0 S(1)-TI(1)-S(2) 114.11(12)
C(7)#2-Au(2)-C(7) 180.0

Symmetry transformations used to generate equivalent atoms:

#1 -x+2,-y+2,-2+1 #2 -x,-y,-z

Table 3 Selected bond lengths [A] and angles [°] for 3.

Au(1)-TI(1) 3.0221(4) TI(1)-N(1) 2.653(6)
Au(1)-C(1) 2.056(7) TI(1)-S(1) 3.2128(1)
Au(1)-C(7) 2.058(7) TI(1)-S(2) 3.1321(19)
TI(1)-0(1) 3.1280(1)

C(1)-Au(1)-C(7) 176.4(3) N(1)-TI(1)-Au(1) 76.43(12)
C(1)-Au(1)-TI(1) 88.79(17) N(1)-TI(1)-S(2) 68.44(13)
C(7)-Au(1)-TI(1) 88.75(17) Au(1)-TI(1)-5(2) 102.42(4)

The TI-N bond distances are similar in the crystal structures of 1 and 2:2THF, with values of 2.724(4)
Ain 1 and 2.709(11) and 2.710(12) A in 2-:2THF, and are intermediate between those described for
the thallium(l) derivatives with cyclic N- or N,S-donor ligands [TI(Me3[9]aneNs)]PFs (2.59(2)-2.63(1)
A) "¢ or [TI([9]aneN,S)][CIO4] (2.26(2)-2.68(2) A)™*”' and [TI([18]aneN,S4)]PFs (2.834(4) and
2.992(4) A)[m]‘ However, the TI-N bond distance in 3 is smaller than those described for 1 and
2-2THF.

Regarding the TI-S bonds, in 1 there are two shorter (3.0807(14) and 3.0987(13) A) and one longer
(3.2018(14) A) distances, the former two nearly equal to those found in 2-2THF and 3 (3.089(5) and
3.110(5) A for 2-2THF; 3.1321(19) and 3.2128(1) for (3)), and to those reported for [TI([9]aneSs)]PFs
(3.092(3)-3.114(3) A)[m].These distances are in general shorter than in the related Au/Tl compounds
with crown thioethers [{Au(CeCls),}2Tlx([24]aneSs)]n (3.256(7)-3.587(7) A),
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[{Au(CeFs),}.Tlo([24]aneSs)]  (3.201(2)-3.418(3) A) and [{Au(CeFs)2}TI([9]aneSs)],  (3.0246(17)-
3.1154(19) A)** as well as in the thallium derivatives [TI([18]aneN,S4)]PFs (3.1299(13)-3.4778(15)
A)™¥ [TI([18]aneSe)]PFs (3.164(5)-3.370(5) A)"**land [TI([24]aneSg)IPFs (3.2413(11)-3.4734(14)
A)[m]. Only in the case of [TI([9]aneN,S)][ClO4], which also shows stronger TI-N bonds, the TI-S
distances are shorter than in these three new complexes, showing values of 2.920(8) and 2.955(7)
A)[130].

Finally, an extended polymeric (1,2-:2THF) or dimeric structures (3) are formed in the crystal lattices
via weak intermolecular Tl---Cl contacts of 3.6998(13) A in 1, 3.6597(32) A in 2-2THF and of
3.6601(12) in 3 (see Figure 5). The main difference between both unidimensional polymers in the
cases of 1 and 2-:2THF, and dimers in the case of 3, is the relative position of the chlorine atoms of
the aryl groups involved in these interactions: ortho in the structure of 1, para in that of 2:2THF and
meta in the structure 3 (see Figure 5). Additionally, complex 1 also displays a couple of

intramolecular TI--Cl contacts of 3.4903(14) and 3.6257(14) A.
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a)

b)

c
) Figure 5. 1D polymeric structures of 1 (a), 2-2THF (b) and 3 (c) formed via Tl---Cl interactions.
The substitution of the chlorine by fluorine atoms in the aryl groups bonded to gold(l) leads to
significant differences in the crystal structures of the resulting complexes 4-6. Thus, the structure of
4 and 6 consists of a tetranuclear neutral molecule with a central Au,Tl, core (see Figure 6 and Tables
4 and 5), similar to the loosely bound butterfly clusters previously described by our research group
for some Au(l)/TI(1) complexes containing O-donor ligands “**"*31 However, in complexes 4 and 6
the Au,Tl; unit is planar and no Tl---Tl interaction is observed (TI-Tl distance of 5.289 A and 4.545 in
4 and 6 respectively), while the previously reported structures display a folded core with Tl---Tl
contacts between 3.6027(6) A in  [AusTly(CeCls)al-(Me,CO)™Y  and  3.7152(4) A in
[AuzTIZ(CGCI5)4]-(acacH)[m]. This disposition of the metals, together with the presence of bulkier

ligands at the thallium(l) center, is probably the reason why the Au-Tl distances in the crystal

structures of 4 and 6 (3.3171(4)-3.3816(4) A;3.2576(6)) are also longer than in the cited compounds,
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in which the Au-Tl distances lie within the 3.0167(4)-3.2414(3) A range. Furthermore, neither intra-
nor inter-molecular aurophilic interactions are observed in 4 and 6, where the minimum Au-Au
distance is 4.111 A(4)/4.668(6). The only difference found between the two structures is the
disorder present at the oxygen atom and the nitrogen atom given the similar electronic density

associated with the two respective atoms.

Table 4. Selected bond lengths [A] and angles [°] for 4.

Au(1)-TI(1) 3.3170(4) TI(1)-N(1) 2.767(5)
Au(1)-TI(1)#1 3.3815(4) TI(1)-S(1) 3.1644(15)
Au(1)-C(1) 2.061(5) TI(1)-S(2) 3.1569(16)
Au(1)-C(11) 2.055(5) TI(1)-S(3) 3.1686(15)
C(11)-Au(1)-C(1) 177.4(2) S(1)-TI(1)-S(3) 106.65(4)
TI(1)-Au(1)-TI(1)#1 104.27(2) S(2)-TI(1)-Au(1) 159.85(3)
Au(1)-TI(1)-Au(1)#1  75.71(1) N(1)-TI(1)-Au(1)#1 171.25(10)

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,y,-z+1/2

Table 5. Selected bond lengths [A] and angles [°] for 6.

TI(1)-Au(1) 3.2576(6) TI(1)-0(1) 3.1388(4)
TI(1)-Au(1)#2 3.2576(6) TI(1)-N(1) 2.780(17)
Au(1)-C(1)#3 2.077(10) TI(1)-N(1)#1 2.780(17)
Au(1)-C(1) 2.077(10) TI(1)-S(1) 3.3026(1)
C(1)#3-Au(1)-C(1) 176.8(6) N(1)-TI(1)-Au(1) 88.8(3)
N(1)-TI(1)-Au(1)#2 168.5(2) N(1)#1-TI(1)-Au(1) 168.5(2)

N(1)#1-TI(1)-Au(1)#2  88.8(3)
Symmetry transformations used to generate equivalent atoms:

#1 -x+1,y,-z+1/2 #2 -x+1,-y+3/2,z #3 x,-y+3/2,-z+1/2
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The gold atoms in the structures of 4 and 6 are again linearly coordinated to two aryl groups (C-Au-
C=177.3(2)° and 176.8(6)° in 4 and 6, respectively), with typical Au-C bond lengths of 2.063(5) in 4,
2.055(5) A and 2.077(10) in 6.

Figure 6. Molecular structure of compounds 4 (left) and 6 (right) with the labelling scheme adopted for the atom

positions. Hydrogen atoms are omitted for clarity and ellipsoids are drawn at the 30% level. #1 —x+1,y,-z+1/2.

As observed in Figure 6, the thallium atoms are coordinated by the four donor atoms of the
[12]aneNS; (4) or [12]aneNS,0 (6) crown ligand and also interact with both gold centres, which
results in a distorted octahedral environment for each thallium(l), and makes the lone pair of
thallium stereochemically non active. The TI-N distances of 2.767(5)-2.780(17) A are shorter than in
1 and 2:2THF, and are also intermediate between those found in [TI(Mes3[9]aneNs)]PF¢ (2.59(2)-
2.63(1) A)1*?® or [TI([9]aneN,S)][CIO.] (2.26(2)-2.68(2) A)™*” and [TI([18]aneN,S4)]PFs (2.834(4) and
2.992(4) A)™?® The TI-S distances in 4 and 6 (between 3.1569(16) and 3.1686(15) A in 4; 3.2026(1)
in 6) are also in general longer than in 1 (3.0808(14)-3.2018(14) A), 2-2THF (3.089(5) and 3.110(5)
A) and [{Au(CsFs)JTI([9]aneSs)]> (3.0246(17)-3.1154(19) A)*?° but shorter than in the related
Au(1)/TI(1) complexes [{Au(CeCls),}2Tlo([24]aneSs)] (3.256(7)-3.587(7) Iy and
[{Au(CeFs),}2Tl([24]aneSs)] (3.201(2)-3.418(3) A)1*27,

Finally, we were also able to grow single crystals for 5, but the low quality of these crystals, as well
as the high degree of disorder found in the ligand [12]aneN,S; (L), did not allow us to determine
bond lengths and angles with the adequate accuracy, although a rough description of the structure
can be done, and the absence of intermetallic interactions in this case can be definitively confirmed.

The crystal structure of 5 can be described as a polymeric chain of alternating [Au(CeFs),]” and
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[TI([12]aneN,S,)]" units, in which the sulphur atoms of the N,S-mixed-donor crown ether L, as well
as the fluorine atoms in the ortho position of the pentafluoriphenyl rings act as bridges (Figure 7
and Table 6). This disposition avoids the formation of Au--Tl interactions (Au-Tl = 4.080 A), which

are present in the crystal structures of 1, 2-:2THF, 3, 4 and 6.

Figure 7. Schematic representation of the 1D polymeric structure of 5.

Table 6. Selected bond lengths [A] and angles [°] for 5.

Au(1)-C(1)#1 2.02(5) TI(1)-N(1) 2.74(5)
Au(1)-C(1) 2.02(5) TI(1)-N(2) 2.76(6)
Au(2)-C(7)#2 2.02(4) TI(1)-S(1) 3.09(2)
Au(2)-C(7) 2.02(4) TI(1)-S(2) 3.11(2)
C(1)#1-Au(1)-C(1) 180(2) N(1)-TI(1)-N(2) 85.8(17)
C(7)#2-Au(2)-C(7) 180.000(5) N(1)-TI(1)-S(1) 65.8(11)
N(2)-TI(1)-S(1) 66.2(12) N(1)-TI(1)-S(2) 66.9(12)
S(1)-TI(1)-5(2) 113.4(5) N(2)-TI(1)-S(2) 66.1(12)

Symmetry transformations used to generate equivalent atoms:

#1 -x,-y,-z  #2 -x,-y,-z+1
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2.2.3 Photophysical Properties

The absorption spectra of complexes 1-3 show similar features to those described for other related
gold(l)-thallium(l) derivatives previously reported™®®. All complexes display two intense
absorptions bands at about 230 and 350 nm in THF solutions; these bands are also present in the
spectra of the heterometallic precursor [{Au(CeCls),}Tl], and in the gold(l) complex NBus[Au(CeCls),]
(see Figure 8). Therefore, it is likely that the band at high energy arises from transitions between mt
orbitals of the perhalophenyl groups, while the transitions in the low energy region probably involve
orbitals of the gold centres. Thus, these absorptions could be assigned to m—->n* and Au->m*
transitions in the [Au(CeCls),] fragments, respectively. At this regard, similar assignments have been
done for related gold(l) complexes with aromatic substituents [132]'[133]; nevertheless, in the case of
the high-energy absorption the possibility of an n->o* transition in the N,S,0-mixed-donor ligands

cannot be ruled out, since these ligands show an absorption at 234 nm of less intensity at similar

concentrations.

2.0
complex 1
complex 2
complex 3
1.5 — [Au(CClL),TI]_
—— NBu,[Au(C Cl,) ]
[F]
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Figure 8. Absorption spectra of complex 1-3 and the gold precursors NBus[Au(CsCls),] and [{Au(CsCls),}TI], in
THF solution (C = 2.5x10” M).

In the case of the pentafluorophenyl derivatives 4-6, the spectra show different profiles as they also
display differences in their structures (see X-ray structures discussion). In all cases, the absorptions
observed for the precursors [Au(CgFs),Tl], and NBus[Au(CeFs),] appear in the spectra, and the

assignations can be the same as those reported for the compounds 1-3. In addition, a well-defined
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absorption at 278 nm for complex 4 or a lower energy tail in complex 6 are likely to be due to

transitions in which orbitals of the metal centres are important (see Figure 9).

Figure 9. Absorption spectra of complex 4-6 and the gold precursors NBus[Au(CsFs),] and [{Au(CeFs),}Tl], in
THF solution (C = 2.5x10° M).

Analogously to other compounds featuring heterometallic interactions, also complexes 1-4 and 6
are strongly luminescent in the solid state; nevertheless, complex 5 in which the intermetallic
interactions are absent does not show any emission, confirming the importance of these
interactions in the optical behaviours of this type of compounds. Thus, they display emissions in
solid state between 495 and 512 nm at room temperature, and between 475 and 500 nm when the
measurements are carried out at the liquid nitrogen temperature (77 K) (see Figure 10 and Table 7).
The different energies seem to be related to the different structures of the complexes in the solid
state, which depend, among other factors, on the N,S,0-mixed-donor ligand and the perhalophenyl
groups bonded to the gold centre, and no sign of a unique dependence on the Au-Tl distances results
evident. While complex 2, with the longest Au-Tl distance (3.3853(5) A), displays the emission at the
lowest energy, complex 1, with the shortest intermetallic distance (3.2411(2) A), shows the highest
emission energy; the same behaviour can be observed for the complexes 4 and 6: complex 4, with
two different Au-Tl distances (3.3171(4) and 3.3816(4) A), displays the emission at energy lower
than that of complex 6 featuring a shorter Au-Tl distance (3.2576(6) A). Totally different is the
behaviour observed for the complex 3 where, despite the distance thallium(l)-gold(l) is extremely

short (3.0221(4) A) an emission value comparable to that of the complexes 1-2 and 4 is observed.
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At this regard, in complexes featuring gold(l)-thallium(l) interactions whose emissions are metal
centred, it is generally expected that the shorter the intermetallic interactions the longer the
wavelength of the luminescent emission!®*.

It is also curious that in the case of complex 3 the emission at 77 K leads to a lower energy emission,
but no bathochromic shift is observed in the case of complex 2. The absence of the expected
bathochromic shift, usually observed in complexes whose emissions arise mostly from metal-
centred transitions, can been related to a rigidochromic effect arising from the rigidity of their
structures [B41[12111135)1136] Nevertheless, the contribution from orbitals of the interacting metal
centres in the transitions responsible for the optical behaviour results evident, since none of the
complexes show luminescence in solution. This result is likely to be related to the rupture of the
metal-metal interactions promoted by the solvent (see molar conductivity values in the
Experimental section).

Thus, taking into account the previous comments, we can propose that the presence of intermetallic
interactions in the solid state, as well as their number and strength, seem to be the key to explain
the luminescence of these complexes. Nevertheless, another factor that should be considered is the

disposition of these metal centres in the crystal structures, which is determined by the electronic

characteristics and the number and type of the donor centres of the thioether-crown ligands.

Table 7. Photophysical properties of complexes 1-6

UV-visin THF (nm) Solid (RT) em(exc)  Solid (77K) em (exc) Tt (ns) d (%)

Complex1 241 (e =38333) 495 (395) 513 (395) 434 +3 2.5
292 (e = 17000)

Complex2 236 (e =33333) 500 (368) 500 (358) 2738 5.2
284 (e = 14851)

Complex3 240 (e = 30333) 501(389) 513 (365) 482 +21 7
287 (e = 13851)

Complex4 240 (e = 64545) 493 (340) 472 (340) 633+13 5.8
278 (e = 60454)

Complex5 241 (e =31004) -—- -—- -—- -—-
260 (e =11790)

Complex6 243 (e = 62545) 467 (371) 474 (371) 490 * 22 6.2
290 (e = 30454)
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Fig. 10. Excitation and emission spectra for complexes 1(a), 2(b), 3(c), 4(d) and 6(e) in the solid state at RT
and 77 K.
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2.2.4 Computational Study

The assignment of the origin of the luminescence and the justification of the similar emission
energies, despite the different structural arrangements found in solid state, is not straightforward.
Consequently, additional tools are needed and, for this reason, we carried out Density Functional
Theory (DFT) and Time-Dependent Density Functional Theory (TD-DFT) calculations on model
systems 1a, 3a and 4a of complexes 1, 3 and 4, respectively (see Figure 11). These model systems
permit to compare several parameters that can influence the photophysical properties, such as the
different C¢Cls” or C¢Fs perhalophenyl groups bonded to gold(l), the different nuclearity (binuclear,
trinuclear or tetranuclear complexes), the different metallic arrangements or the different ligands

(see Figure 11).

Figure 11. Theoretical model systems [{Au(CsCls).HTI([12]aneNS3)},]" (1a), [{Au(CsCls),{TI([12]aneNS,0)}](3a)
and [{Au(CgFs)}TI([12]aneNS3)],(4a).

Thus, model 1a corresponds to the trinuclear cation found for complex 1, representing the
Au(l)---TI(I) interactions between one [Au(C¢Cls),]” anionic fragment and two cationic
[TI([12]aneNS3)]* ones. At the same time, model 3a corresponds to the binuclear neutral system
found for complex 3 which represents the Au(l)---TI(l) interactions between one [Au(C¢Cls),] anionic
fragment and one [TI([12]aneNS,0)]* complex cation.

Finally, model 4a corresponds to the Au(l):--TI(l) interaction between two [Au(CeFs),]” anionic

fragments and two [TI([12]aneNSs)]" complex cations, leading to a square-like tetranuclear
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arrangement of the metals. We first computed the electronic structures for models 1a, 3a and 4a at
DFT level of theory. Figure 12 and Table 8-10 display the most important frontier molecular orbitals
(MOs) and the population analysis of those MOs, respectively. From these data we can anticipate

the contribution of each part of the molecule to the frontier molecular orbitals.

Figure 12. Frontier molecular orbitals (isovalue = 0.02) for model systems 1a (left), 4a (right) and 3a(below).

(L=LUMO; H=HOMO)
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In the case of the trinuclear or binuclear cationic complexes [{Au(CsCls),HTI([12]aneNSs)},]* 1a and
[{Au(CeCls), HTI([12]aneNS,0)}] 3a the highest occupied molecular orbital (HOMO) and the lowest
empty molecular orbital (LUMO) are mainly localized at the metal centres Au(l) and TI(l). For
complex 1a, the rest of occupied and empty frontier molecular orbitals from HOMO-1 to HOMO-9
and from LUMO+1 to LUMO+6 are mostly located at the [12]aneNS; and C¢Cls™ ligands, being the
contribution of the pentachlorophenyl groups important in the lower empty orbitals from LUMO+1
to LUMO+6. A similar behaviour can be observed for complex 3a: also in this case the full orbitals as
well as the empty orbitals are mainly localized on the Cs¢Cls aryl fraction and on the organic ligand
(from HOMO-1 to HOMO-7; from LUMO+1 to LUMO+5) with the exception of some orbitals where
the metal centers give an important contribution (LUMO+4, LUMO+5). Model [{Au(CgFs)KTI([12]
aneNS;3)}], 4a shows common features with the previous model but also some differences. Both the
HOMO and LUMO orbitals are, again, mainly located at the metal centres. Lower energy occupied
orbitals display a mixed metal/ligand character with a higher contribution from both [12]aneNS3
and C¢Fs- ligands. In contrast to model 1a and 3a, the higher empty MOs from LUMO+1 to LUMO+8

display a predominant Au-Tl character for model system 4a.

Table 8. Population analysis (%) for model system 1a.

Model Orbital L Au Tl CeXs

1a L+6 8 31 41 19
L+5 1.2 21 9 68
L+4 6 18 14 61
L+3 2 9 10 78
L+2 2 5 8 84
L+1 1 17 18 64
LUMO 6 22 51 21
HOMO 30 20 42 7
H-1 2 14 2 81
H-2 60 1 35 3
H-3 1 2 7 90
H-4 58 9 19 14
H-5 28 7 4 60
H-6 55 5 32 7
H-7 15 5 13 67
H-8 27 38 9 25
H-9 89 5 4 3
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Table 9. Population analysis (%) for model system 3a.

Model Orbital L Au Tl CeXs

3a L+5 5 19 56 20
L+4 5 36 48 11
L+3 3 3 8 87
L+2 4 5 10 81
L+1 2 29 14 55
LUMO 7 22 44 26
HOMO 27 33 29 11
H-1 1 18 1 80
H-2 0 6 2 92
H-3 2 2 1 94
H-4 30 24 9 37
H-5 16 22 7 55
H-6 86 2 6 6
H-7 8 17 1 74

Table 10. Population analysis (%) for model system 4a.

Model Orbital L Au Tl CeXs

43 L+8 3 60 34 3
L+7 5 39 47 8
L+6 4 68 24 4
L+5 4 50 42 5
L+4 15 35 35 15
L+3 6 16 77 0
L+2 4 4 92 0
L+1 15 27 34 23
LUMO 7 47 28 17
HOMO 25 24 46 5
H-1 18 13 37 32
H-2 18 16 25 40
H-3 41 11 21 26
H-4 5 6 6 83
H-5 30 24 8 37
H-6 43 7 9 41
H-7 50 30 10 10
H-8 2 11 1 86

The first 20 singlet-singlet excitations were computed for all model systems at the TD-DFT level of
theory as described in the Computational Details section and compared with the experimental
excitation spectra for complexes 1, 3 and 4. Since the lifetimes for these complexes lie in the
microseconds range and they display large Stokes shifts, suggesting phosphorescent processes, we
also computed the lowest singlet-triplet excitation at TD-DFT level for model systems 1a, 3a and 4a.

The results including the most important excitations are depicted in Table 11 and Figure 13.
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Table 11. TD-DFT first Singlet-Singlet Excitation Calculations and Lowest Singlet-Triplet Excitations

for Model Systems 1a, 3a and 4a.

Model exc. Acac (nm)  f(s) contributions
1la So=>S:1: 321 0.4016 HOMO - LUMO (98)
So—>S: 286 0.2550 HOMO-1 - LUMO (96)
So>S3: 277 0.0189 HOMO-5 - LUMO (50)
HOMO-4 - LUMO (25)
So>S4: 268 0.0164 HOMO-8 > LUMO (17)

HOMO-5 = LUMO (24)
HOMO-4 - LUMO (53)

So>Ss: 257 0.0546 HOMO-8 -> LUMO (68)
So>Se: 255 0.0109 HOMO-3 - LUMO+1 (60)
So->S7: 246 0.0800 HOMO -> LUMO+5 (22)
HOMO -> LUMO+6 (47)
So->Ss: 243 0.0270 HOMO(-9) = LUMO (23)
HOMO-2 - LUMO+1 (37)
So>Ti: 413 HOMO-3 -> LUMO+3 (15)
HOMO-1 = LUMO (34)
3a So>Si: 310 0.1441 HOMO ->LUMO (48)
So->Sy: 292 0.2667 HOMO-1 >LUMO (48)
So->Ss: 265 0.0113 HOMO >LUMO+2 (34)
So->Ss: 264 0.0132 HOMO-1 >LUMO+1 (27)
So>S1: 254 0.0208 HOMO >LUMO+5 (12)
So->Sis: 248 0.0140 HOMO-1 >LUMO+3 (12)
So->Sis: 244 0.0144 HOMO-7 -LUMO (19)
So>T: 363 0.0000 HOMO-2->LUMO+3 (15)
HOMO-1->LUMO (13)
4a So>S: 271 0.0363 HOMO -> LUMO+2 (93)
So>S, 268 0.1132 HOMO-1 -> LUMO (23)
HOMO -> LUMO+4 (54)
So>S; 265 0.0331 HOMO-1 - LUMO (71)
HOMO -> LUMO+4 (15)
So->Ss 259 0.1272 HOMO -> LUMO+6 (43)
HOMO -> LUMO+8 (40)
So>Ss 257 0.0892 HOMO-2 -> LUMO (68)
HOMO -> LUMO+7 (13)
So>S¢ 255 0.0142 HOMO-3 - LUMO (29)

HOMO-1 -> LUMO+1 (35)
HOMO -> LUMO+8 (14)
So>S; 254 0.0796 HOMO-3 > LUMO (17)
HOMO-1 -> LUMO+1 (16)
HOMO -> LUMO+7 (36)

So>Ss 251 0.0341 HOMO-4 - LUMO (56)
HOMO-3 = LUMO (12)
So>Ss 250 0.0615 HOMO-8 = LUMO (15)
HOMO-5 = LUMO (51)
So>S10 248 0.0112 HOMO-2 - LUMO+1 (86)
So->S11 245 0.0111 HOMO-7 = LUMO (51)
So>T: 363 0,0000 HOMO-2 = LUMO (17)
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Figure 13. Experimental UV-Vis solid state absorption spectrum (black line), Experimental excitation solid
stat (blue line) and TD-DFT singlet-singlet (red bars) and singlet triplet excitation/s (blue bar) for model

systems 1a (left),3a (right) and 4a (below).

The most intense TD-DFT singlet-singlet excitations for model [Au(CeCls),TI([12]aneNSs3)] (1a)
appear between 243 and 320 nm, whereas the lowest singlet-triplet excitation appears at 413 nm.
These values are in agreement with the experimental excitation spectrum for complex 1 for the
singlet-triplet transition, which shows a maximum at 400 nm and with the UV-Vis absorption
spectrum in solid state for the allowed singlet-singlet transitions. If we analyse the TD-DFT results
for model 1a we can observe that the main contribution of the most intense computed singlet-
singlet electronic transition at 321 nm arises from a HOMO-LUMO transition. From the population
analysis results (Table 8), this excitation can be attributed to a metal-centred transition between
the interacting Au-Tl centres with a small charge transfer contribution from the [12]aneNS; ligand
to the C¢Cls” one. Other intense singlet-singlet excitations at higher energy (between 286 to 257 nm)
consist of transitions between ligand-based orbitals (HOMO-1, HOMO-4, HOMO-5 and HOMO-8) to
the metal-based LUMO orbital. The highest energy singlet-singlet transitions (between 255 to 243

81



Chapter 2. Gold(l)-Thallium(l) heteronuclear compounds

nm) display a mixed character with predominant ligand contributions. The lowest computed singlet-
triplet excitation is mainly due to a HOMO-1-LUMO transition, which can be related to the
phosphorescent process found experimentally and attributed to a charge transfer from the
[Au(CsCls)2] unit to the interacting Au-Tl metal centres.

The most intense TD-DFT singlet-singlet excitations for model [Au(CsCls),Tl([12]aneNS,0)] 3a
appear between 244 and 310 nm, whereas the lowest singlet-triplet excitation appears at 422 nm.
These values are in agreement with the experimental excitation spectrum for complex 3 for the
singlet-triplet transition, which shows a maximum at 389 nm and with the UV-Vis absorption
spectrum in solid state for the allowed singlet-singlet transitions. The analyse of TD-DFT results for
model 3a show that the main contribution of the most intense computed singlet-singlet electronic
transition at 292 nm arises from a HOMO-1-LUMO transition. From the population analysis results
(see Table 11), this excitation can be attributed to a transition between the aromatic fraction and
the metal centers. Other intense singlet-singlet excitations at lower energy (310 nm) can be
attributed to a metal-centred transition between the interacting Au-Tl centres with a small charge
transfer contribution from the [12]aneN,SO ligand to the C¢Cls- one. The highest energy singlet-
singlet transitions (between 265 to 244 nm) display a mixed character between different part of the
molecule. In spite of the low contribution of the involucrate molecular orbitals, also in this case the
triplet singlet transition seems to be due to an electronic transfer process which mainly involves the
metal centers (HOMO-1-LUMO).

Model [{Au(CeFs)}TI([12]aneNSs)], (4a) displays the most intense TD-DFT computed singlet-singlet
excitations between 245 and 271 nm, whereas the lowest singlet-triplet excitation appears at 363
nm. These values are in fairly good agreement with the experimental absorption spectrum in solid
state, which shows a maximum at 240 nm and a low-energy shoulder at ca. 326 nm for the singlet-
singlet transitions and with the excitation spectrum that shows a maximum at 345 nm. The main
contribution of the most intense singlet-singlet electronic excitation computed at 259 nm is due to
two transitions between HOMO-LUMO+6 and HOMO-LUMO+8. Taking into account the character
of these orbitals, this transition can be attributed to a metal-centred transition between the
interacting Au-Tl centres with a small charge transfer contribution from the [12]aneNS; ligand to
the metals. Other intense singlet-singlet excitations at lower energy (between 271 to 265 nm) take
place between metal-based orbital (HOMO) or mixed orbital (HOMO-1) to the metal-based LUMO
and LUMO+4 orbitals. The highest energy singlet-singlet excitations (between 256 to 245 nm) can

be mainly attributed to arise from charge transfer transitions between mixed ligand-metal or ligand
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based orbitals (HOMO-1 to HOMO-7) and metal-based orbitals (LUMO and LUMO+7). Finally, the
computed lowest singlet-triplet excitation, which is responsible for the phosphorescent character
of the emission for complex 4, is mainly due to a HOMO-2-LUMO transition. Taking into account the
character of these orbitals this transition can be attributed to a metal-centred transition between
the interacting Au-Tl centres with a minor charge transfer contribution from the [12]aneNS; and
CeFs- ligands to the metals. Figure 14 shows the electronic density of the molecular orbitals in the

triplet-singlet transitions for all models.

Figure 14. Most important frontier molecular orbitals (isovalue = 0.02) for model system 1a, 3a and 4a

involved in the singlet-triplet transitions. (L=LUMO; H=HOMO).
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In order to assign the origin of the emission found experimentally for complexes 1, 3 and 4, we
computed the optimization of the ground state (So) and the lowest triplet excited state (T;) from
which the phosphorescent emission takes place, for model systems 1a, 3a and 4a

This type of theoretical approach allows us to analyse the most important molecular distortions of
the models when changing from the ground to the lowest triplet excited state, that can be related
to the part of the molecules involved in the phosphorescent properties. In a second step, we can
also analyse the shape of the frontier orbitals for the So and T, structures, that would confirm the
parts of the molecule involved in the electronic transition (SOMO-SOMO-1) responsible for the
phosphorescent behaviour of these systems.

Regarding the structural distortions, Figure 15-16 and Table 12 display the most important
optimized distances for models 1b, 3b and 4b in the ground state Sp and T, excited state. First of all,
it is worth mentioning that the optimized structures in the Sy state for models 1b and 3b agree well
with the experimental X-ray diffraction data as it can be observed from the intermetallic Au-TI
distances, metal-ligand bonds and internal C-C, N-C and S-C distances. If we analyse the main
distortion of model systems 1b and 3b in the T; excited state, there is a clear shortening of the
intermetallic Au(l)-TI(I) distances ranging from 3.189-3.202 A (So) to 2.832 A (T1) for model 1b; from
2.994 A (So) to 2.704 A (T,) for the model system 3b; and, finally, from 3.249-3.407 A (S) to 2.891-
3.016 A (T,) in the case of model 4b, leading to intermetallic distance contractions of ca. 11% for all
model systems. These intermetallic distance shortenings suggest a main role of the closed shell
Au--Tlinteraction in the phosphorescent properties of the complexes. A secondary distortion found
for both model systems when going from the Sq to the T; excited state is a slight decrease of the TI-
N and TI-S distances, which suggests a minor role of the ligand in the emissive behaviour of

complexes 1, 3 and 4.
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Table 12. Selected structural parameters for complexes 1, 3 and 4 and the corresponding model in the ground
(So) and the lowest triplet excited state (T;), at DFT level of theory. Distances are in angstroms (A); angles and

dihedral angles in deg (2).

Au-Tl Au-C TI-E® C-Au-C TI-Au-TI C-F?
1 3.241 2.058 2.725 180.0 180.0 1.475-1.482
2.046 3.081-3.202 1.810-1.821
1S5, 3.189-3.202 2.067-2.069 2.819 179.5 178.4 1.460-1.464
3.174-3.204 1.830-1.841
1T, 2.832 2.061 2.750 180.0 180.0 1.459-1.461
3.049-3.169 1.830-1.842
3 3.022 2.051 2.638 176.26 - 1.473-1.489
2.073 3.135-3.221 1.786-1.839
3.1385 1.430-1.440
35S, 2.994 2.055 2.783 176.26 - 1.451-1.449
2.063 3.207-3.247 1.825-1.836
3.122 1.407-1.408
3T, 2.703 2.056 2.685 176.26 - 1.448-1.444
2.063 2.861-2.892 1.826-1.841
3.133 1.408-1.504
4 3.317-3.382 2.063 2.772 177.3 104.3 1.493-1.496
2.055 3.156-3.169 1.814-1.842
45, 3.249-3.407 2.064-2.068 2.945 178.8 75.4 1.457-1.460
3.192-3.300 1.829-1.841
4T, 2.891-3.016 2.065-2.075 2.951-2.953 171.4 89.6 1.450-1.452
3.104-3.270 1.829-1.840

°E = N or S atoms. °C atoms of the CgFs ligands

Figure 15. Optimized structures of the ground and lowest triplet excited states for model 1b.
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Figure 15. Optimized structures of the ground and lowest triplet excited states for models 3b (up) and 4b

(down).

The analysis of the shape of the frontier molecular orbitals (Figure 16) of the lowest triplet excited
state T; (SOMO and SOMO-1), shows up for both models, that the Au-Tl interacting metals are
mainly involved in the phosphorescent emission from the T, state (SOMO-SOMO-1 transition), with
some contribution from the ligands. If we compare the shape of SOMO and SOMO-1 orbitals for
models 1b, 3b and 4b we can also confirm a small charge transfer contribution from the metals to

the organic ligands. Therefore, in view of the analysis of the molecular distortions and the electronic
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structure of the frontier orbitals of the T, state for models 1b, 3b and 4b we can conclude that the
phosphorescent emission process can be ascribed to a forbidden metal centred (Au-Tl) transition

with a small metal (Au-Tl) to ligand ([12]aneNS; or [12]aneNS,0) charge transfer contribution.

Finally, in order to confirm the accuracy of our computational approach we have computed the
emission energies for models 1b, 3b and 4b as the difference between the energy of the T,
optimized structures and the same structure in the So ground state (Figure 17). The computed
emissions clearly match the experimental ones for the complexes 1b, 4b, while there is an error of
about 60 nm regarding model 3a. The deviation from the emission theoretically encountered may
be due to packing phenomena which give rise to weak contacts that can influence the emission
energy encountered experimentally (495 nm at RT and 512 nm at 77K exp vs. 512 nm theor. (1b);
501 nm at RT and 512 at 77K vs 442 nm theor. (3b); 495 nm at RT and 475 nm at 77K exp vs. 475 nm
theor. (4b)).

Figure 16. Frontier molecular orbitals HOMO-LUMO and SOMO-SOMO-1 diagrams for models 1a (left), 4a
(right) and 3a(below).
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Figure 17. Excitation and emission spectra at 77 K (black profile) and TD-DFT predicted singlet-triplet
excitation (blue bar) and triplet-singlet emission (red bar) for model systems 1a (top), 3a (middle) and 4a

(bottom).
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2.2.5 Conclusions

The use of the macrocyclic ligands L;-Ls in the reaction with [{Au(CeXs),2}Tl], (X = F, Cl) polymeric
compounds allows generation of luminescent systems containing different metallophilic
interactions displaying unprecedented structural arrangements, such as the [TI(I)--Au(l)---TI(1)]*
trinuclear disposition observed for complexes 1 and 2 and the Au,Tl, square arrangement for
complex 4. Luminescent properties are directly correlated to the Au(l)-TI(l) arrangements more
than the distances found in the complexes. The computational studies show that the luminescent
properties mainly arise from the metals, whereas the macrocyclic ligands serve as a support for the
whole structural system, tuning the luminescence as a consequence of the types of Au(l)---TI(l)
interactions. These results are confirmed by the calculated theoretical emissions that perfectly
match the experimental data for the model systems 1a and 4a. For the model systems 3a there is a
relevant variation between theoretical emission and emission observed experimentally which can
be due to the Au---Au weak contacts present in the crystal packing of the complex which can
influence the emission energy (see Figure 18). In fact, the presence of the gold(l)-gold(l) interaction
(although the distance is slightly higher than the sum of the van der walls radii and cannot be
considered a strong interaction) causes a lowering of the calculated theoretical emission energy.
Unfortunately, the distance too long does not allow us to meet convergence parameters that can
give a good result during the optimization process. In addition, the change in the functional used
(pbe) would not allow us to compare the calculation made for this model with respect to those

obtained by the calculation made for the models used for the other complexes (1a,4a).

Figure 18. Au(l)---Au(l) interaction in the complex 3.

89



Chapter 2. Gold(l)-Thallium(l) heteronuclear compounds

2.3 Ligands with different ring size cavity and donor atoms (L;-Ls)
2.3.1 Introduction

As reflected in the results obtained through the use of macrocyclic systems L;-Ls, it is obvious that
the different nature of the ligands as well as the different electronic properties of the systems
[Au(CeXs)]” can influence in a determined way both the structural characteristics and the
photophysical properties of the synthesized compounds. Taking into account all of this, we have
decided to follow this same line of investigation by modifying the ring size cavity, the nature of the
donor atoms and the coordination capacity to evaluate the significant variations, both in the
structural dispositions and in the optical properties, in the synthesized complexes (see Figure 19).
In particular, we decided to study the reactivity of the ligands Ly and Ls with heterometallic
compounds [{Au(CeXs)2}Tl], to see the possibility to obtain new materials with different structural
arrangements (from discrete units of different nature to polymeric systems) and different

luminescent properties.

Figure 19. N,S,0-mixed-donor macrocyclic ligand.

The macrocyclic derivatives Ly contains inside the structure the unit 1,10-phenanthroline. The 1,10-
phenanthroline unit is a classic chelating bidentate ligand for transition metal ions that has played

1371391 30 d still continues to be of

an important role in the development of coordination chemistry
considerable interest as versatile starting material for organic, inorganic and supramolecular
chemistry. In fact, its electronic characteristics and the presence of nitrogen atoms makes this
system ideal for the coordination of the majority of metal centers. Moreover, its photophysical
properties already exploited in the past for various applications, make it an extremely interesting

starting material to synthesize new systems containing metallophilic interactions between different

metal centers. Furthermore, the possibility of combining the photophysical properties of this unit
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with the coordination capabilities of a macrocyclic system can play a key role in the formation and
strength of new intra or intermolecular interactions. In the same way the macrocyclic system 1,4,7-
triazacyclononane (Ls) has been widely used in the past both for its coordinating properties and for
the possibility of functionalizing this ligand through the secondary amine groups with organic
systems with unique characteristics. For these reasons both macrocycles represent attractive
starting products for the synthesis and characterization of complexes containing gold-thallium
heterometallic interactions and for the study of their photophysical properties. Taking into account
the obtained results so far, we decided to study the reactivity of the heterometallic compounds
[{Au(CeXs)2}TI] with Ly and Ls. Through the use of this type of ligands, it was possible to obtain new
materials with different structural arrangements (from discrete units of different nature to
polymeric systems). In fact, the size of the macrocycle, the number and variety of donor atoms or
the variation of halogen atoms in the aryl fraction can play a determining role both in the structural

arrangement and in the optical properties of the obtained heterometallic complexes.

2.3.2 Synthesis and characterization

The heterometallic complexes 7-10 were obtained through the reaction between the polymeric
starting compounds [{Au(Ce¢Xs)2}Tl], (X = F, Cl) with equimolar amounts of the respective macrocyclic
ligands (Ls-Ls) that contain different donor atoms (N, O, S) in THF and precipitating them with hexane
(scheme 2). The substitution of chlorine atoms with fluorine atoms in the aryl groups does not affect
the stoichiometry of the reaction although it modifies the structural arrangement of the resulting
complexes. Scheme 2 shows the stoichiometries of the compounds obtained from the reactions
between the ligands and the Au(l)/TI(l) precursors. Despite the structural variety of the complexes
obtained and the presence of metallophilic interactions, only the complexes with Ls are luminescent
in the solid state. All the compounds are insoluble in dichloromethane, acetonitrile and diethyl ether
although they appear to be soluble in O-donor solvents. However, the solubility of the chlorinated
compounds is lower than the solubility of the fluorinated complexes. Their elemental analyses and
spectroscopic data are in accordance with the proposed stoichiometries (see Experimental Section).
Their IR spectra show, among others, absorptions arising from the CeFs™* and CqCls™>! groups

bonded to gold(l) at approximately 1500, 950 and 780 cm™, or about 834 and 614 cm™, respectively.
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[{Au(CsCls),KTI(L)} (7) [{{Au(CsCls), H{TI(Ls)}}.1, (8)

[{Au(CgFs) HTI(L4)}] (9) [{Au(CeF5)HTI(Ls)}] (10)

Scheme 2.
The presence of the [Au(CgFs),]” fragment in 9,10 is evident from their YF NMR spectra, which
resemble that of the precursor complex NBus[Au(CeFs),], and seem to indicate that a dissociative
process giving rise to aurate(l) anions and thallium(l) cations takes place in solution. The NMR
spectrum of all the complexes show a significant modification in the chemical shifts as compared to
those of the free ligands. This fact means that the coordination of the macrocyclic ligands to thallium
significantly affect the position of the resonances observed in their *H NMR spectra. Thus, the *H-
NMR spectra of 7 and 9 display a multiplet signal at 2.43-2.74 and an singlet at 4.44-4.64 with 1:2
relative integrations, and corresponding to the hydrogen atoms of the methylene groups adjacent
to nitrogen or to sulphur. Furthermore, three groups of aromatic signals can be observed due to the
presence of the 1,10-phenanthroline unit which show a chemical shift at 7.73, 7.87, 8.38 and
7.73,7.89,8.43 for the complexes 7 and 9 respectively. In the "H-NMR spectra of 8 and 10 a strong
broadening of the signals due to the coordination of the macrocyclic system to the metal centre is
observed. Both complexes show a signal between 2.80-3.03 or 2.78-3.01 for 8 and 10, respectively.
Regarding their mass spectra (MALDI(-)), they display either a peak due to the unit [{Au(CeXs),}TI]™
at m/z = 1594 (7,8) and 1267 (9,10) or a signal corresponding to [Au(CeXs),]” at m/z = 695 (7,8) and
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531(9,10), the latter appearing as parent peak in all the cases. In their MALDI(+) mass spectra, peaks
due to the fragment [TI(L)]" appears at m/z = 546 (7,9) or 332 (8,10), showing experimental isotopic
distributions in agreement with the theoretical ones.

Finally, the molar conductivity measurements of the four complexes in acetone agree with a
dissociative process in solution, showing values corresponding to univalent electrolytes (see

Experimental).

2.3.3 X-ray structural determinations

Single crystals suitable for X-ray diffraction studies were obtained by slow diffusion of n-hexane
into a saturated solution of the complexes in toluene (complexes 7, 9) or dichloromethane (complex
8). Despite the numerous attempts, for the complex 10 it was not possible to obtain a single crystal
suitable for determining the crystalline structure; the formula in this case represents the
stoichiometry of the synthesized complex.

Although the crystal structures of complexes 7 and 9 contain similar structural motifs, [Au(CgXs),]
and [TI(L)]" units, there are some slight differences among them. The crystal structures of 7 and 9,
with pentachlorophenyl or pentafluorophenyl ligands bonded to gold(l), show the same neutral
asymmetric unit, which consists of a binuclear [{Au(CeXs),H{TI(L)},] system with a Au(l)-TI(l)

interactions (see Figure 20 and Tables 13 and 14).

Figure 20. Crystal structures of 7 and 9 with the labeling scheme for the atom positions. Hydrogen atoms are

omitted for clarity, and ellipsoids are drawn at the 30% level.
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The intermetallic distances within the cations are different depending on the perhalophenyl group
employed, showing a Au-Tl distance of 3.2534(6) A in the perchlorophenyl derivative 7, shorter than
that of 3.3621(4) A observed in the perfluorphenyl complex 9. As shown for the macrocyclic systems
described earlier, both Au(l)-TI(l) distances lie within the range of Au-TI distances described till date,
which varies from 2.804(6) A, observed in [AuPdTI(P,phen)s](BF4),-2.5CH,Cl,"%8, to 3.4899(6) A,
found in [TI(2,2'—bipy))][Au(Cst)z]mB], and they both are longer than the average Au-Tl distance of
3.064 A. Each gold atom is linearly coordinated to two pentahalophenyl groups, displaying normal
Au-C bond lengths of 2.027(13) and 2.030(11) A in 7, and of 2.050(5) for both distances in 9.

The TI-N bond distances from the 1,10-phenantroline unit are quite different in 7 and 9 crystal
structures, with values of 2.696(10) A in 7 and 2.9726(1) A in 9. While the distances TI-N in the 1,10-
phenatroline unit in the derivative 7 are very similar to those reported in thallium complexes

[118],[140)-[

containing this aromatic system 192 the derivative 9 shows a TI-N distance greater than

those reported previously in the literature described for the thallium(l) derivative as TI(1,10-

][118] or similar complexes[143]'[145]. The distances TI-N of the aliphatic

phenantroline)][Au(CeFs),
fraction of the macrocyclic system (2.703(10) in 7; 2.775(6) in 9) are intermediate between those
described for the thallium(l) derivatives with cyclic N- or N,S-donor ligands [TI(Mes[9]aneN3)]PFs
(2.59(2)-2.63(1) A)™*®! or [TI([9]aneN,S)ICIO, (2.26(2)-2.68(2) A)™”' and [TI([18]aneN,S4)IPFs
(2.834(4) and 2.992(4) A)™*28,

Regarding the TI-S bonds, in 7 the distances are smaller than those observed for the complex 9
(3.093(3) and 3.146(3) in 7; both distances 3.2308(1) in 9) and very similar to those reported for
[TI([9]aneS3)]PFg (3.092(3)-3.114(3) A)mg]. In addition, they all are in general shorter or similar to
those observed in the related Au/Tl compounds with crown thioethers [{Au(CsCls),}2Tl>([24]aneSg)],
(3.256(7)-3.587(7) R), [{Au(CgFs),},Tly([24]aneSs)] (3.201(2)-3.418(3) Iy and
[{Au(CeFs),}TI([9]aneSs)]> (3.0246(17)-3.1154(19) A)** as well as in the thallium derivatives
[TI([18]aneN,S4)]PFs (3.1299(13)-3.4778(15) A)"*®, [TI([18]aneSs)IPFs (3.164(5)-3.370(5) A)™***land
[TI([24]aneSs)]PFe (3.2413(11)-3.4734(14) A) )%, Probably the distances TI-N or TI-S in the complex

9 are longer due to the position of the thallium with respect to the whole macrocyclic system.
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Table 13. Selected bond lengths [A] and angles [°] for 7.

TI(1)-Au(1) 3.2534(6) TI(1)-N(1) 2.703(10)
Au(1)-C(1) 2.030(11) TI(1)-N(2) 2.696(10)
Au(1)-C(7) 2.027(13) TI(1)-S(2) 3.093(3)

TI(1)-S(1) 3.146(3)
C(7)-Au(1)-C(1) 175.1(4) N(2)-TI(1)-N(1) 62.2(3)
N(1)-TI(1)-S(2) 120.8(2) N(2)-TI(1)-S(2) 66.1(2)
N(1)-TI(1)-S(1) 64.6(2) N(2)-TI(1)-S(1) 117.7(2)
N(1)-TI(1)-Au(1) 104.0(2) N(2)-TI(1)-Au(1) 85.5(2)
S(2)-TI(1)-S(1) 122.32(11) S(1)-TI(1)-Au(1) 137.83(8)
S(2)-TI(1)-Au(1) 98.80(7)

Table 14. Selected bond lengths [A] and angles [°] for 9.

TI(1)-Au(1) 3.3621(4) TI(1) -S(1) 3.2308(1)
Au-C(1) 2.050(5) TI(1)-N(1) 2.775(6)

Au-C(1)#1 2.050(5) TI(1)-N(2) 2.9726(1)
C(1)-Au-C(1)#1 171.8(3) N(1)-TI-Au 75.52(14)
C(1)-Au-TI 88.78(14) C(1)#1-Au-TI 88.78(14)

Symmetry transformations used to generate equivalent atoms:
#1 x,y,-z+1/2
Finally, The main difference between two structures is an extended polymeric packing observed
only for the complex 9 which is formed via weak intermolecular TI---F contacts of 3.2017(3) A (see
Figure 21). While, in the complex 7 intramolecular n-stacking contacts can be observed between the

aromatic fractions of Au(Ce¢Cls)” and the phenanthroline unit (Figure 21).
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Figure 21. ri-stacking (red line) contact of complex 7 (left) and 1D polymeric structures of complex 9 (right).

The substitution of Ly by Ls leads to significant differences in the crystal structures of complex 8.
Thus, the structure of the 8 consists of a polymeric system in which the monomeric unit is
constituted by a tetranuclear system [Ls-TI-Au-TI-L4-Au], (see Figure 22 and Table 15). The structural
arrangement of this system we can observe some similarities with the crystalline structures shown
previously. Despite the smaller size and the different nature of the donor atoms of the macrocyclic
system used for the synthesis of complex 8, we can observe within the monomeric unit a trinuclear
arrangement Ls-TI(1)-Au(1)-TI(1)#2-Ls (Au(1)-TI(1) 3.3377(6)) very similar to that observed in
complexes 1 and 2. The different position of Ls, probably due to the presence of the inert thallium
electronic lone pair, makes a weaker interaction possible with an adjacent [Au(CsCls)]” unit (TI(1)-
Au(2) 3.5478(6)), allowing the formation of the polymer chain. The TI-N distances of 2.621(9)-
2.671(9) A are very similar to those found in [TI(Mes[9]aneNs)]PFg (2.59(2)-2.63(1) A)™**® or [TI(3,5-
di-tert-butyl-2-hydroxybenzyl)Me,[9]aneNs] (2,675(4)-2.811(7))™2¢.,

Figure 22. monomeric unit (left) and polymeric structure complex 8 (right).
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Table 15. Selected bond lengths [A] and angles [°] for 8.

TI(1)-Au(1)
Au(1)-C(1)#2
Au(1)-C(1)
Au(2)-C(7)
Au(2)-C(7)#2

Au(1)-TI(1)-Au(2)
TI(1)-Au(2)-TI(1)#2
C(7)-Au(2)-C(7)#2
TI(1)-Au(1)-TI(1)#1
C(1)-Au(1)-C(1)#1
N(1)-TI(1)-Au(1)
N(1)-TI(1)-Au(2)
N(1)-TI(1)-N(3)

3.3377(6)
2.056(9)
2.056(9)
2.039(9)
2.039(9)

144.289(14)
180

180.0

180.0

180.0
69.97(16)
136.90(16)
65.7(2)

TI(1)-Au(2)
TI(1)-N(1)
TI(1)-N(2)
TI(1)-N(3)

N(1)-TI(1)-Au(1)
N(2)-TI(1)-Au(1)
N(2)-Tl(1)-Au(2)
N(2)-TI(1)-N(1)

N(2)-TI(1)-N(3)

N(3)-TI(1)-Au(1)
N(3)-TI(1)-Au(2)

3.5478(6)
2.664(8)
2.621(9)
2.671(9)

69.97(16)
118.67(19)
72.49(18)
65.6(2)
66.5(3)
126.63(17)
89.08(17)

Symmetry transformations used to generate equivalent atoms:

#1 1-X,1-Y,1-Z; #2 1-X,1-Y,2-Z

Finally, also in this case we can observe TI-Cl intermolecular contacts of 3.692(5) between the

different polymeric chains that determine an expansion of the whole structure in two dimensions

(see Figure 23).

Figure 23. 2D polymeric structures of complex 8.
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2.3.4 Photophysical Properties

Despite the presence of metallophilic interactions inDespite the presence of metallophilic
interactions in complexes 7 and 9, they do not show solid-state luminescence not. However, it is
shown in the literature that macrocyclic systems similar to Ly exhibit an emission band in solution
at about 336 nm and they are used as ON-OFF sensors for different metal ions .. For this reason,
we have investigated the reason for the absence of luminescence in the solid state for the
synthesized complexes by studying the behavior of Ls in solution in the presence of TI". The
absorption and fluorescence spectra of Ly show an absorption band at about 270 nm and a

fluorescence band at about 456 nm, respectively (see Figure 24).
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Figure 24. Absorption spectra (left) and emission spectra (right) of L (Ls = 2,72 x 10 M in acetone, Aex. 270

nm)

To study the behavior of Ly in the presence of TI", the variations in the fluorescence spectrum of the
ligand were recorded as a result of the addition of increasing amounts of the metal ion. The
fluorescence spectrum variation for Ly in the presence of increasing amounts of TI* is shown in Figure
25. Taking into account the study carried out, a strong decrease of the fluorescent emission was
observed for Ls. In addition, representing the emission intensity as a function of the ratio [TI"]/[La]
(see Figure 25) it is obvious that the quenching of the system is due to the formation in the solutions

of specie [TI(Ls)]".
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Figure 25. Fluorescence emission spectrum of L, in the presence of increasing amounts of TI" (left);

Fluorescence intensity of Ly at 456 nm vs. molar concentration of TI" (right).

The next step consists of the study of the quenching mechanism that involves Ly considering that
the relationship between the concentration of the deactivating agent [Q] and the ratio between the
initial intensity of the ligand Iy and the intensity at different concentrations of the deactivating agent

I, is described by the equation of Stern-Volmer!*4711248l.

lo/ =1+ K, [Q] )

By examining the pattern (see Figure 26) for the titration of Ly with TI" it is clearly seen that there is

a linear correlation between I/l and [TI"].

T r T . T . . . :
0.00000  0.00005  0.00010  0.00015  0.00020
[T

Figure 26: Representation of the ratio lo / | (of Ly versus [TI'] (Aex. 270 nm, Aem. 456 nm).
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From the slope of the straight line, it was possible to determine the K, value (14302 M), Thus, it
was possible to suggest that probably the absence of luminescence in the synthesized compounds
is mainly due to the coordination of the TI" metal ion to Ls.

By lifetime measurements, It is also possible to detect whether it is static or dynamic quenching.

(see Figure 27).
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Figure 27. Representation of the relation t vs [TI"] for L,.

Considering previous reports [149], the constant lifetime with increasing concentrations of [TI]", can
be concluded that this is a static quenching for the studied system. This behavior is normally

observed when quenching is due to the formation of a ground state complex in solution.

On the other hand, the absorption spectra of complexes 8 and 10 show similar features to those
described for other related gold(1)-thallium(l) derivatives reported previously by some of us ™%,
Thus, both complexes display two intense absorptions at about 230 and 350 nm in THF solutions;
these bands are also present in the spectra of the heterometallic precursor [{Au(CeXs),}Tl], and in
the gold(l) complex NBus[Au(CeXs)2] (X=F, Cl) (see Figure 28). Therefore, it is likely that the band at
high energy arises from transitions between n orbitals of the perhalophenyl groups, while the
transitions in the low energy region probably involve orbitals of the gold centres. Thus, these
absorptions could be assigned to m->mn* and Au->m* transitions in the [Au(CeXs),]” fragments,
respectively. At this regard, similar assignments have been done for related gold(l) complexes with

aromatic substituents 22133 nevertheless, in the case of the high-energy absorption the
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possibility of an n->c* transition in the N-donor ligands cannot be ruled out, since these ligands

show an absorption at 240 nm of less intensity at similar concentrations.

Figure 28. Absorption spectra of complex 8 (left) and 10 (right) and the gold precursors NBus[Au(C¢Xs),] and

[{Au(CeXs)-}TI]. (X=F,Cl) in THF solution (C = 2,5 x 10™ M).

Unlike the metal complexes synthesized with Ly, complexes 8 and 10 are strongly luminescent in

the solid state; thus, they display emissions in the solid state between 495 and 512 nm at room

temperature, and between 474 and 503 nm when the measurements are carried out at liquid

nitrogen temperature (77 K) (Figure 29 and Table 16).
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Figure 29. Excitation and emission spectra for complexes 8(left) and 10(right) in the solid state at RT and 77

K.
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Table 16. Photophysical properties of complexes 8 and 10.

UV-visin THF (hnm) Solid (RT) em(exc)  Solid (77K) em (exc) Tt (ns) d (%)
Complex8 266 (¢ = 40000) 503 (373) 474 (364) 839+3 30.5
Complex 10 267 (¢ = 39899) 495 (381) 484 (371) 814+8 20.2

In this case, it is not possible to make a direct comparison between the Au(l)-Tl(l) distances and the
luminescence of the compounds given the impossibility of having structural data for the complex
10. However, both for the structural arrangement and for the aliphatic nature of the macrocyclic
systems used it is possible to make a comparison between the optical properties of the complex 8
and those of the complexes 1 and 2-2THF. Also in the case of 8, the solid-state luminescence is
probably mainly due to the gold-thallium heterometallic interactions present in the synthesized
complex. In fact, the complex 8 shows a luminescent emission at about 500 nm which is completely
comparable with that observed for compounds 1 and 2:2THF previously commented previously. In
addition, the distance Au (I)-Tl (1) is quite similar (3.3377 (6) in the complex 8; 3.2410 (2) and 3.3853
(5) in the complexes 1 and 2-2THF , respectively). For this reason, we can assume that, probably,
the interaction between metal centers may be the key to explain the optical properties of 8. Of
course, the weakest interaction between TI(1)-Au(2) (3.5478(6)) that allows the formation of the
polymeric system can influence the optical properties of 8, and this cannot be neglected to explain
the origin of the luminescence of this compound.

Thus, taking into account the previous comments, we can propose that the presence of intermetallic
interactions in the solid state, as well as their number and strength, seem to be the key to explain
the luminescence of 8. Nevertheless, another factor that should be considered is the disposition of
these metal centres in the crystal structures, in which the coordinative characteristics of Ls is

determinant.
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2.3.5 Computational Study

In order to explain the spectroscopic properties of the complex 8 in relation with the metallophilic
interactions present in its crystal structure, we carried out Density Functional Theory (DFT) and
Time-Dependent Density Functional Theory (TD-DFT) calculations on a model system 8a obtained
from complex 8. Compared to the calculations carried out for the complexes 1,3-4 (discrete
molecules), in this case it is necessary to take into account all the metallophilic interactions present
in the structure given the polymeric nature of the compound. For the reason of the high
computational cost of representing a polymeric molecule, we have chosen a model that take into

account the different interactions present in the system as it is that represented in Figure 30.

Model 8a

Figure 30. Theoretical model systems [{Au(CsCls),HTI([9]aneNs)}], (8a).

Thus, model 8a corresponds to the tetranuclear neutral unit as the base of the polymeric structure
of complex 8, and representing the Au(l)---TI(l) interactions between two [Au(CeCls),]” anionic
fragments and two [TI([12]aneN3)]" cationic complexes. We first computed the electronic structures
for models 8a at DFT level of theory. Figure 31 and Table 17 display the most important frontier
molecular orbitals (MOs) and the population analysis of those MOs, respectively. From these data
we can anticipate the contribution of each part of the molecule to the frontier orbitals.

In this case, the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) are mainly localized at the metal centres Au(l) and TI(l). In addition, while the rest of

occupied frontier molecular orbitals from HOMO-1 to HOMO-8 are mostly located at the CgCls
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aromatic fractions with some exceptions (HOMO-1, HOMO-4, HOMO-8), the rest of empty frontier

molecular orbitals are manly located at the C¢Cls, TI(l) and Au(l) units (from LUMO+1 to LUMO+6).

Figure 31. Frontier molecular orbitals (isovalue = 0.02) for model systems 8a (H=HOMO; L=LUMO).
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Table 17. Population analysis (%) for model systems 8a.

8a Tl Au Ls C5C|5
LUMO+6 10,2 3,84 2,31 83,44
LUMO+5 36,8 25,15 5,47 30,22
LUMO+4 33,16 18,83 1,51 46,26
LUMO+3 42,47 12,62 14,6 29,67
LUMO+2 10,7 20,59 0,79 67,7
LUMO+1 11,66 23,66 0,65 59,35
LUMO 37,35 26 4,18 32,08
HOMO 30,58 47,96 10,56 10,85
HOMO-1 23,15 40,79 13,93 22
HOMO-2 10,61 27,08 5,16 57,08
HOMO-3 1,22 2,28 0,56 95,75
HOMO-4 25,22 31,05 23,21 19,61
HOMO-5 6,37 5,89 6,88 80,64
HOMO-6 3,68 5,22 1,63 89,41
HOMO-7 1,52 19,73 1,66 74,93
HOMO-8 9,53 20,88 32,44 36,83

The first 20 singlet-singlet excitations were computed for the model system 8a at the TD-DFT level

of theory as described in the computational details section (see experimental section) and

compared with the experimental excitation spectra for complex 8. Since the lifetime for this

complex is between the nanoseconds and microseconds range, suggesting a fluorescent process,

we also computed the lowest singlet-singlet excitation at TD-DFT level for model system 8a. The

results including the most important excitations are reported in Table 18 and depicted in Figure 32.

Table 18. TD-DFT first Singlet-Singlet Excitations calculations for model systems 8a.

Model exc.’ Acaic (nm) f (s)° contributions®
8a So—>S1: 363 0.2748 HOMO - LUMO (47)
So—~>Ss: 332 0.0218 HOMO-1 - LUMO(48)
So—~>Sa: 320 0.1297 HOMO-3 > LUMO (27)
HOMO-2 > LUMO (16)
So—~>Se: 310 0.0106 HOMO-3 > LUMO (16)
HOMO-2 > LUMO (31)
So—~>Ss: 303 0.0281 HOMO - LUMO+6 (33))
So—=>S1a4: 286 0.0244 HOMO-7 > LUMO (25)
So->Sus: 284 0.0754 HOMO-6 = LUMO (25)
So—~>S16: 283 0.0189 HOMO - LUMO(+4) (19)
HOMO > LUMO+S5 (20)
So—=>S17: 282 0.0172 HOMO-3 > LUMO+2 (13)
So—>S1s: 281 0.0159 HOMO-2 > LUMO+1 (23)
So—~>S19: 280 0.0204 HOMO-8 > LUMO (15)
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Figure 32. Top: Experimental UV-Vis solid state absorption spectrum (black line) and TD-DFT singlet-singlet

excitations (red bars) for model systems 8a.

The most intense TD-DFT singlet-singlet excitations for model [Au(CsCls),TI([9]aneNs)], 8a appear
between 280 and 363 nm. These values are in agreement with the experimental excitation
spectrum for complex 8 for the singlet-singlet transition, which shows a maximum at 249 and 293
nm in the UV-Vis absorption spectrum in solid state. If we analyse the TD-DFT results for model 8a
we can observe that the main contribution of the most intense computed singlet-singlet electronic
transition at 363 nm arises from a HOMO-LUMO transition. From the population analysis results
(Table 18), this excitation can be attributed to a metal-centred transition between the two fraction
of interacting Au(CsCls),-Tl units with a small charge transfer involving the [9]aneN; ligand (see
Figure 33). In addition, also the less intense electronic transition at 331 nm is due to a charge transfer
centred mainly on the metal centers (HOMO(-1)-LUMO). Instead, other intense singlet-singlet
excitations at higher energy (between 320 to 280 nm) consist of transitions between
perchlorophenyl-based orbitals (HOMO-2, HOMO-3, HOMO-6 and HOMO-7) and the metal-based
LUMO orbital with some exceptions; while the highest energy electronic transition (282 nm) is due
to a Ls-thallium charge transfer, and those at 303, 284i3 and 281 can be attributed to metal-

perchlorophenyl or perchlorophenyl-perchlorophenyl electronic transitions.
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Figure 33. Most important frontier molecular orbitals (isovalue = 0.02) for model system 8a involved in the

singlet- singlet transition at 362 nm (H=HOMO; L=LUMO).
2.3.6 Conclusions

The use of the Ly ligand allows the generation of new heterometallic systems containing gold-
thallium metallophilic interactions with different structural arrangements. Despite the known
photophysical properties of the 1,10-phenanthroline unit contained in the macrocyclic system, all
the synthesized systems do not show luminescent emissions in solid state, probably due to the
guenching generated by the formation of a ligand-thallium complex in solution. On the other hand,
the luminescent properties of 8 is directly correlated to the Au(l)-TI(I) arrangement more than the
Au(l)-TI(l) distances found in the complex. In this case, the different dimensionality of the
macrocyclic system as well as the different donor atoms seem to influence the structural
arrangement and the photophysical properties as it can be compared with complexes 1-6. However,
despite the fluorescent nature of the transition responsible for the emission of 8, also in this case
the computational studies show that the luminescent emission mainly arise from the interacting
metals. In this case, the macrocyclic ligand acts as a spectator that condition the disposition of these
metal centres, therefore tuning the luminescence as a consequence of the types of Au(l)---TI(l)

interactions formed.
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2.4 Functionalized macrocyclic systems

2.4.1 Introduction

Thanks to the results obtained in the synthesis of the heterometallic compounds previously shown,
it can be established that the metallophilic interactions, as well as the nature of ligands used play
an important role in determining the optical properties of the resulting compounds showing Au(l)-
TI(l) interactions. In particular, the presence of metallophilic interactions can be strongly influenced
by the coordination capacity of the ligands used to support these weak interactions. The number
and nature of donor atoms as well as the structural rigidity of the ligand play a determining role
both for the number of metallophilic interactions and for their strength, proportional to the
metal---metal distance.

The synthesis of transition metal complexes with tuneable photochemical properties is one of the
most important challenges in this issue, and the rational design of ligands that can control the self-
assembly process in the formation of these complexes is a key factor in these studies. In particular,
mixed thia-aza donor macrocyclic ligands are ideal candidates for this goal because their sizes can
largely control their coordination chemistry, furthermore their donor properties can be modified
by adding pendant substituents that increase the coordination ability of the starting macrocyclic
ligands.

Taking all the above into account, we decided to study the reactivity of the quinoline pendant arm
derivatives of L3 and Ls N-quinolinylmethyl-5-aza-2,8-dithia[9](2,9)-1,10-phenanthrolinophane (Lg)
and N-quinolinylmethyl-1-oxo-7-aza-4,10-dithiacyclododecane (L;), respectively (see Figure 34)
with the hetero-dimetallic complex [AuTI(CeXs)2]n (X=F,Cl) in different molar ratios. Our goal was to
study the influence of the number of donor atoms present in the ligand both on the nuclearity and
on the photophysical properties of the complexes obtained. Furthermore, we were also interested
in analysing the relationship between the number of metal-metal interactions present in the

complexes with their emission wavelengths.
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Figure 34. Quinoline pendant arm derivatives of L3 and L4 studied.

2.4.2 Synthesis and characterization

We have studied the reactivity of the hetero-dimetallic gold(l)/thallium(l) complex [AuTI(CeXs)2]n
(X=F,Cl) against the macrocyclic ligands Ls and L; in different metal-to-ligand molar ratios. The
coordination proprieties of the ligands, as well as the molar ratios employed, can influence the
dimensionality/nuclearity of the complexes obtained and, hence, the number of intermetallic
interactions present in them (Scheme 3). Consequently, compounds with different solid-state
structures and optical properties can be obtained.

By reaction of the polymeric gold(l)/thallium(l) compound with equimolecular amounts of the
macrocyclic ligands in THF, compounds of different nature are obtained depending on the ligand
employed. Thus, the incorporation of methylquinoline pendant-arms in Lg,; leads to dinuclear
complexes [{Au(CeFs)2}{Tl(Le,7)}] (13, 15) with a L-TI-Au similar disposition of metals. Unfortunately,
the complexes 11, 12 obtained from the reaction of the respective macrocyclic derivatives (L, L7)
with the precursor [Au(CsCls),Tl],, we cannot confirm the presence of metallophilic interactions
given the impossibility of obtaining single crystals with sufficient quality for X-ray diffraction analysis.
Taking into account the higher number of donor atoms present in Lg and L;, we thought to the
possibility for them to act also as bridging ligands. Therefore, we decided to carry out the reactions
of these two ligands with higher amounts of thallium. Treatment of Lg with [Au(CeFs),Tl], in a TI/L
2:1 molar ratio led to the formation of the new octanuclear compound [{Au(CgFs),TI}{Au(CeFs),}
{TI(L)}]2 (14). This is a discrete macromolecule in which the mixed-donor ligand Lg bridges two
thallium(l) centers through the sulphur-nitrogen atoms of macrocyclic derivative, and that displays

Tl---Au---Tl---Au interactions. In contrast, when the same reaction is carried out with Ly instead of Lg,
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the polymeric compound [{Au(CgFs),TIHAU(CeFs) HTI(L7)}. (16), featuring a TI/L ratio of 2:1, is
obtained; This is a polymeric system in which the mixed-donor ligand L; bridges only one thallium(l)
center through the sulphur-nitrogen-oxygen atoms of the macrocyclic derivative, given the reduced
coordinating capacity of the macrocyclic unit of L; compared to that of the Lg. This main difference
highlights the importance of the number of donor atoms and the dimensionality of macrocyclic
system present in the ligand, a key factor in determining the dimensionality and nuclearity of the

compounds obtained.

[{Au(CeFs) . HTI(Le)} (13) [{Au(CeFs),TIHAU(CgFs),TI(Le)}, (14) [{Au(CeCls),HTI(Le)}] (11)

L, 2 [Au(CgF;),TI],

[{Au(CeFs), HTI(L;)}]1 (15)  [{Au(CeFs),TIHAU(CeFs),TI(L;)}]a(16)  [{Au(CqCls)HTI(Le)}H (12)

Schema 3

All the complexes are stable in air and moisture for long periods at room temperature, and they are
soluble in O-donor solvents such as tetrahydrofuran or acetone, partially soluble in dichloromethane
or diethyl ether, and insoluble in hexane. Their elemental analyses and spectroscopic data are in
according with the proposed stoichiometry (see Experimental section).

The IR spectra of compounds 11-16 display, among others, absorption bands arising from the
pentahalophenyl groups bonded to gold(l) at about 1500, 950 and 780 cm™ (CsFs) and at about 834
and 614 cm ™ (C4Cls). Complexes 11-16 also display the absorption bands corresponding to quinoline
ligands between 1590 and 1770 cm™.

The conductivity measurements of 11-16 in acetone solution are in according with a dissociation

process into [Au(CsFs),]” and [TI(L)]" ions when dissolved, since they behave as 1:1 electrolytes.
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On the other hand, their F NMR spectra in [Dg]-tetrahydrofuran resembles that of the gold(l)
precursor NBus[Au(CsFs),], showing signals at about -116, -164 and -166 ppm with the characteristic
pattern of pentafluorophenylgold(l) derivatives (see Experimental Section). The *H-NMR spectra of
complexes 11, 13 and 14 show a broadening and slightly shifted signals if compared to those
observed in the spectra of the free ligands, so we can conclude that the thallium centre remains
coordinated to the ligand in solution. A singlet at around 4.0 (2H) ppm is observed corresponding to
the protons of the methylene group bridging the quinoline moiety to the macrocyclic framework.
The signals of the aliphatic protons of the macrocyclic ligand appear as multiplets centred between
2.78-3.16 (8H) and 3.93-4.48(4H) ppm, while the signals due to the aromatic protons of the quinoline
groups arise as well defined resonances between 7.52 and 8.47 (12H) ppm.

A similar spectrum is observed for the complexes 12, 15 and 16. Thus, in these cases it is present a
singlet at around 4.02-4.19 (2H) ppm corresponding to the protons of the methylene group bridging
the quinoline moiety to the macrocyclic framework. The signals of the aliphatic protons appear as
multiplets at about 2.78-3.54 (12H) and 3.8 (4H), while the signals due to the aromatic protons of
the quinoline groups arise as well defined resonances between 7.54 and 8.39 (6H) ppm.

Finally, the MALDI(-) mass spectra of the new products show the peak corresponding to the
[{Au(CeXs)2}2TI™ anion at m/z = 1594 (11, 12) or 1267 (14-16), or as well as a signal corresponding
to [Au(CeXs)2]” at m/z =695 (11, 12) or 531 (14-16) are observed, the latter appearing as parent peak
in all the cases. In their MALDI(+) mass spectra, peaks due to the fragment [TI(L)]" appears at m/z =
687 (11, 13, 14) or 553 (12, 15, 16). In all of them, the experimental isotopic distributions are in

agreement with the calculated ones.
2.4.3 Crystal structures

The crystal structures of complexes 13-16 were established by X-ray diffraction studies from single
crystals grown by slow diffusion of n-hexane (13-16) into a saturated solution of the complex in
toluene (13, 14) or dichloromethane (15, 16). Unfortunately, despite the numerous efforts made, it
was not possible to obtain suitable crystals for determining the crystalline structure of the
complexes 11 and 12 given their poor solubilities.

Despite the different size and coordination ability of the macrocytic unit present in the ligands used
for the synthesis of the complexes, the hetero-metallic compounds 13 and 15 show a very similar
structural arrangement: both can be described as molecular systems containing only one gold(l)-

thallium(l) metallophilic interaction supported by the coordination of the respective ligands (see
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Figure 35 and Tables 19 and 20). The intermetallic distances within the cations are different

depending on the macrocyclic ligand employed, showing a Au-TI distance of 3.0597(4) A in the 5-
aza-2,8-dithia[9](2,9)-1,10-phenanthrolinophane derivative 13, shorter than that of 3.2339(4) A

observed in the [12]aneNS,0 derivative complex 15.

Figure 35. Molecular structure of compound 13 (left) and 15 (right) with the labelling scheme for the atom
positions. Hydrogen atoms and solvent molecule are omitted for clarity and ellipsoids are drawn at the 30%

level.

Table 19. Selected bond lengths [A] and angles [°] for 13.

Au(1)-C(7) 2.034(7) TI(1)-N(3) 2.9634(53)
TI(1)-S(2) 3.1358(17) TI(1)-N(4) 2.9443(55)
Au(1)-TI(1)-S(2) 71.08(3) C(7)-Au(1)-C(1) 175.6(3)
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Table 20. Selected bond lengths [A] and angles [°] for 15.

Au(1)-TI(1) 3.2339(4) TI(1)-N(1) 2.778(6)
Au(1) -C(1) 2.046(7) TI(1)-N(2) 2.664(7)
Au(1)-C(7) 2.042(7) TI(1)-S(1) 3.1835(2)
TI(1)-0(1) 3.0339(1) TI(1)-S(2) 3.128(2)
C(7)-Au(1)-C(1) 177.2(3) N(2)-TI(1)-N(1) 62.7(2)
N(1)-TI(1)-S(2) 69.42(14) N(2)-TI(1)-S(2) 81.25(14)
N(2)-TI(1)-Au(1) 97.52(14) S(2)-TI(1)-Au(1) 157.72(4)

Both of them are longer than the sum of Au(l) and TI(l) ionic radii (2.96 A)*% put similar to those
observed in related systems ([TI(2,2’-bipy)[Au(CeFs)-] (3.0120(6))!**® or TI(1,10-Phen)][Au(CsFs),]™**®!
(3.0825(4)) similar to the complex 13; [Au,Tly(CsCls)4](PhMeCO)] (3.2133(3))”01 similar to the
complex 15). In addition, they are also longer than those found in the metallocryptate (TIAu,(P»-
phen)s](PFg)s  ((P2-phen :2,9—bis(diphenylphosphino)—l,lO—phenantroline)[88] (2.9171(5) and
2.9109(5) A).

The TI-N bond distances are quite different in 13 and 15 crystal structures, with values between
2.9019(54)-2.9634(5) A in 13 and between 2.664(7)-2.778(6) A in 15. While the TI-N distances from
the 1,10-phenatroline and quinoline framework in the derivative 13 are longer to those reported in
thallium complexes containing these aromatic system[143]’[15”'[153], the derivative 15 shows a TI-N
distance from the quinoline unit more similar to those reported previously in the literature and
described for the thallium(l) derivative [TI(1,10—phenantroIine)][Au(CsF_:,][llS]. Finally, the aliphatic
TI-N distances from the macrocyclic frameworks (2.9634(53) in 13; 2.778(6) in 15) are quite similar
to those described for the thallium(l) complex with cyclic N- or N,S-donor ligands
(ITI(Mes[9]aneNs)]PFs (2.59(2)-2.63(1) A, similar to the complex 15"%%: [TI([18]aneN,S4)]PFg
(2.834(4) and 2.992(4) A),™*® similar to the complex 13).

Regarding the TI-S bonds, the distances are similar in both compounds (3.1358(17) for 13; 3.128(2)-
3.1835(2) for 15); the main difference between the two structures lies in the lack of coordination of
the sulfur atom S(1) towards the thallium atom in 13. This can be justified by observing the
conformation of the macrocyclic unit which prevents the coordination of the heteroatom, giving
preference to the coordination of the three nitrogen atoms and the remaining sulfur (S(2)) atom.
Nevertheless, both complexes show TI-S distances very similar to those reported for

[TI([9]aneS3)]PFs (3.092(3)-3.114(3) A)[m]. In addition, they are shorter than in the related Au/TI
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compounds with crown thioethers [{Au(CsCls),}.Tlo([24]aneSs)]n and (3.256(7)-3.587(7) A),
[{Au(CeFs)2)}2Tlo([24]aneSs)]  (3.201(2)-3.418(3) A), as well as in the thallium derivatives
[TI([24]aneSs)]PFs (3.2413(11)-3.4734(14) A))1*7,

As commented above, the increase of the TI/L reaction molar ratio from 1:1 to 2:1 leads to drastic
modifications in the dimensionality/nuclearity of the complexes obtained. In the case of complex
14, it crystallizes as an octanuclear discrete complex where the functionalized macrocyclic system
acts as a bridge, simultaneously complexing two atoms of thallium thanks to the high number of
donor atoms (see Figure 36 left and Table 21). The central core of this crystal structure is a
tetranuclear L-TI-Au-TI-L unit (see Figure 36 right and Table 21) that is connected to another
analogous tetranuclear fragment through bridging TI-S bonds. The Au-TI distances (3.1996(9)-
3.4517(8) A), are considerably longer than in 13 (3.0597(4) A) or to those observed in related systems
containing the 1,10-phenantroline fragment (TIAuy(P,-phen)s](PFs)s  ((P-phen  =2,9-
bis(diphenylphosphino)-1,10-phenantroline)®  2.9171(5) and 2.9109(5) A;  [TI(1,10-
Phen)][Au(CeFs),]'"*® 3.0825(4)).

Figure 36. Molecular structure of compound 14 (left and right) with the labelling scheme for the

atom positions. Hydrogen atoms are omitted for clarity and ellipsoids are drawn at the 30% level.
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Table 21. Selected bond lengths [A] and angles [°] for 14.

Au(1)-TI(1) 3.1996(9) Au(2)-TI(2) 3.0419(7)
Au(1)-TI(2) 3.4517(8) Au(2)-C(20) 2.052(15)
Au(1)-C(1) 2.121(9) Au(2)-C(26) 2.034(13)
Au(1)-C(7) 2.081(9) TI(2)-N(3) 2.824(10)
TI(1)-N(1) 2.667(12) TI(2)-N(4) 2.712(10)
TI(1)-N(2) 2.689(11) TI(2)-S(1) 3.5139(29)
TI(1)-5(1) 3.2551(36) TI(2)-5(2) 3.4644(34)
TI(1)-5(2) 3.2831(30)

TI(1)-Au(2)TI(2) 126.91(3) C(20)-Au(2)-TI(2) 87.9(4)
C(1)-Au(1)-TI(1) 103.6(4) C(26)-Au(2)-TI(2) 97.0(3)
C(1)-Au(1)-TI(2) 91.5(4) C(26)-Au(2)-C(20) 174.9(5)
C(7)-Au(1)-TI(1) 80.6(3) N(1)-TI(1)-Au(1) 86.9(2)
C(7)-Au(1)-TI(2) 92.0(3) N(1)-TI(1)-N(2) 60.8(4)
C(7)-Au(1)-C(1) 171.2(5) N(2)-TI(1)-Au(1) 79.4(2)
N(3)-TI(2)-Au(1) 149.57(19) Au(2)-TI(2)-Au(1) 116.43(2)
N(3)-TI(2)-Au(2) 90.68(19) N(4)-TI(2)-N(3) 63.5(3)
N(4)-TI(2)-Au(1) 128.3(2)

N(4)-TI(2)-Au(2) 85.6(2)

The TI-N distances are shorter than those described for complex 13 and observing carefully the
structural arrangement of this system, we can clearly see that the shortening of these distances is
mainly due to the proximity of the thallium metal centres either to the 1,10-phentantroline unit
incorporated in the macrocyclic system or to the N-Me-quinoline moiety, which support the system
by coordination of the nitrogen atoms. In fact, the TI-N distances are very similar to those reported
in systems containing 1,10-phenantroline or quinoline framework where the position of the
aromatic system is not forced by the presence of a macrocyclic system, which limits their
conformational and coordination freedom!**&/ 11401 [1511-1154]

Finally, unlike the TI-N distances, the TI-S distances are longer than those previously reported for the
complex 13; observing the structural arrangement, this fact can be justified by the simultaneous

coordination of these heteroatoms towards two thallium atoms decreasing the strength and length

of these interactions. However, at the same time, thanks to this double interaction an adequate
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coordination index is established, that guarantees the stabilization of the entire structure thanks to
the support of ligands.

Finally, as in the case of the complex 14, a variation in the structural arrangement is also observed
for complex 16 by increasing the TI/L ratio. In fact, this complex display polymeric chains of [TI(L)]-
[Au(CgFs),]-Tl-)]-[Au(CgFs),] units linked via Au-Tl interactions. the Au-Tl bonds in this structure vary
from 3.0808(8) to 3.3124(8) A (see Table 22) and are similar to those observed in other related
polynuclear Au/Tl systems with unsupported metal-metal interactions (2.9078(3)- 3.3205(3) A) [155]-
(1641 | addition, looking more closely at the crystalline packaging, we can observe that the entire
polymeric system can be described as a linear Au(2)-Tl(2) chain where each thallium atom has a
further Au(1)-TI(1)-L; ramification. However, while the metallophilic interactions observed in the
polymeric system show relatively shorter distances than those encountered in the complex 14, the
TI-N, TI-O and TI-S distances are quite similar to those described previously for the molecular unit.
In addition, as shown in the complex 13, also in this case it is observed that one of the sulfur atoms

of the macrocytic unit [12]aneNS,0 acts as a bridge simultaneously coordinating the two thallium

atoms present in the crystalline structure (TI(1)-S(1) 3.1940(2); TI(2)-TI(1) 3.4339(3)).

Figure 37. Monomeric unit (up) and polymeric structure(down) of compound 16 with the labelling scheme
for the atom positions. Hydrogen atoms are omitted for clarity and ellipsoids are drawn at the 30% level.
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Table 22. Selected bond lengths [A] and angles [°] for 16.

TI(1)-Au(1)
TI(2)-Au(1)
TI(2)-Au(2)
TI(2)-Au(2)#1
Au(1)-C(1)
Au(1)-C(7)
Au(2)-C(13)
Au(2)-C(19)

Au(2)#1-TI(2)-Au(2)
Au(1)-TI(2)-Au(2)
Au(1)-TI(2)-Au(2)#1
S(2)#2-TI(1)-Au(1)
N(1)#2-TI(1)-Au(1)
N(1)#2 TI(1)-S(2)#2
N(1)#2-TI(1)-N(2)#2

3.3124(8)
3.0216(8)
3.0852(8)
3.0808(8)
2.036(15)
2.046(16)
2.019(14)
2.034(15)

146.72(2)
144.38(2)
68.593(18)
66.37(6)
98.5(3)
109.2(2)
61.9(3)

TI(2)-S(1)
TI(1)-N(1)#2
TI(1)-N(2)#2
TI(1)-S(1)
TI(1)-S(2)#2
TI(1)-0(2)

N(2)#2-TI(1)-Au(1)
N(2)#2-TI(1)-S(2)#2
TI(2)#3-Au(2)-TI(2)
C(13)-Au(2)-C(19)
TI(2)-Au(1)-TI(1)
C(1)-Au(1)-C(7)

3.4339(3)
2.684(11)
2.733(10)
3.1940(2)
3.152(3)

3.0128(2)

118.3(2)
67.4(2)
138.13(2)
174.0(5)
113.08(2)
172.8(6)

Symmetry transformations used to generate equivalent atoms:

#1-X,1/2+Y,1/2-Z; #2 +X,-1/2-Y,1/2+Z #3 1-X,-1/2+Y,1/2-Z.

Furthermore, in all the complexes m-stacking contacts can be observed between either the aromatic

fractions of Lg7 and the perfluorophenyl unit or between pentafluorophenyl rings (3.742 A for

complex 13; 3.891 and 4.014 A for complex 14; 3.625 for complex 15; 3.626 and 3.798 A for complex

16) (see Figure 38).
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c) d)

Figure 38. ni-stacking (red line) contact of complex a) 13, b) 14, c) 15, d) 16.
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2.4.4 Photophysical Properties

The absorption spectra of all the complexes were recorded in THF solutions (ca. 5 x 10 Mm).
Complexes 11-16 show a broad band at high energy that contains the high energy bands present in
the spectra of the heterometallic precursors NBus[Au(CeXs),] and [Au(CeXs),Tl], (X=F, Cl), which have
been previously assigned to m—>n* and Au->m* transitions in the bis(pentahalophenyl)gold(l)
units!*32133], Similarly, the 1,10-phenantroline and quinoline framework show a absorption band at
270 nm and 310 nm respectively, in the same energetic zone, assigned to a m—>n* or n>n*
transition, which can overlap to the intense bands due to the heterometallic precursors. On the
other hand, by looking more closely at the spectrum of the complexes 13, 14 and 15, 16, it can be
deduced that the change in stoichiometry does not affect the absorption spectrum. This indicates a
dissociative process that involves the breaking of the metallophilic interactions due to the solvation
of the different ionic species by the solvent. For this reason, these systems are generally extremely
soluble in coordinating solvents and almost totally insoluble in non-coordinating ones. The same

conclusion can be made by observing the absorption spectrum of the complexes 11 and 12.

1.5 -

complex 11
complex 12
—[Au(C.CI),TI]

—— NBu,[Au(C,Cl)]

Absorbance

0.0 T T N I !
200 250 300 350 400

A/ n.m,

Figure 39. Absorption spectra of complexes 11 and 12 and the gold precursors NBus[Au(CsCls),] and
[{Au(C¢Cls),}T1], in THF solution (C = 2.5x107 M).
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Figure 39. Absorption spectra of complexes 13 and 14 (left), 15 and 16 (right) and the gold precursors

NBu4[Au(CsFs),] and [{Au(CgFs),}Tl], in THF solution (C = 2.5x10° M).

Figure 40. Excitation and emission spectra for complex 12 (up, left), 14 (up, right), 15 (down, left) 16 (down,

right) in the solid state at RT and 77 K.
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Table 23. Photophysical properties of complexes 11-16

UV-visin THF (hm) Solid (RT) em(exc)  Solid (77K) em (exc) Tt (ns) d (%)

Complex 11 253 (e = 42333) - - - -

Complex 12 279 (e = 63333) 547 (381) 547 (406) 432 +8 30.0

Complex 13 256 (¢ = 41600) - - - -

Complex 14 257 (e = 40789) 444 (376) 459 (400) 2802 5.0

Complex 15 256 (¢ = 60326) 523(421) 523(407) 789+ 20 10.0
306 (e = 20800)

Complex 16 257 (€ = 62545) 540 (385) 501 (340) 1025 + 22 11.0
307 (g = 20454)

Due to the great structural diversity displayed by the complexes here reported, which, as we have
commented, is related to the binding properties of the ligand considered, we found very different
optical behaviours in solid state. Thus, all the complexes are luminescent in solid state at room
temperature and at 77 K, except complexes 11 and 13 which are not luminescent in solid state. Such
behaviour is probably due to the formation of the species [Tl(Ls)]” which determines the quenching
of the luminescent emission; This is an analogous behaviour observed for L4 containing the 1,10-
fentrolin unit in the macrocyclic system. Moreover, all complexes do not display luminescence in
solution, which is related to the absence or the rupture of metal-metal interactions promoted by the
coordinating solvent (THF).

Thus, complexes 12 and 14-16 display emissions in solid state between 444 and 547 nm at room
temperature, and between 459 and 547 nm when the measurements are carried out at the liquid
nitrogen temperature (77 K) (see Figure 40 and Table 23). Taking the structural data into account,
we can establish a relationship between the metal-metal distances and the emission energies for
both complexes. For example, considering the number of metallophilic interactions present in the
complexes 13 and 14, it is clear that the increase in the number of Au-Tl contacts (from a single
metallophilic interaction in the complex 13 to a TI-Au-TI-Au tetranuclear system in the complex 14)
limits the quenching mechanism caused by the coordination of phenanthroline macrocyclic system,
allowing to obtain a luminescent system that has an emission at about 444 nm (459 nm at 77K). In
addition, the luminescence of complex 14 is temperature dependent, and thus, measurements
carried out in solid state at 77 K produce a red shift of the luminescent emissions (from 444 to 459

nm) similar to the behaviour found in other homo- and hetero-polynuclear gold complexes which
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could be related to the thermal contraction that leads to a reduction in the metal-metal distances

[85),[861,188] [1601, [167L1178] | ik awise, similar behaviour can be observed by

reducing the band gap energy
comparing the photophysical properties of the complexes 15 and 16: the formation of the Au-TI
polymer chain (complex 16) leads to an decrease of the emission energy of the polyetheronuclear
system with respect to the molecular system (complex 15) thanks to the increase in the number of
Au-TI contacts.

Nevertheless, it is extremely interesting to note that, in the case of the complexes 12 and 16 the
emission energy does not depend on the temperature. This phenomenon, which is described as

[163]

luminescence rigidochromism , is not fully understood and is assigned to a substantial

dependence of the emission maxima on the environmental rigidity; it has been described in other
luminescent gold-heteropolinuclear systems [164],

Finally, In the case of complex 15, its emission spectrum shows a broad band at 540 nm at room
temperature and two bands at 77 K, one of high intensity placed at 501 nm and another one blue

shifted (at 581 nm) of lower intensity (see Figure 41).

340 501 540
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Figure 41. Excitation and emission spectra for complex 15 in the solid state at RT and 77 K.
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2.4.5 Computational Study

In view of the results obtained by photophysical measurements and X-ray structural analysis, we
performed single-point DFT calculations on simplified model systems of compounds 14-16. Owing
to the presence of different Au-Tl distances and arrangements in complexes 14-16 we built different
dinuclear or tetranuclear model to represent the different coordination environments for each TI(l)

centres (see Figure 42).

Model 14a

Model 15a Model 16a

Figure 42. Theoretical model systems [{Au(CeCls),H{Tl(Le)}{Au(CsFs),TI}] (14a) (up), [{Au(CeFs)}TI(Ls)] (15a)
(left), [{Au(CeFs) HTI(L7) HAU(CeF5),TI} (16a) (right).
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Given the large number of metal centers contained in complex 14 and the polymeric nature of the
complex 16, in both cases we have constructed tetranuclear models that adequately represent the
different metallophilic interactions present in each structure.

Thus, model 14a corresponds to the tetranuclear molecular found for complex 14, representing the
L--TI(1)---Au(l)---TI(1)---Au(l) interactions between two [Au(CeFs),]” anionic fragments and [L(TI)]", TI(1)
cationic ones. At the same time, model 16a corresponds to tetranuclear framework founds for
complex 16 which represents two different Au(l)---TI(l) interactions observed in the polymeric chain.
Only model 15a, corresponding to the dinuclear unit found for complex 15, unequivocally represent
the L---TI(I)-Au(l) interaction between the [Au(CsFs),]” anionic fragment and the [L(TI)]" cationic unit.
It is important to underline that the construction of the models used to perform DFT and TD-DFT
calculations of 14 and 16 is due to an adequate compromise between the number of considered
metallophilic interactions and computational cost to more adequately describe the origin of the
luminescence in the two complexes.

On one hand, for complexes 15 and 16 the lifetime measurements determined by the photon-
counting technique in the solid state at room temperature could indicate that the emission probably
originates from an excited state of triplet parentage and, consequently, it is tentatively assigned as
phosphorescence. On the other hand, for complex 14, given the smaller life time compared to the
other two complexes, we hypothesize a fluorescent emission process responsible for the
photophysical properties of the system.

A study of the molecular orbitals (MOs) along with a population analysis was used to check the
contribution of each atom to each occupied/lowest orbital for all models. Figures 43-45 and Tables
24-26 display the most important frontier molecular orbitals (MOs) and the population analysis of
those MOs, respectively. From these data we can anticipate the contribution of each part of the

molecule to the frontier molecular orbitals.

In the case of the tetranuclear molecular model [{Au(CsCls),{TI(Le) {Au(CeFs),TI}] 14a the population
analysis of the highest occupied MOs shows that the HOMO orbital is mainly located on the ligand
unit (49%) and the metal centers (Au/Tl 45%), while from HOMO-1 to HOMO-4 a clear main
contribution from the Cg¢Fs ligands is found with the exception of the HOMO-3 orbital whose
electronic density is mainly localized on the organic lignad (93%). On the other hand, while the
population analysis of the lowest empty orbital (LUMO) shows a main contribution from the ligand

fragment (68 %) with a small contribution from gold atoms (23 %), the LUMO+2, LUMO+3 and
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LUMO+5 orbitals are mainly located in the metallic fraction. Finally, the LUMO+1 and LUMO+4 are

mainly located on the ligand unit.

Table 24. Population analysis (%) for model systems 14a.

Model |.5 Au Tl C5F5
14a LUMO+5 17 19 47 17

LUMO+4 86 3 8 3

LUMO+3 0 17 74 9

LUMO+2 7 28 48 17

LUMO+1 92 3 4 2

LUMO 68 23 8 1

HOMO 49 16 29 6

HOMO-1 3 17 3 77

HOMO-2 0 5 1 93

HOMO-3 96 1 3 0

HOMO-4 2 20 3 75

Figure 43. Most important frontier molecular orbitals (isovalue = 0.02) for model system 14a (L=LUMO;

H=HOMO).
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A different behaviour can be observed for complex 15a in which, while the highest occupied
molecular orbital (HOMO) is mainly localized on the metal centres Au(l) and TI(l) (67 %) with a small
contribution from the ligand (28 %), the lowest empty molecular orbital (LUMO) is mainly localized
on the ligand unit. Furthermore, while occupied frontier molecular orbitals from HOMO-1 to HOMO-
4 are mostly located on CgFs” with a small contribution of Au(l), those from HOMO-5 to HOMO-10
show a mixed Au/CsFs /ligand character with a higher contribution of the L; fragment. Finally, with
the exception of the LUMO+ 1 where the electronic density is totally localized on ligand unit, from

LUMO+2 to LUMO+4 show a mixed Au/Tl character.

Table 25. Population analysis (%) for model systems 15a.

Model Orbitals Au Tl NS,0-Q CoFs
15a L+4 8 44 30 18

L+3 18 76 5 1

L+2 18 50 20 13

L+1 12 13 74 1

L 5 8 86 1

H 29 38 28 5

H-1 24 1 1 74

H-2 13 2 81

H-3 2 1 3 95

H-4 15 3 5 77

H-5 31 9 49 11

H-6 1 1 92

H-7 12 3 84 1

H-8 22 9 47 23

H-9 19 2 19 59

H-10 11 3 85 2

Model 16a shows common features with the previous model but also some differences. While the
HOMO orbital is mainly located on the Au(C¢Fs),” moiety, the LUMO orbital, as in model 15a, displays
predominantly a ligand character. The rest of occupied molecular orbitals from HOMO-1 to HOMO-
14 show a strong contribution of the CgFs unit with a smaller contribution from each metal although
some exceptions are observed (HOMO-5 and HOMO-6 show a strong contribution from metal
centers; HOMO-13 and HOMO-14 are prevailingly located on the ligand). Finally, the rest of empty
molecular orbitals from LUMO+1 to LUMO+4 show a strong contribution of Au/Tl metals with the

only exception of LUMO+2 that present a greater contribution of quinoline derivative L;.
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Figure 44. Most important frontier molecular orbitals (isovalue = 0.02) for model system 15a (L=LUMO;

H=HOMO).

Table 26. Population analysis (%) for model systems 16a.

Model Orbitals Au Tl NS,0-Q CsFs
16a L+4 22 45 17 16
L+3 22 46 21 10
L+2 17 20 61 1
L+1 27 43 7 23
L 7 13 79 1
H 21 4 0 75
H-1 61 16 9 14
H-2 4 6 0 89
H-3 3 1 1 95
H-4 17 5 4 74
H-5 24 17 4 55
H-6 24 34 22 20
H-7 8 8 15 69
H-8 7 2 9 83
H-9 20 22 43 15
H-10 9 11 38 42
H-11 12 3 27 59
H-12 12 6 10 72
H-13 14 7 77 2
H-14 11 2 84 2
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Figure 45. Most important frontier molecular orbitals (isovalue = 0.02) for model system 16a (L=LUMO;

H=HOMO).

The firsts singlet-singlet excitation energies were computed for all model systems at the TD-DFT
level of theory as described in the computational details. Since the lifetime for complexes 15 and 16
are near the microseconds range, we also computed the lowest singlet-triplet excitation at TD-DFT
level for model systems 15a and 16a. We carried out the analysis of the excitation wavelengths,
oscillator strengths, and orbitals involved in these electronic excitations, which can be related to the
origin of the luminescent behaviour observed experimentally. The results including the most
important excitations are depicted in Tables 27-29.

The TD-DFT analysis of the most important single-singlet transitions calculated for model 14a shows
that they appear between 402 and 312 nm, being the most intense singlet-singlet excitations at 332,
330 and 312 nm. The first two transitions consist of a mixture of contributions, HOMO-1->LUMO+2
and a HOMO—->LUMO+2, the third singlet-singlet excitation consists of a single contribution, in which
the electron arises from HOMO-1 and arrives to LUMO+5. Taking into account that the orbitals

involved in these transitions, we could assign the first two important electronic excitations (332 nm
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and 330 nm) to transitions between the C¢Fs or ligand unit and the Au/Tl centers; while the third
important singlet-singlet excitation is due to a pure transition between the CgFs unit and the metal
centers. The results agree well with the experimental excitation spectrum in solid state for complex

14 (See Figure 46 and Table 27).

Table 27. TD-DFT first Singlet-Singlet Excitation Calculations and Lowest Singlet-Triplet Excitations

for Model system 14a.

Model exc. Acaic (nm) f(s) contributions
14a So—>S1: 402 0.0105 HOMO->LUMO (47.5)
So2Se: 332 0.1130 HOMO(-1)->LUMO+2 (23.9)
HOMO->LUMO+2 (22.2)
So2S10: 330 0.2016 HOMO(-1)->LUMO+2 (22.9)
HOMO->LUMO+2 (23.4)
So>514: 321 0.0192 HOMO(-1)->LUMO+3 (39.5)
So2517: 317 0.0501 HOMO(-4)->LUMO+2 (40.8)
So—2S20: 312 0.1018 HOMO(-1)=>LUMO+5 (32.4)
10 complex 14
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Figure 46. Top: Experimental UV-Vis solid state absorption spectrum (black line) and TD-DFT singlet-singlet

excitations (red bars) for model systems 14a.
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In the case of models 15a and 16a which represent the complexes with the higher lifetime and a
larger Stokes’ shift (7445 and 4631 for 15 and 16 respectively) suggesting a phosphorescent process,
the first 20 singlet-singlet and the lowest singlet-triplet excitation energies were computed at the
TD-DFT level of theory. Thus, in model 15a the most intense singlet-singlet excitations appear
between 290 and 252 nm, whereas the lowest singlet-triplet excitation appears at 497 nm. Again,
these values are in agreement with the experimental absorption spectrum that shows a maximum
at 228 nm (see Figure 47). The main contributions to the most intense theoretical electronic
singlet-singlet excitation at 281 nm arise from the HOMO—->LUMO+2 transition and it is due to a
charge transfer involving the whole molecule which mainly causes an increase in the electronic
density on the thallium atom. The main contribution to the singlet-triplet excitation at 497 nm (from
HOMO-6 to LUMO) is due to an intra-ligand transition involving the quinoline framework with a
small contribution of CgFs unit. The other two less important singlet-singlet electronic transitions
(264 nm, from HOMO to LUMO+4; 252 nm, from HOMO-6 to LUMO) are due a charge transfer
transitions from the gold atom to the Cg¢Fs unit and from the CqFs fragment to the metal,
respectively. The results agree well with the experimental excitation spectrum in solid state for

complex 15 (See Figure 47 and Table 28 ).

Table 28. TD-DFT first Singlet-Singlet Excitation Calculations and Lowest Singlet-Triplet Excitations

for Model system 15a.

Model exc. Acaic (hm) f(s) contributions
15a So—=>S7: 290 0.0323 HOMO-6 - LUMO (92)
So—~>Ss: 281 0.1417 HOMO - LUMO+2 (84)
So—~>S10: 271 0.0240 HOMO-10 - LUMO (38)

HOMO-8 = LUMO (19)
HOMO-6 -> LUMO+1 (22)

So>S11: 268 0.0100 HOMO-7 = LUMO (78)
So>S1a: 264 0.0866 HOMO -> LUMO+4 (81)
So->S1a: 261 0.0258 HOMO - L UMO+3 (83)
So->S1s: 257 0.0105 HOMO-1 = LUMO+1 (73)
So->S1s: 252 0.1026 HOMO-1 = LUMO+2 (82)
So>Tu: 497 0.0000 HOMO-6 - LUMO (74)
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Figure 47. Experimental UV-Vis solid state absorption spectrum (black line) and TD-DFT singlet-singlet and

singlet- triplet excitation/s (red bars and blue bar) for model systems 15a.

Finally, the TD-DFT analysis of the most important single-singlet transitions calculated for model 16a
shows that they appear between 321 and 271 nm, being the most intense singlet-singlet excitations
at 320, 319, 283 and 279 nm. While, the first two most intense transitions consist of a mixture of
contributions, HOMO-1->LUMO+1 and a HOMO->LUMO+1, the third and the fourth singlet-singlet
excitations consist of a single contribution, in which the electron arises from HOMO-4 or HOMO-5
and arrives to LUMO+1. Taking into account the orbitals involved in these transitions, we could
assign the first two most important electronic excitations (320 an 319 nm) to transitions between
the CgFs unit or gold atoms and the Tl centers; while the third and fourth important singlet-singlet
excitation (283 and 279) is due to a pure transition between C¢Fs and the metal centers. the main
contribution to the singlet-triplet excitation at 493 nm (from HOMO-6 to LUMO) is due to a mixed
transition (from HOMO-10 or HOMO-11 to LUMO) between CgFs unit and the ligand framework. The
results agree quite well with the experimental absorption spectrum in solid state for complex 16

(See Figure 48 and Table 29).
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Table 29. TD-DFT first Singlet-Singlet Excitation Calculations and Lowest Singlet-Triplet Excitations

for Model system 16a.

Model exc. Acaic (nm) f(s) contributions
16a So—>Ss: 321 0.0268 HOMO-7 -> LUMO (27)
HOMO-4 > LUMO (41)
So—~>Se: 320 0.1385 HOMO-1 - LUMO+1 (51)
HOMO - LUMO+1 (43)
So—=>S7: 319 0.0780 HOMO-1 - LUMO+1 (40)
HOMO - LUMO+1 (54)
So—>S1s: 284 0.0168 HOMO-11 - LUMO (33)
HOMO-10 - LUMO (55)
So=>S16: 283 0.0768 HOMO-4 > LUMO+1 (86)
So->S17: 279 0.0657 HOMO-5 -> LUMO+1 (78)
So—>S1s: 274 0.0261 HOMO-14 - LUMO (45)
So>S1o: 272 0.0634 HOMO-1 -> LUMO+2 (44)
HOMO-1 -> LUMO+4 (28)
So->Sz0: 271 0.0240 HOMO-1 > LUMO+4 (39)
So>T1: 493 0.0000 HOMO-11 - LUMO (17)

HOMO-10 - LUMO (28)

Uv solid state

Excitation spectrum

I theorical singlets-singlets excitations
Il theorical singlets-triplet excitation
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Figure 48. Experimental UV-Vis solid state absorption spectrum (black line) and TD-DFT singlet-singlet and

singlet- triplet excitation/s (red bars and blue bar) for model systems 16a.
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2.4.6 Conclusions

In this part of PhD thesis, we have reported the synthesis and study of new six heteronuclear Au/TI
complexes, four of them containing Au---Tl interactions, prepared by reaction of [Au(CsFs),Tl], with
mixed-donor macrocyclic ligands (Lg, L7). The modification of the coordination properties of the
ligands by changing the donor atoms in the macrocycle or by adding methylquinoline pendant-arms,
as well as the employment of different TI/L molar ratios, lead to complexes with an increasing
nuclearity and number and/or nature of weak Au---Tl interactions as the number of donor atoms in
the ligands increases. The optical properties of these new compounds are closely related to their
structures. Thus, while the absence of luminescence of the complex 13 in the solid state is probably
due to the quenching of the 1,10-phenanthroline unit following the formation of the [TI(L¢)]"
complex cation, the luminescent properties of complex 14 have their origin in transitions between
orbitals involving the macrocyclic ligands or the pentafluorophenyl unit and the Au/Tl metals.

In contrast, In the case of complexes 15 and 16a which show the higher lifetime and a larger Stokes’
shift, phosphorescent processes are suggested. Thus, while in the model 15a the phosphorescent
emission is due to an electronic transition between the pentafluorophenyl unit and the thallium
atom, in the model 16a is due a charge transfer between the pentafluorophenyl unit and the
guinoline framework.

The justification of the photophysical properties of the complexes with a high number of metal
centers is an extremely complicated matter: the election of the suitable model that contains all the
interactions present in the molecule and at the same time is representative of the real situation of
the system synthesized system it is an interesting challenge for all computational chemists.

For this reason, the calculations related to the complex 14 and 16 (polynuclear complexes with more
than four heavy atoms) represent a possible interpretation of the fluorescent or phosphorescent
process of the synthesized molecule. In fact, if we look carefully the calculation for the model 16a
we can clearly see that the excitation falls slightly outside the real absorption spectrum of the

complex 16; this may be due both to the non-representative model of all the interactions.
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3.1 Gold(l)-silver(l) heteronuclear compounds

Given the theoretical and experimental interest generated in recent years around the existence of

(-8 and, more generally, around the interactions between gold(l) and

11]-[15
)[ I ]’

the aurophilic interaction

7H19) i particular silver(l

different metals with a closed shell electronic configuration our
group of research has developed over the years, through the use of the acid-base strategy, the
synthesis of heteropolinuclear compounds featuring unsupported interactions between gold(l) and
silver(l) by using organometallic gold compounds, such as bis(perhalophenyl)aurate (1), and silver
acid salts!*®118],

The chemistry of gold aryl derivatives is one of the topics of greatest interest in organometallic
chemistry and has given rise to the publication of several articles starting from the development of

(1911241 |y fact, over the years, it has been observed that the number of synthesized

the first synthesis
aryl derivatives has increased considerably thanks to the use of perhalophenyl groups, which
considerably increase the thermodynamic stability as well as the kinetic stability of the synthesized
compounds. Moreover, the influence of the nature of the basic gold(l) precursor used on the
structures, metallophilic interactions and optical properties of the synthesized complexes has been
widely demonstrated 251 In particular, over the years our research group has been responsible for

the synthesis of important gold(l)-silver(l) heterometallic systems through the reaction of the

Au(CeXs)* (X =Cl, F)[ZG]' 27 urate species and AgCIO4[28]'[29] (equation 1).

1) E,0
[NBuy][Au(CeXs),] + AgClOy W [Au(CX5)yAgl,is) + [NBuy]ClOg4
2%-12

Equation 1.

As shown in equation 1, the synthesis of these systems takes place in two phases: solubilization of
silver perchlorate in diethyl ether, addition of tetrabutylammonium bis(perhalophenyl)aurate and
addition of dichloromethane. The low solubility of the polymeric system synthetized in this solvent
mixture allows direct filtration of the final product with a high degree of purity. Their solid-state
structures, consisting of tetranuclear Ag,Au, units linked via unsupported Au---Au contacts, make
them very interesting from a photophysical point of view since their optical properties are strongly
affected by the presence of small organic molecules and can even act as volatile organic

compounds sensors®%.
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In addition, the indicated compounds are able to react with different N-, O- or S-donor ligands,
forming derivatives in which the ligands are coordinated at the silver(l) centres. As already seen in
the previous chapter for gold(l)-thallium(l) heterometallic systems, also in this case, the steric
characteristics of the ligands, as well as the presence of different donor atoms can play a
fundamental role in the modification of the structural arrangements as well as in the photophysical
properties of the resulting systems. For example, crown thioethers with a variety of numbers of S-
donor atoms have been useful in the synthesis of many coordination compounds featuring a
diversity of metal centres BUB7 such ligands can form stable and inert compounds with a great
variety of transition metal ions, in which the metal centre is sometimes forced to adopt uncommon

[38]

coordination geometries and/or oxidation states”'. A detailed inspection of the coordination

chemistry of p-block ¥V and d'° transition metal ions &4

with crown thioethers is still an open
area of research and include some silver(l) complexes with crown thioethers that have been
structurally characterized, such as [Ag([9]aneSs)2]Is B3 and [Ag([24]aneSg )(CF3S03),(MeCN);] o (6l
571 1n the crystal structure of the cation [Ag([9]aneSs),]" two [9]aneS; molecules are facially bound
to the silver(l) centre imposing an octahedral coordination environment to the metal. In addition,
the unusual trinuclear silver(l) complex cation [Ags([9]aneSs)s]** incorporates bridging thioether
ligands, and the metal ions exhibit a highly distorted tetrahedral coordination environment provided
by four S donors®®. Taking all the above into account, in 2014, our research group published a paper
where the effect of the different dimensionality of crown thioethers on both, the structural
properties and on the spectroscopic properties of complexes containing heterometallic Au(l)-Ag(l)

interactions,[sgl

was studied. Thanks to the development of this project, the following steps have
been laid: to evaluate not only how the cavity size of macrocycles can influence the properties of
synthesized systems, but also to evaluate how the possible change of donor atoms can play a
decisive role in the synthesis of the different heterometallic complexes. Taking into account the
study previously performed in the first part of this Thesis we decided to study the reactivity of the
heterometallic polymeric compound [{Au(CsXs).}Ag], (X = F, CI) with N,S,0-mixed-donor crown

ethers in order to synthesize a new class of compounds containing Au(l)-Ag(l) metallophilic

interactions (see Figure 1).
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Figure 1. N,S,0-mixed-donor crown ethers used.

In this case, we wanted to evaluate how the three macrocycle systems with the same cavity size but
different type of donor atoms (O, S, N) can influence both the structural properties and the optical

properties of the synthetized heterometallic systems featuring Au(l)-Ag(l) interactions.

3.2 N,S,0-mixed-donor crown ligand ethers (L;-L3)

3.2.1 Synthesis and characterization

We have studied the reactivity of basic gold(l) species of the type [Au(C¢Xs),]™ (X = Cl, F) with silver(l)
perchlorate in the presence of N,S,0-mixed-donor, such as [12]aneNSs (L1), [12]aneN,S; (L), or
[12]aneNS,0 (Ls). The modifications in the aryl group and/or in the N,S,0-donor ligand influence
both, the number of intermetallic interactions and their strength and, consequently, compounds
with different solid state structures and optical properties are obtained. By reaction of the
polymetallic chain compound [{Au(CeCls),}Ag], in the appropriate molar ratio with the N,S,0-mixed-
donor crown ethers L; or L, in tetrahydrofuran (THF), the heteronuclear gold/silver complexes
[{Au(CeCls),HAg(L1)}] (17) or [{Au(CeCls),{Ag(L2)}] (18) are obtained in good yields as white solids
(see Scheme 1). Moreover, by reaction of the polymetallic chain compound [{Au(CsCls),}Ag],, with L3
by modifying the reaction conditions (reaction time) two structure isomers ([{Au(CsCls)}{Ag(Ls3)}]
(19) or [{Au(CeCls),}{Ag(Ls)}2 (20)) were obtained (see Scheme 2). They feature the same L/Ag
stoichiometry but different metallophilic interactions, which strongly influence also the
photophysical properties of the synthesized devices.

The substitution of the chlorine atoms of the aryl groups by fluorine does not affect the
stoichiometry of the resulting compounds and so, when [{Au(CsFs),}Ag], is treated with the
corresponding macrocyclic ligand in tetrahydrofuran (THF), regardless of the molar ratio of the
starting reagents, the species [{Au(CeFs),HAg(L1)}> (21), [{Au(CeFs) H{Ag(L2}] (22) or
[{Au(CsFs)21{Ag(L3)}] (23) (Schemes 1 and 2) are obtained as white/yellow solids. All the complexes

are stable to air and moisture for long periods of time at room temperature (see Schemes 1,2).
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Complexes 19-23 are soluble in O-donor solvents such as THF or acetone, partially soluble in

dichloromethane or acetonitrile, and insoluble in hexane or diethyl ether, while 17 and 18 are nearly
insoluble in all the solvents we tested. Moreover, the elemental analyses and spectroscopic data of
the obtained complexes are in accordance with the proposed stoichiometries (see Experimental
Section).

The presence of the [Au(CeFs),]” fragment in 21-23 is evident in their YF NMR spectra, which
resemble that of the precursor complex NBus[Au(CeFs),], and seem to indicate that a dissociative

process giving rise to aurate(l) anions and silver(l) cations takes place in solution.

[{Au(CqCls)HAg(L1)}1(17) [{Au(C4Cls)2HAg(L>)}11(18)

[{Au(CeFs),{Ag(L1)}]12(21) [{Au(CeFs), H{Ag(L,)}1(22)

Scheme 1.

148



Chapter 3. Gold(l)-Silver(l) heteronuclear compounds _

Scheme 2.
Regarding the NMR spectrum of all the complexes, they all show proton resonances very similar to
the chemical shifts observed for the free ligands. Therefore, the coordination of the macrocyclic
ligands to silver(l) does not significantly affect the position of the resonances observed in their H
NMR spectra, nor does the dissociative process affect the N,S-donor molecules. Thus, the 'H NMR
spectra of 17 and 21 display two multiplets at 2.66-2.73 and 2.80 ppm (17), or at 2.69-2.73 and at
2.75-2.78 ppm (21), with 1:3 relative integrations, corresponding to the hydrogen atoms of the
methylene groups adjacent to nitrogen or to sulphur donors, respectively. In the 'H NMR spectra
of 18 and 22, two multiplets, at 2.62-2.65 and 2.68-2.70 ppm (18, 22), respectively, with 1:1 relative
integrations, due to the protons of the methylene groups bonded to the N or S atoms of the ring,
appear. Finally, in the 'H NMR spectra of the other three products (19, 20, 23), we can see two
multiplets at 2.75-2.92 and 3.58 ppm (19), 2.73-2.98 and 3.58 ppm (20) and at 2.72-2.90 and 3.58
ppm (23), with 1:3 relative integrations, due to the protons of the methylene groups bonded to the

N,S or O atoms of the ring, respectively.
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About their mass spectra (MALDI(-)), the compound synthesised display a peak due to the unit

[{Au(CeXs)2}2TI™ at m/z = 1497 (17-20) or 1168 (21-21), or a signal corresponding to [Au(CeXs),]™ at
m/z = 695 (17-20) or 531 (21-23), the latter appearing as parent peak in all cases. In their MALDI(+)
mass spectra, peaks due to the fragment [Ag(L)]" peaks appears at m/z = 331 (17, 21) or 312-313
(18-20, 22 and 23), showing experimental isotopic distributions in agreement with the theoretical
ones. Their IR spectra show, among others, absorptions arising from the CeFs-*” and CeCls-1*Y groups
bonded to gold(l) at approximately 1500, 950 and 780 cm™, or about 834 and 614 cm ™", respectively.
Finally, the molar conductivity measurements of the six complexes in acetone agree with a
dissociative process in solution, showing values corresponding to uni-univalent electrolytes (see

Experimental).
3.2.2 X-ray structural determinations

Single crystals suitable for X-ray diffraction studies were obtained by slow diffusion of n-hexane

Into a saturated solution of the complexes in tetrahydrofurane (complexes 17, 18, 20-23) or toluene
(complex 19). Unfortunately, the low quality of some crystals has made it difficult to determine the
crystalline structure, even if there is no doubt about the structural arrangement of all the
synthesized systems. Tables 1-7 show the most important distances and angles present in the crystal
structures. The structures obtained for all complexes recall those obtained for the Au/Tl or Au/Ag
systems supported by crown ethers (591621, probably the coordinative abilities of the macrocycles
used are similar to the systems considered in previous works. In particular, the three dinuclear
complexes 17-19 contain [Au(CesCls),]™ units connected to the silver(l) atom of the cationic [Ag(L)]"
fragments via unsupported Au(l)---Ag(l) interactions (see Figure 2). In addition, the silver(l) center
participates in a weak Ag-:-C interaction with the ipso carbon atom of one of the perchlorophenyl
rings bonded to gold(l). Thus, in all of them, the gold(l) centers of the bis(aryl)aurate(l) units are
almost linearly coordinated. In fact, the maximum deviation from linearity for the C-Au-C angle of
6.1° occurs in (18), showing typical Au-C distances that range from 2.01(3) to 2.152(13) A.
Nevertheless, there are little differences between them, due to the nature of the macrocyclic ligand
bonded to silver, which influence the distance of Ag---Ci,s interactions, as well as the Au-Ag
distances. In fact, a lengthening of the Au-Ag distance, as well as of the Ag-Ciys, distance is observed
from the L; to the L3 macrocyclic system (see Tables 1-3). This may be due to the ability of the
different macrocycles to interact with the metal centre, which affects the distance of the weak

interactions.
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Figure 2. Crystal structures of 17 (left), 18 (middle) and 19 (right) with the labelling scheme adopted for the atom
positions. Hydrogen atoms and any solvent molecules are omitted for clarity, and ellipsoids (17, 18) are drawn at the

30% level. For the complex 19 the disorder present in the molecule prevents the anisotropization of the system.

Table 1. Selected bond lengths [A] and angles [°] for 17.

Au(1)-Ag(1) 2.789(2) Ag(1)-N(1) 2.45(2)
Ag(1)-C(7) 2.530(19) Ag(1)-S(1) 2.659(8)
Au(1)-C(1) 2.04(2) Ag(1)-S(2) 2.632(8)
Au(1)-C(7) 2.098(11) Ag(1)-S(3) 2.654(8)
C(1)-Au(1)-C(7) 178.4(10) N(1)-Ag(1)-S(3) 79.4(6)
S(2)-Ag(1)-5(1) 82.5(3) N(1)-Ag(1)-S(1) 80.1(6)
S(3)-Ag(1)-5(1) 137.3(3) N(1)-Ag(1)-S(2) 129.1(6)
5(2)-Ag(1)-S(3) 82.0(3) S(1)-Ag(1)-Au(1) 97.27(18)
N(1)-Ag(1)-Au(1) 86.8(6) 5(2)-Ag(1)-Au(1) 142.94(19)
S(3)-Ag(1)-Au(1) 118.46(19)
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Table 2. Selected bond lengths [A] and angles [°] for 18.

Au(1)-Ag(1) 2.806(3) Ag(1)-N(1) 2.45(4)
Ag(1)-C(1) 2.67(3) Ag(1)-N(2) 2.45(4)
Au(1)-C(1) 2.05(3) Ag(1)-S(1) 2.649(13)
Au(1)-C(7) 2.03(4) Ag(1)-S(2) 2.644(12)
C(7)-Au(1)-C(1) 173.9(15) N(1)-Ag(1)-C(1) 138.7(12)
C(1)-Au(1)-Ag(1) 64.4(7) S(2)-Ag(1)-C(1) 110.7(8)
N(2)-Ag(1)-N(1) 118.9(12) S(1)-Ag(1)-C(1) 110.6(8)
N(2)-Ag(1)-S(2) 78.2(9) N(2)-Ag(1)-Au(1) 140.5(9)
N(1)-Ag(1)-S(2) 78.2(8) N(1)-Ag(1)-Au(1) 97.6(9)
N(2)-Ag(1)-S(1) 81.1(8) S(2)-Ag(1)-Au(1) 127.0(3)
N(1)-Ag(1)-S(1) 79.3(9) S(1)-Ag(1)-Au(1) 92.2(3)
S(2)-Ag(1)-S(1) 136.8(4) C(1)-Ag(1)-Au(1) 43.9(7)
N(2)-Ag(1)-C(1) 102.4(10)
Table 3. Selected bond lengths [A] and angles [°] for 19
Au(1)-Ag(1) 2.806(3) Ag(1)-N(1) 2.35(2)
Ag(1)-C(7) 2.691(18) Ag(1)-S(1) 2.566(8)
Au(1)-C(1) 2.01(3) Ag(1)-S(2) 2.587(8)
Au(1)-C(7) 2.152(13)
C(1)-Au(1)-Ag(1) 119.6(8) S(1)-Ag(1)-C(7) 108.1(4)
C(1)-Au(1)-C(7) 176.2(9) S(2)-Ag(1)-Au(1) 109.14(19)
C(1)-Au(1)-0(2) 104.9(12) S(2)-Ag(1)-C(7) 109.2(4)
C(7)-Au(1)-Ag(1) 64.2(5) N(1)-Ag(1)-Au(1) 138.9(5)
0(2)-Au(1)-Ag(1) 135.5(9) N(1)-Ag(1)-S(1) 81.3(5)
0(2)-Au(1)-C(7) 71.3(11) N(1)-Ag(1)-S(2) 81.5(5)
S(1)-Ag(1)-Au(1) 107.97(19) N(1)-Ag(1)-C(7) 92.9(6)
S(1)-Ag(1)-S(2) 139.4(2)
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The intermetallic distances within the cations are different depending on the macrocyclic ligand

employed (see Tables 1-3), showing a Au-Ag distances of 2.789(2) A in the [12]aneNSs; (L;) derivative
17, shorter than those observed in the [12]aneN,S; (L,) complex 18 (2.806(3) A), or [12]aneNS,0 (Ls)
complex 19 (2.806(3) A). These distances are intermediate among those found in the related
complexes of crown thioethers (Au-Ag: 3.0763(4), 2.7501(2) and 2.6772(3) A) 591 Furthermore, the
Ag---Cjpso contacts in 17-19 are intermediate compared to those found in other complexes in which
the [Au(CeXs)2] units interacts with the silver(l) centers through both Au---Ag and Ag---Cips, contacts
(Ag:--C distances vary from 2.422(4) in [AuzAgz(CSCI2F3)4(THF)z]n[GS] to 2.707(18) A in [Au,Ag,(4-
CeFal)a(THF)2]a])."*”

The Ag-N and Ag-S bond lengths in complexes 17-19 lie within the ranges 2.35(2)-2.45(4) and

2.566(8)-2.659(8) A, respectively, found for Ag-S and Ag-N distances in other silver complexes

containing similar systems as ([9—oxo—[12]aneNS;;)(Ag)]z[CF3503]2[63] [(9-oxo-
[12]aneNS3)Ag],[CF3S0s], [(N—acylurea—[12]aneN53])Ag][NO3][64], [(N-(Benzyloxycarbonyl)-
[12]aneNS;)Ag][NO5]®, [(N-(pyridylmethyl)-[12]aneNS;)Ag][PFe] [(N-(pyridylmethyl)-

[12]aneNS,0)Ag][PFs]® and [(N-CH,CONH-tBu)-[12]aneNS;)Ag][NO]®™). In complex 19, as well as
in all other complexes containing Ls, the conformation of the macrocycle and the Ag-O distance
excludes the coordination of this heteroatom to the metallic centre.

The reaction between the macrocyclic system Lz and the [Au(CsCls),Ag], polymeric complex leads to
the formation of two structural isomers: the complex 19, whose structural arrangement has been
described previously, and the complex 20. The latter can be described as a tetranuclear system,
which shows a linear or pseudolinear Ag-Au-Au-Ag arrangement (see Figure 3); the different
structural arrangement with respect to the isomer 19 is due to the lack of the Ag-Ciys, interaction
and to the formation of a new Au-Au interaction. Moreover, during the X-ray structural resolution
process a disorder of the metal centres was observed due to the different possible structural
positions of the macrocycle, which determines the presence of two asymmetric units within the
same system (part A and part B) crystal, which differ mainly in the Au-Ag, Au-S and Au-N distances.
Despite the difficulties due to the resolution of the disorder within the system, it can be clearly
observed that the Au-Ag distances in the complex 20 (2.664(11) and 2.790(4) A) are smaller than
those found in the structural isomer 19. Moreover, in this case we can observe an Au-Au distance
much shorter than those described in the literature for [{Au(CeFs).}Ag([14]aneSs)] (591, Finally, the

distances Ag-N and Ag-S are very similar to those previously described in the three binuclear
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complexes 17-19 and in this case there is no coordination for the oxygen atom to the silver metal

centre.

Figure 3. Asymmetric units A (left) and B (right) of crystal structures of 20. Hydrogen atoms molecules and

any solvent molecule are omitted for clarity, and ellipsoids are drawn at the 30% level.

Table 4. Selected bond lengths [A] and angles [°] for 20

C(1)-Au(1)
C(7)-Au(1)
Au(1)-Ag(1)B
Au(1)-Ag(1)A
S(1)-Ag(1)B
Au(1)-Au(1)

C(1)-Au(1)-C(7)
S(1)-Ag(1)-Au(1)
5(2)-Ag(1)-Au(1)
S(2)-Ag(1)-S(1)
S2-Ag(1)A-Au(1)
N(1)A-Ag1A-Aul

2.041(5)
2.046(5)
2.790(4)
2.664(11)
2.627(5)
3.3852(2)

175.32(17)
97.01(14)
116.52(16)
131.0(2)
120.0(3)
94.8(9)

S(1)-Ag(1)A
S(2)-Ag(1)B
S(2)-Ag(1)A
Ag(1)-N(1)B
N(1)A-Ag(1)A

N(1)B-Ag(1)-Au(1)
N(1)B-Ag(1)-S(1)
N(1)B-Ag(1)-5(2)
S(1)-Ag(1)A-5(2)
S(1)-Ag(1)A-N(1)A
N(1)A-Ag(1)A-S(2)

2.531(8)
2.580(5)
2.612(8)
2.425(7)
2.57(3)

156.8(3)
81.07(18)
80.24(18)
134.2(3)
84.1(7)
77.0(6)

The substitution of chlorine by fluorine atoms in the aryl groups bonded to gold(l) leads to small

differences in the crystal structures of the resulting complexes 21-23.
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In complex 21, the crystal structure can be described as a tetranuclear system with an almost linear

Ag-Au-Au-Ag arrangement very similar to those encountered for the complex 20 (see Figure 4);
while the Au-Au distance (3.2633(4) A) is smaller than that previously discussed. The Au-Ag distance
(2.7459(5) A) is intermediate between those found in the two asymmetric units of the complex 20.
The main difference observed in this structure is the presence of Ag-Cj,s, contacts, which stabilize
the entire system. Furthermore, the Ag---Cjps, contact in 21 is longer than that found in all complexes
described above (see Table 5).

Complex 21 shows Ag-S distances of 2.652(2), 2.666(2) and 2.714(2) A that lie within the range of
Ag-S distances [2.503(2)-2.9605(7) A] found for other silver complexes containing L,.[3H87 The Ag-
N bond length of 2.476(6) A found in 21 is shorter than those in related complexes [2.485(4)-
2.709(9)A] as ([9-ox0-[12]aneNS;)(Ag)]2[CF3S03],®¥ [(9-ox0-[12]aneNSs)Ag][CF3SOs], [(N-acylurea-
[12]aneN53])Ag][N03][64], [(N-(Benzyloxycarbonyl)-[12]aneNS;)Ag][NO;]"®*), [(N-(pyridylmethyl)-
[12]aneNSs)Ag][PF®®,  [(N-(pyridylmethyl)-[12]aneNS,0)Ag][PF]™®® and [(N-CH,CONH-tBu)-
[12]aneNS3)Ag][NO5]"®").

Figure 4. Crystal structures of 21. Hydrogen atoms molecules and any solvent molecule are omitted for

clarity, and ellipsoids are drawn at the 30% level.
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Table 5. Selected bond lengths [A] and angles [°] for 21.

Au(1)-Ag(1) 2.7459(5) Ag(1)-N(1)
Au(1)-Au(1)#1 3.2633(4) Ag(1)-S(1)
Ag(1)-C(1) 2.7498(58) Ag(1)-S(2)
Au-C(1) 2.057(6) Ag(1)-S(3)
Au-C(7) 2.044(6)

Ag(1)-Au(1)-Au(1)#1  170.135(17) S(1)-Ag(1)-5(3)
C(7)-Au-C(1) 173.8(2) 5(2)-Ag-S(3)
N(1)-Ag-S(1) 77.17(14) N(1)-Ag(1)-Au(1)
N(1)-Ag-S(2) 125.47(14) S(1)-Ag(1)-Au(1)
N(1)-Ag-S(3) 79.10(15) 5(2)-Ag(1)-Au(1)
S(1)-Ag(1)-5(2) 80.61(7) S(3)-Ag(1)-Au(1)

2.476(6)
2.714(2)
2.666(2)
2.652(2)

134.81(6)
82.75(8)
95.61(13)
93.51(4)
135.11(5)
126.76(5)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+1,-z+1

As previously mentioned, attempts to solve the disorder of some structures prevented the correct
evaluation of various interactions, despite the unequivocal nature of the structure obtained. In fact,
attempts to determine with accuracy the crystal structure of complex 22 were unsuccessful,
although there is no doubt about the overall molecular structure, which shows a dinuclear Au/Ag
discrete molecule with a [Au(CeFs),]” unit connected to a [Ag(Li)]" cation through an Au--Ag
interaction reinforced by a Ag--Cjpso contact (see Figure 6 and Table 6). In this structure, the
macrocyclic ligand L, binds the silver(l) atom through all its donor atoms and no Au(l):-Au(l)

interaction is detected, thus displaying the same unusual disposition previously observed in

[{Au(CeCls),}Ag([14]aneS,)].>”!
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Figure 5. Representative scheme of complex 22.

Table 6. Selected bond lengths [A] and angles [°] for 22.

Au(1)-Ag(1) 2.763(5) Ag(1)-N(1)
Ag(1)-C(1) 2.673(19) Ag(1)-N(2)
Au(1)-C(1) 2.068(7) Ag(1)-S(1)
Au(1)-C(7) 2.30(3) Ag(1)-S(2)
C(1)-Au(1)-C(7) 129.7(11) N(2)-Ag(1)-S(1)
C(1)-Au(1)-Ag(1) 65.4(5) N(2)-Ag(1)-5(2)
N(1)-Ag(1)-S(1) 85.8(9) N(1)-Ag(1)-Au(1)
N(1)-Ag(1)-N(2) 118.5(12) N(2)-Ag(1)-Au(1)
S(1)-Ag(1)-5(2) 136.0(5) S(1)-Ag(1)-Au(1)
N(1)-Ag(1)-5(2) 72.6(10) 5(2)-Ag(1)-Au(1)

2.49(4)
2.46(4)
2.592(16)
2.622(16)

77.709)
79.8(9)
138.0(7)
92.5(9)
130.8(5)
87.3(4)

Despite the unequivocal nature of the structural arrangement, the restriction parameters used for

the structural resolution of the system do not allow us to make a comparison with the bond

distances of the previous complexes obtained.

Finally, exactly as observed in the synthesis of complex 19, the reaction between L; and the

[Au(CsFs),Ag], polymeric chain leads to the formation of the heteronuclear complex 23 where Au-

Ag and Ag-Cjs, interactions can be observed (see Figure 6 and Table 7) . The main difference was

found during the structural resolution, since in the unit cell there are two binuclear units with
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slightly different Au-Ag and Au-Cjps, distances. Thus, while in both units, the Au-Ag distances are

shorter than those encountered in the complex 19, the Ag-Cj,s, distances are longer than those
observed previously. The distances Ag-N (2.405 (12) -2.430 (15) A) and Ag-S (2.492(4)-2.589(5) A)
are very similar to those described in the previously commented systems, and to some related
systems [Ag(L)]" as ([9-oxo-[12]aneNSs)(Ag)]>[CF3S05],'®, [(9-oxo-[12]aneNS;)Ag].[CF3SOs]a [(N-
acyIurea—[lZ]aneNS3])Ag][N03][64], [(N-(Benzyloxycarbonyl)-[12]aneNS;)Ag][NO;]"®*, [(N-(pyridylmethyl)-
[12]aneNS;)AglPF6®®,  [(N-(pyridylmethyl)-[12]aneNS,0)Ag][PFs]®®, and  [(N-CH,CONH-tBu)-
[12]aneNS3)Ag][NOs]'®"Y), previously published.

Figure 6. Crystal structures of 23. Hydrogen atoms molecules and any solvent molecule are omitted for clarity, and

ellipsoids are drawn at the 30% level.
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Table 7. Selected bond lengths [A] and angles [°] for 23.

Au(1)-Ag(1)
Au(1)-C(1)
Au(1)-C(7)
Ag(1)-5(1)
Ag(1)-5(2)
Ag(1)-N(1)

C(1)-Au(1)-C(7)
S(1)-Ag(1)-Au(1)
$(2)-Ag(1)-Au(1)
S(2)-Ag(1)-S(1)
N(1)-Ag(1)-Au(1)
N(1)-Ag(1)-5(1)
N(1)-Ag(1)-5(2)

2.7069(11)
2.029(12)
2.063(13)
2.573(4)
2.501(3)
2.405(12)

178.6(5)
93.79(9)
121.69(8)
137.87(12)
139.4(3)
82.1(3)
83.8(3)

Au(2)-Ag(2)
Au(2)-C(21)
Au(2)-C(27)
Ag(2)-N(2)
Ag(2)-S(3)
Ag(2)-S(4)

C(27)-Au(2)-C(21)
N(2)-Ag(2)-Au(2)
S(3)-Ag(2)-Au(2)
S(4)-Ag(2)-Au(2)
N(2)-Ag(2)-S(3)
N(2)-Ag(2)-S(4)
S(4)-Ag(2)-S(3)

2.7247(13)
2.052(15)
2.033(15)
2.430(15)
2.589(5)
2.492(4)

177.1(6)
106.9(4)
95.24(11)
130.34(11)
82.6(4)
80.0(4)
134.18(15)

Furthermore, in the tetranuclear complexes 20 and 21, m-stacking contacts can be observed

between the aromatic moieties of the perfluorophenyl aurate units, which give further stability to

the structures (3.661 and 3.648 A for complex 20 and 21, respectively) (see Figure 7).

Figure 7. mt-stacking (red line) contact in complex 20 (left) and 21 (right).
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3.2.3 Spectroscopic properties

According to the high energy of the absorptions as well as to the similarity of the spectra registered
for complexes 17-20 and the precursors NBus[Au(CsCls),] (which displays bands at 242 and 298 nm),
[Au(CsCls),Ag], (which displays bands at 235,256 and 303 nm) (Figure 8), it is tentatively possible to
assign the band observed to mt* or Au=>mt* transitions involving the pentachlorophenyl rings. These
assignments have been also described in other polymeric complexes built by acid/basic reactions
(metal saIts/bisperhaIophenylgold(I)).[lsl'[m]’m] Nevertheless, in the case of the high-energy
absorptions the possibility of a n—=>c* transition in the N,S,0-mixed-donor ligands cannot be ruled

out, since these ligands show an absorption at 234 nm of less intensity at similar concentrations.

1.5 -

Complex 17
Complex 18
Complex 19
Complex 20
— [Au(CF,),Ag]
— NBu,[Au(CCl,),]

1.0 -

0.5

Absorbance

0.0

I I ! ’ |
250 300 350 400

A/n.m.
Figure 8. Absorption spectra of complex 17-20 and the gold precursors NBuy[Au(CsCls),] and [{Au(CsCls),}Ag],

in THF solution (C=2.5 x 10° M).

In contrast to this behaviour, in the case of the pentafluorophenyl derivatives 21-23, the spectra
show some differences with respect to those of the precursors NBus[Au(CgFs)2] or [{Au(CsFs).}Ag]n
(Figure 9). While complexes 21 and 22 display a band at 246 and 253 nm, respectively, complex 23
shows a band at 269 nm; the latter is slightly red shifted compared to those of the two precursors.
In all cases, the rest of the absorptions observed for the two precursors appear in the spectra, and

the assignations can be the same as those made for the compounds 17-20.
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Figure 9. Absorption spectra of complex 21-23 and the gold precursors NBus[Au(CeFs),] and [{Au(CeFs),}Ag],

in THF solution (C=2.5 x 10° M).

Despite the numerous reactions carried out, the little structural variety observed in the seven
complexes obtained (17-23) is reflected in the optical responses when the complexes are irradiated
with UV light in the solid state. All complexes display a strong blue luminescence (between 442 and
472 nm) with the exception of complex 20 which shows an emission at about 500 nm (green), both
at room temperature and at 77K (see Table 8-9 and Figures 10-11). None of them is emissive when
they are irradiated in solution, probably due to the dissociation of the counterparts in solution, as
suggested by the mass spectra and the conductivity measurements.

Thus, complexes 17-19 show a decrease in emission energy (from 463 to 442 nm) as a function of
the increase in the Au-Ag distances (from 2.789(2) in complex 17 to 2.806(3) Ain complexes 18,19)
and, consequently, in the Ag-Cips, distances (from 2,530(19) in complex 17 to 2.67(3) Ain complex
18 and 2,691(18) Ain complex 19). It can be observed a red shift of the emission energy in the
complex 20, probably due to the presence of the aurophilic interaction, which causes a greater

stabilization of the system.
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Fig. 10. Excitation and emission spectra for complexes 17(a), 18(b), 19(c) and 20(d) in the solid state
at RT and 77 K.

Table 8. Photophysical properties of complexes 17-20.

UV-visin THF (nm) Solid (RT) em(exc)  Solid (77K) em (exc) Tt (ns) d (%)

Complex 17 241 (e = 30400) 463 (362) 472 (363) 2082 + 11 7.5
297 (e = 13200)

Complex 18 241 (e = 34400) 461 (369) 461 (369) 1942 + 78 5.2
288 (e = 12000)

Complex 19 242 (e =36000) 442 (323) 458 (351) 892 +21 7
292 (e =12200)

Complex 20 247 (e = 36000) 501 (405) 496 (360) 1020+ 13 5.8
297 (e = 14454)
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On the other hand, in the fluorinated derivatives (complexes 21-23) it is difficult to make a
correlation between the metal-metal distances and the increase or decrease of the emission
energies for the different systems. The different nuclearity of complex 21, the disorder encountered
in the crystal structure of the complex 22, and the two structurally similar units but with different

Au/Ag distances found in the complex 23 make difficult to correctly interpret the behaviour of these

systems.
352 364 447
10 441
— 77K
——RT
0,8
3 o6
=
2 04
[
2
=
0,24
0,0
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Fig. 11. Excitation and emission spectra for complexes 21(left), 22(right) and 23(down) in the solid

state at RT and 77 K.
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Table 9. Photophysical properties of complexes 21-23.

UV-visin THF (nm) Solid (RT) em(exc)  Solid (77K) em (exc) Tt (ns) d (%)
Complex 21 250 (¢ =21790) 447 (364) 441 (352) 670+ 10 4
Complex 22 248 (e = 22545) 453 (272) 453 (355) 350 £ 32 24
Complex 23 267 (e =22545) 441 (352) 441 (352) 720+ 1 5

Finally, while in some compounds the lowering of the temperature causes a very slight increase of
the emission energy (complexes 20 and 21), in others (complexes 17 and 19) a red-shift of the
emission band is observed. The bathochromic effect is commonly due to a contraction of the
crystalline system, which causes a decrease in the energy difference between the frontier orbitals.
Moreover, in the complexes 18, 21 and 22 it is observed that the temperature variation does not
influence the emission energy of the compounds (rigidochromism). It is curious that the systems
containing L, show this behaviour both in the Au/Ag complexes as well as in the Au/Tl complexes
(see Chapter 2). Probably the symmetry of this ligand and the interactions with the metallic center
have a strong influence on the structural rigidity of the system.

In addition to all said previously, in the case of compound 19 a peculiar behaviour is observed since
when it is subjected to a slight pressure with a spatula in a mortar, a change in the colour of its
luminescence occurs. This phenomenon is called Mechanochromism and is defined as a change in
luminescence in response to a mechanical stimulus such as grinding or crushing that can induce
either phase transitions in solid state or chemical transformations. This phenomenon is better

[16],[72]-174] However, in recent

known in organic compounds such as dyes, liquid crystals and polymers
years, the study of this phenomenon in organometallic compounds has increased, having been
described in complexes that present metals such as Zn(ll), Pt(Il), Ag(l), Cu(l), Al(lll) and Ir(III)[75], as

78] 'in which this behaviour is normally related to

well as in mono- and bi-nuclear gold complexes
the formation or rupture of intermolecular metallic contacts, n-it interactions between rings, or
changes in molecular conformation.

In this way, when the crystalline compound 19 is ground in a mortar, a strong change in its emission
can be observed, from white to green. As shown in Figure 12, the broadband emission at 442 nm
(black line) corresponding to the crystalline species disappears completely, and a narrower band

appears centered at 517 nm (grey line). This mechanical stimulus causes a displacement of the

emission band of 75 nm (3281.6 cm™).
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Figure 12. Emission spectra of compound 19 at room temperature, before (black) and after (red) grinding of

complex 19. Images show the luminescence before (right) and after (right) grinding of complex 19.
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In order to give an explanation to this fact, a powder X-ray diffraction spectroscopy study was
carried out on this system(see Figure 13). From these diffractograms it can be observed that before
and after the grinding of the samples, the patterns are identical, which allows us to rule out
processes of phase changes. The appreciable widening of the bands in the spectrum of the
derivatives subjected to pressure is consistent with a certain degree of partial amorphization.
Therefore, we propose that the change in observed luminescence is due to a partial interconversion

between the crystalline phase and an amorphous phase.

20

Figure 13. X-ray powder diffraction patterns of compound 19 before pressing (black) and then (red).

However, despite the similar structural characteristics, the complexes 17 and 18 did not show the
same mechanochromic properties observed for the complex 19 (see Figure 14). In these cases the
application of a pressure to the microcrystalline systems causes a simple enlargement of the band
following the structural deformations that the system undergoes, but without changing the
maximum emission band. If we look more closely at the structures of the three complexes analysed,
it can be found that the greatest difference, in addition to the larger distances Ag-Au and Ag-Cipso,
resides in the relative position of the perchlorophenyl rings; in complexes 17 and 18 the aromatic
rings turn out to be parallel to each other, while in complex 20 are perpendicular. This fact probably
influences the rigidity of the structural system, which together with the amorphization of the system

under pressure, causes a drastic reduction in the emission energy.
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Figure 14. Emission spectra of compounds 17 (left) and 18 (right) at room temperature, before (black) and

after (red) grinding of complexes.
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3.2.4 Computational Study

In order to give an explanation to the observed optical behaviour, a theoretical study has been
carried out, which allows qualitatively to interpret the luminescent properties, comparing the
results with those obtained experimentally. In order to try to establish the contribution of the
different orbitals and atoms in to the electronic transitions, we carried out Density Functional
Theory (DFT) and Time-Dependent Density Functional Theory (TD-DFT) calculations on some of the
crystalline structures obtained experimentally (Figure 15).

Given the problems related to the structural disorder present in the complexes 17-19, which
represent relatively similar structures, we decided to perform the calculations based on the system
with better structural parameters that allow us more accurately to describe the reality of the
system. For this reason, the [{Au(CsCls),}{L1(Ag)} binuclear model 17a featuring a Au(l)---Ag(l)
interaction and representative of the complex 17, was chosen to explain the luminescent properties
of complexes 17-19.

As commented above, the crystalline structure of complex 20 shows disorder in both the ligand and
the silver centre. For this reason, according to the position of the unit [Ag(Ls)]", model 20a was
constructed to interpret the photophysical properties of the complex. Thus, model 20a corresponds
to the tetranuclear neutral system found in complex 20, which represents the Au(l)-:-Ag(l) and
Au(l)---Au(l) interactions between one [Au(CeCls),]” anionic fragment and one [Ag(Ls)]" complex
cation, or between two [Au(Ce¢Cls),]” anionic fragments. However, despite the attempts made to
interpret the properties of this tetranuclear system, it was impossible to obtain results that
adequately interpret the photophysical properties of the system. Probably this is due to the high
disorder present in the crystalline structure.

Finally, models 21a, 22a and 23a represent the different crystalline structures of the fluorinated
derivatives 21-23. In the three models we can observe the different Au(l)---Ag(l) and Au(l)---Au(l)
interactions present in the respective complexes. A study of the molecular orbitals (MOs) along with
a population analysis was used to check the contribution of each atom to each occupied orbital for
all the models (see Tables 10-14 and Figure 16-19). From these data, we can anticipate the
contribution of each part of the molecule to the orbitals involved in the transitions responsible for

the photophysical properties.
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Model 17a Model 22a Model 23a

Model 20a Model 21a

Figure 15. Theoretical model systems [{Au(CsCls),}{Ag(L1)}] (17a), [{Au(CeCls)}TI(L3)], (20a), [{Au(CeFs)}Ag(L1)],
(21a), [{Au(CeFs)HAg(L2)}H (22a) and [{Au(CeFs)HAg(Ls)} (23a).
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In the case of the binuclear neutral model [{Au(CeCls).}{Ag(L1)}] 17a, while the highest occupied

molecular orbital (HOMO) displays a mixed character with predominant Au/Ag contributions, the
lowest empty molecular orbital is mainly localized on the perchlorophenyl unit (59 %). The rest of
occupied frontier molecular orbitals are mostly located on the perchlorophenyl rings (>60 %) with
the exception of the orbital HOMO-3 that presents a mixed metals/ligand contribution. In contrast,
the rest of lower frontier molecular orbitals are mainly localized on the gold/silver framework (see

Table 10 and Figure 16).

Table 10. Population analysis (%) for model system 17a.

Model Orbital L Au Ag CeCls
17a L+2 1 40 37 22
L+1 2 28 68 2
L 7 12 22 59
H 19 43 13 26
H-1 6 29 4 61
H-2 1 2 1 97
H-3 52 18 22 8
H-4 3 3 5 89
H-5 12 3 8 77

Figure 16. Most important frontier molecular orbitals (isovalue = 0.02) for model system 17a (L=LUMO;

H=HOMO).
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Regarding the fluorinated derivatives, the dinuclear model [{Au(CeFs),}{Ag(L1)}]2 (21a) shows a high

degree of mixing in the contributions from each part of the molecule to the frontier molecular
orbitals HOMO and LUMO, which are mostly located on the [Au(CsFs),]” unit (69 and 67%
respectively), but with an important contribution from the [Ag(L,)]" fragment (see Table 11 and

Figure 17).

Table 11. Population analysis (%) for model system 21a.

Model Orbital Au Ag CsFs L

21a L+4 52 30 2 9
L+3 38 16 4 25
L 34 23 33 6
H 51 19 18 10
H-2 6 27 3 43
H-3 7 26 3 39
H-4 33 4 61 1
H-8 3 3 91 1
H-10 25 13 55 3

Figure 17. Most important frontier molecular orbitals (isovalue = 0.02) for model system 21a (L=LUMO;

H=HOMO).

In the case of the dinuclear model [{Au(CsFs).H{Ag(L2)}] (22a), the lowest unoccupied molecular
orbitals LUMO, LUMO+1 and LUMO+2 are delocalized along the whole molecule. The highest
occupied molecular orbital HOMO it is mostly located on the [Ag(L1)]* fragment, meanwhile HOMO-
1 and HOMO-2 are delocalized on the whole molecule with a main contribution from the ligands

(see Table 12 and Figure 18).
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Table 12. Population analysis (%) for model system 22a.

Model Orbital Au Ag CoFs L

22a L+5 13 35 30 22
L+4 31 37 20 13
L+3 12 70 2 16
L+2 30 35 27 8
L+1 1 41 19 38
L 5 28 32 35
H 8 20 2 70
H-1 16 14 31 39
H-2 23 7 44 26
H-3 11 5 18 67
H-4 16 17 40 27

Figure 18. Most important frontier molecular orbitals (isovalue = 0.02) for model system 22a (L=LUMO;

H=HOMO).

172



Chapter 3. Gold(l)-Silver(l) heteronuclear compounds _

A similar situation can also be observed for the dinuclear model [{Au(CsFs).H{Ag(Ls)}] (23a), where

the frontier molecular orbitals HOMO and LUMO present a mixed contribution from the
[Ag(Ls)]/CsFs moieties with a lower contribution from gold. Furthermore, the lowest unoccupied
molecular orbitals (LUMOs) as well as the highest occupied molecular orbitals (HOMOs) shows a
high degree of mixing in the contributions from each part of the molecule with some exceptions

(HOMO-6, HOMO-3 and LUMO+1) (see Table 13 and Figure 19).

Table 13. Population analysis (%) for model system 23a

model Au Ag L CsFs

23a L+2 17 36 40 8
L+1 1 86 12 1
L 12 39 14 35
H 15 20 25 40
H-1 27 23 44 5
H-2 24 17 24 35
H-3 1 1 1 97
H-4 14 13 35 37
H-5 12 10 28 50
H-6 8 8 13 71
H-7 56 18 16 10

Figure 19. Most important frontier molecular orbitals (isovalue = 0.02) for model system 23a (L=LUMO;

H=HOMO).
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The first 20 singlet-singlet excitation energies were computed for all model systems at the TD-DFT
level of theory as described in the computational details. Since the lifetime for complexes 17, 21
and 23 is near the microseconds range, we also computed the lowest singlet-triplet excitation at
TD-DFT level for model systems 17a, 21a and 23a. We carried out the analysis of the excitation
wavelengths, oscillator strengths, and orbitals involved in these electronic excitations, which can be
related to the origin of the luminescent behaviour observed experimentally. The results including
the most important excitations are depicted in Tables 14-17 and Figures 20-23.

The TD-DFT analysis of the most important single-singlet transitions calculated for model 17a shows
that they appear between 330 and 259 nm, being the most intense singlet-singlet excitations at 330,
297 and 291 nm, whereas the lowest singlet-triplet excitation appears at 451 nm. The two most
intense singlet-single excitations consist of a mixture of contributions, HOMO-3->LUMO and a
HOMO-1->LUMO; taking into account the orbitals involved in these transitions, we could assign
these electronic excitations to internal transitions between the [Ag(L;)] unit and the C¢Cls framework
or between the metals centers. Finally, the singlet-singlet electronic transition at 330 nm as well as
the lowest singlet-triplet excitation at 451 nm are due to a pure transition HOMO->LUMO which
leads to a transfer of the L/Au electronic density towards the CgCls units. These values are in
agreement with the experimental excitation spectrum that shows a maximum at 250 nm (see Figure

20).

Table 14. TD-DFT first Singlet-Singlet Excitation Calculations and Lowest Singlet-Triplet Excitations for the

Model system 17a.

Model exc. Acaic (nm) f(s) contributions
17a So=>S1 330 0.0705 HOMO ->LUMO(45)
So—=25S; 297 0.1853 HOMO-3 -LUMO(17)
HOMO-1 >LUMO(26)
So=>Ss3 291 0.1257 HOMO-3 -LUMO(31)
HOMO-1 >LUMO(16)
So=>Ss3 265 0.0101 HOMO-1 -LUMO+2(19)
So2S10 259 0.0158 HOMO-5 - LUMO(18)
So—>T1 451 0.0000 HOMO ->LUMO(15)

174



Chapter 3. Gold(l)-Silver(l) heteronuclear compounds _

10 Uv solid state
| I theoretical singlet-singlet excitations
B theoretical singlet-triplet excitation
0.8
AR
[¢}]
Q 3
c
©
-e 0.4
(@]
72} .
0
<
0.2
0.0 T |I T T T T T T |
200 300 400 500 600

A/ n.m.,

Figure 20. Experimental UV-Vis solid state absorption spectrum (black line) TD-DFT singlet-singlet (red

bars) and singlet-triplet excitations (blue bar) for model systems 17a.

In the case of model 21a, which show the highest lifetime and the largest Stokes’ shift, suggesting a
phosphorescent process, the first 20 singlet-singlet and the lowest singlet-triplet excitation energies
were computed at the TD-DFT level of theory. Thus, the most intense singlet-singlet excitations
appear between 333 and 251 nm, whereas the lowest singlet-triplet excitation appears at 392 nm.
Again, these values are in agreement with the experimental excitation spectrum that shows a
maximum at 257 nm and a low-energy shoulder at ca. 325 nm (see Figure 21). The main
contributions to the most intense theoretical electronic singlet-singlet excitation at 333 nm and the
main contribution to the singlet-triplet excitation at 392 nm arise from the HOMO->LUMO transition
in both cases. In view of the character of the MOs involved in these contributions, we could assign
the origin of the emissive behavior for complex 21 to an internal transition within the [Au(CgFs),]
units, with a small contribution of a charge transfer from the [Au(CsFs),] fragment to the [Ag(L2)]"
one, due to the presence of the Au(l)---Ag(l) metallophilic interaction (see Table 15). This is in
accordance with the results obtained in previous studies in which the computed TD-DFT results for
the tetranuclear model [{Au(CeFs)2}Ag([9]aneSs),], displayed a similar assignment for the electronic

excitations responsible for the optical behaviour observed experimentally®?.
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Table 15. TD-DFT first Singlet-Singlet Excitation Calculations and Lowest Singlet-Triplet Excitations

for Model system 21a.

Model exc. Acaic (nm) f(s) contributions

21a So—=>S1 333 0.5308 HOMO->LUMO(98)
So—2S2 282 0.2658 HOMO(-4)->LUMO (97)
So—>S3 257 0.0241 HOMO(-8)->LUMO (86)
So—=>S4 253 0.0351 HOMO(-10)-> LUMO (46)
So—>Ss 251 0.0118 HOMO(-10)->LUMO (30)

HOMO(-3)->LUMO+3 (16)
HOMO(-2)->LUMO+4 (15)
So—2T1 392 0.0000 HOMO->LUMO (63)
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Figure 21. Experimental UV-Vis solid state absorption spectrum (black line) TD-DFT singlet-singlet (red

bars) and singlet-triplet excitations (blue bar) for model systems 21a.

The TD-DFT analysis of the most important single-singlet transitions calculated for model 22a shows
that they appear between 345 and 248 nm, being the most intense singlet-singlet excitations at 301,
284 and 272 nm. The first one consists of a mixture of contributions, HOMO-1->LUMO and a HOMO-
1->LUMO+1, the second singlet-singlet excitation is also a mixture of contributions, in which the
electron arises from HOMO-2, HOMO-1, and HOMO and arrives to LUMO+2 or LUMO; and the third
one is an excitation between HOMO-2 and LUMO+1 orbitals. Taking into account that the orbitals
involved in these transitions are distributed along the whole molecular arrangement and that the

contribution from the [Ag(L1)]" unit is the highest in all cases except in HOMO-2 (33%), we could
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assign these electronic excitations to internal transitions within the [Ag(Li)]" unit with a small

contribution of a charge transfer between the aurate(l) fragment and the [Ag(L1)]" one, due to the
presence of the Au(l)---Ag(l) metallophilic interaction. These results agree well with the experimental

excitation spectrum in solid state for complex 22 (See Figure 22 and Table 16).

Table 16. TD-DFT first Singlet-Singlet Excitation Calculations and Lowest Singlet-Triplet Excitations

for Model system 22a.

Model exc. Acaic (nm) f(s) contributions
22a So—=>S1 345 0.0186 HOMO->LUMO (61)
HOMO->LUMO+1 (34)
So—2S2 321 0.0220 HOMO->LUMO (31)
HOMO->LUMO+1 (55)
So—>S3 316 0.0115 HOMO-1-LUMO (57)
So—>S4 301 0.0673 HOMO-1-LUMO (17)
HOMO-1->LUMO+1 (63)
So—>Ss 285 0.0415 HOMO-3->LUMO (18)
HOMO-2->LUMO (25)
So—=>Se 284 0.0604 HOMO-2-LUMO (36)

HOMO-1->LUMO+2 (20)
HOMO->LUMO+2 (31)
So2S7 283 0.0171 HOMO-3->LUMO (20)
HOMO-2->LUMO (15)
HOMO->LUMO+2 (39)

So>Ss 278 0.0147 HOMO-1->LUMO+2 (48)
So>So 272 0.0634 HOMO-2->LUMO+1 (66)
So=>S10 265 0.0350 HOMO-4->LUMO (37)
So>S11 262 0.0110 HOMO-4->LUMO (17)
HOMO-3->LUMO+1 (32)
So->S1 261 0.0173 HOMO->LUMO+3 (61)
So->S13 251 0.0227 HOMO->LUMO+4 (18)
So>S14 248 0.0258 HOMO->LUMO+5 (80)

Finally, the TD-DFT analysis of model 23a shows that the most important singlet-singlet excitations
are between 276 and 227 nm, being the most intense singlet-singlet excitations at 275, 270 and 261
nm, whereas the lowest singlet-triplet excitation appears at 363.5 nm. The most intense singlet-
singlet excitation at 261 nm consists of pure contributions from HOMO-2->LUMO excitation; these
electronic excitations can be proposed as charge transfer transitions between the metal centers
(from gold to silver). The other two more intense singlet-singlet transitions (276 and 270 nm) are

due to electronic transitions, which involve an increase in the electronic density on silver; the same
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behaviour is shown by the lowest singlet-triplet excitation (from HOMO to LUMO) which is due to a

transition involving the whole molecule (see Table 17 and Figure 23).

complex 22
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Figure 22. Experimental UV-Vis solid state absorption spectrum (black line) and TD-DFT singlet-singlet (red

bars) for model systems 22a.

Table 17. TD-DFT first Singlet-Singlet Excitation Calculations and Lowest Singlet-Triplet Excitations

for Model system 23a.

Model exc. Acaic (nm) f (s)

So=>S1 276 0.1222 HOMO->LUMO (43)
So=>S2 270 0.1743 HOMO-1->LUMO (46)
So=>S3 261 0.1874 HOMO-2->LUMO (42)
So=>S4 249 0.0445 HOMO-4-LUMO (30)
So=>Ss 248 0.0197 HOMO - LUMO+2 (34)
So=>Ss 245 0.0138 HOMO-5 > LUMO (27)
So=>S12 231 0.0240 HOMO-7 - LUMO (35)
So=>S14 227 0.0314 HOMO-6 - LUMO (39)
So—~>T1 363 0.0000 HOMO - LUMO (23)
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Figure 23. Experimental UV-Vis solid state absorption spectrum (black line), TD-DFT singlet-singlet (red

bars) and singlet-triplet excitations (blue bar) for model systems 23a.

3.2.5 Conclusions

The use of the macrocyclic ligands Li-Lz in the reaction with the [{Au(CeXs)2}Ag], (X = F, Cl) polymeric
compounds allows the generation of luminescent systems containing different metallophilic
interactions, which display different structural arrangements, such as the [Ag(l)---Au(l)] binuclear
disposition observed for complexes 17-19, 22, 23 and the [Ag(l)---Au(l)---Au(l)---Ag(l)] tetranuclear
disposition for complexes 20 and 21. Furthermore, unlike the compounds synthesized with the Au/TI
interactions (complex 1-6) for which the photophysical proprieties are directly correlated to the
Au(I)-TI(l) arrangements, the computational studies of binuclear systems (complexes 17-19, 22, 23)
show that the luminescent properties mainly arise from the whole molecule, whereas in the
tetranuclear systems 21, the macrocyclic ligands serve as a support for the whole structural system
arising the luminescence from the metals. Finally, particularly interesting is the fact that complex 19
is the only system that presents mechanochromic properties; in spite of the structural similarity with
complexes 17 and 18, this is the only system that presents a variation of the luminescent emission
on changing the pressure. This allows us to evaluate how even small differences in the ligands can

generate large variations in the photophysical properties of the obtained heteronuclear systems.
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3.3 Organic ligands with different ring size cavity and donor atoms (L;-Ls)

3.3.1 Introduction

Following the research line commented in the previous paragraph, we continue analysing the ligand
influence on the structural properties and the spectral properties of complexes featuring Au-Ag
interactions.

As reflected in the results obtained through the use of macrocyclic systems L;-Ls, it is obvious that
the different nature of the organic ligand plays a key role. In fact, from the synthesis of the
complexes 17-19, we observed that, despite the structural similarities among the three complex
systems, only the complex 19 has mechanochromic properties; this shows how small differences in
the organic ligand (exchange of a donor atom) can generate substantial differences in the
photophysical properties of the synthesized heteronuclear systems.

Taking into account these general considerations, exactly as we shown in the previous chapter, we
have decided to synthesize new complexes containing heterometallic Au/Ag interactions exploiting
the different coordination ability of different macrocyclic derivatives. In particular, we decided to
study the reactivity of the ligands L and Ls (see Figure 24) with the heterometallic compounds
[{Au(CeXs)2}Ag]l, to consider the possibility to obtain new materials with different structural
arrangements (from discrete units of different nature to polymeric systems) and different

luminescent proprieties.

Figure 24. N,S-mixed-donor macrocyclic ligand.

The 1,10-phenanthroline unit contained in the macrocyclic system Ly is a classic chelating bidentate
ligand for transition metal ions that has played an important role in the development of
coordination chemistry 77791 1 particular, the functionalization of this unit, or its introduction into
more complicated systems has been used by many investigative groups for different purposes. For

example, the coordination chemistry of the 1,10-phenanthroline (phen) derivatives has been
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. In particular, some O/N coordinating systems form stable

examined in several studies®®

complexes with a variety of metal ions. The solution chemistry of its transition-metal complexes has
been extensively studied®. In addition, the silver(l) ion is regarded as an extremely soft acid that
favours coordinating to soft bases such as ligands containing N donor centers. Silver(l) complexes
with these soft ligands give rise to an interesting array of stereochemistry and geometric
configurations with one-dimensional (1D) chains and two- (2D) and three-dimensional (3D)
networks®"84 The final structures and frameworks of these complexes may well depend on a
variety of factors such as the ligand structure and the nature of the anions! #1881,

Moreover, due to its superb ability to coordinate many metal ions, phen and its derivatives are

frequently used in many processes involving metal complexes in which they can be featured in many

9] [90]

roles; for example, as ligands for catalysis,[8 or as stabilizing agents for nanoparticle synthesis.
1,10-Phenanthroline derivatives have been used as important heterocyclic ligands for a large
number of metal complexes that play an important role in a variety of important technological and

medicinal applications; for example, promising applications in the field of electroluminescent

[91]-[94] ]

materials , organic light-emitting devices (OLED),[95] organic semiconductors,”® or as chemical

nucleases and therapeutic agents, due to their ability to bind or interact with the DNA
biomacromolecule.?7100],

In the same way as already mentioned in chapter 1, the macrocyclic system 1,4,7-triazacyclononane
(Ls) has been widely used for its coordinating proprieties as for its potential applications[loll'[loz].
Taking into account the obtained results so far, we decided to study the reactivity of the
heterometallic compounds [{Au(CsXs),}Ag], with Ly and Ls. Using this type of ligands, it was possible
to obtain new materials with different structural arrangements (from discrete units of different
nature to polymeric systems) and photophysical proprieties. In fact, the size of the macrocyclic
system, the number and variety of donor atoms or the variation of halogen atoms in the aryl moiety

of the aurate donor can play a determining role both in the structural arrangement and in the optical

properties of the obtained heterometallic complexes.
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3.3.2 Synthesis and characterization

Continuing with the synthetic scheme followed in chapter 1 for the compounds that present Au-TI
interactions, and in order to check if the change of thallium with silver can influence the properties
of the resulting complexes, we proposed the synthesis of compounds 24-27 with a metal/ligand
reaction molar ratio of 1:1. Initially, Ly and Ls were added to a solution of [{Au(CeXs),2}Ag], in THF, at
room temperature. Subsequently, the solvent was partially removed under reduced pressure and
the addition of n-hexane led to the precipitation of the compounds 24-27 (scheme 3). The
substitution of chlorine with fluorine atoms in the aryl groups does not affect the stoichiometry of
the resulting compounds, although it modifies their structural features. Scheme 3 shows the
stoichiometries of the compounds obtained from the reactions between the ligands and the
Au(l)/Ag(l) precursors. Only complexes 25 and 27 (synthesized with Ls) are luminescent in the solid
state, while the compounds synthetized with Ly do not show any emission at room temperature or
at low temperature. All the compounds are insoluble in dichloromethane, acetonitrile and diethyl
ether, although they appear to be soluble in O-donor solvents. However, the solubility of the

chlorinated compounds is lower than the solubility of the fluorinated complexes.

[{Au(CeCls),HAg(L4)11(24) [{Au(CeCls).HAg(Ls)H (25)

[{Au(CeFs),{Ag(Ls)1][Au(CeFs),] (26) [{Au(CeFs).{Ag(Ls)}{Au(CgFs),] (27)

Scheme 3.
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The F-NMR spectra of the complexes 26 and 27 show the presence of the [Au(CsFs),]” fragment,

which resembles that of the precursor complex NBus[Au(CeFs),]. This seems to indicate that a
dissociative process giving rise to aurate(l) anions and thallium(l) cations takes place in solution.
Thus, in derivatives 26 and 27, the flourine atoms in meta and para positions are located at
167.3(26), 164.5(27) and 166.0(26), 159.6(27), respectively, while those in orto positions at
117.1(26), 113.7(27).

As observed for the thallium(l) complexes, the '"H-NMR spectrum of 24-27 show a significant
modification in the chemical shifts as compared to those of the free ligands. This fact means that
the coordination of the macrocyclic ligands to silver significantly affect the position of the
resonances observed in their '"H NMR spectra. Thus, the "H-NMR spectra of 24 and 26 display a
multiple signal at 2.51-2.64 ppm and a singlet at 4.48, 4.44 ppm, respectively, with 1:2 relative
integrations, corresponding to the hydrogen atoms of the methylene groups adjacent to nitrogen
or to sulphur atoms. Furthermore, three groups of aromatic signals can be observed due to the
presence of the 1,10-phenanthroline unit, which shows chemical shifts at 7.64, 7.90, 8.36 and 7.71,
7.93, 8.42 for the complexes 24 and 26, respectively. In the "H-NMR spectra of 25 and 27 a strong
broadening of the signals due to the coordination of the macrocyclic system to the metal centre is
observed. Both complexes show signals between 2.67-2.91 or 2.67-2.80 for 25 and 27, respectively.
Their elemental analyses and spectroscopic data are in accordance with the proposed
stoichiometries (see Experimental Section). Their IR spectra show, among others, absorptions
arising from the CeFs® and CeCls® groups bonded to gold(l) at approximately 1500, 950 and 780
cm™?, or about 834 and 614 cm ™, respectively.

Considering the mass spectra MALDI(-), the compound synthesised display a peak due to the unit
[{Au(CeXs)2}.TI at m/z = 1498 (24, 25) or 1168 (26, 27, or a signal corresponding to [Au(CeXs),]™ at
m/z = 695 (24, 25) or 531 (26, 27), the latter appearing as parent peak in all cases. In their MALDI(+)
mass spectra, peaks due to the fragment [Ag(L)]" appear at m/z = 448 (24, 26) or 242 (25, 27),
showing experimental isotopic distributions in agreement with the theoretical ones. Finally, the
molar conductivity measurements of the four complexes in acetone agree with a dissociative

process in solution, showing values corresponding to uni-univalent electrolytes (see Experimental).
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3.3.3 X-ray crystal structure determinations

In the process of crystallization by diffusion of n-hexane in saturated solutions of 24-27 in THF, single
crystals suitable for the X-ray diffraction analysis were obtained. The crystal structures of 24 and 26,
with the same macrocyclic ligand bonded to silver(l), show different structural arrangements; while
complex 24 consists of a binuclear [{Au(CsCls),}{Ag(Ls)}] neutral molecule with an unsupported
Au/Ag interaction (see Figure 25 (left) and Table 18). The crystalline structure of complex 26 shows
a structural disposition that consists of a trinuclear [{Au(CsFs),}{Ag(Ls)},]" cation having a L-Ag-Au-
Ag-L trinuclear disposition and a [Au(CeFs),] fragment as counter-ion (see Figure 25 (right) and Table

19).

Figure 25. Crystal structures of 24 (left) and 25 (right) with the labelling scheme adopted for the atom positions.

Hydrogen atoms and any solvent molecules are omitted for clarity and ellipsoids are drawn at the 30% level.

The intermetallic distances in the compounds are different depending on the perhalophenyl groups
in the aurate moiety and on the structural arrangements. In fact, the compounds containing the
macrocyclic system Ls (complexes 24 and 26) show a Au-Ag distance of 2.8432(4) A, slightly shorter
than that of 2.9597(12) A observed in the perchlorophenyl complex. Moreover, both Au(l)-Ag(l)
distances are very similar to those observed in the related Au/Ag compounds with crown thioethers
as ([{Au(CeCls):1aAga([241aness)] =7, [{Au(CeFs);}Aga([24]aneSs)] " or
[{Au(CsFs)2}Ag([9]aneSs)]) ™).
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Each gold atom appears linearly coordinated to two pentahalophenyl groups, displaying normal Au-

C bond lengths of 2.051(12) and 2.008(13) A in 24, and of 2.049(5) for both distances in 26.

The aliphatic Ag-N bond distances are quite similar in the crystal structures of 24 and 26, with values
of 2.474(12), 2.420(11) A in 24 and 2.512(4) A in 26. Furthermore, the Ag-N distances involving the
1,10-phenatroline unit in compounds 24 and 26 fall within the range of distances reported in the
literature for related systems (from 2.238(32)[103] to 2.560(22) A[lo‘”) in ({{[Ag(L1)os(phen)](BF4):
(H20)0s} ™ [Aga(phen),(CHsCN),](Cl04),™%) ) [Ag(phen),(CHsCN),](BF4),"), and similar to those of
the complex [(N—methyl—2,8—dithia[9],(2,9)—1,10—phenanthroIinophane)Ag(I)][BF4][105].

Finally, while the Ag-N distances involving the aliphatic portion of the macrocyclic system in 24 and
26 (2.499(14) A (24); 2.577(4) A (26)) are intermediate to those described for the silver(l)
derivatives with cyclic N- or N,S-donor ligands [2.485(4)-2.709(9) A]'**"5”). The Ag-S bonds (2.682(4),
2.709(4) A for 24; 2.6576(13), 2.7155(13) A for 26) are very similar to those found for the silver
complexes such as [Ag(N—acyIurea—[lZ]aneNS3)][N03][64], [Ag(N-(Benzyloxycarbonyl)-[12]aneNS;)][NO;] "),
[Ag(N-(pyridylmethyl)-[12]aneNSs)][PFe)®®, [Ag(N-(pyridylmethyl)-[12]aneNS,0)][PFs]®® and  [Ag(N-
CH,CONH-tBu)-[12]aneNSs)][NO;]'®"".

Table 18. Selected bond lengths [A] and angles [°] for 24-C4H3O.

Au(1)-Ag(1) 2.9597(12) Ag(1)-N(1) 2.499(14)
Au(1)-C(1) 2.051(12) Ag(1)-N(2) 2.474(12)
Au(1)-C(7) 2.008(13) Ag(1)-N(3) 2.420(11)
Ag(1)-S(1) 2.709(4)

Ag(1)-5(2) 2.682(4)

C(7)-Au(1)-C(1) 176.8(5) N(2)-Ag(1)-5(2) 73.0(3)
N(1)-Ag(1)-N(3) 118.0(4) N(3)-Ag(1)-5(2) 138.9(3)
N(1)-Ag(1)-N(2) 127.5(5) S(2)-Ag(1)-S(1) 146.24(14)
N(2)-Ag(1)-N(3) 67.2(4) N(1)-Ag(1)-Au(1) 112.0(3)
N(1)-Ag(1)-S(1) 74.3(4) N(2)-Ag(1)-Au(1) 113.3(3)
N(2)-Ag(1)-S(1) 140.4(3) N(3)-Ag(1)-Au(1) 110.9(2)
N(3)-Ag(1)-S(1) 73.3(3) S(1)-Ag(1)-Au(1) 77.99(8)
N(1)-Ag(1)-5(2) 79.0(3) S(2)-Ag(1)-Au(1) 93.44(9)
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Table 19. Selected bond lengths [A] and angles [°] for 26.

Au(1)-Ag(1) 2.8432(4) Ag(1)-N(1) 2.512(4)
Au(1)-Ag(1)#2 2.8432(4) Ag(1)-N(2) 2.512(4)
Au(1)-C(1) 2.049(5) Ag(1)-N(3) 2.577(4)
Au(1)-C(11) 2.049(5) Ag(1)-S(2) 2.6576(13)
Au(2)-C(1)#1 2.049(5) Ag(1)-S(1) 2.7155(13)
Au(2)-C(11)#2 2.049(5)

C(1)#1-Au(1)-C(1) 180.000(1) N(2)-Ag(1)-5(2) 73.09(10)
C(11)#2-Au(2)-C(11) 180.0(2) N(3)-Ag(1)-5(2) 76.12(10)
C(11)#2-Au(2)-Ag(1)#2  110.52(13) N(1)-Ag(1)-S(1) 72.45(10)
C(11)-Au(2)-Ag(1)#2 69.48(13) N(2)-Ag(1)-S(1) 134.76(9)
C(11)#2-Au(2)-Ag(1) 69.48(13) N(3)-Ag(1)-S(1) 72.73(10)
C(11)-Au(2)-Ag(1) 110.52(13) S(2)-Ag(1)-5(1) 138.86(4)
Ag(1)#2-Au(2)-Ag(1) 180.0 N(1)-Ag(1)-Au(2) 107.28(9)
N(1)-Ag(1)-N(2) 65.76(13) N(2)-Ag(1)-Au(2) 126.28(9)
N(1)-Ag(1)-N(3) 95.22(13) N(3)-Ag(1)-Au(2) 138.86(9)
N(2)-Ag(1)-N(3) 94.15(13) 5(2)-Ag(1)-Au(2) 106.06(3)
N(1)-Ag(1)-S(2) 137.22(10) S(1)-Ag(1)-Au(2) 81.70(3)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y,-z+2 #2 -x+1,-y,-z+1

Although the four crystal structures contain similar, [Au(CeXs)2]” and [Ag(L)]" units, the substitution
of the ligands determines significant differences in the fluoride derivatives. Thus, while the
crystalline structure of the complex 25 shows a structural disposition similar to complex 24 (see
Figure 26 and Table 20) (which consist in a binuclear [{Au(CeCls),{Ag(Ls)}] neutral molecule with an
unsupported Au/Ag interaction), complex 27 consist of a novel not linear trinuclear arrangement in
which two [Ag(Ls)]" units interact with a [Au(CeFs)2] unit by Ag--Au and Ag---Cips, interactions. A
[Au(CgFs),]” fragment which interact by an Au---Au interaction balances the charge (see Figures 27
and Table 21). The peculiarity of this structure lies in the unprecedented double Ag:--Ciss, interaction

from the same [Au(CeFs),] fragment and the silver atoms of the two [Ag(Ls)]" units.

186



Chapter 3. Gold(l)-Silver(l) heteronuclear compounds _

Figure 26. Crystal structures of 26 with the labelling scheme adopted for the atom positions. Hydrogen atoms

and any solvent molecules are omitted for clarity and ellipsoids are drawn at the 30% level. #1 -x+1,-y,-z+2

#2 -x+1,-y,-z+1.

Table 20. Selected bond lengths [A] and angles [°] for 25.

Au(1)-Ag(1)
Ag(1)-C(1)
Au(1)-C(1)
Au(1)-C(7)

C(1)-Au(1)-C(7)

C(1)-Au(1)-Ag(1)
C(7)-Au(1)-Ag(1)
N(1)-Ag(1)-Au(1)
N(2)-Ag(1)-Au(1)

2.6915(4)
2.398(4)
2.081(4)
2.035(4)

176.62(17)
58.68(12)

124.70(13)
142.92(10)
129.07(10)

Ag(1)-N(1)
Ag(1)-N(2)
Ag(1)-N(3)

N(1)-Ag(1)-N(2)
N(2)-Ag(1)-N(3)
N(3)-Ag(1)-Au(1)
N(3)-Ag(1)-N(1)

2.429(4)
2.365(4)
2.386(4)

74.40(14)
76.05(14)
133.09(10)
74.99(14)
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b)

Figure 27. a) Trinuclear [{Au(C¢Fs).HAg(Ls)}.]" and b) tetranuclear [{Au(CgFs),HAg(Ls)}1[Au(CeFs).] fragment
of crystal structure 27 with the labelling scheme adopted for the atom positions. Hydrogen atoms and any

solvent molecules are omitted for clarity and ellipsoids are drawn at the 30% level. 1# 1-x,+y,1/2-z.
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Table 21. Selected bond lengths [A] and angles [°] for 27.

Au(1)-Ag(1) 2.7331(9) Ag(1)-N(1) 2.324(8)
Au(1)-Au(2) 3.4023(3) Ag(1)-N(2) 2.411(8)
Au(1)-Ag(1)#1 2.7330(9) Ag(1)-N(3) 2.464(8)
Au(1)-C(1)#1 2.087(10) Ag(1)-C(1)#1 2.359(9)
Au(1)-C(1) 2.087(10)

Ag(1)#1-Au(1)-Ag(1)  110.33(4) N(1)-Ag(1)-N(2) 75.5(3)
C(1)-Au(1)-Ag(1)#1 56.7(3) N(1)-Ag(1)-N(3) 74.8(3)
C(1)#1-Au(1)-Ag(1) 56.7(3) N(1)-Ag(1)-C(1)#1 166.1(3)
C(1)-Au(1)-Ag(1) 124.3(3) N(2)-Ag(1)-Au(1) 164.79(19)
C(1)#1-Au(1)-Ag(1)#1  124.3(3) N(2)-Ag(1)-N(3) 73.2(3)
C(1)#1-Au(1)-C(1) 178.6(5) N(3)-Ag(1)-Au(1) 106.93(19)
N(1)-Ag(1)-Au(1) 119.49(19)

Symmetry transformations used to generate equivalent atoms:1# 1-X,+Y,1/2-Z

In contrast to the intermetallic distances observed within the phenanthroline complexes (24 and
26), the Au(l)-Ag(l) distance observed in complexes 25 and 27 are shorter in the perchlorophenyl
derivative (2.6915(4) A in 25) than in the perfluorophenyl derivative (2.7331(9) A in 27).
Furthermore, while complex 25 shows a structural arrangement similar to that observed for the
complexes 17-19 (binuclear Au/Ag system with Ag-Ci,s, interaction (2.398 (4) A), complex 27 shows
an unprecedented structural arrangement. In it, each silver(l) center participates in a weak Ag---C
interaction with a ipso carbon atoms from the same [Au(CgFs)2]” unit (see Figure 26) which is shorter
(2.359(9) A) than those found in other complexes in which [Au(CeXs),] units interacts with silver(l)
centers through both Au--Ag and Ag:-Cips, contacts (Ag---C distances vary from 2.422(4) A in
[Au2Ag>(CsClaF3)a(THF),1. %8 to 2.707(18) A in [AusAgy(4-CeFal)a(THF):1.1.1°! Finally, the Ag-N
distances in both complexes 25 and 27 (from 2.324(8) to 2.464(8) A) are similar to those observed
in other complexes containing [Ag(Ls)]" fragment or related systems as [Ag(tris-(N-methylciano)-
[9]aneN3)][N03][1°7], [Agz(tris—(N—methyIciano)—[9]aneN3)][PF6]2[1°8] [Ag(tris-(N-methyl)-
[91aneNs)][NOs] .
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3.3.4 Photophysical Properties

As already noted for the 1,10-phenantroline macrocyclic complexes 7 and 9 containing Au-TI
metallophilic interactions, the presence of Au-Ag metallophilic interactions in complexes 24 and 26
does not affect the photophysical properties of the synthesized complexes; despite the presence of
metallophilic interactions the complexes do not show solid-state luminescence. However, it is
shown in the literature that macrocyclic systems similar to Ly exhibit an emission band in solution
at about 336 nm and they are used as ON-OFF sensors for different metal ions ™. For this reason,
as for the thallium complexes (see chapter 2), we have investigated the reason for the absence of
luminescence in the solid state and the possible quenching mechanism for the synthesized
complexes by studying the behavior of Ls in solution in the presence of Ag*. The absorption and
fluorescence spectra of L4 ligand show an absorption band at about 270 nm and a fluorescence band

at about 456 nm (see Figure 28).
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Figure 28. Absorption spectra (left) and emission spectra (right) of Ls (Ls = 2,72 x 10 M in acetone, Ao 270

nm)

To study the behavior of Ls in the presence of Ag’, the variations in the fluorescence spectrum of
the ligand were recorded after the addition of increasing amounts of the metal ion in acetone. The
fluorescence spectrum variation for Ls is shown in Figure 28. Taking into account the study carried
out, a strong decrease of the fluorescent emission was observed for Ls. In addition, reporting the
emission intensity as a function of the ratio [Ag’]/[Ls] (see Figure 29) it is obvious that the quenching

of the system is due to the formation of solutions of the species [Ag(Ls)]".

190



Chapter 3. Gold(l)-Silver(l) heteronuclear compounds _

461

horm
Inorm /a.u.

1.1

1.0 4

0.9

0.8 4

0.7

0.6 4

0.5 [ ]

0.4 -

03 T T T T T T T L
0.0 0.2 0.4 0.6 0.8

T T T -~ 1
500 550 600 650

Alnam.

T
450

T
400

[Ag*1L]

Figure 29. Fluorescence emission spectrum of L, in the presence of increasing amounts Ag' (left);

Fluorescence intensity at 456 nm vs. molar ratio plots for Ly in presence of Ag* (right).

The next step consists in the study of the quenching mechanism that involves L4, considering that
the relationship between the concentration of the deactivating agent [Q] and the ratio between the

initial intensity of the ligand Iy and the intensity at different concentrations of the deactivating agent

I, described by the equation of Stern-Volmer*1-122.

I
o/ =1+ Ky[Q] (1)
By examining the pattern (see Figure 30) for the titration of Ly with Ag it is clearly seen that there
is a good linear correlation between I/lp and [Ag'].
2,0 -
1,8 -

1,6 -

lo/1
n

1,4

1,2 -

1,0 - [

1 I 1
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Figure 30. Representation of the ratio lo / | (of Ls versus [Ag'] (Aex 270 nm, Aem 461 nm) in acetone.
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From the slope of the straight line, it was possible to determine the K, value (5860 M). Thus, it was

possible to explain that probably the absence of luminescence in the synthesized compounds is
mainly due to the coordination of the Ag" metal ion to Ls accompanied by structural modifications
which may occur in the solid state.

It is also possible to detect whether it is static or dynamic quenching, by measuring the lifetime t as

a function of the deactivation concentration of the metal ion [Ag'] (see Figure 31).

25
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0,0000

I 1 1 I !
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Figure 31. Representation of the relation t vs [Ag'] for Ls.

[113] it can be concluded that this is

Considering previous measurements reported in the literature
a static quenching for the studied system (the lifetime does not vary depending on the
concentration). This behavior is normally observed when quenching is due to the formation of

complexes in solution in the ground state.
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Regarding the optical proprieties of complexes 25 and 27, the ultraviolet absorption spectra (UV-

Vis) in THF solution were analysed at concentrations of about 5.5 x 10 M. It is observed that both
complexes show an intense band at higher energy (250 (25) and 257(27) nm), the complex 25
showing two other bands at 285 and 329 nm, respectively; while complex 27 shows just another
band with lower energy at about 294 nm. Some of these bands are also present in the spectra of
the heterometallic precursors [{Au(CeXs),}Ag], and in the gold(l) complexes NBus[Au(CeXs),] (X=F,
Cl) (see Figure 32). Therefore, it is likely that the band at high energy arises from transitions between
1t orbitals of the perhalophenyl groups, while the transitions in the low energy region probably

involve orbitals of the gold centres. At this regard, similar assignments have been done for related

gold(l) complexes with aromatic substituents (PhsPAuX (X=Cl) *** {TI[Au(CeCls),]},***)).
1.5+
complex 25 1.5+
[Au(C.Cl,),Adg] complex 27
——NBu,[Au(C C1) ] [Au(C.F,)Ad],
—— NBu,JAu(CF,)]
9 1.0-
2 ©
S g
2 2
< 3
& 05-
0.0 : . . ; : : | 0.0 . .
250 300 350 400 250 300 350
A/n.m. »/nm.

Figure 32. Absorption spectra of complexes 25 and 27 and the gold precursors NBus[Au(CgXs),] and

[{Au(CeXs)2}Agl. in THF solutions (C=2.5 x 10 M).

Regarding the luminescent properties in the solid state, as already mentioned, only complexes
containing Ls present luminescence in solid state (see Table 22). Thus, while derivative 25 shows
one broad emission bands at 541 nm, both at room temperature and at 77K, the derivative 27 shows
a strong shift of the low energy luminescent emission when the temperature drops to 77 K (from
534 to 452nm) (Figure 33). This behaviour may be due to the rigidity of the structure, which causes
a large increase in the emission energy. Moreover, despite the structural differences, we can
observe that as the Au-Ag distance increases (from 2.6915 (4) A (25) to 2.8432 (4) A (27)) an increase
in the emission energy is observed. Naturally, also the different nuclearity, the different
perhalophenyl groups and the different metal-metal interactions can influence the optical

properties of the synthesized compounds.
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Figure 33. Excitation and emission spectra for complexes 25(left) and 27(right) in the solid state at

RT and 77 K.

Table 22. Photophysical properties of complexes 21-23.

UV-visin THF (nm)

Solid (RT) em (exc)

Complex 25

Complex 27

249 (e = 48800)
287 (e = 26800)
332 (e =9800)

255 (€ =39230)
294 (e = 24400)

541 (392)

534 (360)

Solid (77K) em (exc) Tt (ns) b (%)
541 (392) 821+11 10.5
452 (360) 828 + 18 7.2
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3.3.5 Computational Study

As we have already commented in the previous section, as contrary to what observed in the
emission measurements at the solid state for compound 25, in the case of 27 a displacement of the
low energy emission band from 532 to 452 nm is observed on going from room temperature to 77
K. Thus, with the aim to understand the origin of the fluorescent emission of the two compounds,

DFT and TD-DFT calculations were carried out on the models 25a and 27a.

Model 25a Model 27a (A) Model 27a (B)
Figure 34. Theoretical model systems [{Au(C¢Cls),}{Ag(Ls)}] (25a), [{Au(CsFs),HAg(L,)}{Au(CeFs),}] (27a).

The model 25a represents the binuclear [{Au(CsCls),}{(Ls)Ag}] system in 25 that shows the presence
of one Au(l)---Ag(l) and one Ag(l):-Cipso interaction (see Figure 34). In the case of model 27a it
corresponds to the tetranuclear neutral system found in complex 27 and shows the Au(l)--Ag(l)
interactions between two [Ag(Ls)]" complex cations and one [Au(C¢Cls),]” anionic fragment (see
Figure 34 model 27a (A)) and the Au(l)---Au(l) interaction between the two anionic [Au(CeCls),]™
fragments (see Figure 34 model 27a (B)). Therefore, the analysis of the population of the most
important molecular orbitals was performed to obtain the contributions of the different parts of the
molecule involved in the electronic transitions responsible for the photophysical properties of the

two compounds (see Figures 35-36 and Tables 23-24).
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In the case of the binuclear neutral model [{Au(CeCls),}{Ag(L1)}] 25a, while the highest occupied
molecular orbital (HOMO) displays a mixed contribution from the whole molecule (about 20 % for
each fragment), the lowest empty molecular orbital (LUMO) is mainly localized on the [Au(CsCls)],
anion (80 %). The other empty or occupied molecular orbitals (HOMOs and LUMOs) are mainly
localized on the CgCls or [Au(CeCls)]>” unit with some exceptions for those MOs where both metals

play an important role (see Table 23).

Table 23. Population analysis (%) for model system 25a

Au Ag Ls CeCls

LUMO+3 24 58 1 17
LUMO+2 6 13 1 81
LUMO+1 9 12 1 78

LUMO 18 17 3 62

HOMO 19 33 22 26
HOMO-1 13 5 5 77
HOMO-2 1 1 0 98
HOMO-3 24 27 27 21
HOMO-4 42 20 19 19
HOMO-5 1 2 1 97
HOMO-6 17 20 12 51

Figure 35. Most important frontier molecular orbitals (isovalue = 0.02) for model system 25a (L=LUMO;

H=HOMO).
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Instead, for model 27a, we have carried out the population analysis and we have collected the data

showing the distinct contribution to each molecular orbital of the two [Au(CsFs),] anions (see Table
24). While the Aup and Cg¢Fsa represent the bis(pentafluorophenyl)aurate fragment interacting with
the [L(Ag)]" units (see Figure 34, model 27a (A)), the Aug and CgFsg represent the fragments of
bis(pentafluorophenyl)aurate interacting exclusively with the other bis(pentafluorophenyl)aurate
anion via Au-Au contact (see Figure 34, model 27a (B)). In this case, unlike what is seen for model
25a, the highest occupied molecular orbital (HOMO) and the lowest empty molecular orbital
(LUMO) are mainly localized on the metal centres Au(l) and Ag(l). Finally, while the rest of occupied
molecular orbitals (HOMOs) are mainly localized on the CgFsg unit with an important contribution of
metal centers (see HOMO-3 and HOMO-1), the rest of empty molecular orbitals (LUMOs) show a

contribution mainly from the metal centers with some exceptions (see LUMO+1).

Table 24. Population analysis (%) for model system 27a

Aup Ag Ls CeFsa Aug CeFsp
LUMO+2 1 43 1 1 54 0
LUMO+1 1 20 9 49 21 1
LUMO 3 32 4 14 45 2
HOMO 26 20 5 13 28 9
HOMO-1 9 21 12 14 6 38
HOMO-2 28 5 3 9 2 53
HOMO-3 4 26 17 9 8 36
HOMO-4 6 3 1 4 6 80

Figure 36. Most important frontier molecular orbitals (isovalue = 0.02) for model system 27a (L=LUMO;

H=HOMO).
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The first twenty singlet-singlet excitation energies were computed for all model systems at the TD-
DFT level of theory as it was described in the computational details. We carried out the analysis of
the excitation wavelengths, oscillator strengths, and orbitals involved in these electronic excitations,
which can be related to the origin of the luminescent behaviour observed experimentally. The
results including the most important excitations are depicted in Tables 25-26.

Thus, the TD-DFT analysis of the most important single-singlet transitions calculated for model 25a
shows that they appear between 319 and 250 nm, being the most intense singlet-singlet excitations
at 319 and 259 nm. Both the first two most intense transitions consist of a single contribution in
which the electron arises from HOMO (319 nm) or HOMO-6 (250 nm) and arrives to LUMO,
respectively. Taking into account the orbitals involved in these transitions, we could assign the first
most important electronic excitations (319 nm) to transitions between the [Ag (L)] fragment and the
CeCls unit; while the second important singlet-singlet excitation (258 nm) is due to a pure transition
between the ligand and the C¢Cls ring. The results agree quite well with the experimental excitation

spectrum in solid state for complex 25 (See Figure 37 and Table 26).

1.0
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Figure 37. Experimental UV-Vis solid state absorption spectrum (black line) and TD-DFT singlet-singlet

excitations (red bars) for model systems 25a.
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Table 26. TD-DFT first Singlet-Singlet Excitation Calculations for Model system 25a.

Model exc. Acaic (nm) f(s) contributions

25a So—=>S1 319 0.0667 HOMO - LUMO (47)
So—2S2 295 0.0182 HOMO-3 -LUMO(16)

HOMO-1 ->LUMO (29)

So—>Ss 284 0.0321 HOMO-4 >LUMO (16)
So=>512 259 0.0423 HOMO-6 ->LUMO (13)
So—>S13 258 0.1696 HOMO-6 -LUMO (24)
So—>S14 257 0.0126 HOMO-2 109 (15)
So—>S16 255 0.0127 HOMO-4 ->LUMO+2 (21)
So=>S19 250 0.0210 HOMO-4 ->LUMO+2 (15)

The most intense TD-DFT singlet-singlet excitations for model 27a appear between 357 and 274
nm. These values are in agreement with the experimental excitation spectrum for complex 27 for
the singlet-singlet transition, which shows a maximum at 276 nm, and with the UV-Vis absorption
spectrum in solid state for the allowed singlet-singlet transitions (see Figure 38). If we analyse the
TD-DFT results for model 27a we can observe that the main contribution of the most intense
computed singlet-singlet electronic transition at 357 nm arises from a HOMO-LUMO transition.
From the population analysis results (Table 27), this excitation can be attributed to a transition
between the metal centers. Other intense singlet-singlet excitations at lower energy (338 nm) can
be attributed to HOMO-LUMO+1 transition between the interacting Aua-CFsa. The two most intense
singlet-singlet excitations have an energy similar to that shown by the solid-state excitation
spectrum for the complex 27. These two different transitions may be responsible for the two

different emissions shown by this complex at 77K and at room temperature.

Table 27. TD-DFT first Singlet-Singlet Excitation Calculations for Model system 27a.

Model exc. Acaic (nm) f(s) contributions
So=>S1 357 0.0806 HOMO - LUMO (48)
So—2S2 338 0.0841 HOMO - LUMO+1 (48)
So—>S4 302 0.039 HOMO-2 = LUMO (22)
HOMO-1 - LUMO+1 (19)
So—>Ss 300 0.0278 HOMO-3 = LUMO(37)
So—=>Se 296 0.0147 HOMO-2 = LUMO (24)
So—>Sg 290 0.0106 HOMO-6 - LUMO (18)
So—~>S13 282 0.0147 HOMO-2 - LUMO+1 (39)
So—>S15 276 0.0185 HOMO-8 - LUMO (18)
HOMO-3 - LUMO+1 (19)
So—~>S16 274 0.0272 HOMO-6 - LUMO+1 (29)
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Figure 38. Experimental UV-Vis solid state absorption spectrum (black line) and TD-DFT singlet-singlet

excitations (red bars) for model systems 27a.
3.3.6 Conclusions

The use of ligand L, allows the generation of new heterometallic systems containing gold-silver
metallophilic interactions with different structural arrangements and optical proprieties. While the
1,10-phenanthroline derivatives (complex 24 and26) do not show any luminescent emission in solid
state, probably due to the quenching generated by the formation of [Ag(Ls)] unit, 1,4,7-
triazaciclononane (Ls) derivatives (complexes 25 and 27) show luminescent properties directly
correlated to the different structure of the systems. On one hand, the binuclear complex
[{Au(CeCls),H{Ag(Ls)}] (25) show a green emission (541 nm) due a HOMO->LUMO electronic
transition between the [(Ag(L)] fragment and the C¢Cls unit. On the other hand, the tetranuclear
complex [{Au(CsFs).HAg(L2)}{Au(CsFs).}] (27) shows two emissions at about 452 (77K) and 534 nm
(RT). Through TD-DFT calculations, it is possible to explain this different behaviour of 25 and 27 by
analysing the contribution of the orbitals to the two most intense electronic transitions (338 and
357 nm); in fact, while the first one can be attributed to HOMO-LUMO+1 transition between gold
and the pentafluorophenyl unit, the second one is assigned to a charge transfer between the metal
centers. Lastly, it is important to emphasize the unprecedented dual Ag-Ci,, interaction present in the

complex 27 having the smallest distance of 2.359(9) A recorded so far.
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3.4 Functionalized macrocyclic systems

3.4.1 Introduction

Thanks to the efforts made for the synthesis of the Au/Tl and Au/Ag heterometallic compounds
previously shown, it can be established that the metallophilic interactions as well as the nature of
ligands used play an important role in determining the optical properties of the resulting compounds
featuring Au(l)-TI(l) and Au(l)-Ag(l) interactions. Specifically, thanks to the efforts made by a number
of research groups, it has been established that these factors play an important role in determining
the luminescent properties of these compounds!*®" 3% Nevertheless, due to the great number of
factors that can affect the luminescence, it has not been possible to stablish a relationship between
the number of intermetallic contacts in the compounds and their optical properties. For instance,
the presence of metallophilic interactions can be strongly influenced by the coordination capacity
of the ligands used to support these weak interactions. The number and nature of donor atoms as
well as the structural rigidity of the ligand play a determining role both for the number of
metallophilic interactions and for their strength, proportional to the metal---metal distance.

In particular, mixed N/S/O-donor macrocyclic ligands are ideal candidates to study
structural/properties relationships because of their coordinating properties and size of the ring
cavity that can play a key role in the binding features towards different metal ions. Furthermore
their donor properties can be modified by adding pendant substituents that increase the
coordination ability of the starting macrocyclic ligands.

Taking all the above into account, we decided to study the reactivity of the quinoline pendant arm
derivatives of Ly and Ls, namely N-quinolinylmethyl-5-aza-2,8-dithia[9](2,9)-1,10-
phenanthrolinophane (L) and N-quinolinylmethyl-1-oxo-7-aza-4,10-dithiacyclododecane (L;),
respectively (see Figure 39) with the hetero-dimetallic complexes [AuAg(CeXs)2]n (X = F, Cl) in
different molar ratios. Our goal was to study the influence of the number of donor atoms present
in the ligand both on the nuclearity and on the photophysical properties of the complexes obtained.
Furthermore, we were also interested in analysing the relationship between the number of metal-

metal interactions present in the complexes with their emission wavelengths.
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Figure 39. Quinoline pendant arm derivatives of L and L; studied.

3.4.2 Synthesis and characterization

The [Au(CeXs)2Ag]n precursors react with the ligands Lg and Ly in THF to afford complexes 28-33 (see
Scheme 4). Unfortunately, despite numerous attempts to obtain single crystals of complexes 28, 31
and 33 suitable for X-ray resolution, it was impossible to obtain them for these compounds. In fact,
the formulations reported in the scheme 4 simply represent the stoichiometry of the reaction
without giving any information on the structural disposition or on the nuclearity of these three
compounds. Thus, despite the elemental analysis is in agreement with the molar ratio of the
complexes 28 (metal/ligand ratio 1:1) and 31 and 33 (metal/ligand 2:1 ratio), we cannot explain the
variation of the photophysical properties as a function of the crystalline structure as we did for the
analogous Au/ Tl complexes (13-16).

All the obtained compounds are insoluble in dichloromethane, acetonitrile and diethyl ether
although they are soluble in O-donor solvents. However, the solubility of the chlorinated
compounds is lower than the solubility of the fluorinated complexes. The elemental analyses and
spectroscopic data of the obtained complexes are in accordance with the proposed stoichiometries
(see Experimental Section). Their IR spectra show, among others, absorptions arising from the CgFs
60T and C6Cls ™ groups bonded to gold(l) at approximately 1500, 950 and 780 cm ™ or about 834 and

614 cm™, respectively.
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Scheme 4.

The NMR spectrum of complexes 28, 30 and 31 show proton resonances very similar to the chemical
shifts observed for the free ligand Lg. Therefore, the coordination of the macrocyclic ligand to silver
affects slightly the position of the resonances observed in the 'H-NMR spectra and causes a
widening of the signals. The signals of the aliphatic protons of the macrocyclic ligand Lg appear as
multiplets in the ranges 2.63-2.75 (4H) (28, 30, 31), 2.89-3.15(4H) (28, 30, 31) and 4.05 (28) or 4.42-
4.44 ppm (4H) (30, 31), while the signals due to the aromatic protons of the quinoline groups arise
as well defined resonances between 7.40 and 8.47 (12H) (28,30,31) ppm. Moreover, a singlet in the
range 3.76-3.95 ppm (2H) (28, 30, 31) ppm is observed corresponding to the protons of the
methylene group bridging the quinoline moiety to the macrocyclic framework. A similar behaviour
is observed in the *H-NMR spectra of complexes 29, 31 and 32. Also in these cases, it is present a
singlet at around 4.0 (2H) ppm corresponding to the protons of the methylene group bridging the
qguinoline moiety to the macrocyclic framework. The signals of the aliphatic protons appear as
multiplets in the ranges 2.74-3.02 (12H) and 3.83-3.85 ppm (4H), while the signals due to the
aromatic protons of the quinoline groups arise as well defined resonances between 7.36 and 8.66
(6H) ppm. On the other hand, the YF NMR spectra of fluorinated derivatives (30-33) in [Dg]-

tetrahydrofuran resembles that of the gold(l) precursor NBus[Au(CeFs),], showing signals at about -
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116, -164 and -166 ppm with the characteristic pattern of pentahalophenylgold(l) derivatives (see

Experimental Section).

Finally, the MALDI(-) mass spectra of the new products show the peak corresponding to the
[{Au(CeXs)2}2Ag]” anion at m/z = 1497 (28,29) or 1168 (30-33), or a signal corresponding to
[Au(CeXs)2]™ at m/z = 695 (28,29) or 531 (30-33), the latter appearing as parent peak in all the cases.
In the MALDI(+) mass spectra, peaks due to the fragment [Ag(L)]" appears at m/z = 589 (28,30,31)
or 445 (29,32,33). In all of them, the experimental isotopic distributions are in agreement with the
calculated ones. The conductivity measurements of 28-33 in acetone solutions are in accordance
with a dissociation process into [Au(CsFs),] and [Ag(L)]" ions when dissolved, since they behave as

1:1 electrolytes.

3.4.3 X-ray structure determinations

In the process of crystallization of 29, 30, 32 by diffusion of n-hexane in a saturated solution in CH,Cl,
(29, 32) or THF (30), single crystals suitable for X-ray diffraction analysis were obtained (see Figure
40-41). Unfortunately, the lack of solubility of the complexes 28, 31 and 33 did not allow us to obtain
single crystals suitable for structural resolution for these compounds. The crystal structures of 29
and 32, with pentachlorophenyl and pentafluorophenyl ligands bonded to gold(l), respectively,
show different dispositions of the metal centers. Thus, the former consists of a binuclear
[{Au(CeCls),HAg(L7)}] neutral molecule showing one linear [Au(CsCls);]” fragment bonded to a
[Ag(L1)]" unit through an unsupported Au---Ag interaction of 2.9320(8) A (see Figure 40 (left)). In the
case of 32 it consists of a tetranuclear [{Au(CsFs),H{Ag(L7)}]2 neutral molecule with an alternating
Ag-Au-Au-Ag sequence of metals linked through unsupported metal---metal interactions of
3.2610(4) A (Au--Au) and 2.8784(4) A (Au---Ag) (see Figure 40 (right)), which resembles those
recently described for Au/Ag derivatives with crown-thioethers [131),[133] (Tables 28 and29).

In both crystal structures, the gold(l) centers are linearly coordinated to two perhalophenyl groups,
showing typical Au-C distances of 2.055(10) and 2.043(10) A (29), or 2.043(5) and 2.058(5) A (32).
L; bind the silver(l) centers though the nitrogen and sulphur donor atoms, thus leading to a trigonal
bipyramidal environment for silver (t=0.90 (complex 29); t=0.80 (complex 32))[132]. The Ag-S
[2.650(3) and 2.643(3) A for complex 29; 2.5967(13) and 2.6026(12) A for complex 32] and Ag-N
[2.501(8) and 2.546(8) A for complex 29; 2.374(4) and 2.550(4) A for complex 32] distances are

comparable to those described for other related systems ([{Au(CSCIS)z}Ag([9]anesg)]z).m”'[m]
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Figure 40. Crystal structures of 29 (left) and 32 (right) with the labelling scheme adopted for the
atom positions. Hydrogen atoms and any solvent molecules are omitted for clarity and ellipsoids are

drawn at the 30% level. #1 -x+1,-y,-z+2.

Table 28. Selected bond lengths [A] and angles [°] for 29.

Au(1)-Ag(1) 2.9230(8) Ag(1)-N(1) 2.501(8)
Au(1)-C(1) 2.055(10) Ag(1)-N(2) 2.546(8)
Au(1)-C(2) 2.043(10) Ag(1)-5(1) 2.650(3)

Ag(1)-5(2) 2.643(3)
C(1)-Au(1)-C(2) 175.8(3) N(1)-Ag(1)-5(2) 87.37(19)
S(1)-Ag(1)-Au(1) 97.01(6) N(1)-Ag(1)-N(2) 67.4(3)
5(2)-Ag(1)-Au(1) 128.09(6) N(2)-Ag(1)-S(1) 77.88(18)
N(2)-Ag(1)-Au(1) 147.66(19) N(2)-Ag(1)-S(2) 78.69(19)
N(1)-Ag(1)-Au(1) 93.39(17) 5(2)-Ag(1)-S(1) 122.17(8)
N(1)-Ag(1)-S(1) 128.7(2)
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Table 29. Selected bond lengths [A] and angles [°] for 32.

Ag(1)-Au(1) 2.8784(4) Ag(1)-N(1) 2.550(4)
Au(1)-Au(1)#1 3.2610(4) Ag(1)-N(2) 2.374(4)
Au(1)-C(1) 2.058(5) Ag(1)-5(1) 2.5967(13)
Au(1)-C(7) 2.043(5) Ag(1)-5(2) 2.6026(12)
C(7)-Au(1)-C(1) 173.26(18) S(1)-Ag(1)-S(2) 120.90(4)
N(2)-Ag(1)-N(1) 71.27(14) N(2)-Ag(1)-Au(1) 119.34(10)
N(2)-Ag(1)-S(1) 114.02(11) N(1)-Ag(1)-Au(1) 168.87(9)
N(1)-Ag(1)-S(1) 76.59(9) S(1)-Ag(1)-Au(1) 94.98(3)
N(2)-Ag(1)-S(2) 107.11(10) S(2)-Ag(1)-Au(1) 100.01(3)
N(1)-Ag(1)-S(2) 78.70(10)

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y+1,-z+2

The crystal structure of compound 30 that contains pentafluorophenyl ligands bonded to gold(l),
shows the same ionic structure as complex 26 containing the same phenanthroline unit. It consists
of a trinuclear [{Au(CsFs),H{Ag(L)}]" cation with a L-Ag-Au-Ag-L trinuclear arrangement and a
[Au(CgFs),]” fragment as counter-ion (see Figure 41 and Table 30); in fact, the Au-Ag distances are
comparable with those described previously for the complexes 24 and 26. Moreover, the nitrogen
atoms of the quinoline and the macrocyclic units do not interact with silver showing a trinuclear L-
Ag-Au-Ag-L arrangement similar to that described previously for the complex 26. In all complexes
containing the 1,10-phenantroline framework, the environment for the silver atom is distorted
square-pyramidal with the gold(l) center at the vertex of the pyramid [t = 0.01 for complexes 24,
26, 30] [132].Finally, the Ag-N and Ag-S distances involving the aliphatic moiety of the ligand in
complex 30 are 2.477(9) and 2.487(8) A, for Ag-N distances or 2.626(3) and 2.640(3) A, for Ag-S
distances. These are similar to those found for silver(l) complexes with cyclic N- or N,S-donor ligands
as [Ag(N—acyIurea—[12]aneN53)][N03][64], [Ag(N-Benzyloxycarbonyl)-[12]aneNS;)][NO5]®,  [Ag(N-
pyridylmethyl)-[12]aneNs;)][PFe]"®®, [Ag(N-pyridylmethyl)-[12]aneNs,0)]1[PFs]® and [Ag(N-CH,CONH-
tBu)-[12]aneNSy][NO:*™"),  {[Ag(L1)os(phen)](BFa) (H:0)osk. " [Aga(phen),(CHsCN),](ClO4),"",
[Ag>(phen),(CH3CN),](BF4),1*%! and [Ag(N-methyl-2,8-dithia[9],(2,9)-1,10-

phenanthrolinophane)][BF4][1°7].
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Figure 41. Trinuclear [{Au(CsFs),{Ag(L)}.]" unit in the crystal structure of complex 30 with the labelling

scheme adopted for the atom positions. Hydrogen atoms and any solvent molecules are omitted for clarity

and ellipsoids are drawn at the 30% level. 1# 1-x,1-y,-z.

Table 30. Selected bond lengths [A] and angles [°] for 30.

Au(1)-Ag(1)
Au(1)-Ag(1)#1
Au(1)-C(1)#1
Au(1)-C(1)
Au(2)-C(21)

Ag(1)#1-Au(1)-Ag(1)
C(1)-Au(1)-C(1)#1
C(27)-Au(3)-C(21)
S(1)-Ag(1)-Au(1)
5(2)-Ag(1)-Au(1)
S(2)-Ag(1)-S(1)

2.8207(8)
2.8206(8)
2.057(13)
2.056(13)
2.055(12)

180.0
180.0
172.8(5)
95.17(6)
112.22(7)
137.07(9)

Au(2)-C(27)
Ag(1)-N(1)
Ag(1)-N(2)
Ag(1)-S(1)
Ag(1)-S(2)

N(1)-Ag(1)-Au(1)
N(1)-Ag(1)-S(1)
N(1)-Ag(1)-S(2)
N(2)-Ag(1)-Au(1)
N(2)-Ag(1)-S(1)
N(2)-Ag(1)-S(2)
N(2)-Ag(1)-N(1)

2.052(13)
2.487(8)
2.477(9)
2.640(3)
2.626(3)

87.33(19)
73.6(2)
137.0(2)
95.43(19)
138.1(2)
73.5(2)
66.5(3)

Symmetry transformations used to generate equivalent atoms:

1# 1-x,1-y,-z
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3.4.4 Photophysical Properties

We have carried out the study of the optical properties of compounds 28-33, both in the solid state
and in solution. Thus, the UV-visible absorption spectra of the seven complexes, in THF solution and
at a concentration of about 2.5 x 10°M, present a similar profile. The chlorinated derivatives 28 and
29 show an intense absorption band between 220 and 350 nm (Figure 42). These absorption spectra
are similar to those obtained for the gold(l) precursors NBus[Au(Ce¢Cls),] and [{Au(CsCls),}Ag],.
Moreover, the 1,10-phenantroline and quinoline frameworks show an absorption band at 270 nm
and 310 nm respectively, in the same energetic zone. For this reason, the absorption band of the
complexes can be assigned to a m—>1* or n>nt* transitions which can overlap to the intense bands

due to the aromatic moieties.

2.0 -
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complex 29
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Figure 42. Absorption spectra of complexes 28 and 29 and the gold precursors NBus[Au(CsCls),] and

[{Au(C¢Cls),}Ag]n in THF solutions (C = 2.5x10° M).

On the other hand, as shown in Figure 43, the fluorinated derivatives of both ligands (complexes 30-
33) also show features similar to those previously shown (complex 28, 29). Furthermore, despite
the increase in the metal/ligand ratio for the formation of complexes 31 and 33, no changes in the
absorption spectrum were observed. This is probablt due to a dissociative process, which breaks
down any metallophilic interactions present due to the solvation of the different ionic species by

the solvent. For this reason, these systems are generally extremely soluble in coordinating solvents
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and insoluble in non-coordinating solvents. The same conclusion can be made by observing the

absorption spectra of the complexes 32 and 33.
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Figure 43. Absorption spectra of complexes 30 and31 (left) and 32 and 33 (right) and the gold precursors
NBu4[Au(CeCls),] and [{Au(CsCls),}Ag], in THF solution (C = 2.5x107 M).

Regarding the optical properties in solid state, similarly to the complex featuring gold(l)-thallium(l)
interactions, only the 1,10-phenanthroline derivative with a metal/ligand stoichiometry of 2:1
(complex 31) and the complexes containing Ly (29, 32, 33) show luminescence both at room
temperature and at low temperature. In the cases of complexes 28 and 30, the formation of the
species [Ag(L¢)]" likely determines the quenching of the luminescent emission (see paragraph 3.3.4).
Thus, complexes 29, 31-33 display emissions in the solid state between 529 and 559 nm at room
temperature, and between 516 and 555 nm when the measurements are carried out at the liquid
nitrogen temperature (77 K) (see Figure 44 and Table 23).

Considering the structural data, we can try to establish a relationship between the metal-metal
distances or the different nuclearity of the compounds and the emission energies for complexes 29
and 32. For instance, if we take into account that the interactions between the metal centers are
the main source of luminescence frequently, we observe that the complex showing the strongest
luminescence is that featuring the gold centers interacting each other (complex 32). In addition,
this system shows an Au-Ag distance shorter than that observed for the complex 29 (2.9230 A in the
complex 29 with respect to 2.8784 A in the complex 32). However, given the presence of a quinoline
unit in these systems, we cannot exclude the influence of the ligand on the photophysical properties

of the synthesized systems. Unfortunately, due to the lack of crystallographic data relative to the
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other complexes (31 and 33) we cannot comment on the optical properties of these systems in

relation to their structures.

Figure. 44. Excitation and emission spectra for complexes a) 29 b) 31 c) 32 d) 33 in the solid state at RT and
77 K.

Table 23. Photophysical properties of complexes 28-33.

UV-vis in THF (nm) Solid (RT) em (exc)  Solid (77K) em (exc) T (ns) D (%)

Complex 28 281 (e = 63200) - - - -
Complex 29 245 (¢ =55200) 547 (406) 547 (381) 921+11 7.8
268 (¢ = 60000)

Complex 30 - - - -

Complex 31 559 (434) 555 (428) 950 + 4 2.3
Complex 32 549 (407) 516 (349) 1025+28  10.2
Complex 33 529 (371) 529 (403) 929 + 28 7.2
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3.4.5 Computational Study

To explain the optical properties of the synthesized complexes and to investigate more about the
mechanism responsible for their luminescence, we performed theoretical calculations at the DFT
and TD-DFT levels on the models 29a and 31a representative of the crystal structures of compounds
29 and 31.

Thus, model 29a corresponds to the binuclear neutral molecule found for complex 29, representing
the Au(l)--Ag(l) interaction between the anionic [Au(CsCls),]” and the cationic [Ag(L;)]" fragments
(see Figure 45 (left)). Meanwhile, model 32a represents the tetranuclear L-Ag-Au-Au-Ag-L
disposition observed in the complex 32 (see Figure 45 (right)). In this way, we can evaluate the

contribution of any metallophilic interaction to the photophysical proprieties of each complex.

Model 29a Model 32a

Figure 45. Theoretical model systems [{Au(C¢Cls),H{Ag(L;)}] (29a), [{Au(CsFs),HAg(L;)}, (32a).

In addition, for both complexes, a large Stokes’ shift and the lifetime measurements determined by
the phase-modulation technique in the solid state at room temperature indicate that the emission
probably originates from an excited triplet state and, consequently, it could be tentatively assigned
to a phosphorescence emission. In order to analyse the contribution of each moiety of the molecule
on the different occupied/lowest molecular orbitals involved in the electronic transitions

responsible for optical proprieties observed, we analysed the population of the molecular orbitals
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(MOs) for both models. Figures 46-47 and Tables 24-25 display the most important frontier

molecular orbitals (MOs) and the population analysis of them, respectively. From these data, we
can anticipate the contribution of each part of the molecule to the frontier molecular orbitals. Thus,
in the case of the binuclear molecular model [{Au(CsCls),{Ag(L;)}] 293, the population analysis of the
highest occupied/lowest unoccupied MOs shows that while the HOMO orbital is mainly located on
the Au and Ag metal centers (59 %) with a small contribution of the ligand (30 %), the LUMO orbital
shows a strong electronic density on the quinoline framework (81 %). On the other hand, the
population analysis of the other lowest empty orbitals (LUMOs) shows a main contribution of the
CsCls or [Au(CeCls),] frameworks with the exception of LUMO+4 that shows a mixed contribution of
the whole molecule. The other higher occupied orbitals (HOMOs) show different features: while
some orbitals (HOMO-1, HOMO-3 and from HOMO-5 to HOMO-7) show an important contribution
of perchlorophenyl units, HOMO-2 and HOMO-8 are mainly localized on the [ Ag (L;)] framework.
The study of the molecular orbitals (MOs) of model 32a shows that the most important empty
orbitals (LUMOs) show a stronger contribution of the ligand (>74 %) with the exception of LUMO+2
that shows a mixed contribution. As contrary, the characteristics of most important occupied
orbitals (HOMOs) are very similar to those of model 29a; while some occupied orbitals (HOMO-2,
and from HOMO-5 to HOMO-8) are mainly localized on the CgFs framework, HOMO-1, HOMO-3 and
HOMO-4 show the main contribution of the [Ag(L;)] unit (>81 %). Lastly, the HOMO-9 and HOMO-

10 are mainly localized on the ligand unit.

Table 24. Population analysis (%) for model system 29a

Model Orbital Au Ag L CsCls

29a L+4 17 22 38 24
L+3 42 8 6 45

L+2 1 4 2 93

L+1 11 23 9 56

L 9 15 81 13

H 39 20 30 12

H-1 16 7 13 64

H-2 3 24 54 20

H-3 6 5 21 70

H-4 27 13 36 25

H-5 1 2 4 93

H-6 6 2 43 51

H-7 20 7 26 48

H-8 5 26 59 9

H-9 2 1 80 17
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Figure 46. Most important frontier molecular orbitals (isovalue = 0.02) for model system 29a (L=LUMO;

H=HOMO).

Table 25. Population analysis (%) for model system 32a

Model Orbital Au Ag L CeFs

32a L+3 12 12 74 2
L+2 20 37 17 26

L+1 9 9 82 0

L 8 9 83 0

H 40 20 32 8

H-1 15 29 51 5

H-2 19 1 2 77

H-3 4 23 69 4

H-4 2 23 71 3

H-5 16 4 11 68

H-6 24 3 11 63

H-7 6 2 4 89

H-8 9 4 16 72

H-9 1 4 81 14

H-10 1 4 77 18
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Figure 47. Most important frontier molecular orbitals (isovalue = 0.02) for model system 32a (L=LUMO;

H=HOMO).

The first 20 singlet-singlet excitation energies were computed for all model systems at the TD-DFT
level of theory as described in the computational details.

We carried out the analysis of the excitation wavelengths, oscillator strengths, and orbitals involved
in these electronic excitations, which can be related to the origin of the luminescent behaviour
observed experimentally. The results including the most important excitations are depicted in
Tables 26-27.

The TD-DFT analysis of the most important single-singlet transitions calculated for model 29a shows
that they appear between 319 and 266 nm, being the most intense singlet-singlet excitations at 319,
289 and 281 nm. These three transitions can be assigned to the transitions HOMO—->LUMO+1,
HOMO-1->LUMO+1 and HOMO-2-LUMO+1.

Taking into account the orbitals involved in these transitions, we could assign the first important
electronic excitation (319 nm) to some transitions between the L;/Au unit and the Cg¢Cls ring, the
second one (288 nm) to transitions involving the whole molecule and the silver center, and the third
excitation to transitions between the ligand and the metal centers. The results agree well with the
experimental excitation spectrum in solid state for complex 29 (See Figure 48 and Table 26).
Finally, the TD-DFT analysis of the most important single-singlet transitions calculated for model 32a
shows that they appear between 337 and 296 nm, being the most intense singlet-singlet excitation

at 337, 320, and 297 nm. While, the first most intense transition consists of a single contribution,
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HOMO-1->LUMO+3, the other two consist of a mixture of contributions, in which the electron arises

from HOMO-3/HOMO-4 (319 nm) or HOMO-9/HOMO-10 (296 nm) and arrives to LUMO/LUMO+1
(319 nm, 296 nm). Taking into account the orbitals involved in these transitions, we could assign the
first two most important electronic excitations (337 and 319 nm) to transitions between the metal
centers and the ligand unit; while the third important singlet-singlet excitation (296 nm) is due to a
pure transition between the ligand units. The results agree quite well with the experimental

excitation spectrum in solid state for complex 32 (See Figure 49 and Table 27).

Table 26. TD-DFT first Singlet-Singlet Excitation Calculations for Model system 29a.

Model exc. Acaic (nm) f(s) contributions
29a So—>Ss: 319 0.0714 HOMO ->LUMO+1 (46)
So—=>S7: 288 0.0789 HOMO-1 ->LUMO+1 (42)
So—>Ss: 285 0.0170 HOMO-6 ->LUMO (29)
So—~>S10: 281 0.0648 HOMO-2 ->LUMO+1 (39)
So—>S13: 276 0.0214 HOMO-4 ->LUMO+1 (23)
So—>S1a: 275 0.0159 HOMO-9 ->LUMO (20)
So—>S1s: 269 0.0102 HOMO ->LUMO+4 (36)
So—>S19: 266 0.0268 HOMO-1 ->LUMO+3 (13)
1.0
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Figure 48. Experimental UV-Vis solid state absorption spectrum (black line) and TD-DFT singlet-singlet

excitations (red bars) for model systems 29a.

215



_ Chapter 3. Gold(l)-Silver(l) heteronuclear compounds

Table 27. TD-DFT first Singlet-Singlet Excitation Calculations for Model system 32a.

Model exc. Acaic (nm) f(s) contributions

32a So—>Ss: 337 0.5006 HOMO - LUMO+3 (89)
So—>Ss: 333 0.0175 HOMO-1 - LUMO+1 (60)
So—>S7: 319 0.0719 HOMO-4 - LUMO+1 (30)

HOMO-3 - LUMO (28)
HOMO-3 - LUMO+1 (17)

So—>S13: 298 0.0110 HOMO-5 - LUMO (47)
HOMO-5 - LUMO+1 (28)
So—>S1s: 296 0.0537 HOMO-9 - LUMO+1 (42)

HOMO-10 - LUMO (16)

Uv solid state
1.0 - I theorical singlets-singlets excitations
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Figure 49. Experimental UV-Vis solid state absorption spectrum (black line) and TD-DFT singlet-singlet

excitations (red bars) for model systems 32a.
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3.4.6 Conclusions

In this part of PhD thesis, we have reported the synthesis and study of the new six heteronuclear
Au/Ag complexes 28-33. Unfortunately, the lack of solubility has not allowed us to obtain structural
information on three of the complexes synthesized (28, 31, 33).

The substitution of the chlorine by fluorine atoms in the aryl groups bonded to gold(l) leads to
significant differences in the crystal structures of the complexes 29 and 32. While the complex 29
consist of a binuclear neutral molecule with an Au(l):--Ag(l) interaction between the [Au(CeCls),]”
anionic fragment and the cation [Ag(L;]", complex 33 shows a tetranuclear L-Ag-Au-Au-Ag-L
disposition with Au(l)---Ag(l) and Au(l)---Au(l) interactions. In this way, we can evaluate the
contribution of any metallophilic interaction on photophysical proprieties of each complex.
Moreover, through DFT and TD-DFT calculations, it has been possible to highlight the importance of
the quinolinic unit, which is involved in most of the molecular orbitals participating in the electronic
transitions of the studied complexes.

Despite the difficulty encountered in the study of the behaviour of these complexes due to lack of
structural data, the good results obtained with Au/Tl and Au/Ag heterometallic systems spurred us
to exploit the structural and coordination characteristics of L; to obtain the first heterotrimetallic
polymeric system with an unprecedent Ag(l)-Au(l)-TI(I) moiety. The structural and optical properties

of this system will be discussed in the last paragraph of this chapter.
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3.5 Heterotrimetallic complexes

3.5.1 Synthesis and characterization.

As shown by the work carried out, the synthesis of heterometallic compounds containing Au(l)/M(l)
interactions (M(1) =Au(l), TI(I), Ag(l)) has been widely developed over the years. In fact, the use of
bridging ligands promotes these weak interactions strengthened by electrostatic forces and
allowing the synthesis of complexes with luminescent proprieties. However, despite the countless
efforts, the only known example of a compound containing an interaction between three different
metals was reported by Catalano et al. in 2004 1341 1 this example, the use of a bridging ligand with
different donor atoms allows the simultaneous coordination of different metal centers leading to
unprecedented molecular Au(l)/TI(1)/M(0) (M(0)=Pt, Pd) systems that displays Au(l)---TI(l) and
Au(l)--*M(0) unsupported interactions.

On one hand, given the difficulty of controlling the synthetic process for the synthesis of compounds
containing unsupported interactions between three different metal centers, this aim extremely
complicated represents an interesting challenge for all chemists working in this field. In fact, the
thermodynamic and kinetic control of the reactions that lead to formation of these weak
interactions is an extremely complicated operation and consequently, there are no reports of any
complex displaying unsupported interactions between more than two different metallic centers. On
the other hand, computational studies conducted by Catalano et al. suggested that an increased
dipole momentum in the resulting non-symmetric trimetallic core would reinforce the dispersion
forces, which are largely responsible for the metallophilic interactions.

Taking into account the previous comments, a different synthetic strategy consists in the possibility
of choosing two heterobimetallic precursors (Au(l)/Ag(l) and Au (1)/TI (1)) whose reaction could lead
to the formation of a new compound containing unprecedent Au(l)/Ag(l)/TI(l) interactions thanks
to the increase in the dipole moment of the whole system.

As precursor of bimetallic Au(l)-Ag(l) compound, we chose complex 32 due to the structural
arrangement of the metal centers (+ - - +) that makes the resulting overall dipole moment near to
zero (see Scheme 5). As precursor of the bimetallic Au(l)-TI(l) compound, we chose the polymeric
[{Au(CeFs)2]Tl], chain that in solution displays coordinatively unsaturated thallium centers, making

the complex more reactive against ligands with higher coordinative ability.
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Thus, by reacting [AuTI(CsFs)2], (P1a) with complex 32 in THF in different molar ratios (1:1, 2:1, or

3:1), a complex of formulation [AusAg,Tl3(CsFs)10(L1).]n (34) was always obtained (see Scheme 5)

Scheme 5

Complex 34 is stable to air and moisture for long periods of time at room temperature and it is
soluble in O-donor solvents such as THF or acetone, partially soluble in dichloromethane or
acetonitrile, and insoluble in n-hexane or diethyl ether. The molar conductivity measurements in
acetone agree with a dissociative process in solution, showing values corresponding to uni-univalent
electrolytes (see experimental section). This fact is likely to be responsible for the loss of
luminescence in solution due to the breakdown of the metallophilic interactions following the
coordination of the solvent. About its mass spectra (MALDI(-)), the compound synthesized show a
peak due to the unit [{Au(CeXs)2}1.M(1)]” (M=Ag, Tl) at m/z=1169 or 1267, or a signal corresponding
to [Au(CeFs),]™ at 531. In their MALDI(+) mass spectra, a peak due to the fragment [Ag(L;)]" appears
at m/z = 455, showing experimental isotopic distributions in agreement with the theoretical ones.
This result could indicate a selective coordination of the ligand to the silver atom. The same
conclusion can be made from the analysis of H-NMR spectrum; the signals due to the macrocyclic
ligand are shifted with respect to those due to the free ligand and are similar to the resonances
recorded for complex 32 (see experimental section), suggesting, as the MALDI(+) does, the
coordination of the ligand to the silver center in solution.

In the process of crystallization by diffusion of n-hexane into a saturated solution of 34 in C3HgBr,
suitable monocrystals for the realization of the structural resolution by X-ray diffraction were
obtained. The crystal structure of 34-C3HgBr, can be described as a polymeric chain formed by
unprecedented decanuclear Ag,AusTl; cores made up of [Ag(L1)]?, [Au(CsFs)2]” and TI* units linked

through unsupported Au---Ag and Au---Tl interactions (see Figure 50).
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Figure 50. Asymmetric unit of the crystal structure of 34-C3HgBr, with the labeling scheme for the atom
positions. Solvent and hydrogen atoms are omitted for clarity and ellipsoids are drawn at the 30% probability
level. Symmetry code: #1 -x+1,-y+1,-z+2; Representation of a part of the polymeric chain of interacting metal

centers in 34-C3HgBr,.

In the asymmetric unit, the linearly coordinated gold(l) centers undertake two Au---Tl [Au(2), Au(3)
and Au(4)] or one Au---Tland one Au---Ag contacts [Au(1) and Au(5)], with interacting Au-Tl distances
ranging from 2.9661(8) to 3.2380(8) A and Au-Ag distances of 2.8803(11) and 2.8849(12) A. Thus,
each thallium center is connected to three gold atoms, and TI(1) and TI(3) form an additional weak
Tl---S interaction of 3.4814(3) and 3.2405(3) A, respectively, with one of the sulphur atoms of the
macrocyclic ligand. As in the case of 32, each neutral ligand L; binds a silver center acting as a N,S;
tetradentate ligand, although in 34-CsHgBr; the oxygen atom keeps an additional weak Ag:--O
contact of 3.2103(3) or 3.2768(3) A, which, together with the metallophilic interaction, would lead
to an overall coordination number of six for each Ag(l). If the weak Ag---O contact is not considered,
the coordination environment for silver can be better described as square-pyramidal (t = 0.18 and
0.20)™3? with the S(1) and S(3) at the vertex of the pyramid. The Ag-S [2.429(10)-2.609(4) A] and
Ag-N [2.429(10)-2.538(12) A] distances compare well with those described for 32 and for other
related complexes.!® 3] As can be seen in Figure 50 (right), the polymerization occurs via
unsupported Au---Tl interactions, forming a unidimensional chain that runs parallel to the z axis.

Finally, it is worth noting that this is the first example of a compound containing three heterometals
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interconnected each other through unsupported weak metal-metal interactions, since the

decanuclear unit of the polymer contains two Ag---Au---Tl fragments.

Table 28. Selected bond lengths [A] and angles [°] for 34

Au(1)-Ag(1)
TI(1)-Au(1)
TI(1)-Au(2)
TI(1)-Au(3)
TI(2)-Au(2)
TI(2)-Au(3)#1
TI(2)-Au(4)#1
TI(3)-Au(3)
TI(3)-Au(4)
TI(3)-Au(5)
Au(5)-Ag(2)

Au(1)-TI(1)-Au(2)
Au(1)-TI(1)-Au(3)
Au(2)-TI(2)-Au(3)#1
Au(2)-TI(2)-Au(4)#1
Au(3)-TI(1)-Au(2)
Au(3)-TI(3)-Au(4)
Au(4)#1-TI(2)-Au(3)#1
Au(5)-TI(3)-Au(3)
Au(5)-TI(3)-Au(4)
TI(1)-Au(3)-TI(3)
TI(1)-Au(3)-TI(2)#2
TI(2)-Au(2)-TI(1)
TI(3)-Au(3)-TI(2)#2
Ag(1)-Au(1)-TI(1)
Ag(2)-Au(5)-TI(3)
C(1)-Au(1)-C(7)
C(19)-Au(2)-C(13)
C(31)-Au(3)-C(25)
C(43)-Au(4)-C(37)
C(55)-Au(5)-C(49)

2.8803(11)
3.0087(8)
3.1581(8)
3.0220(8)

3.0083(8)
3.1495(8)
3.0348(8)

3.0833(8)
3.2380(8)
2.9661(8)
2.8849(12)

73.678(18)
163.48(2)
177.39(2)
73.35(2)
116.58(2)
103.09(2)
106.35(2)
173.18(2)
73.03(2)
170.14(2)
112.12(2)
160.07(2)
75.496(19)
97.62(3)
93.96(3)
174.2(5)
178.2(5)
178.4(6)
172.5(5)
174.7(6)

Ag(1)-N(1)
Ag(1)-N(2)
Ag(1)-5(1)
Ag(1)-5(2)
Ag(2)-N(3)
Ag(2)-N(4)
Ag(2)-5(3)
Ag(2)-5(4)

N(1)-Ag(1)-S(1)
N(1)-Ag(1)-S(2)
N(2)-Ag(1)-S(1)
N(2)-Ag(1)-S(2)
N(2)-Ag(1)-N(1)
S(1)-Ag(1)-5(2)
S(1)-Ag(1)-Au(1)
N(1)-Ag(1)-Au(1)
N(2)-Ag(1)-Au(1)
S(2)-Ag(1)-Au(1)
N(3)-Ag(2)-S(3)
N(3)-Ag(2)-S(4)
N(4)-Ag(2)-S(3)
N(4)-Ag(2)-S(4)
N(4)-Ag(2)-N(3)
S(3)-Ag(2)-Au(5)
S(3)-Ag(2)-5(4)
N(3)-Ag(2)-Au(5)
N(4)-Ag(2)-Au(5)
5(4)-Ag(2)-Au(5)

2.537(11)
2.429(10)
2.595(4)
2.609(4)

2.538(12)
2.430(11)
2.585(4)

2.590(4)

81.0(3)
78.5(3)
87.5(3)
129.8(3)
68.2(3)
123.77(11)
132.42(9)
140.6(2)
90.1(2)
93.00(8)
81.9(3)
77.9(3)
89.8(3)
127.8(3)
67.5(4)
132.91(10)
123.34(12)
139.9(3)
90.1(2)
92.50(9)

Symmetry transformations used to generate equivalent atoms:

#1x,-y+1/2,2-1/2  #2 x,-y+1/2,2+1/2
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As expected, the trimetallic complex 34 displays luminescence in the solid state at room

temperature and at 77 K. It emits at 500 nm at room temperature, shifting the emission at 518 nm
(Aexc 385 nm) when the temperature is lowered (see Table 29 and Figure 51). In addition, the
emission wavelength is intermediate to those of complex 32 (549 nm) and the polymeric unit
[Au(CgFs),Tl], (436 nm). Probably, the presence of the trimetallic system Ag(l)-Au(l)-TI(l) and of the
metallophilic interactions involved is the key to explaining the optical properties of the synthesized
complex. Moreover, the bathochromic shift at lower temperature is consistent with this assignation,
because the compression of the structure provoked by the cooling leads to a destabilization of the
HOMO and stabilization of the LUMO reducing the energy band gap. Thus, we propose initially that
the emission is likely to arise from a metal-centred transition with contributions from the three

interacting metals.

1.0 367 385 500 518 —— 77K
sl ——RT
0.8
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©
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Figure 51. Excitation and emission spectra of complex 34 in the solid state at RT and 77 K.

Table 29. Photophysical properties of complex 34

Solid (RT) em (exc) Solid (77K) em (exc) T (ns)

Complex 34 500 (367) 518 (385) 1156 £ 2
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3.5.2 Computational Study and Conclusions

We have studied the nature of the metallophilic interactions and the thermodynamic stability of the
heterotrimetallic arrangement found experimentally in the structure of complex 34. We have
carried out DFT calculations including dispersion corrections (DFT-D3), HF and MP2 calculations on
different tetranuclear models that represent the repetition units of the structure found

experimentally (see Figure 52).

Model 32a Model P1a

Model 34a

Figure 52. Theoretical model systems [{Au(C¢Fs),HAg(L,)}. (32a), [{Au(CeFs),}Tl],  (P1a)
[{Au(CsFs) TIHAU(CsFs).{Ag(L7)}] (34a).
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Moreover, to explain the optical properties of the heterotrimetallic complex and investigate more

about the mechanism responsible for its luminescence, we have carried out TD-DFT calculations on
model 34a. The population analysis of a tetranuclear model system [Au,AgTI(CeFs)4(L;)], which is
based on the X-ray diffraction results, together with the TD-DFT calculations, shows that the most
intense computed singlet-singlet excitations arise from [AuR,]” based molecular orbitals (HOMO-1
and HOMO-2) and arrive to an empty molecular orbital LUMO+1 mainly located on the Ag:--Au---Tl
moiety (see Table 30-31 and Figures 53 and 54).

Table 30. Population analysis for model systems 34a.

Au Ag Tl Ly CeFs

LUMO+2 28 20 13 16 22
LUMO+1 30 19 21 11 19
LUMO 5 9 5 79 2

HOMO 21 1 0 0 78
HOMO-1 10 1 1 1 87
HOMO-2 51 3 3 4 39
HOMO-3 40 0 8 2 51
HOMO-4 8 2 3 4 83
HOMO-5 20 20 6 38 16
HOMO-6 5 1 2 88
HOMO-7 19 1 3 5 72
HOMO-8 3 28 2 62 4

HOMO-9 5 11 0 82 2

Figure 53. Experimental UV-Vis solid state absorption spectrum (black line), excitation and emission spectra
at RT (red line) and TD-DFT predicted singlets-singlets excitation (blue bar) for model systems 34a with

calculated Frontier molecular orbitals H-1 and L+1 (isovalue = 0.02).
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Figure 54. Frontier molecular orbitals (isovalue = 0.02) for the model system 34a (L= LUMO; H =

HOMO).
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Table 31. TD-DFT first Singlet-Singlet Excitation Calculations and Lowest Singlet-Triplet Excitations

for Model Systems 34a.

Model exc. Acaic (nm) f (s) contributions®
34a So—>S1: 337 0.0305 HOMO -> LUMO (48)
HOMO -> LUMO+1 (48)
So—>S2: 332 0.0150 HOMO -> LUMO+1 (49)
So—>Ss: 324 0.0146 HOMO-5 -> LUMO (32)

HOMO-2 -> LUMO (22)
HOMO-1 -> LUMO (28)

So->Ss: 314 0.0884 HOMO-2 -> LUMO+1 (40)
HOMO-1 -> LUMO+1 (46)
So=>Se: 306 0.0154 HOMO-3 -> LUMO+1 (23)

HOMO-2 -> LUMO+1 (20)
HOMO-1 -> LUMO+1 (36)
So->S: 304 0.0111 HOMO-5 -> LUMO+1 (18)
HOMO-3 -> LUMO (16)
HOMO-2 -> LUMO+1 (19)
So=>So: 300 0.0126 HOMO-5 -> LUMO+1 (22)
HOMO-4 -> LUMO+1 (30)
HOMO-3 -> LUMO (21)
So>S11: 299 0.0101 HOMO-6 -> LUMO (20)
HOMO-4 -> LUMO+1 (16)
HOMO -> LUMO+2 (22)

So->S16: 286 0.0112 HOMO-9 -> LUMO (63)
So->S17: 285 0.0186 HOMO-9 -> LUMO (15)
HOMO-7 -> LUMO (43)

So->S1s: 282 0.0251 HOMO-2 -> LUMO+2 (30)

HOMO-1 -> LUMO+2 (36)

So=>Sa0: 279 0.0106 HOMO-6 -> LUMO+1 (81)

In order to gain insight into the stability of the heterometallic precursors and the final heterometallic
complex, we have carried out a DFT/pbe optimization of models 32a and P1a that represent the
starting products in the synthesis of the complex 34, and the model 34a representing the
heterotrimetallic unit. Model P1a was built up on the basis of the crystalline structure of a similar
Au(I)-TI(l) system in which the only difference is the presence of chlorine atoms in the aurate unit
(1371 Subsequently, using the optimised models 32a and 34a, we have analysed the nature of the
Au(l)---M(1) (M(1) = Au(l), Ag(l) or TI(l)) interactions for all models. We have computed the BSSE-
corrected interaction energies at different distances at HF and MP2 levels. The interaction energies
(AE) and equilibrium distances for all models are listed in Tables 31 and 32.

The Table 31 shows the most relevant optimized distances and angles for the models. It is important

to note that the computed distances are very similar to the experimental ones. In the case of the

226



Chapter 3. Gold(l)-Silver(l) heteronuclear compounds _

computed intermetallic Au---M(l) distances, these are slightly shorter than the experimental ones

whereas the Au(l)---Au(l) distance computed for model 34a is shorter than the experimental one by
0,35 A, probably due to the absence of a packing effect and to the presence of a m-stacking

interaction.

Table 31. Selected structural parameters (distances [A] and angles [°] for complexes 32, 34, P1 and

the corresponding model systems at the DFT level of theory (distance in A and angles in °) .

Au-Tl Au-Ag Ag-E? Au-Au C-E® TI-Au-Tl  Ag-Au-TI

32 - 2.877 2.356-2.557 3.257  1.413-1.455 - -
2.598-2.596 1.478-1.423
1.829-1.836

32a - 2.817 2.368-2.605 3.108  1.400-1.411 - -
2.593-2.599 1.442-1.447
1.826-1.838

Pla  2.8470 - - - - - -

2.9917

34 2.965 2.893 2.42-2.53  3.711  1.402-1.404 56.622  94.262
3.274 2.59-2.59 1.462-1.492
1.821-1.843

34a 3.045 2,734 2.485-2.601 3.352  1.406-1.405 54.382  103.62
3.234 2.582-2.627 1.448-1.455
1.822-1.838

Table 32. Optimized Au—M(l) distance, Re, for the tetranuclear models at the MP2 and HF levels.

System Method Re V(Re) AE(MP2-HF)?
[L7Ag(|)—Au(l)-Au(I)]_-'-[Ag(I)L7]+ (32a) MP2 2.88 -369 -163 (43%)
HF 3.46 -240
[L;Ag(D)-Au(l)]---[Au(l)-Ag(I)L;] (32a) MP2 3.15 -135 -
HF b b
[Au()-TI(D)]---[Au(l)-TI(1)] (P1a) MP2 3.00 -88 -
HF b b
[L7Ag(|)]+---[Au(I)—Tl(l)—Au(I)]_ (34a) MP2 2.90 -339 -183 (53%)
HF 3.46 -190
[L;Ag(D)-Au(D)]--[TI(1)-Au(l)] (34a) MP2 3.09 -182
HF b b

Equilibrium distance Re in A; interaction energy V(Re) in kJ/mol.
4 MP2 equilibrium distance. ® No minimum
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Taking the DFT optimized model systems as starting point we have estimated the stabilization

achieved through metallophilic interactions by computing them at different metal-metal distances
both at HF at MP2 levels of theory. The analysis of [L;Ag(l)-Au(l)-Au(l)]-[Ag(1)L;]" and [L;Ag(l)-
Au(l)]---[Au(l)-Ag(l)L;] metallophilic interactions found in model 32a are shown in Figure 55. The HF
curve for the [L;Ag(1)-Au(l)-Au()]-+-[Ag(1)L;]" interaction is attractive with a minimum corresponding

to the equilibrium distance of 3.46 A and a stabilization energy of -240 kJ/mol.

Regarding the MP2 curve we can observe an attractive behaviour associated to a stabilization
energy of -369 kl/mol at an equilibrium distance of 28.8 ,&, which is in excellent agreement with that
found experimentally of 2.87 A. From the calculations performed to evaluate the stabilization of the
[L;Ag(1)-Au(l)]---[Au(l)-Ag(l)L;] interaction, it is observed that the HF curve shows a repulsive
behaviour, as expected for an aurophilic interaction between two formally Au(l) centres. In contrast,
the MP2 curve shows an attractive behaviour at the equilibrium distance of 3.15 A with a value of -
135 kJ/mol. In addition, in this case the equilibrium distance is in very good agreement with that
experimentally determined distance (3.25 A. If one assumes that the ionic component of the
interaction energy could be estimated at the HF level, the dispersion component of the interaction
is obtained as the difference between MP2 and HF. For model 32a, the dispersion component

represents 44% of the total interaction energy of the [L;Ag(l)-Au(l)-Au()]-+-[Ag(l)L;]" interaction.

400 -

300 L * MP2

200 +
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Energy / kJ/mol
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Figure 55. [L,Ag(1)-Au(l)-Au(l)] - [Ag(l)L,]" (left) and [L;Ag(l)-Au(l)]--[Au(l)-Ag(l)L4] (right) interaction

distances and the corresponding interaction energy curves at HF and MP2 levels for model systems 32a.
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Figure 56 describes the interaction curves for the [Au(l)-TI(1)]---[Au(l)-TI(l)] interaction found in the

model P1la. From the calculations made for the [Au(l)-TI(1)]---[Au(1)-TI(1)] interaction, it is observed
that the HF curve shows a repulsive behaviour. It is important to underline that this behaviour is
due to the neutral charge of the two [Au(l)-TI(l)] fragments, despite the negative charge in the
aurate unit and the positive charge in the thallium(l) atom. The MP2 curve shows an attractive
behaviour at a equilibrium distance of 3.00 A with a stabilization energy of -88 kJ/mol. The choice
of studying the interaction strength between two units of the [Au(CgFs),Tl], polymeric chain is due
to the fact that it represents the real Au(l)-TI(l) interaction within a polymeric system.
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Figure 56. [Au(l)-TI(1)]---[Au(I)-TI(1)] interaction distances and the corresponding interaction energy curves at

HF and MP2 levels for model systems P1a.

Finally, the results of the computed interaction energies for model 34a are shown in Figure 57. The
HF curve for the [LiAg(1)]"-[Au(l)-TI(1)-Au(l)] is attractive with a minimum corresponding to the
equilibrium distance of 3.46 A with an energy of -190 kJ/ mol. Regarding the MP2 curve we can
observe an attractive behaviour with an energy of -339 kJ/mol at the equilibrium distance of 2.90
,5\, which is in excellent agreement with that found experimentally of 2.89 A. From the calculations
performed for the [L;Ag(l)-Au(l)]-+-[TI(I)-Au(l)] interaction, it is observed that the HF curve shows
repulsive behaviour but that the MP2 curve shows an attractive behaviour with an equilibrium
distance of 3.09 A and a stabilization energy of -182 kJ/mol. In addition, in this case the equilibrium
distance is in perfect agreement with the experimentally determined distance (3.23 ,&). The
contribution of dispersive effects is fundamental for the stabilization of the system: the percentage
of dispersive effect is 53% for the [LiAg()]"---[Au(l)-TI(1)-Au(1)]” interaction. This value is much higher
than those previously calculated on bimetallic heteronuclear systems with the same methodology

(13511401 5 g higher than the ones obtained in the tetranuclear heterobimetallic metal systems P1a
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and 32a. Therefore, the dispersive part of the interaction between the metal centres in this

heterotrimetallic system plays a crucial role in the stabilization of such unprecedent supramolecular

systems.
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Figure 57. Ag(l)-—-Au(l) (left), [LiAg(l)-Au(l)]--[TI(1)-Au(l)] (right) and [LiAg(1)-Au(l)-TI(1)]*[Au(l)]” (below)
interaction distances and the corresponding interaction energy curves at HF and MP2 levels for model

systems 34a.

In addition, through the analysis of the MP2 computed strength of the Au(l)eeeM(l) metallophilic
interactions for 32a, P1la, 34a, it is possible to show the higher thermodynamic stability of the

trimetallic system with respect to the bimetallic precursors according to the isodesmic process (see

Figure. 58).
e 4 [L1Ag()-Au()]---[Au(l)}-Ag()L1] (32a)
- 3 5 . g(l)-Au(l)]---[Au(l)-Ag a
240 - [L Ag(l) f\u(l) Au()]---[Ag(L]" (32a) ] o [Au(l)-TI0--[Au()-TI0)] (P1a)
o [LAG("[Au()-TIN)-Au()]  (34a) o = [L1Ag(l)-Au(l)]-[TI()-Aul)] (34a)
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AH = -357 kJ/mol
[AUR,-THAUR,-TI] Pla  AgLi-AuRrAUR;Agly 32a = 2 [AgL1-AURyTI-AUR;] 34a
E(Au-TI) = -88 kJ/mol Ein(Au-Ag) = -369 kJ/mol Ein(Au-Ag) = -339 kJ/mol
E,(AU-AU) = -135 kJ/imol Eiry(Au-TI) = -182 kJimol

Figure 58. Au(l):--M(l) interaction distances and the corresponding interaction energy curves MP2 levels for

model systems 32a, 34a and P1a (top) and isodesmic process for the formation of model 34a (bottom).

230



Chapter 3. Gold(l)-Silver(l) heteronuclear compounds _

From the reported values, it is clearly seen that the interaction Au(l)-Ag(l) loses stability in the model

34a respect to the model P1a (30 kJ/mol), but it is the [L;Ag(I)-Au(l)]---[TI(I)-Au(l)] interaction that
that plays a decisive role in the thermodynamic stability of the trimetallic system. From the MP2
curves showed in Figure 58, it is clear that the break of the Au(l)-Au(l) interaction in the model P1a
and the Au(l)-TI(l) interaction in the model 32a for the formation of the new interaction Au(l)-TI(l)
in the model 34a is thermodynamically favoured. The Au(l)-TI(l) interaction in the presence of
[Ag(1)(L7)] unit, is about 94 kJ/mol more stable respect to the interaction Au(l)-TI(l) in the model P1a,
and about 47 kJ/mol more stable than the interaction Au(l)-Au(l) in model 32a. Considering the
energy of dispersive interactions in all models, model 34a is 357 kJ/mol more stable than models
32a, P1a (see Figure 58).

We have computed the dipole moment for 34a at MP2 level of theory leading to a very large value
of 17.0 D (see Figure 59). Taking into account that the expected dipole moments for the precursors
P1 and 32 are nearly zero, we can conclude that this large dipole moment gives rise to an additional
stabilization to the dispersive forces in this trimetallic system, according to Catalano’s hypothesis
(1341 We believe that the synthetic strategy here reported for the synthesis of the first example of a
multimetallic system featuring unsupported M---Au---M’ moieties, might be suitable for the
preparation of hetero-polymetallic assemblies with a variety of metal compositions and tuneable

properties.

Figure 59. Electron density (MP2 density, isoval = 0.004) mapped with the electrostatic potential (ESP) for

model 34a (a) and dipole moment vector and value for 3a (b).
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Experimental section

A Instrumental and spectroscopic technique used for the characterization of

compounds.

A.1 Elemental analyses

The elemental analyses of carbon, hydrogen, nitrogen and sulfur of all the products described
here have been carried out by using a Perkin-EImer 240B microanalyzer. The presence of fluor
in the samples is problematic for carrying out these analysesm, which would justify some slight

deviations between the calculated and experimental values.

A.2 Infrared spectra (FT-IR)

Infrared spectra were recorded in the 4000-200 cm™ range on a PerkinElmer FT-IR Spectrum

Two with an UATR (Single Reflection Diamond) accessory.

A.3 Nuclear magnetic resonance (NMR)

The NMR spectra of 'H and '°F have been carried out on Bruker ARX-300 or ARX-400
spectrometers, using CDCl;, DMSO-D® or THF-D® as solvent, and with external references SiMe,

for *H , CCI5F for *°F.

A.4 Mass Spectra

The mass spectra were performed on an Bruker Microflex MALDI-TOF (MALDI: Matrix-Assisted
Laser Desorption / lonization, TOF: Time of Flight), using this ionization a nitrogen laser with an

energy of 337nm. The matrices DIT or DCTB have been used.
A.5 Conductivity measurements

The conductivity measurements were made using a Jenway 4010 digital equipment with

solutions in acetone 2 x 10™° M.
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Experimental section

A.6 X-ray diffraction

A.6.1 X-ray diffraction of single crystal.

The data collection of single crystals of the compounds presented in this report has been carried
out in a Nonius Kappa CCD diffraction device or in a Bruker APEX-II CCD diffractometer with a low
temperature controller Oxford Instruments. The resolution of the structures has been carried out
with the program SHELX97"! integrated in the WinGX package, while the Mercury and Olex2
programs have been used for its presentation. Monochromatic molybdenum radiation (Mo Ka) with
a wavelength of 0.71073 A was used for all the compounds. In section 4 of the experimental part
there are tables containing the main distances and angles of each compound and the most
important data of the structural determination of the compounds. Below are the equations for

calculating the parameters that give an idea of the goodness of the models:

Rine = IFG = F3|/IFS)  R(F) =X |IFo| = IE|/ZIF|
WR(F?) = {Zwl(F§ — E?)*1/ZIw(F$)* 3% w™t = g®(F§) + (aP)?*+bP, where
P = [F¢ + 2F?]/3 a and b are constants adjusted by the program

GooF = § = {X [w(F§ — FA?1/(n — p)}V/%;

(n = number of data,= number of parameters)

A.7 X ray powder diffraction.

The pattern of X-ray powder diffraction at room temperature are obtained using an X-ray powder
diffractometer Bruker-AXS D8 Advanced Bragg-Bretano, equipped with a graphite single crystal
monochromator and a scintillating counter or a rotating anode generator Rigaku RU 300 or D/MAX
2500, with CuK, radiation operating at 40 kV and 80 mA. The pattern of X-ray powder diffraction is

measured in a range of 20 from 5 ° to 60 ° with a variation of 0.03 °

A.8 UV-Vis spectra.

The UV-Vis absorption spectra were made with a Hewlett Packard 8453 Diode Array

spectrophotometer. To carry out the measurements THF have been used as solvent.
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A.9 Luminescence spectra. Determination of emission life times.

The steady state luminescence measurements were recorded with a Jobin-Yvon Horiba Fluorolog 3-
22 Tau3 flowmeter spectrum. For measurements at 77 K, an Oxford Optistat DN cryostat with an
accessory for solid samples was used. The data adjustment was made using the Jobin-Yvon software
and the Origin 8.0 program. In the measurements of life times with the Single Photon Counting

technique, Datastation HUB, nanoLEDs of different wavelengths and the DAS6 software were used.

B Synthesis of new compounds

B.1 Starting materials

The starting products used in this work have been acquired in Sigma-Aldrich, Fluka or Alfa-Aesar,
and have been used as received. The preparation of the starting compounds has been carried out
by means of the methods set out in the bibliographic references with slight modifications which are
detailed in the Experimental part.

Organometallic compounds: [Au(CsCls),Ag]"), [Au(CoFs)2Ag]n™ [Au(CoCls)oTI! [Au(CeFs),TI]n®.
Organic ligands: 1-aza-4,7,10-trithiacyclododecane (Ll)m, 1,7-dithia-4,11-diazacyclotetradecane
(Ly), 1-aza-4,10-dithia-7-oxacyclododecane (L))" 5-aza-2,8-dithia[9](2,9)-1,10-

phenanthrolinophane (L4)[101, 1,4,7-Triazacyclononane (Ls)m].

B.2 Synthesis of N-butoxycarbonyl-1-aza-4,7,10-trithiacyclododecane (Boc-L;). A solution of bis(2-
mercaptoethyl)thioether (2.84 g, 18.0 mol) and N-butoxycarbonyl-bis(2-chloroethyl)amine (4.47 g,
18.0 mmol) in anhydrous DMF (250 mL) was added very slowly to a vigorously stirred suspension
of Cs,C0O5 (12.01 g, 34.1 mol) in anhydrous DMF (250 mL) heated to 50 °C under N,. After addition
was completed, the solution was stirred at room temperature overnight, Cs,CO3 was filtered off and
the solvent removed in vacuo to yield a white solid. The crude product was purified by
recrystallization in hot toluene (3.54 g, 60.5 % yield). *H NMR (CDCls): 6y 1.46 (s, 9H, C(CHs)3), 2.82
(m, 12H, CH,-S) 3.49 (m, 4H, CH»-N).

Boc

)
s/
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B.3 Synthesis of 1-aza-4,7,10-trithiacyclododecane (L,). Trifluoroacetic acid (25 mL) was added to
a solution of N-Boc-[12]aneNS; (2.84 g, 8.77 mmol) in CH,Cl, (25 mL) and the resulting mixture
stirred vigorously at room temperature under N, for 2 hours. The solvent was removed under
reduced pressure and the residue (a pale yellow oil) taken up in water. The pH value was adjusted
to 14 by adding 5 M NaOH and the product extracted into CH,Cl,. The organic extracts were dried
over Na,SO,, filtered, and the solvent removed under reduced pressure to give the desired
compound as a colourless solid (1.5 g, 76 % vield). "H-NMR (400 MHz, CDCI3): *H NMR (400 MHz,
CDCl3): 64 1.98 (1H, br, s, NH), 2.69-2.90 (16H, m, CH3).

*p
-

B.4 Synthesis of 4,11-Bis(tert-butoxycarbonyl)-1,7-dithia-4,11-diazacyclotetradecane (Boc-L;). A
solution of N-tert-butoxycarbonylbis(2-thioethyl)amine (1.60 g, 6.7 mmol) and N-butoxycarbonyl-
bis(2-chloroethyl)amine (1.44 g, 5.9 mmol) in anhydrous DMF (250 mL) was added very slowly to a
vigorously stirred suspension of Cs,COs3 (4.8 g, 14.6 mmol) in anhydrous DMF (250 mL) heated to 85
°Cunder N,. After addition was completed, the solution was stirred at room temperature overnight,
Cs,C0O3 was filtered off and the solvent removed in vacuo to yield a white solid The crude product
was purified by flash chromatography (silica) using a CH,Cl,:MeOH (97.5 : 2.5 V/V) mixture as eluent
to give the desired compound as white solid (2.0 g, 83 % yield). *H NMR (CDCls): &, 1.46 (s, 9H,
C(CH3)3), 3.59 (m, 8H, CH,).

Boc-L,
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B.5 Synthesis of 1,7-dithia-4,11-diazacyclotetradecane (L,). Trifluoroacetic acid (25 mL) was added
to a solution of N-Boc-[12]aneNS3 (2.84 g, 8.77 mmol) in CH,Cl, (25 mL) and the resulting mixture
stirred vigorously at room temperature under N, for 2 hours. The solvent was removed under
reduced pressure and the residue (a pale yellow oil) taken up in water. The pH value was adjusted
to 14 by adding 5 M NaOH and the product extracted into CH,Cl,. The organic extracts were dried
over Na,SO,, filtered, and the solvent removed under reduced pressure to give the desired
compound as a colourless solid (1.5 g, 76 % vield). "H-NMR (400 MHz, CDCI3): *H NMR (400 MHz,
CDCl3): 64 1.98 (1H, br, s, NH), 2.69-2.90 (16H, m, CH;).

CH Y
NI

L,

B.6 Synthesis of N-butoxycarbonyl-1-aza-4,10-dithia-7-oxacyclododecane (Boc-L3). A solution of
bis(2-mercaptoethyl)ether (2.29 g, 16.5 mmol) in anhydrous DMF (250 mL) was added very slowly
to a vigorously stirred solution of N-butoxycarbonyl-bis(2-chloroethyl)amine (2 g, 16.5 mol) and
Cs,C03(8.09 g, 25.0 mmol) in anhydrous DMF (500 mL) heated to 60 °C under N,. After addition was
completed, the solution was stirred at 80 C overnight, Cs,CO3 was filtered off and the solvent
removed in vacuo to yield a yellow oil. The crude product was purified by flash chromatography
(silica) using a CH,Cl>:MeOH (97.5 : 2.5 V/V) mixture as eluent to give the desired compound as pale
yellow oil (2.67 g, 52.5% yield). *H-NMR (400 MHz, CDCI3): 6, 1.45 (s, 9 H), 2.73-2.78 (m, 12H), 3.42—
3.45 (m, 4H)

Boc
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B.7 Synthesis of 1-aza-4,10-dithia-7-oxacyclododecane (Ls). Trifluoroacetic acid (25 mL) was added
to a solution of N-Boc-[12]aneNS,0 (2.67 g, 8.68 mmol) in CH,Cl, (25 mL) and the resulting mixture
stirred vigorously at room temperature under N, for 2 hours. The solvent was removed under
reduced pressure and the residue (a pale yellow oil) taken up in water. The pH value was adjusted
to 14 by adding 5 M NaOH and the product extracted into CH,Cl,. The organic extracts were dried
over Na,S0Q, , filtered, and the solvent removed under reduced pressure to give the desired

compound as a colourless solid (1.54 g, 86 % yield). *H-NMR (400 MHz, CDCls): & 2.68-2.79 (m,
N
H
S S
L

3

13H) 3.54 (t, J=5 Hz, 4H).

B.8 Synthesis of N-Boc-5-aza-2,8-dithia[9](2,9)-1,10-phenanthrolinophane (Boc-L;). To a well
stirred suspension of Cs,CO3(1.375 g, 4.22 mmol) in DMF (50 ml) maintained at 55 °C was added
under N, over 20 h a solution of 2,9-bis(chloromethyl)-1,10-phenanthroline (0.585 g, 2.11 mmol)
and N-t-butoxycarbonyl-bis(3-thioethyl)amine (0.49 g, 2.11 mmol) in DMF (50 ml). The resultant
mixture was stirred for 1 h at 55 °C and for 24 h at room temperature and subsequently
concentrated in vacuo. The residue was extracted into CH,Cl, (100 ml) and the organic extract
filtered, washed with water, dried and concentrated in vacuo. The resulting deep yellow residue
was purified by flash chromatography on silica gel using a mixture of CH,Cl,-MeOH (9.5:0.5 v/v ratio)
as eluent to give the desired compound (0.52 g 55% yield) as a pale yellow product which was shown
to be a single component by TLC. *H NMR (400 MHz, [Ds]tetrahydrofuran, ppm): & 1.52 (s, 9H, CHs),
2.67 (m, 4H, S-CH>), 3.24 (t, 4H, N-CH,-CH,, J = 9.5 Hz), 4.08 (s, 4H, S-CH,-Ar), 7.59 (d, 2H, Ar), 7.80
(s, 2H, Ar), 8.27 (d, 2H, Ar).

Boc

BOC'L4
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B.9 Synthesis of 5-aza-2,8-dithia[9](2,9)-1,10-phenanthrolinophane (L;). N-Boc-5-aza-2,8-
dithia[9](2,9)-1,10-phenanthrolinophane (0.67, 1.52 mmol) was deprotected with a mixture of TFA
(60 mL) and CH,Cl, (60 mL) for 2 h at room temperature. After evaporation of excess TFA and CH,Cl,,
water was added (50 mL) and the reaction mixture was adjusted to pH 14 with NaOH. After
extraction with CH,Cl, (5 - 50 mL), drying over Na,SO,, filtering, and removal of the solvent in vacuo,
[12]aneNS3 was obtained as a white solid. (0.350 g, 67 % yield). '"H NMR (400 MHz,
[Dg]tetrahydrofuran, ppm): & 2.67 (m, 4H, S-CH,), 3.24 (t, 4H, N-CH,-CH;, J = 9.5 Hz), 4.08 (s, 4H, S-
CH,-Ar), 7.59 (d, 2H, Ar), 7.80 (s, 2H, Ar), 8.27 (d, 2H, Ar).

B.10 Synthesis of N-N’-N"’-Tritosyl-1,4,7-triazacyclononane (Tos-Ls). To a solution of sodium N-N’-
N”’-tritosyl-diethylenetriamine (28 g, 45.9) in 180 mL dried DMF at 100 °C was added of ditosyl-
ethylene glicol (18g 48.5 mmol) in 150 mL dried DMF for 2 hours. Then the reaction mixture was
stirred for 2 hours more at 100 °C. Evaporation of the DMF at reduced pressure and recrystallization
in water gave the of the compound Tos-Ls (24.5 g, 90 % yield). 'H NMR (400 MHz, CDCl5) 6,4 7.65 (d,
6H, ) =8.0) 7.28 (d, 6H, J = 8.0) 3.40 (s, 12H) 2.41 (s, 9H).
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B.11 Synthesis of 1,4,7-Triazacyclononane (Ls). The solution of tritosyl-1,4,7-triazacyclononane
(25.6 g43.2 mmol) in 55 mL concentrated H,SO4 was heated at 95 °C for 48 hours. Then the reaction
mixture was slowly poured into 300 mL of cold diethyl ether and ethanol (1 : 1) The solid was filtered
and dissolved in water and pH was adjusted until 8 with 6 N KOH. Then all of the water was
evaporated and the residue was dissolved in small amount of methanol. The undissolved KOH was
removed by filtration. This method gave the product Ls (3.35 g 60 %). *H NMR (200 MHz, CDCI3) 2.7
(s, 12H) 1.9 (s, 1H).

N
H

NH HN

\/

Ls

B.12 Synthesis of 5-(2-quinolinylmethyl)-5-aza-2,8-dithia[9](2,9)-1,10-phenanthrolinophane (Lg).
A solution of 2-(chloromethyl)quinoline (0.104 g, 1.93 mmol) in anhydrous acetonitrile (20 mL) was
added dropwise to a stirred mixture of 5-aza-2,8-dithia[9](2,9)-1,10-phenanthrolinophane (0.200
g, 0.585 mmol) and K,CO3 (0.104 g, 1.93 mmol) in anhydrous acetonitrile (20 mL). The reaction
mixture was heated at 80 °C for 24 hours under nitrogen. The solid was filtered off, and the solvent
was removed under reduced pressure. The residue was dissolved in CH,Cl; and washed with water.
The organic phase was dried over Na,SO,4, and the solvent removed under reduced pressure. The
residue was washed with Et,0 to give a pale yellow-brown solid (0.272 g, 96% yield). *H NMR (CDCls,
400 MHz): 64 2.71 (4H, m, S-CH,), 3.28 (4H, m, N-CH,), 4.03 (2H, s, N-CH»-Ar), 4.13 (4H, m, S-CH,-
Ar), 7.46-8.23 (12H, m, Ar).
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B.13 Synthesis of 1-(2-quinolinylmethyl)-1-aza-4,10-dithia-7-oxacyclododecane (L;). A solution of
2 (chloromethyl)quinoline (0.17 g, 0.97 mmol) in anhydrous acetonitrile (20 mL) was added
dropwise to a stirred mixture of 1-aza-4,10-dithia-7-oxacyclododecane ([12]aneNS20) (0.20 g, 0.97
mmol) and K,CO3 (0.66 g, 4.82 mmol) in anhydrous acetonitrile (20 mL). The reaction mixture was
heated at 80 °C for 24 hours under nitrogen. The solid was filtered off, and the solvent was removed
under reduced pressure. The residue was dissolved in CH,Cl, and washed with water. The organic
phase was dried over Na,SO,, and the solvent removed under reduced pressure. The residue was
washed with Et,0 to give a pale yellow solid (0.272 g, 80% yield).'"H NMR (CDCI3, 400 MHz): &, 2.78
(4H, m), 2.98 (8H, m), 3.82 (4H, m), 4.02 (2H, s), 7.65 (2H, m), 7.79 (1H, m), 7.88 (1H, m), 8.11 (1H,
d, ) = 8.4 Hz), ), 8.24-8.35 (1H, m).
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B.14 Synthesis of [{Au(CsCls).K{TI(L1)}21[Au(CsCls)2] (1). Ly (12.2 mg, 0.055 mmol) was added to a
solution of [{Au(CeCls),}Tl], (50.0 mg, 0.055 mmol) in tetrahydrofuran. The mixture was stirred at
room temperature for 3 h, and then the solvent was partially removed under reduced pressure.
Finally, the addition of n-hexane led to the precipitation of product 1 as a white solid, which was
filtered and washed with n-hexane (42.0 mg, 68% yield). Elemental analysis (%) calcd for
Cy0H17AUCl1oNS5TI (1123.43): € 21.38, H 1.53, N 1.25 S 18.19.Found: C 21.00, H 1.73, N 1.39 S 18.22.
'H NMR (400 MHz, [Ds]tetrahydrofuran, ppm): & 2.72 (m, 4H, N-CH,), 2.91 (m, 12H, S-CH,). MALDI-
TOF(-) m/z (%): 695 [Au(CeCls),]™ (100), 1594 [{Au(CeCls),}TI]™ (42). MALDI-TOF(+) m/z (%): 428
[TI([12]aneNSs)]" (100). ATR: v([Au(CsCls)]7) at 834 and 615 cm ™. Ay (acetone): 110 Q'cm’mol™.

B.15 Synthesis of [{Au(CsCls)}{L2)}21[Au(CeCls)2] (2). L (11.4 mg, 0.055 mmol) was added to a
solution of [{Au(CeCls),}Tl], (50.0 mg, 0.055 mmol) in tetrahydrofuran. The mixture was stirred at
room temperature for 3 h, and then the solvent was partially removed under reduced pressure.
Finally, the addition of n-hexane led to the precipitation of product 2 as a gray solid that was filtered
and washed with n-hexane (43.2 mg, 70% yield). Elemental analysis (%) calcd for CyoH13AuCl1oN,S, Tl
(1106.52): C21.71,H 1.64, N 2.53 S 5.80. Found: C21.87, H 1.74, N 2.21 S 5.55. 'H NMR (400 MHz,
[Dg]tetrahydrofuran, ppm): 6 2.81 (m, 8H, N-CH,), 2.98 (m, 8H, S-CH,). MALDI-TOF(-) m/z (%): 695
[Au(CsCls)2]™ (100), 1594 [{Au(CsCls)2},TI]™ (25). MALDI-TOF(+) m/z (%): 411 [TI(Lz)]" (100). ATR:
V([Au(CsCls)2]7) at 838 and 615 cm ™. Ay (acetone): 115 Q'cm’mol™.

B.16 Synthesis of [{Au(C¢Cls).K{TIL3)}1(3). Ls (11.4 mg, 0.055 mmol) was added to a solution of
[{Au(CeCls),}T1], (50.0 mg, 0.055 mmol) in tetrahydrofuran. The mixture was stirred at room
temperature for 3 h, and then the solvent was partially removed under reduced pressure. Finally,
the addition of n-hexane led to the precipitation of product 3 as a yellow solid, which was filtered
and washed with n-hexane (42.0 mg, 68% yield). Elemental analysis (%) calcd for CyoH17AuCl;oNS,OTI
(1107.36): C 21.69, H 1.55, N 1.26 S 18.46. Found: C 21.02, H 1.53, N 1.39 5 5.79. "H-NMR (400 MHz,
[Dg]DMSO): &y 2.68-2.79 (m, 12H) 3.51 (t, J=5 Hz, 4H). MALDI-TOF(-) m/z (%): 694 [Au(CsCls)2]”
(100), 1594 [{Au(CsCls),},TI]™ (42). MALDI-TOF(+) m/z (%): 411 [TI(Ls)]" (10). ATR: v([Au(CsCls),]") at

833 and 612 cm ™. Ay (acetone): 105 Q'cm’mol™.
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B.17 Synthesis of [{Au(CsFs)2}TI(L1)]2 (4). To a well stirred solution of [{Au(CeFs),}TI], (50 mg, 0.068
mmol) in tetrahydrofuran, L; (15,5 mg, 0.068 mmol) was added. After 2 h of stirring, the solution
was concentrated under vacuum. Finally, the addition of n-hexane led to the precipitation of
product 4 as a white solid that was filtered and washed with n-hexane (42.3 mg, 65% yield).
Elemental analysis (%) calcd for C;oH17AuF1oNSsTI (958.88): C 25.05, H 1.79, N 1.46, S 10.03. Found
€25.31,H1.88, N 1.53 S 10.33."H NMR (400 MHz, [Ds]tetrahydrofuran, ppm): & 2.77 (m, 4H, N-CH,),
2.98 (m, 12H, S-CH,). *°F NMR (400 MHz, [Ds]tetrahydrofuran, ppm): 6 -117.1 (m, 2F, F.), -166.0 (t,
1F, Fp, 2J(Fp=Fm) = 19.3 Hz), -167.3 (m, 2F, Fy). MALDI-TOF(-) m/z (%): 531 [Au(CeFs),]” (100), 1267
[{Au(CsFs)2}.TI]™ (30). MALDI-TOF(+) m/z (%): 428 [TI([12]aneNS3)]" (30). ATR: v([Au(CsFs),]7) at 1502,

952 and 785 cm ™. Ay (acetone): 102 Q'cm’mol™.

B.18 Synthesis of [{Au(C¢Fs)2}TI(L2)]n (5). To a well stirred solution [{Au(CsFs)2}Tl], (50 mg, 0.068
mmol) in tetrahydrofuran, L, (14.0 mg, 0.068 mmol) was added. After 2 h of stirring, the solution
was concentrated under vacuum. Finally, the addition of n-hexane led to the precipitation of
product 5 as a gray solid that was filtered and washed with n-hexane (42.0 mg, 65% yield). Elemental
analysis (%) calcd for CoH17AUF1oN2S, Tl (942.01): C 25.50, H 1.93, N 2.97, S 6.81. Found C 25.35, H
2.01, N 2.90, S 6.72. *H NMR (400 MHz, [Dg]tetrahydrofuran, ppm): § 2.89 (m, 8H, N-CH,), 3.05 (m,
18H, S-CH,). ">F NMR (400 MHz, [Dg]tetrahydrofuran, ppm): 6 =115.21 (m, 2F, F,), -164.7 (t, 1F, F,,
*)(Fy=Fm) = 18.6 Hz), -165.3 (m, 2F, Fy). MALDI-TOF(-) m/z (%): 531 [Au(CeFs),]” (100), 1267
[{Au(CeFs),},TI]” (10). MALDI-TOF(+) m/z (%): 411 [TI(L,)]" (10). ATR: v([Au(CsFs),]") at 1508, 957 and

784 cm™. Awm (acetone): 120 Q™ cm?mol™.

B.19 Synthesis of [{Au(CsFs)2}Tl(Ls)]2 (6). To a well stirred solution of [{Au(CsFs),}Tl], (50 mg, 0.068
mmol) in tetrahydrofuran, Ls (14,1 mg, 0.068 mmol) was added. After 2 h of stirring, the solution
was concentrated under vacuum. Finally, the addition of n-hexane led to the precipitation of
product 6 as a white solid that was filtered and washed with n-hexane (44.3 mg, 69% yield).
Elemental analysis (%) calcd for CyoH17AuF19NS,0TI (942.82): C 25.48, H 1.82, N 1.49, S 6.80. Found
C25.31,H1.88, N 1.5356.12. "H NMR (400 MHz, [Dg]DMSO, ppm): 614 2.69 (m, 12H) 3.49 (t, J=5 Hz,
4H). "F NMR (400 MHz, [Dg]tetrahydrofuran, ppm): 6 -115.1 (m, 2F, F,), -160.8 (t, 1F, Fp, *J(Fy=Fm)
=19.3 Hz), -163.16 (m, 2F, F,,). MALDI-TOF(-) m/z (%): 531 [Au(CsFs)>]™ (100), 1267 [{Au(CeFs),},TI]™
(30). MALDI-TOF(+) m/z (%): 428 [TI(L3)]" (30). ATR: v([Au(CeFs),]") at 1500, 953 and 787 cm™t Aw

(acetone): 110 Q™ 'cm’mol™.
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B.20 Synthesis of [{Au(CsCls).H{TILs}] (7). Ls (19.0 mg, 0.055 mmol) was added to a solution of
[{Au(CeCls),}T1], (50.0 mg, 0.055 mmol) in tetrahydrofuran. The mixture was stirred at room
temperature for 2 h, and then the solvent was partially removed under reduced pressure. Finally,
the addition of n-hexane led to the precipitation of product 7 as a green solid, which was filtered
and washed with n-hexane (60.1 mg, 62 % yield). Elemental analysis (%) calcd for C3gH19AuCl1oN3S, Tl
(1241.50): € 29.02, H 1.54, N 3.38 § 5.17. Found: C 30.02, H 1.84, N 3.68 S 5.44. '"H NMR (400 MHz,
[Dg]tetrahydrofuran, ppm): 6 2.43-2.74 (m, 8H, S-CH,-CH,-N), 4.64 (s, 4H, S-CH,-Ar) 7.73 (d, 2H, Ar)
7.87 (s, 2H, Ar) 8.38 (d, 2H, Ar). MALDI-TOF(-) m/z (%): 695 [Au(CsCls),]™ (100), 1594 [{Au(CeCls),},TI]
(42). MALDI-TOF(+) m/z (%): 546 [TI(Ls)]* (10). ATR: v([Au(CeCls),]") at 830 and 615 cm™. Ay

(acetone): 113 Q™ 'cm’mol™.

B.21 Synthesis of [{Au(CsCls),H{Tl(Ls)}2n (8). [9]aneNs (7.10 mg, 0.055 mmol) was added to a
solution of [{Au(CeCls),}Tl], (50.0 mg, 0.055 mmol) in tetrahydrofuran. The mixture was stirred at
room temperature for 3 h, and then the solvent was partially removed under reduced pressure.
Finally, the addition of n-hexane led to the precipitation of product 8 as a grey solid, which was
filtered and washed with n-hexane (35.0 mg, 61% yield). Elemental analysis (%) calcd for
C18H15AUCl1oN3TI (680.95): C 21.69, H 1.55, N 1.26 S 18.46. Found: C 21.02, H 1.53, N 1.39 S 5.79. 'H
NMR (400 MHz, [Dg]tetrahydrofuran, ppm): 6y 2.80-3.03 (m, 12H, CH,). MALDI-TOF(-) m/z (%): 694
[Au(CsCls)2]™ (100), 1594 [{Au(CeCls).}.TI™ (42). MALDI-TOF(+) m/z (%): 332 [TI(Ls)]" (10). ATR:
V([Au(CsCls)2]7) at 837 and 617 cm ™. Ay (acetone): 103 Q'cm’mol™.

B.22 Synthesis of [{Au(CeFs)>}{TILs}]n (9). Ls (23.2 mg, 0.068 mmol) was added to a solution of
[{Au(CeFs)2)Tl], (50.0 mg, 0.068 mmol) in tetrahydrofuran. The mixture was stirred at room
temperature for 2 h, and then the solvent was partially removed under reduced pressure. Finally,
the addition of n-hexane led to the precipitation of product 9 as a green solid, which was filtered
and washed with n-hexane (55.1 mg, 75 % yield). Elemental analysis (%) calcd for C3gH19AuCl1oN3S, Tl
(1076.95): C 33.46, H 1.78, N 3.90 S 5.95. Found: C 32.98, H 1.5, N 4.12 S 6.06. 'H NMR (400 MHz,
[Dg]tetrahydrofuran, ppm): 6 2.44-2.61 (m, 8H, S-CH,-CH,-N), 4.44 (s, 4H, S-CH,-Ar) 7.73 (d, 2H, Ar)
7.89 (s, 2H, Ar) 8.43 (d, 2H, Ar). *°F NMR (400 MHz, [Dg]tetrahydrofuran, ppm): 6 -117.1 (m, 2F, F,),
-166.0 (t, 1F, F, 3J(F,D—Fm) = 19.3 Hz), -167.3 (m, 2F, F,,). MALDI-TOF(-) m/z (%): 531 [Au(CeFs),]
(100). MALDI-TOF(+) m/z (%): 546 [TI(Ls)]" (10). ATR: v([Au(CsFs)2]") at 1499, 950 and 780 cm™t Am

(acetone): 115 Q™ 'cm’mol™.
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B.23 Synthesis of [{Au(CeFs).H{Tl(Ls)}] (10). To a well stirred solution of [{Au(CsFs),}Tl], (50 mg, 0.068
mmol) in tetrahydrofuran, Ls (8.78 mg, 0.068 mmol) was added. After 2 h of stirring, the solution
was concentrated under vacuum. Finally, the addition of n-hexane led to the precipitation of
product 10 as a white-grey solid that was filtered and washed with n-hexane (34.3 mg, 58% yield).
Elemental analysis (%) calcd for C1gH1sAuF1oN3TI (864.66): C 25.00, H 1.75, N 4.68. Found C 24.31, H
1.62, N 4.53. 'H NMR (400 MHz, [Ds]tetrahydrofuran, ppm): 8y 2.78-3.01 (m, 12H, CH,)."”’F NMR
(400 MHz, [Dg]tetrahydrofuran, ppm): 6 -115.36 (m, 2F, F,), -164.1 (t, 1F, F,, 3J(F,f,—Fm) =19.3 Hz),
-165.3 (m, 2F, F). MALDI-TOF(-) m/z (%): 531 [Au(CsFs),]™ (100), 1267 [{Au(CsFs),},TI]™ (30). MALDI-
TOF(+) m/z (%): 332 [TI(Ls)]" (20). ATR: v([Au(CsFs),]") at 1500, 952 and 786 cm™ Aw (acetone): 105
O 'em’mol™.

B.24 Synthesis of [{Au(C¢Cls).H{Tl(L¢)}] (11). Le (20 mg, 0.041 mmol) was added to a solution of
[{Au(CeCls),3T1], (37.2 mg, 0.041 mmol) in tetrahydrofuran. The mixture was stirred at room
temperature for 2 h, and then the solvent was partially removed under reduced pressure. Finally,
the addition of n-hexane led to the precipitation of product 11 as a grey solid, which was filtered
and washed with n-hexane (42.0 mg, 73% yield). Elemental analysis (%) calcd for C4oH26AuCl1oN4S, Tl
(1382.67): C34.75,H 1.90, N 4.05 S 4.64. Found: C 34.02, H 1.93, N 4.39S 4.79. 'H NMR (400 MHz,
[D]DMSO, ppm): 64 2.78 (4H, m, S-CH»-N-CH,), 3.16 (4H, m, N-CH;) 3.93 (2H, s, N-CH»-Ar), 4.06 (4H,
m, S-CH,-Ar), 7.56-8.47 (12H, m, Ar). MALDI-TOF(-) m/z (%): 694 [Au(Ce¢Cls),]” (100), 1594
[{Au(CsCls)2}.TI]™ (20). MALDI-TOF(+) m/z (%): 687 [TI(Ls)]" (10). ATR: v([Au(CeCls),]") at 832 and 621

cm™*. Am (acetone): 103 Q™ 'cm’mol™.

B.25 Synthesis of [{Au(C¢Cls).K{TI(L7)}] (12). Ly (20 mg, 0.057 mmol) was added to a solution of
[{Au(CeCls),}T1], (51.6 mg, 0.057 mmol) in tetrahydrofuran. The mixture was stirred at room
temperature for 3 h, and then the solvent was partially removed under reduced pressure. Finally,
the addition of n-hexane led to the precipitation of product 12 as a yellow solid, which was filtered
and washed with n-hexane (45.0 mg, 63% vyield). Elemental analysis (%) calcd for
C30H24AUCl1oN,S,0TI (1248.53): € 28.86, H 1.94, N 2.24 S 5.14. Found: C 28.02, H 1.93, N 2.39 S 5.79.
'H NMR (400 MHz, [Dg]tetrahydrofuran, ppm): &4 2.78 (4H, m), 2.32-3.54 (8H, m), 3.82 (4H, m), 4.02
(2H, s), 7.65 (2H, m), 7.79 (2H, m), 7.88 (2H, m), 8.11 (2H, d, J = 8.4 Hz), ), 8.24-8.35 (4H, m).MALDI-
TOF(-) m/z (%): 694 [Au(CeCls),]™ (100), 1594 [{Au(CeCls),},TI]™ (42). MALDI-TOF(+) m/z (%): 553
[TI(L7)]* (10). ATR: v([Au(CsCls)]7) at 830 and 620 cm ™. Ay (acetone): 105 Q*cm’mol™.
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B.26 Synthesis of [{Au(CsFs).}{Tl(Le)}] (13). To a well stirred solution of [{Au(CeFs),}Tl], (30.1 mg,
0.041 mmol) in tetrahydrofuran, Ls (20 mg, 0.041 mmol) was added. After 2 h of stirring, the solution
was concentrated under vacuum. Finally, the addition of n-hexane led to the precipitation of
product 13 as a brown solid that was filtered and washed with n-hexane (40.3 mg, 80% yield).
Elemental analysis (%) calcd for C4oH26AUF10N4S,TI (1218.12): € 39.44, H 2.15, N 4.60, S 5.26. Found
€39.32,H2.17,N 4.58, S 6.23. *H NMR (400 MHz, [Ds]tetrahydrofuran, ppm): &4 3.02 (8H, m, S-CH,-
N- CH,), 4.03 (2H, s, N-CH,-Ar), 4.40 (4H, m, S-CH,-Ar), 7.52-8.42 (12H, m, Ar).19F NMR (400 MHz,
[Dg]tetrahydrofuran, ppm): 6 -117.1 (m, 2F, F,), -166.9 (t, 1F, F,, 3J(Fp—Fm) =19.3 Hz), -167.3 (m, 2F,
Fm). MALDI-TOF(-) m/z (%): 531 [Au(CsFs),]” (100), 1267 [{Au(CsFs)2}TIl™ (30). MALDI-TOF(+) m/z
(%): 687 [TI(Le)]* (100). ATR: v([Au(CsFs)2]") at 1501, 950 and 787 cm ™. A (acetone): 103 Q*cm’mol’

1

B.27 Synthesis of [{Au(CgFs),TI}{Au(CsFs),TI(Ls)}]2> (14). To a well stirred solution of [{Au(CeFs),}Tl],
(41 mg, 0.041 mmol) in tetrahydrofuran, L; (10 mg, 0.020 mmol) was added. After 2 h of stirring,
the solution was concentrated under vacuum. Finally, the addition of n-hexane led to the
precipitation of product 14 as a brown-grey solid that was filtered and washed with n-hexane (34.3
mg, 67 % yield). Elemental analysis (%) calcd for CsyH4Au,F20N4S,Tl, (1952.58): € 31.99, H 1.29, N
2.87,53.28. Found C 31.00, H 1.62, N 2.58, S 3.23. "H NMR (400 MHz, [Ds]tetrahydrofuran, ppm) &
3.00 (4H, m, S-CH,), 3.08 (4H, m, N-CH,), 4.06 (2H, s, N-CH,-Ar), 4.48 (4H, m, S-CH-Ar), 7.55-8.45
(12H, m, Ar). *>F NMR (400 MHz, [Dg]tetrahydrofuran, ppm): 6 -117.2 (m, 2F, F,), -165.7 (t, 1F, Fp,
*)(Fp=Fm) = 19.3 Hz), -166.9 (m, 2F, F,). MALDI-TOF(-) m/z (%): 531 [Au(CeFs),]” (100), 1267
[{Au(CeFs),},TI]” (30). MALDI-TOF(+) m/z (%): 687 [TI(Ls)]" (100). ATR: v([Au(CsFs),]") at 1502, 942 and

787 cm™. Awm (acetone): 100 Q™ cm?mol™.

B.28 Synthesis of [{Au(CeFs).H{TI(L;)}] (15). To a well stirred solution of [{Au(CsFs),}Tl], (41 mg, 0.057
mmol) in tetrahydrofuran, L; (20 mg, 0.057 mmol) was added. After 2 h of stirring, the solution was
concentrated under vacuum. Finally, the addition of n-hexane led to the precipitation of product 15
as a brown solid that was filtered and washed with n-hexane (44.3 mg, 72% vyield). Elemental
analysis (%) calcd for C3oH24AUF1oN,S;0TI (1083.99): C 33.24, H 2.23, N 2.58, S 5.92. Found C 34.00,
H 2.62, N 2.58, S 6.23. 'H NMR (400 MHz, [Ds]tetrahydrofuran, ppm): 84 2.93-3.05 (12H, m, S-CHo-
N-SCH;), 3.74 (4H, m, N-CH,-Ar), 4.19 (2H, s, N-CH,-Ar), 7.60 (2H, m, Ar), 7.75 (1H, m, Ar), 7.93 (1H,
m, Ar), 8.16 (1H, d, J = 8.4 Hz, Ar), ), 8.24-8.35 (1H, m, Ar)."°F NMR (400 MHz, [Dg]tetrahydrofuran,
ppm): 6 =117.1 (m, 2F, F,), -166.9 (t, 1F, Fp, *J(F;—Fm) = 19.3 Hz), -167.1 (m, 2F, F,). MALDI-TOF(-)

254



Experimental section

m/z (%): 531 [Au(CgFs)2] (100), 1267 [{Au(CsFs)-}.TI]™ (30). MALDI-TOF(+) m/z (%): 552 [TI(L;)]* (100).
ATR: V([Au(CgFs),]7) at 1503, 948 and 785 cm ™. Ay (acetone): 100 Q*cm’mol™.

B.29 Synthesis of [{Au(CgFs),TI}{Au(CsFs).TI(L7)}]. (16). To a well stirred solution of [{Au(CeFs),}Tl],
(41 mg, 0.057 mmol) in tetrahydrofuran, L; (10 mg, 0.028 mmol) was added. After 2 h of stirring,
the solution was concentrated under vacuum. Finally, the addition of n-hexane led to the
precipitation of product 16 as a brown-grey solid that was filtered and washed with n-hexane (34.3
mg, 67 % yield). Elemental analysis (%) calcd for C4,H24Au,F20N,S,0Tl, (1819.45): C 27.73, H 1.33, N
1.54,53.52. Found C 27.00, H 1.62, N 1.58, S 3.23. "H NMR (400 MHz, [Ds]tetrahydrofuran, ppm &
2.99-3.08 (12H, m, S-CH2-N-SCH.), 3.75 (4H, m), 4.25 (2H, s, N-CH-Ar), 7.54-8.39 (6H, m, Ar). °F
NMR (400 MHz, [Dg]tetrahydrofuran, ppm): 6 -117.1 (m, 2F, F,), -166.9 (t, 1F, F,, 3”J(Fp—Fm) =19.3
Hz), -167.1 (m, 2F, Fy,). MALDI-TOF(-) m/z (%): 531 [Au(CeFs)2]™ (100), 1267 [{Au(CsFs)2}2TI]™ (30).
MALDI-TOF(+) m/z (%): 552 [TI(L;)]* (100). ATR: v([Au(CsFs)2]7) at 1503, 945 and 787 cm™. Ay

(acetone): 100 Q™ 'cm’mol™.

B.30 Synthesis of [{Au(C¢Cls),}{Ag(L1)}] (17). L; (13.8 mg, 0.062 mmol) was added to a solution of
[{Au(CeCls),}Ag]n (50.0 mg, 0.062 mmol) in tetrahydrofuran. The mixture was stirred at room
temperature for 2 h, and then the solvent was partially removed under reduced pressure. Finally,
the addition of n-hexane led to the precipitation of product 17 as a white-grey solid, which was
filtered and washed with n-hexane (48.0 mg, 75% yield). Elemental analysis (%) calcd for
Co0H17AgAUCIoNS;s (1026.91): C 23.39, H 1.67, N 1.36 S 9.37.Found: C 23.12, H 1.71, N 1.39 S 9.50.
'H NMR (400 MHz, [Ds]tetrahydrofuran, ppm): & 2.66-2.73 (m, 4H, N-CH,), 2.80 (m, 12H, S-CH>).
MALDI-TOF(-) m/z (%): 695 [Au(CsCls)2]” (100), 1497 [{Au(CsCls):}.Ag]™ (42). MALDI-TOF(+) m/z (%):
331 [Ag(L1)]" (100). ATR: V([Au(CeCls),]") at 836 and 614 cm ™. Ay (acetone): 105 Q cm’mol™.

B.31 Synthesis of [{Au(CeCls).}{Ag(L2)}] (18). L, (12,8 mg, 0.062 mmol) was added to a suspension
of [{Au(CeCls),}Ag], 50 mg, 0.062 mmol) in tetrahydrofurane. After 2 h of stirring, the solution was
concentrated under vacuum. Finally, the addition of n-hexane led to the precipitation of product 18
as a pink-white solid that was filtered and washed with n-hexane (47.8 mg, 76% yield). Elemental
analysis (%) calcd for C;oH18AgAUCl1oN,S; (1009.86): C 23.79, H 1.80, N 2.77, S 6.35. Found C 24.01,
H 1.90, N 2.90, S 6.25. "H NMR (400 MHz, [Ds]tetrahydrofuran, ppm): & 2.62-265 (m, 8H ,CH,N),
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2.68-2.70 (m, 8H, CH,S). MALDI-TOF(-) m/z (%): 695 [Au(CcCls),]” (100), 1498 [Ag{Au(CsCls)2}2]” (10).
MALDI-TOF(+) m/z (%): 312 [Ag(L,)]* (100). ATR: v([Au(CeFs),]) at 836 and 617 cm™*.

B.32 Synthesis of [{Au(C¢Cls),}{Ag(Ls)}] (19). L5 (12.1 mg, 0.062 mmol) was added to a solution of
[{Au(CeCls),}Ag]n (50.0 mg, 0.062 mmol) in tetrahydrofuran. The mixture was stirred at room
temperature for 2 h, and then the solvent was partially removed under reduced pressure. Finally,
the addition of n-hexane led to the precipitation of product 19 as a white solid, which was filtered
and washed with n-hexane (48.0 mg, 77% vyield). Elemental analysis (%) calcd for
C,0H17AgAUCIoNS,0 (1010.84): C 23.76, H 1.70, N 1.39 S 6.34.Found: C 23.12, H 1.73, N 1.44 S 6.50.
'H NMR (400 MHz, [Dg]DMF, ppm): 6 2.75-2.92 (m, 12H, N-CH, S-CH>), 3.58 (m, 4H, O-CH,). MALDI-
TOF(-) m/z (%): 695 [Au(CsCls)2]” (100), 1497 [{Au(CsCls)2}Ag]™ (42). MALDI-TOF(+) m/z (%): 313
[Ag(Ls)]" (100). ATR: v([Au(CeCls),]") at 836 and 614 cm ™. Ay (acetone): 105 Q'cm® mol™.

B.33 Synthesis of [{Au(CsCls),}{Ag(L3)}]2 (20). L3 (12.1 mg, 0.062 mmol) was added to a solution of
[{Au(CeCls),}Ag]n (50.0 mg, 0.062 mmol) in tetrahydrofuran. The mixture was stirred at reflux for 2
h and 24h at room temperature, then the solvent was partially removed under reduced pressure.
Finally, the addition of n-hexane led to the precipitation of product 20 as a grey solid, which was
filtered and washed with n-hexane (38.0 mg, 61% yield). Elemental analysis (%) calcd for
C,0H17AgAUCIoNS,0 (1010.84): C 23.76, H 1.70, N 1.39 S 6.34.Found: C 23.12, H 1.73, N 1.44 S 6.50.
'H NMR (400 MHz, [Dg]DMF, ppm): 6 2.73-2.90 (m, 12H, N-CH, S- CH,), 3.58 (m, 4H, O-CH-). MALDI-
TOF(-) m/z (%): 695 [Au(CeCls),] (100), 1497 [{Au(CsCls),},Ag]l™ (42). MALDI-TOF(+) m/z (%): 313
[Ag(Ls)]* (100). ATR: v([Au(CsCls),]7) at 837 and 615 cm™. Ay (acetone): 107 Q'cm?mol™.

B.34 Synthesis of [{Au(CsFs),}{AgL1}]> (21). L; (17,9 mg, 0.078 mmol) was added to a suspension of
[{Au(CeFs)2}Ag] 50 mg, 0.078 mmol) in tetrahydrofurane. After 2 h of stirring, the solution was
concentrated under vacuum. Finally, the addition of n-hexane led to the precipitation of product 21
as a white solid that was filtered and washed with n-hexane (42.3 mg, 62% yield). Elemental analysis
(%) calcd for CyoH17AgAuUF1oNS; (862.37): C 27.86, H 1.99, N 1.62, S 11.15. Found C 27.79, H 2.21, N
1.42, 5 11.10. *H NMR (400 MHz, [Dg]tetrahydrofuran, ppm): 6 2.69-2.73 (m, 4H ,CHaN, )y = 5,2
Hz), 2.75-2.78 (m, 12H, S-CH,-CH,-S-CH,, *J-n) = 5,2 Hz). *°F NMR (400 MHz, [Ds]tetrahydrofuran,
ppm): 6 —166.8 (M, 2F, Fr,), =163.8 (t, 1F, Fy, >J(Fy=Fm) = 20.3 Hz), =116.0 (m, 2F, Fo). MALDI-TOF(-)
m/z (%): 531 [Au(CsFs)2]” (80), 1168 [Ag{Au(CsFs)2}2]” (100). MALDI-TOF(+) m/z (%): 331 [Ag(L1)]"
(100). ATR: v([Au(CeFs),] ") at 1502, 952 and 785 cm™h
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B.35 Synthesis of [{Au(C¢Fs).}{AgL,}] (22). L, (16,1 mg, 0.078 mmol) was added to a suspension of
[{Au(CeFs)2}Ag] 50 mg, 0.078 mmol) in tetrahydrofurane. After 2 h of stirring, the solution was
concentrated under vacuum. Finally, the addition of n-hexane led to the precipitation of product 22
as a white solid that was filtered and washed with n-hexane (47.3 mg, 71% yield). Elemental analysis
(%) calcd for CyoH1sAgAUF1oN,S; (845.32): C 28.42, H 2.15, N 3.31, S 7.59. Found C 28.92, H 2.41, N
3.15,57.25. "H NMR (400 MHz, [Ds]tetrahydrofuran, ppm): 6 2.62-265 (m, 8H ,CH,N ), 2.68-2.70 (m,
8H, CH,S). ¥ NMR (400 MHz, [Dsg]tetrahydrofuran, ppm): & -165.3 (m, 2F, Fn) -164.7 (t, 1F, F,,
*J(Fp=Fm) = 19.3 Hz) -117.1 (m, 2F, F,). MALDI-TOF(-) m/z (%): 531 [Au(CeFs),]” (80), 1168
[Ag{Au(CsFs)2},]” (100). MALDI-TOF(+) m/z (%): 312 [Ag(L,)]" (100). ATR: v([Au(CsFs),]7) at 1503, 950
and 787 cm™.

B.36 Synthesis of [{Au(C¢Fs5).}{Ag(L3)}] (23). Ls (16,1 mg, 0.078 mmol) was added to a suspension
of [{Au(CsFs).}Ag], 50 mg, 0.078 mmol) in tetrahydrofurane. After 2 h of stirring, the solution was
concentrated under vacuum. Finally, the addition of n-hexane led to the precipitation of product 23
as a white solid that was filtered and washed with n-hexane (32.3 mg, 48% yield). Elemental analysis
(%) calcd for CyoH17AgAuUF10NS,0 (846.30): C 28.38, H 2.02, N 1.66, S 7.58. Found C 28.32, H 2.21, N
1.52,57.58. *H NMR (400 MHz, [Ds]tetrahydrofuran, ppm*H NMR (400 MHz, [Dg]DMF, ppm): & 2.72-
2.90 (m, 4H, N-CH,,S-CH,) 3.58 (m, 4H, O-CH,). 9F NMR (400 MHz, [Dg]tetrahydrofuran, ppm): &
-114.2 (m, 2F, Fy,), =159.8 (t, 1F, Fp, *J(Fy—=Fm) = 20.3 Hz), =163.1 (m, 2F, Fo). MALDI-TOF(-) m/z (%):
531 [Au(CeFs),]™ (100), 1168 [Ag{Au(CsFs)2}2]™ (20). MALDI-TOF(+) m/z (%): 313 [Ag(Ls)]" (100). ATR:
V([Au(CeFs).]") at 1505, 958 and 788 cm ™.

B.37 Synthesis of [{Au(C¢Cls),}{AgLs}] (24). Ls (21.3 mg, 0.062 mmol) was added to a solution of
[{Au(CeCls),}Ag]n (50.0 mg, 0.062 mmol) in tetrahydrofuran. The mixture was stirred at room
temperature for 2 h, and then the solvent was partially removed under reduced pressure. Finally,
the addition of n-hexane led to the precipitation of product 24 as a white solid, which was filtered
and washed with n-hexane (55.0 mg, 77 % vyield). Elemental analysis (%) calcd for
C30H19AgAUCIoN3S; (1123.43): C 31.47, H 1.67, N 3.67 S 5.60.Found: C 31.21, H 1.MN63, N 3.53 S
5.22. 'H NMR (400 MHz, [Dg]tetrahydrofuran, ppm): 6 2.51-2.64 (m, 8H, S-CH,-CH,-N), 4.48 (s, 4H,
S-CH,-Ar) 7.64 (d, 2H, Ar) 7.90 (s, 2H, Ar) 8.36 (d, 2H, Ar). MALDI-TOF(-) m/z (%): 695 [Au(CsCls)2]
(100), 1498 [{Au(CeCls),}Ag]™ (10). MALDI-TOF(+) m/z (%): 448 [Ag(La)]” (100). ATR: v([Au(CsCls)2]")

at 834 and 611 cm ™. Ay (acetone): 110 Q* cm’mol™.
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B.38 Synthesis of [{Au(CsCls),}{Ag(Ls)}] (25). Ls (8.0 mg, 0.062 mmol) was added to a solution of
[{Au(CeCls),}Ag]n (50.0 mg, 0.062 mmol) in tetrahydrofuran. The mixture was stirred at room
temperature for 2 h, and then the solvent was partially removed under reduced pressure. Finally,
the addition of n-hexane led to the precipitation of product 25 as a brown solid, which was filtered
and washed with n-hexane (48.0 mg, 82% yield). Elemental analysis (%) calcd for C;gH15AgAuUCl19N3
(932.69): € 23.18,H 1.62, N 4.51. Found: C 24.18, H 1.72, N 4.42. "H NMR (400 MHz, [Dg]CDCls, ppm):
2.67-2.91 (m, 12H, CH;). MALDI-TOF(-) m/z (%): 695 [Au(CsCls),]™ (80), 1497 [{Au(CeCls),},Ag]™ (100).
MALDI-TOF(+) m/z (%): 242 [Ag(Ls)]" (100). ATR: v([Au(CsCls),]7) at 836 and 614 cm™. Ay, (acetone):

105 Qecm? mol™.

B.39 Synthesis of [{Au(CeFs).}{AgLs}.][Au(CeFs)2] (26). Ly (26.8 mg, 0.068 mmol) was added to a
solution of [{Au(CeFs)2}Ag], (50.0 mg, 0.068 mmol) in tetrahydrofuran. The mixture was stirred at
room temperature for 2 h, and then the solvent was partially removed under reduced pressure.
Finally, the addition of n-hexane led to the precipitation of product 26 as a yellow solid, which was
filtered and washed with n-hexane (60.1 mg, 82 % vyield). Elemental analysis (%) calcd for
C30H19AgAUF19N3S,; (978.95): C 36.75, H 1.95, N 4.29 S 6.54.Found: C 36,22 H 1.82, N 4.39 S 6.54. 'H
NMR (400 MHz, [Dg]tetrahydrofuran, ppm): § 2.51-2.64 (m, 8H, S-CH,-CH,-N), 4.44 (s, 4H, S-CH,-Ar)
7.71 (d, 2H, Ar) 7.93 (s, 2H, Ar) 8.42 (d, 2H, Ar). °F NMR (400 MHz, [Ds]tetrahydrofuran, ppm): &
~117.1 (m, 2F, F,), =166.0 (t, 1F, Fp, *J(Fy—Fm) = 19.3 Hz), -167.3 (m, 2F, Fry). MALDI-TOF(-) m/z (%):
531 [Au(CsFs)2]™ (100), 1169 [{Au(CeFs)2}2Ag]™ (42). MALDI-TOF(+) m/z (%): 447 [Ag(Ls)]*(100). ATR:
V([Au(CeFs)2]") at 1499, 950 and 780 cm ™. Ay (acetone): 105 Q 'cm’mol™.

B.40 Synthesis of [{Au(C¢Fs).}{Ag(Ls)}.Au(CeFs)2] (27). Ls (10,1 mg, 0.078 mmol) was added to a
suspension of [{Au(CeFs)2}Ag], 50 mg, 0.078 mmol) in tetrahydrofurane. After 2 h of stirring, the
solution was concentrated under vacuum. Finally, the addition of n-hexane led to the precipitation
of product 27 as a white solid that was filtered and washed with n-hexane (32.3 mg, 48% vyield).
Elemental analysis (%) calcd for C;gH15AgAuF1oN3 (768.15): C 28.14, H 1.97, N 5.47. Found C 28.32,
H 2.21, N 5.52. 'H NMR (400 MHz, [D]CDCls, ppm): 8y 2.67-2.80 (m, 12H, CH.). *°F NMR (400 MHz,
[Dg]tetrahydrofuran, ppm): 6 -164.5 (m, 2F, Fy, ), -159.6 (t, 1F, F,, 3J(Fp—Fm) = 20.3 Hz), -113.7 (m,
2F, Fo). MALDI-TOF(-) m/z (%): 531 [Au(CeFs).]™ (100), 1168 [Ag{Au(CeFs)2}2]” (20). MALDI-TOF(+) m/z
(%): 313 [Ag(Ls)]" (100). ATR: V([Au(CsFs)]7) at 1505, 958 and 788 cm ™.
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B.41 Synthesis of [{Au(C¢Cls),}{Ag(Ls)}] (28). L, (10.0 mg, 0.041 mmol) was added to a solution of
[{Au(CeCls),}Ag]n (32.9 mg, 0.041 mmol) in tetrahydrofuran. The mixture was stirred at room
temperature for 2 h, and then the solvent was partially removed under reduced pressure. Finally,
the addition of n-hexane led to the precipitation of product 28 as a brown solid, which was filtered
and washed with n-hexane (30.0 mg, 69 % vyield). Elemental analysis (%) calcd for
CaoH26AgAUCI1oN4S; (1152.52): C37.35, H 2.04, N 4.36, S 4.98. Found: C37.18, H 2.12, N 4.42 S 4.71.
'H NMR (400 MHz, [Ds]DMSO, ppm): 8 2.75 (4H, m, S-CH2-N-CH,), 3.15 (4H, m, N-CH.) 3.95 (2H, s,
N-CH,-Ar), 4.05 (4H, m, S-CH>-Ar), 7.55-8.47 (12H, m, Ar). MALDI-TOF(-) m/z (%): 695 [Au(CsCls),]”
(80), 1497 [{Au(CsCls),},Ag]™ (100). MALDI-TOF(+) m/z (%): 588 [Ag(Le)]" (100). ATR: v([Au(CsCls),]")

at 835 and 612 cm ™. Ay (acetone): 105 Q cm? mol™.

B.42 Synthesis of [{Au(CsCls).}{Ag(L7)}] (29). L, (20.0 mg, 0.057 mmol) was added to a solution of
[{Au(CeCls),}Ag]n (45.8 mg, 0.057 mmol) in tetrahydrofuran. The mixture was stirred at room
temperature for 2 h, and then the solvent was partially removed under reduced pressure. Finally,
the addition of n-hexane led to the precipitation of product 29 as a brown solid, which was filtered
and washed with n-hexane (48.0 mg, 72% vyield). Elemental analysis (%) calcd for
C30H24AgAUCIoN,0S, (1152.52): C 31.28, H 2.10, N 2.43, S 5.57. Found: C 32.18, H 2.12, N 242 S
5.71. *H NMR (400 MHz, [Ds]tetrahydrofuran, ppm): ): 8 2.75-2.93 (m, 12H, CH>) 3.39 (m, 2H, CH>)
3.83 (m, 2H, CH,) 4.04 (s, 2H, N- CH»-Ar) 7.36 (d, 1H, Ar, 8.3 Hz) 7.61 (d, 1H, Ar, 7.5 Hz) 7.83 (d, 2H,
Ar, 7.5 Hz) 8.31(d, 1H, Ar, 8.5 Hz) 8.66 (d, 1H, Ar, 9.2 Hz). MALDI-TOF(-) m/z (%): 695 [Au(CeCls),]”
(80), 1497 [{Au(CeCls).}Ag]™ (100). MALDI-TOF(+) m/z (%): 454 [Ag(L;)]" (100). ATR: v([Au(CsCls)-]")

at 835 and 612 cm ™. Ay (acetone): 103 QO cm? mol™.

B.43 Synthesis of [{Au(CsFs).}{AgLs}2][Au(CsFs)2] (30). Li (20 mg, 0.041 mmol) was added to a
solution of [{Au(CeFs)2}Ag]n (26.7 mg, 0.041 mmol) in tetrahydrofuran. The mixture was stirred at
room temperature for 2 h, and then the solvent was partially removed under reduced pressure.
Finally, the addition of n-hexane led to the precipitation of product 30 as a brown solid, which was
filtered and washed with n-hexane (33.1 mg, 71 % vyield). Elemental analysis (%) calcd for
CaoH26AgAUF19N,S; (1121.61): C 42.83, H 2.34, N 5.00 S 5.72. Found: C 42,01 H 2.55, N 5.90 S 5.23.
'H NMR (CDCls, 400 MHz): 8, 2.68 (4H, m, S-CH,), 2.89 (4H, m, N-CH,), 3.37 (2H, s, N-CHz-Ar), 4.44
(4H, m, S-CH»-Ar), 7.40-8.45 (12H, m, Ar). *°F NMR (400 MHz, [Ds]tetrahydrofuran, ppm): 6 -116.9
(m, 2F, Fo), =165.7 (t, 1F, Fp, *J(Fo—Fm) = 19.3 Hz), -167.0 (m, 2F, Fy). MALDI-TOF(-) m/z (%): 530
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[Au(CeFs)2]” (100) 1168 [Ag{Au(CesFs),}2]” (20). MALDI-TOF(+) m/z (%): 588 [Ag(Le)]*(100). ATR:
v([Au(CgFs),]7) at 1505, 950 and 780 cm ™. Ay (acetone): 100 Q'cm?mol™.

B.44 Synthesis of [{Au(CeFs).}2{Ag2L6}] (31). L; (20 mg, 0.041 mmol) was added to a solution of
[{Au(CeFs)2}Ag]n (73.4 mg, 0.082 mmol) in tetrahydrofuran. The mixture was stirred at room
temperature for 2 h, and then the solvent was partially removed under reduced pressure. Finally,
the addition of n-hexane led to the precipitation of product 31 as a yellow solid, which was filtered
and washed with n-hexane (63.1 mg, 67 % vyield). Elemental analysis (%) calcd for
Cs2H26A8,AULF20N4S; (1760.56): C 35.47, H 1.49, N 3.18 S 3.64. Found: C 35,01 H 1.55, N 3.90 S 3.71.
'H NMR (CDCls, 400 MHz): 8 2.63 (4H, m, S-CH,), 2.91 (4H, m, N-CH.), 3.34 (2H, s, N-CH»-Ar), 4.42
(4H, m, S-CH»-Ar), 7.41-8.47 (12H, m, Ar). *°F NMR (400 MHz, [Ds]tetrahydrofuran, ppm): 6 -115.9
(m, 2F, F,), =165.9 (t, 1F, F, 3J(Fp—Fm) = 19.3 Hz), -167.3 (m, 2F, Fy,). MALDI-TOF(-) m/z (%): 530
[Au(CsFs)2]” (100), 1168 [Ag{Au(CeFs)2}2]” (20). MALDI-TOF(+) m/z (%): 589 [Ag(Le)]"(100). ATR:
V([AU(C6Fs)2]7) at 1502, 951 and 781 cm™™. . Aw (acetone): 105 Q™ cm’mol™.

B.45 Synthesis of [{Au(CsFs).}{AgLs}]2 (32). L; (20 mg, 0.057 mmol) was added to a solution of
[{Au(CeFs)2}Ag]ln (36.7 mg, 0.057 mmol) in tetrahydrofuran. The mixture was stirred at room
temperature for 2 h, and then the solvent was partially removed under reduced pressure. Finally,
the addition of n-hexane led to the precipitation of product 32 as a brown solid, which was filtered
and washed with n-hexane (43.1 mg, 76 % vyield). Elemental analysis (%) calcd for
C30H24AgAUF1oN,0S; (987.47): C 36.49, H 2.45, N 2.84 S 6.49. Found: C 37,01 H 2.55, N 2.90 S 6.71.
'H NMR (400 MHz, [Dg]tetrahydrofuran, ppm): 6 2.74-3.98 (m, 12H, CH,) 3.36 (m, 2H, CH;) 3.85 (m,
2H, CH,) 4.07 (s, 2H, N- CH,-Ar) 7.36 (d, 1H, Ar, 8.3 Hz) 7.61 (d, 1H, Ar, 7.5 Hz) 7.88 (d, 2H, Ar, 7.5 Hz)
8.31 (d, 1H, Ar, 8.5 Hz) 8.63 (d, 1H, Ar, 9.2 Hz). ®F NMR (400 MHz, [Dg]tetrahydrofuran, ppm): &
-116.2 (m, 2F, F,), -165.0 (t, 1F, F,, 3J(Fp—Fm) =19.3 Hz), -167.0 (m, 2F, F). MALDI-TOF(-) m/z (%):
530 [Au(CsFs)2]™ (100). MALDI-TOF(+) m/z (%): 455 [Ag(L;)]7(100). ATR: v([Au(CsFs)2]") at 1502, 952
and 782 cm™".

B.46 Synthesis of [{Au(CsFs).}2{Ag:L7}] (33). Ly (10 mg, 0.028 mmol) was added to a solution of
[{Au(CeFs)2}Ag]n (36.7 mg, 0.057 mmol) in tetrahydrofuran. The mixture was stirred at room
temperature for 2 h, and then the solvent was partially removed under reduced pressure. Finally,
the addition of n-hexane led to the precipitation of product 33 as a yellow solid, which was filtered
and washed with n-hexane (33.1 mg, 71 % vyield). Elemental analysis (%) calcd for
CaaH24A82AULF20N,0S; (1626.42): C 31.02, H 1.49, N 1.72 S 3.94. Found: C 31,01 H 1.55, N 1.90 S
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3.71. 'H NMR (400 MHz, [Ds]tetrahydrofuran, ppm): 8y 2.79-3.02 (m, 12H, CH,) 3.43 (m, 2H, CH,)
3.85 (m, 2H, CH,) 4.08 (s, 2H, N- CH»-Ar) 7.61 (d, 1H, Ar, 8.3 Hz) 7.63 (d, 1H, Ar, 7.5 Hz) 7.92 (d, 2H,
Ar, 7.5 Hz) 8.32(d, 1H, Ar, 8.5 Hz) 8.65 (d, 1H, Ar, 9.2 Hz). *°F NMR (400 MHz, [Ds]tetrahydrofuran,
ppm): 6 —114.3 (m, 2F, Fo), -161.5 (t, 1F, Fp, *J(Fo=Fm) = 19.3 Hz), —=164.5 (m, 2F, Fr,). MALDI-TOF(-)
m/z (%): 530 [Au(CeFs),]” (100), 1168 [Ag{Au(CsFs)2}]” (20). MALDI-TOF(+) m/z (%): 455
[Ag(L7)]7(100). ATR: v([Au(CsFs)2]") at 1503, 952 and 780 cm™L

B.47 Synthesis of [{Au(CsFs)TI{Au(CsFs),TI{Au(CsFs).AgL7}}2]n (34). complex 1 (20 mg, 0.057 mmol)
was added to a solution of [{Au(CsFs),}Ag], (36.7 mg, 0.057 mmol) in tetrahydrofuran. The mixture
was stirred at room temperature for 2 h. The solution was filtered off, and the solvent was partially
removed under reduced pressure. Finally, the addition of n-hexane led to the precipitation of
product 34 as a yellow solid, which was filtered and washed with n-hexane (43.1 mg, 76 % yield).
Elemental analysis (%) calcd for CogHasAgrAUsF50N40,54Tl3 (4181.34): C27.58, H 1.16, N 1.34, S 3.07.
Found C 27.21, H 1.25, N 1.55, S 3.14. 6 2.78-3.45 (m, 12H,), 3.85-3.92 (m, 4H) 4.07 (s, 2H,) 7.45 (d,
1H, Ar, 8.4 Hz) 7.63 (d, 1H, Ar, 7.1 Hz) 7.88 (d, 2H, Ar, 7.8 Hz) 8.31 (d, 1H, Ar, 8.3 Hz) 8.65 (d, 1H,
Ar, 9.1 Hz). °F NMR (400 MHz, [Ds]tetrahydrofuran, ppm): & -115.0 (m, 2F, F,), -164.2 (t, 1F, F,,
3J(Fp—Fm) = 19.3 Hz), -165.5 (m, 2F, Fy). MALDI-TOF(-) m/z (%): 530 [Au(CeFs),] (100), 1169
[(Au(CsFs)2)2Ag]” (50), 1267 [(Au(CsFs)2)2TI]” (10). MALDI-TOF(+) m/z (%): 455 [Ag(L;)]"(100). ATR:
V([Au(CeFs),]7) at 1502, 952 and 782 cm™ L. ATR: V([Au(CgFs),]7) at 1502, 952 and 782 cm™h
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C. Crystallographic data

Table C1. Details of data collection and refinement for complex 1.

Compound 1

Empirical formula CaoH34AU,CloN,SeTl
Formula weight 2246.72
Temperature/K 200(2)
Crystal system Triclinic
Space group P-1

a/A 8.3501(4)
b/A 11.4734(6)
c/A 16.7897(5)
a/° 93.835(3)
B/° 101.573(3)
v/° 99.077(2)
Volume/A® 1547.99(12)
VA 1

pcmcg/cm3 2.410
w/mm™ 11.012
F(000) 1044

Crystal size/mm’

Radiation

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]

Largest diff. peak/hole / e A

0.15x0.075 x 0.05
MoKa (A = 0.71073)
3.533t0 27.431
24491

6993 [Rint= 0.0598]
6993/0/332

0.999

R1=0.0308, wR; = 0.0545
R1=0.0526, wR; = 0.0596

0.797/-0.978
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Table C2. Selected bond lengths [A] and angles [°] for 1.

Au(1)-TI(1) 3.2410(2) TI(1)-S(1) 3.0984(13)
Au(1)-C(1) 2.058(5) TI(1)-S(2) 3.2018(14)
Au(2)-C(11) 2.045(5) TI(1)-S(3) 3.0808(14)
TI(1)-N(1) 2.724(4)

C(1)-Au(1)-C(1)#1 180.0 Au(1)-TI(1)-S(2) 167.17(2)
TI(1)#1-Au(1)-TI(1) 180.0 S(1)-TI(1)-S(3) 109.70(3)

C(11)-Au(2)-C(11)#2  180.0

Symmetry transformations used to generate equivalent atoms:

H#1 -x+1,-y+1,-z;#2 -x+1,-y+1,-z+1
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Table C3. Details of data collection and refinement for complex 2.

Compound

2

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

B/°

v/°

Volume/A3

Z

Peatcg/cm’

w/mm™

F(000)

Crystal size/mm’
Radiation

20 range for data collection/
Reflections collected

o

Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

CaoHs2AU,ClooN4S4Tl,-2C4HO
2356.85

173(2)

Triclinic

P-1

9.3884(6)

11.1159(5)

16.9287(8)

96.203(4)

94.671(3)

93.211(3)

1746.76(16)

1

2.241

9.710

1108

0.175x0.125 x 0.075
MoKa (A =0.71073)
2.093 to 25.681

25095

6613 [Rint = 0.0677]
6613/105/372

1.075

R; =0.0580, wR, = 0.1480
R;=0.0827, wR, =0.1610
3.205/-2.353
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Table C4. Selected bond lengths [A] and angles [°] for 2 2THF.

Au(1)-TI(1) 3.3853(5) TI(1)-N(2) 2.710(12)
Au(1)-C(1) 2.057(10) TI(1)-S(1) 3.110(5)
Au(2)-C(7) 2.041(12) TI(1)-S(2) 3.089(5)
TI(1)-N(1) 2.709(11)

C(1)#1-Au(1)-C(1) 180.0 Au(1)-TI(1)-N(2) 158.6(3)
TI(1)#1-Au(1)-TI(1) 180.0 S(1)-TI(1)-S(2) 114.11(12)
C(7)#2-Au(2)-C(7) 180.0

Symmetry transformations used to generate equivalent atoms:

H#1 -x+2,-y+2,-2+1 #2 -X,-y,-z
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Table C5. Details of data collection and refinement for complex 3.

Compound

3

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

B/°

v/°

Volume/A3

Z

Peatcg/cm’

w/mm™

F(000)

Crystal size/mm’
Radiation

20 range for data collection/
Reflections collected

o

Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

C20 H17 AuCloNOS,TI
1107.30

173(2)

Triclinic

P-1

10.6820(5)
11.1902(5)
12.6962(5)

79.002(2)

83.426(3)

88.394(2)
1479.93(11)

2

2.485

11.451

1028.0

0.015 x 0.015 x 0.015
MoKa (A =0.71073)
2.660 to 27.489
6714

6714 [Rint = 0.0871]
6714/0/326

1.076

R; =0.0408, wR, =0.1110
R;=0.0514, wR, =0.1164
2.832/-3.197
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Table C6 Selected bond lengths [A] and angles [°] for 3.

Au(1)-TI(1)
Au(1)-C(1)
Au(1)-C(7)
TI(1)-0(1)

C(1)-Au(1)-C(7)
C(1)-Au(1)-TI(1)
C(7)-Au(1)-TI(1)

3.0221(4)
2.056(7)
2.058(7)
3.1280(1)

176.4(3)
88.79(17)
88.75(17)

TI(1)-N(1)
TI(1)-S(1)
TI(1)-S(2)

N(1)-TI(1)-Au(1)
N(1)-TI(1)-S(2)
Au(1)-TI(1)-S(2)

2.653(6)
3.2128(1)
3.1321(19)

76.43(12)
68.44(13)
102.42(4)
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Table C7. Details of data collection and refinement for complex 4.

Compound 4

Empirical formula CaoH34AUF20N,S6Tl,
Formula weight 1917.72
Temperature/K 100(2)

Crystal system Monoclinic

Space group C2/c

a/A

b/A

c/A

a/°

B/°

v/°

Volume/A3

VA

Pealcg/cm’

w/mm™

F(000)

Crystal size/mm’

Radiation

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

17.8053(14)
17.8294(14)
18.1323(15)

90

112.256(3)

90

5327.4(7)

4

2.391

11.859

3536
0.14x0.13x0.11
MoKa (A = 0.71073)
3.246 to 28.047
61950

6434 [Rint = 0.0729]
6434/0/328

1.014

R; =0.0345, wR; = 0.0556
R; =0.0560, wR; = 0.0610
1.814/-1.457
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Table C8. Selected bond lengths [A] and angles [°] for 4.

Au(1)-TI(1) 3.3170(4)
Au(1)-TI(1)#1 3.3815(4)
Au(1)-C(1) 2.061(5)
Au(1)-C(11) 2.055(5)
C(11)-Au(1)-C(1) 177.4(2)
TI(1)-Au(1)-TI(1)#1 104.27(2)

Au(1)-TI(1)-Au(1)#1  75.71(1)

TI(1)-N(1)
TI(1)-S(1)
TI(1)-S(2)
TI(1)-S(3)

S(1)-TI(1)-S(3)
S(2)-TI(1)-Au(1)

N(1)-TI(1)-Au(1)#1

2.767(5)

3.1644(15)
3.1569(16)
3.1686(15)

106.65(4)
159.85(3)

171.25(10)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,y,-z+1/2
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Table C9. Details of data collection and refinement for complex 5

Compound 5

Empirical formula Ca0H18AUF 10N, S, Tl
Formula weight 941.82
Temperature/K 173(2)

Crystal system Orthorhombic
Space group Cmcm

a/A a=21.2568(7)
b/A b =7.4264(4)
c/A c =16.0389(9)
o/° 90

B/° 90

v/° 90

Volume/A® 2531.9(2)

VA 4

Peaicg/cm’ 2.471

w/mm™ 12.395

F(000) 1736

Crystal size/mm’

Radiation

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]

Largest diff. peak/hole / e A’

0.25x 0.20 x 0.175
MoKa (A = 0.71073)

2.540 to 27.452

1531

1531 [gint= 0.0759]

1531/ 33/89

1.076

R1=0.0649, wR2 = 0.1853
R1=0.0801, wR2 = 0.1985

3.936 and -1.735 e.A-3
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Table C10. Selected bond lengths [A] and angles [°] for 5.

Au(1)-C(1)#1 2.02(5) TI(1)-N(1) 2.74(5)
Au(1)-C(1) 2.02(5) TI(1)-N(2) 2.76(6)
Au(2)-C(7)#2 2.02(4) TI(1)-S(1) 3.09(2)
Au(2)-C(7) 2.02(4) TI(1)-S(2) 3.11(2)
C(1)#1-Au(1)-C(1) 180(2) N(1)-TI(1)-N(2) 85.8(17)
C(7)#2-Au(2)-C(7) 180.000(5) N(1)-TI(1)-S(1) 65.8(11)
N(2)-TI(1)-S(1) 66.2(12) N(1)-TI(1)-S(2) 66.9(12)
S(1)-TI(1)-5(2) 113.4(5) N(2)-TI(1)-S(2) 66.1(12)

Symmetry transformations used to generate equivalent atoms:

H#1 -x,-y,-z #2 -x,-y,-z+1
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Table C11. Details of data collection and refinement for complex 6.

Compound 6

Empirical formula CyoH17AUF{gNOS,TI
Formula weight 942.80
Temperature/K 173(2)
Crystal system Monoclinic
Space group Pnbc

a/A 8.1975(4)
b/A 17.7760(6)
c/A 17.8726(7)
o/° 90

B/° 90

v/° 90
Volume/A® 2604.37(19)
VA 4

Peacg/cm’ 2.405
w/mm™ 12.052
F(000) 1736.0

Crystal size/mm’

Radiation

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

0.150x 0.120 x 0.050
MoKa (A = 0.71073)
2.485t0 27.472
2997

2997 [Rint = 0.0586]
2997/22/186

1.062

R1=0.0340, wR; =0. 1730
R1=0.0758, wR, = 0.0964

4.196/-0.903

272



Experimental section

Table C12. Selected bond lengths [A] and angles [°] for 6.

TI(1)-Au(1) 3.2576(6) TI(1)-0(1) 3.1388(4)
TI(1)-Au(1)#2 3.2576(6) TI(1)-N(1) 2.780(17)
Au(1)-C(1)#3 2.077(10) TI(1)-N(1)#1 2.780(17)
Au(1)-C(1) 2.077(10) TI(1)-S(1) 3.3026(1)
C(1)#3-Au(1)-C(1) 176.8(6) N(1)-TI(1)-Au(1) 88.8(3)
N(1)-TI(1)-Au(1)#2 168.5(2) N(1)#1-TI(1)-Au(1) 168.5(2)

N(1)#1-TI(1)-Au(1)#2  88.8(3)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,y,-z+1/2 #2 -x+1,-y+3/2,z #3 x,-y+3/2,-z+1/2
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Table C13. Details of data collection and refinement for complex 7.

Compound 7

Empirical formula C30 H1g AuCl1oN3S, Tl
Formula weight 992.34
Temperature/K 173(2)

Crystal system Orthorhombic
Space group Pbn21

a/A 10.4144(3)
b/A 17.7013(4)
c/A 19.1260(6)
o/° 90

B/° 90

v/° 90

Volume/A® 3525.85(17)

VA 4

Peacg/cm’ 2.337

w/mm™* 9.627

F(000) 2324

Crystal size/mm’

Radiation

20 range for data collection/
Reflections collected

o

Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

0.4x0.25x0.125

MoKa (A = 0.71073)
2.23t0 27.49

41644

8056 [Rint=0.0642]
8056/1/426

1.094

R1=0.0574, wR2 = 0.1419
R1=0.0665, wR2 = 0.1489
3.893/-2.538
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Table C14. Selected bond lengths [A] and angles [°] for 7.

TI(1)-Au(1)
Au(1)-C(1)
Au(1)-C(7)

C(7)-Au(1)-C(1)
N(1)-TI(1)-S(2)
N(1)-TI(1)-S(1)
N(1)-TI(1)-Au(1)
S(2)-TI(1)-S(1)
S(2)-TI(1)-Au(1)

3.2534(6)
2.030(11)
2.027(13)

175.1(4)
120.8(2)
64.6(2)
104.0(2)
122.32(11)
98.80(7)

TI(1)-N(1)
TI(1)-N(2)
TI(1)-S(2)
TI(1)-S(1)

N(2)-TI(1)-N(1)
N(2)-TI(1)-S(2)
N(2)-TI(1)-S(1)
N(2)-Tl(1)-Au(1)
S(1)-TI(1)-Au(1)

2.703(10)
2.696(10)
3.093(3)
3.146(3)

62.2(3)
66.1(2)
117.7(2)
85.5(2)
137.83(8)
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Table C15. Details of data collection and refinement for complex 8.

Compound 8

Empirical formula C1gH14AuCl1gNsTI
Formula weight 1028.16
Temperature/K 105.24
Crystal system Triclinic
Space group P-1

a/A 9.8906(14)
b/A 10.6441(15)
c/A 13.108(2)
a/° 86.361(5)
B/ 87.662(5)
v/° 73.880(5)
Volume/A® 1322.7(3)

VA 2

Peacg/cm’ 2.582
w/mm™ 12.649
F(000) 946.0

Crystal size/mm’

Radiation

20 range for data collection/
Reflections collected

o

Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

0.607 x 0.143 x 0.098
MoKa (A = 0.71073)
6.048 to 55.788

26098

6265 [Rint =0.1112]
6265/0/307

1.000

R1=0.0482, wR, = 0.1030
R1=0.0908, wR, = 0.1204
3.47/-1.96
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Table C16. Selected bond lengths [A] and angles [°] for 8.

TI(1)-Au(1)
Au(1)-C(1)#2
Au(1)-C(1)
Au(2)-C(7)
Au(2)-C(7)#2

Au(1)-TI(1)-Au(2)
TI(1)-Au(2)-TI(1)#2
C(7)-Au(2)-C(7)#2
TI(1)-Au(1)-TI(1)#1
C(1)-Au(1)-C(1)#1
N(1)-TI(1)-Au(1)
N(1)-TI(1)-Au(2)
N(1)-TI(1)-N(3)

3.3377(6)
2.056(9)
2.056(9)
2.039(9)
2.039(9)

144.289(14)
180

180.0

180.0

180.0
69.97(16)
136.90(16)

65.7(2)

TI(1)-Au(2)
TI(1)-N(1)
TI(1)-N(2)
TI(1)-N(3)

N(1)-TI(1)-Au(1)
N(2)-TI(1)-Au(1)
N(2)-Tl(1)-Au(2)
N(2)-TI(1)-N(1)

N(2)-TI(1)-N(3)

N(3)-TI(1)-Au(1)
N(3)-TI(1)-Au(2)

3.5478(6)
2.664(8)
2.621(9)
2.671(9)

69.97(16)
118.67(19)
72.49(18)
65.6(2)
66.5(3)
126.63(17)
89.08(17)
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Table C17. Details of data collection and refinement for complex 9.

Compound 9

Empirical formula C3oH1g AuF1oN3S, Tl
Formula weight 1075.94
Temperature/K 293(2) K
Crystal system Orthorhombic
Space group Pbnm

a/A 11.7204(4)
b/A 11.9091(3)
c/A 20.7324(6)
o/° 90

B/° 90

v/° 90

Volume/A® 2893.82(15)

VA 4

Peaicg/cm’ 2.470

w/mm™ 10.864

F(000) 2004

Crystal size/mm’

Radiation

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

0.4 x0.175 x 0.25
MoKa (A = 0.71073)

2.438 to 28.152

33141

3481 [Ri= 0.0778]
3481/0/ 218

1.070

R1=0.0341, wR2 = 0.0847
R1 =0.0426, wR2 = 0.0889
2.446/-1.380
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Experimental section

Table C18. Selected bond lengths [A] and angles [°] for 9.

TI(1)-Au(1)
Au-C(1)
Au-C(1)#1

C(1)-Au-C(1)#1

3.3621(4) TI(1) -S(1)
2.050(5) TI(1)-N(1)
2.050(5) TI(1)-N(2)
171.8(3) N(1)-TI-Au

3.2308(1)
2.775(6)
2.9726(1)

75.52(14)

Symmetry transformations used to generate equivalent atoms:

#1 x,y,-z+1/2
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Experimental section

Table C19. Details of data collection and refinement for complex 13.

Compound

13

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

B/°

v/°

Volume/A3

Z

Pealcg/cm’

w/mm™

F(000)

Crystal size/mm’

Radiation

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

CaoH26AUF19N4S,TI-0.5C;Hg
1263.67

173

Triclinic

P-1

10.2443(2)

12.5801(4)

16.2644(6)

95.3490(10)

90.880(2)

102.923(2)

2032.66(11)

2

2.065

7.751

1201.0

0.375x0.15 x 0.05

MoKa (A =0.71073)
4.876 to 54.984

31281

9163 [Rint = 0.0529]
9163/18/555

1.018

R1 =0.0469, wR, =0.1161
R;=0.0664, wR, =0.1274
2.56/-2.93
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Experimental section

Table C20. Selected bond lengths [A] and angles [°] for 13.

TI(1)-Au(1)
Au(1)-C(1)
Au(1)-C(7)
TI(1)-S(2)

Au(1)-TI(1)-S(2)

3.0597(4)
2.043(7)
2.034(7)
3.1358(17)

71.08(3)

TI(1)-N(1)
TI(1)-N(2)
TI(1)-N(3)
TI(1)-N(4)

C(7)-Au(1)-C(1)

2.9162(58)
2.9019(54)
2.9634(53)
2.9443(55)

175.6(3)
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Experimental section

Table C21. Details of data collection and refinement for complex 14.

Compound 14

Empirical formula Cs2H26AUzF20N4S, Tl
Formula weight 1953.56
Temperature/K 173

Crystal system monoclinic
Space group P21/n

a/A 14.6658(4)
b/A 22.7807(6)
c/A 17.0613(5)
o/° 90

B/ 111.4930(10)
v/° 90
Volume/A® 5303.8(3)

VA 4

Peacg/cm’ 2.447
w/mm™ 11.764
F(000) 3592.0

Crystal size/mm’

Radiation

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

0.2 x0.15x0.075

MoKa (A =0.71073)
4.402 to 54.966

51383

12091 [Rint = 0.0787]
12091/337/608

1.072

R; =0.0727, wR; = 0.1999
R; =0.1069, wR; =0.2178
3.28/-3.17
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Experimental section

Table C22. Selected bond lengths [A] and angles [°] for 14.

Au(1)-TI(1)
Au(1)-TI(2)
Au(1)-C(1)
Au(1)-C(7)
TI(1)-N(1)
TI(1)-N(2)
TI(1)-S(1)
TI(1)-S(2)

TI(1)-Au(1)TI(2)

C(1)-Au(1)-TI(1)
C(1)-Au(1)-TI(2)
C(7)-Au(1)-TI(1)
C(7)-Au(1)-TI(2)
C(7)-Au(1)-C(1)

N(3)-TI(2)-Au(1)
N(3)-Tl(2)-Au(2)
N(4)-TI(2)-Au(1)
N(4)-TI(2)-Au(2)

3.1996(9)
3.4517(8)
2.121(9)
2.081(9)
2.667(12)

2.689(11)
3.2551(36)

3.2831(30)

126.91(3)
103.6(4)
91.5(4)
80.6(3)
92.0(3)
171.2(5)
149.57(19)
90.68(19)
128.3(2)
85.6(2)

Au(2)-TI(2)
Au(2)-C(20)
Au(2)-C(26)
TI(2)-N(3)
TI(2)-N(4)
TI(2)-S(1)
TI(2)-S(2)

C(20)-Au(2)-TI(2)
C(26)-Au(2)-TI(2)
C(26)-Au(2)-C(20)
N(1)-TI(1)-Au(1)
N(1)-TI(1)-N(2)
N(2)-TI(1)-Au(1)
Au(2)-TI(2)-Au(1)
N(4)-TI(2)-N(3)

3.0419(7)
2.052(15)
2.034(13)
2.824(10)

2.712(10)
3.5139(29)

3.4644(34)

87.9(4)
97.0(3)
174.9(5)
86.9(2)
60.8(4)
79.4(2)
116.43(2)
63.5(3)
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Experimental section

Table C23. Details of data collection and refinement for complex 15.

Compound 15

Empirical formula C30H24AUF 10N, 0S, Tl
Formula weight 1083.97
Temperature/K 173

Crystal system Monoclinic

Space group P2:/c

a/A 12.4601(7)

b/A 14.1891(7)

c/A 18.1610(5)

o/° 90

B/ 100.255(3)

v/° 90

Volume/A® 3159.5(3)

Z 4

pcmcg/cm3 2.279

w/mm™* 9.952

F(000) 2032.0

Crystal size/mm’ 0.3x0.1x0.1
Radiation MoKa (A = 0.71073)
20 range for data collection/® 4.558 to 54.946
Reflections collected 36518
Independent reflections 7166 [Rint = 0.0877]
Data/restraints/parameters 7166/0/425
Goodness-of-fit on F 1.038

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

R1=0.0517, wR;, = 0.1185
R1=0.0730, wR;, = 0.1289
2.95/-2.05
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Experimental section

Table C24. Selected bond lengths [A] and angles [°] for 15.

Au(1)-TI(1)
Au(1) -C(1)
Au(1)-C(7)

TI(1)-0(1)

C(7)-Au(1)-C(1)
N(1)-TI(1)-S(2)
N(2)-Tl(1)-Au(1)

3.2339(4)
2.046(7)
2.042(7)

3.0339(1)

177.2(3)
69.42(14)
97.52(14)

TI(1)-N(1)
TI(1)-N(2)
TI(1)-S(1)

TI(1)-S(2)

N(2)-TI(1)-N(1)
N(2)-TI(1)-S(2)
S(2)-TI(1)-Au(1)

2.778(6)
2.664(7)
3.1835(2)

3.128(2)

62.7(2)
81.25(14)
157.72(4)
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Experimental section

Table C25. Details of data collection and refinement for complex 16.

Compound

16

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

B/°

v/°

Volume/A3

Z

Pealcg/cm’

w/mm™

F(000)

Crystal size/mm’

Radiation

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

CazH24AU,F20N,045,Tl,-0.25CH,Cl;,

3681.31

102.84

Monoclinic

P2./c

30.557(4)
11.0238(12)
29.803(4)

90

109.107(4)

90

9486.2(19)

8

2.578

13.173

6724.0

0.37x0.14 x0.03
MoKa (A =0.71073)
5.488 to 55.894
205050

22695 [Rint =0.1117]
22695/1332/1288
1.106

R:1=0.0671, wR, =0.1274
R;=0.0976, wR, = 0.1389
3.00/-3.02
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Experimental section

Table C26. Selected bond lengths [A] and angles [°] for 16.

TI(1)-Au(1)
TI(2)-Au(1)
TI(2)-Au(2)
TI(2)-Au(2)#1
Au(1)-C(1)
Au(1)-C(7)
Au(2)-C(13)
Au(2)-C(19)

Au(2)#1-TI(2)-Au(2)
Au(1)-TI(2)-Au(2)
Au(1)-TI(2)-Au(2)#1
S(2)#2-TI(1)-Au(1)
N(1)#2-TI(1)-Au(1)
N(1)#2 TI(1)-S(2)#2
N(1)#2-TI(1)-N(2)#2

3.3124(8)
3.0216(8)
3.0852(8)
3.0808(8)
2.036(15)
2.046(16)
2.019(14)
2.034(15)

146.72(2)
144.38(2)
68.593(18)
66.37(6)
98.5(3)
109.2(2)
61.9(3)

TI(2)-S(1)
TI(1)-N(1)#2
TI(1)-N(2)#2
TI(1)-S(1)
TI(1)-S(2)#2
TI(1)-0(2)

N(2)#2-TI(1)-Au(1)
N(2)#2-TI(1)-S(2)#2
TI(2)#3-Au(2)-TI(2)
C(13)-Au(2)-C(19)
TI(2)-Au(1)-TI(1)
C(1)-Au(1)-C(7)

3.4339(3)
2.684(11)
2.733(10)
3.1940(2)
3.152(3)

3.0128(2)

118.3(2)
67.4(2)
138.13(2)
174.0(5)
113.08(2)
172.8(6)

Symmetry transformations used to generate equivalent atoms:

#1-X,1/2+Y,1/2-Z; #2 +X,-1/2-Y,1/2+Z #3 1-X,-1/2+Y,1/2-Z.
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Experimental section

Table C27. Details of data collection and refinement for complexes 17.

Compound

17

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

B/°

v/°

Volume/A3

Z

Pealcg/cm’
w/mm™

F(000)

Crystal size/mm’
Radiation

20 range for data collection/®

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

CoH17AgAuUCl1oNS;
1025.86

293(2)

Triclinic

P1

8.5472(8)
8.6869(7)
10.4422(8)
72.189(3)
89.194(3)
88.280(4)
737.82(11)

1

2.309

6.763

487.0

0.150 x 0.120 x 0.050
MoKa (A =0.71073)
3.136 to 25.680
29662

5600 [Rin: = 0.0348]
5600/436/248
1.074

R1=0.0680, wR; =0.1732
R;1=0.0714, wR, = 0.1777

12.563/-2.687
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Experimental section

Table C28. Selected bond lengths [A] and angles [°] for 17.

Au(1)-Ag(1)
Ag(1)-C(7)
Au(1)-C(1)
Au(1)-C(7)

C(1)-Au(1)-C(7)
5(2)-Ag(1)-5(1)
5(3)-Ag(1)-5(1)
5(2)-Ag(1)-5(3)
N(1)-Ag(1)-Au(1)

2.789(2)
2.530(19)
2.04(2)
2.098(11)

178.4(10)
82.5(3)
137.3(3)
82.0(3)
86.8(6)

Ag(1)-N(1)
Ag(1)-5(1)
Ag(1)-5(2)
Ag(1)-5(3)

N(1)-Ag(1)-5(3)
N(1)-Ag(1)-5(1)
N(1)-Ag(1)-5(2)
5(1)-Ag(1)-Au(1)
S(2)-Ag(1)-Au(1)
S(3)-Ag(1)-Au(1)

2.45(2)
2.659(8)

2.632(8)
2.654(8)

79.4(6)
80.1(6)
129.1(6)
97.27(18)
142.94(19)
118.46(19)
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Experimental section

Table C29. Details of data collection and refinement for complexes 18.

Compound

18

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

B/°

v/°

Volume/A3

Z

Pealcg/cm’

w/mm™

F(000)

Crystal size/mm’

Radiation

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

C20 H18AgAUCI10N,S;
1009.82

293(2)

Triclinic

P1

8.5552(6)

8.6656(4)

11.3014(3)

68.058(4)

90.052(3)

73.914(4)

741.58(8)

1

2.261

6.659

480.0
0.325x0.200x 0.125
MoKa (A = 0.71073)
2.495 to 25.680
5206

3563 [Rint = 0.0422]
3563/111/224

1.295

R1=0.1081, wR, =0.2620
R; =0.1103, wR; =0.2671
8.078/ -5.880
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Experimental section

Table C30. Selected bond lengths [A] and angles [°] for 18.

Au(1)-Ag(1)
Ag(1)-C(1)
Au(1)-C(1)
Au(1)-C(7)

C(7)-Au(1)-C(1)
C(1)-Au(1)-Ag(1)
N(2)-Ag(1)-N(1)
N(2)-Ag(1)-5(2)
N(1)-Ag(1)-5(2)
N(2)-Ag(1)-5(1)
N(1)-Ag(1)-5(1)
S(2)-Ag(1)-S(1)
N(2)-Ag(1)-C(1)

2.806(3)
2.67(3)
2.05(3)
2.03(4)

173.9(15)
64.4(7)
118.9(12)
78.2(9)
78.2(8)
81.1(8)
79.3(9)
136.8(4)
102.4(10)

Ag(1)-N(1)
Ag(1)-N(2)
Ag(1)-5(1)
Ag(1)-5(2)

N(1)-Ag(1)-C(1)
S(2)-Ag(1)-C(1)
S(1)-Ag(1)-C(1)
N(2)-Ag(1)-Au(1)
N(1)-Ag(1)-Au(1)
$(2)-Ag(1)-Au(1)
S(1)-Ag(1)-Au(1)
C(1)-Ag(1)-Au(1)

2.45(4)
2.45(4)
2.649(13)
2.644(12)

138.7(12)
110.7(8)
110.6(8)
140.5(9)
97.6(9)
127.0(3)
92.2(3)
43.9(7)
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Experimental section

Table C31. Details of data collection and refinement for complexes 19.

Compound

19

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a/°

B/°

v/°

Volume/A®

Z

Pealcg/cm’
w/mm™

F(000)

Crystal size/mm’
Radiation

20 range for data collection/®

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

Ca0H17AgAuUCloNOS,
1010.80

101.56

Monoclinic

P2./c

12.0304(8)
8.8587(6)

27.017(2)

90

102.824(2)

90

2807.4(3)

4

2.391

7.038

1920.0
0.715x0.173 x0.1
MoKa (A =0.71073)
6.166 to 54.406
56761

6215 [Rint = 0.1093]
6215/347/179
3.572

R;=0.1562, wR, = 0.4539
R;=0.1676, wR, = 0.4559
10.38/-4.17

292



Experimental section

Table C32. Details of data collection and refinement for complexes 19.

Au(1)-Ag(1)
Ag(1)-C(7)
Au(1)-C(1)
Au(1)-C(7)

C(1)-Au(1)-Ag(1)
C(1)-Au(1)-C(7)
C(1)-Au(1)-0(2)
C(7)-Au(1)-Ag(1)
0(2)-Au(1)-Ag(1)
0(2)-Au(1)-C(7)
5(1)-Ag(1)-Au(1)
5(1)-Ag(1)-5(2)

2.806(3)
2.691(18)
2.01(3)
2.152(13)

119.6(8)
176.2(9)
104.9(12)
64.2(5)
135.5(9)
71.3(11)
107.97(19)
139.4(2)

Ag(1)-N(1)
Ag(1)-5(1)
Ag(1)-5(2)

S(1)-Ag(1)-C(7)
5(2)-Ag(1)-Au(1)
5(2)-Ag(1)-C(7)
N(1)-Ag(1)-Au(1)
N(1)-Ag(1)-S(1)
N(1)-Ag(1)-S(2)
N(1)-Ag(1)-C(7)

2.35(2)
2.566(8)
2.587(8)

108.1(4)
109.14(19)
109.2(4)
138.9(5)
81.3(5)
81.5(5)
92.9(6)
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Experimental section

Table C33. Details of data collection and refinement for complexes 20.

Compound

20

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

B/°

v/°

Volume/A3

Z

Peatcg/cm’

w/mm™

F(000)

Crystal size/mm’
Radiation

20 range for data collection/
Reflections collected

o

Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

CaoH17AgAuCloNOS,
1010.80

173

Triclinic

P-1

11.0652(6)
11.2949(7)
12.1627(9)
72.914(3)

84.006(4)

87.884(4)
1445.03(16)

2

2.323

6.837

960.0

0.15x 0.075 x 0.05
MoKa (A =0.71073)
5.304 to 54.91

6531

6531 [Rint = 0.1093]
6531/0/356

1.031

R; =0.0340, wR, = 0.0804
R;=0.0416, wR, = 0.0842
1.36/-1.36
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Experimental section

Table C34. Details of data collection and refinement for complexes 20.

C(1)-Au(1)
C(7)-Au(1)
Au(1)-Ag(1)B
Au(1)-Ag(1)A
S(1)-Ag(1)B
Au(1)-Au(1)

C(1)-Au(1)-C(7)
S(1)-Ag(1)-Au(1)
S(2)-Ag(1)-Au(1)
S(2)-Ag(1)-S(1)
S2-Ag(1)A-Au(1)
N(1)A-Ag1A-Aul

2.041(5)
2.046(5)
2.790(4)
2.664(11)
2.627(5)
3.3852(2)

175.32(17)
97.01(14)
116.52(16)
131.0(2)
120.0(3)
94.8(9)

S(1)-Ag(1)A
S(2)-Ag(1)B
S(2)-Ag(1)A
Ag(1)-N(1)B
N(1)A-Ag(1)A

N(1)B-Ag(1)-Au(1)
N(1)B-Ag(1)-S(1)
N(1)B-Ag(1)-5(2)
S(1)-Ag(1)A-5(2)
S(1)-Ag(1)A-N(1)A
N(1)A-Ag(1)A-S(2)

2.531(8)
2.580(5)
2.612(8)
2.425(7)
2.57(3)

156.8(3)
81.07(18)
80.24(18)
134.2(3)
84.1(7)
77.0(6)
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Experimental section

Table C35. Details of data collection and refinement for complexes 21.

Compound 21

Empirical formula Cs0H32A82AUzF20N,S6
Formula weight 1722.71
Temperature/K 193(2)

Crystal system Monoclinic

Space group P21/n

a/A

b/A

c/A

o/°

B/°

v/°

Volume/A3

VA

Peatcg/cm’

w/mm™

F(000)

Crystal size/mm’
Radiation

20 range for data collection/
Reflections collected

o

Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

a=10.9776(7)

b = 17.4103(11)

c = 12.9895(6)

90

96.960(4)

90

2464.3(2)

2

2.322

7.082

1628

0.25x 0.125 x 0.05
MoKa (A = 0.71073)
3.279 to 27.448
23069

5562 [R(int) = 0.0569]
5562/63/325

1.061

R1 =0.0418, wR2 = 0.1062
R1=0.0562, wR2 = 0.1140
1.861/-2.571
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Experimental section

Table C36. Selected bond lengths [A] and angles [°] for 21.

Au(1)-Ag(1) 2.7459(5) Ag(1)-N(1)
Au(1)-Au(1)#1 3.2633(4) Ag(1)-S(1)
Ag(1)-C(1) 2.7498(58) Ag(1)-S(2)
Au-C(1) 2.057(6) Ag(1)-S(3)
Au-C(7) 2.044(6)

Ag(1)-Au(1)-Au(1)#1  170.135(17) S(1)-Ag(1)-S(3)
C(7)-Au-C(1) 173.8(2) 5(2)-Ag-S(3)
N(1)-Ag-S(1) 77.17(14) N(1)-Ag(1)-Au(1)
N(1)-Ag-S(2) 125.47(14) S(1)-Ag(1)-Au(1)
N(1)-Ag-S(3) 79.10(15) 5(2)-Ag(1)-Au(1)
S(1)-Ag(1)-5(2) 80.61(7) S(3)-Ag(1)-Au(1)

2.476(6)
2.714(2)
2.666(2)
2.652(2)

134.81(6)
82.75(8)
95.61(13)
93.51(4)
135.11(5)
126.76(5)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+1,-z+1
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Experimental section

Table C37. Details of data collection and refinement for complexes 22.

Compound 22
Empirical formula C20H16AgAUF10N2S;
Formula weight 843.30
Temperature/K 100(2)
Crystal system Triclinic
Space group P1

a/A 7.8644(8)
b/A 8.4084(8)
c/A 10.9345(11)
a/° 96.021(3)
B/° 105.325(3)
v/° 115.250(3)
Volume/A® 610.78(11)
VA 1

Peacg/cm’ 2.293
w/mm™* 7.060
F(000) 398

Crystal size/mm’

Radiation

20 range for data collection/
Reflections collected

o

Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

0.025x0.10x0.16
MoKa (A = 0.71073)
2.993 to 31.475
32811

6938 [Rint= 0.0413]
6938/572/266
1.141

R1=0.0888, wR2 = 0.2279
R1=0.1030, wR2 = 0.2430

9.378/-5.003
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Experimental section

Table C38. Selected bond lengths [A] and angles [°] for 22.

Au(1)-Ag(1)
Ag(1)-C(1)
Au(1)-C(1)
Au(1)-C(7)

C(1)-Au(1)-C(7)
C(1)-Au(1)-Ag(1)
N(1)-Ag(1)-5(1)
N(1)-Ag(1)-N(2)
S(1)-Ag(1)-S(2)
N(1)-Ag(1)-5(2)

2.763(5)
2.673(19)
2.068(7)
2.30(3)

129.7(11)
65.4(5)
85.8(9)
118.5(12)
136.0(5)
72.6(10)

Ag(1)-N(1)
Ag(1)-N(2)
Ag(1)-5(1)
Ag(1)-5(2)

N(2)-Ag(1)-5(1)
N(2)-Ag(1)-5(2)
N(1)-Ag(1)-Au(1)
N(2)-Ag(1)-Au(1)
S(1)-Ag(1)-Au(1)
$(2)-Ag(1)-Au(1)

2.49(4)
2.46(4)
2.592(16)
2.622(16)

77.709)
79.8(9)
138.0(7)
92.5(9)
130.8(5)
87.3(4)
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Experimental section

Table C39. Details of data collection and refinement for complexes 23.

Compound 23
Empirical formula CooH17AgAuUF1oNOS,
Formula weight 846.30
Temperature/K 101.48
Crystal system Monoclinic
Space group P2i/c

a/A 21.641(2)
b/A 8.4427(8)
c/A 28.115(3)
o/° 90

B/ 107.950(3)
v/° 90
Volume/A® 4886.9(9)
Z 8
Peacg/cm’ 2.301
w/mm™* 7.061
F(000) 3200.0

Crystal size/mm’
Radiation

20 range for data collection/®

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

0.364 x 0.347 x 0.11
MoKa (A = 0.71073)
5.602 to 55.938
112942

11675 [Rint = 0.1242]
11675/700/660
1.275

R1=0.0886, wR, = 0.1367
R;=0.1290, wR; = 0.1492

3.38/-2.6