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Abstract

This Doctoral Thesis has been developed in a collaboration between the
Universitat Jaume | in Castellon (Spain) and the Westfalische Wilhelms-

Universitat in Minster (Germany).

The research deals with the preparation of different multimetallic complexes
containing N-heterocylic carbene (NHC) ligands. In this aim, the main objective
is to obtain new poly-NHC-based ligands with extended polyaromatic systems
for the preparation of these complexes, which a combination of features that

may give access to interesting photophysical and catalytic applications.

In the first part of the work a series of tetra-NHC gold(l) complexes with a central
pyrene-tetra-alkynyl connector were synthesized (complexes 1a-1c in Scheme
1). These complexes exhibited remarkably high fluorescent emission, with
qguantum yields that exceeded 90 %. It was found that the emission was mainly
due to the presence of the pyrene central moiety, although the presence of the
metal is key for reaching such large quantum vyields. Confocal microscopy was
used for studying the incorporation of the luminescent complexes into healthy

cheek cells.

In the second part of the work, a pyrene-centred tetra-NHC ligand was prepared
and coordinated to rhodium and iridium. The resulting tetra-metallic complexes
were fully characterized. An interesting structural feature of these complexes is
that they display axial chirality, giving rise to right- and left-handed
conformations (clockwise conformation is shown for complex 2 in Scheme 1).
The catalytic activity of the iridium and rhodium complexes was studied in the
cyclization of acetylenic carboxylic acids and in the coupling of
diphenylcyclopropenone with substituted phenylacetylenes. Interestingly, the
tetra-iridium complex is the first iridium complex ever tested for this type of

reaction.
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In the final part of the work, an angular bridging bis-imidazolindiylidene ligand
was used for the preparation of a supramolecular tetra-gold metallo-cyclophane
(Scheme 1, complex 3). The angular ligand was previously obtained by the
QOMCAT group, but this is the first supramolecular organometallic complex
obtained based on this type of ligand. The structure of the resulting metallo-
cyclophane was determined by means of X-ray diffraction studies. The results
obtained demonstrate that the rigid angular di-NHC ligand is a suitable scaffold

for the reliable construction of organometallic-based metallosupramolecular

assemblies.
LAu AuL —( (\
N ® z CN N
Z x
LAu AulL /
nBu” CI——-M “nB
1 2
L = benzimidazolylidene (1a) M = Rh (2a)
L = pyreneimidazolylidene (1b) M = Ir (2b)

L = triphenylphosphine (1¢)

Scheme 1: Tetrametallic complexes synthesized during the Doctoral Thesis.
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Resumen

Esta Tesis Doctoral ha sido desarrollada en colaboracion entre la Universitat
Jaume | en Castelléon (Espafia) y la Westfélische Wilhelms-Universitat en

Miinster (Alemania).

La investigacidn trata sobre la preparacién de diferentes complejos
multimetalicos que contienen ligandos carbeno N-heterociclico (NHC). Con este
propdsito, el objetivo principal es la obtencién de nuevos ligandos basados en
poli-NHC con sistemas poliaromaticos extendidos para la preparacion d estos
complejos, con una combinacion de caracteristicas que pueden dar acceso a

aplicaciones fotofisicas y cataliticas interesantes.

En la primera parte del trabajo fueron sintetizados una serie de complejos de
oro(l) tetra-NHC con un conector central pireno tetra-alquino (complejos 1a-1c
en Esquema 1). Estos complejos exhibieron emisién fluorescente
remarcablemente alta, con rendimientos cuanticos que excedieron el 90 %. Se
supo que la emisién era principalmente debida a la presencia del fragmento
central de pireno, aunque la presencia del metal es clave para alcanzar
rendimientos cuanticos tan altos. Se utilizd6 microscopia confocal para estudiar

la incorporacidn de los complejos luminiscentes en células sanas de la mejilla.

En la segunda parte del trabajo, se prepard un ligando tetra-NHC centrado en
pireno y se coordind a rodio e iridio. Los complejos tetra-metalicos resultantes
fueron completamente caracterizados. Una caracteristica estructural
interesante de estos complejos es que muestran quiralidad axial, dando lugar a
conformaciones con sentido derecho e izquierdo (se muestra la conformacion
en el sentido de las agujas del reloj para el complejo 2 en el Esquema 1). Se
estudio la actividad catalitica de los complejos de rodio e iridio en la ciclacidn de

acidos carboxilicos acetilénicos y en el acoplamiento de difenilciclopropenona

Xiii



con fenilacetilenos sustituidos. Curiosamente, el complejo de tetra-iridio es el

primer complejo de iridio jamas testado para este tipo de reaccién.

En la parte final del trabajo, fue usado un ligando angular bis-imidazolin-di-
ilideno puente para la preparacion de un metalo-ciclofano supramolecular de
tetra-oro (Esquema 1, complejo 3). El ligando angular fue obtenido previamente
por el grupo QOMCAT, pero este es el primer complejo supramolecular
organometalico obtenido basado en este tipo de ligando. La estructura del
metalo-ciclofano resultante fue determinada por medio de estudios de
difraccion de Rayos-X. Los resultados obtenidos demuestran que el ligando
angular di-NHC rigido es una base adecuada para la construccién fiable de

estructuras metalo-supramoleculares con base organometalica.

nBu N M—ClI
LAu AuL
N S z Q) %
,‘O S i
Z 77X %
LAu AuL /
CI—M “nBu
1 2
L = benzimidazolilideno (1a) M = Rh (2a)
L = pirenoimidazolilideno (1b) M = Ir (2b)

L = trifenilfosfina (1c)

Esquema 1. Complejos tetrametalicos sintetizados durante la Tesis Doctoral.
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Chapter 1

Introduction

Inorganic chemistry Professor Malcolm Chisholm (1945-2015) once said that
‘anything that one metal can do, two can do too — and it’s more fun!’.* This quote
is actually a colloquial way of illustrating that compounds comprised of multiple
metal centers are of interest for a number of potential properties, most of the
times exceeding the possibilities of complexes with only a single metal center.?
This is because the presence in a molecule of more than one metal center may
confer a reactivity that is unique when compared to that of the related
monometallic analogue. For example, high-density data storage devices have
benefited from the study of the magnetic properties of multimetallic complexes.
The lessons learned from enzymatic processes that work through the
cooperation between two or more metal centers have given rise to a growing
field of research in the area of biomimetic chemistry.?

The close proximity between two metal centers appears to provide favorable
conditions for the occurrence of enhanced catalytic properties.* Such
enhancement can be directly ascribed to the positive cooperativity that occurs
when the affinity for binding of a substrate is increased upon fixation to another
metal. In the case of heterodimetallic catalysts, each metal center may be
responsible for facilitating distinct catalytic cycles, so that their combination may
be used for designing sophisticated tandem processes that would not be
imaginable for a monometallic-based catalyst.’

In addition, the inclusion of polyaromatic functionalities renders complexes
furnished with properties that clearly differ from those shown by complexes
lacking these polyaromatic moieties.® One of the reasons for this is that
polyaromatic systems have the ability to participate in ri-it stacking interactions,
with other planar ni-delocalized molecules. The incorporation of polyaromatic
fragments to ligands has been particularly successful in the case of poly-N-

heterocyclic carbenes (NHCs).>®7 Some examples of interesting poly-NHC ligands

3
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& pyrene,°

decorated with polyaromatic systems containing pyracene,®
triphenylene,® 1° triphenylbenzene,!* quinoxalinophenanthrophenazine!? or

triptycene®3 are depicted in Scheme 2.

R R R-NN-R

I &
NN

R R

:<N ‘O S D, 2015
N N

B, 2014 N N

" CQ CO
N

~.<N_\> O F, 2015 O

R R
N N
C <
N N
SR : :
N l~/
R C, 2014 G, 2015

Scheme 2. Representative examples of poly-NHC ligands containing extended
aromatic fragments (A,2 B,> C,'!D,% E,* F1* and G*2).

In this regard, transition metal complexes with poly-NHC ligands bearing
polyaromatic systems are currently under great attention due to their potential
in fields ranging from supramolecular chemistry,”> ¥ catalysis’® or
luminescence.’ % In the following sections, some of the most relevant examples
that illustrate the influence of these metal complexes containing poly-

conjugated aromatic systems will be described.



Chapter 1

1. Some basic concepts about supramolecular chemistry.

Supramolecular chemistry deals with the study of non-covalent bonds between
molecules and/or ionic species. These weak and reversible interactions, such as
hydrogen bonding, hydrophobic forces, van der Waals forces, rt-it stacking, etc.,
are key to understanding biological processes and self-assembling systems, and
to constructing complex materials and molecular machinery.?” In the several
decades since its conception, supramolecular chemistry has become a truly
interdisciplinary research area, providing insights into a large number of
developments across biology, chemistry, nanotechnology, materials science,
and physics.'® This field of research was intensively developed in the last century
by many researchers, who followed the steps of the 1987 Nobel Prize winners,
C.J. Pedersen, D. J. Cram, and J. M. Lehn® ' “for their development and use of

molecules with structure-specific interactions of high selectivity”.

Attracted by Nature's ability to obtain extremely sophisticated biomolecules by
assembling simpler molecules, supramolecular chemistry attempts to mimic
complex natural systems for obtaining abiotic molecules with similar
properties.” In Nature, we can find numerous examples of self-assembly, such
as protein folding, nucleic acid assembly and tertiary structure, phospholipid
membranes, ribosomes and microtubules, etc., which are of vital importance to
living organisms.?! As an example, Figure 1 illustrates the folding of a
polypeptide chain into the secondary structure of a protein by formation of a
self-assembly architecture by H-bonding between hydrogen bond acceptors
(electronegative O and N atoms with free lone pairs) and donors (H atoms
attached to very electronegative atoms like O and N presenting a strong partial
positive charge). As shown in the figure, adenine binds to thymine via two
hydrogen bonds, while guanine forms three hydrogen bonds with cytosine. To

achieve these structures, Nature's building blocks need to deliberately interact
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through weak non-covalent interactions for facilitating the proper

21b

arrangements leading to complex architectures.

.C.
o O e
! N” -N__.N .
Adenine N. .C...--H c'ct  Thymine
H’C// C N O
"NCNCH
c1'
H o H
o H'N\Q'C‘C'H
Guanine N H-"N‘C'N‘C1' Cytosine
o &N -0
.'N ON"C\N’

Figure 1. Formation of the secondary structure of a protein by intramolecular H-
bonds between the complementary bases.

Inspired by these biological systems, synthetic receptors mimic biological
recognition and regulation processes, and have revealed interesting
applications in different fields such as catalysis®® 7> 2 or molecular recognition.?
These artificial supramolecular architectures result from the self-assembly of
two or more chemical species by intermolecular forces and afford the creation
of molecular assemblies with defined structures.

Related to all this, the following sections will be devoted to the synthesis and

applications of metal-containing supramolecular systems.

1.1. “Supermolecules” via coordination-driven self-assembly.

In recent decades, Supramolecular Coordination Complexes (SCCs)*™ %* have
emerged as a new branch of coordination chemistry that has given rise to
diverse applications. Among the most attractive areas of applicability,
catalysis,? sensing and molecular recognition? are the most widely explored

ones. SCCs are discrete molecular systems, which are obtained by mixing the

6
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metal centers of choice with the appropriate ligands that display relatively fixed
angles and different binding sites. It needs to be noted that the
complementarity between the building blocks is crucial in the design of discrete
metallosupramolecular assemblies. The coordination geometry of the metal
ions (nodes), as well as the geometry of the multidentate organic ligands
(linkers), will determine the structure of the resulting materials. The mixture
results in the spontaneous formation of metal-ligand bonds under self-

assembly, rendering a thermodynamically stable product.

The number of supramolecular assemblies published increases progressively
each year. These molecules are obtained based on different types of bonding
interactions. Depending on the interactions used for the assembly,
supramolecular chemistry can be broadly divided into 3 main branches:*¢
I.  Supramolecular architectures based on H-bonding motifs.
Il.  Systems obtained through ion-ion, ion-dipole, it-it stacking, cation-
11, van der Waals, and hydrophobic interactions.

lll.  Assemblies that employ strong and directional metal-ligand bonds.

Coordination-driven self-assembly,?” which is defined by the third approach, is
considered the most widely used methodology for the construction of discrete
SCCs. As shown in Figure 2, their structures range from 2D (rhomboids, squares,
rectangles, triangles, etc.) to 3D systems (trigonal pyramids, trigonal prisms,
cubes, cuboctahedra, double squares, adamantanoids, dodecahedra, and a

variety of other cages).?* 2> 28
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)

—

® S

0 ‘ L
oN”
_O

Figure 2. Representation of 2D and 3D structures.

Lehn® and Sauvage® published their respective pioneering works on
coordination-driven self-assembly for the construction of complex structures,
which included infinite helicates, grids, ladders, racks, knots, rings, catenanes,
rotaxanes, etc.. Since then, many other groups, such as those of Stang’s,?” 3!
Raymond’s,** 32 Fujita’s,?%" 33 Mirkin’s?*" 3* and Cotton’s** among others,3 used
the self-assembly methodology for the preparation of new discrete
supramolecular architectures possessing cavities with well-defined shapes and
sizes. The presence of these cavities, together with the geometries displayed by
the supramolecular assemblies, allows these structures to behave as receptors
for the selective encapsulation of guest molecules.?” In this regard, host-guest
chemistry, considered a sub-field within supramolecular chemistry, deals with
the study of the selective interactions for which a smaller guest molecule
becomes encapsulated within a larger molecular host (Scheme 3). Host-guest
chemistry is considered as the most important feature of SCCs, due to the large

number of applications that can be derived.3®
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Host Guest Host-Guest
Scheme 3. Schematic representation of a Host-Guest system.

With regard to metal-containing supramolecular assemblies, most SCCs are built
with O-, N-, and P-donor Werner-type linkers.24¢# 333 39 |n the recent years, the
use of carbon donor ligands is gaining popularity for the preparation of

24d, 40 |n fact, the term

organometallic-based supramolecular hosts.?>
Supramolecular Organometallic Compounds (SOCs), was coined by Pothig and
Casini in 2019 to refer to all metal-containing supramolecular assemblies in
which the linker-node connection is formed by M-C bonds.*! This means that,
for these organometallic assemblies, the carbon-metal bond is structurally
decisive. Nowadays a large number of SOCs built with multidentate

246 43 or N-heterocyclic

organometallic ligands, such as alkynyls,* arenes,
carbenes (NHCs),” ** have been described. In particular, NHCs have proven to
be promising scaffolds for the design of metallosupramolecular assemblies®® and
have undergone an enormous development in the past few years. In general,
late transition metal NHC complexes are highly stable due to the stability of their
M-Cnuc bond. This also accounts for NHC-based SOCs, which are generally more
stable than supramolecular architectures derived from Werner-type ligands.'™
4 This fact results in a significant difference between traditional SCCs and SOCs.
While SCCs can be seen as “dynamic” assemblies (meaning that, in principle they

can reversibly form and disintegrate), NHC-based SOCs can be regarded as

“static” structures with an intrinsic irreversibility to assemble and disassemble.
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Over the last 10 years, the number of metallosupramolecular assemblies
featuring M—Cnuc bonds has grown steadily. The first review on complexes from
poly-NHC ligands was published by Peris and co-workers in 2009.7 Since then,
different authors have focused their research on the development of
supramolecular assemblies with poly-NHC ligands.’®> Among these ligands, the
use of Janus di-NHCs>“ & 9 12 443, 36 gnd threefold-symmetric tri-NHCs,® 4
allowed the synthesis of organometallic-based assemblies with a large variety of
topologies. In this context, it is convenient to recall that a Janus-head di-NHC
contains two NHC units in a facially-opposed disposition and its denomination is
attributed to its analogy with the representation of the Roman god Janus
(Scheme 4, left). In particular, the benzo-bis-imidazolylidene ligand described by
Bielawski in 20054 %6 (Scheme 4, right) was the first example of a Janus-type
bis-NHC ligand, and also the first one used for the preparation of NHC-based

supramolecular assemblies.

R R
\ 1
CI0
N N
1 \
R R

Scheme 4. Roman god Janus (left) and benzo-bis-imidazolylidene ligand described
by Bielawski**® 4¢ (right).

The Hahn’s group was pioneer in the preparation of square- and rectangular-
shaped assemblies, taking advantage of the linear arrangement of Bielawski’s
benzo-bis-imidazolylidene ligand. These organometallic-based assemblies

4% and nickel®?.

included metals such as gold,*® iridium,* platinum,*® palladium,
Hahn and co-workers also used a structurally similar di(NH,0)-NHC ligand
together with the benzo-bis-imidazolylidene ligand for the preparation of a large

number of molecular squares,**>2 such as [4],°° depicted in Scheme 5.
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Scheme 5. NHC-Based metallosupramolecular assemblies described by Hahn and co-
workers ([1],%8 [2],%°° [3]°" and [4]%°).

In particular, NHC complexes of coinage metals have attracted a great deal of
interest in the biomedical context.* 3 In this regard, silver NHC complexes are

53b

known to possess anti-microbial activity,>*® and gold NHC compounds have

shown interesting results as anti-cancer metallodrugs.>® Just to name an
example, a very recent study on the biological activity of pillarplex compounds>*
based on a cyclic poly-NHC featuring different metals (Ag(l) or Au(l)) and anions
(hexafluorophosphate or acetate), showed that the silver pillarplexes displayed
antimicrobial (B. subtilis, S. aureus, E. coli and P. aeruginosa) and antifungal (C.

albicans) activity, as well as moderate toxicity towards a human cell line

(HepG2).
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NHC ligand \(}\/Nf\——/-\N \/N(j\“
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Agll) or Au(l) = J| \M M\ T
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b sy /:N \A)”

Figure 3. Pillarplex: Metallocavitand with tubular cavity for supramolecular
complexation.>®

These Ags and Aus metallosupramolecular assemblies also showed highly
selective activity for the encapsulation of linear molecules, such as 1,8-
diaminooctane (Scheme 6, left),>® being one of the few SOCs used for host-guest
chemistry so far. Additionally, these pillarplexes present unique properties
allowing the synthesis of the first [2]rotaxane (Scheme 6, right) with a functional
organometallic host framework. This system is pH-dependent and can be
switched reversibly and quantitatively to its organic imidazolium-based

[3]rotaxane via de-coordination of the involved metal ions.>®

I\ g
AﬂpAg \

_ N
NN -
NH

o}

Scheme 6. Representation of the host-guest complex®® (left) and the [2]rotaxane®®
(right) reported by P6thig and co-workers.
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1.1.1. Development of NHC-based SOCs in the QOMCAT group.

By benefiting by the experience obtained with the preparation of a series of
planar extended m-conjugated poly-NHC ligands, such as those depicted in
Scheme 2, the Organometallic and Homogeneous Catalysis group (QOMCAT) at

Universitat Jaume 1, developed several Ni->” Pd-°® and Au-based

60 61

metallorectangles,® metalloprisms,®® and metallotweezers,®® which showed
different interesting properties. Among the ligands shown in Scheme 1, the
pyrene-bis-imidazolylidene ligand B,° resulted particularly convenient for the
preparation of metallosupramolecular structures, such as those depicted in
Scheme 7.

By using the pyrene-bis-imidazolylidene ligand B, two nickel-cornered
supramolecular coordination rectangles were synthesized ([5] and [6] in Scheme
7). The dimensions were modulated by using either pyrazine or 4,4'-

% 5o that pyrazine would afford a Pd-Pd distance of 7 A, while

bipyridine,
bipyridine separates the two palladium centers at a distance of 11 A. In the
meantime, the metal-to-metal distance along the pyrene-bis-imidazolylidene
ligand is fixed at ca. 13 A (Scheme 7). The two rectangles were used as receptors
for the recognition of polycyclic aromatic hydrocarbons (PAHs), which are
considered hazardous materials.%> Due to its dimensions, the bipyridine-
containing rectangle [6] was able to host up to two guest molecules, while the

pyrazine-containing rectangle [5] was capable to host only one molecule of the

polyaromatic guest.
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Scheme 7. Representative examples of supramolecular organometallic
complexes based on the pyrene-bis-imidazolylidene ligand synthesized in the
QOMCAT group.

To further explore the supramolecular assembly capabilities of the pyrene-

based di-NHC ligand and using tripyridylpyrazine, Peris and co-workers obtained

the trigonal prism [8] (Scheme 7),>’® which was used for the encapsulation of

large 3D-molecules, such as Cgo and Cyo fullerenes. The cage shows highly

selective complexation of Cs0 over Ceo (Scheme 8), a behaviour which can be

potentially useful for fullerene separation and purification.
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Scheme 8. Hexa-nickel metallocage [8] and representation of its ability to
encapsulate Ceo and Cro fullerenes.

Finally, by using the same pyrene-bis-imidazolylidene ligand, the palladium-
conjoined molecular square [7] (Scheme 7) was prepared.>® This metallosquare
showed incredible host-guest applicability summarized in Scheme 9. The
presence of the four pyrene panels is a determining factor for the encapsulating
properties of this metallosquare, which confers a 3-D shape to the compound.
For example, the supramolecular assembly [7] was used for the encapsulation
of Ceo and Cyo, showing a shape-adaptable conformation able to adjust its form
to accommodate the size of the encapsulated fullerene and exhibiting a higher
affinity for Cso over Ce.3% The final encapsulated host-guest complexes Coo@([7]
and C;,@[7] present an important feature because both behaved as singlet
oxygen photosensitizers. This made them suitable for oxidizing cyclic and acyclic
alkenes at room temperature via Vvisible-light-induced singlet oxygen
generation. The results obtained by measuring the phosphorescence emission
spectra of singlet oxygen generated by the two complexes upon irradiation with
visible light represent a springboard towards the use of other fullerene-

containing supramolecular systems for similar catalytic ractions.3
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Scheme 9. Applicability areas shown for the metallosquare [7].

Another interesting feature is that [7] displays a metal-to-metal distance of 13
A, which is perfect for the encapsulation of three polyaromatic guests,
considering that is approximately 4 times the distance for an effective n-rt
stacking interaction (3.5 A). The complex is able to encapsulate one molecule of
an electron-rich PAH (pyrene, triphenylene or coronene) and two molecules of
the electron deficient N,N’-dimethyl-naphthalenetetracarboxydiimide (NTCDI).
This combination forms a quintuple m stack ordered in a
donor-acceptor-donor-acceptor-donor (D-A-D-A-D) arrangement (Scheme
10), where the electron-rich pyrene fragments of the di-NHC ligand of the cage
act as bookend donors.>® This metallosupramolecular assembly shows a very

interesting feature, because it is the first “open” square structure used for the
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encapsulation of heteroguests, while all other examples are based on “closed”

trigonal-prismatic architectures.

A = 14 o '
Kd—=H ']-.'l:ié H=—P[ﬁ ’ ﬁd—- H,—Pd\\ljd
R 1 RR R R J RR R' RRr l.R
N N N

R R R R' o R R'=R' OO
e

RNR RORe R R NR

| ® ‘ |
KPd—‘ﬁ ﬂ-ﬁ? ﬁ—PtIJ KPd—-ﬁ%—Pd)

_ ~NTCDI
ﬁ =PAH = pyrene, triphenyleneor coronene

Scheme 10. Quintuple D-A-D-A-D rt stack formed by heteroguest encapsulation
based on an “open” square architecture.

R

The QOMCAT group also described a series of Au-based metallotweezers ([9]-
[11] in Scheme 11),%! metallorectangles ([13] in Scheme 11)*° and metalloprisms
([12] in Scheme 11)® for the recognition of organic and inorganic substrates.

A molecular tweezer is a type of molecular receptor containing two identical flat
polyaromatic arms at the edges, which are bound by a more or less rigid tether.53
In this regard, the next approach of the group was the preparation of different
metallotweezers containing two Au(l) pyrene-imidazolylidene arms connected
through different dialkynyl linkers (diethynylanthracene, bis(alkynyl)xanthene
or bis(alkynyl)carbazole). Firstly, complex [9] (Scheme 11)% was synthesized
presenting a remarkably tendency to self-aggregate in nonpolar solvents, such
as benzene, as well as in the presence of “nacked” metal cations, such as Cu?,
Ag*, or TI*. The tendency to self-aggregate is explained because rmt-it stacking
interactions are produced between the two pyrene polyaromatic arms and the

anthracene linker.
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Scheme 11: Gold-based metallosupramolecular assemblies developed in the
QOMCAT group.

In order to prepare metallotweezers for the recognition of aromatic substrates,
it seemed necessary to minimize the self-aggregation tendency. For this, two
strategies were applied, based on the use of linkers for which, (i) the m-extended
system is disrupted, and (ii) the alkynyl groups present a diverging
conformation. Using the first strategy, the U-shaped digold metallotweezer [10]
(Scheme 11)%%¢ with a bis(alkynyl)xanthene connector was prepared. This
complex acts as metalloligand in the presence of “nacked” metal cations,
showing a coordination ability highly cation-dependent. The second strategy
enabled the synthesis of complex [11] (Scheme 11),° with a
bis(alkynyl)carbazole connector and two pyrene-imidazolylidne-Au(l) flexible

arms. This metallotweezer was used for the recognition of PAHs and PAHs
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functionalized with groups able to establish a hydrogen bond. It was found that
the PAH guests featuring H-bonding groups showed binding affinities of about
one order of magnitude larger than those for unfunctionalized PAHSs, due to the
hydrogen bonding interaction with the N-H group of the carbazole tether.

In parallel, the replacement of mono-NHC ligands by di- and tri-NHC ligands
connected by extended m-conjugated systems allowed the preparation of
trigonal-prismatic metallocages®® ([12] in Scheme 11) and metallorectangles®
([13] in Scheme 11). The nanosized nature of these complexes, together with
the presence of the two cofacial polycyclic-conjugated panels, made these
assemblies remarkably effective for the encapsulation of PAHSs. In particular, the
hexagonal prismatic cage [12] showed a large binding affinity for coronene
(Scheme 12, right), which makes it an excellent coronene scavenger.®® And
interestingly, the metallorectangle [13] is able to trap corannulene (Scheme 12,
left), producing a significant flattening of these bowl-shaped guest molecules

from 0.87 bowl-depth in A (free corannulene) to 0.73 A (encapsulated one).*

J —
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Scheme 12. Coronene@[12] (left) and corannulene@[13] (right) complexes
obtained after the guest encapsulation.

1.2. Supramolecular catalysis.

Inspired by enzymatic catalysis, supramolecular catalysis appeared as a
discipline that merges the principles of supramolecular chemistry with
homogeneous catalysis, and therefore tries to benefit from the use of non-

covalent interactions for achieving high reaction rates and good selectivities.
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The term supramolecular catalysis was coined by Van Leeuwen in 2008,% and
nowadays is a hot topic of research.?% 2> 38a 38b, 65

Non-covalent interactions are reversible, and ultimately may allow the fine-
tuning of the properties of a system accurately. Nevertheless, non-covalent
interactions are hardly predictable, and for this reason, supramolecular effects
that influence the catalytic performance of a catalytic process are often
recognized post-factum. In general, supramolecular catalysts are recognized
because they possess unique properties compared to analogues lacking the
assembling properties.

According to the non-covalent interactions that can be established between the
reaction partners during the catalytic process, Raynal and co-workers proposed
a very useful classification for explaining how supramolecular interactions can
influence a catalytic process.®> This classification is depicted in Scheme 13, and
basically considers three types of interactions:

e [ligand-ligand interactions: the non-covalent interactions between the

ligands of two molecules of catalyst may form a dimer, whose catalytic
activity is different compared to the activity show by the parent monomer.

e [ligand-additive interactions: when an additive is added to the reaction

vessel the catalytic properties of the complex may be modified by means of
non-covalent interactions between the ligand and the complementary
additive. The interaction between the ligand of the catalyst and the
supramolecular additive, is very likely to change the steric and the electronic
properties of the catalyst.

e ligand-substrate interactions: the non-covalent interactions between the

substrate and one of the ligands of the catalyst may place the substrate in a
privileged position from which it can more easily interact with the metal

center, and therefore it will be more prone to be activated.
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Scheme 13. Usual reaction partners involved in a catalytic process. The dashed red
lines represent the non-covalent interaction.

A large number of examples can be found in the literature describing the
influence of supramolecular interactions for the improvement of selectivities in
homogeneous catalysis. However, much fewer examples have been reported
regarding the catalytic consequences related with the modification of the kinetic
parameters or activity regarding supramolecular interactions.®® 75 °¢ 12,66

I1-stacking, a particular non-covalent interaction, may sometimes play an
important role in homogeneously-catalyzed reactions. However, this type of
effect may have been unrecognized during decades, until it was systematically
studied for the case of NHC-based metal catalysts.”™ % Some early examples of
the influence of rt-stacking in reactions catalyzed by NHC-based ligand include
the works developed by Grela, Blechert,® Collins,”® Verpoort,” and Fiirstner,”?
but most of them are related with the study of olefin metathesis using modified
Ru-Grubbs catalysts. For example, Grela and co-workers showed in 2008 that
in the olefin metathesis reaction catalysed by a second generation Ru-Grubbs
catalyst, the use of fluorinated aromatic solvents had a beneficial influence

(Scheme 14). By a combined experimental and theoretical approach, they
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hypothesized that -t stacking interactions between the fluorinated solvent
and the N-aromatic substituent of the NHC ligand stabilizes the active ruthenium

species and enhances the activity of the catalyst.®

EtO,C_ CO,Et EtO,C.__CO,Et

Solvent

the activity of the catalyst is solvent dependent

CeF5CF3>>CgH5CH3>>CICH,CH,CI
cat. = T,\C' Ph

Scheme 14. Influence of fluorinated solvents in the catalyst activity in the olefin
metathesis reaction.

Another interesting example regarding the influence of n-stacking interactions
on the catalytic activity was described by Peinador and co-workers in 2014.73
They developed a reusable Pt(ll) diazapyrenium-based metallacyclic catalyst for
the SnAr reaction between halodinitrobenzenes and sodium azides. The addition
of the appropriate m-stacking additive (in this case pyrene) results in a
deactivation of the catalysis as a result of host-guest interactions between the
additive and the metallacycle by formation of an inclusion complex. This results
in the allosteric inhibition of the SyAr reaction (Scheme 15).7* At this point, it
may be important to mention that the term allostery is originally used in
enzymology to refer to the activation or inhibition of an enzyme by a small
regulatory molecule that interacts at a site that can be remote with respect to

the active site.””
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N3
NO,

NO,

Scheme 15. SnAr reaction catalyzed by the Pt(Il) metallacycle and the “allosteric”
inhibition under the presence of an additive.

1.2.1. Catalysts decorated with m-conjugated polyaromatic systems

and their implications in supramolecular catalysis.

During the last few years, the QOMCAT group was particularly interested in the
preparation of polytopic NHC ligands bearing extended polyaromatic systems
for the preparation of homogeneous catalysts. The purpose for this was: (1)
finding examples for the study of the catalytic cooperativity between the metals
comprised in the multimetallic complexes, and (2) preparing heterometallic
catalysts for tandem reactions, in which each metal unit catalyses a

mechanistically distinct reaction.

1.2.1.1. Catalytic benefits provided by the ligand-substrate interaction.
In the course of this research, the QOMCAT group obtained a series of di- and
tri-NHCs connected by extended polyaromatic spacers (A,% B,° C,** D,% F'* and

G2 in Scheme 2). In principle, the use of these ligands aimed to facilitate the
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electronic communication between the metals.>> % %12 However, it was shown
that the electronic communication was negligible in most of the cases.”®

Nevertheless, detailed studies performed on the catalytic activities shown by
catalysts bearing NHC ligands decorated with rigid polyaromatic moieties,
demonstrated that these catalysts showed activities essentially different from
those catalysts lacking of these systems. One of the earliest evidences of the
influence of n-stacking interactions in homogeneous catalysis using NHC ligands
decorated with rigid polyaromatic fragments was observed using the
triphenylene-tris(imidazolylidene)-based palladium ([14]) and gold catalysts
([15]) depicted in Scheme 16.%% The activity of these trimetallic complexes can
be compared with the exact combination of three molecules of their related
monometallic benzimidazolylidene analogues, which display exactly the same
stereoelectronic properties. The studies were performed by comparing the
catalytic efficiency of these catalysts in different reactions. The palladium
complex was tested in the a-arylation of propiophenone with aryl bromides, and
in the Suzuki-Miyaura coupling between aryl bromides and arylboronic acids.
On the other hand, the tri-gold-complex was tested in the hydroamination of
phenylacetylene. The results obtained showed that the trimetallic complexes
displayed higher activity than the monometallic analogues. The higher activities
shown by the trimetallic catalysts were attributed to the rt-stacking interactions
established between the triphenylene core of the catalysts and the aromatic
substrates used in the experiments, which very likely have an influence in the
catalytic performance of the catalysts. As an additional study to support this
hypothesis, the catalytic experiments were repeated with the addition of
catalytic amounts of external mn-stacking additives, such as pyrene or
hexafluorobenzene. These additives are known to promote m-stacking
interactions with polyaromatic surfaces, and therefore should suppress the

ability of the aromatic ligands to m -stack with the triphenylene core of the
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catalysts. As expected, the addition of any of the additives produced significant

changes in the performance of the catalysts.5
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Scheme 16. Triphenylene-based NHC complexes of palladium and gold and catalytic
reactions tested.

In line with these results, a series of di-NHC-based complexes connected by
phenylene or biphenylene were obtained ([16]-[18] in Scheme 17) to continue
studying how rm-stacking interactions may influence the activity of catalysts
containing rigid polyaromatic functionalities.”” The N-substituents of these
ligands were methyl or methyl-pyrene groups, and the related mono-NHCs were
also prepared ([19]-[20] in Scheme 17), in order to evaluate the influence of the
presence of two metals in comparison with the monometallic analogue. The
studies were performed by comparing the catalytic efficiency of these catalysts

in two different reactions, namely, the acylation of arylhalides with
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hydrocinnamaldehyde and the Suzuki-Miyaura coupling between arylhalides

and arylboronic acids.
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n=2,R = CHs, [18]

Scheme 17. Dimetallic and monometallic palladium complexes tested.
The results showed that the complexes with pyrene tags are slightly more active
than those with methyl groups, an observation that becomes more evident
when the time-dependent reaction profiles are compared.” The dimetallic
complexes were also more active than their monometallic analogues. These
results were supported by the experimental evidence provided by the addition
of catalytic amounts of pyrene to the Suzuki-Miyaura coupling reaction, which
produced a partial inhibition of the activity of the pyrene-containing complexes
([16], [17] and [19]), while the activity of the methyl-substituted catalysts ([18]
and [20]) were not affected (Figure 4). Again, the catalytic outcome provided by
pyrene-containing catalysts supports the hypothesis of the importance of mn-
stacking interactions in the overall catalytic reaction. It was supposed that the
pyrene-tag of the catalyst and the aromatic substrates established mr-stacking

interactions that enhanced the catalyst activity.””
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Figure 4. Suzuki-Miyaura coupling between phenyl bromide and 4-tolylboronic acid
in the presence and absence of pyrene.

1.2.1.2.The influence of the ligand-additive interactions in the electronic
properties of metal complexes with polyaromatic NHC ligands.

To further explore the influence of m-stacking additives on the catalytic activity

of NHC-based metal catalysts, a series of NHC ligands decorated with fused

polycyclic aromatic hydrocarbons were prepared (Scheme 18).14 660 66¢. 78 The

presence of the extended polyaromatic systems should make these systems

sensitive to the addition of m-stacking additives, thus magnifying the ligand-

additive interactions.
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Scheme 18. Monodentate ligands with extended polyaromatic systems.
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The influence of the n-stacking interactions on the electronic properties of the
ligands was studied by means of four different approaches: (i) electrochemical
studies, (ii) DFT calculations, (iii) infrared spectroscopy, and (iv) *H NMR
spectroscopy. It was observed that the electronic properties of these ligands
could be modified upon suitable m-stacking additives. In particular, by
calculating the Tolman Electronic Parameters (TEPs) of a series of DFT calculated
[Ni(NHC)(CO)s] complexes, and by comparing these values with the ones
resulting from the optimized structures with a m-stacking additive (pyrene or
hexafluorobenzene), a series of important conclusions were extracted. The TEP
value for the pyrene-imidazolylidene ligand without any additive was calculated
as 2056.1 cm?, while the values for the system adding pyrene or
hexafluorobenzene were 2052.3 cm™ or 2058.4 cm™, respectively (Figure 5).
These results indicate that the formation of the rt-stacking complexes induced a
significant modification of the TEP value, with values of ATEP = -3.8 (pyrene) or
2.3 (hexafluorobenzene) cm™.%®® This means that the electrondonating
character of the ligand can either be increased, or reduced, by adding pyrene or

hexafulorobenzene, respectively.

ﬂ ATEP=-3.8 ﬂ ATEP=2,3 ﬂ TEP (em )

¢

2052,3 2056,1 2058,4

Figure 5. Variaton of the TEP values upon addition of pyrene or hexafluorobenzene
of the pyrene-fused NHC ligand.

In order to validate experimentally these results, the variation of the C-O

stretching frequencies of the complexes decorated with polyaromatic systems
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upon addition of the same m-stacking additives was studied. For this purpose,
the IR spectra of a series of [IrCI(NHC)(CO).] complexes was performed, were
NHC is the ligand with the fused polyaromatic moieties. The results indicated
clearly that de addition of these rmt-stacking additives has a significant effect on
the variation of the CO stretching frequencies of the complexes, but this clearly
depends on the nature of the extended polyconjugated system present in the
NHC ligand (Table 1). In all the cases, the addition of pyrene produced an
increase of the C-O frequency, while the addition of hexafluorobenzene
produced the opposite effect. The largest variation, with an overall value of 2.9
cm, was observed for the pyrene-derived-NHC ligand, related to the Av(CO)ay
observed for the addition of pyrene with respect to the situation generated by
addition of hexafluorobenzene.

Table 1. Variation of the IR C-O stretching frequencies of the [IrCI(NHC)(CO):]
complexes upon addition of pyrene or hexafluorobenzene.

R R
o £ B
R R

Avay (CO)(cm™)

0 0 0
pyrene -1.4 -1.4 -1.4
CsFs 1.5 1.4 0.5

All these results demonstrated that the electron-donating character of a ligand

can be postmodified upon addition of the suitable n-stacking additive.5

1.2.1.3.M-stacking interactions and kinetics.
In order to shed some light onto the influence of the effects produced by -
stacking interactions with additives in the catalytic activity of the complexes, the

QOMCAT group synthesized a new family of Ir(l) catalysts (Scheme 19).2 These
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complexes should provide an excellent basis for comparison, with which

relevant information could be obtained.

[21] [22] n=2,[24]

Scheme 19. NHC-based complexes used for the catalytic studies.

The catalytic activity of complexes [21]-[24] was tested in two typical borrowing
hydrogen catalysed processes for which Ir(l) complexes have proven to be very
effective catalysts:” the reduction of ketones by transfer hydrogenation, and
the f-alkylation of secondary alcohols with primary alcohols. Particularly, it was
important to determine the influence of the additive on the catalytic output of
the reactions, and if it has any relation with the nature of the substrates and/or
catalysts used. For the transfer hydrogenation process, the reduction of two
benchmark ketones, namely acetophenone and cyclohexanone was studied.

The results are shown in Figure 6.
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Figure 6. Comparison of the catalytic activities of complexes 10-13 in the reduction
of acetophenone and cyclohexanone by transfer hydrogenation in isopropanol.

Firstly, all the iridium complexes were very active in the reduction of

cyclohexanone to cyclohexanol and the addition of a catalytic amount of pyrene

(10 mol % with respect to the substrate) did not produce any measurable

modification in the catalytic activity of the catalysts. However, for the reduction

of acetophenone to 1-phenylethanol, the addition of the pyrene additive

produced an inhibition of the catalytic activity of the catalysts bearing pyrene

tags ([22]-[24]), while the activity shown by [21] lacking the polyaromatic

system, remained unchanged. These results are in accordance with the previous

ones obtained by the QOMCAT group,® 77 indicating that only when aromatic

substrates and catalysts with polyaromatic tags are used, exist a supramolecular

effect capable to influence the activity of the catalyst.*
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The p-alkylation of secondary alcohols with primary alcohols was the other
reaction studied to evaluate the catalytic properties of the complexes. In this
regard, 1-phenylethanol was coupled with a series of benzyl alcohols (benzyl
alcohol, 3-chlorobenzyl alcohol and 4-chlorobenzyl alcohol) and n-butanol. All
the catalysts ([21]-[24]) were very selective in the production of the final alcohol,
but the phenylene-bridged diiridium complex [23] was the most active in all the
reactions tested, reaching when the two aromatic alcohols are used almost
quantitative conversion.

To further explore the reaction mechanism of the process, especially regarding
the interaction of the catalysts with the alcohols in the starting steps, kinetic
studies were performed using complexes [21] and [23] model catalysts, and two
primary alcohols (benzyl alcohol and n-butanol). The results obtained for these

studies are summarized in Scheme 20.

OH OH
~ [cat], KOH R
—————
* R™OH Toluene, % Hal
100°C, 8h
Catalyst used Primary alcohol Reaction order
[21] benzyl alcohol 2
[23] benzyl alcohol 0
[23] n-butanol 2

Scheme 20. Results obtained for the determination of the reaction orders with
respect to the substrates.

The time-dependent reaction profiles for the C-C coupling of the aromatic
substrates using the pyrene-tagged catalysts [23], followed a zero-order rate in
the substrates for all the experiments carried out with different catalyst
loadings. This result, which evokes enzymatic catalysis, is suggestive of the

catalyst saturation by the substrate all along the reaction course. This situation
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should be explained due to non-covalent interactions between the aromatic
substrate and the pyrene-tagged catalyst. For all other combinations (non-
aromatic substrates or catalyst without pyrene-tags), the reaction followed a
second order rate. These results demonstrated the influence of the
supramolecular interactions in the kinetics of the reaction when that is carried
out with aromatic substrates and catalysts containing polyaromatic fragments.
Finally, other interesting information regarding the supramolecular interactions
influencing the catalytic behaviour of [21]-[24] was obtained from the
determination of the rate orders with respect to the concentration of the
catalysts. Pyrene-containing catalysts ([22] and [23]) displayed a fractional rate
order < 1 with respect to the catalyst concentration, thus suggesting a
monomer-dimer equilibrium,® with the monomer acting as the active catalytic
species. In contrast, similar studies using the catalyst without the pyrene
functionality ([21]) derived into a first order dependence on the concentration
of catalyst, therefore indicating the monometallic nature of the active catalytic
species.’ This result reveals important implications about the reaction
mechanism, pointing at the influence on the kinetics of the process being
assigned to a ligand-ligand interaction (self-association of the pyrene-tagged
catalysts) and also showed how the presence of polyaromatic fragments modify

the reactivity of the catalyst, compared to otherwise identical metal complexes.
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2. Luminescence in transition metal complexes.

Luminescence is a particular feature of many materials, some plants and animals
(Figure 7). It can be defined as the spontaneous emission of light (ultraviolet,
visible or infrared) from an electronically excited species. For luminescence to
occur, an energy absorption process is previously required, in which electrons
go from a ground state, designated as So to either a singlet (S4, S;) or triplet (T1)
excited electronic state (see below in Figure 2). Depending on the excitation
process involved, luminescence can be classified as photoluminescence,
electroluminescence, thermoluminescence, chemiluminescence,

radioluminescence, mechanoluminescence, etc.®!

Figure 7. Fluorite (left) with thermoluminescence. Squid (middle) and fungi (right)
with bioluminescence.

Photoluminescence is of particular interest, because it involves the absorption
of light (normally UV), which brings the absorbing species into the
corresponding electronic excited state that promotes the emission of light. In
order to obtain the emission, the absorption of a photon is necessary. Once the
molecule is excited, there are several radiative and non-radiative de-excitation
pathways that can take place for returning to the ground state. The following is
a description of the different types of non-radiative processes:382

e Vibrational relaxation: Occurs when a molecule excited to a higher

vibrational level of the target excited state relaxes rapidly to the lowest
vibrational level of the excited electronic state. These processes can

occur within 1014-10"*2s, shorter time than luminescence lifetimes.
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e Internal conversion: Rapid relaxation process from a higher-energy

excited state (S;) to a lower-energy excited state (Si1). The molecular spin
multiplicity remains the same, differing hereby from the intersystem
crossing. The time scale of the process is 1025,

e Intersystem crossing: Relaxation process that proceeds between excited

states of different multiplicity (an example of relaxation from S; to T is
shown in Figure 8). It is a less likely process than internal conversion,
because the spin multiplicity is not conserved (time scale of 10%s).

e Non-radiative de-excitation: The energy is dissipated by the release of

infinitesimal amounts of heat (thermal energy), that cannot normally be

measured experimentally.

Among all possible de-excitation pathways we will focus this section’s attention
on two processes for which part of the energy (UV, Visible) absorbed is released
in the form of light (radiative processes). These two processes are fluorescence
and phosphorescence.

Fluorescence is a spin-allowed process that takes place from a singlet excited
state to the ground state (S1 > So). Therefore, it is a rapid process that yields
emission rates in the order of 10 ns. Phosphorescence is a spin-forbidden
process in which the energy of the light absorbed is released slowly in form of
light. The phosphorescence emission normally takes place from a triplet excited
state to a singlet ground state (T1 > So), thus average lifetimes (t) range between
milliseconds and seconds.®® These two processes can be graphically depicted
using the the Jablonski diagram® shown in Figure 8. This graphic shows some of
the pathways that a molecule can undertake for returning to the ground state

once it absorbed energy from electromagnetic radiation.
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Figure 8. Jablonski diagram, where So is the singlet ground state, S1 and Sz are singlet
excited states and T1 is a triplet excited state.

The emission produced after the excitation can be quantified by means of the
quantum vyield. The quantum vyield (@), a fundamental property of
luminescence, is the ratio between the number of photons emitted and the
number of photons absorbed.® Therefore, the maximum value of @ is 1, for an
ideal case in which all photons absorbed produce emission of a photon of lower
energy. The quantum yield can also be defined in terms of the rate constants of

the radiative (Kraq) and non-radiative (Kn,) processes® according to Equation 1:

Z Krad

d=— "
ZKrad'l'ZKnr

Equation 1. Quantum yield calculation, where: Kradincludes the rate of fluorescence
and phosphorescence and Kqr includes the rate constants of all the non-radiative
processes.

A variety of factors are believed to influence the luminescence quantum yields

of luminophores:®?

e The type of transition: selection rules that apply for luminescence are

those that apply for absorption, thus the accomplishment of the

selection rules highly influences the quantum yields achieved.
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e Structural rigidity: molecules that have rigid structures normally exhibit

strong luminescence.

e Composition: the nature of the substituents may increase or decrease
the quantum vyield. For example, halogen substituents generally
decrease the fluorescence quantum vyield while certain aromatic
substituents increase this value.

e Other factors: temperature, solvent, phase and pH often produce

changes in the emission quantum yields.

Since their discovery, the development of materials with emissive properties,
due to their applications as fluorescent sensors,® organic light-emitting diodes
(OLEDs),® and bioimaging probes®” have attracted increasing interest. Attracted
by this wide range of features and possibilities, a large variety of luminescent
organic devices are continuously developed.®®  Although we can find
luminescent materials in every physical state, some of them are preferred over
the others depending on the applications that are pursued. For example, films
and aggregates are widely used in the fabrication of OLEDs, whereas
luminophores for biomedical research are often used in solution. For this
reason, it is particularly important to find new materials that show good
emission properties in dilute solutions, so that can be visualized by routine
techniques, such as fluorescence microscopy. Also important is to develop
molecules that are able to combine good emissive properties with
chemotherapeutic activity, so that they can be used as theranostic agents that

provide relevant information about their biological interplay.?

Luminescent transition metal complexes have also attracted intense attention
during the last two decades.?® One of the main reasons for the great success of
this kind of metal-based luminophores is that intersystem crossing processes (in

which relaxation proceeds between excited states of different spin multiplicity)
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are very likely to be produced in molecules containing heavy atoms, such as
iodine and bromine in organic luminophores and metal ions in inorganic
luminophores. In the presence of heavy atoms, the spin—orbit coupling becomes
more important and, consequently, a change in spin becomes more likely for
improving the emission efficiency from spin-forbidden states.’® This
characteristic allows a fast rate of the intersystem crossing process followed by
phosphorescence and, sometimes, high quantum yields.

In transition metal complexes the luminescence transitions may involve the
energy levels of the ligand (intra-ligand transitions), the metal (d—d transitions),
or both the metal and the ligand (charge transfer transitions). Intra-ligand or
ligand-centered transitions only involve ligand orbitals, which are almost
unaffected by coordination to the metal. The d—d transitions are usually
forbidden by the Laporte selection rule, so the corresponding absorption and
emission bands are generally weak. Conversely, charge-transfer transitions are
allowed and can occur either from ligand-to-metal orbitals (ligand-to-metal

charge transfer, LMCT) or vice versa (metal-to-ligand charge transfer, MLCT).%?

Among transition-metal-based luminophores, gold(l)-alkynyls constitute one of
the most widely studied systems, probably because acetylides can connect the
gold atom to a large variety of organic functions.?? The origin of the emission is
mainly derived from the triplet excited-state of the alkynyl ligand, or from the
inter- or intramolecular interactions between gold(l) centers (aurophilicity).%
However, while highly efficient emissions (@ > 85%) have been found for a (low)
number of gold complexes in the solid or aggregated states,** to the best of our
knowledge there is only one report describing high quantum yields in solution

(Chart 1).%°
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Chart 1. Au(l) acetylide complexes. 2Emission quantum yields (®em) were obtained
using quinine sulphate in degassed 1N H2SO4 (@ = 0.546) as the standard. ®@em
measured in steady state is the overall emission quantum yield.

N-heterocyclic carbene (NHC) ligands have also been extensively used in the
preparation of metal complexes with photoluminescent properties.'® Along with
their chemical stability, the wide coordination versatility of NHC ligands has
helped to their great development, affording complexes of almost any transition
metal in different oxidation states.'® ¢ In addition, the easy preparation of NHC-
precursors (commonly azolium-based salts) has allowed access to a wide variety
of new topologies.”” The great versatility of NHC ligands for structural
modifications, together with the use of other ancillary ligands, provide
numerous possibilities for the synthesis of phosphorescent materials, with
emission colours over the entire visible spectra and potential future applications

in fields such as photochemical water-splitting,%® chemosensing,®® fabrication of

100 101

dye-sensitised solar cells,® and medicine.

Among NHC precursors, benzobisazoliums have been recently proven to
represent an interesting class of versatile and robust fluorophores.? In this
regard, during the last few vyears, the QOMCAT group reported the
photophysical properties of a series of pyrene-containing bisazoliums salts, as
well as some complexes showing moderated to good quantum yields.* °>°¢ The
chromophore of choice was pyrene because is one of the most studied organic
materials in the field of photochemistry and photophysics'® (it is sometimes
referred to as the photochemist’s fruit fly),’%? showing unique properties.
Moreover, many pyrene-containing complexes are used in fields such as

optoelectronics, chemical sensors, and photodynamic therapeutic agents.'®
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The first example reported by the QOMCAT group was a family of Janus-type
bis-imidazolium salts containing pyrene and different alkyl groups (H-L in
Scheme 21), aiming to obtain materials with interesting physicochemical
properties.> The related pyrene-monoazolium salts M and N (Scheme 21), were
also included in the study for comparative purposes.’”® The results showed
emissions in the range of 370-440 nm, and emission quantum yields (@Pem)
ranging from 0.28 to 0.41 in solution, with H being the most efficient

fluorophore among all salts studied (@Pem = 0.41).%¢

X X

,R = Me, X = BF, O R
fEt,XiBF4 ‘O N\> M, R = nBu, X = Br
= nPr, X = BF, N~ N,R=nBu, X =PFg

= nBu, X = | O R
=nBu, X =BF,4

Scheme 21. PBIs (left) and pyrene-monoazoliums (right).

The pyrene-bisazoliums (from now on, PBIs) were used for the preparation of a
series of dirhodium and diiridium complexes, but these complexes presented
negligible fluorescence emission.* The quenching of this emission was
attributed to the heavy-atom perturbation,'® which is a common effect
observed for other NHC complexes of rhodium and iridium,102¢ 105

These preliminary results were the basis for the preparation of other pyrene-
linked neutral and dicationic bis-azoles with different N-substituents depicted in
Scheme 22.°° The pyrene-based bis-imidazolium salts were used as NHC
precursors for the preparation of the related cyclometalated platinum
complexes ([25]-[26] in Scheme 23). The interest of this type of complexes
aroused from the fact that similar species have shown a strong potential in
highly efficient OLEDs® and, in combination with NHC ligands some Pt(ll)
complexes have provided very interesting luminescent properties.’® The

photophysical studies revealed that, the mother organic molecules of the
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related cyclometalated complexes showed fluorescence quantum yields (@x)

ranging from 0.14 to 0.75, with emissive properties centered in the pyrene

moiety.
_I(x T2 —I(x
R R l‘ R

N N N N N N

¢ /> ¢ \> < ‘O Y« 9 < \>
N N N N N N

R R R R R R Me R R

Ouni Oy P,R=Me, X=1 Sa,, R=Et, X =1 Sagy,, R=Et, X = |

R=Me, Et nPr, R=Me, Et,nPr, QR=EtX=Br sp . R=EtX=BF, Sbg,, R=EtX=BF,
nBu or Bn nBu or Bn R,R=nBu,X=1 1 . R=pPr,x=I Teyns R=nPr, X =1

Uagyg, R=nBu, X =1 Uagy,, R =nBu, X = |
Ubg,y, R =nBu, X=BF;  Ubg,,, R =nBu, X = BF,

Scheme 22. Pyrene-based bis-imidazolium salts used for the preparation of the
platinum complexes.

The introduction of the platinum fragment aroused in a decrease of the emission
efficiency, which is suggestive of an increase in the proportion of non-radiative
decay processes due to the coordination of the carbene ligand to Pt(11).2%7 In
addition, the energies associated with the HOMO and LUMO levels suggest that
this family of complexes provides versatility in matching the energy levels of a
large variety of host materials, an excellent property with potential to be used

for the preparation of organic light-emitting devices.?®
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Scheme 23. Pyrene-based bis-NHC diplatinum(Il) complexes synthesized by the
QOMCAT group.

In line with these results, other platinum(ll) and gold(lll) complexes®® were
described by the QOMCAT group (Scheme 24), containing pyrene mono- or bis-
NHC, and a CNC pincer ligand (CNC = 2,6-diphenylpyridine).1% The pyrene-based
complexes [27]-[30] exhibited strong luminescence between 370-440 nm and
the emission spectra of the complexes and salts (V and W in Scheme 24) were
superimposable, therefore indicating the predominance of the pyrene moiety in
the emission, and the negligible participation of the heterocyclic fragments or
the metals. The pyrene-centered emission of complexes ([27]-[30]) was reduced
compared to their pyrene-containing azoliums (V and W), suggesting again that
the coordination of the carbene increases the fraction of non-radiative decay
processes.” In this regard, the pyrene-based metal complexes displayed
quantum vyields values in the range of 3.1-6.3 %,°® while the quantum yields
shown by V and W were 32 % and 41 %, respectively. However, the ®: values
shown by [27]-[30] are rather high when compared with those shown by other

complexes with the same pyrene-based bis-NHC ligands.*®
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Scheme 24. Pyrene-based (V and W) and their related Pt(ll) and Au(lll) complexes
([271-[30]) synthesized by the QOMCAT group.

Among all transition metal-NHC complexes with optical properties, those
containing a coinage metal (group 11 elements) are the ones that have been
most extensively studied, especially those of gold(1).1® 1% Since the first report
of a luminescent Au(l)-NHC complex by Lin and coworkers,’®® many research
groups focussed their efforts on synthesising and studying NHC complexes of
Cu, Ag and Au with optical properties, and a large number of luminescent Au(l)-
NHC complexes have been described in the literature.%¢ 110

Luminescent emission, both fluorescence and phosphorescence have been
achieved in gold(l)-NHC compounds, depending upon the participation of the
metal in the excited states. On the one hand, for complexes bearing organic
fluorophores (anthracene, pyrene, coumarin...) in many cases there is a
negligible participation of the metal atom in the excited states, but a decrease
of the luminescent quantum yields in comparison to the free fluorophore due
to deactivation processes is often observed,!'! as mentioned before. On the

other hand, the Au(l) atom can impart an important structural influence in the
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enhancement of the emission. An example was recently published by Strassert
and Hahn,? in which an emission enhancement was achieved by rigidification
through metal complexation in comparison with the precursor of the NHC ligand
(Chart 2). The high luminescence quantum yields for rigid luminophores are
probably due to the inhibition of the internal conversion rates and vibrational

motion in these complexes.
/= ™ o = PR
ey s =Y O 9 T

| A
./‘\N O O N/'i 5 nBu\N O O N,\anBu
=/ l~/

—

nBu-N

N-nbu

D5 <1% 47 %

Chart 2. Fluorescence quantum yields (@, gives the probability of the excited state
being deactivated by fluorescence rather than by another, non-radiative
mechanism) were measured in 10°® M acetonitrile solution using a Hamamatsu
integrating sphere at excitation wavelength of 315 nm.

As mentioned before, gold(l)-alkynyls constitute an interesting class of
complexes with high potential in the field of photoluminescence.’> '** Taking
this into account, some research groups focussed their efforts on preparing

114 aiming to obtain complexes

Au(l)-NHC complexes with acetylide ligands,!*%
with enhanced optical properties. In principle, gold-NHC complexes with
acetylide groups are likely to provide high luminescence efficiencies due to the
following reasons:

e The electron-donor character of the carbene ligand.

e The presence of a chromophore, or an acetylide ligand directly bound

to the gold centre.
e The presence of metallophilic interactions.

e The presence of cyclometallated pincer ligands, in the case of Au(lll)

complexes
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Gold—NHC complexes containing acetylide and chromophore groups bound to
the gold centre represent a fascinating class of luminescent materials.}*4> An
interesting example of this type of complexes was reported in 2016 by Mohr and

co-workers,*1®

who designed a series of luminescent gold(l) complexes
combining a benzothiadiazole group (chromophore) through an alkynyl-linker
with a gold(l)-NHC unit. The photophysical properties of the resulting gold
complexes ([31] and [32] in Chart 3) together with their TMS-protected alkyne
(X in Chart 3) were examined in CH,Cl, solutions at room temperature. The

luminescence behaviour of the complexes reported was dominated by the

benzothiadiazole chromophore, with negligible influence of the gold atom.

N@Nﬁ\ 9
LYs YO
Il

(31]

[32]
@42l 0.58 0.32 0.65
Chart 3. TMS-protected alkyne (X) and luminescent alkynyl-gold(l)-carbene
complexes ([31]-[32]). [a] Emission quantum yields of X, [31] and [32] were
measured in CH2Cl» at room temperature.

Another interesting example was reported recently by Casini and Bonsignhore.'*’
They synthesized two novel families of gold(l) complexes, including N1-
substituted bis-NHC complexes and mixed gold(l) NHC-alkynyl complexes.
Among the mixed gold(l) complexes, one features a fluorescent boron-

dipyrromethene (BODIPY) fragment (Chart 4, left), which allowed determining
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its uptake into the cytoplasm of cancer cells by fluorescence microspcopy. In
addition, the quantum vyield values shown that the complexation of the
fluorophore to the gold(l)-NHC complex through the alkynyl bridge did not
quench the fluorescence of the final metal complex, whose quantum yield was

found to be 0.74.

(6] N/
N
A | ))—Au
0N~ N
| \
ol 0.74 0.75

Chart 4. BODIPY-alkyne (right) and gold(l) NHC complex (left). [a] Emission quantum
yield determined in aqueous solution using rhodamine 6G in ethanol (@ = 0.94) as
standard.

In line with this, Tang and co-workers!® described a series of tetraphenylethene
(TPE) modified Au(l)-NHC compounds depicted in Scheme 25, aiming to obtain
gold-containing anticancer systems possessing luminescence-guided probing
properties. Among all complexes tested, [33] achieved the optimal specificity
and the most efficient inhibition against various cancer cells with low toxic
effects on normal cells. The study demonstrates that the complex possesses
great potential as a specific bioimaging and theranostic agent for cancer. On the
other hand, complex [36], which contains an acetylide ligand, showed lower
antiproliferative activity than the other gold-NHC complexes and a negligible
cancer cell imaging. Nevertheless, this work has a great significance in providing
insights into the design of other gold-NHC complexes for their practical

application in bioimaging and cancer diagnosis.
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[34]

Scheme 25. NHC-based gold(l) complexes ([33]-[36]) synthesized by Tang’s group.

These investigations show that gold-NHC complexes bearing alkynyl and
chromophore groups display the potential for the obtention of luminophores
with an incredible applicability in medicine, possessing great potential as
bioimaging and theranostic agents. In conclusion, all these results should be an
open door to the development of new Au(l)-NHC complexes containing
acetylide ligands and underline them as promising tools for biological

applications by appropriate chemical tuning.
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Chapter 2

Objectives

For many years, one of the main targets of the QOMCAT group was the
development of new poly-NHC-based ligands decorated with polyaromatic
fragments for the preparation of multimetallic catalysts, which displayed
improved catalytic activities. The supramolecular interactions between the
catalyst and the substrates played a key role in the improvement of the catalytic
activity of these systems, when compared to systems lacking this type of
interactions. More recently, the research interest of the group moved to the
development of supramolecular organometallic assemblies for host-guest
chemistry studies. In a continuation of these broad research lines, the general
objective of this Ph.D. Thesis is to obtain new poly-NHC-based ligands with
extended polyaromatic systems for the preparation of multimetallic complexes
with interesting photophysical and catalytic applications. This general objective
can be divided in the following more specific objectives, which will be explained
in detail in the next chapters:

e  Synthesis of three different tetraalkynyl gold(l) complexes containing a
pyrene scaffold. The presence of the pyrene fragment (an effective
chromophore) should introduce interesting luminescent properties to
the metal complexes derived from this type of organic polyaromatic
fused core.

e  Study of the presence of the metal in the luminescent properties of the
complexes obtained. Although in most of the cases the luminescent
properties of the resulting complexes may be mainly due to the
presence of the organic chromophore, the study of the metal role in
the luminescent properties of the complex is of key importance in order
to allow a rational design of metal-containing compounds with

luminescent properties. The determination of the photophysical
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properties in solution and in solid state, including the determination of
the corresponding emission quantum vyields will be performed.

e Introduction of the new luminescent complexes obtained in healthy
living cells. Confocal microscopy studies will be performed in order to
monitor the incorporation into the cell of the metal-containing
bioimaging probes.

e  Preparation of a new pyrene-centered tetra-NHC ligand and study of
the catalytic properties of the rhodium and iridium complexes derived.
Special attention will be paid to factors that may indicate that
supramolecular interactions have a role in the catalytic performance,
mainly as a consequence of the incorporation of the pyrene moiety in
the core of the complex.

e  Synthesis of supramolecular organometallic assemblies using an
angular bis-imidazolindi-ylidene ligand previously obtained in the
QOMCAT group. The use of this di-NHC ligand for the preparation of
unusual supramolecular metallo-cyclophanes may have important
implications in the preparation of new NHC-based supramolecular

organometallic complexes with interesting host-guest properties.
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Objetivos

Durante muchos afos, uno de los objetivos principales del grupo QOMCAT fue
el desarrollo de nuevos ligandos basados en policarbenos N-heterociclicos
decorados con fragmentos poliaromaticos para la preparacién de catalizadores
multimetalicos, que mostraron actividades cataliticas mejoradas. Las
interacciones supramoleculares entre el catalizador y los sustratos jugaron un
papel clave en la mejora de la actividad catalitica de estos sistemas, cuando se
compararon con sistemas que carecian de este tipo de interacciones. Mas
recientemente, el interés del grupo se desplazé hacia el desarrollo de complejos
organometalicos supramoleculares para estudios quimicos host-guest. Como
continuacién de estas amplias lineas de investigacion, el objetivo general de esta
Tesis Doctoral es la obtencidon de nuevos ligandos basados en policarbenos N-
heterociclicos con sistemas poliaromaticos extendidos para la preparacién de
complejos multimetalicos con aplicaciones fotofisicas y cataliticas interesantes.
Este objetivo general puede dividirse en los siguientes objetivos mas especificos,

los cuales seran explicados con detalle en los siguientes capitulos:

e Sintesis de tres complejos de oro(l) tetra-alquinilo diferentes que
contienen una base pireno. La presencia del fragmento pireno (un
cromdforo muy efectivo) deberia introducir propiedades luminiscentes
interesantes a los complejos metalicos derivadas de este tipo de nucleo
fusionado poliaromatico organico.

e Estudio de la presencia del metal en las propiedades luminiscentes de
los complejos obtenidos. Aunque es muchos de los casos las
propiedades luminiscentes de los complejos resultantes puedan
deberse principalmente a la presencia de un croméforo organico, el
estudio del papel del metal en las propiedades luminiscentes del

complejo es de vital importancia para permitir un disefio racional de
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compuestos que contienen metales con propiedades luminiscentes. Se
lleva a cabo la determinacion de las propiedades fotofisicas en
disolucién y en estado sodlido, incluyendo la determinacién del
correspondiente rendimiento cuantico.

e Introduccién de los nuevos complejos luminiscentes obtenidos en
células sanas vivas. Se llevan a cabo estudios de microscopia confocal
para monitorizar la incorporacion dentro de la célula de las sondas de
bioimagen que contienen metales.

e Preparacién de nuevos ligandos tetra-NHC centrados en pireno y
estudio de las propiedades cataliticas de los complejos de rodio e iridio
derivados. Se debe prestar especial atencién a los factores que pueden
indicar que las interacciones supramoleculares juegan un papel en el
comportamiento catalitico, principalmente como consecuencia de la
incorporacién de la molécula de pireno en el nicleo del complejo.

e Sintesis de estructuras organometalicas supramoleculares usando un
ligando bis-imidazolindi-ilideno angular previamente obtenido por el
grupo QOMCAT. El uso de este ligando di-NHC para la preparacion de
metalo-ciclofanos  supramoleculares  inusuales puede tener
implicaciones importantes en la preparacién de nuevos complejos
organometalicos supramoleculares basados en carbenos N-

heterociclicos con interesantes propiedades host-guest.
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Abstract

A pyrene tetraalkynyl ligand has been used for the preparation of three different
tetraalkynyl Au(l) complexes. Two of these complexes display fluorescent
emission in CH,Cl; solution, with quantum yields exceeding 90 %. Although the
emission is mainly due to ligand-centered excited states, the presence of the
metal center is key to reaching such excellent quantum yield values, providing
an extra rigidity to the system and therefore, minimizing the nonradiative
deactivation pathways. To the best of our knowledge, these quantum vyields lie
among the highest reported for metal-based luminophores in solution, a quality
that makes them resemble molecular torches. Preliminary studies on healthy
cheek cells show that one of the complexes is efficiently and rapidly taken up

into the cell.
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Chapter 3

1. Introduction

Since the discovery of luminescent organic devices,! there has been increasing
interest in the development of materials with emissive properties, mostly due to
their applications as fluorescent sensors,? light-emitting diodes (OLEDs),® and
bioimaging probes.* Although luminescent materials may find applications in
every physical state, the vast majority are used as films and aggregates, as for
example in the fabrication of OLEDs. This justifies why much effort has been
directed to the study of the aggregation-induced emission (AIE) phenomenon, a
process for which nonemissive luminogens are induced to emit by aggregate
formation.> However, in the area of biomedical research, luminophores are often
used in solution; therefore, it is very important to find new materials that show
good emission properties in dilute solutions. If the luminophores are also able to
show chemotherapeutic activity, then optical theranostic agents may be
obtained, which could provide relevant information about their biological
interplay.® Luminescent transition-metal compounds have attracted intense
attention during the last two decades.” One of the main reasons for the great
success of metal-based chromophores is that the heavy atom enhances
spin-orbit coupling to yield partial mixing between triplet and singlet excited
states, allowing a fast rate of intersystem crossing followed by phosphorescence
and, sometimes, high quantum vyields. Among transition-metal-based
luminophores, gold(l) alkynyls constitute one of the most widely studied groups,
probably because acetylides can connect the gold atom to a very large variety of
organic functions.® N-Heterocyclic carbene (NHC) ligands have also been
extensively used in the preparation of metal complexes with photoluminescent
properties, because their strong o-donating character ensures high-energy
emissions that facilitate the desired blue colour needed for OLED applications.’
While highly efficient emissions (¢ > 85%) have been found for a (low) number

of gold complexes in the solid or aggregated states,’® to the best of our
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knowledge there is only one report describing comparably high quantum yields
in solution.' In most cases, the nature of the ligands, the oxidation state, the
coordination geometry of the Au complexes, or the presence of metallic
interactions determines the nature of the luminescence. Both fluorescence and
phosphorescence have been achieved in gold(l) compounds, depending upon
the participation of the metal in the excited states. It has been observed that, in
complexes bearing organic fluorophores, there is in many cases a negligible
participation of the metal atom in the excited states. This is usually translated in
a decrease of the luminescent quantum yields in comparison to the fluorophore
because of deactivation processes. In some cases, the Au(l) atom can have
important structural implications in the enhancement of the emission, as in a
recent article published by Strassert and Hahn describing an example of emission
enhancement by rigidification through metal complexation.

In this publication we describe three pyrene-based tetraalkynyl Au(l) complexes
bearing aromatic NHC or phosphine ligands. Two of these complexes were found
to be highly emissive in solution, a property mostly related to the central pyrene
core yet enhanced by the coordination of the metal fragments and consequent

rigidification of the final system.

2. Results and discussion

We decided to prepare a series of tetra-Au(l) complexes connected by a pyrene
tetraalkynyl ligand. Our initial aim was to combine pyrene (one of the most
widely studied organic materials in the field of photochemistry and
photophysics®) with gold(l) alkynyl compounds bearing NHC ancillary ligands
and study their photophysical properties. As will be described below, this
combination of components allowed us to obtain two of the most efficient Au-

based fluorescence emitters in solution reported to date.
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The pyrene-connected Au(l) complexes were synthesized according to the

procedure depicted in Scheme 1.

Cl-Au-L L Complex
pBu
N
AuL 1 D 3
N\
nBu
tBu

[Cl-Au-PPhy] PPh, 5

Scheme 1. Preparation of complexes 3-5.

Complexes 3 and 4 were prepared by deprotonating 1,3,6,8-tetraethynylpyrene
(A) with NaOH in refluxing methanol, followed by the addition of
benzimidazolylidene gold(l) complex 1* or pyrene imidazolylidene gold(l)
complex 2, respectively. Following the same synthetic protocol, the
triphenylphosphine-based Au(l) complex 5 was prepared by reacting A with
[AuCI(PPhs)] in the presence of NaOH. Complexes 3-5 were isolated in yields
ranging from 40 to 60 %. All three complexes are highly soluble in chlorinated
solvents, such as dichloromethane and chloroform, displaying very bright yellow
solutions. Complexes 3-5 were characterized by NMR spectroscopy and gave
satisfactory elemental analysis.

For complexes 3 and 4, the number and integration of the signals displayed in
the H NMR spectra are in agreement with the presence of four NHC ligands with
respect to the pyrene core. The *C NMR spectra of 3 and 4 revealed the
appearance of signals due to the four equivalent metalated carbene carbons at

194.90 and 193.52 ppm, respectively.
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The molecular structure of complex 3 was confirmed by means of X-ray
diffraction. As depicted in Figure 1, the molecule consists of four
benzimidazolylidene-Au(l) units connected by a pyrene tetraacetylide ligand.
Two of the benzimidazolylidene ligands form an angle of 68.38° with respect to
the plane of the pyrene linker, while the two remaining ligands are quasi-
coplanar with the pyrene linker, as reflected by the small angle formed by the
planes of the pyrene and the NHC fragments, 7.06°.
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Figure 1. Molecular structure of 3. Hydrogen atoms are removed for clarity. nBu
groups are represented in wireframe form. Selected distances (A) and angles (deg):
Aul-C12.027(12), Aul-C31.992(11), Au2-C2 2.029(12), Au2-C4 2.015(11);
C2- Au2-C4 176.9(5), C3-Aul-C1 177.2(5).

The Au—Cearbene bond distances are 2.017-2.029 A. All other distances and angles
are unexceptional. The crystal packing of the molecules shows that there is a
two-dimensional array produced by the m-stacking interactions between the
pyrene core and the benzene rings of opposite benzimidazolylidene ligands (see
Figure S7 of the Supporting Information). The distance between planes is 3.45 A,
which is indicative of a mt-stacking interaction. The Au-Au distance is 4.38 A and
therefore greater than the distances that can be considered within the range of
aurophilic interactions (2.8-3.5 A).%¢

The UV-visible absorption and the emission spectra of complexes 3 and 4 were

studied in dichloromethane at 298 K (Table 1). The UV-vis spectrum of
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compound A displays one vibronically resolved band in the region of 350-450
nm, assigned to pyrene-centered transitions. The acetylene-centered m-m*
transitions are observed as intense absorptions between 270 and 320 nm. The
UV-vis spectra of complexes 3 and 4 show two intraligand transitions centered
at the pyrene and acetylide units, although they are significantly red shifted in
comparison to those of compound A, as a consequence of the perturbation
produced by the coordination to the metal (see Figure S9 of the Supporting
Information).

The emission spectra of complexes 3 and 4 in CH,Cl, show a pyrene-centered
vibronically resolved band, which is bathochromically shifted (AA = +75 nm) in
comparison to the emission shown by A (Figure 2). Possibly, the coordination of
the gold atom to the alkynyl moiety withdraws the electron density of the latter
and in consequence, there is a stabilization of the LUMO orbital. Interestingly,
the lowest energy emission bands of the Au(l) complexes occurred at 546 nm,
well into the visible region, thus justifying their bright visible emission. The
excited-state lifetimes of A, as well as of complexes 3 and 4, were found to be
monoexponential and to be on the order of nanoseconds, therefore indicating
the fluorescence nature of the emission and the apparent lack of participation of
the metal in the electronic excited states. This observation is in accordance with
the results found by Che and co-workers for their highly emissive Au(l) alkynyl
complexes, where very small lifetimes were found, and the emissions are

attributable to ligand-centered transitions with a small contribution of MLCT.%*
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Table 1. Photophysical data for A and 3-5 in CH,Cl; solution?®

Aabs (NM) Aem® (NmM) ™ (ns)  @em® Ki (108 S_l) Khnr (108 S_l)
A 416,391,371,306, 473 (sh), 445, 4 0.58 1.45 1.08
294, 255, 246 422
3 471, 441, 415,342, 543 (sh), 507, 2 0.90 4.5 0.5
290, 282, 238 481
4 472,442,416,342, 546 (sh), 508, 1 0.38 3.8 6.8
282, 253 481
5 469,441,413,336, 540 (sh), 505, 3 0.92 3.06 0.27
268, 228 476

2Measurements performed in CH2Cl2 solution under ambient conditions (Aexc 345
nm). °Excited state lifetime measured in degassed CH2Clz solution (Aexc 345 nm with
prompt use). ‘Quantum yields measured in degassed CH2Cl2 solution with excitation

at 370 nm (absolute method). Deactivation rate constants were calculated by K;=

¢em/T and Knr = ((1/T) - Kr).Y sh = shoulder.

1,04 Compound A
Complex 3
,é' Complex 4
2 0,8+ Complex §
]
S
§ oo
7]
2
& 04
°
[
N
® 0,24
£
=
[<]
z
0,0 -

T T T T 1
400 450 500 550 600 650
Wavelength (nm)

Figure 2. Fluorescence emission spectra of compound A and complexes 3-5 in
CH2Cl2, upon excitation at 345 nm.

Complexes 3 and 4 were found to be remarkably emissive in solution, with
fluorescence quantum vyields of 0.90 and 0.38, respectively. As previously
reported for species A, the presence of molecular oxygen barely affects the
qguantum vyield values of 3-5 as consequence of the short excited-state
lifetimes.' It is worth mentioning that complex 3 has a photoluminescence

quantum yield considerably higher than that found for A (¢em = 0.58).
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This places complex 3 among the most emissive gold NHC complexes reported
to date in solution. It is also worth mentioning that there is a notable difference
between the emission intensity exhibited by complexes 3 and 4 and that of the
monometallic Au(l) NHC complexes 1 and 2, which were found to be nonemissive
under the same conditions. In order to assess if the NHC ligand played a role in
the emissive properties of complexes 3 and 4, we also measured the
photophysical properties of the phosphine-containing complex 5, for which an
extraordinary high quantum yield of 0.92 was observed (Table 1). This result
indicates that both NHC ligands might play a different role in the luminescence
efficiency. Whereas in the case of complex 3 a negligible participation of the NHC
is observed, the pyrene imidazolylidene NHC derivative in complex 4 might
promote an additional nonradiative deactivation pathway because of its
extended rr-conjugation and higher electron-donating character.'® Radiative (K;)
and nonradiative (Kn) rate constants were calculated to assess the existence of
an additional nonradiative deactivation pathway for complex 4 (see Table 1). In
all cases, both rate constants were on the order of 108, a much higher value than
that of the pyrene itself (10° s ),1° which is in accordance with their small
excited-state lifetime value (1-4 ns).Y” In general, it was observed that the
radiative rate constant value was higher than the non-radiative rate constant
except for complex 4, corroborating the extra deactivation pathway for this
complex and consequently leading to a smaller quantum yield value. In any case,
it seems clear that the gold metal center gives the alkynyl pyrene platform extra
rigidity that highly increases the emission efficiency. As an illustrative image of
the extraordinary emission properties of these complexes, Figure 3 shows a
photograph of solutions of A and 3-5 in CH:Cl, and in the solid state, upon
irradiation with UV light (Aex = 365 nm).
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Figure 3. Photograph of A and 3-5 in the solid state (top) and in CH2Cl2 solution
(bottom), under UV light at 365 nm.

The emission spectra of complexes 3-5 in the solid state at room temperature
reveal one broad and featureless band typical of the pyrene excimer emission,
with maxima at 585, 541, and 650 nm, respectively (see Figure S10 of the
Supporting Information). The excited lifetimes of these bands are on the order
of nanoseconds, and the quantum yields are 2.2 % for 3 and < 1 % for 4 and 5.
We attribute the bathochromic shift of the solid-state emission spectra in
comparison to those of the solutions to intermolecular m-mt interactions
occurring in the solid state, as demonstrated in the X-ray molecular structure of
3. These m-rt stacking interactions should also justify the quenching of the
emission produced by aggregation-caused quenching (ACQ). The low excited-
state lifetimes are in accordance with the fluorescent nature of the emission of
the solids, therefore discarding the presence of Au---Au interactions in the solid
state, which would very likely produce delayed fluorescence or
phosphorescence. We were also interested in studying the self-assembly
capabilities of complexes 3 and 4 in solution. For this purpose, we obtained a
series of 'H NMR spectra of the two complexes at different concentrations, using

CDCls. The representative concentration-dependent *H NMR spectra at room
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temperature and labelling of the protons for complex 3 are given in Figure S15
of the Supporting Information.

The analysis of the signals of the spectra indicates that two signals assigned to
the aromatic protons of the pyrene scaffold and two signals due to the aromatic
protons of the benzimidazolylidene ligands are shifted downfield upon
decreasing the concentration of the complex. This behaviour is strongly
suggestive of the presence of aggregation driven by intermolecular m—m stacking
interactions between these two parts of the molecule, as is also observed in the
crystal packing of the molecule. No significant changes were detected in the *H
NMR spectra of 4 in CDCls in the range of concentrations studied (0.1-20 mM).
A nonlinear regression analysis of the data of this series of spectra allowed us to
calculate a self-association constant of 48 M™, thus demonstrating the
propensity of 3 to form rt-stacking aggregates.

This self-aggregation is responsible for some interesting photophysical

consequences, as self-aggregation is temperature-dependent.

Figure 4. Photograph showing a solution of 3 in CH2Cl2 at 77 K (frozen solution, left)
and at room temperature (right), under UV light at 365 nm.

As can be observed in Figure 4, the colour of the emission of a CH,Cl; solution of
3 can switch from blue to yellow, by freezing the solution at 77 K. It could be
suggested that lowering the temperature might prompt the formation of
aggregates of 3, which behave similarly to the solid state.

In view of the supramolecular self-assembly capability of complex 3, the
morphology of the aggregates was studied by scanning electron microscopy

(SEM). For comparative purposes, SEM images of a sample of complex 4 were
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also recorded. SEM images of 3, prepared by slow diffusion of MeOH into a
saturated solution of the complex in chloroform, show needles with a laminar
nanostructure. On the other hand, SEM images of a sample of 4, prepared by
slow diffusion of hexane into a saturated solution of the complex in

dichloromethane, show a disordered fiberlike nanostructure (Figure 5).

Figure 5: SEM micrographs of 3 (left) and 4 (right) at a magnification value of 1500x.

The combination of the fluorescence properties of complexes 3-5 with the well-
established therapeutic properties of Au(1)?° makes these complexes potential
candidates as optical theranostic agents.® Regardless of their application as
diagnostic and/or therapeutic agents, establishing their rapid and efficient
cellular uptake is of crucial importance. Given the high quantum vyield and
stability of 3, we selected it to monitor its uptake into healthy cheek cells (more
details can be found in Figure S20 of the Supporting Information). The actual
transport of 3 into the cellular interior, rather than association solely at the
membrane surface, is evident by confocal microscopy upon excitation at 405 nm.
The colour shown in the confocal microscopy figures is arbitrary. Purple was
chosen here to enhance visualization of the emissive zones of the cell. Intense

luminescence in the cytoplasm is apparent within 15 min (Figure 6, left).
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Figure 6. Confocal microscopy of healthy cheek cells treated with complex 3 for 15
min (left) and 30 min (right), excited at 405 nm.

After 30 min, intense luminescence can be also observed in the nucleus (Figure
6, right), thus proving that the uptake of 3 into the cell interior is efficient and
rather rapid.

3. Conclusions

In summary, we obtained a series of pyrene tetraalkynyl complexes of Au(l) and
studied their photophysical properties. Two of these complexes are among the
most emissive Au(l) complexes described to date in solution. Although the origin
of the emissions is assigned to an intraligand transition, coordination to the gold
centers plays a key role, as it allows a red-shifted displacement of the emissions
and an incredible enhancement of the quantum yields. We believe that the
excellent emissive properties of these complexes in solution may find
applications as bioimaging probes. Indeed, our preliminary studies on healthy
cheek cells show that complex 3 is efficiently and rapidly taken up into the cell.

Further studies involving cancer cells are currently underway.
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4. Experimental section

General Methods. 2,7-Di-tert-butylpyrene?! and 1,3,6,8-tetraethynylpyrene
(A)?? were prepared according to literature methods. NHC-based Au(l)
complexes 1'* and 2% were prepared as previously reported, starting from the
corresponding benzimidazolium®* and pyrene imidazolium?® iodide salts,
respectively. [AuCI(PPhs)] was prepared according to the literature.?* Anhydrous
solvents were dried using a solvent purification system (SPS MBraun) or
purchased and degassed prior to use by purging them with dry nitrogen. All of
the reagents and solvents were used as received from commercial suppliers.
NMR spectra were recorded on a Varian Innova 500 MHz or a Bruker 400/300
MHz instrument, using CDCls as solvent. Elemental analyses were carried out on
a TruSpec Micro Series apparatus. Infrared spectra (FTIR) were obtained with a
FT/IR-6200 (Jasco) spectrometer with a spectral window of 4000-600 cm™. UV-
vis absorption spectra were recorded on a Varian Cary 300 BIO
spectrophotometer in CH)Cl, solution under ambient conditions. Room-
temperature steady-state emission and excitation spectra were recorded with a
Horiba Jobin Yvon Fluorolog FL3-11 spectrometer fitted with a JY TBX picosecond
detection module. Lifetime measurements were recorded with an LED from
Horiba Jobin Ybon with a pulse duration of 1.2 ns. LED frequencies were selected
attending to excitation energies. A prompt was performed using LUDOX AS-40
colloidal silica, as a 40 wt % suspension in water. Lifetime data were fitted using
DAS6 V6.1 software. The quantum yields in solution were measured with an
Absolute PL C11437 quantum yield spectrometer (Hamamatsu Photonics KK).
The solvent was deaerated by sparging with nitrogen for 15 min prior to
performing emission and quantum vyield measurements. Scanning electron
micrographs were taken with a JEOL Model 7001F field emission gun scanning
electron microscope (FEG-SEM), equipped with an energy dispersion X-ray

spectrometer (EDS) from Oxford Instruments. Confocal microscopy was
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performed on a Leica TCS SP8 inverted microscope using a 20x dry objective. The
confocal microscope was equipped with a 405 nm diode.

Healthy cheek cells were collected by buccal smear using a sterile interdental
brush. The brush was immediately immersed in a small vial containing 10 mL of
saline solution. A few drops of a solution of the metal complex in DMSO were
added to the saline solution. Confocal microscopy images were taken after
approximately 15 min. For comparative purposes, confocal microscopy images
of nontreated cells were also taken, but no fluorescence was observed under the
same measurement conditions.

Synthesis of the Au(l) Complexes. General Procedure. NaOH (7 equiv.) and
1,3,6,8-tetraethynylpyrene (1 equiv.) were placed together in a Schlenk tube.
The tube was evacuated and filled with nitrogen three times. The solids were
suspended in degassed MeOH, and the resulting solution was heated at reflux
for 4 h. Then, the reaction mixture was allowed to reach room temperature and
the corresponding NHC-based Au(l) complex (1 or 2, 4.2 equiv.) or [AuCI(PPhs)]
was added. The resulting suspension was heated at reflux overnight. The
resulting bright suspension was allowed to reach room temperature. After
removal of the volatiles, the crude solid was suspended in dichloromethane and
filtered through a pad of Celite. The solvent was removed under vacuum.
Whereas complexes 3 and 4 were found to be stable in the solid state as well as
in solution, complex 5 suffered decomposition in solution within hours, which
prevented recording a suitable 3C NMR spectrum.

Synthesis of 3. Complex 1 (200 mg, 0.433 mmol) was added to a suspension of
compound A (31 mg, 0.104 mmol) and NaOH (30 mg, 0.728 mmol) in MeOH (40
mL). After the general workup, the resulting solid was washed with MeCN and
collected by filtration. Complex 3 was isolated as a bright yellow solid. Yield:
108.4 mg (52 %). IR (KBr): v2102.03 cm™ (C=C). *H NMR (300 MHz, CDCls): 6 8.82
(s, 4H, CHyyr), 8.38 (s, 2H, CHpy), 7.43-7.41 (m, 8H, CHyenz), 7.34-7.32 (m, 8H,
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CHbenz), 4.60 (t, 3w = 14.6 Hz, 16H, NCH,CH.CH,CHs), 1.99 (g, 16H,
NCH,CH,CHCHs), 1.53-1.46 (m, 16H, NCH2CH2CH2CHs), 1.02 (t, 3Juy = 14.7 Hz,
24H, NCH,CH,CH,CHs). 3C{*H} NMR (75 MHz, CDCls): & 194.70 (Au-Cearpene),
135.41 (CHpyr), 135.12 (Cypyr), 133.68 (Cypenz), 131.92 (Cqpyr), 126.78 (CHpyr),
124.56 (Cqpyr), 124.03 (CHoenz), 120.40 (Cyacetyiide)y 111.53 (CHpenz), 104.59
(Cyacetylide), 48.78  (NCH,CH,CH,CHs), 32.55 (NCH,CH,CH,CHs), 20.50
(NCH,CH,CH,CHs), 14.21 (NCH>CH,CH»CHs). Anal. Calcd. for CssHeaNsAuas: C,
50.36; H, 4.73; N, 5.59. Found: C, 50.47; H, 5.03; N, 5.67.

Synthesis of 4. Complex 2 (190 mg, 0.272 mmol) was added to a suspension of
compound A (19.4 mg, 0.065 mmol) and NaOH (18 mg, 0.455 mmol) in MeOH
(40 mL). Complex 4 was isolated as an orange solid after precipitation from a
dichloromethane/diethyl ether mixture. Yield: 117.1 mg (61 %). IR (KBr): v
2095.28 cm™ (C=C). *H NMR (400 MHz, CDCls): 6 8.98 (s, 4H, CH,y:), 8.70 (d, *Ju-n
= 1.2 Hz, 8H, CHpyr-im), 8.53 (s, 2H, CHpyr), 8.25 (d, *Ju-n = 1.4 Hz, 8H, CHpyr-im), 8.09
(s, 8H, CHpyrim), 5.35 (t, 3Jun = 15.1 Hz, 16H, NCH,CH,CH,CHs), 2.24 (g, 16H,
NCH,CH>CH,CHs), 1.82-1.76 (m, 16H, NCH,CH,CH,CH3), 1.63 (s, 72H, C(CHs)s),
1.11 (t, 3Jun = 14.7 Hz, 24H, NCH2CH2CH,CHs). 3C{*H} NMR (100 MHz, CDCl3): &
193.52 (Au-Cearbene), 149.22 (Cqpyr-im), 134.70 (CHpyr), 133.07 (Cgpyr), 131.95
(Cqpyr-im), 128.45 (Cypyr-im), 128.04 (CHpyr-im), 126.87 (CHpyr), 122.96 (Cqacetyiide),
122.89 (CHpyr-im), 121.71 (Cq,pyr-im), 120.98 (Cq,pyr-im), 120.94 (Cqpyr), 120.43 (Cq,pyr),
116.86 (CHpyr-im), 104.61 (Cg,acetylide), 52.36 (NCH2CH,CH,CH3), 35.62 (C(CHa)),
32.83 (NCH,CH,CH,CHs), 32.01 (C(CHs)), 20.42 (NCH,CH,CH,CHs), 14.24
(NCH,CH,CH,CHs). Anal. Calcd. for CiseHi7aNsAua: C, 63.54; H, 5.95; N, 3.80.
Found: C, 64.80; H, 5.88; N, 3.84.

Synthesis of 5. [AuCI(PPhs)] (150 mg, 0.303 mmol) was added to a suspension of
compound A (22.6 mg, 0.076 mmol) and NaOH (21.3 mg, 0.532 mmol) in MeOH
(30 mL). After the general workup, complex 5 was isolated as a red solid upon

precipitation from a dichloromethane/hexane mixture. The resulting solid was
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washed with MeOH and collected by filtration. Complex 5 was isolated as a bright
red solid. Yield: 51.0 mg (30 %). IR (KBr): v 2095.28 cm™* (C=C). 'H NMR (400 MHz,
CDCls): & 8.83 (s, 4H, CHpy), 8.36 (s, 2H, CHpyr), 7.65-7.48 (m, 60H, CHpnenyl).
3P{'H} NMR (162 MHz, CDCl3): & 4230 (P-Au). Anal. Calcd. for
CosHesPsAu4-3CH,Cly: C, 49.83; H, 3.04. Found: C, 49.77; H, 3.00
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1. Spectroscopic data of complexes 3-5
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Figure S1. 'H NMR spectrum (300 MHz, CDCls) of complex 3.
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Figure S2. 13C {*H} NMR spectrum (75 MHz, CDCl3) of complex 3.
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Figure S3. 'H NMR spectrum (400 MHz, CDCls) of complex 4.
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Figure S4. 13C {*H} NMR spectrum (100 MHz, CDCls) of complex 4.
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Figure S6. 3!P {*H} NMR spectrum (162 MHz, CDCls) of complex 5.
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2. X-Ray Crystallography

X-Ray Diffraction studies for complex 3. Crystals suitable for X-Ray studies of
complex 3 were obtained by slow diffusion of methanol into a concentrated
solution of the complex in chloroform. Diffraction data of complex 3 were
collected on an Agilent SuperNova diffractometer equipped with an Atlas CCD
detector using Mo-Ka radiation (A = 0.71073 A). Single crystals were mounted
on a MicroMount® polymer tip (MiteGen) in a random orientation. Absorption
corrections based on the multi-scan method were applied. Using Olex2,! the
structure of the complex was solved using Charge Flipping in Superflip? and
refined with ShelXL3 refinement package using Least Squares minimization. The
structure model of complex 3 exhibits significant disorder in the lattice solvent
region. The lattice solvent region has been treated using the PLATON SQUEEZE*
procedure. H-atoms were introduced in calculated positions and refined on a
riding model. Non-hydrogen atoms were refined anisotropically. A global,
enhanced rigid bond restraint (SHELX RIGU) was applied. CheckCIF on Platon
shows the following A alert for the molecular structure of 3:
PLAT971_ALERT_2_A Check Calcd. Residual Density 0.95A From Au2 4.42 eA3
RESPONSE

The following information can be found in the shelx.|st:

Electron density synthesis with coefficients Fo-Fc

Highest peak 4.41 at 0.8772 0.6186 0.9336 [0.99A from AU2]

Deepest hole -1.36 at 0.9609 0.8177 0.6374 [0.07A from C21]

It is normal to expect the largest residual electron density to be associated with
heavy metal sites. While this is a larger than expected residual, the data was
checked for signs of twinning, using PLATON, and no twin law was detected.
Next, we have supporting characterizations to indicate that the metals have been
correctly assigned. Finally, given the proximity to the heavy metal, it is not likely

that these peaks represent solvent, or other small molecules that have been
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missed. Key details of the crystals and structure refinement data are summarized
in Supplementary Table S1. Further crystallographic details may be found in the
respective CIF, which was deposited at the Cambridge Crystallographic Data
Centre, Cambridge, UK. The reference number for 3 is 1824571. Figure S7 shows

different perspective views of the X-Ray molecular structure of 3.

Figure S7. Different perspective views of complex 3. Hydrogen atoms and solvent
molecules (chloroform) have been omitted for clarity. n-Butyl groups are
represented in the wireframe form.
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details of 3.

Empirical formula
Formula weight
Temperature/K
Crystal system

Space group
a/A
b/A
c/A
af°
B/°
v/°
Volume/A3
z
Pcaicmg/mm?
p/mm?
F(000)
Crystal size/mm?3
Radiation
20 range for data collection/®
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

1
CazHasAuaN4-CHCl3
1120.13
170(2)
Triclinic
P-1
12.9226(4)
13.4575(4)
14.9277(5)
63.719(3)
79.773(3)
68.194(3)
2160.87(14)
2
1.722
7.001
1084.0
0.701x0.218 x 0.125
Mo Ka (A = 0.71073 A)
6.514 to 46.512
-14<h<14,-14<k<14,-16<1<16
34407
6187 [Rint = 0.0538, Rsigma = 0.0313]
6187/678/486
1.037
R1=0.0554, wR2 = 0.1340
R1=0.0658, wR2 = 0.1451
4.41/-1.36

97



Publication 1

Figure S8. Above: Crystal packing along the b axis showing the 7z-stacking between

dissimilar aromatic functionalities. Below: View of the crystal packing of complex 3.

Hydrogen atoms and solvent molecules (chloroform) have been omitted for clarity.
n-Butyl groups are represented in the wireframe form.
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3. Photophysical analisis

3.1. UV-visible absorption spectra
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Figure S9. UV-vis spectra of compounds A and complexes 3-5, recorded in CH2Clz at a
concentration of 10° M, under aerobic conditions at room temperature.

3.2. Emission spectra
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Figure S10. Emission spectra of complexes 3-5 at 345 nm in the solid state under
aerobic conditions.
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Figure S11. Excitation and emission spectra of compound A and complexes 3-5 in CH2Cl2
solution (1.25x10°° M), under aerobic conditions at room temperature, exciting at 345
nm.
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Figure S12. Emission spectra of Figure $13. Emission spectra of
complexes 3 and 4 in the solid state complexes 3 and 4 in the solid state
recorded at room temperature, excited recorded at 77 K, excited at 425 nm.
425 nm.

100



Chapter 3

Complex 5 (RT)
Complex 5 (77K)

640 nm

0,84

0.6+

0.4+

0,24

Normalized emission intensity

0.0+

T T T T T
500 550 600 650 700 750

wavelenght (nm)

Figure S14. Emission spectra of complex 5 in the solid state recorded at room
temperature and at 77 K, excited at 425 nm.
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4. Molecular aggregation

4.1. Variable-concentration *H NMR spectra

The self-aggregation capability of complex 3 was studied by *H NMR
experiments, by decreasing the concentration of the solution of complex 3
adding small amounts of the desired solvent. In our case the experiment was
carried out in CDCl; starting with a concentration of 20 mM. The dilution of 3
produced a perturbation in the signals of the spectra attributed to the aromatic
protons Ha, Hp, He and Hg (82, Ob, Oc and 84 in Table S2 and Figure S5). The
association constant was obtained by nonlinear least-square analysis by using
HypNMR 2008.°> Figure S6 shows the different representations used for the

calculation of the dimerization constant.

Table S2. Data values from the dilution experiment study of 3.

Experiment [Host] (mM)  &.(ppm) 6, (ppm) 6. (ppm) &4 (ppm)

1 19.98 8.75 8.34 7.30 7.20
2 9.99 8.78 8.36 7.35 7.27
3 6.66 8.79 8.36 7.37 7.29
4 5.00 8.80 8.37 7.38 7.30
5 4.00 8.81 7.37 7.39 7.31
6 2.00 8.83 8.39 7.43 7.36
7 1.33 8.84 8.39 7.44 7.38
8 1.00 8.84 8.39 7.45 7.38
9 0.80 8.85 8.40 7.45 7.39
10 0.67 8.85 8.40 7.46 7.40
11 0.33 8.86 8.40 7.46 7.40
12 0.22 8.86 8.40 7.47 7.41
13 0.17 8.86 8.40 7.47 7.41
14 0.13 8.86 8.41 7.47 7.41
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Figure S15. Variable-concentration *H NMR spectra (500 MHz, CDCls, 298K) of complex
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4.2. Variable-temperature 'H NMR spectra
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Figure S17. Variable-temperature H NMR spectra (500 MHz) of complex 3 in CD2Cl>
5x10* M.

5. Scanning Electronic Microscopy (SEM) images

Figure S18. SEM micrographs of 3 (left) and 4 (right) at a magnification value of
1.500x.
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Figure $19. SEM micrographs of 3 (left) and 4 (right) at a magnification value of
5.000x

6. Confocal microscopy images

Figure S20. Confocal images of healthy cheek cells treated with complex 3 for 30
minutes, excited at 405 nm: a) fluorescence image; b) transmitted light image; c)
merged image
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ABSTRACT: A pymeneconnected tetra-imidarolinm sat has been prepared starting from

commercially awilable 13.68-tetmbromopyrene, and wsed & teta-NHC precursor in the
preparation of tetramscdear Rhil) and Ir(I) complexes. The tetra-NHC ligand displays axdal
chirality upon coordination to the MClicod) (M = Bh and Ir) Fagments, giving rise to rght-
and lefi-handed helis conformations The catalytic activity of the resulting complexes was
studied in two relevant reactions that lead to the formation of fve- and six-membered oxygen-
containing heterocydes, namely, the cyclization of acetylenic carboxylic acid and the coupling
of diphenyleydopropenone with substituted phenylacetylenes

B INTRODUCTION

The widespread use of N-heterocydic carbene [NHC) ligands
adses from ther exdtraordinary sterecelectronic versatility and
their capability to incorporate a wide variety of addiional
functional growps.” The presence of these additional findions
makes the resulting complexes good candidates for undergoing
supramolecular interactions since they may establish reversible
noncovalent intersctions with the other reaction parners
(substrate, additive, and counterion). The imtroduction of
these intersctions by del.'%'n % am important tol for Jmhdrﬁ,lmg
the properties of 3 meta-based catalyst, and constitutes the
basis of spramolecular catalysis” In addition, over the past
years, discrete supramolecular compleses held together by M—
Cype bonds have become of interest, and this required the
prepamation of poly-NHC ligands with suitable topologies that
offer the possibility of forming self-assembled structures
Oner group has been pamticularly interested in studying the
catalytic behavior of NHC-based compleses bearing extended
polyaromatic systems & additional functions. We demon-
strated that, due to the ability of polyaromatic growps to afford
a-stacking noncovalent intersctions, their catalytic properties
cleady differ from those shown by andlogues lacking these
polyaromatic systems* In line with this, a seres of NHC-based
complexes containing pyrene in their structure were prepared
Employing pyrene-containing paladiom® (A, Chart 1), nicdeel®

< ACS Publications e 10 e Chmie Seciy

thodium” indium,” and geld” compleses, we father svplored
the importance of sstacking interactions in homogeneously
catalyred reactions. The inherent capability of pyrene to affard
wstacking interactions with graphitic surfaces also allowed to
support pymene-tagged complexes™™ such & complex B in
Chat 1, onto redoced graphens oxide and to study the
activity and recyclablity properties of the resulting hetero-
genized catalysts. Additionally, and taking advantage of the
fluorescent properties of pyrene, we prepared NHC-based
complexss with interssting photoplysical properties’”

More recently, we prepared a tetra-Au(l) complex
connected by 1,368 tetmethmypyrene, which tumed out to
be one of the most efficient Auv-based lvorescence emitters in
solution reported to date (C, Chart 1)."

All of these hndings ilustrate how pyrene-adomed NHC-
metal complexes congitste an intereding Family of materials
with umsual photophysical and catalytic propesies. In this
new work, we meport the preparation of a pyrene-conneded
tetra-imidarolivm salt and its wse 2 tetraWHC precusor in
the preparation of diodivm and iridiem complexes The
catalytic properties of the dhodivm and iridiem com plexes were
dudied in the oplization of acetyWenic carboxylic acids and in
the eydoaddition of &PM:IyL:FIﬁPrﬁPEMQ and alloymes.

W RESULTS AND DISCUSSION

The pyrene-tetra-imidarolivm salt 2 was prepared by a three-
step procedure starting Fom commerdally avadable 1,368
tetmabromopyrene, a8 displayed in Scheme 1. Trestment of
134 S-tetrabromopyrene with 4 equiv of imideole in the
presence of Cul and K,COy in refluxing DMF resulted in the
formation of nevtral tetraimidaolylpyrene compound 1.
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Abstract

A pyrene-connected tetra-imidazolium salt has been prepared starting from
commercially available 1,3,6,8-tetrabromopyrene, and used as tetra-NHC
precursor in the preparation of tetranuclear Rh(l) and Ir(I) complexes. The tetra-
NHC ligand displays axial chirality upon coordination to the MCl(cod) (M =Rh and
Ir) fragments, giving rise to right- and left-handed helix conformations. The
catalytic activity of the resulting complexes was studied in two relevant reactions
that lead to the formation of five- and six-membered oxygen-containing
heterocycles, namely, the cyclization of acetylenic carboxylic acid and the

coupling of diphenylcyclopropenone with substituted phenylacetylenes.

1. Introduction

The widespread use of N-heterocyclic carbene (NHC) ligands arises from their
extraordinary stereoelectronic versatility and their capability to incorporate a
wide variety of additional functional groups.! The presence of these additional

functions makes the resulting complexes good candidates for undergoing
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supramolecular interactions since they may establish reversible noncovalent
interactions with the other reaction partners (substrate, additive, and
counterion). The introduction of these interactions by design is an important tool
for modifying the properties of a metal-based catalyst and constitutes the basis
of supramolecular catalysis.? In addition, over the past years, discrete
supramolecular complexes held together by M-Cyuc bonds have become of
interest, and this required the preparation of poly-NHC ligands with suitable
topologies that offer the possibility of forming self-assembled structures.?

Our group has been particularly interested in studying the catalytic behaviour of
NHC-based complexes bearing extended polyaromatic systems as additional
functions. We demonstrated that, due to the ability of polyaromatic groups to
afford m-stacking noncovalent interactions, their catalytic properties clearly
differ from those shown by analogues lacking these polyaromatic systems.* In
line with this, a series of NHC-based complexes containing pyrene in their

structure were prepared.

O nBu @ MR AN 7

! N A %

N G = /

‘O »-Pd-N_ ) (—N))\Ir—Br 686

(J e & a? TN

OO mBu N AN
|i‘;,N*nBu nBu*N©

Chart 1

Employing pyrene-containing palladium® (A, Chart 1), nickel,® rhodium,® iridium,’
and gold® complexes, we further explored the importance of m-stacking
interactions in homogeneously catalyzed reactions. The inherent capability of
pyrene to afford rt-stacking interactions with graphitic surfaces also allowed to

support pyrene-tagged complexes,®”® such as complex B in Chart 1,7 onto
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reduced graphene oxide and to study the activity and recyclability properties of
the resulting heterogenized catalysts. Additionally, and taking advantage of the
fluorescent properties of pyrene, we prepared NHC-based complexes with

interesting photophysical properties.°

More recently, we prepared a tetra-Au(l) complex connected by 1,3,6,8-
tetraethynylpyrene, which turned out to be one of the most efficient Au-based
fluorescence emitters in solution reported to date (C, Chart 1).1

All of these findings illustrate how pyrene-adorned NHC-metal complexes
constitute an interesting family of materials with unusual photophysical and
catalytic properties. In this new work, we report the preparation of a pyrene-
connected tetra-imidazolium salt and its use as tetra-NHC precursor in the
preparation of rhodium and iridium complexes. The catalytic properties of the
rhodium and iridium complexes were studied in the cyclization of acetylenic

carboxylic acids and in the cycloaddition of diphenylcyclopropenone and alkynes.

2. Results and discussion

The pyrene-tetra-imidazolium salt 2 was prepared by a three-step procedure
starting from commercially available 1,3,6,8-tetrabromopyrene, as displayed in
Scheme 1. Treatment of 1,3,6,8-tetrabromopyrene with 4 equiv. of imidazole in
the presence of Cul and KyCOs in refluxing DMF resulted in the formation of

neutral tetraimidazolyl-pyrene compound 1.
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Br

Scheme 1. Synthesis of tetra-imidazolium salt 2.

Compound 1 was isolated as a highly insoluble dark green solid, in almost
guantitative yield.

The N-quaternization of the four imidazole rings of compound 1 with n-Bul and
subsequent anion metathesis using [NH4](PFs) in methanol afforded the
hexafluorophosphate tetra-imidazolium salt 2. Compound 2 was isolated as a
dark brown solid, in a 65 % overall yield.

The 'H NMR spectrum in acetone-ds of the pyrene-containing tetra-imidazolium
salt 2 shows the resonance due to the four equivalent acidic protons of the NCHN
groups at 9.7 ppm. The 3C NMR spectrum shows the resonance due to the
carbon atoms of the NCHN groups at 139.1 ppm. The ESI-MS spectrum (positive
ions) of 2 exhibits an intense peak at m/z 279.9, which was assigned to [M -
3(PFe)I*.

We initially considered that compound 2 could be used as the precursor of a bis-
CnucCCunc-pincer ligand, in which the two potential pincer arms are linearly
opposed and connected by an aromatic skeleton. However, all our attempts to
achieve this coordination mode to Rh(ll) and Ir(lll) by the
metalation/transmetalation strategy using Zr(NMe;)s** were unsuccessful.
Instead, the reaction of 2 with [MCl(cod)]. (M = Rh or Ir) afforded the

tetrametallic complexes 3 and 4 (Scheme 2).
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Scheme 2. Synthesis of tetrametallic complexes 3-5.

Complexes 3 and 4 were characterized by NMR spectroscopy, electrospray mass
spectrometry, and elemental analysis. Both the *H and 3C NMR spectra are in
agreement with the two-fold symmetry of the complexes, and with the presence
of only one of the possible rotational isomers. The observed tetra-NHC
ligand/cod ratio obtained from 'H NMR integration along with the positive ion
ESI-MS signals at 802.9 and 981.7 m/z, assigned to [M - 2Cl]%*, confirmed the
formation of the tetranuclear complexes 3 and 4, respectively.

Whereas the presence of a singlet at 8.49 ppm indicates the equivalency of four
of the protons of the pyrene core of the tetra-imidazolium salt 2, these protons
are no longer equivalent in complexes 3 and 4, due to the restricted rotation
about the Cpyr—Nimia and the M=Ccarbene bonds, upon coordination of the MCl(cod)
fragment. These resonances appear as two doublets at 9.85 and 8.11 ppm
(complex 3) and at 9.35 and 7.97 ppm (complex 4). One of the two doublets is
downfield shifted, thus strongly suggesting the presence of weak hydrogen-
bonding interactions with the chloride ligands, as illustrates the drawing of 3 and
4 in Scheme 2. This situation indicates that the symmetry of the complex in

solution is C, rather than that expected for a 1,3,6,8-(symmetrically)-
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tetrasubstituted pyrene (Ca). As a result of this loss of symmetry, complexes 3
and 4 feature two different sets of metalated carbon atoms, thus showing two
carbene carbon resonances in their 3C NMR spectra [185.5 and 183.6 ppm (Yrhc
= 51 Hz) for 3, and 182.4 and 181.2 ppm for 4]. We did not observe changes in
the *H NMR spectra of complexes 3 and 4 upon performing VT-NMR experiments
in CDCls.

In order to estimate the electron-donating character of the tetra-NHC ligand, we
transformed tetra-iridium complex 4 into its carbonyl derivative 5 (Scheme 2) by
bubbling carbon monoxide through a solution of the complex in
dichloromethane at 0 °C. Complex 5 displays only one carbene-carbon resonance
at 180.7 ppm in the 3C NMR spectrum, indicating that the rotation about the
Ir-Cearbene bond is no longer restricted, and thus suggesting a pseudo-Cu,
symmetry for the complex in solution. Complex 5 displays two strong CO
stretching bands at 1977 and 2064 cm™, which allowed us to calculate the
Tolman Electronic Parameter (TEP) as 2047 cm™, by using well-known
correlations.’® For comparative purposes, we prepared the complex [1-n-butyl-
3-phenylimidazol-2-ylidene]dicarbonylchlororhodium (7, Scheme 3), which can

be regarded as the mono-rhodium counterpart of 5.

CI\% cr, fO

DEN— QL oL

N/%N/nBu [RhCl(cod)], N)\\N/nBu CH,Cly N)\\N/HBU
\—/

K,CO3, Acetone \—/ CO,0°C \—/

6 7
Scheme 3. Synthesis of monometallic complexes 6 and 7.

For this complex, we found a TEP value of 2045 cm™, thus indicating that the
electron-donating strength of the tetra-NHC ligand in 5 is similar to that shown

by 1-n-butyl-3-phenylimidazol-2-ylidene (in 7).
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The X-ray diffraction studies confirmed the molecular structure of complex 4 and
revealed the presence of two independent molecules in the asymmetric unit.
Each molecule consists of four n-butyl-imidazolylidene-Rh(I)Cl(cod) units
connected by the pyrene core. The two molecules are enantiomers as, upon
coordination, the tetra-NHC ligand displays axial chirality. The top view of one of
the enantiomers is given in Figure 1 (top), and shows a helical (or screw-shaped)
geometry, giving rise to a left-handed helix conformation.

As can be observed from the side view of the molecular structure of 4 (Figure 1,
bottom), the two metal units at the pyrene 1- and 6-positions are above the
plane formed by the pyrene central unit, placing the chloride ligands in close
proximity to the protons at the 2- and 7-positions, at an average distance of 2.84
A. In a similar manner, the two metal units at the pyrene 3- and 8-positions are
below the pyrene plane, placing the chloride atoms in close proximity to the
protons at the 4- and 9-positions, at an average distance of 2.90 A. This is in
agreement with our observations in the *H NMR of complexes 3 and 4, and
indicate the presence of weak hydrogen-bonding interactions, which are also
evident in the solid state. The imidazolylidene rings deviate from the plane of the
pyrene core by an average angle of 64°. The Supporting Information (See Figure

$20) includes different perspective views of the other enantiomer of 4.
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Figure 1. Top and side views of one of the enantiomers of 4. Solvent (CHCls and
CH2Cl2) and hydrogen atoms have been removed for clarity. n-Butyl substituents and
1,5-cylooctadiene ligands are shown in the wireframe form. Selected distances (A):
Ir1-C1 2.07(4), Ir2- C2 1.84(4), Ir3-C3 2.07(5), Ir4-C4 1.88(4).
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In order to evaluate the catalytic activity of the isolated complexes, we selected
organic transformations typically catalysed by Rh(l), namely, the cyclization of
acetylenic carboxylic acids'* and the synthesis of cyclopentadienones.'® These
two reactions are of practical relevance to the pharmaceutical industry because
they allow the formation of five- and six-membered oxygen-containing
heterocycles. We believe that these two reactions constitute two excellent
models for the comparison of the activity of our new complexes with the related
mononuclear ones, in order to evaluate if the presence of the four metal units in
the catalyst, or the presence of the pyrene core, have any relevant role in the
activity of our systems. Complexes 3 and 4 were first tested in the intramolecular
cyclization of 4-pentynoic and 5-hexynoic acid, which leads to the formation of
five- and six-membered rings, respectively. The reactions were performed in an
NMR tube containing 0.75 mL of CDsCN with different catalyst loadings (103-1
mol %), at 80 °C.

The results shown in

Table 1, indicate that the iridium complex outperforms the rhodium one, both in
the cyclization of 4-pentynoic and 5-hexynoic acids. Complexes 3 and 4 achieved
full conversion to y-methylene-y-butyrolactone after 2.5 h, using a catalyst
loading of 1 mol %. With a catalyst loading of 0.1 mol % (0.4 mol % based on the
concentration of metal), full conversion was achieved by complex 4 in 4 h,
whereas a longer reaction time (21 h) was required for complex 3 (compare
entries 2 and 6). At a catalyst loading of 0.01 mol % (0.04 mol % based on metal),
the iridium complex achieved full conversion after 21 h (entry 7). In agreement
with previous reports,'4< 144 16 the cyclization of 5-hexynoic acid resulted much
less efficient; complexes 3 and 4 required 8 days of reaction to afford 80 %

conversion (entries 12 and 14).
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Table 1. Catalytic cyclization of acetylenic carboxylic acids®

OY\M// [cat] IS)%(H
n T 07

OH CD4CN, 80 °C H
n=1,2
Cat. loading . Conversion
Entry Substrate Cat. Time (h)

(mol %) (%)°
1 4-pentynoicacid 3 1 2.5 >99
2 3 0.1 21 >99
3 3 0.01 21 35
4 3 0.001 21 16
5 4 1 2.5 >99
6 4 0.1 4 >99
7 4 0.01 21 >99
8 4 0.001 21 9
9 6 0.4 21 >99
10 6 0.04 21 >99
11 6 0.004 21 12
12 5-hexynoic acid 3 0.1 192 93
13 3 0.01 216 0
14 4 0.1 192 79
15 4 0.01 192 21
16 6 0.4 192 31
17 6 0.04 216 0

@Reaction conditions: in an NMR tube, 0.5 mmol acetylenic acid, catalyst 3, 4, or 6,
CDsCN (0.75 mL), 80 °C. PConversions were determined by *H NMR spectroscopy
using 1,3,5-trimethoxybenzene as internal standard.

In order to study if the use of tetrametallic complexes produced an improvement
in the catalytic efficiencies compared to those provided by their monometallic
analogues, we employed the mono-rhodium complex [1-n-butyl-3-

phenylimidazol-2-ylidene](1,5-cyclooctadiene)chlororhodium, 6 (Scheme 3).
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Unfortunately, our attempts to isolate a pure sample of the mono-iridium
complex were unsuccessful.

In the cyclization of 4-pentynoic acid, the mono-rhodium complex 6 performed
better than its tetrametallic counterpart (complex 3) when using catalyst
loadings of 0.4 and 0.04 mol % based on the concentration of the metal.
Nevertheless, using a catalyst loading of 0.004 mol %, the two catalysts led to
similar outcomes (compare entries 4 and 11). In order to explain this behaviour,
we studied the time-dependent reaction profiles of the cyclization of 4-pentynoic
acid using different concentrations of 3, and we determined the reaction order
with respect to the catalyst, by plotting the concentration of the product against
a normalized time scale t[cat]” (being n the order of the catalyst).” The power
value gives the right reaction order with respect to the catalyst when the
corrected conversion curves overlay. Four catalyst loadings of 1, 0.1, 0.01, and
0.001 mol % were employed to determine the reaction order in catalyst. Visual
analysis of the reaction profiles depicted in Figure 2 indicates that the order in
catalyst is 1 (Figure 2b), although the curve for the higher concentration (1 mol
%) is clearly out of the fit. This result is explained as a consequence of the low
solubility of catalyst 3 in acetonitrile (the same applies to the iridium catalyst 4;
see the Figure S27 of the Supporting Information for details), and therefore, once
the saturation concentration has been reached, increasing the amount of
catalyst added to the reaction media does not produce any improvement in the
reaction rate. This result clearly contrasts with our previous findings using other
pyrene-containing ligands, for which fractional reaction orders were observed,
as a consequence of the formation of nonactive dimers by m-stacking self-
association of the catalyst.”® The different solubility of 3 and 6 explains why, at
higher concentrations, the monometallic complex outperforms the tetrametallic
one, while, at lower concentrations, both catalysts display similar activity, as

expected for two complexes with quasi-identical stereoelectronic properties.
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Furthermore, the first-order reaction found with respect to the concentration of
3 (and 4) suggests that the cooperativity between the metal units in both

tetrametallic catalysts is negligible.
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Figure 2. (a) Time-dependent reaction profile of the cyclization reaction of 4-
pentynoic acid using catalyst 3. (b) Reaction profile with normalized time scale
assuming a catalyst order of 1/2. (c) Reaction profile with normalized time scale
assuming a catalyst order of 1. Reaction conditions are the same as those shown in
Table 1. In all three graphics, the evolution is shown as consumption of 4-pentynoic
acid. Lines are only to guide the eye.
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In order to widen the study on the catalytic activities of complexes 3 and 4, we
decided to test them in the [3 + 2] cycloaddition reaction of cyclopropenones and
alkynes (Table 2). This reaction, first reported by Wenders and co-workers,
constitutes a selective and high-yielding route to valuable cyclopentadienones
(CPDs).*?

Table 2. [3 + 2] Cycloaddition Reactions of Diphenylcyclopropenone with
Substituted Phenylacetylenes?®

Ph o
/& l sors Phﬁ,Ph
Ph Ph Iy toluene-dg, 110 °C Ph R
Entry R Cat. Cat.loading(mol%) Time(h) Conversion (%)°
1 CO,Et 3 1 24 72
2 CO,Et 3 0.5 24 60
3 CO,Et 3 0.1 48 71
4 CHs 3 0.1 48 64
5 H 3 0.1 48 30
6 CO,Et 4 1 24 95
7 COEt 4 0.5 24 75
8 COEt 4 0.1 24 92
9 CHs 4 0.1 24 44
10 H 4 0.1 24 30

2Reaction conditions: 0.225 mmol of diphenylcyclopropenone, 0.15 mmol of alkyne,
catalyst 3 or 4, toluene-ds (0.3 M), 110 °C. ®Conversions were determined by *H NMR
spectroscopy using 1,3,5-trimethoxybenzene as internal standard.

Using 1 mol % of Rh(l) complex 3, the [3 + 2] cycloaddition of
diphenylcyclopropenone and ethylpropionate gave the corresponding CPD in 72
% after 24 h at 110 °C (entry 1). The catalytic activity of 3 compares well with

those given by other Rh(l) complexes described in the literature, bearing NHC**®

and cyclic(amino)- (aryl)carbene ligands.*>*
In all cases, the tetra-iridium complex 4 showed higher catalytic activity than 3 in
the reaction of diphenylcyclopropenone with ethylphenylpropiolate (compare

entries 1-3 and 6-8), and constitutes one of the best catalysts described to date
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for this type of transformation. As well as 3, 4 showed moderate catalytic activity

in the reactions using 1-phenyl-1-propyne and phenylacetylene.

3. Conclusions

In summary, we described a new pyrene-tetra-imidazolium salt that we used for
the preparation of a series of Rh(l) and Ir(l) pyrene-tetra-NHC complexes. The
coordination of MCl(cod) units results in the formation of helix-type structures
dominated by the restricted rotation about the Cpy—Nimia and M-Cync bonds,
which yield hydrogen-bonding interactions between the chloride ligands and the
protons of the pyrene connector. The two complexes were tested in the
cyclization of acetylenic carboxylic acids, and in the reaction of
diphenylcyclopropenone  with  substituted phenylacetylenes to form
cyclopentadienones. In the first of these two reactions, the activity of the
tetrametallic catalysts is similar to the activity shown by a monometallic
analogue, only at low concentrations. At higher concentrations, the
monometallic complex outperforms the tetrametallic one. This behaviour is
explained as a consequence of the low solubility of the tetrametallic catalyst,
which leads to a maximum concentration of the catalyst when the saturation of
the solution has been reached. In the coupling of diphenylcyclopropenone with
substituted phenylacetylenes, the tetra-iridium complex (4) shows higher
activity than the tetra-rhodium one (3). Although there is clearly room for
improvement, to the best of our knowledge, complex 4 is the first iridium

complex tested in this reaction.
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4. Experimental section

General Considerations. Anhydrous solvents were dried using a solvent
purification system (SPS M BRAUN) or purchased and degassed prior to use by
purging them with dry nitrogen. All the reagents and solvents were used as
received from commercial suppliers. Column chromatography was performed on
silica gel Merck 60, 62-200 mm unless otherwise stated, using mixtures of
solvents. NMR spectra were recorded on a Varian Innova 500 MHz or on a Bruker
400/300 MHz, using DMSO-ds, acetone-ds, toluene- ds, or CDCl; as solvent.
Elemental analyses were carried out on a TruSpec Micro Series. Infrared spectra
(FT-IR) were performed on a Bruker EQUINOX 55 spectrometer with a spectral
window of 4000-600 cm™. Electrospray Mass Spectra (ESI-MS) were recorded
on a Micromass Quatro LC instrument. MeOH, CHsCN, or CH,Cl, was used as

mobile phase, and nitrogen was employed as the drying and nebulizing gas.

Synthesis of the Rh(l) and Ir(l) Complexes. Synthesis of 1-n-butyl-3-
phenylimidazolium hexafluorophosphate. Imidazole (1.3 g, 19.6 mmol, 4 equiv.),
CuS0,4 (196 mg, 1.23 mmol, 0.25 equiv.), and K,COs (2 g, 14.7 mmol, 3 equiv.)
were placed together in a high pressure Schlenk tube fitted with a Teflon cap.
The tube was evacuated and filled with nitrogen three times. lodobenzene (0.56
mL, 4.9 mmol, 1 equiv.) was added, and the resulting suspension was heated at
150 °C for 24 h. After this time, the resulting solid was washed with water (3 x 40
mL) and filtrated using a Biichner funnel. The solid was extracted with MeOH (3
x 20 mL). 1-Phenylimidazole, which was isolated as an oil after removal of the
volatiles, was employed in the next step without further purification. Yield: 400
mg (57 %). A mixture of 1-phenylimidazole (400 mg, 2.8 mmol, 1 equiv.) and n-
Bul (0.3 mL, 2.8 mL, 1 equiv.) in dry THF (20 mL) was heated at 110 °C in a high
pressure Schlenk tube fitted with a Teflon cap, during 12 h. After removal of the

volatiles, 1-n-butyl-3-phenylimidazolium was isolated as a brown oil. A mixture
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of 1-n-butyl-3-phenylimidazolium (885 mg, 2.7 mmol, 1 equiv.) and [NH4](PFs)
(550 mg, 3.4 mmol, 1.25 equiv.) in MeOH (15 mL) was heated at 40 °C overnight.
After removal of the volatiles, the crude was washed with CH,Cl, and the
insoluble salts were separated by filtration. The desired product was isolated as
an off-white solid after precipitation from a mixture dichloromethane/diethyl
ether. Yield: 900 mg (93 %). '"H NMR (400 MHz, CDCls): & 9.08 (s, 1H, NCHN),
7.61-7.48 (m, 7H; 5H, CHpheny and 2H, CHim), 4.36 (t, *Jun = 8 Hz, 2H,
NCH,CH,CH,CH3), 1.98-1.91 (m, 2H, NCH,CH,CH,CHs), 1.46-1.40 (m, 2H,
NCH,CH>CH,CHs), 0.98 (t, *Juu = 8 Hz, 3H, NCH,CH,CH>CHs). **F{*H} NMR (376
MHz, CDCls): 6 -72.3 (d). 3'P{*H} NMR (162 MHz, CDCls): § -144.32 (m). 3C{*H}
NMR (100 MHz, CDCls): & 134.4 (NCHN), 134.3 (Cqphenyl), 130.7 (CHphenyt), 127.8
(CHphenyt), 123.1 (CHim), 122.3 (CHpheny1), 121.5 (CHim), 50.6 (NCH,CH,CH,CHs), 31.9
(NCH,CH,CH,CHs), 19.5 (NCH2CH,CH2CHs), 13.4 (NCH,CH,CH,CHs). Electrospray
MS (cone 20 V) (m/z, fragment): 201.2 [M - PF¢]* (Calcd. for [M - PFg]*: 201.3).
Anal. Calcd. for C13H17N2PFe-CH,Cl; (431.18): C, 39.00; H, 4.44; N, 6.50. Found: C,
39.42; H, 4.18; N, 6.99.

Synthesis of the neutral precursor 1. A mixture of 1,3,6,8-tetrabromopyrene (500
mg, 0.97 mmol, 1 equiv.), imidazole (265.6 mg, 3.86 mmol, 4 equiv.), K,CO3 (1079
mg, 7.73 mmol, 8 equiv.), and Cul (73.6 mg, 0.39 mmol, 0.4 equiv.) were placed
together in a high pressure Schlenk tube fitted with a Teflon cap. The tube was
evacuated and filled with nitrogen three times. The solids were suspended in
anhydrous DMF (12 mL), and the resulting solution was heated at 160 °C for 72
h. Then, the reaction mixture was allowed to reach room temperature. Distilled
water (75 mL) was added, and the suspension was stirred for 2 h. The resulting
solid was collected by filtration using a Blichner and washed with water.
Compound 1 was isolated as a highly insoluble dark green solid. Yield: 452.0 mg
(>99 %). 'H NMR (500 MHz, DMSO-ds): 6 8.43 (br s, 2H, CH,y), 8.27 (br s, 4H,
NCHN), 8.08 (br s, 4H, CHpy), 7.85 (br s, 2H, CHim), 7.36 (br s, 2H, CHin).
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Electrospray MS (cone 20 V) (m/z, fragment): 467.2 [M + H]* (Calcd. for [M + H]*:
467.2).

Synthesis of the tetra-imidazolium salt 2. Under aerobic conditions, a mixture of
compound 1 (517 mg, 1.11 mmol, 1 equiv.) and n-Bul (16 mL, 89 mmol, 80 equiv.)
was heated in a thick walled Schlenk tube fitted with a Teflon cap at 100 °C for
72 h. After cooling at room temperature, the excess of n-Bul was distilled under
vacuum. The resulting black solid residue was washed several times with diethyl
ether and ethyl acetate and collected by filtration. The iodide salt (500 mg, 0.42
mmol, 1 equiv.) was dissolved in MeOH (15 mL) and treated with [NH4](PFs)
(342.3 mg, 2.10 mmol, 5 equiv.). The suspension was heated at 40°C overnight.
Compound 2 was collected by filtration as a brown solid. Yield: 885 mg (71 %).
IH NMR (400 MHz, acetone-ds): & 9.72 (s, 4H, NCHN), 9.06 (s, 2H, CH,yr), 8.49 (s,
4H, CHpy), 8.31 (s, 4H, CHin), 8.26 (s, 4H, CHim), 4.62 (t, 3Jun = 8 Hz, 8H,
NCH,CH,CH,CHs), 2.18-2.10 (m, 8H, NCH,CH,CH,CHs), 1.58-1.49 (m, 8H,
NCH,CH,CH,CH3), 1.02 (t, 3y = 8 Hz, 12H, NCH,CH,CH,CHs). *F{*H} NMR (376
MHz, acetone-ds): 6 -72.3 (d). 3'P{*H} NMR (162 MHz, acetone-ds): 6 -144.4 (m).
13C{*H} NMR (101 MHz, acetone-d6): 6 139.1 (NCHN), 131.2 (Cq,pyr), 128.8 (C,pyr),
126.9 (CHpy), 126.4 (CHpyr), 125.9 (CHim), 125.2 (Cqpyr), 124.8 (CHim), 51.3
(NCH,CH,CH,CH3), 32.5 (NCH2CH,CH,CH3), 20.2 (NCH,CH,CH.CHs), 13.7
(NCH,CH,CH>CHs). Electrospray MS (cone 20 V) (m/z, fragment): 173.7 [M -
4(PFe)]*, 279.9 [M - 3(PFe)]*", 492.3 [M - 2(PF¢)]** (Calcd. for [M - 4(PFg)]*":
173.6, [M - 3(PFe)]**: 279.8, [M - 2(PFe)]**: 492.2). Anal. Calcd. for
CasHsaNgPaF24-2CH,Cl, (1444.68): C, 38.24; H, 4.05; N, 7.76. Found: C, 38.43; H,
3.92; N, 7.82.

Synthesis of the tetrametallic complexes 3-5. General procedure for complexes 3
and 4. Compound 2 (1 equiv.) was placed in a Schlenk tube. The tube was
evacuated and filled with nitrogen three times. The solid was suspended in dry

CH3CN and NEts (50 equiv.) was added to the suspension. The resulting solution
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was heated at 40 °C for 45 min. The corresponding metal precursor (2.2 equiv.
of [RhCl(cod)], or [IrCl(cod)]z) was placed in a second Schlenk tube. The tube was
evacuated and filled with nitrogen three times. The solid was then suspended in
dry CHsCN and subsequently cannulated over the first Schlenk. The resulting
mixture was heated under reflux overnight. Once at room temperature, the
resulting yellow precipitate was collected by filtration. The crude product was
purified by column chromatography. Elution with a 9:1 CH,Cl,/acetone mixture
afforded a bright red band that contained the desired complex.

Synthesis of 3. A mixture of [RhCl(cod)]; (127.8 mg, 0.260 mmol) in dry CHsCN
(10 mL) was cannulated to a suspension of 2 (150 mg, 0.118 mmol) and NEt3 (0.82
mL, 5.9 mmol) in dry CHsCN (30 mL). After the general workup, complex 3 was
isolated as a bright yellow solid. Yield: 107.1 mg (54 %). *H NMR (300 MHz, CDCls):
6 9.86 (d, *Ju-n = 7 Hz, 2H, CH,yr), 8.98 (s, 2H, CHoyr), 8.15 (d, /i = 1.5 Hz, 2H,
CHim), 8.11 (d, Ju = 7 Hz, 2H, CHpyr), 7.40 (d, 3Jun= 1.5 Hz, 2H, CHim), 7.21 (d, s
= 1.5 Hz, 2H, CHin), 7.20 (d, 3Jun = 1.5 Hz, d, 2H, CHin), 5.27-5.21 (m, 4H,
NCH2CH,CH,CHs), 4.88-4.78 (m, 8H, CHcod), 4.71-4.61 (m, 8H, CHcod), 4.50-4.43
(m, 4H, NCH,CH,CH,CHs), 3.35 (g, 3H, CH2 od), 3.29 (g, 3H, CH; cod). The rest of
the signals corresponding to the n-butyl and cod ligands are displayed in the
region between 2.50 and 0.30 ppm. 3C{*H} NMR (75 MHz, CDCl5): § 185.5 (d, Rh-
Cearbene, Jrn-c = 51 Hz), 183.6 (d, Rh-Cearbene, “Jrh-c = 51 Hz), 134.4 (Cypyr), 134.4
(Capyr), 128.1 (CHim), 127.6 (CHim), 127.3 (Cqpyr), 127.0 (Cqppyr), 125.5 (CHim), 125.1
(Cqpyr)y 123.9 (CHim), 122.1 (CHpyr), 121.8 (CHpyr), 121.7 (CHpyr), 98.3 (d, Rh-CHcoq,
Ygh-c = 6.75 Hz), 98.1 (d, Rh-CHcod, Yrn-c = 6.75 Hz), 97.5 (d, Rh-CHcod, Yrn-c = 7.5
Hz), 96.9 (d, Rh-CHcod, Yrh-c= 7.5 Hz), 69.7 (d, Rh-CHcod, Yrn-c = 14.25 Hz), 69.4 (d,
Rh-CHcod, YJrn-c = 14.25 Hz), 68.7 (d, Rh-CHcod, *Jrn-c = 13.5 Hz), 66.6 (d, Rh-CHcoq,
Ygh-c = 13.5 Hz), 52.0 (NCH,CH,CH,CHs), 51.1 (NCH2CH,CH2CHs), 35.06 (CH; cod),
33.1 (NCH2CH,CH,CHs), 33.1 (NCH>CH,CH,CH3), 31.5 (CH2 cod), 31.0 (CH3 coq), 30.5
(CH2 cod), 29.7 (CH2 cod), 28.6 (CH2 cod), 28.4 (CH2 cod), 27.1 (CH2 coa), 20.3
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(NCH,CH,CH,CHs),  20.3  (NCH,CH2CH,CHs), 14.1 (NCH,CH,CH,CHs), 14.0
(NCH,CH,CH,CHs). Electrospray MS (cone 20 V) (m/z, fragment): 802.9 [M - 2Cl]*
(Calcd. for [M - 2Cl]?*: 802.2). Anal. Calcd. for Cs6HsgNsRh4Cls-CH,Cl, (1762.03): C,
52.49; H, 5.72; N, 6.36. Found: C, 51.95; H, 5.86; N, 6.97.

Synthesis of 4. A mixture of [IrCl(cod)]; (137.6 mg, 0.173 mmol) in dry CH3CN (8
mL) was cannulated to a suspension of 2 (100 mg, 0.079 mmol) and NEts3 (0.55
mL, 3.925 mmol) in dry CH3CN (20 mL). After the general workup, complex 4 was
isolated as a bright orange solid. Yield: 87.7 mg (54 %). *H NMR (300 MHz, CDCls):
6 9.36 (d, *Jun = 9.5 Hz, 2H, CH,yr), 8.82 (s, 2H, CHpyr), 7.98 (d, *Ju-n = 9.5 Hz, 2H,
CHoyr), 7.92 (d, 3w = 1.5 Hz, 2H, CHim), 7.41 (d, *Jun = 1.5 Hz, 2H, CHim), 7.23 (d,
3Jun = 1.5 Hz, 2H, CHim), 7.20 (d, ®Jun = 1.5 Hz, 2H, CHim), 5.01-4.94 (m, 4H,
NCH,CH,CH,CHs), 4.55-4.44 (m, 8H, CHcod and 4H, NCH,CH,CH,CH3), 4.32-4.27
(m, 8H, CHcoa), 3.03-3.00 (M, 3H, CH; cod), 2.92-2.88 (m, 3H, CH- coq). The rest of
the signals corresponding to the n-butyl and cod ligands are displayed in the
region between 2.15 and 0.10 ppm. *C{*H} NMR (101 MHz, CDCls): 6 182.4 (Ir-
Cearbene), 181.2 (Ir-Cearbene), 133.7 (Capyr), 133.5 (Cqpyr), 128.4 (CHim), 127.7 (CHim),
127.4 (Cqpyr), 126.8 (Cqpyr), 124.8 (CHim), 124.7 (Cqpyr), 123.4 (CHim), 121.4 (CHpyr),
121.4 (CHpyr), 121.1 (CHpyr), 84.3 (CHcod), 84.2 (CHcod), 84.0 (CHcod), 82.5 (CHcoa),
53.4 (CHcd), 53.1 (CHecod), 52.6 (CHcos), 51.7 (NCH,CH,CH.CHs), 50.8
(NCH,CH,CH,CH3), 50.4 (CHcod), 35.8 (CHz ), 33.6 (CHy wd), 33.1
(NCH,CH,CH,CH3), 32.9 (NCH,CH;CH2CH3), 32.3 (CH2 cod), 31.2 (CH3 cod), 30.5 (CH2
cod), 29.4 (CH; cod), 29.0 (CH3 cod), 27.6 (CH3 coq), 20.2 (NCH,CH,CH,CH3), 20.2
(NCH,CH,CH,CHs), 14.0 (NCH,CH,CH,CHs), 14.0 (NCH,CH,CH>CHs). Electrospray
MS (cone 20 V) (m/z, fragment): 981.7 [M - 2Cl]** (Calcd. for [M - 2Cl]**: 981.3).
Anal. Calcd. for CszHosNslrsCls (2034.34): C, 44.87; H, 4.86; N, 5.51. Found: C,
45.16; H, 5.62; N, 5.13.

Synthesis of 5. CO gas was passed through a solution of complex 4 (30 mg, 0.015

mmol) in CH,Cl, (10 mL) at 0 °C, for 30 min. After this time, the solution was
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concentrated under reduced pressure and precipitated with hexane. The
corresponding carbonyl derivative precipitated as a pale-yellow solid in
quantitative yield. IR (KBr): v 2064 cm™ (C=0), v 1977 cm™ (C=0). 'H NMR (400
MHz, CDCls): 6 8.36 (br, 2H, CH,y), 8.03 (br, 4H, CHpyr), 7.49 (s, 4H, CHim), 7.33 (s,
4H, CHin), 4.57 (br, 4H, NCH,CH,CH,CHs), 4.46 (br, 4H, NCH,CH,CH,CHs),
2.07-2.02 (m, 8H, NCH,CH,CH,CH3s), 1.54-1.51 (m, 8H, NCH,CH,CH,CH3), 1.06 (t,
3Jun = 9.5 Hz, 12H, NCH,CH,CH,CHs). *C{*H} NMR (101 MHz, CDCls): 6 180.7 (Ir-
Cearbene), 175.6 (Ir-CO), 168.1 (Ir-CO), 133.3 (Cqpyr), 129.0 (Copyr), 125.4 (CHpyr),
125.0 (CHpyr), 125.0 (CHim), 124.8 (Cqpyr), 122.0 (CHim), 51.6 (NCH>CH,CH,CH3),
32.9 (NCH2CH,CH,CHs), 20.0 (NCH,CH2CH2CHs), 13.9 (NCH2CH,CH,CHs).
Electrospray MS (cone 20 V) (m/z, fragment): 1791.3 [M - CI]* (Calcd. for [M -
CI]*: 1789.1). Anal. Calcd. for CszHsoNgOslraCls:CH,Cl, (1910.62): C, 33.32; H, 2.74;
N, 5.86. Found: C, 33.25; H, 2.96; N, 6.21.

Synthesis of the monometallic complexes 6 and 7. Synthesis of 6. 1-n-Butyl-3-
phenylimidazolium hexafluorophosphate (50 mg, 0.144 mmol, 1 equiv.),
[RhCl(cod)]2 (35.5 mg, 0.072 mmol, 0.5 equiv.), and K,CO3 (60 mg, 0.432 mmol, 3
equiv.) were placed together in a high pressure Schlenk. The resulting mixture
was dissolved in acetone (3 mL) and stirred for 20 h at 60 °C. After this time, the
mixture was cooled to room temperature. The solution was then filtered, and
the volatiles were removed under vacuum. The resulting solid was dissolved in
CH,Cl,, filtered through a pad of Celite, and the solvent was removed under
vacuum. The crude solid was purified by column chromatography. Elution with
CH,Cl; afforded a bright orange band that contained the desired complex. Yield:
53.5mg (83.5 %). 'H NMR (400 MHz, CDCl3): 6 8.22-8.20 (m, 2H, CHpn), 7.55-7.50
(m, 2H, CHpn), 7.45-7.40 (m, 1H, CHpn), 7.17 (d, *Ju-n = 2 Hz, 1H, CHim), 7.02 (d, *Jun
=2 Hz, 1H, CHim), 5.26-5.22 (m, 1H, CHcod), 5.18- 5.11 (m, 1H, CHcod), 4.87-4.77
(m, 1H, NCH,CH,CH,CHs), 4.44- 4.34 (m, 1H, NCH,CH,CH,CH3), 3.42-3.37 (m, 1H,
CHcod), 2.78- 2.73 (m, 1H, CHcod), 2.32-2.22 (m, 2H, CH; coq), 2.11-1.99 (m, 2H,
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CHs cod), 1.96-1.71 (m, 4H, CH: coq and 2H, NCH,CH,CH,CHs), 1.57-1.46 (m, 2H,
NCH,CH2CH,CHs), 1.06 (t, ¥un = 12 Hz, 3H, NCH2CH,CH,CHs). 3C{*H} NMR (101
MHz, CDCls): 6 182.2 (d, Rh-Cearbene, Yrn-c= 49 Hz), 140.5 (Cqpn), 128.8 (CHen), 127.9
(CHpn), 124.7 (CHen), 121.9 (CHim), 120.9 (CHim), 95.7 (d, Rh-CHcod, YJrnc = 7 Hz),
72.1 (d, Rh-CHcod, Jrhc = 14 Hz), 71.3 (d, Rh-CHcod, Jrnc = 14 Hz), 52.0
(NCH2CH,CH,CHs), 33.0 (CH2 cod), 32.4 (NCH2CH2CH2CH3), 31.2 (CH2 coa), 29.8 (CH2
cod), 29.2 (CH3 cod), 20.3 (NCH,CH,CH,CH3), 14.1 (NCH,CH,CH,CHs). Electrospray
MS (cone 20 V) (m/z, fragment): 411.3 [M - CI]*(Calcd. for [M - Cl]*: 411.1). Anal.
Calcd. for Cy1H2sN2RhCI-2CH,Cl; (616.68): C, 44.80; H, 5.23; N, 4.54. Found: C,
44.67; H, 5.39; N, 4.83.

Synthesis of 7. CO gas was passed through a solution of complex 6 (33 mg, 0.074
mmol) in CH,Cl, (10 mL) at 0 °C, for 30 min. After this time, the solvent was
removed under vacuum. The corresponding carbonyl derivative was obtained as
a yellow solid in quantitative yield. Complex 7 was found unstable in solution as
well as in the solid state, which prevented a correct elemental analysis. IR (KBr):
v 2067 cm™ (C=0), 1997 cm™ (C=0). 'H NMR (300 MHz, CDCls): § 7.73-7.71 (m,
2H, CHpn), 7.51-7.44 (m, 3H, CHpp), 7.28-7.27 (d, 3w = 2 Hz, 1H, CHin), 7.17-7.16
(d, *Jun =2 Hz, 1H, CHim), 4.61-4.52 (m, 1H, NCH,CH,CH,CHs), 4.19- 4.10 (m, 1H,
NCH,CH,CH,CHs), 1.98-1.88 (m, 2H, NCH,CH,CH,CHs), 1.46-1.39 (m, 2H,
NCH,CH,CH,CHs), 1.00 (t, 3Juy = 7.3 Hz, 3H, NCH,CH,CH,CHs). 3C{*H} NMR (75
MHz, CDCls): & 187.2 (d, Rh-Cearbene, Jrh-c = 53.25 Hz), 181.2 (d, Rh-CO, Ypnc =
77.25 Hz), 172.66 (d, Rh-CO, Ypnc = 41.25 Hz), 139.8 (Cqpn), 129.3 (CHen), 128.9
(CHpn), 125.5 (CHep), 122.9 (CHim), 122.3 (CHim), 52.1 (NCH,CH,CH,CH3), 32.3
(NCH,CH,CH,CHs), 19.9 (NCH,CH,CH,CHs), 13.9 (NCH,CH,CH,CHs).
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1. Spectroscopic data
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Figure S1. 'H NMR spectrum (400 MHz, CDCls) of 1-n-butyl-3-phenylimidazolium
hexafluorophosphate.
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Figure S2. 1°F {*H} NMR spectrum (376 MHz, CDCls) of 1-n-butyl-3- phenylimidazolium
hexafluorophosphate.
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Figure S3. 3P {*H} NMR spectrum (162 MHz, CDCls) of 1-n-butyl-3- phenylimidazolium

hexafluorophosphate.
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Figure S4. 3C {*H} NMR spectrum (100 MHz, CDCls) of 1-n-butyl-3- phenylimidazolium
hexafluorophosphate.
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Figure S5. *H NMR spectrum (500 MHz, DMSO-ds) of compound 1.
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Figure S6. 'H NMR spectrum (400 MHz, acetone-ds) of 2.
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Figure $10. *°F {*H} NMR spectrum (376 MHz, acetone-ds) of 2.
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Figure S11. 3P {*H} NMR spectrum (162 MHz, acetone-ds) of 2.

® ZSICBQQNARR NYBRRERY G568 69 8h =8
® R PPRNRTE EL QGRS S oS Ry N7 R

| ,wﬂUi;_kﬁJJ‘\_ ._.,J\‘J}J / e |

9.0 85 8.0 75 70 65 6.0 53 5.0 4.5 4.0 3s 30 25 20 15 1.0 0.5 0.0
ppm

Figure S12. 'H NMR spectrum (300 MHz, CDCls) of 3.
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2. X-Ray Crystallography

X-Ray Diffraction studies for complex 4. Crystals suitable for X-Ray studies of
complex 4 were obtained by slow diffusion of hexane into a concentrated
solution of the complex in chloroform and dichloromethane. Diffraction data of
complex 4 were collected on an Agilent SuperNova diffractometer equipped with
an Atlas CCD detector using Mo-Ka radiation (A =0.71073 A). Single crystals were
mounted on a MicroMount® polymer tip (MiteGen) in a random orientation.
Absorption corrections based on the multi-scan method were applied. Using
Olex2,! the structure of the complex was solved using Charge Flipping in
Superflip? and refined with ShelXL® refinement package using Least Squares
minimization.

If we analyze the ‘I/sigma vs. resolution’ graph in Olex2, which defines noise as
anything below the 3sigma line, it suggests that all our data above 40 degrees in
2theta is very weak, indicating that our single-crystal diffracted very poorly.
Unfortunately, we were not able to grow better single crystals and to collect
better data.

This problem was complicated by the fact that the data was twinned, and the
data processing software would have struggled to separate intensities for
possibly overlapping reflections because the intensities were very low.
Consequently, we encountered many difficulties (mainly related to disorder)
when refining this structure. The structure model of complex 4 exhibits
significant disorder in the lattice solvent region and in some of the n-butyl chains.
The lattice solvent region has been treated using the PLATON SQUEEZE*
procedure. Hydrogen atoms were introduced in calculated positions and refined
on a riding model. Non-hydrogen atoms were refined anisotropically. A global,
enhanced rigid bond restraint (SHELX RIGU) was applied.

Despite all the above problems and the obvious limitations of our model, we

decided to include it to establish connectivity, since the composition of this
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complex is supported by NMR spectroscopy, mass spectrometry and elemental
analysis. Key details of the crystals and structure refinement data are
summarized in Supplementary Table S1.

Further crystallographic details can be found in the CIF file, which was deposited
at the Cambridge Crystallographic Data Centre, Cambridge, UK. The reference

number for complex 4 was assigned as 1864607.
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Table S1. Summary of crystal data, data collection, and structure refinement

details of 4

Empirical formula
Formula weight
Temperature/K
Crystal system

Space group
a/A
b/A
c/A
af°
B/°
v/°
Volume/A3
z
Pcaicmg/mm?
p/mm?
F(000)
Crystal size/mm?3
Radiation
20 range for data collection/®
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Complex 4
C77Heg7ClsslraNsg
2131.33
293(2)
Monoclinic
P21/c
42.0613(19)
27.2586(12)
14.5192(5)

90
92.320(3)

90
16633.1(12)

8
1.702
6.633
8248.0
0.345 x 0.094 x 0.076
Mo Ka (A = 0.71073 A)
4.96 t0 46.514
-46<h<46,0<k<30,0<1<16
23859
23859
23859/1857/1582
1.075
R1=0.1079, wR; =0.2164
R1=0.1845, wR; = 0.2566
3.28/-1.91
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Figure S26. Different perspective views of the other enantiomer of 4. The top
view shows a right-handed conformation. Solvent (CHCI; and CH,Cl,) and
hydrogen atoms have been removed for clarity. n-Butyl substituents and 1,5-
cylooctadiene ligands are shown in the wireframe form. Selected distances
(A): Ir5-C5 2.14(2), Ir6-C6 1.98(3), Ir7-C7 2.11(18), Ir8-C8 2.02(3).
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3. Catalytic studies: cyclization of acetylenic carboxylic acids

a) 100 X ]
X
o 80
c X
o o,
3 60 ® X 1 mol %
g 40 m 0.1 mol %
s X m
0 f 0.001 mol %
0 5 10 15 20 25
time (h)
b) 100 n ° °
x 8 °
c X
.g 60 ® X 1 mol %
[J)
©0.1 mol %
g 40 ‘ mol %
S i x =X =0.01 mol %
0 0,5 1 1,5
t[cat] (hM)
c) 100 e eo.m X
X
x 8 °
c X
(=] 0
3 60 ° X 1 mol %
g a0 m 0.1 mol %
k>
0 ,, 0.001 mol %
0 1 2 3 4 5

t[cat]¥/2 (hm1/2)

Figure S27. (a) Time-dependent reaction profile of the cyclization reaction of
4-pentynoic acid using catalyst 4. (b) Reaction profile with normalized time
scale assuming a catalyst order of 1. (c) Reaction profile with normalized time
scale assuming a catalyst order of 1/2. Reaction conditions are the same as
those shown in Table 1 of the manuscript. In all three graphics the evolution
is shown as consumption of 4-pentynoic acid.
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ABSTRACT: The reaction between an anguler bis-imidarolidiniem salt and [AwCl(SMe).] allowed the preparation of a
discrete digold complex, with a rigid angular bridging bis-imidazolindiflidene ligand This complex reacts with a
diethymylearbazole to afford a tetragold cydophane that containg two bis-imidazolindiylidenes and two carbazolyl- diethynyl
ligands. Both the dimetallic and the tetametallic complexes have been charcterized by spectroscopic technigues and by single-
crystal X-ray difraction Due to the geometrc constraints of the ligands, the cydophane deviates Fom the expected planarity
and shows a twisted structere. The work demonstrates that the rigid angular di-NHC ligand & a suitable scaffold for the reliable
constriction of organometallic-based metalloss pramolecular ssemblies.

Coondination-driven self ssembly constitutes an effective toal
for the rational design of discrete supramolecular coondination
compounds (SCCs)," ranging from two-dimensional (2-D)
polygons to three-dimensional (3-D) polyhedra The trans-
formation of the differemt modulir buedding blodks into
predesigned asmemblies takes advantage of the predictable
nature of the metal-ligand coordination sphere and ligand
lability to encode directionality. The constrection of the
supramolecular architectures requires that the complementary
budding blocks must be structerally dgd with predefined
angles, because the symmetry of the individual budding wnits
and the overall shape of the resulting assembly are the most
important fsctors to be considered in the design of discrete
metallosupramolecular assemblies. From a design perspective,
the ligand is arguably congdered a5 the most important blodk,
becawse its topological features and binding abilities determine
the geometry, size, and functiomality of the resulting
amemblies. It should be mentioned that this feld of research
is strongly dominated by Wernertype ligands although in
recent years the we of carbon-donor ligands & gaining
popularity,” probably as a consequence of the strsctural
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heterocydic carbene ligands that can now be found in the
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During the last three years, we contrilwted to the Geld of
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of NHC-based assemblies that we vsed as hosts for the
recogrition of organic and inorganic guests. For the design of
these supramolecular assemblies, we took advantage of owr
experience in prepaning dgd planar poly-NHC ligands with
polyaromatic linkers, which we found particularly wseful for the
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Abstract

The reaction between an angular bis-imidazolidinium salt and [AuCl(SMe;)]
allowed the preparation of a discrete digold complex, with a rigid angular
bridging bis-imidazolindiylidene ligand. This complex reacts with a
diethynylcarbazole to afford a tetragold cyclophane that contains two bis-
imidazolindiylidenes and two carbazolyl-diethynyl ligands. Both the dimetallic
and the tetrametallic complexes have been characterized by spectroscopic
techniques and by single-crystal X-ray diffraction. Due to the geometric
constraints of the ligands, the cyclophane deviates from the expected planarity
and shows a twisted structure. The work demonstrates that the rigid angular di-
NHC ligand is a suitable scaffold for the reliable construction of organometallic-

based metallosupramolecular assemblies.
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1. Introduction
Coordination-driven self-assembly constitutes an effective tool for the rational

design of discrete supramolecular coordination compounds (SCCs),!

ranging
from two-dimensional (2D) polygons to three-dimensional (3D) polyhedra. The
transformation of the different modular building blocks into predesigned
assemblies takes advantage of the predictable nature of the metal-ligand
coordination sphere and ligand lability to encode directionality. The construction
of the supramolecular architectures requires that the complementary building
blocks must be structurally rigid with predefined angles, because the symmetry
of the individual building units and the overall shape of the resulting assembly
are the most important factors to be considered in the design of discrete
metallosupramolecular assemblies. From a design perspective, the ligand is
arguably considered as the most important block, because its topological
features and binding abilities determine the geometry, size, and functionality of
the resulting assemblies. It should be mentioned that this field of research is
strongly dominated by Werner-type ligands, although in recent years the use of
carbon-donor ligands is gaining popularity,? probably as a consequence of the
structural diversity that can be achieved by the plethora of poly-N-heterocyclic
carbene ligands that can now be found in the literature.?

During the last three years, we contributed to the field of organometallic
supramolecular chemistry by preparing a series of NHC-based assemblies that
we used as hosts for the recognition of organic and inorganic guests. For the
design of these supramolecular assemblies, we took advantage of our experience
in preparing rigid planar poly-NHC ligands with polyaromatic linkers, which we
found particularly useful for the preparation of molecular squares,* rectangles,®
and trigonal prisms.® In the course of our most recent research, we also prepared
a series of Au-based metallotweezers by using rigid bis-alkynyl connectors

combined with a pyrene-imidazolylidene ligand. These metallotweezers were
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used for the recognition of “naked” metal cations’ and polycyclic aromatic
hydrocarbons.? A feature that captured our attention is that, despite its apparent
rigidity, the use of a carbazolyl-bis-alkynyl linker could provide structures in
which the angle defined by the two alkynyl-Au axes could vary between 30.2°
for the open metallotweezer A (Figure 1) and 23.9° for the closed trigonal-

prismatic structure B (Figure 1).

f\u’ﬁl Q
Rﬂ/\\/ R R . R R B
L W e g
)6“ H Y\ > >
7 i N N
s ST
“Au
~
s
R
A;8=30.2°, Au-Au=7.38 A C;6=109.7-116.4°

B;0=23,9° Au-Au=6.75 A

Figure 1. Flexibility shown by the coordination angle (8) of a carbazolyl-bis-alkynyl
ligand in supramolecular coordination compounds (A and B) and a bis-
imidazolindiylidene-based complex (C).

This rendered Au-Au distances between the gold centers bound to the bis-
alkynyl ligand ranging from 6.75 to 7.38 A. The flexibility of this apparently rigid
connector made us think that the carbazolyl-bis-alkynyl unit could be used as a
versatile and adaptable building block for the construction of supramolecular
structures combined with other rigid, yet not planar, di-NHC ligands. Rigid
angular di-NHC ligands are rare, but some years ago we described a bis-
imidazolindiylidene ligand (in complex C) that was coordinated to rhodium and

iridium® and then to palladium.'® Depending on the steric congestion brought
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about the metal coordination sphere, the angle between the planes of the two

fused NHC rings could vary in the range of 109.7-116.4°.

2. Results and discussion

On the basis of these previous findings, we now report the preparation of a bis-
imidazolindiylidene complex of digold(l), which we used as a building unit for the
preparation of a cyclic assembly in combination with a carbazolyl-bis-alkynyl
ligand. The formation of a “twisted” metallocyclophane reveals unusual features
that will be discussed in detail.

The reaction of the bis-imidazolidinium salt 1 with [AuCl(SMe3)] in THF in the
presence of potassium bis(trimethylsilyllamide (KHMDS) afforded a bis-

imidazolindiylidene complex of digold(l) (2) in 69 % vyield after purification

(Scheme 1).
Ph ph ]2 Ph Ph
r [AUCI(SMe,)] c.. Y [ . .c
H—N~-N5—H AUKE y 7Au
NIN\ KHMDS, -78 °C IN\
Ph/ Ph Ph/ Ph
1 2

Scheme 1. Preparation of the digold(l) complex 2.

Both the 'H and the 3C NMR spectra of the complex are consistent with the 2-
fold symmetry of its structure. The *C NMR spectrum displays distinctive
resonances due to the carbene carbon atoms at 198.40 ppm.

The molecular structure of complex 2 was determined by means of single-crystal
X-ray diffraction studies (Figure 2). The structure confirms that the tetracyclic
bis-NHC ligand is bridging the two gold atoms, which complete their linear
coordination sphere with a chloro ligand. The coordination about the Au atoms
is quasi-linear, with an average Cl-Au-C angle of 178.05°. The average distance
of the Au-C bond is 1.994 A. The through-space distance between the two gold

atoms is 7.362 A. The angular nature of the rigid fused bis-NHC ligand is reflected
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by the angle formed by the two Cl-Au-C axes, 126.7°, which is significantly larger

than the largest angle reported for this type of ligand so far (116.4°).°

o A b)

Figure 2. Two perspectives of the molecular structure (50% displacement ellipsoids)
of complex 2. Hydrogen atoms and solvent (CH2Cl2) have been omitted for clarity.
The benzyl groups are shown in wireframe form. Selected bond distances (A) and

angles (deg): Aul-C1 1.997(15), Aul-Cl1 2.268(4), Au2-C2 1.991(16), Au2- CI2
2.89(4), Cl1-Aul-C1 179.2(5), CI2-Au2-C2 176.9(4).

Once complex 2 was structurally characterized, we decided to study its potential
use as a building unit for the construction of a metallocyclophane by reaction
with a carbazolyl-bis-alkynyl ligand. By following simple geometry rules, we were
aware that the angle of 126.7° provided by the structure of 2 should need a
building block with an angle of about 53° to facilitate the construction of a simple
rhombohedral two-dimensional structure. However, this angle is far from the
maximum angle that we have observed for the coordination of the carbazolyl-
bis-alkynyl unit in our previously published structures. Therefore, it is expected
that the target cyclophane, if formed, should render a structure in which either
the angles of the building units significantly deviate from those shown in our
previous structures or the structure deviates from a simple 2-D architecture.

The tetragold(l) cyclophane 3 was obtained by deprotonating 3,6-di-tert-butyl-
1,8-diethynyl-9H-carbazole with sodium hydroxide in MeOH, followed by

addition of the bis-imidazolindiylidene complex of digold(l), 2 (Scheme 2). After
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purification, compound 3 was obtained as a yellow solid in 62 % yield. The new
complex was characterized by NMR spectroscopy, mass spectrometry, and
elemental analysis. The 3C NMR spectrum shows a signal due to the four

magnetically equivalent carbene carbon atoms at 189.92 ppm.

tBu /
O = Ph— —Ph
NH tBu = Au"‘lf\\llIu*Au ~ Bu
O — Ph Ph O
+ A, 18 h
Cl Phﬁ rPh cl O = Ph\| I/Ph —= O
“Au Au tBu AU~<’§'I:}>—AU Bu
<ol =t
\ Ph Ph
Ph Ph
2 3

Scheme 2. Preparation of the metallocyclophane 3.

The diffusion-ordered NMR spectrum (DOSY) showed that all proton resonances
display the same diffusion coefficient in CDClz (4.5 x 107° m? 572, see the Figure
S8 of the Supporting Information for details), indicating the presence of a single
assembly. By using the Stokes—Einstein equation, this coefficient provides an
average hydrodynamic radius of 8.9 A.

The molecular structure of 3 was confirmed by single-crystal X-ray diffraction
studies (Figure 3). The Czs-symmetric structure contains four gold atoms, bridged
by two bis-imidazolindiylidene ligands and two carbazolyl-diethynyl ligands. This
nanosized molecule measures 24.4 A, calculated from the distance between the
quaternary carbons of the tert-butyl groups of opposite carbazolyl-diethynyl
ligands. The average distance of the Au-Cearbene bonds is 2.025 A, thus slightly
longer than the Au—Ccarbene distance in 2, likely due to the strong trans influence
generated by the Au-Cc=c bond. The distance between the gold atoms bound by
the same bis-NHC ligand is 7.491 A, and the distance between the gold atoms

bound by the same carbazolyl-diethynyl ligand is 7.757 A; therefore, the four
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gold centers constitute the corners of an almost regular square, with all four gold

atoms in the same plane.

a)
c1
cs "¢ m\ ¢-
C6
C5
Cc26
c21 . &
ca ©

Figure 3. Two perspectives of the molecular structure (50% displacement ellipsoids)
of complex 3. Hydrogen atoms and solvent (CHClz) have been omitted for clarity.
Benzyl and tert-butyl groups are shown in wireframe form. Selected bond distances
(A) and angles (deg): Au1-C1 2.020(13), Aul-C3 1.994(15), Au2-C2 2.029(13),
Au2-C4 2.013(16), C3-Aul-C1 174.7(6), CA-Au2-C2 176.0(6).

The angle established between the Cczc—Au-Cecarbene axes that diverge from the
bis-NHC ligand is 128.6°, slightly larger than the angle found for the open
structure of 2. The angle formed by the two Au-C=C axes that converge at the
carbazolyl moiety is 32.9°, again larger than the largest angle found for the
binding of other related complexes with this carbazolyl-dialkynyl ligand (the
largest angle found is 30.2°, as shown in Figure 1). These parameters reflect that

the structure is geometrically constrained. The side-on view of the structure
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(Figure 3b) shows that the four gold centers and the two di-NHC ligands are out
of the plane formed by the two carbazolyl moieties, thus rendering a twisted
structure that deviates from a simple 2D structure, as we previously predicted.
This deviation is well reflected by the Au2-C21-C6-Aul torsion angle of 20°. The
determination of this molecular structure also allows determining the volume of
the internal cavity formed inside the cyclophane structure of 3. This volume is

115 A3, as can be observed from the volume diagrams shown in Figure 4.

b)

L) N » L ¥) v
< 3 el
~ ) v f*l
2 <
e N /
Internal accesible volumen = 115 A3 Surface area = 1499 A2

Volume = 1611 A3

Figure 4. Internal accessible volume (a) and effective surface and volume (b) of 3.
The estimation of volume was made using the swisspdb software, available at
http://www.expasy.org/spdbv/.**

We also obtained the UV-vis and emission spectra of 3. The emission spectrum
of 3 (Figure S10 in the Supporting Information) shows two short-lived broad
featureless bands at 400 and 575 nm. The fluorescence quantum yield is low (¢
= 0.027). The longest wavelength can be attributed to the arylacetylide ligand,
with participation of the Au(l) atom in the population of the triplet state.'? The
higher energy band is coincident with the monomer emission of 3,6-di-tert-butyl-
1,8-diethynyl-9H-carbazole.?®

Finally, we performed preliminary experiments in order to test if the gold-based
cyclophane could be used as a supramolecular receptor for organic substrates

bearing hydrogen bonding functionalities that could interact with the protic N-H
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group of the carbazole units. Unfortunately, these experiments failed, most likely

due to the lack of other effective receptor sites at the molecule.

3. Conclusions

In summary, we described the preparation of a new tetra-Au-based cyclophane
using an angular bis-imidazolindiylidene ligand. The use of this rigid angular di-
NHC ligand constitutes a reliable approach to new organometallic-based
metallosupramolecular structures, not accessible with other known poly-NHC
ligands. Although our new gold-based cyclophane did not behave as an effective
supramolecular receptor in its present form, we are convinced that the synthetic
procedure described and the use of our digold hinge-shaped building block have
the potential to be used for the preparation of further assemblies that
incorporate polyaromatic panels and other effective receptor sites, which will
easily produce receptors with interesting host-guest chemistry properties.

Research in this direction is underway in our laboratories.
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General considerations. 2,4,6,8-Tetraazabicyclo[3.3.0]octane,! [AuCl(SMe,)]?
and 3,6-di-tert-butyl-1,8-diethynyl-9H-carbazole® were prepared according to
the reported literature methods. All other reagents were used as received from
commercial suppliers. NMR spectra were recorded on a Bruker 400 or 300
MHz, using CDCl3 or DMSO-d; as solvents. Infrared spectra (FTIR) were
performed on a Bruker Equinox 55 spectrometer equipped with a Pro One ATR
(Jasco) with a spectral window of 4000-400 cm®. Electrospray mass spectra
(ESI-MS) were recorded on a Micromass Quatro LC instrument; nitrogen was
employed as drying and nebulizing gas. High Resolution Mass Spectra (HRMS)
were recorded on a Q-TOF Premier mass spectrometer (Waters) with an
electrospray source operating in the V-mode. Nitrogen was used as the drying
and cone gas at flow rates of 300 and 30 Lh?, respectively. The temperature of
the source block was set to 120 °C, and the desolvation temperature was set to
150 °C. Capillary voltage of 3.5 kV was used in the positive scan modes and the
cone voltage was adjusted typically to 20 V. Mass calibration was performed by
using solutions of Nal in isopropanol/water (1:1) from m/z 50 to 3000.
Elemental analyses were carried out on a TruSpec Micro Series. UV-Visible
absorption spectra were recorded on a Varian Cary 300 BIO spectrophotometer
using dichloromethane under ambient conditions. Emission spectra were
recorded on a modular Horiba FluoroLog-3 spectrofluorometer employing
dichloromethane. PLQY was measured using a Hamamatsu integrating sphere

at excitation wavelength of 315 nm.

1. Synthesis of the Au(l) complexes

1.1.  Synyhesis of the bis-imidazolidinium salt 1. N-Chlorosuccinimide (0.8 g,
6.3 mmol, 3 equiv.) was slowly added to a solution of 2,4,6,8-
tetraazabicyclo[3.3.0]octane (1.0 g, 2.1 mmol, 1 equiv.) in degassed 1,2-

dimethoxyethane (DME, 15 mL) at 0 °C. The resulting solution was allowed to
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reach room temperature and then stirred for 18 h under the exclusion of light.
The solid so formed was filtrated and washed subsequently with cold
dichloromethane, THF and acetone. Yield: 77.8 mg (68 %). Electrospray MS (20
V, m/z): 503.5 [1 — (2Cl) + OMe]* (calcd. for [1 — (2Cl) + OMe]*: 503.3), 236.2 [1 -
(2€)]J?* (calcd. for [1 — (2CI)]**: 236.1). Anal. Calcd. for Cs;H3:N4Cl, (542.9): C,
70.71; H, 5.93; N, 10.31. Found: C, 69.98; H, 5.90; N, 10.28. *H NMR (300 MHz,
298 K, DMSO-dg): 6 9.51 (s, 2H, CH), 7.42-7.38 (m, 20H, CHpn), 6.53 (s, 2H, CHbridge),
5.03 (d, Yun = 15 Hz, 4H, CH, pn), 4.86 (d, 2Jun = 15 Hz, 4H, CH2pn). C{*H} NMR
(75 MHz, 298 K, DMSO-ds): 6 162.32 (NCHN), 132.55 (Cqypn), 128.92 (CHpn), 128.83
(CHen), 128.63 (CHen), 81.65 (CHbridge), 51.03 (CH2 ph).

1.2.  Synthesis of di-Au(l) complex 2. KHMDS (0.5M in toluene, 0.8 mL, 0.405
mmol, 2.2 equiv.) was added dropwise to a suspension of compound 1 (100.0
mg, 0.184 mmol, 1 equiv.) in THF (5 mL) at -78 °C. After stirring at that
temperature for 30 minutes, the resulting solution was transferred via an oven
dried cannula to a stirred THF solution (10 mL) of [AuCl(SMe3)] (119.2 mg, 0.405
mmol, 2.2 equiv.). The temperature was allowed to reach — 20 °C, and then the
volatiles were removed under reduced pressure. The resulting solid was
suspended in dichloromethane. Under air, a spatula of charcoal was added, and
the mixture was stirred for 30 minutes. The suspension was then filtered through
oven dried Celite, washed with dichloromethane and the solvent was removed
under vacuum. The solid was dissolved in the minimum amount of
dichloromethane and precipitated with diethyl ether to afford the desired gold(l)
complex as a white solid. Yield: 122.0 mg (69 %). Complex 2 was found light
sensitive, which prevented a correct elemental analysis. *H NMR (400 MHz, 298
K, CDCls): 6 7.38-7.31 (m, 14H, CHpp), 7.13-7.06 (m, 6H, CHpp), 5.56 (d, Ynn = 16
Hz, 4H, CH:pn), 5.35 (s, 2H, CHbrigge), 4.54 (d, YJun = 16 Hz, 4H, CHa pn). *C{*H} NMR
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(100 MHz, 298 K, CDCl3): 6 198.40 (Au-Cearbene), 133.01 (Cq pn), 129.71 (CHpn),
129.38 (CHpp), 127.38 (CHen), 79.72 (CHbridge), 54.20 (CHz pn).

1.3. Synthesis of tetra-Au(l) complex 3. NaOH (22.45 mg, 0.561 mmol, 3.5
equiv.) and 3,6-di-tert-butyl-1,8-diethynyl-9H-carbazole (52.5 mg, 0.160 mmol, 1
equiv.) were placed together in a Schlenk tube. The tube was evacuated and
filled with nitrogen three times. The solids were suspended in degassed MeOH
(50 mL), and the resulting solution was refluxed for 2 h. After this time, the
solution was allowed to reach room temperature. Complex 2 (150.0 mg, 0.160
mmol, lequiv.) was added to the latter solution and the resulting suspension was
refluxed overnight. The suspension was allowed to reach room temperature.
After removal of the volatiles, the crude solid was suspended in dichloromethane
and filtered through oven dried Celite. Complex 3 was isolated as a yellow solid.
Yield: 129.4 mg (62 %). IR (ATR): v(C=C): 2099, 2090 cm™. HRMS ESI-TOF-MS
(positive mode): 2381.0 [3 + H]*. (Calcd. for [3 + H]*: 2380.7). Anal. Calcd. for
Ci12H106N10AU4 (2379.72): C, 56.52; H, 4.49; N, 5.89. Found: C, 56.62; H, 4.70; N,
5.92. 'H NMR (400 MHz, 298 K, CDCls): & 8.81 (s, 2H, NH), 7.87 (d, )i = 1.7 Hz,
4H, CHcarb), 7.58 (d, “Jnn = 1.7 Hz, 4H, CHear), 7.38-7.36 (dd, “un= 3 Hz, 28H,
CHpn), 7.20-7.18 (m, 12H, CHpn), 5.89 (d, 2Ju-n = 16 Hz, 8H, CHpn), 5.35 (s, 4H,
CHorigge), 4.62 (d, *Ju-u= 16 Hz, 8H, CH, pn), 1.36 (s, 36H, C(CH3)3 car). *C{*H} NMR
(75 MHz, 298 K, CDCls): 6189.92 (Au-Cearbene), 141.90 (Cq carb), 139.09 (Cq carb),
133.38 (Cqyrh), 129.61 (CHepn), 129.22 (CHen), 128.93 (Cq carb), 128.08 (CHcarv), 127.68
(CHen), 122.94 (Cq acetyr), 118.03 (Cq acety)), 115.64 (CHcarb), 107.12 (Cq carb), 79.79
(CHbridge), 53.90 (CH2 ph), 34.76 (C(CH3)3 carb), 32.08 (C(CH3)3 carb)-
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2. Spectroscopic data
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Figure S1. 'H NMR spectrum (300 MHz, DMSO-ds) of bis-imidazolidinium salt 1.
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Figure S2. 13C {*H} NMR spectrum (75 MHz, DMSO-ds) of bis-imidazolidinium salt 1.
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Figure S3. 'H NMR spectrum (400 MHz, CDCls) of di-Au(l) complex 2.
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Figure S4. 3C {*H} NMR spectrum (100 MHz, CDCls) of di-Au(l) complex 2.

174



Chapter 5

o T on . ©
3 35RR3RR]R 85 8 33 g
) NNNNNNKNNRN o wn < < -
i e S\ 0
M‘ | J’j L\J\_
1" n
! o ] ji
i Y i e i o T
° L o - 5
< N2 15 m “ - “ N
< aean s 9 p 5
9.0 8.5 8.0 7.5 7.0 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
ppm

— 141.90

107.12

—79.79

—53.90

—34.76
—32.08

T T T T T
150 145 140 135 130

ppm

T T T T T T T T T T T
125 120 115 110 105 100 95 90 85 80 75

T T T T T T T T T T
70 65 60 55 50 45 40 35 30 25

Figure S6. 13C {*H} NMR spectrum (100 MHz, CDCls) of tetra-Au(l) complex 3.
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Figure S7. HMBC spectrum (400 MHz, CDCls) of tetra-Au(l) complex 3.
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3. X-Ray Crystallography

X-Ray Diffraction studies for complexes 2 and 3. Crystals suitable for X-Ray
studies of complex 2 were obtained by slow evaporation of a concentrated
solution of the complex in chloroform. Suitable crystals of complex 3 were
obtained by slow diffusion of hexane into a concentrated solution of the complex
in dichlorometane. Diffraction data of complexes were collected on an Agilent
SuperNova diffractometer equipped with an Atlas CCD detector using Mo-Ka
radiation (L= 0.71073 A). Single crystals were mounted on a MicroMount®
polymer tip (MiteGen) in a random orientation. Absorption corrections based on
the multi-scan method were applied. Using Olex2,* the structure of the two
complexes was solved using Charge Flipping in Superflip® and refined with
ShelXL® refinement package using Least Squares minimisation. Key details of the
crystals and structure refinement data are summarized in Supplementary Table
S1. Further crystallographic details can be found in the CIF files, which were
deposited at the Cambridge Crystallographic Data Centre, Cambridge, UK. The
reference number for complexes 2 and 3 were assigned as 1961185 and 1961186

respectively.
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Table S1. Summary of crystal data, data collection, and structure refinement

Empirical formula
Formula weight
Temperature/K
Crystal system

Space group
a/A
b/A
c/A
a/°
B/°
v/°
Volume/A3
Z
pcalcmg/mm3
p/mm™
F(000)
Crystal size/mm?3
Radiation

20 range for data collection

Index ranges

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 A3

details
13

C132H30AU2N4Cly-2/3CHyCly
963.73
200(2)

Monoclinic
P2:i/n
13.9652(8)
28.6096(19)
16.5811(13)

90
101.169(7)

90
6499.3(8)

8
1.970
9.266
3648.0
0.585x0.12 x 0.098
Mo Ka (A = 0.71073 A)
5.11t052.744

-17<h<17,-34<k<35,

-20<1<20
56401
56401 [Rin: = 0.0467,
Rsigma = 0.0953]
56401/12/748
1.031
R1=0.0787,
wR; =0.1917

R1=0.1249,
wR; =0.2323
9.56/-4.82

14
C112H106AUsN10-11CHCl3
3692.98
200(4)
Triclinic
P-1
11.6839(5)
14.7840(7)
22.4048(8)
86.592(3)
75.809(3)
81.581(4)
3710.4(3)

1
1.653
4.583
1802.0
0.691 x 0.064 x 0.053
Mo Ka (A = 0.71073 A)
5.018 t0 52.68
-14<h<14,-18<k<18,
27<1<24
29024
29024 [Rint = 0.0252,
Rsigma = 0.1300]
29024/654/817
1.016
R:=0.0895,
wR; = 0.2301
R1=0.1268,
wR; = 0.2673
4.48/-2.92
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Figure S8. Diffusion Ordered NMR Spectrum (DOSY) of complex 3 (5 mM) in CDCls.
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5. Photophysical studies

5.1. UV-visible spectra of complex 3

Absorbance (a.u.)

A (nm)

Figure S9. UV-vis spectra of complex 3, recorded in dichloromethane at a concentration
of 10° M, under aerobic conditions.

5.2. Emission spectra of complex 3

Emission intensity (a.u.)

A(nm)

Figure S10. Emission spectra of complex 3 in dichloromethane (10> M under aerobic
conditions) at 315 nm.

180



Chapter 5

6. References

1. Nielsen, A. T.; Nissan, R. A.; Chafin, A. P.; Gilardi, R. D.; George, C. F., J.
Org. Chem. 1992, 57 (25), 6756-6759.

2. Uson, R.; Laguna, A.; Vicente, J., J. Organomet. Chem. 1977, 131 (3), 471-
475.
3. Gee, H. C,; Lee, C. H.; Jeong, Y. H.; Jang, W. D., Chem. Commun. 2011, 47

(43), 11963-11965.

4, Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K;
Puschmann, H., J. Appl. Crystallogr. 2009, 42, 339-341.

5. (a) Palatinus, L.; Chapuis, G., J. Appl. Crystallogr. 2007, 40, 786-790; (b)
Palatinus, L.; Steurer, W.; Chapuis, G., J. Appl. Crystallogr. 2007, 40, 456-462.

6. Sheldrick, G. M., Acta Crystallogr., Sect. A: Found. Crystallogr. 2015, 71,
3-8.

181



182



183



184



Chapter 6

Conclusions

In this final chapter of the Thesis are presented the conclusions of the attached

publications, which have been published in renowned international journals.

Publication 1:

e A series of pyrene tetraalkynyl Au(l) complexes were synthesized and
their photophysical properties studied.

e Two of these complexes have present quantum yields upper than 90% in
CH,Cl;, placing them among the most emissive Au(l) complexes
described to date in solution.

e The origin of the emissions is due to an intraligand transition. However,
the introduction of gold atoms plays a key role allowing a bathochromic
shift of the emissions and an astonishing enhancement of the quantum
yields.

e Preliminary studies with one of the complexes on healthy cheek cells

shown rapid and efficient taken up into the cells.

Publication 2:

e We report a new pyrene-tetra-imidazolium salt that was used for the
preparation of tetrametallic (rhodium and iridium) complexes.

e The catalytic activity of the complexes was evaluated in two organic
reactions of practical relevance to the pharmaceutical industry namely,
the cyclization of acetylenic carboxylic acids and the reaction of
diphenylcyclopropenone with substituted phenylacetylenes to form
cyclopentadienones.

e The tetra-iridium complex is the first example tested in the coupling of
diphenylcyclopropenone with substituted phenylacetylenes, showing

higher activity than the tetra-rhodium one.
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Publication 3:

e A novel tetra-Au-based cyclophane wusing an angular bis-
imidazolindiylidene ligand was synthesized.

e The use of the rigid angular di-NHC ligand constitutes the basis to new
Supramolecular Organometallic Complexes (SOCs) with different
geometries not accessible with other poly-NHC ligands.

e We described a new synthetic procedure using the hinge-shaped ligand
as building block. This methodology has the potential to produce new
assemblies that incorporate polyaromatic panels and other effective
sites, which will allow the production of receptors with interesting host-

guest chemistry properties.

To sum up, different tetrametallic (gold, rhodium or iridium) complexes were
synthesized. These new systems shown interesting results in different
application fields, ranging from catalysis, luminescence and supramolecular
chemistry. The obtention of these assemblies is a springboard for the synthesis
of similar families of complexes which may present improved characteristics and

in some of the cases, create the basis for an innovative research line.
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Conclusiones

En este capitulo final de la Tesis se presentan las conclusiones de las
publicaciones adjuntas, las cuales han sido publicadas en revistas de renombre

internacional.
Publicacion 1:

e Fueron sintetizados una serie de complejos de Au(l) pireno tetra-
alquinilo y sus propiedades fotofisicas fueron estudiadas.

e Dos de esos complejos han presentado rendimientos cudanticos
superiores al 90 % en CHCl, colocandolos entre los complejos de Au(l)
mas emisivos en disolucidn descritos hasta la fecha.

e El origen de las emisiones es debido a una transicién intraligando. Sin
embargo, la introduccién de los dtomos de oro juega un papel clave
permitiendo un desplazamiento batocromico de las emisiones y un
asombroso incremento del rendimiento cudntico.

e Estudios preliminares con uno de los complejos en células sanas de la

mejilla mostraron un absorcidn rapida y eficiente dentro de las células.
Publicacion 2:

e Hemos reportado una nueva sal de pireno tetra-imidazolio, la cual fue
usada para la preparacion de complejos tetra-metalicos (rodio e iridio).
e Se evalud a actividad catalitica de los complejos en dos reacciones
orgdanicas de relevancia practica para la industria farmacéutica llamadas,
la ciclacion de 4cidos carboxilicos acetilénicos y la reacciéon de
difenilciclopropenonas con fenilacetilenos sustituidos para formar

ciclopentadienonas.
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El complejo de tetra-iridio es el primer ejemplo probado en el
acoplamiento de difenilciclopropenona con fenilacetilenos sustituidos,

mostrando una actividad catalitica mayor que el de tetra-rodio.

Publicacion 3:

Se sintetizd un nuevo ciclofano de tetra-oro usando un ligando bis-
imidazolin-di-ilideno angular.

El uso del ligando angular di-NHC rigido constituye las bases de nuevos
Complejos Organometadlicos Supramoleculares (SOCs) con diferentes
geometrias que no son son accesibles con otro tipo de ligandos poli-
NHC.

Hemos descrito un nuevo procedimiento sintético usando un ligando
con forma de bisagra como bloque de construccion. Esta metodologia
tiene el potencial de producir nuevas arquitecturas que incorporen
paneles poliaromaticos y otro sitios eficaces, que permitirian la
produccién de receptores con propiedades quimicas host-guest

interesantes.

Para recapitular, fueron sintetizados diferentes complejos tetra-metalicos (oro,

rodio o iridio). Estos nuevos sistemas muestran resultados interesantes en

diferentes campos de aplicacidn, que van desde catalisis, luminiscencia y quimica

supramolecular. La obtencién de estas construcciones es un trampolin para la

sintesis de familias de complejos similares que puedan presentar caracteristicas

mejoradas y en alguno de los casos, crear las bases para una linea de

investigacion innovadora.
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