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Abstract

The research group where | performed my PhD researches is interested in the synthesis and
characterisation of Coordination Polymers (CPs). CPs are infinite systems built up with metal ions
(connectors) and organic ligands (linkers) as main elementary units, connected via coordination bonds
and other weak interactions [Robin & Fromm (2006)]. One of the interests in building CPs is the
creation of new tuneable functional materials, since CPs are promising materials for applications in
gas storage, anion exchange, catalysis, conductivity, luminescence, chirality, magnetism, spin
transition behaviour, NLO or deposition of thin films. CPs can be normally prepared by reacting a
suitable polynucleating ligand with a transition metal ion, having at least two coordination sites
available.

In order to obtain new CPs, during the first year of my PhD studies, two different classes (sketched
below) of new potentially polynucleating nitrogen containing ligands were designed, synthesised and

fully characterised.
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Unfortunately, some preliminary tests on the reactivity of these linkers with Cu™, Ag”, zn" and Ru"”
in hydroalcoholic solvents evidenced the relatively easy hydrolysis of the ligands. For these reasons,
at the moment, the study of the coordination properties of these ligands to transition metal ions has
been set aside, and the attention has been focused on the understanding of the decomposition
mechanism upon treatment with transition metal compounds [Casarin et al. (2009); Casarin et al.
(2008) (b)].

Moreover, we continued some other studies, concerning the synthesis of trinuclear triangular Cu"”
clusters. The latter can be easily prepared by reacting copper(ll) carboxylates with pyrazole (Hpz) in
hydroalcoholic solvents, obtaining 1D, 2D or 3D CPs [Casarin et al. (2004); Casarin et al. (2005); Di

Nicola et al. (2007) (a)].
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Particularly, during my PhD studies some other trinuclear triangular Cu™ clusters (starting both from
saturated and unsaturated Cu" carboxylates) were synthesised and characterised [Di Nicola et al.
(2009); Contaldi et al (2009)].

We started also to study the reactivity of the trinuclear triangular copper(ll)/carboxylate/pyrazolate
clusters towards substitution reactions. Particularly, we examined first the stability of the trinuclear
triangular moiety by treating [Cus(us-OH)(u-pz)3(CH3COO0),(Hpz)], 2, with strong acids, observing that
the trinuclear moiety was in a good extent maintained, and obtaining new hexanuclear and
heptanuclear coordination polymers, in some cases porous [Casarin et al. (2007) (a); Zanforlin (2007);
Di Nicola et al. (2007) (b); Di Nicola et al. (2008)].

Since the trinuclear moieties resulted to be quite stable towards decomposition, we decided to use
them as starting material to synthesise new different CPs, having the trinuclear Cu" clusters directly
bridged by polynucleating ligands. We decided to follow two different approaches: i) substitution of the
monocarboxylates with bicarboxylates; and ii) replacement of the neutral ligands coordinated to the
cu® centres (pyrazole and/or solvent molecules) with neutral bidentate nitrogen-containing ligands.
First attempts under bench-top conditions to replace the carboxylate ions by reacting the trinuclear
compounds with bicarboxylic acids were not successful, leading to the isolation of the starting
materials, while reactions carried out upon deprotonation of the acids led to the instantaneous
precipitation of insoluble powders.

The reaction with bidentate nitrogen-containing ligands gave instead interesting results, and numerous
new CPs were isolated and fully characterised. Noteworthy, upon reaction between [Cus(us-OH)(u-
pz)3(HCOO),(Hpz)2(H20)], 1, and an excess of 4,4-bipyridine, a porous coordination polymer was
obtained.

The electrochemical properties of some selected copper(ll) CPs isolated by us were examined; we
also investigated the catalytic activities of some of these compounds in the peroxidative oxidation of
cyclohexane. Both of these researches were performed in prof. Armando J. L. Pombeiro laboratories,
at the Centro de Quimica Estrutural of the Instituto Superior Técnico (Lisbon). Finally, more recently,
we started to investigate the catalytic activity of 2 in the oxidation of methyl-p-tolyl sulfide to the
corresponding sulfoxide. Preliminary results indicated that 2 is able to bind reversibly oxygen coming

from H,O, and transfer it to the sulfide.



Sommario

Il gruppo di ricerca presso cui ho svolto il Dottorato di Ricerca si occupa della sintesi e
caratterizzazione di Polimeri di Coordinazione (CP). | CP sono dei sistemi polimerici infiniti, costruiti a
partire da ioni metallici (connettori) e leganti organici (linkers) come principali unita di base, connessi
tra loro attraverso legami di coordinazione e altre interazioni relativamente deboli [Robin & Fromm
(2006)]. Uno dei principali interessi nella costruzione di CP & I'ottenimento di nuovi materiali funzionali,
dotati di proprietda modulabili; i CP, infatti, presentano potenziali applicazioni in diversi settori, quali ad
esempio immagazzinamento di gas, scambio ionico, catalisi, conduttivita, luminescenza, chiralita,
magnetismo, ottica non lineare o deposizione di strati sottili. | CP vengono generalmente sintetizzati
per “copolimerizzazione” di un opportuno legante polinucleanti con uno ione di un metallo di
transizione avente almeno due siti di coordinazione disponibili.

Al fine di ottenere nuovi CP, durante il primo anno del Dottorato di Ricerca sono state progettate e

sintetizzate due diverse classi di nuovi leganti azotati potenzialmente polinucleante, sotto riportati.
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Test preliminari sulla reattivita di questi composti con Cu", Ag"”, Zn™ e Ru™ in solventi protici hanno
messo in evidenza la relativamente facile idrolisi dei leganti. Per questo motivo, lo studio delle loro
proprieta coordinative a metalli di transizione € stato momentaneamente accantonato, e I'attenzione &
stata focalizzata sulla comprensione del meccanismo della decomposizione in seguito al trattamento
con metalli di transizione [Casarin et al. (2009); Casarin et al. (2008) (b)].

E’ stato inoltre sviluppato un secondo progetto, riguardante la sintesi di cluster trinucleari triangolari di
rame(ll). Questi composti possono essere preparati facendo reagire carbossilati di Cu"” con pirazolo
(Hpz) in solvente protico (H.O, MeOH o EtOH). L’autoassemblaggio dei building blocks porta alla
formazione di CP di diversa dimensionalita (1D, 2D o 3D) [Casarin et al. (2004); Casarin et al. (2005);
Di Nicola et al. (2007) (a)].
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Sono stati quindi sintetizzati e caratterizzati nuovi cluster trinucleari triangolari di cu® (partendo sia da
carbossilati di Cu™ saturi che insaturi) [Di Nicola et al. (2009); Contaldi et al (2009)].

Abbiamo inoltre esaminato la stabilita del frammento trinucleare [Cu3,(/,/3,-OH)(u-pz)3,]2+ facendo reagire
il composto [Cus(us-OH)(u-pz)3(CH3CO0).(Hpz)], 2, con diversi acidi forti. Benché in tutti i casi siano
stati isolati complessi mononucleari, derivanti dalla parziale decomposizione del cluster trinucleare, la
contemporanea formazione di derivati tri-, esa- ed eptanucleari, in alcuni casi porosi [Casarin et al.
(2007) (a); Zanforlin (2007); Di Nicola et al. (2007) (b); Di Nicola et al. (2008)], ha messo in evidenza
la relativa stabilita del frammento [Cu3(u3—OH)(u—pz)3]2+.

Si & deciso quindi di utilizzare i differenti cluster trinucleari come materiale di partenza per la sintesi di
nuovi CP, in cui piu unita trinucleari fossero connesse tra loro tramite leganti polinucleanti. Abbiamo
deciso di seguire due diversi approcci: i) sostituzione dei monocarbossilati con bicarbossilati; e ii)
sostituzione dei leganti neutri coordinati ai centri di cu® (pirazolo e/o molecole di solvente) con leganti
azotati neutri bidentati. | primi tentativi in condizioni bench-top di sostituire gli ioni carbossilato facendo
reagire i composti trinucleari con acidi bicarbossilici non hanno avuto successo, portando
allisolamento dei composti di partenza, mentre le reazioni condotte utilizzando i bicarbossilati hanno
portato allistantanea precipitazione di polveri insolubili.

Le reazioni con leganti azotati neutri bidentati hanno invece portato all'ottenimento di risultati
interessanti; infatti, sono stati isolati e caratterizzati numerosi nuovi CP. In particolare, dalla reazione
di [Cus(us-OH)(u-pz)3(HCOO).(Hpz)2(H20)], 1, con un largo eccesso di 4,4’-bipiridina, & stato isolato
un polimero di coordinazione poroso.

Infine, sono state esaminate sia le proprieta elettrochimiche di alcuni CP di rame(ll) da noi isolati che
lattivitd catalitica di alcuni di questi composti nella reazione di ossidazione perossidativa del
cicloesano. Entrambi questi studi sono stati condotti nei laboratori del prof. Armando J. L. Pombeiro,
presso il Centro de Quimica Estrutural dell'Instituto Superior Técnico (Lisbona). Piu recentemente,
abbiamo iniziato a studiare [lattivita catalitica di 2 nell’ossidazione del metil-p-tolil solfuro al
corrispondente solfossido. Risultati preliminari indicano che 2 & in grado di legare in modo reversibile

l'ossigeno proveniente da H,O; e di trasferirlo al solfuro.



Introduction

Over the past fifty years, research into porous materials resulted in a number of applications, with a
direct impact on domestic life and large scale industrial processes [James (2003)]. Until the mid-
1990s, basically two types of porous materials were known: inorganic solids and carbon-based
materials. Zeolites are the best-known microporous inorganic solids and the term zeolite was coined
by the Swedish mineralogist Axel Fredrik Cronstedt in 1756. He observed that upon rapidly heating
the stilbite mineral, a large amount of steam was produced from the water adsorbed by the material.
For this reason, he called the material zeolite, from the Greek (éw (zed), meaning “boil” and AiBog
(/ithos), meaning “stone”. Later, many natural zeolites were discovered, but the importance of this
family increased when chemists were able to synthesise them; the first success dates back to 1862,
and is due to Sainte Claire Deville. Most of the synthesis required organic molecules as templates
[Férey (2001)]. Zeolites are crystalline, three-dimensional, hydrated alkaline or alkaline-earth
aluminosilicates with the general formula (M'M'"2) (AlSi,Oz(mn) XH20 (n = m) (M = cation). Their
frameworks are built from corner-sharing TO, tetrahedra (T = Si, Al) and may contain linked cages,
cavities or channels, where H,O molecules and metal ions are inserted. Porosity is obtained upon
elimination of the water molecules, the structure usually remaining unaffected, since aluminosilicates
usually form rigid frameworks [Noro et al. (2009)]. Because of their porosity, zeolites are employed in a
variety of applications with a global market of several million tonnes per annum. The porosity of these
materials allows guest molecules to diffuse into the bulk structure; the shape and size of the pores
lead to shape- and size-selectivity over the guest which may be incorporated and, once incorporated,
chemical transformations of the guests may take place. Large scale industrial examples of the latter
applications are catalytic cracking and xylene isomerisation. Other uses are in ion exchange (which
has led to zeolites application in detergents, water softening and purification), and in separation and
removal of gases and solvents. Further applications are in agriculture, animal husbandry and
construction. Although zeolites have high crystallinity, they are characterised by a relatively low
porosity with respect to the whole solid volume. The principal limitation was the relatively small size of
the pores in the crystallised solids, which were further shown to be quite disappointing concerning the
applications [Férey (2008)].

On the contrary, activated carbons possess high open porosity and high specific surface area (up to
1200 ng'1 in commercial active carbons) but have a disordered structure, whose essential feature is a
twisted network of defective hexagonal carbon layers, cross-linked by aliphatic bridging groups. The
width of the layer planes is typically about 5 nm, although it can vary. Activated carbons are largely
used in many fields as efficient and versatile adsorbents (e.g. purification of water, air and many
chemical and natural products) [Yenisoy-Karakas et al. (2004)]. Simple functional groups and
heteroelements are incorporated into the network and are bound to the periphery of the carbon layer
planes. Activated carbons are characterised by a broad pore size distribution, so that many of the
channels or cavities often are superfluous and unnecessary for the required porous functions, leading
to poor storage/separation capacity for a specific guest. Moreover, because of their disordered
microstructure, porous carbons cannot be tailored by control of the crystal structure, as in the case, for

example, of zeolites [Barton et al. (1999)].



In 1989, Robson proposed that a new and potentially extensive class of solid polymeric materials with
unprecedented and possibly useful properties can be obtained by connecting centres having either a
tetrahedral or an octahedral array of valences with rod-like connecting units [Hoskins & Robson
(1989)]. He described the synthesis and the X-ray crystal structure of the first example of a polymeric
framework consisting of tetrahedral centres linked together by rod-like units, obtained through the
substitution of the acetonitrile ligands in [Cu(CH3CN),]" by 4,4’,4”,4”-tetracyanotetraphenylmethane.
Since the early 1990s, research into materials with polymeric, sometimes porous, structures based on
metal ions and organic bridging ligands has increased greatly. Early papers by Robson [Hoskins &
Robson (1989); Hoskins & Robson (1990); Abrahams et al. (1994)], Moore [Venkataraman et al.
(1995); Gardner et al. (1995)], Yaghi [Yaghi et al. (1995)] and Zaworotko [Subramanian & Zaworotko
(1995)] pointed out the rich possibilities for new material structures and properties offered by these
coordination polymers.

Coordination Polymers (CPs), also known as Metal-Organic Coordination Networks (MOCNSs) or
Metal-Organic Frameworks (MOFs)", are infinite systems built up with metal ions and organic ligands
as main elementary units, connected via coordination bonds and other weak chemical bonds [Robin &
Fromm (2006)].

The designed construction of extended porous frameworks from soluble molecular building blocks is
one of the most challenging issues facing synthetic chemistry today [Yaghi et al. (1998)]. One of the
interests in building CPs is the creation of new tuneable functional materials, since CPs are promising
materials for applications in gas storage, anion exchange (due to the porosity and their zeolitic-like
behaviour), catalysis, conductivity, luminescence, chirality, magnetism, spin transition behaviour, NLO
or deposition of thin films.

CPs contain two central components, connectors and linkers, which are defined as the starting
reagents from which the principal framework of the CP is constructed. In addition, there are other
auxiliary components, such as counteranions, nonbonding guests (or template molecules) and
blocking ligands. Metal ions are normally used as connectors in the construction of CPs. The choice of
the metal is crucial, because it influences the properties of the product depending on its size,
hardness/softness, ligand-field stabilisation energy and coordination geometries [Robin & Fromm
(2006)]. Both transition metal and lanthanide ions have been studied, but transition metal ions are
most widely used. Depending on the metal and its valence, different coordination geometries can arise
(i.e. linear, tetrahedral, square planar, octahedral, and different distorted forms). For example, Ni(ll)
and Pt(ll) are preferentially tetracoordinated and square planar, Co(ll) usually has an octahedral
geometry, while Ag(l) normally has a linear geometry, etc.

On the other hand, the large coordination numbers from 7 to 10 and the polyhedral coordination
geometry of the lanthanide ions should be useful for the generation of new and unusual network
geometries; nevertheless, lanthanide ions are less used, because the high flexibility of their

coordination numbers makes their behaviour very difficult to predict.

*Recently, a clear distinction has been proposed to distinguish MOFs from CPs, in terms of the bond strength between
connectors and linkers. According to Yaghi et al., the term CP should be restricted to those materials in which metal centres are
connected through “classical coordinative bonds”, (as an example M-Ngyridine)) Whose strength normally do not exceed ca. 100 kJ
mol”, while in a MOF the energy of the metal-ligand bond acting as framework link (as an example the two Zn-O bonds present
in MOF-5) is higher, ca. 350 kJ mol™, close to that of a typical C—C bond [Tranchemontagne et al. (2009)].
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Generally speaking, to build CPs the linkers have to bridge metal ions, thus this requires multidentate
ligands, with two or more donor atoms. Some important characteristics of the linkers are their shape
(i.e. if the molecule is rigid or not), the length (i.e. the distance between the donor atoms) and the
functionalities (i.e. further presence of heteroatoms, aromatic rings, alkyl chains, functional groups,
etc.). In addition, ligands can be symmetric, asymmetric, chiral, or combining different functionalities
on the same molecule. Particularly important are the rigid bridging ligands (having multiple bonds),
since they allow for a certain control of the steric consequences in the assembly process.

Bridging ligands can be anionic or neutral. Di-, tri-, tetra- and hexacarboxylate molecules are typical
anionic linkers, but also non-symmetric anionic ligands [such as pyridine-X-COO" (X = spacer)] have
been extensively studied. Among the neutral ligands, an important class is represented by aromatic
molecules containing two or more 4-pyridyl donor units interconnected by chains or tether groups of
different types, which can afford a variety of lengths, linear or non-linear geometries, and
conformationally rigid or non-rigid molecular skeletons. Significantly, with one of the most used of
these ligands, the simple 4,4’-bipyridine, a variety of architectures have been obtained over the past
few years. The use of longer spacers between the two 4-pyridyl moieties has afforded very interesting
structural motifs, such as double helices, multiple sheets, interpenetrated diamond nets,
interpenetrated ladders, as a consequence of the different metal centres and counterions, and the
nature of the groups joining the donor moieties [Banfi et al. (2002)]. Therefore, recent efforts have
been devoted to the design and synthesis of long bridging ligands with appropriate spacers. By the
accurate choice of the ligands, it is possible to tune the properties of the products. It is the bridging
organic ligands which allow for the large diversity in the topologies and possible properties of the
metal-organic frameworks. In principle, ligand design, together with the coordination properties of the
transition metal centres, can be used to achieve control over the structure of the network and, thus, to
tune the properties of the compounds.

Since transition metals normally are present as ions, giving a positive charge to the framework, an
anionic source must be included to neutralise the overall charge, if neutral ligands are employed.
Frequently used anionic sources are inorganic anions, such as ClO,, NO3;, NCS’, CN, CF3;SOg,
8042', N; and halides. These anions can influence the metal ion environment (more or less
coordinating anions) and the overall structure, because they can be also involved in weak interactions
with the framework.

In any case, as for as the crystal structures of CPs are concerned, it is to put in evidence that
molecules in crystals tend to pack as close as possible, in order to maximise attractive intermolecular
contacts. Therefore, it is quite rare to encounter molecular crystals with open channels or with discrete
lattice voids larger than about 25 A3 [Barbour (2006)]. Sometimes, CPs can be characterised by a
more or less relevant porosity, but even in these cases, since nature avoids large empty spaces, the
as-synthesised porous CPs (PCPs) normally have no void space, being all the cavities filled with
guest, which may be solvent molecules, free ligands or counterions [Bureekaew et al. (2008)].
Therefore, crystal structures of PCPs may be controlled by a template effect of guest molecules, which
often can be connected to the framework by weak interactions, such as hydrogen bonds, m-m, H-7
interactions and so on. Finally, sometimes, solvent molecules can be removed under vacuum and/or

upon heating, giving free channels or cavities.



Concerning this last point, the question of what porosity constitutes is open to a significant degree of
interpretation [Barbour (2006)]. Pores, defined by Kitagawa as “minute openings through which fluids
or gases can pass”, can be classified in two types: “rigid pores” and “dynamic (flexible) pores”.
According to this definition, porous CPs (PCPs) can be divided into three categories, depending on
their behaviour upon guest removal [Kitagawa & Kondo (1998); Kitagawa et al. (2004); Kitagawa &
Uemura (2005)]. The 1% generation CPs contain cavities and/or channels, but these structures
collapse loosing their crystallinity after removal of the guest molecules, and are not useful for the
required applications; sometimes, it is possible to talk about “recoverable frameworks”, because they
collapse upon guest molecules removal, but regenerate under the initial conditions. The 2" generation
CPs have a zeolitic behaviour, remaining crystalline and stable as they are desolvated. Finally, the 3%
generation CPs have dynamic and flexible structure, which respond to external stimuli, such as light,
electric field, magnetic field and guest molecules, changing their structures. Thus, an important
criterion for a CP to be termed porous is that the framework structure is retained intact (2" generation
compounds) or changes dynamically in a well-defined way (3rd generation compounds) in the guest-
free state and when exposed to a new guest species, as usually proven by X-ray powder diffraction
(XRPD). This phenomenon is known as “crystal-to-crystal transformation”.

Some recent papers describe porous solids which, under an external stimulus, exhibit a very important
flexibility, while retaining the same (or similar) topologies even though the atomic displacements reach
sometimes several A. This phenomenon is called “breathing”, and is associated with reversible
movements between two states corresponding to expansion and contraction, respectively [Barthelet
(2002); Serre et al. (2002); Loiseau et al. (2004); Barthelet et al. (2009)], normally induced by
sorption/desorption of small molecules.

Two different strategies have been developed to build highly porous CPs. The first approach consists
in the use of long linkers to increase the distance between the vertices in a net, yielding void space
proportional to the length of the linker. In this case, a bond is replaced by a sequence of bonds, and
this process is called expansion. Even if in principle such method should provide structure with large
pores, actually the obtained frameworks are usually found to be interpenetrated, thus having low
porosity [Eddaoudi et al. (2001)]. On the other hand, it is possible to replace a vertex of the framework
with a group of vertices. This process is known as decoration [O’'Keeffe (1991)], and usually affords
rigid open structures without the tendency to interpenetrate.

In addition to the usual spectroscopic and analytical methods, such as elemental analysis, IR, UV-Vis,
ESI-MS, multinuclear NMR and magnetic susceptibilities measurements, there are some specific
important methods for the characterisation of CPs.

In particular, in order to interpret any observed property of a CP, it's necessary to know its molecular
structure. The most detailed information on the structure of CPs will be gained from single-crystal X-
ray diffraction (XRD) measurements. In general, CPs are insoluble; for this reason, the most common
crystallisation method, recrystallisation from a suitable solution, very often is not available [Noro et al.
(2009)]. Moreover, even in the case of soluble CPs, since they normally degrade upon dissolution, any
characterisation in solution (such as ESI-MS measurements) usually proves the existence of
oligomeric fragments, from which the CP structure can only be inferred, but not proved. Therefore,

improvement of the syntheses is essential in order to easily get good quality single-crystals.
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Usually, CPs are synthesised at relatively low temperatures (i.e. < 250°C). CPs can be prepared using
solution methods under bench-top conditions (20-80°C, 1 atm). In these conditions, the classical ways
familiar to coordination chemistry are used. Two different solutions containing, respectively, the metal
ions and the organic ligands, are mixed. Since crystals grow in saturated solutions, the ideal
concentration can be achieved by slow evaporation of the mother liquors. Sometimes, the rapid mixing
of the two solutions leads to the formation of microcrystals, which are not suitable for single-crystal
XRD measurements. In this case, an alternative and useful approach is to slowly bring into contact the
two solutions, instead of mixing them, by separating the two solutions with a solvent layer and/or a
physical barrier (i.e. a septum).

An alternative synthetic approach for the obtaining of good quality single-crystals makes use of the
solvothermal methods, which were originally developed for the synthesis of zeolites, and have been
recently extended to the preparation of CPs. The solvothermal synthesis exploits the self-assembly of
products from soluble precursors. The running temperature range is usually 120-260°C and the
reactions take place inside a closed space (autoclave) under autogenous pressure. In these
conditions, solubility problems are minimised, and therefore a variety of precursors can be introduced,
as well as a number of organic and/or inorganic structure-directing agents. Under such non-
equilibrium crystallisation conditions, unprecedented CPs are most likely to be isolated, since in most
cases the formation of kinetic phases is favoured with respect to the thermodynamic phase. On the
other hand, the autoclave behaves very often as a sort of “black box”, being the obtained results not
only unforeseeable in most cases, but, in some cases, it is also difficult to explain how an unexpected
product formed.

Microwave irradiation has been developed as a novel heating technique either for the bench-top and,
mainly, for the solvothermal synthesis of inorganic porous compounds. This technique attracted
growing attention because it provides an efficient way to synthesise, with short crystallisation times,
nanoporous inorganic materials, normally requiring several days to crystallise under solvothermal
conditions. Other advantages provided by this method are narrow particle size distributions, facile
morphology control and an efficient evaluation of the process parameters. The properties of the
obtained crystals are of the same quality as those produced by the standard solvothermal process, but
since the synthesis is much more rapid, small particles, on the order of 10-15 nm, are normally
formed. Although the microwave method usually cannot yield crystals with a size suitable for single-
crystal X-ray analysis, its homogeneous effects could create a uniform seeding condition; therefore the
size and shape of the crystals can be well controlled and the synthesis cycle can be largely shortened
for many practical applications [Ni & Masel (2006)]. For these reasons, microwave synthesis seems
very promising for the preparation of CPs, but is so far the less used method.

The richness of the possibilities of isolating new CPs prompted some authors [Stock & Bein (2003);
Stock & Bein (2004); Bauer et al. (2005); Serre et al. (2006); Forster et al. (2005)] to develop a
dedicated application of high throughput synthesis to CPs systems. This method, already employed
for zeolites, inorganic frameworks and polymers for applications in catalysis, implies four main steps: i)
set-up of the experiment; ii) synthesis; iii) characterisation and iv) data evaluation. These steps have
to be integrated in a workflow in order to reach a maximum of productivity and innovation. Since the

HT-methods produce a big amount of data in a very short time, the design of the experiment is a step



of primary importance. The number of reactions must also be minimised, by including chemical
knowledge into the set-up of the syntheses. Investigations are usually limited to some parameters,
such as composition, temperature, time and pressure. For CPs, the applications of HT methods focus
on the discovery of new compounds, the optimisation of reactions conditions (including the effect of
dilution on crystal growth), as well as the identification of reaction trends with particular attention on
the influence of pH and water content. In general, the large amount of data obtained in short time
leads to an improvement towards the understanding of the role played by the chemical parameters in
the formation of materials [Férey (2008)].

Single-crystal XRD determinations is the most suitable way to obtain information about CPs molecular
structure, but CPs not always form well-shaped crystals, suitable for this kind of analysis. Recent
advances in collimation techniques and detector technology enabled fast collection of highly
redundant data, by which it is possible to easily measure very small or unstable single-crystals.
Microcrystals can be analysed by synchrotron XRD measurements, since the synchrotron radiation
light source provides much higher resolution and counting statistics diffraction data in comparison with
the laboratory sources [Férey (2009)].

X-ray powder diffraction (XRPD), besides being widely employed in detecting and quantifying (down to
a few percents level) different crystal phases (polymorphs, salts, solvates and co-crystals), represents
nowadays a useful tool in molecular structure determination; in fact, in the last decade new
experimental and computational methods appeared, raising the so-called ab initio structural
characterisation from powder diffraction data [Masciocchi & Sironi (1997); Masciocchi & Sironi (2005)].
Moreover, using a high brilliance light source, such as the synchrotron radiation, small amounts of
samples are required, and the diffraction experiment can be performed in a very short time. Such
advantages enable the collection of good quality structural data that compare favourably with those
obtained by single-crystal XRD analysis. In addition, powder diffraction methods avoid the difficulties
related to the collapse of single crystals because of the volume change during guest adsorption and
desorption [Kubota et al. (2007)].

A successful approach, developed by Férey group and others [Mellot-Draznieks et al. (2000); Mellot-
Draznieks et al. (2002); Mellot-Draznieks & Férey (2003); Newsam et al. (1999); Schoen & Jansen
(1999); Foster et al. (2003); Li et al. (2005); Mellot-Draznieks et al. (2004)], made it possible to predict
the structures of CPs from Monte-Carlo computer simulations. This method requires the exact
knowledge of the inorganic building block within the solvothermal solution during the reaction, which
can only be obtained from in situ experiments in real time (NMR, EXAFS, synchrotron diffraction, etc.).
Once the building block is known, and being the organic linker structurally inert, it is possible to
examine all the possibilities of connection between them, rank them by decreasing energies and
extract the thermodynamically viable candidates. Their theoretical XRPD pattern is then compared to
the experimental one for identification [Férey (2009)].

Structural stability is an important factor in the evaluation of the microporous functions of CPs. There
are two types of stability: i) whether or not a framework is maintained upon removal of the guest
molecules from the micropores: ii) thermal stability - strong bonding between building blocks tends to
give a framework stable at high temperatures. XRPD and thermogravimetric (TG) measurements are

commonly used to investigate the structural stability of CPs. TG data provide information about the
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temperatures T; and T, at which guest removal and framework collapse occur, respectively, but
without giving any information on the stability of the framework upon guest removal. The XRPD
pattern of a desolvated microporous framework, obtained by heating near T; but below T, under
reduced pressure, provides information on the framework stability. Structural analysis indicates the
rigidity or flexibility of the framework, the maintenance of the crystallinity or the formation of an
amorphous phase. According to these analyses, microporous CPs are found to be thermally less
stable than inorganic materials, because CPs’ frameworks are normally built by coordination bonds,
hydrogen bonds, and weaker aromatic interactions instead of covalent bonds. Typical T, values for
this kind of framework are below 473 K, even if some CPs have a high thermal stability, where T, is
above 573 K (for example, materials with strong M™*—O™ bonds) [Noro et al. (2009)].

A further relevant CPs’ characterisation involves the adsorption of guest molecules. This adsorption is
governed both by the interactions between guest molecules and the surface, and the size and shape
of the pores, which are classified according to their size in macropores (> 500 A), mesopores (20-500
A) and micropores (5-20 A). Essentially, there is no difference between adsorption by a macropore
and adsorption on a single surface; both of them are governed by the Brunauer-Emmett-Teller (BET)
equation. The adsorption by a mesopore is dominated by capillary condensation, which is responsible
for a sharp adsorption rise around the mid-relative pressure region. This effect is not attributed to
molecule-solid interactions, but to a purely geometrical requirement, illustrated by the Kelvin equation.
Finally, the adsorption by micropores should be considered as the filling of molecules into a
microspace, where a deep potential field is generated by the overlapping of the wall potentials
[Radhakrishnan et al. (2000)]. In this case, the adsorption isotherm is characterised by a steep rise at
very low relative pressure, reaching a plateau after saturation. There are six representative adsorption
isotherms that reflect the relationship between porous structure and adsorption type [Brunauer et al.
(1940); Gregg & Sing (1984)]; three of them are shown in Figure 1.

Amount adsorbed
E—

Relative pressure ——————————

Figure 1.

Type | adsorption isotherm is characteristic of microporous adsorbents; types Il and Ill of nonporous
ones. The differences between types Il and Il result from the relative strength of fluid-solid and fluid-
fluid attractive interactions. If the fluid-solid attractive interaction is stronger than that of fluid-fluid, the
adsorption isotherm should be of type II, while the opposite situation leads to types Illl. When a
structural transformation from nonporous to microporous, which is characteristic of CPs, occurs during
the adsorption, the isotherm could be a combination of types | and Il or Ill. If many structural
transformations occur, a multistep adsorption profile would be observed.

The specific surface area is one of the most important factors for evaluating the pore capacity, and is

associated with the number of guest molecules accommodated by direct contact. In general, BET
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[Brunauer et al. (1983)] and Langmuir equations [Langmuir (1918)] are used to evaluate the specific
surface area using N, adsorption isotherms measured at 77 K. Recently, the Langmuir surface areas
attainable with CPs have increased from 500 m°g”, comparable to that of zeolites, to very large
values, 4500 [Chae et al. (2004)] and 5900 ng'1 [Férey et al. (2005)]. These values are much higher
than the ideal value of carbon materials, 2630 ng'1, which is calculated as the sum of two surfaces of
graphite planes. In the case of inorganic zeolites, the pore walls are constructed with a thickness of
several Si, O, and Al atoms; on the contrary, CPs can afford walls only one carbon atom thick, when
the wall is of 4,4’-bpy, showing that almost all the atoms constructing the pore walls can be used as a
surface [Noro et al. (2009)].

The increasing interest about CPs derives not only from their intrinsically intriguing and “beautiful”
molecular and supramolecular architectures, but also from their possible industrial applications. It is to
be pointed out that even though only a limited number of possible applications of CPs have been
discussed and proposed so far, and none have been industrially realised yet [Mueller et al. (2006);
Czaja et al. (2009)], nevertheless, CPs are out of their infancy and first products have been recently
commercialised by BASF and Aldrich under the common name of Basolite™ [Czaja et al (2009);
http://www.sigmaaldrich.com/chemistry/chemical-synthesis/metal-organic-frameworks.html].

On the other hand, a large number of academic studies have evidenced that PCPs have potential
applications in the storage of different gases. Particularly, microporous CPs are good candidates for
the storage of small molecules, such as energetically relevant gases (H,, CH, and other small
gaseous hydrocarbons, such as acetylene and ethylene). In the case of acetylene, exceptionally high
uptakes were reported by Kitagawa [Matsuda et al. (2005)], in this case exceeding the packing density
usually obtained in today’s storage devices. Particularly important is the possible H, storage, because
many governments throughout the world have the “hydrogen economy” as a stated aim for future
energy needs [Dinca et al. (2007); Murray et al. (2009); DoE
http://www.eere.energy.gov/hydrogenandfuelcells/mypp/pdfs/storage.pdf]. One of the challenges that
needs to be overcome before the hydrogen economy becomes a reality is how to store hydrogen
safely and economically, and CPs seem to be promising for this purpose. Actually, CP-storage for
hydrogen works fully reversibly, avoids complicated heat treatments, and recharging proceeds within
seconds or minutes [Férey et al. (2003); Férey et al. (2004); Serre et al (2004); Mueller et al. (2005);
Matsuda et al. (2005); Rowsell & Yaghi (2005); Chen et al. (2005); Wong-Foy et al. (2006)].

In this context, it is noteworthy that inelastic neutron scattering studies are used to spectroscopically
investigate the Ho-framework interaction. This technique provides a sensitive probe of the adsorption
sites for molecular H,. Neutrons are the ideal scattering probe for such experiments, because X-rays
are not sensitive to the low electron density of hydrogen atoms. Based on the accumulated
crystallographic and adsorption data of PCPs, computational modelling studies of small-molecule
adsorption have been performed, an approach that is common in carbon and inorganic materials
chemistry [Kaneko et al. (1994); Setoyama et al. (1998); Anderson et al. (1999); MacKinnon et al.
(2001); Okhubo et al. (2002); Clark et al. (2005)].

PCPs can be potentially utilised in gas separation processes, and in this context an important

application is the sorption of environmental important species (NO, CO and CO,). The adsorption of
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CO, by using PCPs is particularly interesting due to the awareness of global warming [Walton et al.
(2008); Bae et al. (2008); Willans et al. (2009)].

PCPs are relevant also in the purification of gases, i.e. to remove ppm-traces of sulphur components
from various gases. In particular, PCPs with accessible open metal sites are well suited to chemisorb,
besides sulphur compounds, other electron-rich odour-generating molecules, such as amines and
phosphines.

Finally, PCPs can be employed in heterogeneous catalysis. Their most remarkable characteristic is
the lack of non-accessible bulk volume. Moreover, due to the very open architecture, the self diffusion
coefficients of molecules in the pores are only slightly lower than in the bulk solvent. This means that
mass transport in the pore system is not hindered. In addition, the ordered structure offers the
opportunity to spatially separate active centres. As a result of their high surface areas, PCP-based
catalysts contain a very high density of fully exposed active sites per volume. This characteristic
results in enhanced activity, and thus a more effective catalytic system [Seo et al. (2000); Pan et al.
(2003); Wu et al. (2005); Uemura et al. (2006); Uemura & Kitagawa (2009)].
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Synthesis of Polynucleating Nitrogen Ligands

As already mentioned in the Introduction, the use of suitably designed polytopic ligands may
contribute to reduce the uncertainty intrinsically present in the obtaining of CPs having useful
functional properties. For this reason, the preparation of such ligands continues to be an interesting
challenge for chemists. During the first year of my PhD studies, two different families of new potentially
polynucleating ligands were synthesised and fully characterised. Both classes possess nitrogen
containing bonding moieties, such as pyrazole and its derivatives, connected to different spacers.

The first class is composed by ligands based on oxalate/malonate skeleton, while the second is

formed by ligands based on the 1,3,5-triazine moiety.

Ligands based on oxalate/malonate skeleton and azolate moieties

We synthesised and characterised a series of diamidic ligands based on the rigid (oxalyl) or more
flexible (malonyl) spacers and on different azolate moieties. These heteropolytopic oxalyl and malonyl
diamidic ligands, derived from 1H-pyrazole, 3,5-dimethyl-1H-pyrazole, 1H-indazole and 1H-1,2,3-
benzotriazole (see Chart 2), have been synthesised by reaction of the corresponding azole with
oxalyldichloride and carbon suboxide, respectively, and fully characterised by elemental analyses, IR
and NMR ('H, ®C). Moreover, for the pyrazole (a and e) and the benzotriazole (¢ and g) derivatives, it

was also possible to get crystals suitable for an X-ray crystal structure determination.
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Chart 2.

Compounds a-h were also tested in coordination reactions with Cu" e Ag"” compounds in protic
solvents (H.O, EtOH), but preliminary results indicate that these ligands undergo relatively easy

hydrolysis. All the obtained results have been published recently [Garau et al., in the press].

Ligands based on the 1,3,5-triazine spacer

The second class of ligands we synthesised is based on the 1,3,5-triazine (also known as s-
triazine) spacer, which possesses interesting electronic and steric properties [Smolin & Rapoport
(1959); Mooibroek & Gamez (2007)]. s-Triazine derivatives have found useful applications in
disparate fields, from analytical chemistry [Brickner & Wachsmann (2003); Maekewa et al.
(2004)] to electrochemistry [de la Hoz et al. (2001)]. Recently, s-triazine derivatives have been
employed as templates in crystal engineering [Bernhardt & Hayes (1998); Prins et al. (2002)] and
some ligands having the s-triazine ring as spacer have been synthesised in the last years [Gelling
et al. (1997); Elguero et al. (2001); Milata et al. (2001); de Hoog et al. (2002); Gamez et al.
(2002); Claramunt et al. (2003); Maekewa et al. (2004); Gamez & Reedijk (2006); Mooibroek &

Gamez (2007)]. Furthermore, s-triazine ring is intrinsically able to form strong, directional H-bonds
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[Zerkowski et al. (1994); Archer et al. (2000); Archer et al. (2001); Archer et al. (2002)], and this
particularity has been exploited in the formation of numerous supramolecular networks, ranging
from 1D or 2D polymers, to linear tapes, crinkled tapes, rosettes, etc [Kazuo et al. (1979);
Whitesides et al. (1991); Prins et al. (2001); Glaser et al. (2005); Casarin et al. (2008) (a).].

Generally speaking, 2,4,6-trichloro-1,3,5-triazine, also known as cyanuric chloride, is largely used
as starting material to easily synthesise important symmetrically or asymmetrically substituted
derivatives, mainly thanks to the fact that chloride ions can be selectively substituted by almost
any nucleophilic species, following the Moffat’s rule [Cuthberson & Moffat (1948)], sketched in

Scheme 2.
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Scheme 2.

Thus, we synthesised and characterised some potentially polynucleating ligands based on the s-
triazine skeleton, bearing bonding fragments such as pyrazole, trispyrazolylmetane, and 1,2-
diamine-ethane. Specifically, the compounds we prepared are 2-amino-4-chloro-6(1H-pyrazol-1-
yl)-1,3,5-triazine, i, 2-chloro-4,6-di(1H-pyrazol-1-yl)-1,3,5-triazine, j, N,N'-bis(4,6-di(1H-pyrazol-1-
yl)-1,3,5-triazin-2-yl)ethane-1,2-diamine, k, 2,4,6-tris(tri(1H-pyrazol-1-yl)methyl)-1,3,5-triazine, |,
and 2,4,6-tris(2,2,2-tri(1H-pyrazol-1-yl)ethoxy)-1,3,5-triazine, m (see Chart 3).

Chart 3.

Compound i has been prepared by refluxing 2-amino-4,6-dichloro-1,3,5-triazine with an excess of
pyrazole in dioxane for 10 h. Workup of the obtained mixture gave ca. 20% of 2-amino-4,6-di(1H-
pyrazol-1-yl)-1,3,5-triazine and ca. 80% of i. Recrystallisation from MeOH gave pure crystals of i
which were used for a single crystal XRD structural determination and 'H, °C and "N NMR

measurements. The non-equivalence of the —NH, hydrogens evidences the iminium character of
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this moiety. Compound i, exploiting strong H-bonds, self-assembles generating supramolecular
linear tapes. Some theoretical DFT calculations at the PBE level were performed, and the results
are in good agreement with experimental solid state and solution data. All the obtained results
have been published [Casarin et al. (2008) (a)].

Compound j, 2-chloro-4,6-di(1H-pyrazol-1-yl)-1,3,5-triazine, has been obtained in a relatively high
yield by reacting cyanuric chloride with two equivalents of pyrazole (and two equivalent of DIPEA)
in toluene at rt. Standard analytical procedures have been used to characterise j, and all data
validate the structure proposed in Chart 3. In particular, the most abundant signal of the ESI-MS
spectrum corresponds to the protonated molecular fragment, and multinuclear NMR data fall in
the range normally found for related derivatives [Casarin et al. (2008) (a)].

Compound j was employed as starting material in the synthesis of k, N,N'-bis(4,6-di(1H-pyrazol-1-
yl)-1,3,5-triazin-2-yl)ethane-1,2-diamine, by reacting it with ethylenediamine in 2:1 ratio.
Interestingly, compound k was also obtained by treating the product of the reaction between 2
moles of cyanuric chloride and one mole of ethylenediamine with four moles of sodium pyrazolate.
We were unable to obtain crystals of k suitable for an X-ray crystal structure determination, but all
the characterisations converge toward the structure shown in Chart 3. Particularly, the most
intense ESI-MS signals correspond to the molecular ion or its dimer, being the positive charge
supplied by H" or Na*. Also multinuclear NMR data concerning the bis-pyrazolyl-triazine moieties
give useful information on the structure. Particularly, the duplications of the signals of Hz, H4, and
Hs indicate the non-equivalence of the two pyrazolyl moieties due to the hampered rotation
around the C—NH bonds, analogously to what previously observed in the case of compound i
[Casarin et al. (2008) (a)].

N k =
H5
Y m
~
N
\ /
Chart 4.

Compound I, 2,4,6-tris(tri(1H-pyrazol-1-yl)methyl)-1,3,5-triazine, was synthesised by exploiting the
acidity of the methyne hydrogen of trispyrazolylmethane (TPM). Specifically, three equivalents of
the anion of TPM, obtained by deprotonation with n-BuLi, were reacted with cyanuric chloride, and
workup gave I, which was recrystallised from acetone yielding crystal suitable for an X-ray crystal

structure determination. In Figure 2 is reported the molecular structure of I.
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Figure 2. Molecular structure of I.

The crystal packing of I (Figure 3) shows how molecules fit together in the solid state, evidencing
also that there are no relevant supramolecular interactions among different units, being the overall
packing dictated only by dispersion forces.

Figure 3. Capped stick representation of the crystal packing of | viewed along the crystallographic a axis (left) and
space-filling view evidencing small, irregular, channels running parallel to the crystallographic a axis (right).

Spectroscopic data are in agreement with the above reported structural feature. Particularly,
multinuclear NMR and IR spectra concerning the trispyrazolyl moieties of compound | show
values falling in the ranges of trispyrazolylmetane [McLauchlan et al. (2004)].

Analogously to I, compound m, 2,4,6-tris(2,2,2-tri(1H-pyrazol-1-yl)ethoxy)-1,3,5-triazine, was
obtained by exploiting the acidity of the hydroxylic hydrogen of 2,2,2-tris(1H-pyrazol-1-yl)ethanol
(TPEtOH), which was first deprotonated with MelLi and then treated with cyanuric chloride.
Unfortunately, we were unable to obtain crystals of m suitable for an XRD crystal structure
determination, but elemental analysis, ESI-MS and multinuclear NMR data are in agreement with
the structure proposed in Chart 3. In particular, NMR signals are very similar to the corresponding
values of I, and signals due to the CH,O fragments are also evident. Furthermore, the most
relevant signal in the ESI-MS spectrum, at m/z 830.8, corresponds to the molecular fragment plus
a sodium ion [CsgH33N»:O3 + Na]*. Another important signal at m/z 227.3 is due to the triply
charged species [C3sH33N21O03 + 2H + Na]3+, while the only signal coming from a decomposition
process (m/z 740.8) is present in a quite low abundance (18%) and corresponds to the loss of a
negative pyrazolate fragment from the molecular ion, [C3sH33N21O5 - pz]”.

Structural and spectroscopic data suggest that compounds | and m exist in solution as isolated
molecules, and we expected that their reactivity in solution towards metal centres was strictly
related to that of TPM. In particular, compound | is quite stable (solutions in acetone or DCM
remain unchanged for weeks) thus we reacted | with three equivalents of different metal ions,

namely Cu', zn™, Ru", and Ag", and the reactions were carried out in the air using commercial,
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not anhydrous, solvents. Quite surprisingly, in all the cases the ligand underwent C-C hydrolysis
and the formation of metal complexes having coordinated TPM was observed. In detail, the
reaction with Ag(CF3SO3;) and with Cu(NO3).-2.5H,O vyielded the already known derivatives
[{Ag(TPM)},](CF3SO03),, 1, [Reger et al. (2006)], and [Cu(TPM),](NOs),, I, [Astley et al. (1993)],
respectively, while the reactions of Zn(CF3SO;3), and [{RuCl(p-cymene)},] with | led to the
formation of the new compounds [Zn(TPM),](CF3SOs),, I, and [Ru(p-cymene)
(TPM)](CI)(OH)-2H,0, l4, respectively.

The IR spectra of compounds I, and l4 show all the expected bands of the TPM ligand; also the 'H
NMR spectra confirm the breaking of | upon interaction with metals.

The structures of l,-4 were ascertained also through XRD determinations. Particularly, the X-ray
crystal structure of compound l¢, [Zn(TPM),](CF3SQs),, limited to the di-cationic moiety is shown

in Figure 4.

Figure 4. X-ray crystal structure of the di-cationic moiety [Zn(TPM),]*".

Two TPM molecules are coordinated to the Zn ion, which seats in an inversion centre. Each TPM
methyne carbon atom shows an almost regular tetrahedral environment, while the coordination
around the metal ion is represented by a distorted octahedron. The triflate ions, omitted in Figure
4, have a quite regular geometry, and are not involved in the coordination to the metal. On the
other hand, it is quite complicate to describe the position of these anions in the whole crystal
structure. As a matter of fact, it appears that ten triflate anions surround the [Zn(TPM)2]2+ moiety
(see Figure 5) and are all involved in more or less weak “nhon-conventional” H-bonds, all of the
type O---H-C.

Figure 5. Arbitrary view of [Zn(TPM),]** of I, surrounded by ten triflate ions interacting with it through H-bonds (red dotted lines).

The overall result of these interactions is the formation of a 3D supramolecular network that, as
shown in Figure 6, presents small irregular channels having dimensions of about 2.7 x 1 A?

(taking into account the vdW radii), running parallel to the crystallographic a axis.
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Figure 6. Crystal packing of I viewed down the crystallographic a axis. The partial spacefill representation evidences the small
channels running parallel to the same axis.

In  Figure 7 is sketched the X-ray crystal structure of compound g,
[Ru(TPM)(cymene)](Cl)(OH)-2H,O. The most evident feature in lg is that the double positive
charge of Ru" is balanced by a CI" and an OH’ ions, instead of the two chlorides as in the starting

material. Moreover, both CI" and OH" do not appear to be coordinated to the metal centre.

Figure 7. X-ray crystal structure of [Ru(TPM)(cymene)]CI(OH)-2H.0.

In the cationic fragment, TPM acts in a tridentate coordination and also the n°-cymene
coordinates to Ru"” in an almost identical way as observed in other cases [Astley et al. (1993);
Reger et al. (2006)], and these structural features do not deserve further particular description.

At the moment we set aside the study of the coordination properties of our ligands to transition
metal ions, and focused our attention on the understanding of the decomposition mechanism of |
upon treatment with transition metal compounds. In order to achieve this goal, first of all we
started studying the binding capability of TPM towards Cu" and Ag" ions. DFT has been used to
look into the electronic structure of [M(TPM)]" molecular ion conformers (M = Cu, Ag) and to study
the energetics of their interconversion. Theoretical data pertaining to the free TPM state the
intrinsic instability of its k>-like conformation, thus indicating that, even though frequently
observed, the k*-tripodal coordinative mode is unlikely to be directly achieved through the
interaction of M with the k*-like TPM conformer. It was also found that the energy barrier for the
K- [M(TPM)]* — K>-[M(TPM)]* conversion is negligible. As far as the bonding scheme is
concerned, the TPM — M donation, both ¢ and m in character, is the main source of the M"—
TPM bonding, whereas back-donation from completely occupied M" d orbitals into TPM-based m*
levels plays a negligible role [Casarin et al. (2008) (b); Casarin et al. (2009)]. We recently adopted
a similar theoretical approach to better understand the decomposition of the diamidic ligands a-h

in protic conditions.
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Synthesis of new Trinuclear Triangular Cu™ Coordination Polymers

The research group where | performed my PhD studies is interested in the synthesis and
characterisation of CPs. As already mentioned in the Introduction, these compounds are infinite
systems built up with metal ions and organic ligands as main elementary units, connected via
coordination bonds and other relatively weak interactions. CPs are promising as materials for
applications in gas storage and anion exchange, catalysis, conductivity, luminescence, chirality,
magnetism, spin transition behaviour, NLO, deposition of thin films, etc.

As already discussed in the previous chapters, the synthetic approach for the preparation of CPs is
the “copolymerisation” of transition metal ions and polytopic organic linkers. Sometimes, the assembly
of these building blocks leads first to the formation of mono- or polynuclear metal-organic clusters,
named SBU, which may assemble to give the polymeric structure.

In the laboratory where | performed my PhD studies, some new trinuclear triangular
copper(ll)/pyrazolate/carboxylate CPs (compounds 1-4 in Chart 5) were synthesised and fully
characterised [Casarin et al. (2004); Casarin et al. (2005); Di Nicola et al. (2007) (a)]. These trinuclear
complexes can be easily obtained by reacting copper(ll) carboxylates with pyrazole (Hpz) in
hydroalcoholic solvents®. The basic carboxylate ions deprotonate water and Hpz, producing OH™ and
pz ions, which build, together with the Cu" ions, the s-OH capped nine-membered ring sketched in
Chart 5. Following this protocol, we were able to synthesise new trinuclear triangular cu® cPs (both
from saturated and unsaturated carboxylates), which were fully characterised, and the obtained data
have been published recently [Garau et al. (2008); Di Nicola et al. (2009); Contaldi et al. (2009)].

H>0, MeOH or EtOH

3Cu(RCOO), + aHpz + H0 [Cug(ug-OH)(u-pz)3(RCOO),L,LY,] + 4 RCOOH
1-10
1 R=-H, a=5, L=Hpz, x=2, y=0; @ &
2 R=-CHz, a=4, L=Hpz, x=1,y=0; N—N
3 R=-CHyCH;, a=3, L=EtOH, x=1,y=0; Cu/ H \Cu
4 R=-CHyCHyCH;z, a=3, L=MeOH, L'=H,0, x=y =1 N/ o7 N
5 R=-CH,CH,CH,CH3, a=3, L=H,0, x=1, y=0; E/\N*“’“’N ‘
6 R=-CH,CHaCHaCHoCHs, a=3, L=EtOH, x=1, y=0; < \
7 R=-CHyCHaCHCH,CHyCHs, a=3, L=EtOH, x=1, y = 0; )
8 R=-CH=CHp a=3,L=H0,L'=Hpz,x=2,y=1; o2y
9 R =-CH=CH,, a=3,L=MeOH,x=1,y =0; Cu~Cu ca. 3.3 A
10 R =-C(CH3)=CHpy, a=3,x=y=0. 0O-+Cu3 plane ca. 0.5 A
Chart 5.

These trinuclear compounds have the general formulation [Cus(us-OH)(u-pz);(RCOO),L,L',] [R = -H,
—CHj;, -CH,CH3, —(CHy)>CHj, —(CH,)3CH3;, —CH>CH(CH3)CH3, —(CH,)4CH3, —(CH,)sCH3, —CH=CH,,
—CH(CH3)=CHa; L, L’ = Hpz, H.O, MeOH, EtOH], and all of them are characterised by the presence of
the [Cu3,(/,/3,-OH)(u-pz)3,]2+ moiety, whose positive charge is balanced by two carboxylate ions
coordinated to Cu"; most importantly, the trinuclear clusters 1-10 act as SBUs and self-assemble in
the solid state leading to the formation of 1D, 2D or 3D CPs [Casarin et al. (2004); Casarin et al.
(2005); Di Nicola et al. (2007) (a); Di Nicola et al. (2009); Contaldi et al. (2009)].

*Incidentally, the reaction conditions result of paramount importance to direct the synthesis toward the obtaining of the trinuclear
derivatives, as proved by the fact that if the above indicated reactions are carried out in MeCN, instead of hydroalcoholic
solvents, the 1D CP [Cu(u-pz).]n, presenting interesting solvatochromic properties was obtained [Cingolani et al. (2005); Bencini
et al. (2009)].
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The reactivity of the trinuclear moiety toward H* was checked by reacting the 2D CP [Cus(us-OH)(u-
pz)3(CH3COO0),(Hpz)], 2, with aqueous HCI. The reaction gave two hexanuclear and a heptanuclear
cluster, the latter self-assembling through CI bridges to form a PCP having hexagonal channels with a
free diameter of ca. 4 A [Casarin et al. (2007) (a); Di Nicola et al. (2007) (b); Di Nicola et al. (2008)].

These results prompted us to extend our studies to the reaction of 2 with other strong acidic species,
namely H,SO,, H3;PO,4, HCIO,, HNO3;, CF;COOH and CF3SO3H. These reactions generated a wide

variety of mono-, tri- and hexanuclear compounds, as well as some CPs.
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Reactions of [Cus(us-OH)(u-pz)3(CH3COO0)2(Hpz)], 2, with strong acids

The reactions with strong acids broke the supramolecular assembly of 2, most probably through the H*
attack to the electrophilic acetate centres, yielding acetic acid. Moreover, analogously to what found in
the reaction with HCI [Casarin et al. (2007) (a)] a partial breaking of the nine-membered ring, followed
by rearrangements, was also observed. Actually, through fractional crystallisation of the obtained
solutions, it was possible to isolate and characterise numerous different crystalline derivatives. Single
crystal XRD determinations revealed that, in some cases, the trinuclear [Cus(us-OH)(u-pz)s]®* fragment
was maintained, but also mononuclear complexes formed. Moreover, supramolecular unprecedented

assemblies were observed. The results obtained in the reactions of 2 with the above mentioned strong
acids are summarised in Chart 6.

mononuclear, CuPhosph CuPhosph: [Cu(HaPO4)2(Hpz)4]
) CuPerchl: [Cu(CIO,)x(Hpz)4]
trinuclear, Cu3Sulf H3PO, mononuclear, CuPerchl
mononuclear, CuSulf HCIO hexanuclear, Cu6Perchl Cu6Perchl:  [{Cus(ua-OH)(1-pz)3(ClO4)(Hpz)s}a(tz-ClO4).]
4
\ e / CuNitr: [Cu(NOg)z(Hp2).]
H,SO, <: N-N itr:
N H Py ;: CuNitr: [Cug(ug-OH)(u-pz)3(NO3)(1s-NO3)(Hpz).]
\ /
[// \ CubNitr: [{Cug(us-OH)(1-pz)3(NO3)(Hpz)s}a(12-NO3).]
N— c
CF;3S03H B \J HNO, CuTFAc1: [Cu(CF3COO0)y(Hpz)4]
trinuclear, Cu3TFL / \c/ \ trinuclear, Cu3Nitr CuTFAc2: [Cu(CF3COO0),(Hpz)s]
hexanuclear, Cu6TFL | hexanuclear, CubNitr
mononuclear, CuTFL ""; mononuclear, CuNitr Cu3TFAc: [Cus(pg-OH)(k-pz)3(CF3CO0)2(Hpz)o]
CuTFL: [Cu(CF3SO3H)2(Hpz)4]
\°F3°°°” CUBTFL: [Cug(g-OH)(1-p2)5(CFaSOs)o(Hp2)s HzO

CubTFL: [{Cug(ps-OH)(n-pz)3(Hpz)3}{Cus(is-O) (1-pz)3(Hpz)a}](CF3SO3)3
trinuclear, Cu3TFAc

mononuclear, CuTFAc1 CuSulf:  [Cu(SO4)(Hpz)H-0

mononuclear, CuTFAc2 Cu3Sulf: [Cus(us-OH)(u-p2)(SOs) (Hpz)s]HzO

Chart 6.

Besides single-crystal XRD determinations, other characterisations were carried out on the obtained
compounds, giving results in complete agreement with the XRD data. As an example, UV-Vis spectra
of the mononuclear (CuSulf, CuPhosph, CuPerchl, CuTFAc1, CuTFAc2 and CUuTFL, Figure 8, left)
and trinuclear or hexanuclear (Cu3Sulf, Cu3TFAc, and Cu3TFL, Cu6Perchl, Figure 8, right)

compounds have different typical patterns, which make it possible to distinguish between the two
structural features.
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Figure 8. Solution electronic spectra of mononuclear (left) and trinuclear/hexanuclear (right) compounds.

27



In fact, while in the case of the mononuclear derivatives the maxima of the signals are in the range
708-720 nm, the spectra of the trinuclear triangular derivatives display a broad band having a
maximum in the range ca. 630-670 nm.

Also the ESI-MS characterisations are in agreement with the trinuclear (Cu3Sulf, Cu3TFAc and
Cu3TFL) or mononuclear (CuPhosph and CuTFAc1) structures. The most relevant signals are

summarised in Table 1.

Table 1. Most relevant signals in ESI-MS spectra of compounds Cu3Sulf, CuPhosph, Cu3TFAc, CuTFAc1 and Cu3TFL.

Compound Signal® R.AP Assignments
199.0 50 Cu”H "
Cusulf [Cu™(Hpz).]
623.8 100 [Cus(OH)(pz)s(SO4)(Hpz)(MeOH)(H,0)+H]*
c 69.2 100 [Hpz+H]*
CuPhosph
296.0 45 [Cu(H-PO4)(Hp2z)2]"
604.2 73 [Cus(OH)(pz)s(CF3CO0)(MeOH)»(H-0)]*
Cu3TFAc 636.3 26 [Cus(OH)(pz)3(CF3CO0)+H]*
672.3 100 [Cus(OH)(pz)s(CF3COO0)(Hpz)(MeOH),(H-0)]*
199.0 50 Cu”H "
CuTFAct [ou™Apz)]
312.0 100 [Cu(CF;CO0)(Hpz),]*
625.8 32 [Cus(OH)(pz)s(CF3S0s)(Hpz)*
Cu3TFL 707.8 100 [Cus(OH)(pz)s(CF3S0s)(Hpz)(MeOH)2(H:0)1*
740.3 21 [Cus(OH)(pz)3(CF3S03)2(MeOH)+H]*

? Values corresponding to the higher signals of the isotopic clusters. All isotopic clusters fit satisfactorily with calculated ones
[Senko (1994)].

® Relative Abundance of the higher signal of the isotopic cluster.

¢ Spectrum data obtained in water solution

The most intense signal of the ESI-MS spectra of Cu3Sulf, Cu3TFAc and Cu3TFL corresponds to
trinuclear clusters. Other trinuclear-based signals are also present, while no hexanuclear clusters have
been found. Interestingly, signals suggesting the reduction of cu™ to cu" in the employed condition
are often detected. Even though the ESI-MS data cannot be considered an exhaustive proof of the
presence of trinuclear clusters in the solid state, nevertheless they offer a great suggestion for this
feature, also taking into account that the positive ESI-MS of the mononuclear species (CuPhosph and
CuTFAc1) show a completely different pattern.

The analysis of the room temperature magnetic susceptibility measurements shows some differences
among the trinuclear-based derivatives. In compound Cu3Sulf, the 2.603 BM value, calculated for a
trinuclear unit, is a little bit larger than that found in strictly related trinuclear-based polymeric species
[Casarin et al. (2004); Casarin et al. (2005); Di Nicola et al. (2007) (a); Di Nicola et al. (2009); Contaldi
et al. (2009)], but is smaller than the value expected for three independent Cu" ions, thus indicating
that some kind of exchange coupling operates. Analogously, this exchange is much more evident in
the hexanuclear complex Cu6Perchl, being the room temperature magnetic susceptibility value of
3.18 BM, calculated for the hexanuclear formulation of Cu6Perchl, much smaller than that expected
for six independent copper(ll) moieties. The mononuclear complexes of formula [Cu(X).(Hpz)],
CuPhosph, CuPerchl and CuTFAc1 have magnetic moments close to the spin-only value for an S =
1/2 system (1.73 BM at room temperature). On the other hand, it is interesting to evidence a
significant difference between the first two mononuclear complexes (CuPhosph and CuPerchl) and
the species CuTFAc1. The observed value for CuTFAc1, 1.63 BM, is somewhat less than the spin-
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only value expected for a magnetically isolated cu® system [Hathaway (1984)], suggesting the
presence of weak intermolecular interactions, possibly involving a H-bonding network [Hathaway
(1973)].

The molecular structures of the obtained compounds, determined through single-crystal XRD
measurements, revealed interesting features.

The reaction of 2 with H,SO, produced the trinuclear derivative [Cus(us-OH)(u-pz)3(SO4)(Hpz)s]-H20,
Cu3Sulf, (Figure 9, left) which behaves as a SBU, forming a 1D CP running along the crystallographic
a axis, where SO42' bridges two trinuclear unit (Figure 9, right).

Figure 9. Asymmetric unit (left) of Cu3Sulf, assembling through SO.* bridges, giving a 1D CP (right).

A series of H-bonds are also evident; besides the interaction between the p3-OH and the crystallisation
water molecule, other three “intramolecular” interactions involving the NH groups of the coordinated
pyrazoles with O(4), O(3) and O(5) (blue dotted lines in Figure 9, right) have to be mentioned.
Moreover, the 1D CP is further stabilized by an “intermolecular” H-bond involving O(2) and N(10)H(10)
of an adjacent trinuclear unit (red dotted lines in Figure 9, right).

Besides Cu3Sulf, from the reaction of 2 with H,SO, it was possible to isolate also the mononuclear
species [Cu(SO,)(Hpz)4]-H.O, CuSulf, previously obtained through a completely different procedure
[Shen et al. (2004)].

The reaction of 2 with H3PO, produced, besides an unidentified light-blue solid (whose elemental
analysis revealed the absence of organic fragments), the blue crystalline mononuclear complex
[Cu(H2PO,)2(Hpz)4], CuPhosph, whose molecular structure is shown in Figure 10.

Figure 10. Molecular structure of CuPhosph.

The copper ion shows an almost regular octahedral coordination, where the dihydrogen phosphate

ions occupy the axial sites. A strong “intramolecular” H-bond involves O(2) and N(2)H(2) (blue dotted
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line in Figure 11). Each mononuclear unit is connected to other two identical units by two couples of
identical H-bonds involving dihydrogen phosphate, forming 1D supramolecular networks, which then

assemble in a 2D supramolecular network through quite strong “intermolecular” H-bonds (Figure 11).

Figure 11. 2D supramolecular assembly of CuPhosph.

Another mononuclear complex, [Cu(ClO4)2(Hpz)4], CuPerchl, has been obtained in the reaction of 2
with HCIO,. lts molecular structure is reported in Figure 12, where the octahedral coordination is

evident, being the perchlorate ions in the axial positions.

Figure 12. Molecular structure of CuPerchl.

The octahedral geometry is slightly distorted, and also the Cu-N distances are not identical, maybe
due to the different kind of “intramolecular” H-bonds formed by NH with perchlorate oxygens, sketched
in Figure 13. Actually, N(2)H(2) weakly interacts both with O(1) and with O(2), while N(4)H(4) interacts
only with O(1).

Figure 13. Schematic representation of the intramolecular H-bonds in CuPerchl.

The perchlorate oxygens O(3) are involved in weak “intermolecular” H-bonds with N(4)(H4A) of
another adjacent molecules (red dotted lines in Figure 14, left), which generate a supramolecular 1D
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network. Other weaker, non-conventional H-bonds contribute to assemble these linear polymers in an
extended 2D network. A space-filling representation evidences, in the crystal packing, the presence of
very small channels running along the crystallographic b axis (Figure 14, right).

Figure 14. The asymmetric units of CuPerchl assemble through intermolecular H-bonds, leading to the formation of a 1D
CP (left); space-filling representation of the crystal packing of CuPerchl evidencing the presence of very small channels
running along the crystallographic b axis (right).

The reaction of 2 with HCIO, generated also a hexanuclear derivative [{Cus(us-OH)(u-
pz)3(ClO4)(Hpz)a}2(u2-ClO4).], CubPerchl, whose crystal structure is shown in Figure 15. Compound
CubPerchl is formed by two trinuclear triangular {Cus(us-OH)(u-pz)3(ClO,)(Hpz)s} units which are
connected by two bridging perchlorates, with an inversion centre in the middle of the segment joining

the hydrogens of the two u3-OH groups, which are faced each-other (Figure 15).

Figure 15. Molecular structure of CuéPerchl.

Each trinuclear unit is capped, on the opposite side of ys;-OH, by a perchlorate ion which binds the
three copper ions almost symmetrically, and each copper ion coordinates also a neutral pyrazole. The
two trinuclear units are parallel (distance about 6.9 A) and the bridging perchlorates act as bidentate
ligands coordinating Cu(1) and Cu(2), thus forming a macrocycle. In Cu6Perchl it is possible to detect
some “intramolecular” H-bonds, which contribute to reinforce the hexanuclear assembly. In particular,
the oxygens of each bridging perchlorate are involved in two relatively strong interactions, between
O(6) and u3-OH and O(9) with the NH of pyrazole coordinated to the Cu(1) of the other trinuclear unit,
and in a weaker one between O(7) and the NH of pyrazole coordinated to the Cu(2) of the same
trinuclear unit. Also the capping us-ClO, is involved in a H-bond between O(4) and NH of pyrazole
coordinated to Cu(3) (Figure 16, right). The hexanuclear units also participate to “intermolecular”
weak, non conventional, H-bonds, which generate 2D networks, parallel to the crystallographic ac
plane (Figure 16, left).
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Figure 16. Schematic representation of the intramolecular H-bonds in Cu6Perchl (left); “intermolecular” weak, non
conventional, H-bonds generating 2D networks, parallel to the crystallographic ac plane (right).

The reaction of 2 with HNOj; yielded three different derivatives which were previously obtained,
according to completely different procedures. In particular, it was possible to obtain the 1D CP [Cuz(us-
OH)(u-pz)3(NO3)(us-NO3)(Hpz)2], Cu3Nitr, where a NO; ion bridges two trinuclear SBUs [Hulsbergen
et al. (1983)] and a hexanuclear assembly, [{Cus(uz-OH)(u-pz)3(NO3)(Hpz)s}o(ua-NO3),], CubNitr
[Sakai et al. (1996)], whose structure is closely related to that of another hexanuclear derivative,
[{Cus(us-OH)(u-pz)3(Cl)(Hpz)s}2(u2-Cl)2]-H20O, previously obtained in the reaction of 2 with aqueous HCI
[Casarin et al. (2007) (a)]. Finally, a mononuclear derivative, [Cu(NO3)>(Hpz),4], CuNitr [Sakai et al.
(1996)], was also obtained. CuNitr self-assembles in a 1D supramolecular network through H-bonds
involving oxygens and NH pertaining to a different unit, while the crystal packing of Cu6Nitr reveals
that this clusters assemble analogously to [{Cus(us-OH)(u-pz)s(Cl)(Hpz)s}e(ue-Cl)o]-HoO [Casarin et al.
(2007) (a)] forming hexagonal free channels (1.33 x 1.9 A?, taking into account the vdW radii), running
along the crystallographic ¢ axis (Figure 17).

Figure 17. Capped-stick (left) and space-filling (right) representation of Cu6Nitr crystal packing evidencing small hexagonal
channels running parallel to the c axis

The reaction of 2 with CF;COOH led to the formation of one trinuclear and two mononuclear
derivatives. The structure of the trinuclear compound [Cus(us-OH)(u-pz)3(CF3COO0).(Hpz),], Cu3TFAc,
is shown in Figure 18.
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Figure 18. Molecular structure of Cu3TFAc.

The u3-OH is placed on the opposite site with respect to one CF;COO " ion, which almost symmetrically
caps Cu(1) and Cu(2). Each of the latter Cu ions coordinates also a neutral pyrazole, while Cu(3)
coordinates the second CF3;COQO  ion in a monodentate fashion. In the trinuclear unit it is possible to
distinguish two “intramolecular” H-bonds involving O(2) and O(3) of the capping CF;COO" ion and the
NH of pyrazoles coordinated to Cu(2) and Cu(1), respectively (see Figure 19).

Figure 19. Schematic representation of the intramolecular H-bonds in Cu3TFAc.

Moreover, in Cu3TFAc also weak, non-conventional, “intermolecular” H-bonds can be detected, which

are responsible for the formation of a supramolecular network, partly depicted in Figure 20 (left).

Figure 20. Schematic representation of the intermolecular H-bonds in Cu3TFAc (left); partial representation of the
supramolecular network of Cu3TFAc (right).

In particular, each trinuclear unit weakly interacts symmetrically with another one in two different ways,
involving O(5) and C(10)H(10) of another unit, while O(1)H(1) has a m-interaction with the aromatic
pyrazolate ring of the other unit. These hexanuclear aggregates generate a 1D supramolecular
network, running down the crystallographic a axis, thanks to weak H-bonds between F(3) and
C(3)H(3) of other units (Figure 20, right). Moreover, the crystal packing evidences the formation of a

2D supramolecular network, developing down the crystallographic a axis and perpendicular to the bc

33



plane, which is sustained by weak H-bonds between F(2) and H(8"™) of an adjacent unit of a parallel
1D chain and viceversa. Thus, in the crystal packing of Cu3TFAc it is possible to observe the
presence of small, irregular channels having free dimension of about 2.4 x 1.6 A? (Figure 21).

Figure 21. Space-filling representation of Cu3TFAc crystal packing, evidencing small channels.

From the mother liquors of compound Cu3TFAc it was possible to separate also two different
mononuclear complexes. The first one, [Cu(CF3;COQ),(Hpz)s], CuTFAc1, has been previously
obtained through a completely different procedure, but it was only partly characterised [Kagane et al.
(1992)]. Its crystal structure evidences that the Cu" ion has a quite distorted octahedral coordination,

with the four pyrazoles as equatorial ligands, as evidenced in Figure 22.
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Figure 22. Molecular structure of CuTFAc1.

Four “intramolecular” H-bonds, involving pyrazoles NH and carboxylates oxygens are present (Figure

23).

Figure 23. Schematic representation of the intramolecular H-bonds in CuTFAc1.

Weak, non-conventional, “intermolecular” interactions involve O(4) and H(9)C(9) of a second unit
generating dinuclear assemblies, (Figure 24, left), which further pack in parallel rows lying in the
crystallographic bc plane (Figure 24, right).
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Figure 24. Schematic representation of the intermolacular H-bonds in CuTFAc1 (left), leading to the formation of rows lying
in the same plane (right).

From the reaction of 2 with CF;COOH another mononuclear derivative [Cu(CF3;COO),(Hpz)],
CuTFAc2, was obtained. It is noteworthy that this latter compound was the only product obtained in
the reaction between Cu(CF3;COQ), and Hpz [Casarin et al. (2004)], which was carried out in different
conditions with respect to those used by Kagane [Kagane et al. (1992)]. Its structure and
supramolecular assembly, generating a 1D CP, have been previously reported [Casarin et al. (2004)].
From the reaction of 2 with CF3SOsH we isolated, in low yields, three different crystalline derivatives.
The first one has the trinuclear triangular structure [Cus(us-OH)(u-pz)3(CF3SO3)2(Hpz)s]-H20, Cu3TFL,

shown in Figure 25.

Figure 25. Molecular structure of Cu3TFL.

The p3-OH is on the opposite site with respect to one CF3SO; ion which caps, almost symmetrically,
all the three Cu" ions. Each copper coordinates also a neutral pyrazole, while Cu(2) coordinate in a
monodentate fashion the second triflate ion. A crystallisation water molecule is also present, and is
involved in two “intramolecular” H-bonds, acting both as H-acceptor with NH of pyrazole coordinated to
Cu(1), and as H-donor in the interaction with triflate O(5). Other two “intramolecular” H-bonds can be
detected, the first one involving again O(5) and u3-OH, while in the other one are interested the triflate
O(6) and the NH of the pyrazole coordinated to Cu(2). Moreover, a weaker “intramolecular” interaction

involves the triflate O(4) and the NH of the pyrazole coordinated to Cu(3).
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Figure 26. Supramolecular hexanuclear arrangement of Cu3TFL.

The crystallisation water is involved also in an important “intermolecular” interaction with the triflate
oxygen O(7) of another trinuclear unit, generating the supramolecular hexanuclear arrangement
depicted in Figure 26.

From the reaction of 2 with triflic acid it was possible to obtain also a little crop of crystals having the
very particular formulation [{Cus(us-OH)(u-pz)3(Hpz)s}{ Cus(uz-O) (u-pz)3(Hpz)s}(CF3SO3)s, CU6TFL.

Figure 27. Molecular structure of Cu6TFL.

As shown in Figure 27, compound Cu6TFL consists of three not coordinated triflate anions and a
trication which is made by two trinuclear triangular cu™ clusters (A and B) faced each other with a
distance between the respective Cus planes of ca. 3.325 A. In both the trinuclear units the nine-
membered ring is not planar, being the pyrazolate bent toward the ws;-OH (or ws-O) ion, while the
neutral pyrazole coordinated to the copper ions are oriented in the opposite side. The two trinuclear
units have very similar geometrical parameters and, most important, one triangular moiety (A) is
capped by a u3-OH, while in the other one (B) a u3-O is present. In this context, the two triangular units
are connected through the very particular, strong pz-Oa-H---Og-u3 H-bond.

Both the oxygen of us-OH and w5-O are out from the plane defined by the three respective Cu™ ions
(ca. 0.43 A for A and ca. 0.49 A for B). Incidentally, these values are indicative of the fact that both
oxygens share the H atom and that a “true” us-O oxide is not present, being normally, in this case, the
oxygen co-planar with its Cu"’ ions [Angaridis et al. (2002); Boca et al. (2003)]. At the best of our
knowledge, this particular feature has been previously reported only two times [Watson et al. (1984);
Ferrer et al. (2007)] with almost identical O4---Og distances.

The three triflate ions, providing the electroneutrality to the whole system, are not coordinated at all,
and are instead involved into a series of relevant non-covalent interactions. In particular, two triflate
ions are placed up and down the tricationic fragment, being their C—S axes aligned and in the same
line with the ps-Oa-H---Og-p3 bridge. The third triflate is placed on one side of the cation and the C-S
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axis is parallel to the other two triflates. As shown in Figure 28, the three triflate ions are involved in a
series of “intramolecular” H-bonds. In particular, the three equivalent oxygens of the triflate near the
trinuclear moiety B, O(4), are involved in three identical H-bonds with the NH of corresponding
coordinated pyrazole, and a completely analogous feature is observed with the triflate near the

trinuclear moiety A [O(10)].

Figure 28. Schematic representation of the intramolecular H-bonds in Cu3TFL.

The third, “equatorial’, triflate instead forms a weak, non-conventional, H-bond, involving a single
oxygen [O(14)] and the C(11)H(11) of the A unit. Even though not very strong, these latter
supramolecular interactions certainly contribute to generate a particular assembly in the plane ab. In
fact, the “equatorial” triflate acts as a sort of us-bridge, connecting three cations of the ab layer, thus
generating “true” empty pores, one of which is evidenced by a space filling representation in Figure 29
(left), alternated to other ones occupied by “equatorial” triflates. Since the different layers pack in a
staggered way (60 ° rotation), the pores result not accessible, as evidenced in Figure 29 (right), where

two layers are represented.

Figure 29. Space filling representation of one layer, evidencing the presence of “true” empty pores (left); since the different
layers pack in a staggered way, (60° rotation) the pores result not accessible (right), where two layers are represented.

From the mother liquors of Cu6TFL it was possible to crystallise the mononuclear complex
[Cu(CF3S03H).(Hpz)4], CUTFL, whose molecular structure is shown in Figure 30.
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Figure 30. Molecular structure of CuTFL.

Cu is in the centre of a distorted octahedron where triflate ions occupy the axial positions. Pyrazoles
are involved into two “intramolecular” H-bonds with triflate O(3) (Figure 31, left), and “intermolecular”
H-bonds between ftriflate ions and NH of adjacent moieties generate the supramolecular 1D network
running down the crystallographic b axis, sketched in Figure 31 (right).

Figure 31. Schematic representation of the intramolecular (left) and of the intermolecular H-bonds (right), the latter
generating a 1D network.
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Reactions of trinuclear triangular Cu" clusters with dinucleating nitrogen
ligands

Even though upon reaction with strong acids in all the cases mononuclear complexes were isolated
(indicating that, in some extent, the starting trinuclear cluster was destroyed), the concurrently formed
tri-, hexa- and heptanuclear derivatives (sometimes assembled in CPs, PCPs or extended
supramolecular networks) [Casarin et al. (2007) (a); Di Nicola et al. (2007) (b); Di Nicola et al. (2008)],
evidenced that the trinuclear triangular [Cus(us-OH)(u-pz)S]2+ core is stable enough to be worthy of
consideration as possible starting material to obtain different CPs. For this reason, we planned to
synthesise novel materials having the trinuclear Cu" clusters directly bridged by polynucleating
ligands, and to do this two different approaches were available: i) substitution of the monocarboxylates
with bicarboxylates; ii) substitution of the neutral ligands (pyrazole and/or solvent molecules)
coordinated to the Cu™ centres with neutral bidentate ligands.

First attempts under bench-top conditions to replace the carboxylate ions by reacting the trinuclear
compounds with bicarboxylic acids were not successful, leading to the isolation of the starting
materials, while reactions carried out upon deprotonation of the acids led to the instantaneous
precipitation of insoluble powders. For these reasons, the attention has been focused on the reactivity
of compounds 1-10 with neutral polynucleating ligands, aiming to the displacement of neutral pyrazole
and/or solvent molecules coordinated to the metal ions.

The reaction scheme we adopted to synthesise new coordination polymers exploits, besides the
above mentioned stability of the trinuclear triangular [Cu3(/,/3-OH)(u-pz)3]2+ core, also the expected
reactivity of the derivatives 1-10 towards the displacement of neutral molecules (pyrazole and/or
solvent molecules) with different bridging ligands. In particular, we focused our attention on a family of

ligands having two 4-pyridyl rings as donor units, connected by different spacers.

)& )

In details, compounds 1-10 have been employed in reaction with 4,4’-bipyridine (bpy), 1,2-bis(4-
pyridyl)diazene (azopy), 1,2-bis(4-pyridyl)ethane (bpetha), 1,2-bis(4-pyridyl)ethylene (bpethy), 1,3-
bis(4-pyridyl)propane (tmb), 1,2-bis(4-pyridyl)disulfane (bpsulf) and 1,5-naphthyridine (napht), whose

structures are sketched in Chart 7.

4,4'bipyridine \ / \ /
1,2-bis(4-pyridyl)ethane 1,2-bis(4-pyridyl)ethylene
1,2-bis(4-| pyrldyl)dlazene 1,2-bis(4-pyridyl)disulfane
‘ \ X
7 Z
N
1,3-bis(4-pyridyl)propane 1,5-naphthyridine
Chart 7.
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Reactions with 4,4’-bipyridine

Reactions between compounds 1-10 and bpy led to the isolation of new trinuclear triangular cu® CPs,

with different dimensionality. Most of them have been characterised by XRD analysis, confirming the

presence of the trinuclear core, with the exception of compounds Cu3AcryBpy and Cu3MethBpy,

whose formulae, reported in Table 2, have been proposed on the basis of the elemental analysis

results.

Table 2. Formulae proposed on the basis of the elemental analysis results.

Compound Formula
Cu3FormBpyL | [{[Cus(us-OH)(u-pz)s(HCOO)a(H,0)][Cus(us-OH)(u-pz)s(HCOO)2(H20) (MeOH)]}2(C1oHsN2)]
Cu3FormBpyP | [Cus(us-OH)(u-pz)s(HCOO)(OH)(C1oHsNz)s]a(H20)x(C1oHsN2)y
Cu3AcBpy [Cus(us-OH)(u-pz)3(CHsCOO) (OH)(C1oHsN2)sl2(H20)x(C1oHsNz)y
Cu3ProBpy [Cus(us-OH)(-pz)3(C2HsCOO)2(C1oHsN2) (H20)]
Cu3*ButBpy [Cus(us-OCHs)(u-pz)3(CsH7C0O0)2(C1oHsN2)]
Cu3ValBpy [Cus(ps-OH)(u-pz)3(C4HeCOO)2(C10HsN2) (MeOH)]
Cu3HeptaBpy [Cus(us-OH)(u-pz)3(CsH13CO0)2(C1oHsN2)o 5]
Cu3AcryBpy [Cus(ps-OH)(p-pz)3(CH2=CHCOO)2(C10HsN2)(H20)]
Cu3MethBpy [Cus(us-OH)(u-pz)3(CH2=C(CH3)CO0)2(C1oHsN2)]
Moreover, in all the cases, the ESI-MS characterisations are in agreement with

structures. The most relevant signals are summarised in Table 3.

Table 3. Most relevant signals in the ESI-MS spectra of compounds Cu3dFormBpyL — Cu3MethBpy.

the trinuclear

Compound® Signal® R.A° Assignments
258.0 100 [Cu(Hpz)(HCOO)(MeOH)2(HzO)]'
Cu3FormBpyL  [475.9 60 [Cus(OH)2(pz)s(MeOH)(H:0)°
549.8 50 [Cu3(OH)(pz)2(HCOO)2(MeOH)2(H20)3]"
624.3 80 [Cus(OCHs)(pz)s(HCOO) (bpy)]”
Cu3FormBpyP  [7853 100 [Cus(OH)(pz)2(HCOO)2(bpy)o(MeCN)T*
1303.4 | 60 [Cus(OH)s(p2)e(HCOO) (bpy)a(H20)5+Na]”
657.3 100 [Cus(OH)(p2)2(CoHsCOO)»(MeOH).(MeCN)["
Cu3ProBpy 1029.3 |80 [Cus(OH)s(pz)7(CHsCHCOO) (Hz0)a]°
10653 |77 [Cus(OH)a(pz);(CHsCH2CO0)(H,0)s]°
666.3 78 [Cus(OCHs)(pz)s(CHsCH-CH.COO) (bpy)’
Cu3*ButBpy 686.4 100 [Cus(OCHs)(pz)3(CH:CH,CH.COO)(MeOH)(HO)s]"
1071.4 |90 [Cus(OH)a(p2);(CHaCH,CH,CO0) (MeOH)x(Hz0)°
680.3 50 [Cus(OH)(p2)3(C4HsCOO)2(MeOH) (H,0)o+H]"
685.3 100 [Cus(OH) (p2)s(C2HsCOO)2(MeOH) (MeCN)+H]"
Cu3ValBpy 7145 70 [Cus(OH)(p2)3(C4HsCOO) (MeOH)s(H,0)e]”
11136 |60 [Cus(OH)«(p2)s(C2HsCOO) (MeOH)s]"
11496 |65 [Cus(OH)4(p2)s(C4HsCOO) (MeOH)s(Hz0)a]"
713.3 100 [Cus(OH) (p2)s(Hpz) (MeOH)o(MeCN)[
Cu3HeptaBpy [1197.7 |85 [Cus(OH)3(pz)s(CeH12C00)2(MeOH) (H0)]"
12338 |55 [Cus(OH)3(p2)s(CeH12C00)o(MeOH)(H,0)e]"
650.3 75 [Cus(OCHs)(pz)a(CHz=CHCOO)(bpy)
654.3 70 [Cus(OH)(pz)s(CH=CHCOO) (bpy) (H:O)J°
Cu3AcryBpy 655.3 100 [Cus(OH)(pz)s(CHz=CHCOO),(MeOH)(H-O)t HI
10233 |70 [Cus(OH)(pz)s(CHz=CHCOO)»(MeOH)s]"
10593 |72 [Cus(OH)s(pz)s(CHz=CHCOO)o(MeOH),(HzO)J°
664.3 75 [Cus(OCHa)(p2)a(CHz=C(CH5)COO) (bpy)’
669.2 90 [Cus(OH)(p2)a(CHa=C(CH3)COO)2(H,0)s+H]"
Cu3MethBpy 682.4 100 [Cus(OH)(pz)s(CH.=C(CH5)COO)(bpy)(MeOH)["
10633 |90 [Cus(OH)s(pz)7(CHz=C(CH3)COO)(MeCN)(H;0).
1101.4 |75 [Cus(OH)a(p2);(CH2=C(CHs) COO)(MeCN)(H,0)]"

* Cu3: [Cus(OH)(pz)s]™"; Cu3*: [Cus(OCHg)(pz)s]™*
Values corresponding to the higher signals of the isotopic clusters. All isotopic clusters fit satisfactorily with
calculated ones [Senko (1994)].
° Relative Abundance of the higher signal of the isotopic cluster.
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The most intense signals of the ESI-MS spectra correspond to trinuclear clusters. Only in the case of
Cu3FormBpyL, the most intense signal corresponds to a mononuclear species, thus indicating that
this CP is not particularly stable in ESI conditions. Other trinuclear and hexanuclear based signals are
also present. Even though the ESI-MS data cannot be considered an exhaustive proof of the presence
of trinuclear clusters in the solid state, nevertheless they offer a great suggestion for this feature. On
the other hand, the preservation of trinuclear triangular structures is witnessed by XRD

determinations, as will be shown in the following.

By reacting 1 with bpy in methanol, it was possible to isolate different CPs simply by changing the

molar ratio between the reagents. In fact, using a 1:1 1/bpy molar ratio we obtained deep-blue crystals

of compound [{[Cus(w3-OH)(u-pz)3(HCOO)2(H20)]-[Cus(us-OH) (-
pz)3(HCOO),(H.0)(MeOH)]}2(C1oHsgN2)], Cu3FormBpyL,, while in a second preparation deep-blue
crystals of compound [{[Cus(us-OH)(u-pz)3(HCOO),(H-0)]-[Cus(us-OH) (u-

pz)3(HCOO),(H20)2)1}2(C1oHsN2)], Cu3FormBpyL,, were isolated. In both compounds, two
hexanuclear moieties (in some extent reminiscent of the supramolecular structure of 1 [Casarin et al.
(2005)]) are joined by a bpy molecule. The two products differ only for the presence of a coordinated
MeOH molecule in Cu3FormBpyL,, instead of a water molecule, difference which can be associated
to fortuitously different crystallisation conditions. The two asymmetric units of compounds
Cu3FormBpyL, and Cu3FormBpyL, are sketched in Figure 32.

§ > ﬁ‘ / MUY S d
\/

Figure 32. Asymmetric unit of Cu3FormBpyL. (left) and of Cu3FormBpyL, (right). Hydrogens have been omitted for
clarity.

The supramolecular assembly of the two compounds is the same, as it is possible to see by inspection

of Figure 33, and generates almost identical CPs.

Figure 33. Crystal packing views of Cu3FormBpyL, (left) and Cu3FormBpyL, (right). Hydrogens have been omitted for
clarity.
In both cases, the supramolecular assembly is originated by two different kinds of connections (Figure
34): connection 1>3 (i.e. an asymmetric unit is connected in its position 1 with the position 3 of
another unit, and so on) leads to the formation of linear tapes, which are then covalently linked
through connection 2->4. No interpenetration is observed between the tapes.
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Figure 34. Schematic representation of the asymmetric unit of Cu3FormBpyL,; the numbers indicate the connection sites
between the asymmetric unit and the others (left). Connection 1->3 (center, black dots) and connection 2->4 (right, green
dots). Some atoms™ have been omitted for clarity.

A complete different behaviour was observed when compound 1 was reacted with a large excess of
bpy, yielding quantitatively [Cus(us-OH)(u-pz)3(HCOO)(OH)(C1oHgN2)3]2(H20)2, Cu3FormBpyP, whose
asymmetric unit is reported in Figure 35.

Figure 35. Asymmetric unit of Cu3FormBpyP.

Two trinuclear clusters are connected by two parallel bridging bipyridine ligands. Not only the neutral
pyrazoles have been displaced; also a formate ion was replaced by an OH group.

The crystal packing evidences the formation of a porous solid, where two different kinds of channels,
parallel to the b and c¢ crystallographic axis respectively, are present (Figure 36).

Figure 36. Crystal packing views of Cu3FormBpyP perpendicular to the b (left; pore dimensions: 4.83 x 5.86 Az) and
perpendicular to the ¢ axis (right; pore dimensions: 4.99 x 4.79 Az)

“In Figures 34, 39, 42, 45, 47, 49, 51, 52, 54 and 55, solvent molecules, hydrogen atoms, pyrazolate carbon atoms and y;-OH
groups are omitted for clarity.
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It is important to underline that these channels are not empty; in fact, they are partially filled with water
molecules and free bpy, as confirmed also by the elemental analysis. A first attempt to remove the
guest molecules, in order to obtain empty channels, was performed by drying a sample under vacuum
at ca. 70°C. The XRPD spectrum of the dried species evidences that crystallinity is maintained, but its
pattern is different from that of compound Cu3FormBpyP.

It is noteworthy that an analogous compound, [Cus(us-OH)(u-pz)3(CH3COO)(OH)(C4oHgN2)s]2(H20)s2,
Cu3AcBpy, was obtained by prof. Pettinari research group in Camerino [Pettinari, C. personal
communication], by reacting the acetate derivative, 2, with an excess of bpy. Also in this case, a
carboxylate was replaced by an OH group, and the obtained structure and crystal packing are very

similar to the structure of Cu3FormBpyP, as evidenced in Figure 37.

Figure 37. Crystal packing views of Cu3AcBpy perpendicular to the b axis (left; pore dimensions 4.73 x 5.94 /:\2) and to the
c axis (right; pore dimensions 5.21 x 5.85 AZ).

The reaction of the propionate derivative, 3, with bpy led to the formation of a new 2D CP, [Cus(us-
OH)(u-pz)3(CH3CH>COO0),(C1oHgN2)], Cu3ProBpy. This compound is characterised by the presence
of carboxylate bridged hexanuclear clusters, connected by bpy, as evidenced in Figure 38.

Figure 38. Hexanuclear clusters in Cu3ProBpy. Hydrogens have been omitted for clarity.

Two bpy are bonded to the same cu™ ion, leading to the formation of sheets, i.e. a 2D CP. There is

no covalent connection between the sheets; they are just pillared, as shown in Figure 39.

Figure 39. Schematic representation of the 2D nets (left) and of the crystal packing (right).

43



As highlighted in Figure 40, the supramolecular assembly of this compound is, to some extent,

reminiscent of the supramolecular assembly of the starting material [Casarin et al. (2005)].

3 R=CnHs
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rig}l:tr)e 40. SBU of 3, (left); schematic representation of the supramolecular assembly of 3 (centre) and of Cu3ProBpy
right).

In fact, the hexanuclear clusters present in 3 are preserved, while bpy replaces the EtOH molecules,
after breaking the rings formed by the bridging carboxylates, as shown by the red dotted lines in
Figure 40.

The reaction of the butyrate derivative, 4, with bpy, led to the formation of a new CP, [Cus(us-OCH3)(u-
pz)3(CH3(CH,).CO0),(C1oHgN2)], Cu3*ButBpy, whose asymmetric unit is sketched in Figure 41.

Figure 41. Asymmetric unit of Cu3*ButBpy. Hydrogens have been omitted for clarity.

In this case, the stoichiometry between the trinuclear clusters and bpy is 1:1, leading to the formation
of a 1D CP; parallel chains do not interact each other neither with covalent bonds, nor with

;5;\ o
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Figure 42. Schematic representation of the (left) and of the crystal packing (right).

supramolecular interactions, as represented in Figure 42.

o

It has to be underlined that even though carboxylate bridged hexanuclear clusters are present in
compound 4, we do not observe them, and the trinuclear units of Cu3*ButBpy are connected only by
bridging bpy, which evidently broke the carboxylate bridges. Moreover, the ps-OH group, which in all

the previous reactions was stable towards substitution, in this case has been replaced by a methoxy
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group. The substitution of the capping group is maybe due to the fact that bpy, besides acting as a
ligand, can also behave as a base, favouring the deprotonation of the solvent, MeOH, and the
substitution of u;-OH with p3-OCHs.

Figure 43. The u;-OH group is substituted by a methoxy group.

The reaction of the valerate derivative, 5, with bpy led to the formation of a new CP, [Cus(us-OH)(u-
pz)3(CH3(CH,)3C0O0),(C1oHgN2) (MeOH)], Cu3ValBpy, whose asymmetric unit is reported in Figure 44.

Figure 44. Asymmetric unit of Cu3ValBpy. Hydrogens have been omitted for clarity.

As in the case of Cu3ProBpy, hexanuclear clusters connected by bridging bpy are present, but in
compound Cu3ValBpy we do not observe more than one bpy ligand bonded to the same copper ion.
This leads to the formation of linear tapes (i.e. a 1D CP), instead of 2D nets. Parallel tapes stack one
over the other, without any covalent connection, as schematically represented in Figure 45. It is
noteworthy that the obtaining of Cu3ValBpy made it possible to evidence the very likely presence of
hexanuclear clusters in compound 5, for which we were unable to obtain a XRD structural
determination. In fact, we inferred the presence of the trinuclear skeleton in 5 only on the bases of
other physico-chemical determinations [Di Nicola et al. (2009)].

Figure 45. Schematic representation of the linear tapes formed by Cu3ValBpy (left) and of the crystal packing (right); views
perpendicular to the ¢ axis.
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An analogous result was obtained in the reaction of the heptanoate derivative, 7, with bpy, which led
to the formation of a new CP, based on [{Cus(us-OH)(u-pz)3(CH3(CH2)sCO0)}(CioHsN,)],
Cu3HeptaBpy, whose asymmetric unit is sketched in Figure 46.

Figure 46. Asymmetric unit of Cu3HeptaBpy. Hydrogens have been omitted for clarity.

Bridging bpy ligands connect the hexanuclear clusters, generating linear tapes, i.e. a 1D CP. There is

no covalent connection between parallel tapes, as represented in Figure 47.
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Figure 47. Schematic representation of the linear tapes formed by Cu3HeptaBpy (left) and of the crystal packing (right).

Analogously to the case of Cu3ValBpy, the obtaining of Cu3HeptaBpy made it possible to confirm
the hexanuclear structure of compound 7, for which we were unable to obtain a XRD structural
determination [Di Nicola et al. (2009)].

The reaction of the two different acrylate derivatives, 8 and 9, with bpy led to the obtaining of deep-
blue crystals of an unique species, whose elemental analysis is consistent with the formula [Cug(us-
OH)(u-pz)3(CH>=CHCOO),(C1gHsN,)(H-0)], Cu3AcryBpy, but the crystal structure still has to be
solved.

Finally, reaction of the methacrylate derivative, 10, with bpy, led to isolation of a microcrystalline solid,
whose elemental analysis is consistent with the formula [Cus(us-OH)(u-
pz)3(CH,=C(CH3)COQO),(C1oHgN2) (H20)], Cu3MethBpy, the dimensions of the crystals being too small
for a single-crystal XRD analysis.

In any case, as shown previously, the ESI-MS data are consistent with the presence of trinuclear
moieties both in Cu3AcryBpy and in Cu3MethBpy.

Reactions with 1,2-bis(4-pyridyl)diazene

Reactions between compounds 1-7 and azopy led to the isolation of new cu® compounds. While in
the case of compounds Cu3FormAzopy and Cu3AcAzopy dark-green crystals suitable for an XRD
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characterisation were obtained, in all the other cases single-crystal XRD determinations were not
possible. Only the structure of Cu3FormAzopy has been solved so far; concerning the other
compounds, the formulae proposed on the bases of the elemental analysis results are reported in
Table 4.

Table 4. Formulae proposed on the basis of the elemental analysis results.

Compound Formula

Cu3FormAzopy | [{[Cus(us-OH)(u-pz)s(HCOO)2(EtOH)]-[Cus(us-OH)(1-pz)s(HCOO)2(EtOH):]}2(azopy)]
Cu3AcAzopy [Cus(us-OH)(u-pz)s(CH3COO)2(azopy)1.5(Hz0)]

Cu3ProAzopy [Cus(ps- OH)(p pz)3(CH3;CH-.CO0),(azopy)1.5(H20)]

Cu3ButAzopy [Cus(us-OH)(u-pz)s(CH3(CHZ).CO0)2(azopy)(H-0)]

Cu3ValAzopy [Cus(ps-OH)(u-pz)s(CH3(CHZ)sCOO)2(azopy)]

Cu3HexaAzopy [Cus(ps-OH)(1-pz)3(CHa(CH2)4CO0)2(azopy)o.]

Cu3HeptaAzopy | [Cus(us-OH)(u-pz)s(CH3(CH2)sCOO)2(azopy): 5]

The ESI-MS characterisations are in agreement with the proposed trinuclear structures. The most

relevant signals are summarised in Table 5.

Table 5. Most relevant signals in the ESI-MS spectra of compounds Cu3FormAzopy — Cu3HeptaAzopy.

Compound Signal® R.A’ Assignments
95.2 100 [4-aminopyridine+H]"
536.0 85 [Cus(OH)(p2)5(HCOO) (MeOH)(H-O)
Cu3FormAzopy |[629.0 60 [Cus(OH) (pz)o(HCOO).(MeOH),(MeCN) (EtOH).]
652.0 55 [Cus(OH) (pz)o(HCOO)(MeOH).(EtOH),]"
697.0 50 [Cus(pz)s(HCOO)»(H20) (MeOH)o(MeCN) (EtOH).]"
95.2 100 [4-aminopyridine+H]"
CudAcAzopy 737.3 65 [Cus(OH)2(pz)s(CHsCO0)z(Aminopy) (Hz0)a]"
95.2 100 [4-aminopyridine+H]"
CusProAzopy =53 58 [Cus(OH)2(pz)4(CzHsCOO)(MeOH) (H0)s]"
671.3 98 [Cua(OH)4(pz)2(C3H,CO0) (MeOH) |
Cu3ButAzopy [1071.4 | 100 [Cus(OH)3(pz)7(CsH,CO0)(MeOH)o(HO)]
1107.4 50 [CUe(OH)s(pZ)7(CsH7COO)(MeOH)z(Hzo) ]
95.2 100 [4-aminopyridine+H]"
685.3 80 [Cus(OH) (pz)(CaHsCOO)o(MeOH) (MeCN)+H[
CusValAzopy 5755 50 [Cus(OH)2(p2)+(CHsCOO)(MeOH)(H,0)5]
11136 |80 [Cus(OH)4(pz)s(CsHsCOO)(MeOH)s]”
699.3 100 [Cus(OH) (pz)s(CsH:,C00)»(MeCN) (H,0)+HJ
Cu3HexaAzopy [1155.7 |98 [Cus(OH)3(pz)s(CsH11CO0)o(Hz0)s]
1191.7 |60 [Cus(OCHa)x(pz)s(CsH1;COO)]”
95.2 100 [4-aminopyridine+H]"
Cu3HeptaAzopy [708.5 60 [Cua(OH)s(pz)s(CeH15C00) (MeOH) (MeCN)[*
807.5 50 [Cua(OH)s(pz)3(CeH15C00)(MeOH)x(Hz0)q]

@ Values corresponding to the higher signals of the isotopic clusters. All isotopic clusters fit satisfactorily with
calculated ones [Senko (1994)].
® Relative Abundance of the higher signal of the isotopic cluster.

The most intense signals in almost all the ESI-MS spectra are found at 95.2 m/z, [4-
aminopyridine+H]*, due to the decomposition of the azopy ligand in ESI conditions; other relevant
signals are due to trinuclear and hexanuclear clusters but, significantly also signals associated to
tetranuclear species are present, indicating that some kind of rearrangements likely happens in ESI-
MS conditions. On the other hand, as already mentioned, even if the ESI-MS data offer important
suggestions about the solid state structure, nevertheless the gas phase data are not always a mirror of

what is present in the solid.
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The reaction of 1 with 1,2-bis(4-pyridyl)diazene yielded a new coordination polymer, [{[Cus(us-OH)(u-
pz)3(HCOO)2(EtOH)]-[Cus(us-OH)(u-pz)3(HCOO)(EtOH) ]}2(C10HeNs)],  Cu3FormAzopy,  whose

asymmetric unit is reported in Figure 48.

/\

Figure 48. Asymmetric unit of Cu3FormAzopy. Hydrogens have been omitted for clarity.

The compound is characterised by the presence of hexanuclear clusters, also in this case reminiscent
of the supramolecular assembly of 1 [Casarin et al. (2005)], which are connected by bridging azopy
ligands. The supramolecular assembly is given by two different kinds of connections, with a behaviour
which is, to some extent, similar to that of compound Cu3FormBpyL: connection 1->4 originates 2D

nets, which are interconnected by connection 2> 3. No interpenetration is observed between the nets.

Figure 49. Schematic representation of the asymmetric unit of Cu3FormAzopy, the numbers indicate the connection sites
between the asymmetric unit and the others (left); connection 1->4 (top, right; black dots) and connection 2->3 (down, right;
green dots).

Reactions with 4,4’-dipyridylethane

Reactions between compounds 1-10 and bpetha led to the isolation of new Cu"’ compounds. In most
cases, well-shaped deep-blue crystals were isolated, but XRD analyses still have to be performed. In
Table 6, the formulae proposed on the bases of the elemental analysis results are reported.

The ESI-MS characterisations are in agreement with the proposed trinuclear structures. The most

relevant signals are summarised in Table 7.
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Table 6. Formulae proposed on the bases of the elemental analysis results.

Compound Formula

Cu3FormBpetha [Cus(us-OH)(u-pz)s(HCOO),(bpetha)(H20)5]
Cu3AcBpetha [Cug(us- OH)(u pz)3(CH3;COO0),(bpetha),(H20),]
Cu3ProBpetha [Cus(us-OH)(u-pz)3(CH3CH.COO),(bpetha) s]
Cu3ButBpetha [Cus(us-OH)(u-pz)s(CH3(CH,).CO0),(bpetha)o 5]
Cu3ValBpetha [Cug(us-OH)(u-pz)s(CH3(CH.)sCO0),(bpetha); 5(H20)]
Cu3HexaBpetha [Cug(us-OH)(u-pz)s(CH3(CH,).CO0),(bpetha)]
Cu3HeptaBpetha [Cug(us-OH)(u-pz)s(CH3(CH,)sCO0),(bpetha)]
Cu3AcryBpetha [Cus(us-OH)(u-pz)3(CH=CHCOO)(bpetha)os]
Cu3MethBpetha1 (first crop) [Cus(us-OH)(u-pz)3(CH2=C(CH3)COO0),(bpetha)o 5(H-0)]
Cu3MethBpetha2 (second crop) | [Cus(us-OH)(u-pz)3(CH2=C(CH3;)COO)(bpetha) 5]

Table 7. Most relevant signals in the ESI-MS spectra of compounds Cu3FormBpetha - Cu3MethBpetha2.

Compound Signal® R.A° [ Assignments

800.5 75 [Cus(OH) (p2)5(HCOO)2(Hp2)2(MeCN)2(H,0) (MeOH) o+ H[
CusFormBpetha  -7s 100 [Cu.(OH)x(pz)s(HCOO)(bpetha) (Hz0)(MeOH)”

568.3 65 [Cua(OH)(pz)s(CH,CO0) (H,0)2(MeOH)o]"

666.5 85 [Cus(OCHa)(p2)s(CH,COO) (bpetha)
Cu3AcBpetha 814.6 90 [Cus(OH)(p2)5(CH,CO0) (bpetha) (H-0)a]"

8275 100 [Cus(OH)2(pz)s(CHsCO0)z(bpetha) (H0)]"

657.3 100 [Cua(OH)3(p2)2(CzH5CO0)2(Hz0)a]”

680.5 95 [Cus(OCHs)(pz)3(CHsCOO) (bpetha)]”

686.5 65 [Cus(OCHa)(02)3(CzHsCO0)(H20);(MeOH).
Cu3ProBpetha 8415 80 [Cu4(OH)s(pz)2(CzHsCO0)a(bpetha)(H,0)4]"

993.5 75 [Cus(OH)s(pz)7(C2HsCOO)(H0)]"

1029.4 98 [Cus(OH)3(pz)7(C2HsCOO)(H20)s]*

671.3 80 [Cus(OH).(p2)2(CsH,COO0)(MeOH):]"

694.5 55 [Cus(OCHa)(p2)s(CsH,COO0) (bpetha)]”
Cu3ButBpetha 855.5 60 [Cus(OH)4(pz)2(CsH,COO)(bpetha) (MeOH).]

10354 |75 [Cus(OH)4(p2)s(CsH,COO)(MeOH)s]"

1071.4 100 [Cus(OH)3(pz)7(CsH,CO0)(H0)(MeOH)]”

685.3 70 [Cus(OCHa)a(p2)a(C4HsCOO)]"

708.5 90 [Cus(OCHa)(p2)3(CHsCOO) (bpetha)]”

742.5 82 [Cus(OH) (pz)5(C4HsCO0)2(HzO)s+Na]
Cu3ValBpetha 856.7 85 [Cus(OH) (pz)(C4HsCOO) (bpetha)(H,0)s]”

869.5 100 [Cua(OH)(pz)s(C4HsCOO)(bpetha) (MeOH) (MeCN)+H[

11136 |90 [Cus(OCHg)s( )(C4H9000)(MeOH)(H20)2]+

699.3 70 [Cus(p )(CanCOO) (MeCN)(HzO)]"

7225 60 [Cus(OCHa)(p2)s(CsH1:COO) (bpetha)

770.5 100 [Cua(OH)(pz)s(CsH1,COO)(H,0)e+Na]”
Cu3HexaBpetha  [870.7 58 [Cus(OCHa)(p2)a(CsH1;COO) (bpetha) (MeOH) +HJ*

883.5 87 [Cus(OH)(pz)3(CsH11CO0)2(MeOH)4(H20)2]"

1119.6 |60 [Cus(OH)a(p2)s(CsH11CO0)(Hz0)]"

11556 | 80 [Cus(OH)a(p2)s(CsH11CO0)2(Hz0)s]"

713.3 68 [CU4(OCH3)( )(CeH1QCOO)(H20)2]

736.5 67 [Cus(OCHa)(p2)3(CoH1sCOO) (bpetha)]

798.5 75 [Cua(OH)(p2)s(CsH15C00)2(Hz0)s+Na]”
Cu3HeptaBpetha | 884.7 50 [Cus(OH) (p2)s(CH1sC00)a(H,0)s(MeOH)+Na]"

897.5 100 [Cua(OH)x(pz)3(CsH13C00)2(H20)s(MeOH)a[

1197.7 |86 [Cus(OH)s(pz)s(CeH13C00)>(MeOH) (H,0)]"

12337 |50 [Cus(OCHa)a(p2)s(CsH:aCOO)S

839.5 68 [Cua(OCHy)2(pz)s(CH=CHCOO)(bpetha)]”
Cu3AcryBpetha  [1023.3 | 100 [Cus(OCHa)s(pz)s(CH,=CHCOO)s]"

1059.3 |50 [Cus(OCHa)x(pz)s(CH,=CHCOO)s]"

1065.4 | 100 [Cus(OCHa)s(pz)7(CH,=C(CHa)COO)(H0)a
CusMethBpethal == — %5 [Cus(OCHs)2(p2)s(CH2=C(CHz) COO)a]

692.4 58 [Cus(OH)(pz)5(CHz=C(CHz)COO)2(H,0)s+Na]"

840.5 100 [Cus(OH)(p2)2(CHa=C(CH)CO0) (bpetha) (O
CusMethBpetha2 5772 75 [Cu4(OCHs)2(pz)4(CH2=C(CH3)COO)(bpetha)]”

10654 | 70 [Cus(OCHa)s(pz)7(CH>=C(CHs)COO)(Hz0)]"

 Values corresponding to the higher signals of the isotopic clusters. All isotopic clusters fit satisfactorily with

calculated ones [Senko (1994)].

® Relative Abundance of the higher signal of the isotopic cluster.
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ESI-MS spectra evidence, in most cases, signals correlated to tri- or hexanuclear clusters as the most
intense ones, while in the cases of Cu3FormBpetha, Cu3AcBpetha, Cu3ProBpetha and
Cu3HeptaBpeta, the higher signals correspond to tetranuclear clusters; analogously to what
evidenced previously this can indicate the presence of hexanuclear clusters, which, in ESI conditions,
may partly decompose, leaving one copper(ll) of one of the trinuclear units attached on the second
trinuclear unit. In this context, it is to be emphasized that numerous ESI fragments contain the OCHj3
moiety, instead of the “starting” OH. Even though the methoxy moiety may be present in obtained
compounds, analogously to what observed in Cu3*ButBpy, its presence can be due, on the other
hand, to extensive rearrangement processes which can happen in ESI conditions. Moreover, it is to be
remembered that in the ESI-MS spectra of all compounds, even if of minor intensity, trinuclear and
hexanuclear based signals are also present. Incidentally, it is noteworthy that signals associated to
tetranuclear clusters are present as the most intense ESI signals also in spectra of compounds whose
tri- or hexanuclear structure has been ascertained by XRD determinations (see data of compounds
Cu3FormBpethy and Cu3AcBpethy reported below). Even though only XRD determinations, at the
present in progress, will settle the question, we are confident that the trinuclear triangular structure is
maintained also in these cases. Finally, XRD determination are hopefully expected to reveal also

interesting supramolecular assemblies for the above indicated compounds.
Reactions with 1,2-bis(4-pyridyl)ethylene

Reactions of compounds 1 and 2 with bpethy led in both cases to the isolation of new trinuclear
triangular Cu™ CPs, with different dimensionality. Both of them have been characterised by XRD
analysis, confirming the presence of the trinuclear core.

Also the ESI-MS characterisations are in agreement with the trinuclear structures. The most relevant

signals are summarised in Table 8.

Table 8. Most relevant signals in the ESI-MS spectra of compounds Cu3FormBpethy and Cu3AcBpethy.

Compound® Signal’ R.A° Assignments
183.3 50 [bpethy+H]"
Cu3FormBpethy
811.3 100 [Cu4(OH)2(pz)3(HCOO)(bpethy)(MeOH)(H-0)]*
643.2 100 [Cu4(OH)2(pz)5(CH3COO)(H0)a"
664.4 65 [Cus(OCH3)(pz)3(CH;COO) (bpethy)]*
Cu3AcBpethy
825.5 75 [Cus(OH)2(pz)s(CH:COO)2(bpethy)(H20)2]*
987.3 60 [Cus(OH)4(pz)s(CHsCOO)(H20)2(MeCN)*

% Cu3: [Cus(OH)(pz)] ™

® Values corresponding to the higher signals of the isotopic clusters. All isotopic clusters fit satisfactorily with
calculated ones [Senko (1994)].

° Relative Abundance of the higher signal of the isotopic cluster.

As anticipated previously, the most intense signals of the ESI-MS spectra correspond in both cases to
tetranuclear aggregates, while other less intense trinuclear and hexanuclear based signals are also
present in the spectra of both compounds (see also the Experimental Section). As previously stated
this can indicate the presence of hexanuclear clusters, which may partly decompose, in ESI

conditions, leaving one copper(ll) of one of the trinuclear units attached on the second trinuclear unit.
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The reaction between 1 and bpethy generated a new 2D coordination polymer, based on [(Cus(us-
OH)(u-pz)3(HCOO0),)4(C12H10N2)s], Cu3FormBPEthy, whose asymmetric unit is sketched in Figure 50.

Figure 50. Asymmetric unit of Cu3FormBPEthy. Hydrogen atoms have been omitted for clarity.

Two trinuclear triangular Cu" units are linked through bridging formate ions, being the hexanuclear
clusters reminiscent of the supramolecular structure of 1 [Casarin et al. (2005)]; they are connected by

bpethy molecules, generating 2D nets, as schematically represented in Figure 51.

Figure 51. Schematic representation of the 2D nets of Cu3FormBpethy.

The crystal packing of Cu3FormBpethy evidences the pillaring of the 2D layers, as sketched in Figure

52. Any covalent interaction among the layers is absent.

Figure 52. Schematic representation of the crystal packing of compound Cu3FormBpethy.

Reaction between 2, and bpethy led to the formation of a new 1D CP, based on [Cus(us-OH)(u-
pz)3(CH3CO0)2(C12H1oN2) (H20)], Cu3AcBpethy, whose asymmetric unit is sketched in Figure 53.
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Figure 53. Asymmetric unit of Cu3AcBpethy. Hydrogen atoms have been omitted for clarity.

Cu3AcBpethy is characterised by the presence of trinuclear clusters, which are connected by bridging

ligand molecules, generating zig-zag tapes, schematically represented in Figure 54.

Figure 54. Schematic representation of the 1D chains of Cu3AcBpethy.

The different chains are not interconnected with covalent interactions; instead, they are just pillared
one over the other. A schematic representation of the crystal packing of Cu3AcBpethy is sketched in
Figure 55.

Figure 55. Schematic representation of the crystal packing of compound Cu3AcBpethy.

Reactions with 1,5-naphthyridine

Compounds 1, 2, 4 and 10 were reacted with 1,5-naphthyridine. While in the case of 2 and 4 no
reactions takes place, being isolated only the starting materials, in the case of 1 and 10 we got blue
well-formed crystals, suitable for an XRD characterisation. Only the structure of 1b has been solved so
far; concerning the other compound, the formula has been proposed on the bases of the elemental

analysis results reported in Table 9 and on the ESI-MS data reported in Table 10.

Table 9. Formulae proposed on the bases of the elemental analysis results.

Compound Formula
1b [Cus(us-OCH;) (u-pz)s(HCOO)2(Hpz)2]
Cu3AcryNapht [Cus(us-OH)(1-pz)3(CH=CHCOO)2(napht)]
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Table 10. Most relevant signals in the ESI-MS spectra of compounds 1b and Cu3AcryNapht.

Compound® Signal® R.AS Assignments

536.0 50 [Cus(OCHs)(pz)s(HCOO)(MeOH)(Hz0)]
1b 572.0 60 [Cus(OCHa)(pz)s(HCOO)(MeOH)(H:0).]"

604.0 100 [Cus(OCHs)(pz)s(HCOO) (Hpz)a]

602.0 95 [Cus(OH)(pz)a(CH2=CHCOO)»(MeOH)(Ho0)+H[*
Cu3AcryNapht [624.0 60 [Cus(OCHs)(pz)s(CH,=CHCOO)(Naft)[*

1058.9 | 100 [Cug(OCHa)2(pz)s(CHz=CHCOO)s]"

* Cu3: [Cus(OH)(pz)s]
Values corresponding to the higher signals of the isotopic clusters. All isotopic clusters fit satisfactorily with
calculated ones [Senko (1994)].

° Relative Abundance of the higher signal of the isotopic cluster.

Curiously, the reaction of 1 with 1,5-naphthyridine led only to the replacement of the us-OH group with
H3-OCHs, giving compound [Cus(us-OCHz)(u-pz)s(HCOO),(Hpz).], 1b. In this case, 1,5-naphthyridine,
instead of coordinating to the metal centres displacing neutral molecules, likely behaves as a base,
favouring the deprotonation of the solvent, MeOH, and the substitution of u3-OH with p3-OCHj,

analogously to what observed in the case of Cu3*ButBpy. The asymmetric unit of compound 1b is

sketched in Figure 56.

Figure 56. Schematic representation of the asymmetric unit of 1b. The u;-OCHj; group is evidenced in ball and stick style.

Analogously to compound 1, 1b is a CP. 2D nets are formed through bridging formate ions (Figure 57,
left). The layers are then pillared one over the other, without any covalent interaction among them
(Figure 57, right).

Figure 57. Schematic representation of the 2D nets (left) and of the crystal packing (right) of 1b. Hydrogen atoms and
pyrazolate carbon atoms are omitted for clarity.
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Interestingly, the substitution of the us;-OH group with p3-OCH3; does not affect the supramolecular
assembly of 1, which is preserved in compound 1b, the supramolecular connections and the cell

parameters remaining practically unchanged [Casarin et al. (2005)].

Reaction with 1,3-bis(4-pyridyl)propane and 1,2-bis(4-pyridyl)disulfane

Compound 1 was reacted with tmb and bpsulf. In both cases, microcrystalline products were obtained,
the dimensions of the crystals being too small for an XRD analysis. The presence of the trinuclear
cluster was inferred from elemental analysis results and ESI-MS characterisations, whose data are

reported in Tables 11 and 12, analogously to previously discussed derivatives.

Table 11. Formulae proposed on the basis of elemental analysis results.

Compound Formula
Cu3FormTmb [Cus(u-OH)(u-pz)3(HCOO),(tmb)(H20)]
Cu3FormBpsulf [Cus(us-OH)(u-pz)3(HCOO).(bpsulf)]

Table 12. Most relevant signals in the ESI-MS spectra of compounds Cu3FormTmb and Cu3FormBpsulf.

Compound® Signal® R.AS Assignments
666.5 90 [Cus(OH) (pz)2(HCOO)o(tmb) (H0)]”
CusFormTmb 5577 100 [Cu(OH)»(pz)s(HCOO),(tmb) (MeOH) (H,0)]°
221 1 85 [bpsulf+H]’
Cu3FormBpsulf [688.3 70 [Cus(OCH3)(pz)s(HCOO) (opsulf)]’
849.3 100 [Cus(OH)2(pz)3(HCOO),(bpsulf)(H0)(MeOH)

* Cu: [Cus(OH)(pz)s]™

® Values corresponding to the higher signals of the isotopic clusters. All isotopic clusters fit satisfactorily with
calculated ones [Senko (1994)].

° Relative Abundance of the higher signal of the isotopic cluster.

54



Electrochemical Studies

The electrochemical behaviour of the trinuclear triangular Cu" derivatives 1-10 was previously
reported by us [Di Nicola et al. (2009); Contaldi et al. (2009)]. The redox properties of some of the
above described new trinuclear Cu" complexes (Cu3Sulf, Cu3TFAc, Cu3ProBpy, Cu3*ButBpy,
Cu3ValBpy, Cu3EptaBpy) were also investigated by cyclic voltammetry (CV), at a Pt disc electrode,
in a 0.2 M ["BuyN][BF,/DMSO solution, at room temperature. All the compounds exhibit (Figure 58
(left) for Cu3TFAc and Figure 58 (right) for Cu3ProBpy) two single-electron (per metal ion)

irreversible reduction waves, assigned to the Cu" — Cu” and Cu” — Cu® reductions, at the

reduction peak potential values given in Table 13 (’E[f" in the range from -0.35 to -0.45 V vs. SCE,

and "E; between -1.51 and -1.67 V vs. SCE). An irreversible anodic wave ('E;" in the range 0.26 —
0.44 V vs. SCE) is observed upon scan reversal after the first reduction wave (Figure 59 (left) for
Cu3TFAc and Figure 59 (right) for Cu3ProBpy), corresponding to the oxidation of the cu’ species
formed at the first reduction process, while a second irreversible anodic wave ("E;* in the range from
-0.03 to -0.21 V vs. SCE) is formed upon scan reversal after the second reduction wave in the case of

compounds Cu3Sulf, Cu3TFAc and Cu3ProBpy. A reversible reduction wave is observed for

Cu3ProBpy, Cu3*ButBpy, Cu3ValBpy, Cu3EptaBpy, assigned to the reversible reduction of
bipyridine ("E’% in the range from -1.75t0 -1.77 V vs. SCE).

1/2

Table 13. Cyclic voltammetric data® for trinuclear triangular complexes.

CATHODIC WAVES ANODIC WAVES

Complex’ e VR wgrs Ipme I

Ccu3sulf [Cu3(SO.)(Hp2)] 035 165 / 0.26 -0.03

Cu3TFAC [Cu3(CFsCOO)o(Hpz)2] 038  -1.67 / 0.35 -0.05

Cu3ProBpy [CuB(CH;CH,CO0)(C1oH,N,)] 043  -153 477 0.36 -0.21
Cuz'ButBpy  [CUS(CH4(CH;),CO0),(CioHN,)] 045  -1.56 1.76 0.37 /
CugValBpy [Cu3(CH5(CH,);C00),(C,HgN,)(CH;0H)]  -0.43 -1.51 -1.76 0.40 /
Cu3EptaBpy [Cu3(CH,4(CH,)sCO0),(C,HgN,)o 5] -0.38 -1.51 -1.75 0.44 /

 Potential values in Volt + 0.02 vs. SCE, in a 0.2 M ["BusN][BF4}/DMSO solution, at a Pt disc working electrode, determined by
using the [Fe(n>-CsHs)2]”* redox couple ( E% = 0.44 V vs. SCE) as internal standard at a scan rate of 200 mVs™.

® Cu3 = Cus(us-OH) (-p2)s; Cu8* = Cus(us-OCHs) (1-pz)s
° Only observed upon scan reversal following the corresponding reduction wave 1 or 1,

No oxidation wave has been detected for any complex by a first anodic sweep without a previous
reduction scan, indicating that neither a metal centered nor a ligand centered oxidation is observed. All
these complexes are characterised by the same behaviour in CV, and the shape of their cyclic
voltammograms is almost identical to that of other trinuclear triangular copper(ll) compounds

previously studied by us [Di Nicola et al. (2009); Contaldi et al. (2009)]. For this reason, it was not
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necessary to run CPE experiments, but the occurrence of a single-electron reduction per cu® (or
Cu") atom was confirmed by the similarity of the current functions (i, C"'v"?) of the reduction waves of
our complexes with those of other similar trinuclear complexes.

Any of the cathodic waves involves the reduction of the three metal ions, without any detected
differentiation. In any case, it is not possible to rule out any metal-metal electronic communication
because of the broadness of the reduction waves; this, in fact, can result from the overlap of distinct
waves at close but distinct potentials, namely Cu"cu”cu® > cu®cu”cu” > cu®cucu® >
cucucu®.
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Figure 58. Cyclic voltammogram of Cu3TFAc (left) and Cu3ProBpy (right) in a 0.2 M ["BusN][BF,}/DMSO solution, at a Pt disc
working electrode (d = 0.5 mm), at a scan rate of 200 mVs'.
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Figure 59. Cyclic voltammogram of Cu3TFAc (left) and Cu3ProBpy (right) with scan reversal after the first reduction wave, in a
0.2 M ["BusN][BF,}/DMSO solution, at a Pt disc working electrode (d = 0.5 mm), at a scan rate of 200mVs™.

Besides the trinuclear derivatives, we also studied for the first time the electrochemical behaviour of
some mononuclear Cu" complexes (CuTFAc1, CuTFAc2, CuSulf, CuPerchl, CuBenz, CuForm,
CuUTFL). All the compounds exhibit, by CV at 200 mV/s, (Figure 60 (left) for complex CuTFAc2) an

irreversible reduction wave, assigned to the Cu"’ — Cu® reduction, at the reduction peak potential

values given in Table 14 ('E;” in the range from -0.15 to -0.37 V vs. SCE). Two new irreversible
anodic waves ('E;*' in the range -0.10 — 0.01 V vs. SCE and 'E;** between 0.22 and 0.38 V vs. SCE)

are observed upon scan reversal after the reduction wave, corresponding to the Cu® — Cu and cu”
— Cu™ oxidations, respectively. The former (I°X‘1) has the typical shape associated to a desorption
process. Compounds CuBenz and CuForm exhibit a second irreversible reduction wave I at the

reduction peak potential values ("E;”) given in Table 14. For these compounds, a new irreversible

anodic wave (I1°) is generated upon scan reversal after the second reduction wave (Figure 60 (right)
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for complex CuBenz). By comparison with the CVs of the other mononuclear complexes, it can be
inferred that 11 is possibly associated with a ligand-centred reduction process.
At the lowest scan rates (namely 20, 50 and 100 mV/s) for compounds CuTFAc1, CuTFAc2 and

red,1 and Ired,-?’

CuSulf (Figure 61 (left) for CUTFAc2) it is possible to see two distinct reduction waves |
at close potentials; they are associated to the Cu" — Cu" and the Cu” — Cu® reductions,
respectively (Figure 61 (right) for CuTFAc2). In fact, upon scan reversal just after the first peak
potential (’E;’"d) only 1°*" is observed (Figure 62 for CuTFAc2). Upon further increase of the scan rate,

red,2

the wave I displays a decreasing current intensity until it becomes undetectable at scan rates = ca.

200 mV/s, when only the other reduction wave at 'E; is visible.

Table 14. Cyclic voltammetric data® for the mononuclear complexes.

CATHODIC WAVE ANODIC WAVES®
Gomplex Ere " ‘e 'E "E”
CuTFAct [Cu(CFsCO0)x(Hpz)s] -0.15 - -0.06 0.23 -
CuTFAc2 [Cu(CFsCO0)x(Hpz)2] -0.20 - 0.01 0.27 -
CuSulf [Cu(SO4)(Hpz)s] -0.32 - -0.10 0.28 -
CuPerchl [Cu(ClO4)2(Hpz)a] -0.37 - -0.07 0.32 -
CuBenz [Cu(C7Hs02)2(Hpz)2] -0.26 -1.37 0.00 0.26 -0.18
CuForm [Cu(HCOO),(Hpz)2] -0.27 -1.82 0.01 0.31 -0.14
CuTFL [Cu(CFsS0s)a(Hpz)s] -0.16 - -0.05 0.22 -

 Potential values in Volt + 0.02 vs. SCE, in a 0.2 M ["BusN][BF4J/DMSO solution, at a Pt disc working electrode, determined by
using the [Fe(n>-CsHs)2]”* redox couple ( E%, = 0.44 V vs. SCE) as internal standard at a scan rate of 200 mVs™".

® Only observed upon scan reversal following the reduction waves 1™ and 1.
¢ Peak potential of the first reduction wave I**" (the reduction wave I**? at a close potential, is detected only at lower scan rates
—see Figure 61)

No oxidation wave has been detected for any complex by a first anodic sweep without a previous

reduction scan, indicating that neither a metal centered nor a ligand centered oxidation is observed.
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Figure 60. Cyclic voltammogram of CuTFAc2 (left), and of CuBenz (right, after the addition of ferrocene) in a 0.2 M
["BusN][BF,]/DMSO solution, at a Pt disc working electrode (d = 0.5 mm), at a scan rate of 200 mVs™".
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Figure 61. Cyclic voltammograms of CuTFAc2, in a 0.2 M ["Bu,N][BF,J/DMSO solution, at a Pt disc working electrode (d = 0.5
mm).
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Figure 62. Cyclic voltammogram of CuTFAc2 with scan reversal just after the reduction wave I, in a 0.2 M
["BusN][BF4)/DMSO solution, at a Pt disc working electrode (d = 0.5 mm).

For the mononuclear complexes, the occurrence of a two-electron reduction per Cu® atom was

confirmed by exhaustive controlled potential electrolysis (CPE) at a Hg pool electrode at a potential

slightly more cathodic than that of the reduction wave 'E;* of CuTFAc2. The CPE corresponds to a

charge consumption of 2F/mol of complex, and leads to the deposition of metallic copper on the
surface of the electrode.
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Catalytic Activity Studies

Peroxidative oxidation of cyclohexane

The strong interest about di-, tri- and polynuclear copper(ll) complexes derives from the fact that
copper has been recognised as a fundamental element in biological systems. As an example, copper
species are present in numerous enzymes that selectively catalyse various oxidation reactions [Kaim
et al. (1996); Holm et al. (1996); Klinman (1996); Cole et al. (1996); Elliot et al. (1997); Fradsto da
Silva & Williams (2001); ltoh (2003); Lee (2003); Ayala & Torres (2004); Lieberman & Rozenweig
(2004); Lieberman & Rozenweig (2005); Yoon & Solomon (2005)] including those performed by the
still poorly characterized particulate methane monooxygenase (pMMO) present in methanotrophs,
where a Cu cluster catalyses alkane hydroxylation and alkene epoxidation [Elliot et al. (1997); Lee
(2003); Ayala & Torres (2004)]. Moreover, trinuclear arrays of copper(ll) have been indicated as the
essential functional units in numerous multicopper blue oxidases, such as laccase and ascorbate
oxidases [Huber (1989)].

All the trinuclear triangular copper(ll) complexes 1-10 have been tested, and behave as catalysts (or
catalyst precursors) for the mild peroxidative oxidation of cyclohexane and cyclopentane with aqueous
H.O,, at room temperature and atmospheric pressure, to the corresponding cyclic alcohols (i.e.
cyclohexanol or cyclopentanol), and ketones (i.e. cyclohexanone or cyclopentanone), and the results
have been previously reported [Di Nicola et al .(2007) (a); Di Nicola et al. (2009); Contaldi et al.

(2009)].
[Cu}
MeCN ag. Ho05
r.t., 6h.

During my PhD studies we also studied the catalytic activity in the peroxidative oxidation of
cyclohexane of two coordination polymers obtained upon treatment of 2 with H,SO, and CF;COOH
(Cu3Sulf and Cu3TFAc) and of some 4-pyridine-containing trinuclear derivatives described in the
previous chapter (Cu3FormAzopy, Cu3FormBpyL, Cu3FormBpyP, Cu3ProBpy, Cu3*ButBpy,
Cu3ValBpy). In Table 15 are shown all the above indicated compounds. Moreover, for comparative
purposes, we also tested the activity of some Cu’-pyrazole mononuclear derivatives in the same
oxidation reaction. The complete list of the mono- and trinuclear Cu"’ compounds employed is
reported in Table 15.

Table 15. List of the catalyst precursors employed

Catalyst Formula Asymmetric unit

2
[¢)
z

[Cu(Cl)2(Hp2)]

B \
CuTFAct [Cu(CFsCOO0)x(Hpz)d] b
,,4‘\7 \/
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CuTFAc2

[Cu(CF3C0O0)2(Hpz),]

cusSulf [Cu(SO4)(Hpz)4]

CuForm [Cu(HCOO)2(Hpz)]

CusSulf [Cus(3-OH) (1-pz)s(SO:)(Hpz)s(H20)]

Cu3TFAc [Cus(3-OH) (1-pz)s(CF2COO)2(Hpz)2]
CusFormas [{{Cu,(15-OH) (1-pz),(HCOO),(EtOH)]-
LusFormAzopy [CUy(t1,-OH) (1-p2) (HCOO) ,(EtOH),11,(C, o HN,)]

SFormBonL [{[Cus(u5-OH) (1-pz),(HCOO),(H,0)}-
SHSFOIMERYE [Cu, (1;-OH) (-p2)o(HCOO),(H,0) (MeOH)]},(C, o HgN,)]
Cu3FormBpyP [Cuy(t1,-OH) (1-p2)(HGOO) (OH)(C o HN, )5 Jo(H,0)
Cu3ProBpy [Cu,(u;-OH)(u-pz),(CH;CH,COO0),(C, HgN,)]2
Cu3*ButBpy [Cu,(u5-OCH;)(1-pz)4(CH5(CH,),C00),(CHgN, )2
Cu3ValBpy [Cu,(u5-OH) (-

pz)4(CH3(CH,)3C00),(C, HgN,) (CH;OH)
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The activity and selectivity depend on different factors, such as the relative amounts of the reagents
which can be varied in order to optimise the reaction conditions as reported for other catalytic systems
employed in the functionalisation of alkanes [Kirillov et al. (2006); Kirillova et al. (2007); Kirillova et al.
(2008); Kirillov et al. (2005); Karabach et al. (2006); Silva et al. (2008); Alegria et al. (2007); Kirillova et
al. (2008); Mishra & Pombeiro (2005); Mishra & Pombeiro (2006); Mishra et al. (2007); Mishra et al.

(2008)]. The obtained results are reported in the following paragraphs.

Effect of the Amount of Nitric Acid

The addition of acid to the system has been reported to increase the catalytic activity. This may be
due to different reasons; for example, the acid can promote the unsaturation of the metal centre upon
protonation of the ligands, and it can hamper the decomposition of hydrogen peroxide to give water
and oxygen [Di Nicola et al. (2007); Di Nicola et al. (2009); Contaldi et al. (2009); Kirillov et al. (2006);
Kirillov et al. (2005)].

Some selected data on the effect of the amount of HNO; on the catalytic activity of our cu® catalyst
precursors are reported in Table 16, while in Figures 63 and 64 the behaviour of all the compounds is
summarised. We observed that in the case of the mononuclear complexes (Figure 63) the highest
yields were obtained without the addition of nitric acid, while in the case of the trinuclear derivatives
the acid is required to maximise the yields. But, while in the case of Cu3Sulf and Cu3TFAc (Figure
64, left) the best yield was obtained with a 10:1 acid/catalyst molar ratio, in the case of
Cu3FormAzopy, Cu3FormBpyL, Cu3FormBpyP, Cu3ProBpy, Cu3*ButBpy, Cu3ValBpy,
increasing the molar ratio does not result in a general behaviour, maybe due to the complexity of our
catalyst precursors (Figure 64, right). Since the addition of strong acids (nitric, hydrochloric,
trifluoroacetic, sulfuric, trifluoromethanesulfonic, ...) to trinuclear copper(ll) complexes can, to some
extent, destroy the trinuclear triangular unit, leading to the formation of mononuclear species [Casarin
et al. (2007) (a); Zanforlin (2007); Di Nicola et al. (2007) (b); Di Nicola et al. (2008)], it is possible that
the observed results may be due to the fact that the effective catalyst of the oxidation reaction is a

mononuclear species.

Table 16. Peroxidative oxidation of cyclohexane by some selected catalyst precursors. Effect of the amount of nitric acid.

Cyclohexanone Cyclohexanol Total
entry Catalyst? n(HNOg)/n(catalyst)” Yield (%) TON Yield (%) TON Yield (%) TON

1 CuChl 0 4.2 4.2 15.6 15.6 19.8 19.8

CuChl 5 4.7 4.7 15.1 15.1 19.8 19.8
3 CuChl 10 2.5 2.5 14.4 14.4 16.6 16.6
4 CuChl 15 3.2 3.2 12.8 12.8 16.0 16.0
5 CuChl 20 3.0 3.0 11.0 11.0 14.0 14.0
6 Cu3Sulf 0 0.9 0.9 13.5 13.5 14.4 14.4
7 Cu3Sulf 5 1.0 1.0 12.0 12.0 13.0 13.0
8 Cu3Sulf 10 1.4 1.4 22.4 22.4 23.8 23.8
9 Cu3Squ 15 1.1 1.1 19.5 19.5 20.6 20.6
10 Cu3Sulf 20 0.2 0.2 4.3 4.3 4.5 4.5
11 Cu3ValBpy 0 0.7 0.7 7.3 7.3 8.0 8.0
12 Cu3ValBpy 5 0.7 0.7 7.6 7.6 8.3 8.3
13 Cu3ValBpy 10 7.4 7.4 17.3 17.3 247 247
14 Cu3ValBpy 15 6.7 6.7 17.3 17.3 240  24.0
15 Cu3ValBpy 20 6.6 6.6 18.9 18.9 255 255
16 Cu3ValBpy 25 54 54 18.9 18.9 24.3 24.3
17 Cu3ValBpy 30 4.3 4.3 14.2 14.2 18.5 18.5

a Reactlon conditions: catalyst (10.0 umol), CgH12 (1.0 mmol), MeCN (4 mL), HNOj3 (0-0.40 mmol), H20O, (5.0 mmol).
b n(HNOs)/n(catalyst) has been calculated using the formulae given in Table 15.
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Figure 63. Peroxidative oxidation of cyclohexane. Effect of the amount of
nitric acid in the case of the mononuclear complexes.
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Figure 64. Peroxidative oxidation of cyclohexane. Effect of the amount of nitric acid in the case of trinuclear derivatives.

Effect of the Amount of Hydrogen Peroxide

The amount of hydrogen peroxide also has a pronounced effect on the yield of the reaction; the
corresponding obtained data are summarised in Table 17 and in Figures 65 and 66, but it is to point
out that it is very difficult to identify a general behaviour, likely due to the complexity of studied
catalytic systems.

While increasing the n(H.O,)/n(substrate) ratio from 2.5 to 5 leads to the increase of the total yield for
every catalyst, further increasing the n(H.O,)/n(substrate) ratio from 5 to 10 does not result in a
general behaviour. In the case of complexes CuTFAc2, Cu3Sulf, Cu3FormAzopy, Cu3FormBpyL,
Cu3FormBpyP, Cu3ProBpy and Cu3*ButBpy an amount of 5 mmol of H.O, [n(H2O,)/n(substrate) =
5] is required to maximize the yield of the reaction, but in the case of compounds CuTFAc1, CuSulf,
CuChl, CuForm Cu3TFAc and Cu3ValBpy it is necessary to use 10 mmol of oxidant
[n(H20y)/n(substrate) = 10]. Moreover, while in the case of catalysts CuTFAc1 and CuTFAc2 a
plateau is reached, in the case of complexes CuSulf, CuForm and Cu3TFAc the yield of the reaction
continues to increase with the increase of n(H,O,)/n(substrate) ratio. Finally, in the case of compounds
Cu3Sulf, Cu3FormAzopy, Cu3FormBpyL, Cu3FormBpyP, Cu3ProBpy and Cu3*ButBpy
increasing the n(H,O.)/n(substrate) ratio from 5 to 10 leads to a drop of the reaction yield.

No oxidation products were detected in the absence of hydrogen peroxide. Since the reactions were
performed under air, this means that molecular oxygen itself is not sufficient to oxidize the
cyclohexane to the corresponding alcohol and ketone.

62



Table 17. Peroxidative oxidation of cyclohexane by some catalyst precursors. Effect of the amount of hydrogen peroxide.

Cyclohexanone Cyclohexanol Total
entry catalyst® n(HxOy)/n(substrate)  Yield (%) TON Yield (%) TON Yield (%) TON
1 CuChl 25 3.3 3.3 6.2 6.2 9.5 9.5
2 CuChl 5.0 4.2 4.2 15.6 15.6 19.8 19.8
3 CuChl 7.5 6.7 6.7 15.7 15.7 22.4 22.4
4 CuChl 10.0 8.0 8.0 16.4 16.4 24.4 24.4
5 Cu3TFAc 25 0.8 0.8 12.3 12.3 13.1 13.1
6 Cu3TFAc 5.0 1.7 1.7 19.4 19.4 211 21.1
7 Cu3TFAc 7.5 1.6 1.6 19.0 19.0 20.6 20.6
8 Cu3TFAc 10.0 4.7 4.7 19.2 19.2 23.9 23.9
9 Cu3FormBpyL 25 3.9 3.9 13.5 13.5 17.4 17.4
10 Cu3FormBpyL 5.0 7.0 7.0 24.5 24.5 31.5 31.5
11 Cu3FormBpyL 7.5 8.4 8.4 22.7 22.7 31.1 31.1
12 Cu3FormBpyL 10.0 5.2 5.2 10.0 10.0 15.2 15.2

@ Reaction conditions: catalyst (10.0 umol), CsH12 (1.0 mmol), MeCN (4 mL), HNOs (0 mmol for CuChl; 0.10 mmol for Cu3TFAc;
0.20 mmol for Cu3FormBpyL, Cu3ProBpy, Cu3*ButBpy and Cu3ValBpy; 0.30 mmol for Cu3FormBpyP; 0.35 mmol for
Cu3FormAzopy;), H-O; (2.5-10.0 mmol).
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Figure 65. Peroxidative oxidation of cyclohexane. Effect of the amount of hydrogen peroxide in the case of the mononuclear
complexes.
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Figure 66. Peroxidative oxidation of cyclohexane. Effect of the amount of hydrogen peroxide in the case of trinuclear catalysts.

Effect of the catalyst amount

As evidenced in Table 18 and in Figure 67, decreasing the amount of catalyst leads to a decrease of
the reaction yields. An enhancement of the overall TON is found for some of the complexes, reaching
a maximum of 110 moles of oxidation products per mole of catalyst in the case of Cu3ValBpy (see
Figure 68).
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Table 18. Peroxidative oxidation of cyclohexane. Effect of the catalyst amount.

Cyclohexanone Cyclohexanol Total
entry catalyst® catalyst amount, #mol Yield (%) TON Yield (%) TON Yield (%) TON
1 CuChl 0.63 0.8 12.8 1.2 19.2 2.0 32.0
2 CuChl 1.25 1.7 13.6 35 28.0 5.2 41.6
3 CuChl 25 3.6 14.4 10.6 42.4 14.2 56.8
4 CuChl 5 6.2 12.4 14.7 29.4 20.9 41.8
5 CuChl 10 8.0 8.0 16.4 16.4 24.4 24.4
6 Cu3Sulf 0.63 0.2 3.1 0.0 0.0 0.2 3.1
7 Cu3Solf 1.25 0.4 3.2 0.6 4.8 1.0 8.0
8 Cu3Solf 25 0.4 1.5 6.4 25.6 6.8 271
9 Cu3Solf 5 1.0 2.0 14.1 28.2 15.1 30.2
10 Cu3Solf 10 1.4 1.4 22.4 22.4 23.8 23.8
11 Cu3ValBpy 0.63 1.5 24.0 5.2 83.2 6.7 107.2
12 Cu3ValBpy 1.25 2.1 16.8 11.7 93.6 13.8 1104
13 Cu3ValBpy 25 3.6 14.4 22.7 90.8 26.3 105.2
14 Cu3ValBpy 5 6.9 13.8 20.5 41.0 27.4 54.8
15 Cu3ValBpy 10 9.9 9.9 20.9 20.9 30.8 30.8

@ Reaction conditions: catalyst (0.63-10.0 umol); CegH12 (
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Figure 67. Peroxidative oxidation of cyclohexane. Effect of the catalyst amount on the total yield of the reaction.

60

50

40

20

—e—MonoTFAc1
—— MonoTFAc2
—e— MonoSolf

MonoForm
—e— MonoCl

catalyst amount, z mol

TON

120

100

80

60

40

20

4 6
catalyst amount, 2 mol

—+— CuFormAzopy

—e— CuFormBpyL
CuFormBpyP
CuProBpy

—e— CuButBpy

—e— CuValBpy

~s— CuSolf

—— CuTFAc

Figure 68. Peroxidative oxidation of cyclohexane. Effect of the catalyst amount on the total TON.

Effect of Radical Traps

The results obtained by using different radical trapping agents [CBrCl; (carbon radical trap), Pho,NH

(oxygen radical trap) and 2,6-di-tert-butyl-4-methyl-phenol (BHT) (radical trapping agent both for

carbon and oxygen radicals)] evidence a radical pathway for the reaction, leading to a dramatic

decrease of the yield of the oxidation products. In particular, the addition to the reaction mixture of

CBrCl; essentially suppressed the formation of the products and cyclohexyl bromide was formed in the

reaction mixture, thus showing that the cyclohexyl radical was generated and trapped. Data obtained

for compound Cu3ProBpy are summarized in Table 19.
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Table 19. Peroxidative oxidation of cyclohexane. Effect of radical traps.

. Yield drop
catalyst® radical n(rad.trap)/ n(rad.trap)/n(H-0,) Yield of products (%) owing to rad.

trap n(CeH12) trapb (%)

Cyclohexanone  Cyclohexanol  Total

CuTFAc2 - - - 1.6 156 172 -
CuTFAc2 CBrCls 1.0 0.2 0.4 1.2 1.6 91
CuTFAc2 BHT 1.0 0.2 2.1 3.7 5.8 66
CuTFAc2 PhoNH 5.0 1.0 0.2 1.4 1.6 91
1 Cu3ProBpy - - - 5.5 30.5 36 -
2 Cu3ProBpy CBrCls 1.0 0.2 0 0 0 99
3 Cu3ProBpy BHT 1.0 0.2 3.2 9.1 123 66
4 Cu3ProBpy PhoNH 5.0 1.0 0.4 1.8 2.2 94

@ Reaction conditions: catalyst (10.0 umol); CgHs2 (1.0 mmol); MeCN (4 mL); HNOs (0 mmol for CuTFAc2; 0.20 mmol for
Cu3ProBpy); H.0, (5 mmol).
(1 — total yield with radical trap/total yield without radical trap) x 100.

|

It has been reported in the literature that the main product of the peroxidative oxidation of cyclohexane
is cyclohexylhydroperoxyde, which, during the reaction partially decomposes to give the

corresponding alcohol and ketone.

00" OH 0
[cu(in]
—_— —_— 1/2 + 1/2 + 1/2 02
H,0,/MeCN

Scheme 3.

On the basis of the suggested radical pathway, an alkylperoxy radical is expected to be involved,
according to Scheme 3 [Shul’'pin et al. (2001); Shul’pin (2002); Shul’pin et al. (2003)]. This radical can
disproportionate via the so-called Russel termination step, giving an approximate 1:1 alcohol/ketone
molar ratio [Russel (1957); Kim et al. (1996)]. At the end of the reaction time, the reaction mixture will
contain cyclohexylhydroperoxyde, cyclohexanol and cyclohexanone. Since the hydroperoxyde is not
detectable by GC analysis (it decomposes in the chromatograph to give mainly a mixture of roughly
1:1 of cyclohexanol and cyclohexanone, apart from some other compounds not detectable in GC),
samples are usually treated with an excess of PPhs prior the GC analysis in order to decompose
quantitatively the cyclohexylhydroperoxyde to the corresponding alcohol, according to Scheme 4
[Shul’'pin (2002)].

OOH OH

+ PPh3

- 0=PPh3

Scheme 4.

In order to confirm the formation of the hydroperoxyde as the main product of the reaction, some tests

were run and the samples taken were analysed before and after the addition of PPhs.
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Table 20. Peroxidative oxidation of cyclohexane. Yields of oxigenates before and after treatment with PPhj.

Yield without PPh; (%) Yield with PPh; (%)
entry Catalyst Cyclohexanol  Cyclohexanone Total Cyclohexanol Cyclohexanone Total
1 CuTFAc1 7.7 141 21.8 18.1 5.3 23.4
2 CuTFAc2 3.7 7.6 11.3 15.6 1.6 17.2
3 CuSulf 7.2 13.0 20.2 16.4 6.1 22.5
4 Cu3TFAc 10.4 12.3 22.7 19.2 4.7 23.9

@ Reaction conditions: catalyst (10.0 pmol); CeHi2 (1.0 mmol); MeCN (4 mL); HNO; (0 mmol for CuTFAct,
CuTFAc2 and CuSulf; 0.10 mmol for Cu3TFAc); H.O (5 mmol for CuTFAc2; 10 for Cu3TFAc, CuTFAc1 and
CuSulf.)

The total yield of the reaction is always higher after the addition of PPh;, as summarised in Table 20,
and this is because, as already mentioned, if a sample taken from the reaction mixture is injected in
the GC as it is, the hydroperoxyde will be decomposed not only to the corresponding alcohol and
ketone, but also to some other not detectable compounds, while the addition of the phosphine
decomposes quantitatively the hydroperoxyde to the corresponding alcohol, which is detectable in GC.
Treating the sample with the phosphine, it is possible to calculate the exact amount of ketone
produced during the reaction (which, according to Scheme 3, is equal to the alcohol amount) and
estimate the yield of the hydroperoxyde simply by subtracting the obtained amount of ketone from the
total yield of the alcohol. The obtained data are summarised in Table 21.

Table 21. Peroxidative oxidation of cyclohexane. Estimated yields of the oxigenates after treatment with PPhs.

Total yield of Yield of Yield of Yield of
entry Catalyst cyclohexanol  cyclohexanone cyclohexanol cyclohexylhydroperoxyde
(%) (%) (%) (%)
1 CuTFAct 18.1 5.3 5.3 12.8
2 CuTFAc2 15.6 1.6 1.6 14.0
3 CuSulf 16.4 6.1 6.1 10.3
4 Cu3TFAc 19.2 4.7 4.7 14.5

@ Reaction conditions: catalyst (10.0 pmol); CeHs2 (1.0 mmol); MeCN (4 mL); HNO;z (0 mmol for
CuTFAc1, CuTFAc2 and CuSulf; 0.10 mmol for Cu3TFAc; H,O; (5 mmol for CuTFAc2; 10 mmol for

Cu3TFAc, CuTFAc1 and CuSulf.)

In any case, it is important to notice that the mechanism reported in Scheme 3 is just a simplification of
the real reaction mechanism. In fact, some tests were run using cyclohexanol as substrate, and they
demonstrated that a small part of the cyclohexanone can derive not only from the decomposition of
the alkylhydroperoxyde but also from the oxidation of the alcohol. The obtained data for catalysts
CuTFAc2 and Cu3TFAc are summarized in Table 22.

Table 22. Peroxidative oxidation of cyclohexanol.

entry Catalyst Yield of
cyclohexanone (%)
1 CuTFAc2 5.1
2 Cu3TFAc 3.3

? Reaction conditions: catalyst (10.0 umol);
CeH11OH (1.0 mmol); MeCN (4 mL); HNOs= (0
mmol for CuTFAc2; 0.10 mmol for Cu3TFAc);
H>O; (5 mmol for CuTFAc2; 10 for Cu3TFAc.)
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Effect of different additives

A high promoting effect of heteroaromatic acids on the oxidation of alkanes (and other substrates)
catalysed by various homogeneous vanadium species [Shul’pin et al. (1993); Shul’pin (2002)] and iron
containing compounds [Nizova et al. (2002); Shul'pin et al (2004)] has previously been recognized by
Shul’'pin et al.; a similar co-catalytic effect on the oxyfunctionalisation of cyclic and linear alkanes with
dioxygen catalyzed by oxovanadium or pyrazole-rhenium complexes supported on modified silica gel
was also observed [Mishra & Pombeiro (2005); Mishra & Pombeiro (2006); Mishra et al. (2006);
Shul'pin et al (2007); Mishra et al. (2008)].

We investigated the effect of different heteroaromatic additives, such as pyrazinecarboxylic acid (PCA)
and isonicotinic acid (INA) on the catalytic activity of [Cus(us-OH)(u-pz)s(CH3COO)2(Hpz)], 2; the
influence of hydrochloric acid was tested as well for comparison purposes. The obtained data are

reported in Table 23.

COOH COOH

N
N __~A =
N
isonicotinic acid pyrazine-2-carboxylic acid
(INA)

The catalytic activity of complex 2 in the peroxidative oxidation of cyclohexane in the presence of nitric
acid was already reported [Di Nicola et al. (2009)]. In that case, the maximum total yield of oxidation
products, obtained by using n(H.O.)/n(substrate) = 5 and n(HNOz)/n(catalyst) = 10, was 31.0%. In the
case of hydrochloric acid addition, the maximum total yield, in the same conditions, is 15.6%, which is
more or less the half obtained using HNO;. In the case of pyrazinecarboxylic acid, the total yield is
even lower (10.8%), while employing isonicotinic acid no oxidation products were detected.

Hydrochloric acid is a strong mineral acid, which differs from nitric acid by the better coordinating
capability of the chloride ion compared to NOj". Isonicotinic acid and pyrazinecarboxylic acid are
heterocyclic nitrogen-containing compounds. It is possible that ClI" ions and the heteroaromatic acids
coordinate to the copper centres, saturating the coordination environment around the metal ions and

thus decreasing the catalytic activity.

Table 23. Peroxidative oxidation of cyclohexane. Effect of different additives.

n(additive)/

catalyst® additive n(catalyst) Cyclohexanone Cyclohexanol Total
Yield (%) TON Yield (%) TON Yield (%) TON
1 2 HCI 0 0.6 0.6 3.0 3.0 3.6 3.6
2 2 HCI 5 1.9 1.9 3.3 3.3 5.2 5.2
3 2 HCI 10 5.1 5.1 10.5 10.5 15.6 15.6
4 2 HCI 15 3.3 3.3 10.1 10.1 13.4 13.4
5 2 HCI 20 24 24 8.6 8.6 11.0 11.0
6 2 PCA 0 2.8 2.8 8.0 8.0 10.8 10.8
7 2 PCA 5 0.2 0.2 0.1 0.1 0.3 0.3
8 2 PCA 10 - - - - - -
9 2 PCA 15 - - - - - -
10 2 PCA 20 - - - -
11 2 INA 0 - - - -
12 2 INA 5 - - - -
13 2 INA 10 - - - -
14 2 INA 15 - - - - -
15 2 INA 20 - - - - - -
4

@ Reaction conditions: catalyst (10.0 umol); C¢Hy2 (1.0 mmol); MeCN (
n(H2Oz)/n(substrate)=5.

mL); n(additive)/n(catalyst)=0-20;
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Oxidation of methyl-p-tolyl-sulfide

Sulfoxides and other organosulfur compounds are important synthetic intermediates in organic
chemistry, and are valuable in the preparation of biologically and pharmaceutically relevant materials
[Carrefio (1995); Fernandez & Khiar (2003); Caron et al. (2006)]. An important oxidation reaction in
pharmaceutical research and production is the oxidation of a sulfide to a sulfoxide, which is achieved
with a large variety of reagents and catalysts [Caron et al. (2006)]. On the other hand, sulfoxides can
undergo overoxidation to sulfones and therefore it is important that the catalyst has a low reactivity
toward the sulfoxides [Dell’Anna et al. (2000); Venkataramanan et al. (2005)].

Due to the potentiality as oxidation catalyst of the trinuclear triangular cu® assembly above described,
we started studying the catalytic activity of the trinuclear derivative [Cus(us-OH)(u-
pz)3(CH3COO0),(Hpz)], 2, in the oxidation of methyl-p-tolyl-sulfide to the corresponding sulfoxide.

CH Ox. _CHs
S/ 3 \S/
2
H>0,/MeOH
40°C, 4hrs
CHg CHa

The reaction was carried out in methanol, at 40°C, using hydrogen peroxide as oxidant. Preliminary
results showed that 2 is a catalyst precursor for the reaction. In fact, sulfide conversion is higher in the
presence of 2 than in the blank experiments. It must be highlighted that at 40°C the yield in sulfoxide is
only 48.0%, probably due to partial decomposition of hydrogen peroxide. For limiting this competing

path, further experiments will be performed at lower temperature.

Table 24. Oxidation of methyl-p-tolyl-sulfide. Preliminary results.

Catalyst Reaction time  Yield (%)

1 2 hours 7.5
2 2 2 hours 48.0
3 4 hours 16.0
4 2 4 hours 46.5

At the moment, the attention has been focused on the intermediates of 2 in the oxidation reaction. We
observed that the solution of 2 in methanol, which is blue, turns green upon H,O, addition. The
change in the colour of the solution suggests that probably some Cu-based peroxo intermediate is
formed. The change in the colour is evidenced by a shift in the absorption band in the UV-vis spectrum

from 624 nm (which is characteristic for complex 2) to 601 nm, as shown in Figure 69.
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Figure 69. UV-vis spectrum of 2 in MeOH before the addition of H.O; (black line) and after the addition of H.O- (red line).

A titration, followed by UV-vis spectroscopy, was done to check the stoichiometry for the formation of
the intermediate, and evidenced that 2 equivalents of H,O, are required for the formation of the
intermediate. Interestingly, in the absence of the sulphide substrate, the green solution then gradually
turns again blue after more or less 12 hours, suggesting progressive decomposition of the
intermediate formed upon H,O, addition. The kinetic of decomposition of the intermediate was

followed by UV-vis spectroscopy. Some of the recorded spectra are shown in Figure 70.

0.254

0.24 4

0.23 4 °

0.22 4

A0.214

0.20 °

0.19 hd

0.18 4 ®

0.17 4

Time (h)

Figure 70. Left: selected UV-vis spectra of 2 + H,O, in MeOH; the shift of the maximum position from 601 nm to 624 nm is
shown. Right: plot of the adsorbance at 601 nm vs. time.

The solution was then let to slowly evaporate in the air, and after a couple of days some blue well-
formed crystals were isolated. Their X-ray single crystal analysis confirmed that compound 2 was
formed again. This evidence is quite interesting, because it suggests that in these conditions it may be
possible to recover and recycle the catalyst precursor 2. Most importantly, it also suggests that the

trinuclear triangular moiety is very likely maintained in the structure of the effective catalyst.
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Conclusions and future perspectives

During the three years of my PhD studies, the attention was focused on the design and synthesis of
new coordination polymers. Among the possible strategies to make a CP, the easiest method is to
react a potentially bridging ligand with a metal ion having more than one vacant or labile site [James
(2003)]. This approach implies the use of accurately designed polynucleating ligands, having
geometries capable to promote the assembly of more metal centres, thus directly generating polymeric
systems.

During the first year, two different families of potentially polynucleating ligands were synthesised and
characterised. These two classes are based on the s-triazine [Casarin et al. (2007) (b); Casarin et al.
(2008) (a); Pettinari et al. (2009)] and on the oxalic and malonic skeletons [Garau et al. in the press],
bearing in all the cases azolate fragments as coordinating nitrogen-based centres. Unfortunately,
some preliminary tests on the reactivity of these ligands with Cu™, Ag"”, zn" and Ru" in
hydroalcoholic solvents evidenced the relatively easy hydrolysis of the ligands. At the moment, the
study of the coordination properties of these ligands to transition metal ions has been set aside, and
the attention has been focused on the understanding of the decomposition mechanism upon treatment
with transition metal compounds. Particularly, concerning the s-triazine derivative I, first studies on the
binding properties of the TPM fragment towards Cu" and Ag" ions have been carried out. DFT has
been used to look into the electronic structure of [M(TPM)]" molecular ion conformers (M = Cu, Ag)
and to study the energetics of their interconversion [Casarin et al. (2008) (b); Casarin et al. (2009)].
We recently started a similar theoretical study to better understand the decomposition of the oxalate
and malonate based ligands in protic conditions. Moreover, from an experimental point of view, we are
planning to study the reactivity of our ligands in aprotic conditions, with the aim to prevent their
decomposition.

An alternative approach for the synthesis of CPs exploits the formation of small stable metal-clusters
(SBUs), in which ligand coordination modes and metal coordination environments can be used to
transform these fragments into extended porous networks by using polytopic linkers [Eddaoudi et al.
(2001)]. In the case of the trinuclear Cu" complexes, the spontaneous formation of stable triangular
[Cus(us-OH)(u-pz)s]*" SBUs was observed upon reaction between Cu carboxylates and pyrazole in
hydroalcoholic solvent. These trinuclear Cu" clusters self assemble in the solid state through
carboxylate bridges (in some cases assisted by hydrogen bonds), giving rise to different coordination
polymers, in which the trinuclear triangular SBUs can be considered as a sort of monomers. In this
context, a series of new trinuclear triangular Cu"” derivatives, both from saturated and unsaturated
copper(ll) carboxylates, 