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Abstract

This PhD mainly revolves about the synthesis of pyrazole-derived ligands and
their coordination compounds. The particular ligands used in this work are tri-substituted
pyrazole rings (positions 1- (N-substitution), 3- and 5-), which can be classified in three
families: N-hydroxyethylpyrazole, bispyrazole ether and N-alkylcarborane ligands. In this
work, six previously unreported ligands have been synthesized for the first time, and

thirty-two metal complexes have been obtained.

Chapter 1 starts by offering an overview of the Design of Metal Organic
Materials (DMOM) group past work in the synthesis of pyrazole-derived ligands as well
as in the background of the Laboratory of Inorganic Materials and Catalyst’s (LMI) group

in incorporating N-heterocycles to the carborane moiety.
Chapter 2 states the general and specific objectives for this thesis.

Chapter 3, where the results obtained during this work are discussed, is divided

in five sections:

Section 3.1 contains the synthesis and characterization of six new pyrazole
derived ligands. The first three (L6-L8) belong to the bispyrazole ether family, and
incorporate phenyl moieties in positions 3- and 5-. The next three (L9-L11) are the first

examples of N-alkylcarborane pyrazole ligands.

Section 3.2 describes the reactivity of a family of three different N-
hydroxyethylpyrazole ligands bearing methyl, phenyl or 2-pyrydil groups (HL1-HL3)
against different Cu(II) salts. The crystal structures of the nine resulting compounds have
been elucidated, allowing the study of their molecular structures and supramolecular
networks. These studies lead to the assessment that the alcohol moiety is the key player

in determining the nuclearity of the resulting compounds.

Section 3.3 focuses on bispyrazole ether ligands. In the first part, the reactivity of
two positional isomers of a bispyrazole ligand (L4 and L5) against different MCl» salts
(M = Zn(Il), Cd(1I), Hg(Il), Co(Il) and Cu(Il)) has been assayed. This afforded ten
coordination compounds bearing three clearly different topological motifs: dimeric
metallacycles for L4, and 1D polymers and dimers for L5, demonstrating the effect of the

relative position of the pyrazole arms in the topology of the resulting compounds. In the



second part, the reactivity of the novel ligands L6-L8 against Pd(II) is assayed, and the

results compared with those previously obtained with 1.4 and LS.

In Section 3.4, the first coordination complexes containing N-alkylcarborane
pyrazole ligands are described. In this work, a total of six coordination compound bearing
L9-L11 and different metal centres (Cu(Il), Zn(Il), Cd(Il), Hg(Il) and Pd(II)) are
described, allowing the observation of the effect of adding the carborane moiety to the

pyrazole backbone.

Section 3.5 describes the obtention of four luminescent Cu(I) compounds bearing
ligands L9-L12. Some of them bear particularly rare motifs, and their obtention during
the same work is remarkable. Moreover, the study of their luminescent behaviour has
allowed us to investigate the emission processes in some scarcely studied compounds.

These studies are backed by TDDFT calculations.
In Chapter 4 the general conclusions of this work are presented.

Moreover, for the sake of completeness, this work also contains and experimental
section (Chapter 5) and an annex (Annex I) which contains all the spectra and additional

information for this work.

Finally, all the related publications for this work can be found in Annex II
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1.1 Coordination Chemistry and ligand design

Coordination chemistry is the study of compounds that have a central atom (often
metallic) surrounded by molecules or anions, known as ligands. The ligands are attached
to the central atom by dative bonds, also known as coordinate bonds, in which both
electrons in the bond are supplied by the same atom on the ligand! ™. It is commonly
accepted that the father of modern coordination chemistry is the 1913 Nobel Prize winner
Alfred Werner, who identified the principal features of the geometrical structures of metal

complexes®.

Over the years, enhanced comprehension of the properties of coordination compounds
has led to the realization of the intrinsic relationship between their structure and their
functionality®. This realization has led coordination chemists to investigate the next
logical step, that is, to envision new strategies to predict the structure, and thus, the
functionality, of new compounds. The natural course of this thought process also leads to
the next two logical objectives: 1) to optimize said functionalities and ii) to create new
ones. Thus, synthesis of coordination compounds bearing desired topological motifs and

functionalities has become the driving force of many chemists’ research.

The field progressed into a sort of “construction games” competition, ever pursuing
new functionalities and architectures. It has been found that the final architecture of the
compounds has a strong dependence on the interaction between “building modules”
(organic ligands, metal centres and their counter-ions, solvent molecules) as well as
reaction conditions (pH, temperature, time and the use of templates or structure-directing
anions). Moreover, it has been recognised that non-bonding interactions between
molecules are also an integral part of the properties of the resulting coordination

compound®.

The choice of organic ligand is, perhaps, the “building module” that offers more
freedom for the investigator. There are countless possible organic ligands, possessing any
number and combination of functional groups. Here, only the imagination of the chemist
is the limit. Thus, the concept of “ligand design”, that is, synthetising ligands with the

specific aim of obtaining a desired structure, was born.

Perhaps one area where this fact is most obvious is in the synthesis of coordination

polymers (CP) and metal-organic frameworks (MOFs). The immense number of possible



compounds afforded by and almost at-will combination of metal centres and organic
ligands resulted in the interest for this field skyrocketing, perhaps being one of the most
researched topics today’ . The enormous interest generated by this family of compounds
resulted in extensive investigation on ligand design'®!3

field of research by itself'* 7.

, paving its way into becoming a

The constant drive for smarter and more efficient materials, as well as new
functionalities has led to the emergence of ligands with hetero donating functions, that is,
ligands with at least two coordinating atoms of different nature. It is expected that the
presence of different atoms on the same scaffold could allow for interesting features such
as self-recognition and metal discrimination (based on Pearson’s theory of hard and soft

acids and bases)!®22,

Among the plethora of strategies available to afford these desired ligands, the Design
of Metal Organic Materials (DMOM) group, headed by Dr. Josefina Pons, specializes in
the use of N-donating heterocycles as scaffolds for the incorporation of new

functionalities.

1.2 N-donating heterocyclic ligands: pyrazole

Heterocyclic compounds are those that possess a cyclic structure and include at least
one atom other than carbon, usually oxygen, nitrogen, or sulphur. Among them N-donor
heterocycles are of great interest to coordination chemists, owing to their well-known

coordination properties to metals.

Pyridines are, arguably, one of the most well-known and used N-heterocyclic donors,
and for many years the favourite N-heterocycle for the synthesis of coordination
compounds'®. However, in more recent times, owing to its higher denticity, stronger
coordination ability and ease of functionalization, a different family of N-heterocycles is

gaining attention: azoles* %,

For almost three decades, the DMOM group has been focusing on a particular member
of the family of azole ligands: pyrazole. It consists of a planar five-membered ring

comprising two nitrogen atoms on relative positions 1 and 2. It also contains and
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uninterrupted m-electronic system consisting of six electrons located on five p orbitals,

thus being aromatic (Scheme 1.1).

Scheme 1.1 Schematic representation of pyrazole

As a ligand, the pyrazole nucleus coordinates via its azo nitrogen atom N2. It can also
be deprotonated, forming the pyrazolide ion, which acts as an exobidentate ligand
coordinating through both nitrogen atoms. Most of the compounds presented in this work

are based on neutral pyrazole ligands, and thus they coordinate via N2 nitrogen atom.

In the era of ligand design, pyrazoles feature the exciting property of being easily
functionalized in positions 1-(N-substitution), 3-, 4- and 5-, allowing for the fine tuning
of properties such as the acidity of N1 and the nucleophilicity of N2. Thus, this plethora
of possibilities has resulted in an increasing interest in the synthesis of pyrazole-derived
molecules for multiple applications?> 2. Reviews on the subject are not only prolific in
number, but also published in a long time scale, as the first one was published in 1972 by
Trofimenko®® and the most recent one was published in 2020 by Mykhailiuk®*, attesting

the continuous and current relevance of this family of N-heterocycles.

1.3 Functionalization of pyrazole ligands

In the early 90s, the DMOM group started working in the functionalization of
positions 3- and 5- of pyrazole ligands. These positions were functionalized via the
incorporation of methyl, phenyl and pyridine groups. Their coordination behaviour
against different transition metals such as Mn(II)*>, Ru(Il) and (III)*, Co(I1)*>-7-,
Ni(IT)33373941 pa(I1)*>44, Pt(IN)*, Cu(11)*>¥448 Zn(11)*=7 and Cd(11)*>*7, was studied,

displaying a great structural diversity. Some years later, while continuing with these



studies, new functional groups were incorporated to the scope of our study, such as

trifluoromethyl*~>! (Scheme 1.2).

N-._. —~—
H H
R1 = Ph, Pyr R1 =Pyr

Scheme 1.2 3,5-disubstituted ligands used in the DMOM group. Abbreviature Ph stands for Phenyl, Pyr
for pyridine

A new direction was taken when functionalization in position 1- (N-functionalization)
was incorporated. Thus, the study on the synthesis and coordination of 1,3,5-
trisubstituted pyrazole ligands began. The first studies started with the incorporation of
alkylic chains, resulting in a family of N-alkylpyrazole****~4ligands, but soon alkylic

chains possessing heteroatoms were employed.

As such, the group developed a library of ligands containing hybrid N-pyrazole-X-
donor groups, such as N-amine>>-6376465 " N.imine®®, S-thiol¢”¢® S-thioeter’>®°, S-
sulfoxide/sulfone, P-phosphine’®7* and OP-phosphinite’’® (Scheme 1.3). N-pyrazole-
X-donor ligands containing oxygen atoms in alcohol or ether groups are of special
relevance for this PhD work, and will be discussed in detail in sub-sections 1.3.1 and

1.3.2.
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Over the years, the coordination behaviour of those ligands against several metals has
been studied; mostly using Pd(I)*4%-0-52-55.57:58.60.64.65.67-70.75.76 a5 metal cation, but also
other metals such as Fe(I)"2, Rh(I)®*7*77, Ru(I1)">"8, Ni(I)*?, Pt(I1)**> 437586169 " Cy(1)"!,
Ag(D™, Au(D)”!, Zn(11)**%¢ and Cd(I1)*°.

Over the years, it has been demonstrated that conformational freedom of the ligand
does have a great impact on the final topology of the coordination polymers. As
demonstrated by a plethora of different works, the presence of a flexible moiety between
the N-pyrazole coordinating sites greatly increases the possibility of obtaining interesting
networks and promotes different types of self-assembly. Besides, the inclusion of new
functional groups bearing heteroatoms in di-, tri- or tetrapyrazole ligands could also
further increase the variability of coordination modes and promote fascinating
interactions such as hemilability or selective coordination. Thus, as early as 2001, our
group also dedicated great efforts to the synthesis of new polypyrazole ligands linked by
chains containing different heteroatoms. This line of work started with the synthesis of
bispyrazole ligands linked by amino groups>®®!"63"-82 but soon grew to encompass

83,84

polypyrazole ligands®** and bispyrazole ligands®>® linked by diamino groups and

bispyrazole ligands linked by thioether®”°!, dithioether®* *%, thiolate”, sulfoxide!%%!%!

and sulfone!0-101

groups (Scheme 1.4). Flexible bispyrazole ligands containing ether
groups are of special relevance for this PhD work, and will be discussed in detail in sub-

section 1.3.2.

Their coordinative properties against several metals such as Rh(I)%37%-83:8498 Nj(I1)*,
Zn(11)*? and Cd(I)*° has been studied. However, our main focus has perhaps been
Pd(I1)8%85:86.90.93-95.99.101 © py([1)61.9195.99 compounds and the reactivity of the resulting

coordination complexes®?-81:87-89:92.96.97
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Scheme 1.4 Flexible polypyrazole 1,3,5-trisubstituted ligands used in the DMOM group. Abbreviature Ph
stands for Phenyl, Et for Ethyl, Pro for iso-propyl and '‘But for tert-butyl.

1.3.1  N-hydroxyalkylpyrazole ligands

Since 2002, the DMOM group started investigating N-pyrazol-O-alcohol hybrid
ligands. During these years, several reported ligands have been the target of our interest,
and several others have been developed, especially those featuring substituted 3,5-

positions with methyl, phenyl and pyridyl groups.

For such small and relatively simple molecules, this set of ligands display a rather
interesting variability of coordination behaviours. The key player is the alcohol moiety,

which can act in variety of manners (vide infra).

As such, our group has used and developed several 1-hydroxyalquilpyrazole!>1%,

1-hydroxyalquil-3,5-dimethylpyrazole'** %7 ligands bearing aromatic moieties such as
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phenyl and pyridines and ligands bearing two heteroleptic substituents in positions

3,543 Hincluding groups such as CF3*-3%!14 (Scheme 1.5).

N—N N—N N—N
OH OH
" ! \/\OH
w18 x=1,2,3 R1 = CHs, CF;
for X=2 X=CHy, N
HLI1

HL2 HL3

-
J
1 N \N
N—N

\——0H

Scheme 1.5 Hybrid N-pyrazole-O-alcohol ligands used and developed in the DMOM group. Ligands used
in this PhD work are highlighted in blue and labelled.

Ligands 2-(3,5-dimethyl-/H-pyrazol-1-yl)ethanol (HL1), 2-(3,5-diphenyl-/H-
pyrazol-1-yl)ethanol (HL2) and 2-(3,5-pyridyl-/H-pyrazol-1-yl)ethanol (HL3) will be
object of study during this PhD work, and thus will be discussed further below.

As stated before, these molecule offers a great deal of coordination flexibility,
resulting in a notable amount of structural variability in the resulting coordination
compounds. The flexible alkyl chain allows for easy coordination of the alcohol moiety
to the metal centre, or for its participation in intermolecular hydrogen bond or other

intermolecular interactions. Moreover, this alcohol moiety can be protonated or
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deprotonated, fundamentally changing the nature of the ligand, which becomes an ionic

ligand instead of a neutral one (Scheme 1.6).
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Scheme 1.6 Reported coordination modes of N-hydroxyalkylpyrazole ligands. Abbreviature Ph stands for
Phenyl and Pyr for Pyridine.

Our reported investigations on the reactivity of HL1 against Pd(II) and Pt(II),
showed its behaviour as a monodentate ligand, coordinating through the azo-N moiety.
NMR studies of these compounds displayed a hindered rotation around the N-bond,
allowing the observation of the cis- and trans- isomer, although only the crystal structure

of the trans- Pd(I) and cis- Pt(Il) isomers were elucidated (Figure 1.1)1%4197,

The use of coordinatively flexible metals such as Zn(II), Cd(II) and Hg(II) brought
out the diverse coordination possibilities for HL1, as well as the result variable
topologies. In those metals, HL1 acted as monodentate and bidentate chelate, often with

the same metal, affording monomers, dimers and polymers (Figure 1.2)!0%:1%



Figure 1.1 Crystal structure of trans-[Pd(HL1)Cl,] (left) and cis-[Pt(HLl)C12]104’107. Colour code: grey
(C), light blue (N), light green (Cl), red (O), white (H), dark turquoise (Pd), light-grey (Pt).

Figure 1.2 Crystal structures of [Zn(HL1),Cl>] (top-left), [Zn(HL1)Cl,] (top-right) and {{Hg(HL1)CL]}.
(bottom)los’l%. Colour code: Grey (C), light blue (N), light green (Cl), red (O), white (H), blue-grey (Zn),
light grey (Hg).

Other reported examples including Co(II) and Cu(II) metal centres also reveal the
possibility of obtaining new coordinating modes, for instance, in compounds
[Cu(L1)CI]2!'"® and [Cu(L1)Br]»''® where its deprotonation results in the ligand acting
as a bidentate chelate and bridging ligand or even combining different coordination

modes in the same compound, as in [Cu(L1)(HL1)]»(Cl04)'"" (Figure 1.3), where a
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bidentate chelate and a bidentate chelate and bridging (deprotonated ligand) behaviours

are observed.

Figure 1.3 Crystal structures of [Cu(L1)Cl]> (left)'°, and Cu(L1)(HL1)]5(C1O4) (right)!!”. Colour code:
grey (C), light blue (N), light green (Cl), red (O), white (H), orange (Cu).

Contrary to HL1, coordination behavior of HL2 and HL3 has been much less
investigated, and only a few reports, most of them published by our group, have been
published.

For HL2, its coordination behaviour against Pd(Il), Zn(Il) and Cu(Il) has been
studied, resulting on the isolation of monomers and dimers'®. In each compound, this
ligand displays different coordination behaviours: N-monodentate for Pd(Il), N,O-
chelated for Zn(II) (bearing a protonated alcohol group) and N, O-chelating and bridging
for Cu(Il) (bearing a deprotonated alcohol group) (Figure 1.4).



Figure 1.4 Crystal structures of trans-[Pd(HL2),Cl] (left), [Zn(HL2)Cl;] (middle) and [Cu(L2)Cl],
(right)log. Note that in each compound the ligand has a different coordination behaviour. Colour code: Grey
(C), light blue (N), light green (Cl), red (O), white (H), dark turquoise (Pd), blue grey (Zn), orange (Cu).

Regarding HL3, it has been used for the synthesis of coordination compounds
bearing Pd(II), Pt(Il), Cu(I), Ag(I), and Cu(Il) metal centres, resulting in the obtention of
monomeric and dimeric compounds'!’. In all of them, it displayed a N,N -bidentate
chelating behaviour, involving one nitrogen atom of the pyrazole ring and one from the
pyridine ring. Notably, in all cases the alcohol moiety is protonated, and does not
participate in the coordination. As an example, the resulting coordination compound

bearing Pd(II) is shown (Figure 1.5).

Figure 1.5 Crystal structure of cis-[Pd(HL3)C12]' . Colour code: grey (C), light blue (N), light green (Cl),
red (O), white (H), dark turquoise (Pd).
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Owing to this lack of reports concerning HL2 and HL3, it was decided to expand
the library of coordination compounds bearing these ligands during this PhD work, as
well as studying the influence of the use of different metal salts in the resulting

coordination compounds for HL1-HL3.

1.3.2  Flexible N,O-bispyrazole ether ligands

Around the same time as the development of N,0-hydroxyalkylpyrazole ligands in
our group started, so did the interest in pyrazole ligands containing the ether functionality.
First, the research was focused in the addition of polyether chains to the pyrazole moiety,
and the reactivity of the resulting ligands was assayed against Rh(I)!!%, Pd(II)!"°. On latter
years, new polyether pyrazole ligands were synthesized, bearing different substituents in
their positions 3- and 5-. Besides its reactivity against Pd(I)!?° and Pt(I)!?°, the

regioselectivity of their synthesis was also studied using theoretical support'?!.

However, as already mentioned, our interest grew to encompass flexible polypyrazole
ligands containing multiple pyrazole groups bonded to ether or polyether chains via their
N1 atoms. Examples of such ligands are bis[2-(3,5-dimethyl-1H-pyrazolyl)ethyl]ether
which is one of the most widely known ligands of this family. Besides our own studies
on its reactivity against Rh(I)'?%, Pd(I)!?* and Pt(II)!* there are plenty of other reports
including metal centres such as Co(II), Cu(I), Zn(II) and Cd(II)!>*12¢,

In this sense, by 2008 the DMOM group started developing a family of new hybrid
bispyrazole N,O-diether ligands: 1,8-bis(3,5-dimethyl-1H-pyrazol-1-yl)3,6-dioxaoctane
(L4), 1,2-bis[4-(3,5-dimethyl-/H-pyrazol-1-yl)2-oxabutil]benzene (o-LS5), 1,3-bis[4-
(3,5-dimethyl-/ H-pyrazol-1-yl)2-oxabutil]benzene (m-L5), 1,4-bis[4-(3,5-dimethyl-/H-
pyrazol-1-yl)2-oxabutil]benzene (p-L5), 4.,4’-bis[4-(3,5-dimethyl-1H-pyrazol-1-yl)-2-
oxabutil]biphenyl (L.6), and even a trispyrazole 1,3,5-tris[4-(3,5-dimethyl-/ H-pyrazol-1-
yl)-2-oxabutyl]benzene (L7) N,O-triether ligand'?”!?® (Scheme 1.7).
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Scheme 1.7 Hybrid N,O-ether pyrazole ligands developed by the DMOM group. Ligands used in this PhD
work are highlighted in blue. Abbreviature Ph stands for Phenyl and Pyr for Pyridine.
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The synthesis of Pd(II) coordination compounds bearing ligands L4 and all the
isomers of L5 revealed that two distinct types of products were obtained, depending on
the reaction solvent. In the first one, the ligand acted in a NN -bidentate chelate fashion,
resulting in the isolation of monomers. In the second one, two ligands acted in a NN -
bidentate bridged fashion, binding together two Pd(II) atoms in a dimeric macrocycle of
thirty members (Figure 1.6). It was also seen that monomeric compounds are the
thermodynamically favoured products, as it was possible to convert the dimeric

complexes into monomeric ones'> 13!,

e

Figure 1.6 Crystal Structure of monomeric [Pd(0-L5)Cl,] (left) and dimeric macrocycle [Pd(0-L5)Cl:],
(right)'?°. Colour code: grey (C), light blue (N), light green (Cl), red (O), dark turquoise (Pd).

For ligand L4, its reactivity against Zn(II), Cd(II), Hg(II), Pt(I) and Ni(I) was also
studied'**13!, The choice of coordinatively flexible metals proved the versatility of the
ligand, as structures with different dimensionalities and coordination behaviours were
observed. For instance, its reactivity against ZnCl, resulted in the isolation of a polymer
where L4 acts in a NN -bridging fashion, while for CdCl> and NiCl>:6H20O monomers
with L4 acting in a NOO’N ’-chelate fashion were obtained (Figure 1.7, top). Moreover,
it was observed that the use of different metal salts had a great impact in the resulting
product, as proven by the product resulting of the reaction of L4 against Zn(ClO4)>, which

resulted in a monomer instead of the previously obtained polymer. (Figure 1.7, bottom)



NN’-chelate NN’-bridged

Figure 1.7 Coordination modes of L4 (top). Crystal structures of polymer {[Zn(L4)Cl:]}, (bottom left) and
ionic monomeric [Zn(L4)(H20),](ClO4)2 (bottom right)'*°. Colour code: grey (C), light blue (N), light green
(Cl), red (O), blue grey (Zn).

Inspired by those results, it was decided to include the study the behaviour of o-L5,
m-L5 and p-L5 ligands against coordinatively flexible metals such as Co(II), Cu(Il),
Zn(II), Cd(IT) and Hg(II) in the framework of this PhD, as well as developing new hybrid
bispyrazole N,O-diether ligands.

1.3.3  Synthetic strategies for the N-functionalization of pyrazole ligands

Over the years, our group has employed a set of different synthetic strategies for the
obtention of new functionalized N-pyrazole ligands. They can be broadly classified in
three groups. The first one affects the very synthesis of the pyrazole ring, as involving the
modification of their parent f-diketones or hydrazine. The second and third groups
encompass synthetic strategies involving the modification of already synthesized
pyrazole rings, either by adding new functionalities on them or by directly modifying the
functional groups present in them. A brief overview of each of this strategy will be

offered here.
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e Modification of the parent B-diketone

One of the most well-known methods employed by our group for the synthesis of
pyrazole ligands involves reacting a suitable f-diketone with hydrazine (Scheme 1.8).
Modifying the parent diketone by including different groups in their positions 1- and 5-
is an efficient way of obtaining 3,5- substituted pyrazole ligands. Moreover, using
different derivatives of hydrazine allows for the control of the substituent in position 1-
(N-substitution). We have employed successfully this strategy in the synthesis of 3,5-
disubstituted®®>! pyrazole ligands and  3,5-disubstituted-N-hydroxyalkyl pyrazole

ligands!®%114

, both symmetrically and asymmetrically substituted, and even more
complex bispyrazole ligands'*?. This strategy will be used in this PhD for the synthesis

of 3,5-disubstituted-N-hydroxyalkyl pyrazole ligands.

R
H S
] . + HzN—N\R" D\R'
N
\

Rll

Scheme 1.8 Synthesis of pyrazole ligands using -diketones. Note that if R # R’, different regioisomers
can be obtained.

e Addition of new functional groups

This strategy involves taking advantage of the acidity of proton groups attached
to N1 of pyrazole ligands (pKa = 14.2), hydroxyl groups, or even thiol groups. They can
easily be deprotonated using strong bases, and the resulting nucleophile can react with

classical electrophile groups (Scheme 1.9). This strategy has been employed successfully

for the synthesis of hybrid N,O-polypyrazole ethers'?’, polyether pyrazole ligands''*!?!,

69,87

thioether pyrazole ligands®-*” and N-alkylpyrazole ligands™.



| \ Strong base | \ R-X | \

\j R-X

X =Cl, Br, Tossilate
X'=0H, SH

‘ \ Strong base W
N ~ N —> N ~— N
X'—R

Scheme 1.9 Synthesis of N-substituted pyrazole ligands using pyrazole precursors as nucleophiles

N-hydroxyalkylpyrazole ligands also allow their use as electrophiles, provided its
alcohol functionality is substituted for a suitable leaving group, such as a halogen or a
tosyl. Then, the resulting precursor is the subject of a nucleophilic attack, resulting in the

desired ligands (Scheme 1.10). This strategy has been especially useful for the synthesis

58,81 69,87

of N-alkylaminopyrazole ligands >®" and thioether pyrazole ligands

Both variants of this strategy will be used during this PhD work.

N N R N
OH X R
X = Halogen, tossyl

Scheme 1.10 Synthesis of N-substituted pyrazole ligands using pyrazole precursors as electrophiles
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¢ Direct modification of the functional group

This strategy consists in the direct substitution of one functional group by a
different one. It mainly involves N-hydroxyalkylpyrazole ligands, and the substitution of
their alcohol groups for chlorine and tosyl groups for the synthesis of pyrazole precursors
for further reactions, as well as phosphine (involving two reactions of this type)’® and

76,77

phosphinite’™’’ groups (Scheme 1.11 a).

Other, perhaps more advanced, examples of this strategy include the synthesis of
imine-substituted pyrazole ligands via reaction of aldehyde groups with amines®® or the
oxidation of sulphur groups in thioether-functionalized pyrazole ligands to sulfoxides and
sulfones'® (Scheme 1.11 b). This case is particularly interesting, as the desired result has
been achieved via classical chemical reactions, using hydrogen peroxide and m-
chloroperbenzoic acid (MCPBA) as oxidizing agents, as well as using electrochemical

methods'%.

This strategy will be used in this PhD work mainly for the synthesis of tosyl-

substituted pyrazole precursors.
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Scheme 1.11 Synthesis of phosphine and sulfone/sulfoxide containing pyrazole 1igands70’10O

1.4 Carboranes

Boron is known to form several neutral and anionic cage-like boron-hydrogen
clusters. They can have up to twelve members, and fall into three categories: closo, nido
and arachno. Compounds with the closo structure have a [BnHn]*" general formula, and
anions with n =5 to 12 are known. An example is the iconic [B12H12]* anion. On the other
hand, nido compounds, with general formula [ByHn+4] can be regarded as a closo borane
compound which has lost one vertex and displays B-H-B as well as B-B bonds. Lastly,
arachno boranes, [ByHx+6] can be regarded as c/oso boranes which have lost two vertexes,

and are highly reactive and thermally unstable (Figure 1.8)*.
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The electrons in this kind of clusters are considered to be located in fully delocalized
molecular orbitals, contributing to the stability of the entire molecule. Thus, from now
on, the lines representing atomic bonds in diagrams, schemes and figures are not to be

considered as classical atomic bonds®.

-

-BH

closo-[B.H ]* nido-B H, arachno-BH

Figure 1.8 Examples of closo, nido and arachno borane-hydrogen compounds*. Colour code: violet
(B), white (H).

In 1960, Pitochelli and Hawthorne isolated [Bi2Hi2]* salts'®®, demonstrating the
existence of a boron-hydrogen icosahedral cage, which were in fact theorized in 1955 by
Longuet-Higgins and Roberts'**. Soon, theoretical chemists such as W. Lipscomb and R.
Hoffman realized that the substitution of two boron atoms for two carbon atoms would
result in a neutral molecule, and proposed the existence of icosahedral dicarba-closo-
dodecaborane cages'®®. In fact, members of the CxByH, carborane family had been
allegedly obtained as by-products in boron hydride experiments performed in 1923 by A.
Stock and E. Kuss'*®. Finally, in 1963 the synthesis of 1,2-C2BoH12 were reported in a
series of journal articles by D. Grafstein er al.!*”!*% and R.P. Alexander and H.A.

Schroeder et al.'?®

In this PhD work, dicarba-c/loso-dodecaborane cages are of special relevance, and
from now on will simply be referred as carboranes for ease. Atoms of the carborane cage
are numbered starting at the apex atom with the lowest number of bonds and proceeding
clockwise, in such a manner that carbon atoms are given the lowest possible number. As
a result of this convention, its three existing well-known and commercial ortho-, meta-
and para- isomers are identified as 1,2-; 1,7- and 1,12-C,B1oH12 respectively, differing in

the relative positions of the carbon atoms (Figure 1.9).



Since their discovery in 1963, they have been employed as ligands in

140,141 142144

coordination and organic chemistry and in medicine as a source of boron for

)145,146

imaging techniques and boron neutron capture treatment (BNCT , and as

pharmacophores!*”14% Besides, they are also making inroads in their application in the

material science field, where reports in their use as luminescent materials'4*!3!,

152,153 154

catalysts , metal-organic frameworks'>* and other fields of nanoscience'>® are

surfacing.

@® =cH Q =BH

meta- para-

Figure 1.9 Graphical representation of ortho-, meta- and para- isomers of carborane, with vertex
numbering.

1.4.1  Synthesis and properties

The first method to synthetize ortho-carborane, described in 1963, consists in the

37,156 ' while the meta-

reaction of B1oH14 with acetylenes in the presence of a Lewis base
and para- isomers can be obtained via thermal isomerization at 400-500°C and 600-
700°C, respectively, under inert conditions (Scheme 1.12)17"1° However, the
isomerization of m-carborane to p-carborane has low yields, and also results in the

obtention of intractable products'®’

. As further purification is required, the price of the
para- isomer is notably higher when compared to the other isomers (ca. 895 $/g vs. 150
$/g for the meta and 75 $/g for the ortho- isomer). Regardless of their price, carborane

cages feature a series of fascinating properties, both at a geometrical and electronic level.

The atoms of the cluster are hexacoordinated, five bonds linking the cluster together
and one exohedral bond. In those, the C-H distances are slightly shorter (1.09 A) than B-
H distances (1.17 A), while B-B distances range from 1.76 to 1.81 A!6%!6! Both the

symmetry (Cay for ortho- and meta- isomers and Dsq for the para- isomer) and the C-C
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distance (1.61 A for ortho-, 2.61 A for meta- and 3.06 A for para-) are obviously
dependant on the isomer!®*!%!, These different C-C distances and relative positions result
in these molecules being especially interesting in the field of ligand design. As such, in
ortho- carborane derivatives, two different substituents attached to the carbon atoms lie
at a rough angle of 60° (unsubstituted H-C-C-H angle is 52°), while for the meta- isomer
this value is 120° (unsubstituted H-C-C-H angle is 115°) and 180° for para- isomer

(unsubstituted H-C-C-H angle is 180° as well)!®?. All these parameters are summarized

in Table 1.1.
H\ HH /H 2L
H
@ HC=CH

L = Lewis base

400°C-500°C 500°C-600°C
> —

O C-H, rest of vertexes B-H

Scheme 1.12 Schematic representation of the synthesis of carboranes

In a simple analogy, carborane cages have been compared to a rotating benzene
rings, owing both to its shape and electronic properties (vide infra). However, it has been
determined from crystal structures that the Van der Waals volume (Vvaw) of the different
isomers ranges between 141 to 148 A3 (Table 1.1)!*%, much bigger than that of a rotating
benzene ring (102 A3, 79 A* without rotation) and more akin to that of adamantane (136
A8 This fact must be taken in consideration when accounting for possible steric

hindrances caused by the cluster.



Regarding its bonding structure, they feature a 4n + 2 number of electrons, that is
26 skeletal electrons for 12 vertices. They reveal nonclassical bonding interactions, giving

148~ As the cluster electrons are delocalized inside

rise to a complex electronic structure
the cluster, they are labelled as three-dimensional aromatic compounds!®*'%*. Coupled
with its characteristic shape, it has prompted its comparison with the volume generated
by a spinning benzene ring. Further, the fact that two different atoms (that is, boron and
carbon) form this aromatic cluster, give rise to some of its most characteristic properties.

Thus, carbon atoms are slightly more electronegative than boron atoms (4,(C,B) =
0.51)'%, and B-C bond are stronger than C-C bonds'*®, explaining why carbon atoms
prefer non-adjacent positions and why the para- isomer is the most stable of the three
isomers. Moreover, electronegativity values also explain why hydrogen atoms bonded to
carbon atoms are acidic (4, (C, H) = 0.35) while those bonded to boron atoms have an
hydride-like nature (4, (B, H) = —0.16). This fact has a huge importance when it comes

to carborane-cluster functionalization. The pKa values for the acidic protons decrease in

the ortho-, meta- and para-carborane order (Table 1.1)'%

. However, the presence of other
substituents in the cluster can greatly affect these values and can be tuned for desired
purposes'*®. In the same spirit, attaching carborane clusters to other functional groups can

also alter their acidity'*®,.

Their icosahedral shape results in a spherical presentation, which coupled with the
presence of 10 hydride-like protons in the surface of this sphere, makes carboranes
extremely hydrophobic'*®. Hydrophobicity increases in the ortho-, meta- and para-
carborane order, which is mirrored by the decrease of the dipolar moment (D): 4.53 for

ortho-, 2.85 for meta- and 0 for para-carborane (Table 1.1)'48:167,

Besides the already discussed characteristics, carboranes also display high thermal

and chemical stability, rigidity and tunability make them an interesting choice for their

use in the design of new ligands and coordination compounds %168,
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Table 1.1 Properties and geometric parameters of carborane isomers

Ortho-C;BioHi2 | Meta-CyBioHi2  Para-C;BioHiz
Symmetry Cay Cay Dsd
Vaw Volume (A%) 148 143 141
pKa values
- Streitweiser’s scale 23 28 30
- Polarographic scale 19 24 26
Dipolar moment (D) 4.53 2.85 0
H-C-C-H angle (°) ~52 ~115 180

1.4.2 Carborane functionalization

Over the years, scientist have created an enormous collection of different synthetic
strategies for carborane functionalization. As carborane chemistry is an ever-expanding
topic, only the main synthetic methodologies will be mentioned, focusing on those used

in this work.

Owing to the different nature of the vertexes, carborane cages can be
functionalized at carbon or boron positions without the need to wuse
protecting/deprotecting methods. However, when designing new ligands containing
carborane moieties, it is important to note that the mentioned differences in the electron
density of the carborane cluster give rise to a series of different inductive and resonance

144 " As such, substituents

effect on the substituents, with the inductive effects dominating
attached to carbon atoms experience an electron-withdrawing effect'*. Regarding
substituents attached to boron atoms, substitution in different positions results in different
behaviours. Those attached to boron atoms 3 and 6 (adjacent to two carbon atoms) might

148,169

experience slight electron-withdrawing effects , whereas those attached to boron

atoms 9 and 12 (antipodal to carbon atoms) experience electron-donating effects!*%170,
Meanwhile, boron atoms adjacent to only one carbon (4, 5, 7, 8, 10 and 11) exert almost

no inductive effect'*?.

Substitution on the boron atoms is carried out based on electrophilic substitution,
owing to their hydride-like nature. As there are ten different vertexes, their selective
substitution is challenging, and strongly depend on the selected isomer. For instance, for

ortho- and meta-carboranes, B9 and B12 can be substituted rather selectively, while B3



and B6 are much less reactive. The main strategy is the halogenation of the boron atoms
using halides and AICI3, followed by cross-coupling reactions with different groups
(Scheme 1.13). A comprehensive review by Teixidor er al. summarizes different

strategies for the formation of different B-C, B-P, B-N or B-S bonds'’!.

Carbon substitution can be achieved via different routes. One of such tactics is to
use substituted acetylene derivatives in their reaction with BioH14 for the synthesis of
carboranes (see Scheme 1.12) and is favoured when sterically crowded ortho-carboranes
are desired. However, perhaps the most popular method for functionalizing carboranes,
and the one used in this work, involves taking advantage of the acidic nature of the C-H
protons. Those can be easily removed using bases like butyl-lithium or Grignard reagents,
and then used as nucleophiles in substitution reactions (Scheme 1.13). The lithiation of
the carboranes is essentially quantitative, so the yield of the reactions is basically

dependant on the nature of the electrophile!*.

This strategy has been used successfully to carry out all types of nucleophilic
substitutions, using alkyl halides, tosylates and triflates as electrophiles, as well as
carborane nucleophiles being used in ring-opening reactions and cycloadditions'*®. In
recent years, the Laboratory of Inorganic Material and Catalysts (LMI) group has
employed this strategy using pyridylaldehydes as electrophiles, resulting in the obtention
of hybrid N,O-pyridylalcohol ligands (vide infia)'®®.
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Scheme 1.13 General strategies for carborane functionalization

1.4.3 Carboranes as building blocks for coordination compounds: group

antecedents

The LMI group has developed a keen interest in the synthesis of new carborane
ligands and their use as building blocks in the synthesis of organometallic and
coordination compounds as well as coordination polymers and metal organic frameworks.
One of the main lines of work focuses on carboranyl alcohol-based ligands, which, as
stated before, are synthesized by the addition of lithiocarboranes to the corresponding
pyridylaldehydes (Scheme 1.14). Owing to the nature of the substrates, the resulting

ligands possess one, or more chiral centers.



1) n-BuLi «
I

Ar

2) Ar-CHO
O = C-H, rest of vertexes = B-H

Scheme 1.14 General Synthetic strategy for the synthesis of carboranyl alcohols

Among this family of ligands, we are particularly interested in those possessing a
nitrogen heteroatom. Considering the well-known reported properties of other hybrid
N,O-donor ligands, particularly those containing pyridines, but also those containing
other groups, such as pyrazole, the inclusion of a carborane moiety in their skeleton would
strongly influence its coordination behavior, but also hopefully infuse the resulting
compounds with some of the properties associated to this groups: higher stability,

hydrophobicity and desirable properties in (bio)medicine. Although other groups have

172 173

demonstrated the possibility of incorporating groups such as pyrrole' ', imine'’” or
oxazolinyl'™, to the carboranyl alcohol framework, the LMI group has focused in the

incorporation of pyridine groups.

The first ligands developed in our group consisted of a series of heterosubstituted
o-carboranes, one of the substituents being a pyridylalcohol group, and the other being a
methyl or a phenyl group'”>!’¢. Soon, this small group of ligands grew to encompass new

" and meta- and para- carboranes, some of them halogen-

pyridylalcohol groups!”’
substituted'®%17817 Moreover, homo-substituted carboranes bearing two pyridyl alcohol

moieties, hence bearing two chiral centers, were also developed 317181 (Scheme 1.15).
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Scheme 1.15 Hybrid N-pyridine, O-alcohol carborane ligands used in the LMI group



Those ligands opened the door towards the synthesis of relatively unexplored
carboranes-based coordination complexes. Their resulting Fe(II1)!$%!83, Pd(11)!84!1%5 and
Co(II)!%¢ molecular compounds afforded a host of coordination behaviors, such as N-
monodentate, N,O-chelate (both with protonated and deprotonated alcohol moieties),
N, O-chelate and bridged (deprotonated alcohol moiety) for monosubstituted compounds
and NN’-bridged, NOO’N -chelated and bridged (deprotonated alcohol moieties) and
NBN -pincer chelate for disubstituted compounds (Figure 1.10).

Moreover, those compounds showed interesting structure-properties
relationships. For instance, Co(Il) compounds display homochiral supramolecular
interactions (owing to the nature of the ligand) and porosity!'®®, while Fe(IIl)
compounds'®%!# displayed chiroptical and magnetic properties and NBN -pincer Pd(II)
compounds revealed themselves as great catalysts for the Suzuki reaction'®® and highly

efficient host-guest interactions!®*.

The disubstituted ligands in Scheme 1.15 have also been used as building blocks
for the synthesis of Metal-Organic Frameworks (MOF)'"®"10 Those ligands provide
flexibility and water stability to the new MOFs. A more rigid dicarboxylate carborane
ligand has recently provided the most water stable MOF in the literature!*!. The high
hydrolytic stability is the result of the highly hydrophobic carborane fragments, and the
new MOF can efficiently separate biobutanol from a mixture where water content is >

80%.
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(alcohol) (alcoxide)

“FER~

NO-chf?'ate and NOO’N’-chelate [ NBN’-pincer J
bridged and bridged
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Figure 1.10 Different coordination modes of N,0-hybrid carborane ligands against Co(II) (a-c), Fe(III) (d,
e) and Pd(II) (f,g). Colour code: grey (C), pink (B), white (H), red (O), light green (Cl), light blue (N), dark
blue (Co), light turquoise (Fe), dark turquoise (Pd).

Based on those precedents, we decided to expand our knowledge in functionalized
carborane ligands with N-containing motifs. It is, in fact, one of the burgeoning research
fields in carborane chemistry, owing to their use as pharmacophores or in BNCT for
cancer'4148192. - Among them, there is a thriving research in the functionalization of
carboranes with N-heterocyclic rings'®®, with functional groups such as pyridines'¢%!%4,
pyrroles'*? and indoles'**!® featuring prominently. As one of such N-heterocyclic rings,

pyrazoles display some interesting properties. Besides their already well-known medical



applications®”!%°, they are also easily functionalized via modification of the parent

,26,30,31,

pyrazole , allowing fine tuning of the desired properties.

In this sense, early works can be traced back to the late 60s and early 70s reports
by Zakharkhin ef al., which synthesized a whole family of new carborane pyrazole-
containing ligands'®’"'%°. More recent works focus on the synthesis of drug analogues, as
full advantage of the interesting biomedical properties of both functional groups can be

taken. For instance, work carried out by Vazquez et al.?®° features the synthesis of

t201 t202

Rimonabant”" analogues, a drug useful for obesity treatment”~, while recently published
work by Buzharevsky et al.?®* report a 5-carborane substituted pyrazole as an analogue
of a non-steroidal anti-inflammatory drug. Pyrazole containing carboranes also feature as
part of investigations in new strategies for functionalization of carboranes with N-

204-206

containing heterocycles or azo-groups>"’.

Despite the reported bibliography, examples of N-alkylcarbaborane pyrazole
derivative ligands are scarce, and coordination compounds bearing said ligands even
more rare. Consequently, combining the extensive expertise in the design of N-substituted

66,70,103 3nd in the functionalization of carboranes

pyrazole ligands in the DMOM group
with N-containing heterocycles by the LMI group!”>!78187  the synthesis of N-
alkylcarbaborane pyrazole derivative ligands and synthesis of coordination compounds

was proposed for this PhD thesis.
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2. Objectives

On the basis of the antecedents illustrated in Chapter 1, the main objectives for

this PhD thesis can be summarized as follows:

e Synthesis and characterization of new Cu(Il) coordination compounds
with ligands HL1-HL3, aiming to study the effects of the different substituents in
positions 3- and 5-. Moreover, three representative Cu(Il) salts (chloride, nitrate and
acetate) were used as reactants in order to assess the influence of their counter-anions on

the resulting coordination compounds.

e Synthesis and characterization of new coordination compounds with
ligands L4 and L5, aiming to prove the coordination versatility of the ligands. On this
basis, atoms capable of displaying different coordination numbers and geometries such

as Co(Il), Cu(Il), Zn(II), Cd(IT) and Hg(II) have been selected as metal centres.

e Design and obtention of new bispyrazole ether ligands, bearing phenyl
substituents in positions 3- and 5-. Synthesis of their coordination compounds with Pd(II)

for comparison purposes with those of L4 and LS.

e Development of a new family of pyrazole-carborane derived ligands.
Since reports of metal complexes bearing similar ligands are almost non-existent, the
synthesis and characterization of their coordination compounds with the resulting ligands

was also proposed as one of the main tasks in this work.

e Study of the structural-property correlations in the resulting metal

complexes.
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3.1 Ligands



3. Results and Discussion

This chapter consists of four sections. The first one offers an overview of the

twelve ligands used for the synthesis of coordination compounds in this work.

In the second section, the synthesis and characterization of three new N,O-ether

hybrid bispyrazole ligands is discussed.

The third section contains an in-detail discussion of the synthesis of three new N-
alkylcarbaboranyl pyrazole derivatives. It also contains a detailed characterization section

and the description of the crystal structure of one of the ligands.

The fourth section summarizes the work carried out in this chapter.



Section 3.1

3.1.1 Ligand overview

Twelve pyrazole-derived ligands have been used in this work (Scheme 3.1.1).

N N Ph
Nz N
o) o)
Sy GNPy
~ (0] .N Z O -N
\/\)Nj" \/\D"Ph

Ph
L4 = para- L6 = para-
L5 = ortho- L7 = meta-
L8 = ortho-
N
/F‘\/ ’(\( 1
. - \F)\
N.N N N N 'N,
L9 L.10 L11

Q@=C, rest=B-H

—

> N
O

L12

Scheme 3.1.1 Schematic representation of the ligands used in this work. Ligands synthesized for the first

time are enclosed in a square.




3. Results and Discussion _

All ligands feature trisubstituted (1-(N-substitution), 3-, 5-substitution) pyrazole
ligands. However, the functional groups attached to the N-position are the most relevant
ones for the purpose of this work (see Chapter 1: Introduction and Chapter 2: Objectives).
As such, the following ligands can be classified into four groups: hybrid N,O-
hydroxyethylpyrazole ligands (HL1-HL3), hybrid N,O-ether bispyrazole ligands (L4-
L8), N-alkylcarborane pyrazole ligands (L.9-L.11) and one N-alkylphenyl substituted
pyrazole ligand (L12).

The first family, comprising hybrid N, O-hydroxyethylpyrazole ligands, consists
of 2-(3,5-dimethyl-1H-pyrazol-1-yl)ethanol (HL1), 2-(3,5-diphenyl-1H-pyrazol-1-
yl)ethanol (HL2) and 2-(3,5-dipyridyl-1H-pyrazol-1-yl)ethanol (HL3) ligands. Their
positions 3- and 5- are substituted by methyl (HL1), phenyl (HL2) or 2-pyridyl (HL3)
groups. They are synthesized by condensation of hydroxyethylhydrazine with the
corresponding 1,3-diketone (Scheme 3.1.2), a procedure first described by Haanstra et
al.! for HL1. This procedure has undergone several iterations in our group, until reaching
its current method?. Adaptations of this process have been successfully employed in our
group for the synthesis of ligands such as HL.2 and HL.3, which have already been used
as ligands for the synthesis of coordination complexes®®. Moreover, ligands HL1-HL3
have been used as starting reactants for the synthesis of new ligands, both in already

published reports’™ and during the course of this work.

All these reactions are straightforward, and only the synthesis of HL2 requires the
use of temperature and a Dean-Stark apparatus. In all cases, the desired ligands were
obtained with high yields and high quantities (ca. 5-10 g, 81-93% yield). Moreover,
products are easily purified by recrystallization in diethyl ether (Et20).

>
HZN’N\/\OH + RJ\/U\R *EtOH, 0°C, 1h N_N\ /OH

or

bToluene, reflux, 12h

R =-CH; (HL1)?
-C¢H; (HL2)®
-CsH,N (HL3)?

Scheme 3.1.2 General scheme for the synthetic pathway for HL1-HL3.



section 3.1

Regarding hybrid N, O-ether bispyrazole ligands, two of them, namely 1,4-bis[4-
(3,5-dimethyl-/ H-pyrazol-2-yl)-2-oxabutyl]benzene (para- substitution, L4) and its
positional isomer 1,2-bis[4-(3,5-dimethyl-/H-pyrazol-2-yl)-2-oxabutyl]benzene (ortho-
substitution, L5) were also previously synthesized in our group’. In this thesis, three
additional new ligands have been synthesized: 1,4-bis[4-(3,5-diphenyl-/H-pyrazol-2-yl)-
2-oxabutyl]benzene (para- substitution, L.6) and their positional isomers 1,3-bis[4-(3,5-
diphenyl-/H-pyrazol-2-yl)-2-oxabutyl|benzene (meta- substituted phenyl derivative, L7)
and 1,2-bis[4-(3,5-diphenyl-/H-pyrazol-2-yl)-2-oxabutyl|benzene (ortho- substituted
phenyl derivative, L8). It is worth remarking that the meta- isomer of L4 and L5 (1,3-
bis[4-(3,5-diphenyl-/ H-pyrazol-2-yl)-2-oxabutyl]benzene) has been also synthesized in
our group'’, but sadly single crystals of compounds bearing this ligand have not been
obtained during this PhD work. Pyrazole positions 3- and 5- are substituted by either
methyl (L4-L5) or phenyl (L6-L8) groups in these compounds.

As mentioned above, the synthetic strategy for L4 and L5 was previously reported
and consists of a two-step process (Scheme 3.1.3)%!!. In the first step, the sodium salt of
HL1 is prepared by refluxing it with NaH in dry THF for two hours. Next, the
corresponding a,0-dibromo-x-xylene derivative (x = para- (L4), or ortho- (L5)) is added,
resulting in a nucleophilic substitution that provides the desired ligands. This reaction is
straightforward and after extraction with CHCI3 the products are obtained in pure forms.
Both ligands are obtained in high yields and quantities (ca. 2 g, 93-99% yields). A similar
synthetic strategy was adapted for L6-L.8 and will be discussed in detail in section 3.1.2.

N'N"
Br 0_/_ =
’[:( i ’(:-( + I\_I —,‘I\_/
Thomon = o S RSt

para-
or 14= para-
ortho- L5 = ortho-

Scheme 3.1.3 Synthetic scheme for the synthesis of L4 and LS

All ligands comprising the third family of N-alkylcarborane pyrazole ligands
consists of three ligands that have been synthesized for the first time during this PhD: 1-
[4-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl]-2-methyl-1,2-dicarba-c/oso-dodecaborane
(L9), 1-[4-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl]-1,2-dicarba-closo-dodecaborane (L.10)
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and 1,2-bis[4-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl]-1,2-dicarba-closo-dodecaborane

(L11). Their synthesis and characterization will be discussed in detail in section 3.1.3.

Finally, ligand 3,5-dimethyl-1-(2-phenylethyl)-1H-pyrazole = (L12), is

commercially available and has been used without further purification.

3.1.2 Synthesis and characterization of L6-L8

3.1.2.1 Synthesis of L6-L8

All the syntheses were carried out under nitrogen atmosphere, using standard
Schlenk techniques, unless otherwise noted. Ligands L.6-L8 have been prepared using a
similar synthetic route to that used for L4-L5 (Scheme 3.1.3) but using HL2 as a reactant
instead of HLL1. As such, the first step of the synthesis consists of the formation of HL2
sodium salt, NaL.2, which was obtained by refluxing a mixture of HL2 and NaH in dry
THF for two hours. Next, the corresponding a,0-dibromo-x-xylene derivative (x = para-
(L6), meta- (LL7) or ortho- (L8)) was added, and the mixture refluxed for twenty-four
hours. After that period, H>O was added to destroy the excess of NaH and then the
solvents were evaporated until dryness. The residue was taken up in H>O and extracted
three times using CHCI3. After drying the organic layers with anhydrous MgSOs, they
were concentrated and purified via column chromatography, using a CHCl3/AcOEt 9:1
mixture as eluent. After evaporation of the organic layers, the resulting compounds were

obtained as oils. However, the overall yields for these procedures were poor.

To increase the yields, longer reflux times (from two hours to four in the first step
and from twenty-four to ninety-six hours in the second step) and higher temperatures
(using dry toluene as solvent instead of dry THF) were employed. This increased their
overall yield up to (46-56%). In any case, they are much lower than their L4 and LS
counterparts (81-93%), which use HL.1 as a starting reactant. This fact can be attributed
to the nature of the phenyl substituents of HL2. They may hinder the nucleophilic attack
on the electrophile due to steric reasons owing to its increased bulkiness when compared

to HL1, as well as weakening the nucleophilicity of the alkoxide via inductive effects.
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3.1.2.2 Characterization of L6-L8

Ligands L6-L8 have been characterized via elemental analyses (EA), melting
point determination (M.p.), FTIR-ATR, 'H, *C{'H} and Heteronuclear Single Quantum
Coherence (HSQC) NMR spectroscopies. EA results agree with the expected values

calculated from their empirical formula.
e FTIR-ATR Spectroscopy for L6-L8

The FTIR-ATR spectra of pyrazole-containing ligands display a number of easily
identifiable signals, such as [v(C-H)a], [V(C-H)a], [V(C=C/C=N)a], [6(C=C/C=N)a],
[§(C-H)ip] and [8(C-H)oop]'>. This set of fingerprint signals will be useful throughout the
whole work for the identification of the presence of pyrazole moieties. Thus, these signals
are easily observed on the FTIR-ATR spectra of L6-L8 (Figures 3.1.1, S3.1.1 and S3.1.2).
Moreover, the signal corresponding to [3(C-H)ip] is noticeable stronger and broader than
in the original HL2 reactant. This is attributed to the overlapping of [8(C-H);p] and the
[v(C-O-C)] signal, which suggests the obtention of L6-L8 ligands. Lastly, the
disappearance of sharp signals attributable to [v(O-H)] from the HL2 precursor, confirm
the formation of the new ligands. As an example, FTIR-ATR spectrum of L6 is shown
(Figure 3.1.1), highlighting relevant signals, while those of L7 and L9 can be found in
Annex I (Figures S3.1.1-S3.1.2).
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Figure 3.1.8 FTIR-ATR spectrum of L6

e NMR Spectroscopy for L6-L8

The 'H, *C {'H} and HSQC NMR spectra of L6-L8 have been recorded in CDCl5.
First, we will discuss ligand L6, as owing to its symmetrical nature, its NMR spectra are
simpler than those of L7 and L8. Then, ligands L7 and L8 will be discussed. Signal

assignment was performed via comparison with the reported HL2 precursor’.

In the '"H NMR spectrum of L6 three distinct regions can be identified. The region
between 8.0-7.0 ppm shows the signals corresponding to phenyl aromatic protons, which
display a rather complex pattern. This is due to the non-symmetrical nature of the pyrazole
moiety, and thus signals corresponding to substituents in positions 3- and 5- are split. For
instance, the protons in ortho position of phenyl rings appear as two sets of doublets for
L6 (7.84 ppm and 7.53 ppm, Fig. 3.1.2). However, this splitting also results in a complex
pattern, as several different signals overlap (see the multiplet at 7.43 ppm, Fig. 3.1.2). On
the other hand, signals attributable to the phenyl ring not attached to the pyrazole group
are easier to identify, as they appear slightly downfield and as a singlet (7.10 ppm, Fig.
3.1.2). The next region consists of a single signal at 6.59 ppm, attributable to the pyrazole
proton signal. Lastly, the signals corresponding to the ether group linking the pyrazole

and the phenyl moiety appear significantly downfield. The Ph-CH»-O signals appears a
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singlet (4.40ppm), while signals for O-CH>-CH»-Pz appear as triplets (4.34 ppm for CH»-
Pz and 3.95 ppm for O-CH>).

The signals in the *C{'H} NMR spectra of L6 (Figure 3.1.3) mirror the three-
region distribution pattern found in the 'H NMR spectra. As such, significantly upfield
(151.0-125.8 ppm) lie those signals corresponding to aromatic carbons, signals belonging
to tertiary aromatic carbons lying between 151.0-133.6 ppm, while signals corresponding
to secondary aromatic protons lie between 130.8-125.7 ppm in a crowded area. Next, a
lone signal in the region of 103.5 ppm is easily identifiable as a pyrazolic carbon. Finally,
in the third region, signals belonging to secondary carbons bonded to oxygen atoms

appear more upfield (73.0-69.0 ppm) than signals of those bonded to nitrogen atoms (49.4

ppm).
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Figure 3.1.9 '"H NMR spectrum of L6 (CDCls, 400.0 MHz)
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Figure 3.1.10 3C{'H} NMR spectrum of L6 (CDCls, 100.6 MHz)

For the less symmetrical ligands L7 and L8, the region between 8.0-7.0 ppm in
their "H NMR spectrum (Fig. S3.1.3 and S3.1.4) becomes increasingly complex. To begin
with, the signals corresponding to phenyl protons attached to pyrazole rings (7.85-7.31
ppm) are much more overlapped, especially in L8. Moreover, whereas the signal
corresponding to the phenyl protons not attached to pyrazole still appears as a singlet in
L8 (Figure S3.1.4), the m-substitution of the phenyl ring in L7 results in the observation
of three proton signals: a multiplet, a doublet and a singlet (Fig. S3.1.3). Finally, in their
BC{'H} NMR spectra, the number of signals observed in the region between 129.5-125.7
ppm increases (Fig. S3.1.5 and S3.1.6).

Owing to the complex nature of the upfield regions in both 'H and *C{'H} NMR
spectra, further characterization was performed. As the 'H NMR signals of aromatic
protons are much more distinguishable than their corresponding *C {'H} NMR signals,
it was thought that bidimensional HSQC NMR of L6-L8 (Figures S3.1.7-S3.1.9) would
ease their identification. This is especially relevant for ligands L7 and L8, which feature
more complex patterns in the '"H NMR spectra and more signals in their *C{'H} NMR

spectra.
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On this basis, the proposed signal assignments for 'H and '*C {'H} are summarized

in Tables 3.1.1 and 3.1.2. For further details, please refer to experimental section 5.1 and
Annex [ section for this chapter.

Table 3.1.1 '"H NMR spectra signals for L6-L8

L6 L7 L8

CHph-p, 7.84(d) / *Jun = 7.4, 7.85(m), 7.52(m)  7.85(m), 7.47(m),

7.53(m) 7.42(m), 7.32(m)  7.39(m), 7.31(m)
7.43(m), 7.31(m)
CHp 7.10 (s) 7.19(m), 7.03(s) 7.19(s)
7.08(d) / *Jrm =
7.51

CHpy, 6.59 (s) 6.58(s) 6.58(s)

Ph-CH;- 4.40(s) 4.38(s) 4.36(s)
o)
O-CH: 3.95(t) / *Ju = 5.61 3.92(t) /3 Jun=5.70  3.85(t) / *Jun =
5.53

CH>-N 4.34(t) / 3Jum = 5.61 4.32(t) /I =570  4.27(t) *Jun = 5.53

& (ppm) / multiplicity s = singlet, d= doublet, t = triplet, m= multiplet/*Jun (Hz)

Table 3.1.2 '*C{'H} NMR spectra signals for L6-L8

L6 L7 L8
Cr, 151.0, 146.1 151.0, 146.1 150.9, 146.0
Crn 137.5,133.6,130.8 138.3,133.7,130.8 136.2, 133.7, 130.8
CHph-p, 129.4-125.8 129.7-125.8 129.4-125.7
Crn 127.6 128.5,126.8, 126.7 128.5, 128.6
CHp, 103.5 103.5 103.5
Ph-CH>-O 73.0 73.1 70.7
O-CH: 69.0 69.1 69.0
CH>-N 494 49.4 49.3

d (ppm)
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3.1.3 Synthesis and characterization of L9-L11

3.1.3.1 Synthesis and characterization of L9, S1 and S2

The synthetic procedure for the synthesis of o-carborane derived ligands has been
extensively established in the Laboratory of Inorganic Materials and Catalysis (LMI)
group in the previous years'>'>. As mentioned in the introduction of this thesis, the
monosubstitution reaction of o-carborane at one of the cluster carbons is initiated by the
lithiation on the carbon, followed by the nucleophilic addition to an electrophile.
However, the monosubstitution of the carborane is not trivial, as monolithitated o-
carbaboranes tend to disproportionate to the dianion and the o-carborane!*. Usually, low
temperatures (-70°C) and ethereal solvents are needed in order to avoid mixtures of
mono- and disubstituted products and achieve high yields'¢. This strategy has been
employed successfully in the synthesis of several pyridylalcohol monosubstituted
carbaboranes!>!>. Another strategy to avoid di-substitution is to use a C-substituted

starting o-carborane compound such as 1-methyl-o-carborane (Scheme 3.1.4).

A
W i) p-TsCl, NaOH, 0°C \(\Y

N_N\/\ N_N\/\
OH 0—Ts

PzOTs
CH;, CH;
H 1) 1.2 eq. n-BuLi, THF, 0°C N/ \
™~ N
I~

11) PzOTs, 0°C, 6 h.

+

1) H,0, H Lo

O = C, rest of vertxes = B-H

Scheme 3.1.4 Synthetic scheme for the synthesis of L9
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Thus, for simplicity we first introduced 1-methyl-o-carborane into a new pyrazole
ligand by the nucleophilic addition of the monolithitated 1-methyl-o-carborane onto 3,5-
dimethyl-1-(2-toluene-p-sulfonyloxyethyl)pyrazole (PzOTs), that acts as an electrophile
(Scheme 3.1.4). The latter has already been successfully used a number of times as a

substrate for nucleophilic substitutions reactions in our group’!’.

This synthetic
procedure has provided the first example of a carboranylpyrazole compound (L9) in the

literature.

Pure L9 was obtained as a white powder from the reaction mixture in nearly 40 %
yield after purification. Analysis of the reaction mixture by NMR showed that other
carborane and pyrazole species were present, which explains the moderate yield for L9.
Purification with preparative TLC using AcOEt/Hexane (2:3) allowed for the obtention
of L9 and for the isolation and characterization of the other by-products of the reaction
(Scheme 3.1.5). All compounds have been characterized by standard spectroscopic
techniques. Thus, L9 has been characterized by EA, m.p., FTIR-ATR, 'H, !'B, ''B{'H},
BC{'H} NMR spectroscopies and Single-Crystal X-ray diffraction (SCXRD). Compound
S1 has been characterized by 'H, !'B and '"B{!H} NMR spectroscopies as well as by
SCXRD, while S2 and 3,5-dimethylpyrazol have been identified by comparison of their
"H NMR spectra with that of a previously reported'® or commercially available sample,
respectively. Elemental Analyses of L9 agree with the with the results obtained by NMR

spectroscopies and the molecular formulae obtained from its crystal structure.

O = (C, rest of vertxes = B-H

3,5-dimethylpyrazolate S1 S2

Scheme 3.1.5 By-products obtained in the synthetic procedure for L9
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e FTIR-ATR Spectroscopy for L9

Infrared spectroscopy (IR) is an especially useful technique for the identification
of B-H containing boron species, as [v(B-H)] appears in the region of 2600-2400 cm™'.
Coupled with the presence of the distinctive pyrazole bands, it allows easy identification
of the resulting ligands. Thus, FTIR-ATR spectrum of L9 (Figure 3.1.4) displays the
characteristic bands of the pyrazole group such as [v(C=C/C=N)] (1554 cm™),
[§(C=C/C=N)y] (1452 cm™), [8(C-H)ip] (1024 cm™) and [8(C-H)oop] (779 and 726 cm"),
while [v(B-H)] signals appears as a broad band centred at 2571 cm™'!®. A [v(B-B)]
vibration is also expected?’, but it is probably overlaid by [5(C-H)oop] signals. Moreover,
signals attributable to [v(C-H)a] (3134 cm™) and [v(C-H)a] (bands between 2978 and

2858 cm!) are also observed.
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Figure 3.1.11 FTIR-ATR spectrum of L9

e NMR Spectroscopy for L9

The '"H NMR spectrum of L9 (Figure 3.1.5) is relatively straightforward, as only
a few signals are observed. First, the pyrazolic hydrogen signal at o = 5.77 ppm is easily
identified. Second, the protons of the aliphatic chain (6 =4.07 ppm and 2.72 ppm) appear

as complex AA’-BB’ type multiplets. Thus, each proton is coupled to its vicinal one and
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to two diasterotopic ones, resulting in the observed multiplet. Simulation of the latter
using MestReNova provided the detailed coupling constants for the two signals, that
include six 'H-'H coupling constants (3/44° = -6.0 Hz, *Jup=12.7Hz, *Jus-=3.4Hz, *J4 5
=8.8Hz, *J45'=11.7Hz and *Jpp' = -5.4 Hz (Figure S3.1.10)). This feature is attributed
to a hindered rotation due to the bulkiness of the substituents on both ends of the alkyl
chain. Lastly, the signals attributable to the methyl attached to carborane or pyrazole are

identified at 2.19 ppm or 2.08 and 2.07 ppm, respectively.
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Figure 3.1.12 'H NMR spectrum of L9 (CD;CN, 400.0 MHz)

Regarding the *C{'H} NMR spectrum for L9 (Fig. 3.1.6), several signals are
worth mentioning. First, in upfield regions, signals corresponding to pyrazolyl ring (0 =
148.2, 140.1 and 106.9 ppm) are identified. In the middle region, signals corresponding
to the carbons of the carborane group and the alkylic chain (6 = 47.7 and 36.1 ppm)
appear. In the low chemical shift region, signals corresponding to the methyl groups

attached to carborane (0 = 23.6 ppm) and pyrazole (6 = 13.6 and 11.0 ppm) are identified.
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Figure 3.1.13 3C{'H} NMR spectrum of L9 (CD;CN, 100.6 MHz).

The "B NMR chemical shifts of boron skeletons in their NMR spectra do not
correspond generally to the electron densities of individual vertexes, but rather to various
effects (e.g. antipodal or neighbour effect)?’. For instance, the boron atoms closest to
carbon atoms are the most shielded and exert an antipodal effect on the other vertexes
which are more deshielded®. For L9, two sets of doublets appear at -4.4 and -6.2 ppm,
while several resonances overlap between -8.23 to -11.14 ppm (Figure 3.1.7, left). Thus,
we can tentatively assign the downfield-most resonance to the signals of the eight boron
nuclei closest to the carbon atoms, whereas the most upfield ones to the boron nuclei
furthest away from the carbon atoms?’. For the complete characterization of boron
skeletons such as carborane, it is also useful to employ "B{'H} NMR experiments in
tandem with ''B NMR experiments. The resulting resonance patterns are very indicative
of the substitution in carborane cages. For instance, for L9 spectra three resonances can
be identified in a 1:1:8 ratio in its 'B{'H} NMR spectra (Figure 3.1.7, right). This 1:1:8
pattern is typical for asymmetrically ortho- substituted carboranes. Complete assignment

of B-H signals was done by comparison with related carborane derivative ligands'®.
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Figure 3.1.14 ''B (left) and ""B{'H} (right) NMR spectra for L9 (CDsCN, 128.6 MHz)

e X-ray Crystal Structure for L9

Crystals suitable for X-ray diffraction of L9 have been obtained by
recrystallization in THF. The compound crystallizes in a monoclinic system and a P2i/c
group, each unit cell comprising four L9 molecules (Fig. 3.1.8). The compound shows a
1-methyl-o-carborane unit linked to a 3,5-dimethylpyrazole unit by a -CH>CHo- alkylic
chain. Selected interatomic bond distances and angles are summarized on Table 3.1.3.
The elucidated crystal structure univocally confirms the obtention of the ligand, which
agrees with the spectroscopic data. A detailed examination of the crystal packing shows
that each molecule is linked to four others through hydrogen interactions. The pyrazolyl
group plays a key role in the supramolecular structure of L9, as it promotes hydrogen
bonds with the carboranyl moiety (C8-H8A---HI-B1) and the aliphatic chain (C4-
H4B---N2), resulting in a 2D supramolecular layer along the ac plane (Fig. 3.1.8).
Selected bond lengths, angles and supramolecular interactions are summarized on Table

3.1.3.
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Table 3.1.3 Selected bond lengths (A), angles (°) and non-bonding interactions for
L9.

Bond lengths (A)
C1-C2 1.6649(16) C1-C4 1.5267(15)
C4-Cs 1.5317(17) C5-N1 1.4509(15)
Bond angles (°)
C1-C4-C5 113.42(10) C4-C5-N1 108.98(10)

Non-bonding interactions
D-H--A(A) D-H(@A) H-D:-AA) >D-H-A(°)

L9
C8-H8A---B1-H8 3.028 0.950 3.949 163.77
C4-H4B---N2 2.535 0.990 3.501 165.21

Figure 3.1.8 Ligand L9 showing relevant atoms and their numbering scheme (a). Supramolecular structure
of L9. Only hydrogen atoms participating in intermolecular interactions are shown (b). Colour code: grey
(C), white (H), pink (B), light blue (N). Intermolecular interactions are represented as dashed light-blue
lines.

e (haracterization of S1 and S2

As mentioned above, the synthesis of L9 also results in the formation of undesired
by-products (Scheme 3.1.5). All by-products have been characterized by NMR and the
structure of S1 has been determined by SCXRD.
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The '"H NMR spectrum of S1 (Fig. 3.1.9, left) shows few signals, consistent with
the high symmetry of the molecule. Thus, signals corresponding to the alkylic chain
appear at 2.67 ppm, whereas those belonging to the methyl group appear at 2.22 ppm.
Both "B and !'"B{!H} NMR spectra display the characteristic 1:1:8 pattern of

asymmetrically substituted carborane cages (Fig. S3.1.11).

Regarding S2 (Scheme 3.1.5), its '"H NMR spectrum (Fig. 3.1.9, right) displays
three multiplets at 0 = 6.85, 5.57 and 4.73 ppm, consistent with the presence of a vinyl
group. Their 'H-'H coupling constants (*Jui-u3 = 15.35 Hz, *Juo-u3 = 8.91 Hz) are also
consistent with the presence of a frans and cis coupling constant. Finally, a signal
belonging to the pyrazole group (6 = 5.84) is also identified. Overall, the whole spectra is
identical to the reported ones for N-vinyl-3,5-dimethylpyrazole'®, a commercial molecule

used in the synthesis of polymeric materials®®*°.
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Figure 3.1.9 '"H NMR spectra of S1 (left, AcDs, 400.0 MHz) and S2 (right, CDCls, 400.0 MHz)

By-product S1 crystallizes in an orthorhombic system and Pbca space group, each
unit cell comprising four molecules, revealing that it consists of two carborane clusters

linked by an alkylic chain (Fig. 3.1.10). Similar bis(carborane) compounds have been

2122
b

synthesized as precursors for the synthesis of carborane containing macrocycles

23,24

medicinal applications?** or as by-products of other reactions?. In fact, the o-carborane

analogue of S1 has been known since the early 70s*%?’

and synthesized in our group?®.
Despite that, product S1 has not been reported in the literature and is hereby described

for the first time.
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Figure 3.1.10 Compound S1 showing relevant atoms and their numbering scheme. Colour code: grey (C),
pink (B).

e Optimization of the synthesis of L9

In the light of these results, several attempts to optimize the yields of the desired
L9 ligand were carried out. First, it was assayed if the order of stepwise addition, that is,
adding the electrophile over the nucleophile or the other way around had any effect. The
order of the addition showed no obvious effect on the reaction products, therefore, for
ease, the PzOTs was added onto the monolithiated carborane. Second, the nucleophilic
substitution step of the reaction was tried out at different temperatures. Cooling of the
reaction mixture (-78°C and -22°C) up to the quenching step resulted in very low yields.
Using reflux conditions, on the other hand, did not improve the results significantly, as
although a higher conversion of the reactants was achieved, it also increased the formation
of S1 significantly. Ruling out temperature as a decisive factor, several reactions with

different carborane to PzOTs ratio were assayed. The results can be seen on Table 3.1.4.

Table 3.1.4 Products percentage* vs. reactants ratio for the synthesis of L9

PzOTs : 1-methyl-o-carborane ratio

1:1 1:1.5 1:2
L9 67.8 % 58.7% 31.4%
S1 19.8 % 31.8% 59.7 %
S2 12.4 % 9.5% 8.9 %

* Data taken from '"H NMR spectra. Note that percentages indicate only % of

obtained products with respect to themselves, not final yields.
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The use of a 50 % excess 1-m-o-carborane leads to an increase in the quantity of
S1 obtained. However, it is worth taking into consideration that using this reaction ratio
results in a higher conversion of the reactants, thus the overall yield for L9 is somewhat
higher. When this excess is increased up to 100 %, the formation of S1 dominates.

Meanwhile, the formation of S2 seems to be independent of the reactants’ ratio.

Based on this data, we tentatively propose that S1 is the result of a nucleophilic
substitution of the pyrazole moiety in L9 by unreacted monolithiated 1-m-o-carborane
(Scheme 3.1.6, top). Although not common, nucleophile substitutions over N-substituted
pyrazole groups have been reported®!*. On the other hand, for the formation of 82 we
propose an elimination process as a competitive reaction in the nucleophilic substitution
of PzOTs (Scheme 3.1.6, bottom). In this case, the monolithiated 1-m-o-carborane could

be acting as a base that promotes the elimination reaction.

TsO"
. B
@,\D\ 3,5-dimethylpyrazolate
L9
A 7

S1

/F’<” J v + TsO"
\N/

S2 1-methyl-o-carboranc

O =(, rest of vertexes = B-H

Scheme 3.1.6 Possible reaction pathways for the formation of S1 and S2
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3.1.3.2 Synthesis and characterization of L10 and L11

The knowledge gained in the synthesis of L9 allowed us to proceed more
confidently towards the synthesis of pyrazole mono and disubstituted carborane ligands

employing unsubstituted o-carborane (Scheme 3.1.7).
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Scheme 3.1.7 Synthetic scheme for the synthesis of L10 and L11

First, our efforts were directed towards the monosubstitution, employing a similar
synthetic strategy to that of the synthesis of L9, but using o-carborane as a starting
reactant instead of 1-methyl-o-carborane. Based on the previously obtained results for
L9, it was expected that the crude reaction mixture would contain L.10 and S2. Moreover,
mixtures of S1 type products possessing different numbers of carborane clusters linked
by alkylic chains in polymeric or macrocyclic fashion were also expected. NMR analyses
of crude reaction mixtures confirmed our suspicions, as all the expected products are

identified, as well as the pyrazole-disubstituted carborane ligand (L11).
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Therefore, we decided to proceed directly to the synthesis of the disubstituted
pyrazole-carborane ligand. Thus, the same synthetic strategy as that of L10 was
employed, using an o-carborane to PzOTs ratio of 1:2. A similar mixture to that of the
synthesis of L10 was obtained (Table 3.1.5). In all cases, S2 can be identified as the
majoritarian product (~ 30 %), followed by L11 (~ 25 %) and then by L.10 and S1 (~ 10-
15 % each). Thus, it can be inferred that the presence of more carboranyl nucleophiles
leads to a stronger competition of the elimination reaction over PzOTs, although the
substitution reaction is still dominating (sum of 10, L11 and S1 products yields is ~ 45-
55 % respect to ~ 30 % for S2).

Table 3.1.5 Product yields* for the synthesis of L11
L10 L11 S1 S2
11.8 % 242 % 11.1 % 30.2 %

* Data taken from '"H NMR spectra

The increased number of products leads to a more complex purification process.
It has been found that it was possible to isolate either pure L10 (eluent = AcOEt /
Chloroform 1:4) or pure L11 (eluent = AcOEt/ Hexane 9:1), but not both products during
the same column chromatography. Thus, isolation of the two products required a different

purification process for each.

Ligands L10 and L11 have been fully characterized by EA, m.p., FTIR-ATR, 'H,
1B, "B{'H} and PC{'H} NMR spectroscopies. Elemental Analyses of L10 and L11
agree with the NMR spectroscopies results.

e FTIR-ATR spectroscopy for L10-11

The FTIR-ATR spectra of L10 and L11, much in the same manner to that of L9,
display the characteristic bands of the pyrazole group such as [v(C=C/C=N)a] (1557-
1552 ecm™), [8(C=C/C=N);p] (1452-1416 cm™), [8(C-H)ip] (1025-1020 cm™') and [§(C-
H)oop] (812-670 cm), while [v(B-H)] signals appear between 2571 and 2551 cm™'®. A
[v(B-B)] vibration is also expected’, but it is probably overlaid by [§(C-H)oop] signals.
FTIR-ATR spectra of L10 and L.11 can be found in Annex I (Fig. S3.1.12 and S3.1.13).
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e NMR Spectroscopy for L10-11

The 'H, "B, "B{'H} and '*C{'H} NMR spectra of L10 and L11 were recorded
in CD3CN. Their 'H NMR spectra are very similar to that of L9. Thus, the pyrazolic
hydrogen signals (0 = 5.84 and 5.78 ppm, respectively), the protons of the aliphatic chain
(0 = 4.06 and 2.75 ppm and 4.09 and 2.79 ppm, respectively) appearing once again as
complex AA’-BB’ type multiplets, and the signals attributable to the methyl groups (2.19,
2.10 ppm and 2.21 ppm, respectively) are easily identified. There are, however, a few
differences between the spectra of each ligand. For L10 the signal corresponding to the
hydrogen of the unsubstituted -CH vertex of the carborane (Ccar-H) appears as a broad
band at 4.43 ppm (Figure S3.1.14), whereas no such signal is observed in L11 due to the
disubstitution of the carbon atoms of the cluster (Figure S3.1.15).

In the "B NMR spectrum of L10 three doublets are identified at -2.8, -5.7 and -
9.7 ppm, as well as a set of overlapping signals from -10.2 to -13.6 ppm, whereas for L11
only one doublet at -4.07 ppm and a series of overlapping signals from -9.3 to -11.6 ppm
are observed (both spectra can be found in Annex I, Figures S3.1.16 and S3.1.17). Thus,
although for both compounds the signals for boron atoms 9 and 12 (those antipodal to
carbon atoms) are identified, the signals corresponding to the rest of boron atoms appear
in a crowded region of the spectra and are difficult to identify and integrate. As such, it is
useful to perform ""B{'H} NMR experiments, which results in the obtention of simpler
spectra. For the "B{'H} NMR spectrum of L10 a 1:1:2:6 pattern is obtained (Figure
3.1.11, left), which is a slight variation of the 1:1:8 expected pattern, confirming its
asymmetric substitution. In contrast, for the ''"B{'H} NMR spectrum of L11 (Figure
3.1.11, right) a 2:8 pattern is observed, expected for symmetric ortho- substituted
carboranes?’. Complete assignment of B-H signals was done by comparison with related

carborane derivative ligands'>.
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Figure 3.1.11 "B{'H} NMR spectra for L10 (left) and L11 (right) ligands (CDsCN, 128.6 MHz). Note the
distinct resonance patterns which are indicative of the substitution of the carborane cage. R = CH,-CH»-
3,5-dimethylpyrazole.

Regarding the *C{'H} NMR spectrum of L10 and L11 (Figures S3.1.18 and
S3.1.19), several signals are worth mentioning. Besides the similar resonances to those
of L9, that is, those belonging to pyrazolyl ring (0 = 147.6, 145.5 and 108.1 ppm for L.10;
147.7, 139.3 and 106.0 ppm for L11), to the alkylic chain (0 = 47.3 and 36.5 ppm for
L10; 46.6 and 33.9 ppm for L11) and to the methyl groups (6 = 11.8 and 11.2 ppm for
L10; 12.5 and 10.0 ppm for LL11) only a few other are worth mentioning. Thus, regarding
the carbons of the carborane group, for L10, which is asymmetrically substituted, two
signals appear, much like L.9. However, contrary to L9, in L10 their chemical shifts are
different due to one carbon being bonded to a carbon atom and the other one to a hydrogen

atom (0 = 73.0 and 63.7 ppm). For L11 only one signal appears, as expected (0 = 78.0
ppm).
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3.1.4 Summary and Conclusions

v A total of eleven ligands have been synthesized for this work, six of them (L6-
L.11) described for the first time in this PhD.

v Three new N-pyrazole, O-ether type ligands (L6-L8) have been successfully

synthesized.

v A family of new N-substituted pyrazole carborane derivative ligands (L9-L11)
has been successfully synthesized. However, the resulting yields are relatively low, as the
reaction occurs among several competing processes. It has been possible to isolate and
identify the resulting by-products of the formation reaction of L9-L11, allowing for the

proposition of a mechanism explaining their formation.

v All new ligands have been characterized by Elemental Analyses, Melting point
determinations, FTIR-ATR and NMR spectroscopies. Moreover, the crystal structures of
L9 and S1 have been elucidated and their molecular and supramolecular structures

discussed.
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3.2 Synthesis and characterization of Cu(ll)
coordination complexes bearing 3,5-disubstituted /V-

hydroxyethylpyrazole ligands
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This chapter describes the reactivity of HL1-HL3 ligands against different Cu(II)
salts. All the resulting coordination compounds have been characterized by analytical and
spectroscopic methods and their crystal structures have been elucidated. Next, the
magnetic properties of four of the resulting compounds have been investigated and are
discussed. Finally, a comparison between the obtained crystal structures and those found
in the literature for similar ligands has allowed us to propose structural trends for N-

hydroxyethyl pyrazole coordination compounds.

The last section provides a summary of the work, as well as the obtained

conclusions.

Part of this work has been published in Article 1.

Article 1: “3,5-disubstituted-N-hydroxyalkylpyrazole Cu(Il) compounds: Anion effect on

dimensionality, supramolecular structure and magnetic properties”.

Joan Soldevila-Sanmartin, Xavier Montaner, Teresa Calvet, Mercé Font-Bardia, Josefina

Pons.

Polyhedron 188 (2020) 114686



3. Results and Discussion

Our group has been interested in the synthesis of new N-hydroxyalkylpyrazole
ligands for many years. As such, several new ligands have been developed and their
reactivity against different metal salts, mainly Pd(II)!"¢, but also Pt(I)>® and Cu(1l)’, were
studied.

Among those studies, several of them were carried out using HL1, and its
coordination compounds bearing Pd(I1)*? , Pt(11)°, and, more recently, Zn(II), Cd(II) and
Hg(II)!*!! as metal centers. On the other hand, reports of coordination compounds bearing
HL2 and HL3 are much scarcer. In spite of HL2 ligand being reported since 19982 the
first coordination compounds were reported by our group in 2011, using Pd(II), Zn(II)
and Cd(I)!* as metal centres. More recently, in 2016, the HL3 ligand was developed in
our group, and its reactivity against Pd(II), Pt(II), Cu(I), Ag(I) and Cu(II) was assayed'*.

As a continuation of the ongoing research in the synthesis of new coordination
compounds bearing N-hydroxyethylpyrazole ligands, the reactivity of HL1, HL2 and
HL3 against different Cu(Il) salts (CuCl2:2H2O, Cu(NO3)2:3H,O or
Cu(CH3COO),'H>0O) was assayed, resulting in the isolation of: [CuCl(u-L1)]> (1),
[CuCI(HL1):]C1 (2), [CuCl(p-L2)]>'HL2 (3-HL2), [CuCl2(HL3)]-(CH2Cl)(H20)
(4-(CH2CL)(H20)),  {[Cu(p-NO3)(pn-L)]2}n  (5), [Cu(NOs3)(HL1):]NO;  (6),
[Cu(NO3)(3,5-DPP)(n-L2)]2-2(CH3CN) (3,5-DPP = 3,5-diphenylpyrazole) (7-:2CH3CN),
[Cu(3,5-DPyP)(H20)]2(NO3)2:(H20) (3,5-DPyP = 3,5-di(2-pyrydil)pyrazolate) (8-H>0),
[Cu(CH3COO)(p-L1)]2 (9) and its hydrated phases 9-4H>O and 9-6H>O (Scheme 3.2.1).
Note that for compounds 7-2CH3CN and 8-H>O, the ligands suffer a Np,-CH.CH>OH
bond cleavage, resulting in the presence of 3,5-DPP and 3,5-DPyP in the resulting
compounds. All products have been fully characterized via spectroscopic and analytical
methods, and their crystal structures have been fully elucidated, allowing for a detailed

analysis of their molecular and supramolecular structures.
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Scheme 3.2.1 Schematic representation of the synthetic procedure for the obtention of
coordination compounds 1-9. Solvent occluded molecules for 3, 4 and 9 have been excluded for
clarity. 3,5-DPP = 3,5-diphenylpyrazole, 3,5-DPyP = 3,5-di(2-pyrydil)pyrazolate.
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3.2.1 Synthesis and Characterization

For the synthesis of compounds 1-9, a methanolic solution of the corresponding
Cu(II) salt (CuCly-2H20, Cu(NO3)-3H20 or (Cu(CH3COO),'H20) was added dropwise
to a methanolic solution of the corresponding ligand (HL1-HL3) in a 1:1 metal to ligand
ratio (Scheme 3.2.1). The resulting solutions were stirred at room temperature (RT) for
48-96 hours, except for that of HL.1 with Cu(NO3)-3H>0, which was kept for 12 hours

under reflux conditions.

After that period, for compounds 3-HL2, 7-2CH3CN and 8-H>O (Scheme 3.2.1),
the reaction mixtures were concentrated up to 5 mL and left overnight in the fridge until
green precipitates were obtained (yields 27.9 %, 89.6 % and 71.9 %, respectively). For
compounds 4-(CH2CL)(H20) and 9 (Scheme 3.2.1), a green (4(CH2Cl2)(H20), yield 72.2
%) or blue (9, yield 44.7 %) precipitate appeared immediately. Note that for the reaction
of 9, it was found that the addition of a small amount of ammonia was required to obtain
a product. Otherwise, upon concentration, unreacted Cu(CH3COQO),-H>O precipitated.
Lastly, reactions between HL1 and CuCl;-2H>0 (1 and 2) or Cu(NO3)-3H2O (5 and 6,
Scheme 3.2.1), showed a distinct behaviour. In both cases, a blue precipitate was obtained
immediately (1 and 5, yields 7.4 % and 71.4 %, respectively) the remaining mother
liquors were concentrated until a dark green oil was obtained, which after treatment with
Et20 resulted in the formation of a green precipitate (2 and 6 yields 76.8 % and 4.2 %,
respectively). All precipitates were filtered off, washed with cold Et2O and dried under

vacuum.

Crystals suitable for X-ray diffraction for compounds 1-9 were obtained via
recrystallization in an acetone/hexane mixture for 1, in MeOH for 3-HL3, 6 and 9, in
CHxCl: for 4(CH2Cl2)(H20), in CH3CN for 5 and 7-2CH3CN, in a CH3CN:CHCI3 mixture
(3:1 ratio) for 8-H>O and via diffusion of hexane into a CHCI3 solution for 2. For the
compounds containing chloride moieties, the elucidation of their crystal structures
revealed them as [CuCl(p-L1)]2 (1), [CuCI(HL1);]Cl (2), [CuCl(n-L2)]2-HL2 (3-HL2)
and [CuCl2(HL3)]-(CH2Cl2)(H20) (4-(CH2Cl2)(H20)).

For compounds 5-8-H>O, containing nitrate ligands, SCXRD revealed them as
{[Cu(u-NO3)(p-L1)]2}n for 5 and [Cu(NO3)(HL1);]NOs; for 6. For compounds
7-2CH3CN and 8-H>O, on the other hand, the results were rather unexpected. Their crystal
structures were revealed as [Cu(NO3)(3,5-DPP)(p-L2)]>-2(CH3CN) (3,5-DPP = 3,5-
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diphenylpyrazole) (7-2CH3CN) and [Cu(3,5-DPyP)(H20)]>2(NO3)2 (3,5-DPyP = 3,5-di(2-
pyrydil)pyrazolate) (8-H>O). Thus, during their synthesis, an unexpected cleavage of the
Np.-C bond happens, resulting in the formation of the pyrazole/pyrazolate ligands without
substituent in position 1-. This behaviour is in stark contrast for that of the same ligands
in their reaction with Cu(Il) chloride, as for the resulting compounds (3-HL2 and
4-(CH2Cl2)(H20)) the ligands are intact. It is also remarkable that the HL1 ligand also
remains intact in its reaction with Cu(II) nitrate (compounds 5 and 6). The cleavage of 1-
hydroxymethyl pyrazole ligands has been observed in our group, but this is the first time
that we report this behaviour for 2-hydroxyethyl ligands®'>. In a report by Baruah et al.'®,
a similar behaviour was observed for N-benzoyl-3,5-dimethylpyrazole and N-
benzoylimidizaole, which upon reaction with Cu(NO3)-3H20 cleaved along the Np,-C
bond. This reaction is enhanced in acidic conditions. A similar process could take place

in our case.

Lastly, for the reaction of HL1 with Cu(Il) acetate, the crystal structure
elucidation for 9 revealed that occluded water molecules were present in the single
crystal, thus possessing a [Cu(CH3COO)(u-L1)]2-6H>O (9:-6H20) formulae. However,
this crystal structure was not in agreement with the FTIR-ATR spectral data of the bulk

powder, which possessed no water molecules in its structure (vide infra, Scheme 3.2.1).

The compounds were characterized via elemental analyses (EA), conductivity
measurements, FTIR-ATR and UV-Vis spectroscopies. Whenever possible, single

crystals were used for characterization measurements.

¢ FElemental analyses (EA)

For 1-3-HL2 and 5-8-H>O its EA agree with the proposed formulae. Other
compounds showed discrepancies owing to the loss of occluded solvent molecules in their
structure. For instance, in compound for 4-(CH2Cl2)(H20) its EA shows that its occluded
CH2Cl> molecules are unavoidably lost during sample preparation, and thus the results
have been adjusted to a 4-(H20) molecular formulae, even for single-crystal samples. For
compound 9, both a sample of the bulk powder and a sample of the solid recrystallized in
MeOH were used for the EA, hopping to identify both 9 and 9-6H>O. However, the
preparation of the latter for EA unavoidably leads to the loss of two occluded solvent

molecules. Thus, the results were adjusted considering a 9-4H>O molecular relation.
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¢ Conductivity

Conductivity values were registered in MeOH (1-5, 6 and 9), in DMF (5, owing
to its insolubility) or CH3CN (7-2CH3CN and 8-H»0) in concentrations around 1-10 M.
The results agree with the presence of a non-electrolyte for 1, 3-HL2, 4-H>O, 9 (MeOH,
14-57 @ 'em?mol™), 5 (DMF, 28 Q'cm’mol ™) and 7-2CH3CN (CH3CN, 44 Q'cm’mol
1, a 1:1 electrolyte for 2 and 6 (MeOH, 94-111 Q'cm’mol™) and a 1:2 electrolyte for
8-H,0 (CH3CN, 219 Q'ecm?mol ™)',

e FTIR-ATR Spectroscopy

Regarding their FTIR-ATR spectra, for 1-9 the most characteristic bands are those
attributable to the pyrazole groups of the ligands: [v(C=C/C=N),] (1585-1547 cm™),
[3(C=C/C=N)a] (1464-1389 cm™), [§(C-H)ip] (1073-1003 cm™) and [8(C-H)oop] (895-628
cm™)!8. For compound 3-HL2, since both a deprotonated coordinated and a protonated
non-coordinated ligand (HL2) are present in the molecule, multiple bands can be
identified in these regions. For compounds bearing HL3 (4-H>O and 8-H>0O), many of the
characteristic signals attributed to the pyrazolyl moiety are also present pyridine rings
such as [V(C=C/C=N)a] (1613-1567 cm™), [§(C=C/C=N)x] (1461-1438 cm™), [§(C-H)ip]
(1086-1043 cm™) and [§(C-H)oop] (781-679 cm™)'®. As an example, FTIR-ATR spectrum
of' 4-H>O0 is shown (Figure 3.2.1), while those of 1-3-HL2 and 5-9 can be found in Annex
I (Figure S3.2.1-S3.2.8).

90
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Figure 3.2.1 FTIR-ATR Spectrum of 4-H,O
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The region between 3600-3100 cm™ is also relevant for the characterization of
these compounds, since it hosts signals attributed to [v(O-H)]'®. For compounds 1 and 5,
no signals appear in this region, suggesting the deprotonation of the HL ligands and the
lack of occluded solvent molecules. For compound 7-2CH3CN, a small band is observed
at 3122 cm’!, but owing to its shape and neighbouring flat region is attributed to [v(N-
H)]'. For compounds 2-4-H>O and 8-H,O however, broad signals can be observed in this
region. In them, broad bands centred at 3532-3121 cm™ are identified, attributed to the
alcohol moieties of HL ligands or occluded solvents. For compound 4-H>O, this region
is specially remarkable, as two distinct [v(O-H)]'® signals are identified, one
corresponding to coordinated HL3 at 3532 cm™ and one corresponding to occluded water
molecules at 3246 cm™. For compound 9, this region also merits a little discussion. We
were able to measure crystals of compound 9:-6H>0 (Figure 3.2.2 and S3.2.8), and three
overlapping bands (3473 cm™!, 3368 cm™ and 3269 cm™) attributed to [v(O-H)]'® are
identified. This suggests the presence of different types of occluded water molecules,
which is consistent with its crystal structure. On the other hand, the FTIR-ATR spectra
of the bulk powder of 9 shows no signals in the region between 3600-3000 cm’,

suggesting that no water molecules are present (Figure 3.2.2).

These discrepancies where further investigated using PXRD analyses (Figure
3.2.2). The resulting patterns confirmed that upon removal from the crystallization
solvent, compound 9-6H>0 readily lost two water molecules, as it was not possible to
obtain any matching PXRD pattern with that calculated from the crystal structure.
However, this loss does not cause the collapse of the crystal structure, as seen by the
crystalline PXRD pattern of 9-4H>O. Thus, upon loss of those waters, the crystal structure
is rearranged. Lastly, the PXRD pattern of the “dry” phase (9) was also measured.
Surprisingly, it matches the one of the “4-hydrated” phase, suggesting the preservation of
the crystal structure between the two phases (Figure 3.2.2).
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Figure 3.2.2 PXRD patterns for 9-4H,O (blue) and dry 9 (red). Calculated PXRD pattern from
resolved crystal structure (9-:6H,O) is also included (top) as a reference, from monocrystal
measured at 150 K (left). FTIR-ATR spectra of 9-6H,O (blue) and dry 9 (red), pinpointing the
[v(O-H)] signal region (right).

For compounds 5-8-H>O, signals attributed to [v(NO3)]'® appear at 1453-1389 cm’
'and 1300-1268 cm™!. Regarding those same groups, the region between 1800-1700 cm™
! hosts signals attributed to vi+va4 vibrations'®, which are distinctive of their coordination
behaviour. In compounds 5 the region is crowded, although two signals are identified at
1771 and 1750 cm™!, as well as a double overlapping band at 1738 and 1732 cm™ (Figure
3.2.3). This particular pattern agrees with the simultaneous presence of bidentate and
monodentate coordination modes in the same nitrate ligand'’. For 6, three bands are
identified. The most intense one at 1750 cm™' is characteristic of ionic nitrates, whereas
the other two bands at 1770 and 1712 cm™! suggest a bidentate coordination behaviour'
(Figure 3.2.3). For compound 7-2CH3CN, two signals at 1750 and 1741 cm™ are
identified, which agrees with a monodentate coordination mode. Lastly, for 8-H>O, only
one band at 1749 cm™ is observed, indicative of the presence of ionic nitrates'®. FTIR-

ATR spectra of compounds 5-8-H20 can be found in Annex I (Figures S3.2.4-S3.2.7).

Finally, for compound 9:6H,O, characteristic [vas(COO)] (1547 cm™) and
[vs(COO)] (1417 cm™) signals are identified (Figure S3.2.8). The difference between
these bands (A = [vas(COO)]- [vs(COO)] = 130 cm™') suggests a bidentate chelate

18,20

coordination mode *~", which is in agreement with the elucidated crystal structure.
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Figure 3.2.3 Detail of the Lever bands in the FTIR-ATR spectrum of compounds 5-8-H,O (x axis
= wavenumber (cm™), y axis = transmittance (%)). Coordination modes of the nitrate ligand in
compounds 5 and 6. Colour code: red (O), orange (Cu), light blue (N).

e UV-Vis Spectroscopy

Finally, the UV-Vis spectra have been recorded in MeOH for 1-4-H>0O, 6 and 9,
in DMF for 5 and in CH3CN for 7-:2CH3CN and 8-H,O (= 1-107 M) (Figure S3.2.9-
S3.2.11). For compounds 1, 3-HL2, 4-H>O and 5-9, their spectra show one band in the
visible region between 670 and 769 nm. All ¢ values range between 52 to 154 M'cm™.

These bands are typical of Cu(Il) metal centers in square planar or square pyramidal
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coordination geometries, and are assigned to a 2Big to 2A1g transition*' 3. For compound
2, on the other hand, the spectrum shows one band at 840 nm and € = 46 M-'cm™!. These
absorption bands at higher wavelengths suggest a heavily distorted square pyramidal
stereochemistry or even a trigonal bipyramidal one, and thus can be attributed to a 2Aj
to 2E, transition®>?*. All ¢ values are consistent with Laporte-forbidden transitions®*. This

spectral data agrees with the elucidated crystal structures (vide infra).

o TGA-ATD determination for compounds 9 and 9-4H>O

The findings related to occluded water molecules in 9, 9-6H>O and 9-4H>O
prompted our interest for their desorption processes. Therefore, simultaneous TGA-DTA
determinations were carried out to evaluate the thermal stability of the two available
phases 9 and 9-4H>0. The “dry” phase shows no thermal events except for its thermal
decomposition, starting at 167°C and ending at 450°C (Figure S3.2.12). The “hydrated”
phase, however, shows the loss of water in a two-step process. The first one occurs
between 38°C and 121°C, resulting in the loss of one water molecule, while the second
one occurs between 121°C and 189°C, resulting in the loss of the remaining water
molecules. From this temperature, a decomposition process is undertaken, ending at

450°C (Figure 3.2.4).

TG % DTA /(uV/mg)
I ex
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90.00 1 F-0.1
£ 0.2

80.00 1
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Figure 3.2.4 TGA/DTA Analysis of compound 9-4H,0O (bulk)
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3.2.2 Crystal and Extended structures

For compounds 1-9-:6H>O four different types of structures were obtained: ionic
(2, 6 and 8-H>0), monomeric (4-(CH2Cl2)(H20)), dimeric (1, 3-HL2, 7-2CH3CN and
9-6H,0) and polymeric (5). As several characteristics of each type of structure are shared,

they will be described together.
e Jonic compounds 2, 6 and 8-H>0

Compounds 2 and 6 possess a monomeric cation and an either a chlorine or a
nitrate anion. The cation possesses a Cu:HL1:X (X = CI" (2) or NO3™ (6)) 1:2:1 ratio
(Figure 3.2.5). However, they adopt different cores: a heavily distorted square pyramidal
(ts = 0.40%) [CuO2N,Cl1] for 2, or distorted octahedral (ata = 47.28°22") [CuO4N,] for 6.
This different core coordination geometry stems from the chelating behaviour of the
nitrate moiety. The apical position of compound’s 2 core is occupied by one oxygen atom
of one HLL1 ligand, while for 6 it involves an oxygen atom from the nitrate moiety as well

as the oxygen atom from the HLL1 ligand. The rest of the atoms occupy the basal positions.

Ci2

Figure 3.2.5 Ionic monomeric compounds 2 (left) and 6 (right), showing relevant atoms and
numbering scheme. Colour code: grey (C), white (H), light blue (N), red (O), light green (Cl),
orange (Cu).
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In both compounds, HL1 acts as a bidentate chelate ligand with a boat
conformation, bite angles ranging between 85.61(4)° to 90.83(6)°. The spatial constraints
induced by this chelating coordination can be clearly seen in their heavily distorted cores
for both compounds. As such, 2 displays basal angles ranging from 86.88(4)° to 93.18(4)°
and from 149.12(3)° to 173.20(5)° (instead of 90° and 180° for a regular square pyramid),
whereas for 6, basal angles range from 52.75(5)° to 114.21(5)° and from 166.58(7)° to
173.12(7)° (instead of 90° and 180° for a regular octahedra) and apical angles range from
78.05(6)° to 100.27(6)° and 149.18(5)° (instead of regular 90°and 180°). The chelate
coordination of the nitrate moiety in 6 also contributes to this deviation of the ideal. It is
worth remarking that these chelate behaviour could be considered weak, as the Cu(1)-
0O(3)/ Cu(1)-0O(5) distances (2.0102(13) A /2.700(2) A, di1-d2 = 0.69 A ) and Cu(1)-O(3)-
N(5) / Cu(1)-O(5)-N(5) angles (109.90(10)° / 78.54(10)°, 81-02 =31.36°) are on the verge
of the anisobidentate (di-d2 < 0.6 A, 01-0, < 28°) and unidentate (d;-d2 > 0.6 A ,0,-0, >
28°) coordination modes?®. Selected bond lengths and angles are reported in Table 3.2.2.

29-32

They are in agreement with related Cu(Il) pyrazole compounds® -, as well as with the

Co(II) analogue of 6%.

As mentioned before, during the synthesis of compound 8, ligand HL3 is cleaved,
resulting in the obtention of an ionic compound bearing a dimeric cation and two nitrate
ions. Moreover, three water molecules are also present in its crystal structure, as each of
the two Cu(Il) metal centres is coordinated to one and a further water molecule is
occluded in its crystal structure. Thus, the cation possesses a Cu:3,5-DPyP:H,O 1:1:1
ratio (Figure 3.2.6). Its Cu(Il) atoms display an almost perfect square pyramidal (s =
3-107)%° [CuN4O] core, with the nitrogen atoms of the pyrazolate ligands forming the
basal plane and the oxygen atom of the water molecules in the apical position. It is also
worth noting that is deprotonated, thus acting as a pyrazolate ligand. Pyrazolate ligands
with no substituents in positions 3- and 5- are known to coordinate by both of their
nitrogen groups, forming trimeric or polymeric structures®**>. However, the addition of
bulky substituents on these positions prevents the formation of these motifs due to steric
constraints, resulting in the formation of dimers, as reported in different publications by
our group*** and others*' . In fact, the dihydrate analogue of 8-H>O (8-2H,0)* has
already been synthesized in our group. Moreover, the presence of a coordinating nitrogen
atom in the position 2- of the pyridine substituent promotes a chelate behaviour of the

ligand, which can result in the formation of monomers in asymmetrically substituted
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pyrazoles**°. Thus, based on these precedents, the chelating and bridging behaviour of
the 3,5-DPyP ligand is clearly rationalized. Relevant bond lengths and angles for
compound 8-H>O are summarized in Table 3.2.3. They are in agreement with similar

compounds reported in the literature** .

Table 3.2.2 Selected bond lengths (A) and angles (°) for compounds 2 and 6

2 6
Bond lengths (A)

Cu(1)-NQ3) 1.9636(12) Cu(1)-NQ3) 1.9801(17)
Cu(1)-N(1) 1.9675(12) Cu(1)-N(1) 1.9712(15)
Cu(1)-0(2) 2.0760(10) Cu(1)-0(2) 2.1685(15)
Cu(1)-CI(1) 2.2584(4) Cu(1)-0(1) 1.9944(13)
Cu(1)-0(1) 2.2962(10) Cu(1)-0(3) 2.0102(13)

Cu(1)-0(5) 2.700(2)

Bond angles (°)

N(@3)-Cu(1)-N(1) 173.20(5) N(1)-Cu(1)-N33) 173.12(7)

N(@3)-Cu(1)-0(2) 88.57(4) N(1)-Cu(1)-0(1) 88.06(6)

N1)-Cu(1)-0(2) 86.88(4) N(@3)-Cu(1)-0(1) 86.57(6)

N(3)-Cu(1)-CI(1) 93.32(3) N(1)-Cu(1)-0(3) 91.59(6)

0(2)-Cu(1)-CI(1) 149.12(3) N(@3)-Cu(1)-0(3) 92.64(6)
N(@3)-Cu(1)-0(1) 89.27(4) N(@3)-Cu(1)-0(5) 100.27(6)
N(1)-Cu(1)-0(1) 85.60(4) 0(2)-Cu(1)-0(5) 149.18(5)

0(2)-Cu(1)-0(1) 89.08(4) 0(5)-Cu(1)-0(3) 52.75(5)
CI(1)-Cu(1)-0(1) 121.74(3) 0(1)-Cu(1)-0(3) 166.58(7)

N(1)-Cu(1)-CI(1) 93.18(4) N(1)-Cu(1)-0(2) 93.91(6)

N(@3)-Cu(1)-0(2) 90.83(6)

0(1)-Cu(1)-0(2) 94.94(6)

0(1)-Cu(1)-0(3) 98.46(6)

N(1)-Cu(1)-0O(5) 78.05(6)

0(1)-Cu(1)-0(5) 114.21(5)
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Figure 3.2.6 Dimeric cation of compound 8-H,O, showing relevant atoms and numbering
scheme. Colour code: grey (C), white (H), light blue (N), red (O), orange (Cu).

Table 3.2.3 Selected bond lengths (A) and angles (°) for 8-H,O

Cu(1)-N(3)
Cu(1)-NQ2)
Cu(1)-N(1)

N@3)-Cu(1)-N(2)
N@3)-Cu(1)-N(1)
N(2)-Cu(1)-N(4)
N(@3)-Cu(1)-0(1)
N(1)-Cu(1)-0(1)

8-H,O
Bond lengths (A)
1.955(4) Cu(1)-N(4)
1.960(5) Cu(1)-0(1)
2.077(5) Cu(1)---Cu(1)
Bond angles (°)
9143(17)  N(2)-Cu(1)-N(1)
168.8(2) N(@3)-Cu(1)-N4)
166.74(18)  N(1)-Cu(1)-N(4)
96.43(17)  N(2)-Cu(1)-0(1)
92.55(19)  N(4)-Cu(1)-0(1)

2.097(5)
2.207(4)
4.0448(9)

79.81(18)
79.70(18)
107.63(19)
104.99(19)
85.93(19)

The supramolecular structure of 2 is dominated by the presence of hydrogen bonds

between the anionic chlorine atoms and both protonated alcohol groups and the hydrogen

in position 4- of the of the pyrazole ligands. This interaction results in the formation of

zig-zag chains along the ¢ axis. Moreover, these chains are linked via a supramolecular

interaction involving the coordinated chlorine atoms and the methyl groups of the

pyrazole moieties, resulting in the formation of supramolecular 2D planes along the bc

plane (Figure 3.2.7, left). For compound 6, a double interaction between nitrate moieties

and protonated alcohol groups results in a zig-zag chain along the ¢ axis (Figure 3.2.7,
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right). Owing to the presence of some disorder in nitrate anions and occluded water
molecules in compound 8-H»O, its supramolecular scaffold cannot be studied precisely.
However, it is clearly dominated by the formation of strong classical O-H---O hydrogen
bonds between both types of water molecules (occluded and coordinated) and nitrate
anions. Thus, the overall supramolecular packing could be described as alternating layers
of nitrate anions and dimeric cations, with the occluded water molecules embedded in the
cationic layer. (Figure 3.2.8). Moreover, some 7-7 stacking interactions between pyridyl
rings of the cations are identified, as pyridyl rings lie completely parallel to each other at
3.487 and 3.862 A (Figure 3.2.8). In this arrangement, water molecules occupy isolated
cavities which account for 1.0 % of its unit cell volume (113.34 A3, measured with a
prove radius of 1.2 A, Figure 3.2.8). Relevant non-bonding interactions are summarized

in Table 3.2 .4.
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Figure 3.2.7 Supramolecular 2D plane in 2 (left) and 1D chain in 6 (right). Only hydrogen atoms
involved in close interactions are shown. Anions are depicted in ball and stick mode. Note the
role of chlorine and nitrate anions in forming the supramolecular scaffold. Colour code: grey (C),
white (H), light blue (N), red (O), light green (Cl), orange (Cu). Cu(Il) atoms are also represented
as orange polyhedra.
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Figure 3.2.8 a. Supramolecular packing of compound 8-H>O, showing all non-hydrogen atoms.
Water molecules are highlighted in blue and spacefill mode. b. Detail of the n-m stacking
interactions in 8. ¢. Voids representation in 8-H,O (113.34 A3,1.0 % of its unit cell). Colour code:
grey (C), white (H), light blue (N), red (O), light green (Cl), orange (Cu). Cu(Il) atoms are also
represented as orange polyhedra.



Section 3.2 20

Table 3.2.4 Non-bonding interactions for 2, 6 and 8-H>O

D-H---A (A) H-D---A (A) D-H (A) >D-H:-A (°)
2
Ola -Hlar-CI2 2.204 3.016 0.839 162.70
021 -H2a1+-CI2 2.122 2.958 0.840 173.32
C3p.~H3p, --CI12 2.827 3.669 0.930 151.20
C6meth-H6Bmetn- - Cl1 2.873 3.745 0.970 150.06
6
O1a-H10a*-O7x 1.796 2.622 0.840 167.81
02a-H20a - 06N 1.919 2.743 0.840 166.74
8-H,0
Owe-Hye'*-Onos 2.061 2.756 0.797 145.70
Owe-Hye'*-Onos 1.917 2.724 0.815 170.88
Owo-Hwo'**Ono3 2.080 2.566 0.811 118.33

al = alcohol, meth = methyl, Pz = pyrazole, We¢ = coordinated water, Wo = occluded water, Pyr =
2-pyrydil

e Monomeric compound 4-(CH-Cl,)(H-0)

Compound 4-(CH:Cly)(H.0) crystallizes in a monomeric structure having a
Cu:HL3:X (X = chlorine) 1:1:2 ratio (Figure 3.2.9). Moreover, it contains one H>O and
one CH>Cl, molecules as occluded solvents in its crystal structure. Its [CuON2Clz] core
has a slightly distorted square pyramidal geometry (ts = 0.22%°). This slight distortion is
reflected in the bond angles, with range between 79.50(3)° to 105.162(11)° and from
153.75(3)° to 166.79(3)° (instead of the ideal 90° and 180°).

The basal plane is formed by a chlorine atom and two nitrogen atoms and one
oxygen atom provided by the HL3 ligand, while the apical position is occupied by the
last chlorine atom. Thus, HL3 acts as a tridentate chelate ligand, coordinating via its
pyrazol, pyridine and protonated alcohol moieties. Its Np,-Cu-Npy: and Np,-Cu-Oa bite
angles are 79.50(3)° and 87.45(3)° respectively. Selected bond distances and angles are
reported in Table 3.2.5. They are in agreement with similar Cu(Il) nitrate pyrazole

compounds*®32,
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Figure 3.2.9 a. Compound 4-(CH,Cl,)(H,O), showing all its relevant atoms and numbering
scheme. b. Supramolecular chains in compound 4-(CH>ClL)(H20). View along c axis. Colour
code: grey (C), white (H), light blue (N), red (O), light green (CI), orange (Cu). Cu(Il) atoms are
also represented as orange polyhedra. Intermolecular interactions are represented as light blue

dashed lines.

Table 3.2.5 Selected bond distances (A), angles (°) and non-bonding interactions for
compound 4-(CH>Cl»)(H:0)

Cu(1)-NQ2)
Cu(1)-0(1)
Cu(1)-N(1)

N(2)-Cu(1)-0(1)
N(2)-Cu(1)-N(1)
N(1)-Cu(1)-0(1)
N(2)-Cu(1)-CI(1)
0(1)-Cu(1)-CI(1)
N@3)-Cu(1)-0(1)

01.-H10a'--O1W
O1W-H1WA:---CI2
O1W-H1WB:--CI2

4-(CH:ClL)(H20)
Bond lengths (A)

1.9805(8) Cu(1)-CI(1)
1.9985(8) Cu(1)-C1(2)
2.0261(9)
Bond angles (°)
87.45(3) N(1)-Cu(1)-CI1(1)
79.50(3) N(2)-Cu(1)-Cl(2)
166.79(3) Cl1(2)-Cu(1)-0(1)
153.75(3) N(1)-Cu(1)-C1(2)
93.74(2) CI(1)-Cu(1)-C1(2)
89.27(4) N@3)-Cu(1)-0(5)
Intermolecular interactions
D-H---A (A) D-H (A)
1.801 0.840
2.435 0.796
2.309 0.804

Al = alcohol, W = water

2.2322(3)
2.4818(4)

97.06(3)
101.03(3)
90.88(2)
93.60(3)
105.162(11)
100.27(6)

H-D-A(A)  >D-H-A(°)
2.624 166.08
3215 166.39
3.111 175.82
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The presence of occluded solvent molecules dictates the supramolecular
architecture in 4-(CH>Cl,)(H2O). Thus, sets of two water molecules link four monomers
forming a double linear chain along a axis. Chlorine atoms and the hydrogen of
protonated alcohol moieties are heavily involved in this scaffold (Figure 3.2.9, Table
3.2.5). Nestled among those chains, lie the CH>Cl> molecules, forming a clathrate-like
structure (Figure 3.2.10). Overall, these CH2Cl> molecules occupy isolated cavities
representing 13.0 % of its unit cell volume (128.87 A3, measured with a prove radius of

1.2 A). Taking water molecules into consideration, the cavities nestling the solvents

account for 15.9 % of its unit cell volume (157.39 A3, measured with a prove radius of

1.2 A, Figure 3.2.10).

Figure 3.2.9 a. Clathrate-like structure in 4-(CH>Cl)(H,0O), view along a axis (left). CH,Cl,
molecules are highlighted in green in the spacefill mode. b. Voids representation in
4-(CH,ClL)(H,0) (157.3 A3, 15.9% unit cell volume), view along b axis (right). Colour code: grey
(C), white (H), light blue (N), red (O), light green (Cl), orange (Cu). Cu(ll) atoms are also
represented as orange polyhedra. Intermolecular interactions are represented as light blue dashed
lines.

e Dimeric compounds 1, 3-HL2, 7-2CH3CN and 9-6H>0

Compounds 1, 3-HL2 and 9-6H>O crystallize in a dimeric structure with a Cu:L:X
(L=L1(@1,9), L2 (3); X = chlorine (1, 3) or acetate (9)) 1:1:1 ratio. For compound
7-2CH3CN, on the other hand, an unexpected cleavage of a Np,-C bond in HL2 ligand
happened during the synthesis, resulting in the formation of 3-5-diphenpylpyrazole (3,5-
DPP). Thus, its crystal structure has a Cu:L3:3,5-DPP:NOs 1:1:1:1 ratio (Figure 3.2.11).
Some of those compounds contain occluded molecules in their crystal structures. For
instance, compound 3-HL2 contains one occluded HL.2 molecule, compound 7-2CH3CN

two CH3CN molecules and compound 9-6H20 contains six occluded water molecules.
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Lastly, it can be seen that while 1, 7-2CH3CN and 9-6H>O are symmetric dimers, with
both Cu(Il) atoms displaying the same core, 3-HL2 is an asymmetric dimer, each Cu(II)
metal centre displaying a different core. Owing to their similarities, compounds 1 and

9-6H>O will be described together, whereas 3-HL2 and 7-CH3;CN will be described

separately.

Figure 3.2.11 Dimeric compounds 1, 3, 7 and 9, showing relevant atoms and their numbering
scheme. Compound’s 3, 7 and 9 occluded solvent molecules have been excluded for clarity.
Colour code: grey (C), white (H), light blue (N), red (O), light green (Cl), orange (Cu).

Despite sharing the same symmetric dimer topology, compound 1 possesses a
distorted square planar (t, = 0.27)°' [CuO2NCl] core, while compound 9-6H>O adopts
a square pyramidal (ts = 0.03)* [CuOsNCI] one, due to the chelating behaviour of the
acetate ligand. The distortion in 1 is promoted by the rigidity of the chelating L1, as
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reflected in their bond angles, ranging from 75.79(4)° to 99.76°(3) and from 159.68(4)°
to 162.39° (instead of the ideal 90° and 180°). For compound 9-6H>0, one oxygen atom

of the chelated acetate ligand is in the apical position, while the rest of the atoms are on

the basal plane. Despite the chelating nature heavily distorting the angles related to the

apical position (in the range of 57.71(3)° to 114.38(4)° instead of ideal 90°), it does not

affect its clear square pyramidal nature. In both cases, the alcohol group of L1 is

deprotonated, acting as a bidentate bridging and chelate ligand. Relevant distances and

angles are summarized in Table 3.2.6. They are in agreement with related Cu(II) pyrazole

compounds®>33,

Table 3.2.6 Selected bond distances (A) and angles (°) for compounds 1 and 9-6H>O

Cu(1)-0(1)
Cu(1)-0(1)#1
Cu(1)-N(1)

0O(1)#1-Cu(1)-0(1)
O(1)#1-Cu(1)-N(1)
0(1)-Cu(1)-N(1)

Cu(1)-0(1)#1
Cu(1)-0(1)
Cu(1)-0(3)

O(1)#1-Cu(1)-0(1)
O(1)#1-Cu(1)-N(1)
O(1)-Cu(1)-N(1)
O(1)#1-Cu(1)-0(2)
0(1)-Cu(1)-0(2)
0(1)-Cu(1)-0(3)

1

Bond lengths (A)
1.9289(8) Cu(1)-CI(1)
1.9142(8) Cu(1)---Cu(1)#1
1.9674(9)

Bond angles (°)
75.79(4) O()#1-Cu(1)-CI(1)
159.68(4) O(1)-Cu(1)-CI(1)
91.09(3) N(1)-Cu(1)-CI(1)

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

9-6H,0

Bond lengths (A)
1.9163(8) Cu(1)-0(2)
1.9276(3) Cu(1)-N(1)
2.494(1) Cu(1)-+-Cu(1)#1

Bond Angles (°)
76.55(4) 0(3)-Cu(1)-0(2)
164.88(4) N(1)-Cu(1)-0(2)
92.90(4) 0(2)-Cu(1)- Cu(1)#1
93.34(4) 0(3)-Cu(1)- O(1)#1
166.86(4) 0@3)-Cu(1)-N(1)

114.38(4)
#1: -x+1, -y+1, -z+1

2.2098(3)
3.0328(3)

96.96(2)
162.39(3)
99.76(3)

1.9663(8)
1.9636(10)
3.0176(3)

57.71(3)
98.53(4)
131.23(3)
96.19(4)
98.06(4)
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Compound 3-HL2, on the other hand, displays two different square planar cores,
one [CuO2Cly] (14 = 0.05°!) and one [CuO2N2] (14 = 0.06°!). In it, L2 ligands are
deprotonated, acting as bidentate bridging and chelate ligands. A similar compound has
already been described by our group'® possessing one nitromethane occluded solvent
molecule, thus differing a lot in their supramolecular network. Selected bond distances
and angles for 3-HL2 are summarized on Table 3.2.7. They are in agreement with

reported Cu(II) pyrazole compounds™*!°.

Table 3.2.7 Selected bond lengths (A) and angles (°) for compound 3-HL2

Bond lengths (A)
Cu(1)-0(1) 1.9391(17) Cu(2)-0(1) 1.8958(16)
Cu(1)-0Q2) 1.9686(17) Cu(2)-0(2) 1.9062(17)
Cu(1)-CI(2) 2.2230(8) Cu(1)-N@3) 1.945(2)
Cu(1)-CI(1) 2.2397(7) Cu(1)-N(1) 1.961(1)
Cu(1)+-Cu(2) 2.9630(5)
Bond angles (°)
0(1)-Cu(1)-0(2) 76.09(7) 0(1)-Cu(2)-0Q2) 78.61(7)
0(1)-Cu(1)-C1(2) 168.11(5) 0(1)-Cu(2)-N(3) 156.68(9)
0(2)-Cu(1)-CI(2) 94.77(5) 0(2)-Cu(2)-N(3) 91.23(8)
0(1)-Cu(1)-CI(1) 92.80(5) O(1)-Cu(2)-N(1) 94.23(8)
0(2)-Cu(1)-CI(1) 161.49(6) 0(2)-Cu(2)-N(1) 165.39(8)
CI(2)-Cu(1)-CI(1) 97.93(3) N@3)-Cu(2)-N(1) 99.84(9)

For compound 7-2CH3CN, its [CuO3Nz] core displays a slightly distorted square
pyramidal (ts = 0.14)*° coordination geometry. The apical position is occupied by the
oxygen atom of the nitrate group, while the rest of the atoms (two oxygens and one
nitrogen provided by L2 and one nitrogen provided by 3,5-DPP) are in the basal plane.
Once again, the alcohol moieties are deprotonated, the L2 acting as chelated and bridged,
while the nitrate moiety coordinates in a monodentate fashion. Selected bond lengths and
angles are summarized in Table 3.2.8. As stated before, the presence of the 3,5-DPP
ligand in this compound owes to the cleavage of the HL2 ligand. Note that, in compound
7-2CH3CN the 3,5-DPP ligand is neutral, whereas in compound 8-H>O the 3,5-DPyP

ligand was deprotonated, thus being ionic.
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Table 3.2.8 Selected bond lengths (A) and angles (°) for compound 7-2CH3CN

Bond lengths (A)
Cu(1)-0(1) 1.9008(10) Cu(1)-NQ3) 2.0251(11)
Cu(1)-O(1)#1 1.9501(10) Cu(1)-N(1) 1.9505(11)
Cu(1)-0(3) 2.474(1) Cu(1)'--Cu(1)#1 3.0408(4)
Bond angles (°)
O(1)-Cu(1)-0O(1)#1 75.70(5) O(1)-Cu(1)-N(1) 169.46(5)
O(1)#1-Cu(1)-N(1) 94.38(4) O(1)-Cu(1)-N@3) 93.27(4)
O(1)#1-Cu(1)-N(Q3) 160.89(5) N(1)-Cu(1)-N@3) 95.27(5)
O(1)-Cu(1)-0(3) 87.74(4) O(1)#1-Cu(1)-0(3) 94.40(4)
N(1)-Cu(1)-0(3) 96.65(5) N(@3)-Cu(1)-0(3) 100.81(5)

Compound 1 displays a relatively simple supramolecular structure, promoted by
two head-to-tail hydrogen bond interactions. The first one, involving chlorine atoms and
methyl moieties is responsible for the formation of chains, while the second one,
involving coordinated oxygen atoms and the methyl moieties links those chains, forming
a plane perpendicular to the ¢ axis. (Figure 3.2.12). Relevant non-bonding interactions

are summarized in Table 3.2.9.

Figure 3.2.12 Supramolecular structure of compound 1. Colour code: grey (C), white (H), light
blue (N), red (O), light green (CI), orange (Cu). Cu(Il) atoms are also represented as orange
polyhedra. Intermolecular interactions are represented as light blue dashed lines.
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For compound 3-HL2, the disorder present in the occluded HL.2 ligand molecule
prevents an in-depth study of its supramolecular scaffold. Despite this hindrance, it can
be observed that pairs of dimeric units are associated via H---Cl interactions involving
hydrogen groups of the phenyl ring. Then, those pairs of dimers units are linked together
thanks to interactions involving the occluded HL2 solvents through non-bonding
associations between the oxygen atoms and hydrogen atoms of the phenyl rings. Overall,
the pairs of dimers and the occluded solvents are disposed in alternate AB layers. The
occluded solvent molecules occupy isolated cavities accounting for a remarkable 20.2 %
of its unit cell volume (1543.68 A%) (Figure 3.2.13). Relevant non-bonding interactions

are summarized in Table 3.2.9.

a)

Meth = Methyl

i

Figure 3.2.13 a. Supramolecular structure of 3-HL2, view along b axis. Occluded HL2 molecules
are highlighted in blue. Detail of the association between dimeric units. b. Voids representation
(1543.8 A3, 20.2 % of unit cell volume) in 3, view along c axis. Colour code: grey (C), white (H),
light blue (N), red (O), light green (Cl), orange (Cu). Cu(Il) atoms are also represented as orange
polyhedra. Intermolecular interactions are represented as light blue dashed lines.

The supramolecular scaffold of 7-2CH3CN is dominated by the interaction
between uncoordinated oxygens of the nitrate group and the hydrogen of the pyrazole
ligand. This results in the formation of supramolecular 1D-chains parallel to the a axis.
Moreover, the occluded molecules also play a role in holding the supramolecular

structure, binding together these supramolecular chains in 2D planes. Finally, it is
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remarkable to note that the presence of multiple phenyl groups in positions 3- and 5-
result in the formation of C-H: = interactions, which bind the planes completing the 3D
structure (Figure 3.2.14). The occluded solvents occupy isolated cavities, accounting for
6.3% (96.15 A3) of its unit cell volume (Figure 3.2.14). Relevant interactions are

summarized in Table 3.2.9.

The supramolecular structure of compound 9-6H>O, on the other hand, is
dominated by the presence of water molecules. They do not only form strong hydrogen
bond between themselves, but also with the alkylic chain of L1 and oxygen atoms of the
acetate moiety. Thus, 9-:6H>O has a distinct clathrate like structure, with a solvent
accessible surface equal to 21.1 % of its unit cell volume. The detailed examination of
these interactions shows that there are three sets of distinct pairs of water molecules.
Water molecule I (H2WA-O2W-H2WB) is the lynchpin of the whole architecture, as it
binds together H>O molecules I and IIT (HIWA-O1IW-HIWB, H3WA-O3W-H3WB).
Meanwhile, H,O molecule I and III interact with dimeric molecules via different H-
bonds, but their interactions with molecule II are the ones which allow the formation of a
3D supramolecular network (Figure 3.2.15). The existence of these three sets of pairs ties
in nicely with the fact that three distinct [v(O-H)] vibrations are identified in 9-6H>,O

FTIR-ATR spectra. Relevant non-bonding interactions are summarized in Table 3.2.9.
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b)
iD
Chains

Alk = alkyl chain, Ph =
Phenyl, Pz = Pyrazole,
Acn = acetonitrile

([ AU \ )
Figure 3.2.14 a. Supramolecular chains in 7-2CH3CN, view along b axis. b. Interactions between
chains along c axis (left) and a axis (right). Occluded CH3CN molecules are highlighted in green.
Only relevant hydrogen atoms are shown. c. Voids representation in 7-2CH3CN (96.15 A3, 6.3 %
of unit cell). Colour code: grey (C), white (H), light blue (N), red (O), light green (Cl), orange
(Cu). Cu(Il) atoms are also represented as orange polyhedra. Intermolecular interactions are
represented as light blue dashed lines.
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Table 3.2.9 Non-bonding interactions for 1, 3-HL2, 7-2CH3CN and 9-6H>O
D-H-A(A) HD-A@A) D-H@A) >D-H-A()

1
CSmeth-HSmetn* - CI1 2.680 3.627 0.980 162.69
Co6methi-HOmeth* - Oac 2.550 3.448 0.990 150.82
3-HL2
CSpn-HSpn' - CI2 2.688 3.636 0.950 175.47
C8pn-H8ph* - OS5l 2.416 3.276 0.950 150.52
C32pn-H32pn' - OSal 2.527 3.168 0.950 124.94
7-2CH;CN
C8p,~-H8p: --O2n03 2.531 3.420 0.950 155.83
C31a-H31 Ak *Naen 2.622 3.413 0.990 136.92
C334ecn-H33CAcn' - O2n03 2.599 3.464 0.980 147.17
C12pn-H12pn - Cgpn 3.535 4.153 0.950 124.99
9:6H,0O
O1W-HIWA:---02W! 2.136 2.931 0.799 172.82
O1W-H1WB::-03ac 1.906 2.702 0.800 173.67
O2W-H2WA:---O3W! 2.015 2.808 0.797 173.27
O2W-H2WB:--0O1Wii 1.974 2.753 0.799 164.14
O3W-H3WA:---02W 2.052 2.843 0.794 173.85
O3W-H3WB:-- 02} 2.037 2.813 0.790 167.14
C6-H6B---O1W 2.332 3.161 0.990 140.74

Ph = Phenyl, al = alcohol, alk = Alkyl chain, meth = methyl, ac = acetate, W = water, Acn =
acetonitrile
Cglpn = C10-C15
[ x,1/2-y,-1/2+z], 1 [-x,-1/2+y,1/2-7]

a) b)

Figure 3.2.15 a. Voids representation (293.14 A, 21.1 % of unit cell volume) in 9-6H,O. b.
Supramolecular structure of 9-6H,O. Crystallographically equivalent water molecules in 9-6H,O
are highlighted in the following colours: I — green, II — blue, III — purple. Colour code: grey (C),
white (H), light blue (N), red (O), orange (Cu). Intermolecular interactions are represented as light
blue dashed lines
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This interesting architecture prompted us to analyse the role of the water moieties
in detail. Thus, Hirshfeld surface analyses were performed with Crystal Explorer 17.5%*
on each crystallographically independent molecule in the unit cell. Hirshfeld surface
analysis explores interactions in the crystal structure based on electron densities. Color
codes are used to predict the strength of the interactions by mapping the dnom functions
onto the Hirshfeld surface. The de 3D dnorm functions can be resolved into 2D fingerprint
plots which show the contributions of the molecular interactions. Individual plots of
occluded H>O molecules allow to ascertain their differences (Figure 3.2.16), as each one
displays a distinct plot showing their unique roles in supramolecular structure. In all of
them two sharp peaks appear, related to the reciprocal O-H:--O hydrogen bonds. For the
dimer, its main supramolecular interactions are highlighted in the dnorm representation.

(Figure 3.2.16). Its analysis once again confirms its interaction with only water molecules

I and III, as red spots highlight these interactions.

U6 U8 T0 1.2 T4 16 18 20 2

Figure 3.2.16. a. Fingerprint plots of water molecules I, II, III. Circles pinpoint regions belonging
to O---H hydrogen bond interactions. b. Dyom representation of dimer 9 (b). Colour code: grey
(C), white (H), light blue (N), red (O), light green (Cl), orange (Cu).

e Polymeric compound 5

Compound 5 displays a polymeric structure formed by centrosymmetric dimeric

centres (like compounds 1 and 9) bridged by nitrate moieties. Those dimeric units display
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a Cu:L1:NOs 1:1:1 ratio with a distorted octahedral (ata = 46.92°)*%?7 core. In them, the
basal plane comprises two bridging oxygen atoms of deprotonated L1 ligands, one
nitrogen atom of a L1 ligand and one oxygen atom of the nitrate moieties. The apical
positions are occupied by the bridging oxygen atoms of the nitrate ligand. The spatial
constraints of this chelated nitrogen ligand induce a distortion of the octahedral geometry
in the apical position, as the apical atom deviates from linearity (O1#1-Cul-O3,
113.09(9)° instead of ca. 90°). For ligand L1, the alcohol moiety is deprotonated, and the
ligand acts in a bidentate bridging and chelate fashion, much in the same manner as 1, 3
and 9. The nitrate ligand does not only chelate in an anisobidentate fashion?® (Cu(1)-O(2)
and Cu(1)-O(3) distances (2.004(2) A and 2.594(2) A, di-d> < 0.6 A) and Cu(1)-O(2)-
N(3) and Cu(1)-O(3)-N(3) angles (107.18(2)° and 79.94(2)°, 0:-0, < 28°), but also in a
bridging one, being responsible in linking those centrosymmetric dimers in edge-sharing
dioctahedral polymeric chains (Figure 3.2.17). Relevant bond distances and angles are

summarized on Table 3.2.10.

The nitrate ligand also plays a key role in its supramolecular scaffold, as it forms
a double-hydrogen bond linking consecutive chains. Not only does its non-coordinated
oxygen atom participates in strong H-bonds with hydrogens form the alkylic chain, but
also the chelate and bridging oxygen is involved in interactions with hydrogens from the
methyl groups. These two interactions result in the formation of 2D planes along the bc
crystallographic axis. (Fig. 3.2.18). Selected non-bonding interactions are summarized in

Table 3.2.10.

o3 N1 ’,

04 N2

02

E - b 4.777A

Figure 3.2.17 a. Compound 5, depicting relevant atoms and its numbering scheme. b.
Bioctahedral polymeric chain in 5. Colour code: grey (C), white (H), light blue (N), red (O), light
green (Cl), orange (Cu). Cu(Il) atoms are also represented as orange polyhedra.
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Table 3.2.10 Selected bond distances (A), angles (°) and non-bonding interactions for

compound 5
5
Bond lengths (A)

Cu(1)-0(1) 1.929(2) Cu(1)-0(2) 2.004(2)
Cu(1)-O()#1 1.929(2) Cu(1)-0(3)#2 2.369(3)
Cu(1)-N()#1 1.970(2) Cu(1)-0(3) 2.594(2)
Cu(1):--Cu(1) 2.9847(9)

Bond angles (°)
O(1)-Cu(1)-O(1)#1 78.67(9) N(1)#1-Cu(1)-0(2) 95.47(10)
O(1)-Cu(1)-N(1)#1 169.06(9) O(1)-Cu(1)-O(3)#2 89.54(9)
O()#1-Cu(1)-N(1)#1 91.31(9) O(1)#1-Cu(1)-O(3)#2 98.39(9)
O(1)-Cu(1)-0(2) 93.35(9) N()#1-Cu(1)-O(3)#2 96.31(10)
O(1)#1-Cu(1)-0(2) 165.39(10) 0(2)-Cu(1)-0(3)#2 93.72(9)
O(1)-Cu(1)-O(1)#1 78.67(9) N(1)#1-Cu(1)-0(2) 95.47(10)
Intermolecular interactions
D-H--A (A) D-H (A) H-D---A (A) >D-H:---A (°)
CSmeth-H5A meth - O2N 2.436 3.387 0.980 163.34
CTa-H7Aai - O4n 2.536 3.329 0.990 136.93

Meth = methyl, alk = alkyl chain, N = nitrate
#1: -x+1, -y+1, -z+1, #2: X, y-1, Z

Figure 3.2.18 Supramolecular structure of 5, view along a axis. Colour code: grey (C), white (H),
light blue (N), red (O), orange (Cu). Cu(Il) atoms are also represented as orange polyhedra.
Intermolecular interactions are represented as light blue dashed lines
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3.2.3 Structural discussion

The reactivity of HL1-HL3 against the selected Cu(Il) salts yielded nine
compounds showing a great structural diversity. Sadly, crystal structures for compounds
7 and 8 have not been elucidated. However, from the herein gathered data, as well as from

bibliographical sources, some proposals if their molecular structure can be done.

First, a bibliographical research in the CCDC™ database for coordination
compounds bearing similar N-hydroxethylpyrazole was carried out. A total of twenty-
five different reported crystal structures of coordination compounds bearing the HL1
ligand, three bearing HL.2 ligand and one bearing HL.3 ligand were found. Their analysis
shows that in all monomeric reported crystal structures (46% of the total) the alcohol is
protonated. Moreover, the ligand shows two different coordination modes in monomeric
compounds: monodentate or bidentate chelate, the last one being somewhat more
favoured (40% and 60% of the reported monomers respectively). Regarding dimeric
compounds (43% of the total), two different coordination behaviours are observed:
bidentate chelate (36.4%) or bidentate bridge (72.1%), bearing in mind that compound
[Cu(p-L1)(HL1)]2-(C104)2* shows both coordination modes. In all dimeric compounds
bearing the bidentate bridge coordination mode the pyrazole is deprotonated. This
behaviour is mimicked in compounds 1-6 and 9, with protonated pyrazole ligands
resulting in monomers (2, 4 and 6) and deprotonated pyrazole ligands resulting in dimers
(1, 3, 5 and 9). It becomes clear that the behaviour of the alcohol moiety of the N-
hydroxethylpyrazole ligands has a key role in the molecular structure of the resulting

compounds.

3.2.4 Molecular Magnetism for compounds 1, 3,5 and 9

In order to study the magneto-structural relationships for compounds 5 and 9, their
phase purity was confirmed by powder x-ray diffraction (PXRD, Figures S3.2.13 and
S3.2.14). For 5 and 9 magnetic susceptibility data was collected in the solid state in the
range of 5-300 K (Figures 3.2.19 and S3.2.15). The y,,T values for 5 and 9 at 300 K are

0.187 and 0.161 cm®mol™! respectively, substantially lower than the expected for two

uncoupled S = 1/ o spins assuming g =2.00 (0.75 cm®mol ™). Upon decreasing temperature,
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these values decrease almost linearly to 0.0343 and 0.0230 cm®mol™! for 5 and 9,
respectively, at 5 K, suggesting a strong antiferromagnetic interaction. The experimental
data was fitted using Bleany-Bowers equation for binuclear Cu(Il) complexes with a H = -
JS1S2 Hamiltonian®®. Best results are reported on Table 3.2.11. The previously reported
magnetic susceptibility values of 1°2 and 3! are also reproduced, owing to the notable
structure similarities with 5 and 9. All values are in agreement with Haase’s magneto-

structural correlations®’.

The general consensus is that the magnetic interaction of alkoxo-bridged Cu(II)
dimers are heavily dependent on the following topological features: (i) Cu---Cu distance,
(i1) Cu-O-Cu angle (6), (ii1) Cu-O distance, (iv) angle between the carbon atom bonded to
the bridging oxygen atom and the CuzO; plane (torsional angle, 7), (v) planarity of the
bonds around the bridging oxygen and (vi) hinge distortion®’ ¢!, However, parameters (i),
(i1) and (ii1) show some intrinsic relationship, and therefore, it is considered that Cu-O-Cu

angle is the main parameter for predicting -2J values>®->%6!,
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Figure 3.2.19 Thermal variation of x, and y,T (inset) for 5. Solid line represents the best fit for
the proposed model (see text).

All three compounds show almost coplanarity for the bonds around the bridging
oxygen. Compounds 1 and 9 possess identical t values, no hinge distortion, and similar
Cu-O-Cu angles. As expected, their -2J values are similar, with 1 having a slightly smaller

-2J owing to its slightly higher 6. For 5, t values are higher and 6 values are smaller,
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resulting in a weaker antiferromagnetic interaction, agreeing with the expected results. For
3, despite having the smallest # of all four compounds, its -2J value is similar to 1 and 9,

owing to its small r value. (Table 3.2.11).

Table 3.2.11. Magneto-structural parameters for compounds 1, 3, 5 and 9

-2J (em™) g p (%) Ocu-0-cu (°) 7(°)

1% -587 2.16 - 104.3 11.2
38 -572 2.10 8 100.5 9.2
5 -535 2.01 5.35 101.3 26.5

9 -571 2.14 3.95 103.5 11.2
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3.2.5 Summary and Conclusions

v The reactivity of HLI1-HL3 against different Cu(Il) salts (CuCl>-2H>0,
Cu(NO3)2:3H,0 or Cu(CH3COO)-H20O) was successfully assayed, yielding nine

coordination compounds.

v All compounds have been fully characterized via spectroscopical and analytical
techniques. Their crystal structures have been elucidated, allowing for the detailed study

of its molecular and supramolecular architecture.

v The resulting compounds displayed a notable structural diversity, as ionic,
monomeric, two different kinds of dimeric (symmetrical and asymmetrical) and

polymeric compounds have been isolated.

v It has been observed that ligands HL.2 and HL.3 are cleaved along the Np,-C bond
in reaction with Cu(NOs3),, resulting in the presence of 3,5-DPP and 3,5-DPyP in
compounds 7-2CH3CN and 8-H>O, respectively.

v Structural analyses of the obtained structures and previously reported ones
suggests that the protonation or deprotonation of the alcohol moiety in N-

hydroxyethylpyrazole ligands plays a key role in the nuclearity of the resulting

compounds.
v The water desorption process in compounds 9 and 9-4H>O has been studied.
v The magneto-structural correlations for compounds 1, 3, 5 and 9 have been

investigated
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3.3 Synthesis and characterization of Zn(Il), Cd(II),
Hg(I), Co(I), Cu(ll) and Pd(I) coordination
compounds with N-pyrazole, O-ether hybrid ligands



3. Results and Discussion i)

This chapter consists of three sections. The first section describes the reactivity of
L4 and L5 against several MCly-X(H20) salts (M = Zn(II), Cd(II), Hg(II), Cu(Il), X = 0;
M = Co(Il), X = 6), which resulted in the isolation of ten new coordination compounds.
All compounds have been fully characterized via analytical and spectroscopic techniques.
The crystal structure of nine compounds has been elucidated, allowing the detailed study
of its molecular and supramolecular network. Finally, the coordination behaviour of L4
and LS has been parametrized, aiming to export the gained knowledge to the future fine-
tuning of coordination compounds bearing new architectures. Part of this work has been

published in article 2 (vide infra).

In the second section, preliminary results concerning the reactivity of L6-L8
against [Pd(CH3CN)Cl2], which yielded four new coordination compounds, are

described.

The last section summarizes the work carried out in this chapter

Article 2: “Dimeric Metallacycles and coordination polymers: Zn(1l), Cd(I1l) and Hg(Il)
complexes of two positional isomers of a flexible N,O-hybrid bispyrazole derived ligand” .

Joan Soldevila-Sanmartin, Miguel Guerrero, Duane Choquesillo-Lazarte, José¢ Giner

Planas, Josefina Pons.

Inorganica Chimica Acta 506 (2020) 119549
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3.3.1 Zn(II), Cd(II), Hg(II), Co(IT) and Cu(Il) compounds with
L4 and L5

Our group has been interested in the synthesis of coordination compounds bearing
flexible N, X-hybrid bispyrazole ligands for several years. In fact, ligands bearing different
functional groups such as amines'?, sulfones/sulfoxides®, thioethers*> or ethers®”® have

been synthesized, and their reactivity against different metal salts studied.

One of these studies was carried out on the coordination behavior of a family of
bispyrazole-ether ligands (including 1,4-bis([4-3,5-dimethyl-/H-pyrazol-2-yl)-2-
oxabutyl]benzene (L4) and its positional isomer 1,2-bis([4-3,5-dimethyl-/H-pyrazol-2-
yl)-2-oxabutyl]benzene (L5)) against Pd(I)’. The resulting complexes had either a
dimeric metallacyclic or a monomeric structure. Moreover, despite the ligand ability to

adopt syn- or anti- conformations, only the first one was observed (Fig. 3.3.1).

In the light of these results, we assayed the reactivity of L4 and L5 ligands against
coordinatively flexible metal centres such as Zn(Il), Cd(II), Hg(II), Co(Il) and Cu(lIl),
hoping to obtain new structural motifs for the resulting complexes and to observe new

coordination behaviours in the aforementioned ligands.

‘n-\'

Figure 3.3.1 Previously reported Pd(II) compounds bearing L5°.
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3.3.1.1 Synthesis

The assay of the reactivity of L4 and LS against MCl, - X(H>O) salts (M = Zn(II),
CddI), Hg(II), Cu(Il), X = 0; M = Co(Il), X = 6) resulted in the isolation of ten new

coordination compounds (Scheme 3.3.1).

L4 L5

15 M = Zn(ll)
18M = Cn{ll} =

oM Mgy ’c:|
s o \ T ~ 5.
N._ 7 AN l el N j
=N~M-O A
J B W%fﬁ *
e M s

10 M = Zn(ll) 11 M = Cd(ll) — L4/L5 — )
12 M = Hg(ll) 13 M = Co(ll) EtOH L B RS
17 M = Hg(ll)

14 [Cu(LA)Cly] — [ )

N ,Cill““'“ C["‘Cu N
| NLTCT LN

19 M = Cu(ll)

Scheme 3.3.1. Synthetic reactions carried out in this section. Compounds are shown with their
numbering scheme. Compounds’ 13 and 15-17 occluded solvents have been removed for clarity.
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For the synthesis of these complexes, an ethanolic solution of the corresponding

MCl,-X(H20) salt (M = Zn(II), Cd(1), Hg(IT), Cu(II), X = 0; M = Co(II), X = 6) is added

dropwise to an ethanolic solution of the corresponding ligand (L4 or LS) in a 1:1 metal

to ligand ratio (Scheme. 3.3.1). The solutions were stirred for 48 h. at room temperature

(RT), except for the reactions involving Co(Il), which required reflux conditions. Next,

the solutions were concentrated and left to evaporate, resulting in the precipitation of

small microcrystals, which were filtered off, washed with cold Et;O and dried under

vacuum. The solutions involving CuCl, displayed a differential behaviour, as a green

precipitate appeared immediately, which was filtered off, cleaned with Et2O and dried

under vacuum.

Single crystal suitable for X-ray diffraction for L4 and L5 compounds with Zn(Il),
Cd(I), Hg(Il) or Cu(Il) metal centres were obtained via recrystallization in EtOH.
Compounds containing Co(Il) required more sophisticated crystallization techniques,
such as recrystallizing in solvent mixtures (CHCls:MeOH:acetone for 13) or layering
(hexane over CH2Cl, for 18). The elucidation of their crystal structure revealed that
ccompounds containing L4 are isostructural dimeric metallacycles of general formula
[M(L4)Cl2]> (M= Zn(IT) (10), Cd(II) (11) and Hg(II) (12)) which can sometimes contain
occluded solvent molecules as in 13 (whose formula is then [M(L4)Cl2]>-1/2H20, M =
Co(II)). On the other hand, those containing LS are mostly coordination polymers of
general formula {{M(L5)Clz]-1/2Solvent}, (M = Zn(II) (15) or Co(II) (18) , Solvent =
H>0; M = Cd(II) (16) or Hg(Il) (17), Solvent = EtOH). Surprisingly, compound 19,
containing Cu(Il), is a dimer of formula [Cux(L5)Cls]. Unfortunately, single crystals
suitable for SCXRD for 14 have not been obtained. All compounds were obtained in
moderate to good yields (61.7-92.9 %), except for 18 (41.8 %) and 17 (24.5 %).

3.3.1.2 Characterization

Phase purity of compounds 10-19 has been confirmed via Powder X-ray
diffraction (Fig. S3.3.1-S3.3.10). They have also been characterized via Elemental
analyses (EA), FTIR-ATR spectroscopy, 'H and '3C{'H} NMR spectroscopy when
possible and UV-Vis spectroscopy. For compounds 10 and 15-17 DOSY NMR spectra
were also recorded. EA for compounds 10-13 and 15-19 agree with the proposed
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molecular formulae, whereas for compound 14 agrees with a [Cu(L4)Cl2] molecular

formulae.

e FTIR-ATR Spectroscopy

For compounds 10-19, recorded FTIR-ATR spectra show characteristic pyrazole-
derived ligand bands. The most intense are those attributable to [v(C=C/C=N)al,
[§(C=C/C=N)x], [6(C-H)ip] and [8(C-H)oop] of the pyrazolyl group'’. Moreover, the [v(C-
0-C)] band of the ether groups is also identifiable!’. For those compounds possessing
occluded solvents in their crystal structure (13, 15-18) signals attributable to [v(O-H)] are
noticeable. In FTIR-ATR spectrum of 13, 15 and 18, it appears as a broad band between
3600-3200 cm’, attributable to H>O molecules'®, whereas for 16 and 17 those bands are
much narrower and appear at 3496 and 3515 cm! respectively, attributed to occluded
EtOH molecules'. As an example, FTIR-ATR spectrum of compound 16 is shown, with
relevant bands listed (Fig. 3.3.2), while the spectra of the rest of compounds can be found

in Annex I (Fig. S3.3.11-S3.3.19).

100

o VT

90

85

80 3496
[v(O-H)]

5 2918, 2866

704 [v(C-H)al] ’

65 . _— 1447 1036
: [v(C=CiC=N)ar] B(C=C/C=Njar] 791, 751

60 - 1101 [5(C-H)oop]
[v(C-0-C)]

Transmittance (%)

55 J T v T y T g T ' T y T y
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Wavenumber (cm™)

Figure 3.3.2 FTIR-ATR spectra of compound 16

e NMR Spectroscopy

All 'H and BC{'H} NMR spectra have been recorded in CDCIl5 for compounds

10-12 and 15-17. For pyrazolyl derived ligands, coordination to metal centre is easily
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detected in "H NMR spectra as an upfield displacement of the 1-H pyrazolyl proton ligand
(5.79-5.97 ppm for 10-12 and 15-17 vs. 5.77 (L4) and 5.74 (L5) ppm for the free
ligands”). The upfield displacement of the signal corresponding to the -CH>-Np, fragment
at 4.17-4.67 ppm for the compounds vs. 4.14 and 4.12 ppm for L4 and L5°, respectively,
is also telling of the coordination to the metal centre. Regarding the phenyl proton signals,
they appear mostly as a singlet for 10-12 or as a multiplet for 15-17 (7.15-7.26 ppm). The
protons of the -OCH>CH,Pz- fragment appear as triplets (4.17-4.67 ppm and 3.71-3.84
ppm) with J = 5.2-5.7 Hz, except for Zn(II) complexes (10 and 15) where they appear as
broad bands. The '"H NMR spectra of 11 is provided as an example, showing proton
assignment (Fig. 3.3.3), while the rest of the spectra can be found in Annex I (Fig.
S.3.3.20-S3.3.24).

[X=] (o)) r~ ™~ [s4] < ™~
— ™~ < - ™~ o~ o~
r~ wn =t <t o o~ o~
| | I
cpcl, H,
H
R H, H,
(@] H3H5 HS
Hy He
H; H5 + H7
N
I\
NR- PLAN Hg
A 4 | M AW | B
Cl
417 | 3.78
HT HT )
H4
HE H2 H3
SN A L

75 70 6.5 6.0 55 45 4.0 35 3.0 25

S‘AD
1 (ppm)

Figure 3.3.3 "H NMR spectrum of 11 (CDCls, 400.0 MHz)

For the C{'H} NMR spectra, the coordinated ligands show an upfield
displacement of the pyrazolyl carbon (105.6-107.4 ppm vs. 104.9-105.2 ppm in the free
ligands) as well as the signals corresponding to the -O-CHz-Ph fragment in compounds
10-12 (73.1-73.8 ppm vs. 70.7 in L4%). However, for compounds 15-17, the same carbon
signal shows a downfield displacement (69.9-71.8 ppm vs. 73.2 ppm in L5%). The
BC{'H} NMR spectra of 11 is provided as an example. showing carbon assignment (Fig.

3.3.4), while the rest of the spectra can be found in Annex I (Fig. S3.3.25-S3.3.29).
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Figure 3.3.4 *C{'H} NMR spectra of compound 11 (CDCls, 100.6 MHz)

In order to elucidate if compounds 15-17 remain as polymers in solution, DOSY
NMR experiments were carried out in CDCl; at RT, which is a powerful tool for studying
the behaviour of coordination compounds in solution'"'?. Moreover, DOSY NMR

spectrum of 10 was carried out for comparison purposes.

It was found that the diffusion coefficient for polymers 15 and 17 were much
higher than for the dimeric species in 10 (D = 16.3-10'° m?s! (15) and D = 8.95-1071°
m?st (17) vs. D = 6.83-107'° m?s! (10)). This data suggests that that the hydrodynamic
radii of 15 and 17 in solution are smaller than 10. If compound 10 maintains a dimeric
structure in solution, those smaller species in 15 and 17 could be attributed to monomers.
Compound 16, on the other hand, displays a more sophisticated spectre with severe line
broadening, where two diffusion peaks were identified. The first one at higher value than
10 (14.1-10'm?s™") and the second one at a lower value (6.59-107'% m?s™!). Integration of
those peaks, however, reveals that the one at 14.1-10'° m?s™! is fifty-two times more
intense than the one at 6.59-10'° m?s’!. This data suggests that 16 undergoes a
monomeric-dimeric species equilibrium in solution, although it is heavily tilted towards

the monomeric species.

The obtained diffusion peaks and the MW estimated using the model proposed by
Evans ef al. (Eq. 1'%). In this equation, MW and MWs stand for the solute and solvent
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MW respectively, 1 for the viscosity parameter, K for the Boltzmann constant and Na
for the Avogadro number. The parameter a is defined as the cubic root of the molecular
weight of the solvent divided by the molecular weight of the solute. Lastly, pesr is an
empirical parameter whose value has been optimized for CDCl; at 647 Kg m™ 3. Further
optimization is required for calculations in CDCls, establishing an effective MWs value

of 83 g mol™! 13, Results are reported on Table 3.3.1. The resulting spectra can be found

Annex I (Fig. $3.3.30-S3.3.33)

. KoT (7 + 15a) here a= |MWs
= , where a = MW

6 3| 3MW
g 4TpPesrN 4

Equation 1"

Table 3.3.1 DOSY NMR results for compounds 10 and 15-17

D (m?s™) MW (g mol™)
Estimated Theoretical
10 6.83-1071° 917 1037.54
15 16.3-1071° Severely underestimated 527.78
16 14.1-1071° Severely underestimated 588.9!
6.59-10°1° 995 1177.7!
17 8.95-10°"° 510 677.02'

i Theoretical values are calculated accounting for a hypothetical monomeric structure

in 15 and 17, and both a monomeric and a dimeric one in 16.

For compound 10 an estimated MW of 917 g mol™! is obtained (1037.54 g mol ™),
which suggests the conservation of its dimeric structure in solution. For 16, the diffusion
peak at D = 6.59-10'" m?s™! results in an estimated MW of 995 g mol™! (1177.7 g mol™!
for dimeric 16), suggesting a dimeric species, whereas for 17 its only diffusion peak
results in an estimated MW of 510 g mol!, suggesting a monomeric species (677.02
g-mol’! for monomeric 17). This model, however, severely underestimated the MW of
lighter, monomeric species of 15 and 16. In any case, this data qualitatively supports the

reversion of polymeric compounds to monomeric and dimeric species in solution. Note
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that the model used for MW estimates severely underestimates the MW of lighter

13,14

species as seen in 15 and 16 and is not optimized for calculation involving heavy

atoms'.
e UV-Vis Spectroscopy and photoluminescent properties

UV-Vis electronic spectra of the complexes bearing Zn(II), Cd(IT) and Hg(II) (10-
12 and 15-17) metal centres and ligands L4 and L5 were recorded on CH3;CN (~1.1-10¢
M for 10-12 and ~3-10°® M for 15-17) at RT. (Fig S3.3.34 and S3.3.35). The d'°
configuration in Zn(II), Cd(II), and Hg(II) metal centres only allows Charge Transfer
(CT) transitions either between the metal and the ligand or by the ligand itself”.
Compounds 10-12 and 15-17 display said CT between 200 nm and 280 nm, featuring
smalls shoulders around 220, 250 and 275 nm.

For compounds bearing Co(II) metal centres, UV-Vis electronic spectra have been
recorded in acetone (13) or CH>Cl, (18) at ~ 1.1:10° M concentrations at RT. (Fig.
S3.3.36). The spectra of 13 and 18 are similar, both showing one band at 664/651 nm and
a shoulder at 585/587 nm. These bands can be attributed to *Ax, to *Ti, transitions for

16-18

Co(Il) atoms in a distorted tetrahedral geometry °'°, which is in agreement with its

elucidated crystal structure.

UV-Vis electronic spectrum of compounds bearing Cu(Il) metal centres (14 and
19) has been recorded in MeOH at ~ 1.1:10° M concentrations at RT ( Fig. S3.3.37).
For compound 19, two distinct bands at 678 and 867 nm can be identified. For square
pyramidal Cu(Il) compounds their visible spectra may show occasionally a low energy
shoulder (£ > 800 nm) associated to the main broad bad between 550-700 nm'®!, Thus,
the signal at 660 nm can be attributed to °E, to *T, transitions in a square pyramidal Cu(II)
1620 which is in agreement with its elucidated crystal structure. On the other hand, the
spectrum recorded for 14 shows only a single band centred at 875 nm. The presence of a

single band at £ > 800 nm, is clearly indicative of a Cu(Il) compound with a trigonal

bipyramidal geometry®°. All € values are consistent with Laporte-forbidden transitions®.

The fluorescent emission spectra for L4, L5, 10-12 and 15-17 were recorded
between 270 nm and an excitation wavelength of 260 nm in spectroscopic grade CH3CN
at RT. All compounds show emission bands in the range of 282-286 nm. However, only
Hg(II) compounds show a slight fluorescence enhancement effect, which is stronger in

compound 17 (Fig. S3.3.38).
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3.3.1.3 Crystal and Extended structures

The reaction of L4 and L5 with MCl> (M = Zn(II), Cd(II), Hg(II) and Cu(II)) and
CoCl>-6H>0 yielded ten new coordination compounds of general formula [M(L4)Cl:]»
(M= Zn(II) (10), Cd(II) (11) and Hg(Il) (12) or [Co(L4)Cl2]>-1/2(H20) (13)) or
{{M(L5)Cl2]-1/2Solvent}, (M = Zn(II) (15) or Co(II) (18), Solvent = H>O; M = Cd(II)
(16) or Hg(Il) (16), Solvent = EtOH) and [Cux(L5)Cls]. Suitable crystals for X-ray
diffraction were obtained via recrystallization in EtOH for twelve days to one month (10-
12, 15-16 and 19) or eleven days in the fridge (17). For compounds containing Co(II)
metal centers, more complex crystallization techniques were required, such as using
mixtures (CHCI3;:MeOH:acetone (1:1:1 ratio, 13) or layering a CH>Cl, solution with
hexane (18).

Crystal and Extended Structures of compounds 10-13

Compounds 10-13 share the same [M(L4)CL]> (M = Zn(II) (10), Cd(II) (11),
Hg(II) (12) and Co(II) (13)) general formula, except for the presence of one occluded
water molecule per two dimers in 13. They are isostructural compounds, two L4 moieties
coordinating as NN -bridged ligands with a syn configuration, resulting in a MzL> dimeric
metalacyclic motif of thirty-four members (Fig. 3.3.6). The metal centres have a distorted
tetrahedral coordination environment (14 = 0.88 to 0.94; 1.00 being perfect tetrahedral
geometry and 0.00 perfect square planar geometry)?! comprising two chlorine atoms and
two nitrogen atoms. A search in the CSD?? reveals that while there are sixty-one reported
structures bearing a [Zn(Np,)2Cl2] core and fifty-one bearing a [Co(N,,)2ClL2], there are
only four bearing a [Hg(Np,)2Cl2] core and none bearing a [Cd(Np2)2Clz2] one. Moreover,
only one Zn(Il) structure (1.64 %)** and one Co(II) structures (1.96 %)** possess the
dimeric metallacycle motif, while none of the Cd(II) or Hg(II) structures bear this motif.
Selected bond lengths and angles for 10-13 are reported on Table 3.3.2. All bond lengths

and angles agree with similar compounds reported in the literature”-3>3-2°,
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Figure 3.3.5 Dimeric metalacyclic motif in compounds 10-13, showing all their non-hydrogen atoms and
numbering scheme. Compound’s 13 occluded water molecules have been removed for clarity. Colour code:
grey (C), white (H), light blue (N), red (O), light green (Cl), blue-grey (Zn), bone (Cd), light-grey (Hg),
blue (Co).

Table 3.3.2 Selected bond distances (A) and angles (°) for compounds 10-13

10 11 12 13

Bond lengths (A)
M(1)-N(1) 2.062(2) 2.258(4) 2.270(6) 2.0345(9)
M(1)-N@2)#1 2.035(2) 2.234(4) 2.331(6) 2.0418(9)
M(1)-CI(1) 22485(7)  2.4277(12)  2.4216(16) 2.2534(3)
M(1)-C1(2) 22563(7)  2.4236(12)  2.4403(16) 2.2613(3)
M(1)--M(1)#1 93697(6)  9.5206(7) 9.6635(6) 9.3262(6)

Bond angles (°)

CI(1)-M(1)-CI(2) 113.092)  116.75(4) 122.45(6) 112.615(12)
N(2)#1-M(1)-CI(1) 11523(7)  11248(11)  114.16(16) 100.21(3)
N2)#1-M(1)-C(2) 104596)  10031(11)  102.93(15) 115.75(3)

N(1)-M(1)-CI(2) 11457(6)  109.88(15) 107.8(2) 114.88(3)

N(1)-M(1)-CI(1) 100.45(6)  104.50(10)  98.52 (15) 103.65(3)
N(1)-M(1)-NQ@)#1 109.23(8)  113.04(12)  110.47(15) 110.21(4)

#1: -x+1, -y+1, -z+1
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Those metalacyclic compounds are highly reminiscent of the previously reported
[PA(L5)ClL2]°. However, while [Pd(L5)Cl,] has an “open” ring-like structure, allowing for
it to be nanoporous’, compounds 10-13 are “folded”, which is evinced by the angle
between the mean planes of pyrazolyl moieties belonging to the same ligand (87.11°-
89.13°1n 10-13, 10.58° in [Pd(L5)Cl:]). These “open” or “folded” conformations owe to
the coordination geometry around the metal center, as the tetrahedral geometry in 10-13
promotes a twisting of the pyrazolyl rings, which is prevented in the trans- square planar

coordination geometry of the Pd(II) compounds’.

Although the molecular structures of 10-13 are alike, the presence of occluded
water molecules in 13 greatly influence they supramolecular structure. As such, they will
be described separately. For 10-12, their extended structure can be described as a close
packing of ML, rings. Each ring is connected to six other rings via intermolecular
interactions, forming a three-dimensional lattice (Fig. 3.3.7 and S3.3.39). This
supramolecular arrangement is held together by C-H---m interactions between pyrazolyl
moieties and both phenyl rings and ether chains. Furthermore, interactions involving
chlorine atoms and pyrazolyl methyl moieties are also key in sustaining the
supramolecular network. Relevant non-bonding interactions are summarized in Table

3.3.3.

p” A
!’:ﬁ /4(1(5
7' )

b b

Cgl = (N1-N3-C3-C5-C6)
Pz = Pyrazole, Ph = Phenyl
Eth = Ether Chain

Figure 3.3.6 Supramolecular structure of 10, view along c axis (right). Detail of the non-bonding
interactions in 10, view along c axis (left). Colour code: grey (C), white (H), light blue (N), light green (Cl),
blue-grey (Zn). Zn(II) atoms are also represented as blue-grey polyhedra. Intermolecular interactions are
represented as dashed light-blue lines. Only hydrogen atoms participating in intermolecular interactions are

shown.
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Table 3.3.3 Non-bonding interactions for 10-13
D-H--*A(A) D-H(A) H-D---A (A) >D-H'A (°)

10
Cri-Hpn*Ne. 2.691  0.950 3.519 145.91
C18ch-H18en--Cglp, 2.868 0.990 3.839 167.08
C20etn-H20Bewn- - Cglp, 3532 0.990 4297 135.71
Cr.-Hp,--CI2 2.961 0.950 3.861 158.72
Cumeth-Hmen* - C12 3.048  0.980 4.011 167.61
11 \
C5Meth-H5Anetn - Cg2ph 2.797 0.979 3.662 147.56
Cr-Hen*Ne. 2717 0.949 3.549 146.72
C15e-H15Betn* - Cg3p, 2.865 0.991 3.824 163.28
C16e-H16Acth*Cg3p, 3430 0.990 4205 136.64
Cr~Hp,--Cl1 2.809 0.950 3.716 159.91
C22metn-H22Bmetn - C12 2.849  0.980 3.823 172.48
12 \
Cr-Hp,--Cl1 2.841 0.980 3.818 179.63
Cr-Hp,--CI2 2789 0951 3.692 159.11
C8etn-H8Actn - Cgde. 2.883 0.991 3.843 163.54
C7etn-H7Bewn: - Cgdr, 3.487  0.990 4251 135.64
13 \
O1W-HIWB::-CI2 2.495 0.810 3.305 177.34
O1W-HIWA**Oetn 2460  0.798 3.208 156.65
Creth-H2metn - O1W 2.424 0.980 3.154 130.87

Cgl = N1-N3-C3-C5-Cé6; Cg2 = C9-C10-C11-C12-C13-C14; Cg3 = N1-N3-C1-C3-C4;
Cg4 = N2-N4-C18-C20-C21
Ph = phenyl, eth = ether chains, meth = methyl, Pz = pyrazole, W= water

Ligands L4 and L5 do not possess any hydrogen bond synthons. Thus, whenever
a solvent occluded molecule capable of forming strong hydrogen bonds is present, it
dominates the supramolecular structure. As such, for compound 13, the occluded water
molecules are the keystones behind the supramolecular scaffold, classical O-H:--Cl and
H-O---H hydrogen bond interactions being the main non-bonding forces. Each dimer
symmetrically interacts with six water molecules through its chlorine, ether, and methyl
moieties (Fig. 3.3.8 top-left, Table 3.3.3). Those water molecules link each dimer to ten
others (four on each side along the b axis and one on each side along the a axis) forming
a 3D network (Fig. 3.3.8, top right). In them, the rings are arrayed in alternated parallel
planes in a ABAB fashion (Fig 3.3.8). These H>O molecules occupy isolated cavities,
which comprise a volume of 36.68 A3 (1.5 % of unit cell), calculated defining a prove

radius of 1.2 A (Annex I, Fig. S3.3.40).
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Eth = Ether Chain, Meth = Methyl
W = Water

Dimeric Metalacycle

Figure 3.3.7 Detail of the supramolecular interactions of the metalacyclic ring in 13 with occluded H,O
molecules (top-left). Supramolecular environment of each dimeric metallacycle, showing its interactions
with other metallacycles along the b axis (highlighted in orange) and a axis (highlighted in violet).
Supramolecular packing of compound 13, view along a axis (bottom-left) and b axis (bottom-right). Water
molecules are highlighted in violet. Colour code: grey (C), white (H), light blue (N), light green (Cl), blue
(Co). Co(II) atoms are also represented as blue polyhedra. Intermolecular interactions are represented as
dashed light-blue lines. Only hydrogen atoms participating in intermolecular interactions are shown.

The networks for 10-13 have also been further investigated using Hirshfeld
surface analyses®’, which allow for several visual representations of the intermolecular
interactions. Surfaces have been calculated using an isovalue of 0.5 e au™. For 13, being
a multi-component crystal, Hirshfeld surface analysis was performed in both the separate

components and for the asymmetric unit.
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The normalized contact distance (dnorm) surface mapping shows red spots where
relevant intramolecular interactions occur. For 10, in the dnorm surface mapping red spots
can be seen over hydrogen atoms of the ether chains and phenyl rings, as well as over
both pyrazolyl moieties, confirming their role in its supramolecular structure (Fig. 3.3.9).
It is worth remarking that for 11 and 12 the biggest red spots (and thus the strongest
intermolecular interactions) appear over interactions involving chlorine atoms.
Interactions involving phenyl, methyl and pyrazolyl moieties are also identified (Fig.
S3.3.41). For compound 13, the duorm representation shows easily identifiable red spots
over the atoms involved in classical hydrogen bonding with water molecules: oxygen of
the ether chain, chlorine, hydrogens of the methyl group and water molecules themselves

for both the metalacyclic component and the asymmetric unit (Fig. 3.3.9 and Fig S3.3.41).

10

cl

HHS81% ' cLu/mcl227% ° N-H/H-N 3.6%
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CH/H-C10.3% 4, O-H/H-0 9.4%
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Figure 3.3.8. Dnom representation of compound 10 (top-left) and asymmetric unit of compound 13 (bottom-
left), with functional groups participating in the supramolecular network listed. Fingerprint plot for
compound 10 (top-right) and asymmetric unit of 13 (bottom-right)
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Another visual representation, the fingerprint plot, allows for quantification of
said interactions. Moreover, each molecule possesses a unique fingerprint depending on
their supramolecular interactions. While fingerprints for compounds 10-12 are similar,
the one for compound 13 stands out, owing to the different nature of their nonbonding
interactions. For 10-12, fingerprint plots show an overall rounded shape, lacking defined
spikes, which suggests that there is not a dominant intermolecular interaction. Analysis
of their fingerprint plot show that most intermolecular forces (55.5-58.6 %) are H---H
interactions attributed to London dispersive forces?®. However, C-H---Cl interactions also
have a great role (22.7-24.5 %). On the other hand, C-H:--C interactions have a minor
contribution to the overall network (11.0-11.6 %). Moreover, their “winged” shape in the
fingerprint plot shows their C-H---x character® (Fig. 3.3.9). For 13, on the other hand,
both patterns possess several clearly defined spikes. Those belong to O-H:--O and O-
H---Cl (and reciprocal) interactions, as seen in the fingerprint plots. Moreover, the
percentage of surface area implied in O-H---O (and reciprocal) interactions is notably
increased with respect to 10-12 (9.4 % vs. average 3.7 %). The percentage of surface area
involved in other interactions is similar than in 10-12. Note, however, the shape of the
H--Cl fingerprint plot is notably different, as it involved in a classical hydrogen bonding
in 13 (Owater-Hwater' - Cl), whereas in 10-12 indicates C-H---Cl interactions.

Crystal and Extended Structures of compounds 15 and 18

As opposed to L4, which bears the same coordination behavior regardless of the
metal centre, L5 shows several different coordination behaviours. For isomeric
compounds 15 and 18, the ligand adopts a NN -bridged coordination mode, with an anti-
conformation. Moreover, they bear the polymeric chain motif, as opposed to a

metalacyclic one (Fig. 3.3.10 and Fig. S3.3.3.42).
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Figure 3.3.9 a. Compound 15, showing all its non-hydrogen atoms and numbering scheme. b.
Representation of the infinite polymeric chain, showing relevant intrachain distances. Colour code: grey
(C), white (H), light blue (N), light green (Cl), blue-grey (Zn).

The core of isostructural compounds 15 and 18 comprises two chlorine atoms and
two different pyrazolyl nitrogen atoms provided by L5. Thus, compound 15 bears a
[Zn(N,,)2Cl>] slightly distorted tetrahedral (14 = 0.90)*! core. This polymeric structure is
reported in eight (13 %) of the sixty-one crystal structures with the same core??. In the
resulting helical chain polymer, adjacent Zn(II) atoms lie at 12.461(2) A, which is larger
than distances found in similar related compounds’=°. On the other hand, 18 bears a
similar tetrahedral (14 = 0.89)*' [Co(Ny,)2Clz] core which is present in up to fifty-one
)2

reported crystal structures. Most of them are monomers (forty, 78.4 %)~*, while reports

of compounds with a similar core with a polypyrazole acting as a bridging ligand are

24,25,32,33

much scarce, with only a handful of dimers and one polymer** (1.96 %) reported.

In these polymers, adjacent M(II) atoms are connected by LS via a NN-bidentate
bridging mode in an anti- conformation, resulting in an infinite helical chain along the ¢
axis. The distance between repeating units in the helical chain is ~ 23.7 A, while adjacent
M(II) atoms lie at 12.461/12.490 A (15/18). This M---M distance is larger than the ones
found in related bispyrazole polymers (9.523 A7 and 7.976 A3° for Zn(II) compounds and
9.734 A3* for Co(Il) compounds). The dihedral angle between the mean planes of the
pyrazolyl rings in the centrosymmetric LS ligands is 68.82°/68.71° (15/18), which show

its twisting around the benzene rings. However, alternating pyrazolyl rings, belonging to
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two different L5 ligands, are almost parallel (dihedral angles of their mean planes being
15.4°/14.5° (15/18)). Selected distances and angles are shown on Table 3.3.4. They are

in agreement with similar compounds reported in the literature?>-2-34,

Table 3.3.4 Selected bond lengths (A) and angles (°) for 15 and 18

15 18
Bond Lengths (&)
M(1)-CI(1) 2.2313(11) 2.2710(6)
M(1)-C1(2) 2.2623(11) 2.2388(6)
M(1)-N(1) 2.036(3) 2.0410(16)
M(1)-NQ3)#1 2.050(3) 2.0406(17)
M:---M#1 12.461(2) 12.490(9)
Bond Angles (°)

Cl(1)-M(1)-C1(2) 108.41(4) 106.79(2)
NQ)#1-M(1)-C1(2) 105.89(9) 105.53(5)
N@)#1-M(1)-CI(1) 116.28(9) 117.54(5)

N1)-M1)-C1(2) 117.18(9) 116.91(5)

N1)-M(1)-CI(1) 106.45(10) 106.73(5)
N(1)-M(1)-NQ3)#1 102.9(13) 103.86(7)

#1:x,ytl,z+1/2

As in 13, the extended structure of 15 and 18 is dominated by the presence of
occluded H>0O molecules. These molecules bind together a left-handed and right-handed
chains forming a supramolecular thread in the crystallographic ¢ direction, thanks to a
double symmetrical O-H---Cl2 H-bond interaction, forming a supramolecular chain
parallel to the ¢ axis (Fig. 3.3.11 top and Fig. S3.3.43 top). These chains are stacked
together thanks to a C-H---C interaction between the methyl and phenyl rings. Relevant

H-bond interactions are summarized on Table 3.3.5.

The distance between the water molecules encapsulated in parallel double chains
is 13.536 A. Therefore, this H,O molecules, occupy cavities defined by this sets of double
helical chains. These non-connected cavities have a volume of 91.22 and 86.91 A3 (1.9
or 1.8 % of unit cell for 15 and 18, respectively), calculated defining a prove radius of 1.2

A (Annex I, Fig. S3.3.44).
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Figure 3.3.10. Detail of the role of H,O molecules in binding two polymeric chains in 15. HO molecules
are represented in blue and spacefill mode (top). Detail of the intermolecular interactions in 15 (bottom),
view along b and ¢ axis. Colour code: grey (C), white (H), light blue (N), light green (Cl), blue (Co).
Intermolecular interactions are represented as dashed light-blue lines. Only hydrogen atoms participating
in intermolecular interactions are shown.

Table 3.3.5 Selected hydrogen bonding distances (A) and angles (°) for 15 and 18.
D-H---A(A) D-H(A) H-D:--A(A) >D-H:-A (°)

15
Ow-Hw:---CI2 2.587 0.983 3.531 161.08
Cineth-Hmeth* - Cpn 2.755 0.980 3.727 171.85

18
Ow-Hw:---CI2 2.572 0.983 3.531 161.41
Cmeth'Hmeth"'CPh 2.755 0.980 3.517 171.18

W = water, meth = methyl, Ph = phenyl
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Crystal and Extended Structures of compounds 16 and 17

In isostructural compounds 16 and 17, an oxygen atom of L5 ether group
coordinates to the metal centre. This results in a different coordination behaviour of L5,
while compounds 16 and 17 still bear the polymeric structural motif. Thus, L5 displays a
NON ’-chelated and bridged coordination behaviour in a distorted anti- conformation.
Hence, they have a distorted trigonal bipyramidal (ts = 0.73 (16), 0.56 (17))*°
[M(Np,)20Cl;] core. In them, the basal plane comprises two chlorine atoms and the
nitrogen of the pyrazolyl closest to the coordinating oxygen, forming a six-membered
ring. The apical positions are occupied by an oxygen atom and the nitrogen of the other

pyrazolyl group (Figure 3.3.12).

Figure 3.3.11 Compounds 16 and 17, showing all its non-hydrogen atoms and numbering scheme.
Occluded solvents have been removed for clarity (top). Representation of the infinite polymeric chain,
showing relevant intrachain distances. Colour code: grey (C), white (H), light blue (N), light green (Cl),
bone (Cd), light-grey (Hg).
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Bispyrazolyl compound with a similar core have not been reported yet??. This can
be attributed to the fact that reported bispyrazolyl Cd(Il) compounds tend to form dimers

or polymers via chlorine bridges*¢-’

, whereas for Hg(II) compounds a great topological
variety is observed?$%3°. However, a similar coordination behavior has been observed
for a related Cd(II) monomer bearing a similar bispyrazole ligand synthesized in our
group’, where both oxygen atoms of the two ether groups are bonded to the metal center,
resulting in a NOON ’-chelated coordination mode. It is important to note that for the
aforementioned ligand’, the group connecting the two ether groups is an alkyl chains
instead of a pyrazole ring, Probably, the steric hindrance of the phenyl group in L5
prevents both the coordination of the second ether group and the chelation of the ligand,
resulting in the formation of a polymer. Selected relevant distances and angles are

reported in Table 3.3.6. They agree with those reported for similar compounds’#4%4!,

Due to the coordination of the oxygen atom, the resulting polymeric chains are
wrapped, resulting in shorter distances between repeating units (12.999(6) (16)/13.094(9)
(17) A) and M---M distances (9.4935 A (16), 9.610 A (17)) than those for 15 or 18 (~
23.7 A for repeating units and 12.461 (15) or 12.490 A (18) for M---M). This wrapping
is also reflected in the fact that pyrazole rings of the same L5 ligand are almost

perpendicular in this conformation, the dihedral angles between their mean planes being

83.49° (16)/83.76° (17), compared to 68.82°/68.71° in 15/18.

Due to the presence of disorder in the occluded EtOH molecules, the
supramolecular structure of 16 and 17 cannot be studied in detail. However, occluded
solvent molecules presumably play a role like H2O molecules in 15 and 18, binding
together left and right-handed helical chains (Fig. S3.3.45). Moreover, in 16 and 17 those
occluded solvents occupy a notably bigger cavities than in 15 or 18 (8.6-8.5 % of the unit
cell, 227.28-229.75 A3, compared to 1.9 % and 91.22 A3 or 1.8 % and 86.9 A3, Fig.
S3.3.46).
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Table 3.3.6 Selected bond lengths (A) and angles (°) for 16 and 17

16 17
Bond Lengths ()
M(1)-CI(1) 2.4286(11) 2.399(2)
M(1)-CI(2) 2.4312(9) 2.391(2)
M(1)-N(1) 2.248(3) 2.313(5)
M(1)-N3)#1 2.361(3) 2.498(5)
M(1)-0(1) 2.743(3) 2.987(4)
M---M#1 9.4935(4) 9.610(1)
Bond Angles (°)

CI(1)-M(1)-C1(2) 120.81(4) 131.16(9)
N@)#1-M(1)-CI(2) 117.00(9) 109.22(15)
N@3)#1-M(1)-CI(1) 113.67(9) 112.12(16)

N(1)-M(1)-CI(2) 96.51(11) 96.75(18)

N(1)-M(1)-CI(1) 95.02(9) 107.25(14)
N(1)-M(1)-NQ3)#1 107.74(8) 92.68(15)

CI(1)-M(1)-0(1) 84.63(7) 84.35(9)

CI(2)-M(1)-0(1) 85.29(7) 89.2(1)

N(1)-M(1)-0(1) 70.3(1) 66.4(2)

#1 -x+1/2, y-1/2, -z+3/2

Crystal and Extended Structure of compound 19

Compound 19 crystallizes in the orthorhombic Cmc2; space group, showing a
dimeric structure (Fig. 3.3.13). In it, L5 displays a third different coordination behaviour,
and a rather unusual one. Moreover, it does not feature a polymeric motif, but a dimeric
one. In it, the L5 ligand chelates via one nitrogen and one oxygen of each side to a Cu(II)
atom, resulting in a NOO’N’-chelated and bridged coordination mode in a syn-

conformation.

In this dimer, Cu(II) atoms adopt a [CuNOCI;3] core in a slightly distorted square
pyramidal (ts = 0.11)**> geometry. The basal plane comprises the two bridging chlorine

atoms, the terminal chlorine atom and one nitrogen atom of the L5 ligand. An oxygen
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belonging to L5 occupies the apical position, which lies at a longer distance due to Jahn-
Teller effect*>. Two chlorine atoms act as bridging ligands, linking two Cu(Il) atoms in
the same plane, resulting in an overall coplanar bridge geometry for 19. A final chlorine

atom in a terminal position ends the coordination sphere.

Figure 3.3.12. Compound 19, showing all its non-hydrogen atoms and their numbering scheme. Colour
code: grey (C), light blue (N), light green (Cl), orange (Cu).

A search in the CCDC database®” reveals a total of thirty-one crystal structures
bearing a chlorine-bridged dimeric [CuNOCIs] core, but for the immense majority
(twenty-nine crystal structures, 93.5 %) the apical position is occupied by the bridging
chlorine atoms, and only in one case® (3.2 %) by the oxygen atom. Moreover, of the
related thirty-one structures with similar core, none of them bears a tetradentate ligand.
Due to the spatial constraints induced by the coordination of oxygen atoms, 19 has a
peculiar throne shape. In it, the phenyl ring acts as the backrest of the throne, being almost
perpendicular (85.7°) to the plane containing the Cu(Il) and bridging chlorine atoms. The
alkylic chain and the pyrazole groups, which resemble the armrests, bind to the Cu(II)
atoms in a syn-syn mode, defining planes which intersect at an angle of 70.9° between
themselves and at 72.7° with the plane containing the Cu(Il) and bridging chlorine atoms.
Relevant bond lengths and angles for 19 have been summarized in Table 3.3.12. All

values agree with related chlorine-bridged dimers*.

The supramolecular structure of 19 is dominated by interaction between the

terminal chlorine atoms and hydrogen atoms of the alkylic chain. This symmetrical
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double Cl13---Ha (al = alkylic chain) interaction results in the formation of supramolecular
chains along the ¢ axis (Fig. 3.3.14, Table 3.3.7). These chains form a dense network
parallel threads arranged in a zig-zag pattern along the crystallographic (110) direction
(Fig. 3.3.14).

Table 3.3.7 Bond lengths (A), angles (°) and intermolecular interactions for 19

19
Bond lengths (A)
Cu(1)-N(1) 1.977(8) Cu(1)-CI(1) 2.321(2)
Cu(1)-CI(3) 2.245(3) Cu(1)-0(1) 2.340(6)
Cu(1)-Cl1(2) 2.292(3) Cu(1)---Cu(1) 3.348(3)
Bond Angles (°)
N(1)-Cu(1)-CI(3) 93.1(3) CI(3)-Cu(1)-Cl(2) 92.27(11)
N(1)-Cu(1)-Cl1(2) 172.4(3) N(1)-Cu(1)-O(1) 90.0(3)
C1(3)-Cu(1)-C1(2) 92.27(11) CI(3)-Cu(1)-O(1) 94.28(18)
N(1)-Cu(1)-CI(1) 89.5(3) CI(2)-Cu(1)-O(1) 94.9(2)
CI(3)-Cu(1)-CI(1) 165.56(12) CI(1)-Cu(1)-O(1) 99.93(19)
Cl1(2)-Cu(1)-CI(1) 83.98(11) Cu(1)-CI(1)-Cu(1)#1 92.32(14)
N(1)-Cu(1)-CI(3) 93.1(3) Cu(1)#1-Cl(2)-Cu(1) 93.81(14)

N(1)-Cu(1)-C1(2) 172.4(3)
Intermolecular interactions
D-H--*A(A) D-H(A) H-D---A(A) >D-H---A (°)
Ceth-Hetn - C13 2.728 0.970 3.616 152.44
#1:-x,y, z
Eth = Ether chain
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Supramolecular
Chain

Chain

Figure 3.3.13 Intermolecular interactions for compound 15, view along b axis (top), view along ¢ axis
(bottom). Colour code: grey (C), white (H), light blue (N), light green (Cl), orange (Cu). Cu(II) atoms are
also represented as orange polyhedra. Intermolecular interactions are represented as dashed light-blue lines.
Only hydrogen atoms participating in intermolecular interactions are shown.

3.3.1.4 Structural discussion

For the engineering of crystal structures bearing new architectures, a deep
understanding of the coordination behaviour of used ligands is needed. This
understanding can be translated in a series of structural parameters which govern the
formation of molecular and supramolecular networks of the resulting crystal structures.
Thus, the coordination behaviour of L4 and L5 has been summarized according to three

parameters: @ (angular tilt between the coordinating pyrazolic nitrogen and the centroid
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of the phenyl ring), ¢ (dihedral angle between pyrazolyl rings of the same ligand) and d
(M:---M distance) (Fig. 3.3.15). The results are shown in Table 3.3.8, where also the

conformation of the ligands and their coordination mode is reported.

The resulting data suggests that @ values lower than 80° result in syn-
conformation, and values higher than 80° in an anti- conformation. As stated in the
Crystal and Extended Structures section, the conformation completely dictates the
obtention of dimeric metallacycles or coordination polymers. Detailed examination of
parameters’ values for compounds 16 and 17 show that they are in the transition between
a pure anti- and a pure syn- conformation, as their 0 and ¢ values are closer to compounds
10-13 than to compound 15. Mondal and co-workers also observed a similar for
methylenebis(3,5-dimethylpyrazole) ligand (ligand I, Chart 3.3.1)*, with higher 0 values
resulting in anti- conformations and lower values in syn-, the turning value being around
115°.

Figure 3.3.14. Geometrical parameters for compound 15 (complete structure not shown). Colour code:
grey (C), light blue (N), red (O), blue-grey (Zn).
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Table 3.3.8 Coordination behaviour of L4 and L5 for 10-19.

0(°) o) d(A) Conformation Coordination Mode
10 76.58 89.13 9.3697(6) NN-bridged
11 76.67 87.78 9.5206(7)
syn
12 77.03 87.11 9.6636(5)

13 76.64 88.42 9.3262(6)

15 105.10 68.82 12.461(2) anti

16 82.50 83.48 9.4935(4) NON ’-chelated and bridged
Distorted anti

17 82.94 83.49 9.610(1)

18 105.26 53.15 12.4898(9) anti NN’-bridged

19 53.0 70.92 3.348(3) syn NOO’N ’-chelated and bridged

0: Angle between coordinating nitrogen atoms and the phenyl rings’ centroid.
¢: Dihedral angles between pyrazolyl planes.
d: Metal----Metal distance.

The aforementioned results obtained by Mondal and co-workers®®, however,
demonstrated the flexibility of the same ligand. On the contrary, in our work, the para-
substituted ligand shows a clear preference for a syn- conformation, whereas the ortho-
substituted ligand shows a clear preference for the anti- conformation. Reger and co-
workers, who have extensive experience in the synthesis of Ag(I) metallacycles,
demonstrated that while for alkyl-linked bis(dipyrazole) (ligands II-IV, Chart 3.3.1)
ligands the metalacyclic motif was dominant***’, the introduction of different substituted
(meta- and para-, ligands V-VIII, Chart 3.3.1) arene linkers challenged this domination,
as para- substituted ligands preferred polymeric or lineal dimeric motifs*®*’. They used
this knowledge to purposely synthesize a wide array of metalacyclic structures containing

different block-d metals?>*3-35,

In fact, Reger’s group synthesized similar bis(dipyrazole) ethers (ligands X-XII,
Chart 3.3.1) and tested their reactivity against different block-d metals’®*’. In their
studies, para- and meta- substituted ligands adopted the mononuclear metalacyclic motif
and ortho- substituted ligands adopted the polymeric motif>®>®. These results have been
attributed to the fact that the close proximity of the side arms in ortho-substitution prevent

the adoption of the syn- conformation, preventing the formation of metallacycles®®. Thus,
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the relative position of the pyrazole arms respect to the arene linker is shown to be key in

determining the topology of the resulting compounds.

In this work, for ligands .4 and LS, the para- substitution results in the formation
of dimeric metallacycles whereas ortho- substitution results in the polymeric or lineal
dimeric motif. For L5, the previously reported obtention of macrocycles for Pd(II)
bearing compounds’, is justified by the steric constraints forced by the square planar
geometry of Pd(II) metal ions, which force a syn- conformation. On this basis, the
coordination behaviour of ligand L5 in 19 is even more surprising. The chelate effect in
combination with the formation of the double chlorine bridge between Cu(Il) atoms may

overcome the energetic barrier of the syn- conformation.

Finally, a closer look to Table 3.3.8 also allows to ascertain that LS has a greater
flexibility than L4, as it can adopt anti, distorted anti or syn’ conformations as well as
NN ’-bridged, NON’-chelated and bridged and NN’-chelated’ coordination modes,
Moreover, the coordination behaviour of L5 in 17 is especially remarkable, as it shows

an unprecedented tetradentate NOO N ’-chelate and bridge coordination mode.
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3.3.2 Pd(IT) compounds with L.6-L8

Continuing our efforts in the synthesis of coordination compounds bearing
bispyrazole ligands, the reactivity of L6-L8 was tested in this work. These new ligands
are based on L4 and LS but adding phenyl moieties in positions 3- and 5- of the pyrazole.
The reactivity of L4 and L5 against Pd(II) has been assayed in our group, yielding
monomers and dimers depending on the reaction solvent’, a trend followed by related
ligands bearing the sulfone/sulfoxide functionality’. Thus, we decided to examine if this
behaviour was also present in this family of Pd(II) compounds, as well as expanding our
knowledge in the synthesis of coordination compounds bearing flexible N,O-hybrid
bispyrazole ligands.

3.3.2.1 Synthesis

For the synthesis of these compounds a mixture of [PdCI;(CH3CN)] and the
corresponding L.6-L8 ligand in a 1:1 M:L ratio in dry CH3CN is refluxed for 120 hours
(Scheme 3.3.2). According to the results previously obtained for L4 and LS5, the use of
CH3CN as solvent yielded exclusively monomers’, hence its selection as reaction solvent.
After that period, the solution is concentrated up to 1/5 of the original volume and left in
the fridge until a yellow precipitate appears. The solid is filtered off and dried under

vacuum.

The 'H NMR spectra (vide infra) of the resulting compounds shows that while
only one product is obtained for L6 and L7, a mixture of compounds is obtained for LS.
By analogy with the previous results obtained with L4 and L5°, we tentatively guess that
for L6 and L7 monomers [PdCI2(L6)] (20, 75.8 % yield) and [PdCl2(L7)] (21, 58.2 %
yield) are obtained, while for L8, a mixture of products, containing mainly a monomer
[PdCI>(L8)] (22) and a dimer [PdCI>(L8)]> (23) are obtained. It is important to note that
compounds 22 and 23 have not been isolated individually, but rather as mixtures of both

(Scheme 3.2.2).
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Scheme 3.3.2 Synthetic reactions carried out in this section. Compounds are labelled with their numbering
scheme.

3.3.2.2 Characterization

Compounds 20-23 have been characterized via FTIR-ATR and 'H and *C {'H)
NMR spectroscopies.

e FTIR-ATR Spectroscopy

The FTIR-ATR spectra of compounds 20-23 shows the distinctive signals of
pyrazole rings, such as [v(C=C/C=N)], [0(C=C/C=N)], [6(C-H);p] and [6(C-H)oop], those
last ones being most intense bands in all spectra. For the [8(C-H)jp] signals, their strength
also comes from their overlapping with [v(C-O-C)] vibrations related to the ether group,
and for compounds 21-22 even two peaks can be identified. The [v(C-H)a] and [v(C-H)ar]
are also notably intense owing to the presence of phenyl and pyrazole groups. As an
example, the FTIR-ATR spectra of compound 20 is shown (Figure 3.3.16), while those
of 21-22 are reported in the SI (Figure S3.3.46 and S3.3.47)
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The '"H NMR spectra of compounds 20 and 21 (Figure 3.3.17 and S3.3.48) display

the overall same features.
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Figure 3.3.16 '"H NMR spectrum of 20 (CDCls, 400.0 MHz)
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The aromatic protons region (8.20 — 6.97 ppm) displays a complicated pattern. A
first multiplet is identified at around 8.19 ppm, corresponding to the protons in ortho-
position of the outer phenyl ring. They are significantly shifted upfield when compared
to the free ligands (7.84 - 7.85 ppm). Next, a cluster of overlapping signals is identified.
This comprises the rest of the protons belonging to phenyl substituents in 3- and 5-
positions. The signals are clustered together at around 7.43 ppm (20) and 7.40 ppm (21).
Next, the signals corresponding to the disubstituted phenyl group acting as the linker
between the two pyrazole groups appear. For 20, they appear as a singlet at 7.09 ppm,
whereas for 21, where three signals are expected, owing to its meta- substitution, they
appear as a doublet at 7.05 ppm and a singlet at 6.97 ppm, while a last signal at around
7.25 ppm is overlapped with that of the deuterated solvent and cannot be identified

clearly.

Following on, signals attributed to the 1H-pyrazole appear, being significantly
shifted downfield when compared to the free ligands (6.33 and 6.32 ppm, when compared
to 6.59 and 6.58 ppm in the free ligand). Signals corresponding to the -O-CH>-CH>-N
appear shifted upfield, especially the one belonging to -CH>-N (4.93 and 4.92 ppm in 20
and 21 vs. 4.34 and 4.32 ppm in the free ligands), while in the ones belonging to O-CH>
fragment this shift is more subtle (4.09 ppm in 20 and 21 vs. 3.95 and 3.92 ppm in the
free ligand). Lastly, the signals corresponding to the Ph-CH>-O fragment are identified at
4.29 and 4.28 ppm for 20 and 21 respectively, slightly downfield when compared to the
free ligands (4.40 and 4.28 ppm).

Regarding the *C{'H} NMR spectra for 20 and 21 there are some significant
changes that confirm the coordination of the ligand to the metal centre. First, the signals
corresponding to Cp, are shifted slightly upfield (154.9 and 150.0 ppm vs 151.0 ppm and
146.1 ppm for the free ligands). Secondly, signals corresponding to CHpn are clustered
together and more overlapped than in the spectra for the free ligands (130.0 — 127.0 ppm
in 20 and 21 vs. 129.7 — 125.8 ppm for the free ligands). Finally, the signal corresponding
to CHp; is also significantly shifted upfield (108.6 ppm in 20 and 21 vs. 103.5 ppm in the
free ligand). As an example, *C{'H} NMR spectrum of 20 is displayed (Fig. 3.3.18)
while that of 21 can be found in Annex I (Fig. S.3.3.49).
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Figure 3.3.17 3C{'H} NMR spectrum of compound 20 (CDCl;, 100.6 MHz)

Regarding the reaction of L8 and [Pd(CH3CN),Clz], both its '"H and *C{!'H}
NMR spectra (Figure 3.3.19 and S3.3.50) immediately reveal the presence of a mixture
of compounds. This fact is easily identifiable as multiple peaks appear between 6.46 and
6.22 ppm (attributable to Hp,, all shifted downfield of the free ligand at 6.58 ppm) in its
"H NMR spectra. Of them, two stand out, at 6.35 ppm (22) and 6.41 ppm (23). They
roughly account for 80 % of the obtained products (60 % for 22 and 20 % for 23), while
the remaining 20 % corresponding to the remaining products mixture. Moreover, multiple
signals, attributable to the Ph-CH>-O-CH;-CH»-Pz fragment, also appear in the region
between 5.9 to 3.9 ppm, further evincing this multiplicity of products.

The NMR signals attributed to compound 22 are like those of 20 and 21, while
those attributed to 23 are quite different (Table 3.3.9). Thus, a mixture of a monomer
(similar to 20 and 21) and other products is expected. According to the reported results,
reactivity of L4 and L5 against [Pd(CH3CN)2Cl;] resulted in mixtures of monomeric and
dimeric species (these last ones with multiple conformers coexisting in solution at RT)
giving rise to similar sophisticated NMR spectra’. We can tentatively assume that a

similar result is obtained for the reaction of L8 and [Pd(CH3CN)>Cl].

159




Table 3.3.9 '"H NMR spectra signals for 20, 22 and 23

3. Results and Discussion
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Figure 3.3.18 '"H NMR spectrum of mixture of compounds 22 and 23 (400 MHz, CDCI3)
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3.3.3 Summary and Conclusions

v' The reactivity of L4 and L5 against MCl, (M = Zn(1II), Cd(II), Hg(IT) and Cu(II))
and CoCly-6H>0 has been assayed.

v' Ten new coordination compounds have been isolated. They have been
characterized via EA, FTIR-ATR and UV-Vis spectroscopy. Moreover, for compounds
bearing paramagnetic nuclei 'H and *C{'H} NMR spectra have been recorded. Last,
crystal structures of nine compounds have been elucidated, and their phase purity

determined via PXRD.

v" The crystal structures of compounds 10-13 and 15-19 have been elucidated,

allowing detailed study of their molecular and supramolecular architecture.

v The use of coordinatively flexible metal cations has evinced the versatility of L4
and LS5, as they display new conformations and coordination modes. It has been
determined that the substituent position (para- (L4), ortho- (LS)) is key for the obtention
of different topological motifs and the coordination behaviour of L4 and L5 has been

rationalised according to a set of new parameters.

v' The reactivity of L6-L8 against [Pd(CH3CN):Cl>] has been assayed. Preliminary
results show that while for L6 and L7 single products are obtained (most likely
monomers), for L8 a mixture of several compounds is obtained, with two majoritarian

products identified (most likely a monomer and a dimer).
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3.4 Synthesis and characterization of new coordination
compounds with N-pyrazole-carborane ligands and
divalent metals.
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This chapter consists of two sections. The first section of this chapter focuses on

the synthesis of coordination compounds bearing the divalent d-block metals Cu(Il),

Zn(I1), Cd(IT) and Hg(IT) with ligand L9 and the reactivity of ligands L.10 and .11 against

[Pd(CH3CN)2CL2]. All compounds have been fully characterized via analytical and

spectroscopic techniques. Moreover, when possible, their crystal structures have been

fully elucidated, allowing for a detailed analysis of their molecular structures.

The second section focuses on the study of the supramolecular assembly of the

elucidated crystal structures.

The third section provides a summary of the work carried out in this chapter as

well as the resulting conclusions.
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3.4 Cu(Il), Zn(IT), Cd(IT) and Hg(II) compounds of L9 and Pd(II)
compounds of L10 and L11

Cage carbon-functionalization of carboranes with pyrazole groups can be traced
back to the late 60s and early 70s reports by Zakharkhin et al., which synthesized a whole
family of ligands containing both groups' . More recent works focus on the synthesis of
drug analogues, as full advantage of the interesting biomedical properties of both
functional groups can be taken. For instance, work carried out by Vazquez et al.* features
the synthesis of Rimonabant® analogues, a drug useful for obesity treatment®, while
recently published work by Buzharevsky et al.’” report a pyrazole compound substituted
at position 5 by a carborane as an analogue of a non-steroidal anti-inflammatory drug.
Pyrazole groups also feature as part of investigations in new strategies for

functionalization of carboranes with N-heterocycles® '° or azoles'!.

Despite the reported bibliography, examples of N-alkylcarbaborane pyrazole
derivative ligands are scarce, and coordination compounds bearing those ligands are
much scarcer. In this sense, pioneer works of Varadarajan, Hawthorne et al.!*'*, reported
on a series of papers published between 1990-1992, describes a series of B-N bonded
pyrazole-bridged metalla-bis(dicarbollide) derivatives and its reactivity against different

metal salts such as CoCl,, NiCl-6H>0, FeCl>-4H>0 and CuSO4-6HO0.

Thus, we decided to investigate the coordination behaviour of the carborane-
pyrazole derived ligands L9-L11 with several d-block metals. In particular, this chapter
describes their reactivity with Cu(Il), Zn(Il), Cd(II), Hg(II) and Pd(II). Besides the full
characterization for the obtained compounds via spectroscopic and analytical methods,
the crystal structures of four of them have been fully elucidated, allowing for a detailed

analysis of their molecular and supramolecular structures.
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Section 3.4

3.4.1 Synthesis and characterization

3.4.1.1 Synthesis

In this section, a total of six new coordination compounds bearing L9 (24-27),

L10 (27) and L11 (28) have been synthesized (Scheme 3.4.1).
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[Pd(CH,CN),Cl5]
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Scheme 3.4.1 Synthetic reactions carried out in this section. Compounds are shown with their numbering
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3. Results and Discussion

Reactions for L9 were carried out by mixing ethanolic solutions of the ligand and
the corresponding metal chloride salt (MClx, M = Cu(Il), Zn(II), Cd(Il) and Hg(II)) in a
2:1 ligand to metal ratio. After stirring for certain time (6h-48h), the solutions were
concentrated under vacuum and left to stand overnight in the fridge, resulting in the
obtention of crystalline solids. However, for the reactions with Cd(II) and Hg(II), the 'H
NMR spectra of the resulting products showed no significant shifts when compared to the
free ligand, suggesting the non-coordination of 9. This fact was also confirmed by FTIR-
ATR spectroscopy, and, as the crystal structure of L9 was elucidated (Chapter 3.1), by
comparison of the powder X-ray diffraction (PXRD) patterns. Assaying the same reaction
with different solvents (methanol, acetonitrile) and the use of reflux conditions, even for
a week, did not result in the coordination of the ligand to the metal center. Finally, it was
found that the product obtained when using chloroform as solvent under reflux conditions
showed significant shifts in its '"H NMR when compared to the free ligand, suggesting the
coordination of the ligand to the metal center. However, the resulting products had low
yields (26.4-27.8 %), compared to the moderate to good yields (ca. 80 %) for the rest of

compounds.

Single crystals suitable for X-ray diffraction (SCXRD) were obtained for
compounds 24, 25 and 27, allowing the elucidation of their crystal structures (vide infra).
Their crystal structure revealed that 24 and 25 were monomers of general formula
[M(L9):Cl2] M = Cu(Il) (24), Zn(II) (25)). Surprisingly, compound 27 is an ionic
monomer of formula [HL9]>[HgCl4]. Although, it has not been possible to obtain crystals
suitable for SCXRD for 26, its synthesis, conductivity values, FTIR-ATR and '"H NMR
spectra, as well as its PXRD pattern (Figure S3.4.1) showed notable similarities with

those of compound 27, thus a similar ionic structure is proposed (Scheme 3.4.1).

The protonation of L9 in products 26 and 27 is attributed to the presence of traces
of hydrochloric acid in chloroform, which is also consistent with the low yields obtained.
In the light of these results, the reaction of L9 against Cd(II) and Hg(II) using EtOH as
solvent and adding few drops of concentrated HCI was assayed, resulting in the isolation
of 26 and 27 in higher yields (ca. 60 %). This suggests that the addition of the carborane
moiety to the pyrazole ring results in a decrease of its coordinative ability towards metal
atoms, as, for instance, in this same PhD work, Cd(II) and Hg(Il) coordination compounds
with pyrazole-containing ligands L.4 and LS (compounds 11, 12, 16 and 17, see Chapter
3.3) have been easily obtained'® while Cd(II) and Hg(II) compounds bearing HL1 have
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also been reported by our group'®!”. There are, in fact, reports on how the addition of

carborane moieties to the backbone of ligands resulted in a decrease of their basicity'®2°.

Regarding the reactions involving ligands L10 and L11, solutions of the
corresponding ligands were mixed with [Pd(CH3CN)2Cl;] solutions using dry CH3CN as
solvent in a ligand to metal ratio of 2:1 for L10 and 1:1 for L11. After stirring overnight,
the solutions were concentrated under vacuum and left to stand on the fridge for sixteen
hours, resulting in the obtention of crystalline powders in moderate yields (49.3-68.1 %).
Single crystals of 29 suitable for SCXRD were obtained after recrystallization in CHCl3,
revealing the obtention of a monomer of formula [Pd(L11)Cl2] (29). Unfortunately, it has
not been possible to obtain crystals suitable for SCXRD for 28, although a crystal
structure is proposed (vide infra) (Scheme 3.4.1).

3.4.1.2 Characterization

Compounds 24-29 have been characterized via Elemental analyses (EA), FTIR-
ATR spectroscopy, as well as 'H, 'B, ''B{!H} and 3C {'"H} NMR spectroscopies when
possible. For compounds 24, 25, 27 and 29, their EA agree with the molecular formulae
obtained from the crystal structures. For 26, its EA agrees with a [Cd(HL9).Cl4] empirical

formula, whereas for 28 agrees with a [Pd(L10),Cl>] empirical formula.
e Conductivity

Conductivity values were registered for compounds 24-27 in methanol (MeOH)
and 28 and 29 in acetonitrile (CH3CN). For compounds 24, 25, 28 and 29 the measured
values (12-66 Q'cm?mol™!, see Chapter 5: experimental section) agree with the presence
of non-electrolytes, while those obtained for 26 and 27 (174 and 184 Q'cm?mol’,

respectively) suggest the presence of a 2:1 electrolyte?'.
e FITR-ATR Spectroscopy

For compounds 24-29, FTIR-ATR spectra show characteristic bands for both
pyrazole and carborane groups. For carborane, broad [v(B-H)] bands centred at 2580-
2569 cm™ are identified*?. Regarding pyrazole groups, the most intense bands attributed
to them are [V(C=C/C=N)a] (1595-1553 cm™), [§(C=C/C=N)a] (1464-1391cm™), [§(C-
H)ip] (1046-1021 cm™) and [8(C-H)oop] (813-780 cm™ and 730-658 cm™)?*2. Moreover,
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signals attributable to the pyrazole rings also appear as [v(C-H)a] (3191-3088 cm™) and
[V(C-H)a] (2980-2848 cm™). It is worth nothing that the FTIR-ATR spectra of compounds
26 and 27 stand out from all the rest, owing to the presence of a broad band in the region
of 2984-2868 cm!, overlapping with signals attributable to [v(C-H)a]*%. The presence of
this signal could be attributed to [v(N-H")], which is consistent with the crystal structure
of 27. Thus, it suggests that compound 26 also contains a protonated L9. As an example,
FTIR-ATR spectrum of compound 27 is shown (Figure 3.4.1), while those of 24-26, 28
and 29 can be found in Annex I (Figures S3.4.2-3.4.6)
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Figure 3.4.1 FTIR-ATR spectrum of compound 27

e NMR Spectroscopy

All 'H, "B, "B{'H) and C{'H} NMR spectra have been recorded for
compounds 25-29 in CDCls. For compound 24, containing a paramagnetic Cu(Il) metal
centre, NMR spectra have not been recorded. The 'H NMR spectrum of 25 is shown as
an example (Figure 3.4.2), while those of 26-29 (Figures S3.4.7-S3.4.10) can be found in
Annex 1. The "H NMR spectra of 25 shows significant upfield displacements for signals
associated to 1-H-pyrazolyl (5.93 ppm for 25 vs. 5.80 for L9) as well as for -CH>CH>Np,-
fragments (4.66 ppm for 25 vs. 4.11 for L9). The observed upfield shift of the ligands’

signals in the "H NMR spectra is a clear indication of metal coordination. For compounds
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26 and 27 (Figures S3.4.7 and S3.4.8), the signals associated to 1-H-pyrazolyl display an
even higher upfield displacement than 25 (6.13 and 6.03 ppm), although the displacement
for -CH>CHNp,- fragment is somewhat smaller (4.51 and 4.40 ppm). Contrary to 25,
they also show an upfield displacement for the signals associated to -CH>CH>Np,- (3.00
and 2.87 ppm in 26 and 27 vs 2.69 ppm in free L9) as well as for signals associated to
CH3 groups of the pyrazole moiety (2.30-2.49 ppm in 26 and 27 vs. 2.23 and 2.19 in free
L9) . These similarities between 26 and 27 in the 'H NMR, as well as those previously

seen in the FTIR-ATR seem to suggest that both compounds share similar traits.

The 'H NMR spectra of 28 and 29 (Figures S3.4.9 and 3.4.10), on the other hand,
shows significant upfield displacements to signals attributed to 1-H-pyrazolyl (5.98 and
5.90 ppm for 28 and 29 vs. 5.79 and 5.78 for L10 and L11, respectively) and -
CH>CHNp,- fragments (5.04 and 4.98 ppm for 28 and 29 vs. 4.03 and 4.11 for L.10 and
L11, respectively), but also in the -CH>CH>Np,- fragment (3.00 and 3.72 ppm for 28 and
29 vs. 2.75 and 2.73 for L10 and L11, respectively). In fact, this last shift is especially
remarkable for compound 29, which can be attributed to the chelate coordination mode
of L11, while its much more subtle for compound 28, which, having only one donor atom,
can only have a monodentate coordination mode. For all of them, the alkylic chain signals
appear as multiplets or broad bands in the regions of 5.00-4.40 and 3.72-2.70 ppm. As
previously discussed for L9 (Chapter 3.1), their particular shapes owe to an AA’BB’ spin
system, caused by rigid conformation of the resulting compounds in solution. Data for

the "H NMR of 25-29 is summarized in Table 3.4.1.

Table 3.4.1 'H NMR spectra signals for 25-29
25 26 27 28 29
CHp, 596(s) 6.13(s) 6.03(s) 5.98(s) 5.90(s)
CH>-N  4.66(br) 4.51(m) 4.40(m) 5.00(m) 4.98(m)
Cearr-H - - - 3.91(br) -
Cear-CH> 2.70(m) 3.00(m) 2.87(m) 3.00(m) 3.72(m)
Cear-CH3  2.31(s) 2.28(s) 2.16(s) - -
Pz-CHs  2.17(s) 2.49(s) 2.40(s) 2.85(s) 2.73(s)
2.06(s) 2.40(s) 2.35(s) 2.29(s) 2.30(s)
0 (ppm) / multiplicity s = singlet, m = multiplet, br = broad
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Figure 3.4.2 'H NMR spectrum of compound 25 (CDCls, 400.0 MHz). Detail of the simulated and
measured multiplets.

B and ""B{'H} NMR spectra are consistent with a closo-icosahedral geometry
for boron cages, as discussed for L9-L11 in Chapter 3.1. The !'B and ""B{'H} NMR
spectra of 25 is shown as an example (Figure 3.4.3), while those of 26-29 can be found
in Annex I (Figures S3.4.11-S3.4.14) In the ''"B{'"H} NMR spectra for compounds 25-27
(Figures 3.4.3, S3.4.11 and S3.4.12) three resonances can be identified in a 1:1:8 ratio, a
pattern typical for asymmetrically ortho- substituted carboranes*. Compound 28, on the
other hand, displays a 1:1:2:6 pattern (Figure S3.4.13), a slight variation of the previous
1:1:8 pattern, and typical for asymmetrically ortho- substituted carbaboranes®*, while 29
(Figures S3.4.14) displays two resonances in a 2:8 ratio, typical of homodi-substituted o-

carboranes?>.

Lastly, all '>*C{'"H} NMR spectra are consistent with the presence of the expected
functional groups. It is remarkable that signals do not shown any significant displacement,
appearing in similar positions to those of the free ligands. The *C{'H} NMR spectrum
of 25 is shown as an example (Figure 3.4.4), while those of 26-29 can be found in Annex

I (Figures S3.4.15-S3.4.18).

174




175

Section 3.4
11g § g é E 113{1H} 'g g EE
| | |
CHs 3-8, 10, 11
3-8,10,11

L e e e e L B e e e e e T T T
4 3 2 i 0 1 2 -3 4 -5 6 -7 -8 9 -1 -13 -15 -17

ppm ppm
O = C, Rest of vertexes = B-H

Figure 3.4.3 ''B (left) and "'B{'H} NMR spectra for 26 (CDCls, 128.6 MHz).

=y
& > A hr £ B BB
N o o ()] o W
7C
cl;1 \ce=°{ 7, c10
2 cq | JLo=c10 cocly 1
>c3 \CS' \T ca
ClinnZn——=C|
| s
N\
Z ™
Q BH e
c2,C3
C8

50 150 140 130 120 110 100 90 70 60 50 40 30 20 10

80
ppm

Figure 3.4.4 PC{'H} NMR spectrum of compound 25 (CDCls, 100.6 MHz)



3. Results and Discussion

e X-Ray Crystal Structures
Molecular structures of [Cu(L9)>Cl>] (24) and [Zn(L9):Cl>] (25)

For complexes 24 and 25 (Figure 3.4.5) it was possible to obtain crystals suitable
for SCXRD from the reaction mixture and via recrystallization in Et,O, respectively. Both
compounds crystallize in the monoclinic system, but in different space groups: C2/c (24)
and P2i/c (25), showing a monomeric structure with a M:L9:Cl 1:2:2 ratio. Both
compounds possess a [M(N,,)2Clz] core. Thus, the local environment of each metal
consists of two nitrogen atoms provided by two different pyrazole ligands subunits (M-N
1.9966(19) A to 2.081(3) A), and two chlorine atoms (M-Cl 2.2311(17) A to
2.2413(19)A). Even though both compounds possess a similar core, their molecular
structures are different. The Cu(Il) (24) metal centre shows a distorted square planar
geometry with a trans disposition (14 = 0.26%%), whereas for Zn(II) (25) it shows a
tetrahedral geometry (14 = 0.93%%). Considering that both compounds display the same
coordination environment, we decided to further discuss the factors leading to these
geometries. A search in the CSD database®® reveals that the vast majority of Cu(Il)
compounds containing at least two N and two Cl atoms are five or six-coordinated (2083
out of 2823 reported crystal structures, 73.8 %), whereas four-coordinate Cu(Il)
compounds only account for 26.2 % of the reported structures (740 out of 2823). For
Zn(Il) compounds, a higher percentage of them are four-coordinate (1200 out of 1677,
71.6 %). In the case of 24 and 25, the metal coordination sphere is sterically crowded, as
the methyl and carborane groups of the ligand prevent the coordination of a fifth and sixth

atom, thus promoting the formation of tetracoordinated compounds.

Regarding their coordination geometries, four-coordinate Cu(Il) compounds are
known to display a diverse set of coordination geometries ranging from square planar to

tetrahedral®®2’

, although the tetrahedral geometry is more efficient at minimizing
electronic repulsion. This distortion of the tetrahedral geometry, manifested as a
flattening of the tetrahedron, is attributed to the Jahn-Teller effect generated by the o’
electronic configuration of the Cu(Il) atoms?®>*. The final degree of distortion of the
resulting compounds depends on finely balanced factors such as steric effects, ligand-
ligand repulsion, small crystal packing forces and hydrogen bonds**-*2. On the other hand,
four-coordinate Zn(Il) compounds, displaying a d’’ electronic configuration, commonly
adopt tetrahedral coordination geometries, as no Jahn-Teller effects are expected due to a

full occupation of the degenerate orbitals®>°.
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Cl1

N21

Figure 3.4.5 Compounds 24 (left) and 25 (right), showing all its non-hydrogen atoms and numbering
scheme. Colour code: grey (C), pink (B), light blue (N), light green (Cl), orange (Cu), blue-grey (Zn).

Moreover, in 24, the carborane substituents of the pyrazole protrude in the same
direction, as the pyrazoles are coordinated in a syn fashion (dihedral angles between the
mean plane of the pyrazoles is 21.63°), whereas in 25, the pyrazoles coordinate in a

distorted anti fashion (dihedral angles between the mean plane of the pyrazoles is 87.92°).

A search in the Cambridge Structural Database (CSD)* reveals a total of forty-
seven crystal structures bearing the same core as 24. Most of these compounds contain
bis(pyrazole) ligands (twenty-six, 55.3 %) and twenty-one (44.7 %) contain
monopyrazole ligands. Whereas in almost all other reported structures containing
monopyrazole ligands the Cu(Il) atom is located on a crystallographic center of
inversion®®*’, for 24 it is located on a 2-fold axis. This is certainly unexpected, also for
the fact that the carborane moieties are bulky and their proximity should be prevented.
The search in the CSD only shows another structure containing a monopyrazole ligand
(JEVXUD)*! with a very close arrangement of pyrazole moieties to that of 24. However,
a closer look to this structure shows that this structure has not been properly registered in
the CSD, as the ligand in JEVXUD*! is, in fact, a bispyrazole (1,8-bis(3,5-dimethyl-1-H-
pyrazolyl)-3,6-dithiaoctane), that acts as a bidentate ligand. For 285, fifty-five crystal
structures with the similar coordination features are found®®. Of them, only seventeen
(30.9 %) contain monopyrazole ligands. The majority of these seventeen compounds
(eleven, 64.7 %) display an anti coordination mode, just as compound 25, while six (35.3
%) display a syn coordination. Therefore, the syn coordination mode for similar
monopyrazole ligands is more common for Zn(Il) compounds than for Cu(Il) compounds,

as 24 is the first example of a Cu(Il) monopyrazole ligand with this conformation.
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Relevant distances and angles for 24 and 25 are summarized in Table 3.4.2 and are in

range of similar compounds reported in the literature*® .

Table 3.4.2 Selected bond lengths (A) and angles (°) for 24 and 25

24 25
Cu(1)-NQ21)#1 1.9966(19)  Zn(1)-Cl(1)  2.2311(13)
Cu(1)-N(21) 1.9966(19)  Zn(1)-Cl2)  2.2311(17)
Cu(1)-CI(1) 2.2413(19)  Zn(1)-N(21) 2.048(4)
Zn(1)-N(51) 2.081(3)

Cl(1)-Cu(1)-Cl(1)#1 159.46(5) CI(2)-Zn(1)-Cl(1) 115.12(6)

N(21)-Cu(1)-CI(1) 90.73(6) N(21)-Zn(1)-Cl(1) 104.34(10)

N21)#1-Cu(1)-Cl(1) 92.31(6) N(21)-Zn(1)-Cl(2) 111.40(11)

NCD#1-Cu(1)-CI(1)#1  90.73(6) N(21)-Zn(1)-N(51) 110.15(14)

N(21)-Cu(1)-CI(1)#1 92.31(6) N(81)-Zn(1)-Cl(1) 114.06(10)

N(Q21)#1-Cu(1)-N(21) 162.88(11) N(51)-Zn(1)-CL(2) 101.93(12)
#1:x, -y+1, z-1/2

Molecular structure of {[HL9]:[HgCl4]} (27)

Suitable crystals for X-ray elucidation of the crystal structure of 27 were obtained
via recrystallization in a CH2Cl;:Hexane mixture in a 1:1 ratio. It crystallizes in a
monoclinic system and a P2; space group. It contains two crystallographically
independent monomeric (HgCls)* anions and four crystallographically independent
(HL9)" cations (Figure 3.4.6) in its unit cell. In the (HgCls)*" anions the metal centre
displays a tetrahedral geometry (t4 = 0.89 and 0.91%*), showing small differences in bond
lengths and angles between both molecules. The Hg-CI bond angles are within the range
of reported (HgCls)* compounds (Table 3.4.3). A search in the CSD? reveals that there
are a total of a hundred and seventeen reported crystal structures bearing the HgCls*
anions. To the best of our knowledge, none of them contains a pyrazolium cation,

although some imidazolinium cations are reported** .
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Figure 3.4.6 Compound 27, showing all its non-hydrogen atoms and their corresponding numbering
scheme. Colour code: grey (C), pink (B), light blue (N), light green (Cl), light-grey (Hg).

Table 3.4.3 Selected bond lengths (A) and angles (°) for 27
27
Bond lengths (A)
Hg(1)-Ci(1) 2.5402(17) Hg(2)-C1(5) 2.5274(16)
Hg(1)-C1(2) 2.5309(15) Hg(2)-Cl(6) 2.5438(17)
Hg(1)-C1(3) 2.4450(17) Hg(2)-CI(7) 2.4477(17)
Hg(1)-Cl(4) 2.4572(18) Hg(2)-C1(8) 2.4547(17)

Bond angles (°)
Cl(1)-Hg(1)-C1(2) 103.92(6) CI(5)-Hg(2)-Cl(6) 103.71(6)
Cl(1)-Hg(1)-C1(3) 119.22(6) CI(7)-Hg(2)-CI(5) 103.64(6)
CI(1)-Hg(1)-Cl(4) 106.83(6) CI(7)-Hg(2)-Cl(6) 121.14(6)
C1(2)-Hg(1)-C1(3) 103.28(6) CI(7)-Hg(2)-CI(8) 109.59(6)
Cl(2)-Hg(1)-Cl(4) 113.04(6) CI(8)-Hg(2)-CI(5) 113.65(6)
CI(3)-Hg(1)-Cl(4) 110.51(6) CI(8)-Hg(2)-Cl(6) 105.27(6)
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Molecular structure of [Pd(L11)Cl>] (29)

Suitable crystals for X-ray elucidation of the crystal structure of 29 were obtained
via recrystallization in CH3CN. It crystallizes in a triclinic system and a P1 space group,
showing a monomeric structure with a M:LL11:CI 1:1:2 ratio (Figure 3.4.7). It possesses
a [Pd(Np,)2Cl2] core, which is reported in a hundred and twenty-five structures in the
literature, forty-six of them (36.8 %) bearing chelate bispyrazole ligands. Ligand L11
displays a NN-chelate behaviour, similar to the reported Pd(II) compounds bearing L4
and L5% and other similar bispyrazole ligands synthesized in our group*®. Thus, the local
environment of each metal consists of two nitrogen atoms provided by two different
pyrazole moieties, and two chlorine atoms. The metal centre shows an almost perfect
square planar geometry with a trans disposition (14 = 0.024?%). Relevant distances and
angles are summarized in Table 3.4.4 and are in range of similar compounds reported in

the literature #+°,

Cl2 N30

cl1

Figure 3.4.7 Compound 29, showing all its non-hydrogen atoms and numbering scheme. Colour code: grey

(C), pink (B), light blue (N), light green (Cl), turquoise (Pd).
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Table 3.4.4 Bond lengths (A) and angles (°) for 29
29

Bond lengths (A)
Pd(1)-CI(1) 2.2972(2) Pd(1)-N(21) 2.017(2)
Pd(1)-C1(2) 2.3112(7) Pd(1)-N(30) 2.014(2)

Bond Angles (°)
Ci(1)-Pd(1)-C(2) 178.30(3) N(@21)-Pd(1)-CI(1) 89.60(6)
N21)-Pd(1)-Cl(2) 91.67(6) N(30)-Pd(1)-Cl(1) 89.33(7)
N@30)-Pd(1)-C1(2) 89.38(7) N(30)-Pd(1)-N(21) 178.33(8)

3.4.2 Supramolecular structures of 24, 25, 27 and 29

In the solid state, the different orientation of the coordinating pyrazole moieties in
24 (syn) and 25 (anti) (see previous section) has a dramatic effect regarding their
intermolecular interactions. In 24, the position of the carborane clusters and pyrazole
rings prevents their participation in intermolecular interactions, resulting in a
supramolecular structure formed by a stacking of 2D layers where different molecules
interact via weak C-H:--H-B contacts between boron clusters and methyl groups of the
ligands, forming helicoidal networks (Figure 3.4.8). These hydric-to-protic interactions,
called dihydrogen bonds, owe to the hydric character of the B-H unit, which allows the
formation of the dihydrogen bonds with H-X units, where X is an element with an
electronegativity value higher than that of boron*’*3. In 25, however, chlorine atoms are
more accessible, and therefore, they participate in stronger C-H:--Cl interactions with the
methyl groups of the ligand. This interaction results in the formation supramolecular
helicoidal 1D-chains (Figure 3.4.9). Relevant intermolecular interactions are summarized

in Table 3.4.5
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Figure 3.4.8 Supramolecular structure of 24; view along b axis (top) and view of the 2D planes along ¢
axis (bottom). Only hydrogen atoms participating in supramolecular interactions are shown. Colour code:
grey (C), white (H), pink (B), light blue (N), light green (Cl), orange (Cu). Cu(Il) atoms are also represented
as orange polyhedra. Intermolecular interactions are represented as dashed light-blue lines.

182




Section 3.4

1-D
Supramolecular
Helicoidal
Chains

EXR

%:ﬁf*b’\k**k’*

ﬁ bi A S (TR 01

RS 353@?“@?

1-D Supramolecular Helicoidal
Chains

Meth = Methyl

Figure 3.4.9 Supramolecular structure of 25; view along b axis (top), view of the 1D-chains along ¢ axis
(bottom). Only hydrogen atoms participating in supramolecular interactions are shown. Colour code: grey
(C), white (H), pink (B), light blue (N), light green (Cl), blue-grey (Zn). Zn(II) atoms are also represented
as blue-grey polyhedra. Intermolecular interactions are represented as dashed light-blue lines.

The supramolecular structure of 27 could be described as a dense thread of parallel
supramolecular 1-D chains. Each chain comprises exclusively Hgl or Hg2 anions. They
are held together thanks to a set of interactions involving the protonated pyrazole nitrogen
and chlorine moieties as well as the chlorine moieties and the alkylic chain (Figure

3.4.10). Relevant intermolecular interactions are summarized in Table 3.4.5
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Hg1 Chain

Alk = Alkyl chain, Pz = Pyrazole

Figure 3.4.10 Supramolecular structure of compound 27. Crystallographically independent anions are
displayed as differently coloured (red for Hgl, grey for Hg2) polyhedrons. Colour code: grey (C), white
(H), pink (B), light blue (N), light green (CI), light grey (Hg). Intermolecular interactions are represented
as dashed light-blue lines.

Regarding the supramolecular structure of 29, two interactions promote the
formation of 2D planes perpendicular to the ¢ axis. The first and strongest interaction,
responsible of the expansion along the a direction, is between a chlorine atom and an
hydrogen atom of the alkylic chain. The second one, much weaker, is responsible for the
expansion along the b direction and involves dihydrogen bonds between the pyrazole
group and the carborane moiety (Figure 3.4.11). Relevant intermolecular interactions are

summarized in Table 3.4.5.
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— 2D Planes

Alk = Alkyl Chain
Pz = Pyrazole
Carb = Carborane

Figure 3.4.11 Supramolecular structure of 29; view along a axis (top), view of the 2D planes along ¢ axis
(bottom). Only hydrogen atoms participating in intermolecular interactions are shown. View along ¢ axis.
Colour code: grey (C), white (H), pink (B), light blue (N), light green (Cl), turquoise (Pd). Pd(II) atoms are
also represented as turquoise polyhedral. Intermolecular interactions are represented as dashed light-blue
lines.
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Table 3.4.5 Selected intermolecular interactions for 24, 25, 27 and 29
D-H---A(A) D-H(A) H-D---A(A) >D-H:--A (°)

24
Cwmeth-Hwmetn* - Hcarb-Bcarb 2.372 0.960 3.061 128.29
25
Cwmeth-Hmeth - C1 2.795 0.960 3.440 125.28
27
Nr--Hp, --Cll1 2310 0.880 3.180 169.85
Nrz-Hpz - CI2 2.225 0.881 3.092 168.05
Caw-Haik:--Cl4 2.666 0.989 3.594 156.20
Nrz-Hp; - CIS 2.219 0.879 3.081 166.60
Nr.-Hp:--Cl6 2.316 0.880 3.190 171.93
Nrz-Hp: - Cll1 2.310 0.880 3.180 169.85
29
Crz-Hp: - -Hcarv-B 2.203 0.930 3.086 158.27
Can-Haik:--Cl 2.822 0.970 3.762 163.44

Meth = methyl, Carb = carborane, Pz = pyrazole, Alk = alkyl chain

The supramolecular structures of compounds 24, 25, 27 and 29 were further
analysed using Hirshfield surface calculations performed with CrystalExplorer 17.5%. All

surfaces have been calculated at a 0.5 e-au™ isovalue.

For compound 24 the lack of red dots in the duorm representation suggests that the
present intermolecular interactions are weak or less directional in nature. This confirms
that the supramolecular interactions in 24 are very weak. (Figure 3.4.12). For 25, as
intermolecular interactions are much stronger and directional, those clearly appear as red
dots in the Hirshfeld surface showing the presence of C-H:--Cl interactions (Figure
3.4.12). Fingerprint plots of both compounds show that the strongest interactions are
H---H contacts, which imply almost the totality of the Hirshfeld surface for both
compounds (82.4 % (24) and 84.1 % (25)). Minor CI---H interactions (10.5 % (24), 10.2%
(25) are also identified. These appear as spikes, suggesting that these interactions are
directional, albeit very weak. Lastly, for 25, minor C---H interactions (4.4 %) appear as
“wings” in their fingerprint plot, suggesting that some C-H:---m interactions are also

involved in the supramolecular scaffold.
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Figure 3.4.12 Dyom representation and fingerprint plot for compounds 24 (a). and 25 (b).

For compound 27, the dnorm mapping and the 2D fingerprint plot has been carried
out for individual components and for the association of components corresponding to
the asymmetric unit (Figure 3.4.13). For the individual components, only the Hirshfeld
surface of one HgCls* anion and one HL9" cation is shown as an example, as the rest of
fingerprint plots and surfaces are similar. The asymmetric unit contains two HgCls*
anions and four HL9" cations, as described in the previous section. As expected for the
HgCl4* anion, the fingerprint plot shows that most of the implied surface area belongs to
H---Cl interaction (89-90 %), which appear as strong, sharp peaks. A smaller peak can
also be identified, belonging to Cl---N interactions, and implying 4.5-5 % of the Hirshfeld
surface. Regarding the HL9" cation, its fingerprint plot shows that H---H interactions
(mostly those involving carborane clusters) account for 80-82 % of the implied surface,

whereas ionic H---Cl interaction only account for 13-15 % of the implied surface.



3. Results and Discussion [k

However, H---Cl interactions appear as sharp peaks, suggesting that they are the strongest
interactions. Regarding the asymmetric unit association, fingerprint plots reveal that
Cl---H interactions play a notable role (16.8 % of implied Hirshfeld surface), appearing
as well-defined spikes in the 2D fingerprint plot. Nonetheless, H:--H interactions still

represent most of the intermolecular forces in 27 (75.9 % of implied Hirshfeld surface).
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Figure 3.4.13 Dyom representation and fingerprint plots for compound 27 anion (top) and cation (bottom)
(a). Dnom representation and fingerprint plots for 27 asymmetric unit, highlighting Cl1---H (top) and H---H
(bottom) interactions (b).

The dnorm representation (Figure 3.4.14) for compound 29 shows intense red spots
over its chlorine atoms, alkylic chain atoms and the carborane cluster, confirming that
those groups play key roles in holding its supramolecular scaffold, as mentioned
previously. The analysis of its fingerprint plot (Figure 3.4.14) reveals that H---H
interactions, centred in the carborane cluster, account for the majority of the implied
surface (71.9 %), much like in compounds 24 and 25, although the value of the implied
surface is lower for 29. However, in contrast to the aforementioned compounds, it appears
as a more defined spike indicating a stronger directionality. On the other hand, H---CI
interactions also play a notable role (16.7% of the implied surface), identifiable as clearly
defined sharp spikes in the 2D representation. The value of the surface implied is also

higher than in 24 and 25, suggesting that the overall supramolecular interactions are
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stronger. Finally, the rest of the forces are C---H in nature, accounting for the remaining

8.0 % of the surface.
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Figure 3.4.14 Do representation and fingerprint plots for compound 29 (a) and its decomposition in
C---H (b), Cl---H (c) and H---H (d) interactions.
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3.4.3 Summary and Conclusions

v The reactivity of L9 against Cu(Il), Zn(II), Cd(IT) and Hg(II) and of L.10 and L.11
against Pd(I) has been assayed, resulting in the obtention of four coordination

compounds (24, 25, 28 and 29) and two ionic salts (26 and 27).

v The isolated compounds have been characterized by analytical and spectroscopic
techniques. Moreover, the crystal structures of 24, 25, 27 and 29 have been elucidated,

allowing for a detailed study of their structure and supramolecular interactions.

v While L9 shows a conventional coordination behavior against Cu(Il) and Zn(II),
it shows notable difficulties in coordinating to Cd(II) and Hg(Il), as, in fact, no
coordination compounds are obtained, but rather ionic salts. This fact can be attributed to
the electron-withdrawing effect of the carborane moiety, which results in a lower basicity

for the pyrazole ring.

v The supramolecular analysis of 24, 25 and 29 shows that globular and spherical
ligands such as carborane may prevent the formation of strong intermolecular interactions
owing to their extensive occupation of conformational space, favoring the formation of

weak C-H---H-B interactions.

v Compounds 24, 25, 28 and 29 are the first reported examples of coordination

compounds bearing N-alkylcarborane ligands.

190




Section 3.4 Lot

References

1 L. I. Zakharkin, A. V. Grebennikov and L. A. Savina, /zv. Akad. Nauk SSSR, Seriya
Khimicheskaya, 1968, 1130-1132.

2 L. I. Zakharkin and A. V. Grebennikov, Zhurnal Obs. Khimii, 1969, 39, 575-579.

3 L. I. Zakharkin, A. V. Grebennikov and A. 1. L’vov, Izv. Akad. Nauk SSSR, Seriya
Khimicheskaya, 1970, 106—-112.

4 N. Vazquez, V. Gémez-Vallejo and J. Llop, Tetrahedron Lett., 2012, 53, 4743—
4746.

5 M. Rinaldi-Carmona, F. Barth, M. Héaulme, D. Shire, B. Calandra, C. Congy, S.
Martinez, J. Maruani, G. Néliat, D. Caput, P. Ferrara, P. Soubrié, J. C. Breli¢re and
G. Le Fur, FEBS Lett., 1994, 350, 240-244.

6 R. S. Padwal and S. R. Majumdar, Lancet, 2007, 369, 71-77.

7 A. Buzharevski, S. Paskas, M. Sarosi, M. Laube, P. Lonnecke, W. Neumann, S.
Mijatovic, D. Maksimovic-Ivanic, J. Pietzsch and E. Hey-Hawkins,

ChemMedChem, 2019, 14, 315-321.
8 S. M. Ivanov and 1. B. Sivaev, J. Heterocycl. Chem., 2020, 57, 1428—-1434.

9 G. L. Rusinov, R. I. Ishmetova, S. G. Tolshchina, N. K. Ignatenko, I. N.
Ganebnykh, P. A. Slepukhin, V. A. Ol’shevskaya, V. N. Kalinin and V. N.
Charushin, Russ. Chem. Bull., 2010, 59, 116—121.

10 S. G. Tolshchina, R. I. Ishmetova, N. K. Ignatenko, A. V. Korotina, I. N.
Ganebnykh, V. A. Ol’shevskaya, V. N. Kalinin and G. L. Rusinov, Russ. Chem.
Bull., 2011, 60, 985-991.

11 H. Li, F. Bai, H. Yan and C. Lu, Org. Lett., 2017, 19, 862—-865.

12 M. Frederick Hawthorne, A. Varadarajan, C. B. Knobler, S. Chakrabarti, R. J.
Paxton, B. G. Beatty and F. L. Curtis, J. Am. Chem. Soc., 1990, 112, 5365-5366.

13 R.J. Paxton, B. G. Beatty, M. F. Hawthorne, A. Varadarajan, L. E. Williams, F. L.
Curtis, C. B. Knobler, J. D. Beatty and J. E. Shively, Proc. Natl. Acad. Sci., 1991,
88, 3387-3391.



14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

3. Results and Discussion [ikepi

A. Varadarajan, S. E. Johnson, F. A. Gomez, S. Chakrabarti, C. B. Knobler and M.
F. Hawthorne, J. Am. Chem. Soc., 1992, 114, 9003-9011.

J. Soldevila-Sanmartin, M. Guerrero, D. Choquesillo-Lazarte, J. Giner Planas and

J. Pons, Inorganica Chim. Acta, 2020, 506, 119549.

M. Guerrero, J. Pons, M. Font-Bardia, T. Calvet and J. Ros, Aust. J. Chem., 2010,
63, 958.

M. Guerrero, J. Pons, J. Ros, M. Font-Bardia, O. Vallcorba, J. Rius, V. Branchadell
and A. Merkogi, CrystEngComm, 2011, 13, 6457.

A. M. Spokoyny, C. W. Machan, D. J. Clingerman, M. S. Rosen, M. J. Wiester, R.
D. Kennedy, C. L. Stern, A. A. Sarjeant and C. A. Mirkin, Nat. Chem., 2011, 3,
590-596.

L. E. Riley, T. Krdmer, C. L. McMullin, D. Ellis, G. M. Rosair, I. B. Sivaev and
A.J. Welch, Dalt. Trans., 2017, 46, 5218-5228.

F. Di Salvo, M. Y. Tsang, F. Teixidor, C. Vifias, J. G. Planas, J. Crassous, N.
Vanthuyne, N. Aliaga-Alcalde, E. Ruiz, G. Coquerel, S. Clevers, V. Dupray, D.
Choquesillo-Lazarte, M. E. Light and M. B. Hursthouse, Chem. Eur. J., 2014, 20,
1081-1090.

W. J. Geary, Coord. Chem. Rev., 1971, 7, 81-122.

K. Nakamoto, Handb. Vib. Spectrosc., 2006, 1872—1892.

M. Scholz and E. Hey-Hawkins, Chem. Rev., 2011, 111, 7035-7062.
L. Yang, D. R. Powell and R. P. Houser, Dalt. Trans., 2007, 955-964.
F. H. Allen, Acta Crystallogr. Sect. B Struct. Sci., 2002, 58, 380-388.

R. R. Conry, in Encyclopedia of Inorganic Chemistry, John Wiley & Sons, Ltd,
Chichester, UK, 2006.

R. R. Conry, in Encyclopedia of Inorganic and Bioinorganic Chemistry, John
Wiley & Sons, Ltd, Chichester, UK, 2011.

M. H. M. Olsson, U. Ryde, B. O. Roos and K. Pierloot, JBIC J. Biol. Inorg. Chem.,
1998, 3, 109-125.



Section 3.4

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

193

P. R. Raithby, G. P. Shields, F. H. Allen and W. D. S. Motherwell, Acta
Crystallogr. Sect. B Struct. Sci., 2000, 56, 444-454.

J. Cirera, P. Alemany and S. Alvarez, Chem. - A Eur. J., 2004, 10, 190-207.

S. Alvarez, P. Alemany, D. Casanova, J. Cirera, M. Llunell and D. Avnir, in
Coordination Chemistry Reviews, 2005, vol. 249, pp. 1693—-1708.

J. Cirera, E. Ruiz and S. Alvarez, Inorg. Chem., 2008, 47, 2871-2889.
S. Keinan and D. Avnir, Inorg. Chem., 2001, 40, 318-323.
L. R. Falvello, J. Chem. Soc. - Dalt. Trans., 1997, 4463-4475.

S. J. Archibald, in Comprehensive Coordination Chemistry II, Elsevier, 2004, vol.
6, pp. 1147-1251.

P. Liebing, L. Wang, J. W. Gilje, L. Hilfert and F. T. Edelmann, Polyhedron, 2019,
164, 228-235.

C. P. Silva, H. C. S. Junior, I. F. Santos, A. M. R. Bernardino, R. A. A. Cassaro,
M. A. Novak, M. G. F. Vaz and G. P. Guedes, Inorganica Chim. Acta, 2018, 482,
395-401.

Q. Guo and U. Englert, Cryst. Growth Des., 2016, 16, 5127-5135.

J. Day, K. E. R. Marriott, C. A. Kilner and M. A. Halcrow, New J. Chem., 2010,
34, 52-60.

S. Kingsley, V. Chandrasekhar, C. D. Incarvito, M. K. Lam and A. L. Rheingold,
Inorg. Chem., 2001, 40, 5890-5896.

W. G. Haanstra, W. A. J. W. Van Der Donk, W. L. Driessen, J. Reedijk, J. S. Wood
and M. G. B. Drew, J. Chem. Soc., Dalt. Trans.

M. Jochriem, C. G. Kirchler, G. Laus, K. Wurst, H. Kopacka, T. Miiller and H.
Schottenberger, Zeitschrift fur Naturforsch. - Sect. B J. Chem. Sci., 2017, 72, 617—
626.

A. Garcia-Raso, J. J. Fiol, F. Badenas, A. Tasada, X. Solans, M. Font-Bardia, M.
G. Basallote, M. A. Mafiez, M. J. Fernandez-Trujillo and D. Séanchez, J. Inorg.
Biochem., 2003, 93, 141-151.



44

45

46

47

48

49

3. Results and Discussion el

J. Gomez-Segura, M. J. Prieto, M. Font-Bardia, X. Solans and V. Moreno, Inorg.
Chem., 2006, 45, 10031-10033.

M. Guerrero, J. Pons, V. Branchadell, T. Parella, X. Solans, M. Font-Bardia and J.
Ros, Inorg. Chem., 2008, 47, 11084—11094.

A. De Ledn, M. Guerrero, J. Garcia-Anton, J. Ros, M. Font-Bardia and J. Pons,
CrystEngComm, 2013, 15, 1762-1771.

R. Custelcean and J. E. Jackson, Chem. Rev., 2001, 101, 1963—-1980.
M. A. Fox and A. K. Hughes, Coord. Chem. Rev., 2004, 248, 457-476.

M. A. Spackman and D. Jayatilaka, CrystEngComm, 2009, 11, 19-32.



Section 3.5 1o

3.5 Synthesis and characterization of new Cu(l)
coordination compounds with N-pyrazole-carborane
ligands



3. Results and Discussion

This chapter consists of four sections. The first one offers a brief introduction on
the luminescent properties of Cu(I) compounds, their current fields of investigation and

possible applications.

The second one reports the synthesis of Cu(I) compounds with L9-L.11 and a
pyrazole-phenyl analogue (L12). All compounds have been fully characterized via
analytical and spectroscopical techniques. Moreover, the crystal structures of all of them
have been elucidated, allowing for a detailed study of their molecular and supramolecular

structures.

In the third section, the solid state photophysical properties have been
investigated, both experimentally and by TDDFT calculations.

The fourth section provides a summary of the work carried out in this chapter, as

well as the obtained conclusions.

The TDDFT calculations presented in this section were carried out in

collaboration with Prof. Eliseo Ruiz from the Universitat de Barcelona.

This work has been published in Article 3.

Article 3: “Tuning the Architectures and Luminescence Properties of Cu(l) Compounds
of Phenyl and Carboranyl Pyrazoles: The Impact of 2D versus 3D Aromatic Moieties in
the Ligand Backbone”

Joan Soldevila-Sanmartin, Eliseo Ruiz, Duane Choquesillo-Lazarte, Mark E. Light, Clara

Vinas, Francesc Teixidor, Rosario Nuiiez, Josefina Pons, José G. Planas.

Journal of Materials Chemistry C, Advance Article (2021) DOI: 10.1039/DITC01395E
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3.5.1 Photoluminescent properties of Cu(I) compounds

Polynuclear Cu(I)-halide compounds have fascinated chemists for decades, their
research dating back over a century, even before the incorporation of single-crystal X-ray
crystallography into the arsenal of techniques used by researchers. Arguably, the most
famous member of this family of coordination compounds is Cu4l4Pys (Py = Pyridine),
which spurred the interest for this topic. This compound featured at the forefront of global
research when Hardt and co-workers first reported their significant luminescent
properties! and White and co-workers provided evidence for its cubane-like crystal
structure?. Since then, over a thousand Cu(I)-iodide crystal structures have been reported,
according to the CCDC’. They feature a surprisingly variety of nuclearities,
dimensionalities and topologies. They are usually classified according to their
dimensionalities, which range from 0-D to 3-D aggregates and the structural motifs

displayed by their core (Chart 3.5.1).

0-D Aggregates 1-D Aggregates
Rhomboid dimer Single-Stranded Double-Stranded
Type |l Type Il Type lll Chains Chains
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Chart 3.5.1 Schematic representation of some Cu(I)-iodide aggregates structural motifs

Regarding the 0-D aggregates, the simplest synthon, and the most common one,
is the rhomboid dimer, which features three different coordination modes for the Cu(I)
centres. The cubane and stepped-cubane motifs also feature among the most common

synthons. Other less common motifs are the octahedral and the open-cubane. For their
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one-dimensional aggregates it is worth mentioning the relatively rare single-stranded
chain motifs (displaying different conformations, such as castellated or zigzag) and the

more common double-stranded chain motifs (Chart 3.5.1).

The interest in Cu(I) compounds does not only stem from their structural variety,
but also from their photophysical properties*®. As such, several Cu(I)-based materials
are currently being investigated for their applications in lighting devices, such as light
emitting diodes”®, light-emitting electrochemical cells (LECs)!°, solar cells'! or

luminescent sensors!?!3.

However, these two fields of study are not isolated of each other and since the first
reports on the luminescent properties of Cu(I) compounds’, it has been observed that
structural parameters greatly affect the photophysical properties of the resulting
compounds. For instance, in cubane-like clusters a dual emission is observed arising from
two different excited states. An iodide-to-ligand charge transfer CXLCT, sometimes
mixed with metal-to-ligand charge transfer, MLCT) gives rise to a high energy (HE)
emission (ca. 450 nm) while a Cuals cluster-centered (*CC) excited state yields a low
energy (LE) emission (ca. 600 nm), which is related to Cu-Cu distances*'*. In fact, this
relationship between Cu-Cu distance and the LE emission gives raise to one of the most
interesting properties of cubane compounds: thermochromism'. However, this LE
emission can be quenched using rigid ligands that prevent cluster relaxation, thus
“blocking” this emission'’, or fine-tuned using different heterocyclic donors'®. In
contrast, stair-step clusters only show HE emission, due to the presence of longer Cu-Cu

distances'’.

With regards to the ligands employed in the above mentioned polynuclear Cu(I)
halides, nitrogen- (N-), sulfur- (S-) and phosphorus (P-) containing ligands are commonly
found*!3%°. Among them, structures with N-ligands (either monodentate or multidentate)
are the most common ones and usually possess intriguing luminescent properties!”!,
Within the family of polynuclear Cu(I) compounds containing N-ligands, pyrazoles are
significantly less studied, as the overwhelming majority of reports feature pyridines'®.
Furthermore, pyrazole ligands employed in such polynuclear Cu(I) compounds are

deprotonated  (pyrazolate ligands) or neutral pyrazolyl-pyridine/pyrimidine

combinations'®**2%. To our knowledge, there is only a handful of reports of Cu(I)
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complexes bearing neutral monodentate onl/y-pyrazole (not having other nitrogenated

substituents)?” or neutral polypyrazolyl ligands* !

We were interested in exploring the impact of adding the icosahedral carborane
clusters to the pyrazole backbone on their coordination to Cu(I) ions and their
corresponding luminescence properties. Therefore, Cu(l) coordination compounds
bearing L9-L11 were synthesized (Scheme 3.5.1), characterized and their photophysical
behaviour was studied. Moreover, for comparison purposes we also synthesized a Cu(I)
compound bearing L.12, which we identified as a commercial analogue of L9 and L10,
featuring a phenyl group in lieu of a carborane cage. We hoped that the resulting
compounds would allow us to identify the effects induced by the presence of these two
different groups. For instance, the introduction of the carborane moiety into a ligand
backbone is expected to exert a weaker metal-heteroatom interaction with respect to the
related phenyl derivative’>>* In addition to that, different from classical rigid flat
aromatic ligands, spherical-based linkers such as carborane can access to extensive
conformational space by a combination of low-energy torsion of the substituents (e.g.,
aliphatic) and by the spherical core of the linker®>. Thus, for example, a spherical ligand
shape could prevent the formation of intermolecular n-n staking interactions while

favouring the weak dihydrogen bond interactions>®3’.

3.5.2 Cu(I) compounds of L.9-L.12

3.5.2.1 Synthesis

All reactions have been carried out by mixing L9-L.12 and Cul in a 1:1 ratio, using
dry CH3CN as solvent. After stirring (1 h to overnight, see Chapter 5: Experimental
section), the solutions were concentrated under vacuum up to 1/5 of its original volume,
resulting in the obtention of a white powder. If the product did not precipitate, the
concentrated solutions were left to stand overnight in the fridge, resulting in the obtention
of crystalline precipitates. Following this procedure, single crystals suitable for X-ray
diffraction were obtained directly from the reaction mixtures. Their crystal structure
elucidation revealed that each compound possessed a different molecular architecture (see

below). Thus, a single stranded polymer of general formula {[Cu(L12)I]}, (30), a dimer
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of general formula [Cu(L.10)I]> (31) and a single stranded polymer bearing two different
metal clusters of formula {[Cus(L11)214]-CH3CN}, (33) were obtained (Scheme 3.5.1).
For the synthesis of Cu(I) compounds involving L9, two different shaped crystals were
grown simultaneously. Their crystal structure elucidation revealed the formation of two
octahedral concomitant polymorphs of formula [Cu(L9)I]4+ (32A and 32B) (Scheme
3.5.1). All products were obtained in moderate to yields (42.1-60.1%), except for 31,
which was obtained in good yields (88.6%).

Cul

l Acetonitrile, r.t., ‘
under nitrogen

= S R
\N/"\/“@ \N/N
L12
j R = CHj; (L9), H (L10)
| L9
| | P / \ |
e S e i Lio—ci  Cu—L10 Lo~ _//*"“:{_7
| || | \I/ /allb ,_,-ﬂ""“"“‘"LQ
|_.-———-.Cll
L12 L12  L12 / //
Lo Y
30 31 32(A+B)
[\
o
N Cul |
Acetonitrile, r.t., -N"Cui >CLI'L11—CU—|
_— under nitrogen I | _ﬂl/l'\ﬂ o
- ) /l\\ i /(_.u—L1‘| L.J\'/LH
NxN/ MLU\I/LU-LH_LT_i s
|—Cu—L11—<‘-‘u\l/CI|J\I‘
L11 33

@ = C-H, rest of vertexes = B-H

Scheme 3.5.1 Synthetic reactions carried out in this section. Compounds are shown with their numbering
Scheme. Compound’s 33 occluded solvents have been excluded for clarity.
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3.5.2.2 Characterization

Compounds 30-33 have been characterized via Elemental analyses (EA), FTIR-
ATR spectroscopy and 'H, ''B, "B{'H} and "*C{'H} NMR spectroscopy whenever
possible. Elemental analyses for compounds 30-33 agree with the molecular formulae

obtained from the crystal structures.
e FTIR-ATR Spectroscopy

The FTIR-ATR spectra of compounds 30-33 show characteristic bands for
pyrazole groups such as [V(C=C/C=N),] (1556-1550 cm™), [8(C=C/C=N).] (1465-1417
cm™), [§(C-H)ip] (1049-1016 cm™) and [8(C-H)oop] (801-660 cm™)* For compounds
containing carboranes, broad [v(B-H)] bands centred at 2572-2563 cm™ are identified*®.
The FTIR-ATR spectrum of 31 is shown as an example (Figure 3.5.1), while those of 30,
32B and 33 can be found in the SI section (Figures S3.5.1-S3.5.3).

90

/

80 3034
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v[C-H],,
1556 _— /
C=C/C=N
2991-2916 ! & 1049, 1043 ‘
70 J v[C-H], 1016 657

1465 B[C-H]IP
8[C=C/C=N
| [ L sic-H,,, 7e3|
722

2572 v[B-H]

T T y T T T y T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3.5.1 FTIR-ATR spectrum of compound 31
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e NMR Spectroscopy

'"H and *C{'H} NMR spectra, as well as ''B, '"B{'H) NMR spectra for
compounds containing carboranes, were recorded using CD3;CN. Compound 30 was
expected to be insoluble as it is a coordination polymer. The solids for this compound
could however be solubilized in the NMR solvent. The recorded 'H and *C{'H} NMR
spectra showed resonances that are consistent with free (uncoordinated) phenyl-pyrazol
ligand. This data therefore suggests a weak Cu-N coordination in 30, explaining the easy

uncoordination of the ligand in CD3CN.

For 31 and 32, their '"H NMR spectra are very similar to those of the ligand,
showing only some slight upfield displacements for signals associated to 1-H-pyrazolyl
fragment (5.82 ppm in both 31 and 32 vs. 5.77 ppm in the free ligand) or for -CH>Np,-
fragment (4.18-4.13 ppm for 31 and 32 vs. 4.07-4.06 ppm for the free ligands).

Compound 33, much like compound 30, was also expected to be insoluble as it is
a coordination polymer. However, the solids for this compound could also be solubilized.
In contrast to compound 30, the recorded '"H NMR spectra displayed a noticeable upfield
shifting for almost all signals, thus suggesting that the solubilization of the polymer
results in the obtention of fragments still bearing coordinated Cu(I) atoms. As such,
signals associated to 1-H-pyrazolyl fragment appears at 5.94 ppm (compared to 5.78 ppm
in the free ligand) or those of the -CH>CH:Np,- fragment appear at 4.43 and 2.97 ppm
(4.09 and 2.79 ppm for the free ligand).

For all of them, the alkylic chain signals appear as multiplets in the regions of
4.43-4.13 and 2.97-2.76 ppm. As discussed for the free ligands (Chapter 3.1), their
particular shapes owe to an AA’BB’ spin system, caused by rigid conformation of the
resulting compounds in solution. As an example, '"H NMR spectra of 31 is shown (Figure
3.5.2) while those of 32 and fragments of 33 can be found in Annex I (Figures S3.5.4 and
S3.5.5).
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Figure 3.5.2 '"H NMR spectrum of 31 (CD;CN, 400.0 MHz)

Regarding the ''B and ''"B{'H} NMR spectra for 31-33, the obtained signals are
consistent with a closo-icosahedral geometry for boron cages, as discussed for their
respective ligands. In the ''B{'H} NMR spectrum two resonances with a 2:8 pattern
typical of homosubstituted o-carboranes can be identified for the fragments of 33, while
those of 31 and 32 display four and three resonances with a 1:1:2:6 and a 1:1:8 pattern,
respectively, consistent with heterosubstituted o-carboranes. As an example, ''B and
"B {'H} NMR spectra of 31 is shown (Figure 3.5.3), while those of 32 and fragments of
33 can be found in the SI section (Figures S3.5.6 and S3.5.7).

Lastly, *C{'H} NMR spectra for 31-33 are consistent with the presence of the
expected functional groups. Their spectra do not show any remarkable shifts on the
signals, remaining very similar to those of the free ligands. As an example, the *C{'H}
NMR spectra of 31 is shown (Figure 3.5.4), while the spectra of 32 and the fragments of
33 can be found in the SI (Figures S3.5.8 and S3.5.9).
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Figure 3.5.4 C{'H} NMR spectrum of 31 (CD;CN, 100.6 MHz)

e Crystal and Extended structures

Crystal and Extended Structure of compound 30

Suitable crystals for single-crystal X-ray diffraction (SCXRD) of 30 were

obtained via slow evaporation of its reaction mixture. Phase purity has been confirmed
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via Powder X-ray Diffraction (PXRD, Figure S3.5.10). Its crystal structure elucidation
revealed that 30 crystallizes in the monoclinic system in a P2;/c space group, displaying
a split-stair polymeric structure. It possesses a trigonal-planar [Cu(Np,)]2] core, consisting
of one nitrogen atom provided by L12 and two bridging iodine atoms (Figure 3.5.5).
Those iodine atoms bind together other Cu(I) metals, forming a single-stranded 1D chain
along the a axis, with all L12 ligands protruding in the same direction. This curious
alignment can be attributed to the presence of pyrazole-pyrazole and phenyl-phenyl n-nt
stacking interactions, as proven by the observed distances between aromatic moieties
(4.275 A), as well as their completely parallel orientation (Figure 3.5.5). Relevant bond

lengths and angles are summarized in Table 3.5.1.

(

Figure 3.5.5 a. Compound 30, showing all its non-hydrogen atoms and numbering scheme. b. Detail of n-

© stacking interactions in 30. Colour code: grey (C), light blue (N), orange (Cu), purple (I).

Single-stranded Cu(I) polymers are uncommon. Moreover, most of similar
reported polymers have a tetrahedral geometry around its Cu(I) metal centre, and its
auxiliary ligands are disposed in an alternating fashion rather than protruding towards the
same direction as observed in 30. In fact, a search in the CCDC database® reveals that
there are only five reported polymers bearing a similar trigonal-planar Cu(I)-iodide
polymer*®#_ all of them belonging to A.H. White’s group. Moreover, all of them also
feature the presence of planar aromatic rings involved in n-n interactions***3. Thus, the
obtention of this rare topology in 30 may owe to the presence of strong n-n interactions
stabilizing this polymeric chain, and therefore preventing the obtention of other more

common structural motifs.

The main supramolecular motif of 30 is the presence of corrugated bidimensional

sheets parallel to the ab plane. Once again, the role of aromatic groups is key in the
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extended features of 30, as this scaffold is held together thanks to the presence of two
reciprocal C-H: - 7 interactions between phenyl and pyrazolyl groups of different chains
(Figure 3.5.6). Thus, the aromatic groups are key in both determining the molecular
structure of the compound as well as its self-assembly. Relevant supramolecular

interactions are summarized in Table 3.5.1.

.~ 2DPlane

a 1D Polymer
a axis

Ph = Phenyl
Pz = Pyrazole

rd

Figure 3.5.6 Supramolecular structure of compound 30, view along the a axis (top). Detail of the
supramolecular interactions between 1D polymers in the 2D planes, view along c axis (bottom). Colour
code: grey (C), pink (B), light blue (N), orange (Cu), purple (I)
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Table 3.5.1 Bond lengths (A), angles (°) and intermolecular interactions for 30

30
Bond lengths (A)

Cu(1)-I1(1) 2.5538(6) Cu(1)-N(1) 1.971(4)
Cu(1)-I(D)#1 2.5499(6) Cu(1)---Cu(1) 4.275
Bond Angles (°)

Cu(1)#1-1(1)-Cu(1)  113.77(2) N(1)-Cu(1)-I(1) 120.31(11)
I(1)#2-Cu(1)-1I(1) 113.78(2) N1)-Cu(1)-I(1)#2 125.88(11)
Intermolecular interactions

D-H---A H---A(A) D-HA) D-AA) >D-HA(°
Crz-Hpz - Cgpn 3.555 0.950 4.476 163.97
Cen-Hpn - Cgp: 3.520 0.950 4.397 154.67

#l: x+1l,y,z #2:x-1,y,z
Pz = pyrazole, Ph = phenyl
Cgpn = C8-C13, Cgp.= C1-C3-C4-N1-N2

Crystal and Extended Structure of compound 31

Compound 31 crystallizes in the monoclinic system, in the P1 space group. Phase
purity has been confirmed via PXRD (Figure S3.5.11). Its single crystal structure
elucidation revealed that 30 consists of two crystallographically independent rhomboid
dimeric molecules featuring very short Cu---Cu distances (2.4728(8) for molecule A and
2.5158(9) A for molecule B (Figure 3.5.7). In those, iodine atoms act as x> bidentate
bridging ligands and L10 acts as a monodentate ligand. As the Cuzl, framework lies in
the middle of an inversion centre, the pyrazole-carborane ligands protrude facing opposite
directions, in an anti- conformation, their pyrazole ring’s ligand being coplanar.
Moreover, this plane defined by the pyrazole ring’s is nearly perpendicular to that of the
Cuzlz plane (84.54°).

Rhomboid dimers are one of the most prevalent Cu(l) motifs, with over five-
hundred structures reported in the CCDC?’, but the majority of them feature type I
rhomboid dimers (75 %, Chart 3.5.1), and only 20 % of them featuring type II rhomboid
dimers (Chart 3.5.1)**. Relevant bond lengths and angles for compound 31 are
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summarized in Table 3.5.2. They are in range of the distances reported for similar Cu-I

rhomboid dimers*>#6-26,

Table 3.5.2 Bond lengths (A), angles (°) and intermolecular interactions for 31

31
Molecule A Molecule B

Bond lengths (A)
Cu(1A)-I(1A) 2.5426(7) Cu(1B)-I(1B) 2.5439(7)
Cu(1A)-I(1A)#1 2.6084(7) Cu(1B)-I(1B)#2 2.6107(7)
Cu(1A)-N(21) 1.954(3) Cu(1B)-N(21B) 1.963(3)
Cu(1A)---Cu(1A)#1 2.4726(9) Cu(1B)---Cu(1B)#2 2.5158(9)

Bond Angles (°)
Cu(1A)#1-Cu(1A)-I(1A)  62.66(2)  Cu(1B)#2-Cu(1B)-I(1B) 62.12(2)
Cu(1A)#1-Cu(1A)-I(1A)#1  59.98(2)  Cu(1B)#2-Cu(1B)-I(1B)#2 59.46(2)
I(1A)-Cu(1A)-I(1A)#1 122.64(2)  I(1B)-Cu(1B)-I(1B)#2 121.59(2)
N(21A)-Cu(1A)-I(1A) 122.31(10)  N(21B)-Cu(1B)-I(1B) 124.68(8)
N(Q21A)-Cu(1A)-I(1A)#1  114.99(9)  N(21B)-Cu(1B)-I(1B)#2 113.61(8)
N(21A)-Cu(1A)-Cu(1A)#1  174.46(10) N(21B)-Cu(1B)-Cu(1B)#2 172.26(9)
Cu(1A)-I(1A)-Cu(1A)#1  57.36(2)  Cu(1B)-I(1B)-Cu(1B)#2 58.41(2)

Intermolecular interactions
D-H---A H-AA) D-H@A) D-AA) >D-H-A(°)
Ccarb-Hcarb***Np, 2.729 1.100 3.656 141.65

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

Pz = pyrazole, Carb = carborane

The supramolecular assembly of 31 is based around supramolecular 1-D chains.
In these chains, molecules A and B alternate, held together by C-H---N interactions
involving pyrazole rings and carborane moieties. Finally, they assemble in a parallel
fashion along a and c crystallographic directions, forming a dense network (Figure 3.5.8).

Relevant supramolecular interactions are summarized in Table 3.5.2.
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Figure 3.5.7 Compound 31, showing all its relevant atoms and numbering scheme (top). Colour code: grey
(C), pink (B), light blue (N), orange (Cu), purple (I)

. N7 q“}/// Stacked Supramolecular 1D Chains

Vs snsaws 4 Pz = Pyrazole
¢ Carb = Carborane

Figure 3.5.8 Packing of supramolecular 1D-Chains in 31, view along c axis (a). Detail of the 1D-Chains,
view along b axis (b). Only hydrogen atoms participating in the supramolecular interactions are shown.
Colour code: grey (C), white (H), pink (B), purple (I), orange (Cu), yellow (Cu). Cul frameworks are
depicted in the polyhedral mode, orange for molecule A and yellow for molecule B. Supramolecular
interactions are depicted as dashed light-blue lines.
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Crystal and Extended Structure of compounds 324 and 32B

Single crystals of compounds 32A and 32B crystallize concomitantly after
recrystallization in dry CH3CN. It was observed that the bulk powder contained a mixture
of both compounds (Figure 3.5.9). Further synthetic efforts allowed for the isolation of
32B (Figure S3.5.12), but compound 32A has not been isolated as a pure phase. It was
also observed that recrystallization of pure 32B also resulted in the concomitant
precipitation of both polymorphs. Although single crystal X-ray diffractions
measurements were performed for both, the crystal structure of 32B could not be fully
resolved as the data was not good enough (R = 10 %). Nevertheless, although preliminary,
the data is sufficient to prove that 32A and 32B are polymorphs. As shown in Figure
3.5.10, both compounds show a very similar tetranuclear structure of the rare octahedral
variety. Whereas there are two crystallographically independent molecules in 32B, there

is only one in 32A (Figure 3.5.10).

) 32A
c
=
I
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>
=
("2}
=
(7]
=
= 32B
Bulk
T T T T
5 10 15 20 25 30

260(°)

Figure 3.5.9 PXRD pattern of bulk mixture of 32A and 32B (black, bottom). PXRD patterns calculated
from the solved crystal structure at 100(2) K for 32A (blue, top) and 32B (red, middle) as a reference.
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32A

Figure 3.5.10 Compounds 32A and 32B, showing all their non-hydrogen atoms (top). Detail of the
octahedral core, showing their numbering scheme. Colour code: grey (C), pink (B), light blue (N), orange

(Cu), purple ().

A search in the CCDC database®® reveals a total of twenty-six octahedral Cusls
clusters, almost all of them bearing bidentate ligands. Most of them bear neutral ligands
containing pyridine/imidazole and phosphine (N*P) or diphosphine (PP) groups'>#7-%¢,
In a recent publication (2018)%’, Ya-Dong et al. synthesized a family of zwitterionic
bidentate N*N pyrazolate ligands, and reported for the first time the resulting octahedral
Cu(I) compounds bearing pyrazoles. There is only one reported example of an octahedral
Cu(]) structure bearing a monodentate ligand, published in 2014 by Han e al.*®, using a
carbene. Thus, compounds 32A and 32B are the first examples of octahedral compounds
bearing a neutral monodentate N-donor ligand. Compared to the huge number of Cu(I)-
halide cubane-like structure, these statistics highlights the uniqueness of this architecture.
The scarcity of reports bearing octahedral Cu(I)-halide clusters can be attributed to the

fact that their formation is energetically unfavourable when compared to cubane cores,

as demonstrated by theoretical calculations*®.

In 32A, the Cug arrays form slightly distorted parallelograms, with angles ranging

from 81.93°-98.07°. Thus, each molecule presents two distinct Cu-Cu distances, a short
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(2.5917(8) A) and a long one (2.9289(98) A). These parallelograms are axially capped by
two ps-iodides (Cu-I distances ranging from 2.7027(7)-3.1044(8) A), while two p2-iodine
atoms lie at the short side of the parallelogram, being almost coplanar with the metal
centres (Cu-I distances ranging from 2.5662(6)-2.647(6) A). The ligands protrude out of
the Cuasls octahedral core, in a curious disposition (Cu-N distances ranging from 1.984(4)-
1.990(4) A). Both pyrazole rings in the same long side face the same direction, in a syn
configuration, and are almost parallel to each other (angles of the plane defined by the
pyrazole rings being 14.23°). The short distance between their centroids (3.910 A)
suggest an intramolecular n-n stacking interaction, which may be responsible for this
disposition. Relevant bond distances in the octahedral core are summarized in Table 3.5.3.
Detailed information on bond lengths and angles for compound 32A is reported in Table
S3.5.1. Although the Cu-N and Cu-I bond lengths are in the range of the similar reported
octahedral compounds bearing bidentate N*N ligands®’, their Cu-Cu “long” distances are
somewhat longer, which range from 2.834(4) A to 2.920(15) A in compounds bearing
bidentate N*N ligands®’, compared to the 2.9289(9) A in 32A. This fact may be of capital
importance, as photophysical properties of similar compounds are greatly influenced by

the structure of the Cul framework.

Table 3.5.3 Bond lengths (A) in the octahedral core for 32A
Cu-N Cu-Ip4 Cu-Ip2 Cu-Cu
3.1044(8)
1.984(4) 2.9685(6) 2.5662(6) 2.5917(8)
1.990(4) 2.7437(6) 2.6474(6) 2.9289(9)
2.7027(7)

The differences between polymorphs 32A and 32B are made obvious when their
supramolecular scaffolds are studied, displaying a notable difference between the relative
positions of adjacent molecules (Figure 3.5.11). In 32A, this scaffold is held together
thanks to C-H-- ‘I interaction involving methyl groups and coordinated p»-lodine atoms,
while weak C-H---H-B, where methyl groups and pyrazole moieties are also identified

(Table 3.5.4).

212




Section 3.5

Table 3.5.4 Intermolecular interactions for 32A

32A

D-H--A H-A(A) D-H(A) DA(A) >D-H-A(°)
Bearn-Hear-Hye  2.448 1.120 3.027 110.43
Cye-Hye -l 3.019 0.980 3.961 161.68

Me = Methyl, Pz = Pyrazole, Carb = Carborane

Figure 3.5.11 Packing of compounds 32A and 32B. Colour code: grey (C), pink (B), light blue (N), purple
(D). Cu(l) polynuclear clusters are depicted as orange polyhedra.

Crystal and Extended Structure of compound 33

For 33 it was possible to obtain crystals suitable for SCXRD via slow evaporation
of the reaction mixture. Its crystal structure elucidation revealed that 33 crystallizes in the
monoclinic system and the P21/c space group. Phase purity has been confirmed via PXRD
(Figure S3.5.13). Its structure is rather interesting, as it is a coordination polymer
containing two different Cul arrays: a dimeric (Cuzl2), and a tetrameric (Cu4ls) one

(Figure 3.5.12).

Upon closer inspection, the thomboid dimeric centre is identified as a type II
(Chart 3.5.1), which account only for 20 % of the reported Cu(I) rhomboid dimers**. It is
very much alike as the centre for compound 31, with the pyrazole moiety coordinating in

a monodentate fashion and bridging p»-I atoms. Regarding its Cu4ls framework, although
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their Cu(I) atoms are also arranged in a parallelogram, much like octahedral tetramers,
the iodine atoms coordinate in p2 and p3 bridging modes, instead of 4, thus displaying

the stepped-cubane geometry.

Figure 3.5.12 Polymeric compound 33. Detail of the two different Cul cores. Colour code: grey (C), pink
(B), light blue (N), orange (Cu), purple (I). Polynuclear Cu(I) clusters are also depicted as orang polyhedral.

Although both types of cluster have been reported?’, to the best of our knowledge
this is the first example of both types combined in a coordination polymer. Both cores
feature short Cu-Cu distances (2.5583(10) A and 2.6373(12) A), implying some attractive
interactions between closed shell d'° metal ions*®. Relevant bond lengths and angles are

summarized in Table 3.5.5. They are in range of the reported distances for similar

26,45,46 59-61

rhomboid dimeric and stepped-cubane compounds

Each dimeric core is bridged by two different .11 ligands to two stepped cubane
cores, while each stepped-cubane core is bridged by four L11 ligands to four dimeric
cores. The ligand adopts two distinct conformations which alternate along the structure.
In conformation I (Figure 3.5.13, top-right), pyrazole rings possess a distorted anti-
configuration and lie almost perpendicular to each other (angle between planes defined
by pyrazole rings being 84.02°), whereas in conformation II (Figure 3.5.13, top-right),

pyrazole ligands lie in an anti- configuration, at a much less perpendicular angle (42.76°).
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This arrangement affords a bidimensional layer, where dimeric cores are arranged in a
zig-zag pattern and stepped cubane cores in a linear one. These patterns are stacked in an
ABA’B’ fashion (Figure 3.5.13, top-left). Finally, the bidimensional layers are assembled

in a parallel fashion (Figure 3.5.13, bottom).

Table 3.5.5 Selected bond lengths (A) and angles (°) for 33

33
Bond lengths (A)
Cu(D)-I(1)  2.5523(9) Cu(2)-N(60) 1.979(4) Cu4)-13) 2.5547(10)
Cu(1)-I(2) 2.5853(9) Cu3)-I3) 2.6351(10) Cu@)-14) 2.5991(10)
Cu(1)-N(21) 1.966(4) Cu(3)-1(4) 2.8614(9) Cu(4)- 1.987(5)
N30)#2
Cu(2)-I(1) 2.5772(9) Cu3)-1@)#1 2.7128(9) Cu(1)-Cu(2) 2.5583(10)
Cu(2)-1(2) 2.5421(10) Cu(3)-N(51) 1.998(4) Cu(3)-Cu(4) 2.6373(12)
Bond angles (°)
Cu(2)-Cu(1)-  59.23(3) N@ED-Cu(1)- 122.77(13) Cu@)-Cu(3)- 81.53(3)
12) 1(2) 1(4)#1
I(1)-Cu(1)- 119.55(3) 1(2)-Cu(2)-I1) 120.26(3) Cu4)-Cu(3)- 56.24(3)
1Q2) 1(4)
NQ21)-Cu(1)- 175.11(14) N(60)-Cu(2)- 173.37(15) I(3)-Cu(3)- 57.97(3)
Cu(2) Cu(1) Cu4)
NQ21)-Cu(1)- 117.67(13) N(60)-Cu(2)- 114.33(15) I(3)-Cu(3)- 107.66(3)
I(1) I(1) 1(4)
1(2)-Cu(2)- 60.91(3) N(60)-Cu(2)- 125.34(15) 1(3)-Cu(3)- 103.59(3)
Cu(1) 1(2) 1(4)#1
I1)-Cu(1)-  60.57(3)  Cu(1)-Cu2)- 59.60(3) I@H#I-Cu3)- 93.48(3)
Cu(2) I(1) 1(4)
N(51)-Cu(3)- 152.84(13) N(51)-Cu(3)- 112.84(13) N(S1)-Cu(3)- 125.20(13)
Cu(4) 13) 1(4)#1
N(51)-Cu@3)- 111.61(13)  1(3)-Cu(4)- 60.97(3)  I(3)-Cu(4)-  118.94(3)
1(4) Cu(3) 1(4)
1(4)-Cu(4)- 66.24(3) N(30)#2- 170.21(18) N(30)#2- 119.77(14)
Cu(3) Cu(4)-Cu(3) Cu(4)-1(3)
N(@30)#2- 117.54(14) Cu(1)-I(1)- 59.83(2) Cu(2)-1(2)- 59.85(2)
Cu(4)-1(4) Cu(2) Cu(1)
Cu()}I(3)-  61.06(3) Cu@#I-I@)-  8652(3)  Cu@-I(4)-  77.50(3)
Cu(3) Cu(3) Cu3)#1
Cu@)-14)-  57.52(3)
Cu(3)

#1 -x,-y+2,-z+1
#2 -x+1,y+1/2,-z+3/2
#3 -x+1,y-1/2,-z+3/2
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2D Polymer

Figure 3.5.13 Bidimensional layer in 33 (top-right). Polinuclear Cu(l) clusters are depicted in the
polyhedral mode, dimeric ones highlited in yelllow, tetrameric ones in orange (top-left). Stacking of 2D-
polymeric layers, view along b axis (bottom). Conformations of L11 in compound 33 (right). Colour code:
grey (C), pink (B), light blue (N), orange (Cu), purple (I). Occluded CH3CN solvent molecules and
hydrogen atoms are omitted for clarity.

3.5.3 Photophysical studies for compounds 30-33

Compounds 30-33 are white crystalline solids under ambient light. However, even
at room temperature (RT) and at the naked eye, they show solid-state photoluminescence
when lit with a UV lamp. Intrigued by this fact, we studied their photoluminescent
properties. First, we recorded their absorption spectra in solid-state at RT (Figure 3.5.14).
All compounds show broad absorption bands, which are especially noticeable on
compounds 32B and 33. Overall, two distinct absorption regions are identified; a HE one

from 200-320 nm and a LE from 320-410 nm. For polymer 30, its main absorption bands
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are in the HE region (224, 269 and 290 nm), although it also displays a shoulder at lower
energy (369 nm). For complex 31, on the other hand, its absorption maximum is in the
LE region (363 nm). Complexes 32B and 33 show broad bands encompassing both
regions, and, in fact, the broad absorption band of 33 seems to correspond to the combined
absorption spectra for 31 and 32B. Results are summarized in Table 3.5.6. For similar
Cu(I)-iodide pyrazole compounds, absorption bands at HE have been associated to 1 —
n* transitions centred in the pyrazole ligands®?, whereas lower energy absorptions have
been attributed to a mixture of halide-to-ligand and metal-to-ligand charge transfers
((X+M)LCT) transfers®?. The UV-Vis spectra for ligands L9-L12 only display absorption
bands in the HE region (Figure S3.5.14), supporting the previous statement.

- 30

1,0 H

0,5 1

Normalized Absorbance

0,0 : : :
200 400 600 800

Wavelength (nm)

Figure 3.5.14 Solid-state UV-Vis spectra of 30-33 at RT.

The excitation and emission spectra and its Photoluminescent Quantum Yield
Efficiency (PLQY, ®r) for 30-33 in the solid state were also measured, the results are
summarized in Table 3.5.6. All the resulting emission spectra are broad and unstructured,
as commonly seen with related Cu(I)-halide compounds, owing to their charge-transfer
(CT) origin* (Figure 3.5.15). These CT emissions are known to stem from a variety of

) 5,63
b

sources, such as halide-to-ligand charge transfer (XLCT metal-to-ligand charge

transfer (MLCT)>® intra-ligand charge transfer (ILCT)%, and, for compounds containing
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Cu(I) clusters, a cluster-centred excited state of d-s character (CC)®. As such, their

photophysical properties bear a strong intrinsic relationship with their structural features.

Table 3.5.6 Photophysical data for 30-33

Compound UV-Vis maximum absorbance Excitation Emission  ®f

(nm) (Amax, NM)  (Amax, NM)
30 290 283 460, 609 0.038
31 363 340 483 0.665
32B 306 318 517 0.049
33 349 336 467 0.137
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Figure 3.5.15 Excitation (dashed lines) and Emission (solid lines) spectra for compounds 1-4 in the solid
state at 298K.

Crystalline solid of polymer 30 exhibits dual emission in the blue (460 nm, HE)
and in the orange (Aem = 609 nm, LE) regions of the visible spectra upon excitation at 283
nm with a low quantum yield of 4% (Table 3.5.6). Contrary to Cu(I)-iodide rhomboid
dimers or tetramers, photophysical studies of single-stranded Cu(I)-iodide polymers are
scarce. The first one was reported by Cariati ef al. in 2002%, and since, only few others
have been found®*3!466¢ As Cu-Cu bond length is the primary factor governing CC
excited states in Cu(l) clusters®, their long distances in 30 (4.275 A, Table 3.5.1), being

larger than the sum of their Van der Waals radii (2.8 A), seem to preclude them as the
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source of its emission. Thus, according to the few reports on similar single-stranded Cu(I)
polymers, the HE emission is attributed to a mixture of *XLCT and *MLCT?%31:6¢ |
whereas the LE emission is attributed to >XMCT®’. Note that there are only two cases of
double emission in single-stranded Cu(I) polymers, both reported by Cariati ef al. in
20025, Although similar results have been reported for double-stranded or grid-like Cu(I)
polymers®®®_ direct extrapolation should be avoided, as the latter can possess *CC based-

emission®”°

and display completely different structures. However, by examining other
studies, such as the one by Khatri ez al. for the similar 2D grid-like [CuBr(pyz)]. (pyz =
pyrazine) and [CuBr(quinz)]» (quinz = quinazoline)’!, we can tentatively assume that the
HOMO is based on a mix of halide and metal orbitals, while the LUMO is dominated by
n* ligand orbitals. This (X+M)LCT to an antibonding LUMO could explain the large

resulting Stokes Shift (ca. 19000 cm™), as it would promote a bond and geometrical

change’!. This fact is also consistent with its low measured quantum efficiency value.

Molecular complexes 31 and 32B emit at high energies, in the blue-to-yellow
region (450-520 nm), of the visible spectrum (Figure 3.5.15 and Table 3.5.6). Crystalline
powder of complex 31 exhibits an outstanding blue emission compared to other
analogues*®, with a maximum at 483 nm upon excitation at 340 nm, and an absolute
quantum yield (®r) of 66.5%. As explained before, of the reported Cu(I) rhomboid
dimers, a 75 % are type I (Chart 3.5.1), while only a 20 % of them belong to type II, such
as 31 (Chart 3.5.1)*>*. Thus, the photophysical properties type I thomboid dimers have
been extensively studied. Among these studies, the ones performed by Brise’s

9167273 on rhomboid dimers containing bidentate Npyrydine,P-heteroleptic are

group
specially remarkable. Their analyses have revealed that HOMO orbitals are mainly
centred in the CuxX> framework and HOMO orbitals in the pyridine ligand. Thus, their
emission stems mainly from (X+M)LCT, and can be tuned by slightly modifying the

9,16,72,73 As

pyridine ligands dimeric Cu(I) compounds with tri-coordinated metal centres,

such as 31, are much less studied, we decided to perform TDDFT calculations (vide infra).

Crystalline solid of complex 32B shows a very broad emission band with
maximum at 517 nm upon excitation at 318 nm at room temperature with absolute ®r of
5% (Fig 3.5.15, Table 3.5.6). The latter is significantly lower than those reported for some
homologous complexes*~°. For other reported octahedral complexes, dual emission has
been observed, that is a LE emission (560-620 nm) dominating at room temperature and

a HE emission (420-520 nm) dominating at lower temperatures'>*>* By analogy with
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the more studied CuslsLy (x = 2-4) cubane clusters, those have been attributed to *CC
transitions and *XLCT transitions respectively'’>%. However, recent studies have
shown other octahedral clusters displaying single LE or HE emission bands which are

largely temperature independent>®>’

, a phenomenon known as rigidochromism, or only
displaying HE emission*®*. Complex 32B seems to fall under this behavior, as no dual
emission is observed. Since photophysical studies of octahedral clusters are rare, and
differing photophysical behaviours have been observed, we performed TDDFT

calculations for 32B (vide infra).

Crystalline solid of multinuclear coordination polymer 33 exhibits blue emission
with a maximum at 467 nm upon excitation at 336 nm and absolute quantum yield of
13.7% (Figure 3.5.15, Table 3.5.6). It is noteworthy that both the emission and excitation
spectra of 33 are quite like that of complex 31 (Cuzlz units). In one of the few reports
featuring Cu(I) compounds containing different metal clusters’, it was observed that its
photoluminescent behaviour was a combination of that of its constituent parts. Thus,
assuming a similar behaviour for 33, it seems that the emission originating in the
rhomboid dimeric core dominates over that originating in the stepped cubane core.
Coupled with the high ®r observed for 31, compared to the low ®r observed for the
tetranuclear cluster in 32B, it seems to suggest that tetranuclear clusters bearing this kind
of ligand have lower @®f than their dimeric counterparts. Thus, we assume the emission
for both 4 and 2 originate in the dimeric units. On this basis, the TDDFT calculations
performed for 31 can also shed light on the photophysical behaviour of 33.

e TDDFT calculations for compounds 31 and 32B

In order to analyse and fully understand the photophysical properties of the
molecular systems, time-dependent density functional theory (TDDFT) calculations were
performed using Gaussianl6 program’S, with the B3LYP functional’”””’® using the
Def2TZV basis set’” for 31 and 32B. The TDDFT calculations were employed only for
the discrete molecules because for periodic structures would be mandatory to employ
discrete models that usually lead to non-realistic results. The deexcitations energies are
calculated by optimizing the structure of the excited triplet state and using such optimized
geometry to perform a singlet calculation. Such procedure is employed because TDDFT

calculations must be performed in the singlet ground state.
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First, the optical absorption properties were investigated. For compound 31, which
has absorption and excitation peaks at 363 and 340 nm, respectively (Table 3.5.6), the
calculated TDDFT values at B3LYP level show the first non-zero extinction coefficient
at 321 nm. The excitation takes place from the HOMO to the LUMO+1 (Figure 3.5.16),
and it can be described as a (X+M)LCT transfer from the Cuzl> framework to the ligand,
much in the same manner as the tetracoordinated rhomboid dimers studied by Brise’s
group’'%727380 In the case of complex 32B, there are four calculated excitations that have
non-zero extinction coefficient in the same region than the experimental results. They
correspond to transitions between a mixture of the three last occupied orbitals (HOMO,
HOMO-1 and HOMO-2, Figure 3.5.16) with large contribution of iodine and copper
atoms to the first empty orbitals (LUMO, LUMO+1, LUMO+2 and LUMO+3, Figure
3.5.17), which are mainly ligand-based. The calculated excitation values are 318, 312,
305 and 298 nm. Such values are in good agreement with the experimental absorption
and excitation peaks of 306 and 318 nm, respectively. The nature of such excitation is

clearly a (X+M)LCT transfer from the Cusls framework to the ligand.

31

e | UMO +1

e HOMO

Figure 3.5.16 Orbitals involved in the absorption processes for 31. Colour code: grey (C), pink (B), light
blue (N), orange (Cu), purple (I).
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LUMO + 2 s

LUMO

HOMO s

Figure 3.5.17 Orbitals involved in the absorption processes for 32B (right). Colour code: Colour code: grey
(C), pink (B), light blue (N), orange (Cu), purple (I).

Previously, it has been reported that the deexcitation in these kinds of systems are
through triplet states with long excited state lifetimes. The theoretical analysis of the

emission spectra was done by optimizing the structure of the wavefunction corresponding
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to the triplet state (See experimental section for details). The structure of the optimized
triplet excited state from 31 is very distorted with non-bridging iodide ligands (see Fig.
3.5.17), as already reported for other Cuzlz systems’>. Moreover, the Cu--Cu distance was
shorter in the optimized triplet excited state (2.346 A) compared to that of the
experimental (2.516 A) and optimized singlet ground state (2.593 A). The results indicate
that the emission is from the LUMO orbital to HOMO-1 and HOMO-2 (Figure 3.5.18).
There are triplet excitations (542, 498 and 487 nm) that are close to the experimental
emission peak (483 nm). The analysis of the orbitals involved in such deexcitation
transitions reveals that they basically occur among the Cuzl> orbitals. The LUMO is
mainly a combination of 4s copper orbitals while HOMO-1 and HOMO-2 correspond to
bonding d-d orbitals (for dx?.y? and dz? pairs) of copper mixed with large contributions
of p orbitals of the iodine atoms. Thus, such deexcitation transitions could be described
as cluster-centred excited state of d—s transition in origin. A similar result was observed
for an adduct containing Cuzl and Cus-pyrazolate clusters’. Those results are
particularly interesting, as many studies concerning similar dimers attributed their

3182 on the basis of the results

photophysical behaviour to (X+M)LCT in origin
published for tetra-coordinated dimer by Brise’s group”!%’>73, Thus, our results suggest
that tetra-coordinated and tri-coordinated Cuzl> clusters follow a different emission

behaviour.
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Optimized triplet
excited state

HOMO-1

HOMOQ-2 "=

Optimized singlet
ground state

Figure 3.5.18 Optimized structure in the triplet excited state (top left) and singlet ground state (bottom left)
for 31. Orbitals involved in the emission process for 31 (right). Colour code: grey (C), pink (B), light blue
(N), orange (Cu), purple (I).

Regarding compound 32, the optimization of the excited triplet state resulted in
the observation of a huge distortion in the structure of the Cusls framework. In this
optimized structure, two metal-metal interactions are broken, and the iodides coordination
modes changes from pu2- and p4-bridging to pl-terminal. The calculation of the vertical
excitations using TDDFT of the triplet excited state to the singlet ground state gives triplet
emissions at 483 and 475 nm, compared to the experimental emission band at 517 nm
(Table 3.5.6). The analysis of the orbital involved indicates a deexcitation of the LUMO
orbital, mainly based in the central Cu-I framework, to HOMO and HOMO-1 orbitals,
also centred in the Cu-I framework (Figure 3.5.19). Thus, as for 31, the deexcitation
process is through a *CC state. This huge distortion of the structure is consistent with both

its large Stokes shift (ca. 12000 cm™', Table 3.5.6) and its low ®r (5%, Table 3.5.6).
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Optimized triplet
excited state

Optimized singlet
ground state

Figure 3.5.2 Optimized structure in the triple excited state (top left) and singlet ground state (bottom left)
for 32. Orbitals involved in the emission process for 32 (right). Colour code: grey (C), pink (B), light blue
(N), orange (Cu), purple (I).

To the best of our knowledge, this is the first example of such behaviour for type
of octahedral compounds and could be attributed to the fact that monodentate ligands
allow this huge distortion, whereas those octahedral compounds bearing bidentate
ligands, which are the majority of the reported ones, are stabilized by them, preventing
this distortion in the triplet excited state. Moreover, these results also depart from the
classical assumption that octahedral Cuyls clusters behave similarly to cubane clusters,
with a HE emission caused by a (X+M)LCT and LE emission caused by a *CC state.
Thus, these results highlight that more efforts in the rationalisation of the photophysical

behaviour of octahedral clusters are needed.
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3.5.4 Summary and Conclusions

v Four new Cu(I) compounds bearing ligands L9-L.12 were isolated and fully

characterized

v Elucidation of their crystal structure revealed a remarkable structural variety.
They feature different structural motifs: polymeric single-stranded zigzag chain (30),
molecular rhomboid dimer (31), molecular octahedral (32) and a coordination polymer

supporting two distinct structural motifs: rhomboid dimer and stepped cubane (33)

v Reports on compounds bearing two of the featured structural motifs, single-
stranded zigzag chain (30) and octahedral (32) are notably scarce. Moreover, this is the
first octahedral compound bearing a monodentate neutral ligand (32) and the first

example of a polymer bearing the rhomboid dimer and stepped cubane motifs (33).

v The substitution of the phenyl moiety (L.12) for a carborane one (L9 and L10)
resulted in a complete change of the structural motifs of the resulting compounds. Thus,
for L12 a coordination polymer was obtained (30), the structure of which seems to require
the presence of n-m interactions for its formation. Such interactions are not possible for

L9 and L.10, and thus molecular compounds are obtained.

v The photophysical behavior of this family of compounds has been studied. Their
emission covers a wide spectrum, from blue to red. Compound 30 exhibits dual emission

and a large Stokes shift (= 19000 cm™), attributed to a CT to an antibonding LUMO.

v Compounds 31 and 33 exhibit almost identical emission behavior, suggesting that
the emission in 33 is dominated by the Cuzlz core. This is supported by the fact that for
this family of compounds the thomboid dimer core has a notable ®r (65%), whereas the

tetranuclear core in 32B has an extremely poor ®r (5%).
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v TDDFT calculations showed that the emission in 31 is through a *CC state,
showing a notable difference compared to the more studied type I rhomboid dimeric
compounds (Chart 3.5.1), whose emission is attributed to (X+M))LCT. Thus, our studies
suggest that type I and type II rhomboid dimers (Chart 3.5.1) possess different
photophysical behavior, and that of the later can not be explained on the basis of the

former in a general manner.

v For compound 32 TDDFT calculations revealed that its core is completely cleaved
in the excited stated, accounting for the lack of a dual emission, its low ®r and its large
Stokes shift. To the best of our knowledge, it is the first time that such behavior is
reported, and it could be attributed to the presence of a monodentate ligand, whereas in
all other photoluminescence studies of similar structures they bear bidentate ligands.
Therefore, it seems that bidentate ligands may prevent the cleavage of the cluster in the

triplet excited state, whereas the monodentate ligands are not rigid enough to prevent it.
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4. Conclusions

During this PhD work, twelve pyrazole-bearing ligands (L1-L12) have been
employed. Only L12 is a commercial product, the rest have been synthesized. Of them,
six have been reported for the first time in this thesis. They can be classified in two distinct
families: three ligands (LL6-L8) belong to the bispyrazole ether family and three of them
(L9-L11) to the pyrazole-carborane family. The synthesis of the latter has been
particularly challenging, as it has been found that the reaction occurs between several
competing processes. Through the isolation and characterization of the resulting sub-
products, those have been identified and their synthetic pathways have been proposed.
All new ligands have been characterized by analytical and spectroscopic methods,
confirming their obtention. In this way, two of the main objectives proposed for this PhD

(see chapter 2) have been successfully achieved.

The reactivity of N-hydroxyalkylpyrazole ligands HL1-HL3, which feature
methyl, phenyl and 2-pyrydil groups in positions 3- and 5-, respectively, with three
different Cu(Il) salts (CuCl2.2H>O, Cu(NO3)-3H20 and Cu(CH3COO)2-H20) has been
assayed. This resulted in the obtention of nine coordination compounds (1-9), eight of
them reported for the first time. The resulting compounds show a notable structural
variability, as ionic, monomeric, dimeric, and polymeric topologies can be observed.
From their study and the study of the related bibliography, it can be inferred that the
protonation or deprotonation of the alcohol moiety plays a key role in the topology of the
obtained complexes. As such, when the alcohol group is protonated, monomers or ionic
compounds are obtained, whereas when it is deprotonated, dimers are isolated. Moreover,
it has been observed that the inclusion of polydentate auxiliary ligands, such as nitrate,
could result in the obtention of polymeric compounds (as compound 5), whereas the use
of monodentate or chelate ligands prevents the formation of complexes of higher
nuclearity. These observations pave the way for further developments on this field, such
as purposeful synthesis of dimers or monomers via control of the reaction media pH and
the use of different auxiliary ligands to link these dimeric or monomeric units into
polymers. Lastly, the magneto-structural correlation for the dimeric compounds have
been studied. All of them have an antiferromagnetic behaviour, the magnitude of which

has been rationalised according to structural parameters such as Cu-O-Cu angles, Cu-O-
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C torsion angles (1) or the hinge distortion of the plane defined by the Cu(Il) and the

oxygen atoms.

For bispyrazole ether ligands L4 and L5, ten new coordination compounds (10-
19) bearing metal centres such as Co(Il), Cu(Il), Zn(Il), Cd(II) and Hg(II) have been
synthesized. It has been determined that the substituent position is the key factor
governing the topology of the resulting compounds. In this case, the para- substitution
(L4) results in the obtention of exclusively metalacyclic motifs, whereas the ortho-
substitution (L5) results in the obtention of polymeric/dimeric motifs. Regarding this last
ligand, it also displayed different coordination modes depending on the metal, owing to
the different behaviour of the oxygen atoms. Hence, the ligand adopts a NN’-bridging
conformation for Co(Il) a Zn(II) compounds, a NON ’-chelate and bridging conformation
for Cd(II) and Hg(II) and a NOO N -chelate and bridging conformation for Cu(II). Thus,
the objective of proving the coordination versatility of these ligands has been successfully
achieved, as they displayed new conformations and coordination modes when compared
to the previous results. The study of the obtained crystal structures has allowed to
rationalise them based on a set of structural parameters. In particular, it was found that
the angle between the coordinating nitrogen atoms and the centroid of the phenyl rings
(0) was the best suited to describe their behaviour. The comparison of these results with
other reported accounts showed that the 8 parameter can be used in the purposeful design

of pyrazole ligands that favour a certain structural motif.

Regarding this same family of ligands, the reactivity of L6-L8 against Pd(II) has
been assayed. Unfortunately, it has been not possible to elucidate the crystal structures of
the resulting compounds (20-23), and thus the analysis of the effect of the phenyl
substituents in positions 3- and 5- has not been possible. However, the spectroscopical
and analytic analysis has allowed us to provide some structural propositions for them.
Furthermore, it has been observed that while for ligands L6 and L7 only one product is
obtained (most likely a monomer), the reaction with L8 results in the obtention of a
mixture of products, the majoritarian ones being probably a monomer (= 62 % yield) and

a dimer (= 18 % yield).

In this thesis, the first examples of coordination compounds bearing N-
alkylcarborane ligands have been reported. Thus, six complexes (24-29) bearing Pd(1]),
Cu(Il), Zn(II), Cd(II) and Hg(IT) metal centres have been isolated and characterized. It is
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4. Conclusions

worth mentioning that L9 shows notable difficulties when reacting with Cd(II) and
Hg(I), as, in fact, no coordination compounds are obtained, but rather ionic salts. This
fact can be attributed to the electron-withdrawing effect of the carborane moiety, which
results in a lower basicity for the pyrazole ring. The study of their supramolecular network
also revealed that the globular nature of the carborane ligand prevent the formation of

strong molecular interactions, favouring the formation of weak C-H:--H-B interactions.

Lastly, a series of Cul coordination compounds (30-33) were synthesized. Besides
the pyrazole-carborane ligands (L9-L11), a pyrazole-phenyl ligand (L.12), was used as a
benchmark for the observation of the effect of the carborane moieties in the resulting
compounds. The differences between ligands, which are particularly minimal between L9
and L10 (substitution of a -CH3 group (L9) for a -H atom (L10)) had a profound impact
on the resulting compound which showed a notable structural diversity as each one had a
different structural motif. Moreover, some of the resulting morphologies are extremely
rare. For instance, a single-stranded chain polymer, of which there are only three other
reported compounds, an octahedral tetramer bearing a monodentate ligand, of which there
is only one other reported example, and the first polymer simultaneously bearing the
stepped cubane and the rhomboid dimeric core in its structure were obtained. Since some
of the topologies were so rare, studying their photoluminescent behaviour is of great
interest. Thus, their solid-state emission was studied, and the origin of their emissive
properties was rationalized thanks to TDDFT calculations and by comparison with other
published reports. The results were remarkable as it was possible to demonstrate a *CC
origin for the emission of a tri-coordinated rhomboid dimer, while in previous reports this
was usually attributed to a (X+M)LCT by analogy with the more studied tetracoordinated
rhomboid dimers. For the octahedral cluster, it was found that in the excited state the
cluster is cleaved, explaining its large Stokes shift. It is the first time that this behaviour
is observed for such clusters, indicating that more efforts are needed in order to rationalize
their luminescent properties. Overall, a new understanding on some significant aspects of
the luminescence of rare Cu(I) clusters was achieved, and the relationship between their

structure and emissive properties studied.

The results in this thesis have allowed to expand the knowledge in the
coordination behaviour of pyrazole-derived ligands. Besides working with previously
synthesized ligands of the N-hydroxyalkylpyrazole and bispyrazole ether families, the

latter has been expanded with the inclusion of three new ligands. Moreover, this work has
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also resulted in the development of N-alkylpyrazole carboranes, a previously unreported
new set of ligands. These results highlight the versatility of pyrazoles in the field of ligand
design, as the act as a framework upon which different substituent groups can be easily
grafted. Their cyclic nature and different reactive positions (1-, 3-, 4- and 5-) allowed a
great degree of control between the orientations and relative distances of the substituents.
Moreover, in contrast with other aromatic groups such as phenyls, the presence of N-
donors embedded in their structure also allow the pyrazole itself to coordinate to metal
centres. In addition, over thirty coordination compounds have been synthesized, allowing
to study the influence of the different substituents in positions 1-, 3- and 5- on the
structural features of the resulting metal complexes and their properties. Finally, some of
the metal complexes properties have been rationalized based on the complex structure,
which in turn is intrinsically related to the ligands’ substituents and morphology, allowing

to stablish a direct link between these three features.
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e Materials and general details

Anhydrous metal(II) chloride (Metal = copper(Il), zinc(Il), cadmium(Il) and
mercury(Il)), cobalt(Il) chloride hexahydrate (CoCl>-6H20), Copper(Il) chloride
dihydrate (CuCl,-2H>0), copper(Il) nitrate trihydrate (Cu(NO3)2-:3H>0), copper(Il)
acetate monohydrate (Cu(MeCOy)2-H>O), acetylacetone, 2-hydroxyethylhydrazine,
aqueous ammonia 30%, sodium hydride, a,a-dibromo-p-xylene, a-dibromo-o-xylene,
absolute ethanol (EtOH) methanol (MeOH), diethyl ether (Et2O), hexane, chloroform
(CHCI), acetonitrile (CH3CN) and dichloromethane (CH2Clz) were purchased from
Sigma Aldrich and used without further purification. Dry CH3CN was prepared using 3
A activated molecular sieves and kept under dinitrogen atmosphere for 48 h.
Spectroscopic grade acetonitrile (CH3CN) was purchased from ROMIL-SpS and used
without further purification. Deuterated solvents were bought form Eurisotop and used as

received. All other chemicals are commercially available and were used as received.

Powder X-ray patterns (PXRD) were measured using a Siemens D5000 apparatus
(with 40 kW and 45 mA using Cu k, radiation with £ = 1.5406 A), unless otherwise noted.
Patterns were recorded from 20 = 5° to 40° with a step scan of 0.02° counting for 1s at
each step. Elemental analyses (C, H, N) were carried out on a Thermo Scientific Flash
2000 CHNS Analyser. FTIR-ATR spectra were recorded on a high-resolution
spectrometer FT-IR Perkin Elmer spectrum One equipped with a universal attenuated
total reflectance (ATR) accessory with a diamond window in the range of 4000-500 cm”
I 'THNMR, "BNMR, "B{'H} NMR and *C {'H} NMR, HSQC-NMR and DOSY-NMR
spectra were recorded on a NMR-FT Bruker 400 MHz spectrometer using deuterated
chloroform (CDCl3) or acetonitrile (CD3CN) at 298 K. Chemical shifts are reported in
ppm and referenced to the residual solvent peak for 'H and *C {'H} NMR or to BF3-OEt>
as an external standard for ''B and ''B{'H} NMR. Chemical shifts are reported in ppm
and coupling constants in Hertz. Multiplets nomenclature is as follows: s, singlet; d,

doublet; t, triplet; br, broad; m, multiplet.
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5. Experimental Section

5.1 Experimental Section for 3.1

e Materials and general details

Synthetic procedures for L6-L11 were carried out under dinitrogen atmosphere
using standard Schlenk techniques. Tetrahydrofuran (THF) and toluene were purchased
from Carlo Erba reagents S.A. and distilled from Na/Benzophenone prior to use. 3,5-
dimethyl-1-(2-toluene-p-sulfonyloxyethyl)pyrazole and 1-(2-hydroxyethyl)-3,5-
diphenylpyrazole (HL2) were synthesized according to the reported procedures!=.

e Synthetic Procedures

Synthesis of L6-L8

A solution of HL.2 (0.658 g, 2.49 mmol) in dry toluene (15 mL) was slowly added
to a suspension of NaH (0.185 g, 57.7%, 4.45 mmol) in dry toluene (15 mL) and kept
under reflux conditions for 4 h. After that period, a solution of a,a-dibromo-x-xylene (x
= para (L6), meta (L7), ortho (L8)) (0.327 g, 1.24 mmol) in dry toluene (20 mL) was
added dropwise under vigorous stirring. The resulting solution was kept under reflux
conditions for 96 h. After cooling down, 10 mL of distilled water were added dropwise
to destroy excess NaH. The solvents were then evaporated under reduced pressure. The
residue was taken up in water (40 mL) and extracted with CHCl3 (3x20 mL). The organic

layers were dried with anhydrous MgSO4 and evaporated under reduced pressure.

L6. Yield: 48.43% (0.379 g). Elemental analysis calc. (%) for Ci2H3sN4O»
(630.30): C 79.97; H 6.07; N 8.88. Found: C 80.12; H 5.85; N 8.54. M.p.: 20-25 °C.
FTIR-ATR (wavenumber, cm™): 3053(m) [v(C-H)ar], 2923-2856(m) [v(C-H)a], 1604(w),
1547(m) [v(C=C/C=N)a], 1491(w), 1483(m), 1461(s) [6(C=C/C=N)a], 1437(w),
1417(w), 1363(m), 1295(w), 1277(w), 1200(w), 1174(w), 1096 and 1091(s) [v(C-O-C)]
+ [8(C-H)ip], 1050(m), 1025(w), 1008(w), 956(w), 916(w), 876(w), 839(m), 802(m),
758(vs) [8(C-H)oop], 692(vs) [8(C-H)oop], 615(w), 569(w). '"H NMR (CDCls, 400 MHz,
ppm): 0 = 7.84 (m, 4H, Hpp-p--orto), 7.53 (m, 4H, Hpp-p--orto), 7.43 (m, overlapping
signals 10H, Hps-p-), 7.31 (m, 2H, Hpy-p--para), 7.10 (s, 4H, CH,0-Ph-H-OCH>), 6.59 (s,
2H, CH(Pz)), 4.40 (s, 4H, OCH,Ph) 4.34 (t, 4H, °J = 5.61 Hz, Np,CH>CH,0), 3.95 (t, 4H,
3J=5.61 Hz, Np,CH,CH>0). *C{'H} NMR (CDCls, 100.6 MHz, ppm): 6 =151.0, 146.1
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(Pz-C), 137.5 (CH20-Ph-OCH>), 133.6, 130.8 (Ph-Pz), 129.4, 128.7, 127.8 (Cpp-1-p-),
127.6 (CH20-Ph.y-OCHb), 125.8 (Cpp-n.p-meta), 103.5 (CH(Pz)), 73.0 (Ph-CH-0), 69.0
(Np.CH2CH:0), 49.4 (Np,CH>CH>0).

L7. Yield: 56.07% (0.440 g). Elemental analysis calc. (%) for Cs2HzsN4O»
(630.30): C 79.97; H 6.07; N 8.88. Found: C 79.35; H 6.04; N 8.71. M.p.: 20-25 °C.
FTIR-ATR (wavenumber, cm™): 3053(m) [v(C-H)a], 2918-2852(m) [V(C-H)a], 1604(w),
1546(m) [v(C=C/C=N)a], 1483(m), 1461(s) [6(C=C/C=N)y], 1437(m), 1415(w),
1363(m), 1296(w), 1277(w), 1259(w), 1237(w), 1198(w), 1177(w), 1115(w), 1108(s) and
1089(s) [v(C-O-C)] + [8(C-H)ip], 1051(m), 1025(w), 957(m), 915(w), 881(w), 796(m),
759(vs) [8(C-H)oop], 692(vs) [8(C-H)oop], 655(W), 615(w), 580(w), 570(w). 'H NMR
(CDCl3, 400 MHz, ppm): 0 = 7.85 (m, 4H, Hpi-p--orto), 7.52 (m, 4H, Hpp-p--orto), 7.42
(m, overlapping signals 10H, Hpy-p:), 7.32 (m, 2H, Hpp-p--para), 7.19 (m, 1H, CH0-Ph-
H-OCH>), 7.08 (d, 2H, °J = 7.51 Hz ,CH,O-Ph-H-OCH,), 7.03 (s, 1H, CH>O-Ph-H-
OCH>,), 6.58 (s, 2H, CH(Pz)), 4.38 (s, 4H, OCH,Ph) 4.32 (t, 4H, °J = 5.70 Hz,
Np,CH>CH:0), 3.92 (t, 4H, *J = 5.70 Hz, Np,CH,CH:0). *C{'H} NMR (CDCl3, 100.6
MHz, ppm): ¢ = 151.0, 146.1 (Pz-C), 138.3 (CH,0-Ph-OCH>), 133.7, 130.8 (Ph-Pz),
129.4, 128.7 128.6, 128.5, 127.8 (Cph-r-pz), 128.5, 126.8, 126,7 (CH20-Ph.z-OCH>),
125.8 (Cpp-u-p-meta), 103.5 (CH(Pz)), 73.1 (Ph-CH:0), 69.1 (Np,CH2.CH>0), 49.4
(Np.CH>CH20).

L8. Yield: 46.26% (0.362 g). Elemental analysis calc. (%) for Ca2HzsN4O»
(630.30): C 79.97; H 6.07; N 8.88. Found: C 79.69; H 5.97; N 8.72. M.p.: 20-25 °C.
FTIR-ATR (wavenumber, cm™): 3056(m) [v(C-H)a], 2919-2854(m) [v(C-H)a], 1604(w),
1548(m) [v(C=C/C=N)a], 1482(m), 1460(s) [6(C=C/C=N)a], 1438(m), 1415(w),
1354(m), 1296(w), 1276(w), 1235(w), 1215(w), 1185(w), 1115(w), 1090(s) [v(C-O-C)]
+ [8(C-H)ip], 1050(m), 1026(m), 1007(w), 957(m), 914(w), 799(w), 755(vs) [6(C-H)oop],
692(vs) [8(C-H)oop], 616(W), 584(w), 570(w). 'H NMR (CDCls, 400 MHz, ppm): 6 =
7.85 (m, 4H, Hpp-p--orto), 7.47-7.39 (m, overlapping signals 14H, Hpp-p-), 7.31 (m, 2H,
Hpp-p-para), 7.19 (s, 4H, CH20-Ph-H-OCH>), 6.58 (s, 2H, CH(Pz)), 4.36 (s, 4H,
OCH,Ph) 4.27 (t, 4H, J = 5.53 Hz, Np,CH,CH;0), 3.85 (t, 4H, °J = 5.53 Hz,
Np,CH2CH;0). *C{'H} NMR (CDCl;3, 100.6 MHz, ppm): 6= 150.8, 146.9 (Pz-C), 136.2
(CH20-Ph-OCH»), 133.7, 130.8 (Ph-Pz), 129.4, 128.8 128.7, 128.6 (Cph-r-r:), 128.6,
128.5 (CH20-Ph.p-OCHb), 125.7 (Cpp-n-p-meta), 103.5 (CH(Pz)), 70.7 (Ph-CH>0), 69.0
(Np,CH2CH:0), 49.3 (Np,CH>CH>0).
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5. Experimental Section

Synthesis of L9

n-BuLi (2.70 mL, 1.50 M in hexane, 4.05 mmol) was added dropwise to a solution
of 1-methyl-o-carborane (0.834 g, 3.27 mmol) in dry THF (20 mL) under a nitrogen
atmosphere at 0°C (ice/water bath). The solution was stirred for 45 minutes at 0°C and
45 minutes at r.t. resulting in a pale-yellow suspension. Next, a solution of 3,5-dimethyl-
1-(2-toluene-p-sulfonyloxyethyl)pyrazole (1.00 g, 3.74 mmol) in dry THF (20 mL) under
an inert atmosphere was carefully cannulated over the lithiate at 0°C (ice/water bath). The
mixture was stirred overnight under an inert atmosphere, letting it warm naturally to r.t.
After quenching the reaction by using a saturate aqueous solution of NH4ClI (10 mL), the
aqueous phase was extracted using Et>O (3 x 20 mL) and the organic layers were dried
over anhydrous MgSO4. L9 was purified by preparative TLC (eluent = Ethyl Acetate /
Hexane 2:3, Ry=0.47). The product was extracted from the corresponding silica portions
with THF and obtained as white powders on solvent evaporation. Crystals suitable for

SCXRD were obtained via slow evaporation of the latter THF solutions.

L9. Yield: 36 % (0.326 g). Elem. Anal. Calc. for C1oH24B10N2 (280.42): C 42.83,
H 8.63, N 9.99. Found: C 42.59, H 8.33, N 9.69. M.p.: 138-142 °C. ATR-FTIR
(wavenumber, cm™): 3134-3061 (w) [v(C-H)ar], 2978-2858 (w) [V(C-H)a], 2571 (s) [v(B-
H)], 1554 (s) [V(C=C/C=N)a], 1482 (w), 1463 (m) , 1452 (s) [6(C=C)/6(C=N)ar], 1421
(s), 1388 (s), 1372 (w), 1317 (w), 1299 (w), 1278 (m), 1218 (w), 1177 (w), 1161 (w),
1129 (w), 1088 (w), 1024 (s) [6(C-H)ipl, 977 (W), 946 (w), 921 (w), 779 (s) [8(C-H)oop],
726 (s) [8(C-H)oop), 666 (m), 648 (m), 550 (m). '"H NMR (CD3CN, 400.0 MHz): 6 = 5.77
(s, 1H, CH(Pz)), 4.07 (m, 2H, Np,CH>CH>Cocarb, 2J 44’ = -6.0 Hz, *Jup=12.7Hz, *Jup-= 3.4
Hz,Jis=8.8Hz, *J4 5= 11.7Hz), 2.72 (m, 2H, Np,CH2CH>Carb, *Jgs’ = -5.4 Hz, *J4p=
12.7Hz,*J4p>=3.4Hz, *Jo5= 8.8 Hz, *J5-=11.7Hz), 2.19 (s, 3H, CH3(Carb)), 2.08 and
2.07 (s, 6H, CH3(Pz)). ''B NMR (CDCls, 128.6 MHz): 6 = -4.42 (br d, 'Jgn= 157.3 Hz,
1B), -6.18 (br d, 'Jgn= 151, 1B), -8.23 to -11.40, overlapping signals (8B). 'B{'H} NMR
(CD3CN, 128.6 MHz): 6 =-4.4 (brs, 1B), -6.2 (br s, 1B), -8.9 to -10.8, overlapping signals
(8B). PC{'H! NMR (CD;CN, 100.6 MHz): 6 = 148.2 and 140.1 (Pz-C), 106.9 (CH(Pz)),
47.7 (Np.CH2CH2Cearb), 36.1 (Np,CH2CH2Cearb), 23.6 (CH3(Carb)), 13.6 and 11.1
(CH3(Pz)). UV-Vis: (CH3CN, 2.1:107° M) £max (€ M em™)) = 196 nm (1012).

S1. 'H NMR (AcDe, 400.0 MHz): 6 = 2.67 (s, 4H, CcarsCH2CH>Cear), 2.22 (s, 3H,
CHjs(Carb)). "B NMR (AcDg, 128.6 MHz): § = -2.3 to -5.6 overlapping signals (2B), -6.8
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to -10.3, overlapping signals (8B). 'B{!H} NMR (CDCl;s, 128.6 MHz): 6 = -2.96 (br s,
1B), -4.68 (br s, 1B), -7.68 to -9.44, overlapping signals (8B).

S2. See ANNEX I and references sections>.

Synthesis of L10 and L11

A similar procedure as that described above was followed: #-BuLi (4.70 ml, 1.50
M in hexane, 7.05 mmol), o-carborane (0.456 g, 3.16 mmol) in dry THF (20 mL) and 3,5-
dimethyl-1-(2-toluene-p-sulfonyloxyethyl)pyrazole (1.696 g, 6.33 mmol) in dry THF (20
mL) Then, the mixture was quenched using a saturate aqueous solution of NH4ClI (10
mL). The aqueous phase was extracted using CHCl; (3 x 20 mL) and the organic layers
were dried over anhydrous MgSO4. The desired products were purified by preparative
TLC (L10, eluent = Ethyl Acetate / Chloroform 1:4, Ry = 0.76; L11, eluent = Ethyl
Acetate / Hexane 9:1, Ry= 0.68). The products were extracted from the corresponding
silica portions with CHCls; and obtained as white powders on solvent evaporation. The

products were washed with cold Hexane (2 mL) and dried under vacuum.

L10. Yield: 33 % (0.622 g). Elem. Anal. Calc. for CoH22B10N2 (266.39): C 40.58,
H 8.32, N 14.01. Found: C 40.49, H 8.23, N 13.85. M.p.: 172-176 °C. ATR-FTIR
(wavenumber, cm™): 2982-2917 (w) [v(C-H)a], 2561 (s) [v(B-H)], 2551 (s) [v(B-H)],
1555 (s) [V(C=C/C=N)a], 1489 (w), 1466 (m), 1442 (m), 1425 (s) [6(C=C)/6(C=N)ar],
1377 (w), 1372 (m), 1321 (m), 1282 (w), 1218 (w), 1139 (w), 1071 (m), 1024 (s) [o(C-
H)ip], 988 (W), 937 (w), 903 (w), 835 (w), 789 (vs) [6(C-H)oop], 719 (vs) [6(C-H)oop] and
[V(B-B)], 673 (W), 656 (W) , 640 (W), 556 (w), 540 (w). '"H NMR (CDsCN, 400.0 MHz):
0 =5.84 (s, 1H, CH(Pz)), 4.43 (br, 1H, Ccarb-H) 4.06 (m, 2H, Np,CH>CH2Cecarb), 2.75 (m,
2H, Np,CH2CH>Cear), 2.19 (s, 3H, Pz-CH3), 2.10 (s, 3H, Pz-CH;3). ''B NMR (CDsCN,
128.6 MHz) § = -2.75 (br d, Jgn= 155.0, 1B), -5.67 (br d, Jgn= 155.0, 1B), -9.66 (br d,
pn=149.5, 2B), -10.2 to -13.6, overlapping signals (6B). 'B{'H} NMR (CDsCN, 128.6
MHz) ¢ = -2.88 (br s, 1B), -5.75 (br s, 1B), -9.65 (s, 2B), -11.15 to -13.0, overlapping
signals (6B). *C{'H} NMR (CDsCN, 100.6 MHz): § = 147.6, 145.5 (Pz-C), 108.1 (Pz-
CH), 73.0 (Cean-CH2R), 63.7 (Cear-H), 47.3 (Ccatr-CH2CH>Np;), 36.5 (Ccarv-
CH>CH:2Np,), 11.8, 11.2 (CH3(Pz)). UV-Vis: (CH3CN, 6.5-107° M) £max (€ (M 'em™)) =
201 nm (6380).



5. Experimental Section

L11. Yield: 13 % (0.184 g). Elem. Anal. Calc. for Ci16H32B10N4(388.56): C 49.46,
H 8.30, N 14.01. Found: C 49.32, H 8.17, N 13.92. M.p.: 110-115 °C. ATR-FTIR
(wavenumber, cm™): 3128 (W) [V(C-H)a], 2996-2856 (W) [V(C-H)a], 2563 (br, vs) [v(B-
H)], 1552 (s) [V(C=C/C=N)a], 1450 (s), 1416 (s) [0(C=C)/3(C=N)a:], 1383 (s), 1365(s),
1315(s), 1258 (s), 1213 (m), 1173 (w), 1135 (w), 1080 (w), 1062 (w), 1020 (m) [5(C-
H)ip], 981 (m), 980 (m), 788 (vs) [8(C-H)oop], 717 (vs) [6(C-H)oop], 670 (vs) [6(C-H)oop],
632 (m), 534 (m). 'H NMR (CDsCN, 400.0 MHz): § = 5.78 (s, 2H, CH(Pz)), 4.09 (m,
4H, Np,CH>CH>Cearb), 2.79 (m, 4H, Np,CH2CH>Cear), 2.21 (s, 12H, CH3(Pz)). ''B NMR
(CD3CN, 128.6 MHz): 6 = -4.07 (br d, 'Jgn= 149.4, 1B), -9.34 to -11.64, overlapping
signals (8B). ''"B{'H} RMN (CDsCN, 128.6 MHz): § = -4.07 (br s, 2B), -9.8 and -11.3
overlapping signals (8B). 1*C {'H} NMR (CD;CN, 100.6 MHz): 6 =147.3 and 139.3 (Pz-
C), 106.0 (CH(Pz)), 78.0 (Ccarb), 46.6 (Np,CH2CH2Ccarb), 33.9 (Np,CH2CH2Carvy), 12.5
and 10.0 (CH3(Pz)). UV-Vis: (CH3CN, 5.2:10° M) Amax (€ M 'cm™)) = 214 nm (6231).

5.2 Experimental Section for 3.2

e Materials and general details

Reactions and manipulation were carried out in air at room temperature (r.t.)
unless otherwise noted. Ligands HL1, HL2 and HL3 ligand were synthesized as

described in the literature*°.

Conductivity measurements were performed at r.t. in MeOH (1-4-(CH2CL)(H20),
6 and 9), CH3CN (7:(2CH3CN) and 8-H>0) or DMF (5) solutions (= 1-10~ M), using an
EC-Meter BASIC 30 (Crison Instruments) conductometer. The electronic spectra in
MeOH (1-4-(CH2Cl2)(H20), 9), CH3CN (7-(2CH3CN) and 8-H>0O) or DMF (5) solutions
(5.69-10-1.33-10* M) were run on a JASCO V-780 UV-Visible/NIR Spectrophotometer
with a quartz cell having a path length of 1 cm in the range of 500-1100 nm. Simultaneous
TG/DTA determinations were carried out in a Netzsch STA 409 instrument, with an
aluminium oxide (Al,O3) crucible and heating at 5 K-min ! from 298 to 723 K, under a

nitrogen atmosphere with a flow rate of 80 mL-min

. Aluminium oxide powder
(PerkinElmer 0419-0197) was used as a standard. Magnetic measurements from 5 K to

300 K were carried out with a Quantum Design MPMS-5S SQUID spectrometer using a
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100 Oe field. The experimental susceptibilities were corrected for the diamagnetism of

the constituent atoms’ and effects of the capsule container.

e Synthetic Procedures

Synthesis of [CuCl(u-L1)]2 (1) and [CuCI(HL1)3]CI (2)

To a solution of HL.1 (2.60 mmol, 0.365 g) in MeOH (10 mL), a solution of
CuCl2-2H>0 (2.62 mmol, 0.446 g) in MeOH (10 mL) was added dropwise. The resulting
dark green solution was stirred for 48 h at RT. After that period, a dark blue precipitate
appeared (1), which was filtered off and dried under vacuum. The remaining mother
liquors were concentrated until a dark green oil appeared, which after treatment with
Et;0, resulted in dark green solid (2). This solid was filtered off, washed with Et,O and
dried under vacuum. Suitable crystals for X-ray diffraction of compound 1 were obtained
by recrystallization in an acetone:hexane 1:1 mixture for three weeks. Suitable crystals

for X-ray diffraction of 2 were obtained by slow diffusion of hexane to a CHCI3 solution.

1. Yield: 7.4 % (0.046 g). Elem. Anal. Calc. for Ci4H2ClCu:N4sO2 (476.33
g/mol): C 35.30; H 4.65; N 11.76. Found: C 35.22; H 4.58; N 11.57 %. Conductivity ("
L-em?mol! 1.4:10° M in MeOH): 20. FTIR-ATR (wavenumber, cm™): 3012(w) [v(C-
H)ar], 2924-2873(w) [V(C-H)at], 1548(m) [v(C=C/C=N)]ar, 1469(m), 1421(m), 1389(m)
[0(C=C/C=N)lar, 1326(w), 1301(m), 1227(w), 1158 (m), 1140(w), 1082(m), 1058(s)
[8(C-H)ip], 995(w), 895(s) [6(C-H)oop], 775(s) [06(C-H)oop], 626(s) [6(C-H)oop]. UV-Vis:
(MeOH, 1.09-107 M) &max (e(M'em™)) = 696 nm (59).

2. Yield: 76.8 % (0.414 g). Elem. Anal. Calc. for Ci4H24C1,CuN4O; (414.81
g/mol): C 40.54; H 5.83; N 13.51. Found: C 40.48; H 5.80; N 13.30 %. Conductivity ("
Lem?mol! 9.9:10° M in MeOH): 94. FTIR-ATR (wavenumber, cm™): 3123(br)-
3089(br) [v(OH)], 2940-2627(w) [V(C-H)a], 1551(m) [v(C=C/C=N)lar, 1468(m),
1421(m), 1395(m) [§(C=C/C=N)]ar, 1329(w), 1306(m), 1261(w), 1225(w), 1158 (w),
1141(w), 1079(m), 1063(s), 1044(s) [6(C-H)ip], 875(s) [8(C-H)oop], 834(m), 805(s) [6(C-
H)oop], 691(s) [8(C-H)oop]. UV-Vis: (MeOH, 1.04-107 M) £max (e(M'cm™)) = 840 nm
(46).
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Synthesis of {{CuCl(u-L2)]><(HL2) (3-HL2)

To a solution of HL2 (1.01 mmol, 0.266 g) in MeOH (15 mL), a solution of
CuClz-2H20 (1.00 mmol, 0.171 g) in MeOH (10 mL) was added dropwise. The resulting
dark green solution was stirred for 48 h at RT. After that period, the solution was
concentrated up to 5 mL and left overnight on the fridge, which resulted in the formation
of a dark green solid. This solid was filtered off, washed with cold Et2O (5 mL) and dried
under vacuum. Suitable crystals for X-ray diffraction of compound 3 were obtained by

recrystallization in MeOH for six days.

3-HL2. Yield: 27.9 % (0.090 g). Elem. Anal. Calc. for CgsH76ClsCusN2Os
(1713.56 g/mol): C 59.32; H 4.19; N 8.12. Found: C 59.22; H 4.08; N 7.95 %.
Conductivity (Q!-cm?-mol” 1.06-10% M in MeOH): 57. FTIR-ATR (wavenumber, cm™
D: 3331(br) [v(O-H)], 3056(w) [v(C-H)ar], 2941-2851(w) [W(C-H)a], 1576(m)
[V(C=C/C=N)]Jar, 1551(m) [v(C=C/C=N)]ar, 1469(m), 1464(m) [6(C=C/C=N)]ar, 1451(m)
[0(C=C/C=N)]ar, 1374(m), 1298(m), 1278(m), 1235(w), 1202(w), 1160 (w), 1102(w),
1073(m) [8(C-H)ip], 1016(m) [6(C-H)ip], 965(w), 922(w), 879(w), 809(w), 761(vs) [6(C-
H)oop], 695(vs) [(C-H)oop], 614(W), 580(W), 519(w). UV-Vis: (MeOH, 8.92-10* M) £max
(eM"'em™)) = 769 nm (66).

Synthesis of [CuCl>x(HL3)](CH:Cl»)(H:0) (4-(CH:Cl;)(H:0)

To a solution of HL3 (0.635 mmol, 0.169 g) in MeOH (10 mL), a solution of
CuCl2-2H>0 (0.635 mmol, 0.285 g) in MeOH (20 mL) was added dropwise. The resulting
dark green solution was stirred for 48 h at RT. After that period, a green precipitate
appeared, which was filtered off and dried under vacuum. Suitable crystals for X-ray
diffraction of compound 4 were obtained by recrystallization in CH2Cl> for two weeks.
Although the molecular formula of 4:(CH2Clz)(H20) has been stablished after resolution
of its crystal structure by single crystal X-ray diffraction, this compound loses solvent
molecules after being removed from solution. For this reason, we found that the
manipulation required to prepare the sample for EA unavoidably leads to the loss of
CH2Cl> solvent molecules. Thus, EA results were adjusted considering a 4-H>O

molecular relation.

4-H:0. Yield: 72.2 % (0.231 g). Elem. Anal. Calc. for C14H12Cl,CuN4O> (406.75
g/mol): C 41.34; H 3.96; N 13.77. Found: C 41.27; H 4.08; N 13.49 %. Conductivity (€
L-em?mol! 1.3:10° M in MeOH): 14. FTIR-ATR (wavenumber, cm™): 3532(br) [v(O-
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H)J, 3246(br) [v(O-H)], 3113(m)-3032(m) [v(C-H)ul, 2969(w)-2932(w) [v(C-H)al,
1609(m) [V(C=C/C=N)]ar, 1586(m) [V(C=C/C=N)Jas, 1567(m) [v(C=C/C=N)1as, 1466(w),
1442(m) [8(C=C/C=N)]ar, 1438(s) [S(C=C/C=N)]a 1380(m), 1351(m), 1314(w),
1286(m), 1252(w), 1229(w), 1161 (m), 1043(s) [3(C-H);p], 1013(m), 978(m), 880(w),
848(m), 826(m), 795(m), 781(s) [3(C-H)oop], 741(w), 738(m), 685(m), 659(w), 626(m).
UV-Vis: (MeOH, 1.32:10° M) £max (e(M'em™)) = 769 nm (68).

Synthesis of {{Cu(u-NO3)(u-L1)] 23 (5) and [Cu(NO3)(HL1);JNOs (6)

To a solution of HL1 (2.01 mmol, 0.280 g) in MeOH (10 mL), a solution of
Cu(NO3)2-3H20 (2.02 mmol, 0.481 g) in MeOH (10 mL) was added dropwise, resulting
in a green solution which was stirred for 12 h. under reflux conditions. Upon cooling, a
light blue powder (5) appeared, which was filtered off, washed twice with cold Et,O and
dried under vacuum. The filtrate was concentrated under vacuum until a green oil was
obtained. After the addition of 5 mL of EtO, a green powder precipitated (6). Suitable
crystals for X-ray diffraction of 5 were obtained by recrystallization in CH3CN for three
weeks. Suitable crystals for X-ray diffraction of 6 were obtained by recrystallization in

MeOH for one month.

5. Yield: 71.4 % (0.380 g). Elem. Anal. Calc. for C14H22Cu2NsOs (529.46 g/mol):
C 31.76; H 4.19; N 24.17. Found: C 31.88; H 4.17; N 23.98 %. Conductivity (-
Lem?mol! 1.1:10° M in DMF): 36. FTIR-ATR (wavenumber, cm™): 2972-2865(w)
[V(C-H)al], 1750(w)-1732(w) [vi+v4(NO3)], 1549(s) [V(C=C/(C=N)ar], 1495(w), 1454(s)
[V(INO3)], 1403(m) [0(C=C/C=N)ar], 1373(w), 1351(w), 1304(w), 1268(s) [V(NO3)],
1229(w), 1156(w), 1140(m), 1081(w), 1066(s) [6(C-H)ip], 1022(m), 997(m), 971(w),
894(m) [8(C-H)oop], 790(w), 777(m) [8(C-H)oop], 749(W), 632(m), 602(m), 599(m). UV-
Vis: (DMF, 1.17:10% M) &max (e(M'cm™)) = 681 nm (112).

6. Yield: 4.2 % (0.020 g). Elem. Anal. Calc. for Ci14H24CuN¢Os (467.9 g/mol): C
35.94; H5.17; N 17.96. Found: C 35.71; H 4.98; N 17.69 %. Conductivity (Q!-cm?-mol
1'1.2:10° M in MeOH): 111. FTIR-ATR (wavenumber, cm™): 3191(br)-3149(br)
[V(OH)], 2858-2651(w) [V(C-H)a], 1770(w)-1718(w) [vi+v4(NO3)], 1555(s)
[V(C=C/C=N)ar], 1500(w), 1442(s) [v(N-O3)], 1403(s) [6(C=C/C=N)ar], 1350(m), 1280(s)
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[V(N-03)], 1155(w), 1142(w), 1086(w), 1056(w), 1042(w), 1019(m) [3(C-H)ip], 993(w),
963(W), 881(m) [3(C-H)oop], 810(m) [5(C-H)oop], 781(m) [8(C-H)oop], 646(w).

Synthesis of Cu(NO3)(3,5-DPP)(u-L2)[::2(CH3CN) (3:2CH;3CN, 3,5-DPP = 3,5-
diphenylpyrazole)

To a solution of HL2 (1.69 mmol, 0.474 g) in MeOH (20 mL), a solution of
Cu(NO3)2:3H20 (1.79 mmol, 0.432 g) in MeOH (20 mL) was added dropwise. The
resulting dark green solution was stirred for 48h at r.t. After that period, the solution was
concentrated up to 5 mL, and left standing to evaporate for four days. Then, the green
precipitate was filtered off, washed with 5 mL of cold Et2O and dried under vacuum.
Recrystallization of this solid in CH3CN for two weeks yielded suitable crystals for X-

ray diffraction.

7-(2CH3CN). Yield: 89.55 % (0.492 g). Elem. anal. Calc. for CssHsoCu2N1203
(1300.36 g/mol): C 62.81; H 4.65; N 12.93. Found: C 62.59; H 4.36; N 12.78%.
Conductivity (Q'-cm?mol™! 5.69-10* M in CH3;CN): 44. FTIR-ATR (wavenumber, cm’
D: 3122(w) [V(N-H)], 3061(w) [v(C-H)ar], 2915(w)-2863(w) [v(C-H)a], 2254(m)
[V(CN)], 1750-1741(w) [vi + v4 (NO3)] 1577(s) [V(C=/=N)lar, 1557(s) [V(C=/=N)]ar,
1551(s) [V(C=/=N)]ar, 1478(m), 1464(m) [6(C=C/C=N)]ar, 1441(m), 1389(vs) [V(NO3)],
1300(vs) [V(NOs], 1233(w), 1204(w), 1161(m), 1104(m), 1076(s) [6(C-H)ip], 1038(m),
1028(m), 1016(m), 990(m), 986(m), 968(w), 954(w), 910(m), 843(w), 811(w), 758(vs)
[8(C-H)oop], 705(w), 689(vs) [6(C-H)oop], 669 (m), 648(w), 579(m). UV-Vis: (CH3CN,
5.69:107* M) Amax (e(Mlem™)) = 728 (154)

Synthesis of [Cu(H:0)(3,5-DPyP)][>(NO3):+(H:0) (8-H:0), 3,5-DPyP = 3,5-di(2-
pyridyl)pyrazole)

To a solution of HL.3 (0.368 mmol, 0.098 g) in MeOH (20 mL), a solution of
Cu(NOs3)2:-3H20 (0.389 mmol, 0.094 g) in MeOH (20 mL) was added dropwise. The
resulting dark green solution was stirred for 48h at r.t. After that period, the solution was
concentrated up to 5 mL, and left in the fridge for two days. Then, the green precipitate

was filtered off, washed with 5 mL of cold Et;O and dried under vacuum.
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Recrystallization of this solid in a CH3CN:CHCl3 mixture (3:1 ratio) for one month

yielded suitable crystals for X-ray diffraction.

8-H:O0. Yield: 71.24 % (0.098 g). Elem. anal. Calc. for C26H24Cu2N1009 (747.63
g/mol): C 41.77; H 3.24; N 18.74. Found: C 41.62; H 3.30; N 18.53%. Conductivity ("
Lem?mol”! 6.95-10* M in CH3CN): 219. FTIR-ATR (wavenumber, cm™): 3301(br)
[V(OH)], 3099(w)-2952(w) [V(C-H)artv(C-H)a], 1749(w) [vi + va (NO3)], 1614(s)
[V(C=/=N)Jar, 1588(s) [V(C=/=N)lar, 1569(s) [V(C=/=N)lar, 1472(m), 1461(m)
[0(C=C/C=N)]ar, 1435(s) [v(NO3)], 1406(m), 1361(m), 1271(vs) [v(NOs3], 1158(m),
1053(w), 1046(m), 1036(s) [6(C-H)ip], 1017(m), 993(m),980(w), 955(m), 891(w),
870(m), 840(w), 820(m), 799(m), 781(vs) [d(C-H)oop], 750(s) [8(C-H)oop], 716(m),
984(m), 656(m), 648(m), 626(m), 596(m). UV-Vis: (CH3CN, 6.95-10* M) £max (e(M'cm’
1)) =709 nm (119)

Synthesis of [Cu(MeCO2)(u-L1)]6H:0 (9-6H>0)

To a solution of HL.1 (2.410 mmol, 0.338 g) in MeOH (20 mL), a solution of
Cu(MeCO2)2-H20 (2.40 mmol, 0.481 g) in MeOH (25 mL) was added dropwise. In
addition, 0.1 ml of aqueous ammonia 30% were added to the previous solution. The
resulting blue solution was stirred for 48h at r.t. After that period, the solution was
concentrated up to 5 mL, and 20 mL of Et;0O were added. After 20 minutes, a blue
precipitate appeared. The resulting solution was kept overnight on the fridge. Then, the
blue precipitate was filtered off, washed with 5 mL of cold Et:O and dried under vacuum
(9). Recrystallization of this solid in MeOH for 36h yielded suitable crystals for X-ray
diffraction of molecular formula [Cu(MeCO.)(u-L1)]2-6H20 (9:6H20). Although the
molecular formula of 9 has been stablished after resolution of its crystal structure by
single crystal X-ray diffraction, this compound loses solvent molecules after being
removed from solution. For this reason, we found that the manipulation required to
prepare the sample for EA unavoidably leads to the loss of two water solvent molecules.

Thus, EA results were adjusted considering a 9-4H>O molecular relation.

9-4H>0. Yield: 44.7 % (0.281 g). Elem. anal. Calc. for Ci1gH36Cu2N4Og (595.59
g/mol): C 36.29; H 6.09; N 9.40. Found: C 36.14; H 6.16; N 9.13%. Conductivity (£
L.em?mol! 9.6:10° M in MeOH): 28. FTIR-ATR (wavenumber, cm™): 3473(br)
[Vv(OH)], 3368(br) [v(OH)], 3269(br) [v(OH)], 2967(w)-2825(w) [V(C-H)a], 1585(s)
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[W(C=C/C=N)l.r, 1547(s) [W(COO)ss], 1470(w), 1417(s) [v(COO)s, 1389(s)
[8(C=C/C=N)]ar, 1328(m), 1303(m), 1228(m), 1154(w), 1138(w), 1086(s) [(C-H)ip],
1069(m), 967(w), 924(w), 894(s), 782(s) [6(C-H)oop], 679(s) [8(C-H)oop], 625(s), 579(s).
UV-Vis: (MeOH, 9.93-10%* M) &max (e(M-lem™)) = 670 nm (113).

5.3 Experimental Section for 3.3

e Materials and general details

All reactions and manipulations were carried out in air. Ligands L4, L5
and [Pd(CH3CN),Cl,] were synthesised as described in the literature.®!° The electronic
spectra were run on a Varian Cary 500 spectrophotometer, using spectroscopic grade
CH;CN, in a normal quartz cell having a path length of 10 mm in the range of 200-800
nm, with concentrations between 1.05-10%-1.34:10% M at room temperature (r.t.) for
compounds 10-12 and 15-17. Electronic spectra in acetone (13), CH2Cl> (18) and MeOH
(14 and 19) solutions (~1.1-10° M) were run on a JASCO UV-Visible/NIR
Spectrophotometer with a quartz cell having a path length of 1 cm in the range of 500-
1000 nm. The fluorescence emission and excitation spectra were recorded in a Varian
Cary Eclipse Fluorescence Spectrometer at r.t., equipped with a quartz cell having a path
length of 10 mm. The samples were excited at 260 nm and the emission was recorded in
the range of 270-600 nm in spectroscopic grade CH3CN (4.87-10* M for L4, 5.02-10* M
for L5 and 1.21-10%-1.38-10* M for 10-12 and 15-17). The dilution effects of the

obtained data were corrected using Origin Pro 8 software.

e Synthetic Procedures

Synthesis of the complexes [M(L4)Clz]: [M = Zn(Il) (10), Cd(Il) (11), Hg(1l)
(12), Cu(Il) (14)] and [Co(L4)Clz]>:1/2H0 (13)

An absolute EtOH (20 mL) solution of MCl> (M = Zn(II), 0.690 mmol: 0.094 g
(10); M = Cd(II), 0.127 g (11); M = Hg(Il), 0.187 g (12), M = Cu(Il), 0.093g) or
CoCl2-6(H20) (0.165 g, 0.692 mmol (13)), was added dropwise to a solution of L4 (0.692
mmol, 0.265 g,) in absolute EtOH (20 mL). The resulting solutions were stirred for 48 h



at r.t. (10-12, 14) or under reflux conditions (13) After that period, the solutions were
concentrated under vacuum up to 10 mL and left to evaporate until solids precipitated.
The resulting solids were filtered off, washed with 5 mL of cold Et,O and dried under
vacuum. Suitable crystals for X-ray diffraction were obtained by letting an EtOH solution
of the powder crystallize at r.t. for sixteen (10), nineteen (11) or twenty (12) days or via

recrystallization in a CHCl3:MeOH:Acetone mixture in a 1:1:1 ratio (13).

10. Yield: 74.1% (0.265 g). Elemental analysis calc. (%) for C44Hes0Zn2Cl4sNgO4
(1037.54): C 50.93; H 5.83; N 10.80. Found: C 50.74; H 5.85; N 10.71. FTIR-ATR
(wavenumber, cm™): 2935-2853(m) [v(C-H)ai], 1551(s) [V(C=C)ar/V(C=N)ar], 1479(w),
1457(w), 1455(m), 1424(m) [0(C=C)ar/0(C=N)ar], 1375(w), 1371(w), 1345(m), 1306(m),
1266(w), 1254(w), 1209(m), 1099(s) [v(C-O-C)], 1067(m), 1033(s) [6(C-H)ip], 873 (W),
843(m), 816(s) [8(C-H)oopl, 772(s) [8(C-H)oop], 650(w), 631(s). '"H NMR (CDCls, 400
MHz, ppm): 0 = 7.26 (overlapped with CDCls, br, 4H, Ph), 5.97 (s, 2H, CH(Pz)), 4.72
(br, 4H, OCH,Ph), 4.53 (s, 4H, Np,CH>CH20), 3.84 (br, 4H, Np.CH>.CH>0), 2.34 (s, 6H,
CH3(Pz)), 2.29 (s, 6H, CH3(Pz)). *C{'H} NMR (CDCls, 100.6 MHz, ppm): J = 150.4,
143.5 (Pz-C), 136.3 (Ph-CH20), 128.8 (Ph-H), 107.1 (CH(Pz)), 73.8 (Ph-CH:0), 69.2
(Np,CH2CH-0), 47.8 (Np,CH>CH>0), 13.4, 11.6 (CH3(Pz)). UV-Vis: (CH3CN, 1.07-10*
M) Lmax (¢ Mlem™)) = 221 nm (8.4-10%), 277 (shoulder, 1.6-:10%). Fluorescence
(CH3CN): £Aex =260 nm, Aem = 283 nm.

11. Yield: 73.6% (0.287 g). Elemental analysis calc. (%) for C44HgoCd2CI14sNgO4
(1131.60): C 46.70; H 5.34; N 9.90. Found: C 46.55; H 5.20; N 9.60. FTIR-ATR
(wavenumber, cm): 3188(w) [V(C-H)a], 2951-2851(s) [V(C-H)a], 1547(s)
[V(C=C)ar/V(C=N)ar], 1496(w), 1465(s), 1440(w), 1423(s) [6(C=C)ar/0(C=N)ar], 1397 (W),
1387(w), 1376(m), 1373(m), 1357(w), 1307(m), 1267(w), 1254(w), 1207(m), 1162(w),
1112(m), 1105(s) [v(C-O-C)], 1065(m), 1043(m) [6(C-H);p], 1013(m), 982(w), 870(m),
836(m), 816(s) [8(C-H)oop], 762(s) [§(C-H)oop), 649(W), 628(m). '"H NMR (CDCl3, 400
MHz, ppm): 6 = 7.16 (s, 4H, Ph), 5.79 (s, 2H, CH(Pz)), 4.47 (s, 4H, OCH,Ph), 4.17 (4,
4H, 3J = 5.8 Hz, Np,CH>CH0), 3.78 (t, 4H, °J = 5.7 Hz, Np,CH2CH-0), 2.24 (s, 6H,
CH;(Pz)), 2.22 (s, 6H, CH3(Pz)). *C{'H} NMR (CDCls, 100.6 MHz, ppm): 6 = 147.8,
140.3 (Pz-C), 137.6 (Ph-CH20), 127.7 (Ph-H), 106.1 (CH(Pz)), 73.1 (Ph-CH:0), 69.4
(Np,CH,CH-0), 48.7 (Np,CH>CH0), 13.7, 11.4 (CH3(Pz)). UV-Vis: (CH3CN, 1.17-10"
M) Lmax (¢ M'em™)) = 230 nm (7.5-:10%), 277 (shoulder, 7.1-10°). Fluorescence
(CH3CN): Aex =260 nm, £em = 282 nm.
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12. Yield: 61.7% (0.275 g). Elemental analysis calc. (%) for C44HeoHg2Cl4sNgO4
(1307.98): C 40.40; H 4.62; N 8.57. Found: C 40.27; H 4.54; N 8.30. FTIR-ATR
(wavenumber, cm™): 3117(w) [W(C-H)a], 2959-2861(s) [V(C-H)a], 1547(s)
[V(C=C)ar/V(C=N)ar], 1494(w), 1463(m), 1423(m) [6(C=C)a/O(C=N)a], 1387(w),
1376(m), 1347(w), 1307(m), 1266(m), 1207(m), 1122(s), 1105(s) [v(C-O-C)], 1065(m),
1040(m) [d(C-H)ip], 1014(m), 870(w), 821(m), 816(s) [8(C-H)oop], 763(W), 630(m),
533(m). 'H NMR (CDCls, 400 MHz, ppm): 6 = 7.15 (s, 4H, Ph), 5.90 (s, 2H, CH(Pz)),
4.47 (s, 4H, OCH-Ph), 4.33 (t, 4H, *J = 5.26 Hz, Np,CH-CH,0), 3.79 (t, 4H, *J = 5.33
Hz, Np,CH,CH0), 2.31 (s, 6H, CH3(Pz)), 2.27 (s, 6H, CH3(Pz)). *C{'H} NMR (CDCl;,
100.6 MHz, ppm): ¢ = 147.7, 141.2 (Pz-C), 137.3 (Ph-CH20), 128.1 (Ph-H), 107.0
(CH(Pz)), 73.1 (Ph-CH:0), 68.8 (Np.CH.CH:0), 48.7 (Np.CH.CH20), 13.3, 11.4
(CH3(Pz)). UV-Vis: (CH3CN, 1.05:10% M) Amax (¢ Mlem™)) = 275 (2.3-10°).
Fluorescence (CH3CN): £ex =260 nm, £em = 286 nm.

13. Yield: 69.3 % (0.248 g) Elem anal. Calc. for CsgHi22CIsN1609Co4 (2067.33):
C 51.13, H 5.95, N 10.84. Found: C 50.98, H 5.87, N 10.76. FTIR-ATR (wavenumber,
cm): 3385(br) [V(O-H)], 2963(w)-2867(w) [W(C-H)al, 1550(s) [v(C=C/C=N)las
1466(m), 1446(m) 1427(m) 1420(s) [5(C=C/C=N)]u, 1373(s), 1308(m), 1265(w),
1252(w), 1208(m), 1164(w), 1117(s) and 1105(vs) [v(C-O-C], 1066(s) [8(C-H)i],
1045(s), 872(w), 839(w), 815(s) [8(C-H)oop, 762(5) [6(C-H)oop], 632(m), 533(w). UV-
Vis (Acetone, 9.44-107* M) £max (e(M'em™)) = 664 nm (403), 585 nm (shoulder, 303).

14. Yield: 60.3 % (0.215 g). Elem. Anal. Calc. for C44HeoCl4aNgO4Cuz (1033.90):
C 51.11, H 5.85, N 10.84. Found: C 51.18, H 5.76, N 10.61. FTIR-ATR (wavenumber,
em™): 2915(w)-2873(w) [V(C-H)a], 1555(s) [V(C=C/(C=N)lar,, 1495(w), 1467(m),
1421(m) [8(C=C), d(C=N)]ar, 1395(s), 1353(s), 1306(m), 1258(m), 1219(m), 1215(w),
1091(s) [v(C-O-C], 1065(s) [6(C-H)ip], 1058(s) [6(C-H)ip], 1014(s), 988(m), 871(m),
835(s) [0(C-H)oop], 786(s) [8(C-H)oopl, 756(s) [6(C-H)oop], 624(m), 592(w), 524(m). UV-
Vis (MeOH, 1,12:103 M) £max (e(M'em™)) = 875 nm (78).
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Synthesis of {[M(L5)CL]-1/2H;0}, [M = Zn(l) (15), Co(ll) (18) and
{[M(L5)ClJ-1/2EtOH}, [M = Cd(Il) (16), Hg(II) (17)]

An absolute EtOH (20 mL) solution of MCl» (0.934 mmol: 0.127g (15); 0.171 g
(16); 0.254 g (17)) or CoCl2-6(H20) (0.518 mmol, 0.222 g (18)) was added dropwise to
a solution of L5 (0.357 g, 0.934 mmol) in absolute EtOH (20 mL). The resulting solutions
were stirred for 48 h. at RT (15-17) or under reflux conditions (18). During this time, the
solution for 18 shifted from a deep violet colour to a light blue. After that period, the
solutions were concentrated up to 10 ml and left to evaporate until precipitates appeared,
which were filtered off, washed with 5 mL of cold Et;O and dried under vacuum. Suitable
crystals for X-ray diffraction were obtained by letting an EtOH solution of the white
powder crystallize at r.t. for twelve (15), twenty-five (16) or eleven days in the fridge for
17 or by layering a CH>Cl, solution of 18 with hexane and leaving it in the fridge at 4°C

for one month.

15. Yield: 92.9% (0.458 g). Elemental analysis calc. (%) for C44He2Zn2C1l4NgOs
(1055.55): C 50.06; H 5.92; N 10.62. Found: C 49.96; H 5.64; N 10.33. FTIR-ATR
(wavenumber, cm™): 3600-3200(br) [v(O-H], 3125(w) [v(C-H)ar], 2954-2855(s) [v(C-
H)a], 1554(m) [V(C=C)ar/V(C=N)a], 1470(w), 1440(m), 1420(m) [0(C=C)ar/0(C=N)a],
1385(w), 1374(m), 1353(m), 1314(w), 1286(w), 1261(w), 1220(w), 1218(w), 1189(w),
1168(w), 1148(w), 1124(s), 1105(s) [v(C-O-C)], 1065(m), 1050(s) [6(C-H)ip], 1014(W),
876(w), 816(m), 786(s) [8(C-H)oop], 758(s) [6(C-H)oop], 656(m), 634(m). 'H NMR
(CDCl3, 400 MHz, ppm): 6 = 7.25 (s, 4H, Ph), 5.95 (s, 2H, CH(Pz)), 4.67 (t,4H,*J=5.6
Hz, Np,CH>CH;0), 4.40 (s, 4H, OCH>Ph), 3.84 (br, 4H, Np,CH.CH:0), 2.32 (s, 6H,
CH;(Pz)), 2.25 (s, 6H, CH3(Pz)). *C{'H} NMR (CDCls, 100.6 MHz, ppm): & = 150.1,
144.0 (Pz-C), 136.1 (Ph-CH20), 128.2, 128.1 (Ph-H), 107.4 (CH(Pz)), 69.9 (Ph-CH-0),
68.7 (Np.CH2CH>0), 48.5 (Np.CH:CH20), 13.7, 11.7 (CH3(Pz)). UV-Vis: (CH3;CN,
1.26-10*M) Lmax (¢(M'em™)) =218 nm (1.84-10%), 251(shoulder, 1.7-10%). Fluorescence
(CH3CN): Aex =260 nm, Aem = 286 nm.

16. Yield: 88.3% (0.486 g). Elemental analysis calc. (%) for C23H33CdC12N4O2 5
(588.83): C 46.91; H 5.65; N 9.52. Found: C 46.87; H 5.61; N 9.22. FTIR-ATR
(wavenumber, cm™): 3496(br) [v(O-H)], 2965-2866(m) [v(C-H)a], 1550(s)
[V(C=C)ar/V(C=N)ar], 1468(w), 1447(m) [6(C=C)ar/d(C=N)ar], 1422(m)
[0(C=C)ar/0(C=N)ar], 1374(s), 1356(w), 1315(w), 1300(w), 1281(w), 1256(w), 1209(w),
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1184(w), 1123(s), 1101(s) [v(C-O-C)], 1069(m), 1036(s) [6(C-H)ip], 1019(m), 993(w),
838(w), 811(w), 791(m) [8(C-H)oop], 751(s) [§(C-H)oop], 631(m). "H NMR (CDCls, 400
MHz, ppm): 6 = 7.22 (m, 4H, Ph), 5.85 (s, 2H, CH(Pz)), 4.40 (s, 4H, OCH,Ph), 4.32 (br,
4H, Np,CH>CH,0), 3.75 (t, 4H, 3J = 5.6 Hz, Np,CH.CH-0), 2.32 (s, 6H, CH3(Pz)), 2.23
(s, 6H, CH;3(Pz)). *C{'H} NMR (CDCls, 100.6 MHz, ppm): 6 = 148.6, 148.2 (Pz-C),
136.2 (Ph-CH,0), 128.8, 128.0 (Ph-H), 105.6 (CH(Pz)), 71.8 (Ph-CH-0), 69.3
(Np,CH.CH;0), 48.6 (Np,CH>CH>0), 13.6, 11.4 (CH;3(Pz)). UV-Vis: (CH3CN, 1.05-10*
M) Lmax (¢ (M em™)) = 219 nm (1.52-10%). Fluorescence (CH3CN): Kex =260 nm, £em =
286 nm.

17. Yield: 24.5% (0.155 g). Elemental analysis calc. (%) for C23H33HgCl2N4O2 5
(677.02): C 40.80; H 4.98; N 8.27. Found: C 40.70; H 4.76; N 8.05. FTIR-ATR
(wavenumber, cm™): 3515(br) [v(O-H)], 2925-2863(m) [v(C-H)a], 1550(s)
[V(C=C)ar/V(C=N)ar], 1489(w), 1469(w), 1442(s), 1420(m) [(C=C)ar/O(C=N)ar], 1375(s),
1356(m), 1281(m), 1255(w), 1216(w), 1209(w), 1184(w), 1123(s), 1101(s) [v(C-O-C)],
1068(m), 1027(s) [6(C-H)ip], 1022(m), 984(w), 874(w), 843(w), 805(m) [3(C-H)oop],
752(s) [8(C-H)oop], 658(W), 631(m). '"H NMR (CDCls, 400 MHz, ppm): § = 7.24 (m, 4H,
Ph), 5.86 (s, 2H, CH(Pz)), 4.46 (s, 4H, OCH,Ph), 4.33 (t, 4H, °J = 5.3 Hz, Np,CH>CH,0),
3.71 (t, 4H, *J = 5.4 Hz, Np,CH,CH-0), 2.29 (s, 6H, CH3(Pz)), 2.20 (s, 6H, CH3(Pz)).
BC{'H} NMR (CDCls, 100.6 MHz, ppm): 6 = 142.4, 141.5 (Pz-C), 136.0 (Ph-CH>0),
129.3, 128.3 (Ph-H), 106.2 (CH(Pz)), 71.3 (Ph-CH>0), 69.3 (Np,CH2CH:0), 48.4
(Np,CH>CH,0), 13.6, 11.5 (CH3(Pz)). UV-Vis: (CH3CN, 1.34:10* M) Amax («(M'cm™))
=219 nm (1.66-10%). Fluorescence (CH3CN): £ex =260 nm, Kem = 286 nm.

18. Yield: 41.8 % (0.407 g) Elem anal. Calc. for C44Hs2Cl4NgOsCo2 (1042.67): C
50.68,H 5.99, H 10.75. Found: C 50.75, H 5.78, N 10.43. FTIR-ATR (wavenumber, cm
1): 3370(br) [v(O-H)], 2963(w)-2869(w) [V(C-H)ai], 1552(s) [V(C=C/C=N)]ar, 1466(m),
1440(m) [0(C=C/C=N)]ar, 1420(m), 1371(m), 1352(s), 1311(w), 1263(w), 1218(m),
1186(m), 1124(m), 1100(s) and 1094(vs) [o(C-H)ip] + [V(C-O-C], 1066(s), 1048(s),
876(w), 813(w), 790(s) [6(C-H)oop], 760(vs) [6(C-H)oop], 637(W), 524(w). UV-Vis
(CH2Cla, 1.06:107 M) £max (e(M'em™)) = 651 nm (360), 587 nm (shoulder, 231).
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Synthesis of [Cuz(L5)Cly] (19)

A solution of anhydrous CuCl, (0.427 g, 3.17 mmol) in absolute EtOH (40 ml)
was added to a solution of L5 (1.216 g, 3.18 mmol) in absolute EtOH (40 ml). A green
precipitate appeared immediately. The solution was left to stir for 4 hours. After that
period, the green precipitate was filtered off, washed with 5 ml of cold Et;O and dried

under air.

Suitable crystals for SCRXD for 19 were obtained via recrystallization in EtOH

for one month.

19. Yield: 71.6 % (0.749 g). Elem. Anal. Calc. for C22H30Cl4sN4O2Cuz (651.40): C
40.56, H 4.64, N 8.60. Found: C 40.30, H 4.74, N 8.35. FTIR-ATR (wavenumber, cm™):
2939(w)-2872(w)  [v(C-H)al], 1555(s) [v(C=C/C=N)lar, 1472(m), 1440(m)
[0(C=C/C=N)lar, 1396(m), 1357(w), 1315(s), 1254(m), 1228(w), 1215(w), 1188(w),
1143(w), 1103(s) [v(C-O-C], 1058(s) [6(C-H)ip], 1014(s), 993(s), 840(s) [d(C-H)oopl,
818(m), 785(s) [6(C-H)oopl, 744(s) [6(C-H)oop], 635(m), 624(m). UV-Vis (MeOH,
1,25:10 M) £max (M 'em™)) = 678 nm (75), 867 nm (shoulder, 49).

Synthesis of [PA(LX)Cls] (LX = L6 (20), L7 (21), L8 (22)) and [Pd(L8)CL]
(23)

A solution of [Pd(CH3CN)2Cl2] (0.067 g, 0.258 mmol (20), 0.042 g, 0.162 mmol
(21), 0.066 g, 0.250 mmol (22 and 23)) in dry CH3CN (20 mL) was added to a solution
of the corresponding ligand (L6, 0.174 g, 0.275 mmol (20), L7, 0.103 g, 0.163 mmol
(21), L8, 0.159 g, 0.250 mmol (22 and 23)), in dry CH3CN (10 mL). The solution was
refluxed for 120 h. After that period, the solution was concentrated up to 5 mL and left in
the fridge for 24h. After that period an orange solid precipitated, which was filtered off
and dried under vacuum. Compounds 22 and 23 were obtained as a mixture, and it has

not been possible to isolate them separately.

20. Yield: 38.15 % (0.085 g). FTIR-ATR (wavenumber, cm™): 3659(w)
[v(O-H)], 2987(s)-2900(s) [V(C-H)a], 1552(m) [v(C=C/C=N)]ar, 1481(m), 1464(m),
144(m) [6(C=C/C=N)lar, 1386(w), 1380(w), 1302(w), 1277(w), 1257(w), 1198(w),
1074(vs, br) [v(C-O-C] + [6(C-H)ip], 1015(s), 921(w), 805(w), 759(vs) [6(C-H)oopl,
694(vs) [6(C-H)oop], 607(W), 589(w). 'H NMR (CDCl3, 400 MHz, ppm): 6 = 8.20 (m, 4H,
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Hpy-p--orto), 7.52-7.31 (overlapping signals, 16H, Hpp-p:), 7.09 (s, 4H, CH>O-Ph-H-
OCH>»), 6.33 (s, 2H, CH(Pz)), 4.93 (m, 4H, Np,CH>CH:0), 4.29 (s, 4H, OCH-Ph), 4.09
(t, 4H, °J = 4.9 Hz, Np,CH2CH,0). *C{'H} NMR (CDCl3, 100.6 MHz, ppm): 6 = 154.9,
150.0 (Pz-C), 137.6, 132.8, (Ph-Pz), 130.0, 129.8, 129.7, 129.5, 128.7, 127.7 (Cph-p- and
CH20-Ph-H-OCH), 108.6 (CH(Pz)), 72.8 (Ph-CH>0), 68.2 (Np,CH2CH-0), 50.7
(Np.CH>CH20).

21. Yield: 31.24 % (0.041 g). FTIR-ATR (wavenumber, cm™): 3054(w)-3024(w)
[V(C-H)ar], 2944(w)-2849(w) [v(C-H)al], 1604(w), 1577(w), 1552(m) [v(C=C/C=N)]ar,
1480(m), 1464(m), 1445(m) [8(C=C/C=N)lar, 1379(m), 1364(w), 1300(w), 1279(w),
1235(w), 1198(w), 1155(w), 1100(s) [v(C-O-C], 1072(s) [6(C-H)ip], 1015(w), 920(w),
886(W), 845(w), 802(w), 758(vs) [8(C-H)oop], 694(vs) [8(C-H)oop], 616(w), 584(w). 'H
NMR (CDCls, 400 MHz, ppm): 6 = 8.18 (m, 4H, Hps-p--orto), 7.50-7.31 (overlapping
signals 16H, Hpy-p-), 7.25 (m, overlapped with CDClsz, 1H, CH>O-Ph-H-OCH>), 7.06 (d,
3H, 3J = 7.07 Hz, CH,0-Ph-H-OCH,), 6.97 (s, 1H, CH,0-Ph-H-OCH>), 6.32 (s, 2H,
CH(Pz)), 4.92 (t, 4H, °J = 4.81 Hz, Np,CH>CH>0), 4.28 (s, 4H, OCH,Ph), 4.09 (t, 4H, °J
= 4.81 Hz, Np,CH,CH>0). *C{'H} NMR (CDCls, 100.6 MHz, ppm): § = 154.9, 150.0
(Pz-C), 138.3, 132.8 (Ph-Pz), 130.0, 129.7, 129.6, 129.4, 129.2, 128.7, 128.2, 127.0 (Cph-
pzand CH,0-Ph-H-OCH>), 108.6 (CH(Pz)), 73.0 (Ph-CH0), 68.2 (Np,CH2CH:0), 50.7
(Np.CH>CH20).

22. FTIR-ATR (wavenumber, cm™): 3659 [v(O-H)], 3013(s)-28881(s) [v(C-H)al],
1552(m) [W(C=C/C=N)]ar, 1454(m), 1447(m) [6(C=C/C=N)lar, 1381(m), 1301(Ww),
1279(w), 1197(w), 1183(w), 1157(w), 1097 and 1071(vs, br) [v(C-O-C] + [3(C-H)ip],
1015(m), 919(w), 806(w), 756(vs) [(C-H)oop], 694 (vs) [8(C-H)oop], 587(w). '"H NMR
(CDCl3, 400 MHz, ppm): 6 = 8.21 (m, 4H, Hpp-p--orto), 7.50-7.24 (overlapping signals
16H, Hpp-p:), 7.13 (m, overlapped with CDCls, 4H, CH,0-Ph-H-OCH>»), 6.33 (s, 2H,
CH(Pz)), 4.93 (br), 4.17 (s, 4H, OCH>Ph), 4.01 (br).

23. FTIR-ATR (wavenumber, cm™): 3659 [v(O-H)], 3013(s)-28881(s) [v(C-H)al],
1552(m) [v(C=C/C=N)lar, 1454(m), 1447(m) [6(C=C/C=N)lar, 1381(m), 1301(w),
1279(w), 1197(w), 1183(w), 1157(w), 1097 and 1071(vs, br) [v(C-O-C] + [8(C-H)ip],
1015(m), 919(w), 806(w), 756(vs) [(C-H)oop], 694 (vs) [8(C-H)oop], 587(W). '"H NMR
(CDCls, 400 MHz, ppm): 6 = 8.11 (m, 4H, Hpp-p--orto), 7.50-7.24 (overlapping signals
16H, Hpp-p:), 7.13 (m, overlapped with CDCls, 4H, CH,0-Ph-H-OCH>»), 6.38 (s, 2H,




CH(Pz)), 5.42 (t, 4H, 3J = 7.79 Hz, Np,CH-CH20), 4.72 (s, 4H, OCH,Ph), 4.43 (t, 4H, °J
=7.79 Hz, Np,CH,CH,0).

5.4 Experimental Section for 3.4

e Materials and general details

Ligands L9-L11 were synthesized as described in section 5.1 in this chapter.
Samples of [Pd(CH3CN),Cl>] were prepared as described in the literature'®. The rest of

the reactants are commercially available and were used as received.

e Synthetic Procedures

Synthesis of [Cu(L9)Clz]: (24)

A solution of anhydrous CuCl; (0.018 g, 0.135 mmol) in absolute EtOH (10 mL)
was added to a solution of L6 (0.072 g, 0.271 mmol) in absolute EtOH (10 mL). The
resulting green solution was stirred for 48 h at r.t. After that period, the solution was
concentrated under vacuum up to 5 mL. Then, it was kept overnight in the fridge at 4°C.
After this period, cubic green crystals precipitated, which were filtered off, cleaned with
5 mL cold EtO and dried under vacuum. Those same crystals were suitable for X-ray

diffraction.

24. Yield: 80.7% (0.076 g). Elemental analysis calc. (%) for C20HagB20CuClaN4
(695.28): C 34.55; H 6.96; N 8.06. Found: C 34.31; H 6.97; N 7.97. Conductivity (2
L-em? mol™ 1.25:10° M in MeOH): 66 FTIR-ATR (wavenumber, cm™): 3124(w) [v(C-
H)a], 3088(w) [V(C-H)a], 2965-2921(w) [v(C-H)a], 2580(vs) [v(B-H)], 1556(s)
[V(C=C)ar/V(C=N)ar], 1460(vs) [0(C=C)a/d(C=N)a], 1443(m), 1398(m), 1390(s),
1322(m), 1287(w), 1189(w), 1165(w), 1161(w), 1061(w), 1053(m), 1030(s) [6(C-
H)ip],1026(s) [0(C-H)ip], 949(w), 813(vs) [6(C-H)oopl, 730(vs) [6(C-H)oop], 672(m),
639(s), 547(m).
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Synthesis of [Zn(L9)Cl:/: (25)

A solution of anhydrous ZnCl, (0.032 g, 0.235 mmol) in absolute EtOH (10 mL)
was added to a solution of L6 (0.125 g, 0.467 mmol) in absolute EtOH (10 mL). The
resulting solution was stirred for 24 h at r.t. After that period, the solution was
concentrated under vacuum until a white precipitate appeared. This precipitate was were
filtered off, cleaned with 5 mL cold Et,O and dried under vacuum. Crystals were suitable
for X-ray diffraction were obtained by recrystallization of the obtained product in Et,O
in the fridge at 4°C.

25. Yield: 79.4% (0.136 g). Elemental analysis calc. (%) for C20H4sB20ZnCIaNy
(697.14): C 34.46; H 6.94; N 8.04. Found: C 34.68; H 6.84; N 8.25. Conductivity (€
L-cm? mol™ 1.10-10° M in MeOH): 29. FTIR-ATR (wavenumber, cm™): 2980-2917(w)
[V(C-H)al, 2570(vs) [v(B-H)], 1553(s) [V(C=C)ar/V(C=N)ar], 1464(s)
[0(C=C)ar/0(C=N)ar], 1422(m), 1388(s), 1317(w), 1283(w), 1278(m), 1218(w), 1179(w),
1159(w), 1129(w), 1084(w), 1025(s) [8(C-H)ip], 975(w), 946(w), 921(w), 902(w), 780(s)
[8(C-H)oop], 728(s) [§(C-H)oop], 666(m), 647(m), 588(w), 551(m). 'H NMR (CDCls, 400
MHz, ppm): 6 = 5.96 (s, 1H, CH(Pz)), 4.66 (br, 2H, Ccat CH2CHNp;), 2.70 (m, 2H, °Jpz =
-8.3Hz,*Jus=11.2Hz,*J45=7.2 Hz, *Jup-=4.0 Hz,*J4 5= 13.7 Hz, CcaCH,CH2Np,),
2.31,2.17 (s, 3H, CH3-Pz), 2.06 (s, 3H, CH3-Ccay). ''B NMR (CDCls, 128.6 MHz, ppm)
5 =-3.62 (d, Jsn= 150.1 Hz, 1B, B-H), -5.85 (d, 'Jgn= 147.7 Hz, 1B, B-H), -9.48 to -
10.44, overlapping signals (8B, B-H, B-C). 'B{'H} NMR (CDCls, 128.6 MHz, 298K): ¢
=-3.63 (s, 1B, B-H), -5.90 (s, 1B, B-H), -10.07 (b, 8B, B-H, B-C). *C{'H} NMR (CDCls,
100.6 MHz, ppm): 6 = 108.1 (CH-Pz), 76.0, 74.1 (Ccav), 47.0 (Np,CH2CH2Ccarp), 34.6
(Np,CH2CH2Cear), 23.8 (CH3-Cearv), 13.3, 11.5 (CH3-Pz).

Synthesis of {{HL9]:[CdCl[}: (26)

A solution of anhydrous CdCl> (0.029 g, 0.158 mmol) in absolute EtOH (10 mL)
was added to a solution of L9 (0.085 g, 0.320 mmol) in absolute EtOH (10 mL). The
resulting solution was acidified up to pH = 1-2 using HCI, and stirred for 6 h at RT. After
that period, the solution was concentrated under vacuum up to 3 mL. Then, the solution
was left in the fridge at 4°C for a week, resulting in the obtention of a white precipitate.

It was filtered off, cleaned with cold Et2O and dried under vacuum.
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26. Yield: 66.0 % (0.085 g). Elemental analysis calc. (%) for C20Hs0B20CdCI4N4
(817.08): C 29.40; H 6.17; N 6.86. Found: C 29.47; H 6.29; N 6.42. Conductivity (Q
I-em?mol9.30-103 M in MeOH): 174. FTIR-ATR (wavenumber, cm™): 3128-2788(br,
m) [V(C-H)a] + [W(C-H)a] + [v(N-H)], 2560(br, vs) [v(B-H)], 1595(m)
[V(C=C)ar/V(C=N)ar], 1478(w), 1391(br, vs) [3(C=C)ar/0(C=N)a], 1286(w), 1215(w),
1160(w), 1154(m), 1026(m) [6(C-H)ip], 951(w), 919(w), 851(m), 827(m), 729(s) [5(C-
H)oop], 720(m), 665(w), 646(w). 'H NMR (CDCls, 400 MHz, ppm): § = 6.13 (s, 1H,
CH(Pz)), 4.51 (br, 2H, CcartCH2CH2Np,), 3.00 (br, 2H CcanCH>CH2Np,), 2.49, 2.40 (s,
3H, CH;-Pz), 2.28 (s, 3H, CH3-Cearr). ''B NMR (CDCls, 128.6 MHz, ppm) J = -3.37 (d,
1Jgr=130.1 Hz, 1B, B-H), -5.72 (d, 'Jsu= 152.8 Hz, 1B, B-H), -10.5 to -11.8, overlapping
signals (8B, B-H, B-C). ''B{'H} NMR (CDCls, 128.6 MHz, 298K): 6 = -3.47 (s, 1B, B-
H), -5.79 (s, 1B, B-H), -9.61 to -11.1, overlapping signals (8B, B-H, B-C). '*C {'H} NMR
(CDCl3, 100.6 MHz, ppm): 6 = 147.0, 142.7 (Pz-C), 107.3 (CH-Pz), 76.2, 73.4 (Ccan),
47.2 (Np,CH2CH2Ccarb), 34.6 (Np,CH2CH2Cear), 24.1 (CH3-Cean), 12.6, 11.4 (CH3-Pz).

Synthesis of {{HL9]:[HgCl4]}: (27)

A solution of anhydrous HgCl» (0.022 g, 0.081 mmol) in absolute EtOH (10 mL)
was added to a solution of L6 (0.043 g, 0.161 mmol) in absolute EtOH (10 mL). The
resulting solution was acidified to pH = 1-2 with HCl and stirred for 6 h at RT. After that
period, the solution was concentrated under vacuum up to 5 mL. The solution was kept
overnight in the fridge at 4°C. After that period a white precipitate appeared, which was
filtered off, cleaned with 5 mL cold Et>O and dried under vacuum. Crystals were suitable
for X-ray diffraction were obtained by recrystallization of the obtained product in a

CH;Clz:Hexane mixture.

27. Yield: 62.4% (0.023 g). Elemental analysis calc. (%) for C20Hs0B20HgClaN4
(905.23): C 26.54; H 5.57; N 6.19. Found: C 26.66; H 5.72; N 5.92. Conductivity ({2
Lem? mol™? 9.07-10° M in MeOH): 184. FTIR-ATR (wavenumber, cm™): 3191(w),
3127(w) [V(C-H)ar], 2984-2848(w) [V(C-H)ai] + [V(N-H)], 2782(w), 2580(vs) [v(B-H)],
1595(s) [V(C=C)ar/V(C=N)ar], 1516(w), 1471(w), 1445(w), 1432(s) [6(C=C)ar/d(C=N)ar],
1392(w), 1380(w), 1345(m), 1284(s), 1218(w), 1154(s), 1084(w), 1040(w), 1027(s) [5(C-
H)ipl, 991(w), 951(w), 848(m), 825(m), 784(w), 729(vs) [6(C-H)oop], 664(W), 645(w),
608(w), 544(w). 'H NMR (CDCls, 128.6 MHz, ppm): 6 = 6.03 (s, 1H, CH(Pz)), 4.40 (m,
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2H, RCH,CH:Pz), 2.87 (m, 2H, RCH>CH:Pz), 2.40, 2.35 (s, 3H, CH3(P2)), 2.16 (s, 3H,
CHj(carborane)). 'B NMR (CDCls, 128.6 MHz, ppm) 6 = -3.59 (d, Jpu= 152.5 Hz, 1B,
B-H), -5.58 (d, "Jsi= 154.0 Hz, 1B, B-H), -8.91 to -11.63, overlapping signals (8B, B-H,
B-C). "B{'H} NMR: (CDCls, 400 MHz, 298K), § = -3.59 (s, 1B, B-H), -5.61 (s, 1B, B-
H), -9.57 to -11.0 (m, 8B, B-H, B-C). *C{!H} NMR (CDCls, 100.6 MHz, ppm): 6 =
147.9, 141.1 (Pz-C), 106.6 (CH-P2)), 75.7, 74.3 (Ceurs), 47.1 (Np;CH2CH:Coart), 34.6
(Np,CH2CH:Coeary), 23.7 (CH3-Ceay), 13.0, 11.1 (CH3-P2).

Synthesis of [Pd(L10):CLs] (28)

A solution of [Pd(CH3CN)2Cl>] (0.119 g, 0.457 mmol) in acetonitrile (10 mL)
was added to a solution of L10 (0.248 g, 0.922 mmol) in acetonitrile (10 mL). The
resulting solution was stirred for 24 h at r.t. After that period, the solution was
concentrated under vacuum up to 5 mL. The solution was kept for three days in the fridge
at 4°C. After that period a yellow precipitate appeared, which was filtered off, cleaned

with 5 mL cold Et;O and dried under vacuum.

28. Yield: 49.3% (0.160 g). Elemental analysis calc. (%) for C1sH44B20PdCI2N4
(710.11): C 30.44; H 6.25; N 7.89. Found: C 30.15; H 6.29; N 8.04. Conductivity (€
L.em? mol™19.82-107 M in CH3CN): 20. FTIR-ATR (wavenumber, cm™): 3139(w) [v(C-
H)ar], 3025-2900(br, vs) [V(C-H)ai], 2590(br, vs) [v(B-H)], 1559(m) [V(C=C)a/V(C=N)a(],
1454(m) [8(C=C)a/6(C=N)ar], 1395(br, vs), 1334(m), 1288(w), 1284(w), 1228(w),
1075(vs) [8(C-H)ip], 1055 (s) [6(C-H)ip], 1035(s) [8(C-H)ip], 910(w), 902(w), 880(w),
825(m), 795(vs) [6(C-H)oop], 729(vs) [8(C-H)oop], 657(m) [6(C-H)oop], 596(W), 564(w),
526(w). '"H NMR (CDCls, 128.6 MHz, ppm): 6 = 5.98 (s, 1H, CH(Pz)), 5.00 (m, 2H,
RCH2CHPz), 3.91 (br, 1H, Ccan-H), 3.00 (m, 2H, RCH>CH2Pz), 2.85, 2.29 (s, 3H,
CH3(Pz)). "B NMR (CDCls, 128.6 MHz, ppm) § = -2.13 (d, 'Jen= 119.5 Hz, 1B, B-H), -
4.63 (m, B-H), -8.82 to -12.0, overlapping signals (8B, B-H, B-C). 'B{'H} NMR:
(CDCl3, 400 MHz, 298K), 6 =-2.09 (s, 1B, B-H), -4.88 (s, 1B, B-H), -9.33 (s, 2B, B-H),
-12.1 (m, 6B, B-H, B-C). 3C{'H} NMR (CDCls, 100.6 MHz, ppm): 6 = 151.3, 143.5 (Pz-
C), 109.0 (CH-Pz)), 71.3 (Cea-C), 62.3 (Cear-H), 48.6 (Np,CH2CH2Ccar), 36.5
(NpCH2CH2Ccar), 15.6, 11.9 (CH3-Pz).
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Synthesis of [Pd(L11)Cl;] (29)

A solution of [Pd(CH3CN)>Cl2] (0.029 g, 0.112 mmol) in acetonitrile (10 mL)
was added to a solution of L11 (0.042 g, 0.109 mmol) in acetonitrile (10 mL). The
resulting solution was stirred for 24 h at r.t. After that period, the solution was
concentrated under vacuum up to 5 mL. The solution was kept overnight in the fridge at
4°C. After that period a white precipitate appeared, which was filtered off, cleaned with
5 mL cold Et;O and dried under vacuum. Crystals were suitable for X-ray diffraction

were obtained by recrystallization of the obtained product in CH>Clo.

29. Yield: 68.1% (0.042 g). Elemental analysis calc. (%) for CisH32B10PdCI2Ny
(565.85): C 33.84; H 5.70; N 9.90. Found: C 33.96; H 5.82; N 9.60. Conductivity ({2
L-cm? mol™ 1.05-107 M in CH3CN): 12. FTIR-ATR (wavenumber, cm™): 3139(m) [v(C-
H)ar], 2997-2850(m) [v(C-H)a] 2566(vs, br) [v(B-H)], 1577(vs) [V(C=C)a/V(C=N)a(],
1473(w), 1458(s), 1420(vs) [6(C=C)ar/0(C=N)ar]|, 1402(s), 1333(s), 1282(s), 1229(m),
1155(w), 1067(w), 1040(w), 1021(m) [3(C-H)ip], 963(w), 961(w), 905(w), 844(w),
811(vs) [0(C-H)oop], 794(vs) [6(C-H)oop], 732(vs) [0(C-H)oop], 658(vs) [6(C-H)oop],
545(m). '"H NMR (CDCls, 128.6 MHz, ppm): 6 = 5.90 (s, 1H, CH(Pz)), 4.98 (m, 2H,
RCH,CH>Pz), 3.72 (m, 2H, RCH-CH,Pz), 2.73, 2.30 (s, 3H, CH3(Pz)). 'B NMR (CDCl;
128.6 MHz, ppm) 6 = -4.01 (s, 2B, B-H), -9.96 (s, 8B, B-H). !'B{!H} NMR: (CDCls, 400
MHz, 298K), § = -3.99 (s, 2B, B-H), -9.96 (s, 8B, B-H, B-C). *C{'H} NMR (CDClI;,
100.6 MHz, ppm): 6 = 151.1, 143.2 (Pz-C), 107.8 (CH-Pz)), 76.9 (Cca), 47.6
(Np,CH2CH2Ccar), 34.4 (Np,CH2CH2Can), 14.8, 11.7 (CH3-Pz).

5.5 Experimental Section for 3.5

e Materials and general details

All reactions and manipulations for 30-33 were carried out under dinitrogen
atmosphere using standard Schlenk techniques unless noted. Tetrahydrofuran (THF) was
purchased from Carlo Erba Reagents S.A. and distilled from Na/Benzophenone prior to
use. Commercial grade acetonitrile (CH3CN) was purchased from Merck and dried using
3 A activated molecular sieves under dinitrogen atmosphere for 48 h. Spectroscopic grade

methanol (MeOH) was purchased from ROMIL-SpS and used without further
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purification. 3,5-dimethyl-1-(2-toluene-p-sulfonyloxyethyl)pyrazole) was synthesized
according to reported procedures!. Ligand L12 and all other chemicals were

commercially available and used as received.

For 33, PXRD pattern was measured using a Malvern PANanalytical X’pert PRO
Material Powder Diffractometer (with 45 kW and 40 mA using Cu k, radiation with £ =
1.5406 A). The pattern was recorded in transmission mode from 20 = 2.5° to 40° with a
step scan of 0.03° counting for 200s at each step. This diffractometer was equipped with
a capillary spinner and the sample was placed inside a borosilicate glass capillary with an
outer diameter of 0.7 mm. The electronic spectra of L9-L12 in CH3CN (1.45-10° M —
6.5-10° M) were run on a JASCO V-780 UV-Visible/NIR spectrophotometer with a
quartz cell having a path length of 1 cm in the range of 190-600 nm. Solid-state electronic
spectra were run on a JASCO V-780 UV-Visible/NIR spectrophotometer equipped with
a 60 mm integrating sphere model ISN-9011/A001461872. Solid-state emission and
excitation spectra were run on a Nanolog™ Horib Jobin Yvon IHR320 fluorimeter.
Quantum yields for compounds 30-33 in the solid state were measured on a Hammatsu

Absolute PL Quantum Yield Spectometer C9920-02G.

e Synthetic Procedures

Synthesis of [Cu(L12)1],(30)

A solution of anhydrous Cul (0.019 g, 0.098 mmol) and L12 (0.020 g, 0.098
mmol) in dry CH3CN (20 mL) was stirred at RT until all Cul was dissolved. After that
period, the solvent was evaporated under vacuum, resulting in pure 24 as a white powder.

Suitable crystal for SCXRD were obtained via slow evaporation of the solvent.

30. Yield: 60.1 % (0.023 g) Elem anal. Calc. for Ci13H16IN2Cu (390.72): C 39.96,
H 4.13,N 7.17. Found: C 39.83, H4.10, N 7.14. ATR-FTIR (wavenumber, cm™): 3126-
3030 (w) [V(C-H)ar], 2978-2855 (W) [V(C-H)a1], 1550 (s) [V(C=C/C=N)ar], 1496 (m), 1488
(m), 1462 (m), 1453 (s) [6(C=C)/6(C=N)ar], 1421 (w), 1388 (m), 1371 (w), 1357 (m),
1310 (m), 1253 (m), 1152 (w), 1075 (w), 1047 (m) [6(C-H)ip], 1031 (m) [3(C-H);p], 904
(w), 801 (s) [6(C-H)oop], 746 (s) [8(C-H)oop], 696 (s) [6(C-H)oop] and 687 (s) [6(C-H)oop]-
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UV-Vis: (solid state) Amax = 290 nm. Fluorescence (solid state): £ex = 283 nm, Lem = 609

nm.
Synthesis of [Cu(L10)I]>(31)

A solution of anhydrous Cul (0.127 g, 0.640 mmol) and L10 (0.170 g, 0.640
mmol) in dry CH3CN (20 mL) was stirred overnight. Then, the resulting solution was
filtered, concentrated up to 5 mL and left standing overnight in the fridge, which provided
a white precipitate. The precipitate was filtered, washed with cold Et;O and dried under

vacuum.

31. Yield: 88.6 % (0.259 g) Elem anal. Calc. for C1gH44B20lbN4Cuz (913.69): C
23.66, H 4.85, N 6.13. Found: C 23.88, H 4.97, N 6.10. ATR-FTIR (wavenumber, cm"
): 3034 (w) [W(C-H)ar], 2986-2913 (w) [V(C-H)a], 2572 (vs) [v(B-H)], 1555 (s)
[V(C=C/C=N)ar], 1466 (m) [6(C=C)/d(C=N)ar], 1445 (m), 1421 (w), 1392 (m), 1377 (m),
1319 (m), 1283 (m), 1215 (w), 1136 (w), 1119 (m), 1075 (w), 1049 (m) [3(C-H);p], 1043
(m) [8(C-H)ip], 1016 (m) [8(C-H)ip],, 997 (W), 932 (w), 916 (w), 877 (W), 839 (w), 794
(vs) [8(C-H)oop, 722 (vs) [0(C-H)oopl, 697 (W), 674 (W), 656 (m) [6(C-H)oop], 582 (W),
561 (w) and 541 (w). '"H NMR (CD;CN, 400.0 MHz): 6 = 5.82 (s, 1H, CH(Pz)), 4.47 (br
s, 1H, Cearp-H) 4.13 (m, 2H, Np,CH>CH2Ccar), 2.76 (m, 2H, Np,CH2CH>Cecarb), 2.19 (s,
3H, Pz-CH;),2.16 (s, 3H, Pz-CH3). ''B NMR (CD3;CN, 128.6 MHz) 6 = -2.86 (br d, ' Jzr=
146, 1B), -5.72 (br d, 'Jgy= 146, 1B), -9.7 (br d, 'Jgn= 158.9, 2B), -10.9 to -13.7,
overlapping signals (6B). ''"B{'H} NMR (CDsCN, 128.6 MHz) 6 =-2.9 (br s, 1B), -5.80
(brs, 1B),-9.7 (brs, 2B), -11.5 (brs, 2B), -12.1 (brs, 2B), -13,0 (br s, 2B). '*C {!H} NMR
(CD3CN, 100.6 MHz): ¢ = 148.6, 140.7 (Pz-C), 106.3 (Pz-CH), 74.2 (Ccarr-CH2R), 63.6
(Cearb-H), 47.6 (Cearb-CH2CHNp;), 37.2 (Cear-CH2CH2Np,), 13.8, 11.0 (CH3(Pz)). UV-
Vis: (solid state) Amax = 363 nm. Fluorescence (solid state): Aex = 340 nm, Aem = 483 nm.

Synthesis of [Cu(L9)1]+(32B)

A solution of anhydrous Cul (0.037 g, 0.188 mmol) and L9 (0.051 g, 0.188 mmol)
in dry CH3CN (20 ml) was stirred for 1 h. at r.t. under nitrogen. After that period, the
solvent was evaporated under nitrogen, resulting in a white powder. Suitable crystals for

SCRXD were obtained via recrystallization of a solution of the white powder in dry

CH3CN.
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32. Yield: 58.5 % (0.052 g) Elem anal. Calc. for C40HosB4oNgl4Cus (1883.48): C,
25.51 H, 5.14; N, 5.95. Found: C, 25.21; H, 4.98; N 5.85. ATR-FTIR (wavenumber, cm"
1):2984-2917 (w) [V(C-H)a], 2563 (s) [v(B-H)], 1556 (s) [v(C=C/C=N)x], 1467(w), 1445
(s) [6(C=C/C=N)ar], 1418 (s) [6(C=C/C=N)a], 1376 (m), 1324 (m), 1280 (m), 1041 (m)
[0(C-H)ip], 1023 (m) [8(C-H)ipl, 779 (s) [6(C-H)oopl, 729 (s) [6(C-H)oopl, 676 (W), 663
(w), 647 (w) and 633 (w). '"HNMR (CDsCN, 400.0 MHz): § = 5.82 (s, 1H, CH(Pz)), 4.18
(m, 2H, Np,CH>CH2Ccar), 2.71 (m, 2H, Np,CH2CH>Cecarv), 2.22 (s, 3H, CH3(Pz), 2.15 (s,
3H, CH3(Pz)), 2.10 (s, 3H, CH3(Carb)). ''B NMR (CDsCN, 128.6 MHz): 6 = -4.46 (br d,
Jgn= 185, 1B), -6.09 (br d, 'Jgu= 143 Hz, 1B), -8.2 to -11.98 overlapping signals, (8B,
B-H). "B{'H} NMR (CD;CN, 128.6 MHz): 6 = -4.40 (br s, 1B), -6.09 (br s, 1B), -8.90
to -10.8, overlapping signals (8B). *C{'H} NMR (CDsCN, 100.6 MHz): § = 148.6 and
140.6 (Pz-C), 106.2 (CH(Pz)), 77.4 and 76.8 (Ccarv-CR), 47.8 (Np.CH2CH2Clearb), 35.0
(NpzCH2CH2Ccarb), 23.7 (CH3Ccarb), 13.8 and 11.1 (CH3(Pz)). UV-Vis: (solid state) Amax

=306 nm. Fluorescence (solid state): Aex = 318 nm, Aem= 517 nm.

Synthesis of {[Cuy(L11):1,/-(CH3;CN)}u (33)

A solution of anhydrous Cul (0.100 g, 0.525 mmol) and L11 (0.082 g, 0.210
mmol) in dry CH3CN (20 mL) was stirred for 3 h at RT under nitrogen. Then, the resulting
solution was filtered, concentrated up to 5 mL and left standing overnight in the fridge,
which provided a white precipitate. The precipitate was filtered, washed with cold Et2O

and dried under vacuum.

33. Yield: 42.1 % (0.068 g) Elem anal. Calc. for C34Hg7B20Nol4Cus (1538.92): C,
25.85H,4.27; N, 7.98. Found: C, 25.67; H, 4.19; N 7.86. ATR-FTIR (wavenumber, cm"
D: 3132 (W) [W(C-H)ar], 2990-2918 (w) [V(C-H)a], 2572 (vs) [v(B-H)], +1555 (s)
[V(C=C/C=N)a], 1464 (m), 1436 (m), 1417 (s) [6(C=C/C=N)a], 1376 (s), 1317 (m), 1285
(W), 1248 (m), 1219 (w), 1154 (w), 1113 (w), 1071 (w), 1066 (w), 1036 (s) [6(C-H)ip],
998 (m), 982 (m), 798 (vs) [0(C-H)oopl, 795 (vs) [8(C-H)oopl, 730 (s) [V(B-B)], 672 (s)
[6(C-H)oop], 660 (s) [6(C-H)oop], 544 (m), 526 (m). UV-Vis: (solid state) Amax = 349 nm.

Fluorescence (solid state): Aex = 336 nm, Aem = 467 nm.
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5.6 Crystallographic Data

Molecular graphics were generated using Mercury Software!!"!? with POV-Ray
package'3. Colour codes for all molecular graphics are: pink (B), grey (C), red (O), light-
blue (N), white (H), dark blue (Co), orange (Cu), violet (I), blue-grey (Zn), bone (Cd),
light grey (Hg), turquoise (Pd) light green (Cl).

Single Crystals suitable for X-ray diffraction (SCXRD) were prepared under inert
conditions immersed in perfluoropolyether or paratone as protecting oil for manipulation

and mounted on MiTeGen Micromounts ™.

For crystals of L9, S1, 10-12, 18, 27, 30 and 32A data were collected at BL13
(XALOC)'* at the ALBA synchrotron with an undulator source and channel-cut Si(111)
monochromator and Kirkpatrick-Baez focusing mirrors with a selected wavelength of
0.82654 A (S1), 0.72932 (L9, 10-12, 18, 27, 30 and 32A). An MD2M-Maatel
diffractometer fitted with a Dectris Pilatus 6M detector was employed. The samples were

kept at 100 K with an Oxford Cryosystems 700 series Cryostream.

For crystals of 1-9-6H>0, 13, 15-17, 19, 24, 25, 29, 31 and 33 data were collected
with a Bruker D8 diffractometer with a graphite monochromated MoKa radiation (£ =

0.71073 A, 16, 17, 29, 31 and 33) or CuKa radiation (£ = 1.54178 A, 15, 24 and 25).

For crystals of 1-9-6H>0, 13 and 19 data were collected on a D8 Venture system

with a multilayer monochromator and a Mo microfocus (£ = 0.71073 A).

For L9, cell parameters were retrieved using the CrysAlisPro'> software and
refined using CrysAlisPro'®. Data reduction was performed using the CrysAlisPro'’
software which corrects for Lorentz polarisation. A multi-scan absorption correction was
performed using CrysAlisPro'®>. Empirical absorption correction using spherical
harmonics, implemented in SCALE3 ABSPACK scaling algorithm. The structure was
solved in the space group P2i/c (# 14) by Intrinsic Phasing using the ShelXT!'® structure
solution program and refined by Least Squares using version 2014/7 of ShelXL'7. All
non-hydrogen atoms were refined anisotropically. Hydrogen atom positions were
calculated geometrically and refined using the riding model. L9 was refined as a 2-

component perfect twin.
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5. Experimental Section

Data for S1, 10-12, 15-18, 24, 27, 29- 31, 32A and 33 was processed with APEX3
suite (Bruker APEX3. APEX3 V2019.1; Bruker-AXS: Madison, WI, USA, 2019). The
structures were solved by Intrinsic Phasing using the ShelXT program'¢, which revealed
the position of all non-hydrogen atoms. These atoms were refined on F2 by a full-matrix
least- squares procedure using anisotropic displacement parameter'®. All hydrogen atoms
were located in difference Fourier maps and included as fixed contributions riding on
attached atoms with isotropic thermal displacement para- meters 1.2 or 1.5 times those of
the respective atom. The OLEX2 software was used as a graphical interface'®. The
contribution of the disordered solvent molecules to the diffraction pattern in 16 and 17
could not be rigorously included in the model and were consequently removed with the
SQUEEZE routine of PLATON' (0.5 molecules of EtOH for 16 and 17). This
contribution has been included in the empirical formula to give the correct calculated
density, absorption coefficient and molecular weight. Compound 16 was treated as a two-
component non-merohedral twin; the exact twin matrix identified by the integration
program was found to be —1 0 —0.5 0 —1 0 0 0 1. The structure of 16 was solved using
direct methods with only the non-overlapping reflections of component 1. The structure
was refined using the HKLF 5 routine with all reflections of component 1 (including the

overlapping ones), resulting in a BASF value of 0.317.

For compounds 1-9-6H20, 13 and 19, the frames were integrated with the Bruker
SAINT software package using a narrow-frame algorithm. The structures were solved
and refined using the Bruker SHELXTL Software Package'’. Data were corrected for
absorption effects using the Multi-Scan method (SADABS).

Crystallographic data for the elucidated crystal structures are gathered in Tables
5.1-5.10.
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Table 5.1 Crystallographic data for compounds L9 and S1.
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Formula C1oH24B10N2 (L9) CsH30B20 (S1)
Formula Weight 280.41 342.52
Temperature (K) 100(2) 100(2)
Wavelength (A) 0.72932 0.82654

System, space group Monoclinic, P2i/c Orthorombic, Pbca
a (A) 10.8644(2) 10.8654(4)
b (A) 20.6842(3) 13.6431(6)
c(A) 7.79360(10) 13.8271(6)
o () 90 90
B () 106.795(2) 90
7 ) 90 90
URY/Z 1676.68(5) / 4 2049.70(15) / 4
Deate (g em™) / p (mm') 1.111/0.059 1.110/0.063
F(000) 592 712
Crystal size (mm?) 0.20x0.20x0.20 0.12x0.15x0.16
-14<h<14, -12<h<12,
hkl ranges -27<k<27, -16<k<16,
-10<I<10 -16<1<16
20 Range (°) 3.107 to 29.515 3.473 t0 29.458
Reflections 4322/4322 21086/1720
collected/unique/ [Rin [R(int)=1] [R(int)=0.0380]
99.70 94.8

Completeness to 0 (%)

Absorption correction

Empirical using spherical harmonics

Semi-empirical
from equivalents

Max. and min. trans. 1.00000 and 0.60412 0.0124 and 0.0014
Data/restrains/parameters 3937/0/202 1720/0/128
Goodness-of-fit on F? 1.056 1.077
. o R =0.0703 R =0.0781
Final R indices [I>20 (I)] wR, = 0.2097 wR, = 0.2286
o R;=0.0735 R =0.0786
Lt (ol ke wR2 = 0.2152 wR =0.2294
Largest diff. peak and +0.405, —0.402 +0.301, —0.234

hole (e A?)



Table 5.2 Crystallographic data for compounds 1-3-HL2.

5. Experimental Section v/

Ci14H24C12CuN402 (2)

Formula C14H22C12Cu2N402 (1) CssHreCliCuaN 1005 (3-HL2)
Formula Weight 476.33 414.81 1713.51
Temperature (K) 100(2) 293(2) 100(2)

Wavelength (A) 0.71073 0.71073 0.71073
System, space group Triclinic, P1 Orthorhombic, Pcen Monoclinic C2/¢c
a(A) 4.290(2) 23.8198(12) 32.071(3)
b (A) 8.2451(4) 10.6354(5) 12.8910(12)
c(A) 12.9432(6) 14.6124(8) 21.3823(19)
o () 82.066(2) 90 90
B ) 87.584(2) 90 120.051(3)
7 () 79.200(2) 90 90
UAY/Z 446.28(4)/ 1 3701.8(3)/8 7651.8(12)/ 4
Deate (g em™) / p (mm™) 1.772 /2.697 1.489/1.482 1.487/1.297
F(000) 242 1720 3520

Crystal size (mm?)

0.205 x 0.144 x 0.060

0.163 x 0.140 x 0.078

0.126 x 0.071 x 0.046

-6<h<6 -33<h<34 -40<h<40,
hkl ranges -11=ks11 -15=ks15 -16=k<16,
-18<I<18 -20<1<20 26<1<26
20 Range () 3.168 t0 30.593 2.518 10 30.601 2.4751026.541
Reflections 163709 /5675 /0.0526 ~ 67297/7851/0.081

collected/unique/ [Rint]

23008/ 2733 /0.0223

Completeness to 0 (%)

99.3

932

99.1

Absorption correction

Semi-empirical

Semi-empirical

Semi-empirical

Max. and min. trans.

0.7461 and 0.6649

0.7461 and 0.6897

0.7454 and 0.6969

Data/restrains/parameters 2733/1/111 5675/1/212 7851/7/501
Goodness-of-fit on F? 1.100 1.086 0.984

ST 5 R R
Rindis GIl Gt wR2- 0089 wR2- 0066 o

Largest diff. peak and

0.444 and -0.409

hole (e A-%)

0.460 and -0.426

1.512 and -0.472




Table 5.3 Crystallographic data for compounds 4:(CH2Cl:)(H20)-6.

Ci6H18Cl4CuN4O2
Formula C7H11CuN304 (5)
(4-(CH2C12)(H20)) C14H24CuNeOs (6)
Formula Weight 503.68 264.73 467.93
Temperature (K) 100(2) 100(2) 100(2)
Wavelength (A) 0.71073 0.71073 0.71073
System, space group

Triclinic, P1

Monoclinic, P21/c

Monoclinic, P21/c

a(A) 7.1504(7) 13.880(2) 29.965(4)
b () 11.4516(10) 4.7765(9) 8.0447(12)
c(d) 13.4558(11) 16.127(3) 23.742(4)
o) 115.148(3) 90 90
B ) 94.615(3) 114.798(6) 92.447(3)
Y () 93.934(3) 90 90
UQAY/zZ 987.66(15) / 2 970.6(3) / 4 2028.03 /4
Deae (g em) / p (mm-) 1.694 / 1.667 1.812/2.249 1.533/1.131
F(000) 510 540 972
0.314 x 0.120 x 0.241 x0.068 x
Crystal size (mm3) 0.348 x 0.158 x 0.092 0.031 0.047
-10<h<10, -19<h<19 222<h<22
hkl ranges -16=k=l6, -6=k=6 0<k<11
-19<I<19 -22<1<23 0<I<16
260 Range (°) 3.082 to 30.620 2.566 to 30.613 2.312 to 27.565
Reflections 38694 /5964 / 0.0253 12549 /2916 / 4667 / 4667 /
collected/unique/ [Rin] 0.0561 0.1826
Completeness to 0 (%) 98.4 99.7 99.6

Absorption correction
Max. and min. trans.
Data/restrains/parameters
Goodness-of-fit on F?
Final R indices [I>26 (I)]

R indices (all data)

Largest diff. peak and
hole (e A-%)

Semi-empirical
0.7461 and 0.6694

5964 /3 /250

1.080

R1=0.0193
wR2=0.0529

R1=0.0204
wR2=0.00541

0.460 and -0.399

Semi-empirical
0.7461 and 0.6202
2916/0/138

1.056

R1=0.0490,
wR2 =0.0864

R1=0.0699,
wR2=0.0931

0.800 and -1.146

Semi-empirical

0.7456 and 0.6571

4667/0/257
0.855

R1=0.0329,
wR2 =0.0488

R1=10.0748,
wR2 = 0.0549

0.378 and -0.660
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5. Experimental Section vy’

Table 5.4 Crystallographic data for compounds 7-2CH3CN-9-6H,0.

CssHs0Cu2N1203 Ca6H24Cu2N1009 Ci8H40Cu2N4O12
Formula
(3-7(CH3CN) (8-H20) (9-:6H20)
Formula Weight 1300.36 747.63 631.62
Temperature (K) 100(2) 100(2) 150(2)
Wavelength (A) 0.71073 0.71073 0.71073

System, space group
a(Ad)
b (A)
c(A)
a(®)
B
7 ()
UAY)/Z

Dcate (g cm‘3) / n (mm“)

F(000)

Triclinic, P-1

9.8155(9)
12.1884(12)
13.9385(14)

67.033(4)
87.810(4)
84.075(4)

1527.13) /1

1.414/0.764

674

Orthorhombic, Fddd

18.360(2)
23.625(2)
27.038(3)

90

90

90
11728(2) / 16
1.694/1.523

6080

Monoclinic, P21/c

10.5582(5)
14.3727(6)
9.1424(4)

90
90.643(2)
90
1387.27(11) /2
1.512/1.595

660

Crystal size (mm?)

hkl ranges

20 Range (°)

Reflections
collected/unique/ [Rint]

Completeness to 0 (%)
Absorption correction

Max. and min. trans.

0.150x0.080x0.060
-13<h<14

-17<k<17
-19<I<19

2.086 to 30.549

63778/ 9331/0.0355

99.8

Semi-empirical

0.7461 and 0.6980

0.120x0.090x0.060
-26<h<26

-34<k<34
-39<1<35

2.290 to 31.063

70856 /4701/0.1015

99.9

Semi-empirical

0.7462 and 0.6972

0.313 x 0.076 x 0.057
-15<h<15

-20<k<18
-13<I<13

2.394 t0 30.579

45761 /4228 /0.0270

99.1

Semi-empirical

0.7461 and 0.6182

Data/restrains/parameters 9331/0/407 4701/3 /243 4228/10/184
Goodness-of-fit on F? 1.073 1.089 1.132

. . R1=0.0331 R1=10.0725 R1=0.0232,

Final R indices [1>20 (D)] wR2 = 0.0805 wR2 = 0.1923 wR2 = 0.0592

o RI = 0.0405 R1=0.1381 R1 = 0.0276,

L1 s (il d by wR2 = 0.0872 wR2 = 0.2630 wR2 = 0.0616

Largest diff. peak and
hole (e A3)

1.694 and -0.565

1.227 and -0.786

0.427 and -0.470



Table 5.5 Crystallographic data for compounds 10-12.

Formula C44H60Zn2C1aNsO4 (10) Ca4He0Cd2C14NsO4 (11) Ca4HeoHg2ClaNsO4 (12)
Formula Weight 1037.54 1131.60 1307.98
Temperature (K) 100(2) 100(2) 100(2)
Wavelength (A) 0.72932 0.72929 0.72931
System, space group Monoclinic, P2;/n Monoclinic, P21/n Monoclinic P21/n
a(A) 9.5030(4) 9.5328(8) 9.5573(4)
b (A) 19.1113(9) 19.3000(16) 19.2939(7)
c(Ad) 13.3218(6) 13.5436(11) 13.5592(5)
a () 90 90 90
B () 96.203(2) 97.179(2) 97.3560(10)
7 () 90 90 90
URY/Z 2405.27(19) /2 2472.3(4)/ 2 2479.71(17) /2
Deate (g cm™®) / p (mm) 1.433/1.353 1.520/1.196 1.752/6.872
F(000) 1080 1152 1280
Crystal size (mm®) 0.12x0.1x0.1 0.11x0.1x0.1 0.1x0.1x0.08
-11<h<l11, -11<h<l11, -11<h<l1,
hkl ranges -22<k<22, -23<k<23, -22<k=<22,
-15<I<15 -16<1<16 -16<I<16
20 Range (°) 1.920 to 25.773 2.461 to 25.812 1.894 to 25.728
collectl::;?ueg(ilounes/ (Rl 17476 /4097 / 0.0516 19112/4111/0.0646 4273%/7?970 /
Completeness to 0 (%) 95.9 932 99.6

Absorption correction

Max. and min. trans.
Data/restrains/parameters
Goodness-of-fit on F?

Final R indices [I>26 (I)]

R indices (all data)

Largest diff. peak and
hole (e A-%)

Semi-empirical from

equivalents

0.0189 and 0.0048
4097/0/284

1.064

R1=10.0457
wR2=0.1320

R1=0.0466
wR2=0.1344

1.134 and -0.723

Semi-empirical from

equivalents

0.0922 and 0.0385
4111/0/284

1.074

R1=10.0672
wR2=0.1866

R1=10.0688
wR2=0.1906

1.108 and -0.889

Semi-empirical from

equivalents

0.0961 to 0.0280
4370/0/285
1.174

R1=10.0695
wR2=0.1714

R1=10.0707
wR2=0.1738

2.049 and -4.641
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Table 5.6 Crystallographic data for compounds 13, 15 and 16.

5. Experimental Section
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CssH122C04ClsN1609 CasHe2Zn2C14NsOs C23H33CdC12N4O2 5
Formula
(13) 5) 16)
Formula Weight 2067.33 1055.55 588.83
Temperature (K) 100(2) 100.0 100(2)K
Wavelength (&) 0.71073 1.54178 0.71073

System, space group

Monoclinic, P21/n

Monoclinic, C2/¢c

Monoclinic, P21/n

a(A) 9.4978(5) 29.965(4) 11.1004(3)
b () 19.0963(10) 8.0447(12) 12.9995(3)
c(A) 13.2916(7) 23.742(4) 18.6202(5)
() 90 90 90
B () 96.227(2) 122.071(7) 101.2850(10)
v 90 90 90
URY/Z 2396.5(2)/ 1 4849.9(12) / 4 2634.94(12) /4
Deate(g cm3) / . (mmY) 1.432/0.966 1.446 / 3.665 1.484/1.060
F(000) 1078 2200 1204

Crystal size (mm?®)

hkl ranges

20 Range (°)

Reflections
collected/unique/ [Rin]

Completeness to 0 (%)
Absorption correction

Max. and min. trans.

0.267x 0.171 x 0.160
-13<h<13,
-27<k=27,

-19<I<18

2.784 t0 30.550
50359 /7258 /0.0290

99.1

Semi-empirical
from equivalents

0.7461 and 0.6938

0.1x0.08 x 0.08
-35<h<3s,
-7<k=9,
-28<1<27

3.481 to 66.860
15452 /4279 /0.0653

99.3

Semi-empirical
from equivalents

0.7528 and 0.6573

0.12x 0.1 x 0.08

-14<h<14,
0<k<16,
0<I<24

1.923 to 27.494
5995 /5995 /0.0945

99.1

Semi-empirical
From equivalents

0.745684 and 0.349755

Data/restrains/parameters 7258 /37299 4279/0/289 5995/0/285
Goodness-of-fit on F? 1.068 1.058 1.057
S B R R
ooy B REGTS won

Largest diff. peak and
hole (e A)

0.414 and -0.449

0.356 and -0.527

1.961 and -1.256




Table 5.7 Crystallographic data for compounds 17-19.
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Formula C23H33HgCIN4O25 (17) | Ca4He62C02C1aNsOs (18) | C22H30Cu2C1aN40O2 (19)
Formula Weight 677.02 1042.67 651.40
Temperature (K) 298(2)K 100(2) 283(2)

Wavelength (&) 0.71073 0.7293 0.71073
System, space group Monoclinic, P21/n Monoclinic, Ca/c Orthorhombic, Cme2,
a(A) 11.1617(19) 29.9778(10) 21.873(16)
b (A) 13.094(2) 8.0411(3) 7.781(4)
c(A) 18.698(4) 23.7682(8) 15.377(7)
@ () 90 90 90
B () 99.661(7) 122.0530(10) 90
MG 90 90 90
UAY/Z 2693.8(8)/ 4 4856.0(3) / 4 2617(3)/ 4
Deae (g em) / pt (mm*) 1.669 / 5.940 1.426/1.017 1.699 /2.062
F(000) 1332 2176 1352
Crystal size (mm®) 0.1x0.1x0.08 0.12x0.1x0.1 0.068 x 0.062 x 0.043
-13<h<13, -35<h<35, 28<h<28,
hkl ranges -15=k=15, -9<k=9, -10=k<10,
-20<1=22 -28<1<28 -19<I<19
20 Range (°) 2.418 to 25.026 3.481 to 66.860 2.649 to 27.572
Reflections 37205/ 4760 / 0.1006 33398 /4269 /0.0520 15100/3080/0.2017
collected/unique/ [Rint]
99.8 99.4 99.9

Completeness to 0 (%)

Absorption correction

Semi-empirical
From equivalents

Semi-empirical
from equivalents

Semi-empirical
from equivalents

0.7454 and 0.5078

Max. and min. trans. 0.7454 and 0.4502 0.0298 and 0.0098
Data/restrains/parameters 4760 /0 /284 4269 /0/289 3080/1/159
Goodness-of-fit on F2 1011 1.039 1.029
SRR A A
P T R

Largest diff. peak and
hole (e A)

0.851 and -0.977

0.568 and -0.457

0.805 and -0.679




Table 5.8 Crystallographic data for compounds 24, 25 and 27.

5. Experimental Section BV¥/d

C20Ha4sB20N4CuClz C20H4sB20N4ZnCl> C20Hs0B20NsHgCla
Formula
(24) (25) (27)
Formula Weight 695.26 697.09 905.23
Temperature (K) 298(2) 298(2) 100(2)
Wavelength (A) 1.54178 1.54178 0.7293

System, space group
a(Ad)
b (A)
c(A)
a(®)
B
7 ()
UAY)/Z

Dcate (g cm‘3) / n (mm“)

F(000)

Monoclinic, C2/c

23.571(6)
13.290(5)
14.597(4)

90
125.225(8)
90
3735(2) / 4
1.236/2.281

1436

Monoclinic, P21/c

16.032(4)
14.306(4)
18.071(5)

90
113.365(4)
90
3804.18(19) / 4
1.217/2.326

1440

Monoclinic, P2;

7.5892(3)
32.6382(13)
16.4317(7)

90
97.0673(11)
90
4039.2(3)/ 4
1.489/4.354

1784

Crystal size (mm?)

hkl ranges

20 Range (°)

Reflections
collected/unique/ [Rint]

Completeness to 0 (%)

Absorption correction

0.12x0.12x0.11
-28<h<27,
-12<k<15,
-17<1<16

4.042 to 66.604

18039/3286
[R(int)=0.0432]

99.6

Semi-empirical from

0.14x0.12x0.12
-16<h<19,
-15<k<16,
21121

3.003 to 66.617

28053/6695
[R(int)=0.0914]

99.6

Semi-empirical

0.12x0.12x0.08

-9<h<9,
-42<k<42,
-21<1=21

2.563 to 28.266

59249/17402/
[R(int)=0.0271]

95.3

Semi-empirical

equivalents from equivalents from equivalents
Max. and min. trans. 0.7528 and 0.4768 0.7528 and 0.4823 0.0298 and 0.0090
Data/restrains/parameters 3286/0/216 6695/0/430 17402/1/895
Goodness-of-fit on F2 L.111 1.021 1.047
Final R indices [I>26 (I)] ‘51{2==06?]5 ; 17 7 Vﬁ{;jc?f 52 597 5&2::06?56935
i
Largest diff. peak and +0.228, —0.840 +0.734, —0.566 10.964, —1.475

hole (e A-%)




Table 5.9 Crystallographic data for compounds 29-31
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Formula

Formula Weight
Temperature (K)
Wavelength (A)

System, space group

Ci6H32B10PdC1aN4

29)
565.85

298(2)
0.71073

Triclinic, PT

Ci3H16CulN2 (30)

390.72
100(2)
0.72932

Monoclinic, P2,/c

Ci18H44B20Cu2l2Na4 (31)

913.65
298(2)
0.71073

Triclinic, PT

a(A) 8.1091(8) 4.2749(3) 10.361(2)
b (A) 8.1123(5) 19.9244(15) 12.195(2)
c(A) 20.7127(14) 16.0826(11) 15.412(3)
o () 85.855(2) 90 98.412(6)
B ) 81.902(4) 97.106(2) 91.117(6)
Y () 80.528(4) 90 96.772(6)
UAY/Z 1328.89(18) /2 1359.31(17)/ 4 1911.6(6) / 2
Deate (g em™) / p (mm™) 1.414/0.913 1.909/4.101 1.587/2.748
F(000) 572 760 888
Crystal size (mm?) 0.14x0.12x0.12 0.1x0.1x0.08 0.13x0.13x0.11
-10<h<10, -5<hss, -13<h<13,
hkl ranges -10<k<10, -23<k=23, -15=ksIS5,
226<1<26 -19<I<19 -19<1<19
20 Range (°) 2.689 to 27.563 1.678 to 25.718 1.981 to 27.522
. 19758 / 6085/
Reflections 28558 /2381/0.0937 50381 /8766 /0.0594

collected/unique/ [Rin]

Completeness to 0 (%)

Absorption correction

Max. and min. trans.
Data/restrains/parameters

Goodness-of-fit on F2
Final R indices [I>26 (I)]

R indices (all data)

[R(int)=0.0417]

99.5

Semi-empirical
from equivalents

0.7456 and 0.5150
6085/0/302
1.070

R1=10.0345
wR2=0.0807

R1=0.0436
wR2=0.0846

99.9

Semi-empirical from equivalents

0.4910 and 0.2737
2381/0/159

1.059

R1=10.0451
wR2=0.1262

R1=0.0460
wR2=0.1268

99.9

Semi-empirical from

equivalents

0.7456 and 0.4209
8766 /0/419

1.020

R1=10.0408
wR2=0.0774

R1=10.0762
wR2=0.0892

Largest diff. peak and
hole (e A-%)

0.462 and -0.945

1.499 and -0.995

0.693 and -0.692




5. Experimental Section Vs

Table 5.10 Crystallographic data for compounds 32A and 33

Formula C20H4sB20Cu2laN4 (32A) C34H67B20Cu4l4No (33)
Formula Weight 941.70 1579.92
Temperature (K) 100(2) 298(2)

Wavelength (A) 0.7293 0.71073

System, space group

Triclinic, P1

Monoclinic, P21/¢c

a(A) 12.0222(8) 13.3779(13)
b (A) 12.9633(8) 19.272(2)
c(A) 14.3391(9) 23.825(2)
a () 72.561(2) 90
B () 78.697(2) 99.679(2)
Y () 64.922(2) 90
UAY/Z 1924.2(9)/2 6055.0(10) / 4
Deate (g em™®) / p (mm'™) 1.625/2.835 1.733/ 3.460
F(000) 920 3048
Crystal size (mm?) 0.11x0.1x0.1 0.11x0.1x0.1
-14<h<14, -17<h<17,
hkl ranges -15<k<15, -25<k<24,
-17<1<17 -28<1<30

20 Range (°)

2.555 t0 25.728

2.285t0 27.522

Reflections
collected/unique/ [Rint]

46530/ 6686 /0.0917

137504 /13904 / 0.1346

Completeness to 0 (%)

98.5

99.9

Absorption correction

Semi-empirical from equivalents

Semi-empirical
from equivalents

Max. and min. trans. 0.0285 and 0.0068 0.7456 and 0.3935
Data/restrains/parameters 6686 /0 /440 13904 /0 /622
Goodness-of-fit on F? 1.110 1.014
o R1=0.0541 R1=0.0509
Final R indices [I>20 (I)] WR2=0.1341 WwR2= 0.1006
o R1=0.0551 R1=0.1028
R indices (all data) WR2=0.1352 WR2=0.1183

Largest diff. peak and
hole (e A3)

2.361 and -1.693

1.137 and -0.952
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Figure S3.3.1 X-ray diffractogram of [Zn(LL.4)Cl:], (10, bottom) measured at 298 K. Calculated
pattern from resolved crystal structure is also included (top) as a reference, from monocrystal

XRD measured at 100(2) K.
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Figure S3.3.2 X-ray diffractogram of [Cd(L4)Cl,], (11, bottom) measured at 298 K. Calculated
pattern from resolved crystal structure is also included (top) as a reference, from monocrystal

XRD measured at 100(2) K
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Figure S3.3.3 X-ray diffractogram of [Hg(LL.4)Cl:]» (12, bottom) measured at 298 K. Calculated
pattern from resolved crystal structure is also included (top) as a reference, from monocrystal

XRD measured at 100(2) K
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Figure S3.3.4 X-ray diffractogram of [Co(L4)Cl:]»-1/2(H,O) (13, bottom) measured at r.t.
Calculated pattern from resolved crystal structure is also included (top) as a reference, from

monocrystal XRD measured at 100(2) K.
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Figure S3.3.5 X-ray diffractogram of {[Zn(L5)Cl,]-1/2H,O}, (15, bottom) measured at 298 K.
Calculated pattern from resolved crystal structure is also included (top) as a reference, from

monocrystal XRD measured at 100.0 K.
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Figure S3.3.6 X-ray diffractogram of {{Cd(L5)Cl,]-1/2EtOH}, (16, bottom) measured at 298 K.
Calculated pattern from resolved crystal structure is also included (top) as a reference, from

monocrystal XRD measured at 100(2) K.
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Figure S3.3.7 X-ray diffractogram of {[Hg(L5)Cl:]-1/2EtOH}, (17, bottom) measured at 298 K.

Calculated pattern from resolved crystal structure is also included (top) as a reference, from

monocrystal XRD measured at 298(2) K.
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Figure S3.3.8 X-ray diffractogram of {[Co(LS5)Cl:]-1/2H,O}, (18, bottom) measured at r.t.
Calculated pattern from resolved crystal structure is also included (top) as a reference, from

monocrystal XRD measured at 100(2) K.
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Figure S3.3.9. X-ray diffractogram of [Cux(L5)Cls] (19, bottom) measured at r.t. Calculated
pattern from resolved crystal structure is also shown (top) as a reference, from monocrystal XRD

measured at 293(2) K.
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Figure S.3.3.34 UV-Vis spectra of 15-17 (CH;CN, ~3-10° M) measured at RT.
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b (Cg3=(C9toC14) Cga=(N1-N2-C1-C3-C4)
Eth = Ether chain, Meth = Methyl, Ph =
Phenyl, Pz = Pyrazole

Cg6 = (N3-N4-C18-C20-C21)
Eth = ether chains, Ph = Phenyl, Meth = Methyl,
Pz = Pyrazole

Figure S3.3.37 a. Supramolecular structure of 11, view along ¢ axis (right). Detail of the non-
bonding interactions in 11, view along ¢ axis (left). b. Supramolecular structure of 12, view along
c axis (right). Detail of the non-bonding interactions in 12, view along c axis (left). Colour code:
grey (C), white (H), light blue (N), light green (Cl), bone (Cd), light-grey (Hg). Cd(II) and Hg(II)
atoms are also represented as bone or light-grey polyhedral, respectively. Intermolecular
interactions are represented as dashed light-blue lines. Only hydrogen atoms participating in
intermolecular interactions are shown.
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Figure S.3.3.38 Voids representation in 13. Colour code: grey (C), white (H), light blue (N), light
green (Cl), blue (Co). Cavities are represented in light brown.
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Figure S3.3.40 Hirshfeld surface mapped in dnom representation of 11 (top-left) and 12 (middle-
left) and metalacyclic component of 13 (bottom-left). Surface transparency has been enabled and
relevant atoms labelled. Fingerprint plot of 11 (top-right) and 12 (middle-left) and metalacyclic
component of 13 (bottom-left).
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N3#1

Figure S3.3.39 Compound 18, showing all its non-hydrogen atoms and numbering scheme.

Colour code: grey (C), white (H), light blue (N), light green (Cl), blue (Co).

Supramolecular
Double Chain
O-H--Cl interactions
Double chain

:s C-H---Cinteractions
Stacking of
Double chains

Figure S3.3.40 Detail of the H-bond interactions in 15, showing only hydrogen atoms involved
in intermolecular interactions. View along b axis. Colour code: grey (C), white (H), light blue
(N), light green (Cl), grey-blue (Zn). Water molecules are highlighted in blue and represented in
spacefill mode. Zn(Il) atoms are also represented as blue-grey polyhedra. Intermolecular
interactions are represented as dashed light-blue lines. Only hydrogen atoms participating in

intermolecular interactions are shown.
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Figure S3.3.41 Voids representation in 15 (91.22 A* 1.9 % of unit cell) and 18 (86.91 A3, 1.8 %
of unit cell). Colour code: grey (C), white (H), light blue (N), light green (Cl), light-grey (Zn),

blue (Co). Cavities are represented in light brown.

Right-Handed Left-Handed
Helical Chain Helical Chain

Helical Chain

Figure S3.3.42 Supramolecular structure of 16 (left, view along a axis) and 17 (right, view along
b axis). Occluded solvent molecules have been removed for clarity. Colour code: grey (C), white
(H), light blue (N), light green (Cl), bone (Cd), grey (Hg). Cd(Il) and Hg(Il) atoms are also

represented as bone or grey polyhedra, respectively.
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Figure S3.3.43 Voids representation (227.28 A*, 8.6 % of unit cell) in 16 (left) and (229.75 A3,
8.5 % of unit cell) 17 (right). Colour code: grey (C), white (H), light blue (N), light green (Cl),
bone (Cd), grey (Hg). Cavities are represented in light brown.
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Annex for Section 3.4
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Figure S3.4.1 PXRD pattern of compound 26 (green, bottom). Calculated patterns from resolved
crystal structures for 24 (red), 25 (blue) and 27 (black) are included as references
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Figure S3.4.16 *C{'H} NMR spectrum of compound 27 (CDCls, 100.6 MHz).
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Figure S3.4.17 *C{'H} NMR spectrum of compound 28 (CDCls, 100.6 MHz).
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Figure S3.4.18 *C{'H} NMR spectrum of compound 29 (CDCls, 100.6 MHz).



ANNEX I: Spectra and Additional Information

Annex for Section 3.5

Table S3.5.1 Bond lengths (A) and angles (°) for 32A

Bond lengths (A)
Cu(1)-I(1) 3.1044(8) Cu(2)-1(1) 2.6985(6) Cu(2)-N(52) 1.990(4)
Cu()-I(H)#1  2.7027(7)  Cu2)-I(1)#1 2.7437(6) Cu(1)-Cu(2) 2.5917(8)
Cu(1)-1(2) 2.5662(6) Cu(2)-1(2) 2.6474(6) Cu(1)-Cu(2)#1 2.9289(9)
Cu(1)-N(22) 1.984(4)
Bond angles (°)
Cu(2)-Cu(1)- 81.92(2) N(22)-Cu(1)- 121.00(11)  N(52)-Cu(2)- 157.28(11)
Cu(2)#1 1(1) Cu(1)
Cu(2)-Cu(1)- 55.680(18) N(22)-Cu(1)- 118.79(11)  N(52)-Cu(2)- 129.93(11)
I(1) 12) 1(1)
Cu(2)-Cu(1)- 62.384(19) Cu(1)-Cu(2)- 98.07(2) N(52)-Cu(2)- 115.49(10)
I(1)#1 Cu(1)#1 I()#1
Cu(2)#1- 54.003(17) Cu(1)-Cu(2)- 71.83(2) N(52)-Cu(2)- 105.24(11)
Cu(1)-I(1) 1(1) 12)
I(D)#1-Cu(1)- 57.089(17) Cu(1)-Cu(2)- 60.791(18) Cu(D)#1-I(1)- 91.661(19)
Cu(2)#1 I(D)#1 Cu(1)
I(D)#1-Cu(1)- 88.339(19) Cu(1)-Cu(2)- 58.645(19) Cu()#1-I(1)- 56.823(17)
I(1) 12) Cu(2)#1
1(2)-Cu(1)- 141.75(3) 1(1)-Cu(2)- 57.230(17) Cu(2)-1(1)- 52.488(17)
Cu(2)#1 Cu(1)#1 Cu(1)
1(2)-Cu(1)- 61.762(19) I()#1-Cu(2)- 66.265(19) Cu)#1-I(1)- 59.732(17)
Cu(2) Cu(1)#1 Cu(1)
I1(2)-Cu(1)-I(1)  93.00(2) 1(1)-Cu(2)- 96.383(18) Cu(2)-1(1)- 65.678(19)
I()#1 Cu()#1
1(2)-Cu(1)- 109.71(2) 1(2)-Cu(2)- 153.99(2) Cu(2)-1(1)- 83.615(18)
I(1)#1 Cu(1)#1 Cu(2)#1
N(22)-Cu(1)- 176.55(11) I1(2)-Cu(2)-I(1) 101.161(19) Cu(1)-1(2)- 59.593(19)
Cu(2) Cu(2)
N(Q22)-Cu(1)-  96.74(11) 1(2)-Cu(2)- 106.11(2)
Cu(2)#1 I(1)#1
N(22)-Cu(1)- 119.52(10) N(52)-Cu(2)- 100.27(11)
I()#1 Cu(1)#1
#1: x+1,y,z

#2:x-1,y,2



Table S3.5.2 Relevant bond lengths for compounds 30-33

30

31

32

33

Schematic representation of the core

geometrical motif

| | | I |
%Cu/ \Cu/ \Cu/ \Cu“\‘\’

lengths
(A)
(Mean
value)
1.971(4)

1.9543(3)
1.963(3)

1.958(3)
1.984(4)
1.990(4)

1.987(4)

1.998(4)
1.987(5)

1.993(5)

1.966(4)
1.979(4)

1.973(4)

Cu-N bond Cu-I bond
lengths (A)

(Mean
value)

2.5538(6)
2.5499(6)

2.5520(6)
2.5426(7)
2.6084(7)
2.5439(7)
2.6107(7)

2.5764(7)
3.1044(8)
2.7027(7)
2.5662(6)
2.6985(6)
2.7437(6)
2.6474(6)

2.7438(7)

2.6351(10)
2.8614(9)
2.7128(9)

2.5547(10)

2.5991(10)

2.6726(10)

2.5523(9)
2.5853(9)
2.5772(9)
2.5421(10)

2.559009)

Cu-Cu bond
lengths (A)

(Mean
value)

4.275

2.4726(9)
2.5158(9)

2.4942(9)
2.5917(8)
2.9289(8)

2.7603(8)

2.6373(12)

2.5583(10)
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Figure S3.5.1 FTIR-ATR spectrum of compound 30
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Figure S3.5.2 FTIR-ATR spectrum of compound 32B
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Figure S3.5.3 FTIR-ATR spectrum of compound 33
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A65

(2] ! J 1
A 5 [+ © = N 1 : ]
=8 ~ B £ B b BEB
| [ N ugfigy || | |

3-8,10,11

T T T T T r T T T T T T T T r T T T T
0L -35 -40 45 -50 -55 -6.0 -65 -70 -75 -80 -85 -9.0 -95 -10.5 -11.5 -12.5 -1
ppm

O = C, Rest of vertexes = B-H

Figure S3.5.6 ''B (left) and 'B{'H} (right) NMR spectrum of 32B (CDsCN, 128.6 MHz)

A = A Y
1lB o g 1lB{lH} o S g

3-8, 10,11

3-8, 10,11

- T — T T T .
-1 -2 3 4 -5 -6 7 -8 -9 -10 -1l 12 -13 -4 -15 -16 -17 1 ¢ 1 2 3 - ¢ - > 3
ppm ppm

O = C, Rest of vertexes = B-H

Figure S3.5.7 ''B (left) and ""B{'H} (right) NMR spectrum of 33 fragments (CD;CN, 128.6
MHz)



ANNEX I: Spectra and Additional Information

= [ = ~N o~ i~ w N B
B B (=] ~N ~ S w w
2 g S il (4] =] ~ oo =
CD,;CN
3 c CT
I1 \C5=C8 CD,CN
I %
sara, N 797 Cq
C3 \C5 \]\{
/Cu c4
cs | C7+C10

co C7

T T T T T T T T T T T T T T T 1
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
ppm

Figure S3.5.8 *C{'H} NMR spectrum of 32B (CD3CN, 100.6 MHz)
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Figure S3.5.10 PXRD pattern of compound 30 (bottom). PXRD pattern from resolved crystal
structure at 100(2) K (top) is also included as a reference.
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Figure S3.5.11 PXRD pattern of compound 31 (bottom). PXRD pattern from resolved crystal
structure at 298(2) K (top) is also included as a reference.
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Figure S3.5.12 PXRD pattern of compound 32B (bottom). PXRD pattern from provisional crystal
structure at 298(2) K (top) is also included as a reference.
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Figure S3.5.13 PXRD pattern of compound 33 (bottom). PXRD pattern from resolved crystal
structure at 298(2) K (top) is also included as a reference.
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Figure S3.5.2 UV-Vis spectra of ligands L9-L12 (CH;CN, 1.45-10° M to 6.5-10° M, normalized
spectra).
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