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Ac = acetate

Ar = aryl

Bpa = bis(pyrazolyl)acetate

BuLi = nbutyl lithium
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NHE = normal hydrogen electrode

NIR = near infrared

OTf = trifluoromethanesulfonate

OTs = tosylate

PCET = proton-coupled electron transfert
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ppm = part per million

PTA = 1,3,5-triaza-7-phosphaadamantane
py = pyridine

pz = pyrazolyl

pz™® = 3,5-dimethylpyrazolyl

Q = charge (coulomb)

RNR = ribonucleotide reductase

S = electronic spin momentum

Bu = tertbutyl

TBDMS = tertbutyl dimethyl silyl

TEMPO = 2,2,6,6-tetramethyl-1-piperidinyloxy
Terpy = 2,2',6',2"-terpyridine

TFA = trifluoro acetic acid

TON = turnover number

THF = tetrahydrofuran

TMEDA = tetramethylethylenediamine
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Tyr = tyrosyl

Tyr ~ = tyrosylate

Tyr " = tyrosyl radical

wu = work up

Xy = xylyl (2,6-dimethylphenyl)



Resumo

O estudo da quimica de coordenacdo de novos ligandos quelantes ¢ um tema
fundamental e atrai a atencdo de muito grupos cientificos com interesse em diferentes
disciplinas da quimica. Os escorpionatos e os salicilamidatos sdo dois exemplos
importantes de tipos de ligandos quelantes ocupando uma posi¢do relevante em
muitas areas da investigacdo. O trabalho pretende estudar a sintese e a quimica de
coordenacdo de novos derivados destes ligandos com uma funcionalidade altamente
orientada. Os capitulos 1 e 4 descrevem respectivamente as investigagdes sobre as
propriedades quimicas e a reactividade dos escorpionatos tris(pirazolil)metano (Tpm)
e dos ligandos salicilamidatos. Os capitulos 2 e 3 reportam os estudos da quimica de
coordenagdo de novos derivados do Tpm (i.e. Li(Tpms™), TpmPy and TpmPy""). Os
correspondentes complexos metalicos tém caracteristicas unicas que sdo favoraveis a
activagio de moléculas, em catalise (Li(Tpms™))e em quimica supramolecular
(TpmPy and TpmPy™). Nos capitulos 4 e 5 sdo descritas as sinteses, as propriedades e
a quimica de coordenacdo duma nova classe de ligandos salicilamidatos que
apresentam grupos fenois, fenolatos ou radicais fenoxilo, com um potencial perfil

para uso como compostos biomiméticos.

Palavras-chave: ligandos quelatos, escorpionatos, funcionalizagoes, indugdo

estereoquimica, flexibilidade de coordenagdo, radicais fenoxilo.

xi



Abstract

The study of the coordination chemistry of new chelating ligands is a
fundamental domain and attracts the attention of many research groups with interests
in different chemical areas. The tripodal scorpionates and the N,O-based
salicylamidates are two relevant examples of types of chelating ligands and hold a
primary role in many areas of chemistry. The present work directs on the synthesis
and coordination chemistry of new derivatives of these compounds with highly
oriented functions. Hence, chapters 1 and 4 describe the investigation carried out on
the chemical properties and reactivity of the tris(pyrazolyl)methane scorpionate
(Tpm) and the salicylamidate ligands, respectively. Chapters 2 and 3 report the
coordination chemistry of new Tpm derivatives (i.e. Li(Tpms™), TpmPy and
TpmPy™). The corresponding complexes possess peculiar characteristics with
important features for activation of small molecules, catalysis (Li(TpmsPh)) and
supramolecular chemistry (TpmPy and TpmPy™). In the chapters 4 and 5 are
described the syntheses, the properties and the coordination chemistry of a new class
of salicylamidate ligands bearing phenols, phenolates and their oxidized forms (i.e.

phenoxyl radicals), contributing to their potential biomimetic use.

Key-words: chelating ligands, scorpionates, functionalizations, steric

inducement, coordination flexibility, phenoxyl radicals.
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Chapters’ Structure

The work has been organized into five main chapters:
-Chapters 1-3: Scorpionate ligands
-Chapters 4, 5: Salicylamidate ligands
-Chapter 6: Experimantal Data

I adopted a procedure to simplify the reading: every chapter incorporates a
short abstract, a general introduction, a discussion of the results and —in some cases- a
conclusive overview to summarize the results.

The chapters contain some concluding sections identified as “Appendixes”,
where are described several supplementary studies, correlated to the topic. I decided
to move these sections to focus the attention on the difference between (i) those
subjects that were extensively explored and took the main part of time and (ii) those
studies that resulted incomplete and not adequately developed or not strictly related to
the theme.

I remain conscious of the utility and the value of unsuccessful results,
nevertheless this choice has the unique purpose to make the reading clearer more

coherent.

Chapter 1 is exclusively focused on the functionalization of Tpm ligand,
starting from the study of the chemical characteristics of the molecule (i.e. structure,
stability, solubility, reactivity, effect of substituents, ...). This chapter would have the
aspiration to summarize all the experimental observations, the empirical studies and
the analyses collected during these years on the chemistry of Tpm into a unique text,
joining them together with the scientific results obtained and the examples reported in
literature, to achieve a review of this class ligands and its potential applications.

Chapter 2 reports the coordination chemistry of a new Tpm derivative (i.e.
Li(TpmsPh)) toward copper(I) centers.

Chapter 3 describes the coordination chemistry of two new Tpm derivatives,
bearing an extra pendant (i.e. Tpm™, and TpmPy™) able to coordinate toward

different metal centers.
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Chapter 4 introduces a new class of salicylamide ligands and, similarly to
Tpm ligands, describes their chemical properties and functionalizations. Analogously
to Chapter 1, this chapter is exclusively focused on the chemistry of these ligands (i.e.
organic) and on the study of the important features of some specifically designed
derivatives.

Chapter 5 gives an account of the first studies of coordination chemistry of
the salicylamidate ligand toward nickel centers and concentrates on the potential
bioinorganic characteristics of these complexes.

Chapter 6 includes all experimental data, procedures, crystallographic data,
electrochemical, theoretical and catalytic studies together with the pictures of all

numbered compounds.

Additionally, this thesis, at the first and last pages, incorporates two Schemes

(i.e. chapters 1-3 and 4-5) where the main studies are shown.
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“There is no greater impediment to progress in the sciences
than the desire to see it take place too quickly.” G. C.
Lichtenberg (1742-1799)

“Hay que hacer investigacion, critica literaria, ensayos de
interpretacion, panfletos divulgativos si asi la ocasion lo
requiriera, pero no este hibrido entre fantaciencia y novela
negra inconclusa, [...]” 2666, R. Bolafio (1953-2003)






General Introduction

The study of chelating ligands is undoubtedly one of the most significant
fields of chemical research. The investigation of chelating molecules to a metal center
reached fundamental results for the development of the overall scientific knowledge
in chemistry.

While the term “ligand” was first used by Stock in 1916 and used in scientific
journal in 1948;'* the term “chelate” was first applied’ in 1920 indicating those
groups “which function as two associating units and fasten to the central atom so as to

produce heterocyclic rings” (Figure 1).

Figure 1. Representation of the usual coordination mode of two chelating ligands: Bpa,

bis(pyrazolyl)acetate) (left), Terpy, terpyridine (right).

From there, the designation of these compounds has been subjected to a
progressive refinement: the introduction of several descriptive concepts, such as
“denticity”, “hapticity”, “macrocyclic”, “bridging” and “bi-, tri-, poli-, ambidentate
ligand”, contributes to clarify and differentiate many categories of chelating ligands
and promote the genesis of peculiar disciplines and research areas. In fact, around the
wide subject of chelating ligands many branches of investigation have grown, such as:

-thermodynamics (stabilization of chelation and macrocyclic effects);

-reaction mechanisms (fluxionality and flexibility of ligands);

-theoretical studies (electron donor ability and ionic nature of the ligands);

-coordination chemistry (ligand exchange reactions);

-biomimetic models and catalysis;

-solid supported and supramolecular chemistries.



General Introduction

Reedijk and co-workers, recently, emphasized® the importance of ligand
design in coordination chemistry in order to achieve successfully specific desired
functions in many research fields. In fact, it is commonly recognized that specific
functionalization or derivatisation of a species is a powerful strategy to enhance its
reactivity. Many areas of research base their development on this approach; for
instance, in medicinal chemistry the functionalization of a lead compound has been
shown to improve its biological activity.

I have used a similar approach toward two tridentate ligands which possess
different characteristics and I have studied their functionalization for the exploration
of highly oriented coordination chemistry, what may confer new properties to the

material.

Scorpionates Ligands: tris(pyrazolyl)methane

Characteristics

The scorpionate ligands constitute one of the most known class of chelating
ligands. They consist in pyrazole-based ligands, know as poly(pyrazolyl)ligands,
which are formed from two or more N-deprotonated pyrazole rings bound to a main
group atom through one of the ring nitrogens.

The designation of these ligands came from its peculiar coordination mode:
with the three nitrogen atoms of the corresponding pyrazolyl rings able to occupy
three facially adjacent vacant positions of the coordination sphere of a metal center.
This configuration (i.e. fac-chelation) mimics the analogue position of the scorpion
that uses the three stings (two pincers and one claw) to attack its prey. A similar
analogy has been described for another class of chelating ligand, the pincer ligands.
The latter are, in fact, characterized by their peculiarity to bind two or three adjacent
coplanar positions of the coordination sphere of a metal center. Differently, the
scorpionate ligands extend their coordination ability out of a planar dimension,

employing the third ‘arm’ to a facially capping coordination (Figure 2).
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Figure 2. lllustration of a parallel between the scorpion and the tris(pyrazolyl) ligands.

The boron derivatives, hydrotris(pyrazolyl)hydroborates, Tp,” have become

6-14

one of the most highly studied class of ligands™ " and they have been used to

synthesize complexes of most metals of the periodic table."’

It is commonly agreed to compare'®"’

the main characteristics of Tp ligand
with other face-capping ligands, in particular taking into account the parallel between
tris(pyrazolyl)borate (Tp) and cyclopendadienyl (Cp’) and considering that at least
three important features are common: they are both mononegative, six electron donor
and occupy three coordination positions (i.e. face-capping chelating ligand). The
carbon analogue to Tp, known as hydrotris(pyrazolyl)methane, Tpm, maintains the
tripodal face capping aspect and the same electrodonor ability, but differs from the

others in the charge that holds (Figure 3).

©

)> C')

Figure 3. Cyclopentadienyl Cp’, Tris(pyrazolyl)borate Tp, and tris(pyrazolyl)methane Tpm.

Z’—m—I

@CI

Cp’

Tpm is, then, a tridentate ligand able to coordinate metal centers in a Ns-
chelating mode; nevertheless it is also reported® that, in some cases, Tpm (and Tp)
could afford different coordination modes, adapting their geometry to the demands of
the metal center, binding in a k’-mode (i.e. bidentate)’' or acting as a bridging

ligand.”
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As will be described in Chapter 1, the relatively more complicated synthesis of
Tpm in comparison to that of Tp analogues, is the main reason of the underdeveloped
research on this class of ligands, and encourages to explore a variety of

functionalizations.

Functionalization

1318 concerning the derivatisation of Tp ligands

The large numbers of works
have already demonstrated that the diversification of these ligands is an important
topic and allows to direct the design of the derivatives toward highly specific
applications.

Starting from the study of its properties and reactivity, several positions of the
scorpionate molecule are commonly recognized of a great significance for
functionalization. Two main points of functionalization could be identified: the apical
position and the heterocyclic ring (Figure 4), and through the modification of these

sites it is possible to achieve unique effects on the coordination behavior of the

corresponding ligand.

L.
-
.
-*
-
-
-

Figure 4. The two main sites for the functionalization of Tpm.

In particular, the functionalization at 3, 4 and 5-positions of pyrazolyl rings
has been extensively studied for Tp and represents an important topic for many
researchers:> > for instance the study of the roles of bulky substituents at 3 or 5-
positions of pyrazolyl rings will be object of discussion in Chapter 1 and held a
considerable part of work for this thesis.

Recently, it has been recognized that synthetic progress toward the
functionalization of the central methine carbon atom at the apical position of Tpm

derivatives would be considerably advantageous,”® and the modifications of the
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backbone can influence the properties of the complexes, as well as permitting their

attachment on a solid support.*’

®) P (14 (2) KOH
| |

VR Y DL R
IR0 — ¢ — <o

=N NN =N NJ N =N N f N

R R R R lR R R , R
hydrosolubility UXE) ) 1
O-coordination R ss..ﬁl?\FE R solubility o
ligand flexibility /N NN extra-coordination
bioinspired complexes =N N solid supported chemistry

R LR supramolecular chemistry

redox properties
radical chemistry
zwitteronic complexes
C-coordination

Scheme 1. Examples of deprotonation and functionalization of Tpm.

The substitution at the central methine carbon atom can be achieved by
reacting a suitable electrophile with the carbanion "C(pz); (Scheme 1, (7)) formed by

deprotonation of Tpm.?*?

Recently, this anionic derivative has attracted a growing
interest’' and a significant part of this thesis discusses the nature of this carbanion.

An important carbon-functionalized derivative of Tpm is the sulfonated
analogue, tris(pyrazolyl)methanesulfonate, Tpms> (Scheme 1, (9), R = H). The latter

has captured the attention of many groups’>>°

for its high stability and
hydrosolubility. Moreover the additional sulfonate group could be involved in the
coordination to metal, converting the N3-type Tpm" ligand, in a more versatile Tpms"
able to coordinate as either a tripodal or a bipodal ligand (i.e. with N3-, N,O-, N»- or

. . . 32-34,36
NO-coordination modes, see Figure 5).”""™"

In Chapter 2, this flexibility of Tpms
has been studied and appears to be related both to the nature of the metal center and

the other ligands.
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Figure 5 Coordination modes of Tpms® ligand.

An important derivative of Tpm is the 2,2,2-tris(pyrazolyl)ethanol (Scheme
1, (2), R = H). The latter compound represents, in fact, a sort of ‘chemical scaffold’
for the development of a synthetic plan for further functionalizations. This compound
could, indeed, react with a large variety of species and this topic has been

: 26,28,37-41
object*®*-7

of wide investigation in the last years in coordination chemistry and
inspired many sections of this thesis: the prospects to extend the ‘denticity’ (Chapter
3) and to radically modify the properties of the molecule, i.e. anchoring it to a
dendridic (Chapter 1) or solid support, have recently opened the research toward new

fields of application.*”*

Salicylamidate based ligands

Characteristics

A large variety of chemical and biochemical redox processes are based on

phenol oxidation, being a common intermediate in several enzymatic pathways.”*’ In

general, phenols constitute an important class of antioxidants that inhibit the oxidative
degradation of organic materials including a large number of biological aerobic

organisms and commercial products.**~?
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ROO" + ArOH ——> ROOH + ArO (1)

Phenols realize this by hydrogen-atom transfer to peroxyl radicals, converting
them to hydroperoxides much faster than the radical attacks an organic substrate,
forming the corresponding phenoxyl radicals species (eq. 1). The latter are, in fact,
intermediates in a large variety of thermochemical, photochemical and biochemical
processes.”* Furthermore, the proton-coupled electron transfert (PCET) oxidations of
phenols to phenoxyl radicals are of particular importance™ in biological systems
because of the widespread involvement of tyrosyl radicals (i.e. Tyr") in enzymatic
mechanisms: they contribute for an important catalytic function in the enzyme
ribonucleotide reductase (RNR) and also in photosystem II.

For these reasons, there is a growing interest in the chemistry of phenol-based
ligands (Figure 6). These ligands are characterised by a large number of categories
that have many different features: from the simple bidentate ligands to tetradentate
and crown ligands. These differences hold, indeed, a complex variety of properties

and applications.
R'YH\(R'
X X
7 N\, Hoj%:\\ il al
RQS: S R | | R
R
pZ R
N F X R R
R R Y, &
o, o7 L2 L0
| N NN
"o Ho” N7

Z SN OH OH

-
R (\N/ R
N | H | Ph
G N
N |Jph G Ph
| o= on N OH NH
Ho™ N Ph 2

Figure 6. Different phenol-based chelating ligands.
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This study focus the attention toward a highly oriented class of phenol ligands
that can incorporate two or more deprotonable sites able to coordinate and then
stabilise a high oxidation state of a metal ion. In fact, there is an increasing attraction
on the design and synthesis of bioinspired chelating ligands able to form stable
complexes with a metal center in different oxidation states. Actually, the Cu'/Cu'
phenol-based mechanisms of galactose oxidase (i.e. GAO) is one of the most studied™
examples of an enzymatic process that uses a metal-mediated mechanism (i.e.
involving copper-tyrosyl radical unit) to bind and activate O, and oxidize organic
substrates.

Strictly connected to this topic, the copper-catalysed alcohol oxidation has
become of a great interest’’ and an extremely wide variety of synthetic systems
incorporating organic radical and copper complexes have been studied for this

reaction.

Functionalization

A variety of phenol-based ligands shows a wide panorama of derivatives, but
the highly focused selectivity of their applications helps to select the most interesting
functionalization. In order to fortify the ligand to oxidative degradation, it has been
reported that 2, 4 and 6 alkyl substituents at the phenol ring confer stability against the
decomposition of the oxydized derivative (Figure 7).>*

Furthermore, the ability of phenols to form H-bonds has been object of a

3369 on the intramolecular H-

comprehensive research™ and the extensive work done
bonded phenols has clarified the description of important enzymatic mechanisms.
Among the different systems, 2-nitrophenols’’ and especially salicylic acid
derivatives®” (i.e. 2-hydroxy benzoyl compounds, Figure 7 compound (a)) have been
the favourite models, although other derivatives employing a nitrogen-assisted H-

bond (compound (b) and (¢), Figure 7) have been studied.”
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__ Substituents can stabilize R R
the oxidated derivative
D(n+1)
M
—
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Figure 7. Schematic representation of main features of phenol chelating ligands examined by

this study.

The production of chemical analogues of tyrosyl radical (i.e. phenoxyl radical)
in various local environments is of much current theoretical and experimental
interest;”’ in particular the studies of the influence of intramolecular H-bonding to
phenol and its corresponding phenoxyl radical, are essential to understand the

physico-chemical properties of a biological system. It has been reported®® that these
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H-bonded classes of compounds undergo a reversible one-electron oxidation to form a
phenoxyl radical that incorporate the intramolecular H-bond (Equilibria (A) and (B),
Figure 7): as previously mentioned, the proton-coupled electron transfert (PCET)
generated from direct oxidation of phenol is one of the highly studied processes in the
biological systems.

The work of this thesis focused the attention on the salicylamidate derivatives
(Chapter 4) that present an amidic moiety at 2-position of the phenol ring. In addition,
Kanamori et al.”> have recently reported that relatively strong (phenolate)O™-H-
N(amide) H-bonding occurs in salicylamidate and isophtalate compounds. These
results have prompted us to design and synthesize several unprecedented H-bonded

(or not) o,p-tBu-protected salicylamidate compounds.

0
N—OH
o}
o)
—_—
OH  Dpcc, dioxane O—N
r.t., 1 day
OH O OH O 4

(41)

R\, -R' | TEA, DMF
N
H r.t., 1 day

R’ = H, Me, CH,CH,OH, ...
R" = Me, CH,CH,0H, CH,CH,NR, ..

Z—3

OH O

‘salicylamide based pro-ligands‘

Scheme 2. Synthesis of salicylamide pro-ligands of this thesis

This class of ligands®® holds peculiar properties and represents a sort of
framework for theoretical studies, coordination chemistry, electrochemistry and
bioinorganic chemistry (Scheme 2).

In particular, the coordination chemistry (Chapter 5) of this new class of
ligands is a theme of primary interest toward the metal centers that, widely present in

Nature, occupy a central role in different enzymes and catalytic systems (i.e. Cu, Fe,

10
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Zn, Ni...). Furthermore, a proper effort should be devoted to investigate the capacity
of the resulting metal complexes to sustain the oxidative conditions, being a reversible

redox system (Scheme 3).

[MLoJXm === ML, X,

Scheme 3 Schematical representation of a reversible redox metal complex

In general, the study of electronic structures of oxidized species of various
metal-phenolate complexes is the starting point to assess them as good candidates for
further applications in biomimetic systems. The electronic characteristics of these

67-69

paramagnetic derivatives have been shown to be dependent on the nature metal

ions but also on the nature of the coordinated phenolate moiety (Chapter 5).%

eskosk

The investigation of new chelating ligands and their corresponding metal
complexes occupies a crucial place in the comprehensive panorama of chemical
research. The study of these two different classes of chelating ligands (i.e. scorpionate
and salicylamidate ligands) shows how important is the analysis of their chemical
properties and reactivity to design the synthesis of new derivatives.

These examples demonstrate that the possible functionalizations of the starting

ligands drive to different potential applications.

11
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1 Scorpionates ligands

Abstract

The coordination chemistry of hydrotris(pyrazolyl)methane (Tpm) (and
derived species), the carbon analogue of tris(pyrazolyl)borate (Tp), is relatively much
less studied in comparison to its boron-analogue. One reason for the limited research
in this area is that the syntheses, with the exception of Tpm itself, are more difficult
than those of the corresponding tris(pyrazolyl)borates. Recently, important progresses
have been done in this field and some researchers developed an extensive knowledge
on the preparation of derivatives of Tpm.

The study of chemical properties of the starting pro-ligand (i.e. stability,
geometry, solubility, coordination ability...) is a key point to define the different
synthetic strategies to functionalize the lead compound and achieve unique
derivatives.

Two main synthetic routes have been highlighted: (i) The functionalization of
pyrazolyl rings pass through the synthesis of differently substituted pyrazoles and
provides different classes of Tpm derivatives where the substituents at the pyrazolyl
rings can lead to significant modifications of the stability, solubility and coordination
properties. In particular, the 5- and 3-functionalizations have been studied and the
resulting ligands hold important functions that could open to a large variety of
applications. (ii) The activation of the central methine carbon of Tpm has a high
synthetic potential and is the most important topic in this field. In the last decades, the
proliferation of works reporting new Tpm derivatives functionalized at the apical
carbon is a real demonstration of the relevance of this theme. A multi-directions
synthetic plan has been designed and carried out providing a large variety of Tpm
analogues with different chemical properties: within these compounds, several
derivatives display unique peculiarities that have been studied in the next chapters.

In the last sections of the chapter (1.5 and 1.6) several new possible
functionalizations of Tpm ligand have been explored and indicate perspectives for

future work in this area.
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1.1 Introduction

The pyrazole-based poly(pyrazolyl) ligands are formed from two or more N-
deprotonated pyrazole rings bound to a main group atom through one of the ring
nitrogens (Figure 1.1).

First introduced by Trofimenko in 1967,' hydrotris(pyrazolyl)borates, Tp,

have become one of the most widely exploited and highly studied class of ligands in

10,11 12,13

inorganic,” bioinorganic,”” organometallic and coordination chemistries, and
they have been used to synthesize complexes of most metals of the periodic table. The
Tp ligand is uninegative, six-electron donor and, anologuosly to cyclopentadienide
ligand (Cp), is a face-capping chelating ligand. The carbon analogue to Tp, known as
hydrotris(pyrazolyl)methane, Tpm, is a neutral chelating ligand bearing three N-
pyrazolyl rings bound to a central carbon (Figure 1.1). Tpm is, then, a potentially
tridentate ligand able to coordinate metal centers in a N3-chelating mode; nevertheless
it is also reported'* that Tpm (and Tp) could exhibit other coordination modes (e. g.

i’-metal complexes in a square planar geometry).

_. carbon apical position

" i

Be ('3;" —‘—__,_positionS\

/ N N"\ N N\

l T\ [l] / l N\ | <o position 4 &pyrazolyl
< R ring

=N\, =N rL S
position 3
To Tpm ition 3

Figure 1.1 Hydrotris(pyrazolyl)borate (Tp), and hydrotris(pyrazolyl)methane (Tpm).

The large variety' ™'

of Tp derivatives indicates how wide and explored is the
research in this field; the synthetic functionalization of tris(pyrazolyl)borate is until
now an intensively studied domain. In particular, due to its handy synthesis, the

functionalization of 3, 4 and 5-substituted tris(pyrazolyl)borate has been an important
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topic for many researchers.'”*” On the contrary, the relatively less reactive Tpm led to
an underdeveloped panorama of its derivatives.

The aim of this chapter is to describe in every respect all the investigations
developed during these years for the functionalization of Tpm (Scheme 1.1), the
illustration of Tpm characteristics (Sections 1.2.2 and 1.2.3), the description of Tpm
functionalization at a pyrazolyl ring (Section 1.2.4) and at the central methine carbon
(Sections 1.2.5, 1.3 and 1.4). At the end of the Chapter are described —as Appendixes-
the studies that have not been completed so far and those that led to unsuccessful

results (Sections 1.5 and 1.6).
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1.2 Tpm: chemical properties

1.2.1 Tp and Tpm: differences and analogies

Taking into account the different preparation methods of Tpm and Tp, it is
simple to notice how the synthesis of tris(pyrazolyl)borate and of its derivatives is
undoubtedly easier and more versatile than those of its carbon analogue, Tpm.

In fact, the Tp preparation proceeds with H, formation from reaction between
the highly reactive potassium borohydride and pyrazole.”” On the contrary the
synthesis of Tpm (Scheme 1.2, (1)) proceeds through the deprotonation of pyrazole to
pyrazolate and the successive nucleophilic substitution at a chloroform molecule. This
difference of the synthetic process is even more evident in the case of preparation of
3-, 4- or 5-substituted tris(pyrazolyl) species:'® where the synthesis of a tris(3,5-
diphenylpyrazolyl)borate, Tp"™2, proceeds regularly as described,"” the preparation,
carried out in this study, of its carbon analogue does not occur (see Section 1.5.1).
Moreover, it has been reported' that a vigilant control of temperature in the Tp
synthesis is required to avoid the formation of the ‘over-substituted’ product,
tetrakis(pyrazolyl)borate; whereas (as it is explained in Section 1.4) the synthesis of
tetrakis(pyrazolyl)methane, using carbon tetrachloride, does not seem to proceed

easily.

Z _ KBH,
A I
170° C, neat HB N—N

HN—N
Tp
/ N32C03’ HCC|3 m
>
B HN_,\/, [NBuylBr, H,0, A, 72h  HC-t-N—N /3

Tpm (1)

Scheme 1.2 Synthesis of hydrotris(pyrazolyl)borate (Tp, reaction A) and of
hydrotris(pyrazolyl)methane (Tpm (1), reaction B).
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Different attempts to improve the Tpm synthesis have been reported, starting
from the 1937 Hiickel’s preparation,”' and clarify that the best yield** is earned in
biphasic conditions: using a large excess of a mild base (i.e. Na,CO;) to deprotonate
the pyrazole and refluxing the resulting mixture for over 70 h. In fact, the use of a
stoichiometric amount of a strong base to remove the N-pyrazolyl proton does not
lead to the desired product, since it has been proved that strongly basic conditions
could launch into a series of side-reactions, starting from the decomposition of the
chloroform molecule to lose HCI and form the reactive dichloro carbene® that reacts
with the unsubstituted pyrazole to yield ring expansion reactions.**

152327 the characteristics of Tp

In its reviews, Trofimenko lists and compares
ligand with other face-capping ligands, in particular by taking into account the
parallel between tris(pyrazolyl)borate (Tp) and cyclopendadienide (Cp’) and showing
that at least three important features are common: they are both mononegative, six
electron donors and tend to occupy three coordination positions. The Tpm ligand (1)
tends to maintain the tripodal face capping aspect and the same electron-donor ability,
but differs from the others for the charge that holds. In particular cases, the neutral

nature of Tpm changes drastically its properties (in comparison to Tp) by promoting

or hampering the coordination to the metal center, as will be shown in next chapters.

1.2.2 Tpm: stability

An important advantage of Tpm and its derivatives is their substantial stability
in air. This behavior is very useful when Tpm is prepared in a large scale, stored and
used for further functionalization. In fact, it has been possible to keep the compound
for months in air without any decomposition. Nevertheless, its storage under inert
atmosphere avoids the absorption of humidity, since it is slightly hygroscopic after
several weeks. However, it has been sufficient to dry it under vacuum for a few hours
to remove the absorbed water.

The synthesis” of Tpm does not need chromatographic purification: the
compound is effectively crystallized from diethyl ether. Moreover, different methods
to increase the yield and the efficiency of the synthesis have been tested, especially
with a view to further synthetic steps of functionalization: (i) crushing of crude

product with diisopropylether leads to a white off powder in higher yield and in a
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appreciable purity for further reactions; (ii) chromatographic purification
(acetone/pentane) of crystallisation’s mother liquor furnishes a considerable amount
of Tpm in very good purity.

Tpm is well soluble and stable in all common organic solvents (CH,Cl,,
CHCI;, CH;CN, THF, MeOH, EtOH,...), but does not exhibit high solubility in water
(Srs-c ~ 15.5 mg'mL™, see also Section 1.3.1).

Several attempts of functionalization that required different pH conditions,
have shown that hydrotris(pyrazolyl)methane is goodly stable in a wide range of pH.
While remains stable in mild acidic range of pH (i.e. acetic acid), decomposition
occurs in case of strong acidic conditions (conc. HBr, HCI, HNO;...; see below and
Scheme 1.4). This characteristic has hampered the synthesis of some new derivatives
that needed these strong conditions during the preparation (Sections 1.3.2.3 and 1.5).
The instability in strong acidic media has been exploited in cases of substituted Tpm.
In fact, it is reported that the synthesis®® of 3-substituted Tpm derivatives involves the
treatment of the crude mixture with a catalytic amount of p-toluensulfonic acid: the
mixture of regioisomers, formed after the first synthetic step, converts to a single

regioisomer where the steric interactions are minimized (Scheme 1.3).

acid- catalysed

Scheme 1.3 Acid-catalyzed conversion of unsymmetrical Tpm to a single regioisomer.
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It is possible to propose herein that, in this acid-catalysed equilibrating
condition, the protonation of the pyrazolyl ring could favour a retro-alkylation process
to restore the free pyrazole. The latter is able to react with the carbon-cation, forming

the sterically favourable regioisomer (Scheme 1.4).

Scheme 1.4 Proposed mechanism, in this study, for acid-catalyzed conversion of 3-substituted

Tpm.

During the preparation of tris(3-phenylpyrazolyl)methane and tris(3-
tertbutylpyrazolyl)methane, trifluoroacetic acid (TFA) has been successfully used
instead of p-toluensulfonic acid (Table 1.1, compounds (12) and (13)).

Furthermore, a radical decomposition of tris(pyrazolyl)methane has been
investigated in this thesis, and it has been verified that when Tpm is oxidized at the
central carbon to a radical species, it can undergo a decomposition via homolytic
breaking of C-pz (pz = pyrazolyl ring) single bond and restore the starting pyrazole
ring within other byproduct.”” This behavior has been the object of an extensive study

in this work and will be discussed in Section 1.4.
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1.2.3 Tpm: characteristics

The tripodal tris(pyrazolyl) ligand is characterized by its three pyrazolyl rings,
connected together through a central methine carbon. Thus, the molecule, with the
exception of not-symmetrical Tpm that bears pyrazolyl rings differently substituted
(i.e. known as heteroscorpionates), has a Csy symmetry and the corresponding N3-

coordinated metal complexes maintain this symmetry.**>?

:C3v : C3v
Ny
I

Tpm [M(Tpm)X]

Figure 1.2 The Csy symmetry for Tpm and for a Ns-coordinated Tpm metal complex of
general formula [M(Tpm)X].

The Csv axis crosses the central methine carbon and the planes of pyrazolyl
rings are parallels to this axial orientation. It is reported that, in the corresponding
metal complexes, the pyrazolyl ring could (in some cases)’> bend relatively to Csy
axis. This torsion angle could depend on some steric interactions’* and electronic spin

state3 1,32

of the metal center (i.e. Fe", d°, low spin (LS) or high spin (HS), see also
Chapter 3, Section 3.3.1). Therefore, this symmetrical property furnishes important
advantages in some spectroscopical studies. Proton and carbon NMR experiments™,
in fact, are affected by this feature: the three pyrazolyl rings are equivalent in NMR
spectra and the 3, 4 and 5-positions of the heterocyclic ring could be definitely

identified (Figure 1.3). Furthermore, the N-alkylation of the pyrazolyl ring alters the
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positions 3 and 5 of the ring that appear, in the 'H-NMR spectra, shifted from the free
pyrazole: the 6 7.63 ppm value associated to the 3,5-H protons of the free pyrazole,

splits to 7.68 and 7.59 ppm for 3-H and 5-H protons of pyrazolyl ring of (1),

respectively.
=
N—N
Hd_cLN/——N
N
N—N
GV HT, " H, (3)
. H,(4)
a ‘b
d
1 ‘
\ |
| }' I ‘ I\
I ANSIPRY ) J\_|

Figure 1.3 '"H-NMR (CDCl;) spectrum of Tpm, (1).

1.2.4 Tpm: the pyrazolyl ring

As previously mentioned the pyrazolyl ring of Tpm shows interesting
properties and peculiar characteristics.

In the 'H-NMR spectrum, the 3- and 5-positions are differentiated and
typically for N-alkylated pyrazole the 5-position is unshielded to lower field, whereas
the 3- moves to higher field; consequently the 'H-NMR signal of the proton at
position 4 duplicates its multiplicity. The coupling constant is not affected and
maintains its typical value (from 1.7 to 2.6 Hz) of the free pyrazole.

The pyrazolyl ring ligated to the central methine carbon maintains the
principal properties of a free heterocyclic ring, but as it is expected the
functionalization on the ring results much more complicated than in the pyrazole
itself. For instance, the electrophilic substitutions (i.e. sulfonation, nitration...) at the
3-, 4- or 5-carbon atoms are not known and it is predictable that the reaction

conditions (strong acidic) could lead to decomposition of the Tpm, itself. Therefore,
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the functionalization of Tpm, at the pyrazolyl ring, cannot be achieved starting from
the Tpm, but (as widely explored'”'® for Tp) has been carried out* for this study, on
the pyrazole that has been successively assembled to the desired scorpionate. The
latter step has been, then, modified according to the nature of substituents on the

pyrazole ring (see Table 1.1).
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1 Scorpionates ligands

In particular, purification methods of Tpm"“

(11) were modified from the
published procedure.”” In fact, alternatively to the sublimation of unreacted 3,5-
dimethylpyrazole and successive chromatographic purification, a faster crushing in
diisopropyl ether gave the desired product in good purity and reasonable yield. On the
other hand, a direct chromatographic purification (acetone/pentane) removed the
starting material providing the desired Tpm"“** in good yield and purity.

The 3-substituted Tpm prepared and used in this work (i.e. Tpm™ (12) and

BY (13)) were synthesized by modifying® the known procedure:* as previously

Tpm
mentioned, trifluoroacetic acid (TFA) was used instead of p-toluene sulphonic acid to
convert the mixture of regioisomers to the single more stable regioisomer and, for
Tpm™, has been possible to avoid chromatographic purification by collecting the
product after crushing in i/Pr,O (diisopropyl ether). Moreover, during the preparation,
it has been observed that progressive addition of lower amounts of HCCl; to the
reaction mixture provides a better yield. For the less reactive 3-substituted pyrazoles
the use of a large excess of chloroform could lead to a low efficient synthesis: the
sequential addition of small quantities (2 x 6 eq) of HCCI; in the biphasic vigorously
stirred mixture favours the complete substitution of the three chlorine atoms and
minimizes the formation of mono- and bis-adducts (Figure 1.4). In fact, besides the
latter being more reactive to substitution than chloroform itself, the steric hindrance
hampers the third nucleophilic substitution at the central carbon and the absence of a

large excess of chloroform in the reaction mixture favours this process.

~Y

\ Na2003
N—N©
aqueous phase
[NBu,][Br]
organic phase
H
| |
C

s &
&

/) ril‘\ \C / lil & ¢
=N . =N
R \ R

Figure 1.4 Schematic representation of reaction mixture of 3-substituted Tpm synthesis (R =

Ph (12), tBu (13)).

L
o c‘n\\C'
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30
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The synthesis of Tpm™

(15) has been attempted by modifying the starting
procedure, but the product was formed together with a considerable amount of
starting material and byproducts. The excessive steric hindrance of the starting 3,5-
diphenylpyrazole is the main reason of the low efficiency of the reaction. The final
product should exhibit interesting properties in terms of steric modulation of the
reactivity of the apical side of the ligand for the stabilisation of anionic derivatives
(see Section 1.4).

In general, it is expected that ring substituents would have an effect on the
electronic and donor/acceptor properties of the ligand. Nevertheless, Reger and co-
workers reported® that this influence is minimal. At the same time, it is possible to
define separately the effect of the substituents at the pyrazolyl ring (Figure 1.5):

-position 3: the major contribution of the substituents at this position is of
steric nature. These groups, in fact, are facially oriented toward the coordination to
the metal center and hold an important role for the modulation of Tpm derivative

coordination chemistry.'®**°

In the case of bulky substituents (i.e. iPr, Ph and 7Bu),
the ligand is forced to engage a definite coordination geometry. In particular, for those
metals with an high affinity for the octahedral Ng-coordination mode (i.e. Fe"), this
steric limitation obliges them to abandon the typical full-sandwich coordination of
two of such type of ligands: [ML,]X, (L = Tpm derivative). Moreover, it has been
reported’”™ that substituents at 3-position could be directly involved in the
coordination to the metal center. Many relevant applications in bioinorganic

chemistry are also known,***"*

specifically due to this modulation effect on the
coordination chemistry of metal centers with biological interest (i.e. Cu, Fe, Zn,...).
Furthermore, it has been proved that the bulky substituents at the 3-position could
also enhance the thermodynamic and hydrolytic stability of the corresponding
complexes.

-position 4: substituents in this position of the pyrazolyl ring are not common

for Tp or Tpm derivatives***

, and this type of functionalization is not exhaustively
studied probably because of its minor influence on the coordination properties of the
scorpionate. In fact, substituents at position 4 are directed neither toward the metal
center nor toward the apical position. This ‘meridian’ orientation is, indeed, more
related to electronic effect on the heterocyclic ring and do not interfere with the

coordination ability of the scorpionate ligand.
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c'; ‘____posmon 5: steric protecion of apical position

/

N o ,
/ T | ........ position 4: electronic effects
—N N

W
T\
N,

- position 3: steric modulation and coordination
Tpm

Figure 1.5 Schematic representation of Tpm with highlighted positions.

-position 5: the greater difficulty to prepare Tpm derivatives bearing bulky
substituents in position 5 compared to Tp analogues (see Section 1.2.1) is indicative
of the steric interactions existing in this type of compound. As mentioned in previous
Sections, the low versatility of the Tpm synthesis has driven to a limited investigation
on its S-substituted derivatives. With the exception of methyl and iso-propyl

. 45-4
substituents,*’

no bulkier groups have been introduced at position 5. Herein, the
groups can modulate the ‘opposite face’ of the scorpionate ligand*® and recently many
works report important improvements in this field.**”° A detailed study of steric

effect of 5-substituents is presented in Section 1.4.

The synthesis of other Tpm derivatives, not further explored, will be discussed
in Section 1.5: Appendix A. They constitute a crucial point for the exhaustive
description of the chemical properties of the Tpm ligand, cover an important set of

reactions and demonstrate how extensive could be the investigation in this field.

1.2.5 Tpm: the central carbon

The other important point of the molecule is undoubtedly the central methine
carbon. This highly activated tertiary carbon is reasonably stable (see Section 1.2.2),
in spite of the electron withdrawing effect of the three pyrazolyl rings. The *C-NMR
spectrum of Tpm, in fact, confirms that this methine moiety is affected by the
heterocyclic rings: the resonance corresponding to the central carbon appears at 6 100
ppm. Also the proton directly connected to it reflects this effect: its resonance is
observed at & 8.58 ppm in the 'H-NMR spectrum (Figures 1.3 and 1.6) implying the

‘acidic’ nature of this proton. Nevertheless, the downshifting in chemical shifts could
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also be due to a spatial effect of pyrazolyl rings: the hydrogen atom is inside the
aromatic ‘cone’ effect of the three rings that could, in principle, affect the central

proton atom lowering its resonance.

8.58 ppm

100.43 ppm

Figure 1.6 '"H and > C-NMR & values for proton and carbon of the central unit of Tpm.

The deprotonation of the methine C has been, in fact, widely explored’'* and
object of an intense research in synthetic and organometallic chemistry. Recently,”>"°
this functionalization of Tpm ligand appeared with a great relevance in
multidisciplinary aspects of chemistry (i.e. dendrimers, supramolecular and solid
supported chemistries...) and many applications in those fields are in fast progress
and expansion.

Different parts of this work have included the deprotonation process of the

apical proton of Tpm and its derivatives and will be extensively discussed in the next

sections.
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1.3 Carbon functionalization of Tpm

As mentioned in the previous paragraph, the removal of the apical proton of
Tpm leads easily to the corresponding carbanion. The deprotonation could be
achieved by different strong bases, such as butyl lithium, sodium hydride, sodium
ethoxide or potassium metoxide.”'”’ It has been carefully described, by Reger, that
the choice of a suitable base could be a crucial step for the success of the reaction.
Where nBul.i is an appropriate base for the methylation of the central carbon, the
same base could not be used with paraformaldehyde, (CH,0),, to functionalize by the
hydroxymethylene moiety (Scheme 1.5, examples ¢ and d).

H CH,OH
¢
l\ 1 Base (i\ a) R=H, Ph, Base: tBuOK, rt
& ~ b) R = tBu, Base: BuLi, -78°C
/) lil T\T \, 2(CHO) 7 [il T\[ij \ )
=N NJ N THF =N NJN< c)R= H,_Ph, Base: Buli,
K X R g 3 R no reaction
; i
|
",.C C d) R = H, Base: Buli, -78°C
& l\ 1. Base § ‘\ e) R = Ph, Base: LiN[Si(Me)3]
{;’i‘ " fil:> 2 Electrophile /N NANTN )R =1Bu, Base: Buli, -78°C
_
—=N J N N |
N =N N N~= Electrophile = Mel, Ph-CH,-Br
R R R R kR R=MeBz

Scheme 1.5 Examples of deprotonation followed by functionalization of Tpm.

The reason of these interesting differences stays in the nature of the carbanion
that is generated: the strong lithiation of the central carbon of Tpm is carried out in
‘controlled condition’ at -78° C and gives rise to a highly reactive species able to react
with strong electrophiles (i.e. methyl iodide) at low temperature. On the other hand,
the mild deprotonation of an alkoxide base (i.e. potassium ferfbutoxide) and
successive nucleophilic substitution by paraformaldehyde is performed at room
temperature for 12 h. Furthermore, it has been demonstrated that, besides the strength
of the base, an important effect could be also played by the counter-ion. It was

shown,’® in fact, that the yields of the deprotonation-Lewis acid substitution improved
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when the ligand was first complexed to a transition metal. In addition, an extensive
description of the role of lithium ion (i.e. Li") in the deprotonation by BuLi, is given
in Section 1.4, where the unexpected stability of the carbanion of tris(3,5-
dimethylpyrazolyl)methane is explained.

As shown in Scheme 1.1, that summarizes the major synthetic routes studied
in this work, the next Sections will describe the most important functionalizations of

the central methine carbon developed herein.

1.3.1 The tris(pyrazolyl)methanesulfonate: Tpms

First reported by Klaiii,* in 2000, tris(pyrazolyl)methanesulfonate, Tpms, has
rapidly gained a considerable significance on the scorpionate chemistry and many

34,59-65
works™™

actually relate to this sulfonate functionalization of central methine
carbon.
This derivative of Tpm has been prepared by the known procedure (Scheme

1.6) where the adduct NMe3;SOs is used as a source of the sulfonate moiety.

'I' ?osu
C C
‘\ 1. BuLi, -78°C ‘\
—=N lll N =N N J N
R 3 R R R
Tpm, (1) (R=H) Li[Tpms], (9) (R=H)
TpmP", (12) (R=Ph) Li[TpmsP"], (16) (R = Ph)

Scheme 1.6 Synthesis of Li[Tpms] (9) (R = H) and Li[Tpms™"] (16), (R = Ph).

The sulfonate compounds synthesized and used in this work are Li[ Tpms] (9)
and its unprecedented phenyl analogue Li[TpmsPh] (16) (Scheme 1.6). The synthesis
of the latter has been optimized to reach reasonable yield and purity (see Chapter 3).

In contrast to Tpm, the sulfonate derivative is highly soluble in water and
moderately soluble in alcohols. Moreover, Li[Tpms] is stable over a wide range of pH
values in aqueous solution: at pH 0 only small amounts of pyrazole (see Section

1.2.2) can be detected even after several weeks and in basic conditions (pH 13) no
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signs of decomposition occur. This feature turned out to be decisive in many areas,
since the corresponding water soluble metal complexes represent a favorable class of
compounds to be tested in catalysis and bioinorganic chemistry in aqueous media.

It is reported that several 3-substituted Tpm compounds have been
functionalized as sulfonates. In particular, sterically hindered derivatives (i.e. bearing
iPr, Bu and Ph at position 3 of the pyrazolyl ring) have been the object of an
extensive investigation,>**°103 These bulky substituted
tris(pyrazolyl)methanesulfonates, in fact, hold at least four main fascinating
characteristics:

(1) modulate the coordination properties of the ligand, bearing steric groups at
position 3 of the pyrazolyl ring, i.e. avoid the “sandwich” adduct and tune the

34,66-69
’ such as

coordination ability of the resulting metal complex to small molecules,
nitriles, isonitriles, CO,...; this behavior has been studied for new copper complexes
in Chapter 2.

(i1) the sulfonate moiety increases the solubility in polar organic solvents and
the water solubility; as an example, Li[TpmsPh] (16), prepared in this work, shows a
high solubility in water (Sys.c =~ 90 mg:mL™") in spite of the presence of phenyl
substituents.

(ii1) the sulfonate group could be involved in the coordination to metal,
converting the N3-type Tpm" ligand in a more versatile Tpms", able to act as either a
tripodal or a bipodal ligand (i.e. with N3-, N,O-, N»- or NO-coordination modes, see
Figure 1.7).>*°%%* This flexibility is the central topic of Chapter 2.

(iv) the anionic nature of the sulfonate derivative could undoubtedly modify
its coordination properties in comparison to the neutral precursor, Tpm. As will be
discussed further, the Tpms coordination chemistry is in general more favoured
toward monopositive metal ions (i.e. Cu') compared to Tpm ligand; the formation of

neutral adduct could be, in many cases, an important driving force.
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Figure 1.7 Coordination modes of Tpms" ligand.

A great interest has been devoted®”’"’" to the thallium analogue of Li[Tpms].
In fact, a simple metathesis reaction of Li[Tpms] with an suitable metal salt gives the
corresponding tris(pyrazolyl)sulfonate salt (e.g. K[Tpms] is prepared from reaction
with potassium carbonate). The facile removal of thallium salts is the reason of the
great interest around the preparation of TI[Tpms], that is a ‘perfect’ starting material
for complexation reaction.

Moreover, it is interesting to consider an additional role of metal cation in the
chemical properties of the sulfonate derivative. It is appropriate, in fact, to consider
the sulfonates Li(Tpms") as lithium complexes. In fact, besides the reported formation
of the Ns-adduct [(i’-Tpms®)Li] (see next Section 1.4), the lithium ion usually forms
intermolecular Li-~OS interactions®* that furnish interesting data on IR vso and vcs

(Figure 1.8).
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Figure 1.8 Representation of the complexes present in solid state and in solution for

Li(Tpms®) and TI(Tpms").

Moreover, it is intriguing to notice the difference among 'H-NMR resonances
of Li(Tpms) (9) in different solvents (i.e. 6 7.91, 8.11, 7.62 for 3-H(pz) in MeOD,
DMSO and D,O, respectively; see Experimental Part) that in some cases could be
involved in several intermolecular interactions (see also Section 2.5).

In addition to the previously mentioned Tpms species, attempts have been
carried out to sulfonate the central carbon of other derivatives of Tpm. In fact, the
reactivity of the tris(3,5-dimethylpyrazolyl)methane, Tpm“** (11) has been
unsuccessfully tested in the sulfonation reaction. An exhaustive description of the
reasons of the inertness of this 3,5-disubstituted Tpm derivative and, in general, of all

5-substituted tris(pyrazolyl)methane ligands, can be found in Section 1.4.

1.3.2 Tris-2,2,2-(1-pyrazolyl)ethanol (2): the hydroxy derivative

One of the most important Tpm derivatives for the development of a synthetic
plan of functionalization is the hydroxy-methylene derivative, the tris-2,2,2-(1-
pyrazolyl)ethanol, HOCH,C(pz); (pz = pyrazolyl ring), (Scheme 1.1, (2)).

Scheme 1.5 has shown how the preparation of this derivative passes through a

mild deprotonation of the apical methine carbon and the successive nucleophilic
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attack to paraformaldehyde to yield the alcohol derivative. Tris-2,2,2-(pyrazol-1-
yl)ethanol (2) has a pronounced affinity to all common organic solvents and its
stability is comparable to that of Tpm itself.

The hydroxy group of (2) is an important functional group for further
functionalizations of the molecule and it is easily predictable that the reactivity of

alkoxide prepared upon deprotonation of the starting material is a more versatile

scaffold than the carbanion derived from Tpm (Scheme 1.7).

C Cl
D 2 |y
=N ,L N THF =N l!l N

|
fo C cl
N I\N NaH J o l\N \ ©/\
/|T\'\ THF L) 7 7\ NN
=N N f N =N N N =N l!l N
R Y R R R R

R

Scheme 1.7 Different reactivity of Tpm (1) and tris-2,2,2-(1-pyrazolyl)ethanol, (2).

The alkoxide could, indeed, react with a large variety of species and this topic

has been the object of a wide investigation in the last years in coordination

chemistry.”**""*" In this work, compound (2) has been used as a building block for

the synthesis of new Tpm derivatives: in Table 1.2 the new classes of prepared

ligands are schematically presented.
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1.3.2.1 Reactivity of tris-2,2,2-(1-pyrazolyl)ethanol.

The hydroxy group of (2) could be easily deprotonated with sodium hydride,
in a classical procedure of deprotonation of alkyl alcohols.”” The sodium salt of tris-
2,2,2-(1-pyrazolyl)ethanol (i.e. NaOCH,C(pz)s;) is usually used instantaneously for
the next step with a suitable electrophile to give the desired product.

It has been possible to isolate the alkoxide, after evaporation of the solvent
(THF) and crushing in dry pentane of the residue. The pale yellow solid could be
stored under dinitrogen at room temperature for days.

Several coordination reactions of the salt derivative to a metal center have
been attempted, revealing an oxidising nature of the derivative: reaction with an Fe'

salt led to formation of a mixture of unidenfied Fe"" byproducts.

1.3.2.1.1 Substitution of the hydroxy group

One of the main purposes of this research project was to functionalize the Tpm
with hydrophilic moieties, in order to increase the water solubility of the compound
and of the corresponding metal complexes. Starting from (2), a new strategy to
prepare the amino-analogue has been planned (Scheme 1.8). Different synthetic
pathways have been studied to substitute the —OH group for an -NHR moiety that
holds important features in terms of hydrosolubility (i.e. the protonable group
increases drastically the hydrophilicity of the compound), coordination chemistry and
further functionalization (i.e. reaction with electrophiles, N-alkylation,...).

Any effort to replace the hydroxy group by an halogen has been unsuccessful
(Scheme 1.8, Step a): simple chlorination, in mild conditions (i.e. oxalyl chloride,
dichloromethane, room temperature) or in drastic conditions (i.e. thionyl chloride,
neat, reflux) did not occur. Similarly, bromination —via phosphorus tribromide- led to
decomposition of the scorpionate scaffold to restore free pyrazole. All processes act in
strong acidic range of pH (i.e. HCI or HBr is formed) and this could lead to a partial
decomposition of the compounds (see Section 1.2.2).

The activation of the —OH moiety to generate an efficient leaving group
(Scheme 1.8, LG) has been performed: mesylation or thiosylation of tris-2,2,2-(1-
pyrazolyl)ethanol yields easily the desired product. The latter, surprisingly, appears
highly stable®® and every attempt (Scheme 1.8, Step b) to replace the mesylate (or
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thiosylate) group failed. Harsh reaction conditions (i.e. Nal excess, DMF, 3 days,

reflux) leave the compound unchanged with traces of the desired product.

1a: COClp, CHClp, rt. | i(LG)= Ms (HyC-SO,-) : {c = Mitsunobu?2 ;
SOCly, THF/DMF, A, Sh: Ts (H3C-CeHs-SO,) i i DEAD, PPhj, Phtalimide :

: POCls P i 1d = Gabriel®! :

{(X=Cl) i b= Nal, CHiCN, A 3h i1

i (R"=NHR") P Nal, DMF, A, 3 days :

§ {1 KBrCHCN,ABh io_\ ;

ia: PBr3, THF P (X=1 e

{ (X =Br) i | (R'=NHR") :

{ (R"= NHR") : ;
""""""""""""""""""" ! b = Nal, DMF, M.W.,100 °C;
: (X =Br) :

! (R"=NHR")

Scheme 1.8 Synthetic plan for the synthesis of amino-based Tpm derivatives.
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The unexpected stability of the mesylate derivative of tris-2,2,2-(1-
pyrazolyl)ethanol could be partially explained considering the steric hindrance of the
three pyrazolyl rings around the methylene moiety, they can obstruct the access to
substitution that should occur via a Sn, mechanism.

To work out this obstacle, another pathway has been carried out. The
substitution of hydroxyl group for a primary amine (i.e. -NH,) could be accomplished

through the Mitsunobu/Gabriel synthesis.®'*

This procedure provides the best results,
although the final yield and purity of the amino derivative are not satisfactory to

extend the process for the large-scale synthesis of the new Tpm derivative.

1.3.2.1.2 Alkylation of tris-2,2,2-(1-pyrazolyl)ethanol.

At the same time, another functionalization of tris-2,2,2-(1-pyrazolyl)ethanol
(2) has been developed in order to connect an amino group to the scorpionate
scaffold. As an alternative to the previous synthesis (Section 1.3.2.2), the alkylation of
the hydroxy group with thiosylated-aziridine could provide a derivative of Tpm

bearing a longer alkyl chain with amino termination (Scheme 1.9, compound (5)).

OH
HZN/\/
TsClI
py
(i): HoSOy, 3 days, r.t.
0 HBr, Phenol, A :
TN A0S {  HBr, AcOH, 70 °C
KOH
toluene NTs NH>
OH O O

Scheme 1.9 Synthetic pathway for the synthesis of 2-(tris-2,2,2-(pyrazolyl)ethoxy)ethanamine.

Thiosyl-protected aziridine has been prepared according to the known

83-86

procedure: starting from the complete thiosylation of ethanolamine, with
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subsequent cyclization upon deprotonation of sulfonamide with potassium hydroxide.
The sodium salt of (2) is reacted to thiosylated aziridine to yield quantitatively the
desired compound, TsSNHCH,CH,OCH,C(pz); (Ts = thiosyl, pz = pyrazolyl) (5). The
latter is stable in air, but its crystallisation resulted more difficult due to the presence
of the additional sulfonamido alkyl chain. Several attempts to obtain the primary
amine, removing the thiosyl protection, led to decomposition of the tris(pyrazolyl)
backbone. In fact, most methods®’ to remove the N-protection involve extremely
acidic conditions that promote the degradation of the compound.

The coordination chemistry of the new N-thiosyl-2-(tris-2,2,2-(1-

pyrazolyl)ethanol)ethaneamine (5) ligand has been studied (see Experimental Part).

1.3.2.1.3 Benzyl and 4-pyridyl derivative of tris-2,2,2-(1-pyrazolyl)ethanol
In addition to the previously reported functionalizations, the reactivity of
sodium alkoxide of tris-2,2,2-(1-pyrazolyl)ethanol has been studied with benzyl
chloride and 4-bromomethyl pyridine (Scheme 1.10). As expected, the nucleophilic
substitution of the bromobenzylic species proceeds with higher purity than that of the
chloro-derivative. The O-benzylated product has been isolated after cromatographic

purification in reasonable yield.

'\@/\3; R = H; X = Br; TpmPy (3)

/N l!l N NaH,RX_ /N (N 5 N i
| |\ | = R [ 'i‘\ | A ‘R'= O/\ ; R = Ph; X = Br; TpmPy"" (19)i
=N [N~ THF =N NSNS g N~ 5

R R R R R R ER'=©/\3;X=C|;(4)

R=H;(2 T

O—
o
A
P
n

R = Ph; (18)

Scheme 1.10 Synthesis of 4-((tris-2,2,2-(pyrazol-1-yl)ethoxy)methyl)pyridine, TpmPy (3), 4-
((tris-2,2,2-(3-phenylpyrazol-1-yl)ethoxy)methyl)pyridine, TpmPy™ (19) and its benzyl
analogue (4).
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The synthesis of 4-pyridyl derivative of tris-2,2,2-(1-pyrazolyl)ethanol,
TpmPy" (3), proceeds readily yielding the product in good yield and purity. It is
conveniently crystallized from diethyl ether (Figure 1.9).

Figure 1.9 ORTEP plot of TpmPy (3) ellipsoids are shown at 50% of probability.

TpmPy (3) bearing the additional pyridyl moiety holds two new important
features: first, the new group can modify the coordination chemistry of the ligand,
being involved in complexation reactions toward metal centers with good affinity to
pyridyl ligand. Moreover, the extra heterocycle could increase the hydrophilicity of
the compound upon protonation of the nitrogen atom. In fact, TpmPy, while highly
soluble in all common organic solvents (i.e., Et,O, CH,Cl, , CH3Cl, MeOH, EtOH or
acetone) and moderately soluble in water (Sys.c = 10 mgmL™") as a free base,
becomes, upon protonation of the pyridine, well water soluble as a salt.

A substantial investigation of the coordination chemistry of this new

scorpionate has been carried out in this thesis and is described in Chapter 3.

" For this new derivative it has been used the Trofimenko’s nomenclature that indicates the
substituent(s) at the pyrazolyl rings by an upper index. In this case, the suffix “Py” -in TpmPy- refers to
the pyridyl-pendant chain at the apical position.
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1.4 Carbon functionalization via radical pathway

In the last decade, it is believed that further synthetic development toward the
functionalization of the central methine carbon atom of the tris(pyrazolyl)methane
derivatives would be greatly advantageous,” as such changes to the backbone can
dramatically influence the properties of the complexes, as well as permitting their
attachment on a solid support.*®

As previously discussed, substitution at the central methine carbon atom can
be achieved by reacting a suitable electrophile (e.g. RBr, with R = benzyl; 4-pyridyl; -
CH,CH,SOsLi" for sulfonate derivatives; thiosylated aziridines for ammonium
derivatives) with the carbanion "C(pz); formed by deprotonation of Tpm.*>>*7*55%
However, this method resulted unsuccessful for sterically hindered
tris(pyrazolyl)methanes, with general formula HC(pz"); (R # H) and, in order to
explore new routes toward the functionalization of the central methine carbon, the
possibility of a radical pathway has been explored in this study.

In particular, tris(3,5-dimethylpyrazolyl)methane, HC(pz"'*%); (p£"'** = 3,5-

Me2

dimethylpyrazolyl), Tpm™ " (Table 1.1, compound (11)), has currently attracted a

great interest due to its specific electronic and steric properties which give transition

79,89,90 Me2)

metal complexes unique attributes. The corresponding red carbanion "C(pz™)3
has been recently reported to display an unusual stability at room temperature that has
even allowed the structural characterisation of its lithium complex as [{
C(pzMez)3}Li+(thf)] (7) (Scheme 1.11, reaction (a)).”’ This inertness of the carbanion
has recently been further confirmed with the isolation and structural characterisation
of several complexes containing the sp’ hybridised carbanion™ which acts as a six
electron N3-donor face-capping ligand, e.g. in [Mg{C(pz"**);}Cl], [Mg{C(pz""**)3}],
[Zn{C(pzV**);}Me],”  [M{C(pzV**):}»] (with M = Fedl), Co(ll)).”
[M{C(pz"**);}(PPhs)] (M = Cu(l), Ag(I))*® or in [Ti(NBut){C(pz"***);}CI(THF)].””
Curiously, this carbanion appears to form stable carbon-metal bonds e.g. with gold(I)
asin [Au{C(pz"**);}(PPhs)],* as well as its unsubstituted analogue in the W(Mo)/Au
heterodimetallic compounds [M(CR)(CO),Au{C(pz)s3}(CsFs)].>"*

However, the carbanion has been shown to be inert to electrophiles, thus

preventing the incorporation of a substituent at the central carbon, what has been
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accounted for by the steric hindrance associated to the three methyl groups in position
5 of the pyrazolyl rings. The latter, in fact, upon coordination toward the metal center
move to the axial orientation and create a sort of cage around the carbanion (Figure
1.10, A); on the other hand, in absence of a metal ion the pyrazolyl rings are free to
rotate and leave a ‘naked’ carbanion (Figure 1.10, B). Thus, during the deprotonation
of Tpm™* -vig BuLi- the temporary formation of the lithium complex (7) has been

recognized to be the reason of stability of the carbanion.

Figure 1.10 Influence of metal coordination on the orientation of the 5-methyl groups of

—C @ZMez)j

The relative inertness of this carbanion led us to embark on the generation of

M2y, and the exploration of the

its corresponding oxidised radical form ‘C(pz
reactivity of the latter. In the next Section it is discussed in detail the preparation of
the anionic [{{C(pz"**);}Li'(thf)] (7), the generation and identification of the C-
centerd radical "C(pz™**); as its Li" salt, [{"C(pZ"**);}Li(thf)]" (7*) and its chemical

behavior toward O,, TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) and I,.
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1.4.1 Identification of the radical 'C(pzMez)3, (7))

Upon reaction of tris(3,5-dimethylpyrazolyl)methane Tpm™** (11) with an
equivalent amount of butyllithium at -70 °C in THF, a red solution of the complex [{

C(pz™**);}Li*(thf)] (7) was formed (Scheme 1.11, reaction (a)).

H H
H-™ | HHH sH H H
/Ci\ o </ Me2)
N ‘N . N N [{ C (pzMe 3}|_| (thf)]
74 1N |/\ BuLi, -70°C /4 | \ \ o
=N N TTEE T\ N
(a)
HC(pzMe2),
Me2
T(‘:;“) I, -80°C
’ (b)
H—3" @Hﬁ HH
VN :
74 ’r Ny ’}'\
‘C(pzMe2 =N YN R TEMPO,
[{ C(pz )3}L|(thf) . N 4 I5,[-80°C -80°C
(7+) ®L|I (e) (f)

(©) 5 site2 TEMPO
ICG& )2 addieg

red solution
RT (d) RT
RT
RT
N NZ
\ ~ZN = Y

~—~r N\ / S U

N—N—\C/O\C/AN/—'N ~N—¢

N

(p252)5C-O-C(p2"e2)5 Cpz" ),
(17) (8)

Scheme 1.11 Synthetic route to (7") and its derived products (17) and (8).
As expected from a previous report,”’ (7) was found to be stable upon

warming to room temperature, and evaporation of the solvent gave a red-orange solid

with "H NMR data (in THF-dy) that are identical to those reported for (7) produced by
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using MeLi as a base. Importantly, the 'H-NMR of the crude solid (7) did not show

any significant signals of either HC(pz'**);

(11) or other side products, indicating the
clean quantitative formation of (7). Therefore, (7) was used without any further
purification.

Careful oxidation of (7), at -80 °C using 0.5 eq of I, causes an instantaneous
color change to deep dark green, the formed species (7') being stable for several
hours only below -60 °C under argon (Scheme 1.11, reaction (b)). The X-band EPR
spectrum (Figure. 1.10) of a 1 mM THF frozen solution of (7%),"" recorded at 95 K,
exhibits an intense single isotropic signal at g = 2.0026 (with a peak-to-peak line
width of ca. 15 G and no resolved hyperfine splitting) that is characteristic of an
organic radical. The lack of any hyperfine structure in the EPR spectrum precludes
any analysis of the spin density distribution within this species. However, since the
line width of the signal is relatively narrow (ca. 15 G), any hyperfine splitting should
be relatively small; this may indicate that the unpaired electron is not (or only to a
limited extent; vide infra) localised on the N-pyrazole atoms, mostly residing on the
central methine carbon.

This is in accord with the (pseudo)tetrahedral conformation of the carbanion
"C(pz“"*),in (7) which lacks p-delocalization. Thus, the green species should be the
C-based radical ‘C(pz“*%);, which presumably exists as the lithium complex
[~{'C(pzMe2)3}Li(thf)]Jr (7", formulated in a comparable manner to the parent
[{"C(pz"*), }Li"(thD)] (7).

In order to corroborate the above hypothesis, theoretical calculations of (7) and
(7") using the density functional theory (DFT) have been performed by Dr. M. L.
Kuznetsov (see Experimental Part). As shown in Table 1.3, the calculated bond
lengths in (7) are in reasonable agreement with the corresponding X-ray structural
data.”’ The maximum deviations of the theoretical and experimental parameters are

0.06 A for the Li—O bond and 0.03 A for the Li----C1 distance whereas the difference

" The use of a silver salt (e.g. Ag[BF,]) as a one-electron oxidizing agent has proved to be unsuitable,
as the only product identified, after purification, was the sandwich complex [Ag{HC(pZMez)3} 2][BF4]
(48) which was fully characterised including by X-ray crystallography (see Experimental, Chapter 6).

" In this experiment, the anion was generated in a ImM concentration in THF; addition of 0.5 eq of I,
produces the radical which is present in <ImM concentration (a suitable concentration for the detection
of radical species by EPR spectroscopy) and the resulting solution was carefully transferred at -80 'C to
an EPR tube (kept under argon at -80 'C); the tube was then immediately cooled (and the solution
frozen) in liquid nitrogen (77 K). No color change has been detected during or after the transfer,
indicating that the bright green color characteristic of the radical remained (Chapter 6).
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for the other bonds does not exceed 0.02 A often falling within the 3o interval of the

X-ray data.

Center Field 3343.56
Sw 500 G

Modulation Frequency 100 KHz
Modulation Amplitude 0.1 Gpp

Receiver Gain 410
Convertion Time 20 ms
Time Constant 20 ms
ST 42 s

Figure 1.11 EPR spectrum of a 1 mM frozen THF solution of [{"C(pz"")s}Li(thf)]" (7°), recorded at
95 K in a Brucker ESP 300EF spectrometer with an A-500 RF power amplifier.

The comparison of the equilibrium geometries of (7) and (7") (Table 1.3)
reveals that the oxidation mostly affects the geometry at the C1 carbon atom, namely
(i) the N—C1-N angles significantly increase, (i7) the C1-N bonds and the distance
between C1 and the plane formed by the N1, N2, and N3 atoms (Pxnn) shorten, (iif)
the angles between the pyrazolylic planes noticeably decrease, and (iv) the dihedral
angles NN---NN characterizing the mutual orientation of the pyrazolyl rings increase
from 5.29°-6.31° in (7) where all N-N bonds are almost parallel, to 28.70°-29.00° in
(7") where the pyrazolyl rings appear to be twisted relative to each other. These
findings indicate a flattening of the tetrahedral geometry (i.e. C;, axes, see Section
1.2.3) of the C1N3 moiety upon oxidation.

As a result, the C1----Li" distance becomes shorter by 0.117 A despite the
elongation of the Li—N bonds. Such a flattening has been interpreted by the Natural
Bond Orbital (NBO) analysis (Table 1.4), which allows the determination of the
orbitals hybridization type. This analysis has demonstrated that the hybridization of
the orbital of the C1 atom bearing the lone electron pair in (7) is sp4'2 (where the

superscript index indicates the p-character/s-character ratio of the hybrid orbital). The
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oxidation results in a significant increase of the relative contribution of the p orbitals
and the hybridization type in (7) becomes sp*>. By other words, the orbital of C1

bearing the unpaired electron in (7") has predominantly p character.

Table 1.3 Comparison of the experimental geometrical parameters reported’ for (7) with

those obtained by DFT calculations for (7) and (7°) .

[{C(pz")s}Li"(thD)] [{C(pz")}Li(thD)]"
Q) (7
DFTcalcd DFTcalcd
Bond Distances (A) X-ray” DFT 4"
(this study) (this study)
Li--Cl1 2.890 2.852 2.857 2.740
avLi-N 2.023 2.040 2.048 2.190
Li-O 1.908 1.983 1.972 1.905
avCI-N 1.448 1.449 1.448 1.403
avN-N 1.371 1.382 1.379 1.387
avC-N 1.326 1.331 1.333 1.330
avC-C 1.388 1.414 1411 1.422
avC-C 1.364 1.384 1.385 1.376
avN-C 1.353 1.363 1.363 1.375
Distance C1--P(NNN) (A) 0.483 - 0.455 0.310
120.66 120.10 110.63
Angles between pz planes (°) 120.18 - 117.55 112.70
119.15 120.16 112.51
109.70 115.24
110.61
Angle N-C1-N 109.47 - 115.33
109.21 115.19
0.35 6.31 28.70
Dihedral angles pz;NN-
. 1.56 - 5.29 29.00
p2NN ()
2.59 5.96 28.94

¢ Reference.””!

The calculated atomic spin densities in (7") (see Figure 1.12) reveal that the
unpaired electron is mainly localized at the methine carbon atom C1 (spin density of
0.74). The remaining spin density is equally distributed onto the pyrazole rings
(altogether ~0.09 for each ring). Thus, the low spin density on the pyrazole ring does

not allow strong hyperfine coupling at N (/ = 1) or Pz-H (I = 1/2), what justifies the
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relatively narrow EPR signal obtained for (7") (Figure 1.11) Though the band width
of the latter signal of 15 G suggests a certain amount of coupling, a decrease of the
modulation amplitude (during EPR measurements) as low as 0.1G did not allow to
resolve these couplings. Since the three pyrazole rings are equivalent, the broadening
of the signal may result from the hoping of the electron to pass from one ring to the

other.

Table 1.4 Results of the NBO analysis of (7) and (7"); (the occupation, hybridization (n)) and

percent contribution of atomic orbitals to bond orbitals are indicated).

Bond orbital (7) (7
Lone pair or Occ. 1.81 0.92
unpaired electron N 519198078 5108789.13
CI1-N1 Occ. 1.98 0.99
Cl(%m)  |34.06;520%723 36.81;52%087020
NI1(%:1)  |65.94;5624p537 63.19;5+526345
CI-N2 Occ. 1.98 0.99
Cl(%m)  |34.08;520%p72% 36.85:5%70p7013
NI1(%:m)  [65.92;53620p5372 63.15;5444p0553
CI-N3 Occ. 1.98 0.99
Cl(%m)  |34.05;520%p72% 36.83:;5% 747013
NI1(%:m)  [65.95;5327p% 7! 63.17;5444p0552

Thus, the results are convincing and consistent with the initial hypothesis based on the
EPR study, both indicating that (77) consists of the C-based radical ‘C(pz“'*)s,

presumably coordinated to the lithium ion via the pyrazole N-atoms, being formulated

as [{'C(pz" )3} Li(thf)]" .
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Figure 1.12. Calculated spin density distribution in the optimized geometry of (7").

1.4.2 Reactivity of *C(pz"'*);

As a preliminary investigation of the reactivity of (7*) and in order to prove
that substitution at the central carbon can be achieved, freshly generated (7") was
reacted with various reagents such as I, (0.5 eq.), O, (excess), and TEMPO (leq.)
aiming the production of the iodo-compound IC(pz"*);,
TEMPO adduct, respectively.

Upon bubbling O, through a THF solution of (77), at —80 °C, the reaction

a C-peroxo species, and a

mixture turned deep red within seconds (Scheme 1.11, reaction (c)). Subsequent
work-up and purification led to the isolation of a single compound, (17). The '"H NMR
in CDCl; of (17) exhibits three singlets at § 5.83, 2.41 and 2.26 with 3: 9: 9
integrating ratios, respectively, which are typically assigned to the 4-H pyrazolyl
atom, and the methyl groups at the 3 and 5 positions, correspondingly. Furthermore,
positive electrospray shows two main peaks at 611 and 305 which may be attributed
to [0{C(pz™*?)3}, + H]" and [O{C(pz"**);}2]*" respectively. Thus, in the absence of
X-ray structural data, this new species was tentatively formulated as the bis(tris(3,5-
dimethylpyrazolyl)methane)ether compound (pz"'**);C-O-C(pz"'*%)s.

In all the other attempted reactions (Scheme 1.11, reactions (e) and (f), with I,
and TEMPO respectively), three compounds were identified after work-up, i.e. free

Me2

3,5-dimethylpyrazole, the starting material HC(pz™"); and a new product, (8). The

same was observed when (7") was warmed up to room temperature without addition
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of any reagents (Scheme 1.12, reaction (d)), what indicates that (8) does not result
from a radical condensation with the reagents but likely is a decomposition product of
"C(pz™*%); in (77). The three products were separated by chromatography column over
silica, and (8 was identified as the unprecedented tetrakis(3,5-
dimethylpyrazolyl)methane, C(pz*'*)4, as indicated by 'H, ’C NMR, IR, MS-EI and
X-ray crystallography (see Section 1.4.4). It reasonable to propose that a N-centered
pyrazolyl radical pz™**, formed by decomposition of ‘C(pz"**)s;, couples with the

parent "C(pz"*%); to give C(pz""**)4 (Scheme 1.12).

S
Me 9C\Me N./‘\//\C N\)J\ e
/ ﬁ \ ‘N\ N Me N™ "Me/3 S
LY T — o
N | INs W=
N. Me Me/4
e Me e e Me
Me /N N;\§ (8)
=N N\
Me Me

Scheme 1.12 Proposed pathway for the formation of C(pz""*)4 (8).

1.4.3 Characterisation of C(pzMez)4 t))

The X-ray crystal structural analysis of (8) confirms its formulation as
C(pz™**); without ambiguity (see Figure 1.13) and thus demonstrates that substitution
at the central methine carbon of HC(pz"**); can be achieved. Bond lengths (A) and
angles (°) in the structure of (8) are as expected for pyrazole compounds (see Table

L.5).

Table 1.5. Selected bond lengths (A) and angles (°) for (8).

(A) )

CIN31 [14553) |N21-CI-N31 | 110.92(18)
CIN41 | 14553) |N3I1-CI-NI11 | 106.62(19)
CINII | 14583) |NII-CI-N41 | 110.66(18)
CIN21 | 1461(3) |N41-CI-N21 |106.71(19)
N31-CI-N41 | 110.73(19)
NI11-CI-N21 | 111.27(18)
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However, a unique and striking feature of the structure is the presence of
intramolecular C-H---wt interactions specifically between each 5-CHj; group and an

adjacent pyrazolyl m-ring, as indicated in Figure 1.13. The distance between the C-H

hydrogen and the centroid of the pyrazolyl ring lies in the 2.50 — 2.66 A range,
94-97

indicating a relatively strong non-covalent interaction (Table 1.5).

C24

C43

Figure 1.13. Representation of the molecular structure of C(pz""?), (8): (left) ORTEP plot
shown at 50% probability (H-atoms have been omitted for clarity) and (vight) representation
of the intramolecular C-H---gt interactions involving the 5-CH; group and an adjacent
pyrazolyl m-ring (only the H-atoms of 5-CHj; are shown and the 3-CH; groups have been

omitted for clarity; the centroid of the pyrazole ring is represented as a red dot.

The 'H-NMR spectrum (Figure 1.14) of (8) in CDCl; exhibits the 3-CHj
resonance at a chemical shift (6 2.1) that is close to that (6 2.2) of HC(pZMez)3, but the
resonance of the 5-CHj (6 1.6) is unusually shifted to a lower frequency relatively to

Me2 . . . . 4-
*2);. These observations may be indicative’

the corresponding one (6 2.0) of HC(pz
1% of a significant magnetic effect exerted by the pyrazolyl rings (presumably via a
ring current mechanism) on the 5-CHs protons, and may signify that the C-H----xt
interactions are retained in solution. It is noteworthy that the 1.6 ppm signal appears
to be independent of the dilution factor (1/10/100) in various solvents such as CDCl;,
CD;OD and acetone-ds. Moreover, lowering the temperature to -60 °C did not induce

any significant change either in the resolution or in the position of this resonance (see

experimental chapter).
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5.CH,
(11)

5-CH,
(8)

, W [V

R R T T T

Figure 1.14. 'H-NMR (CDCl;) of compounds (11) (top) and (8) (bottom).

1.4.4 Future studies on the radical pathway

The above preliminary studies have demonstrated that substitution

(functionalization) at the methine carbon of HC(pz"'**

); is feasible, despite the steric
hindrance imposed by the methyl groups, via a radical pathway involving the
"C(pz"*%); radical. However, in order to reach general applicability to different

substituents, a careful control of the reaction will be required to compete favourably

with the formation of C(pz"**), (8).

\Me

N_N Me—="-Me '1"7.

III" u\\\\\ N_N““n
N—N

N—N Me’v\Me p‘:r
/ Me

Figure 1.15 Proposed coordination of (8).
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Moreover, a possible study of the coordination chemistry of the new
tetradentate ligand (8) could be an important topic to develop, taking into account its
potential ability to act as ‘bridging ligand’ and that a reasonable research should be
oriented to investigate a potential N»/N,, double bidentated ability of the ligand
(Figure 1.15, k*-k” type), being potentially the N3/N sterically hindered.
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1.5 Appendix 1.A: synthesis of other Tpm derivatives

1.5.1 Sterically hindered Tpm™" and Tpm™"

As briefly described in Table 1.1, the synthesis of non-common derivatives of

Tpm such as Tpm™" and Tpm™”"

(namely those for which the corresponding pyrazole
is not commercially available or not commercially convenient) proceeds with the
complete synthesis of the substituted pyrazole (Scheme 1.13). The latter, in fact, is
easily prepared from its precursor, via a condensation of [-diketone and

. 17,18
hydrazine.'”

N82CO3’ HCC|3

EtO . R 1. NaOMe, toluene> 7 ) R . m
\( 2. NH2NH2‘ Hzo [NBU4]BI', HQO, A HCAN—N 3

TpmR

Scheme 1.13 Synthesis of Tpm" (R = tBu, iPr)

In particular, for the synthesis of Tpm™" and Tpm™, it has been necessary to
start from the commercially available 3,3-dimethyl-2-butanone and 3-methyl-2-
butanone, respectively. After the first step, the pyrazole itself has been directly used
without any further purification for the next step, that has been carried out with the
same conditions used for the Tpm™ (see Section 1.2.4, Table 1.1 and Experimental
Chapter). These ‘bulky’ Tpm derivatives are, in fact, characterised by their high
hydrophobic nature: it has been noticed that 3-phenyl and 3-rbutyl pyrazoles need
longer time and a vigorous stirring to be deprotonated to pyrazolate in the described

conditions (Na,COs in water), with respect to the unsubstituted pyrazole.

1.5.2 Polysufonated derivative of Tpm: toward water solubility

In addition to the possibility to prepare differently substituted pyrazoles
starting from the condensation of various methyl ketones with ethyl formate and

17,18

hydrazine, it has been explored, in this thesis, the direct functionalization of

pyrazole, itself, via electrophilic attack'®'"'®. In particular, it has been prepared the
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sulfonated derivative'®* and the corresponding 4-pyrazole sulfonic acid has been

reacted to prepare the related Tpm bearing three sulfonate moieties (Scheme 1.14)

_ 30
T
. SOzH R ~*’$(l:\R R ®
R H80, R NR 2 S AL X
— —— los< | N\No\ so,| °
N—NH Ac0,AcOH  N—NH SRaN L £0;
R . R

Scheme 1.14 Schematic procedure for the synthsis of tris(4-sulfonate-pyrazolyl)methane

derivatives. Conditions (a) are fully described in the text.

The starting 4-pyrazole sulfonic acid and its analogue 3,5-dimenthylpyrazole
incorporate unique properties and their high hydrophilicity alters the reactivity. The
classical method for the synthesis of the scorpionate derivative has been attempted but
was, in fact, unsuccessful. One reason of this low reactivity could be associated to the
higher difficulty of the chloroform molecule to reach the proximity of the bis anionic
4-sulfonate pyrazolate, and this impediment could drastically decrease the yield,
besides the presence of phase transfer, [NBuy]Br. Different attempts, avoiding the use
of water, have been carried out in this thesis: (i) the employment of methanolic
solution of [NBu4]OH to deprotonate the pyrazole suspended in chloroform did not
afford the desired product; unsuccessfull results has been also obtained with (ii) an
excess of sodium carbonate in DMF/CHCI; mixture and (iii) a stoichiometric amount
of NaH in THF.

The potential interest around this Tpm derivative should, in future, stimulate
the development of alternative synthetic pathways that possibly proceed with the
protection of the sulfonate functionality as an ester (i.e. neopentyl, isobutyl or

105-108

isopropyl) to achieve a substrate more soluble in organic solvents for the

preparation of the corresponding scorpionate.

1.5.3 Tpm derivatives incorporating new functional groups at the

central carbon

Several reactions have been attempted in order to prepare Tpm derivatives that

109-113

incorporate, by a direct route, some functional groups. Different works report
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interesting modifications of bis(pyrazolyl)methane analogue (Bpm) that encouraged
to plan various reactions for the synthesis of unprecedented derivatives of Tpm

(Scheme 1.15).

R COOL| R )C:leH R
Buli, 002 ,r (Me),SBH; N ’i‘ \
N THF -78°C N N\ (R=Me) /,L New
HCI
R =tBu) R R

5 1.KOH, K,CO; R /k R
: 7z TEBA, THF, A N7 N
’ —N N
R

(R = Me)

Scheme 1.15 Schematic synthetic routes for functionalization of bis(pyrazolyl)methane

The central carbon position of Bpm could be carboxylated —via BuLi
deprotonation— and this example persuades to venture on this route for the synthesis
of the carboxylated analogue of Tpm. Conscious that the tertiary carbon of Tpm could
show an higher instability than its analogue of Bpm, different pathways to prepare the
carboxylic acid derivative of Tpm (reactions A, B and C, Scheme 1.16) have been
attempted in this work. The latter compound, in fact, could hold a great significance,
as a pro-ligand, due to its unique properties of solubility (i.e. hydrophylicity) and
coordination ability, taking into account the known''* coordination chemistry of its
analogue bis(pyrazolyl)acetate. From the variably substituted Tpm, it has been
successfully removed, in this work, the apical proton and the carbanion carboxylated
to obtain the lithium carboxylate derivative, LifOOC-C(pz)s], characteristic for its
Vcoz at 1704 and 1682 cm™ (Figure 1.16). This derivative has also been achieved by
oxidation of the terminal alcohol tris-2,2,2-(1-pyrazolyl)ethanol** (reaction C) and by
nucleophilic substitution of trichloroacetic acid (reaction B). The latter synthesis does
not proceed easily and gives the mixture of mono- and bis- substituted and

byproducts.
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Figure 1.16 IR spectrum of carboxylated Tpm derivative, LifOOC-C(pz);].

At the final stage, the addition of acid to the carboxylate solution produces the
decarboxylation of the derivative and formation of the starting Tpm ligand. Steric and
electronic effects could induce the high instability of the corresponding carboxylic
acid. A proposed decarboxylation mechanism assisted from the nitrogen atom of an
adjacent pyrazolyl ring is shown in Scheme 1.16: the weakly basic nitrogen could
promote the activation of the carboxylic group and the decarboxylation process. This
decomposition mechanism from the intermediate carboxylate is suggested by the
detection of the quantitative formation of Tpm, HC(pz);, from reaction of (2) with

KOH and KMnOyj in water and subsequent acidification with HCI (Scheme 1.16, C).

61



1 Scorpionates ligands

SO @ N NH
P H h A
: —_— C N
A
: Cop=" |
: Y
H - coo® H
(¢
R *"cl; |:\: . l\li R R @"I\Fi R
N N BuLi, CO N’ N HCI N N
=N \. \ THF,-78°C | \:=N N N =N NN~
R R R R R R R
A
¢ R—Z R KOH, K,CO
B CI%COOH ¥ \(7/ TEBA THF 4
Cl HN—N ’ ’
CHZOH
R @,..i\R R
N \
c J NN AN KMnO,
_N N KOH
Na )
R y R
(R=H, (2))

Scheme 1.16 Three different reactions for the synthesis of Tpm carboxylic acid. The

mechanism of decarboxylation process, proposed in this study, is highlighted.

In order to explore the synthetic strategies of functionalization of Tpm, a
modification of a previous reaction B (Scheme 1.16) has been carried out: 3 eq of 3,5-
dimethylpyrazole have been reacted with trichloro acetonitrile. The reaction does not

proceed to completion but appears promising to further studies.
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1.6 Appendix 1.B: Dendritic-Tpm ligands

In collaboration with the group of Prof. Anne-Marie Caminade of the
University of Toulouse, the possibility to support the Tpm on a dedritic surface has
been explored.

The class of dendrimers used for this purpose has been the N;Ps-type, better

. 115-123
known as phophorus dendrimer.

In general, this dendrimer started with a PSCl;
core or better with N3P3Clg (phosphonitrilic chloride trimer (Figure 1.17)), which, at

small generation, gave a conical (or a cauliflower structure) dendrimer.

Figure 1.17 The core of phosphorus dendrimer.

From the central core, using a ‘spacer’ and a ‘branching molecule’ a first
generation dendrimer suitable for our studies has been prepared. In Scheme 1.17 it is
represented the first step of growth of the phosphorus dendrimer:

-the nucleophilic substitution of the core N3P3;Cls with 6 equivalents of sodium
salt of 4-hydroxybenzaldehyde, previously prepared, leads to a sort of ‘extended
core’. This product is not yet a dendrimer, since the branching points have not
multiplied but merely stayed the same, thus the 4-hydroxybenzaldehyde is, formally,
considered as a spacer.

-the ‘branching molecule’ used for this study has been prepared from
monomethylhydrazine with thiophosphonylchloride (solubilized in chloroform): six
equivalents of N-methylhydrazido thiophosphonyldichloride (‘branching molecule’ ,
Scheme 1.17) is condensed with the aldehydic terminations of the macromolecule to
yield the first generation phosphorus dendrimer.

The multistep synthesis has been monitored by NMR: the first step, that leads
to the macromolecule bearing six-aldehydic terminations, proceeded overnight in

THF for completion: the complete disappearance of phosphorus signal at 6 21.20 ppm
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in the *'P-{'"H}-NMR spectrum, corresponding to phosphorus atoms in the starting
material, N3P;Clg, and the presence of higher shielded resonance, at 6 10.55 ppm,
ascribed to the product (Scheme 1.17). Successively, the 'H-NMR experiments allow
to confirm the formation of the final product: the aldehyde and the hydrazone protons,

of the intermediate and final product, could be detected at 6 9.89 and 7.63 ppm,

respectively.
HoNNHMe
+
c ¢l PScl
\/ 0 3
/P§N |
T 2 + 6
Cl’P\ 4fP\+C|
cf icl NaO | Is
6 Hon-N—o
:‘ o]
: NaH
TTHF brancing molecule
o RN Y
'-. ! S
S
Yo, HO 3
31P_NMR (8) 21.20 ppm s //s
B1P-NMR (8) 10.55 ppm &9 f\; —R~Cl
h |
r?{/P\N c
|
RS

(15t generation phosphorus dendrimer)

Scheme 1.17 Synthesis of the I generation of phosphorus dendrimer.

Based on the nature of the functional groups on the dendritic terminations, the
tris-2,2,2-(1-pyrazolyl)ethanol (2) (Section 1.3.2) has been selected as the most
promising candidate for the final step of condensation with the phosphorus dendrimer:
the hydroxy moiety of the scorpionate holds, in principle, the nucleophilic character to
react with the thiophosphonyldichloride (i.e. -PSCl,) terminations. In addition to that,
the group of Toulouse has provided two other phosphorus dendrimers, with benzylic-
halide terminations on the surface, to attempt for the reaction: in fact, as reported in
Section 1.3.2.1.3, (2) reacts readily —upon deprotonation with sodium hydride— with
activated benzylic positions (i.e. chloro, bromo or iodo-benzyl groups).

The preliminary attempts have failed: a partial substitution or decomposition

of the dendrimer has been detected. In fact, as in the case of the preparation of
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dendritic scaffold, all these reactions usually need peculiar conditions to achieve the
complete substitution on the surface: long reaction time and mild conditions generally
promote the total saturation of active terminations of the macromolecule. The hydroxy
group of (2) was not enough active to saturate the thyophosphonyldichloride (i.e. -
PSCl,) and the sodium alkoxide derivative of (2) exhibits a too intense reactivity for
the dendrimer molecule leading to a partial decomposition of the building block

(Scheme 1.18).

Wi
SN-N—P-(Cl e C
) <IN <IN
O o B D
S =N N N =N NJ N

)

Scheme 1.18 Unsuccessful attempts for the final coupling.

The best result has been obtained for the iodo-benzyl derivative (i.e. N3P3-Ggo-
I1») of the dendrimer molecule that provides the final product (10) in moderate yield
(Scheme 1.20, (a)). An alternative pathway has been explored, passing through a
modification of the tris-2,2,2-(1-pyrazolyl)ethanol (2). A multistep synthesis of 4-
hydroxybenzyl derivative of (2), (i.e. HO-CsHs-OCH,C(pz); (2-HB)), has been

successfully carried out in Toulouse (Scheme 1.19).
TBDMS-CI NaBHy F3CCO ,0
|m|dazole TBDMS TBDMS._ THF A TBDMS\O
LiBr
THF, A

Br
N 5 0" N >
/@AO C/%l NBu4F O/©A CG\N (2), NaH
HO T )

N THF A TBDMS_

M TBDMS <__//
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Scheme 1.19 Synthesis of 4-(2,2,2-tri(pyrazolyl)ethoxy)methyl)phenol.

(0]

PN

FsC™ ~O

(2-HB)
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The final condensation has been performed in the presence of a large excess

(15 eq) of (2-HB) and 30 eq of cesium carbonate and provided the final product in
good purity (Scheme 1.20).

j\' [
s"C
O—<O ) * CE §§E 3 (2)

(a)lNaH, THF

Y
A\ S= \|\rCH3 DN
Y N N
M) N L
o L o Y,
N< N \ / =~

o N
N-N—_ . / o 3 N
= _—C
N,NN// ( G,

/W o
. C (10) N
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Scheme 1.20 The new tris(pyrazolyl)methane-based phosphorus dendrimer (10).
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The two synthetic pathways (Scheme 1.20, (a) and (b)) lead to the final Tpm-
based dedrimer (10). Both of them hold inconveniences and strong points:

Method (a) is more simple and pratical, since the starting materials are more
easily accessible. On the other hand, the final coupling should be carefully controlled
and could lead to a lower yield compared to method (b). The latter, in fact, has the
good point to proceed with a cleaner final step, but the preparation of the 4-(tris-2,2,2-
tris(pyrazolyl)ethoxymethyl)phenol (2-HB) compound results to be difficult and
tedious. Moreover, the use of a large excess of the scorpionate derivative in method
(b) is not convenient and produces a relevant waste of compound.

The study revealed that the anchorage of a tris(pyrazolyl)methane derivative
on a dendritic surface is feasible and generates an important support for further
studies in supramolecular and coordination chemistry and in catalysis; but these
preliminary results show that the synthetic process requires further investigation to
ease the preparation of intermediates, improve the partial and the total yields and the
purity. To earn a reasonable amount of compound (10) to study the further connection
to a metal center and a possible application in catalysis, it is necessary a too large
“synthetic effort” that not allows to consider, at this stage, this work sufficiently

convenient and attractive.
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2 Cu' complexes of Li(Tpms™)

Abstract

The new sterically hindered scorpionate tris(3-
phenylpyrazolyl)methanesulfonate lithium salt, Li(Tpms™") (16), has been synthesized
and its coordination behavior toward a Cu' center has been studied.

The reaction between Li(Tpms™) (16) and [Cu(MeCN)4][PFs] yields
[Cu(TpmsPh)(MeCN)] (20), which bears an acetonitrile molecule ligated to copper
center and shows the scorpionate coordinated via the N,N,O chelating mode,
involving the sulfonate moiety. Compound (20) has been studied to explore the
versatility of the new “Cu-scorpionate” system upon ligand displacement reactions.
This derivative, in fact, in the presence of 1,3,5-triaza-7-phosphaadamantane (PTA),
hexamethylenetetramine (HMT) or N-methyl-1,3,5-triaza-7-phosphaadamantane
tetraphenylborate ~ ((mPTA)[BPhs4]) gives the corresponding complexes
[Cu(Tpms™)(PTA)] (21), [Cu(Tpms™)(HMT)] (22) and [Cu(Tpms™)(mPTA)][PFe]
(23) (formed in the presence of Li[PFg] liberated in the formation of (20)). In the
complexes (21)-(23) the new scorpionate ligand adapts its coordination mode (i.e.
N,N,N- or N,N,O-coordination modes) according to the steric and electronic
properties of the extra ligand.

The high flexibility of the starting complex (20) favours the study of a
possible metal-activation of nitriles and isonitriles. The replacement of acetonitrile
molecule with cyclohexyl isocyanide (CyNC) and m-xylyl isocyanide (XyNC) gives
the corresponding complexes [Cu(Tpms™)(CyNC)] (24) and [Cu(Tpms™")(XyNC)]
(25) that were reacted with 3-iminoisoindolin-1-one (L) giving the substitution
product [Cu(Tpms™)(L)], while a stronger nucleophile, such as monomethylamine,
reacts with acetonitrile moiety of (20) leading to [Cu(TpmsPh)(NH=C(Me)NHMe)]
(26).

Moreover, the “Cu(Tpms'")” scaffold resulted to be a promising center for the
coordination of small molecules: the identification of the carbonyl complex
[Cu(Tpms*™)(CO)] (27) and the isolation of the polinuclear [Cu(p-O)(Tpms™)], (28),
[(u-Cu™) {Cu'(Tpms™)(1-OH,)(OMe)}2] (29) and [(u-Cu) {Cu(u-O)(Tpms™)}-] (50)

represent encouraging examples for further studies in this field.
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2.1 Introduction

Copper species are widely present in Nature as mono- or multi-nuclear metal
complexes and play a crucial role in different enzymes and catalytic systems, leading
to a currently growing interest in the development of new copper models."® In
bioinorganic and organometallic chemistry the systems involving this metal represent

one of the most relevant areas of investigation.”"' In pursuit of recent investigations

12,13

of the coordination chemistry of N-, P- and O-donor ligands, including the

14-16

scorpionate-type tris(pyrazolyl)methane, toward copper(I) and (II) sites, we have

now focused our attention on the synthesis of a new class of copper complexes

bearing a sterically hindered chelating facially binding scorpionate that could

modulate the coordination properties of the metal center.'”’

As clarified in Chapter 1 (Section 1.2.4), for Tpm, the role of substituents at

position 3 of the pyrazolyl rings is especially crucial for the additional steric

19,21,22

hindrance that they introduce. The latter is, in fact, the main reason of the

modulation of the coordination attitude of the resulting metal complex.

It has been described'’*

that the most common bulky substituents have an
hydrophobic nature (i.e. tBu, Ph, iPr,...), therefore to increase the hydrophilic
character of the final Cu-complex for further possible applications in catalysis or

24-26

bioinorganic chemistry, an extra moiety should be inserted. As previously

explained, apart from the pyrazolyl ring, the central methine carbon is an useful

position for the functionalization of the ligand and the sulfonation®”**

at this point is
an easy reaction to achieve a ‘more hydrosoluble’ scorpionate derivative (see also
Li(Tpms) (9), Section 1.3.1). Moreover, these ionic functionalized
tris(pyrazolyl)methane derivatives exhibit a relevant coordination versatility,”® acting
as either a tripodal or a bipodal ligand (i.e. with N3-, N,O-, N»- or NO-coordination
modes) with the possibility of involving the sulfonate moiety in the coordination.”®>'
This flexibility allows exploring the behavior of the resulting complexes toward
further ligand binding to the metal center. Many examples’>>* in these fields**” of
hydrosoluble metal complexes of tris(pyrazolyl)borate (Tp) and derived ligands
constitute an important precedent to embark in this study and motivate the

investigation for possible further applications.*®>’
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The study aimed at the investigation of the coordination behavior of a new
scorpionate that could combine the flexibility and water solubility of the sulfonato-
functionalized class with the sterically demanding features of the 3-substituted
tris(pyrazolyl) ligands. For these purposes, a new Tpms derivative bearing a phenyl
ring at the 3-position of pyrazolyl rings has been designed. When ligating a metal
center, such a bulky species would be expected to provide a ‘steric control’ on the
other coordination position(s) of the complex, selecting the suitable ligands on the
opposite side, namely preventing the formation of “sandwich” complexes (with two of
such scorpionate ligands).'”"”

Hence, herein it 1is presented the synthesis of the new tris(3-
phenylpyrazolyl)methanesulfonate (TpmsPh)' (16) and its coordination behavior
toward copper(I).

The isolation of a stable acetonitrile intermediate [Cu(TpmsPh)(MeCN)] (20)
opened to a carefully study of ligand displacement for the “Cu(I)-scorpionate” system.
The use of two water soluble phosphines,“o’41 1,3,5-triaza-7-phosphaadamantane
(PTA) and  N-methyl-1,3,5-triaza-7-phosphaadamantane  tetraphenyl  borate
((mPTA)[BPh4]), and of the related hexamethylenetetramine (HMT), has been

considered for achieving an enhanced solubility in water of their complexes, a feature

4247 48-50

of interest for applications in biological systems and aqueous phase catalysis.
The new water soluble complexes could represent a potentially active class of
catalysts bearing a flexibile labile ligand that would provide a convenient entry to
further reactivity studies: i.e. coordination of small molecules (nitriles, isonitriles, CO,

1,51,52

see Section 2.4), dioxygen activation (Section 2.5), catalytic studies (Section 2.6)

and development of inorganic enzyme models.*®
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2.2 Syntheses of Tpm'™" and Li(Tpms') and metal

complexes

2.2.1 Syntheses of the sterycally hindered scorpionates Tpm'" and
Li(TpmsPh)

As fully described in Chapter 1, hydrotris(3-phenylpyrazolyl)methane, Tpm™
(12), was prepared by modifying Reger’s procedure® in order to obtain the pure
desired product without chromatographic purification. Hence, at the final stages, we
have treated a toluene solution of the crude product with a catalytic amount of
trifluoroacetic acid (in order to isomerise®* the mixture of regioisomers to the desired
3-isomer compound, see also Section 1.2.2 Tpm: stability) and then crushed the final
crude solid in diisopropyl ether to afford the pure Tpm"™ compound.

Starting from Tpm™ we were able to prepare the tris(3-
phenylpyrazolyl)methanesulfonate species as the lithium salt, Li(TpmsPh) (16), in
good yield, following a process known®’ for the synthesis of unsubstituted Tpms, i.e.,
by deprotonation of the methine carbon by BuLi, at low temperature, followed by
sulfonation with the SOsNMes; adduct (Scheme 2.1, see also Section 1.3.1)). As the
Tmeh, the sulfonate derivative shows a well resolved 'H-NMR spectrum (acetone-ds)
with only one set of resonances for the three equivalent pyrazolyl rings: one pattern of
signals for the phenyl protons and a pair of doublets (Jur=2.7 Hz) at § 8.22 and 6.83
ppm for the 5-H and 4-H pyrazolyl protons, respectively.

'f' ?03Li
C C
& l 1. BuLi, -78 °C \\‘\
N 2. NMe,SO >
N IR 2T MY
/N . N\ —N N N
Ph Ph b, Ph
TpmPh, (12) Li(TpmsPh), (16)

Scheme 2.1 Symthesis of Li(Tpms™) (16)
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Tpm™ (12) and its sulfonate Li(Tpms™) (16) represent a highly sterically
hindered class of scorpionates. Moreover, the sulfonate derivative shows interesting
properties in terms of solubility. In fact, in spite of the presence of three phenyl rings,
Li(TpmsPh) is well soluble in all common polar solvents, i.e., MeOH, EtOH, acetone
and water (Ss.c ~ 90 mg'-mL™), and shows a decreasing solubility in medium polarity

solvents and in non-polar ones.

2.2.2 Syntheses of the Cu' complexes [Cu(TpmsPh)L] [L = MeCN (20),
PTA (21), HMT (22)] and [Cu(Tpms"")(mPTA)]|[PF4] (23)

Reaction of Li(TpmsPh) (16) with [Cu(MeCN)4][PF¢] in methanol proceeds
readily at room temperature to give [Cu(TpmsPh)(MeCN)] (20) bearing the anionic
Tpms'™ ligand and one bound molecule of acetonitrile, in good yield (Scheme 2.2).
The neutral Cu' complex (20) precipitates from the concentrated reaction mixture, as a
white solid, which is sparingly soluble in water (Ss.c = 4 mg'-mL™"), MeOH, EtOH or
DMSO, and well soluble in Me,CO, CHCI; or CH,Cl,. It is stable in air when dried,
but is relatively unstable in solution (after 2-3 days the color changes to green, typical
of a Cu" oxidized product). It was characterized, as the compounds (21)-(23)
described below, by NMR and IR spectroscopies, elemental analysis and X-ray
diffraction. The 'H and >C NMR and IR spectra of (20) confirm the presence of its
ligands: the NMR shifted resonances of Tpms™ and an IR weak and broad NC
stretching band at 2316 cm’!, well above that of the uncoordinated NCMe, i.e., 2253
cm™. This positive coordination shift [Avine= 63 cm™'] indicates that the acetonitrile
is behaving as a very weak m-acceptor, acting mainly as an effective o-donor ligand,

. . . 55,56
in accord with related scorpionate complexes.”
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Li(TpmsPh)
(16)
[Cu(MeCN),][PFg], MeOH, r.t.
-Li[PFg]
[Cu(TpmsP")(MeCN)]
(20)
(MPTA)[BPh,]
PTA HMT (LilPFe))
[Cu(TpmsPM)(PTA)] [Cu(TpmsPM(HMT)] [Cu(TpmsP"(mPTA)][PFe]
(21) (22) (23)
R N R
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Scheme 2.2 Syntheses of the complexes [Cu(Tpms™ )L] [L = MeCN (20), PTA (21), HMT
(22)] and [Cu(Tpms"™ )(mPTA)][PF4] (23).

Treatment of a methanolic solution of (20), formed in situ, with PTA (0.9 eq.)
in methanol leads to the precipitation of [Cu(TpmsPh)(PTA)] (21), as a white solid
isolated in high yield (88%). This complex shows a good solubility in acetone and
dichloromethane, and it is fairly soluble in water (Sas-c ~ 6 mg-mL™"). The addition of
PTA to the reaction mixture should be slow to yield (21) in high purity. Traces of the
by-product [Cu(PTA)4][PF¢] are formed when the addition is faster or the phosphine
is used in a higher amount, indicating a stronger coordination ability of PTA to Cu(])
in comparison with TpmsPh. The formation of [Cu(PTA)4][PFs] is evidenced by the
quartet ('Jp.cu = 760 Hz) resonance at 5 -80 observed by *'P{'H} NMR, which is
analogous to that known’’ for [Cu(PTA)4][NOs].

In the '"H-NMR spectrum of (21) (acetone-dg) the resonances for the PTA
moiety confirm its coordination to copper and appear shifted to lower field relatively

to those of the free PTA: the six equivalent protons close to the P-atoms give a broad
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singlet at 6 2.97 and the other resonances for the protons near the N-atoms display the
expected AB pattern at & 3.96-4.16 ppm. The Tpms™ resonances are given below.
The *'P{'"H} NMR spectrum shows a single broad signal at ¢ -93 ppm. Further NMR
experiments at different temperatures reveal additional information on the behavior of
compound (21) in solution that will be discussed in Section 2.2.4. The IR spectrum
confirms the presence of TpmsPh (stretching bands at 1539 (C=N), 1048 (SO) and 643
(CS) ecm™)*! and PTA (1015, 972 and 950 cm™) (full description in the Experimental
part).

Similarly to the reaction with PTA, the acetonitrile complex (20) formed in
situ (hence in the presence of the Li[PFs] co-product) reacts with
hexamethylenetetramine (HMT) or N-methyl-1,3,5-triaza-7-phosphaadamantane
tetraphenyl borate ((mPTA)[BPhs]) to yield the corresponding complexes
[Cu(Tpms™)(HMT)] (22) or [Cu(Tpms™")(mPTA)][PFe] (23) (Scheme 2.2). The 'H-
NMR spectrum of (22) at 188 K shows two types of methylene protons for the ligated
HMT (i.e. an AB spin system and a broad singlet) confirming the coordination by one
of nitrogen atoms. However, at room temperature, only a broad singlet is observed
due to an average effect of a dynamic process (see below, NMR Section 2.2.4). The
isolation, upon precipitation, of compound (23), instead of the [BPh4]" analogue,
indicates that the former is less soluble than the latter. As observed for (20),

compounds (21)-(23) are soluble in water (Sys.c = 6-7 mgmL™).
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2.3 X-ray molecular structures of complexes
[Cu(Tpms™L] [L = MeCN (20), PTA (21), HMT
(22)] and [Cu(Tpms ") (mPTA)][ PFs] (23)

The molecular structures of compounds (20)-(23) were determined by single
crystal X-ray diffraction analyses perfomed by Dr. M. Fatima C. Guedes da Silva.
The ORTEP plots are depicted in Figures. 2.1-2.4, the ellipsoids being shown at 50%
probability and the hydrogen atoms being omitted for clarity. Crystallographic details
are given in the Experimental Chapter, selected bond distances in Table 2.1, and

selected angles in Table 2.2.

Figure 2.1 ORTEP plot of [Cu(Tpms"™)(MeCN)] (20), with ellipsoids shown at 50%
probability.
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Single crystals of compounds (20) to (22) suitable for X-ray diffraction were
obtained by slow evaporation in air of acetone solutions. In complexes (20) and (22)
(Figures. 2.1 and 2.2), the anionic tris(3-phenylpyrazolyl)methanesulfonate group acts
as a tridentate ligand with the N,N,O coordination mode to the Cu ion through the two
pyrazolyl nitrogens N(2) and N(4) and the oxygen O(1) of the sulfonate moiety. The
coordination around each copper is highly distorted tetrahedral with the N2-Cul-N7
and N4-Cul-N7 angles of 121.02(12)° and 146.62(12)° for (20) or 147.73(14)° and
124.27(14)° for (22), and the O1-Cul-N7 angle of a much lower value (109.82(11)°
for (20) or 92.38(12)° for (22)). Moreover, the Cu(1)-O(1) bond length (2.326(2) A
for (20) or 2.412(2) A for (22)) is significantly longer than the Cu-O bond in Cu-
0S0; (2.136(6) A) and Cu-ONO, (2.110(6) A) in Nas[Cu(TPPTS)]-5H,O (TPPTS =
tris(m-sulfonatophenyl)phosphate) ~ and  [Cu(NOs)(AsPhs);],  respectively.”®™
However, it is within the sum of their van der Waals radii and is in accord with other
Cu-Tpms complexes.”® In (20) the Cu(1)-N(7) distance of 1.858 A is comparable to
that observed in a analogue acetonitrile copper(I) complexes,”*° although ca. 0.1 A

shorter than that found in (22).
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Figure 2.2 ORTEP plot of [Cu(Tpms™")(HMT)] (22), with ellipsoids shown at 50%
probability.

The Cu-N-N-C (where C is at pyrazolyl) torsion angles of the pyrazolyl rings
present values from 150.1(2)° (in (20)) to 179.0(3)° (in (22)), whereas the Cu-N-N-
C(1) torsion angles (defining®' the degree of tilting of the rings with respect to the C,
axis of the molecule) are in the range of 12.3(5)° (in (22)) to 22.5(3)° (in (20)) (Table
2.3).

In compounds (21) and (23), the anionic TpmsPh acts as a tridentate N,N,N-
ligand (Figures 2.3 and 2.4). The N-Cu-N angles are restrained by the chelate rings to
84.5(3)°— 89.06(16)°, while the wider N-Cu-P angles are within the range of
125.24(12)°— 129.9(2)°. In both structures there is a high degree of tilting of the
pyrazolyl rings with the Cu-N-N-C(1) torsion angles from 29.6(10)° in (23) to
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42.2(5)° in (21) being drastically higher than those for other scorpionate analogues.®
Similarly, we can compare the Cu-N-N-C (where C is at pyrazolyl) torsion angles,
averaging 133° for (21) and 139° for (23), with their analogues in the related Cu(I)
complexes [Cu(Tpm™")L][PFs] (Tpm™" = tris(3-tertbutylpyrazolyl)methane; L = CO
or NCMe)™® with a maximum torsion angle of 171° (L = NCMe). In the present
structures, the distortion can tentatively be attributed to steric effects associated to the

phenyl substituent in the pyrazolyl rings and to the PTA or (mPTA)" ligands.

Figure 2.3 ORTEP plot of [Cu(Tpms™)(PTA)] (21), with ellipsoids shown at 50%

probability, one molecule of acetone is omitted for clarity.

87



2 Cu' complexes of Li(Tpms™)

Table 2.1 Selected bond distances [A] for compounds [Cu(Tpms™)(MeCN)] (20),

[Cu(Tpms™)(PTA)] (21), [Cu(Tpms™)(HMT)] (22) and [Cu(Tpms™")(mPTA)][PFs] (23).

(20) (22) (21) - G;H¢O | (23) - C3H4O
Cu(1)-N(2) | 2.065(3) 1.968(4) Cu(1)-N(2) | 2.170(4) 2.112(8)
Cu(1)-N(4) | 1.996(3) 2.052(3) Cu(1)-N4) | 2.138(4) 2.099(8)
Cu(1)-0(1) | 2.326(2) 2.412(2) Cu(1)-N(6) | 2.099(4) 2.104(8)
C(1)-N(1) 1.458(4) 1.471(5) C(1)-N(1) 1.446(7) 1.463(13)
C(1)-N(3) 1.465(4) 1.459(5) C(1)-N(3) 1.465(7) 1.464(13)
C(1)-N(5) 1.429(5) 1.434(5) C(1)-N(5) 1.446(7) 1.419(13)
Cu(1)-N(7) | 1.858(4) 1.956(3) Cu(1)-P(1) 2.1492(15) | 2.139(3)
S(1)-0(1) 1.453(3) 1.452(3) C(1)-S(1) 1.883(6) 1.893(10)
S(1)-0(2) 1.438(2) 1.441(3)
S(1)-0(3) 1.446(2) 1.442(3)
N(7)-C(29) | 1.145(6) -

Table 2.2 Selected angles [°] for compounds [Cu(Tpms™)(MeCN)] (20), [Cu(Tpms™)(PTA)]
(21), [Cu(Tpms™)(HMT)] (22) and [Cu(Tpms"")(mPTA)][PF] (23).

20) 2) (21) - G;H¢O | (23) - C3H4O

N2-Cul-N7 121.02(12) 147.73(14) N2-Cul-P1 125.24(12) | 127.1(2)

N4-Cul-N7 146.62(12) 124.27(14) N4-Cul-P1 129.05(12) | 127.8(2)

O1-Cul-N7 109.82(11) | 92.38(12) N6-Cul-P1 128.95(13) | 129.9(2)

N2-Cul-N4 88.65(11) 87.80(14) N2-Cul-N4 85.14(16) 86.9(3)

O1-Cul-N4 86.34(10) 86.63(12) N4-Cul-N6 85.06(16) 85.5(3)

O1-Cul-N2 84.26(9) 84.99(12) N2-Cul-N6 89.06(16) 84.5(3)

C1-S1-01 104.38(16) 103.07(16)

C1-S1-03 103.15(15) 104.56(19) CulN2-N1C2 138.2(4) 137.1(7)

C1-S1-02 103.51(14) 103.32(19) CulN4-N3C11 | 136.1(4) 141.8(7)

02-S1-01 114.81(15) 114.1(2) CulN6-N5C20 | 126.0(4) 137.3(7)

02-S1-03 115.02(14) 115.7(2) CulN2-NIC1 32.9(5) 36.0(9)

03-S1-01 113.95(15) 114.04(18) CulN4-N3C1 39.1(5) 29.6(10)
CulN6-N5C1 42.4(5) 33.2(10)

CulN4-N3C11 | 167.9(2) 179.0(3)

CulN2-N1C2 | 150.1(2) 156.0(3)

CulN4-N3Cl1 | 22.5(3) 12.3(5)

CulN2-N1C1 18.0(3) 18.5(5)
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Moreover, the solid state structure of compound (23) (Figure 2.4) exhibits the
presence of intramolecular C-H---m interactions specifically between the C(29)-H(22)
moiety and the closest phenyl ring (i.e. C(5-10)). The distance between the C-H
hydrogen and the centroid of this ring is 2.489 A, indicating a relatively strong non-
covalent interaction.”® Similarly, each of the other two phenyl rings interacts with
the corresponding H atom of a methylene group of (mPTA)" (although at longer 2.520
and 2.594 A distances), constituting a sort of symmetrical intramolecular interaction

that probably helps to stabilise the N,N,N-coordination mode, in the solid state.

Figure 2.4 ORTEP plot of[Cu(TpmSPh)(mPTA)][PF6] (23), with ellipsoids shown at 50%
probability; hydrogen atoms are shown but the [PFy] counter-ion and one molecule of
crystallization acetone are omitted for clarity. The dashed line indicates the C-H---1

intramolecular (2.489 A) interaction between C(29)-H(22) and the m-phenyl ring (C(35) to
C(10)).
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In the case of complexes (20) and (22), bearing N-donor ligands (MeCN and
HMT, respectively) that are effective o-electron donors and not appreciable -
acceptors, the metal tends to prefer the weaker electron-donating N,O-coordination
mode of Tpms'". The stronger electron-releasing N3-coordination of the latter ligand
appears to be the preferable one for complexes (21) and (23) with m-acceptor
phosphine ligands, in spite of the stronger steric hindrance associated to this type of

coordination in comparison with the N,O-mode.
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2.4 NMR solution studies

The complexes exhibit fluxional behavior in solution, as shown by variable
temperature NMR studies (Table 2.3) which have allowed to check if the coordination
modes of the Tpms™ ligand observed in the solid state are retained in solution.

Hence, compound (21), with the Ns-type coordination in the solid state, as
established by X-ray diffraction (see above), in solution (acetone-ds) at room
temperature shows, in the '"H-NMR spectrum, the expected resonances for the 4-H
and 5-H protons of the three equivalent pyrazolyl rings. This pattern essentially
remains upon cooling until 200 K, indicating the preservation of the Ns-coordination
at low temperature. Only traces of the pattern associated to the N,O-coordination
were then detected (Figure. 2.5b), as a result of the shift at low temperature, toward
this mode, of the equilibrium (1, Scheme 2.3) between the two coordination forms. In

29,30

accord, such a type of Tpms coordination equilibrium is known™"" to be temperature

dependent.

Cs, symmetry Cs symmetry /i\
N SO

Scheme 2.3 Equilibria between the two different Tpms™" coordination modes for complexes of
general formula [M(Tpms™)L] : type A, Ns-coordination, Cs,-symmetry; type B, N>O-
coordination, Ci-symmetry, where is also shown the dynamic process among different N,O-

coordination modes.
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In contrast, the other complexes ((20), (22) and (23)) display low temperature
'H-NMR limit spectra that are consistent with the N,O-coordination (two equivalent
and one non-equivalent pyrazolyl rings, Fig. 2.5a),”® which is also the observed one
for (20) and (22) in the solid state. In the case of (23), linkage isomerisation (1,
Scheme 2.3) of the N3-mode exhibited in the solid state has occurred in solution (only

traces of the N3-coordination are detected).

Table 2.3 Selected 'H-NMR (acetone-ds) chemical shifts (3) for compounds
[Cu(Tpms™)(MeCN)] (20), [Cu(Tpms™")(PTA)] (21), [Cu(Tpms™)(HMT)] (22) and
[Cu(Tpms™)(mPTA)][PF4] (23).

Compound Room temperature (J) Low temperature limit ()
20) 4-H 6.94 (3H) 7.35 (1H), 7.00 (2H)
5-H 8.07 (3H) 8.87 (1H), 7.27 (2H)
21 4-H 6.92 (3H) 7.12 BH) “
5-H 8.50 (3H) 8.85(3H) “
(22) 4-H 6.92 (3H) 7.35 (1H), 6.90 (2H)
5-H 7.84 (3H) 8.91 (1H), 7.22 (2H)
23) 4-H 6.96 (3H) 7.35 (1H), 6.96 (2H) b
5-H ¢ 8.94 (1H), 7.28 (2H) b

a

With a small amount of N,O-coordination (K., = [Nj-coordinated species]/[N,O-coordinated
species]= 3.2) at 8.92, 7.35 (for 5-H) and 7.41, 6.97 (for 4-H). b With traces of N3-coordination Keg=
[N3-coordinated species]/[N,O-coordinated species]= 0.12) at 8.87 (for 5-H) and 7.08 (for 4-H). © Very
broad resonance under the phenyl rings resonances at o ca. 8.05-7.90, detected by HMQC "“C-'H
NMR.

However, at room temperature, all complexes (20)-(23) display 'H-NMR
spectra that are indicative of the equivalence of the three pyrazolyl rings (Table 2.3).
In the case of (21) (see above), this is conceivably due to the Nj-type coordination
(form A, Scheme 2.3) that is retained from the solid state, whereas for the other
complexes ((20), (22) and (23)), it can be ascribed to the fast equilibria (2, 2° and 2”°,
Scheme 2.3) among the three forms (B, B’ and B’’) with N,O-coordination.
Decreasing the temperature leads to a split to a double pattern with two distinct sets of

resonances in the 2:1 ratio (Fig. 2.5a, at 213K).
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Figure 2.5. Variable temperature (298 — 213 K) ' H NMR spectra (selected d ppm ranges) for

(20) (a) and (21) (b) in acetone-ds. (*) indicates traces of the N>O-coordination isomer.

The TpmsPh complexes (20) and (22), bearing a N-donor ligand (MeCN or
HMT, respectively), preserve, in solution, the N>O-coordination observed in solid
state, while for compounds (21) and (23), with a s-acceptor phosphine ligand (PTA or
(MePTA)", correspondingly), the metal prefers the stronger electron-releasing Ns-
coordination mode of Tpms™. This argument holds specially for (23), with the

cationic alkylated (mPTA)" ligand, expected to be, like the protonated PTA,*® a
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more effective m-acceptor than PTA in (21). In fact, the >'P{'H}-NMR signal (6 -70.9
ppm) of compound (23) is shifted to lower field relatively to that (6 -93.3 ppm) of
complex (21). Nevertheless, in solution, the less effective electron-donor N,O-
coordination appears to become dominant, what conceivably results from both steric
and electronic effects. The (mPTA)" ligand would prefer to avoid the more sterically
demanding Tpms™ Ns-binding in accord with the fact that the molecular structure of
(23) (Fig. 5), in the solid state, shows a tilted N3;-bound TpmsPh ligand to minimize the
steric interaction between its phenyl rings and (mPTA)". Moreover, the cationic
phosphine could influence the electrostatic metal interaction with the sulfonate
moiety, hampering the charge separation between the positive metal and the negative

SO;™ group, thus favoring the N,O-mode.
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2.5 Cu-Tpms"" complexes (20)-(23): overview

The collected results clarify the behavior of the flexible scorpionate that could
be involved in coordination to the metal. A possible effect of the sulfonate moiety in
the reactivity of the resulting complexes has been object of these studies. For instance,
the acetonitrile substitution of compound (20) is easily accomplished with phosphines
or amines. On the other hand, the carbonylation reaction of (20) (see Section 2.6.2)
manifests unexpected difficulties probably due to the presence of the additional
sulfonate group and should be further investigated.

In general, several considerations of these results could be done and open to
further studies on this Cu-scorpionate system. In fact, the 'H-NMR chemical shifts of

5-H pyrazolyl protons of N3- and N,O-scorpionates show interesting details.

Figure 2.6 Schematic representation of the average chemical shifts for 4(H) and 5(H) of
pyrazolyl ring for N>O- and N;- coordination modes of compounds (20)-(23).

Compounds (20)-(23) show, in their corresponding low temperature limit 'H-
NMR spectra, a consistent pattern: the pyrazolyl proton at 5 position of the Ns-
scorpionate of (21) is visible at § 8.85 while the analogous resonance for the N,O-
compounds (20), (22) and (23) of the two ligated pyrazolyl rings is observed at a
higher field (i.e. 6 7.27, 7.22, 7.28 for (20), (22) and (23), respectively) and that of the
free pyrazolyl ring appears in the 6 8.87-8.94 range (Figure 2.6). It is worthwhile to
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try justify this great shifts of the resonances: as intentionally drawn in the Figure 2.6 a
possible role of the sulfonate moiety could be considered. Although an H-bond
interaction that includes the aromatic pyrazolyl proton at position 5 is difficult to
visualize, since this type of interactions demand non-aromatic, more labile and
detached hydrogen atoms (i.e. alcohols, amines), the difference between the 5-H of
coordinated pyrazolyl rings in the N3 and N,O compounds is remarkable (A6 1.58
ppm). Moreover, it is unusual that the free pyrazolyl ring (in the N>O-compounds,
(20), (22) and (23)) displays similar "H-NMR resonances to those of ligated rings in
(21) (i.e. 68.87/7.35 and 8.85/7.12 of 4(H) and 5(H) for (20) and (21) respectively).
The X-ray structure of (21) (Figure 2.3) shows the oxygen atoms of sulfonate moiety
not aligned to the 5-(H) of pyrazolyl rings (Figure 2.7), and the minimum S-O----H-pz
distance is in the range of 2.484-2.565 A (O(2)-H(11), O(1)-H(20) and O(3)-H(2),
Figure 2.7). Thus a -SO--H(pz) interaction between the sulfonate group and

pyrazolylic protons has to be excluded in the solid state.

Figure 2.7 Expanded image of ORTEP plot of (21).

Nevertheless, the above NMR shift does not depend exclusively on the metal
coordination: the free ligand(*) (16) shows its proton resonances at 6 8.22 and 6.83

wich upon coordination move to 6 7.27 and 7.00 for (20) and 6 8.85 and 7.12 for (21).

"ltis appropriate to consider (16) as lithium complex, and consequently its 'H-NMR resonances
concern [Li(TpmsPh)] (see also Sections 1.3.1 and 1.4).
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It is reasonable to assume that the scorpionate (16) in these Cu'-complexes is
involved in inter- or intramolecular interactions that are retained in solution and

determine the unpredicted "H-NMR shift of the 5-(H) of pyridyl rings.

In general, all these experimental results reflect the tripodal coordination
flexibility of (16). From solution NMR and X-ray diffraction experiments it is
possible to conclude that Tpms™ tends to adapt its coordination mode to the
electronic and steric preferences of the metal center. In fact, compounds (20) and (22),
bearing N-donor ligands (acetonitrile and HMT, respectively) with an expected
stronger electron-donor ability display the N>O coordination, involving the weak
electron-donor sulfonate moiety; whereas those containing phosphines with a -
acceptor character (i.e. compounds (21) and (23)) tend to exhibit the N,N,N capping
coordination that provides a more effective electron-release to the metal. Moreover,
compound (23), bearing the cationic methylated PTA, shows in solution a good
affinity for the N,O coordination mode, with the bound anionic sulfonate moiety,
lowering the steric interaction between the Tpms'™ and the phosphine.

The complexes described here are soluble in water and the flexibility of the
new scorpionate ligand, bearing the labile sulfonate group, provides a good example
of a versatile ligand able to be employed in further reactivity studies, namely of

metalloenzyme models.
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2.6 Appendix 2.A: study of the Cu'-Tpms"" system on
the activation of nitriles, isonitriles and carbon

monoxide

It has been achieved, in this thesis, an easy and powerful synthetic procedure
to afford a new class of Cu' complexes bearing a bulky tris(pyrazolyl)methane ligand.
In particular, the preparation of the stable intermediate acetonitrile complex (20)
encourages the study of the stability of the coordinated nitrile molecule and its
derivatives.”’ The Cu' center has been the object of an underdeveloped study in this
field, since its low oxidation state is not expected to favour the activation of nitriles
and isonitriles toward nucleophiles. In spite of that, the promising stability of
compound (20) prompts the study of the Cu'-nitrile and -isonitrile systems. In fact,

starting from our experience on the metal-mediated activation of a CN triple bond (i.e.

71-76 77-80

nitriles and isonitriles’™") a preliminary investigation of the Cu'-scorpionate
system has been planned.

Despite the presence of sterically hindered phenyl substituents on the ligand, it
is evident from Figure 2.1 that the N,N,O-coordination mode of the (TpmsPh)' in
compound (20) allows a further chemical reaction at the nitrile molecule and we have
demonstrated that substitution of this ligand can be easily achieved. Furthermore, one
can imagine that in the presence of a non-coordinating nucleophile, it would be
possible to drive the nucleophilic attack onto the C-carbon atom of the nitrile group.
Moreover, the substitution of the nitrile moiety with different isonitriles has been

successfully studied in order to verify the stability and the flexibility of this system.

2.6.1 Syntheses of [Cu(TpmsPh)(CyNC)] 24) and
[Cu(TpmsPh)(XyNC)] (25) (CyNC = cyclohexyl isocyanide; XyNC =
2,6-dimethylphenyl isocyanide) and their reactivity toward
nucleophiles: 3-iminoisoindolin-1-one and methylamine

Reactions of (20) with cyclohexyl isocyanide (CyNC) and 2,6-xylyl

isocyanide (XyNC) in dry methanol lead to the formation of the corresponding
isocyanide complexes [Cu(Tpms™)(CyNC)] (24) and [Cu(Tpms™)(XyNC)] (25)
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(Scheme 2.0). They are moderately soluble in MeOH, EtOH, soluble in CH,Cl,,
CHCl; and sparingly soluble in water (Sys-c ~ 3 mg'mL™). Their variable temperature
'H-NMR spectra indicate that the scorpionate assumes the N,N,O-coordination mode
(see also Section 2.4 and Experimental part) and this coordination is retained in the
solid state for compound (24) that exhibits an X-ray crystal structure with a highly
distorted tetrahedral coordination geometry of the copper center (Figure 2.8) similarly
to its analogue (20) and (22). In fact, analogously, the Cu(1)-O(1) bond length is
2.377(2) A within the sum of the corresponding van der Waals radii.

Figure 2.8 ORTEP plot of[Cu(TpmSPh)(CyNC)] (24), with ellipsoids shown at 50%
probability.

The IR spectra of compounds (24) and (25) show an intense ven stretching
band at 2191 and 2153 cm™, respectively (Figure 2.9). The minimal shifts from the
corresponding frequencies of the uncoordinated isocyanides indicate that the

activation of the isonitrile by the Cu center in (24) and (25) is negligible.
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Figure 2.9 IR spectra of isonitrile complexes [Cu(TpmsPh)(CyNC)] (24) and

[Cu(Tpms™) (PR’ NC)] (25).

On the other hand, the IR frequency vnc of (20) (i.e. 2316 cm™) appears

affected by the metal coordination, acting mainly as a o-donor ligand and a very weak

m-acceptor. However, the activation of the carbon position was shown, in this study,

to be insufficient by preliminary attempted reactions of (20), (24) and (25) with

. . 81,82
specific nucleophiles™”

100

(i.e. 3-iminoisoindolin-1-ones derivatives); that result in a



2 Cu' complexes of Li(Tpms™)

ligand displacement leading to the formation of compound [Cu(TpmsPh)(L)] 49) (L=

3-iminoisoindol-1-one) (Scheme 2.4).
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Scheme 2.4 Schematic representation of the study of the nitrile and isonitrile Cu'-activation.

It is noteworthy to report that the 3-iminoisoindolinone is a bulky moderate
nucleophile and the ligand displacement observed in these reactions could be due not
exclusively to an insufficient activation of the CN bond. In fact, reaction of (20) with
the more nucleophilic methylamine leads to the formation of the activation product
(26) (Scheme 2.5). The latter has not successfully crystallized, but the 'H-NMR
spectrum shows the characteristic resonances for the N,O-coordination mode that
appears to be retained in solution from the starting material (20). Nevertheless, this
preliminary result could be developed further toward the activation of the isonitrile

derivatives (24) and (25).
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2.6.2 Synthesis of [Cu(TpmsPh)(CO)] (27) and its unexpected

instability

Carbon monoxide displacement of the ligated acetonitrile molecule in (20) has

been investigated. Many examples **’

of Cu' report the easy preparation of carbon monoxide derivatives from the

acetonitrile adducts. Many attempts have been carried out in this thesis (Scheme 2.6),
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Scheme 2.5 Synthesis of compound (26).

showing an unexpected instability of the carbonyl analogue (27).
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Scheme 2.6 Synthesis of[Cu(TpmsPh)(CO)] 27).
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Exclusively by using a high pressure of CO (20 atm) in a closed vessel, it was
possible to isolate the expected carbonyl complex. Compound [Cu(TpmsPh)(CO)] 27)
shows a typical vco at 2107 cm™ that is consistent with the analogous (Tpm)Cu-
carbonyl complex (i.e. 2104 cm™ for [Cu(Tmeh)(CO)][PFﬁ])5 6 However, it is
important to remark that using the same reaction conditions described for the
synthesis of similar compounds, the formation of (27) was not detected: a surprising
instability leads to decomposition. There are no examples of carbonyl Cu-complexes
bearing the sulfonate derivatives of Tpm: in fact, while the analogue
[Cu(Tpm™)(CO)][PFq] is readily prepared’, the sulfonate [Cu(Tpms™)(CO)] (27)
shows a high instability and an increased difficulty to be isolated. A possible role of
the sulfonate moiety on the unpredictable instability of the carbonyl derivative should

be further investigated.
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2.7 Appendix 2.B: dioxygen coordination at the ‘Cu'-

Tpms"™ system

In the introduction of this chapter it was recalled the known applications of
copper(l) and (II) complexes in bioinorganic chemistry and biomimetic studies. In

TAT8BC of poly(pyrazolyl) ligands indicate how this

particular, many examples
molecular scaffold is appropriate to mimic the environment of the metal center in the
enzymatic active site.

Different reactions of (16) with [Cu(MeCN)4][PF¢] have been attempted and
in particular the formation of the intermediate [Cu(TpmsPh)(MeCN)] (20) has
evidenced that this half-capped complex is a highly reactive compound that in the
presence of small coordinating molecules (i.e. phosphines, amines, nitriles,
isonitriles,...) leads to the corresponding k’-Tpms™-Cu complexes.

The isolation (as deep dark blue/green crystals) and the identification of the
dimer dicopper complex [Cu(u-O)(Tpms™)], (28) from a methanolic solution of (20)
left in air in the presence of a base suggests that this Cu-scorpionate system is able to
87-90

activate the oxygen molecule (Figure 2.10) as similarly reported for different Tp

and Tpm’' derivatives.

Figure 2.10 ORTEP plot of[Cu(,u-O)(TpmsPh)]g (28), with ellipsoids shown at 50%

probability. (hydrogen atoms are omitted for clarity, but no hydrogen atom was found for

o))
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In our case, the X-ray diffraction analysis of compound (28), perfomed by Dr.
M. Fatima C. Guedes da Silva, reveals the absence of the hydrogen atom for the
bridging oxygen O(1), even if the ellipsoid of the latter shows an unusual extension
(Figure 2.11). The bond distances (Table 2.5) are consistent with the bis(u-
oxo)dicopper(III) system® that for compound [Cu(p-O)(Tpms™)], (28) results in a

neutral dicopper(Ill) complex.

Figure 2.11 ORTEP plot of metal ion coordination spheres in the cation of (28). Ellipsoids
are given with 50% of probability.

Table 2.5 Comparative selected bond distances [A]

[w-OH-Cu'], @ [ [u-0-Cu"1,” | [u-n’-0-Cu'], | (28)
H (0] (0]
e O\CU e eu i | e
\o/' \0/’ \O/'
H
Cu(1)-O(1) | 1.942-1.949 1.82 (avg.) 1.92 (avg.) 1.857(7)
Cu(1)-0O(1) 1.886(7)
Cu(1)-Cu(1) | 3.0554(12) 2.80 (avg) 3.51 (avg.) 2.961(2)
o(D)-0(1) |- 2.32 (avg.) 1.42 (avg.) 2.291(2)

@ bis(p-hydroxo)dicopper(I)™%; ™ bis(p-oxo)dicopper(II1)**; © bis(p-peroxo)dicopper(1l).**

At the same time the methanolic mixture of [Cu(MeCN)4][PFs] and
Li(TpmsPh) (16) left in air, led to formation of the crystalline copper-bridged trimer
[(u-Cu™) {Cu'(Tpms™)(u-OH,)(u-OMe)},] (29) (Figure 2.12).
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Figure 2.12 ORTEP plot of [(u-Cu"){Cu'(Tpms"") (u- OH,)(u-OMe)}5] (29), with ellipsoids
shown at 50% probability (hydrogen atoms are omitted for clarity, except at the bridgind

ligands).

Compound (29) apparently exhibits a mixed valence tri-copper system: with
the Cu'-Cu"-Cu' backbone and the bridiging water and methoxide stabilizing this
system. Further study for the full characterisation should be accomplished, together
with a tentative to investigate the electronic structure of compounds (28) and (29) that
should display peculiar and interesting features in the corresponding EPR and UV/vis
spectra.

Recently, another result have confirmed the behavior of this “Cu(TpmsPh)”
system: a methanolic solution of (26) (Scheme 2.5) in air formed compound [(u-
Cu){Cu(u-O)(TpmSPh)}z] (50) (Figure 2.13) that appears to exhibit analogous
characteristics to (28) incorporating the bridging oxygen O(1) and O(2). Additional

study should be carried out for this new derivative to verify its features.
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Figure 2.13 ORTEP plot of [(u-Cu){Cu(u-0)(Tpms™)},] (50), with ellipsoids shown at 50%
probability. (no hydrogen atom was found for O(1) and O(2))

Nonetheless, these preliminary examples emphasize the function of this bulky
scorpionate (16) that acts as a steric shield modulating the coordination chemistry of
the Cu center and, at the same time, adapts its coordination mode to favour the access

of a small molecule, such as dioxygen, water or solvent molecules.
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2.8 Appendix 2.C:  catalytic studies of
[Cu(Tpms"")(MeCN)] (20)

The acetonitrile scorpionate complex (20) represents itself an excellent
scaffold for potential applications in catalysis. In fact, its resistant and flexible
tripodal capping (i.e. Tpms™) and the presence of the labile acetonitrile ligand are two
peculiar features of a promising candidate for a possible catalytic use.

Hence, compound (20) has been tested, in this thesis, as a catalyst in different

organic reactions (Scheme 2.7).

P

N 0 OH
N Y
C cat
/ N/'!l\so2 O = . +
2N S H;0;, HNO;
e

>

\JV CH3CN/H,0

Ph CiPh
l
N H.__COOEt
i Ny et JANREIIVAN
i No DCM, r.t. EtOOC Ph EtOOC" Ph
e
(20)

Scheme 2.7 Schematic representation of the attempted catalytic study of compound (20).

In the pursuit of our experience'>”* in metal-catalyzed alkane oxidations, the
Cu'-complex (20) has been tested for the cyclohexane oxidation to form the
corresponding ketone and alcohol derivatives.”*”> Since this reaction has been
successfully achieved via Cu"-catalysis, the Cu'-complex (20) is expected to be
oxidized to a copper(Il) active species, in the presence of air or hydrogen peroxide
(Scheme 2.8).

108



2 Cu' complexes of Li(Tpms™)

I Ph OX. noyl an
[Cul(TpmsP")(MeCN)] ———— "Cu’-species

(20)

Scheme 2.8 Proposed transformation of the Cu(l)-complex (20) into an active Cu(Il)-

scorpionate intermediate.

In fact, the new scorpionate Tpms'™ (16) is able to stabilize both the oxidation states
of copper (i.e. +1 and +2): several preliminary studies,”® performed in our group, of
coordination chemistry of (16) toward the Cu" chloride center indicate that the
scorpionate 1is capable to face-cap the metal center in a N;O-mode in
[Cu"(Tpms®™)(C1)(H20)].

Disappointingly, the results of these initial tests indicate that compound (20)
does not display an appreciable catalytic effect and the yield (< 1 %) and TON (0.9-
1.5) data are negligible in comparison with more simple and cheap Cu-catalysts (see
Experimental Chapter).'*"

Moreover, a number of reactions to study the potential activity in
cyclopropanation of alkenes has been studied in this thesis (Scheme 2.7). It was
reported,” indeed, that sterically hindered tris(pyrazolyl)borate Cu'-complexes are
efficient catalysts for the activation of a diazocompound and analogous derivatives
for cyclisation reactions (i.e. aziridination and cyclopropanation). The past
experience’® on this field prompted to investigate the possible activity of
“scorpionate-Cu'” systems toward this type of reactions.

The no-promising catalytic results’ suggest that compound (20) has low

activity and selectivity toward the cyclopropanation. The formation, in high yield, of

" For 500/10/1 molar ratios of styrene/EDA/cat (EDA = ethyl diazoacetate), only a small amount of
cyclopropane (ca 6% by 'H-NMR) was obtained, the main by-product being diethylfumarate/maleate
(see Experimental Chapter).
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diethyl fumarate and maleate, as by-products, from carbene dimerization, is indicative
of its poor activity.

Additionally, since it has been reported’’ that the ethylene adduct of the
copper(Il)-scorpionate [Cu(Tp™**)(C,H,)] (Tp = tris(3,5-dimethylpyrazolyl)borate) is
an active species for this type of catalysis, different attempts to prepare the ethylene

derivative of (20) have been carried out but unfortunately were unsuccessfull (Scheme

2.9).

Ph
Ph
9 N
A Nt
A, T ¢
/N so, H H /TN
i /N 5o
Nk T A
Ph .
cuPh DCM Y
Iu Ph C,(JPh
N H H
Il ):J_—<
¢ H H
Me
(20)

Scheme 2.9 Attempted preparation of ethylene derivative of (20).
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3 Toward an extra coordinating site: TpmPy and TpmPy™

Abstract

The new potentially Ny-multidentate pyridyl-functionalized scorpionates 4-
((tris-2,2,2-(pyrazol-1-yl)ethoxy)methyl)pyridine (TpmPy, (3)) and 4-((tris-2,2,2-(3-
phenylpyrazol-1-yl)ethoxy)methyl)pyridine (TpmPy™, (19)) have been synthesized
and their coordination behaviors toward Fe", Ni'", Zn" Cu", Pd" and V" centers have
been studied. Reaction of (3) with Fe(BF,), yields [Fe(TpmPy),](BF4), (30), that, in
the solid state, shows the sandwich structure with trihapto ligands and coordination
via the pyrazolyl arms, and is completely low spin (LS) until 400 K. Reactions of 2 eq
of (3) or (19) with Zn" or Ni" chlorides give the corresponding metal complexes with
general formula [MCly(TpmPy*),] (M = Zn, Ni; Tpm*= TpmPy, TmeyPh) (31-33)
where the ligand is able to coordinate through either the pyrazolyl rings (in case of
[Ni(TpmPy),]Cl, (32)) or the pyridyl-side (for [ZnCly(TpmPy),] (31),
[ZnCly(TpmPy™),] (33) and [NiCL(TpmPy™),] (34)). The reaction of (3) with VCls
gives the corresponding [VOCly(TpmPy)] (35) that shows the Ns-pyrazolyl
coordination-mode. Moreover, (3) and (19) react with cis-[PdCl,(CH3CN),] to give
the di-substituted complexes [PdCly(TpmPy),] (36) and [PdClg(TmeyPh)z] (37),
respectively, bearing the scorpionate coordinated via the pyridyl group. Compounds
(36) and (37) react with Fe(BF4), to give the heterobimetallic Pd/Fe systems
[PACL(u-TpmPy),Fe](BF4), (38) and [PdClg(u-TmeyPh)zFez(HQO)d(BF4)4 (40),
respectively. The former (38) can be also formed from reaction of (30) with cis-
[PACI(CH3CN);]. On the other hand, reaction of (30) with Cu(NOs), generates
[Fe(uw-TpmPy),Cu(NO3),](BF4)2 (39), confirming the multidentate ability of the new
chelating ligands.
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3 Toward an extra coordinating site: TpmPy and TpmPy™

3.1 Introduction

As illustrated on these pages, within the Tpm coordination chemistry there is a
continous growing interest to develop multiple coordination modes of this scorpionate
ligand."” In fact, in Chapter 1 it has been shown how the functionalization of the
central methine carbon atom with groups other than the hydrogen atom is of a crucial
interest to extend the coordination properties of the ligand and opening to a variety of

applications, """

in particular in supramolecular chemistry and multi-metallic
systems. The polidentate character of such a type of ligands has also been
investigated.'>!”

The study'®?" of this topic prompted us to design new multidentate
tris(pyrazolyl)methane ligands bearing an additional N-donor group pending from the
central methine carbon, and to study the role of this extra-unit on their coordination
behavior, namely focusing on their potential to form heteronuclear species. Hence, the
synthesis of the class of potential tetradentate scorpionates 4-((tris-2,2,2-(pyrazol-1-
yl)ethoxy)methyl)pyridine (TpmPy) (3) and 4-((tris-2,2,2-(3-phenylpyrazol-1-
yl)ethoxy)methyl)pyridine (TmeyPh) (19) with an additional pyridyl moiety also able
to coordinate has been carried out (Chapter 1).

In the current Chapter, it has been investigated the possible coordination
pathways of these new ligands to explore their versatility (Scheme 3.1): (i) the
coordination chemistry of the tripodal ‘scorpionate’ face of the ligands (step (a)); (ii)
and the reactivity of the pyridyl moiety of the new ligands toward metal centers
known to have a good affinity for pyridine (step (a’)). The following steps ((b) and
(b’)) would consider the further coordination ability of the ligands toward the

synthesis of hetero-bimetallic systems.
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N-pyridyl

N-pyrazolyl
coordination

coordinatio

N

N/
)\ /; TpmPy*
R R =H (1), Ph (2)
M'L, (a")
N-pyridyl

coordination

N-pyrazolyl
coordination

Scheme 3.1 Possible coordination pathways of TpmPy* (TpmPy (3) for R = H; TpmPy"" (19)
for R = Ph).

The next sections, indeed, will report the coordination chemistry of these new
ligands toward Fe', zn", Ni", Pd" and V" centers, and their first application as
doubly functionalized ligands to the preparation of hetero-bimetallic complexes, i.e.

of Fe''/Pd" and Fe'/Cu" centers.
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3 Toward an extra coordinating site: TpmPy and TpmPy™

3.2 TpmPy (3) and TpmPy"" (19)

As mentioned in Chapter 1, starting from Tpm, it has been possible to prepare
4-((tris-2,2,2-(pyrazol-1-yl)ethoxy)methyl)pyridine (TpmPy (3); Scheme 3.2, R = H)
in good vyield, following a two-steps synthetic process: the known®' tris-2,2,2-
(pyrazol-1-yl)ethanol (2) reacts, upon deprotonation with sodium hydride, with 4-

bromomethyl-pyridine to lead to the desired compound.

C Br
/‘\ tBuOK /] \ O/\
/ ,il T\ ’il \ (CH20), / ,il 4\ 'il \ NaH /(\

—N N/ N~ THF —N N./ N~ THF
R R R R 5 ;

R R R

R
Tpm, (1) (R=H) TpmPy (3), (R =H)
Tpm®", (12) (R = Ph) TpmPy"" (19), (R = Ph)

Scheme 3.2 Synthesis of the N-scorpionates TpmPy (3) and TpmPy™ (19).

Similarly, the ‘bulky’ analogue bearing phenyl groups as substituents at the 3-
position of the pyrazolyl rings (TmeyPh (19); Scheme 3.2, R = Ph) has been
synthesized: starting from the hydrotris(3-phenylpyrazolyl)methane (12) the first step
proceeded regularly to afford the hydroxy intermediate (18) that has been converted
to the final compound (19). The latter can be easily purified by column
chromatography at the final stage.

These products have been characterized by 'H, "C-NMR and IR
spectroscopies, elemental analyses and, in the case of (3), also by X-ray diffraction
analysis, its molecular structure being depicted in Figure 3.1. Both of them exhibit
well resolved "H-NMR spectra (CDCl;) with only one set of resonances for the three
equivalent pyrazolyl rings and, in the case of (19), one pattern of signals for the
phenyl protons. The resonances of the pyridyl ring protons appear as a pair of
doublets at 0 8.53 and 7.06 (Jyp=6.2 Hz) for (3) and at ¢ 8.47 and 7.10 (Jyz=6.0 Hz)
for (19) (see Experimental Chapter).

121



3 Toward an extra coordinating site: TpmPy and TpmPy™

Figure 3.1 ORTEP plot of TpmPy (3), ellipsoids are shown at 50% of probability.

Compound (3) is well soluble in all common organic solvents (i.e., Et,O,
CH,Cl,, CH;Cl, MeOH, EtOH and acetone) and moderately soluble in water (S2s.c =
10 mg'mL™") as a free base, while upon protonation of the pyridine nitrogen becomes
well water soluble as a salt. Compound (19) is not soluble in water, but is soluble in
the usual organic solvents. Compounds (3) and (19) represent a new type of Ny-
scorpionate derivatives, bearing not only the common three pyrazolyl rings but also
one pyridyl group, thus possibly being able to bind different metal centers, with
distinct affinities to the N-pyrazolyl and the N-pyridyl donor sites, allowing also to
investigate their competition for such N-ligating functions. TpmPy"™ (19), being
sterically hindered on the pyrazolyl-side, should be an important candidate to the
synthesis of half-sandwich complexes with metals that normally would form the full

sandwich complex with two tridentate scorpionate ligands.”***
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3 Toward an extra coordinating site: TpmPy and TpmPy™

3.3 Coordination chemistry of (3) and (19)

3.3.1 Reaction of (3) with Fe"

Fe" is a metal ion with one of the highest affinities for scorpionates and tends
to form full sandwich complexes with two of such a type of ligands.”*”* Accordingly,
reaction of 2 eq of TpmPy (3) with Fe(BF4),-6H,0 in methanol proceeds readily at
room temperature to give [Fe(TpmPy),](BF4). (30) bearing two ligated TpmPy
(Scheme 3.3).

TpmPy, 2 eq.
Fe(BF4),:6H,0 ——— > [Fe(TpmPy),](BF4)>
MeOH (30)

Scheme 3.3 Synthesis of [Fe(TpmPy),](BF,), (30).

Compound (30) is moderately soluble in CH,Cl,, MeOH, DMSO and DMF,
and is well soluble in acetonitrile. It forms a pink powder and purple single crystals,
as usual for a low spin (LS) Fe"" scorpionates at room temperature.*** Studies of the
spin transition properties of related Fe'-Tpm complexes, such as [Fe(Tpm),](BF4)s,
[Fe(Tpm™?)3),](BF4): (Tpm™** = tris(3,5-dimethylpyrazolyl)methane) and their
borate analogues [Fe(Tp)3)2](BF4), (Tp = tris(pyrazolyl)borate), [Fe(Tp"'**)s),](BFa4),
(Tp™** = tris(3,5-dimethylpyrazolyl)borate), have been reported, indicating that
complexes of this type show a temperature dependence spin crossover.*>’ Compound
(30) is LS in the solid state and in solution at room temperature and keeps this spin
state upon heating (to 400 K or 325 K, respectively); its solution 'H-NMR spectrum
(CDsCN) at room temperature (298 K) appears as a typical one for a diamagnetic
complex, and increasing the temperature until 325 K does not lead to any relevant
modification, in contrast with what is observed for the tris(pyrazolyl)methane
analogue [Fe(Tpm),](BF4), which shows an electronic spin transition from LS (S=0)
to HS (S=2), in solution, above 223 K.?’ For the latter compound, the LS state in the

solid state at room temperature starts to change to the HS state upon heating above
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3 Toward an extra coordinating site: TpmPy and TpmPy"™"

295 K, whereas in solution at room temperature it shows the contemporary presence

of LS and HS.
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Figure 3.2 Proposed trimeric structure of [Fe(TpmPy),](BF,),(30) in acetonitrile solution
based on the "H-NMR (CD;CN) spectrum assignment at -40°C of [Fe(TpmPy),] (BF4):(3).

These different behaviors should be accounted for the differences between the

ligands (i.e., Tpm and TpmPy). The pyridyl moiety, as possible competing
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3 Toward an extra coordinating site: TpmPy and TpmPy™

coordination site, could influence the electronic state of the metal. In fact, variable
temperature 'H-NMR experiments (CD;CN) of (30) allow to distinguish all the
resonances. The analysis of the resulting complex pattern of resonances (Figure 3.2),
through two-dimentional NMR experiments (i.e. 'H-COSY, 'H/°C-HSQC and
HMBC), indicates the unequivalence of the three pyrazolyl rings and suggests the
competition of the pyridyl ring, in solution, for the iron center. However, this
unexpected behavior in solution was not fully confirmed. The consistency of NMR
observations (i.e. different batches, diluitions, temperatures) supports the possibility
of the formation of a trimeric structure of (30) in solution: the lowshifted resonances
assigned to pyridyl moieties (red and black dots, Figure 3.2) compared to the free
ligand suggest their coordination, and the splitting that occurs for pyrazolyl protons
should confirm their unequivalence (i.e. coordinated and free).

The possible equilibrium between N,,N’-pz,py and N3-pz coordination modes
could not be excluded, although the variable temperature 'H-NMR experiment do not
display any relevant shifts of the resonances that exclusively gains in resolutions

(Figure 3.3).

i 1

anllt

A SN N
M N
A
A b A

9!

N S -
-

7 6 [ppm]

Figure 3.3 Variable temperature (298 — 233 K) 1H-NMR (CD;CN) experiments for (30).
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3 Toward an extra coordinating site: TpmPy and TpmPy™

The solid-state structure of (30) has been determined by single crystal X-ray
diffraction analysis and shows the TpmPy coordinated through the three pyrazolyl
rings, leaving uncoordinated the pyridyl moiety (Figure 3.4, and Table 3.1). An
intermolecular s~ interaction is observed between one pyridyl ring of a molecule and
one pyrazolyl ring of another molecule (centroid/centroid distance of 3.4 A), the angle
between the planes being of ca. 5°. This interaction could stabilise the packing and the

coordination mode through the three pyrazolyl rings.

&l
o SGRe:
v =0

{7y
£l [
A = 3

a8t

Figure 3.4 ORTEP plot of [Fe(TpmPy),](BF,); (30), where the ellipsoids are shown at 50%
of probability and the tetrafluoroborate counter-ions are omitted for clarity. The dashed line

indicates the m-m interaction (3.4 A).

Morever, as reported for other systems,”” the minimum degree of tilting of the
pyrazolyl rings from an ideal Cj, axis is typical for Fe"-Tpm, LS, sandwich
complexes: the Fe-N-N-C torsion angles, where n denotes the ring number, in an ideal
case would be 180° and the metal atom would reside in the planes defined by the
pyrazolyl rings. For compound (30) these angles are within the range of 174.31°-

177.10°, confirming the pure low spin electronic state of the Fe'" center (Figure 3.5).
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3 Toward an extra coordinating site: TpmPy and TpmPy™

Figure 3.5 ORTEP plot of [Fe(TpmPy),](BF,), (30) (view down of the pseudo-three-fold

axis), where the tetrafluoroborate counter-ions and pyridil pendants are omitted for clarity.

Electrochemical cyclic voltammetry in acetonitrile solution reveals a one

electron reversible process (Figure 3.6) assigned to the Fe"->Fe"" oxidation at £} =

+ 0.64 V vs. Fc (E];, = +1.10 V vs. SCE), typical for these type of compound (see

Experimental Chapter).”

. (30)

T
1.0
E (V) vs Fc'lFc

Figure 3.6 Cyclic voltammogram (v = 120 mV s') of a ca. ImM solution of (30) in CH;CN
with 0.2 M [NBu,][BF,], at a platinum disc electrode (d = 0.5 mmy).
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3 Toward an extra coordinating site: TpmPy and TpmPy™

3.3.2 Reactions of (3) and (19) with Ni", Zn" and V'"

Reactions of (3) and (19) with Zn" or Ni" metal salts can, in principle, give
p ple, g

4-40

full or half-sandwich complexes’** through the tripodal coordination of one or two

scorpionates via the pyrazolyl rings, but the competition of the pyridyl arm for the

41-46

metal can also occur in view of the known™ ™ metal affinity for this group.

ZnCI2
MeOH

NiCl,*6H,0
H,0
VCl,
THF

[ZnClx(TpmPy),]  (31)

TpmPy (3) » [NiClx(TpmPy),]  (32)

[VOCIy(TpmPy)] (35)

ZnCI2
MeOH

NiCl,*6H,0
MeOH

[ZnCly(TpmPy™),] ~ (33)

TpmPyP" (19)
[NiClo(TpmPy""),]  (34)

Scheme 3.4 Syntheses Of[MCZz(Tmey*)zj (M = Ni", Zn"; Tpm* = TpmPy, TmeyPh) 4-7)
and [VOCIly,(TpmPy)] (35). Pyridyl-coordination: (31), (33), (34),; pyrazolyl-coordination:
(32), (35).

Reaction of two equivalents of TpmPy (3) with ZnCl, in methanol affords
[ZnCly(TpmPy),] (31) (Scheme 3.4). The compound is well soluble in CH,Cl, and
sparingly soluble in MeOH and EtOH. The ESI-MS spectrum shows ionic fragments
corresponding to [ZnCl(TpmPy)]" and [Zn(TpmPy),]*

The X-ray diffraction analysis of the solid-state structure of (31) shows a
metal tetrahedral-type coordination with the two TpmPy ligands binding through the
pyridyl rings, whereas the pyrazolyl groups remain uncoordinated (Figure 3.7, Table
3.1). This mode of TpmPy coordination is preserved in solution. In fact, in the 'H-
NMR spectrum, the pyridyl resonances are shifted to lower field (by ca. 0.1 ppm)
relatively to those of the free ligand (i.e., 8.51, 7.30 for (31) and 8.43, 7.20 for (3), in
methanol-dy, corresponding to 2,6-H and 3,5-H of the pyridyl ring, respectively),
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3 Toward an extra coordinating site: TpmPy and TpmPy™

whereas the pyrazolyl resonances remain almost unchanged. Moreover, NMR
experiments at variable temperature confirm the equivalence® of the three
uncoordinated pyrazolyl rings. In accord, the IR spectrum displays a shift of vy
assigned to the pyridyl rings to higher wavelenghts compared to free (3) (i.e., 1601 or
1621 cm™ for (3) or (31), respectively, Table 3.2).

Figure 3.7 ORTEP plot of [ZnCl,(TpmPy),] (31), with ellipsoids shown at 50% of probability.

The tetrahedral coordination around the zinc is slightly distorted with the
internal angles of 100.69(8)° for N1-Zn1-N2 and 119.77(3)° for Cl1-Zn1-Cl2, i.e., the
larger angles concerns the chloride ligands. The Zn-N bond lengths are identical
(2.058(2) A and 2.053(2) A), like the Zn-Cl distances, thus showing a symmetrical
elongation of the ideal tetrahedral geometry.

In contrast to the case of Zn", Ni" chloride reacts with 2 eq of (3) to give
(Scheme 3.4) the corresponding sandwich complex [Ni(TpmPy),]Cl, (32) bearing two
tri-hapto TpmPy ligands coordinated via the pyrazolyl rings, as shown by X-ray
diffraction analysis (Figure 3.8, Tables 3.1).
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3 Toward an extra coordinating site: TpmPy and TpmPy™

Figure 3.8 ORTEP plot of [Ni(TpmPy),]Cl; (32), with ellipsoids shown at 50% of probability

and the two clorides omitted for clarity.

The octahedral Ng-coordination of nickel(II) is consistent with the "H-NMR
spectrum that shows its typical paramagnetic nature (octahedral Ni'", S=1). Compound
(32) is well soluble in water (Sys.c = 50 mg:mL"), MeOH and EtOH, and sparingly
soluble in CHCI;, CH,Cl, and acetonitrile. As for compound (30), the X-ray
diffraction analysis of (32) confirms the scorpionate sandwich structure. The Ni-N
distances are very close (2.038-2.068 A range) and the degree of tilting of the
pyrazolyl rings is very low (i.e., Ni-N-N-C torsion angles, where n denotes the ring

number, are within the range of 165.90°-178.04°).

R R R
146.73 151.77 149.54
7.19 Hjl\/‘ﬁm-"’ 7.53 Hfﬁuzm 7.52 Hfﬁm&gs
8.41H N/ 149.76 8.55H N/ 153.22 8.67H N/ 153.04
| |
[Zn] [Zn]
(19) (33) (31)

R = CH,OCH,C(pz™");, R'= CH,OCH,C(pz);

Figure 3.9 Selected ' H-NMR (blue) and 3C_NMR (red) resonances (acetone-d) for free and
coordinated pyridyl moiety, for compounds (19), (33) and (31).

Similarly to the previous synthetic procedures, we studied the reactions of Zn"

and Ni" chlorides with TpmPy™ (19). The latter being sterically hindered at the
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pyrazolyl-side, is expected to coordinate preferably through the pyridyl moiety. In
fact, reaction of (19) with ZnCl, in methanol leads readily to the quantitative
precipitation of [ZnClz(TmeyPh)z] (33) which, has been characterised by IR, far-IR,
NMR, MS and elemental analysis. Like its TpmPy analogue (31), complex (33) bears
the scorpionate ligands bound via the pyridyl groups. Its 'H-NMR spectrum shows, in
fact, the equivalence of its three pyrazolyl rings (without a significant shift relative to
the free ligand) and a lower field coordination shift (of 0.14 and 0.33 ppm) for the
pyridyl protons. The 2, 6- and 4- pyridyl carbons appear low field shifted in the ">C-
NMR spectrum, as for the analogue (31) (Figure 3.9); this feature appears to be
common to all the complexes that exhibit pyridyl-coordination, as will be discussed
below. Compound (33) is very soluble in CHCl;, CH,Cl,, acetone, and moderately

soluble in MeOH, while is insoluble in water.

Table 3.1 List of selected bond distances [A] and angles [°] for compound TpmPy (3),
[Fe(TpmPy),](BF,): (30), [ZnCly(TpmPy)>] (31), [Ni(TpmPy),]Cl; (32) and [PdCl,(TpmPy),]

(36).
(€))] 309 (€29)
CI-N11 1.4543(13) | C1-N13 1.468(6) | Zn1-N1 2.058(2)
C1-N14 1.4573(13) | C1-N16 1.466(7) | Zn1-N2 2.053(2)
CI-N17 1.4541(13) | C1-N19 1.466(7) | znl-Cll 2.2103(7)
C1-C2 1.5315(15) | C1-C101 1.518(7) | znl-CI2 2.2401(7)
01C3-C4C8° 118.31 Fel-N11 1.965(4) | Cli-zn1-CI2 119.77(3)
(32) Fel-N14 1.954(4) | C12-Zn1-N1 108.33(6)
Nil-N14 2.050 Fel-N17 1.949(4) | N1-Zn1-N2 100.69(8)
Nil-N17 2.037 N17-Fel-N14 87.71(17) | N2-zn1-Cl1 115.51(6)
Nil-N11 2.063 N17-Fel-N11 87.98(17) | CI2-Zn1-N2 104.80(6)
01C4-C5C6° 137.03 N14-Fel-N11 86.67(17) | Cl1-Zn1-N1 105.94(6)
02C23-C24C28 “ | 143.53 N24-Fe2-N21 85.72(18) | 01C6-C3C2° 177.97
(36) N24-Fe2-N27 87.93(17) | 02c26-C23C24 7 | 135.26
Pd1-N1 2.037(10) | N21-Fe2-N27 86.34(17)
Pd1-Cll 2.3153) | 01C202-C203C204 “ | 176.76
N1-Pd1-Cll 89.6(3) 01C102-C103C104 “ | 166.62
01C6-C3C2° 137.91

@ Refers to the O-Chetnylene=Cipso-Cortno torsion angle.

Reaction of 2 eq of TmeyPh (19) with NiCl, in methanol proceeds readily
leading to the precipitation of [NiClz(TmeyPh)z] (34) that also bears the scorpionate
ligands coordinated through the pyridyl moieties. Hence, the pyrazolyl Ne-
coodination mode observed for (32) with unsubstituted tris(pyrazolyl)methane
ligands, is sterically hindered for (34). The mass spectrum (EI) of (34) shows an

equivalent pattern of fragmentation to that of its zinc analogue (33) (e.g., peaks at m/z
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656 and 662 for [Ni(TpmPy™)CI]* and [Zn(TpmPy™)Cl]*, respectively). The IR
spectra of (33) and (34) show almost identical profiles for the 1800-400 cm™ region,
in particular the shifted band at 1617 cm™ ascribed to v_y of the coordinated pyridyl
moiety (Figure 3.10 and Table 3.2). The 'H-NMR spectrum of (34) shows broad
resonances, where it is possible do distinguish those assigned to the pyrazolyl rings,

while those of the pyridyl moiety collapse due to the proximity of the metal center.

cm’' 1600 1400 1200 1000 800 600

N\M

| |

——[ZnCI(TpmPy™) ] (33) “
—— [NiCL(TpmPy™)] (34)

Figure 3.10 IR spectra of (33) and (34).

The reaction of TpmPy (3) with V"

chloride (Scheme 3.4) also proceeds
readily with the precipitation, as a pale blue powder, of [VOCl(TpmPy)] (35) with
the Ns-pyrazolyl coordination. The compound has been characterised by MS, IR, far-
IR and EPR spectroscopies, and elemental analysis. The EPR spectrum shows the
expected signal (i.e., with a eight-line pattern, g = 1.9989) for a vanadium(IV) (d’,

=72, §=1/2).
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3.3.3 Reactions of (3) and (19) with pPd"

Palladium(IT) complexes bearing heterocyclic N-donor ligands are well known
and the coordination chemistry of Pd-based complexes with pyrazoles, imidazoles and

pyridines ligands has been deeply developed.*?" Pd" reacts’’>'*?

easily with
bis(pyrazolyl)methane (Bpm) and tris(pyrazolyl)methane (Tpm) to give typical square
planar N,N-coordination compounds (involving two ligated pyrazolyl rings, and
leaving one free in the case of Tpm). Moreover, the recognized affinity”>>* of this
metal with the pyridyl N-donor group encouraged us to investigate its coordination

chemistry toward these new “pyridyl-based” scorpionates.

Clum,, NCCH;
CI/ \NCCH3
(\—;C /\Q\‘
2 \\_/7 CH,Cl,
(3)
|
4 /\\N
N < \
L&)
o——dZ2N"N K’
. 0
Clu,,
| \N/ \CI .
~ 2 L (:\\
N /N \\\R
N/
\ J <
(36) trans (36) cis

Scheme 3.5 Synthesis of [PdCIL,(TpmPy),] (36).

Reaction of cis-[PdCl,(CH3CN),] with 2 eq of (3) in dichloromethane gives
the di-substituted product [PdCl,(TpmPy),] (36) in quantitative yield (Scheme 3.5).
The compound is stable and soluble in organic solvents such as CH,Cl, and CHCls,
but in DMSO undergoes a partial decomposition. In the 'H-NMR spectrum the
remarkable shift to lower field (by ca. 0.15 ppm) of the pyridyl resonances relatively
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to those of the free ligand confirms the coordination through the pyridyl moiety,
whereas the pyrazolyl groups remain equivalent.

The phenyl substituted analogue, [PdCly(TpmPy"™),] (37), was prepared
similarly, upon reaction of cis-[PdCl,(CH3CN),] with (19). In this case, the
coordination through the pyridyl moiety is expected to be even more favorable than
for the unsubstituted (36), since the pyrazolyl-side is highly hindered by the phenyl
substituents. Compound (37) shows NMR coordination shifts comparable to those of
(36). For instance, similarly to (36), the *C-NMR (400 MHz) spectrum of (37) shows
the 2,6- and 4- pyridyl carbons resonances (at 6 152.9 and 150.4, respectively) shifted
to lower field (by 3.1 and 3.7 ppm, corrspondingly) relatively to the free ligand. This
behavior supports the expected deshielding upon pyridyl coordination, confirming

that the ortho and the para positions are more influenced than the meta (Figure 3.11).

%
(PA—N.  Da—CH,0CH,—C N/j (36)
‘_ Q T A< \N/ 3

*

*

— IS
N\\/:/>,—CH200H2—C N\/NJ 3)

3

*

. - : - : - : - : - - - - - : - : - : : :
155 150 145 140 [ppm]
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Figure 3.11 Shifting of 2,6-C (*) and 4-C (+) pyridyl carbons resonances in">C-NMR (400
MHz) spectra (CDCls) upon coordination of free (3) to Pd" in [PdCly(TpmPy).] (36), (top),
and upon coordination of free (19) to Pd" in [PdCZg(TmeyPh)Z] (37) (bottom).

Similarly, the IR spectra of (36) and (37) show a displacement to higher
wavenumbers of the vc-n frequency compared to that of the corresponding free
ligands (3) and (19) (from 1601 to 1619 and from 1603 to 1621, for the (3)/(36) and
(19)/(37) pairs, respectively; Table 3 and Figure 3.12(a)). The mass spectra of (36)
and (37) confirm the presence of two scorpionate ligands and the far-IR spectra
reveals the bands ascribed to Pd-Cl stretching (Figure 3.13(b)).”>®° For (36), the Vpa.ci
at 308 and 296 cm’', typical for a cis-isomer, appear shifted to higher wavenumbers in
comparison to those of the starting compound cis-[PdCl,(CH3CN),] (255 and 242 cm’
") suggesting a higher m-electron-acceptor character for the coordinated pyridyl
species than that of the acetonitrile ligand. Moreover, another band is detected at 361
cm™ being ascribed to the frans isomer, also present in the solid state in a lower
amount. On the other hand, the analogue (37) shows just a single strong band at 365
cm’™, corresponding to the trans isomer, which is preferably formed due to the steric
hindrance of TpmPy"". Attempted chromatographic separation of the two isomers of

(36) resulted in decomposition of the compound.
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Figure 3.12 IR spectra of (3) and (36) (a), and far-IR spectra of the starting material cis-
[PdCI,(CH;CN),] and (36) (b).

Furthermore, the frans isomer of (36) was identified in the X-ray diffraction

analysis (from very poor quality crystals) that displays an almost perfect square-
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planar geometry around the Pd(II) ion, with the two scorpionates in trans position

(Figure 3.13) and the N(1)-Pd(1)-CI(1) angles of 89.6(3) ° (Table 3.1).
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Figure 3.13. ORTEP plot of [PdCIL,(TpmPy),] (36), with ellipsoids shown at 50% of

probability. Hydrogen atoms are omitted for clarity.
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3.4 Applications of (3) and (19) to the synthesis of

bimetallic complexes

In order to investigate the multidentate ability of the new scorpionates of this
work and the versatility of the new complexes prepared, we explored the “second”
coordination step (b and b’, Scheme 1) of the latter compounds.

Reaction of equimolar amounts of [Fe(TpmPy),](BFs). (30) and cis-
[PACL(CH3CN),] gives [PACly(u-TpmPy),Fe](BF4), (38) (Scheme 3.6(b)), which
alternatively can be obtained upon an equimolar reaction of [PdCly(TpmPy),]l (36)
with Fe(BF4),-6H,0 (Scheme 3.6(b’)).

<N—— /|

= o 04 N~ N Cluw,,, Pd__“\\NCCH:;
— cl NCCHj

z/ \N‘ [PdCly(u-TpmPy),Fe](BF ), (38)
//N

N
——CZNT N
O) \\; b'| Fe(BF,),6H,0

Clo,_
o \“-Q\ D
— Ry
(36) <\_ﬂ

Scheme 3.6 Synthetic pathways for [PdCl,(u-TpmPy),Fe] (BFy,); (38).

Compound (38) has been characterized by IR and NMR spectroscopies, MS
and elemental analysis. Besides, its 'H-NMR spectrum at low temperature (253 K)
indicates a fluxional behavior, in solution, suggesting a conceivable dynamic

equilibrium between different structures (such as A and B, Figure 3.14).
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R M, WCl
,/Pd\u
Cl/lll,_ .‘\\\\‘ ‘l/,,“. .‘\\\C| .- _ ____'
Cl’ \“ ‘/Pd\cn CI//I"‘Pd"‘\\\Y"
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YI/,,'.Pd“\\\Cl
/ \C|
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Figure 3.14. Conceivable structures of [PdCl,(u-TpmPy),Fe](BF,); (38).

Similarly, reaction of [Fe(TpmPy),](BF4), (30) with Cu(NO3),-2.5H,0 leads
to the immediate precipitation of a pale violet solid of [Fe(u-
TpmPy),Cu(NOs):](BF4)2 (39), where each pyridyl moiety is coordinated to Cu'.
This compound is well soluble in MeOH and sparingly soluble in CH3CN, while it
decomposes in H,O after a few hours. The "H-NMR spectrum confirms the presence
of paramagnetic Cu", where the pyridyl resonances appearing more affected by the
metal electronic state. In the mass spectrum (EI) of (40), the peak at m/z 713 assigned
to the double charged [{Fe(u-TpmPy),Cuy(TpmPy)(NO;);}(BF,)]"" fragment
suggests a conceivable polymeric structure of the hetero-bimetallic system. Elemental

analysis confirms the 1:1 Cu/Fe ratio (Scheme 3.7).
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‘.e\N” 30
NN p @N/ \ /7 (BF4), (30)
7 O\/CLN\;\>

|
NO
;N// / \ N\ / 3
'\i N /N /,N‘Y \ /7 O3N \( 4)2n

Scheme 3.7. Synthesis and proposed molecular structure (polymeric chain) of (39).

An interesting comparison with the synthesis of compound (38) emerges from
the reaction of [PdClg(TmeyPh)] (37) with Fe(BF4),-6H,0 that gives the hidrated Fe-
Pd-Fe complex [PdClg(u-TmeyPh)zFez(Hzo)d(BF4)4 (40) bearing each iron
coordinated by the three pyrazolyl rings of one bridging TpmPy"™. Steric hindrance of
the bulky Tpm™"™" prevents the formation of the Ng-sandwich coordination at Fe"
(which, in contrast, occurs for compound (38)) leaving three coordination positions
available for small ligands, such as water.”* The 'H-NMR spectrum of (40) is
consistent with that of its precursor (37), and shows a modest shift of the pyrazolyl
resonances on account of coordination to iron(II).

Polymeric structures can also be envisaged for these compounds, and
eventually thwarted the crystallisation attempts and prevented their complete

characterization.
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3.5 Pyridyl-functionalized scorpionates: overview

As expected, this new multifunctional class of scorpionates bearing a pyridyl
group pending from the methine carbon shows its double face coordination ability.

In the case of Fe", NMR and X-ray analyses of compound (30) reveal, by
comparison with the Tpm analogous complex, that the pyridyl moiety promotes the
stabilization of the low-spin (LS) state of Fe" center, and is involved in coordination
to iron center. In the cases of Ni", Zn" and Pd", the extra N-donor pyridyl group
shows a good affinity to the metal centers: the new pyridyl-based complexes of Ni, Zn
and Pd (i.e. compounds (31), (33), (34), (36) and (37), respectively) provide relevant
examples in this field. Moreover, by increasing the bulkiness of the pyrazolyl groups
by introducing a phenyl substituent (as in (19)), the coordination through the pyridyl-
side is forced: the two nickel complexes (32) and (34) (i.e. bearing the ligating
scorpionates in the Nj-pyrazolyl and N-pyridyl coordination modes, respectively)
provide a good model of steric inducement.

In general, the '"H and ’C NMR, IR and far-IR spectroscopies allowed to

confirm the coordination modes of the new scorpionate ligands in the their metal

complexes.
Table 3.2 Selected IR frequencies (KBr) for (3), (19) and (30)-(40).

Compound Ve=n/ cem’! Ve=c / cem’!

A3) 1601, 1564 | 1517 free ligand

(19) 1603, 1561 | 1530 free ligand

30) 1562 1518 pz-coordination
31) 1621, 1563 | 1518 py-coordination
32) 1568 1522 pz-coordination
33) 1620, 1531 | 1500 py-coordination
34) 1617, 1531 | 1500 py-coordination
35 1519 1517 pz-coordination
36) 1619,1561 | 1517 py-coordination
37) 1621, 1531 | 1500 py-coordination
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(38) 1621, 1519 | 1513 py/pz-coordination
39) 1620, 1517 | 1515 py/pz-coordination
(40) 1620, 1531 | 1499 py/pz-coordination

In particular "C-NMR and IR spectra are of diagnostic value to distinguish
betweent pyrazolyl- and pyridyl-coordination (Figures 6, S.1, S.2 and Table 3).
Hence, a significant low field shift (ca. Ad 2-3 ppm) for 2, 6- and 4-pyridyl carbons in
the "C-NMR spectra is peculiar of py-cordination. Furthermore, the latter
coordination affects the IR vc-n corresponding to the pyridyl moiety that shifts to
higher wavenumbers (i.e. within the range of 1617-1621 cm™, Table 3). The
consistency of these behaviors illustrates an easy pattern for the characterization of
these new complexes and generates a criterion for further studies in this field.

The multifunctional ligands are particularly adequate to the easy synthesis of
heterobimetallic units, such as those of the current study. This represents a first
application of this class of multidentate ligands that are expected to be able to
coordinate to a wide variety of metal centers and to generate polymetallic species for
further studies, e.g. in supramolecular and solid-supported chemistries, besides the

various fields of common applications of scorpionate compounds.
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4 Salicylamidate ligands

Abstract

A new class of phenol-based ligands (salicylamides) has been designed and
prepared to mimic the role of the tyrosyl moiety (ie. Tyr), namely able to support and
stabilize its oxidated form (i.e. phenoxyl radical) in many redox enzymatic processes.

These salicylamide compounds show important characteristics and their easy
synthesis allows to prepare different derivatives, being potentially multidentate,
polianionic, bridging and chelating ligands.

In particular, a series of salicylamides (monomethyl (43), dimethyl (44) and
N-ethanol amides (42)) has been prepared in order to investigate the potential
stabilization of their corresponding phenolates (i.e. (427)-(447)) and phenoxyl radicals
(i.e. (427)-(44’)). The latter, in fact, display an appreciable stability.

Their characterisation (i.e. by X-ray, electrochemical studies and 'H-"’C-
NMR, IR, UV-vis and EPR spectroscopies) and the study of the electronic structure of
these species clarify the crucial effect of the intramolecular H-bond in phenolates (42"
) and (43") and in the electrochemically generated phenoxyl radicals (42°) and (43°).
Moreover, a quantitative estimate of the H-bond effect has been tentatively carried out
and revealed that it exerts a stronger stabilisation on the phenolate form and not (or
little) on the oxidized derivative, thus being indicative of an increase of the redox

potential.

148



4 Salicylamidate ligands

4.1 New class of salycylamidate ligands

There is a growing interest in the chemistry of phenol-based ligands that can
be grouped in a large number of categories with many different features.

We selected a class of phenol ligands based on the 2-hydroxybenzoyl
backbone (Figure 4.1). This family of compounds has been object of a wide

investigation' and many studies” clarified the chemical properties of this molecular

scaffold.

OH R

Figure 4.1 The 2-hydroxybenzoyl scaffold.

As reported in the introduction of this thesis, highly oriented syntheses of
ligands with peculiar functions is a main interest of this work. Within this family of
compounds, the attention has been addressed to the large variety of phenol-based
ligands with applications in bioinorganic chemistry.

Their main ability is to be stable to redox conditions and resist in their
oxidated forms. For this purpose, in order to fortify the ligand to oxidative
degradation, ortho- and para- positions of the aromatic ring have been substituted
with tert-butyl groups that confer stability against the decomposition of the oxidized
derivative (i.e. the 2,4,6-'BusC¢H,O" radical, for instance, is stable in solution, see
also Figure 7 of the General Introduction).’

Moreover, to easily achieve a large variety of compounds and extend their
diversity toward a multidentate ability, the amidic functionalization of the carbonyl
moiety has been planned (Scheme 4.1). The feasibility of the synthetic pathway
derives, clearly, from the reduced number of synthetic steps that diversifies just at the
last stage. For this reason, a simply large scale reaction to prepare the N-3,5-di-tert-
butylsalicyloxysuccinimide (41) leads to the potential preparation of a large variety of

salicylamides.
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OH

OH O

0O

N—OH

()

—_—
DCC, dioxane
r.t., 1 day

R’ = H, Me, CH,CH,OH, ...
R" = Me, CH,CH,0H, CH,CH,NR, ..

OH O )
41)

R\, -R' | TEA DMF
N
H r.t., 1 day

OH O

‘salicylamide based pro-ligands‘

Scheme 4.1 Synthesis of salicylamide pro-ligands.

In this class of compounds, several pro-ligands have been prepared and hold

interesting functionalities (Figure 4.2).

tBu

tBu

(42), OHNHLH, (NO,)*

tBu
(0]
HN
tBu OH >
HN
HO

tBu

(45), ML H,, (N,0)*

tBu

tBu
OH NHMe

(43), NHMe 1 (NO)Z

tBu

tBu
OH NI\/I92

(44), \Me2_ H_(NO)

(0]
tBu N
7
OH \
tBu HN (o)
(0]

HO
tBu tBu

(46), N3L,H,, (N30,)*

Figure 4.2 Salicyl amidate ligands ((number), abbreviation and denticity) prepared in this
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4 Salicylamidate ligands

From one side, the secondary salicylamides (42) and (43) upon deprotonation,
form polinegative spieces capable of stabilizing higher oxidation states of the metal
centers, and, as will be described in Section 4.2, able to form an H-bond stabilisation
of the phenolate derivative for important studies of the phenoxyl radical analogues.
On the other side, the multidentated salicylamides (45) and (46) offer the opportunity
to test their coordination chemistry to generate stable metal complexes e.g. for
potential catalytic applications.

A main intention for the synthesis of this new family of phenol-amide ligands
is, indeed, to study their promising character to form a metal-complex able to mimic
catalytic redox processes observed in biological systems (Chapter 5). These
compounds, in fact, are expected to coordinate and sustain redox metal transitions
generating stable phenoxyl radical species. This is a subject of primary interest, since
the discovery of a Cu'-tyrosyl radical entity in the active site of the galactose oxidase

(GAO) (Figure 4.3),"® and these compounds have been designed for this purpose.
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4.2 H-bonded salicylamidate ligands

Tyrosyl radical plays a crucial role in many biological systems’®

e.g, it is

essential to the catalytic activity of (a) galactose oxidase (GAO), which active site

involves a copper(Il) ion; (b) the class of iron-dependant ribonucleotide reductase (I

RNR) enzymes that play a central role in DNA replication and DNA repair; and of (c)

the photosystem II (PSII) which is a highly sophisticated plant-machinery that uses

sunlight to split water to O, through photosynthesis.

Tyr(495): Tyr(495)] i
His, Hlsd His, His
N O ~\n e ~ J = RCH,OH B\
N=N NS HN\——-N\ |11/NI:/(NH o NS NHo ,/(NH
Cu C N
SN u Cu
R e e 7, oSy
SR 5500 :
~Cys(228), S~—Cysi(228) /k S~—Cys(228)
H,0 [-H20, proton-coupled
,,,,,,,,,,,,, electron transfert
[Tyr(495) —
His, His His, Hi
Is
HN\\_\ HO Nli(NH HN\\\ vl =
N\CLI}/ N=N_ g N="
7N Cu
Tyr(272
(|) 'O‘@ ere) o’ \o'@Tyr(zm)
S /
OH ~—Cys(228) R)\H H S¥Cys(228)
proton-coupled RCHO
electron transfert
Tyr(495); Tyr(495)
His, His His His
HNB\ HO /(NH o HNB\__ HO /f(NH
NN -— Mot
o7 Mo Tyr(272) o Tyr(272)
| H s
H
O. S\Cys(228) ~—Cys(228)

Figure 4.3 Galactose oxidase mechanism.

The local protein environment is expected to exert a considerable influence on

the physicochemical properties of the tyrosyl radical. As a matter of fact, the potential
of the Tyr'/Tyr redox couple varies as: 1.00 V (vs. NHE) for Tyry;; in RNR,” 0.72—
0.76 V for Tyrp in PSII'® and 0.40 V for Tyr,7, in GAO.'"'* Such electrostatic local
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environmental changes induce a spin redistribution that affects the radical properties.
However, the factors that determine these properties remain to be defined.

Thus, the production of chemical analogues of Tyr" in various local
environments is of much current theoretical and experimental interest; in particular
the studies of the influence of local H-bonding to phenol(ate) and its corresponding
phenoxyl radical, are essential to understand the physico-chemical properties of the
biological tyrosyl radicals. Remarkably, in less that a decade, relatively stable
hydrogen-bonded phenoxyl radicals have been successfully generated by the one
electron oxidation of o,p-Bu-protected phenol compounds that are intramolecularly
H-bonded to a nitrogen atom from amino, imidazole or pyridine groups.'**%. This
oxidation process is (quasi)-reversible and occurs at much lower potential than for
non-hydrogen bonded phenol; both observation has been shown to be a direct
consequence of a concerted proton-coupled electron transfer (PCET) mechanism,'’
where both electron and proton are transferred simultaneously to produced an R-
O "H-N" arrangement. These radicals have also been shown to act as H-atom

% However, due to the PCET mechanism involved in these compounds,

abstractor.
the understanding of the effect of O-H "N H-bonding on the oxidation potential of the
phenol and that of R-O""H-N" on the stability of the resulting phenoxyl radical has

been proved to be difficult.

Figure 4.4 Proton-coupled electron transfert (PCET) occurring in redox process of phenols

bearing basic pendant.

On the other hand, Kanamori et al.>> have recently reported that relatively
strong (phenolate)O™--H-N(amide) H-bonding occurs in salicylamidate and
isophtalate compounds. These results have prompted us to design and synthesize
several unprecedented H-bonded (or not) o,p-Bu-protected salicylamidate
compounds, in order to assess the influence of the H-bonding on their oxidation

process and their resulting phenoxyl radical species. Thus, phenolates ©"“'L™ (42),
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NHMey - (437) and "™*’L" (44°) where prepared to evaluate the effect of H-bonding on

the oxidation potential of the phenolate (Scheme 4.2).

4.2.1 Synthesis and characterisation of phenolates [NBuy] [OHNHL] 42"
), INBuy][""Y“L] (43)and [NBuy][*" L] (44)

The o,p-Bu-protected salicylamide compounds, “™LH (42), "™°LH (43)
and "M*LH (44) have been readily synthesized in high yield** by the condensation of
ethanolamine, methylamine and dimethylamine respectively, onto succinimide-
activated 3,5-di-tert-butyl salicylic acid (Scheme 4.1). Deprotonation of the phenol
moieties using equimolar amount of [NBus][OH] in MeOH, yields quantitatively the
corresponding phenolate salts, [NBug][?""'L] (42), [NBusJ[V"™M°L] (43") and
[NBug]["M*L] (44) (Scheme 4.2).

tBu tBu
[BuyN][OH]
BU 0 MeOH tBu (0]
OH R ® O R
[BuN] ©

R = HNCH,CH,OH; OHNHL 4 (42) R = HNCH,CH,OH; [Bu,N]J[CHNHL], (427)
R = HNMe; NHMe| 1 (43) R = HNMe; [BuyN][NHMeL] (43"
R = NMe,; Me2| H, (44) R = NMey; [BusNJ[NMe2L], (44

Scheme 4.2 Synthesis of phenolates (42), (43°) and (44’).

These phenolates exhibit a remarkable stability in air, in solution and in solid
state. In particular, is relevant to report the surprising crystalline nature of compounds
(42°) and (43") in comparison with (44°), that allow the determination of the solid state
X-ray diffraction crystal structures, performed by Dr. M. Fatima C. Guedes da Silva,
of the former phenolates (Section 4.2.1.1). This characteristic could be, essentially,
associated to the intramolecular H-bond interaction that occurs for compounds (42°)
and (43°), between the oxygen of phenolate and the amidic proton that is absent for

the tertiary amide in (44°) (Figure 4.5).
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tBu tBu tBu
tBu 0 tBu 0 tBu O
o, _N O, _NMe O NMe
© W’ j Sl ) 2
HO
(42Y) (43) (44°)

Figure 4.5 H-bonded and no H-bonded phenolates

4.2.1.1 X-ray structures

The molecular structures of both [NBus][?"™WL]-2H,0, (42)-2H,0, and
[NBuy][N"™°L] (43°) have been determined by X-ray crystallography (Figures 4.6 and
4.7 and Experimental part). The bond lengths and angles within both structures are as

’ Both structures reveal a relatively strong

expected for phenolate compounds.”
intramolecular O™~-H-N hydrogen bonding® between the phenolate-O atom and the
adjacent N-H amide group, as evidenced by the short O--N distance and the
<O(1)--H(1)-N(1)> angle (i.e. 2.585 A and 145.59° for (427)-2H,0 and 2.576 A and

138.86° for (43°), correspondingly).
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(b)

'NH

Figure 4.6 X-ray structures of ["™L][NBu,J-2H,0, the tetrabutylammonium counter anion
is omitted for clarity: (a) ORTEP plot, with ellipsoids shown at 50% probability Only the H-
atoms of NH and OH groups are shown. (b) MERCURY plot of H-bonding network

crystal packing.

These geometrical parameters are comparable to other O-(oxyanion)---H-
N(amide)/H-O(carboxylic) intramolecular H-bonding in deprotonated

829 compounds. In both structures, the molecule is quasi-

salicylamide™***"/salicylate
planar with a twist angle between the phenolate and CONH plane of ca. 6° and 5.5°,
respectively in [NBuy][°"""L]-2H,0 and [NBug][""™°L]. In [NBuy][°"™L]-2H,0,
quasi-planar dimers are formed through mutual intermolecular H-bonding interation
between the alcohol pendant arm O(3)-H(3) of one molecule and phenolate-O(1) from
another molecule. Additionally, the latter dimer [*"“'L], is connected via H-bonding
with tetramer water clusters (Figure 4.6(B)), giving rise to a sort of hydrophilic H-

bonding chain sandwiched by hydrocarbon shell generated by the tertbutyl groups.
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Figure 4.7 ORTEP plot of [NBu,J["""L]; with ellipsoids shown at 50% probability.

Table 4.1 Selected bond distances [A], angles [°] and torsion angles [°] compounds
[NBu,J[°"™™ L]-2H,0 (42) and [NBu,J["""L] (43).

(42)- 21,0 | (43) (42)- 21,0 | (43)
C()-0(1) | 1.303(3) 1293(5) | N(1)-H(1) 0.93(3) 0.882(2)
C(1)-C2) | 1.426(4) 1.427(6) | O(1)~N(1) 2.585 2.566
C2)-C3) | 1.399(4) 1.403(6) | 0(1)~H(1)-N(1) 145.59 139.02
C(3)-C@) | 1.375(4) 1374(5) | C(ON(DH(1)O(1) | 836 421
C(4)-C(5) | 1.406(4), 1410(6) | C(7HC@)C()O(1) | 045 5.09
C(5)-C(6) | 1.371(4), 1.373(6)
C(6)-C(1) | 1.444(4) 1.443(6)
CQ)-C(7) | 1.482(4) 1.475(6)
C(7-02) |12513) 1.248(6)
C(H-N() | 1.3313) 1.325(6)
C®)N(1) | 1.443(4) 1.463(6)

4.2.1.2 "H-NMR spectra.

The '"H NMR spectra of the phenol compounds OHNAL H (42), M™°LH (43) and
"Me2LH (44), in CD;CN solution, exhibit an phenolic O-H proton resonance in the &

10-13 ppm range (i.e. 6 13.31, 13.39, and 10.33 ppm respectively) characteristic of a

232
1; 27

O-H-~-O=C intramolecular H-bonding of the pheno whereas the amide N-H

proton resonance observed in the aromatic region (6 7.37, 7.48 ppm respectively for
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NAMep H, OY"™HLH) are typically indicative of a non-hydrogen bonded amide NH

(Tables 4.2 and 4.3).

Table 4.2 Selected 'H-NMR (8) (CD;CN) resonances of H-bonded and non H-bonded

phenolic and amidic protons.

tBu tBu tBu tBu
tBu tBu | tBU , NAR 1ty O | tBu ©
0 o, O O. .NR
\H \H OH D\IR @ H
H
"H-NMR ca. 5 ppm ca. 11-13 ppm ca. 7 ppm ca. 12-13 ppm

In contrast, the 'H-NMR spectra in CD3;CN of each of the corresponding
phenolate salts [NBuy] [MRRL] (42) and (43), display N-H proton resonances at much

OHNHT - and ML), typically indicating that the N-H

lower field (i.e. ca. 13 ppm for
proton is involved in an intramolecular O-H-N hydrogen bonding.”> Moreover the
'"H/"*N-HSQC NMR experiment validated the assignment for (42") that incorporates a
second hydroxyl moiety: the sharp singlet at 13.90 ppm could be effectively ascribed
to the H-bonded amidic proton.

This assignment is further confirmed by the absence of the NH proton neither
for the "*°L" (44") in CD3CN (which does not possess N-H group) nor for “™"L" and
MeNHL " in proton-exchangeable solvent such as MeOD. These NMR data demonstrate
that the O™--H-N H-bonding identified in the solid state, i.e. in the X-ray structure of
[NBuy][?"NL]-2H,0 (427) and [NBug][M""'L] (43), is preserved in solution.

Recently, theoretical studies performed by Dr. Maxim Kuznetsov allow to
explain the atypical difference on the phenolic O-H proton resonances in the "H-NMR
spectra of (43) and (44) (i.e. 6 13.39, and 10.33 ppm, respectively). Considering the
most favorite conformations of (43) and (44), there is a significant twist of the CO
bond from the ArOH plane in the (44) conformation due to a steric interaction of the
amidic methyl group with a aromatic meta-hydrogen (Figure 4.8). This deviation

could weaken the H-bond interaction and explain the shift to higher field (6 10.33

ppm) in 'H-NMR spectrum.
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Figure 4.8 Schematic representation of the most favorite conformations for phenols ™™ LH

(43) and ™’ LH (44) (hydrogens are omitted for clarity).

4.2.1.3 IR spectra

The IR spectra (KBr pellets and in CH3CN solution, Table 4.3) of the phenol
compounds, ®™LH (42), “™°LH (43) and "’LH (44), confirm the H-bonded
effect’™! (i.e. with CO oxygen) on the frequency of the O-H bonds (i.e. in KBr: 3313,
3328, and 3127 cm’, respectively) that are expected to downshift to lower
wavenumbers. The same bands were not detected in the corresponding IR spectra in
acetonitrile solution, where the O-H vibration could be conceivably suppressed by the
H-bond interaction.

On the other hand, the v(NH) appears to downshift moving from phenols to
phenolates (i.e. for the couples “YeLH/N"™°L" (43)/(43) and °"™HLH/MNHL
(42)/(42") in KBr: 3419/3274 and 3486/3114 cm™ respectively and similarly in
acetonitrile) indicating the influence of O™:-H-N hydrogen bonding to the stretching
frequency of N-H bond.

Table 4.3 Selected ' H-NMR (8) (CD;CN) resonances and IR (KBr and CH;CN) bands of
phenols (42)-(44) and phenolates (42°)-(44).

"H NMR IR (KBr) IR (CH;CN)
(CD;CN)

HO-Ar | HNCO | H-OAr | H-NCO | C=0 | H-OAr | H-NCO | C=0

(42) | 13.31 7.48° 3313 3486 1624 | n.d. 3411 1634

(43) | 13.39 7.37% 3328 3419 1620 | n.d. 3413 1639

@4) [ 1031 |- 3127 |- 1612 | n.d. _ 1622
@2) |- 13.902 | - 3114 | 1617 |- 3005° | 1623
43) | - 13.198 |- 3274 | 1623 |- 3009° | 1625
@) | - _ _ _ 1638 | - - 1633

@ in nujol; ® weak bands.
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This effect is even more pronounced for IR spectra in solution that apparently
display the v(NH) of the H-bonded N-H bond at 3005-9 cm™ for (427 and (43"),
respectively (Table 4.3). These IR-bands appear more tenuous than the corresponding
v(CH) bands, since the bond vibration is possibly attenuated by the H-bond.
Nevertheless, the assignment was confirmed by the shifting of the frequency upon
exchange* with deuterium (Figure 4.9).

cm™’
3050 3000 2950 2900 2850 2800

2967 ——NHMep (437) in AcCN
2968 —NHMe, _p (43D7) in ACCN

Figure 4.9 IR (CH;CN) spectra (3050-2800 cm™) of phenolate (43°) and its corresponding
deuterated derivative (43D).

4.2.1.4 Electrochemistry
The cyclic voltammogram of each phenolate salts """ L™ (427), (43") and (44"), in
CH;CN at 298 K containing [NBus][BF4] (0.2 M), exhibits a fully reversible one-
electron oxidation process (see Figure 4.10 and Experimental part) associated with the
formation of the corresponding phenoxyl radical compounds (Scheme 4.3). This
oxidation process occurs at E|,/V vs. Fc"" (Fc = [Fe(n’-CsHs),]) = -0.119; -0.161
and -0.423 respectively for ©"™L (427), Y"™°L" (437) and "M’ (44°) (Table 4.4).

) Compounds (i.e. (427) and (437)) were dissolved in MeOH-d,, stirred for 30 minutes and evaporated
under vacuum.
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-1e
O
tBu o +1e@ tBu
') R O. R
©

R = HNCH,CH,OH; [BuyN][C"NHL], (42)/(42")
R = HNMe; [BuyNJ[NHMeL] (437)/(43%)
R = NMe,; [BuyN]J[NMe2 ], (447/(44")

Scheme 4.3 Reversible oxidation of phenolates (42), (43°) and (44) to the corresponding
(42), (43°) and (44) phenoxyl radicals.

(42)/(42)
scan rate (mV 5'1)

—20
—50
— 100
— 200
— 400
— 600

02 .
Potential vs. Fc /Fc

Figure 4.10 Cyclic voltammograms of a ImM solution of phenolates (42°) in CH;CN with 0.2
M [NBu,][BF,], at a platinum disc electrode (d = 0.5 mm).

For  comparative  purposes, the tetrabutylammonium  2,4,6-tris-

tertbutylphenolate salt (i.e. [BusN][""L]) has been prepared and studied. It is

32,33
d,””

describe in fact, the remarkable stability of the corresponding phenoxyl radical

(®"LL"), mainly due to its ortho terfbutyl groups (i.e. at 2 and 6-positions) that play an

efficient steric shielding. The oxidation potentials E|, of these phenolates highlight
the difference among them: the oxidation wave for (*"L’)/(""L") couple appears at
the lowest potential (i.e. -0.572 V vs. Fc”") in comparison to the others amide-based

phenolates, i.e. the dimethylamide derivative (44°) at -0.423 V vs. Fc”" and finally the
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two H-bonded amides (i.e. at -0.161 and -0.119 V vs. Ec”" for (43) and (42),
respectively) (Figure 4.11).

—(427)/(42°)
——(437)/(43°)

(44°)/(44)
— L)

E -0.119

E;, -0.423

E;, -0.572

410 -08 06 -04 02 0 02
E (V) vs Fc/Fc’

Figure 4.11 Comparative representation of cyclic voltammograms (v =120 mV s™') of ImM
solutions in CH;CN of phenolates (42°) (black line), (43°) (red), (44) (green) and *L) (’B“ -
= tetrabutylammonium 2,4,6-tris-tertbutylphenolate salt) (blue) in CH;CN with 0.2 M
[NBu,J[BF,], at a platinum disc electrode (d = 0.5 mm).

In particular, a great attention should be dedicated to the parallel between (43")
and (44°): the two phenolates differ only at just the methyl group onto the amide
moiety. The effect on the potential of the electronic donation of the extra methyl
group on the corresponding electron density of phenolate is expected to be minimal.
Consequently, this difference of potentials (i.e. AE = 0.262 mV) should depend
exclusively on the presence of the intramolecular H-bond, between the phenolate and
the amidic proton. This interaction could, indeed, decrease the electron density of the
O-phenolate making it harder to oxidize. This consideration could be extended to the
H-bonded phenolate (427) that, in fact, shows a comparable oxidation potential.

Additionally, the oxidation of the non-hydrogen bonded phenolate (44°) ( E,},
=-0.423 V vs. Fc¢"") occurs at a higher potential than that of (*"L") (E/,=-0.572V

vs. F¢”" in CH;CN??), and can be explained by taking into account (a) the electron

donating properties of the additional ortho-tBu group which increase the electron
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density at the oxygen atom in ArO™ and (b) the electron withdrawing effect of the
amide functionality in (44°) which decreases the electron density at the O atom in (44
). Both effects contribute to increase the difference between the oxidation potentials

up to 149 mV.

Table 4.4 Potentials (vs. F" at 120 mVs'I)for compounds (42°),(43’) and (44’) in

acetonitrile and dichloromethane.

Ex /N ES /mV? {AE/mv© | E/V©@

@2) | 0119 -89 61 -0.248
43) |-0.161 “129 65 -0.300
@44) |-0.423 -385 77 -0.544

@ in CH;CN. ¥ oxidation peak potential. © AE = E;x— E;ed. ® in CH,CL.

It is noteworthy to verify the same shift of the oxidation potentials for these
compounds when performing the CV in dichloromethane (Table 4.4). In this solvent a
uniform cathodic shifting (ca. 130 mV) could be noticed for all compounds with
respect of reference potential (i.e. that of Ferrocene/Ferricinium), indicating a possible
effect of the solvent on these organic phenolates in comparison to ferrocene; but the
relative differences among (42°), (437) and (44) persist.

The remarkable reversibility obtained for the hydrogen-bonded salts N™°L’

and ™ L implies that the H-bonding interaction is presumably preserved in its
corresponding radical form. On the contrary, if the H-bonded would be broken upon
oxidation, the corresponding reduction would be, in principle, at a lower potential and
then the process would lose its full reversibility.

The electrochemical one-electron oxidation of each "*XL", in CH3CN at room
temperature, leads to the corresponding stable (for several hours under inert
atmosphere, as indicated by the persistency of their visible spectra) bright-green-

coloured phenoxyl radical species """L', as indicated by their UV/vis and EPR
spectra (Sections 4.2.1.4 and 4.2.1.5).

4.2.1.5 EPR spectra

The X-band EPR measurements in fluid (room teperature) and frozen (120K)

acetonitrile solution of each of the electrochemically generated phenoxyl radicals
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NRR* in CH3;CN exhibit a typical isotropic radical signal centered at g, = 2.0043
(O"NHLY (427, 2.0042 (UML) (437), and 2.0046 (“M°L7) (447), a peak-to-peak
linewidth of 3.4, 4.0 and 4.2 G, respectively (see Figure 4.12).

(44°) in MeCN at 273 K

T T T T T T T T T T T T T T T T T T T T
3320 3330 3340 3350 3360 3370 3380 3390 3345 3350 3355 3360
Field / Gauss Field / Gauss

Figure 4.12 (right) EPR spectra of CH;CN fluid solutions of the electrochemically generated
(42), (43°), (44’), recorded at 263K. (left) EPR spectrum of the CH;CN fluid solution of (44)
at 270K (0.3 modulation amplitude) and simulated spectrum (dashed line).

The small line width of each signal indicates that there is no significant coupling
with the N-atom from the amide function, implying thus that the unpaired electron is
not (or very little) delocalized on the amide group (Figure 4.12 left). The nitrogen
atom ('*N) has, in fact, a nuclear magnetic moment, = 1, which, in case of hyperfine
coupling, should triple the multiplicity of the EPR signal. The latter exhibits an
hyperfine coupling with both meta-protons of the phenoxyl ring. Each of the EPR
spectra was simulated (Figure 4.12, left, dashed line) and as expected for a o,p-'Bu-
phenoxyl radical, the hyperfine coupling to the meta-proton is relatively small
(<2G)* in agreement with the odd alternant pattern where the electron density is
mainly spread on the O-atom, at both ortho- and para-positions of the phenoxyl ring.

The EPR data indicate a relatively large gis-shift of 0.0005-6 between the
signals of the non-hydrogen bonded "L’ (44°) (g = 2.0046) and those of °"™"L°
(42" (g = 2.0043) and “™L' 43") (g = 2.0042) (Figure 4.12 right). Since

35-38
1

theoretica and experimental studies'>***"*' have indicated that hydrogen bonding

" The suffix ‘iso’ indicates the isotropic character of the signal that is independent from the three
orientations (g, gy and g,) of the magnetic field.
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to a phenoxyl (or tyrosyl) radical results in a considerable lowering of the g« value but
leaves g, and g, essentially unaffected, one can assume that the g, and g, are identical
for "Me2, NHMep * and OMNHL' Consequently, a Agi, of 0.0005 would give a Ag=
3Agiso= 0.0015. Such a g shift is in good agreement with the gi-shift observed
between H-bonded phenoxyl (tyrosyl) radical (2.0061<g,<2.0068, phenoxyl'>**4*+
and 2.0075<g,<2.0076"*, biological Tyr radicals) and non-hydrogen bonding
phenoxyl radical such as (tBu)3-phenoxyl radical (g,=2.00735)*" or "free" tyrosyl
radicals Tyre (gx=2.0087-89)*" *. Thus, the gj,-shift observed between (44°) and

(42°) or (43") evidences the presence of the H-bond N-H--'O H-bonding in ""™°L" and
OHNHL'.

4.2.1.6 UV/vis spectra

The UV/vis spectrum of each oxidized species ""NL" exhibits two intense
bands at ca. 400 nm (g > 1000 M'cm™) and a weak NIR (near infra red) broad band
at 600-700 nm (¢ ca. 250 M'em™), which are characteristics of free or H-bonded

phenoxyl radicals transitions (Figure 4.13).>!%!%16:22

0.8

In CH30N at RT, normalised to 1mM

0.6 ——(43)

Absorbance

0.2 1

0.0

T T ]
300 400

Figure 4.13 Room-temperature UV/vis spectra of CH;CN solutions of (42), (43’), (44) (ca.
ImM) and their corresponding electrochemically generated radicals (42°), (43°) and (44’) in
CH;CN containing [NBuy][BF,] (0.2 M).
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The e400/€700 ratio between the intensities of the ca. 400 nm (n-n* transitions)
and the ca. 700 nm bands appears to be indicative of the delocalization of the
phenoxyl unpaired electron; i.e. for the "pure" phenoxyl radical &s00/€700 1S ca. S,
whereas for the highly delocalized radical €400/€700 can even be < 1.'* Thus, the
€400/€700 ratio observed for each of the studied radicals strongly indicates that there is
no or very little delocalization of the unpaired electron in """L' onto the amide
backbone, and that the electronic structure of the "X L’ resembles that of a phenoxyl

radical.

4.2.2 Overview

In view of the above results, clearly the one-electron oxidation of the H-
bonded phenolate salts °™™ "L (427) and ""™°L" (43") and of the non-hydrogen-bonded

analogue "M

L™ (44) produces stable radical species, which are identified as
phenoxyl radicals. Moreover, the experimental data are consistent with the oxidized
products ©"NL* (42%) and Y™°L’ (43") being H-bonded phenoxyl radicals.

Indeed (a) the remarkable reversibility of the oxidation process of their
phenolate precursors (i.e. (427) and (437)) most likely indicates a retention of the N-
H---(-/*O) H-bond upon oxidation. The large difference in the redox potential between
the H-bonded and the non H-bonded phenolate, AE = E("W2L"") — E(W™eL%) =
0.262V, further emphasizes this point; (b) the most striking effect resulting from the
N-H---(-/*O) H-bonding in these compounds is revealed by the analysis of the redox

potentials (Scheme 4.3). As established above, N"™°

L (43") possesses a strong O™--H-
N hydrogen bond but "L~ (44") does not. This difference is correlated by an
increase of the oxidation potential by 262 mV from "ML to ™L" which
corresponds to a difference in energy of 25.3 kJ.mol” or ca. 6 kcal.mol™. Since most
hydrogen bonding are 3 — 8 kcal.mol, the difference observed clearly results from
the H-bonding interaction.

This result is in great contrast with recent observations by Mayer ez al. " that
H-bonding does not induce significant redox shift since the potential value (E;» = -
0.57 V vs. Fc'/Fc) for the intramolecurlarly hydrogen-bonded phenoxide “OAr-NH,
in CH3CN was essentially identical to that of ArO™ (Figure 4.14), although no X-ray

structure of the phenolate salt “OAr-NH, has been reported. Since the difference
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between the two latter compounds is very small, it has been suggested that H-bond

does not exert a significant effect on the oxidation potential of the phenolate.

(BuL) "OAr-NH, (44) (43) (42)
tBu tBu tBu tBu tBu
Ph
tBu” i By tBu/©\’/Ph tBU/©YO tBu O tBu O
% O NH O NMe O..,,-NMe o N
2
S S o on oH j
\ =y,
Y
no H-bonded H-bonded (?) no H-bonded H-bonded
Ep, -0.572@ -0.570() -0.423 -0.161 -0.119

Figure 4.14 Parallel representation of different H-bonded and non-H-Bonded phenolates.

E, values in Vvs. F¢"" (' = ref?, V=ref”).

On the contrary, our compounds are oxidised at some 450 mV higher than the
phenolate compound cited above; this difference could be partially ascribed to the
presence of an amide functionality at the ortho position of the phenolate group, which
exerts an electron withdrawing effect, but the crucial difference between (43°) and
(44) described above is a stronger proof for the evidence of the H-bond effect.

Moreover, in the Mayer’s work no experimental confirmations of the
permanent H-bonding are presented for “OAr-NH,, that in this case should assume a
not-conjugated six-member ring (Figure 4.15 left) drastically different from the
conjugated H-bonds phenols (Resonance Assisted Hydrogen Bonding, RAHB, Figure
4.15 right).*® In the latter, the presence of conjugated bonds allows strengthening the
hydrogen-bond ability of the two terminations.” This stronger H-bond interaction
(RAHB) of our phenolates could be directly correlated to their higher oxidation

potential in comparisin to the Mayer example, "OAr-NH.
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R\ X R\ X / o\

Py NH ((.%"H/("s\m \ R\ “
W), Q\(oe
OI.,.H,NR

Resonance Assisted Hydrogen Bonding (RAHB)

Figure 4.15 Representation of non-conjugated intramolecular H-bond (left) and the
Resonance Assisted H-bond (RAHB, right).

The oxidation of the hydrogen-bonded phenolate can be described by the
thermochemical cycle depicted in Scheme 4.4, which clearly shows that the difference
in redox potential between non-hydrogen bonded and hydrogen-bonded phenolate
(AE = E"™® — EN"™®) i related to the difference AAG (= AG"™®™ - AG™*) between the
H-bonding energy in the phenolate, reduced form (AG"®™

radical, oxidised form (AG™%)."”

), and that in the phenoxyl

bt 1 oxidized-HB
reduced:H8> By By e
-nFE"B
o —
tBu tBu O
O, NMe (0) NMe
© W * W’

GHB/red AGHB/OX
e P o
"""""" -nFENHB

tBu O : tBu o

(6] NHMe .O NHMe

Scheme 4.4 Thermochemical cycle indicating the effect of hydrogen bonding on redox

potentials.
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Since N"™°L" (437) and "W*°L" (44") only differ (assuming that the electronic
induction donating effect of the methyl ring is minimal) by the presence of hydrogen
bonding, AE = E"™® — ENMB is approximated to E(""™L?") — E("MLY) = 0.262V
which corresponds to a difference in energy of 25.3 kJ.mol (or ca. 6 kcal.mol™"). This
implies that in our case the determination of the energy difference between the
hydrogen bonded (HB) and the non hydrogen bonded (NHB) phenolates should
consider the following four species (Scheme 4.4): reduced-HB, reduced-NHB,
oxidized-NHB and oxidized HB. Thus, for the thermochemical cycle in Scheme 4.4,

it is possible to consider'’ the equation:
_nFEHB — _AGHB/red _nFENHB + AGHB/OX [1]

where -nFE™ and —-nFE™® are the energies"” of the oxidation processes of
HB (hydrogen bonded) and NHB (non hydrogen bonded) species, respectively; and
AG"®™ and AG™®°* are the H-bonding energies of the reduced and oxidized forms.

Then, we can rewrite [1] replacing the potential for our case:

_nF(_ENHMeL) = _AGHB/l'ed _ nF(_ENMEZL) + AGHB/OX [2]

and we obtain

_nF(ENHMeL _ ENMeZL) - AGHB/red —AGHB/OX

-96485(0.262) = AG"®™! — AG"P*

AAG = |AG™®™ _ AG"®* | =253 kJ - mol™ = ca. 6 kcal- mol

Thus, the difference in H-bonding energies, AAG, is of ca. 6 kcal mol™. Since
most hydrogen bonding energies are 3 — 8 kcal.mol™, these results indicate that the H-
bonding interaction is much stronger for the phenolate (i.e. the reduced form) that for

its corresponding phenoxyl radical (i.e. the oxidized form) and considering the scale

) Considering the free energy equation AG = -nFE (n =n° of moles, F = Faraday’s constant; for a
spontaneous process, AG<0 and E>0, where E = E;o Equmpie = -Esample)-
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of hydrogen bonding energy, the latter H-bond appears to be relatively weak (2-3
kcal).

This, in turn, means that the effect of the H-bonding on the redox potential is
mainly exerted on the phenolate and not (or a little) on the phenoxyl radical. Also, it
is probable that it is the decrease of the O-phenolate electron density atom anion upon
H-bonding that makes the latter to be harder to oxidise (increase of redox potential).
Therefore, the redox potential of the phenoxyl radical can be tuned through the H-
bonding interaction.

Recently, a theoretical and an experimental estimate of pK, values of (43) and (44)
has been planned. This study could, in principle, give a definitive support to the
previous discussion: assuming that the pK, values of the phenol/phenolates couples
for (43)/(43°) and (44)/(44°) could exclusively depend on the stabilisation of phenolate
form that occurs for (43") and not for (44°). Thus, the resulting difference on pKa

GHB/red

could be correlated to the H-bonding energy of phenolate (A ) to calculate the

GHB/red

absolute value of A and allow to estimate the stabilisation of H-bond on the

phenoxyl radical species, AG™®"*,

4.2.4 Conclusions

These results emphasized the fascinating research around this type of phenol-
based ligands. As illustrated in the introduction, the description of the electronic
structures of these compounds and their corresponding oxidized derivatives is of a
crucial interest for the development of knowledge of these phenol-ligands in
bioinorganic chemistry. The study of stability of these phenoxyl radical systems
contributes to have a better overview on the physicochemical properties of the tyrosyl
radical in biological systems.”

Moreover, with this research it has been possible to get a good method to
easily achieve H-bonded stable phenoxyl radical species for further investigations on
radical chemistry.

The detailed characterisation of compounds (42), (43) and (44) and their
derivatives represent an excellent platform to extend the study toward their potential

metal complexes.
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5 Salicylamidate ligands: coordination chemistry

Abstract

The synthesis, upon triple deprotonation of N-ethanol salicylamide (42) and
reaction with Ni(OAc),, of the di-nickel complex [NBuy]o[Niy(°"™L),] (47) is
reported. Compound (47) has been fully characterized (‘H, "C-NMR, MS, IR,
elemental and X-ray diffraction analyses) and its electrochemical behavior has been
studied (CV and CPE).

Carefully preparation and investigation of the corresponding oxidized species
(47" and (47™) has been carried out in acetonitrile and dichloromethane. Compounds
(47") and (47"") show interesting properties in their corresponding EPR and UV/vis
spectra. The investigation of their corresponding electronic structures is relevant to
account for the potential properties of this system for future applications in

bioinorganic chemistry and catalysis.
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5 Salicylamidate ligands: coordination chemistry

5.1 Introduction

In Chapter 4, a new class of potentially chelating salicylamidate ligands has
been presented. Their redox properties and the corresponding study of the electronic
structures of the oxidized derivatives represent an important description of their
prospective capacity to mimic the redox function of the tyrosyl group (Tyr/Tyr/Tyr’)
in biological systems.'™

Naturally, the upcoming topic to explore would be the coordination chemistry
of these new ligands toward those metal centers that, widely present in Nature,
occupy a central role in different enzymes and catalytic systems (i.e. Cu, Fe, Zn,
Ni...). Furthermore, an effort should be devoted to investigate the capacity of the
resulting metal complexes to sustain oxidative conditions, in particular when being a

redox reversible system (Scheme 5.1).

[MLoJXm === ML, X,

Scheme 5.1 Schematical representation of redox reversible metal complex

The detailed study of the electronic characteristics of phenoxyl radical
derivatives (42°), (43") and (44°) (Chapter 4) was decisive for many aspects: (i)
defining the characteristics and properties (i.e. nature, delocalisation, stability...) of
these radicals; (ii) confirming the possible redox stabilisation of the corresponding
metal complexes and (iii) assuring an excellent reference for further comparative
studies.

Hence, in this chapter the coordination chemistry of the potentially tridentate

ligand (42) has been investigated.

177



5 Salicylamidate ligands: coordination chemistry

5.2 Polianionic ligands

As briefly anticipated in Chapter 4, the class of salicylamidate ligands has
been designed also taking into account its potential polianionic character. For this
reason different deprotonable sites have been introduced (see also Section 4.1) and,
for instance, derivatives (42) and (45) represent two examples of (NO,)* and (N,0,)*
type chelating pro-ligands, respectively (Scheme 5.2).

tBu

BASE
O —> metal complex
tBu
OH HN n=23,4,.
HO] ©o
(42) (42%), (NO2)*>
: HN Q—(
N n+
BASE —> metal complex
HO o —>
©q o n=234,.
tBu
tBu
tBu
tBu
(45) (45%), (N,0,)*

Scheme 5.2 Polianionic character of the salicylamidate ligands (42) and (45).
Consequentely, it is expected that these anionic derivatives should be able to

stabilize high oxidation states of metal ions (i.e. M"", Scheme 5.2) and support the

redox processes occurring in the resulting complexes.
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5.3 Ni'-complex

5.3.1 Synthesis and characterisation of [NBuy]»[Niz(°"™ML),]

The coordination chemistry of the triply deprotonated N-ethanolamide
derivative [°"™9L]* (42*) has been studied toward Ni™" ion. Compound (42%) has
been prepared in situ and reacted with Ni(AcO), in a 1:1 stoichiometric ratio

affording compound (47) (Scheme 5.3).

/N
NH OH
tBu OH
tBu

(42)

[Ni(AcO),]
[BusN][OH]
EtOH

tBu

N )
<~ /\ O tBu
[BugN]»

tBu O O N

tBu

(47)

Scheme 5.3. Synthesis Of[NBu4]2[Ni2(OHNHL)2] 47)

The di-nickel complex [NBuy]2[Nia(°"™"L),] (47) is stable in air in the solid
state and in solution and has been fully characterised by 'H and *C-NMR, IR and
UV-vis spectroscopies, elemental analysis and single crystal X-ray diffraction (see
next Sections and Experimental Part).

The 'H-NMR spectrum of the pink powder of (47) rapidly revealed the

diamagnetic nature of the nickel complex (i.e. square planar Ni', d°, low spin, S = 0)
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5 Salicylamidate ligands: coordination chemistry

that presents one set of resonances for the protons of the salicylamide ligands,
indicating their equivalence.

The X-ray diffraction structure, performed by Dr. Fatima C. Guedes da Silva,
(Figure 5.1), of (47) shows each of the nickel nuclei in a NOs-square planar geometry
(Table 5.1). The pendant alkoxy groups of the ligands act as bridging moieties, being
coordinated to both Ni centers (i.e. O(12) and O(32), Figure 5.1). (47) is almost planar
(i.e. angle between the <N(3)O(2)Ni(2)> and <O(32)O(12)Ni(2)> planes is 0.09°,
Figure 5.1) with the exception of the tertbutyl groups and the alkyl chains that bend
from the plane (i.e. N(3)C(31)-C(32)O(32) and O(12)C(12)-C(11)N(1) torsion angles
are 46.29° and 40.76°, respectively, Figure 5.1 bottom).

c12 02

Figure 5.1 ORTEP plots of[NBu4]2[Ni2(OHNHL)2] (47), where the ellipsoids are shown at 50%
probability (hydrogens and two molecules of [NBu,] are omitted for clarity).
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Table 5.1 Selected bond distances [A] and angles [°] for [NBu,]>[Ni>(°"™L),] (47).

distances angles torsion angles
Ni(1)-Ni(2) | 2.763(3) | O(12)Ni(1)O(32) | 79.93 | N(3)C(31)C(32)0(32) | 46.29
Ni(1)-N(1) | 1.813(10) | O(32)Ni(1)O(3) | 95.13 | N(1)C(11)C(12)O(12) | 40.76
Ni(1)-0(3) [ 1.845(10) | O(3)Ni(1)N(1) 95.97 | Ni(1)O(32)0(12)Ni(2) | 151.74
Ni(1)-0(32) | 1.893(9) [ N(1)Ni(1)O(12) | 88.85 | O(12)Ni(1)Ni(2)O(32) | 147.59
Ni(1)-0(12) | 1.835(9) [ O(12)Ni(2)0(32) | 80.23
Ni(2)-N(3) [ 1.859(11) | O(32)Ni(2)N(3) | 86.59
Ni(2)-0(2) | 1.827(10) | N(3)Ni(2)O(2) 97.35
Ni(2)-0(12) | 1.860(9) [ O(2)Ni(2)O(12) | 95.84
Ni(2)-0(32) | 1.857(10)

5.3.2 Oxidation of [NBuy],[Nix(°"""L),]

As previously mentioned, the study of the oxidation of (47) is crucial and
could clarify potential bioinorganic applications of this new class of complexes.” The
presence of two metal centers could, in principle, lead to single or double oxidized
derivatives carrying the Ni'/Ni"" or Ni'""/Ni"" pairs, respectively. Moreover, it should

be highlighted that the electron removal in (47) could, formally, affect (i) the ligand

leading to a Ni'-phenoxyl radical species or (ii) the nickel center affording a Ni'-

complex bearing the phenolate ligand (Scheme 5.4).

’\gﬁN.mo>N.nl §f>—é Ni'.phenoxyl
(S5
OX|dat|0n
Ol -0
:<: O/NQ /Nul I

(47) Xg/,\‘ ”'O\Nu“ O%>—é Ni'"-phenolate

(a7%)

Scheme 5.4 Schematic representation of the oxidation of (47).
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In general, the electronic structures of oxidized species of various metal-
phenolate complexes have been shown®® to be dependent on the nature of the metal
ions (i.e. oxidation of Fe''-phenolate complexes was indentified as Fe''-phenoxyl
radical species, whereas oxidation of V''-analogues gave exclusively the V' and V"
complexes, where no oxidation of the phenolate moiety was observed) but also on the
nature of the phenolate moiety coordinated.® Examples® of Ni'-complexes reported
the possibility to observe a valence tautomerism of the one-electron oxidized
derivative, between Ni'-phenoxyl and Ni"'-phenolate species (Scheme 5.4 and Figure

5.2).

-80°C

-100°C J\f__

-120°C

"

dB -130°C

260 280 300 320 340
B/mT —»

-J11

Figure 5.2 Example of the temperature dependence the EPR spectrum of Ni"'-phenoxyl/Ni
phenolate species: at -150°C is visible the typical Ni'" EPR-profile, while from -110°C is

predominant the organic radical EPR signal.”’

The investigation of the mono- and di-oxidized derivatives of (47) could hold
a great significance and the localisation of unpaired electrons allows understanding

the electronic behavior both of the ligand and the metal center.

5.3.2.1 Electrochemical studies of [NBuy],[Niz(°""L),]

The cyclic voltammogram of (47), in CH3CN at 298 K containing
[NBus][BF4] (0.2 M), displays two reversible one-electron oxidation waves (Figures

5.3 left, and 5.4) associated with the formation of the corresponding oxidized
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compounds. These oxidation processes occur at E|,/V vs. F ¢ (Fe = [Fe(n’-CsHs)a))

=-0.120 and 0.110.7”

11

I 0.5puA

1]:0.2 RA

r T T T T T T T T T T T T T T T 1
o o o2 o0 02 o2 -10 08 06 -04 -02 00 02 04 06

E (V) vs. Fc/Fc" E (V) vs. Fe/Fc’

Figure 5.3 Cyclic voltammogram (v = 120 mV s') of a ca. ImM solution of (47) in CH;CN
(left) and in CH,Cl; (right) with 0.2 M [NBu,]J[BF,], at a platinum disc electrode (d = 0.5

mm,).

The quasi-reversibility of the oxidation processes indicates that the oxidized
species of Ni-complex, (47") and (47", are stable in the timescale of the CV
measurements. In particular, the cyclic voltammogram in dichloromethane displays a
slightly shorter separation between the two oxidations (i.e., AE;» = 202 mV for
CH,Cl, and 230 mV for CH;CN; where AE» = E|),-E| ,, and E/,, and E|}, are the
redox potentials for the (47)/(47") and (47)/(47") couples, respectively) in
comparison with that in acetonitrile (Figure 5.3). This small difference could, in
principle, be related to a different solvation effect of the two solvents, and, in this
case, the acetonitrile appears to stabilize better the mono-oxidized form (47%). In
particular, associated to these considerations the possible estimate'' of the
disproportionation constant (K,) could be attempted. The latter (corresponding to a
comproportionation constant K,=K") for the equilibrium between the monocationic

derivative (47") and their neutral and dicationic forms:

+

2 [BuyN],[Ni,(OHNHL) ° [BuyN1,[Niy(CHNHL )1 4+ [Bu,N],[Ni,(CHNHL ) 1™

" When necessary, to avoid overlapping redox couples, the [{F e(Tmey)}(BF4)2]O/ " ((30), see Chapter
3) couple was used as the internal reference and the potentials of the redox process(es) were referenced
to the [FC]O/+ couple by an independent calibration (AEy, , [Fc]O/+ - (30)0/+ =0.642 V).
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can be calculated by the use eq [5.1]
K, =exp (nF(E}}, - E/,,)IRT) =exp (E,}, - E,,,)/0.059) [5.1]

and the values are listed in Table 5.2. Despite the small difference between the
disproportionation costants in the two solvents, the higher value calculated for
dichloromethane could partially explain the observed instability of (47") in this

solvent (see next Sections).

Table 5.2 Redox potentials of (47)/ (47") and (47")/ (47"") couples and disproportionation

costant (Ky) for compound (47") in acetonitrile and dichloromethane.

EII/Z EII}Z Kd
CH,CN | -0.120 +0.110 2.28-107
CH,Cl, |-0-124 +0.078 3.26:107

Ell/2 and E11}2 vs. F&"" (Fe = [Fe(n’-CsHs),]) (at r.t. at 120 mVs™) are the redox potentials
for the (47)/ (47") and (47%)/ (47") couples, respectively. The disproportionation costant K 4 was
calculated from eq. (5.1).

The CPE (controlled potential electrolysis) experiment has confirmed the one-
electron process for each oxidation wave. It was also verified that under controlled
temperature (not above 253 K) the species are stable under dinitrogen atmosphere for

hours.

(47) in AcCN

—20mV/s
—50 mV/s
100 mV/s
——200 mV/s
400 mV/s
——600 mV/s
——900 mV/s

[—

0.0 +'
E (V) vs. Fc/Fc

Figure 5.4 Reversibility tests for first oxidation of (47).

184



5 Salicylamidate ligands: coordination chemistry

5.3.2.2 Generation of (47") and (477

Similarly to the study of the ligand (42) and its analogues in Chapter 4, the
electrochemical method to prepare the mono- and di-oxidized compounds (47") and
(47" appears to be an excellent procedure to synthesize these radical species in
carefully controlled conditions.

Compounds (47") and (47" have then been generated both in CH,Cl, and
CH;CN to verify any possible effect of the solvent. In fact, the cyclic voltammetry
and CPE experiments in these solvents have suggested an eventual role of the solvent
on the stability of the oxidized products. Whereas (47") prepared in acetonitrile, is
stable for hours under dinitrogen at 0 °C, the analogue generated in dichloromethane
exhibits a higher instability and needed a more careful handling. In fact, in the
presence of acetonitrile a possible coordination of the solvent molecule to the square

planar Ni complexes could occur (Figure 5.5).

[S]

T [S] /—,_\ II:S] Nil, d8 #:1: dx:-y:’ ¢
( N, N i|| ot Oy, Ni M o] N, WOy, octahedral

,,,,,,,, e g1t O
O/ \O/ \N) CO/TI\O/NI\ND high spin

q_/ s=1
ﬁ dyo s dyy
do. [S] [S]

x2-y?

iy

Ni”, dS
square planar _H7 d, doa
low spin e
o — [s]
= T Ni“, d8
ﬁH& dyy. dy, (N”" ....... Nill---““‘o”" ------- ,Lillu-n“‘o) square piramidal __ﬂ_— dy2
O/| \O/ \N low spin —ﬂf dyy
S=0
(] lﬂ:k dy,.dy,

Figure 5.5 Schematic representation of the possible effect of solvent in Ni" square planar

metal complexes.

However, the stability of (47) in acetonitrile has been verified in '"H-NMR: the
absence of paramagnetic species has been confirmed. In fact, the coordination of an
extra ligand to (47) would lead, in principle, to a modification of the coordination
geometry of the metal center and consequently of its d-orbitals energies: the square
planar Ni", &°, low spin, has no unpaired electrons (i.e. S = 0) and results in a 'H-
NMR spectrum typical of a diamagnetic compound, whereas a double axial

coordination of two solvent molecules for each nickel center could result in an
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octahedral Ni", &°, high spin, with two unpaired electrons for each nucleous (S = 1).
The latter configuration is a triplet ground state and should affect the 'H-NMR
resonances.

The oxidized derivatives (477) and (47") have been electrochemically
generated at low teperature under dinitrogen (see Experimental Chapter) and their
corresponding EPR and UV/vis spectra have been run. The combined interpretation of
EPR and UV/vis spectra turned out to be an important strategy for a better
understanding of the electronic structures of these compounds. The results are

presented in the next section.

5.3.2.3 Electronic structures of (47") and (477

(47" in CH3CN. The EPR spectrum of a frozen acetonitrile solution of the
mono-oxidized (47") exhibits a typical isotropic radical signal centered at g, =
2.0032 with a peak-to-peak linewidth of 11.2 G (Figure 5.6, black line), that reveals
an hyperfine interaction when melted: a double signal with ca 5 G constant (Figure

5.6, red line).

(47"’) 473G 100K
— 200K
g =2.00319
11.09 G
| ! I ! I ' | ! I !
3320 3330 3340 3350 3360 3370
B/ Field

Figure 5.6 EPR spectra of CH;CN frozen (black) and fluid solutions (red) of the
electrochemically generated (47") recorded at 100 and 200K, respectively.
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This value of g, that appears really close to those observed for the
salicylamide radicals (42°), (43") and (44°) (Chapter 4), could be associated to a
phenoxyl radical of the coordinated ligand, being the isotropic profile and the g value
typical of an organic radical species, near to the free electron (i.e., g. = 2.0023139).

The doublet hyperfine coupling observed for the acetonitrile fluid solution of
(47" (Figure 5.6, red line) corresponds to a single interaction with a meta-proton of
the aromatic ring, whereas in the case of the free ligands the unpaired electron of the
phenoxyl radical coupled with both meta-H nuclei generating a triplet (see Chapter 4,
Figure 4.12). This difference should be further investigated but it is reasonable to
associate the reduced aromatic delocalisation of the unpaired electron with the

presence of the coordination to the Ni center (Figure 5.7).

S§=12 =
tBu mg=*1/2 > . 1:'21/2
H H > H H T
tBu © " tBu D
0 NHR' 7=1/2 I1=1/2 'O\ /NR' I1=1/2
my=+12  my=+12 N my=+1/2
free phenoxyl radical coordinated phenoxyl radical

Figure 5.7 Comparative representation of the EPR spectra of the two protons hyperfine
coupled radical (42°) (left) and the one proton hyperfine coupled radical (47") (vight).

The corresponding UV/vis spectrum of (477) displays the typical bands
associated to the presence phenoxyl radical species (ie. at 439(955) and 670(290),
Mnm(e/M ecm™)) (see also Section 4.2.1.5 for the free ligands), thus confirming its

formation in the oxidation of (47) in acetonitrile.
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(47" in CH,Cl,. On the other hand, compound (47") electrochemically
prepared in CH,Cl, shows, as previously mentioned, an higher instability compared to
its analogue in CH3CN. Despite this low stability, traces of product (47") could be
detected in the EPR spectrum (Figure 5.8) indicating the absence of an organic
radical. In fact, the plausible interpretation of the EPR spectrum consists in a no-
symmetrical profile (i.e. anisotropy) that could belong to a metal-centered paramagnet
with a possible distortion of the different components of g: the rombic (g« # gy # g-2)
or axial (g/<gr) EPR symmetrical patterns (see also Figure 5.2, T=-150 °C)."

rhombic simmetry g <g.

/

9=1.9642 (?)

T
3320 3340

34I20
B/ Field

| | |
3360 3380 3400
Figure 5.8 EPR spectrum of CH,Cl, frozen solution of the electrochemically generated (47")
recorded at 90 K.

At the same time, the corresponding UV/vis/NIR spectrum exhibits a broad
band in the near-IR region, at 1193 nm (¢ ca. 445 M'em™), that is characteristic for

Ni''-species (Figure 5.9).”'*!?
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Figure 5.9 UV/vis/NIR spectrum* of (47) (black) and (47") (red) in CH,Cl,.

These results could suggest the formation of the highly unstable mixed
Ni'/Ni'™ complex. Additionally, a DFT theoretical study performed by Dr. M. L.
Kuznetsov (see Experimental Part) of the SOMO (singly occupied molecular orbital)
of (47"), based on the X-ray structural data of (47) (Figure 5.1), indicates that the
mainly contribution to the total spin density for the unpaired electron is located on the
nickel-atoms (Figure 5.10 and Experimental part). Thus, in the absence of extra
ligands (i.e. solvent molecule), the calculations suggest the formation of the
monooxidized (phenolate)-Ni"-Ni"-(phenolate) complex, as confirmed by these

experimental results that indicate a metal-based oxidation.

Figure 5.10 SOMO orbital of (47").

" Due to the high instability, the spectrum has been recorded into two separated blocks 1600-800 and
800-200 nm and plotted together.
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The fast decomposition of this Ni"-Ni" species has been observed, even if it
has been difficult to discern the nature of this process. In fact, as previously described
(Section 5.3.2.1) the disproportionation could occur for this type of compounds
leading, in principle, to equimolar amounts of the starting complex (47) and of the
doubly oxidized Ni"-Ni'"" derivative, and it is not even possible to exclude that the
evidence for the presence of a Ni'-species can come directly from one of these
decomposition products (i.e. the Ni"-Ni"' derivative). However, based on the
experimental and theoretical results it is possible to rule out the formation of the Ni'-
phenoxyl species for the mono-oxidation product (47") in dichloromethane.

(477 in CH3CN. Analogously, the two-electrons-oxidized compound (47)
has been prepared both in CH;CN and CH,Cl,. The former solvent stabilise better the
oxidized product and (47) shows a consistent UV/vis spectrum to its analogue
mono-oxidized (47") (i.e. 374, 492, 750 nm, Figure 5.11), confirming the presence of
the phenoxyl radical moieties.""> Moreover, the UV/vis/NIR spectrum presents a
‘silent’ profile in the 1000-1600 nm region, thus excluding the formation of a Ni'-
species.

f (47™") in AcCN normalized at 1mM

—smin
10 min

——15min

20 min
25 min

0.75

0.50

30 min

Absorbance

0.25

T T T T T T T 1
300 400 500 600 700 800
Anm’”

Figure 5.11 UV/vis spectrum of (47") in CH;CN.
On the other hand, the silent EPR spectrum detected for (47) could be accounted for
the antiferromagnetic coupling of two phenoxyl radical moieties. In fact, similarly to

its (47", the second electron removal could affect the other phenolate group and lead

to a final compound (47"") bearing two Ni'-phenoxyl radical fragments. The latter,
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could, in principle, antiferromagnetically couple to give a silent EPR spectrum (S =

0).
( N nm,,,,. Ni" _..m\\ollun, ,,,,, N i||_‘..u\\.O
* = \___/

|

Figure 5.12 Electronic structure of (47"") generated in CH;CN.

(477) in CH,Cl,. Surprisingly, the parallel between the mono- and di-
oxidations does not match for the two-electrons oxidized product (47"") in
dichloromethane. The latter, in fact, would be expected to favour the double
formation of a more stable (phenolate)-Ni"-Ni'"-(phenolate) complex, but the
isotropic signal detected in the EPR spectrum of (47" ") in CH,Cl, could be ascribed to
the presence of the ‘O-phenoxyl radical species (Figure 5.13). Analogously, to
compound (47" (Figure 5.6) generated in acetonitrile, the dichloromethane fluid
solution EPR spectrum of (47"") displays a doublet hyperfine interaction with the
typical ca. 5 G constant ascribed at the coupling with a meta-proton (Figure 5.13 and

also Figure 5.7).
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Figure 5.13 Variable temperature EPR spectra of (47"") in CH,Cl,.

Furthermore, the corresponding UV/vis spectrum shows the contemporary
presence of the Ni''-absorption band at 1193 nm (analogous to that observed for
(47" in CH,Cl,, Figure 5.9) together with the typical bands ascribed to the organic
radical moiety. Then, compound (47" ") generated in CH,Cl,, in the absence of further
experimental data, could be described as the mixed (phenoxyl)-Ni"/Ni"'-(phenolate)

I and

complex. However, the simultaneous presence, in EPR and UV spectra, of Ni
phenoxyl radical species could also be explained by thermal equilibrium between
them, as reported in various examples. "

Compound (47), itself, is a complicated system due to the presence of its
double Ni-phenolate scaffold. In Scheme 5.5 are summarized the previous results that

describe a peculiar behavior for this new class of complexes.
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5.4 Overview

These results, even if they are recently collected and preliminarily considered,
represent a good indication for further studies:

(1) both in the mono and di-oxidations the acetonitrile solvent appears to
favour the formation of phenoxyl radical species, probably holding a chemical
function. However, it is important to consider that the cyclic voltammetric profile of
(47) in this solvent displays two reversible oxidation waves, thus excluding a possible
coordination of the acetonitrile molecule(s) to (47") or (47"") derivatives, since, in
such a case, it should lead to a chemical modification of the compound (Figure 5.14,

(47a")) that consequently would be reduced at a different potential ((47a)).

(47) —> (47%) (47) —=>(47") mmp (47a")

reversible
couple

(47) — (47%) (47a) & (47a%)

Figure 5.14 Representation of the expected effect of a chemical modification in the cyclic
voltammetric profile of (47).

Then, it is reasonable to consider exclusively a sort of stabilisation effect of
the acetonitrile solvent to the oxidized derivatives of (47) that favours the Ni'-
phenoxyl system.

(i1)) On the other hand, the oxidation in dichloromethane leads to more
unstable products (in the case of (47%) with evidences of formation of the Ni'-
phenolate species. In particular the two-electron oxidized product (47" in CH,Cl,
appears to hold both of the electronic structures, in a conceivable (phenolate)-

Ni'"/Ni"-(phenoxyl) system (Scheme 5.5).
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5 Salicylamidate ligands: coordination chemistry

Many aspects of this work have still to be developed and leave open a pathway
to further investigations: in particular for additional studies on the properties of
compounds (47") and (47") the high-field EPR technique (HF-EPR) is of a crucial
interest for bioinorganic studies of the metal-complexes;'* the potential application in
catalysis should also be studied, in view of the promising redox stability of this
system.

Moreover, this class of metal-salicylamidate complexes has been further
studied in our group confirming the good affinity of deprotonated ligand (42%") toward

Cu and Zn".
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6 Experimental data

6.1 Synthetic procedures

General Materials and Experimental Procedures

All syntheses were carried out under an atmosphere of dinitrogen, using
standard Schlenk techniques. All solvents were dried, degassed and distilled prior to
use. The reagents Fe(BF4),-6H,O NiCl,-6H,O, ZnCl,, [Cu(MeCN)4][PF¢] ,4-
bromomethylpyridine hydrobromide, triethylamine, methanesulfonyl chloride,
NaHCO; hexamethylenetetramine (HMT), Na[BPh4], 3-phenyl-1H-pyrazole, sulfur
trioxide-trimethylamine complex, [NBus][OH] 1.0 M methanolic solution, BuLi 1.6
M solution in hexane (Aldrich) and vanadium trichloride (Acros) were purchased and
used without further purification. Where indicated, the reagents were synthesized in
accordance with literature methods. C, H and N analyses were carried out by the
Microanalytical Service of the Instituto Superior Técnico. Infrared spectra (4000-400
cm ') were recorded on a BIO-RAD FTS 3000MX instrument in KBr pellets and far
infrared spectra (400-200 cm™) were recorded on a Vertex 70 spectrophotometer, in
polyethylene and cesium iodide pellets. Vibrational frequencies are expressed in cm’™;
abbreviations (intensity, shape): s, m and w, strong, medium and weak; s and br, sharp
and broad. UV/vis/NIR spectra (1600-200 nm) were recorded on a Shimadzu UV-
3101PC UV-VIS NIR spectrophotometer. 'H, *C NMR spectra were measured on
Bruker 300 and 400 UltraShield™ spectrometers. 'H and >C chemical shifts & are
expressed in ppm relative to Si(Me)s. Coupling constants are in Hz; abbreviations: s,
singlet; d, doublet; m, complex multiplet; vt, virtual triplet; br, broad. EPR spectra
were recorded on a Bruker ESP 300E X-band spectrometer equipped with an ER 4111
VT variable-temperature unit; g values were calculated from the formula v =
1.39962-g°B’, where v is the frequency measured (GHz) and B’ is the corrected’
value of Field (kGauss). SimFonia software was used to simulate the EPR spectra.
ESI'/ESI” mass spectra were obtained on a VARIAN 500-MS LC ion trap mass
spectrometer (solvents: acetonitrile/methanol; flow: 20 pL/min; needle spray voltage:

+ 5 Kv, capillarity voltage: + 100 V; nebulizer gas (N,): 35 psi; drying gas (Nz): 10

® The correction factor (i.e. AB) of field was calculated from the difference of theoretical and
experimental values of field (B’-B®") of a reference compound (i.e. perylene radical in conc. sulfuric
acid) with known g value: v¥** = 1.39962-2.002569-B’.
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psi; drying gas temperature (N): 350 °C). For the MS spectra description, M denotes

the complex part of the compound.

Synthesis of hydrotris(pyrazolyl)methane, Tpm, HC(pz); (1) (pz =
pyrazolyl).

This compound was synthesized according to a published procedure' except
for the final purification stage. The crude product (1) was crystallized from
diethylether, leading to a white pure crystalline product (45%). Additionally, the
crystallisation mother liquor was evaporated and the yellowish residue was purified
by column chromatography (acetone/pentane 2/8) to afford an additional batch (29%)
of (1), in good purity. "H-NMR (CDCls): 6 8.44 (s, 1H, HC(pz)), 7.72 (d, 3H, Jun =
2.6 Hz, 3-H (pz)), 7.60 (d, 3H, Jur = 2.6 Hz, 5-H (pz)), 6.40 (dd, 3-H, Juz = 2.6 Hz,
4-H (pz)).

Synthesis of tris-2,2,2-(1-pyrazolyl)ethanol, HOCH,C(pz); (2) (pz =
pyrazolyl).

This compound was synthesized according to a published procedure' except
for a few details. Compound (1) (1.0 g 4.7 mmol, 1 eq), kept in a Shlenk under
vacuum for 2 h, was dissolved in dry THF (60 mL) under dinitrogen. Fresh potassium
tert-butoxide (1.4 g, 12.5 mmol, 2.6 eq) was added portionwise to the scorpionate
solution and the resulting yellow/orange mixture was stirred under dinitrogen for 15
min., whereafter para-formaldehyde (0.38 g, 12 mmol, 2.6 eq) was added to the
solution and the final mixture was stirred at room temperature overnight. Water (100
mL) was added and the mixture was extracted with diethyl ether (3 x 50 mL). The
organic extracts were combined and dried over sodium sulfate and filtered. The
solvent was removed under vacuum resulting in a pale yellow solid (1.0 g, 89%). 'H-
NMR (CDCls): 6 7.70 (d, 3H, Juu = 2.5 Hz, 3-H (pz)), 7.11 (d, 3H, Jyz = 2.5 Hz, 5-H
(pz)), 6.36 (dd, 3H, Juy = 2.6 Hz, 4-H (pz)), 5.08 (s, 2H, CH;). Compound (2) could
crystallize by slow evaporation of a dichloromethane solution affording pure
transparent crystals that show the following 'H-NMR (CDCls) resonances: o 7.70 (d,
3H, Juy = 2.6 Hz, 3-H (pz)), 7.11 (d, 3H, Jun = 2.6 Hz, 5-H (pz)), 6.36 (dd, 3H, Jyy =
2.6 Hz, 4-H (pz)), 5.08 (d, 2H, Jun = 6.8 Hz, CH,), 4.86 (t, 1H, Juz = 6.8 Hz, OH).
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Synthesis of 2,2,2-tri(pyrazol-1-yl)ethyl methanesulfonate,
H3;CSO,0CH;C(pz); (2-Ms) (pz = pyrazolyl).

To a dichloromethane solution (20 mL) of 2,2,2-tris(pyrazol-1-yl)ethanol (2),
(1 g, 4.10 mmol, leq.) cooled at -15°C, triethylamine (0.75 mL, 5.38 mmol, 1.3 eq.)
was added. The solution is stirred for 5 min. at -15°C then methanesulfonyl chloride
(0.41 mL, 5.30 mmol, 1.3 eq.) was added dropwise. After addition the solution was
allowed to warm to room temperature, during which time (10 min.) a precipitate
appeared. The final mixture was stirred at room temperature for 1.5 h. Then water (ca.
10 mL) was added and the organic phase was washed with NaHCO3,q, brine and dried
over Na,SO4. The solvent was evaporated in vaccum to give (2-Ms) as pale yellow
solid (1.25 g, 95%). C12H14NsOsS, Anal. Calc.: C: 44.71%, H: 4.38%, N: 26.07%, S:
9.95%. Found: C: 44.23%, H: 4.80%, N: 25.89%, S: 9.23%. 'H-NMR (400 MHz,
CDCl): 7.69 (d, 3H, Juu 1.7 Hz, 5-H (pz)), 7.30 (d, 3H, Jun 2.2 Hz, 3-H (pz)), 6.38
(dd, 3H, Jun 2.2 Hz, 4-H (pz)), 5.74 (s, 2H, CH»), 2.94 (s, 3H, H3C). Crystals suitable
for X-ray diffraction are obtained by slow evaporation of (2-Ms) compound in

dichloromethane

Synthesis of 4-((tris-2,2,2-(pyrazol-1-yl)ethoxy)methyl)pyridine, TpmPy,
(4-py)CH,OCH:C(p2)3 (3) (py = pyridyl, pz = pyrazolyl).

Sodium hydride (159 mg, 3.98 mmol, 2 eq, 60% dispersion in mineral oil) was
washed with dry pentane (2 x 10 mL) and then suspended in dry THF (15 mL). A
THF (20 mL) suspension of tris-2,2,2-(pyrazol-1-yl)ethanol (2) (482 mg, 1.98 mmol,
1 eq) and 4-bromomethyl pyridine hydrobromide (502 mg, 1.98 mmol, 1 eq) was
added portionwise to the hydride mixture under nitrogen; during this time, gaseous Ha
was formed. The resulting pale brown milky suspension was refluxed overnight. Then
the mixture was allowed to cool down to room temperature and H,O (20 mL) and
Et,0O (20 mL) were added. The organic phase was separated and the aqueous phase
was washed with Et,O (5 mL). The organic phases were collected, washed with brine
and dried over Na;SO4, whereafter they are filtered and the solvent removed under
vacuum to leave a pale yellow solid, that was crystallized in Et,O to give colorless
crystals of (3) (78%). Compound (3) is well soluble in all common organic solvents,
e.g., Me,CO, CHCI, CH,Cl,, MeOH, EtOH and DMSO, and less soluble in H,O (S2s-c
~ 10 mg'mL™). C;H,;N,0 (335.36): calcd. C 66.88, N 29.23, H 5.10; found. C 65.89,
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N 29.02,H 5.41. IR (KBr): 3113 (m s), 3041, 2959, 2935 (m s), 2880 (m br), 1601 (s
s, C=N)), 1564 (s s, C=N)), 1517 (s s, C=C)), 1426 (m s), 1387 (m br), 1124 (s
br), 863 (m s), 753 (s s), 688 (s 8), 612 (s s), 489 (m s) cm™'. '"H NMR (300MHz,
CDCl,): 0 8.53 (d, 2H, Jyy= 6.2 Hz, 2-H (py)), 7.67 (d, 3H, Jun= 2.5 Hz, 5-H (pz)),
7.40 (d, 3H, Juu= 2.5 Hz, 3-H (pz)), 7.06 (d, 2H, J,= 6.2 Hz, 3-H (py)), 6.36 (dd,
3H, Juy= 2.5 Hz, 4-H (pz)), 5.20 (s, 2H, CH,-C(pz)3), 4.56 (s, 2H, CH»-py). 'H NMR
(MHz, methanol-d,): ¢ 8.43 (d, 2H, J,;,= 5.7 Hz, 2-H (py)), 7.66 (d, 3H, Jup= 2.5 Hz,
5-H (pz)), 7.50 (d, 3H, Jun= 2.5 Hz, 3-H (pz)), 7.20 (d, 2H, J,;y= 5.7 Hz, 3-H (py)),
6.41 (dd, 3H, Jug= 2.5 Hz, 4-H (pz)), 5.15 (s, 2H, CH>-C(pz)3), 4.64 (s, 2H, CH>-py).
PC NMR (100.6 MHz, CDCly): ¢ 148.79 (2-C (py)), 145.26 (4-C(py)), 140.46 (3-
C(pz)), 129.73 (5-C (pz)), 120.57 (3-C (py)), 105.69 (4-C (pz)), 88.71 (C(pz)3), 73.11
(s, 2H, CH>-C(pz)3), 71.50 (s, 2H, CH,-py). X-ray quality single crystals were grown
by slow cooling to 15°C of a concentrated diethyl ether solution of (3).

Synthesis of (tris-2,2,2-(pyrazol-1-yl)ethoxy)benzyl, PhCH,OCH,C(pz);
(4) (pz = pyrazolyl).

Sodium hydride (75 mg, 1.88 mmol, 1 eq, 60% dispersion in mineral oil) was
washed with dry pentane (2 x 15 mL) and then suspended in dry THF (15 mL). A
THF (20 mL) solution of tris-2,2,2-(pyrazol-1-yl)ethanol (2) (456 mg, 1.87 mmol, 1
eq) was added dropwise to the hydride mixture under dinitrogen; during this time,
gaseous H, was formed. A THF (5 mL) solution of benzyl chloride (388 uL, 3.36
mmol, 1.8 eq) was added dropwise to the final solution. The resulting pale brown
solution was refluxed overnight. Then the mixture was allowed to cool down to room
temperature and H,O (20 mL) and Et,O (30 mL) were added. The organic phase was
separated and the aqueous phase was washed with Et,;O (10 mL). The organic extracts
were collected, washed with brine and dried over Na,SO4, whereafter they were
filtered and the solvent removed under vacuum to leave a pale yellow solid that was
purified by column chromatography (acetone/pentane 4/6) leading to a white powder
of (4) (41%). Compound (4) is well soluble in all common organic solvents Me,CO,
CHCI,; CH,Cl,, MeOH, EtOH and DMSQO, and no soluble in H,O. IR (KBr): 3101 (m
s), 3022, 2951, 1534 (s s, (C=N)), 1519 (s s, C=C)), 1413 (m s), 858 (ms), 738 (s
s), 482 (m s) cm™. "H NMR (300MHz, CDCL,): 6 7.63 (d, 3H, Jup= 2.4 Hz, 5-H (pz)),
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7.42 (d, 3H, Jyy= 2.4 Hz, 3-H (pz)), 7.29 (m, 3H, m,p-H (Ph)), 7.18 (d, 2H, Ji = 6.0
Hz, o-H (Ph)), 6.31 (dd, 3H, Jiy= 2.5 Hz, 4-H (pz)), 5.11 (s, 2H, CH>-C(pz)3), 4.49
(s, 2H, CH>-Ph).

Synthesis of TSNHCH,CH,OCH,C(pz); (5) (Ts = para-toluenesulfonyl, pz
= pyrazolyl).

(i) Synthesis of N,O-bistosylethanolamine, TsSNHCH,CH,OTs. To a stirred
solution of tosylchloride (6.17 g, 32.36 mmol, 2.1 eq) in pyridine (4 mL) cooled at -
30°C was added dropwise a solution of ethanolamine (993 uL, 16.18 mmol, 1 eq) in
pyridine (3 mL). The resulting mixture was stirred 1h at -10°C, overnight, at 0°C.
Crushed ice and CHCI; (10 mL) were added and the mixture stirred for 15 minutes.
The organic phase was separated and washed with H,O (3 x 10 mL), glacial acetic
acid ( 5 mL) and water (10 mL), dried over Na,SO,4 and evaporated to yield an orange
oil that was triturated in pentane affording a white off solid (81%). "H-NMR (300
MHz, CDCls): 7.75 (d, 2H, Juz = 8 Hz, m-H(Ts-0)), 7.70 (d, 2H, Juz = 8 Hz, m-
H(Ts-N)), 7.36 (d, 2H, Jurz = 8 Hz, 0-H(Ts-0)), 7.31 (d, 2H, Juu = 8 Hz, 0-H(Ts-N)),
4.87 (tr br, 1H, Jyy = 6 Hz , NH), 4.05 (tr, 2H, Juz = 6 Hz , CH,-0), 3.23 (q, 2H, Juu
=6 Hz, CH,-NH), 2.47 (br, 3H, H3;C(Ts-0)), 2.44 (s, 3H, H3C(Ts-N)).

(ii) Synthesis of N-tosylaziridine. To a toluene solution (40 mL) of N,O-
bistosylethanolamine (4.83 g, 13.07 mmol, 1 eq) stirred vigorously, a solution of
KOH (3.30 g, 58.90 mmol, 4.5 eq) in H,O was added dropwise for 1h. The mixture
was stirred for 2h at room temperature, then the organic layer was separated washed
with H,O (15 mL), dried over Na,SOs, filtered and evaporated. The crude residue was
triturated in pentane (20 mL) and dried under vacuum affording a white/yellow solid
(89%). 'H-NMR (300 MHz, CDCls): 7.84 (d, 2H, Juy = 8 Hz, m-H(Ts)), 7.36 (d, 2H,
Jun = 8 Hz, 0-H(Ts)), 2.38 (m, 4H, CH,-CH,), 2.48 (br, 3H, H3C(Ts)).

(iii) Synthesis of TSNHCH,CH,OCH,C(pz)3 (5). Sodium hydride (202 mg,
5.07 mmol, 1 eq, 60% dispersion in mineral oil) was washed with dry pentane (2 x 15
mL) and then suspended in dry THF (20 mL). A THF (20 mL) solution of tris-2,2,2-
(pyrazol-1-yl)ethanol (2) (1.23 g, 5.07 mmol, 1 eq) was added drowise to the hydride
mixture under dinitrogen for 20 min.; during this time, gaseous H, was formed. A
THF (10 mL) solution of N-tosylaziridine (1 g, 5.07 mmol, 1 eq) was added dropwise

to the final solution. The resulting pale yellow solution was heated at 50°C for 2h.
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Then the mixture was allowed to cool down to room temperature and H,O (20 mL)
and CHCIl; (30 mL) were added. The organic phase was separated and the aqueous
phase was washed with CHCl; (10 mL). The organic extracts were collected, washed
with brine and dried over Na,SO., whereafter they were filtered and the solvent
removed under vacuum to leave a pale yellow oil. Compound (5) was isolated by
column chromatography of this oil (acetone/pentane 1/2) leading to a white powder of
(5) (52%). Compound (5) is well soluble in all common organic solvents, Me,CO,
CHCI, CH,Cl,, MeOH, EtOH and DMSO, and no soluble in H,O. 'H NMR (400MHz,
CDCL,): 0 7.68 (d, 3H, Jun= 2.5 Hz, 5-H (pz)), 7.56 (d, 2H, Juz = 8 Hz, m-H(Ts)),
7.14 (d, 2H, Jur = 8 Hz, 0-H(Ts)), 7.04 (d, 3H, Jux= 2.5 Hz, 3-H (pz)), 6.30 (dd, 3H,
Jun= 2.5 Hz, 4-H (pz)), 6.09 (tr br, 1H, Jyz = 6 Hz, NH), 4.90 (s, 2H, CH»-C(pz)3),
3.56 (tr, 2H, Juz = 6 Hz , CH,-0), 2.97 (q, 2H, Junz = 6 Hz , CH>-NH), 2.48 (br, 3H,
H;C(Ts)). °C NMR (400MHz, CDCL,): § 143.12 (H;C-C(Ts)), 141.92 (3-C(pz)),
136.87 (0,S-C(Ts)), 130.45 (5-C(pz)), 129.58 (m-C(Ts)), 127.06 (0-C(Ts)), 106.93
(4-C(pz)), 89.53 (C(pz)3), 73.78 (H.C-C(pz);3), 69.77 (CH,-0), 42.25 (CH,-NH),
21.50 (H3C(Ts)).

Synthesis of TSNHCH,CH,TsNCH,CH,OCH,C(pz); (6) (pz = pyrazolyl).

Compound (6) was isolated (23%) from chromatographic purification of (5) at
the final stage. Higher yield (41%) of (6) could be obtained modifying the preparation
of (5) in the following way: the solution of sodium tris-2,2,2-(pyrazol-1-yl)ethanoate
is then added dropwise to a solution of N-tosylaziridine. Compound (6) is well
soluble in all common organic solvents, Me,CO, CHCI, CH,Cl,, MeOH, EtOH and
DMSO, and no soluble in H,O. "H NMR (400MHz, CDCl,): ¢ 7.65 (d, 3H, Juu= 2.5
Hz, 5-H (pz)), 7.60 (d, 2H, Jux = 8 Hz, m-H(Ts)), 7.29 (d, 2H, Jyn = 8 Hz, 0-H(Ts)),
7.18 (d, 3H, Jus= 2.5 Hz, 3-H (pz)), 6.32 (dd, 3H, Jun= 2.5 Hz, 4-H (pz)), 5.82 (tr br,
1H, Jur = 6 Hz, NH), 5.00 (s, 2H, CH»-C(pz)3), 3.63 (tr, 2H, Jyy = 6 Hz , CH,-0),
3.21 (tr, 2H, Juy = 6 Hz , O-CH,-CH>-NTs), 3.21 (tr, 2H, Jyy = 6 Hz , NH-CH,-CH,-
NTs), 2.96 (q, 2H, Juny = 6 Hz , CH,-NH), 2.44 (br, 3H, H3C(Ts)).
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Synthesis of the twitterionic tris(3,5-dimethylpyrazolyl)methane lithium
tetrahydrofurane complex, [{'C(pzMe2)3}Li+(thi)] @) (pzMez = 3,5
dimethylpyrazolyl).

A 1.6 M solution of butyllithium (230 uL, 0.37 mmol, 1.1 eq) in cyclohexane
was added dropwise to tris(3,5-dimethylpyrazolyl)methane HC(pz"'*%); (100 g, 0.34
mmol, 1.0 eq) in dry THF (10 mL) at -70°C. The solution was stirred for 1h at -60°C
then was allowed to warm to 0°C and all volatile components were removed under
vacuum. The red oily residue was dissolved in a minimum amount of dry THF and
cooled at -30°C. After 2 days a red solid of (7) formed (80%). 'H-NMR (400 MHz,
THF-ds): 5.55 (s, 3H, 4-H (pz)), 2.51 (br, 12H, 3-HsC (pz)), 2.15 (s, 12H, 5-H;C
(p2)).

Synthesis of the cationic tris(3,5-dimethylpyrazolyl)methane lithium
tetrahydrofurane radical, [{C (pZV))}Li(thf)]" (7)) @EM* = 3,5
dimethylpyrazolyl).

A 1.6 M solution of butyllithium (230 uL, 0.37 mmol, 1.1 eq) in cyclohexane
was added dropwise to tris(3,5-dimethylpyrazolyl)methane HC(pz"'**); (100 g, 0.34
mmol, 1.0 eq) in dry THF (10 mL) at -70°C. The solution was stirred for 1h at -60°C,
then cooled down to -90°C and a THF solution (2 mL) of I, (43 mg, 0.17 mmol, 0.5
eq) was added dropwise, via a cannula; the colour turned immediately to dark intense
green and the mixture was kept stirred under argon atmosphere at -90°C. The solution
was carefully transferred at -80'C to an EPR tube (kept under argon at -80 C); the tube
was then immediately cooled (and the solution frozen) in liquid nitrogen (77 K). No
colour change has been detected during or after the transfer: X-band EPR (center
field: 3343.56; modulation frequency: 100 KHz; modulation amplitude: 0.1 Gpp;
receiver gain: 4-10™*; conversion time: 20 ms; time constant: 20 ms; ST : 42 s) of a 1
mM THF frozen solution of (7"), recorded at 95 K, exhibits an intense single isotropic
signal at g = 2.0026 (with a peak-to-peak line width of ca. 15 G and no resolved
hyperfine splitting).
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Synthesis of tetrakis(3,5-dimethylpyrazolyl)methane, C(pz“'*%), (pz"'** =
3,5-dimethylpyrazolyl) (8).

A 1.6 M solution of butyllithium (7.24 mL, 11.58 mmol, 1.15 eq) in
cyclohexane was added dropwise to tris(3,5-dimethylpyrazolyl)methane (3.00 g,
10.08 mmol, 1 eq) in dry THF (100 mL) at -70°C. The solution turned orange-red and
was stirred for 20 min at -60°C, then cooled down to -80°C. A solution of I, (1.28 g,
5.03 mmol, 0.5 eq) in dry THF (50 mL) was added dropwise to the red mixture under
vigorous stirring at -80°C, causing a drastic colour change to deep intense green. The
reaction mixture was stirred for a further 10 min at -80°C, and then allowed to warm
to room temperature in 3 h; during this time the solution turned gradually to
brown/yellow and a pale brown solid precipitate formed. The solvent was evaporated
from the mixture to yield a brown solid. This was dissolved in CH,Cl, (40 mL) and
the solution was washed with water (2 x 20 mL), dried over Na,SO,, filtered and
evaporated, yielding a brow solid. The residue was rapidly purified by flash
chromatography passing through a silica column (100% pentane as eluent). The
product was isolated as a white crystalline solid in 27% yield with respect to
HC(pz"*%);. Slow evaporation of a chloroform solution over two days yielded single

Mez)4 that were suitable for X-ray crystallography analysis. C,1HpgNsg,

crystals of C(pz
392.5. IR (KBr): 3102 (m), 2961, 2926 (s br, CH), 1568 (vs, vc=N), 1413 (s), 1243 (vs,
br), 924 (vs), 899 (vs), 793 (s), 758 (s) em™'. MS-EI m/z: 297 [C(pz™?),]*, 415
[C(pz™*?),+Na]*. "H-NMR (400 MHz, CDCls, 298 K): 5.93 (s, 4H, 4-H (pz)), 2.14 (s,
12H, 3-HsC (pz)), 1.67 (s, 12H, 5-HsC (pz)). "H-NMR (400 MHz, acetone-ds, 298 K):
6.00 (s, 4H, 4-H (pz)), 2.08 (s, 12H, 3-H5C (pz)), 1.64 (s, 12H, 5-HsC (pz)). 'H-NMR
(400 MHz, MeOD, 298 K): 6.14 (s, 4H, 4-H (pz)), 2.12 (s, 12H, 3-H;C (pz)), 1.64 (s,
12H, 5-H;C (pz)). '"H-NMR (400 MHz, CDCls, 213 K): 5.97 (s, 4H, 4-H (pz)), 2.14
(s, 12H, 3-HsC (pz)), 1.62 (s, 12H, 5-HsC (pz)). 'H-NMR (400 MHz, acetone-ds, 213
K): 6.06 (s, 4H, 4-H (pz)), 2.05 (s, 12H, 3-H;C (pz)), 1.58 (s, 12H, 5-H;C (pz)). "°C-
NMR (100 MHz, CDCls, 298 K): 147.21 (3-C (pz)), 144.67 (5-C (pz)), 109.22 (4-C
(pz)), 97.98 (C(pz"**),), 14.16 (3-CH; (pz)), 11.94 (5-CH; (pz)).
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Synthesis of lithium tris(pyrazolyl)methanesulfonate, [Tpms|Li,
[0O3SC(pz)s]Li (9) (pz = pyrazolyl).

This compound was synthesized according to a published procedure” to afford
(9) (62%). IR (KBr): 3136 (w), 2961, 1524 (m, C=N)), (m), 1479, 1463 (s), 1398,
1331 (s), 1329 (s), 1105 (s), 1048 (s, (S-0)), 864 (s), 754 (s), 643 (s, C-S)) cm™".
'H-NMR (MeOD): 8 7.91 (d, 3H, Jux = 2.6 Hz, 3-H (pz)), 7.58 (d, 3H, Jux = 2.6 Hz,
5-H (pz)), 6.41 (dd, 3-H, Juy = 2.6 Hz, 4-H (pz)). 'H-NMR (DMSO-ds): 6 8.11 (d,
3H, Jun = 2.6 Hz, 3-H (pz)), 7.38 (d, 3H, Jun = 2.6 Hz, 5-H (pz)), 6.31 (dd, 3-H, Jux
= 2.6 Hz, 4-H (pz)). 'H-NMR (D,0): 8 7.62 (d, 3H, Jux = 2.6 Hz, 3-H (pz)), 7.55 (d,
3H, Jun = 2.6 Hz, 5-H (pz)), 6.44 (dd, 3-H, Jyn = 2.6 Hz, 4-H (pz)).

Synthesis of dendrimer, N3P3-G.;-[CH:C(pz)s]12 (10).

Sodium hydride (16 mg, 0.41 mmol, 24 eq, 60% dispersion in mineral oil) was
washed with dry pentane (2 x 3 mL) and then suspended in dry THF (5 mL). A THF
(5 mL) solution of tris-2,2,2-(pyrazol-1-yl)ethanol (2) (100 mg, 0.41 mmol, 24 eq)
was added dropwise to the hydride mixture under dinitrogen; during this time,
gaseous H, was formed. A THF (5 mL) solution of N3P3-Ggo-I;2 ([4198.38], 68 mg,
16.67-10° mmol, 1 eq) was added dropwise to the final solution. The resulting
solution was stirred at 35°C overnight. The solvent was evaporated under vacuum and
the residue was suspended in chloroform (8 mL), filtered and washed with ether (2 x
15 mL) affording to a pale yellow powder of (10) (32%).

N3P3-Geo-li2:

[N=P)3—<O—©~=N—IL—E<O—©—=N"L_@_O_©_/>2>6

N3P3-G1-[CH,C(pz)3]12:
S

[N=P)3—<o—©—=N—IL—E<O—©—=N"L$_O_©_/O\C<®>2>6

(10), Co;H,,N;05,ScPo, (5594.68). 'H NMR (300MHz, CDCI,/THF-d,): § 7.55 (br s,
12H+36H, dendrimer + 5-H (pz)), 7.36-7.34 (br s, 36H, 3-H (pz)), 7.20-6.80 (m, 72H,
dendrimer), 6.22-6.27 (m, 3H, 36H, 4-H (pz)), 5.11 (s br, 24H, CH>-C(pz)3), 4.41 (s,
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24H, CH,-Ph), 2.88-3.10 (m, 18 H, dendrimer). *'P{'H} NMR (162.0 MHz,
CDCL,/THF-d,): 6 10.79 (s, Py), 64.87 (s, P,).

Synthesis of tris(3,5-dimethylpyrazolyl)methane, Tpm"*, C(pz"'**); (11)
(pzM** = 3,5-dimethylpyrazolyl).

This compound was synthesized according to a published procedure' except
for the final purification stage. The organic extracts were collected and evaporated
under vacuum and the residue was purified by column chromatography
(acetone/pentane 1/9) leading to a white powder of (11) (61%). '"H-NMR (CDCL): &
8.07 (s, 1H, HC(pz)), 5.87 (s, 3H, 4-H (pz)), 2.18 (d, 9H, 3-H;C (pz)), 2.01 (s, 9H, 5-

H;C (p2)).

Synthesis of tris(3-phenylpyrazolyl)methane, Tmeh, C(szh)3 (12) (szh =
3-phenylpyrazolyl).
To a vigorously stirred suspension of 3-phenyl-pyrazole (5.00 g, 34.7 mmol, 1 eq) and
tetrabutylammonium bromide (0.56 g, 1.70 mmol, 0.05 eq) in water (70 mL), an
excess of Na,CO; (22.0 g, 208 mmol, 6 eq) was added during 30 min. Then
chloroform (17 mL) was added and the final mixture was refluxed for 84 h (after 40 h
a second amount of 17 mL of chloroform was added). After this time, the reaction
mixture was then cooled to room temperature and toluene (20 mL) and water (15 mL)
were added. The organic phase was separated, washed with water, brine, dried over
Na,SO4 and evaporated under vacuum to give a brown oil. This crude oil was
dissolved in toluene (40 mL) and a catalytic amount (ca. 80 uL, 1.0 mmol) of
trifluoroacetic acid (TFA) was added to this solution which was then refluxed for 1
day. After this, the solution was cooled down to room temperature, washed with water
(2 x 15 mL) and neutralised with an aqueous solution of NaHCOj. The organic phases
were collected, washed with water and brine, then dried over Na,SO4 and evaporated.
The crude solid was triturated in diisopropyl ether to give an off-white powder of (12)
(3.2 g, 62%). The compound is well soluble in medium and high polarity solvents like
Me,CO, CHCI, CH,Cl,, MeOH, EtOH and DMSO, and insoluble in H,O. (12),
C,gH,,N¢ (442.51): caled. C 75.99, N 18.99, H 5.01; found C 75.86, N 18.71, H 5.39.
IR (KBr): 3162 (w), 1529 (m, (C=N)), 1502 (m), 1456 (s), 1240 (s), 1077 (s), 1050
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(s), 809 (s), 756 (s), 693 (s) cm™'. "H-NMR (300MHz, acetone-d): 8.86 (s, 1H, HC),
8.11 (d, 3H, Jun=2.6 Hz, 5-H (pz)), 7.90 (d, 2H, Jun=8.1 Hz, o-H (Ph)), 7.42 (dd, vt,
6H, m-H (Ph)), 7.35 (dd, vt, 3H, p-H (Ph)), 6.90 (d, 3H, Juy=2.6 Hz, 4-H (pz)).

Synthesis of tris(3-tert-butylpyrazolyl)methane, Tpm™", C(pz™"); (13)
(pz™" = 3-tert-butylpyrazolyl).

(i) Synthesis of 3-tert-butyl-pyrazole. According to a published procedure’,
freshly prepared (173 mg, 7.52 mmol, 0.96 eq of Na in methanol) sodium methoxide
(0.96 eq) was dissolved in dry toluene (10 mL). To this solution a mixture of 3,3-
dimethyl-2-butanone (1 mL, 7.85 mmol, leq) and ethyl formate (695 uL, 8.64 mmol,
1.1) was added. The resulting mixture was stirred under dinitrogen for 2h at room
temperature. Then the solution was concentrated under gentle vacuum and all volatile
products were removed (ca. 1 mL). Cold water was added (8 mL) and the biphasic
mixture was stirred until the yellow color passed to the aqueous phase. The latter was
separated and added to a water solution (5 mL) of monohydrate hydrazine (361 uL,
7.45 mmol, 0.95 eq). The final mixture was stirred overnight at room temperature.
CH,Cl, (15 mL) was added and the organic phase was separated, dried over Na,SO4
and evaporated to afford a yellow oil (54%). '"H-NMR (300MHz, CDCls): 7.49 (m br,
1H+1H, 5-H(pz) + NH), 6.12 (d, 1H, Juy = 2.4 Hz, 4-H (pz)), 1.35 (s, 9H, 'Bu).

(i) Synthesis of tris(3-fert-butylpyrazolyl)methane, Tpm™" (13). To a
vigorously stirred suspension of 3-fert-butyl-pyrazole (282 mg, 2.27 mmol, 1 eq) and
tetrabutylammonium bromide (36.6 mg, 0.11 mmol, 0.05 eq) in water (10 mL), an
excess of Na,COs (1.44 g, 13.58 mmol, 6 eq) was added during 30 min. Then
chloroform (3 mL) was added and the final mixture was refluxed for 84 h (after 40 h a
second amount of 3 mL of chloroform was added). The reaction mixture was then
cooled to room temperature and toluene (10 mL) and water (8 mL) were added. The
organic phase was separated, washed with water, brine, dried over Na,SO4 and
evaporated under vacuum to give a brown oil. This crude oil was dissolved in toluene
(15 mL) and a catalytic amount (ca. 5 uL, 0.07 mmol) of trifluoroacetic acid (TFA)
was added to this solution which was then refluxed for 1 day. After this, the solution
was cooled down to room temperature, washed with water (2 x 5 mL) and neutralised
with an aqueous solution of NaHCOs. The organic phases were collected, washed

with water and brine, then dried over Na,SO4 and evaporated. The crude residue was
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purified by column chromatography (acetone/pentane 2/8) leading to a white powder
of (13) (44%). The compound is well soluble all common organic solvents like
Me,CO, CHCI; CH,Cl,, MeOH, EtOH and DMSO, and insoluble in H,O. (13),
C,,H4,N; (382.242): caled. C 69.07, N 21.97, H 8.96; found C 69.26, N 21.78, H 9.13.
IR (KBr): 3122 (w), 1519 (m, (C=N)), 1500 (m), 1436 (s), 1198 (m), 1054 (s), 819
(s), 736 (s) cm™". "H-NMR (300MHz, CDCl;): 8.20 (s, 1H, HC), 7.20 (d, 3H, Jyz=2.5
Hz, 5-H (pz)), 6.14 (d, vt, 3H, Jun=2.5 Hz, 4-H (pz)), 1.27 (s br, 27H, ‘Bu). '"H-NMR
(300MHz, acetone-ds): 8.38 (s, 1H, HC), 7.61 (d, 3H, Jun=2.5 Hz, 5-H (pz)), 6.26 (d,
vt, 3H, Jun=2.5 Hz, 4-H (pz)), 1.26 (s br, 27H, ‘Bu). *C-NMR (300MHz, CDCl):
163.8 (s, 3-C (pz)), 129.3 (s, 5-C (pz)), 103.4 (s, 4-C (pz)), 99.9 (s, C(pz)3), 32.4
(C(CHs3)3), 29.9 (CH3).

Synthesis of tris(3-iso-propylpyrazolyl)methane, Tpm"", C(pz'"); (14)
(pz"™" = 3-iso-propylpyrazolyl).

(i) Synthesis of 3-iso-propyl-pyrazole.* An analogous procedure to that for
the synthesis of 3-tert-butylpyrazole for (13) was followed, starting from 3-methyl-2-
butanone, ethylformate and hydrazine. "H-NMR (300MHz, CDCl;): 9.23 (s, 1H, NH),
7.34 (d, 1H, Jun=2.5 Hz, 5-H (pz)), 6.09 (d, vt, 1H, Jun=2.5 Hz, 4-H (pz)), 3.11 (m,
1H, CH(iPr)), 1.31 (d, 6H, ‘Bu).

(ii) Synthesis of tris(3-iso-propylpyrazolyl)methane (14). An analogous
procedure to that for the synthesis of (13) was followed, leading to (14) (51%). The
compound is well soluble all common organic solvents like Me,CO, CHCl, CH,Cl,,
MeOH, EtOH and DMSO, and insoluble in H,0. (13), C,,H,sN, (337.447): calcd. C
67.63,N 24.90, H 7.47; found C 68.01, N 24.18, H 7.86. IR (KBr): 3180 (w), 3054,
2912, 1519 (m, (C=N)), 1431 (s), 1201 (m), 1063 (s), 823 (s), 765 (s) cm™'. '"H-NMR
(300MHz, CDCIs): 8.20 (s, 1H, HC), 7.20 (d, 3H, Jun=2.5 Hz, 5-H (pz)), 6.14 (d, vt,
3H, Jun=2.5 Hz, 4-H (pz)), 3.02 (m, 3H, CH(iPr)), 1.29 (d, 18H, 'Bu).

Synthesis of tris(3,5-diphenylpyrazolyl)methane, Tpm"", C(pz""); (15)
(pz™ = 3,5-diphenylpyrazolyl).

To a vigorously stirred suspension of 3,5-diphenylpyrazole (3 g, 13.62 mmol,
1 eq) and tetrabutylammonium bromide (219 mg, 0.68 mmol, 0.05 eq) in water (35
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mL), an excess of Na,CO; (8.6 g, 81.76 mmol, 6 eq) was added during 30 min. Then
chloroform (7 mL) was added and the final mixture was refluxed for 84 h (after 40 h a
second amount of 7 mL of chloroform was added). After this time, the reaction
mixture was then cooled to room temperature and toluene (18 mL) and water (10 mL)
were added. The organic phase was separated, washed with water, brine, dried over
Na,SO4 and evaporated under vacuum to give a brown oil. This crude oil was
dissolved in toluene (30 mL) and a catalytic amount (ca. 40 uL, 0.5 mmol) of
trifluoroacetic acid (TFA) was added to this solution which was then refluxed for 1
day. After this, the solution was cooled down to room temperature, washed with water
(2 x 10 mL) and neutralised with an aqueous solution of NaHCO;. The organic phases
were collected, washed with water and brine, then dried over Na,SO4 and evaporated.
The 'H-NMR of crude revealed the product (15) (20 %) with the presence of starting
pyrazole (28%) and some byproducts of decomposition (46%) and the residue was not

purified further.

Synthesis of lithium tris(3-phenylpyrazolyl)methanesulfonate,
[Tpms "|Li, [0;SC(pz"");]Li (16) (pz™ = 3-phenylpyrazolyl).
A 1.6 M solution of butyllithium (1.6 mL, 2.7 mmol, 1.1 eq) in hexane was added
dropwise to tris(3-phenylpyrazolyl)methane Tmeh (1.00 g, 2.26 mmol, 1.0 eq) in dry
THEF at -65°C. The solution turned red/brown and was stirred for 1 h at -60°C. Sulfur
trioxide-trimethylamine complex (330 mg, 2.38 mmol, 1.05 eq) was added at -60°C
and the reaction was allowed to warm to room temperature overnight. The solvent
was evaporated and the residue was dried under vacuum at room temperature for 2 h.
It was then suspended in THF and filtered to yield an white powder of (1) (0.66 g,
56%). The compound is well soluble in medium and high polarity solvents like H,O
(S25.c = 90 mg-mL'l), Me,CO, CHCI;, MeOH, EtOH and DMSO, and insoluble in
Et,0. Li[O,SC(3Ph-pz),], C,sH, N¢O;SLi (528.51): caled. C 63.63, N 15.90,H 4.01, S
6.07; found C 63.12, N 15.71, H 4.39, S 591. IR (KBr): 3437 (s), 3060, 2980, 2882
(m br), 1534 (m, (C=N)), 1502 (m), 1456 (s), 1398 (m), 1354 (m), 1266 (s br), 1240
(s br), 1077 (s), 1048 (s, (S—0)), 888 (m), 866 (s), 760 (s), 698 (s), 643 (s, C-N))
cm™. '"H-NMR (300MHz, acetone-ds): 8.22 (d, 3H, Juy=2.7 Hz, 5-H (pz)), 7.77 (d,
6H, Jun=8.1 Hz, o-H (Ph)), 7.37-7.24 (m, 9H, m-H and p-H (Ph)), 6.83 (d, 3H,
Jur=2.7 Hz, 4-H (pz)). *C-NMR (300MHz, acetone-ds): 151.1 (s, 3-C (pz)), 134.4 (s,
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5-C (pz)), 133.5 (s, pz-C (Ph)), 128.3 (s, 0-C (Ph)), 127.6 (s, p-C (Ph)), 125.8 (s, m-C
(Ph)), 103.5 (s, 4-C (pz)), 99.9 (s, O3SC).

Synthesis of [(pz"*);C-O-C(pz"'*)s] (17) (pz"'** = 3,5-dimethylpyrazolyl).

A 1.6 M solution of butyllithium (230 uL, 0.37 mmol, 1.1 eq) in cyclohexane
was added dropwise to tris(3,5-dimethylpyrazolyl)methane HC(pz"'**); (100 g, 0.34
mmol, 1.0 eq) in dry THF (10 mL) at -70°C. The solution was stirred for 1h at -60°C,
then cooled down to -90°C and a THF solution (2 mL) of I, (43 mg, 0.17 mmol, 0.5
eq) was added dropwise, via a cannula; the colour turned immediately to dark intense
green and the mixture was kept stirred under argon atmosphere at -90°C. After the
addition, O, was bubbled through the solution which turned instantaneously to deep
red. The mixture was stirred at -90°C for 20 min and stored at -80°C overnight in a
deep freezer. The reaction mixture was then allowed to warm to room temperature
and the final solution (brown/red) was evaporated to give a brown solid. The product
was purified by flash chromatography (acetone/pentane) to give a pale brown powder
in 33 % yield. "H-NMR (400 MHz, CDCl;): 5.83 (s, 3H, 4-H (pz)), 2.41 (br, 18H, 3-
H;C (pz)), 2.26 (s, 18H, 5-H;C (pz)). MS-EI m/z: 611 [O(C(pz™*?);) + HJ", 305
[O(C(pz"),)T™".

Synthesis of 4-((tris-2,2,2-(3-phenylpyrazol-1-yl)ethanol, HOCHZC(szh)3
(18) (szh = 3-phenylpyrazolyl).
Tris(3-phenylpyrazolyl)methane (300 mg, 0.68 mmol, 1 eq) was dissolved in dry THF
(8 mL) and potassium fert-butoxide (197 mg, 1.76 mmol, 2.6 eq) was added
portionwise. After 5 minutes para-formaldehyde (52 mg, 1.74 mmol, 2.6 eq) was
added and the resulting mixture stirred at room temperature overnight. Water (10 mL)
was added and the mixture extracted with diethyl ether (3 x 20 mL). The organic
extracts are combined, washed with brine and dried over sodium sulfate. The mixture
was filtered off and the solvent was removed in vacuo leading to a white off powder
(89%) of (18). The compound is well soluble in all common organic solvents, e.g.,
Me,CO, CHCIl; CH,Cl,, MeOH, EtOH and DMSO, less soluble in H,O. CyoH4NO
(472.55): caled. C 73.71, N 17.78, H 5.12; found. C 73.89, N 18.01, H 5.33 IR (KBr):
3056, 2963, 2923 (m s), 2877 (m br), 1544 (m s, n(C=N)), 1514 (s s, n(C=C)), 1440
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(m s), 1354 (m br), 1137 (s br), 862 (m s), 743 (s s), 648 (m s) cm™. 'H-NMR
(CDCl;): 6 7.83 (d, 6H, Jun=8 Hz, o-H (Ph)), 7.41 (dd, vt, 6H, Jun=8 Hz, m-H(Ph)),
7.38 (dd, vt, 3H, Jyn=8 Hz, p-H (Ph)), 7,19 (d, 3H, Jun=2.6 Hz, 5-H (pz)), 6.67 (dd,
3H, Jur=2.6 Hz, 4-H (pz)), 5.29 (s, 2H, CH,). "C{'H} and HMQC "C-'"H NMR
(100.6 MHz, CDCl3): ¢ 153.68 (s, 3-C (pz)), 132.47 (s, pz-C (Ph)), 131.78 (s, 5-C
(pz)), 128.81 (s, m-C (Ph)), 128.67 (s, p-C (Ph)), 126.17 (s, o-C (Ph)), 104.16 (s, 4-C
(p2)), 90.04 (s, CH,-C(pz)3), 68.15 (s, O-CH,-C(pz)»).

Synthesis of 4-((tris-2,2,2-(3-phenylpyrazol-1-yl)ethoxy)methyl)pyridine,
TpmPy™ (19).

Sodium hydride (159 mg, 3.98 mmol, 2 eq, 60% dispersion in mineral oil) was
washed with dry pentane (2 x 10 mL) and then suspended in dry THF (15 mL). A
THF (20 mL) suspension of tris-2,2,2-(3-phenylpyrazol-1-yl)ethanol (940 mg, 1.98
mmol, 1 eq) and 4-bromomethyl pyridine hydrobromide (502 mg, 1.98 mmol, 1 eq)
are added portionwise to the hydride mixture under nitrogen. The resulting pale
brown milky suspension was refluxed overnight. Then the mixture was allowed to
cool down to room temperature, and H,O (20 mL) and Et,O (20 mL) are added. The
organic phase was separated and the aqueous phase was washed with Et,O (5 mL).
The organic phases are collected, washed with brine and dried over Na,SQOy, Filtration
and removal of solvent under vacuum leaves a transparent oil, that was purified by
column chromatography (pentane/acetone 8/2) to give a white off solid (75%) of (19).
Compound (2) is stable in air although being slightly hygroscopic. It is well soluble in
all common organic solvents, e.g. Me,CO, CHCl; CH,Cl,, MeOH, EtOH and DMSO,
and is insoluble in H,O. C35H9N70 (563.66): calcd. C 74.58, N 17.39, H 5.19; found.
C74.02,N 16.92, H 5.01. IR (KBr): 3132, 3059, 2923, 2853 (w s, n(C-H)), 1603 (s s,
n(C=N)), 1561 (s s, n(C=N)), 1530 (s s, n(C=C)), 1499, 1455 (s s), 1219 (m br), 1124,
1101, 1071, 1042 (m s), 869 (s s), 751 (s s), 692 (s s), 616 (w s), 477 (m s) cm™". 'H-
NMR (CDCl3, 298 K): 6 8.47 (d, 2H, Jus= 6.0 Hz, 2,6-H (py)), 7.81 (d, 6H, Juu= 7.6
Hz, o-H (Ph)), 7.57 (d, 3H, Jun= 2.6 Hz, 5-H (pz)), 7.40 (dd, vt, 6H, Jun= 7.6 Hz, m-
H (Ph)), 7.33 (dd, vt, 3H, Jus= 7.6 Hz, p-H (Ph)), 7.10 (d, 2H, Juu= 6.0 Hz, 3,5-H
(py)), 6.67 (d, 3H, Jun= 2.6 Hz, 4-H (pz)), 5.40 (s, 2H, CH»-C(pz)3), 4.64 (s, 2H,
CH,-py). "H-NMR (acetone-ds, 298 K): 6 8.41 (d, 2H, Jux= 5.7 Hz, 2,6-H (py)), 7.86
(d, 6H, Jun= 7.7 Hz, o-H (Ph)), 7.78 (d, 3H, Jun= 2.7 Hz, 5-H (pz)), 7.40 (t, 6H, Juu=
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7.7 Hz, m-H (Ph)), 7.32 (t, 3H, Jus= 7.2 Hz, p-H (Ph)), 7.19 (d, 2H, Jup= 6.0 Hz, 3,5-
H (py)), 6.88 (d, 3H, Jup= 2.6 Hz, 4-H (pz)), 5.42 (s, 2H, CH»-C(pz)3), 4.79 (s, 2H,
CH,-py). "C{'H} and HMQC "“C-"H NMR (100.6 MHz, CDCls, 298 K): 5 153.08 (s,
3-C (pz)), 149.76 (s, 2,6-C (py)), 146.73 (s, 4-C (py)), 132.81 (s, pz-C (Ph)), 132.44
(s, 5-C (pz)), 128.70 (s, m-C (Ph)), 128.38 (s, p-C (Ph)), 126.03 (s, o-C (Ph)), 121.75
(s, 3,5-C (py)), 103.88 (s, 4-C (pz)), 90.17 (s, CHy-C(pz)3), 74.07 (s, O-CH,-C(pz)3),
72.54 (s, O-CHy-py). "C-NMR (100.6 MHz, acetone-ds, 298 K): 6 153.47 (s, 3-C
(p2)), 150.46 (s, 2,6-C (py)), 147.51 (s, 4-C (py)), 133.72 (s, pz-C (Ph)), 133.65 (s, 5-
C (pz)), 129.40 (s, m-C (Ph)), 129.00 (s, p-C (Ph)), 126.52 (s, o-C (Ph)), 122.38 (s,
3,5-C (py)), 104.43 (s, 4-C (pz)), 90.99 (s, CHy-C(pz)3), 74.32 (s, O-CH,-C(pz)3),
72.65 (s, O-CH-py).

Synthesis of [Cu(Tpms"")(MeCN)] (20).

Compound (20) was prepared by adding 5 mL of a methanolic solution of
Li(TpmsPh) (16) (78.3 mg, 0.148 mmol) to a [Cu(MeCN)4][PFs¢] solution (55.2 mg,
0.148 mmol) in the same solvent (10 mL). The reaction mixture was stirred at room
temperature for 10 min. and compound (20) precipitated as a white powder which was
collected by filtration, washed with cold methanol (2 x 5 mL) and dried under vaccum
(57 mg, 62%). It is well soluble in medium polarity solvents like Me,CO, CHCI; and
CH,Cl,, less soluble in H,O (Sis.c = 4 mg'mL"), MeOH, EtOH and DMSO, and
insoluble in C¢H, and Et,0. (2), C;,H,,N,O,SCu (626.17): calcd. C 57.55, N 15.66, H
3.86, S 5.12; found. C 57.36,N 15.09,H 3.71, S 4.95. IR (KBr): 3571 (s), 3158, 3126,
3060 (m br), 2930 (m br), 2316 (w br), 1534 (s, (C=N)), 1500 (s), 1458 (s), 1372
(m), 1237 (s br), 1045 (s, (S—0)), 853 (m), 767 (s), 696 (m), 639 (s, (C-N)), 540
(m) cm™. '"H NMR (300MHz, acetone-d,, 298 K): o 8.07 (s, br, 3H), 7.95 (d, 6H,
Jun= 7.7 Hz, o-H (Ph)), 7.52-7.43 (m, 9H, m-H and p-H (Ph)), 6.94 (d, 3H, Jun= 2.8
Hz, 4-H (pz)), 2.12 (s, 3H, H;CCN). 'H NMR (300MHz, acetone-d,, 188 K): J 8.87
(s, br, 1H, 5-H (pz)), 8.09 (d, 4H, Jun= 7.4 Hz, o-H (Ph)), 7.99 (d, 2H, Jun= 7.4 Hz,
o-H (Ph)), 7.63-7.47 (m, 9H, m-H and p-H (Ph)), 7.35 (s, br, 1H 4-H (pz)), 7.27 (s,
br, 2H, 5-H (pz)), 7.00 (s, br, 2H, 4-H (pz)). “C{'H} and HMQC "“C-'"H NMR
(300MHz, acetone-ds, 298 K): 153.7 (s, 3-C (pz)), 135.8 (s, 5-C (pz)), 131.5 (s, pz-C
(Ph)), 129.1 (s, p-C (Ph)), 128.5 (s, m-C (Ph)), 126.9 (s, o-C (Ph)), 116.18 (s,
NCCHz), 104.71 (s, 4-C (pz)), 100.0 (s, O3SC), 0.91 (s, NCCH3). X-ray quality single
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crystals were grown by slow evaporation under nitrogen at room temperature of an

acetone solution of (20).

Synthesis of [Cu(Tpms"")(PTA)] (21).

To a methanolic solution (15 mL) of [Cu(MeCN)4][PF¢] (42.0 mg, 0.113
mmol, 1 eq.) was added a solution (5 mL) of Li(Tpms™) (16) (60 mg, 0.113 mmol, 1
eq.) in the same solvent. The transparent colourless solution was stirred for 10
minutes at room temperature to allow the formation in situ of complex (20) that
remains in solution. Then PTA (prepared according to published procedure™®) (16 mg,
0.10 mmol) was slowly added portionwise and stirring of the reaction mixture was
continued at room temperature for 1 h. The formed white powder of (21) was
collected by filtration, washed with cold methanol (2 x 10 mL), then recrystallized
from acetone at 4°C (73.7 mg, 87.5%). Complex (21) is well soluble in medium
polarity solvents like Me,CO, CHCI; and CH,Cl,, less soluble in H,O (Sxs.c = 6
mg-mL'l), MeOH, EtOH and DMSO, and insoluble in C,H, and Et,0. (3)-0.5CH,Cl,,
C,45H5,CIN,O,PSCu (784.74): caled. C 52.80, N 16.06, H 4.36, S 4.08; found C
53.36, N 16.19, H 4.50, S 4.01. IR (KBr): 3168 (s), 2943(m br), 1532 (m, (C=N)),
1414 (s), 1328 (m), 1246 (s br), 1054 (s, S-0)), 1015 (s), 972 (m), 854 (m), 770 (s),
633 (s, (C=S)), 534 (m) cm™'. '"H NMR (300 MHz, acetone-d,, 298 K): 8.50 (s, br,
3H), 7.73 (d, 6H, Jun= 8.0 Hz, o-H (Ph)), 7.61 (dd, vt, 6H, m-H (Ph)), 7.54 (dd, vt,
3H, p-H (Ph)), 6.92 (d, 3H, Jus= 2.8 Hz, 4-H (pz)), 4.16 H" and 3.96 H® (Jxg = 13.0
Hz, 6H, NCH*H®N (PTA)), 2.97 (s, br, 6H, PCH;N (PTA)). 'H NMR (300 MHz,
acetone-d,, 188 K): 0 8.85 (s, br, 3H, 5-H (pz)), 8.02-7.50 (m, 15H, o-H, m-H and p-
H (Ph)), 7.12 (s, br, 3H, 4-H (pz)), 4.09 H* and 3.72 H® (6H, Jaxz = 12.0 Hz,
NCH*HPN (PTA)), 2.57 (s, br, 6H, PCH,N (PTA)). “C{'H} and HMQC "C-'H
NMR (300MHz, acetone-ds, 298 K): 154.4 (s, 3-C (pz)), 135.5 (s, 5-C (pz)), 132.3 (s,
pz-C (Ph)), 129.33 (s, p-C (Ph)), 129-29 (s, m-C (Ph)), 127.3 (s, o-C (Ph)), 105.6 (s,
4-C (pz)), 72.2 (s, PCH,N), 48.70 (s, NCH,N). *'P{'"H}-NMR (acetone-ds, 298 K): -
93.3 (s, br PTA). X-ray quality single crystals were grown by slow evaporation under

nitrogen at room temperature of an acetone solution of (21).
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Synthesis of [Cu(Tpms"")(HMT)] (22).

A solution of Li(TpmsPh) (16) (78.3 mg, 0.148 mmol) in methanol (15 mL)
was added to a [Cu(MeCN)4][PFs] solution (55.2 mg, 0.148 mmol) in the same
solvent (5 mL). The solution was stirred for 10 min. to allow the formation in situ of
[Cu(TpmsPh)(MeCN)] (20) that remains in solution. Then a methanolic solution (8
mL) of hexamethylenetetramine (HMT) (20.8 mg, 0.148 mmol) was added to the
reaction mixture and the final solution was stirred at room temperature for 1 h. The
white powder of crude (22) was collected by filtration, washed with cold methanol (2
x 10 mL), then recrystallized from acetone at 4°C. The final white microcrystalline
solid was dried under vacuum to afford (22)-0.5Me,CO (97 mg, 87%). Complex (22)
is well soluble in medium polarity solvents like Me,CO, CHCl, and CH,Cl,, less
soluble in H,O (S$25.c = 6 mg-mL'l), MeOH, EtOH and DMSO, and insoluble in C¢H,
and Et,0. (22)-0.5Me,CO, Cy5sH;N,,0;5SCu (754.34): caled. C 56.52, N 18.57, H
4.81.,S 4.25; found C 56.24, N 18.23, H 4.63, S 4.05. IR (KBr): 3571 (s), 3151, 3107,
3070 (m br), 2980 (m br), 2951(m br), 2926(m br), 2883 (m br), 1534 (m, C=N)),
1499 (m), 1457 (s), 1376 (m), 1240 (s br), 1046 (s, (S-0)), 1023 (s), 991 (m), 852
(m), 760 (s), 705 (m), 637 (s, C=S)), 533 (m) cm™'. 'H NMR (300 MHz, acetone-d,,
298 K): 0 7.94 (d, 6H, Juu= 7.4 Hz, o-H (Ph)), 7.84 (s, br, 3H, 5-H (pz)), 7.60-7.52
(m, 12H, m-H p-H (Ph)), 6.92 (s, br, 3H, 4-H (pz)), 4.29 (s, br, 12H, NCH,N (HMT)).
'H NMR (300 MHz, acetone-d,, 188 K): 6 8.91 (s, br, 1H, 5-H (pz)), 8.14 (d, 4H,
Jun= 7.0 Hz, o-H (Ph)), 7.95 (s, br, 2H, o-H (Ph)), 7.76-7.66 (m, 6H, m-H (Ph)), 7.45
(m, 3H, p-H (Ph)), 7.35 (s, br, 1H, 4-H (pz)), 7.22 (s, br, 2H, 5-H (pz)), 6.90 (s, br,
2H, 4-H (pz)), 4.39 H" and 4.09 H® (Jap = 12.0 Hz, 6H, NCH"H"N (HMT)), 4.19 (s,
br, 6H, N°°“CH,N (HMT)). *C{'H} and HMQC "*C-"H NMR (75.4 MHz, acetone-
dg, 298 K): 153.9 (s, 3-C (pz)), 136.0 (s, 5-C (pz)), 132.47 (s, pz-C (Ph)) 129.7 (s, p-C
(Ph)), 129.2 (s, m-C (Ph)), 127.0 (s, 0o-C (Ph)) 104.9 (s, 4-C (pz)), 74.3 (s, br
(HMT)). X-ray quality single crystals were grown by slow evaporation under nitrogen

at room temperature of the acetone solution of (22).

Synthesis of [Cu(Tpms"")(mPTA)][PF4] (23).

(i) Synthesis of (mPTA)[BPhy]. A methanolic solution (25 mL) of Na[BPhy]
(342 mg, 1.00 mmol) was added to a solution (25 mL) of [mPTA]l ((prepared
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according to published procedure™®) (300 mg, 1.00 mmol) in the same solvent. The
resulting white suspension was stirred for 15 min. and the solid was then filtered off,
washed with methanol (3 x 10 mL) and dried under vacuum giving a white powder,
which was crystallized from acetone/methanol leading to the colourless crystalline
product (mPTA)[BPh4], in ca. 80% yield. The compound is well soluble in medium
polarity solvents like Me,CO, CHCI, and CH,Cl,, sparingly soluble in H,O (Szs.c =
0.2 mg-mL'l), MeOH, EtOH and DMSO, and insoluble in CHy and Et,0O.
(mPTA)[BPh,]-0.25MeOH, BGC;, ,sH3N;OP (499.41): caled. C 75.16, N 8.41, H 7.21;
found C 75.03, N 8.80, H 7.24. IR (KBr): 3052 (m br), 2996 (m br), 2984 (m br),
2965 (m br), 2921(m br), 1580 (m, (C=C)), 1478 (m), 1452 (w), 1426 (m), 1311 (m),
1271 (m), 1247 (m), 1123 (m), 1099 (m), 1025 (m), 982 (m), 913 (m), 804 (m), 751
(s), 737 (s, (BPhy)), 709 (s, WBPhy)), 602 (m), 554 (m) cm™'. '"H NMR (300MHz,
acetone-dy): 0 7.34 (br s, 8H, o-H (Ph)), 6.92 (dd, vt, Jun= 6.9 Hz 8H, m-H (Ph)), 6.78
(dd, vt, 4H, p-H (Ph)), 5.13 and 5.04 (J(H*H®) = 13.2 Hz, 4H, NCH*H"N"), 4.70 and
4.52 (J(H*H®) = 14.0 Hz, 2H, NCH"H"N), 4.54 (s, 2H, PCH,N"), 4.09 and 3.94
(J(H*H®) = 15.0 Hz, *J(H*-P) = 15.0 Hz, *J(H®-P) = 9.6 Hz, 4H, PCH"H"N), 2.81 (s,
3H, N"CH3). *'P{'"H} NMR (162.0 MHz, acetone-d,): -85.4 (s). *'P{'H} NMR (162.0
MHz, DMSO-d,): -87.0 (s). "C{'H} and HMQC "“C-"H NMR (100.6 MHz, acetone-
ds): 165.7 - 164.2 (4s, 1-C, BPhy), 137.0 (s, 2-C, BPhy), 126.1 - 126.0 (4s, 3-C, BPhy),
122.3 (s, 4-C, BPhy), 81.9 (s, NCH,N"), 70.6 (s, NCH,N), 57.3 (dd, vt, 'J(C-P) =33.6
Hz, PCH,N"), 50.4 (s, N"CHj), 46.6 (dd, vt, 'J(C-P) = 20.8 Hz, PCH,N).

(ii) Synthesis of [Cu(Tpms"")(mPTA)][PFs] (23). To a stirred methanolic
solution (45 mL) of [Cu(MeCN)4][PFs] (186 mg, 0.50 mmol) were added 10 mL of a
methanolic solution of Li(TpmsPh) (264 mg, 0.50 mmol). After 10 min. to allow the
formation in situ of [Cu(TpmsPh)(MeCN)] (20) that remains in solution, a
dichloromethane solution (10 mL) of (mPTA)[BPhs] (246 mg, 0.50 mmol) was
added. The reaction mixture was stirred at room temperature for 1 h and then
concentrated to half volume under vacuum. The mixture was kept at 4°C for two
days. A white microcrystalline solid was collected, washed with cold methanol (2 x
10 mL) and dried under vacuum to yield (23) (315 mg, 70 %). Complex (23) is well
soluble in medium polarity solvents like Me,CO, CHCI, and CH,Cl,, less soluble in
H,O (S25:c = 7.5 mg-mL'l), MeOH, EtOH and DMSO, and insoluble in C,H; and
Et,0. (5) 1.5CH,Cl,, CsssH3F(CI;N,O;P,SCu (1029.67): caled. C 42.61, N 12.24, H
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3.82,S 3.11; found C 42.58, N 12.79, H 4.06, S 3.34. IR (KBr): 3651 (s), 3154 (m br),
3107 (m br), 3075 (m br), 2990 (m br), 2930 (m br), 1535 (m, C=N)), 1450 (m),
1459 (s), 1386 (m), 1355 (m), 1280 (s br), 1247 (s), 1077 (s), 1049 (s, W(S-0)), 985
(m), 924 (m), 844 (s), 762 (m), 698 (m), 629 (m, C-S)), 558 (m) cm™'. 'H NMR
(300 MHz, acetone-d,, 298 K): ¢ 8.05-7.89 (m, br, 6H+3H, o-H (Ph) + 5-H (pz)),
7.61-7.56 (m, 9H, m-H p-H (Ph)), 6.96 (s, br, 3H, 4-H (pz)), 5.01 (s, br, 4H,
NCH*HPN"), 4.47 and 4.40 (J(H*H®) = 14.0 Hz, 2H, NCH"H"N), 3.98 (s, 2H,
PCH,N"), 3.61 and 3.43 (J(H*H®) = 13 Hz, 4H, PCH"H"N), 2.79 (s, 3H, N'CH;). 'H
NMR (300 MHz, acetone-d,, 213 K): ¢ 8.94 (d, 1H, Juu= 2.83 Hz, 5-H (pz)), 8.04 (d,
4H, Jyp= 7.4 Hz, 0-H (Ph)), 7.95 (d, 2H, Jys= 7.0 Hz, o-H (Ph)), 7.72-7.58 (m, 6H,
m-H (Ph)), 7.52-7.38 (m, 3H, p-H (Ph)), 7.35 (d, 1H, 4-H (pz)), 7.28 (d, Juu= 2.70
Hz, 2H, 5-H (pz)), 6.96 (d, 2H, 4-H (pz)), 5.08 and 5.00 (J(H*H®) = 13.0 Hz, 4H,
NCH*HPN"), 4.56 and 4.36 (J(H*H®) = 14.0 Hz, 2H, NCH"H"N), 4.15 (s, 2H,
PCH,N"), 3.78 and 3.20 (J(H*H®) = 14 Hz, 4H, PCH*H®N), 2.81 (s, 3H, N'CH5).
J'P{'H} NMR (121.4 MHz, acetone-d,, 298 K): 6 = -70.9 (br s), -144.2 (septet, PFg).
BC{'H} and HMQC "“C-'H NMR (100.6 MHz, acetone-d,, 298 K): 155.8 (s, 3-C
(p2)), 137.2 (s, 5-C (pz)), 130.5 (s, p-C (Ph)), 130.2 (s, m-C (Ph)), 128.3 (s, o-C
(Ph)), 106.3 (s, 4-C (pz)), 81.6 (s, NCH,N"), 69.9 (s, NCH,N), 55.8 (s, PCH,N"), 50.1
(s, N'CH3), 46.7 (s, PCH,N). X-ray quality single crystals were grown by slow

evaporation under nitrogen at room temperature of an acetone solution of (23).

Synthesis of [Cu(Tpms"")(CyNC)] (24) (CyNC = cyclohexyl isocyanide).

To a methanolic solution (10 mL) of [Cu(MeCN)4][PFs] (32 mg, 0.086 mmol,
1 eq.) were added 3 mL of a solution of Li(TpmsPh) (16) (45 mg, 0.085 mmol, 1 eq.)
in the same solvent. The colourless solution was stirred for 5 minutes at room
temperature and precipitation of complex (20) occurred. The suspention was then
stirred for 15 minutes and cyclohexyl isocyanide (CyCN) (11 uL, 0.089 mmol, 1.1
eq) was slowly added portionwise, and the stirring of the reaction mixture was
continued at room temperature overnight. The formed white powder of (24) was
collected by filtration, washed with cold methanol (2 x 10 mL), then recrystallized
from cold acetone at 5°C (73.7 mg, 87.5%). Complex (24) is well soluble in medium
polarity solvents like Me,CO, CHCI; and CH,Cl,, less soluble in H,O (Sxs.c = 3
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mg-mL'l), MeOH, EtOH and DMSO, and insoluble in CH, and Et,0. (24),
C;sH4,N,SO,Cu (694.29): caled. C 60.55, N 14.12, H 4.64, S 4.61; found C 61.03, N
14.09, H 4.80, S 4.34. IR (KBr): 3150 (w s), 2935(m s), 2860 (w s), 2191 (s s,
W(CN)), 1535 (m s, (C=N)), 1500 (m s), 1458 (m s), 1358 (m s), 1274 (s s), 1235 (s
s), 1077 (s, (S-0)), 1059 (m s), 856 (w m), 758 (s s), 641 (s s, (C-S)), 534 (w s)
cm™. '"H NMR (300 MHz, CDCl,, 298 K): 8.20-7.66 (m br, 3H+6H, 5H (pz) + o-H
(Ph)), 7.46-7.39 (m br, 9H, m,p-H (Ph)), 6.69 (d, 3H, Jun= 2.7 Hz, 4-H (pz)), 3.38 (m,
1H, CH(cy)), 1.50-1.27 (m, 10H, (CH,)s (cy)). 'H NMR (300 MHz, CDCl,, 213 K):
9.04 (s br, 1H, 5-H (pz)), 7.85 (m br, 6H, o-H (Ph)), 7.47 (m br, 9H, m,p-H (Ph)), 7.02
(s br, 2H, 5-H (pz)), 6.96 (s br, 1H, 4-H (pz)), 6.66 (s br, 2H, 4-H (pz)), 3.16 (m, 1H,
CH(cy)), 1.81-1.12 (m br, 10H, (CH)s (cy)). X-ray quality single crystals were grown
by slow diffusion of dry diethylether in a concentrated solution of the titled compound

in dichloromethane, under dinitrogen.

Synthesis of [Cu(Tpms™)(XyNC)] (25) (XyCN = 2,6-dimethylphenyl
isocyanide).

To a methanolic suspention (10 mL) of (20) (20 mg, 0.032 mmol, 1 eq.) was
added 2,6-dimethylphenyl isocyanide (XyNC) (4.6 mg, 0.035 mmol, 1.1 eq.)
portionwise. The milky mixture was stirred at room temperature overnight under
dinitrogen atmosphere. The formed white powder of (25) was collected by filtration,
washed with cold methanol (2 x 5 mL) to afford (25) (78%). Complex (25) is well
soluble in medium polarity solvents like Me,CO, CHCI, and CH,Cl,, less soluble in
H,0 (S2s.c = 3 mg'mL™"), MeOH, EtOH, and insoluble in Et,0. (25), C;,H;,N,0,SCu
(716.30): calcd. C 62.04, N 13.69,H 4.22, S 4.47; found C 62.43, N 13.13,H4.43,S
4.14. IR (KBr): 3142 (w s), 3059 (w b), 2922 (m s), 2153 (s s, CN)), 1535 (m s,
W(C=N)), 1500 (m s), 1459 (ms), 1375 (ms), 1280 (s s), 1236 (s s), 1057 (s, (S—O)),
858 (w m), 757 (s s), 630 (s s, C-S)), 539 (w s) cm™". '"H NMR (300 MHz, CDCl,,
298 K): 7.82 (d, 6H, Juy = 7.5 Hz, o-H (Ph)), 7.76 (d, 1H, Juz = 8.0 Hz, p-
H(XyNC)), 7.70 (d, 1H, Jun= 2.5 Hz, 5-H (pz)), 7.46-7.29 (m br, 9H+2H, m-
H(XyNC) + m,p-H (Ph)), 7.19 (d, 2H, Jun= 2.5 Hz, 5-H (pz)), 6.67 (m br, 3H, 4-H
(pz)), 2.17 (s, 6H, (CH3), (XyNC)).
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Synthesis of [Cu(Tpms"™)(L)] (26) (L = MeC(=NH)NHMe).

To a dichloromethane solution (3 mL) of (20) (40 mg, 0.064 mmol, 1 eq.) was
added a 2.0 M THF solution of monomethylamine (32 uL, 0.064 mmol, 1 eq.). The
resulting colourless solution was stirred at room temperature for 3 h under dinitrogen.
The solvent was removed under vacuum and the residue was washed with cold
methanol (5 mL) to afford (26) (61%). Complex (26) is well soluble in medium
polarity solvents like Me,CO, CHCI, and CH,Cl,, less soluble in H,O (Sxs-c = 4
mg'mL™"), MeOH, EtOH, and insoluble in Et,0. (26), C5,H,,N,0,SCu (657.23): calcd.
C 56.65,N 17.04,H 4.45, S 4.87; found C 57.10,N 16.98, H 4.67, S 4.12. IR (KBr):
3323, 3276 (m s, NH)), 3127 (w b), 3059 (m s), 1604, 1532 (m s, C=N)), 1499 (m
s), 1458 (m s), 1372 (m s), 1268 (s s), 1237 (s s), 1104, 1078, 1044 (s, v(S—-0)), 854
(w m), 697 (s s, C=S)), 539 (w s) cm™. "H NMR (300 MHz, CDCl,, 298 K): 7.87
(m br, 6H + 3H, 5-H (pz) + o-H (Ph)), 7.43 (m br, 9H, m,p-H (Ph)), 6.71 (s br, 3H, 4-
H (pz)), 3.75 (s b, 1H, NH-CH3) 2.17 (s, 3H, CH3-C), 1.85 (s br, 3H, CH3-NH).

Synthesis of [Cu(Tpms"")(CO)] (27).

In a stainless steel vessel, 3 mL of a methanolic solution of Li(TpmsPh) (16)
(42 mg, 0.081 mmol, 1 eq.) were added to a solution (10 mL) of [Cu(MeCN)4][PF¢]
(30 mg, 0.081 mmol, 1 eq.) in the same solvent. The vessel was closed and final
solution was saturated with 20 atm of carbon monoxide and stirred at room
temperature overnight. Then, the solvent was removed under vacuum, washed with
cold methanol (5 mL), to afford (27) as a white powder (68 %). Complex (27) is
soluble Me,CO, CHCI, and CH,Cl,, less soluble in H,O (Sys-c = 3 mg-mL™"), MeOH,
EtOH, and insoluble in Et,0. (27), C,,H,;N,O,SCu (613.13). IR (KBr): 3158, 3125 (w
s), 2960, 2935(m s), 2860 (w s), 2107 (m s, CO)), 1535 (m s, (C=N)), 1500 (m s),
1459 (m s), 1356 (m s), 1271 (s s), 1237 (s s), 1078 (s, (S-0)), 1044 (m s), 867 (W
m), 758 (s s), 639 (s s, C=S)), 540 (w s) cm™". 'H NMR (300 MHz, CDCl,, 298 K):
8.02 (s br, 3H, 5-H (pz)), 7.94 (d, 6H, J,;; = 7.5 Hz, o-H (Ph)), 7.49-7.44 (m br, 9H,
m,p-H (Ph)), 6.96 (d, 3H, Jun= 2.6 Hz, 4-H (pz)).
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Synthesis of [Cu(p-O)(Tpms™™)], (28).
Deep dark gree/blue crystals of compound (28) were grown in a cooled

methanolic solution of (20) in presence of 1 eq of hexamethylenetetramine (HMT) in

air. The compound was not characterized further. Cs.H,,N,,0,S,Cu,, (1202.25).

Synthesis of [(u-Cu"){Cu'(Tpms"™)(u-OH,)(n-OMe)},] (29).

Compound (29), in pale green crystals, was grown in a cooled methanolic
solution of (20) in air. The compound was not characterized further. CssHsoNi2

010S>Cus, (1329.88).

Synthesis of [Fe(TpmPy);][BF4], (30).

To a methanolic solution (2 mL) of Fe(BF4),-6H,O (50 mg, 0.148 mmol, 1 eq)
is added portionwise a solution of Tpm™ (3) (99 mg, 0.296 mmol, 2 eq) in MeOH (2
mL). The colorless solution turns immediately to pink and after a few minutes a pink
solid precipitates. The mixture is stirred under nitrogen for 15 min. and then filtered.
The solid is washed with methanol (2 x 5 mL) to leave a pale pink solid of (30)
(91%). Compound (30) is well soluble in acetonitrile and DMSO, sparingly soluble in
CH,Cl,, CHCls, MeOH, and less soluble in H,O (Sas.c =~ 4.0 mg'mL™). (30)-2CH;CN,
CsgH4oN1602FeByFs (982.30): caled. C 46.46, N 22.81, H 4.10; found. C 46.50, N
2298 H 3.99. IR (KBr): 3158, 3126, 3060 (m br), 2918 (m br), 1562 (m s, (C=N)),
1518 (m s, C=C)), 1419 (s s), 1341 (s s), 1231 (s br), 1119-1050 (s br, (BFy,)), 867
(m s), 770 (s s), 607 (m s), 521 (m s) cm™". '"H-NMR (CD;CN, 298 K): § 8.71-8.40
(m, 30H), 7.53 (br s, 12H), 7.39-7.23 (br m, 18H), 6.57 (br s, 18H), 5.76 (br s, 12H,
CH>-C(pz)3), 5.24 (br s, 12H, CH,-py). 'H-NMR (CD;CN, 233 K): 6 8.65-8.60 (m,
24H, 5-H(pz) + 2,6-H(py)), 8.41 (br s, 6H, 5-H(pz)), 7.53 (d, 12H, Jun= 6.0 Hz, 2,6-
H(py)), 7.43 (d, 4H, Jus= 1.6 Hz, 3-H(pz)), 7.40 (d, 2H, Juu= 1.6 Hz, 3-H(pz)), 7.28
(d, 8H, Jun= 1.6 Hz, 3-H(pz)), 7.24 (d, 4H, Jun= 1.6 Hz, 3-H(pz)), 6.55 (m, 6H, 4-
H(pz)), 6.52 (m, 12H, 4-H(pz)) 5.73 (br s, 12H, CH,-C(pz)3), 5.23 (br s,12H, CH,-
py). PC{'H} and HMQC "C-"H NMR (100.6 MHz, CD,CN, 298 K): 6 153.08 (s, 3-
C (pz)), 149.76 (s, 2,6-C (py)), 146.73 (s, 4-C (py)), 132.81 (s, pz-C (Ph)), 132.44 (s,
5-C (pz)), 128.70 (s, m-C (Ph)), 128.38 (s, p-C (Ph)), 126.03 (s, o-C (Ph)), 121.75 (s,
3,5-C (py)), 103.88 (s, 4-C (pz)), 90.17 (s, CH2-C(pz)3), 74.07 (s, O-CH,-C(pz)3),
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72.54 (s, O-CH,-py). X-ray quality single crystals were grown by slow evaporation

under nitrogen, at room temperature, of an acetonitrile solution of (30).

Synthesis of [ZnCL(TpmPy);] (31).

To a methanolic solution of ZnCl, (15 mg, 0.11 mmol, 1 eq) is added
dropwise a solution of (3) (74 mg, 0.22 mol, 2 eq) in MeOH. The colorless solution is
stirred at room temperature for 3h, during which time a white solid precipitates. The
product (31) is filtered off, washed with a small amount of cold methanol and dried
(78%). The compound (31) is soluble in CHCl;, sparingly soluble in MeOH, EtOH,
acetone and acetonitrile, insoluble in Et,O and less soluble in H,O (Ss.c = 2.5
mg'mL™). (31) C34H34C1LN140,Zn (807.03) caled. C 50.58, H 4.25, N 24.30; found.
C. 49.58, H 4.23, N 24.07. IR (KBr): 3155, 2930, 2900 (m s, (C-H)), 1621 (s s,
WC=N)), 1563, 1518 (m s, (C=N), (C=C)), 1430 (s s), 1390 (s s), 1133, 1112 (s s),
869 (m s), 754 (s s), 614 (ms), 508, 478 (m s) cm™'. MS-EI m/z: 434 [ZnCl(Tpm™)]",
367 [Zn(Tpm™),]™. "H-NMR (300MHz, methanol-d,): § 8.51 (d, 2H, J,;;= 5.7 Hz, 2-
H (py)), 7.67 (d, 3H, Jus= 2.5 Hz, 5-H (pz)), 7.50 (d, 3H, Jun= 2.5 Hz, 3-H (pz)),
7.30 (d, 2H, J,;y= 5.7 Hz, 3-H (py)), 6.42 (dd, 3H, Jun= 2.5 Hz, 4-H (pz)), 5.17 (s, 2H,
CH>-C(pz)3), 4.68 (s, 2H, CH,-py). '"H NMR (300MHz, acetone-d): J 8.67 (d, 2H,
Jun=5.7 Hz, 2-H (py)), 7.67 (d, 3H, Jun= 2.3 Hz, 5-H (pz)), 7.56 (d, 3H, Jun= 2.4 Hz,
3-H (pz)), 7.52 (d, 2H, J,;y= 5.7 Hz, 3-H (py)), 6.41 (dd, vt, 3H, Jun= 2.4 Hz, 4-H
(pz)), 5.25 (s, 2H, CH,-C(pz)3), 4.83 (s, 2H, CH,-py). "C-NMR (100.6 MHz,
acetone-d,, 298 K): 0 153.04 (s, 4-C (py)), 149.54 (s, 2,6-C (py)), 142.05 (s, 3-C
(pz)), 133.70 (s, pz-C (Ph)), 132.16 (s, 5-C (pz)), 123.85 (s, 3,5-C (py)), 107.24 (s, 4-
C (pz2)), 90.84 (s, CH»-C(pz)3), 74.61 (s, O-CH»-C(pz)3), 72.12 (s, O-CHz-py).

Synthesis of [Ni(TpmPy),]Cl, (32).

To a water solution of NiCl,-6H,O (22 mg, 0.09 mmol, 1 eq) is added
portionwise (3) (61 mg, 0.18 mol, 2 eq). The solid partially dissolves during the
addition. After addition, the blue-violet solution is stirred at room temperature
overnight, after which time the solvent is left to evaporate. The product crystallizes

from the concentrated mixture as pale violet crystals that are separated by filtration

(80%). The compound (32) is soluble in CHCl;, sparingly soluble in MeOH, EtOH,
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acetone and acetonitrile, insoluble in Et,O and well soluble in H,O (S2s.c = 50 mg-mL"
Y. (32) C34H34C1N14,0,Ni (800.34) caled. C 51.03, H 4.28, N 24.50; found. C. 49.57,
H 4.21, N 24.09. IR (KBr): 2965, 2927 (m s, (C-H)), 1568, 1522 (m s, (C=N),
WC=C)). MS-EI m/z: 364 [Ni(Tpm™),]"". X-ray quality single crystals were grown

by slow evaporation of a concentrated methanol solution of (32).

Synthesis of [ZnClz(TmeyPh)z] (33).

To a methanolic solution of ZnCl, (15 mg, 0.11 mmol, 1 eq) is added
dropwise a solution of (19) (124 mg, 0.22 mmol, 2 eq) in MeOH. An immediate
precipitation of a pale yellow solid occurs. The mixture is stirred for 10 minutes, then
the solid is filtered off and washed with a small amount of cold methanol, to yield a
pale yellow solid of (33) (81%). The compound is well soluble in CHCl; and acetone,
moderately soluble in MeOH, EtOH and acetonitrile and less soluble in H,O (Szs.c =
0.8 mg'mL™). (33) CH,0H, C, H,,CL,N,,0,Zn (1295.66) calcd. C 65.81, H 4.82, N
15.13; found. C. 65.74, H 4.67, N 15.31. IR (KBr): 3148, 3060, 2928 (w s, (C-H)),
1620 (s s, (C=N)), 1531 (m s, (C=C)), 1500 (m s, (C=C)), 1456 (s s), 1222 (s br),
871, 776, 694 (s s), 616 (w s), 477 (m s) cm ™. far-IR (Cesium Iodide): 336-301 cm™
(m s, v(Zn-Cl)). MS-EI m/z: 564 [Tpm™™ + HJ*, 662 [ZnCl(Tpm™™)]*. "H-NMR
(CDCl3, 298 K): 6 8.56 (d, 2H, Jun= 6.0 Hz, 2,6-H (py)), 7.76 (d, 6H, Jun= 7.5 Hz, o-
H (Ph)), 7.44 (d, 3H, Juu= 2.6 Hz, 5-H (pz)), 7.40-7.28 (m, 11H, m-H, p-H(Ph) +
3,5-H (py)), 6.34 (d, 3H, Jun= 2.6 Hz, 4-H (pz)), 5.40 (s, 2H, CH»-C(pz)3), 4.73 (s,
2H, CH>-py). 'H-NMR (acetone-ds, 298 K): & 8.55 (d, 2H, Juy= 6.2 Hz, 2,6-H (py)),
7.83 (d, 6H, Jun= 7.0 Hz, o-H (Ph)), 7.76 (d, 3H, Jun= 2.6 Hz, 5-H (pz)), 7.53 (d, 2H,
Jun= 6.0 Hz, 3,5-H (py)), 7.38 (dd, vt, 6H, Jur= 7.6 Hz, m-H (Ph)), 7.31 (dd, vt, 3H,
Jun= 7.6 Hz, p-H (Ph)), 6.86 (d, 3H, Jun= 2.6 Hz, 4-H (pz)), 5.47 (s, 2H, CH,-
C(pz)3), 4.97 (s, 2H, CHy-py). ?C-NMR (100.6 MHz, CDCl,, 298 K): § 153.22 (s, 3-
C (pz)), 151.90 (s, 4-C (py)), 148.46 (s, 2,6-C (py)), 132.46 (s, pz-C (Ph)), 132.27 (s,
5-C (pz)), 128.79 (s, m-C (Ph)), 128.55 (s, p-C (Ph)), 125.94 (s, o-C (Ph)), 122.97 (s,
3,5-C (py)), 104.08 (s, 4-C (pz)), 89.91 (s, CH»-C(pz)3), 74.37 (s, O-CH,-C(pz)3),
71.83 (s, O-CHy-py). "C-NMR (100.6 MHz, acetone-d,, 298 K): 6 153.69 (s, 3-C
(pz)), 153.28 (s br, 4-C (py)), 149.35 (s, 2,6-C (py)), 133.78 (s, pz-C (Ph)), 132.06 (s,
5-C (pz)), 129.58 (s, m-C (Ph)), 129.19 (s, p-C (Ph)), 126.66 (s, o-C (Ph)), 123.88 (s,
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3,5-C (py)), 104.67 (s, 4-C (pz)), 90.37 (s, CHy-C(pz)s), 75.14 (s, O-CHa-C(pz)s),
72.40 (s, O-CHy-py).

Synthesis of [NiCL(TpmPy"™),] (34).

To a methanolic solution of NiCl,-6H,0 (22 mg, 0.09 mmol, 1 eq) is added
dropwise a solution of (19) (104 mg, 0.18 mmol, 2 eq) in MeOH. An immediate
precipitation of a white off solid occurs. The mixture is stirred for 10 minutes, then
the solid is filtered off and washed with a small amount of cold methanol, to yield
(34) (81%). The compound is well soluble in CHCI; and acetone, moderately soluble
in MeOH, EtOH and acetonitrile and less soluble in H,O (S25.c = 1.0 mg-mL'l). 34),
C,0HssCLLN,,O,Ni (1256.92) calcd. C 66.89, H 4.65, N 15.60; found. C. 67.03 H 4.82,
N 15.19. IR (KBr): 3148, 3061, 2926 (w s, (C-H)), 1617 (s s, (C=N)), 1531 (m s,
W C=C)), 1500 (m s, (C=C)), 1456 (s s), 1221 (s br), 871, 751, 693 (s s), 619 (W s),
489 (m's) cm™'. MS-EI m/z: 564 [Tpm™™ + HJ*, 656 [NiCl(Tpm™™)]*.

Synthesis of [VOCL(TpmPy)] (35).

To a solution of vanadium trichloride (0.20 g, 1.27 mmol) in THF (15 mL) is
added (3) (0.430 g, 1.27 mmol) in THF (10 mL). The resulting pale blue solution is
stirred overnight. The final pale blue solution is concentrated and upon addition of
Et;O a pale blue solid precipitates. The solid is collected by filtration, washed with
Et,0 and dried in vacuo (52%). The compound (35) is soluble in DMSO, moderately
soluble in MeOH and EtOH, and less soluble in H,O (Sy-c = 5.0 mgmL™). (35)
VO,CLCi7H17N7 (473.21) caled. C 43.15, H 3.62, N 20.72. found: C 42.92, H 3.53, N
20.81. IR (KBr): 3170, 3148 (s s, (C-H)), 1519-1517 (s br, C=C), (C=N)), 971
(m, AV=0)). far-IR (polyethylene): 391, 348 cm™ (m s, WV-Cl)). EPR (DMSO, r.t.
modulation amplitude: 0.1 Gpp; receiver gain: 4-10; conversion time: 20 ms; time
constant: 40 ms)): a = 101.6 G, g = 1.9989. MS-EI m/z: 406 [VOCly(Tpm™) - pz]’,
339 [VOCL(Tpm™™) -2 pz]".
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Synthesis of [PdCL(TpmPy),] (36).

To a dichloromethane solution (8 mL) of (3) (78 mg, 0.23 mmol, 2 eq) is
added dropwise a suspension of cis-[PdCl,(CH3CN),] (30 mg, 0.11 mmol, 1 eq) in
dichlorometane. The yellow resulting solution is stirred at room temperature for 1h,
during which time a pale yellow solid precipitates. The product is filtered off washed
with a small amount of cold CH,Cl, and dried, yielding a pale yellow powder of (36)
(75%). The compound is soluble in CH,Cl,, CHCI3 and DMSO, sparingly soluble in
MeOH and acetonitrile, and less soluble in H,O (Szs.c = 0.8 mg-mL'l). 36)
C34H34CIN 140,Pd, (848.06) calcd. C 48.15, H 4.04, N 23.12. found. C 48.06, H 3.94,
N 23.15. IR (KBr): 3128, 3050, 2923, 2851 (w s, (C-H)), 1619 (m s, (C=N)), 1561,
1517 (s s, (C=N), (C=C)), 1428, 1390 (s s), 1323 (s s), 1133, 1111, 1064 (s s), 867
(s s), 753 (s s), 616 (ms), 505 (m s) cm™". far-IR (polyethylene): 361 (m s, v(Pd-Cl)),
308-296 cm™ (m s, v(Pd-Cl)). MS-EI m/z: 811 [Pd(Tpm™),C1]". '"H-NMR (300MHz,
CDCls, 298 K): ¢ 8.68 (d, 2H, Jup= 6.7 Hz, 2,6-H (py)), 7.67 (s, vd, 3H, 5-H (pz)),
7.34 (d, 3H, Jun= 2.6 Hz, 3-H (pz)), 7.07 (d, 2H, Jun= 6.0 Hz, 3,5-H (py)),), 6.36 (m,
vdd, 3H, 4-H (pz)), 5.22 (s, 2H, CH>-C(pz)3), 4.61 (s, 2H, CH>-py). *C-NMR (100.6
MHz, CDCl,, 298 K): 6 153.11 (s, 2,6-C (py)), 150.25 (s, 4-C (py)), 141.75 (s, 3-C
(pz)), 130.77 (s, 5-C (pz)), 122.54 (s, 3,5-C (py)), 107.01 (s, 4-C (pz)), 89.85 (s, CH,-
C(pz)3), 74.72 (s, O-CH>-C(pz)3), 71.78 (s, O-CHa-py). "C-NMR (100.6 MHz,
DMSO0-d, 298 K): 6 152.61 (s, 2,6-C (py)), 150.75 (s, 4-C (py)), 141.01 (s, 3-C (pz)),
131.15 (s, 5-C (pz)), 122.60 (s, 3,5-C (py)), 106.57 (s, 4-C (pz)), 89.17 (s, CH,-
C(pz)3), 73.16 (s, O-CH»-C(pz)3), 70.30 (s, O-CHy-py). X-ray quality single crystals

were grown by slow evaporation of a concentrated dichloromethane solution of (36).

Synthesis of [PdCL(TpmPy"™),] (37).

To a dichloromethane solution (10 mL) of (19) (104 mg, 0.18 mmol, 2 eq) is
added dropwise a suspension of cis-[PdCl,(CH3CN),] (24 mg, 0.09 mmol, 1 eq) in
dichlorometane. The pale yellow resulting solution is stirred at room temperature for
lh. The solvent is removed under vacuum and the residue is washed with a small
amount of cold methanol (2 mL), filtered off and dried yielding a pale yellow powder
of (37) is collected (68%). The compound is well soluble in CH,Cl,, CHCl3;, CH;CN
and DMSO, moderately soluble in MeOH and EtOH, and insoluble in H,O.
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C70HssN140,PdCl,, (1304.65). caled. C 65.66, H 2.68, N 15.31. found: C 65.89, H
2.91, N 15.02. IR (KBr): 3147, 3060, 2925, 2850 (w s, (C-H)), 1621 (m s, {C=N)),
1531 (s s, C=N), C=C)), 1500, 1456 (s s), 1221 (s br), 1134, 1102, 1073, 1044 (m
s), 871 (s s), 752 (s s), 694 (s s), 627 (w s), 503 (m s) cm™". far-IR (polyethylene):
365 (s s, v(Pd-Cl). MS-EI m/z: 1268 [PACI(Tpm™™),]", 1304 [PACly(Tpm"™*),]". 'H-
NMR (CDCls, 298 K): d 8.63 (d, 2H, Jup= 6.7 Hz, 2,6-H (py)), 7.81 (d, 6H, Jup= 7.9
Hz, o-H (Ph)), 7.48 (d, 3H, Jun= 2.6 Hz, 5-H (pz)), 7.41 (dd, vt, 6H, Juy= 7.6 Hz, m-
H (Ph)), 7.33 (dd, vt, 3H, Jug= 7.6 Hz, p-H (Ph)), 7.10 (d, 2H, Jun= 6.6 Hz, 3,5-H
(py)), 6.66 (d, 3H, Juy= 2.6 Hz, 4-H (pz)), 5.40 (s, 2H, CH»C(pz)3), 4.64 (s, 2H,
CH,-py). "C{'H} and HMQC "“C-'"H NMR (100.6 MHz, CDCl,, 298 K): § 153.25 (s,
3-C (pz)), 152.97 (s, 2,6-C (py)), 150.36 (s, 4-C (py)), 132.69 (s, pz-C (Ph)), 132.31
(s, 5-C (pz)), 128.77 (s, m-C (Ph)), 128.47 (s, p-C (Ph)), 126.05 (s, o-C (Ph)), 122.54
(s, 3,5-C (py)), 104.06 (s, 4-C (pz)), 90.10 (s, CH,-C(pz)3), 74.56 (s, O-CH,-C(pz)s),
71.79 (s, O-CHa-py).

Synthesis of [PAClLy(u-TpmPy),Fe|(BF,); (38).

Method 1: To a yellow/brown solution of cis-[PdCI,(CH3CN);] (12 mg, 0.046
mmol, 1 eq) in dichlorometane (5 mL) is added dropwise an acetonitrile solution (5
mL) of [Fe(TpmPy),](BF4), (30) (41 mg, 0.045 mmol, 1 eq). The resulting mixture is
stirred at room temperature for lh, during which time a pale orange-pink solid
precipitateds. The solid is filtered off, washed with acetonitrile and dried, yielding
(11) (78%).

Method 2: To a dichloromethane solution (8 mL) of [PdCL(TpmPy),] (36)
(25 mg, 0.030 mmol, leq) is added dropwise a solution of Fe(BF4),-6H,O (10 mg,
0.030 mmol, 1 eq) in methanol. The pale pink resulting mixture is stirred at room
temperature for lh. The product is filtered off, washed with a small amount of
methanol and dried, yielding a pale pink powder of (38) (69%). (38)-4H,O,
Cs34H4oN14B2FgFeOgPdCly, (1149.58), caled. C 35.52, H 3.68, N 17.05 found: C 35.36,
H 3.22, N 17.10. IR (KBr): 3138, 2900 (w s, (C-H)), 1621 (s s, C=N)), 1519-1513
(m br, C=N), (C=C)), 1420 (s s), 1339 (s s), 1231 (s s), 1106-1036 (s br, (BFy)),
866 (m s), 766 (m br) cm™. MS-EI m/z 811/813 [PACI(Tpm"™)]", 990
[{Pd(Tpm™)ClFe}2(BF4),]". "H-NMR (CD;CN, 313 K): 6 8.78 (d, 2H, Juu= 6.0 Hz,
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2,6-H (py)), 8.58 (s br, 3H, 5-H (pz)), 7.58 (d, 2H, Ju= 6.0 Hz, 3,5-H (py)), 7.30 (s
br, 3H, 3-H (pz)), 6.57 (s, br, 3H, 4-H(pz)), 5.78 (s, 2H, CH>-C(pz)3), 5.31 (s, 2H,
CH,-py). 'H-NMR (CDsCN, 253 K): 6 8.72 (d br, 2H, 2,6-H (py)), 8.62 (s br, 2H, 5-
H (pz)), 8.41 (s br, 1H, 5-H (pz)), 7.58 (d br, 2H, 3,5-H (py)), 7.40 (s br, 1H, 4-H
(p2)), 7.27 (s br, 2H, 4-H (pz)), 6.56 (s, br, 1H, 4-H(pz)), 6.51 (s, br, 2H, 4-H(pz)),
5.78 (s, 2H, CH>-C(pz)3), 5.30 (s, 2H, CHy-py).

Synthesis of [Fe(u-TpmPy),Cu(NO3),](BF,); (39).

To an acetonitrile solution (5 mL) of [Fe(TpmPy),](BF4), (30) (89 mg, 0.1
mmol, 1 eq), a solution of Cu(NO;), 2.5 H,O (23 mg, 0.1 mmol, 1 eq) in acetonitrile
(2 mL) is added. An immediate precipitation of a pale violet solid occurs. It is filtered
off under nitrogen, washed with a small amount of cold acetonitrile (1 mL) and dried
to leave compound (39) (69%). C34H34N6B2CuFsFeOg (1087.75). caled. C 37.54, H
3.15, N 20.60. found: C 36.47, H 3.30, N 20.02. IR (KBr): v=3137 (m s, C-H), 1620
(m s, v(N=C)), 1517-1515 (m br, v(N=C), v(C=C)), 1384 (s s), 1107 (m s), 1082 (m
s), 1035 (s s), 866 (s s), 767 (m s), 606 (w s) cm'. MS-EI m/: 731
[ {Fe(Tpm™)2Cuz(Tpm™)} (BF4)(NO3)s] ™, 363 [Fe(Tpm )]

Synthesis of [PdCL(u-TpmPy""),Fe,(H,0)s](BF4)4 (40).

To an acetonitrile suspension (7 mL) of [PdClz(TmeyPh)z] (37) (30 mg,
0.023 mmol, 1 eq) is added dropwise a solution of Fe(BF4),6H,O (8 mg, 0.024
mmol, 1 eq). in acetonitrile. The yellow resulting mixture is stirred at room
temperature for 1h, during which time a pale yellow solid precipitated. The product is
filtered off, washed with a small amount of acetonitrile and dried, yielding a pale
yellow powder of (40) (59%). C70H70N14 B2FsFe,OgPdCl, (1698.04). caled. C 49.51,
H 4.16, N 11.55. found: C 50.33, H 4.87, N 11.02. IR (KBr): 3441 (w s, (OH)),
3147, 3058, 2924 (w s, (C-H)), 1643 (w br, OH)), 1620 (m s, (C=N)), 1531 (s s,
WC=N), (C=QC)), 1499, 1455 (s s), 1429, 1392 (ms), 1220 (s br), 1134, 1133-1043 (s
br, V(BE4)), 871 (s s), 750 (s s), 693 (s s) cm™'. MS-EI m/z: 1268 [PdCI(Tpm"*™),]",
1366 [PACI(Tpm™""),Fe](CH;CN)". '"H-NMR (CDCls, 298 K): 6 8.61 (d, 2H, Juy=
6.4 Hz, 2,6-H (py)), 7.78 (d, 6H, Jun= 7.6 Hz, o-H (Ph)), 7.46 (d, 3H, Jun= 2.6 Hz,
5-H (pz)), 7.40 (dd, vt, 6H, Jug= 7.6 Hz, m-H (Ph)), 7.33 (dd, vt, 3H, Jun= 7.6 Hz, p-
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H (Ph)), 7.11 (d, 2H, Jun= 6.6 Hz, 3,5-H (py)), 6.65 (d, 3H, Jus= 2.6 Hz, 4-H (pz)),
5.40 (s, 2H, CH,-C(pz)3), 4.67 (s, 2H, CHy-py). *C{'H} and HMQC "“C-'H NMR
(100.6 MHz, CDCl,, 298 K): 6 153.34 (s, 3-C (pz)), 153.07 (s, 2,6-C (py)), 149.91 (s,
4-C (py)), 132.76 (s, pz-C (Ph)), 132.39 (s, 5-C (pz)), 128.82 (s, m-C (Ph)), 128.53 (s,
p-C (Ph)), 126.12 (s, 0-C (Ph)), 122.62 (s, 3,5-C (py)), 104.12 (s, 4-C (pz)), 89.25 (s,
CH,-C(pz)3), 73.92 (s, O-CH-C(pz)3), 70.89 (s, O-CH,-py).

Synthesis of N-3,5-di-fer-Butylsalicyloxysuccinimide (41).

Starting from 3,5-di-fert-butylsalicylic acid monohydrate (commercially
available from Aldrich). This starting material was dissolved in diethylether and dried
over Na;SOy, the solution was filtered and evaporated to give the non-hydrated
compound. The latter (18 g, 72.4 mmol) and N-hydroxysuccinimide (9.2 g, 79.6
mmol, 1.1 eq) were dissolved in 250 mL of dioxane. The solution was cooled to 0°C
and dicyclohexylcarbodiimide (16.4 g, 79.6 mmol, 1.1 eq) in 200 mL of dioxane was
added dropwise. The reaction mixture was left stirring at room temperature under
inert atmosphere for 24 h, whereafter a white precipitate (urea derivative) was
formed. The reaction mixture was filtered using a Buchner funnel and the filtrate was
evaporated to dryness to give (41) as a white powder. Yield: 85 %. 'H-NMR (400
MHz, CDCl;): 10.11 (s, 1H, OH(phenol)), 7.82 (d, 1H, ArH, I* 2.5 Hz), 7.64 (d, 1H,
ArH, J* 2.5 Hz), 2.92 (s, 4H, -CH,-CH,-), 1.41 (s, 9H, 'Bu), 1.30 (s, 9H, ‘Bu).
BC{'H}-NMR ( xx MHz, CDCL): 169.10 (CO), 159.75 (C-, Ar)), 141.52 (Ar),
137.82 (Ar), 133.00 (HC(Ar)), 123.40 (HC(Ar)), 107.07 (Ar), 35.23 (C-, ‘Bu), 34.37
(C-, 'Bu), 31.23 (CH3, ‘Bu), 29.28 (CHs, tBu), 25.66 (-CH,CH,-).

Synthesis of 3,5-di-fer-butyl-2-hydroxy-N-(2-hydroxyethyl) benzamide,
NONLH (42).

To a solution of N-3,5-di-fert-butylsalicyloxysuccinimide (41) (2.0 g, 5.7
mmol) in 10 mL of DMF, was added a solution of ethanolamine (0.4 g, 6.7 mmol) in
5 mL of DMF. Then, 6 mL of triethylamine (pre-dried over NaOH) was added to the
reaction mixture. After few minutes a precipitate formed and the reaction mixture was
left stirring for 24 h. The mixture was then poured into a cold (ice/water bath) 10%

HCl aqueous solution (20 mL) and the white precipitate was filtered through a
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Buchner funnel, collected and dried under vacuo to give (42) in 86 % yield; Anal.
Elem. Cj7H,7NO; [293.19]: Caled C, 69.59, H, 9.28, N, 4.77. Found. C, 69.26, H,
8.82, N, 4.93. '"H NMR (400 MHz, CDCl3) 12.56 (s, 1H, OH(phenol)), 7.47 (d, 1H,
ArH, J* 2.5 Hz), 7.17 (d, 1H, ArH, J* 2.5 Hz), 6.73 (br, 1H, NH), 3.86 (t, 2H, CH,-
OH), 3.64 (q, 2H, CH,-NHCO), 2.20 (broad, 1H, OH), 1.42 (s, 9H, '‘Bu), 1.34 (s, 9H,
‘Bu). "H NMR ((CD;),CO) 13.59 (s, 1H, OH(phenol)), 7.73 (d, 2H, ArH, J* 2.5 Hz),
7.48 (d, 2H, ArH, J* 2.5 Hz), 3.70 (t, 2H, CH,-OH), 3.51 (m, 2H, CH,-NHCO), 1.41
(s, 9H, 'Bu), 1.29 (s, 9H, ‘Bu). 'H NMR (MeOD) 7.55 (d, 2H, ArH, J* 2.5 Hz), 7.46
(d, 2H, ArH, J* 2.5 Hz), 3.72 (t, 2H, CH,-OH), 3.51 (m, 2H, CH,-NHCO), 1.41 (s,
9H, ‘Bu), 1.32 (s, 9H, '‘Bu). '"H NMR (CD;CN) 13.31 (s, 1H, OH(phenol)), 7.49-7.48
(m, 1H+1H, ArH+NH), 7.41 (d, 1H, ArH, J* 2.5 Hz), 3.86 (broad, 2H, CH,-OH),
3.46 (q, 2H, CH,-NHCO), 2.97 (broad, 1H, OH), 1.40 (s, 9H, ‘Bu), 1.31 (s, 9H, ‘Bu).
BC{'H}-NMR (100 MHz, CDCl;) 172.01 (CO), 158.67 (C-OH, Ar)), 139.90 (C-'Bu,
Ar), 137.94 (C-'Bu, Ar), 128.81 (CH, (Ar)), 119.69 (CH, (Ar)), 113.10 (C-CO, Ar),
61.86 (CH,-OH), 42.37 (CH,-NH), 35.16 (C-(CH3)3), 34.31 (C-(CH3)3), 31.48 (CHs,
‘Bu), 29.35 (CH3, 'Bu). MS (EI (+)) M/z 294 [M+H] , 316 [M+Na]". IR (KBr
pellets): 3486 (N-H), 3313 (PhO-H), 1624 (C=0), 1586, 1554 cm™; (5 mM sol of
MeCN): 3411 (N-H), 1634 cm™.

Synthesis of tetrabutyl ammonium salt of 2,4-di-tert-butyl-6-(2-
hydroxyethylcarbamoyl)phenolate, [NBug][°" L] (42)).

To a solution of 3,5-di-tert-butyl-2-hydroxy-N-(2-hydroxyethyl)benzamide
(42) (1.5 g, 5.1 mmol) in dry methanol (10 mL), was added a 1.0 M solution in
methanol of tetrabutylammonium hydroxide (5.1 mL, 5.1 mmol). The transparent
solution was stirred under N, for 5 h. Then the solvent was removed under vacuum
leaving a white power that is crystallized from CH,Cly/Et,O to give the corresponding
salt [NBuy][V7°HL] (427) in 72% yield; Anal. Elem. C33HgN,O3 [534.47]: Caled C
74.11, H 11.68, N 5.24. Found. C 74.10, H 12.48, N 5.33. '"H NMR (400 MHz,
CDCl;) 7.68 (d, 1H, ArH, J* 2.7 Hz), 7.23 (d, 1H, ArH, I* 2.7 Hz), 3.65 (m, 2H, CH,-
OH), 3.45 (m, 2H, CH,-NHCO), 3.13-3.06 (m, 8H, -CH,-N, [NBuy]), 2.06 (br, 1H,
HO), 1.52-1.43 (m, 8H, -CH,-, [NBuw]), 1.33-1.24 (m, 9H+8H, ‘Bu + [NBuy]) 1.19 (s,
9H, ‘Bu), 0.90-0.84 (m, 12H, CHs-, [NBus]). '"H NMR (MeOD) 7.60 (br, 1H, ArH),
7.42 (br, 1H, ArH), 3.72 (t, 2H, CH,-OH, J® 6.0 Hz), 3.49 (q, 2H, CH,-NHCO, J* 6.0
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Hz), 3.28-3.20 (m, 8H, -CH»-N, [NBuy]), 1.72-1.61 (m, 8H, [NBuy]), 1.48-1.35 (m,
9H+8H, '‘Bu + [NBuw]), 1.31 (s, 9H, 'Bu), 1.03 (t, 12H, CHs-, [NBw]). 'H NMR
(CD3;CN) 13.90 (br, 1H, NH), 7.63 (br, 1H, ArH), 7.13 (br, 1H, ArH), 5.65 (br, 1H,
OH), 3.58 (m, 2H, CH,-OH), 3.42 (m, 2H, CH,-NHCO), 3.10-3.04 (m, 8H, -CH,-N,
[NBug]), 1.65-1.54 (m, 8H, -CH,-, [NBuy]), 1.39-1.30 (m, 9H+8H, ‘Bu + [NBuy]),
1.25 (s, 9H, '‘Bu), 0.99-0.93 (m, 12H, CHs-, [NBus]). “C{'H}-NMR (100 MHz,
CDCl3) 172.18 (CO), 157.77 (C-OH, Ar)), 137.72 (C-'Bu, Ar), 136.10 (C-'Bu, Ar),
127.42 (HC(Ar)), 122.19 (HC(Ar)), 114.75 (C-CO, Ar), 61.76 (CH,-OH), 58.53 (-
CH,-N, [NBu,]), 42.77 (CH,-NH), 35.03 (C-, tBu), 34.12 (C-, tBu), 31.64 (CHs, tBu),
29.54 (CHs, tBu), 23.80 (-CH,-, [NBu]), 19.54 (-CH,-, [NBu]), 13.53 (-CHs,
[NBus]). 'H/""N-HSQC (CDsCN): 13.90 (br, 1H, NH). MS (EI (-)) M/z 292 [VOHL .
MS (EI (+)) M/z 242 [NBuy]". IR (KBr pellets): 3400 (CH,O-H), 3114 (N-H), 2945
(C-H), 1617 (C=0), 1583 cm™"; (5 mM sol of MeCN): 3008 (N-H, weak), 2966, 2943,
1624 (C=0), 1572 cm™. UV/vis/NIR (Mnm(e/ M'em™)): 355(7775). X-ray quality
single crystals were grown by slow diffusion of dry diethylether in a concentrated

solution of the title compound in dichloromethane, under a dinitrogen atmosphere.

Synthesis of 2,4-di-tert-butyl-6-(2-
hydroxyethylcarbamoyl)phenoxylradical, [°"~"L]" (42°).

In a CPE electrochemical cell (see Section 6.3.2) stored under dinitrogen was
added a 0.2 M solution (15 mL to each compartement) of [NBus][BF4] in dry
acetonitrile. The solution was degased with dinitrogen bubbling for 10 minutes.
Compound (42°) (8.0 mg, 0.015 mmol) was added to the electrolyte solution and a
cyclic voltammogram (using Pt-disk working electrode) was run. Controlled potential
coulometry of this solution of (427) was performed at room temperature, under
dinitrogen bubbling, at 0.360 V vs. Ag/AgCl until the current is almost zero (see
Section 6.3.2). The obtained transparent clear green solution of (42°) was carefully
transferred to a Schlenk and an EPR tube (kept under argon), that were then
immediately cooled (and the solution frozen) in liquid nitrogen (77 K). No color
change has been detected during or after the transfer, indicating that the bright green
color characteristic of the radical remained. UV/vis/NIR (Mnm(e/M'cm™)): 676
(255), 399(1140), 384(1050), 317(5075), 294(3565), 283(3200). EPR (CH3;CN, 90
K/298 K): a=3.4 G, g=2.0043.
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Synthesis of 3,5-di-ter-butyl-2-hydroxy-N-methyl benzamide, Y™ °LH
(43).

To a solution of N-3,5-di-tert-butylsalicyloxysuccinimide (41) (2.8 g, 8.1
mmol) in 15 mL of DMF, was added a 2.0 M solution of THF of methylamine (4.6
mL, 9.26 mmol). Then, 8 mL of triethylamine (pre-dried over NaOH) was added to
the reaction mixture. After a few minutes the reaction mixture started to become
milky and a powdery solid started to form. The suspension was left stirring for 24 h.
After this time the pale yellow mixture was poured into a cold (ice/water bath) 10%
HCI aqueous solution (30 mL) and the final mixture was stirred at 0°C for 5 minutes
and filtered through a Buchner funnel, collected, washed with pentane and dried
under vacuo to give N°LH (43) in 82% yield. Anal. Elem. C;sHasNO, [263.18]:
Caled C 72.96, H 9.57, N 5.32. Found. C 72.89, H 10.09, N 5.29. "H NMR (CDCl;):
12.70 (s, 1H, OH(phenol)), 7.45 (d, 2H, ArH, J* 2.5 Hz), 7.15 (d, 2H, ArH, I* 2.5
Hz), 6.39 (br, 1H, NH), 3.01 (d, 3H, H;C-NH, J® 4.8 Hz), 1.42 (s, 9H, ‘Bu), 1.30 (s,
9H, ‘Bu). '"H NMR (CD;CN): 13.39 (s, 1H, OH(phenol)), 7.47 (d, 1H, ArH, J* 2.4
Hz), 7.37 (m, IH+1H, ArH+NH), 2.87 (d, 3H, H;C-NH, I’ 4.8 Hz), 1.40 (s, 9H, 'Bu),
1.30 (s, 9H, ‘Bu). "C{'H}-NMR (100 MHz, CDCl;) 172.01 (CO), 158.71 (C-OH,
Ar)), 139.93 (C-'Bu, Ar), 138.26 (C-'Bu, Ar), 128.80 (CH, (Ar)), 119.15 (CH, (Ar)),
113.42 (C-CO, Ar), 35.32 (C-(CH3)3), 34.41 (C-(CHs)3), 31.62 (CHs, ‘Bu), 29.50
(CH3, 'Bu), 26.65 (H;C-N). "C{'H}-NMR (100 MHz, CD;CN) 172.70 (CO), 159.40
(C-OH, Ar)), 140.89 (C-'Bu, Ar), 138.11 (C-'Bu, Ar), 129.24 (CH, (Ar)), 121.40 (CH,
(Ar)), 114.34 (C-CO, Ar), 35.71 (C-(CH;)3), 35.04 (C-(CHs);), 31.67 (CHs, ‘Bu),
29.61 (CHs, Bu) 26.32 (H3C-N), MS (EI (+)) M/z 264 [M+H]", 286 [M+Na]". IR
(KBr pellets): 3419 (N-H), 3328 (PhO-H), 1620 (C=0), 1582, 1544 cm™. (5 mM sol
of MeCN): 3413 (N-H), 2961, 1639 (C=0), 1592 cm’".

Synthesis of tetrabutyl ammonium salt of 2,4-di-fert-butyl-6-(2-
methylcarbamoyl)phenolate, [NBuy]| [NHMeL] 43).

To a solution of 3,5-di-tert-butyl-2-hydroxy-N-methylbenzamide (43) (1 g, 3.8
mmol) in dry methanol (5 mL), was added a 1.0 M solution in methanol of

tetrabutylammonium hydroxide (3.8 mL, 3.8 mmol). The colorless solution turned to
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pale yellow colour and was stirred under N, for 5 h. Then the solvent was removed
under vacuum leaving a yellow oil. The crude oil was suspended in Et,O, the mixture
is stirred for 2 hrs and the solvent was gently decantated off. The sticky white off
solid is dried under vacuum to leave the corresponding salt [NBuy][" VL] (43") in
quantitave yield; Anal. Elem. Cs,HgoN20; [504.47]: Caled C 76.13, H 11.97, N 5.55.
Found. C 75.63, H 10.20, N 5.90. 'H NMR (400 MHz, CD;CN) 13.20 (br, 1H, NH),
7.63-7.08 (br, 2H, ArH), 3.08-3.04 (m, 8H, -CH»-N, [NBu]), 2.80 (s, 3H, CH3-NH),
1.61-1.54 (m, 8H, -CH,-, [NBu]), 1.38-1.29 (m, 9H+8H, 'Bu + [NBuy]), 1.23 (s, 9H,
‘Bu), 0.97 (t, 12H, CHs-, [NBus] , J° 7.0 Hz). '"H NMR (400 MHz, CDCl3) 7.36 (br,
2H, ArH), 3.27-3.21 (m, 8H, -CH,-N, [NBu4]), 2.96 (s, 3H, CH3-NH), 1.63-1.58 (m,
8H, -CH,-, [NBw]), 1.44-1.33 (m, 9H+8H, 'Bu + [NBuy]), 1.27 (s, 9H, ‘Bu), 0.96 (t,
12H, CHs-, [NBu] , J® 7.0 Hz). "H NMR (400 MHz, MeOD) 7.58 (s, 1H, ArH), 7.40
(s, 1H, ArH), 3.26-3.21 (m, 8H, -CH»-N, [NBuy]), 2.93 (s, 3H, CH3-NH), 1.71-1.62
(m, 8H, -CH,-, [NBu]), 1.46-1.34 (m, 9H+8H, 'Bu + [NBuy]), 1.30 (s, 9H, ‘Bu), 1.02
(t, 12H, CHs-, [NBuy] , I’ 7.2 Hz). “C{'H}-NMR (100 MHz, CDCls): 171.92 (CO),
xx (C-OH, Ar)), 138.02 (C-'Bu, Ar), 128.12 (HC(Ar)), 120.46 (HC(Ar)), 114.23 (C-
CO, Ar), 58.88 (-CH»-N, [NBu4]), 35.27 (C-, tBu), 34.32 (C-, tBu), 31.70 (CH3, tBu),
29.58 (CHs, tBu), 26.30 (CH3-NH), 24.17 (-CH,-, [NBus]), 19.79 (-CH,-, [NBu4]),
13.77 (-CHs, [NBuy]). *C{'H}- HSQC NMR (100 MHz, CD;CN) 172.34 (CO), xx
(C-OH, Ar)), 139.52 (C-'Bu, Ar), 128.43 (C-'Bu, Ar), 125.86 (HC(Ar)), 124.04
(HC(Ar)), xx (C-CO, Ar), 59.19 (-CH,-N, [NBu4]), 35.85 (C-, tBu), 34.23 (C-, tBu),
32.32 (CHs, tBu), 29.93 (CHs, tBu), 25.32 (CH3-NH), 24.23 (-CH»-, [NBu4]), 20.24 (-
CH,-, [NBu]), 13.74 (-CH3, [NBuy]). "C{'H}-NMR (100 MHz, MeOD) 173.73
(CO), 139.05 (C-'Bu, Ar), 128.83 (HC(Ar)), 122.60 (HC(Ar)), 115.93 (C-CO, Ar),
59.49 (-CH,-N, [NBu4]), 36.07 (C-, tBu), 35.15 (C-, tBu), 32.03 (CH3, tBu), 30.20
(CH3, tBu), 26.31 (CH3-NH), 24.78 (-CH»-, [NBuy]), 20.70 (-CH;-, [NBuy]), 13.94 (-
CH;, [NBu]). MS (EI (-)) M/z 262 ["™°L]. MS (EI (+)) M/z 242 [NBuy] IR
(nujol): 3274 (N-H), 1623 (C=0), 1584, 1531 cm™'; (5 mM sol of MeCN): 3009 (N-H,
weak) 1626 (C=0) cm™. UV/vis/NIR (Mnm(e/M'em™)): 351(5736). X-ray quality
single crystals were grown by slow diffusion of dry diethylether in a concentrated

solution of the title compound in dichloromethane, under a dinitrogen atmosphere.
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Synthesis of 2,4-di-tert-butyl-6-(2-methylcarbamoyl)phenoxylradical,
LT (43).

In a CPE electrochemical cell (see Section 6.3.2) stored under dinitrogen was
added a 0.2 M solution (15 mL to each compartement) of [NBus][BF4] in dry
acetonitrile. The solution was degased with dinitrogen bubbling for 10 minutes.
Compound (43") (7.6 mg, 0.015 mmol) was added to the electrolyte solution and a
cyclic voltammogram (using Pt-disk working electrode) was run. Controlled potential
coulometry of this solution of (43") was performed at room temperature, under
dinitrogen bubbling, at 0.320 V vs. Ag/AgCl until the current was almost zero (see
Section 6.3.2). The obtained transparent clear green solution of (43°) was carefully
transferred to a Schlenk and an EPR tube (kept under argon), that were then
immediately cooled (and the solution frozen) in liquid nitrogen (77 K). No color
change has been detected during or after the transfer, indicating that the bright green
color characteristic of the radical remained. UV/vis/NIR (Mnm(e/ M'em™)): 666
(300), 400(1284), 380(1152), 317(5180). EPR (CH3CN, 90 K/298 K): a=4.0 G, g =
2.0042.

Synthesis of 3,5-di-tert-butyl-2-hydroxy-N-dimethyl benzamide, NV’ LH
(44).

To a solution of N-3,5-di-fert-butylsalicyloxysuccinimide (41) (2 g, 5.7 mmol)
in 13 mL of DMF, was added a mixture of 3 mL of DMF and a 2.0 M solution in THF
of dimethylamine (3.45 ml, 6.9 mmol). Then, 3 mL of triethylamine (pre-dried over
NaOH) was added to the reaction mixture. After a few minutes the reaction mixture
start to become milky and a powdery solid started to form. The suspension was left
stirring for 24 h then poured into a cold (ice/water bath) 10% HCI aqueous solution
(20 mL) and the milky final mixture was stirred as 0°C for 10 minutes. A white
precipitate was filtered off using a Buchner funnel, collected and dried under vacuo to
give "W’LH (44) in 80% yield. Anal. Elem. C,7H2;NO, [277.20]: Caled C 73.60, H
9.81, N 5.05. Found. C 73.51, H 10.36, N 5.00. '"H NMR (CDCl;) 10.02 (s, 1H,
OH(phenol)), 7.35 (d, 2H, ArH, J* 2.5 Hz), 7.12 (d, 2H, ArH, I* 2.5 Hz), 3.14 (s, 6H,
(CH3),N), 1.41 (s, 9H, ‘Bu), 1.28 (s, 9H, ‘Bu). 'H NMR ((CD3),CO) 10.65 (s, 1H,
OH(phenol)), 7.42 (d, 2H, ArH, J* 2.5 Hz), 7.30 (d, 2H, ArH, J* 2.5 Hz), 3.15 (s, 6H,
(CH3),N), 1.41 (s, 9H, 'Bu), 1.30 (s, 9H, ‘Bu). 'H-NMR (CD;CN) 10.33 (s, 1H,
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OH(phenol)), 7.41 (d, 1H, ArH, J* 2.4 Hz), 7.26 (d, 1H, ArH, I* 2.4 Hz), 3.09 (s, 6H,
(CH3),N), 1.40 (s, 9H, '‘Bu), 1.29 (s, 9H, ‘Bu). “C{'H}-NMR (100 MHz, CDCl;)
173.44 (CO), 159.82 (C-OH, Ar)), 139.61 (C-'Bu, Ar), 137.52 (C-'Bu, Ar), 126.84
(CH, (Ar)), 123.16 (CH, (Ar)), 116.42 (C-CO, Ar), 36.49 ((CH;),N), 35.24 (C-
(CHs)3), 34.32 (C-(CHs3)3), 31.57 (CHs, 'Bu), 29.58 (CHs, ‘Bu). “C{'H}-NMR (100
MHz, CD;CN) 173.51 (CO), 156.28 (C-OH, Ar)), 140.78 (C-'Bu, Ar), 137.74 (C-'Bu,
Ar), 127.52 (CH, (Ar)), 124.47 (CH, (Ar)), 117.84 (C-CO, Ar), 38.73 (broad,
(CH3),N), 35.74 (C-(CHs)3), 34.93 (C-(CH3)3), 31.62 (CHs, 'Bu), 29.74 (CH;, ‘Bu).
MS (EI (+)) M/z 278 [M+H]", 300 [M+Na]". IR (KBr pellets): 3127 (PhO-H), 1612
(C=0), 1586, 1478, 1406 cm™; (5 mM sol of MeCN): 1622 (C=0) cm’".

Synthesis of tetrabutyl ammonium salt of 2,4-di-tert-butyl-6-(2-
dimethylcarbamoyl)phenolate, [NBuy] ["M2L] (44).

To a solution of 3,5-di-tert-butyl-2-hydroxy-N-dimethylbenzamide (44) (2 g,
7.2 mmol) in dry methanol (10 mL), was added a 1.0 M solution in methanol of
tetrabutylammonium hydroxide (7.2 mL, 7.2 mmol). The colorless solution turned to
pale yellow and was stirred under N, for 5 h. Then the solvent was removed under
vacuum leaving a yellow oil. The crude oil was suspended in Et,O, the mixture was
stirred for 2 h and the solvent was gently decantated off. The residue was dried under
vacuum to leave the corresponding salt [NBuy]["V*’L] in 89% yield; Anal. Elem.
C33HeaN,0, [518.47]: Caled C 76.40, H 12.04, N 5.40. Found. C 76.75, H 12.32, N
5.21. "H NMR (400 MHz, CDCls) 7.35 (d, 1H, ArH, J* 2.6 Hz), 7.12 (d, 1H, ArH, J*
2.6 Hz), 3.42-3.36 (m, 8H, -CH>-N, [NBuy4]), 3.14 (s, 6H, (CH3)>-N), 1.74-1.62 (m,
8H, -CH»-, [NBuy]), 1.50-1.41 (m, 9H+8H, ‘Bu + [NBw]), 1.28 (s, 9H, ‘Bu), 1.00 (t,
12H, CH;-, [NBu], J? 7.1 Hz). "C{'H}-NMR (100 MHz, CDCl3) 173.10 (CO),
159.01 (C-OH, Ar)), 138.26 (C-Bu, Ar), 136.76 (C-Bu, Ar), 126.11 (CH, (Ar)),
124.39 (CH, (Ar)), 117.24 (C-CO, Ar), 59.12 (-CH»-N, [NBu4]), 36.21 ((CH3):N),
35.87 (C-(CHs)3), 34.98 (C-(CH3)3), 31.23 (CH3, ‘Bu), 29.65 (CHs, 'Bu), 23.71 (-CH,-
, INBuy]), 19.64 (-CH,-, [NBu4]), 13.48 (-CH3, [NBu4]). IR (nujol): 1638 (C=0) cm
(5 mM sol of MeCN): 1633 (C=0) cm™. UV/vis/NIR (Mnm(e/ M'ecm™)): 333
(1220), 320 (1200).
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Synthesis of 2,4-di-fert-butyl-6-(2-dimethylcarbamoyl)phenoxylradical,
VL (44).

In a CPE electrochemical cell (see Section 6.3.2) stored under dinitrogen was
added a 0.2 M solution (15 mL to each compartement) of [NBus][BF4] in dry
acetonitrile. The solution was degased with dinitrogen bubbling for 10 minutes.
Compound (44°) (7.8 mg, 0.015 mmol) was added to the electrolyte solution and a
cyclic voltammogram (using Pt-disk working electrode) was run. Controlled potential
coulometry of this solution of (44°) was performed at room temperature, under
dinitrogen bubbling, at 0.320 V vs. Ag/AgCl until the current was almost zero (see
Section 6.3.2). The obtained transparent clear green solution of (44°) was carefully
transferred to a Schlenk and an EPR tube (kept under argon), that were then
immediately cooled (and the solution frozen) in liquid nitrogen (77 K). No color
change has been detected during or after the transfer, indicating that the bright green
color characteristic of the radical remained. UV/vis/NIR (Mnm(e/ M'em™)): 646
(305), 406(1350), 388(1260), 305 (5885). EPR (CH3CN, 90 K/298 K): a=4.2 G, g =
2.0046.

Synthesis of N,N'-(ethane-1,2-diyl)bis(3,5-di-fert-butyl-2-
hydroxybenzamide), “"L,H, (45).

To a solution of N-3,5-di-tert-butylsalicyloxysuccinimide (41) (4.43 g, 12.75
mmol) in 50 mL of DMF, was added a solution of ethylene diamine (428 uL, 6.4
mmol) in 20 mL of DMF. Then, 10 mL of triethylamine (pre-dried over NaOH) was
added to the reaction mixture. After a few minutes, a precipitate formed and the
reaction mixture was left stirring for 24 h. The mixture was then poured into a cold
(ice/water bath) 10% HCl aqueous solution (20 mL) and extracted with
dichloromethane (3 x 15 mL). The organic phases were combined, dried over MgSOQOs,
filtered and evaporated to give a white solid which was recrystallized from
CH,Cly/pentane to give white crystalline powder of (45) in 70 % yield. Anal. Elem.
C32H4sN204 [524.74]: Caled C, 73.24, H, 9.22, N, 5.34. Found. C, 73.12, H, 9.05, N,
5.28. '"H NMR (CDCls, 400 MHz): 12.66 (s, 2H, 2x(0-H)), 7.48-7.44 (m, 4H, 2x(Ar-
H + NH)), 7.27 (vd", 2H, 2x(Ar-H)), 3.73 (m, 4H, 2x(CH,)), 1.41 (s, 18H, 2x(‘Bu)),

) Overlapped with CHCl; residual peak.
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1.31 (s, 18H, 2x(‘Bu)). MS (EI (+)): M/z 525 [M+1]". IR (KBr pellets): 3408 (PhO-
H), 1641(C=0), 1580, 1512 cm"

Synthesis  of  3,5-di-fert-butyl-2-hydroxy-N-(2-(4-(3,5-di-fert-butyl-2-
hydroxybenzoyl)piperazin-1-yl)ethyl)benzamide, " L,H, (46).

To a solution of N-3,5-di-fert-Butylsalicyloxysuccinimide (41) (2.97 g, 8.5
mmol) in 20 mL of DMF, was added a solution of 2-(piperazin-1-yl)ethanamine (1. 1
g, 8.5 mmol) in 10 mL of DMF. Then, 8 mL of triethylamine (pre-dried over NaOH)
was added to the reaction mixture. The reaction mixture was left stirring for 24 h,
whereupon a white precipitate was formed. The mixture was then poured into water
(30 mL) and extracted with dichloromethane (3 x 15 mL). The organic phases were
combined, dried over Na;SO,, filtered and evaporated to give a clear oily material.
This oily was vigourously stirred in pentane (50 mL) until a white solid formed. The
solid was then filtered off and dried under vacuum to give (46) in 83 % yield (with
respect to the phenol starting material). Anal. Elem. C36HssN304 [593.85]: Caled C,
72.81, H, 9.34, N, 7.08. Found. C, 72.77, H, 9.28, N, 6.95. '"H NMR (CDCl;, 400
MHz): 12.32 (s br, 1H, O-H), 9.55 (s br, 1H, O-H), (s br, 7.42 (m, 2H, Ar-H), 7.36
(m, 2H, Ar-H), 7.07 (s br, 1H, N-H), 3.80 (m, 4H , 2x(CHa)pip,), 3.58 (m, 2H,
(CHy)en), 2.70 (t, 2H, J* 5.89 Hz, (CHy)en), 2.61 (t, 4H, J* 5.28 Hz, 2x(CHy),ip). MS
(EI (+)): M/z 594 [M+1]". IR (KBr pellets): 3432 (PhO-H), 3313(N-H), 1624(C=0),
1586, 1554 cm™.

Synthesis of [NBuy]2[Ni2(°" L) ,] (47).

To a pale green solution of [Ni(OAc);]-(H20)4 (424 mg, 1.70 mmol, 1 eq) in
ethanol (60 mL) was added dropwise a solution of (42) (500 mg, 1.70 mmol, 1 eq) in
35 mL of ethanol. The resulting solution was stirred under dinitrogen at room
temperature for 30 minutes, afterwhich time a 1.0 M solution of [BuuN][OH] in
methanol (5.1 mL, 5.11 mmol, 3 eq) was added dropwise. The solution turned to
pink/red and was stirred for 1 h at room temperature. The solvent was evaporated in
vacuum yielding an orange/pink oil. This residue was partially dissolved in dry
acetonitrile (45 mL) and filtered, via cannula. The resulting filtered solution was

stored under a dinitrogen atmosphere at -18 °C for 2 days. The solvent was decantated
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off leaving a pink crystalline solid of (47) that was washed with 5 mL of cold
acetonitrile and dried (41 %) Anal. Elem. CgH;20N4O6Niy [1183.09]: Caled C, 67.00,
H, 10.22, N, 4.74. Found. C, 66.26, H, 10.32, N, 4.71. '"H NMR (CDCl;) 7.83 (d, 2H,
ArH, I* 2.5 Hz), 6.88 (d, 2H, ArH, J* 2.5 Hz), 3.69-3.65 (m, 16H, -CH,-N, [NBuy]),
2.69 (s br, 4H, CH,-OH), 2.60 (m, 4H, CH,-NHCO), 1.86-1.80 (m, 16H, -CH,-,
[NBu]), 1.57-1.51 (m, 16H, -CH,-, [NBu4]), 1.20 (s, 18H, ‘Bu), 1.18 (s, 18H, 'Bu),
0.95 (t, 24H, CH3-, [NBuy])."H NMR ((CD3),CO) 7.84 (d, 2H, ArH, J* 2.5 Hz), 6.83
(d, 2H, ArH, J* 2.5 Hz), 3.63-3.58 (m, 16H, -CH,-N, [NBu,]), 3.30 (s br, 4H, CH,-
OH), 2.58 (m, 4H, CH,-NHCO), 1.89-1.84 (m, 16H, -CH,-, [NBuy]), 1.53-1.46 (m,
16H, -CH,-, [NBu4]), 1.20 (s, 18H, Bu), 1.18 (s, 18H, Bu), 0.98 (t, 24H, CHs-,
[NBus]). 'H NMR (CD;CN) 7.62 (d, 2H, ArH, J* 2.4 Hz), 6.90 (d, 2H, ArH, J* 2.5
Hz), 3.11 (m, 16H, -CH,-N, [NBuy]), 2.54-2.32 (m br, 8H, CH,-OH + CH,-NHCO),
1.66-1.56 (m, 16H, -CH,-, [NBuy]), 1.42-1.33 (m, 16H, -CH,-, [NBuy]), 1.20 (s, 18H,
‘Bu), 1.16 (s, 18H, '‘Bu), 0.96 (t br, 24H, CH;-, [NBu]). MS (EI (+)). "C{'H}-NMR
(100 MHz, CDCl3) 175.84 (CO), 159.29 (C-OH, Ar)), 135.06 (C-'Bu, Ar), 134.95 (C-
‘Bu, Ar), 124.01 (HC(Ar)), 123.54 (HC(Ar)), 117" (C-CO, Ar), 63.98 (CH,-OH),
59.36 (-CH,-N, [NBu]), ca. 43 (br, CH,-NH), 35.26 (C-, tBu), 35.08 (C-, tBu), 32.21
(CHs, tBu), 29.85 (CHs, tBu), 24.42 (-CH,-, [NBwy]), 20.35 (-CHa-, [NBuy]), 13.85 (-
CHs, [NBw]). MS (EI (+)) M/z 1423 [M+NBuw]"; (EI (-)) M/z 938 [M-NBu4]. IR
(KBr pellets): 2960 (s s), 2903 (m s), 2875 (m s), 1637 (w s), 1604 (m s, C=0), 1555
(s s), 1479 (m's), 1431 (s s), 1282 (m s), 1254 (m s), 1064 (m s), 800 (W s), 663 (W s)
cm”. UV/vis/NIR (Mnm(e/ M'em™)): 500(525), 338(7550).

Synthesis of [{NBuy}{Ni»(°""L).}|" (47).

In CH3;CN. In a CPE clectrochemical cell (see Section 6.3.2) stored under
dinitrogen was added a 0.2 M solution (15 mL to each compartment) of [NBuy][BF4]
in dry acetonitrile. The solution was degased with dinitrogen bubbling for 10 minutes.
Compound (47) (18 mg, 0.015 mmol) was added to the electrolyte solution and the
resulting mixture was cooled to 253 K, then a cyclic voltammogram (using Pt-disk
working electrode) was run. Controlled potential coulometry of this solution of (47)
was performed at room temperature, under dinitrogen bubbling, at 0.340 V vs.

Ag/AgCl until the current was almost zero (see Section 6.3.2). The final transparent

" Partially overlapped with CH;CN residual peak.
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dark brown solution of (47") was carefully transferred to a Schlenk and an EPR tube
(kept under argon), that were then immediately cooled (and the solution frozen) in
liquid nitrogen (77 K). No color change has been detected during or after the transfer.

In CH;Cl,. The procedure was analogue to that of the CPE in CH;CN.

UV/vis/NIR (Mnm(e/ M'em™)): (CH;CN) 670(290), 439(955), 375(2450),
314(5850). (CH,Cl,) 1193(445), 481(410), 316(4765) EPR (CH3CN, 90 K/298 K): a
=5.0 G, g =2.0032; (CH,Cl,, 90 K/298 K): weak isotropic signal at, g = 2.0044 and
1.9642;

Synthesis of [{NBuy}2{Ni»(°*""L),}]"" @77).

In CH;CN. In a CPE clectrochemical cell (see Section 6.3.2) stored under
dinitrogen was added a 0.2 M solution (15 mL to each compartement) of [NBuy][BF4]
in dry acetonitrile. The solution was degased with dinitrogen bubbling for 10 minutes.
Compound (47) (18 mg, 0.015 mmol) was added to the electrolyte solution and the
resulting mixture was cooled to 253 K, then a cyclic voltammogram (using Pt-disk
working electrode) was run. Controlled potential coulometry of this solution of (47)
was performed at room temperature, under nitrogen bubbling; at 0.589 V vs. Ag/AgCl
until the current was almost zero (see Section 6.3.2). The obnained transparent dark
brown solution of (47") was carefully transferred to a schlenk and an EPR tube (kept
under argon), that were then immediately cooled (and the solution frozen) in liquid
nitrogen (77 K). No color change has been detected during or after the transfer.

In CH,Cl. The procedure was analogue to that of the CPE in CH3CN, except
for the temperature of the experiment. The final solution was electrolyzed at 243 K.

UV/vis/NIR (Mnm(e/ M'em™)): (CH;CN) 749(405), 492(850), 385(2750),
314(5900); (CH,Cly) 1193(490), 788(342), 487(800), 387(2000), 316(7200). EPR
(CH3CN, 90 K/298 K): silent. (CH»Cl,, 90 K/298 K): a = 5.0 g =2.0033.

Synthesis of [Ag(HC(pz"'**)):][BF4] (48) (pz"'** = 3,5-dimethylpyrazolyl).

To a stirred solution of tris(3,5-dimethylpyrazolyl)methane (100 mg, 0.34
mmol, 1 eq.) in dry THF (10 mL), a 1.6 M solution of butyllithium (240 uL, 0.39
mmol, 1.15 eq.) in cyclohexane was added dropwise at -70°C. The resulting solution

turned orangish-red and was stirred for 20 min at -60°C, then cooled down to -80°C.
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Solid Ag[BF4] (65 mg, 0.33 mmol, 1 eq.) was added to the red mixture under
vigourous stirring at -80°C, whereafter the colour of the mixture turned slowly to
darker brown. The reaction mixture was stirred for a further 10 min at -80°C, and then
allowed to warm until room temperature in 3 h. The solvent was evaporated to yield a
brown solid. This was dissolved in CH,Cl, (15 mL) and the solution was washed with
water (2 x 5 mL), dried over Na,SOy, filtered and evaporated, yielding a brown solid.
This solid was washed several times with THF and a slow evaporation of the THF
solution yielded white single crystals of (48) in 30 % yield. (C32H4sAgN2BF4). MS-
EI(+) m/z (L = HC(pz"*)3): 405.2 [AgL]", 703.2 [AgL,]"; MS-EI(-) m/z: 87.3 [BF4] .
'H-NMR (acetone-dy): 1.96 (s, 24H, 5-CH3), 2.50 (s, 24H, 3-CH3), 6.09 (s, 6H, 4-H
(pz)), 8.23 (s, 2H, HC(pz"%)).

Synthesis of [(n-Cu){Cu(p-O)(Tpms*™)},] (50).

Deep dark gree/blue crystals of compound (50) were grown in a cooled
methanolic solution of (26) in air. The compound was not characterized further.

C,.H,,N,,0,,S,Cus, (1297.79).
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6.2 Crystallographic data

Crystal data Intensity data were collected using a Bruker AXS-KAPPA

APEX II diffractometer with graphite monochromated Mo-Ka radiation. Data were

collected at 150 K using omega scans of 0.5° per frame and a full sphere of data was

obtained. Cell parameters were retrieved using Bruker SMART software and refined

using Bruker SAINT’ on all the observed reflections. Absorption corrections were

applied using SADABS.” The structures were solved by direct methods by using the
SHELXS-97 package® and refined with SHELXL—-97°. Calculations were performed
using the WinGX System—Version 1.80.03."” and PLATON/SQUEEZE'"' was used to

correct the data.

3 (2-Ms) ®
Crystal shape block prism prism
Crystal colour white colourless colourless
Empirical formula C;7H{7N,O C1oH14NgO5S C,1HogNg
Formula weight 335.38 322.35 392.51
Crystal system triclinic monoclinic triclinic
Space Group P-1 P21/n P-1
a(A) 8.3750(11) 7.7397(16) 8.7193(8)
b(A) 9.6879(11) 12.757(3) 10.1915(12)
c(A) 10.6197(14) 14.957(3) 12.5175(12)
a 92.074(7) 90 78.152(7)
B 106.285(8) 103.719(12) 84.766(5)
4 91.599(7) 90 69.968(6)
V(&%) 825.88(18) 1434.7(5) 1022.52(19)
z 2 4 2
Peate (g cm™) 1.349 1.492 1275
(Mo Ka) (mm™) 0.091 0.249 0.091
£(000) 352 672 420
Refl. Collected/unique 18468/4997 35129/3941 8098/3538

Ry =[I>20()]; wR2 (all data)

0.0425; 0.1200

0.0348; 0.1037

0.0558; 0.1496
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(20) (21) - CG;H¢O 22) (23) - G;HO

Crystal shape plate prism prism prism
Crystal colour white colourless colourless colourless

C34H33CuNyO5P C35H36CuNgO3PS,
Empirical formula C50H,4CuN,05S C37H39Cu N 1048

S -C3HqO C;HeO -FP
Formula weight 626.18 800.36 783.38 960.37
Crystal system orthorhombic orthorhombic orthorhombic monoclinic
Space Group Pben P2n2ab Pbca Pbca P21/n
AA) 15.0997(15) 13.799(3) 11.4692(7) 16.056(6)
B(A) 13.9691(14) 20.730(5) 21.8702(14) 15.889(6)
C(A) 28.789(3) 26.676(7) 28.7465(16) 16.279(6)
B 90 90 90 96.901(2)
V(A% 6072.5(11) 7631(3) 7210.6(8) 4123(3)
zZ 8 8 8 4
Pealc (2 cm™) 1.370 1.393 1.443 1.547
u(Mo Ka) (mm™) 0.831 0.721 0.720 0.738
F (000) 2576 3328 3264 1976
Refl.
Collected/unique 26662/5543 28366/6974 35881/6595 7547/7547

R, =[I>20(I)]; wR2
(all data)

0.0474; 0.1079

0.0615;0.1386

0.0555 0.1200

0.1575;0.2104

(24):(Et,0)05 (28):(C,HeO)4 (29)
Crystal shape orism plate prism
Crystal colour colorless green blue
Empirical
formula (C35H3,CuN7058),'C4H g0 | Cs¢HarCusN1205S:(C3HeO)s | CssHsaCuszN 12046,
Formula weight 1462.67 1434.53 1331.86
Crystal system monoclinic triclinic monoclinic
Space Group C2/c:bl P-1 P21
a(A) 27.422(2) 11.7576(5) 11.8383(12)
b(A) 11.4315(7) 11.8670(6) 24.052(3)
c(A) 23.0916(17) 11.8957(6) 11.838(3)
a 90.00 98.114(3) 90.00
B 106.675(2) 94.929(4) 101.01(8)
4 90.00 90.750(4) 90.00
V(A% 6934.2(8) 1636.55(14) 3308.8(10)
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Z 4 1 2
Peale (g cm™) 1.401 1.456 1.337
w(Mo Ka) (mm™) | 0.740 0.787 1.080
F (000) 3048 744 1366
Refl.
28579/6331 19885/5560 12778/9940
Collected/unique

R, =[I>20(D];
wR2 (all data)

0.0464; 0.1093

0.0687; 0.2090

0.0654; 0.1766

(30) 31) 32) (36)
Crystal shape amorphous cube prism plate
Crystal colour red colorless pink colorless

Empirical C;4H34FeN 4,0,

formula 2(BE) C3H34CLN14O0Zn | C3gH3aNyNiO, | C34H34CLN4,O,Pd
Formula weight 900.22 807.02 729.46 848.05
Crystal system monoclinic monoclinic monoclinic monoclinic
Space Group P21/c P21/c P21/c P21/c

a(A) 14.8596(12) 20.5210(12) 13.126(11) 13.266(3)
b(A) 13.0034(10) 15.8868(17) 22.194(18) 9.2463(19)
c(A) 20.7112(17) 11.0942(12) 20.15(2) 16.451(3)
a 90.00 90.00 90.00 90.00

B 105.932(3) 92.334(3) 104.03(4) 111.280(7)
14 90.00 90.00 90.00 90.00
V(A% 3848.2(5) 3613.9(6) 5695(9) 1880.3(7)
VA 4 4 4 2

Peale (g cM™) 1.554 1.483 0.851 1.498

u(Mo Ka) (mm™) | 0.485 0.882 0.374 0.688

F (000) 1840 1664 1520 864

Refl.

Collected/unique 24714/6808 26666/7610 43838/12516 12587/3233

R, =[I>20()];
wR2 (all data)

0.0618;0.2117

0.0374; 0.1068

0.0675; 0.1806

0.0827; 0.2787

(42)-2H,0 | (43) 47 (48)“
Crystal shape prism prism plate plate
Crystal colour colourless colourless pink white
Empirical formula C33HgsN,0O5 C3,HgoN,0O, C70H128N5N1,O7 | C5,HysAgBF4Ny,
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Formula weight 570.88 504.82 1269.19 790.290
Crystal system triclinic monoclinic triclinic monoclinic
Space Group P-1 P21/c P-1 P21/c

a(A) 8.9498(12), 11.268(4) 12.085(3) 8.9572(3)

b (A) 13.4507(18) | 16.369(6) 16.345(4) 12.8529(4)
c(A) 15.964(2) 19.073(7) 20.368(5) 15.9160(5)
a 86.522(10) 90 69.892(10) 90

B 88.448(10) 115.31(2) 80.773(11) 92.188(2)

% 72.232(9) 90 84.246(11) 90

V (A%) 1826.7(4) 3180(2) 3724.8(15) 1831.01(10)
Z 2 4 2 2

Peale (g cm™) 1.038 1.054 1.131 1.278

u(Mo Ka) (mm™) 0.068 0.064 0.556 0.589
£(000) 636 1128 1388 734

Refl. Collected/unique | 23205/6675 | 19075/ 5799 13085/5194 14017/3199

R;=[I>20(D]; wR2
(all data)

0.0635;0.1351

0.1278; 0.1862

0.0667; 0.1440

0.0337; 0.0820

@ Least square refinements with anisotropic thermal motion parameters for all the non—hydrogen
atoms and isotropic for the remaining atoms were employed. The BF, anion is disordered in the
structure and attempts were made to model it, but were unsuccessful. Potential volume of 214.8 A’

were found. A total of 91 electrons per unit cell worth of scattering were located in the void. The

stoichiometry is tentatively calculated as 1BF,” anion per unit cell.
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6.3 Electrochemical experiments

Dichloromethane and acetonitrile solvents were freshly distilled from calcium

hydride under dinitrogen. [NBuy][BF4] was prepared by literature methods."
6.3.1 Cyclic Voltammetry

Apparatus

The electrochemical experiments were carried out on an EG&G PAR 273A
potentiostat/galvanostat connected to a personal computer through a GPIB interface.
Cyclic voltammetry (CV) studies were undertaken in a two-compartment three-
electrode cell, with platinum disk working (d = 0.5 mm) and counter electrodes. A
Luggin capillary connected to a silver-wire pseudo-reference electrode was used to
control the working electrode potential. The solutions were saturated with N, by
bubbling this gas before each run and were 10 M in the test compound and 0.2 M in
[NBu4][BF4] as the supporting electrolyte.

Internal standard:

Redox potentials are quoted versus the [Fc]/[Fc]” (Fc = [Fe(n’-CsHs)],
ferrocinium/ferrocene) couple used as an internal reference.’” When necessary (e.g.
for the compounds (42), (43) and (47) (see Chapters 4 and 5)), the
{Fe(TpmPy)][BE4],}”" (compound (30), see Chapter 3) couple was used as the
internal reference to avoid the overlapping redox couples. In these circumstances, the
potentials of the redox processes were referenced to that of the [Fc]”" couple by an
independent calibration. The AE;, between Fc”" and {Fe(Tmey)][BF4]2}0Pr

recorded under identical conditions was 0.642V.

General Procedure:

in a electrochemical cell stored under dinitrogen is added a 0.2 M solution (4-
5 mL) of [NBus][BF4] in the suitable dry solvent. The solution is degased with
dinitrogen bubbling for 10 min. then a cyclic voltammogram is run to verify the
electrochemical profile of the background solution. The compound (ca. 0.005 mmol)

was added to the electrolyte solution and the CV is run.
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Reversibility tests:
The parameters, E," and E;ed (anodic and cathodic potential, respectively)
and i}, 1), (anodic and cathodic current, respectively) are shown in Figure 6.1. Three

main tests were used to determine the reversibilty of a redox process. Thus, a system
is considered to have a reversible behavior if it obeys the following conditions: (i) AE

=E)- E;ed is constant with varying scan-rate and equal to ca. 59mV; (ii) the ratio i)

/1), is equal to 1. (iii) a plot of i) or i, vs. (scan rate)"’? is linear.

2.5x10° 1
2.0x10’6—-
1.5x10° -
1.0x10°

5.0x107

Current (l) /A

0.0 S

-5.0x107

-1.0x10°

— .
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Potential (E) / V

Figure 6.1 The cyclic voltammogram of a reversible redox process.

A system that obeys these conditions is considered to be showing a standard
Nernstian response.'*

It is important that each of these tests is carried out for both the test compound
and the internal standard (which should behave as a fully reversible system).
However, experimentally, the [Fc]”" (or {Fe(Tmey)][BF4]2}O/+) couple exhibits a
deviation from the standard Nernstian response,'* using the appartus previously
described. This deviation could be due to solvent, such as CH,Cl,, for instance, that
possesses a low dielectric constant, and produces a high cell resistance. Therefore, it
was assumed that, if a test compound under the same conditions showed a similar

deviation from an ideal Nernstian response to that of [Fc]”"  (or
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{Fe(TpmPy)][BE4]2}”") couple, the redox process of the test compound would be
considered to be electrochemically reversible.

Under these conditions, the formal redox potential for the redox couple is
defined as:

El, =(E)+ ES)2

6.3.2 Coulometry:

Controlled potential electrolyses (CPE) were carried out in a two-compartment
three-electrode cell with platinum-gauze working and counter electrodes in
compartments separated by a glass frit; a Luggin capillary, probing the working
electrode, was connected to a silver wire pseudo-reference electrode. The solutions
were saturated with N, by bubbling this gas before each run and were 0.2 M in
[NBuy][BF.] as supporting electrolyte and ca. 10° M in the test compound.

Method:

The CPE experiment consists of applying a constant potential at a value that is
sufficiently high (or low) to oxidise (or reduce) a given compound. During the
experiment, the test compound is electrolysed at the surface of the working electrode.
Thus, electrons are tranferred from the test compound to the working electrode (in the
case of an oxidation) or from the working electrode to the test compound (in the case
of a reduction). The charge (Q) accumulated during the experiment is recorded and Q

can be plotted vs time (t) (Figure 6.2 left).

Q) L(A)

(o) 1=0 QO

Figure 6.2 Plots of Q vs time (left) and [ vs Q (right).

At the beginning of an experiment the current (I) response is high (I = dQ/dt)

and reaches a plateau (I = 0) at the end of the experiment, as all the molecules have
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been electrolysed. Experimentally there is a residual current (i.e. background current),
hence Q keeps increasing. The total charge accumulated during the experiment is
expressed as:

Q=NnF

N = number of moles of the test compound used; » = number of electron
tranferred per molecule of test compound; F = Faraday constant = 96500 C
(coulombs).

Thus, from this expression, and the plot of current (I) vs Q can be extrapolated

the correct value of Q for [ = 0 (Figure 6.2, right) and # is readily obtained.

6.3.3 Electrochemical results

For compounds (30), (427), (43°), (44) and (47) that exihibit, in the cyclic
voltammogram, one (or two) reversible process(es) are reported (i) the half-wave

oxidation potential E7, vs. Fc”* (V), (ii) the peak oxidation potential E* vs. F

(mV), (iii) the difference between anodic and cathodic potentials AE = E "~ E;ed at

different scan rates (20-900 mV s*), (iv) the ratio between anodic and cathodic

currents i,/i' at different scan rates (20-900 mV s1), (v) the corresponding

parameters for the reference compound (i.e. Fc”") in analogue conditions and (iv) the
number of electrons per molecule transferred in the CPE experiment.

For compounds (20) and (21) that, in the cyclic voltammogram, display
irreversible process(es) are reported (i) the peak potential(s) of the genuine wave(s)
(labelled as I, II, ...) with a possible attribution, (ii) the additional waves and (iii) the

number of electrons per molecule transferred in the CPE experiment.

[Cu(Tpms™)(MeCN)] (20)
In CH3CN at RT. CV displays (Figure 6.3) two genuine not reversible waves
(ie. I, I) E'=+ 0.540 V (oxidation, Cu""); E""*/ = - 0.893 V (reduction Cu"");

E;“’ =+ 0.073 V (not genuine reduction, Cu""); E ;x= - 0.530 V (high intensity,

0/1

sharp, not genuine oxidation, Cu ). Controlled potential coulometry of (20) for I

(E;‘”‘) process, performed in acetonitrile at room temperature at 1.09 V vs. Ag/AgCl

indicated the transfer of 0.89 electrons per molecule.
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25 20 15 10 05 00 05 10
E (V) vs. Fc'IFc

Figure 6.3 Cyclic voltammogram (v = 120 mV s') of a ca. ImM solution of (20) in CH;CN
with 0.2 M [NBu,][BF,], at a platinum disc electrode (d = 0.5 mmy).

[Cu(Tpms™)(PTA)] (21)

In CH3CN at RT. displays (Figure 6.4) two genuine not reversible waves (i.e.
LI EX =+0.735V (oxidation, Cu""); E"*/ = - 1.430 V (reduction Cu'’), E " = -
0.547 V (high intensity, sharp, not genuine oxidation, Cu”). Controlled potential
coulometry of (21) for I (E ;‘”‘) process, performed in acetonitrile at room temperature

at 1.30 V vs. Ag/AgCl indicated the transfer of 0.94 electrons per molecule.

45 40 05 00 05 10 15
E (V) vs. F¢'IFc

Figure 6.4 Cyclic voltammogram (v = 120 mV s') of a ca. ImM solution of (21) in CH;CN
with 0.2 M [NBu,][BF,], at a platinum disc electrode (d = 0.5 mmy).
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[Fe(Tpm™);][BF.]; (30)

In CH;CN at RT. (see Figure 3.6) E7, =+ 0.640 V, E* = +671 mV, AE =
62mV at 120 mV s™. AE =59 - 79 mV (scan rate = 20 - 900 mV s™); /i =1+ 0.1;
(scan rate)"? o i, (and i7). For Fc/Fc': AE =58 - 76 mV (scan rate = 20 - 900 mV.s’

). Thus the process is considered to be fully reversible. Controlled potential
coulometry of [Fe(Tmey)z] [BF,4], performed in acetonitrile at room temperature at
1.20 V vs. Ag/AgCl indicated the transfer of 1.02 electrons per molecule. Thus, this is

a one-electron oxidation process.

[MOUL][NBuy] (42)

In CH3CN at RT. (see Figure 4.10 and 4.11) £7, =-0.119 V, E* = -89 mV,
AE =61 mV at 120 mV s™. AE =58 - 71 mV (scan rate = 20 - 900 mV s™); i, =1
+ 0.1 at scan rate (s.r.) > 100 mV.s™, at 20, 50 and 80 mVs ™, i;/i; are 1. 18, 1.34, and
1.29 respectively; (scan rate)'? o i, (and ). For Fc/Fc': AE = 60 - 88 mV (scan rate

=20 - 900 mV s). Thus the process is considered to be fully reversible. Controlled

NHOH

potential coulometry of [ L][NBuy] performed in acetonitrile at room temperature

at 0.360 V vs. Ag/AgCl indicated the transfer of 0.97 electrons per molecule. Thus,
this is a one-electron oxidation process.

In CH;Cl; at RT. E7,= - 0.248 V, E* = -206 mV, AE = 67 mV at a 120
mVs'. AE =67 - 100 mV (scan rate”” =20 - 900 mV s™); i /i = 1.12 — 1.25 (scan
rate > 20 - 900 mV.s™) ; (scan rate)'? o i\, (and i7). For Fc/Fc': AE = 82 - 100 mV

(scan rate = 20 - 900 mV.s™). Thus the process is considered to be fully reversible.

NHOH

Controlled potential coulometry of [ L][NBuy4] performed in dichloromethane at

room temperature at 0.430 V vs. Ag/AgCl indicated the transfer of 0.93 electrons per

molecule. Thus, this is a one-electron oxidation process.

[MML1[NBuy] (43)
In CH3CN at RT. (see Figure 4.10 and 4.11) £V, = - 0.161 V, E* = -129

mV, AE = 65 mV at 120 mV s. AE = 65 - 99 mV (scan rate = 20 - 900 mV s™);

i,/i,=1+0.1 at scan rate > 50 mV.s’, at 20 mV s i,/i%1s 1.27; (scan rate)'? o i,
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(and 7). For Fc/Fe™: AE =69 - 89 mV (scan rate = 20 - 900 mV.s™"). Thus the process

is considered to be fully reversible. Controlled potential coulometry of [N L][NBuy]
performed in acetonitrile at room temperature at 0.320 V vs. Ag/AgCl indicated the

transfer of 0.99 electrons per molecule. Thus, this is a one-electron oxidation process.

In CH,CL, at RT. E7), =-0.300 V, E;x =-240 mV, AE =60 mV ata 120 mVs'!. AE
=69 - 92 mV (scan rate’> =20 - 900 mV s); i4/i¢ = 1.11 — 1.29 (scan rate > 20 - 900
mV.s™") ; (scan rate)'? o i\, (and i7). For Fc/Fc': AE =71 - 94 mV (scan rate = 20 -

900 mV.s"). Thus the process is considered to be fully reversible.

[M’L][NBug] (44)
In CH3CN at RT. (see Figure 4.10 and 4.11) £V, =- 0423 V, E* = -385
mV, AE =77 mV at 120 mV s'. AE = 69 - 89 mV (scan rate = 20 - 900 mV s™);

i;/i; =1+ 0.1 at scan rate > 100 mV.s", at 20, 50, and 80 mV.s™, i;/i; are 1.21,
1.21, and 1.33 respectively; (scan rate)" o i\, (and i7). For Fc/F¢' : AE=72-90 mV

(scan rate = 20 - 900 mV.s™"). Thus the process is considered to be fully reversible.

NMe2

Controlled potential coulometry of [ L][NBu4] performed in acetonitrile at room

temperature at 0.184 V vs. Ag/AgCl indicated the transfer of 0.98 electrons per

molecule. Thus, this is a one-electron oxidation process.

In CH,CL at RT. E], =-0.544 V, E;x =-508 mV, AE =72 mV at a 120
mVs'. AE=72 - 111 mV (scan rate’> = 20 - 900 mV s™); i5/i,=1.05—1.31 (scan
rate > 20 - 900 mV.s™) ; (scan rate)"? o i\, (and i7). For Fc/Fc': AE =80 - 101 mV

(scan rate = 20 - 900 mV.s™"). Thus the process is considered to be fully reversible.

[Ni(*"™L)]2[NBug]> (47)

In CH3CN at 253 K. (see Figure 5.3) Ej; =-0.120 V, E* = -76 mV, AE =
89 mV at 120 mV s'. AE=76-95mV (scanrate=20- 900 mV s); i%/i¢ =1+0.3;
(scan rate)'” o i¢ (and i%). E};" =+0.110, I = 166 mV, AE = 102 mV at 120 mV
s'. AE=99 - 109 mV (scan rate = 20 - 900 mV s); i%/i¢ = 1 + 0.2; (scan rate)'” o
i, (and 7). For Fc/Ec™: AE =77 - 89 mV (scan rate = 20 - 900 mV.s"). Thus, these

processes are considered to be quasi reversible. Controlled potential coulometry of

(47) performed in acetonitrile at 253 K, for process E|,, at 0.340 V vs. Ag/AgCl and
p 172
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for process E|,, at 0.589 V vs. Ag/AgCl indicated the transfer of 1.01 and 1.92
electrons per molecule, respectively. Thus, each of these processes are a one-electron

oxidation processes.

In CH,CL, at 253 K. E[} =-0.124 V, E}" = -82 mV, AE = 81 mV at 120
mV s, AE =81 - 94 mV (scan rate = 20 - 900 mV s™'); i%/i = 1+ 0.1 at scan rate >
100 mV.s™, at 20, 50, and 80 mV.s™, i;/i; are 1.24, 1.27, and 1.19 respectively; (scan
rate)'? o i¢ (and i%). E)y' =+ 0.078, EI™ =125 mV, AE =94 mV at 120 mV 5™,
AE =91 - 104 mV (scan rate = 20 - 900 mV s™); i,/i, =1+0.1 at scan rate > 120
mV.s™, at 20, 50, 80 and 120 mV.s™, i;/i; are 1.28, 1.22, 1.15 and 1.19 respectively;
(scan rate)'* o i\, (and i7). For Fc/Fc': AE =77 - 109 mV (scan rate = 20 - 900 mV.s’

1. Thus, these processes are considered to be quasi reversible. Controlled potential
coulometry of (47) performed in acetonitrile at 253 K, for process E,,, at 0.356 V vs.
Ag/AgCl and for process E|}, at 0.553 V vs. Ag/AgCl indicated the transfer of 1.04

and 1.89 electrons per molecule, respectively. Thus, each of these processes are a one-

electron oxidation processes.

6.3.3.1 Results of reversibility studies of the oxidation/reduction processes
for (42°), (43°) and (44)

The [M"LH]/["™NLH] couple (i.e. compounds (42°)/(42), (437)/(43) and
(44°)/(44)) and the Fc'/Fc couple show a similar magnitude and variation in AE with
increasing scan rate. The i) /1), ratio of the [MRLH] /MR LH] couple, in CH3CN, is
close to 1 (within 12%) for scan rate (s.r.) > 120 mV-s™ and increases from 1.2 to 1.3

for s.r. 20, 50, 80 mV-s'. In CH,Cl, the i; / i; ratio is in the range of 1.2-1.3, but the
same effect was observed for the [Fc]'/[Fc] couple. The peak currents, 1, and i}, each

vary linearly with the square root of the scan rate for the MRLH] /MR LH] couple.
Thus, under these experimental conditions; the [Nox LH]/[""NLH] couple

behaves the same as the [Fc']/[Fc] couple. Therefore, it is considered that the redox

processes of compounds (42°)/(42°), (43°)/(43") and (44°)/(44") are electrochemically

reversible.
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All Tables reported: s.r. (scan rate, mV-s™); i), (anodic current, 107 A); i,

(catodic current, 107 A); AE (AE = E)- E;ed); andi, /1.

6.3.3.2 Reversibility of the oxidation/reduction process of Fc’*

(ferrocene/ferrocinium)

Table 6.1 Electrochemical characteristics in CH;CN of the couple Fc”*.

S.T. ip” -ip’ AE i'/i¢
20 5.69 5.85 0.088 0.97
50 8.04 8.20 0.078 0.98
80 9.39 9.83 0.070 0.96
120 | 11.31 11.68 0.070 0.9
200 | 14.50 14.84 0.064 0.98
300 [ 16.99 17.17 0.067 0.99
400 | 19.62 20.01 0.067 0.98
500 | 21.50 21.65 0.066 0.99
700 | 25.55 25.17 0.067 1.02
900 | 2891 28.37 0.060 1.02

Fc'/Fc testin CH,CN

35,00

30,00

25,00

20,00

1p (107 A)

15,00

10,00

5,00

0,00

0 5 10 15 20 25 30 35
SQ- scan rate

Figure 6.5 Plot ofiz (blue dots) vs. V(scan rate) and -i; (purple dots) vs. V(scan rate) for

F"" couple in CH;CN

251



6 Experimental data

Table 6.2 Electrochemical characteristics in CH,Cl; of the couple Fc”*

s.r. ip" -ip’ AE i'i€
20 | 612 5.60 0.137 1.09
S0 1 873 6.38 0.084 137
80 | 10.67 8.61 0.087 1.24
1201 1277 10.29 0.087 1.24
200 | 1525 12.30 0.082 1.24
300 | 17.50 13.74 0.080 127
4001 1970 14.91 0.085 1.32
500 | 2138 17.22 0.080 1.24
700 | 2369 19.48 0.099 1.22
900 | 26.93 21.60 0.082 1.25

Fc'lFc tests in CH,Cl,
30,00 -

R?=0,9938

25,00

20,00 4

R?=0,993

15,00

Ip (107 A)

10,00

5,00 4

0,00 T T T T T T 1
0 5 10 15 20 25 30 35
SQ- scan rate

Figure 6.6 Plot ofiz (blue dots) vs. V(scan rate) and -i ;(purple dots) vs. V(scan rate) for

Fc"" couple in CH,Cl,

6.3.3.3 Reversibility of the oxidation/reduction process of (427)/(42")

(42°)/(42) pair shows very similar electrochemical behaviour in CH;CN to
that of the Fc'/Fc couple (Tables 6.1 and 6.3); although it was observed that for low
scan rates (i.e. 20, 50 and 80 mV-s") the i, / 1, ratios were higher (Table 6.1).
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However, for the (42)/(42°) couple, i\, and i} each varied linearly with the square root

of the scan rate (Figure 6.7).

60,00

50,00 1

40,00

Ip (107 A)

20,00 1

10,00 |

0,00

Table 6.3 Electrochemical characteristics in CH;CN of the couple (42)/(42).

S.r. ip” -ip’ AE i'/i¢
20 5.23 4.45 0.071 1.18
50 9.52 7.10 0.061 1.34
80 16.77 12.97 0.055 1.29
120 | 19.86 19.19 0.060 1.03
200 | 26.11 24.76 0.059 1.05
300 | 30.71 30.16 0.062 1.02
400 | 35.56 33.86 0.057 1.05
500 | 38.59 36.96 0.059 1.04
700 | 45.73 43.71 0.061 1.05
900 | 51.52 48.66 0.058 1.06
(42')/(42) tests in CH,CN
R*=0,9911

R?=0,986

15

20

SQ-scan rate

25

30

35
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(42)/(42) tests in CH.CN (data from 120mV/s)
55,00

?=0,9988
50,00

45,00 ?=0,9984
40,00

35,00

1p (107 A)

30,00

25,00

20,00

15,00

10,00

10 15 20 25 30 35
SQ scan rate

Figure 6.7 Plots of all data (previous page) and data for s.r. > 120 mVs™' (this page) of
ii(blue dots) vs. V(scan rate) and -i; (purple dots) vs. V(scan rate) for (427)/(42’) in CH;CN

Analogous considerations could be indicated for CV measurements in

dichloromethane (Tables 6.2 and 6.4). The 1,/i;, ratio is higher than 1 (i.e. ca. 1.20)

both for the F¢'/Fe and the (427)/(427) couples.

Table 6.4 Electrochemical characteristics in CH,Cl; of the couple (427)/(42’).

s.r. ip" -ip’ AE i'i€
20 7.59 6.46 0.076 1.18
50 11.03 9.53 0.079 1.16
80 13.25 11.83 0.077 1.12
120 15.37 13.56 0.067 1.13
200 19.54 15.66 0.082 1.25
300 23.22 18.95 0.076 1.23
400 25.23 20.83 0.085 121
500 28.49 23.62 0.094 121
700 31.86 27.03 0.099 1.18
900 35.25 29.80 0.100 1.18
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(42')/(42) tests in CH.CI,

R?=0,9958

R?=0,9969

0 5 10 15 20 25 30 35
SQ-scan rate

Figure 6.8 Plot ofiz (blue dots) vs. V(scan rate) and -i; (purple dots) vs. V(scan rate) for

(42)/(42°) in CH,Cl,

6.3.3.4 Reversibility of the oxidation/reduction processes of (437)/(43") and
(437)/(44)

(43°)/(43) and (44°)/(44) couples shows very similar electrochemical
behaviour in CH3CN to that of the Fc'/Fc couple (Tables 6.5 and 6.6); although it was
observed that for low scan rates the i} /i, ratios were higher (for (43°)/(43") pair at 20
mV s i/i}, is 1.27, Table 6.5; and for (44')/(44) at 20, 50, and 80 mV.s™, i,/i', are
1.21, 1.21, and 1.33 respectively). However, for the both (43%)/(43) and (44°)/(44)

couples, i), and i each varied linearly with the square root of the scan rate (Figures

6.9 and 6.10).

Table 6.5 Electrochemical characteristics in CH;CN of the couple (43°)/(43")

sre | ! -ip’ AE i
20 5.28 4.16 0.082 1.27
50 7.43 6.58 0.078 1.13
100 | 10.16 8.87 0.065 1.14
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200 | 13.14 12.20 0.085 1.08
400 | 17.24 15.76 0.099 1.09
600 | 21.93 19.38 0.092 1.13
900 | 25.25 22.55 0.090 1.12
(43")/(43") tests in CH:CN
30,00
R? = 0,9971
25,00 -
20,00 - R? = 0,9965
<
s 15,00
10,00 A
5,00 - ¢
0,00 T T T
0 10 20 30

S.Q.-scan rate

40

Figure 6.9 Plot ofiz (blue dots) vs. V(scan rate) and -i; (red dots) vs. V(scan rate) for

(43)/(43) in CH;CN

Table 6.6 Electrochemical characteristics in CH;CN of the couple (44°)/(44).

S.T. ip” -ip’ AE i“/i
20 4.97 4.11 0.080 1.21
50 6.94 5.72 0.089 1.21
80 8.41 6.30 0.078 1.33
120 9.68 8.22 0.073 1.19
200 11.24 9.49 0.069 1.18
300 13.18 11.11 0.077 1.19
400 14.64 13.58 0.078 1.08
500 15.30 14.44 0.077 1.06
700 16.81 16.12 0.080 1.04
900 18.77 18.75 0.089 1.00
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(44')/(44") tests in CH,CN

20,00
R? = 0,9869

18,00 -
16,00 -
14,00 -

R? = 0,9957

12,00 -
10,00 -

1(107 A)

8,00 -
6,00 -
4,00 -
2,00 -

0,00 T T T T T T
0 5 10 15 20 25 30 35

SQ-scan rate

Figure 6.10 Plot of i Z (blue dots) vs. V(scan rate) and -i; (purple dots) vs. V(scan rate) for

(44)/(44) in CH;CN.

Analogous reversibility tests of (43°)/(43") and (44°)/(44°) couples in CH,Cl,

have furnished comparable results.
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6.4 EPR conditions

429, [M™MOUL]" (in CH3;CN at 253-270 K): center field: 3354.3358;
modulation frequency: 100 KHz; modulation amplitude: 1.0-0.1 Gpp; receiver gain:
4.48-10™; conversion time: 40.96 ms; time constant: 81.92 ms; ST : 40 s. Calculation
for 263 K: g values were calculated from the formula v = 1.39962-g-B’, where v is
the frequency measured (GHz) and B’ is the corrected value of field (kGauss). The
correction factor (AB) of field was calculated from the difference of theoretical and
experimental values of field (B’-B®*?) of a reference compound (i.e. perylene radical
in conc. sulphuric acid) with known g value (i.e. 2.002569): B* = v**?/( 1.39962-g)
Perylene radical in conc. sulfuric acid: g = 2.002569; B“" = 3345.5890; v*F =
9.409219 GHz; B> = 3357,0356; AB = 11.4466. [N"°"L]" : B = 3341.3852; v*° =
9.405720 GHz; B* = 3352.8318; g =2.00433.

439, ["™™eL]" (in CH3CN at 253-270 K): center field: 3354.6030;
modulation frequency: 100 KHz; modulation amplitude: 1.0-0.1 Gpp; receiver gain:
4.48-10™; conversion time: 40.96 ms; time constant: 81.92 ms; ST : 40 s. Calculation
for 263 K: perylene radical in conc. sulfuric acid: g = 2.002569; B*" = 3347.2468,;
v = 9.411541 GHz; B’ = 3357.8641; AB = 10.6172. [V"™°L]" : B = 3343.9866;
v =9.410058GHz; B’ = 3354.6038; g = 2.00420.

44), ™L]" (in CH;CN at 253-270 K): center field: 3353.3816;
modulation frequency: 100 KHz; modulation amplitude: 1.0-0.1 Gpp; receiver gain:
4.48-10™; conversion time: 40.96 ms; time constant: 81.92 ms; ST : 40 s. Calculation
for 263 K: perylene radical in conc. sulfuric acid: g = 2.002569; B*" = 3348.1435;
v = 9.414326 GHz; B’ = 3358.8577; AB = 10.7142. ["V**L]" : B = 3343.2112;
vi*=9.410179 GHz; B’ = 3353.9254; g = 2.00463.

479, [{NBug2{Niz(°™ L),}]" (in CH3CN at 253-270 K): center field:
3350.9832; modulation frequency: 100 KHz; modulation amplitude: 1.0-0.2 Gpp;
receiver gain: 4.48- 10™; conversion time: 40.96 ms; time constant: 81.92 ms; ST : 40
s. Calculation for 263 K: perylene radical in conc. sulfuric acid: g = 2.002569;
B*P = 3345.1501; v = 9.407328 GHz; B’ = 3356.3632; AB = 11.2131.
[{NBus}2{Niz(°"™ L)} B = 3340.2201; v = 9.396430 GHz; B’ = 3351.4332; g
=2.00319.
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6.5 Computational data

(7

Computational Details. The full geometry optimization of (7) and (7) has
been carried out in Cartesian coordinates at the DFT level of theory using the
Gaussian 98'°® package. The calculations have been performed using Becke’s three-
parameter hybrid exchange functional'’ in combination with the gradient-corrected
correlation functional of Lee, Yang, and Parr'® (B3LYP) and the 6-31G* basis set.
Restricted approximations for the structure with closed electron shells and
unrestricted methods for the structure with open electron shells have been employed.
Symmetry operations were not applied. The Hessian matrix was calculated
analytically to prove the location of correct minimum (no imaginary frequencies were
found). The hybridization of atomic orbitals has been calculated using the natural
bond orbital (NBO) partitioning scheme."” The experimental X-ray geometry of (7)

was taken as a basis for the initial geometry of the optimization processes.

Figure 6.11 Plots of SOMO orbital (left) and spin density (right) for (7°).

atom/ Mulliken atomic spin densities

I N -0,000149 | 21 H -0,000106 | 41 C 0,032189
2 C 0,73872 )22 C -0,000046 | 42 C 0,000311
30 -0,000019 | 23 H -0,000083 | 43 H -0,000002
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4 Li -0,003669 | 24 H 0,000585 | 44 H 0,003345
5N 0,018811 | 25 H 0,000424 | 45 H 0,000007
6 N 0,001029 | 26 C 0,001377 ] 46 C 0,000007
7N 0,01995 | 27 C 0,031243 ] 47 H -0,000001
8 N 0,000174 | 28 H -0,001546 | 48 H -0,000002
9N 0,019598 1 29 C 0,03206 | 49 C -0,000001
10 C -0,000111 J 30 C 0,000361 | 50 H 0
11 H 0,000012 | 31 H -0,000105 | 51 H 0
12 H 0,00059 | 32 H 0,000217 | 52 C -0,000002
13 H 0,000456 | 33 H 0,003244 | 53 H 0,000002
14 C 0,002777 ] 34 C -0,000056 | 54 H 0
15 C 0,030316 | 35 H -0,00004 | 55 C 0,000001
16 H -0,0015 | 36 H 0,000585 | 56 H -0,000001
17 C 0,033578 | 37 H 0,00044 | 57 H 0
18 C 0,000166 | 38 C 0,001905
19 H 0,000325 ] 39 C 0,030902
20 H 0,003268 | 40 H -0,001536
(47
atom/ Mulliken atomic spin densities

1 C -0,019906 | 16 H -0,001919 | 31 H 0,001043

2 C 0,047606 | 17 H -0,002733 132 C -0,007461

3C -0,005166 | 18 N 0,11126 | 33 H 0,001829

4 C 0,038557 119 O 0,004805 | 34 H 0,011925

5C -0,020783 ] 20 O 0,066528 1 35 C -0,00387

6 H 0,000704 | 21 O 0,066118 | 36 H 0,000418

7 C 0,058448 | 22 Ni 0,172852 | 37 H 0,010203

8 C -0,030314 | 23 C -0,019882 | 38 H -0,001922

9 H 0,001042 | 24 C 0,047642 | 39 H -0,002736

10 C -0,007469 | 25 C -0,005194 | 40 N 0,11107

11 H 0,001832 ] 26 C 0,038605 | 41 O 0,004753

12 H 0,01194 | 27 C -0,020815 | 42 O 0,06642

13 C -0,003861 | 28 H 0,000705 | 43 O 0,06619

14 H 0,000415 ] 29 C 0,058501 | 44 Ni 0,17276

15 H 0,010194 ] 30 C -0,030337
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6.6 Catalytic studies

Gas chromatographic (GC) measurements were carried out using a FISONS
Instruments GC 8000 series gas chromatograph with a FID detector and a capillary
column (DB-WAX, column length: 30 m; internal diameter: 0.32 mm). The
temperature of the injector was 240 °C. The initial temperature was maintained at 100
°C for 1 min, then raised 10 °C/min to 180 °C and held at this temperature for 1 min.

Helium was used as the carrier gas.

[Cu(Tpms™)(MeCN)] (20)

Oxidation of cyclohexane to cyclohexanol and cyclohexanone.

OH
cat N
H,0, HNO;
CH3CN/H,0
entry | n(cat)/n(C¢Hy2) | n(H,0;)/n(cat) | Acid | yield (%) | TON TCO)
*10° %107 (one/ol) | (one/ol)
1 2 0.5 yes | 0.18/0.06 | 0.9/0.3 r.t.
2 2 0.5 yes | 0.26/0.10 | 1.3/0.5 40°C
3 1 1 yes | 0.10/0.03 | 1.0/0.3 r.t.
4 0.5 2 yes 0.07/- 1.4/- r.t.
5 2 0.5 no -/- - r.t.
6 5 0.2 yes | 0.32/0.11 | 0.64/0.22 | 40°C

The oxidation reactions were carried out in Schlenk tubes and under
dinitrogen. In typical conditions the reaction mixtures were prepared as follows: a
suitable amount of catalyst precursor (20) was dissolved in 3 mL of MeCN. A 30%
water solution of H,O, (0.50 mL, 5.00 mmol) and cyclohexane (540 uL, 5.0 mmol)

were then added and the reaction mixture was stirred for 6 h, at the desired
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temperature and atmopheric pressure. In the experiments with HNOs3, this acid was
added immediately before the addition of the substrate. For the analysis of the
products, 90 uL of cycloheptanone (internal standard) and 6.5 mL of diethyl ether (to
extract the substrate and the organic products from the reaction mixture) were added.

The obtained mixture was stirred during 10 min and then a sample (1uL) was taken

from the organic phase and analyzed by GC by the internal standard method.

Cyclopropanation of styrene with ethyldiazoacetate.

H COOEt

©/\ . \n/ cat A N A
N, CHCl, EtOOC Ph EtooC”
entry | mol yield yieldb (%) | time TCCO)
styrene/EDA/cat | (byproducts)” (h)
1 500/10/1 78 % 5.4 % 20 h r.t.
2 500/10/2 82 % 7 % 20 h r.t.

(a) total yield of diethylfumarate and diethylmaleate based on 'H-NMR. (b)

based on 'H-NMR.

To a dichloromethane solution (3 mL) of styrene, a suitable amount of catalyst
and diazocompound were added. The final solution was stirred at room temperature

for 20 h. The solvent was removed under vacuum and the crude was analysed by 'H-

NMR in CDCls.
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6.7 Compounds

(1), hydrotris(pyrazolyl)methane, Tpm, HC(pz); (pz = pyrazolyl).

H
I

ol

(2), tris-2,2,2-(1-pyrazolyl)ethanol, HOCH,C(pz); (pz = pyrazolyl).
HO

C
N/ \\
CIo

(2-Ms) 2,2,2-tri(pyrazol-1-yl)ethyl methanesulfonate, H;CSO,OCH,C(pz);
(pz = pyrazolyl).
O\\S 0
HeC” Y

C' |)>

3), 4-((tris-2,2,2-(pyrazol-1-yl)ethoxy)methyl)pyridine, TpmPy, 4-
py)CH,OCH,C(pz); (pz = pyrazolyl).

Ol
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(4), (tris-2,2,2-(pyrazol-1-yl)ethoxy)benzyl, PhCH,OCH,C(pz); (pz =

SN
i

(5), TsNHCH;CH;OCH,C(pz); (Ts = para-toluenesulfonyl, pz =

pyrazolyl).

pyrazolyl).

/O

HSCQ/ </:| ) }

(6), TSNHCH,CH,TsNCH,CH,OCH,C(pz); (Ts = para-toluenesulfonyl, pz

//O

= pyrazolyl).
CHj
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N, twitterionic tris(3,5-dimethylpyrazolyl)methane lithium
tetrahydrofurane  complex, [CpZY?)Lif(th)],  (pzM* = 3,5
dimethylpyrazolyl).

(7, cationic tris(3,5-dimethylpyrazolyl)methane lithium
tetrahydrofurane radical, [{"C (pz"*®)3}Li(thf)]*, (pz™** = 3,5-dimethylpyrazolyl).

7

NV
/4 I T\l{l\
=N, |
&Li

(8), Synthesis of tetrakis(3,5-dimethylpyrazolyl)methane, C(pz"?)4 (pz"'*
= 3,5-dimethylpyrazolyl).
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(9), lithium tris(pyrazolyl)methanesulfonate, [Tpms]Li, [O3SC(pz)3]Li, (pz

= pyrazolyl).
(g Li
|
C

G P2 ¢
DR S

A s -CHj I \'N
1 N N
7 .
N\ N //N,
N C\N’N
NN O/
N \ N= Q 0 -
N‘N N HsC P / (0]
co N o—pP” Sp
- - —~0 Sl _o =
= 0—Pxq I | Sp—~ o\ |/>
J N 2N N, G~
/P\ —N' CH3 \ N\
- C/\O ; 1 N
N _N— /
= // N
ot A :
N N, | aC p=S \ n_0o
N J NNSo /
o 0 CHa 0 @,
Q oy
N~
N o A
N/N\CJ o \, N
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(11), tris(3,5-dimethylpyrazolyl)methane, Tpm"*, C(pz™*%); (pz™** = 3,5-
dimethyl-pyrazolyl).

i

C

/l\'
74 'f T\E\
—N N

(12), tris(3-phenylpyrazolyl)methane, Tpm"", C(pz™); (pz™ = 3-phenyl-

pyrazolyl).
|
C
/\\
AN
—N ,L N<

(13), tris(3-tert-butylpyrazolyl)methane, Tpm™', C(pz™"); (pz™®" = 3-tert-
butyl-pyrazolyl).
H
C
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(14), tris(3-iso-propylpyrazolyl)methane, Tpm"", C(pz'™"); (pz"" = 3-iso-
propyl-pyrazolyl).

(15), tris(3,5-diphenylpyrazolyl)methane, Tmehz, C(szh2)3 (szhz = 3,5-
diphenyl-pyrazolyl).

00
7y M
_—N ,L N<

(16), lithium tris(3-phenylpyrazolyl)methanesulfonate, [Tpms""|Li,
[03SC(pz"™);]Li, (pz"™ = 3-phenyl-pyrazolyl).
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(17), [(pz™*?):C-O-C(pzM*)3] (pz™*? = 3,5-dimethylpyrazolyl).

AN
N—N N—
\ PAONG /\//\/
N NI
N—N’ N—N

(18), 4-((tris-2,2,2-(3-phenylpyrazol-1-yl)ethanol, HOCH,C(pz""); (pz™" =
3-phenyl-pyrazolyl).

rOH
C
AN
7 N M
LS
(19), 4-((tris-2,2,2-(3-phenylpyrazol-1-yl)ethoxy)methyl)pyridine,
TmeyPh.
ahh
C N
AN
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(20), [Cu(Tpms"™)(MeCN)].
028'—0

Ph\ﬁ _—xPh

C—-N—N~Cu—N C—Me
AN
N—N

\
v\ph
(21), [Cu(Tpms™)(PTA)].
N—N
N7
Ph
0,S- c/—‘f—%—‘w—[ 55
ST
\
V\Ph

(22), [Cu(Tpms™)(HMT)].

(23), [Cu(Tpms™)(mPTA)]|[PFg].

B //\/F’h 7]
N—N
05— C/‘N/%\EZ P/_’N$ﬂ [PFe]
S—C =N N—Cu—
S g [
@\ \
_ Ph |

(24), [Cu(Tpms™)(CyNC)] (CyNC = cyclohexyl isocyanide)
0,5—O0,_

Ph
\A C<‘N—N~Cu—C—N—£

d

N—N

@\Ph

270



6 Experimental data

(25), [Cu(Tpms™)(XyNC)] (XyCN = 2,6-dimethylphenyl isocyanide)
0,8—0,

Ph
\ﬁ C——N—N~Cu—C—N‘§ >
\N—N/
&)\Ph

(26), [Cu(Tpms™)(L)] (L = MeC(=NH)NHMe).

028_
C‘N NNCu—N
AN
N—N

|
\
V\Ph Me
(27), [Cu(Tpms™)(CO)]

m/Ph

0,5—0,,
Ph 2 _
\A N N,‘. Ph
C—N—N;CU—CO =
N—N 038—C=N—N=tu—Cco

\ N—N
N O,

(28), [Cu(p-O)(Tpms™)],.

Ph AN
Pheo "\ C}ZS O.. ﬁ

Ph
Ph X 0,5—0 CI:I_|3 I_!/H \ N
N-N—CTN—N=Cd  Cu  CuN—N—C—N-N
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(30), [Fe(TpmPy),][BF4]>.

(32), [Ni(TpmPy),|Cl,.

272
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(33), [ZnCly(TpmPy™™)].

(34), [NiCl(TpmPy"™)].

N” N
— 0 —
C | 1y, o, W N~
o, N | e
CI/ \N S —
=

(35), [VOCly(TpmPy)].
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/,N/,N
0——CZN" X 7 N
= — o——dZN\N
C|m “\\\N\ !
- ] ——J
Cl n, W N

N"_N
N"7\
N/
\ /7 S
(37), [PACL(TpmPy™);]
Ph
/N N/NN
0——CZN" \—Ph
— —
Clum, - Lt [\@)
S
<"
— ! —
/(\ —C—_-0
Ph \N/L\l //
N
PH N\ )
Ph
(38), [PACL(n-TpmPy),Fe](BF4); (proposed).
<‘\ NVN /\G ) v 0
N@Qfe\”\\‘y 6@ / \CI
O/\(}L \;\> o “‘«."..-
Clu, , . \\‘Ni ! = C|/Pd\.
_—
@\b C/N\N/ \ ﬁpdiol
TN ! > cl
\NN\‘RI:‘I‘;:}:&‘“ ~N I
S N' AN
\ | = Q
7 SN—
7
CI”"""Pd“'“““: """u... wCl
| j v \ ./ \CI
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(39), [Fe(u-TpmPy),Cu(NO3):](BF4), (proposed).

RN / N NO;
@ F;'N A NN

N—Fe—N~
NN 7 N ) oN” N i
e

(40), [PACL(n-TpmPy""),Fe;(H20)6] (BF ).

Ph oH,

\ Ph/[_OH
/ _N— /F!,\Osz

//N

(C’ <o
— —

(41), N-3,5-di-fert-butylsalicyloxysuccinimide.

XES\'(O
OH O

(42), 3,5-di-tert-butyl-2-hydroxy-N-(2-hydroxyethyl) benzamide, ~"°"LH.

S

OH HN
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42), tetrabutyl ammonium salt of  2.4-di-tert-butyl-6-(2-

hydroxyethylcarbamoyl)phenolate, [NBug][°" L].

vy

O HN
Ul HO

(429, 2,4-di-tert-butyl-6-(2-hydroxyethylcarbamoyl)phenoxylradical,

[OHNHL] . .

.o HN
Bul” HO

(43), 3,5-di-tert-butyl-2-hydroxy-N-methyl benzamide, """ *LH.

tBu
Bu@Y"

OH NHMe

43), tetrabutyl ammonium salt of 2,4-di-tert-butyl-6-(2-
methylcarbamoyl)phenolate, [NBuy] [NHMeL].

A

NHMe

[BU4N]
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(43"), 2,4-di-tert-butyl-6-(2-methylcarbamoyl)phenoxylradical, [N"™L]".

tBu

tBu

&

O NHMe
(J

[BusN]

(44), 3,5-di-tert-butyl-2-hydroxy-N-dimethyl benzamide, “*'’LH.

tBu

0]

&

tBu
OH NMes,

44), tetrabutyl ammonium salt of  2.4-di-tert-butyl-6-(2-
dimethylcarbamoyl)phenolate, [NBug][" " 2L

tBu
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45), N,N'-(ethane-1,2-diyl)bis(3,5-di-fert-butyl-2-hydroxybenzamide),
N, H,.
tBu
O
HN
tBu OH
HN
HO e}
tBu
tBu
(46), 3,5-di-tert-butyl-2-hydroxy-N-(2-(4-(3,5-di-tert-butyl-2-
hydroxybenzoyl)piperazin-1-yl)ethyl)benzamide, ' L,H,.
@)
tB
“ %
OH \
tBu HN 0]
HO
tBu tBu
(47), INBug]2[Ni(*"™L)a].
tBu
A N
N O\ o B
NSNS !
/Nl\ AN [BU4N]2
tBu O 0] N
— %
tBu
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(47", [{NBugh2{Niz(*"™L),}1".
— Y @

A N
N. 0O
>N O tBu
>Ni Ni< [BuaNI2
tBu 0" ¢ W
\__/

— B bl A

QA N\
N o)
J/ 0] tBu
>Ni \Ni< [BuNL2
tBu O \o/ N
\__/

et
NN
/ \N Af’r 7N
AN (BF4)2
M \ /
HAZoN NS
(50), [(n-Cu){Cu(p-O)(Tpms*")},].
Ph
Phee '\ (}23_0 o o ﬁ
\ o) N—N
N — S NSO
N—N—C\N N=—cg Cu /CU‘N—NQC—N—N
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