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Introduction

Résumé

Les ions de métaux de transition, présents dans environ 50% des protéines, sont impliqués dans un
grand nombre de processus biologiques. Les sites actifs peuvent étre décrits comme des complexes
inorganiques sophistiqués et plus ou moins directement liés a la chaine polypeptidique de la
protéine. Les ligands les plus communément rencontrés sont de type azoté ou oxygéné. Il existe
également toute une classe de clusters métalliques qui utilise des ligands soufrés : fonction thiol via
la cystéine, fonction thioether via la méthionine, ou bien encore l'ion sulfure. La liaison métal-
soufre confére a ces complexes des propriétés originales, tant au niveau de leur structure

électronique, que de leurs propriétés redox ou de leur réactivité.

A travers des exemples variés de sites actifs de nombreuses métalloprotéines, les différents types de
liaison métal-soufre et modes de coordination sont d’abord présentés dans ce mémoire. Ces
protéines sont impliquées dans divers processus dont (i) les transferts d’électron(s), (ii) I'activation
de petites molécules comme le dioxygene, 'hydrogéene ou bien encore le diazote, (iii) les réactions
d’oxydation via des transferts de groupes oxo et (iv) les réactions non redox comme les hydrolyses
ou le transfert de groupement méthyle. Plus particulierement, la liaison métal-thiol, de par son
caractére covalent fort avec la plupart des ions de métaux de transition, est a l'origine de spectres
d’absorption UV-visible particuliers avec des transitions intenses de faible énergie, ainsi que de
propriétés RPE spécifiques. Les études reportées dans la littérature, pour trois séries de complexes
synthétiques dans lesquels seule la nature du métal change, sont discutées pour illustrer la

structure électronique particuliére des complexes possédant une liaison métal-thiol.

Dans ce contexte, les différents projets développés au cours de cette thése, qui concerne
essentiellement I'étude des propriétés de complexes bioinspirés a liaison métal-thiol, sont présentés
dans les quatre chapitres suivants. Deux types de ligands ont été utilisés : l'un tridentate LNS?,
l'autre tétradentate, LN?52, Ces deux ligands possédent deux fonctions thiolates aliphatiques
encombrées et une ou deux fonctions azotées, issues respectivement d’une pyridine ou d’une

bipyridine.

Enfin, le dernier chapitre concerne un travail initié au cours de mon Master. Il s’agit de I'étude d’un
complexe mononucléaire de cuivre(ll) contenant un ligand hexadentate de type N6, présentant une

pseudo compression de type Jahn-Teller.
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Essential Elements for Life

More than one third of the elements (excluding actinides and lanthanide elements), are
essential for life (Scheme 1.1).1 Of these, only eleven elements are found in all known
organisms; hydrogen, carbon, nitrogen, oxygen, sodium, potassium, calcium,
magnesium, potassium, sulfur and chlorine.?2 After discoveries in the 19t century
demonstrating that plants and yeast depend on metals such as iron, manganese, copper,
and zinc for growth, further studies were initiated on defining which other chemical
elements are essential for life.3 Thus, after the eleven essential bulk elements, the
remaining can be divided into two categories; (i) essential trace elements, including
vanadium, chromium, manganese, iron, cobalt, nickel, copper, zinc, molybdenum, boron,
silicon, selenium, fluorine and iodine, and (ii) possible essential trace elements for some

species, including arsenic, bromine, strontium, cadmium, tin, barium and tungsten.
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Fr ||Ra |[Ac [[Th

|

Bulk biological | Trace elements believed . Possibly essential trace

elements tobe essenlllal for bacteria, elements for some species
plants or animals

Scheme 1.1. Elements essential for life.3

Metal-Thiolate Bonds in Metalloproteins

Metal cations are constituents of approximately 50 % of all proteins,# and they are
involved in a huge variety of different processes. These include important structural
roles, electron transfer, activation of small molecules such as, molecular dioxygen,
hydrogen and dinitrogen, oxo-transfer, and non-redox reactions. All of these processes
take place at the active site of a metalloprotein, those that are involved in redox or
chemical reactions are defined as metalloenzymes.15¢ Active sites can be regarded as

elaborate inorganic complexes, where the metal ion is directly bound to the protein or
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to enzyme-bound non-protein components mainly via nitrogen, oxygen, and sulfur

donor atoms from amino acid residues. Some examples are shown in Scheme 1.2.

OH
N
/\\ X
NH
.
H,N COOH HoN COOH
H>N COOH HoN COOH
O donor N donor S donor S donor
Tyrosine Histidine Cysteine Methionine

Scheme 1.2. Examples of N-, O-, and S- donor ligands from selected amino acids.

By far, the most studied active sites contain nitrogen and oxygen donor atoms. In fact, of
the 21 amino acids, there are only two that contain sulfur donor atoms, cysteine and
methionine (Scheme 1.2). In contrast to the more common nitrogen and oxygen ‘hard’
donor atoms, the sulfur atom is a ‘soft’ donor and thus in general, preferentially binds to
soft cations. In turn, the utilisation of sulfur donor atoms in a coordination complex
gives unique reactivity and electronic properties. One such example is that the sulfur
atom confers a high redox potential to metal redox couples, due to the fact that low

oxidation state metal ions are softer than their oxidised counterparts.

Electron transfer N,O + 2H*+ 2e" > N, + H,0

Scheme 1.3. Different sulfur coordination groups A) a mixed thioether, thiolate coordination in
plastocyanin,” B) Iron-thiolate in ferredoxin,® and C) a tetranuclear copper-sulfur complex (Cuz)
in nitrous oxide reductase.

Sulfur atoms in the form of thiolates, thioethers or inorganic sulfide have been shown to
act as donor ligands in a variety of metalloprotein active sites.? Sulfur ligands can act
either as a terminal or bridging ligand. Examples of various binding modes of the
different sulfur ligand groups in active sites are shown in Scheme 1.3. The mononuclear

copper centre of plastocyanin (Scheme 1.3A), which was the first characterised blue
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copper protein, contains two bound histidines, one cysteine and one methionine
residue, i.e. both a thiolate and a thioether ligand. Plastocyanin acts as an electron
transfer agent between cytochrome f and cyctochrome be¢f complex in photosystem II
and P700+ from photosystem 1.10-12 The Fe2S:2 ferredoxin (Scheme 1.3B) contains two
sulfide bridges and also four bound cysteine residues. Along with other ferredoxin
proteins, they are involved in electron transfer for a variety of metabolic reactions.!3
Finally, the copper-sulfur cluster Cuz (Scheme 1.3C), is the catalytic centre for nitrous
oxide reductase, which reduces nitrous oxide into dinitrogen. The Cuz centre is a unique
psa-sulfur bridged tetracopper cluster complex in which the four copper ions are ligated
by seven histidine, one oxygen (water or hydroxyl) and one sulfur (inorganic bridging
sulfur) ligands.1#15 [t has been shown from the investigation of these various centres
that each different sulfur ligand group gives its own specific properties to the active site,
i.e. the electronic, redox, and functional properties. We will focus specifically on the
more common metal-thiolate bond, and the particular properties and reactivity

associated with this bond.

e

\?lu 14 /
His 16 »

8 His 41

Glu218
N

> His 224
Met 227 i
¢ Cys220 His 114 { His 47
Sovs 111

Cu, site — e transfer P450 Fe SOR

RH+ O, +2H* +2e-— ROH + H,0 0,7+ 2H* + e > H,0,
N His1
N
csD
S N

homocitrate

Ni ‘
N oo CEA
-
s do ©
Cysé e »
tan 308 r Hisd42
NiSOD (reduced form) Co Nitrile Hydratase (NiFe) Hydrogenase Mo- Nitrogenase
0,7+ 2H" + e > H,0, RCN + H,0 2 RCONH, H, 2 2H* + 2e- 6H* + 6e” + N, > 2NH,
02'7 9 02 +.e7

Scheme 1.4. Metal-thiolate-containing active sites.

Metal-thiolate bonds are present in many classes of metalloprotein active sites and
make major contributions to function (see Scheme 1.4 for examples). As seen above in
Scheme 1.3, the blue copper site, the iron-sulfur cluster sites, and also the mixed valence
binuclear Cua site,>1617 gre involved in the most efficient electron transfer reactions.
The main heme enzyme involved in Oz activation (P450), contains an axial Fe-thiolate

bond.18 Also there are the enzymes involved in superoxide reactivity, including the
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superoxide reductase (FeSOR), a non-heme Fe complex containing a cysteine residue,!?
and the Ni superoxide dismutase (NiSOD) containing two Ni-thiolate bonds.20 Metal-
thiolate bonds are also found in enzymes involved in Lewis acid catalysis including
nitrile hydratase (Fell and Co!l')21-23 and deformylase (Fe!'). Sulfur-rich Zn-containing
metalloenzymes are found in the large domain of Zn-dependent hydrolases and S-
alkylation enzymes.?* Other metalloenzymes with bridging thiolate ligation include
those which activate small molecules, such as hydrogenases, in which a binuclear
cluster (Fe-Fe, or Ni-Fe) is involved in the reversible reduction of protons into
dihydrogen,2>2¢6 and also the Fe-, Mo- or V- nitrogenases, which exhibit an

unprecedented heteronuclear sulfur-bridged complex.27.28

Electronic Properties of the Metal —Thiolate Bond

The general feature of all these metalloproteins and enzymes is that they have unique
spectral features; intense and low energy absorption bands together with unusual spin
Hamiltonian parameters, reflecting highly covalent thiolate-metal bonding. This is due

to the valence molecular orbitals of the sulfur atom (Scheme 1.5).

CH, CHj CHs;

S ‘)100- 120°
M

TC pseudo-o Os.c

Scheme 1.5. Sulfur-based valence orbitals of a metal-methyl thiolate bond.>

The thiolate ligand has three valence 3p orbitals, one of which is greatly stabilized in
energy due to the carbon-sulfur o bond, and thus does not significantly contribute to the
thiolate sulfur-metal bond. The two remaining 3p orbitals perpendicular to the S-C bond
dominate the thiolate interaction with the metal centre. The 3p orbital out of the C-S-M
plane is involved in ™ bonding, while the in-plane 3p orbital pseudo o bonds to the metal
ion.> It is pseudo o as, when the C-S-M angle decreases below 90°, its electron density is
shifted into the line of the metal-thiolate bond. Therefore the interaction of these two
3p orbitals depend on the C-S-M angle, normally between 100 -120°. Evidently, the

extent of covalency is also influenced by the electronic properties of the metal ion.

An example of this is seen clearly in the blue copper proteins, which are characterised

by an intense Cys- = Cu! LMCT (ligand to metal charge transfer) transition near 600 nm
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(e > 5000 M-1cm1).? The high covalent character of the Cu-thiolate bond is also
evidenced by EPR spectroscopy. This high covalency reduces the parallel hyperfine
coupling (4//), to less than half of the usual value observed in normal Cu!' complexes,

and results in low g values.

Reactivity of the Metal-Thiolate Bond

Another difference between S-thiolate donor atoms compared to N- and O- donor atoms
is their reactivity. Bound thiolates exhibit two different reactivities; S-oxygenation and

S-alkylation.

H.O MHi r i )
A 2 is o) THls @] " \\ NHis
H,0——Fell—NHis  Cysteine N‘-\-.Fen'NH's 0, N""“-»Fe| “NH Cysteine Sulfinic Acid
------ » / N\ ------hE) / EREEEES
o it i
H,0  NHis NHis § e
o]
N m
N | N 0, N | N
B M = Felll o Coll! ( \M/ I N \M/
~ Post translational el
s Y5 Modification P | cys
cys O/ | cys
8] (

N\Ni“/N) -\_ /= Nf:i\,l\l
cys/ \

cys 02 2

Scheme 1.6. Cysteine oxygenation in metalloenzymes A) cysteine oxygenase and B) nitrile
hydratase and C) the reactivity of the NiSOD.

S-oxygenation reactions play crucial biological roles. For example, cysteine dioxygenase
and nitrile hydratase undergo cysteine S-oxygenation (Scheme 1.6 A and B). Cysteine
dioxygenase, is a mammalian non-heme iron enzyme that catalyses the conversion of L-
cysteine into cysteine sulfinic acid by molecular dioxygen.2930 Nitrile hydratase is a
mononuclear non-heme iron or non-corrinoid cobalt enzyme, which catalyses the
reduction of diverse nitriles into their corresponding amines. An activation step is
required, involving the oxygenation of two of the cysteines; one into cysteine sulfenate
and the other into cysteine sulfinate.2231.32 What causes this activation step is still
unknown. What is particularly interesting is that, in contrast to the above examples, the
two bound cysteines in the NiSOD active site do not undergo oxygenation in the
presence of highly reactive oxidative species, i.e. the substrate (superoxide anion

radical), and the products (dioxygen, and hydrogen peroxide) (Scheme 1.6C).33.34
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S-alkylation is also another important type of reactivity and is mediated by a number of
zinc-containing enzymes. For example, the ADA protein, which participates in the repair
of DNA, contains four bound cysteines in the zinc active site.3>-37 Methionine synthases
catalyse the formation of the amino acid methionine by methyl group transfer from
either methyltetrahydrofolate (MetE) and/or methylcobalamin (MetH) to a zinc bound

homocysteinate ligand (Scheme 1.7).38

Methionine Synthase

L8
Glupa2
Cys704 W o
‘ % -
S
SH (\\ i/ ( s
TN ~
o e = “" ‘ & CH3
N‘Ha I\TH:!
Homocysteine His618 Methionine

Scheme 1.7. S-alkylation reaction in methionine synthase. The X-ray structure shows the resting
state of the Zn active site.

From the above examples, it can be seen that although the ligated thiolate groups give
specific properties, the chosen metal ion, unsurprisingly, also plays a major role in the
function of the metalloprotein. For example, active sites which carry out oxo transfer via
S-oxygenation, are usually centred at an iron metal ion, whereas alkyl transfer via S-
alkylation takes place in zinc-containing active sites. To fully understand why nature
uses cysteinate residues to promote specific biological functions, a comprehensive
understanding of the influence of thiolate ligands on the electronic, magnetic, and
functional properties of first-row transition metal ions is required.3°® A correlation
between structure, key properties, and function can be found by building small

molecular analogues of these sites, termed molecular models.

Molecular Models of Metal-Thiolate Metalloproteins

In general, the use of molecular models is not only interesting for a further
understanding of the mechanisms and the fundamentals of metalloproteins, but also
because of the prospect of cheap, energy efficient catalysts for extremely important
reactions. Such examples are the reduction of CO2 and the production of Hz as sources of
energy, and many other reactions, which nature can carry out, efficiently and selectively.

Therefore, over the second half of the 20t century, when X-ray structures of
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metalloproteins became routinely available, the area of bioinorganic chemistry
exploded and is still now a fast moving field that is equally rich in substance and
promise. In this section, I will focus on three molecular models, the reactivities and
structures of which have been studied as a function of the first-row transition metals
(Scheme 1.8). Molecular models related to metalloproteins of interest in this thesis will

be presented in the corresponding later chapters.

Aromatic Alkyl

—y
. | “NH
N N="" N—N N—

G’,_\_\ \2< )
— / 7 \
<\Nfb“ —_— B""'N N‘*-M_ F N | N

Scheme 1.8. Molecular models for metal-thiolate metalloenzymes. A) [MUL(SPhMe)],4° B)
[ML(SCeFs)],4142 and C) [M(SMe2N4(tren)]*.3°

Two of the molecular models, A and B, contain monodentate aromatic thiolates, while
the other (C) contains a pentadentate ligand with one alkyl thiolate. As stated above, one
similarity between all metal-thiolate-containing active sites is their intense, low energy
charge transfer transitions (except for d10 Zn!! and high spin d> Mn!! complexes). This is
also a common factor in molecular models. The effect of the metal-thiolate electronic
properties is clearly shown in A where the weak visible absorption features of both the
cobalt(II) and nickel(Il) precursors (Co! (A, nm(g, M-1 cm-1)); 319(2100), 491(140). Nil!
(A, nm(g, M1 cm1)); 357(80), 502(120)), are replaced by intense absorptions (Co!! (A,
nm(g, M-1cm1)); 344 (3300), 378(2800), 430(1300), 560(1300), 560(200). Ni'l (A, nm(g,
M-1cm1)); 361(2100), 444(2500), 474(2600)) upon thiolate ligation.

Scheme 1.9 shows the electronic absorption spectra of the B series, including Mnll, Fel,
Co!l, Nill, Cu and Zn'. It can be seen that each complex (with the exception of Mn!' and
Zn) displays LMCT transitions attributed to the S-thiolate to metal transitions in the
visible region. From series A and B the same trend is observed; the LMCT shifts to
higher energy and decreases in intensity going from Cu'l to Co!l. For the alkyl thiolate
series C, the LMCT features are in general at higher energy and exhibit lower intensity,

consistent with higher covalency of the M-thiolate bond.3°
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5000 10000 15000 20000 25000 30000

Energy (cm ‘)

Scheme 1.9. Electronic absorption spectra of [ML(SCesFs)](B).42

Along with physical properties, molecular models can also be used to test specific
reactions. The metal series of A (Fell, Co!l, Nill and Zn"") has been investigated toward S-
alkylation, using benzyl bromide as the alkylating agent. Fox et. al. found that the
reaction kinetics for S-alkylation for both Fe!l and Co!! complexes are approximately one
order of magnitude slower than that for the Nil' and Zn!"! derivatives. Furthermore, upon
S-alkylation, decoordination of the thioether product is observed. In order to further
study the properties of the metal thioether bond, DFT calculations were carried out.
They have demonstrated that this bond is stronger in the Nil!l complex than in both the
Zn'" and Co!! derivates. This can perhaps partly explain why Zn! is found in the active

sites of metalloenzymes involved in S-alkylation reactions.#0

Plan of Thesis

The aim of the work described in this thesis is the synthesis and characterisation of bio-
inspired molecular complexes containing metal alkyl thiolate bonds with the goal of
modelling the associated metalloprotein. The synthesis of model complexes with alkyl
thiolate ligands is far from trivial and remains a real challenge.#3 A major synthetic
problem is that such metal-thiolate complexes are generally prone to metal-reduction
processes with the concommitant formation of disulfides or, in the presence of
dioxygen, S-oxygenation.** Also, thiolate groups are known to coordinate in a bridging
mode generating polynuclear complexes. Steric bulk is usually required to avoid these

undesirable reaction pathways.4>

For this purpose, two ligands, tetradentate LN252 and tridentate LNSZ, have been used
(Scheme 1.10). Both ligands consist of aromatic nitrogen (bipyridine or pyridine) donor

atoms and also bulky S-thiolate donor atoms.
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LN2S2 LNSZ

Scheme 1.10. A schematic diagram of the ligands used in this thesis LN252 and LNS2,

Both LN252 and LNSZ have been previously described.6-48 Before my arrival, a substantial
amount of research had been carried out using LN252 in our group, with Cull,4349 Njll 47,50
and Zn!' derivatives.5! From these investigations, the corresponding complexes have
proven to be effective structural mimics for thiolate-containing metalloproteins, and
more importantly have shown an ability to mimic specific functions, such as electronic
properties, and thiolate reactivity. The LN252 ]igand was used to isolate and characterise
the first dicopper system with a [Cuz2S2] core, rendering an accurate structural and
functional model for the biological Cua site.#3 The NiLN252 system was also shown to
mimic the structural changes observed during the NiSOD catalytic cycle by the
reversible apical binding of an imidazole upon oxidation (Scheme 1.6C).4” This Nill
complex has also been investigated toward S-alkylation in comparison with the Zn!
derivative.51 A significant difference was found in the electronic properties of the
corresponding M-thioether bond. Upon S-methylation, the resulting thioether unit de-
coordinates from the Zn!' derivate, while in the Nil!l derivate, it remains bound, in

agreement with the previous work of Fox et. al with an aryl thiolate ligand.4?

This thesis details the continuation and extension of this work to both the synthesis of a
new tridentate ligand, and the study of new complexes as biologically relevant
molecular models. The manuscript is divided into five chapters. The second reports the
synthesis and characterisation of a dioxo VV complex [VO2LNS2](EtsNH) and an oxo VIV
complex [VOLN252] along with their catalytic activity toward sulfoxidation. An in-depth
mechanistic investigation, using EPR, 51V NMR spectroscopy, and computational
calculations has also been carried out on the active intermediate species involved during

catalysis.

Chapter three presents a summary of work carried out on the synthesis and
characterisation of a molecular model for vanadium dependent nitrogenases. For this

purpose a VI complex ([VCI2LNS2]K) has been synthesised and characterised by X-ray
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crystallography. Due to the high instability of this complex only preliminary results for
reduction of this VIII complex to a VI species and its associated reactivity toward

hydrazine is presented and discussed.

Chapter four concentrates on nickel-thiolate-containing metalloproteins, including
CODH (carbon monoxide dehydrogenase) involved in CO activation, and NiSOD (Nickel
superoxide dismutase), which disproportionates the superoxide radical anion into
hydrogen peroxide and molecular dioxygen. In this chapter, two novel Ni'' complexes,
[(NiLNS2)2], [NiLNS2dmpe], have been synthesised and characterised. Both have been
tested toward the activation of CO. In the second part of this chapter, the reactivity of
the previously described [NiLN252] in the presence of TBHP (tert-butyl hydroperoxide)

has been investigated with the aim of isolating new peroxo intermediate species.

Chapter five reports the synthesis and characterisation of three Co-thiolate complexes. A
mononuclear [CoLN252] has been studied as a spectroscopic probe for zinc-containing
metalloproteins, involved in S-alkylation. In this context, we have tested the reactivity of
[CoLN252] toward S-alkylation and have compared its reactivity with that of the
previously described [ZnLN252] and [NiLN252] complexes.>! In order to model CoNHase,
we have attempted to synthesise a mononuclear Co! complex. However, in the absence
of a strong donor ligand such as a chloride anion, the Co! dimer [Coz(LN252)2] was
obtained. This dimer has subsequently been investigated and characterised. The Co!l
complex ([CoLN252Cl] has been obtained by the incorporation of a chloride anion in the
Co' coordination sphere. This complex has been fully characterised and its reactivity in

the presence of hydrogen peroxide tested.
= ‘ NZ
H
NG N " X
H

=N F

N Yy

Scheme 1.11. Schematic diagram of the bmet ligand presented in chapter six.

Chapter six presents work continued from my MSc research performed at the University
of Otago, under the supervision of Assoc. Prof. Allan Blackman. This work focuses
primarily on the Jahn-Teller effect in Cu'! octahedral complexes. The ligand used for this
work (Scheme 1.11), has been previously incorporated in various metal complexes

including those containing Co!",52 Mn! and Ni!l.>3 Therefore, in chapter six, we report the
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synthesis and characterisation of two copper complexes, [Cu(bmet)](Br)z and
[Cu(bmet)](ClO4)2, differing only in their counter anion. An isostructural zinc complex
[Zn(bmet)](ClO4)2 is also reported here and has been used as a diamagnetic host lattice.
An in depth investigation, using X-ray crystallography, EPR spectroscopy and theoretical
calculations has been carried out to further understand the Jahn-Teller effect in these

copper complexes.

In chapter I, IV, V and VI, we present DFT calculations along with experimental results.
All theoretical calculations have been carried out in collaboration with Maylis Orio at the

Université des Science et Technologies de Lille, LASIR.
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Résumé

Le vanadium est un métal abondant dans la nature, ou il est présent dans différents états
d’oxydation de +II a +V. Dans les systémes biologiques, on le trouve surtout dans deux types
d’enzymes, les haloperoxidases a vanadium (VHPOs) qui catalysent I'halogénation de substrats
organiques, ainsi que la nitrogénase a vanadium capable de réduire le diazote en ammoniac. Au
cours de cette thése, nous avons synthétisé et étudié des complexes du vanadium relatifs a ces deux

enzymes. Ces études sont présentées dans ce chapitre et dans le suivant.

Les VHPOs sont des enzymes dont le site actif est constitué d’'un complexe mononucléaire de
vanadium a ligands azotés et oxygénés, capable d’oxyder divers types de substrats. Il a été montré
dans la littérature que les complexes oxo du vanadium(IV) et du vanadium(V) représentent une
classe de catalyseurs actifs pour l'oxydation de nombreux substrats, dont les sulfures. Notre objectif
étant de comprendre les facteurs influencant la réactivité des fonctions thiols aliphatiques
coordonnées a un métal, il nous paraissait intéressant de tester la réactivité de complexes oxo du
vanadium en utilisant les ligands LN?52 et LNS2 qvec un sulfure comme substrat externe, I'objectif
étant de déterminer qui du ligand ou du substrat est oxydé. Dans ce contexte, nous avons synthétisé
et caractérisé un complexe dioxo du vanadium(V) ([V(0).LN2]) et un complexe oxo de
vanadium(1V) ([V(0)LN?52]). Ainsi, nous avons pu obtenir la premiére structure cristallographique
d’'un complexe dioxo de vanadium(V) a ligands thiols. En effet, il est difficile de stabiliser de tels
complexes a haut degré d’oxydation a cause de leur capacité a oxyder les ligands thiols pour former

des ponts disulfures, de maniére intra- ou inter-moléculaire, avec réduction concomitante du métal.

Les deux complexes se sont révélés étre des catalyseurs efficaces et sélectifs de sulfoxydation,
utilisant H;0> comme oxydant et produisant exclusivement le méthylphénylsulfoxide a partir du
thioanisole. Plus intéressant encore, [V(0O)LN252] a montré une stabilité remarquable, aucune perte
de réactivité n’étant observée apreés cinq essais de catalyse. Une importante différence de réactivité
a été observée entre les deux complexes : tandis que le catalyseur de vanadium(V) est plus efficace,
donnant les meilleurs rendements et des réactions plus rapides, le complexe de vanadium(1V) est

beaucoup plus stable.

Grdce a des études de RPE et de RMN du 51V, combinée a des calculs théoriques, il a été possible de
proposer que la différence de réactivité observée entre les deux complexes est en partie liée a une
différence de stabilité des intermédiaires clés, a savoir des complexes cis-oxo peroxo du
vanadium(V). Plus la symétrie de l'unité peroxo est basse, plus le catalyseur est réactif, mais moins

il est stable.

On peut donc conclure de cette étude que les complexes du vanadium a ligands thiols aliphatiques

s’avérent étre des catalyseurs de sulfoxidation efficaces et stables.
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Vanadium is a trace element that is widely distributed in nature. After molybdenum,
vanadium is the second most abundant transition metal in the ocean, it is also found in
fresh water and the earth’s crust. Vanadium exists in many oxidation states from +II to
+V. However, to date only the VU, VIV and VV oxidation states have been found to be
involved in biological systems.! A considerable amount of attention has been paid to
vanadium coordination chemistry since the 1980s, when its presence in biological
systems, its ability to catalyse oxidations and oxo transfer reactions, and also its
prospective therapeutic applications were first demonstrated.2-¢ Vanadium is found in
two classes of metalloenzymes, the V-dependent haloperoxidases (VHPOs) that catalyse
the halogenation of organic substrates and the oxidation of sulfides,” and in the V-
containing nitrogenase that catalyses the concommitant reduction of N2 and H* into NH3
and H2.8 This chapter will focus on VHPOs, and in particular their ability to catalyse

sulfoxidation (Scheme 2.1), while chapter III will focus on modelling the V-nitrogenase.

Y
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Scheme 2.1. Crystal structure of VHPOs (V-dependant chloroperoxidase and V-dependant
bromoperoxidase superimposed), and the sulfoxidation reaction showing a schematic diagram of
the mechanism of V-dependant bromoperoxidase.®

VHPOs can catalytically oxidise sulfides, with both complete selectivity towards
sulfoxide and also high enantioselectivity. Nevertheless, this reaction is very slow, with a
maximum yield of 40 % after 2 h at 25 °C, and only after 16 h do they approach 100 %
yield.10 Oxo vanadium(IV) and cis-dioxo vanadium(V) complexes with N- and O- donor
chelating ligands have been extensively studied as molecular models of the
haloperoxidase enzymes.2>6 From these studies VIV and VV complexes have shown a

considerable ability to catalytically oxidise various organic substrates, such as alkenes,
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aromatics, sulfides and even alkanes in the presence of hydrogen peroxide (H202) or

alkylhydroperoxides.”11

Alkyl thiolate Vv complexes

Scheme 2.2. Previously reported alkyl thiolate vanadyl complexes.12

Thus far, the most successful oxo or dioxo-vanadium catalysts contain nitrogen- or
oxygen- donor ligands, with very few catalysts containing thiolate ligands. In fact, there
are only three oxo VIV compounds with alkyl thiolate(s) ligands that have been
characterized by X-ray diffraction (Scheme 2.2).1213 Among them none have been tested
as oxidation catalysts, only their capability to perform S-alkylation reactions has been
investigated.l? Furthermore, to the best of our knowledge, no structure has been
reported so far for alkyl thiolate-containing dioxo VV complexes, and only two for mono-
oxo thiolate VV compounds have been described.141> Yet, during the metabolism of the
vanadium compounds, the metal could bind different types of biomolecules including
cysteine or gluthatione, which are alkyl thiolate S-based ligands. Recently, the
controversial question of whether such thiolate derivates will or will not reduce high
oxidation states of V has been clarified. A study has demonstrated that in physiological
conditions, high stability of VIV and even VV complexes with thiolate ligands can be

afforded, depending on their redox potentials.16

S“‘“—R
\\ “J\ —0 “'\“ 4 Q: \y [\/
_N N_

R = (CH,),
R = CH,Ph, Me (CHy)s

Aryl thiolate VIV & VY complexes

Scheme 2.3. Previously reported dioxo VV and mono-oxo VIV aryl thiolate complexes that have
been tested toward sulfoxidation and epoxidation.

The reactivity of oxo VIV and VV complexes with S-based ligands has been tested for

different types of oxidation, especially sulfoxidation and epoxidation. It is important to
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note that all of the S-based vanadium catalysts have been synthesized with aromatic
thiolate ligands (methyldithiocarbazate, dithiocarbonylhydrazone, thiosemicarbazone)
shown in Scheme 2.3.1718 These compounds present an activity comparable to that

observed for O- and/or N- based ligands.

As we are interested in alkyl thiolate metal complexes, the work that we report in this
chapter is focused on potential applications of alkyl thiolate vanadium compounds for
catalytic sulfoxidation using the oxidant hydrogen peroxide. There is an obvious reason
why such studies are rare and that is due to the susceptibility of an alkyl thiolate, which
is bound to a metal ion, to generate sulfenic or sulfinic ligands in the presence of
reactive oxygen species. An example, in nature, is seen in the active site of the nitrile
hydratase enzymes. The cysteine residues bound to the metal (either a Co!! or an Felll
ion) are oxidized.l® In contrast is the Ni-superoxide dismutase enzyme, where the
cysteine residues bound to the Ni ion are stable in the presence of highly oxidising
species, ie. the superoxide radical anion substrate, and also the hydrogen peroxide
product.2® Therefore, with it in mind that, oxo vanadium complexes have proven to be
efficient catalysts towards sulfoxidation, we will investigate an oxo V!V complex and a
dioxo VV complex with coordinated alkyl thiolate sulfur atoms. Our objectives are to
further investigate the influence of metal bound sulfur on the catalytic ability of the
resulting complexes and the stability of the thiolate groups under these oxidative

conditions.

o O
FPh \\C/

Scheme 2.4. Schematic drawing of VO2LNS2 and VOLN252,

Two types of V compounds have been targeted, i.e. a very challenging dioxo VV complex
(VO2LNSZ) and an oxo VIV complex (VOLN252) (Scheme 2.4). In the present study, we
report the synthesis and characterization of complexes VO2LNS2 and VOLN252 as well as
their reactivity toward sulfoxidation. Furthermore, the electronic structure of both
compounds has been explored by DFT calculations to investigate the effect of the

thiolate, especially on the nature of the V-S bond. Indeed, it has been shown that
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depending on the nature of the metal ion, high covalency of the M-S bond can be found,
especially in the case of the Nil' and Cu! ions.?” Curiously, as far as VIV and VV are
concerned, such investigations have never been reported. Finally, we have explored the
sulfoxidation mechanism with the help of experimental investigation and theoretical
calculations, with a special focus on the identification of intermediates in order to
rationalize the difference in reactivity and stability observed between VO2LNS2 and

VOLN2S2,

Results and Discussion

2.1 Ligand Synthesis

Two ligands have been synthesised, one tridentate and the other tetradentate (Scheme
2.5 and Scheme 2.6). As we are interested particularly in complexes, which contain at
least one metal thiolate bond, both ligands contain terminal alkyl thiolate groups
protected by two bulky phenyl groups on the Cq« to reduce dimerization and/or to hinder
the formation of disulfide bonds. The only difference between the two ligands is the
linking unit; i.e. bipyridine or pyridine. They were chosen as they are well known as
good coordinating ligands. A pyridine is therefore the linker between the two alkyl
thiolates in the tridentate ligand (H2LNS2 Scheme 2.4), and a bipyridine in the

tetradentate one (Hz2LN252 Scheme 2.5).

Ph

. Ph - Ph
——cl —-(1) SH _’(11) s
AN

Ph PH PH THP
al - 80 % a2 - 80 %
THP THP
Ph_ ' ! Ph
OH OH Br Br P d
N N . Ph
~ (1m1) P (1)
| — I
= . a2

el - 70% (THP),L? . 89 % H, L2 - 90%

Scheme 2.5. Synthesis of HzLNS2, (i) thiourea EtOH reflux, NaOH (aq); (ii) 2,3-dihydropyran, HCI
37%; (iii)PBrs CHCls reflux; (iv) a2/n-BulLi 2.5 M at -78 °C in Et20, c1 THF; (v) AgNOs/pyridine in
MeOH/AcOEt, HzS.

Both the H2LNS2 and the H2LN2?52 ligands have been previously described. The ligand
H2LNS2 was first reported by Berg and Holm?! from a lithiation coupling reaction
between 2,6-bis(bromomethyl)-pyridine (c1) and 2-[(diphenylmethyl)thio]tetrahydro-
2H-pyran (a2). c1 was prepared by the bromination of 2,6-bis(methanol)-pyridine,
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using tribromophosphine as a brominating agent. a2 was prepared via a two-step
reaction; diphenylmethyl chloride was reacted with thiourea, and the product was then
protected with tetrahydropyran. (THP)2LNS2 was deprotected in a two-step procedure
using silver nitrate and pyridine followed by bubbling hydrogen sulfide through the

mixture, giving H2LNS2 with an overall yield of 80%.

(THP),LN2 _ 802, H,LN2 - 90%

Scheme 2.6. Synthesis of HzLN252, (i) n-BuLi 2.5 M at -78 °C in Et20, SOClz; (ii) n-BuLi 2.5 M at -78
°C in THF, DMF; (iii) NaBH4 in MeOH; (iv) PBrs CHCls reflux; (v) a2/n-BuLi 2.5 M at -78 °C in Etz20,
b4 THF; (vi) AgNOs/pyridine in MeOH/AcOEt, HaS.

The H2LN252 [igand was prepared by the method of Gennari and co-workers22 which was
adapted from the Berg and Holm procedure previously stated.?! Note that this ligand
has also been described by Artaud et. al; while their procedure is shorter, the coupling
reaction is not reproducible as b4 cannot be obtained pure.23 6,6’-bis(bromomethyl)-
2,2’-bipyridine (b4) was prepared via a four-step process. The first step consists of a
lithiation coupling reaction with 2,6-dibromopyridine to give the 6,6’-bis-bromo-2,2’-
bypridine, followed by a further lithiation reaction to obtain the 6,6’-bis(methanoyl)-
2,2’-bipyridine. This was then reduced with NaBH4 to yield 6,6’-bis(methanol)-2,2’-
bipyridine. The final step was the bromination of the alcohol using tribromophosphine

as the brominating agent. The overall yield for this multi-step reaction is extremely low
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(2-5 %). b4 was then coupled via a lithiation reaction with a2. In addition to n-Buli,

hexamethylphosphoramide is needed to initiate the reaction.

2.2 Synthesis and Characterisation of the
EtsNH[VO,LNS2]-MeOH Complex

The VYV complex was synthesised via the reaction of the HzLNS2 ligand in THF with
ammonium metavanadate and triethylamine in a 1:1:1 mole ratio leading to a yellow
solution. After 12 h, a yellow precipitate corresponding to EtsNH[VO2LN$2]-MeOH
(VO2LNS2) was obtained. This complex was synthesised under an argon atmosphere due
to the instability of the deprotected ligand to air. However, once obtained, the complex

is stable in air.

Figure 2.1. ORTEP diagram of the [VOLNS2]- anion. Thermal ellipsoids are drawn at the 50%
probability level. Methanol solvent molecule and hydrogen atoms have been omitted for clarity.

Complex VOzLNS2 was characterized by X-ray diffraction using a single yellow crystal
obtained from a solution of the reaction mixture on standing. X-ray collection and
refinement data are given in the Appendix. Its molecular structure is presented in Figure

2.1, while selected bond distances and angles are listed in Table 2.1.

VO(LNS;) VO(LNOS,)

Scheme 2.7. The two crystallographically characterised mono-oxo thiolate V¥V compounds.
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The structure reveals the first example of a dioxo VV complex with two coordinated alkyl
thiolate ligands. To the best of our knowledge, VV thiolate complexes are rare and only
two crystallographically characterized mono-oxo VV complexes containing aliphatic
thiolate ligands (Scheme 2.7) have been reported to date,1415 while there are a few
examples of dioxo and oxo VYV compounds with aromatic thiohydrazone,?* or

thiocarbamate?> thiolate ligands.

The structure of VO2LNS2 consists of a [VO2(LNS2)]- anion, one HNEts* cation and one
methanol solvent molecule. The VV centre is bound to the two sulfur atoms of the
aliphatic thiolates and to the nitrogen atom of the pyridine unit of the LN52 ]Jigand. In
addition, two terminal oxo atoms are also bound in the cis- configuration, resulting in a

distorted trigonal bipyramidal geometry about the VVion (t = 0.78).34

Table 2.1. Selected bond lengths (A) and angles (°) for the X-ray structure of VO2LNS2 as well as
for the DFT-optimized structure VO2LNS2¥,

VOZLNSZ VOZLNSZ*
Exp. Calc.
Bond Lengths (4)

V-01 1.633(2) 1.636
V-02 1.648(2) 1.654
V-S1 2.4103(10) 2.455

V-S2 2.4057(11) 2.433
V-N1 2.197(2) 2.231
02-H1 1.983 1.719

Bond Angles ()

01-V-02 110.00(11) 112.7
01-V-S1 91.67(8) 91.0
01-V-S2 100.74(8) 102.2
01-V-N1 122.76(10) 124.2
02-V-S1 100.08(8) 100.3
02-V-S2 93.72(8) 92.0
02-V-N1 127.22(10) 123.0
S1-V-S2 157.09(3) 157.0
S1-V-N1 78.44(7) 78.7

The trigonal plane includes the two cis-oxo oxygen atoms and the nitrogen atom of the
LNSZ ligand. The trigonal plane is notably distorted as the bond distances of the terminal
oxo ligands are significantly shorter (V-02 = 1.634 and V-01 = 1.649 A) than the V-N
bond (2.197 A). The sulfur atoms occupy the axial positions in a distorted fashion with a
$1-V1-S2 angle of 157.08°. The V-S bond distances (2.406 and 2.410 A) are notably
longer than in the other oxo or dioxo VV complexes (range 2.23-2.39 A),14152426.27 while

the V=0 oxo and V-N lengths are in the usual range.

Page25



Page26

Chapter II

As can be seen in Figure 2.2 the main intermolecular interactions consist of two strong
hydrogen bonds. One hydrogen bond is observed between O1 and the hydrogen
coordinated to 03 of the methanol molecule (2.105 A). The other significant hydrogen
bond is found between 02 and the hydrogen atom of *HNEts (1.975 A).

Figure 2.2. H-bonds between V-Ooxo and solvent molecule and counter cation HNEts.

An optimized geometry of VO2LNS2 has been calculated by DFT (denoted VO2LNS2*). To
obtain better agreement between both experimental and optimized structures, a
methanol molecule has been included to account for the interaction with one oxo ligand
via hydrogen bonding, as seen in the X-ray structure of VO2LNS2, The principal structural
parameters of VO2LNS2* MeOH (Table 2.1) reproduce well those of VO2LNSZ, especially
the V=0 oxo bond lengths. The calculated V-S/N distances are slightly longer (by 4 pm)
than the experimental ones (Table 2.1), which is typical for such optimization

procedures based on DFT methods.282°

Figure 2.3. HOMO orbital of complex VOzLNS2,

To investigate the electronic structure of this complex, DFT calculations have been

performed on the optimised structure VOzLNS2*, The highest occupied molecular orbital
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(HOMO) presented in Figure 2.3 is almost exclusively localized on the two thiolate sulfur
atoms (56 and 22%, respectively), in accordance with the expected strong ionic
character of the VV-S bond. Similar results have been found with alkyl thiolate Zn

complexes (a d10ion) by Darensbourg et al.39 and our group.31

The electronic absorption spectrum of the yellow VO2LNSZ complex in acetonitrile shows
a single transition at 388 nm (€ = 2190 M-1l.cm1) in the visible region, as shown in Figure
2.4. This transition can be assigned as an LMCT, from the sulfur to the vanadium. This
has been seen previously in the case of VONS3 (Scheme 2.6),14 which displays intense

transitions in the visible region (500 nm - 300 nm).
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Figure 2.4. Electronic absorption spectrum of VO2LNSZ,

VO2LNSZ js a diamagnetic complex, VV being a d° ion. The 51V NMR spectrum recorded in
CD3CN shows a single peak at -389 ppm. In the literature, there is a wide range of >1V
NMR chemical shifts (+600 ppm to -600 ppm).32 The only other VV dithiolate complex
(VO(NOS2), Scheme 2.7) that has been characterised by >V NMR has a chemical shift of
+338 ppm.1> Our data are consistent with the presence of two oxo donor ligands within
the coordination sphere of the VV ion in VO2LNS2, In fact, 51V NMR shifts are highly
influenced by the coordination sphere of the vanadium centre and the sum of the
electronegativity of the ligands; the greater the total electronegativity of the ligands, the
more negative the 51V NMR shift observed.3? In addition, DFT calculations have been
carried out on VO2LNS2* to predict its >V NMR shift. A value of -390 ppm has been

calculated, in perfect agreement with the experimental data.

2.3 Characterisation of the [VOLN2S2] Complex

To obtain the V(IV) complex (VOLN252), the LN252 ]igand was first deprotonated by

potassium hydride. The resulting KzLN252 salt reacts with VOSO4 in a 1:1 mole ratio
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leading to a light green precipitate corresponding to VOLN252, Like VO2LNS2, VOLN25Z was
also synthesised under an argon atmosphere, and after complexation VOLN25Z js stable
in air. We have been unable to obtain crystals suitable to characterise VOLN25Z by X-ray
crystallography. However, it has been characterised by mass spectrometry, elemental

analysis, EPR spectroscopy and DFT calculations (Figure 2.5).

As we found that our DFT-based geometry optimization procedure was reliable the
VO2LNS2 complex, the optimized structure of VOLN25Z has been calculated (VOLN252%)
(Figure 2.5). The resulting structure displays the expected square-pyramidal
coordination geometry with the N2S2 donor set arranged around the basal plane and the
vanadyl oxygen atom at the apex. The vanadium is displaced from the basal plane
toward the apical oxygen atom by 0.28 A. The V=0 oxo (1.592 A) and V-S (2.340 and
2.343 A) distances are within the ranges reported for N2Sz oxo vanadium(IV) complexes
(1.58-1.63 and 2.34-2.37 A, respectively).1233 Consequently, the calculated optimized
structure VOLN252* js consistent with the structural data obtained on previously

reported X-ray structures of dithiolate vanadyl complexes.

Figure 2.5. DFT-optimised structure of VOLN252*, Selected bond lengths (A); V-01, 1.592; V-N1,
2.340; V-N2, 2.343; V-S1, 2.193; V-S2, 2.192.

EPR spectra of oxo VIV complexes display near identical signatures. They generally
display an axial S = % signal consistent with a VIV ion (d!). Both transitions are split into
eight lines due to the interaction between the unpaired electron and the 51V (>99%)
nuclear spin (I = 7/2).34%3> The EPR spectrum of VOLN252 recorded in a frozen CH2Clz
solution at 100 K is shown in Figure 2.6. The spin Hamiltonian parameters used for the
simulation given in Table 2.2 are typical of square pyramidal oxo VIV complexes under

comparable sulfur-containing donor environments with notable small 4 values (4z= 100
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- 150 MHz).1227.3637 The DFT calculated EPR parameters obtained from the optimized
VOLN252*  structure (Table 2.2) are consistent with the experimental data,

demonstrating that the geometry of VOLN252 js retained in solution.

260 280 300 320 340 360 380 400 420
Magnetic Field (mT)

Figure 2.6. Experimental (red and solid line) and simulated (blue and dashed line) X-band EPR
spectra of a frozen solution of VOLN252 in CH2Clz (100 K). The parameters used for the simulation
are given in Table 2.2.

Table 2.2. Experimental and calculated EPR parameters of VOLN252,

Jx Jy g Ay (MHz) Ay (MHz) A, (MHz)
Exp. 1.988 1.988 1.966 135 126 406
ICalc.I 1.991 1.985 1.969 102 109 405

Figure 2.7. SOMO orbital of complex VOLN252*,
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DFT calculations have also been performed on VOLN252* to characterise its electronic
structure. The singly occupied molecular orbital (SOMO) is exclusively localized on the
VIVion (92%), the contribution of the sulfur atoms representing only 4% of the SOMO
(Figure 2.7).

Generally, the SOMO of vanadyl complexes is mostly dxy in character, as in VOLN252*,
where the x- and y- axes lie approximately along the sigma bonds of the equatorial
ligands.38 This orbital is largely nonbonding or participates in in-plane bonding with
ligand orbitals of correct symmetry. In the present case, the sulfur or nitrogen atoms do
not contribute to the SOMO, explaining the quasi-pure metal-based character of the
SOMO in VOLN2s2* This is confirmed by the Mulliken population analysis showing that
the metal bears all of the spin density with a positive spin populations of 1.19. The
absence of thiolate contribution to the SOMO is in accordance with the low S-alkylation
reactivity of a previously described vanadyl complex with a mixed amine/thiolate

ligand.12

2.4 Catalytic Reactivity of EtsNH[VO,LNS2] and [VOLN252] toward
Sulfoxidation

As previously mentioned we are interested in the reactivity of bound thiolates. As we
have seen, in biology, they react in a variety of different ways, i.e. S-methylation and/or
S-oxygenation, depending on their surroundings. Of particular importance to our group
is to determine the factors that influence the reactivity of bound thiolates. It has been
shown that oxo VV and VIV complexes are good catalysts for various oxidations processes
such as sulfoxidation. Therefore, it is of interest to study sulfoxidation reactions in the
presence of an external substrate with complexes containing bound alkyl thiolates to
see whether it is the bound thiolate which is oxidised, or the substrate. Currently only
VIV and VV catalysts containing aromatic thiolates have been described, and none with
aliphatic thiolates. Therefore, we present herein the first catalytic sulfoxidation study

using the alkyl thiolate compounds VO2LNS2 and VOLN2S2,

The oxidation reactions have been carried out with methylphenylsulfide (thioanisole)
used as the model substrate, and hydrogen peroxide (H202) as oxidant. Scheme 2.8
represents the formation of the two potential oxidation products, phenylmethyl
sulfoxide and phenylmethyl sulfone. Under all experimental conditions that we have
used, we observed no production of sulfone, with both catalysts being completely

selective towards formation of sulfoxide as shown below.
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Scheme 2.8. Sulfoxidation reaction of thioanisole as substrate to give phenylmethyl sulfoxide and
phenylmethyl sulfone as products.

Both catalysts were tested under two different conditions. In both cases, the
concentration of catalyst and thioanisole was kept at 1 mM and 100 mM, respectively,
while the catalyst:H202 ratio varied between 1:20 (standard conditions) and 1:100
(quantitative conditions). Under the standard conditions, an excess of substrate has
been used in order to preserve the catalyst from degrading oxidation reactions, while
the quantitative condition is used to determine the conversion of the reaction with both
catalysts. The blanks (without catalyst) under both conditions show negligible
production of sulfoxide or sulfone (< 1.5 %). We quantified the amount of product(s)

formed by gas chromatography (GC).

The Reaction Time for Sulfoxide Formation
The reaction time for sulfoxide formation has been measured under the standard

conditions (1:100:20, catalyst:thioanisole:H202). The solvent used was different for the
two complexes due to their solubility; MeCN for VO2LNS2 and CH2Cl2 for VOLN252, GC

runs were recorded every five minutes until the reaction was completed.
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Figure 2.8. Turnover number (TON) of sulfoxide (square) and sulfone (circle) produced from
thioanisole (100 mM) with VOLNS2 (1 mM) (pink) or VOLN252 (1 mM) (blue) after the addition of
H202 (20 mM) in the function of time.
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The reaction data obtained for both catalysts VO2LNS2 and VOLN252 show that the
reaction is complete after 10 and 15 minutes, respectively (Figure 2.8). Catalyst VO2LNS2
shows a slightly higher turn-over number (TON = 17) than VOLN252 (TON = 15), leading
to ayield of 85 and 75 %, respectively for VO2LNSZ and VOLN2S2,

Efficiency of the Catalysts

For the quantitative catalytic studies the ratio 1:100:100 (catalyst:thioanisole:H202) has
been used. Only two time points at 30 minutes and one hour were taken for these
experiments. The results show a significant difference between the efficiency of the two

catalysts (Figure 2.9).

VO2LNS2 shows similar results to those obtained when using standard conditions, with a
yield of 81 %. In contrast, VOLN252 shows a notable decrease in efficiency with only 45
TON, corresponding to a yield of 45 %. This evidences that the efficiency of this complex
is sensitive to the reaction conditions, as a 75 % yield was observed under the standard

conditions.

100+

80+ =

60 -

TON

40-

20+

0 o °
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Figure 2.9. TON of sulfoxide (square) and sulfone (circle) produced from thioanisole (100 mM)
with VO2LNS2 (1 mM) (pink) or VOLN25Z (1 mM) (blue) after the addition of H202 (100 mM) in the
function of time.

Stability of the Catalysts

The stability of both catalysts has also been investigated. We have carried out stability
experiments using the standard conditions (1:100:20). Test A corresponds to the
successive additions of H202 (20 mM) every 30 minutes. In the case of VO2LNSZ, after the
second addition of H202, no further production of either sulfoxide or sulfone has been

observed, suggesting that VO2LNS2 is completely degraded after one run.



Chapter II

Test A carried out with VOLN252 showed a 10 % decrease in activity after the second
addition to a 50 % decrease in activity after the fourth addition (Figure 2.10). However,
since we have observed that the efficiency of this catalyst depends on the
thioanisole:H202 ratio, another test (Test B) has been carried out. To keep an excess of
thioanisole, Test B corresponds to the successive additions of H202 (20 mM) and
thioanisole (100 mM) every 30 minutes. As can be seen from Figure 2.10, after four
additions of thioanisole and H20: the efficiency is similar, demonstrating a remarkable
stability of the VOLN2S2 catalyst. Table 2.4 summarizes the principal results obtained
from both catalysts.

0- ° ° ° °
0 20 40 60 80
Concentration of H,O, (mM)

Figure 2.10. Turnover number (TON) of sulfoxide (square) and sulfone (circle) produced from
test A (red) or test B (blue) with VOLN252,

Comparison with Literature

The system reported here is the first catalytic study using vanadium complexes which
contain alkyl thiolate ligands. To the best of our knowledge, the only vanadium-sulfur
complex that has been previously studied for sulfoxidation contains aromatic thiolate
ligands (Scheme 2.8C).3? Using 0.1mol % of catalyst with a thioanisole:H202 ratio of 1:1
Maurya et. al. achieved 82 % conversion with 10 % sulfone production in three hours
(Table 2.4). The results obtained with catalyst C are comparable to those found for the
more common vanadium-based catalysts which contain oxygen and nitrogen ligands.
Three examples of this type are shown in Scheme 2.9 (A, B & D) along with the active

site of vanadium dependent haloperoxidases (VPO).
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Scheme 2.9. Relevant vanadium sulfoxidation catalysts.

Table 2.4. Sulfoxidation of thioanisole with VO2LN$2 and VOLN252 using the oxidising agent H202,
together with relevant vanadium sulfoxidation catalysts.

Catalysts Ratio« Yield (%)® Time (min) TON¢ S0/S02¢  Ref
VO, Lns2 1:100:20 85 10 17 100/0
VOLN2s2 1:100:20 75 15 15 100/0
VO_Lns2 1:100:100 81 <30 81 100/0
VOLN2s2 1:100:100 45 <30 45 100/0

VPO 1200 450-520 9
A 1:100:100 97 25 97 96/4 39
A 0.1:100:100 98 80 980 98/2 39
A 0.01:100:100 97 850 9700 97/3 39
B 0.02:100:100 79 150 2290 81/19 40
C 0.1:100:100 82 180 738 90/10 38
D 1:100:100 78 240 78 97/3 41

a Ratio (catalyst:substrate:oxidant); b percentage yield based on the oxidant; ¢ TON: number of mole of
product formed per mole of V catalyst; ¢ The ratio sulfoxide:sulfone

Important results are presented in Table 2.4. By far the most efficient catalyst is A,40
which presents a TON up to 9700 with only 3% production of sulfone in 14 hours.
However, to obtain such a large TON low catalyst loadings are needed (< 0.1 %), with a
1:1 ratio between thioanisole and H202. The only potential problem with these
conditions is a decrease in the selectivity of the reaction. As an example, with catalyst B
a high production of sulfone (19 %) is observed with a very low (0.1 %) catalyst
loading.#! Furthermore, the use of such a high excess of H202 is not possible in our
catalysts, due to the reactivity of the alkyl thiolates. As was already observed in VOLN252,

increasing the amount of H202 compared to the thioanisole leads to a decrease in
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efficiency. However, as shown in the stability study, higher TONs are able to be achieved
by successive additions of H202 and thioanisole. Both catalysts A and D*2 have been run
under similar conditions to our studies (1:100:100) and show comparable results to
what has been obtained with VO2LNSz2 & VOLN252 (Table 2.4). Consequently, it can be
concluded that our results represent some of the fastest kinetics for sulfoxidation using
vanadium-based catalysts. In addition, the main advantage of our catalysts is their

complete selectivity towards the production of sulfoxide.

2.5 Mechanistic Investigations

From the above study concerning the reactivity of both complexes VO2LNS2 and VOLN252,
we can conclude that, although VOLN252 has a lower efficiency with respect to VO2LNSZ,
VOLN252 displays a remarkably higher stability. To investigate these differences we have

carried out experiments in order to further investigate the mechanism.
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Scheme 2.10. Adapted from the generally accepted mechanism for the oxidation of sulfide (or
sulfoxide) via a vanadium peroxo-intermediate.41.43

Scheme 2.10 is adapted from the generally accepted catalytic cycle for sulfoxidation by
vanadium(IV) or (V) complexes.#143 The commonly proposed active species is a cis-0xo
peroxo VV intermediate. Consequently, when considering VIV complexes, the activating
step corresponds to their oxidation into VV species, which will correspond to the “real”

catalysts.

Looking first at catalyst VOLN25Z, the reaction has been followed by EPR spectroscopy.
Firstly no change in the EPR spectrum has been observed when thioanisole (100
equivalents vs VOLN252) js added, in agreement with the fact that the reaction does not
involve the coordination of the substrate on the vanadium centre. Secondly, after the
addition of H202 (20 equivalents), the EPR spectrum became silent, consistent with the

oxidation of VOLN252 into a diamagnetic VV species. We also used >V NMR to investigate
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the catalytic cycle. While no peak is observed with the initial solutions, as soon as the
oxidant is added, a peak appears at -707 ppm (Figure 2.11B). After one hour, a decrease
of this peak and concomitant formation of a new peak at -555 ppm is observed. Based
on the mechanism shown in Scheme 2.9, the -707 ppm peak can be attributed to a
peroxo VV intermediate, while that at -555 ppm to the active catalyst related to VOLN252,

which corresponds to a VV species.

A -603, -611, -618 ppm

Figure 2.11. 51V NMR spectra recorded during thioanisole sulfoxidation catalysed by (A) VO2LNs2
(5.0 mM in CD3CN) and (B) VOLN2Sz2 (5.0 mM in CDCls). Conditions (catalyst:thioanisole:H20z,
1:100:20).

For catalyst VO2LNSZ, the reaction has been followed by >V NMR only (Figure 2.11A).
The initial spectrum displays a signal at -389 ppm, which is insensitive to the addition of
thioanisole. After the addition of H202, this peak instantaneously disappears with the
concomitant appearance of three peaks at -603, -611 and -618 ppm (relative intensity:
1/2/1). Their intensity remains the same for the next 12 hours. Based on the fact that
catalyst VOzLNS? is completely inactive after one run, we attribute these peaks to
degraded form(s) of VO2LNS2. Mass spectral analysis of this solution has been performed
and the spectrum displays several peaks, some of which can be attributed to S-
oxygenated forms of VO2LNS2 with the addition of 1 to 2 oxygen atoms. This has also
been observed with both VO2LNS2 and VOLN2S2 catalysts; if the experiments are carried
out in the absence of thioanisole the oxygenation of one or both thiolate(s) is observed
on the LNS2 or LN252 Jigands. These oxygenation reactions are not selective and lead to a
mixture of products, precluding their characterisation. This is consistent with what has
been previously found in the case of VO(NOS2) (shown previously in Scheme 2.6) a VV
dithiolate complex, in which the bound-thiolates can be oxidised either into

monosulfenate or disulfenate with H202.15
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2.6 Computational Investigation

Based on these data, a computational investigation has been carried out in order to
better describe the active species of catalysts VO2LNS2 and VOLN2S2, and also with the

aim of providing information to rationalize their differences in reactivity and stability.

Three different structures displayed in Figure 2.12, have been optimized: (i) the
catalytically active form of VOLN252, [V(0)2LN25Z]- (ii) the oxo peroxo vanadium(V)
complex derived from VOLN2S2, [VO(02)LN252]-, and (iii) the oxo peroxo vanadium(V)
complex derived from VO2LNS2, [VO(02)LNS2]-. Selected bond distances are reported in

Table 2.5.

[V(0),L"**7] [VO(O, )L™ [VO(0,)L"?)

Figure 2.12. DFT optimised structures of [V(0)2LN252]-, [VO(02)LN252]-, and [VO(02)LNS2]-.

Table 2.5. Important bond distances of optimised structures, [V(0)2LN252]-, [VO(02)LN252]-, and

[VO(02)LNs2]-
[V(0)zLrs2] [VO(0)L¥257]- [VO(0)L*sZ]
V-01° 1.617 V-01° 1.651 v-01° 1.600
V-02° 1.600 V-02° 2.003 V-02° 2.036
V-S1 2.394 V-03* 1.800 V-03* 1.758
V-S2 2.743 V-S1 2.212 V-S1 2.394
V-N1 2.192 V-S2 2.285 V-S2 2.443
V-N2 2.462 V-N1 2.190 V-N1 2.241

V-N2 2.134

*01 and 02, O3 stand for oxygen atom from oxo and peroxo function, respectively.

The DFT-calculated 51V NMR shifts have been predicted for these models and the values
are reported in Table 2.6. They are all in the expected range for such complexes. In fact,
as previously mentioned the 6(°1V) range for complexes with only O-, N- or/and S-based

ligands is extremely broad, between +600 to -600 ppm. In addition, the 6 (°1V) is mainly
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affected by ligands with large electronegativity values such as oxo ligands, while
variations of the coordination number between 4 and 6 do not influence shielding
significantly.32 Consequently, the exchange of an oxo ligand for a peroxo one should lead
to a more negative §(°1V), as has been previously observed in several cases. Even though
the experimental 5(°1V) observed for [V(0)zLN252]- and [VO(02)LN25Z]- are not perfectly
reproduced, the substantial shielding seen when going from the dioxo-VV species to the
oxo peroxo one is well predicted by the computations. Thus, all these data confirm the
experimental 51V NMR analysis presented above and also validate the optimized

structure of the computational models.

Table 2.6. NMR parameters for VOzLNS2, [V(0)2LN252]-, [VO(02z)LN252]-, and [VO(O2)LNS2]-.

System Calc. 8 (ppm) Expt. § (ppm)
VOLNs2 -390 -389
V(0):LN2s2 -477 -550
VO(02)LN2s2 -652 -707

To rationalize the difference in stability and efficiency during the sulfoxidation catalysis
between VO2LNSZ and VOLN252, we focus on the structure of the active species, i.e. the cis
oxo peroxo VV complexes. In the reported structures of cis-oxo peroxo vanadium(V)
complexes, the two V-Operoxo bond lengths are very similar (44 < 10 pm, with Ag being the
difference between the two V-Operoxido bond distances). Conversely, in the case of both
peroxo models presented here, the V-Operoxo distances are notably different, i.e. Adistance =
28 pm and 20 pm in [VO(02)LNS2]- and [VO(02)LN252]-, respectively. This could be
related to their reactivity. Indeed, those that have been characterized by X-ray
crystallography must very stable species, whereas, on the other hand, the [VO(02)LNSZ]-
and [VO(O2)LN252]- peroxo complexes are both very reactive, the kinetics of the
reactions with VO2zLNS2 and VOLN2?52 being especially fast when compared to the
majority of the vanadium catalysts. We therefore propose that the larger the
dissymmetry observed in the peroxo complexes, the more reactive they are, consistent
with the fact that the sulfoxidation kinetics for VOzLNS2 are faster than with VOLN252 and
that VO2LNS2 js less stable than VOLN2SZ during the catalysis.#* To the best of our
knowledge we did not find any computational studies related to the stability and/or
structure of very reactive peroxo VV complexes, and therefore our proposition is only

based on the present results. However, we are aware that other structural factors can
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also contribute to the reactivity of these peroxo complexes, for example the distance

between the peroxo ligand and the vanadium-bound sulfur atoms.

Conclusion

It was widely proposed that high oxidation states of alkyl thiolate vanadium complexes
should be difficult to stabilize due to their propensity to oxidize the thiolate ligands into
intra- or intermolecular S-S units with the concomitant reduction of the metal ion.
However, the alkyl dithiolate VIV and even VV complexes investigated here, exhibit a

great stability in solution in aerobic conditions.

The tridentate LNS2 ligand allows the isolation of the first dioxovanadium(V) thiolate
complex which has been resolved by X-ray crystallography. It has also proven to be an
efficient and selective catalyst for sulfoxidation. It can produce phenylmethylsulfoxide
from thioanisole quasi quantitatively using H202 as oxidant in less than a 10 minutes.
This catalytic species is, however, not stable; after one single run we observe
degradation into S-oxidised species. We have carried out DFT calculations to further
investigate the cis-oxo peroxo active species. From this study we have observed low
symmetry of the V-peroxo unit, consistent with high reactivity and high efficiency,
thereby providing an explanation for the low stability of VO2LNS2, The reactivity of the
VO:2LNS2 complex has been compared with a vanadyl compound synthesized with the
tetradentate LN252 ligand. We have found significant differences between the two
catalysts; the activity (yield), and stability of both systems are different. With respect to
the difference in activity, this depends on the conditions of the reaction, especially the
quantity of H202, with VO2LNS2, displaying similar efficiency between the standard
conditions (1:100:20) and quantitative conditions (1:100:100). However, in the case of
catalyst VOLN252 3 30 9% decrease in activity is observed under the quantitative
conditions. We have also seen a substantial difference between the stability of the two
catalysts. Where VO2LNSZ js not stable at all, we see an outstanding stability from
catalyst VOLN2SZ2 Remarkably, both catalysts show 100 % selectivity towards the
sulfoxide with no sulfone detected at all.

In regards to the discrepancy observed in reactivity between the two catalysts,
combined experimental and computational investigations have been carried out. The
results have allowed us to propose that this is in part related to a difference in the

symmetry observed in the peroxo unit of the two complexes; the peroxo unit in
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[VO(02)LNS2]- is less symmetric than that in the [VO(02z)LN252]- complex. Therefore the
[VO(02)LNS2]- complex should be more reactive but less stable, consistent with the
experimental findings.

This work opens an entire field for the synthesis of new vanadium catalysts based on

alkyl thiolate ligands for oxidation reactions, in view of their efficiency and selectivity.
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Vanadium(III) Alkyl Thiolate Molecular Model in
Relation to Vanadium Nitrogenase
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Résumé

La nitrogénase a vanadium est une enzyme capable de réduire le diazote en ammoniac grdce a un
processus faisant intervenir 6 électrons et 6 protons. Son site actif contient un cluster original
constitué de 7 atomes de fer et d’'un atome de vanadium dans un environnement riche en soufre.
Actuellement, seuls deux systemes moléculaires synthétiques sont capables de mimer [l'activité
catalytique de cette enzyme. Ces catalyseurs sont peu efficaces, le meilleur effectuant moins de 12
cycles catalytiques. Dans ce chapitre, nous présentons la syntheése et la caractérisation d’'un

complexe du vanadium(Ill) avec le ligand LNz, modele bio-inspiré de la nitrogénase a vanadium.

Par diffraction des rayons X nous avons pu résoudre la structure de ce nouveau complexe de
vanadium(lll), montrant que deux ions chlorure sont également coordonnés au vanadium,
[VCI:LNs2]+, En solution, ces ions chlorure peuvent s’échanger avec des molécules de solvant. De plus,
ce complexe se dégrade en présence de la moindre trace d’oxygéne moléculaire, rendant son étude

encore plus complexe.

Notre objectif était de tester la réactivité de ce complexe vis a vis de la réduction de 'hydrazine en
ammoniac. En effet 'hydrazine, un des intermédiaires formés lors de la réduction du diazote, est
souvent utilisée comme substrat test dans la mesure ot elle peut étre assez facilement réduite en
ammoniac selon un mécanisme a deux électrons et deux protons. Dans ce but nous avons réduit
chimiquement notre complexe en dérivés du vanadium(ll) dans le THF et le DMF. Malgré de
nombreuses tentatives, nous n’avons pas pu caractériser les espéces du vanadium(ll) qui, mises en
présence d’hydrazine, forment immédiatement un précipité. Aucun adduit vanadium-hydrazine n’a
pu étre isolé et caractérisé. Par contre, I'addition de protons entraine la formation d’'un complexe
soluble de vanadium(1V), mais nous n’avons pas pu mettre en évidence la production concomitante
d’ammoniac. L’analyse par chromatographie ionique s’est révélée étre inefficace a cause de la
présence du donneur de protons que nous avons utilisé. D’autres techniques d’analyse, comme la
mise en évidence par spectroscopie visible d’un adduit ammoniac-indophénol ou la
chromatographie en phase gazeuse, vont étre rapidement testées. Bien que ces résultats de
réactivité soient préliminaires, ils n’en demeurent pas moins extrémement prometteurs et cette

étude va étre poursuivie dans le cadre d’'une nouvelle thése au laboratoire.
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Introduction

Nitrogenases are bacterial enzymes capable of catalysing the reduction of atmospheric
dinitrogen into bioavailable ammonia. They are responsible for cycling around 108
tonnes of N2 per year from the atmosphere to the soil. Nitrogenases are two component
enzymes, where in an ATP-dependent process, electrons are shuttled by the nitrogenase
iron protein to the dinitrogenase reductase, which contains the active site.! The
nitrogenase active site consists of a biologically unique iron-sulfur cluster which
contains an interstitial carbon atom ([MFe7S9C]).23 The Fe-S cluster is then bound via
three sulfur bridges to either a molybdenum (Mo)-, vanadium (V)-, or iron (Fe)- metal
ion centre (Scheme 3.1). The three homologous nitrogenases are all similar in primary
sequence and cluster type.# Although these three different nitrogenase are all capable of
catalysing the reduction of N2 to NH3 with the concommitant reduction of protons to
molecular hydrogen, they differ in their catalytic rates and efficiencies, including the

stoichiometry of NHs and H2 produced per mol of N2 reduced.

0-275%ys

N, +8H*+8 e + 16 MgATP > 2NH;+ H, + 16 MgADP + 16 P,

Scheme 3.1. X-ray structure of the FeMo-cofactor from Azotobacter vinelandii (X= C) and the
balanced chemical equation for the catalytic reduction of Nz into NHs.

The Mo-nitrogenase active site is the most common nitrogenase enzyme, the most
efficient system, and the most studied. It is the only nitrogenase that has been
crystallographically characterised. Its active-site structure is shown in Scheme 3.1.
Despite the similarities between V-nitrogenase (V-Nase) and Mo-nitrogenase, studies of
the V-Nase system have taken longer and have proven more complicated than the Mo-
nitrogenase. However, the recent discovery of its CO-reducing capacity into alkenes and

alkanes has put it in the spotlight.>

As stated above, nitrogenases are the connections between the atmospheric reservoir of

inorganic nitrogen molecules and the biosphere, where nitrogen is an essential element
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to all life. At present, dinitrogen reduction is reproduced in the commercial Haber-
Bosch process (involving Hz as the reducing agent), but this process occurs under
extreme temperature and pressure conditions, utilising 1.4 % of global energy
consumption.® However, this reaction is vital for the production of synthetic fertilizers,
which are needed to produce food for the world’s expanding population.” Consequently,
it is still a great challenge for chemists to reproduce this catalytic process under mild
conditions, because of the intrinsic chemical inertia of N2 (due to the high dissociation
energy of the triple bond, 4H% = 945 k] mol-1, and to the high HOMO-LUMO gap, 4ExL =
23 eV). The competition between N2 and proton reduction during the catalytic process is
a further complication.®? Understanding how nature activates the strongest
homodinuclear bond in chemistry, the triple bond of N2, is the key for the future design

of molecular catalysts.

—Q ex N‘Fe’N‘A'Q‘ 'Q 9‘

_____ y 7N N + excess H, N_ H _N
N, ACloKe N_FeN) ——— 2~ >Fe’ SFe Y+ 2NHy +2KCl
Nv \CI K \ / N 25°C N ‘H N
= Fe Toluene ﬁ !j

Scheme 3.2. Quantitative reduction of N2 into NHs using the Fe-based complex of Holland and
coworkers.?

The catalytic cycle, to date, is far from being understood. A consensus view has yet to
emerge on whether the Fe-S cluster and/or the additional metal is the key player in
substrate binding during nitrogenase catalysis.1011 Many authors have favoured the iron
hypothesis, based on the existence of the three different nitrogenases,'? on energetic
considerations,!3 and on other assumptions and indirect evidence.14-16 Very recently,
Holland and co-workers reported the first example of a molecular iron complex (Scheme
3.2) capable of reducing N2 into NHs. This reaction proceeds at room temperature and
atmospheric pressure, in the presence of a reducing agent and protons (or Hz).?

However, this system is not catalytic.

There is also a lot of support towards the ‘additional metal centre’ (Mo-, V-, or Fe-) being
the site for substrate binding. Indeed, the three homologous nitrogenases differ in their
reactivity. Furthermore, examples of N2 binding at V-, and Mo- metal centres have been

previously reported. Finally, the only two known molecular transition metal ion
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complexes, capable of reducing N2 catalytically at room temperature and atmospheric
pressure are Mo-based systems: the Schrock complex [(HIPTN3N)Mo(N2)] (Scheme
3.3A)17 and the Nishibayashi complex [(PNP)2Mo2(Nz)s] (Scheme 3.3B).18 However, the
amount of generated NHs is limited to approximately 8 and 12 molar equivalents per Mo

ion, for A and B, respectively.

N, i i
Mo"-Ny —
Mo'-NH; MoV-N=N-H
i-Pr
[MoV-NH.J* [MoVl=N-NHJ* By B
‘ tB {"
u
H* Tl i € N2 l‘,_.‘tBu
HIPT N I-Pr l"‘P R
) 9 5
MolV-NH, . \Nm | 3 MoV=N-NH, i N—Mo—N:N—/MD—N
\{\I’"'-_-,Mum_N HIPT P/‘ N
{ + 7N
e H By’ 2 2
k/\N tBu »_,P
v , v . IBu‘s tBu
[Mo™NH,] [(HIPTN3N)Mo(N2)] [MoV=N-NH3]
" Mo'-No e [(PNP),Mo,(N,);]
MoVY=NH MoV'=N T NH3

= MoVl=NH]' < T+

Scheme 3.3. The Mo-based mononuclear Schrock complex (A) and the dinuclear Nishibayashi
complex (B) as catalysts for N2 reduction. The proposed catalytic mechanism for [(HIPTN3N)Mo]
is also shown.

Vanadium is an interesting metal choice for the activation of dinitrogen, as firstly, in
1970 Shilov et. al. showed that a binuclear V!I- and Mg!l- hydroxide species was able to
convert N2into NH3 and N2H4 (Scheme 3.4).19.20

Mg(OH),
(1) 4V(OH),+ N, +4H,0 ———— 4V(OH),+ N,H,

Mg(OH),
(2) 6V(OH);+ N, +6H,0 —————» BV(OH);+ NH,

Scheme 3.4. The reaction of Shilov’s binuclear V!I-, Mg!l- hydroxide nitrogenase model.

A B C iPr D ._O/\-%s
|
RO /OR N 1~ TBA* | . —d,
(1, poHme e i o s
N=—N. | ROV Y| [
L / \\\N N RO/ \OR i L | —
P %o P I N Y
n\\ / ﬁ N " 'L i @ Mes
VN : By : )
@uHcZ \ \ll » A\l Q,Ho
P Ro--"/ ~ RO = 'Buu,, o e V\O 7\ L_/O_
RO OR o T 1 N,H, = 38%
y
o NH, = 21%

Scheme 3.5. Vanadium-N; adducts (A) [(PNP)2V2(N2)],32 (B) the two V-N; adducts, dinuclear
[(OR)6V2(Nz)] and mononuclear [(OR)3VN],30 (C) [(nacnac)z(ODiiP)2V2(N2)],31 and (D)
[(Mes)6V2(N2)2)](K(digly)).2?
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In addition, a number of vanadium compounds capable of fixing dinitrogen,21-31 have
been already reported (see Scheme 3.5 for some examples). Although the catalytic cycle
is still unknown, it has been shown from molecular model studies, that V! is required to
fix N2. Among these V-based complexes, only one (Scheme 3.5D) has been shown to
reduce N2. It converts N2 into NH3 (21%) and N2Hs (38%) stoichiometrically not
catalytically. The V-N2 adducts all contain O-, N- or P- based donor ligands, whereas the

nitrogenase active site is sulfur-rich.

Two thiolate VI molecular models have been previously described and are shown in
Scheme 3.6.3334 Both are capable of catalytically reducing N2H4 into NHs, in the presence
of cobaltocene as the reducing agent and 2,6-lutidinium chloride as the proton donor. In
both cases, they have shown that the substrate binding occurs in the V! oxidation
state.3435 However, neither were able to activate N2. Hydrazine is often used as a
substrate, because only 2e- are necessary to reduce it into NHs, while 6e- are required
for the reduction of N2 into NHs. Furthermore, hydrazine is one of the intermediate

species during the 6e- reduction process from N2 to NHs.

Scheme 3.6. V-S ligated complexes (A) [FesS4VL]?* and (B) [(PS3)VCI]- capable of catalytically
reduce N2H4 into NHs.

In terms of functional molecular models of nitrogenase, although there are some
catalytic models, as reported above, their efficiency is still very limited in terms of TON.
Therefore, the chemistry of nitrogen fixation and reduction under ambient conditions
remains one of the most challenging research domains in chemistry. Indeed, dinitrogen
is extremely inert, therefore the formation of metal-N2 adducts is a key first step in
nitrogen activation. In this context, we have synthesised a mononuclear V!!-thiolate

complex with the purpose of activating N2Ha.
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In this chapter we present a summary of preliminary results we have obtained. A VI
starting complex has been synthesised and characterised crystallographically. Using this
VI complex we have attempted to chemically generate the reduced V! derivative. In

addition, the reactivity of the V! derivative has been tested toward hydrazine.

Results and Discussion

3.1 Synthesis and Characterisation of the [VCI,LNS2J complex

K[VCI2LN$2] was prepared from a THF solution of K2LNS2 and VCI3'3THF. Because itis air
sensitive, all manipulations were carried out under an argon atmosphere. Single crystals
of the PPN salt suitable for X-ray diffraction were obtained by addition of PPNCI
(bis(triphenylphosphine)iminium chloride) to a CH2Clz solution of the K salt, followed
by slow diffusion of Et20. X-ray collection and refinement data are given in the
Appendix. The structure of the [VCI2LNS2] anion is presented in Figure 3.1, while selected

bond distances and angles are listed in Table 3.1.

Figure 3.1 ORTEP diagram of the [VCI2LN$2]- anion. The thermal ellipsoids are drawn at 50%
probability level. The cation PPN+ ion, solvent molecules (CH2Cl2) and hydrogen atoms have been
omitted for clarity.

The structure of PPN[VCI2LNS2]-2CH2Cl2 consists of a [VClz2(LNS2)]- anion, one PPN+ cation
and two CH2Clz solvent molecules. The V!II centre is five-coordinate, with the two alkyl
thiolate sulfur atoms of LNS2 and one chloride ion forming a trigonal plane, while the
other chloride ion and the pyridine nitrogen atom of LNS2 lie mutually trans along the
trigonal axis. This results in a mononuclear trigonal bipyramidal V! complex with a
structural index of 7 = 1.02 [= (f-a)/60, B is the axial angle N1-V-ClI1 (176.02°) and «a is
the angle S1-V-Cl1 (114.56°)],3¢ showing perfect trigonal bipyramidal geometry. The V-S
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(2.269 and 2.293 A) and V-Cl bond distances (2.381 and 2.31 A) are consistent with
those found in previously described trigonal bipyramidal V!II thiolate complexes (V!I-

Saliy1 2.25 -2.38 A, VIII-C] 2.30 -2.38 A).3437-39

All further experiments were carried out using the potassium salt of the complex
(K[VCI2LNS2]) as the synthesis is reproducible and the isolation of pure material easier
than with PPN*. ESI-Mass spectrometry has confirmed that the vanadium complex anion
is the same with both counter cations. We have also obtained single crystals of the
[VCI2(LNS2)]- anion with EtsNH* as the counter cation. This structure displays an identical
coordination sphere about the V! jon. Nevertheless, only the crystal structure with
counter cation PPN*, which displays a better resolution than with EtsNH*, is presented

here.

Table 3.1. Selected bond lengths (A) and angles (°) for the X-ray structure of
[VCI2LNszZ]PPN"CH:zCla.

Bond lengths (A)

V-N1 2.204(4) V-Cl1 2.3814(15)
V-S1 2.2685(16) V-CI2 2.3100(18)
V-S2 2.2928(17)
Angles (°)
N1-V-S1 93.37(12) S2-V-CI2 122.81(7)
N1-V-S2 93.84(12) N1-V-Cl1 176.02(13)
S1-V-S2 114.56(7) S1-V-Cl1 82.93(6)
N1-V-Cl2 88.69(13) S2-V-Cl1 86.41(6)
S1-V-CI2 122.31(7) Cl2-v-Cl1 94.51(6)

The electronic absorption spectra are identical between the three different salts of the
complex. This confirms that the environment of the VI ion is similar in the three
complexes. In the solid state, the [VCI2LNS2]- anion is highly unstable and even with a
small trace of Oz, oxidation of the VIl ion occurs into a vanadyl species as seen by EPR.
Furthermore, it is well known that VI mononuclear complexes can undergo
disproportionation into their corresponding VIV and VI species.*® Indeed, a small
amount of VIV species is observed in the X-band EPR spectra of K[VCI2LNS2] in all
solvents (DMF, THF, CH2Cl2 and MeCN).

K[VCI2LNS2] has been characterised by UV-Visible spectroscopy in four different
solvents: CH2Cl2, MeCN, DMF and THF (Figure 3.2). It can be seen that solvent has a
major effect on the electronic properties of K[VCI2LNS2]. The transition at 414 nm is

consistent in all solvents, but its intensity is significantly larger in CH2Cl2 compared to



Chapter III

those observed in the spectra recorded in MeCN, DMF and THF. In addition, the spectra
in DMF shows an additional transition in the visible region, at 488 nm. These findings
are consistent with solvent coordination. Solvent effects have been previously reported
in a vanadium aromatic thiolate complex (Scheme 3.6B, [(PS3)VCl]- ) which contains a
single ligated chloride.3” Chu et. al. observed that the transition at 450 nm of this
thiolate VI complex in CH2Clz is significantly more intense than in MeCN. They have
shown that this is due to exchange of the chloride anion with an MeCN solvent molecule.
In addition, from the intensity of the 414 nm transition, it can be concluded that DMF

and THF show a higher affinity toward solvent coordination than MeCN.

4000 414 nm

3000

2000 +

e(M'.em™

1000 - 488 nm

0 —

T T - Tt - 1
400 500 600 700 800

A (nm)

Figure 3.2. The electronic absorption of K[VCIzLN$2] in CHzClz (violet), MeCN (pink), DMF (green)
and THF (blue).

3.2 Reduction of K[VCI,LNS?]

As stated in the introduction, the only vanadium complexes capable of activating
dinitrogen are V! complexes.1929314142 For this purpose, we have attempted to
chemically reduce K[VCIzLNS2] into its V! counterpart, in different solvents such as DMF,
THF, CHz2Clz and MeCN, and using 5% Na/Hg amalgam as the reducing agent. In CH2Cl2
and MeCN, all attempts to reduce K[VCI2LN5Z] failed. We attribute this to the fact that
chloride anion(s) is/are still coordinated to the vanadium ion, thus preventing the
chemical reduction. In fact, we have observed by UV-Visible spectroscopy that in CH2Clz
both chloride anions remain coordinated, and that MeCN has a low affinity for vanadium

coordination compared to both DMF and THF.

The chemical reduction has been followed by UV-Visible and EPR spectroscopy. As can
be seen by UV-Visible spectroscopy (Figure 3.3A), K[VCIzLN52] is completely reduced in
DMF using 2 eq of 5% Na/Hg amalgam. Only two hours are required to complete the
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reduction with the total disappearance of the three transitions at 414, 488 and 690 nm,
and the concomitant appearance of a single transition at 470 nm for the reduced
species. The EPR spectra (Figure 3.3B) show that the small amount of VIV species
present in the initial solutions has completely disappeared after the addition of 5%

Na/Hg amalgam. If more of the reducing agent is added, degradation of the complex is

observed.
A B
1000 -
800+ 470 nm o
Initial
<= 600+
£
o
E 400 -
© .
Reduced species |
200 i
0 T T T T T 1 r T T T T T 1
300 400 500 600 700 800 O 100 200 300 400 500 600
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Figure 3.3. Electronic absorption (A) and EPR (B) spectra of a solution of K[VCI:LNS2], before
(green) and after (red) the addition of 2 eq of 5 % Na/Hg amalgam in DMF.

In theory, VI complexes (d3, S =3/2) should be EPR active. However, even at low
temperature (5 K), we were unable to observe a signal (Figure 3.3B). In fact, to the best
of our knowledge, V! EPR spectroscopy is very rare, with only two solid state EPR
investigations, with one being a V! species doped into a diamagnetic host lattice.3143
Unfortunately in solution, it seems that the sensitivity of cw X-band EPR spectroscopy

toward V! is too low to observe a signal.
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Figure 3.4. Electronic absorption spectra of a solution of K[VCIzLN5Z], before (blue) and after
(red) the addition of 2 eq of 5 % Na/Hg amalgam in THF.
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In THF, the reduction reaction is harder to perform than in DMF; two or more days are
required. Furthermore, sequential filtration and addition of about 1 eq of 5 % Na/Hg
amalgam is required every two hours. However, THF is a more suitable solvent for
further manipulations of the reduced species (isolation and characterisation of the

products), especially when working in a glove-box.

By UV-Visible spectroscopy (Figure 3.4), the most notable difference in the spectra
observed between the initial solution and after the chemical reduction is the complete
disappearance of the transition at 414 nm characteristic of the V!l species, and the
concomitant appearance of two transitions at 380 nm and 543 nm. As in DMF, the EPR
spectrum of the reduced solution is silent. Although the reduced species display two
different UV-Visible spectra in DMF and THF, we assign them both as two different VI
species. It is not surprising that two inequivalent V!! derivatives are generated, as the
two starting VI complexes have different coordination spheres, due to the solvent

exchange equilibrium with the chloride anion.

3.3 Reaction of V! species with Hydrazine

When the reduced species obtained from K[VCIzLNS2] generated in THF reacts with 2 eq
of N2H4, a very fine brown precipitate is formed immediately, that we were unable to
recover. This is consistent with the binding of N2H4 to the V! species, resulting in a
neutral insoluble VI compound. In an attempt to isolate this product, we have carried
out the reaction in DMF. Unfortunately the same fine powder, also insoluble in DMF,

precipitates instantly.

In the presence of the weak acid, lutidinium BFs (LutH*) as the proton source, we
observed solubilisation of the hydrazine derivative in both solvents. This reaction has
been followed by UV-Visible (Figure 3.5A) and EPR spectroscopy (Figure 3.5B). The
same UV-Visible spectra are observed after the addition of 4 eq of LutH* (Figure 3.5A)
with a single transition observed at 404 nm in both DMF and THF. We have verified that
this transition cannot be assigned to the lutidine. The EPR spectra recorded in both THF
and DMF show the appearance of a VIV EPR signal, which is not characteristic of a
vanadyl unit. When this EPR tube is opened to air, we observe the appearance of new
signal which is consistent with the formation of a vanadyl complex, as shown by the
hyperfine lines at 288, 298 and 308 mT. Therefore, we can unambiguously assign the
signal observed after the addition of LutH* to a VIV species. This is consistent with a

2H*/2e  N2Ha reduction process with the concommitant oxidation of VIl to VIV,
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Figure 3.5. (A) UV-Visible spectra of the chemically reduced species of K[VCI2LN$2] (red) and
after the addition of 2 eq of hydrazine and 4 eq of LutH* (blue) in DMF. (B) EPR spectra of the
chemically reduced species of K[VCI2LNSZ] (red), after the addition of 2 eq of hydrazine and 4 eq
of LutH* (blue), and the sample open to air (pink) in DMF.
Conclusion

In conclusion, we have successfully synthesised and characterised a VI complex
containing a tridentate bis-thiolate ligand and two coordinated chloride anions. In
solution the chloride anion(s) can be exchanged with solvent molecule(s) as a function

of the nature of the solvent.

Chemical reduction of K[VCI2LN$2] using 5% Na/Hg amalgam has been carried out in
order to obtain the more reactive V!! species. The reaction only proceeds in DMF and
THF and gives two different VI species. It is important to note that the chemical
reduction, using 5% Na/Hg amalgam, is long and extremely difficult to control especially
in THF. We have begun testing the reduction with different reducing agents, such as zinc

dust and potassium graphite.

We have tested the reactivity of the resulting V!I species toward hydrazine. Upon
reaction of this V! species with hydrazine, precipitation is observed, consistent with the
binding of N2Ha4 to the V!l ion. Unfortunately, we were not able to isolate and characterise
this hydrazine-V adduct. More interestingly, this precipitate reacts in the presence of

protons leading to the same soluble V!V species in both DMF and THF.

The VI complex K[VCI2LNS2] has exhibited some very interesting properties in terms of
modelling V-nitrogenase. In fact, our preliminary results suggest that this VI complex is
a precursor to a complex capable of the activation of N2Hs We have attempted to
confirm the production of ammonia. The method that we have employed so far is ion

chromatography. Unfortunately, by this technique, we cannot properly separate the
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LutH* and NHs*. Consequently, another analytical method such as the use of indophenol
should be used. In addition, we have also tested the reactivity of the K[VCIzLNSZ]
complex toward N2. However, as of yet, we have been unable to obtain reproducible

results.

There are also major draw-backs with this complex, including the instability of
K[VCIzLN$Z] both in solid state and solution, together with its VI derivatives. In order to
stabilise both the VI and the VI compounds, we wish to insert the VI complex directly
into the nitrogenase metalloprotein. This project will be initiated in collaboration with
the groups of Borovik and Ribbe. Also, changing the tridentate ligand to the tetradentate
ligand (LN252, as seen in chapter II), may aid in the stabilisation of the VI and V!
complexes. We have already made initial attempts to synthesise the VIl complex. Small
crystals have already been obtained, and the crystallisation conditions are now being

optimised in order to isolate suitable crystals for X-ray diffraction.
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Nickel Alkyl-Thiolate Molecular Models for
Metalloenzymes CODH and NiSOD
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Résumé

Le chapitre IV est consacré a I'étude de complexes du nickel a ligands thiols aliphatiques, modéles
bio-inspirés de la CO deshydrogénase (CODH) et de la superoxide dismutase a Ni (Ni-SOD). La
CODH est une enzyme qui est capable d’activer le monoxyde de carbone en l'oxydant de maniere
réversible en dioxyde de carbone. Son site actif contient un atome de nickel dans un environnement
riche en soufre, responsable de l'activation du CO. Avec comme objectif 'obtention d’adduits Ni-CO,
nous avons synthétisé deux complexes du nickel(Il) en utilisant le ligand LNS2 afin de laisser un site
vacant pour la coordination du CO. En effet, il avait été suggéré que le manque de réactivité des
complexes précédents étudiés au laboratoire vis a vis du CO était dii a I'absence d’au moins un site
vacant sur l'ion nickel. Deux complexes ont été obtenus : un dinucléaire de nickel(ll) total inerte et
un complexe mononucléaire de nickel(ll). Les propriétés redox de ce dernier complexe ont été
étudiées. Malheureusement, il ne nous a pas été possible malgré de nombreuses tentatives de

générer d’adduits Ni-CO, ni avec le complexe de nickel(ll), ni avec sa forme réduite nickel(I).

Dans une deuxiéeme partie, nous avons étudié la réactivité d'un complexe mononucléaire du
nickel(ll), [NiLN252], précédemment décrit au laboratoire, vis a vis du tert-butylhydroperoxide
(TBHP). Notre but était d’isoler un nouveau complexe peroxo pour modéliser les intermédiaires
réactionnels du cycle catalytique de la NiSOD, qui réalise la réaction de disproportionnation du
radical anion superoxide en H;0; et 0. Le site actif de cette enzyme est formée d’'un complexe
mononucléaire du Ni possédant deux ligands cystéines. Trés peu d’espéces actives de l'oxygéne
basées sur le nickel ont été décrites dans la littérature, dont seulement quatre complexes
mononucléaires peroxo, aucun d‘entre eux ne comportant de ligand thiol. De maniére surprenante,
en présence de TBHP nous avons pu générer un complexe mononucléaire tert-butylperoxo de
nickel(lll), remarquablement stable a température ambiante (ti/,= 3h). Sa structure, totalement
originale, a été prédite par une procédure d’optimisation par calculs DFT. Ce complexe a été
caractérisé par spectroscopie d’absorption UV-visible, par RPE et par spectrométrie de masse. Ce
complexe peroxo, qui présente un caractére électrophile faible, est capable d’oxyder la
triphénylphosphine, mais pas les sulfures. Par ailleurs, le complex initial [NiLN?52] est régénéré lors
de la réaction d’oxydation de la triphénylphosphine, ce qui suggére qu’il peut agir comme un vrai

catalyseur.
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Introduction

In recent years, mainly due to the discovery of metalloenzymes containing active sites
with unprecedented structures and functions, bioinspired nickel coordination chemistry
has grown into a large and broad research domain.! One of the most interesting facts
about nickel in nature is that all of the well-established nickel sites are rather unique
with respect to their structure and/or function. Only eight have been isolated to date,
including four which are thiolate-rich, via cysteines bound to the nickel ion. The nickel-
iron hydrogenase, which reversibly catalyses the reduction of protons into hydrogen,
has been the subject of intense research, as an inspiration for cheap Hz-producing
catalysts. Both acetyl coenzyme A synthase (ACS) and carbon monoxide dehydrogenase
(CODH), which are capable of activating CO, are rich in thiolate groups with several
cysteines bound to the nickel ion. Finally, nickel-superoxide dismutase (NiSOD), which
is the most recent addition to the ubiquitous family of SODs, catalytically
disproportionates the superoxide radical into hydrogen peroxide and molecular
dioxygen. During my PhD, we have focused primarily on Ni-thiolate model complexes

that mimic the active sites of the CODH, and NiSOD enzymes.

0 _.--H
soye |(|3|‘J0H P C/ f) CO, + H*
\Ni/ le" —’ \;1.)/ >R Fe' N~ ScyiFe"
b)
; CO+H,SCO, +2H" + 2e°
C

Scheme 4.1. a) The active site of metalloenzyme CODH (C cluster), b) part of the catalytic cycle
mechanism and c) the catalytic reaction.

CODH is found in anaerobic bacteria, and along with ACS is responsible for the removal
of more than one billion tonnes of CO per year from the atmosphere. In addition, CODH
reduces CO:z reversibly into CO (Scheme 4.1C). Although, the active site of CODH has
been fully described, its catalytic cycle still remains unclear. The active site of CODH, the
C-cluster (Scheme 4.1a), consists of a heteronuclear [Fe3NiS4] complex. The nickel metal
centre coordinates four sulfur atoms resulting in a square planar geometry.2-4 A
suggested reaction mechanism for CO activation is represented in Scheme 4.1b. To date

the Ni oxidation state upon CO binding is still a matter of debate.
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Although non-biologically-relevant phosphine donor groups were used in the C-cluster
model reported by the group of Holm (Scheme 4.2a), this tetranuclear FesNiS4 complex
provides the most accurate structural mimic for the CODH active site.> Even with the
large number of heteronuclear Ni/Fe complexes that have been synthesized to prepare
structural and/or functional models of the NiFe hydrogenase active site, no conversion
of CO to COz has been reported with these systems. In fact, CO preferentially binds to Fe

over Ni. This makes it difficult to form a Ni-CO adduct in such synthetic systems.

CO
LNi(solv) s————= LNIi(CO)(solv)
A
>_(\N Z u H,0, -H*, -solv
s—n:n—g
O-Ni—-$ LNi'(COOH)
' dant
| -

NigL_‘! oxidant
LNi! TLNN'(COO‘)

CO,

b)

Scheme 4.2. Previously described structural (a) and functional (b) models of CODH.

Only one functional Ni-containing model has been described so far (Scheme 4.2b). In the
nineties, Crabtree’s group reported a dinuclear nickel complex with aryl thiolate
ligands, that catalytically oxidizes CO in aqueous solution using methyl viologen as a
sacrificial oxidant.6 However the proposed mechanism, which involves the intermediate
formation of Nil-CO and Nil-COOH adducts, is based on kinetic studies alone, and no

intermediate has been characterized.

Superoxide dismutases (SODs) are oxidoreductases that catalyse the disproportionation
of the superoxide radical anion (02*) into hydrogen peroxide and molecular dioxygen.
Therefore SODs are important metalloproteins that protect living cells from oxidative
damage. The superoxide radical anion has been linked to the aging process and to
various disorders and diseases ranging in severity from inflammatory to
neurodegenerative.’-° There are three well characterized SODs, with active sites
containing either mononuclear Mn or Fe, or a heterometallic Cu/Zn complex.1? Although
the NiSOD shares the same function, the structure of the active site, especially the ligand
environment around the nickel centre, is notably different, in contrast to the other SODs.
The active site of NiSOD incorporates two cysteine thiolate S-donor atoms which can be

subject to S-oxygenation processes in the presence of oxidants such as the superoxide
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radical anion or H202. Furthermore, the nickel ion is also bound to three different types
of nitrogen-based ligands, a histidine and two less common types, namely an amide
issuing from the peptide back bone and the terminal amine of the polypeptide. Finally,

in contrast to the other SODs, no aqua/hydroxo ligand is present around the Ni centre.

Scheme 4.3. Schematic representation of the NiSOD active site.

During the catalytic cycle of NiSOD, the Ni ion cycles between +II and +III oxidation
states, accompanied by a notable structural rearrangement (Scheme 4.3). In the reduced
state, the Nill centre is in a square planar [N2S2] environment, containing the two S-
thiolate ligands, the N-amidate, and N-terminal amino groups. Upon oxidation, the
environment of the nickel ion is converted into a [N3S2] square pyramid via
coordination of the axial N-imidazole moiety of the histidine. This redox-state-

dependant change in metal coordination number is crucial for SOD activity.11

Another important aspect in the NiSOD mechanism is that the binding of the superoxide
radical anion to the Ni ion is required at both oxidation states during the catalytic cycle.

However, no peroxo intermediate has been evidenced or characterised to date.

As far as synthetic complexes are concerned, the majority of nickel active oxygen species
are dinuclear nickel complexes. Both bis(u-oxo)dinickel(IIl) (Scheme 4.4A),12-17 and
bis(u-1,2-superoxo)dinickel(II) (Scheme 4.4B) complexes,17.18 have been characterised
by X-ray diffraction, while (u-1,2-peroxo)dinickel(Il) species (Scheme 4.4C)1819 have
only been spectroscopically observed. On the other hand, mononuclear peroxo nickel
complexes are very rare. At present, two complexes have been characterised by X-ray
crystallography (a (tert-butylperoxo)nickel(Il) complex,2? and a (n2-superoxo)nickel(1I)
complex,?! Scheme 4.4 D and E, respectively), while two superoxo complexes have only
been observed spectroscopically (a (nl-superoxo)nickel(Il)complex,23 and a (n?2-

superoxo)nickel(III) complex?2, Scheme 4.4 F and G, respectively).
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Scheme 4.4. The previously reported dinuclear and mononuclear Ni' and Nill active oxygen
complexes.

Among the four mononuclear nickel active oxygen species previously described, only
one (G) incorporates sulfur atoms, these being thioether S-donor atoms. More research
needs to be carried out on mononuclear Ni' and Nilll active oxygen complexes which
contain alkyl thiolate ligands, in order to further understand the mechanism of the

NiSOD active site, especially with respect to peroxo intermediates.

NiLVs2p (NiLNs2), NiLN2s2

Scheme 4.5. Nickel complexes discussed in this chapter.

In this chapter, we present our attempts to synthesise and characterise molecular
models for both CODH and NiSOD metalloenzymes. In this context, we have synthesised
three different Ni complexes (Scheme 4.5). The mononuclear NiLNS2P and dinuclear
[Niz(LNS2)2]Jcomplexes have been investigated as molecular models for CODH. Their
redox properties have been studied and their reactivity towards CO activation tested. In
the second part of this chapter we have investigated the reactivity of NiLN252 which has
been previously described by our group,2* towards different oxidants such as TBHP
(tert-butyl peroxide). Our aim is to obtain nickel peroxo complexes with alkyl thiolate

ligands for modelling intermediates implicated in the NiSOD catalytic cycle.
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Results and Discussion

4.1 Synthesis and Characterisation of the [Nip(LNS2),] Complex

The LNSZ Jigand has previously been described in chapter II. [Niz(LNS2)2]'2THF
([Niz2(LNSZ)2]) was obtained from the reaction with Naz2LN$2 with Ni(Cl04)2'6H20 in THF.
Single crystals of [Niz(LNS2)2] suitable for X-ray diffraction were obtained from the
reaction solution upon standing. Its molecular structure is presented in Figure 4.1. X-ray
collection and refinement data are given in the Appendix, while selected bond distances

and angles are listed in Table 4.1.
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Figure 4.1. ORTEP diagram of [Niz(LNS2)2]-2THF. The thermal ellipsoids are drawn at the 30%
probability level. All hydrogen atoms and THF solvent molecules are omitted for clarity.

There is a single plane of symmetry between the two Nill metal centres resulting in two
identical Ni' coordination environments. Both Nil! ions are bound to three aliphatic
thiolates S2 (or S2’), S1 and S1’, the latter two forming a bridge between the two Nill
ions. The pyridine unit of the LNS2 ligand completes the square planar geometry of both

Nill ions.

The bond distances between the metal ions and the bridging sulfur atoms Ni-S1 and Ni-
S1’ (2.2303 and 2.2085 A) are within the expected range for Ni-Sbridging bond distances
(2.19 - 2.26 A).2526 The Ni-S2 (2.1661 A) distance is also comparable to Ni-thiolate bond

distances reported in the literature (2.17 - 2.18 A).2427 The larger distance observed
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with the bridging sulfur atoms than the Ni-thiolate bonds is normal, as the bridging
sulfur atoms are less electron donating, acting more like the weaker thioether bond. The
bond distance between the nickel and the pyridine nitrogen (Ni-N1, 1.9124 A) has a
typical bond distance for Ni-Npyridine bonds (1.89 - 1.93 A).28 With respect to the packing
environment of [Niz(LNS2)2] the major intermolecular interactions are m-m interactions
between pyridine rings (N1 and N1’) as can be seen in Figure 4.2. These are offset by
1.501 A with a centroid to centroid distance of 3.639 A, which lies well below the

maximum literature value for m-m interactions (3.8 A).29:30

Table 4.1 Selected bond lengths (A) and angles (°) for the X-ray structure of [Niz(LNS2)z].

Bond Lengths (A)

Ni-N1 1.9124 Ni-S1 2.2303
Ni-S2 2.1661 Ni-S1’ 2.2085
Angles ()
N1-Ni-S2 93.90 S2-Ni-S1 174.70
N1-Ni-S1 90.85 S2-Ni-ST1’ 91.18
N1-Ni-S1’ 174.04 S1-Ni-ST’ 83.96
A 4

Figure 4.2. Intermolecular 1 - 7 interactions between pyridine rings of [Niz(LN52)2].

It has previously been shown that this type of dinuclear Ni-(u2-S)-Ni complexes is useful
as a precursor for the synthesis of mononuclear complexes. In particular, the group of
Holm has shown the ability of the similar complexes [Ni(pdmt)]227 and [Ni(pdtc)]228
(Scheme 4.6) to carry out bridge cleavage reactions in the presence of potential ligand
molecules. The complex [Ni(pdtc)]2 is considerably more reactive than [Ni(pdmt)]2 and
is able to undergo facile bridge cleavage reactions to give an enormous variety of
mononuclear complexes (see Scheme 4.6 for examples). In contrast, in the case of
[Ni(pdmt)]2, only strong nucleophilic ligands are able to cleave the sulfur bridge. This is
obviously due to differences in the electronic properties of the sulfurs in both
complexes. In [Ni(pdtc)]z, a mesomeric effect occurs with the carbonyl group, rendering

the sulfur atoms less nucleophilic than in [Ni(pdmt)]2. Therefore, the puS bridge is
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weaker in [Ni(pdtc)]z and easier to cleave. Nevertheless, in the case of [Niz(LN52)2], all of
our attempts to carry out similar bond cleavage reactions using many different
molecules (halogens, bipyridine, PPhs, etc), have failed. This is consistent with the work
of Holm et. al.. The additional bulkiness of the two phenyl groups on the adjacent carbon

atom in LNS2 further lowers the reactivity of the thiolates compared to [Ni(pdmt)]a.
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Scheme 4.6. The [Ni(pdmt)]. and [Ni(pdtc)]: complexes and the formation of various
mononuclear complexes via bridge cleavage reactions.

4.2 Synthesis and Characterisation of the [NiLNS2dmpe] Complex

[NiLN2S2dmpe] (NiLNS2P, Scheme 4.5) was synthesised from the reaction of Na2LNS2 with
Ni(ClO4)2:6H20 and 1,2-Bis(dimethylphosphino)ethane. A powder of NIiLNS2P was
obtained on rapid precipitation by addition of Et20 as soon as the reaction occurs. If this

reaction is left for more than 30 minutes the dimer [Niz(LN$2)z] is obtained.
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Figure 4.3. UV-Visible spectrum of NiLNS2P in CHzCl:
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We were unable to characterise NiLNS2P by X-ray crystallography, because the
thermodynamically stable product is the [Niz(LNS2)z] complex. The electronic
absorption spectrum of NiLNS2P shows three transitions (Figure 4.3), that can be
assigned to one LMCT at 315 nm (g = 16640 M-l.cm-1), and two d-d transitions at 405
nm (e = 1076 M-1.cm1) and 555 nm (€ = 265 M-1.cm1).
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Figure 4.4. CV of NiLN252P (1.0 mM) in CH2Clz, 0.1 M BusNClO4. Scan rate of 100 mVs-1.Ref:
Agt/Ag.

The electrochemical properties of NiLNS2P were investigated in CH2Clz (Figure 4.4). The
cyclic voltammogram (CV) displays two irreversible one-electron metal-based
processes; a Nilll/Nill oxidation wave at E1/2 = +0.3 V vs Ag*/Ag, and a Ni'l/Ni! reduction
wave at Ei2 = -1.5 V (Ep = 180 mV). The irreversibility of these two redox systems

reflects substantial structural changes during the oxidation and reduction processes.

Characterisation of the electro-generated oxidised and reduced species

To isolate the oxidised species, an exhaustive electrolysis was carried out at +0.5 V. A
notable change of colour was observed during the one electron oxidation, specifically
the appearance of a transition at 365 nm, with the disappearance of the transitions
associated with NiLNS2P. To isolate the reduced species observed at -1.50 V, an
exhaustive electrolysis at -1.60 V was run. In contrast to the facile generation of the

oxidised species, the reduction at -1.60 V was significantly longer.

To determine whether the oxidation and reduction processes are centred on the nickel
ion or on the ligand, the reactions were followed by EPR spectroscopy. An advantage of
nickel is that the EPR signatures are specific towards its oxidation state, Ni'l(d®8), Nil(d°)
and Ni'l(d7). Nill complexes are always X-band EPR silent, independent of the spin state
(S=1, or S =0). The EPR signature of Nill depends on its spin state, (S=3/2 or $=1/2).

Finally Ni! complexes always display the signature of an S=1/2 system.
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The EPR spectrum of the oxidised species shows an S=1/2 axial signal, consistent with a
low spin mononuclear Ni'l complex (NiLNS2Pex, Figure 4.5A) with g,/ = 2.23 and g/ =
2.07. In the g/ component, hyperfine coupling can be observed (A; = 4.5 MHz). The
triplet indicates a coupling between the single electron of Ni'll and the pyridine nitrogen

of LNSZ (/=1), suggesting a partial delocalisation of spin density over the ligand.

A g,=223 B

An= 4.5 MHz

2900 3000 3100 3200 3300 3400 2000 2500 3000 3500 4000 4500 5000
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Figure 4.5. Experimental X-band EPR spectrum of A) NiLNS2Pex and B) NiLNS2Pred in CH2Cl2
recorded at 100 K.

The EPR spectrum of the reduced species shows an S=1/2 axial signal consistent with a
mononuclear Ni! complex (NiLNSZPred, Figure 4.5B) with g/ = 2.16 and g/ = 1.99. The
axial component is split into three lines, as a result of the interaction of the unpaired
electron with the nitrogen of the pyridine of LNS2. The hyperfine value (4, = 98 MHz) is
significantly larger than that seen in NiLNS2Pox, suggesting a larger delocalisation of the
spin density over the ligand in the reduced species, to stabilise the Ni' oxidation state.
This is comparable with that previously reported for the one-electron reduced species
of NiLN252 [NiLN252]- (4, = 212 MHz).31 In this case, it has been calculated by DFT that in
the SOMO, 10 % of the electron density is located on each nitrogen atom of the
bipyridine of the LN252 Jigand.

4.3 Activation of Carbon Monoxide

Our goal was to isolate a Ni-CO adduct with alkyl thiolate ligands. The previously
synthesised NiLN252 complex and its electrochemically one-electron reduced form
[NiLN252]- 31 were shown to exhibit no reactivity in the presence of CO. It was proposed
that by decreasing the denticity of the coordinating ligand, a coordination site could be
opened up, allowing CO coordination. The LNS2 ligand was then the perfect candidate for

this purpose.
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Multiple attempts to obtain a Ni-CO adduct were carried out by bubbling CO through a
solution of electro-generated NiLNS2Pred and also NiLNSZP. In the case of NiLNS2P no
reaction was observed. With NiLNS2Pred, 3 change in the UV-visible spectrum was
observed; however, it appears that the resulting species was re-oxidized to a Nill
complex during the reaction with CO. This is evidenced by the absence of an EPR signal
from the final solution. Before considering new tests, it is necessary to develop a more
reliable set-up to eliminate the presence of oxygen. More importantly, the LNS2 ligand
presents two major draw-backs; (i) the facile generation of a thermodynamically stable

dimer, and (ii) the difficulty in generating the Ni! species.

4.4 Characterisation of the [NiLN252] Complex

As stated in the introduction, one of our goals was to isolate a Ni peroxo species with
alkyl thiolate ligands. For this purpose, we have used the previously described NiLN252
complex (Scheme 4.6).31.32 NiLN252 has been characterised by X-ray diffraction (Figure

4.6), and it displays a distorted square planar geometry about the Ni!l centre.

B 6000-
508 nm
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4000
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Figure 4.6. A) ORTEP diagram of complexes NiLN252, The thermal ellipsoids are drawn at the
30% probability level. All hydrogen atoms, and H20 molecules are omitted for clarity. Selected
bond distances (A); Ni-N1 1.934, Ni-N2 1.935, Ni-S1 2.173, Ni-S2 2.176). B) UV-Visible spectrum
of NiLN25Z jn CH2Cla.

The UV-Visible spectrum of NiLN252 (Figure 4.6B), displays two intense transitions at
508 nm (g = 4800 M-..cm'1) and 556 nm (g = 4500 M-l.cm1), characteristic of such
complexes.2733 Based on a TD-DFT investigation, they have been assigned to an LMCT

and a d-d transition, respectively. 24

Reactivity of NiLN252 jn the presence of TBHP

To isolate a Ni peroxo species, initially, H202 was chosen as the oxidant. However, after
the addition of H202 at room temperature to a CH2Clz solution of NiLN252, the

degradation of the complex was observed and is attributed to the oxygenation of the
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thiolates. In contrast, when using tert-butyl hydroperoxide (TBHP) as oxidant, the

formation of an intermediate species was seen.
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Figure 4.7. Evolution of the UV-Visible spectrum of NiLN252 (red) in the presence of two
equivalents of TBHP until the formation of the maximum intermediate species (blue) (12
minutes) in CH2Clz (0.25 mM) (A) and its degradation (6 hours)(B). Spectra are taken every two
minutes.

The best conditions to obtain the maximum amount of this intermediate at room
temperature with a slow degradation process is with the addition of two equivalents of
TBHP. Figure 4.7A presents the formation of the intermediate species. At time zero, two
equivalents of TBHP were added to a solution of NiLN252 jn CH2Cl2. After 12 minutes, the
maximum amount of the intermediate species is generated. The notable differences
between the two absorbance spectra are; (i) the disappearance of the transition at 556
nm, (ii) the appearance of two new transitions at 410 nm and 656 nm and (iii) the shift
of the 508 nm transition to 499 nm. Figure 4.7B shows the degradation of the
intermediate species, starting after 12 minutes of reaction. The intermediate species is
fully degraded only after six hours, resulting in a t» = 3 h, implying an unexpectedly

stable intermediate species.

The reaction has also been followed by EPR spectroscopy (Figure 4.8). The initial
NiLN2S2 spectrum shows no features, as expected for a square planar Ni'l complex. After
the addition of TBHP, an EPR signal appears, whose intensity increases during the initial
12 minutes and then decreases. The spectrum recorded just after the addition of TBHP
and at 12 minutes corresponds to a mixture of two species. One is characterised by an
isotropic signal at giso = 2.17 with a maximum intensity at 12 minutes. It has been
assigned to the intermediate species. Consequently, it can be concluded that it is a
mononuclear Ni'll complex. The second signal is rhombic with g = 2.41, g2= 1.98, and g3

= 1.69. This signal is present at a low concentration throughout the course of the
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reaction and can be attributed to a mononuclear Nilll by-product. We propose that this
species is NiLN252Q¢Bu, which can be formed in the by reaction with the tBuOH formed

from the reduction of TBHP.

Initial

+ TBHP (< 1 min)

12 min
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Figure 4.8. X-band EPR spectra at 100 K of the evolution of the reaction between NiLN252 and
TBHP (1 min, 12 min, and 1 hour).

An ESI-Mass spectrum recorded on a solution of NiLN252 and TBHP displays a peak (m/z
= 725.0) corresponding to a mononuclear Nilll peroxo species (NiLN25200¢Bu),

evidencing the first reported nickel peroxo species containing alkyl thiolate ligands.

Structural properties of NiLN25200tBu

We have attempted to crystallise the intermediate species NiLN25200tBu at low
temperature. However, the crystals that have been obtained break as soon as we
attempt to manipulate them. An optimised structure has been calculated by DFT

(denoted NiLN25200¢tBu*), shown in Figure 4.9.

Figure 4.9. DFT optimised structure of NiLN2s200tBu*. Selected bond distances (&) and angles
(°): Ni-N1 1.966, Ni-N2 2.038, Ni-S1 2.258, Ni-S2 2.239, Ni-01 1.895, Ni-02 2.766, and Ni-01-02
110.7.
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The optimised structure NiLN25200tBu* displays a square pyramidal geometry about
the Nilll ion, with the two aliphatic thiolate sulfur atoms and the two bipyridine nitrogen
atoms from LN252 in the plane, and the oxygen atom from the TBHP unit in the apical
position. All of the Ni-N and Ni-S bond distances are longer than those reported for the
Nill complex NiLN252 24 consistent with a change in the geometry from square planar to
square pyramidal.34-36 The 0-O bond distance (1.453 A) is within the typical range for

peroxide bond lengths.20.37-39

As stated in the introduction, there is only one characterised Ni'! complex containing an
alkylperoxo unit shown in Scheme 4.7.20 The Nill metal centre is coordinated to three
nitrogen atoms and one oxygen atom from THBP, resulting in a trigonal pyramidal

geometry.

Scheme 4.7. The Ni"OOtBu complex previously described by Hikichi et. al.2°

The coordination mode of the 00¢-Bu ligand in NiLN25200¢tBu* is n! (end-on binding),
while the previously reported complex Nillperoxo (Scheme 4.7) displays a coordination
mode in between n! and n? side-on binding. This is evidenced by two structural
properties. The large value of the observed Ni-01-02 angle in NiLN25200tBu* (110.7°)
compared to that in the Nillperoxo complex (96.2°), as well as the larger distance
between the Ni ion and the distal oxygen atom (02) in NiLN2s200tBu* (2.766 A) with
respect to the Nillperoxo complex (2.467 A), are consistent with a pure end-on binding
for NiLN25200tBu*. The EPR parameters for NiLN25200¢tBu* have also been predicted by
DFT calculations. A good agreement is found between the experimental and calculated g

values (Calc. giso = 2.14 and Exp. giso = 2.17).
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4.5 Reactivity of the Intermediate Species toward Oxidation

Previously reported nickel peroxo species have been tested towards the oxidation of
several substrates such as triphenyl phosphine (PPhs3) and thioanisole, in order to
evaluate their electrophilic character. The reactivity of NiLN252Q00¢Bu toward PPhs and
thioanisole has thus been investigated. At t = 12 minutes, when the maximum amount of
the NiLN252Q00tBu species had been generated, either one equivalent of PPhs or
thioanisole was added. UV-Visible spectroscopy was used to follow the reaction. Figure
4.10A shows the evolution of the intensity of the transition of NiLN25200¢tBu at A = 410
nm during its formation and degradation.
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Figure 4.10. A) Evolution of the intensity of the A = 410nm transition of NiLN25200¢Bu after the
addition of 2 eq of TBHP at t=0, in the absence of substrate (dark blue) and after the addition of
thioanisole (blue) and PPhs (red) at t = 12 min. B) Evolution of the absorbance spectrum of
NiLN2s200¢tBu (dark blue) after the addition of PPhs (red) giving the regeneration of NiLN2s2
(green) in CH2Clz (0.5 mM). Spectra were taken at two minute intervals.

Firstly, it can be seen that there is no difference between the kinetics of the degradation
of NiLN25200tBu with or without the addition of thioanisole, showing that
NiLN252Q00¢Bu is not capable of oxidising thioanisole. However, a significant change in
the kinetics of the degradation of NiLN25200¢Bu is observed after the addition of PPhs.

In less than four minutes the intermediate species completely disappears.

In Figure 4.10B, the evolution of the absorbance of a solution containing a maximum
amount of NiLN25200¢Bu is shown after the addition of PPhs. The transitions observed
at 410 nm and 656 nm in the spectrum of NiLN25200tBu immediately disappear, with a
decrease in the intensity of the transition at 500 nm. More importantly partial

regeneration of the initial complex, NiLN252, is also observed after four minutes.
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To confirm the formation of OPPhs, the reaction was followed by 31P NMR. After the
addition of PPhs to a solution of NiLN25200¢Bu, there is a unique peak at 29.3 ppm,
characteristic of OPPhs, while no trace of the PPh3 (-5.4 ppm) is observed.
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I | 0.5tBUOOH + H*
/P\ + tBuO N—NI”—S
Ph” | “Ph |
Ph S
0.5tBUOH +
0.5H,0
|
N—Ti”'—S
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S H*
N/N\I“I
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Scheme 4.8. Suggested catalytic mechanism of NiLN252 with TBHP in the presence of PPhs.

A catalytic mechanism for the reaction of NiLN252 with TBHP in the presence of PPhs has
been devised and is shown in Scheme 4.8. The first step involves the oxidation of the Nill
ion to a Nilll centre by reduction of 0.5 eq of TBHP into tert-butyl alcohol and water.
NiLN252Q0¢Bu is formed via reaction with TBHP, which then reacts with PPhs to give
OPPhs and tBuO- regenerating NiLN2S2, Theoretically, 1.5 equivalents of TBHP should be
sufficient to form NiLN25200¢Bu. However, in these conditions the rate of the formation
is slow and the maximum amount of the NiLN25200¢Bu generated is lower than with the

addition of 2 equivalents of TBHP.

Conclusion

In the first section of this chapter, we presented two different Nil! alkyl thiolate
complexes, containing the ligand LNS2, with the goal of obtaining Ni-CO adducts. The
tridentate ligand was used to open a coordination site on the Ni ion, as in our group we
had previously found that the tetradentate ligand LN252, showed no reactivity toward CO.
However, there are significant drawbacks using this ligand, mainly the consistent
formation of a thermodynamically stable uS-bridged Ni' dimer. Furthermore, when we
were able to obtain a mononuclear Ni'' complex with LNS2, as the redox potential of the

Nill/Ni! couple was very low, it was difficult to electrochemically or chemically generate
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the Ni! species. Multiple attempts to activate CO were carried out with the Nill complexes
and the electro-generated reduced Ni! species. However, none of these were successful.
Therefore, in order to further study the activation of CO, new ligand design has to be

carried out.

In the second section, the reactivity of the previously described NiLN252 complex with
tert-butyl hydroperoxide was investigated. Surprisingly, an extremely stable (t1/2 = 3h)
intermediate Nill species has been observed at room temperature, as evidenced by both
EPR and UV-Visible spectroscopy. ESI-Mass spectrometry confirmed the formation of
NiLN25200¢tBu, representing an unprecedented mononuclear Nill alkyl-thiolate peroxo
species. Due to the observed stability of this complex, we aimed to characterise
NiLN25200tBu by X-ray diffraction. However, low temperature facilities are required for
this as the crystals we have already obtained crack upon manipulation at room
temperature. The solution of the crystal structure of NiLN25200tBu would give the first
fully characterised molecular compound which accurately models a potential NiSOD

intermediate active oxygen species, with the unique coordination of thiolate ligands.

Furthermore, NiLN252Q00¢Bu is active towards the oxidation of PPhs. However, it only
exhibits weak electrophilic oxidising properties as it is not able to oxidise thioanisole. A
similar reactivity was found with the previously described Ni!' alkyl peroxo complex of
Hikichi et. al. It is also interesting to note that the initial Ni' species (NiLN252) is
regenerated during the reaction of NiLN25200tBu with PPhs, suggesting that it has the

potential to act as a catalyst.
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Résumé

L’objectif du travail présenté dans ce chapitre était de synthétiser des complexes du cobalt a partir
du ligand LN?52 et, plus particuliérement, d’étudier leur réactivité vis a des réactions de S-
oxygénation et S-alkylation. Dans la premiére partie, nous nous sommes intéressés a la syntheése et
a la caractérisation d’un complexe mononucléaire de cobalt(Il), [CoLN?52], puis a sa réactivité vis a
vis de l'iodure de méthyle Au laboratoire, il avait été montré que des complexes du nickel et du zinc
du ligand LN25z réalisent des réactions de S-méthylation avec CHsl. Avec le complexe du nickel(l1l) un
seul ligand thiol était méthylé, alors qu’avec celui de zinc(ll) les deux fonctions thiols étaient
méthylées et se dé-coordonnaient. L’ion cobalt(ll) étant souvent utilisé en biochimie comme
substitut structural et fonctionnel du zinc(Il), notre objectif était de voir si le complexe de cobalt
présentait la méme réactivité que son homologue contenant le zinc. La structure résolue par
diffraction des rayons X du complexe [CoL¥252] a permis de mettre en évidence le premier exemple
d’un complexe du cobalt(ll) a ligands thiols présentant une géométrie plan carrée. En présence de
CHsl, une seule fonction thiol est méthylée, provoquant la commutation de la configuration bas
spin (S = 1/2) caractérisant [CoLN?52] a une configuration haut spin (S = 3/2). Le complexe de
cobalt(ll) présente donc une réactivité comparable a celle du complexe du nickel, mais différente
de celle du zinc. Ainsi, méme si le cobalt(ll) est un bon substitut structural de I'ion zinc(ll), il est

inapproprié comme substitut fonctionnel dans le cas particulier des réactions de S-alkylation.

Un autre objectif, présenté dans la deuxiéme partie de ce chapitre, était de synthétiser des
complexes du cobalt(Ill) pouvant modéliser la réactivité de la nitrile hydratase. Le site actif, de
cette enzyme est un complexe mononucléaire du cobalt(1ll). Pour qu’il soit actif ses deux ligands
cystéines doivent étre oxydés, l'un en acide sulfénique et l'autre en acide sulfinique. Dans ce
contexte, nous avons oxydé [CoLN252] et obtenu un complexe dinucléaire de cobalt(ll), provenant de
la réduction de l'ion Co™ en Co™ avec I'oxydation simultanée d’un ligand thiol pour former un pont
disulfure intermoléculaire. Nous avons ainsi obtenu le premier complexe dinucléaire de cobalt(Il) a
pont disulfure. En présence d’ions chlorure, le complexe mononucléaire [CoLN252Cl] a pu étre isolé et
caractérisé par diffraction des rayons X. En présence de peroxyde d’hydrogéne, trois atomes
d’oxygéne sont incorporés dans le complexe, démontrant ainsi que les fonctions thiols du ligand
LN252 ont été oxygénés en acide sulfénique et en acide sulfinique, modélisant ainsi la réactivité de la

nitrile hydratase.
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Introduction

In nature, the metal cobalt is rare compared with all the known essential trace elements.
Although cobalt is less frequently encountered in metalloenzymes than many of the
other first-row transition metals, it nevertheless plays an important role in essential
biological pathways. It has two more common oxidation states (Co'! and Co!!!), but can
exhibit oxidation states from +I to +IV.! The most studied cobalt containing
metalloenzymes are the vitamin-Biz-dependant enzymes, in which the cobalt ion is
located in a substituted corrin macrocycle.? On the other hand, there are very few
proteins containing non-corrin cobalt centres that have been fully characterised, one of
which is the cobalt nitrile hydratase (CoNHase). CoNHase catalyses the hydration of
nitriles to amides (Scheme 5.1).3 This enzyme is of particular interest to our group, as
the coordination sphere of the Co!'l centre contains three bound cysteine units. As stated
previously in the introductory chapter, bound thiolates display particular reactivities. In
CoNHase, two of the bound cysteines undergo post-translational modification, one into
cysteine-sulfinate and the other into cysteine-sulfenate (Scheme 5.1). Therefore the
active state of CoNHase contains three different sulfur based ligands, a thiolate, a

sulfinate and a sulfenate bound to the Co!! centre.*

R-C=N + H,0 - R-(C=0)-NH,

Scheme 5.1. Crystallographic structure of a) Pseudonocardia thermophile JCM 3095 nitrile
hydratase , b) the Co active site ) and a schematic drawing of the post-translational modification
of the active Co!!l site via S-oxygenation reactions.

The origin of this post-translational modification still remains unclear.> However, it is
certain that these three S-oxygenation processes are necessary to obtain the
catalytically active enzyme,* and specifically dissymmetrical oxidised thiolate groups

are necessary. Furthermore in terms of molecular models, to date, in the literature there
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are only three model Co'' complexes capable of dissymmetrical S-oxygenation (Scheme

5.2).5-7 However, none of them are NHase active.

Scheme 5.2. The three previously described Co!' complexes capable of dissymmetrical S-
oxygenation.

In the majority of cases, the cobalt ion present in metalloenzymes is in the oxidation
state +III. However, Coll is also very interesting as it has long been used as a
spectroscopic probe for the active sites of zinc-containing enzymes.18-10 Znll being a
diamagnetic d1? ion, no optical electronic absorption is observed and it is also EPR silent.
To probe the direct environment of the metallic ion in the biological site, it is thus
convenient to replace the Zn!' ion by the paramagnetic d” Co!! ion, which has been shown

to represent the best structural and functional substitute for Zn!! in many cases.

Zinc enzymes are implicated in various biological activities. To date the most extensively
studied Co!-substituted enzyme is the di-zinc containing aminopeptidase (Scheme
5.3),11-14 which catalyses the cleavage of amino acids from the amino terminus of
protein substrates. The results of these studies have shown similar reactivity between
the two metal centres and also, more importantly, has enabled direct evidence for the

mechanism of the catalytic cycle.

N N

Gluggs Ny, _~Hisars Glugzs Xy, —Hisary
j?-:-_-(') N=— j‘-—-n
o
> e OH_I/ ‘\ZHC’ - e I\/ ~ / ,
— 0 0 —
Aspa As:p
- Hiss, S’C \r 53 Hisg 3,<\ 453
Aspagy ﬂw'asr
Spectroscopically silent d*° Zn" ion Spectroscopically active d” Co' ion

Scheme 5.3. Crystallographic structure of a Zn-containing aminopeptidase, the naturally
occurring active site and the substituted Co!! active site.11.14
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Another class of Zn metalloenzymes is involved in thiolate methylation processes
including methionine synthase,!> farnesyl transferase,1¢ and most prominently the Ada
protein implicated in DNA repair.” In an effort to further investigate such enzymes, the
reactivity of synthetic thiolate-metal bound complexes towards S-alkylation has been
investigated, mainly with Nil and Zn"" complexes.17-27 To the best of our knowledge, only
one example employing a square pyramidal Co! complex with a N4 ligand forming the
square planar base and a monodentate aryl thiolate ligand in the axial position (Scheme
5.4) has been reported.28 In the presence of benzyl bromide an S-alkylation occurs,
leading to the formation of a thioether which de-coordinates from the Co! ion with the
concommitant binding of the bromide anion. Therefore, further study on the S-alkylated

complexes cannot be achieved.

&

Z N

Sy PhOHE gD

SpemN CHyCN AN
O

Scheme 5.4. Alkylation of Zn" or Co'! - thiolate complexes with benzyl bromide.

Our group has previously studied S-alkylation reactions with the complexes NiLN25Z and
ZnLN252 (Scheme 5.5).2930 In the case of NiLN252 upon the addition of an excess of CHsl,
only one of the two thiolates is methylated, whereas in the case of the ZnLN252 complex,
both thiolates are methylated, resulting in the de-coordination of both sulfur atoms. In
this case, the nickel centre does not exhibit the same reactivity as the zinc complex. It is
therefore, of interest to study the reactivity of an iso-structural Co"! complex, [CoLN252]

toward S-alkylation (Scheme 5.6).

Ph
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4 —=N_ — “IPh  CH;l (excess)
- —_—

—— N/’NI\
MPH

Ph

NiLN2s2
“'\Ph
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Scheme 5.5. Alkylation of previously described LN252 complexes, NiLN252 and ZnLN2s2,
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As seen here, there are very few studies of molecular models for CoNHase
metalloenzymes. In this context, we have synthesised two different cobalt complexes

(Scheme 5.6), a dinuclear Co and a mononuclear Co!'! complex.

We have studied the redox properties, electronic structures and reactivity of these three
new complexes. With respect to the reactivity of bound thiolates, we have investigated
the reactivity of the mononuclear Co!"' complex towards S-oxygenation and S-alkylation

of the mononuclear Co!' complex.

[Cop (L5,

Scheme 5.6. Cobalt complexes discussed in this chapter, CoLN252, dinuclear [Coz(LN252)2]2+, and
CoLN2s2C]

Results and Discussion

5.1 Synthesis and Characterisation of the [CoLN252] Complex

The LN252 Jigand has previously been described in chapter II. To investigate whether Co!!
is a suitable probe for Zn!! active sites, we have attempted to synthesise an isostructural

Co!' complex to previously described ZnLN25Z (Scheme 5.5).30

Figure 5.1 Molecular drawing of CoLN252, The thermal ellipsoids are drawn at 50% probability
level. All hydrogen atoms are omitted for clarity.

CoLN252 was obtained by reaction of Kz2LN252 jn THF with Co(BF4)2- 6H20, leading to a

dark brown precipitate. Single crystals of CoLN252 suitable for X-ray diffraction were
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obtained by layering a solution of Co(BFs)2z in MeCN over an equimolar solution of

K2LN282 jn THF with a 1:1 THF:MeCN solution interposed between the two layers.

CoLN252 js mononuclear as evidenced by X-ray analysis of single crystals (Figure 5.1).
Selected bond distances and angles are listed in Table 5.1. The Co!! ion is bound to the
two aliphatic thiolate sulfur atoms and to the two bipyridine nitrogen atoms from LN252,
resulting in a distorted square planar cis-N2S2 coordination environment. The Co!!
coordination sphere is square planar rather than the more typical tetrahedral geometry,
characterized by a dihedral angle of 34.36° between the (S1-Co-S2) and (N1-Co-N2)
planes and t4 value of 0.33 (The four-coordinates 14 index is the sum of angles a and f3,

the two largest 6 angles, subtracted from 360°, and divided by 141°).31

Co(SacSac), [CoS4C4(CN),J*

Scheme 5.7. The previously reported square planar Co!" complexes with aryl thiolates;
Co(SacSac)232and [CoS4C4(CN)4]2-.33

To the best of our knowledge, COLN252 js the first four coordinate Co!' complex with alkyl
thiolate ligands. Two others which adopt a square planar geometry have been
described, but involve aryl thiolate ligands (Scheme 5.7).3233 Also, all of the more
common, tetrahedral thiolate Co" complexes contain only aryl thiolate ligands.34-38 The
square planar geometry observed in CoLN252 js not only dictated by the rigidity of the

ligand, since the analogous ZnLN25Z complex presents a larger twist angle (46.38°).30

The Co-S bond distances of 2.1662(7) and 2.1703(7) A are similar to those present in
the two other square planar complexes (between 2.161 and 2.166 A)3233 but notably
shorter than those in previously described neutral3>37-41 and anionic3¢ tetrahedral Co!
complexes. The Co-N bond distances of 1.944(2) and 1.9446(18) A are consistent with
those reported in the literature. The distortions are evidenced by the fact that the Co, N
and S atoms are displaced from the mean CoN:zS: plane from 0.02 to 0.45 A due to the

rigidity of the six-membered chelate rings in CoLN252,
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Table 5.1. Selected bond lengths (A) and angles (°) from the X-ray structure of CoLN?$? and the
optimized structures CoLN*5?* and CoLN*S?Me*,

ColLN2s2 COLNZSZ*
Exp. Calc.
Bond distances (A)
Co-N1 1.944 1.927
Co-N2 1.945 1.927
Co-S1 2.1662 2.181
Co-S2 2.1703 2.181
Angles (°)
N1-Co-N2 84.03 83.83
N1-Co-S1 98.14 98.76
N1-Co-S2 157.84 151.43
N2-Co-S1 155.31 151.43
N2-Co-S2 98.40 98.76
S1-Co-S2 88.80 92.36

It is well known that in a tetrahedral geometry, the d” Co!'ion shows a clear preference
for the high-spin state configuration (S = 3/2), whereas in the square planar geometry,
the low-spin configuration (S = 1/2) is favoured.? Consequently, the Co!l ion in CoLN252
should exhibit a low-spin state configuration, as confirmed by EPR spectroscopy shown

below.

9x

Powder

Solution

g,

200 300 400
Magnetic Field (mT)

Figure 5.2 Experimental X-band EPR spectra (15 K) of CoLN252 recorded in powder and in a DMF
solution.

The powder X-band EPR spectrum of CoLN252 displays an S = 1/2 rhombic signal
consistent with a low spin configuration of the Co'' ion (Figure 5.2). A large g-anisotropy
is observed with gx=2.94, gy = 2.32 and g- = 2.01 in agreement with a large contribution

of a spin orbit coupling interaction. It should also be noted that the large broadening of
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the EPR lines (about 50 mT) probably originates from unresolved Co hyperfine coupling

interactions (>°Co, I =7/2).

Low spin square planar Co!! complexes have been classified into two categories
depending on the nature of their ground state.*2 In type I, the unpaired electron is
localized in a 3d-based molecular orbital with mainly a dz2 character. The corresponding
EPR spectra present an axial (g, < g) or rhombic (gx > gy > gz (g > 1.97)) signal. In
contrast, type Il complexes are characterized by a (dyz)! ground state and a rhombic EPR
spectrum with gx> gy ~ gz (g- < 1.97). From this classification, COLN252 can therefore be
considered a type I low spin Co!!l complex. It can be seen in Figure 5.2, that in a DMF
solution, the distorted square planar geometry around the Co!' ion in COLN252 js retained

as attested by the similarity of the solution and powder X-band EPR spectra (Figure 5.2).

Table 5.2 Principal experimental and theoretically calculated EPR parameters of COLN252,

g-tensor 14N hfc (MHz) 59Co hfc (MHz)
g1 gz g3 Jiso A; A As A; A As Aiso
Exp 294 232 2.01 242 - - 2.2 - - - 3.8
DFT 228 221 204 218 -011 045 238 -88.6 -99.0 173.7 -4.6
CASSCF
/NEVPT2 284 256 195 245 - - - - - - -

To gain insight into the distribution of the unpaired electron within the complex
CoLN28z, pulsed EPR experiments were conducted using a 2D hyperfine-sublevel
correlation experiment (2D-HYSCORE). This two-dimensional pulsed EPR technique
allows the measurement of quadrupolar and hyperfine couplings (hfc) of the electronic
spin with the surrounding nuclei so that it enables the proper assignment of various

couplings with a large number of nuclei.

) | (+4) } 2 ) |+ P2

'H

a [ 15 / | 15
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Figure 5.3. 2D-HYSCORE spectra of a DMF solution of CoLN252 recorded at 4 K for the g = 2.32
(top) and g = 2.94 (bottom) values of the continuous-wave EPR spectrum. The t value was set to
200 ns with 256 x 256 points along the t1 and t2 directions.
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Pulsed EPR measurements were carried out at 4 K on a DMF solution of COLN25Z at the g
= 2.32 and g = 2.94 values (Figure 5.3). Both spectra are characterized by a pair of cross-
peaks centred at the 'H Larmor nuclear frequency (vi = 15 MHz). These symmetric
cross-peaks appear in the (+,+) quadrant, indicating a weak hfc, estimated at 3.2 MHz,
attributed to a population of distant protons that are likely attached to the bipyridine
moiety. A second pair of cross-peaks centred at vi = 3 MHz is detected in the (+,+)
quadrant of the g = 2.32 spectrum and assigned to the 14N Larmor nuclear frequency.
This pair indicates a weak hfc, estimated at 2.2 MHz (Table 5.2) and attributed to the
two equivalent amino nitrogen nuclei of the bipyridine unit. More interestingly, several
pairs of cross-peaks are observed in the (+,+) quadrant of the g = 2.94 spectrum centred,
respectively, at vi = 6 MHz and vi = 9 MHz along the diagonal and also in the g = 2.32
spectra at vi = 3 MHz. Keeping in mind that >°Co has an I = 7/2 nuclear spin, these
features can be assigned to Am; transitions and the isotropic component (Aiso) of the 5°Co
hfc is estimated at 3.6 MHz. The HYSCORE experiments have thus revealed a non-

negligible delocalization of the unpaired electron over the ligand.

3000
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Figure 5.4. Electronic absorbance spectrum of CoLN252,

The electronic absorbance spectrum recorded in DMF displays several features with
comparable intensities at 420, 460, 500 and 760 nm (Figure 5.4). The absence of a
transition in the near infrared region is consistent with a type I system, since such a

transition is expected only in the case of a type Il complex.*?
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Electronic structure of CoLN252 and interpretation
of its spectroscopic properties.

To further investigate the electronic structure of the complex CoLN252, quantum
chemical calculations have been carried out. The resulting optimized geometry of
CoLN28z (denoted CoLN252%) compares well with the crystallographic data, thus
validating the computational approach for the optimisation process of such systems

(Table 5.1).

With respect to its electronic structure, the singly occupied molecular orbital (SOMO) of
CoLN252 djsplayed in Figure 5.5 indicates partial delocalization of the unpaired electron
over both the metal (85 %) and the ligand, in particular over the sulfur atoms (10.5 %).
The unpaired electron is partially localized in a 3d-MO, which corresponds to a mixture
of dz2 and dx: orbitals. The high sulfur contribution to the SOMO indicates a certain
degree of covalency of the Co-S bond. However, this covalency is weak with respect to a
Cu'l-S or Nill-S bond,!®*-3? but notably larger than for a Zn!-S bond, which has a
predominant ionic character. Even if the unpaired electron is poorly delocalized on the
nitrogen atoms (1 %), HYSCORE experiments have allowed the observation of the

coupling between the nucleus of these atoms and the unpaired electron.

ColV>2* SOMO  ©

Figure 5.5. Localized SOMO for CoLN252*, Carbon (green), sulfur (yellow) and nitrogen (blue).

Relating to the spectroscopic properties of CoLN252, we first focus on the prediction of
the EPR parameters. To the best of our knowledge, no such example of theoretical
calculations has been reported so far on low spin mononuclear Co"! complexes. In this
context, different methodologies have been used to calculate both the g-anisotropy and
the 14N hyperfine coupling in CoLN252* (Table 5.2). The hyperfine parameters predicted
by DFT calculations are in relatively good agreement with the experimental data and

further confirm the previous HYSCORE interpretation. However, DFT methods fail in
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reproducing the large g-anisotropy of CoLN252, especially the A(gs-gz) value that is
underestimated by a factor of 4. Such deviation from the experimental data is quite
common for the DFT approach.#344 Consequently more sophisticated computational
methods have been employed i.e. the complete active space self-consistent field
(CASSCF) method together with the second-order N-electron valence perturbation
theory (NEVPT2). A good agreement is found between the experimental and calculated
g-tensors (Table 5.2) since both the averaged g-value (giso of 2.42 and 2.45, respectively)
and the g-anisotropy are nicely reproduced by this approach (A(gs-g:) of 0.93 and 0.89,

respectively).

Table 5.3. Comparison between experimental data and predicted TD-DFT transitions (energies
and intensities) for the CoLN252* complex.

Calc. Exp. Assignment
A (nm) f A (nm) € (M-icm?)
BHOMO-2 — BLUMO 742 0.038 750 1300 d-d transition
BHOMO-3 — BLUMO 543 0.073 530 1100 LMCT
BHOMO-6 — BLUMO 457 0.072 460 1900 LMCT
BHOMO-7 — BLUMO 438 0.071 420 2600 LMCT

742 nm

fHOMO-6

(60%S, 40%L) 4|_

BHOMO-7
(55%8$, 45%L)

Figure 5.6. TD-DFT assignment of the calculated transitions for CoLN252 in DMF. The population
of the relevant MOs (HOMO: highest occupied molecular orbital, LUMO: lowest unoccupied
molecular orbital) is indicated in parentheses as well as the wavelength of the optical transitions.
Legend: Co stands for the metal, S the sulfur atoms and L the rest of the ligand.
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To gain insight into the optical properties of CoLN252, TD-DFT calculations were
undertaken on its optimized structure, CoLN252* By employing this computational
method, we can provide the assignment of its salient features by calculating the main
transition energies and their relative intensities (Figure 5.6). Our calculations
adequately reproduce the energy of the key features of the experimental spectrum,
namely, the four bands at 750, 530, 460 and 420 nm (calc: 742, 543, 457 and 438 nm)
(Table 5.3). With respect to the intensity of the transitions, a fair agreement is found
since the calculations predict higher f¢alc for the 460 and 420 nm transitions than for that
at 750 nm. Figure 5.6 shows that the three higher energy transitions arise mainly from
ligand-to-metal charge transfer (LMCT) transitions since the acceptor orbital, namely
the B-LUMO, is mainly metal-centred, and the donor orbitals are ligand-based MOs
essentially distributed over the two sulfur atoms. The 750 nm transition is attributed to
a d-d transition and involves the B-LUMO as the acceptor orbital, and the dxy as the
donor orbital. Such d-d transitions with relatively large molar extinction coefficients (€
= 1300 M-L.cm1) have already been observed in previously reported aryl thiolate Co!

complexes (¢ =1200 M-L.cm! at 600 nm).%>

Redox Properties of CoLN2s2

The electrochemical properties of CoLN252 were investigated in DMF (Figure 5.7). The
cyclic voltammogram (CV) displays two one-electron metal based processes: a quasi-
reversible Co!'l/Co!! oxidation wave at E1/2 = -0.33 V vs Ag/Ag* (AEp = 95 mV) and a
quasi-reversible Co''/Co! reduction wave at E12 = -1.7 V (AEp = 85 mV). Similar redox
properties have been observed for other Co!! complexes, which contain at least one

thiolate ligand.284647

Intensity (4)
Intyensity (A)

Potential E/Ref (Ag/Ag” 0.1M) Potential E/Ref (Ag/Ag 0.1M)

ColN2s2 After electrolysis at -0.1V

Figure 5.7 CV of CoLN252 (0.3 mM) in DMF, 0.1 M BusNPFs and after electrolysis at -0.1 V. Scan
rate of 100 mV-s-1,
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To confirm that the oxidation process observed at -0.3 V is metal based, an exhaustive
electrolysis at -0.1 V was carried out. The CV after electrolysis (Figure 5.7) is identical to

that of CoLN252 evidencing that the one-electron oxidised species is stable.

This reaction has also been followed by UV-Visible spectroscopy (Figure 5.8) and EPR
spectroscopy. The one-electron oxidised solution of CoLN25Z js EPR silent, as expected
for a mononuclear Co" complex. As can be seen in figure 5.8, the most notable
difference between the UV-Visible spectra of COLN252 and that of its oxidised form, is the
complete disappearance of the broad transition at 750 nm, with the appearance of a

broad transition centred at 660 nm.
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Figure 5.8. UV-Visible spectra of CoLN252 (blue) and its electrochemically generated one-electron
oxidised form (red) in anhydrous DMF (0.3 mM).

We were unable to crystallise this one electron oxidised form of CoLN252 from the
electrochemical solution. We were only able to isolate this mononuclear Co!! complex in
the presence of chloride, while in the absence of a fifth coordinating ligand, a Co!' dimer

is obtained.

5.2 Synthesis and Characterisation of the [Co,(LN252),](PFs);
Complex

As stated above, we have been unable to isolate the mononuclear Co'! complex, without
the presence of a chloride. Instead, the crystallisation process gave a crystal of a
dinuclear Co' complex. The molecular structure of [Coz(LN252)2](PF¢)2'2MeCN is shown
in Figure 5.9, with important bond distances and angles presented in Table 5.4. X-ray
collection and refinement data are given in the Appendix. The presence of two counter
anions and a disulfide bond in the structure of the dinuclear Co complex imply a +II

oxidation state for both Co!! ions. This is consistent with the reduction of the Co ion from
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the +III oxidation state to the +II oxidation state concomitant with the oxidation of two

of the thiolates into a disulfide bridge.

Table 5.4. Selected bond lengths (A) and angles (°) for CoLN252Cl and (CoLN252)(PFe)22CH3CN.

CoLN2s2C] CoLN2s2C]* [Coz(LN2s2),]2+
Exp Calc Exp
Co-N1 1.9915(14) 1.917 Co-N1 2.072(2)
Co-N2 2.0267(14) 1.962 Co-N2 2.111(2)
Co-S1 2.1957(5) 2.164 Co-S1 2.3795(7)
Co-S2 2.2056(5) 2.263 Co-S1’ 2.3272(8)
Co-Cl1 2.3336(5) 2.271 Co-S2 2.5342(8)
S2-S2’ 2.0243(13)
N1-Co-N2 80.99(6) 83.2 N1-Co-N2 78.92(9)
N1-Co-S1 92.57(5) 95.4 N1-Co-S1 91.80(6)
N1-Co-S2 163.72(5) 176.7 N1-Co-S1’ 133.34(7)
N2-Co-S1 142.15(4) 130.9 N1-Co-S2 137.88(6)
N2-Co-S2 97.73(4) 99.9 N2-Co-S1 145.91(6)
S1-Co-S2 78.427(19) 83.1 N2-Co-S1’ 113.77(6)
N1-Co-Cl1 91.57(4) 85.5 N2-Co-S2 83.90(6)
N2-Co-Cl1 98.73(4) 92.3 S1-Co-S2 81.41(3)
S1-Co-CI1 118.80(2) 136.7 S1’-Co-S2 88.78(3)
S2-Co-ClI1 104.64(2) 93.5
A) B)

Figure 5.9. ORTEP diagram of (a) [Coz(LN%52)z](PFs)22MeCN and (b) the binuclear core. Thermal
ellipsoids are drawn at the 50% probability level. Hydrogen atoms, PFe¢ counterions and solvent
MeCN molecules are omitted for clarity.

There is a plane of symmetry in [Coz(LN252)2]%* resulting in the two Co!! centres being
equivalent . The geometry about each Co ion is a highly distorted square pyramid. The
square planar base is formed by the two nitrogen atoms of the bipyridine (N1 & N2),
one sulfur atom (S1) from the same ligand and an additional sulfur atom (S1’) from the

second ligand. The axial coordination site is occupied by the sulfur atom (S2) of the

Page9 1



Page9 2

Chapter V

disulfide bond. The axial Co-S2 bond distance (2.5342(8) A) is significantly longer than
the equatorial bonds Co-S1 and Co-S1’ (2.3795(7) and 2.3272(8) A). This is due to the
fact that the axial sulfur forms the disulfide bond, and thus is less electron donating than
the equatorially bound sulfur atoms. It should be noted that this is the first dinuclear Co
complex which has a direct disulfide bond as a bridging ligand between the two Co!!
ions. The equatorially bound bridging Co-S bond distances are consistent with those

previously reported in the literature (2.20 - 2.32 A).48-51

We have tried to obtain a mononuclear Co'' complex, specifically to attempt to model
CoNHase. Nevertheless, we were unable to stabilise the mononuclear complex in the

absence of a strong donor ligand, such as a chloride anion.

5.3 Synthesis and Characterisation of [CoLN2S2(C]]

CoLN252C] was obtained by reaction with K2LN252 in THF with CoCl2:6H20, leading to a
black solution mixture. To this mixture 4-bromobenzenediazonium tetrafluoroborate
was added to oxidise the Co!! into Co!ll. Crystals suitable for X-ray diffraction were
obtained by diffusion of diethyl ether into the THF solution. The molecular structure of
CoLN252(] is shown in Figure 5.10. Selected bond distances and angles are listed in Table
5.4 and X-ray collection and refinement data are given in the Appendix. The Co!!l ion is
bound to two aliphatic thiolates and to the bidentate bipyridine unit from LN252,
coordinating in a distorted square planar cis-N2S2 fashion. In addition a chloride is
axially-bound to the Co!ll, giving a distorted square pyramidal geometry. This distortion
is not only due to the constraints associated with the ligand as observed in CoLN252, but
also due to the apical binding of the chloride; this is evidenced by the Co being 0.458 A

above the plane of the donor atoms of the LN252 ]igand.

Figure 5.10. ORTEP diagram of [CoLN252C]]. Thermal ellipsoids are drawn at 30% probability
level. Hydrogen atoms are omitted for clarity.
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The Co-S bond distances of 2.1957(5) and 2.2056(5) A are significantly longer than
observed in CoLN252 (2.1662(7) and 2.1703(7) A) consistent with a change in geometry
from square planar to square pyramidal. The Co-S bond distances in CoLN252C] are also
notably longer than those reported for a neutral square pyramidal Co'' complex (2.16
and 2.17 A)52 and shorter than those in previously described neutral53 and cationic5455
octahedral Col' complexes (between 2.22 and 2.23 A). The Co-N distances (1.9915(14)
and 2.0267(14) A) are consistent with the mean Co"'-Naromatic literature values (1.971 A).

The redox properties of CoLN252Cl have also been investigated in DMF. The CV of
CoLN25z2C] shows a quasi-reversible reduction peak at E1/2 = -0.45V (AEp = 167mV)
which can be attributed to the redox couple Co'!/Coll This system is less reversible than
the redox couple Co'!/Co!! in the case of COLN25Z (Figure 5.7). Due to the presence of the
electronegative donor chloride ligand in the coordination sphere of the Co!!, a decrease
of the redox potentials of the Co!!l/Co!' couple is observed when comparing with CoLN252,
To confirm that the reduction process observed at - 0.5 V is metal based, an exhaustive
electrolysis at -0.8 V has been carried out. This reaction was also followed by UV-Visible
spectroscopy, as shown in Figure 5.11. After electrolysis, CoLN252 is recovered as

attested by its UV-Visible spectrum (Figure 5.11).
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Figure 5.11. UV-Visible spectra of CoLN252C] (pink, initial spectrum) and after electrolysis at -0.8
V giving Co(II) species COLN25Z (blue) in DMF (0.2 mM)

Reactivity of CoLN252C| towards S-Oxidation

As previously mentioned, in order to generate the active state of CoONHase, dissymmetric
S-oxygenation is necessary. Therefore, the propensity of CoLN252Cl to perform S-
oxygenation reactions has been explored with a H202: CoLN252(C] ratio of 10:1 in DMF.

After one minute of reaction, the solution was analysed by mass spectrometry.
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Figure 5.12. ESI-Mass spectra of experimental (above) and simulated (bottom) CoLN252C] with 10
eq of H202.

The ESI-Mass spectrum is shown in Figure 5.12. Peaks corresponding to three types of
products have been observed, namely [CoLN252(0)z]*, [HCoLN252(0)2Cl]* and
[HCoLN252(0)3Cl]* (peaks m/z = 669, 705 and 721 respectively). This suggests
incorporation of three oxygen atoms, thereby providing evidence that a dissymmetrical
S-oxygenation can occur in our model, with one thiolate becoming a sulfenate and the
second a sulfinate. This accurately models the process that has been observed during

the activating step of the CoNHase.

It should be stated here, that although the mass between the simulated and
experimental spectrum are a good fit, the simulation pattern differs from that of the
experimental. Therefore, more work is needed to confirm how many oxygen atoms and

chloride anions are incorporated on the Co!' complex.

Electronic structure of CoLN2zS2C| and interpretation of its spectroscopic
properties.

To further investigate the electronic structure of CoLN252Cl, quantum chemical
calculations have been carried out. The resulting optimised geometry of CoLN252C]
(CoLN252C]*) shown in Figure 5.13, compares well with the crystallographic data,

validating the computational approach (Table 5.4).
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CoLM2S2Cl* HOMO ©

Figure 5.13. The HOMO for CoLN252Cl*. Carbon (green), sulfur (yellow) and nitrogen (blue).

Table 5.5. Experimental and calculated electronic absorption parameters for CoLN252C]

Transition

expt -1 -1 calc calc i
(MO number) Aexpt (nm) € (M-icm1) Acale (nm) f Assignment
BHOMO-2— BLUMO 798 1560 839 0.015 d-d
BHOMO-5— BLUMO 671 1240 658 0.021 LMCT
BHOMO-10 — BLUMO 474 5870 536 0.015 LMCT
60004 474nm
5000
. 4000
ﬁIE 4
_© 30004
w 2000 671 nm
| 798 nm
1000 4 l‘ T
0 T

400 500 600 700 800 900 1000

% (nm)
Figure 5.14. Electronic absorption spectrum into the NIR of CoLN252C] (1.0 mM) in DMF.

The nature of the HOMO indicates a partial delocalization of the electron density over
the metal (19 %) and a majority on the sulfur atoms (71 %), with only a small amount
localised on the chloride ligand (4 %). The high sulfur contribution to the HOMO
indicates a large degree of covalency for the Co-S bond. To further understand the
optical properties of CoLN252Cl, TD-DFT calculations were undertaken on its optimized
structure, COLN252C]*, The calculations showed three transitions at 839, 657 and 536 nm
(Table 5.5). The presence of a predicted transition in the NIR region of the calculated

spectrum, led us to revisit the experimental data.
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657 nm

536 nm

Figure 5.15. TD-DFT assignment of the calculated transitions for CoLN252CI* in DMF.

The electronic absorption spectrum recorded in the extended NIR region is shown in
Figure 5.14, and shows a transition at 798 nm in agreement with the calculated value.
Therefore the calculations are reasonably consistent with the experimental spectrum
(798, 671, and 474 nm). Figure 5.15 shows that the two higher energy transitions arise
mainly from ligand-to-metal charge transfer (LMCT) transitions since the acceptor
orbital, namely the -LUMO, is mainly metal-centred, and the donor orbitals are ligand-

based MOs. The transition at 839 nm is attributed to a d-d transition.

5.4 Reactivity of [CoLN2S2] toward S-Alkylation

To see whether Co!l is a good probe to mimic the reactivity of Zn enzymes involved in S-
alkylation reactions, the reactivity of CoLN252 has been tested with methyl iodide as the
alkylating agent. The reaction of COLN252 with an excess (20 eq) of CHsl in DMF has been
followed by UV-visible spectroscopy under anaerobic conditions (Figure 5.16). During
the course of the reaction (1h), the most notable change is the complete disappearance

of the transition at 760 nm.

The resulting solution was analysed by mass spectrometry (ESI-MS) showing that the S-
methylation reaction is selective. In fact, only one peak corresponding to the mono-S-

methylated cationic fragment [CoLN252Me]* is observed even after 12 hours.
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Figure 5.16. Absorption spectra of a DMF solution of CoLN252 (blue) and in the presence of 20
equivalents of CHsl at room temperature to give COLN252Me (red).

The reaction has also been followed by EPR spectroscopy (Figure 5.17). The typical S =
1/2 signal of CoLN252 disappears during the course of the reaction and a new signal
centred at g = 4.16, characteristic of a high spin Co!! complex (S = 3/2) grows in.5¢ This
strongly suggests that a notable structural modification of the geometry occurs during

the S-alkylation process, in agreement with DFT calculations (see below).

ColN2s2

ColN?%2Me

T T T T T T T T T 1
0 100 200 300 400 500
Magnetic Field (mT)

Figure 5.17. Experimental X-band EPR spectra (15 K) of CoLN252 jn a DMF solution before
(purple) and after (red) the addition of 20 equivalents of CHsl.

Structural properties of CoLN2S2]je

As the structure of the mono S-alkylated product could not be resolved by X-ray
crystallography, its geometry has been optimized, starting from the isostructural Nill
complex previously described (Scheme 5.5),2° in which the Nil ion has been substituted

by a Co''ion (Figure 5.18).
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—

ColN?5?Me

Figure 5.18. Computationally calculated structure of CoLN252Me*, Selected bond distances (A):
Co-12.750, Co-N1 2.170, Co-N2 2.116, Co-S1 2.538, Co-S2 2.295.

Because the Co!' ion can be low (S = 1/2) or high (S = 3/2) spin, both possibilities have
been considered. A difference of 8.7 kcal/mol has been calculated in favour of the high
spin configuration, in agreement with the EPR data. Therefore, in the rest of the
description, only the quartet optimized structure (denoted CoLN2z5ZMe*) will be

considered.

Ph

o

——=N____""Ph CH;l (excess)

Ph

Ph
COLN252

Ph

&

“Ph CHl (excess)

Scheme 5.8. Reactivity of COLN252 and ZnLN?52 with an excess of CHsl to give S-methylated species
CoLN252Me and ZnlzLN252Me respectively.

The optimised structure CoLN252Me* shows that the Co!! ion exhibits a five coordinate
square pyramidal geometry. The two aliphatic thiolate sulfur atoms and the two
bipyridine nitrogen atoms from LN252 constitute the plane, while the iodide ligand binds
in the apical position. Therefore the change in spin state observed by EPR spectroscopy
during the S-methylation reaction is consistent with a notable modification in the
geometry from square planar into square pyramidal. It can also be noted that the
generated thioether remains coordinated to the Co!' ion, in contrast to the Zn!' derivate
(Scheme 5.8). This clearly shows that the metal-thioether bond is stronger in the Co!
complex compared to the Zn, this can potentially be attributed to the full 3d orbitals of
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the Zn!' ion. This results in higher ionic character of the Zn!!-thiolate bond, and therefore

upon creation of a thioether bond, decoordination.

v
CoLV?52Me* SOMO 1 CoLN?52Mie* SOMO 2 ColN?2Me* SOMO 3

Figure 5.19. Localized SOMOs in the CoLN252Me complex.

The three unpaired electrons of CoLN252Me* are partially localized in three MOs, which
correspond to a mixture of the dxy and dy: orbitals for SOMO1, dy- for SOMO2 and a
mixture of the dz2 and dxy orbitals for SOMO3 (Figure 5.19). In both SOMO1 and SOMO3,
the unpaired electron is delocalized over the metal (78.5 and 77.6 %, respectively) and
the ligand, especially over the sulfur atom of the thiolate function (12.5 and 7.8 %,
respectively). In the case of the SOMO2, the unpaired electron is mainly localized on the
Co' ion (92.2 %). There is no electronic density spread on the sulfur atom of the

thioether function in any of these SOMOs.

BLumo+1
(92%Co, 2%S, 6%L) -

566 nm

(78%Co, 13%S, 9%L)

(70%S$, 30%L)

Figure 5.20. TD-DFT assignment of the calculated transition for CoLN2$2Me* in DMF. The
population of the relevant MO (HOMO: highest occupied molecular orbital, LUMO: lowest
unoccupied molecular orbital) is indicated in parentheses as well as the wavelength of the optical
transitions. Legend: Co stands for the metal, S the sulfur atoms and L the rest of the ligand.
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TD-DFT calculations were also undertaken on CoLN252Me*. Our calculations reproduce
the energies of the key features of the experimental spectrum, the 530 and 450 nm
absorptions (calc: 566 and 489 nm), which can be attributed to LMCT and d-d
transitions, respectively (Table 5.6). For the 450 nm, the acceptor orbital, namely the -
LUMO, is mainly metal-centred, while the donor orbital is principally a ligand-based MO
essentially localized over the thiolate sulfur and iodide ions (Figure 5.20). The 530 nm
transition is attributed to a d-d transition with the 3-LUMO as the acceptor orbital, and

the dy. as the donor orbital.

Table 5.6. Comparison between experimental data and predicted TD-DFT transitions (energies
and intensities) for the CoLN252Me complex.

Calc. Exp.
A (nm) f A (nm) e M'em™)
BHOMO — BLUMO 566 0.005 530 350
BHOMO — BLUMO+1 489 0.028 450 1050

Conclusion

Three different cobalt complexes have been described, a mononuclear Co' complex and
two novel Co!' complexes: a mononuclear alkyl dithiolate complex and a dinuclear Co!!

complex in which the two cobalt ions are bridged by a disulfide bridge unit.

CoLN2SZ represents an unprecedented example of an alkyl thiolate Co!! complex
exhibiting a quasi-square planar geometry. The mono S-methylation reaction of this
complex, leading to CoLN252Me, induces a switch of the spin state configuration of the
Co'l ion, from low spin state (S = 1/2) to high spin state (S = 3/2). A detailed
investigation of the spectroscopic properties of both complexes has been undertaken. In
particular, HYSCORE experiments on CoLN252 gave access to the distribution of the spin
density over the complex. The S-alkylation reactivity of COLN252 js comparable to that of
NiLN252 but differs substantially from that of ZnLN252, for which the double S-methylated,
complex, [ZnLMe2];], has been obtained. Another important difference between the
reactivity of the Co and Zn complexes is that the produced thioether remains
coordinated to the Co!l ion, whereas it is de-coordinated from the metal centre in the
case of the Zn complex. Consequently, even if the Co!l ion is a suitable structural
substitute for Zn-containing metalloenzymes, it may be inappropriate as a functional

substitute in particular cases such as, S-alkylation.
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By using strong donor ligand, i.e. a chloride ion, we were able to obtain a mononuclear
alkyl thiolate Co'" complex, CoLN252Cl, displaying a distorted square pyramidal
geometry. The S-oxygenation reaction of COLN252C] results in the incorporation of three
oxygen atoms, evidencing dissymmetrical S-oxygenation, accurately modelling the
process that has been observed during the activating step of CoNHase. It is also
important to note that in the absence of a strong donor ligand, we were unable to isolate
the tetradentate mononuclear Co'' complex. Instead a dinuclear (Co)2 complex has
been obtained; this has resulted from the reduction of the Co!l ions into Co! ions with
the simultaneous oxidation of two thiolate sulfur atoms originating from two ligands,
forming a disulfide bridge. This has led to the first dinuclear Co!! complex which has a

direct disulfide bridge as a bridging ligand between the two Co!! centres.
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Résumé

Ce dernier chapitre est consacré a un projet de recherche initié lors de mon Master réalisé en
Nouvelle-Zélande, a I'Université d’Otago a Dunedin, sous la supervision du Professeur Alan
Blackman. Au cours de mon stage de Master, j'ai synthétisé un ligand possédant 6 sites de
coordination azotés (bmet) pour l'obtention de complexes octaédriques de différents ions de
métaux de transition. Plus particuliérement, un de nos objectifs était d’étudier 'effet d’un tel ligand
sur les propriétés structurales et électroniques de complexes octaédriques susceptibles de présenter
des distorsions dues a 'effet Jahn-Teller. Les complexes octaédriques de cuivre(Il) sont les systémes
les plus étudiés dans ce cadre, car ils sont stables et présentent des signatures RPE trés

informatives.

Au cours de mon Master, j’ai synthétisé le complexe [Cu(bmet)]?+ avec différents contre-anions et
leur structure a été résolue par diffraction des rayons X. Puis, au cours de ma thése, je me suis plus
particulierement intéressé aux propriétés électroniques de ces complexes en combinant des études
de spectroscopie RPE et des calculs théoriques. La structure du cation [Cu(bmet)]?* est similaire
quelque soit la nature du contre-anion, bien que son arrangement tridimensionnel soit différent.
Une analyse de la structure enregistrée a 100 K est en accord avec un octaédre présentant une
compression. Ce type de distorsion est extrémement rare dans les complexes de cuivre(ll). A ce jour,
seuls deux systémes présentant une « vraie » compression ont été décrits dans la littérature. Dans le
cas de quatre autres complexes décrits dans la littérature, il s’agit d’une compression
« dynamique ». Ce type d’effet peut étre mis en évidence par le fait que les longueurs de liaison
métal-ligand varient en fonction de la température a laquelle la structure a été enregistrée. Une
autre technique pour identifier la nature de la distorsion est la spectroscopie de RPE. La poudre
[Cu(bmet)]?* présente un spectre RPE a 298 K caractéristique d’'un état fondamental {d2}1 en
accord avec un systéme compressé. Néanmoins, le spectre change notablement quand
l'enregistrement est réalisé a une température plus basse, indiquant un changement de
configuration électronique de {d2}1 a {d.2}1, en accord avec une élongation de l'octaédre. La
structure optimisée de [Cu(bmet)]?*, calculée par DFT, correspond a un octaédre présentant une
élongation. Cette structure calculée est donc en accord avec la configuration électronique de
[Cu(bmet)]?* déterminée a basse température. La comparaison entre les deux structures,
expérimentales et calculées, montre que les changements structuraux observés lors du passage de
la structure allongée au pseudo compressé peuvent étre associés a une suppression de I'élongation
Jahn-Teller plutét qu’a une réelle compression. Ainsi cette étude a permis de caractériser le

premier complexe synthétisé avec un ligand N6 présentant une rare compression Jahn-Teller

dynamique.
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Introduction

In 1937, Jahn and Teller used symmetry arguments to demonstrate that a non-linear
system in a degenerate energy state cannot be stable. Therefore, it will spontaneously
distort itself in some way so that its energy state will split to remove its degeneracy.!
This is particularly common in transition metal centres, where the splitting of the d-
energy levels in a ligand field can often lead to degenerate electron configurations.23 For
example, in octahedral symmetry d!, d?, d* (both spin states), d° (low spin), d¢ (high
spin), d” (both spin states) and d? all have orbital degenerate electron configurations
that should be Jahn-Teller active.2* lons with degenerate occupancy of the eg subshell
nearly always exhibit strong Jahn-Teller distortions, like six coordinate d° copper(lI)

ions.

L L '
L
~ Lcl o L, | L L, ot d
Tl |Iu L = I:|LI"“'L 1L
4 ! L L -~ ; T,
II:|--7lh C"‘h II::'--7"':
Elongated Compressed

Scheme 6.1 Diagram showing the two possible Jahn-Teller splittings of the d-energy levels in an
octahedral [CuLe]?* complex, and the structural distortions that result from them.

Six-coordinate copper(Il) compounds are the most common, and the most studied,
molecular Jahn-Teller systems.> This is because copper(Il) compounds are user-friendly.
They are commonly air- and moisture-stable, and have informative and easy to obtain
electronic absorption and EPR spectroscopic signatures. The stereochemical flexibility
of copper(ll) compounds also means that they adopt a wider range of coordination
geometries. Many of the attributes listed are consequences of the d° electron
configuration. In octahedral copper(Il) compounds, the Jahn-Teller theorem predicts
that the degeneracy of the 2Eg ground state will be split, reflecting a concomitant

elongation or compression of the Cu-ligand bonds parallel to one of the three molecular
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axes (Scheme 6.1).7” While both distortions are possible, Jahn-Teller elongations are by
far preferred due to the 4s-3d:? orbital mixing, which lowers the energy of 3d:2
compared to 3dx%y2.8 This additional stabilisation is greater in a Jahn-Teller elongated

copper(1l) ion, than in a Jahn-Teller compressed one.

In principle, the detection of Jahn-Teller distortion in an octahedron is straightforward
by looking at the metal-ligand distances. In the case of copper(II) centres, in general, the
long and short Cu-ligand bond lengths differ by > 20%. EPR spectroscopy is also an
appropriate tool to determine the nature of the Jahn-Teller distortion, because the
distortion (elongation or compression) dictates the electronic ground state, with the
unpaired electron occupying the dx%y? or d-2 orbital, respectively (hereafter denoted
{dx?y2}! and {d:*}! electronic configurations). These yield very different powder EPR
spectra, whose lineshapes are diagnostic with respect to which d-orbital in the molecule
is singly occupied. For a {dx?y?}1 complex, a g1>g22g3>2.00 pattern is expected while a

{d-2}! complex yields g12g2>g3~2.00.2-11

2+ 2+ 2+

-’ = i)
N b N/ C\N—Cu Z__Sn
/N N{__\ N‘—N ‘ \

F RN
1A [Cu(terpy),](PFs), 1C [Cu(ddpd),]** 1D [CuH(bpp),]?* (R=H) 1F [CuMe(pma),]?* (R = Me)
1B [Cu(terpy),]l, 1E [CuMes(bpp),]**(R = Mes) 1G [Cu‘Bu(pma),)** (R = ‘Bu)

Scheme 6.2. Structures of previously described Cu!' complexes that display dynamic (1A-1D, 1F)
or real (1E-1G) Jahn-Teller compressions.

To date in the literature, there are very few ‘true’ Jahn-Teller compressed copper(Il)
compounds. The majority of these are inorganic salts, KAlCuFe¢ being the first to
unambiguously demonstrate a tetragonal compressed molecular structure.1213 To the
best of our knowledge there are only two true Jahn-Teller compressed multidentate
octahedral Cu!' complexes (Scheme 6.2, 1E-1G), both being described by the group of
Halcrow.141> Both complexes contain meridional tridentate ligands, that were
synthesised as a part of a series of Cul! complexes of varying bulkiness of the distal
group on the ligand. They found that the addition of large steric groups is required to

generate unambiguous Jahn-Teller compressed Cul! centers.
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Until recently it was thought that [Cu(terpy)2]?* and related complexes also displayed an
axially compressed octahedral geometry. However, through variable temperature X-ray
crystallography and EPR investigations, it has been shown that these compounds exhibit
a ‘dynamic’ Jahn-Teller distortion (Scheme 6.2, 1A-1D, 1F).816-19 This reflects disorder
of a Jahn-Teller axis over four of the Cu-ligand bonds, leading to EPR spectra with
characteristic {d;2}! electronic configurations. As the temperature decreases, the Jahn-
Teller becomes more localized in one of the two disordered orientations and gives rise
to the typical spectrum of a {dx2-y2}! Cull center. The [Cu(bpp)]?*1* and [Cu(pma)]?+1>
complexes, which contain sterically non-bulky ligands, (Scheme 6.2, 1D-1F) display this

dynamic behavior.

oo

[Mn(bmet)]2 [Ni{(bmet)]* [Fe(bmet)]>*

Scheme 6.4. Previously described M complexes with the bmet ligand

In this chapter, I will focus on work that was initiated during my MSc and pursued
during my PhD. During my MSc, I synthesised novel N6 ligands in order to synthesise
various mononuclear octahedral transition metal ion complexes, including Mn!l, Nill, and
Fell complexes (Scheme 6.4).2021 [ will focus here on the characterisation of Cull
complexes that have been carried out during my Ph.D. In particular, an in-depth multi-
frequency EPR spectroscopy investigation has been performed at different

temperatures together with DFT calculations, to rationalize the experimental results.

Results and Discussion

6.1 Ligand Synthesis

2,2’-bipyridine-6-carbaldehyde was prepared by acylation of 6-methyl-2,2’bipyridine
with Se0O2. 6-methyl-2,2’bipyridine was obtained from the reaction of 2,2’-bipyridine
with MeLi. The bmet ligand was prepared by the method of Baird and co-workers

(Scheme 6.5)20 from the reductive amination of 2,2’-bipyridine-6-carboxaldehyde with
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ethane-1,2-diamine, using NaBH4, and was isolated as the free base in excellent yield. It

was characterised by elemental analysis, ESI-MS, and 1H NMR spectroscopy.

(i1)
—

27%

bmet - 98%

Scheme 6.5. Synthesis of bmet (overall yield of 10%) (i) MeLi in Et20, Heat 90°C under Vacuum;
(ii) SeOz, H20, refluxing for 30 h in Dioxane; (iii) Reflux for 30 min in MeOH, NaBHa.

Three metal complexes have been obtained, two copper(Il) complexes with different
counter anions [Cu(bmet)](ClO4)2 and [Cu(bmet)](Br)2 and a Zn derivative
[Zn(bmet)](Cl04)2, which is isomorphous to the [Cu(bmet)](ClO4)2 complex. These
complexes were prepared by reaction of the appropriate metal salt with the bmet ligand
in a 1:1 mole ratio in MeCN under aerobic conditions. They were isolated as crystalline

solids either on standing overnight or by slow evaporation of the solvent.

6.2 X-Ray Structure Investigations
[Cu(bmet)](Cl04)2°H20

The structure of [Cu(bmet)](Cl04)2-H20 in the solid state was established by X-ray
diffraction using a single blue crystal obtained from the reaction solution upon standing.
X-ray collection and refinement data are given in the Appendix, a summary of important
bond lengths and angles is given in Table 6.1 and an ORTEP diagram of the Cu'! cation is

given in Figure 6.1.

The [Cu(bmet)]?* cation displays a distorted octahedral geometry with the ligand
exhibiting an mffm configuration. The Cu' ion is bound to all six nitrogen atoms of the

bmet ligand, with bond distances ranging from 1.972(5) to 2.253(6) A. The two Cu-
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Naliphatic bond distances (Cu-N3, Cu-N4; 2.178(5), 2.253(6) A) are longer than the four
Cu - Naromatic bond distances (Cu-N1, Cu-N2, Cu-N5 and Cu-N6; 2.130(5), 1.972(5),
2.015(4) and 2.235(4) A). The Cu-Naiiphatic bond distances are also considerably longer
than the median Cu"-Naiiphatic literature value (2.022 A), while the Cu-Naromatic bond
distances are consistent with the median Cu" - Naromatic literature value (2.013 A). In the
crystal structure, the Cu-N distances along the N2-Cu-N5 axis are notably shorter than

the other Cu-N distances, consistent with a compressed octahedral geometry.

Figure 6.1 ORTEP diagram of the cation of [Cu(bmet)](Cl04)2'H20. Perchlorate anions, the water
molecule and hydrogen atoms have been omitted for clarity.

The three dimensional structure is composed of one dimensional chains down the a-
and b- axes (Figure 6.2). The projection down the c-axis shows an encapsulation of the
perchlorate anions. A medium strength hydrogen bond between the perchlorate oxygen
atom (07) and the amine hydrogen atom on N4 of the cation (07---N4, 3.038 A) is
present. The perchlorate O8 oxygen atom also forms a medium strength H-bond to the
amine hydrogen atom on N3 (08--N3, 3.076 A). A water molecule bridges two
perchlorate anions, with 06-+-09 = 2.933 A and 09--04 = 2.948 A. All hydrogen-bonds
seen in [Cu(bmet)](ClO4)2-H20 are within the range of medium strength hydrogen-bond
interactions (2.5 - 3.2 A). The hydrogen-bond interactions and short contacts can be

seen in Figure 6.3.
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Table 6.1 Selected bond lengths and angles for [Cu(bmet)](Cl04)2-H20, [Cu(bmet)](Br)z2MeCN
and [Zn(bmet)](Cl04)2'H20

Pagel 12

[Cu(bmet)](Cl04)2"H20 [Cu(bmet)](Br)2'2MeCN [Zn(bmet)](Cl04)2'H20
Bond Lengths (A)
M- N1 2.130(5) 2.171(7) 2.201(3)
M- N2 1.972(5) 1.979(6) 2.082(3)
M- N3 2.178(5) 2.210(7) 2.206(3)
M - N4(N1) 2.253(6) 2.171(7) 2.186(3)
M - N5(N2") 2.015(4) 1.979(6) 2.086(3)
M - N6(N3") 2.235(4) 2.210 (7) 2.209(3)
Bond Angles (°)
N1-M-N2 78.55(18) 77.9(2) 75.64(10)
N1-M-N3 154.77(18) 152.3(2) 150.40(11)
N1-M-N4(N1’) 97.30(18) 101.6(3) 97.34(10)
N1-M-N5(N2") 96.48(17) 98.7(2) 96.63(10)
N1-M-N6(N3) 101.80(17) 94.8(2) 100.86(10)
N2-M-N3 78.78(19) 77.6(2) 76.99(10)
N2-M-N4(N1") 110.91(18) 98.7(2) 111.50(10)
N2-M-N5(N2") 171.28(18) 174.7(4) 169.25(10)
N2-M-N6(N3) 97.48(17) 106.6(2) 98.81(10)
N3-M-N4(N1") 80.6(2) 94.8(2) 82.38(11)
N3-M-N5(N2") 107.34(18) 106.6(2) 111.89(10)
N3-M-N6(N3) 92.00(18) 80.1(3) 94.23(10)
N4(N1’)-M-N5(N2) 76.65(18) 152.3(2) 76.54(10)
N4(N1’)-M-N6(N3) 148.41(17) 77.9(2) 147.69(10)
N5(N2’)-M-N6(N3) 76.38(18) 77.6(2) 75.04(10)
\
& b4 ’f
2 \
S SR\
\ !
A L >H*’\
\
S LN\
€)

Figure 6.2 Packing diagrams of [Cu(bmet)](Cl04)2-H20 viewed down the a-, b-, and c-axes.
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Figure 6.3 Hydrogen bonds in [Cu(bmet)](Cl04)2-H20.

[Cu(bmet)](Br)2:2MeCN

Deep green crystals of [Cu(bmet)](Br)2:2MeCN suitable for X-ray analysis were obtained
by slow evaporation of an acetonitrile solution of the complex. An ORTEP diagram of the
cation, X-ray collection and refinement data are given in the Appendix, while a summary

of important bond lengths and angles is given in Table 6.1.

The structure consists of a [Cu(bmet)]2* cation, two Br- anions and two MeCN solvent
molecules. The coordination environment around the Cul' centre is essentially identical
to that of [Cu(bmet)](ClO4)2'H20, with bond distances ranging from 1.979(6) to 2.210(7)
A. The Cu-Naiiphatic bond distances (Cu-N3, N3’; 2.210(7) A) are longer than the Cu-
Naromatic bond distances (Cu-N1, N1’ and Cu-N2, N2’; 2.171(7) and 1.979(6) A,

respectively).

a) b)

Figure 6.4 Packing diagrams of [Cu(bmet)](Br)2-2MeCN viewed down a) the b axis and b) the c
axis. Hydrogen atoms in b have been removed for clarity.

On the other hand, the packing environment of [Cu(bmet)](Br)2-2MeCN (Figure 6.4) is
notably different than that of [Cu(bmet)](Cl04)2-H20. The three-dimensional structure is

Pagel 13



Pagel 14

Chapter VI

composed of one-dimensional ribbons (Figure 6.4b). These ribbons create channels
occupied by the MeCN molecules and Br- ions. Figure 6.5 shows that Br-anions are also
involved in weak hydrogen-bonds with the amine hydrogen atoms. The bromide anion
is centered between two N3 atoms on adjacent cations. The N(H)-Br distance is
3.352(9) A, consistent with literature values for weak hydrogen-bonds (>3.2 A) and
shorter than other reported N(H)*Br hydrogen bonds which range from 3.5 to 3.8 A.22

Figure 6.5 N(H)---Br hydrogen bonds projected along the c axis of the unit cell.

[Zn(bmet)](ClO4)2:H20
The structure of [Zn(bmet)](ClO4)2-H20 has also been established by X-ray diffraction. A

single colourless block crystal was obtained from the slow evaporation of a MeCN

solution of the complex.

Figure 6.6 ORTEP diagram of the cation of [Zn(bmet)](ClO4)2'H20. Perchlorate anions, the water
molecule and hydrogen atoms have been omitted for clarity.
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X-ray collection and refinement data are given in the Appendix along with diagrams of
the packing environment. A summary of important bond lengths and angles is presented
in Table 6.1 and an ORTEP diagram of the cation is given in Figure 6.6. The crystal
structure of [Zn(bmet)](Cl04)2-H20 is isomorphous to the crystal structure of
[Cu(bmet)](Cl04)2-H20, implying a similar coordination sphere and the same packing

environment.

The [Zn(bmet)]?* cation displays a distorted octahedral geometry, with the ligand
exhibiting an mffm configuration. The Zn!! ion coordinates to all six nitrogen atoms of
the bmet ligand, with bond distances ranging from 2.082(3) to 2.209(3) A. The aliphatic
bond distances (Zn-N3; N4, 2.206(3), 2.186(3) A, respectively) and the two terminal
bond distances Zn-N1; N6 (2.201(3), 2.209(3) A, respectively) are significantly greater
than the median literature value for Zn-Naiiphaic bond distances (2.143 A) and Zn-
Naromatic bond distances (2.119 A) respectively, while the axial Zn-N2; N5 (2.082(3),
2.086(3) A, respectively) bond distances are relatively similar to the literature value. As
also found in the Cul cations, a compressed octahedral geometry obtains, with the two
Zn-N bonds along the N2-Zn1-N5 axis being apparently shorter than the other four. As
Zn'l is a d10 ion, the origin of the compression can only be explained by the constraints

imposed by the six-coordinate bmet ligand.

TLS (Translation/Libration/Screw) Analysis

Closer inspection of the copper structures reveals a possible masked disorder of an
elongated Jahn-Teller axis in both cases. TLS analysis of both structures using PLATON?23
gave evidence for significant librational effects along Cul-N3, Cul-N4 and Cul-N6 in the
perchlorate salt, and Cul-N3 and Cul-N3’ in the bromide salt at 90 K. These
observations are consistent with a disorder of the Jahn-Teller axis that is not
immediately apparent from the ORTEP diagrams of the cations. The X-ray structure of

the [Zn(bmet)]?* cation displays no such librational effects.

DFT-optimized structure

In order to obtain further information on the role of the bmet ligand in obtaining a
compressed octahedral geometry around the Cu' metal centre, DFT calculations have
been performed. Our objective was to determine whether or not an Jahn-Teller
elongated distortion could be afforded in a Cu!! complex of the bmet ligand. The DFT
optimized structure of the Cul! bmet complex was initiated from both X-ray crystal

structures.
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The two resulting structures were identical and are denoted Cu(bmet)*. The optimized
geometry of Cu(bmet)* is displayed in Figure 6.7 (Structure A), together with the X-ray
crystal structure of the [Cu(bmet)]?* cation in [Cu(bmet)](Cl04)2-H20 (Structure B).
Interestingly, we observed that in the resulting octahedral structure A there are two
long Cu-N distances along the N4-Cu-N6 axis (4.525 A) and four short Cu-N distances
along the N1-Cu-N3 and N2-Cu-N5 axes (4.225 A and 4.015 A, respectively), resulting in
an apparent elongated structure. This suggests that a Jahn-Teller elongation can indeed

occur around the Cu' ion on coordination to the bmet ligand.

Structure B

Figure 6.7. Depiction of the molecular structure of [Cu(bmet)]?+ obtained from the DFT-
optimization procedure (structure A) and from the X-ray data (structure B). View along the
N2-Cu-NS5 (z) axis (left) and view along the N4-Cu-N6 (y) axis (right).

The calculated Cu(bmet)* structure displays six different Cu-N bond distances (Table 2),
as also found in the X-ray structure of [Cu(bmet)](Cl04)2-H20. Agreement between the
observed and calculated Cu-N bond distances is good, with a maximum difference
around 0.05 A. The isomerisation between the two structures has mainly involved
changes in the distances of the Cu-N bonds along the N1-Cu-N3 axis (from 4.308 A to
4.225 A for the DFT optimized structure). This compression is accompanied by an
elongation of the Cu-N bonds along the N4-Cu-N6 axis (from 4.488 A to 4.525 A for the
DFT optimized structure). No remarkable variations are observed along the N2-Cu-N5
“compressed” tetragonal axis observed in the X-ray structure (exp: 3.987 A vs calc: 4.015

[}

A).
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Table 6.2. Principal Cu-N bond distances and N-Cu-N axis lengths (A) in [Cu(bmet)](Cl04)2-H20

and Cu(bmet)".
[Cu(bmet)](Cl04)2-H20 Cu(bmet)”
(structure B) (structure A)
Cu-N1 2.130(5) 2.096
Cu-N2 1.972(5) 1.962
Cu-N3 2.178(5) 2.129
Cu-N4 2.253(6) 2.237
Cu-N5 2.015(4) 2.053
Cu-N6 2.235(4) 2.288
N4-Cu- N6« 4.488 4,5250
N1-Cu- N3« 4.308 4.225
N2-Cu- N5« 3.987» 4.015

asum of the two bond lengths >the tetragonal distorted axis

The combined X-ray and computational structures do not provide an unequivocal
explanation of the way in which the Jahn Teller effect influences the electronic structure
of the copper(Il) complexes. To further investigate this, an EPR investigation has been

carried out.

6.3 EPR Investigations
Solid State EPR

As stated in the introduction, EPR spectroscopy is a good technique to further
investigate the electronic properties of octahedral Cu'! ion. In a Jahn-Teller system, the
nature of the tetragonal distortion is related to the electronic ground state. Therefore, a
{dx?-y?}1 electronic configuration is associated with structure A (DFT-optimised), while a
{dz2} electronic configuration is associated with structure B (X-ray structure, Figure
6.7). These yield very different powder EPR spectra; for a {dx?-y2}! ground state complex,
a g1>g2293>2.00 pattern is expected, while a {d:2}1 ground state complex yields a

g12g92>93=2.00 pattern.>-11

Both [Cu(bmet)](ClO4)2:H20 and [Cu(bmet)]Brz:2MeCN exhibit the same powder EPR
spectra, implying no influence from the counter anion. This is consistent with the fact
that both structures exhibit a similar coordination sphere around the Cu'! ion. Therefore,
the rest of the EPR investigation was carried out using only [Cu(bmet)](ClO4)2-H20. The
X-band EPR powder spectra of [Cu(bmet)](ClO4)2-H20 were recorded between 5 K and
298 K. They all display similar isotropic signals, whose intensity increases as the
temperature decreases, following a Curie law behaviour expected for an S= %2 system

(Figure 6.8).
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Figure 6.8. Powder X-Band EPR spectra of [Cu(bmet)](Cl04)2:H20 recorded between 97 K and
230 K. Inset: field position of the top and bottom of the transition between 5 K and 298 K.

On careful examination of the spectra, we observed that the temperature does not affect
the field position of the minimum of the EPR transition. However, this is not the case for
its maximum, which is slightly shifted to higher fields when the temperature decreases
(inset of Figure 6.8). This suggests that a dynamic process maybe occuring in this copper
system. However, due to the lack of resolution of the EPR spectra, no conclusion can be

made. Consequently, we have carried out experiments at a higher frequency (Q-band).

Powder Q-band EPR spectra have been recorded at different temperatures (between 15
K and 200 K, and at 298 K). Unfortunately, a complete range of temperatures between
room temperature and 15 K has not been performed because the Q-band set up is only

functional with helium or at ambient temperature.
A

15K
20K
30K
40K
50 K
60K
80K
100 K
120K
140K
160 K
180K
200K
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Figure 6.9. Experimental powder Q-band EPR spectra of [Cu(bmet)](Cl04)2-H20 A) between 15 K
and 200 K and B) at room temperature (red) and 20 K (blue).
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As expected, at this frequency, the g-anisotropy can be resolved. Two features are
obvious in the experimental spectra (Figure 6.9), and the three precise g-values of the g-
tensor can be obtained by simulation (Table 6.3). At temperatures below 200 K, the EPR
spectrum of [Cu(bmet)](Cl04)2-H20 displays a quasi axial signal, consistent with a {dx2-
y“} electronic configuration for the Cull centre (Figure 6.9A). The notable broadening of
the low field transition could originate from unresolved hyperfine coupling to the Cul!
ion. At 298 K, the Q-band EPR spectrum is significantly different to that at low-
temperature (Figure 6.9B). A quasi axial signal is still observed, but it is now consistent
with a {d-2}! electronic configuration (Table 6.3). From Figure 6.9B, it clearly appears
that the EPR spectrum is temperature dependent and that a transition occurs between
the two electronic configurations. In addition, Figure 6.9A shows that this transition
from a static system at low temperature to a dynamic system at ambient temperature is
continuous. Consequently, it can be concluded that no weak cooperative effects occur
during the process, as in other previously described complexes (Scheme 6.1 and 6.6, 1A-

1D, 1F).

In order to obtain higher resolution of the g-tensor at X-band frequency, [Cu(bmet)]2+
was doped into the diamagnetic isomorphous zinc(I) complex giving the magnetically
diluted [ZniooxCux(bmet)](ClO4)2 (with x = 5 9%, from elemental analysis)
(Zn(Cu)(bmet)). The magnetic dilution should diminish intermolecular dipole dipole
interactions resulting in spectra with higher resolution, in which even the hyperfine
couplings should be observed. As expected, the resulting powder X-band EPR spectra of
Zn(Cu)(bmet) displays well resolved axial signals with resolved hyperfine coupling in
the g1 component (Figure 6.10). However, the shape of the spectra recorded at all
temperatures from room temperature down to 15 K is similar, consistent with a pseudo-
Jahn-Teller elongated copper(Il) centre (structure A), in agreement with a {dx?y2}!

electronic configuration.

The EPR parameters (Table 6.3) of Zn(Cu)(bmet) are slightly different than those
obtained from the powder Q-band spectra of [Cu(bmet)]2*recorded at low temperature.
It appears that the doping of [Cu(bmet)]%*in the isomorphous [Zn(bmet)](ClO4)2 host
lattice, has a notable effect on its electronic structure as the signature of structure B is
no longer observed even at room temperature. This result differs from what has been
previously reported with the [Cu(terpy):z]?* and [Cu(ddpd)2]?* complexes, for which the

electronic structure was not affected when doped in a diamagnetic isomorphous iron(II)
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or zinc(II) host lattice.1924 However, in the case of the [Cu(bpp)z]?* complex, while it
exhibits a {dx%.y?}! ground state as a pure compound, a change to {d-2}! is observed when

doped into a host lattice.24

Room T

Host Lattice X-Band EPR

r T T ¥ T T T ¥ T T T T T T 1
225 250 275 300 325 350 375 400
Magnetic Field (mT)

Figure 6.10. Experimental (straight line) and simulated (dashed line) powder X-band EPR
spectra recorded on [Zn(Cu)(bmet)]3* at room temperature (red) and 100 K (blue).

Solution EPR

Another possible way of obtaining well-resolved EPR spectra is to record them in
solution. An MeCN solution of [Cu(bmet)](ClO4)2-H20 exhibits a steady change of the X-
band EPR spectra as a function of temperature. A shift in g-values occurs, consistent
with a dynamic system that evolves from a preferentially {dx2y%}! electronic ground
state at low temperature to a {d-2}! electronic configuration as the temperature is

increased (Figure 6.11 and Table 6.3).

Solution X-Band EPR

r T T T T T T
250 275 300 325
Magnetic Fleld (mT)

Figure 6.11. Experimental (straight line) and simulated (dashed line) X-band EPR spectra
recorded on an MeCN solution of [Cu(bmet)]?+ at 26 K (red) and 225 K (blue).
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The low-quality resolution of the spectra, which is a result of the very low solution
concentrations required to observe the hyperfine coupling interactions, precludes a
precise quantitative analysis. These low concentrations, coupled with the lower
sensitivity of the EPR spectrometer at the Q-band frequency, meant that no Q-band EPR

signal could be observed.

DFT Calculations

The single occupied molecular orbitals (SOMOs) of structures A and B have been
calculated and are displayed in Figure 6.12. They are consistent with the EPR data: the
SOMO calculated for the DFT-optimized structure (structure A) features a 3dx?-y2 metal
character (68% of copper contribution) while the SOMO corresponding to the X-ray

structure (structure B) features a 3d:? metal character (69 % of copper character).

DFT optimised geometry X-ray geometry
SOMO (68% 3dy*-,*character) SOMO (69% 3d,? character)

Figure 6.12. DFT calculated SOMOs of structures A and B.

The EPR parameters have also been predicted by DFT calculations on both the
optimized Cu(bmet)* and experimental [Cu(bmet)](ClO4)2:-H20 structures (Table 6.3).
The calculated values are in good agreement with the experimental data. Indeed, the
calculated values obtained from structure A nicely reproduce the experimental g- and
Ai-values determined from both the powder and solution spectra of
[Cu(bmet)](ClO4)2-H20 at low temperature as well as those of Zn(Cu)(bmet).
Conversely, the parameters calculated from structure B reproduce the EPR data
obtained from the powder and solution spectra of [Cu(bmet)](ClO4)2-H20 recorded at
room temperature. These calculations confirm the electronic structure and the nature of

the Jahn-Teller distortion in both structures A and B.
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2+

1F [CuMe(pma),]** (R = Me)
1E [CuMes(bpp),]**(R = Mes) 1G [Cu'Bu(pma),]** (R = 'Bu)

Scheme 6.6. Structures of previously described Cu!! complexes that display dynamic (1A-1D, 1F)

or real (1E-1G) Jahn-Teller compressions.

Table 6.3. EPR parameters obtained in this work together with those determined for relevant
previously reported Cu!! complexes (Scheme 1).

Ground Phase T/K g1 g2 g3 A1 A2 Az Ref.
State
Exp. [Cu(bmet)]2* {d:2}! Powder 298 2.030 2.145 2.196 this work
{d?2 1 30 2.054 2.058 2.193
{d}1 MeCN 225 2.035 2135 2.170
{d:?,*}1 26 2.034 2.081 2195 480
Calc. [Cu(bmet)]2* {d:2} 2.015 2123 2176 -562 this work
{di2y2}1 2.039 2.084 2180 -450
[Zn(Cu)(bmet)]2* {dx?y2}1 Powder 298 2.020 2.086 2.227 485 this work
{dx?y?}1 100 2.020 2.086 2.227 485
[Cu(terpy)](PFs)2 {d2) Powder 298 2.191 2191 2.023 8
1A
77 2230 2.160 2.020
{d2,21 4 2256 2123 2.020
[Cu(ddpd)z]?+ 1C {d2}1 Powder 293 2.150 2.150 2.066 82 82 19
{d?,*}1 103 2.228 2.054 2.054 145
[CuH(bpp)2]?* 1D {dA}1 Powder 290 2195 2.195 2.045 14
120 2.228 2.160 2.040
{d?y4}1 5 232 2.093 2042 200 - -
MeCN 120 2.281 2.099 2.051 137 - -
[CuMes(bpp)2]?* 1E {d2 Powder 290 2237 2157 2017 104 - 94 14
115 2.248 2.145 2.015 110 - 94
MeCN 115 2200 2.200 2.007 77 77 97
[CutBu(pma)z]?*1G {d2}1 Powder 292 2231 2202 2.005 - - 155 15
110 2.231 2.202 2.000 - - 155
10 2.219 2.219 1.998 - - 161
MeCN 110 2.220 2.215 2.001 - - 165
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Table 6.4. Relevant structural data for [Cu(bmet)]Brz:2MeCN, [Cu(bmet)](ClO4)2-H20,
[Zn(bmet)](Cl04)2-H20, the DFT-optimized Cu(bmet)* structure, and related compounds
displayed in Scheme 1.

Compounds T,K Qequatorial A Aaxial A®b Ae-a, Ac Ref.
[Cu(bmet)]Brz-2MeCN 89 2.191 2.191 1.979 0.21 this work
[Cu(bmet)](C104)2-H20 89 2.207 2.192 1.994 0.21 this work
Cu(bmet)* 2.113 2.008 2.263 -0.20 this work
[Zn(bmet)](Cl04)2-H20 89 2.204 2.197 2.084 0.11 this work
[Cu(terpy)](PFs): 1A 298 2.179 2.179 1.977 0.20 8
4 1.980 2.100 2.260 -0.20
[Cu(terpy)]l2 1B 4 2.083 2.083 1.912 0.17 8
[Cu(ddpd)z]?* 1C 263 2.191 2.149 2.021 0.15 19
100 2.026 2.025 2.332 -0.31
[CuH(bpp)2]?* 1D 300 2.208 2.158 1.991 0.19 14
31 1.998 2.066 2.286 -0.25
[CuMes(bpp)2]?* 1E 180 2.139 2.242 1.960 0.23 14
[CuBu(pma)z]?*1G 150 2.385 2.300 1.945 0.40 15

a g is the average axis distances, b the axial axis corresponds to the axis, which displays the tetragonal Jahn
Teller distortion observed in the X-ray structures ¢ Ae-a = (Y, Qequatorial/2)-Qaxial
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Figure 6.13. Graph of the more relavant Cu'' complexes with the average axis length (ax = square,
ay = circle, a. = triangle) illustrating the Jahn-Teller distortion (compression = blue, neutral =
green, elongation = red).

6.4 Comparison with Literature

Table 6.4 and Figure 6.13 gives relevant structural data for compressed octahedral Cu!
complexes, which have been previously described in the literature (Scheme 6.2 and 6.6).
[Cu(bmet)]?* represents the first complex containing a relatively rigid hexadentate
ligand, which can only adopt one configuration around the copper centre, that displays a

dynamic Jahn-Teller distortion. The mffm configuration is similar to that given by two
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meridional tridentate ligands. The constraints associated with the ligand contribute to
particularly short M-N bonds involving the mutually trans pyridine rings along the
tetragonal axis (z-axis). Such short M-N bonds have been observed previously in Co!l,20
Mnl,, Fell and Ni'! complexes containing the bmet ligand,?! and are also present in the d10

[Zn(bmet)]?* complex.

The extent of the tetragonal distortion can be seen by the Ae.« parameter (Table 6.4).
Using this, a value of zero corresponds to no distortion, a negative result shows an
axially elongated system, and the more positive the result, the more axially compressed
the complex. The positive tetragonal distortion (de = 0.11 A) found in [Zn(bmet)]2* is
consistent with a compressed octahedron, but it must originate solely from the steric
constraints imposed by the ligand itself because no electronic factors will be important
in this d?? system. Therefore, in both [Cu(bmet)]?* complexes, the larger Ae-q values (0.21
A for the Cu vs 0.11 A for the Zn) are indicative of the additional Jahn-Teller electronic

effect.

There are very few Jahn-Teller compressed Cul! compounds. More common are those
which exhibit dynamic Jahn-Teller distortions (scheme 6.6 1A-1D),81419 meaning that at
room temperature a Jahn-Teller compression is observed, while an elongation is present
as the temperature decreases. Rarer are those, which exhibit a real Jahn-Teller
compression (scheme 6.6 1E-1G),141> meaning that their structural properties are
independent of temperature. In complexes 1A% 1C!° and 1D,* the tetragonal
compression is located along the z-axis at high temperature, while at low temperature
the tetragonal elongation arises along either the same axis (complex 1C), or along the x-
axis (complexes 1A and 1D). In the case of [Cu(bmet)](ClO4)2:-H20, a change in the
tetragonal axis is also observed, from the z-axis in the X-ray structure (structure B with
a compressed tetragonal axis) to the y-axis in the DFT-optimized structure (structure A

with an elongated tetragonal axis).

It can also be noticed when comparing the structural data of [Cu(bmet)](ClO4)2:-H20 and
[Cu(bmet)]Brz:2MeCN with those of literature, that the tetragonal distortion (4e-o= 0.21
A for both the Br- and Cl04 derivatives) is relatively pronounced for a dynamic system
(highest value for the terpy complex with Ae-a= 0.20 A).8 This can be explained by the
constraints imposed by the hexadentate bmet ligand and, more importantly, by its
structure leading to two axes, in which the nature of the ligands is different, ie. a

pyridine (N1 and N6) trans to an amine (N4 and N3, respectively). On the other hand, in
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the other mononuclear Cu!' complexes displaying a compressed tetragonal Jahn-Teller
distortion, the symmetric tridentate ligands that have been used, result in octahedra in

which the donor atom is identical along each of the three axes.

The best tool to unambiguously determine the nature of a Jahn-Teller distortion in an
octahedral mononuclear Cul! complex is EPR spectroscopy because it is directly related
to the electronic ground state of the metal ion. From Table 6.3, the nature of the Jahn-
Teller compression can be fully elucidated. As suggested from the structural data of
complexes 1A 1C1° and 1D,'* these complexes display a dynamic Jahn-Teller
distortion. At room temperature a {d-#}! ground state is observed, while a {dx?.,%}1
ground state occurs at low temperature. Similar behaviour is seen for
[Cu(bmet)](Cl04)2-H20. On the other hand, a real Jahn-Teller compression is seen in the
case of complexes 1E14 and 1G.15 Indeed their EPR spectra at all recorded temperatures

are characteristic of a {d-?}! ground state.

This study has also shown that the electronic structure of [Cu(bmet)]2* is different in
different phases of matter. As an amorphous powder, the electronic configuration
changes with temperature from {d-#}! to {dx??}! corresponding to a dynamic
compressed structure. This interpretation is supported by the crystal structure
recorded at 100 K displaying a compressed octahedral geometry while the DFT
optimized structure, which corresponds to a low temperature structure, is consistent
with an elongated structure. In solution, a similar behaviour is observed but the
resolution of the EPR spectra precluded an in-depth analysis of the data. More
interestingly, when [Cu(bmet)](ClO4)2:H20 was doped into the isomorphous
diamagnetic Zn! complex, the dynamic process is completely removed. As stated above,
structure B (Jahn-Teller compression) has only been observed in a few compounds with
tridentate ligands in a D24 symmetry, in trans-[Cu(X)s/2(Y)2] complexes2526 or
[Cu(OH/D2)6]2+.27.28 It has been shown that several factors can lead to this unusual
structure: steric hindrance, ligand conformational strain or the basicity of the ligand
donor atoms.!>29 However in the case of [Cu(bmet)]?*, the environment of the
copper(1I) center in the Zn host appears to prevent the dynamic process occurring. This
certainly originates from the constraints associated with the particular structure of this

N6 ligand.

As stated in the introduction, there are very few Jahn-Teller compressed Cull

compounds. More common are those which exhibit ‘dynamic’ Jahn-Teller distortions,
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meaning that at room temperature a Jahn-Teller compression is observed, while an
elongation is present as the temperature decreases. Rarer are those which exhibit a
‘true’ Jahn-Teller compression, meaning that their structural properties are independent

from the temperature.

Conclusion

In this work, we report on two mononuclear octahedral Cul! complexes that have been
synthesized with an N6 hexadentate ligand. The unique difference in these two
compounds is the nature of the counter anion. However even if the packing environment
determined from X-ray diffraction is different, their structural and electronic properties

are similar.

This study has shown that the electronic structure of [Cu(bmet)]?* is different in
different phases of matter. As an amorphous powder, the compound exhibits an EPR
spectrum with g-values that are consistent with a {dz2}! ground state at 298 K. However,
this spectrum changes consistently and significantly upon cooling, indicating that the
electronic configuration changes with temperature from {d-2}! to {dx?,?}! corresponding
to a dynamic compressed structure. This interpretation is supported by the crystal
structure recorded at 100 K displaying a compressed octahedral geometry while the
DFT optimized structure, which corresponds to a low temperature structure, is

consistent with an elongated structure.

In solution, a similar behavior is observed but the resolution of the EPR spectra avoided
an in-depth analysis of the data. More interestingly, when the Cul! complex is placed into
a diamagnetic host forming by the isomorphous Zn!' complex, the dynamic process is
completely removed. This was unexpected because different effects have been observed
on the other Cu'! complexes whose electronic properties exhibit similar temperature
dependence. This certainly originates from the constraints associated with the

particular structure of this N6 ligand.

In conclusion this is the first investigation of Jahn-Teller distortions present in Cull
complexes containing a hexadentate N6 ligand. With the use of X-ray diffraction, DFT
calculations and multi-frequency EPR spectroscopy, we have been able to show that the
[Cu(bmet)]?* complexes display a ‘dynamic’ Jahn-Teller distortion. Furthermore, by
insertion into a diamagnetic host lattice, we are able to block the ‘dynamic’ process and

lock the [Cu(bmet)]%* complex in a Jahn-Teller elongated distortion.
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Résumé

Ce travail de these a concerné la synthese et la caractérisation de complexes bio-inspirés a liaisons
métal-thiol aliphatiques, avec comme objectif principal la modélisation de métalloprotéines
comportant ce type de coordination. Plus particulierement, notre but était de mieux comprendre le
réle que peuvent jouer les ligands thiols aliphatiques au sein des sites actifs de ces
métalloprotéines. Dans ce contexte, des complexes de différents ions de métaux de transition a
ligands thiols ont été synthétisés, a savoir des complexes de vanadium(Ill), (IV) et (V), ainsi que de
nickel et de cobalt (1I) et (I1l), avec soit le ligand tétradenté LN252, soit le ligand tridenté LNS2. Ces
deux ligands possédent un ligand azoté mono- ou bidentate (pyridine ou bipyridine) et deux
ligands thiols encombrés. Nous avons étudié les propriétés structurales et électroniques de ces

complexes, ainsi que leurs réactivités.

Trois nouveaux complexes du vanadium ont été synthétisés et caractérisés. Ainsi, le premier
complexe dioxo de vanadium(V) contenant au moins un ligand thiol aliphatique (VO:LNS2) a été
obtenu et sa structure a été résolue par diffraction des rayons X. Un complexe oxo de vanadium(1V)
a aussi été synthétisé (VOLN2s2), La réactivité de ces deux complexes a été testée vis-a-vis de la
sulfoxidation du thioanisole en utilisant le peroxyde d’hydrogéene comme oxydant. Ils se sont révélés
étre de bons catalyseurs, efficaces et sélectifs pour la formation du sulfoxide, aucune trace de
sulfone n’étant produite. Ces complexes sont les premiers catalyseurs de sulfoxidation comportant
des ligands thiols aliphatiques. Leur efficacité est comparable a celle de catalyseurs contenant
uniquement des ligands oxygénés et/ou azotés. Notre étude a montré que VO:LNS2 est plus efficace
(rendements et vitesse de réaction), mais moins stable que VOLN252, Une étude spectroscopique
combinée a des calculs théoriques a montré que cette différence de réactivité pouvait étre corrélée
a la symétrie de l'unité peroxo dans les deux intermédiaires actifs cis-oxo peroxo du vanadium(V).
Dans VO(0z)LNsz 'unité peroxo présente une plus basse symétrie que dans VO(02)LN252, ce qui est

en accord avec sa plus grande réactivité et sa moins bonne stabilité en catalyse.

Le troisieme complexe du vanadium décrit est un complexe de vanadium(Ill) contenant le ligand
LNSz et deux ions chlorure. Il a été synthétisé comme modéle moléculaire de la nitrogénase a
vanadium. La réactivité du complexe réduit vanadium(Il) a été testée vis-a-vis de I'hydrazine. Les
résultats préliminaires suggérent que l'adduit vanadium-hydrazine qui est formé peut réagit avec
des protons pour générer un complexe de vanadium(IV). L’oxydation de I'adduit vanadium(Il)-
hydrazine en vanadium(IV) suggére que 'hydrazine a été réduite en ammoniac par un processus

impliquant deux électrons et deux protons.

Avec comme objectif, isoler et caractériser des espéces actives de I'oxygéne de complexes du nickel,
en relation avec la NiSOD, nous avons étudié la réactivité avec le TBHP d’'un complexe du nickel(Il)

précédemment décrit au laboratoire, NILN2S2, De maniére surprenante, un intermédiaire
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remarquablement stable a été observé a température ambiante. Les données obtenues par
spectroscopie RPE et spectrométrie de masse ont montré qu’il s’agissait d'un complexe original
mononucléaire de nickel(lll) tert-butylperoxo. La capacité de ce complexe peroxo a oxyder des
substrats externes a été testée. Nous avons observé qu'il présente un caracteére électrophile faible,
puisqu'’il est capable d’oxyder la triphénylphosphine, mais pas les sulfures. Par ailleurs, le complexe
initial NiLN2s2 est régénéré lors de la réaction d’oxydation de la triphénylphosphine par le complexe

peroxo, suggérant qu’il peut potentiellement agir comme un vrai catalyseur.

Nous avons également synthétisé et caractérisé le premier complexe du cobalt(ll), CoLN2s2
possédant une géométrie plan carrée avec des ligands thiols aliphatiques. Pour évaluer si l'ion
cobalt(ll) est un bon substitut du zinc(Il) dans les enzymes a zinc, nous avons étudié la réactivité de
ce complexe en S-alkylation. En présence d’un excés d’iodure de méthyle, la formation d’'un
complexe mono-S-méthylé a été observée, le ligand thioether restant coordonné au cobalt(Il). Dans
le cas du complexe de zinc(Il), dans les mémes conditions de réaction, les deux ligands thiols sont
méthylés et les deux ligands thioether se dé-coordonnent du zinc(ll). Ainsi, méme si le cobalt(II) est
un bon substitut structural de 'ion zinc(1l), il est inapproprié comme substitut fonctionnel dans le
cas particulier des réactions de S-alkylation. Par ailleurs, lors de I'oxydation chimique de CoLN252,
nous n’avons pas pu isoler de complexe mononucléaire de cobalt(lll). En revanche un complexe
dinucléaire de cobalt(ll) a été obtenu, résultant de la réduction du cobalt(Ill) en cobalt(ll) avec
l'oxydation concomitante de deux ligands thiols en pont disulfure de maniere intermoléculaire. 11
s’agit la du premier complexe dinucléaire de cobalt avec un ligand disulfure pontant les deux ions

cobalt(1l)

Dans toutes ces études, il est particulierement intéressant de noter que la réactivité des ligands
thiols aliphatiques varie en fonction de la nature du métal auquel il est lié. Dans les complexes du
vanadium et du nickel, nous avons pu montrer que des espéces peroxo pouvaient étre générées sans
oxydation intramoléculaire des ligands thiols. Ainsi, contrairement a ce qu’il pouvait étre anticipé,
ces complexes représentent une nouvelle classe de catalyseurs potentiels pour les réactions
d’oxydation. Dans le cas de la réactivité des fonctions thiols pour la S-alkylation, notre étude a
apporté de nouvelles informations permettant de mieux comprendre pourquoi la Nature a choisi le

zinc pour réaliser ce type de réactions.

De maniére générale, nous avons pu ainsi mieux comprendre certaines propriétés particuliéres des
complexes possédant des ligands thiols aliphatiques, ainsi que leur réactivité. Cette étude a aussi
permis d’approfondir notre compréhension du choix d’ions métalliques et de ligands particuliers

fait par la Nature pour réaliser des réactions spécifiques.

Page13 1



Page132

Conclusion



Conclusion

Conclusion

This thesis presents the synthesis and characterisation of bio-inspired molecular
complexes containing metal alkyl thiolate bonds with the goal of modelling
metalloproteins. In particular, we have attempted to improve our knowledge on the role
that the bound alkyl thiolate plays in metalloproteins. In this context, different Mn+-
thiolate complexes have been synthesized (V!I, VIV, VV, Nill, Nilll, Col and Co!l"), with
either a tetradentate LN252 or a tridentate LNS2 ligand. Both ligands consist of aromatic
nitrogen (bipyridine or pyridine) donor atom(s) and also two bulky S-thiolate donor
atoms. We have investigated the structural features, electronic properties and also the

reactivity of the resulting compounds.

Three new mononuclear vanadium complexes have been synthesised and characterised.
This includes the isolation of the first dioxo alkyl thiolate VV complex with the tridentate
ligand LNS2 (VO2LNS2), for which the structure has been resolved by X-ray diffraction. A
neutral oxo alkyl thiolate VIV complex with the tetradentate ligand LN252 (VOLNSZ) has
also been synthesised. The reactivity of both of these complexes has been tested toward
sulfoxidation of thioanisole, using H202 as the oxidising agent. Both catalysts have
proven to be efficient and selective, with 100% selectivity toward the production of
sulfoxide. These are the first catalytic sulfoxidation results reported for oxo vanadium
complexes containing alkyl thiolates. Their efficiency is comparable to that observed
with oxo vanadium catalysts containing O- and/or N- donor atoms reported in the
literature. Significant differences between the two catalysts have been found. The
VO:2LNS2 catalyst exhibits higher efficiency, but is less stable compared to the VOLNS2
catalyst. Combined experimental and computational investigations have allowed us to
propose that this is in part related to a difference in the symmetry observed in the
peroxo unit of the two cis-oxo peroxo VV active intermediates. The peroxo unit in
[VO(02)LNS2]- being less symmetric than that in the [VO(02)LN252]- complex, meaning

[VO(02)LNS2]-is more reactive but less stable, consistent with the experimental findings.

The third vanadium complex described is a V!I' complex containing the LNS2 ligand and
two coordinated chloride anions (K[VCI2LNS2]). It has been synthesised as a molecular
model for V-nitrogenase. The reactivity of the chemically reduced V' species has been
tested toward hydrazine. Preliminary results show that a V-hydrazine adduct is formed
which further recats with protons to lead to a VIV complex. This oxidation of the V!

species to a VIV species suggests a concomitant 2H*/2e- reduction of N2H4 to NHs.
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In an attempt to model Ni-based active oxygen species in relation to NiSOD, the
reactivity of the previously described NiLN252 complex with oxidant TBHP was
investigated. Surprisingly, an extremely stable intermediate species has been observed
at room temperature. EPR spectroscopy and ESI-Mass spectrometry confirmed the
formation of NiLN25200tBu, representing an unprecedented mononuclear Ni'll alkyl-
thiolate peroxo species. Furthermore, we have tested the reactivity of this peroxo
complex towards oxidation. We found that it only exhibits weak electrophilic oxidising
properties as it is not able to oxidise thioanisole, but is capable of the oxidation of PPhs.
It is also interesting to note that the initial Nil! species (NiLN252) is regenerated during
the reaction of NiLN25200tBu with PPhs, suggesting that it has the potential to act as a

catalyst.

We have synthesised and characterised an unprecedented example of an alkyl thiolate
Co!l complex exhibiting a quasi-square planar geometry (CoLN252). In order to test
whether the Co!! ion is a good substitute for Zn!! in Zn-containing metalloenzymes, the
reactivity of COLN252 toward S-methylation has been tested. In the presence of an excess
of CHsl, we observed the formation of a mono S-methylated Co!! complex (CoLN252Me),
the generated thioether remaining coordinated to the metal. In the case of the Zn!!
derivate, ZnLN252, 3 double S-methylation occurs followed by the decoordination of the
thioether ligands. Consequently, even if the Co! ion is a suitable structural substitute for
Zn-containing metalloenzymes, it may be inappropriate as a functional substitute in
particular cases such as S-alkylation. Furthermore upon oxidation of CoLN252, we were
unable to isolate a mononuclear Co'" complex. Instead, a dinuclear (Co'')2 complex has
been obtained, which results from the reduction of the Co!! ion into a Co!! with the
concomitant intermolecular oxidation of two thiolates into a disulfide bridge. This has
led to the first reported dinuclear Co!" complex, which contains a disulfide bridge

between the two Co!! centres.

What is interesting to note from all these studies, is that the reactivity of the alkyl
thiolate depends greatly on the metal ion of choice. In both the vanadium and nickel
study we have been able to produce metal-peroxo species, without intramolecular S-
oxygenation. These represent some of the first studies using alkyl thiolate complexes as
catalysts for oxidation. It has been widely supposed that under oxidising conditions the
alkyl thiolate would undergo oxygenation, this work proving otherwise, therefore,

opens an entire field for oxygenation catalysts. Furthermore, the work carried out on S-
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alkylation, we have been able to gain insight into why in biology S-alkylation reactions
are carried out by zinc containing metalloenzymes. A similar reactivity between the
nickel and cobalt derivatives has been found, which is completely different to that of the

zinc derivative.

In general, we have been able to obtain a further understanding of the particular
properties and reactivity of metal bound alkyl thiolates, which in all cases provides new
key elements to enhance our comprehension on why nature chooses specific metal ions

and particular donor ligands to carry out specific tasks.

Page135



Page136

Conclusion



EXPERIMENTAL SECTION

Page137



Page138

Experimental



Experimental

General Methods

All reagents and solvents were used as received. THF and Et20 were distilled over
Na/benzophenone prior to use.

Elemental analyses
Elemental analyses were carried out with a Perkin-Elmer 240, C, H, N analyzer (SCA,

CNRS).

X-ray Diffraction

Single-crystal diffraction data for VO2LNS2 were obtained using a Bruker AXS Enraf-
Nonius Kappa CCD diffractometer (MoKa radiation, graphite monochromator, A
0.71073A). The molecular structure was solved by direct methods and refined with the
TEXSAN software package.l

Single-crystal diffraction data for all other structurally characterised compounds were
taken using an Oxford-Diffraction XCallibur S Kappa geometry diffractometer (MoKa
radiation, graphite monochromator, A 0.71073 A). The ABSPACK Oxford-diffraction
program? was used for absorption correction with transmission factors in the range
0.770-0.877. The molecular structures were solved by direct methods and refined on F2
by full matrix least-squares techniques using the SHELXTL package.? All non-hydrogen
atoms were refined anisotropically and hydrogen atoms were placed in ideal positions
and refined with a riding model.

Nuclear Magnetic Resonance
1H NMR measurements were carried out using a Bruker AM 400 spectrometer. >V NMR

spectra were recorded on a Bruker AM 500 spectrometer.

Mass spectroscopy

The electrospray ionisation mass spectrometry (ESI-MS) analyses were performed on a
Bruker Esquire 3000 Plus ion trap spectrometer equipped with an electrospray ion
source (ESI). The sample was analysed in either negative or positive ionization mode by
direct perfusion in the ESI-MS interface (ESI capillary voltage = 2kV, sampling cone
voltage =40 V).

UV-visible absorption spectroscopy

UV-visible experiments were performed on a Perkin-Elmer Lambda 650 using quartz
cells. The cells dimension (ie. optical path length) was been chosen to obtain an
absorption in the linear region of a Beer-Lambert plot.

EPR spectroscopy
X- and Q-band EPR spectra were recorded with a Bruker EMX, equipped with the ER-

4192 ST Bruker cavity and ER-4131 VT for the X-band at 100 K experiments and the ER-
5106 QTW Bruker cavity and an Oxford Instruments ESR-900 continuous-flow helium
cryostat for the Q-band at 4.5 K experiments.
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Computational Chemistry
All theoretical calculations were performed with the ORCA program package.* Full

geometry optimizations were carried out for all complexes using the GGA functional
BP86°-7 in combination with the TZV/P8 basis set for all atoms and by taking advantage
of the resolution of the identity (RI) approximation in the Split-RI-] variant? with the
appropriate Coulomb fitting sets.10 To properly model the interaction via H bonding in
1, the TZV/P++ basis set (the same basis set augmented with diffuse functions on all
atoms) was employed for the relevant O and H atoms. Increased integration grids (Grid4
in the ORCA convention) and tight SCF convergence criteria were used. Solvent effects
were accounted for according to the experimental conditions. For this purpose, we used
the CH30H (e= 32.63) solvent within the framework of the conductor like screening
(COSMO) dielectric continuum approach.1! Electronic structures as well as Molecular
Orbitals were obtained using the hybrid functional B3LYP7.12 and the TZV/P basis set. g-
tensors and hyperfine coupling constants were obtained from single-point calculations
employing the hybrid functional B3LYP. The triply polarized core property basis set
CP(PPP)13 was applied for the metal while the EPR-II basis set was used for all
remaining atoms. Special care was also taken to ensure accurate results by increasing
the size of the integration grid to 7 (ORCA convention) for the metal center.

The chemical shift tensors were obtained from additional single-point calculations using
the EPR/NMR module and the IGLO procedure as implemented in the ORCA program
package. The B3LYP functional and an IGLO-II1415 basis set were employed for the
calculation of NMR parameters. The calculated shielding tensors were transformed to
relative chemical shifts § by subtracting the calculated chemical shift of VOCls.

Electrochemistry
The electrochemical measurements were run under an argon atmosphere at room

temperature. When CH3CN or DMF were used as solvent, the electrochemical
measurements were performed in a dry-glove box. Cyclic voltammetry experiments
were performed using an EG&G model 173 potentiostat/galvanostat equipped with a
PAR model universal programmer and a PAR model 179 digital coulometer. A standard
three-electrode electrochemical cell was used. Potentials were referred to an Ag/0.01 M
AgNOs3 reference electrode in CH3CN + 0.1 M [Bus4N]ClOas. Potentials referred to the
Ag/AgNOs3 system can be converted to the ferrocene/ferricinium couple by subtracting
87 mV, to the saturated calomel electrode (SCE) by adding 298 mV or to the normal
hydrogen electrode (NHE) by adding 548 mV. The working electrode was a carbon
vitreous disk, 3 mm in diameter for cyclic voltammetry, polished with 2 pm diamond
paste (Mecaprex Presi),. The auxiliary electrode was a Pt wire in CH3CN + 0.1 M [Bu4N].

Gas chromatography
Standard conditions were as follows: 1 mM solution of catalyst 1 (1.37 mg, 2 umol) or 2

(1.29 mg, 2 umol) in either CH3CN or CH2Cl2: CH3CN (1:1) respectively, containing
thioanisole (23.5 pL, 200 umol) under an argon atmosphere at room temperature (final
volume, 2 mL). The reaction was started by adding H202 (17.1 pL) with the ratio
catalyst:sulfide:oxidant, 1:100:100. The internal standard (benzophenone, 5.0 mM) was
then added and the organic products were quantified by GC. Unambiguous identification
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of the products was made by comparison with pure compounds prepared
independently. All reactions were followed using a Perkin Elmer Autosystem XL gas
chromatograph equipped with a Perkin Elmer Elite-5 capillary column (30m x 0.32mm x
0.25pum) and an FID detector. All blank reactions have been performed in the absence of
catalyst under all experimental conditions used in this work. No sulfoxide or sulfone are
produced.

Ligand Preparation

THF and diethyl ether were dried and distilled before use. The syntheses of all the
compounds, except a3 and a4, were performed under an inert atmosphere (Ar) using
Schlenk or glove-box techniques.

Diphenylmethanethiol (a1)
Diphenylmethylchloride (13.0 g, 64.14 mmol) and thiourea (4.5 g, 58.69 mmol) were

refluxed in ethanol (30 mL) for 2 h, after which the solution was cooled to room
temperature. Upon the addition of NaOH (4 g, 3 M aq.) a precipitate formed and
refluxing was continued for a further 2 h. The reaction mixture was then cooled to
ambient temperature and the oil was separated. H2S04 (1 mL in 10 mL of water) was
added to the aqueous phase, which was then extracted with Et20. Et20 phases were
combined with the oil phase and dried over Na2S0s4, filtered and reduced to an oil. The
oil was then dissolved in EtO2 (~15 mL) and put in fridge to crystallise over 24h. The
resulting mixture was filtered to remove impurities, and the filtrate was reduced to give
the product as an oil (10.0 g, 79 %). 1H NMR (400 nm, CDCl3): 6 7.74 (1H, t, ] = 8 Hz, H-
bipy), 7.41 (2H, d, ] = 8 Hz, H-bipy), 4.57 (4H, s, CH2).

2-[(Diphenylmethyl)thiol]tetrahydro-2H-pyrane (a2)

HCI (1 mL, 37%) was added dropwise to a stirring solution of 2 (10.0 g, 50 mM) and 2,3-
dihydropyrane, giving a colour change from light yellow to dark brown. After 3 h of
stirring Et20 (200 mL) was added and the mixture was then washed with Na2CO3 (sat.
aqg. 2 x 100 mL). The organic phase was extracted and washed with NaCl (sat. aq. 2 x 50
mL). Organic phases were then combined and dried over Na2SO0s, filtered and reduced to
give an orange oil. The orange oil was then dissolved in a minimum amount of pentane
and left to crystallise in the fridge. 1H NMR (400 MHz, CDCls): § 7.51 (1H, d, Ph), 7.41 -
7.20 (8H, m, Ph), 5.36 (1H, s, Ph2CH), 4.63 (1H, m, H-THP), 3. 53 - 3.46 (1H, m, H-THP),
1.92 (2H, m, H-THP), 1.529 (6H, m, H-THP).

Preparation of HoLN2s2

6,6'-dibromo-2,2-bipyridine (b1)

This preparation was modified from a reported procedure by Uchida, Y. et. al.1® A
solution of n-BuLi (2.5 M in hexane, 42.3 mL, 105.75 mmol) was added to a mixture of
2,6-dibromopyridine (25 g, 105.53 mmol) in diethyl ether (400 mL) at -60 °C. After 2 h
at -40 °C, SOClz (2.5 mL, 34.27 mmol) was slowly added (at -40 °C). After 2 h the
reaction mixture was warmed to room temperature and water (100 mL) and chloroform
(250 mL) were added. The organic layer was separated and the aqueous suspension was
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extracted with chloroform (3 x 200 mL). All the organic phases were combined and
dried over Na2S04. Following filtration and removal of the solvent in vacuo, the residual
solid was filtered washed with methanol and diethyl ether and dried, yielding the crude
product. This was purified by column chromatography (silica gel, CHCls:pentane 4:3),
giving a colourless microcrystalline powder (b1, 4g, 12.74 mmol, 24 %). 'H NMR (400
MHz, CDCl3): 6 8.37 (2H, d, ] = 7.4 Hz, CH para-Br), 7.66 (2H, t,] = 7.7 Hz, CH para-N),
7.50 (2H, d,] = 7.9 Hz, CH).

2,2"-bipyridine-6,6’-dicarbaldehyde (b2)

b1 (4 g, 12.74 mmol) was dissolved in THF (150 mL) and slowly added to a solution of
n-Buli (2.5 M in hexane, 10.5 mL, 26.74 mmol) in THF (80 mL) at -78 °C. After 45 min at
-78 °C, DMF (3.5 mL, 45.20 mmol) was added dropwise to the mixture. After 1 h at-78 °C
the dark violet mixture was warmed to -30 °C and quenched with 4 M HCI (45 mL). It
was basified with Na2CO3 (aq, sat) and concentrated under vacuum to remove the
organic solvent. The aqueous suspension was extracted with CHCI3 (5 x 100 mL). The
organic layers were mixed and dried with Na2S0as. Following filtration and removal of
the solventunder vacuum, the residual solid was washed with methanol (45 mL) and
diethyl ether and dried in vacuo, yielding b2 as a pale yellow powder (2.0 g, 9.42 mmo],
74 %). 1H NMR (400 MHz, CDCls): 6 10.19 (2H, s, CHO), 8.83 (dd, Jorto = 7.2 HZ, Jmeta = 2.0
Hz, 2H, CH para-CHO), 8.05 (m, 4H, CH).

2,2"-bipyridine-6,6™-diyldimethanol (b3)

This was prepared as reported by Newkome et. al..1” b2 (0.36 g, 1.68 mmol) and NaBH4
(0.16 g, 4.20 mmol) in methanol (30 mL) was stirred at ambient temperature for 2 h.
HCl (0.12 mM, 40 mL) was added to the solution and stirring was continued. After 10
min the mixture was basified with Na2COs (aq, sat) and concentrated under vacuum to
remove the organic solvent. The aqueous suspension was extracted with CHCls (5 x 100
mL). The organic layers were combined and dried with Na2SO4. Following filtration and
removal of the solvent under vacuum, the residual solid was washed with methanol (45
mL) and diethyl ether and dried in vacuo, yielding b3 as a pale cream powder (0.25 g,
1.13 mmol, 68 %). 'H NMR (400 MHz, CDCls): 6 8.36 (d, ] = 4.3 Hz, 2H, CH para-CH20H),
7.84 (d, ] = 7.8 Hz, 2H, CH para-N), 7.27 (d, 2H, CH), 4.84 (d, ] = 4.3 Hz, 4H, CHz), 3.97 (t,]
= 4.3 Hz, 2H, OH).

6,6-bis(bromomethyl)-2,2’-bipyridine (b4)

PBr3 (2 mL, 21.28 mmol) was added to a solution of b3 (1.9 g, 8.79 mmol) in CHCls. The
mixture was refluxed for 3 h. After cooling to room temperature, it was basified with
NaHCOs (aq, sat, 100 mL). The organic layer was separated and the aqueous suspension
was washed with CHCI3 (5 x 100 mL). The organic phases were combined and dried
over Na2S04. The pale white solid was washed with methanol (3 x 15 mL) and
redissolved in THF. The insoluble fraction was filtered off and the solvent was removed
in vacuo, yielding a pale white powder (1.88 g, 5.50 mmol, 63 %). 1H NMR (400 MHz,
CDCls): 6, 8.38 (d, ] = 8.1 Hz, 2H, CH meta-N), 7.82 (d, ] = 7.8 Hz, 2H, CH para-N), 7.47 (d,
] = 7.8 Hz, 2H, CH meta-N), 4.62 (s, 4H, CH2).
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The syntheses of ((THP)z2LN?52) and (HzLN?52) have been previously described by our
group.18

2,6-Bis[2, 2-diphenyl-2-[(tetrahydro-2H-pyran-2-yl)thiojethyl]-2,2*-bipyridine ((THP)2LN252)
A solution of a2 (1.6 g, 6.04 mmol) in distilled diethyl ether (80 mL) was cooled to -80
°C, and n-Buli (2.4 mL, 2.5 % in hexanes) was added. The solution was then allowed to
warm to ambient temperature over 2 h. This solution was then cooled again to -80 °C
and a solution of b4 (1.0 g, 3.02 mmol) and HMPA (2 mL) in distilled THF (30 mL) was
added. This solution was then allowed to warm to ambient temperature over 2 h, after
which the reaction solution was quenched with water (200 mL) and the organic phase
was separated. The aqueous phase was then extracted with EtOAc (3 x 100 mL). The
organic fractions were then combined and dried over Na2S04, filtered and reduced to an
orange oil. The resulting oil was then dissolved in a minimal amount of acetone and left
in the fridge overnight. The insoluble fraction was filtered and washed with acetone (3 x
20 mL) and Et20 (3 x 20 mL) yielding a white solid (1.6 g, 2.14 mmol, 71 %).1H NMR
(400 MHz, CDCls): 6 8.38 (d, ] = 8.1 Hz, 2H, CH meta-N), 7.82 (d, ] = 7.8 Hz, 2H, CH para-
N), 7.47 (d,] = 7.8 Hz, 2H, CH meta-N),, 4.62 (s, 4H, CH2).

2,6-Bis(2,2-dipheny-1-2-mercaptoethyl)-2,2*-bipyridine (H2LN252)

AgNOs3 (128.4 mg, 0.8 mmol) and pyridine (68.6 mg, 0.9 mmol) in 3 mL of MeOH was
added to a mixture of 4 (248.3 mg, 0.4 mmol) in MeOH (3 mL) and EtOAc (3 mL). This
reaction mixture was stirred for 2 h after which time the reactants had dissolved to give
a yellow solution. This solution was reduced to dryness to give a yellow solid, which was
washed with Et20 (3 x 10 mL). The dry yellow product was then dissolved in the
minimum amount of CH2Cl2 and degassed for five minutes. H2S gas was then bubbled
through the solution resulting in copious amounts of thick black precipitate. The
mixture was then filtered through Celite and washed with CH2Cl2. The filtrate was
washed with NaHCOs3 (aq. sat.) and extracted. The organic phase was dried over NaSO4,
filtered and reduced under vacuum to give a yellow oil. To this was added Et20 and the
volume was reduced to give a white fluffy solid. 1H NMR (400 MHz, CDCl3): 6 7.50 (1H, d,
J=7.45, H-pyridine), 7.40-7.27 (20H, m H-phenyl), 7.05 (2H, t, /=7.45, H-pyridine), 3.76
(4H, s, H- CH2) ppm.

Preparation of HLNS?

2,6-bis-(bromomethyl)pyridine (c1)

2,6-bis-(methanol)-pyridine was dissolved in CHCI3 (50 mL). To this solution was added
excess PBr3 (technical grade, 2 mL). The mixture was then refluxed for 2 h, after which
time the solution was cooled to room temperature. NaHCO3 (sat. aq.) was added to the
reaction mixture until pH 7/8 was reached. The organic phase was separated, and the
aqueous phase was extracted with CHCIs. Organic fractions were combined and dried
over NazS0s4, filtered and rotavaped to dryness to give a white solid (1.25 g, 61%). 1H
NMR (400 MHz, CDCl3): 6 7.736 (1H, t, ] = 8 Hz, H-bipy) § 7.405 (2H, d, ] = 8 Hz, H-bipy) &
4.568 (4H, s, CH2) ppm.

2,6-Bis[2, 2-diphenyl-2-[(tetrahydro-2H-pyran-2-yl)thiojethyl]pyridine ((THP)2LNS2)
(THP)2LNS2 was prepared from c¢1 (1.25 g, 4.72 mmol), by the method used for
(THP)2LN252 and was obtained as a white solid (2.20 g, 70%). 1H NMR (400 MHz, CDCls):
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6 7.46 (1H, d, H-pyridine), 7.06 (20H, m H-phenyl), 6.75 (2H, t, H-pyridine), 4.23 (2H, t,
H-THP), 3.95 - 3.65 (4H, m, H-THP), 3.16 (4H, m, H-THP), 1.69-1.32 (8H, m, H-THP)
ppm.

2,6-Bis(2,2-dipheny-1-2-mercaptoethyl)pyridine (H2LNS2)

H2LNS2 was prepared from (THP)2LNS2 (0.495 g, 0.74 mmol), by the method used for
H2LN252 and was obtained as a white solid (0.23 g, 79%).1H NMR (400 MHz, CDCl3): 6
7.51 (1H, d, H-pyridine), 7.33 (20H, m H-phenyl), 6.81 (2H, t, H-pyridine), 3.84 (4H, s, H-
CH2) ppm.

Preparation of bmet

6-methyl-2,2’-bipyridine (d1)
CAUTION: Meli is potentially pyrophoric when exposed to air.

This was synthesised on a 0.6 mol scale according to the method of Schmalzl and
Summers.1?

2,2’-bipyridine (10.02 g, 0.643 mol) was added to dry Et20 (125 mL) under N2 and the
resulting solution was added with stirring over a period of about 15 min to a 1.60 M
solution of MeLi in Et20 (100 mL, 1.60 M) to give a deep red solution. Stirring was then
continued for a further 3 hours. The deep red solution was poured slowly onto an ice-
water mixture to give a yellow solution which was then extracted with Et20 until the
ether layer was colourless. Et20 extracts were dried over Na2S0s4, filtered, and reduced
to dryness on a rotary evaporator to yield an orange oil. This was then heated for 2 h at
90 °C under vacuum. The crude product was purified by chromatography on a silica gel
column (200-400 mesh, 0.040-0.063 mm) packed and eluted with hexane/ethyl acetate
(6:1) solvent mix. The second band, was reduced (rotavap), yielding a pale yellow oil
(4.04 g, 37%). ESI-MS: Calcd for C11Hi0N2Na 193.0725; Found 193.0736. 1H NMR (300
MHz, CDCl3): 6 8.66 (1 H, d, H-bipy), 8.39 (1 H, d, H-bipy), 8.16 (1H, d, H-bipy) 7.78 (1 H,
m, H-bipy) 7.68 (1H, t, H-bipy) 7.26 (1H, m, H-bipy) 7.14(1H, d, H-bipy) 2.62 (3 H, s, CHs-
bipy) ppm.

2,2"-bipyridine-6-carboxaldehyde (d2)

This was synthesised according to the method of Heirtzler et al.20

A mixture of d1 (4.0 g, 2.4 x 10-3 mol) and selenium dioxide (4.2 g, 4.0 x 10-3 mol) was
refluxed in a solution of water (0.69 mL, 4.0 x10-3mol) and dioxane (113 mL) under N2
gas for 3 h. The solution was cooled and water (69 uL, 4.0 x 10-3 mol) and selenium
dioxide (4.209 g, 4.0 x 10-3 mol) were added, with a slight change in colour to orange
being observed. Refluxing was continued for a further 26 h. The hot reaction mixture
was filtered to remove metallic selenium, and the insoluble material was washed (3 x 20
mL) with warm dioxane and warm ethyl acetate, causing the filtrate to turn a milky
cream colour. The filtrate was reduced (rotavap) to give an orange oil. The crude
product was purified by chromatography on a silica gel column (200-400 mesh, 0.040 -
0.063 mm) packed and eluted with ethyl acetate/dichloromethane (15:85). The product
was reduced in volume (rotavap) to give a pale pink solid (1.2 g, 27%). Anal. Calcd for
C11HsN20: C, 71.73; H, 4.35; N, 15.21. Found: C, 71.78; H, 4.52; N, 14.93. 1TH NMR (300
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MHz, CDCl3): 6 10.21 (1 H, s, bipy-C(=0)-H), 8.76 (1 H, d, H-bipy), 8.70 (1 H, d, H-bipy),
8.60 (1 H, d, H-bipy), 8.03 (2 H, m, H-bipy), 7.91 (1 H, m, H-bipy), 7.52 (1 H, m, H-bipy)

N,N’-bis(2,2*-bipyridin-6-ylmethyl)ethane-1,2-diamine-1.5MeOH-0.5H20 (bmet)

The synthesis of bmet was based on the method used by Baird et al.?!

A solution of ethane-1,2-diamine (74.3 pL, 1.1 x 10-3 mol), and 2 (410 mg, 2.2 x 10-3 mol)
in MeOH (16.4 mL) was heated at reflux for 30 min with stirring. NaBH4 (99.2 mg, 2.6 x
10-3 mol) was then added slowly to the cooled solution and the mixture was stirred for a
further 3 h. The solution was then reduced to dryness by rotary evaporation yielding a
white solid, which was dissolved in water (10 mL) and extracted with CHCl3 (3 x 5 mL).
The organic fractions were combined, dried over MgS04 and reduced to dryness (432
mg, 98%). Anal. Calcd. for C24H24N6-1.5CH30H-0.5H20: C, 67.53; H, 6.89; N, 18.53. Found:
C, 67.37; H, 6.89; N, 18.33. 1H NMR (300 MHz, CDCls): 8 8.65 (2 H, d, H-bipy), 8.43 (2 H,
d, H-bipy), 8.29 (2 H, d, H-bipy), 7.76 (4 H, m, H-bipy), 7.28 (4 H, m, H-bipy), 4.00 (4 H, s,
bipy-CHz2), 2.90 (4 H, s, bipy-CH2-NH-CH2) ppm.

Preparation of Complexes

All complexes were synthesised in the glove-box.

Oxovanadium Complexes — Chapter Il

EtsNH[VO,LNs?]

A solution of H2LNS2 (146.2 mg, 0.3 mmol) in THF (2 mL) was gently heated to 30°C. A
suspension of ammonium metavanadate (33.4 mg, 0.3 mmol) in methanol (3 mL) was
added dropwise with stirring. EtsN (73.1 mg, 0.7 mmol) was then added and the
reaction mixture was stirred and heated at 40°C for a further 2 h. A colour change from
colourless to yellow was observed. The reaction mixture was then cooled to room
temperature and stirred overnight to give a yellow precipitate. The precipitate was
filtered and washed with a small amount of methanol and ether (2 x 5 mL) to give the
product as a yellow solid (VO2zLNS2, 156.3 mg, 0.23 mmol, 76%). The yellow precipitate
was then dissolved in a smallest amount of MeOH with heating and allowed to sit for
72h giving yellow/orange crystals suitable for X-ray crystallography. (VO2LNSz, 156.3
mg, 0.23 mmol, 76%). ESI-MS (510> M, CH3CN, m/z, 1%): 583.9, 100 [VO2LNSZ]-. Anal.
Calcd. for C39H43N25202V. (686.22): C, 68.20; H, 6.31; N, 4.08; Found: C, 68.04; H, 6.49; N,
4.05. Absorption spectrum in CH3CN (Amax, nm (¢, M-t cm-1)): 386 (2192).

[VOLN252]-2H,0
Solid KH (30% in mineral oil, 46 mg, 0.40 mmol) was added to a solution of H2LN252 (99

mg, 0.17 mmol) in THF (2 ml). After 20 min, the excess KH was filtered off and solid
V0S04:4H20 (30 mg, 0.2 mmol) was added to the yellow solution. The reaction was
stirred for a further 12 h, to give a light green precipitate. The precipitate was filtered
and washed with methanol (2 x 10 mL) and ether (2 x 10 mL) to give the product as a
very light green solid (VOLN252, 53 mg, 0.081 mmol, 48%). ESI-MS (5-10-> M, CH2Cl2, m/z,
1%): 646.2, 100 [VOLN252H]*. Anal. Calcd. for C3sH30N2S20V-2H20 (681.78): C, 66.95; H,
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5.03; N, 4.11; Found: C, 67.78; H, 4.88; N, 4.09. Absorption spectrum in CH2Cl2 (Amax, nm
(e, M1 cm1)): 292 (17000).

Vanadium(lll) complexes — Chapter Ill

Crystals of [VCILNS2JPPN-2CHCl,
Solid NaH (60% in mineral oil, 15 mg, 0.36 mmol) was added to a solution of H2LNS2 (87

mg, 0.17 mmol) in CH2Cl2 (1 mL). This solution was added to a stirred solution of
VCl3'3THF (64 mg, 0.17mmol) in CH2Cl2 (1 mL). PPNCI (194 mg, 0.36 mmol) dissolved in
CH2Cl2 (0.5 mL) was then added to the reaction solution giving a dark yellow solution.
The volume of the solution was reduced to half under vacuum, and slow diffusion of
Et20 afforded deep orange crystals suitable for X-ray crystallography (83 mg, 42%). ESI-
MS (5:10-> M, CH2Clz, m/z, 1%): 622.1, 100 [VCI2LNS2]-,

[VCIoLNS2JK

KH (30% in mineral oil, 15 mg, 0.36 mmol) was added to a solution of H2LN52 (52 mg,
0.10 mmol) in THF (1 mL). This solution was added to a stirred solution of VCl3*3THF
(37 mg, 0.10 mmol) in THF (1 mL) giving a dark yellow solution. The solution was
reduced to half under vacuo, and to give an orange powder. The resulting residue was
washed with Et20 (34 mg, 54%). Absorption spectrum (Amax, nm (g, M1 cm-1); CH2Clz,
414 (3731); MeCN, 414 (2200); THF, 414 (616); DMF, 414 (522), 488 (889).

Nickel complexes — Chapter |V

[NiLNS2dmpe]
Solid NaH (60% in mineral oil, 5 mg, 0.12 mmol) was added to a solution of H2LNS2 (25
mg, 0.05 mmol) in THF (1 mL). After 5 minutes of stirring the reaction mixture was
filtered to remove any excess NaH. This solution was added to a stirred solution of
Ni(Cl04)2.6H20 (16.5 mg, 0.05 mmol) in MeCN (1 mL) and 1,2-
bis(dimethylphosphino)ethane (7.4 pL, 0.05 mmol), instantly resulting in a dark red
mixture. The reaction mixture was placed in the fridge for 30 minutes and the resulting
brown precipitate was filtered. This was then washed with cold MeCN and Et20 (16 mg,
50%). ESI-MS and C, H, N analysis to be submitted. Absorption spectrum in CH2Cl2 (Amax,
nm (g, M-1 cm1); 315 (16705), 412 (1023), 556 (550).

[Nio(LNS2),]-2THF

Solid NaH (60% in mineral oil, 5 mg, 0.12 mmol) was added to a solution of H2LNS2 (53
mg, 0.1 mmol) in THF (1 mL). After 5 minutes of stirring the reaction mixture was
filtered to remove any excess NaH. This solution was added to a stirred solution of
Ni(ClO4)2.6H20 (35 mg, 0.1 mmol) in MeCN (1 mL) and stirred for 1 h. X-ray suitable
crystals were obtained by slow cooling of the solution giving green crystals (26 mg,
23%). ESI-MS (5:10-5> M, CH2Clz, m/z, 1%): 1121.0, 100 [Niz(LNS2):H]*. C, H, N analysis to
be submitted.

[NiLN2s2}18
Solid NaH (60% in mineral oil, 8 mg, 0.18 mmol) was added to a solution of H2LN252 (52
mg, 0.09 mmol) in THF (1 mL). The reaction mixture was stirred for 5 minutes and
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filtered. This solution was added to a stirred solution of NiCl2.6H20 (22.0 g, 0.09 mmol)
in THF (1 mL), to instantly give a dark purple precipitate. The solid was filtered and
dissolved in CHCI3 (10 mL). Any excess NaCl (white precipitate) was then filtered and
the filtrate was reduced in vacuo. The residue was then washed with MeOH and dried
under vacuum, giving the product as a purple solid (NiLN252, 20 mg, 35%). 1H NMR (400
MHz, ppm): § 4.12 (s, 4H, CH2), 6.82 (d,J=7.2Hz, 2H, CH bipy 0-CH2), 7.12 (t, J=7.2 Hz, 4H,
CH Ph), 7.21 (t, J=7.2 Hz, 8H CH Ph), 7.59 (m, 12H, CH, Ph + CH bipy). ESI-MS (1.5.10-°M,
CH2Cl2:H20:MeOH, m/z, 1%): 637.2, 100 [(NiL)H]*; 1275.2, 9 [(NiL)2H]*. Absorption
spectrum in CH2Cl2 (Amax, nm (g, M-1 cm1); 508 (4700), 556 (4298).

Cobalt complexes — Chapter V

[ColN2s2J?2

Solid KH (30% in mineral oil, 28 mg, 0.209 mmol) was added to a solution of H2L (55
mg, 0.095 mmol) in THF (15 ml). After 20 min, the excess KH was filtered off and solid
Co(BF4)2:6H20 (33 mg, 0.097 mmol) was added to the yellow solution to give a deep
black mixture. After 1.5 h of stirring, the dark precipitate was filtered from the black
solution, washed with THF (5 ml) and methanol (3 x 10 ml), dried and collected as a
dark brown powder (CoLN25Z, 52 mg, 0.081 mmol, 85%). IR (cm1): 3070w, 3036w,
3028w, 2955w, 1954w, 1883w, 1810w, 1603s, 1576w, 1566w, 1489m, 1441s, 1391m,
1262m, 1105s, 1071vs, 1035vs, 784m, 745m, 696s, 601w, 592w. ESI-MS (5105 M,
DMF:CH3CN, m/z, 1%): 637.1, 100 [CoL]* + [CoLH]*. Anal. Calcd. for C3sH3oN2S2Co
(637.69): C, 71.57; H, 4.74; N, 4.39; Found: C, 71.73; H, 4.82; N, 4.19. Absorption
spectrum in DMF (Amax, nm (g, M-1 cm1)): 750 (~1300), 530 (sh), 460 (sh), 420 (~2600).
X-ray quality black single crystals of CoLN252 were obtained by layering a solution of
Co(BF4)2 in acetonitrile over an equimolar solution of KzL in THF (see above). A 1:1
THF:acetonitrile solution was interposed between the two layers.

[CoLN2S2Me]

Methylation of complex CoLN252 was carried out in DMF (1.5 mM) in presence of 20 eq of
iodomethane. The reaction was followed by UV-Vis spectrophotometry over a one hour
time-frame and the final product was further analysed by ESI-MS and X-band EPR
spectroscopy. Absorption spectrum in DMF (A max, nm (g, M1 cm1)): 530 (sh), 450
(1050). ESI-MS (5.10-5 M, DMF:CH3CN, m/z, 1%): 652.1, 100 [CoLCH3]*.

[CoLN2s2C]
Solid KH (30% in mineral oil, 28 mg, 0.209 mmol) was added to a solution of H2L (55
mg, 0.095 mmol) in THF (15 ml). After 20 min, the excess KH was filtered off and solid
CoCl2:6H20 (33 mg, 0.097 mmol) was added to the yellow solution to give a deep black
mixture. After 1.5 h of stirring, solid 4-bromobenzenediazonium tetrafluoroborate (28
mg, 0.103 mmol) was added in small portions to the dark mixture. The resulting black
solution was stirred for 1.5 h and diethyl ether was diffused into it. After few days, X-ray
suitable black single crystals of CoLN252Cl were obtained, filtered, washed with diethyl
ether and dried (CoLN252C], 44 mg, 0.069 mmol, 73%). IR (cm1): 3052m, 3027w, 1958w,
1890w, 1809w, 1602s, 1570m, 1488s, 1469m, 1443s, 1266w, 1184w, 1157w, 1126m,
1084m, 1060m, 1034m, 793m, 754m, 747m, 697vs. ESI-MS (5:10-> M, CH3CN, m/z, 1%):
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637.1, 100 [CoL]*, 820.0, 30 [CoL-CoCl2(H20)]*. Anal. Calcd. for C3sH30N2S2CoCl (673.14):
C, 67.80; H, 4.49; N, 4.16 Found: C, 67.44; H, 4.71; N, 4.32. Absorption spectrum in DMF
(Amax, nm (g, M-1 cm-1)): 775 (~100), 675 (~200), 632 (sh), 600 (sh), 475 (~1100), 294
(~7200), 264 (~6500).

Crystals of [Colly(LN2S2)](PFs)2-2MeCN

Solid AgPFs (3.8 mg, 0.015 mmol) was added to a suspension of CoLN252C] (10 mg, 0.015
mmol) in CH3CN (3 ml). After stirring for 5 min, the resulting white precipitate (AgCl)
was filtered off. The obtained dark filtrate was analyzed by ESI-MS (5-10-5 M, CHsCN,
m/z, 1%): 637.1, 100 [CoL]*; 1291.3, 100 [Co2(LSSL)(OH)]*. X-ray quality black crystals
of [Coz(LN252)2](PFs)22CH3CN were obtained by slow diffusion of diethyl ether into this
dark solution at -18 °C.

Copper & Zinc bmet complexes —Chapter VI

[Cu(bmet)](ClO4)0.5H20

The deep blue solution that formed on mixing solutions of bmet (54.0 mg, 1.3 x 104
mol) and Cu(ClO4)2:6H20 (49.8 mg, 1.3 x 10-4 mol) gave the product as small deep blue
crystals on standing at ambient temperature overnight. (65.3 mg, 75%) Anal. Calcd for
[Cu(C24H24N6)](Cl04)2-0.5H20: C, 43.16; H, 3.77; N, 12.59; Cl, 10.62. Found: C, 43.19; H,
3.62; N, 12.40; Cl, 10.84. ESI-MS: Calcd for C24H24ClCuN6¢O4*, 558.0838; found 558.0839
[M-].

[Cu(bmet)](Br).:2MeCN

Addition of solutions of bmet (47.2 mg, 1.2 x 10-4 mol) and CuBr2 (26.6 mg, 1.2 x 104
mol) resulted in a green precipitate. Acetonitrile (1 mL) was added to the mixture and
heating resulted in dissolution. A light green precipitate formed upon cooling and
standing overnight. The precipitate was filtered and air dried, and the filtrate was then
left to evaporate, giving dark green crystals. IR spectroscopy showed the precipitate and
crystals to be identical. Anal. ESI-MS: Calcd for C24H23N6Cu*, 458.1275; found 458.1237
[M+]. Acceptable microanalytical data for this complex could not be obtained.

[Zn(bmet)](Cl04)2-0.5H;0

A light yellow solution formed on mixing solutions of bmet (50.3 mg 1.3 x 10-4 mol) and
Zn(Cl04)2:-6H20 (46.5 mg, 1.3 x 10-* mol). The solution was left to evaporate over a
period of two weeks, giving colourless block crystals. (61.9 mg, 71%) Anal. Calcd. for
[Zn(C24H24N6)](Cl04)2:0.5H20: C, 43.05; H, 3.76; N, 12.55; Cl, 10.59. Found: C, 42.97; H,
3.76; N, 12.57; Cl, 10.66. ESI-MS: Calcd for C24H24CIN6O4Zn*, 559.0834; Found 559.0825
[M-].
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Crystal data and structure refinement for EtsNH[VO2LNS2]-MeOH

Empirical formula
Formula weight
Crystal size, mm
Crystal system
Space group

a, A

b, A

c, A

o deg.

B, deg.

v, deg.

V,A®

VA

T, K

p (calc), mg/m?
H mm”!

0 range, deg.
No.of rflcn/obsv
GooF

R1

wR2

CaoH4i7 N203S2V
718.86
0.4x0.28x0.08
Triclinic

P-1
10.791(2)
13.505(3)
14.913(2)
101.140(10)
105.14(2)
108.55(2)
1896.1(6)

2

200(2)

1.259

0.410

1.48 to 26.00
35023 /7475
1.087

0.0488
0.1098
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Crystal data and structure refinement for PPN[VCI2LNS2]-2CH.ClI

Page154

Empirical formula C71He1ClgN2P2S,V
Formula weight 1331.92
Crystal size, mm 0.21x0.12x0.08
Crystal system Triclinic

Space group P-1

a, A 11.2437(8)

b, A 16.7554(9)

c, A 17.8325(14)

o deg. 88.901(5)

B, deg. 81.777(6)

Y, deg. 75.936(6)

v, A3 3224.9(4)

VA 2

T,K 150(2)

p (calc), mg/m? 1.372

4, mm’! 0.561

0 range, deg. 3.38to0 26.37
No.of rflcn/obsv 26326 /13145
GooF 1.066

R1 0.0830

wR2 0.2043
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Crystal data and structure refinement for [Niz(LNS2),]-2THF

Empirical formula
Formula weight
Crystal size, mm
Crystal system
Space group

a, A

b, A

c, A

o deg.

B, deg.

Y, deg.

V,A®

VA

T, K

p (calc), mg/m?
s mm”!

0 range, deg.
No.of rflcn/obsv
GooF

R1

wR2

Cg2HgsN2Ni204S4
1409.19
0.73x0.10x0.08
Triclinic

P-1
10.0714(4)
13.6763(6)
14.2968(6)
114.140(4)
90.309(3)
106.268(4)
1708.82(13)

1

150(2)

1.369

0.728

3.43 to 30.51
20805 /10349
1.014

0.0499

0.0983
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Crystal data and structure refinement for Co complexes presented in Chapter V

[CoLN252] has been previously reported in
Gennari, M.; Gerey, B.; Hall, N.; Pécaut, J.; Vezin, H.; Collomb, M.-N.; Orio, M.; Duboc, C. Dalton

Trans. 2012,41,12586.
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[CoLN252(]] [Coz2(LN252),](PF)6-2MeCN
Empirical formula Cs3H30CoN,S,Cl1 CsoHesC02N6S4P2F 12
Formula weight 673.14 1647.43
Crystal size, mm 0.54x0.37x0.03 0.21x0.07x0.05
Crystal system Monoclinic Monoclinic
Space group P2l C 2/
a, A 14.6197(4) 19.9870(6)
b, A 14.8634(3) 17.2448(5)
c, A 15.9837(5) 22.0690(8)
o deg. 90.00 90.00.00
B, deg. 115.315(4) 112.265(4)
v, deg. 90.00 90.00.00
v, A3 3139.70(18) 7039.4(4)
z 4 4
T,K 150(2) 150(2)
o (calc), mg/m? 1.424 1.554
4, mm’! 0.796 0.720
0 range, deg. 3.45to0 28.28 3.29 t0 26.37
No.of rflen/obsv 33351/7783 30271 /7189
GooF 0.785 0.764
R1 0.0328 0.0390
WwR2 0.0524 0.0566
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Crystal data and structure refinement for Cu complexes presented in Chapter VI

ORTEP diagram of the cation of [Cu(bmet)]Brz22MeCN. Bromide anions, solvent molecules and hydrogen
atoms have been omitted for clarity.

[Cu(bmet)]Brz:2MeCN

[Cu(bmet)](Cl04)2-H20

[Zn(bmet)] (C104)2'H20

Empirical
formula
Formula weight
Crystal size, mm?
Crystal system
Space group

a, A

b, A

c, A

o deg.

B, deg.

Y, deg.

v, A3

Z

T7,K

p (calc), mg/m?
4, mm’!

0 range, deg.
No.of rflcn/obsv
GooF

R1

WR2

C14H15BrCugsoN4

350.98
0.53x0.39x0.39
Orthorhombic
Pnna
16.185(5)
14.081(4)
12.616(4)
90.00

90.00

90.00
2875.2(16)

8

89(2)

1.622

3.572

2.17 to 24.47
45994 / 2368
1.076

0.0700
0.1292

C48H48C14Cu2N 12018

1349.86
0.5x0.41x0.41
Monoclinic
C2/c
22.3900(15)
14.3020(11)
18.2440(14)
90.00

112.878(4)
90.00

5382.6(7)

4

89(2)

1.666

1.076

1.73 to 25.50
49650 / 4998
1.183

0.0678
0.1815

CagH4gCl4N12018Zn;

1353.52
0.44x0.41x0.35
Monoclinic
C2/c
22.674(5)
14.380(3)
18.106(4)
90.00.00
113.286(9)°
90.00.00
5423(2)

4

89(2)

1.658

1.168

2.45 to 25.50
34582 / 5047
1.280

0.0415
0.1092
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Packing Environment of [Zn(bmet)](ClO4)2:H20

Hydrogen bonds in [Zn(bmet)](Cl04)2-H20.
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Abbreviations

Ligands -This work

LN2s2 2,6-bis(2,2-diphenyl-1,2-mercaptoethyl)-2,2’-bipyridine
LNs2 2,6-bis(2,2-diphenyl-1,2-mercaptoethyl)pyridine
bmet N,N’-bis(2,2’-bipyridin-6-ylmethyl)ethane-1,2-diamine
Ligands - Literature

pdmt Pyridine-2,6-dimethanethiolate

pdtc Pyridine-2,6-dithiocarboxylate

bpp 2,6-bis(N-pyrazolyl)pyridine

bpp R = Mes 2,6-bis(3{5}-mesitylpyrazolyl)pyridine

pma R = ¢t-But 2,6-bis(tert-butyliminomethyl)pyridine

pma R = Me 2,6-bis(methyliminomethyl)pyridine

terpy 2,2":6'2"-terpyridine

ddpe N,N’-dimethyl-N,N’-dipyridin-2-yl-pyridin-2,6-diamine
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Abstract

This thesis presents the synthesis and characterisation of bio-inspired molecular complexes
containing metal alkyl thiolate bonds with the goal of modelling metalloenzymes. In particular,
we have attempted to improve our knowledge on the role that the bound alkyl thiolate plays in
metalloenzymes, including, structural features, electronic properties and also reactivity of the
associated active sites. The bound alkyl thiolate undergoes two main reactions in
metalloenzymes; S-alkylation and S-oxygenation. From the isolation and characterisation of the
corresponding active sites, it can be seen that the reactivity of the bound alkyl thiolate depends
greatly on the metallic ion. In this context, different Mnr*-thiolate complexes have been
synthesized (V1, VIV, VV, Nill, Nill, Co!l and Col!!!), with either a tetradentate LN252 or a tridentate
LNs2 ligand. Both ligands consist of aromatic nitrogen (bipyridine or pyridine) donor atom(s)
and also two bulky S-thiolate donor atoms.

We have shown that the Co!' ion is a suitable structural substitute for Zn-containing
metalloenzymes, however, it is inappropriate as a functional substitute in the particular case of
S-alkylation. Furthermore, we have been able to structurally model the activation step of cobalt
nitrile hydratase, with the incorporation of three oxygen atoms on a Co!!l bis alkyl thiolate
complex evidencing dissymmetrical S-oxygenation. In contrast, using vanadium and nickel,
metal-peroxo species have been generated, without intramolecular S-oxygenation. This research
has led to some of the first examples of active oxygen nickel and vanadium complexes using
alkyl thiolate ligands.

We have also attempted to model very difficult reactions carried out by sulfur rich
metalloenzymes, especially the activation and reduction of dinitrogen realised by nitrogenases.
To model this enzyme, a VIl alkyl thiolate complex has been synthesised and its reactivity
investigated. Preliminary results suggest that the reduced V! species has the ability to activate
and reduce hydrazine into ammonia, which is proposed to be the final stage of dinitrogen
reduction.

Résumé

Cette these présente la synthése et la caractérisation de complexes moléculaires bio-inspirés a
liaison métal-thiol avec 1'objectif de modéliser le site actif de certaines métalloenzymes. En
particulier, notre but était d'améliorer notre compréhension sur le réle que joue cette liaison
métal-thiol dans les métalloenzymes, notamment au niveau de ses propriétés structurales et
électroniques ainsi que sur la réactivité des sites actifs associés. Le thiol lié a un métal peut étre
sujet a deux types de réaction dans métalloenzymes : les réaction de S- alkylation ou de S-
oxygénation. Il a été montré que la réactivité de ces ligands thiols dépend fortement de la nature
de l'ion métallique. Dans ce contexte, différents complexes thiolate Mn+ ont été synthétisés (V1I,
VIV, Vv, Nill, Nilll, Co!! et Co!l), soit avec un ligand LN252 tétradentate ou LNs2 tridentate. Ces deux
ligands sont constitués d'un ou deux azote(s) aromatique(s) (bipyridine ou pyridine) et de deux
thiols aliphatiques encombrants.

Nous avons montré que le Co!' ion représente un substitut structural satisfaisant pour les
métalloenzymes contenant du zinc. Cependant, il n'est pas approprié comme substitut
fonctionnel dans le cas particulier de la réaction de S- alkylation. En outre, nous avons pu
modéliser 1'étape d'activation de nitrile hydratase a cobalt, avec l'incorporation de trois atomes
d'oxygene sur un complexe bis-thiolate de Co!l présentant la méme dissymétrie que dans
I'enzyme lors de la réaction de S- oxygénation. En revanche, avec le vanadium et le nickel, des
especes métal-peroxo ont pu étre générées sans réaction intramoléculaire de S- oxygénation.
Nos travaux ont ainsi conduit a 'obtention des premiers exemples de complexes peroxos du
nickel et du vanadium possédant des liaisons métal-thiol.

Nous avons également tenté de modéliser des réactions réalisées par des métalloenzymes dont
le site actif est riche en soufre, dont l'activation et la réduction du diazote en ammoniac, réaction
réalisée par les nitrogénases. Pour modéliser ces enzymes, un complexe thiolate du VIl a été
synthétisé et sa réactivité étudiée. Nos résultats préliminaires suggérent que I'espece réduite de
VI correspondante est capable d'activer et de réduire I'’hydrazine en ammoniac, réaction
correspondant a la derniére étape de la réduction du diazote.



