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1 Introduction

1.1 Copper: A versatile protagonist in synthesis and biology

Copper is not only a versatile material for the manufacturing of products for every day
use such as pipes, electronic devices and, in the creation of alloys, but also plays a vital
role in modern organic synthesis. 7l

A large number of copper compounds exist, in which the oxidation state of copper ranges
from 0 to +IV. The most common and also most important states are +I (3d'°) and
+IT (3d%), nevertheless 0 (3d'%4s') and +III (3d®) also play a role in coupling and oxy-
genation reactions.®¥l Cu(I) is considered a soft lewis acid and prefers soft lewis bases
such as thioethers, phosphanes and unsaturated amines. It is often found in a linear
two-coordinate environment but also tolerates up to four-coordinate settings.

Cu(IT) is a moderately hard lewis acid and therefore prefers coordination by harder lig-
ands such as carboxylates, alkoxides, saturated amines and amides. It is usually found
four coordinate in a square planar environment or five-coordinate in square pyramidal
geometry. The standard aqueous potential for the Cu(IT)/Cu(T) redox couple is 0.153 V
vs. NHE. L0

The standard aqueous reduction potentials show that copper(I) is unstable in aqueous
solution. It readily undergoes a disproportionation reaction to form metallic copper(0)
and copper(IT) (2 Cu™ — Cu® + Cu?", E® = +0.37 V vs. NHE). Additionally, copper(I)
is not stable in aqueous solution under aerobic conditions and oxidized to copper(II).
The variety of oxidation states allows for catalysis tolerating different functional groups
through either lewis acidity or m-coordination. Furthermore, copper can catalyze one elec-
tron processes, which are very often of radical nature as well as two electron processes,
enabling bond formation reactions similar to those typically mediated by palladium.

A prominent example for lewis acid catalysis is the so called “click-chemistry”, a cop-
per(I) catalyzed biocompatible azide-alkyne |3 + 2| cycloaddtion widely used for tagging
biomolecules with sbstrates of choice.®® Another example of C-C,C-O and C-N cou-
pling reactions involving copper catalysts are the GLASER-coupling and the ULMANN-
coupling. 62|

Besides being the protagonist in coupling reactions, copper often enables other catalytic
reactions as a co-catalyst, e.g. in the famous STILLE-coupling in which copper(I) acts
as an alkyl transfer reagent from stannanes to palladium in a cross metallation reaction

L3105 Therein, two copper(II)chloride units are

or in the widely used WACKER oxidation. !
reduced to copper(I) regenerating the palladium(II) catalyst from its palladium(0) state

after a catalytic cycle. Copper(I) is then reoxidized by dioxygen to recover its initial



copper(Il) state. 16417l

Apart from its versatile applicability in organic synthesis, copper is essential in a number
of biological processes and occurs in all higher plant and animal species. Embedded into
an enzyme, both copper(I) and copper(II) species are stabilized by the provided coordina-
tion environment. Due to its ability to easily switch between Cu’ and Cu?" its biological
role is focused on electron transport as well as oxygen transport and oxygenation and
oxidation reactions. It is found for example in the active center of cytochrome c¢ oxidase,
catalyzing the final step in the respiratory chain, which is the simultaneous reduction of
dioxygen by four elecrons to two molecules of water. Copper is also found in hemocyanin,
an oxygen carrier in molluscs and arthropods and in the particulate methane monooxy-
genase (pMMO), an enzyme able to oxidize methane to methanol. P08 20]

All these reactions share the neccessity for the activation of dioxygen to achieve the en-
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Figure 1.1 Stepwise O2 reduction and standard potential in aqgeous media. 1 Colored
arrows show copper enzymes involved in the process. 1122

zymes functionality. Oxygen has a very high activation barrier and therefore does not
react with substrates unless a suitable catalyst is employed. The readily switchable cop-
per(I) /copper(II) redox couple exhibits just the right redox potential for the activation of
dioxygen (0.28 V)(Figure 1.1)). 122l

Being useful in synthetic chemistry and vital in biological reactions it seems selfevident
that for the design of catalysts for environmentally benign and sustainable reactions these

natural enzymes can serve as blueprints for bioinspired oxidation catalysts. !

1.2 Copper containing proteins

Originally, copper enzymes have been divided into three groups based on their spectro-
scopic features. Recent advances, especially in protein crystallography, have led to the
distinction of seven different types. 23l

The first one being the mononuclear type-1 active site, also called “blue copper pro-
teins” due to an intense absorption band at around 600 nm in the oxidized Cu(Il) state,

attributed to a S(cystein) to Cu'l ligand-to-metal-charge transfer. Their coordination



environment involves N and S-donors such as histidine, cysteine and methionin. Later,
also green (450 nm) and red (390 nm) type-1 active sites were discovered.2#28 This class
is usually involved in electron transfer processes and found for example in nitrite reduc-
tase. 1271

The second class comprise mononuclear type-2 active sites, often refered to as normal
copper proteins due to their EPR signal similar to low molecular weight Cu'' complexes
(A < 140 -107* cm ™). I8 Fyrthermore, they do not exhibit any characteristic intense
absorption in this region. Their coordination environment usually involves N and/or O-
donor atoms arranged in either a square planar or distorted tetrahedral geometry. Type-2
centers can be found for example in copper/zinc speroxide dismutase, galactose oxidase 28]
and dopamin-S-hydroxylase 28, Galactose oxidase is an example for a free radical met-
alloenzyme active site and dopamin-f-hydroxylase mediates C—H activation in benzylic
position for the conversion of dopamin to noradrenaline by hydroxylation. 123

The type-3 active site as found in hemocyanin, tyrosinase and catechole oxidase, com-
prises two copper ions in close proximity, each ligated by three histidine moieties, and is
able to reversibly bind dioxygen under ambient conditions. Hemocyanin is responsible for
dioxygen transport in arthropods and molluscs. Tyrosinase and chatechole oxidase uti-
lize the bound dioxygen to oxygenate (only tyrosinase) and oxidize phenolic substrates.
These enzymes play a vital role in the biosynthesis of melanine which starts with the
oxygenation of tyrosine to give L-DOPA which is subsequently oxidized to L-dopaquinone
(Figure 1.2). Melanin is a polymeric high-weight pigment involved in colouring of skin
and hair, 2% browning of fruits and vegetables, protection against UV-light,B% ionizing
radiation, Bl and immunological defense. 2

In type-4 active sites, a type-3 and type-2 center are located in close proximity in a tri-

o 050, O o050, o

- HO - O -

B O Al ;
HO NH3 HO NH3 H,O O NH3
tyrosine L-DOPA L-dopaquinone

Figure 1.2 Hydroxylation and subsequent oxidation of L-tyrosine as mediated by tyrosi-
nase

angular arrangement.

Furthermore, there is the dinuclear mixed valent Cuyx-site, which is also found in
cytochrom-c-oxidase, the mononuclear Cug-site found in heme-copper-oxidase and the
tetranuclear Cuy center found in NyO-reductase. M

Additionally to those naturally occuring sites, a synthetic type-0 active site was synthe-

sized through genetic engeneering of a type-1 site of azurin to study the influence of single



ligand exchange on its properties. 3334

1.3 Modes of dioxygen binding to two copper(I) ions

While there are numerous ways for dioxygen and copper to bind in different stoichiome-
tries, this section will focus on the interaction of one molecule of dioxygen and two copper

ions as present in type-3 and type-4 copper enzymes. As shown in [Figure 1.3 dioxygen

—~0— /O\ @) /O—O\

Cu\cl)/Cu Cu\O/Cu Cu” \o-Cu Cu Cu
Sp @) TP CP

Figure 1.3 Binding modes of dioxygen to copper in a 1:2 ratio.

can bind in at least four different ways between two copper ions. The most commonly
found is the side-on peroxo p-n?:n? binding mode (SP).B Starting from copper(I), dioxy-
gen is reduced to a peroxo unit and the two copper ions are oxidized to copper(II). It has
recently been observed in some synthetic analogues that the SP mode can interconvert to
the bis-pi-oxo mode (O), wherein the O—O bond has been broken by further reduction to
the oxo level, while simultaneously oxidizing copper to a +III state.B8 With elongated
distance between the copper ions, increase in coordination number dioxygen can bind
in a p-n'm' fashion, either in trans(TP) or cis (°P) configuration.F738 The “P mode
is regarded as a possible first step in dioxygen binding and investigation of respective

complexes helps to understand the interaction of copper and oxygen.

1.3.1 TP and ©“P binding mode

In 1988, the first X-ray crystal structure of a CuyO, model compound with a TP
binding mode was reported by KARLIN and ZUBIETA.BZ They employed the tripodal
tetradentate ligand tris|(2-pyridyl)methyljamine (TPA) to form a copper(I) complex,
which they reacted with dioxygen at —80°C to reversibly give a trans-peroxo copper
complex ("P).

Besides the TPA ligand, derivatives of tris(2-aminoethyl)amine (tren)B% and rac-
5,5,7,12,12,14-hexamethyl-1,14,8,11-tetraazacylcotetradecane (tetb)®! (Figure 1.4) have
been employed succesfully in the synthesis of TP complexes. In case of the tren complexes
a two step mechanism in the formation of the TP complexes has been observed. B First,
an end-on superoxo complex is formed by reaction of Oy with a single copper(I) complex,
that rapidly reacts with a second copper(I) unit to form the trans-peroxo complex.

Although these species are not considered to be biologically relevant, their investigation
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Figure 1.4 Schematic represenatation of the ligands shown to bin dioxygen in a TP
manner. BT

grants further insight into the binding mechanism of copper and oxygen, and higlights
the facts that govern their stability. 42

Just recently, MEYER and coworkers demonstrated the possibility of an end-on
cis-peroxo oyxgen binding mode . Employing a pyrazolate/tacn system,
the first °P was crystallographically characterized. The Cu-O-O-Cu torsion angle is
65 ° and leads to a reduced overlap in magnetic orbitals, leading to different magnetic
properties, while the remaining spectral data does not change significantly. One year
after, the first ferromagnetically coupled dicopper(II) peroxo system with a triplet
ground state (S = 1) was reported by the same group.®¥ Through elongation of the
ligand backbone, it was possible to decrease the Cu- - -Cu distance and hence to increase
the Cu-O-O-Cu torsion angle to 104° which is close to a 90° angle. Orthogonality of
the involved orbitals leads to ferromagnetic coupling. This system can be considered a
snapshot into the first step of dioxygen binding in type-3 copper proteins.

The first crystal structure of an SP adduct was published by KITAJIMA in 1989 making

+
o= —‘ N NN
(< X u’ \ </\Cu \cd

T % T Y

Figure 1.5 left dinculear coppeer(IT) ©P-complex. right)dinculear copp(IT) “P-complex
with an S = 0 ground state.

use of the tridentate tris(3,5-di-iso-propyl-pyrazolyl) borate ligand.#¥ A variety of SP

complexes were found to exist before this motif was disvovered to represent also the

binding motif in oxy-hemocyanin. B3l



1.4 Binding and activation of dioxygen by dinuclear copper en-

zymes

In order to sustain their energy demand, organisms can process their aquired nutrients
in either an anaerobic or an aerobic manner. Aerobic respiration is the most exergonic
metabolic pathway known and therefore delivers more energy than anaerobic metabolism.
In consequence, where dioxygen is available this pathway is favored. Today, dioxygen
makes up about 20% of the earth’s atmosphere. It is found in a triplet ground state
(30,) with two unpaired electrons, one in each of the doubly degenerate 7* HOMOs.
Although O, has a high oxidation potential, the reaction with singlet molecules, such
as organic substrates, requires a quantummechanically forbidden spin conversion and
therefore exhibits a high kinetic barrier. To overcome this spin restriction, proteins have
redox active metals in their active center. Iron and copper are natures metals of choice
for this purpose.

Copper-containing enzymes make use of the thermodynamically favourable reduction of
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Scheme 1.1 Schematic MO diagram of a side-on p-n%:n? dicopper(Il) peroxo species. (94421

O, to peroxide O3, which leads to an elongation of the O—O bond, concomittant with
a decrease in the 7(O-0) stretching frequency and can lead to bond breaking as the
aforementioned antibonding orbitals are filled (Scheme 1.1} !

In order to transport and bind O, it is usually reduced by two electrons to the peroxo



level. For the activation of Oy that involves a complete breakage of the O—O bond, four
electrons are required in total. If dioxygen is used as an electron acceptor, additional two
protons are needed to release hydrogen peroxide in the case of mononuclear and additional

four protons to release water in the case of di- and multinuclear enzymes.

1.4.1 Oxygen activation and transport by type-3 copper proteins

Most animals rely on circulary transport of dioxygen, which they need for their
metabolism, and have specific proteins designated for this task. Apart from the iron-
containing hemoglobin (found in all mammals) and the non-heme hemerythrin (found
in marine invertebrates), an enzyme containing a coupled dinuclear copper core called

hemocyanine is found freely dissolved in the blood of molluscs and arthropods. H8!

This dinuclear type-3 active site is also found in tyrosinase and catechole oxidase,
which belong to the class of polyphenol oxidases (PPOs).H8 Furthermore, tyrosinase is
able to both oxygenate monophenolic substrates (monophenolase activity) and oxidize
ortho-diphenols (diphenolase activity), while catechol oxidase only exhibits the latter
activity. Although their primary and tertiary structutre is very dfferent, the active
center of all three proteins exhibits a very similar motif. The center is enclosed in four
a-helices that provide each copper(I) ion with a threefold N-histidine coordination in
a trigonal planar fashion. These two central ions are distinct as CuA and CuB (see
Figure 1.6). There has been much discussion in the literature whether CuA or CuB is
the binding site for substrates or whether this dependeds on the substrate. To date, due
to crystallograhpic data available and computational models, it is commonly believed
that CuA is the binding site for all substrates.

These enzymes make use of the easily accessible copper(I)/copper(Il) redox couple
to reversibly bind dioxygen under ambient conditions. From the dicopper(I) state
(deozy-form), which does not exhibit any charactersitic spectroscopic signals, oxygen
is reduced to a peroxo state and bound in a u-n*m? fashion to two oxidized copper(IT)
ions (ozy-form) which gives rise to absorption bands at around 330 nm (e~20 mM™1)
and around 550nm (e~1mM™!).B2 Despite the d°-configuration of copper(Il), the
oxy-form is EPR-silent, due to antiferromagnetic coupling thorugh the bound oxygen.
The two copper(I)-ions are acting cooperatively and are simultaneously oxidized by one
electron per metal, to give two copper(II)-ions. Upon release of dioxygen the process is
reversed. 23!

To prevent substrate oxidation in the transport protein hemocyanin the active site is
blocked by a phenyl alanine moiety with the phenyl ring shielding the binding pocket
and preventing potential substrates from entering the active center.® When this phenyl

ring is protoelytically cleaved, hemocyanin can exhibit diphenolase activity. 5%
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Figure 1.6 Type-3 copper center of VvPPOg from wine grapes in its resting state. 8l
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While tyrosinase is able to hydroxylate monophenols to give o-diphenols and oxidize
o-diphenols to o-quinones, catechole oxidase only catalyzes the oxidation of o-diphenols
to o-quinones. Earlier explanations assumed this difference was due to a shielding of
the CuA site, which is assumed to be the binding site for the hydroxo group of the
monophenol, by residues such as phenylalanin, leucine or tyrosine.BY Later it was found
that this shielding moiety rather acts as a gate residue that can be found in catechole
oxidases as well as in tyrosinases and does not inhibit but regulate substrate access
through rotation of its aromatic ring.”ll. Recently, FISHMAN proposed that a moiety,
conserved in all known tyrosinases, consisting of a glutamic acid and aspartic acid residue
and a water/hydoxide molecule in close proximity to the active site served as an internal
base for phenol deprotonation which is a neccessary step in order for the phenol to bind
to the CuA site. This assumption was also verified experimentally through directed
mutations. The absence of these residues in catechole oxidase also explains their lack of
monophenolase activity. B8l

Calculations showed that hxydroxylation most likely occurs via electrophilic attack of the
bound peroxide to the aromatic ring, hydroxylating the substrate while simultaneously
breaking the O-O bond, resulting in an asymmetric binding of the formed diphenol and
an uptake of the substituted proton by the remaing oxygen atom to form a hydroxide. 5l
In this scenario, the bound substrate’s aromatic ring is oriented parallel to a histidine
residue via hydrophobic 77 interaction, while a butterfly distortion of the CuyO,
core occurs which enforces substrate reorientation towards the core and results in
hydroxylation of the aromatic ring. Important for the conversion rate and therefore the
enzymes activity seem to be the already mentioned gate residue as well as a thioether

bond to the second histidine coordinating CuA that limits its flexibility, which was found
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to be important for catalysis and to achieve substrate specificity.

The catalytic cycle of tyrosinase (Figure 1.7) comprises four distinct oxidation states. 3!
Tyrosinase is mostly found in its resting state, the met-form, with two copper (II) ions
that are hydroxide-bridged and found 2.90 A apart. Phenols can reversibly bind to the
core in this state but are not oxidized. Catechols however are oxidized to o-quinones and
the copper ions reduced to copper(I), the so called deozy-form, with the ions being 4.40
A away from each other. This state readily reacts with dioxygen to give the ozy-state in
which the copper ions are found in a +II state and are bridged by a peroxide in a p-n?:n?
fashion. The metal-metal separation is reduced to 3.50 A by relocation of the copper
ions while the coordinating histidine residues remain unchanged. 5455

From the oxy state phenols and catecholes can be oxidized. The oxidation of phenols
involves a monooxygenase reaction and leads back to the deozy-state, while the reaction
with catechols leads to the met-form. The fourth state is the result of the so called
“suicide deactivation” in which a catechole is treated as a phenol by ozy-tyrosinase

leading to a copper(0) copper(II) state, the so called deact-tyrosinase. !



1.4.2 The particulate Methane Monooxygenase (pMMO)

Besides the iron-containing soluble methane monooxygenase (sMMO) 57 5 copper based
trans-membrane counterpart exists, namely the particulate methane monooxygenase
(pMMO), that also is capable of oxygenating methane. B8l Since it is a membrane bound

protein, characterizing the pMMO is a very challenging task. For this reason, although

159

a crystal structure was available™”, the actual metal composition as well as the loca-

tion of the active center remained unknown, until in 2010 ROSENZWEIG and coworkers

[19159

found a dicopper center in the active site. I EPR-investigations of the soluble pmoB

H
HN/§2 «N / (HO)sSi Si(OH)s

_~N ) O~ ~-O< . _0O
\F \CU/O\CU/N (HO)sSimp(_ S QU =Si(OH);
N N (HO)sSi® O\ jo ‘Si(OH)3
= Ha Si___si
HN HO ?'~o—>1~0OH
f Ho © OH
MO Cu-ZSM-5

Figure 1.8 Postulated active species of pMMO and inorganic model compound Cu-ZSM-
5.

subunit of pMMO revealed that the dinuclear center is found in a valence scrambled cop-
per(I)copper(II) state while a distant mononuclear site, not conserved in all pMMOs, was
assigned a copper(l) state.[%) The actual catalytic cycle is still under debate, but dioxy-
gen binding was found to occur in 5P mode. Upon exposure to methane its spectroscopic
features disappeared, suggesting its involvement in the oxidation process./1 However, a
1-0x0 core is suggested to be the active species responsible for the oxygenation of methane.
In 2009, SOLOMON found the copper loaded aluminosilicate zeolite Cu-ZSM-5 that also

621 This zeolite contains a

oxidizes methane to methanol to be most similar to pMMO.
dicopper(II) p-oxo core, lending further support to the assumption that Og-activation

occurs in the dicopper center in pMMO.

1.5 Bioinorganic model complexes

Model complexes of metalloenzymes are synthetic, low molecular weight analogues of the
active site of the parent enzyme. These mimics help to gain insight into the geometric and
electronic structure of the enzyme’s active site and provide reference for its spectroscopic
features. Additionally, they help to understand the role of metals in biology and the
reaction pathway a substrate undergoes. These biomimetic and/or bioinspired complexes

provide helpful insight to develop new catalysts for selective oxidation reactions under
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mild and environmentally benign conditions. Especially the development of oxidation
catalysts using dioxygen as the oxidant are of interest from an economical perspective. In
the majority of industrial oxidation processes, a stoichiometric amount of metal based ox-
idant is needed, resulting in a large scale of toxic metal waste. !5 Biomimetic/bioinspired
copper systems are attractive catalysts for these reactions, as copper is abundant, non-
toxic and relatively cheap, compared to many other transition metals. Recently achieved
reactions include the catalytic oxidation of a range of alcohol to the corresponding aldehy-
des, 64651 oxidation of benzene to phenol in the presence of hydrogenperoxide, 69 catalytic
conversion of benzylic alchols to the corresponding aldehydes and nitriles (in the presence
of ammonia), 57 cleavage of a-C(O)-C bonds to generate acids, %8 synthesis of oxindoles
by catalytic aerobic functionalization of phenols, ¥ aromatic C-H alkoxylation, ™ as well

as the oxidation of monophenols to ortho-quinones. ™

1.5.1 Biomimetic dinuclear copper complexes and their reactivity

towards endogenous and exogenous substrates

The regiospecific ortho-hydroxylation as performed by tyrosinase is a difficult task to
perform under laboratory conditions and requires multiple steps, sometimes expensive
transition metal catalysis, and often only affords low yields. ™2 Altough a lot of re-

79 and

search has been undertaken in this field, only a few examples of stoichiometric!
catalyticB%8H ortho-phenol hydroxylation reactions are known to date. One of the first
examples of a dinuclear copper complex to bind dioxygen and exhibit monooxygenase ac-

tivity was published by KARLIN and coworkers in 1984.82 Complex I was found to react

Cu'—N N—Cu' _ K\ /O\ ,NQ
Py\) K/\Py Py i;Cu“\ /CU\"TPy
Py O P
H
TMP1 TMP2

Py = 2-Pyridyl
R = H, NOZ, C(CH3)3’ F

Scheme 1.2 Intramolecular hydroxylation in a dinuclear copper complex.

with dioxygen at low temperatures to form a side-on peroxo intermediate that, after rota-
tion of the xylene ring, undergoes a nucleophilic attack by the bound peroxide and results

in a hydroxylated aromatic ring, O-O bond cleavage and a remaining bridging hydroxide

11



bound to two copper(Il) ions (II) (Scheme 1.2). These findings inspired further studies
on ligand hydoxylation. When KARLIN and coworkers employed an already hydroxylated
ligand under the same conditions, they found a second hydroxylation of the ligand in
para-position. Additionally, further reaction did not lead to the expected oxidation to the
para-quinone but rather to arylation of one of the hydroxy-functions. 15l

TucCZEK et al. recently reported the syntheses of two ligands with an appended phenol

|\ Z\|
N |N\ N N

L4-H L5-H

Figure 1.9 Ligands employed by TUCZEK and coworkers to investigate ligand hydroxy-
lation. IB4485]

close to the metal (Figure 1.9). The copper(I) complex of L4-H forms an SP-system

at —78°C and gave the o-quinone without additional base upon warming to room tem-
perature. The SP-complex of L5-H lead to N-dealkylation and the formation of meta-
hydroxybenzaldehyde. 8485

In 1991, CASELLA reported the synthesis of L66 using the same m-xylene spacer as

KARLIN but with N-methyl-benzimidazole sidearms. They observed regiospecific ortho-

\ /
NWNN N\/\WN
OTR) O

L66

Figure 1.10 Xylene bridged dinucleating amine ligand L66, synthesized by CASELLA
and corworkers. B0

hydroxylation towards exogeneous subtrates (Figure 1.11)). Complex III forms the stable
dioxygen adduct IV at —78 °C in acetone. The reactivity studies were carried out in
acetonitrile with prior addition of the substrate and subsequent introduction of dioxygen

to the system. The electron poor 4-carboxymethyl phenol was hydroxylated to the cor-
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Bz = N-methyl benzimidazole

Figure 1.11 reversible bonding of dioxygen at —80 C by complex

responding catechole and the electron rich 3,5-di-tert-butylcatechole was oxidized to the
corresponding quinone. A turnover number (TON) of 1.2 was achieved using the electron
rich 2,4-di-tert-butylphenol (DTBP) as a substrate. ™88 Around the same time, in
1990, REGLIER reported a dicopper system with a biphenyl spacer and pyridylethylimine
sidearms. Reaction of the resulting copper-dioxygen adduct with DTBP gave the 6,6’
C—C coupled dimer in the absence of base and the fully oxidized 3,5-di-tert-butyl quinone
(DTBQ) in the presence of triethylamine with a TON of 16.5)

Two decades later, in 2010, Tuczek and coworkers developed mononuclear |[2-
(aryl)ethyl]imino-tert-butyl ligands that can be considered sidearms of the REGLIER sys-
tem without the spacer. Very similar to what had been observed in the dinuclear system,
a TON of 18 was achieved for the conversion of DTBP to DTBQ in presence of NEt;
when using the 2-pyridyl containing ligand.® The highest TON of 31 was achieved with
the N-methyl-benzimidazole ligand. 21%2l

In these systems, only in the case presented by CASELLA a Cu/O, intermediate could

a) b) <)

l\
.Z Z =
-4 z-
|
NN

wf N NN
~r N
W NN N

Figure 1.12 a) BiPh(impy)s ligand by REGLIER, b)mononucleating ligands by TUCZEK
c) newly designed SP complex by HERRES-PAWLIS and STACK.
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be identified as the active species. In 2013, HERRES-PAWLIS and STACK developed

B9l based on a bis(pyrazolyl)(2-

a new biomimetic p-n*m? dicopper(II)-peroxo-system
pyridyl)methane mononucleating ligand. 3! Upon exposure of the monomeric [Cu'{bis(3'-
tert-butyl-pyrazolyl)pyridyl-methane }|SbFg to Oy in DCM, the dimeric CuyOy complex
(Figure 1.12¢) was formed and identified by means of UV/Vis, resonance Raman spec-
troscopy, and ESI-TOF cryo mass spectrometry. Unexpectedly, the complex is relatively
stable at room temperature and decays with a half-life of 30 min. This complex is able
to stoichiometrically oxygenate a variety of para-substituted phenolates to the respec-
tive catecholates at —78 °C. This reaction most likely follows an electrophilic aromatic
substitution mechanism like the reaction catalyzed by the parent enzyme. Furthermore,
catalytic conversion of phenols to quinones was achieved at room temperature in the

presence of NEt3 with a TON of up to 15.

1.5.2 Self assembly of the copper dioxygen core

Similar to the threefold coordination of copper found in type-3 enzymes, most ligands
employed in model mono- and dinuclear complexes mimicking the CuyO4 core share this
tridentate binding motif. Almost all of these complexes are only stable at low tempera-
tures around —80 °C. In solution, the CuyO4 core is formed in a self-assembly process by
two mononuclear copper(I) complexes and one molecule Os. Besides this process, self as-
sembly is found in a variety of biologic systems, such as lipid bilayers, (desoxy-)ribonucleic
acid, protein folding, viruses like the tobacco mosaic virus and the iron-sulphur clusters
in proteins. Researchers hence try to implement self assembly into applicable chemistry
like template synthesis and host-guest interaction in supramolecular chemistry. 2449l

Recently, STACK and coworkers were able to show that SP complexes analogous
to oxy-tyrosinase form in a self assembly process. A CuyOs-core was formed,

when [Cu!(MeCN)4|SbFg, (2-methyl-)imidazole and O, were dissolved in 2-methyl-
tetrahydrofurane (MeTHF) at -125°C (Scheme 1.3).71 The low temperature is required

R R
)
R LY L
l\i 02 >\ \ "\\Oll," / /<
NN [ou(MeCN) IsbRg S UL L U 2

MeTHF R-N

Nj -125 °C =/ / \ l/

R =H, Me N N

Scheme 1.3 Self assembly reaction of the CuQOQ—core.m].

to compensate for the entropic loss ocurring due to the association. These SP complexes
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succesfully performed the electrophilic aromatic oxidation of exogenous phenolic sub-
strates to catecholes, suggesting that the protein matrix in the enzyme is mainly needed

to prevent oxidative degradation and overcome the entropic costs of self-assembly.

1.5.3 The O core as an alternative active species

As mentioned above, there is experimental evidence that an aromatic electrophilic substi-
tution mechanism by the SP-Cu,0, core is the main step in the hydoxylation of phenols.
This was confirmed in both model- and enzymatic systems. There is, however, some
ambiguity concerning the nature of the CuyOs-core, as there is an equilibrium between
the 5P and the O mode in some synthetic compounds. The O mode should therefore be
considered as a possible active species in the hydroxylation of phenols.

STACK and coworkers found that during a monooxygenation reaction an SP species

O -
. H
H. H. _H H. N
N\Cu'-NCMe O N\CU”Q\ /’\Ill N\Cun‘ \\‘C/u”j o
/ MeTHF /U o-Cu LU

N _ o °N N. °N

/ 0
\ M Culll - Cull .
[ /Cu — ¢ N‘H y u ~0~ % N‘H
yN N H N HO 0
/ﬁ\ |\'| /ﬁ\ >( |\'| OH o

30% 30%

Scheme 1.4 Tyrosinase reactivity in a model complex

coordinated by a secondary amine?™8 vanished and formed the respective O isomer
(Scheme 1.4).% By resonance Raman spectroscopy, O-O bond scission was observed upon
substrate coordination at —120°C in 2-methyl tetrahydrofurane. Additionally to these
low temperatures, the sterically demanding N,N’-di-tert-butylethylene diamine (DBED)
ligand was neccessary to stabilize the intermediate. Upon warming of the mixture, the
substrate DTBP was hydroxylated to the respective catechole (30%) and oxidized to the

quinone (30%) by the O core in an electrophilic aromatic substitution mechanism. %100
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DFT calculations revealed formation of an intial axial bond of the phenolate to a cop-
per(III) ion and subsequent rotation into the equatorial plane of the CuyOq core, where

the newly formed O core acts as the active species. This rotation is neccessary for the

reaction to happen and was found to be the rate determining step. 01

1.6 Binding and activation of sulfur by copper enzymes

Over the past decades, examples of copper-sulfur interactions in biology sparked interest

[L0ZHT04]

in research of copper thiolate chemistry. In nature, several copper-thiolate centers

exist, eg. in blue copper proteins such as the mononuclear type-1 and the dinuclear Cuy

s 03] 008l Of special interest is a tetracopper-sulfide

[L07)

site and copper chaperone proteins.
cluster (Cugz-cluster) found in nitrous oxide reductase (NoOR).
Driven by these natural role models, copper complexes that react with sulfur have been
investigated and the products were found to exhibit similar binding motifs to those
of Cu/Os-intermediates. KARLIN found that a copper(I)-tris(2-pyridylmethyl)amine
(TMPA) complex reacts with elemental sulfur (Sg) to form the end-on trans-u-1,2-
disulfide complex [(TMPACu-S-S-Cu(TMPA)|.B% KitasivMa and coworkers were able
to obtain a dicopper(I1) p-n?mn>-disulfide complex from [Cu(SCPhs(HB-3,5'Prypz)s|. H04
Both complexes were found to be structural analogues of their copper—dioxygen counter-
parts and exhibit very similar spectroscopic features. ™0 Several more studies in the field

of copper-sulfur interaction and copper-sulfide complexes have been carried out. 0113l

1.7 Homogenous copper catalyzed reactions

Copper compounds have been proven useful in a broad variety of catalytic reactions.
Besides the already mentioned click chemistry and GLASER- and ULMAN couplings, their
main use is in oxygenation and oxidation reactions due to their interaction with dioxygen.
Coupled phenols are present in a number of natural products and very useful in materials
chemistry which has triggered research into their selective synthesis. 4 One-electron
oxidation is favorable due to the phenolic stabilization of the radical species. These
reactions can be carried out under mild conditions and tolerate many functional goups
in contrast to other more sensitive biaryl coupling methods like KUMADA- or SUZUKI-

ST Additionally, functional groups can be introduced into previously non-

coupling.
functional positions, thus avoiding the need for prefuncationalized derivatives such as
halides or boronoic acids. On the down side, regio-directed functionalization is more
challenging but still accessible through the choice of catalyst. Still, meta-coupling is

unnattainable owing to the electronic resonance structures of phenolic compounds. The
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mechanism of these reactions preceeds via deprotonation and subsequent electron transfer

or direct hydrogen atom abstraction.

1.7.1 Oxidative coupling of phenols

Copper catalysts are highly effective in phenol coupling. When two out of the three
possible positions for oxidative coupling are blocked, the reaction is regioselective. When
the ortho-positions are blocked, regioselective para-coupling can be obtained under mild
conditions. The same is observerd, if only one ortho-position is availabe (Scheme 1.7)).

When the structure of the resulting diphenol permits, overoxidation to the corresponding

cat CuCl
HO cat TMEDA

0,, 97 °C, 1h

OH
Je
D

Scheme 1.5 Regioselective copper catalyzed phenol coupling.

quinone is commonly observed.

The classic reaction involving the coupling of a phenol is the ULMANN-reaction,
discovered in 1904, wherein a phenol is coupled to an aryl halide, using a copper(I)-
catalyst, yielding a diaryl ether. F2118l

OTTENWAELDER, LUMB and coworkers carried out a lot of research to study the
influences that govern the reactivity of copper catalyzed oxidation and oxygenation of
phenolic substrates, B¥TSIIIIHII0N A variety of ligands, bases, additives and conditions
were tested for the conversion of different phenols. They found that, indepedent of
the employed ligand system, molecular sieves (4 A) drastically increase the yield of
the reaction. It was theorized that the removal of water from the reaction mixture is

beneficial for the reaction.
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Employing the same di-tert-butyl ethylene diamine/copper(I) system that was used by
STACK and coworkers to form reactive copper/oxygen intermediates, they were able to
oxygenate phenolic substrates, substituted in 4-position, to ortho-quinones that undergo
1,4-addition with another equivalent of substrate to form 4-aryloxy-ortho-quinones. By
choice of solvent and catalyst, these quinones could be transformed selectively either to 4-

alkoxy-ortho-quinones or the corresponding 2-alkoxy-para-quinone (Scheme 1.6|). FH8123]

OH
OH
OH (o\’\
0, 0\6 RN
CuPFg
DBED o
H " A0
RN
RHN RHN or base
I é\’S‘ OH
QS@ OH
RN SEt

O

Scheme 1.6 Synthesis of a 4-aryloxy-ortho-quinone and subsequent intramolecular ring
closing reaction

Inspired by melanogenesis, they were able to perform intramolecular ring closing reactions
based on their previous findings(Scheme 1.6). A generated 4-aryloxy-ortho-quinone
undergoes substitution by an amine or amide function of the substrate to form oxin-
dolquinones that can be transformed into oxindoles and further functionalized in 2- and 3-
position. B¥IN2] \With this catalsyt system it was also possible to generate ortho-amines
from 2,4-di-tert-butylphenol by reaction with amines,P2M30 to form ortho-azophenols
from reaction of 3,5-substituted phenols with hydrazines or hydrazides™ and to
generate benzoxazoles, benzoxazinones, ortho-aminophenols, N-aryl pyrrolidine and

N-aryl pyrrole from 3,5-substituted phenols. 127

Polymerization of phenols

In 1959, it was discovered by HAY that a Cu™ pyridine complex catalyzes the oxidative
para C—C coupling of phenols and the subsequent oxidation of the 4-4’diphenols to the cor-
responding quinones, as well as C-O coupling of 2,6 substituted phenols in the presence
of dioxygen to a polyphenylene ether (PPE)(Scheme 1.7).3 Further studies revealed
that small ortho-substituents direct the reaction towards the C—O coupled product and

bulkier groups favour the formation of the C-C coupled product. 32
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PPE is a versatile material for the engneering of thermoplastics. It makes for an excellent

R

— O
R R
. PPE

OH

R R
o~ _)=(_)o
R R
DPQ

Scheme 1.7 Possible products of phenol coupling.

insulator as it absorbs unusually low amounts of moisture and maintains its properties
over a wide humidity and temperature range. It also has a high glass transition tempera-
ture and is resistant to a variety of chemical compounds, water, salt solutions, acids and
bases and is even a flame retardant. However, blending with polystyrene is neccessary
to make processing into materials possible. Industrial synthesis is carried out in toluene
with a copper(I) amine catalyst under 1-4 bars of oxygen pressure. These conditions make
the recovery of the organic solvent as well as the use of anti-explosive reactors necces-
sary. Therefore, a lot of research is undertaken to open the possibility of a reaction in
aqueous media. 3¥34 REEDIJK and corworkers optimized the reaction and were able to
selectively obtain PPE with a molecular weight M, of up to 86 kDa, employing a bipha-
sic tolulene/water emulsion with a copper/imidazole catalyst. Still, the results highly
depended on the ligand to metal ratio.'35 Further influences governing the reation are
the denticity and basicity of the ligand. It was also possible to carry out the reaction in
aqueous sodium hydroxide solution at 50 °C under vigorous stirring with tmeda/CuCl,
as the catalyst. However, under these conditions the C—C coupled DPQ was also formed
as a trace byproduct and the M, was only 29 kDa. 136

Several more attempts, employing surfactants like sodium-n-dodecyle sulfate, to cre-

ate water based systems were undertaken with charged ligands 34,

[137] [138]

naturally occuring

amine ligands™7 triazayclononane ligands®38 polymeric, recyclable ligands®39 and

amine /carboxylate ligands. 1%

However, all of these systems either produce DPQ as a
side product, give low molecular weight PPE or a high polydispersity. A recent attempt
using Laccase, an enzyme that contains a tri-copper core and plays a role in lignin synthe-
sis, gave low molecular weight polymers but with polydisperities down to 1.07. However,
catecholes were used as substrates in these experiments and not DMP. 141!

The mechanism of this polymerization is still under debate and two likely reaction mech-
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anisms have been proposed (Scheme 1.8). The first one is an ionic pathway in which
Cull
/7N ;:> — _ :
HO O= + 0) -
\ 7/
CU”
PN
— - cado : HO -

Scheme 1.8 Representation of the two most likely pathways of polymerization of 2,6-
dimethylphenol.

HO —

HO O

a phenolate reacts with a phenoxonium cation that is bound to two copper ions in a
bridging manner(Scheme 1.8)). The second one is a radical mechanism wherein a phenoxy
radical is generated by one electron oxidation through interaction of one phenol with one
copper ion. A third mechanism was proposed that involves the coupling of freely dissolved
phenoxy radicals but is rather unlikely as there is lack of evidence for the existnence of
such a species. Under anaerobic conditions the presence of copper(II)-phenoxy complexes
was observed, yet there is no EPR-evidence for the formation of a radical species, except
when 2,4,6-tri-tert-butyl phenol was used as the substrate. Theoretical calculations of
atomic charges in 2,6-dimethylphenol favour the ionic mechanism, with a phenoxonium
ion proposed as the key intermediate. This species undergoes nucleophilic attack at the

para-carbon by another phenolate to give the dimer, [6:142143]

1.7.2 C—H bond activation

While the activation of sp? hybridized C-H bonds has already developed into an
impressive and versatile field and even was awarded with a nobel prize, M4 the activation
of sp? hybridized bonds, however, still remains a challenge and has not found many
applications. In general, C-H bond activation is among the most challenging and
versatile fields for synthetic chemists. Its utilisation enabled the laboratory synthesis
of many natural products and functional molecules. Furthermore, it facilitates late
stage functionalization and diversification and thus enables synthetic routes or products

451 Additionally, the functionalization

previously inaccessible to the synthetic chemist.
of alkanes grants access to a feedstock of starting materials and is connected to the
accessibility of renewable energy.

ITOH and coworkers found that S-diketiminato ligands of the type V
form complexes with copper(l) and copper(Il) salts. %47 By reaction of the copper(I)

species with Os or the copper(IT) species with HyOs a bis(u-oxo)dicopper(I1I) species
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Figure 1.13 B-diketiminato ligand used by IToH and coworkers. 146:147]

was obtained. These species were able to oxygenate adamantane and cyclohexane and
can be viewed as pMMO functional models. ¥

MURAHASHI and coworkers reported the oxidation of cyclohexane to cyclohexanone
and cyclohexanol in the presene of CuCl,, acetaldehyde, and 18-crown-6 under 1 atm of
oxygen at 70 °C. They achieved a total yield of 61 % cyclohexanone corresponding to a
TON of 16000. 14824

Several copper(I) complexes based on N-donor ligands have been reported for the
oxidation of alkanes, alkenes, and alkohols using ‘BuOOH and one atmosphere of oxygen.
Initially, these copper(I) complexes did not activate dioxygen but upon treatment with
"BuOOH formed an intermediate adduct that subsequenty reacted with dioxygen to form
a superoxide species. It was possible to oxidize ethylbenzene to acetophenone in 60%

yield without the formation of side products. 50

A frequently used model substrate for benzylic C-H activation is the already men-
tioned 2,6-dimethyl phenol (DMP) as well as 2,4,6-trimethyl phenol (TMP), that cannot
undergo C-O polymerization. In the presence of CuCl,, an amine or oxime ligand
and methanol, the copper systems selectively oxidize the para methyl group of TMP
to the corresponding aldehyde, 3,5-dimethyl-4-hydroxy benzaldehyde (HDB). This
transformation bears similarities to the oxygenation of benzylic CH3 groups as catalyzed
by laccase and vanillyl alcohol oxidase. 1514152

REEDIIK and coworkers reported the stoichiometric oxidation of TMP to HDB with a
[CuCly(neo)|/NaOMe (neo = 2,9-dimethylphenanthroline) system. The reaction could
be run catalytically if hydrogen peroxide was used in refluxing MeOH. 53l

Upon decreasing the amount of NaOMe, a monosubstituted intermediate could be
isolated. It has been proposed that the reaction proceeds via a two electron oxidized
quinone methide intermediate (VI) that undergoes repeated 1,6-addition of an alcohol
to first form an ether (MDP) that is further substituted to form an acetal (VII) that
is hydrolyzed and gives the aldehyde (HDB) (Scheme 1.9).F%¥ By addition of the
unoxidizable pentafluorophenol, it was possible to get a snapshot of the initial binding

step of the phenol (Figure 1.14)). Reactions were carried out in DMF with NaOMe to
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Scheme 1.9 Stepwise 1,6-addition of MeOH to TMP to yield HDB.

Figure 1.14 Representation of pentafluorophenol bound to the [CuCl(neo)|s complex.

deprotonate the para-CHs group to form the proposed quinone methide intermediate. In

the absence of the neo-ligand no reaction occured, thus emphaszing the need for N-donor

ligands to stabilize the intermediate copper(I) state.

1.8 Current state of research

HL?!

Figure 1.15 Pyrazolate based binucleating ligand HL! synthesized by PROKOFIEVA.

Preceeding this work, A. PROKOFIEVA synthesized the pyrazole based bin-

ucleating ligand HL!

(Figure 1.15) and its corresponding dicopper(I) complex

[L!Cuy(MeOH)(OMe)|(ClO4), (1) (Figure 1.16) and investigated 1 towards the cat-

alytic aerobic oxidation of 2,4,6-trimethyl phenol (TMP).B%% Tt was found that 1
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Figure 1.16 Molecular structure of bioinspired dinuclear compartmental dicop-
per(IT) complex [L'Cuz(MeOH)(OMe)](ClO4)2 (1) synthesized and characterized by A.
PROKOFIEVA. 155!

was able to oxidatively C-C couple two molecules of 2,6-dimethyl phenol (DMP) to
give 3,37,5,5’-tetramethyl-4,4’-dihydoxy-biphenyl and its subsequent oxidation product
3,3’,5,5’-tetramethyl-4,4’-diphenoquinone (DPQ). Related reactivity was observed for
2,4,6-trimethyl phenol (TMP), which has been coupled at its para-CHs group to form

4 4’-dihydroxy-3,3’,5,5 tetramethyl bibenzyl (TMBB) (Scheme 1.10). TMBB is subse-

cu''cu' (1)
2 OH o _ /= o
MeCN/CH,Cl (2:3)
Oz
2 cu'cu' (1)
2 cu'cd' (2) :l—NZ O OH 0,
2eoHt MO O -de’/aH*

Scheme 1.10 C-C coupling reaction of TMP catalyzed by 1

quently oxidized to 3,3’,5,5’-tetramethylstilbene-4,4’-quinone (TMSQ) by dicopper com-
plex 1. Under an inert atmosphere the coupling of two molecules of TMP occured via one
electron oxidation of a copper-bound phenolate, forming a mixed valent Cu'Cu'! species
and half a molecule of TMBB. The formation of one molecule TMBB is a 2 e~ /2 HT
process. In the presence of dioxygen TMBB was further oxidized to TMSQ in a 4 e~ /4

H* process (Scheme 1.10, The dicopper complex 1 in MeCN (Figure 1.17) shows an

absorption feature at 989 nm, typical for a d-d transition. Upon addition of TMP, the
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Figure 1.17 UV/Vis absorption spectra at room temperature of a) 1 (MeCN, ¢ =
5-1073 M) b) excess TMP and 1 in (MeCN, ¢ = 5- 1073 M) ¢) TMSQ in (MeCN,
c=5-10""m. 53

previously feautureless region around 500 nm shows an intense band at 495 nm (e ~ 1500
L-mol~!-ecm™!), resulting in a deep red colored solution.

Thise band was identified as a copper(IT)<—phenolate ligand-to-metal-charge-transfer tran-
sition on the basis of UV /Vis and resonance Raman spectroscopy. The binding stoichiom-
etry of TMP and 1 was determined to be 1:1 using the Job plot method. The phenolic
substrate is deprotonated by the endegenous methoxide and subsequently binds as a phe-
noxide to the copper(II) ion. The binding and reactivity of other phenols largely depends
on their electronic properties and their steric demand. Substituents in ortho-position
block the correspondig ortho-coupling. Substitution in ortho and meta-position can com-
pletely inhibit any kind of reactivity.

When substrates are used that cannot be oxidized, the complex remains in its dicopper(II)
state with the phenol bound to one of the metal ions .“56]

The final organic products have been identified by column separation and NMR tech-
niques. EPR was used to determine the oxidation state of the dicopper complex after the

reaction under inert atmosphere. An EPR spectrum of 1 in MeCN recorded at 50 K is
depicted in |[Figure 1.19]
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Figure 1.18 Molecular structure of Pentafluorophenolate bound to the dicopper(1I) com-
plex. 1561

simulation

g=2.15

experiment

200 400
field [mT]

Figure 1.19 EPR spectrum of 1 in MeCN recorded at 150 K136 and simulated pattern.
The g and g, both show a value of 2.15 and an A value of 0.0320 cm™! and a half field

signal at g = 4.3 (additional parameters: nucleus= Cu, Cu, total spin = 1, frequency =
9.427 GHz, T = 150 K, linewidth = 8 mT, gstrain =[0.2, 0.1, 0.1]).

A catalytic cycle was proposed, based on the data obtained (Scheme 1.11)). While good
insight into the mechanism was provided, several aspects remained unknown. Further
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Scheme 1.11 Proposed catalytic cycle by PROKOFIEVA.

investigations to determine the oxidation state of the dicopper complex after the reaction
with TMBB are neccessary. Furthermore, the fate of the O, molecule involved in the

reoxidation of the copper(T)/copper(II) species has not been determined.

1.8.1 Spectroscopy of copper-phenolate adducts

One aspect of the investigation is the nature of the adduct of the copper bound phenolate.

In this work a copper(IT) complex is reacted with a phenolate to form an adduct. This

OH¢ Vo

¢V8a

Figure 1.20 2,4,6-trimethylphenol and representation of relevant stretching frequencies
for resonance Raman investigations.
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adduct can either remain a copper(II)-phenoxide species until a reaction occurs or undergo
electron transfer from the phenolate to the copper. Hereby the copper(Il) is reduced to
copper(I) and a phenoxyl radical is formed. IR and Resonance Raman spectroscopy
provides a powerful tool for determining the adduct that is present in solution. There
are three stretching frequencies that are indicative for the respective species. The Cu—
O stretch, the C-O stretch (v7,) and the Cno—Cineta stretch (vg,). The Cu-O stretch
was too weak in intensity and often overlaped with other peaks and was therefore not
considered in this work The v7, mode ranges from 1500 cm™! for phenoxyl radicals with
the radical delocalized in the aromatic ring to below 1300 cm~! for C-O single bonds in
phenols. The vg, is found at around 1600 cm~! and exhibits an increasing blue shift with

increasing radical character. F57165]
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2 Objective

Industrially applied oxidation reactions very often require harsh reaction conditions and
a stoichiometric amount of oxidant, which are often highly toxic like permanganates or
chromates. In contrast to this, natural copper enzymes are able to oxidize substrates
using only readily available and abundant aerial dioxygen as the oxidant. Furthermore,
these enzymes can mediate reactions under ambient conditions and are often extremely
efficient, and are therefore an inspiration for the fields of bioinorganic chemistry and
sustainable catalysis. Aside from catalysis, model chemistry can provide valuable insight

into mechanisms and can identify reactive intermediates in biological systems.

Bioinspired dicopper complexes based on pyrazolate ligand scaffolds with amine
side arms were recently shown to exhibit suitable reactivity for the desired transforma-
tion of phenolic substrates. These systems can be easily modified with different chelating
side arms in 3- and 5-positions of the heterocyclic core.

The main factor influencing structure and reactivity of bioinspired complexes is the

N /\@Y\ N
@C u/ \C{>

Figure 2.1 pyrazolate based ligand scaffold

coordination sphere, provided by the chelating side arms, and the resulting metal-metal
sepearation. By varying the side arms, the influence of the aforementioned factors will

be investigated.

The first objective of this work was to further elucidate the oxidation mechanism
of TMP by 1 and fill in the gaps of the proposed catalytic cycle .
Furthermore, expansion of the scope of reactivity of 1 is sought.

The second goal is to synthesze new ligands by variation of the side arms. To achieve
this, new amine side arms will be synthesized applying known and established as well
as new synthetic strategies. These ligands will be used to generate new dicopper(I) and
dicopper(II) complexes and characterize them. These complexes will be investigated
towards their catalytic activity with respect to oxidation reactions involving molecular
dioxygen. Complexes shown to be catalytically active are subject to mechanistic

investigations.
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3 Synthesis of pyrazolate based ligand scaffold

3.1 Pyrazolate based Ligand Frameworks

Pyrazolate based dinucleating ligand frameworks bring together two tripodal tetradentate
ligand compartments which have proven to be succesful in emulating the properties
and reactivities of mononuclear N-ligated metalloenzymes. 86170 Pyrazole finds wide
application in bioinorganic model chemistry as a briding moiety for bringing together
two metal ions in close proximity, besides the already mentioned alkoxide and phenoxide
bridges. Furthermore, the monoanionic pyrazolate emulates other bridging moieties like
carboxylate which are found in natural systems, while still leaving an open coordination
site at the metal. The pyrazolate fuses two mononuclear coordination environments
and enables tunable coordination environments and metal metal distances (from 3.40 to
4.50) H68ITIHIT] which has been proven useful for enabling reactions that require metal
metal cooperativity such as the activation of small molecules, as well as the binding and

transformation of organic substrates.

The synthetic protocols developed to introduce a wide variety of side arms are
based on the substitution in 3- and 5-positions of the pyrazole to give symmetric
compartmental ligands. Thanks to mostly facile coupling reactions, the variety of side
arms ranges from (poly)pyridyl units to more elaborate systems involving various amines,
imidazoles, carboxylate or even phosphorus donor-atoms. In this work, bioinspired amine
sidearms containing different (benz)imidazole derivatives were employed. Imidazole
ligation was chosen, due to it being the ligand in type-3 copper enzymes that gave the
inspiration for this work. Coupling of the imidazole side arms to the pyrazole ring was
achieved by nucleophilic substitution of chloro substituted pyrazole precursors.

These imidazole based ligands are bioinspired in nature and their dicopper complexes
exhibit promising catalytic activity under mild conditions. Their chelating nature
prevents partial dissociation of ligands as witnessed in open chain systems and provides
high stability over a wide range of environments and can withstand even harsh reaction
conditions such as high basicity and acidity as well as elevated temperatures. These ad-
vantages make these systems feasable for catalysis. HL' has been reported previously 158l
and builds the basis for expanding the scope of imidazole containing side arms. HL? is a
new ligand based on the work of CASELLA,B%T with the side arms transferred from a

xylene to a pyrazolate-bridge. HL? has not been reported before.
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HL2

HL!

HL3

Figure 3.1 Pyrazolate based ligands HL'-HL? used in this work.
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3.2 Synthesis of building blocks

3.2.1 Synthesis of the pyrazole backbone

The first step in the synthesis of all herein described ligands starts with the pyrazole
backbones 3,5-bis(chloromethyl)pyrazole hydrochloride (e) and 3,5-Bis(chloromethyl)-1-
(tetrahydropyran-2-yl)-pyrazole (f). Both compounds haven been well established in the

synthesis of various ligand systems and were synthesized according to literature F681I77178]

as depicted in [Scheme 3.1l Protection of the NH unit by means of dihydropyrane (DHP)
is neccessary in some cases to prevent oligomerization through nucleophilic attack of
another pyrazole unit. Furthermore, NH-protection enables column chromatographic

workup of the protected ligand. The synthesis of f starts from commercially available

o O o O :
~Ny—  _KMno, W MeOH/HCI W LiAIH,
N-NH ko© N\ OK Meo™ "\ OMe

N—NH N—NH
TMP1 TMP2 TMP3

N—NH N—NH

\
N socl W DHP N—N

TMP4 TMPS TMP6

Scheme 3.1 Synthetic route to obtain the pyrazole building blocks e and f.

3,5-dimethylprazole (a) which is transformed in a five-step synthesis (a-e). While the
synthesis of HL! can be achieved using the unprotetcted pyrazole derivative e, which is
obtained by treating d with thionylchloride, the synthesis of HL? and HL? required the

NH to be protected in order to perform chromatographic workup.

3.2.2 Synthesis of sidearms

Bis|(1-methylimidazol-2-yl)-methyl|amine (j) was prepared in a four-step synthesis start-
ing from N-methylimidazole (g).P™18 Deprotonation in 2-position by n-BuLi and sub-
sequent treatment with DMF gave N-methyl-2-formyl-imidazole (h). Further treatment
with hydroxlamine hydrochloride afforded N-methylimidazolyl-2-oxime (i). Coupling of i
and h and subsequent hydrogenation yielded the desired sidearm j.

Introducing a longer sidechain to allow for more flexibility and bringing the metal ions
closer together was achieved by synthesizing [(1-methylbenzimidazole-2-yl)ethyljamine
(m). In a simple one-pot reaction in aqueous HCI solutio,n 3,3’-iminodipropiontrile (k)

and N-methyl-1,2-phenylene diamine (1) are fused to give the desired product m.
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Scheme 3.2 Synthesis of bis|[(1-methylimidazle-2-yl)methyl|amine (j).

|
NH
e O e e Ly

H 100°, 3d
NH,

TMP1 TMP2 TMP3

Scheme 3.3 Synthesis of bis|[(1-methylbenzimidazle-2-yl)ethyl|amine (m)

A more complex approach was neccessary in order to obtain the more shielding bis(1-

methyl-2-phenyl-4-imidazolylmethyl)amine (t) in a five-step synthesis™ 82l Coupling of

HO ,—OH
NH
el .« © NH4CI/NH4OH MnO,/THF
NH, ><o ~ N7 NH i N” "NH
( O\J\_/

HO OH
OH H
TMP1 TMP2 TMP3 TMP4

2)Mel NaHB(OAc)3

AcOH
028_/

TM P5 TMP6 TMP7

Scheme 3.4 Synthesis of Bis(1-methyl-2-phenyl-4-imidazolylmethyl)amine t.

commercially available benzamidine hydrochloride (n), diacetone dihydroxide (o) and
ammnonium chloride in concentrated ammonia solution afforded 4-hyroxymethyl-2-phenyl
imidazole (p). Subsequently, the hydroxy group was oxidized to a formyl function (q)
and the NH-function methylated (r). The obtained compound was reductively coupled to
benzyl amine to give benzyl-bis(1-methyl-2-phenyl-4-imidazolylmethyl)amine (s). Finally
the benzyl group was removed by means of hydrogenation and the desired compound (t)

was obtained.

Ph/\N N N N N
1NaH _ H, \E N—Ph| Hp PdiC_~ Ph—¢ JAH/\E S—Ph
N\ /N N\
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3.3 Synthesis of Ligands

For the synthesis of the final ligands, very similar conditions were used in all cases, as
depicted in Dry MeCN or THF was used as solvent and sodium carbonate
added as base.

For HL! the unprotected pyrazole e was used and the coupling reaction executed in MeCN
at elevated temperatures. For the synthesis of HL? and HL? the protected pyrazole f
was used and the reaction carried out in THF for the former ligand and in MeCN for
the latter. In both cases tetrabutylammonium bromide was added in catalytic amounts.
While HL! could be used directly after workup of the reaction mixture, HL? and HL?

N N
Cl/\(Y\Q MeCN or THF RZN/\(Y\NRZ

\ \
N-N + HNR; N-N
\Rl N32CO3 \Rl

Scheme 3.5 Synthetic scheme for coupling the side arms to the pyrazole backbone.

required column chromatographic workup and subsequent deprotection using ethanolic

HCI solution, in order to be obtained in sufficient purity.
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4 Bioinspired oxidation reactions of phenols catalyzed
by |[L'Cuy(MeOH)(OMe)](C104),

In this chapter, bioinspired oxidation reactions of phenols catalyzed by a pyrazolate based
compartmental dinuclear copper(IT) complex of HL! will be discussed in detail.In order to
expand the investigations of PROKOFIEVA mentioned earlier, the mechanism of action of
this dinuclear copper site will be further investigated, especially considering the involve-
ment of dioxygen and the fate of the Oy molecule involved in reoxidation of the complex.
Substrate binding motifs and substrate binding constants were investigated by means of
UV /Vis absorption, resonance Raman and EPR spectroscopy and structure determination
via X-ray crystallography. In selectively choosing specific solvents and reaction conditions
a variety of phenolic products could be isolated that can be used as building blocks in

organic synthesis.

4.1 Mechanistic studies of the oxidation of TM BB

To investigate the properties of the reaction of 1 and TMBB and compare it to TMP,
it first had to be synthesized. The synthesis was achieved by dissolving TMP in Et,O
and adding 0.6 equivalents of Ag,O, which yielded a mixture of compounds that had
to be seperated by using HPLC technique. Due to very similar retention times of
TMBB and TMSQ the product could only be isolated in small quantities and was
sometimes contained minor trace impurities of TMSQ. TMSQ is intensly coloured
(€ ~ 96000 L-cm™!-mol™!) and interferred with UV /Vis measurements. Any attempt to
reduce TMSQ to TMBB was unsuccessful.

UVv/Vis

When TMBB is added to a solution of 1 in MeCN, the rise of a LMCT band is observed
(Figure 4.1)). Tts absorption maximum is shifted by about 15 nm to 480 nm compared to
the LMCT band that occured when TMP is added to a solution of 1.

resonance Raman

In order to gain more insight into the nature of these adducts, resonance Raman (rR)
experiments were performed. Samples were prepared in 5 mm NMR tubes and frozen
in liquid nitrogen. Excitation was done at 457 nm which overlaps well with the LMCT
bands of the investigated adducts at Apax = 480 nm for 1/TMBB and A\pac = 495 nm for
1/TMP and provides a resonance enhancement of the phenolate vibrations.

Regarding the nature of the adduct, the C-O stretching frequency (v7,) and the
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Figure 4.1 Comparison of absorption maximum of 1 (MeCN, ¢ = 5-1073 M) and 15
equivalents of phenol. The absorptions maximum at 440 nm stems from TMSQ.

CorthoCumeta stretching frequency (vg,) (Figure 1.20]) contain crucial information about
the donating strength of the phenolate and its internal electronic structure. P5764165] The

V7, mode ranges from 1500 cm ™! for phenoxyl radicals with the radical delocalized in the
aromatic ring to below 1300 cm™! for C-O single bonds in phenols. The g, is found at
around 1600 cm ™! and exhibits an increasing blue shift with increasing radical character.

This effect is due to a decrease in the corresponding C-O and C-C bond length that

OH
DsC CDs

CD;

Figure 4.2 Structure of the CD3 substituted TMP-d®.

originates from the semiquinoid character of the radical. PROKOFIEVA also recorded a
spectrum of the adduct of 1 and TMP-d°. This molecule bears CDs-groups
instead of CH3 in 2-,4- and 6-position. ™8 The deuteration leads to a shift of bands,
that involve the C-H (C-D) vibrations of CH3 (CDs3) groups but leave the C-O and
Cortho—Cmeta stretching unaffected. The resulting spectra are depicted in The
U7, peak is found at 1244 cm™! as it is the only signal that is not affected by deuteration
in the area between 1200 and 1500 cm™!. The g, is found at 1615cm™! as the only

other signal not shifted upon deuteration. These two signals clearly indicate the absence
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Figure 4.3 Overlay of resonance Raman spectra in frozen MeCN of the red coloured
solutions containing 1 and TMP (black line) and TMP-d? (blue line) as recorded by
Prokofieva. 58] Signals that are not shifted are colored red.

1482

* 1449 m

1321
1209
1274\135(1 I

1000 I 1 2I50 I 1 5'00 I 1750
cm’”
Figure 4.4 Overlay of resonance Raman spectra in frozen MeCN of the red coloured
solutions containing 1 and TMBB (black line) and TMBB-d!® (blue line). Solvent signals
are denoted with an asterisk. Signals that are not shifted are colored red.

of any radical character and point towards a phenoxide bound to copper(II).

The case of the TMBB adduct (recorded in this work) is evidently more complicated.
Comparison between the spectrum of the deuterated and undeuterated adduct reveal
two unshifted signals at 1350 cm~! and 1556 cm ™" (Figure 4.4), which are assigned to the
V7, and vg, stretching frequencies respectively. Because of this relatively low values, the

presence of a copper(IT) phenoxide system is more likely than a radical species. Although
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sample preparation and measurement was done at low temperatures, contamination with

traces of TMSQ is possible. TMSQ shows a very similar resonance raman spectrum when

measured as a solid at room temperature(Figure 4.5)).

1534

1208 1268

M T T T T T
1000 1250 1500 1750
cm™

Figure 4.5 Resonance Raman spectrum of solid TMSQ.

Job plot
PROKOFIEVA found the binding stoichiometry between TMP and 1 to be 1:1 by using

the Job plot method (Figure 4.6). It was also found out that parent phenol and 1 bind
in a 2:1 ratio. 58 This difference is caused by the steric bulk of the CHg groups in 2- and

1.4

1.21

1.0

0.8~

Abs

0.6 1

0.4+

0.2 1

0.0 0.2 0.4 0.6 0.8 1.0
b

T™MP

Figure 4.6 Job plot by PROKOFIEVA to determine the binding ration between TMP and
1 (cioral = 5 - 10731), 1561

6-position of TMP that prevents binding of a second phenol.

In addition to these studies, a Job plot study was undertaken in this work to determine
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the binding stoichiometry between TMBB and 1. The maximum absorption for the
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Figure 4.7 Job plot to determine the binding stoichiometry between TMBB and 1
(Ctotal = 10_3M)'

LMCT band is found at a ratio of 1:1 of 1 and TMBB as can be seen in
In conclusion, TMBB and TMP both bind in a 1:1 stoichiometry to the dicopper(II)

complex.

Ozidation state of the catalyst after reaction with TMBB

In order to understand the reaction of TMBB and 1, both reactants were dissolved in
MeCN in a glovebox and the resulting solution was investigated with respect to the yield
of TMSQ and the oxidation state of the complex.

First, UV /Vis experiments were carried out with a constant concentration of TMBB and
varying equivalents of 1. Hence, a solution of TMBB in MeCN with a concentration of
1073mol-L~! was prepared and divided into 6 equal portions.

Subsequently, 0.25, 0.5, 1, 2, 4 and 6 equivalents of 1 were added and the resulting
solutions were stirred overnight. Afterwards, due to the high extinction coefficient of the
product, the intense yellow solutions were diluted to a concentration of 10~° mol-L ! in
a UV /Vis cuvette, sealed with a rubber septum and placed in a UV /Vis spectrometer.
As seen in [Figure 4.8| addition of four equivalents of 1 are needed to fully oxidize TMBB
to TMSQ and no further reaction occurs upon addition of more catalyst. The absorption
increases linear with respect to the amount of 1 added until a maximum is reached after
adding four equivalents.

The oxidation of TMBB to TMSQ is a four electron process and four equivalents of the
dinuclear copper(II) complex are neccessary for the reaction to be complete. Therefore,
it is very likely that each complex contributes one elctron to the process andforms a

mixed-valent copper(I)/copper(Il) species after the reaction is complete.
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Figure 4.8 UV/Vis spectra of a solution of TMBB at roo temperature (MeCN, ¢ =
1075 M) and increasing equivalents of 1.

To further investigate the assumption of a mixed valent species, EPR experiments were
carried out. An equimolar solution of 1 and TMBB in MeCN was prepared in a glovebox
and left standing over night. The solution was transferred into a Young-EPR-tube,
transferred out of the glovebox and frozen in liquid nitrogen. The EPR spectrum shows
the typical four-line pattern of an uncoupled mononuclear copper(II) complex. A dinu-
clear copper(I) complex would be EPR silent, due to the diamagnetic d'° configuration.
A dinuclear copper(II) complex would also be EPR silent at 4.2 K due to the thermal
depopulation of energeticallly higher states at low temperatures as revealed by SQUID
measurement 1% (not shown in this work). Furthermore, the resulting spectrum closely
resembles that of the product of the reaction of 1 and TMP under the same conditions
(Figure 4.9n)). To support these assumptions, PROKOFIEVA synthesized a heterometallic
dinuclear copper(IT) /zinc(IT) and measured an EPR-spectrum. Again, the resulting

spectrum exhibits the typical pattern for an isolated copper(IT)-d? ion.

Providing further evidence for the existence of the proposed mixed valent valence
localized species, it was possible to obtain crystals suitable for X-ray diffraction of this
species by layering the reaction mixture with diethyl ether in a glovebox. A dimerized
structure of the valence localized mixed valent copper(I)-copper(Il) complex was ob-
served in solid state . A slightly distorted trigonal bipyramidal coordination
environment of the two copper(II) ions (7 = 0.96) is provided by the two pyrazolate units,
the bridging nitrogen atoms of the backbone and two imidazole moieties. The distance

between the two central copper(IT) ions was determined to be 3.88 A and is by 0.46 A
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Figure 4.9 a) EPR spectrum after reaction of 1 (¢ = 1073) and 2 eq. TMP in MeCN
recorded at 9.387 GHz, 11 K. Simulation gives g =2.25 (A = 0.0153 em™ 1Y) and g, —
2.08 (A = 0.0010 cm~1) (Additional parameters: nucleus = Cu, total spin = 1/2, T =
11 K, frequency = 9.387 GHz, linewidth = 8 mT, gstrain = [0.1, 0.1, 0.01]). b) EPR
spectrum by PROKOFIEVA of a heterometallic Cu(IT)/Zn(II) complex of L! in MeCN
at 9.367 GHz and 15 K. Simulation gives g = 2.22 (A =0.0009 em~!) and g, = 2.04
(A = 0.0156 cm~1)(Additional parameters: nucleus = Cu, total spin = 1/2, T = 15 K,
linewidth = 8 mT, frequency= 9.367 GHz, gstrain= [0.05, 0.15, 0.05]).

shorter than in 1. The two copper ions diverge by 12.2° from the plane spanned by the 4
pyrazolate nitrogen atoms.. Cu-N distances from the pyrazolate to the copper ions are
1.95 A and 2.03 A compared to 1.99 A and 2.02 A in 1.

The two reduced copper(I) ions point outwards from the central unit and are threefold
coordinated by two histidine residues and an additional MeCN molecule. The geometry
is that of a slightly distorted trigonal plane. With a distance of 3.95 A the nitrogen
atom bridging the two imidazole side arms is too far away for coordination. The
Cu-N(imidazole) distances are 1.95 A and 2.00 A and therefore a little shorter than those
of copper(IT)-imidazole-nitrogen with 2.08 A and 2.10 A due to the lower coordination

number.
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Figure 4.10 EPR spectrum, recorded at 4.2 K and 9.386 GHz, of a frozen MeCN solution
(c = 1073M) after reaction of 1 and TMBB. Simulation of the spectrum gives g| =225
(A =0.0183 cm~1!) and g, = 2.05 (A = 0.0004 cm ™) (simulation parameters: nucleus =
Cu, total spin = 1/2, T = 4.2 K, frequency = 9.386 GHz, linewidth = 8 mT, gstrain =
0.1, 0.2, 0.05]).

Magnetic measurement

Magnetic coupling of the two copper(IT) ions in 2 occurs through superexchange
via the pyrazolate bridges. Therefore, the presence of two of these units should result
in an increased antiferromagnetic coupling between the central copper ions. Indeed, a
varibale temperature magnetic measurement of solid 2 revealed a coupling constant of
J = —88.0cm™! compared to J = —35.3cm™ ! in 1.

4.1.1 Kinetic investigations

To further elucidate the reaction mechanism, kinetic data of the reaction between 1 and
TMP have been collected under inert conditions by means of UV /Vis spectroscopy. For

this purpose 1 was reacted with TMP in dfferent concentrations. The solutions were pre-
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Figure 4.11 Molecular structure of the dimeric copper(I)copper(1l) species 2 together
with a partial labeling scheme; thermal displacement ellipsoids are drawn at 50 % prob-
ability. Hydrogen atoms are omitted for clarity.
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Figure 4.12 Variable temperature magnetic measurement and fit of 2.

pared in a glovebox in UV /Vis cuvettes that were sealed with a rubber septum, transferred
out of the glovebox and placed in a UV /Vis-spectrometer. The decay of the LMCT band
at 495 nm, that is indicative of the copper(II)-phenolate intermediate, was monitored. Its
disappearance is used as an indicator for the reduction of one copper (II)-ion to copper(I).

Used combinations of concentrations can be taken from [Table 4.1] |[Figure 4.13| shows a
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representative UV /Vis trace of the reaction. Prior to the decay of the LMCT band, the

0,25
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Absorbtion
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0 I 5I0 l 1(I)0

time [min]
Figure 4.13 UV /Vis time trace at 495 nm (black line) and exponential decay fit (red
line) of the reaction between 1 (c = 2-10~*M) and 20 equivalents of TMP (c = 4-1073Mm).

binding of TMP to the complex has to take place. The first 15 to 25 minutes of the time
trace represent the binding equilibrium and are not considered for the determination of
the reaction rate. After the equilibrium is reached, an exponential decay is observed. The

resulting reaction scheme is postulated as follows:
[L'Cull] + TMP = [L'Cul-TMP] — [L'Cu'Cu'"] + 1/2 TMBB

All reactions were monitored for 120 minutes. An exponential decay fit was applied after
the reaction progressed past the binding equilibrium phase and was considered to follow

a single exponential.
y = A - exp(kopst) + o

With Ay being the absorption at t = 0, ¢ the time passed, y, the offset of the y-axis and
kons the observed rate constant. The R? value for each fit was 0.999-0.998, thus good
agreement of the fit with the actual data was achieved. All experiments were run twice
and the average of both rate constants is shown in Selected combinations of
concentrations were also performed with the deuterated TMP-d® substrate.

There is no clear trend in the observed rate constant in correlation to the concentration.
Furthermore, the reaction seems to be zero order in catalyst as well as in substrate, as
neither the change in catalyst concentration nor in substrate concentration changes the
oberserved rate constant significantly. Neither the use of pseudo first order kinetics nor

the initial rate method provided any useful results. However, as data is available over
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Table 4.1 concentrations of 1 and TMP used for kinetic measurements and obtained
values for kops

c(1) [ ¢(TMP) | kops TMP [-1072571] | kops TMP-d” [[107257]
5-10~* 2.45
1-1073 2.56 2.46
2.107* [ 21073 3.53 2.06
4.1073 4.16 2.41
81073 3.38
1-1073 3.79 2.78
2-1073 3.03 2.98
410~* [ 41073 3.81 2.52
81073 2.83
16-1073 4.52
21073 3.05 2.78
4.1073 3.60 2.85
8107* | 81073 4.25 2.80
16-103 4.20
321073 4.03

the whole course of the reaction, the method of reaction progress kinetic analysis was
used to determine the reaction order.8! In this method, the momentary rate constant
is plotted against the momentary concentration of the observed species. In other words,
the derivative of the applied fit was plotted against the momentary concentration.

The neccessesary data was obtained by converting the absorption into the concentration
by the known extinction coefficient of the adduct at 495 nm of € ~1500 L-mol~'-cm~!.

Deriving the fit lead to the following equation:

r(t):i—i’:kobs - Ag - exp(kopst)

The obtained data was plotted as described above ([Figure 4.14])).

When the reaction rate is plotted against the concentration at the corresponding time of
the rate, a linear correlation is observed, as can be seen in

The following rate equation for the decay of the adduct was assumed:
r =9 = k[L'Cul]"

With & being the slope of the fit and a being the order of the reactant. Because the plot
shows a linear correlation between the reaction rate and the concentration of the adduct,
the reaction is first order in this adduct.

The same result is obtained for all investigated combinations of concentration.

kinetic 1sotope effect

When the obtained kg,¢-values for the undeuterated and the deuterated substrate are
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Figure 4.14 a) time dependent concentration profile (black line) and exponential fit (red
line). b) time dependent reaction rate of fitted data vs time
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Figure 4.15 back line) rate of collected data vs. momentary concentration red line) rate
of fitted data vs. momentary concentration.

compared, an average kinetic isotope effect of ky/p=1.3 is observed. Although this data
lies within the margin of error of 1.5-1072s™! for the single reactions and could therefore
be purely coincidental, there does seem to be a trend towards slower reaction rates for
the deuterated substrate. The reaction does not involve C-H bond breaking as the rate

determining step.

4.1.2 Reoxidation of the mixed valent copper(I)copper(II) species

by molecular dioxygen

The terminal oxidant of the oxidative C—C coupling of 2,4,6-trimethyl phenol catalyzed by

dinuclear compartmental pyrazolate bridged complex 1 is dioxygen. The final step in the

48



catalytic cycle is the reoxidation of the mixed valent copper(I)-copper(Il) intermediate
back to its initial dicopper(II) state.

Crucial information about the nature of the reaction can be gathered by determining the
whereabouts of the abstracted para-C—H proton and the fate of dioxygen involved in the
reoxidation of the mixed valent species. The possibilities for the reduced oxygen species
is either superoxide, hydrogen peroxide or water.

First, the reaction solution was tested for superoxide with nitroblue-tetrazolium chloride
(NBT), that shows a strong absorption band at 620 nm when reacted with superoxide. 184
To exclude superoxide dismutase activity of 1, UV/Vis experiments with a fixed amount
of KOy and ABTS in dry DMSO and increasing amounts of 1 were carried out prior to the
actual test. The results are depicted in Though varying in absorption, there
is no obvious influence of the presence of the catalyst on the recorded absorption and
therefore no superoxide dismutase activity of 1 is observed. If the complex was able to
disproportionate superoxide, a decrease in absorption with increasing amount of complex
would be observed.

When superoxide dismutase activity was excluded, NBT was added to the reaction mix-
ture. In the recorded UV /Vis spectra no increase in absorption at 620 nm was observed
and therefore it is unlikely for superoxide to be formed during the process of reoxidation
of the dicopper center.

After excluding superoxide as the reoxidation product, an ABTS essay was carried out to
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Figure 4.16 UV /Vis absorption at 620 nm of different solutions containing KOs in dry
DMSO and increasing concentrations of 1.

detect hydrogen peroxide. Upon reaction with HoOy, ABTS shows an absorption band
at 420 nm. I8 First, 1 was tested for catalase activity, to exclude the possibility that

evolving hydrogen peroxide is undetectable due to the respective catalytic activity of the
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complex. For this purpose, a solution containing an excess of ABTS was placed in an
UV /Vis-spectrometer and HoOo was added under stirring and the time trace at 420 nm
was recorded. In a second experiment, 1 was added prior to HyO, addition and the time
trace recorded again. The resulting spectra are depicted in The two traces
are almost identical in their time evoution and result in the same maximum absorption,
showing that there is no influence of the catalyst on the reaction of ABTS with hydrogen
peroxide and therefore no catalase activity. When ABTS was added to the reaction of
1 with TMP, no signal for oxidized ABTS was detectable by UV /Vis spectroscopy. The
absence of a band at 420 nm clearly indicates the absence of hydrogen peroxide. Since the
complex does not exhibit catalase activity, this means that there is no hydrogen peroxide

formation during the reaction.

0,10+
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0,05

. T T T T T T
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Figure 4.17 UV/Vis time trace at 420 nm of the reaction of HoO9 with ABTS in the
absence (yellow line) and presence of 1 (red line).

So far, water is the most likely product of reoxidation as there is no evidene of superoxide
or peroxide in the reaction mixture. To further investigate the involvement of dioxygen in
the reaction and its fate as the terminal oxidant, oxygen uptake of the reaction mixture in
a sealed vessel and a defined amount of dioxygen was investigated with a CLARK-electrode
setup. First, a calibration curve was obtained by flushing the reaction cell with nitrogen
and adding 2 mL of degassed MeCN and subsequently 250 uL of dried dioxygen and ref-
erencing the electrode potential to the resulting concentration in the cell. Afterwards, 1
(10 ymol) was placed in the cell as a solid, which was then flushed with nitrogen. The
complex was dissolved in degassed MeCN and an equal amount of TMP in degassd MeCN

was added to a total volume of 2 mL. Subsequently an excess of dioxygen has been added
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to the reaction vessel and the reaction was monitored for 17 hours. The experimental
setup yields the oxygen concentration over time, which was transformed into the total

amount by multiplying this concentration with the volume of the reaction vessel. The
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Figure 4.18 Time trace of amount of molecular dioxygen present in a sealed reaction
vessel containing 10 ymol of 1 and TMP dissolved in 2 mL of degassed MeCN.

total change in the amount of molecular dioxygen over time can be seen in [Figure 4.18]
After an initial equilibrium within the solution, 500 uL of dioxygen were added and ac-
cordingly a strong increase in the amount of dioxygen is observed. Over time, the amount
decreases in an exponential manner and reaches a plateau after roughly 16 hours. The
amount of dioxygen consumed totals 7.6 umol, resulting in a stoichiometry of TMP:0,
of 4:3. As mentioned earlier, the reaction of two molecules of TMP to give TMSQ is a
6e~ /6HT process, so three electrons per molecule of TMP are removed. In the end, these
electrons are taken up by the dioxygen present in the vessel. Dioxygen can take up up
to four electrons to form water in the presence of protons. Given the stoichiometry, it
is evident that the aforementioned case is the one at hand. Three molecues of dioxygen
can take up twelve electrons that are donated by 4 molecules of TMP, resulting in the
observed 4:3 stoichiometry.

While three molecules of dioxygen are reduced to water, a demand for twelve protons
arises to form six water molecules. This demand can for one part be satisfied by eight
abstracted para-C—Hjz protons of the four TMP molecules, for another part by four O—H

protons. Unfortunately, it was not possible to experimentally detect the presence of water
as of yet.
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Scheme 4.1 Stoichiometry of the oxidative para-C—C coupling and subsequent oxidation
of TMP mediated by 1.

4.1.3 Proposed reaction mechanism

Taken all the previous results into account a catalytic cycle is proposed (Figure 4.19).

1/2 H,0

Figure 4.19 Postulated catalytic cycle of the oxidation of TMP mediated by 1.

1) Binding of TMP

Coordination of a single TMP molecule to one of the copper(Il) ions of 1 was proven
by UV/Vis, resonance raman spectroscopy and x-ray christallography with a model
substrate. The coordination of TMP is indicated by an intense LMCT band at 495 nm.

2) Ozidation of TMP

When the reaction is carried out under anaerobic conditions, the colour of the mixture
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fades over time, as the reaction progresses. Since the colour arises from the aforemen-
tioned LMCT transition, a decay of this band corresponds to a subsequent formation of
the proposed mixed valent complex.

While its widely believed that the reaction occurs via a radical mechanism, there was no
spectroscopic evidence for this behaviour. However, it is possible that the intermediate
remains in a polar state and only undergoes radical coupling upon collision with another
molecule of its type. However, the observed first order kinetic for the oxidative coupling
of TMP is counterinidicating this assumption.

Nevertheless, the complex is capable of generating the very stable 2,4 6-tritertbutyl

phenol radical, while this remains the only observed radical species.

3) Formation of TMBB

The first organic product of the reaction is TMBB in 100% yield with respect to 1, as
proven by 'H-NMR spectroscopy. In the absence of dicopper(II) complex 1, TMBB is
stable as a solid and in solution under ambient conditions. Under inert conditions, the
reaction is halted at this stage and no further reaction occurs, leaving the complex in its
mixed valent copper(I)copper(Il) state as proven by EPR spectoscopy and a crystallized

dimerized Cu'Cu'l-species.

4) Reozidation of the copper(I)/copper(Il) intermediate

It was experimentally shown that the mixed valent intermediate does not generate
superoxide upon reoxidation, nor does 1 show SOD activity that would interfere with
the detection of superoxide. Hydrogen peroxide was also not detected and the complex
does not exhibit catalase activity that would result in a false negative for the presence of
hydrogen peroxide.

In dioxygen uptake experiments using a CLARK electrode setup, a stoichiometry of
oxygen:TMP of 3:4 was found, indicating the uptake of four electrons per oxygen
molecule, which results in the reduction of dioxygen to water. Together with the absence
of superoxide and hydrogen peroxide, water is the most likely product of reoxidation,
while the required protons for the formation of water stem from the oxidized substrate.

Mechanistic details of the reoxidation of the Cu!Cu!! intermediate by O, remain unknown.

5) Binding and Ozidation of TMP or TMBB

After the complex is reoxidized, it can bind either another TMP molecule or the newly
formed TMBB. If TMBB is bound, it is further oxidied in a 4e~/4H™ process mediated
by the dicopper(II) catalyst, to give the mixed valent copper(I)/copper(Il) species and
TMSQ, as was shown by means of UV/Vis and EPR spectrocopy. Job plot studies

confirm a 1:1 stoichiometry of TMBB and 1, also epxlaining the one electron oxidation
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of the complex, as only one of the two copper ions is coordinated by a substrate. TMBB
is readily oxidized to TMSQ under mild conditions which is most likely the reason, why

no intermediate product is observed.

6) Reozidation
After the reaction with TMBB, the catalyst is found again in a mixed valent copper(I)-
copper(II) state and is reoxidized to its initial dicopper(II) state by molecular dioxygen.

This final step closes the reaction cycle.

54



4.2 Functionalization of TMP in para position

Besides the C—C coupling of TMP in para-position it is also possible to catalytically
functionalize TMP in para-position. To gain access to a wider variety of products starting
from TMP, it is possible to expand the scope of reactions simply by varying the solvent in
which the transformation is carried out. Furthermore, it is possibile to selectively choose
the kind of product by choice of the reaction time, as the first product reacts further over

time.

4.2.1 Synthesis of 2,6-dimethyl-4-methylmethoxy-phenol

When the reaction of TMP and 1 is carried out in presence of methanol, 2,6-dimethyl-
4-methoxymethyl-phenol (MDP) is obtained as the main product. The reaction was
carried out under ambient conditions in a mixture of MeOH/MeCN 1/3 with 5% catalyst
loading. Determination of the product was done by filtration of the reaction mixture
through silica, removing the solvent under reduced pressure and measuring 'H- and
BC{H}-NMR spectra. The conversion was determined by comparing the integrals of
the aromatic protons of starting material and product. As can be seen in
TMP is very slowly converted into MDP with about 45 hours to convert half of the
subtsrate. While being very slow at ambient conditions, the conversion is clean and does
not generate any kind of side product in amounts detectable by 'H-NMR spectroscopy.
There seems to be a long initiation phase after which the progress is sped up. This

behaviour cannot be explained at the moment. The progress of the reaction can be sped
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Figure 4.20 Time profile of the conversion of TMP to MDP in MeCN/MeOH 3/1 under
ambient conditions.
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up by increasing the temperature but at the cost of generating unwanted side products as
well as a higher oxidized product. With this in mind, it was decided not to use elevated
temperatures for the reaction but to prefer a clean conversion at ambient temperatures.
When the reaction was carried out in the absence of oxygen, a substoichiometric amount

of MDP with respect to the catalyst was observed.

In order to determine the origin of the methoxy grop, deuterated methanol was
used for the reaction and the obtained product analyzed by 'H-NMR spectroscopy. The
complete absence of the methoxy-signals in the 'H-NMR spectrum revealed the solvent
as the source of the methoxy group. Whether this methanol is bound in the complex or
freely dissolved could not be clearified.

EPR spectra of a MeCN/MeOH-solution containing 1 and TMP were recorded at 170 K

OH
OH
1
MeCN/CD30D
?
CD;3

Scheme 4.2 Reaction scheme of TMP with deuterated methanol catalyzed by 1.

and 6 K in order to determine the oxidation state of the complex after the reaction
(Figure 2.21).

The spectrum recorded at 170 K shows a half field signal at around 152 mT and the main
signal at 310 mT with shoulders at 270 mT and 380 mT. The g; and the g, value are
both 2.14 and the corresponding A-values are 0.0320 and 0.0021 cm™! respectively. The
g-value of the half field signal is 4.33. The same values were obtained for 1. Therefore,
the observed species is most likely the unreacted dicopper(Il) complex. This observation
is in agreement with the substoichiometric yield of MDP in the absence of oxygen.

The spectrum recorded at 6 K does not exhibit a half field signal. The main signal is
found at 320 mT and exhibits a g -value of 2.07 and and A-value of 0.0018 cm~!. The
g| value was found to be 2.19 with an A-value of 0.0032 cm™"'. The unusual pattern may
be caused by a further shortening of the typical four line pattern, as observed previously.
Anyhow, the presence of a signal in agreement to that of a monouclear copper complex
indicates the presence of a mixed valent state as observed for the C—C coupling reaction,
albeit in small concentration.

In conclusion, only a fraction of 1 actually undergoes a reaction with the substrate
in the employed solvent mixture, most likely due to a shift of the binding equilibrium
towards methanol due to ist high concentration. When the complex undergoes a reaction,

it oxidizes the substrate by one electron and is reduced to the previously observed
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Figure 4.21 a) EPR spectrum of a MeCN/MeOH solution containing 1 and TMP after

stirring over night in a glovebox, recorded at 170 K and 9.429 GHz (simulation parameters:

Nucleus = Cu, Cu, total spin = 1, T = 170 K, frequency = 9.429 GHgz, linewidth = 8

mT, gy = g1 = 2.14, A = 0.0290 em~!, gstrain — [0.3, 0.05, 0.18]). b) EPR spectrum

of the same solution recorded at 6 K (simulation parameters: nucleues = Cu, total spin

=1/2, T = 6 K, frequency = 9.368 GHz, linewidth = 6 mT, gy = 2.19 g; = 2.05, A,

=0.0029 cm~! A} = 0.0027 cm~!, gstrain = [0.1, 0, 0.06]).

copper(I) /copper(II) state.

4.2.2 Synthesis of 2,6-dimethyl-4-hydroxymethyl-phenol and sub-

sequent oxidation

Another possibility is to carry out the reaction in the presence of water to obtain
2,6-dimethyl-4-hydroxymethyl phenol (HMP). The reaction was carried out in ace-
tone/MeCN /water (2/2/1) with 5% catalyst loading under ambient conditions. The
ratio between MeCN and acetone determines the rate and the purity of the conversion. A
higher amount of acetone leads to a conversion without side products but to significantly
longer reaction time. The employed solvent mxiture was determined to be the best
compromise between reaction rate and clean conversion.

A two step process is observed for the reaction under the given conditions. TMP is almost
completely transformed to HMP within the first 15 hours. When the concentrations
of TMP and HMP are roughly equal, a second product emerges. The newly generated
HMP is slowly converted to 4-hydroxy-3,5-dimethyl benzaldehyde (HDB), reaching half
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Figure 4.22 concentration profile over time of the conversion of TMP to HMP and
subsequently to HDB catalyzed by 1.

conversion after 70 hours. Again, a slow but clean conversion was preferred over a rapid
reaction with more unwanted side products.

When the reaction was carried out under inert conditions, the formation of a substoi-
chiometric amount of HMP with repsect to the catalyst was observed. HDB was not
observed.

EPR spectroscopy

The recorded spectra show similarity to the previously recorded ones for TMP and MDP.
There is a half field signal at 153 m'T’ with a g-value of 4.40 and a main signal at 313 mT
with a g, -value of 2.13 (A = 0.0293 cm™!) and a gj value of 2.08 (A = 0.0040 cm™).
The spectrum measured at 6 K was difficult to interpret due its weak intensity. The
simulation revealed a g value of 2.19 and an A-value of 0.0082 cm™'. The g, -value was
found to be 2.05 with an A-Value of 0.0015 cm™!. Although very weak in intensitiy, the
presence of a signal at 6 K shows the presence of a mixed valent copper(IT)copper(I)

species as observed before.

Origin of the OH-group

To determine the origin of the hydroxy-function introduced at the 4-methyl group of the
phenol, an experiment with *0 labeled water was carried out in dried solvents under
nitrogen atmosphere. After workup, the residue was submitted to GC-MS analysis. Tt
was found that the residue contained a mixture of unreacted TMP, mainly HMP and
also small amounts of HDB. HMP and HDB both have been found to incorporate the
180-isotope. When the 0 labeled HDB was dissolved in a mixture of MeCN and H1°O,
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Figure 4.23 a) EPR spectrum of a solution of 1 and TMP in MeCN /acetone/water after
stirring over night in a glovebox recorded at 170 K (simulation parameters: nucleus =
Cu, Cu, total spin = 1, linewidth = 8 mT, frequency = 9.429 GHz, g = 2.13, g, — 2.08,
Ay = 0.0140 em™! A} = 0.0016 cm~!, gStrain = [0.1, 0.1, 0.05]). b)EPR spectrum of
the same solution at 6 K (simulation parameters: nucleus = Cu, total spin = 1/2, T = 6
K, frequency = 9.368 GHz, linewidth = 8 mT, g = 2.19, g, = 2.05, A| = 0.0016 cm™!,
A = 0.0033 cm™ !, gStrain = [0.1, 0.05, 0.05]).

the labeling vanished due to the typical water exhcange reaction of aldehydes via a
hydrated intermediate.

A second experiment where the reaction was carried out with unlabeled water under
an 0, atmosphere showed no incorporation of the heavier isotope. Under the latter
conditions, the labeling of HDB is not a reliable indicator as aldehyde functional groups
undergo rapid oxygen exchange with surrounding water. Nevertheless, the oxygen seems

to originate from the surrounding water in the solvent mixture.

Binding constants

Binding constants for all compounds were determined using a high affinity binding
approach. " For this purpose several UV/Vis experiments monitoring the LMCT band
at the corresponding wavelength were carried out with a constant amount of 1 and
increasing amount of the phenolic substrate until saturation was reached.

The absorption maxima of the LMCT bands were determined in MeCN as a common

solvent. This was chosen to provide a comparable basis for the data. Furthermore, it
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was not possible to determine the binding constant in a solution containing methanol

or water, most likely because they are competing with the phenol for the binding site
(Figure 4.24).
The adduct with TMP shows an absorption maximum at 490 nm, with HDB at 482 and
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Figure 4.24 Binding equilibrium between TMP and MeOH. An Excess MeOH shifts the
equilibrium towards a methoxide bound to the complex.

with HMP and MDP at 479 nm, as can be seen in [Figure 4.25. The LMCT band with the

—— TMP (490 nm)
—— HDB (482 nm)
——HMP (479 nm)
—— MDP (479 nm)
0,54
2
<<
0,0 T T T T T
400 600 800
A [nm]

Figure 4.25 UV/Vis spectra of adducts of 1 and the phenols used in MeCN. ¢(1)=
5-10~* M, c(phenol) = 7.5-1073 M. black) TMP, red) HDB, blue) HMP, green) MDP.
Absorption maxima are mentioned in brackets.

highest intensity is that of the adduct of MDP and just slightly weaker is that of HMP.
Significantly lower intensity is observed for the LMCT band of the TMP adduct and even
lower that of HDB. The intensity of the bands correlates with the donating strength of
each phenolate. 80 The more electron density available for the charge transfer, the the

higher the probability of the transition, which is reflected by a higher intensity of the
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band. The lowest intensity is observed for HDB. With its electron withdrawing formyl
function (—M effect), it exhibits the lowest intensity. The adduct with TMP is higher in
intensity as the methyl group in para-position acts as an electron donating group with a
+1 effect. Higher in intensity are HMP and MDP adducts. Furthermore, a hypsochromic
shift can be observed with increasing electron withdrawing capability of the substituent
in para position. To determine the binding constants, a fixed concentration of 1 was
used and in each experiment, an increased amount of phenol was added and the reaction
followed over time, until a maximum absorption was reached. The difference in maximum
absorption (AAbs) compared to the spectrum without phenol was plotted against the
phenol concentration and fitted. ™ The results are listed in The obtained
results don’t follow an appearant rule. The binding constants of MDP and HMP were
expected to give very similar results due to their similar structure, that is also reflected
in almost identical UV /Vis absorption spectra for their copper(IT)-phenolate adducts. Tt
is also noteworthy that HDB, although the aldehyde has an electron withdrawing effect,
exhibits by far the largest binding constant.

Table 4.2 Phenol and corresponding binding constant to 1.

substrate Ky M~!

TMP 614
MDP 288
HMP 1100
HDB 1923

Molecular structure of a HDB adduct

By layering a solution of HDB and 1 in acetone with diethyl ether, it was possible
to obtain a single crystal suitable for x-ray crystallography (3) (Figure 4.27). In this
structure, the deprotonated phenol is bound to one of the copper(II) ions and serves as a
hydrogen bond acceptor towards a methanol molecule coordinated to the second copper.
The donating properties of the phenolate are known to depend on the Cu-O-C angle,
which is reflected in the corresponding C-O stretching frequency. In terms of electronics,
the angle also reflects the amount of s-orbital character of the Cu~O bond.H88! Moreover,
the ring orientation of the phenolate determines whether the in-plane or the out-of-plane
m-orbital (with respect to the aromatic ring) of the oxygen atom is involved in the bond.
Based on the findings of SOLOMON and coworkers, the energy of the LMCT changes,
depending on the orbital involved. 8%

The C-O-Cu angle in the molecular structure of 3 is 113.5°. This is just slightly below
the observed angles for mononuclear copper phenolate complexes of 117-122°. 189

The copper—copper distance in 3 measures 4.37 A and is therefore marginally elongated

compared to 4.31 A in 1. The copper—nitrogen bond lengths are essentially the same for
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Figure 4.26 High affinity binding plots to detemerine the binding constant of the different
phenols to 1.

both copper ions.
The molecular structure provides a good illustration for the binding mode of the
phenolate. Combined with the obtained resonance Raman data, the binding modes of

other phenols can be determined.

Resonance Raman Spectroscopy

Resonance Raman spectra of the adducts were recorded in MeCN at 77K (Fig]

ure 4.28). The C-O stretching frequency is known to depend on the Cu-O-C angle and is

indicative for the s-orbital character involved in the electron donation from the phenolate
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Figure 4.27 Molecular structure of HDB adduct 3, together with a partial labeling
scheme; thermal displacement ellipsoids are drawn at 50 % probability.

oxygen to the metal. B33 Al spectra look very similar and therefore, it was assumed
that all phenols bind in a similar manner.

The C-O stretching frequency (v7,) for the TMP adduct was assigned to 1252 cm™!
and the C,rno—Cheta Vsa assigned to 1611 cm™' by comparison with the spectrum of
the adduct of the deuterated TMP-d? shown earlier in this chapter (Figure 4.3)). Based
on the assignment of the Coripo—Cinera frequency of the TMP adduct to 1611 ecm™, for
HMP the band at 1610 cm™!, for MDP the band at 1611 cm™! and for HDB the band
at 1600 cm~twere assigned to the C,rinoCoete stretch. The band at 1669 cm™! for the
HDB adduct corresponds to the C=0 stretch of the aromatic aldehyde.

The C-O stretching frequency for the TMP adduct is found at 1252 cm™!. For HMP
and MDP the only band close to that of TMP is found at 1230 cm™! and 1248 cm™!
respectively. For HDB the band at 1278 cm™! was assigned to the C-O stretch.

All phenols exhibit similar UV /Vis and resonance raman spectra. Therefore, it can be
assumed, that they also exhibit very similar binding motifs and Cu-O-C-angles, when

bound to a copper ion of 1.
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Figure 4.28 a) rR spectrum of the TMP adduct; b) rR spectrum of the HMP adduct;
¢) rR spectrum of the MDP adduct; d) rR spectrum of the HDB adduct. Solvent signals
are denoted with an asterisk. Assigned bands are marked red.

4.2.3 Direct synthesis of 3,5-dimethyl-4-hydroxy benzaldehyde

In the previous chapter, a two step mechanism for synthesis of HDB with a catlytic amount
of base (stemming from the catalyst) was desribed, this section will focus on a faster,
direct way to synthesize HDB by using of two equivalents of base. Several bases have
been screened and it was found that either sodium-2,4,6-trimethyl phenolate or strong
amine bases are best suited for the reaction. Other alkoxides such as KO'Bu and weak
amine bases are not suitable for this reaction. In general, alkoxides are disfavoured and
the pKa-value of the base has to exceed that of the TMP hydroxy function (pK,(TMP)
= 10.881201)

For the reaction to proceed in the mentioned manner, 1, TMP and one equivalent of
DBU (with respect to the catalyst, pK, — 13.5 in waterm™; pK, — 24.1 in MeCNI2)
were dissolved in MeCN. With the endogenous methoxide present in the catalyst and the
additional DBU, a total of two equivalents of base are present in the reaction mixture.
After stirring over night, the solution was filtered through silica and all volatile material

was removed under reduced pressure. The main product was found to be HDB in good
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yield and purity.

Experiments with an increased amount of DBU revealed an overall beneficial effect on
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Figure 4.29 TON plotted against equivalents of TMP used.

the reaction rate as well as the purity of the product. In fact, a clean and quantitative
conversion could be achieved. For this reason, it was decided to work with equimolar
amounts of TMP and DBU. The ideal catalyst concentration was found to be about 5
mol% (Figure 4.29). Total conversion was achieved and a yield of 95 % clean product was
possible. As can be seen in [Figure 4.29] a complete conversion is reached for 20 equivalents
of substrate, while 50 equivalents (2mol% catalyst loading) result in a TON of 40 which
corresponds to a conversion of 80 %. Further decrease of catalyst concentration further
lowers the conversion rate. This is most likely due to catalyst decomposition. Regarding
the concentration of the reactants, it was found that a higher concentration is beneficial for
the reaction rate (Figure 4.30). While the reaction proceeds faster at a 2 mM concentration
in the beginning, the same conversion as the 1 mM solution is reached after two hours.
When the concentration is lowered to 0.5 mM the reaction progresses slower and about
70% conversion is reached after two hours.

Upon addition of DBU to the deep red reaction mixture, it turns intensly purple. UV /Vis
spectroscopy reveals a shift of the LMCT band from 495 nm to 522 nm along with an
increase in its intesity, indicating a higher probability of the electronic transition from the
phenolate to the copper(Il) ion ([Figure 4.31). It is assumed that the base is abstracting
a proton from the para-CHjz group of the bound phenolate and in consequence increasing
its charge, which is resultig in a higher readiness to donate electrons to the metal center.
Additionally, a small shoulder is rising at 580 nm.

Under anaerobic conditions the LMCT band, the d-d band and the one at 338 nm decay
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Figure 4.30 mol fraction (HDB) plotted against time at three different concentrations.
n(1) = 16 ymol, n(TMP) = n(DBU) = 320 ymol. red) 2mM, blue) 1mM, yellow)
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Figure 4.31 Red line) absorption of 1 and TMP in MeCN hpax = 495 nm. Black line)

absorption after addition of DBU (c(1) = 2:10=* M, ¢(TMP) = ¢(DBU) = 1073 M, Amax
= 522 nm.

over a period of about 50 minutes and result in a colourless solution. The resulting loss
of colour and the disappearace of the d-d band indicate a reduction of the dicopper(II)
complex to its dicopper(I) state. shows a UV /Vis spectrum of the starting
solution under anaerobic and 1 minute after addition of an equimolar amount of DBU.
The LMCT band disappeared, while the previously observed shoulder gains in intensity.
Another feature rises at 410 nm which is attributed to the protonated DBU. When the
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colourless solution is exposed to oxygen, the band at 580 nm gains in intensity as well as
the previously decreased band at 338 nm.
While the band at 338 nm is most likely ligand based, the band at 580 nm is of unknown
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Figure 4.32 UV/Vis spectrum of a solution containing 1, TMP and DBU. blue line)
one minute after addition of DBU. red line) after completion of the reaction. yellow

line) after opening to the atmosphere.

origin. It is no longer present after the solution was filtered through silica and therefore it
originates from the catalyst as it is removed by the filtration. A solution containing 1 and
DBU does not show this band and therefore its origin does not seem to be a deprotonated
species of the complex.

Additionally, it was found that under anaerobic conditions no formation of HDB was
observed, when the reaction solution was worked up by filtration through silica, although
the complex is reduced, as indicated by the vanishing of the d-d band.

67



EPR Spectroscopy

The oxidation state of the dicopper catalyst after the the solution lost its colour

was investigated by means of EPR-spectroscopy. The UV /Vis spectrum of the solution

under inert conditions (Figure 4.32)) already indicated a reduction of the dicopper(II)
complex to its dicopper(I) state. This assumption was confirmed by EPR spectroscopy. A
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T T T T T 1
0 2000 4000 6000
field [mT]

Figure 4.33 EPR spectrum in MeCN at 150 K recorded after the reaction of 1, TMP
and DBU.

spectrum recorded at 150 K in MeCN showed only background signals and no indication

of a copper(II) species (Figure 4.33)).

Isotope labeling experiment

Isotope labeling experiments with '80-dioxygen in dry MeCN revealed a 100 % in-

corporation of the *¥O-isotope into the final product.

Ozygen uptake erperiment

An oxygen uptake experiment was performed for the reaction. The results are depicted
in [Figre 7.3

The reaction was carried out in a sealed vessel with 2 mL MeCN solution containing
10 umol of 1, TMP and DBU. The reaction was finished after 3 hours and a total amount
of 10.2 ymol of oxygen was consumed. This results in a stoichiometry of TMP/O4 of 1/1.
From the isotope labeling study it is known, that the incorporated oxygen atom of the
product originates from dioxygen. It is further known, that the catalyst is reduced from

its initial dicopper(II) state to a dicopper(I) state. Therefore, the complex needs to
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Figure 4.34 Oxygen uptake experiment of a solution containing 10 ymol of 1, TMP and
DBU.

be oxidized by two electrons to return to its initial state. These two electrons can be
taken up by the second oxygen atom that is consumed during the reaction. The required
protons to form water with the reduced O%" species are likely to originate from the
para-CHs of TMP. During the cause of the reaction two protons are removed from this
position. One of them is taken up by the added DBU, so proton transfer from DBUH™
to the O~ species would also regenerate the base to undergo another catalytic cycle.

In conclusion, one molecule of dioxygen is consumed per catalytic cycle. One atom ends

OH OH

+ HyO

x
@]

Scheme 4.3 Reaction scheme of the conversion of TMP to HDB mediated by 1.

up in the organic product and the other one reoxidizes the complex and is reduced to
water . This is in contrast to the previous two step reaction to generate
HDB where the oxygen stemmed from the solvent, rather than dioxygen. Therefore, a
different reaction mechanism must be considered to explain the reactivity at hand. This

topic will be discussed further in Chapter 5.3.
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4.3 Polymerization of 4-bromo-2,6-dimethyl phenol

The investigated phenols in the previous sections thus far only undergo para-C-C coupling
or functionalization. In previous work, PROKOFIEVA observed that the bromo substituted
4-bromo-2,6-dimethyl phenol (DMBrP) is catalytically C-O coupled by 1 in 1,4-position
to form poly-(2,6-dimethylphenylene oxide). PROKOFIEVA found that 1 catalyzes the
nucleophilic substitution of the bromo function by another molecule of DMBrP in MeCN

to form a white precipitate. EI mass spectrometry revealed that the compound is a

1
n+l HO Br —— HO o Br
-n HBr

n

Scheme 4.4 Reaction scheme of the polymerization of 4-bromo-2,6-dimethyl phenol cat-
alyzed by 1.

polymer of 10-12 monomer units. Additionally, x-ray crystallography revealed a structure,
wherein both copper ions were coordinated by a bromide and the pyrazole was found to
be protonated, suggesting the release of HBr during the polymerization.

In this work, the reaction conditions and the work-up of the product was further optimized
and the product, as well as the mechanism investigated. It was found that addition of
a base such as sodium carbonate significantly increases the chain length of the obtained

polymer.

4.3.1 Investigation of the mechanism

Upon addition of 10 equivalents DMBrP to a solution of 1 in MeCN, a LMCT band
arises at 462 nm and a feature at 332 nm decreases within five minutes, as can be seen in
[Figure 4.35] An isosbestic point for this conversion is observed. The d-d band at around
780 nm remains unaffected. Compared to TMP, a blue shift of the LMCT band of 33 nm
is observed. The electron withdrawing bromo substituent makes an electronic transition
from the phenol to the metal less likely and therefore more energy is needed to excite the
transition.

When the reaction is carried out with 100 equivalents of DMBrP, in the same time frame
of five minutes, the reaction progresses further. The decrease of the band at 332 nm
is again observed. At the same time a new band arises at 320nm. A LMCT band
at 462 nm rises within the first minute but quickly decreases again, while a new band
at 410 nm arises (Figure 4.37). When taking a closer look at the second part of the
reaction (Figure 4.37| (inset)), after the binding period is complete, there seems to be a

clean interconversion between two species as indicated by the isosbestic point. This new
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Figure 4.35 UV/Vis spectra of a solution of 1 (¢ = 5:107* M) and 10 equivalents of
DMBrP in MeCN at room temperature; one spectrum every 30 seconds for 5 minutes.

species is most likely the previously observed bromo complex as indicated by the colour
and confirmed by ESI-mass spectrometry (Figure 4.36). Without additional base the
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Figure 4.36 Positive ESI-MS spectrum of the blue solution after reaction of 1 with
DMBrP. The peak at m/z = 354.1 was assigned to [L!CusBr|**; the one at m/z =
787.1 to L'CusBry| ™. The inset shows an enlargement of the peak at m/z =354.1 and a

simulation of the isotopic pattern for |[L!CugBr|*T.

yield of polymer, based on the weight of precipitated solid, does not increase with the
amount of substrate, which most likely is due to the inactivation of the complex by by
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Figure 4.37 UV/Vis spectra of a solution of 1 (¢ = 5:107%M) and 100 equivalents of
DMBrP in MeCN at room temperature; one spectrum every 30 seconds. Inset: 2.5-10
minutes from 300 to 600 nm.

the formed HBr.

To remove HBr from the solution, different bases have been tested and Nay,COs3; was
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(a) UV /Vis spectrum after the reacion of DM- (b) UV/Vis spectrum after the reaction with
BrP and 1 is completed additional Nay;COg is completed

Figure 4.38 UV/Vis spectra after the reaction of DMBRP and 1 under different condi-
tions.

found to be most suitable due to its limited solubility in MeCN, which makes it easy
to remove after the reaction, and its low price to keep the overall cost for obtaining the
polymer low. The UV /Vis behaviour remains the same for the beginning of the reaction
but changes drastically after the reaction is completed (Figure 4.38). In absence of base
a band at 310 nm is visible alongside a weak band at 710 nm that both correspond to the

observed complex [L!CuyBry ™.
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In the presence of NayCOj3 the band at 310 nm disappears and a shoulder at 260 nm,
a new band at 285 nm and a new intense peak at 412 nm with a shoulder at 388 nm
appear. While it was not yet possible to identify the nature of these species, ESI-MS
revealed the presence of of a bromide and a carbonate adduct. Their possible structures
are depicted in [Scheme 4.5l The carbonate and the bromide can bind to both copper

ions and are probably found in a briding situaion. However, the observed UV /Vis band

Br N=
—N — —N —
= \[(])/ ‘%/N = <~/
Scheme 4.5 Schematic representations of the expected structures observed by ESI- mass

spectrometry.

at 412 nm does not originate from either of these species, as the preparation of refer-
ence spectra with 1 and tetra butyl ammonium bromide (TBABr) and Na,COj3 as well

as tetrabutylammonium carbonate did not show this feature. Its origin remains unknown.

As for the previous substrates the binding constant of DMBrP was determined by
means of UV /Vis spectroscopy. In this case the spectra were recorded at 0°C to slow

down the reaction. The high affinity binding fit of the difference in absorption for an
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Figure 4.39 AAbs vs DMBrP concentration and high affinity binding fit. MeCN, ¢(1)=
5-107* M at 0°C.
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increasing concentration in DMBrP revealed a binding constant of 805 M~!. This lies in

the same regimen as the other investigated phenols such as TMP (688 M~ 1).

4.3.2 Analysis of the obtained polymer and mechanistic consid-

erations

To test the viability of the base assisted polymerization, different catalyst concentrations
were tried. The influence of atmsopheric and inert conditions was tested, as well as
control experiments with simple copper(II) salts were carried out. For this purpose, the
resulting polymer was isolated and analyzed by NMR, GPC, MALDI-MS and TG-DSC
measurements.

The reaction was carried out with 20, 50, 100 and 200 equivalents of monomer in MeCN
solution with an excess of NayCOj3. Isolation of the polymer was done by evaporation
to dryness under reduced pressure and subsequent extraction with THFE to remove all
phenolic material from the residue. The solubility of the polymer in THF was confirmed
beforehand. The solvent was removed again and the residue washed with MeCN to
remove remaining monomer and trace amounts of complex that may have remained in
the THF solution.

An NMR experiment was performed to determine the nature of the polymeric strucure.
The main peaks at 2.09 ppm and 6.47 ppm represent the CH3 group and the aromatic
protons of the polymer. When zooming in on the peak at 2.09 ppm, more signals with
lower intensity are found at 2.17, 2.14 and 2.04 ppm, which stem from the head and the
tail of the polymer. Around the aromatic C—H signal at 6.47 ppm are two more signals
at 6.45 and 6.36 that originate from the head and the tail of the polymer.

In conclusion, the polymer is obtained in good purity and most likely linear formed, as
there are only two 'H-NMR signals for the chain from two independent positions that

are also present in the monomer.

GPC measurement

After a first insight into the structure of the polymer by NMR spectroscopy, further
investigations by means of GPC analysis were undertaken to determine the molecular
mass of the polymer and its distribution. GPC experiments were run in THF as the
eluent at room temperature with IR detection at 254 nm. Calibration of the GPC was
performed with polystyrene. Toluene was added to each sample as an internal reference.
Each experiment was run twice. Mark-Houwink-parameter for the investigated polymer
did not exist for THF in the literature, therefore no further adjustments were made to
the obtained molecular mass distributions. The results are listed in [Table 4.3l The first

band to appear in the spectrum originates from added toluene that serves as an internal
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Figure 4.40 '"H-NMR spectrum in CDCl3 of the obtained polymer from a reaction of 50
eq. DMBrP and an excess of NapCOgs with 1 in MeCN at roomtemperature. Insets show

enlargemant of the areas aorund 2.10 and 6.46 ppm.
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Figure 4.41 Molecular mass distribution of different polymerization attempts with dif-
ferent equivalents of substrate in MeCN at roomtemperature with an excess of NagCOg,

obtained from GPC measurement.
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Table 4.3 Obtained values by GPC analysis for different equivalents of substrate.

equivalents M, M, M, PDI
DMBrP  [kg/mol| [kg/mol] [kg/mol]

20 1.65 6.08 10.4 3.68
2.92 9.53 16.7 3.26

50 1.36 6.06 12.1 4.46
1.86 8.18 16.3 4.40

100 1.86 6.02 11.2 3.24
1.36 7.50 14.8 3.51

200 2.25 8.03 13.4 3.19
1.75 8.18 15.1 4.67

references for the spectrometer. Peaks at around 220 and 480 g-mol~! most likely stem

from di- and tetramers that have not been removed by the washing process. The number

Intensity

0.5

50 eq DMBrP
Cu,L" air
Cu,L' box
CuCl,
Cu(ClO,),

Figure 4.42 Molecular mass distribution for the reaction of 50 equivalents of DMBrP
and an excess of NagCO3 with 1 under ambient and anaerobic conditions and different
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metal salts under ambient conditions, determined by GPC analysis.

average molar mass (M,) varies little in correlation to the equivalents used, while the
two runs with the same amount of substrate differ more from one run to the other. The
mass average molar mass (M) varies little for different equivalents of monomer. The
molar mass average (M,) also varies very little all in all. Therefore, an influence of the
equivalents on the reaction is negligible within the investigated range. Since different
equivalents do not influence the reaction, different conditions have been tested and

compared to simple metal salts to verify the viability of use of 1 as the polymerization

catalyst for DMBrP.

The reaction was carried out in a glovebox to investigate the influence of dioxygen and
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Table 4.4 Results of GPC analysis of the polymerization reaction with 50 equivalents of
DMBrP under different conditions.

conditions M, |kg/mol] M, |kg/mol| M, [kg/mol] PDI

atmosphere 1.86 8.18 16.3 4.40
inert 1.10 6.53 10.8 3.01
CuCl, 1.15 11.8 20.6 10.3
Cu(ClOy4), 1.46 10.2 21.4 6.99

water on the reaction. The polymer obtained under inert conditions has a smaller molar
mass, therefore a shorter chain length. The PDI of 3.51 is significantly smaller than of
the reaction under atmospheric conditions. Although the catalyst cannot be reoxidized
in the absence of dioxygen, if it was reduced during the reaction, the polymerization
reaction takes place. Therefore, it is likely that the catalyst does not change its oxidation
state during the reaction but rather acts as an initiator for the reaction, that can be of
ionic or radical nature. The influence of water was considered responsible for the lower
molecular weight and PDI.

Comparing the polymer obtained by using 1 as the catalyst and the polymer obtained
with simple copper(II) salts as the catalst shows a decrease in M, values while the PDI
value goes up.

A control experiment with only DMBrP and Nay,COj present did not undergo any

reaction.

MALDI-MS measurement

The polymer obtained after the reaction of 1 and 200 equivalents of monomer was
subjected to MALDI-MS analysis (Figure 4.43).

The spectrum shows equidistant peaks with decreasing intensity going to higher m/z
values. The peaks are 120 m/z units apart which corresponds to a 2,6-dimethyl phenol
unit of the polymer. The peak at m/z = 1402.6 was chosen for simulation. The
simulated isotopic pattern corresponds to a chain of 11 C-O connected monomer units

with a bromo substituent on one end and a hydoxy group on the other end of the chain
(ngHggOHBI‘).

Resonance Raman

A recorded resonance Raman spectrum (hey = 488.7 nm) of the adduct of DMBrP and 1
in frozen MeCN shows two strongly resonance enhanced peaks and a few weaker signals.
The resonance enhanced transition is that of the LMCT band, which means the C-O
stretch has to be involved and was assigned to the band at 1278 cm™!. The other strong
band at 1577 cm™! is too high in energy for a C—O stretch and might correspond to the

1

Cortho—Cmeta stretching frequency that is directly involved, although 1623 ¢cm™" signal
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Figure 4.43 MALDI mass spectrum of the polymer obtained after reaction with 200
equivalents of DMBrP with 1 and an excess NagCO3 in MeCN. Left inset shows enlarge-
ment of the region between m/z = 3000 and 5000. Right inset shows enlargemant and
simulation of a chain of 11 C-O connected units (CggHggO11Br).
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Figure 4.44 Resonance Raman spectrum of the adduct of DMBrP and 1 in frozen MeCN
solution. Solvent signals are marked with an asterisk.
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would also fit, as it closer to the one observed for TMP (1615 em™).
With the C-O stretch at 1278 cm™! the nature of the transition seems to be a

copper(IT)<—phenolate transition as observed in all previous cases.

EPR measurement
The polymerization reaction of DMBrP catalyzed by 1 was run in a glovebox with and
without additional base. After the reaction was completed, the solutions were transferred

into EPR Young-tubes and frozen in liquid nitrogen until they were measured. The two

simulation
simulation
g=2.108
g=2.096 Y,
experiment ,

experiment

0 200 400 600 0 200 400 600
field [mT] field [mT]

(a) EPR spectrum after the reacion of DMBrP and 1  (b) EPR spectrum after the reaction with ad-

is completed (simulation parameters: Nucleus = Cu, ditional NasCOj3 is completed. (simulation pa-

Cu, total spin = 1, frequency = 9.430 GHz, linewidth rameters: Nucleus = Cu, Cu, total spin = 1,

=8mT, gy = g1 =21, A =0.0136 em™!, gStrain  frequency = 9.432 GHz, linewidth = 8 mT, g

= [0.1, 0.1, 0.05]). — g1 —2.108, A = 0.0123 cm ™!, gStrain = [0.1,
0.1, 0.05]).

Figure 4.45 EPR spectra after the reaction of DMBRP and 1 in MeCN at 160 K under
different conditions.

spectra recorded at 160 K do not exhibit any significant difference. They both show a
broad signal at 320 mT with a g-value of around 2.1. A similar g-value was observed for
other dicopper complexes of HL!. Due to its broadness and a g-value deviating from 2.0
this signal does not seem to be of organic nature, but rather the unoxidized dicopper(IT)
species, although the half field signal typical for the complex is not seen in the spectrum
indicating a S = 1/2 system due to the loss of antiferromagnetic coupling between the

copper(II) ions. A mixed valent copper(I)/copper(Il) species, localized on the EPR time
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scale, showed a four-line pattern typical for a mononuclear copper(Il) complex. The A
values obtained by simulating the spectra are (0.0004 cm1—1 for the sample containing
Nay,CO3 and 0.0020 cm1—1 for the sample without additional base.

An EPR spectrum (not shown) measured during the reaction looks exactly like the
ones measured after the reaction. So, there does not seem to be any involvement
of a radical species or reduction of the complex. So it is likely that the reaction
proceeds via an ionic pathway with the complex simply enabling nucleophilic substi-
tution of a bound bromo phenol, as hinted at by the liberation of HBr during the reaction.

TG-DSC measurement
The TG-DSC measurement of the polymer obtained after the reaction of DMBrP with

1 and an excess of NayCO3 in MeCN, was carried out under nitrogen atmosphere in an

open Al,O3 vessel. The TG measurement reveals a thermal stability up to 450 °C before
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Figure 4.46 Combined TG and DSC spectra of the obtained 2,6-dimethyl polyphenylene
oxide.

thermal decomposition.
From 50 to 220 °C a constant decrease in heatflow is observed until a local minimum

is reached at 220 °C that is attributed to the melting of the polymer. The literature
reported melting point is found at a slightly higher value of 265 °C. Until 410 °C a
stronger decrease and a local maximum at 450 °C is observed when the sample starts to
decompose.

Literature values for the glass transition temperature are around 210 °C.H%l A glass

transition is not observed in the spectrum at hand.
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In conclusion, it was possible to run the polymerization of 4-bromo-2,6-dimethylphenol
catalytically with 1 as the catalyst and to gain insight into the polymerization mechanism.
The obtained polymer shows a molecular weight that lies one order of magnitude below
industrial values. The PDI of around 4 is higher than for industrial processes that reach
a value of 2. Nevertheless the polymer can still be useful for purposes where a higher
PDI is required.

A control experiment with simple metal salts as the catalyst revealed that they are also

able to catalayze the reaction but yield an even broader molecular mass distribution.

4.3.3 Conclusion

The mechanism behind the catalytic oxidative para-C-C coupling of TMP was further
elucidated. It was possible to determine the oxidation states of all species involved in
the process via EPR and UV/Vis spectroscopy and the fate of the Oy mlecule involved
in the reoxidation of the mixed valent complex species was determined by oxygen uptake
experiments. Furthermore, it was possible to expand the reactivity to catalytic function-
alization of the para-CHjz group of TMP mediated by 1 to give HMP, MDP or HDB
depending on the solvent an the reaction condictions. Binding stoichiometries, binding
modes and binding constants were determined by means of UV/VIs and resonance Ra-
man spectroscopy. Addtionally the reaction conditions for the polymerization of DMBrP
through C-O coupling catalyzed by 1 were optimized and the obtained polymer was char-
acterized by means of 'H-NMR spectroscopy, Gel permeation chromatography as well as

thermogravimetric analysis.
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5 Structure and Reactivity of L2Cul’(NO3); and
L>*CulOTf

The compartmental binucleating ligand HL? is based on the L66 ligand synthesized by
CASELLA and was expected to form complexes of similar structure and reactivity. 76l
S.GHOSH synthesized the corresponding dicopper(II) and dicopper(I) complexes and
started preliminary spectroscopic studies, as well as their reactivity with sodium 2,4,6-

trimethylphenolate.

5.1 Spectroscopic properties of dicopper complexes of HL?

GHOSH carried out first attemps to synthesize a dicopper(Il) complex of HL? in MeCN
with one equivalent of KO'Bu and two equivalents Cu' (OTf),.

451.2 I
AINA
/ | )I | ‘/‘ ¥ ‘ [
446 448 450 452 454 456
experiment
||
J/\ i
1.
\“ ‘
IRy
1051.3 A
RN
446 448 450 452 454 456
simulation
I T Il\“nllnlltl'. I‘\l"ul . ‘I r ]
200 400 600 800 1000 1200 1400

m/z

Figure 5.1 Positive ESI-MS spectrum of [L2Cu}!OH](OTf), in MeCN. The inset shows
enlargement of the peak at m/z = 451.2 and the simulated pattern of [L2CullOH]?*.

GHOSH first confirmed its formation formation by ESI mass spectrometry (Figure 5.1)).

The ESI mass spectrum shows two major peaks, which both belong to a dicopper species.
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The peak at m/z = 451.2 corresponds to [LZCuy(OH)|*" and the one at m/z = 1051 is
the singly charged species with an additional triflate ion, [L2Cuy(OH)(OTT)] ™.

For the purpose of purification and crystallization it was beneficial to change to
Cu’(NO3), - 3 HyO as the source of copper. GHOSH achieved crystallization by slow
diffusion of diethyl ether into a solution of [L2Cull(NO3)]|(NO3) in MeCN to give green,
block shaped crystals. Two structures relevant to this work were obtained. The first one
is depicted in with nitrate anions coordinated to the two copper ions and the
second structure with an internal water /hydroxide bridge.

In the molecular structure of 4, the two copper ions are each five-fold coordinated in a
distorted square pyramidal fashion. Four nitrogen donors from the ligand framework and
two oxygen donors from a coordinating nitrate make up the coordination environment.
Since nitrates are weakly coordinating, they will likely be substituted by coordinating

solvent molecules in solution, enabling the complex to bind a substrate.

Figure 5.2 View along the z-axis of the molecular structure of [L2Cub(NO3)s](NO3)
(4). Thermal displacement ellipsoids are drawn at 50%. Anions and hydrogen atoms are
omitted for clarity

The copper—copper distance measures 4.19 A with the two atoms diverging each by
around 11° from the plane of the pyrazole ring. The copper—copper distance in structure
5 measures 4.36 A and is slightly longer compared to 4 but the same as in 1. The distance
of the oxygen atoms measures 2.49 A with an O-H-O angle of 151.7° compared to 2.41 A
and 170.6° in 1.

Since only the crystallization of [L2Cul(NO3)|(NO3) was reproducible, further investi-
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gations were carried out with this complex.

Figure 5.3 Molecular structure of [L2Cull (H,0)(OH)](NO3)2 (5). Thermal displacement
ellipsoids are drawn at 50%. Anions and hydrogen atoms are omitted for clarity.

UV /Vis spectroscopy
UV /Vis spectroscopic analysis of 4 showed a typical spectrum for a copper(Il)-amine com-
plex. There is a strong absorption below 400 nm without a clear maximum, caused by n-t*

transistions of the ligand framework and LMCT transitions involving [L?]~. Futhermore,

a broad d - d band at 670 nm is visible (Figure 5.4]).
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Figure 5.4 UV/Vis spectrum of [L2Cu(NO3)2](NO3) (¢ = 1073M) in MeCN at room
temperature.

Magnetic measurement
A variable temperature magnetic measurement from 2 to 300 K of 4 revealed a strong
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antiferromagnetic coupling between two S = 1/2 systems, with a coupling constant of

J= —28 cm™!, which is lower than that of 1 with a coupling constant of J= —35cm™!

(Figure 5.5)).

T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T
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Figure 5.5 x,,, T vs T measurement from 2 K to 300 K (circles) and fit (red line) of 4,
suggestive of aniferromagnetic coupling between two S = 1/2 systems.

EPR Spectroscopy
Furthermore, EPR spectroscopy of 4 performed in frozen MeCN glass at 150 K revealed
a single broad signal at 320 mT that corresponds to a g-value of 2.15 (Figure 5.6|), that

was also observed for 1.

5.1.1 Synthesis of the dicopper(I)complex

The dicopper(I) complex was synthesized in a glovebox by deprotonation of the precursor
HL? and subsequent addition of two equivalents of copper(I) triflate. [L2Cu}]OTf (6) was
investigated by NMR, spectroscopy and ESI mass spectrometry.

EST mass spectrometry revealed the formation of one major species , namely
[L2Cul]* (m/z = 883.3). The second peak at m/z = 443.2 was assigned to the same
species with an additional proton, [L?CuiH|?* . NMR signals at 8.44, 7.35, 7.16 and 6.95
ppm were assigned to the aromatic protons of the benzimidazole ring (Figure 5.8). All
signals exhibit well resolved coupling patterns and show an equivalency in solution of all
four benzimidazole sidearms. The single proton resonating at 5.83 ppm corresponds to
the hydrogen on the pyrazole. The backbone CH, groups can be found at 3.68 ppm and
the CHy groups of the side arms at 2.95 and 2.87 ppm.
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Figure 5.6 EPR spectrum of 4 in MeCN recorded at 150 K and 9.430 GHz. Simulation
gives a g-value of 2.15 and an A-value of 0.0040 cm~! (additional parameters: nucleus =
Cu, Cu, total spin = 1, T = 150 K, linewidth = 8 mT, frequency= 9.430 GHz, gstrain =
[0.2, 0.1, 0.05]).
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Figure 5.7 ESI-MS spectrum of [L2Cul]OTf in MeCN solution. Major peaks were
assigned to the main compound. Inset shows enlargement of the peak at m/z = 883.3

and coresponding simulation of [L2Cu}] ™.
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Figure 5.8 'H NMR spectrum of [L2Cu]OTf in CD3CN at —30 °C.
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5.2 Reactivity of the dicopper complexes of HL?

5.2.1 Reactivity of [L?Cul]OTf with dioxygen

When 6 was dissolved in dry, degassed EtCN at —80 °C and exposed to dry dioxygen
a transient signal at 560 nm, along with a small shoulder at 650 nm characteristic for a
trans-peroxo intermediate and a new band at 800 nm assigned to a d-d transition were
observed ([Figure 5.9). After 30 seconds, the band disappeard and a new band at 645 nm
appeared along with a colour change from light purple to green, indicating an oxidation
of the copper(I) ions to copper(II). Due to its short lifespan of only a few seconds at —80

°C, the reactive intermediate was not studied further.
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Figure 5.9 UV /Vis spectra of the reaction of L?CulOTf with dioxygen in EtCN at —80
°C.

5.2.2 Reactivity of [L?Cul'(NO;),](NO;) with sodium 2,4,6-
trimethyl phenolate

Lacking the endogenous base present in 1, an alternative method to bind a phenolate
to the dicopper center was pursued by prior deprotonation of the employed substrate,
2,4,6-trimethyl phenol. The synthesis was carried out by dissolving TMP in dry THF and
adding an equimolar amount of sodium hydride. The clear colourless to slightly purple
solution was stirred until gas evolution ceased and was subsequently filtered, evaporated
to dryness and the product washed with MeCN. However, storage and use of the solid
sodium phenolate proved to be challenging, because of its strong hygroscopicity. Upon

contact of the white solid with atmospheric water, it turned into a sticky, green-purple
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coloured paste and therefore was stored in a glovebox. NMR spectroscopic investigations
indicated a pure compound with 0.5 equivalents of MeCN remaining. Where neccessary,

the phenolate was prepared in situ.

5.2.3 Reactivity of [L?Cul!(NO;),](NO;) with one equivalent of
NaTMP

Similar to the reaction of 1 with TMP, 4 was first tested for its reactivity with one
equivalent of NaTMP. In contrast to the reaction with 1, no LMCT band was observed in
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Figure 5.10 UV/Vis spectra of 4 (¢ = 1073 M) (blue) and 4 (¢ = 1073 M) and one
equivalent of NaTMP (black) in MeCN.

the UV /Vis spectrum in the region around 495 nm (Figure 5.10), when one equivalent of
NaTMP was added. At 410 nm a shoulder arises that was assigned to a LMCT transition
of the ligand framework. The complex shows an absorption at 700 nm, typical for a orbital
forbidden d-d transition. When the reaction mixture is left under anerobic conditions the
d-d band is shifted to 685 nm and its intensity reduced by half, indicating a reduction of
half of the copper(II) ions to copper(I) and most likely the presence of a mixed valence
species as observed before for the reaction of 1 and TMP.

EPR measurement of this solution indeed showed a signal typical for a mononuclear
copper(II) complex (Figure 5.11)). From the simulation values of g, = 2.06 (A= 8 MHz)
and g = 2.25 (A = 440 MHz) were obtained. This result is consistent with the previously
observed behaviour of 1 and TMP under anaerobic conditions.

The product of the reaction was analyzed by 'H-NMR and GC-MS analsysis and, just
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Figure 5.11 EPR spectrum and simulated spectrum of a solution containing 4 and one
equivalent of NaTMP in MeCN at 160 K (simulation parameters: nuleus = Cu, total spin
= 1/2, linewidth = 8 mT, frequency = 9.430 GHz, g|=2.25, g1 =2.06, A=0.0142 em ™!,
A1 =0.0013 cm™?, gstrain = [0.05, 0.1, 0.05]).

as in the case of 1, was found to be TMBB under anerobic and TMS(Q under aerobic

conditions.

Reactivity of [L2Cul'(NO;),](NO3) with two equivalents of NaTMP

When two equivalents of base were added to the reaction of TMP and 1, the reaction
pathway changed and the reaction afforded 4-hydroxy-3,5-dimethyl benzaldehyde (HDB)
as the only product. In this section, the reaction of 4 and two equivalents of NaTMP
will be investigated.

Upon addition of the second equivalent NaTMP, a LMCT band arose at 480 nm
(Figure 5.12)). Under anaerobic conditions, this band as well as the d-d band decreases
within a few minutes at room temperature, along with the appearace of a small sharp
band at 580 nm. This band most likely originates from the complex. Filtration of the

solution through silica, which only leaves organic compounds, resulted in a disappearance
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of the band.
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Figure 5.12 UV/Vis spectra of a solution of 4 (MeCN, ¢ = 1073M) and two equivalents
of NaTMP warmed from —20°C to +20°C.

The red coloured MeCN solution obtained after adding two equivalents of NaTMP was
immediately frozen in liquid nitrogen to prevent a reaction and a resonance Raman
spectrum was recorded at 77 K . The spectrum is very similar to that of the
adduct of 1 and TMP. The C-O stretch (v;) was assigned to the band at 1317 cm™! and
the Corinto—Cumeta Stretch (vg) to the band at 1610 cm™!. Although the v, frequency at
1317 cm™1 is a bit higher in energy compared to the adduct of TMP and 1, observed at
1257 cm™!, it still lies in the region of a copper bound phenoxide. ™ Further resonance

enhanced features were observed at 1044 cm™!, 1559 cm™!, 1557 cm ™! and 1572 cm ™!,

After the UV /Vis features vanished under anaerobic conditions, another EPR spectrum
of the solution was measured. The observed spectrum (Figure 5.14) indicates the
complete reduction of the complex to a dicopper(I) state, but still shows some weak
signals, the sharp signal likely originates from an organic radical due to its g-value of
2.00. When the reaction mixture is exposed to dioxygen, the LMCT band reappears,
along with a strong increase in the sharp band at 580 nm (Figure 5.15|). The same band
at 580 nm was observed, when 1, TMP and a second equivalent of base was reacted in
MeCN. Its origin remains unknown.

After the reaction was worked up by filtration through silica, the product was found to

be 4-hydroxy-3,5-dimethylbenzaldehyde (HDB), as observed for the previous reaction
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Figure 5.13 Resonance Raman spectrum of 4 and two equivalents of NaTMP in frozen
MeCN.
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Figure 5.14 EPR spectrum of 4 after the reaction with 2 equivalents of NaTMP in
MeCN at 160 K under anaerobic conditions.

with 1. When the reaction is carried out under aerobic conditions, a yield of up to 95 %
HDB is possible with 3 mol% of 4 in MeCN. Carrying out the reaction under an *Q,

atmosphere, 100% incorporation of 0, was observed.

Reozidation of the dicopper(I) species
After the origin of the incorporated oxygen was determined, an oxygen uptake experiment
in a sealed vessel containing 1.86 umol of 4 and 3.70 umol of NaTMP dissolved in 2
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Figure 5.15 UV/Vis spectra after dioxygen exposure of the reaction of 4 with two
equivalents of NaTMP in MeCN.

mL MeCN was performed with a CLARK-electrode setup. The resulting time trace is
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Figure 5.16 Time trace of dioxygen conten in a sealed reaction vessel as determined by
a CLARK-electrode.

depicted in The reaction was finished after 5 hours and the oxygen content
reached a plateau after 3.4 umol of dioxygen were consumed. This suggests a one-to-one
stoichiometric ratio of TMP/Oy. One molecule of Oy can take up up to four electrons,
which means one atom can take up two electrons. One oxygen atom is incorporated into

the product and reduced to a —II state and the other atom is needed to reoxidize the
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dicopper(IT) complex. Therefore, the second oxygen atom is reduced to water, with the
two neccessary protons coming from the substrate’s para-CHj group. One of the two is
abstracted after oxygen incorporation and the other is recovered from the base (NaTMP)

to enable another catalytic cycle.

In conclusion, the reactivity of the catalyst with TMP and two equivalents of base
are the same in the case of 4 and 1. Both give 4-hydroxy-3,5-dimethylbenzaldehyde
as the only product and in both cases the source of the incorporated oxygen is aerial
dioxygen. An experiment with 1 and two equivalents of NaTMP also gave HDB as the
only product. Similar results were observed for the reaction of 4 with TMP and two
equivalents of DBU.

A control experiment with CuCl, and different bases in methanol always yielded
complicated mixtures of products, including TMBB, TMSQ, MDB, the benzaldehyde

and other non-identified compounds.

Kinetic investigations

To gain insight into the mechanism of this reaction, the decay of the LMCT band
was monitored over time and evaluated using the method of reaction progress kinetic
analysis. Figure shows the decay of the LMCT band over time. The decay was
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(a) UV/Vis spectra of a solution of 4 (¢ = (b) Time trace of the absorption at 465 nm.

1073 M) and 2 equivalents of NaTMP at 0°C.
A spectrum was recorded every two minutes.

Figure 5.17 UV /Vis spectra of the decay of the LMCT band and time trace at 465 nm.

fitted exponentially and the obtained values used to calculate the derivative that was
plotted against time . In order to obtain the reaction order, the reaction rate is
plotted against the momentary concentration of the intermediate. The slope represents
the k-value and the concentration of the intermediate (assumed to be the adduct of

phenol and catalyst [P-S]) is factored in corresponding to its reaction order (termed a):
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squares) and exponential decay fit (red line)

Figure 5.18 Kinetic evaluation of the decay of the LMCT band at 465 nm.

y=k-[P-5]"

The plot yields a straight line (Figure 5.19|), which indicates a first order kinetic, because

the rate exhibits a linear dependence on concentration of the intermediate. The k-value

and was determined to be 0.081 min~!.
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Figure 5.19 black line) reaction rate of collected data versus momentary absorption. red
line) fitted reaction rate vs momentary absorption

The same process was used for the reaction with TMP-d® . As expected
the reaction is also first order for TMP-d?. The rate constant k..,s was determined to
be 0.0259 min~'. This results in a kinetic isotope effect (KIE) of ky,p = 3.1, which
indicates a primary KIE with direct involvement of the C—H/D bond. Secondary kinetic

isotope effects on the pKa of the O-H bond in similar compounds were found to be
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Figure 5.20 Evaluation of the reaction progress kinetics.

around 1.02 to 1.05.14 A KIE of of 5.6 was observed for the para-C-H deprotonation
in a tautomerization reaction of an ortho-quinone to the corresponding para-quinone
methide. B3l A kinetic isotope effect of hybridization from sp® to sp? lies in the range of
1.2 to 1.4. 196097

An interpretation of the witnessed KIE of 3.1 is difficult, because there is no data available
for a direct comparison. Nevertheless, it points towards a primary KIE in the formation

of a quinone methide, when compared to the mentioned tautomerization.
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5.3 Nature of the intermediate

For reactions that involve a two-electron oxidation of ortho- or para-substituted phenols
a quinone methide intermediate has been proposed. (Quinone methides are highly
polarized compounds that are difficult to observe and sometimes only proposed as
reactive intermediates. 98209 Pgrg-quinone methides are known to be key intermediates

R10] They owe their instability

in the biosynthesis of natural polymers lignin and melanin.
to their zwitterionic nature (Figure 5.21).

Several groups have succeeded in stabilizing these reactive compounds through transition

o
o) o)
HsC CHj HsC CHs
B, S
CH; CH;
®

Figure 5.21 Representation of the zwitterionic nature of para-quinone methides.

211215

metal coordination. Due to their reactive nature, characterization of these

intermediates is difficult and only few reference NMR and UV /Vis-spectra exist in the
literature. [216-219]

As mentioned before, they are often characterized by their reactivity. Ortho-quinone
methides serve as synthetic precoursers with a reactivity similar to «, S-unsaturated
ketones. 220 Their reactivity includes a variety of cycloadditions like the inter- and in-
tramolecular Diels-Alder reaction, 22222 [4+1] cyclo additions,P™! nucleophilic addition
to the methide carbon! and rearrangement reactions.22%

Para-quinone methides act as Michael acceptors and undergo 1,6-conjugate addition or
annulation. 223223

While there have been reports of the direct synthesis of aldehdes from methyl substituted

28] {here are no studies that

phenols, and some propose a quinone methide intermediate,
further elucidate the mechanism of the reaction. Other working groups were monitoring
the amount of quinone methide in their reaction mixture by means of mass spectrometry

coupled to GC ana]ysishl203,227j

A first attempt to grasp the nature of the intermediate was made by ESI mass
spectrometry. 'The reaction mixture of 1, TMP and DBU as well as the reaction
mixture of 4 and two equivalents of NaTMP were analyzed to detect possible quinone
methide intermediates. A spectrum measured by GHOSH is depicted in
A possible 2,6-dimethyl-quinone methide intermediate bound to the dicopper complex,
[L2Cuy(OCeH )|, was found at m/z = 1017.4 though the peak intensity is very low.

98



‘ I
|
883.3 ‘ \
™ ¥ | »\
L
821 4 \ A [ \\ r’ “\k',{‘ ““\ /j WA /F\\/ oy
9554 1016 1018 1020 1022 1024
/ experimental
| ;\
-
1089.5 (BRI
\ H \H\ H \“‘ h
1017.4 [N
) AN IVIVAUIN I
|' ‘ l L | 1 i le“ d 10:6 1018 Sin::);(t)ion 1022 1024
400 600 800 1000 1200
m/z

Figure 5.22 ESI mass spectrum of the reaction solution of 4 and 2 equivalents of
NaTMP in MeCN measured under inert conditions. Inset shows enlargemnt and sim-
ulation of a postulated quinone methide bound to the dinuclear copper(I) complex
([L2Cuz(OCoH1o)] ).

The low intensity of the peak for this intermediate can be explained either by the
rapid dissociation of the generated methide from the reduced metal complex or its high
reactivity. The main peak of the spectrum corresponds to the dicopper(I) complex found
at m/z = 883.3 (|[L?Cua]™). The second most intense peak at m/z = 821.4 corresponds
to a demetallated monocopper(I) species (|[L?Cu+H]|') that is always observed for the
dicopper(I) species and most likely is a result of the ionisation in the spectrometer. A
peak at m/z = 955.4 was assigned to a protonated monocopper(I) species, with a bound
quinone methide [L2Cu(OCgHjo)|". Due to its charge, no other species can be assigned
to this peak. The peak at m/z = 1089.5 could not be unambigiuosly identified but fits to
a simulation of the protonated mononuclear copper(I) complex with a para-C-O coupled
diphenoquinone methide.

An ESI mass spectrum of the reaction mixture of 1, TMP and DBU in MeCN is
depicted in . At m/z = 761.2 an analogous species that was assigned to the
quinone methide bound to the dicopper(I) complex was found ( (|[L'Cuy(OCoHyo)]"). A
protonated species with one copper less was found at m/z = 699.3 ([L'Cu(OCyHyo)H|™).
Futhermore the dicopper(I) species ([L!Cuy|™) was found at m/z = 627.2 and the
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Figure 5.23 ESI mass spectrum of the reaction solution of 1 and 2 equivalents of
NaTMP in MeCN measured under inert conditions. Inset shows enlargemnt and sim-
ulation of a postulated quinone methide bound to the dinucler copper(I) complex
([L'Cuz(OCoH1p)]H).

protonated moncopper(I) species ([L'Cu-+H|") at m/z = at 565.3 as the major peak.

In conclusion, in ESI mass spectra, peaks were found that fit to a possible quinone
methide intermedate. Because of the small difference of m/z = 1 between a phenolate and
a quinone methide bound to the respective complex, further investigation is neccessary
to clarify the nature of the intermediate.

To characterize the intermediate further, NMR spectra of the reaction mixtures
under inert conditions and independently generated quinone methides were recorded.

Because reference data was only available in CCl; as solvent, CDCl; was chosen to
first characterize the para-quinone methide gerenated from 2,4,6-trimethyl phenol. it
was synthesized in situ with Ag,O in chloroform.B®25] The reaction was carried out

in CDCl3 with a substoichiometric amount to prevent overoxidation. The resulting

spectrum is shown in [Figure 5.24

Peaks that belong to TMP are denoted as such along with the chemical shift in the
spectrum and are found at 2.22 ppm, 4.45 ppm and 6.79 ppm. New signals are found
at 1.58, 2.01, 5.75 and 6.99 ppm. There are two other possible oxidation products of
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Figure 5.24 'H-NMR spectrum of the reaction mixture containing TMP and AgsO in
CDCl3

this reaction. Radical reactions and decay of the quinone methide intermediate lead to
the formation of TMBB and TMSQ. However, their NMR signals are found at different
shifts than the newly found peaks and are therefore not present in the solution. While
the peak at 1.58 ppm coud not be explained, the remaining signals fit well to a possible
quinone methide. The peak found at 2.01 ppm corresponds to the ortho-CHjz groups
with an integral of 6. A peak found at 5.57 ppm with an integal of 2.00 fits well to the
methide CH, group. The aromatic protons with an integral of 2.00 could be found at
6.99 ppm. Literature values for the reaction in CCly are 1.90 ppm for the CH3 groups,
5.49 ppm for the methide protons and 6.76 ppm for the aromatic protons and are in good
agreement with the values obtained in CDCls. 218 These shifts will be used as a reference

for comparing NMR data with those of the reaction solutions that will be investigated.

When the reaction is carried out in CD3CN, shifts are a little different compared
to CDCl3 but assignment of the signals was possible nevertheless. A NMR spectrum of
the reaction of TMP and AgyO in CD3;CN is depicted in [Figure 5.25 Signals for TMP
are found at 2.14, 2.16, 5.81 and 6.74ppm. Traces of TMBB are also present. Its signals
are found at 2.67 and 6.79 ppm. The remaining expected signals for TMBB at 2.12, 2.15
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Figure 5.25 'H-NMR spectrum of the reaction mixture containing TMP and AgsO in
CD3CN. Inset shows an enlargement of the area around 2.15 ppm.

and 6.79 ppm are not visible due to an overlap with stronger signals of different origin.
Signals found at 2.18, 5.86 and 7.11 ppm were assigned to the p-quinone methide species.
The CHj3 group at 2.18 ppm has an unusually high integral and probably overlaps with
another signal. The signal at 5.86 with an integral of 2 falls within the range of the
methide protons. A peak at 7.11 ppm for the aromatic protons with an integral of 2 was
assigned to the protons in meta position of the ring. All those signal are in the same

range as those observed in CDCl3 and CCly and will be used as reference.

A 'H-NMR spectrum of the reaction mixture of 4 and two equivalents of NaTMP,
measured by GHOSH, is depicted in Comparing the assigned methide peak
to the pyrazole proton in the dicopper(I) complex shows an almost identical shift for
both protons, which could make assignment difficult.

Assignment of the complex and TMP signals was achieved by comparison with previous
spectra. There are two new signals in the aromatic region at 6.83 and 7.04 ppm and
three new signals in the region of the CHj3 groups at 2.17, 2.19 and 2.22 ppm. Due to
their relative integral of to one-to-two, the signals at 2.19 and 2.22 ppm were assigned to

another TMP species; possibly the sodium phenolate. The assignment of the remaining
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Figure 5.26 'H-NMR spectrum of 4 and two equivalents of NaTMP in CD3CN under
inert conditions.

signals could not be done unambigiously. Further 3C-NMR measurements as well as
two-dimensional spectra of the mixture could prove useful in determining the residing

species.

Reactivity of quinone methides

The reactivity of para-quinone methides is that of Michael acceptors undergoing
1,6-conjugate addition. This addition requires a nucleophile to attack the methide
carbon. In the present case, the added atom stems from aerial dioxygen that does not
act as a nucleophile. REEDIJK and coworkers observed formation of HDB from trimethyl
phenol in a two step mechanism." First one nucleophile (in most cases an alcohol)
added to the para-CHy group. Then another nucleophile attacked the same position
leading to an acetale function in para-position, that was immediately hydrolyzed to yield
the benzaldehyde and liberate the two nucleophiles. Other groups witnessed the same
behaviour. 151228229 1{g15 proposed a radical mechanism for the reaction of dioxygen
with a para-methyl radical with the interaction of a metal ion binding the dioxygen
and a resulting benzaldehyde and a metal hydroxide. 23 This scenario does not seem to

apply in the present case, as no radical was observed at any point during the reaction.
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J1 and coworkers investigated the oxidation of para-substituted phenols in presence of
Cu(OAc), and found '®O-incoporation. 228 The incorporation was explained by reduction
of molecular oxygen to water by the copper salt and incorporation of the newly formed
18OH, into the product.

This explanation might be valid also in the case at hand. From experiment it is known,
that dioxygen is reduced to water by the dicopper complex. The reduction at the metal
center in proximity to the oxidized substrate might lead to a direct reaction with the
newly formed water/hydroxide. An experiment with H}*O under anaerobic conditions

might help to validate or falsify this assumption.

Concluding remarks

In this chapter the synthesis and characterization of dicopper(II) and dicopper(I) com-
plexes of HL? was described. The dicopper(T) complex 6 was tested for direct activation
of dioxygen and a shortlived intermediate was observable by UV /Vis spectroscopy.

The dicopper(II) complex 4 was investigated towards it ability to catalitically oxidize
TMP and was found to catalyze the para C-C coupling to give TMBB under anaerobic
and TMSQ under aerobic conditions when one equivalent of NaTMP was added (as a
base). When two equivalents of NaTMP were added to 4 in MeCN, HDB was formed
catalytically with a yield of up to 95%. Kinetic aspects and the mechanism behind the
transformation of TMP to HDB by 4 were investigated by means of UV /Vis, resonance
Raman, EPR and NMR spectroscopy and ESI mass spectrometry as well as an oxygen
uptake experiment. A quinone methide species was discussed as the possible intermediate

in the process of forming HDB.
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6 Structure and reactivity of dicopper complexes of
HL3

In the design of this ligand, the orientation of the imidazoles was changed from a con-
nection of the 2-position to the backbone, to a connection of the 4-position, with the
2-position now bearing a phenyl group that is pointing outwards. These phenyl rings
were anticipated to shield the active site and create a well defined environment around

the active center to direct reactivity and prevent side reactions.

6.1 Synthesis and characterization of dicopper(1I) complexes of
HL3

The synthesis of the dicopper(IT) complex was achieved by deprotonation of HL?
with KO'Bu in MeOH and subsequent addition of two equivalents of Cu(NO3)s-3H,0O
(Scheme 6.1). Purification was done by dissolution of the complex in MeCN and slow

N . (NO3)2
N N/ —N= \(N/\ o '//\
7 _N N7 = N—
~ D @ NP
z /
NWN Cu(NO3); A /C“\NA

/\H N—NH S/\ MeOH —N7 X NN —
—N -

=N N EN\
Scheme 6.1 Schematic representation of the complex synthesis

diffusion of Et,O. After standing for 2-3 days, a green precipitate formed and was isolated
for further studies. Crystallisation attempts were mostly unsuccessful with a variety of
combinations of solvents, counterions and additives for cocrystallization, such as acetate,
benzoic acid or other aromatic compounds. Nevertheless, a structure was obtained and
will be discussed later in this section.

An ESI mass spectrum in MeCN shows various dicopper(Il) species with different
counterions (Figure 6.1). The main peak at m/z = 488.1 could be assigned to
[L3Cuy(HCOO)|*T. Formic acid was added by the service department as a source of
protons. Other The peak at m/z = 503.1 was assigned to |L3Cuy((OH)H,CCOO,)]*T.
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Figure 6.1 ESI mass spectrum of a solution of 7 in MeCN. Inset shows enlargement of
the main peak at m/z = 488.1 and simulation of [L3Cuz(HCOO)]?*. The formate ion
stems from formic acid added by the service department.

A UV/Vis absorption spectrum of L3Cul!(NOj); (7) is depicted in [Figure 6.2, A
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Figure 6.2 UV/Vis spectrum of L3Cu}(NO3)3 (7) ( MeCN, ¢ = 1073 ™ at 20 °C.)

strong absorption feature below 430 nm is observed. This band was assigned to ligand

based w-7* transitions. A broad band is found at 900 nm with a shoulder at 730 nm.
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Both were assigned to d-d transitions due to their low intensity and broadness.

A single crystal suitable for x-ray diffraction was obtained after leaving the crys-
tallization mixture standing for severals weeks at room temperature (Figure 6.3).

Cu(ClOy)y - 6HO was used as the copper source, therefore perchlorates were found to

Figure 6.3 Molecular structure of the cation of 8 together with a partial labeling scheme;
thermal displacement ellipsoids are drawn at 50 % probability. Hydrogen atoms and
counterions have been omitted for clarity. Left) View along the z-achses. Right) View
along the x/y achses.

be the counterions of the complex. The origin of the acetate found in the structure is
unknown as it was not added intentionally. Any attempts to recreate the crystallization
with deliberate addition of acetate failed.

The molecular structure revealed a box like arrangement of the phenyl rings of the
imidazole sidearms. The desired shielding of the binding site was thus achieved. The
copper ions are found 4.16 A apart. Each copper ion is five-fold coordinated in a highly
distorted trigonal bipyramidal fashion (t= 0.66). They each diverge by 15.3° from the
plane of the pyrazolate. The copper—copper distance is 4.16 A.

6.2 Synthesis, characterization and reactivity of a dicopper(I)

complex of HL?

The synthesis of the dicopper(I) complex proceeds via deprotonation of the ligand HL?
with a strong alkoxide base like KO'Bu in MeCN with subsequent addition of two
equivalents of [Cu(MeCN),)JOTf to give the desired compound L*CulOTf (9).

ESI mass spectrometry revealed the existence of the target complex [L3Cug|™
lure 6.4). The main peak at m/z = 466.3 could be assigned to [M+H|?*, while the [M]*

species is found at m/z=931.3.

Recorded NMR, spectra were of little help to investigate the complex because spectra
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Figure 6.4 ESI mass spectrum of a solution of [L3Cul]OTf (9) in MeCN measured from
a glovebox. Inset shows enlargement of the peak at m/z = 466.3 and simulation of
[L3CUQ+H]2+.

of the diamagnetic dicopper(I) complex 9, as well as for the additionally synthesized
[L3Cu}|BF,, recorded in MeCN and acetone at temperatures between —30°C and
+70°C, only gave broad and overlapping signals that revealed no relevant information
about the complex. A possible explanation of this behaviour is pronounced flexibility

and dynamic behaviour of the complex in solution.

6.3 Reactivity with O,

To investigate the possibility of oxygen activation by the dinuclear copper(I) complex
9, UV/Vis experiments were carried out. 9 was dissolved in dry EtCN in a glovebox,
transferred into a UV/Vis cuvette with a screw cap and septum and transferred out
of the glovebox into a spectrometer, where it was cooled to —70°C. When the desired
temperature was reached, dry dioxygen was bubbled through the solution with a syringe.
At this temperature, no change in the absorption spectrum was observed .
To investigate a possible reaction at higher temperatures, the temperature was elevated

gradually. No change was observed until —20°C were reached. At this point the
dicopper(I) complex was oxidized to a dicopper(II) complex (Figure 6.5). This behaviour
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Figure 6.5 black) UV /Vis spectrum of L3CulOTf (¢ = 5-1073M) in the presence of

O3 in acetone at —70°C. green) UV /Vis spectrum of the oxidized complex at —20°C in
acetone.

was also observed for [L®Cuy|BF, and for both complexes also in acetone and MeCN
solution. In conclusion, it was not possible to trap an intermediate that would be

indicative of direct activation of dioxygen by a dinuclear copper(I) complex of HL3.

An alternative route for generating ta putative dicopper(Il)-peroxo complex, that
is usually obtained by reaction of a dicopper(I) complex with dioxygen, is a reverse
approach, wherein the dicopper(II) complex is treated with a peroxide. However, when
the dicopper(II) complex was treated with hydrogen peroxide at —30 °C, no change was
evident in the UV /Vis spectrum. The absence of reactivity also persisted when the
temperature was elevated to ambient level. The same behaviour was witnessed for other

peroxides, such as tert-butylhydroperoxide.

6.4 Reactivity with Sulfur

The dicopper(I) and dicopper(IT) complex of HL? have been tested for reaction with
elemental sulfur. Unfortunately, however, neither the copper(Il) nor the copper(I)

complex showed any change in their UV /Vis absorption spectrum, when Sg dissolved in
Et,0O was added.

In the same manner as before, the reverse approach of adding sulfide to the di-
copper(II) complex was used to potentially generate the desired sulfide complex. Lithium

sulfide was chosen as a substrate due to its good solubility in MeCN. UV /Vis experiments
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were carried out in MeCN starting from —35°C. Upon addition of one equivalent of
lithium sulfide, a band at 400 nm rises (Figure 6.6). The d-d band at 690 nm does not
shift. When the temperature is increased stepwise to 15 °C no significant change in the

spectrum is observed. When two equivalents of sulfide are present, at —70 °C only subtle
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Figure 6.6 UV/Vis spectra of 7 (c = 5-107* M) and LisS(c = 5-107% M) in MeCN at
increasing temperatures starting from —35 °C.
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Figure 6.7 UV /vis spectra of 7 (¢ = 5-107% M) and LiyS(c = 1-1073M) in propionitrile
at increasing temperatures starting from —70°C.

changes are visible (Figure 6.7). A band at 400 nm rises slightly and the band at 316
nm decreases a bit. Upon further waming of the solution to —50 °C the band at 400 nm

is more pronounced due to a larger decrease of the band at 316 nm. The d-d at 690 nm
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band does not shift during the process. Also further warming to —30 °C does not alter
the spectrum. Only a baseline shift is observed. When the solution reaches a threshold
of about 10 °C the colour of the solution vanishes along with the spectroscopic features
of the dicopper(II) species. This indicates the reduction of the complex to its dicopper(I)
state.

shows the change in absorption in MeCN at 10 °C with increasing addition
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Figure 6.8 UV/Vis spectra of 7 (MeCN, ¢ = 5- 1074 M) and increasing equivalents of
LisS.

of equivalents. The already known band at 400 nm is again present and increases with
further addition of lithium sulfide; the d-d band at 620 nm remains unaffected.

In conclusion, there is not enough evidence for the formation of a new species, es-

pecially because there is no shift of the d-d band and therefore no change in the

coordination environment of the metal.
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6.5 Reactivity with NO

In the literature, very few examples of copper-NO species exist, although their synthesis
follows simple procedures. 23237 In this light, different NO-donors have been tried to

react with the dicopper(I) and the copper(IT) complexes.

Ph3SCNO was first tried as an easy to handle NO source. It will not release NO
spontaneously but only in a redox reaction with copper(Il).23 However, no such
reaction took place and both compounds remained unaltered in the solution as UV /Vis

spectroscopy indicated.

Secondly, NOBF,, a moisture sensitive white solid, strong oxidant and NO™' donor
did show a result upon reaction with the dicopper(I) species (Figure 6.9). There are

L’Cu' +
2
0084 1eq NOBF, —— 4 eq NOBF,
0.8 ——2eqNOBF, —— 5eqNOBF,

3 eq NOBF, 5eq NOBF, + O,

Abs

I T T T I
400 600 800
A [nm]

Figure 6.9 UV/Vis spectra of L3CubOTf in MeCN (¢ = 5- 1074 M) with increasing
equivalents of NOBFy4.

significant changes around 310 and 400 nm that follow no obvious pattern. A clearer
indication of a reaction is the rise of a previously absent d-d band at 640 nm. The
dicopper(IT) complex shows a d-d absorption feature at 690 nm, so this band is likely to
originate from a newly generated species. Further addition of NOBF, led to an increase
in the absorption of the d-d band until three equivalents were added. Adiition of more
NOBF, did not change the spectrum significantly. Furthermore, opening the sealed
vessel to the atmosphere does not have any influence on the absorption spectrum.

Solution IR spectra of [L3Cul]OTf in MeCN and one equivalent of NOBF, are shown in
Figure 6.10 There is no evidental change in the spectrum after addition of NOBF, and

no expected NO stretching frequency has been observed.
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Figure 6.10 IR spectra of different solutions of 9 and NOBF .

ESI-MS analysis showed only peaks with isotopic pattern characteristic for mononuclear
copper species, indicating the decomposition of the complex due to the high oxidation
potential of NOBF .

In conclusion, the addition of NOBF,4 to 9 does not lead to the formation of the desired

NO species but to decompostion of the complex.

A further alternative is the direct reaction of the copper complex with gaseous
NO. Experiments have been carried out with the copper(I) as well as the copper(IT)
complex. The respective solutions were prepared in a glovebox in a schlenk-flask.
Gaseous NO was taken from a special apparatus with a dry ice/acetone cooling trap to
remove other NO, species. The colorless gas was taken from the apparatus via syringe
through a septum and added to the solution of the dicopper complex through a septum.
UV /Vis spectra have been recorded at room temperature in MeCN. The copper(II)
complex did not show any change in absorption, when gaseous NO was added. The

dicopper(I) complex on the other hand underwent visible change, as can be seen in
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Figure 6.11 ESI mass spectrum of a solution of 9 and NOBF4 in MeCN. Mainly mononu-
clear copper species were observed.
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Figure 6.12 UV /Vis spectra of 9 (¢ = 10=% M) with gaseous NO and oxygen in MeCN.

When the dicopper(I) complex is exposed to gaseous NO, a new band at 388 nm rises,
along with a d-d band at 675 nm that shows a small shoulder at 875 nm. When this
species is exposed to dry dioxygen, the band at 388 nm decreases and the d-d band shifts
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to 735 nm. The dicopper(II) complex shows d-dFF features at 734 nm and 875 nm. Since
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Figure 6.13 UV/Vis spectra of 9 (¢ = 10~% M) with gaseous NO and oxygen in MeCN

the spectroscopic properties for all species are different, the presence of two different NO-
complexes can be assumed in the presence and absence of dioxygen.

IR spectroscopy was chosen in the next step as it is a powerful tool for the identification
of pronounced stretching bands like the NO stretch that can be found between 1500 cm ™1
and 1800 cm . [232239230) Solution IR spectroscopy of a solution containing 9 and gaseous
NO in MeCN revealed the presence of two new bands at 1088 and 1339 cm™!
compared to the spectrum of 9 (6.10a)). These are too low in energy for a N-O stretching
frequency. Also, a shift of the band at 1582cm™! present in the spectrum of 9 is shifted
to 1618 cm~! but could not be assigned.

KARLIN and coworkers very recently observed the formation of NyOZ2™ when exposing
[Cu (tmpa)(MeCN)|* to gaseous NO.2H! The stretching frequencies for transition metal
stabilized N,O3~ are found around 1250 - 1390 em~* (1392 ecm ™! in aqueous solution) for
the N=N stretch and 1050 - 1150 cm~! for the N-O stretch. #2245 Therefore, the bands
found at 1088 and 1339 cm™! after reaction of 9 with gaseous NO fall well within the
window of a N-O and N=N stretch of N,O3".

When the solution was evaporated to dryness and a solid state IR was recorded ,
these two band are no longer present and the band at 1618 cm™! is shifted back to
1580 cm™!. This indicates the reversibility of a possible N,O, binding process. To further

investigate the assumed NyOs-species, an ESI mass spectrum was measured of the solu-
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Figure 6.14 IR spectra of different solutions of 9 and gaseous NO

tion of 9 and gaseous NO in MeCN. The resulting spectrum is depicted in
The main peak at m/z = 488.3 was assigned to [L3Cuy(NO,)|*". Tt cannot be excluded
that the NO, species stems from reaction of NO, or the initial intermediate resulting from
9 and NO with dioxygen. Because of its +2 charge, the copper ions could be assigned an
oxidation state of +II with a negatively charged NOy-ion and one negative charge from
the pyrazolate. Another species was found at m/z= 495.2. Assignment of a hyponitrite
bound to the complex ([L*Cuz(N2O2)|") would lead to a m/z of 495.64 that is half a
m/z unit too high. Also, this species would have a charge of +1; 2— from the N,Oy and
1— from the pyrazolate and +4 from two copper(Il) ions. The addition of a proton to
rationalize the charge of +2 would lead to a m/z value of 496.14 ((|L3Cuy(N,O9)-+H]?T)
that is one m/z value too large for a doubly charged species and two mass units for a
singly charged species. Therefore, the observed species in the mass spectrum is unlikely
to be a hyponitrite bound to the complex.

Another possible explanation is the exchange of the pyrazole 4-H in the spectrometer.

The pyrazole 4-H is known to be acidic and therefore exchangable for other functions.
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The simulation of a species with one proton exchanged for NO (m/z = 495.1) is close to
the measured value of m/z = 495.2. This would also explain the charge of +2. However,
the low resolution of the ESI-spectrum does not permit assumptions based on such small

mass differences. In conclusion, it was possible to generate a new species when L3CulOTf
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Figure 6.15 ESI mass spectrum of a solution of 9 and gaseous NO in acteonitrile. Inset
shows enlargement and simulation of [L3Cus(NO)o)]?*.

was reacted with gaseous NO under inert conditions. UV /Vis spectroscopy indicates the
formation of a new species, which was confirmed by IR spetroscopy. An IR spectrum of
the solution of 9 and gaseous NO in MeCN showed two new peaks at 1088 and 1339 cm ™!
that would fit to a hyponitrite species. A UV/Vis spectrum of 9 and gaseous NO in
MeCN showed a new band at 675 nm with a small shoulder at 875 nm that coincide well
with a spectrum of the copper/hyponitrite species (675 and 870 nm) observed by KAR-
LIN and coworkers. Unfortunately, EST mass spectrometry provided no evidence for the

assumption of a copper bound hyponitrite species.

6.5.1 Reactivity with sodium phenolate

The dicopper(IT) complex was tested for phenol oxidation capabilities similar to those
observed for 1 and 4 by means of UV /Vis spectroscopy. As the complex hosts no endoge-

nous base, sodium 2,4,6-trimethyl phenolate was prepared in situ and added to a MeCN
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solution of 7.

The reactions with one and two equivalents of TMP were run over night and the solution
filtered through silica to remove the complex. The solvent was removed and the residue
submitted for 'H-NMR analysis. The resulting spectra did not show significant differences
and both indicated the presence of a mixture of many compounds.

Because a mixture of products and no clean conversion was observed, this aspect was not

investigated further.

6.5.2 Conclusion

Complexes of copper(I) and copper(IT) of the new ligand HL? were synthesized and char-
acterized succesfully. The oxidative coupling of NaTMP turned out to result in a mixture
of compounds rather than a clean conversion. Copper(II) complexes of HL? were re-
acted with different peroxides, sulfide and Ph3CSNO but showed no reactivity with these
substrates. The reactivity of the copper(I) complexes with molecular oxygen, elemental
sulfur and NO was investigated. However, no reactive intermediate for oxygen and sulfur
was observed. A possible hyponitrite/copper(II) species was observed by UV /Vis and IR
spectroscopy. However, it was not possible to verify the existece of the assumed species

by ESI mass spectrometry.
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7 Conclusion & Outlook

In the presented work, dicopper(I) and dicopper(IT) complexes of four different compart-
mental pyrazolate bridged dinucleating ligands were prepared, fully characterized and
investigated towards their capabilities to catalytically oxidize and functionalize phenolic
substrates. The scope of bioinspired ligand systems bearing imidazole sidearms was
expanded from the previously reported HL! by two additional systems with HL? and
HL2.

The mechanism of the para-C-C coupling of 2.4,6-trimethylphenol to form TMBB
and its subsequent oxidation to TMSQ catalyzed by 1 was elucidated by various
spectroscopic methods. Furthermore, an intermediate mixed valent copper(I)-copper(II)
species of the catalyst was isolated and structurally characterized.

The reaction conditions for the functionalization of TMP in para-position were optimized,
the time trace of these reactions recorded and the mechanism as well as the involved

catalyst species further investigated.

It was shown that for reactions catalyzed by the dicopper systems of HL! and
HL? involving TMP, dioxygen is required as the terminal oxidant. The required amount
of dioxygen per turnover was determined and thereby the fate of the oxygen molecule

involved in the reoxidation of the reduced catalyst.

The polymerization reaction of 4-bromo-2,6-dimethyl phenol catalyzed by 1 was
optimized, the mechanism was elucidated and the obatined polymer was fully character-

ized.

The direct synthesis of 4-hydroxy-3,5-dimethylbenzaldehyde was investigated and
the involvement of a quinone methide intermediate discussed.

All these studies have shown the potential of bioinspired copper complexes bearing
imidazole sidearms, based on biorelevant pyrazole ligands, to act as catalysts in various
reactions involving the oxidation of phenols. Moreover, this work presents mechanistic
insight, on the unusual oxidative C-C coupling of TMP to yield TMSQ as well as the
functionalization of TMP in para-position. These results will undoubtedly provide a
significant background for the future advancement of studies on bioinspired phenol

oxidation reactions.
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8 Experimental section

8.1 General considerations

The synthesis of building blocks, ligands or complexes that are sensitive to air or
moisture was carried out employing the standard Schlenk technique or in an nitrogen
filled glovebox. All glassware that was used has been dried at 120 °C overnight prior
to use. Pirfication and drying of solvents was done according to established procedures.
Prior to use, they were distilled and subsequently degassed by bubbling them with argon.
Deuterium substituted solvents were first dried and then distilled the same way as their
unsubstituted analogues. [Cu(MeCN)y|" salts were synthesized from copper(I)oxide
and the corresponding acids according to literature procedure.2#! All other chemicals
were purchased from Merck, Sigma Aldrich, aber or VWR and used without further
purification.

3,5-bis(hydroxymethyl)pyrazole ™ and bis((1-methyl imidazolyl)-methyl)amine ™ were

synthesized according to literature procedure.

NMR spectroscopy

'H and BC{'H} NMR spectra were recorded on Bruker Avance 500 MHz or 300 MHz
spectrometers. Chemical shifts are reported in ppm relative to residual proton signals of
the solvents (CDCl3 = 7.26 ppm, CD3CN =1.94 ppm, CD30D = 3.31 ppm, DMSO-d° =
2.50 ppm ).

Mass spectrometry
Low resolution ESI mass spectra under inert conditions were recorded on a Bruker (HCT
Ultra) spectrometer coupled to a glovebox. MALDI-MS spectra were recorded on a

Bruker Daltonics spectrometer.

UV /Vis spectroscopy

UV /vis spectra, recorded at ambient temperature, were measured with a Cary 5000 Bio
spectrophotometer using quartz cuvettes that were sealed by a rubber septum. Low
temperature UV-vis spectra were either recorded with a Varian Cary 50 Bioinstrument
coupled to a quartz immersion probe (1 mm, Hellma Analytics), or on an Agilent Cary
60 equipped with an Unisoku Cryostat (CoolSpek) and magnetic stirrer using quartz

cuvettes with attached tube and screw cap with septum.

Magnetic measurements
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Temperature-dependent magnetic susceptibility measurements were carried out using a
Quantum-Design MPMS XL-5 SQUID magnetometer equipped with a 5T magnet with
a variable temperature ranging from 300 K to 2 K. The polycrystalline sample was placed
in a capsule (made of gelatin), if necessary covered with polyfluorinated oil, and placed in
a non-magnetic sample holder. Correction for the diamagnetic contribution of the gelatin
capsule was applied to the raw data according to M%?(capsule) = g - m - H, with a
gram susceptibility of the gelatin capsule, that was determined experimentally. Data of
molar susceptibility was corrected for the diamagnetic contribution using the increment
method according to Haberditzl as well as the Pascal constants. The experimental data
was simulated with full matrix diagonalization of exchange coupling using the julX
program (E. Bill, Max-Planck Institute for Chemical Energy Conversion, Miilheim/Ruhr,
Germany, 2008). The influence of temperature independent paramagnetism (71P) as
well as paramagnetic impurity (PI) were considered according to:

Xecaled = X - (1 = PI) + xmono- PI + TIP

The coupling constant Jyp was obtained by using the Heisenberg-Dirac-vanVleck (HDvV)
Hamiltonian

Hyupw = —2Ja - Sa - Sp

Resonance Raman spectroscopy

A LabRAM HR Vis (400-1100 nm) with an open-electrode CCD detector was used
to record Resonance Raman spectra. An Ar" ion laser with a wavelength of 488.7
nm, was chosen because it coincides with the intense absorption transition of the
copper(II)-phenolate species. Measurement of solids was carried out at room tempera-

ture. Measurements in frozen solution were carried out in liquid nitrogen.

EPR spectroscopy

EPR measurements were performed on a Bruker ELEXSYS E 500 continuous wave
spectrometer (CW EPR) using X-band radiation. Cooling was provided using either
liquid nitrogen or liquid helium. Spectrum simulation with easyspin afforded the

calculated Spin Hamiltonian parameters. 247

Ozygen Uptake FEzperiments

Oxygen uptake experiments were performed in a self-made glass reactor (each V =
16.5 mL) whose temperature was controlled at 25 °C. To monitor the increasing oxygen
concentration, a Clark oxygen sensor (UNISENSE, Ox-N sensor and Oxy-meter) was
placed in the gas phase of the reactor. The oxygen sensor had to be calibrated prior to
the experiment. Therefore, 2 mL of degassed MeCN were added and defined amounts of
dioxygen were added to the degassed reactor. The complex was added to the degassed
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reactor in 1.5 mLL MeCN. When the dioxygen value measured in the reactor was stable,
the substrate was added in 0.5 mL. MeCN to the reactor.

Binding constants

Binding constants of phenolates to the corresponding dicopper complex were determined
using an equation for a high affinity binding equilibrium derived from enzyme kinetics. 156l
A 1:1 binding ratio of complex (|C|) and substrate (|S|) was assumed and the following
equation was fitted to a plot of the absorbtion difference (AA) of the unsubstituted
complex.

[S]+[Cl == [C5]

AA = e = {K([Clo + [Slo) + 1 — /K2(Clo — [S]o)? + 2k(Clo + [So) + 1}

A A, is the absorbance change at saturation, [Cly the initial complex concentration, [S]o
the total substrate concentration ([S] + [CS]) and K the equilibrium constant.

X-Ray Crystallography

Data for x-ray structure determination were collected on a STOE IPDS II diffractometer
equipped with an area detector (graphite monochromated MO-Ka radiation, A=0.710 73
A) employing w scans at 133 K. Solving of structures was done by using direct methods
and refined against F 2 using all reflections with SHELX-2013.[172] Unless stated oth-
erwise, anisotropic refinement was used for non-hydrogen atoms. Hydrogen atoms were
positioned in calculated coordinates and assigned to an isotropic displacement parameter
of 1.2/1.5 Ueq(C) or 1.5 Ueq. Corrections for face-indexed absorption was performed by
use of X-RED (STOE & CIE GmbH, Darmstadt, Germany, 2002). Additional details on

crystal data and refinement can be found in the Appendix.

8.2 Synthesis of bulding blocks and Ligands

8.2.1 Synthesis of 3,5-Bis(chloromethyl)-1-(tetrahydropyran-2-
yl)-pyrazole

3,5-Bis(chloromethyl)pyrazole

The synthesis was carried out according to literature procedure. 178l

The product was obtained as colourless crystalline material.

yield: 4.35 g, 21.6 mmol, 89 %.

'"H NMR (300 MHz, DMSO d°): ¢ (ppm) = 4.72 (s, 4 H, CH,), 6.39 (s, 1 H, CHpz),
7.94 (s, 2 H, NH).

BC{'H} NMR (75 MHz, DMSO d°): ¢ (ppm) = 37.3 (CHy), 105.1 (4-CHpz), 144.1
(3,5-Cpz).
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3,5-Bis(chloromethyl)-1-(tetrahydropyran-2-yl)-pyrazole

3,5-Bis(chloromethyl)pyrazole hydrochloride (2.000 g, 8.18 mmol) was suspended in DCM
(25 mL) and 3,4-dihydro-2H-pyrane (2.75mL, 30.4 mmol) was added. The resulting
solution was stirred at room temperature for 1 d and subsequently hydrolyzed by addition
of sodium carbonate in water (1.5 M, 30 mL). The organic phase was separated and dried
over MgSOy. Volatile components were removed in vacuo and petroleum ether was added
to the residue. The precipitate was recrystallized from DCM and hexane which gave the
product as colourless needles.

yield: 1.56 g, 6.26 mmol, 76 %.

'H NMR. (300 MHz, CDCls): § (ppm) = 1.60-1.78 (m, 3 H, CH,*, CH,"), 2.00-2.15
(m, 2 H, CH,* ,CH,"), 2.33-2.48 (m, 1 H,CH,*), 3.66-3.75 (m, 1 H, CH,%), 4.02-4.08
(m, 1 H, CH,%), 4.59 (2, 2 H, CICH,?), 4.67 (s, 1 H, CICH,?), 4.70 (s, 1 H, CICH,?),
5.47 (dd, 3J = 9.6, 2.6Hz, 1 H, CH-2), 6.42 (s, 1 H, CH*).

8.2.2 Synthesis of bis(2-(1-methylbenzimidazolyl)ethyl)amine

The synthesis was carried out according to literature procedure. 24 Instead of N-methyl-
ortho-phenylene diamine, its dihydrochloride salt was used.

yield:1.067 g , 3.2 mmol, 25 %.

'"H NMR (300 MHz, CDCl3): § (ppm) — 2,44 (sp, NH, 1H), 3.27 (t, J = 6.4 Hz,
NCH,CH,, 4H), 3.27 (t, J = 6.4 Hz, NCH,, 4H), 3.71 (s, CH3, 6H), 7.20-7.32 (m, Ar-H,
6H), 7.56-7.62 (m, Ar-H, 2H).

BC{!H} NMR (75 MHz, CDCl3): § (ppm) = 27.3 NCH,CH,, 29.8 (NCHj3), 46.8
(NCH,), 109.2 (Ar-C), 119.3 (Ar-C), 122.1 (Ar-C), 122.4 (Ar-C), 135.8 /5-Ci™), 142.4
(4-Cm), 153.1 (2-C'm).

8.2.3 Synthesis of Bis(1-methyl-2-phenyl-4-

imidazolylmethyl)amine

(2-Phenyl- 1 H-imidazol-4-yl)methanol

The synthesis is based on a modified literature procedure. 249

Benzamidine hydrochloride (10.168 g, 64.9 mmol), dihydroxy aceton dimer (11.697 g,
64.9 mmol) and ammonium chloride (13.553 g, 253.3 mmol) were dissolved in ammonium
hydroxide solution (25 %) and heated to 80°C for 30 min. The mixture was let cool
down and stored at 4 °C over night. The precipitate was filtered off, washed with diluted

ammonia solution and dried in vacuo.The product was obtained as an off white solid.
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yield: 6.228 g, 35.8 mmol 55 %.

'H NMR (300 MHz, DMSO-d®): & (ppm) = 4.44 (s, CHy, 2H), 5.01 (s, OH, 1H), 6.98
(s, T1-5, 1M), 7.23-7.35 (m, Ar-I1, 111, 7.37-7.48 (m, Ar-11, 211), 7.87-7.99 (m, Ar-IL, 211),
12.44 (s, NH, 1H)

BC{'H} NMR (75 MHz, DMSO d°): § (ppm) = 55.8 (CH,OH), 124.7 (Ar-CH), 127.8,
128.7, 128.9, 130.9 (2-C).

2-Phenyl-1H-imidazole-4-carbaldehyde

2-Phenyl-1H-imidazol-4-yl)methanol (6.200 g, 35.6 mmol) was dissolved in THF and
MnO, (30.943 g, 356 mmol) was added. The mixture was heated to 80 °C for 3 h and let
cool to remtemperature. The mixture was filtered through celite and the solvent removed
in vacuo. The product was obtained as a yellow-orange solid.

yield: 5.510 g, 32.0 mmol, 90 %.

'H NMR (300 MHz, DMSO-d®): § (ppm) =7.34-7.66 (m, Ar-H, 3H), 7.99-8.09 (m,
Ar-H, 2H), 8.11 (s,5-H, 1H), 9.76 (s, C(O)H, 1H), 13.44 (s}, NH, 1H).

BC{!H} NMR (75 MHz, DMSO df): § (ppm) = 125.5, 125.8, 127.5, 128.2 128.9, 129.4,
131,.2, 184.8 (CHO).

1-Methyl-2-phenyl-4-formylimidazole

The synthesis is based on a modified literature procedure. 181

To a suspension of NaH (1.279 g, 32.0 mmol) in dry THF (80 mL) 2-Phenyl-1H-imidazole-
4-carbaldehyde (5.500 g, 32.0 mmol) was added in portions. When gas evolution ceased,
Mel (5.450 g, 38.4mmol) was added and the mixture left stirring over night. The
mixture was filtered, the solvent removed and the reisude taken up in HyO. The aqueous
phase was extracted with ethyl acetate (3-30 mL), the combined organic phases dried
over NaSO, and the solvent removed in vacuo. The residue was purified by column
chromatography (Silica, EtOAC/Hexane 1/1 — EtOAC).

yield: 5.362 g, 28.8 mmol, 90 %.

'H NMR (300 MHz, CDCl3): § (ppm) = 3.82 (s, CHs, 3H), 7.47 - 7.85 (m, Ar-H, 3H),
7.69-7.77 (m, Ar-H, 2H), 8.18 (s, 5-H, 1H), 9.76 (s, C(O)H, 1H).

BC{'H} NMR (75 MHz,CDCl3): ¢ (ppm) = 35.3 (NCH3), 127.6 (p-C ophenyl), 128.9
(m-C pheny), 129.0 (0-C phenyl), 129.4 (4-C midazole), 129.8 (5-C imidazole), 141.22
(2-C imidazole), 149.8 (1-C phenyl), 186.4 (CHO).

Bis(1-methyl-2-phenyl-4-imidazolylmethyl))benzylamine

The synthesis is based on a modified literature procedure. ¥ 1-Methyl-2-phenyl-
4-formylimidazole (2.500g, 13.4 mmol) and benzylamine (1.438g, 13.4 mmol) were
dissolved in THF (80 mL). NaBH(OAc)3 (8.520 g, 40.2 mmol) was added and the mixture
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stirred over night. Acetic acid (2.414 g, 40.2mmol) and another equivalent of the
aldehyde (2.500 g, 13.4 mmol) were added and the mixture stirred for 8h. Aqueous
NaOH solution was added until the solution was basic. The solvent was removed and
NaCl solution (50 mL) was added and the solution extracted with CHCl3 (330 mL).
The combined extracts were dried over MgSO, and the solvent removed in vacuo. The
residue was purified by column chromatography (Alox (neutral), Hexane/ethyl acetate,
1/1).

yield:5.158 g, 115.2 mmol, 86 %.

'H NMR (300 MHz, CDCLy): § (ppm) = 3.71 (s, CHs, 6H), 3.79 (s, CHa, 4H), 3.82 (s,
Ph-CH,, 2H), 7.02 (s, CH, 2H), 7.15-7.51 (m, Ar-H, 11H), 7.58-7.70 (m, 4H).

BC{'H} NMR (75 MHz,CDCl;): & (ppm) = 34.4 (NCHj;), 50.8 (NC'Hy-Im), 57.3
(NCH,-Bn), 121.7 (4-CH™, 127.5 (Ar-C), 128.2 (Ar-C), 128.4 (Ar-C), 128.5 (Ar-C),
128.7 (Ar-C), 128.7 (Ar-C), 129.3 (1-CB1), 130.26, 137.35 138.1, 147.3 (2-C'™).

Bis(1-methyl-2-phenyl-4-imidazolylmethyl)amine

The synthesis was carried out acording to literature procedure.l3 The analytical
properties were consistent with literature.

yield: 1.533 g, 4.29 mmol, 96 %.

'H NMR (300 MHz, CD30D): § (ppm) = 3.98 (s, CHs, 6H), 4.64 (s, CHy, 4H), 7.64 -
7.80 (m, Ar-H, 6H), 7.83 - 7.89 (m, Ar-H, 4H), 8.00 (s, CH, 2H).

BC{'H} NMR (75 MHz,CDCl3): § (ppm) = 34.5 (NCHjs, 51.5 (CH, imidazole), 57.9
(CH—2 benzyl), 120.8 (5-C imidazole), 126.7 (p-C benzyle), 128.2 (m-C benzyle), 128.5
(m,p-C phenyl, 128.8 (0-C benzyl), 130.0 (0-C phenyl, 130.9 (4-C imidazole, 139.4 (1-C
benzyl), 140.2 (2-C imidazole), 147.1 (1-C phenyl).

8.2.4 Synthesis of HL!

The synthesis was carried out according to literature procedure. 259

yield: 20.845 ¢, 41.5 mmol, 83 %.

'H NMR (300 MHz, CDCl3): 6 (ppm) = 3.45 (s, CHs, 12H), 3.57 (s, pzCHs, 4H), 3.62
(s, NCHs, 8H), 6.14 (s, pz~CH, 1H), 6.79 (d, J — 1 Hz, im-CH, 4H), 6.91 (d, J — 1 Hz,
im-CH, 4H).

BO{'H} NMR (75 MHz,CDCL): § (ppm) = 32.4 (CH,), 48.6 (CHs), 49.0 (CHs,), 106.7
(4CP7), 121.4 (im-C), 127.0 (im-C), 145.0 (im-C2), 3,5-CP* was not observed.
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8.2.5 Synthesis of HL?

Bis(2-(1-methylbenzimidazolyl)ethyl)amine (1.326 g, 3.98 mmol), sodium carbonate
(5.835 g, 55.05 mmol), tetrabutyl ammonium bromide (0.129 g, 0.40 mmol) and 3,5-
Bis(chloromethyl)-1-(tetrahydropyran-2-yl)-pyrazole (0.495 g, 1.99 mmol) were dissolved
in dry THF under argon atmosphere and heated to 60 °C for 3 days. The reaction mixture
was filtered, the solvent removed in vacuo and the residue purified by column chromatog-
raphy (Alox (neutral), Acetone to eluate pink side product, 2. DCM /w 0.75 % MeOH).
The obtained yellow solid was dissolved in ethanolic HCI (6.4M) and stirred over night
at roomtempeature. Eto,O was added and the precipitate was filtered off, suspended in
aqueous NaOH solution (1.5 M, 20mL). The aqueous phase was extracted with DCM (5
- 20 mL), the combined organic phases dried over NaySQOy, filtered and the solvent removed
in vacuo. HL? was obtained as a yellow solid.

yield: 1.172 g, 1.45 mmol, 73%.

'"H NMR (300 MHz, CDCl3): § (ppm) =) 3.70 (s, 24 H, NCH3), 3.74 (s, 8 H, CH,), 3.84
(s, 4 H, CHy(3,5 pyrazole), 6.35 (s, 1 H, 4-H pyrazole, 7.05 (s, 4 H, 4-H(imidazole), 7.34
- 7.47 (m, 12 H, 3,4,5-Phenyl), 7.61 - 7.65 (m, 8 H, 2,6-H phenyl).

BC{!H} NMR (75 MHz,CDCl3): ¢ (ppm) = 34.56 (NCH3), 50.84 (NCH,, CHY"), 121.54
(5-C'm), 128.54 & 128.74 (2-CPh, 6-CPM)) 128.85 (3-CFh, 5-CFh), 130.92 (1-CPh), 131.10
(4-CPh), 147.09 (3,5-CP?), 156.76 (2-C'™). The pyrazole 4-C was not visible in the spec-

trum.

8.2.6 Synthesis of HL?

Bis(1-methyl-2-phenyl-4-imidazolylmethyl)amine (2.000 g, 5.60 mmol), 3,5-
Bis(chloromethyl)-1-(tetrahydropyran-2-yl)-pyrazole  (0.697g, 2.80 mmol), sodium
carbonate (2.965 g, 27.80 mmol) and tetrabutyle ammonium bromide (0.090 g, 0.28 mmol)
were dissolved in dry MeCN (50 mL) in an argon atmosphere and stirred at 60 ° for 24 h.
After cooling to roomtemperature the mxture was filtered and the solvent removed under
reduced pressure. The residue was purified by column chromatigraphy (Alox (neutral),
EtOAc/Acetone 3/1 — Acetone). The obtained compound was dissolved in ethanolic
HCI (6.4 M, 20 mL) and stirred at roomtemperature overnight. Dietylether (30 mL) was
added and the resulting precipate was collected by filtration. It was suspended in aqueos
sodium hydroxide solution (1M, 15mL) and extracted with CHyCly (515 mL). The
combined organic phases were dried over NasSQy, filtered and the solvent was removed
in vacuo to give HL* as an off white solid.

yield: 0.964 ¢ 1.19 mmol, 60 %

"H NMR (300 MHz, CDCl3): 6 (ppm) = 2.93 (8H, br, CH,), 3.12 - 3.10 (12H, m, CH3),
3.36 (8H, br, CHy), 3.95 (4H, s, pyrazole-CHy), 6.00 (1H, s, pyrazole-H ), 6.88 - 7.08
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(12H, m, br, imidazole-H) 7.71 (4H, d, J = 7.9 Hz, benzimidazole-H).

BC{'H} NMR (75 MHz,CDCl3): § (ppm) = 26.1 (2-CH, benzimidazole), 29.6 (NCH3),
52.0(3,5-CH, pyrazole), 52.4 (NCHy), 102.5 (4-CP*), 109.3 (Ar-C), 118.7 (Ar-C), 121.8
(Ar-C), 122.0 (Ar-C), 135.3 (5-C benzimidazole), 141.9 (3,5-CP%), 154.0 (2-C benzimida-

zole).

8.3 Synthesis of complexes

8.3.1 Synthesis of [L'Cuy(OMe)(HOMe)](ClO,), (1)

The synthesis was carried out according to a modified literature procedure. Instead of
Cu(NO3)s - 3H0, Cu(ClO4).6H,0 was used. yield: 223 mg, 0.24 mmol, 60 %.

MS (ESI(+), MeCN): m/z = 313.6 [M-OMe-HOMe]*T,

IR(KBr): 7 [em™!] = 3458 (s), 3132 (w), 1555 (m), 1509 (w), 1454 (w), 1381 (w 1286
(w), 1086 (vs), 953 (w), 871 (w), 665 (w), 626 (m)

UV /Vis (MeCN): Apax (€ [L-mol-em™): 730 (135), 962 (269).

Elemental analysis calcd. (%) for Co7H49CusN15019Cla-MeCN (found): C 34.80 (34.82),
H 4.29 (4.27), N 18.04 (18.69).

8.3.2 Synthesis of [L!Cu!Cu!(MeCN)(ClO,),]> (2)

To a solution of 1 in MeCN in a glovebox, 2,4,6-trimethylphenol was added and the
mixture left stirring over night. The solution was layered with Et,O to give green sin-
gle crystals, suitable for x-ray diffraction over several days. The obtained crystals were

unsolluble. No further analysis was done.

8.3.3 Synthesm of [LlcUQ(OQCgHg)(HOMG)](CIO4)2 (3)

A solution of HL! (0.100 g, 0.20 mmol) in MeOH (20 mL) was treated with two equivalents
of KO'Bu (0.040 g, 0.40 mmol) and the solution was stirred for 60 min. Cu(ClOy4), - 6 HyO
was added and stirring of the resulting green solution was continued over night at room
temperature. After evaporation of all volatile material, the remaining green solid was
dissolved in acetone/methanol (4/1) and 4-hydroxy-3,5-dimethyl-benzaldehyde (0.304 g,
0.2 mmol) was added. The solution was layered with Et,O and gave red, block shaped
crystals after several days. Due to the small amount of obtained maerial, no further

analysis was done.
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8.3.4 Synthesis of [L?Cuy(NO3)2](NO3) (4)

A solution of HL? (0.100 g, 0.13 mmol) in MeOH (15 mL) was treated with one equivalent
of KO'Bu (0.0016 g, 0.13 mmol) and the solution was stirred for 60 min. Cu(NO3), - 3 HyO
(0.063 g, 0.26 mmol) was added and stirring of the resulting green solution was continued
over night at room temperature. After evaporation of all volatile material, the remaining
green solid was dissolved in MeCN. Slow diffusion of Et;O into this solution led to the
formation of green crystals of 4-2H50.

yield: 45 mg, 0.057 mmol 44 %.

MS (ESI(+), MeCN):m/z =759.2 [M-+H]|*.

IR(KBr): 7 [em~']= 3421 (m), 3059 (w), 2942 (m), 2850(w), 1617 (m),1481 (m), 1448
(m), 1360 (vs), 1260 (m), 1238 (m), 1150 m), 1125 (m), 1099 (m), 1007 (m), 835 (w), 800
(w), 744 (s), 568 (w).

UV /Vis (MeCN): A\pax (€ [L-mol-em™1): 670 (198).

Elemental analysis caled. (%) for CysHyoN12(NO3)3Cus(Hy0)o (found): C 48.82
(48.79), H 4.83 (4.94), N 18.98 (19.31).

8.3.5 Synthesis of [L2Cuy(H,0)(OH)](NO3), (5)

A solution of HL? (0.100 g, 0.13 mmol) in MeOH (15 mL) was treated with two equivalents
of KO'Bu (0.0032 g, 0.26 mmol) and the solution was stirred for 60 min. Cu(NO3), - 3 HyO
(0.063 g, 0.26 mmol) was added and stirring of the resulting green solution was continued
over night at room temperature. After evaporation of all volatile material, the remaining
green solid was dissolved in MeCN. Slow diffusion of Et;O into this solution led to the
formation of green crystals of 5-MeCN.

Due to the low amount of obtained material no further analysis was done.

8.3.6 Synthesis of [L?’Cuy]OTf (6)

A solution of HL? (50 mg, 0.066 mmol) in MeCN (5 mL) was treated with one equivalent
of KO'Bu (7m g, 0.066 mmol) and the solution was stirred for 60 min. [Cu(MeCN),|OTf
(50 mg, 0.132 mmol) was added and stirring of the resulting solution was continued over
night at room temperature. The solution was layered with EtoO and gave a colourless
powder after two days.

yield: 41 mg, 0.040 mmol 60 %.

MS (ESI(+), MeCN):m/z =833.3 [M]*.

'H NMR (300 MHz, CDCl3): ¢ (ppm) =2.83 (d, J =13.5, 8H, NCH,CH,), 2.94 (d,
J =13.5, 8H, NCH,CH,), 3.64 (s, 12H, NCH3) 3.90 (s, 4H, NCH,), 5.83 (s, 1H, H??),
6.95 (tr, J = 7.7 Hz, 4H, Ar-H), 7.16 (tr, J = 7.7 Hz, 4H, Ar-H), 7.36 (d, J = 8.0 Hz, 4H,
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Ar-H), 8.44 (d, J = 8.0 Hz, 4H, Ar-H).

8.3.7 Synthesis of L*Cuy(NO3); (7)

A solution of HL? (0.250 g, 0.31 mmol) in MeOH (15 mL) was treated with one equivalent
of KO'Bu (0.035 g, 0.31 mmol) and the solution was stirred for 60 min. Cu(NOj3), - 3 HyO
(0.150 g, 0.62 mmol) was added and stirring of the resulting green solution was continued
over night at room temperature. After evaporation of all volatile material, the remaining
green solid was dissolved in MeCN. Slow diffusion of Et;O into this solution led to the
formation of a green precipitate.

yield: 0.278 ¢,0.2 mmol, 80 %.

MS (ESI(+), MeCN):m/z = 481.1 [M+OMe|?*.

IR(ATR): 7 [em~1]= 745 (s), 1010 (m), 1280 )s), 1462 (m).

UV /Vis (MeON): Apax (¢ [L-mol-em™): 730 (141), 900 (273).

Elemental analysis calcd (%) for CyoHygN15CusOg (found): C 52.59 (52.45), H 4.41
(4.34), N 18.77 (19.07).

8.3.8 Synthesis of [L3Cuy(OAc)[(NO3), (8)

A solution of HL? (0.250 g, 0.31 mmol) in MeOH (15 mL) was treated with one equivalent
of KO'Bu (0.035 g, 0.31 mmol) and the solution was stirred for 60 min. Cu(ClOy)s - 6 HyO
(0.110 g, 0.62 mmol) was added and stirring of the resulting green solution was continued
over night at room temperature. After evaporation of all volatile material, the remaining
green solid was dissolved in MeCN /chlorobenzene 9/1. Slow diffusion of Et;O into this
solution led to the formation of a green precipitate after several weeks to give green
blockshaped crystals of 8-0.25(C¢H;5Cl).

Due to the low amount of obtained material no further analysis was done.

8.3.9 Synthesis of [L3Cuy]OTf (9)

A solution of HL? (0.100 g, 0.12 mmol) in MeCN (5 mL) was treated with one equivalent
of KO'Bu (0.014 g, 0.12 mmol) and the solution was stirred for 60 min. [Cu(MeCN),|OTf
(0.090 g, 0.24 mmol) was added and stirring of the resulting solution was continued over
night at room temperature. Slow diffusion of Et,O into this solution led to the formation
of a white to yellowish precipitate over night to give 9.

yield: 0.084 g, 0.09 mmol, 75 %.

MS (ESI(+), MeCN):m/z = 466.3 [M+H]|**, 931.3 [M]*.

No useful NMR data could be obtained.
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Chrystallographic Data

Table 8.1 Crystal data and refinement details for 2, 3, and 4.

compound 2 3 4

empirical formula CeaHgsCliCuyN3gO15  C33H52CloCusN19013 CysHygCuaNi50q9

formula weight 1901.55 1066.89 1087.07

T[K] 133(2) 133(2) 133(2)

crystal size [mm?| 0.330 x 0.140 x 0.070 0.210 x 0.170 x 0.100 0.410 x 0.220 x 0.140

crystal system monoclinic triclinic triclinic

space group P2, /¢ (No. 14) P1 (No. 2) P1 (No. 2)

a[A] 13.7463(5) 12.1710(5) 12.1627(5)

b[A] 24.5829(6) 12.4574(5) 13.7045(6)

C[A] 11.9537(4) 17.1454(6) 14.3981(6)

al’] 90 103.484(3) 98.711(4)

B1°] 98.316(3) 100.319(3) 102.756(3)

v1°] 90 111.250(3) 95.319(4)

V[A?’] 3997.0(2) 2254.15(16) 2293.81(17)

A 2 2 2

plg-em™3] 1.580 1.572 1.574

F(000) 1956 1104 1124

g [mm~1] 1.266 1.137 1.005

Tmin / Tiax 0.7546 / 0.9171 0.7586 / 0.9154 0.6445 / 0.8279

O-range [°] 1.657 - 25.624 1.876 - 26.718 1.473 - 26.096

hkl-range —-16<h<14 —-15<h<15 —-15<h <15
—29< k<29 —15<k<15 —-16 <k <16
—14<1<29 —21<1<21 —-17 <1< 17

measured refl. 42334 25158 43002

unique refl. [ Ry 7531 [0.0732] 9558 [0.0423| 43002 [7]

obs. refl. (I > 20(I)) 6166 7429 32945

data / restr. / param.

goodness-of-fit (F'?)
R1, wR2 (I > 20(I))
R1, wR2 (all data)
res. el. dens. [e-A—3

7531 /0 / 530
1.092

0.0442 / 0.0938
0.0602 / 0.0991
—0.322 / 0.659

9558 / 27 / T12
0.965

0.0352 / 0.0763
0.0534 / 0.0810
—0.493 / 0.818

43002 / 25 / 697
0.958

0.0539 / 0.1279
0.0703 / 0.1345
—0.521 / 0.890
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Table 8.2 Crystal data and refinement details for 5 and 7.

compound 5 7

empirical formula C47H54Cu2N1508 C53_50H55_75012_25CU2N12010_Q5

formula weight 1084.13 1237.69

T K] 133(2) 133(2)

crystal size [mm3| 0.500 x 0.290 x 0.050 0.500 x 0.320 x 0.230

crystal system triclinic triclinic

space group P1 (No. 2) P1 (No. 2)

alA] 9.5434(3) 11.7615(7)

b|A] 16.0564(6) 12.1187(5) )

c[A] 16.1091(6) 23.6549(14))

al’l 99.724(3) 92.570(4

B1° 98.018(3) 92.412(5)

71°] 97.799(3) 117.201(4)

VA3 2376.90(15) 2988.3(3)

Z 2 2

plg-em™ 1.515 1.376

F(000) 1126 1278

g [mm—? 0.967 0.877

Tin / Tinax 0.6430 / 0.9315 0.7478 / 0.9087

G-range |°] 1.304 - 26.748 1.894 - 26.066

hkl-range 11 < h <12 14 < h<14
—20< k<20 —-14<k<14
—20<1<20 —29<1<29

measured refl. 33301 42507

unique refl. | Ry 10067 |0.0554] 42507 7]

obs. refl. (I > 20(I)) 7838 30405

data / restr. / param. 10067 / 55 / 798 42507 / 55 / 790 5

goodness-of-fit (F?) 1.039 1.080

R1, wR2(I >20(I)) 0.0482 / 0.1274 0.0716 / 0.2058

R1, wR2 (all data) 0.0664 / 0.1356 0.1066 / 0.2390

res. el. dens. [e-A3]  —0.723 / 0.896 —0.592 / 1.175

Table 8.3 Selected bond lengths [A] for 2.

Atoms Bond lengths

Cul-N1 1.952(2)
Cul-N2' 2.031(2)
Cul-N11’ 2.076(2)
Cul-N9' 2.107(2)
Cul-Ng' 2.110(2)
Cu2-N13 1.937(3)
Cu2-N4 1.948(3)
Cu2-N6 2.000(3)
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Table 8.4 Selected bond angles [°] for 2.

Table 8.5 Seclected bond lengths [A] for 3.
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Atoms Bond angles
N1-Cul-N2 100.55(10)
N1-Cul-N11’ 96.26(9)
N2'-Cul-N11' 117.14(10)
N1-Cul-N9’ 105.28(10)
N2'-Cul-N9’ 115.29(9)
N11'-Cul-N9' 117.49(9)
N1-Cul-N§ 175.18(10)
N2'-Cul-N§' 79.64(9)
N11'-Cul-N§' 79.47(9)
N9'-Cul-N§g' 78.83(9)
N13-Cu2 N4 137.47(11)
N13-Cu2-N6 104.04(11)
N4-Cu2-N6 116.60(11)
C2-N1-Cul 129.50(19)
N2-N1-Cul 119.96(17)
C3-N2-Cul’ 114.76(19)
N1-N2-Cul’ 137.34(18)
C6-N4-Cu2 125.0(2)
C7-N4-Cu2 129.0(2)
C11-N6-Cu2 126.5(2)
C12-N6-Cu2 127.1(2)
C21-N8 Cul’ 107.87(17)
C15-N8-Cul’ 106.44(17)
C16-N8-Cul’ 107.67(17)
C17-N9-Cul’ 110.37(19)
C18-N9-Cul’ 143.6(2)
C22-N11-Cul’ 110.19(18)
C23-N11-Cul’ 142.1(2)
C31-N13-Cu2 161.6(3)

Atoms Bond lengths
Cul-O4 1.9563(16)
Cul-N6 1.9965(18)
Cul-N2 2.0010(18)
Cul-N3 2.0903(18)
Cul-Nb 2.130(2)
Cu2-0O31A 1.91(3)
Cu2-031B 1.96(11)
Cu2-N1 2.0131(18)
Cu2-N9 2.0207(18)
Cu2-N8§ 2.1273(18)
Cu2-N11 2.146(2)




Table 8.6 Selected bond angles [°] for 3.

Atoms

Bond angles

04-Cul-N6
04-Cul-N2
N6-Cul-N2
04-Cul-N3
N6-Cul-N3
N2-Cul-N3
04-Cul-N5
N6-Cul-N5
N2-Cul-N5
N3-Cul-N5b
031A-—Cu2-N1
031B-Cu2-N1
031A-Cu2-N9
031B-Cu2-N9
N1-Cu2-N9
0O31A-Cu2-N8
031B-Cu2-N8&
N1-Cu2-N8§
N9-Cu2-N8

0O31A-Cu2-N11

N1-Cu2-N11
N9-Cu2-N11
N8-Cu2-N11
C1-N1-Cu2
N2-N1-Cu2
C3-N2-Cul
N1-N2—Cul
C10-N3-Cul
C4-N3-Cul
C5-N3-Cul
Cl14-N5-Cul
C11-N5-Cul
C6-N6-Cul
C7-N6-Cul

133.05(8)

176.9(5)

174.7(15)
79.83(7)
81.75(7)
98.3(3)
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Table 8.7 Selected bond lengths [A] for 5.

Atoms  Bond lengths

Cul-N1 1.957(3)
Cul-N6 1.989(3)
Cul-O1 2.074(3)
Cul-N4 2.110(4)
Cul-N3 2.198(3)
Cu2-N2 1.966(3)
Cu2-N11 1.997(3)
Cu2-04 2.038(3)
Cu2-N9 2.073(4)
Cu2-N8 2.226(3)
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Table 8.8 Selected bond angles [°] for 5.

Atoms Bond angles
N1-Cul-N6 169.59(14)
N1-Cul-0O1 90.36(13)
N6-Cul-0O1 88.57(13)
N1-Cul-N4 92.57(14)
N6-Cul-N4 95.66(14)
01-Cul-N4 133.63(12)
N1-Cul-N3 80.27(13)
N6-Cul-N3 92.78(13)
0O1-Cul-N3 131.91(12)
N4-Cul-N3 94.09(13)
N2-Cu2-N11 169.36(14)
N2-Cu2-04 90.52(13)
N11-Cu2-04 90.10(13)
N2-Cu2-N9 94.45(14)
N11-Cu2-N9 92.97(14)
04-Cu2-N9 132.32(12)
N2-Cu2-N8 79.53(13)
N11-Cu2-N8 92.32(13)
04-Cu2-N8 132.98(12)
N9-Cu2-N8 94.44(13)
C2-N1-Cul 116.2(3)
N2-N1-Cul 135.1(3)
C3-N2-Cu2 115.0(3)
N1-N2-Cu2 136.2(3)
C5-N3-Cul 112.7(2)
C15-N3-Cul 111.1(3)
C4-N3-Cul 104.1(2)
C7-N4-Cul 120.4(3)
C8-N4-Cul 132.4(3)
C17-N6-Cul 126.3(3)
C18-N6-Cul 125.9(3)
C36-N8-Cu?2 111.3(2)
C26-N8-Cu2 115.0(2)
C25-N8&-Cu2 101.2(2)
C28-N9-Cu2 121.1(3)
C29-N9-Cu?2 133.1(3)
C38-N11-Cu2 125.4(3)
C39-N11-Cu2 126.0(3)
N13-0O1-Cul 110.7(2)
N14-04-Cu?2 111.9(2)
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Table 8.9 Selected bond lengths [A] for 7.

Atoms Bond lengths
Cul-N1 1.976(2)
Cul-N6 1.994(2)
Cul-0O1 2.021(2)
Cul-N3 2.107(3)
Cul-N4 2.309(3)
02-Cu2B 1.848(7)
02-Cu2A 1.880(4)
N2-Cu2B 1.988(7)
N2-Cu2A 2.030(4)
N8-Cu2A 2.036(5)
N8&-Cu2B 2.077(7)
N9-Cu2A 2.100(4)
N9-Cu2B 2.278(9)
Cu2A-N11A 2.100(7)
Cu2B-N11B 2.094(11)
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Table 8.10 Selected bond angles [°] for 7.

Atoms Bond angles
N1-Cul-N6 158.02(10)
N1-Cul-0O1 90.19(9)
N6-Cul-0O1 91.62(10)
N1-Cul-N3 80.91(9)
N6-Cul-N3 93.29(10)
01-Cul-N3 167.27(10)
N1-Cul-N4 105.27(10)
N6-Cul-N4 96.02(10)
01-Cul-N4 99.55(10)
N3-Cul-N4 91.61(10)
C2-N1-Cul 114.53(17)
N2-N1-Cul 136.90(18)
C3-N2-Cu2B 114.8(3)
N1-N2-Cu2B 137.2(3)
C3-N2-Cu2A 112.4(2)
N1-N2-Cu2A 140.1(2)
C15-N3-Cul 117.81(18)
C4-N3—Cul 103.18(17)
C5-N3-Cul 110.37(19)
C7-N4-Cul 117.4(2)
C8-N4-Cul 128.3(2)
C17-N6-Cul 123.55(19)
C23-N6-Cul 129.85(19)
C26-N8-Cu2A 114.7(2)
C25-N8-Cu2A 106.0(2)
C36A-N8-Cu2A 110.3(5)
C26-N8&-Cu2B 118.2(3)
C25-N8&-Cu2B 107.1(3)
C36B-N8-Cu2B 98.2(10)
C28-N9-Cu2A 122.0(3)
C29-N9-Cu2A 127.1(3)
C28-N9-Cu2B 123.3(3)
C29-N9-Cu2B 126.5(3)
02-Cu2A-N2 91.17(16)
02-Cu2A-N8 172.8(2)
N2-Cu2A-N8 81.76(17)
02-Cu2A-N11A 96.0(3)
N2-Cu2A-N11A 127.0(4)
N8-Cu2A-N11A 87.5(3)
02-Cu2A-N9 93.21(17)
N2-Cu2A-N9 126.00(18)
N8-Cu2A-N9 91.83(16)
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Table 8.11 Selected bond lengths [A] for 7.

Table 8.12 Selected bond angles [°] for 7.
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Atoms Bond lengths

Cul-0O1
Cul-N1
Cul-N6
Cul-N3
Cul-N4
Cu2-02
Cu2-N2
Cu2-N9
Cu2-N8
Cu2-N11

1.925(4)

Atoms Bond angles
0O1-Cul-N1 103.0(2)
01-Cul-N6 92.4(2)
N1-Cul-N6 135.9(2)
01-Cul-N3 171.7(2)
N1-Cul-N3 82.0(2)
N6-Cul-N3 79.5(2)
01-Cul-N4 104.7(2)
N1-Cul-N4 109.5(2)
N6-Cul-N4 105.8(2)
N3-Cul-N4 79.4(2)
02-Cu2-N2 103.7(2)
02-Cu2-N9 94.0(2)
N2-Cu2-N9 133.7(3)
02-Cu2-N8 173.1(2)
N2-Cu2-N8 81.8(2)
N9-Cu2-N8 79.1(2)
02-Cu2-N11 101.7(2)
N2-Cu2-N11 112.2(2)
N9-Cu2-N11 105.3(3)
N8-Cu2-N11 79.7(2)
C50-01-Cul 146.3(5)
C50-02-Cu2 144.0(4)
N2-N1-Cul 133.9(4)
C2-N1-Cul 115.4(5)
N1-N2-Cu?2 135.3(4)
C3-N2-Cu2 115.4(5)
C16-N3-Cul 104.3(4)
C5-N3-Cul 109.1(4)
C4-N3-Cul 107.8(4)
C8-N4-Cul 142.4(5)
C6-N4-Cul 110.9(5)







Abbreviations

Bu
ATR
Bz
DBED
DBP
DCM
DHP
DME
DMF
DMP
DPQ
DTBP
DTBQ
EPR
ESI
Et
GC-MS
HDVV
HR
HS
Im
iPr
IR
LMCT

MS
MTBE
NMR
OTf
Ph
pMMO
ppm

pz

rt

(tert)-butyl
attenuated total reflection

benzyl

Di-tert-buthyl ethylene diamine
3.5-di-tert-buthylphenol
dichloromethane

3,4-dihydropyran

dimethoxyethane
N,N-dimethylformamide
2,6-dimethylphenol
3,37,5,5’-tetramethyl-4,4’-diphenoquinone
2,4-di-tertbutylphenol
3,5-di-tertbutyl quinone

electron paramagnetic resonance
electrospray ionization

ethyl

gas chromatography-mass spectrometry
Heisenberg-Dirac-Van-Vleck

high resolution

High spin

Imidazol

isopropyl

infra-red
ligand-to-metal charge transfer
methyl

mass spectrometry

methyl tert-butyl ether

nuclear magnetic resonance spctroscopy
triflate

Phenyl
particulate methane monooxygenase
parts per million

pyrazole

room temperature

residue
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sMMO
SQUID
TBA
teth
THF
THP
TMBB
tmeda
TMP
TMS
TMSQ
TON

TPA
tren
Ts
uv

vis

soluble methane monooxygenase
superconducting quantum interference device
tetrabutylammonium
rac-5,5,7,12,12,14-hexamethyl-1,4,8,11,tetraazacyclotetradeca-4,11-diene
tetrahydrofuran

tetrahydropyran
4,4’-dihydroxy-3,3’,5,5’tetramethyl bibenzyl
tetramethyl ethylen diamine
2,4,6-trimethylphenol

trimethylsilyl
3,37,5,5’-tetramethylstilbene-4,4’-quinone
turn-over number

tris(pyrazolyl)borate
tris(2-pyridylmethyl)amine
tris(2-aminoethyl)amine

tosyl

ultraviolet

visible
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