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Introduction 1

1 Introduction

1.1 General introduction

The production of indispensable basic chemicals requires often enormous amounts of resources and
energy. Improving or even replacing existing chemical processes is essential for successfully facing the

challenges of the climate crisis, resource scarcity and rising energy demand.[!!

The synthesis of methanol can require huge amounts of energy. This molecule is an important starting
material as a C; building block in the chemical industry and it is used as a fuel additive.[®! For example,
the direct partial oxidation of methane to methanol requires reaction temperatures of up to 800 °C and
pressures of up to 40 bar due to the necessary activation of the strong C—H-bond of methane
(105 kcal/mol).[+41

In contrast, nature uses metalloenzymes to catalyze these conversions efficiently without employing
harsh reaction condition.*®! For example, the particulate methane monooxygenase (pMMO), which is
found in methanotrophs, catalyzes the selective oxidation of methane to methanol at ambient tempera-
tures.12 This remarkable reactivity is achieved by a copper center at the active site of the pMMO.[**
I Additionally, these enzymes stand out due to their high substrate specificity, low toxicity and high

efficiency even at low educt concentrations.!*®!

Bioinorganic chemistry is the study of these metalloproteins and their active site to gain insight into
their reaction mechanism and to elucidate the underlying principles. If these principles are properly
understood, it may be possible to design new biomimetic and environmentally benign catalysts that
reproduce these exceptional reactivities and that may contribute towards reducing the global carbon
footprint.l*"]

Besides transition metals such as iron and zinc, many metalloenzymes are based on copper.[*®! The easily
accessible Cu'/Cu" redox couple is capable of mediating a variety of processes such as dioxygen (O2)
transport, electron transfer, reduction of O, to water or catalytic oxidations of substrates.!**-?? Since this
work is inspired by copper proteins, the following chapter will focus on the introduction of a few copper

sites in nature.



Introduction 2

1.2 Copper proteins in nature

Nowadays, copper proteins are divided into seven classes. An earlier classification into only three clas-
ses based on spectroscopic properties was abandoned after the discovery of copper proteins that could
not be assigned to any of these three classes.”! The current classification scheme recognizes the classes
Type |, Type Il and Type Il copper proteins from the old classification scheme. The fourth class is the
class of multicopper proteins such as laccase.? The fifth class consists of mixed-valent copper proteins
that are classified as Cua sites.[?>?% The sixth class is the class of heteronuclear Cug sites.?"8 The
seventh class consist of the Cuz centers of the N,O-reductases./?%

In this section, Type I, Type Il and Type Il copper proteins will be introduced as examples for copper
proteins. Figure 1 shows a relevant copper enzyme example for each of these three classes.

JQ/Tyr
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4\N_ﬁ\His N ¢

|

;i‘w
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Cu g =Cye W o
~NT N\ PGl
N ST H,0 o
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— l/ Y/ His — l/ Y/ His
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Figure 1: Overview of the active sites of the copper proteins: Plastocyanin, oxidized galactose oxidase at pH = 7
and hemocyanin (Hc) which is shown as deoxygenated hemocyanin (deoxyHc) and oxygenated hemocyanin
(oxyHc).[23’31*33]

1.2.1 Type | copper proteins

Type | copper proteins are also called blue copper proteins. In nature, they enable and participate in fast
electron transfer (ET) process.?**4 The characteristic blue color originates from a ligand to metal charge
transfer (LMCT) from a sulphur atom of cysteine to the Cu'" ion.**! Example of the copper proteins in
this class are amicyanin, azurin and plastocyanin.?*36:371 The mononuclear copper sites are coordinated
by two histidine, one cysteine residue and an additional ligand that varies for each type | copper protein.
The molecular structure of the active site of plastocyanin is depicted in Figure 1. The shuttling of elec-
trons requires a fast change of the oxidation state of the copper ion at the active center. These ET reac-
tions are accompanied by a change of the coordination sphere. This is because the preferred coordination
geometries differ for Cu' (tetrahedral or trigonal geometry) and Cu'" (square planar). However, a com-

plete reorganization of the coordination sphere would greatly slow down the ET process. Therefore,
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type | copper proteins such as plastocyanin exhibit a highly distorted tetrahedron structure.® This so-
called entatic state lies between the two preferred geometries of the respective oxidation states, thus

lowering the reorganization energy and making fast electron transfers possible.[°41

1.2.2 Type Il copper proteins

Type Il copper proteins are involved in reactions such as the hydroxylation of aromatic substrates, dis-
proportionation of superoxide anions and oxidation of primary alcohols.?® There are commonly known
as “normal” copper enzymes since their electron paramagnetic resonances (EPR) signals are similar to
normal tetragonal copper(ll) complexes.? Important representatives of this class are the copper-zinc
superoxide dismutase, phenylalanine hydroxylase and galactose oxidase. 2461 The latter is shown in
Figure 1.

The galactose oxidase catalyze the oxidation of primary alcohols to aldehydes and in a second step
reduces dioxygen to hydrogen peroxide to regenerate the active site.[*®l Figure 1 shows the coordina-
tion sphere of the metal ion in the active site. This coordination sphere consists of two histidine residues,
a tyrosine residue, a water molecule and a tyrosyl radical modified by a cysteine.[?*3346] Together with
the metal ion, the tyrosyl radical enables the two-electron reductions. 4841

1.2.3 Type Il copper proteins

Type Il copper proteins are characterized by the dinuclear copper center in their active site.[*! The most
studied copper proteins in this class are the catechol oxidase and tyrosinase.®*21 The catechol oxidase
catalyze the oxidation of diphenols such as catechol to the corresponding ortho-quinones.>3 The same
reaction is facilitated by tyrosinase. An advantage of the tyrosinase is that it also catalyzes the ortho-

hydroxylation of phenols. 431521

The oxygen transporter protein hemocyanin (Hc) is another example of a type Il copper protein. Hc is
one of three oxygen transporters in nature.[>*%! It is the only oxygen transporter that is based on copper
ions. Haemoglobin which is used by mammals and birds as well as hemerythrin are iron-based com-
plexes.[56:571 Hc serves as an oxygen transport protein in molluscs and arthropods, especially in arach-

nids. 3158

Despite very different roles, the type 111 copper enzymes exhibit a very similar coordinated active site.
Each copper ion of the dinuclear active site is coordinated by three histidine residues of the protein
scaffold.[?*3! Figure 1 shows the active site of Hc and the reversible oxygen uptake. The deoxygenated
form of Hc (deoxyHc) consists of two cuprous ions and is colorless. The binding of dioxygen to Hc
(oxyHc) is accompanied by a change in the oxidation state from Cu' to Cu" and by a change of the
coordination geometry from distorted trigonal planar to square pyramidal. The dioxygen molecule is
coordinated as a side-on bridging peroxide in a p-5:5? coordination mode.[°%% Due to a charge transfer

transition (O.>—Cu"") the oxyHc exhibits an intense blue color.[2°61
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The binding of the dioxygen requires a two-electron reduction. This reaction of the diamagnetic core of
deoxyHc with oxygen is spin forbidden since oxygen has a triplet ground state.”®) METZ and SOLOMON
investigated the mechanism of the activation of dioxygen at deoxyHc by spectroscopically calibrated
density functional theory (DFT).®! It was found that if oxygen approaches the binuclear active site that
the perpendicular n"-orbitals interact with each copper(l) ion.%? The resulting reduction of the energy
difference between the two ground states allows the transfer of two electrons from the copper(l) ions to
the approaching dioxygen molecule. As a result, a so-called butterfly structure is formed (Figure 2). This
distorted structure consists of the p-#%#?-O, molecule coordinated to ferromagnetically coupled Cu"
ions (S = 1). The resulting reduction of the energy difference between the two different ground states
and the flattening of the butterfly structure lead to an intersystem crossing (ISC). This leads finally to
antiferromagnetic coupled Cu'" ions (S = 0).[5%63

Later studies corroborated this proposed process experimentally. KINDERMANN et. al. succeeded in this
by using a model complex, a peroxo dicopper(ll) complex based on an iPr,TACN/pyrazolate compart-
mental ligand scaffold, with a ground state S = 1 and ferromagnetic coupling of the two Cu'"" ions.[6465]
This model complex can be seen as a snapshot of the initial binding of oxygen.[54

— 9,
/o o \/’ \\O//,,

Cu|//4 4 Cu —> cu ”/O\ “ || C Il
>Ry %5. %ﬁd@@
") &S]

Figure 2: Mechanism of oxygen activation at the active site of Hc showing electron transfer (ET) and intersys-
tem crossing (1SC), according to METZ and SOLOMON. 15961

The concept of model complexes and the modelling of a dinuclear active site of a copper enzyme will

be introduced in the next chapter.

1.3 Modelling of copper proteins

In nature, a vast array of bimetallic protein structures can be found.[}119525467-711 Many of these metal-
loenzymes are capable of extraordinary catalytic reactivity under mild conditions based on the cooper-
ativity of two metal centers in close proximity at the protein binding pocket.’? Since it is not possible
to reproduce the whole protein for studying the reaction mechanism in the laboratory, only the active
site is structurally modelled as a metal complex. For this purpose, a large number of ligands have been
developed in the last decades that can mimic the coordination spheres of the active sites.??l For the study
of copper enzymes, many ligands based on nitrogen, sulfur and oxygen donors were established, since
these are the typical donor atoms in the parent enzymes. Figure 3 shows some examples for typical

N-donor ligands.
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Figure 3: Overview of various ligands that can support dinuclear copper-oxygen complexes.[2273-80
TMPA = tris(2-pyridylmethyl)aminel®81 TPPr = hydrotris(3,5-diisopropylpyrazolyl)borate anionl’, XY -
LOH = 2,6-bis((bis[2-(2- pyrldyl)ethyl]amlne)methyl)phenol [79.80.82] ' MeL66 = 3,5-bis{bis-[2-(1-methyl-1H-ben-
zimidazol-2-yl)-ethyl]-amino}methylbenzenel™l, iPrsTACN = 1,4,7—triisopropyl-1,4,7-triazacy|cononane[771,
BQPA = bis(2-pyridylmethyl)(2-quinolylmethyl)aminel’>83],

Different ligand scaffolds can support different oxygen binding motifs. The different coordinated Cu,O;
cores are shown in Figure 4 along with their abbreviations. For example, the ligands shown in Figure 3
support different oxygen binding motifs in dicopper complexes: TP", MeL66 and iPrsTACN support
the formation of SP complexes, TMPA can stabilize a TP intermediate, BQPA is able to support a bis(u-

oxo) core O and XYLOH can help to isolate a py-1,1-hydroperoxo binding motif.

(0]
cu" cu' cu' Oo—cu" cu ] eyt
/ u Cu
\o_o/ \O \(l)/
(cis-p-1,2- peroxo )cu'l, (trans-p-1,2- peroxo )Cu'l, (#=m*m? peroxo)Cu >
+e
-e +HY
cu' cu' 4y Cu” cu" 0
oo’ ' O cu Syl
-H | o]
OH ) "
(u~1,2-superoxo)Cu'', (u-1,1-hyroperoxo)Cu", Bis(u-ox0)Cu’,
o

Figure 4: Typical oxygen binding motifs for dinuclear copper oxygen complexes.[®84

The importance of model complexes for bioinorganic chemistry can be illustrated by the example of the
early investigation of the copper protein oxyHc. Before the molecular structure of the active site of
oxygenated hemocyanin was elucidated by crystallography, model complexes were used to investigate
the possible oxygen-binding motif. At that time, SP, TP and “P were considered as Cu.O; binding motifs
in oxyHc.® In particular, the synthesis and subsequent crystallization of two model complexes helped
to determine the binding motif of oxyHc. On the one hand, KITAJIMA et. al. prepared a dinuclear copper
complex based on TP™P" which exhibits a side-on coordinated p-n?n?2 motif (Figure 5).481 On the other
hand, KARLIN et. al. synthesized a trans-pi-1,2 ("P) end-on dimer based on the ligand TMPA [381.8386]
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Each binding mode of the peroxide is characterized by unique and characteristic spectroscopic proper-
ties.[] The comparison of the spectroscopic properties of oxyHc with those of the model complexes led
to the identification of the binding motif of oxyHc. For example, earlier studies at oxyHc showed a

distinctive resonance Raman (rR) band at 749 cm* with a laser excitation at 340 nm,[7488-90]

The dinuclear model complex of KARLIN et. al. shows an isotopically sensitive vibration at around
830 cm.[738187.911 |n contrast, the dinuclear copper complex based on TP*" of KITAJIMA et. al. exhibits
a distinctive band at 741 cm in the rR spectrum.!®! Therefore, a SP motif was suspected for the active
site of oxyHc. In addition, the UV/vis data were also consistent. For the model complex of KITAJIIMA
et. al. absorbance features were found at 349 nm (¢ = 21000 M* cm™) and 551 nm (¢ = 800 M* cm™?)
in the UV/vis spectra.® These are similar to the UV/vis bands at 345 nm (¢ = 20000 M cm™) and
570 nm (¢ = 1000 M cm™) of the oxyHc.[2°%%] The suspected SP motif was later confirmed by X-ray
crystallography.®

N—N\ /N—N\ =
HB/ Ccul= = BH N/Cu”/ c ” -N

Nod N
e Ve Y

Figure 5: Left: Dinuclear copper oxygen complex based on TP™" with with a SP binding motif of KITAJIMA et.
al..[’4%1 Right: Model complex of KARLIN et. al. with a TP binding motif. 58l

1.4 Ligand design

1.4.1 Dinucleating ligands

The modelling of dinuclear active sites with the help of synthetic analogous coordination compounds is
of great interest and has received a lot of attention in recent years.®® This section introduces an approach
to form dinuclear model complexes that employs a highly preorganized and compartmental ligand struc-

ture. This structure consists typically of a bridging unit and two adjacent chelating side arms.[?]

1.4.2 Bridging units

Typically, the main function of the bridging unit is to bring two transition metal ions, such as copper
ions, in close proximity to facilitate cooperative effects between theses metal ions. The resulting metal-
metal separation depends mainly on the employed bridging unit. Additionally, the metal-metal separa-
tion can be tuned by the linked side arms.["?l The spatial proximity of the metal ions can lead to distinct
physical properties in the resulting bimetallic complexes, such as higher catalytic activity, increased

selectivity or multielectron transfer mechanism via redox cooperativity of the two centers.[’2%4
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Several bridging units have been explored in the last years. One of the most popular bridging units are
the phenolate and the alkoxide bridging units. These bridging units can be modified easily via the intro-
duction of substituents, for example in the ortho-position of the phenolate. They are also relatively easy

to synthesize.[?

Another important class of bridging units are the monocyclic N-heterocycles like thiadiazole, oxadia-
zole, pyridazine, pyrazolate and triazolate. These are shown in Figure 6. The latter can also be used to

form trinuclear complexes.5-971

S — N

N—N

phenolate alkoxide thiadiazole pyridazine pyrazolate triazolate

Figure 6: Overview of important bridging units that can coordinate two transition metal ions.["2

The monoanionic pyrazolate is especially well suited for the formation of binuclear model complexes,
due to its ability to serve as an exo-bidentate ligand and to form strong bridging structures with high
stability.[’2%81 |n the resulting binuclear complexes, the pyrazolate, the two metal ions and one or even
two additional bridging atoms form five or six membered rings.l’? These ring structures have a low ring

strain energy and are therefore the preferred geometries.!*°!

Additionally, the deprotonated pyrazole bridging unit can support metal ions distances between 2.8 A
and 4.5 A.131%1 Since many metal-metal distances in the parent bimetallic metalloenzyme are precisely
in this range, pyrazolates are ideal bridging units for biomimetic model complexes. It is possible to fine-
tune the metal-metal separation by varying the length of chelating side-arms in the 3- and 5-position of
the pyrazolate.®>® Moreover, the pyrazolate can be functionalized in the 4-postion which allows to

anchor the molecule to another moiety.

Another reason for using pyrazole based ligands in model complex is their structural similarity to the
heteroaromatic imidazole in the histidine residue of proteins which often coordinates the metal ions in
the active site of the parent enzymes. For example, the metal ions in urease, metallo-p-lactamase or
catechol oxidase are mainly coordinated by histidine residues.1%2-1%41 |_astly, the pyrazolate can mimic

carboxylate bridges which are a very common bridging ligands in metalloenzymes.©5105-107]

A drawback of using polydentate binucleating ligands containing pyrazolate is that their synthesis is

rather challenging and more elaborated than the synthesis of, for example, phenoxide ligands.[?

1.4.3 Side arms

The two metal ions that are brought into proximity by the bridging unit are further coordinated by mul-
tidentate and chelating side arms. These are often covalently linked to the bridging unit by an aliphatic
spacer. Firstly, the covalent bond suppresses the dissociation of the complex into two mononuclear spe-

cies.['%® Secondly, the length of the spacer can be tuned to obtain a stable complex and influences the
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metal-metal separation in the resulting binuclear model complex.[64199-1121 | onger spacers can lead to
shorter metal ions distances and vice versa.[®® The type and size of the chelating side arms themselves
also have an influence on the metal-metal distance by changing the geometry of the resulting com-
plex.'31 Thirdly, two different spacer in a molecule can introduce asymmetry into the ligand scaffold. [
This way, it is possible to form heterobimetallic complexes by altering the coordination sphere. Further-
more, heteronuclear complexes can be obtained by introducing two different side arms that prefer to

coordinate different metal ions.[14

Depending on the requirements of the well-defined bimetallic core, a vast range of chelating moieties
can be used as side arms in a dinucleating ligand scaffold.[®® These side arms are varying by the nature
of the donor atoms, the size of resulting chelating rings or the denticity for example.[29%

In the present work, 1,4,7-triazacyclononane (TACN) derivates are used as the chelating side arms. This
saturated macrocycle is a tripodal tridentate ligand which prefers a facial coordination geometry that
allows it to effectively block three adjacent sites at a coordination center.[151161 A tripodal tetradentate
subunit per metal ion can be formed in combination with the donor atoms of the bridging unit. % In

this work, monoanionic pyrazolate is used as a bridging unit.

Macrocyclic side arms form transition metal complexes with higher stability than simple chelating side
arms due to the macrocyclic effect.**! This predominantly enthalpic effect originates mainly from an
increase of ligand preorganisation and a higher degree of alkylation. This leads to donor atoms with a
higher intrinsic basicity in comparison to the donor atoms of similar open chain chelate ligand.™*® Ad-

ditionally, increased alkylation reduces steric strain energy in the ligand.!***!

The steric bulk of the TACN side arms can be varied in the 1- and 4-postion. Steric hindrance can be
used to encapsulate or open the bimetallic cavity in the resulting complexes.! Alternatively, these
binding sites can be used to introduce pendent arms which allow to mimic secondary coordination sphere
interactions at the active site of metalloenzymes.[®>116l These additional groups in the direct periphery

of the bimetallic core can help stabilize substrates by hydrogen bonding or increase reactivity.*"!

1.4.4 TACN/pyrazolate ligand scaffolds

In recent years, several TACN/pyrazolate ligands for the formation of copper-oxygen complexes have
been established by MEYER and co-authors,[#86465.104.105110-112121-125] Thege |igand frameworks vary in
two positions. First, the length of the spacer between the bridging unit and the steric demand at the side
arm can be changed. This has a significant effect on the copper ions distances in the corresponding
dicopper complexes. As discussed above, short spacers lead to large distances and long spacers lead to
shorter distances. Second, the steric hindrance at the TACN side arms can be reduced from iso-propyl
to methyl groups. Figure 7 shows the established TACN/pyrazolate ligands.[3.65104121.123 The variations

of the spacer lengths are shown in red and the steric bulk is depicted in blue.
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Figure 7: Overview of established TACN/pyrazolate ligand scaffolds. [38:65104.121.123]

1.5 Previous studies of copper oxygen adducts based on TACN/pyrazolate
ligands

The TACN/pyrazolate ligand scaffolds allow to form various reactive copper oxygen adducts. An over-
view of all established copper oxygen adducts based on various TACN/pyrazolate ligands which are

relevant for this work can be found in Chapter 12,[3865104.121.123]

Earlier studies have shown that it is possible to isolate the p-1,2-peroxo dicopper(ll) complexes Ib, I1b
and I11b by addition of dry oxygen to the corresponding dicopper(l) complex la, Ila and I11a,[586465121]

Figure 8 shows their molecular structures.

N"Pr "\ N T

+

\ .
iPr b ,Pr lPr b ,Prl lPr b /Prl
Figure 8: Isolated p-n':n'-peroxo dicopper(ll) complexes based on the ligand scaffolds I, 11 and 111.[38:6465121]

These cupric peroxides differ only in their length of the spacer in the ligand backbone. Based on this
series, the effects of lengthening the spacer have been described. Longer spacers do not only decrease
the copper-copper ion distance. They also change the properties of the complex.885121 For example,
the magnetic properties change due to increasing Cu—O—O-Cu angles with longer spacers. Ib has a
torsion angle of 55 ° and exhibits antiferromagnetic coupling with a singlet ground state.™*?!! In contrast,
I1b is ferromagnetic coupled and exhibits a triplet ground state (S = 1).°! It has a torsion angle of 104 °.
I1b was the first copper oxygen complex which exhibits a triplet ground state.®! I11b can be considered
as a mixture of 1b and I1b due to the non-symmetric geometry.8 The non-symmetric complex I11b has

an torsion angle of 86°, is weak ferromagnetically coupled and has a triplet ground state.[*'?
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Recent studies show that the length of the spacer can lead to a more exposed active site of the cupric
peroxides.l®312 Short methylene spacer in the ligand backbone allow interactions of Lewis acid with
the Cu.O; core.[''%l BRINKMEIER et. al. show that the peroxo dicopper(ll) complex Ib can interact with

alkali metal ions, such as Li* (Scheme 1).[:04111121]
,i ,iPr iPr\ .

\
N Mot NS N—
o
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~cu  ocur
MeLiNa K Li, Na, K / ot \
N “u*

\ N o) 4

iPr b iPr iPr iPr

Scheme 1: Synthesis of the alkali metal ion adducts of the peroxo dicopper(Il) complex 1, [110.111.121]

It has been found that the interacting alkali metals influence the molecular and electronic structure of
1b.[21 For example, the alkali metal ions influence the Cu—O—O-Cu torsion angles. The lithium adduct
has the largest deviation from the original angle with an angle of 71°. This influences the antiferromag-
netic coupling. The crystallized alkali metal ion adducts have also been examined by UV/vis spectros-
copy. A shift of the characteristic bands to shorter wavelengths has been observed for the alkali metal
adducts. The smaller the ionic radius of the interacting alkali metal ion the larger is the observed shift

of the distinctive absorbance features. [111.121]

Similar results were found for the peroxo dicopper(I1) complex 11b.381121 |n addition, I11b is interacting
with hydrogen bond donor substrates like phenol, methanol and 2,2,2-trifluoroethanol (TFE). The
resulting UV/vis spectra show a blueshift after adding the of the substrates. The TFE adduct exhibits a
temperature dependent equilibrium which is shown in Scheme 2. UV/vis experiments show that at lower
temperatures a p-1,1-hydroperoxo binding motif is preferred whereas at higher temperatures a p-1,2-

peroxo core is preferred in presence of TFE.

iPr

~o] (o \N\/?}
@ J e )

lPr ? /Pr iPr / iPr
R \

Scheme 2: Equilibrium between the p-1,2-peroxo and the p-1,1-hydroperoxo oxygen binding motif. The equi-
librium is temperature dependent. !

Other reactive oxygen adducts like the hydroperoxo copper(Il) complexes have been isolated.[*865121]
The molecular structures of the crystallized hydroperoxo copper(ll) complexes Ic, llc and Illc are de-
picted in Figure 9. The corresponding pKa values have been determined by UV/vis back titration exper-

iments with adequate bases.[38:65121.124]
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Figure 9: Crystallized hydroperoxo dicopper(ll) complexes Ic, Ilc and Illc based on the iPr,TACN/pyrazolate
ligands I, 11 and 11].13865:121,124]

Despite the high reactivity of the cupric superoxides, Brinkmeier et. al. succeed in crystalizing this im-
portant bimetallic reactive oxygen adduct Id (Figure 10).[221221 X-Band EPR studies confirm the ex-
pected spin ground state of the superoxo dicopper(ll) complex Id of S = %4.12221 The complex has been
synthesized from the cis-pu-1,2-peroxo dicopper(l1) complex Ib by addition of 1 eq. of silver triflate.

lPr /Pr

\

<\c" oCuJ

/Pr /Pr
Id

Figure 10: Molecular structure of the superoxo dicopper(I1) complex Id based on the iPr,TACN/pyrazolate lig-
and 1.[121.122]

In contrast to the copper oxygen adducts based on the iPr,TACN/pyrazolate ligand scaffolds I, 11 and
111, the copper oxygen complexes based on the Me,TACN/pyrazolate ligand IV are clearly less stable
and it has not been possible to crystallize their reactive oxygen intermediates 1221281 However, it has
been possible to isolate a novel dicopper(ll) complex with a bridging acetate IVVc. The reduction of 1\Vc
leads to an unseen mixed-valent intermediate and to the dicopper(l) complex 1VVa (Scheme 3).

1.2 eq. 1.3 eq.

@ %WWJMJWU'J

Ve IVa

Scheme 3: Reduction of 1V/c to the dicopper(l) complex 1Va via a mixed-valent copper complex in MeCN.[1%]

The existence of the mixed-valent species has been confirmed by the addition of dry oxygen since the

corresponding superoxo complex has been observed in a UV/Vis stopped flow experiment.[*23l
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2 Thesis Objective

In previous studies, it was shown that dinuclear copper complexes based on TACN/pyrazolate compart-
mental ligands can mimic the Type 111 copper proteins and can lead to new insights into their reaction
mechanism,[38:6465.104.105.110-112121-12%] The |igand scaffolds shown in grey in Figure 11 were synthesized
to investigate the corresponding copper oxygen complexes in earlier works, 865104121123 These Jigands
were mainly varied in their aliphatic spacer. Additionally, attempts were made to reduce the steric bulk

at the TACN side arms.

Completing the existing ligand series and extending the range of TACN/pyrazolate ligands requires
synthesizing the two methyl substituted ligands HLsym and HLasym. The molecular structures of these
new ligands are shown in black in Figure 11. The successful synthesis and isolation of HLsym and HLasym

is one of the objectives of the presented work.
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Figure 11: Overview of TACN/pyraazolate hybrid ligands. The existing ligand scaffolds shown in grey. The
ligands HLsym and HLasym are shown in black.[3865104.121,123]

In addition, the aim is to synthesize and characterize the corresponding peroxo dicopper(Il) complexes.
Since the spacer is not changed in comparison to the ligand Il and 111 it is expected that the molecular
and electronic structure is similar to their peroxo dicopper(ll) complexes. The influence of the methyl
groups of the TACN side arms on the core of the copper complexes is of particular interest. It is expected
that a deshielding of the Cu,O, core can occur due to the reduced steric demand. This may result in

increased reactivity.

In addition, a more expose bimetallic cavity may also lead to unknown interactions with new substrates
and Lewis acids such as alkali metal ions. To explore this, the present thesis will test whether Lewis

acid like Ca?*-ions can interact with the cupric peroxides.
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Furthermore, the investigation and isolation of the other occurring reactive intermediates (hydroperoxo

and superoxo) is of great interest. The final goal is to test these systems in the oxygen reduction reaction.
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3 Novel TACN/pyrazolate ligand scaffolds

3.1 Syntheses of novel TACN/pyrazolate ligands

In previous works, several strategies have been developed to synthesize the dinucleating TACN/pyra-
zolate ligand scaffolds.[3865104109.1211 Normally, the target molecule is obtained by the reaction of a 3,5-
substituted pyrazole synthon and two functionalized TACN synthons. From the perspective of retrosyn-
thetic analysis, this approach makes sense because it must be taken into account that the synthesis of
both building blocks are already complex multistep syntheses with low yields. The coupling of the two
synthons can be achieved by the reaction of a pyrazole acyl chloride or a chlorinated pyrazole with the
unprotected secondary amine moiety of the TACN unit. Unfortunately, the more reactive pyrazole acyl
chloride building block could not be synthesized as the pyrazole synthon.f21261 Therefore, the syntheses
via the chlorinated pyrazole units are preferred in this work. In this chapter the syntheses of the
HMe,TACN moiety, the symmetric and non-symmetric pyrazole building blocks and the subsequent

coupling of both units are described and discussed.

3.1.1 The TACN unit

The simple preparation of aza-crown ethers like 1,4,7-triazacyclononane (TACN) in the laboratory is of
high interest. In general, a major challenge in syntheses of all types of macrocycles is to control the
formation of large macrocycles with a well-defined ring size. Typically, an uncontrolled ring-closing
macrocyclization leads to the formation of a mixture of polymers and macrocycles with relatively small
ring sizes. Even if the desired macrocycle was formed by chance during the reaction, the low yields and

the complex purification process means that the synthetic effort is not worthwhile.

This problem can be solved mainly by two different classic synthetic strategies. Firstly, a high dilution
synthesis approach can be used which favors the intramolecular end-to-end condensation of an open-
chain compound instead of the competing concentration dependent bimolecular reaction leading to the
formation of oligomers or polymers.[*?1 Secondly, a widely used strategy is the usage of templates that
lead to a favorable preorganization of the reagents prior to the actual ring forming reaction and thereby
enabling the efficient syntheses of the correct ring size macrocycle.[*?®! For example, the template effect
was exploited by GREENE in the synthesis of the crown ether 18-crown-6 from the diol triethylene glycol
and ditosylated triethylene glycol in the presence of potassium tert-butoxide in tetrahydrofuran
(THF).[129.1300 |n this case, the potassium cation preorganized the two reagents prior to ring closure and
thus enabled a high yield of the product. This has been described as a cation-template effect which was
also observed in the synthesis of the nitrogen analogues of the crown ethers the aza-crown ethers.[12812
The latter can be produced in moderate yields by using the previous mentioned high dilution technique,
as STETTER and Roos reported.™! For the cyclization, a terminal dihalide was reacted with the diso-
dium salts of an N-tosylated diamine in a highly diluted dimethylformamide/methanol reaction mixture.

RICHMAN and ATKINS expanded on that knowledge and developed this reaction further.**? Instead of
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the dihalide, a ditosylated diol with a deprotonated N,N’,N"-tritosyldiethylenetriamine was used to pro-
duce a N,N’,N"-tritosyl-1,4,7-triazacyclononane (Scheme 4). The product of this macrocyclization was
obtained in a high yield of 71 9.3
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Scheme 4: Ring-closing reaction in the RICHMAN-ATKINS synthesis of the polyaza crown compound N,N’,N"-
tritosyl-1,4,7-triazacyclononane.[*32

Surprisingly, this small modification made it possible to do the reaction without using high dilution
condition. In addition, this allows to produce these polyazamacrocycles in large scale in the laboratory.
Also remarkable is the finding that a sodium cation-template effect is not the dominating factor in the
RICHMAN-ATKINS approach. In the original publication RICHMAN and ATKINS described that even if
the sodium cations were exchanged against tetramethylammonium cations, the yields were still rela-
tively high.[*%? Based on these findings, it was later shown that even the isolated disodium salt was not
needed. An in-situ deprotonation of the pertosylated polyamine with potassium carbonate or even better
a caesium carbonate in the polar aprotic solvent DMF was a more efficient synthesis of these pertosyl-
ated polyazamacrocycles. Also in this case, a template effect is not responsible for the efficient synthesis
but rather the efficient in-situ formation of the tosylamide salt with the metal carbonates.*?81331341 Even-
tually, the high yields of the widely used RICHMAN-ATKINS route can be traced back to an entropy effect
induced by the p-toluenesulfonyl groups. These bulky side groups preorganize the polyaza-compound
and reduce the internal entropy by reducing the rotational freedom of the pertosylated open-chain.[*?8l
Large rings are formed if their reaction entropy is higher in comparison to the open-chain reaction. %
To sum up, the RICHMAN and ATKINS synthesis gives easy access to the N,N’,N"-tritosyl-1,4,7-triaza-
cyclononane in high yields and allows for easy scalability of the synthesis. As large amounts of the
resulting 1,4-dimethyl-1,4,7-triazacyclononane are needed to balance out the low yields of the actual
ligand synthesis from the two units, a modified and refined synthesis of this synthetic route was chosen
for this work (Scheme 5).
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Scheme 5: Synthesis of the TACN unit 1,4-dimethyl-1,4,7-triazacyclononane by using a modified and refined
RICHMAN and ATKINS approach,[132136]

For this synthesis diethylenetriamine and ethylene glycol were commercially acquired. Tosyl protecting
groups were introduced by sulfonylation of both reagents under basic conditions leading to the com-
pounds 3 and 4. Macrocyclization was accomplished with caesium carbonate in dry DMF, as described
in the prior section. The subsequent selective deprotection was achieved by the addition of a mixture of
33 % hydrobromic acid in acetic acid and phenol which can act as a bromine scavenger.*® In a second
step the obtained intermediate 1-(p-tosyl)-1,4,7-triazacyclononane dihydrobromide can be reacted to
compound 6.3 This molecule shows the desired R./2R, TACN substitution pattern and can be con-
verted to 4,7-dimethyl-1-(p-tosyl)-1,4,7-triazacyclononane 7 under ESCHWEILER-CLARKE methylation
reaction conditions. Under harsh conditions the last protection group was removed and after purification
by distillation at reduced pressure the desired product 8 was obtained as a colorless 0il.[132136-1%8] The

overall yield of this synthesis of 1,4-dimethyl-1,4,7-triazacyclononane was 23.5 %.

This low yield underlines the fact that scalability of this synthesis is very important for producing large
amounts of 8. Furthermore, the intermediates 3, 4, 5 and 7 are very stable and can easily be stored. This
fact allowed to accumulating large amount of these intermediates and optimizing in this way the follow-
ing reaction step of the synthesis. Obviously, the batch sizes where significantly increased in comparison
to the described procedures in literature.[**®! Since with bigger batches the safety risks and health risks
in case of an accident are exponentially higher, this optimizing strategy has its limits in the standard
chemical laboratory. Risks and benefits had to be accessed and weighed carefully against each other.

This is especially true for the reaction of 5 to 6 where phenol and hydrobromic acid in acetic acid are
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used in excess. Additionally, large amounts of gaseous HBr are evolving during the reaction and must
be managed. In addition to that, the commonly known problems of scale up, as for instance particle

formation or liquid/liquid separation, had to be considered.™*34

Since compound 8 is relatively unstable, it was used directly in the ligand synthesis. It was possible to
store 8 at —26 °C under argon atmosphere for two days. Longer storage periods led to partial decompo-
sition which was visible as a color change of the oil from colorless to pale yellow. A bulb-to-bulb dis-
tillation made it possible to separate clean compound 8 again, but this procedure reduced the low yield
of the synthesis even further and therefore storage was avoided whenever possible. As mentioned in the
last paragraph, the precursor 4,7-dimethyl-1-(p-tosyl)-1,4,7-triazacyclononane 7 was very stable and
thus the deprotection to form compound 8 was only done when the coupling reaction with the pyrazole

unit was planned.

All intermediates of the synthesis of 1,4-dimethyl-1,4,7-triazacyclononane 8 were characterized by *H-
and *C-NMR spectroscopy and the obtained data was consistent with literature.[**! In addition, charac-
terisation by ESI mass spectrometry was done for the product and confirmed the successful synthesis.
Figure 12 shows the *H-NMR spectrum of the end-product 8.
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Figure 12: 'H-NMR spectrum (300 MHz) of 1,4-dimethyl-1,4,7-triazacyclononane (HMe,TACN) 8 measure in
deuterated chloroform at room temperature.

Regarding the synthesis of the TACN unit, it must be mentioned that also newer TACN-synthesis con-
cepts are available like the synthesis route of DENAT et al., which was refined by GRos and HASSERODT,
or the TACN synthesis according to SCARBOROUGH et al..l}40142l These syntheses were developed to
avoid the drawbacks of the classical RICHMAN-ATKINS route. These disadvantages are long reaction
times, the need for tosyl protection groups for preorganisation which are not atom-economic and the
harsh reaction conditions to get rid of these residues.l**%l Considering the concept of green chemistry

these newer synthetic procedures should be preferred, but those also have disadvantages.*!
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Scheme 6: Synthesis of a 2Ru/Ra N-functionalised TACN according to GRos and HASSERODT. [140:141]

Normally, these alternative syntheses introduce the two Ry, side groups of the R./2R,-substituted TACN
in the first step of the synthesis, as shown in Scheme 6.[*4Y1 Therefore, the protection and deprotection
procedure of the nitrogen atoms can be avoided. Unfortunately, high yields of the TACN product are
only achieved for bulky substituents in the Ry positions.[** Also, high amounts of dry solvents are
needed for theses reactions. The reasons given above and the fact that these syntheses are not easily
scalable lead to the conclusion that in this case the synthesis of 1,4-dimethyl-1,4,7-triazacyclononane 8

the RICHMAN-ATKINS synthesis should be preferred.

3.1.2 The pyrazole units

Depending on the length of the spacer between the pyrazole bridging unit and the side arms different
synthetic approaches are needed. This chapter covers the syntheses of a symmetric and a non-symmetric
pyrazole unit. Several suitable and also more complex pyrazole building blocks and their advantages
and disadvantages for the synthesis of the corresponding ligand scaffold have been discussed in previous

works.[32.38,65,126]

3.1.2.1 Symmetric pyrazole units

The synthesis of the symmetrical pyrazole is inspired by the published synthetic procedure of AKITA et
al. and LANGER et al..[!*4141 Both symmetrical pyrazole units are based on the same key precursor
3,5-Bis(2-hydroxyethyl)-1H-pyrazole. This molecule 13 was synthesized and provided by the MEYER
working group (Scheme 7).
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Scheme 7: Synthetic protocol for the formation of the precursor 3,5-Bis(2-hydroxylethyl)-1H-pyrazole 13 from
1-methoxy-1,3-bis(trimethylsilyloxy)-1,3-butadiene 9 and methyl malony! chloride 10.[244-14]

As in Scheme 7 depicted, 1-methoxy-1,3-bis(trimethylsilyloxy)-1,3-butadiene 9 and methyl malonyl
chloride 10 were reacted with help of trimethylsilyl triflate which acts as a catalyst. To the resulting
dimethyl dioxopimelate 11, hydrazine hydrate was added to obtain 3,5-di(methoxycarbonylmethyl)py-
razole 12 via a cyclocondensation at the electrophilic keto groups. Subsequently, reduction with lithium
aluminium hydride led to the required key precursor 13.[144-146]

Scheme 8: Synthesis of the pyrazole bridging units 3,5-bis(2-chloroethyl)-1H-pyrazole hydrochloride 14 and
3,5-bis(2-chloroethyl)-1-(tetrahydro-2H-pyran-2-yl)-pyrazole 15 from the precursor 13.[32.65144.147]

In a second synthetic procedure the final two symmetrical pyrazole bridging units 14 and 15 were ob-
tained (Scheme 8). The first unit 14 was synthesized with the chlorinating reagent thionyl chloride
(SOCIy). To avoid potential oligomerization of the free NH unit at the pyrazole, 3,4-dihydro-2H-pyran
(DHP) was used as a protection group.®! The resulting 2-tetrahydropyranyl group can be cleaved off
with an ethanolic hydrochloric acid solution and allows to regain the unprotected pyrazole unit. The
product 3,5-Bis(2-chloroethyl)-1-(tetrahydro-2H-pyran-2-yl)-pyrazole 15 as well as compound 14 are
stable molecules and can therefore be stored easily under standard conditions. The products were suc-
cessfully isolated and characterized by *H-, **C-NMR spectroscopy and ESI-mass spectrometry (for

further information see chapter 8.2).

3.1.2.2 A non-symmetric pyrazole unit

The last chapter showed that the synthesis of the symmetric pyrazole unit via a 1,3-dicarbonyl compound
is a multistep reaction which required special starting materialsi**®l, These two factors mean that this
pyrazole synthesis is very time consuming, gives low yields and many different chemicals are required.

This is a common disadvantage of pyrazole syntheses. Often harsh reaction conditions and transition-
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metal catalysts are needed.l'®1%°1 These drawbacks can be avoided if the structural pyrazole motif is

synthesized via a Cope-type hydroamination of 1,3-dialkynes with hydrazine.[4®]

The formation of 3,5-disubstituted pyrazoles from different substituted 1,3-butadiynes and hydrazine
was studied by PAUDLER and ZEILER.!* They found that it is possible to obtain 5-(2-hydroxyethyl)-3-
(hydroxymethyl)-1H-pyrazole from 2,4-hexadiyne-1,6-diol and an aqueous hydrazine solution. Further-
more, BUCHLER used this [3 + 2] cycloaddition to gain access to an non-symmetric pyrazole bridging
unit (Scheme 9).54 This progress made it possible to synthesize the first non-symmetric iPr,TACN/py-
razolate ligand which allowed the tuning of the metal-metal-separation in the corresponding bimetallic
complexes in comparison to the related symmetric complexes.'® Later ACKERMANN used this non-
symmetric ligand scaffold to produce the first non-symmetric dicopper-complex.™52 This work was later
revived, extended and refined by SPYRA.B8

The main advantages of this pyrazole synthesis are the instant access to the desired pyrazole unit via a
metal catalyst free synthesis, high yields and mild reaction conditions. Additionally, the cycloaddition

of diynes is a very atom-efficient transformation.*53

OH
= H,N—=NH, « H,0 N SOcCl, N
HO { OH ——=2, Cl { cl * HCl
= N—NH N—NH
OH 16 17 18

Scheme 9: Synthesis of the non-symmetrical pyrazole unit 5-(2-chloroethyl)-3-(chloromethyl)-1H-pyrazole hy-
drochloride 18.[109.150.151]

The reagent 2,4-hexadiyne-1,6-diol 16 was purchased commercially. In general, these 1,3-butadiynes
derivates can also be synthesized by a copper catalyzed oxidative homo-coupling of terminal al-
kynes.[181541 2 4-Hexadiyne-1,6-diol was reacted with hydrazine monohydrate in ethanol overnight, as
shown in Scheme 9. Purification led to the isolation of 5-(2-hydroxyethyl)-3-(hydroxymethyl)-1H-py-
razole 17 as a brown oil. It must be mentioned that the successful synthesis and the yield of 17 depend
highly on the degree of purity of the educt 16.581 The product 18 was obtained as a colorless solid by
chlorination with thionyl chlorid. 5-(2-chloroethyl)-3-(chloromethyl)-1H-pyrazole hydrochloride 18
was stored under inert conditions at —26 °C and was characterized by H-, *C-NMR spectroscopy and
ESI-mass spectrometry (for further information see chapter 8.2.2.4). To avoid decomposition and due
to the hygroscopic nature of compound 18 the non-symmetrical pyrazole unit was used directly for the

synthesis of the ligand scaffold.

BUCHLER et al. also described that the pyrazole unit 18 can be protected with 3,4-dihydro-2H-pyran. (%]
This protection procedure could not be reproduced in this work, but it turned out that this additional step
was not necessary for the successful synthesis of the non-symmetrical Me,TACN/pyrazolate compart-

mental ligand which will be discussed in chapter 3.2.2.
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3.2 Ligand synthesis

3.2.1 A novel symmetric Me2TACN/pyrazolate ligand scaffold

In previous studies the synthesis of pure and clean symmetrical methylated TACN/pyrazolate hybrid
ligands with an ethyl-spacer was not successful. However, these works provided important insights into

the coupling reaction.[*21261 The standard procedure of KINDERMANN was used and adapted to synthesize

O
XW/X 2 Me,TACN, base (NN N—NH NN
N

the new ligand scaffold, as depicted in Scheme 10.1%]

N—N_ low T, polar solvent

Y
N NN N

HLgym

Scheme 10: Adapted synthetic procedure for the formation of the symmetric Me, TACN/pyrazolate hybrid lig-
and HLsym according to KINDERMANN.[269]

First and foremost, it is important to realize that even though the molecular structure of the
Me,TACN/pyrazolate ligands HLsym is almost similar to the related iPr.TACN/pyrazolate ligand, the
synthesis is more complicated and challenging. Firstly, it was shown that more and higher amounts of
side products are formed and therefore the yields are much lower. Typically, elimination products,
monosubstituted side products and even dimerization products were found. The most common side
products are depicted in Figure 13. Secondly, the optimization of the leaving group in this nucleophilic
substitution and the protection of the pyrazole led to higher yields.? The synthetic effort to obtain this
specialized pyrazole unit, like 3,5-Bis(2-p-tosylethyl)-1-(methoxymethyl)-pyrazole, is very high and the
yield of the synthesis of this substituted pyrazole is low. These two factors meant that a larger scale
synthesis of this molecule was not reasonable. Thirdly, higher basicity of the used base resulted in higher
amounts of elimination products without higher yields of the target molecule. Fourthly, higher reaction
temperature led also to higher percentage of the elimination vinyl products.® In contrast, lower tem-
perature during the reaction led to higher amounts of monosubstituted side products. Fifthly, protection
of the NH-unit of the pyrazole building unit prevented dimerization via the nucleophilic attacks of an-

other pyrazole.[>1%!

/\(\/\ x/\m
N—NH N N—NH
Nw 74 \ AN N\
N—NH
N N

/N\ /N /N\ RN
Figure 13: Overview of the common side products in this coupling reaction.

Considering these preliminary results, an optimized synthesis was needed to form the ligand scaffold in

substantial amounts. Therefore, 3,5-Bis(2-chloroethyl)-1-(tetrahydro-2H-pyran-2-yl)-pyrazole 15 was
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reacted with two equivalents of 1,4-dimethyl-1,4,7-triazacyclononane 8 under basic conditions in ace-

tonitrile, as depicted in Scheme 11.

1.Na,CO,, TBABr N
H 2.HCI/EtOH N NH
Cl\/\MC| . ( \ 3.DME/HCIO, N N .7 HCIO,
N—N
N N

THP SN N

Scheme 11: Synthesis of the new symmetric Me, TACN/pyrazolate hybrid ligand with 3,5-Bis(2-chloroethyl)-1-
(tetrahydro-2H-pyran-2-yl)-pyrazole 15.

Sodium carbonate (Na,COs3) was used as a base and tetrabutylammonium bromide (TBABTr) was added
in catalytic amounts to enable the in-situ exchange to the bromide which is a better leaving group in
comparison to the chloride residue. In a second step, the protection group was removed under acidic
conditions. Subsequently, the resulting product was precipitated with perchloric acid in 1,2-dimethoxy-
ethan (DME). This procedure will be explained and discussed later in this chapter. This synthesis strat-
egy was chosen because of the expected favorable product to side product ratio and reasonable yields of
the desired HLgsym.

As mentioned, previous studies suggested to avoid high temperatures during the reaction and recom-
mended to keep the temperature lower than 40 °C.I*®! Despite this, different reaction temperatures from
30 °C to 60 °C were tested to find the optimal temperature for this conversion. Furthermore, the reaction
time was varied from four to nine days. These extraordinary long reaction durations were chosen to
compensate for the lower reaction temperatures and to reduce the formation of monosubstituted side
products. It must also be taken into account that longer reaction times at low temperatures can lead to
higher yields of the elimination products. Two different strategies were tested to prevent this problem.
On the one hand, the stoichiometric ratio of 1,4-dimethyl-1,4,7-triazacyclononane 8 was raised stepwise
from 2.0 to 2.3 equivalents to counteract the excessive formation of monosubstituted side products. On
the other hand, it was tested to add the pyrazole building block dropwise during the reaction to an excess
of 8 to avoid the formation of elimination products. Unfortunately, in both cases significant quantities
of side products were still found after the reactions. Additionally, the stoichiometric excess of 8 could
not be fully regained by vacuum distillation after the reaction. The easy decomposition of 8 under theses
reaction condition explains this finding. Since reagent 8 is a valuable asset, because of its time consum-

ing and expensive synthesis, this synthesis strategy of HLsym was avoided eventually.

For the experiments concerning the optimal reaction temperature, it was found that higher reaction tem-
peratures gave a better product to side products ratio and increased the overall yield. Interestingly, higher
reaction temperatures did not lead to higher amounts of elimination products, as reported previously. 55!
This observation coincides with recent and similar experiments concerning the synthesis of the related
iPr,TACN/pyrazolate ligand scaffold.F8
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The set of experiments regarding the optimization of the reaction duration showed that even at very long
reaction times still significant amounts of side products, especially monosubstituted side product, were
found in the *H-NMR spectra after purification and were also detected by ESI-MS spectroscopy. There-
fore, it can be reasonably concluded that long reaction times just prolong the already long synthesis

procedure without solving the underlining problems of this synthesis.

Another factor to consider is the role of NH-protection at the pyrazole unit in this reaction. The tetrahy-
dropyranylation was performed because previous studies had observed dimerization of unprotected py-
razole units.[® Scheme 12 shows the dimerization of two pyrazole units with a methyl spacer in the
backbone, such as 3,5-bis(chlormethyl)-1H-pyrazole. Furthermore, it was reported that protection of the
NH-group could make a purification of the protected ligand via column chromatography possible. %

N
A~ AT CI/\m/\N—N
2 o N T e —— N—N\/w\/m

Scheme 12: Dimerization of the pyrazole unit 3,5-bis(chlormethyl)-1H-pyrazole.[*%

This result could not be replicated for the protected TACN/pyrazolate hybrid ligands with the longer
ethyl bridge in the backbone. Unfortunately, the screening of different absorbents and eluents combina-
tion for column chromatography were also not successful. Moreover, the dimerization was never ob-
served if instead of the protected pyrazole unit 15 the unprotected reagent 3,5-bis(2-chloroethyl)-1H-
pyrazole hydrochloride 14 was used in the ligand synthesis. This can be explained by two effects. First,
if the pyrazole unit 14 nucleophilic attacks another pyrazole molecule 14 the resulting dimer will feature
an eight-membered ring. The ring strain energy of this eight-membered heterocycle would be much
higher in comparison to the ring strain of the six-membered ring formed in case of the mentioned di-
merization of two molecules of 3,5-bis(chlormethyl)-1H-pyrazole. Higher ring strain energies should
adversely affect the formation of the dimer. Second, the pyrazole unit 14 is less reactive in comparison
to 3,5-bis(chlormethyl)-1H-pyrazole since the chloride atoms are not in the allylic position of the heter-
ocycle. Consequently, the dimerization of 14 is not favored and therefore the proposed advantages of

the protection groups are not relevant in this case.

Taken all these results and insights into account, several conclusions can be made. On the one hand,
longer reaction times at moderate temperatures are not the most efficient way to synthesize the new
ligand scaffolds. On the other hand, higher temperature during the reaction led to better yields of the
target molecule HLsym without higher amounts of elimination side products. In addition, dimerization
of the pyrazole unit seems to be not a problem and therefore as already implied in the last paragraph a
simpler synthesis was used and optimized. 3,5-Bis(2-chloroethyl)-1H-pyrazole hydrochloride 14 was
reacted under basic conditions with two equivalents of 1,4-dimethyl-1,4,7-triazacyclononane 8 in ace-
tonitrile at 100 °C, as shown in Scheme 13. Additionally, tetrabutylammonium bromide was added in

catalytic amounts.
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Scheme 13: Synthesis of the new symmetric Me,TACN/pyrazolate hybrid ligand with 3,5-Bis(2-chloroethyl)-
1H-pyrazole hydrochloride 14.

The high reaction temperature was chosen to avoid the excessive formation of the monosubstituted side
product and to reduce the prolonged reaction durations of the first synthesis. Interestingly, analytics of
the obtained product mixture showed that the amount of elimination products did not rise in comparison
to the experiments at lower temperatures, such as 40 °C or 60 °C. Additionally, it was observed that still
traces of the monosubstituted side product can be found in the sample. These two findings are in good
agreement with the product analysis of the parent symmetric iPr,TACN/pyrazolate ligand synthesis.
Here, the ligand scaffold was also never obtained in analytically pure form and all attempts to purify the

reaction mixtures by column chromatography failed.[

Purification of the reaction mixture is a major challenge for nearly all the TACN/pyrazolate hybrid
ligand syntheses. The exception are syntheses where a pyrazole acyl chloride building block is available.
In these cases, the higher reactivity of the acyl chloride led to a more favorable product to side product
ratio and higher purity. It was even shown that it is possible to crystallize the resulting amide interme-

diate 104121

Since column chromatography of HLsym is not an option, different strategies to purify the ligand were
tested. Normally, the best purification strategy is the crystallization of the ligand. Therefore, the ligand
was deprotonated with sodium tert-butoxide (NaO'Bu) in propionitrile to afford the corresponding so-
dium salt NaLsym, following the reported procedure of DALLE.[! Different solvents combinations (ac-
etone, acetonitrile or propionitrile with diethyl ether) and crystallization techniques (slow vapour evap-
oration and diffusion layering) were tested at room temperature. Crystalline material was not obtained
in theses attempts. Probably, the purity of the starting material was not sufficient to form crystals. It is
well-known from literature that various TACN/pyrazolate hybrid ligands and even the corresponding

copper complexes only crystallize if the purity of the starting material is very high.[365104121]

Consequently, precipitation was tested as a purification method for the ligand HLgym.8%5 Therefore,
the crude product HLsym was dissolved in 1,2-dimethoxyethane and concentrated perchloric acid was
added dropwise as an aqueous solution to the mixture until the forming colorless precipitate started to
dissolve again. Subsequently, a 1:1 mixture of ethanol and diethyl ether was added to the flask and the
reaction mixture was stirred for an hour. The formed solid was separated and the solvent mixture was
discarded. The addition of ethanol to the solid and stirring of the mixture for two days led to an orange
solid and an off-white powder. The solvent was carefully decanted, substituted by fresh ethanol and the

reaction mixture was stirred again for one day. This process was repeated until the orange solid was
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completely dissolved. Finally, the product was obtained as an off-white powder. For further and more

detailed information about this procedure see chapter 8.2.3.1.

This purification procedure led to a high purity of the product HLsm. However, the following points
should be noted: If too much or too little perchloric acid was added the resulting yields would be signif-
icantly lower and even more important the purity of the product would be compromised. Furthermore,
at least four cycles of stirring the product in fresh ethanol are required to obtain the product in good
quality. Additional purification cycles with ethanol did not lead to significantly higher purity of HLsym.
The product quality was improved by stirring the off-white powder in diethyl ether for one day after the
purification cycles with ethanol. Lastly, the use of larger volumes of concentrated perchloric acid should
be avoided, because of the hazardous properties of concentrated perchloric acid. Especially, the for-

mation of unstable perchlorates which are shock sensitive, can be a major concern.!>"]

Employing the discussed methods led to the successful synthesis and subsequent isolation of HLsym.

3.2.2 A novel non-symmetric Me2TACN/pyrazolate ligand scaffold

The synthesis of the non-symmetric ligand scaffold HLasym is based on the work of BUCHLER et al..
Combining their insights with the synthetic procedures established by KINDERMANN led to a new syn-
thesis approach for non-symmetric TACN/pyrazolate ligands.

The non-symmetric Me,TACN/pyrazolate compartmental ligand was synthesized as depicted in Scheme
14. Therefore, 5-(2-chloroethyl)-3-(chloromethyl)-1H-pyrazole hydrochloride 18 was reacted with
2.2 equivalents of 1,4-dimethyl-1,4,7-triazacyclononane 8 in acetonitrile under basic conditions at
100 °C. Tetrabutylammonium bromide was added in catalytic amounts to facilitate the nucleophilic sub-
stitution. This synthesis was implemented and refined in a close cooperation with SPYRA, who used a

similar synthetic procedure to gain access to an non-symmetric iPr,.TACN/pyrazolate ligand.!
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Scheme 14: Synthesis of the new non-symmetric Me,TACN/pyrazolate hybrid ligand with 5-(2-chloroethyl)-3-
(chloromethyl)-1H-pyrazole hydrochloride 18.

In comparison to the previously discussed syntheses, the formation of side products is reduced by the
fact that in the non-symmetric pyrazole unit 18 has only one ethyl chloride residue instead of two. Also,
the nucleophilic substitution at the methyl chloride side is much faster and more efficient in the allylic
position to the heterocycle and therefore higher yields of the desired product were expected. Initial *H-
NMR analysis of the reaction mixture showed that the possible dimerization product, as shown in

Scheme 15, did not form. The dimerization product can only form if the methyl chloride residue is
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available However, due to the high reaction temperature of 100 °C, the stoichiometric excess of 1,4-
dimethyl-1,4,7-triazacyclononane 8 and the fast nucleophilic substitution the methyl chloride site reacts
immediately with the TACN unit. The resulting monosubstituted pyrazole intermediate cannot form the
dimerization product because it only features the ethyl chloride residue which can react in the next step
with another equivalent of HMe,TACN.

Scheme 15: Dimerization of the pyrazole unit 5-(2-chloroethyl)-3-(chloromethyl)-1H-pyrazole 18.

Even though, the typical side products like the monosubstituted or the monosubstituted elimination
product can still be found in the reaction mixture, the quantity of theses impurities are much lower in

contrast with the amounts found in the syntheses discussed in chapter 3.2.1..

As a result of all these factors the product to side product ratio is more favorable and therefore the
desired non-symmetric Me.TACN/pyrazolate ligand can be obtained in higher yields and purity. Espe-
cially the latter enables an easier and shortened workup of the reaction. The purification process devel-
oped for HLsym was adapted and used for HLasym. The points made in the last chapter concerning the
purification of HLsym apply also for the ligand scaffold HLasym. However, it needs to be emphasized that
the precise precipitation with concentrated perchloric acid is the crucial step for achieving a pure prod-
uct. For further and detailed information see Chapter 8.2.3.3. The product was obtained as a colorless

powder.

Previous works showed that higher purity of the TACN/pyrazolate compartmental ligands helped to
successfully form and crystallize the corresponding dicopper complexes.[3864651111241 Based on this ob-
servation, additionally great efforts were put into the crystallization of the ligand scaffold HLasym to
further improve the purity of the products, even though *H-NMR and ESI-MS analysis showed that the
precipitated ligand was already of high and sufficient purity. Therefore, a previously reported procedure
by DALLE was adjusted and used.[**! The ligand was dissolved in methanol, one equivalent of ammo-
nium tetrafluoroborate was added and the reaction mixture was stirred for an hour. After workup, the
protonated ligand was dissolved in acetonitrile and slow vapour crystallization was carried out with
diethyl ether as precipitant.l’® Similar experiments were conducted for the symmetric ligand scaffold
HLsym. Unfortunately, crystalline material of the expected protonated ligand scaffold [HsLasym](BFa)2

or even [HsLsym](BF4)2 could not be isolated.
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3.3 Summary and conclusion

A new series of TACN/pyrazolate ligands with lower steric hindrance were introduced and successfully
isolated despite a wide array of possible side products. This was achieved by employing a scaled up
multistep HMe, TACN synthesis, which is based on the RICHMAN-ATKINS route, and a coupling via a
nucleophilic substitution of the TACN and pyrazole subunits. The synthesized molecules were mainly
characterized by *H-NMR. An overview and summary of all involved reaction is depicted in Scheme
16.
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Scheme 16: Overview of the syntheses of the novel Me,TACN/pyrazolate hybrid ligands.
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The previously reported finding that higher reaction temperatures lead to higher amounts of elimination
products in the coupling reaction, could not be confirmed and reproduced.®! Instead, higher reaction
temperatures led to increased yields of the target molecules, reduced the amount of side products and
helped to achieve faster reaction times. These findings are in good agreement with recently published
results of SPYRA.*®l These data suggest that this trend is independent of the functionalization of the
TACN subunit. In summary, it can be stated that optimization of the reaction conditions to higher reac-

tion temperatures and an excess of HMe, TACN lead to a more favorable product distribution.

Additionally, a refined purification procedure for this class of ligand scaffolds was developed to reduce
the occurring impurities. The purification by precipitation with perchloric acid in DME is the key step
for the successful isolation of HLsym and HLasym.

In comparison to the related and well-investigated symmetric and non-symmetric iPr.,TACN/pyrazolate
ligand scaffolds the syntheses of the ligands presented in this work are more challenging. The major
reasons are the higher amounts of side products, complicated purification and isolation of the target
molecules. Consequently, the applied reaction condition had to be set and monitored carefully.

The here presented syntheses are impressive examples that even slight modification of a well-known

ligand scaffold can change the whole approach of synthesizing and purification of a ligand.

In conclusion the exiting series of TACN/pyrazolate compartment ligands could be extended by HLsym
and HLasym. This achievement allows to study the steric influences of the functionalized TACN in the

resulting copper complexes which will be presented in the next chapters.
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4 Copper Complexes and reactive dioxygen adducts

4.1 Formation of a symmetric peroxo dicopper(ll) complex

4.1.1 A symmetric dicopper(l) complex

In previous works on TACN/pyrazolate compartmental ligands the formation of the corresponding
peroxo dicopper(ll) complexes are achieved by a two-step synthesis.[38651041211 |t is also reported, that
the successful isolation and crystallization of the subsequent copper-dioxygen adducts is highly depend-
ent on the success of the initial dicopper(l) complex synthesis and crystallization,[64111.112.122.124.125] The
procedures described in these reports are adapted for HLsym and the reactions are formulated and pro-
posed, as depicted in Scheme 17. This reaction scheme is plausible because of the structural similarities
of the ligand scaffold to the already established iPr,TACN/pyrazolate ligands of KINDERMANN and
SPYRA.[386]
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Scheme 17: Proposed two-step synthesis of the peroxo dicopper(ll) complexes 20 (A+B) and subsequent de-
composition to the p-hydroxo dicopper(l1) complexes 21 (C).[38.65104.121]

The proposed process consists of three reactions A-C. First, the dicopper(l) complex is formed under
inert conditions. In a subsequent reaction B, dried oxygen is added to the copper(l) complex to obtain
the expected p-1,2-peroxo dicopper(ll) complex. If this intermediate is not used for further reactions,
such as the synthesis of a superoxo or hydroperoxo dicopper(ll) complex, the peroxo dicopper(ll) com-

plex will decompose in a third step C to the u-hydroxo dicopper(ll) complex.

Based on this assumed reaction scheme, the synthesis and the crystallization of the dicopper(l) complex

19 were targeted, as shown in step A in Scheme 17. Therefore, HLsym was deprotonated with an excess
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of the strong and non-nucleophilic base potassium tert-butoxide in dry methanol. Additionally, two
equivalents of tetrakis(acetonitrile)copper(l) perchlorate were added, as a Cu'-source under inert condi-
tions. The precipitate potassium perchlorate was filtered out, discarded and a pale-yellow solution was
obtained. Then, the precipitation of the reaction mixture with sodium tetraphenylborate yielded a color-
less solid which is the crude dicopper(l) complex 19. The product was redissolved in dry acetone and
crystallization was attempted by slow vapor diffusion of dry diethyl ether into the solution at low tem-

peratures under inert condition.

Unfortunately, no crystalline material could be obtained but interestingly blue-colored oil droplets
formed in most cases after few days under inert conditions. The color change could be traced back to
the formation of the p-hydroxo dicopper(ll) complex 21 which has a blue color. This was confirmed by
ESI-MS analysis of the formed oil. According to Scheme 17, the formation of the decomposition product
21 could be explained for example by traces of oxygen in the solution which led to the formation and
subsequent decomposition of 20. Since the impurities come most likely from the used solvents, the
solvents were again thoroughly dried, degassed by the freeze-pump-thaw method and the water content
was checked by KARL-FISCHER titration.™™8 Moreover, freshly prepared tetrakis(acetonitrile)copper(l)
perchlorate and a new batch of potassium tert-butoxide were used.l*>1 However, the formation of the
decomposition product 21 could still be observed even though the work was conducted under strict inert
conditions inside a glove box. Furthermore, the crystallization conditions were varied in terms of tem-
perature, solvents (acetonitrile, propionitrile and acetone) and especially the amount of the precipitant.
In addition, different copper(l) salts were screened, such as [Cu(MeCN).][PFs], [Cu(MeCN)4][BF4] or
[Cu(MeCN)4][OTf]. Even though, the dicopper(l) complexes could not be successfully isolated and pu-
rified by crystallization. The reaction mechanism for the formation of the hydroxo dicopper(ll) complex
21 remains unclear. It seems likely that impurities such as traces of water or oxygen are involved in the

degradation process.

Previous works on the related iPr,TACN/pyrazolate ligand scaffolds never encountered such problems.
This suggest that the dicopper(l) species of the Me,TACN/pyrazolate ligand may be more reactive.®¢
Since reactivity and stability are often at odds with each other, these preliminary findings point in the
direction of higher reactivity and possibly a more open core structure with low steric hinderance in

comparison to the related dicopper(l) species.

Moreover, these empirical results imply that the desired synthetic access to the important peroxo dicop-
per(Il)-complex 20, as shown in Scheme 17, is completely blocked. A clean synthesis of 20 is the key
intermediate for the synthesis of other copper oxygen adducts and therefore essential for this work. In
order to avoid the synthetic impasse, it was attempted to synthesize the peroxo dicopper(ll)-complex 20
from the crude dicopper(l) complex 19. However, the crude dicopper(l) complex was not sufficient for
producing clean 20 after the addition of dry dioxygen. In general, this synthetic route should be avoided,

since it could introduce a variety of potential impurities that would lead to a system that is difficult to
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analyze in reactivity studies. An alternative synthesis that does not involve the formation of the 19 is

required to gain access to the important key product 20.

These new results are consistent with findings from previous works on the closely related Me,TACN/py-
razolate system with methylene spacers in the backbone 1V.[*?112% For that system, previous work has
not succeed in isolating the dicopper(l) complex directly. Instead, a hexanuclear hydride copper(l) com-
plex with an dimeric ligand structure can formed by chemical reduction of a formate-bridged dicop-
per(1l) complex 1Vd."® For the discussed proligand HLsym, this type of formation of a Cu'-species is
unlikely to succeed. This is because the ethylene spacer in the ligand backbone prevents the formation
of a dimer.

4.1.2 The recycling of the decomposition product

Since the crystallization of the dicopper(l) complex 19 was not achieved, an alternative synthesis route
of the required peroxo dicopper(Il) complex 20 was explored. This unconventional approach revolves
around the decomposition product 21. The remainder of this section motivates this approach from the

existing literature.

Normally, the known decomposition products of the dicopper(l1)-TACN/pyrazolate complexes, which
are shown in Figure 14, are treated as a typical degradation product with limited use and are therefore
discarded.®®® From the perspective of green chemistry, this represents a serious loss. The ligand itself as
well as the corresponding copper complexes are produced at considerable cost, both in terms of re-

sources and labor.[38121]
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Figure 14: Structures of the known decomposition products of the corresponding peroxo dicopper(l1)-
TACN/pyrazolate complexes with different spacer length in the 3,5- position of the pyrazolate.[38:651211

In his work, BRINKMEIER describes an initial attempt to selectively recycle the decomposition product
le which is depicted in Scheme 18.[*2Y1 First, cyclovoltammetry experiments of le showed a reductive
wave at E =—1.1 V which corresponds to the reduction to the dicopper(l) complex la. This finding was
directly confirmed in a subsequent UV/vis experiment. In this experiment, the decomposition product
was chemically reduced with cobaltocene which has a reduction potential of E = —-1.33 V vs. Fc/Fc*.[160
The bleaching of the typical features of the decomposition product le were detected in the UV/vis spec-

trum.[121
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Scheme 18: Presumed reaction sequence of the reduction of the decomposition product of BRINKMEIER with
subsequent reaction with dry oxygen at low temperatures to form the desired peroxo dicopper(ll) complex 10,121

In a second step, it was confirmed that the dicopper(l) complex la had formed and that the peroxo
dicopper(ll)complex Ib really could be partly regained. Therefore, dry oxygen was added to the pre-
sumed dicopper(l) complex la and the typical spectrum of the peroxo dicopper(ll) complex Ib was

observed.[*21

These promising results could not be transferred to the related hydroxo dicopper(ll) complex Ile with
elongated spacer in the backbone.®® This was attributed to the fact that the binding pocket of Ile is
much smaller and sterically hindered due to the ethylene spacers in the ligand backbone and the resulting
shortened spacing of the copper ions.[%! Later, SPYRA et. al. was able to demonstrate in a similar exper-
iment that the recycling of hydroxo dicopper(I1) complex I1le is possible.l®316% |n spite of this progress,
only a pseudo-isosbestic point was observed. In addition, in both successful reduction cycles the ex-
pected concentrations of the peroxo dicopper(11) complex Ib and I11b were lower than expected.[38121.161]
This could point into the direction of an unexpected formation of a side product or an initially incomplete

reduction of the educt.

Based on these findings, a new synthesis strategy for the peroxo dicopper(ll) complex 20 is proposed,
as shown in Scheme 19.[3865121.161] Eyen though HLsym has also ethylene spacers in the ligand backbone

like 11, it was assumed that the steric hinderance would be reduced and a reduction could be possible.
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Scheme 19: Revised synthesis strategy for the peroxo dicopper(I1) complex 20 which includes the recycling pro-
cedure of the former decomposition product, the hydroxo dicopper(ll) complex 21, by chemical reduction. The
colors of the depicted arrows represent the expected color chances of the involved copper complexes. The most

likely counterion were added for the sake of completeness for 19 and 20.

This approach requires the successful isolation of p-hydroxo dicopper complex 21 which then could be
used to generate the corresponding dicopper(l) complex 19 in-situ (E). The reactive oxygen adduct 20
can be formed after addition of dry oxygen at low temperatures (B). Decomposition C to the hydroxo
dicopper(1l) complex 21 would close the recycling cycle. Initial UV/vis experiments with crude hydroxo
dicopper(ll) complex 21 demonstrated the feasibility of this route, but also showed that a clean educt is

essential.

4.1.3 The symmetric p-hydroxo dicopper(ll) complex

1. KO'Bu
Cu(ClOy),- 6H,0
2. NaBPh, (BPh,),

) 7 Clo, Cu” e ” )

HL,

Scheme 20: Synthesis of the hydroxo dicopper(ll) complex 21 of HLsym.

For the synthesis of the p-hydroxo dicopper(ll) complex 21, the proligand HLsym was deprotonated with
an excess of potassium tert-butoxide in methanol and two equivalents of copper(ll) perchlorate hexahy-

drate were added under air. Precipitation with sodium tetraphenylborate gave the crude product 21, as a
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blue colored solid. Slow vapor diffusion of diethyl ether into a solution of 21 in propionitrile or acetoni-
trile resulted in an amorphous blue solid. Initial MS-ESI analyzes revealed that the collected solid con-
tains many side products and by-products in addition to the desired product. The corresponding ESI
mass spectrum in positive mode is depicted in Figure 15. The peak at m/z = 288.1 can be assigned to the
doubly charged product, identified as [Ls,mCu.OH]?*. The corresponding isotopic pattern with simula-
tion can be found in the appendix. The peak at m/z=895.4 can be attributed to the product as
[LsymCu-OH + BPh4]*. It is probably because of the large number of side products that direct crystalli-
zation of 21 cannot be achieved.
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Figure 15: Initial MS-ESI spectra of the product mixture of the p-hydroxo dicopper(11) complex 21 synthesis in
MeCN. The measurement was performed by the central analytics department (IOBC, Georg-August-Universitat
Gaottingen).

Therefore, an extended purification process by slow vapor diffusion crystallization was carried out that,
with each iteration yielded a cleaner product. Scheme 21 shows the purification procedure. The condi-
tions for the crystallization attempts were different for different steps. After each iteration, only the
obtained amorphous blue solid was redissolved and used in the succeeding crystallization attempt. In

general, three cycles of slow vapor diffusion were necessary to gain access to a cleaned product.
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Scheme 21: Synthesis route of 21 and the subsequent purification process by slow vapor diffusion crystalliza-
tion.

The ESI mass spectrum after the last cycle is shown in Figure 16. Compared to previous measurements,
almost all peaks can be assigned to the target molecule 21 and essentially none of the previous impurities

are present in the cleaned sample anymore. In addition to the peak at m/z = 288.1 ([Ls,mCu.OH]?"), also
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the peak at m/z = 689.2 can be assigned to the hydroxo dicopper(ll) complex 21. In this case, it is a
species that is formed in the mass spectrometer from the desired complex 21 and an impurity of tri-
fluoroacetate in the device. Comparison of the recorded isotope pattern at m/z = 689.2 with the simulated
isotope pattern confirms that the formed species can be denoted as [LsymCu2OH + CF3CO;]". The peak
labelled m/z = 897.4 belongs to the complex. In particular, this peak is part of the isotopic pattern of the
peak at m/z=895.4 and can be assigned to the complex with one additional counterion

[LsymCu.OH + BPh.]*. The corresponding isotopic patterns can be found in the appendix.
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Figure 16: MS-ESI spectra of the p-hydroxo dicopper(l1) complex 21 after the cleaning procedure. The meas-
urement was performed by the central analytics department (IOBC, Georg-August-Universitat Gottingen).

A more detailed account of the cleaning procedures is given in chapter 8.3.2.1. The product that is ob-
tained after the final iteration of the cleaning procedure can be crystalized by slow vapour diffusion
crystallization. The fact that the successful crystallization depends on a thorough cleaning shows once
again that the purity of the starting material for this class of molecules must be very high for them to
crystallize at all. The collected single crystals of the hydroxo dicopper(Il) complex 21 were suitable for
an XRD experiment. The cationic part of the molecular structure is depicted in Figure 17.



Copper Complexes and reactive dioxygen adducts 36

Figure 17: Molecular structure of the p-hydroxo dicopper(l1) complex 21 (thermal displacement ellipsoids given
at 50 % probability). The two tetraphenylborate anions, propionitrile and the unnecessary hydrogen atoms are
omitted for clarity. Selected bond length, distances and bond angles can be found in 8.1.10 and Table 1. Sample
preparation and measurement was done by Dr. Sebastian Dechert (IAC, Georg-August-Universitat Gottingen).

As expected, the solid state structure is similar to the closely related p-hydroxo dicopper(Il) complex
Ile which is based on a iPr,TACN/pyrazolate ligand scaffold with ethylene spacer in the ligand back-
bone. There are also some significant differences due to the changed sterics. For example, the copper-
to-copper ion distance of 21, at 3.340 A, is the shortest of any of the hydroxo dicopper complexes based
on TACN/pyrazolate ligands. The Cu—O—-Cu angle was determined to be 118.0 ° and is a less obtuse
angle compared to lle. The Cu-N bonds are longer to the TACN nitrogen donor atoms (2.05-2.27 A)
than to the pyrazolate nitrogen atoms (1.94-1.95 A). One of the Cu—Nracn bonds is elongated (2.23-
2.27 A) due to the JAHN-TELLER effect.'®? |n addition, the Cu—O bonds are elongated compared to Ile.
This finding and the Cu—O—Cu angle have a great influence on the magnetic properties of 21. Important

bond length and distances are summarized in Table 1.

Table 1: Selected bond length and distances for 21 and I1e.[%!

bond/distance 21 lle
Cul-01 1.947 A 1.933 A
Cu2-02 1.951 A 1.933 A
Cul-N1 1.952 A 1.949 A
Cul-N3 2.054 A 2.039 A
Cul-N4 2.087 A 2.094 A
Cul-N5 2.233 A 2.330 A

Cu---Cu 3.340 A 3.405 A

The coordination environment of the copper(ll) cations of 21 can be described with the ts-parame-
ter.[1631641 Both copper ions exhibited a slightly distorted square pyramidal geometry, since the calcu-
lated values are t5(Cul) = 0.129 and 15(Cu2) = 0.063.
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A comparison of the space-filling models of the molecular structures of 21 and Ile reveals the influences
of the steric bulk attached to the TACN sidearms.

21 ITe

Figure 18: Top view of the space-filling models of the solid-state structures of the p-hydroxo dicopper(ll) com-
plexes 21 and Ile. The atoms are color coded: white: hydrogen, grey: carbon, blue: nitrogen, red: oxygen and
orange: copper.[®

As depicted in Figure 18, the top view on the two molecules shows that the bimetallic cleft is deshielded
for the u-hydroxo dicopper(I1) complex 21 compared to Ile. The Me, TACN/pyrazolate ligand is not big
enough to completely encapsulate the dicopper(11) core. This could be a clue as to why the corresponding
dicopper(l) complex could not be isolated. If the dicopper(l) complex has a similar structure to 21 the
reactive dicopper(l) core would be unprotected and a potential decomposition reaction could occur eas-
ily. In particular, the bottom view of the molecules in Figure 19 reveals the naked dimetallic core of 21.
A drawback of these models is that they are based on the molecular structure of the solid and admit only
very limited conclusions about the spatial structure in solution and even the structure of other oxidation
states.

21 IIe

Figure 19: Bottom view of the space-filling models of the solid state structures of the p-hydroxo dicopper(ll)
complexes 21 and lle. The atoms are color coded: white: hydrogen, grey: carbon, blue: nitrogen, red: oxygen
and orange: copper.[®3
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In conclusion, the goal of opening the bimetallic center by employing the Me,TACN/pyrazolate ligand
was achieved. However, the molecular structure of the reactive oxygen adducts such as 20 would be

more crucial for discussing the influence of the deshielding.

UV/vis absorbance spectroscopy of complex 21 (see Figure 20) shows two absorbances features at
353 nm (¢= 3300 M cm™?) and at 596 nm (¢ = 280 Mt cm™). The latter band can be assigned to a
parity-forbidden d-d transition which explains the weak band.!
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Figure 20: UV/vis spectrum of the p-hydroxo dicopper(1l) complex 21 in dry MeCN at 25 °C.

Similar absorbance features and extinction coefficients have been reported for the other p-hydroxo di-
copper(11) complexes.®3¢°1 As shown in Table 2, the comparison of the absorption bands reveals that

the obtained UV/vis spectrum is similar to the data sets of the closely related derivatives.

Table 2: Comparison of the typical absorbance features of p-hydroxo dicopper(11) complexes based on different
TACN/pyrazolate ligand scaffolds.[2865]

Complex i/ nm (e/ Mt cem™) A2/ nm (e/ Mt cm™)
lle 374 (4500) 626 (240)
le 356 (3700) 613 (200)
21 353 (3300) 595 (280)

The magnetic properties of p-hydroxo dicopper(ll) complex 21 were investigated using a SQUID mag-
netometer. The measurement was performed with a microcrystalline powder sample of 21 at a magnetic
field of B=0.5T and in the temperature range from 2 K to 300 K. In Figure 21 the obtained experi-
mental data and the corresponding simulation using a HEISENBERG-DIRAC-VANVLECK Hamiltonian is
depicted.
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Figure 21: Magnetic susceptibility data of the p-hydroxo dicopper(ll) complex 21 from 2 K to 300 K at a mag-

netic field of 0.5 T (black) and the corresponding simulation (red). The following three parameters could be de-

termined: J =-212.3 cm?, g = 2.179, Pl = 4.1 %. Sample preparation and measurement was done by Dr. Serhiy
Demeshko (IAC, Georg-August-Universitat Gottingen).

The spectrum shows that the two copper(ll) ions are strongly antiferromagnetically coupled and a cou-
pling constant of J = —212.3 cm* was derived. Antiferromagnetic coupling is well-known and described
for p-hydroxo dicopper(ll) complexes that features a pyrazolate bridging unit.[86516% Typically, the
coupling term for these compounds is influenced by three structural factors.*%! Firstly, the Cu-O—Cu
angle has the largest influence. For Cu—O—Cu angles above 97.5° the antiferromagnetic coupling term
dominates and increases further angles that are even larger.[%51651661 Secondly, longer Cu—O distances
lead to a larger antiferromagnetic term.[*¢1 Thirdly, a larger displacement of the H-Atom out of the
Cu,OH plane results in a smaller coupling constant.[5518 Since the Cu—O—Cu angle of 21 was deter-
mined as 118.0° the antiferromagnetic coupling was expected. In comparison to the closely related p-
hydroxo dicopper(Il) complex lle, the value of the coupling constants J is significantly higher.® This
strong deviation was not expected, since these two compounds are structurally very similar and differ
only slightly in the steric demand at the TACN side arms. However, the lower steric demand leads to
changes in the geometry of the structure. In addition, p-hydroxo dicopper(ll) complex 21 features an
out-of-plane displacement of the hydrogen atom of the hydroxide. This is expected to lead to a small J

value. This result can also be explained by the elongated Cu—O bond compared to lle.
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Table 3: Comparison of the coupling constants and structural parameter of p-hydroxo dicopper(Il) complexes
based on TACN/pyrazolate ligand scaffolds. 8%

Complex J/cm' Cu-O-Cuangle/° Cu-O bond length / A

e -293.9 121.8 1.97
e -184 123.3 1.93
21 -212.3 118.0 1.95

In addition to the resource-intensive synthesis described above, another route was established to crys-
tallize the p-hydroxo dicopper(ll) complex 21 in good vyields. Previous works of BRINKMEIER and
LUCKEN demonstrates that the decomposition product based on a Me,TACN/pyrazolate proligand with

methylene spacers in the backbone can feature a bridging acetate 1\Vc¢ or formate 1\VVd, as shown in Figure
22.[121,123]
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Figure 22: Dicopper(1l) complexes based on a Me> TACN/pyrazolate ligand featuring a acetate (IVc) or formate
(1vd) molecule in the bimetallic cleft.[/8:121.123]

Because of the congeneric molecular structure of 1V and HLgym, it is reasonable to assume that a similar
coordination pattern may also exists for a dicopper(l) complex based on HLsym. Consequently, the syn-
theses routes of LUCKEN for 1\Vc and 1Vd were adapted. They are partly depicted in Scheme 22.1:%1 The
proligand HLsym was first deprotonated with potassium tert-butoxide in methanol . Then, sodium acetate
or sodium formate was added. Subsequent addition of copper(ll) perchlorate hexahydrate led to blue
colored reaction mixture. Complete dissolution was achieved by the addition of a few drops of distilled
water. Crystalline material was gained by slow vapour diffusion of diethylether into the solution. XRD
analysis revealed that, instead of the proposed acetate or formate adduct, the p-hydroxo dicopper(ll)
complex was obtained as the perchlorate salt 21b and 21c. Slightly different crystal structures were
obtained depending on the used additive. This is summarised in Scheme 22. Presumably, the small dif-
ferences occur during crystal growth, are more solvent dependent and are not directly related to the
additive. The additives sodium acetate and sodium formate promote the crystallization of the p-hydroxo
dicopper(11) complex and reduce the synthetic effort compared to the previously shown purification and

crystallization cycle (Scheme 21).
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Scheme 22: Synthesis of p-hydroxo dicopper(ll) complex 21b and 21c. Selected bond length and bond angles of
the molecular structures 21b and 21c can be found in 8.1.10. Sample preparations and XRD-measurements were
performed by Dr. Sebastian Dechert (IAC, Georg-August-Universitat Gottingen).

Since the isolation of the proposed adducts was not possible, these experiments demonstrate that a larger
copper-to-copper ion distance is of primary importance rather than a more favorable steric demand on
the TACN side arms for the isolation of the formate or acetate species. Considering the various related
TACN/pyrazolate hybrid ligands, it is probably only possible to obtain the formates, acetates, or adducts
with even larger space requirements, provided that the ligand backbone consists of methylene units, as
in the case of 1V. This raises the question of whether this assertion also holds for the non-symmetric
proligand HLasym Which has at least one methylene unit. In Chapter 4.2.3 this claim will be further

discussed and put to the test with HLasym.
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4.1.4 In-situ formation of a dicopper(l) complex

After the successful isolation and characterization of the dicopper(Il) complex 21 and the corresponding
perchlorate salts 21b/c were achieved, it was possible to proceed with the first step of the revised syn-
thetic strategy presented in Scheme 15. To this end, it was tested if it is possible to prepare the dicop-
per(l) complex 19 in-situ by chemical reduction of 21 with cobaltocene which was established as the
ideal reductant in previous works,[#8121.123.1611 Scheme 23 shows the reaction equation. Since the reaction

features a significant color change, it was tracked with temperature-controlled UV/vis spectrometry.

Cu” u“ (BPh,), / BPh,
@ J @ o
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Scheme 23: Chemical reduction of the p-hydroxo dicopper(Il) complex 21 to the dicopper(l) complex 19 with
CoCp; as the reductant in dry MeCN under UV/vis conditions. Since the specific counterion of 19 is not known,
the most probable counterion was added to 19 for the sake of completeness and to maintain the charge neutrality

of the reaction.

Initial investigations of this reaction revealed only minor and irrelevant changes in the UV/vis absorp-
tion spectrum. After gradual optimisation of the reaction conditions, the desired reaction was achieved.
In particular, the quality of the dried solvent, the use of freshly sublimed cobaltocene and a reaction

temperature of 25 °C were crucial for the successful conversion.

The UV/vis titration spectrum shows that the stepwise addition of the reductant leads to an incremental
bleaching of the band at 596 nm (Figure 23). The vanishing of this d-d transition band is an important
marker for the formation of the desired Cu'-species. As shown in the bottom of Figure 23, the reduction
is complete after the addition 2.2 eq. of cobaltocene. The deviation from the ideal value of 2.0 eq. is
probably due to minor impurities in the sample and small experimental deviations. Depending on the
experiment, this value was subject to slight fluctuations from 1.9 to 2.2 eq. Furthermore, the appearance
of two isosbestic points at 538 nm and 384 nm is a clear indication that the reduction occurs without an
intermediate. The corresponding absorbance traces run horizontally until the over titration at 2.4 eq.
occurs. The appearance of the isosbestic points is also a good indicator of the quality of the used starting

material.
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Figure 23: Top: UV/vis spectrum of the titration of the p-hydroxo dicopper(l1) complex 21 (blue) with 2.2 eq.
CoCp2 in dry MeCN at 25 °C under inert conditions. The recorded spectra form a pseudo-isosbestic point at
344 nm and two isosbestic points at 384 nm and 538 nm. Bottom: Traces of the above shown UV/vis titration
with 2.6 eq. of cobaltocene in 0.2 eq. steps. Besides the traces of the two isosbestic points on the left and right
side, the trace of the bleaching of the crucial d-d transition at 596 nm is shown in the middle.

The reaction of cobaltocene to cobaltocenium is also visible in the titration spectrum. The gradually
rising band at 409 nm can be assigned to the cobaltocenium ion in the solution.[*?31%% Since only aprotic
polar solvents were used in these experiments, the typical precipitation of cobaltocenium salts in non-
polar solvents did not occur. Furthermore, the removal of the resulting cobaltocenium from the solution
under inert conditions via evaporation und subsequent extraction was unsuccessful.[*¢% This means that
it cannot be completely ruled out that the CoCp2/CoCp," redox couple influences the subsequent reac-
tions.*%1 However, no influences could be detected in the subsequent experiments. This was confirmed
by comparative experiments with the already established TACN/pyrazolate systems 11 and 111. Addi-
tionally, cobaltocenium is known to usually be an innocent reagent. In the literature only a few cases of

interaction are reported.601701

As discussed in Chapter 4.1.1, the dicopper(l) complex is very unstable and decomposes easily. In order
to improve the lifetime of the reduced complex and to enable easier handling of the compound, the

effects of adding an excess of cobaltocene to the complex were investigated under UV/vis conditions.
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Figure 24: UV/vis spectrum of the overtitration of p-hydroxo dicopper(ll) complex 21 (blue) via the dicopper(l)
complex 19 (red) with 2.8 eq. CoCp; in dry MeCN at 25 °C under inert conditions. CoCp, was added in 0.2 eq.
increments. The spectra caused by the excess of CoCp2 (2.4 eq, 2.6 eq. and 2.8 eq.) are shown in orange.

The resulting UV/vis absorption spectra shows that the isosbestic points are lost and the bands caused
by the redox couple have accordingly a higher intensity. The excess of reducing agent ensures that the
dicopper(l) complex is more stable. For example, if the compound reacted with traces of dioxygen in
the solution, the dicopper(l) complex would be immediately formed again due to the excess of reductant.
It turns out that even a small excess of cobaltocene (0.2 eq.) was sufficient for achieving a stable dicop-
per(l) complex 19 for extended time periods. Based on these results, several attempts were made to
crystallize the copper(l) complex by adding 2.2 eq. of cobaltocene to 21 at room temperature. Excess
cobaltocenium salts crystalized on top of the solution, but no crystalline material of 19 was isolated by

slow vapour diffusion crystallization."H-NMR spectroscopy of the reduced species was inconclusive.

In general, the results reported here for the reductive formation of the dicopper(l) complex are in line
with previous work.[#8121161 The comparison of the UV/vis titration spectra shows that the spectra pre-
sented above - are characterized by their high quality. This is particularly evident in the appearance of
the clear isosbestic points and underlines the importance of the purification cycle of the crystalline start-
ing material. Without the cleaning procedures, the formation and stabilization of this reactive species
would not be possible. This is how the problems with the reductive formation discussed in 4.1.2 were

avoided.

Compared to the acetato dicopper(Il) complex of the closely related Me, TACN/pyrazolate system with
methylene spacers in the backbone 1V, a two-step reduction via a Cu'Cu" species was not observed.!
The hydroxo dicopper(ll) complex 21 does not have the ability to stabilize the mixed-valent state upon
reduction in the same manner as the dicopper(ll) complex with an bridging acetate in the bimetallic
cleft.
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4.1.5 In-situ formation of a peroxo dicopper(l1) complex

The successful reduction and temporary stabilization of the presumptive dicopper(l) complex 19 with a
small excess of cobaltocene made it possible to test the reactivity towards dry oxygen at low tempera-
tures. The copper(l) complex was generated from the hydroxo dicopper(ll) complex 21 in-situ in dry
acetonitrile at 25 °C under inert conditions and was immediately cooled to —40 °C. A pale yellow solu-
tion formed. Subsequently, dry oxygen was added in excess to the stirring solution. Simultaneously, the
color of the reaction mixture changed to purple. The reaction was tracked with help of a temperature-

controlled UV/vis absorption spectrometer.
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Scheme 24: Synthesis of the peroxo dicopper(Il) complex 20 by addition of an excess of dry dioxygen to the
dicopper(l) complex 19 at low temperatures in MeCN.

As depicted in Figure 25, exposure of the dicopper(l) complex solution (blue spectrum) to an atmosphere

of molecular dioxygen immediately changes the spectrum (red spectrum).
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Figure 25: UV/vis spectrum of the in-situ produced dicopper(l) complex 19 (blue) in acetonitrile at 25 °C and
the resulting peroxo dicopper(ll) complex 20 of Lsym (red) after addition of dry oxygen gas at —40 °C.

A distinct new absorbance band forms at 490 nm (¢ =~ 5800 M cm™) and a pronounced shoulder at
595 nm (e = 3200 M cm™?). These bands can be assigned to LMCT transitions (O2>—Cu'"). Similar
absorbance features have been reported for all known peroxo dicopper(l1) complexes of the TACN/py-

razolate series and are typical for p-1,2-peroxo dicopper(ll) complexes.[36466.104121 A comparison of
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these typical absorbance bands shows that the obtained data fit well into the existing picture (Table 4).
The collected data suggests that there is a shift to smaller wavelengths as the spacer length of the bridg-

ing unit increases and the steric demand of the side arms decreases.

Table 4: Comparison of the typical absorbance features of peroxo dicopper(I1) complexes based on different
TACN/pyrazolate ligand scaffolds,[38:6%121,123]

Complex Ailnm (e/M?1cecm?) J2lnm(e/M?1cm?)
Ib 527 (5000) 648 (3900)
Vb 510 630
b 520 (5500) 617 (3300)
b 506 (4800) 600 (2800)
20 490 (5800) 595 (3200)

Besides these distinctive bands, a broad shoulder formed at 755 nm (¢ = 1300 Mt cm™). This absorb-
ance band has been observed in previous works only for p-1,2-peroxo dicopper(ll) complexes that have
at least one ethylene spacer in the TACN/pyrazolate ligand scaffold.*8%% For example, KINDERMANN
reported a similar band at 807 nm (¢ = 1500 Mt cm™?) for 11b.5451 Thus, the shift of the band is also
evident here.

The other absorbance features at around 407 nm and 360 nm can be assigned to the reducing agent which
was used to form the starting material 19 in-situ. However, it cannot be excluded completely that there

are overlaps with absorbance bands of the product or impurities within that wavelength range.

The temperature change from 25 °C to —40 °C during the UV/vis experiment is essential. The low tem-
perature not only ensures that the presumed dicopper(l) complex 19 is decomposing more slowly. It also
ensures that the actual oxygen adduct formation can be observed and studied. If it is not possible to
achieve a sufficiently rapid temperature change, the discussed slight overtitration with the metallocene
can help stabilize the dicopper(l) species for this time. Since an excess of molecular dioxygen is added
to the gas phase of the UV/vis cuvette, the additional amount of reducing agent does not influence the
reaction and is consumed immediately. It is likely that during this process, the peroxo dicopper(Il) com-
plex forms initially due to the excess of oxygen but is then immediately reduced again by the small
excess of cobaltocene. As soon as the excess of reducing agent is consumed, the peroxo dicopper(ll)
complex can form. This process is so fast that it is barely visible in the time resolved UV/vis spectrum.
However, this assumption was confirmed by addition of cobaltocene in excess to the established p-1,2-
peroxo dicopper(ll) complex 11b and 111b which allowed to regain the corresponding dicopper(l) spe-

cies.

In conclusion, the p-1,2-peroxo dicopper(11) complex 20 was successfully synthesized. This conclusion
is backed up by the very similar spectroscopical features of the complex, the resulting characteristic
purple color of the solution, as well as the reaction behavior of the peroxo dicopper(Il) complex 20 in

follow-up reactions. These reactions are described and discussed in chapter 4.3.
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Further evidence for the successful synthesis of the p-1,2-peroxo dicopper(ll) complex 20 was obtained
by Raman spectroscopy. The resonance Raman spectrum of 20 was recorded with laser excitation of
633 nm. This is the wavelength at which intensive absorption occurs. In preparation for this experiment,
concentrated solutions of the dicopper(l) complex 19 in acetonitrile were prepared in YOUNG NMR
tubes and exposed to either 1O, or the heaviest stable isotope of oxygen 80, at —40 °C. The freshly
prepared solutions were immediately frozen in liquid nitrogen and the resonance Raman spectrum was

recorded. Additionally, a frozen solution of the solvent was measured to determine the solvent signals.

2500
16
02
18
OZ
2000 +
1500
—
£
—_ 500 600 700 800 900
9 1000 - wavenumber / cm™
500

-

T T T T T T T T T T T T
300 400 500 600 700 800 900 1000

wavenumber / cm™
Figure 26: R spectra for 60, and 80, labelled peroxo dicopper(ll) complexes in frozen MeCN solution
(Aex = 633 nm). The inset shows the difference spectrum. The measurement was done by Dr. Sebastian Dechert
(IAC, Georg-August-Universitat Gottingen).
As shown in Figure 26, two features at 829 cm™* and 564 cm* shift to lower wavenumbers due to the
isotopic labelling. The first can be assigned to the peroxide O-O stretch. The 0, as well as the 20,
labelled spectrum show unexpected bands in this region which are most likely the result of FERMI reso-
nances.®® The peroxide OO stretching band shifts from 829 cm™ to 773 cm™ (A¥0,-80, = 56 cm™2).
Therefore, 7(*%0-1°0)/v(*¥0-80) is 1.072 and fits to the corresponding calculated value of 1.061 for
the isolated harmonic dioxygen oscillator.?>1!2 A very similar multiplet pattern has be observed in the
resonance Raman spectrum for the congener Ilb in propionitrile.®*¢% Furthermore, in this case the
closely spaced peaks corresponding to the O—O stretch were attributed to the occurrence of FERMI res-
onances which have been reported for several p-1,2-peroxo dicopper(Il) complexes. 4110121171 The gx-
ygen isotope sensitive feature at 564 cm! shifts to 538 cm™ (A*0,-180, = 26 cm™) and probably orig-
inates from the Cu—O stretches. The spectroscopic features at 922 cm2, 396 cm™ and 388 cm™ can be
assigned to the used solvent acetonitrile. These results are typical for a p-1,2-peroxo dicopper(ll) com-
plexes and indicate that complex 20 was formed. A molecular structure would further support this claim
but could not be obtained. This is because the in-situ formed peroxo dicopper(ll) complex 20 decays

rapidly.
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4.1.6 Decomposition of the peroxo dicopper(l1) complex

Most of the related p-1,2-peroxo dicopper(ll) complexes based on the TACN/pyrazolate compartmental
ligands were stable in solution at lower temperatures and could even be crystallized at —27 °C[5865.104.121]
Furthermore, the obtained crystalline materials were stable at room temperature and could be stored
easily.®® This is not the case for the peroxo dicopper(ll) complexes of the Me,TACN/pyrazolate
type.23 After the in-situ formation of the p-1,2-peroxo dicopper(ll) complex 20 in solution, a rapid
decay of that species can be observed. The reaction leads to a color change of the solution from purple
to blue. ESI mass spectrometry and UV/vis absorbance spectroscopy showed that the product of the

decomposition is the p-hydroxo dicopper(ll) complex 21, as depicted in Scheme 25.
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Scheme 25: Decomposition of the peroxo dicopper(ll) complex 20 in MeCN yields the hydroxo dicopper(ll)
complex 21.

A typical UV/vis absorbance spectrum for the decomposition was recorded to demonstrate the rapid
decay at elevated temperature. As depicted in Figure 27, the characteristic absorbance features of the in-
situ formed peroxo dicopper(l1) complex 20 start to bleach immediately and the distinctive bands of the
hydroxo dicopper(Il) complex 21 are regained.
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Figure 27: UV/vis absorbance spectra of the decomposition of the p-1,2-peroxo dicopper(l1) complex 20 (red)
to the p-hydroxo dicopper(11) complex 21 (blue) in dry MeCN at 20 °C. The spectrum features an isosbestic
point at 400 nm.
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Since this spectrum also features absorbance bands of cobaltocenium which was used to synthesize the
dicopper(l) complex 19, the final spectrum of the decomposition process is not identical to the UV/vis
absorbance spectrum of the pure p-hydroxo dicopper(ll) complex 21 in acetonitrile. However, the char-
acteristic absorption features of 21 are clearly recognizable as a weak band at 595 nm and a shoulder at
353 nm. The formation of an isosbestic point at 400 nm shows that the conversion proceeds without the

occurrence of an intermediate.

Under theses reaction condition the decomposition is already completed after approximately 600 s. As-
suming an exponential decay of a first-order reaction, the half-life time would be ti» = 124 s. Further
analysis of the bleaching of the absorbance feature at 490 nm reveals that the decomposition is a second-
order chemical reaction since a plot of 1/A490nm VS. t can be fitted linearly (Figure 28). According to the
integrated rate equation for second-order reactions (Equation 1), the rate constant k can be calculated
with help of the slope coefficient of the linear fit.l}”2 The derived value of the rate constant is
k=9.94-10° L-mmol*-s™.
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Figure 28: Left: Bleaching of the absorbance band at A = 490 nm over time. Right: Plot of 1/Asg0nm Vs t displays
the typical linear behavior of a second-order reaction. The derived rate constant is k = 9.94 - 103 L-mmol*-s .

The half-life for second order reaction is not constant, since it depends on the concentration A of the

species, as indicated in Equation 2.

1
t1/2 = —(k TAD Equation 2
Based on Equation 3 below, a value that admits a comparison with similar data sets can be derived. This
equation uses the initial concentration A, to calculate the half-life ti,0. This equation yields a value of
tipo=112s.
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1
ti, g =< i
/120~ (k - [4,]) Equation 3
In this experiment it was shown that the starting material 21 could be regained. This means that the
whole recycling process was completed successfully (see Scheme 19). Before the obtained p-hydroxo
dicopper(11) complex 21 can be used again, it has to be recrystallized to remove the impurities.

This experiment shows also that the instability of the p-1,2-peroxo dicopper(ll) complex 20 poses a
major problem for further studies of the other reactive dioxygen adducts and their reactivity. The fast
decay makes the interpretation of the results difficult and in some cases impossible. Moreover, the decay
makes titrations often impossible. Even though the decomposition process of the u-1,2-peroxo dicop-
per(11) complex 20 can be slowed by lowering the temperature. Solutions of 20 in propionitrile or ace-

tone at —80 °C show significant decay in the UV/vis absorbance spectrum.

A series of experiments was performed to gain more insights into the decomposition mechanism and to
collect correction data at different temperatures. In previous works different reaction orders were pro-
posed for the decay and the rate constant could often not be derived because several repetitions of the
same experiment gave inconsistent data.l®%4123 Fyrthermore, there is a lack of data for different reac-
tion temperatures. Therefore, the decomposition of the p-1,2-peroxo dicopper(ll) complex 20 was in-
vestigated for a temperature range from 20 °C to —40°C in increments of 10 °C. The reactions were
tracked by UV/vis spectroscopy. The recorded data were checked for inconsistencies and normalized.
A stock solution of 21 and the reductant cobaltocene was used to ensure that the starting concentration
of 20 was the same in all experiments. Overtitration with cobaltocene was avoided. All solutions were
prepared under inert conditions and the same batch of solvent was used. A UV/vis spectrometer with a
fitted cryostat and integrated stirring plate was used for the temperature-controlled measurements. Lig-
uid nitrogen was used as coolant. Even though the cryostat was fully automated, a major challenge was
to keep the temperature consistent over long time periods and to avoid the gradual formation of ice
crystals inside the cooling systems. Freezing of the nitrogen inlet can lead to significant deviations in
the spectrum. This problem is more likely to occur the longer the measurement duration and the lower
the temperature is. This may be one of the main reasons why the decay of the peroxo dicopper(11) com-
plexes has mostly been studied at room temperature and deviations occurred when repeating experi-
ments at lower temperatures in previous work.[88512L123 For this reason, all the experiments were done
at low humidity conditions and formed ice crystals were immediately removed. In addition, all equip-
ment and glassware were dried thoroughly prior to use and no measurements under —40 °C were per-

formed.

A representative collection of the recorded UV/vis data which was used in subsequent analysis can be
found in the Appendix. In this series of experiments, the bleaching of the characteristic absorption fea-
ture of the peroxo dicopper(ll) complex 20 at 490 nm was of particular interest and was tracked. The

normalized data for the different temperatures are presented in Figure 29.
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Figure 29: Bleaching of the characteristic absorption feature at 490 nm of the peroxo dicopper(ll) complex 20
during the decay to the p-hydroxo dicopper(ll) complex 21 in a temperature range of 20 °C to —40 °C in dry
MeCN.

The resulting plot of A/Aq vs. t shows that lower temperatures have a huge influence on the stability of
the peroxo dicopper(ll) complex 20. The plot can be used to estimate the lifetime of the reactive species
at different temperatures. The traces of the bleaching for 0 °C and —20 °C show a small deviation of the
expected A/Ao end values. This deviation is expected to be the same for all traces. For the 0 °C and —
20 °C trace, the end value is lower than expected. This is probably a result of the experimental setup,
during the experiments two baseline corrections must be performed which can lead to a slight discrep-
ancy of the absorbance. In the further analysis only the values for the start of the actual decay are con-

sidered and measurement errors at the end point do not influence the calculated results.
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Figure 30: Plot of 1/(A/Ag) vs. t displays the typical linear behavior of a second-order reaction at the beginning
of the decay of the peroxo dicopper(ll) complex 20 in dry MeCN at various temperatures.
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For the calculation of the rate constants k and the half-life times ti;,0, Figure 30 plots 1/(A/Ao) against
time. A linear progression can be identified at the beginning of the decay which confirms that it is a
second-order chemical reaction. The values for k and ti20 were calculated based on Equation 1 and

Equation 3. The calculated values are given in Table 5.

Table 5: Overview of the calculated kinetic data for the decay of the p-1,2-peroxo dicopper(ll) complex 20 to
the p-hydroxo dicopper(ll) complex 21 at different temperatures in dry MeCN.

T/°C k/L-mmol*s? tizo/s
20 9.94-10° 112
10 581-10°3 225
0 4.04-10° 326

-10 1.18 - 103 1082
-20 6.01-10* 1736
-30 1.49 - 104 4825
-40 453 -10° 13591

The assignment to a second-order chemical reaction is very clear for temperatures down to —20 °C. The
two lower temperatures —30 °C and —40 °C, seem to display almost linear curves in the plot In(A/Ao).
This is depicted in Figure 31 for comparison. This evidence may suggest a first-order reaction. However,
it is more likely that the impression of linearity results from the fact that the measurement times were
too short for these low temperatures. Analysis at these low temperatures is particularly challenging since
it is not feasible to keep the measurement conditions constant for longer time periods. Therefore, a sec-
ond-order reaction seems more likely and is assumed going forward. Nevertheless, it cannot be excluded

completely that the reaction order changes at lower temperatures.
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Figure 31: Plot of In(A/A) vs. t of the decay of the peroxo dicopper(ll) complex 20 in dry MeCN at different
temperatures.
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The calculated rate constants k can be used to determine the activation energy Ea for the decomposition
process. The ARRHENIUS equation was used for this purpose (Equation 4).12721 The calculated values for

an ARRHENIUS plot can be found in Table 6.
Es 1
In(k) =1In(4) — 2T Equation 4

Table 6: Overview of the calculated values for the ARRHENIUS plot of the decomposition of p-1,2-peroxo dicop-
per(I1) complex 20 to the p-hydroxo dicopper(I1) complex 21 in dry MeCN.

T/°C UT/K? k/L-mmol?s? Ink/L-mmol?s?
20 3.41-10° 9.94-10° -4.61
10 3.53-10° 5.81-10°3 -5.15
0 3.66 - 10°° 4.04 - 10°° -5.51

-10 3.80 - 10 1.18 - 10°3 —-6.74

20 3.95-10° 6.01 - 10 —7.42

-30 411 -10° 1.49 - 10+ -8.81

—40 4.29 - 103 453-10° -10.00

To identify the ARRHENIUS parameters Figure 32 plots In(k) against 1/T and a linear curve is fitted to
the plot. The activation energy of decomposition of the peroxo dicopper(Il) complex 20 to the hydroxo
dicopper(Il) complex 21 is determined as Ea = 52.6 kJ-mol~ + 3.0 kJ-mol. The value of the pre-expo-

nential factor is A = 3.17 -10'° dm®-mol=-s7, according to intercept of the linear fit.

E, = 52.6 kJmol™" + 3.0 kJmol™
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Figure 32: ARRHENIUS plot for the decomposition of the p-1,2-peroxo dicopper(ll) complex 20 to the p-hydroxo
dicopper(ll) complex 21 in dry MeCN.

The determined values for the activation energy Ea and the pre-exponential factor A are in the typical
range for reactions which take place in solution.[*”? The value of the activation energy is further dis-

cussed in Chapter 4.2.6.
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4.1.7 Summary and conclusion

In the previous chapters, it was shown that although it was not possible to obtain the desired symmetric
dicopper(l) complex 19 by direct synthesis, an alternative synthetic route exists. The molecule was suc-
cessfully synthesized in-situ by a chemical reduction of the decomposition product 21. The reaction was
investigated by UV/vis spectroscopy and showed a direct conversion to 19 without the formation of any

intermediates.

The crystallization of the starting material, i.e., the symmetric p-hydroxo dicopper(ll) complex 21, was
a major challenge. An extended purification process was developed that lead to the successful isolation
of 21 as crystalline material. The molecule was investigated by ESI mass spectrometry, UV/vis and IR
spectroscopy. The magnetic properties were studied and revealed a strong antiferromagnetic coupling.
Additionally, a molecular structure was gained from a XRD experiment. A comparison of the recorded
data with the reported results of the related hydroxo dicopper(ll) complexes revealed that the spectro-
scopic data fit the patterns identified in existing work.[3865104121 particularly remarkable were the in-
sights gained into the solid-state structure, since an easily accessible active site is recognizable. This is
the result of the lower steric demand of the methyl residues. This is one of the first examples that show
that it is possible to reduce shielding of the cavity in the dicopper complexes based on TACN/pyrazolate

compartmental ligands.

The symmetric peroxo dicopper(ll) complex 20 was synthesized successfully and was characterized by
UV/vis spectroscopy. The distinctive features were found and suggest that a p-1,2-peroxo dicopper(ll)
complex was formed. Resonance Raman spectroscopy with labelled oxygen confirmed the formation of
20. In contrast to the related peroxo dicopper(1l) complexes, 20 showed a rapid decay to 21. In a series
of experiments, the half-life and reaction constants for this second-order reaction were determined at
various temperatures. Further analysis resulted in the determination of the activation energy of this de-
composition (Ea = 52.6 kJ-mol™ + 3.0 kJ-mol?). Through decomposition of 20 the starting material 21
can be recovered and reused to regain the reactive oxygen adduct. Since the syntheses of the proligand
HLsm and the corresponding copper complexes are very resource- and time- intensive this recycling

process is a particularly valuable result.
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4.2 Formation of a non-symmetric peroxo dicopper(ll) complex

4.2.1 A non-symmetric dicopper(l) complex

1. KO'Bu
[Cu(MeCN),ICIO,
2. NaBPh,

I

. 7CI0,
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Scheme 26: Synthesis of the non-symmetric dicopper(l) complexes 22 with tetrakis(acetonitrile)copper(l) per-
chlorate in dry MeOH under inert conditions.

For the synthesis of the non-symmetric dicopper(l) complex 22, HLasym and potassium tert-butoxide
were dissolved in dry methanol and a solution of tetrakis(acetonitrile)copper(l) perchlorate in dry meth-
anol was added dropwise under inert conditions. Precipitation with a solution of sodium tetraphenyl-
borate in dry methanol yielded the dicopper(l) complex 22 as a colorless solid. Redissolving of the
product in dry acetone and slow vapor diffusion crystallization with dry diethylether under inert condi-
tions resulted in a dark green colored solution. Analysis of the obtained reaction mixture led to the
conclusion that the corresponding decomposition product, a hydroxo dicopper(I1) complex, had formed.
Similar to the synthesis of the symmetric dicopper(l) complex 19 (see chapter 4.1.1) variation of the
used copper(l) salt, solvents and crystallization conditions did not lead to the successful isolation of
crystalline material of 22. In comparison to the synthesis attempts of 19, it was found that the decom-
position of the non-symmetric dicopper(l) complex 22 was slower. The color change associated with
the formation of the decomposition product occurred later (2-3 days). This led to the conclusion that the
dicopper(l) complex 22 is less sensitive towards traces of oxygen or other impurities than the symmetric
equivalent 19. The crude product of 22 was gained by the precipitation but was insufficient for producing
a clean UV/vis absorbance spectrum in acetonitrile under inert conditions. Therefore, it was attempted

to obtain the thermodynamically stable hydroxo dicopper(11) complex by in-situ formation of 22.

4.2.2 The recycling of the decomposition product

In-situ synthesis of the dicopper(l) complex 19 is discussed in Chapter 4.1.2. This chapter adapts this
synthesis strategy to the formation of the non-symmetric derivate. An overview of the modified synthe-
sis strategy is shown in Scheme 27. The crux of this synthesis path is the successful synthesis, isolation
and subsequent crystallization of the hydroxo dicopper(ll) complex 24. Without crystalline material of
24 in good yields the access to the reactive oxygen adducts is blocked. The hydroxo dicopper(ll) com-
plex can be used to synthesize the desired dicopper(l) complex by chemical reduction (E). It is expected
that addition of dry oxygen results in the formation of a non-symmetric peroxo dicopper(l1) complex 23
(B). Then, decomposition of this species regenerates the starting material 24 (C), closing the recycling

cycle.
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Scheme 27: Synthesis strategy for the non-symmetric peroxo dicopper(ll) complex 23 via the chemical reduc-

tion of the hydroxo dicopper(11) complex 24 to the corresponding dicopper(l) complex 22. The colors of the de-

picted arrows represent the expected color chances of the involved copper complexes. The most likely counter-
ion for compounds 22 and 23 were added for the sake of completeness and charge neutrality.

4.2.3 The non-symmetric p-hydroxo dicopper(l1) complex
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Scheme 28: Synthesis of the non-symmetric p-hydroxo dicopper(ll) complex 24.

The hydroxo dicopper(Il) complex 24 was synthesized by deprotonation of the proligand HLasym and
addition of a copper(Il) salt, as shown in Scheme 28. The green colored complex was precipitated with
sodium tetraphenylborate and the crystallization of 24 by slow vapor diffusion was started. Similar to
the early crystallization of the symmetric congener 21, only an amorphous green solid was isolated.
Different copper(1l) salts, solvents, crystallization temperatures and techniques were tested, but no crys-
talline material was obtained. The desired single crystal material of 24 was isolated by adapting the
crystallization procedure for the symmetric equivalent 21 (see Chapter 4.1.3). The modified procedure

is depicted in Scheme 29.
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Scheme 29: Synthesis route of 24 and the subsequent purification process by slow vapor diffusion crystalliza-
tion.

The success of the extended purification process was proven by ESI mass spectroscopy. The mass spec-
trum is shown in Figure 33. The peak at m/z = 281.1 can be assigned to the hydroxo dicopper(ll) com-
plex 24 ([LasymCu20OH]?*) on the basis of the expected mass-to-charge ratio and isotope pattern. Further-
more, the peak m/z = 883.4 can also be attributed to the target molecule. The isotope pattern suggests
that this is the complex 24 with one tetraphenylborate anion([LasymCu.OH+BPh.]*). The comparison of

the isotopic patterns with simulated isotopic pattern can be found in the appendix.
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Figure 33: MS-ESI spectrum of the non-symmetric p-hydroxo dicopper(l1) complex 24 in MeCN after the ex-
tended purification process. The measurement was performed by the central analytics department (I0BC, Georg-
August-Universitat Gottingen).

Moreover, the obtained single crystals of 24 were suitable for a XRD experiment which confirmed the

hypothesized molecular structure. The molecular structure of the cationic part is shown in Figure 34.
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Figure 34: Molecular structure of the p-hydroxo dicopper(ll) complex 24 (thermal displacement ellipsoids given
at 50 % probability). The two tetraphenylborate anions, acetonitrile, diethylether and the unnecessary hydrogen
atoms are omitted for clarity. Selected Bond length [A] and bond angles Selected bond length, distances and
bond angles can be found in 8.1.10 and Table 7. Sample preparation and measurement was performed by Dr. Se-
bastian Dechert (IAC, Georg-August-Universitat Gottingen).

According to the determined ts-parameter, the coordination geometry of the two copper(ll) ions is
slightly distorted square pyramidal. The coordination sphere of the Cul is more distorted since the cal-
culated values are t5(Cul) = 0.329 and t5(Cu2) = 0.168.[1631%4] Similar to the solid state structure of 21,
one Cu—Nracn bond is elongated (2.223 A and 2.308 A), because it lies on the JAHN-TELLER axis of the
copper(11) ion.[%2 With a length of 2.059-2.083 A the other two Cu—Nracn bonds are longer than the
Cu—Npyrazotate bONd (1.878 A and 1,943 A). The copper-to-copper ion distance of 23 is with 3.390 A sim-
ilar to 21 (3.340 A). This is surprising because 23 features an ethylene and a methylene spacer in the
ligand backbone, a longer Cu---Cu distance was expected. Important bond length and distances of 24

and the closely related complex I1le are summarized in Table 7.8

Table 7: Selected bond length and distances for 24 and 111e.[%!

bond/distance 24 e
Cul-01 1.939 A 1.961 A
Cu2-02 1.955 A 1.968 A
Cul-N1 1.878 A 1.893 A
Cul-N3 2.083 A 2.093 A
Cul-N4 2.216 A 2.308 A
Cul-N5 2.059 A 2.057 A

Cu---Cu 3.390 A 3.432 A

The Cu—-O-Cu angle was determined as 121.0 ° which is very similar to the corresponding angle in the
closely related non-symmetric p-hydroxo dicopper(ll) complex I1le (121.8 °).%¥ Since Ille is based on
a non-symmetric iPr,.TACN/pyrazolate ligand scaffold the increased steric demand affects the spatial
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structure. A comparison of the space-filling models of 24 and Ille illustrates this perfectly, as shown in
Figure 35.

Ile

Figure 35: Top view of the space-filling models of the solid state structures of the closely related p-hydroxo di-
copper(ll) complexes 24 and Il1b. The atoms are color coded: white: hydrogen, grey: carbon, blue: nitrogen, red:
oxygen and orange: copper.

In contrast to I11b, the bimetallic center of 24 is deshielded and the steric demand is significantly re-
duced. This may lead to higher reactivity of the corresponding reactive oxygen adducts, since reactants
can interact mor easily with the reactive dicopper core. A definite conclusion cannot be obtained from
these space-filling models. This is because the models are based on the solid-state structures and allow

only limited inference on the spatial structure of the molecule in solution.

UV/vis absorbance spectroscopy of the non-symmetric hydroxo dicopper(ll) complex 24 revealed a
feature at 354 nm (¢ = 3500 Mt cm*) which is probably due to a LMCT transition.*8 A second feature
from a spin-forbidden d-d transition can be found at 616 nm (¢ = 210 Mt cm™).%1 The recorded UV/vis
spectra is typical and indicative for hydroxo dicopper(ll) complexes based on a TACN/pyrazolate com-

partmental ligand scaffolds.[8.6%
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Figure 36: UV/vis absorbance spectrum of the non-symmetric p-hydroxo dicopper(ll) complex 24 in dry ace-
tone at 25 °C.

Table 8 shows that the new data agrees with the results in the existing literature.8%1 Furthermore, two
trends can be identified. Firstly, shorter methylene spacers in the ligand backbone seem to result in a
shift of the spectrum to longer wavelength. Secondly, reduction of the steric demand at the TACN moi-

ety of the ligand leads to a shift to shorter wavelength.

Table 8: Comparison of the characteristic absorbance features of p-hydroxo dicopper(I1) complexes based on
different TACN/pyrazolate ligand scaffolds.[%865]

Complex Ailnm(e/M?1cecm?) A2lnm(e/M?1cm?)
e 374 (4500) 626 (240)
24 364 (3500) 616 (210)
le 356 (3700) 613 (200)
21 353 (3300) 595 (280)

Magnetic susceptibility data were obtained from freshly crushed crystalline material of the p-hydroxo
dicopper(1l) complex 24 in the temperature range from 2 K to 300 K at a magnetic field of 0.5 T. The
gathered data revealed a strong antiferromagnetic coupling (J = -319.6 cm?) which is the result of an
extensive o in-plane overlap of the coplanar d,.2_,2 magnetic orbitals and the pyrazolate bridging unit
(Figure 37).1%%1 Remarkably, this is the highest determined value for the antiferromagnetic coupling of

all known hydroxo dicopper(ll) complexes which are based on TACN/pyrazolate ligand frame-

works.[38:65]
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Figure 37: Magnetic susceptibility data of the non-symmetric p-hydroxo dicopper(ll) complex 24 between 2 K

to 300 K at a magnetic field of 0.5 T (black) and the corresponding simulation (red). The following parameters

could be determined: J = -316.6 cm, g = 2.360, Pl = 9.3 %. Sample preparation and measurement was done by
Dr. Serhiy Demeshko (IAC, Georg-August-Universitat Gottingen).

The magnitude of the antiferromagnetic coupling is influenced by Cu—O-Cu angle, Cu-O bond length
and the out-of-plane displacement of the H-Atom in the Cu,OH plane.[ %521 Table 9 shows a compar-
ison of the coupling constants, Cu—O-Cu angles and Cu—O bond lengths of the characterized non-sym-
metric and symmetric p-hydroxo dicopper(ll) complexes.[*8%1 The higher antiferromagnetic coupling
of 24 in comparison to the other non-symmetric complex Ille can be explained by the altered geometry
of the complex due to the lower steric hindrance of the Me,TACN/pyrazolate ligand. A similar trend
can be identified for the symmetric derivates 21 and Ile. In addition, a smaller displacement of the H-
Atom out of the Cu,OH plane results in a bigger coupling constant for 24 compared to I11e. The Cu-O-
Cu angle with 121.0 ° and the Cu—O bond are in a similar range for 24 and Ille. However, the Cu-O

bonds are of different lengths for 24.

Table 9: Comparison of the coupling constants and structural parameter of p-hydroxo dicopper(ll) complexes
based on TACN/pyrazolate ligand scaffolds. =8

Complex J/cm™ Cu-O-Cu angle/° Cu-O bond length / A

Ille -293.9 121.8 1.97
24 -316.6 121.0 1.94/1.96
lle -184 123.3 1.93
21 -212.3 118.0 1.95

In summary, the obtained data align with to the existing data and known trends for the p-hydroxo di-

copper(Il) complexes based on different TACN/pyrazolate compartmental ligands.
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In addition, another synthesis route for the non-symmetric hydroxo dicopper(ll) complex was estab-
lished. This route is based on previous works by BRINKMEIER and LUCKEN.*?%123 The unique feature
of this synthesis is the addition of sodium acetate and sodium formate to the reaction mixture to gain
access to dicopper(ll) complexes that features an acetate or formate molecule in the bimetallic cleft.
Since similar efforts have already been discussed for the symmetric hydroxo-dicopper(Il) complex 21

in chapter 4.1.3, this part will focus on the differences and similarities of this synthesis approach.
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Scheme 30: Synthesis of p-hydroxo dicopper(1l) complex 24b

Similar to the symmetric case, it was not possible to isolate the purposed complexes for the non-sym-
metric case. This is depicted in Scheme 30, However, the addition of sodium formate to the reaction
mixture produced the non-symmetric hydroxo dicopper(ll) complex as the perchlorate salt 24b in good
yields. This result implies that the bimetallic gap is not large enough to accommodate a formate or even
an acetate molecule although the change of the symmetric ligand to the non-symmetric ligand is ex-

pected to result in a longer copper—copper ion distance.

However, the addition of sodium formate promotes crystallization of the p-hydroxo-dicopper(1l) com-
plex and reduces the synthesis effort compared to the long purification and crystallization cycle of 24.
Therefore, this synthetic route is particularly suitable for preparing larger amounts of the non-symmetric

M-hydroxo dicopper(ll) complex.
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4.2.4 In-situ formation of a non-symmetric dicopper(l) complex

The successful crystallization and characterization of the p hydroxo dicopper complexes 24 and 24b
allowed the investigation of the synthesis of the corresponding dicopper(l) by chemical reduction. This
reduction is depicted in Scheme 31. Initial experiments provided proof of concept: they showed that the
addition of cobaltocene to a solution of 24 in acetonitrile under inert conditions results in an immediate
color change from green to yellow. Similar to the in-situ generation of the symmetric congener, it was
found that for a successful reaction dry and thoroughly degassed solvents and a reaction temperature of

25 °C are essential.
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ﬂ\W/P q ’\V\NV/\P
) \Cu”/ et ’ (BPha). ’ - u ’
X)) \

N

Scheme 31: Chemical reduction of the p-hydroxo dicopper(ll) complex 24 to the non-symmetric dicopper(l)
complex 22 with CoCp; as the reductant in dry MeCN under UV/vis conditions. Since the specific counterion of
22 is not known, the most probable counterion was added for the sake of completeness and to maintain the
charge neutrality of the reaction equation.
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Figure 38: UV/vis spectrum of the titration of the non-symmetric p-hydroxo dicopper(ll) complex 24 (blue) to
dicopper(l) complex 22 with 2.06 eq. CoCp; in dry acetone at 25 °C under inert conditions. The recorded spec-
trum features pseudo-isosbestic points at 346 nm, 409 nm and 546 nm. The inset shows the trace of the bleaching
of the d-d transition at 616 nm with 2.42 eq. of cobaltocene.

The reduction of the non-symmetric hydroxo dicopper complex 24 was tracked by a UV/vis spectro-
photometer and the resulting titration absorbance spectrum is depicted in Figure 38. The UV/vis meas-
urement showed the bleaching of the typical absorbance features of the hydroxo dicopper complex 24

at 364 nm and 616 nm. In particular, the gradual disappearance of the d-d transition at 616 nm was
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followed, as this reliably indicates the formation of the desired dicopper(l) complex. The corresponding
trace indicates that the chemical reduction was finished after the addition of 2.06 eq. of cobaltocene.
Slight variations in theses value (1.9 — 2.1 eq.) were observed in various measurements. These devia-
tions from the expected value of 2.00 eq. are caused by intrinsic physical uncertainties and inaccuracies
of the used spectrophotometer.l'” Therefore, these deviations are expected and within the error of the
measurement. It can also not be ruled out completely that traces of minor impurities could cause these

deviations, even though crystalline material of 24 was used as the starting material.

The vanishing of the characteristic hydroxo dicopper(ll) complex features was accompanied by the rise
of two bands at 400 nm and 504 nm. These can be assigned to the redox couple CoCp./CoCp,". As
shown in Figure 39, this assignment becomes particularly clear if the reducing agent is added in excess,
since these bands rise significantly. These bands were used as a sensitive maker for the overtitration
with cobaltocene.
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Figure 39: UV/vis absorbance spectrum of the titration of the p-hydroxo dicopper(I1) complex 24 (blue) to the
dicopper(l) complex 22 with 2.06 eq. CoCp> in dry acetone at 25 °C under inert conditions. The spectra caused
by excess of CoCp2 (2.2 eq.) is shown in orange.

Similar to the symmetric dicopper(l) complex 19, the addition of a slight excess of reducing agent can
help to ensure that the in-situ formed species is immediately regenerated if decomposition does occur.
This kind of stabilization of the dicopper(l) complex 22 by intentional overtitration was in most cases
not necessary since 22 does not appear to be as sensitive to traces of oxygen or water as its symmetric

equivalent 19.

The UV/vis titration spectrum in Figure 38 seems to feature three isosbestic points at 346 nm, 409 nm
and 546 nm which would indicate that the reaction proceeds without any intermediate or potential side
reaction. However, the close-up of the spectrum (see Figure 39) clarifies that these are pseudo-isosbestic

points. Nevertheless, it can be assumed that this is a direct conversion by reduction since deviation from
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the ideal isosbestic points were minimal. The appearance of the pseudo-isosbestic points indicates a high
quality of the starting material since even minor impurities prevent the formation of the pseudo-isosbes-

tic points.

Since the dicopper(l) complex 22 produced by chemical reduction is more stable than the symmetric
derivative, crystallization experiments based on this synthetic route were carried out. Several crystalli-
zation attempts with various solvents at different temperatures were made. Crystalline material was only

isolated for the resulting cobaltocenium salt.

4.2.5 In-situ formation of a non-symmetric peroxo dicopper(ll) complex

The successful synthesis of the non-symmetric dicopper(l) complex 22 allowed proceeding with the
activation by oxygen. To this end, a freshly prepared solution of 22 was exposed to an excess of dry
oxygen. Immediately, a color change from pale yellow to purple occurred.
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Scheme 32: Synthesis of the non-symmetric peroxo dicopper(ll) complex 23 by addition of an excess of dry di-
oxygen to the dicopper(l) complex 22 in MeCN.

Two new bands are observed in the corresponding UV/vis absorbance spectrum (Figure 40). A distinc-
tive band formed at 497 nm (¢ = 4400 M* cm™?) and a shoulder at 608 nm (¢ = 2800 M* cm™?). Both
absorbance features are responsible for the purple color and are indicative of the formation of a peroxide

adduct.548584 This pattern of bands is typical and characteristic for a p-#*:#*-peroxo dicopper(Il) com-

pIeX [20,64-66,81,174-177]

The distinctive absorbance features can be assigned to LMCT-transitions (Oz>—Cu'").[86566121 Ac-
cording to literature, the transition at the shorter wavelength arises from a c-interaction of the Cu-cen-
tered orbitals with the r;; orbital of the peroxide and the transition at the longer wavelength arises from
the interactions of the 7, orbital of the peroxide.88".1211 The energy of the peroxide valence orbitals is

split into 7, and ;.. This occurs due to bonding interactions with the d,.2_,,z-orbital of the copper(ll)

ions when the peroxide binds end-on to the copper(I1) ions."
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Figure 40: UV/vis spectrum of the in-situ produced non-symmetric dicopper(l) complex 22 (blue) in acetonitrile
and the resulting non-symmetric peroxo dicopper(ll) complex 23 (red) after addition of dry oxygen gas in excess
at 25 °C.

In addition to these two distinctive bands, two minor shoulders are observed at around 360 nm and
409 nm. These features were already visible in the spectrum of the precursor of the dicopper(l) complex

22 and originate from the reduction agent used in the synthesis.

The data obtained for the non-symmetric peroxo dicopper(11) complex 23 fit the absorbance features of
known peroxo dicopper(ll) complexes based on different TACN/pyrazolate ligands perfectly. This is

obvious from the comparison of the cupric peroxides in Table 10.[3864121-123]

Table 10: Comparison of the typical absorbance features of peroxo dicopper(ll) complexes based on different
TACN/pyrazolate ligand scaffolds. [2865121.123]

Complex Ailnm (e/ M?1cecm?) 2 lnm(e/ M?1cm?)
Ib 527 (5000) 648 (3900)
Vb 510 630
b 520 (5500) 617 (3300)
23 497 (4400) 608 (2800)
Ib 506 (4800) 600 (2800)
20 490 (5800) 595 (3200)

The data on the typical absorbance features suggests that elongated spacers and/or lower steric demand
in the ligand scaffold tend to result in a shift to shorter wavelength of the characteristic bands at 4; and
A2 in the corresponding peroxo dicopper(ll) complexes. Earlier works assigned this shift to the fact that
the Cu-O-O-Cu torsion angles changes with the structure of the ligand.*¥ The various design motifs of
TACN/pyrazolate ligands impose different coordination geometries on to the copper ions, [386465121.123]

Different torsion angles lead to different mixing of the involved orbitals, shifting the bands.*¥ The
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UV/vis spectra recorded for this work complement and extend this trend to the peroxo dicopper(ll)
complexes based on Me,TACN/pyrazolate ligands. In this case, the characteristic bands are shifted to
shorter wavelengths compared to the corresponding iPr,TACN/pyrazolate derivatives by an average of
19 nm for A; and by an average of 14 nm for /.. Based on the data presented here, the non-symmetric

peroxo dicopper(ll) complex 23 was successfully synthesized.

To collect further evidence, resonance Raman spectroscopy experiments with labelled oxygen in frozen
solution were performed. As it is typical for such peroxides, the spectrum showed a very broad peak at
around 809 nm. Even though, no peaks could be assigned unambiguously and the results of the meas-
urements were inconclusive. An example spectrum for one of the performed resonance Raman meas-
urements can be found in the appendix. In general, this type of measurement has a higher chance of
success if the sample can be measured as a solid. Due to the rapid decay of the peroxo dicopper(ll)
complex 23 in solution it was not possible to crystallize this species.

It is also important to note, that the formation of the non-symmetric peroxo dicopper(ll) complex 23
was difficult to achieve at very low temperatures (—60 °C to —90 °C). Typically, dry oxygen was added
in excess to the gas phase above the solution. At these low temperatures, this was insufficient and dry

oxygen gas had to be injected directly into the stirring reaction solution over extended time periods.
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4.2.6 Decomposition of the non-symmetric peroxo dicopper(l1) complex
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Scheme 33: Decomposition of the non-symmetric peroxo dicopper(ll) complex 23 in MeCN to the non-symmet-
ric hydroxo dicopper(ll) complex 24.

All known p-1,2-peroxo dicopper(ll) complexes based on Me,TACN/pyrazolate ligands decompose
rapidly to the corresponding p-hydroxo dicopper(ll) complexes. The non-symmetric peroxo dicop-
per(11) complex 23 also follows this trend, but it exhibits increased stability compared to the symmetric
derivate 20 (Scheme 33). This is particularly evident in the formation and decomposition of 23 at ele-
vated temperatures up to 35 °C which is not achievable for 20. The decomposition is accompanied by a
color change of the solution from purple to green. Figure 41 shows the UV/vis spectrum of such a de-

composition at 25 °C.
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Figure 41: UV/vis absorbance spectra of the decomposition of the non-symmetric p-1,2-peroxo dicopper(Il)
complex 23 (blue) to the p-hydroxo dicopper(ll) complex 24 (red) in dry MeCN at 25 °C. The spectrum features
an isosbestic point at 407 nm.

The UV/vis absorbance spectrum shows the bleaching of the characteristic features of the peroxo dicop-
per(11) complex at 497 nm and 608 nm over time. The formation of two bands at 364 nm and 616 nm is
observed. These are the distinctive features of the p-hydroxo dicopper(ll) complex 24. Additionally, the
formation of the decomposition product 24 was confirmed by ESI mass spectrometry. The reaction takes
place without the formation of an intermediate. This conclusion can be drawn from the occurrence of

the isosbestic point at 407 nm. Since the starting material 23 of this decomposition was synthesized by
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chemical reduction artifacts of the used reductant can also be found in the recorded spectrum. Examples
of such artefacts are the two bands around 360 nm and 409 nm. This evidence demonstrates that the

starting material 24 can be regained and proves that the suggested recycling process (Scheme 27) works.

The bleaching of the absorbance feature at 497 nm was further analyzed. The trace of the bleaching
shows an exponential decay, as depicted in Figure 42. A plot of InA against time t reveals a linear rela-
tionship and a negative slope. This indicates that this decay is a first-order reaction. In contrast, decom-
position of the symmetric peroxo dicopper(ll) complex 20 was found to be a second-order reaction.
Here, the rate of the decomposition of 23 depends only on the concentration of one reactant. This sug-
gests that the two decompositions are based on different reaction mechanisms. Given the close structural
relationship between the two molecules 20 and 23, this result is unexpected and particularly noteworthy.
Small variations in the ligand backbone, such as adding a methylene unit, seem to have a big influence
on the reaction kinetics.
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Figure 42: Left: Bleaching of the absorbance band at A = 497 nm over time. Right: Plot of InA4g7 nm against time
t displays the typical linear behavior of a first-order reaction. The calculated rate constant for this reaction is
k=153-10% st
The rate constant of the decomposition of 23 can be calculated from the slope of a plot of InA/A, against
time t according to the integrated first-order rate equation (Equation 5).1"2 The derived value for the

rate constant is k = 1.53 - 102 st at 25 °C.

(1A _ |
n m = —kt Equation 5

The half-life for a first-order reaction can be determined according to Equation 6. The half-life time for

the decomposition is ty, = 456 s.

In(2)
t1/2 = X Equation 6

These results lead to the conclusion that the decomposition of the non-symmetric peroxo dicopper com-
plex 23 is about four times slower than the decomposition of the symmetric derivative 20 at the same

reaction temperature. Compared with the half-lives determined for the peroxo dicopper(ll) complex
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based on iPr,TACN/pyrazolate ligands this is still a relatively rapid decay of the reactive oxygen adduct.
For I1b a value of around 10 h was determined for t in propionitrile at room temperature.® The half-
life of 111b is 32 h in acetonitrile at 25 °C.B8 Thus, the half-life of 111b is about 253 times as long as the
half-life of the presented peroxo dicopper complex 23. This direct comparison illustrates once again
why it is difficult to handle the peroxo dicopper(Il) complex based on Me,TACN/pyrazolate ligand
scaffolds. Moreover, this illustrates the large influence of the TACN substituents on the stability of the

complexes.

Similar to Chapter 4.1.6, the decomposition of 23 was investigated for different temperatures. Also in
this case, the reaction was monitored with UV/vis spectroscopy. Deviating from the previous protocol,
the decay was investigated at higher temperatures. This was done in order to avoid very long measure-
ment times. Long measurement durations increase the probability of large deviations in the recorded
data due to freezing of the cryostat.

A selection of the recorded UV/vis spectra can be found in the appendix. For these experiments, the
bleaching of the characteristic absorption feature of the peroxo dicopper(ll) complex 23 at 497 nm in
acetonitrile is of particular interest. The normalized data for the temperatures from 35 °C to —15 °C are

shown in Figure 43.
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Figure 43: Bleaching of the characteristic absorption feature at 497 nm of the non-symmetric peroxo dicop-
per(I1) complex 23 at 497 nm to the non-symmetric p-hydroxo dicopper(ll) complex 24 in a temperature range
of 35 °C to —15 °C in dry MeCN.

The plot shows the bleaching of the characteristic band at 497 nm at various temperatures. Similar to
the corresponding plot for the symmetric peroxo dicopper(I1) complex 20 (Figure 29), it is clearly visible
that lowering the temperature by 50 °C leads to a significant slowdown of the decay. The trace of the
bleaching for 25 °C shows a small deviation from the expected A/Ao end value. This can be the result of
a small discrepancy that occurs during the baseline correction. Since a stock solution was used for all

measurements, it can be excluded that a UV/Vis solution with a different concentration of the starting



Copper Complexes and reactive dioxygen adducts 71

material causes this deviation. For further analysis, only the values at the beginning of the decay are of

interest. Therefore, the small difference in the end value does not affect the following results.

In order to determine the reaction order, In(A/Ao) vs. time t was plotted, as shown in Figure 44. A linear
progression was found for all temperatures. Since a plot of 1/(A/Ao) against time t did not show any signs

of linearity, all reactions can be classified as first-order reactions.
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Figure 44: Plot of In(A/Ao) against time t of the decay of the non-symmetric peroxo dicopper(ll) complex 23 in
dry MeCN at different temperatures.

The rate constants were calculated with help of the corresponding slopes according to Equation 5. The
half-life times were calculated with Equation 6. The results are summarized in Table 11.

Table 11: Overview of the calculated kinetic data for the decay of the non-symmetric p-1,2-peroxo dicopper(ll)
complex 23 to the p-hydroxo dicopper(ll) complex 24 at different temperatures in dry MeCN.

T/°C k/571 t1/z/S
35 1.52-10° 456
25 6.08 - 10* 1140
15 2.37-10* 2926
5 8.68 - 10°° 7987
-5 4.46 - 10° 15554
-15 1.29-10° 53528

The rate constants k can be used to determine the activation energy Ea and the pre-exponential factor A

(Equation 4). All values for an ARRHENIUS plot were calculated and are shown in Table 12.
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Table 12: Overview of the calculated values for the ARRHENIUS Plot of the decomposition of non-symmetric
u-1,2-peroxo dicopper(I1) complex 23 to the non-symmetric p-hydroxo dicopper(11) complex 24 in dry MeCN.

T/°C UT/IK? k/s? Ink /st
35 3.25-10°3 152-10° —6.49
25 3.35-10°3 6.08 - 10* —7.41
15 347-10°3 2.37-10* -8.35
5 3.60-10°3 8.68 - 10°° -9.35
-5 3.73-10°3 4.46 - 10°° -10.02
-15 3.87-10°3 1.29-10° -11.25

Figure 45 shows the corresponding ARRHENIUS plot. As previously described, a linear fit was used to
determine the slope. Form this slope an activation energy of Ea = 61.7 kJ-mol* £ 2.1 kJ-mol~* was ob-
tained. The value of the pre-exponential factor is A =3.98 -10" s,

n E, =61.7 kJmol™' £ 2.1 kJ:mol™
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Figure 45: ARRHENIUS plot for the decomposition of the non-symmetric p-1,2-peroxo dicopper(l) complex 23
to the non-symmetric p-hydroxo dicopper(11) complex 24 in dry MeCN.

For the decomposition of the symmetric p-1,2-peroxo dicopper(ll) complex 20 an activation energy of
Ea =52.6 kJ-mol + 3.0 kJ-mol~ was determined. This means that the energy barrier is lower for the
symmetric complex 20 than for the non-symmetric complex 23. Therefore, more energy is necessary for

the decomposition of 23. Both values are in the range of typical reaction in solution."2

These conclusion from the experimental data are not expected and remain counterintuitive. The
non-symmetric peroxo dicopper(ll) complex 23 is expected to have a lower activation energy and to
decompose faster. This expectation is based on the expected molecular structure. In particular, it is ex-
pected that 23 displays a reduced shielding of the active site as a result of a shorter spacer in the back-
bone. Additionally, the methylene spacer is expected to lead to a larger bimetallic cleft which allows
easier access to active site. The experimental results suggest that easy access to the active site is not that

as crucial as previously assumed. It seems that the geometry of the Cu—O-0O-Cu core is more important.
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The molecular structure of the two peroxo dicopper(ll) complexes 20 and 23 and the exact reaction
mechanism of the decomposition are unknown. Therefore, it can only be speculated what factors lead

to the higher activation energy for 23.

In general, it can be stated that the higher the activation energy is the slower the reaction proceeds. To
conclude, the decomposition of the non-symmetric complex 23 is slower than the decomposition of the

symmetric complex 20.

4.2.7 Summary and conclusion

The proligand HLasym Was used to gain access to the non-symmetric p-hydroxo dicopper(Il) complex
24. Therefore, an extensive purification process was developed to produce crystalline material of 24.
Subsequent ESI mass spectrometry, UV/vis and IR spectroscopy confirmed the successful synthesis. A
temperature dependent magnetic susceptibility measurement with a SQUID magnetometer revealed the
strongest antiferromagnetic coupling of all known p-hydroxo dicopper(ll) complex based on TACN/py-
razolate compartmental ligands. In addition, the molecular structure in the solid-state was determined
by an X-ray diffraction experiment. The Cu—Cu distance was observed to be elongated compared to the
symmetric equivalents. This is expected to favor the formation of an accessible active center. Further-
more, the low steric demand of the methyl residues at the TACN do not block the access to the bimetallic
cleft. The widened dicopper core may explain the instability of the corresponding reactive oxygen ad-

ducts.

Since the direct synthesis of the dicopper(l) complex 22 was not successful, the chemical reduction of
u-hydroxo dicopper(ll) complex 24 was explored. UV/vis spectroscopy showed the successful conver-
sion to 22 under reductive conditions. The formation of any intermediates was not observed. The in-situ
formed dicopper(l) complex 22 was used to successfully synthesize the non-symmetric peroxo dicop-
per(11) complex 23. In the UV/vis spectrum the characteristic features of a p-1,2-peroxo dicopper(ll)
complex were found. The obtained data for 23 fitted to the absorbance features of the known peroxo

dicopper(ll) complexes perfectly.[5864110122,123]

Similar to all peroxo dicopper(Il) complexes which are based on a Me,TACN/pyrazolate ligand scaffold,
22 showed a rapid decay.*?® The decomposition is around four times slower than the decay of the sym-
metric equivalent 20. Further experiments revealed that the decomposition is a first-order reaction. Rate
constants and half-lives were determined for various temperatures. The activation energy of the decom-
position (Ea = 61.7 kJ-mol* £ 2.1 kJ-molt) was determined with an ARRHENIUS plot. The activation

energy is around 9.1 kJ-mol higher than the Ea of the decomposition of symmetric derivative 20 to 21.
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4.3 Symmetric and non-symmetric hydroperoxo and superoxo
dicopper(ll) complexes

The successful synthesis of the novel p-1,2-peroxo dicopper(ll) complexes 20 and 23 makes it possible
to explore the other reactive oxygen adducts such as the hydroperoxido or superoxido intermediates.
Investigating these species in model complexes is of great interest since they are key species in catalytic
substrate oxygenation and oxidation reactions in nature.?*??1 For example, the multicopper oxidase lac-
case can catalyze the four electron reduction of oxygen to water.[*® Thereby the formation of a cupric
hydroperoxo species by protonation of the bridging peroxide intermediate is likely to be a crucial step

in the oxygen reduction to water.[63.17%-181]

4.3.1 Earlier studies on hydroperoxo dicopper(ll) complex based on TACN/pyrazolate
ligands

In previous studies the hydroperoxo dicopper(ll) complexes Ic, Ilc and Illc based on different
iPr,TACN/pyrazolate ligand scaffolds have been investigated (Figure 46).15865121.1241 Typically, these
complexes are synthesized by protonation of the respective crystallized peroxo dicopper(ll) complexes.
For all conversions 2,6-lutidinium triflate (HLUtOTf) is used as the proton source. Due to their high
stability and consequently long half-lives at low temperatures, it has been possible to investigate the
reversible deprotonation reaction to the cupric peroxide by addition of adequate bases. Existing studies
have been able to derive the pK, value of the hydroperoxide species by UV/vis titration experi-
ments.[38.12L1241 Additionally, the molecular structure of the p-1,1-hydroperoxo dicopper complexes Ilc
and Illc by X-ray crystallography has been determined.8%! Knowledge of this structure allows for
further characterization by *H-NMR experiments, magnetic measurements and resonance Raman spec-

troscopy.[*?4
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Figure 46: Established hydroperoxo dicopper(I1) complexes Ic, Ilc and I11c based on various iPr,TACN/pyra-
zolate ligands. [38.65121.124]

In contrast, evidence is lacking completely for hydroperoxo dicopper complexes with Me, TACN/pyra-
zolate ligand scaffold. Recent studies have considered the peroxo dicopper(ll) complex 1VVb which is
based on a Me, TACN/pyrazolate ligand with methylene spacers in the backbone. These recent studies
show that it is not possible to convert IVb to the corresponding hydroperoxo dicopper complex.[*?®l This

is probably due to the very rapid decomposition reaction of 1Vb at low temperatures.

This chapter contributes to the literature by gathering the first evidence for hydroperoxo dicopper(ll)

complexes based on a Me, TACN/pyrazolate ligand scaffold.
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4.3.2 Formation of a symmetric hydroperoxo dicopper(ll) complex 25

The synthesis of a novel symmetric hydroperoxo dicopper(ll) complex based on HLsym is @ multistep
synthesis. This is because the crystalline material of the dicopper(l) complex 19 or the peroxo dicop-
per(11) complex 20 could not be isolated. Instead, the precursor 20 needs to be produced in-situ. This

approach leads to a complex system with multiple influencing factors.

For the synthesis of 25, crystalline compound 21 was dissolved in MeCN and reduced by cobaltocene
at room temperature, as shown in Scheme 34. After cooling the reaction mixture to —40 °C, dry oxygen
was added in excess. Subsequently, 1.2 eq. of 2,6-lutidinium triflate were added. Several attempts were

necessary to fine tune the reaction condition and to obtain results.
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Scheme 34: Synthesis of the p-hydroperoxo dicopper complex 25 from the p-hydroxo dicopper complex 21.

Eventually, a drastic change of the UV/vis spectrum occurred immediately after the addition of
2,6-lutidinium triflate, as shown in Figure 47.
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Figure 47: UV/vis spectrum of the addition of 2,6-lutidinium triflate to an in-situ generated p-1,2-peroxo dicop-
per(I1) complexes 20 (blue) leads to the formation of the p-hydroperoxo dicopper complex 25 (red) in dry MeCN
at —40 °C under inert conditions.

Bleaching of the characteristic absorbance features of the symmetric p-1,2-peroxo dicopper(ll) com-
plexes 20 at 490 nm and 595 nm was observed and a new distinctive band emerged at 396 nm
(e = 5600 Mt cm™?). Additionally, a weak band formed at 555 nm (¢ = 600 M~ cm™). The resulting
UV/vis absorbance spectrum is reminiscent of the other p-hydroperoxo dicopper complexes based on

iPr,TACN/pyrazolate ligand scaffolds.8651211 A comparison of the characteristic bands is shown in
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Table 13. The compiled and recorded data shows that the longer spacer in the ligand backbone and
reduced steric demand results in a shift of /; to shorter wavelength. Therefore, the new set of UV/vis
data complements and extends the underlining trend. The experimental data shows that a hydroperoxo

dicopper(ll) complex based on a Me,TACN/pyrazolate ligand was successfully synthesized. It seems
that this is the first time this synthesis has been achieved.

Table 13: Comparison of the typical absorbance features of the hydroperoxo dicopper(ll) complexes based on
different TACN/pyrazolate ligand scaffolds,[38:65121,124]

Complex Ailnm (e/M?1cecm?) J2lnm(e/M?1cm?)
Ic 435 (6000) 620 (600)
e 424 (6500) 605 (300)
e 416 (5700) 614 (700)
25 396 (5600) 555 (600)

An attempt was made to determine the necessary equivalents of 2,6-lutidinium triflate for the conversion
by UV/vis titration. This attempt proved to be difficult because of the rapid decomposition of 20 Nor-
mally, the addition of 1.2 eq 2,6-lutidinium triflate were sufficient for producing 25.

Earlier studies show that the p-1,1-hydroperoxo dicopper complexes Ilc and Il1c are stable over weeks
at —27 °C and thus can be crystallized.81241 At room temperature, half-lifes of 9 h for llc and 12 h for
I11c have been determined.B8%1 In contrast, the new hydroperoxo dicopper complex 25 is decomposing
very quickly. Figure 49 shows a snapshot of the beginning rapid decay of 25 after formation. Assuming
a first-order decay, a half-life of 2718 s was determined. This demonstrates again that all the dicopper
complexes of the Me, TACN/pyrazolate ligands are not stable. This is why a crystallization of this new

species was impossible. However, the decomposition product is the corresponding p-hydroxo dicopper
complex.
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Figure 48: UV/vis spectrum of the starting decomposition of the p-hydroperoxo dicopper(Il) complex 25 (blue)
to the hydroxo dicopper(l) complex 21 in dry MeCN at —40 °C under inert conditions.
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Resonance Raman measurements of the frozen solution of the p-hydroperoxo dicopper(ll) were at-
tempted. Unfortunately, the results were inconclusive even at a laser excitation wavelength of 457 nm.
In particular, a poor signal-to-noise ratio and a broad signal at around 850 cm prevented the conclusive
assignment. Similar problems were encountered in previous studies of Ilc and I11c.8651241 |n these
cases, the signal assignment was difficult and partially unambiguous, even for measurements of the

crystallized compounds.

4.3.3 Formation of a non-symmetric hydroperoxo dicopper(ll) complex 27

The synthesis of the non-symmetric p-hydroxo dicopper complex 27 was based on the synthesis ap-

proach of the symmetric derivate 25. Scheme 35 shows the adjusted synthesis route.
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Scheme 35: Synthesis of the p-hydroperoxo dicopper complex 27 from the non-symmetric p-hydroxo dicopper
complex 24.

Upon addition of 2,6-lutidinium triflate a drastic change can be observed in the UV/vis spectrum which
is depicted in Figure 49. A new distinctive band forms at 398 nm (¢ = 6100 M* cm™) while the charac-
teristic features of the cupric peroxide 23 bleach. Simultaneously, a weak band emerges at 591 nm
(e =600 Mt cm™). The appearance of an isosbestic point at 437 nm is a clear indication that a direct

conversion is taking place.
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Figure 49: UV/vis spectrum of the addition 1.5 eq. of HLutOTf to the non-symmetric p-1,2-peroxo dicopper(ll)
complex 23 (blue) to form the non-symmetric hydroperoxo dicopper(l1) complex 27 (red) in dry EtCN at —80 °C
under inert conditions.
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A comparison with the previously studied hydroperoxo dicopper(ll) complexes (Table 14) shows that
the recorded data fits to the general trend.[*812%124 Therefore, it can be assumed that the non-symmetric

hydroperoxo dicopper(ll) complex 27 was synthesized for the first time.

Table 14: Comparison of the typical absorbance features of the hydroperoxo dicopper(ll) complexes based on
different TACN/pyrazolate ligand scaffolds,[38:65121,124]

Complex Ailnm (e/M?1cecm?) J2lnm(e/M?1cm?)
Ic 435 (6000) 620 (600)
Hic 424 (6500) 605 (300)
27 398 (6100) 591 (600)
lc 416 (5700) 614 (700)
25 396 (5600) 555 (600)

Further experiments were attempted but were not successful. For instance, the raid decay of 27 prevented
the measurement of a resonance Raman spectrum, since it was not possible to produce a frozen solution
of the p-hydroperoxo dicopper(l1) without the formation of the hydroxo dicopper(ll) complex 24. Ad-
ditionally, UV/vis titration experiments to determine the exact amount of needed acid were inconclusive

due to the rapid decomposition.

4.3.4 Earlier studies on superoxo dicopper(l1) complex based on TACN/pyrazolate
ligands

Figure 50 shows the established superoxo dicopper(ll) complexes of the different iPr.,TACN/pyrazolate
ligands of previous studies.[®1221251 A| of these cupric superoxides complexes are synthesized from the
respective crystallized dicopper(l) complex. This is the preferred approach since a high purity of the
starting materials is essential for a successful synthesis. The desired complexes have been observed after
the addition of dry oxygen and an one-electron oxidant such as silver tetrafluoroborate (AgBF.) or fer-

rocenium hexafluorophosphate (FCcPFs) to the reaction mixture,[38.121.160.182]
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Figure 50: Established superoxo dicopper(l1) complexes Id, I1d and I11d based on different iPr,TACN/pyrazo-
late ligands.[38:122.12%]

Typically, these reactive oxygen intermediates are relatively unstable and decay over time to the corre-
sponding hydroxo dicopper(I1) complexes.®! Interestingly, it has been possible to crystallize the super-
oxo dicopper(Il) complex Id, resulting in the first molecular structure of a cis-p-1,2-superoxo dicop-

per(l1) Complexl[121,122]
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In contrast, initial attempts to directly synthesize a cupric superoxide from the peroxodicopper(ll) com-
plex 1Vb based on a Me,TACN/pyrazolate ligand scaffold have been unsuccessful.'?% This is probably
due to the fact that it has not been possible to start the synthesis from the pure and crystalline dicopper(l)
complex IVa. Moreover, it can be assumed that the target complex decomposes very rapidly. Only a
stopped-flow UV/Vis experiment showed briefly the expected absorbance feature at 430 nm of a super-
oxo dicopper(11) complex after the addition of a saturated oxygen solution to the unique Cu'Cu' complex
of Iv.[2%

In this chapter the formation of the superoxo dicopper(Il) complexes of the novel Me, TACN/pyrazolate
proligands HLsym and HLasym are presented and discussed. Since the new hydroxo dicopper(ll) com-
plexes 21 and 24 do not form a Cu'Cu" complex after one-electron reduction, a multistep synthesis
approach was chosen.

4.3.5 Formation of a symmetric superoxo dicopper(ll) complex 26

For the synthesis of a symmetric superoxo dicopper(ll) complex 26, the recycling of the p-hydroxo
dicopper complex 24 was used to gain access to the in-situ formed cupric peroxide complex 20 in MeCN
at —40 °C. Subsequently, the one-electron oxidizing agent FcPFs was added to the reaction mixture, as

shown in Scheme 36.
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Scheme 36: Synthesis of the superoxo dicopper complex 26 from the symmetric p-hydroxo dicopper complex
21 in MeCN.

Initial experiments showed the formation of a new band at 409 nm (¢ = 6500 M~ cm™) in the UV/vis
spectrum (see Figure 51). Additionally, a very broad shoulder formed at 614 nm (¢ = 1500 M-t cm™).

The originally absorbance features of the precursor 20 vanished after the addition of the oxidant.
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Figure 51: UV/vis spectrum of the presumed superoxo dicopper(ll) complex 26 (red) synthesized from the sym-
metric u-1,2-peroxo dicopper(ll) complex 20 (blue) in MeCN at —40 °C.

A comparison with the established cupric superoxide complexes reveals that the obtained data does not
follow the trend that is familiar from existing work, as shown in Table 15.65122125 Although the methyl
congener of the superoxo dicopper(ll) complex Id showed a blueshift of a 14 nm compared to Id, the
observed shift of 31 nm compared to the closely related I1d is much larger.[*?%123.1251 Moreover, the
prominent band at 409 nm is reminiscent of the hydroperoxo dicopper(ll) complex 25 which is charac-
terized by a distinctive band at 396 nm and a shoulder at 555 nm. The direct comparison also shows that
it cannot be a pure hydroperoxo dicopper(ll) complex. In particular, the comparison of the bands at

longer wavelengths confirms this suspicion.

Table 15: Comparison of the typical absorbance features of the superoxo dicopper(ll) complexes based on dif-
ferent TACN/pyrazolate ligand scaffolds.[38121.122.125]

Complex ulnm(e/Miem?)y L /nm(e/ Mtcem™)

Id 444 (10000) 570 (1500)
lid 444 (11500) 545 (2100)
Id 440 (10300) 545 (2100)

Further analysis of the UV/Vis experiment provides more information about the possible product of the
reaction. As shown in Figure 52, the UV/vis spectra of the presumed superoxo dicopper(ll) complex 26
(blue) starts to shift immediately after formation to the red spectrum. This spectrum with absorbance
features at 391 nm and 553 nm is even more reminiscent of the hydroperoxo complex 25. In addition,
the occurring shift with an pseudo-isosbestic point at 375 nm is reminiscent of the typical UV/vis spectra
resulting from the addition of TEMPO-H (1-hydroxy-2,2,6,6-tetramethylpiperidine) to the previously
established superoxo dicopper(l1) complexes.[8122125 Therefore a possible explanation for the recorded

data is that the produced superoxo dicopper(ll) complex is able to abstract H-atoms from a weak R-H
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bond. This would explain the formation of a hydroperoxo dicopper(ll) complex 25. The source of the

H-atom in this proposed H-atom abstraction remains unknown.
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Figure 52: UV/vis spectrum of the presumed superoxo dicopper(ll) complex 26 (blue) in MeCN at —40 °C. Di-
rectly after the formation occurs a fast shift of the bands to a presumed hydroperoxo dicopper(Il) complex 25
(red). The initial spectrum of the symmetric p-1,2-peroxo dicopper(ll) complex 20 is shown in orange for com-
parison.

Since all previous hypotheses are only based on the comparison of characteristic UV/vis absorbance
features, it was tested if it is possible to regain the peroxo dicopper(ll) complex 20 after the formation
of the presumed superoxo dicopper(ll) complex 26. To this end, cobaltocene was added as a reductant
to the reaction mixture after formation of 26. The resulting UV/vis spectrum is shown in Figure 53 and

shows the reversibility of the one-electron oxidation.
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Figure 53: UV/vis spectrum of the addition of cobaltocene (1.10 eq.) to the presumed superoxo dicopper(ll)

complex 26 (blue) in MeCN at —40 °C. The resulting peroxo dicopper(ll) complex is shown in red. For compari-
son is the original peroxo dicopper(ll) complex 20 shown in orange.
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After addition of FcPFs to 20 and formation of the presumed superoxo dicopper(Il) complex (blue spec-
trum), the reducing agent CoCp, was added immediately and the typical bands of the cupric peroxide
20 formed. Comparing the resulting spectrum (red spectrum) with the original spectrum of 20 (orange
spectrum), shows that a quantitative recovery of 20 was not achieved. This can be explained by the rapid

decay of all involved species.

Since the discussed shift of the distinctive band is fast and occurs immediately after the addition of the
oxidizing agent, 26 was synthesized at even lower temperatures to identify the initial UV/vis spectrum
of 26. Therefore, the synthesis of 26 was performed in propionitrile (EtCN) at —80 °C. The resulting
UV/vis spectrum is shown in Figure 54.
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Figure 54: UV/vis spectrum of the presumed superoxo dicopper(I1) complex 26 (blue) in EtCN at —80 °C. Di-
rectly after the formation of 26 occurs a shift to the red spectrum.

A distinctive band at 426 nm (¢ = 6700 Mt cm™) formed due to the oxidation of the peroxo dicopper(ll)
complex 20. This absorbance feature is more similar to the known bands of a superoxo dicopper(ll)
complex based on a Me, TACN/pyrazolate ligand.*? It is noted that the molar attenuation coefficient
deviates strongly from the previous reported values.31221251 The main reason for this is that this value
is influenced by the ongoing decomposition. This probably applies to all the novel reactive oxygen ad-
ducts but the decay has the greatest effect on the superoxo dicopper(ll) complex 26. This results in a
smaller coefficient. Additionally, even the solvent, pH value and the temperature can influence the molar
attenuation coefficient.

The initial spectra show an additional band at 619 nm which can be assigned to the ferrocenium.[]
Since the oxidant FcPFe was added in a slight excess (1.2 eq.) and the reaction was slower, theses spectra
are probably a snapshot in time of the initial formation of the superoxo dicopper(ll) complex. Another
explanation may be that the superoxo dicopper(11) complex is still being formed and therefore uncon-

sumed ferrocenium is still visible. Simultaneously, the presumed reaction to hydroperoxo complex 25
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is already taking place. This implies that the recorded UV/vis spectrum may results from a product

mixture of 25 and 26.

More evidence is needed to support or disprove these explanations. Unfortunately, it was not possible
to perform electron paramagnetic resonance (EPR) or resonance Raman spectroscopy (rR). The proce-
dure of freezing the reaction mixture in liquid nitrogen results in a blue colored solution which clearly

indicates the formation of the decomposition product 21.

4.3.6 Formation of a non-symmetric superoxo dicopper(l1) complex 28

The non-symmetric superoxo dicopper(ll) complex 28 was synthesized like the symmetric derivative
26 (Scheme 37). In particular, the peroxo dicopper complex 23 was produced in-situ, as described in
chapter 4.2. Subsequent oxidation of 23 with ferrocenium hexafluorophosphate gave the superoxo di-

B-y

23

copper(Il) complex 28.
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Scheme 37: Synthesis route for the non-symmetric superoxo dicopper(ll) complex starting from the non-sym-
metric p-hydroxo dicopper complex 24.

Based on the findings for the synthesis of the symmetric superoxo dicopper(ll) complex 26, the synthesis
of the non-symmetric derivative 28 was also carried out in propionitrile at lower temperatures. In this
case a temperature of —60 °C proved to be sufficient because the non-symmetric reactive oxygen inter-
mediates typically do not decompose as rapidly and are more stable in solution. The entire synthesis was
monitored by UV/vis spectroscopy and the crucial reaction of the p-1,2-peroxo dicopper complex 23

with the oxidant is shown in Figure 55.

Addition of the oxidizing agent leads to a bleaching of the characteristic absorbance features of 23. At
the same time, a new distinctive band rises at 412 nm (¢ = 9500 M~ cm™) and a weak band forms at
562 nm (¢ = 1700 M-t cm™?). A pseudo-isosbestic points emerges at 464 nm during the formation of the
presumed non-symmetric superoxo dicopper(ll) complex 28. Since only minimal deviations from the
ideal isosbestic point were observed, it was assumed that a direct conversion had occurred. Even though
the distinctive band was expected to be at around 425 nm, the molar attenuation coefficient is still in the

typical range of previously studied superoxo dicopper(I1) complexes (see Table 15 for comparison).
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Figure 55: UV/vis spectrum of the addition of FcPFe (1.2 eq.) to the non-symmetric peroxo dicopper(ll) com-
plex 23 (blue) in dry EtCN at —60 °C. The spectrum features a pseudo-isosbestic point at 464 nm.

In contrast to the symmetric congener, a band of the oxidant was not observed in the recorded UV/vis
data. Additionally, there are no signs of a subsequent shift of the distinctive band and formation of the

respective hydroperoxo dicopper(ll) complexes 27.

It can be concluded, that the presumed non-symmetric superoxo dicopper(11) complex 28 is more stable
than the symmetric derivate 26. Nonetheless, further investigation by EPR or rR spectroscopy were
hampered by the rapid thermal decay of the species of interest. All attempts of producing a frozen solu-
tion of 28 for further experiments ended in the instant formation of 23 which is the decomposition prod-

uct.

4.3.7 Summary and conclusion

In this chapter, the attempts to synthesize the other reactive oxygen adducts based on the reductive
recycling of the corresponding hydroxo dicopper(11) complex were described and discussed. Since these
species must be synthesized in-situ by sequential reactions, the analysis and interpretation of the rec-
orded UV/vis data were complicated due to a variety of possible side products and byproducts. Addi-
tionally, the rapid decay of the involved dicopper complexes made it difficult to carry out further exper-
iments. For instance, conclusive titration experiments or resonance Raman measurements were not pos-
sible.

Despite these challenges, the hydroperoxo dicopper(ll) complexes of the novel Me, TACN/pyrazolate
ligands were synthesized for the first time. UV/vis data shows the expected characteristic absorbance
features of cupric hydroperoxides complexes. The distinctive bands for the novel hydroperoxo dicop-

per(I1) complexes 25 and 27 are shifted slightly to a shorter wavelength compared to the established
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species. 38651211241 Eyrthermore, the cupric hydroperoxides 25 and 27 decompose rapidly to the respec-

tive hydroxo dicopper(ll) complexes.

The syntheses of the superoxo dicopper(11) complexes 26 and 28 were successful at —40 °C. The assign-
ment of the absorbance features in the resulting UV/vis spectrum of the symmetric derivate 26 were
influenced by a subsequent reaction. The recorded UV/vis data shows that the formed superoxo dicop-
per(11) compley 26 is probably converted rapidly into the hydroperoxo dicopper(ll) complex 25. This
consecutive reaction can be explained by a hydrogen abstraction reaction, but the origin of the needed
hydrogen atoms remains inconclusive. Measurements at even lower temperatures (—80 °C) showed the
initial UV/vis spectrum of 26. Additionally, reformation of the precursor peroxo dicopper(ll) complex
20 was established by the addition of cobaltocene to 26.
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5 Interaction of the peroxo dicopper(ll) complexes with lithium
and calcium cations

5.1 Earlier studies on interactions of the Cu.O, core with Lewis acids

Previous works have revealed that the Lewis basic peroxo moiety of the peroxo dicopper(Il) complexes
based on TACN/pyrazolate ligands can interact with Lewis acids such as the alkali metal ions Li*, Na*
and K* B850 |n particular, the work of BRINKMEIER et. al. has demonstrated impressively the in-
fluences of alkali metal ions on the electronic structure of the peroxo dicopper(ll) complex 1b.[221 The
synthesis of the alkali metal ion adducts is shown in Scheme 38. The formation of these adducts have
not only been investigated in resonance Raman and electrochemical studies. It has also been possible to
crystallize these adducts. !4
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Scheme 38: Synthesis of the alkali metal ion adducts of the peroxo dicopper(ll) complex.[110111.121]

Furthermore, titrations of the peroxo dicopper(ll) complex Ib with alkali metal triflate salts reveal dra-
matic changes in the UV/vis spectrum.l}*1121 |t has been found that the characteristic features of the
peroxo dicopper(ll) complex at A1 and 4, shift to a shorter wavelength and that in particular the intensity
of the CT band at 4, (7, —Cu'"") was decreases upon addition of the cations.[**! The observed blueshift

is most pronounced for Li* and decreased to K*.1*2

KINDERMANN has demonstrated that the peroxo dicopper(ll) complex I1b is able to interact with Lewis
acid in solution, such as Sc**, Zn?" and Li*.®® Later SPYRA has extended the studies of the alkali metal
ions interactions to the non-symmetric cupric peroxide I11b and was able to isolate the Na*-adduct in
solid state.l®! UV/vis monitored experiments verify the prior observations made by BRINKMEIER et. al.,

such as the blue shift and intensity changes of the CT-bands.[812!

5.2 Interaction of the peroxo dicopper(l1) complexes 20 and 23 with
lithium ions

In contrast to the previously studied cupric peroxides, the symmetric and non-symmetric p-1,2-peroxo
dicopper(1l) complexes 20 and 23 are based on Me.TACN/pyrazolate ligands. Since this reduces their
steric demand, the potential formation of adducts with Lewis acids is expected to be easier. Furthermore,
the formation of adducts with larger ions may be possible, if the Cu,O; core is less shielded. On the
other hand, 20 and 23 can only be prepared in-situ. In an UV/vis monitored experiments, this may lead

to new bands with bands overlapping bands from prior reactions (e.g. the chemical reduction with
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CoCpy). In addition, the decomposition reactions of 20 and 23 discussed above must be taken into ac-

count.

5.2.1 A novel lithium ion adduct

For the synthesis of the symmetric lithium ion adduct 29, the symmetric dicopper(l) complex 19 was
generated in-situ under inert conditions in acetonitrile at 25 °C. Addition of dry oxygen led to the for-
mation of the symmetric peroxo dicopper(ll) complex 20 at —40 °C. Finally, the addition of 10 eq. of
lithium triflate gave 29, as depicted in Scheme 39. The whole reaction was monitored by UV/vis spec-

troscopy. The most relevant spectra are shown in Figure 56.
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Scheme 39: Synthesis route of the symmetric lithium ion adduct 29 by addition of 10 eq. LiOTf to the symmet-
ric p-1,2-peroxo dicopper(ll) complex 20 at —40 °C in MeCN.
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Figure 56: Left: UV/vis spectrum of the formation of the symmetric p-1,2-peroxo dicopper(Il) complex 20 (red)

by addition of an excess of dry oxygen to the dicopper(l) complex 19 (blue) at —40 °C in MeCN. Right: UV/vis

spectrum of the synthesis of the presumed symmetric lithium ion adduct 29 (red) by addition of 10 eqg. LiOTf to

the symmetric p-1,2-peroxo dicopper(l) complex 20 (blue) at —40 °C in MeCN. The spectrum features two isos-
bestic points at 416 nm and 429 nm.

The recorded UV/vis spectra confirmed the successful synthesis of 20. In particular, the characteristic
bands of a p-,':5'-peroxo dicopper(Il) complex were observed at 490 nm and 595 nm. The addition of
10 eq. lithium triflate led to a color change of the solution from purple to green. In the UV/vis spectrum,
this can be detected as a distinctive new band at 394 nm and a weak and broader band at 552 nm. Inter-
estingly, two isosbestic points at 416 nm and 429 nm formed at the same time. In a first step, the isos-
bestic point at 429 nm formed. In a consecutive step, the isosbestic point at 416 nm occurred. This result

suggests that an intermediate species is involved in the reaction. It is noted that the distinct features of
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29 are very similar to the characteristic bands of the symmetric hydroperoxo dicopper(ll) complex 25

which has distinctive bands at 394 nm and 555 nm.

The last observation was also made in earlier studies of KINDERMANN.®! In her study, adding 410 eq.
lithium triflate to the peroxo dicopper(ll) complex I1b results in the observation of the typical bands of
the corresponding hydroperoxo dicopper(ll) complex llc in the UV/vis spectrum. KINDERMANN hy-
pothesizes that traces of water in the reaction mixture may have been hydrolyzed with the Lewis acid
acting as a catalyst. These protons may then react with the peroxide-unit to form the hydroperoxo di-
copper(Il) complex. Since no isosbestic points are observed, KINDERMANN concluded that intermediates
are formed during the reaction.®

Taking these prior reported results and the hypotheses into account, a new reaction pathway is proposed.
It is shown in Scheme 40.1° The addition of the lithium triflate leads to a side-on or end-on coordinate
lithium peroxo adduct (29 and 29b) in the bimetallic cleft. In a consecutive step, protons are hypothe-
sized to react with the intermediates to the hydroperoxo dicopper(Il) complex 25. This reaction pathway
explains the occurrence of the consecutive isosbestic points and the characteristic bands of 25.
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Scheme 40: Proposed reaction pathway for the synthesis to the hydroperoxo dicopper(ll) complex 25 by proto-
nation of the lithium ion adduct intermediate 29 or 29b. In red are the reverse reactions denoted which were used
to verify the proposed chemical reaction path.

Even though this theory fits the recorded data, the presence of water as a proton source in the reaction
mixture is very unlikely. The in-situ formed symmetric dicopper(l) complex 19 and also the correspond-
ing peroxo dicopper(ll) complex 20 are known to be very sensitive to impurities. In the presence of
water, they are expected to decompose immediately to the hydroxo dicopper(ll) complex 21. In order to
verify whether the reaction proceeds as hypothesized, further experiments were carried out. For this
purpose, two possible reverse reactions of the proposed reaction scheme were selected. The first reverse
reaction is based on the following reasoning: if a hydroperoxo dicopper(l1) complex is present it should

be possible to regain the peroxo dicopper(ll) complex 20 by adding a base. Typically, a hydroperoxo
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dicopper(1l) complex based on the TACN/pyrazolate scaffold can be deprotonated by 1,8-Diazabicy-
clo[5.4.0]undec-7-ene (DBU).[386512L1241 The second reverse reaction is based on the following reason-
ing: if the lithium peroxo adducts 29 or 29b are the end product of the reaction the addition of a cryptand
should also yield the peroxo dicopper(ll) complex 20. The cryptand 4,7,13,16,21,24-Hexaoxa-1,10-di-
azabicyclo[8.8.8]hexacosane is particularly suitable for removing lithium ions from the reaction mix-

ture. These two reverse reactions are shown in red in Scheme 40.

First the addition of the [2.2.2] cryptand was tested. Therefore, the presumed lithium peroxo adduct 29
was synthesized again by the addition of 10 eq. of LiOTTf to the in-situ generated peroxo dicopper(1l)
complex 20. Subsequently, 12 eq. of the cryptand in acetonitrile were added at —40 °C. The correspond-
ing UV/vis spectra are shown in Figure 57. Apart from a minor contamination at 360 nm which comes
from the chemical reduction, the recorded data are consistent with the previous measurement. However,
the addition of 12 eq. of the cryptand in acetonitrile at —40 °C, resulted in an immediate change of the
UV/vis spectrum. The distinctive features of the lithium peroxo adduct started to bleach and the charac-
teristic features of the former p-1,2-peroxo dicopper(I1) complex 20 were regained. Especially, interest-
ing is the fact that an isosbestic point at 431 nm was observed. An identical isosbestic point at similar
wavelength was found for the addition of lithium triflate to the cupric peroxide 20. The expected second
isosbestic point at 416 nm could not be observed. Since the reaction was very fast, it is possible that the
UV/vis spectrometer could not resolve this isosbestic point. A promising approach for future research
is to use a stopped-flow UV/vis experiment at low temperatures. This may lead to an improved meas-

urement and show whether the first isosbestic point really exists in the reverse reaction.
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Figure 57: UV/vis spectra of the addition of 12 eq. of [2.2.2] cryptand to the presumed hydroperoxo dicopper(ll)
complex 25 (blue) at —40 °C in MeCN. The peroxo dicopper(Il) complex 20 (red) is regained. The spectrum fea-
tures an isosbestic points at 431 nm. For comparison, the spectrum of the peroxo dicopper(l1) complex 20 prior
to the addition of 10 eq. LiOTf is also shown (orange).
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The addition of the base DBU to the presumed hydroperoxo dicopper(ll) complex did not lead to any
significant changes in the UV/vis spectrum. Therefore, a revised reaction pathway is needed. In conclu-
sion, even though the distinct bands are reminiscent of the characteristic bands of the hydroperoxo di-
copper(Il) complex 25 a new lithium peroxide adduct was formed. Instead of the p-1,1-OOH moiety of
25, a structurally very similar p-1,1-O; unit seems to be interacting with the lithium ion.[ This may
explain a very similar electronic structure of 25 and 29b. Therefore, the final product of the addition of
LiOTf is probably the lithium ion adduct 29b. The appearance of consecutive isosbestic points suggests
that an intermediate is involved in the reaction. Presumably, this is the molecule 29 shown in Scheme
41.
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Scheme 41: Revised reaction pathway for the synthesis to of the lithium ion adduct 29b via the lithium ion ad-
duct intermediate 29.

The regained characteristic bands of 20 have a lower intensity. This is caused by the typical decompo-
sition of the dicopper complexes of the Me, TACN/pyrazolate type. Additionally, a larger excess of the
[2.2.2] cryptand may be needed. It cannot be excluded that a chemical equilibrium is present. Indeed,
previous studies have shown that, for expamle, the peroxo dicopper(ll) complex Ib is able to extract

lithium cations from the corresponding crown ether due to a very high affinity for Li* 21121

In this experiment, an unprecedented lithium ion adduct was observed. This observation challenges the

conclusions of earlier studies.®! Therefore, the previous findings will be put to the test in chapter 5.2.3.

5.2.2 Interaction of the peroxo dicopper(ll) complexes 23 with lithium ions

It was also tested if a non-symmetric lithium ion adduct can be synthesized. To this end, crystalline
material of the non-symmetric p-hydroxo dicopper(11) complex 24 were dissolved in acetone and chem-
ically reduced to the corresponding dicopper(l) complex 22 at room temperature. As depicted in Scheme
42, the p-1,2-peroxo dicopper(ll) complex 23 was formed by the addition of dry oxygen to the precursor
22 at —40 °C. Subsequently, 23 eq. of lithium triflate were needed to form the potential lithium ion

adduct 30. The whole reaction was monitored by a temperature-controlled UV/vis spectrometer.
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Scheme 42: Synthesis route of the non-symmetric lithium ion adduct 30 by addition of 23 eq. LiOTf to the non-
symmetric W-1,2-peroxo dicopper(l1) complex 23 at —40 °C in acetone.

Figure 58 shows the UV/Vis spectrum of the crucial step of the synthesis, the addition of lithium triflate
to the peroxo dicopper complex 23. The blue colored spectrum shows the characteristic bands of the p-
1,2-peroxo dicopper(ll) complex 23. Addition of lithium triflate leads to dramatic changes in the UV/vis
spectrum. The characteristic features of 23 at 494 nm and 608 nm start to bleach and a distinctive shoul-
der starts to form at 401 nm. An additional band forms at 590 nm as a broad shoulder. Although the
displayed spectrum suggests that an isosbestic point forms at 416 nm, closer inspection revealed that no
isosbestic point has formed. This observation implies the formation of intermediates and complicates
the explanation of the reaction process.
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Figure 58: UV/vis spectra of the addition of 23 eq. lithium triflate to the in-situ generated non-symmetric peroxo
dicopper(ll) complex 23 (blue) at —40 °C in acetone.

The data from this experiment allows only limited conclusions about the final product. Only shoulders
are formed and no isosbestic points can be observed. In particular, the shoulder at 401 nm is strongly
influenced by an underlining band that is already visible in the spectrum of the peroxo dicopper complex.
In order to rule out the possibility that these results were influenced by minor impurities of the used
precursor, the experiment was repeated with different batches. The results were the same. At this point,
the experiments were deemed inconclusive and no further investigation was conducted. The partial re-

sults still motivate further research as they show similar bands to those found for the symmetric case
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and to the non-symmetric hydroperoxo dicopper(ll) complex. This suggest, a similar coordinated lith-

ium ion adduct may be present.

5.2.3 Interaction of the peroxo dicopper(l1) complexes I1b with lithium ions

The investigation of the symmetric lithium ion adduct 29b revealed that no hydroperoxo dicopper(lIl)
complex 25 was formed. This contradicts conclusions from previous work. In order to re-evaluate earlier
studies, the lithium adduct formation of the symmetric peroxo dicopper(ll) complex Ilb was investi-
gated.®® This complex is based on an iPr,TACN/pyrazolalte ligand scaffold instead of the
Me,TACN/pyrazolate ligand. The same experimental setup as in previous experiments was chosen to
ensure that the results are comparable. In particular, the hydroxo dicopper(ll) complex Ile was used as
starting material, although the dicopper(l) complex Ila or even the peroxo dicopper(ll) complex Ilb
were also available as crystalline starting material. Similar to the procedure described in chapter 5.2.1,
the hydroxo dicopper(ll) complex Ile was chemically reduced by the addition of cobaltocene in ace-
tonitrile at room temperature. The in-situ formed dicopper(l) complex la was exposed to dry oxygen at
—40 °C, as shown in Scheme 43. Subsequent addition of 400 eq. lithium triflate to 11b gave the presumed
lithium ion adduct 11f.
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Scheme 43: Synthesis route of the presumed lithium ion adduct 11f by addition of 400 eq. LiOTf to the symmet-
ric yu-1,2-peroxo dicopper(ll) complex I1b at —40 °C in MeCN.

All reactions were monitored by UV/vis spectroscopy and the resulting spectra of the last two reactions
are depicted in Figure 59. The left UV/vis spectrum shows the formation of the p-1,2-peroxo dicop-
per(11) complex 11b. Addition of dry oxygen in excess resulted in the formation of the expected distinc-
tive bands of 11b at 506 nm and 600 nm. The other UV/vis spectrum shows the addition of lithium
triflate to 11b which led to an immediate bleaching of the characteristic features of 11b and the formation
of a band at 416 nm and a broader and weaker band at 605 nm. Additionally, an isosbestic point at
452 nm formed. The presented results are similar to the results of the earlier studies even though the
synthesis route is different.l®® This shows that the prior results are reproducible. The newly formed
bands were first assigned to the lithium ion adduct I1f. Since the new bands are similar to the character-
istic bands of the hydroperoxo dicopper(ll) complex llc, KINDERMANN concludes that traces of water
in the reaction mixture are probably hydrolyzed with help of the Lewis acid acting as a catalyst and

therefore 11b is just protonated.
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Figure 59: Left: UV/vis spectrum of the formation of the pu-1,2-peroxo dicopper(11) complex I1b (red) by addi-
tion of an excess of dry oxygen to the dicopper(l) complex Ila (blue) at —40 °C in MeCN. Right: UV/vis spec-
trum of the synthesis of the presumed lithium ion adduct 11f (red) by addition of 400 eq. LiOTf to the symmetric
H-1,2-peroxo dicopper(11) complex I1b (blue) at —40 °C in MeCN. The spectrum features an isosbestic points at
452 nm.

This conclusion is challenged by the experiments below (Scheme 44). The formation of the possible
lithium adducts I1f and Ilg or the hydroperoxo dicopper(ll) complex Ilc were tested by the reverse
reactions. On the one hand, the addition of the [2.2.2] cryptand can confirm the formation of I1f or I1g.
On the other hand, addition of the non-nucleophilic and strong base DBU to the reaction mixture can
show if Ilc has been formed.
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Scheme 44: Proposed reaction pathway for the synthesis to the hydroperoxo dicopper(l1) complex llc by proto-
nation of the lithium ion adduct intermediate I1f or 11g. In red are the reverse reactions denoted which were used
to verify the proposed chemical reaction path. 55
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Figure 60: UV/vis spectra of the addition of 400 eq. of [2.2.2] cryptand to the presumed hydroperoxo dicop-
per(11) complex Ilc (blue) at —40 °C in MeCN. The peroxo dicopper(ll) complex I1b (red) is regained. For com-
parison, the spectrum of the peroxo dicopper(Il) complex I1b prior to the addition of 400 eq. LiOTf is shown in

orange.

The result of the addition of 400 eq. of the [2.2.2] cryptand 4,7,13,16,21,24-Hexaoxa-1,10-diazabicy-
clo[8.8.8]hexacosane to the reaction mixture is shown in Figure 60. The recorded UV/Vis spectrum
shows the regeneration of the former bands of the peroxo dicopper(ll) complex I1b (red spectrum) while
the band at 416 nm vanishes (blue spectrum). For comparison the original spectrum of 11b is shown in
orange. The comparison shows that I1b could not be fully regained, probably because I1b decomposes
slowly and it cannot be excluded that an excess of the cryptand is needed to fully regain Ilb. Direct
comparison with a modification of the experiment where 20 is regained after the addition of the cryptand
in chapter 5.2.1, shows that the proportion of recovered peroxo dicopper(ll) complex b is significantly

higher. This implies that 11b is significantly more stable that the closely related complex 20.

In conclusion, this experiment provides evidence for the conjecture that in the prior reaction a lithium

adduct was formed and the presumed hydroperoxo dicopper(ll) complex Ilc was not synthesized.

Further evidence for this conjecture was provided by the second experiment. The addition of the base
1,8-Diazabicyclo[5.4.0Jundec-7-ene (400 eq.) to a freshly produced reaction mixture did not lead to sig-
nificant changes of the spectrum, as shown in Figure 61. Moreover, the small decrease of the absorbance
band at 416 nm after the addition of the base in acetonitrile (red spectrum) is due to the dilution of the
reaction mixture. There are no signs that the original bands of 11b (orange spectrum) are regained. A
return to the original bands would imply that the hydroperoxo dicopper(ll) complex Ilc is involved in
the reaction. Finally, a comparison of the data recorded from this experiment with established data from

a typical titration with DBU of Ilc shows that the deprotonation did not occur.[65124]
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Figure 61: UV/vis spectrum of the addition of 400 eq. of DBU the presumed hydroperoxo dicopper(ll) complex
llc (blue) at —40 °C in MeCN. For comparison, the spectrum of the peroxo dicopper(11) complex Ilb prior to the
addition of 400 eq. LiOTf is shown in orange.

In summary, all gathered evidence indicates that a lithium adduct is formed. Based on the new results a
new reaction pathway is proposed. It is depicted in Scheme 45. The addition of LiOTf to Ilb leads to
the lithium ion adduct 11f which immediately rearranges to the final lithium ion adduct Ilg. Since a
u-1,1-O; unit interacting with a lithium ion is structurally very similar to the p-1,1-OOH moiety of llc,
this reaction may exhibit a similar electronic absorbance spectrum.[ The existence of an intermediate
11f is concluded from the observation that no direct conversion from Ilb to l1g is possible. Furthermore,
an isosbestic point indicates the reaction from I1f to 11g. Another expected isosbestic point indicating
the direct conversion of 11b to 11f is missing in the data and was probably not resolved due to the very

fast conversion.
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Scheme 45: Revised reaction equation for the synthesis of the lithium ion adduct I1f via the lithium ion adduct
intermediate 11g.

Since llg is relatively stable at low temperatures several attempts were made to crystallize this species.
Although the crystallization conditions were varied, it was not possible to obtain single crystals of l11g
to elucidate the molecular structure. Further studies are needed to prove the existence of 11g. For exam-

ple, a stopped-flow measurement at low temperature may lead to new insights into this reaction.
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5.3 Interactions of the cupric peroxides with calcium ions

In a recent publication, ROBINSON et. al. discuss the interaction of calcium ions with a Cu,O, core.®! In
this new study, UV/vis data and resonance Raman experiments reveal that the addition of a Ca'' ion to
the molecule {[Cu"(TMPA)]2(u-1,2-0,%)}?* leads to the interconversion of a p-1,2-trans peroxide ("P)
to a p-1,2-cis peroxide (°P).°*1%1 The proposed conversion by interaction of a calcium ion with the
cupric peroxide can be reversed by the addition of the crown ether 18-crown-6, as shown in Scheme
46.0U
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Scheme 46: Reversible interconversion of TP and P motifs of {[Cu"(TMPA)]2(u-1,2-0,)}*" mediated by a
calcium ion at low temperatures. !

In nature, calcium ions play an important role as a redox-inactive metal that can modulate important
intermediates.®>11181 For example, the calcium ion is an essential part of the MnsCaOs core of the
oxygen-evolving complex in photosystem [1.191:111.185-188] Sjnce Ca'l-ions participate in transition metal
complexes as redox-inactive metal ions and cofactors for the activation and production of dioxygen, the
investigation of interaction with the Cu.O. core of the peroxo dicopper(ll) complexes based on

TACN/pyrazolate ligands was initiated.[°%18

5.3.1 Interaction of the peroxo dicopper(l1) complexes 20 with calcium ions

Compared to the {[Cu"(TMPA)]2(1-1,2-0,%)}?* complex used by ROBINSON et. al., the peroxo dicopper
complexes based on TACN/pyrazolate ligand scaffold are more ridged. This is because they are de-
signed as linked compartmental ligands.®**3l The symmetric cupric peroxide 20 was chosen for the
initial experiments because it is most likely to interact with the calcium ion due to the low steric demand
of the side arms. Therefore, the p-hydroxo dicopper(11) complex 21 was reduced to the cuprous complex
19 at room temperature. Addition of dry oxygen gas at —40 °C led to a color change of the reaction
mixture from yellow to dark purple. Subsequently, 1.5 eq. of calcium triflate were titrated to the obtained
p-1,2-peroxo dicopper(l1) complex 20, as depicted in Scheme 47. During the titration a color change

from dark purple to green was observed.
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Scheme 47: Synthesis of a novel calcium adduct 31 by addition of dry oxygen to an in-situ generated dicopper(l)
complex 19 at low temperatures and subsequent addition of a solution of calcium trifluoromethanesulfonate in
MeCN.

The titration was tracked by a temperature-controlled UV/vis spectrometer. Furthermore, the titration
was performed rapidly to minimize the impact of the decomposition reaction on the result of the titration.
As discussed in chapter 4.1.6, the p-1,2-peroxo dicopper(11) complex 20 decomposes even at low tem-
peratures to the thermodynamically stable p-hydroxo dicopper(11) complex 21.
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Figure 62: UV/vis absorbance spectrum of the titration of the symmetric p-1,2-peroxo dicopper(ll) complex 20
(blue) to the calcium ion adduct 31 (red) with 1.5 eq. Ca(OTf)2 in dry MeCN at —40 °C under inert conditions.
The spectrum features a pseudo-isosbestic point at around 426 nm.

The conversion from the p-1,2-peroxo dicopper(ll) complex 20 to the presumed calcium adduct 31 is
shown in Figure 62. The stepwise addition of the calcium triflate solution to 20 leads to the bleaching
of the characteristic bands of the cupric peroxide at 490 nm, 600 nm and 755 nm. This process is ac-
companied by the gradual occurrence of new bands at 386 nm and 560 nm. A pseudo-isosbestic point
emerges at 426 nm. This indicates a potential side reaction. Since there is only one pseudo-isosbestic
point in the spectrum and the deviation from an ideal isosbestic point is minimal, it can be assumed that

this is a direct conversion of 20 to 31.

The distinctive bands of the presumed calcium adduct 31 appear to be very similar to the previously
discussed features of the hydroperoxo dicopper complex 25 (394 nm and 554 nm) and the lithium adduct
29b (394 nm and 552 nm). The bands of 31 are slightly blue shifted to 386 nm and 560 nm. A similar

coordination geometry can be assumed. This hypothesis can, however, only be confirmed by a solid
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molecular structure of 31. All attempts of obtaining a solid structure by crystallizing this novel adduct
were unsuccessful because 31 decomposes easily to the p-hydroxo dicopper(11) complex 21 at low tem-

peratures.

For a more detailed insight into the reaction, the absorbance titration traces of the bands of interest were
plotted. The two vanishing bands of the peroxo dicopper(ll) complex as well as the new emerging band
of the calcium ion adduct 31 were analyzed, as shown in Figure 63. All plots have in common that the
first addition of 0.1 eq of calcium triflate did not lead to a significant decrease or increase of absorbance
as the following additions. This may indicate that a side reaction is taking place. Only at higher calcium
concentrations the desired reaction can be started. An additional linear fit at the beginning of the titration
was introduced to correct for this offset. The bleaching traces at 490 nm and 600 nm indicate that the
reaction is completed after the addition of 0.52 eq. and 0.51 eq., respectively. In contrast, an analysis of
the trace at 386 nm shows that 0.58 eq. of calcium triflate are required to complete the reaction.
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Figure 63: UV/vis absorbance traces of the titration of the symmetric p-1,2-peroxo dicopper(ll) complex 20 to

the calcium ion adduct 31 with 1.5 eq. Ca(OTf), in dry MeCN at —40 °C under inert conditions. Top: Bleaching

absorbance traces of the characteristic cupric peroxide features at 490 nm (0.52 eq.) and 600 nm (0.51 eq.). Bot-
tom: Trace of the raising band at 386 nm (0.58 eq.).

This discrepancy can be traced back to the decomposition reaction because all experiments showed that
the presumed calcium adduct 31 is more stable than the precursor 20. During the titration the cupric
peroxide decays faster than the produced calcium adduct. Nevertheless, it should be noted that the de-
composition reaction affects all intermediate and therefore all values obtained must be carefully evalu-
ated. Under the assumption that the ongoing decomposition reaction is considered negligible, the deter-
mined values may indicate that a dimer was formed. Further research is needed to assess this hypothesis

and gain more valuable insights into this complicated system.
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The experiments recorded in this section show for the first time that it is possible to form calcium adducts

with the peroxo dicopper(Il) complex based on a TACN/pyrazolate compartmental ligands.

5.3.2 Interaction of the peroxo dicopper(ll) complexes 23 with calcium ions

The same experimental setup as in the previous chapter was used to study the interaction of the non-
symmetric p-1,2-peroxo dicopper(ll) complex 23 with calcium ions. To this end, the non-symmetric
hydroxo dicopper(11) complex 24 was used as a starting material. After reduction, oxygenation and step-

wise addition of calcium triflate the presumed calcium adduct was obtained, as shown in Scheme 48.
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Scheme 48: Synthesis of a novel calcium adduct 32 by addition of dry oxygen to an in-situ generated dicopper(l)
complex 22 at low temperatures and subsequent addition of a solution of calcium trifluoromethanesulfonate in
MeCN.
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Figure 64: UV/vis absorbance spectrum of the titration of the non-symmetric p-1,2-peroxo dicopper(ll) complex
23 (blue) to the calcium ion adduct 32 (red) with 1.5 eq. Ca(OTf), in dry MeCN at —40 °C under inert conditions.
The spectrum features a pseudo-isosbestic point at around 441 nm.

The UV/vis spectrum for the last step of the synthesis shows the bleaching of the characteristic bands
of 23 at 494 nm and at around 598 nm (Figure 64). At the same time, a new band emerges as a shoulder
at 395 nm. A weak absorbances feature is formed at 594 nm and a pseudo-isosbestic point is formed at
around 441 nm. The deviation from the expected isosbestic point is probably caused by minor impurities
of the precursor 24 or the used reductant. Therefore, it was assumed in spite of the observed deviation
that a direct conversion from 23 to 32 occurred. Several attempts were made to reduce the influences of

impurities.
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The relevant absorbance traces of the titration with 1.5 eq. calcium triflate were plotted and are shown
in Figure 65. Also, in the case of the non-symmetric complex, the first additions of the calcium ion
source are not used for the main reaction. This assumption was made because the corresponding bands
do not show the expected decrease. The concentration of peroxo dicopper(ll) complex 23 decrease sig-
nificantly only after adding about 0.2 eq. of calcium triflate. Impurities of the starting material and re-

ducing agent where already discussed above. Here it can be assumed that such impurities react with the
calcium ions. An additional linear fit at the start of the titration was used to correct for this behavior.

Given that the same problem occurred also during the titration of the symmetric complex 20, it can be
assumed that the chosen synthetic route for 31 and 32 is suboptimal. As shown in the next chapters 5.3.3

and 5.3.4, these problems can be avoided when the starting material of the syntheses are the crystallized
dicopper(l) complexes instead of the decomposition products. This option does not exist for the dicopper

complexes based on Me,TACN/pyrazolate ligands since the corresponding dicopper(l) complexes can-

not be isolated. This is discussed in Chapter 4.1.1 and 4.2.1.
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Figure 65: UV/vis absorbance traces of the titration of the non-symmetric p-1,2-peroxo dicopper(ll) complex 23
to the calcium ion adduct 33 with 1.5 eq. Ca(OTf)2 in dry MeCN at —40 °C under inert conditions. Top: Bleach-
ing absorbance traces of the characteristic cupric peroxide features at 494 nm (0.40 eqg.) and 598 nm (0.39 eq.).

Bottom: Trace of the raising band at 395 nm (0.46 eq.).

The overall consumption of Ca(OTf), was determined from the absorbance traces. The traces at 484 nm

and 598 nm, imply that around 0.40 eq. of calcium triflate are required for a complete conversion to 32.
Asslightly higher consumption of 0.46 eq. can be derived from the absorbance trace at 395 nm. Although

the non-symmetric cupric peroxide 23 does not decompose as fast as the symmetric derivate 20, both
complexes decompose significantly during the titration experiment. This suggests that the values deter-



Interaction of the peroxo dicopper(ll) complexes with lithium and calcium cations 101

mined here underestimate the true values. However, both complexes show a similar trend for the con-
sumption of Ca(OTf),. A formation of a dimer may also explain the moderate consumption of Ca(OTf)..
Despite the discussed problems, the recorded data shows that the calcium adduct 32 is produced for the

first time.

5.3.3 Interaction of the peroxo dicopper(l1) complexes I1b with calcium ions

The observation that cupric peroxides based on Me,TACN/pyrazolate ligand scaffolds are capable of
forming calcium adducts poses the question whether the sterically more demanding dicopper complexes
based on iPr,TACN/pyrazolate ligands can also interact with Ca?* ions. Therefore, initial experiments
were conducted for the peroxo dicopper(ll) complex I1b using the established synthesis route of the
prior calcium adducts 31 and 32. For this purpose the dicopper(l) complex Ila was produced by chemical
reduction of the p-hydroxo dicopper(ll) complex Ile. Subsequent exposure to dry oxygen gas and addi-
tion of calcium triflate gave the desired calcium adduct. Since the analysis of the titration data showed
similar problems as discussed for 31 and 32, the synthesis approach was changed. Therefore, the dicop-
per(l) complex Ila was synthesized and crystallized successfully, as described in 8.3.1.3.°] As shown
in Scheme 49, the crystalline material of I1a was used to synthesize the peroxo dicopper(ll) complex
I1b and subsequent the calcium adduct I1h. This approach allows to avoid the chemical reduction of the
hydroxo dicopper (I1) complex which caused the discussed problems.

iPr iPr, + Pr P + Pr /Pr +
i ey o
A A a N
N\( \\J\\l(?\//, ?N BPh, a0 N[\( \\,i?\// ?N gph, _ 3O N [\ / WN BPh,
~cu' cu' \ /O—Cu” Cu i Cu”
VAN Y ) S VAt )/
N
(OTf)2
iPr lla iPrl \IPI' b iPrl \IPI' l

Scheme 49: Synthesis of the calcium adduct I1h starting from the crystalline dicopper(l) complex Ila via the
peroxo dicopper(ll) complex Ilb.

UV/vis spectroscopy of the conversion of 11b to the presumed I1h showed a bleaching of the character-
istic bands at 507 nm, 606 nm and 807 nm. Simultaneously, new bands emerged at 414 nm and 607 nm
(see Figure 66). Additionally, the UV/vis spectrum features an isosbestic point at 452 nm. This indicates
that intermediates are not forming and no side reactions are occurring. In contrast, the initial experiments
for this reaction show pseudo-isosbestic points. This again shows that the synthesis route via the hydroxo

dicopper(1l) complex has its weaknesses and can lead to ambiguous results.

The cupric peroxides based on iPr,TACN/pyrazolate ligand scaffolds have the advantage that they do
not decompose at low temperatures. This made exact titration experiments possible. An UV/vis titration
of the symmetric p-1,2-peroxo dicopper(ll) complex I1b with 2.0 eq. Ca(OTf), gave access to the titra-

tion absorbance traces which are plotted in Figure 67.
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Figure 66: UV/vis absorbance spectrum of the titration of the symmetric p-1,2-peroxo dicopper(ll) complex I1b
(blue) to the calcium ion adduct I1h (red) with 2.0 eq. Ca(OTf), in dry MeCN at —40 °C under inert conditions.
The spectrum features an isosbestic point at around 451 nm.
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Figure 67: UV/vis absorbance traces of the titration of the symmetric p-1,2-peroxo dicopper(11) complex I1b to
traces of the characteristic cupric peroxide features at 507 nm (1.13 eq.) and 606 nm (1.13 eq.). Bottom: Trace of

the raising band at 414 nm (1.12 eq.) and the linear trace of the isosbestic point at 451 nm.
The recorded data indicates that the reaction is completed after the addition of 1.13 eq. of calcium tri-
flate. Moreover, the linear trace at 451 nm confirms the isosbestic point. The deviation from the expected

value of 1.00 eq. can be explained by intrinsic and physical uncertainties and inaccuracies of the used
spectrophotometer.®! It is unlikely that traces of minor impurities cause these minor deviations since
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crystalline starting material 11a was used. However, this alternative explanation cannot be ruled out

completely.

The recorded UV/vis absorbance spectrum (Figure 66) is reminiscent of the respective spectrum of the
protonation of the u-1,2-peroxo dicopper(l) complex b to the p-hydroperoxo dicopper(ll) complex
I1c which has characteristic bands at 416 nm and 615 nm.®>124l Therefore, the recorded spectrum is also
very similar to the lithium adduct, as demonstrated in chapter 5.2.3. In order to exclude the possibility
that llc instead of 11h was formed by a reaction with protons, the reverse reaction was investigated.
Addition of an adequate base to Ilc is expected to lead to a deprotonation and reformation of the cupric
peroxide 11b.051241 Accordingly, the base 1,8-Diazabicyclo[5.4.0Jundec-7-ene (4 x 1 eq.) was added to
the presumed complex I1h. The resulting UV/Vis absorbance spectrum is shown in Figure 68.
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Figure 68: UV/vis absorbance spectrum of the addition of the base DBU (4 x 1.00 eq.) to the calcium ion adduct
I1h (blue). The original spectrum of the symmetric u-1,2-peroxo dicopper(ll) complex I1b spectrum (orange) is
shown for comparison.

Upon addition of the base DBU the distinctive band at 416 nm decreases but the typical peroxo dicop-
per(11) complex bands are not regained. This observation makes it seem likely that complex I1h is pre-
sent. Still, an explanation for the slightly decreasing band is needed. In total 4.00 eq. of DBU were added
in 1.00 eq. steps. Each addition reduces the absorbance of the band at 416 nm by around 2%. Since every
dose of base increases also the total volume of the reaction mixture by 50 pL, the concentration of 11h
decreases accordingly. The decrease of the absorbance feature can therefore be attributed to dilution
because it can be calculated that the absorbance should decrease by approximately 2.4 % with every
injection of 50 pL base solution. In addition to these experiments, several attempts were made to crys-
tallize the novel calcium adduct I1h. Even though 11h does decomposes very slowly at low temperatures,

all crystallization efforts were unsuccessful.
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The presented new experimental results show that it is possible to form calcium adducts with the peroxo
dicopper(1l) complexes based on a iPr.,TACN/pyrazolate ligand. This increases the range of known ad-
ducts with redox-inactive metal ions. In addition, it was demonstrated that the synthesis of I1h from
crystalline dicopper(l) complex lla leads to less ambiguous results than the previously attempted syn-

thesis route.

5.3.4 Interaction of the peroxo dicopper(ll) complexes I11b with calcium ions

The successful synthesis of the calcium adduct I1h suggests that the closely related non-symmetric
u-1,2-peroxo dicopper(I1) complex I11b may also form a corresponding Ca?* adduct. 111b does not de-
compose easily at low temperatures. In addition, the crystalline dicopper(l) complex I1la is available as
a starting material for the synthesis. The results from the previous two chapters suggest that these two
factors can favor a successful synthesis of reactive intermediates. Moreover, earlier works of SPYRA

shows that 111b forms adducts with alkali metal ions at low temperatures.*!

The established synthesis route (Scheme 50) led to the characteristic color change of the reaction mixture
from purple to green in the last step. In particular, a drastic change of the characteristic absorbance
features of 111b were observed in the corresponding UV/vis spectrum which is shown in Figure 69. The
distinctive bands of the cupric peroxo complex bleach and a new band forms at 422 nm with a prominent
shoulder at 374 nm. Additionally, a weak absorbance features emerges at 612 nm.
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Scheme 50: Synthesis of the calcium adduct I11f starting from the crystalline dicopper(l) complex Illa via the
non-symmetric peroxo dicopper(ll) complex I11b.

An isosbestic point at 464 nm indicates a clean conversion from I11b to the presumed complex I1If.
Analysis of the absorbance traces of the corresponding titration reveals that around 1.28 eq. of Ca(OTf).
are needed to complete the reaction. All changes in absorbance of the relevant bands vs. the equivalents

of calcium triflate are plotted and shown in Figure 70.
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Figure 69: UV/vis absorbance spectrum of the titration of the non-symmetric pu-1,2-peroxo dicopper(1) complex
I11b (blue) to the calcium ion adduct 111f (red) with 2.0 eq. Ca(OTf)2 in dry MeCN at —40 °C under inert condi-

tions. The spectrum features an isosbestic point at around 464 nm.
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Figure 70: UV/vis absorbance traces of the titration of the non-symmetric p-1,2-peroxo dicopper(ll) complex
I11b to the calcium ion adduct 111f with 2.0 eq. Ca(OTf), in dry MeCN at —40 °C under inert conditions. Top:
Bleaching traces of the characteristic cupric peroxide features at 518 nm (1.22 eq.) and 616 nm (1.21 eq.). Bot-
tom: Trace of the increasing band at 422 nm (1.28 eq.) and the linear trace of the isosbestic point at 464 nm.

The recorded data represent the first efforts to characterize this presumed new adduct I11f. Since crys-
tallization of the calcium adduct was unsuccessful, further research and evidence is needed to provide

further evidence for the presence of I11f.
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5.4 Summary and conclusion

This chapter presented and discussed the interactions of the cupric peroxides based on TACN/pyrazolate

ligands with Lewis acids.

Firstly, novel lithium adducts with the symmetric and non-symmetric cupric peroxides 20 and 23 were
established. UV/vis monitored experiments showed that the addition of lithium ions led to drastic
changes of the characteristic bands. These were accompanied by the formation of two consecutive isos-
bestic points. The experimental evidence suggests that at least one intermediate is involved in the reac-
tion. The emerging new bands are reminiscent of the distinctive bands of a hydroperoxo dicopper(ll)
complex. Earlier studies on a closely related derivative 11b hypothesized that a protonation of the peroxo
dicopper(11) complex occurred. This was investigated by further experiments for the symmetric com-
plex.[551241 |n particular, two reverse reaction were tested. The addition of a [2.2.2] cryptand provided
the most compelling evidence. It showed unambiguously that the product was a novel lithium ion adduct
and not the hydroperoxo dicopper(ll) complex. This new evidence challenges the conclusions from pre-
vious studies. Similar experiments were conducted for 11b. Also in this case, the addition of the cryptand
or an adequate base to the reaction mixture clearly demonstrates that the lithium ion adduct had formed.
Therefore, a new reaction pathway for both of these cases was proposed. It is based on the gained in-

sights by UV/vis spectroscopy and shown in Scheme 51.
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Scheme 51: Proposed reaction pathway for the formation of the lithium adducts for different TACN/pyrazolate
derivatives.

Because of the close resemblance with the UV/Vis spectra of the corresponding hydroperoxo dicop-
per(I1) complexes, it seems likely that instead of the pu-1,1-OOH moiety, a structurally related p-1,1-O;
unit is interacting with the lithium ion. This may lead to a similar electronic structure. Based on the
observed isosbestic points and the cryptand experiments, a side-on coordinated lithium peroxo adduct

is presumed as the intermediate.

Secondly, initial experiments show that is possible to form calcium ion adducts with the peroxo dicop-
per(I1) complexes. For the cupric peroxides 20 and 23, with reduced steric demand, it was found that
unprecedented absorbance features formed after the addition of calcium triflate. Titration experiments
were performed, even though the competing decomposition reaction interfered with the main reaction.
The conversion was completed after approximately 0.5 eq. of calcium triflate. In general, the synthesis
of these adducts from the corresponding hydroxo dicopper(ll) complexes resulted in a complex system

with numerous independent factors. The complexity of the system complicates the interpretation of the
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recorded data. Therefore, the calcium ion adducts of the cupric peroxides with increased steric hindrance
Ilb and I11b were synthesized from the corresponding crystallized dicopper(l) complexes Ila and
1112.5885 This resulted in unambiguous UV/vis titration data. For example, for the formation of the
calcium ion adduct Il1h 1.13 eq. of calcium triflate were needed to complete the reaction. Since the ab-
sorbance features of 11h are similar to the bands of the corresponding p-hydroperoxo dicopper(ll) com-
plex Ilc, a control experiment was performed. Addition of the base DBU showed that the product was

not I1.

The adducts studied here extend the range of known adducts with redox-inactive metal ions. In case of
the initial calcium ion adducts experiments, further research is needed. Especially, the molecular struc-
tures of crystalline material of 11h and I11f could provide interesting insights into these new adducts. As
another avenue for future research, prospective experiments of the reverse reaction with crown ether 18-

crown-6 may help to further establish these adducts.



Reactivity studies 108

6 Reactivity studies

Organic substrates were tested for their reactivity with the reactive oxygen adducts. Most of the results
were negative and additional inconclusive. This problem arises mainly from the fact that the copper-
oxygen complexes based on Me,TACN/pyrazolate ligands cannot be isolated as crystalline materials.
Therefore, peroxo, superoxo and hydroperoxo dicopper(ll) complexes must always be prepared in-situ
from the hydroxo dicopper(ll) complex. This means that in addition to the species under study, other
chemicals are present which could affect the reaction. Furthermore, the constant decomposition of the
copper oxygen adducts affects the results. This chapter will focus on two reactivities studies that have

not been tested for other copper oxygen complexes based on TACN/pyrazolate ligands before.

6.1 Oxygen reduction reaction

In nature several enzymes can reduce efficiently dioxygen to water.[781%0191 Typically, the oxygen re-
duction reaction (ORR) requires not only the activation of oxygen, but also metal centers that can pro-
vide four electrons.B%1921%1 |n addition, four protons are needed for this reaction at the active site. For
instance, cyctochrome c oxidases which is an essential part of in the respiratory chain uses a heteronu-
clear center to catalyzes this four-electron and four-proton (4e/4H") reduction of oxygen.[101911%]
Homonuclear centers that catalyzes the ORR can also be found in nature.® For example, the multicop-
per oxidase laccase is based on four copper ions which are a type 1, a type 2, and a binuclear type 3

copper center.['78]

The 4e7/4H" reduction of oxygen has attracted a lot of attention in the recent years since this reaction
plays an important role in fuel cells which uses a carbon impregnated platin cathode.9219:1%! Since
large quantities of precious metals are normally required, new efficient metal catalysts based on non-

precious metals are being sought.!**

Furthermore, an efficient 2e/2H* reduction of oxygen to hydrogen peroxide is of interest. Hydrogen

peroxide can be used as an environmentally benign oxidant and is often used in synthesis. 971

02 + 26_ + 2H+ — H202
H,O, + 2e~ + 2Ht —— 2 H,0

02 + 4e_+ 4H+ —_— 2H20

Scheme 52: Reaction equation of the 2e/2H" reduction of oxygen to hydrogen peroxide and the subsequent 2e~
/2H" reduction to water.

In recent years homonuclear complexes based on iron, cobalt and copper ions have been developed for
the catalytic 4e7/4H* reduction of oxygen.[7°80.1921992001 Eigyre 71 shows two example of homonuclear

complexes that are able to catalyzes the ORR.[%]
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Figure 71: Examples of dinuclear metal complexes that catalyze the reduction of oxygen. Left:
[Co"2(trpy)2(u-bpp)(u-1,2-02)]1% .92 Right: [Cu"2(XYLO)(OH)]?** with NP = pyridine.[82192201]

The p-1,2-peroxo dicobalt(l11) complex is based on a bridging bis(pyridyl)pyrazolate (bpp) ligand and
two terpyridine (trpy) ligands.**? The [Co"'»(trpy)2(u-bpp)(u-1,2-O2)]** complex can catalyze effi-
ciently the 4e~-reduction of oxygen by octamethylferrocene (MegFc) in the presence of trifluoroacetic
acid as the proton source in MeCN at room temperature.[**22°1 |t was found that the rate determining
step in the catalytic cycle is a proton-coupled electron transfer (PCET) reduction of [Co''y(trpy)2(u-
bpp)(u-1,2-02)]%*.11% Furthermore, a dicopper complex was introduced by KARLIN et. al. (Figure 71).182
The [Cu"y(XYLO)(OH)]** complex is based on a m-xylenolate bridging unit equipped with two chelat-
ing bis(2-{2-pyridyl}ethyl)amine sidearms (XYLO).[2% Later it was reported that the complex catalyzes
the reduction of dioxygen.[”*%201 |n the presents of perchloric acid and 1,1’-dimethylferrocene or fer-
rocene as a reductant the 2e /2H* reduction of oxygen to hydrogen peroxide is preferred.[’™! Interestingly,
the 4e /4H* reduction of oxygen to water is favored if the weaker acid trifluoroacetic acid is used instead

of perchloric acid.[8%202]

In the next sections the results of the oxygen reduction reaction using the dicopper complexes based on

TACN/pyrazolate ligand scaffolds will be presented and discussed.
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6.1.1 Oxygen reduction reaction of the novel copper oxygen complexes

Initial experiments were performed starting from the non-symmetric p-hydroxo dicopper(ll) complex
24. Firstly, the dicopper(l) complex 22 was synthesized by chemical reduction with cobaltocene in
MeCN at room temperature. Secondly, 150 eq. of 2,6-lutidinium triflate (HLutOTf) were added as a
proton source. Thirdly, 20 eq. of the reductant decamethylferrocene (MeigFc) were added to the reaction
mixture. Subsequently, the reaction mixture was exposed to dry oxygen in excess at room temperature.
The whole reaction was monitored with a temperature-controlled UV/vis spectrometer and the corre-
sponding spectra are shown in Figure 72.
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Figure 72: UV/vis spectra of the initial experiment of the oxygen reduction reaction starting from the p-hydroxo
dicopper(ll) complex 24 (blue) in dry MeCN at 25 °C under inert conditions. 1: Chemical reduction with 2.0 eq.
CoCp: led to the copper(l) complex 22 (red). 2: Addition of HLUtOTf lead to the green spectrum. 3: The tur-
quoise spectrum formed after the MesoFc was added. 4: Exposure to dry oxygen led to the orange spectrum.

The resulting spectra show that an oxygen leak must have occurred during this experiment. This can
already be seen in the first spectrum of Figure 72, because the characteristic bands of a peroxo dicop-
per(Il) complex 23 were observed. Therefore, the addition of 2,6-lutidinium triflate led to a formation
of the hydroperoxo dicopper(ll) complex 27 in spectrum 2. Normally, an experiment with an oxygen
leak would be conducted again, but in this case the experiment was successful as it led to a significant
observation. As shown in spectrum 3, the addition of 10 eq. of MeioFc leads to the formation of a weak
band at 778 nm. This band can be assigned to decamethylferrocenium (MeioFc*) which is probably
formed due to the reduction of 0,.[1832%] |nterestingly, the reaction stops as soon as the oxygen origi-
nating from the leak is depleted. The remaining MeigFc is not consumed until the dry oxygen gas is

added which is show in spectrum 4. Therefore, it can be concluded that the consumption of the reducing
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agent depends only on the oxygen supply. This conclusion can be confirmed by analyzing the formation

of the band at 778 nm over time, as depicted in Figure 73.
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Figure 73: Summary of the crucial UV/vis spectra 3 and 4 of Figure 72. The inset shows the absorption traces at
778 nm which shows the formation of MeyFc™.

Especially, the absorption trace at 778 nm shows two points at which the consumption of MeioFc in-
creases abruptly. The first point, marked as 1., shows the formation of MeigFc* due to oxygen contami-
nation. When all oxygen is reduced, the slope of the curve decreases again and the formation of MejoFc*
stagnates. Only the actual addition of dry oxygen in excess at point 2. leads to the consumption of the
remaining MeioFc. The main reaction is completed after 150 s. Based on these results, it can also be
assumed that the CoCp.*" which forms during the chemical reduction of 24 does not initiate the reaction
of interest, since the formation of MeigFc* depends only on the availability of oxygen. In addition, the
recorded data suggest that the reduction occurs when the hydroperoxo dicopper(ll) complex 27 is

formed.

To gain further insights in this reaction the symmetric p-hydroxo dicopper(ll) complex 21 was used as
a precursor for the ORR to test a step-by-step approach at lower temperatures. Therefore, the corre-
sponding symmetric p-1,2-peroxo dicopper(11) complex 20 was formed by reductive recycling reaction
of 24 and subsequent exposure to dry oxygen in MeCN at —20 °C. The resulting UV/Vis spectra of these

reactions are shown in Figure 74 as spectrum 1 and 2.
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Figure 74: UV/vis spectra of a step-by-step approach for the oxygen reduction reaction starting from the sym-
metric p-hydroxo dicopper(ll) complex 21 (blue) in dry MeCN at 25 °C under inert conditions. 1: Chemical re-
duction with 2.0 eq. CoCp: led to the copper(l) complex 19 (red). 2: The peroxo dicopper(ll) complex 20 was
formed after addition of dry oxygen at —20 °C. 3: Addition of 150 eq. HLutOTf resulted in the hydroperoxo di-
copper(11) complex 25 (green). 4: The orange spectrum formed after 20 eq. ofMeigFc was added. The inset
shows the formation of the band at 778 nm over time.

The acid 2,6-lutidinium triflate was added immediately to the formed p-1,2-peroxo dicopper(ll) com-
plex 20, since this reactive species is decomposing under this reaction conditions. Subsequent addition
of the reductant MeoFc led to the desired reaction as shown in spectrum 4 of Figure 74. Similar to the
non-symmetric congener, the emerging band at 778 nm indicates the successful conversion of MeigFc
to MeyoFc*. Moreover, it was determined that the added MeigFc was completely converted to MegFc*.
The reaction of interest is finished after 384 s. Interestingly, the reaction was not finished at this stage.
Figure 75 shows that a consecutive reaction takes place. A new band is formed at 556 nm which de-
creases with time. This observation suggests that an unknown adduct must have formed. The decay of
this species strongly indicates that it is probably a copper complex. However, the observed absorbance
features cannot be assigned clearly to any of the copper complexes studied so far. Therefore, it is as-
sumed that the product of the oxygen reduction reaction reacts or interacts with the dicopper complex.
Analysis of the initial consumption of MesgFc indicates that probably hydrogen peroxide is the product
of the oxygen reduction reaction. However, hydrogen peroxide could not be detected with peroxide test
strips, probably due to the low concentration of H>O- in this experimental setup. Due to the excess of
dioxygen and 2,6-lutidinium triflate in the reaction mixture, it is assumed that the hydroperoxo dicop-
per(11) complex 25 is probably present at the end of the reaction. A possible explanation for the appear-

ance of the new band would be that 25 reacts or interacts with the resulting H2O5.
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Figure 75: UV/vis spectrum of the formation of a new band at 556 nm in MeCN at —20 °C. Subsequently, the
formed band bleaches over time.

The hypothesis was tested by using the same reaction setup, but decamethylferrocenium hexafluoro-
phosphate (MeioFcPFg) was added instead of MeioFc. Therefore, the resulting UV/Vis spectrum should
not feature a band at 558 nm, if the hydroperoxo dicopper(ll) complex 25 reacts or interacts with the

product of the ORR. Figure 76 shows the obtained UV/vis spectrum.
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Figure 76: UV/vis spectrum of the addition of MeigFcPFg to the in-situ formed hydroperoxo dicopper(ll) com-
plex 25 (green) led to the formation of the orange spectrum. Over time the violet spectrum with absorbance fea-
tures at 569 nm, 626 nm and 778 nm formed.

Addition of MeioFcPFg to the in-situ formed hydroperoxo dicopper(ll) complex 25 results in the ex-
pected formation of the band at 778 nm (orange). Also, the band at 626 nm can be assigned to
MeioFcPFs. However, a new band starts to rise at 569 nm. Even though, it is not the exact band at 556 nm
from the previous experiment, these results indicate that is unlikely that the original band comes from

the interaction or reaction of the ORR product with the hydroperoxo dicopper(11) complex 25. Since the
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observed unknown species is relatively unstable and decomposes rapidly, no further experiments could

be performed to characterize this species.

In addition, it was investigated if the reduction can be performed in increments without losing the active
species over time. Therefore, the hydroperoxo dicopper(ll) complex 25 was formed again by protonation
of the cupric peroxide 20. The sequent addition of 30 eq. of MeigFc in four portions with a short delay

between each addition is depicted in the UV/vis spectrum in Figure 77.
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Figure 77: Left: UV/vis spectrum of the addition of four injections of MejoFc to the in-situ formed hydroperoxo
dicopper(ll) complex 25 (green) led to the formation of typical MeioFc* spectrum. The characteristic spectrum of
the symmetric peroxo dicopper(ll1) complex is show as reference in turquoise. Right: Formation of the band at
778 nm over time. The injections of MeyoFc are marked with color coded arrows.

The UV/vis spectrum shows the expected incremental increase of the band at 778 nm. This absorbance
feature confirms that the added MesoFc is oxidized to MesoFc™. The absorption trace at 778 nm supports
the fact that the reducing agent is converted completely to MesoFc™, since the calculated absorbance
values for complete oxidation are in good agreement with the observed values. This result suggests that
the process can be repeated multiple times and it is possible that it might be a catalytic process. Inter-
estingly, the recorded data shows again the formation of the band at around 550 nm after addition of
15 eq. of MeyFc. Subsequently, the decomposition of the corresponding species starts during the addi-
tion of the remaining reducing agent. A pseudo-isosbestic point forms at 607 nm for the decay. These

observations confirm the ephemeral nature of the unknown species.

6.1.2 Oxygen reduction reaction with copper oxygen complexes based on the ligands 11
and I11.

Furthermore, the ORR was tested for the closely related hydroperoxo dicopper(ll) complex Ilc This
experiment allows to investigate the influence of the steric bulk at the TACN moieties on the ORR.
Therefore, 25 was synthesized in the same manner as in the previous experiments to ensure compara-
bility of results. The hydroxo dicopper(ll) complex Ile was chemically reduced and dry oxygen was
added in excess. Subsequently, 150 eq. of 2,6-lutidinium triflate were added and the hydroperoxo di-
copper(Il) complex Ilc was obtained. Addition of 20 eq. of MejoFc led to formation of the characteristic

band at 778 nm. Figure 78 summarizes the resulting UV/vis spectra.



Reactivity studies 115

1,0 1,0
0,8 4 T 0,8
0,6 l 0,6 -
%) %)
o Q
< <
0,4 i 0,4
0,2 i 0,2 T T
O'O T T T T T 0‘0 T T T T T
400 500 600 700 800 900 400 500 600 700 800 900
Alnm Alnm

Figure 78: Left: UV/vis spectrum formation of the hydroperoxo dicopper(Il) complex llc (green) by the addi-
tion of 150 eq. of HLutOTf to the peroxo dicopper(ll) complex I1b (turquoise) in MeCN at —20 °C. Right: For-
mation of the characteristic band at 778 nm after the addition of 20 eq. of MejoFc (orange).

Due to the consumption of the reductant, it can be assumed that the reaction takes place. In contrast to
the previous experiments, the formation of the band at 778 nm requires 543 s instead of 384 s under the
same reaction conditions. Even this simple comparison shows that the deshielding of the bimetallic cleft
by introduction of methyl residues leads to a faster conversion.

In the previous chapter, it was assumed that the redox couple CoCp,/CoCp;* of the chemical reduction
is not involved in the actual ORR since the formation of MeioFc™ depends only on the oxygen supply.
The dinuclear complex based on iPr,TACN ligands can be used to verify this hypothesis since it is
possible to crystallize the cupric peroxide Il1b and I11b. Therefore, a reductive synthesis of 11b or I11b

is not necessary if a cupric peroxide is directly used as starting material.

The crystalline peroxo dicopper(ll) complex I11b was dissolved in MeCN and cooled to —20 °C. Addi-
tion of 10 eg. of MeioFc and 400 eq. of HLUtOTT led to the formation of the expected band at 778 nm.
In contrast to the other experiments, the formation of the band was very slow. Even though the reaction
temperature was already higher than in the other experiments, the reaction temperature was increased
during the experiments in increments to accelerate the reaction and reduce the measurement duration.

Figure 79 shows the decisive UV/vis spectrum and the formation of the band at 778 nm over time.
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Figure 79: Left: UV/vis spectrum shows the typical formation of the band at 778 nm (orange) which can be as-
signed to MeyoFc*. Right: Formation of the band at 778 nm over time. The changes of the reaction temperatures
are marked with red arrows.

The reaction temperature was increased from —20 °C to 25 °C and ultimately to 40 °C. With increased
temperatures the reaction was faster, but a total of 3744 s was needed to deplete the 10 eq. of MejoFc.
A longer reaction time was expected compared to the previous experiment, as earlier work suggests that
I1b may be more likely to show increased reactivity than I11b. This simple experiment indicates that the
redox pair CoCp2/CoCp,* influences the ORR and might be involved in the reaction. It is likely that
CoCp,/CoCp,* acts as a redox mediator.?°! This would explain the slower conversion This result sug-

gest that a ORR reaction is also possible for I111b.

6.2 Nucelophilic reactivity

Recent studies demonstrated that mononuclear superoxo copper complexes can act as a reactive nucle-
ophiles and are deformylating reagents.[2%5:2061 Scheme 53 shows a proposed reaction mechanism for the

initial nucleophilic attack.?%! Similar results were found for a superoxo nickel(11) complex.2°"
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Scheme 53: Proposed reaction mechanism of the initial nucleophilic attack.[2%]

In addition, an earlier study suggested that a mononuclear peroxo cobalt(l1l) complex can support a
aldehyde deformylation.%! A reaction mechanism was proposed for the deformylation of cyclohex-
anecarboxaldehyde (CCA) which is depicted in Scheme 54.12082091 CCA is typically used for initial test-

ing due to its a-H-atoms.
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Scheme 54: Expected reaction mechanism of the aldehyde deformylation at a mononuclear peroxo cobalt(l11)
complex,[208:209]

Recently, a study demonstrated that not only mononuclear peroxo metal complexes are capable of de-
formylating aldehydes.?'% In this case a p-oxo-p-1,2-peroxo diferric complex was able to perform this

nucleophilic reaction.?'%

These promising results of the mononuclear superoxo copper complexes and the peroxo metal com-
plexes inspired the testing of this reactivities at the cupric superoxides and peroxides based on the
Me,TACN/pyrazolate ligands. For this purpose, the symmetric dinuclear complexes 20 and 26 were
selected. The first experiments were performed with the symmetric p-1,2-peroxo dicopper(ll) com-
plexes 20 in MeCN at —40 °. The complex was generated in-situ by chemical reduction of the p-hydroxo
complex dicopper(ll) and addition of dry oxygen. Subsequently, 10 eq. dry CCA were added to the
reaction mixture. The whole reaction was monitored by UV/vis spectroscopy and the respective UV/vis
spectrum is shown in Figure 80.
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Figure 80: UV/vis spectrum of the addition of 10 eq. of CCA to the in-situ formed peroxo dicopper(ll) complex
20 (blue) at —40 °C in MeCN.

The characteristic UV/vis bands of the peroxo dicopper(l1) complex 20 bleach immediately after the
addition of CCA. A distinctive band emerges at 392 m and a weak absorbance feature forms at 557 nm.
These bands are reminiscent of the hydroperoxo dicopper(I1) complex 25. This indicates that an unex-

pected protonation of the peroxo dicopper(ll) complex 20 occurred during the reaction.
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For comparison, the experiments with the symmetric p-1,2-superoxo dicopper(ll) complexes 26 were
performed. Therefore, the peroxo dicopper(ll) complexes 20 was generated in-situ in EtCN. Subse-
guently, the one-electron oxidant FCPFs was added at —80 °C. The lower temperature was chosen to
avoid the fast decay of the cupric superoxide. Directly after the injection of the oxidizing agent were

10 eq. of CCA added to the reaction mixture. The resulting UV/vis spectrum is shown in Figure 81.
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Figure 81: UV/vis spectrum of the addition of 1.2 eq of FcPFs and of 10 eq. of CCA to the in-situ formed
peroxo dicopper(ll) complex 20 (blue) at —80 °C in EtCN.

The UV/vis sprectrum shows that new absorbance features form at 387 nm and 564 nm. Similar to the
previous experiments is the resulting spectrum reminiscent of the corresponding hydroperoxo dicopper
(11) complex 25. The observed bands are a slightly blue shifted in comparison to the expected bands of
25. However, this spectrum was recorded at lower temperatures and in a different solvent as the com-

parison spectrum of the hydroperoxo dicopper (I1) complex.

Analysis of the reaction mixtures by gas chromatography-mass spectrometry (GC-MS) revealed three
fractions at different retention times. The EI-MS measurement showed that the reaction mixture consists
of unreacted CCA (m/z = 112.09) and Fc (m/z = 186.01). In addition, a molecule with m/z = 138.13 was
also found in the reaction mixture. Based on the mass spectrum, the molecule 1-(1-cyclohexen-1-yl)pro-
panone was identified. The occurrence of this substance is attributed to an impurity of the starting ma-
terial CCA. The expected product of these reactions, i.e. cyclohexene, was not found in reaction mix-
tures. Consequently, these results indicate that no aldehyde deformylation by a nucleophilic reaction
could be detected. The formation of a hydroperoxo dicopper(ll) complex 25 occurs probably due to

formic acid which can be an impurity in CCA.
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6.3 Summary and conclusion

In this chapter, results were presented and discussed for the reactivity studies. Initial experiments re-

garding the oxygen reduction reaction showed positive results.

For these experiments, the hydroperoxo dicopper(ll) complexes 25 and 27 were prepared in-situ and the
reductant decamethylferrocene was added. UV/vis experiments confirmed a fast and successful conver-
sion of MegFc to MesoFc*. In addition, it was shown that consumption MeigFc depends only on the
oxygen supply. Experiments using a step-by-step approach showed that probably hydrogen peroxide
forms during the reaction. This approach revealed that an unknown copper oxygen adduct was formed
after the reaction of interest. It was assumed that the product of the reaction would react with the hy-
droperoxo dicopper(Il) complex 25. However, it was shown that this species is also formed when the
reaction is carried out with MeioFcPFs instead of MejoFc. The oxygen reduction reaction was also in-
vestigated for the closely related hydroperoxo dicopper(ll) complexes Ilc and Illc. It has been shown
that the reaction is much slower when Ilc. Since I1lc could be prepared from crystalline peroxo dicopper
(1) complex I11b, no reductive synthesis of Il1lc was necessary. In particular, this experiment allowed
us to investigate the possible influence of CoCp./CoCp,". It was shown that the reaction proceeds sig-
nificantly slower. From this it can be concluded that CoCp/CoCp,* may act as a redox mediator.2%4
Further research is needed to provide more evidence. For example, additional electrochemical studies

with a rotating ring-disk electrode could support these results.

The experiments concerning the aldehyde deformylation were unsuccessful for the in-situ prepared
peroxo dicopper(ll) complex 20 and the superoxo dicopper(ll) complexes 26. In both cases, the for-
mation of absorbance features was observed that are reminiscent of the corresponding hydroperoxo di-
copper(Il) complex 25. GC-MS analysis of the resulting reaction mixture did not show the expected

product cyclohexene. The formation of 25 was attributed to a formic acid contamination of CCA.
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7 Closing remarks and Outlook

In this thesis, new bioinspired dinuclear complexes for the activation of dioxygen were explored. Novel
TACN/pyrazolate ligand scaffolds HLsym and HLasym With reduced steric hindrance were introduced
and successfully synthesized. In comparison, to the closely related and well-investigated symmetric and
non-symmetric iPr,.TACN/pyrazolate ligands the syntheses of the ligands presented in this work are
more challenging to synthesize due to the formation of side products.[386510412l1 A synthesis route was

established and optimized regarding temperature, reduction of side product formation and reaction time.

The novel symmetrical proligand HLsym was used to form the dicopper(l) complex 19. The direct syn-
thesis was not possible. Nevertheless, an alternative synthetic route was introduced. The Cu' species 19
was successfully synthesized by the chemical reduction of the hydroxo dicopper(ll) complex 21. The
synthesis was monitored by UV/vis spectroscopy and confirmed the conversion to the desired product.
This successful synthesis allowed the formation of the symmetric peroxo dicopper(ll) complex 20. The
corresponding UV/vis spectrum indicate a pu-1,2-peroxo dicopper(ll) complex structure. Additionally,

resonance Raman spectroscopy of a frozen solution of 20 confirmed the successful formation.

The proligand HLasym Was used to gain access to the non-symmetric p-hydroxo dicopper(ll) complex
24. Therefore, an extensive purification process was developed to produce crystalline material of 24.
Subsequent, ESI-mass spectrometry, UV/vis and IR spectroscopy confirmed the successful synthesis. A
temperature-dependent magnetic susceptibility measurement with a SQUID magnetometer revealed the
strongest antiferromagnetic coupling of all known p-hydroxo dicopper(ll) complexes based on
TACN/pyrazolate compartmental ligands. Since the direct synthesis of the dicopper(l) complex 22 was
not successful, the chemical reduction of p-hydroxo dicopper(I1) complex 24 was explored. The in-situ
formed dicopper(l) complex 22 was used to synthesize the non-symmetric peroxo dicopper(Il) complex
23. In the UV/vis spectrum the characteristic bands of a p-1,2-peroxo dicopper(ll) complex were found.
The obtained data for 23 fitted to the absorbance features of the known peroxo dicopper(ll) complexes
perfectly. Like all p-1,2-peroxo dicopper(ll) complexes which are based on a Me,TACN/pyrazolate
ligand scaffold, 22 showed a rapid decay. The decomposition is around four times slower than the decay
of the symmetric cupric peroxide 20. Further experiments revealed that the decomposition is a first-
order reaction. The activation energy for the decomposition is with Ex = 61.7 kJ-mol™ + 2.1 kJ-mol
around 9.1 kJ-mol higher than the Ea of the decomposition of symmetric derivative 20 to 21. On the

contrary, the decomposition of the symmetric peroxo dicopper(ll) 20 is a second-order reaction.

Moreover, the hydroperoxo dicopper(ll) complexes 25 and 27 of the novel Me,TACN/pyrazolate were
synthesized for the first time. Temperature-controlled UV/vis spectroscopy showed that the distinctive
bands are shifted slightly to shorter wavelength compared to the known hydroperoxo dicopper(Il) com-

plexes based on iPr, TACN/pyrazolate.



Closing remarks and Outlook 121

The syntheses of the superoxo dicopper(Il) complexes 26 and 28 were successful at lower temperatures
(-40 °C). The recorded UV/vis data showed that the formed superoxo dicopper(ll) complex 26 is prob-
ably converted rapidly into the corresponding hydroperoxo dicopper(ll) complex after formation. This
consecutive reaction could be explained by a hydrogen abstraction reaction, but the origin of the needed
hydrogen atoms remained inconclusive. UV/vis measurements at even lower temperatures (-80 °C)
showed the initial UV/vis spectrum of 26. Recovery of the precursor peroxo dicopper(ll) complex 20

was demonstrated by the addition of cobaltocene to 26.

Additionally, the interaction of the cupric peroxides with Lewis acids were investigated. A novel lithium
ion adduct was confirmed by UV/vis spectroscopy. In those experiments a drastic change of the charac-
teristic bands was observed which suggested that a hydroperoxo dicopper(I1) complex may have formed.
Testing of the reverse reactions such as addition of an adequate base, demonstrated that the lithium
adduct had formed. Furthermore, addition of a cryptand to the resulting reaction mixture showed that
the peroxo dicopper(ll) complex 20 was regained. The recorded UV/vis data indicated that a p-1,1-O,

unit might interact with the lithium ion.

Initial studies on the formation of calcium ion adducts with the peroxo dicopper(ll) complexes 20 and
23 were conducted. The syntheses of these copper oxygen adducts from the corresponding hydroxo
dicopper(ll) complexes resulted in a complex system with numerous independent factors. Therefore, the
calcium ion adducts of the cupric peroxides Il1b and I11b with increased steric hindrance were produced
since these can be synthesized from crystalline dicopper(l) complexes Ila and I1b. Among others,

UV/\vis titrations experiments confirmed the formation of the calcium adducts.

Reactivity studies were also performed with the novel reactive oxygen adducts. Preliminary results re-
garding the oxygen reduction reaction are presented and discussed in this work. A series of experiments
showed that the consumption of the added reductant for the ORR was depended on the oxygen supply.
In addition, analysis of the initial oxygen consumption suggest that hydrogen peroxide is probably
formed. However, the product could not be detected directly. Comparison experiments with the estab-

lished hydroperoxo complexes indicated that CoCp./CoCp." act as a redox mediator in this reaction.

Detailed electrochemical studies with a rotating ring-disk electrode have to be performed in future stud-

ies to support and validate these promising results for the ORR.

This work has shown that Ca?* ions can interact with peroxo dicopper(Il) complexes. It would be of
great interest to extend these studies to Mg?* ions since magnesium cations are very important in bio-
logical process and are the second most abundant cation in cells.?'! In addition, the interactions of Na*

and K* ions with the novel cupric peroxides with Na* and K* ions need to be elucidated.

Establishing a different reductant for the chemical reduction of the decomposition could also be benefi-
cial in future research. It would be an improvement to find a suitable reducing agent that can be easily
removed from the reaction solution after successful reduction. At the same time, it must also be able to

ensure rapid conversion.
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8 Experimental section

8.1 General Remarks and Procedures

8.1.1 Air and moisture sensitive compounds

All chemical reactions which were sensitive to oxygen or moisture, were carried out under an inert gas
atmosphere (argon 5.0 or nitrogen 5.0) using Schlenk techniques or a glove box (MBRAUN LABmaster
SP and MBRAUN UNIlab). The glove boxes were equipped with dioxygen and water sensors (H.O- and
O.-levels always <0.1 ppm). Before usage, all laboratory glassware was dried oven overnight at 80 °C

in an ove.

8.1.2 Solvents and other chemicals

Solvents were distilled, dried and degassed by purging with argon following standard procedures. If
needed, the solvents were further degassed by four cycles of freeze-pump-thaw degassing and the water
content was determined via KARL FISCHER titration€l, The dried solvents acetonitrile, propionitrile
and methanol were stored in the glove box over 3 A molecular sieve. The sieve was activated prior to
use at 400 °C in a muffle furnace for at least three hours. As the work on this thesis progressed, the
classical procedures of drying of solvents was abandoned in favor of a safer method that uses activated
3 A molecular sieve®?. Dry diethyl ether was stored in a brown glass bottle to limit light exposure to

avoid the formation of peroxides. Whenever possible MTBE was used instead of diethyl ether 2132141,

For the syntheses of the copper dioxygen complexes the oxygen gas (5.0) was dried over a column filled
with phosphorus pentoxide prior to use. Additionally, the inert gas used at the Schlenk line was passed

through a desiccant column and a CuO catalyst was used for deoxygenation.

[Cu(MeCN)4]CIO4 was synthesized according to the literaturel**°l. The pyrazole building block precur-
sor 3,5-Bis(2-hydroxylethyl)-1H-pyrazole was synthesized by Andreas Schwarz according to the liter-
aturet4l, The Meyer group provided the chemicals HLutOTf and FcPF,. The molecules I, lle, Illa,
and I11e were provided by Dr. Jerome Spyral®8l. All other chemicals which were used in this work, were

purchased from commercial suppliers and used as received without any further purifications.

8.1.3 NMR Spectroscopy

All reported NMR-spectra were recorded on a BRUKER Avance 300 NMR spectrometer at room tem-
perature. The chemical shifts (5) are reported in parts-per -million (ppm) and are referenced to the re-
sidual proton signal of the used deuterated solvent (CDCls: 6 = 7.26 ppm, DMSO-ds: 6 = 2.50 ppm). For
BC-NMR spectra the carbon signal of the solvent was used as an internal standard (CDCls:
0 =77.16 ppm, DMSO-ds: 6 = 39.52 ppm). Traces of common impurities or contaminants were as-
signed according to the literature®52:€1, Signal multiplicities are abbreviated as s = singlet, d = duplet,

t = triplet, g = quartet and m = multiplet. The respective coupling constants (J) are given in the unit
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Hertz (Hz). The obtained NMR-Data was processed with MestReNova (version 14.2.0) by MESTRELAB
RESEARCH.

8.1.4 IR Spectroscopy

Infrared data of the chemical compounds were recorded on a Cary 630 FTIR spectrometer with KBr
windows manufactured by the company AGILENT. Solid samples were measured with an ATR module
equipped with a swivel press and a diamond crystal. A DialPath accessory with a ZnSe window was
used to measure liquids as a thin film. All infrared spectra were measured under inert conditions inside
a MBRAUN UNIIlab glove box. IR-spectra were recorded and analyzed using the software MicroLab
FTIR by AGILENT. The following abbreviations were used to describe the relative intensity of the bands:

w = weak, m = medium, s = strong.

8.1.5 ESI-MS

The electrospray ionisation mass spectra were measured by the service department Central Analytics -
Mass Spectrometry of the Institute for Organic and Biomolecular Chemistry at the Georg-August-Uni-
versity Gottingen. They were recorded on a BRUKER DALTONICS micrOTOF (ESI-TOF-MS) and a
maXis (ESI-QTOF-MS) from BRUKER DALTONICS. Unless stated otherwise, the used solvent was ace-

tonitrile.

8.1.6 GC-MS

Gas chromatography-mass spectrometry was performed on a Trace (GC-MS) by THERMO FINNIGAN
using electron ionization (El) and a quadrupole mass analyzer at the Central Analytics - Mass Spectrom-
etry department of the Institute for Organic and Biomolecular Chemistry at the Georg-August-Univer-

sity Gottingen.

8.1.7 UVlvis Spectroscopy

The UV/vis data were recorded using a Cary 60 UV/Vis spectrophotometer by AGILENT with a wave-
length range of 190-1100 nm and a maximum scanning speed of 24000 nm/min. The spectrometer is
additionally fitted with a CoolSpeK cryostat with a stirrer from the company UNISOKU to enable tem-
perature-controlled measurement between —80 °C and +100 °C. Liquid nitrogen was used as coolant.
All sample solutions were freshly prepared in a MBRAUN LABmaster SP glovebox with H,O- and O»-
levels lower than 0.1 ppm and filled into a quartz cuvette (d = 1 cm) with a long bottleneck which was
closed with a rubber septum. Also, all titrants were freshly prepared in the glovebox and filled into gas
tight HAMILTION 1700 Series syringes with a dispensing volume between 50 to 100 uL depending on
the measurement. The syringes were closed with rubber seals before they were taken out of the glove-

box.
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For the measurements where dry dioxygen was used, the oxygen gas was filled into a gas-tight syringe
and injected via the rubber septum into the reaction mixture. If dry oxygen was used, it was always used

in excess.

Before every measurement, the background was measured and subsequently subtracted from the meas-
ured data. Standard measuring temperature was —40 °C and the standard solvent was acetonitrile unless
stated otherwise. The data was collected and analyzed with the Cary WinUV software from AGILENT.
After every measurement cycle, the cryostat was heated to +100 °C for one hour to eliminate dew con-

densation.

8.1.8 Resonance Raman measurements

60, and 80, labelled samples were prepared in NMR tubes equipped with a J. Young valve and were
measured as frozen solutions. A Scientific LabRAM HR 800 spectrometer by HORIBA was used to record
the resonance Raman spectra. A He:Ne-laser with an excitation wavelength of 633 nm or a diode-laser
with an excitation wavelength of 457 nm was used depending on the sample. The spectrometer was
equipped with an open-electrode CCD detector featuring a confocal pinhole with a user-controlled ap-
erture. In addition, a free space optical microscope was used. A KONTI cryostat by CRYOVAC was used
for the low temperature measurements. The obtained data was analyzed with the software HORIBA Sci-
entific’s LabSpec 5.

8.1.9 Magnetic measurements

For the measurement of the temperature dependent magnetic susceptibilities a QUANTUM-DESIGN
MPMS-XL-5 SQUID magnetometer with a 5 T magnet was used. The solid crystalline sample was
grinded into a fine powder and contained afterwards inside a gelatin capsule. The capusule was then
placed in a non-magnetic sample holder. The obtained data were corrected for the diamagnetic contri-
bution of the gelatin capsule. The recorded data was compared to a simulation of the experimental mag-
netic data using the program julX. This program uses a fitting procedure to the spin-Hamiltonian for

Zeeman splitting and isotropic exchange coupling according to the equation7:
H=-2]5,5, + gugB($; + S5)

The temperature-independent paramagnetism (TIP) and the paramagnetic impurities (PI) were consid-

ered and included into the calculation according to the following equation:

Xcale = (1-Phy+ Pl¥mono + TIP
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8.1.10 XRD

Single crystal X-ray diffraction was performed to determine the molecular structure of the crystallized
complexes. To this end, a STOE IPDS Il diffractometer with an area detector (graphite monochromated
Mo-Ka radiation (A = 0.71073 A) was used. XRD-Data were collected by using o scans at 133 K. The
molecular structure was solved by direct methods using the software packages SHELXS or SHELXT
and subsequently refined on F? using all the available reflections with SHELXL-20141282191 Al atoms
except for the hydrogen atoms were refined anisotropically. Hydrogen atoms were added via the HFIX
command which placed them in the calculated position. Face-indexed absorption corrections were per-

formed numerically using the program X-RED from STOE & CIE GMBH.

Figure 82: Molecular structure of the p-hydroxo dicopper(l1) complex 21 (thermal displacement ellipsoids given
at 50 % probability). The two tetraphenylborate anions, propionitrile and the unnecessary hydrogen atoms are
omitted for clarity. Selected Bond length [A] and bond angles [°]: Cu(1)-O(1) 1.9473(10), Cu(1)-N(1)
1.9517(12), Cu(1)-N(3) 2.0539(12), Cu(1)-N(4) 2.0865(12), Cu(1)-N(5) 2.2334(13), Cu(2)-N(2) 1.9399(12),
Cu(2)-0(1) 1.9505(10), Cu(2)-N(7) 2.0617(12), Cu(2)-N(6) 2.0710(12), Cu(2)-N(8) 2.2667(13), N(1)-Cu(1)-
N(3) 93.00(5), O(1)-Cu(1)-N(4) 92.02(5), N(1)-Cu(1)-N(4) 166.95(5), N(3)-Cu(1)-N(4) 84.88(5), O(1)-Cu(1)-
N(5) 99.42(5), N(1)-Cu(1)-N(5) 110.03(5), N(3)-Cu(1)-N(5) 84.46(5), N(4)-Cu(1)-N(5) 82.62(5), N(2)-Cu(2)-
0O(1) 89.61(5), N(2)-Cu(2)-N(7) 177.71(5), O(1)-Cu(2)-N(7) 91.86(5), N(2)-Cu(2)-N(6) 92.78(5), O(1)-Cu(2)-
N(6) 173.93(5), N(7)-Cu(2)-N(6) 85.58(5), N(2)-Cu(2)-N(8) 97.77(5), O(1)-Cu(2)-N(8) 102.47(5), N(7)-Cu(2)-
N(8) 83.63(5), N(6)-Cu(2)-N(8) 82.74(5), Cu(1)-O(1)-Cu(2) 117.95(5).

Table 16: Crystal data and structure refinement of 21.

Compound 21

Empirical formula Cr4HgB2CuzNgO
Formula weight [g/mol] 1271.25
Temperature [K] 133(2)
Wavelength [A] 0.71073

Crystal system Triclinic

Space group P-1

Unit cell dimensions a =11.4020(3) A o= 76.450(2)°

b = 14.4362(4) A B=89.123(2)°
¢ =20.2492(6) A y = 87.519(2)°
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Volume [A?]

Z

Density (calculated) [mg/mq]
Absorption coefficient [mm™]
F(000)

Crystal size [mm?]

Theta range for data collection [°]
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I1>2sigma(1)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

3237.19(16)
2
1.304
0.710
1348
0.500 x 0.470 x 0.450
1.452 to 26.896
-14<=h<=14, -18<=k<=18, -25<=I<=25
46583
13748 [R(int) = 0.0260]
100.0 %
Numerical
0.7993 and 0.6358
Full-matrix least-squares on F2
13748/0/802
1.028
R1=0.0298, wR2 = 0.0783
R1=0.0368, wR2 = 0.0819
n/a
0.388 and -0.511 e. A

Figure 83: Molecular structure of the p-hydroxo dicopper(l11) complex 21b (thermal displacement ellipsoids
given at 50 % probability). The two perchlorate anions, water and the unnecessary hydrogen atoms are omitted
for clarity. Selected Bond length [A] and bond angles [°]: Cu(1)-O(1) 1.9398(13), Cu(1)-N(1) 1.9559(14),
Cu(1)-N(3) 2.0579(14), Cu(1)-N(5) 2.0745(14), Cu(1)-N(4) 2.2668(15), Cu(2)-N(2) 1.9500(15), Cu(2)-O(1)
1.9503(12), Cu(2)-N(6) 2.0618(15), Cu(2)-N(7) 2.0749(15), Cu(2)-N(8) 2.2349(15), O(1)-Cu(1)-N(1) 88.57(6),
0O(1)-Cu(1)-N(3) 170.83(6), N(1)-Cu(1)-N(3) 92.19(6), O(1)-Cu(1)-N(5) 93.00(5), N(1)-Cu(1)-N(5) 177.54(6),
N(3)-Cu(1)-N(5) 85.95(6), O(1)-Cu(1)-N(4) 106.11(6), N(1)-Cu(1)-N(4) 98.79(6), N(3)-Cu(1)-N(4) 82.81(6),
N(5)-Cu(1)-N(4) 82.60(6), N(2)-Cu(2)-O(1) 89.00(6), N(2)-Cu(2)-N(6) 92.47(6), O(1)-Cu(2)-N(6) 173.30(6),
N(2)-Cu(2)-N(7) 168.97(6), O(1)-Cu(2)-N(7) 92.00(6), N(6)-Cu(2)-N(7) 85.32(6), N(2)-Cu(2)-N(8) 107.74(6),
O(1)-Cu(2)-N(8) 101.34(5), N(6)-Cu(2)-N(8) 84.45(6), N(7)-Cu(2)-N(8) 82.83(6), Cu(1)-O(1)-Cu(2) 118.55(6).
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Table 17: Crystal data and structure refinement of 21b.

Compound 21b

Empirical formula C23H18C12Cu2NgO10
Formula weight [g/mol] 794.67
Temperature [K] 133(2)
Wavelength [A] 0.71073

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=8.9277(3) A a= 70.966(3)°

b =11.7471(5) A B=78.170(3)°
¢ =16.7323(7) A y = 89.536(3)°

Volume [A3] 1620.34(12)

Z 2

Density (calculated) [mg/mq] 1.629

Absorption coefficient [mm] 1.542

F(000) 828

Crystal size [mm?] 0.500 x 0.320 x 0.210
Theta range for data collection [°] 1.318t0 26.818

Index ranges 11<=h<=11, -14<=k<=14, -21<=I<=21
Reflections collected 22474
Independent reflections 6866 [R(int) = 0.0248]
Completeness to theta = 25.242° 99.9 %

Absorption correction Numerical

Max. and min. transmission 0.7241 and 0.4550
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 6866 /3 /419
Goodness-of-fit on F? 1.027

Final R indices [I>2sigma(l)] R1 =0.0256, wR2 = 0.0693
R indices (all data) R1=0.0308, wR2 = 0.0716
Extinction coefficient n/a

Largest diff. peak and hole 0.563 and -0.366 e.A-3
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Figure 84: Molecular structure of the p-hydroxo dicopper(ll) complex 21c (thermal displacement ellipsoids
given at 50 % probability). The two perchlorate anions and the unnecessary hydrogen atoms are omitted for clar-
ity. Selected Bond length [A] and bond angles [°]: Cu(1)-O(1) 1.931(4), Cu(1)-N(1) 1.954(5), Cu(1)-N(3)
2.065(5), Cu(1)-N(5) 2.071(4), Cu(1)-N(4) 2.238(5), Cu(2)-O(1) 1.929(4), Cu(2)-N(2) 1.973(5), Cu(2)-N(6)
2.058(5), Cu(2)-N(7) 2.067(5), Cu(2)-N(8) 2.226(5), O(1)-Cu(1)-N(1) 86.88(18), O(1)-Cu(1)-N(3) 176.24(19),
N(1)-Cu(1)-N(3) 92.92(19), O(1)-Cu(1)-N(5) 94.62(18), N(1)-Cu(1)-N(5) 172.5(2), N(3)-Cu(1)-N(5) 85.1(2),
0O(1)-Cu(1)-N(4) 100.53(18), N(1)-Cu(1)-N(4) 103.79(19), N(3)-Cu(1)-N(4) 83.17(18), N(5)-Cu(1)-N(4)
83.21(18), O(1)-Cu(2)-N(2) 87.05(18), O(1)-Cu(2)-N(6) 175.3(2), N(2)-Cu(2)-N(6) 92.92(19), O(1)-Cu(2)-N(7)
94.36(18), N(2)-Cu(2)-N(7) 171.7(2), N(6)-Cu(2)-N(7) 85.00(19), O(1)-Cu(2)-N(8) 100.57(19), N(2)-Cu(2)-
N(8) 104.72(19), N(6)-Cu(2)-N(8) 84.00(18), N(7)-Cu(2)-N(8) 83.1(2), Cu(2)-0O(1)-Cu(1) 123.7(2).

Table 18: Crystal data and structure refinement of 21c.

Compound

Empirical formula
Formula weight [g/mol]
Temperature [K]
Wavelength [A]
Crystal system

Space group

Unit cell dimensions

Volume [A%]

z

Density (calculated) [mg/mq]
Absorption coefficient [mm]
F(000)

Crystal size [mm?]

Theta range for data collection [°]
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

21c
C23H16C12Cu2NgOg
776.66
100(2)
0.71073
Monoclinic
Cc
a=12.6309(6) A a=90°
b = 11.5678(6) A B= 101.205(2)°
c =22.1848(10) Ay =90°
3179.7(3)
4
1.622
1.567
1616
0.287 x 0.214 x 0.137
2.409 to 27.905
-16<=h<=16, -15<=k<=15, -29<=I<=29
40029
7596 [R(int) = 0.0366]
99.9 %
Semi-empirical from equivalents
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Max. and min. transmission 0.81and 0.71
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 7596 / 3/ 405
Goodness-of-fit on F2 1.209

Final R indices [I>2sigma(l)] R1=0.0384, wR2 = 0.0841
R indices (all data) R1 =0.0407, wR2 = 0.0850
Extinction coefficient 0.400(16)

Largest diff. peak and hole n/a

Figure 85: Molecular structure of the p-hydroxo dicopper(ll) complex 23 (thermal displacement ellipsoids given
at 50 % probability). The two tetraphenylborate anions, acetonitrile, diethylether and the unnecessary hydrogen
atoms are omitted for clarity. Selected Bond length [A] and bond angles [°]: Cu(1)-N(1) 1.878(3), Cu(1)-O(1)
1.939(3), Cu(1)-N(5) 2.059(3), Cu(1)-N(3) 2.084(3), Cu(1)-N(4) 2.216(3), Cu(2)-N(2) 1.943(3), Cu(2)-0O(1)
1.956(3), Cu(2)-N(7) 2.055(3), Cu(2)-N(6) 2.078(3), Cu(2)-N(8) 2.223(3), N(1)-Cu(1)-O(1) 85.99(12), N(1)-
Cu(1)-N(5) 148.10(13), O(1)-Cu(1)-N(5) 106.24(11), N(1)-Cu(1)-N(3) 82.21(12), O(1)-Cu(1)-N(3) 167.83(11),
N(5)-Cu(1)-N(3) 85.49(12), N(1)-Cu(1)-N(4) 123.26(14), O(1)-Cu(1)-N(4) 100.33(11), N(5)-Cu(1)-N(4)
84.18(12), N(3)-Cu(1)-N(4) 83.79(11), N(2)-Cu(2)-O(1) 87.61(12), N(2)-Cu(2)-N(7) 164.13(15), O(1)-Cu(2)-
N(7) 97.99(12), N(2)-Cu(2)-N(6) 87.88(13), O(1)-Cu(2)-N(6) 174.21(12), N(7)-Cu(2)-N(6) 85.44(14), N(2)-
Cu(2)-N(8) 110.24(14), O(1)-Cu(2)-N(8) 101.14(12), N(7)-Cu(2)-N(8) 83.35(14), N(6)-Cu(2)-N(8) 83.84(12),
Cu(1)-O(1)-Cu(2) 121.01(13).

Table 19: Crystal data and structure refinement of 23.

Compound 23

Empirical formula C78H10182CU2N902,50
Formula weight [g/mol] 1353.37
Temperature [K] 133(2)
Wavelength [A] 0.71073

Crystal system Monoclinic
Space group P2i/n

Unit cell dimensions a=11.5479(2) A a= 90°

b = 46.7925(6) A b= 91.0290(10)°
c=13.5743(2) Ag=90°
Volume [A?%] 7333.76(19)
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VA 4

Density (calculated) [mg/mq] 1.226

Absorption coefficient [mm™] 0.632

F(000) 2880

Crystal size [mm?] 0.500 x 0.280 x 0.260
Theta range for data collection [°] 1.562 to 25.726

Index ranges -14<=h<=12, -56<=k<=56, -16<=I<=16
Reflections collected 75964
Independent reflections 13842 [R(int) = 0.0356]
Completeness to theta = 25.242° 100.0 %
Absorption correction Numerical

Max. and min. transmission 0.8615 and 0.6502
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 13842 /8/877
Goodness-of-fit on F2 1.024

Final R indices [I1>2sigma(l)] R1=0.0616, wR2 =0.1716
R indices (all data) R1=10.0775, wR2 = 0.1890
Extinction coefficient n/a

Largest diff. peak and hole 1.186 and -0.554 e.A-3
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8.2 Ligand Synthesis

The syntheses described in this chapter are based on literature known procedures and were modified as
well improved either to maximise the yield and/or to improve the purity of the product. The synthesis
of 1,4-Dimethyl-1,4,7-triazacyclononane is based on the works of WIEGHARDT et al., TOLMAN et al.
and ATKINS et al.[32137.1%8] The synthesis of the symmetric pyrazole building block is based on the work
of AKITA et al.'4l, The synthesis of the non-symmetric pyrazole unit was based on the work of Silke
Buchler and was optimized and refined together with Dr. Jerome Spyral*81%l, Complex syntheses are
inspired by the work of former PhD students and students of the Meyer working group and were adapted
and improved!*865104121.123.126.182] ' A|so, earlier version of some of the here shown syntheses can be found

in the bachelor thesis of Tobias Weege and in the master thesis of the author32220,

8.2.1 Synthesis of 1,4-Dimethyl-1,4,7-triazacyclononane

8.2.1.1 Synthesis of N,N',N”-tritosyldiethylenetriamine 3

NaOH H
H,N NH, p-TsCl N N
2 \/\H/\/ 2 - T~ \/\,Tj/\/ “Ts
Ts
1 3

At 0 °C p-toluenesulfonyl chloride (300 g, 1.57 mol, 3.06 eq.) suspended in DCM (900 mL) was added
dropwise to a mixture of diethylenetriamine (53.1 g, 55.3 mL, 515 mmol, 3.06 eg.) and sodium hydrox-
ide (62.2 g, 1.55 mol, 3.02 eq.) in distilled water (400 mL). The reaction mixture was stirred overnight.
The precipitated crude product was separated from the solvent, washed with distilled water (300 mL)
and diethyl ether (100 mL). After recrystallization from acetonitrile, the product was washed with cold
acetonitrile and dried in vacuum. The product N,N’,N"-tritosyldiethylenetriamine was obtained as a col-
orless solid (201 g, 357 mmol, 69 %).

'H-NMR (300 MHz, DMSO-dg): 6 (ppm) = 7.68 — 7.62 (m, 6 H, Ar-H), 7.57 — 7.51 (m, 2 H, Ar-H),
7.43 —7.33 (m, 6 H, Ar-H), 3.06 — 2.95 (m, 4 H, 3-CH, 5-CH>), 2.86 — 2.74 (m, 4 H, 2-CH,, 6-CH),
2.39 (s, 6 H, CHa), 2.38 (s, 3 H, CH3).

13C-NMR (75 MHz, DMSO-ds): 6 (ppm) = 143.5 (CY), 142.8 (C9), 137.4 (C%), 135.4 (CY), 129.9 (CA",
129.7 (C*), 126.8 (C), 126.5 (CA7), 48.4 (C-3, C-5), 41.6 (C-2, C-6), 21.0 (CHa).
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8.2.1.2 Synthesis of O,0'-ditosylethylene glycol 4

NEt;
p-TsCl

H T
Oon 75" O™
2 4

To a mixture of ethylene glycol (20.0 g, 18.0 mL, 322 mmol, 1.00 eq.) and triethylamine (75.0 g,
103 mL, 741 mmol, 2.30 eg.) in DCM (60 mL) a suspension of p-toluenesulfonyl chloride (135 g,
709 mmol, 2.20 eq.) in DCM (300 mL) was added dropwise at 0 °C. The reaction mixture was stirred
overnight. Subsequently, DCM (500 mL) and distilled water (450 mL) were added. The organic phase
was separated, the aqueous phase was extracted with DCM (3 x 135 mL) and the combined organic
phases were dried over magnesium sulfate. After removing the organic solvent under vacuum, the crude
solid product was recrystallized from DCM. The product could be collected as a colorless crystalline
solid (94.5 g, 255 mmol, 79 %) after filtration and drying in vacuum.

'H-NMR (300 MHz, CDCls): 6 (ppm) = 7.76 — 7.69 (m, 4 H, Ar-H), 7.37 — 7.29 (m, 4 H, Ar-H), 4.18
(s, 4 H, 1-CH, 2-CHz), 2.45 (s, 6 H, CHs).

13C-NMR (75 MHz, CDCly): 3 (ppm) = 145.4 (C7), 1325 (C%), 130.1 (C™), 128.1 (C*), 66.8 (C-1, C-2),
21.8 (CHa).

8.2.1.3 Synthesis of N,N’,N"-tritosyl-1,4,7-triazacyclononane 5

l
H H N
N N\ C82CO3
R
Ts
3 4

\_/ “Ts
5

A mixture of N,N’,N"-tritosyldiethylenetriamine (90.0 g, 159 mmol, 1.00 eq.) and caesium carbonate
(114 g, 350 mmol, 2.20 eq.) in DMF (940 mL) was stirred for 1.5 h at room temperature. O,0’-dito-
sylethylene glycol (59.3 g, 159 mmol, 1.00 eq.) in DMF (350 mL) was added dropwise to the suspension
and subsequent the reaction mixture was stirred for two days at room temperature. Distilled water
(3.50 L) was added and the reaction mixture was stirred for 1 h. The precipitated solid was collected,
added to a 1:1 mixture of distilled water (1.10 L) and DMF (1.10 L) and stirred overnight. Filtration,
washing of the crude solid product with ethanol (350 mL) and drying the solid in vacuum for three days

gave the product as a clean colorless solid (86.7 g, 147 mmol, 92 %).

IH-NMR (300 MHz, CDCls): & (ppm) = 7.73 — 7.66 (m, 6 H, Ar-H), 7.34 — 7.29 (m, 6 H, Ar-H), 3.42
(s, 12 H, CH,), 2.43 (s, 9 H, CHs)

BC-NMR (75 MHz, CDCl3): & (ppm) = 144.0 (CY), 134.8 (C%), 130.0 (CA7), 127.7 (CA7), 52.0 (CHy),
21.6 (CH).
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8.2.1.4 Synthesis of 1-(p-tosyl)-1,4,7-triazacyclononane 6

Ts Ts

N 1. HBr/AcOH N
N N 2.NaOHH,0 4\ NH

5 6

Hydrobromic acid in acetic acid (33 %, 550 mL) were added to N,N’,N"-tritosyl-1,4,7-triazacyclononane
(53.0 g, 89.6 mmol, 1.00 eq.) and phenol (63.2 g, 672 mmol, 7.50 eq.). The resulting mixture was slowly
heated to 70 °C and stirred vigorously for two days. Caution: Large amounts of gaseous hydrobromic
acid evolved during the heating of this reaction mixture. To cope with the resulting gas three gas-wash-
ing bottles were used. The first one was empty, the second was filled with an aqueous concentrated
sodium bicarbonate solution and the last one contained a saturated sodium thiosulfate solution. Addi-
tionally, it is recommended to start the reaction with a positive inert gas pressure to avoid water from
backfilling into the reaction flask during cooling of the reaction[***1%l The resulting orange precipitate
was separated and washed with diethyl ether (4 x 300 mL). Subsequently the solid was dissolved in an
aqueous sodium hydroxide solution (1 M, 400 mL) and chloroform (200 mL) was added. The organic
phase was separated, the aqueous phase was extracted with chloroform (3 x 135 mL) and the combined
organic phases were dried over magnesium sulfate. After the solvent was removed and drying under
vacuum, the product was obtained as a colorless solid (19.3 g, 68.1 mmol, 76 %). The product is not
stable but can be stored for 2 days at —26 °C under argon.

!H-NMR (300 MHz, CDCl): § (ppm) = 7.70 — 7.65 (m, 2 H, Ar-H), 7.32 — 7.27 (m, 2 H, Ar-H), 3.21 —
3.14 (M, 4 H, 2-CHa, 9-CHy), 3.10 — 3.04 (M, 4 H, 3-CH,, 8-CHy), 2.88 (s, 4 H, 5-CHa, 6-CHy), 2.41 (s,
3 H, CHs), 1.75 (s, 2 H, NH).

BC-NMR (75 MHz, CDCLy): § (ppm) = 143.3 (CY), 135.8 (CY), 129.8 (C*"), 127.4 (C*"), 54.1 (C-5, C-
6), 49.8 (C-2, C-6), 49.8 (C-2, C-9), 49.7 (C-3, C-8), 21.6 (CHs).

8.2.1.5 Synthesis of 4,7-dimethyl-1-(p-tosyl)-1,4,7-triazacyclononane 7

Ts 0 Ts

=N

HCOOH
HN NH _N N

At 0 °C formaldehyde (32.0 mL, 36.5 %) was added dropwise to a stirring suspension of 1-(p-tosyl)-
1,4,7-triazacyclononane (10.5 g, 37.1 mmol, 1.00 eq.) in distilled water (9.0 mL). Following this formic

acid (32.0 mL) was added dropwise and the reaction mixture was heated under reflux for 24 h. After
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cooling of the reaction mixture hydrochloric acid (23 mL, 33 %) was added and all volatile components
were removed under vacuum with a liquid nitrogen cooled cold trap. Aqueous sodium hydroxide solu-
tion (3 M) was added slowly to the residue until the pH = 11 was reached and afterwards the solution
was extracted with chloroform (3 x 80 mL). The combined organic phases were dried over magnesium
sulfate and the solvent was removed in vacuum. Drying of the resulting oil at 1 x 10 bar with heating
to 50 °C yielded the pure product as a yellow solid (10.5 g, 33.7 mmol, 91 %). The product is very stable

and can be stored at room temperature.

IH-NMR (300 MHz, CDCls): & (ppm) = 7.69 — 7.62 (m, 2 H, Ar-H), 7.32-7.26 (m, 2 H, Ar-H),
3.27-3.21 (M, 4 H, 2-CH,, 9-CH;), 2.93 — 2.86 (M, 4 H, 3-CH,, 8-CH), 2.68 (s, 4 H, 5-CHa, 6-CHy),
2.41 (s, 3 H, CHs), 2.39 (s, 6 H, CHs).

13C-NMR (75 MHz, CDCls): & (ppm) = 143.2 (C%), 136.1 (CY), 129.7 (CA"), 127.3 (C*), 57.6 (C-5, C-
6), 57.2 (C-2, C-9), 51.4 (C-3, C-8), 46.4 (CHs), 21.6 (CHs).

8.2.1.6 Synthesis of 1,4-dimethyl-1,4,7-triazacyclononane 8

s H
N N
NS
—_—
_N N _N N
7 8

4,7-dimethyl-1-(p-tosyl)-1,4,7-triazacyclononane (8.00 g, 25.7 mmol, 1.00 eq.) was dissolved in con-
centrated sulfuric acid (80 mL) and the reaction mixture was heated under reflux for 24 h. The acidic
mixture was cooled to 0 °C and the pH was carefully adjusted to 12 starting with an aqueous sodium
hydroxide solution (1 M) and ending with an aqueous sodium hydroxide solution (5 M). The aqueous
solution was extracted with chloroform (4 x 100 mL), the organic phases were combined and dried with
magnesium sulfate. Under vacuum the solvent was removed and a brown oil formed. Purification with
a bulb-to-bulb distillation at 50 °C using a liquid nitrogen cooled cold trap as the receiving flask yielded
the desired compound as a colorless viscous oil (2.75 g, 17.5 mmol, 68 %). The product cannot be stored
for long time. Even under argon at —26 °C decomposition occurs but the compound can be purified again
with a second bulb-to-bulb distillation. The decomposition product can be separated as a yellow and

highly viscous oil.

IH-NMR (300 MHz, CDCls): & (ppm) = 2.96 (s(br), 1 H, NH), 2.63 — 2.57 (m, 4 H, 2-CHa, 9-CHo),
2.50 — 2.43 (M, 8 H, 3-CH,, 8-CH,, 5-CH,, 6-CHy), 2.34 (s, 6 H, CHs).

13C-NMR (75 MHz, CDCls): § (ppm) = 54.7 (C-5, C-6), 53.29 (C-3, C-8), 46.6 (C-2, C-9), 45.6 (CHs).

MS (ESI*, MeCN): m/z = 158.2 [M+H]", 127.1 [M+H-2CHs]*, 101.1 [M+H-2CHsCoHa]".
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8.2.2 Synthesis of the pyrazole units

8.2.2.1 Synthesis of 3,5-Bis(2-chloroethyl)-1H-pyrazole hydrochloride 14
HO— ¢ NN oH _89C _ o~y cl. g
N—NH N—NH
13 14

At 0 °C thionyl chloride (50 mL) was added dropwise to 3,5-Bis(2-hydroxyethyl)-1H-pyrazole (3.70 g,
23.7 mmol, 1.00 eq.) and subsequently the resulting reaction mixture was stirred for 1 h at 60 °C. The
excess of thionyl chloride was removed and recycled with help of a cold trap. The resulting yellow oil
was taken up in ethanol (20 mL) and overlayed with diethyl ether (40 mL). Slow diffusion crystallization
at —26 °C overnight led to a colorless compound. This compound was washed with diethyl ether
(3 x25mL) and dried under oil-pump vacuum. The formed product was a colorless solid (3.51 g,
15.4 mmol, 65 %).

'H-NMR (300 MHz, DMSO-ds): & (ppm) = 6.35 (s, 1 H, Pz-H), 3.88 (t, 3Ju+ = 6.8 Hz, 4 H, CH.CI),
3.09 (t, 3Jun = 6.7 Hz, 4 H, CHy).

1C-NMR (75 MHz, DMSO-ds): 6 (ppm) = 144.8 (3,5-C?), 104.4 (4-C™), 43.1 (CH:CI), 29.3 (CH.).

8.2.2.2 Synthesis of 3,5-Bis(2-chloroethyl)-1-(tetrahydro-2H-pyran-2-yl)-pyrazole 15

N—NH N—N
14 15 THP

3,5-Bis(2-chlorethyl)-1H-pyrazole hydrochloride (3.50 g, 18.1 mmol, 1.00 eq.) was dissolved in DCM
(80 mL) and 3,4-Dihydro-2H-pyran (5.49 g, 5,09 mL, 65.3 mmol, 3.60 eq.) was added dropwise to the
solution. The reaction mixture was stirred for 24 h and subsequently a solution of sodium bicarbonate
(16.8 g) in deionized water (300 mL) was added. After the extraction of the aqueous phase with DCM
(2 x 125 mL), the organic phases were combined and dried over magnesium sulfate. Under reduced
pressure the solvent was removed, the resulting oil was suspended in hexane (8 mL) and diethyl ether
was added dropwise until the solution became clear. The desired colorless solid product (3,71 g,

13.4 mmol, 74 %) was obtained after crystallization at —26 °C and drying under vacuum.
'H-NMR (300 MHz, DMSO-ds): § (ppm) =6.16 (s, 1 H, Pz-H),5.34 (dd, ®Jun = 9.7 Hz, 2.5 Hz, 1 H,

CHz), 3.90 - 3.68 (m, 6 H, CH23‘, CH2C|), 3.14 (t, 3~]HH =71 HZ, 2 H, CHz), 2.94 (t, SJHH =71 HZ, 2 H,
CH), 2.33 - 2.16 (M, 1 H, CH.%), 2.03 — 1.90 (m, 1 H, CH,%), 1.87 — 1.33 (M, 4 H, CH,*, CH®).
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8.2.2.3 Synthesis of 5-(2-hydroxyethyl)-3-(hydroxymethyl)-1H-pyrazole 17

OH
// NoH4 - H0 HOWOH
= N—NH
OH 16 17

2,4-Hexadiyne-1,6-diol (2.50 g, 22.7 mmol, 1.00 eq.) and hydrazine monohydrate (3.41 g, 3,30 mL,
68,1 mmol, 3.00 eq.) were dissolved in ethanol (125 mL) and the reaction mixture was heated under
reflux overnight. After the reaction mixture cooled down to room temperature the excess hydrazine
monohydrate and the solvent were removed under rotary vane pump vacuum and with the help of a
liquid nitrogen cooled cold trap. Ethanolic hydrochloric acid (6 M, 10 mL) and diethyl ether (100 mL)
were added to the viscous residue and the resulting mixture was stirred overnight. The solvent was
decanted and the product (2.52 g, 17.7 mmol, 78 %), a highly viscous brown oil, was dried under vac-
uum at the Schlenk line. (With regard to the above mentioned please note that the successful synthesis
of this product is highly dependent on the purity of the reagent 2,4-hexadiyne-1,6-diol.)

IH-NMR (300 MHz, CDCl5): 6 (ppm) = 6.44 (s, 1 H, Pyr-H), 4.57 (s, 2 H, CH.Cl), 3.68 (t, J = 6.4 Hz,
CH,CI), 2.83 (t, J = 6.4 Hz, CHy).

8.2.2.4 Synthesis of 5-(2-chloroethyl)-3-(chloromethyl)-1H-pyrazole hydrochloride 18

SOCl, W
HOMAOH cl & ol * HCI

N—NH N—NH
17 18

At 0 °C thionyl chloride (80 mL) was added dropwise to 5-(2-hydroxyethyl)-3-(hydroxymethyl)-1H-
pyrazole (2.50 g, 17,6 mmol, 1.00 eq.) and the resulting reaction mixture was stirred for 2 h at 60 °C.
The excess thionyl chloride was removed and recycled with help of a liquid nitrogen cooled cold trap.
The resulting brown oil was stirred in an excess of diethyl ether (100 mL) for one day. Subsequently the
solvent was decanted and the purification process was repeated two times. The resulting solid was dried

under vacuum and the product was obtained as a colorless solid (2,01 g, 9.32 mmol, 53 %).

'H-NMR (300 MHz, CDCls): 6 (ppm) = 6.22 (s, 1 H, Pyr-H), 4.67 (s, 2 H, CH:CI), 3.84 (t, J = 6.9 Hz,
2 H, CH:CI), 3.03 (t, J = 6.9 Hz, 2 H, Pyr-CH>).
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8.2.3 Synthesis of the ligand scaffolds

8.2.3.1 Synthesis of HLsym with 3,5-Bis(2-chloroethyl)-1H-pyrazole hydrochloride

H
N Na,CO; TBABr m
2 3,
CI\/W\/CI “HCl +2 ( ( N Nw -7 HCIO,
MeCN
N

N—NH
N

N
SN N / N N
N N 7N /N

14 8 HLsym

To the stirring suspension of 3,5-Bis(2-chloroethyl)-1H-pyrazole hydrochloride (2.50 g, 10.9 mmol,
1.00 eq.), tetrabutylammonium bromide (1.40 g, 4.35 mmol, 0.40 eq.) and sodium carbonate (13.28 g,
125 mmol, 11.5 eq.) in acetonitrile (200 mL) was added 1,4-dimethyl-1,4,7-triazacyclononane (3.77 g,
24.0 mmol, 2.20 eq.). The reaction mixture was heated immediately to 100 °C and stirred for 24 h. Once
the reaction mixture cooled down, the excess of sodium carbonate was filtered off and a yellow liquid
was obtained. The solvent was removed and the remaining yellow oil was taken up in DCM (150 mL),
washed with sodium hydroxide (1 M, 100 mL) and the aqueous phase was extracted with DCM
(3 x 75 mL). The organic phases were dried over magnesium sulfate and the solvent was removed under
reduced pressure. Afterwards the resulting yellow viscous oil was dried under vacuum overnight. Then
the oil was dissolved in DME (22 ml) and concentrated perchloric acid was added dropwise until the
emerging colorless precipitate started to dissolve again. An orange rubbery solid formed as a 1:1 mixture
of ethanol (75 mL) and diethyl ether (75 mL) was added to the reaction mixture. After viscously stirring
for 1 h at room temperature the yellow solvent mixture was decanted, ethanol (100 mL) was added and
an off-white solid started to formed after stirring for 2 d. The solvent was decanted and the process of
adding ethanol (100 mL) and stirring for 1 — 2 d was repeated until no orange solid was left in the flask.
Subsequently the solvent was carefully decanted, diethyl ether (100 mL) was added and the mixture was
stirred for 1 d. After removing of the solvent, the product and drying under vacuum was obtained as an
off-white solid (4.59 g, 40.3 mmol, 37 %).

MS (ESI*, MeCN): m/z = 535.2 [M+HCIO+H]*, 435.3 [M+H]*, 218.1 [M+2H]?".

8.2.3.2 Synthesis of HLsym with 3,5-Bis(2-chloroethyl)-1-(tetrahydro-2H-pyran-2-yl)-

pyrazole
y =
N—NH
CI\/\(N/\/CI +2 ( w e I § N 7 HCIO,
NN Tween N
THP N N

N~ _N N_ _N N

14 8 HLsym

3,5-Bis(2-chloroethyl)-1-(tetrahydro-2H-pyran-2-yl)-pyrazole (1.98 g, 7.14 mmol, 1.00 eq.), tetrabu-
tylammonium bromide (0.85g, 2.64 mmol, 0.37 eq.) and sodium carbonate (8.56 g, 80.7 mmol,
11.3 eq.) were suspended in dry acetonitrile (140 mL). 1,4-dimethyl-1,4,7-triazacyclononane (2.36 g,
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15.0 mmol, 2.10 eq.) was added dropwise before the reaction mixture was heated under reflux at 100 °C
for 24 h. After filtration the solvent was removed, the residue was taken up in ethanolic hydrochloric
acid (6 M, 20 mL). and stirred for 2 h. The reaction mixture was extracted with chloroform (4 x 100 mL)
and the combined organic phases were dried over magnesium sulfate. After the solvent was removed
under reduced pressure, the residue is taken up in DME (20 mL). Concentrated perchloric acid was
added dropwise to the solution until the forming colorless precipitate dissolved again. A 1:1 mixture of
ethanol (60 mL) and diethyl ether (60 mL) was added and the mixture was stirred for 1 h. The resulting
yellow liquid phase was discarded, ethanol (200 mL) was added to the formed brown solid and stirred
vigorously for 1 d. At this stage a solid started to form as a colorless powder in the reaction mixture.
The solvent was decanted carefully, substituted by diethyl ether (200 mL) and stirred again vigorously
for 2 d. The process of decanting diethyl ether, adding of diethyl ether and stirring for 2 d was repeated
until the brown solid was gone and the only the colorless powder was left. After removing the solvent,
the colorless product (3.50 g, 3.07 mmol, 43 %) was isolated and dried under vacuum.

MS (ESI*, MeCN): m/z = 535.2 [M+HCIOs+H]*, 435.3 [M+H]*, 218.1 [M+2H]?".

8.2.3.3 Synthesis of HLasym with 5-(2-chloroethyl)-3-(chloromethyl)-1H-pyrazole

hydrochloride
AN
H m/\N
N Na,CO; TBABr N-NH
" N Hol 42 ( N e (Nw N
/N\ /N\

— -7HCIO,

MeCN
© N

~N

18 8 HL,qy

1,4-dimethyl-1,4,7-triazacyclononane (1.56 g, 9.90 mmol. 2.20 eqg.) was added dropwise to a stirring
suspension of 5-(2-chloroethyl)-3-(chloromethyl)-1H-pyrazole hydrochloride (0.97 g, 4.50 mmol,
1.00 eq.), tetrabutylammonium bromide (0.54 g, 1.67 mmol, 0.37 eq.) and sodium carbonate (5.39 g,
50.9 mmol, 11.3 eq.) in dry acetonitrile (120 mL). Subsequently the reaction mixture was stirred at
90 °C for 24 h. The reaction mixture was filtered and the solvent was removed under vacuum. The
residue was dissolved in DCM (25 mL), washed with a sodium hydroxide solution (1 M, 20 mL) and the
aqueous phase was extracted with DCM (3 x 80 mL). Then the combined organic phases were dried
over magnesium sulfate and the solvent was removed under vacuum. After drying the residue overnight
at the Schlenk line DME (10 mL) was added and concentrated perchloric acid was added dropwise to
the solution until the forming colorless precipitate started to dissolve again. To the orange solutiona 1:1
mixture of ethanol (20 mL) and diethyl ether (20 mL) was added. A brown solid formed and the mixture
was stirred vigorously for 1 h at room temperature. The formed yellow solution was discarded and re-
placed by ethanol (50 mL) After stirring the reaction mixture for 24 h, the process of discarding and
replacing of the solvent was repeated three times with diethyl ether (3 x 90 mL). During this cleaning
process the colorless solid product formed. The product (2.07 g, 1.85 mmol, 41 %) was separated and

dried under reduced pressure over night.
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MS (ESI*, MeCN): m/z = 521.4 [M+HCIOs+H]*, 421.4 [M+H]", 211.2 [M+2H]?".

8.3 Synthesis of the copper complexes
8.3.1 Synthesis of dicopper(l) complexes

8.3.1.1 Synthesis of the symmetric dicopper(l) complex 19

1. KO'Bu

( [Cu(MeCN),ICIO,

W 2. NaBPh,

<\ J 7 ¢clo, <\[ L c' J BPh,
N
AN HLqym

HLsym (148 mg, 130 umol, 1.00 eq.) was suspended in dry methanol (2.00 mL) under anaerobic condi-
tions. A solution of KO'Bu (119 mg, 1.06 mmol, 8.15 eq.) in dry methanol (1.00 mL) was added and the
orange-colored reaction mixture was stirred for 20 min at room temperature. The Cu'-source, in form of
[Cu(MeCN,)]CIO4 (85.2 mg, 260 umol, 2.00 eq.), was dissolved in dry methanol (1.00 mL), added to
the reaction and the reaction mixture was stirred for 30 min. Addition of a solution of NaBPh, (66.8 mg,
195 pmol, 1.50 eq.) in dry methanol (1.00 mL) led to a colorless precipitate. Filtration of the suspension
with a syringe equipped with three layers of Whatman filters gave the desired complex. The filtered
solid residue was dried under vacuum for 10 min and dry acetone (2.00 mL) was added. The suspension
was stirred for 5 min and subsequently filtered through three layers of Whatman filter. The pale-yellow

solution was tried to crystallize with slow vapor diffusion of diethyl ether at —26 °C.

8.3.1.2 Synthesis the non-symmetric dicopper(l) complex 22

1. KO'Bu

( [Cu(MeCN)4]CIO,4

W 2. NaBPh, B

<\ J 7clo, <\[ L J BPh,
N
\ HLasym

HLasym (109 mg, 97.0 umol, 1.00 eq.) and KO'Bu (88.7 mg, 790 umol, 8.15 eq.) were dissolved in dry
methanol (2.50 mL). The suspension was stirred for 10 min at room temperature and a solution of
[Cu(MeCN)4]CIO4 (63.5 mg, 194 umol, 2.00 eq.) in dry methanol (1.00 mL) was added. Subsequently,
the yellow mixture was stirred for 40 min. Addition of NaBPhs (49.8 mg, 145 pmol, 1.50 eq.) in dry
methanol (1.50 mL) gave a colorless precipitate. The solid was collected via filtration, dried under vac-
uum for 10 min and was dissolved in as little as necessary acetone. Slow diffusion of ether into the

concentrated solution at room temperature gave no single crystals.
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8.3.1.3 Synthesis of the dicopper(l) complex Ila

P TS A N
u(MeCN),ICIO,
(N;W} oo, 2. NaBPh, (\\\(\\//3'“ o
. ) (VAN
N N N/ \N
iProq iPrI Pr jia :Pl

Dicopper(l) complex Ila was obtained by a refined synthesis of the literature known syntheses!3%651821,
HLZ™ (250 mg, 202 pmol, 1.00 eq.) and KO'Bu (185 mg, 1.64 mmol, 8.15 eq.) were dissolved in dry
methanol (3.00 mL) under anaerobic conditions. After stirring the reaction mixture for 10 min, the sus-
pension was filtered with help of a syringe equipped with a Whatman filter. To the stirring yellow filtrate
was added a solution of [Cu(MeCN)4]ClO4 (132 mg, 404 pmol, 2.00 eq.) in dry methanol (1.00 mL) and
the mixture was stirred for 20 min. Addition of NaBPh4 (104 mg, 303 umol, 1.50 eq.) dissolved in meth-
anol (1.50 mL) resulted in precipitation of the product as a colorless solid. The product was collected
via filtration and dried under vacuum in the glove box. Subsequently the solid was dissolved in as little
as possible dry acetone. The desired product was obtained after 14 d by slow diffusion of dry diethyl
ether into the concentrated solution. After collecting the solid and washing it with dry cold diethyl ether,

the product was obtained as off-white crystals (154 mg,116 pmol, 57 %).

8.3.2 Synthesis of the pu-hydroxo dicopper(11) complexes

8.3.2.1 Synthesis of the symmetric p-hydroxo dicopper(l1) complex 21

1. KO'Bu
Cu(ClOy), - 6H,0

N_ . 7cio, 2. NaBPh,

<\ Cu" Cu” J (BPhy),

\

HL,

sym

Ligand HLsym (250 mg, 220 pmol, 1.00 eq.) was suspended in methanol (3.50 mL) and a solution of
KO'Bu (177 mg, 1.58 mmol, 7.15 eq.) in methanol (1.50 mL) was added to the stirring suspension. After
15 min the resulting colorless precipitate was removed via filtration with a Whatman filter from the
reaction mixture and Cu(ClOa); - 6 H,O (163 mg, 0.44 mmol, 2.00 eq.) in methanol (1.00 mL) was
added dropwise to the clear and pale-yellow solution. A dark blue solution started to form immediately
and was stirred for 20 min. Addition of a solution of NaBPhs (113 mg, 0.33 mmol, 1.50 eq.) in methanol
(1.00 mL) gave a blue precipitate which was separated from the solution. Subsequently acetone was
added dropwise to the precipitate until a clear and very concentrated blue solution was formed. Slow
diffusion of diethyl ether into the solution at room temperature led to the formation of a colorless pre-
cipitate which was discarded. The solvent was removed under reduced pressure and the residue was

dissolved in propionitrile (1.40 mL). The process of slow diethyl ether diffusion was repeated at —26 °C.
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Amorphous blue [LY™Cu(u-OH)](BPha.), formed after four days and was separated from the mixture.
The formed blue precipitate was dissolved again in propionitrile and diethyl ether diffusion at —26 °C
yielded the product as blue crystals (91.1 mg, 75.0 umol, 34 %) which were suitable for a single crystal

diffraction experiment.

IR (ATR): ¥/cm*=570m, 610s, 703s, 732s, 842m, 907 w, 999 m, 1058 m, 1135w, 1286 m,
1331 m, 1423 m, 1462 m, 1577 m, 3052 w, 3627 w.

MS (ESI*, MeCN): m/z = 895.4 [M+BPha]*, 689.2 [M+CFsCO,]*, 288.1 [M]?*.

UV/NVis (MeCN): Amax/nm (/L mol™t cm™) = 353 (3300), 595 (280)

8.3.2.2 Synthesis of the symmetric p-hydroxo dicopper(ll) complex 21b/21c with
sodium acetate/sodium formate

N

e \ e . 2+
{4
(;/\(V\ AW ; ﬁgg:c or NaHCO, (f\’\w//_ q\ )
N N-NH N .7 clo, 3. Cu(ClOy4), - 6H,0 N - - dor -N (CIOy),
. ) )
N N N
\ / \ /

\
_N—N
cul N,

\?/
H

HLoym 21b/21c

To the ligand HLsym (232 mg, 205 pmol, 1.00 eq.) and KO'Bu (164 mg, 1.46 mmol, 7.15 eq.) were
added methanol (3.50 mL) and the resulting suspension was put in the ultra-sonic bath for 10 min. After
filtration of the suspension a solution of sodium acetate (33.6 mg, 409 umol, 2.00 eq.) or sodium formate
(27.8 mg, 409 umol, 2.00 eq.) in methanol was added. Afterwards, a solution of Cu(ClO,); - 6 H.0O
(152 mg, 409 umol, 2.00 eq.) in methanol (1.00 mL) was added and a turbid blue solution formed. Sub-
sequently few drops of water were added carefully until the solution became clear. (At this point it is
important to notice that an excess of water will inhibit crystallization of the product and only a blue oil
will be formed during crystallization). Crystalline [LsymCu2(p-OH)](ClO4). was obtained by slow diffu-
sion of diethyl ether into the reaction mixture at room temperature and aerobic conditions. The superna-
tant fluid was removed, the solid was washed with cold diethyl ether and dried under reduced pressure.
The product (117 mg, 96.1 pumol, 47 % using sodium acetate as an additive / 102 mg, 83.9 umol, 41 %

with sodium formate) was yielded as blue crystals.
MS (ESI*, MeCN): m/z = 895.4 [M+HCIO,+H]*, 288.1 [M]?*.

UV/NVis (MeCN): Amax/nm (/L mol™t cm™) = 353 (3300), 595 (280).
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8.3.2.3 Synthesis of the non-symmetric p-hydroxo dicopper(l1) complex 24

1. KO'Bu
Cu(ClOy,),-6H,0 e =
2. NaBPh, -

J 7 Clo, : <\ Cu" J (BPhy),

I

HL,

asym

Ligand system HLasym (517 mg, 460 pmol, 1.00 eq.) and KO'Bu (369 mg, 3.29 mmol, 7.15 eq.) were
dissolved in methanol (5.50 mL). A solution of Cu(ClO4)2 - 6 H20 (341 mg, 920 pmol, 2.00 eq.) in
methanol (2.50 mL) was added and was stirred overnight at room temperature. Addition of a solution of
NaBPhs (331 mg, 966 mmol, 2.10 eq.) in methanol (2.00 mL) led to the precipitation of a dark green
solid which subsequently was dissolved in propionitrile (5.00 mL). Once again, the green colored and
turbid reaction mixture was filtered with a Whatman filter and two drops of deionized water was added.
Slow diethyl ether diffusion to the clear green filtrate at room temperature yielded the desired product

(293 mg, 244 umol, 53 %) as green single crystals.

IR (ATR): ¥/cm*=571w, 611s, 703s, 732s, 801w, 995 m, 1068 m, 1093 m, 1260 m, 1362 w,
1424 m, 1460 m, 1579 m, 1697 m, 2128 w, 2982 w, 3054 w, 3590 w.

MS (ESI*, EtCN): m/z = 883.4 [M+BPh,]*, 281.1 [M]?".

UV/Vis (MeCN): Amax/nm (/L mol™t cm™) = 364 (3500), 616 (210).

8.3.2.4 Synthesis of non-symmetric p-hydroxo dicopper(11) complex 24b with with
sodium formate

N
1. KOBu / IB
2 Ncho2 W\
H .7ci0, 3 Cu(CIO,),-6H;0 & Cu“ \Cu” > (ClOg),
HLasym 24b

HLasym (204 mg, 182 pumol, 1.00 eq.) and KO'Bu (146 mg, 1.30 mmol, 7.15 eq.) were dissolved in meth-
anol (4.00 mL) and stirred for 1 h at room temperature. A solution of sodium formate (24.7 mg,
363 pmol, 2.00 eq.) was added. Cu(ClOs), - 6 H20 (135 mg, 363 umol, 2.00 eq.) dissolved in methanol
(2.00 mL) was added dropwise to the stirring reaction mixtures and the resulting green and turbid solu-
tion was stirred for 20 min. Subsequently six drops of distilled water were added and the reaction mix-
ture was filtered through three layers of Whatman filter. Slow vapour diffusion of diethyl ether to the

clear green solution yielded crystalline material after ten days (39.5 mg, 50.8 pmol, 28 %).

UV/Vis (MeCN): Amad/nm (/L mol cmt) = 364 (3500), 616 (210).
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9 Appendix

MS-ESI Isotopic patterns of the symmetric p-hydroxo dicopper(l11) complex 21 before purification
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Figure 86: Comparison of the isotopic pattern of 21 ([LsymCu2OH]?*) with the corresponding simulation.

MS-ESI Isotopic patterns of the symmetric p-hydroxo dicopper(ll) complex 21
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Figure 87: Comparison of the isotopic pattern of 21 ([LsymCu,OH]?*) with the corresponding simulation.
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Figure 88: Comparison of the isotopic pattern of 21 ([LsymCu,OH+CF3CO,]")with the corresponding simulation.
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Figure 89: Comparison of the isotopic pattern of 21 ([LsymCu,OH+BPh4]*)with the corresponding simulation.
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Decomposition of the symmetric p-1,2-peroxo dicopper(ll) complex 20
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Figure 90: UV/vis absorbance spectra of the decomposition of the p-1,2-peroxo dicopper(Il) complex 20 (red)
to the p-hydroxo dicopper(11) complex 21 (blue) in dry MeCN at 10 °C. The spectrum features an isosbestic
point at 400 nm.
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Figure 91: UV/vis absorbance spectra of the decomposition of the u-1,2-peroxo dicopper(I1) complex 20 (red)
to the p-hydroxo dicopper(11) complex 21 (blue) in dry MeCN at 0 °C. The spectrum features an isosbestic point
at 400 nm.
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Figure 92: UV/vis absorbance spectra of the decomposition of the p-1,2-peroxo dicopper(l1) complex 20 (red)
to the p-hydroxo dicopper(Il) complex 21 (blue) in dry MeCN at —10 °C. The spectrum features an isosbestic
point at 400 nm.
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Figure 93: UV/vis absorbance spectra of the decomposition of the p-1,2-peroxo dicopper(ll) complex 20 (red)
to the p-hydroxo dicopper(11) complex 21 (blue) in dry MeCN at —20 °C. The spectrum features a pseudo-isos-
bestic point at 400 nm.
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Figure 94: UV/vis absorbance spectra of the decomposition of the p-1,2-peroxo dicopper(11) complex 20 (red)
to the p-hydroxo dicopper(ll) complex 21 (blue) in dry MeCN at —30 °C. The spectrum features a pseudo-isos-
bestic point at 400 nm.
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Figure 95: UV/vis absorbance spectra of the decomposition of the u-1,2-peroxo dicopper(I1) complex 20 (red)

to the p-hydroxo dicopper(11) complex 21 (blue) in dry MeCN at —40 °C. The spectrum features an isosbestic
point at 400 nm.
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MS-ESI lIsotopic patterns of the non-symmetric p-hydroxo dicopper(l1) complex 24
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Figure 96: Comparison of the isotopic pattern of 24 ([LasymCu,OH]?*) with the corresponding simulation.
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Figure 97: Comparison of the isotopic pattern of 24 ([LasymCu,OH+BPh4]")with the corresponding simulation.
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Resonance Raman Spectrum of the non-symmetric p-1,2-peroxo dicopper(l1) complex 23
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Figure 98: rR spectra for *0, and 80, labelled non-symmetric peroxo dicopper(Il) complexes 23 in frozen
MeCN solution (Aex = 633 nm).

Decomposition of the non-symmetric p-1,2-peroxo dicopper(l1) complex 23
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Figure 99: UV/vis absorbance spectra of the decomposition of the u-1,2-peroxo dicopper(I11) complex 23 (red)

to the p-hydroxo dicopper(11) complex 24 (blue) in dry MeCN at 35 °C. The spectrum features a pseudo-isoshes-
tic point at 407 nm.
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Figure 100: UV/vis absorbance spectra of the decomposition of the u-1,2-peroxo dicopper(ll) complex 23 (red)
to the p-hydroxo dicopper(l1) complex 24 (blue) in dry MeCN at 25 °C. The spectrum features a pseudo-isosbes-
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Figure 101: UV/vis absorbance spectra of the decomposition of the p-1,2-peroxo dicopper(ll) complex 23 (red)
to the p-hydroxo dicopper(11) complex 24 (blue) in dry MeCN at 15 °C. The spectrum features a pseudo-isosbes-

tic point at 407 nm.
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Figure 102: UV/vis absorbance spectra of the decomposition of the p-1,2-peroxo dicopper(ll) complex 23 (red)
to the p-hydroxo dicopper(ll) complex 24 (blue) in dry MeCN at 5 °C. The spectrum features a pseudo-isosbes-
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Figure 103: UV/vis absorbance spectra of the decomposition of the p-1,2-peroxo dicopper(ll) complex 23 (red)
to the p-hydroxo dicopper(11) complex 24 (blue) in dry MeCN at -5 °C. The spectrum features a peudo-isosbes-

tic point at 407 nm.
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Figure 104: UV/vis absorbance spectra of the decomposition of the p-1,2-peroxo dicopper(ll) complex 23 (red)
to the p-hydroxo dicopper(l1) complex 24 (blue) in dry MeCN at —15 °C. The spectrum features a pseudo-isos-

bestic point at 409 nm.
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10 Abbreviations

Ac
bpp
BQPA
CCA

DFT
ATR
Cp
Cp*

DBU
DCM
DHP
DME
DMF
DMSO
e.g.

El

eq.

ESI
etal.
EtCN
Et,O
EtOH
Fc
FTIR
GC

h
HLutOTf
Hz

ie.
in-situ
iPr
iPrsTACN

acetate

bis(pyridyl)pyrazolate

bis(2-pyridylmethyl)(2-quinolylmethyl)amine

cyclohexanecarboxaldehyde
doublet

density functional theory
attenuated total reflection
cyclopentadienyl
pentamethylcyclopentadienyl
diameter (UV/vis) or days (syntheses)
1,8-Diazabicyclo[5.4.0]undec-7-ene
dichloromethane
3,4-Dihydro-2H-pyran
1,2-dimethoxyethane
dimethylformamide

dimethyl sulfoxide

exempli gratia = for example
electron ionization
equivalents

electrospray ionization

and others (lat.: et alii/et aliae)
propionitrile

diethyl ether

ethanol

ferrocene

Fourier-transform infrared
gas chromatography

hours

2,6-Lutidinium triflate

hertz

id est; here: that is

here: in the reaction mixture
isopropyl
1,4,7-triisopropyl-1,4,7-triazacylcononane
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IR

J

Lut
LMCT

Me
MeCN
MeOH
MelL 66
MS
MTBE
m/z
NaOAc
NMR
OTf
PCET
Ph
pMMO

ppm

QTOF

rR
RT

SQUID

TACN
TBABr
TEMPO
TFE
THF
THP
TP™
trpy

infrared

coupling constant

2,6-Lutidine

ligand-metal charge transfer

multiplet (NMR), medium (IR)

methyl

acetonitrile

methanol
3,5-bis{bis-[2-(1-methyl-1H-benzimidazol-2-yl)-ethyl]-
mass spectrometry

Methyl tert-butyl ether

mass-to-charge ratio

Sodium acetate

nuclear magnetic resonance

Triflate anion

Proton-induced electron transfer

phenyl

particulate methane monooxygenase
parts-per-million

quartet

guadrupole-time-of-flight

residue

resonance raman spectroscopy

room temperature

singlet (NMR), strong (IR)
superconducting quantum interference device
triplet

1,4,7-Triazacyclononane
Tetrabutylammoniumbromid
(2,2,6,6,-Tetramethylpiperidin-1-yl)oxyl
2,2,2-trifluoroethanol

tetrahydrofuran

tetrahydropyran
hydrotris(3,5-diisopropylpyrazolyl)borate anion
terpyridine
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TMPA
TOF

Ts
UV/vis
VS.

w

XRD
XYLOH

18-crown-6

tris(2-pyridylmethyl)amine

time-of-flight

tosyl

ultraviolet-visible spectroscopy

Versus

weak (IR)

X-ray diffraction
2,6-bis((bis[2-(2-pyridyl)ethyl]amine)methyl)phenol

1,4,7,10,13,16-hexaoxacyclooctadecane
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