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Introduction

1. Introduction

1.1 Catalytic selective oxidation in the chemical industry

The selective oxidation reaction is an important field in the chemical industry for the
functionalization of hydrocarbons and many other organic raw materials.l! About
20 % of all processes in the chemical industry are based on oxidation reactions and
around 600 million tons of chemicals per year are produced by oxidation reactions.?
An important and known example is the production of adipic acid, which is a
precursor for the synthesis of nylon-6,6.5! In general, adipic acid is synthesized in a

two-step process starting with cyclohexane (Scheme 1).14

OH o) o
0,815atm " Cu', NH,VO; HOW/\/\)\
Co/Mn cat., >125 °C 50-65 % HNO, OH

70-90 °C ©
Scheme 1: Two-step process for the synthesis of adipic acid.l!

At first, in the presence of a cobalt or manganese catalyst, cyclohexane is reacted
with dioxygen at high temperature (>125 °C) and pressures (8-15 atm) to yield a
mixture of cyclohexanol and cyclohexanone (KA oil). In the second step, the KA oil is
then converted to adipic acid by oxidation with nitric acid in the presence of copper
and vanadium catalysts. Succinic and glutaric acid are usually formed as side
products. However, the use of nitric acid in the two-step oxidation process of
cyclohexane poses environmental constraints by emission of nitrous oxide as ozone
decomposing greenhouse gas and the formation of side products. For this reason,
using green oxidants such as molecular dioxygen is gathering increasing interest not
only for cyclohexane oxidation but for oxidation reactions in general.5fl In fact,
molecular dioxygen is an ideal oxidant due it is abundantly available, inexpensive,
and environmentally friendly. Over the past decades, organometallic compounds
have emerged as useful catalysts for the efficient assembly of new chemical bonds.
However, combining organometallic catalysts with dioxygen to produce selective
oxidized organic compounds has proven challenging. A large barrier in the ability to

design catalyst that utilizes molecular dioxygen is a relatively limited understanding of
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how dioxygen reacts with transition metal complexes.[l] To better understand how

dioxygen is transferred to organic substrates, naturally occurring enzymes, which

represent the best catalysts engineered for selective oxidation reactions and

dioxygen activation, are taken as role models.

1.2 Activation of molecular dioxygen

Metal active sites play an important role in the activation of molecular dioxygen for

organic substrate oxidation.[®l However, without being activated, atmospheric

molecular dioxygen doesn’t react with most of the organic molecules, due to the

thermodynamic stability of molecular dioxygen in its triplet ground state and because

almost all organic molecules possess singlet ground states (paired electrons).

Therefore, at first molecular dioxygen (302), which is a diradical (two unpaired

electrons, Scheme 2), has to be converted into an activated state (*O2, Singlet

Dioxygen). Otherwise, the reaction between a triplet ground state molecule and a

singlet ground state molecule would be spin forbidden. This kinetic barrier makes life

possible.[10]

2p-Orbitals
Px Py Pz x Py Pz
§ Poo § Poo

Triplet Dioxygen

State 329’

95 kJ/mol

- i i '3, Singlet Dioxygen, t< 10
m ﬂ — 'Ag, Singlet Dioxygen, T~ 10*s
o i i 334" Triplet Dioxygen, stable

Scheme 2: Orbital diagram of the triplet ground state as well as two singlet excited states of molecular

dioxygen showing the participating atom orbitals from each of the two oxygen atoms. The resulting

molecule orbitals are shown in the diagram and are the result of the overlap of each atom orbital. The

lowest 1s and 2s molecular orbitals are filled and omitted for clarity.
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Besides the triplet state, molecular dioxygen can occur in two singlet excited states,
which are 95 kJ/mol (*Ag) and 158 kJ/mol (1Zg*) above the triplet state as shown in
Scheme 2. However, comparing the electronic configurations of the three
demonstrated orbital diagrams in Scheme 2 shows that these three states only vary
in the occupation of the m-antibonding orbitals. Due to the fact, that the transition
from 1Aq to 324 is spin forbidden, the 1Aq dioxygen species is relatively long stable. In
contrast to that is the 'Z4* dioxygen species a short-lived state, because the spin

allowed a transition between the 1¥4* and 3%y species.[!

1) H,0, + NaOCI - NaCl + H,O +  0y('ay)

2) (C2H5)3SIH + 03 —>(C2H5)3S|OOOH—> (C2H5)3S|OH + 02 (1Ag)

3) (RO);P + O3 —> (RO)3PO4 —>» (RO);PO + 02(1Ag)

Scheme 3: Generation of singlet dioxygen 1Ag via three different chemical methods.[12-14]

The formation of singlet dioxygen can be realized with different methods. One way for
the generation of 'O: is the photochemical method. In this method irradiation of a
triplet dioxygen occurs with the light of an appropriate wavelength in the presence of
a capable photosensitizer, which can absorb the light and use the energy to excite
dioxygen to its singlet state. Besides the photochemical method, singlet dioxygen 'O2
can also be produced by the reaction of hydrogen peroxide with sodium hypochlorite
(Scheme 3, 1)).1221 Another chemical method uses triethylsilane and ozone (Scheme
3, 2))123 or triphenyl phosphite (Scheme 3, 3)) and ozone to generate dioxygen in a

singlet state configuration.!4

In addition to the photochemical and chemical method of activating molecular
dioxygen, dioxygen activation can also occur via transition metal ions. In this context,
various enzymes are involved in dioxygen activation for the oxidation of organic
substrates with a metal active site.['>171 The enzyme thereby activates dioxygen by

forming a metal oxygen adduct complex. The complex center of the adduct complex
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removes a part of the electron density of the O-O bond, resulting in a weakened O-O
bond. A closer look at the energetic states is provided by the molecular orbital (MO)
Scheme 4. When dioxygen reacts with a metal center, the metal ion is oxidized and
dioxygen is reduced, whereby the additional electrons occupy the antibonding
molecular orbital m*, thus weakening the O-O bond. Ground-state triplet dioxygen is a
paramagnetic diradical with two electrons occupying m* orbitals with parallel spins
(Scheme 2). Reduction of dioxygen can lead to a superoxide- (Scheme 4, A) or
peroxide-anion (Scheme 4, B). The superoxide-anion has three electrons in the *
orbitals and the peroxide-anion has four electrons in the * orbitals.[8]

MO O, MO 0,2
/T2 /0720
2p-Orbitals 2p-Orbitals
Px Py Pz \\\:\ /”” Px Py Pz Px Py Pz ‘\\:\ /,,’ Px Py Pz
N[k N[k
\\\ ”Zp I’I \\\ Top I"
O'2p O'2p
6*25 c;25
25-Orbitals ) ) 25-Orbitals ’ )
s el s s Teel_ s
O2s G2s
A B

Scheme 4: Molecular orbital diagram for the superoxide-anion (A) and the peroxide-anion (B).[18]
The activation of dioxygen by metal proteins, the mechanism of dioxygen binding,
and substrate oxidation are subjects of the following chapters and will be described in

detail below.
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1.3 Oxygenase and Oxidase

In search for a new possible metal catalyst for dioxygen activation, the metal
enzymes in nature represent the best catalyst engineer for selective oxidation
reactions. In biology, most of the selective oxidation reactions are performed by
oxygenases and oxidases, which differ in the catalytic mechanism of aerobic
oxidation. While the oxidases use molecular oxygen as an electron/proton acceptor in
substrate (Sub) oxidation (Scheme 5, pathway a)), the oxygenases transfer oxygen-
atom from dioxygen to the substrate (Scheme 5, pathway b)). Depending on whether
only one or both oxygen atoms are incorporated into the substrate, the oxygenases
are divided into monooxygenases and dioxygenases.!1920

a) b) T

M(m+2)+ M(r#2)+

H,0 SubH, H,O Sub

1/2 0, + 2 H* Sub®*+2H*  O,+2H'+2¢ Sub(0)
mm* M

Scheme 5: Aerobic oxidation catalyzed by metalloenzymes via oxidase pathway a) and oxygenase
pathway b).[20

1.4 Copper-containing metal enzymes

Metal-containing enzymes that react with dioxygen play a central role in many
biological processes. The most common metals incorporated in enzymes are zinc,
iron, and copper, but only the iron- and copper-containing enzymes exhibit redox
activity. Over 25 copper-containing enzymes are known today, their function range
from electron transfer, dioxygen binding and transport to oxidation catalysis and
nitrous oxide reduction (Scheme 6).[?1221 The copper-containing enzymes in Scheme
6 can be classified as types 1, 2, or 3 copper centers according to their visible, UV,

and electron paramagnetic resonance (EPR) spectra.[16:21.23.24]
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02 e H20

Cytochrome c oxidase

RCHO + H,0,<«—— RCH,0OH + O, 0, —> 0,+0,>

Galactose oxidase \ Superoxide dismutase

OH
HO NH, HO “_NH,
o O o
HO HO

Hemocyanin / \ Dopamine B-hydroxylase

o OH 0
‘oo < N~coor RCHoNHj + 0, — = RCHO + H,0, + NH,
H H

o . . .
Peptidylglycine a-amidating OH fo) Amine oxidase / Lysyl oxidase
monooxygenase \<© —_— Yﬁj

Tyrosinase

0

Scheme 6: Copper-containing enzymes in biological processes.?2

Type 1 copper centers (“blue” copper proteins) are characterized by a strong
absorption band in the visible region around 600 nm, which is responsible for the
blue color in the electron absorption spectrum. This band is a consequence of the
cysteine sulfur-to-copper ligand-to-metal charge transfer (LMCT) transition.[?5] The
“blue” copper proteins are found as mononuclear compounds involved in electron
transfer processes. The copper atom in the active site is distorted tetrahedrally
coordinated by two histidine (His) N-donors, a cysteine (Cys) thiolate S-donor and a
fourth weakly bound variable ligand, in most cases a methionine (Met) residue.
Instead of methionine also glutamine (GlIn) or leucine (Leu) are found in some cases.
Examples of type 1 proteins are azurin, plastocyanin (Scheme 7, type 1), and

amicyanin.[26-28]

In contrast, to type 1 copper centers, type 2 copper centers are referred to as “non-
blue” or “normal” copper enzymes. Most type 2 copper centers are either square
planar or distorted tetrahedral coordinated by four N-donor atoms from for example
histidine and/ or O-donor atoms from a water molecule.l?®! Due to the absence of
sulfur-to-copper charge transfer the color of these proteins is light blue caused by
weak d-d transitions of the copper(ll) ion. Examples of type 2 proteins are superoxide

dismutase, dopamine-B-hydroxylase, and galactose oxidase (Scheme 7, type 2),
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which are mostly involved in catalysis, selective hydroxylation, and C-H bond

activation.[29:30]

(Tyr)
e
HN : (His) NH /~NH
H
L S (Cys) =N, | O M) N N ol (His)
N/Cu‘\ 'Cu’ \7 ‘CU\(|)/CUVN X
//” S— N/ \L S /l\i N \_NH
HN o (His)H/</\J \;(Cys) . \([N> HE /
(Met) H (His) H
Hi
Type 1 Type 2 Type 3 e

Scheme 7: Examples of selected copper centers for each type: plastocyanin (type 1)I2¢l, galactose

oxidase (type 2)i%, and hemocyanin in oxy form (type 3).31

Type 3 copper centers are compared to the type 1 and 2 centers characterized by
two copper ions that are antiferromagnetically coupled. Due to the interaction
between two paramagnetic copper ions, which results in a diamagnetic state, no
contribution to EPR (electron paramagnetic resonance) spectra will be observed.
Each copper ion is coordinated tetragonal by three nitrogen donor atoms of
histidine.[?? Proteins with a type 3 copper center can incorporate reversibly dioxygen
between the two copper ions, for which reason they can serve either as oxygenase,
oxidase, or as a dioxygen transport protein. In their oxy form, a strong absorption

band in the range of the UV region can be observed for the type 3 copper centers.

1/2 O, 120, H,O
©/OH K @OH \ i‘ <Io
OH O
Creolase activity Catecholase activity
(Tyrosinase) (Tyrosinase and catechol oxidase)

Scheme 8: Reaction pathway of phenol to o-diquinone by creolase- and catecholase activity.[32

Examples of type 3 proteins are hemocyanin (Scheme 7, type 3), tyrosinase, and
catechol oxidase.l3:33l Hemocyanin, an example of an oxygen carrier protein, can be
divided into the arthropodan hemocyanins (lobsters and spiders) and the molluscan

hemocyanins (octopus and snails). At first, only a crystal structure for arthropodan

7
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hemocyanins (spiny lobster and horseshoe crab) was known, but in 1998 also a
subunit from a molluscan hemocyanin (giant octopus) could be crystallized and

investigated.[34

1.5 Tyrosinase and catechol oxidase

Tyrosinase, which represents another member of the type 3 copper active center,
exhibits monooxygenase activity as shown in Scheme 5 a) and Scheme 8 in the first
step of the reaction pathway of phenol to o-quinones. In the second step, catechol
oxidase, another member of the type 3 copper active site, catalyzes the prior
produced catechol to the corresponding o-quinones. While tyrosinase can be found
in plants, fungi, bacteria, mammalians, crustaceans, and insects, catechol oxidase

can be isolated from plant tissues, insects, and crustaceans.[?3:3%

His I /His

His-Cu-___-Cu-His

His’ i His
H

OH OH
©: Met form ©:
OH OH

2H 2 H
Q
His_ 1 His
Q- -
His-Cu<_ I _=Cu-His g o
His His His, \ His

v I
His-Cu—_ /CG-His

Hig . “His
H

H* H*

OH
Cr - (X

. . +0 . .
His His 2 His His
IOl
His-CuZ_ 0 >Cu-His <~— His—/\ {-His
His His His His

Oxy form Deoxy form

Scheme 9: Proposed mechanism for the reaction pathway of phenol to o-quinones. In the first step,

the cresolase activity occurs followed by the catecholase activity.[32
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Already in 1996 Solomon and co-workers could purpose a proposed mechanism for
the creolase and catecholase activities of the enzyme tyrosinase. In the first step of
the cresolase activity, after the deoxy form reacts with dioxygen to the oxy form
(Scheme 9), a phenol substrate binds in an axial fashion to one of the copper centers
of the oxy form and gets monooxygenated to catechol. In the second step, the
catecholase activity, the generated o-diphenol substrate binds to the met form in a
bidentate fashion and gets oxidized to the corresponding o-quinone. Moreover, the
deoxy form of the enzyme is generated again and can repeat the mechanism

cycle.[?3:32]

1.6 PHM, DBM, and TAM

Peptidylglycine-a-hydroxylating monooxygenase (PHM), dopamine-B-monooxy-
genase (DBM), and tyramine-B-monooxygenase (TBM) are important mononuclear
copper-containing enzymes responsible for the stereospecific C-H a-hydroxylation of
hormones and glycine-extended neuropeptides for neurotransmitter regulation and
hormone biosynthesis.l*”] In amino acid sequence, active site coordination, and
reactivity, these three monooxygenases show many similarities. PHM, DBM, and
TBM are distinguished by two distinct Cu sites (Cum and Cun), that are separated in
the protein by an ~11 A distance. In contrast to the coupled binuclear copper
monooxygenases tyrosinase and hemocyanin, PHM, DBM, and T8M are so-called
“non-coupled” binuclear copper monooxygenases, because of the lack of magnetic

coupling between the Cum and Cus sites.

The Cuwm site is coordinated by one methionine and two histidine residues and the
Cun site by three histidine residues. The activation of dioxygen and the hydroxylation
reaction takes place at the Cuwm site, however, the Cun side is responsible for the
electron transfer.38 While PHM hydroxylates the C-terminus of a glycine residue of a
glycine-extended prohormone, DBM manages the oxidation of dopamine to
norepinephrine, two important neurotransmitters in the human body. In addition to

that, TBM hydroxylates tyramine to octopamine (Scheme 10).57]
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0o, H,O
N.__COO Prm N__coo”
Peptide” Y N - Peptide”
H H 2H +2e H OH
(Ascorbate)
Peptidylglycine Peptidylglycine-a-hydroxyglycine
DA/ e DA/
(Ascorbate)
Dopamine Norepinphrine
/©A/ 2 H* +2e /©A/
(Ascorbate)
Tyramine Octopamine

Scheme 10: Catalytic reactions of the monooxygenases PHM, DBM, and TSM.[38]

Several studies have dealt with the possible mechanism of substrate hydroxylation
for the PHM, DBM, and TBM enzymes. In the predominant proposed mechanism, the
Cuwm site is coordinated by dioxygen resulting in oxidation of the copper center and
reduction of the dioxygen. The formed end-on copper(ll) superoxido adduct is the
active species for the hydrogen atom transfer (HAT) reaction from the substrate,
followed by the formation of a copper(ll) hydroperoxido adduct and a substrate
radical.[*8] The next step can be divided into two pathways. In pathway 1 (Scheme 11,
pathway a)), a cupric oxyl intermediate is formed by homolytically cleavage of the O-
O bond of the copper(ll) hydroperoxido adduct. The substrate radical and the cupric
oxyl intermediate rebound in the next step to give the product bound to the copper
center. In pathway 2, the copper(ll) hydroperoxido adduct reacts directly with the
substrate radical by cleaving the O-O bond and hydroxylating the substrate (Scheme
11, pathway b)). The substrate product and the cupric oxyl species can then be
reduced and protonated to yield a copper(ll) hydroxido complex. In both pathways,

the starting copper(l) complex can be regained by an external proton and electron.[3"]

10
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? OH
o]
. + 0, /'C II/ AT , ”/O
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Rebound

Scheme 11: Proposed mechanism for the enzymatic substrate reaction of PHM. DM and TBM.E7]

1.7 Copper dioxygen binding modes and model complexes

Understanding the relationship between structure and reactivity is still a central
challenge in copper dioxygen chemistry. Already in 1993, the crystal structure of
hemocyanin protein could be solved.% In this structure, dioxygen was found to
bridge between both copper ions in a side-on y-n%n?-peroxide fashion (Scheme 7,
type 3). Extensive studies have been made to prepare model complexes, which
mimic the active center of copper proteins to get more information about the effect of
the binding mode of molecular oxygen in oxyhemocyanin. In this context, many
copper oxygen intermediates with different binding modes could be found and have
been investigated in terms of spectroscopy and reactivity. In 1988 Karlin et al.
described the first crystallographic characterization of a copper dioxygen species with
the tripodal ligand system TMPA (tris(2-pyridylmethyl)amine, Scheme 12 a)).[*0l In
comparison to the p-n2:n? dioxygen binding mode of oxyhemocyanin, the X-ray data
showed a trans-u-1,2-peroxido group between the two copper ions, that is only stable

below -70 °C. Moreover, strong absorption bands at 440, 525, and 590 nm and

11
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Raman vibrations at 561 and 832 cm could be observed, which does not fit to the

spectroscopic data of a side-on y-n2:n2-peroxide binding mode.[4142

A short time later, in 1989, Kitajima and co-workers reported a copper dioxygen
complex with a crystal structure of an oxygen-bridged dicopper species in a side-on
u-n?:n?-peroxide fashion.*3! With the anionic tripodal ligand HB(3,5-iPr2pz)s (tris(3,5-
diisopropylpyrazolyl)borate, Scheme 12 b)) ligand, the copper dioxygen adduct is a
stable solid at room temperature or in a non-coordinating solvent below -10 °C and
shows similar spectroscopic features like the oxyhemocyanin. The model complex
shows absorption bands at 349 and 551 nm, and Raman vibration at 741 cm*, while
for the oxyhemocyanin absorption bands at 340 and 551 nm, and Raman vibration at
744-752 cm* were reported.[*4]

Q " ?ﬂ y

N N - N
/ \ N\N/ H N™X N
Oy
N\ /
a) TMPA b) HB(3,5-iPrypz); c) iPrstacn
Yn NN
- ~ SN ~
/M T N 3
\/ N N— NI H NI
/
- X
N_
/ ~N N~
I
d) Megtren e) HB(3-tBu-5-iPrpz), f) TMGstren

Scheme 12: Ligand systems used for model complexes.[40:41:43-50]

In 1996, a new copper dioxygen binding mode could be described by the working
group of Tolman. In their work, they used the ligand iPrstacn (1,4,7-triisopropyl-1,4,7-
triazacyclononane, Scheme 12 c¢)) and revealed the structure and bonding of a bis(u-
oxido) copper(lll) complex derived from crystallographic data, spectroscopic

measurements and theoretical studies as well as the existence of an equilibrium

12
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between a bis(u-oxido) copper(lll) and side-on u-n%n?-peroxido copper(ll)

complex.[4546]

In contrast to the side-on p-n2:n?-peroxido and trans-uy-1,2-peroxido complex, the
dioxygen in the bis(u-oxido) copper(lll) complex is fully reduced by four electrons and
the O-O-bond has been cleaved. Intensive absorption bands at 324 and 448 nm
could be received and differ as well as the Raman vibration (600 cm™) from the

previously described peroxido complexes.[45:46.51]

The formation of mononuclear end-on copper(ll) superoxido species was first
suggested as an initial reaction step in the reaction mechanism proposed for copper-
containing monooxygenases like dopamine-B-hydroxylase,®d phenylalanine
hydroxylasel®dl and peptidylglycine-a-amidating enzyme.® However, the first
mononuclear copper dioxygen model complex was reported in 1991 by Karlin and co-
workers using the TMPA ligand system (Scheme 12 a)). Although this mononuclear
copper dioxygen species could initially only be proven spectroscopically, they could
describe the first 1:1 copper dioxygen development, either in biological or model
systems. In addition to that, the reaction of the mononuclear copper dioxygen
complex to the trans-u-1,2-peroxido complex could be investigated by means of
kinetic, thermodynamic, and spectral parameters.’® In this context, in 1999,
Schindler et al. demonstrated spectroscopically the formation of a more stable
copper(ll) superoxido species than during a similar reaction of the copper(l) complex
with the TMPA ligand using the aliphatic tripodal amine Mestren (tris(2-dimethyl-

aminoethyl)amine, Scheme 12 d)).1

In 1994 and 2006, two crystal structures of mononuclear end-on copper(ll)
superoxido model complexes were reported. While the copper(l) complex with the
ligand HB(3-tBu-5-iPrpz)s (Scheme 12 e)) led to the formation of superoxide binding
in n2 fashion,*8 the crystal structure with the super basic tren derivate TMGatren
(tris(tetramethylguanidino)tren, Scheme 12 f)) ligand showed a dioxygen species in
n! fashion.[*?l Only in 2004, structural characterization of the copper monooxygenase
in PHM could show unambiguously a mononuclear end-on copper(ll) superoxido

complex in n! fashion in the active site.[5]

13
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Scheme 13: Different copper dioxygen binding modes."]

In Scheme 13 are shown summarized the possible reaction pathways for the
generation of different copper dioxygen species referred to copper enzymes starting
from a copper(l) complex.’”58 In the first step, a copper(l) complex reacts with
dioxygen and delivers a mononuclear copper dioxygen species such as side-on
copper(ll) superoxido complex (CuSS) or end-on copper(ll) superoxido (CuSF)
complex. The structure of the resulting mononuclear species (CuSS or CuSF) is
mainly depending on the ligand system.[6:5% The mononuclear copper species can
react with another copper(l) complex to a u-peroxido dicopper(ll) complex in either a
side-on CuzPS or end-on CuzPE fashion mode. The side-on Cu2PS can react further to
a bis(u-oxido) copper(lll) species (Cu202) or can be in an equilibrium with the side-on
Cu2PS species. Various parameters, such as the solvent, counterion effects, or ligand
structure can have an influence on the equilibrium and be decisive for which species

is favored to form.[4"]

1.8 Thioether ligated copper model systems

Most of the copper dioxygen adducts investigated in the literature contain all nitrogen
ligands.[*®l However, the binding and activation of dioxygen at a copper center with a
thioether ligand system as described in chapter 1.6 for PHM, DBM, and TSM are

uncommon, for the reason that this kind of thioether ligation is characteristic for type
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1 copper centers and is not presented in other dioxygen activating copper
proteins.[23.27.60] Biochemical and biophysical investigation has already shown that the
Cun center receives and passes electrons to the Cuwm center, where dioxygen and
substrate binding occur.1.621 Without a doubt, the thioether residue plays an
important role in determining the electronic structure and functions of the Cuwm site
leading to C-H bond activation. In order to get more information about the effect of
the thioether residue, studies have been made to mimic the active site of the copper
enzymes PHM, DBM, and TBM. Inspired by the biochemistry of copper enzymes with
sulfur ligand residues, a variety of ligand scaffolds with N2Sthioethery and N3Sithioether)

have been synthesized and investigated regarding their reactivity towards dioxygen.

ﬁN/\ N X XN X

TMMEA PMMEA BPMMEA

Scheme 14:. Sulfur containing tripodal ligands TMMEA (tris((methylthio)ethyl)amine), PMMEA (2-
pyridylmethylbis(2-methylthioethyl)amine) and BPMMEA (bis(2-pyridylmethyl)-2-methylthioethylamine)

included in Rorabachers work.[63.64

The start in this area was made by Rorabacher and co-workers, who studied the
influence of coordination geometry, the mechanism of complex formation, and the

redox potentials of sulfur-containing ligand systems (Scheme 14).[63.64]

In 2006, Tolman et al. investigated a copper(l) complex with an anionic N2Sthioether)
ligand system Me2LP"SRH (Scheme 15, a)) probing the effect of thioether substituents
on the dioxygen reactivity B-diketiminate-copper(l) complexes and the role of the
methionine ligand in copper monooxygenases. Low-temperature experiments of a
copper(l) solution and dioxygen led to the formation of stable 1:1 Cu/O2 adducts,
which based on UV/Vis, Raman spectroscopic data, and DFT calculations propose a
side-on n? dioxygen binding mode with negligible copper-thioether bonding and

significant peroxido-copper(lll) character.
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Scheme 15: N2Sanicethery ligand system used for investigation of the active site of sulfur-containing

copper enzymes.[65-67]

However, adding argon to the solution results in the formation of a bis(uy-oxdio)
copper(lll) species confirmed by spectroscopy and theory.[% Copper(l) complexes
with imidazolyl ligand BITOMeSMe (1-Methoxy-2-methyl-1,1-bis(N-methyl-4,5-diphenyl-
2-imidazolyl)-2-methylthiopropane, Scheme 15, b)) were investigated by Zhou and
co-workers, but no discrete copper dioxygen adducts were formed.!6:68 Karlin et al.
reported with the linear N2S tridentate ligand ANS (Scheme 15 c)) the formation of a
side-on p-n2:n?-peroxido copper(ll) species with thioether coordination. This was the
first case of thioether coordination within a side-on p-n2:n?-peroxido copper(ll)
structure type, which indicated that it was possible to study ligand systems containing
sulfur-containing ligand residues.[”] Nevertheless, the formation of a mononuclear
end-on copper(ll) superoxido species was not reached with these ligands (Scheme
15).

\
N_
N=(
/_/ N—
Ny Oy @ -
e /\/N /K/ \/j\
_ A\
/
d) BPMEEA e) Bis(1-methyl-2-methylbenzimidazolyl)- f) (TMGg;),NgSEt

(2,4-dimethylphenylthioethyl)amine

Scheme 16: NsSghicethen ligand system used for investigation of the active site of sulfur-containing

copper enzymes.[69-72]
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Within the NsSnioether) family of ligands, also the reaction of copper(l) complexes with
dioxygen has been studied. Based on the TMPA ligand system Karlin and co-workers
investigated the tetradentate BPMEEA ligand with two pyridyl residues, one amine
donor, and one thioether residue (bis(2-pyridylmethyl)-2-ethylthioethylamine, Scheme
16, d)). Their findings showed, that the copper(l) complex reacts reversibly with
dioxygen in dichloromethane and acetone (at —80 °C) or in 2-methyltetrahydrofuran
(2-MeTHF, at -128 °C) producing a trans-uy-1,2-peroxido complex with a sulfur
thioether ligation (Scheme 17). UV/Vis and Resonance Raman spectroscopy
confirmed the formation of a trans-u-1,2-peroxido structure. In addition, direct
evidence for thioether ligation was derived from EXAFS (extended X-ray absorption
fine structure) spectroscopy.[6°.70

lower T
higher T

[(L"*S)cu'* [(LN3S)Cu')2(0,7 1%

Scheme 17: Schematic representation of the reversible reaction of a copper(l) complex with the
BPMEEA ligand and dioxygen.[°.70]

No copper dioxygen adduct could be observed for oxidation reactions of copper(l)
complexes with several N3Shioethery benzimidazole-containing ligands (Scheme 16 €))
by Castilla and co-workers.[’Y In 2013, Schindler and co-workers looked into the
ligand (TMGe)2NetSEt (27,2"-(((2-ethylthio)ethyl)azanediyl)bis(ethane-2,1-diyl))bis-
(1,1,3,3-tetramethyl-guanidine, Scheme 16 f)), a tren guanidine derivate. While the
TMGstren ligand led to the formation of a mononuclear end-on copper(ll) superoxido
complex in n! fashion, the reaction behavior of the copper(l) complex with the
(TMGe)2NetSEt ligand was quite different. Time-resolved UV/Vis spectra for the
reaction of the copper(l) complex with dioxygen in acetone at -76 °C led to the

formation of a side-on wu-n%n?-peroxido copper(ll) species that subsequently
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isomerized to an equilibrium mixture with a bis(u-oxido) copper(lll) species (Scheme
18).149.72]

_0
LCu'(g)Cu”L LCU”'\O>CU'”L

Scheme 18: Equilibrium between a side-on p-n?:n?-peroxido copper(ll) and bis(u-oxido) copper(lll)

species.l’2

However, in contrast to the monooxygenases PHM, DBM, and TBM under these
conditions no formation of an end-on copper(ll) superoxido complex could be

observed.
D, R R
(N (-0 O
N N
77\ 70 N\
0 0
/ /
a) PMMESE b) PMMESP c) PMMESDP

Scheme 19: Tuning an N3Sghicether-based ligand by its thioether donor group.[3!

Further investigation on the (TMGei)2NeSEt ligand by Bhadra et al. led to the
formation of an end-on copper(ll) superoxido complex, with a proven Cu'-S
interaction and hydrogen atom abstraction (HAA) reactivity. They probed lower
temperatures by changing the solvent from acetone to 2-MeTHF, also requiring a
change to tetrakis(pentafluorophenyl)borate (B(CsFs)4™) as counterion. Under these
conditions, dioxygen was added to a precooled copper(l) complex solution in 2-
MeTHF resulting in the formation of a brilliant green color. Intensive absorption bands
at 442, 642 and 742 nm could be received and the presence of an end-on copper(ll)
superoxido complex was further confirmed by resonance Raman spectroscopy.!’
The measurement on a frozen 2-MeTHF sample revealed bands at 446 and
1105 cm™, which can be assigned as the Cu-O and as the superoxide O-O
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stretch.2.79 Variable temperature dioxygen binding studies revealed that the

superoxide formation only forms below —90 °C.["4]

Further detailed studies with N3Sicether)-based ligands containing two electron-rich 4-
methoxy-3,5-dimethylpyridin (DMM, Scheme 19) residues and different thioether
residues could show the influence of the thioether group on the Cu-S bond.

Loy Oo-Cu't

-0
LCu'”\o>Cu'”L

Scheme 20: Equilibrium between a trans-y-1,2-peroxido copper(ll) and bis(u-oxido) copper(lll)

species.[”

While a trans-u-1,2-peroxido intermediate is favored for the PMMESE ligand, a change
to a more demanding thioether donor group causes a weakening of the Cu-S bond,
which results in the stabilization of a bis(u-oxido) copper(lll) species for the PMMESP
and PMMESDP ligand systems with S-aryl substituents (ethyl in PMMESE a), phenyl in
PMMESP b), or 2,4-dimethylphenyl in PMMESDP c), Scheme 19). Besides the
formation of a bis(u-oxido) copper(lll) species, an equilibrium mixture between the
oxido species and a trans-u-1,2-peroxido species (Scheme 20) for the PMMESP ligand
was observed, that is the first example supported by a ligand system with a thioether
donor group.[”®! These findings of an equilibrium between a trans-uy-1,2-peroxido
copper(ll) and bis(u-oxido) copper(lll) species differs from previously observed
results, that only a side-on u-n2:n?-peroxido copper(ll) species could be in equilibrium

with a bis(u-oxido) copper(lll) species (Scheme 13).[16:59.76]

The addition of the coordinating anion methylsulfonate (CHs3SOs3™) led to a
spectroscopically pure bis(u-oxido) copper(lll) species (by UV/Vis-spectroscopy),
stabilizing the bis(u-oxido) copper(lll) species relative to the trans-peroxido species in
contrast to the effect of coordination anions on the equilibrium between a side-on p-
n?:n?-peroxido copper(ll) and bis(u-oxido) copper(lll) species reported previously.l”!
With bidentate ligand systems, Stack and co-workers showed that the addition of
coordinating anions converts an equilibrium between a side-on p-n?:n?-peroxido
copper(ll) and bis(u-oxido) copper(lll) species to an anion bridged side-on peroxido
species.l’”’l In addition to this, Masuda and co-workers also demonstrated the

stabilization of the side-on peroxido species, when a coordinating anion is added
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additionally.[”®] However, the ligand system PMMESP demonstrates a new strategy to
reversible cleave an O-O bond, which can be useful for the development of a
synthetic, copper-based water-splitting catalyst.[”°]
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Scheme 21: Four structurally analogous ligands with different donor atoms and oxygenated products

of copper(l)-complexes.61

Based on the TMPA ligand system further investigation to optimize the electronic and
steric structure was carried out by Karlin and co-workers to stabilize the end-on
copper(ll) superoxido complex. The new ligand system varies in comparison to the
DMM ligand system (Scheme 19) by the two pyridyl groups and the thioether residue.
On the one hand, highly electron-rich dimethylamino (DMA) groups at the para
position of both pyridyl groups were inserted. This kind of ligand design was based
on the N4 analog (Scheme 21 PMANY) to stabilize a mononuclear end-on copper(ll)
superoxido complex reported previously.®% On the other hand, the thioether residue
was featured with a more demanding o-methyl benzyl substituent to slow the further
reaction from the mononuclear end-on copper(ll) superoxido complex to the dinuclear
trans-u-1,2-peroxido copper(ll) complex similar to the previously described PMMESDP
ligand system (Scheme 19).[73]
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The copper(l) complex with the ligand PMAN3S can activate dioxygen in 2-MeTHF
at -135 °C as a mononuclear end-on copper(ll) superoxido complex, that rapidly
converted to the thermodynamically more stable dinuclear trans-u-1,2-peroxido
copper(ll) species confirmed by UV/Vis and Resonance Raman spectroscopy.
Furthermore, it was shown that polar or hydrogen-bonding solvents like acetone,
ethanol, or methanol have an important effect on the stabilization of the end-on
copper(ll) superoxido complex due to the formation of a hydrogen bond between an
oxygen atom of the superoxido ligand and a polar solvent. This results in a shift of the
equilibrium constant to the mononuclear end-on copper(ll) superoxido complex over

the dinuclear trans-u-1,2-peroxido copper(ll) complex.

Further investigations on the influence of the Cu-S interaction were carried out by
comparing copper dioxygen species with different donor atoms binding (Scheme 21).
Under identical reaction conditions like for the PMAN3S ligand, the copper(l)
complexes with the ligands PMANs3, PMAN3O, and PMAN4 (Scheme 21) were
oxygenated. While the copper(l) complex with the ligand PMAN3 formed a bis(u-oxido)
copper(lll) species, the copper(l) complex with the PMAN3O ligand led to the formation
of a trans-u-1,2-peroxido copper(ll) species, which converts to a bis(u-oxido)
copper(lll) species with a similar UV/Vis spectrum as for the PMAN3 ligand, indicating
an extremely weak interaction between the copper atom and the oxygen atom of the
ether arm in PMAN3O. As in the case of the copper(l) complex with the PMANsS ligand,
an end-on copper(ll) superoxido complex and trans-u-1,2-peroxido copper(ll)
complex were generated for the copper(l) complex with the PMAN4 ligand leading to
the suggestion, that the S-donor atom from the thioether residue of PMANsS is
coordinated to the end-on copper(ll) superoxido complex and trans-u-1,2-peroxido

copper(ll) complex.

These findings showed again the importance of ligand design and tuning. Redesign
and modification of previously reported NsS ligand systems led to the stabilization of
an end-on copper(ll) superoxido product with thioether ligation. This complex mimics
the active site of the copper monooxygenase PHM and exhibits furthermore
enhanced reactivity towards O-H (2,6-di-tert-butyl-4-methoxyphenol) and C-H (N-
methyl-9,10-dihydroacridine) substrates in comparison to the nitrogen analogs
DMATMPA and PMMTMPA [61]
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1.9 Closed shell ligand systems

In addition to the open shell ligand systems described in the previous chapters,
macrocyclic (closed shell) structures generated continuous interest in coordination
chemistry. Macrocyclic ligand systems exhibit new properties beyond those
anticipated from noncyclic open shell ligand systems. Besides the possibility to bind a
wide variety of metals, they are versatile ligands in the biomimetic chemistry of
dioxygen activation and show increased stability of metal coordination over open
shell structures.®l This effect is called the macrocyclic effect and makes closed shell
ligand systems extremely favorable for metal complexation.[? In this regard, TMC
(1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane, Scheme 22) is one of the
most used closed shell ligand systems, which can complex various metal ions with

high thermodynamic and kinetic stability with respect to metal ion dissociation. 3]
/U\
T™MC

Scheme 22: Closed shell ligand system TMC.

A variety of metal-oxygen adducts with the TMC ligand system have been
synthesized and characterized. In the case of iron, TMC complexes of oxido,
superoxido, and peroxido ligands were successfully obtained with hydrogen peroxide
(H202) or iodosylbenzene (PhIO) as an oxygenation agent.[® In 2018, Schindler et
al. could structurally characterize an iron(lV) oxido complex with the TMC ligand
system and a water molecule as an additional ligand. In their efforts to trap the
iron(IV) oxido complex, they use ozone as an oxygenation agent and could show that
ozone enables a clean preparation of the oxido complex.[®] However, oxygenation
with ozone is well known for iron and manganese porphyrinoid complexes,8687 put
studies on the reactions of ozone and copper(l) complexes have not been reported

so far.
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2. Research goals

The goal of the research project presented herein was the synthesis and
investigation of model complexes for the PHM enzyme using sulfur-containing
thioether ligand systems. As described in the introduction, the end-on copper(ll)
superoxido complex reacts rapidly to form the thermodynamically more stable trans-
u-1,2-peroxido copper(ll) complex, which makes the stabilization of this species
difficult. Therefore, the motivation was the development of new ligands by
modification of already known ligand systems to stabilize the end-on copper(ll)

superoxido complex and prevent dimerization.
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Scheme 23: Tetradentate ligands that are discussed in this work. R can be a methyl-, ethyl-, tert-butyl,

benzyl-, 4-methoxybenzyl- or furfuryl-group.

In this regard, my research was initially started based on the open shell ligand
systems TMPA and TMGstren. To create a model complex for the PHM enzyme, the
TMPA and TMGatren ligand systems were first modified by replacing a pyridine group
in the TMPA ligand system and a guanidine group in the TMGstren ligand system
with a thioether residue (Scheme 23). By attaching different sterically demanding
thioether residues, the influence of the thioether group on the stability of the oxygen
species should be investigated. Therefore, the reaction of the copper(l) complexes
with dioxygen was investigated using low-temperature-stopped-flow techniques.
Furthermore, electrochemical and crystallographic analyses were executed to
determine the impact of ligand modification on dioxygen activation. These results
were reported in the European Journal of Inorganic Chemistry and are described in
Chapter 3.
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As described in the introduction, macrocyclic closed shell ligand systems offer
increased stability in complex coordination and versatility in the biomimetic chemistry
of dioxygen activation. The aim was for that reason to investigate the difference
between open-shell ligand systems and closed-shell systems on the stability of the
oxygen complexes. For this purpose, incorporation of sulfur in the cyclam N4 ligand
system should be performed to receive the sulfur-containing ligands dithiacylam N2S2
and tetrathiacyclam S4 shown in Scheme 24.

Y N 5

[NH HN] [ HNj [ j
) § g

Scheme 24: Sulfur-containing ligands N2S2 and S4 derived from cyclam ligand Na.

The reactivity towards dioxygen was investigated using low-temperature-stopped-
flow techniques and should provide further insights into a possible mechanism of the
reaction between the metal complexes and dioxygen. In addition, it has been shown
that ozone can be used as another oxygenation agent besides dioxygen to generate
oxygen adduct complexes.[8588 The investigation of the more reactive ozone as an
oxidant agent, in case of a successful reaction with the copper(l) complex, should
lead to new copper-oxygen adducts like an ozonido complex. The results are

described in Chapter 4 and have been reported in Faraday Discussions.
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Abstract: In the active site of several copper monooxygenases,
thioether residues are coordinated through the sulfur atom, e. g.
dopamine-B-monooxygenase (DBM). The reaction of dioxygen with a
series of copper(l) complexes with thioether groups in tripodal ligands
based on either derivatives of tris(2-pyridylmethyl)amine (TMPA) or a
guanidine system were investigated by low-temperature stopped-flow
measurements. The formation of labile intermediates, an end-on
superoxido complex, and p-1,2-peroxodicopper(ll) complexes were
spectroscopically detected and a kinetic analysis allowed the
calculation of activation parameters for these reactions supporting the
postulated mechanism. Most interesting was the finding that replacing
the ethyl group in the tren-guanidine derivative (™Et)(SEt=)N with a
methyl group allowed a dramatic increase in the stability of the formed
superoxido copper complex. Measurements with ozone were
performed in an effort to find an alternative way to obtain and stabilize
the labile intermediates.

Introduction

Copper-mediated activation of molecular dioxygen is essential in
various synthetic, industrial, and biological processes.!" The
binding of dioxygen to copper in the form of nl-superoxido (A),
peroxido (B and D), or oxido (C) complexes (Scheme 1) has been
intensively studied for years because of the biological occurrence
in proteins such as hemocyanin (Hc), the Oz-carrier for arthropods
and mollusks,” and monooxygenases including dopamine-g-
monooxygenase (DBM) and peptidyl-glycine-a-monooxygenase
(PHM), enzymes that play a crucial role in the biogenesis of
neurotransmitters and hormones.®! In previous work, for example
by Karlin, Stack, Tolman, and Itoh as well as by us, it was
demonstrated that copper-dioxygen complex formation and its
reactivity are highly dependent on the nature of the ligand.!*®
Most copper-dioxygen adduct complexes reported in the literature
contain ligands with nitrogen donors. However, in recent years,
studies of contemporary interest in Cu'/Oz include the influence of
thioether sulfur ligation inspired by the unique active-site of the

monooxygenases DBM and PHM, containing thioether ligand
residues, such as cysteine (Cys) and methionine (Met).1>7

oy ; 1
| o Loyt O\O/Cu L
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n'-superoxido trans-p-1,2-peroxido
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LCu”\o >cu: =

-0
Lcu'” ) —cu'L

p-n?:n?-peroxido

bis(u-oxido)
c D

Scheme 1: Different binding modes of copper-dioxygen adducts.

Therefore, several different thioether ligands have already been
investigated previously.®'% In 2006 Karlin et al. described
reversible copper(l)-O2 binding and adduct formation of a trans-u-
1,2-peroxodicopper(ll) complex (Scheme 1, B) in a sulfur ligand
environment employing a tetradentate NaSinicetner) ligand, similar
to the tripodal tetradentate ligand tris(2-pyridylmethyl)amine
(TMPA, Scheme 2).1'"12 However, this is not a binding mode so
far observed in nature. To get closer to mimicking the active site
(a monomolecular end-on-superoxido copper complex, Scheme
1, A) of PHME Bhadra et al. used a thioether derivative
(TMCELt)(SEt™)N Scheme 2, R = Et) of the tripodal ligand
tris(tetramethyl-guanidino)tren (TMGatren, Scheme 2). With this
ligand, an end-on-superoxido copper complex with an
experimentally proven Cu-S bond demonstrated hydrogen atom
abstraction (HAA) reactivity.l'”! Based on these results and
inspired by the biochemistry of the corresponding enzymes, we
decided to investigate the role of the thioether residues in PHM
and DBM by synthesizing a variety of ligand scaffolds based on
the TMPA and TMGstren (Scheme 2) ligand system and test their
reactivity towards dioxygen and ozone.

1
This article is protected by copyright. All rights reserved.
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Results and Discussion

Synthesis and characterization of a copper(l) complex with a
TMGastren-derivative

As described in the introduction, Bhadra et al. succeeded in
mimicking the active site of the enzymes PHM and D8M.["¥
However, it was necessary to perform these investigations in 2-
MeTHF at -135 °C to observe the formation of the end-on
superoxido complex.['> 14 We assumed that the ethyl group at the
sulfur atom suppresses strong coordination to the copper(ll) ion.
In the molecular structure of the copper(ll) complex
[(™MCEt)2(SEt®)NCUCI]CI the sulfur atom is not bound to the
copper(ll) ion most likely due to sterical reasons.['™ Therefore, it
seemed likely that replacing the ethyl group with the sterically less
demanding methyl group should allow the stabilization of the end-
on superoxido complex. (™MCEt)2(SEt“¢)N (Scheme 2: TMGatren-
derivative with R = Me) was synthesized in a four-step synthesis
based on the ligand synthesis of the (™MCEt)2(SEt*)N ligand with
some modifications (Scheme 3, see Experimental Section).[']
However, purification of 1 turned out tedious.

ot
R

TMPA-derivative
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Scheme 2: Tetradentate ligands that are discussed in this work.

During our efforts to obtain 1, we got the ligand in the form of its
sodium complex [Na(1)]PFs (the molecular structure and
crystallographic data are reported in the Supporting Information
1.2). Treatment of [Na(1)]PFs with [Cu(MeCN )s]PFs in acetone led
to the isolation of a light yellow solid. Single crystals could be
grown by slow solvent evaporation. As shown in Figure 1
(crystallographic data are reported in Supporting Information), the
copper(l) complex could be obtained via an exchange reaction.
The crystal structures revealed that the sodium and the copper
complex are coordinated distorted trigonal pyramidally by three
N-donor atoms and one sulfur-donor atom. The Cu-S bond length
in the copper-complex (2.2684(6) A) falls in the normal range for
Cu'-Sticether  complexes. According to literature copper(l)
complexes containing at least one thioether ligand reveal typical
Cu-S bond distances between 220 and 2.44 A[l'®'718] Thjs
distorted trigonal pyramidal geometry presents an open
coordination site for further ligand binding. The Cu-S (2.2684(6)
A) and Cu-N bond distances (2.0183(18), 2.0209(18), and
2.2035(17) A) are comparable with the bond lengths of the copper
complex with ("MCEt)z(SEt¥)N (Cu-S 2.2709(5), Cu-N 2.0362(15),
2.0436(15) and 2.1987(14) A).I"¥ The molecular structures of the
copper(ll) complexes [(1)CuCI]CI and [(1)CuCl]BPhs have been

10.1002/ejic.202200626
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reported previously and show thatin the solid state the sulfur atom
is coordinated, supporting our findings.!")

Figure 1: ORTEP representation of the copper complex described in the
molecular structures of [Cu(1)]*. H atoms and counter ion were omitted for clarity,
anisotropic displacement ellipsoids were plotted at 50% probability. Selected
bond lengths (A); Cu1-S1: 2.268, Cu1-N1: 2.204, Cu1-N2: 2.018, Cu1-N3:
2.021. Selected bond angles (°): N1-Cu1-S1: 89.09, N1-Cu1-N2: 84.59, N2-
Cu1-N3: 119.78, N3-Cu1-S1: 123.29.

Oxygenation reactions of [Cu(1)]PFs

Quite surprisingly, [Cu'(1)]' with different anions tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate ([Barfs]- and tetrakis(penta-
fluorophenyl)borate B(CsFs)s~) did not dissolve in 2-MeTHF, so
that a direct comparison with the reacton of
[(™MSEt)2(Set®)NCu)B(CsFs)s  with dioxygen under identical
conditions was not possible. However, [Cu'(1)]PFs could be
reacted with dioxygen in acetone at -90 °C (Scheme 4). Bubbling
dioxygen through a cooled complex solution led to the formation
of a dark green colored solution under these conditions indicating
the formation of an end-on superoxido complex. This was
confirmed by the UV-vis spectrum of this compound which is
characterized by an absorbance maximum at 432 nm (Figure 2)
and is similar to the ethyl-derivative (442 nm) and the Ns-analog
(442 nm).®*2% |n contrast, the reaction of dioxygen with
[(™MCEt)2(Set™)NCu]OTf in acetone did not allow the observation
of the end-on superoxido complex.!'!

—— Complex + O,
—— Complex

0.20 4

0.15 4

Absorbance

0.10

0.05 4

0.00

T T T T T T T
350 400 450 500 550 600 650 700
Wavelength [nm]

Figure 2. UV-vis spectrum of [Cu'(1)]PFs (Ceompiex = 0.75 mmol/L, red line) and
after the reaction with dioxygen at -90 °C (black line).
CN

DIPEA, MeCN, 0y
NC N~

Na, E1OH
HNTSSH e 1 HREOH

HNTSSN g en

c
NP ) |
Nw]l PFg

cN NN A S,
ST sl oo
NC N ~gr THE N,N"\/N\/\s/ EtN, MeCN A |
,NYN

z

Scheme 3: Ligand Synthesis of (MCEt),(SEt"¢)N.
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Scheme 4: Oxygenation reaction of the copper(l) complex to the end-on
copper(ll) superoxido complex.

To gain more information about the improved stability of the end-
on superoxido complex [Cu'(1)02]PFs low-temperature stopped-
flow measurements were performed. Time-resolved UV-vis
spectra (Fig. 3) were collected in acetone between -90 °C and -
75 °C. Measurements were performed under pseudo first order
conditions ([Oz] >> [complex]) and the formation of the
absorbance band at 432 nm over time could be fitted to a single
exponential function, indicating first order for the complex
concentration in the rate law. A plot of kobs vs. dioxygen
concentration showed a linear dependence with an intercept (see
Supporting Information), indicating first order in [O2] and
reversibility of the reaction (see Supporting Information). An
Eyring plot based on the second order rate constants (see
Supporting Information) allowed to calculate activation
parameters AH* =4.9 + 1 kJ - mol"' and AS* =-164 + 1 J - mol”
K. The negative activation entropy indicates an associative
mechanism in line with previous results. Stopped-flow
measurements in acetonitrile were performed as well to
investigate the stability of the end-on superoxido copper complex
at higher temperatures. However, no reaction was observed at -
40 °C in acetonitrile with dioxygen. Additionally, the reaction of
ozone with [Cu'(1)]PFs in acetone showed the same reaction as
with dioxygen under the same conditions. Nearly the same
behavior had been observed for the reaction of [Cu(tet b)]PFe with
dioxygen and ozone reported previously by us.?" Unfortunately
and in contrast to the quite stable copper superoxido complex with
the TMGatren ligand, the complex [Cu"(1)O2]PFs started to
decompose immediately after its formation and therefore, no
additional experiments were performed with this system.

04
030)
0.25
034§ 0.20
00 05 _ 10 1§
§ Time[s]
8
5 02+
£
0.14
0.0

T T T T T
350 400 450 500 550 600 650 700

Wavenumber [nm]

Figure 3. Time-resolved UV-vis spectra of the reaction of dioxygen (Caoxygen =
5.7 - 107 mol/L)?4 with [Cu'(1)]PFe in acetone (Ccompex = 0.75 mmol/L after
mixing) at -90 °C. The inset displays the time dependent change in absorbance
at 432 nm (black: experimental, red: exponential fit).
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Synthesis and characterization of copper(l/ll) complexes with
TMPA- and related derivatives

With regard to our success to stabilize the superoxido complex
with a thioether derivative of TMGatren described above by simply
replacing the ethyl group in [(TMCEt)2(SEtE)NCu]* with a methyl
group we decided to extend this approach to the TMPA ligand
system. Previous work by Karlin and co-workers already had
shown the importance and influence of the ligand design. The first
synthetic attempts to obtain an end-on-superoxido copper
complex with a modified TMPA ligand (Scheme 5, R = Et),
however, had led to the formation of a binuclear p-1,2-
peroxodicopper(ll) complex as described in the introduction. 18]
Redesign and modification of their previous investigated NS
ligand systems resulted in the formation of a mononuclear end-
on-superoxido copper complex in the presence of a thioether.!
The preparation of selected thioether-amine NsS ligands used for
the present study was performed according to the literature and
is reported in the Experimental Section (Scheme 6).® Several
ligands with two pyridyl groups and different thioether residues
were synthesized. The thioether residue was modified from R =
Me (Scheme 5, 2) to sterically more demanding groups R
(Scheme 5, 3-6).

R= /\s/ 2
LK

0

Z "N

X I = ‘/\S/\©\ o

TMPA-derivative o
S0 18

)

SO QUL

NS N N N

w

Z N R
XN N =

Z >N Z\|
S | 2 |
7 8 J<
= |N (\S/ = lN (\S
N N N
~o A (l)
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| |
X
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Scheme 5: Modification of the TMPA-derivative with different thioether- and
pyridine-residues.

This article is protected by copyright. All rights reserved.

28

1 "Bl *278906601

iy wog

fopuw

] ua £riqry SwuE £[A feisioatu-Figery-smsny £ 979007207 M1/2001 01/

SuonIpuo,y pue SUMST 3 338 [2202/1 146

B

25U SUOUNIIO)) aneal)) djqearjdde o Aq POLAOE ALe SAILLE VO 1350 JO S0 10) A1IQITAUUO A BO



Publication

European Journal of Inorganic Chemistry

10.1002/ejic.202200626

WILEY-VCH

Figure 4. ORTEP representations of the dimeric Cu(l) complex (a), the monomeric Cu(l) complex (b) and the monomeric Cu(ll) complex (c) descnbed in the
molecular structures of (a) [Cu'(2)]"2, (b) [Cu'(2)]* and (c) [Cu"(2)CI])*. H atoms and counter ions were omitted for clarity, ani: it ids were
plotted at 50% probability. Selected bond lengths (A) for (a): Cu1-S1: 2.184, Cu1-N1: 2.048, Cu1-N2: 2.173, Cu1-N3: 2.047. Selected bond angles (°) for (a): S1-
Cu1-N1:119.03, N1-Cu1-N2: 80.96, N2-Cu1-N3: 82.35, N3-Cu1-S1: 122.33. Selected bond lengths (A) for (b): Cu1-S1: 2.257, Cu1-N1: 2.203, Cu1-N2: 2.002, Cu1-
N3: 2.020. Selected bond angles (°) for (b): S1-Cu1-N1: 91.44, N1-Cu1-N2: 82.40, N2-Cu1-N3: 121.84, N3-Cu1-S1: 116.83. Selected bond lengths (A) for (c): Cu1-
$1: 2.742, Cu1-N1: 1.976, Cu1-N2: 2.049, Cu1-N3: 1.987, Cu1-CI1: 2.243. Selected bond angles (°) for (c): $1-Cu1-N1: 84.63, S1-Cu1-N2: 84.37, S1-Cu1-N3:
104.48, S1-Cu1-CI1: 102.91, N1-Cu1-N2: 84.11, N2-Cu1-N3: 82.35, N3-Cu1-Cl1: 94.64, CI1-Cu1-N1: 97.51.

The reaction of 2 with [Cu'(MeCN)s]PFs in acetone as well as in
dichloromethane led to the precipitation of a yellow colored solid
in high yields. The formation of [Cu'(2)]PFs was confirmed by
electrospray ionization mass spectrometry (ESI-MS), revealing
the characteristic peak at m/z = 336.0594 for the [Cu'(2)]" cation.
Furthermore, suitable single crystals for X-ray structural
characterization were obtained. The molecular structure revealed
the complex as a dimer, [Cu'(2)]2(PFs)2 in the solid state, where
each copper ion is coordinated distorted tetrahedrally by one
ligand via the three N- donors and by the other ligand via its
thioether donor atom (Figure 4a). While this type of complex
dimerization in the solid state has been already observed for a
number of three- and four-coordinated complexes with a thioether
residue!’®?%, the formation of a mononuclear form was often only
indicated in solution by NMR measurements.®!

x
2 ENj\/c' * HCI + H2N/\/s7/ N\/\s

Scheme 6: Ligand Synthesis of different TMPA-derivatives.

K2003. MeCN
50 °C, 4 days

We were able to obtain the corresponding mononuclear species
in an unusual and somewhat unexpected way. The copper(l)
complex had been reacted with sulfur to prepare a disulfido or
trisulfido complex as described previously, however, no sulfido
complex was obtained.?*! Instead [Cu'(2)]PFs presented in Figure
4b was obtained (crystallographic data are reported in the
Supporting Information) and revealed that the copper(l)-ion has a
distorted trigonal-pyramidal geometry with three N-donor atoms
and one sulfur-donor atom in the coordination sphere. Following
the same synthetic protocol, four further ligands (Scheme 5) were
synthesized. A central feature of these ligands was the
introduction of more sterically demanding thioether residues with
tert-butylthioether  (in  3), benzylthioether (in 4), 4-
methoxybenzylthioether (in 5), and furylmethylthioether (in 6).
With these ligands, only the copper(l) complex [Cu'(3)]2(BPha)z
could be crystallized (Supporting Information) and the molecular
structure of this dimer is similar to that of [Cu'(2)]2(PFe).
Complexes [Cu'(5)]2(BPhs)2 and  [Cu'(6)]2(0Tf)2  were
characterized by ESI-MS and elemental analysis.

Copper(Il) complexes with ligands 2, 3 and 4 could be structurally
characterized, no suitable crystals with ligands 5 and 6 could be

obtained. The molecular structures of [Cu'(2)CI|PFs (Fig 4c),
[CU"(3)CIIOTf and [Cu'(4)CIPFs (crystallographic data are
reported in the Supporting Information) revealed a chloride anion
as an additional ligand. This is a consequence of well-known
chloride abstraction quite often observed by a reaction of
copper(l) complexes with this solvent.?” The crystal structure of
[Cu'(2)CIIPFs (Fig 4c) revealed a distorted square pyramidal
coordination geometry with the thioether group in an axial position
with a Cu-S bond distance of 2.7418(6) A for [Cu'(2)CI]PFs
(Figure 4), 2.7171(7) for [Cu"(3)CJOTf and 2.7174(5) A for
[Cu"(4)CIIPFs. The Cu-S bond distances are comparable with
data reported previously for structurally characterized
[Cu'"(2)(CI))(BF4) by Rorabacher and co-workers who furthermore
investigated redox potentials, kinetics of complex formation, and
catalytic catechol oxidations.!"”2%! While ligands 1 - 6 only differ in
the type of thioether residues, the effect of chelate ring size was
studied with ligand 7 (Scheme 5). The influence of modifications
of the pyridine residue was investigated furthermore by applying
ligands 8, 9, and 10 (Scheme 5). Reaction of the ligands 7 and 8
with copper(l)saltsin an acetone/dichloromethane mixture caused
the formation of yellow-colored solids, formulated as [Cu'(7)]BPha
and [Cu'(8)]PFs, on the basis of crystal structure analysis
(crystallographic data are reported in the Supporting Information).
In comparison with previously described structures, the
complexes turned out to be mononuclear with a Cu-S bond of
2.2031(6) and 2.2297(5) A. Copper(ll) complexes suitable for
crystallographic characterization were not obtained. In contrast to
copper(l) complexes with these two ligands. It was not possible to
obtain copper(l) complexes with ligands 9 and 10. During the
reaction of these two ligands with different copper(l) salts, a
disproportionation reaction occurred and only the corresponding
copper(ll) complexes could be isolated. However, it was possible
to crystallize the copper(ll) complexes by slow solvent
evaporation (the molecular structures and the crystallographic
data are presented in the Supporting Information). No secondary
weak interactions in the crystal structures were detected.

Electrochemical studies

The copper(l) complexes were characterized by cyclic
voltammetry to gain more information on the influence of the
different thioether residues with regard to their redox potentials.
The redox potentials were determined at a complex concentration
of 2 mM in acetonitrile under anaerobic conditions starting from
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the copper(l) complex. Ferrocene was used as standard (E12 =
0.65 V under these conditions). The cyclic voltammograms for the
complexes with the ligands 2 - 5 are presented in Figure 5 while
cyclic voltammograms of the complexes with the ligands 6 - 10
are reported in the Supporting Information. Redox potentials are
reported in Table 1. All complexes (with the exception of
[Cu(7)]BPhs and [Cu(10)]BPhs) showed reversible behavior and
the potentials of nearly all copper(l) complexes are quite similar
with a value of Ei2 close to 0.1 V. However, the half-wave
potentials of complexes with the ligands 2 — 6 indicate that
sterically more demanding residues (except for 4) result in a
higher value of E12. While the larger distance of the N-donor atom
and the S-donor atom in Ligand 7 and the additional substitution
of the pyridyl-groups in ligand 10 caused irreversibility, the
modification of only the pyridyl groups with sterically demanding
groups resulted in a shift to more positive oxidation values. The
value of E12 for the complex with ligand 2 is comparable to the
results obtained by Rorabacher and co-workers in 1999. In
contrast to our work, they determined the potential in an aqueous
solution with ferroin as an external standard. Nevertheless
changing the methyl group to the sterically more demanding ethyl
group led to a higher E12 value as well.[']

3.0x10°°
[— [CU2)]PF;
[— [CU3)]PF;
2.0x10°¢ 4~ [CU4)IPF;
[— [CUS)IPF,
1.0x10° 4
<
= 0.0 4
-1.0x10°
-2.0x10°
-3.0x10° T T T T T T T

02 01 0.0 0.1 02 03 0.4
E/V

Figure 5: Cyclic voltammograms of the copper(l) complexes with ligands 2, 3,
4 and 5 in acetonitrile (Coomplex = 2 mmol L; Colectroite = 0.1 mol L™).

Table 1. Potentials of the copper(l) complexes.

Complex! Ep®[V] Ep™ [V] E12[V] AE [mV]
[Cu(2)]BPh, 0.044 0.140 0.092 96
[Cu(3)]BPh, 0.094 0.200 0.147 106
[Cu(4)BPh, -0.050 0.130 0.040 180
[Cu(5)]BPh, 0.114 0.250 0.182 136
[Cu(6)]BPh, 0.204 0.326 0.265 122
[Cu(7)]BPh, = = = =
[Cu(8)]BPh 0.134 0.250 0.192 116
[Cu(9)]BPh, -0.030 0.100 0.035 130
[Cu(10)]BPh, - - - -

10.1002/ejic.202200626
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Oxygenation reactions of copper(l) complexes

As described in the introduction a number of N3Sicetner) ligands,
containing two pyridyl-, one amine- and one thioether-donor, have
been investigated previously and showed that Cu'/O: reactivity
often led to the formation of p-1,2-trans-peroxo dicopper(ll)
species.® 28] However, further modifications of the ligand system
by Karlin and co-workers allowed to generate a mononuclear
copper(ll) superoxido complex possessing a thioether ligation.®!
When copper(l) complexes with ligands 2 — 6 were reacted with
dioxygen, here as well, only the formation of the corresponding -
1,2-trans-peroxo dicopper(ll) complexes could be
spectroscopically observed. Thus dioxygen reacts with [Cu'(3)]*
in acetone at -90 °C, forming the dark blue colored y-1,2-trans-
peroxo dicopper(ll) species (Scheme 8).

Absorbance

450 500
Wavelength [nm]

Figure 6. Time-resolved UV-vis spectra of the reaction of dioxygen (Cgoxygen =
5.7 - 10 mol/L)? with [Cu'(3)]BPhs in acetone (Ceompex = 0.2 mmol/L after
mixing) at -90 °C. The inset displays the time dependent change in absorbance
at 616 nm (black: experimental, red: exponential fit).

Time resolved UV-vis spectra are presented in Figure 6.
Absorbance maxima at 455 nm, 541 nm and 616 nm are
consistent with the formation of the peroxido complex similar to
other trans-peroxido complexes, e.g. [((Cu"(TMPA))z(u-1,2-02)]
reported previously.['"! However, as can be seen in Figure 6, no
formation of an end-on superoxido copper complex could be
detected.

20
)
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Figure 7. kovs vs. ¢(O2) at -80 °C.
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The absorbance vs. time trace at 616 nm (as well as at other
wavelengths) obtained under pseudo first order conditions could
be fitted to a one exponential function, indicating first order for the
complex concentration in the rate law. A plot of koss vs. [O2]
showed a linear dependence in line with first order of dioxygen
concentration as well (Fig. 7). The intercept is the consequence
of the reversibility of the reaction. The overall reaction sequence
can be described according to Scheme 7.

+0, O +LCu! Leu"
Loy =—= o 0 =——

NN

o cu''lL
Scheme 7: Formation of the p-1,2-trans-peroxo dicopper(ll) species via a
mononuclear copper(ll) superoxido complex.

While it is sometimes possible to observe the superoxido complex
as an intermediate,?” this is not the case if the formation of this
species is rate-determining (followed by a very fast consecutive
step). A description of the kinetics of this type of mechanism has
been described previously in great detail.?®!

N S o Sk
e L 0, Acetone, -90 °C < \CI”
= ul — O o

s
Q 7\
N A—N

\ \ >i/s N

Scheme 8: Reversible dioxygen binding of [Cu'(3)]BPha,

An Eyring plot (Fig. 8) allowed the calculation of the activation
parameters to AH* =21+ 1 kJ - mol” and AS* =-70 + 3 J - mol”!
K' and is in line with previous measurements of related
complexes. The negative activation entropy indicates an
associative mechanism. Kinetic measurements were also
performed for complexes [Cu'(4)]' and [Cu'(6)]" (Supporting
Information) and activation parameters could be obtained (Table
2). Due to the similarity of all these reactions no detailed kinetic
investigations were performed for complexes [Cul(2)]* and
[Cu'(s)".

00050 00051 00052 00053 00054 00055
Tk

Figure 8. Eyring plot for k2 values obtained from the temporal evolution of the
absorbance at 616 nm between -89 °C and -73 °C for the reaction of
[Cu'(3)]BPhs with Oz in acetone.

Further reactions with dioxygen were performed at -140 °C in
MeTHF/THF which also only allowed to spectroscopically detect
the formation of the dinuclear peroxido copper complex again.

10.1002/ejic.202200626
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Table 2. Calculated activation parameters for the Oz-interaction in acetone at -
90 °C.

Parameter' [Cu'(3)* [Cu'(4)]* [Cu'(6)]*
AH? (kJ-mol™) +21+1 +29¢ 1 +21%1
AS* (J'mol” K1) -70+£3 294 -66+4

Previously, we observed that ozone could be applied to generate
an end-on-superoxido copper complex.?' Therefore, ozone was
reacted with [Cu'(3)]" in acetone at -90 °C. While there was an
indication that a superoxido complex might have formed briefly it
was not possible to really detect and characterize this species.
Switching the solvent to MeTHF/THF and lowering the
temperature to -140 °C allowed the observation of the formation
of a dark green colored species followed by an immediate color
change to dark blue right afterwards. While the green color
strongly indicates the formation of an end-superoxido copper
complex, attempts to analyze this species failed due to the
instability of the compound. The UV-vis spectrum of the dark blue
species with absorbance maxima at 540 and 616 nm (Fig. 9) are
in line with the formation of the p-1,2-trans-peroxido dicopper(ll)
complex.

The interaction of [Cu(9)]* and [Cu(10)]* with dioxygen (in
acetone) and ozone (in MeTHF/THF) could not be analyzed due
to the fact that both complexes tend to disproportionate.

0.8 4

0.6

0.4

Absorbance

0.2 4

0.0 T T T
300 400 500 600 700

Wavelength [nm]

Figure 9: UV-vis spectra of the reaction of [Cu'(3)]BPhs with ozone in
MeTHF/THF at -140 °C.

In comparison to these complexes, the copper(l) complexes of 7
and 8 did not react with dioxygen at all. The addition of O2 at low
temperature led to no spectroscopic changes and even at room
temperature no color change was observed, indicating that a
seemingly minor ligand modification (larger distance between the
N-donor and S-donor atom in 7 and addition of a steric more
demanding pyridyl group in 8), effects the Cu'O2 chemistry and
stability of these complexes highly.

Summary and Conclusion

The results reported herein demonstrate the importance and
influence of ligand design and ligand modification in Cu'/O2-
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chemistry. Copper(l) complexes with ligands based on TMPA (=
tris(2-pyridylmethyl)amine) behaved quite differently. While some
complexes could not even be studied due to disproportionation in
solution, other ones (e. g. due to larger chelate rings leading to a
stabilization of Cu(l) complexes) did not react at all with dioxygen.
In contrast, other complexes of the investigated series did form p-
1,2-trans-peroxido dicopper(ll) that could be spectroscopically
observed at low temperatures in stopped-flow measurements.
However, in none of these reactions, it was possible to observe
an end-on superoxido copper complex prior to the consecutive
reaction to the peroxido complex. Kinetic measurements showed
that the formation of the superoxido complex is rate-determining
and therefore, it was not possible to detect this species. Different
from previous investigations by us, reactions with ozone did not
provide any advantage for the systems studied here. A dark green
colored species was observed in one reaction with ozone at -
140 °C, however, this species was extremely short-lived and only
the dark blue colored p-1,2-trans-peroxido complex, formed
immediately afterward, could be spectroscopically detected.

However, most interesting was the finding that replacing the ethyl
group in the tren-guanidine derivative (™CEt)2(SEtF)N with a
methyl group allowed a dramatic increase in the stability of the
superoxido copper complex that only could be observed with
(TMCEL)2(SEt®)N at — 135 °C in contrast to the -90 ° (or even a bit
higher) with (™CEt)y(SetV¢)N. This is important for further
investigations to apply copper complexes in selective oxygenation
reactions.

Experimental Section

General: All reagents and solvents used were of p.a. quality and were
purchased from Sigma Aldrich and AcrosOrganics. The solvents were
purified by distillation with a drying agent by standard procedures. The air
sensitive syntheses of the metal complexes were performed under inert
conditions in a glove box by MBraun (H20 and Oz concentrations less than
0.1 ppm) under an argon atmosphere. Stopped-flow measurements were
carried out with a HI-Tech SF-61SX2 and CSF-61DX2 low-temperature
stopped-flow unit equipped with a diode array spectrophotometer. Kinetic
data were analyzed with the software Kinetic Studio (TgK Scientific). NMR
measurements were performed with a Bruker Avance Il 400 MHz (AV Il
400). The NMR analysis of the copper(l) complexes were carried out on a
Bruker Avance Neo 700 NMR spectrometer. For Electrospray-ionization
MS (ESI-MS) measurements a Bruker microTOF mass spectrometer was
used. UV/Vis spectra were recorded with an Agilent 8453 spectrometer.
The CHN elemental analysis was performed using the CHN-Analysator:
Thermo FlashEA — 1112 Series.

Electrochemistry: Cyclic its were performed
with a glassy carbon electrode as working electrode, a platinum/titanium
electrode (counter electrode) and an Ag/AgCl reference electrode. MeCN
was used as solvent and NBusBF: was applied as conducting salt.
Ferrocene was used as standard (E1z = 0.65 V) and the electrochemical
data were recorded with an e-corder 410 edaq (eDAQ, Colorado Springs,
US) and the programm eChem.

Crystallography: Experimental data by single-crystal X-ray diffraction
measurements were collected using a Bruker D8 Venture system,
equipped with dual lpS-sources (Mo/Cu), a PHOTON 100 or PHOTON |l
detector and an Oxford Cryostream 700 low temperature system (details
are described in the Supporting Information). More detailed information

regarding crystallographic results is reported in the Supporting Information.

10.1002/ejic.202200626
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Depositions Numbers 2193634 (for [Cu(1)](PFs)), 2195195 (for
[Cu2(2)2)(PFs)2), 2193628 (for [Cu(2))(PFs)), and 2193625 (for
[Cu(2)CI)(PFs)) contain the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karlsruhe
Accesss Structures service www.ccdc.cam.ac.uk/structures.

Synthesis of Ligands:

2-(Methylthio)ethanamine: To a solution of Na (4.92 g, 214 mmol) in
ethanol (300 mL) 2-aminoethanethiol (15.0 g, 194 mmol) was added and
stirred at room temperature for 15 min. lodomethane (29.0 g, 204 mmol)
was added dropwise at 0 °C to the suspension. The reaction mixture was
stirred 15 min at room temperature. Afterwards, the mixture was heated
under reflux for 3 h and after cooling, distilled water (100 mL) was added.
Ethanol was removed under reduced pressure and the aqueous phase
was washed with dichloromethane (3 x 100 mL). The organic phase was
dried over Na2SO: and the solvent was evaporated under reduced
pressure. The resulting yellow oil was purified by Kugelrohr distillation to
give a colorless oil (14.6 g, 0.160 mol, 83 % yield). '"H NMR (400 MHz,
CDCls): & (ppm) = 2.89 (dd, J = 6.7, 5.9 Hz, 2H), 2.60 (dd, J = 6.7, 5.9 Hz,
2H), 2.10 (s, 3H), 1.64 (s, 2H); '*C NMR (100 MHz, CDCl3): & (ppm) =40.3
(CHz), 38.2 (CH2), 15.1 (CHs). HRMS (ESI): m/z calcd for CsH1oNS*:
92.0529; found: 92.0525 [M + HJ*; CsHaNNaS*: 114.0348; found: 114.0357
[M + NaJ*.

2,2°-((2-(Methylthio)ethy iyl)di itrile: To a suspension of
2-(Methylthio)ethaneamine (7.30 g, 80.1 mmol) and diisopropylethylamine
(20.7 g, 160 mmol) in acetonitrile bromoacetonitrile (19.2 g, 160 mmol)
was added dropwise at 0 °C. Afterwards, the reaction mixture was heated
to 60 °C for 3 h. After cooling to room temperature, distilled water (100 mL)
was added and the solution was extracted with dichloromethane (3 x 50
mL). The collected organic phases were dried over Na2SOs and the solvent
was removed under reduced pressure. The brown oil was extracted with
warm diethylether (3 x 100 mL) and the ether phases were dried over
NazSOa. The solvent was removed under reduced pressure to give a
yellow oil (7.63 g, 45.1 mmol, 56 % vyield). '"H NMR (400 MHz, CDCls): &
(ppm) = 3.69 (s, 4H), 2.94 — 2.90 (m, 2H), 2.69 — 2.65 (m, 2H), 2.16 (s,
3H); 3C NMR (100 MHz, CDCls): & (ppm) = 114.2 (q), 52.6 (CHz), 42.2
(CH2), 31.6 (CHz), 15.8 (CHa). HRMS (ESI): m/z calcd for C7H11N3sNaS*:
192.0566; found: 192.0572 [M + Na]J*.

N’-(Aminomethyl)-N"-(2-(methylthio)ethyl)ethane-1,2-diamine: To a
suspension of LiAlHs (9.75 g, 257 mmol) in dry THF (200 mL) at 0°C conc.
H2S04 (12.6 g, 128 mmol) was added carefully. After addition of conc.
H2S04 the suspension was stirred for 30 min at 0 °C. Afterwards, 2,2"-((2-
(Methylthio)ethyl)azanediyl)diacetonitrile (7.25 g, 42.8 mmol) was added
dropwise to the suspension and stirred for 24 h at room temperature.
Distilled water was added carefully at 0 °C to the suspension until no
further gas development was observed. The suspension was filtered and
the collected precipitate was washed with THF (200 mL). The solvent was
evaporated under reduced pressure. The oil was treated with distilled
water (100 mL) and washed with dichloromethane (3 x 50 mL). The organic
phases were dried over Na;SOs and the solvent was removed under
reduced pressure to give a yellow oil (2.22 g, 12.5 mmol, 29 %). '"H NMR
(400 MHz, CDCl3): & (ppm) = 2.75 (dd, J = 6.5, 5.3 Hz, 4H), 2.72 - 2.66
(m, 2H), 2.64 — 2.58 (m, 2H), 2.53 (dd, J = 6.5, 5.3 Hz, 4H), 2.12 (s, 3H),
1.47 (s, 4H); '3C NMR (100 MHz, CDCls): & (ppm) 57.3 (CHz), 53.5 (CH2),
39.9 (CHz), 32.6 (CHz), 15.8 (SCHs3). HRMS (ESI): m/z calcd for
C7H20N3S*: 178.1373; found: 178.1385 [M + H]*; C7H19N3sNaS*: 200.1192;
found: 200.1202 [M + Na]*.

2',2°+(((2-(Methylthio)ethyl) yl)bis(ethane-2,1-diyl))bis~(1,1,3,3-
tetramethyl-guanidine = 1): To an solution of N’-(Aminomethyl)-N"-(2-
(methylthio)ethyl)ethane-1,2-diamine  (0.50 g, 2.8 mmol) and
trimethylamine (0.57 g, 5.6 mmol) in dry acetonitrile (50 mL) at 0°C a
solution of Chloro-N,N,N’,N -tetramethylformamidinium hexa-
fluorophosphate (1.6 g, 5.6 mmol) in dry acetonitrile was added dropwise.
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The reaction mixture was stirred 3 h under reflux. Afterwards, a solution of
NaOH (0.27 g, 5.6 mmol) in distilled water (5.6 mL) was added and the
solvent was evaporated under pressure. In order to deprotonate the bis-
hydrochloride, KOH (50 wt.-%, 50 mL) was added and the ligand was
extracted into the acetonitrile phase (3 x 25 mL). The collected organic
phases were dried over Na2SOs and the solvent was evaporated under
reduced pressure to give a yellow oil (0.910 g, 1.68 mmol, 60 %). '"H NMR
(400 MHz, CD3sCN): & (ppm) = 3.18 — 3.12 (m, 4H), 2.75 — 2.72 (m, 14H),
2.71 - 2.70 (m, 2H), 2.68 (s, 12H), 2.49 — 2.44 (m, 4H), 2.11 (s, 3H); '*C
NMR (100 MHz, CD3CN): & (ppm) 163.1 (q), 57.4 (CH2), 53.9 (CH2), 47.6
(CHz2), 39.4 (NCHj3), 31.7 (CHz), 14.2 (SCH3). HRMS (ESI): m/z calcd for
Ci7H3gNsNaS*: 396.2880; found: 396.2872 [M + NaJ*.

General ligand-synthesis: The (Chloromethyl)pyridine backbone, the
thioether residue and potassium carbonate were placed in a Schlenk flask
and were dissolved in dry acetonitrile (100 mL). The reaction mixture was
stirred for four days under argon at 50-60 °C. After four days, the solvent
was removed and the yellow oil was dissolved in dichloromethane (100
mL). The organic phase was washed three times with water (20 mL). After
drying over MgSOs, the solution was filtered and the solvent was removed
by rotary evaporation. The yellow raw product was purified by column
chromatography. The general procedure is based on the ligand synthesis
of PMMESE published previously by Karlin and co-workers.®l Applied
amounts of reactants, purification, yields and analyses are listed for each
ligand.

Bis(2-pyridylmethyl)-2-(methylthio)ethylamine (2):
2-(Chloromethyl)pyridine hydrochloride (0.500 g, 3.05 mmol), 2-
(methylthio)ethylamine (0.132 g, 1.45 mmol) and potassium carbonate
(2.11 g, 15.3 mmol). The yellow raw product was purified by column
chromatography (alumina, 100 % ethyl acetate, Rr= 0.48) yielding a yellow
oil (0.277 g, 1.01 mmol, 70 % yield). 'H NMR (400 MHz, CDCl3): & (ppm)
=8.45 (ddd, J = 4.9, 1.8, 0.9 Hz, 2H), 7.59 (td, J = 7.6, 1.8 Hz, 2H), 7.51
(dt, J=7.8, 1.2 Hz, 2H), 7.08 (ddd, J = 7.4, 4.9, 1.3 Hz, 2H), 3.80 (s, 4H),
2.78 - 2.71 (m, 2H), 2.65 — 2.57 (m, 2H), 1.95 (s, 3H); '*C NMR (100 MHz,
CDCls) & (ppm) = 158.4 (q), 148.0 (CH), 135.7 (CH), 122.0 (CH), 121.0
(CH), 59.2 (CHz), 52.4 (CH2), 30.8 (CH2), 14.7 (CHs). HRMS (ESI): m/z
calcd for C15H20N3S*: 274.1373; found: 274.1370 [M + HJ*, C1sH1sNaNaS*:
296.1192; found: 296.1200 [M + Na]*.

Bis(2-pyridylmethyl)-2-(tert-butylthio)ethylamine (3):
2-(Chloromethyl)pyridine hydrochloride (1.35 g, 8.25 mmol), 2-(tert-
Butylthio)ethylamine (0.500 g, 3.75 mmol) and potassium carbonate (3.11
g, 225 mmol). The yellow raw product was purified by column
chromatography (alumina, 100 % ethyl acetate, Rr= 0.53) yielding a yellow
oil (0.680 g, 2.15 mmol, 57 % yield). '"H NMR (400 MHz, CDCl3): & (ppm)
=8.52 (ddd, J = 4.9, 1.8, 1.0 Hz, 2H), 7.66 (td, J = 7.6, 1.8 Hz, 2H), 7.58
(dt, J=7.8, 1.2 Hz, 2H), 7.14 (ddd, J = 7.3, 4.8, 1.3 Hz, 2H), 3.87 (s, 4H),
2.87 —2.75 (m, 2H), 2.75 - 2.65 (m, 2H), 1.26 (s, 9H); '*C NMR (100 MHz,
CDCl3) & (ppm) = 159.5 (q), 149.0 (CH), 123.0 (CH), 122.0 (CH), 121.0
(CH), 60.4 (CHz), 54.5 (CH2), 42.0 (q), 31.0 (CHs), 26.0 (CHz). HRMS
(ESI): m/z calcd for C1sH2sN3S*: 316.1842; found: 316.1838 [M + H]*.

Bis(2-pyridylmethyl)-2-(benzylthio)ethylamine (4):

2-(Chloromethyl)pyridine  hydrochloride (1.69 g, 10.3 mmol), 2-
(Benzylthio)ethylamine hydrochloride (0.951 g, 4.67 mmol) and potassium
carbonate (3.87 g, 28.0 mmol). The yellow raw product was purified by
column chromatography (alumina, 1:1 ethyl acetate/hexane, Rr = 0.56)
yielding a yellow oil (0.890 g, 2.55 mmol, 55 % yield). 'H NMR (400 MHz,
CDCl3): & (ppm) = 8.51 (ddd, J = 4.9, 1.8, 0.9 Hz, 2H), 7.57 (td, J = 7.7,
1.8 Hz, 2H), 7.54 (dt, J = 7.8, 1.2 Hz, 2H), 7.29 — 7.18 (m, 5H), 7.14 (ddd,
J=7.4,49,13,2H), 3.81 (s, 4H), 3.61 (s, 2H), 2.83 — 2.72 (m, 2H), 2.65
—2.54 (m, 2H); "*C NMR (100 MHz, CDCl3) & (ppm) = 159.5 (q), 149.0 (q),
138.4 (CH), 136.4 (CH), 128.8 (CH), 128.5 (CH), 127.0 (CH), 123.0 (CH),
122.0 (CH), 60.4 (CH2), 563.6 (CH2), 36.3 (CH2), 28.9 (CH2). HRMS (ESI):
miz caled for C21H24N3S*: 350.168; found: 350.163 [M + HJ*,
C21H23N3NaS*: 372.1505; found: 372.1511 [M + HJ*.

10.1002/ejic.202200626
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Bis(2-pyridylmethyl)-2-((4-methoxybenzyl)thio)ethylamine (5):
2-(Chloromethyl)pyridine hydrochloride (0.386 g, 2.35 mmol), 2-((4-
Methoxybenzyl)thio)ethylamine hydrochloride (0.250 g, 1.07 mmol) and
potassium carbonate (0.887 g, 6.42 mmol). The yellow raw product was
purified by column chromatography (alumina, 3:1 ethyl tate/methanol,
Rr=0.50) yielding a yellow oil (0.151 g, 0.398 mmol, 37 % vyield). '"H NMR
(400 MHz, CDCls): & (ppm) = 8.44 (ddd, J = 4.9, 1.8, 0.9 Hz, 2H), 7.57 (td,
J =76, 1.8 Hz, 2H), 7.47 (dt, J = 7.9, 1.1 Hz, 2H), 7.11 = 7.01 (m, 4H),
6.74 — 6.69 (m, 2H), 3.74 (s, 4H), 3.71 (s, 3H), 3.50 (s, 2H), 2.73 — 2.66
(m, 2H), 2.55 — 2.48 (m, 2H); '*C NMR (100 MHz, CDCl3) & (ppm) = 158.5
(q), 157.5 (q), 148.0 (q), 135.7 (CH), 129.4 (CH), 128.8 (CH), 122.0 (CH),
121.0 (CH), 112.8 (CH), 59.2 (CH2), 54.2 (CH2), 52.6 (CH2), 34.6 (CH2),
27.8 (CHs). HRMS (ESI): m/z calcd for C22H26N3OS*: 380.1792; found:
380.1788 [M + HJ*.

Bis(2-pyridylmethyl)-2-(furfurylthio)ethylamine (6):
2-(Chloromethyl)pyridine hydrochloride (0.676 g, 4.12 mmol), 2-
(Furfurythio)ethylamine (0.296 g, 1.88 mmol) and potassium carbonate
(1.56 g, 11.3 mmol). The yellow raw product was purified by column
chromatography (alumina, 100 % ethyl acetate, Ry=0.13) yielding a yellow
oil (0.360 g, 1.06 mmol, 56 % yield). '"H NMR (400 MHz, CDCla): & (ppm)
=8.52 (ddd, J = 4.9, 1.8, 0.9 Hz, 2H), 7.66 (td, J = 7.6, 1.8 Hz, 2H), 7.56
(dt, J=7.9, 1.2 Hz, 2H), 7.30 (dd, J = 1.9, 0.9 Hz, 1H), 7.15 (ddd, J = 7.5,
4.9, 1.3 Hz, 2H), 6.25 (dd, J = 3.2, 1.9 Hz, 1H), 6.08 (dd, J = 3.1, 0.9 Hz,
1H), 3.84 (s, 4H), 3.62 (s, 2H), 2.82 — 2.74 (m, 2H), 2.73 — 2.64 (m, 2H);
3C NMR (100 MHz, CDCl) & (ppm) = 159.4 (q), 151.6 (g), 149.0 (CH),
142.1 (CH), 136.5 (CH), 123.3 (CH), 123.0 (CH), 122.1 (CH), 110.4 (CH),
107.5 (CH), 60.1 (CH2), 53.5 (CH2), 29.2 (CH2), 28.3 (CHz). HRMS (ESI):
m/z calcd for C1oH22N30S*: 340.1479; found: 340.1485 [M + HJ',
C1gH21NaN3OS*: 362.1298; found: 362.1300 [M + NaJ*.

Bis(2-pyridylmethyl)-3-(methylithio)propylamine (7):
2-(Chloromethyl)pyridine hydrochloride (3.43 g, 20.9 mmol), 3-
(methylthio)propylamine (1.00 g, 9.51 mmol) and potassium carbonate
(7.89 g, 57.1 mmol). The yellow raw product was purified by column
chromatography (alumina, 100 % ethyl acetate, Rr= 0.54) yielding a yellow
oil (0.910 g, 3.16 mmol, 33 % yield). 'H NMR (400 MHz, CDCls): 5 (ppm)
=8.53 (ddd, J=4.9, 1.8, 0.9 Hz, 2H), 7.66 (td, J = 7.6, 1.8 Hz, 2H), 7.53
(d, J= 7.8 Hz, 2H), 7.15 (ddd, J = 7.5, 4.9, 1.3 Hz, 2H), 3.85 (s, 4H), 2.67
(t,J=7.1Hz, 2H), 2.52 — 2.42 (m, 2H), 2.04 (s, 3H), 1.84 (p, J= 7.3 Hz,
2H); 13C NMR (100 MHz, CDCls) & (ppm) = 159.6 (q), 149.0 (CH), 136.4
(CH), 123.0 (CH), 122.0 (CH), 60.5 (CH2), 53.3 (CHz), 32.0 (CH2), 26.7
(CH2), 15.4 (CHs). HRMS (ESI): miz calcd for CieH22N3S*: 288.1529;
found: 288.1528 [M + HJ*.

Bis(2-quinolylmethyl)-2-(methylthio)ethylamine (8):
2-(Chloromethyl)quinoline hydrochloride (1.77 g, 8.25 mmol), 2-
(methylthio)ethylamine (0.342 g, 3.75 mmol) and potassium carbonate
(3.11 g, 22.5 mmol). The yellow raw product was purified by column
chromatography (alumina, 1:1 ethyl acetate/hexane, Rr = 0.61) yielding a
yellow solid (0.798 g, 2.14 mmol, 57 % yield). 'H NMR (400 MHz, CDCls):
& (ppm) = 8.14 (dd, J = 8.5, 0.8 Hz, 2H), 8.04 (dq, J = 8.4, 0.9 Hz, 2H),
7.84-7.74 (m, 4H), 7.68 (ddd, J= 8.4, 6.9, 1.5 Hz, 2H), 7.50 (ddd, J=8.1,
6.9, 1.2 Hz, 2H), 4.07 (s, 4H), 2.90 (dd, J = 8.5, 6.0 Hz, 2H), 2.73 (dd, J =
8.3,5.9 Hz, 2H), 1.97 (s, 3H); '*C NMR (100 MHz, CDCls) & (ppm) = 160.2
(q), 147.5 (CH), 136.4 (CH), 129.4 (CH), 129.0 (CH), 127.5 (CH), 127.4
(CH), 126.2 (CH), 121.2 (CH), 61.2 (CH2), 53.5 (CH2), 31.9 (CH2), 15.7
(CHa). HRMS (ESI): m/z calcd for C23H24N3S*: 374.1686; found: 374.1692
[M + H]*, C23H2sN3NaS*: 396.1505; found: 396.1511 [M + NaJ*.

Bis(3,4-dimethoxy-2-pyridylmethyl)-2-methylthioethylamine (9):

2-(Chloromethyl)-3,4-dimethoxypyridine hydro-chloride (1.85 g, 8.25
mmol), 2-(methylthio)ethylamine (0.342 g, 3.75 mmol) and potassium
carbonate (3.11 g, 22.5 mmol). The yellow raw product was purified by
column chromatography (alumina, 1:1 ethyl acetate/hexane, Rr = 0.61)
yielding a yellow solid (0.798 g, 2.14 mmol, 57 % yield). "H NMR (400 MHz,
CDCla): & (ppm) = 8.39 (d, J = 5.7 Hz, 2H), 6.92 (d, J = 5.7 Hz, 2H), 4.17
(s, 4H), 3.94 (s, 6H), 3.83 (s, 6H), 3.09 - 3.01 (m, 2H), 2.77 — 2.70 (m, 2H),

This article is protected by copyright. All rights reserved.

33

1 "Bl *278906601

iy wog

fopuw

] ua £riqry Swuo 1A feisioatu-Figery-susny £ 979007Z0T M1/2001

SuonIpuo,y pue SUMST 3 338 [2202/1 146

25U SUOUNIIO)) aneal)) djqearjdde o Aq POLAOE ALe SAILLE VO 1350 JO S0 10) A1IQITAUUO A BO



Publication

European Journal of Inorganic Chemistry

2.02 (s, 3H); C NMR (100 MHz, CDCls) & (ppm) = 159.4 (q), 150.4 (CH),
144.8 (CH), 144.4 (CH), 107.5 (CH), 61.1 (CH2), 56.0 (CH2), 53.6 (CHa),
53.2 (CHs), 30.9 (CHz), 15.4 (CHs). HRMS (ESI): m/z calcd for
C19H28N304S*: 394.1796; found: 394.1801 [M + H]*.

Bis(4-methoxy-3,5-dimethyl--2-pyridylmethyl)-2-(tert-butylthio)ethyl-
amine (10):  2-(Chloromethyl)-4-methoxy-3,5-dimethylpyridine  hydro-
chloride (0.916 g, 4.12 mmol), 2-(tert-Butylthio)ethylamine (0.251 g, 1.88
mmol) and potassium carbonate (1.56 g, 11.3 mmol). The yellow raw
product was purified by column chromatography (alumina, 100 % ethyl
acetate, Rr= 0.52) yielding a yellow oil (0.800 g, 1.85 mmol, 98 % vyield).
H NMR (400 MHz, CDCls): 5 (ppm) = 8.08 (s, 2H), 3.69 (s, 4H), 3.65 (s,
6H), 2.68 — 2.60 (m, 2H), 2.55 — 2.46 (m, 2H), 2.15 (s, 6H), 2.06 (s, 6H),
1.12 (s, 9H); '*C NMR (100 MHz, CDCls) 5 (ppm) = 163.0 (q), 156.0 (CH),
147.3 (CH), 125.4 (CH), 124.2 (CH), 58.7 (CH), 53.8 (CH2), 40.9 (CHz),
30.1 (CHa), 24.4 (CH2), 12.2 (CHa), 9.7 (CHa). HRMS (ESI): m/z calcd for
C24HasN302S*: 432.2680; found: 432.2675 [M + H]*; CasH37NaNaO2S*:
454.2499; found: 454.2500 [M + Na]*.

Synthesis of Copper(l) Complexes:

[Cu(1)]PFe: To a stirred solution of 1 (0.059 g, 0.11 mmol) in 2-MeTHF (2
mL) a solution of [Cu(MeCN):]PFs (0.037 g, 0.10 mmol) in 2-MeTHF (2
mL) was added dropwise. The mixture was stirred over night at room
temperature. Slow evaporation of the solvent led to yellow crystals that
were suitable for X-ray structural characterisation. Yield: 46.5 mg (0.080
mmol, 80 %). '"H NMR (700 MHz, acetone-d6): & (ppm) = 3.25 (ddd, J =
13.9, 7.0, 3.8 Hz, 2H), 3.13 (ddd, J = 13.9, 6.9, 3.9 Hz, 2H), 2.94 (dd, J =
9.2, 2.8 Hz, 4H), 2.84 — 2.81 (m, 2H), 2.80 — 2.77 (m, 2H), 2.69 (s, 12H),
2.67 (s, 12H), 2.06 (s, 3H). HRMS (ESI): m/z calcd for C17HasCuFsN7PS*:
581.1925; found: 581.1932 [M + L]*. Anal calcd (%) for C17H39CuFeN7PS -
2.5 CH3CN: C 29.48, H 5.58, N 12.34, found: C 29.06, H 5.22, N 12.73.

[Cu(2)]PFe: To a stirred solution of 2 (0.050 g, 0.18 mmol) in acetone (2
mL) a solution of [Cu(MeCN)4]PFs (0.068 g, 0.18 mmol) in acetone (2 mL)
was added dropwise. The mixture was stirred over night at room
temperature. Slow evaporation of the solvent led to yellow crystals that
were suitable for X-ray structural characterisation. Yield: 74.4 mg (0.155
mmol ,85 %). 'H NMR (700 MHz, acetone-d6): & (ppm) = 7.93 (s, 2H), 7.16
(s, 4H), 7.14 = 7.10 (m, 2H), 4.19 (s, 4H), 3.13 (s, 4H), 1.95 (s, 3H). HRMS
(ESI): m/z calcd for C1sH1sCuNsS*: 336.0591; found: 336.0594 [M + LJ*.
Anal. caled (%) for CisH1sCuFeNsPS: C 37.39, H 3.97, N 8.72, found: C
37.88,H 3.85, N 8.44.

[Cu(3)]BPhs: To a stirred solution of 3 (0.050 g, 0.16 mmol) in
dichloromethane (2 mL) a solution of [Cu(MeCN)s]PFs (0.058 g, 0.157
mmol) in dichloromethane (2 mL) was added dropwise. After stirring for 2
h, solid NaBPhs (0.054 g, 0.16 mmol) was added and it was stirred over
night at room temperature. The yellow solution was filtered and slow
evaporation of the solvent led to colorless crystals that were suitable for X-
ray structural characterisation. Yield: 76.6 mg (0.110 mmol, 70 %)."H NMR
(700 MHz, acetone-d6): & (ppm) = 7.78 (t, J = 7.7 Hz, 2H), 7.48 — 7.38 (m,
4H), 7.21 (dddt, J= 8.0, 5.5, 2.8, 1.5 Hz, 9H), 6.79 (t, J = 7.4 Hz, 9H), 6.64
(tt, J=7.3, 1.5 Hz, 4H), 4.14 (s, 4H), 3.07 (t, J = 5.3 Hz, 4H), 1.14 (s, 9H).
HRMS (ESI): m/z calcd for C1eH2sCuNsS*: 378.1060; found: 378.1062 [M
+L]*. Anal. calcd (%) for C42HssBCuNsS - 0.6 CH2Cl2: C 68.29, H 6.22, N
5.61, found: C 68.15, H 6.11, N 5.62.

[Cu(4)]PFs: To a stirred solution of 4 (0.050 g, 0.14 mmol) in
dichloromethane (2 mL) a solution of [Cu(MeCN)s]JPFs (0.052 g, 0.14
mmol) in dichloromethane (2 mL) was added dropwise. The solution was
stirred over night at room temperature. Slow evaporation of the solvent led
to yellow crystals that were suitable for X-ray structural characterisation.
Yield: 829 mg (0.113 mmol ,81 %). HRMS (ESI): m/z calcd for
C21H23CuN3S*: 412.0904; found: 412.0904 [M + L]*; C21H23CICuN3S*:
447.0592; found: 447.0594 [M + L + CIJ*. Anal. caled (%) for
C21H23CuFeN3PS - 0.5 CHzClz: C 43.01, H 4.03, N 7.00, found: C 43.08, H
3.89, N 7.06.
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[Cu(5)]BPhs: To a stired solution of 5 (0.021 g, 0.055 mmol) in
dichloromethane (2 mL) a solution of [Cu(MeCN)4]PFs (0.020 g, 0.054
mmol) in dichloromethane (2 mL) was added dropwise. After stirring for 2
h, solid NaBPhs (0.019 g, 0.054 mmol) was added and it was stirred over
night at room temperature. The yellow solution was filtered and slow
evaporation of the solvent led to colorless crystals that were suitable for X-
ray structural characterisation. Yield: 32.1 mg (0.0420 mmol, 78 %).'H
NMR (700 MHz, acetone-d6): & (ppm) = 8.61 (dt, J = 5.1, 1.5 Hz, 2H), 7.78
(td, J=7.7, 1.7 Hz, 3H), 7.36 (dd, J = 7.6, 5.0 Hz, 5H), 7.21 - 7.19 (m, 7H),
7.04 - 6.99 (m, 3H), 6.78 (t, J = 7.4 Hz, 6H), 6.71 — 6.67 (m, 3H), 6.66 —
6.61 (m, 3H), 4.04 (s, 2H), 3.62 (s, 4H), 3.40 (s, 3H), 2.93 (dd, J= 6.8, 4.5
Hz, 2H), 2.85 (dd, J = 6.6, 4.7 Hz, 2H). HRMS (ESI): m/z calcd for
C22H25CuNsOS*: 442.1009; found: 442.1006 [M + L]*. Anal. calcd (%) for
CagHasBCuN3OS - 2.5 CH2Cl2 - CH3CN: € 59.72, H 5.26, N 5.52, found: C
59.24, H5.08, N 5.52.

[Cu(6)]OTf: To a stirred solution of 6 (0.100 g, 0.295 mmol) in acetone (2
mL) a solution of [Cu(MeCN)sJOTf (0.109 g, 0.290 mmol) in acetone (2 mL)
was added dropwise. The solution was stirred over night at room
temperature. Slow evaporation of the solvent led to a yellow solid. Yield:
109 mg (0.197 mmol , 68 %).'H NMR (700 MHz, acetone-d6): & (ppm) =
7.99 (t, J=7.4 Hz, 5H), 7.43 (d, J = 1.9 Hz, 2H), 6.32 (dd, J = 3.2, 1.8 Hz,
2H),6.29(d, J=3.2 Hz, 2H), 4.94 (s, 2H), 3.86 (s, 4H), 3.22 (s, 4H). HRMS
(ESI): m/z calcd for C1gH21CuNsOS*: 402.0696; found: 402.0699 [M + LJ*.
Anal. calcd (%) for CasHasBCuN3OS: C 43.51, H 3.83, N 7.61, found: C
43.48, H3.78, N 7.42.

[Cu(7)]BPhs: To a stirred solution of 7 (0.050 g, 0.17 mmol) in
dichloromethane (2 mL) a solution of [Cu(MeCN)s]PFs (0.065 g, 0.17
mmol) in dichloromethane (2 mL) was added dropwise. The mixture was
stirred for 30 min. at room temperature. An acetone solution (2 mL) of
sodium tetraphenylborate (0.059 g, 0.17 mmol) was added to the reaction
mixture and stirred at room temperature over night. The precipitated solid
was filtrated, washed with diethyl ether and dried. Slow evaporation of the
solvent led to colorless crystals that were suitable for X-ray structural
characterisation. Yield: 89.1 mg (0.133 mg, 77 %). 'H NMR (700 MHz,
acetone-d6): 6 (ppm) = 8.71 (d, J = 5.1 Hz, 2H), 7.93 (td, J = 7.7, 1.7 Hz,
2H), 7.53 - 7.47 (m, 4H), 7.36 — 7.30 (m, 8H), 6.94 (t, J= 7.5 Hz, 8H), 6.79
(tt, J= 7.2, 1.5 Hz, 4H), 4.04 (s, 4H), 3.12 — 2.96 (m, 3H), 2.76 — 2.64 (m,
3H), 2.33 (s, 3H). HRMS (ESI): m/z calcd for C1eH21CuNaS*: 350.0747;
found: 350.0752 [M + L]*. Anal. calcd (%) for C4oH41BCuNsS - 0.5 CH2Cl2:
C 68.26, H 5.94, N 5.90, found: C 68.49, H 6.02, N 6.36.

[Cu(8)]PFs: To a stirred solution of 8 (0.050 g, 0.13 mmol) in acetone (2
mL) a solution of [Cu(MeCN)4]PFs (0.050 g, 0.13 mmol) in acetone (2 mL)
was added dropwise. The solution was stirred over night at room
temperature. Slow evaporation of the solvent led to yellow crystals that
were suitable for X-ray structural characterisation. Yield: 68.0 mg (0.117
mmol ,88 %). '"H NMR (700 MHz, acetone-d6): & (ppm) = 8.62 (d, J = 8.4
Hz, 2H), 8.41 (d, J = 8.5 Hz, 2H), 7.94 (d, J = 8.1 Hz, 2H), 7.90 — 7.83 (m,
2H), 7.59 (t, J = 7.59 Hz, 2H), 7.53 (d, J = 8.5 Hz, 2H), 4.60 (d, J = 17.4
Hz, 2H), 4.47 (d, J = 17.4 Hz, 2H), 3.16 (t, J= 5.6 Hz, 2H), 3.06 (t, /= 5.5
Hz, 2H), 1.73 (s, 3H). HRMS (ESI): m/z calcd for C2sH23CuN3S*: 436.0904;
found: 436.0904 [M + L]*. Anal. calcd (%) for C2aH23CuFsN3sPS: C 47.46,
H 3.98, N 7.22, found: C 46.75, H 3.85, N 7.02.

[Cu(9)]BPhs: To a stirred solution of 9 (0.030 g, 0.076 mmol) in
dichloromethane (2 mL) a solution of [Cu(MeCN)4]PFs (0.028 g, 0.076
mmol) in dichloromethane (2 mL) was added dropwise. After stirring for 2
h, solid NaBPhs (0.026 g, 0.076 mmol) was added and it was stirred over
night at room temperature. The yellow solution was filtered and slow
evaporation of the solvent led to a yellow solid. Yield: 43.6 mg (0.0560
mmol, 74 %). HRMS (ESI): m/z calcd for C1gH27CuN304S*: 456.101; found:
456.104 [M + LJ*; C19H27CICuN3O4S*: 491.0707; found: 491.0702 [M + L
+ CIJ]*. Anal. calcd (%) for CasHa7BCuN304S - 4.5 CH2Cl2 - CH3CN: C 49.57
H 4.96 N 4.67, found: C 49.42, H 4.69, N 5.06.
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[Cu(10)]PFs: To a stirred solution of 10 (0.025 g, 0.058 mmol) in
dichloromethane (2 mL) a solution of [Cu(MeCN)sJPFs (0.021 g, 0.055
mmol) in dichloromethane (2 mL) was added dropwise. The solution was
stirred over night at room temperature. Slow evaporation of the solvent led
to a yellow solid. Yield: 24.6 mg (0.0390 mmol ,70 %). HRMS (ESI): m/z
calcd for C2sHa7CuN3O2S*: 494.1897; found: 494.1895 [M + L]*. Anal.
calcd (%) for C2aHa7CuFeN3O2PS - 0.5 CH2Cl2: C 43.11, H 5.61, N 6.16,
found: C 43.27, H 5.71, N 6.08.

Oxygenation Reactions of Copper(l) Complexes: In the glove box, ca.
100 mg of the copper(l) complex were dissolved in 2 mL acetone (for -
90 °C) or MeTHF/THF (for -140 °C). Dioxygen was bubbled 5 min. through
the complex solution using a syringe needle.

Ozonolysis of Copper(l) Complexes: Ozonolysis was performed with the
OZONOSAN PM 83 K. For the reactions with ozone and the copper(l)
complexes absolute dry glassware was used. The complex solutions were
prepared in a glove box. Ca. 100 mg of the copper complexes were
dissolved in 2 mL acetone (for -90 °C) or MeTHF/THF (for -140 °C). Ozone
was bubbled 5 min. through the complex solution with a special homebuilt
glass cannula, which allowed bubbling ozone through the complex solution
without any contact to the metal of a syringe needle.
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Copper(l) complexes with the macrocyclic thioether ligands 1,4,8,11-tetrathiacyclotetradecane
(tetrathiacyclam, 14-S4) and 1,8-dithia-4,11-diazacyclotetradecane (dithiacyclam, 14-N,S;)
were synthesised and structurally characterised. While the copper() complexes showed no
reactivity towards dioxygen, the formation of “dioxygen adduct complexes” could be
spectroscopically detected with ozone using low temperature stopped-flow techniques.
Furthermore, it was possible to synthesise and characterise iron(i) and cobalt(i) complexes
with the tetrathiacyclam ligand. No “dioxygen adduct” intermediates were observed when
these complexes were reacted with dioxygen or ozone. Depending on the reaction
conditions, the coordination of the metal ions could be controlled (endo- vs. exo-
coordination and cis- vs. trans-coordination) and in addition to mononuclear complexes,
also coordination polymers were obtained.

Introduction

With regard to gaining a better understanding of important selective oxidation/
oxygenation reactions there has been a large number of investigations of
copper and iron complexes that can be regarded as model compounds for cor-
responding metalloenzymes.' In particular, more recently interest increased in
the analysis of the active site of the copper monooxygenases peptidylglycine-o-
hydroxylating mono-oxygenase (PHM) and dopamine B-monooxygenase (DBM),
enzymes that are important for the synthesis of neuropeptides and hormones.
Only in 2004, structural characterisation of a copper dioxygen complex in PHM
could show unambiguously a mononuclear end-on-superoxido copper complex in
the active site.®* While up to then model compounds had supported the formation
of such a species spectroscopically it finally was possible to structurally charac-
terise an end-on copper superoxido complex with the tripodal ligand

Institut fiir Anorganische und Analytische Chemie, Justus-Liebig-Universitdt GiefSen, Heinrich-Buff-Ring 17,
35392 GiefSen, Germany. E-mail: siegfried.schindler@ac.jlug.de

+ Electronic supplementary information (ESI) available. CCDC 2107318-2107328. For ESI and
crystallographic data in CIF or other electronic format see DOI: 10.1039/d1fd00062d
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Scheme 1 Macrocyclic ligands (a) cyclam (R = H), TMC (R = CH3), (b) tet b, (c) 14-N,S; and
(d) 14-S4.

tris(tetramethylguanidino)tren (TMGstren).* Alternatively, dioxygen can be coor-
dinated as a side-on superoxide which has been thoroughly described previously
by Kitajima and Tolman;®> however, this is not a binding mode so far observed in
nature. In an effort to get closer to modelling the active site of PHM, Itoh and co-
workers® used tridentate ligands instead of tetradentate tripodal ligands.
However, while most of these compounds were based on all nitrogen ligands,’
PHM and DSM contain thioether ligand residues, such as cysteine (Cys) and
methionine (Met).>”* The coordination of Met plays an important role in copper
dioxygen chemistry and is of high interest for understanding how thioether-
ligation influences the structure, spectroscopy and reactivity.>® Therefore, in
previous work, a number of different thioether ligands already have been
studied.'® Bhadra et al. recently described the synthesis of an end-on superoxido
copper complex system with a ™ NS thioether ligand (a derivative of TMGstren).
It is the first reported end-on superoxido copper complex with an experimentally
proven Cu-S bond which also possesses demonstrated hydrogen atom abstrac-
tion (HAA) reactivity."

Based on earlier work by Valentine and co-workers, we have been successful in
spectroscopically observing the formation of an end-on superoxido copper
complex with the ligand tet b (rac5,5,7,12,12,14-hexamethyl-1,4,8,11-
tetraazacyclotetradecane), a derivative of the well-known macrocyclic ligand
cyclam (Scheme 1).">** With regard to these results we decided to investigate the
reactivity of copper complexes with the known sulfur containing derivatives of
cyclam (Scheme 1) 14-N,S, (1,8-dithia-4,11-diazacyclotetradecane, dithiacyclam)
and 14-S, (1,4,8,11-tetrathiacyclotetradecane, tetrathiacyclam) towards dioxygen
and ozone.'**

Results and discussion

As observed by us'® and reported previously by Nam, Karlin and co-workers, the
copper(i) complex with TMC as ligand does not react with dioxygen.'” In contrast,
as described above, the complex [Cu(tet b)]" reacts with dioxygen to form an end-
on superoxido complex.™

More recently we started to use ozone as an oxidant to trap an oxygen adduct
complex, e.g. to obtain an iron(iv) oxido complex with the ligand TMC, an
approach based on earlier work by Wieghardt and co-workers as well as by Pes-
tovsky et al.'® Furthermore, the oxygenation with ozone is well known for iron and
manganese porphyrinoid complexes.'”” However, to the best of our knowledge,
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studies on the reactions of ozone and copper() complexes to trap an “oxygen
adduct” have not been reported so far. Therefore, we thought it might be useful to
extend our investigations on the reactions of copper(i) complexes with ozone.

Interestingly, formation of the superoxido complex [(tet b)Cu(0,)]" is still
observed (characteristic absorbance maxima at 410 nm, Fig. 1) if the reaction is
performed with ozone, however, much faster decomposition takes place in
comparison with the reaction with pure dioxygen. Low temperature stopped-flow
measurements allowed obtaining the time resolved UV-vis spectra presented in
Fig. 1.

Because ozone is always applied together with dioxygen, with our ozone
generator a mixture of 6-14% ozone and 86-94% dioxygen is obtained (depending
on the gas pressure, time and current settings), the direct reaction with dioxygen
is still occurring. However, the presence of ozone obviously does lead to a fast
decomposition of the superoxido complex. Interestingly, even in the presence of
ozone, we did not observe a reaction of [Cu(TMC)]" with either dioxygen or ozone
(under the applied stopped-flow conditions).

Synthesis and characterisation of copper(i) complexes with the ligands 14-S,
and 14-N,S,

In order to better understand the effect of sulfur in the TMC ligand system, the
two derivatives 14-S, and 14-N,S, were synthesised. While 14-S, was commercially
available, 14-N,S, had to be prepared in a multi-step synthesis according to the
literature.'®

Previous work was reported on copper complexes with the 14-S, ligand in order
to investigate the importance of the geometry of copper(i/u)-complexes in copper
redox chemistry and revealed a polymeric crystal structure for the copper(i)
complex where each copper(i)-ion is coordinated to four sulfur atoms, three of
them originating from one ligand and the fourth one from an adjacent ligand.*

0.7
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Fig. 1 Time-resolved UV/vis spectra of the reaction of ozone/dioxygen with [Cu'(tet b)]
PFg in acetone (Ccomplex = 0.4 mmol Lt after mixing) at —90 °C, total time: 0.3 s.
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Fig.2 Molecular structures of [Cu'(14-S,)]* and [Cu'(14-N,S,)I* in ORTEP representations
at 50% probability. H atoms and counterions were omitted for clarity.
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The ability of the 14-S, ligand to maintain four coordinating bonds to a single
copper(i)-ion was indicated in solution by NMR measurements.”' In contrast to
these previous results we were able to prepare and structurally characterise the
monomeric copper species with different copper salts. The reaction of the 14-S,
ligand with [Cu(MeCN),JOTf in THF generated a colourless solid in high yield.
The formation of [Cu'(14-S,)JOTf was confirmed by electrospray-ionisation mass-
spectrometry (ESI-MS), revealing the characteristic peak at m/z = 330.975 for the
[Cu'(14-S4)]" cation. Moreover, we obtained suitable single crystals for X-ray
structural characterisation. The crystal structure revealed that the copper(i)-ion
is coordinated in a distorted tetrahedron by four sulfur-donor atoms. The
molecular structure of [Cu'(14-S,)]OTf is presented in Fig. 2 (crystallographic data
are reported in ESIT) and selected bond lengths and angles are given in Table 1.
Furthermore, it was possible to synthesise and structurally characterise [Cu'(14-
S4)]JPFe and [Cu'(14-S,)]BPh, (see ESIT) which only differ with regard to the anions.

Changing the solvent in the reaction with the 14-S, ligand and a copper salt
from a non-coordinating solvent such as THF or dichloromethane to a well-
coordinating solvent, e.g. MeCN, also led to the formation of a 1-dimensional
polymeric structure. However, this polymer is different to the one reported
previously and described above. In this new polymer, the copper(i)-ion is exo-
coordinated in a distorted tetrahedral geometry by three sulfur-donor atoms and

Table 1 Selected bond lengths/A and angles/® for [Cu'(14-S,)]OTf and [Cu'(14-N,S,)]OTf

[Cu'(14-S,)]OTf [Cu'(14-N,S,)]OTf

Bond length Bond length

Cu(1)-5(1) 2.270(4) Cu(1)-S(1) 2.257(6)
Cu(1)-5(2) 2.281(4) Cu(1)-5(2) 2.266(5)
Cu(1)-S(3) 2.262(4) Cu(1)-N(1) 2.091(17)
Cu(1)-S(4) 2.283(4) Cu(1)-N(2) 2.096(17)
Bond angle Bond angle

S(1)-Cu(1)-S(2) 95.8°(16) S(1)-Cu(1)-S(2) 146.4°(2)
S(1)-Cu(1)-S(3) 126.2°(16) S(1)-Cu(1)-N(1) 90.8°(5)
S(1)-Cu(1)-S(4) 112.4°(16) S(1)-Cu(1)-N(2) 106.4°(5)
S(2)-Cu(1)-5(3) 111.3°(16) S(2)-Cu(1)-N(1) 106.3°(5)
S(2)-Cu(1)-S(4) 118.5°(16) S(2)-Cu(1)-N(2) 91.2°(5)
S(3)-Cu(1)-S(4) 94.6°(15) N(1)-Cu(1)-N(2) 117.7°(7)
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Fig. 3 Excerpt of the crystal structure of {[Cu'(14-S,)(MeCN)PFl}, in ORTEP represen-
tation at 50% probability. H atoms and counterions were omitted for clarity.

one nitrogen-donor atom from MeCN. The three S-Cu bonds arising from two
different ligands coordinate alternately in a monodentate and bidentate fashion.
A section of the polymer chain is presented in Fig. 3 (crystallographic data are
reported in the ESIt).

In contrast to the reaction with the 14-S, ligand, no solvent effect was observed
for the formation of copper(i) complexes with the 14-N,S, ligand. It therefore
seems that the coordination of the complex (endo- vs. exo-coordination) depends
on the donor-atoms (two vs. four sulfur-atoms) and the type of solvent (non- vs.
good-coordinating solvent) used in the reaction. In fact, sulfur-containing mac-
rocycles often show metal coordination in an exo-fashion, caused by the torsion
arrangements from the donor atoms.” However, with the “right” reaction
conditions it is possible to force the ligand to coordinate the metal-ion inside the
cavity (endo-coordination).

A copper(i) complex with the 14-N,S, ligand, [Cu'(14-N,S,)]OTf, was easily
obtained and the molecular structure is presented in Fig. 2 (crystallographic data
are reported in the ESIT). The structure of its cation is nearly identical to the
molecular structure of the cation of the complex [Cu'(14-N,S,)]JPF; which had
been reported previously.**

In both complexes, [Cu'(14-S,)]OTf as well as [Cu'(14-N,S,)]OTf, the copper ion
is four-coordinated either by four sulfur atoms or by two sulfur atoms and two
nitrogen atoms in a distorted tetrahedral geometry. However, the complexes
differ in bond lengths and angles (Table 1). For example, comparing the 14-S,
complex to the 14-N,S, complex the S-Cu-S angle decreases by ~28° based on the
shorter Cu-N bond lengths, which are incorporated in the 14-N,S, complex, while
the Cu-S bond lengths in both complexes are almost identical.

Reactivity of the copper(r) complexes [Cu'(14-S,)]OTf and [Cu'(14-N,S,)]OTf
towards dioxygen and ozone

Similar to the reaction of the copper(1) complex with the ligand TMC described
above, copper complexes [Cu'(14-S,)]OTf and [Cu'(14-N,S,)]OTf did not react with
dioxygen. The coordinated sulfur atoms might even lead to a higher stability
towards oxidation due to the fact that sulfur containing ligand systems can form
quite stable Cu(i) complexes that are inert to dioxygen.” Furthermore, no reaction
was observed under stopped-flow conditions in dichloromethane at —80 °C. In
contrast, the reaction of [Cu'(14-S,)JOTf with ozone at —80 °C in dichloromethane
immediately led to a lime green species. Warming the solution led to the
formation of a light green coloured suspension. The light green solid could be
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separated, however, up to now we did not succeed in characterising this product.
Time-resolved UV-vis spectra obtained in a low temperature stopped-flow exper-
iment are shown in Fig. 4.

Absorbance maxima at 402 nm and 627 nm are consistent with the formation
of an end-on superoxido copper complex (compare with Fig. 1).” However, as can
be seen in Fig. 4 (inset), the complex was not stable enough to allow isolation/
crystallisation of this transient intermediate.

Still, in an effort to obtain crystals, in one approach (sample stored for 6
months in a freezer at —80 °C) the colour of the solution turned from a lime green
to a purple colour and a few red purple crystals were obtained, suitable for X-ray
structural characterisation. The molecular structure revealed formation of the
copper(i) complex [Cu"(14-S,)JOTf, (molecular structure and crystallographic
data are presented in the ESIf). The copper(u) ion is endo-coordinated by the
macrocyclic ligand system with additional two triflate ions coordinated in axial
positions. The molecular structure is very similar to the perchlorate analogue
reported previously.*

The overall finding is quite important because it shows that it is possible to
obtain a transition metal superoxido complex by applying ozone as an oxidant.

In contrast to the reaction of [Cu'(14-S,)JOTf with ozone, [Cu'(14-N,S,)]OTf
produced immediately a dark green species with ozone in dichloromethane at
—80 °C. Warming up the solution led to the formation of a light green suspension.
Again, the light green solid was separated, but could not be characterised so far.
Stopped-flow measurements of the reaction of the copper() complex with ozone
at low temperature were performed and time resolved UV-vis spectra are shown in
Fig. 5. These investigations confirmed the formation of a short-lived “oxygen
adduct” complex. A characteristic UV absorbance band around 386 nm could be
detected, which in comparison with literature data most likely indicates the
formation of a side-on peroxido copper(u) complex.”*” Unfortunately, in a series of

absorbance

0.0

T T T T T T T 1
350 400 450 500 550 600 650 700
wavelength [nm]
Fig. 4 Time-resolved UV/vis-spectra of the reaction of ozone with [Cu'(14-S4)]OTf in

dichloromethane (Ccomplex = 0.2 mmol L~ after mixing) at —80 °C, total time: 375 s. Inlay
(timetrace): absorbance vs. time at 402 nm.
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Fig. 5 Time-resolved UV/vis-spectra of the reaction of ozone with [Cu'(14-N,S,)OTf in
dichloromethane (Ccomplex = 0.2 mmol Lt after mixing) at —80 °C, total time: 0.15 s. Inlay
(timetrace): absorbance vs. time at 386 nm.

crystallisation approaches no crystals could be obtained for a further character-
isation of this complex.

Unfortunately, it was not possible (due to the instability of the complexes and
the special setup for ozone chemistry) to characterise the postulated complexes
[(14-S4)Cu(0,)]OTf and [(14-N,S,)Cu(0O,)Cu[(14-N,S,)](OTf), further, however, the
UV-vis spectra in combination with the results for the copper tet b complex system
strongly support this assignment. In contrast to the iron complexes described
above, we think that the formation of a copper(m) oxido or copper(u) oxygenyl
complex is less likely during the reaction with ozone. However, we cannot
completely exclude it so far. Instead, we propose the mechanism shown in
Scheme 2 for the formation of the copper superoxido and copper peroxido
complex.

The quite labile copper ozonido complex can react with dioxygen (that is
present in excess) leading to the copper superoxido complex [(14-S,)Cu(O,)]OTf.
The opposite reaction is well known for the synthesis of alkali metal ozonido
complexes. Thus, potassium and rubidium ozonido salts are prepared from the
corresponding superoxido compounds and ozone.* If there is no steric hindrance
the copper superoxido complex can react further with another copper(i) complex,
leading to the corresponding dinuclear copper peroxido complex. Further side

[Cu'(L)]* + 0y —> [a()o,)* (1)
[cu'(L)o5]* + 0, —> [Cu'(L)O,]* + 0, ()
[cu"(L)O,]* + [Cul(L)]* — > [(L)cu(0,)cu"(L)]** (3)

Scheme 2 Proposed reaction mechanism for the formation of a copper superoxido and
copper peroxide complex.
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reactions occur due to the fact that we observe decomposition of the formed
complexes as well as precipitation of a so far not identified product in more
concentrated solutions.

Synthesis and characterisation of iron(u) complexes with the 14-S, ligand

Hughes et al. reported the first investigations of iron(u) complexes with the 14-S,
ligand.*® The authors already were quite successful in describing the reaction
between the 14-S, ligand and Fel,, however, without reporting a crystal structure
of the complex. They prepared [Fe"(14-S,)(MeCN),]Fel, and analysed the complex
by Mossbauer spectroscopy, elemental analysis and IR spectroscopy. We now
could crystallise [Fe(14-S,)(MeCN),]Fel, by reacting Fel, and 14-S, in a ratio of
2 : 1. The molecular structure is presented in Fig. 6 (crystallographic data are
reported in the ESIt).

The Fe" center is endo-coordinated and octahedrally surrounded by the 14-S,
ligand and two additional acetonitrile molecules, which are coordinated in cis
positions. Furthermore, the successful complexation was supported by ESI-MS
revealing the characteristic mass peak at m/z = 161.989 for the [Fe(14-S,)]*"
fragment.

Moreover, we succeeded in synthesising the complex [Fe'(14-S;)(MeCN),]
[(Fel3)y(14-S,)] in a reaction between Fel, and 14-S, in a ratio of 1:1. The
molecular structure presented in Fig. 7 (crystallographic data are reported in the
ESIt) is quite interesting, because of the fact that the ligand is involved both as
a cation as well as an anion and on the one hand in exo- and on the other hand in
endo-coordination. In comparison to [Fe''(14-S;)(MeCN),]Fel, the acetonitrile
molecules are coordinated in trans positions. The formation of the expected Fe™
complex was also confirmed by ESI-MS revealing a mass peak at m/z = 161.989 for
the [Fe(14-S,)]*" fragment.

A comparison of the molecular structure between both iron(n) complexes
shows almost the same bond lengths and angles (bond lengths and angles are
presented in Table 2). In addition, an iron(n) complex could be prepared with
[Fe(MeCN),4](PFs), and 14-S, followed by an anion exchange with AgBAr,". The

N (@)
[ eseo
/{(1

SO N

S(2) | N (X
S(4)

Fig. 6 Molecular structure of [Fe"(14-S,)(MeCN),]Fel, in ORTEP representation at 50%

probability. H atoms were omitted for clarity.
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Fig.7 Molecular structure of [Fe''(14-S,)(MeCN).][(Fels),(14-S,)] in ORTEP representation
at 50% probability. H atoms were omitted for clarity.

molecular structure of [Fe"(14-S,)(MeCN),](BAr,"), is presented in the ESIt and
shows the same octahedral geometry as the complex [Fe'(14-S,)(MeCN),]

[(Fel3),(14-S4)].

Bench-top experiments at different temperatures for the reaction of the iron
complexes with dioxygen and ozone did not provide evidence for the formation of

Table 2 Selected bond lengths/A and angles/° for cis Fe" complex and trans Fe'' complex

Cis Fe'" complex

Trans Fe"' complex

Bond length
Fe(1)-S(1)
Fe(l)—S(2)
Fe(1)-5(3)
Fe(1)-5(4)
Fe(1)-N(1)
Fe(1)-N(2)

Bond angle
N(1)-Fe(1)-N(2)
N(1)-Fe(1)-S(1)
N(1)-Fe(1)-5(2)
N(1)-Fe(1)-S(3)
N(1)-Fe(1)-S(4)
N(2)-Fe(1)-5(1)
N(2)-Fe(1)-5(2)
N(2)-Fe(1)-S(3)
N(2)-Fe(1)-S(4)
S(1)-Fe(1)-S(2)
S(1)-Fe(1)-S(3)
S(1)-Fe(1)-S(4)
S(2)-Fe(1)-S(3)
S(2)-Fe(1)-S(4)
S(3)-Fe(1)-S(4)

2.252(9)
2.249(10)
2.233(9)
2.240(9)
1.945(3)
1.955(3)

89.7°(11)
91.2°(9)
86.2°(9)
175.4°(9)
90.8°(9)
87.9°(8)
88.4°(3)
94.8°(8)
176.5°(9)
175.5°(4)
88.4°(3)
95.5°(3)
94.6°(4)
88.2°(3)
84.7°(3)

78 | Faraday Discuss., 2022, 234, 70-85

Bond length
Fe(1)-S(1) 2.249(11)
Fe(1)-S(2) 2.246(11)
Fe(1)-S(3) 2.253(11)
Fe(1)-S(4) 2.246(11)
Fe(1)-N(1) 1.923(4)
Fe(1)-N(2) 1.926(4)
Bond angle
N(1)-Fe(1)-N(2) 179.1°(15)
N(1)-Fe(1)-S(1) 87.4°(11)
N(1)-Fe(1)-5(2) 86.1°(11)
N(1)-Fe(1)-5(3) 92.5°(11)
N(1)-Fe(1)-S(4) 93.6°(11)
N(2)-Fe(1)-5(1) 92.7°(11)
N(2)-Fe(1)-S(2) 94.9°(11)
N(2)-Fe(1)-S(3) 92.5°(11)
N(2)-Fe(1)-S(4) 85.5°(11)
S(1)-Fe(1)-S(2) 89.5°(4)
S(1)-Fe(1)-5(3) 179.6°(5)
S(1)-Fe(1)-5(4) 90.1°(4)
S(2)-Fe(1)-5(3) 90.1°(4)
S(2)-Fe(1)-S(4) 179.5°(5)
S(3)-Fe(1)-S(4) 90.3°(4)
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Fig. 8 Molecular structure of [Co'"(14-S4)(OTf),] in ORTEP representation at 50% proba-
bility. H atoms were omitted for clarity.

an “oxygen adduct” complex as an intermediate. This was furthermore supported
by cyclic voltammetry, which showed irreversible redox reactions (ESIt).

Synthesis and characterisation of cobalt(n) complexes with the 14-S, ligand

Furthermore, a cobalt(ir) complex could be prepared with Co"(OTf), and the 14-S,
ligand in THF. In previous work cobalt(in) complexes have already been syn-
thesised with the cyclam and 14-N,S, ligand.*”** Nevertheless, to the best of our
knowledge, this is the first synthesised and structurally characterised cobalt(m)
complex with the 14-S, ligand. The successful complexation was supported by ESI-
MS revealing the characteristic mass peaks at m/z = 163.489 and 475.924 for the
[Co(14-S,)]*" and [Co(14-S,)OTf]" fragments. The molecular structure, presented
in Fig. 8 (crystallographic data are reported in the ESIt), shows an octahedral
geometry. Selected bond lengths and angles are reported in Table 3. A comparison
of the cobalt(u) complexes with cyclam,?” 14-N,S, (ref. 28) and 14-S, ligand
systems shows similarities in terms of bond angles, lengths and geometry.

However, it is interesting to note, that while the previous reported cobalt(i)
complexes showed no solvent dependency with regard to the exo- vs. endo-coor-
dination of the cobalt(u) ion, this is the case for the cobalt(u) 14-S, complex.
Similar to the solvent dependency of the copper(1) complexes described above, the
same effect could be observed with cobalt(u) ions and the 14-S, ligand.

If the reaction is carried out in MeCN, a polymeric structure could be obtained
revealing an exo-coordination of the cobalt(u)-ions (molecular structures and
crystallographic data are reported in the ESIT).

This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 234, 70-85 | 79
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Table 3 Selected bond lengths/A and angles/® for [Co"(14-S4)1(OTf),

[COII(14'S4)](OTf)2

Bond length Bond angle

Co(1)-S(1) 2.2262(5) S(1)-Co(1)-S(2) 90.2°(18)

Co(1)-S(2) 2.2262(5) S(1)-Co(1)-S(3) 180.0°

Co(1)-5(3) 2.2206(5) S(1)-Co(1)-S(4) 89.8°(18)

Co(1)-S(4) 2.2206(5) S(2)-Co(1)-S(3) 89.8°(18)

Co(1)-0(1) 2.357(14) S(2)-Co(1)-S(4) 180.0°

Co(1)-0(2) 2.357(14) S(3)-Co(1)-S(4) 90.2°(18)
S(1)-Co(1)-0(2) 89.8°(4)
S(3)-Co(1)-0(2) 90.2°(4)
S(2)-Co(1)-0(2) 96.9°(4)
5(4)-Co(1)-0(2) 83.1°(4)
S(1)-Co(1)--0O(1) 90.2°(4)
S(3)-Co(1)-0(1) 89.8°(4)
S(2)-Co(1)-0(1) 83.1°(4)
S(4)-Co(1)-0(1) 96.9°(4)
0O(1)-Co(1)-0(2) 180.0°

Furthermore, as with the iron complexes, cyclic voltammetry of [Co"(14-
S4)](OTf), only showed irreversible redox behaviour (ESI¥).

Experimental section

All reagents and solvents used were of p.a. quality and were purchased from
Sigma Aldrich and AcrosOrganics. The solvents were purified by distillation with
a drying agent by standard procedures. The ligand 14-N,S,,"*** [Cu(TMC)]PFg
(ref. 17) and [Cu(tet b)]PF, (ref. 30) were synthesised according to literature
protocols. The air sensitive syntheses of the metal complexes were performed
under inert conditions in an MBraun glove box (equipped with water and dioxy-
gen sensors; H,O and O, concentrations less than 0.1 ppm) under an argon
atmosphere. Stopped-flow measurements were carried out with a HI-Tech SF-
61SX2 and CSF-61DX2 low-temperature stopped-flow unit equipped with
a diode array spectrophotometer. NMR measurements were performed with
a Bruker Avance II 400 MHz (AV II 400). For electrospray-ionisation MS (ESI-MS)
measurements a Bruker microTOF mass spectrometer was used. UV/vis spectra
were recorded with an Agilent 8453 spectrometer. Experimental data in single-
crystal X-ray diffraction measurements were collected by using a Bruker D8
Venture system, equipped with dual IpuS-sources (Mo(Cu)), a PHOTON 100
detector and an Oxford Cryostream 700 low temperature system (details are
described in the ESIt). Cyclic voltammetry measurements were performed with
a glassy carbon electrode as working electrode, a platinum/titanium electrode
(counter electrode) and an Ag/AgCl reference electrode. MeCN was used as solvent
and NBu,BF, was applied as conducting salt. Ferrocene was used as standard and
the electrochemical data were recorded with an e-corder 410 edaq (eDAQ, Colo-
rado Springs, US) and the program eChem. The CHN elemental analysis was
performed using the CHN-Analysator: Thermo FlashEA - 1112 Series.
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Ozonolysis of copper complexes

Ozonolysis was performed with the OZONOSAN PM 83 K. For the reactions with
ozone and the copper complexes absolute dry glassware was used. The complex
solutions were prepared in a glove box. Approximately 100 mg of the copper
complexes were dissolved in 2 mL DCM for the reaction at —80 °C. Ozone was
bubbled for 5 min through the complex solution with a glass cannula, which
allowed bubbling ozone through the complex solution without any contact with
the metal of the syringe needle. After the reaction with ozone, the complex
solutions were stored in a —80 °C freezer.

Synthesis of [Cu(14-S,)]OTf

A solution of [Cu(MeCN),]OTf (69.3 mg, 0.184 mmol) in THF (2 mL) was added
dropwise to a solution of 14-S, (50.0 mg, 0.186 mmol) in THF (2 mL). The col-
ourless solution was stirred overnight at room temperature. Slow evaporation of
the solvent led to colourless crystals that were suitable for X-ray structural char-
acterisation. Yield: 73.5 mg (83%). HRMS (ESI): m/z caled for CyoH,oCuS;":
330.973; found: 330.975 [M + L]". EA: calcd for [Cy;H,,CuF;0,85]): C, 27.46%; H,
4.19%; found: C, 27.81%; H, 4.21%.

Synthesis of [Cu(14-S,)]PF,

A solution of [Cu(MeCN),|PF¢ (65.9 mg, 0.177 mmol) in THF (2 mL) was added
dropwise to a solution of 14-S, (50.0 mg, 0.186 mmol) in THF (2 mL). The col-
ourless solution was stirred overnight at room temperature. Slow evaporation of
the solvent led to colourless crystals that were suitable for X-ray structural char-
acterisation. Yield: 67.5 mg (80%). HRMS (ESI): m/z caled for C,oH,,CuS,":
330.973; found: 330.972 [M + L]". EA: caled for [CyoH,0CuFePS, + 0.25CH;CN]: C,
25.88%; H, 4.29%; N, 0.72%; found: C, 26.19%; H, 4.14%; N, 0.57%.

Synthesis of [Cu(14-S,)|BPh,

A solution of [Cu(MeCN),PF; (67.5 mg, 0.181 mmol) in DCM/acetone (1/1, 2 mL)
was added dropwise to a solution of 14-S, (50.0 mg, 0.186 mmol) in DCM/acetone
(1/1, 2 mL). The colourless solution was stirred for 30 minutes at room temper-
ature. An acetone solution (2 mL) of sodium tetraphenylborate (61.9 mg, 0.181
mmol) was added to the reaction mixture and stirred at room temperature
overnight. On the next day, the formed colourless solid was filtrated and 2 mL
diethyl ether was added to the solution. The precipitated solid was filtrated,
washed with diethyl ether and dried. Colourless crystals suitable for X-ray struc-
tural characterisation were obtained by slow diffusion of diethyl ether into a DCM
solution of the complex at —30 °C for one day. Yield: 38.2 mg (32%). HRMS (ESI):
m/z caled for C;oH,oCuS,": 330.973; found: 330.970 [M + L]. EA: caled for
[C34H40BCuS,J: C, 62.70%; H, 6.19%; found: C, 62.21%; H, 6.02%.

Synthesis of {[Cu(14-S,)(MeCN)PF]},

A solution of [Cu(MeCN),]PF; (69.3 mg, 0.177 mmol) in a THF/MeCN mixture (1/1,
2 mL) was added dropwise to a solution of 14-S, (50.0 mg, 0.186 mmol) in THF (2
mL). The colourless solution changed to a milky suspension after the solution of
the copper-salt was added. The colourless solid was filtrated and a small amount
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of the solid was dissolved again. Slow evaporation of the solvent led to colourless
crystals that were suitable for X-ray structural characterisation. Yield: 44.8 mg.

Synthesis of [Cu(14-N,S,)|OTf

A solution of [Cu(MeCN),]OTf (63.7 mg, 0.169 mmol) in THF (2 mL) was added
dropwise to a solution of 14-N,S, (40.0 mg, 0.171 mmol) in THF (2 mL). The
colourless solution was stirred overnight at room temperature. Slow evaporation
of the solvent led to colourless crystals that were suitable for X-ray structural
characterisation. Yield: 55.2 mg (73%). HRMS (ESI): m/z caled for C4oH,,CuN,S,":
297.051; found: 297.051 [M + L]". EA: caled for [Cy;H,,CuF;N,03S; + 0.1C4HO]: C,
30.14%; H, 5.06%; N, 6.17%; found: C, 30.49%; H, 4.90%; N, 6.11%.

Synthesis of [Cu(14-N,S,)]PF,

A solution of [Cu(MeCN),]PF, (62.2 mg, 0.167 mmol) in DCM/THF (1/1, 2 mL) was
added dropwise to a solution of 14-N,S, (40.0 mg, 0.171 mmol) in DCM (2 mL).
The colourless solution was stirred overnight at room temperature. Slow evapo-
ration of the solvent led to colourless crystals that were suitable for X-ray struc-
tural characterisation. Yield: 62.1 mg (84%). HRMS (ESI): m/z caled for
C10H,,CuN,S, "t 297.051; found: 297.051 [M + L]". EA: caled for [CyoH0CuFsN,.
PS, + 0.1C,HO]: C, 27.75%; H, 5.11%; N, 6.22%; found: C, 27.79%; H, 4.95%; N,
6.23%.

Synthesis of [Fe(14-S,;)(MeCN),]Fel, >

To a stirred solution of Fel, (116 mg, 0.373 mmol) in MeCN (2 mL), a solution of
14-S, (50.0 mg, 0.186 mmol) in DCM (2 mL) was added. The reaction mixture was
heated at 50 °C for 4 h in order to start the reaction. Subsequently the reaction
mixture was stirred for two days at room temperature. Slow evaporation of the
solvent led to purple crystals that were suitable for X-ray structural character-
isation. Yield: 20.2 mg (7%). HRMS (ESI): m/z calcd for C1oHaoFeS,>": 161.989;
found: 161.989 [M + L]”. EA: caled for [Cy4H,6Fe,14N,S, + CH,Cly): C, 17.08%; H,
2.68%; N, 2.66%; found: C, 16.80%; H, 2.45%; N, 2.26%.

Synthesis of [Fe(14-S;)(MeCN),][(Fel;),(14-S4)]

To a stirred solution of 14-S, (50.0 mg, 0.186 mmol) in THF (2 mL), a solution of
Fel, (57.6 mg, 0.186 mmol) in MeCN (2 mL) was added dropwise. The reaction
mixture was heated at 50 °C for 4 h in order to start the reaction. Subsequently the
reaction mixture was stirred for two days at room temperature. Slow evaporation
of the solvent led to purple crystals that were suitable for X-ray structural char-
acterisation. Yield: 34.5 mg (19%). HRMS (ESI): m/z caled for CoH,,FeS,>":
161.989; found: 161.989 [M + L]**. EA: calcd for [Cy,HaeFes3lgN,Sg + 3CHZCN +
Fel,)]: C, 18.19%; H, 2.80%; N, 3.54%; found: C, 18.30%; H, 2.60%; N, 3.90%.

Synthesis of [Fe''(14-S,)(MeCN),](BAr,"),

To a stirred solution of 14-S, (50.0 mg, 0.186 mmol) in THF (2 mL), Fel, (57.6 mg,
0.186 mmol) in MeCN (2 mL) was added dropwise. The reaction mixture was
heated at 50 °C and stirred for one day. After one day AgBAr," (404 mg, 0.372
mmol) was added and the suspension was stirred for 6 h. The colourless
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precipitate was filtered off. Slow evaporation of the solvent led to purple crystals
that were suitable for X-ray structural characterisation. Yield: 19.8 mg (5%).
HRMS (ESI): m/z caled for CyoHyoFeS;>": 161.989; found: 161.989 [M + L]*'. EA:
caled for [C;gH50B,F4gFeN,S, + 3.5CH3CN]: C, 44.85%; H, 2.68%; N, 3.38%; found:
C, 44.88%; H, 2.21%; N, 3.76%.

Synthesis of {{Co(14-S,)(MeCN)(CI),]}».

A suspension of CoCl, (24.2 mg, 0.186 mmol) in MeCN/THF (1/1, 2 mL) was added
dropwise to a solution of 14-S, (50.0 mg, 0.186 mmol) in THF (2 mL) and stirred
overnight. Unreacted CoCl, was filtrated and slow evaporation of the blue solvent
led to blue crystals that were suitable for X-ray structural characterisation. Yield:
39.3 mg.

Synthesis of [Co(14-S,)(OTf),]

A solution of Co(OTf), (66.4 mg, 0.186 mmol) in THF (2 mL) was added dropwise
to a solution of 14-S, (50.0 mg, 0.186 mmol) in THF (2 mL) and stirred at 60 °C
over 3 days. After 3 days the solvent was evaporated and the pink solid was
redissolved in MeCN. The orange/pink suspension was filtrated and the orange
filtrate-solution was retained for evaporation. Slow evaporation of the solvent led
to orange crystals that were suitable for X-ray structural characterisation. Yield:
10.0 mg (9%). HRMS (ESI): m/z caled for C,oH,,C0S,*": 163.488; found: 163.489
[M + L]*", C1;H,,CoF;0,S5": 475.929; found: 475.924 [M + L + OTf]". EA: caled for
[C12H20COF¢04Se): C, 23.04%; H, 3.22%; found: C, 23.30%; H, 3.00%.

Conclusions

Within this report, we describe the synthesis and characterisation of a series of
mononuclear metal complexes (M = Cu, Fe, Co) containing the thioether ligands
14-S, and 14-N,S,. The iron and the cobalt complexes have been prepared mainly
to investigate the coordination behaviour and solvent dependency and did not
form “dioxygen adduct” complexes when reacted with either dioxygen or ozone.
All complexes with the 14-S, ligand showed interesting metal ion coordination
behaviour depending on the conditions. The copper(i) complexes were synthesise
especially to investigate their reactivity towards different oxidants (dioxygen and
ozone). Both copper(1) complexes, [Cu'(14-S,)]OTf and [Cu'(14-N,S,)]OTf, showed
no reactivity towards dioxygen, similar to the copper(1) TMC complex. In contrast,
both complexes reacted with ozone to form either an end-on superoxido or a side-
on peroxido complex, an important finding with regard to opening a new possi-
bility to prepare these complexes. Low temperature stopped-flow measurements
showed that these complexes were not stable over time and therefore it was not
possible to isolate and to crystallise them. However, by applying a suitable ligand
system it should be possible to obtain more inert/stable “dioxygen adduct”
complexes this way.
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Summary

5. Summary

The selective oxidation of organic molecules plays an important role in the chemical
industry for many years. Most reactions that use molecular dioxygen or alternative
oxidants require a catalyst for the oxidation of organic substrates. Although many
processes are long established in the chemical industry, catalysts are far from
achieving 100% selectivity of the desired target products. Harsh reaction conditions,
high resource consumption, and the formation of numerous by-products reflect
several disadvantages that can arise during most reactions. Inspired by the reaction
behavior of copper-containing enzymes, which can activate atmospheric dioxygen
and selectively transfer it to organic molecules under mild reaction conditions, the
focus is to reproduce the reaction behavior of copper-containing enzymes with
oxidants, such as dioxygen, by synthesizing model complexes and stabilizing the
oxygen species by appropriate ligand systems. A particular focus was placed on the

PHM enzyme and its active site (end-on copper(ll) superoxido complex).

In the first part of this research, based on the TMPA and TMGstren ligands, different
sulfur-containing NsS ligands were synthesized, and the corresponding copper(l)
complexes were investigated in regard to their reactivity towards dioxygen using low-
temperature stopped-flow technique. While the reaction of the copper(l) complexes
with the TMPA derivatives showed reversible dioxygen binding with the formation of a
trans-u-1,2-peroxido species at —80 °C, specific ligand modification of the copper(l)
complex with the TMGastren derivatives stabilized the end-on copper(ll) superoxido
complex at temperatures above —90 °C and allowed it to be kinetically studied using
the stopped-flow technique. Similar systems known from the literature showed the
formation of the end-on copper(ll) superoxido complex at temperatures below
—-130 °C. The results show that even minimal changes to the ligand system can have
a large effect on the reaction behavior and stability of the complex, and that oxygen

species can be stabilized by specific ligand modification.

In the second part of this research, the sulfur-containing macrocyclic ligand systems
N2S2 and Ss4 were synthesized based on the cyclam ligand. This time, the
corresponding copper(l) complexes showed no reactivity towards oxygen due to the
increased stability of the copper(l) complexes by sulfur donor atoms. Due to this fact,

ozone was investigated as another oxidant that is more reactive compared to
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dioxygen. Using the stopped-flow technique, it was shown that the copper(l)
complexes form oxygen adducts with ozone at low temperatures. While the copper(l)
complex forms a side-on peroxido copper(ll) complex with the N2S:2 ligand and
ozone, the copper(l) complex with the S4 ligand reacts with ozone at —90 °C to form
an end-on copper(ll) superoxido complex, thus providing a model complex for the
active site of the PHM enzyme. A possible mechanism for the reaction of the
copper(l) complex with ozone was also established. The use of ozone as an oxidant
offers the possibility of activating copper(l) complexes, which are inert to dioxygen,

and form oxygen adducts.
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Zusammenfassung

Die selektive Oxidation organischer Molekule spielt seit vielen Jahren eine wichtige
Rolle in der chemischen Industrie. Dabei benttigen die meisten Reaktionen, die
molekularen Sauerstoff oder alternative Oxidationsmittel verwenden, einen
Katalysator fUr die Oxidation organischer Substrate. Obwohl viele Prozesse in der
chemischen Industrie bereits lange etabliert sind, erzielen die Katalysatoren bei
weitem keine hundertprozentige Selektivitdt der gewiinschten Zielprodukte. Harsche
Reaktionsbedingungen, hoher Ressourcenverbrauch und die Entstehung zahlreicher
Nebenprodukte spiegeln eine Reihe an Nachteilen wider, die wahrend der meisten
Reaktionen auftauchen konnen. Inspiriert vom Reaktionsverhalten kupferhaltiger
Enzyme, die atmosphérischen Sauerstoff aktivieren und selektiv unter milden
Reaktionsbedingungen auf organische Molekile Gbertragen kdénnen, liegt der Fokus
darauf, das Reaktionsverhalten kupferhaltiger Enzyme mit Oxidationsmitteln, wie
Sauerstoff, durch die Synthese von Modellkomplexen zu reproduzieren und die
Sauerstoffspezies durch entsprechende Liganden-Systeme zu stabilisieren. Ein
besonderer Fokus wurde dabei auf das PHM Enzym und dessen aktiven Zentrum
(end-on Superoxidokomplex) gelegt.

Im ersten Teil dieser Forschungsarbeit wurden basierend auf den TMPA und
TMGstren Liganden verschiedene schwefelhaltige N3S Liganden synthetisiert und die
entsprechenden Kupfer(l)-Komplexe auf ihre Reaktivitat gegentber Sauerstoff mittels
Tieftemperatur-Stopped-Flow-Technik untersucht. Wahrend die Reaktion der
Kupfer(l)-Komplexe mit den TMPA-Derivaten eine reversible Sauerstoffanbindung
unter Ausbildung einer trans-Peroxidospezies bei —80 °C zeigten, konnte durch
gezielte Liganden-Modifikation des Kupfer(l)-Komplexes mit dem TMGastren
Derivaten der end-on Superoxidokomplex bei Temperaturen tber —90 °C stabilisiert
werden und mittels Stopped-Flow-Technik kinetisch untersucht werden. Ahnliche
literaturbekannte Systeme zeigten die Ausbildung des end-on Superoxidokomplexes
bei Temperaturen unter -130 °C. Die Ergebnisse verdeutlichen, dass bereits
minimale Anderungen am Liganden-System einen groRen Effekt auf das
Reaktionsverhalten und die Stabilitdt des Komplexes haben kénnen und dass durch
gezielte Liganden-Modifikation die Sauerstoffspezies stabilisiert werden kann.

Im zweiten Teil dieser Forschungsarbeit wurden die schwefelhaltigen,

makrozyklischen Liganden-Systeme N2Sz und Sa aufbauend auf dem Cyclam
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Liganden synthetisiert. Die entsprechenden Kupfer(l)-Komplexe zeigten diesmal
keine Reaktivitat gegenuber Sauerstoff aufgrund einer erhOhten Stabilitat der
Kupfer(l)-Komplexe durch Schwefel-Donor-Atome. Aufgrund dieser Tatsache wurde
mit Ozon ein weiteres Oxidationsmittel untersucht, welches im Vergleich zu
Sauerstoff reaktiver ist. Dabei konnte mittels Stopped-Flow-Technik gezeigt werden,
dass die Kupfer(l)-Komplexe bei tiefen Temperaturen mit Ozon Sauerstoff-Addukte
bilden. Wahrend der Kupfer(l)-Komplex mit dem N2S2 Liganden und Ozon einen
side-on Peroxidokomplex ausbildet, reagiert der Kupfer(l)-Komplex mit dem Sa
Liganden und Ozon bei =90 °C unter Ausbildung eines end-on Superoxidokomplexes
und stellt somit ein Modelkomplex fur das aktive Zentrum des PHM Enzyms dar. Es
konnte auf3erdem ein mdglicher Mechanismus fir die Reaktion des Kupfer(l)-
Komplexes mit Ozon aufgestellt werden. Die Verwendung von Ozon als
Oxidationsmittel bietet die Mdglichkeit Kupfer(l)-Komplexe, die gegeniber Sauerstoff

inert sind, zu aktivieren und Sauerstoff-Addukte auszubilden.
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