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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.[1] 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.[2] 

An important and known example is the production of adipic acid, which is a 

precursor for the synthesis of nylon-6,6.[3] In general, adipic acid is synthesized in a 

two-step process starting with cyclohexane (Scheme 1).[4] 

 

 

Scheme 1: Two-step process for the synthesis of adipic acid.[5] 

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.[5,6] 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.[7] 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.[8] 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).[9] 

Therefore, at first molecular dioxygen (3O2), which is a diradical (two unpaired 

electrons, Scheme 2), has to be converted into an activated state (1O2, 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] 

 

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 (1Δg) and 158 kJ/mol (1Σg
+) 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 π-antibonding orbitals. Due to the fact, that the transition 

from 1Δg to 3Σg
- is spin forbidden, the 1Δg dioxygen species is relatively long stable. In 

contrast to that is the 1Σg
+ dioxygen species a short-lived state, because the spin 

allowed a transition between the 1Σg
+ and 3Σg

- species.[11] 

 

 

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

 

The formation of singlet dioxygen can be realized with different methods. One way for 

the generation of 1O2 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 1O2 

can also be produced by the reaction of hydrogen peroxide with sodium hypochlorite 

(Scheme 3, 1)).[12] Another chemical method uses triethylsilane and ozone (Scheme 

3, 2))[13] or triphenyl phosphite (Scheme 3, 3)) and ozone to generate dioxygen in a 

singlet state configuration.[14]  

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.[15–17] 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 π*, thus weakening the O-O bond. Ground-state triplet dioxygen is a 

paramagnetic diradical with two electrons occupying π* 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 π* 

orbitals and the peroxide-anion has four electrons in the π* orbitals.[18] 

 

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. 

 



Introduction 

 
5 

 

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.[19,20]  

 

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).[21,22] 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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Scheme 6: Copper-containing enzymes in biological processes.[22] 

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.[25] 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 (Gln) 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.[28] 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(II) ion. Examples of type 2 proteins are superoxide 

dismutase, dopamine-β-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] 

 

Scheme 7: Examples of selected copper centers for each type: plastocyanin (type 1)[26], galactose 

oxidase (type 2)[30], 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.[22] 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. 

 

 

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.[31,33] 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 
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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.[23,35] 

 

 

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] 



Introduction 

 
9 

 

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.[23,32] 

 

1.6 PHM, DβM, and TβM 

Peptidylglycine-α-hydroxylating monooxygenase (PHM), dopamine-β-monooxy-

genase (DβM), and tyramine-β-monooxygenase (TβM) are important mononuclear 

copper-containing enzymes responsible for the stereospecific C-H α-hydroxylation of 

hormones and glycine-extended neuropeptides for neurotransmitter regulation and 

hormone biosynthesis.[17] In amino acid sequence, active site coordination, and 

reactivity, these three monooxygenases show many similarities. PHM, DβM, and 

TβM are distinguished by two distinct Cu sites (CuM and CuH), that are separated in 

the protein by an ∼11 Å distance. In contrast to the coupled binuclear copper 

monooxygenases tyrosinase and hemocyanin, PHM, DβM, and TβM are so-called 

“non-coupled” binuclear copper monooxygenases, because of the lack of magnetic 

coupling between the CuM and CuH sites.  

The CuM site is coordinated by one methionine and two histidine residues and the 

CuH site by three histidine residues. The activation of dioxygen and the hydroxylation 

reaction takes place at the CuM
 site, however, the CuH side is responsible for the 

electron transfer.[36] While PHM hydroxylates the C-terminus of a glycine residue of a 

glycine-extended prohormone, DβM manages the oxidation of dopamine to 

norepinephrine, two important neurotransmitters in the human body. In addition to 

that, TβM hydroxylates tyramine to octopamine (Scheme 10).[37] 
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Scheme 10: Catalytic reactions of the monooxygenases PHM, DβM, and TβM.[38] 

Several studies have dealt with the possible mechanism of substrate hydroxylation 

for the PHM, DβM, and TβM enzymes. In the predominant proposed mechanism, the 

CuM site is coordinated by dioxygen resulting in oxidation of the copper center and 

reduction of the dioxygen. The formed end-on copper(II) superoxido adduct is the 

active species for the hydrogen atom transfer (HAT) reaction from the substrate, 

followed by the formation of a copper(II) hydroperoxido adduct and a substrate 

radical.[38] 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(II) 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(II) 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(II) hydroxido complex. In both pathways, 

the starting copper(I) complex can be regained by an external proton and electron.[37] 
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Scheme 11: Proposed mechanism for the enzymatic substrate reaction of PHM. DβM and TβM.[37] 

 

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.[39] In this structure, dioxygen was found to 

bridge between both copper ions in a side-on μ-ɳ2:ɳ2-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)).[40] In 

comparison to the μ-ɳ2:ɳ2 dioxygen binding mode of oxyhemocyanin, the X-ray data 

showed a trans-μ-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 
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Raman vibrations at 561 and 832 cm-1 could be observed, which does not fit to the 

spectroscopic data of a side-on μ-ɳ2:ɳ2-peroxide binding mode.[41,42] 

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 

μ-ɳ2:ɳ2-peroxide fashion.[43] With the anionic tripodal ligand HB(3,5-iPr2pz)3 (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-1, while 

for the oxyhemocyanin absorption bands at 340 and 551 nm, and Raman vibration at 

744-752 cm-1 were reported.[44] 

 

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 iPr3tacn (1,4,7-triisopropyl-1,4,7-

triazacyclononane, Scheme 12 c)) and revealed the structure and bonding of a bis(μ-

oxido) copper(III) complex derived from crystallographic data, spectroscopic 

measurements and theoretical studies as well as the existence of an equilibrium 
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between a bis(μ-oxido) copper(III) and side-on μ-ɳ2:ɳ2-peroxido copper(II) 

complex.[45,46] 

In contrast to the side-on μ-ɳ2:ɳ2-peroxido and trans-μ-1,2-peroxido complex, the 

dioxygen in the bis(μ-oxido) copper(III) 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-1) from the 

previously described peroxido complexes.[45,46,51]  

The formation of mononuclear end-on copper(II) superoxido species was first 

suggested as an initial reaction step in the reaction mechanism proposed for copper-

containing monooxygenases like dopamine-β-hydroxylase,[52] phenylalanine 

hydroxylase[53] and peptidylglycine-α-amidating enzyme.[54] 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-μ-1,2-peroxido complex could be investigated by means of 

kinetic, thermodynamic, and spectral parameters.[55] In this context, in 1999, 

Schindler et al. demonstrated spectroscopically the formation of a more stable 

copper(II) superoxido species than during a similar reaction of the copper(I) complex 

with the TMPA ligand using the aliphatic tripodal amine Me6tren (tris(2-dimethyl-

aminoethyl)amine, Scheme 12 d)).[50] 

In 1994 and 2006, two crystal structures of mononuclear end-on copper(II) 

superoxido model complexes were reported. While the copper(I) complex with the 

ligand HB(3-tBu-5-iPrpz)3 (Scheme 12 e)) led to the formation of superoxide binding 

in ɳ2 fashion,[48] the crystal structure with the super basic tren derivate TMG3tren 

(tris(tetramethylguanidino)tren, Scheme 12 f)) ligand showed a dioxygen species in 

ɳ1 fashion.[49] Only in 2004, structural characterization of the copper monooxygenase 

in PHM could show unambiguously a mononuclear end-on copper(II) superoxido 

complex in ɳ1 fashion in the active site.[56]  
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Scheme 13: Different copper dioxygen binding modes.[57] 

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(I) complex.[57,58] In the first step, a copper(I) complex reacts with 

dioxygen and delivers a mononuclear copper dioxygen species such as side-on 

copper(II) superoxido complex (CuSS) or end-on copper(II) superoxido (CuSE) 

complex. The structure of the resulting mononuclear species (CuSS or CuSE) is 

mainly depending on the ligand system.[16,59] The mononuclear copper species can 

react with another copper(I) complex to a μ-peroxido dicopper(II) complex in either a 

side-on Cu2PS or end-on Cu2PE fashion mode. The side-on Cu2PS can react further to 

a bis(μ-oxido) copper(III) species (Cu2O2) 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.[47] 

 

1.8 Thioether ligated copper model systems 

Most of the copper dioxygen adducts investigated in the literature contain all nitrogen 

ligands.[16] However, the binding and activation of dioxygen at a copper center with a 

thioether ligand system as described in chapter 1.6 for PHM, DβM, and TβM 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 

CuH center receives and passes electrons to the CuM center, where dioxygen and 

substrate binding occur.[61,62] Without a doubt, the thioether residue plays an 

important role in determining the electronic structure and functions of the CuM 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, DβM, and TβM. Inspired by the biochemistry of copper enzymes with 

sulfur ligand residues, a variety of ligand scaffolds with N2S(thioether) and N3S(thioether) 

have been synthesized and investigated regarding their reactivity towards dioxygen.  

 

 

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(I) complex with an anionic N2S(thioether) 

ligand system Me2LiPr,SRH (Scheme 15, a)) probing the effect of thioether substituents 

on the dioxygen reactivity β-diketiminate-copper(I) complexes and the role of the 

methionine ligand in copper monooxygenases. Low-temperature experiments of a 

copper(I) 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 ɳ2 dioxygen binding mode with negligible copper-thioether bonding and 

significant peroxido-copper(III) character. 
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Scheme 15: N2S(thioether) 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(μ-oxdio) 

copper(III) species confirmed by spectroscopy and theory.[65] Copper(I) complexes 

with imidazolyl ligand BITOMe,SMe (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.[66,68] Karlin et al. 

reported with the linear N2S tridentate ligand ANS (Scheme 15 c)) the formation of a 

side-on μ-ɳ2:ɳ2-peroxido copper(II) species with thioether coordination. This was the 

first case of thioether coordination within a side-on μ-ɳ2:ɳ2-peroxido copper(II) 

structure type, which indicated that it was possible to study ligand systems containing 

sulfur-containing ligand residues.[67] Nevertheless, the formation of a mononuclear 

end-on copper(II) superoxido species was not reached with these ligands (Scheme 

15). 

 

 

Scheme 16: N3S(thioether) ligand system used for investigation of the active site of sulfur-containing 

copper enzymes.[69–72] 
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Within the N3S(thioether) family of ligands, also the reaction of copper(I) 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(I) complex reacts reversibly with 

dioxygen in dichloromethane and acetone (at −80 °C) or in 2-methyltetrahydrofuran 

(2-MeTHF, at −128 °C) producing a trans-μ-1,2-peroxido complex with a sulfur 

thioether ligation (Scheme 17). UV/Vis and Resonance Raman spectroscopy 

confirmed the formation of a trans-μ-1,2-peroxido structure. In addition, direct 

evidence for thioether ligation was derived from EXAFS (extended X-ray absorption 

fine structure) spectroscopy.[69,70] 

 

 

Scheme 17: Schematic representation of the reversible reaction of a copper(I) complex with the 

BPMEEA ligand and dioxygen.[69,70] 

No copper dioxygen adduct could be observed for oxidation reactions of copper(I) 

complexes with several N3S(thioether) benzimidazole-containing ligands (Scheme 16 e)) 

by Castilla and co-workers.[71] In 2013, Schindler and co-workers looked into the 

ligand (TMGEt)2NEtSEt (2´,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 

TMG3tren ligand led to the formation of a mononuclear end-on copper(II) superoxido 

complex in ɳ1 fashion, the reaction behavior of the copper(I) complex with the 

(TMGEt)2NEtSEt ligand was quite different. Time-resolved UV/Vis spectra for the 

reaction of the copper(I) complex with dioxygen in acetone at −76 °C led to the 

formation of a side-on μ-ɳ2:ɳ2-peroxido copper(II) species that subsequently 
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isomerized to an equilibrium mixture with a bis(μ-oxido) copper(III) species (Scheme 

18).[49,72] 

 

 

Scheme 18: Equilibrium between a side-on μ-ɳ2:ɳ2-peroxido copper(II) and bis(μ-oxido) copper(III) 

species.[72] 

However, in contrast to the monooxygenases PHM, DβM, and TβM under these 

conditions no formation of an end-on copper(II) superoxido complex could be 

observed.  

 

Scheme 19: Tuning an N3S(thioether)-based ligand by its thioether donor group.[73] 

Further investigation on the (TMGEt)2NEtSEt ligand by Bhadra et al. led to the 

formation of an end-on copper(II) superoxido complex, with a proven CuII-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(C6F5)4
−) as counterion. Under these 

conditions, dioxygen was added to a precooled copper(I) 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(II) 

superoxido complex was further confirmed by resonance Raman spectroscopy.[74] 

The measurement on a frozen 2-MeTHF sample revealed bands at 446 and 

1105 cm-1, which can be assigned as the Cu-O and as the superoxide O-O 
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stretch.[61,75] Variable temperature dioxygen binding studies revealed that the 

superoxide formation only forms below −90 °C.[74]  

Further detailed studies with N3S(thioether)-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.  

 

 

Scheme 20: Equilibrium between a trans-μ-1,2-peroxido copper(II) and bis(μ-oxido) copper(III) 

species.[73] 

While a trans-μ-1,2-peroxido intermediate is favored for the DMMESE 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(μ-oxido) copper(III) species for the DMMESP 

and DMMESDP ligand systems with S-aryl substituents (ethyl in DMMESE a), phenyl in 

DMMESP b), or 2,4-dimethylphenyl in DMMESDP c), Scheme 19). Besides the 

formation of a bis(μ-oxido) copper(III) species, an equilibrium mixture between the 

oxido species and a trans-μ-1,2-peroxido species (Scheme 20) for the DMMESP ligand 

was observed, that is the first example supported by a ligand system with a thioether 

donor group.[73] These findings of an equilibrium between a trans-μ-1,2-peroxido 

copper(II) and bis(μ-oxido) copper(III) species differs from previously observed 

results, that only a side-on μ-ɳ2:ɳ2-peroxido copper(II) species could be in equilibrium 

with a bis(μ-oxido) copper(III) species (Scheme 13).[16,59,76]  

The addition of the coordinating anion methylsulfonate (CH3SO3¯) led to a 

spectroscopically pure bis(μ-oxido) copper(III) species (by UV/Vis-spectroscopy), 

stabilizing the bis(μ-oxido) copper(III) species relative to the trans-peroxido species in 

contrast to the effect of coordination anions on the equilibrium between a side-on μ-

ɳ2:ɳ2-peroxido copper(II) and bis(μ-oxido) copper(III) species reported previously.[73] 

With bidentate ligand systems, Stack and co-workers showed that the addition of 

coordinating anions converts an equilibrium between a side-on μ-ɳ2:ɳ2-peroxido 

copper(II) and bis(μ-oxido) copper(III) species to an anion bridged side-on peroxido 

species.[77] 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.[78] However, the ligand system DMMESP 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.[79] 

 

Scheme 21: Four structurally analogous ligands with different donor atoms and oxygenated products 

of copper(I)-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(II) 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 DMAN4) to stabilize a mononuclear end-on copper(II) 

superoxido complex reported previously.[80] 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(II) superoxido complex to the dinuclear 

trans-μ-1,2-peroxido copper(II) complex similar to the previously described DMMESDP 

ligand system (Scheme 19).[73]  
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The copper(I) complex with the ligand DMAN3S can activate dioxygen in 2-MeTHF 

at −135 °C as a mononuclear end-on copper(II) superoxido complex, that rapidly 

converted to the thermodynamically more stable dinuclear trans-μ-1,2-peroxido 

copper(II) 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(II) 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(II) superoxido complex over 

the dinuclear trans-μ-1,2-peroxido copper(II) 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 DMAN3S ligand, the copper(I) 

complexes with the ligands DMAN3, DMAN3O, and DMAN4 (Scheme 21) were 

oxygenated. While the copper(I) complex with the ligand DMAN3 formed a bis(μ-oxido) 

copper(III) species, the copper(I) complex with the DMAN3O ligand led to the formation 

of a trans-μ-1,2-peroxido copper(II) species, which converts to a bis(μ-oxido) 

copper(III) species with a similar UV/Vis spectrum as for the DMAN3 ligand, indicating 

an extremely weak interaction between the copper atom and the oxygen atom of the 

ether arm in DMAN3O. As in the case of the copper(I) complex with the DMAN3S ligand, 

an end-on copper(II) superoxido complex and trans-μ-1,2-peroxido copper(II) 

complex were generated for the copper(I) complex with the DMAN4 ligand leading to 

the suggestion, that the S-donor atom from the thioether residue of DMAN3S is 

coordinated to the end-on copper(II) superoxido complex and trans-μ-1,2-peroxido 

copper(II) complex. 

These findings showed again the importance of ligand design and tuning. Redesign 

and modification of previously reported N3S ligand systems led to the stabilization of 

an end-on copper(II) 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 DMMTMPA.[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.[81] This effect is called the macrocyclic effect and makes closed shell 

ligand systems extremely favorable for metal complexation.[82] 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.[83]  

 

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 

(H2O2) or iodosylbenzene (PhIO) as an oxygenation agent.[84] In 2018, Schindler et 

al. could structurally characterize an iron(IV) 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.[85] However, oxygenation 

with ozone is well known for iron and manganese porphyrinoid complexes,[86,87] but 

studies on the reactions of ozone and copper(I) 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(II) 

superoxido complex reacts rapidly to form the thermodynamically more stable trans-

μ-1,2-peroxido copper(II) 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(II) 

superoxido complex and prevent dimerization.  

 

 

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 TMG3tren. To create a model complex for the PHM enzyme, the 

TMPA and TMG3tren ligand systems were first modified by replacing a pyridine group 

in the TMPA ligand system and a guanidine group in the TMG3tren 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(I) 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. 

 

 

Scheme 24: Sulfur-containing ligands N2S2 and S4 derived from cyclam ligand N4. 

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.[85,86] The investigation of the more reactive ozone as an 

oxidant agent, in case of a successful reaction with the copper(I) 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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3. Investigation of the reactivity of copper(I) complexes with a N3S 
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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(II) superoxido complex). 

In the first part of this research, based on the TMPA and TMG3tren ligands, different 

sulfur-containing N3S ligands were synthesized, and the corresponding copper(I) 

complexes were investigated in regard to their reactivity towards dioxygen using low-

temperature stopped-flow technique. While the reaction of the copper(I) complexes 

with the TMPA derivatives showed reversible dioxygen binding with the formation of a 

trans-μ-1,2-peroxido species at −80 °C, specific ligand modification of the copper(I) 

complex with the TMG3tren derivatives stabilized the end-on copper(II) 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(II) 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 S4 were synthesized based on the cyclam ligand. This time, the 

corresponding copper(I) complexes showed no reactivity towards oxygen due to the 

increased stability of the copper(I) 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(I) 

complexes form oxygen adducts with ozone at low temperatures. While the copper(I) 

complex forms a side-on peroxido copper(II) complex with the N2S2 ligand and 

ozone, the copper(I) complex with the S4 ligand reacts with ozone at −90 °C to form 

an end-on copper(II) superoxido complex, thus providing a model complex for the 

active site of the PHM enzyme. A possible mechanism for the reaction of the 

copper(I) complex with ozone was also established. The use of ozone as an oxidant 

offers the possibility of activating copper(I) complexes, which are inert to dioxygen, 

and form oxygen adducts.  
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Zusammenfassung 

Die selektive Oxidation organischer Moleküle spielt seit vielen Jahren eine wichtige 

Rolle in der chemischen Industrie. Dabei benötigen die meisten Reaktionen, die 

molekularen Sauerstoff oder alternative Oxidationsmittel verwenden, einen 

Katalysator für die Oxidation organischer Substrate. Obwohl viele Prozesse in der 

chemischen Industrie bereits lange etabliert sind, erzielen die Katalysatoren bei 

weitem keine hundertprozentige Selektivität der gewünschten Zielprodukte. Harsche 

Reaktionsbedingungen, hoher Ressourcenverbrauch und die Entstehung zahlreicher 

Nebenprodukte spiegeln eine Reihe an Nachteilen wider, die während der meisten 

Reaktionen auftauchen können. Inspiriert vom Reaktionsverhalten kupferhaltiger 

Enzyme, die atmosphärischen Sauerstoff aktivieren und selektiv unter milden 

Reaktionsbedingungen auf organische Moleküle übertragen können, 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 

TMG3tren Liganden verschiedene schwefelhaltige N3S Liganden synthetisiert und die 

entsprechenden Kupfer(I)-Komplexe auf ihre Reaktivität gegenüber Sauerstoff mittels 

Tieftemperatur-Stopped-Flow-Technik untersucht. Während die Reaktion der 

Kupfer(I)-Komplexe mit den TMPA-Derivaten eine reversible Sauerstoffanbindung 

unter Ausbildung einer trans-Peroxidospezies bei −80 °C zeigten, konnte durch 

gezielte Liganden-Modifikation des Kupfer(I)-Komplexes mit dem TMG3tren 

Derivaten der end-on Superoxidokomplex bei Temperaturen über −90 °C stabilisiert 

werden und mittels Stopped-Flow-Technik kinetisch untersucht werden. Ähnliche 

literaturbekannte Systeme zeigten die Ausbildung des end-on Superoxidokomplexes 

bei Temperaturen unter −130 °C. Die Ergebnisse verdeutlichen, dass bereits 

minimale Änderungen am Liganden-System einen großen Effekt auf das 

Reaktionsverhalten und die Stabilität des Komplexes haben können und dass durch 

gezielte Liganden-Modifikation die Sauerstoffspezies stabilisiert werden kann. 

Im zweiten Teil dieser Forschungsarbeit wurden die schwefelhaltigen, 

makrozyklischen Liganden-Systeme N2S2 und S4 aufbauend auf dem Cyclam 
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Liganden synthetisiert. Die entsprechenden Kupfer(I)-Komplexe zeigten diesmal 

keine Reaktivität gegenüber Sauerstoff aufgrund einer erhöhten Stabilität der 

Kupfer(I)-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(I)-Komplexe bei tiefen Temperaturen mit Ozon Sauerstoff-Addukte 

bilden. Während der Kupfer(I)-Komplex mit dem N2S2 Liganden und Ozon einen 

side-on Peroxidokomplex ausbildet, reagiert der Kupfer(I)-Komplex mit dem S4 

Liganden und Ozon bei −90 °C unter Ausbildung eines end-on Superoxidokomplexes 

und stellt somit ein Modelkomplex für das aktive Zentrum des PHM Enzyms dar. Es 

konnte außerdem ein möglicher Mechanismus für die Reaktion des Kupfer(I)-

Komplexes mit Ozon aufgestellt werden. Die Verwendung von Ozon als 

Oxidationsmittel bietet die Möglichkeit Kupfer(I)-Komplexe, die gegenüber Sauerstoff 

inert sind, zu aktivieren und Sauerstoff-Addukte auszubilden.  
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