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1. Introduction 

 

1.1. Catalytic oxidation reactions in industry 

 

Oxidation reactions are decisive in the chemical and pharmaceutical industries. In this 

context, about 20% of industrial processes are related to oxidation reactions, resulting in 

approximately 600 million tons of chemicals per year.[1,2] A notable example is the synthesis 

of adipic acid, a crucial precursor for the production of nylon. However, the current 

synthesis of adipic acid presents several challenges. One of them is that the process 

involves the use of oil-based chemicals, which creates a dependency on fossil fuels. 

Additionally, this process is energy-intensive, requiring both high pressure and high 

temperatures while it also significantly impacts greenhouse gas emissions.[3] 

 

 

Scheme 1: Simplified reaction scheme for the production of adipic acid in industry.[4] 

 

A simplified reaction scheme for the industrial production of adipic acid is shown in Scheme 

1. The first step is the reduction of benzene to cyclohexane, followed by the oxygenation 

to cyclohexanol and cyclohexanone and in the final step, the catalytic reaction to adipic 

acid occurs.[4,5] On closer examination, it becomes apparent that the process itself is not 

effective due to the low conversion rate (4-8%) of cyclohexanol and cyclohexanone. 

Nevertheless, the process is responsible for 5 to 8% of the global emissions of the 

greenhouse gas nitrous oxide.[5] For this reason, extensive research is being carried out 

on potential alternatives. There are different approaches, including photochemical and 

continuous flow reactions.[4–6] Furthermore, a bioinorganic approach is another possible 

option. In the field of bioinorganic research, metal complexes that closely resemble the 

structure of active centers in enzymes are utilized.[7–10] The following chapter shows how 

metal complexes in enzymes and proteins, particularly copper proteins, play a significant 

role in biological systems.  
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1.2. Copper in biological systems 

 

In general, copper is a trace element, and with a range of 80 to 120 mg per 70 kg body 

weight, it is the third most prevalent transition metal in the human body.[7,11] The most 

common oxidation states of copper ions are I and II. Furthermore, copper ions are a 

substantial factor in biochemically relevant processes, particularly in enzymes and 

proteins, as illustrated in Figure 1, which provides an overview of various enzymes that are 

involved.[7,12]  

 

 

Figure 1: Overview of various copper enzymes involved in electron transfer, oxygen transfer, or oxidation 
reactions.[7,12] 

 

In biological systems, a variety of copper enzyme types are identified, which perform a 

range of functions. The structural and spectroscopic properties of copper proteins enable 

their classification into three basic groups, designated as type 1, type 2, and type 3 copper 

proteins. Additionally, there are cases where multiple types of copper proteins coexist and 



 

 
3 

isolated proteins that do not align with the established classification  

system.[12–15]  

The type 1 copper proteins or so-called "blue copper proteins", are primarily responsible 

for electron transfer. The absorption of these proteins is particularly strong at a wavelength 

of approx. 600 nm. This occurs here as a result of ligand-metal-charge-transfer interactions 

(LMCT) between the copper ion and the sulfur of the cysteinate residue.[13,16] Furthermore, 

it is noteworthy that these proteins show a small hyperfine splitting of the g∥-signal 

(63Cu/65Cu) in the EPR. Regarding their geometry, type 1 copper proteins usually contain 

a copper ion that is coordinated in a trigonal planar fashion by two histidines and a cysteine. 

However, there are different classes of copper type 1 proteins, and they are classified by 

the axially coordinated ligand. Examples of blue copper proteins include plastocyanin 

(whose active center is illustrated in Figure 2), azurin, and laccase.[7,13,17,18]  

 

 

Figure 2: Structure of the active center of plastocyanin (type 1 copper protein) revealed by Monari et al..[18]  

 

The second basic type consists of type 2 copper proteins, which are responsible for 

catalytic oxidation and reduction reactions. These proteins appear to have either a square 

planar or square-pyramidal geometry, and histidine or oxygen-containing ligands are 

mostly coordinated.[7,13,17] In comparison to type 1 copper proteins, the absorption is 

significantly weaker, which can be attributed to the absence of thiolate group ligands. As a 

result, the absorption is entirely due to forbidden d-d transitions. Additionally, the EPR 

spectrum does not exhibit any unusual characteristics compared to type 1 copper proteins. 

Examples of type 2 copper proteins include cytochrome c oxidase, amine oxidases, and 

galactose oxidase.[13,19] For instance, galactose oxidase is an extracellular enzyme that is 

present in certain fungal species. It serves as a catalyst for the oxidation of primary alcohols 

to aldehydes. The active center of galactose oxidase is shown in Figure 3. [7,13] 
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Figure 3: Structure of the active center of galactose oxidase (type 2 copper protein).[12] 

 

Type 3 copper proteins are characterized by a binuclear copper center and are usually 

involved in activating dioxygen, either for the transport of dioxygen or for oxygenation 

reactions. In type 3 copper proteins, the copper centers are both coordinated in a trigonal 

planar fashion, involving three histidine-ligands. Moreover, an intense absorption of these 

complexes can be observed due to LMCT interactions. Hemocyanin as an example for a 

type 3 copper is found in arthropods and molluscs and is the analog to hemoglobin in the 

human body. Accordingly, it is responsible for the transport of oxygen.[7,13] The reversible 

binding of dioxygen to the active center of hemocyanin is shown in Scheme 2.[12,20] 

 

 

Scheme 2: Binding of the type 3 copper protein hemocyanin with dioxygen.[12,20] 

 

1.3. Catalytic reactions in nature 

 

Type 3 copper proteins are not only responsible for the transport of dioxygen, but also for 

oxygenation reactions. One of the enzymes involved in oxygenation reactions is catechol 

oxidase. It is found in plants, insects, and crustaceans and catalyzes the oxidation of 

catechol to ortho-quinone. This reaction is followed by the subsequent auto-polymerization 

of the reactive quinone, leading to the formation of brown polyphenolic catechol melanin, 

which protects plants from pathogens and insects in the event of tissue damage. The active 

center is similar to that of tyrosinase. The difference is that tyrosinase is responsible for 

both the oxidation of monophenol (cresolase activity) and the oxidation of o-diphenol 
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(catecholase activity), whereas catechol oxidase only catalyzes the oxidation of o-

diphenol.[14,21,22]  

In Figure 5, a postulated catalytic cycle of catechol oxidase based on the spectroscopic 

data of Eicken et al. is shown. During a 4-electron oxidation, two catechols are oxidized to 

two equivalents of o-quinone and the following sequence describes this oxidation process: 

In the first step, the active center is present in the deoxy form. The catechol binds to the 

Cu(B) center and a copper dioxygen intermediate (a side-on-peroxido copper complex) 

forms in the presence of dioxygen (1). The catechol is oxidized to o-quinone, forming the 

met form of the active center (2). In the next step, a catechol coordinates to the Cu(B) 

center of the met form (3). After another oxidation to o-quinone, the enzyme reverts to its 

original state (4).[14,21] 

Additionally, the enzyme catechol oxidase was isolated from a sweet potato, it was possible 

to characterize the “met form” of the active center by crystallization. Based on these 

findings, the previous shown catalysis cycle of catechol oxidase was assumed. [14,21,22,23] 

 

 

Figure 4: Proposed catalytic cycle for the oxidation of catechol with catechol oxidase. Both copper centers 
are coordinated by three histidins (L).[14,21] 

 

Besides catechol oxidase and tyrosinase, which is responsible for the synthesis of melanin 

in the human organism, there are more monooxygenases, such as dopamine beta-

monooxygenase (DβM) or peptidylglycine-α-hydroxylating monooxygenase (PHM).[24] 
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PHM is part of the bifunctional enzyme peptidylglycine α-amidating monooxygenase 

(PAM). In Scheme 3, the biosynthesis of a signaling molecule involving PAM is presented. 

First, PHM catalyzes the hydroxylation of the Cα-position at the C-terminus of glycine, 

followed by the elimination of the hydroxylated glycine by PAL (peptidyl-alpha-

hydroxyglycine alpha-amidating lyase).[24–27]  

 

 

Scheme 3: Simplified reaction scheme for the biosynthesis of signal peptides with the bifunctional enzyme  
PAM.[25] 

 

To better understand the catalytic hydroxylation, it is necessary to examine the active 

center and the mechanism in more detail. The active center contains two copper ions that 

are significantly distant from one another (approximately 11 Å) and devoid of any bridging 

ligands (noncoupled binuclear copper site).[28] 

 

 

Figure 5: Molecular structure of the end-on superoxido copper complex in PHM. [26] 

 

The formation of the copper dioxygen species, as well as the catalytic reaction itself, occurs 

only at one of the two copper ions (CuB-center). The formed copper-dioxygen species is 

an end-on superoxido copper complex (Figure 5). This evidence was provided by Prigge 

et al., who were able to identify it crystallographically. It was achieved by reacting a frozen 

crystal of the protein with a slow substrate and ascorbate in the presence of dioxygen.[26] 

Furthermore, the complex was confirmed by computational studies of Chen et al.[28] 
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1.4. Model compounds of copper enzymes and proteins 

 

Apart from the end-on superoxido copper complex observed in the case of PHM, additional 

dioxygen intermediates could be observed in nature or in synthetic model complexes. 

Dioxygen can bind to the copper center in a number of ways, so it is important to know 

which dioxygen intermediates exist and to determine which of these intermediates are 

reactive. The nature of binding is contingent on various factors, including the external 

conditions and the ligands bound to the copper center. As a mononuclear copper complex, 

the dioxygen or the peroxide forms an end-on or side-on complex.[29,30] These types of 

binding can be explained through the concept of hapticity η, which is defined as the number 

of ligand atoms directly bonded to the metal ion. In a side-on complex, two ligand atoms 

are directly bonded, while an end-on complex, only one ligand atom is bonded. Besides 

mononuclear complexes, there are binuclear complexes. The binuclear form can occur 

because of the presence of an additional copper complex. On one hand, a peroxido copper 

complex (trans-μ-1,2-peroxido or μ-η2:η2-peroxido) and on the other hand a bis-µ-oxido 

complex can occur. In some cases, trinuclear intermediates are possible as well.[29,31]  

 

 

Figure 6: a) Various known oxygen intermediates involved in the reaction of copper(I) and copper(II) 
complexes with molecular oxygen and peroxides (L = Ligand, P = Peroxido, S = Superoxido, E = End-on, 
S = Side-on). Redrawn from Itoh et al..[29] b) Proposed mechanism for a reaction of a copper(I) complexes 

and hydrogen peroxide to a [CuOOH]+ species.[9,32] 



 

 
8 

The various copper dioxygen complexes are partially in equilibrium. In Figure 6, a variety 

of reaction pathways involving copper-dioxygen intermediates are shown, particularly in 

the context of the reactions of copper(I) and copper(II) complexes with dioxygen and 

peroxides.[29] The following chapters (1.5, 1.6) present a selected range of model 

complexes developed to better understand the mechanisms as well as reactivity in the 

active center of enzymes regarding dioxygen and to examine catalysts for oxygenation 

reactions. 

 

1.5. Copper complexes with tripodal ligand systems 

 

Model complexes play a key role in understanding the reactivity of active centers of enzymes 

and in the development of environmentally friendly catalysts. An important group of ligands 

used for copper-oxygen complexes are tripodal ligands.[8,9,33] In the case of tripodal ligands, 

the metal center is coordinated by three donor atoms in a trigonal pyramidal fashion, and the 

reactivity depends on the properties of the ligand (steric effects, aromaticity, etc.). In Figure 7, 

examples of tripodal ligands that have made a significant contribution to the study of tripodal 

ligands are shown. All shown ligands are distinguished by a particular characteristic, with the 

ligand tren (tris(2-aminoethyl)amine) providing the fundamental framework. 

 

 

Figure 7: Tripodal tetradentate ligands tmpa (1), Me2uns-penp (2), Me6tren (3), TMG3tren (4), and Bn3tren 
(5).[34–38] 

 

In a study by Jacobsen et al., the ligand tmpa (tris(2-pyridylmethyl)amine) was used for the 

investigation of copper-dioxygen complexes. Notably, this investigation led to the successful 

crystallographic characterization of the first copper-dioxygen complex as a result of the 

reaction of a copper(I) complex and dioxygen. In this case, a trans-μ-1,2-peroxido copper 

complex was formed, which crystallized at −90 °C in EtCN. Both copper center ions were 
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distorted trigonal bipyramidal coordinated by tmpa as well as dioxygen, and the distance 

between the two copper centers was found to be 4.359 Å. In addition to the crystallographic 

characterization, UV-Vis measurements were performed at −80 °C in EtCN (propionitrile), in 

which characteristic bands at 440, 525, and 590 nm were observed.[34,39] Furthermore, Raman 

vibrations were detected at 832 cm-1 and 561 cm-1.[40] Besides the characterization, Lukas et 

al. described the use of the trans-μ-1,2-peroxido copper complex for the oxidation of toluene 

to benzaldehyde and benzyl alcohol. However, a yield of only 8% was obtained, determined 

by GC-MS measurements. Nevertheless, Lukas et al. were able to obtain a conversion of up 

to 40% determined via GC-MS using a derivative. In this case, an “ethylpyridine” arm is 

exchanged with an anisole-containing substituent.[41] As a result of the successful 

characterization of a copper-dioxygen complexes, a series of studies was made on copper(I) 

complexes, along with a variety of tmpa derivatives.[9,33,42]  

Another tmpa derivative demonstrates the impact of ligand substitution on the reactivity with 

dioxygen. In this instance, the pyridine residues of the ligand tmpa have been substituted with 

dimethylamine groups (-NMe2) in para-position.[42,43]. In the subsequent step, the initial 

complex (a copper carbon monoxide complex) reacted with dioxygen, resulting in the formation 

of a copper-dioxygen species. The species had been identified as an end-on superoxido 

copper complex (shown in Figure 8), confirmed by absorbance bands at 418, 615, and 767 nm 

in CO-saturated THF at −85 °C using UV-Vis spectroscopy. In addition, resonance Raman 

measurements showed a stretching frequency that corresponds to the characteristics of an 

end-on superoxido copper complex. Due to the promising reactivity, oxidation reactions of 

phenol derivatives (p-MeO-2,6-DTBP, DTBP: Di-tert-butylphenole); 2,6-DTBP; and 2,4,6-

TTBP, TTBP: Tri-tert-butylphenol) with the end-on superoxido copper complex were examined. 

Conversions of up to 40% were revealed via GC (gas chromatography) and GC-MS (MS: mass 

spectrometry).[43] 

 

 

Figure 8: Structure of an end-on superoxido copper complex with the ligand Me2N-tmpa.[42] 

 

Another noteworthy ligand is Me6tren (Tris(2-dimethylaminoethyl)amine; Figure 7). In 

comparison to tmpa, Me6tren has a higher steric demand and a different nature of the donor 

atoms. These differences can be explained by looking at the interaction of the ligand with a 

copper center. In the case of tmpa, the copper ion is mostly coordinated by the N-donor atoms 
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of the pyridine ring (aromatic properties). In contrast, the N-donor atoms of Me6tren exhibit 

aliphatic characteristics.  

Becker et al. investigated copper(I) complexes with Me6tren and dioxygen. Interestingly, two 

copper-dioxygen species were identified by UV-Vis absorption spectroscopy. In particular, 

time-dependent measurements via stopped-flow technique were taken at a temperature of  

−60 °C in a solution of propionitrile. Initially, a band at 412 nm was observed, indicating the 

presence of a superoxido copper complex.[35] Subsequently, a high absorption was identified 

at 560 nm, indicating the formation of the trans-μ-1,2-peroxido copper complex. Compared to 

the formed trans-μ-1,2-peroxido copper complex with the ligand tmpa, the absorption bands 

reveal a slight shift, which can be explained in part by small differences in the geometry of the 

copper centers. The formation of the copper-dioxygen intermediates was additionally 

confirmed via resonance Raman spectroscopy (Measurement in propionitrile at −90 °C). While 

a peak at 1122 cm-1 indicated a superoxido copper complex, the trans-μ-1,2-peroxido copper 

complex was identified with peaks at 825 cm-1 (16O2) and 777 cm-1 (18O2). [35,44] 

Related to the ligand tmpa, it can be noted that the end-on superoxido copper complex was 

found to be more stable and the peroxido copper complex less stable.[35,44,45] Noteworthy, 

Würtele et al. successfully revealed the molecular structure of a trans-μ-1,2-peroxido copper 

complex with Me6tren a decade later (Figure 9). The exchange of an anion greatly enhanced 

the stabilization of the complex, and as a result, it was possible to crystallize the complex.[46] 

 

 

Figure 9: Molecular structure of [Cu2(Me6tren)2(O2)]2+ obtained by Würtele et al..[46] 

 

Derivatives of uns-penp ((aminoethyl)bis(2-pyridylmethyl)amine, shown in Figure 11) 

represent another ligand system of interest. These derivatives feature two pyridyl substituents 

and an ethylamine substituent that is also susceptible to substitution. Weitzer et al. investigated 

copper(I) complexes with the derivative Me2-uns-penp ((2-dimethylaminoethyl)bis(2-

pyridylmethyl)amine)). In this instance, time-resolved absorption measurements via stopped-

flow technique were conducted in propionitrile at −90°C. During the investigation, the formation 

of both the end-on superoxido copper complex (λmax: 412 nm) and the trans-μ-1,2-peroxido 

copper complex (λmax: 528 nm) was observed. The formation of the end-on superoxido copper 

complex occurred too rapidly at these low temperatures to be observed completely, whereas 
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the formation of the trans-μ-1,2-peroxido copper complex could be traced fully. Weitzer et al. 

also determined that the trans-μ-1,2-peroxido copper complex showed higher longevity at 

higher temperatures than the trans-μ-1,2-peroxido copper complex with the coordinating 

ligands tmpa and Me6tren.[35,36,39] Interestingly, Würtele et al. enabled the preservation of a 

trans-μ-1,2-peroxido copper complex as a stable solid at ambient temperature by using the 

anion BPh4
− (tetraphenylborate anion) for their copper(I) complexes with Me2-uns-penp. Due 

to this achievement, investigations have been conducted to examine the catalytic conversion 

of toluene to benzaldehyde and benzyl alcohol at ambient temperature utilizing the trans-μ-

1,2-peroxido copper complex. In this instance, a conversion of around 15% was obtained.[46]  

Building upon the findings of Weitzer and Würtele's published works, Brückmann et al. studied 

copper(I) complexes of symmetrical and asymmetrical uns-penp derivatives (Figure 11 shows 

an example of a symmetrical and an asymmetrical ligand of their work). The objective of 

Brückmann et al. was to obtain a trans-μ-1,2-peroxido copper complex in a solid state. 

Therefore, a copper(I) complex with an uns-penp derivative and the anion BPh4 was prepared 

and reacted with dioxygen. As part of it, a trans-μ-1,2-peroxido copper complex was obtained 

with the asymmetrical ligand Et-iProp-uns-penp and identified crystallographically. The 

molecular structure is illustrated in Figure 10. Furthermore, Brückmann et al. were able to show 

that complexes with symmetrical ligands exhibit suppressed oxygen reactivity. In contrast, 

complexes with asymmetrical ligands were reactive with dioxygen.[47] 

 

 

Figure 10: Molecular structure of [Cu2(Et-iProp-uns-penp)2(O2)]2+ obtained by Brückmann et al..[47] 

 

Meanwhile, Brückmann et al. investigated the immobilization of the ligand Me2-uns-penp on 

silica and mesoporous silica. Besides the successful immobilization, a comparable reactivity 

with dioxygen was observed, similar to that seen in the non-immobilized copper(I) complex 

with Me2-uns-penp. However, the stability in solid state was found to be lower. Nevertheless, 

catalytic oxidation experiments with toluene were carried out and the received conversions 

were comparable to those reported by Würtele et al.[46,48] 
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Figure 11: The tripodal tetradentate derivatives Et2-uns-penp (1, with symmetrical amine redidues) and Et-
iProp-uns-penp (2, with asymmetrical amine residue).[47] 

Another relevant ligand is TMG3tren, which was described by Raab et al..[37] This ligand 

has a higher steric demand than tmpa and Me6tren, and it has also improved donor 

properties. The positive properties of the donor groups are a result of the high basicity of 

the guanidine residues, which is due to resonance stabilization.[49] The stabilization is 

shown in Scheme 4. 

 

 

Scheme 4: Resonance stabilization of positive charge by guanidine residues. 

 

Schatz et al. investigated a copper(I) complex with TMG3tren and dioxygen. Through UV-

Vis spectroscopy, the presence of two bands at 442 nm and 690 nm was revealed in 

acetone and propionitrile. Furthermore, measurements in acetone at −70 °C with 

resonance Raman spectroscopy showed peaks at 1117 cm-1 (with 16O2) and 1059 cm-1 

(with 18O2). Both indicated the presence of a copper-dioxygen complex. In further analysis, 

DFT calculations were conducted for both an end-on-superoxido copper complex and a 

side-on-superoxido copper complex, and furthermore, theoretical values for resonance 

Raman measurements were determined, which were compared with the measured results. 

These results represented a clear indication of the formation of an end-on superoxido 

copper complex.[45] In 2006, Würtele et al. confirmed this indication and published the first 

crystallographic evidence of an end-on superoxido copper complex as a result of the 

reaction of a copper(I) complex and dioxygen. As shown in Figure 12, the molecular 

structure of the copper ion is coordinated in a trigonal bipyramidal fashion by TMG3tren 

and dioxygen coordination. A comparison of the O1-O2 bond (1.280 Å) and the Cu1-O1-O2 

angle reveals parallels with the crystallographic results of the copper-dioxygen complex of 

PHM.[50] 
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Figure 12: Molecular structure of [TMG3trenCu(O2)]+ obtained by Würtele et al..[50] 

 

Due to the high stability of the complex and the observed high reversibility, oxygenation 

experiments with copper(I) complexes and the ligand TMG3tren were performed. Different 

exogenous phenolic substrates were used for oxygenation reactions, and oxygenation 

products were identified successfully. In addition to the expected product, a hydroxylation 

reaction of ligand was observed. Specifically, a methylene group of the ligand is 

hydroxylated, resulting in the formation of an alkoxide. The alkoxide is coordinated to the 

copper ion and deactivates the copper complex for further oxygenation reactions. The 

hypothesis of Maiti et al. (Scheme 5) was that the end-on superoxido complex is formed, 

initially. Then the copper-dioxygen complex reacts to form a hydroxido copper complex via 

an H-abstraction reaction. Subsequently, the hydroxide copper complex lead to the 

oxygenation of the methyl group of the ligand, generating water as a side-product. The 

hypothesis was confirmed through investigations involving H-donors, such as Tempo-H.[51] 

 

 

Scheme 5: Assumed sub-step of the oxygenation of the ligand TMG3tren by Maiti et al..[51] 

 

1.6. Copper complexes with macrocyclic ligand systems 

 

Another group of ligands was used in extensive research related to copper-dioxygen 

complexes.[8,9] These are macrocyclic ligands, which are able to stabilize complexes due 

to their characteristic macrocyclic effect.[52] Some examples of macrocyclic ligands include 

the cyclam derivative tet b, 12-TMC, and derivatives of 1,4,7-triazacyclonane (Shown in 

Figure 13 and Figure 15), which can stabilize copper-dioxygen complexes.[53–57] 
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Figure 13: The macrocyclic ligands tet b (left) and 12-TMC (right).  

 

Although cyclam derivatives are frequently used as ligands for bioinspired dioxygen 

activation, they are rarely employed in the copper-dioxygen activation process.[58] 

Nevertheless, it has been known since 1979 that copper complexes with tet b are reactive 

with dioxygen. Nappa et al. were able to spectroscopically confirm the presence of a 

superoxido copper complex in solution by reacting a copper(II) complex with potassium 

superoxide and [18]crown-6 in DMSO.[59] Hoppe et al. (2013) took a different approach by 

investigating the reaction of the copper(I) complex with the ligand tet b and dioxygen. Time-

resolved absorbance measurements were carried out, and absorbance bands at 395 and 

669 nm were observed, indicating an end-on superoxido copper complex. These 

observations are in line with the results reported by Nappa et al., who also identified the 

formation of an end-on superoxido copper complex.[57] 

Additionally, Hoppe et al. observed the formation of a trans-μ-1,2-peroxido copper 

complex, confirmed by infrared spectroscopy and resonance Raman spectroscopy. 

Furthermore, the trans-μ-1,2-peroxido copper complex was crystallized at low 

temperatures, and its molecular structure was successfully solved by XRD spectroscopy. 

The molecular structure is illustrated in Figure 14.[57] 

 

 

Figure 14: Molecular structure of [Cu2(tet b)2(O2)]2+ obtained by Hoppe et al..[57] 

 

Besides copper complexes with the ligand tet b, the reactivity with dioxygen was also 

observed for copper complexes with the cyclam derivative 12-TMC. Garcia-Bosch et al. 

were able to identify spectroscopically a side-on superoxido copper complex at 

temperatures between −90 and −135 °C. By UV-Vis measurements, absorbance bands at 
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364, 450, and 635 nm, as well as a Raman Shift via resonance Raman spectroscopy at 

544 cm-1 (16O2) and 515 cm-1 (18O2), provide confirmation. Additionally, DFT studies show 

evidence for the formation of a side-on superoxido copper complex. Furthermore, a series 

of oxidation reactions were conducted with various substrates by using the side-on 

superoxido copper complex, including phenol derivatives and PPh₃. However, no reactivity 

was observed towards these substrates. Garcia-Bosch et al. explained the low reactivity 

as a result of the copper ion being fully coordinated by the ligand 12-TMC and the 

superoxide, which could potentially prevent substrate binding.[56] 

 

 

Figure 15: The macrocyclic ligands iPr3tacn (left), Bn3tacn (center), and tBu3tacn (right). 

 

An example of a derivative of a 1,4,7-triazacyclononane is iPr3tacn (1,4,7-

triazacyclononane ligand with three iso-propyl groups). Mahapatra et al. investigated 

copper(I) complexes with the ligand iPr3tacn and treated them with dioxygen at −78 °C in 

dichloromethane. In this case, UV-Vis spectroscopy was used to identify characteristic 

bands at wavelengths of 365 and 510 nm. Furthermore, resonance Raman measurements 

showed distinctive peaks at 722 cm-1 (with 16O2) and 680 cm-1 (with 18O2). As a result of the 

analysis, a copper dioxygen adduct was identified, which was determined to be a μ-η2:η2-

peroxido copper complex.[60] Interestingly, Halfen et al. showed that the solvent affects the 

formation of specific copper dioxygen species. By changing the solvent from 

dichloromethane (DCM) to tetrahydrofuran (THF), a bis-µ-oxido copper complex was 

observed. The different reactivity of copper(I) complexes with iPr3tacn is illustrated in 

Scheme 6.[54]  

 

 

Scheme 6: Reaction of copper(I) complexes with the ligand iPrtacn and dioxygen in DCM and THF. A formation 
of a bis-µ-oxido complex copper is obtained in DCM, and a μ-η2:η2-peroxido copper complex is obtained in 

THF. 
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The identification of the bis-µ-oxido copper complex was accomplished by measuring the 

absorption bands at 324 nm as well as 448 nm and resonance peaks at 600 cm-1 (with 

16O2) and 580 cm-1 (with 18O2). Furthermore, it was ascertained that the bis-µ-oxido and the 

μ-η2:η2-peroxido copper complex could be successfully transferred to the other 

intermediate by adding an excess of the respective solvent.[54,61,62]  

Interestingly, Halfen et al. studied copper(I) complexes with the ligand Bn3tacn (1,4,7-

triazacyclononane ligand with three benzyl groups) as well. At low temperatures of −75°C 

in DCM, the observation of a particular oxido copper complex with distinctive absorption 

bands at 318 and 430 nm was made using UV-Vis spectroscopy. In this case, a bis-µ-oxido 

copper complex was formed, and the change of solvent did not affect the intermediate 

formation.[54,61] However, an observation was made during the reaction of these complexes 

with dioxygen which is the dealkylation of the respective ligand after reacting. As a result 

of the dealkylation, the complex was ineffective as a catalysts.[54,61,63] 

In 2016, Karahalis et al. investigated copper(I) complexes with tBu3tacn, a 1,4,7-

triazacyclononane ligand with three tert-butyl groups (as a result of the simplified synthesis 

of this ligand by Thangavel et al.).[55,64] Karahalis et al. published a noteworthy method for 

a synthesis of a copper-dioxygen intermediate. In this method, a μ-η2:η2-peroxido copper 

complex was formed as a crystalline solid through a reaction with air at room temperature. 

The molecular structure of the formed μ-η2:η2-peroxido copper complex is shown in Figure 

16. Interestingly, the demanding synthesis of the copper complex with the ligand does not 

involve the use of acetonitrile because the presence of acetonitrile during the complex 

formation can lead to its inactivation.[55] 

 

 

Figure 16: Molecular structure of [Cu2(tBu3tacn)2(O2)]2+ obtained by Karahalis et al..[55] 

 

The measurement of the bond distance in the molecular structure revealed a separation of 

3.6349(8) Å between the copper cores and an oxygen-oxygen bond length of 1.475(4) Å. 

In addition, Karahalis et al. were able to conduct stability tests in a variety of solvents and 

demonstrate the stability of the copper dioxygen intermediate in protic solvents, such as 

methanol and water. For instance, the half-life of the μ-η2:η2-peroxido complex in an 

aqueous Na2HPO4 solution was 9.6 days. In comparison to methanol (t1/2 of 14.2 h) or 

acetonitrile (t1/2 of 2.5 h), the half-life in the aqueous solution was significantly higher. Due 
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to the high stability of the μ-η2:η2-peroxido copper complex in solution, oxygenation 

reactions were performed with various substrates, including phenol and electron-rich 

phenolic substrates. In addition, Karahalis et al. were able to conduct catalytic oxidation 

reactions at various temperatures in deuterated methanol with phenolic substrates, such 

as 2,4-di-tert-butylphenol or benzoin (illustrated in Scheme 7) The yield was determined 

using nuclear magnetic resonance (NMR) spectroscopy and an internal standard like 1,3,5-

trimethoxybenzene or 1,3,5-tri-tert-butylbenzene.[55]  

 

 

Scheme 7: Catalysed oxidation of benzoin with [Cu2(tBu3tacn)2(O2)OTf2.[55]  
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2. Research Goals 

 

As shown in chapters 1.5 and 1.6, current research is focusing on the development of 

model complexes that imitate the reactivity of active centers of enzymes such as peptidyl-

α-hydroxylating monooxygenase (PHM). For the synthesis of these model complexes, 

tripodal ligands, like TMG3tren, have demonstrated remarkable potential. The first end-on 

superoxide copper complex was successfully synthesized and characterized with 

TMG3tren (a model complex for PHM).[50,51] However, the catalytic activity fell short of initial 

expectations. In contrast, ligands with aliphatic residues, such as Me6tren, do not provide 

enough stability for the end-on superoxido copper complex.[35,36,65] 

For this reason, a possible missing link, the imine ligand tris(2-(propan-2-

ylideneamino)ethyl)amine (imine3tren), was developed (illustrated in Figure 17). The 

present ligand exhibits characteristics that resemble both aliphatic ligands, like Me6tren, 

and guanidine-type ligands, such as TMG3tren. Consequently, it may serve as a suitable 

system for stabilizing an end-on superoxido copper complex. In order to accomplish this 

goal, the tripodal ligand was synthesized, and in addition, several metal complexes were 

prepared, with a particular focus on copper complexes. 

 

 

Figure 17: Ligand influences on the development of imine3tren. 

 

Besides tripodal ligands, macrocyclic ligands play a pivotal role in the activation of 

dioxygen, as described in chapter 1.6. Especially the previously mentioned 1,4,7-

triazacyclononane derivatives have been demonstrated to be a suitable system. Karahalis 

et al. have demonstrated that the ligand tBu3tacn is capable of forming a stable μ-η2:η2-

peroxido copper complex, showing remarkable stability in solvents, such as methanol and 

water.[55]  

An essential objective of the second part of the project was the development of an 

environmentally friendly catalyst that is efficient under mild conditions. To achieve this 

objective, the 1,4,7-triazacyclononane ligand system was modified to enhance its solubility 

and reactivity protic solvents like water and methanol. One common strategy is the 
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implementation of carboxylic acid, phosphonic acid, or sulphonic acid substituents. In this 

context, a particular focus was on the synthesis of a 1,4,7-triazacyclononane derivative 

with a sulphonic acid substituent (illustrated in Figure 18). Furthermore, the reactivity of a 

copper(I) complex with dioxygen, as well as copper(II) complexes with hydrogen peroxide, 

was investigated, examining the suitability as a potential catalyst for oxygenation 

reactions.[66] 

 

 

Figure 18: Structure of the investigated water-soluble ligand (tBu)2(nPrSO3)Htacn. 
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3. Investigations of metal complexes with the tripodal 

tetradentate ligand tris(2-(propan-2-ylideneamino)ethyl) 

amine (imine3tren) 
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4. Investigations on Water-Soluble Copper Complexes with the 

Sterically Demanding Triazacyclononane Derivative 

(tBu)2(nPrSO3)Htacn 
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5. Summary 

 

Oxidation reactions play an important role in the chemical and pharmaceutical industries.[1] 

However, these processes (see Chapter 1) are still very inefficient due to the use of 

environmentally harmful catalysts and solvents. Today, efforts are made to improve the 

efficiency and environmental compatibility of these processes. The reactivities of active 

enzymes can serve as a valuable model. In these enzymes, oxygenation reactions are 

selective, occur under mild conditions and transition metals are involved. The peptidyl 

glycine-α-hydroxylating monooxygenase is an example of these, which is responsible for 

the hydroxylation of glycine.[26] Inspired by the reactivities observed in these enzymes, 

model complexes have been developed to imitate their behavior. For instance, the 

synthesis of copper(I) complexes with TMG3tren, which enabled the formation of an end-

on superoxido complex that exhibits a structural similarity to the copper dioxygen species 

in the active center of PHM.[50,51] In general, the development of model complexes 

facilitates the observation, characterization, and examination of the reactivity of diverse 

copper-dioxygen complexes. 

In the first part of this research study, the tripodal tetradentate ligand imine3tren was 

synthesized, and a variety of metal complexes were examined. This investigation focused 

on zinc, sodium as well as nickel complexes and a particular interest in copper(I) 

complexes. The development of imine3tren as a ligand was driven by generating an 

intermediate form between the known ligands Me6tren and TMG3tren. It was anticipated as 

the missing link between these two ligands and the development of a stable copper 

complex for oxygen activation. Consequently, it was expected that this ligand would exhibit 

enhanced reactivity due to the modifications made to the system. 

A synthesis of the ligand and the respective copper(I) complex was successfully achieved. 

However, when the reactivity with dioxygen was investigated, there was no evidence of a 

copper dioxygen intermediate. A possible explanation may be attributed to the instability of 

the imine group, a characteristic that has been previously observed in analogous 

systems.[67] 

In the second part of this research study, a ligand system ((tBu)2(
nPrSO3)Htacn) was 

developed that showed high solubility in water and methanol. Additionally, the reactivity of 

copper(I) complexes with dioxygen and of copper(II) complexes with hydrogen peroxide in 

protic solvents was investigated successfully. The ligand was synthesized from the 

fundamental system 1,4,7-triazacyclononane, with the integration of two tert-butyl groups 

and a propyl-bridged sulfonic acid group for enhanced solubility in protic solvents. In the 

following study on the activation of dioxygen with copper(I) complexes, only a copper-
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dioxygen species in the form of a μ-η2:η2-peroxido copper complex was identified in aprotic 

solvents. In contrast, the use of copper(II) complexes and hydrogen peroxide also led to 

the identification of a μ-η2:η2-peroxido copper complex in protic solvents, such as water 

and methanol. Furthermore, the kinetics of the reaction between the copper(II) complex 

and hydrogen peroxide were examined, which led to the postulation of an interchange 

mechanism. In summary, it was possible to obtain a copper dioxygen intermediate with the 

ligand ((tBu)2(
nPrSO3)Htacn) under mild conditions and in environmentally friendly solvents 

such as water and methanol, which may possess potential for catalyzed oxygenation 

reactions. 
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6. Zusammenfassung 

 

Oxidationsreaktionen spielen in der chemischen und pharmazeutischen Industrie eine 

wichtige Rolle.[1] Diese Prozesse (siehe Kapitel 1) sind jedoch noch sehr ineffizient 

aufgrund der Verwendung von umweltschädlichen Katalysatoren und Lösungsmittel. 

Heute wird nach Möglichkeiten gesucht, diese Prozesse effizienter und umweltfreundlicher 

zu gestalten. Als Vorbild kann die Reaktivität aktiver Zentren von Enzymen dienen, in 

denen Oxidations-und Oxygenierungsreaktionen selektiv unter milden Bedingungen 

ablaufen und ein zumeist ein Übergangsmetall involviert ist. Ein Beispiel hierfür ist das 

Teilenzym Peptidylglycin-α-hydroxylierende Monooxygenase, das für die Hydroxylierung 

von Glycin verantwortlich ist.[26] Nach dem Vorbild des aktiven Zentrums wurden 

Modellkomplexe entwickelt, die die Reaktivität nachahmen sollen. Ein Beispiel sind 

Kupfer(I)-Komplexe mit TMG3tren, mit dem es möglich war einen end-on Superoxido 

Kupfer-Komplex herzustellen, der in seiner Struktur mit der Sauerstoff-Spezies im aktiven 

Zentrum von PHM vergleichbar ist.[50,51] Insgesamt ermöglicht die Entwicklung von 

Modellkomplexen die Beobachtung, Charakterisierung und Untersuchung der Reaktivität 

verschiedener Kupfer-Sauerstoff-Komplexe. 

Im ersten Teil dieser Forschungsarbeit wurde der tripodale tetradentate Ligand imine3tren 

hergestellt und verschiedene Metallkomplexe untersucht. Neben Zink-, Natrium- und 

Nickel-Komplexen lag der Hauptfokus hierbei auf Kupfer(I)-Komplexen. Die Entwicklung 

des Liganden imine3tren erfolgte mit der Intention, eine Zwischenform der bekannten 

Liganden Me6tren und TMG3tren zu schaffen. Es wurde antizipiert, dass dieser Ligand das 

fehlende Intermediat ist und den entscheidenden Durchbruch bei der Entwicklung eines 

stabilen Kupferkomplexes für Sauerstoff-Aktivierung bringen würde. Dementsprechend 

wurde aufgrund der Änderung des Systems eine verbesserte Reaktivität erwartet.  

Nach intensiver Forschung gelang die Synthese des Liganden und des entsprechenden 

Kupfer(I)-Komplexes. Jedoch konnte bei der Untersuchung der Reaktivität mit Sauerstoff 

kein Sauerstoff-Intermediate nachgewiesen werden. Eine mögliche Erklärung könnte in 

der Instabilität des Imins liegen, die bereits in anderen Systemen in der Vergangenheit 

beobachtet wurde.[67] 

Im zweiten Teil dieser Forschungsarbeit wurde der Ligand ((tBu)2(
nPrSO3)Htacn) 

entwickelt, welcher sich durch eine hohe Löslichkeit in Wasser und Methanol auszeichnet. 

Darüber hinaus wurde die Reaktivität von Kupfer(I)-Komplexen mit Sauerstoff sowie von 

Kupfer(II)-Komplexen mit Wasserstoffperoxid erfolgreich in protischen Lösungsmitteln 

untersucht. Für den Liganden wurde das Grundsystem 1,4,7-Triazacyclononan genutzt, 

welches mit zwei tert-Butyl-Gruppen und einer propyl-verbrückten Sulphonsäuregruppe 
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substituiert war. Die Sulfonsäure-Gruppe diente hierbei der Erhöhung der Löslichkeit in 

protischen Lösungsmitteln. Im Rahmen der Untersuchung zur Aktivierung von Sauerstoff 

in Verbindung mit Kupfer(I)-Komplexen des Liganden konnte lediglich eine Kupfer-

Sauerstoff-Spezies, in Form eines μ-η2:η2-peroxido Kupfer-Komplexes, in aprotischen 

Lösungsmitteln nachgewiesen werden. Demgegenüber konnte bei der Verwendung von 

Kupfer(II)-Komplexen und Wasserstoffperoxid ein μ-η2:η2-peroxido Kupfer-Komplex in den 

protischen Lösungsmitteln Wasser und Methanol nachgewiesen werden. Es wurde 

außerdem die Kinetik der Reaktion des Kupfer(II)-Komplexes mit Wasserstoffperoxid 

untersucht. Dabei konnte ein Interchange-Mechanismus postuliert werden. 

Zusammenfassend lässt sich festhalten, dass mit dem Liganden ((tBu)2(
nPrSO3)Htacn) ein 

Kupfer-Sauerstoff-Intermediate unter milden Bedingungen und in umweltfreundlichen 

Lösungsmitteln wie Wasser und Methanol nachgewiesen werden konnte, der das Potential 

für katalytische Oxygenierungsreaktionen haben kann. 
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