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Abstract 

The element copper is of great importance for life on earth, as evidenced by the ubiquity of 

copper-containing enzymes in nature, which are often responsible for oxygen activation and 

electron transfer processes. For example, the type 3 copper enzyme tyrosinase is responsible 

for the monooxygenation of phenols to ortho-quinones and by this mediates the first step in 

the biogenesis of the important pigment melanin. Of key importance is the investigation of 

factors influencing the reactivity of enzymes and of the mechanisms underlying the catalyzed 

reactions. One way to address this issue is the study of small molecule model systems. 

Therefore, within this thesis the development and investigation of new mono- and dinuclear 

model systems for tyrosinase and their reactivity toward monophenolic substrates is described.  

In the first part of the thesis the study of dinuclear model systems supported by the bis-

tridentate ligand (Tw1) and bis-bidentate ligands (Tw2/3) is described. The influence of the 

ligand denticity and the type of N-donor groups present was evaluated by studying the 

reactivity of the prepared new Cu(I) complexes toward phenolic substrates and dioxygen by 

NMR- and (low temperature) UV/vis spectroscopy. 

In contrast to the first part, the second and third part comprise studies of mononuclear model 

systems. In analogy to previous iminoheterocyclic ligands, the novel bidentate iminotriazole 

ligands Ltrz1 and Ltrz2 were synthesized and the corresponding mononuclear Cu(I) complexes 

were prepared with PF6
- and Al(pftb)4

-
 as two different anions. With these complexes, higher 

yields of quinone were obtained than with comparable previous systems. In particular, for the 

complex with Al(pftb)4
- as anion the highest catalytic activity so far was obtained. Moreover, 

the reaction mechanism by which these complexes mediate the conversion of phenols was 

investigated, by using NMR-, EPR-, and (low temperature) UV/vis spectroscopy in various 

studies of the reaction kinetics and reactivity toward different monophenolic substrates. A 

mononuclear reaction pathway, previously proposed for simple Cu(I) salts and derived from 

the formation of the topaquinone cofactor in amine oxidase, could be verified for these more 

complex model systems for the first time.  

Furthermore, due to similarities found in the mononuclear pathways of the CuAAC reaction 

and phenol monooxygenation as well as the respectively employed ligands, six Cu(I) 

complexes supported by different aminotriazole ligands were prepared and investigated. On 

the one hand, the tetradentate CuAAC ligand TTTA and its tri- and bidentate derivatives were 

used. On the other hand, aminotriazole ligands derived from Ltrz1 were prepared and coordi-
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nated to Cu(I). The ability of the prepared complexes to mediate the CuAAC reaction and 

phenol monooxygenation was investigated. An opposite reactivity was observed, which could 

be attributed to slight differences in the ligand properties, thus revealing the sensitivity of small 

variations in the ligand design to the obtained reactivity. 
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 Kurzzusammenfassung 

Das Element Kupfer ist für das Leben auf der Erde von großer Bedeutung, was zum Beispiel 

anhand der ubiquitären Verbreitung von kupferhaltigen Enzymen, welche häufig für 

Sauerstoffaktivierung und Elektronentransferprozesse verantwortlich sind, deutlich wird. So ist 

das Typ 3 Kupferenzym Tyrosinase für die Monooxygenierung von Phenolen zu ortho-

Chinonen verantwortlich, wodurch der erste Schritt der Biosynthese des wichtigen Pigments 

Melanin vermittelt wird. Die Untersuchung von Faktoren, die die Reaktivität der Enzyme 

beeinflussen und der Mechanismen, welche den katalysierten Reaktionen zugrunde liegen, ist 

dabei von zentraler Bedeutung. Eine Möglichkeit, einen tieferen Einblick in diesen Bereich zu 

erlangen, ist die Untersuchung von niedermolekularen Modellsystemen. Aus diesem Grund 

wurden im Rahmen dieser Arbeit verschiedene Modellsysteme für die Tyrosinase auf Basis 

von mono- und dinuklearen Komplexen entwickelt und ihre Reaktivität gegenüber mono-

phenolischen Substraten untersucht. 

Im ersten Teil der Arbeit ist die Studie der dinuklearen Modellsysteme, mit bis-tridentaten 

(Tw1) und bis-bidentaten Liganden (Tw2/3) beschrieben. Der Einfluss der Zähnigkeit des 

Liganden und der Art der beteiligten N-Donoren auf die Reaktivität der neu hergestellten Cu(I)-

Komplexe gegenüber phenolischen Substraten und Sauerstoff wurde mithilfe von NMR- und 

(Tieftemperatur-) UV/vis-Spektroskopie untersucht. 

Im Gegensatz dazu umfassen der zweite und dritte Teil Studien zu mononuklearen Modell-

systemen. In Anlehnung an zuvor entwickelte iminoheterozyklische Liganden wurden die 

neuen, bidentaten Iminotriazolliganden Ltrz1 und Ltrz2 synthetisiert und zu den entsprechenden 

mononuklearen Cu(I)-Komplexen mit PF6
- und Al(pftb)4

- als Anion umgesetzt. Mit diesen 

Komplexen konnten höhere Ausbeuten an Chinon als mit vergleichbaren früheren Systemen 

erhalten werden. Insbesondere wurde für den Komplex mit dem Al(pftb)4
--Anion die bisher 

höchste katalytische Aktivität überhaupt erhalten. Des Weiteren wurde für diese Komplexe der 

Mechanismus für die Umsetzung von Phenolen durch die Verwendung von NMR-, EPR- und 

(Tieftemperatur-) UV/vis-Spektroskopie in verschiedenen Untersuchungen zur Reaktions-

kinetik und der Reaktivität gegenüber unterschiedlichen monophenolischen Substraten 

untersucht. Dabei konnte ein mononuklearer Reaktionspfad, welcher zuvor für einfache 

Kupfer(I) Salze gefunden wurde und von der Bildung des Topachinon Cofaktors in der 

Aminoxidase abgeleitet ist, auch für diese komplizierteren Modellkomplexe zum ersten Mal 

nachgewiesen werden. 
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Zudem wurden, aufgrund von Ähnlichkeiten in den mononuklearen Mechanismen der Mono-

oxygenierung von Phenolen und der CuAAC Reaktion und den jeweils verwendeten Liganden, 

sechs Cu(I)-Komplexe mit Aminotriazolliganden hergestellt und untersucht. Dabei wurden 

einerseits der tetradentate CuAAC Ligand TTTA und seine tri- und bidentaten Derivate 

eingesetzt. Andererseits wurden Aminotriazolliganden, welche von Ltrz1 abgeleitet wurden, 

hergestellt und an Cu(I) koordiniert. Die Fähigkeit der so erhaltenen Komplexe, die CuAAC 

und die Monooxygenierung von Phenolen zu vermitteln, wurde untersucht. Die dabei erhaltene 

gegenläufige Reaktivität konnte auf geringe Unterschiede in den Eigenschaften der Liganden 

zurückgeführt werden, wodurch die Empfindlichkeit der erhaltenen Reaktivität gegenüber 

kleinen Variationen im Ligandendesign verdeutlicht werden konnte.  
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1 Introduction 

The study of nature has always been crucial for the progress of mankind. For example, it is 

believed that the observation of a falling apple inspired ISAAC NEWTON to his theory of gravity.[1] 

Later, JOSEPH PAXTON designed the cast iron structure of the Crystal Palace, site of the “Great 

Exhibition of the Works of Industry of All Nations” in year 1851, according to the structure of a 

lily pad.[2] These are only two of many historical and recent examples, underlining the great 

inspiration that nature provides for the solution of numerous issues. 

The targeted production of certain compounds from basic chemicals is of great importance for 

both nature and modern human life. In this context catalytic processes are of particular 

importance, which is resembled by the fact that more than 90 % of industrial chemicals are 

produced using catalysis.[3,4] Enzymes, however, being the catalysts of living things, clearly 

show the ingenuity of nature: For example, the enzyme particulate methane monooxygenase 

(pMMO), which is found in methanotrophic bacteria, is able to mediate the conversion of 

methane into methanol under ambient conditions.[5–7] In contrast, the industrial process 

involves two steps: 1. the nickel-catalyzed steam reforming of methane to syngas (CO + H2) 

and 2. the conversion of syngas to methanol using a Cu/ZnO/Al2O3 catalyst, both of which 

require harsh reaction conditions of high temperature and high pressure.[8–10] Similarly, the 

HABER-BOSCH process, which is used for the synthesis of ammonia from dinitrogen and 

hydrogen is carried out at approx. 500 °C and a pressure of 200 bar, and is one of the most 

energy-consuming processes in the world.[11,12] The enzyme nitrogenase, which resembles the 

biological counterpart for this process and is found in diazotrophic bacteria, on the other hand, 

mediates this conversion under ambient conditions.[13,14] This underlines the great potential 

that a deeper understanding of the function of enzymes could have for the development of 

more effective catalysts, potentially leading to new industrial processes with milder reaction 

conditions. 

In addition, a more detailed knowledge of the processes occurring in enzymes is also crucial 

for more targeted therapies and diagnostic methods in medicine, which can lead to greater 

effectivity and fewer side effects of drugs as well as an improved diagnostic sensitivity.[15–17] 

Today, enzymes are used, for example, in the treatment of acute lymphoblastic leukemia, 

Gaucher’s disease, Hunter’s syndrome, and for the detection of antigens and antibodies.[18,19]  

A deeper knowledge of the structure and function of enzymes can in turn be obtained by 

isolation and direct structural analysis of these macromolecules. However, the isolation and 

characterization of enzymes can be very difficult and time-consuming. As an alternative, small-
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molecule model systems that are structurally similar to the active center of an enzyme and 

mimic its reactivity are investigated to gain more information about its function.
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2 Scientific Background 

2.1. Copper and Copper-Containing Enzymes 

The element copper, which forms the 11th group of the periodic table along with silver, gold 

and roentgenium, is one of the rare metals that can be found in its metallic state and is one of 

the 25 most abundant elements in the Earth’s crust.[20–22] This has led to the early use of this 

metal by humans (metallic copper is used for approx. 10 000 years) and more importantly, the 

great abundance on earth is also responsible for the fact that the only transition metals more 

frequently found in the human body are iron and zinc.[21,22] Copper is an essential element for 

many organisms and takes part in various biological processes.[22,23] Consequently, the right 

level of copper is important for a healthy organism. In humans, for example, the deficiency of 

copper can lead to pathological consequences such as Menkes disease, which is caused by 

a mutation of the copper-transport protein ATP7A. Due to the mutation, the binding of copper 

is hindered, which results in too low copper concentrations in the liver and brain, and in turn to 

severe damage such as to the nervous system, bones and the connective tissue.[23–25] As with 

a deficiency, excessive concentrations of copper, for example caused by Wilson disease, are 

toxic too. In this case, the copper transport protein ATP7B, which is responsible for the copper 

excretion in the bile, is mutated. Due to the mutation copper accumulates among others in the 

liver and brain. Among other things, this causes liver disease neurological disfunctions and, 

unless treated, has fatal consequences.[25–28] 

Because of the comparably easily accessible oxidation states of Cu(I) and Cu(II), nature uses 

copper-containing enzymes for various tasks such as the transport of electrons (plastocyanin) 

or dioxygen (hemocyanin), for substrate oxidation (catechol oxidase) and oxygenation (tyrosi-

nase, pMMO) reactions. Moreover, copper enzymes play a role in the protection of organisms 

against reactive species, for example, by converting superoxide anions into hydrogen peroxide 

and water (Cu, Zn superoxide dismutase).[29–32]  

Copper enzymes are divided into eight classes with regard to their different structural and 

spectroscopic properties.[23,33] These classes are categorized into the ‘classic’ copper enzymes 

with type 1, type 2, and type 3 centers, and the later found enzymes with type 4, CuA, CuB, and 

CuZ active sites.[31,33] Additionally, the type 0 copper centers, a mixture of type 1 and type 2, 

were obtained through targeted mutation of type 1 enzymes and are hence, artificial.[34,35] The 

following section provides a more detailed description of the ‘classic’ copper centers type 1-3. 
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2.1.1. Type 1 Copper Enzymes 

Type 1 enzymes, which are also described as “blue” copper enzymes, contain a mononuclear 

copper center coordinated in a distorted tetrahedral geometry by two histidine residues, a 

cysteine sulfur atom, and an additional ligand, which is mostly a methionine sulfur (Scheme 1). 

Due to the distorted coordination geometry, between the classic tetrahedral geometry of Cu(I) 

and the square-planar geometry of Cu(II), interchanges of these oxidation states can be easily 

achieved. Therefore, type 1 copper centers are mostly found in enzymes responsible for 

electron transfer processes, e.g. azurin, which mediates one-electron transfer processes in 

gram-negative bacteria such as Pseudomonas aeruginosa. The characteristic blue color for 

this type of enzymes is caused by a strong ligand-metal charge-transfer (LMCT) transition from 

the cysteine sulfur to Cu(II) at 600 nm (ε = 3000 - 6000 M-1 cm-1) in the oxidized state.[23,31,36] 

 

Scheme 1: The mononuclear copper centers of a type 1 (blue) copper enzyme, e.g. found in azurin 
(left), and the type 2 (normal) copper enzyme as found in galactose oxidase (right). L 
indicates the binding site for the substrate.[31]  

2.1.2. Type 2 Copper Enzymes 

In analogy to type 1 active sites, type 2 copper centers are also mononuclear and exhibit 

distorted tetrahedral to square-planar coordination geometry. In this case, the coordination 

sphere is composed of N-donor (histidines) and O-donor (tyrosine, water) residues 

(Scheme 1). Upon binding of the substrate in the equatorial plane (Scheme 1, L), a square-

pyramidal coordination environment is formed. These enzymes, which are able to activate 

dioxygen, are also classified as “normal’ copper proteins and are only light blue in color. This 

pale color, in contrast to the blue copper enzymes, is due to a Laporte-forbidden d-d transition 

at approx. 700 nm in the oxidized state. One example for a type 2 copper enzyme is galactose 

oxidase, which mediates the conversion of primary alcohols to aldehydes as well as the 

subsequent reduction of dioxygen to hydrogen peroxide in different fungi. With the formation 

of hydrogen peroxide, in turn, galactose oxidase is believed to play an important role in 

protecting the organism against bacteria.[29,31,37–40] In addition to galactose oxidase, amine 
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oxidase (AO) is another important example for a normal copper protein and is discussed in 

more detail in Chapter 3.1.[29] 

2.1.3. Type 3 Copper Enzymes 

In contrast to the type 1 and type 2 mononuclear active sites, in type 3 enzymes dinuclear 

copper centers are present, in which each metal ion is coordinated by three histidine N-atoms. 

Type 3 copper enzymes are responsible for dioxygen transport (hemocyanin), oxidation 

reactions (catechol oxidase (CO) and tyrosinase (Ty)), and oxygenation reactions (Ty). 

Importantly, upon reaction with dioxygen, these enzymes form the characteristic µ-η²:η²-

peroxodicopper(II) intermediate (Scheme 2). In this oxy form, both Cu(II) centers exhibit a 

square-pyramidal coordination geometry, and unique spectroscopic features are present: On 

the one hand, two bands corresponding to LMCT transitions are observed in the UV/vis 

spectrum. The first band at λmax ≈ 350 nm (ε ≈ 20000 M-1 cm-1) corresponds to a strong peroxide 

πσ* � Cu(II) dx2-y2 transition, whereas the second band at λmax ≈ 600 nm (ε ≈ 1000 M-1 cm-1) is 

linked to a weaker peroxide πv* � Cu(II) dx2-y2 transition. On the other hand, due to a 

superexchange pathway between the two Cu(II) dx2-y2 orbitals through the peroxide πσ* orbital, 

the Cu(II) ions are antiferromagnetically coupled and thus the oxy form is EPR silent.[23,29,30,33,41] 

 

Scheme 2: The oxy form of a type 3 copper active site with the characteristic µ-η²:η²-peroxodicopper(II) 
center.[30,31] 

The structure and function of the enzymes CO and Ty are discussed in more detail in 

Chapter 3.2 and 3.3. 
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3 Copper Enzymes with Oxidase and 

Oxygenase Activity 

As described above, copper enzymes take part in various essential biological processes. 

Among these, reactions with dioxygen are of particular importance. For example, in different 

invertebrate animals the dioxygen transport is not carried out by the iron-containing metallo-

proteins hemoglobin or hemerythrin, but the type 3 copper protein hemocyanin.[23,31,42,43] 

Moreover, the great amount of copper-containing oxidases and oxygenases found in nearly all 

life forms underlines the critical role of copper enzymes in nature. Oxidases mediate the 

oxidation of substrates along with an electron transfer to oxygen. In the case of a two-electron 

reduction, this results in the formation of hydrogen peroxide, as found in the type 2 enzyme 

AO (see below).[42,44] Additionally, a four-electron reduction of dioxygen takes place in some 

enzymes, such as CO. In this case, the reduction of dioxygen forms two equivalents of water 

through a double two-electron oxidation of the substrate (see below).[31,42,43] Oxygenases, in 

contrast, support the incorporation of one (monooxygenases) or two (dioxygenases) oxygen 

atoms into the substrate. The type 3 copper enzyme Ty is an example for a monooxygenase 

(see below). In contrast, the enzyme quercetinase represents the so far only known example 

of a copper-containing dioxygenase. This enzyme is responsible for the conversion of 

quercetin to the corresponding benzoic acid derivative and is found in a number of prokaryotes 

and fungi.[31,42,43] 

3.1. Amine Oxidase 

The type 2 copper enzyme AO, which is found in nearly all living beings except from Archea, 

is responsible for the oxidation of primary amines to aldehydes along with hydrogen peroxide 

and ammonium according to Eq. 3.1.[44–47]  

          3.1 

In bacteria, this reaction provides a source of carbon and nitrogen used for the growth of these 

organisms. In higher life forms, however, the role of AO is more complex and it takes part in 

the regulation of the concentrations of important amines such as dopamine and histamine. In 

addition, AO is assumed to provide aldehydes, among other things, as precursors for elastin 

production and to participate in signal transmission through the formation of hydrogen 
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peroxide. Moreover, AO may also be involved in programmed cell death as well as the 

trafficking of leukocytes.[45,46,48–51] 

The enzyme is composed of a homodimer with two subunits of 70 - 95 kDa, which is illustrated 

in Figure 1 by the crystal structure of AO obtained from E. coli (PDB code: 2WO0).[45,52,53] Each 

subunit contains a copper site, along with a 2,4,5-trihydroxyphenylalanine-quinone (TPQ) 

cofactor in close proximity. This organic cofactor, on the one hand, accounts for the 

classification of AO as a quinoprotein and is crucial for the enzyme activity. On the other hand, 

the cofactor itself is formed post-translationally from a tyrosine residue via an oxygenation 

reaction mediated by the copper center (Chapter 3.1.2).[45,49,51,52,54] Additionally, each subunit 

contains two binding sites, occupied by calcium, which, however, do not take part in the 

catalyzed reaction.[52,53,55] 

 

Figure 1: The structure of amine oxidase (AO) obtained from E. coli (PDB code: 2WO0) with the two 
identical subunits colored in yellow and green (also present sodium atoms, which replaced 
the calcium ions as a result of a treatment with EDTA prior to the crystallization, are 
omitted).[52] The illustration was created using ChimeraX software.[56] 

As expected for a type 2 copper protein (see above), the coordination environment of the 

copper active sites (an enlargement of the crystal structure is shown in Figure 2) is composed 

of three histidine N-atoms. However, for the also present TPQ cofactor, two conformers are 

present. On the one hand, in the ‘off-Cu’ conformation (Figure 2, left), the axial coordination 

site is occupied by a water molecule and a second equatorial water molecule coordinates 



3.1 AMINE OXIDASE 
 

 

8 
 

weakly, resulting in a distorted square-pyramidal coordination geometry.[46,47,51,55] The TPQ 

cofactor is connected to the copper center via a hydrogen bond to the axial water ligand and 

is located at a distance of 6 Å from the copper center. On the other hand, in the ‘on-Cu’ 

conformation (Figure 2, right), the TPQ ring is flipped by 180° and is now in close proximity to 

the copper center, allowing axial coordination. Together with the histidine residues present, 

this results in a tetrahedral coordination geometry.[51,53,55] 

 

Figure 2: The mononuclear active site of AO from E. coli (PDB code: 2WO0), in the off-Cu (left) and the 
on-Cu (right) conformation. Oxygen atoms are represented in red, nitrogen atoms in blue and 
the copper centers in orange. The second, equatorially coordinating water molecule in the off-
Cu conformation was not resolved in this crystal structure and therefore is not shown.[52] The 
illustration was created using ChimeraX software.[56] 

3.1.1. Mechanism of the Oxidative Deamination 

Albeit the fact that the coordination of TPQ in the latter mentioned on-Cu conformation leads 

to an inactivation of the enzyme, the TPQ cofactor is crucial for the catalytic activity. The 

reaction, by which AO converts primary amines to aldehydes, involves a reductive (Eq. 3.2) 

and an oxidative half-reaction (Eq. 3.3) following a ping-pong mechanism.[45,47,51,53] 

    3.2 

        3.3 

In the first half-reaction, the substrate is oxidized along with the reduction of the TPQ cofactor 

to an aminoquinol (AMQ) species. In the oxidative half-reaction, in turn, AMQ is oxidized back 

to TPQ and the two-electron reduction of dioxygen to hydrogen peroxide occurs, along with 

the formation of ammonium.[45,51,57] 

The corresponding reaction mechanism, which is shown in Scheme 3, starts from the 

catalytically active off-Cu conformation I. Via a nucleophilic attack of the substrate on the TPQ 
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ring, the Schiff base II is formed. Subsequently, the α-C-atom of the substrate is deprotonated 

with the help of a nearby aspartate residue, which acts as a catalytic base, whereby the 

quinolaldimine III is produced. Via an imine hydrolysis reaction of III, the aldehyde is released 

and the cofactor is converted into an aminoquinol residue (IV and IV’).[47,57] Although these 

initial steps of the reductive half-reaction are well understood, the exact mechanistic steps of 

the oxidative half-reaction are still under debate.[47,50,57,58]  

 

Scheme 3: The catalytic cycle of AO with the inner-sphere pathway (green arrows) and the outer-sphere 
pathway (blue arrows). The illustration is adapted from refs.[50,57] 

Specifically, it is unclear as to whether the initial electron transfer (ET) step occurs with (inner-

sphere pathway, Scheme 3, green arrows) or without (outer-sphere pathway, Scheme 3, blue 
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arrows) the involvement of the copper center. In the inner-sphere mechanism, an equilibrium 

exists between the Cu(II) state with an AMQ residue in the proximity (IV) and a Cu(I) state (V), 

which is formed by the oxidation of the AMQ residue to semiquinone. The Cu(I) state is now 

able to bind dioxygen and form an end-on superoxo complex (VI).[50–53,57,59] In contrast, in the 

outer-sphere mechanism, dioxygen is bound in a hydrophobic pocket close to the AMQ residue 

(IV’) and is directly reduced by the organic cofactor (V’), without the involvement of the copper 

center. In the next step, the thus formed superoxo radical anion binds to Cu(II), whereby the 

end-on superoxo complex (VI) is formed. A subsequent proton-coupled electron transfer 

(PCET) step then yields a hydroperoxide complex together with an iminoquinone residue (VII). 

By hydrolysis of the iminoquinone species, ammonium along with hydrogen peroxide is 

released and the off-Cu conformation I is reformed. Moreover, the catalytic cycle can be closed 

by reaction of VII with another substrate molecule, leading to the reformation of Schiff base 

II.[50–53,57,59] 

The immense importance of the TPQ cofactor for the reactivity of AO is underlined by the fact 

that for the conversion of amine to aldehyde, the substrate exclusively binds to the cofactor. 

The present copper center is only involved in the formation of hydrogen peroxide and ammonia 

from the aminoquinol species IV or IV’, and thus in the regeneration of the TPQ cofactor.[47,57] 

However, aside from the catalytic deamination, the copper center furthermore has a second 

function and mediates the biogenesis of the TPQ cofactor itself through monooxygenation, 

hydroxylation and two-electron oxidation of a tyrosine residue.[45,46,54,60]  

3.1.2. TPQ Biosynthesis 

After the identity of the TPQ cofactor was established by the KLINMAN group in 1990, the 

assumption that it originates from a tyrosine residue was first proven by the same group in 

1992.[61,62] In 1994, studies by MATSUZAKI et al. shed further light on the biogenesis of TPQ. 

The workgroup was able to encode the phenylethylamine oxidase gene of Arthrobacter 

globiformis and used this for the expression of the corresponding copper deficient AO (apo-AO) 

in E. coli. This apo-AO carries the tyrosine residue, and upon treatment with Cu(II) ions, the 

copper containing AO (pre-holo-AO) is formed, which oxidizes the tyrosine to TPQ under 

aerobic conditions, forming the catalytically active holo-AO. Since no conversion of the tyrosine 

residue could be observed in the absence of Cu(II) and dioxygen, MATSUZAKI et al. therefore 

demonstrated, that the formation of TPQ takes place post-translationally.[63,64] Furthermore, 

significant progress in the understanding of the TPQ biogenesis was made by KIM et al. in 

2002. By the use of crystals of the apo-AO from Arthrobacter globiformis, first, under anaerobic 

conditions the pre-holo-AO was formed and structurally characterized. In addition, crystal 

structures of important intermediates (Scheme 4, XII, IX and X) of the TPQ biogenesis were 
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obtained by exposing the pre-holo form to dioxygen for different periods of time, freeze-

trapping and subsequent crystal structure determination.[65,66] On the basis of these investi-

gations the mechanism shown in Scheme 4 is proposed: The first step comprises the 

incorporation of Cu(II) into the apo enzyme (I), by which the pre-holo enzyme (II) is formed.[65,66]  

 

Scheme 4: The proposed mechanism for the biogenesis of the TPQ cofactor. The figure was adapted 
from refs.[54,65,66] 

In II, the copper enzyme is coordinated in a trigonal-pyramidal fashion by three histidines and 

the tyrosine residue. Binding of dioxygen to a protein binding site close to the copper center in 

III results in a smaller distance between tyrosine and copper. This, in turn, leads to 

deprotonation of the phenolic ring in IV and allows electron transfer from the phenolic ring to 

the copper center (IV’).[44,54,66,67] The resulting Cu(I) complex is able to bind dioxygen as an 

end-on superoxo species (V). Attack of superoxide in the C5-position of the phenoxyl radical 

leads to the 6-ring metallacycle VI.[54,57,66,67] 
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However, it should be noted that no radical species has been experimentally found so far and 

that theoretical as well as spectroscopic studies by GHOSH et al.[68] and ADELSON et al.[55] point 

to a concerted mechanism (Scheme 4, red arrow). This reaction pathway can be described as 

a three-electron charge-transfer in which a simultaneous attack of dioxygen on the Cu(II) 

center and the C5-atom of the phenolate residue occurs, directly leading to the two-electron 

reduction of dioxygen and the formation of VI.[55,66,68] After O-O bond dissociation in VI, the 

ortho-quinone intermediate (DPQ) VII is formed, which undergoes a ring flip (VIII). Water or a 

hydroxide ligand coordinated to the copper center then attacks the C5-position of the DPQ 

ligand, whereby the reduced form of the TPQ cofactor is produced (IX). The subsequent two-

electron oxidation in the presence of dioxygen leads to the formation of TPQ (X) in the off-Cu 

conformation (see above) as well as hydrogen peroxide.[44,54,57,65,66,69] 

In summary, there has been substantial effort made to elucidate the mechanisms of the 

catalytic conversion of primary amines to aldehydes and the biogenesis of TPQ. Nevertheless, 

some parts of the respective mechanistic pathways are still under debate (see 

above).[50,54,55,57,65,66] An alternative to study the enzymes themselves is the investigation of 

small-molecule model systems. Such model complexes have been developed for both the 

oxidation of primary amines[70–73] as well as for the formation of the TPQ cofactor.[74–79] 

However, since the scope of this work is mainly focused on the function of tyrosinase, only a 

brief overview of the research on model systems for TPQ biosynthesis is presented in the 

following. 

3.1.3. Model Systems for TPQ Biosynthesis 

A number of studies about the generation of TPQ derivatives mediated by model systems have 

focused on the reactivity towards the conversion of external substrates (catechols or phenols) 

to the corresponding hydroxybenzoquinones.[74,75,77,79] Herein, the effect of the employed metal 

ions, the pH value of the solution and the effect of mono- or polydentate ligands has been 

evaluated. It was found, for example, that a metal center is crucial for reactivity, that Cu(II) 

shows superior reactivity compared to other metal ions such as Zn(II) or Ni(II),[74,77] and that 

the Cu(II) complex CuIm4(ClO4)2 supported by imidazole ligands exhibits higher reactivity 

towards the substrate 4-tert-butylphenol compared to the Cu(II) salts Cu(ClO4)2 and CuCl2 or 

other Cu(II) complexes, which were supported by a number of mono-, bi- or tridentate 

ligands.[75,79] Till date, however, only two model systems on the basis of polydentate ligands 

have been developed that exhibit the oxidation of an appended phenolic ring to the 

corresponding TPQ derivative.[77,78] In 2005, LING et al. coordinated a bispyridylmethylene-

diamine-type ligand with an appended catechol (BPEN, Scheme 5) to Cu(II). By the use 

of sodium periodate, the catechol was converted to an ortho-quinone and was found to react 
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rapidly to the corresponding hydroxyquinone, a reaction that does not take place without prior 

coordination of the ligand to Cu(II). With these findings, the authors were able to give evidence 

for the proposed hydration step (VIII to IX, Scheme 4) in the mechanism of the TPQ 

biosynthesis.[77] 

 

Scheme 5: The BPEN ligand by LING et al. and the LmH ligand developed by TABUCHI et al.[77,78] 

Furthermore, in 2011, TABUCHI et al. reacted the tridentate ligand LmH (Scheme 5) with an 

appended phenol residue with Cu(II) perchlorate hexahydrate in acetonitrile and investigated 

the reactivity of the generated complex toward dioxygen in the presence of triethylamine in 

methanolic solution.[78]  

 

Scheme 6: Proposed mechanistic pathway for the formation of a TPQ derivative in the ligand back-
bone of LmH. The figure was adapted from ref.[78] 
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By using UV/vis- and NMR-spectroscopy as well as HR-ESI-mass spectrometry, it could be 

demonstrated that the phenol residue was converted to the TPQ analogue 3-methoxy-1,4-

benzoquinone. With the help of DFT calculations, a mechanism closely related to the 

mechanism of TPQ biogenesis could be proposed (Scheme 6). It is assumed that, in the first 

step and supported by the added triethylamine, deprotonation of the phenol occurs along with 

an exchange of the acetonitrile coligand for methoxide (b).An electron transfer from phenolate 

to the Cu(II) center then leads to a Cu(I)-phenoxyl radical complex (c), which in turn is able to 

bind dioxygen to form an alkylperoxo intermediate (d). A subsequent O-O bond dissociation 

and release of water lead to the para-quinone intermediate (e).[78] In the final step, methoxide 

is added to the quinone ring, which goes along with an aerobic oxidation reaction, whereby the 

TPQ derivative is formed (f).[78] With these investigations, TABUCHI et al. were able to gain 

strong support for the proposed mechanism of TPQ biogenesis.[54,65,78] 
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3.2. Catechol Oxidase 

The enzyme CO is a copper-containing enzyme with a type 3 active site and is found 

ubiquitously in plants and some crustaceans and insects.[31,80,81] CO mediates the oxidation of 

catechols (ortho-diphenols) to the corresponding ortho-quinones. In nature, this reaction is 

used for the conversion of L-DOPA to L-DOPAquinone, which, in turn, autopolymerizes to form 

the important biopigment melanin (see below). In plants, melanin is responsible for browning 

processes and is also assumed to take part in wound healing processes.[31,43,82,83] In 

invertebrate species, melanin is moreover involved in the sclerotization.[84] 

The first crystal structure was presented in 1998 by the KREBS group from a CO of sweet potato 

Ipomoea batatas.[81] The enzyme was found to be of ellipsoid shape with a weight of 39 kDa 

and a secondary structure, which is constituted of four α-helices that contain the dinuclear 

type 3 copper center (Figure 3, tan colored). Moreover, two additional α-helices and multiple 

ß-strands are arranged around the tetramer of α-helices (Figure 3, green). The copper centers 

were found to be bridged by a µ-hydroxo ligand and with a Cu-Cu distance of 2.9 Å. In this so-

called met form, the enzyme is EPR silent.[81]  

 

Figure 3: The crystal structure of CO (PDB code: 1BT3) isolated from Ipomoea batatas with a µ-hydroxo 
ligand bridging the two Cu(II) centers.[81] The α-helices surrounding the copper active site are 
tan colored and the remaining secondary structure is displayed in green. The illustration was 
created using ChimeraX software.[56] 
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Apart from the met CO, KREBS and coworkers were also able to crystallize the deoxy form of 

CO. The general structure of the enzyme is the same and the histidine residues, which 

coordinate the copper centers, only show a slight change in their positions compared to the 

met form. For the deoxy form, in which a Cu-Cu distance of 4.4 Å is present, the Cu(I) centers 

are bridged by a water molecule, resulting in a distorted tetrahedral and square-planar 

coordination geometry, respectively.[30,81] Upon reaction of the deoxy form with dioxygen the 

Cu-Cu distance decreases to 3.8 Å and the characteristic µ-η²:η²-peroxodicopper(II) species 

(Chapter 2.1.3) is formed, which was determined via UV/vis- and EXAFS spectroscopy.[30,81,85] 
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Scheme 7: The proposed mechanistic cycle of CO. The figure was adapted from refs.[22,33] 

Based on the obtained intermediates, a catalytic cycle, the so-called diphenolase cycle, for the 

conversion of catechols to ortho-quinones was postulated and is depicted in Scheme 7.[31,85] 

The cycle starts with the deoxy form, which reacts with dioxygen to the oxy form. The oxy form 

is now able to bind catechol, which bridges both copper centers in the oxy-C form. In the next 
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step, the first two-electron oxidation of a catecholate to ortho-quinone occurs. This goes along 

with the two-electron reduction of one oxygen atom of the µ-η²:η²-peroxo moiety, producing 

water. The resulting met form also binds catechol in a bridging manner to yield the met-C form. 

The subsequent second two-electron oxidation of a catecholate again produces ortho-quinone 

along with water and closes the catalytic cycle.[22,31,33] 

The proposed mechanistic scenario is further supported by various investigations of small 

molecule model systems that also exhibit catalytic diphenolase activity,[86,87] but since the focus 

of this work is on small molecule model systems that mediate the more challenging 

monooxygenation of phenols, as found in tyrosinase (Ty), these studies are not described 

herein. 
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3.3. Tyrosinase 

Apart from hemocyanin and CO, Ty is another copper enzyme with a type 3 active site. Ty is 

ubiquitously found in nature and exhibits a dual reactivity, since it mediates the monooxy-

genation and subsequent two-electron oxidation of L-tyrosine to L-DOPAquinone, but is also 

able to convert L-DOPA to L-DOPAquinone. The formed L-DOPAquinone then autopoly-

merizes to the important biopigment melanin, which in addition to its function in plants, 

crustaceans and insects (see above), in mammals and fungi is responsible for the browning of 

hair and skin, UV protection, immune response, and wound healing processes.[41,43,83,88] 

Although previous investigations of tyrosinase proved that it is part of the type 3 copper 

enzymes, the first crystal structure of Ty, obtained in 2006 by MATOBA et al., then gave clear 

evidence that the structure of this enzyme is indeed closely related to that of hemocyanin and 

CO.[31,33,41,89]  

 

Figure 4: The crystal structure of Ty in the oxy form (PDB code: 1wx4) obtained from Streptomyces 

castaneoglobisporus by MATOBA et al.[89] The α-helices surrounding the copper active site are 
tan colored, the remaining secondary structure is displayed in green and the also present 
caddie protein is omitted for clarity. The illustration was created using ChimeraX software.[56] 

MATOBA et al. were able to crystallize the tyrosinase from Streptomyces castaneoglobisporus 

together with its caddie protein and incorporated Cu(II) ions into the structure by treatment of 

the crystals with a Cu(II) sulfate solution. By this, the met form of Ty was obtained.[89] In 
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addition, by treatment of the met form with hydroxylamine, the deoxy form could be obtained 

and crystallized, while reaction with hydrogen peroxide led to the formation of the oxy form, 

with the characteristic µ-η²:η²-peroxo ligand bridging the two Cu(II) ions. The crystal structure 

of Ty, displayed in the oxy form, is shown in Figure 4 (the caddie protein is omitted for clarity). 

Analogously to the enzyme CO, the copper centers exhibit a Cu-Cu distance of 3.4 Å and are 

coordinated by three histidine residues. The copper active site is located at the bottom inside 

of a bundle of four α-helices (Figure 4, tan colored) whose hydrophobic residues form the 

substrate-binding pocket.[89] This bundle of α-helices is further surrounded by additional α-

helices and strands (Figure 4, green), which complete the secondary structure of Ty.[89] In the 

following years, several other crystal structures of Ty from different sources such as bacteria, 

mushrooms and plants, were obtained and supported the results gained by MATOBA et al.[90–

93] However, the question of which influences in the structurally closely related enzymes are 

responsible for the different reactivity of Ty and CO is still the subject of current 

research.[41,83,93–97] 

In the past years, the role of amino acid residues close to both copper centers (CuA and CuB) 

for the monophenolase activity have been investigated more deeply. Initially, a bulky 

phenylalanine (Phe) residue close to the CuA
 site was found in the crystal structure of CO, but 

not in the crystal structure of Ty and was thus believed to distinguish between mono- and 

diphenolase activity.[41,96] It was assumed that monophenol coordination to the CuA site is 

crucial for its conversion, which is hindered by this gate keeper residue in CO. Moreover, a 

thioether bridge was found at one of the CuA-coordinating histidine residues in this enzyme, 

which led to the assumption that this moiety hampers the axial to equatorial rearrangement of 

the monophenolase residue, necessary for its conversion.[90,98] However, the crystal structure 

of Ty obtained from walnut leaves (Juglans regia) exhibited both a thioether bridge and the 

Phe residue, rendering the influences which distinguish between mono- and diphenolase 

activity more difficult.[96,99] 

In the following years, through site-directed mutagenesis important insights into the different 

reactivities of Ty and CO were obtained.[83,94,96] Studies of the gate keeper in different enzymes 

suggested that this moiety either supports the binding of the phenolic substrate via π-π-

interactions or inhibits access to the copper centers.[96] However, apart from the gate keeper, 

a highly conserved water molecule came into focus in 2016, which is bound close to the copper 

center by glutamic acid and asparagine (water keeper).[83] DECKER and TUCZEK mutated the 

CO obtained from wine leaves and exchanged a glycine for asparagine close to the copper 

active site. This led to a significantly increased monophenolase activity of this enzyme (an 

activity was found to be present also prior to the mutation). It was assumed, that the binding 
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to asparagine activates the highly conserved water molecule, which in turn deprotonates the 

substrate.[83] Since in the following years, however, Tys have been discovered that do not 

contain an asparagine residue close to the copper center, this amino acid cannot be the (sole) 

reason for monophenolase activity.[100] Recent studies by KAMPATSIKAS et al. implicate that two 

additional amino acid residues, the so-called activity controllers, which are located at the CuB 

site, next to two of the binding histidines, are crucial for tyrosinase activity.[95] It is assumed 

that these amino acids have an influence on the basicity of the histidine residues, which can 

lead to the decoordination of one histidine ligand from the CuB center that is then able to 

deprotonate the substrate.[95,96] The assumed flexibility necessary for this process is supported 

by crystal structures obtained by FUJIEDA et al. and MATOBA et al., which prove significant 

conformational changes during the reaction of Ty with tyrosine.[97,101] However, as opposed to 

the findings of KAMPATSIKAS et al., the crystal structures obtained by FUJIEDA et al. suggest the 

decoordination of a histidine residue at the CuA, instead of the CuB site.[101] 

To sum up, it is assumed that the combination of the amino acid residues forming the gate 

keeper, the water keeper, and the activity controllers is an important factor either resulting in 

catecholase- or tyrosinase activity. However, the influence of other moieties such as the 

thioether bridge (see above), disulfide bonds in the vicinity of the CuA site as well as an 

additional histidine residue, the seventh histidine, close to the CuB site, are still not entirely 

understood and may also have a great impact on the reactivity of the respective enzymes.[95,96] 

3.3.1. Catalytic Mechanism of Tyrosinase 

The mechanism by which Ty mediates the conversion of monophenols or diphenols to ortho-

quinones can be subdivided into the monophenolase- and the diphenolase cycle 

(Scheme 8).[41] The latter one is the same mechanistic cycle as found in CO, which has been 

described in Chapter 3.2 and is therefore not discussed here again. The monophenolase 

cycle, in analogy to the diphenolase cycle, starts from the deoxy form, wherein both copper 

centers are in the oxidation state +I and reaction with dioxygen again leads to the µ-η²:η²-

peroxodicopper(II) intermediate in the oxy form. In the following step, phenol, which is 

presumably deprotonated by a conserved water molecule or a decoordinated histidine ligand 

(see above), is now able to coordinate to one copper center, leading to the oxy-P form.[22,43] As 

demonstrated by the crystal structures obtained by FUJIEDA et al., within this step, the CuA site 

moves toward the substrate, which is tightly bound by a number of surrounding amino acids 

via π-π-interactions, hydrogen bonds and a CH-π-interaction.[97,101] This copper migration then 

enables binding of phenolate to the copper ion and induces the decoordination of the axial 

histidine residue.[101] The conformational change, which goes in line with the movement of the 

CuA site, also leads to a rotation of the µ-η²:η²-peroxo moiety.[101] 
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Scheme 8: The catalytic cycle of the conversion of monophenols into ortho-quinones (monophenolase 
cycle) by Ty. The figure was adapted from refs.[22,83,101]  

Now, the σ*-orbital of the peroxide is in plane with the phenolate π-orbitals, which enables the 

electrophilic attack of the peroxide on the aryl ring, resulting in the O-O bond cleavage and the 

formation of the met-C form.[22,83,101] The subsequent two-electron oxidation of the bound 

catecholate leads to the release of quinone and water, whereby the catalytic cycle is closed 

and the deoxy species is reformed.[22,41,93] 

It should be noted that an alternative mechanism for the monooxygenation of phenols, based 

on a radical attack on the phenolate ring, was developed by SIEGBAHN in 2003 using DFT 

calculations.[102] The mechanism obtained, is described in detail in Chapter 4.5. In addition, 

another theoretical study, carried out by INOUE et al. on the basis of the crystal structure found 

by MATOBA et al., also takes amino acid residues in the surrounding area into account and was 

performed using quantum mechanical/molecular mechanical calculations. The obtained 

results hint to a mechanism starting from the µ-η²:η²-peroxo intermediate, which involves the 
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intermediate formation of a phenoxyl- and oxyl radical.[43,89,103] This result is supported to some 

extend by the observed formation of semiquinone in Ty, occurring during the cleavage of the 

caddie protein from the enzyme after formation of the µ-η²:η²-peroxodicopper(II) species.[43,97] 

Whatever intermediates the exact steps of the catalytic cycle of Ty may contain, the fact that 

all enzymatic browning processes in nature are linked to the formation of melanin underlines 

the importance of the reaction catalyzed by Ty, namely the formation of L-DOPAquinone, 

representing the first step of melanin biosynthesis.[104–106] 

3.3.2. Activation of the Enzyme and Melanogenesis 

In order to be able to bind dioxygen and to perform the monooxygenation of phenols, native 

Ty, which is mainly present in the resting state, the dicopper(II) met form, has to be activated 

to the dicopper(I) deoxy form (see above).[107,108] 

 

Scheme 10: Proposed reaction mechanism for the conversion of L-DOPAquinone to L-DOPA.[107,109,110] 

Kinetically, this step is observable by the so-called lag period, in which the production of 

quinone is slow and the reaction rate only gradually increases to the maximum. Different 

possibilities of how the reduction of the Cu(II) ions to Cu(I) might take place, such as the redox 

exchange with other metal ions (e.g. Fe2+) or the reaction with an external reducing agent (e.g. 

ascorbate or hydrogen peroxide) have been discussed in the past.[107,111,112] However, another 

more probable activation pathway is the autoactivation of Ty by reaction of the met form with 

catechol according to the diphenolase cycle (see above).[107,109,110] The question of how the 

formation of catechols can occur if only monophenols are present as substrates, was 

addressed by EVANS and RAPER already in 1927,[109] and the proposed reaction pathway was 

later verified by COOKSEY et al. using various spectroscopic, theoretical, and kinetic 

investigations.[110] The mechanism (Scheme 10) starts with the spontaneous cyclization of 

L-DOPAquinone to leuco DOPAchrome. Leuco DOPAchrome then undergoes a redox ex-
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change reaction with a second molecule of L-DOPAquinone, whereby DOPAchrome and 

L-DOPA are formed. L-DOPA then reduces the met form of Ty into the deoxy form.[107,109] The 

observed lag period is thus linked to the only slow formation of active Ty, able to perform the 

monooxygenation of phenols, at the beginning of the reaction and to the self-acceleration of 

quinone production by an increasing concentration of active enzyme over time.[108,113] 

DOPAchrome, in turn, which is produced by the mechanism depicted in Scheme 10, also takes 

part in the biosynthesis of melanin.[88,114] 

 

Scheme 11: Reaction mechanisms of the formation of pheomelanin and eumelanin starting from the 
production of L-DOPAquinone.[88,114–117] 
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Starting from L-DOPAquinone, two different types of melanins can be produced, as depicted 

by the simplified mechanism in Scheme 11. On the one hand, the reaction with cysteine (or 

glutathione) can lead to cysteinyl DOPA (or glutathionyl DOPA). A cyclization reaction in this 

compound with the cysteinyl residue then produces 1,4-benzothiacylalanine, which in turn 

polymerizes to the yellow to red pigment pheomelanin.[88,114] On the other hand, in L-DOPA-

quinone, according to the activation pathway of Ty, a cyclization reaction with the amino acid 

residue can lead to leuco DOPAchrome. In a subsequent step, an oxidation reaction yields 

DOPAchrome, from which, in further reaction steps, the brown to black pigment eumelanin is 

formed.[88,114] 
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3.4. Tyrosinase Model Systems 

The immensely important first step of melanin biosynthesis, which is mediated by Ty, is still 

not completely understood. The direct investigation of the enzyme has brought significant 

progress in the study of the structure and reactivity of tyrosinase. However, the investigation 

of enzymes requires their isolation and purification, which can be challenging and time-

consuming. As an alternative, the study of small-molecule model systems can provide deeper 

insight into the reactivity of enzymes. These model systems are designed to resemble the first 

coordination sphere of the active site and bear the advantage that modifications can be 

performed comparatively easy. By the investigation of the influence of different electronic 

and/or steric properties, for example, on the reactivity of the respective model system toward 

substrates, important insights can be obtained that may also be applicable to the native 

enzyme.[43,118,119] Model systems for tyrosinase, the investigation of which has been in progress 

for nearly four decades, can be divided into three different classes.[43] The first class describes 

model systems that perform the hydroxylation of an aromatic residue in the ligand backbone. 

In contrast, model systems of the second and third class exhibit reactivity toward external 

substrates but differ in that the former model complexes are mononuclear and the latter are 

dinuclear. The latter complexes are designed to preorganize the copper centers for the 

formation of the Cu2O2 intermediate,[43,120] whereas in mononuclear complexes, first, a reaction 

with dioxygen and then with another mononuclear complex has to occur in order to form the 

reactive µ-η²:η²-peroxo intermediate.[43,121,122]  

3.4.1. Monooxygenation of Phenols by Small-Molecule Models of 

Tyrosinase: Correlations Between Structure and Catalytic 

Activity 

Within the book “Copper Bioinorganic Chemistry – From Health to Bioinspired Catalysis”, 

edited by SIMAAN and RÉGLIER, the chapter entitled “Monooxygenation of Phenols by Small-

molecule Models of Tyrosinase: Correlations Between Structure and Catalytic Activity” 

provides a brief overview of model systems performing ligand hydroxylation and early dinuclear 

model systems with a reactivity toward external substrates and discusses in detail various 

mononuclear model systems on the basis of bidentate ligands.  

Additional mononuclear and more recent dinuclear tyrosinase model systems are described in 

Chapter 3.4.2. 
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3.4.2. Further Tyrosinase Model Systems 

Apart from the model systems presented in Chapter 3.4.1, further mono- and dinuclear model 

systems have been investigated in recent years.[119,123]  

For example, the HERRES-PAWLIS group reported different tridentate ligands consisting of two 

pyrazole rings in combination with a pyridine or an imidazole group as N-donors 

(Scheme 12).[124–126] In 2013 the ligand HC(3-tBuPz)2(Py) with an appended pyridine ring has 

been developed. Upon coordination to Cu(I) and reaction with dioxygen, a quantitative 

formation of the corresponding µ-η²:η²-peroxodicopper(II) complex at -78 °C and at room 

temperature was observed by the use of UV/vis- and resonance Raman spectroscopy as well 

as cryo-ESI-TOF mass spectrometry. In addition, the copper-oxygen intermediate displayed 

remarkable stability and did not decompose over weeks at low temperature, while exhibiting a 

half-life time of approx. 30 min at room temperature. Moreover, and in contrast to previously 

found room temperature stable µ-η²:η²-peroxo complexes, a reactivity towards external 

monophenolic substrates was demonstrated for this system as well. The substrate 8-

hydroxyquinoline was converted to the corresponding quinone with a TON (turnover number) 

of 8 after 16 h.[124] A more biomimetic design was reported two years later with the imidazole-

containing ligand HC(3-tBuPz)2(1-MeIm) (Scheme 12). Albeit the fact, that a µ-η²:η²-peroxo 

complex was obtained using this complex as well and that the catalytic activity toward 8-

hydroxyquinoline was higher with a TON of 14 after 20 min, however, the stability of the Cu2O2 

intermediate was found to be significantly lower.[125]  

NN

N N

tButBu

R = H:

HC(3-tBuPz)2(Py)

R = CO2Me:

HC(3-tBuPz)2(4-CO2MePy)

N NN

N N

R

R

R

R

H
N

N N

N N

R

R

R

R

R = H: pzma

R = Me: dmpzma

R = H: pzea

R = Me: dmpzea

Herres-Pawlis et al.

NN

N N

tButBu

N

R

NN

HC(3-tBuPz)2(1-MeIm)

Tuczek et al.  

Scheme 12: Different tridentate ligands employed in model systems of Ty developed by HERRES-PAWLIS 
et al. and TUCZEK et al.[124–127] 
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In contrast, in 2018, a derivative of HC(3-tBuPz)2(Py) with a methyl formate residue was 

developed (Scheme 12). Using the ligand HC(3-tBuPz)2(4-CO2MePy), an enhanced stability 

of the resulting µ-η²:η²-peroxodicopper(II) complex and a higher catalytic activity toward 8-

hydroxyquinoline with a TON of 20 after 10 s was obtained. While kinetic investigations 

supported the proposed SEAr reaction mechanism, using DFT calculations, the higher catalytic 

activity of the substituted system compared to the unsubstituted system was attributed to a 

longer copper-pyridine bond, resulting in a greater accessibility of the peroxo moiety to sub-

strates.[126] 

Tyrosinase model systems on the basis of tridentate ligands have also been reported by the 

TUCZEK group. It was assumed that tridentate ligands might better stabilize copper-dioxygen 

intermediates and thus higher yields of the respective µ-η²:η²-peroxo complexes could be 

detected compared to the use of bidentate ligands, for which only low yields could be obtained 

(see above).[127,128] In 2019, model systems supported by the linear tridentate amine ligands 

pzma and pzea with two terminal pyrazole rings have been developed, which differ mainly in 

the chain length connecting the N-donors (Scheme 12).[127] Interestingly, the ligand pzma was 

found to exhibit hemilabile properties, with a κ² coordination to Cu(I) and a κ³ coordination to 

the Cu(II) state. The reactivity was studied under BULKOWSKI-RÉGLIER conditions, which 

describe the injection of dioxygen into a 500 µM complex solution in DCM that contains 50 eq. 

of substrate and 100 eq. of the base triethylamine (NEt3) per Cu center.[43,127,128] A moderate 

reactivity toward the substrate 2,4-di-tert-butyl-phenol (DTBP-H) resembled by a TON of 15 

after 6 h was observed. However, no µ-η²:η²-peroxodicopper(II) complex could be observed at 

low temperatures using this ligand. Using the dimethyl-substituted derivative of pzea, dmpzea 

(Scheme 12) the detection of a µ-η²:η²-peroxo intermediate was successful. However, the 

yield of the Cu2O2-intermediate was not significantly increased with this system compared to 

copper complexes supported by bidentate ligands.[127] 

Apart from ‘classic’ investigations of designed model systems, recently, the influence of other 

factors, such as the role of the present coligands and anion on the reactivity of mononuclear 

copper complexes, moved into focus. In 2022, SCHNEIDER et al. investigated simple copper 

salts as model systems for tyrosinase and exhibited the so far highest catalytic activity, with a 

yield of 3,5-di-tert-butyl-ortho-quinone (DTBQ) up to 40 %, along with a different reaction 

mechanism.[129] This groundbreaking study is described in more detail in Chapter 4.3. 

In addition to the development of mononuclear model systems, the investigation of dinuclear 

complexes, which was at the center of interest in the early years of this research field, has 

gained renewed interest in recent years. In 2016, with Lpy2 (Scheme 13), a dinuclear version 

of Lpy1 (see above) was developed by the TUCZEK group.[130] Since Lpy1 was the first model 
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system showing both a catalytic monophenolase activity as well as the formation of a µ-η²:η²-

peroxo intermediate at low temperatures,[131,132] it seemed reasonable that the Lpy2 system 

might exhibit the same reactivity. 

 

Scheme 13: Dinucleating ligands Lpy2, LMO4im and LMO5im developed by the TUCZEK group.[130,133] 

However, albeit the fact that DTBP-H was converted with a TON of 18 after 8 h, no Cu2O2 

intermediate could be obtained.[130] Only very recently, with the bis-tridentate ligands 

LMO4im/LMO5im (Scheme 13), the TUCZEK group succeeded in the development of the first 

dinuclear model systems exhibiting both the formation of a µ-η²:η²-peroxodicopper(II) complex 

as well as the catalytic activity toward a monophenolic substrate.[133] The MO5im system, e.g., 

mediated the conversion of DTBP-H into the corresponding DTBQ with a TON of 11 after 2 h 

and produced the peroxo moiety with a yield of 23 %. Furthermore, in this study, the 

catalytically active imine-containing MO5im system was compared to the corresponding but 

inactive amine-containing MO5 system by the use of DFT calculations. Interestingly, the 

monophenolase activity of the former system could be attributed to a more vacant coordination 

site equatorial to the µ-η²:η²-peroxo ligand caused by the rigidity of the imine group. This 

coordination site is blocked by the ligand in the more flexible, amine-containing MO5 system, 

demonstrating the strong influence of slight changes in the ligand design on the obtained 

catalytic activity.[133] 

Notably, in 2023 HERRES-PAWLIS et al. developed a dinuclear version of HC(3-tBuPz)2(Py).[134] 

Upon coordination of the new ligand L2 (Scheme 14) to Cu(I), the quantitative formation of a 

highly stable µ-η²:η²-peroxodicopper(II) complex could be observed at room temperature and 

was verified using UV/vis- and resonance Raman spectroscopy as well as HR-ESI-mass 

spectrometry. Catalytic conversion of monophenolic substrates could also be demonstrated 

for this system, but only benzannulated phenols (1-/2-naphthol) were converted, while no 

activity toward less-activated substrates such as DTBP-H or 4-methoxyphenol could be 

evidenced.[134]  
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Scheme 14: The recently reported dinucleating ligand L2 reported by HERRES-PAWLIS et al.[134] 

Hence, a model system that, in analogy to the enzyme Ty, shows a high catalytic activity 

toward various monophenolic substrates as well as the quantitative formation of the µ-η²:η²-

peroxodicopper(II) species is still not found. 
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4 Cumulative Part 

4.1. The Influence of Ligand Flexibility on the Reactivity of 

Dinuclear Model Systems 

The study of model systems on the basis of dinucleating ligands dates back to the first catalytic 

system of BULKOWSKI et al. in the year 1985.[135] These investigations have led to model 

systems showing both monophenolase activity as well as the formation of a µ-η²:η²-

peroxodicopper(II) intermediate.[133,134] However, the yield of the Cu2O2 adduct and/or the 

catalytic activity were still limited with these model systems. Interestingly, all ligands employed 

in these model systems possess a relatively high degree of flexibility. Therefore, increasing 

the rigidity of the ligands was assumed to be a possibility to improve the reactivity of model 

systems toward monophenols and dioxygen. This assumption is supported by the finding made 

for the MO5im vs. the MO5 system (Chapter 3.4.2), in which the change of the amine N-donor 

in MO5 to a more rigid imine group in MO5im switched on the catalytic activity and led to a 

higher yield of the Cu2O2-intermediate.[133] 

Within the framework of his doctoral thesis, B. HERZIGKEIT, among other things, focused on the 

syntheses and investigation of tyrosinase model systems with rigid, dinucleating N-donor 

ligands.[136] In a first attempt, the bis-bidentate ligand LEthin1 (Scheme 15) was investigated. 

This ligand contains PMP N-donor groups that were previously used in mononuclear model 

complexes for Ty (Chapter 3.4.1),[128,137] which are bridged by an ethyne spacer. However, 

upon coordination of the ligand to Cu(I), no defined structure could be obtained. The obtained 

crystal structure of a dimeric Cu(II) complex together with mass spectra of the Cu(I) complex 

hint to the formation of a dimeric complex. Although, a catalytic activity toward DTBP-H with a 

TON of 13 after 6 h was obtained, the formation of a µ-η²:η²-peroxodicopper(II) at low temper-

atures could not be observed.[136] 

To obtain a complex better stabilizing the Cu2O2 intermediate, the ligand LEthin3N was 

developed. This ligand is related to a system by KODERA et al. that was able to form a room 

temperature stable peroxo complex and consists of trispyridylethane moieties as N-donors. 

The N-donor groups are bridged by an ethyne unit (Scheme 15), analogous to the LEthin1 

ligand.[136,138] The corresponding Cu(I) complex could be obtained, but was found to be inactive 

in monophenolase reactions. Moreover, and despite the fact that DFT calculations suggested 

the possibility to form a µ-η²:η²-peroxodicopper(II) complex, several attempts to detect such an 
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intermediate at low temperatures were unsuccessful. It was assumed that the rigidity of the 

ligand may lead to a too high steric hindrance at the copper centers, preventing the binding of 

dioxygen.[136] 

N

N

N

NN N

LEthin1

N
N

N

N

N

N

LEthin3N  

Scheme 15: The dinuclear ligands with ethynyl spacer between the N-donors LEthin1 and LEthin3N 

developed by B. HERZIGKEIT.[136] 

Thus, a spacer that is more rigid compared to an alkyl chain but also more flexible compared 

to the ethyne bridge might allow both the formation of a µ-η²:η²-peroxo complex in quantitative 

yield and result in a catalytic activity toward monophenolic substrates. To this end, 

B. HERZIGKEIT connected the trispyridylethane units of LEthin3N with a 1,2-diethynylbenzene 

spacer group to the new ligand Tw1.[136] The subsequent synthesis of a Cu(I) complex and 

catalytic as well as spectroscopic investigations were part of my master thesis[139] and this 

work. 

 

4.2. Dinucleating N-donor Ligands with Diethynylbenzene 

Backbone for the Copper-Mediated Monooxygenation 

of Phenols 

This study focuses on the syntheses and investigation of the three new Cu(I) complexes 

CuTw1, CuTw2 and CuTw3, supported by the bis-tridentate ligand Tw1 and the bis-bidentate 

ligands Tw2 and Tw3 that all share the 1,2-diethynylbenzene spacer group (Scheme 16). In 

contrast to the bis-tridentate ligand Tw1, derived from LEthin3N, the bis-bidentate ligands Tw2 

and Tw3 are derived from their respective mononucleating, bidentate counterparts PMP and 

TMP (Chapter 3.4.1).[128,136,137,140] Upon coordination to Cu(I), the catalytic activity of the 

corresponding complexes CuTw1, CuTw2, and CuTw3 toward the conversion of DTBP-H is 

investigated and the obtained differences in the catalytic activity are discussed in detail. 
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Prior to the syntheses of ligands and complexes, DFT optimizations of the µ-η²:η²-peroxo-

dicopper(II) complexes with Tw1-3 were performed and supported the possibility of the 

complexes to form such a Cu2O2 intermediate. 

 

Scheme 16: The dinucleating ligands Tw1-3 investigated in this study. 

The synthesis of Tw1 was performed via a five-step linear route. In the first four reaction steps, 

the ethynyl-terminated trispyridylethane moiety was prepared, which was then connected to 

the ligand Tw1 via a copper-free SONOGASHIRA coupling reaction with 1,2-diiodobenze in the 

subsequent key step. The synthetic routes of the new ligands Tw2 and Tw3 share the first 

three reaction steps. In this case, the coupling with 1,2-diiodobenzene to form the diethynyl-

benzene spacer group already occurs in the third step, yielding a di-(pyridylmethanol) species 

as the key intermediate. In a following step, the OH groups of this compound can be replaced 

by pyrazole rings to yield Tw2, while replacement by azides and a subsequent Cu(I)-catalyzed 

azide-alkyne cycloaddition (CuAAC) leads to ligand Tw3. Notably, all ligands were character-

ized by single crystal X-ray structure analysis, in addition to spectroscopic and spectrometric 

techniques. The prepared ligands were then treated with two equivalents of tetrakisacetonitrile-

copper(I) hexafluorophosphate ([Cu(NCMe)4]PF6) to give the corresponding Cu(I) complexes 

CuTw1-3. The successful synthesis of CuTw1-3 was verified by IR-, Raman, and NMR 

spectroscopy as well as HR-ESI mass spectrometry. 

Using BULKOWSKI-RÉGLIER conditions, no catalytic activity toward DTBP-H was observed for 

CuTw1. The lack of monophenolase activity of this system is attributed to the three N-donors 
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present at each copper site, which sterically shield the metal center from the substrate and 

dioxygen, thus preventing the formation of DTBQ. Additionally, the reactivity of CuTw1 toward 

dioxygen was probed using low temperature UV/vis spectroscopy. However, no copper-

oxygen intermediate could be detected. Nevertheless, a crystal structure of the sum formula 

[Cu2(Tw1)Cl2(µ-OH)]PF6 was obtained, which resembles the met form of Ty,[22] and thus 

underscores the possibility of this complex to bind oxygen in a bridging manner. 

In contrast to CuTw1, the complexes CuTw2 and CuTw3, supported by bis-bidentate ligands, 

proved to be catalytically active tyrosinase model systems converting the three investigated 

substrates DTBP-H, 3-tert-butylphenol (TBP-H) and 4-methoxyphenol (MeOP-H). CuTw2, 

unlike the parent mononucleating PMP system,[137] exhibits almost the same catalytic activity 

toward any of the substrates (13 – 16 %, Figure 5), which is attributed to the lack of flexibility 

compared to the parent system. For CuTw3, higher catalytic activities toward DTBP-H and 

MeOP-H (19 % and 30 %, Figure 5) were obtained compared to CuTw2, following the general 

trend, that triazoles lead to higher yields of quinones than pyrazoles.[128,137,140] Only for TBP-H 

a comparable yield of 14 % of the respective quinone product was obtained (Figure 5). This is 

attributed to the lower activation of this substrate. Compared to the parent mononuclear 

system, the catalytic activity for CuTw3 is also reduced,[140] which is again attributed to the 

rigidity of the dinucleating ligand.  

 

Figure 5: The obtained catalytic activities of the complexes CuTw2 and CuTw3 toward the substrates 
DTBP-H, TBP-H and MeOP-H under BULKOWSKI-RÉGLIER conditions.[141] 
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The reactivity of the complexes toward dioxygen at low temperatures was investigated for 

these complexes as well, but no formation of a copper-oxygen intermediate could be detected. 

It is assumed that this is due to a still too high rigidity of the ligand backbone and the possibility 

of the copper binding-sites to rotate along the alkyne C-C axis and thus face outwards instead 

of toward each other, hindering the intramolecular binding of a side-on bridged peroxo ligand. 
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4.3. The Influence of Coligand and Anion on the 

Monooxygenation Activity of Simple Copper Salts 

As described in Chapter 3.4, for the development of tyrosinase model systems, ligands are 

used that, to a certain extent, resemble the first coordination sphere of the copper centers in 

the enzyme. In the simplest way, monodentate solvent ligands coordinated to the copper 

centers can lead to Cu(I) complexes exhibiting monophenolase activity. In studies by LUMB 

et al. and HERZIGKEIT et al., the Cu(I) complex [Cu(NCMe)4]PF6, which is commonly used as a 

precursor complex in the synthesis of model systems with designed ligands, was investigated 

for its reactivity toward the substrate DTBP-H.[137,142] Since a catalytic activity was observed 

under BULKOWSKI-RÉGLIER conditions, in a further study by SCHNEIDER et al., the effects of the 

monodentate ligands and anions of simple copper salts (Scheme 17) on the resulting catalytic 

activity were investigated.[129,137] The effect of the anions used was probed for [Cu(NCMe)4]+ 

complexes with the different anions (in order of their coordination ability) BF4
-, OTf-, PF6

- as 

well as the very weakly coordinating anion Al(OC(CF3)3)4
- (Al(pftb)4

-, Scheme 19).[129,143] 

 

Scheme 17: Simple copper salts with different coligands and anions employed as catalysts for the 
monooxygenation of phenols by SCHNEIDER et al.[129] 

An anion effect was observed for the conversion of DTBP-H to the corresponding quinone 

DTBQ under BULKOWSKI-RÉGLIER conditions: The obtained yield (and corresponding initial 

reaction rate) was lowest for the most coordinating anion, BF4
-, and increased with decreasing 

coordination ability to give a high yield of 38 % of DTBQ for the complex with Al(pftb)4
- as anion. 

The increasing yield was attributed to a decreasing concurrence for coordination sites between 

the anion and substrate/dioxygen, facilitating their conversion. Furthermore for the salts with 

Al(pftb)4
- as anion, the influence of the coligand employed was investigated by using 1,2-

difluorobenzene (ortho-DFB) and NEt3, respectively, instead of acetonitrile. A ligand effect on 

the reaction rate was observed: For the complex with acetonitrile ligands, the highest initial 

reaction rate was detected, while it decreased significantly when using ortho-DFB or NEt3, 
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while the obtained yields of DTBQ increased to 40 % for the [Cu(NEt3)2]+ salt, which was the 

highest yield obtained so far for this substrate.[129] 

 

Scheme 18: The proposed mononuclear reaction pathway for the monooxygenation of phenols by 
SCHNEIDER et al. Adapted from ref.[129] 

Interestingly, an induction period in the reaction rate was observed for all copper salts with 

Al(pftb)4
- as anion, suggesting that these complexes are not actual catalytically active species, 
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but precatalysts. This implied that the present catalytic cycle is somehow different from the 

“classically” proposed dinuclear mechanism.[43,128] This assumption was further supported by 

the observation of semiquinone (SQ) formation in the beginning of the catalytic run, which hints 

to a mechanism involving the formation of radicals. By the use of various kinetic and 

spectroscopic investigations, a new mononuclear catalytic cycle was proposed, derived from 

the mechanism of the TPQ formation in the enzyme AO (Chapter 3.1.2). This cycle is shown 

in Scheme 18 and starts from the Cu(I) precatalyst.[129] Upon reaction with a monophenolic 

substrate (P-H) and in the presence of NEt3, the Cu(II)-SQ complex I is slowly formed in the 

first step, which converts to the active catalyst couple in the presence of additional substrate 

and base, along with release of SQ. The active species are the Cu(II)-phenolato(II)/Cu(I)-

phenoxyl (II’) complexes. The observed induction period is therefore linked to the only slow 

formation of the active catalyst from the precatalyst, but can be circumvented (Scheme 18, 

gray) by the prior addition of one equivalent quinone to the precatalyst. This leads to the SQ 

complex (I’), which reacts rapidly to the active catalyst (II)/(II’) again upon addition of substrate 

and base and with release of SQ. Species II’ is now able to bind dioxygen that undergoes the 

electrophilic attack in C2-position on the aryl ring, forming the cyclic peroxo intermediate III. A 

subsequent O-O bond cleavage step leads to the quinone complex IV. Finally, quinone and 

water are released in the presence of additional substrate and base, which reforms the catalyst 

species (II)/(II’) and completes the cycle.[129] 

 

4.4. Copper Complexes Supported by Iminotriazole 

Ligands 

The mononuclear reaction mechanism presented above is in stark contrast to the classically 

postulated dinuclear reaction mechanism (Chapter 3.4.1) and represents a groundbreaking 

new development in the study of tyrosinase model systems.[43,129] Thus it appeared of great 

interest to investigate as to whether this mechanism also applies for complexes with designed 

ligands. In addition, an ongoing part of the research on tyrosinase model systems is the 

development of new ligand classes that further improve the activity of the respective catalysts. 

For bidentate ligands, a correlation between the σ-donor capacity of the involved N-donors and 

the resulting catalytic activity was found (Chapter 3.4.1).[128] According to this, a higher 

catalytic activity is obtained with increasing difference in the σ-donor capacity of the present 

N-donors, which in turn can be estimated from the pKa values of the protonated N-species. It 

is assumed that the decrease in σ-donor strength of the weaker N-donor facilitates the 

decoordination from the copper center upon coordination of the substrate and dioxygen, which 
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in turn leads to an easier conversion.[128] This correlation is reflected, for example, in the 

increasing catalytic activity of Cu(I) complexes with iminoheterocyclic ligands in the series from 

imidazole (Limz1) via pyridine (Lpy1) to pyrazole (Lhpz1). The combination of an imine (high σ-

donor strength) with a triazole (even lower σ-donor strength compared to pyrazole) should thus 

lead to a highly active catalyst.[128,144] 

To address these issues, in this study, three new Cu(I) complexes supported by the new 

bidentate iminotriazole ligands Ltrz1 and Ltrz2 (Scheme 19), with a tert-butyl or an n-propyl 

residue on the triazole ring, respectively, and with PF6
- and Al(pftb)4

- as anions, were 

investigated for their ability to mediate the conversion of phenols to ortho-quinones under 

BULKOWSKI-RÉGLIER conditions. Moreover, the mechanism by which this conversion takes 

place was elucidated by the use of various spectroscopic and kinetic investigations with 

different monophenolic substrates.[145]  

 

Scheme 19: The ligands Ltrz1 and Ltrz2 (left) as well as the anions PF6- and Al(pftb)4- used in this study. 

The synthesis of the ligands Ltrz1 and Ltrz2, which are related to a ligand previously reported 

by the LEITNER group,[146] was performed in a three-step synthesis starting from 2-bromo-

ethylamine hydrobromide. In the first step, 2-azidoethylamine was prepared and subsequently 

converted to the corresponding triazolylamine by a CuAAC reaction. An imine condensation of 

the triazolylamines with tert-butylacetaldehyde then led to Ltrz1/Ltrz2. The obtained ligands 

were subsequently coordinated to Cu(I) to give the complexes [Cu(Ltrz1/Ltrz2)(NCMe)2]PF6
 and 

[Cu(Ltrz1)(NCMe)]Al(pftb)4. The successful synthesis of the complexes was proved via IR, 

Raman, and NMR spectroscopy and the PF6
--containing complexes were further investigated 

by HR-ESI mass spectrometry. 

Subsequently, the catalytic activity of the new Cu(I) complexes was studied. The results 

obtained for the complexes with PF6
- as anion confirmed the assumption that a higher activity 

can be reached by the use of triazole as N-donor instead of pyrazole (Lhpz1), pyridine (Lpy1), 
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and imidazole (Limz1), respectively (Chapter 3.4.1). A yield of 32 % of DTBQ was found for the 

Cu(I) complex supported by Ltrz1, which was the highest yield observed for a Cu(I) complex 

with the PF6
- anion under BULKOWSKI-RÉGLIER conditions at this time. Moreover, according to 

the investigations made for simple copper salts, an anion effect on the catalytic activity was 

observed when using [Cu(Ltrz1)(NCMe)]Al(pftb)4 as catalyst. With this complex, an even higher 

yield of 48 % DTBQ was obtained, which is the highest yield so far under BULKOWSKI-RÉGLIER 

conditions. In addition, an induction period in the reaction rate was detected, which was absent 

when adding 1 eq. DTBQ prior to the catalysis (Scheme 18, bypass). This is in agreement with 

the observations made for the simple copper salts.[129] 

Thus, the present reaction mechanism was investigated in more detail for the copper 

complexes supported by Ltrz1 as a ligand. To that end, the conversion of DTBP-H at low tempe-

ratures (-80 °C - room temperature) and of the less activated substrates 3-tert-butylphenol 

(TBP-H), 4-tert-butylphenol (4-TBP-H), 4-methylphenol (4-MeP-H), and phenol (P-H) at room 

temperature was studied for both complexes. Analogous to the proposed mononuclear 

reaction mechanism (Scheme 18),[129] the formation of SQ was observed prior to the quinone 

formation in each case. In addition, the initial reaction rate of the conversion of DTBP-H was 

investigated with variable complex concentrations. For both complexes, a linear dependence 

of the reaction rate on the catalyst concentration was found, indicating the presence of 

mononuclear species in the rate-determining step. Moreover, for the complex with Al(pftb)4
- as 

anion, a Hammett analysis was performed for the substrates 4-MeOP-H, 4-TBP-H and P-H 

whereby a negative Hammett constant ρ was obtained. A negative value of ρ indicates an 

electrophilic attack in the rate-determining step, giving further support for the proposed 

mononuclear mechanism. Furthermore, the catalysis was performed with the deuterated 

substrate 2-d-4-TBP-H. NMR spectroscopy was used to determine the ratio of deuterated to 

non-deuterated quinone product. An inverse α-secondary kinetic isotope effect with a value of 

kH/D = 0.82 was found, which reflects an sp2 to sp3 transition in the rate-determining step. This 

is in line with the intermediate formation of the six-ring metallacycle (Scheme 18, III).[129,147] 

Thus, the obtained results show that the Cu(I) complexes supported by the small, bidentate 

iminotriazole ligands indeed mediate the conversion of phenols to ortho-quinones via the 

mononuclear reaction mechanism, in full analogy with the results obtained for the simple 

copper salts.[129] 

Reprinted with permission of A. Koch, T. A. Engesser, and F. Tuczek, Organometallics, 2023, 
42, 14, 1774 – 1783. 

https://doi.org/10.1021/acs.organomet.3c00014 

DOI: 10.1021/acs.organomet.3c00014 Copyright © American Chemical Society 
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4.5. Monooxygenation of Phenols via a Radical Mechanism 

In the above study, it was shown that the Cu(I) complexes supported by the bidentate 

iminotriazole ligands Ltrz1/Ltrz2 mediate the conversion of phenols to ortho-quinones via a 

mononuclear reaction mechanism. This mechanism involves radical intermediates, such as an 

end-on superoxo complex that performs the electrophilic attack on the aryl ring and the 

formation of an SQ complex.[145] Interestingly, an alternative mechanism for the mono-

oxygenation of phenols, which shows some similarity to the mononuclear pathway described 

above and is also based on a radical attack on the phenolate ring, has already been developed 

by SIEGBAHN in 2003 using DFT calculations.[102] 

 

Scheme 20: Theoretically derived monophenolase cycle of Ty by SIEGBAHN.[102] 

The obtained catalytic cycle, shown in Scheme 20, represents the theoretically most feasible 

reaction pathway on the basis of a biomimetic system composed of two copper centers with 
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three histidine residues. The study focused primarily on the dioxygen activation, oxygen attack 

on the phenolate ring, and the O-O bond cleavage step.[102] It should be noted that in line with 

the biomimetic approach and in contrast to the mononuclear reaction mechanism described 

above (Chapter 4.3), this cycle was calculated without an external base. The mechanism 

starts in the hydroxyl-bridged dicopper(I) state (I) with a phenol in the proximity. Transfer of the 

phenol OH proton to the hydroxyl ligand leads to coordination of the formed phenolate and a 

water-bridged dicopper(I) complex (II). In the key step, the exchange of water for dioxygen 

produces a mixed-valent µ-1-1-superoxocopper(I)copper(II) intermediate (III). This is in stark 

contrast to the experimentally derived dinuclear mechanism of tyrosinase (Chapter 3.3, 

Scheme 8),[22,83,101] but very similar to the proposed end-on superoxo intermediate of the 

mononuclear mechanism (Chapter 4.3, Scheme 18).[129,145] Subsequently, the superoxo 

ligand attacks the phenolate ring in C2 position, also forming a six-ring metallacycle (IV).[102] 

This is followed by an O-O bond cleavage and H-atom abstraction, forming the quinone 

complex with a bridging hydroxyl ligand (V). Exchange of quinone for phenol in the last step 

closes the catalytic cycle.[102] To a certain extent, the reaction mechanism by SIEGBAHN can be 

seen as a dinuclear version of the mononuclear mechanism derived for the simple copper 

salts,[129] since the main difference between the two reaction scenarios is the additional 

activation of the dioxygen adduct by coordination to a second Cu(I) center in the dinuclear 

mechanism. 

Interestingly, similar mechanistic scenarios are also discussed for the important Cu(I)-

catalyzed azide-alkyne cycloaddition (CuAAC) reaction. The so-called “click reaction” was 

developed in 2002 by MELDAL[148] and SHARPLESS[149] and represents an improvement of the 

HUISGEN thermal 1,3-dipolar cycloaddition, which describes the reaction of substituted azides 

and alkynes to triazoles.[149,150] The HUISGEN cycloaddition usually requires high temperatures, 

suffers from low reaction rates, and results in a mixture of 1,4- and 1,5-substituted 

triazoles.[149,150] In contrast, by the use of a Cu(I) catalyst, the reaction produces 1,4-substituted 

triazoles with high reaction rates, often in quantitative yields, and with high selectivity.[150–152] 

Interestingly, the corresponding 1,5-regioisomers can be produced by using ruthenium(II)- 

instead of Cu(I) catalysts (RuAAC reaction),[153,154] while even a metal free version, the strain-

promoted azide-alkyne cycloaddition (SPAAC), has been introduced by the BERTOZZI 

group.[155] The immense importance of these azide-alkyne cycloaddition reactions for many 

applications is reflected in the fact that SHARPLESS, MELDAL and BERTOZZI were awarded the 

Nobel prize in 2022 for their research in this field.[156] 

Various studies based on kinetic investigations and DFT calculations have been performed to 

elucidate the mechanism of the CuAAC reaction.[150–152] Analogous to the monooxygenation of 
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phenols, both a mononuclear and a dinuclear mechanism have been proposed.[151,157] The 

mononuclear mechanism (Scheme 21) starts with a Cu(I) complex that contains a π-bound 

alkyne (a). The π-bonding of the alkyne to the copper center makes this compound more 

acidic, leading to deprotonation and formation of the acetylide complex (b). In a subsequent 

step, the azide is bound to the copper center (c) via the substituted N-atom. This step is crucial 

for the regioselectivity of the reaction. It is assumed that the π-donating substituted N-atom 

increases the electron density at the copper center and thus supports the following coupling 

reaction. In contrast, the terminal N-atom is π-accepting and would therefore impede the next 

reaction step.[152] After the formation of complex c, the C-N bond between the ß-C-atom of the 

acetylide and the terminal N-atom of the azide is formed and leads to the six-ring metallacycle 

d. A subsequent ring contraction along with a reductive elimination of the copper center affords 

the Cu(I) triazolide complex e. Addition of a proton and another acetylene molecule leads to 

the closing of the catalytic cycle and release of the triazole product.[151,152,154] 

 

Scheme 21: The proposed mononuclear reaction mechanism of the CuAAC reaction. Adapted from 
refs.[150,151,154]  

Apart from the mononuclear cycle, in recent years on the basis of DFT calculations, kinetic 

investigations and a crystal structure, the dinuclear version (Scheme 22) of this cycle has 

increasingly moved into focus and has been found to be kinetically favored.[151,152,154,158–160] 

Consequently, this reaction is faster than the mononuclear analogue.[151] While the initial steps 
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of the acetylene binding (a’) and the acetylide complex (b’) formation are analogous to the 

mononuclear cycle, differences appear upon coordination of the azide: In contrast to the 

mononuclear mechanism, the azide is assumed to bind to the second copper center and the 

acetylide is now bound in an end-on bridging mode (c’). This results in further activation of the 

acetylene ligand, facilitating the formation of the six-ring metallacycle complex (d’). Moreover, 

d’ is further stabilized by the second copper center, which explaines the kinetic favoritism of 

this cycle. In the final steps, intermediate d’ reacts according to the mononuclear cycle to the 

triazolide complex e’ and closes the catalytic cycle by release of triazole.[150–152,154,159] 

 

Scheme 22: The proposed dinuclear reaction mechanism of the CuAAC reaction. The figure was adapt-
ed from refs.[150–152,161]  

The intermediate formation of six-ring metallacycles and the fact that the catalytic pathways 

are based on Cu(I) complexes are features shared by both proposed mechanisms for CuAAC 

(Scheme 21 and 22),[151,152] the mononuclear pathway for the phenol monooxygenation 

(Chapter 4.3, Scheme 18)[129], and the dinuclear mechanism proposed by SIEGBAHN (Scheme 

20)[102]. Moreover, in both the CuAAC reaction and the monooxygenation of phenols, the use 

of designed ligands was found to have a significant influence on the reactivity of the respective 

catalyst. Among all the possibilities, N-donor based ligands are the most widely used, and 

ligands containing triazoles as N-donor groups have been found to lead to highly reactive 

catalysts for the monooxygenation of phenols and for the CuAAC.[145,150,151,161,162] Due to the 
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similarities of the proposed mechanisms for the phenol monooxygenation and the CuAAC, as 

well as the ligands used, it was of interest to investigate the performance of a “classical” 

CuAAC ligand in the monooxygenation of phenols. 

 

4.6. Oligodentate Aminotriazole Ligands for CuAAC and 

Copper-Mediated Monooxygenation of Phenols 

This study focuses on the investigation of the monophenolase and CuAAC activity of 

complexes supported by different aminotriazole ligands (Scheme 23). To this end, the CuAAC 

ligand tris-tert-butyl-triazolemethylamine (TTTA) and its tri- and bidentate counterparts, bis-

tert-butyl-triazolemethylamine (BTTA) and tert-butyl-triazolemethylamine (TTA), were prepar-

ed. Additionally, the influence of the alkyl bridge length in the backbone of TTA on the catalytic 

activity was investigated. Therefore, the methylene group was replaced by ethylene in the 

ligand TTEA as well as its novel N-substituted counterparts with methyl residues (dmTTEA) 

and with a pyrrolidine ring instead of an amine (prlTTEA). 

 

Scheme 23: The ligands TTTA, BTTA, TTA, TTEA, dmTTEA, and prlTTEA used in this study.  

The synthesis of TTTA was performed in one step according to the literature via a CuAAC 

reaction of tripropargylamine with tert-butyl azide.[163] The related ligands BTTA and TTA were 

correspondingly obtained from di- and monopropargylamine, respectively. TTEA, which is the 

precursor of Ltrz1, was synthesized in two steps according to the procedure described in 

Chapter 4.4.[145] The synthesis of the N-substituted ligands was carried out in the same way 

starting from 2-chloro-N,N-dimethylamine hydrochloride (dmTTEA) and 1-(2-chloroethyl)-

pyrrolidine hydrochloride (prlTTEA). All ligands were converted to the corresponding Cu(I) 
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complexes by reaction with [Cu(NCMe)4]PF6. All six complexes were isolated for the first time 

and characterized by NMR-, IR-, Raman spectroscopy, and HR-ESI mass spectrometry. 

In the next step, the ability of the obtained complexes to mediate the conversion of DTBP-H to 

DTBQ under BULKOWSKI-RÉGLIER conditions was investigated (Figure 6). The complex 

supported by the classical CuAAC ligand TTTA was found to exhibit only a low monophenolase 

activity producing 3 % DTBQ. This was attributed to the high concurrence for coordination sites 

on the copper center between the four ligand N-donors and substrate/dioxygen. Accordingly, 

higher catalytic activities were obtained for the complexes with the tridentate ligand BTTA 

(17 %) and the bidentate ligand TTA (28 %). Elongation of the alkyl bridge in TTEA leads to 

an even higher catalytic activity of 34 %, which is the highest yield obtained so far for a complex 

with the PF6
- anion under BULKOWSKI-RÉGLIER conditions. This value is even higher than that 

of the complex [Cu(Ltrz1)(NCMe)2]PF6 (Chapter 4.4), which is again in agreement with the 

assumption that a larger difference in the σ-donation capacity of the present N-donors 

increases the catalytic activity (Chapter 3.4.1), since amines have a higher σ-donation 

capacity than imines.[128,145,164] With the aim of explaining the measured difference in the 

catalytic activity of the complexes supported by TTA and TTEA, geometry optimizations were 

performed and the N-Cu-N bond angles were determined. The bond angle for TTA (79.0°) was 

found to be significantly smaller than that obtained for TTEA (96.4°). Based on this result, the 

difference in the catalytic activities of these two complexes was attributed to the fact that the 

Cu(I) state is better stabilized in the complex coordinated by TTEA and hence, that the catalytic 

monooxygenation cycle can be passed through more easily. The fact that the Cu(I) state is 

less stabilized in the TTA system was further supported by the obtained X-ray crystal structure 

of a [Cu(TTA)2](PF6)2 complex. This complex crystallized under inert conditions in dry di-

chloromethane, indicating the tendency of this compound to rather stabilize Cu(II) states. 

Additionally, the complexes coordinated by the N-substituted ligands dmTTEA and prlTTEA 

were investigated for their ability to mediate the monooxygenation of phenols. However, lower 

yields of DTBQ of 32 % and 28 %, respectively, were obtained. Assumingly, this is due to the 

steric bulk close to the copper center, which hinders the coordination of substrate and 

dioxygen. 

In addition to their monooxygenation activity, the activity of the complexes to mediate the 

CuAAC reaction was assessed. To that end, the reaction of p-tolyl acetylene with tert-butyl 

azide to 1-(tert-butyl)-4-(para-tolyl)-1H-1,2,3-triazole (TBTT) was investigated in the presence 

of 0.01 eq. catalyst. The amount of TBTT was determined using NMR spectroscopy after 18 h 

reaction time and subsequent workup. Interestingly, an opposite behavior of the catalytic 

activity was observed for the CuAAC reactions (Figure 6): For the complexes supported by 
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the classical CuAAC ligand TTTA and its tridentate relative BTTA, the highest yields of TBTT 

(54 % and 46 %) were found. The high activities of these complexes can be explained by the 

possibility of forming a dinuclear Cu2L-type complex, which enters the fast dinuclear CuAAC 

cycle (Chapter 4.5).[150,161] 

 

Figure 6: Comparison of the catalytic activities for the monophenolase reaction and the CuAAC with 
the Cu(I) complexes supported by the ligands described in this study.[165] 

Accordingly, the complexes supported by bidentate ligands are significantly less active (Figure 

6). This can be explained by the fact that the formation of a Cu2L-type complex is unlikely in 

this case and hence, these catalysts supposedly follow the slower mononuclear CuAAC cycle. 

The complex supported by the TTA ligand exhibits a higher activity than that with TTEA (17 % 

vs. 11 %). Assumingly, the more acute N-Cu-N bond angle resulting with TTA as a ligand leads 

to less steric hindrance in the formation of the six-ring metallacycle in the CuAAC pathway 

(Scheme 21, d). Furthermore, analogous to the results for the monophenolase reaction, 

significantly lower CuAAC activities of 3 % and 4 % were obtained for the N-substituted 

systems dmTTEA and prlTTEA, which is again attributed to the high steric hindrance close to 

the copper center. The results obtained in this study underline the great impact that even small 

changes in the ligand systems have on the activity of the respective copper complexes and 

show the importance of a precisely tuned ligand design that meets the requirements of the 

respective catalyzed reaction. 
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Reprinted with permission of A. Koch, T. A. Engesser, C. Näther and F. Tuczek, 
ChemCatChem, 2023, e202301316. 

https://doi.org/10.1002/cctc.202301316 

DOI: 10.1002/cctc.202301316 Copyright © Wiley-VCH GmbH  
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5 Conclusion 

Within this thesis the results of three different studies focusing on mono- and dinuclear copper 

complexes as model systems for tyrosinase are described. The first study presents the results 

of the investigations carried out on the Cu(I) complexes supported by the bis-tridentate ligand 

Tw1 and the bis-bidentate ligands Tw2/3. The second and third studies focus on copper 

complexes supported by mononucleating, triazole-containing, and mainly bidentate ligands. 

All obtained Cu(I) complexes were isolated and characterized by the use of IR-, Raman- and 

NMR spectroscopy and (except for the Al(pftb)4
--containing complex) HR-ESI mass 

spectrometry. The catalytic activity toward the monophenolic substrate DTBP-H (and partially 

also others such as TBP-H and MeOP-H) under BULKOWSKI-RÉGLIER conditions was 

investigated for all complexes, and the obtained differences in the reactivity were interpreted 

with respect to the properties of the present ligands and anions. 

Apart from the activity toward phenolic substrates, another key feature of tyrosinase is the 

characteristic µ-η²:η²-peroxo intermediate. This species is an important part of the inves-

tigations of tyrosinase model systems, especially for dinuclear model complexes, which are 

inherently closer resembling the native enzyme. Thus, for the CuTw1-3 complexes, DFT 

calculations have been performed prior to the synthesis of the ligands and complexes to 

determine whether the formation of such an intermediate is theoretically possible. The DFT 

optimizations confirmed the possibility to form a µ-η²:η²-peroxodicopper(II) complex. Sub-

sequently, the challenging four- to five-step linear syntheses of the ligands Tw1-3 have been 

carried out. While the synthetic route to Tw1 was already established within the PhD thesis of 

B. HERZIGKEIT[136] and reproduced in my master thesis[139] and this work, the new ligands Tw2 

and Tw3 were prepared for the first time. All three ligands were successfully synthesized and 

structurally characterized, among other techniques, by single crystal X-ray diffraction. The 

corresponding Cu(I) complexes CuTw1-3 were obtained by reaction of the ligands with 2 eq. 

of the precursor complex [Cu(NCMe)4]PF6. The complex CuTw1 was found to be inactive 

toward the conversion of DTBP-H. This was attributed to the inflexibility of the ligand backbone 

and the high competition for binding-sites between the three N-donors present at each copper 

center and dioxygen/substrate. Consequently, the catalytic activity can be switched on by 

reducing the number of N-donors in CuTw2 and CuTw3. CuTw2 was found to convert the 

substrates DTBP-H, TBP-H and MeOP-H with moderate yields of 13-16 %. However, 

especially the obtained yields with the latter two substrates are significantly lower than those 

of the parent mononuclear PMP system.[137] The CuTw3 complex, related to the mononuclear 
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TMP3 system,[140] also produces lower yields for all substrates compared to its mononuclear 

counterpart. However, significantly higher yields are obtained for the substrates DTBP-H and 

MeOP-H, compared to CuTw2. This can be attributed to the lower σ-donation capacity of the 

triazole ring compared to pyrazole, which results in an easier decoordination of the group and 

an easier binding of the substrate. In addition to the monophenolase activity, the ability to form 

a µ-η²:η²-peroxo intermediate was investigated. However, such an intermediate could not be 

detected for any of the investigated complexes. On the one hand, this could again be attributed 

to the rigidity of the ligand backbone, which prevents the binding of dioxygen as an end-on 

superoxo intermediate and the subsequent conversion into the Cu2O2 species. On the other 

hand, it is possible that the copper centers in these complexes do not face toward each other 

(and instead face outwards). For the formation of a µ-η²:η²-peroxodicopper(II) complex, 

however, the binding-sites would have to rotate around the alkyne C-C axis, requiring a 

significant activation energy. A possibility to prevent rotation around the alkyne C-C axis in 

Tw1 could be achieved by introduction of a sterically more demanding residue, such as an 

ester group, instead of methyl on the tripyridine moiety (Scheme 24). Thus, by the use of a 

Tw1-R ligand the synthesis of a µ-η²:η²-peroxodicopper(II) complex may be possible. 

N

N

R

R

N

N

N

N

Tw1-R

with R = e.g.
O

O

 

Scheme 24: The Tw1-R ligand with bulkier residues R (e.g. an ester group) instead of the methyl residue 
on the tripyridine moiety in Tw1. 

Apart from investigations of dinuclear model systems for tyrosinase, mononuclear systems 

have been developed as well. The first study contains the investigations of complexes 

supported by the iminotriazole ligands Ltrz1 and Ltrz2. Two different aspects were relevant: 

Firstly, based on a previous assumption (Chapter 3.4.1),[128] the use of an iminotriazole ligand 

should result in a more active catalyst than those supported by the previous iminoheterocyclic 
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ligands Limz1, Lpy1, and Lhpz1,[166,167] and therefore suggested the investigation of such a 

system. Secondly, SCHNEIDER et al. investigated simple copper salts supported by mono-

dentate solvent ligands with different anions and found a significant anion effect on the catalytic 

activity and a ligand effect on the initial reaction rate. Moreover, for copper salts with Al(pftb)4
- 

as anion, a high catalytic activity was observed and the monooxygenation of phenols was 

found to follow a mononuclear reaction pathway, in stark contrast to the classical dinuclear 

scenario.[129] Thus, it should be investigated as to whether this high activity is also detectable 

for a model complex coordinated by iminotriazole ligand Ltrz1/Ltrz2 and if the catalytic reaction 

in this case also follows the mononuclear pathway. 

The new ligands Ltrz1 and Ltrz2 were prepared in a three-step linear synthesis and converted 

into the corresponding new complexes [Cu(Ltrz1/Ltrz2)(NCMe)2]PF6
 and [Cu(Ltrz1)(NCMe)] 

Al(pftb)4. The catalytic activities of the complexes were subsequently investigated under 

BULKOWSKI-RÉGLIER conditions. By using [Cu(Ltrz1/Ltrz2)(NCMe)2]PF6 and DTBP-H as sub-

strate, yields of 32 % and 29 % DTBQ were obtained, respectively. The high yield of 32 % 

DTBQ, to this time the highest obtained for a complex with PF6
- anion, confirmed the 

assumption of an increasing catalytic activity by the use of iminotriazole ligands instead of 

other iminoheterocyclic ligands. Moreover, an anion effect was observed in this case as well: 

For [Cu(Ltrz1)(NCMe)]Al(pftb)4 as catalyst, a yield of 48 % DTBQ was obtained, which is the 

highest yield observed so far under the conditions applied. According to the observations made 

for simple copper salts with this anion, an induction period was detected for this complex as 

well, which was absent when using an in-situ generated semiquinone (SQ) complex. This gave 

a first hint for a mononuclear mechanism. Subsequently, the complexes supported by Ltrz1 as 

a ligand were further investigated for their reaction mechanism. In experiments with different 

substrates an SQ formation prior to quinone formation was observed, and the results of kinetic 

investigations were in line with mononuclear species in the rate-determining steps. For the 

complex with Al(pftb)4
- as anion, additional studies comprising a Hammett analysis and the 

investigation of the KIE were performed and supported the finding that the mononuclear 

pathway is also present for Cu(I) complexes supported by bidentate ligands under BULKOWSKI-

RÉGLIER conditions. To conclude, these investigations show that a mononuclear pathway can 

be present also for more complex model systems under certain conditions, in contrast to the 

classical dinuclear mechanism starting from the µ-η²:η²-peroxo intermediate. 

A similar mononuclear reaction mechanism is also discussed for the reaction between organic 

azides with acetylenes, producing 1,2,3-triazoles in the CuAAC reaction. Moreover, the use of 

triazole-containing ligands was observed to result in highly active catalysts for the CuAAC as 

well. Thus, in the last study described in this thesis, complexes with the classical tetradentate 
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aminotriazole CuAAC ligand TTTA and its tri- and bidentate analogues BTTA and TTA were 

investigated for their catalytic activities toward DTBP-H. Furthermore, the effect of varying the 

chain length on the activity was studied in the complexes supported by TTEA and the N-

substituted derivatives dmTTEA and prlTTEA. An increasing activity was observed in the 

series from TTTA (3 % of DTBQ) via BTTA (17 %) and TTA (28 %) to TTEA (34 %). Thus, an 

even higher catalytic activity was obtained for the complex [Cu(TTEA)(NCMe)]PF6 than for 

[Cu(Ltrz1)(NCMe)2]PF6, in line with the higher σ-donation capacity of amines compared to 

imines. The higher activity of the complexes supported by TTA compared to its tri- and tetra-

dentate counterparts was attributed to the lower number of N-donors and the corresponding 

lower competition of substrate and dioxygen for coordination sites. Using DFT calculations, the 

higher activity of the TTEA system compared to the TTA system was attributed to the larger 

N-Cu-N bond angle between that of Cu(I) and Cu(II), which facilitates the catalytic cycle. The 

lower activity obtained for the N-substituted analogues dmTTEA (32 %) and prlTTEA (28 %) 

was attributed to higher steric interactions with the substrate. In addition, the ability of the 

complexes to mediate the CuAAC reaction was investigated and an opposite trend in reactivity 

was found. In contrast to the complexes with bidentate ligands, the complexes supported by 

TTTA and BTTA are assumingly able to form a dinuclear complex and thus are able to enter 

the faster dinuclear CuAAC mechanism, which results in high yields of triazole (54 % and 

46 %). Moreover, in this case a higher catalytic activity is observed for the TTA compared to 

the TTEA system (17 % vs. 11 %). It is assumed that, the more acute binding angle for TTA 

results in a lower steric hindrance between the ligand and the azide substrate within the 

CuAAC reaction cycle. The N-substituted dmTTEA- and prlTTEA systems were nearly in-

active (3 % and 4 %), presumably due to the steric bulk on the amine N-atom. 

In this thesis, a number of new dinuclear (CuTw1-3) and mononuclear (Ltrz1/2-, TTTA-, BTTA-, 

TTA-, (dm-/prl-) TTEA systems) Cu(I) complexes were synthesized, characterized and their 

activity toward monophenolic substrates was investigated. For the investigated dinuclear 

complexes (CuTw1-3), the influence of the number and type of N-donor groups on the catalytic 

activity was studied. It was demonstrated that the reactivity can be “switched on” by using bis-

bi- instead of a bis-tridentate ligand. Moreover, experimental evidence was obtained for the 

assumption that triazole-containing ligands should outperform pyrazole-containing analogues. 

This was also part of the study focusing on the mononuclear complexes supported by the 

Ltrz1/2 ligands. A higher activity compared to pyrazole-containing ligands could be observed 

as well. Moreover, variation of the anion led to the complex [Cu(Ltrz1)(NCMe)]Al(pftb)4, for 

which the highest activity so far under BULKOWSKI-RÉGLIER conditions was observed. In 

addition, within this study it could be confirmed that the mononuclear pathway for the 

monooxygenation of phenols, which was previously found,[129] also applies to complexes 
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supported by iminotriazole ligands. This result shows that the mononuclear pathway is not only 

a characteristic of simple copper salts with monodentate ligands under BULKOWSKI-RÉGLIER 

conditions, but also applies to copper complexes with more complex ligand systems. 

Moreover, based on similarities found in the respective mononuclear catalytic cycles, the 

classical CuAAC ligand TTTA and its tri- and bidentate analogues were coordinated to Cu(I) 

and investigated for their monooxygenation- and CuAAC activity. The derived reactivities were 

compared with those of the related TTEA systems derived from Ltrz1. By the use of 

[Cu(TTEA)(NCMe)]PF6, the highest catalytic activity was observed so far for a PF6
- containing 

complex, while overall an opposite behavior was obtained for the reactivities of the complexes 

toward the CuAAC and the phenol monooxygenation. Comparison of the resulting activities for 

monooxygenation and CuAAC led to a deeper understanding of the influences of relatively 

small changes in the ligand backbone on the respective catalyzed reaction.  

Apart from studies focusing on different monooxygenation activities, future studies should 

focus on the investigation of copper-oxygen intermediates present in the mononuclear 

monooxygenation pathway. Aside from investigations using low temperature UV/vis- and 

resonance Raman spectroscopy, previous investigations made for the CuAAC reaction could 

be used as inspiration as well: For example, a study by the MEMBOEUF group describes the 

investigation of intermediates of the CuAAC reaction in the gas-phase using a modified mass 

spectrometer.[168] This setup allows the ionization of the copper complexes using electrospray 

ionization (ESI) and the subsequent addition of gases to induce collision activated reactions or 

collision induced dissociations, which led to the formation of the respective intermediates.[168] 

This could be a suitable way to investigate intermediates of the mononuclear reaction pathway, 

such as a copper-dioxygen adduct, as well. 

 

Scheme 25: The dPhDAP ligand, representing a ligand system which may support the ligand mono-
oxygenation. 

For instance, studies could be performed using Cu(I) complexes coordinated by a bidentate 

ligand (e.g. Ltrz1) with few equivalents of substrate and base (quasi-catalytic conditions). In 
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addition, another promising possibility could be the use of a ligand system with an appended 

phenyl ring in the ligand framework on which the oxygenation reaction can take place. This 

would bear the advantage that only dioxygen has to coordinate to the copper center in the gas 

phase (instead of substrate and dioxygen) and that the Cu2O2 intermediate may be better 

stabilized by the bulkier ligand framework. One possibility of such a ligand class is the N,N-

diphenyl-1,3-diaminopropane (dPhDAP) ligand shown in Scheme 25.
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7 Appendix 
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