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1 Introduction 

1.1 Metalloproteins  

Metalloproteins are essential components for all living organisms and take part in a multitude 

of different functions as catalysts in biological processes, such as respiration, photosynthesis, 

water oxidation or binding and activation of small molecules, like molecular dioxygen or 

nitrogen oxides.[1–3] The elements copper and iron are particularly important here due to their 

unique properties and high bioavailability. In addition to zinc, these two elements are two of 

the three most common transition metals in the human body. As part of the active centers in 

enzymes they play a decisive role in many vital processes, especially in the binding and 

activation of molecular dioxygen and electron transfer reactions.[1,4,5] 

1.1.1 Copper dioxygen proteins 

Copper occurs as a trace element with about 150 mg in the human body and has already been 

observed in many enzymes of humans, animals, plants and microorganisms as part of the active 

center.[1,4,6,7] It is usually coordinated in the oxidation states +I, +II or as an intermediate also 

as +III. The biological functions of copper are mainly based on an easily accessible CuI/CuII 

redox transition in the positive potential range. Furthermore, some copper enzymes are able to 

bind molecular dioxygen reversibly or activate it and carry out one- or two-electron redox 

processes or catalyze oxygenation reactions on organic substrates. Figure 1 shows some 

examples for copper-containing proteins and their biological function. 

In addition, to the classification according to their function (e. g. as oxidase or oxygenase), 

classic copper proteins are divided into type 1, type 2 and type 3 copper proteins based on their 

structural and spectroscopic properties.[1,3,4] Copper-containing proteins that do not correspond 

to this assignment are non-classical copper proteins.[8] 

Type 1 copper proteins are also referred to as “blue” copper proteins due to their characteristic 

and intense blue color in the oxidized state.[3,8] Type 1 copper centers consist of a copper ion 

that is coordinated in a strongly distorted tetrahedral coordination geometry. It consists of two 

histidine and one cysteinate ligand in a distorted trigonal arrangement and a further weakly 

bound variable ligand, such as methionine, glutamine or leucine (Figure 2). The binding of the 
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cysteinate to the copper center and the resulting intensive ligand metal charge transfer 

absorption band at 600 nm leads to its distictive and eponymous blue color. The distorted 

geometry represents a compromise between the square-planar arrangement preferred by 

copper(II) and the tetrahedral arrangement preferred by copper(I) complexes. This enables a 

transition of the geometry and an increased speed of electronic transition of the two oxidation 

states. This property also leads to the frequent involvement of type 1 copper proteins in electron 

transfer processes. Examples of type 1 proteins are plastocyanin or azurin, which are involved 

in plant or bacterial photosynthesis as electron carriers.[9,10]  

 

Figure 1: Several essential biological functions of copper-containing proteins.[11] 

Type 2 copper proteins are also referred to as normal or non-blue copper proteins.[1,3,8] This is 

due to their usually slightly/weak blue color, which results from d-d transition states of orbitals 

of different symmetry of the copper ion, similar to common copper(II) complexes. The 

coordinative environment of the copper center usually has a square-planar or distorted 

tetrahedral geometry by four N and/or O donor atoms, e.g. two histidine residues, two tyrosine 

residues and one lable ligand such as water or a free coordination site (Figure 2). Type 2 copper 

proteins are mostly involved in catalysis as oxidase, oxygenase or superoxide dismutase. 

Examples are galactose oxidase, which catalyze the two-electron transfer reaction during the 

oxidation of primary alcohols to corresponding aldehydes[12] and dopamine β-monooxygenase, 

which is involved in the side chain hydroxylation of dopamine to norepinephrine.[8,13] 
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In contrast to type 1 and 2 copper proteins, type 3 copper proteins have an active center that 

consists of two copper ions coordinated by three histidine residues each (Figure 2).[1,3,8] This 

type of copper proteins plays an important role in binding and activation of molecular dioxygen. 

The molecular dioxygen is connected as a side-on peroxido ligand and the resulting complex 

has two characteristic absorption bands at 350 nm and 600 nm. The coordination geometry of 

the center change from a trigonal planar shape in the deoxy form to square pyramidal in the oxy 

form. Typical type 3 copper proteins are for example hemocyanin, tyrosinase and catechol 

oxidase.[8] Hemocyanin is responsible for the transport of dioxygen in molluscs and arthropods 

and also causes the blue colored blood, unlike the red blood of humans, of these organisms.[14,15] 

The enzyme tyrosinase catalyzes the hydroxylation of phenolic substrates to catechols and the 

further oxidation to ortho-quinones.[16,17] 

 

Figure 2: Active center of (a) type 1 (plastocyanin)[9], (b) type 2 (galactose oxidase)[12] and (c) type 3 

(hemocyanin)[15] copper proteins. 

Copper proteins that do not fit into this classification are called non-classical copper proteins 

and can be devided into further categories, which are referred to as copper centers of the type 
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(2+3), CuA, CuB or CuZ.[3,6,8] For example, type (2+3) copper proteins are part of the enzymes 

laccase or ascorbate oxidase, which contain a trinuclear unit consisting of a combination of 

type 2 and 3 copper centers and oxidize ascorbate to dehydroascorbate.[8,18] Examples for the 

other categories are cytochrome c oxidase (CuA and CuB), which catalyze the reduction of 

dioxygen to water in the respiratory chain and nitrous oxide reductase (CuZ), which reduce N2O 

to N2 in the nitrogen cycle.[8] 

1.1.2 Iron nitrogen monoxide proteins and complexes 

Iron ist the most common essential transition metal in the human body and is a central 

component of many proteins and enzymes. It usually occurs in the oxidation states +II, +III or 

+IV within a heme or non-heme protein framework (Figure 3).[1] The most famous and very 

important iron protein for humans and many other mammals is the dioxygen carrier protein 

hemoglobin, which can bind molecular dioxygen reversibly and is responsible for distributing 

dioxygen through the bloodstream as part of the red blood cells.[19,20] Another example is 

hemerythrin, which is a non-heme iron dioxygen transport protein and is found in various 

marine intervertebrates.[21] Iron enzymes can also occur in a catalytic function and, for example, 

catalyze redox or oxygenation reactions as cytochrome, catalase or peroxidase.[1,22]  

 

Figure 3: (a) Active site of heme proteins (e. g. hemoglobin and myoglobin)[23] and (b) active site of a non-heme 

protein (e. g. hemerythrin).[21] 

In addition to the transport and activation of dioxygen as an oxidizing and oxygenating agent, 

another small molecule plays a crucial role in important biological processes in the human body: 

nitrogen monoxide (NO). For the discovery of the importance and role of NO in physiological 

and pathophysiological functions Murad, Furchgott and Ignarro were awarded with the Nobel 

Prize in physiology and medicine in 1998.[24–26] Nitrogen monoxide is a simple diatomic 
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molecule differing from dioxygen only by a single electron and in contrast to triplet dioxygen 

(diradical) occurs as a monoradical (Figure 4). NO is a colorless and highly reactive gas that 

reacts with a wide range of transition metals and, in presence of dioxygen, is converted to 

NO2.
[27] Due to this reactivity and the short half-life time in the human body and in aqueous 

solutions, NO as part of biological processes could not be proven for a long time.  

The tasks that nitrogen oxide takes on here are blood pressure control, as a neurotransmitter and 

in immune response. In particular, the interaction of NO with iron-containing proteins and 

complexes is studied.[28,29] Examples are the ferro-heme enzyme soluble guanylyl cyclase,[30,31] 

regulatory [Fe-S]-proteins[32] or the vasodilating drug sodium nitroprousside.[33,34] The [Fe-S]-

cluster of the [Fe-S]-proteins react with NO and form dinitrosyl iron complexes (DNICs) in 

order to control their transcription or translation activity.[32] 

 

Figure 4: Comparison of the molecular orbital (MO) diagrams of (a) NO and (b) O2.[20,35] 

Tetracoordinate mononitrosyl iron complexes (MNICs) and their dinitrosyl homologues, 

DNICs, have been subject of research for decades.[36–39] Current research focuses primarily on 

thiolato- and sulfido-ligated nitrosyl-iron species, due to their importance in signalling and 

metabolic pathways.[36,38] Despite many years of research, the mechanisms for the formation of 

different iron-NO species and the dynamic of MNIC and DNIC formation or the occurrence of 

binuclear Roussin’s red salt esters (RSEs) and their physiologicial roles are not fully understood 

(Figure 5). Recently, the equilibrium between low molecular weight DNICs from the direct 
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reaction among NO, Fe(II) and biothiols in aqueous solution were investigated and the 

simultaneous production of DNICs and thiyl radicals were shown, which represent a new way 

for in vivo formation of S-nitroso thiol species.[40] 

In addition to its biological significance, NO also plays a special role in coordination chemistry. 

Here, NO occurs as a so-called non-innocent ligand and can bind to a metal center oxidized as 

NO+ (isoelectronic to CO), as NO∙ radical, reduced NO- (isoelectronic to O2) or even as 

NO∙2- radical.[41,42] Thus enabling unclear oxidation states for the metal center. Even for a well 

known complex such as [Fe(H2O)5(NO)]2+ (known from the qualitative analytical test of nitrate 

(“brown ring” test)), the oxidation state of the iron ion is discussed controversically and Fe(I), 

Fe(II) and Fe(III) are reported.[43–45] A possibility for a correct spelling of iron-NO complexes 

without specifying the oxidation state of iron is offered by the Enemark-Feltham notation, in 

which only the number of metal d electrons and the number of π* electrons are considered. An 

Fe(II)-NO complex would correspond to the notation {Fe(NO)}7, resulting from the general 

notation {Fe(NO)x}
m with x = number of NO ligands and m = sum of metal d- and NO π*-

electrons.[46] In the past, numerous reports on transition metal complexes with NO and their 

reactivity have been pubished.[47,48] 

 

Figure 5: Control of the formation of MNIC and DNIC from [FeS2Cl4]2-.[38] 

The similarity of NO to other diatomic molecules, which are reinforced by its properties as a 

non-innocent ligand, also poses a challenge in biological processes for enzymes since molecular 

dioxygen or carbon monoxide can also occur in higher concentrations additionally and compete 

for binding to the active center (especially to iron centers).[28,49,50] This is particuarly important 

for dioxygen-binding enzymes in the respiratory chain, since all three molecules (O2, NO and 
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CO) can bind reversibly and a high concentration of NO or CO can lead to asphyxiation. In 

general, NO and CO bind to an iron center much more strongly than dioxygen does.[49] In 

addition to the higher binding energy, however, the binding and dissociation rates must also be 

taken into account. NO has a comparatively high attachment rate and a very slow dissociation 

rate to iron heme centers, which complicate the role of NO as a signal molecule because, due 

to their biological function, the dissociation have to run very quickly.[28] In nature, for the 

protein myoglobin for example, this distinction is made by an interplay between inhibition of 

diatomic molecule binding by a water molecule and a preference for iron-dioxygen binding by 

a strong hydrogen bond of oxygen to a neighbouring histidine residue. This leads to a 100-fold 

increase in the overall affinity towards dioxygen binding compared to non-polar heme 

compounds.[51] 

Kinetic studies provide an important method to observe the formation and reaction of transition 

metal-nitrosyl complexes and thereby offer a better understanding of pathways in which NO 

may participate and allow to evaluate the chemical processes that need to be considered in the 

interpretation of biological mechanisms.[29] Investigations with NO are a particular challenge 

as they require special working procedures under inert conditions due to its high reactivity 

towards dioxygen. Furthermore, since the reaction of NO with transition metals is generally 

very fast either cooling is required (which is usually difficult as most investigations are carried 

out in aqueous medium due to the better comparability with biological systems) or a suitable 

measuring system have to be used. Nevertheless, such investigations were carried out with 

natural, iron-based enzymes as well as with model systems.[29,52–54] 

1.2 Model complexes 

In bioinorganic chemistry there is a great interest in simulating the functions and reactivities of 

natural enzymes with the help of model compounds and thereby gaining a better understanding 

of the mechanisms in biological processes. This understanding could be used for example, in 

order to develop new drugs but also to use easily accessible systems to make reactivity 

functional for catalytic or synthetic application.  

1.2.1 Iron NO complexes and NO donor drugs 

In case of iron NO complexes, the focus is primarily on the investigation of biologically active 

DNIC species, which can occur in a monomeric DNIC and a dimerized form as Roussin’s red 
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salt ester (RSE, Figure 6), but also in NO donor drug development, in which molecular carriers 

for NO-releasing are investigated for medical applications. 

 

Figure 6: Equilibrium between DNIC and RSE.[40] 

In the formation of DNICs, a distinction is made by the anionic, paramagnetic DNIC form 

{Fe(NO)2}
9, whose iron center is usually coordinated by thiolate ligands, and the neutral, 

diamagnetic form {Fe(NO)2}
10 of DNICs that are coordinated by CO, PPh3 or N-containing 

ligands.[55,56] It could be shown that this property helps in the characterization and prediction of 

active DNIC species in biological systems and offers the possibility of differentiating between 

different types of {Fe(NO)2}
9 (anionic, neutral) and RSEs species by using EPR (electron 

paramagnetic resonance) in combination with IR spectroscopy (infra-red spectroscopy) and the 

relative position of the νNO
 stretchting frequencies.[57,58]  

This distinction is also important for a better understanding of different processes that are 

influenced by NO, in addition to its natural, biological function. In this context, NO-realeasing 

NO donor drugs play an important role in the medical field (Figure 7). For decades, despite 

intensive research, mainly two types of NO donor drugs found in clinical application. These are 

organic nitrates such as nitroglycerin which is mainly used to relieve pain in connection with 

angina pectoris and the already mentioned sodium nitroprusside which is used for the short-

term reduction of blood pressure.[59,60] In the development of new drugs, the focus is primarily 

on stabilisation, transport and and control of NO release as this could for example, release 

smaller amounts of NO over a longer period of time.[61,62] Current approaches pursue the 

binding of NO to macromolecules,[63] metal-organic frameworks[64,65] or nanoparticles[61,66] as 

with higher molecular weights the payload can be increased and released in a more controlled 

and effective manner compared to low molecular weight NO donors.[67] It has been shown that 

therapies with NO-releasing macromolecular materials can be used to treat cardiovascular 

diseases, cancer, bacterial infections or to support wound healing.[67] 

However, reactions of NO with iron complexes are not only studied in the medical or biological 

field, but also in bioinorganics or complex chemistry. As already mentioned, NO is very similar 
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to molecular dioxygen (Figure 4), but usually much more reactive. Therefore, it is not surprising 

that NO is used when dioxygen shows no or only a very slow reaction rate with iron(II) 

complexes to learn more about the binding situation and the mechanisms.[68] 

 

Figure 7: Chemical structure of NO donor drugs (a) nitroglycerin and (b) sodium nitroprusside. 

Iron-NO model complexes are also used to study local mass transfer phenomena in reactive 

bubble columns. Processes in gas-liquid systems in the chemical industry are often optimized 

by trial and error, which is time-consuming and costly. For the investigation of the influence of 

hydrodynamic interactions, such as bubble bounce or coalescence on mass transport, the strong 

color difference in the reaction of the complexes with NO is of particular importance. The 

reaction is tracked with UV/Vis spectroscopy or high-speed cameras and evaluated by 

sophisticated experimental analysis.[69] 

1.2.2 Model compounds for copper proteins and enzymes 

In contrast to iron-nitrosyl compounds which are involved in a wide variety of different 

processes and whose role is mainly in the distribution and release of NO, copper-containing 

proteins (mainly type 2 and type 3 copper proteins) are characterized primarily by their ability 

to bind and activate dioxygen and their role in numerous substrate oxidation and oxygenation 

processes.[70,71] The focus in bioinorganic chemistry is therefore mainly on mimicking natural 

systems by suitable model systems. On the one hand, this is to gain a better understanding of 

the mechanisms and reactivities in biological processes, but also, on the other hand, to use 

simplified systems to make the reactivities of enzymes usable for synthetic applications or 

catalyzes.[72] In this context, it is particularly important to distinguish between the possibilities 

of dioxygen binding to mononuclear copper centers, such as η1- (end-on) or η2- (side-on) 

superoxido complexes, and to dinuclear copper centers in the form of trans-μ-1,2- (end-on) 

peroxido and μ-η2 : η2- (side-on) peroxido complexes and bis(μ-oxido) complexes, whose 



Introduction 

 

10 

existence has already been demonstrated and characterized with model systems or, in the case 

of η1-superoxido and μ-η2 : η2-peroxido species, even in natural systems (Figure 8).  

The investigation of copper-dioxygen intermediates with model systems and the design of the 

ligand system is very important, as even minor changes in the electronic or steric properties of 

a ligand can lead to the formation or observation of a different copper-dioxygen intermediate 

or none at all.[73] The type and number of donor atoms, the chelate ring size, or the steric size 

of the ligands are all parameters for the ligand design which can lead to different results in 

dioxygen activation.[70] In the case of dioxygen binding to copper complexes ligands with 

nitrogen donors, analogous to the biological priority in the form of pyrazoles, pyridines, 

imidazoles or amines are used. However, binding via sulfur and phosphorus donors is also 

possible although ligands with these donors often form very stable copper(I) complexes with 

low reactivity toward dioxygen. The change in denticity and steric hindrance has a very large 

influence on the stability and reactivity of the copper(I) complex toward dioxygen, since these 

factors primarily affect the coordination geometry. Thus, oxygenation reactions of mononuclear 

copper(I) complexes with bidentate or tridentate ligands often proceed via a superoxido 

intermediate, which in solution tend to form binuclear copper-dioxygen species with another 

copper(I) complex.  

 

Figure 8: Copper-dioxygen species formed by reaction of copper(I) complexes with O2 including possible 

pathways of different binding modes in equilibrium.[72,74] 

The various copper-dioxygen species can generally be described as being in equilibrium, since 

only relatively small structural changes are formally required for the transformation (Figure 8). 

For example, for the formation of a peroxido species, the prior formation of a superoxido 
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species is inevitable, but its formation or transformation is rarely observed due to a rapid onward 

reaction to a dinuclear species. It is shown, however, that the property of dimerization can be 

suppressed by an increased number of donor atoms or an increase in the steric demand of the 

ligand so that mononuclear copper-dioxygen species can be stabilized. The characterization of 

η1-superoxido complexes with different ligands (tet b, tmpa, Me6tren or TMG3tren) has already 

been done crystallographically or by UV/Vis spectroscopy.[74–77] η1-superoxido complexes have 

an intense, characteristic charge-transfer band at 400 nm and two further, weaker absorption 

bands at 600 nm and 750 nm. Characterization of η2-superoxido complexes could be performed 

crystallographically with the sterically demanding ligand TptBu,iPr(Figure 9a, R3 = tBu, R5 = 

iPr).[78] 

 

Figure 9: Shown are selected ligands that were used for crystallization and characterization of different copper-

dioxygen species (a) TpR3,R5 (= tris(pyrazolyl)borates, R3, R5 = Me, iPr, tBu), (b) tmpa (= tris[(2-

pyridyl)methyl]amine) and (c) R3tacn (= N,N’,N’’-trisubstituted 1,4,7-triazacyclononane, R = Me, iPr, Bz, Py). 

Besides the species that have been mentioned above copper hydroperoxido species also have 

biological relevance and a role as intermediate active species in various enzymes, such as 

dopamine β-monooxygenase (DβM) and peptidylglycine α-hydroxylating monooxygenase 

(PHM).[13,79] Mononuclear hydroperoxido species can also be formed by protonation of 

peroxido species or the direct use of hydrogen peroxide.[80–82] Copper hydroperoxido species 

have already been detected crystallographically and spectroscopically with various model 

systems, usually by an intesive band at about 400 nm and another weaker band at about 

650 nm.[80,83] 

Dinuclear copper species are of particular interest because of the ability of their natural 

representatives (tyrosinase, catechol oxidase and hemocyanin) to reversibly bind and activate 

dioxygen. The stability of dinuclear copper-dioxygen species is primarily related to the 

increased thermodynamic stability of the peroxide species (2 e-) relative to the superoxide 

species (1 e-), so that more model complexes of dinuclear copper-dioxygen species have tended 
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to be characterized and detected in the past.[70] The common binding modes have been 

mentioned previously and are shown in Figure 8. However, dioxygen binding can be influenced 

by the choice of ligand. For example, trans-μ-1,2-peroxido species have been detected in the 

past mainly with tetradentate ligands, whereas μ-η2 : η2-peroxido and bis(μ-oxido) complexes 

have been detected with bidentate, tridentate and tetradentate ligands. All dinuclear copper-

dioxygen species could already be detected spectroscopically or crystallographically using 

model complexes. 

In biological systems, only μ-η2 : η2-peroxido copper species have been detected so far, but it 

is still discussed in the literature if the bis(μ-oxido) species is the active species of enzymes. 

The spectroscopic characterization of bis(μ-oxido) species is based on an intense charge-

transfer band at 340 nm and another weaker absorption band at 530 nm and was first 

demonstrated by Moro-oko and co-workers in 1988 with a model system (ligand used shown 

in Figure 9a, R3 = R5 = Me).[84] The first crystal structure and characterization of an trans-μ-

1,2-peroxido complex was published by Karlin and co-workers in 1988 with the ligand tmpa 

(Figure 9b).[85] With the copper(I) complex [(iPr3tacn)Cu(MeCN)]+ (iPr3tacn = 1,4,7-

triisopropyl-1,4,7-triazacyclononane, Figure 9c, R = iPr) even both copper-dioxygen species, 

the μ-η2 : η2-peroxido and the bis(μ-oxido) species, could be detected simultaneously in 

equilibrium by Tolman and co-workers. By varying the solvent, the ratio of the isomers could 

be shifted to the side of the peroxido species (favored in dichloromethane) or to the side of the 

bis(μ-oxido) species (favored in tetrahydrofuran).[86,87] 

The bis(μ-oxido) species was first detected spectroscopically in 1993, characterized 

crystallographically in 1996 (ligand used shown in Figure 9c, R = Bz) and has been detected 

with numerous other different ligands over the years.[88,89] Crystallographically, a bis(μ-oxido) 

complex can be distinguished by a shorter Cu-Cu distance and an increased O-O distance 

compared to the μ-η2 : η2-peroxido complex. Spectroscopically, the characterization can be 

performed by two very intense absorption bands at about 300 nm and 400 nm.[70] 

1.3 Model compounds for synthetic and catalytic 
application 

The enzyme tyrosinase stands out as a model for a synthetic and catalytic application of 

copper(I) model complexes. Tyrosinase is a type 3 copper protein and catalyzes the selective 

ortho-hydroxylation of L-tyrosine to L-DOPA and further oxidation to L-DOPAquinone 
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(catalytic cycle shown in Figure 10), which in further subsequent reactions leads to the 

formation of melanin in biosynthesis. Melanin is responsible for the browning of skin, hair, 

fruits or vegetables, but also supports immune reactions.[17,90,91] In particular, the crystal 

structure published by Matoba et al. led to a detailed understanding of the tyrosinase 

mechanism.[92] The activation of dioxygen at the tyrosinase occurs, as previously suspected on 

the basis of spectroscopic studies, via a the μ-η2 : η2-peroxido complex. Through these findings, 

the already generally accepted mechanism proposed by Solomon was refined by Tuczek and 

co-workers.[16,17,93] 

 

Figure 10: Catalytic cycle of Tyrosinase.[17] 

Although the reactivity of tyrosinase has been widely known for years, it is still a challenge to 

develop suitable model systems that can activate dioxygen and show tyrosinase-like activity. 

For the first model systems that showed tyrosinase-like activity, m-xylyl-brigded ligands were 

used (Figure 11, R = H). Complexes with these types of ligands are able to bind two copper 

ions with three nitrogen donors each, which are linked together by a xylyl spacer. In 1981, 

Karlin and co-workers demonstrated that a copper(I) complex with the ligand Py2-m-xylH 

performs selective hydroxylation upon reaction with dioxygen, resulting in a dinuclear 

hydroxide- and phenolate-bridged copper(II) complex.[94] Further detailed studies with 

differentially substituted m-xylyl-based ligands could show that electron-releasing substituents 

increase the rate of hydroxylation, thus enhancing the assumption that the active copper-
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dioxygen intermediate is a peroxidic electrophile, which could be demonstrated 

spectroscopically.[95] It was also observed that a change in chelate ring size from a six-

membered chelate ring to a five-membered chelate ring resulted in stabilization of the copper(I) 

complex and no hydroxylation reaction occurred.[96] In contrast to tyrosinase, with this type of 

ligand and also with many other model complexes, copper-dioxygen species could be detected 

but no catalytic activity was observed. Despite a stable copper-dioxygen intermediate, either no 

reaction took place at all or, at most, only stoichiometric conversions could be obtained.[97,98] 

 

Figure 11: Ligand Py2-m-xylH (= N,N,N’,N’-tetra-(2-pyridyl)-α,α’-diaminoxylene, R = H, tBu, F, CN, NO2) that 

was used for a model system with tyrosinase-like activity. 

Model systems of tyrosinase that are capable of stoichiometric or even catalytic reactions 

mostly use external monophenolic substrates and perform intermolecular oxygenation or 

oxidation reactions to the ortho-quinone.[99] Examples are the model systems published in the 

early 1990s by Réglier et al. and Casella et al. which for a long time were the only model 

systems with catalytic tyrosinase-like activity.[100,101] The next catalytic tyrosinase model 

system, which was also the first system based on a mononuclear copper(I) complex, was 

published about 20 years later by Tuczek and co-workers.[102] In the meantime, a number of 

other model systems with tyrosinase-like and catalytic reactivity exist, which have been 

published in recent years by further development and variation of known ligands or by the 

development of new ligands by Lumb and Ottenwaelder,[75–77] Tuczek[99] and Herres-

Pawlis.[106,107] 
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1.4 Intramolecular hydroxylation reactions with copper(I) 
complexes 

1.4.1 Aromatic ligand hydroxylation 

Aromatic hydroxylation reactions are much more common in the literature than aliphatic 

hydroxylations. This is partly due to the better comparability of the well-studied native model 

tyrosinase, but also to the significantly lower dissociation energy of allylic C-H bonds 

(~90 kcal/mol) compared to aliphatic equivalents (~100 kcal/mol).[108] Furthermore, it was 

observed that in the case of unsaturated hydrocarbons, pre-activation of the C-H bond already 

occurs due to the attachment of the substrate to the metal center, which does not occur in the 

case of aliphatic adducts.[109] In intramolecular ligand hydroxylation, in contrast to 

intermolecular hydroxylation, a reaction at the ligand is desired explicitly. The previously 

described model system of Karlin (chapter 1.3) is the first model system in which selective 

hydroxylation of the ligand at the bridging m-xylyl unit (Figure 11) by a μ-η2 : η2-peroxido 

complex could be observed. 

In 1999, another model system was presented by Holland et al. to investigate if such a 

hydroxylation could also proceed via a bis(μ-oxido) intermediate complex. In previous 

hydroxylation reactions of natural copper proteins and also model systems mainly μ-η2 : η2-

peroxido species as copper-dioxygen intermediates were observed.[110] For this purpose, the 

bidentate ligand PPN (2-(diethylaminoethyl)-6-phenylpyridine) instead of the tridentate m-

xylyl-based ligand was used (Figure 12a). For the copper(I) complex of the ligand PPN and 

variously substituted derivatives a bis(μ-oxido) complex was found to be the active species by 

spectroscopic studies at low temperatures. The lack of other absorption bands that could be 

assigned to peroxido- or superoxido species indicates that this type of dioxygen binding mode 

can only exist via a rapid equilibrium. These observations could be confirmed by DFT (density 

functional theory) calculations.[111] Furthermore, it was shown that the hydroxylation and 

degradation of the bis(μ-oxido) complex occurs via a 1,2-H shift and the formation of an 

intermediate dienone, resulting in the hydroxylated product. After the reaction of the copper(I) 

complex with dioxygen, a conversion of up to 40% to the hydroxylated ligand was detected, 

depending on the substituents. This corresponds to a conversion of 80% (based on the maximum 

conversion) because bis(μ-oxido) complexes are monooxygenases and therefore only one of 

two ligands forming the complex can be hydroxylated. However, the hydroxylated product was 
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not isolated, but the yield was estimated by GC/MS and 1H-NMR. By inserting electron 

withdrawing groups such as NO2 and CF3 a deactivating effect was shown. By inserting electron 

donor groups such as OCH3 an activating effect on the rate determining step and hydroxylation 

yield was shown. 

 

Figure 12: The ligands (a) PPN (= 2-(diethylaminoethyl)-6-phenylpyridine, X = H) and (b) BDED (= N'-

benzylidene-N,N-diethylethylenediamine X = Y = H). For the substitution effects studies, substituents were 

attached at position X and Y, respectively. 

With regard to a possible application in organic synthesis, the system with PPN has the 

disadvantage that the synthesis and isolation of the ligand is relatively time-consuming, partly 

requires starting materials that are no longer commercially available and, due to the ligand 

structure, the possibility of substrate variability is relatively inflexible. Therefore, Becker et al. 

developed the ligand BDED (N'-benzylidene-N,N-diethylethylenediamine, Figure 12b, X = 

Y = H).[111] The ligand BDED is structurally very similar to the ligand PPN but can be prepared 

by a simple Schiff base reaction with high yields, high purity and with inexpensive starting 

materials (benzaldehyde and N,N-diethylethylenediamine). The copper(I) complex with the 

ligand BDED can activate dioxygen as a bis(μ-oxido) complex in the same way as the complex 

with the ligand PPN and an intramolecular and selective hydroxylation can be carried out on 

the aromatic substrate (Figure 13). The mechanism and the occurrence of a bis(μ-oxido) 

intermediate were also confirmed by DFT calculations.[111] Because of the simple binding of 

the substrate via an imine bond, it is also possible to vary the substrate and instead of 

benzaldehyde any other substrate with an aldehyde or ketone function can be bound to the 

ligand. After the hydroxylation reaction the hydroxylated substrate can easily be separated from 

the ligand by acidic imine cleavage. Because of this easy binding and cleavage of the substrate 

to the ligand, this concept is also referred to as the “clip-and-cleave concept”.[112] Thus, 

hydroxylation of the ligand BDED (Figure 13) and subsequent work-up already resulted in a 

conversion of almost 50% salicylaldehyde (detected by GC-MS), which, due to the limiting 

conversion of monoxygenases, already corresponds to the maximum possible conversion of 

100%. However, only 8% salicylaldehyde could be isolated by flash chromatography, which of 



Introduction 

 

17 

course still offers potential for improvement due to the much higher conversion. The 

investigations of the substitution effects on the substrate with the ligand BDED were similar to 

the results with ligand PPN. 

 

Figure 13: Intramolecular hydroxylation of copper(I)-BDED complex with dioxygen.[111] 

1.4.2 Aliphatic ligand hydroxylation 

Aliphatic ligand hydroxylation is particularly challenging due to the quite high C-H dissociation 

energy (~100 kcal/mol) and the non-activated nature of these bonds.[108] Therefore, it is not 

surprising that few examples of selective hydroxylation of aliphatic substrates are available in 

the literature compared to aromatic hydroxylation reactions. Moreover, in many reactions 

whose oxygenation mechanism proceeds via a metal oxo species, the involvement of radical 

intermediates is frequently observed, which can complicate the selectivity but also the study of 

the mechanism.[113] Nevertheless, some intramolecular, selective hydroxylation reactions on 

non-activated aliphatic C-H bonds using dioxygen-activating copper(I) complexes have been 

observed in the past. One of the first model systems of this kind was presented by Réglier and 

co-workers in which a mixed bis(μ-oxido) Cu(II)/Cu(III) intermediate is assumed to be the 

active species and hydroxylation occurs at propyl and cyclopentyl groups in the β-position.[114] 

Based on the work with the BDED ligand by Becker et al. (clip-and-cleave concept, chapter 

1.4.1), the ligand system BDED was extended by the use of new substrates and the successful 

regioselective hydroxylation at non-activated aliphatic C-H bonds of aldehydes.[112] Thus, the 
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ligand DPDen, in which trimethylacetaldehyde (hydroxylated product shown in Figure 14a) 

was attached to the ligand backbone, was also hydroxylated successfully and, analogous to the 

ligand BDED, a bis(μ-oxido) complex was observed as the intermediate copper-dioxygen 

species at low temperatures.[111,112] Even though an efficient separation of the product was not 

possible, but a nearly quantitative conversion could be detected by GC/MS. Also of particular 

relevance is the selective hydroxylation of adamantane-1- and diadamantane-1-carbaldehyde at 

the β-position, whose hydroxy-functionalization at this position is otherwise difficult to achieve 

(Figure 14b and Figure 14c).[115,116] 

 

Figure 14: Selectively hydroxylated products of (a) trimethylacetaldehyde, (b) adamantane-1-carbaldehyde and 

(c) diadamantane-1-carbaldehyde. 

A very similar ligand system was published by Schönecker and co-workers in the early 2000s. 

Here, the substrate was attached via an amine or imine function to the ligand scaffold, which 

usually consists of an ethylene or methylene linked pyridine (Figure 15).[117–120] Chiral steroids 

and camphor were used as substrates, the functionalization of which, mainly due to 

regioselectivity, is generally not very easy to carry out and are therefore also of interest for 

applications in organic synthesis. It was shown that different positions can be hydroxylated 

depending on the linkage of the ligand to the substrate. When linked via an amine, the 16β-

position is hydroxylated and the stereoselectivity of the hydroxy group can be controlled 

depending on the residue on the amine. When using imino pyridyl ligands and spatial fixation 

by the C=N bond in an anti-arrangement occurs, the 12β-position is hydroxylated. Of particular 

interest is that in one case there is a β-hydroxylation and in the other case a hydroxylation at 

the γ-position occurs (Figure 15).[117] For the hydroxylation reaction, unlike the clip-and-cleave 

concept, the copper(II) complex was assumed to be reduced with an excess of reducing agent 

before the addition of dioxygen. The repeated reduction of the copper(II) complexes allows the 

higher conversions compared to the direct use of copper(I) complexes without reducing agent. 

The disadvantage, however, is a very long reaction time of several days, a costly work-up and 

the yields, which were still relatively low despite the use of reducing agent excess. 
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Based on the ligand system published by Schönecker for the hydroxylation of steroids and 

camphor derivatives, further investigation to optimize the reaction conditions and increase the 

yield was first carried out by Baran and co-workers and based on these findings in more detail 

by Garcia-Bosch and co-workers.[121–123] 

 

Figure 15: The used ligand systems of Schönecker with (a) imine and (b) amine linkage (R = Me, Et, n = 1, 2). 

With * the preferred sites for hydroxylation (a) at the 12β- and (b) at the 16β-position are marked.[117] (c) 

Experimental conditions of the ligand hydroxylation published by groups of Baran and Garcia-Bosch.[121,122] 

Baran and co-workers were able to develop a method in which, by using reducing agents to 

reactivate copper(II) to copper(I) and minor changes to the reaction conditions, hydroxylation 

yields for steroid and camphor ligands of over 90% were achieved.[121] These results represent 

the first ligand system to achieve selective hydroxylation with such high yields. Crucial for the 

high yield is mainly the use of the right reducing agent, but also the choice of solvent, minor 

variations on the ligand backbone and the choice of the right copper(I) salt had an influence on 

the conversion. 

The very detailed investigations by Garcia-Bosch and co-workers based on Schöneckers ligand 

system showed that the mechanism of hydroxylation when using imino pyridine ligands does 

not proceed via a bis(μ-oxido) complex, as first assumed, but very probably via a hydroperoxido 

complex as the active species.[122,124] In the proposed mechanism, which is shown in Figure 16, 

the copper(I) complex first reacts with dioxygen to form copper(II) and a superoxide, which 

directly reacts further to form hydrogen peroxide. Subsequently, the copper(II) complex reacts 

with hydrogen peroxide to form the copper hydroperoxido intermediate, which then carries out 

the hydroxylation on the ligand.[122]. This finding allowed a more targeted approach for 

improving the reaction conditions. Starting with the copper(II) complex and hydrogen peroxide 
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as oxidant, yields of hydroxylated product in the range of 70-99% were obtained. On the one 

hand, this allows working at atmospheric conditions, since dioxygen-sensitive copper(I) 

complexes are no longer used, and on the other hand, costs can be reduced, through less 

expensive copper(II) salts and external reducing agents no longer required to be used. Further 

work with this ligand system has shown that the optimized reaction conditions are suitable for 

the hydroxyl-functionalization of a variety of different ketone or aldehyde substrates. However, 

it has also been shown that very different results can be expected in terms of conversion 

depending on the substrate.[123] 

 

Figure 16: Proposed reaction mechanism for the intramolecular γ-hydroxylation of C-H bonds with LCuII(OOH) 

as the active intermediate.[123] 
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1.5 Research goals 

The activation of small molecules plays a crucial role in many processes in the human body, 

but also in the chemical industry. Nitrogen monoxide and dioxygen represent two of these 

molecules whose electron configurations are very similar (monoradical vs. diradical) but whose 

properties and roles in science are nevertheless different. While research on nitrogen monoxide 

is mainly studied with regard to biological processes and the use of NO releasing drugs with 

many open questions regarding to the potential of possible applications and the exact 

mechanisms, the role of dioxygen in the human body is much more intensively researched and 

better understood. Therefore, the focus here is mainly on the development of new model 

systems with transition metals on the model of nature to perform catalytic or stoichiometric 

reactions, which can either replace complex and expensive synthesis routes by simple, selective 

and cheap methods or catalyze reactions at mild conditions on an industrial scale to save 

enormous amounts of energy and material costs.  

With regard to gaining a better understanding of the formation of iron-NO complexes, one goal 

of this research work was the kinetic investigation of a series of iron complexes in order to 

obtain detailed information on the mechanism of these reactions. For this purpose, the formation 

of the complexes shown in Figure 17 was studied using low temperature stopped-flow 

techniques.  

 

Figure 17: Investigated iron-nitrosyl complexes (a) MNIC and (b) DNIC and complexes with ligands (c) bztpen 

and (d) HPTB. 

The iron complexes differed fundamentally in their coordination environment starting with 

simple iron(II) chloride in methanol (MNIC/DNIC system, Figure 17a and Figure 17b), via the 

mononuclear iron complex with the chelating ligand bztpen (= N-benzyl-N,N’,N’-tris(2-

pyridylmethyl)-ethylenediamine, Figure 17c) to the binuclear complex with the chelate ligand 
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HPTB (= N,N,N',N'-tetrakis(2-benzimidazolylmethyl)-2-hydroxy-1,3-diaminopropane, Figure 

17d). Details of this study are described in chapter 2 and have been published in the Journal 

Dalton Transactions. 

As shown in the introduction, copper-based oxygenation reactions offer unique possibilities for 

the functionalization of substrates. The aim was therefore to optimize the clip-and-cleave 

concept published by Becker et al.,[111,112] which allows selective and intramolecular 

hydroxylations to be carried out and to make it usable for applications in organic synthesis. For 

this purpose, modifications on the ligand scaffold and changes in the reaction conditions were 

used to increase the hydroxylation conversion and to solve problems in the solubility of the 

copper(I) complexes. A general scheme for the intramolecular ligand hydroxylation with 

benzaldehyde as a substrate is shown in Figure 18. In addition, the versatility of the ligand 

system was investigated by hydroxylating additional substrates to provide simple routes to 

functionalize hard-to-reach positions and thereby facilitating the synthesis of expensive 

specialty chemicals. The study of the active copper-dioxygen intermediate, in case of successful 

hydroxylation, should then lead to further insights into the hydroxylation mechanism. The 

detailed investigations and results are described in chapter 3 and have been published in the 

European Journal of Inorganic Chemistry. 

 

 

Figure 18: General scheme of an intramolecular ligand hydroxylation. NR2 can be an amine (R = Et, iPr) or a 

pyridine. 
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2 Iron(II) nitrogen monoxide complexes 

2.1 Kinetic studies on the reaction of NO with iron(II) 
complexes using low temperature stopped-flow 
techniques 

 

This article has been published in the Journal Dalton Transaction 

 

Pascal Specht, Martin Oßberger, Peter Klüfers and Siegfried Schindler 

Dalton Trans., 2020, 49, 9480-9486 

© The Royal Society of Chemistry 2020 
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3 Selective Ligand Hydroxylation 

3.1 Aerobic C-H hydroxylation by copper imine complexes: 
The clip-and-cleave concept – versatility and limits 

 

This article has been published in the European Journal of Inorganic Chemistry 

 

Pascal Specht, Alexander Petrillo, Jonathan Becker and Siegfried Schindler 

Eur. J. Inorg. Chem., 2021, 1961-1970 

© 2021 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 
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4 Summary 

The studies on the reactivity of dioxygen and nitrogen monoxide with transition metal model 

complexes provide important insights for a better understanding of similar processes in 

biological environments. Due to its short-lived nature in the human body the physiological 

significance of nitrogen monoxide compared to dioxygen has only been known for a relatively 

short time. Accordingly, there are still many unanswered questions regarding the reaction 

mechanisms of nitrogen monoxide in biological processes, as well as its potential as a drug and 

for treating various diseases. Dioxygen, on the other hand, is already well studied due to its 

importance as an oxidizing and oxygenating agent in the human body. Therefore, the focus is 

to mimic the reactivities of enzymes by model systems to perform selective and 

catalytic/stoichiometric oxygenation reactions under mild reaction conditions in the laboratory 

or for an application in industry. 

During this research, various iron complexes were kinetically investigated for their reactivity 

towards nitrogen monoxide in methanol using low temperature stopped-flow technique to gain 

a better understanding of the mechanisms of such reactions. The used systems had different 

complex coordination environments, starting with the "simple" iron(II) chloride, via the 

mononuclear complex iron-bztpen to the dinuclear iron-HPTB. It was shown that in the 

MNIC/DNIC system the reaction to the mononitrosyl complex (MNIC) is, as expected, very 

fast, independent of the nitrogen monoxide concentration and proceeds via a dissociative 

interchange mechanism. The further reaction to the dinitrosyl complex (DNIC) proceeds very 

slowly, also in comparison to the other complexes studied (reaction rate to MNIC differs by a 

factor of 109). This is most likely related to the fact that not simply a second nitrogen monoxide 

molecule coordinates, but at the same time electron transfers take place and a conversion from 

{FeNO}7- to {Fe(NO)2}
9-species occurs. In the study of the iron(II) complexes with the ligands 

bztpen and HPTB, it was shown that the reaction proceeds via an associative mechanism. In the 

case of the iron-HPTB complex, the activation parameters are in accordance with data from a 

similar complex in the literature. 

The activation of dioxygen by means of copper(I) complexes modelled on natural systems 

offers the possibility of replacing time-consuming or expensive synthetic routes by simple 

methods. The clip-and-cleave concept, which was already introduced by Becker et al., provide 

a pathway for a selective and intramolecular ligand hydroxylation.[111,112] During these studies, 
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this concept was examined and optimized by modifications on the ligand scaffold, changes in 

reaction conditions, and investigations of the hydroxylation mechanism. This investigation 

could show that even small changes on the ligand scaffold have a great influence on the 

reactivity of the complex and can lead to an increase, but also to a complete suppression of the 

hydroxylation reactivity. It was shown that hydroxylation of the different ligands (even with 

small differences) leads to the formation of different copper-dioxygen intermediates or even 

shows no intermediate at all despite successful ligand hydroxylation. Using 

cyclohexanecarbaldehyde as a substrate, it could be shown that in addition to the two known 

mechanisms for copper-mediated hydroxylation (via a bis(μ-oxido) or hydroperoxido complex), 

there is a third possibility for ligand hydroxylation starting from a copper(II) complex, which 

represents a promising, alternative and facile pathway for further oxygenation reactions. 

Hydroxylation of these substrates and also the various hydroxylation methods provide the 

opportunity for a stoichiometric and easy preparation of specialty chemicals or 

functionalization of difficult to access sites of substrates. 
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Zusammenfassung 

Die Untersuchungen der Reaktivität von Sauerstoff und Stickstoffmonoxid mit 

Übergangsmetall-Modellkomplexen liefern wichtige Erkenntnisse zum besseren Verständnis 

ähnlicher Prozesse in biologischen Umgebungen. Die physiologische Bedeutung von 

Stickstoffmonoxid ist, aufgrund seiner Kurzlebigkeit im menschlichen Körper, im Vergleich zu 

Sauerstoff erst seit relativ kurzer Zeit bekannt. Dementsprechend gibt es noch viele 

unbeantwortete Fragen zu den Reaktionsmechanismen von Stickstoffmonoxid in biologischen 

Prozessen sowie zu seinem Potenzial als Medikament und zur Behandlung verschiedener 

Krankheiten. Sauerstoff hingegen ist aufgrund seiner Bedeutung als Oxidations- und 

Oxygenierungsmittel im menschlichen Körper bereits gut erforscht. Daher liegt der Fokus 

darauf, die Reaktivitäten von Enzymen durch Modellsysteme zu imitieren, um selektive und 

katalytische/stöchiometrische Oxygenierungsreaktionen bei milden Reaktionsbedingungen im 

Labor oder für eine Anwendung in der Industrie durchzuführen. 

Im Rahmen dieser Forschungsarbeit wurden verschiedene Eisenkomplexe auf ihre Reaktivität 

gegenüber Stickstoffmonoxid in Methanol mittels Tieftemperatur-Stopped-Flow-Technik 

kinetisch untersucht, um ein besseres Verständnis für die Mechanismen solcher Reaktionen zu 

erlangen. Die verwendeten Systeme wiesen unterschiedlich komplexe 

Koordinationsumgebungen auf, beginnend mit dem "einfachen" Eisen(II)-chlorid, über den 

einkernigen Komplex Eisen-bztpen bis hin zum zweikernigen Eisen-HPTB. Es wurde gezeigt, 

dass beim MNIC/DNIC-System die Reaktion zum Mononitrosyl-Komplex (MNIC) 

erwartungsgemäß sehr schnell und unabhängig von der Stickstoffmonoxid-Konzentration und 

über einen dissoziativen Austauschmechanismus abläuft. Die weitere Reaktion zum 

Dinitrosylkomplex (DNIC) verläuft, auch im Vergleich zu den anderen untersuchten 

Komplexen, sehr langsam (Reaktionsgeschwindigkeit zu MNIC unterscheidet sich um den 

Faktor 109). Dies hängt höchstwahrscheinlich damit zusammen, dass nicht nur ein zweites 

Stickstoffmonoxid-Molekül koordiniert, sondern gleichzeitig ein Elektronentransfer stattfindet 

und eine Umwandlung der {FeNO}7- zu einer {Fe(NO)2}
9-Spezies erfolgt. Bei der 

Untersuchung der Eisen(II)-Komplexe mit den Liganden bztpen und HPTB wurde gezeigt, dass 

die Reaktion über einen assoziativen Mechanismus abläuft. Im Falle des Eisen-HPTB-

Komplexes stimmen die Aktivierungsparameter mit Daten eines ähnlichen Komplexes aus der 

Literatur überein.  
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Die Aktivierung von Sauerstoff mittels Kupfer(I)-Komplexen nach dem Vorbild natürlicher 

Systeme bietet die Möglichkeit, zeitaufwendige oder teure Syntheserouten durch einfache 

Methoden zu ersetzen. Das Clip-and-Cleave-Konzept, das bereits von Becker et al.[111,112] 

vorgestellt wurde, bietet einen Weg für eine selektive und intramolekulare 

Ligandenhydroxylierung, welches durch Modifikationen am Ligandengerüst, Änderungen der 

Reaktionsbedingungen und Untersuchungen des Hydroxylierungsmechanismus weiter 

untersucht und optimiert wurde. Dabei konnte gezeigt werden, dass bereits kleine Änderungen 

am Ligandengerüst einen großen Einfluss auf die Reaktivität des Komplexes haben und zu einer 

Erhöhung, aber auch zu einer vollständigen Unterdrückung der Hydroxylierungsreaktivität 

führen können. Es konnte außerdem gezeigt werden, dass die Hydroxylierung der 

verschiedenen Liganden (auch mit nur kleinen Unterschieden) zur Bildung unterschiedlicher 

Kupfer-Sauerstoff-Intermediate führt oder sogar, trotz erfolgreicher Ligandenhydroxylierung, 

überhaupt kein Intermediat zeigt. Anhand von Cyclohexancarbaldehyd als Substrat konnte 

gezeigt werden, dass es neben den beiden bekannten Mechanismen für die kupfervermittelte 

Hydroxylierung (über einen Bis(μ-oxido)- oder Hydroperoxido-Komplex) eine dritte 

Möglichkeit der Ligandenhydroxylierung ausgehend von einem Kupfer(II)-Komplex gibt, die 

einen vielversprechenden, alternativen und einfachen Weg für weitere 

Oxygenierungsreaktionen darstellt. Die Hydroxylierung dieser Substrate und auch die 

verschiedenen Hydroxylierungsmethoden bieten die Möglichkeit einer stöchiometrischen und 

leichten Herstellung von Spezialchemikalien oder Funktionalisierung schwer zugänglicher 

Stellen von Substraten. 
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