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Abstract  

Catalytic reactions with widely available and low-cost transition metals are among the 

important building blocks of the modern chemical industry with its thousands of products. Most 

of these however can be traced back to a limited number of basic reactions. The detailed study 

of these reactions in fundamental organometallic research is therefore at the beginning of the 

process chain in order to understand the ideal conditions for the catalytic conversions. 

Furthermore, an increase in efficiency and cost optimization is always in focus, which can be 

achieved by cheaper and more efficient catalysts or adapted reaction conditions at low 

pressures and temperatures. Detailed mechanistic investigations can be carried out, for 

example, by spectroscopic methods at low temperatures, so that equilibrium constants can be 

determined for wide temperature ranges and basic reaction parameters and mechanisms can 

be derived. 

In Chapter 3 the reactions of nickel(0) precursors and an isoelectronic copper (I) precursor 

with novel cyclopropane-containing olefinic and acetylenic ligands were investigated and 

kinetic measurements via stopped-flow UV-vis spectroscopy were performed at various 

temperatures. In the mechanistic studies with the ligand bicyclopropylidene (bcp) an 

associative or associative interchange mechanism with an ordered transition state could be 

shown as the basis of the conversion. Reactions with the ligand dicyclopropylacetylenes (dcpa) 

were also performed in comparison and a structural study of the complexes with nickel and 

copper and description of features of the molecular structures were carried out. The obtained 

results of the structural analyses were further compared with literature known complexes with 

other transition metals. 

In Chapter 4 the reactivity of several iron(II) complexes with the ligand cyclam and its 

methylated derivatives, especially tetramethylcyclam (TMC) toward various oxygen species is 

shown. The successful formations of desired oxido-complexes, which are relevant in multiple 

enzymatic reactions as key compounds, were also investigated spectroscopically in the low 

temperature range and mechanistic studies were performed. One example is an iron(II) 

complex supported by the ligand TMC and a triflate anion in reaction with aqueous hydrogen 

peroxide. Its possible mechanism based on the measured data is shown with the rate-

determining step being the initial addition of H2O2. Furthermore, complexes of the open-chain 

and guanidine-based ligand DMEG3tren were spectroscopically studied as iron and chromium 

complexes to obtain a first overview and comparison of different systems and their reactivity. 
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Zusammenfassung  

Katalytische Reaktionen mit leicht verfügbaren und günstigen Übergangsmetallen zählen zu 

den wichtigen Bausteinen der modernen Chemieindustrie mit ihren tausenden Produkten. Die 

meisten davon lassen sich jedoch auf wenige Basisreaktionen zurückführen. Eine detaillierte 

Untersuchung dieser Reaktionen in metallorganischer Grundlagenforschung steht daher am 

Anfang der Prozesskette, um die idealen Bedingungen für zukünftige katalytische 

Umsetzungen zu verstehen. Des Weiteren ist eine Effizienzsteigerung und Kostenoptimierung 

stets im Fokus, was durch günstigere und effizientere Katalysatoren oder angepasste 

Reaktionsbedingungen bei geringeren Drücken und Temperaturen erzielt werden kann. 

Detaillierte mechanistische Untersuchungen können durch spektroskopische Methoden bei 

tiefen Temperaturen erfolgen, sodass Gleichgewichtskonstanten bestimmt und grundlegende 

Reaktionsparameter und Mechanismen hergeleitet werden können. 

In Kapitel 3 wurden die Reaktionen von Nickel(0)-Vorstufen und einer isoelektronischen 

Kupfer(I)-Vorstufe mit neuartigen olefinischen und acetylenischen Liganden untersucht und 

kinetische Messungen via Stopped-Flow-UV-vis-Spektroskopie bei verschiedenen 

Temperaturen durchgeführt. In den mechanistischen Untersuchungen der Reaktionen mit dem 

Liganden Bicyclopropyliden (bcp) konnte gezeigt werden, dass ein assoziativer oder 

assoziativer interchange-Mechanismus mit einem geordneten Übergangszustand der 

Reaktion zugrundeliegt. Auch die Reaktionen mit dem Liganden Dicyclopropylacetylen (dcpa) 

wurden vergleichend durchgeführt und eine strukturelle Untersuchung der Komplexe mit 

Nickel und Kupfer vorgenommen. Die Ergebnisse der Strukturanalysen wurden im Detail mit 

bereits literaturbekannten Komplexen mit anderen Übergangsmetallen verglichen. 

In Kapitel 4 werden die Reaktivitäten mehrerer Eisen(II)-Komplexe mit dem Liganden Tetra-

methylcyclam (TMC) und seinen Derivaten gegenüber verschiedener Sauerstoffspezies 

gezeigt. Die erfolgreiche Bildung der gewünschten Oxido-Komplexe, die zentrale 

Verbindungen in einer Vielzahl enzymatischer Umsetzungen darstellen, wurde im 

Tieftemperaturbereich spektroskopisch untersucht. Beispielsweise wurden mechanistische 

Studien an einem Eisen(II)-Komplex mit dem Liganden TMC und Triflatanionen mit wässriger 

Wasserstoffperoxidlösung durchgeführt. Ein möglicher Mechanismus wurde anhand der 

Messdaten mit dem geschwindigkeitsbestimmenden Schritt der H2O2-Anlagerung aufgezeigt. 

Des Weiteren wurden Komplexe des offentkettigen und guanidinbasierten Liganden 

DMEG3tren spektroskopisch in Form von Eisen- und Chromkomplexen untersucht, um einen 

ersten Blick auf den Vergleich von verschiedenen Systemen und deren Reaktivität zu werfen. 
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1. Introduction  

 

1.1 Catalysis in Industrial Processes  

The impact of catalysis on modern industrial production is essential and cannot be imagined 

without it. Estimations show that over 90 % of current chemical processes in industry involve 

catalytic reactions at some stage of their manufaction.[1] Global annual sales of manufactured 

chemicals were about $900 billion in 2005, and demand continues to grow rapidly, as shown 

in the 2021 statistics for europe from Figure 1.[2] The individual sectors of chemical production 

with their shares are also shown. Despite its omnipresence in modern chemistry, the roots of 

catalysis go back to the dawn of human civilization, even if people did not know the term at 

that time. The first example of an applied catalytic-technical process is the fermentation of 

sugar to produce alcoholic beverages such as beer and wine. The actual term catalysis was 

first proposed by Jöns Jakob Berzelius in 1835 and is derived from the two greek words kata, 

meaning down, and lyein, meaning loose by which he meant the poperty to form new 

compounds which they do not enter- which can be considered a very basic definition to this 

day.[3] After the discovery and the beginnings of the application of catalytic procedures, it took 

some time before industrial processes were developed on a significant scale. 

 

Figure 1:Total sales of production sectors of EU 27 chemical industry and their shares in 2021.[4] 

One of the most notable examples, which is still used on a multiton scale around the world 

today, is the Haber-Bosch process for the production of ammonia, for which the two german 

inventors Fritz Haber and Carl Bosch were awarded the Nobel Prize in Chemistry (1918 & 
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1931).[5] The invention of the process made it possible to feed the steadily growing population 

in the first place, as about 80% of the ammonia obtained is immediately used for fertilizer 

production. In therory, it is a simple reaction between nitrogen and hydrogen (Scheme 1). At 

first, the nitrogen is extracted from air in the industrial 3-step process in contact with an iron 

catalyst, but the entire process was  only mechanistically elucidated in the 2000s by Gerhard 

Ertl (honored with Nobel Prize in Chemistry in 2007).[6] The required commercial upscaling 

posed significant challenges to the inventors at the time due to the high pressures required, 

which were not yet being used on such a large industrial scale.[7] 

 

Scheme 1. Partial reaction of the formation of ammonia in the Haber-Bosch Process. 

 

The gaseous reactants are passed over an Ŭ-Fe catalyst (enhanced with oxidic promotors of 

K, Ca, Al resistant towards hydrogen)[8] at pressures of 150ī200 bar and reaction temperatures 

of 400ī500 °C, so that approx. 15ī20 % ammonia can be obtained and separated from the 

equilibrium reaction. Current world-scale plants (see Figure 2) have daily capacities of 1200 to 

2000 tons and very few by-products, as unreacted gases are recycled and reused as fuels, 

resulting in an overall yield of 97 %.[9]  

 

 

Figure 2: BASF Ammonia Process Plant in Ludwigshafen (Germany) © BASF SE [10]. 

The demands on the catalyst are high, as shown above, because high reactivities, low aging, 

especially thermal and pressure stability are required and a high resistance to catalyst poisons 

(traces of H2O, O2, CO) is needed.[8] Therefore alternative Ruthenium- and Cobalt-based 

catalysts have also been successfully applied mostly in the last decades to address this 

problem.[11]  
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In view of the energy transition and the shift away from fossil fuels, alternative processes for 

ammonia synthesis have been developed in recent decades. Promising examples are 

electrochemical syntheses that couple electrochemical water splitting with new and improved 

Haber-Bosch pathways,[12] metallocomplex fixation of nitrogen[13] or photocatalytic and 

photoelectrocatalytic coupled methods for ñNitroconversionò.[14] As mentioned before, the role 

of sustainability and the shift to more climate-friendly methods in production are becoming an 

important task in the development of optimizations for large-scale industrial productions.  

However, ecological and profit-oriented economic aspects are not necessarily in conflict with 

each other. For example, reducing energy consumption in the light of rising energy costs and 

producing under mild conditions, would lead to lower greenhouse gas emissions on the one 

hand, but also reduce costs on the other. In many important reactions and processes transition 

metals and especially precious metals are used as catalysts.[15] Their low natural abundance 

and the resulting high costs of the platinum group metals are significantly driving the search 

for cheaper metals with similar reactivities, such as iron, nickel and copper, for example. 

 

1.2 Nickel catalysts in Olefination  

The catalysis of organic reactions by nickel complexes has a long history, dating back to the 

widely known studies from Walter Reppe in the 1940s describing a series of impressive 

transformations including the cyclotetramerization of acetylene to cyclooctatetraene.[16] These 

studies included a description of the involvement of a nickel metallacycle, which is a class of 

reactive intermediates that plays an essential role in many groups of reactions. In addition to 

the long history with many significant developments in the field of C-C and C-heteroatom 

bonding processes, there has been an increase in interest in recent years.[17] In particular, first-

row transition metals, such as nickel, are of great concern, both in terms of the potential for 

lower catalyst costs and the exploitation of new reactivity species.[18] Soon after the important 

discoveries from Reppe, an extensive program studying the structure and reactivity of 

organonickel species was initiated in Mühlheim in the laboratories of Günther Wilke. Many 

insights into the oligomerization reactions of small molecules such as ethylene and acetylene 

emerged from his program.[19] Their research even led to the formulation of the so called 

ñnickel-effectò, which describes the role of the catalytically active nickel hydride complexes and 

their influence on the reaction outcome.[20]  

In general nickel can be utilized in many different reaction types, including cross-coupling 

reactions of e.g. alkenes and alkynes or phenol derivatives[21] and other C-O substrates[17], 

cycloadditions including [4+2][17] and [2+2+2][22]-type reactions.  



1. Introduction 

 

6 

  

The traditionally most studied reactions are the specific olefine dimerizations or oligo- and 

polymerizations.[16,19] Furthermore, in the synthesis of complex molecules (e. g. different 

alkaloids) these reactions have also been utilized, where the nickel-catalyzed process is a 

critital step in the overall synthetic route.[23] 

 

Scheme 2: Structure of Bis(cycloocta-1,5-dien)nickel(0) usually referred as Ni(COD)2. 

 

Among these different types of reactions, Ni(COD)2 (see Scheme 2) and similar complexes 

are one of the most commonly used and studied catalysts for such reactions, despite their high 

sensitivity to oxygen.[24,25] To circumvent this problem, the complex is used in many 

conversions as a pre-catalyst and then converted in-situ into less sensitive and more robust 

catalysts.[26] Synthetic routes generally start from a nickel(II) complex that is reduced in a pre-

reaction leading to the final Ni(0)-catalyst.[27] In current research, nickel compounds (incl. 

nanoparticles) were also utilized in hydrogenation reactions[28] and reductive couplings[21] of 

different substrates e.g. carbonyl, amines etc.[23] 

 

1.3 Metalloproteins as Catalysts in Biological Systems  

While organometallic catalyses are indispensable in industrial applications, biological systems 

in the form of metalloproteins have always utilized the catalytic properties of metals or more 

specifically transition metals. These metalloproteins are key components for living organisms 

and take part in a variety of different functionalizations as catalysts in biological processes, 

such as photosynthesis, respiration chain or binding and activation of small molecules such as 

dioxygen.[29] Two prominent examples are the elements iron and copper that are particularly 

important due to their unique redox properties and bioavailability because of the large natural 

occurrence in the earth's crust.[30] Together with zinc, these two metals are also among the 

three most commonly found transition metals in the human body.[29] The metal ions are 

generally located in the so-called active centers of enzymes or other metalloproteins where 

they play a crucial role in many vital processes, especially in the binding and activation of 

molecular dioxygen and electron transfer reactions.[31] In these biological systems, however, 

the metal ions are not present in the form of oxides, but are instead incorporated typically in 
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big organic framework consisting of proteins built from amino acids. Transition metals that are 

present in living organisms are mainly copper, iron, manganese, nickel and zinc.[29,32]  

In contrast to many other transition metals, the biological relevance of nickel in living organisms 

interestingly was unknown for a long time and was only confirmed in 1975 by the discovery of 

nickel in the active site of the enzyme urease in jack beans.[33] The absorption measurements 

performed on the urease showed great similarities to other Ni(II) coordination compounds, so 

that Dixon et al. concluded in their publication that nickel was also an essential transition metal. 

This is in contrast to the fact that nature typically favors nickel compounds in the conversion of 

mono-carbon substrates, such as CO, CO2, and methyl equivalents, over other transition 

metals, which played a crucial role, particularly in the early stages of the evolution of life on 

Earth.[34] The current state of research indicates that nickel occurs as an essential element in 

a total of nine different enzymes in various oxidation states and diverse coordination types.[35,36] 

The so-called superoxide dismutases (SOD) are an example for oxygen activation enzymes 

that catalyze the disproportion of superoxide O2
¯  that can potentially damage the cell to oxygen 

and peroxide O2
2¯ and therefore prevent oxidative stress.[37] The superoxide radical is an 

inevitable byproduct of aerobic metabolism, and its degradation needs to be addressed by 

SODs with copper or zinc in the active sites of eukaryotes, including humans.[38] In comparison, 

iron or manganese are mainly found in most bacteria or mitochondria.[36]  

 

 

Figure 3: NiSOD (superoxide dismutase) structure and active site. The homohexameric structure of NiSOD is 

shown with each subunit a different color. One active site is shown in the oxidized form, with Ni3+ (green sphere) 

coordinated via theamino terminal amine, a backbone amide, two Cys, and an axial His (stick view).[39] 

 

Figure 3 (above) shows as a third example a rarely found nickel-containing SOD that is mainly 

present in prokaryotes, more specifically in Streptomyces and Cyanobacteria.[37,40]. 
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Transition metals are mainly useful in enzymes because of their redox activity, their capability 

to bind and exchange ligands (especially labile water) and their high charge density, which 

allows the polarization of substrates as well as the stabilization of intermediates.[32] 

Predominantely, the transition metals occur in mononuclear and dinuclear but also multiple 

nuclear centers which can be either homonuclear or heteronuclear. Their most frequent ligands 

are nitrogen, oxygen and sulfur atoms of the polypeptide chain, but cofactors, such as 

tetrapyrroles, small inorganic compounds such as carbon monoxide and modified amino acids 

are also used both for metal binding and to exhibit specific metal properties. Other elements 

such as aluminum are present in large quantities but are not available for biosynthesis due to 

their natural appearance as inert metal oxides. 

 

1.3.1 Iron -containing Enzymes  

At approximately 2.5 to 4.0 grams in an average human body, iron is the most abundant 

essential transition metal and a central component of many proteins and enzymes.[41] It 

normally occurs in the +II, +III, or +IV oxidation states with different types of coordination 

spheres. Depending on whether an iron metalloprotein contains a heme unit or not they are 

categorised into two main groups: heme proteins and non-heme proteins (Scheme 3). The 

heme unit is based on an iron-porphyrin complex, where porphyrin is a macrocyclic N-donor 

and conjugated type of ligand. Non-heme iron proteins can be further divided into two 

subcategories: mononuclear non-heme proteins containing only one iron ion in their active 

sites and dinuclear non-heme proteins, which contain two iron centers linked by an additional 

bridging ligand, such as a carboxylate, oxido, or hydroxido species. 

      

Scheme 3: Schematic active sites of iron heme b (e. g. in hemoglobin; left) and of a non-heme iron center (e.g. in 

hemerythrin; right). 

The most well-known iron protein is probably the oxygen carrier protein hemoglobin (Figure 4), 

which is essential for humans and other mammals because it can reversibly bind molecular 
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oxygen and, as part of red blood cells is therefore responsible for the distribution of oxygen in 

the bloodstream. Its quite unique way of quickly binding and releasing molecular oxygen is 

enhanced by the so-called ñcooperative binding effectò, which brings structural changes after 

oxygen uptake and leads to even higher affinities and a sigmoidal saturation curve.[29] 

Approximately 60 % of the iron stored in the body comes from hemoglobin, another 15-20 % 

from the storage protein ferritin, and about 10-15 % from myoglobin.[41] Only smaller amounts 

are found in the enzyme systems and in transport proteins, yet they are of enormous 

importance, as highlighted in the following chapters.  

Another iron-based example directly comparable to the mammalian proteins myoglobin and 

hemoglobin is hemerythrin. It is a non-heme dioxygen transport protein only found in some 

marine invertebrates species such as sipunculids, annelids, priapulids and brachiopods, which 

in its most abundant form consists of an octameric O2 transport protein.[42] However, more 

widespread in biological oxygen transport is the copper-based protein hemocyanin, which is 

responsible for the characteristic blue blood in many invertebrates caused by the copper (II) 

oxygenated form.[43] 

 

Figure 4: Structure of human hemoglobin (heterotetramer) with Ŭ1/Ŭ2 in red and ɓ1 /ɓ 2 globin subunits in blue. 

Highlighted iron-containing heme groups in green.[44] 

In general iron enzymes can act catalytically in many different ways leading to various end 

products.[45]. Important examples of these enzymes are performing redox or oxygenation 

reactions, for example as cytochromes, catalases or peroxidases[46] In general, the ability of 

iron to access multiple redox states, as well as its bioavailability, makes it one of the most 

common transition metals used for biological O2 activation and other enzymes.[47]  

https://en.wikipedia.org/wiki/Sigmoid_function
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A short overview of different heme and non-heme iron proteins and enzmyes and their 

biological functions are presented in the following Table 1. 

 

Table 1: Overview of selected examples of heme and non-heme iron proteins and their basic reactivity and 

biological function.[42,48] 

 Reactivity  Biological Function  

Heme Iron Proteins    

Hemoglobin  Reversible oxygen binding Oxygen transport in lungs and blood 

Myoglobin  Reversible oxygen binding Dioxygen storage in muscles 

Cytochrome  P450 
Oxidation C-H sp3 or sp2-

bonds  

Transformation of a variety of different 

substrates, including S-, C-H and 

C=C oxidations 

Heme oxygenase  
Heme degradation to 

biliverdin  

Degradation of free and toxic heme 

groups to prevent accumulation 

Nitric Oxide Synthase (NOS) Oxidation of L-arginine 
Immediate precursor of NO, an 

important signalling molecule 

Non-Heme Iron Proteins    

Mononuclear    

Rieske dioxygenase  Cis-dihydroxylation 
Oxygenation of various substrates, 

mostly hydroxylation of aromat. rings 

Taurine Ŭ-KG-dependent 

dioxygenase (TauD)  

Taurine degradation via 

oxygenation 

Conversion of taurine to sulfite and 

aminoacetaldehyde under Ŭ-KG 

consumption  

Bleomycin  HĀ abstraction 
Chemotherapeutic agent to fragment 

DNA in tumor cells 

Dinuclear    

Soluble methane 

monooxygenase 

hydroxylase (sMMOH)  

Monooxygenation  
Hydroxylation of methane in 

methanogenic bacteria 

Ribonucleotide reductase 

(RNR) 

Reduction of ribo- to 

deoxyribonucleotides 
Essential in biosynthesis of DNA 

Ferritin  Reversible storage of Fe3+ Iron storage in cells 

Hemerythrin  Reversible oxygen binding 
Oxygen-carrier in marine 

invertebrates 
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1.3.2 Dioxygen Acvitation in Iron Enzymes  

The research of dioxygen activation started nearly 70 years ago, when two independent 

publications were reporting the incorporation of O atoms from dioxygen into oxidation products 

of enzyme-catalyzed conversions in 1955.[49] These works stimulated many scientists to 

investigate the phenomenon of dioxygen activation in nature, resulting in the identification of 

many enzymes as oxygenases, which use a variety of redox-active centers, both organic and 

inorganic, as agents to activate O2 for the transformations of biomolecules and the biosynthesis 

of natural products.  

In oxygen activation and subsequent oxygenation of substrates, one potential pathway is via 

the coordination at a metal center (active site of an enzyme or an artificial catalyst). The study 

of the catalytic cylces is therefore crucial to get further insights into the actual activation step.[50] 

 

Figure 5: Possible electron configurations of the dioxygen molecule:A triplet (ground) spin state of dioxygen (3Ɇg),  

B singlet (excited) spin state with two electrons with different spin in each of the two *́ orbitals (1Ɇg
+), C singlet 

(excited) spin state with two coupled electrons in one *́ orbital (1ȹg). Redrawn scheme according to reference.[51] 

 

In the ground state the dioxygen molecule is a biradical with two unpaired electrons in the *́ 

molecular orbital and therefore has a triplet spin state (Figure 5). Direct conversions of 

dioxygen with organic compounds are hindered as most molecules show a closed-shell 

electronic configuration and therefore a singlet spin state. These reactions are spin-

forbidden.[51] To perform oxygen inserting reactions dioxygen has to be converted into an 

activated state. In essence, this means that either a catalyst is needed to carry out oxidation 

reactions and oxygen activation, i.e. to change the multiplicity of spin of oxygen, and allow the 

reaction to occur or dioxygen is activated photochemically.[52] One goal in metalloenzyme 
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research is to better understand the structures of the active sites and the intermediates that 

occur as well as the mechanistic details of oxygen activation, which is realized by suitable 

model complexes and described in more detail in Chapter 1.4. In Chapter 4, concrete examples 

of model complexes with central iron ions and their oxygen activation are shown, as well as 

kinetic studies of the reactions to better understand the mechanisms and individual steps of 

the enzyme reactions, some of which are complex and difficult to study. The relevance of the 

subject is well illustrated in the following Figure 7, which shows that very many different 

reaction types are catalyzed by non-heme iron(IV) oxido complexes, leading to a myriad of 

new products and reaction pathways. In particular, the aliphatic hydroxylation of unreactive C-

H substrates is a prime example of the synthetic relevance of enzymes in biological systems, 

capable of converting substrates to new functionalized building blocks only by electron and 

proton transfer. Despite the mild reaction conditions and solvents, the conversions and 

catalytic activities achieved are very good ï conditions that industrial synthesis would like to 

transfer 1:1, but often fails to do so for various reasons. 

 

 

Figure 6: Schematic overview of reaction types performed by nonheme-iron(IV) oxido complexes and products. 

In oxygen activation chemistry either the oxygen molecule directly or a reduced oxygen 

equivalent reacts to form a wide variety of complexes (Figure 7) depending on the number of 

electrons and protons added. This in fact allows various types of interesteing metal complexes 
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with oxygen ligands depending of the oxidation state of the metal cation.[53] Most of the 

research focuses on superoxido, peroxido and oxido complexes, of which there are numerous 

described representatives with almost all transition metals.[54] Chapter 1.4 shows some 

examples in which model complexes were successfully reacted with oxygen ligands and 

subsequently oxygen transfer reactions were also successfully carried out. These reactions 

can in the long run be a real alternative to many current methods of functionatization of 

hydrocarbon substrates where typically high pressures and/or high temperatures are used to 

get decent turnover rates for high volume industry processes. Besides the reaction rates 

especially the chemoselectivity is lacking und mixtures of products are obtained that need a 

detailed work-up, e.g. by distillation colonnes sperating the fractions on a large scale. 

 

 

Figure 7: Overview of oxygen intermediates formed in biological organisms during the conversion of molecular 

oxygen to water; addition of electrons in reactions from left to right, addition of protons from top to bottom. 

 

Elemental oxygen is a strong oxidizing agent according to its position in the periodic table 

resulting in second highest electronegativity of all elements. Moreover, O2 readily forms highly 

reactive, partially reduced species catalyzed by transition metals, the neutralization of which 

requires many biological antioxidants. Under free atmosphere therefore only those aerobic 

organisms have survived in ancient times which have been able to develop protective 

mechanisms against oxygen and its very harmful, often radical reduction intermediates. Many 

substances react strongly exothermic with dioxygen, but often only after activation.[29]  

The frequently observed, characteristic inhibition of numerous reactions with O2 can in many 

cases be explained by the triplet ground state of the O2 molecule as described in Figure 5. The 

formal addition of electrons gives the reduced series of oxygen from the oxygen molecule to 
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the oxide ion, as shown in Figure 7 above. All these oxygen species open further possibilities 

for synthesis, since a targeted addition of a reduced form of oxygen to transition metals in 

appropriate oxidation and electronic configuration state leads to a variety of reaction pathways. 

The most stable form of the final metal complex is the corresponding oxide, but a direct addition 

of oxides to the precursors is usually not possible because metal oxides do not react further 

due to their thermodynamic stability. Once metal oxides are formed the central ion of the 

complex unit is not available for further reactions and no catalytic properties can be obsverved. 

The reversibility of the entire reaction is therefore a key prerequisite. 

The addition of aqueous solutions of hydrogen peroxide at typical concentrations of 30% (w/w) 

can lead to peroxido complexes (see for example Figure 8 right), provided that the protons and 

the aqueous environment do not interfere with the desired reaction. Targeted syntheses to 

superoxido complexes are also widely-known examples of oxygen activation in nature and 

bioinorganic research.[55] For mononuclear superoxido representatives two different forms of 

binding are possible: the end-on and the side-on form of the complex.[56] Binuclear complexes 

open up even further modes of coordination through the bridging superoxido unit.[57]  

 

1.4 Model Complexes of Iron Proteins and Enzymes  

As mentioned in the previous chapters in-depth research is needed to overcome the 

challenges in utlilizing the reactivities that nature has been using for millions of years in 

standardized enzymatic reactions. Thus, there is a great interest in bioinorganic chemistry in 

mimicking the functions and reactivities of natural enzymes with the help of model compounds 

to archieve a better understanding of the complex mechanisms in biological processes. This 

understanding can be used for example, to develop new performance materials but also to use 

accessible systems in chemical research to make reactivity functional for catalytic or synthetic 

application on an industrial scale. To achieve this greater aim, the often several kilo-Dalton 

large systems have to be reduced to their basic components: Essentially to the active site with 

the transition metal in the correct oxidation state and redox properties and a simple ligand 

system with the appropriate donor atoms and additional co-ligands to enable synthesis and 

further investigation on a laboratory scale. In case of the heme-containing iron enzymes, 

macrocylic ligands with four N-donors are predestined because of the structural similiarity to 

the heme-ligand; for nickel in olefination reactions simple alkenes and alkines are often used 

as co-ligands in transformations while the COD (1,5-cyclooctadiene)-ligand is and has been 

one of the most-used starting systems for the Ni(0) chemistry.[25]  
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In the coordination chemistry of iron there has been much interest especially in the oxygen 

activation inspired by enzymes in biological systems. The publications and crystallographic 

characterizations of the first non-heme iron oxido-complexes represent an important milestone 

in the study of transition metal coordination compounds. In 2000, Borovik et al. reported the 

generation of an iron (III) oxido complex directly from oxygen stabilized by hydrogen bonds.[58] 

As a second example in 2003, Rohde et al. succeeded in oxygenating an iron(II) precursor 

complex with iodoyslbenzene in acetonitrile at ï40 °C and subsequently characterizing it both 

spectroscopically and crystallographically (Figure 8 left).[59]  

 

 

Figure 8: Molecular structure of trans-[Fe(IV)(O)(TMC)(MeCN)](OTf)2 (left )[59]
 and structure of [Fe(III)(TMC)(OO)]+ 

(right )[60]  (cations shown, H atoms omitted) as selected examples of iron complexes with oxygen ligands, redrawn 

according to references. 

 

From the research group of Nam, Cho et al. succeeded in experimentally preparing and 

studying the mononuclear peroxido-complex [Fe(III)(TMC)(O2)]+ by adding hydrogen peroxide 

and triethylamine to a precursor complex in trifluoroethanol (Figure 8 right).[60] Furthermore, 

the publication described the consecutive protonation to the hydroperoxido complex and the 

conversion to the already known Fe(IV) oxido analog in a homolytic oxygen cleavage. These 

mentioned iron species are of high interest since high-valent iron-oxido intermediates play a 

crucial role in the catalytic cycles of the natural enzymes and the detailed studies and 

characterisations of the molecular structures provide further insights into their reactivities 

towards substrates. 

Three further examples that are an inspirational basis for the work presented in Chapter 4 (and 

comparable unpublished work) are depicted under Figure 9 below. Because of the challenges 

linked to the reactivity of dioxygen, as stated in chapter 1.3.2, in many cases of complexes 
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with iron(IV)-oxido cores that have been published in coordination chemistry, researchers have 

involved other oxygen-containing agents besides pure dioxygen. 

 

 

Figure 9: Schematic molecule strcutures of iron(IV)-oxido species (cations shown, most H atoms omitted) with 

cyclam-based ligands described in 1.4.1 being prominent examples for iron enzyme model complexes: [Fe(O)(TMC-

py)](OTf)2, (top left )[61], [Fe(O)(TMC-CH2C=ON(CH3)2)](OTf)2 (top right )[62], [Fe(O)(TMC)(H2O)](OTf)2 (bottom )[63], 

redrawn according to references. 

 

The third depicted example based on iron(II)-TMC, was successfully characterized in the 

Schindler group in 2018. Schaub et al. succeeded in preparing and crystallographically 

investigating an iron(IV)-aqua-oxido compound by reacting the precursor [Fe(TMC)](SO3CF3)2 

with ozone and the subsequent addition of water after successful oxygenation.[63] The obtained 

complex has high biological relevance, since similar oxido-hydroxido derivatives of iron 

represent a recurring structural motif in catalytic cycles of Rieske-type oxygenases. These iron-

dependent non-heme enzymes are capable of catalyzing cis-diyhdroxylations of substrates, 

such as naphthalene, in the 1,2-position.[64] 

Another promising example to mimic the reactivity of the important enzyme soluble methane 

monooxygenase (sMMO) capable of oxidizing the C-H bond in methane with a direct activation 
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of molecular oxygen was presented by Ray and coworkers.[65] Nevertheless the formation of 

iron(IV)-oxido complexes from a iron(II) precursor immediately with molecular oxygen still 

remains a challenge in synthetical coordination chemistry. 

 

1.4.1 Macrocyclic Ligands  

Macrocyclic ligands have been extensively studied in coordination chemistry. This 

inhomogenous group of ligands has by definition at least a ring size of nine atoms and more 

than three donor atoms. They can form stable complexes which is described by the so-called 

ñmacrocyclic effectò with high complexation constants in the equilibrium in comparison to open-

shell or simple type (single donor) ligands. The effect was described in detail by Cabbiness 

and Margerum in 1969 using the example of copper(II) complexes with the ligand tet a and 

compared to non-cyclic tetramines.[66] 

 

 

Figure 10: The macrocyclic ligands porphyrine and cyclam. 

 

Biological systems use these group of ligands for example in the heme group and (modified) 

porphyrins. The ligand 1,4,8,11-tetraazacyclotetradecane (cyclam) is among the most studied 

macrocycles in coordination chemistry as a typical N-donor-ligand. In its classical form it is a 

14-atom-containing macrocyclic ring that has four nitrogen donor atoms. Derivatives with 

smaller ring sizes with 9 to 13 atoms or varying numbers of (mixed) donor atoms, such as 

sulfur also exist showing a similar structural backbone.[67] The N-donors coordinate in an 

equatorial manner to the central metal ion with bent C2- and C3-units in the typical coordination 

sphere. In the axial positions there are in many cases smaller and exchangeable auxiliary-

ligands such as water or pendant arms for coordination and the important free coordination 

site where the desired reactions, e.g. oxygenations, take place.  

It was first synthesized by van Alphen in 1937 in a reaction of 1,3-dibromopropane with the 

primary amine 1,2-diaminoethane, in which the author observed the formation of the 
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macrocyclic ligand.[68] Further, more targeted syntheses have been reported by Stetter and 

Mayer in 1961, who also showed an IR spectrum of the colorless crystals of the ligand and 

described the unusual stability of the compound compared to other amines.[69] Over the past 

few decades, coordination compounds with cyclam have been synthesized and characterized 

with almost all transition metals. Examples include complexes with iron, ruthenium, nickel, 

manganese, copper, and cobalt as the respective central ions.[70] In the following decades, the 

basic ligand scaffold was further modified in various ways as mentioned in the following: The 

most straightforward approach is completely substituting the secondary amine functions with 

the contained protons by methyl groups or by adding more arms to extend the donor properties. 

The main goals of these modifications were the enhanced ability to stabilize high-valent oxido 

complexes and the higher stability towards intramolecular oxidation of the ligand, which is a 

typical problem of these reaction types and which can be achieved by a higher degree of 

substitution of the protons in general. Especially the amine protons are replaced by chemically 

more stable groups like methyl or trifluoromethyl to enhance chemical inertness.[55] 

 

Scheme 4: Schematic reaction of cyclam to tetramethylcyclam. 

 

In this regard, the N-alkylated derivatives of cyclam, which exist in many variants, are of great 

relevance in the synthesis of complexes with transition metals of all kinds. In particular, the 

per-methylated derivative tetramethylcyclam (TMC) depicted in Scheme 4 is of interest 

because it is known from coordination chemistry research that it is able to stabilize high 

oxidation states of transition metals. It is therefore well suitable to form complexes with oxygen 

ligands without having the previously mentioned interfering factors. The TMC ligand, which 

also was utilized in the iron complexes in chapter 4 is typically prepared in a one-step 

Eschweiler-Clarke reaction from cyclam, which represents a relatively simple synthetic route 

for the per-methylation of amine functions (see Scheme 4).[71] By selective substitution at one 

or more positions in the molecule, further ligand functions can be attached in the form of 

nitrogen, oxygen or sulfur donors.[61,72] As a consequence, the novel cyclam derivatives are 

able to coordinate fivefold or even sixfold to the central atoms, leaving less coordination space 

for undesired side reactions. Another advantage in the coordination of heteroleptic ligands is 
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that they are more similar to biological systems with amino acid residues that coordinate 

differently, making them more suitable for model complexes of enzymes.[62] However, these 

more sophisticated derivates with non-symmetric substitution patterns require more complex 

reactions with the use of a series of targeted protection and deprotection steps. 

In current research also dual-core complexes based on cyclam-moieties have been 

successfully synthesized to mimic enzymes with bimetallic active centres containing for 

example iron, copper or nickel ions and a second stabilizing or redox-active metal.[73] These 

ligands typically feature a macrocyclic and an open-shell unit for complexation of two 

independent metal ions as they are often preferring certain coordination geometries, that can 

be used for differentiation.[74] Similar complexes have also been reported in the oxygen 

activation. In contrast to the numerous reports of biomimetic synthetic dinuclear complexes 

involving homo-metallic dioxygen cores, reports on mixed-metal [M-O2-Mô]n+ cores are 

relatively rare, presumably because of intrinsic challenges associated with their preparation 

such as the numerous possible combinations of the involved metal ions by the methods usually 

used to obtain their symmetric analogues. Consequently, the synthetic benefit tends to be 

limited to niche areas although oxygenations have been successfully reported in the past. 
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2. Research Goals  

The activation of small molecules such as dioxygen plays a crucial role in many 

transformations in biological systems but its further application is of particular interest for 

catalytic reactions in the chemical industry. In this work, therefore, the underlying reactions 

and reactive intermediates were investigated, which may represent a first cornerstone for the 

actual subsequent application in catalyses. 

As described in the introductory part, organometallic nickel complexes play an important role 

in a variety of catalytic reactions. In the Schindler group, several nickel-olefin complexes were 

investigated in previous research, in particular for their capabilities to activate carbon 

dioxide.[75] The resulting complexes of the nickel(0)-based research are presented in chapter 

3 and show interesting structural features with unsaturated ligands containing cyclopropanyl-

units.[76] A starting point of the synthetic work was the reaction of the sensitive precursor 

complexes with olefinic and acetylenic ligands provided by the former group of Prof. Armin de 

Meijere. In a first step these reactions were carried out under conditions based on literature 

known conversions with other transition metals to prove the principle of the formation of the 

metallacycles with nickel and the unsaturated ligands. The second objective was the structural 

investigation after the successful formation of the desired complexes with bicyclopropylidene 

(bcp) and dicyclopropylacetylene (dcpa) as ligands. For these characterisations suitable single 

crystals were obtained from the saturated solutions after the reactions and storage for days or 

weeks at low temperatures (ca. ï80 °C). After the measurements of the complexes the bond 

lengths and angles of the coordinating units were compared to similar literature examples. In 

a second step the formation kinetics were monitored via stopped-flow spectroscopy at low 

temperatures to get a detailed insight into the complex-forming kinetics and some basic 

reaction parameters. In a final step, comparisons were also made with the isoelectronic 

copper(I) complex with dcpa. 

Especially the activation of unreactive hydrocarbons and its hydroxylation by iron-containing 

catalysts and oxygen, as readily performed in many enzmyes, is a promising field of research 

to move away from typical industrial processes to milder conditions. These typically require 

lower temperatures and pressures, and in many cases are more selective, in addition to 

producing even fewer byproducts, leading to an overall reduction in cost. However, the 

replacement of classical industrial processes still requires a lot of further development to make 

modern catalysts competitive. This is especially true for broad availability for industrially 

relevant reactions or for catalyst-specific properties such as turnover or reaction rates or 

(chemo)selectivities. The goal of this work was to investigate the underlying basis reactions 
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and their kinetics and perform structural investigations. Hence, the detailed results of the 

research conducted here can form the foundations for more sophisticated research in the 

future for commercial applications in catalysis. 

Research on iron(II) complexes presented in chapter 4 has therefore focused on the synthesis 

of intermediates and their investigations at room temperature and below, as well as at normal 

pressure under standard laboratory conditions. In order to perform targeted oxygenations, 

most reactions and syntheses were carried out under inert conditions, either under Schlenk 

conditions or in a glove box. At the initial phase of the research work, suitable complex systems 

were screened from the literature to be able to activate oxygen or reduced equivalents. 

Precursor complexes were synthesized based on literature-known and well-established 

systems. The first goal was to reproduce and increase the reactivities and in a second step to 

modify and optimize the complexes in their ligand properties. In order to track the reactivities 

the oxygenation reactions were monitored via spectroscopic UV/vis-methods and for further 

analyses via stopped-flow spectroscopy under low temperature conditions down to circa 

ï 80 °C in solution. Macrocyclic ligands like cyclam and its methylated derivatives (e. g. TMC) 

are known for their stability in oxygenation chemistry with many published examples as 

mentioned before and therefore were a promising starting point. Open-shell ligands like 

TMG3tren bearing a tris(2-aminoethyl)amine base unit and guanidine residues were also 

investigated since the copper(I) complexes of the respective ligand are also known for their 

facile oxygen activation. The spectroscopic methods already mentioned were selected 

depending on the sensitivity of the complexes to oxygen and temperature. In general, the 

oxygenating agents used for this type of reactions in the present work and further research 

projects were dioxygen, but also generated ozone, aqueous solutions of hydrogen peroxide, 

metal salts of superoxide and ozonide.  
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3. Syntheses, Structural Characterization, and Kinetic Investigations of 

Metalla[3]triangulanes: Isoelectronic Nickel(0) and Copper(I) Complexes 

with Bicyclopropylidene (bcp) and Dicyclopropylacetylene (dcpa) as 

Ligands  
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