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1 Introduction 
1.1 The superoxide anion 

The accumulation of oxygen in Earth’s atmosphere approximately 3.5 billion years ago was a pivotal 

event in the evolution of complex organisms and higher life forms establishing it as one of the most 

important elements in the periodic table. Atmospheric molecular oxygen eventually stabilized at a 

concentration of 21%, which remains constant today. In its ground state (triplet) molecular oxygen 

possesses two unpaired electrons of the same spin in the two different π* orbitals. Formal one electron 

reduction of O2 (eq. 1) produces the superoxide anion radical O2
•− which, unlike molecular, is 

significantly more reactive towards organic substrates and serves as precursor for a variety of even 

more reactive species.1,2 

 

The redox potentials for superoxide/oxygen redox couple are reported between -160 mV and-180 mV 

vs normal hydrogen electrode (NHE) and for the superoxide/hydrogen peroxide between 890 mV and 

910 mV vs. NHE (eq. 2) depending on the surrounding environment.3 Although superoxide can react 

with itself however this reaction tends to be relatively slow for a radical species due to electronic 

repulsion of the negatively charged ion. In contrary to the self-dismutation in aqueous solutions the 

superoxide anion radical exhibits the characteristics of a nucleophile and a strong Brønsted base 

deprotonating water fast in a disproportionation process (eq. 3).4,5 

 

In proton-rich environments another reaction involves the superoxide anion radical reacting with its 

protonated form, the hydroperoxyl (eq. 4). With a pKa of 4.8, hydroperoxyl acts as a weak acid, which 

play a minor role in role in aqueous solutions at physiological pH. 

 

Nevertheless, the disproportionation is the fastest at pH = pKa due to fact that protonated superoxide’s 

concentration equals the concentration of deprotonated superoxide at these conditions. In Figure 1 

the pH dependence of superoxide disproportionation by Bielski et al.6 is illustrated which gives a great 

insight into suiting conditions when it comes to superoxide-based measurements. 
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 At higher pH, the contribution of protonated superoxide decreases, which slows down decomposition 

processes. This is due to the near absence of reactions between equally chared superoxide anions. 

Considering the above-mentioned disproportionation processes of superoxide in protic solvents the 

usage of O2
•− in research is commonly focused on aprotic solvents as dimethyl sulfoxide (DMSO), 

dimethylformamide (DMF) and acetonitrile (MeCN). In such solvents, commercially available 

potassium superoxide KO2 can be dissolved to ensure minimal loss of superoxide before the intended 

application. Superoxide in solution absorbs light with a maximum at around 250 nm, which makes it 

suitable for direct monitoring by UV/Vis. The role of superoxide in the human body is widely discussed 

field with many different research topics from the analysis of corresponding enzymes and their 

mimetics to the more recent role in biochemical redox signaling processes.7 

 

 

 

 

 

 

Figure 1: Second-order rate constant kobs for the decay of HO2/O2
− plotted against the pH by Bielski et al.6 
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1.2 Sources of superoxide 

1.2.1 The mitochondrial electron transport chain 

In general, superoxide and reactive oxygen species (ROS), along with reactive nitrogen species (RNS), 

can originate from both internal biochemical processes and external factors. The inherent complexity 

of intact cellular compartments represents a significant challenge to assign the production site 

precisely. Various experimental approaches have yielded different results depending on the designs of 

the study, yet there is an overall consensus that the primary source of superoxide in aerobic organisms 

is complex I of the mitochondrial electron transport chain (mETC).8,9 The complex’ fundamental 

function is the production of the universal energy storage unit adenosine 5’-triphosphate (ATP) via 

complex V (ATP synthase) while at complex IV (cytochrome c oxidase) oxygen is reduced to water 

(Figure 2). Ultimately superoxide will be transferred into the mitochondrial and subsequently cytosol 

where specialized enzymes decompose the radical species. 

 

Figure 2: Schematic display of the mitochondrial electron transport chain, with possible superoxide 

expression sites highlighted in red adapted and reworked from Herb and Schramm.10 

The ETC operates through a series of enzymatic complexes and cofactors that increase the potential 

difference between the intermembrane space and the mitochondrial matrix, generating a proton 

motive force that drives ATP synthesis at complex V. Complex I, primarily responsible for superoxide 

production within the mitochondrial matrix, transfers electrons via seven Fe-S clusters through the 

flavin mononucleotide (FMN) cofactor to the quinone cofactor (CoQ). In this cascade of redox 

reactions, a small portion of oxygen molecules (0.5-3 %)11 is reduced to superoxide instead of being 

fully reduced to water. Given that Complex I contains at least 40 subunits, it is the most complex 

component of the electron transport chain (ETC). This complexity makes it particularly challenging to 

pinpoint the exact location where superoxide is produced. To date, the specific part of complex I, 

where ROS are generated, remains uncertain, though modern approaches and improving 

spectroscopic possibilities suggest two different possible pathways. 
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The first proposed pathway involves electron buildup in the Fe-S clusters, caused by inhibitors like 

rotenone or DQA. In presence of sufficient NADH at the FMN/FMNH2 couple, which is likely under 

physiological conditions, superoxide production is highly probable, following the reaction displayed in 

Figure 3b). Thermodynamical calculations and numerous experimental investigations strongly support 

the flavin site being the main contributor to O2
•− formation.9,12 

 

Figure 3: Superoxide production by complex I of the mETC. a) displays a detailed structure of complex I 

and cofactors b) the two possible mechanism which lead to superoxide adapted from Dröse et 

al.13 

The second pathway is known as reverse electron transfer (RET), in which electrons will be transferred 

from complex II onto complex I. It has to be noted that for this pathway a high electrochemical 

membrane potential plus a proton motive force is fundamental to enable the possibility of superoxide 

production. For this route clarity about the exact formation site still stands out.8,14 Due to backward 

electron transport, the Q-binding site of Complex I (NADH:ubiquinone oxidoreductase) becomes a 

critical region. Here, the semiquinone radical could potentially act as a redox partner for oxygen, 

facilitating the reduction of oxygen to superoxide. Latest works show that this pathway seems to be 

tissue-specific leaving an ongoing debate about its relevance.13,15 

In addition to its indirect role in the RET, complex II is capable of producing superoxide independently, 

though this plays a rather minor role in overall ROS formation and therefore the exact mechanism was 

no matter of scientific interest yet. 

In contrast to complexes I and II, complex III (cytochrome bc1) releases superoxide not exclusively into 

the matrix but on both sides of the membrane. Complex III contains various subgroups and cofactors, 

which can vary depending on the organism. However, only three key proteins (cytochrome c1, 

cytochrome b and the Rieske iron-sulfur protein) are essential for its core functionality in the electron 

transport chain.16,17 The catalytic processes in complex III involves two coupled steps (Figure 4). First, 

an electron is transferred from the ubiquinol (QH2) cofactor via the binuclear iron-sulfur subunit of the 

Rieske protein onto cytochrome c1 which ultimately passes it to complex IV of the ETC. Simultaneously 

two protons are transferred into the intermembrane space leaving the ubisemiquinone radical (Q•) as 
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the product at the ubiquinol oxidation site (Qo). The remaining electron of Q• takes an alternate path 

to the cytochrome b, which subsequently reduces a nearby ubiquinone (Q) at the ubiquinone 

reduction spot (Qi) yielding another ubisemiquinone radical. The cycle is completed when a second 

ubiquinol is oxidized to ubiquinone, transferring two more protons into the intermembrane space and 

one electron enters the Rieske path towards complex IV. Finally, the second electron reduces the 

semiquinone radical (Q•) at the Qi site, with the addition of two protons from the mitochondrial matrix, 

resulting in the formation of ubiquinol (QH₂). The sequence of oxidation/reduction of 

ubiquinol/ubiquinone (Figure 5) is called the Q-Cycle and is the centerpiece of complex III. Together 

with the three aforementioned proteins, complex III plays a crucial role in the respiratory chain by 

facilitating electron transfer and contributing to the proton gradient necessary for ATP synthesis. 

 

 

Figure 4: Schematic structure of the protonmotive Q-cycle based on the model from Guillaud et al.18 

The concept of the Q-Cycle was first published in the pioneering work of Peter Mitchell in 197519 and 

since then it has been polished and refined. Even though it has been known for a long time the specific 

superoxide production mechanism has not been resolved yet. Experimental studies point to the QO 

site as the primary superoxide production site, but the structural details of this process are still unclear.  
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Figure 5: Redox cycling of ubiquinol to ubiquinone with the seminquinone radical intermediate. 

As described above a potential intermediate in the catalytic mechanism of complex III is the 

ubisemiquinone radical, which has an unpaired electron and thus the chemical properties to reduce 

oxygen and form superoxide.16,20 This pathway is widely accepted and the fact that a free radical is 

moving unhindered tends to be a logical explanation, even though there are other concepts which 

exclude a direct reaction between Q• and molecular oxygen. In these hypotheses ubiquinone might 

act as redox mediator between cytochrome b and oxygen resulting in superoxide.21 

1.2.2 Additional enzymes 

Although mitochondria are the primary site of superoxide production, other enzymes also generate 

reactive oxygen species and contribute to oxidative stress. Among these the Cytochrome P450 

(CYP450) enzymes are particularly noteworthy. The CYP450 family is a superfamily of heme-thiolate 

monooxygenase enzymes, which detoxify drugs and xenobiotics, but are also relevant for synthesis 

and metabolism of a wide range of biological active compounds, making it a versatile catalyst.21,22 

Nevertheless, the main reaction promoted by CYP450 is the oxidation of substrates (R in Figure 6) 

consuming present molecular oxygen. Highlighted are two possible uncoupled steps, which 

unintended can generate ROS (Figure 6). 

  

Figure 6:  Simple catalytic cycle of the CYP450 family with potential superoxide production paths adapted 

from Denisov et al.23 and Zagar et al.24 
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The “autoxidation shunt” pathway releases superoxide, which most likely will be transformed to 

hydrogen peroxide, while via the “peroxide shunt” hydrogen peroxide will be formed, both resulting 

in free ROS and the Fe(III) form of the enzyme. Even with sufficient substrate present, the cytochrome 

P450 enzyme can still produce reactive oxygen species (ROS). Its expression and activity, however, are 

influenced by various factors such as pH, oxygen availability, and the type of substrate present. These 

factors can modulate the enzyme's efficiency and the extent of ROS generation.25,26  

Another significant enzyme responsible for superoxide production is the xanthine oxidase (XO), which 

catalyzes the sequential oxidation of hypoxanthine to xanthine and then further to uric acid (Figure 

7).27 During the oxidation, molecular oxygen is reduced to superoxide and expressed into the cytosol, 

the main cell compartment in which XO is present. The superoxide production of the 

xanthine/xanthine oxidase is well-studied and due to its reliable and steady production of superoxide, 

the XO system is frequently used in superoxide dismutase (SOD) assays, as discussed in chapter 

1.6.1.28,29 

 

Figure 7: Superoxide production by the hypoxanthine/xanthine oxidase enzyme. 

Unlike other enzymatic sources, where ROS is a byproduct, the NAPDH oxidase (NOX) family specifically 

generates ROS as part of its primary function. This family of transmembrane enzymes passes electrons 

from the nicotinamide adenine dinucleotide phosphate (NADPH) cofactor onto molecular oxygen, 

subsequently forming superoxide (Figure 8).  

 

Figure 8: ROS generation by the NOX family. 

This process is initially described in neutrophils, as essential group in immune defense mechanisms 

that can produce ROS.30 Especially the second member of the enzyme family, NOX2, plays an important 

role in antimicrobial host defense by stimulating neutrophils when bacteria or various pathogens enter 

the human body.31 The output of reactive oxygen species (ROS) by phagocytic cells is known as the 

"respiratory burst." During this process, ROS are released into the extracellular space, where they 

damage lipids and disrupt the cellular integrity of pathogens. This oxidative damage ultimately leads 
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to the destruction of the pathogens, allowing for their consumption by macrophages and contributing 

to effective immune protection.32 Nevertheless, the superoxide and related highly reactive compounds 

produced during the respiratory burst do not specifically target pathogens. Instead, they can attack 

any nearby component, including host tissues, lipids and proteins, potentially leading to collateral 

damage in the surrounding environment. This makes the regulation of ROS production crucial to 

prevent excessive damage to host cells while ensuring effective pathogen destruction. 

Apart from the main enzymatic sources of ROS mentioned above, additional, less prominent enzymes, 

such as those found in peroxisomes, lipoxygenases and certain components of the endoplasmic 

reticulum, can also generate superoxide. These represent additional endogenous sources of ROS 

within the cell, contributing to the overall pool of reactive oxygen species.33 

 

1.2.3 External Sources of superoxide 

While endogenous sources of superoxide dominate in biological systems, the increasing relevance of 

external sources needs to be addressed. Hand in hand with the increasing pollution of the natural 

environment and the rising levels of greenhouse gases, not only do we face climate change and global 

warming, but also the accumulation of ROS in the atmosphere. Especially fine particles, emitted by 

industrial facilities, car traffic and mineral dust from natural sources,34 can be chemically transformed 

into long-living radicals as soon as they reach the atmosphere.35 Reactants like ozone will alter the 

structure of these particles so they can cause oxidative damage to the respiratory tract of humans.36,37 

Connected to these fine particles is cigarette smoke, which also contains numerous deleterious 

chemicals, even free radicals and pro-oxidant species that can directly interact with tissue in lungs, 

causing pulmonary diseases and cancer.38 But apart from cigarette smoke, nearly every emission from 

burning various compounds, e.g., firewood or plastic waste, contains free radicals.39 

Besides the chemical alteration of pollutants in the atmosphere, radiation emitted by the sun might 

induce radical formation by photochemical processes.40,41 UV light is known to have negative effects 

when overdosed, but it also plays an important role in the generation of ROS, leading to an increased 

concentration of harmful molecules in the air.42 Additionally radiated light, especially exposure to UVB 

(290–320 nm) can damage human skin tissue and introduce radical species because of its deeper 

penetration through dermal layers.41,43 Exposure to X-rays is less likely, but nonetheless, the interaction 

between human cells and this high-energy radiation can cause the production of ROS through water 

radiolysis. (Discussed in chapter 1.6.2) 

Furthermore, consumption of food and the effects of malnutrition in formation of ROS gain more 

relevance in latest research. The impact on generation of superoxide is less due to direct radical-

producing reactions and more related to the modulation of some of the above-mentioned enzymes, 

leading to an increased expression of pro-oxidant moieties.44 Different components may cause various 

effects but especially (red) meat is connected to oxidative stress.45 One possible explanation might be 



 Introduction 

9 
 

the high level of ferrous ions contained by meat, which can further react and promote formation of 

ROS.46 The second explanation is based on the oxidative decomposition products of lipids, which 

enhance development of harmful compounds and ultimately stimulate the NADPH oxidase to produce 

superoxide.47 Also carbohydrates and unsaturated fatty acids, which are also a big part of western 

nutrition, seem to be associated with oxidative stress and enhance superoxide production.45,48 The last 

relevant aspect that needs to be addressed is the deleterious effects of ethanol, generally referred to 

as alcohol, in terms of ROS production. It is well known that alcohol and its decomposition products 

are neurotoxins that damage neuronal connections and are therefore linked to various diseases.49 

Additionally, alcohol can trigger a member of the CYP450 family during digestion, which metabolizes 

alcohol and subsequently leads to increased superoxide production. It may also enhance the activity 

of xanthine oxidase, further contributing to oxidative stress.50 
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1.3 Reactive oxygen/nitrogen species (ROS/RNS) 

Even though it is connected to many different pathological and harmful processes, superoxide itself is 

not highly reactive, but it can react with many precursor molecules to form a bouquet of reactive 

moieties, both ROS and RNS. Due to their deleterious effects in the human body, these compounds are 

involved into development and/or exacerbation of various diseases, including amyotrophic lateral 

sclerosis (ALS), Alzheimer's disease, Parkinson’s disease, cancer and ultimately even the aging process. 

The term “ROS/RNS” is an umbrella term that does not provide information which exact chemical 

species of the many possible is involved in the damaging processes. In Figure 9 a rough overview of 

ROS and RNS formation under physiological conditions is displayed and the potential target molecules 

will be discussed further. Apart from their role in evolution of various pathological conditions, these 

radical species gain more and more importance in signaling processes and seem to play a much bigger 

role in aerobic organisms than indicated in former research.51,52 

 

 

Figure 9: ROS/RNS generation with sources and highly potent agents highlighted in red. 

Starting with a major ROS, hydrogen peroxide (H2O2), which is the product of the dismutation of 

superoxide, it can further react to form even more potent reactive species. In the presence of unbound 

iron(II) ions, the catalytic so-called Fenton-reaction leads to the hydroxyl radical (OH•).53 Copper ions 

are also able to catalyze a similar reaction, with the same product which is among the most potent 

oxidizing agent. The highly reactive hydroxyl radical non-specifically oxidizes every adjacent biological 

matter near the diffusion limit (rate: k ~ 109 M-1 s-1). The Haber-Weiss reaction also yields OH• through 

the interaction between superoxide and hydrogen peroxide.54 Hydrogen peroxide also reacts with 

ubiquitous chloride ions (analogue with bromide) to form hypochlorous acid (HOCl), a potent oxidizing 

agent itself, which can again be converted into the hydroxyl radical.55 
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Another major pathway involves superoxide reacting with nitric oxide (NO•), a redox signaling 

molecule and vascular messenger produced by nitric oxide synthase, to form peroxynitrite (ONOO−). 

This reactive nitrogen species is a versatile oxidant capable of attacking various biomolecules. 

However, even more significant are the decomposition products of protonated peroxynitrite. Once 

again, the highly reactive hydroxyl radical (OH•) is formed, along with the nitrogen dioxide radical 

(NO₂•), an atmospheric pollutant known for its harmful effects on the human respiratory system.41 

Alternatively, peroxynitrite can react with carbon dioxide (CO₂), leading to the formation of NO₂• and 

the carbonate radical (CO₃•⁻), which also possesses pro-oxidative properties. 

Lipid Peroxidation 

The first potential target of these reactive radical species are polyunsaturated fatty acids (PUFAs). As 

a main part of cell membranes and due to their omnipresence in the environment of produced 

ROS/RNS, the double bonds of PUFAs can easily be attacked by corresponding oxidants. The resulting 

non-enzymatic series of radical reactions is referred to as lipid peroxidation (Figure 10), starting with 

a radical oxidation of a fatty acid (L) leading to a resonance stabilized alkyl radical (L•). This species 

reacts with oxygen to form fatty acid peroxyl radical (LOO•), which drives the chain reaction by 

subsequently converting a fatty acid into an alkyl radical and restarting the process. The second 

product of this reaction is the lipid hydroperoxide (LOOH) that decomposes into another peroxyl 

radical and various mobile electrophilic aldehydes, which can carry the attack to other parts of the cell 

or be toxic by themselves like e.g. malonaldehyde.56-59 

 

Figure 10: Lipid peroxidation by ROS and resulting radical cascade reaction adapted from  

 Nimse et al.60 

Another typical breakdown product of lipid peroxidation is 4-hydroxynonenal, which is known to be 

highly deleterious. It has been found in the brain cells of Alzheimer's disease patients, where it 

contributes to oxidative stress and neurodegeneration.61,62 The resulting modifications of fatty acids 

are also connected to atherosclerosis, compromising the integrity of cell membranes and potentially 

leading to cell death.63  

Protein Oxidation 

The next relevant biological target species are proteins. They constitute around 70% of the dry mass 

of cells and tissues, making them omnipresent and highly susceptible to attack by ROS/RNS. Since the 
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structural differences in proteins are much more variable than in fatty acids, countless products are 

possible, which are nicely summarized in the literature.64,65 But prominent interaction sites for 

oxidative modifications are the carbonyl side chains of proteins. Their alteration can lead to misfolding 

and aggregation, resulting in insoluble complexes or inactivation of enzymes.66-68 The consequences of 

these changes are connected to cardiovascular and neurological diseases, as well as apoptosis.69 

DNA and RNA Damage 

The last biological relevant set of compounds that are decomposed and modified by oxidative stress 

are DNA and RNA. Mitochondrial DNA is much more likely to be targeted by ROS/RNS due to its 

proximity to the reactive radicals. Same as for proteins, the potential reactions between DNA and ROS 

are various, but can be broken down to a few relevant biochemical processes. The backbone sugars 

can be oxidized starting with proton abstraction by e.g. hydroxyl radical, resulting in structural 

disruption by strand breaking, hindering transcription and making replication impossible.70,71 

 

Figure 11: Oxidative modification of Guanine resulting in DNA damage based on the work from  

 Juan et al.66 

The hydroxyl radical can also react with nucleic bases like guanine, altering their chemical structure 

(Figure 11). The mechanism of oxidative damage at guanine is well-studied due to the fact that the 

modified product 8-oxo-7,8-dihydroguanine (8-oxoG), which is tautomer of 8-hydroxyguanine, is 

widely used as biomarker to indicate oxidative stress.72 Attack site for OH• is the double bond at C8-

position, converting the connected nitrogen (N7) into a radical species and inserting the hydroxy group 

at the carbon atom. Reduction of this unstable intermediate results in 8-hydroxyguanine or via another 

pathway, in ring-opened moieties. 8-oxoG alteration of DNA cannot only force strand breaking, but 

also mispairing of base pairs resulting in mutagenic DNA species.73 The second potential reaction is 

induced by peroxynitrite and leads to nitration at the C8-position of guanine.74 Usually these DNA 

alterations would cause repairing processes or decomposition of the modified strands, but the nitrated 

molecule is inert towards repair mechanisms, making it highly mutagenic. Eventually, the accumulation 
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of unrepaired DNA damage will lead to apoptosis or cancer and is also connected to the aging 

process.75,76 

The presented harmful impacts of excessively generated ROS on biological organisms are commonly 

known as oxidative stress. The involvement of this phenomenon in various pathological conditions and 

even the aging process is widely accepted and remains an ongoing subject of current research. 

However, it is important to note that while ROS may be implicated in these diseases, they are not 

necessarily the fundamental cause of them. 
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1.4 Native Superoxide Dismutase Enzymes 

The complex and widespread deleterious effects of superoxide and its follow-up reactive oxygen 

species made it crucial for aerobic organisms to develop defense tools to protect their cells from 

oxidative damage. The group of metalloenzymes responsible for controlling and catalytically degrading 

superoxide in a two-step reaction are called superoxide dismutase (SOD). This enzyme family can be 

divided into four subgroups based on the transition metal center. These subgroups include 

copper/zinc-containing (Cu/Zn-SOD), manganese-containing (Mn-SOD), iron-containing (Fe-SOD) and 

nickel-containing (Ni-SOD) enzymes. Depending on their localization in mammalian organisms, SOD 

enzymes can be further categorized into the cytosolic Cu/Zn enzyme (SOD1) and a special Cu/Zn 

isoform, only present in the extracellular space (SOD3 or EcSOD). Additionally, the most important SOD 

enzyme in humans, the Mn-SOD (SOD2), is located only in mitochondrial matrix, the main 

accumulation site of ROS. Fe-SOD are present in bacteria and plants and Ni-SOD can be found 

exclusively in prokaryotic organisms. Since superoxide penetrates membrane very poorly, it is 

necessary to interfere in the respective compartment of the cell to prevent further damage. Regardless 

of the specific metal center, each enzyme in this family has a redox potential (~ +0.300 mV vs. NHE)77 

that falls approximately between the reduction potential for the oxygen/superoxide (-0.160 mV vs. 

NHE) and superoxide/hydrogen-peroxide redox couples (+0.890 mV vs. NHE), making them ideal 

catalysts for both redox reaction steps.  

 

Native SOD enzymes follow a redox cycle shown in eq. 5 and eq. 6, that can be defined as “ping pong” 

mechanism. The metal center is either oxidized or reduced, while superoxide undergoes the opposite 

process, allowing it to remain constantly ready to react with additional present radicals. To prevent 

further formation of ROS, SOD alone is not sufficient, since one of the decomposition products is 

hydrogen peroxide, which can break down into the highly reactive hydroxyl radical. Therefore, SOD 

activity is closely linked to catalase activity, as catalase converts hydrogen peroxide into water and 

oxygen (eq. 7), thereby minimizing the potential for further oxidative damage. 

 

 

The cofactors of each enzyme in the SOD family and the chemical structure of the proteins induce an 

ideal electrostatic guidance for superoxide radicals to reach the metal center. The combination of 

these factors allow SOD to neutralize O2
•− only limited by diffusion (k ~ 109 M-1 s-1) and preserve cellular 

integrity. Nevertheless, not all isoforms follow the same mechanism due to different structural 

conformations and transition metals mediating the catalytic activity. 
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1.4.1 Cu/Zn-SOD (SOD1 & SOD3) 

Originally isolated by Mann and Keilin in 1938 from bovine erythrocytes, the blue-colored copper-

containing protein was named haemocuprein.78 Irwin Fridovich and McCord isolated and identified the 

human analogue enzyme responsible for the dismutation of superoxide in the human body, which they 

named superoxide dismutase (SOD).79 These discoveries set the fundament for a broad and growing 

field of research in identification and characterization of the whole enzyme family. In 1982, the first 

resolved three-dimensional crystal structure of Mann and Keilin’s bovine haemocuprein was 

discovered,80 followed by the human Cu/Zn-SOD in 1992, unveiling the first deep details in protein 

architecture of this enzyme.81 

SOD1 is a homodimer with both subunits containing a copper and a zinc ion, whereas the cuprous ion 

is the redox-active part, and the zinc ion is present to preserve the enzymatic structure and correct 

protein folding. Switching between the oxidation states Cu2+ and Cu+, during the catalytic cycle, also 

results in changes in the coordination geometry at the metal center.82 The copper ion is connected to 

four histidines (His46, His48, His63 and His120) and one solvent molecule (water) when it’s in oxidation 

state 2+. His63 functions as bridging ligand to the zinc ion and when Cu2+ interacts with a superoxide 

radical, the connection to this residue will be lost and it rests completely at the Zn site. Apart from 

His63, there are two more histidine and one aspartic acid moiety connected to the zinc site.83 Redox 

potential of SOD1 has been reported to be located in the range between +320 mV and +400 mV vs. 

NHE depending on origin and form, which is slightly higher than in other native enzymes of the 

family.84,85 Nevertheless, it still remains in the region for optimal superoxide dismutation, except when 

an inhibitor molecule like the cyanide anion binds to the enzyme, changing the redox potential to -

440 mV, which is then out of reach for SOD catalysis.86 

 

Figure 12: Stereo ribbon diagrams of dimeric human Cu/Zn-SOD (PDB code 1PU087). Copper and zinc ions 

are highlighted, while proteins structures relevant for electrostatic guidance are shown in green 

and blue, adapted from Perry et al.88 On the right side, a zoom into the enzymatic pocket is 

provided to illustrate coordination geometry. To display the crystal structure ChimeraX 

visualization program was used.89 
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Figure 12 depicts a stereo ribbon diagram of humas SOD187 that is present as homo dimer. Shown is 

the front view of the crystal structure, with Cu⁺ ions highlighted in red (with three-fold coordination 

characteristic for Cu⁺) and Zn²⁺ ions highlighted in purple. Additionally, the important regions involved 

in the electrostatic guidance of superoxide towards the metal centers are color-coded for clarity. The 

so-called “electrostatic loop” is shown in dark blue, which has the main effect on substrate steering, 

consisting of charged and polar residues. In green are displayed the antiparallel β-strands forming 

Greek key connections, which also contribute to the electrostatic guidance of the superoxide radicals 

towards the metal centers.88 In addition to the protein structures that leads O₂•− directly to the redox-

active metal center, making the dismutation of the radical effective and efficient, the enzymatic pocket 

provides space specifically suited for the size of superoxide. This selective binding prevents other 

negatively charged ions, such as phosphate, from entering and potentially blocking or inhibiting the 

activity near the copper ion. Especially the copper near arginine residue (Arg143) plays a major part in 

both synergic processes, by maintaining a positive charge that directs the superoxide anion towards 

the copper ion while simultaneously limiting the space in the enzymatic pocket. The crucial role of 

Arg143 has been demonstrated in experiments where SOD1’s activity was reduced by 90% when the 

positively charged arginine was replaced by a neutral isoleucine residue, and approximately halved 

when replaced with a positively charged lysine residue.90 

The first half of the catalytic cycle of Cu/Zn-SOD’s (eq. 8), dismutation starts with a Cu2+ metal center, 

which is bound to the bridging His63. An arriving superoxide will be oxidized to molecular oxygen by 

the copper ion, leaving it in the reduced state. This is followed by bond cleavage with the bridging 

histidine residue, which becomes protonated, leading to the loss of the solvent molecule. 

Subsequently, the coordination sphere changes from a distorted pyramid in the Cu2+ state to a near 

trigonal planar structure. In the second half of the reaction (eq. 9), another O₂•− reaches the now Cu⁺ 

metal center, where it is reduced. His63 then contributes its proton to the reaction, completing the 

dismutation process. Coordination of the deprotonated histidine will restore the initial coordination 

geometry and the reduced and protonated superoxide either leaves the pocket as HO2
−, or it is further 

protonated by omnipresent protons resulting in hydrogen peroxide.91 During the whole cycle, zinc 

remains in its four-fold coordination, preserving the enzyme’s structural integrity and ensuring its 

activity. 

 

It should be noted that, apart from the defensive mechanisms performed by SOD1 and the associated 

protective effects against neurodegenerative diseases, studies indicate a link between mutated forms 

of SOD1 and amyotrophic lateral sclerosis (ALS), particularly familial amyotrophic lateral sclerosis 

(FALS). Abnormal accumulation of the respective mutant proteins in neuronal cells and even the wild 
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Cu/Zn-SOD itself can lead to pro-oxidative effects. 88,92,93 Therefore the enzyme’s function is regulated 

by a co-enzyme, the copper chaperone CSS, which is responsible for incorporating the metal into the 

enzyme.94 Nevertheless, some mutated SOD1 proteins are released into the intermembrane space or 

function independently of the copper chaperone CSS, and in both cases, the protein may still 

aggregate.83 

SOD1 is primarily located within the cell, limiting its ability to provide antioxidative protection against 

ROS outside the cell membrane. In contrast, a specialized form of SOD1, known as SOD3, also 

containing copper and zinc ions, is exclusively found in the extracellular space. This unique localization 

allows SOD3 to neutralize ROS in areas inaccessible to other SOD enzymes. The genetic similarities 

between the Cu/Zn-containing SOD1 and SOD3, but not with other SOD family members, suggest that 

SOD3 evolved from SOD1 during an early phase of evolution.95 Due to this fact it’s not surprising that 

there are only a few structural differences between the protein folding of SOD1 and SOD3.  

 

Figure 13: Overlay of SOD3 (in red; PDB code: 2JLP96) and SOD1 (PDB code: 1PU097) stereo ribbon 

diagrams, a front (left) and a side view (right), to demonstrate structural differences. Relevant 

variations are highlighted in green based on the model of Antonyuk et al.96 To display the crystal 

structure ChimeraX visualization program was used.89 

Structural similarities are even more evident when both protein monomers are positioned above each 

other as in Figure 13, in which SOD3 is colored in red, and the most prominent differences are 

highlighted in green. Two different views, a front and a side view, are displayed in Figure 13, with 

copper ions shown in orange and zinc ions in light blue, similar to Figure 12 for SOD1. The two green 
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loops at the top, identified as Loop I and Loop III, play a crucial role in protein folding and appear 

elongated. Additionally, an extra residue is visible at the front, representing the C-terminus. Beyond 

these structural distinctions, an extra N-terminus unit and a disulfide bridge further reinforce the 

structural framework of the protein. Thus, the main parts relevant for efficient enzyme function remain 

in almost identical positions, including metal centers and the electrostatic loop. Therefore, it is not 

surprising, that both Cu/Zn-SODs can achieve the same turnover rates in decomposing superoxide.97 

1.4.2 Fe-SOD 

Another member of the SOD family contains iron as metal center and can be found mainly in 

prokaryotes, even though it is also present in many eukaryotes like plants. The first Fe-SOD was 

discovered in the year 1973 in escherichia coli bacteria, by Yord and Fridovich.98 Since then, a variety 

of structurally similar enzymes have been identified in organisms such as bacteria, plants, and 

parasites. However, they appear to be absent in animals and fungi.99-101 While dimeric Cu/Zn-SODs 

exclusively show an antiparallel β-strand Greek protein folding, the tetrameric Fe-SOD rather consist 

of α-strands and β-strands mixed. Since the Fe3+/Fe2+-pair has a redox potential of +770 mV (vs. NHE), 

that is already positioned between the two superoxide decomposition reactions, no significant redox 

tuning by the ligand environment is required. The iron center is coordinated by three histidine and an 

asparagine residue with an additional water molecule/hydroxy, which leads to a five-fold trigonal 

bipyramid (Figure 14). Like SOD1, the protein structure around the metal center provides an 

electrostatic guidance, which leads the substrate into the enzymatic pocket.102 

 

Figure 14: Stereo ribbon diagram of Fe-SOD (PDB code: 1ISB103) isolated from E. coli with a zoom into the 

coordination environment around the iron center on the right. The iron ion is highlighted in 

orange and coordinated water in red. To display the crystal structure ChimeraX visualization 

program was used.89 

Mechanistic studies of iron containing SOD showed fundamental differences between the different 

enzymes. Unlike Cu/Zn-SOD, Fe-SOD does not undergo structural changes during the catalytic 

dismutation of superoxide. Instead, it maintains its five-fold coordination throughout the process. 
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Additionally, the bound water/hydroxy molecule which plays no role in redox cycling by SOD1, seems 

to be crucial for maintaining Fe-SOD’s activity by donating a proton for the reduction of superoxide. 

Starting with the first half of the catalytic cycle, superoxide coordinates to the Fe3+ center following an 

inner-sphere mechanism, donating an electron and leaving the center as neutral molecular oxygen. 

Consequently Fe3+ gets reduced, and the coordinated hydroxy anion gets protonated by always present 

water. The exact process for the second half of the cycle is still not fully understood. Due to above-

mentioned Fenton chemistry, which can be carried out by Fe2+ ions, it seems unlikely that superoxide 

will directly coordinate to the reduced metal center. A common method to determine whether the 

half-reactions of SODs follow an outer or inner-sphere mechanism is the integration of an azide anion 

(N3
−), an ideal substitute for the labile and highly reactive superoxide anion radical. Detection of the 

bound azide indicates an inner-sphere mechanism, but for the second half, no coordination could be 

observed.103 This leads to the assumption that superoxide reduction rather follows an outer-sphere 

process in which a proton-coupled-electron-transfer (PCET) from the coordinated water takes place 

together with an electron from the metal center. In contrary to SOD1, the required second proton does 

not come from a coordinated histidine residue. Its exact source is still in discussion. Since one tyrosine 

residue might participate in the redox cycle of a neighbored monomer, which can be brought near the 

now protonated hydroperoxyl species (HO₂), it is possible to consider it as proton source.102 
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1.4.3 Mn-SOD (SOD2) 

The most important superoxide dismutase enzyme, according to many different knock-out 

experiments, is the manganese containing SOD or SOD2. Previous investigations have shown that the 

absence of Mn-SOD is a guarantee for the death of the respective organism.104,105 SOD2 is especially 

fundamental for the human body as a defense mechanism against oxidative stress, as it is located 

specifically in the mitochondrial matrix, which is the primary site for superoxide production. The ligand 

environment of Mn-SOD is the same as it is for Fe-SOD, with three histidine residue, one asparagine 

residue and a water/hydroxy bound to the metal center. In general, both enzymes show so many 

similarities, that the concept of a shared evolutionary origin is widely accepted.106 Experiments, in 

which rats were treated with an external inflammatory agent to generate inflammation and afterwards 

received and external supply of isolated human Mn-SOD showed a bell-shaped correlation between 

activity and dosage.107 Hence, small concentrations of the native enzyme can conduct great activity 

towards superoxide up to a certain point (kcat = 109 M-1 s-1), from which the reactivity decreases 

again.108 

 

Figure 15: Stereo ribbon diagram of human Mn-SOD (PDB code: 1LUV109). Highlighted in purple is the 

manganese center of SOD2 and on the right a zoom into the enzymatic pocket is depicted. To 

display the crystal structure ChimeraX visualization program was used.89 

The five-fold coordination might be disturbed during catalytic activity of SOD2. Although the discovery 

of the Mn-SOD enzyme was nearly 60 years ago, there is still no consensus on the exact mechanism 

used during superoxide dismutation. Different approaches have led to three proposed mechanisms, 

each supported by its own experimental data. The most common and widely accepted reaction path 

is called the 5-6-5 mechanism, related to the change in the coordination sphere when the superoxide 

anion reaches the active site.103 Thus, the trigonal bipyramid dynamically shifts towards an octahedral 

coordination, which will then be restored after completed substrate decomposition. Closely related is 
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the associative displacement mechanism from Whittaker and Whittaker,110,111 which suggests an inner-

sphere mechanism as well, but instead of a changed geometry, the active site remains in its five-fold 

coordination with superoxide replacing a bound ligand, most likely the water molecule. The third 

mechanism relies on DFT calculations, which contradict the theory of an associative mechanism and 

rather propose the dismutation via an outer-sphere process.112 Superoxide could be brought near the 

metal center via electrostatic guidance but instead of directly binding to the manganese ion, it remains 

in proximity due to hydrogen bond interactions and will be converted there. The DFT calculations were 

supported by NMR studies, which could not detect azide coordination to the metal center for E. coli 

Fe-SOD.113 

Due to the structural similarities and the equivalent amino acids coordinated to the metal center, 

certain enzymes in specific organisms can integrate either manganese or iron as the metal center 

without losing their activity towards superoxide. These so-called cambialistic SODs are quite rare in 

biology, often found in anaerobic organisms and the preservation of activity displays an unusual 

behavior, since metal exchange normally results in diminishing or even complete inhibition of enzyme 

function. Figure 16 depicts a Fe-SOD in purple and an iron-substituted Mn-SOD in yellow, highlighting 

the structural similarities and the comparable ligand environment.106 

 

Figure 16: Overlay of Fe-SOD in purple (PDB code: 1ISB103) and Fe substituted Mn-SOD in yellow 

 (PDB code: 1MMM114) of E coli. which demonstrate the structural similarities. Iron centers are 

highlighted in orange, with a zoomed-in view on the right showing the overlapping structure, 

adapted from Miller.105 To display the crystal structure ChimeraX visualization program was 

used.89 
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1.4.4 Ni-SOD 

The most recently discovered member of the SOD family is the nickel containing enzyme, found in 

streptomyces bacteria in 1996.115,116 Since then, other organisms, almost exclusively bacteria, 

possessing this protein have been identified, with the majority found in oceans. None of the different 

Ni-SODs shares genetic sequence homology to the other SODs, indicating this subgroup evolved 

independently.117 The fact that nickel is not commonly known to activate oxygen, and that most 

enzymes, not just SODs, typically possess zinc, iron, or copper as metal centers, makes Ni-SOD an 

interesting specimen.118 Even though Ni-SOD  definitely differs from the other SODs, it also shares 

many similarities and exhibits analogous behavior. Ni-SOD is a homohexamer, as depicted in Figure 17, 

and always contains a mixture of oxidized and reduced forms of nickel at the center of each respective 

monomer.82 The extraordinary high redox potential of the Ni2+/Ni3+ pair in aqueous solution, which 

exceeds +2.0 V (vs. NHE), places it beyond the typical range for SOD dismutation and thus makes it far 

out of reach for the usual catalytic processes involved in superoxide dismutation.119,120 Therefore, a 

strong redox tuning ligand field is necessary to push the enzyme’s potential into the catalytic active 

region. Compared to other SODs, Ni-SOD has an unusual protein environment, with two cysteines 

binding to the metal center. One cysteine, Cys6, coordinates to the nickel via an electron-rich thiolate, 

while the other, Cys2, binds through both thiolate and amide groups. Additionally, only one histidine 

(His1) is coordinated to the nickel, with its amino and imidazolate groups involved in coordination. The 

imidazolate is coordinated in an axial position, but this axial coordination is lost when the enzyme is in 

the Ni(II) reduced state. The amino acids are orientated in a way, which can be structurally described 

as hook-like shape, delivering the name for this section. 

 

Figure 17: Stereo ribbon diagram of hexameric Ni-SOD (PDB code: 1T6U121) isolated from S. coelicolor. The 

nickel center is highlighted in cyan and on the right the Ni-hook motif is presented. To display 

the crystal structure ChimeraX visualization program was used.89 
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The "Ni-hook" motif, along with the related coordination environment shown on the right side of 

Figure 17,  help to alter the redox potential of Ni-SOD to 290 mV (vs. NHE), bringing it into the desired 

range for catalytic activity.122 Additionally, it plays a crucial role in holding the nickel ion in place within 

the enzyme, ensuring its stabilization. The motif can also provide electrostatic guidance for the 

substrate into the enzymatic pocket, as has been described for Cu/Zn-SOD. Even though positively 

charged residues can help guide superoxide into the active site of Ni-SOD, different ion-dependent 

assays have concluded that this electrostatic guidance plays a minor or negligible role in the catalytic 

activity of the enzyme.123 Varying the ion concentration had almost no influence on the high 

dismutation rate, at the diffusion limit, of the nickel containing enzyme. The Ni-hook is not only 

fundamental for the SOD catalysis of the enzyme but also protects the oxidative labile thiolate residues 

of the cysteines., ensuring the stability against oxidative modifications and ultimately inactivation of 

Ni-SOD. 

Ni-SOD also undergoes structural changes during redox cycling. Starting with a planar quadratic N2S2 

coordination sphere in the reduced Ni2+ form, Ni-SOD features two cysteines that bind to the metal 

center via their thiolates and one amide group and a histidine residue bound through its terminal 

amine. Upon oxidation to Ni3+ the imidazole of this histidine additionally coordinates to the metal 

center in axial position, leading to a five-fold quadratic pyramidal structure. Apart from the general 

understanding, the exact mechanism of the catalytic cycle remains under discussion and is the subject 

of ongoing research. For other SODs, N₃⁻ coordination has been detected, but Ni-SOD shows only a 

weak affinity for the anion, suggesting that outer-sphere mechanisms are more likely involved.124 

Synthetic structural mimics of Ni-SOD with peptide ligands tend to favor an inner-sphere 

mechanism125,126 Together with the free coordination site in the Ni3+ enzyme, the active channel 

topology of Ni-SOD seems to support the inner-sphere theory according to Barondeau et al,127 even 

though they also detected no coordination of azide at the metal center. Nevertheless, there are still 

computational studies and some experiments that suggest an outer-sphere mechanism is more likely. 

This ongoing debate leaves the exact mechanism unclear, with no definitive conclusion reached yet.128-

130 Another key aspect of superoxide dismutation by Ni-SOD that is actively discussed is the source of 

protons for the reduction of superoxide in the overall mechanism. In Cu/Zn-SOD, the protonated 

histidine seems to be crucial for catalysis, but in the nickel enzyme the His1 residue is on the opposite 

site from the substrate coordination site, making it impossible to influence the reaction. Therefore, the 

bound sulfur atom of Cys2 seems to take the role of proton delivery during PCET-like reduction of 

superoxide to hydrogen peroxide.131 Even though the specific mechanism is not fully understood, Ni-

SOD found it’s very own way of efficient superoxide dismutation providing protection for mainly 

bacteria. 

 

 

 



 Introduction 

24 
 

1.5 Superoxide Dismutase mimics 

In conditions of excessive superoxide production and the related overextension of protective 

mechanism, such as those provided by the native SODs, the oxidative stress has an even greater impact 

on tissues and the entire organism. Therefore, an adequate definition of oxidative stress is not simply 

the overaccumulation of ROS (as discussed in Chapter 1.3), but rather a disbalance between the 

overwhelming production of superoxide and the capacity of natural defense mechanisms to neutralize 

it, leading to the subsequent damage caused by these highly reactive species. Especially in terms of 

diseases or pathological conditions as inflammation, oxidative stress plays a crucial role. To support 

the organism’s own protective enzymes during this disbalance, the idea of designing redox active 

molecules with similar superoxide-neutralizing properties gained momentum. The enzymes 

themselves, due to their large molar mass, which limits cell permeability, and the potential to trigger 

antigenicity , were found to be unsuitable as potent therapeutics. To overcome these challenges low 

molecular mass compounds were designed, which are expected to combine the best of both worlds. 

This group of superoxide dismutase mimics (SODm) need to unite several demands in their chemical 

properties to serve as ideal mimics and to be considered as effective therapeutic agents. In general, 

the presence of metal center (mostly Fe and Mn) tends to be fundamental to ensure redox activity, 

even though in recent research the trend towards purely organic antioxidants, due to their ubiquitous 

biological presence, has started to attract increasing attention. The most fundamental chemical 

behavior for these molecules is their efficacy against superoxide. Consequently, similar to the native 

enzymes, the redox potential of SODm needs to be positioned between the oxidation potential of 

superoxide at -160 mV (vs. NHE) and its reduction potential at +890 mV (vs. NHE). Ideally, the redox 

potential should be around +300 mV (vs. NHE) to ensure optimal catalytic redox cycling during 

superoxide decomposition. The ligand framework is usually responsible for tuning these properties but 

can also be modified in a way that allows electrostatic guidance for the substrate towards the active 

site, similar as in the SOD enzymes and integrate a well-defined bulkiness as well to ensure a selectivity 

towards superoxide. 

Other points might not directly influence the experimental activity of SODm against superoxide but 

will have a relevant impact on the application as therapeutic agents. Strongly connected to the ligand 

framework is the overall stability of the metal complex, since free metal ions can express prooxidative 

effects or even be cell toxic, e.g. Fe2+ or Cu2+. Finally, the antioxidants need to maintain amphiphilicity 

by balancing sufficient lipophilicity to penetrate membranes and reach the mitochondria within the 

cell, while also preserving hydrophilicity to remain soluble in aqueous buffered solutions, which 

represent physiological conditions. Based on these desired characteristics, many different approaches 

towards SOD mimics have been developed, some built on the foundation of biological models. 

 



 Introduction 

25 
 

1.5.1 Classic approaches 

Copper containing SODm 

Copper-containing SODm compounds were among the first developed mimetics due to copper’s 

natural role in the Cu/Zn enzyme. One of the main drawbacks of Cu2+ is the cytotoxicity of free copper 

ions due to the fact that there are able to perform Fenton chemistry, similar to free iron ions.132 

Additionally, cuprous ions in aqueous and buffered solutions have proven themselves to be great SOD 

mimetics with rates close to the native Cu/Zn-SOD enzyme, without coordination to any ligand 

system.133-135 Consequently, it was needed to achieve a thermodynamically stable complex to ensure 

only minor metal release, while preserving, or only slightly diminishing, the existing SOD activity of 

copper.136 Nevertheless, many metal complexes that combined the desired characteristics emerged 

following different approaches with decent kcat values. 
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Figure 18: Excerpt of SOD-active copper complexes and/or applied ligand systems, designed and 

synthesized by various groups. a) by Li et al.137, b) by Squarcina et al.138, c&d) by Martinez-

Camarena et al.139,140, e) by Daier et al.141 

Figure 18 illustrates several copper-based complexes with the ability to degrade superoxide. Some of 

the complexes as the poly-aza-macrocycles shown for d) develop binuclear complexes with kcat values 

of 4.1 x 106 M-1 s-1, that are more effective than the mononuclear complex possessing a kcat of 

2.5 x 106 M-1 s-1.140 Daier et al.141 even reported different Cu/Zn containing hetero binuclear complexes 

(e) which represent the metals of wild type SOD1 with an SOD activity of 6.51 x 106 M-1 s-1 for the 

bridging imidazole complex. As seen from the values for kcat given in Figure 18, the reported SOD 

activity of these synthetic systems is significantly lower than that of natural enzymes and free copper 

ions. Several other molecules have been designed and generated, using nanoparticle structures, 

naturally occurring molecules or even small peptide chains to form copper containing complexes.142-

144 But in the end the necessity to ensure stability of complex without metal release while keeping a 

satisfying SOD activity led to a more intense focus on other transition metals for the use of SODm. 
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Peptide-based complexes 

Studies to understand the native (Ni-)SOD enzymes’ mechanisms in detail, is not exclusively the benefit 

of peptide complexes that mime the protein coordination sphere of the respective metal center. Due 

to the high redox potential of the Ni²⁺/Ni³⁺ pair, a strong electron-donating ligand system is required 

to make superoxide dismutation possible. The N₂S₂ coordination, provided by peptide-based ligands, 

is expected to deliver this necessary support in the case of Ni-SODm. But, the approach to rebuild 

nature’s model is also reasonable and lead to a group of Ni-SODm compounds of which some are 

depicted in Figure 19. Some authors investigate the influence of donor atoms to the metal center by 

recreating and modifying the N2S2 environment of Ni-SODm, while examining effects on catalytic 

behavior.145 

 

Figure 19: Molecular structures of Ni-based SODm from Naka et al.149 (a) and enzyme-based peptide 

SODm from Guinard et al.147 and Shearer131 (b&c). 

It needs to be mentioned that peptide-based superoxide dismutase mimetics predominantly contain 

nickel or copper. Nevertheless, manganese complexes with peptide strains consisting of arginine and 

glycine have been reported by Ching et al.,148 with SOD activity from 4.2 to 6.6 x 106 M-1 s-1 depending 

on chain length and residue. 

Salen complexes 

Manganese N,N’-bis(salicylidene)ethylenediamine (Salen) complexes are of interest since 1993, when 

Jacobsen published a complex meant for the use of epoxidation, which showed SOD like activity.149 

Shortly after discovery Eukarion Inc. submitted a patent for EUK-8, the first member of the Salen SODm 

family with a kcat of about 6.0 x 105 M-1 s-1.150 Due to the low SOD activity, further modifications and 

investigations have been made leading to additional members of that family, EUK-134 and EUK-184, 



 Introduction 

28 
 

which not only decompose superoxide but can also mimic catalase enzymes.151 EUK-134 and EUK-184 

demonstrate IC50 values of 1.3 and 1.4 µM, respectively. However, while studying the SOD activity of 

the Salen family, a major issue arose.152 When EDTA as a chelating agent is added to solutions, the 

activity was diminished, as it would be expected for present free metal ions.149 To overcome this 

challenge another Salen complex was synthesized. In EUK-207 a crown-ether residue was introduced 

into the ligand framework aimed at increasing the stability in solution, which indeed was successful 

based on the higher accumulated plasma levels.153 Nevertheless, Mn-Salen complexes do not play an 

important role in the field of SODm anymore, due to earlier issues and the limited space for chemical 

modification. 

 

Figure 20: Manganese containing salene complexes. 

Cyclic polyamines 

More promising and even more potent superoxide dismutase mimetics are found in the family of cyclic 

polyamines. The main pioneering work has been done by Riley, developing seven coordinate Mn 

complexes which mime the activity of SOD enzymes.154,155 Deriving from the parent Mn([15]aneN5)Cl2 

complex, which performs SOD catalysis at rates of 4.13 x 107 M-1 s-1 at physiological pH, a great variety 

of related compounds was designed, using computational methods, and synthesized (Figure 21).156,157 
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Figure 21: Cyclic polyamines with SODm properties designed and synthesized with the help of 

computational methods by Riley et al. 156,157 

Table 1: SOD catalytic rates (kcat) of selected cyclic polyamines at pH 7.4. 

Compound  kcat: (x 107 M-1 s-1 for pH 7.4) Ref 

a) 4.13 156 
b) 8.84 156 
c) 5.52 156 
d) 2.20 156 
e) 5.37 156 
f) inactive 156 
g) inactive 156 
h) 9.09 156 
i) 1.37 156 
j) 5.05 156 
k) 7.23 156 
l) 15.0 157 
m) 0.3 157 

 

The resulting complexes dismutate superoxide with a ranges of kcat = 0.3 – 15.0 x 107 M-1 s-1 even 

maintaining their activity after treatment with EDTA.156-158 Together with the comparably high catalytic 

rates and the chemical properties of high stability and solubility, the cyclic polyamines family 

represents a promising class of SOD mimetics. It needs to be mentioned, that Fe-SODm are 

permanently in consideration to be designed, but in general iron is avoided because of its cytotoxicity 
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and possibility to perform Fenton chemistry, leading to even more deleterious ROS. Nevertheless, 

some members of the pentaazamacrocyclic SOD family contained iron, but showed SOD activity one 

to two orders of magnitude lower than their manganese analogues.159 

Building on the previously discussed Mn([15]aneN5) complexes, another closely related family 

emerged: the 1,4,7,10,13-pentaazacyclopentadecane complexes. This group began with the prototype 

M40403 and represents an additional family of macrocyclic compounds with extraordinarily high 

potential (Figure 22).160 

 

 

Figure 22: Structures of the M4040X family.160-162 

Although structurally very similar, these complexes differ strongly in their catalytic behavior. With both 

M40402 and M40403 being satisfying SOD mimetics with rates in the 1.60 x 107 M-1 s-1 range, M40404 

surprisingly shows no superoxide degradation at all. The S,S-dimethyl derivative M40401 exceeds both 

active compounds by the factor of 100, reaching kcat = 1.6 x 109 M-1 s-1, which represents the absolute 

peak of catalytic active SOD-mimicking compounds. Nevertheless, it remains unexpected that M40404 

possess not activity towards superoxide at all, especially since the redox potentials for the whole 

M4040X family are fairly the same with E1/2 = +462 mV for M40401, E1/2 = +525 mV for M40403 and 

E1/2 = +452 mV for M40404.162 Thus, the reason for the big difference needs to be located elsewhere. 

Aston et al.161 provide a reasonable explanation regarding a structure-activity correlation, based on 

molecular mechanistic studies. Accordingly, since the resting oxidation state of manganese in these 

cyclic polyamines is 2+, in contrary to the native enzyme, the rate determining step of the catalytic 

cycle will be the oxidation to Mn(III). This takes place either by pH-independent inner-sphere 

superoxide binding towards an axial coordination space of the Mn(II) center, or by an pH-dependent 

outer-sphere mechanism, in which the Mn(II)-complex possesses a coordination geometry close to 

oxidation product. In this case the metal center would undergo modification to fold into a pseudo-

octahedral structure via an amine of the fifteen-membered ring, which will fill the axial position. Due 

to steric and electronic repulsive interactions, M40404 is strictly fixed into its planar geometry (right 

side in Figure 23) and therefore cannot be forced into the required 6-fold structure., which 

subsequently leads to no activity. For M40401, the exact opposite is the case. The Mn(II) complex can 

readily adjust its coordination sphere to facilitate catalytic dismutation, adopting the necessary 

structure (left side in Figure 23).161 
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Figure 23: Structural intermediates during catalytic cycle for M40401 and M40404.161 

Even though these theoretical mechanistic studies have provided a conclusive explanation for the 

unusual behavior of M40404, Maroz et al.162 have a different explanation with an alternative route, 

which does not completely exclude previous investigations. The suggested mechanism is depicted in 

Figure 24 and it proposes not the oxidative addition to be the rate determining step but the oxidation 

of superoxide to be limiting. Starting with the same resting Mn(II) here, oxidative addition is depicted 

as fast reaction, which yields a [Mn(III)LO2]+ moiety. The next step would be the slower oxidation of 

another superoxide by the intermediate, a reaction greatly influenced by the three-dimensional 

structure of the metal complex. Therefore, the pseudo-octahedral geometry still plays a crucial role 

but not in the previously suggested manner. After an electron transfer occurred, reduced [Mn(II)LO2] 

remains and the peroxide coordinated to Mn(II) can be more easily released than from Mn(III), assisted 

by protonation, leading back to starting reagent. Experimental and theoretical data tend to support 

this mechanism and together with the data provided by Aston, the explanation for the great difference 

within in the M4040X family seems to be reliable.161,162 

 

Figure 24: Alternative mechanism for superoxide decomposition catalyzed by the M4040X family.162 

Another approach has been developed for the modification of SODm based on M4040X. The [trans-

2,13-dimethyl-3,6,9,12,18-pentaazabicyclo-[12.3.1]octadeca-1(18),14,16-triene], or simply “Pyane” 

ligand, consist of an easy modifiable backbone, which can be readily altered by using different 4-

subsituted pyridines as precursors. With two acetyl groups in the 2- and 6-position of the 

corresponding pyridine, reductive complexation yields the prototype [Mn(Pyane)]Cl2 complex (Figure 

25). Additionally, the ligand framework preserves a necessary stability to prevent the metal center 

release, but allows substrate molecules to reach the active site. These properties and the straight-
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forward template synthesis of the related complexes make it ideal for design of SODm. The group of 

Ivanović-Burmazović designed different manganese containing compounds based on the model of the 

prototype [Mn(Pyane)]Cl2, focusing on combining the desired structural and chemical characteristics 

mentioned in Chapter 1.5. Figure 25 depicts examples of the various possibilities, starting with the 

prototype complex followed by integration of long alkyl chains of different size to tune lipophilicity of 

the complex, resulting in catalytic rates around 1.50 x 107 M-1 s-1 at pH 7.4.163 Thus, accumulation in 

cells and the associated physiological benefits, such as reaching mitochondria, the main contributor to 

oxidative stress, are enhanced. Taking this a step further, by modifying the complex of Kelso et al.¹⁶4 

and adapting its structure to Pyane complexes, a triphenyl-phosphonium-anchored compound was 

developed. This modification introduces an extra positive charge, allowing the complex to specifically 

target mitochondria due to the negative potential of the mitochondrial matrix. Even the synthesis of a 

dinuclear complex with kcat = 4.7 x 107 M-1 s-1 at physiological pH could be achieved.165 

 

Figure 25: MnPyane complexes designed by the group of Ivana Ivanovic-Burmazovic.163,165 

Regarding biological effects, the cyclic pentaamine Mn complexes have demonstrated cell-protective 

properties in cases of inflammatory cascades and ischemia-reperfusion injury.166-168 However, the 

elementary reactions underlying the biologically protective mechanisms of this class of SOD mimics 

(SODm) remain unclear. Although these complexes have been reported to be strictly selective for 

superoxide and do not interact with other ROS/RNS, research by the Ivanović-Burmazović group has 

shown that, in the case of [Mn(Pyane)]Cl2, some of them can interfere with NO by dismutating it 

through a mechanism analogous to that of superoxide dismutation.169,170 This process generates other 

nitrogen species, such as nitroxyl (HNO) and nitrosonium (NO⁺), with the latter subsequently being 

converted to nitrite.  

Porphyrins 



 Introduction 

33 
 

The probably biggest group of superoxide dismutase mimetics are porphyrianto complexes. The 

biological relevance and physiological omnipresence of porphyrin-based molecules, such as those 

found in the cytochrome P450 enzyme family, along with their structural versatility, made them the 

first choice for developing enzyme mimics to replicate the function of native SOD enzymes. In 1979 the 

first reported SOD mimetic based on the tetrapyrrolic macrocycle was the (tetrakis-4-N-

methylpyridyl)porphyrin)), [FeTM-4-PyP]5+, by Pasternack et al. using iron active site.171,172 In contrary 

to previous compounds which bear the reduced metal form as resting state, porphyrins tend to 

stabilize the oxidized M3+ form. [FeTM-4-PyP]⁵⁺, which demonstrated only moderate SOD activity and 

showed toxicity towards E. coli, led to further modifications aimed at improving its properties. This 

resulted in the development of the TM-2-PyP ligand system.173 

 

Figure 26: First modifications of Mn(Porphyrins) to decrease electron density at the metal center.173 

Similar considerations to those made for cyclic polyamines must be applied when designing porphyrins 

to mimic native SOD enzymes, starting with the metal choice. In most cases iron and manganese are 

in the active site of the complex, since incorporation of different metals, such as zinc, lead to complete 

loss of activity for corresponding Fe-porphyrins.174 Even though the iron was used at the beginning, 

further investigations and utilization of new compounds lead to manganese being identified as the 

desired redox active entity. Upon reduction during catalytic processes, both the Mn(II) and Fe(II) are 

more likely to be released from the complex, leading to cell toxic effects, especially in the case of 

ferrous ions. Furthermore, Fe(II) even in a coordinated form seems to own the ability to perform 

Fenton-like chemistry, making it unsuitable for further applications.175 However, iron porphyrins have 

been demonstrated to conduct protective effects in cells by dismutation of not only superoxide but 

also hydrogen peroxide.176,177 In Figure 27 different selected porphyrin complexes are depicted to 

demonstrate the structure-activity relationship, with their respective kcat values in Table 2. 
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Table 2: Catalytic rates of selected MnPorphyrinato complexes at pH 7.8. 

Compound kcat (x 106 M-1 s-1) for pH 7.8 Ref 

MnTM-2-PyP5+ 62 183 
MnTnHex-2-PyP5+ 30 183 
MnTnMOHex-2-PyP5+ 6 183 
MnTnBuOE-2-PyP5+ 68 183 

 

Starting with [MnTM-4-PyP]⁵⁺ as the foundation for modification, this complex exhibited moderate 

SOD activity and a redox potential of +60 mV (vs. NHE), which is significantly lower than the desired 

value of approximately +300 mV for optimal catalytic efficiency in superoxide dismutation. Therefore, 

the para positioned positive charge was place into ortho position, creating a stronger electron 

withdrawing effect and subsequently raising the E1/2 value to 220 mV for the [MnTM-2-PyP]5+. 

Furthermore, the fact that the positive charge is now placed closer to the metal center resulted in an 

enhanced electrostatic guidance and a 16-fold increased SOD activity (Table 2). The fundamental 

importance of this positive charge became evident when lesser-charged complexes, such as [MnT-2-

PyP]⁺ or even negatively charged [MnTSPP]³⁻, were investigated for their SOD activity. These 

complexes showed results indistinguishable from the self-decay of superoxide, highlighting the 

necessity of a positive charge for effective catalytic activity.178,179 By introducing bromide residues at 

the β-pyrrolic positions of [MnTM-2-PyP]5+ the electron density at the metal center was even more 

decreased thus, the synthesized compound possessed a great kcat. However, the stability of this 

compound was diminished, making it unappealing for further research. Since [MnTM-2-PyP]5+occupies 

a nearly planar structure, its interaction with RNA/DNA might have a negative impact on in vivo activity 

of the complex, leaving the promising SOD activity without further benefit. Thus, the methyl groups 

were replaced by ethyl groups which resulted in a candidate for clinical trials.180 While already 

possessing a huge positive charge, the uptake into cells was still an ongoing challenge. To achieve 

increased bioavailability a similar approach as for the pyane complex has been made, by increasing the 

length of the alkyl-chain to six carbon atoms. The resulting [MnTnHex-2-PyP]5+ indeed showed 

enhanced lipophilic properties, but the micellar toxicity was impaired as well. To overcome this issue, 

incorporation of an oxygen atom into the aliphatic chain was supposed to maintain the lipophilic 

character, while quenching the toxic characteristics. Hence, [MnTMOHex-2-PyP]5+ was designed and 

synthesized which was followed by [MnTnBuOE-2-PyP]5+, another candidate for clinical trial.181,182 This 

concise demonstration of structure-activity relations by designing the ideal SODm candidate, from 

beginning to the [MnTnBuOE-2-PyP]5+ complex, which took over 30 years, is depicted in Figure 27. 
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Figure 27: Route to a promising MnPorphyrinato clinical trial candidate adapted from Batinic-Haberle et 

al.183 

This has been only a brief overview of the potential applications and capabilities of porphyrin-based 

superoxide dismutase mimetics. For more detailed insights, Batinić-Haberle has excellently reviewed 

the historical development and modern strategies, not only on porphyrinato-complexes, but also on 

the major groups of compounds that mimic the native SOD enzyme.184 

1.5.2 Alternative strategies towards SODm 

Traditional superoxide dismutase mimetics keep their relevance, since they have proven to be 

promising therapeutics, even reaching second stage clinical trials. Nevertheless, new approaches have 

been made to design alternative transition metal compounds, which may dismutate superoxide. Even 

the use of solely organic compounds gains more interest in recent research.  

Nanoparticles 

The widespread application field for nanoparticles also includes mimicking enzymes including SODs. 

To achieve potential effects, already known SODm can be loaded onto non-reactive materials, like silica 

or alumina of different size, or nanoparticles can be synthesized out of metal-based compounds.185,186 

It needs to be noted, that obtained enzyme like behavior can depend on particle shape and 

subsequently on the synthetic method. The SOD activity of nanoceria in the form of CeO₂ is directly 

linked to the Ce³⁺/Ce⁴⁺ ratio, as demonstrated by numerous studies that vary the amount of cerium 

atoms. 187,188 Nanoceria particles with a size between 3 and 5 nm perform the best, exhibiting catalytic 

rates similar to those of the Cu/Zn-SOD enzyme. However, comparing nanoparticles with molecular 

SODm may not be straightforward. Both exceeding and falling below the optimal particle size range 

resulted in a loss of activity, highlighting the importance of precise size control for maintaining catalytic 

efficiency.189.190 

Two dinuclear Cu/Zn complexes discussed in section 1.5.1 were applied to silica nanoparticles of 

different sizes. In both cases, the incorporation of these complexes significantly enhanced SOD activity, 

increasing it by approximately one order of magnitude.185,186 Even the promising compound for clinical 

trials, [MnTnBuOE-2-PyP]5+, was loaded onto nano silica encapsulated by lipophilic membranes, 

planning to ensure a slow, steady release in cells.191 Apart from the mentioned examples, the potential 

applications of nanostructures are vast and not limited to merely mimicking wild-type enzymes. 
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Accordingly, the group of potential nanoparticles is huge, including OsO4 with the OsVIII/OsVII redox 

couple192, ferrite NPS like MFe2O4 (with M = Mn, Co, Cu),193 Pt-based compounds,194,195 metal-organic 

frameworks (MOFs) like the CuTCPP nanodots,196 fullerene frameworks197-199 and manganese 

oxides.200,201 

Natural antioxidants 

Research into the broad group of natural molecules with potential antioxidative capabilities has been 

ongoing since the early 21st century.202 In particular the role of polyphenolic compounds has gained 

significant relevance, not only in scientific studies but also for practical daily life applications. These 

compounds are increasingly recognized for their beneficial effects in health, nutrition, and even 

skincare.203 Several studies on different natural antioxidants have been performed and published, 

identifying a huge variety of compounds with protective characteristics against oxidative 

modifications. A prominent subgroup contains of coloring molecules, vitamins and tannins which are 

commonly found in everyday foods such as berries, grapes and other groceries.204 Several thousand 

polyphenols have been isolated and characterized to date, which can be categorized based on their 

structural backbones respectively.205,206 A selection of basic polyphenolic molecules is depicted in 

Figure 28, including benzoic acid derivates, stilbenes and particularly flavonoids, along with the related 

anthocyanidins, that three big members of the polyphenol family. 

 

 

Figure 28: Main subgroups forming antioxidative compounds in the polyphenol family. 

In general, the antioxidative properties of polyphenols are related to nutrition studies, due to their 

numerous occurrences in food. Honokiol207,208, genistein209 or the often discussed curcumin210,211 

represent examples for organic compounds capable of decomposing superoxide. Due to the huge 

number of molecules in this family and the structural differences, one underlying mechanism behind 

their reaction with O2
•− could not be determined. Nevertheless, different approaches have been 

proposed trying to explain how polyphenols interact with superoxide. The easiest and widely accepted 
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mechanism would be direct radical scavenging, which could result in reduction of ROS. In this case the 

hydroxyl group would be transformed into a radical species itself, which is less potent than superoxide. 

This radical can now further react with other radical species, deactivating more potentially damaging 

compounds. Studies indicate that for optimal superoxide dismutation a π-π interaction between ROS 

and another corresponding polyphenol molecule is enhancing.212,213 The fact, that ortho-substituted 

compounds demonstrate the best activity compared to their related para-substituted analogues and 

the necessity to transfer a proton during the reaction, suggest the involvement of a hydrogen 

abstraction process in form of a PCET meachnism.214-216 Both possible reaction paths do not exclude 

each other, but rather could both be integrated into a final mechanistic explanation in the future. 

Another approach is based on the fact, that polyphenols are known to be redox mediator molecules, 

which can transfer an electron from one reaction partner to another.217,218 Since iron, manganese and 

copper ions in solution already hold the potential to dismutate superoxide and polyphenolic molecules 

are known to possess chelating potential,219 the latter could simply enhance these properties by 

serving as electron shuttling compounds between the metal ion and ROS. Furthermore, the metal 

chelation could provide protection against oxidative damage via another path, by inhibiting Fenton 

reactions. Finally, it needs to be noted that the SODm studies so far mainly have not been conducted 

in vivo and deeper insights into the metabolism of polyphenols in the human body point to a 

diminished bioavailability.220 If ROS scavenging occurs at all, the most likely site would be in the 

gastrointestinal tract, where lipid peroxidation could be prevented by polyphenols. 

The group of Christian R Goldsmith designed quinol-containing ligand systems, which form metal 

complexes, that apparently combine the antioxidative properties of both components. Together with 

the group of Ivana Ivanović-Burmazović the N-(2-hydroxy-5-methylbenzyl)-N,N’,N’-tris(2-

pyridinylmethyl)-1,2-ethanediamine ligand (LOH) and the corresponding Mn(II) complex was tested for 

its SOD mimicking characteristics.221 With considerably low kcat values in the 106 region, improvement 

of the ligand system was necessary, which was achieved by replacing the methyl-group by another 

hydroxy residue. The new H2qp1 ligand and furthermore the refined H4qp2 ligand, with two quinol 

units enhanced the reactivity towards superoxide for the corresponding Mn(H4qp2) and Mn(H2qp1) 

complexes, reaching catalytic activity in Hepes buffer at pH 7.4 that exceeds those of the clinically 

tested [MnTnBuOE-2-PyP]5+.222 
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Figure 29: Mn(LOH) by Kenkel et al.221, Mn(H2qp1) and Mn(H4qp2) by Senft et al.222 

Not only did the optimization of incorporating more hydroxy groups enhance the SOD activity, but it 

was also possible to form a corresponding Zn(H2qp1) complex, further improving the catalytic 

properties. Even though zinc is a redox-innocent metal, [Zn(H2qp1)OTf]OTf features catalytic activity 

towards superoxide that is higher than that of the manganese containing LOH complex (Table 3). Low-

temperature mass spectrometry experiments and EPR indicate that a semiquinone radical species is 

involved in the mechanism of superoxide dismutation, which supports the idea, that quinol containing 

molecules can act as electron shuttling moieties during redox reactions. Interestingly, the zinc complex 

depicts highest SOD activity in phosphate buffered solution, which is unusual, since phosphate is 

commonly known to bind free coordination sites at the metal center, blocking them and inhibiting 

electron transfer to substrate molecules.223 Accordingly, this leads to the mechanism proposed by 

Ward et al.,224 which implement the phosphate as relevant reaction partner by delivering protons to 

dismutate superoxide. 

 

Table 3: Catalytic rates of ligand systems by Goldsmith group. 

Compound kcat [x 105 M-1 s-1] 
(HEPES pH 7.4) 

kcat [x 105 M-1 s-1] 
(HEPES pH 8.1) 

kcat [x 105 M-1 s-1] 
(Phosphate pH 7.4) 

Ref 

[Mn(LOH)] 36 6.2 11 221 

[Mn(H2qp1)] 970 220 80 222 

[Mn(H4qp2)] 120 96 100 222 

[Zn(H2qp1)] 34 47 190 224 

 

 

 

 



 Introduction 

39 
 

1.6 Different approaches to determine SOD activity 

Determination of SOD activity is crucial to compare different SOD mimicking compounds (SODm) and 

bring them in relation to each other. Since many different methods developed, which can provide kcat, 

a comparison and classification is necessary to assess their scientific significance and ensure that the 

results are consistent and meaningful across different studies. The general idea is to track superoxide 

and compare the decomposition in presence of potential SODm, either by directly following 

superoxide’s decay at around 250 nm or indirectly via indicator molecules, which are influenced by 

radical species. For all applications the compulsive necessity of buffered solutions is important due to 

the strong pH dependent self-dismutation of superoxide, which was depicted in Figure 1. 

1.6.1 Indirect assays 

The initial efforts to categorize SOD active compounds were pioneered by Fridovich and McCord, 

resulting in the first assay able to determine the antioxidative properties of compounds.79 In general, 

indirect methods consist of a superoxide producing reagent, mainly the xanthine/xanthine oxidase 

system, which releases a steady state concentration of O2
•−, and a spectroscopic active substance that 

can be followed e.g. by UV/Vis. One example is the cytochrome c assay, where the Fe(III) band at 

550 nm is followed, which in presence of superoxide would increase due to reduction of the Fe(III) to 

Fe(II) form.225 Introducing a SOD mimic into the system inhibits the reduction of the cytochrome c. 

However, the decomposition product hydrogen peroxide could cause problems by reacting with still 

present superoxide in Haber-Weiss reaction creating the hydroxyl radical. 55 Other well-established 

reporter molecules (Figure 30), which have been used as indicators of SOD activity are b) nitroblue 

tetrazolium (NBT)226, c) lucigenin, d) luminol and two more assays that directly determine the radical 

scavenging properties of antioxidants, with DPPH and ABTS as colorful detector molecules.227 
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Figure 30: Chemical structure of reporter molecules (indicators) for indirect SOD activtiy assays. Colors 

indicate the exhibtited color. a) cytochome c, b) nitroblue tetrazolium (NBT), c) lucigenin, d) 

luminol, e) ABTS, f) DPPH 
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1.6.2 Direct methods 

Pulse radiolysis 

The critical difference between previously described assays and the direct methods for SOD activity 

evaluation is the spectroscopically followed dismutation of O2
•− at 250 nm. The two commonly used 

methods using the absorption of superoxide are the pulse radiolysis228,229 and stopped-flow technique, 

allowing a precise measurement of SOD activity by following superoxide decay 

spectrophotometrically. As described in section 1.1, the formal one-electron reduction of oxygen 

generates superoxide. This reaction is used in pulse radiolysis to generate a defined amount of 

superoxide in an oxygen enriched solvent, which will be irradiated by a high intensity light beam. 

However, radical formation during pulse radiolysis does not produce a superoxide exclusively but a 

mixture of radical species, such as H• and OH•, thus it is necessary to add a OH• scavenger. Formate 

reacts with the hydroxyl radical, ultimately generating superoxide, similar to how hydrogen atoms 

react with solvated oxygen to form the conjugate acid (Figure 31).230,231 Even though radical generation 

in the pulse radiolysis technique is not specific, it is possible to follow the decay of superoxide, making 

it a powerful direct method to determine SOD activity 

 

Figure 31: Radical reactions induced by the high intensity beam during pulse radiolysis. Equation 13 

displays hydroxyl scavenging by added formate. 

Nevertheless, the unconventional instruments necessary to realize pulse radiolysis make it 

unattractive compared to the indirect assays, which are easy to apply. Additionally, the lack of isolated 

superoxide generation can cause problems through degradation or oxidative inactivation of chosen 

SODm. In the following section, the stopped-flow technique addresses these problems by directly 

dissolving the potassium superoxide salt, allowing for more controlled and reliable analysis. 

Stopped-Flow technique 

Pulse radiolysis relies on the steady-state generation of superoxide in low concentrations, which can 

present disadvantages similar to those encountered with indirect methods. In contrast the stopped 

flow technique overcomes these limitations, providing a more precise means of studying superoxide 

dismutation. First demonstrated by McClune and Fee232 the potassium superoxide salt was suspended 

in DMSO with an appropriate amount of 18-crown-6 to ensure dissolving, with subsequent 
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spectroscopical monitoring of superoxide decay. Due to technical limitations, the dead time of the 

instrument was long, resulting in the self-decay of superoxide being a relevant opposing process, which 

limited the investigations by McClune and Fee to high pH. Riely et al. 233 improved the technique via 

rapid mixing, with a dead time between 1-2 ms, allowing monitoring of superoxide’s decay under 

physiological conditions. The group of Ivana Ivanović-Burmazović further refined the method reaching 

superoxide concentrations of around 200 µM, which assures first order conditions to determine a true 

catalytic activity.224 In Figure 32 the schematic setup of Biologic’s SFM-400 stopped-flow device is 

shown, with a Berger-ball mixer that allows an efficient mixing of DMSO and a buffered solution. On 

the right side, an example of kinetic curves is displayed, which were fitted to a first-order decay model. 

The obtained values were then plotted against the catalyst concentration to calculate the second-order 

rate constant (kcat), as shown in the inset of Figure 32. 

 

Figure 32: a) Schematic structure of the SFM-400 instrument by Biologic, replicated from the manual. b) 

exemplary kinetic traces of superoxide decay followed at 250 nm by stopped flow technique. 

Inset: kobs values plotted against catalyst concentration for determination of the second order 

catalytic rate constant. 

 

1.6.3 Critical comparison of both methods 

All described methods for investigating SOD activity have been established for specific purposes and 

are widely accepted. Nevertheless, some techniques offer distinct advantages, making them more 

reliable when it comes to accurate comparison of catalytic rates. Indirect assays are cost-effective and 

easy to apply, making them suitable for use in any laboratory. Despite their practicality, the results 

obtained from indirect assays must be interpreted cautiously as numerous side reactions can occur 

during SOD catalysis.234 One significant limitation is the potential interaction of SODm with the used 

reporter molecule, which may bypass superoxide entirely. Either direct oxidation or reduction of the 

indicator can lead to overestimation or underestimation of the compound, respectively, making it very 

difficult to distinguish the actual antioxidative properties of the applied SODm. Additionally, a possible 

suppression of the xanthine/xanthine oxidase system has been reported,235,236 which leads to a 

b) 
a) 
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misinterpretation of SOD activity as well. Another disadvantage that affects the reliability of direct 

pulse radiolysis is that the generated steady-state superoxide concentration may be significantly low 

at the beginning of the reaction. This could favor the detection of a stoichiometric reaction rather than 

real catalytic activity, a limitation that does not apply to the stopped-flow technique. Finally, the lack 

of consistency in results across assays shows a major issue that might occur while exclusively relying 

on indirect methods. Nevertheless, their easy and cheap application and the fact, that direct methods 

like stopped-flow are limited to detect activities above 5x105 M-1 s-1, sustain the relevance of some of 

indirect SOD assays.237 

Based on the principle of stopped-flow instruments further developments have been made over the 

time, including the possibility to decrease the experimental temperature. This allows detection of 

labile reaction intermediates, which gives further insight into reaction mechanisms and determination 

of the reaction pathways. Combining time-resolved UV/Vis detection with low-temperature stopped-

flow systems enhances the characterization of reactive intermediates throughout the catalytic cycle, 

improving the relevance and reliability for assigning the underlying mechanisms. Even better 

comprehension can be gained, when pressure is applied during the experiment with the stopped-flow 

instrument, resulting in high-pressure stopped-flow technique. Even though this advanced system is 

rarely used, its ability to study reactions in greater detail—especially in characterizing the transition 

state and understanding the activation process—provides unprecedented insights. 



 Summary 

44 
 

2 Aims and Summary of Results 
2.1 Aims 

The suppression of deleterious effects induced by the overproduction of reactive oxygen species (ROS) 

is a critical aspect in the prevention and treatment of various neurodegenerative and cardiovascular 

diseases. This work focuses on the design, synthesis, and characterization of bioactive transition metal 

complexes with antioxidant properties, particularly superoxide dismutase mimetics (SODm). Moving 

beyond conventional ligand systems commonly reported in the literature, we explored novel redox-

active organic functionalities inspired by biological settings, such as hydroquinones. Our approach not 

only introduced acyclic and macrocyclic ligand frameworks but also strategically increased the number 

of redox-active moieties by incorporating a second hydroquinone entity. Additionally, we investigated 

the potential of diverse metal centers, including Mn, Fe, Zn, and Ni, which are naturally utilized in SOD 

enzymes, to achieve synergistic antioxidative activity when combined with these redox-active ligands. 

A key objective of this work was to elucidate the mechanistic intricacies of these SOD mimetics, 

determining whether the interplay between the ligand and metal center can be fine-tuned to maximize 

catalytic efficiency while ensuring the overall stability of the complex under catalytic conditions. One 

of the major challenges in the development of efficient SOD mimetics lies in deciphering mechanistic 

details, particularly through the characterization of reaction intermediates along the catalytic cycle. 

Given that the catalytic process operates at exceptionally high rate constants, exceeding 10⁸ M⁻¹s⁻¹, 

traditional indirect methods fail to provide reliable kinetic data. To address this, a central aim of this 

study was the application of a direct stopped-flow technique to accurately determine catalytic rate 

constants for superoxide dismutation, thereby offering precise and reliable SOD activity values. 

Furthermore, by integrating (cryo)-stopped-flow spectroscopy with cryo spray mass spectrometry, we 

aimed to identify transient catalytic intermediates and establish a comprehensive mechanistic 

framework for these systems. 

This work not only provides fundamental insights into the role of metal-ligand interactions in tuning 

redox activity but also demonstrates the potential of a new class of biomimetic antioxidants based on 

redox-active ligand components. Our unique methodological approach has yielded novel mechanistic 

perspectives and paves the way for future investigations incorporating other biologically inspired 

redox-active organic moieties. Ultimately, these findings contribute to the rational design of next-

generation SOD mimetics with optimized performance, stability, and therapeutic potential. 

An additional key objective of this work was to advance kinetic studies of bioinorganic reaction 

mechanisms by developing a high-pressure stopped-flow setup capable of operating at lower 

temperatures while allowing the mixing of three solutions under high pressure instead of the 

conventional two. Coupled with a time-resolved UV/Vis detection unit, this setup enabled a more 

detailed investigation of complex reactions by determining activation volumes as a crucial kinetic 
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parameter for characterizing transition states, thereby providing deeper insights into reaction 

mechanisms. 

2.2 Summary of Results 
2.2.1 Insights into the SOD Mechanisms of Complexes Featuring Redox-Active 

Hydroquinone-Containing Ligands 

Comprehensive kinetic and mechanistic studies were conducted on Zn, Ni, Mn, and Fe complexes 

featuring acyclic or macrocyclic redox-active ligands containing one or two hydroquinone groups, 

respectively. The resulting SOD activities are summarized in Table 4. Importantly, our investigations 

identified key factors influencing the catalytic performance of these complexes, providing valuable 

experimental guidance for the tunable design of SOD mimetics based on redox-noninnocent ligand 

frameworks. 

Table 4: Catalytic rates of quinol-containing metal complexes relevant for this work. 

Compound Catalytic rates (kcat) in buffered solutions. Ref 

 

HEPES, 7.4  3.4 x 106 M-1 s-1 
 

HEPES, 8.1  4.7 x 106 M-1 s-1 

 
Phosphate, 7.4  1.9 x 107 M-1 s-1 

224 

 

HEPES, 7.4  9.7 x 107 M-1 s-1 
 

HEPES, 8.1  2.2 x 107 M-1 s-1 
 

Phosphate, 7.4  8.0 x 106 M-1 s-1 

222 

 

MOPS, 7.4  1.8 x 107 M-1 s-1 
 

MOPS, 7.8  1.2 x 107 M-1 s-1 
 

Phosphate, 7.4  1.1 x 107 M-1 s-1 

Publication 3 from 
this work 
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MOPS, 7.4  1.6 x 107 M-1 s-1 
 

MOPS, 7.8  4.9 x 107 M-1 s-1 
 

Phosphate, 7.4  2.5 x 107 M-1 s-1 

Publication 1 from 
this work 

 

HEPES, 7.4  1.2 x 107 M-1 s-1 
 

HEPES, 8.1  9.6 x 106 M-1 s-1 
 

Phosphate, 7.4  1.0 x 107 M-1 s-1 

222 

 

MOPS, 7.4  1.3 x 108 M-1 s-1 
 

MOPS, 7.8  9.7 x 107 M-1 s-1 
 

Phosphate, 7.4  6.2 x 107 M-1 s-1 

Publication 3 from 
this work 

 

inactive 
Publication 4 from 

this work 

 

MOPS, 7.4  6.0 x 106 M-1 s-1 
 

MOPS, 7.8  4.5 x 106 M-1 s-1 
 

Phosphate, 7.4  2.9 x 106 M-1 s-1 

Publication 4 from 
this work 
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inactive 
Publication 4 from 

this work 

 

2.2.1.1 Systems with acyclic ligands 

In Publication 1 from this work, the synthesis and the low-temperature stopped-flow UV/Vis time 

resolved analysis, as well as cryo MS studies of the novel Zn(H₄qp2) complex (Figure 33), featuring the 

acyclic H₄qp2 ligand with two hydroquinone moieties, towards superoxide were reported. This second-

generation compound, incorporating redox-innocent zinc(II), exhibited excellent SOD activity 

compared to the Zn complex with a single hydroquinone unit, Zn(H₂qp1) (Figure 33 and Figure 34), 

which displayed lower activity (Table 4). Additionally, the macrocyclic complex Zn(H₄qp4) (Figure 36), 

despite containing two hydroquinone moieties, showed no SOD activity (Table 4). Importantly, such 

catalytic performance of Zn(H4qp2) towards superoxide decomposition, as well as activity of all other 

studded complexes, was demonstrated by direct stopped-flow measurements.  

Interestingly, Zn(H4qp2) emerged as a superior SOD mimetic compared to its Mn(H4qp2) analogue, 

despite the redox-inert nature of the zinc center. Notably, its activity remained high even in phosphate 

buffer, which is not the case for manganese complexes, being of physiologically relevance. 

The full dependence of the catalytic cycle on the redox-active ligand system was confirmed through 

cryo mass spectrometry and low-temperature stopped-flow kinetic studies, which provided 

mechanistic insights. The detection of a semiquinone radical (SQ) during superoxide dismutation 

strongly supported the involvement of the ligand in the SOD catalytic cycle. The proposed mechanism 

(Figure 33) suggests that one hydroquinone unit undergoes redox cycling, while the other contributes 

to complex stability and modulates coordination dynamics. Through protonation/deprotonation and 

corresponding dechelation/chelation equilibria, the ligand tunes the number of accessible 

coordination sites while remaining a good chelator throughout the catalytic turnover, ultimately 

enabling efficient SOD activity. 
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Figure 33: Proposed catalytic mechanism for dismutation of superoxide by the Zn(H4qp2) complex. The 

assigned species are described as HQ1 for the protonated diquinol species, HQ2 for the 

deprotonated diquionol species, SQ for the semiquinone radical species, QH1 for the 

protonated mono-para-quinone (also referred to as quinhydrone) species and QH2 for the 

deprotonated quinhydrone species. 

In Publication 2, further mechanistic insights into the SOD catalysis by Zn(Hqp1) were gained through 

computational analysis. Our findings demonstrated that the SOD activity of Zn(Hqp1) is highly 

dependent on its ability to operate via an inner-sphere mechanism, which requires efficient superoxide 

binding to the metal center. For this mechanism to be effective, the coordination sphere geometry 

(influenced by the ligand’s chelating ability, conformational flexibility, and steric properties) must allow 
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superoxide to bind cis to the coordinated quinolate upon pyridine displacement (Figure 34) Density 

Functional Theory (DFT) calculations predicted that designing a ligand system that favors the 

meridional (mer) conformer (left molecule in Figure 34) inherently promotes cis binding of the 

superoxide anion upon pyridin ring opening, thereby enhancing superoxide affinity. This finding 

reinforces the critical role of ligand structural and chelating properties in SOD activity, consistent with 

our observations for Zn(H4qp2). Another key feature of the ligand system is the presence of a second 

nonmetal-bound -OH group on the hydroquinone moiety, whose deprotonation lowers its redox 

potential, facilitating its oxidation by the coordinated superoxide. This was further validated 

experimentally: an analogous complex, where the quinol unit was replaced with phenol (lacking the 

second -OH), was synthesized and found to be SOD-inactive. 

This study thus underscores the importance of a ligand design, where both steric control of the 

coordination sphere and tunable redox properties dictate the catalytic efficiency of Zn-based SOD 

mimetics. 

 

 

Figure 34: ZnII(Hqp1) complex forming the mer-conformer (left) that inevitably binds superoxide cis to the 

quinol moiety, resulting (based on theoretical calculations) in the intermediates with lower free 

energy. 

Publication 3 explores the potential of the nickel(II) center, a relatively underutilized metal in SOD 

mimetic design, in combination with H₂qp1 and H₄qp2 ligands to support SOD catalysis. Our study 

revealed that both Ni(H₂qp1) and Ni(H₄qp2) (Figure 35) function as potent SOD mimetics, with 

Ni(H₄qp2) emerging as the most efficient catalyst in the series, surpassing all corresponding transition 

metal complexes with the same ligand systems (Table 4). 

Like for the Zn analogue, cryo-spray mass spectrometry confirmed the participation of a semiquinone 

radical species, reinforcing the critical role of the ligand-based redox cycle in catalysis. Our 

investigations demonstrated that the catalytic cycle relies exclusively on ligand redox transformations, 

mer fac/trans fac/cis 
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while Ni(II) (despite its potential redox activity) functions analogously to Zn(II) as a superoxide binding 

center. It modulates both superoxide reactivity and hydroquinone redox properties through 

coordination and deprotonation of the -OH functionality, emphasizing the significance of an inner-

sphere electron transfer mechanism in redox catalysis. 

A key distinguishing feature of Ni(H4qp2) is its resistance to oxidative modifications by superoxide, 

ensuring greater complex stability under operando catalytic conditions. This stability likely contributes 

to its superior SOD activity compared to related complexes. We demonstrated this enhanced stability 

through time-resolved cryo-MS analysis of reaction mixtures and by measuring the catalytic rate 

constant of pre-reacted Ni(H4qp2) solutions after exposure to superoxide, confirming its sustained 

catalytic efficiency. 

 

 

Figure 35: Nickel complexes with ligand systems H2qp1 and H4qp2. 

 

2.2.1.2 Systems with macrocyclic ligand 

In Publication 4, we investigated the combined catalase- and SOD-mimicking properties of Mn, Zn, and 

Fe complexes featuring the redox-active macrocyclic ligand H₄qp4, which contains two hydroquinone 

groups (Figure 36). Interestingly, while all three complexes exhibit prominent catalase activity, ranking 

among the most active small-molecule catalase mimics reported to date, only the manganese complex 

demonstrated both catalase and SOD activity. 

However, the catalytic rate constant for superoxide decomposition by Mn(H₄qp4) is at least an order 

of magnitude lower than that of the corresponding acyclic ligand complexes, Mn(H₂qp1) and 

Mn(H₄qp2) (Table 4). This suggests that the more rigid and conformationally restricted macrocyclic 

ligand framework does not effectively support the SOD catalytic cycle of its metal complexes. 
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Despite this limitation, all three compounds proved to be highly efficient catalase mimetics. Notably, 

while the Mn and Fe complexes decompose hydrogen peroxide via high-valent oxo species, the Zn 

analogue appears to follow a ligand-centered redox mechanism, highlighting distinct mechanistic 

pathways for catalase activity among these complexes. 

 

 

Figure 36: Transition metal complexes based on the H4qp4 ligand system. 

2.2.3 Conclusion 

Our studies highlight the critical role of ligand design and flexibility in modulating the SOD and catalase 

activities of Zn, Ni, Mn, and Fe complexes. Acyclic ligands with redox-active hydroquinone 

functionalities and greater conformational flexibility facilitate efficient SOD activity via inner-sphere 

electron transfer through semiquinone intermediates, independent of metal redox properties. 

Notably, Ni(H₄qp2) exhibits exceptional oxidative stability, achieving SOD activity only one order of 

magnitude lower than native enzymes. 

In contrast, the rigid macrocyclic ligand restricts the conformational adaptability needed for the SOD 

catalytic cycle but enables outstanding catalase activity, placing these complexes among the most 

potent small-molecule catalase mimetics. The Mn and Fe complexes operate through high-valent oxo 

species, whereas the Zn analogue follows a ligand-centered redox mechanism for H₂O₂ decomposition. 

These findings provide a blueprint for the rational design of next-generation biomimetic antioxidants, 

emphasizing the crucial role of ligand flexibility in enabling and fine-tuning redox cycling of metal 

complexes. They also inspire further exploration of metal center interactions with diverse redox-active 

organic motifs from biological systems, paving the way for the development of potent bioinspired 

antioxidants. 
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2.2.4 Advancing High-Pressure Stopped-Flow Techniques for Mechanistic 

Investigations 

 

 

Figure 37: Picture of syringe components for high-pressure stopped-flow systems. Two-syringe-mixing 

system and the new developed three-syringe-mixing system are shown in the left picture. On 

the right: a schematic construction plan of the operating principle of the three-syringe-mixing 

system with S1 and S2 undergoing a pre-mixing. 

Building on the principles of stopped-flow instrumentation, significant advancements have been made 

over time to enable experiments at lower temperatures. This innovation has been important for 

detecting labile reaction intermediates, thereby providing deeper insights into reaction mechanisms 

and elucidating reaction pathways. The findings presented in this thesis further highlight the 

importance of low-temperature kinetic studies, particularly in the context of SOD catalytic 

mechanisms, reinforcing their relevance in the broader field of reaction kinetics and catalysis. 

To achieve an even deeper mechanistic understanding of catalytic processes, applying high-pressure 

conditions while measuring kinetic rate constants is a powerful yet underutilized approach. Despite its 

potential to reveal crucial mechanistic details, the application of high-pressure stopped-flow 

techniques remains rare in the literature. Until now, scientific studies employing this method have 

been limited to two-syringe-mixing systems (Figure 37, left), which allow for the combination of only 

two solutions during kinetic investigations.238-241 

To overcome this limitation, this work presents the development of an innovative three-syringe-mixing 

high-pressure stopped-flow system, designed to enable the mixing of three solutions while maintaining 

the same experimental parameters as previous setups. The schematic overview (Figure 37, right) 

illustrates the novel design, where solutions flow within a closed system, with S4 collecting waste after 

data acquisition. A key innovation of this setup is its ability to premix solutions in S2 and S3, effectively 

mimicking the functionality of a delay line found in commercial stopped-flow instruments. This feature 

S3 S1 
S2 
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allows the controlled premixing of two reactants with a defined delay before introducing a third 

compound, significantly enhancing the flexibility of kinetic studies. 

This advancement enables, for example, the rapid formation of a high-valent iron-oxo species by 

combining a precursor iron complex with an oxidizing agent. The active species can then be mixed with 

a substrate molecule under high-pressure conditions to determine the catalytic substrate 

transformation rate at variable pressures. The efficient operation of this construct and its capability to 

deliver unique results have been demonstrated in preliminary experiments, where the kinetics of 

hydrogen atom abstraction (HAA) from xanthene by Fe(V)-oxo species, generated in situ by premixing 

[Fe(bTAML)] with m-CPBA, were studied at variable pressure (see 5. Supporting Information). This 

investigation resulted in the determination of the volume of activation for HAA, a crucial kinetic 

parameter for distinguishing between HAA and concerted proton-coupled electron transfer (PCET), 

which had remained unexplored in the literature due to experimental inaccessibility. These findings 

underscore the significance of this methodological advancement. Furthermore, this setup allows not 

only pressure-variable kinetic measurements but also real-time spectroscopic monitoring of reaction 

progress, providing a more detailed characterization of evolving intermediates throughout the 

reaction course. 

In conclusion, this novel high-pressure stopped-flow system represents the first in the literature to 

facilitate the mixing of three different solutions under simultaneous low-temperature and high-

pressure conditions, combined with rapid-scan detection. By overcoming previous technical 

constraints, this innovation significantly broadens the scope of kinetic investigations, particularly in 

catalytic processes where short-lived reactive species must be generated in situ from pre-catalysts. 

This methodological breakthrough is expected to open new research avenues in deciphering complex 

(bio)inorganic reaction mechanisms and advancing the field of reaction kinetics and catalysis. 
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3 Zusammenfassung 
3.1 Ziel der Arbeit 

Die Unterdrückung gesundheitsschädlicher Effekte, die durch die Überproduktion reaktiver 

Sauerstoffspezies (ROS) hervorgerufen werden, ist ein entscheidender Faktor bei der Prävention und 

Behandlung verschiedener neurodegenerativer und kardiovaskulärer Erkrankungen. Diese Arbeit 

konzentriert sich auf das Design, die Synthese und die Charakterisierung bioaktiver 

Übergangsmetallkomplexe mit antioxidativen Eigenschaften, insbesondere auf Superoxid-Dismutase-

Mimetika (SODm). Über die in der Literatur weit verbreiteten konventionellen Ligandensysteme hinaus 

wurden neuartige redoxaktive organische Funktionalitäten untersucht, die von biologischen Systemen 

inspiriert sind, insbesondere Hydrochinone. Dieser Ansatz führte nicht nur zur Einführung azyklischer 

und makrocyclischer Liganden, sondern ermöglichte auch eine strategische Erhöhung der Anzahl 

redoxaktiver Gruppen durch die Integration einer zweiten Hydrochinon-Einheit. Darüber hinaus wurde 

das Potenzial verschiedener Metallzentren, darunter Mn, Fe, Zn und Ni, untersucht, die auch in 

natürlichen SOD-Enzymen vorkommen. Ziel war es, eine synergetische antioxidative Aktivität in 

Kombination mit diesen redoxaktiven Liganden zu erzielen. 

Ein zentrales Ziel dieser Arbeit bestand darin, die mechanistischen Feinheiten dieser SOD-Mimetika 

aufzuklären und zu untersuchen, ob sich das Zusammenspiel zwischen Ligand und Metallzentrum 

gezielt optimieren lässt, um die katalytische Effizienz zu maximieren, während gleichzeitig die Stabilität 

des Komplexes unter katalytischen Bedingungen gewährleistet bleibt. Eine der größten 

Herausforderungen bei der Entwicklung effizienter SOD-Mimetika liegt in der Aufklärung 

mechanistischer Details, insbesondere durch die Charakterisierung von Reaktionsintermediaten 

entlang des katalytischen Zyklus. Da der katalytische Prozess mit außergewöhnlich hohen 

Geschwindigkeitskonstanten abläuft, die 10⁸ M⁻¹s⁻¹ übersteigen, sind herkömmliche indirekte 

Methoden nicht in der Lage, zuverlässige kinetische Daten zu liefern. Daher bestand ein zentraler Fokus 

dieser Studie in der Anwendung einer direkten Stopped-Flow-Technik, um katalytische 

Geschwindigkeitskonstanten der Superoxiddismutation präzise zu bestimmen und damit zuverlässige 

Werte für die SOD-Aktivität zu erhalten. 

Durch die Kombination von (Kryo)-Stopped-Flow-Spektroskopie mit Kryo-Spray-Massenspektrometrie 

wurde zudem angestrebt, transiente katalytische Intermediate zu identifizieren und eine umfassende 

mechanistische Beschreibung dieser Systeme zu erstellen. 

Diese Arbeit liefert nicht nur grundlegende Einblicke in die Rolle von Metall-Ligand-Wechselwirkungen 

bei der Steuerung der Redoxaktivität, sondern zeigt auch das Potenzial einer neuen Klasse 

biomimetischer Antioxidantien, die auf redoxaktiven Ligandensystemen basieren. Der einzigartige 

methodische Ansatz hat neuartige mechanistische Erkenntnisse hervorgebracht und eröffnet neue 

Perspektiven für zukünftige Untersuchungen mit weiteren biologisch inspirierten redoxaktiven 
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organischen Einheiten. Letztlich tragen diese Ergebnisse zur gezielten Entwicklung nächster 

Generationen von SOD-Mimetika mit optimierter katalytischer Leistung, Stabilität und 

therapeutischem Potenzial bei. 

Ein weiteres zentrales Ziel dieser Arbeit war die Weiterentwicklung kinetischer Untersuchungen 

bioanorganischer Reaktionsmechanismen durch die Entwicklung eines Hochdruck-Stopped-Flow-

Systems, das nicht nur bei niedrigen Temperaturen betrieben werden kann, sondern auch das Mischen 

dreier Lösungen unter Hochdruckbedingungen ermöglicht, anstelle der konventionellen Zwei-Spritzen-

Techniken. In Kombination mit einer zeitaufgelösten UV/Vis-Detektion konnte dieses System eine 

detailliertere Untersuchung komplexer Reaktionen ermöglichen, indem Aktivierungsvolumina als 

entscheidender kinetischer Parameter zur Charakterisierung von Übergangszuständen bestimmt 

wurden, was wiederum tiefere Einblicke in die Reaktionsmechanismen lieferte. 

 

3.2 Zusammenfassung der Ergebnisse 

Umfassende kinetische und mechanistische Untersuchungen wurden an Zn-, Ni-, Mn- und Fe-

Komplexen durchgeführt, die entweder azyklische oder makrocyclische redoxaktive Liganden mit einer 

oder zwei Hydrochinon-Gruppen enthalten. Die resultierenden SOD-Aktivitäten sind in TabelleTable 4 

zusammengefasst. Unsere Untersuchungen identifizierten entscheidende Faktoren, die die 

katalytische Leistung dieser Komplexe beeinflussen, und lieferten wertvolle experimentelle 

Erkenntnisse für das gezielte Design von SOD-Mimetika auf Basis redox-noninnocenter 

Ligandensysteme. 

In Publikation 1 dieser Arbeit wurden die Synthese sowie die Tieftemperatur und zeitaufgelöste 

Stopped-Flow-UV/Vis-Analyse und kryo Massenspektrometrie (MS) des neuartigen Zn(H₄qp2)-

Komplexes (Abbildung 33) untersucht, welcher auf dem azyklischen H₄qp2-Liganden mit zwei 

Hydrochinon-Einheiten basiert. Die zweite Generation dieses Komplexes, welches das redox-inerte 

Zink(II) enthält, zeigte im Vergleich zum Zn-Komplex mit nur einer Hydrochinon-Einheit, Zn(H₂qp1) 

(Abbildungen 33 und 34), eine signifikant höhere SOD-Aktivität (Tabelle 4). Im Gegensatz dazu wies 

der makrocyclische Komplex Zn(H₄qp4) (Abbildung 36) , trotz zweier Hydrochinon-Gruppen, keinerlei 

SOD-Aktivität auf (Tabelle 4). Die katalytische Aktivität von Zn(H₄qp2) in der Superoxiddismutation 

sowie die Aktivität aller untersuchten Komplexe wurden durch direkte Stopped-Flow-Messungen 

nachgewiesen. 

Bemerkenswert ist, dass Zn(H₄qp2) eine überlegene SOD-Mimetik im Vergleich zu seinem Mn(H₄qp2)-

Analog darstellt, obwohl das Zinkzentrum redox-inert ist. Zudem bleibt die Aktivität selbst in 

Phosphatpuffer hoch, während dies für Mangan-Komplexe nich zutrifft, was physiologisch äußerst 

relevant ist. 
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Die Abhängigkeit des katalytischen Zyklus von dem redoxaktiven Ligandensystem wurde durch kryo 

Massenspektrometrie und Tieftemperatur Stopped-Flow Experimente bestätigt, die mechanistische 

Einblicke lieferten. Der Nachweis eines Semichinon-Radikals (SQ) während der Superoxiddismutation 

unterstützt maßgeblich die Beteiligung des Liganden am SOD-Katalysezyklus. Der vorgeschlagene 

Mechanismus (Abbildung 33) legt nahe, dass eine der Hydrochinon-Einheiten einem Redox-Zyklus 

unterliegt, während die andere zur Stabilität des Komplexes beiträgt und die Koordination sichert. 

Durch Protonierung/Deprotonierung sowie korrespondierende Dechelatisierungs-/Chelatisierungs-

Gleichgewichte reguliert der Ligand die Anzahl der zugänglichen Koordinationsstellen, bleibt jedoch 

während des gesamten katalytischen Zyklus ein effektiver Chelator, was letztlich eine effiziente SOD-

Aktivität ermöglicht. 

In Publikation 2 wurden weitergehende mechanistische Einblicke in die SOD-Katalyse von Zn(Hqp1) 

durch computergestützte Analysen gewonnen. Unsere Ergebnisse zeigen, dass die SOD-Aktivität von 

Zn(Hqp1) stark von seiner Fähigkeit abhängt, über einen “inner-sphere-Mechanismus“ zu arbeiten, der 

eine effiziente Superoxid-Bindung an das Metallzentrum erfordert. Damit dieser Mechanismus 

funktioniert, muss die Geometrie der Koordinationssphäre, beeinflusst durch die Chelatfähigkeit, 

konformationelle Flexibilität und sterische Eigenschaften des Liganden es ermöglichen, dass Superoxid 

cis zur koordinierten Chinolat-Einheit bindet, nachdem eine Pyridin-Dissoziation erfolgt ist (Abbildung 

Figure 34). 

Berechnung mithilfe der Dichtefunktionaltheorie (DFT) prognostizierten, dass das Design eines 

Ligandensystems, das den meridionalen (mer) Konformer begünstigt (linke Molekülstruktur in 

Abbildung 34), eine cis-Bindung des Superoxid-Anions erleichtert und somit dessen Affinität steigert. 

Diese Erkenntnis unterstreicht die entscheidende Rolle der strukturellen und chelatisierenden 

Eigenschaften des Liganden für die SOD-Aktivität, im Einklang mit unseren Beobachtungen für 

Zn(H₄qp2). Eine weitere zentrale Eigenschaft des Ligandensystems ist die zweite, nicht 

metallgebundene -OH-Gruppe der Hydrochinon-Einheit, deren Deprotonierung das Redoxpotenzial 

senkt und somit ihre Oxidation durch koordiniertes Superoxid erleichtert. Dies wurde experimentell 

bestätigt: Ein analoger Komplex, in dem die Chinol-Einheit durch eine Phenol-Gruppe  (ohne die 

zweite -OH-Funktion) ersetzt wurde, erwies sich als SOD-inaktiv. 

Diese Untersuchung hebt die Bedeutung eines Ligandendesigns hervor, bei dem sowohl die sterische 

Kontrolle der Koordinationssphäre als auch die einstellbaren Redox-Eigenschaften die katalytische 

Effizienz von Zn-basierten SOD-Mimetika bestimmen. 

In Publikation 3 wurde das Potenzial von Nickel(II) als bislang wenig untersuchtes Metallzentrum für 

SOD-Mimetika in Kombination mit den H₂qp1- und H₄qp2-Liganden untersucht. Unsere Studie zeigte, 

dass sowohl Ni(H₂qp1) als auch Ni(H₄qp2) (Abbildung 35) als leistungsstarke SOD-Mimetika fungieren, 

wobei Ni(H₄qp2) der effizienteste Katalysator der Serie ist und alle entsprechenden 

Übergangsmetallkomplexe mit denselben Ligandensystemen übertrifft (Tabelle 4). 
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Wie bei den Zink-Analogen bestätigte die kryo-spray-Massenspektrometrie die Beteiligung eines 

Semichinon-Radikals, wodurch die zentrale Rolle des ligandbasierten Redox-Zyklus in der Katalyse 

untermauert wurde. Die Untersuchungen zeigten, dass der katalytische Zyklus ausschließlich auf 

Ligand-Redox-Transformationen basiert, während Ni(II), trotz seiner potenziellen Redox-Aktivität, 

analog zu Zn(II) als Superoxid-Bindungszentrum fungiert. 

Eine Schlüsselfunktion von Ni(H₄qp2) ist seine hohe oxidative Stabilität gegenüber Superoxid, was eine 

größere Komplexstabilität unter operando-katalytischen Bedingungen gewährleistet. Diese Stabilität 

trägt maßgeblich zu seiner überlegenen SOD-Aktivität bei. 

In Publikation 4 wurden die kombinierten Katalase- und SOD-mimetischen Eigenschaften von Mn-, Zn- 

und Fe-Komplexen mit dem makrocyclischen, redoxaktiven H₄qp4-Liganden untersucht (Abbildung 

36). Während alle drei Komplexe eine herausragende Katalase-Aktivität zeigten, erwies sich nur der 

Mn-Komplex als dual-aktiv. Dennoch war seine katalytische Konstante für Superoxiddismutation 

mindestens eine Größenordnung niedriger als die der entsprechenden azyklischen Ligandenkomplexe 

Mn(H₂qp1) und Mn(H₄qp2) (Tabelle 4), was auf eine limitierende sterische Hinderung des 

makrocyclischen Liganden zurückzuführen ist. 

 

3.3 Fazit 

Unsere Studien unterstreichen die entscheidende Rolle des Ligandendesigns und der Flexibilität bei 

der Modulation der SOD- und Katalase-Aktivitäten von Zn-, Ni-, Mn- und Fe-Komplexen. Azyklische 

Liganden mit redoxaktiven Hydrochinon-Funktionalitäten und hoher konformationeller Flexibilität 

ermöglichen eine effiziente SOD-Aktivität durch inner-sphere-Elektronentransfer über Semichinon-

Intermediate, unabhängig von den Redoxeigenschaften des Metallzentrums. Bemerkenswerterweise 

weist Ni(H₄qp2) eine außergewöhnliche oxidative Stabilität auf und erreicht eine SOD-Aktivität, die 

lediglich eine Größenordnung niedriger als die nativer Enzyme liegt. 

Im Gegensatz dazu beschränkt der sterisch gehinderte, makrocyclische Ligand die notwendige 

Anpassungsfähigkeit für den SOD-Katalysezyklus, ermöglicht jedoch eine hervorragende Katalase-

Aktivität. Dadurch zählen diese Komplexe zu den leistungsstärksten niedermolekularen Katalase-

Mimetika. Während die Mn- und Fe-Komplexe über hochvalente Oxo-Spezies agieren, folgt das Zn-

Analogon einem ligandenzentrierten Redoxmechanismus für die H₂O₂-Zersetzung. 

Diese Erkenntnisse liefern eine strategische Grundlage für das Design der nächsten Generation 

biomimetischer Antioxidantien und betonen die zentrale Bedeutung der Ligandenflexibilität, um das 

Redox-Cycling von Metallkomplexen zu ermöglichen und gezielt zu steuern. Darüber hinaus regen sie 

zur weiteren Erforschung von Wechselwirkungen zwischen Metallzentren und vielfältigen 

redoxaktiven organischen Motiven biologischer Systeme an und ebnen damit den Weg für die 

Entwicklung leistungsstarker bioinspirierter Antioxidantien. 
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3.4 Weiterentwicklungen der Hochdruck-Stopped-Flow Technik für 
mechanistische Untersuchungen 

Aufbauend auf den Prinzipien der Stopped-Flow-Technik wurden im Laufe der Zeit erhebliche 

Fortschritte erzielt, die Experimente bei sehr niedrigen Temperaturen ermöglichen. Diese Innovation 

ist von besonderer Bedeutung für die Detektion labiler Reaktionsintermediate, wodurch tiefere 

Einblicke in Reaktionsmechanismen gewonnen und Reaktionswege aufgeklärt werden können. Die in 

dieser Arbeit vorgestellten Ergebnisse unterstreichen die Relevanz tieftemperaturgestützter 

kinetischer Studien, insbesondere im Kontext von SOD-Katalysemechanismen, und verdeutlichen ihre 

Bedeutung für das breitere Forschungsfeld der Reaktionskinetik und Katalyse. 

Um ein noch detaillierteres mechanistisches Verständnis katalytischer Prozesse zu gewinnen, stellt die 

Anwendung von Hochdruckbedingungen bei der Messung kinetischer Geschwindigkeitskonstanten 

eine leistungsstarke, jedoch bisher selten genutzte Methode dar. Trotz ihres Potenzials, entscheidende 

mechanistische Erkenntnisse zu liefern, bleibt der Einsatz von Hochdruck-Stopped-Flow-Techniken in 

der wissenschaftlichen Literatur bislang eine Seltenheit. Bisherige Studien, die diese Methode nutzen, 

waren auf Zwei-Spritzen-Mischsysteme beschränkt (Abbildung 37, links), die lediglich die Kombination 

zweier Lösungen während kinetischer Untersuchungen ermöglichen.²³⁸⁻²⁴¹ 

Um diese Einschränkung zu überwinden, wird in dieser Arbeit die Entwicklung eines innovativen Drei-

Spritzen-Hochdruck-Stopped-Flow-Systems vorgestellt, das die Mischung dreier Lösungen erlaubt, 

während die experimentellen Parameter der bisherigen Systeme erhalten bleiben. Die schematische 

Darstellung (Abbildung 37, rechts) veranschaulicht das neuartige Design, bei dem die Lösungen in 

einem geschlossenen System fließen und S4 das Abfallprodukt nach der Datenerfassung sammelt. Eine 

Schlüsselinnovation dieses Aufbaus ist die Möglichkeit, die Lösungen in S2 und S3 vorzumischen, 

wodurch die Funktion einer „delay line“ (Verzögerung) nachgeahmt wird, wie sie in kommerziellen 

Stopped-Flow-Instrumenten eingesetzt wird. Dies erlaubt eine kontrollierte Vormischung zweier 

Reaktanden mit einer definierten Verzögerung, bevor eine dritte Verbindung hinzugefügt wird, was 

die Flexibilität kinetischer Studien erheblich erweitert. 

Diese Weiterentwicklung ermöglicht es beispielsweise, eine hochvalente Eisen-Oxo-Spezies schnell zu 

erzeugen, indem eine Vorstufe des jeweiligen Eisen-oxo-Komplex mit einem Oxidationsmittel 

kombiniert wird. Die gebildete aktive Spezies kann anschließend unter Hochdruckbedingungen mit 

einem Substratmolekül umgesetzt werden, um die katalytische Umwandlungsrate unter variablen 

Druckbedingungen zu bestimmen. Die Effizienz dieses Systems sowie seine Fähigkeit, neue 

experimentelle Erkenntnisse zu liefern, wurden in ersten Untersuchungen nachgewiesen. Dabei wurde 

die Kinetik der Wasserstoff-Transfer-Reaktion (HAA) von Xanthen durch eine Fe(V)-Oxo-Spezies, die in 

situ durch Vormischen von [Fe(bTAML)] mit m-CPBA erzeugt wurde, unter variablen 

Druckbedingungen untersucht (siehe 5. Supporting Information). Diese Studie führte zur Bestimmung 

des Aktivierungsvolumens für HAA, eines entscheidenden kinetischen Parameters zur Unterscheidung 
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zwischen HAA-Mechanismen und konzertierten protonengekoppelten Elektronentransfer-Reaktionen 

(PCET). Da diese Messungen aufgrund experimenteller Einschränkungen bislang nicht zugänglich 

waren, stellt dieses Ergebnis einen bedeutenden Fortschritt dar. Darüber hinaus ermöglicht das 

entwickelte System nicht nur druckvariable kinetische Messungen, sondern auch spektroskopische 

Überwachung des Reaktionsverlaufs in Echtzeit. Dies erlaubt eine detailliertere Charakterisierung der 

entstehenden Intermediate während der gesamten Reaktion. 

Zusammenfassend stellt dieses neuartige Hochdruck-Stopped-Flow-System das erste in der Literatur 

dokumentierte System dar, das die Mischung dreier unterschiedlicher Lösungen unter gleichzeitigen 

Niedrigtemperatur- und Hochdruckbedingungen ermöglicht und mit schneller spektraler Detektion 

kombiniert ist. Durch die Überwindung vorheriger technischer Einschränkungen erweitert diese 

Innovation das Spektrum kinetischer Untersuchungen erheblich, insbesondere bei katalytischen 

Prozessen, in denen kurzlebige reaktive Spezies in situ aus Vorstufen erzeugt werden müssen. Dieser 

methodische Durchbruch eröffnet neue Forschungsansätze zur Aufklärung komplexer 

(bio)anorganischer Reaktionsmechanismen und trägt zur Weiterentwicklung der Reaktionskinetik und 

Katalyse bei. 
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4 Peer-Reviewed Publications 
Publication 1: Diquinol Functionality Boosts the Superoxide Dismutase Mimicry of a Zn(II) Complex 

with a Redox-Active Ligand while Maintaining Catalyst Stability and Enhanced Activity in Phosphate 

Solution 

J.L. Moore, J. Oppelt, L. Senft, A. Franke, A. Scheitler, M. W. Dukes, H. B. Alix, A. C. Saunders, S. 

Karbalaei, D. D. Schwartz, I. Ivanović-Burmazović and C. R. Goldsmith 

Inorganic Chemistry, 2022, 61, 19983-19997. 

Summary: In this publication the use of a redox-active organic ligand that becomes activated by 

coordinating a redox innocent metal center was demonstrated in a collaboration between Goldsmith 

and Ivanović-Burmazović groups. The synthesis of the acyclic hexadentate H4qp2 and pentadentate 

H2qp3 ligands and following the metal incorporation was performed by Jamonica L. Moore, resulting 

in a novel second-generation SOD active Zn(II) complex. With two quinol arms in its ligand framework, 

Zn(H4qp2) has been shown to efficiently catalyze superoxide dismutation, whereas the closely related 

Zn(H3qp2), which contains only one quinol group and one fewer donor atom than H₄qp2, exhibited no 

activity toward the superoxide anion radical. Further experimental studies monitoring reaction of 

superoxide with the complex via cryo spray mass spectrometry and low-temperature stopped-flow to 

resolve the catalytic mechanism indicate the presence of a semiquinone radical. The characterized 

intermediates are integrated into the postulated mechanism, highlighting the crucial role of the redox-

active ligand system and its coordination dynamics in enable superoxide dismutation. 

Contribution: Kinetic studies were performed by JO using stopped-flow technique to observe time-

resolved decay of the superoxide anion radical in presence of the Zn(H4qp2) complex. The resulting kcat 

values, along with data from cryo-spray mass spectrometry and low-temperature stopped-flow 

experiments, were analyzed, interpreted, and integrated into the proposed overall mechanism by JO, 

under the mentorship of IIB. The observed involvement of a semiquinone radical species strongly 

supported a metal centered redox mechanism that together with coordination variability of the H4qp2 

ligand explains the catalytic performance of [Zn(H4qp2)](OTf)2. JO shares first authorship with Jamonica 

L. Moore on this publication. 
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Publication 2: Computational Analysis of the Superoxide Dismutase Mimicry Exhibited by a Zinc(II) 

Complex with a Redox-Active Organic Ligand 

E. Miliordos, J. L. Moore, S. V. Obisesan, J. Oppelt, I. Ivanović-Burmazović and C. R. Goldsmith 

Journal of Physical Chemistry A, 2024, 128, 1491-1500. 

Summary: Further studies on quinol-containing zinc-based complexes to understand the mechanism 

during SOD catalysis led to computational analysis of potential intermediates. The crucial role of the 

coordinated quinol residue and its respective coordination modes was presented using DFT 

calculations. Complete loss of SOD-activity for the [Zn(Hpp1)](OTf)2 complex ([N-(2-Hydroxybenzyl)-

N,N’,N’-tris(2-pyridinylmethyl)-1,2-ethanediamine]zinc(II) Triflate), where one quinol was substituted 

by phenol, was proposed by the calculations.  

Contribution: The postulated inactivity of [Zn(Hpp1)](OTf)2 against the superoxide anion radical was 

demonstrated by JO using the stopped-flow technique by directly monitoring the decay of superoxide 

in buffered solutions. These experiments were crucial to support theoretical findings and provided 

deeper insight into the mechanism of this class of SOD mimetics, based on ligand redox, coordination 

and protolytic properties. 
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Publication 3: Nickel(II) Complexes with Covalently Attached Quinols Rely on Ligand-Derived Redox 

Couples to Catalyze Superoxide Dismutation 

R. Boothe, J. Oppelt, A. Franke, J. L. Moore, A. Squarcina, A. Zahl, L. Senft, I. Kellner, A. L. Awalah, A. 

Bradford, S. V. Obisesan, D. D. Schwartz, I. Ivanović-Burmazović, and C. R. Goldsmith 

Dalton Trans., 2025, Advance Article. 

Summary: The field of nickel containing superoxide dismutase mimetics is relatively new and consists 

mainly of peptide-based molecules. Based on the ligand design that considers redox active organic 

functionalities, two Ni(II)complexes, Ni(H4qp2) and Ni(H2qp1) were synthesized by Robert Boothe in 

the group of Goldsmith. Both complexes are potent SOD mimetics, with Ni(H4qp2) exhibiting 

exceptional performance in the degradation of the superoxide anion radical, achieving  a kcat value of 

1.28x108 M-1 s-1 in MOPS buffered solutions at pH 7.4. Data from cryo-spray mass spectrometry suggest 

that Ni(H4qp2) demonstrates remarkable stability against oxidative modification and decomposition, 

which may explain its superior SOD activity compared to analogues containing other metal centers. 

Contribution: JO played a key role in identifying the antioxidative properties of both nickel complexes 

using the stopped-flow technique at physiological pH. JO demonstrated a seven-fold higher SOD 

activity for the H4qp2 complex compared to its H₂qp1 analogue at pH 7.4. JO also conducted low-

temperature UV/Vis experiments to determine intermediates during the reaction with superoxide and 

provided critical interpretation of the data acquired from cryo-spray MS for the same purpose. 

Additionally, JO contributed significantly to testing and documenting the operando stability of 

Ni(H4qp2) and its Zn analogue using time-resolved UV/Vis, revealing greater resistance to oxidative 

degradation for the nickel complex. These were unique measurements on any Ni based SODm, being 

key to advancing our understanding of nickel SOD mimetics. JO shares first authorship with Robert 

Boothe on this publication, with JO's contributions being central to the experimental design, data 

analysis, and mechanistic insights presented. 
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Publication 4: A macrocyclic quinol-containing ligand enables high catalase activity even with a redox-

inactive metal at the expense of the ability to mimic superoxide dismutase 

S. Karbalaei, A. Franke, J. Oppelt, T. Aziz, A. Jordan, P. R. Pokkuluri, D. D. Schwartz,             

I. Ivanović-Burmazović and C. R. Goldsmith 

Chemical Science, 2023, 14, 9910. 

Summary: A series of transition metal complexes with the macrocyclic 1,8-Bis(2,5-dihydroxybenzyl)-

1,4,8,11-tetraazacyclotetradecane (H4qp4) ligand were synthesized by the Goldsmith group with 

manganese, iron and zinc as metal center, respectively. The macrocyclic [Fe(H3qp4)]OTf, 

[Mn(H3qp4)]OTf and [Zn(H3qp4)]OTf complexes were investigated for their catalase mimicking 

characteristics, showing equal activity of all three complexes towards hydrogen peroxide. However, 

the redox-inactive Zn2+ seems to rely on a ligand-based mechanism, whereas Mn and Fe complexes 

operate through metal centered redox cycling involving high-valent metal species. Additionally, SOD 

activity was tested using indirect assays, as well as more reliable direct stopped-flow methods.  

Contribution: JO performed stopped-flow experiments and determined the corresponding catalytic 

rate constants for every complex in phosphate (pH 7.4) and MOPS buffer (pH 7.4 and 7.8). Opposing 

to the results from the indirect hypoxanthine/xanthine oxidase/lucigenin assay, only the manganese 

complex showed catalytic activity towards superoxide. JO incorporated the kcat values for the 

corresponding complex of 6.0 x 106 M-1 s-1 (MOPS, pH 7.4), 4.5 x 106 M-1 s-1 (MOPS pH 7.8) and 

2.9 x 106 M-1 s-1 (Phosphate, pH 7.4) into the overall mechanism. 
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5 Supporting Information to Chapter 2.2.2 
The first reaction system tested with the new high-pressure stopped-flow system was the well-

documented iron complex with the biuret tetramido macrocyclic ligand (bTAML) system. Fe(bTAML), 

is known to stabilize a high valent Fe(V)-oxo species at room temperature and react with organic 

substrates.242,243 Consequently, both the reaction of the Fe(III) precursor complex with meta-

chloroperoxybenzoic acid (m-CPBA) as well as the oxidation of substrates were monitored using high-

pressure stopped-flow technique. While the primary objective of the high-pressure studies was to 

investigate C-H activation within the bTAML system, we first examined the formation of the Fe(V)-oxo 

species (a in Figure 38) to gain further mechanistic insights and assess its stability under high-pressure 

conditions. The subsequent spontaneous comproportionation between Fe(V) and excess Fe(III) in 

solution leads to formation of an Fe(IV)-O-Fe(IV) species. (b in Figure 38). This reaction occurs even in 

the absence of a substrate and was successfully monitored in high-pressure experiments using a two-

syringe system. 

For all studies, identical experimental conditions were applied. The Fe(bTAML) concentration was set 

at 0.1 mM, and two equivalents of m-CPBA were used to generate the high-valent Fe(V)-oxo species. 

Substrate concentrations of xanthene ranged between 10 mM and 23.6 mM. Acetonitrile was used as 

the solvent, and all measurements were performed at 25 °C. The applied pressure started at 250 atm 

and was increased in 250 atm increments up to a maximum of 1750 atm. After each pressure increase, 

a waiting period of 10 minutes ensured that the system had equilibrated before measurement. 

Additionally, a small volume of solution was flushed through the cuvette to eliminate residual 

reactants. To rule out irreversible pressure-induced degradation, the pressure was reduced again after 

reaching the maximum value to verify the reversibility of pressure-dependent effects. 

Figure 39 presents the first results from high-pressures studies of the bTAML system, displaying kinetic 

curves for both Fe(V) formation and decomposition. The calculated activation volumes (ΔV#) for both 

processes differ significantly from each other (b and d in Figure 39). The positive ΔV# for the generation 

of Fe(V) suggests that the O-O bond cleavage is the rate-determining step, whereas the negative ΔV# 

for comproportionation reflects its nature as an addition reaction. 

Even more intriguing is the application of the newly developed three-syringe mixing system for 

reactions with organic substrates such as xanthene. Figure 40 illustrates the proposed reaction 

mechanism, in which the rate-determining step involving hydrogen atom abstraction (HAA), ultimately 

yielding the corresponding alcohol species.243 Due to the relatively short lifetime of the Fe(V)-oxo 

species, it must be generated in situ. The three-syringe mixing system enabled us to monitor the 

reaction of Fe(V)bTAML with xanthene at two different concentrations. The results, including kinetic 

curves at 330 nm and calculation of activation volumes, are depicted in Figure 41.  
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The hydrogen atom abstraction (HAA) process from the substrate by the Fe(V) species exhibits a 

significantly negative ΔV#, a kinetic parameter that has never previously been determined for this 

important class of Fe(V)-oxo-mediated reactions. This finding provides strong evidence that the 

transition state of these reactions involves aggregation and precise spatial alignment of the hydrogen 

donor and hydrogen abstractor, thereby facilitating efficient hydrogen transfer. Notably, this result is 

of particular importance, as it clearly differentiates HAA from concerted proton-coupled electron 

transfer (PCET), which is characterized by a ΔV# of zero. These findings establish a fundamental basis 

for a deeper understanding of chemical processes and reaction mechanisms related to redox 

transformations and catalysis, paving the way for new mechanistic investigations and advancing core 

concepts in chemical reactivity. 
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Figure 38: The investigated Fe(bTAML) complex. a) Displays the formation of the high valent Fe(V)-oxo 

species by reaction of Fe(III)bTAML with m-CPBA. In b) the fast comproportionating reaction of 

the Fe(V)-oxo species with unreacted precursor complex, which results in a Fe(IV) dimer is 

shown.243 
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Figure 39: High Pressure Stopped Flow studies of the reaction of Fe(bTAML) and m-CPBA. a) Shows the 

kinetic traces at 445 nm followed to investigate the formation of the Fe(V)-oxo species. In c) 

the linear dependence resulting in the activation volume (ΔV#) for the Fe(V)-oxo formation 

process. Analogous in b) the kinetic traces at 330 nm followed the Fe(V) decomposition and d) 

shows the activation volume for this reaction 
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Figure 40: Proposed mechanism for FebTAML with organic substrates.243 
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Figure 41: High Pressure Stopped Flow studies of the reaction of Fe(bTAML) and xanthene at different 

concentrations. a) Shows the kinetic traces at 330 nm followed to investigate the 

decomposition of the Fe(V)-oxo species while reacting with 10mM xanthene. In c) the linear 

dependence resulting in the activation volume (ΔV#) for the reaction of Fe(V)-oxo with 10mM 

xanthene. Analogous in b) the kinetic traces at 330 nm followed the Fe(V) decomposition with 

23.6mM and d) shows the activation volume for the reaction with corresponding 

concentrations. 
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