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ABSTRACT 

 

Iron enzymes are ubiquitous in nature and perform a high number of different important 

biochemical transformations. Ten-eleven translocation 5-methylcytosine dioxygenase 

(TET) belongs to the family of iron(II)/α-ketoglutarate-dependent enzymes and is involved 

in the process of removing the methyl group from the epigenetic marker 5-methylcytosine. 

This is accomplished by successively oxidizing the methyl group obtaining the respective 

species 5-hydoxymethylcytosine, 5-formylcytosine and 5-carboxycytosine which is 

subsequently removed via base excision repair. The active species in this enzymatic catalysis 

is believed to consist of an in situ generated iron(IV)-oxido moiety that abstracts a hydrogen 

atom from the substrate. The resulting iron(III)-hydroxido species recombines with the 

carbon-centered radical to form the hydroxylated product. 

Previous results from our group showed that the synthetic iron(IV)-oxido complex 

[FeIVL1(O)]2+ was able to also oxidize 5-methylcytosine to its natural metabolites. This was 

tested on the nucleobase, deoxyribonucleoside and short oligonucleotide. 

In this work, the ability of [FeIVL1(O)]2+ to act as functional model for TET enzymes was 

further established. The conversion of the ribonucleoside 5-methylribocytidine to its 

natural metabolites was demonstrated (section III.1.1) and the reactivity of 5-

methylcytosine-containing oligonucleotides extended (section III.1.2). Compared to the 

former studies, the overall oxidation of 5-methylcytidine in oligonucleotides was increased 

and depending on the reaction conditions, selective accumulation of 5-

formyldeoxycytidine was achieved. First reactions between 5-methylcytosine-containing 

single-stranded DNA and [FeIVL1(O)]2+ showed small conversion (section III.1.3). 

In a cooperation with the group of Prof. Zipse, the reactivity of various natural and artificial 

methylated nucleobases with [FeIVL1(O)]2+ was investigated (section III.2). The 

experimentally determined reaction rates could be correlated to the calculated bond 

dissociation energies of the substrates. This correlation was further exploited to get insights 



 

 

into mechanistic details of the enzymatic catalysis. Until now, it is unclear whether 

oxidation of 5-formylcytidine occurs through the aldehyde or the corresponding hydrate 

form (section 0). To address this question, the synthesis of several target structures 

containing specific amounts of hydrate was attempted. First reactivity studies were 

performed and further investigations are currently ongoing. Hopefully, the observed 

reactivities will allow suggestions for the enzymatic oxidation mechanism. 

In addition to substrate reactivity studies, the iron chemistry in this system was also further 

examined. An iron(II)/iron(IV) comproportionation reaction was identified as important 

side reaction forming an iron(III)-hydroxido species (section IV.1). Two additional ligands 

were introduced affording new iron complexes (iron(IV)-oxido species [FeIVL2/L3(O)]2+ 

and mononuclear iron(III)-hydroxido complexes [FeIIIL1/L2(OH)]2+ for example) that 

were thoroughly characterized and their reactivity compared. 

To investigate spin crossover properties of iron(II) complexes in this system, a variety of 

iron(II) complexes within the pentapyridyl ligand family and different co-ligands 

(acetonitrile, water and methanol) were synthesized and characterized (section IV.2). Spin 

crossover behavior of the obtained species was studied with temperature-dependent 
1H NMR and UV-vis spectroscopy. 

 

  



 

 
 

TABLE OF CONTENTS 

I. Introduction ............................................................................................... 1 

1 Ten Eleven Translocation Methyl Cytosine Dioxygenase (TET) ..................... 5 

2 Synthetic Iron Complexes Modeling Enzymatic Processes ........................... 31 

II. Motivation and Aim ................................................................................. 40 

III. Iron(IV)-oxido Complexes as Model for TET Enzymes ........................... 42 

1 Approaching Natural Substrates of TET Enzymes ...................................... 42 

1.1 Investigations on the Reactivity of the Iron(IV)-oxido Complex Towards 

Ribonucleoside Substrates ..................................................................... 46 

1.2 Investigations on the Reactivity of the Iron(IV)-oxido Complex Towards Short 

Oligonucleotide Substrates .................................................................... 50 

1.3 Investigations on the Reactivity of the Iron(IV)-oxido Complex Towards 

Single-stranded DNA Substrates .............................................................. 66 

2 Application of the Iron(IV)-oxido Complex in Synthetic Epigenetics .............. 75 

2.1 Synthesis of Iso-cytosine Derivatives and Preliminary Reactivity Studies ...... 80 

2.2 A Comparative Study on Different Epigenetically Relevant Nucleobase 

Substrates with a TET Model Iron(IV)-oxido Complex .................................. 87 

3 Application of the Iron(IV)-oxido Complex in Mechanistic Studies on TET 

Enzymes: Oxidation of 5fC via Aldehyde versus Hydrate .................................. 104 

IV. Understanding the Iron Chemistry in the Applied System .................... 118 

1 Expanding the System with Additional Ligands: Characterization and Reactivity of 

New Iron Complexes ............................................................................ 118 

1.1 Investigations on Iron(II)/Iron(IV) Comproportionation Reactions and 

Reactivity Study with a New Iron(IV)-oxido Complex ................................. 122 

1.2 Synthesis and Characterization of Complexes with Ligand System L3 ....... 141 



 

 
 

2 Spin Crossover Properties of Iron(II) Complexes .................................... 149 

2.1 Synthesis and Characterization of Iron(II) Complexes .......................... 152 

2.2 Spin Crossover Properties of Iron(II) Complexes ............................... 161 

V. Summary and Outlook ............................................................................ 171 

VI. Experimental Part .................................................................................... 175 

1 Methods and Materials .................................................................... 175 

2 Synthetic Procedures ...................................................................... 183 

2.1 Syntheses Involving Ligand L1 ...................................................... 183 

2.2 Syntheses Involving Ligand L2 ...................................................... 191 

2.3 Syntheses Involving Ligand L3 ...................................................... 199 

2.4 Syntheses of Substrates and Substrate Precursors ................................ 205 

3 Oligonucleotide and DNA Reactions ................................................... 221 

4 Iron(IV)-oxido Reactivity Studies ....................................................... 225 

VII. Appendix ............................................................................................. 229 

1 Nomenclature .............................................................................. 229 

2 Abbreviations ............................................................................... 235 

3 Overview of BDEs ......................................................................... 239 

4 NMR Spectra ............................................................................... 243 

4.1 Compound Characterization ........................................................ 243 

4.2 Product Identification ................................................................. 254 

4.3 Spin Crossover Properties Followed by Temperature-dependent 1H NMR 

Spectroscopy ................................................................................... 256 

5 UV-vis Spectra .............................................................................. 261 

6 UHPLC-MS/MS Data ..................................................................... 263 



 

 
 

7 MALDI-MS Data ........................................................................... 267 

8 Mößbauer Data ............................................................................. 271 

9 Infrared Spectroscopy Data ............................................................... 273 

10 Cryo-HR-MS Data ......................................................................... 275 

11 Crystallographic Information ............................................................ 279 

12 Research Communication as Part of this Thesis ...................................... 289 

12.1 Publications .......................................................................... 289 

12.2 Oral Presentations .................................................................. 290 

12.3 Poster Presentations ................................................................ 290 

12.4 Supporting Information of Presented Publications ...... Fehler! Textmarke 

nicht definiert. 

VIII. References .......................................................................................... 293 

 

 

 

 

 

  



 

 
 

  



Introduction 

1 
 

I. INTRODUCTION 

Deoxyribonucleic acid (DNA) is the basis for information about function, development and 

reproduction of all biological organisms and viruses. It is composed of the four natural 

nucleobases adenine (A), thymine (T), guanine (G) and cytosine (C) which are connected 

through a phosphate-2’-deoxyribose backbone to form a natural polymer. Most 

commonly, this polynucleotide of a specific sequence is aligned antiparallelly with a second 

DNA strand forming a double-helix. Size complementary and hydrogen bonding of the 

well-defined base pairs stabilize the double-stranded DNA (A:T and G:C, see Figure 1).[1]  
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Figure 1: A) Representation of the four natural nucleosides in DNA and B) base pairing in DNA. The nucleobase is 
abbreviated with one letter (e.g. A) whereas for the corresponding deoxynucleoside, the prefix ‘d’ (e.g. dA) is 
used. 

In eukaryotic cells, this double-stranded DNA (dsDNA) is coiled around histone proteins 

that, together with additional DNA binding proteins, form a compact 

deoxyribonucleoprotein complex known as chromatin (Figure 2). According to the central 

dogma of molecular biology, the genetic sequence of the DNA is decoded unidirectionally 

into proteins.[2-3] To achieve this so-called gene expression, two main processes are needed. 

During transcription, the DNA strands are separated and a new complementary strand 

(ribonucleic acid, RNA) is generated from a specific DNA area (gene). In the following 

translation step, this RNA is converted into the corresponding protein. 
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Epigenetic processes involved in the regulation of gene expression 

However, the study of these mechanisms referred to as genetics could not explain questions 

such as cell differentiation. In 1996, the increasing knowledge about gene expression and 

the understanding that all cells of an organism carry the same DNA formed the updated 

definition of the term of epigenetics as “the study of mitotically and/or meiotically heritable 

changes in gene function that cannot be explained by changes in DNA sequence”.[4] 

Epigenetics is today still understood as the study of heritable changes of the phenotype that 

are not associated with changes in the sequence of the DNA bases but with chemical 

modifications of DNA or of the structural and regulatory proteins bound to it.[4-6] 

 

Figure 2: Representation of the chromatin structure including DNA and histones as well as epigenetic modifications. 
HATs= histone acetyltransferases, HDACs = histone deacetylases, DNMTs = DNA methyltransferases, 
HDMs = histone demethylases, HMTs = histone methyltransferases. Figure taken from reference.[7] 

Gene expression is controlled by epigenetic processes mainly consisting in chromatin 

remodeling[8-9], histone modifications[10-12] or DNA modifications which alter the chromatin 

structure (Figure 2). 

Histones are a class of structural and regulatory proteins interacting with DNA forming a 

unit of DNA coiled around a histone which is called nucleosome. Their modifications – so-

called epigenetic marks – play a critical role in chromatin packing and they occur on the 

highly basic histone tail including methylation, acetylation, phosphorylation, 

ubiquitylation, and SUMOylation. These epigenetic modifications modulate the affinity of 
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chromatin-binding proteins by changing the accessibility to specific genes. For example, 

acetylation of histone tails forms “relaxed” accessible chromatin regions which result in 

actively transcribed genes. Deacetylation of histone tails in contrast leads to densely packed 

chromatin regions and transcription repression. 

Epigenetic DNA modification 

In addition to the chromatin structure, also specific epigenetic modification pattern directly 

on the DNA define active or inactive states of gene expression. These modifications can for 

example prevent interactions or recruit specific readers and therefore affect the 

accessibility of genomic regions for regulatory proteins such as transcription factors or 

activators.[13-16] 

 

Chart 1: Selected DNA modifications. 5mC = 5-methylcytosine, 5hmC = 5-hydroxymethylcytosine, 5fC = 5-
formylcytosine, 5cC = 5-carboxycytosine, 5hmU = 5-hydroxyuracil, 6mA = 6-methyladenine. 

The most prominent epigenetic modification is 5-methylcytosine (5mC, see Chart 1), 

where the natural nucleobase cytosine is chemically modified by attaching a methyl group 

to its 5-position. Due to its relatively high abundance (about 4% of the cytosine residues in 

the human genome), 5mC is also referred to as the “fifth base”. In mammals, the 5mC 

modification occurs almost exclusively in GC- and CpG-rich sequences termed CpG 

islands.[17] The 5mC modifications are attached symmetrically on CpG dinucleotides so that 

the methylation mark is present on both DNA strands and the methylation pattern can be 

propagated in DNA replication. More than 80% of the CpG dinucleotides are methylated 

in the human genome, whereas active regulatory elements such as promoters and enhancers 
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display local gaps.[18-20] DNA methylation in promotor regions induces transcription 

repression; this process is also described as “gene silencing”.[19-20] Mechanistically, this 

repression of gene expression can be achieved by hindering the binding of transcriptional 

proteins to the genes or by inducing the binding of specific 5mC-binding proteins that can 

recruit additional proteins such as chromatin remodeling proteins or and histone 

deacetylase resulting in a dense chromatin structure.[21-24] 

To achieve a dynamic epigenetic process, active removal of the methylation mark is 

required. This is accomplished by enzymes called ten-eleven-translocation (TET) enzymes 

which oxidize the methyl group of 5mC successively to 5-hydroxymethylcytosine (5hmC), 

5-formylcytosine (5fC) and 5-carboxycytosine (5cC) as shown in Scheme 1. These 

modified nucleobases are then proposed to be either directly demodified or removed by 

base excision repair (BER).[25-28] 

 

Scheme 1: Methylation and demethylation pathway of cytosine in DNA.[29-30] SAM = S-adenosyl methionine, 
DNMTs = DNA methyl transferases, SAH = S-adenosyl homocysteine, TET = ten eleven translocation methyl 
cytosine dioxygenase, TDG = thymine DNA glycosylase, BER = base excision repair. 



Introduction 

5 
 

The oxidation products 5hmC, 5fC and 5cC are intermediates of the demethylation 

process, however, 5hmC is believed to play a significant role as independent epigenetic 

mark. This modification was first discovered in 1972[31] but it took more than 40 years until 

its biological significance was addressed.[32] As 5hmC can also be found as relatively stable 

modification at promotor regions and actively described genes it is suggested to act in 

recruiting epigenetic regulation proteins and support activated transcription.[33-37] 

Recently, it was discovered that TET enzymes also oxidize thymine to 5-

hydroxymethyluracil (5hmU, see Chart 1). This modification is suggested to promote 

active demethylation by recruiting repair factors.[38] Additionally, 5hmU can also be 

generated by occasional deamination of 5hmC which subsequently can be removed by BER 

mechanisms. Deamination of 5mC in contrast results in thymine which is a natural DNA 

nucleobase and not recognized by BER. This mutation in DNA sequence is supposed to 

play a significant role in cancer development.[39-41] 

1 Ten Eleven Translocation Methyl Cytosine Dioxygenase 

(TET) 

A crucial role in the active demethylation process (Scheme 1) is played by TET enzymes, 

which belong to the superfamily of α-KG/iron(II)-dependent dioxygenases. A broad 

summary of investigations on this enzyme family is given in this section. 

The following publication[42] presents a review discussing a variety of analytical methods 

employed in the investigation of α-KG/iron(II)-dependent dioxygenases to study changes 

in the active site and the overall enzyme structure upon substrate, cofactor and inhibitor 

addition. The focus is set especially on the human homologues AlkBH of Escherichia coli, 

EcAlkB and TET enzymes. Of special interest for this work are the sections about enzyme 

mechanism including the active species in this process, roles in epigenetic processes and 

the overview of nucleobase modifications functioning as substrates for α-KG/iron(II)-

dependent enzymes. 
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Spectroscopic and in vitro Investigations of Fe2+/α-
Ketoglutarate-Dependent Enzymes Involved in Nucleic Acid
Repair and Modification
David Schmidl,[a] Niko S. W. Lindlar né Jonasson,[a] Annika Menke,[a] Sabine Schneider,[a] and
Lena J. Daumann*[a]

The activation of molecular oxygen for the highly selective
functionalization and repair of DNA and RNA nucleobases is
achieved by α-ketoglutarate (α-KG)/iron-dependent dioxyge-
nases. Of special interest are the human homologues AlkBH of
Escherichia coli EcAlkB and ten-eleven translocation (TET)
enzymes. These enzymes are involved in demethylation or
dealkylation of DNA and RNA, although additional physiological
functions are continuously being found. Given their importance,
studying enzyme-substrate interactions, turnover and kinetic
parameters is pivotal for the understanding of the mode of
action of these enzymes. Diverse analytical methods, including
X-ray crystallography, UV/Vis absorption, electron paramagnetic

resonance (EPR), circular dichroism (CD) and nuclear magnetic
resonance (NMR) spectroscopy have been employed to study
the changes in the active site and the overall enzyme structure
upon substrate, cofactor, and inhibitor addition. Several
methods are now available to assess the activity of these
enzymes. By discussing limitations and possibilities of these
techniques for EcAlkB, AlkBH and TET we aim to give a
comprehensive synopsis from a bioinorganic point-of-view,
addressing researchers from different disciplines working in the
highly interdisciplinary and rapidly evolving field of epigenetic
processes and DNA/RNA repair and modification.

1. Introduction

In 1955 Hayaishi and Mason independently reported the
existence of enzymes that use molecular oxygen (O2) to activate
C� H bonds.[1] Remarkably, no potentially damaging reactive
oxygen species (ROS) are formed during this process, which has
raised interest in how the delicate task to activate molecular
oxygen is handled in biology. Over the past 60 years, numerous
enzymes with transition metal ion centers (Fe and Cu in
particular) capable of controlled oxygen activation have been
discovered. One important class, the non-heme iron enzymes
such as the α-ketoglutarate- (α-KG) and Fe2+-dependent
dioxygenases form a large superfamily and some members
have been found to be pivotal for the modification and repair
of biomolecules such as RNA and DNA. Two of the most
investigated subfamilies to be discussed are the AlkB subfamily,
particularly the bacterial EcAlkB and the nine homologues
known in humans (AlkBH1-9), as well as the ten-eleven trans-
location (TET) enzyme subfamily with its three variants (TET1-3).
All these enzymes are mostly involved in demethylation or
dealkylation of proteins, DNA and/or RNA, although more

physiological functions have been, and will potentially be,
revealed. Included in this review are only such AlkB homo-
logues that act on RNA/DNA substrates. As the active site
structure is strongly conserved among EcAlkB, AlkBH and TET,
their reaction mechanisms are generally believed to be very
similar, despite their large substrate scope. To study the mode
of action and molecular recognition mechanisms of these
enzymes, diverse analytical methods, including X-ray crystallog-
raphy, UV/Vis and NMR spectroscopy or HPLC-MS techniques,
have been employed. In this review, we provide an outline of
important strategies used in vitro and summarize to what extent
an insight into enzymatic structure and activity can be gained
by their application. By discussing available data and conclu-
sions for EcAlkB, AlkBH and TET we provide an extensive
overview from a bioinorganic perspective, including aspects
from the different interdisciplinary research areas addressing
this rapidly evolving field of epigenetic processes and nucleic
acid repair. In the present article, enzymes that incorporate
both atoms of molecular dioxygen into organic molecules
(either the substrate or α-KG) are referred to as “dioxygenases”
and only their primary substrate beside α-KG is mentioned (α-
KG is sometimes referred to as co-substrate, however, in this
review, it will be considered a co-factor, in addition to Fe2+, to
highlight the differences in substrates of the discussed
enzymes). In contrast, enzymes which incorporate one oxygen
atom into an organic substrate and the other atom is released
as water are referred to as monooxygenases.
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1.1. Consensus mechanism of Fe2+/α-KG-dependent enzymes

For the superfamily of Fe2+/α-KG-dependent enzymes, a
consensus mechanism has been formulated based on the work
on bacterial taurine dioxygenase (TauD).[2] Variations of this
mechanism, for example regarding the substrate and cofactor
addition sequence, have been described.[3] Due to the lack of
mechanistic data on the herein discussed EcAlkB, ALkBH, and
TET enzymes, we present a summary of this consensus
mechanism here, even though differences between the mecha-
nisms of TauD on the one hand and EcAlkB/AlkBH/TET on the
other hand are possible.

In this commonly accepted mechanism, the iron core is
always coordinated by the so-called facial triad consisting of
two histidine and one carboxylic acid (aspartate or glutamate)
residues on one face of the coordination sphere, which is
completed by three water ligands (Scheme 1, structure I).
Subsequent coordination by α-KG replaces two water molecules
(II). The last aqua ligand is displaced by uptake of a substrate
R� H (III), which does not usually coordinate to the metal center,
but rather is held close to the active site by the enzyme
backbone. The free coordination site is then filled by molecular
oxygen, which leads to the formation of a proposed iron(III)-
superoxido species IV (in this article, the IUPAC nomenclature
oxido, hydroxido, superoxido, etc., will be used in contrast to

the more common, but outdated, terms oxo, hydroxo, super-
oxo, etc.). These observations were mainly made via UV/Vis,[4]

electron paramagnetic resonance (EPR),[5] and Mößbauer spec-
troscopy, often in combination with stopped-flow freeze-
quench techniques. In addition, comparison of circular dichro-
ism (CD) and magnetic circular dichroism (MCD) spectra
collected from TauD with spectra of synthetic inorganic
coordination compounds has given insight into the coordina-
tion chemistry of these enzymes.[6] The order of steps from I to
IV is subject to some debate, as shown by a recent study by
Solomon and co-workers on the coordination sequence in
deacetoxycephalosporin C synthase (DAOCS, another enzyme
of the Fe2+/α-KG superfamily).[3a] The superoxide in IV is
proposed to react with the ketone carbon atom in α-KG to form
the bridged peroxido species V. Loss of carbon dioxide
generates the trigonal bipyramidal active iron(IV)-oxido species
VI, which was first directly characterized in 2003 by Price and
co-workers.[5] The nature of this compound was discovered by
rapid freeze-quenching and subsequent Mößbauer measure-
ments, and later by extended X-ray absorption fine structure
(EXAFS) and resonance Raman studies.[2d,7] The iron(IV)-oxido
species VI abstracts a hydrogen atom from the substrate
resulting in the iron(III)-hydroxido species VII and a carbon-
centered, organic radical R*.[4–5,8] In addition, Proshlyakov et al.
used time-resolved Raman spectroscopy in conjunction with
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stable isotope replacement (16O/18O and 1H/2H) to identify and
characterize the iron species present during enzymatic catalysis.
The authors detected the iron(IV)-oxido species VI, the iron(III)-
hydroxido species VII as well as small amounts of a species
consisting of the hydroxylated product coordinated to iron via
the product’s alcohol moiety.[9] The aforementioned hydrogen
atom transfer (HAT) step from intermediate VI to VII is often,
though not necessarily always, rate-limiting, which has been
demonstrated in kinetic isotope effect (KIE) studies.[5,10] These
two species finally react in a rebound-type reaction to produce
the product R� OH and succinate, as well as regenerating the
resting state I.

In a kinetic investigation of the enzyme factor inhibiting
hypoxia inducible factors (FIHs), Knapp et al. studied the
activation mechanism of such iron(II)/α-KG dependent enzymes.
Here, the authors found that whereas the mechanism itself is
similar, the rate-limiting step is the formation of the bridged
peroxido species instead of the reaction with the substrate,

which is to be expected, as FIHs are responsible for the sensing
of oxygen.[11] This serves as an example that the mechanisms of
different enzymes may show remarkable similarities in general
but still differ in detail. Therefore, the presented mechanism
should be viewed with caution and mechanistic work on
EcAlkB, AlkBH and TET enzymes should be conducted.

1.2. Role in epigenetic processes, DNA repair and disease

The field of Fe2+/α-KG-dependent enzymes has seen consid-
erable advances in the last decade and of increasing interest
are the AlkBH and TET enzymes. These enzymes play important
roles in gene regulation, epigenetic transformations and DNA
repair, since they act on a wide range of alkylated nucleobases
in DNA and RNA context. Table 1 presents an overview of the
relevant enzymes and those involved in epigenetic processes. A

Scheme 1. Consensus mechanism of an Fe2+/α-KG-dependent dioxygenase, the active species VI is highlighted in a red rectangle.[2] Species IV and V have not
been observed directly but are often proposed as intermediates,[12] however, this is still a matter of discussion. R� H= substrate, R� OH=product.
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summary of selected natural and in vitro used substrates and
products, together with commonly used abbreviations, can be
found in Scheme 2. Due to the direct interconnection of gene
expression (alkylated substrates) and primary metabolic path-
ways (dioxygen and α-KG co-substrates), these enzymes are
often found to be involved in diseases. In addition, DNA
hypermethylation of tumor suppressor gene promoters seems
to be connected to hypoxia in tumors and a decreased function
of TET enzymes in these tissues.[13] For individual mammalian
AlkBH and TET enzymes, it has been shown that their loss-of-
function as well as their aberrant expression and activities has
an influence on various disease phenotypes, such as obesity,
severe sensitivity to inflammation, multiple malformations,
infertility and cancer.[14] This emphasizes the vital importance of
these enzymes. Certain Fe2+/α-KG-dependent enzymes, such as
AlkBH1, are located in mitochondria next to enzymes that

participate in the tricarboxylic acid (TCA) cycle, the source of
their essential cofactor α-KG and their coproduct succinate. In
the presence of oxygen, healthy cells utilize oxidative phos-
phorylation and the TCA cycle as controlled sources of basic
metabolites and energy. In contrast, cancer cells adapt their
metabolism to maximal cell growth through faster ATP
production and redistribution of carbons towards nucleotide,
protein and fatty acid synthesis by switching to high rates of
glycolysis (=Warburg effect), even in the presence of oxygen.[15]

Consequently, mutations in genes related to the TCA cycle have
been associated with tumorigenesis, and cancer cells show
altered concentrations of metabolites as well as accumulation
of so-called oncometabolites.[16] For example, a mutation in the
gene responsible for expressing isocitrate dehydrogenase leads
to the generation of the novel oncometabolite 2-hydroxygluta-
rate (2-HG).[17] Due to the structural similarity between 2-HG and

Table 1. Overview of discussed enzymes in this review with selected substrates and function. Please note for enzymes for which modified nucleobases in
RNA as well as DNA were reported as substrates, only the modified base with non-superscript position descriptor is indicated, without differentiation
between DNA or RNA. If only RNA is acted on, the modification position is indicated as superscript in line with the most commonly used nomenclature.
However, TET-enzymes were shown to predominantly act on modified C in DNA, which is therefore indicated by using dC.

Enzyme Selected substrates Product Function References

EcAlkB N-alkylated bases in DNA (ss preferred over ds) and
RNA

Natural bases DNA repair [14, 20]

1mA A
3mC C
3mT T
1mG G
6mA A

AlkBH1 N-alkylated bases in ssDNA, mRNA and tRNA,
alkylated histones, abasic sites in DNA

Natural bases
and proteins

RNA repair
Histone dioxygenase Hydroxylase
AP lyase[a]

[14, 20a,20b,21]

3mC C
1mA A
6mA A
5mC 5fC
Methylated histone H2A Histone H2A

AlkBH2 N-alkylated bases in dsDNA and tRNA Natural bases DNA repair [14, 20a,20b,20e,22]
3mC C
1mA A

AlkBH3 Alkylated bases in ss DNA, ss RNA, tRNA, mRNA Cell-type-dependent DNA repair
Hydroxylation

[14, 20a,20b,20e,20h,22a,22b,23]

3mC C
1mA A

AlkBH5 mRNA Natural bases RNA demethylation [14, 20a,20b,24]
m6A A

AlkBH8 tRNA Translation, tRNA hypermodifica-
tion

[14, 20a,20b,25]

cm5U mcm5U, (S)-
mchm5U

AlkBH9[b] mRNA (ss preferred over ds) Natural bases RNA demethylation [14, 20a,20b,26]
m6A A

TET1,2,3 Methylated bases in DNA Oxidizes bases
in DNA

Regulation of epigenetically rele-
vant DNA modifications

[27]

5mdC 5hmdC, 5fdC,
5cadC

[a] Activity independent from Fe2+ and α-KG. [b] Also referred to as FTO (fat mass and obesity-associated protein).
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α-KG, 2-HG is a competitive inhibitor of Fe2+/α-KG-dependent
dioxygenases, such as TET enzymes and methyl-lysine demeth-
ylases.[16b,18] Thus, the inhibitory effect of oncometabolites on
enzymes important for modulation of the epigenome and
epitranscriptome directly links metabolic dysfunction to altered
gene expression and oncogenesis.[19]

2. Structural Studies and Substrate Interactions

A variety of techniques are used to study the (in vitro) structure
and function of the enzymes relevant for this review. This
includes a detailed analysis of their backbone (backbone here
refers to any structure of the enzyme excluding the metal
binding site/enzyme coordination site or the co-factors)
structure, their active sites/enzyme coordination site and the

Scheme 2. Overview of nucleobase substrates and products for Fe2+/α-KG dependent enzymes discussed herein. Please note, to enhance readability we did
not differentiate between DNA and RNA. In addition, not all of these substrates necessarily represent the natural substrates of the mentioned enzymes.
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nature of enzyme-substrate interactions. Figure 1 gives an
overview of a simplified enzyme-cofactor-substrate complex,
consisting of the enzyme backbone, the enzyme’s coordination
site (the so-called facial triad), the Fe central atom, the co-factor
α-KG (or succinate after oxidation of the iron center), dioxygen
and the respective substrate or product. This review discusses
the most important spectroscopic and spectrometric methods
used to study the various parts of the enzyme-cofactor-
substrate complex as well as the reactivity and kinetic proper-
ties of the aforementioned enzymes. The main focus lies on
spectroscopic investigation of the enzyme backbone and active
site as well as on techniques which assess enzyme reactivity by
tracking the fate of substrates and/or products. It should be
noted that there are more aspects contributing to a complete
picture of the function of the enzyme in question than covered
by this article. For instance, point mutations or deletion variants
are very commonly included in activity studies to give
indication for the function of particular amino acid residues.
Also, hydrazines have recently been introduced as novel,
versatile nucleophilic in situ probes for the study of (among
others) AlkBH and related enzymes by activity-based protein
profiling (ABPP).[28] While there are examples of these methods
briefly introduced in several of the following sections where
appropriate, this frequent element is not described as a
technique in the context of this review in detail. Further, the
mutual dependence between detailed in vitro investigation of
an enzyme and experiments in vivo (e. g., by gene deletion
studies to learn about its physiological function) is not
addressed as in vivo studies are beyond the scope of this article.

2.1. Crystal structures

Structure-function relationship of Fe2+/α-KG dependent
enzymes

Despite the low overall sequence identity of α-KG-dependent
enzymes (10–30%, between members of the AlkB-family and
less than 10% between AlkB and TET enzymes), they consis-
tently share the “jelly-roll” folding topology of the catalytic
domain, made up of eight β-strands arranged in two four-
stranded sheets (Figure 2A).[29] In addition, they have a minimal
conserved binding motif for Fe2+ and α-KG in common,
comprising of Asp-Xx� His� Xy� His� Xz� Arg, which enables the
catalytic reaction (Figure 2B, Scheme 1).

Crystal structures of EcAlkB (Figure 2B),[30] as well as
eukaryotic AlkBH1,[31] AlkBH2,[30e,32] AlkBH3,[33] AlkBH5,[20d,34]

AlkBH8,[35] AlkBH9,[36] TET1,[37] TET2[38] and the CXXC-domain of
TET3[39] are available, some of them in complex with their
substrate. Their differences in sequence, structural elements
and accessory domains account for their remarkably large
diversity in substrates and biological roles. Here, the binding
interface (width of the cleft) and loop regions control access to
the active site and determine the nature of the substrate the
enzymes act on, such as dsDNA, ssDNA or RNA. Recently, a
detailed review on the sequence and structural evolution of the
AlkBH-family in respect to their substrate scope was
published.[40] By substituting Fe2+ and α-KG with Mn2+ and/or
N-oxalylglycine (N� Ox), the latter being an broad-spectrum
inhibitor of α-KG-dependent oxygenases,[41] which occupy the
same binding sites but do not allow substrate turnover, enables
the elucidation of a structural snap-shot of substrate recog-
nition by the oxygenases.[21d,34c,42] The first step in recognition of
nucleobases with altered chemical structure (i. e. methylation,
oxidatively damaged, etc.) in DNA or RNA by the dioxygenases
occurs, as for most nucleic acid-binding proteins, by detection
of changes in the local flexibility of the nucleic acid duplex, in
duplex formation and in the stability of base pairing, which are
induced by the altered nucleobase structures.[43] For example,
m6A in RNA impedes RNA-duplex formation,[44] while 5mdC
rigidifies the DNA backbone[45] and increases base pair
stacking.[46] Substrate specificity is then further governed by
molecular recognition through the residues lining the dioxyge-
nase active site. For instance, EcAlkB has a broad substrate
specificity and demethylates the predominant lesions 1-meth-
yladenine (1mdA) and 3-methylcytosine (3mdC), as well as
larger adducts, such as 1-ethyladenine and etheno-adducts in
DNA.[20d,29a] Additionally, EcAlkB can use RNA as a substrate.[20i]

There are about 30 X-ray crystal structures of EcAlkB alone and
in complex with DNA containing various methylated or
damaged nucleobases in the Protein Data Bank (PDB), providing
insight into the enzyme’s recognition mechanism.[30a–d,h] EcAlkB
achieves this promiscuity by predominantly forming non-
nucleobase-specific π-stacking interactions with the nucleobase
through sandwiching it between Trp69 and His131 (Figure 2C).
In contrast, TET1, TET2 and AlkBH9 act precisely on 5mdC,
5hmdC and m6A in DNA and RNA, respectively, by forming
base-specific interactions as shown by the structures of their

Figure 1. Overview of the methods used for the study of EcAlkB, AlkBH and
TET discussed in this study. “Enzyme backbone” here refers to any structure
of the enzyme excluding the metal binding site/enzyme coordination site or
the co-factors).
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substrate complexes (Figure 2C).[36g,37a,38b] All TET enzymes have
the ability to catalyze the oxidation of 5mdC to 5hmdC, 5fdC
and ultimately 5cadC in DNA. However, they exhibit not only
differences in their large unstructured N-terminal domains, but
also possess a distinct spatial-temporal cellular distribution
during development and cellular differentiation.[47] In addition
to the variability and flexibility of loops and domains in the
different Fe2+/α-KG-dependent dioxygenases, which determine
the substrate scope, alteration in active site dynamics through
interaction with the cofactor α-KG or byproduct succinate
impacts on substrate binding and product release. NMR-
spectroscopic analysis of EcAlkB revealed that the active site in
the EcAlkB-Fe2+-α-KG complex is more rigid than the EcAlkB-
Fe2+-succinate complex, indicated by an observable sharpening
of the resonances and higher resolution spectrum.[48] In line
with this observation, EcAlkB enters a catalytically competent
folded state only when in complex with Fe2+ and α-KG.[49] The
use of NMR spectroscopy to gain more insight into the

dynamics of Fe2+/α-KG-dependent enzymes is described in
more detail in the next section.

2.2. Structural and active site studies in solution

2.2.1. NMR spectroscopy

NMR spectroscopy has been widely utilized to investigate
protein dynamics in the presence of substrates and cofactors. In
general, proteins that are studied by NMR are smaller than
~30kDa, albeit due to recent technical advances data on larger
monomeric proteins and protein complex have been reported.
Here also the required isotope labelling of the protein in order
to unambiguously assign NMR signals provides additional
challenges for structure determination.[50] A study of EcAlkB
dynamics and how the binding of cofactor α-KG or the
byproduct succinate is altered in the presence of substrate

Figure 2. Structural comparison of Fe2+/α-KG-dependent enzymes. A Superposition of hAlkBH8 (red, PDB code 3THT, Homo sapiens), hAlkBH7 (blue, PDB code
4QKD, Homo sapiens), NgTET1 (green, PDB code 5CG9, amoeba Naegleria gruberi) and EcAlkB (yellow, PDB code 3BIE, E. coli) displayed as transparent ribbon,
with the jelly-roll folding topology and α-KG binding site highlighted. α-KG is shown as stick-model. B Structure of the EcAlkB active site (PDB code 3BIE), with
residues coordinating Mn2+ and α-KG depicted as stick model. Amino acids coordinating α-KG and the metal ion which are conserved across species are
highlighted in golden. C Substrate recognition by NgTET1 (green, PDB code 5CG9), EcAlkB (yellow, PDB code 3BIE) and hAlkBH9 (blue, PDB code 5ZMD, H.
sapiens) in complex with their respective substrates. Active site residues are depicted as stick models, with the residues involved in substrate and α-KG/N� Ox
recognition highlighted by color. Metal ions (Mn2+ or Fe2+) are drawn as purple spheres. Hydrogen bond distances are shown in Å. (N� Ox=N-oxalylglycine;
5mdC=5-methyl deoxycytosine; 1mdA=N1-methyl-deoxyadenine; m6A=N6-methyl-adenine).
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which results in different dynamic properties of these com-
plexes, was reported by Matthews and co-workers.[48] Initially,
they found that between 0.5 and 1.5 ppm the EcAlkB� Fe-α-KG
complex exhibited sharper resonances and better resolved NMR
spectra than the EcAlkB� Fe-succinate counterpart (Figure 3).
The same trend was observed with Co2+ as the central metal
ion. The authors concluded that the α-KG-bound form is more
rigid than the succinate-bound form and this was proposed to
be an important feature for effective product release.
1H� 15N� HSQC was used for backbone assignment and proved
useful in the case of the α-KG-bound complex. 1H-spectrum
pseudo-contact shifts verified the presence of high-spin Fe2+ in
the active site. In contrast, some very broad, nearly undetect-
able peaks confirmed the increased dynamic motion of the

succinate-bound complex. Within the detected signals, 25 peaks
with different shifts indicating different chemical environment
were found (Figure 3, right).

Comparison of the shifted signals with the crystal structure
revealed that the observed amino acids are all close to α-KG. In
the crystal structure, no channel for α-KG/succinate exchange is
observed, thus dynamic flexibility and conformational change
upon α-KG-succinate conversion is essential and allows for the
efficient dissociation of the products. A follow-up study, already
mentioned in section 2.1, by Bleijlevens, Matthews and co-
workers confirmed that only with both Fe2+ and α-KG bound to
EcAlkB, the protein enters a catalytically competent folded
state.[49] Figure 4A shows the sharp 1H resonances of holo-
EcAlkB around � 1 ppm indicating a well-folded protein. The

Figure 3. Copyright © 2008, European Molecular Biology Organization.[48] Left: 1H NMR of EcAlkB� Fe/Co complexes with either succinate or α-KG bound. Right:
1H� 15N HSQC of EcAlkB/Fe2+/α-KG (black) and EcAlkB/Fe2+/succinate (red).

Figure 4. Copyright © 2012, American Chemical Society.[49] Changes of EcAlkB folding can be monitored by NMR. A 1H NMR spectra of apo-EcAlkB and holo-
EcAlkB (EcAlkB/Fe2+/α-KG). B 1H� 15N NMR spectra of apo-EcAlkB (red) and holo-EcAlkB (black). C Holo-EcAlkB (PDB 2FD8, active site and substrate omitted)
with the position of tentatively assigned residues that are affected by cofactor binding highlighted in blue.
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marked differences in folding between apo- and holo-EcAlkB
became even more obvious in a 1H� 15N NMR experiment
(Figure 4B). The location of the residues mainly affected by Fe2+

and α-KG binding are mapped in blue onto the ribbon diagram
of the structure (Figure 4C).

In a complementary study, the Hunt group studied binding
dynamics of [13C]-methionine-enriched EcAlkB to a DNA sub-
strate in the presence of Zn2+ (to avoid paramagnetic shifting)
and α-KG/succinate.[51] While they propose that apo-EcAlkB
adopts a defined conformation rather than a globule-like
structure (termed ‘open’ conformation), their 1H, 13C and 1H� 13C
correlation spectra indicate that addition of the co-factors
modulates one distinct transition from the ‘open’ to a more
rigid ‘closed’ conformation which also includes binding inter-
action with the DNA substrate. Not only Fe2+, Co2+ and Zn2+,
can be used to reconstitute EcAlkB, NMR spectroscopy also
revealed a properly folded protein after Cu2+ binding.[52] This is
particularly advantageous to study the distinct properties of the
EcAlkB active site, when bound to Cu2+ using Electron Para-
magnetic Resonance (EPR) spectroscopy.

2.2.2. EPR spectroscopy

EPR spectroscopy can be useful to gain insight into the changes
in geometry and coordination sphere around the metal ion in
the presence or absence of substrate and cofactors. In EPR, the
effect of ligands on the central metals’ unpaired electron(s) can
be measured and used to deduce structural and electronic
information. However, the native metal ion of the enzymes in
question, Fe2+ (d6, high spin), is very difficult to observe with
this method due to it generating complicated spectra as a
result of spin-orbit coupling as well as hyperfine coupling.[53] In
addition, the allowed EPR transitions in Fe2+ ions occur at very
high magnetic fields which typically lie outside the range of
common spectrometers. Hence, researchers have substituted it
for the excellent EPR probe Cu2+ to enable active site analysis
of Fe2+/α-KG-dependent dioxygenases. Matthews et al. inves-
tigated the active site coordination environment in EcAlkB and
classified the metal coordination site as a so-called type 2
copper site, i. e. the metal is bound by three to four amino acid
residues of which at least one is His,[54] based on EPR data.[52]

Although copper binding yields an inactive protein and this
metal typically exhibits a lower coordination number than
observed with ferrous ions, the authors showed via NMR and
CD spectroscopy that the secondary and tertiary structure of
EcAlkB with Cu2+ is identical to the native EcAlkB containing
Fe2+. Several different geometries[55] have been reported for
copper centers bound to proteins such as octahedral or square
pyramidal geometries that were observed in the crystal
structure of the iron transporter lactoferrin binding Co2+

instead of Fe2+.[56] Figure 5 shows the X-band EPR spectra of
different EcAlkB� Cu2+-substrate combinations, recorded at
20 K. The EcAlkB� Cu2+–α-KG complex produced an axial
spectrum (gx =gy =2.06) with parameters indicative of a type 2
copper site (gz =2.334, Az =145 G). Furthermore, following the
work of Peisach and Blumberg, who derived correlation plots of

gz and Az and grouped areas representing the varying oxygen
and nitrogen coordination environments of the copper centers,
the parameters of EcAlkB were shown to be characteristic for a
mixture of oxygen and nitrogen donors.[52,57] Nitrogen coordina-
tion was further confirmed by the superhyperfine coupling
pattern of the high field gz line. Here, the five-line pattern
(intensities 1 : 2 : 3 : 2 : 1) indicates a coupling to two I=1 nuclei
(14N) in the xy-plane, consistent with coordination by two
histidine residues in the active site. Interestingly, the addition of
imidazole (Figure 5B), DNA (not shown) and methylated DNA
(Figure 5C) to EcAlkB� Cu2+-α-KG complex did not result in
notable changes in the spectra. Hence, substrate binding does
not occur near the active site metal, consistent with X-ray
structural data. However, when the cofactor α-KG is absent or
replaced by succinate, the active site gains enough flexibility
and is able to bind imidazole. This example study demonstrates
how EPR spectroscopy can yield structural and dynamic
information about the interaction of active site residues with
the substrates, albeit in frozen solution and with the replace-
ment of the native metal ion by copper(II).

2.2.3. Fluorescence spectroscopy

Steady-state and time-resolved fluorescence can be used to
examine changes in local protein dynamics and folding via

Figure 5. Copyright © 2007 Elsevier[52] A EcAlkB� Cu2+-α-KG, B EcAlkB� Cu2+-
α-KG-imidazole, C EcAlkB� Cu2+-α-KG-meDNA, D EcAlkB� Cu2+, E EcAlkB� Cu-
imidazole, F EcAlkB� Cu2+-succinate, G EcAlkB� Cu2+-succinate-imidazole.
Solid lines correspond to recorded spectra and grey lines represent
corresponding simulations. Conditions: 20 mM Tris-HCl, pH 7.6.
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tryptophan reporters. EcAlkB contains four tryptophan residues
which show a fluorescence maximum at 343 nm, with the
fluorescence intensity depending on the micro environment,
which can therefore be exploited for this purpose.

Addition of Fe2+ to EcAlkB causes quenching of the Trp-
fluorescence, which is reduced even further when both Fe2+

and N� Ox (this inhibitor was used instead of α-KG to avoid
background activity of the enzyme) are added (Figure 6A).[49]

This observation was attributed to an increased ordering of the
holo-EcAlkB enzyme tertiary structure. Furthermore, the
fluorescence anisotropy was largest when both Fe2+ and N� Ox
were added (Figure 6B), reflecting lower mobility of the Trp-side
chains. This finding also points to a decreased flexibility of the
tryptophan-bearing domains in the fully assembled enzyme.
Analogously, EcAlkB affinity towards other metal cations such
as Co2+ and Ni2+ [58] as well as the conformational changes of
the respective enzyme domain upon binding of α-KG[51] were
tracked and the fate of the nucleotide recognition lid when
accommodating a DNA substrate was analyzed.[51,58] Trp-
fluorescence is further amenable to investigate the thermal
stability of these enzymes.[49] The behavior of EcAlkB apo-
protein upon heating (Figure 6C) is perplexing because the
fluorescence intensity decreases continuously with temper-
atures above 10 °C. This observation could indicate a higher
stability of the protein complex which seemed to undergo a
two-stage unfolding process. Yang, He and co-workers used
these alterations in Trp-fluorescence to study the interaction of
AlkBH2 with different substrates to probe how the enzyme
senses base pair stability in duplex DNA.[30e] Information about
the kinetics of (co-)substrate binding can be accessible through
combining fluorescence spectroscopy, which works on a very
small time scale, with the Stopped-Flow technique. This way,
Fedorova et al. were able to propose a kinetic model for the
conformational behavior of EcAlkB upon metal and DNA

binding, based on the temporal course of the Trp fluorescence
signal.[58] This spectroscopic approach has been extended to
track the fluorescence of 2-aminopurine, which had been
placed 3’ to the 1mdA lesion to be repaired by EcAlkB in DNA,
and to measure Förster Resonance Energy Transfer (FRET) when
an oligonucleotide modified with a 5’-Fluorescein Amidite
(FAM) fluorophore and a 3’-Black Hole Quencher 1 (BHQ1)
quencher was employed.[59] This allowed for approaching
EcAlkB protein dynamics from multiple angles.

Besides through mere quenching of fluorescence, the
structural dynamics of a protein upon substrate binding can
also be assessed via monitoring of the polarization of the
emitted light.[60] While freely rotating fluorophores, such as a
fluorescent label (fluorescein, carboxyfluorescein) at the 5’-end
of a DNA strand in solution, commonly show barely polarized or
non-polarized emission when excited with polarized light,
restriction of rotational freedom through binding to a protein
can result in retained polarization of fluorescence. This behavior
is exploited in Fluorescence Anisotropy (FA) spectroscopy which
has been applied in various studies of biomolecule interactions
(and even live-cell imaging) and can provide information about
structural, kinetic and thermodynamic properties of DNA-
protein interaction when monomer and complex differ signifi-
cantly in size. FA spectroscopy, in combination with point
variant experiments, helped Holland and Hollis determine two
different binding conformations (‘searching’ and ‘repair’) of
EcAlkB when screening a DNA strand for methylation
damage.[30a] Hunt and co-workers added evidence (through
both FA and Trp-fluorescence quenching experiments) that
EcAlkB preferentially binds alkylated DNA rather than non-
alkylated DNA as a result of a conformational change from the
‘open’ to the ‘closed’ state induced by metal/co-substrate
binding.[51] Apart from the generally very thoroughly studied
EcAlkB enzyme, two of its human homologues were subjected
to FA spectroscopy to elucidate their binding behavior towards
their primary substrates. Multiple variants of AlkBH8, which
usually act on modified uracil in some tRNAs, were provided
with synthetic RNA strands and their binding affinities to those
substrates appeared to be dependent on both the RNA
recognition motif close to the N-terminus and an additional N-
terminal α-helix domain, even though with rather low sequence
specificity.[35] Jia et al., on the other hand, utilized FA spectro-
scopy in their structural study of AlkBH9 with its main substrate
m6A in mRNA, to screen for AlkBH9 variants suitable for
crystallization which would exhibit increased binding affinity to
6mdA-containing DNA instead of RNA without significant
impact on demethylation efficiency.[36g] They identified a
Gln86Lys/Gln306Lys variant with 16-fold increased binding
affinity compared to the wild type enzyme, which allowed for
more facile crystallization and enabled them to structurally
characterize the preference of AlkBH9 for binding of m6A in the
5’-cap motif of mRNA. FAM-labelled DNA samples have been
used to explore the binding affinity of 5mdC, 5hmdC, 5fdC or C-
containing DNA and TET2. The fluorescence polarization
measurements showed that the affinity for all four substrates
was similar and was further unaffected by the presence of Fe2+/
Mn2+ and N� Ox/α-KG.[38b]

Figure 6. Copyright © 2012, American Chemical Society, taken from
reference.[49] A Typical steady-state fluorescence of tryptophan residues in
apo-EcAlkB and EcAlkB� Fe2+ with (holo-EcAlkB) and without N� Ox. B
Fluorescence anisotropy. C Thermal denaturation curves. Conditions: EcAlkB
7 μM, Fe2+ 10 μM, N� Ox 1 mM in 20 mM Tris-HCl, pH 7.6. EcAlkB 1 μM in
20 mM Tris-HCl containing 150 mM NaCl, pH 7.6, 20 °C.
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2.2.4. Isothermal titration calorimetry (ITC)

ITC is a method that can be used to monitor the thermody-
namics of metal and substrate binding events to proteins as
well as to obtain equilibrium constants and even kinetic
information on substrate turnover.[61] In the previously men-
tioned study by Matthews and co-workers,[48] the binding
affinity of EcAlkB to a DNA substrate at different stages of the
oxidative catalytic cycle was assessed (Figure 7). Figure 7A
shows the results for binding of methylated T(1mdA)T to
EcAlkB� Fe2+-α-KG representing the situation at the pre-
chemistry stage. After oxidative catalysis, the co-substrate has
been oxidatively decarboxylated to succinate impacting on
DNA binding which was modelled by titrating T(1mdA)T to
EcAlkB� Fe2+-succinate (Figure 7B). The situation after oxidative
demethylation of the DNA substrate was investigated with an
unmethylated DNA pentamer binding to EcAlkB� Fe2+-succinate
(Figure 7C). The authors had shown by NMR and CD spectro-
scopy (see Sections 2.2.1 and 2.2.5) that the succinate-contain-
ing holoenzyme exhibited higher conformational flexibility than
the α-KG-containing complex. This is also reflected by the ITC
data, as the methylated trimer was bound more strongly by
EcAlkB� Fe2+-α-KG than by EcAlkB� Fe2+-succinate. Notably,
biphasic isotherms were obtained in both cases (discernable
from the presence of a saddle point in the curves and the
derivability of two Kd values from them). This was attributed to
two different EcAlkB species of which one might have under-
gone auto-oxidation with a different affinity for substrate. Upon
dealkylation of the substrate, the binding affinity to the now
unmethylated DNA drops dramatically (as reflected in the
higher Kd value in Figure 7C) hinting to further increased
flexibility as a prerequisite for substrate release. It should be

noted, though, that the unmethylated substrate is of a different
length and sequence (TTdCTT) than the substrate in the first
two cases (T(1mdA)T), so that potential sequence biases were
not accounted for.

The DNA binding properties of TET enzymes have also been
tested by ITC. As the DNA-binding CXXC domain of TET
enzymes lacks a sequence motif which determines the proper-
ties of other CXXC-containing enzymes,[62] Shi et al. examined
the Xenopus TET3 CXXC domain (as well as the human version)
via ITC.[39b] Indeed, while preferring CpG-containing sequences,
TET3 CXXC also binds to non-CpG oligonucleotides with similar
specificity as long as one dC or dG is present. This distinguishes
it from, e. g., CFP1 or MLL which exhibit strict dependence on
CpG dinucleotides.[62] They further identified an unmodified
cytosine as indispensable for TET3 CXXC binding.[39b] These ITC
data provided a principle foundation for a subsequent analysis
of the genome-wide TET3 CXXC binding profile (in HEK293T
cells) by other, DNA sequencing-based, techniques, demonstrat-
ing that simplified in vitro assays can help elucidate biological
observations. Isothermal Titration Calorimetry further showed
that mammalian TET3 had high binding affinity to 5cadC
compared to unmodified dC in a dC(xdC)dG context, while
binding to 5mdC, 5hmdC and 5fdC was markedly reduced.[39a]

ITC can even be useful in screening for (non-DNA) high-affinity
inhibitors of such enzymes, as exemplified by Yu and co-
workers who established a small-molecule inhibitor for TET2
which was consequently employed to investigate the role of
TET2 in somatic cell reprogramming.[63]

Figure 7. Copyright © 2008, European Molecular Biology Organization.[48] Isothermal calorimetric titrations (ITC), top: calorimetric titration profiles, bottom: fit
of heat absorbed per mole of titrant versus DNA/EcAlkB ratio. A Binding of T(1mdA)T to EcAlkB� Fe2+-α-KG. B Binding of T(1mdA)T to EcAlkB� Fe2+-succinate.
C Binding of unmethylated DNA (here: TTdCTT) to EcAlkB� Fe2+-succinate.[48]
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2.2.5. CD spectroscopy

Circular Dichroism (CD) spectroscopy is an excellent method to
determine correct folding of proteins and secondary structure
traits, to investigate interactions of proteins with substrates and
to monitor concomitant conformational changes as well as the
impact of temperature, denaturants and additives.[64] Ideal for
this method are inorganic buffer systems such as phosphate,
but HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl]ethane-1-sulfonic
acid) and Tris (tris(hydroxymethyl)aminomethane) have likewise
been used successfully in CD spectroscopy. Matthews and co-
workers reported the CD spectra of EcAlkB in the presence of α-
KG (here labelled as 2OG) and succinate.[48] To stabilize the
native metal ion Fe2+, ascorbate is usually included, however
this additive possesses an intense CD signal in the near UV-
region obscuring the EcAlkB signature. For an excellent
discussion on the role of ascorbate for α-KG/Fe-dependent
oxygenases please see reference.[65] Due to the observed auto-
oxidation of the EcAlkB� Fe2+ species in the presence of O2,
metal ion substitution with Co2+ was consequently explored.
Hunt et al. had previously demonstrated that the active site
structures of Fe2+ and Co2+-substituted EcAlkB are nearly

identical, hence no major structural changes upon metal
addition are expected.[30c] Besides Co2+, Cu2+ is also suitable for
reconstitution of the active site without distinct changes in the
secondary and tertiary structures, while yielding an inactive, but
stable enzyme for structural investigations.[52] Spectral fitting of
the CD spectra in Figure 8 showed that EcAlkB mostly consists
of β-sheets (39%) and only <10% α-helices, and revealed that
no significant structural changes upon α-KG or succinate
binding were induced.[48]

Several years later, the same group reported a comparison
of apo-EcAlkB and holo-EcAlkB in the presence of different
cofactors.[49] Consistent with previous reports, CD-spectroscopic
analysis demonstrated predominant β-sheet contribution, in
accordance with the structural motifs found in the crystal
structure. Interestingly, both the maximum (195 nm) and
minimum (210 nm) intensify upon metal binding, possibly
because the metal binds to two residues that are part of a β-
barrel and thus stabilize the structures. The nature of the metal
(Fe, Co) had little influence and the addition of α-KG did not
alter the spectra significantly (Figure 9A). Absorbance in Near
UV is commonly caused by disulfide bridges and aromatic
residues. EcAlkB does not contain any disulfide bridges,
however, aromatic residues are integrated into the protein
structure in unique ways upon folding, hence, they can be used
to probe a proteins tertiary structure. The spectrum of holo-
EcAlkB is markedly different in the near-UV region, pointing
towards variation between apo-EcAlkB and holo-EcAlkB tertiary
structure (Figure 9B). Hunt et al. reported another study on the
folding behavior of wild type and mutant EcAlkB variants
dependent on the presence of viable co-factors.[51] Through
following protein denaturation upon heating, thermodynamic
stabilization of the holo-enzyme by ligand binding was
observed, further supported by NMR and FA spectroscopy
experiments.

At the time of writing, we were unaware that magnetic
circular dichroism (MCD) or variable-temperature, variable-field
(VTVH) MCD spectroscopy had been applied to any of the
relevant enzymes discussed in this review. In particular, local
modifications of the iron coordination site, such as changes in
coordination number during cofactor and substrate binding,

Figure 8. Copyright © 2008, European Molecular Biology Organization. CD
spectra of EcAlkB in the presence of different cofactors and metal ions.[48]

Conditions: 20 °C, 1 mm path length, 12.5 μM EcAlkB, 1 mM Ascorbate, 1 mM
Tris-HCl pH 7.6. Background signals from buffer and cofactors were
subtracted from the spectra.

Figure 9. Copyright © 2012, American Chemical Society, taken from reference.[49] A Far-UV spectra and B Near-UV spectra. Conditions: Far-UV CD
spectra=1 mm path length quartz cuvette, 20 °C, 12.5 μM EcAlkB (0.3 mg/mL) in 1 mM Tris-HCl, pH 7.6. Near-UV CD spectra=4 mm path length quartz
cuvette, 10 °C, 1 mg/mL EcAlkB in 20 mM Tris-HCl, pH 7.6. Spectra corrected for background signals.
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can be elucidated with these methods.[66] A possible question
that could be addressed with MCD would be how readily a
catalytically competent active center is formed in the presence
of a certain substrate, which in turn could help with assigning
native functionality. In addition to CD and MCD spectroscopy,
UV/Vis spectroscopy is widely utilized in the concerned area of
research and some examples are given in the next paragraph.

2.2.6. UV/Vis spectroscopy

UV/Vis absorption spectroscopy is, except for the spectroscopi-
cally silent metals Cu+ and Zn2+ (full d-shell, d10), widely used in
bioinorganic chemistry to investigate the characteristic features
of metalloproteins. In 2002 Sedgwick, Hausinger and co-workers
confirmed for the first time experimentally that EcAlkB is an
Fe2+/α-KG-dependent enzyme, partly based on the observation
of a weak Metal-to-Ligand-Charge-Transfer (MLCT) band around
500 nm, reflecting charge transfer from Fe2+ to α-KG.[20d] This
type of MLCT is a characteristic feature of Fe2+/α-KG-dependent
dioxygenases.[4] The authors compared the difference spectra of
anaerobic apo-EcAlkB with α-KG in the presence and absence
of iron and also noted that the absorption maximum of 500 nm
was slightly shifted compared to other members of the Fe2+/α-
KG enzyme family (530 nm).[20d] Previously reported UV/Vis
signatures of EcAlkB were at λmax =560 nm[67] or described as
broad band around 450–500 nm.[20d] The difference in absorp-
tion maxima was attributed on whether iron was already
present from purification or added to the purified apo-
enzyme.[67] Once oxygen is introduced into these systems (in
the absence of substrate), self-hydroxylation of the enzymes
can be observed (also referred to as uncoupled decarboxyla-
tion). In TauD and EcAlkB this is reflected by a band around
550 nm (oxidation of a tyrosine residue)[68] and 595 nm
(tryptophan oxidation),[69] respectively. These spectral changes
are most likely due to Ligand-to-Metal-Charge-Transfer (LMCT)
from Trp� OH to Fe3+.[70] This unwanted self-hydroxylation can
be avoided by handling the enzyme under strictly anaerobic
conditions, especially in the absence of a suitable substrate. For
EcAlkB UV/Vis absorption spectroscopy was also used to

examine substrate binding and/or the ability to form a catalyti-
cally competent active center. Mishina, Chen and He inves-
tigated the impact of ssDNA binding on EcAlkB.[67] They
observed that the Fe2+-α-KG MLCT band at 560 nm broadened
and shifted to 551 nm upon addition of ssDNA and attributed
this to a geometry change around the iron center upon
substrate binding. For TET2 the absorbance decay of the FeIV-
oxido species was monitored in the presence of different
substrates with stopped flow absorption spectroscopy. For this,
an anaerobic solution of TET2 and Fe(NH4)2(SO4)2 was mixed
rapidly with a solution (that had been previously exposed to air
and hence contained O2) of α-KG and dsDNA bearing either
5mdC, 5hmdC or 5fdC. The emergence and decay of species VI
(see Scheme 3, Figure 10) was then monitored at 318 nm. For
5hmdC and 5fdC containing substrates, the intensity of the
signal in the beginning was larger than for 5mdC. Thus, the
catalytically active FeIV-oxido species (species VI) accumulated
when 5hmdC or 5fdC were present, before it was consumed by
reaction with the substrate. The decay of this species was also
slower for those two substrates than for 5mdC. The authors
concluded that the substrate influences the reaction time and
that the substrate preference in TET2 is caused not by altering
the formation of the FeIV-oxido species but acts through the
changes in the hydrogen abstraction step, which is the rate
determining step.[38b]

2.2.7. Surface plasmon resonance (SPR) spectroscopy

Albeit surface plasmon resonance (SPR) spectroscopy (Biacore)
has to our knowledge so far not been reported to be used for
the characterization of AlkB-family oxygenases, SPR spectro-
scopy allows the in situ real-time and label-free detection of
biomolecular interactions, which could be utilized for their
functional investigation. Here the target molecule (i. e. protein
or nucleic acid fragment) is immobilized on a prepared gold
sensor surface and a solution with the potential interaction
partner is applied through flow cells. Alteration of the mass on
the sensor surface impacts on the intensity of the reflected,
incident polarized light beam at a specific angle (= resonance

Scheme 3. Different possibilities to monitor activity of Fe2+/α-KG-dependent enzymes. “Substrate” here refers only to the nucleic acid substrate, not α-KG or
O2. Similarly, “product” refers only to the nucleic acid product. Any other products are considered “byproducts”.
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angle), from which information about binding affinity, dissocia-
tion and association rate constants and thermodynamic param-
eters, such as entropy, enthalpy, and activation energy can be
deduced.[71] Luo, Hu and co-workers used this technique to
assess the interaction of TET2 with 5mdC-, 5hmdC- and 5fdC-
containing DNA.[38b] The authors used biotinylated DNA (26
base pairs including the cytosine modification of interest) that
was immobilized on a streptavidin-chip to monitor the kinetics
of association and dissociation of TET2 to the three DNA
substrates. Since no significant differences were observed, they
concluded that the DNA-binding affinity to TET2 is comparable
between the substrates and that this is not the source of
substrate preference for 5mdC-containing DNA.

3. Kinetic Investigations using Different Assay
Methods

Over the past decades multiple assays have been developed
that give insight into the kinetics and substrate turnover of Fe2+

/α-KG-dependent enzymes that play a role in epigenetics and
DNA repair, based on measurements of substrates and products
of the enzymatic reaction. For nucleic acid substrates, the
utilization of substrates and generation of products can be
directly monitored by HPLC and different mass spectrometry
(MS) methods (Scheme 3). Oxygen consumption can likewise be
followed as well as the formation of CO2 byproduct after the
active species has been generated. Popular assays also rely on
the emergence of succinate as byproduct of the C� H activation
reaction and thus provide an indirect analysis of substrate
turnover. For those enzymes eliminating alkyl groups from their
substrates, the small molecules which are released might serve
as activity indicators as well. Typically, combinations of these
approaches are employed to obtain a broad image of enzyme

activity. In the following text, the different methods are critically
discussed.

3.1. Direct analysis of enzyme-specific substrates and
products

A common practice for the study of enzymes is the analysis of
the substrate or product after enzymatic treatment by a variety
of techniques. In particular liquid, but also gas chromatography
(both stand-alone and coupled with mass spectrometry) are
widely used methods to determine substrate consumption and/
or product formation. GC or HPLC and GC- or HPLC-MS analysis
allow for the investigation of both in vitro and in vivo systems, if
the samples are prepared accordingly.[22b,72] Various excellent
descriptions of analytical procedures can be found in the
literature.

For example, HPLC analysis of reaction products using
isotopically labelled substrates in combination with measuring
of the radioactivity in the sample can be used to track the
demethylation activity of EcAlkB or related enzymes. Here, the
methyl (or more general alkyl) group on oligonucleotides is
[14C]-labelled and the radioactive activity in the supernatant
analyzed by scintillation counting, giving detailed information
on the activity of the studied enzymes. In 2003 Hausinger,
Sedgwick and co-workers applied this combined procedure to
show for the first time that EcAlkB demethylates 1mdA and
3mdC in DNA directly to dA and dC.[20d] They used the potent
methylating agent [14C]-methyl iodide to methylate oligonu-
cleotides (poly(dA) and poly(dC)) in combination with wt-EcAlkB
or some EcAlkB variants. Following the enzymatic reaction, the
nucleobases were digested and analyzed by HPLC, and the
radioactivity in the supernatant determined by scintillation
counting of the collected fractions. This was complemented by
measuring the radioactivity of the ethanolic supernatants
containing the eliminated formaldehyde. The study found that,

Figure 10. Stopped-flow with UV-Vis detection can be used to gain information how different substrates affect the formation and consumption of reactive
species. A. Example of stopped flow setup. B. Formation of species VI as well as its decay can be monitored with stopped flow. In the case of TET2, it was
reported that with 5mdC-containing DNA the decay was faster than for 5hmdC or 5fdC containing DNA, but the emergence of species VI was similar for all
three. Thus, the hydrogen atom transfer step is likely the one that causes the observed substrate preference in TET2.
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while 3mdA and 7mdA had also formed, they were not
demethylated by EcAlkB. In a similar way, Krokan et al. tracked
the fate of [3H]-methylated DNA and RNA substrates to study
EcAlkB, hAlkBH2 and hAlkBH3.[22b] However, they focused their
experiments on the detection of nucleosides and concluded,
among others, that hAlkBH2 is more active on dsDNA than on
ssDNA and that EcAlkB is involved in RNA repair. Kizaki and
Sugiyama used HPLC to study TET activity on a hexameric
substrate comprising only guanine, cytosine and 5mdC. They
reported that, under in vitro conditions (55.4 μM CGmCGCG;
7.29 μM mTET1 active domain 1376–2039; 37 °C; 40 min) 5mdC
is quickly converted to 5hmdC, already reaching its maximum
level after only a few minutes incubation time. 5hmdC is further
transformed to 5fdC, which reaches steady levels in a dynamic
equilibrium after 10 min incubation, as it is continuously
produced from 5hmdC, but also consumed to form 5cadC.[72a]

Currently, mostly MS-based techniques are applied, as the
instruments are sensitive (detection limits down to a low
femtomole range) and allow to detect epigenetic modified
bases in a nucleic acid sample directly. For example, in 2019
Carell et al. published a protocol on the quantification of non-
canonical natural DNA nucleosides, where they describe a short
(14 min/sample) method in which DNA is extracted and
digested, the sample diluted with isotopically labeled internal
standards (13C and/or 15N) that have similar chromatographic
and fragmentation properties, followed by LC-MS quantification
of the nucleosides.[73] By now this method has been adapted
and used by several groups, for instance to determine the
influence of epigenetics on cancer or to generally study the
turnover of genomic methylcytosine in pluripotent cells.[72b,74]

This method has also been used to detect levels of 5mdC, 5fdC
and 5cadC after oxidation of a 5mdC containing oligomer by a
TET biomimetic.[75] An excellent review was published on the
detection, structure and function of modified DNA bases by
Balasubramanian et al. in 2019, which dives into this topic in
greater detail.[76]

In addition to HPLC analysis, gas chromatography has been
utilized for the detection of DNA fragments. In 2015, Sowers
et al. used a combination of HPLC separation and GC-MS
analysis (detection limit also in the low femtomole range) to
determine the amounts of cytosine modifications (probably as a
result of TET activity) in rodent brain cells.[77] While HPLC(-MS)
can be used to detect both nucleoside and nucleobase
substrates, GC-MS requires the digestion of DNA to the
nucleobases since (derivatized) nucleosides are not stable under
the conditions of GC-MS. Derivatization of nucleobases with for
example N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) in
acetonitrile and subsequent detection as well as quantification
has been reported for a range of epigenetically relevant
cytosine derivatives as well as for artificial DNA bases.[78]

Not only single nucleosides or nucleobases can be proc-
essed with HPLC, DNA oligomers can also serve as analytes. In
2009, Yu and Hunt published their results on EcAlkB activity on
trimeric (TmdCT or TmdAT or TɛdAT) or pentameric (3mdC or
1mdA in different combinations with C/T/A, as well as 1mdG,
3mT and ɛA) substrates.[79] They found that 3mdC and 1mdA
lesions were repaired three orders of magnitude faster than ɛA

in the trimer, whereas repair activity on 1mdG and 3mT was
decreased 10.000-fold compared to 1mdA or 3mdC. Similarly,
Maciejewska and co-workers performed another in-detail study
of EcAlkB activity on different randomly methylated pentamers
containing 3mdC, ɛdA, ɛdC, hydroxyethyl C (HEC), or hydrox-
ypropyl C (HPC).[20g] In an HPLC-based assay, they optimized the
pH as well as the Fe2+ and α-KG concentrations and calculated
the rate constants for repair efficiency for each of these
substrates. The authors observed the pH optimum for oxidation
to consistently be one unit below the pKa of the substrate in all
cases, indicating that cationic protonated substrates are
preferred. Interestingly, the Fe2+ dependence was found to be
inversely correlated to the pH, with higher optimum Fe2+

concentration at lower pH values. In contrast, no significant
dependence for the α-KG concentration was detected.

In addition to chromatographic separation and subsequent
quantification of substrates and reaction products, stand-alone
MS analysis played a critical role in assessing enzyme
activity.[20f,80] Essigmann et al. used a variety of MS methods
(MALDI-TOF-MS, ESI-TOF-MS or Q-TOF-MS) without prior diges-
tion to elucidate the scope of nucleic acid lesions that can be
removed by EcAlkB in vitro as well as the kinetics of the repair
reactions. By tracking the � 4 charge state of an 16mer ssDNA
oligonucleotide, they identified a variety of modifications
EcAlkB is able to act upon, which include, among others, 1mdA,
etheno-A, 6mdA (with an intermediate described in EcAlkB
hydroxylation studies for the first time), 2mdG, 2etdG, furyl-G,
THF-G, “α-hydroxypropanyl”-G, “γ-hydroxypropanyl”-G and “ma-
lonyl”-G (Scheme 2). These mainly toxicologically interesting
alkylated nucleobases either are lesions found to be formed in
the presence of metabolic side products and external chemicals,
or served as substrate models for more complex lesions found
in vivo (especially furyl-G and THF-G). Moreover, they were able
to observe some intermediates of the repair mechanism and
corroborated parts of their findings via GC-MS experiments.

Moreover, upon incubation of hAlkBH1 with oligomeric
DNA substrates and subsequent analysis of the reaction
products by gel electrophoresis by Hausinger and co-workers,
revealed that hAlkBH1 is also able to cleave non-methylated
DNA oligomers.[81] The authors found that this AP-lyase activity
is neither dependent on Fe2+ nor α-KG, nor serves ascorbate as
an activator as had been observed for the demethylation
activity of hAlkBH1.[21h] In addition, ssDNA-cleavage by AlkBH1
was also found to be unaffected by the presence of EDTA,
Mg2+, Mn2+ or Zn2+ and by incorporating THF as an abasic-site
analogue into their substrates, Hausinger and team were able
to show that hAlkBH1 cleaved the 3’-position of abasic sites.[81]

Cleavage of specific DNA sequences by restriction enzymes and
glycosylases followed by gel-electrophoretic analysis can be a
useful low-effort tool to investigate enzymatic modification of
nucleobases. The main requirement is, however, that such a
DNA-cleaving protein (as described above for hAlkBH1, this can
also be the examined enzyme itself) is available which is able to
hydrolyze a DNA strand in the presence of either the substrate
or product base of the enzyme in question. For example, a
Bacillus subtilis alkyl adenine DNA glycosylase was used by
O’Brien et al. to study EcAlkB kinetics on 1mdA and ɛdA which
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are both excised by the glycosylase initiating a DNA strand
break under basic conditions.[82] Analysis of the fragmented and
unfragmented oligonucleotides (carrying a fluorescent marker)
on a gel allowed for a simple read-out of EcAlkB activity. It
should be noted that they found rapidly decreasing instanta-
neous reaction rates in their steady-state kinetic assays which
they attributed to potential self-inactivation of EcAlkB upon
DNA binding. This might originate from self-hydroxylation at
Trp178 and might be a potential cause for variable and
inaccurate (hence not reproducible) kinetic parameters depend-
ent on the time-scale of the measurement. To prevent this, the
authors also performed steady-state experiments with 1mdA
and ɛdA-containing DNA fragments in direct competition to
each other, as well as single-turnover experiments. However,
these approaches do not provide the same information as
conventional steady-state kinetic assays and should rather be
seen as complementary experiments.

3.2. Direct analysis of co-substrates and byproducts

Besides relying on the detection of the nucleic acid substrates
or products, a variety of approaches are available which exploit
the conversion of the co-substrates, α-KG and O2, to the co-
products succinate and carbon dioxide, specific substrate-
independent hallmarks of the Fe2+/α-KG-dependent dioxyge-
nase catalyzed reactions. Moreover, the AlkB dealkylase families
produce further co-products, primarily formaldehyde or its
homologues. Hence, this class of enzymes provides a diverse
number of targets for activity studies, which are often
combined to give a full picture of the enzymatic properties.
Although the fates of α-KG or its oxidation products are
commonly tracked when investigating Fe2+/α-KG-dependent
dioxygenases, such as deacetoxycephalosporin C synthase,
prolyl hydroxylase and TauD,[83] the AlkB- and TET family
enzymes have not been analyzed in detail via one of these
strategies so far. Indeed, α-KG has not yet been a considerable
factor of interest in kinetic studies, although α-KG turnover (or
succinate formation) can be easily monitored with 1H-NMR
spectroscopy.[84] Nevertheless, the formation of either carbon
dioxide or succinate has been followed in a series of assays. In
both cases, quantitative radioactivity measurements are typi-
cally undertaken after supplementing a mixture of approx-
imately 10% [14C]-labelled α-KG in unlabeled α-KG. Isotopic
labelling of the 1-carbon enables 14CO2 production

monitoring[83b] (after capturing with hydroxides), whereas 5-
[14C]-α-KG application allows for observation of 1-[14C]-
succinate.[85] It is noteworthy, however, that a recent study has
found that α-KG can, albeit slowly, be decarboxylated non-
enzymatically in the presence of anti-oxidants like ascorbate or
dithiothreitol, which are commonly used in activity studies of
Fe2+/α-KG-dependent (di)oxygenases.[86] This was attributed to
the formation of hydrogen peroxide from the anti-oxidant and
dioxygen, which might then mediate α-KG decarboxylation. In
light of this, it might be worth performing assays tracking
succinate or CO2 formation with additional controls, especially
when high concentrations of anti-oxidant or long reaction times
(e.g., for inhibition studies or for investigation of variants with
reduced activity) are required, to ensure the robustness of the
acquired data. Unrelated to ascorbate/dithiothreitol, but along
the line of commonly added (anti-oxidant) additives that may
interact with metalloenzymes, Rodríguez-Maciá, Birrell and
team have recently shown that for hydrogenases, the addition
of the often-used reductant sodium dithionite influences the
mechanism and thus spectroscopic features of this iron
enzyme.[87] However, it should be noted that for the Fe2+/α-KG-
dependent oxygenase TfdA (2,4-dichlorophenoxyacetate/α-KG
dioxygenase) it was reported that addition of dithionite
remediated the effects of self-hydroxylation to some extent.[70]

Recently, Haigis and co-workers have established a colorimetric
α-KG detection assay for the prolyl hydroxylases domain protein
family.[88] The α-KG consumption assay, relying on the derivati-
zation of α-KG with 2,4-dinitrophenylhydrazine (2,4-DNPH,
Scheme 5) in the presence of concentrated base (Scheme 4),
could also find use for the enzymes described in Table 1.
Succinate does not form the colored product. However, it
should be considered that 2,4-DNPH might react with
formaldehyde, which can be a reaction product by AlkB-family
dioxygenases (e.g. from 6mA demethylation).

3.2.1. Carbon dioxide production assays

Based on 14CO2 quantification, hAlkBH1 was described as a
histone demethylase, which regulates the methylation status of
histone H2A, by Larsen and co-workers.[21a] Pollard et al.
assessed the activity of hAlkBH5 towards a variety of meth-
ylated ssDNA substrates by this technique.[89] They first con-
firmed that hAlkBH5 is a Fe2+/α-KG-dependent dioxygenase by
identifying one of their characteristic activity features: the so-

Scheme 4. Assay based on capturing α-KG with 2,4-DNPH and subsequent treatment with base to yield a colored hydrazone product which can be quantified
using UV-Vis absorption spectroscopy.

ChemBioChem
Review
doi.org/10.1002/cbic.202100605

ChemBioChem 2022, 23, e202100605 (16 of 23) © 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Montag, 16.05.2022

2211 / 235852 [S. 18/25] 1

 14397633, 2022, 11, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cbic.202100605, W
iley O

nline L
ibrary on [19/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

22



called uncoupled decarboxylation reaction,[90] which describes
the oxidation of α-KG followed by elimination of CO2 in the
absence of a substrate. This reaction was found to be depend-
ent on the presence of Fe2+ and the cofactor ascorbate, as
expected for a Fe2+/α-KG-dependent dioxygenase.[89] Analo-
gously, the Fe2+ and ascorbate dependent decarboxylation
activity of hAlkBH1 was demonstrated by Krokan et al.[21h]

Pollard and team further measured 14CO2 production to gain
information on the dioxygen dependence of the hAlkBH5
uncoupled decarboxylation, which is strongly impaired under
anaerobic conditions.[89] They linked this in vitro behavior to the
upregulation of hAlkBH5 under hypoxia in vivo and proposed a
specific function for AlkBH5 in hypoxic cells. However, no
significant increase in CO2 production in the presence of
methylated oligonucleotide substrates was found and the
authors concluded that hAlkBH5 does not function as DNA
demethylase.[89]

Other family-members whose activity was examined by
analyzing the 14CO2 capture method were AlkBH2 and AlkBH3
(for their functionality in substrate recognition)[91] and the three
TET proteins.[92]

3.2.2. Succinate production assays

In 1990, an activity assay based on the formation of 1-[14C]-
succinate was developed by Kaule and Günzler for the
investigation of prolyl 4-hydroxylase, which applies to any kind
of Fe2+/α-KG-dependent dioxygenase.[85a] Since the radioac-
tively labelled oxidation co-product is not volatile, capture is
not required and it can be quantified via scintillation counting.
However, unreacted 5-[14C]-α-KG must be removed beforehand,
for instance, through precipitation as a hydrazone.[83a,93] This
methodology was used to investigate several viral AlkB
homologues which show activity against methylated nucleo-
bases, especially in RNA context.[93] Krokan and co-workers
reported hAlkBH1 to act on methylated adenines and cytosines
in both mitochondrial DNA and RNA.[21h] Further, a lack of
succinate release, in combination with other methods, impli-
cated a lack of DNA demethylase activity in the case of a yeast
AlkBH1[94] (even though it showed weak DNA lyase activity as
found for hAlkBH1 by Hausinger et al.[81]). Analogous to the
14CO2 assay, 1-[14C]-succinate accumulation can be utilized to
detect uncoupled decarboxylation. This approach was chosen
by Andersson et al., who investigated the general activity of
AlkBH4, the substrate of which has not yet been identified.[95]

Besides, different succinate-sensing strategies are (commer-
cially) available, including colorimetric, coupled enzymatic
assays.[83d,96]

3.2.3. Dioxygen consumption assays

Molecular oxygen is the second essential co-substrate of Fe2+/
α-KG-dependent dioxygenases. Consequently, oxygen levels
have been shown to modulate TET reactivity in tissues and
hypoxia is known as an important factor in epigenetic

regulation and disease.[97] Surprisingly, O2-levels in assays of
epigenetically relevant enzymes are rarely controlled nor
monitored in vitro, but have been reported for other Fe2+/α-KG-
dependent enzymes and related non-heme enzymes (for
example, by monitoring the decrease of atmospheric dioxygen
levels).[66b,98] Depending on the assay design, this is likely to be
due either to the necessity to initially prepare the reaction
mixture under strictly oxygen-free conditions, or because the
concentration is difficult to control without specialized equip-
ment (e.g. oxygen electrode). For example, Sedgwich, Hausinger
et al. monitored the consumption of oxygen by EcAlkB in the
presence of 1mdA- or 3mdC-containing DNA-substrates poten-
tiometrically, when they first characterized the enzyme’s mode
of action in detail.[20d] Using a Clark-type electrode[99] as an
oxygen sensor, they showed that EcAlkB uses up significant
amounts of dioxygen, if a suitable substrate is available, and
that these amounts are stoichiometrically related to substrate
oxidation. Since availability of dioxygen impacts on the activity
of Fe2+/α-KG-dependent dioxygenases both in vitro and in vivo,
these enzymes are commonly referred to as “physiological
oxygen sensors” and contribute to metabolic changes under
hypoxia.[100] Proteins as tightly connected to epigenetic proc-
esses as AlkB and TET family enzymes might be critical players
in the cellular response to hypoxia as well as in disease and
cancer development. The diminishing activity of hAlkBH5 with
decreasing dioxygen concentration in vitro, demonstrated by
Pollard and co-workers, and its consequent upregulation under
such conditions in vivo provide some evidence for this
connection.[89] TET1 and TET2 kinetics were measured more
thoroughly with respect to O2 availability by Koivunen et al.[92]

Here Michaelis-Menten analysis revealed a KM around 30 μM in
both cases. In contrast, for the proline-4-hydroxylases which
modify the hypoxia-inducible transcription factors (HIF-P4Hs)
and initiate the cellular hypoxia response through being
inhibited at dropping oxygen levels, a KM =230–250 μM was
reported.[101] Thus, it was concluded that TET enzymes remain
active even under hypoxic stress.[92] However, additional com-
parable studies providing detailed insight into those enzymes’
behavior during dioxygen deficiency are required.

A remarkable, very different oxygen-sensing approach to
measuring TET2 kinetics was developed by Dai, Zhang and co-
workers in 2018, which is based on the luminescence of a Cu+

-containing metal-organic framework (MOF, Figure 11).[102] Here
the MOF MLCT phosphorescence is quenched by interaction
with triplet state molecules, such as dioxygen in its ground
state. Due to the high porosity of the MOF, the luminescence
intensity changes reversibly upon alteration of the dioxygen
concentration (more rapidly than the enzymatic O2 consump-
tion rate) and this heterogeneous sensor does not interfere
with the enzymatic reaction. Hence, it represents a versatile tool
for the kinetic investigation of Fe2+/α-KG-dependent dioxyge-
nases allowing for real-time, continuous monitoring. Based on
this method, the authors were able to identify lag, linear and
non-linear phases of the TET-mediated 5mdC oxidation process.
The real-time nature of the assay allowed for relatively accurate
determination of reaction velocity in comparison to other more
common methods (LC-MS/MS, 14CO2 radioisotope assay, global
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5hmdC quantification), which can only provide average values
and are snapshots at certain time points in addition to being
more time-consuming. Due to differences in the methods used,
distinct KM and kcat values for TET2 towards 5mdC in ssDNA
were reported and compared to previous studies,[13,38b,92] which
also confirmed the finding that TET enzymes only show low
sensitivity against O2 concentration changes.[92]

3.2.4. Assays based on co-product elimination from the main
substrate

As already mentioned above, the AlkB enzyme family produces
small organic molecules as side products. Most often, this is
formaldehyde (in the case of methylated bases), but more
complex aldehydes can be eliminated as well, depending on
the structure of the alkyl modification (see Scheme 2). These
side products provide viable and reasonably convenient path-
ways to study enzyme activity. Firstly, short alkyl groups, and
especially methyl groups, can easily be artificially introduced
into DNA substrates, which is particularly interesting for isotopic
and radioactive labelling strategies (see above). Secondly, the
highly electrophilic reactivity of aldehydes towards a variety of
functionalities, such as amines, hydroxylamines or hydrazines
can be exploited in chemical capture approaches. Thirdly, a
series of enzymes are known that process the cytotoxin
formaldehyde and can be employed for coupled enzymatic
assays. Formaldehyde can also be tracked when a 13C-labelled
methyl group is incorporated in the substrate. This was
demonstrated by Schofield with histone demethylase JMJD2E
and labelled tri- and dimethylated peptides and using 1D 13C
heteronuclear single quantum coherence (HSQC) NMR
spectroscopy.[84b]

When DNA substrates are artificially (hyper)methylated,
radioactive [14C]- or [3H]-containing methyl groups can be
introduced via common methylation agents such as methyl
iodide, dimethyl sulphate or methyl nitrosourea. Upon demeth-
ylase treatment, they are eliminated as radioactively labelled
formaldehyde, which can be quantified by scintillation counting
after DNA precipitation. This approach was utilized by Sedg-
wick, Hausinger et al., in combination with other strategies, to
test EcAlkB activity against randomly [14C]-methylated poly(dA)
and poly(dC) oligonucleotides.[20d] In a comparative study of
EcAlkB and its human homologues hAlkBH1, hAlkBH2 and
hAlkBH3, [14C]-methyl groups were introduced as well.[22a] While
hAlkBH1 appeared active on neither 1mdA nor 3mdC, hAlkBH2
and hAlkBH3 repaired both lesions in single-stranded and
double-stranded DNA, although with different substrate prefer-
ence. Another group proposed that hAlkBH2 prefers dsDNA,
whereas hAlkBH3 rather requires ssDNA or even RNA,[22b] based
on [3H]-radioactivity measurements. Subsequently, it was shown
that the substrate specificity of hAlkBH2 is dependent on the
Mg2+ concentration.[20e] EcAlkB, hAlkBH2 and hAlkBH3 were also
tested for their demethylation reactivity towards 3mT.[20h] Later,
Krokan and co-workers reported that hAlkBH1 acts even as
3mdC and m3C demethylase in mitochondrial DNA and RNA.[21h]

In conjunction with the 1-[14C]-succinate method, radioactive
formaldehyde monitoring provided access to the activities of
several viral AlkB homologues.[93] An assay measuring depletion
of a tritiated substrate was further utilized in a detailed study
on the structure and function of wildtype hAlkBH3.[33]

When aldehydes react with hydroxylamines or hydrazines,
oximes and hydrazones, respectively, are virtually quantitatively
formed. This chemical behavior was exploited by Sedgwick,
Hausinger et al. when they subjected unlabeled hypermeth-
ylated poly(dA) and poly(dC) oligonucleotides to EcAlkB

Figure 11. Real-time continuous monitoring of TET activity by means of an MOF-based O2 sensor. After assembly of the MOF from the starting materials
(green spheres represent copper ions) on silicone rubber (golden plate) the system exhibits little luminescence due to the quenching by O2. As oxygen is
consumed during the enzymatic reaction (structural representation of TET is shown as an example, green and orange represent opposite strands of DNA in
the substrate), the MOF becomes luminescent (blue plate).
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treatment.[20d] Their protocol involved the capture of
formaldehyde with (pentafluorophenyl)hydrazine (Scheme 5)
and quantification of this adduct via GC-MS analysis. The
chemical derivatization approach can also be merged with
other strategies. This is exemplified by Sedgwick et al. who
studied EcAlkB activity on 1mdA, 3mdC and 1-ethyldA by
condensation of [14C]-formaldehyde or [14C]-acetaldehyde with
2,4-DNPH (Scheme 5), followed by HPLC analysis and scintilla-
tion counting.[22a] Another common reagent for derivatization
prior to GC-MS analysis is O-(pentafluorobenzyl)hydroxylamine
(Scheme 5) that has been applied in a kinetic investigation of
EcAlkB DNA repair.[80b] Even though not an elimination product,
aldehyde reactivity towards hydrazines has further been made
use of in an in vitro study on whether iterative TET1 oxidation of
cytosine 5-substituents occurs in a consecutive or rather a
distributive manner.[103] Therefore, a chemical probe reagent
containing an aldehyde-sensitive hydrazine moiety, to react
with the TET intermediate 5fdC, and a fluorescent pyrene

function was utilized (2-hydrazineyl-N-(pyren-1-yl)acetamide,
Scheme 5).

The high reactivity against N-nucleophiles makes
formaldehyde a potent cytotoxin. Since several metabolic
pathways yield formaldehyde as byproduct, many organisms
possess formaldehyde dehydrogenases (FDHs), rendering it
harmless by oxidation.[104] The redox co-factor NAD+ is simulta-
neously reduced to NADH which shows fluorescence at around
460 nm.[105] Thus, kinetic assays coupling nucleic acid demeth-
ylase activity to formaldehyde oxidation are viable, which was,
for instance, exploited by Sedgwick, Hausinger et al.[20d] Roy and
Bhagwat later achieved advancement in terms of sensitivity of
that assay.[106] They exchanged the redox co-factor NAD+ by 3-
acetylpyridine adenine dinucleotide (APAD+) and reached a
30 times higher extinction coefficient with a slight shift of
excitation and luminescence wavelengths (363 nm and 482 nm,
respectively), which allows working with sub-nanomole
amounts of methylated substrate. With this assay, they
investigated Michaelis-Menten kinetics of EcAlkB towards 1mdA

Scheme 5. Different hydrazines and hydroxylamines that have been used to capture formaldehyde or derivatize other molecules of interest with aldehyde
functional groups such as 5fC. The abbreviation of 2,4-dinitrophenylhydrazine (2,4-DNPH) is indicated as this structure was mentioned regularly in this text.

Table 2. Summary of methods discussed in section 2 of this review with selected accessible features of the system of interest.

Characterization
method

Type of information gained Advantages/disadvantages/comments

X-ray crystallography Molecular structural details of substrate recognition Applicable for resting state (inhibitor might be needed); requires crystals;
sometimes in crystallo reactions possible to track intermediate species

NMR spectroscopy Changes in flexibility/rigidity of entire protein upon
substrate and co-factor or product binding and release

Size limitation for protein; isotope labelling often necessary

EPR spectroscopy Coordination environment of metal in the active site
(e.g. Number of N-donor atoms bound to metal),
geometry

Fe2+ difficult to observe without highly specialized equipment, thus Cu2+

often used instead

Fluorescence
spectroscopy

Local protein dynamics, folding and substrate binding Fluorescent labels or antenna features need to be present on enzyme or
substrate; thermodynamic and kinetic information (combined with
stopped flow) accessible

Isothermal titration
calorimetry

Thermodynamics of metal and substrate binding to
protein, binding constants, and kinetics of substrate
turnover

No labels necessary

CD spectroscopy Thermal stability of protein, changes in secondary and
tertiary structure upon substrate or co-factor binding

Additives (e.g. buffer, or ascorbate) can obscure signal

UV/Vis spectroscopy Information on active site features (binding of α-KG to
Fe2+) by e.g. monitoring MLCT absorption bands

Kinetic information (combined with stopped flow) on rise and decay of
certain intermediates accessible.

SPR spectroscopy Real-time and label-free detection of biomolecular
interactions to determine thermodynamic and kinetic
parameters

Tag or label on protein or substrate for immobilization necessary;
interaction can be studied under changing conditions
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and 3mdC and obtained markedly distinct values than from
previous studies,[20e,107] that they attributed to differences in
DNA substrate sequence and secondary structure formation.
They additionally noticed that Tris can serve as substrate for
FDH and is thus an unsuitable buffer component for this type
of assay. Further, it should be noted that Tris can react with
formaldehyde itself in a Schiff base reaction.[108]

4. Conclusion

The study of DNA and RNA repair and modification mecha-
nisms, both in and outside of epigenetics context, has seen
remarkable progress in the last years. The collective effort of
researchers across a broad range of disciplines, from biochem-
istry to inorganic chemistry, has led to a fair understanding of
the mode of action of EcAlkB, AlkBH, TET and many other
enzymes. However, these studies often apply a limited number
of specific methods which has created “white spots” on the
map of enzymatic DNA modification and repair. In addition,
detailed mechanistic understanding has mostly been extrapo-
lated from TauD (using Mössbauer and MCD among other
methods). By collecting a comprehensive overview on used
methods (Table 2) as well as the most recent information in this
review, we hope to address this and give researchers in the field
the opportunity to learn about available spectroscopic methods
and assay setups that would be complementary and useful for
their studies. One problem is the multitude of techniques that
make it difficult to directly compare e.g. kinetic parameters
from different studies. In addition, one recognized major pitfall
in working with isolated Fe2+/α-KG-dependent enzymes is their
notorious ability to autoxidize and self-hydroxylate in the
presence of molecular dioxygen but absence of substrate. Since
in vivo tissue oxygen levels are generally low, better regulated
and controlled, it stands to question how kinetic parameters
determined in vitro reflect the in vivo situation. Thus, these
results should always be interpreted with caution.
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2 Synthetic Iron Complexes Modeling Enzymatic Processes 

Metalloenzymes are a family of enzymes that contain metal ions in their active site. They 

are ubiquitous in nature, making about one-third of all enzymes known so far.[43-44] 

Metalloenzymes perform various reactions and depending on their specific function, these 

enzymes are divided into different groups. Examples include oxygenases[45-47] that transfer 

oxygen from molecular oxygen to substrates, hydrogenases[48-51] facilitating uptake of 

molecular hydrogen and/or catalyzing proton reduction and halogenases[52-53] that 

halogenate substrates amongst others. The metal cation displays a distinctive role in the 

enzyme and acts for instance as redox partner or Lewis acid, facilitating the catalyzed 

reaction. 

Many monooxygenases and dioxygenases involve high-valent metal-oxido species as 

reaction intermediate. In iron-containing oxygenases, different structural appearances for 

this intermediate can be found (Chart 2).[54-55] In heme enzymes such as cytochrome P450, 

reactions including olefin epoxidation and alkane hydroxylation are believed to proceed via 

high-valent iron(IV)-oxido porphyrin π-cation radicals.[56-57] Rieske dioxygenases catalyze 

the cis-dihydroxylation of arene C=C double bonds. Their active center displays a 

combination of a non-heme mononuclear iron center responsible for oxygen activation and 

ferredoxin containing [2Fe-2S] Rieske iron-sulfur clusters.[58-62] As described in the 

previous section for α-ketoglutarate-dependent enzymes, also the family of enzymes 

containing mononuclear iron centers plays a significant role. Enzymatic reactions such as 

hydroxylation, halogenation, desaturation, formation of heterocycling rings as well as 

stereoinversion can be catalyzed.[63-66] So-called soluble methane monooxygenases (sMMO) 

present a (bis(µ-oxo)diiron(IV) intermediate and catalyze the hydroxylation of  

methane.[67-71] 



Introduction 

32 
 

 

Chart 2: Representation of the active site in its resting state of selected enzymes involving high-valent iron-oxo 
intermediates. A) Cytochrome P450, B) Rieske dioxygenase, C) taurine dioxygenase, D) soluble methane 
monooxygenase. 

The chemistry performed by metalloenzymes is rich and contains highly desired 

transformations that are still hard to achieve in synthetic chemistry. Moreover, in contrast 

to many synthetic catalysts, nature often uses cheap, abundant and non-toxic transition 

metals such as iron, copper or manganese for these catalytic transformations. Therefore, 

the development of synthetic model complexes mimicking the structural solutions 

provided by nature, opens the door for performing a variety of desired reactions. 

Furthermore, the study of processes such as complex-substrate interactions for instance on 

a small molecule level instead of the complicate enzymes can provide more mechanistic 

insights and illuminate the nature and chemical properties of the intermediates in enzymatic 

catalyses. Open questions focusing on the high selectivity and specificity of these enzymatic 

processes can also be approached by the investigation of synthetic model complexes. It is 

therefore not surprising that research afforded a wide field of enzyme mimics which have 

been thoroughly characterized and investigated concerning their reactivities towards 

various substrates. A selection of synthetic iron(IV)-oxido complexes is shown in Chart 3. 
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Chart 3: Structural representation of selected synthetic iron(IV)-oxido complexes. a),[72] b),[73] c),[74] d),[75] e),[76] 
f),[77] g),[78] h),[79] i),[80] j).[81] 

Although the first synthetic high-valent iron(IV)-oxido complex modelling reactivity of 

heme enzymes was already reported in 1979,[82] it took more than twenty more years until 

the first non-heme iron(IV)-oxido complex could be isolated and characterized. This was 

achieved in 2003 by the groups of Que, Nam and Münck who also provided a crystal 

structure of this compound.[72] Since then, the amount of reported iron(IV)-oxido species 

increased strongly counting nowadays more than a hundred complexes.[77, 83-88] 

Predominantly, polydentate ligands with N-donors such as amines, N-heterocycles, 

pyridines, quinolines or benzimidazoles are employed. With the different ligands providing 

different electronic properties and influencing the thermal stability of the complexes, a 

range of half-lifes (t½, required time to reduce a quantity of compound to half of its initial 

value) from seconds to days has been reported for these species. The majority of the 

presented iron(IV)-oxido complexes is present in the S = 1 low spin state, however, few 

examples of S = 2 high spin complexes can be found.[75-76, 83, 89]  
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The relevance of these complexes and prevalent dynamics in the current research 

community is reflected by the still increasing number of reported structures. In addition 

to thorough studies on existing complex systems, several new iron(IV)-oxido compounds 

have been presented only recently.[80, 90] The group of Kovacs proposed the formation of 

an iron(IV)-oxido complex from a dinuclear µ-O2-bridged iron(III) species which could be 

confirmed by crystallization of the assumed reactive compound at -80 °C.[78] Another 

interesting example is presented by the group of Paine last year.[81] The authors use iron(II) 

complexes with a monoanionic tris(pyrazole) borate-based ligand system in combination 

with the coordination of α-hydroxy acids. Inspired by nature using α-hydroxy acids such as 

α-ketoglutarate as cofactors, this acid was anticipated to facilitate dioxygen reduction. 

Indeed, oxidative decarboxylation of the coordinated α-hydroxy acids was observed in the 

presence of dioxygen and dependent on the reaction conditions (presence of Lewis acids 

or protic acids), the authors were able to perform epoxidations, cis-dihydroxylations of 

alkenes or hydroxylation and halogenation of C-H bonds. However, it has to be noted that 

the authors assume the formation of an iron(IV)-oxido complex as active species but have 

not been able to trap this intermediate. 

The iron(IV)-oxido species ([FeIVPy5Me2(O)]2+ = [FeIVL1(O)]2+) first presented by the 

group of Chang in 2015[91] is of special interest for this work since fundamental parts of this 

theses are based on their results. The properties and reactivity of this complex will 

therefore be elaborated in more detail. 

The generation of the high-valent iron-oxo species is often accomplished through the 

corresponding iron(II) precursor which is oxidized by reagents such as hydrogen peroxide, 

cerium(IV) compounds, ozone or peracids amongst others. Some examples can be found 

where molecular dioxygen is sufficient as oxidant[81, 92] and there exist also studies on the 

formation of iron(IV)-oxido species by using singlet oxygen.[93] The generation of the 

complex [FeIVL1(O)]2+ was achieved in two different procedures (Scheme 2). 
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Scheme 2: a) Chemical or b) photochemical oxidation of the iron(II) precursor resulting in an iron(IV)-oxido 
complex.[91] 

In an oxidation reaction of the iron(II) precursor with cerium(IV) ammonium nitrate 

(CAN) in a water/acetonitrile mixture, the resulting complex [FeIVL1(O)][Ce(NO3)6] 

could be isolated as a solid that was even stable at ambient conditions for a few days. In the 

photochemical oxidation reaction however, the iron(IV)-oxido species was only observed 

in solution. For this purpose, the iron(II) precursor was irradiated with a blue fluorescence 

light bulb in the presence of [Ru(bpy)3]2+ as photosensitizer and K2S2O8 as terminal electron 

acceptor. In both processes, the solvent water acts as oxygen atom donor which could be 

confirmed by experiments performed in 18OH2 and subsequent mass spectrometric 

analysis. 

The oxidative reactivity of the formed iron(IV)-oxido complex was tested on different 

substrates containing hydrocarbon, alcohol or alkene moieties. The investigated 

compounds could be converted into alcohol, aldehyde and epoxide species, respectively, 

and the resulting products identified via 1H NMR spectroscopy. 

Previous work from the Daumann group 

The iron(IV)-oxido complex developed by the group of Chang[91] was chosen in our group 

to investigate its potential ability to act as a model complex for TET enzymes (Fe(II)/α-

KG-depentent enzymes with a high-valent iron-oxo intermediate as active species, 

compare section I.1 and Scheme 3a). Its exceptional stability in water at room temperature 

and ambient conditions attracted noticeable attention reflecting nearly physiological 

conditions. Furthermore, the complex proved to possess suitable oxidative properties 

required for the conversion of hydrocarbon or alcohol functional groups. Together with 
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the ease of synthesis, this complex seemed to have the features of a perfect candidate for 

mimicking enzymatic reactivity of TET enzymes. 

 

Scheme 3: a) Representation of the active species in TET enzymes. b) Structure of the synthetic iron(IV)-oxido 
complex. Anion exchange reaction for removal of the cerium(IV) nitrate counterion.[94] 

In the work of Chang and coworkers, substrate oxidation reactivity studies are performed 

with the photochemically generated iron(IV)-oxido species.[91] To perform the 

investigations with the isolated iron(IV)-oxido solid, the cerium(IV) nitrate counterion 

present from the synthesis pathway needed to be removed in order to exclude unwanted 

oxidation of the substrates by this counterion. This was achieved by Lindlar et al. through 

precipitation of cerium salts with ammonium fluoride in water; the resulting 

[FeIVL1(O)]2+-containing supernatant was used as such in situ for further investigations 

(Scheme 3c).[94] The successful removal of the cerium counterion was confirmed by 

determination of the cerium content with ICP-MS measurement after the anion exchange. 

However, the actual species responsible for substrate oxidation can not clearly be identified 

in this process as a combination of possible anions in the reaction mixture (nitrate, 

hydroxide or fluoride) is assumed for the final compound. 

To use [FeIVL1(O)]2+ as functional model for TET enzymes, 5-methylcytosine (5mC) was 

chosen as a substrate functioning as simple model for natural substrates of TET enzymes 

which consist of 5mC-containing genomic DNA. It was shown that indeed [FeIVL1(O)]2+ 

was capable of oxidizing 5mC to its natural metabolites 5-hydroxymethyl cytosine (5hmC), 
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5-formylcytosine (5fC) and 5-carboxycytosine (5cC) (Scheme 4a). The reaction products 

could be identified after separation of the iron species through silica filtration in its TMS-

derivatized form via GC-MS measurements.[94] 

 

Scheme 4: a) Reaction of [FeIVL1(O)]2+ with the substrate 5-methylcytosine (5mC) and the successively formed 
reaction products 5-hydroxymethyl cytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxycytosine (5cC). b) 
Proposed reaction mechanism of [FeIVL1(O)]2+ with 5mC.[94] 

Analogous reactions with the deuterated species d3-5mC revealed a large kinetic isotope 

effect suggesting a C-H bond cleavage as rate-determining step. Based on this observation, 

reaction mechanism was proposed consisting of a hydrogen atom transfer from the 

substrate to form an iron(III)-hydroxido species and the substrate radical as intermediate 

which subsequently react in a fast rebound reaction to release the hydroxylated substrate 

as well as an iron(II) species (Scheme 4b). As expected from this mechanism, substrates 

with lower bond dissociation energies (BDEs) react faster with the iron species 

(BDE(5mC): 90.39 kcal mol-1; BDE(5hmC): 86.20 kcal mol-1[95]). In the enzymatic 

process in contrast, the observed reaction rates do not follow the trends of the BDEs,[95] 

highlighting the importance of a secondary coordination sphere and a specific network of 

hydrogen bonds in the enzyme. 

Further studies of this system to slowly approach the natural substrate of TET enzymes 

have been performed by Schmidl, Lindlar and Korytiaková.[96] Instead of the simple 

nucleobase, they employed the nucleoside 5mdC as substrate and a reaction with the 
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iron(IV)-oxido complex equally showed conversion into the expected derivatives. Despite 

of the rather complex substrate structure including the sugar moiety with several reactive 

C-H bonds, only one minor side reaction was detected leading to the corresponding 

nucleobase and a 2’-deoxyribono-γ-lactone. The products including side products in 

reactions with nucleosides have been identified and quantified using HPLC-MS methods 

with the corresponding synthesized reference samples. 

In the same work, the authors also tested the reactivity of the iron(IV)-oxido complex 

towards a small 5mdC-containing oligonucleotide (5’-CCUUAACC5mdCG-3’). This 

complicated substrate containing the sugar backbone and phosphate groups as well as 

probable steric hindrance of the methyl group reacted fast with [FeIVL1(O)]2+. Notably, 

also in this reaction the expected reaction products could be identified via UHPLC-MS/MS 

measurements after digestion of the oligonucleotide into corresponding nucleosides. About 

7% of the detected cytosine derivatives correspond to a mixture of oxidation products, the 

remaining part displays unreacted 5mdC. To confirm the intactness of the oligonucleotide 

strand after reaction with the iron(IV)-oxido complex, MALDI measurements were 

performed. From these experiments, the authors state that side reactions take place at the 

end of the strands such as loss of a cytidine-3’-phosphate or guanine fragment but no 

internal strand-breaks occurred. These promising results confirm the ability of the 

synthetic [FeIVL1(O)]2+ compound to act as a good model complex mimicking the reactivity 

of TET enzymes even with complex substrates.[96] 

Very recently, another synthetic model complex for TET enzymes was presented by Manna 

and coworkers.[97] The authors employ the previously reported FeIIITAML complex[98-99] 

and generated the reactive iron-oxido species in situ in the reaction mixture by the usage of 

H2O2 as oxidant. 
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Scheme 5: Reactivity of the FeIIITAML complex towards 5mC and 5hmC in the presence of H2O2 in phosphate 
buffer.[97] 

Under the applied reaction conditions, this complex selectively oxidizes 5hmC to 5fC and 

only traces of 5cC could be detected. 5mC in contrast was not oxidized even when higher 

FeIIITAML and H2O2 concentration were employed. It seems that simply the bond 

dissociation energies (BDEs) of the substrates are responsible for this selectivity with 5hmC 

having the lowest BDE in this series (see appendix section VII.3, Table 22 for important 

BDE values). The authors use HPLC chromatography for quantification of their reaction 

products. The reactive iron species however, has not been trapped in this study. 
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II. MOTIVATION AND AIM 

Previous studies in our group showed that the synthetic iron(IV)-oxido complex 

[FeIVL1(O)]2+ can act as a functional model for TET enzymes. The DNA modification 5-

methylcytosine (5mC) was used as a model substrate as nucleobase, nucleoside or short 

oligonucleotide and oxidation with [FeIVL1(O)]2+ afforded the natural oxidized derivatives. 

Based on these findings, the main goal of this work was to further understand the 

established model system and expand it by new substrates as well as additional 

ligands. Moreover, this work focused on the application of the synthetic iron(IV)-

oxido complex as substitute for the natural enzyme and incorporate reactivity 

studies that allow for mechanistic conclusions concerning the enzymatic oxidation 

process. 

 

Figure 3: Graphical representation of the determined goals for this work, based on a substrate oxidation reaction 
performed by an iron(IV)-oxido complex serving as functional model for TET enzymes. 
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To further understand the established model system, background reactions in the 

illustrated substrate oxidation reaction (Figure 3) should be identified and the properties 

of all species present in the reaction mixture investigated. The substrate scope should be 

broadened towards the more complex, natural substrates of TET enzymes (DNA and RNA) 

and could therefore move the system closer to the natural process.  Sequencing processes 

are an example of applications employing the natural enzyme in combination with its 

natural substrates. Therefore, the possibility of substituting the enzyme by the synthetic 

iron(IV)-oxido complex should be tested. Reactivity studies with further (artificial) 

substrates should give insight into the mechanism of substrate oxidation reactions or even 

into the mechanism of the enzymatic oxidation process. 

The expansion of the established ligand systems allows for the synthesis and characterization 

of new iron complexes. Comparison of the reactivities of the different complexes should 

give insights into their specific properties and can eventually be exploited to achieve specific 

substrate oxidation products. 
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III. IRON(IV)-OXIDO COMPLEXES AS MODEL FOR TET 

ENZYMES 

The development of synthetic model complexes for enzymatic processes provides 

important mechanistic insights and information about intermediates in complicated 

enzymatic processes. Furthermore, its reactivity can be exploited to achieve difficult 

reactions performed in enzymatic catalysis. This chapter shows how a synthetic iron(IV)-

oxido complex is established as model for the active site of TET enzymes. Its reactivity 

towards natural substrates is investigated with the goal of potentially substitute the enzyme 

in processes like sequencing applications. To broaden the scope of substrates, also artificial 

nucleobases were included in a reactivity study with the iron(IV)-oxido complex. 

Furthermore, the reactivity of the iron(IV)-oxido complex should be exploited to get 

mechanistic insights into the oxidation of 5fdC in the enzyme. 

1 Approaching Natural Substrates of TET Enzymes 

To further establish the synthetic iron(IV)-oxido complex as a suitable model for the active 

site of TET enzymes, the approach towards natural substrates is discussed in this chapter. 

However, if a similar reactivity is confirmed, the model complex can be tested as substitute 

for processes employing the enzyme. A large field with numerous processes including 

oxidation steps performed by TET enzymes consists of sequencing applications. In the 

following, a short overview is given about the current status of sequencing possibilities 

focusing on the detection of cytosine modifications. 

The ability to determine the primary DNA code of entire genomes of organisms based on 

DNA sequencing technologies describes a milestone in research.[100-102] Until now, this 

research field is vastly improving and expanding. Only a couple of years ago the Human 

Genome Project could be accomplished after decades of work.[103-104] Since 1997, the so-

called Sanger sequencing by synthesis (SBS) has become the standard sequencing method 
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and still is widely employed.[105-106] In this technology, fluorescently or radioactively labeled 

chain-terminating nucleotides (ddNTPs) terminate the DNA strand after incorporation by 

a DNA polymerase. After separation of the strands according to their lengths, the 

incorporated ddNTPs can be detected with the help of automated sequencing machines and 

allow the identification of the full DNA sequences. In the past few years, a new technology 

became popular which is called next-generation sequencing (NGS), performing high-

throughput DNA sequencing.[101, 107] However, all these techniques lack the ability of 

accurately detect the epigenetically important DNA modification 5mC and its oxidized 

derivatives. To overcome this limitation, a variety of different procedures has been 

established. A selection of methods is presented in Figure 4, showing the chemical or 

enzymatic treatment of the native DNA containing cytosine modifications as well as the 

resulting readout from the sequencing technology. 

 

Figure 4: Overview of various currently applied sequencing methods with sample treatment and sequence readout 
for cytosine modifications. BS-Seq = bisulfate sequencing, oxBS-Seq = oxidative bisulfate sequencing, TAB-
Seq = TET-assisted bisulfate sequencing, TAPS = TET-assisted pyridine borane sequencing, TAPSβ = TAPS with 
βGT protection sequencing, βGT = β-glycosyltransferase, EM-Seq = enzymatic methylation sequencing, 
A3A = APOBEC3A, an AID/APOBEC deaminase. Involvement of TET enzyme within sequencing procedure is 
highlighted in green. 

Sequencing of cytosine modifications is classically performed by the bisulfate approach (BS-

Seq[108]) where DNA samples are treated with sodium bisulfite under acidic conditions. This 

results in a deamination of cytosine generating uracil (Figure 5A) which in the sequencing 

process is read as thymine. 5mC does not react with bisulfite and 5hmC is transformed into 



Iron(IV)-oxido Complexes as Model for TET Enzymes 

44 
 

cytosine methylene sulfonate. Both nucleobases are not deaminated within the sulfonation 

procedure. For this reason, discrimination between 5mC and 5hmC is not possible. 

This method has been expanded by the development of oxidative bisulfate sequencing 

(oxBS-Seq[109]) where the sample is treated with the chemical oxidant KRuO4. This leads 

to selective oxidation of 5hmC whereas 5mC remains unchanged. After subsequent 

bisulfate treatment, the resulting read can be subtracted from a classic BS-Seq read enabling 

the determination of 5hmC amount present in the sample. 

Furthermore, there are various approaches using TET enzymes for the oxidation of the 

cytosine modifications. One example, TET-assisted bisulfate sequencing (TAB-Seq[110]), is 

explained more detailed in Figure 5C. 5hmC is converted selectively to 5gmC by treatment 

with glucosyltransferase βGT and UDP-glucose (Figure 5B). In contrast to 5mC, it is 

therefore protected from oxidation by TET in the next step. Subsequent bisulfite treatment 

deaminates all cytosines and modifications except of the modified 5hmC. 
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Figure 5: A) Within a bisulfate treatment cytosine is deaminated generating uracil whereas no deamination occurs 
with 5mC and 5hmC. B) Transfer of glucose from UDP-glucose to 5hmC generating 5gmC, catalyzed by 
glucosyltransferase βGT. C) Procedure applied in the TAB-Seq approach.[110] BS-Seq = bisulfate sequencing, 
UDP = uridine diphosphate, 5gmC = β-glycosyl-5-hydroxymethylcytosine, βGT = β-glucosyltransferase. 

To avoid bisulfate treatment which is highly destructive for the DNA sample, non-

destructive enzymatic approaches gain more and more popularity. In the enzymatic 
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methylation sequencing (EM-Seq[111]) deamination is achieved with an AID/APOBEC 

deaminase. This approach also uses TET enzymes for the oxidation of 5mC. 

However, these techniques only allow indirect detection of cytosine modifications as they 

need to be compared with the results from a parallel BS-Seq experiment. Moreover, harsh 

chemical treatments are necessary and the usage of TET enzymes can also be challenging. 

With the growing importance of DNA modifications, researchers found promising 

alternative technologies. In the third generation sequencing (TGS) approach, native DNA 

samples can be sequenced directly without the need for prior amplification steps.[112-113] 

Two different technologies are available currently and consist of single molecules real-time 

sequencing (SMRT-Seq[114-115]) as well as oxford nanopore technology (ONT-Seq[116]). In 

ONT-Seq procedures, single-stranded native DNA or RNA travels through pores in 

electro-resistant membranes formed by small proteins. The thereby occurring electric 

current is measured and can be translated into the corresponding nucleobases with the aid 

of computational tools. The presence of cytosine modifications alters the detected signal 

and can be distinguished from the canonical nucleobases. With this method, cytosine 

modifications can therefore be detected in a single sequencing experiment without the need 

of further treatment. However, instead of distinguishing the specific modifications rather 

the totality of cytosine modifications is detected and only a differentiation between 

canonical and non-canonical cytosines is possible. 

The necessity of TET enzymes within the sequencing procedures involves some tedious 

features such as sensitivity towards sample impurities and the presence of oxygen[110-111, 117-

118] that could be overcome by a biomimetic substitute. The enzyme needs to be expressed 

and purified which takes about 9-10 working days, some procedures require even two 

different TET modifications (for example mTET1 and NgTET[111, 118]). Furthermore, TET 

activity is not reliable and has to be tested after purification in an activity assay which takes 

4-5 more working days. Additionally, all enzyme samples have to be stored at -80 °C. 

In contrast, all precursors of the iron(IV)-oxido complex [FeIVL1(O)]2+ are easily prepared 

from rather cheap starting materials within a week and can be stored at room temperature 
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for months. In situ preparation of [FeIVL1(O)]2+ from the corresponding iron(II) precursor 

takes about two hours. 

It was therefore envisioned to further elaborate the synthetic iron(IV)-oxido complex as 

functional model for TET enzymes and investigate its activity towards more challenging 

substrates slowly approaching native DNA or RNA. As a long-term goal, this reactivity 

could eventually be exploited to substitute the need of TET enzymes in sequencing 

procedures by its synthetic counterpart. Furthermore, first sequencing experiments 

employing the ONT-Seq technology were anticipated together with the group of Pascal 

Giehr. 

1.1 Investigations on the Reactivity of the Iron(IV)-oxido Complex 

Towards Ribonucleoside Substrates 

In the process of increasing complexity of the studied substrates, not only DNA but also 

RNA samples were anticipated to be investigated. To start with more simple molecules it 

was decided to react the ribonucleoside 5mrC (5-metylribocytidine) with the iron(IV)-

oxido complex (Scheme 6). These studies are based on the experiments described by 

Schmidl et al.[96] in which the reaction of the corresponding deoxynucleosides with the 

iron(IV)-oxido compound has been performed. 

 

Scheme 6: Successive oxidation of the ribonucleoside 5mrC by the complex [FeIVL1(O)]2+ yielding 5hmrC, 5frC 
and 5crC. 
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Synthesis of reference samples 

In order to identify the formed products from a reaction of 5mrC with [FeIVL1(O)]2+, the 

expected oxidation products 5hmrC, 5frC and 5crC needed to be present as reference 

samples. 5frC and 5crC were synthesized as described in Scheme 7 and the remaining 

compounds were provided by David Schmidl during his master thesis in our group. 

 

Scheme 7: Synthetic route towards the desired reference compounds 5frC and 5crC. TBS: tert-butyl dimethyl silyl, 
CAN: cerium(IV) ammonium nitrate, pyr: pyridine, DIPEA: diisopropyl ethyl amine. 

The silylated cytidine 1 was transformed to the corresponding 5-iodocytidine precursor 2 

by oxidative iodination with iodine and cerium(IV) ammonium nitrate (CAN). Palladium-

catalyzed cross coupling of this compound in the presence of tributyltin hydride and carbon 

monoxide followed by a deprotection step yielded 5frC. If the reaction was carried out 

under basic conditions in methanol, the corresponding methoxycarbonylated species 4 

could be obtained. Ester saponification with lithium hydroxide and deprotection afforded 

compound 5crC. 
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Reaction of [FeIVL1(O)]2+ with 5mrC as substrate 

In the reaction of 5mrC with [FeIVL1(O)]2+, the reaction products should be identified with 

analytic high-performance liquid chromatography (HPLC) measurements. For this 

purpose, an HPLC method was developed where all potential compounds present in the 

reaction mixture (cytidine as well as cytosine derivatives) showed baseline-separated 

retention times. The resulting chromatogram is presented in Figure 6. More detailed 

information about the method parameters can be found in the appendix, Table 17. 
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Figure 6: HPLC-chromatogram from the measurement of the reference samples. Conditions: c = 0.3 mg mL-1, 
30 °C, H2O. 

In order to quantify the formed reaction products, a dilution series of a mixture of all 

compounds (5mrC, 5hmrC, 5frC, 5crC, 5mC, 5hmC, 5fC, 5cC) was prepared (eight 

different concentrations ranging from 0.0012 to 0.099 mg mL-1) and subjected to analytical 

HPLC measurements. From these measurements, calibration curves could be obtained. 

The reaction of [FeIVL1(O)]2+ with 5mrC was carried out in water under ambient 

conditions over a range of 70 min. Every 5 min, a sample was taken from the reaction 

mixture, the iron species separated from the mixture by filtration through silica to stop the 

reaction and the filtrate lyophilized. The resuspended residue was subjected to analytical 

HPLC and the resulting absorption peaks compared to the reference measurements. The 

obtained HPLC chromatograms are shown in Figure 7. 
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Figure 7: A) HPLC chromatograms of the obtained mixtures from a reaction of 5mrC with [FeIVL1(O)]2+ at different 
reaction times. B) Species distribution of cytidine derivatives over time. Condition: [5mrC] = 1 mM, 
[FeIV=O] = 5 mM, H2O, 25 °C. 

All four ribocytidine derivatives could be detected in the HPLC chromatogram and were 

assigned by comparison with the retention times of the corresponding references. As 

expected, the amount of 5mrC starting material decreasing over time and a mixture of 

oxidation products formed. The amount of 5hmrC stayed very low over the entire 

investigated time frame, suggesting a fast transformation into the subsequent oxidation 

product 5frC. The amount of 5frC in contrast accumulated slightly in the beginning and 

then decreases minimally. Considering all oxidation products, the main species present at 

the end after a continuous increase is 5crC. These observations are perfectly in line with 

those made by Schmidl et al. for the reaction of [FeIVL1(O)]2+ with the corresponding 

deoxyribonucleoside 5mdC.[96]  

The uncomplete consumption of starting material can be attributed to insufficient 

equivalents of iron complex present in the reaction mixture. Five equivalents of 

[FeIVL1(O)]2+ have been employed, however, at a later stage of this work it was found out 

that two equivalents were needed for the oxidation of one substrate due to a 

comproportionation side reaction of the formed iron(II) species with a second iron(IV)-

oxido complex (refer to section IV.1.1 for more detailed information). 

Furthermore, not only the formation of the oxidized nucleosides was observed but 

additionally also the corresponding nucleobases could be detected in the HPLC 
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chromatogram. Similar to the observations made by Schmidl et al. it is assumed here that 

oxidation occurs at the C1-position at the sugar moiety followed by the cleavage of the N-

glycosidic bond (Scheme 8). This would lead to the formation of the corresponding 

nucleoside and a ribose γ-lactone. Another possibility would be the simple hydrolysis of 

the N-glycosidic bond resulting in ribonic acid. Further mass spectrometric analysis of side 

products could give more insights into the mechanism of the occurring side reactions. 

 

Scheme 8: Possible side reactions occurring in the oxidation of 5mrC with [FeIVL1(O)]2+ forming the cytosine 
nucleobases and ribonic acid (hydrolysis) or γ-lactone (C1-oxidation). The abbreviation 5xC stands for the cytosine 
modification 5mC including all oxidized derivatives. 

To conclude, it could be shown that comparable to the corresponding deoxycytidine, also 

the ribonucleoside 5mrC can be oxidized to its natural metabolites 5hmrC, 5frC and 5crC 

within a reaction with [FeIVL1(O)]2+. Despite of many reactive sites in the sugar moiety of 

the nucleoside, preferably the anticipated reaction site is transformed and side reactions 

resulting in the cleavage of the N-glycosidic bond are only observed in small amounts. 

1.2 Investigations on the Reactivity of the Iron(IV)-oxido Complex 

Towards Short Oligonucleotide Substrates  

To further increase substrate complexity to slowly approach genomic DNA as natural 

substrate for TET enzymes, the next step from nucleobases and nucleosides was focused 

now on short oligonucleotides. Their reaction with the complex [FeIVL1(O)]2+ was first 

tested by Lindlar and Korytiaková et al. on a single stranded 5mdC-containing 10mer DNA 

oligonucleotide (compare introduction, section 0).[96] They showed about 7% conversion 

of the 5mdC nucleoside in the strand into the corresponding oxidation products. It was 

now anticipated to reproduce these experiments and increase the rate of conversion by 
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screening different reaction conditions. An overview of all oligonucleotide sequences used 

in this work is given in the appendix (section VII.1). 

Reproducing previous experiments 

To confirm the reproducibility of previous measurements, the 10mer 

oligonucleotide oligo1 

5’- CCUUAACC[5mdC]G -3’ (oligo1) 

was reacted with [FeIVL1(O)]2+ under the same conditions as previously reported.[96] In this 

procedure, the reaction mixture was filtered over silica to be separated from the iron 

species. Subsequent digestion into nucleosides followed by ultra-high performance liquid 

chromatography tandem mass spectrometry (UHPLC-MS/MS) analysis for nucleoside 

quantification was performed by Hanife Sahin from the Carell group. Samples from the 

reaction mixture were taken over time to get more insight into the product distribution 

and the end of the reaction. Additionally, the study was expanded by a second ligand system 

(compare section IV.1.1 for details on synthesis, characterization and properties thereof) 

to investigate whether a different ligand environment has an impact on reaction outcome 

in terms of reaction rate, yield and product distribution. Exactly the same samples were 

taken in a reaction of [FeIVL2(O)]2+ with oligo1. Figure 8 shows the results of the reactions 

of oligo1 with the two different iron(IV)-oxido complexes over time. 
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Figure 8: Amounts of 5xdC within the reaction of A) [FeIVL1(O)]2+ and B) [FeIVL2(O)]2+ with oligo1 over time. 
Conditions: [oligo1] = 0.125 mM, [FeIV=O] = 0.5 mM, H2O, 25 °C. Quantification was performed by Hanife 
Sahin (Carell group, LMU Munich). 

The results obtained in Figure 8A are in accordance with previous measurements.[96] 

Comparing the two ligand systems it can be stated that the reaction of oligo1 with 

[FeIVL2(O)]2+ occurs significantly faster than with [FeIVL1(O)]2+ as the reaction seems to 

be completed after five minutes. However, the overall conversion of 5mdC starting 

material is lower in the reaction with [FeIVL1(O)]2+. Presumably, the higher reactivity of 

[FeIVL1(O)]2+ also leads to a higher amount of side reactions. Table 1 summarizes the 

obtained product distribution at the end of the reaction (after 90 min). 

Table 1: Amount of 5xdC in a reaction of oligo1 with [FeIVL1(O)]2+ and [FeIVL2(O)]2+ after 90 min reaction time. 

 5mdC 5hmdC 5fdC 5cdC 
[FeIVL1(O)]2+ 84.56 7.23 7.62 0.60 
[FeIVL2(O)]2+ 88.42 4.67 6.53 0.38 

 

Variation of reaction conditions 

With this overview on the reactivity over time as a starting point, different reaction 

conditions (Table 2) were tested in order to affect the reaction outcome such as product 

distribution or overall yield. Changes in reaction temperature, concentration and 

equivalents of [FeIVL1(O)]2+/[FeIVL2(O)]2+ were tested. Samples were taken from the 

reaction mixture in certain time intervals (see section VI.3 for exact description). 
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Table 2: Conditions applied in the reaction of oligo1 with [FeIVL1(O)]2+ and [FeIVL2(O)]2+. Ref is the reference 
sample with the starting conditions from the experiment shown in Figure 8, changes in conditions are highlighted 
in grey. 

exp. [oligo1] temperature equiv. FeIV=O 
ref. 0.125 mM 25 °C 4 equiv. 
1 0.125 mM 4 °C 4 equiv. 
2 0.125 mM 40 °C 4 equiv. 
3 0.05 mM 25 °C 4 equiv. 
4 0.5 mM 25 °C 4 equiv. 
5 0.125 mM 25 °C 6 equiv. 
6 0.125 mM 25 °C 8 equiv. 

 

The results of all different experiments can be found in the appendix (see section VII.6, 

Table 23). Figure 9 presents experiment 5 as example, showing the amounts of 5xdC over 

time. 
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Figure 9: Amounts of 5xdC over time in a reaction of oligo1 with [FeIVL1(O)]2+ (left) and [FeIVL2(O)]2+ (right). 
Conditions: [oligo1] = 0.125 mM, [FeIV=O] = 0.75 mM, H2O, 25 °C. Quantification was performed by Hanife 
Sahin (Carell group, LMU Munich). 

Interestingly, the two iron(IV)-oxido complexes [FeIVL1(O)]2+ and [FeIVL2(O)]2+ show 

slightly different reactivity in terms of distribution of the oxidation products. The amount 

of formed 5hmdC is lower in the reaction with [FeIVL2(O)]2+, whereas the amount of 5fdC 

is higher compared to the reaction with [FeIVL1(O)]2+. This leads to a larger “gap” between 
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the two species 5hmdC and 5fdC in the reaction with [FeIVL2(O)]2+ which might be 

exploited in the future for specific enrichment of 5fdC for example. 

To get an overall overview of the results of all the reactions described in Table 2, the 

amounts of 5xdC at the end of reaction were plotted for all experiments and for both 

iron(IV)-oxido species (Figure 10). 
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Figure 10: Amounts of 5xdC at the end of reaction of the different experiments (conditions see Table 2), shown for 
the two different iron(IV)-oxido species [FeIVL1(O)]2+ and [FeIVL2(O)]2+. Quantification was performed by Hanife 
Sahin (Carell group, LMU Munich). 

Looking at the 5mdC consumption, it can be stated that surprisingly the reaction with 

[FeIVL2(O)]2+ leads to higher conversion of 5mdC. Comparing these values with previous 

results (Table 1: faster reaction with [FeIVL2(O)]2+, higher conversion with [FeIVL1(O)]2+), 

it can be concluded that probably impurity or decomposition of [FeIVL1(O)]2+ caused a 

reduced performance in the experiments. To avoid or better recognize such variations in 
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performance, it was decided to always include a reference measurement at the beginning 

and at the end of the experimental setup with known reactivities (see ‘ref.’ in Table 2). 

Nevertheless, the interesting features about different product distribution depending on 

the iron(IV)-oxido species already mentioned above are clearly visible in this 

representation. The amount of 5hmdC is higher in the reaction with [FeIVL1(O)]2+, 

whereas the amounts of 5fdC as well as 5cdC are higher in the reaction with [FeIVL2(O)]2+. 

In addition to a difference in product distribution, the goal of this screening was also to find 

conditions leading to higher overall conversion of 5mdC. More equivalents of iron(IV)-

oxido species result in a higher conversion but still the amount of oxidized products remain 

very low. A series of experiments was now conducted, following the impact of 

[FeIVL1(O)]2+ equivalents (small steps between 4 and 40 equivalents) on the conversion of 

5mdC (Figure 11). 
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Figure 11: Amounts of 5xdC in a reaction of oligo1 with [FeIVL1(O)]2+ after a reaction time of 1 hour. Conditions: 
[oligo1] = 0.125 mM, [FeIV=O] = 0.5-5 mM, H2O, 25 °C. Experiment 7 consists of a control measurement in 
iron(IV)-oxido activity performed at the end of the series of experiments. Quantification was performed by Hanife 
Sahin (Carell group, LMU Munich). 

The overall oxidation of 5mdC increases with increasing iron(IV)-oxido equivalents. 

Although the iron(IV)-oxido equivalents are raised with equal intervals, the overall 

oxidation of 5mdC increases non-linearly and the differences vary more with higher 

equivalents. For example between 24 and 32 equivalents of iron(IV)-oxido complex, an 
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increase of 11% in overall oxidation is observed, whereas between 32 and 40 equivalents 

of iron(IV)-oxido complex, the overall oxidation rises to 34%. 

The distribution of the oxidation products 5hmdC, 5fdC and 5cdC seems also to depend 

on the iron(IV)-oxido equivalents applied. 5hmdC is only part of the main products at very 

low equivalents. This could be expected as 5hmC with the lowest bond dissociations energy 

(BDE, see appendix section VII.3, Table 22 for calculated values) reacts fast and all formed 

5hmdC is immediately converted to 5fdC. The 5fdC level remains quite constant at higher 

iron(IV)-oxido equivalents with decreasing 5mdC and increasing 5cadC level. The BDE of 

5fC is slightly higher than that of 5mC. Both 5mdC and 5fdC seem to react with similar 

reaction rates so that the amount of 5fdC does not change significantly. This is an interesting 

feature as with this property, the distribution of oxidation products can be influenced by 

the iron(IV)-oxido equivalents. For example in a reaction carried out with 16 equivalents, 

5fdC is the main species upon the oxidation products, whereas 40 equivalents afford mainly 

5cadC. 

The two experiments affording 5fdC as main species were repeated with both iron(IV)-

oxido species ([FeIVL1(O)]2+ or [FeIVL2(O)]2+) and samples were taken over time  

(Figure 12). 
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Figure 12: Amounts of 5xdC over time in a reaction of oligo1 with A) 16 equiv. [FeIVL1(O)]2+ B) 16 equiv. 
[FeIVL2(O)]2+. C) 24 equiv. [FeIVL1(O)]2+ and D) 16 equiv. [FeIVL2(O)]2+. Conditions: [oligo1] = 0.125 mM, 
[FeIV=O] = 2-3 mM, H2O, 25 °C. Quantification was performed by Hanife Sahin (Carell group, LMU Munich). 

As also previously observed, complex [FeIVL2(O)]2+ reacts faster and in contrast to the 

reaction with [FeIVL1(O)]2+ 5fdC and 5cdC levels are similar at the end of reaction (Figure 

12A and B). More equivalents of iron(IV)-oxido complex result in higher amounts of 5cdC 

which now consists of the main species amongst the oxidation products. It seems that in a 

faster reaction (due to more reactive iron(IV)-oxido complex [FeIVL2(O)]2+ or more 

equivalents thereof, Figure 12B, C and D) the amounts of 5fdC and 5cdC are very similar, 

whereas a gap between the two species can be observed for slower reactions (Figure 12A). 

Therefore, it would be interesting in further experiments to decrease the reaction rate for 

instance by performing the reaction in lower concentrations to see whether further 

accumulation of 5fdC can be observed under these conditions. 

Thymine-containing oligonucleotides 

In future experiments, DNA which contains the nucleobase thymine (T) will also be tested 

as substrate for the iron(IV)-oxido complexes. As the C-H bond dissociation energy of the 

methyl group of thymine is lower than that of 5mC, it is expected to react faster with the 

iron(IV)-oxido complex.[119] To find out whether 5mC is still oxidized to a certain amount 

in the presence of thymine, short thymine-containing oligonucleotides were used as 

substrate for the iron(IV)-oxido complex. 

 

24 equiv. 
[FeIVL2(O)]2+ 
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5’- CCUUAACC[5mC]G -3’ (oligo1) 

5’- CCTUAACC[5mC]G -3’ (oligo2) 

5’- CTTTAACC[5mC]G -3’ (oligo3) 

A reference without thymine (oligo1), a sample containing one (oligo2) and three 

(oligo3) thymines were treated with six equivalents of [FeIVL1(O)]2+. A sample was taken 

from the reaction mixture after 30 minutes and subsequently again six equivalents of 

[FeIVL1(O)]2+ were added. Another sample was taken after 60 minutes. The results are 

presented in Figure 13. 
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Figure 13: Amounts of 5xdC in a reaction of oligo1, oligo2 and oligo3 with [FeIVL1(O)]2+. Conditions: 
[oligo] = 0.125 mM, [FeIV=O] = 0.75 mM, H2O, 25 °C. Quantification was performed by Hanife Sahin (Carell 
group, LMU Munich). 

Unfortunately, only very low conversion of 5mdC could be observed when thymine is 

present in the sample. No significant differences between oligo2 and oligo3 were noted 

in this experiment. In view of the promising results discussed above with higher conversion 

of 5mdC due to more equivalents of iron(IV)-oxido species, it would also be interesting 

here to test a significantly higher amount of [FeIVL1(O)]2+ in the reaction. 

In addition to the cytosine derivatives, also the thymine (T) and 5-hydroxymethyluracil 

(5hmU) content was determined (Table 3) which shows that thymine is oxidized by 

[FeIVL1(O)]2+ as expected. 
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Table 3: Amounts of T and 5hmU in a reaction of oligo2 and oligo3 with [FeIVL1(O)]2+. 

  T 5hmU 

oligo2 
30 min 90.41 9.59 
60 min 89.59 10.41 

oligo3 
30 min 91.82 8.18 
60 min 90.79 9.21 

 

These experiments show that the presence of thymine residues in DNA strands seems to 

be problematic as their oxidation occurs faster than that of the anticipated 5mC residue. 

Therefore, it would be very useful to test reactivities of the corresponding RNA strands as 

with the presence of uracil instead of thymine, this problematic would be ruled out. 

Double-stranded oligonucleotides 

In the work of Schmidl, Lindlar and Korytiaková a reaction of the iron(IV)-oxido complex 

with double-stranded oligonucleotides revealed no significant amount of the expected 

oxidation products.[96] The species that could be observed in very low amounts were 

attributed to products from the reaction of single-stranded oligonucleotide within the 

mixture. This was assumed due to the very low melting temperature of 27 °C (Tm, 

temperature at which half of the DNA strands are present in a single-stranded state). To 

ensure that oligonucleotide annealing is complete, it was anticipated to shift the melting 

temperature towards higher temperatures avoiding the presence of single stranded oligo1 

within a reaction at room temperature. Addition of monovalent cations (e. g. Li+, Na+, 

K+, Cs+) leads to a slight increase of the melting temperature whereas bivalent cations 

(e. g. Mg2+, Ca2+, Ba2+, Mn2+) are known to increase the melting temperature even 

further.[120] This expectation could be realized by addition of sodium chloride or 

magnesium chloride. Despite of the shift of the melting temperature from 27 °C to 41 °C, 

it seems that there is still single stranded oligonucleotide present at room temperature as 

the curve does not tail out at low temperatures. This experiment was carried out with 

oligo1 purchased in desalted quality, still containing impurities of 9mers and 11mers. It 

was therefore assumed that they may not anneal perfectly if these impurities are present. 
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To prove this hypothesis, the experiment was repeated with oligo1 and oligo1-comp in 

HPLC purity (Figure 14). 
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Figure 14: Plot of the absorbance of the DNA strands at 260 nm over different temperatures and first derivative of 
the obtained curve. Conditions: [ds-oligo1] = 0.125 mM, [MgCl2] = 100 mM, water, T = 15-55 °C. 

No difference could be observed for oligo1 in HPLC purity compared to desalted quality. 

Possibly the sequence or length of oligo1 does not favor complete annealing. This 

experiment could be broadened to a larger temperature range to see if at some point a 

completely flat development of the curve is reached and it could be tested to carry out ds-

oilgo1 experiments at lower temperatures such as 4 °C. 

Nevertheless, a reaction of the iron(IV)-oxido complex with the double-stranded 

oligonucleotide was tested and no anticipated oxidation products could be observed. 

Probably, steric reasons hinder the accessibility of the methyl group by the bulky iron 

complex. Thus, it seems that double-stranded samples are no suitable substrate for this 

iron(IV)-oxido model complex. To circumvent this problem and nevertheless be able to 

use this complex for sequencing applications it would be more promising to focus on 

sequencing of RNA samples that are naturally occurring in single strands. Additionally, it 

can be attempted to open the strands for the time of the reaction with the iron(IV)-oxido 

complex for example by performing the reaction at higher temperatures. 
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MALDI-MS experiments 

To identify possible decomposition of the oligonucleotide strand within the oxidation 

process, the oxidized samples were examined with matrix-assisted laser desorption 

ionization (MALDI) coupled with time of flight (TOF) mass spectrometry. At first, the 

parameters employed by Lindlar and Korytiaková[96] were repeated to ensure 

reproducibility of the data. The recorded spectrum (see appendix section VII.7, Figure 75) 

revealed identical features compared to the one depicted in the publication[96] with the only 

difference being the peak resolution (publication: old instrument, peak width 5-15 m/z; 

this work: new instrument, resolution of isotopic pattern). With the new resolution it was 

possible to confirm the presence of the oxidation products oligo1-5hmC and oligo1-5fC 

(Scheme 9).  

 

Scheme 9: Observed compounds in a reaction of oligo1 with [FeIVL1(O)]2+ followed by MALDI-MS experiments 
under the conditions employed by Lindlar and Korytiaková.[96] Conditions: [oligo1] = 0.125 mM, 
[FeIV=O] = 0.5 mM, H2O, 25 °C, 20 min. 

Oligo1-5cC was not detected in this experiment, which is not surprising considering the 

four equivalents of iron(IV)-oxido complex employed and the necessity of two equivalents 

of complex for one substrate oxidation. Furthermore, an observed m/z value was 

attributed to a decomposition product of oligo1 resulting from the cleavage of one 

cytosine nucleobase. This side product has previously been proposed in the respective 

oxidation reaction with nucleosides instead of oligonucleotides (section III.1.1). The loss 

of cytosine from oligo1 could possibly occur at the end of the oligonucleotide (which is 

more exposed) or at the cytidines positioned in the middle of the strand. Further m/z 

values have been observed that could not be attributed to specific species, eventually 
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indicating arbitrary oxidative bond cleavages leading to a variety of different decomposition 

products. 

A variety of samples from oligo1 oxidation reactions under different conditions was 

measured to get an idea of the amount of oligonucleotide decomposition within these 

reactions. An overview of the conditions and the resulting MALDI signals is given in the 

appendix, section VII.7, Table 25. With progressing reaction time, first unreacted oligo1 

and the corresponding oxidation products can be observed. Then they turn into unknown 

oxidation products (m/z higher than oligo1, see appendix section VII.7, Figure 76) and 

in the end only signals with low masses remain. Increasing the iron(IV)-oxido equivalents 

provokes the same result. Thus, it can be stated that with more than 4 equivalents of 

iron(IV)-oxido complex or reaction times longer than 20 minutes, no signal of oligo1 or 

its expected oxidation products can be observed anymore. Unfortunately, these results 

revealed partial or complete decomposition of oligo1 under these reaction conditions. 

Besides of the structures represented in Scheme 9, no further signals could be assigned. 

To conclude, acceptable yield in overall conversion of 5mdC in oligo1 into the natural 

metabolites was only achieved with high amounts of iron(IV)-oxido species. MALDI-MS 

measurements in contrast demonstrated decomposition of the oligonucleotide strand 

under these conditions. In this setup it will be challenging to find conditions suitable for 

the elimination of both problems concurrently. With modifications of the ligand system of 

the iron complex and possibly also immobilization on a solid support to control possible 

side reactions, these problems may be remedied. 

Additional Q-TOF experiments 

In order to work more independently it was decided to try out whether the Q-TOF 

instrument in our group would also be suitable for a first condition screening. 

Consequently, only selected samples might be analyzed and thoroughly quantified by 

external collaborators. 
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In a standard procedure, oligonucleotides were reacted with the iron(IV)-oxido complex 

under different reaction conditions, digested to nucleosides and analyzed with LC-MS/MS 

measurements. Thus, an HPLC method was developed using a mixture of all cytosine 

modifications including nucleosides as well as nucleobases. 

An UHPLC column (C18-PFP material) was chosen and it was first developed which flow 

rate could be applied on this column without having a too high pressure. It was possible to 

increase the flow rate from 0.25 mL/min to 0.4 mL/min. Furthermore, the sample 

concentration was optimized for the UV trace (0.5 mM) und the mass trace (0.05 mM). 

The final parameters of the HPLC method are summarized in Table 4. 

Table 4: Parameters applied for the final HPLC conditions. 

column ACE C18-PFP (100 x 2.1 mm) 

temperature 30 °C 

solvents A: H2O + 0.1% FA; B: MeOH + 0.1% FA 

flow 0.4 mL/min 

injection volume 3 µL 

sample conc. 0.05 mM in water 

gradient  

 

 

Unfortunately, a significant amount of species is already detected within isocratic elution 

with 100% solvent A (H2O + 0.1% FA). These absorption peaks could not be perfectly 

separated (Figure 15). Other columns should be tested here with longer elution pathway 

or different material. Additionally, the method needs to be optimized also considering the 

other nucleosides present in the digested reaction mixture (cytidine, guanosine, adenosine, 

uridine). 
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Figure 15: Excerpt of the HPLC-MS trace of a mixture of 5xdC and 5xC derivatives. Conditions: 
[5xdC] = [5xC] = 0.05 mM, H2O, 30 °C. 

This method with a good separation of the relevant cytosine nucleoside modifications was 

applied on a reaction sample of oligo1 with [FeIVL1(O)]2+ and digested by Hanife Sahin 

(without addition of a standard for quantification and using only DNA degradase for the 

digestion). The obtained HPLC-MS trace is depicted in Figure 16. 
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Figure 16: A) Excerpt of the HPLC MS trace of a reaction sample (reaction conditions: [FeIV=O] = 0.25 mM, 
[Oligo1] = 1.00 mM, H2O, 23 °C, 30 min) digested by Hanife Sahin. B) Extracted masses from A) for 5mdC, 
5hmdC and 8-oxo-A. HPLC method as described in Table 4. 

As expected, there is a variety of different species present and not all of them could be 

separated in this HPLC method. Mass extraction of the desired cytosine modifications 

showed the presence of 5mdC and a small amount of 5hmdC, whereas 5fdC and 5cdC 

could not be detected. A reason for no 5fdC detection might be the digestion procedure as 
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the missing enzyme should be responsible for 5fC cleavage in the oligonucleotide. 

Comparison with previously obtained results suggest similar amounts of 5hmdC and 5fdC 

or higher 5fdC content. In all former experiments, the 5cdC amount was very low, so its 

concentration might be under the detection limit here.  

A huge disadvantage in this experimental setup here is the large difference in the 

concentration of the species present in the sample. Unfortunately, it is not possible to 

enable detection of species with low concentration through increase of the injection volume 

as the therein resulting amount of higher concentrated species is not suitable for MS-

measurements. 

In analogy to the previously published experiments, also here the amount of 8-oxo-guanine 

(possibly evolving from a side reaction between [FeIVL1(O)]2+ and guanine) was 

investigated and no 8-oxoG was detected. Surprisingly, a m/z value was found that could 

be assigned to 8-oxo-adenine, however this needs to be verified with a reference sample. 

It can be stated that in the end the described method is limited by the insufficient separation 

of the different species present due to fast elution as well as by the large differences in 

concentration of the species present in this mixture. Statements about the amounts of 

cytidine derivatives are therefore not possible. Nevertheless, this experiment confirms the 

observations made from MALDI-MS measurements. In addition to the expected 

nucleosides cytidine with derivatives, guanosine, adenosine and uridine, also a high amount 

of other species presumably deriving from oxidation side reactions is present in this 

mixture. 

To conclude, reactivity studies between the iron(IV)-oxido complex and oligonucleotide 

substrates showed that 5mdC is oxidized to its natural metabolites in oligonucleotides. The 

overall oxidation of 5mdC was increased from about 7% to the significantly higher amount 

of 63%. Furthermore, depending on the reaction conditions and especially the iron(IV)-

oxido complex employed, the accumulation of 5fdC from all oxidation products could be 

achieved. In thymine-containing oligonucleotides, no significant 5mdC oxidation was 
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observed due to the fast oxidation of the methyl group of the thymine residue. Similarly, 

double-stranded oligonucleotides revealed no oxidation of 5mdC in reactions with the 

iron(IV)-oxido complex, possibly due to steric hindrance. A major challenge was found in 

the analysis of MALDI-MS measurements, revealing nearly complete decomposition of the 

oligonucleotide strand at longer reaction times and/or higher equivalents of iron(IV)-oxido 

complex. This problem certainly needs to be further addressed, although it seems 

challenging to find conditions combing high oxidation rates and intact oligonucleotide 

strands with the unmodified ligand system. Additional analyses such as MS/MS 

experiments could be helpful for the identification of the decomposition products to find 

out whether strand decomposition mainly occurs at the end or also in the middle of the 

strand. To reduce unwanted side reactions, iron(IV)-oxido complexes with modifications 

of the ligand could be tested. These could for example consist of additional moieties capable 

of selective coordination to the nucleobase substrate or immobilization of the complex on 

a solid support. 

1.3 Investigations on the Reactivity of the Iron(IV)-oxido Complex 

Towards Single-Stranded DNA Substrates  

With the hope of finding mainly decomposition at the end of the strand or methods to 

reduce unwanted side reactions generally, the reactivity of the synthetic iron(IV)-oxido 

complex towards DNA samples was investigated in a next step to test this complex for 

possible sequencing applications. As it was shown that in double-stranded samples no 

reaction with 5mdC occurred in significant amounts, single stranded-DNA samples were 

chosen for first reactivity studies. Luckily, also for many sequencing methods, single 

strands are required and it was anticipated to also carry out sequencing experiments with 

the reacted samples together with the group of Pascal Giehr. An overview of the sequences 

of all employed DNA strands can be found in the appendix, Table 21. 

DNA isolation from reaction solution 
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Before reactivity studies were investigated, a suitable method for isolation of the DNA 

from the reaction solution needed to be established. For DNA analysis after reaction with 

the iron(IV)-oxido complex it is necessary to be able to stop the reaction at a specific time 

as well as to separate the reactive/reacted iron species from the reaction solution. For the 

previous reactions with oligonucleotides, this was accomplished by filtration over silica 

which retains the iron species. This method was also tested with DNA (further referred to 

as method A). The concentration of DNA in the sample after each workup method was 

determined by absorption measurement at 260 nm (nanodrop). Unfortunately, in the silica 

filtration method, some silica is washed into the sample and this falsifies the concentration 

measurement as silica shows slight absorption in the relevant area for DNA (260 nm). 

Method A was applied to samples without DNA (water only) and the concentration 

measured to get an idea of the silica background. The average of ten such experiments 

(method A, water only) is given in Table 5. 

Table 5: Different methods applied for DNA isolation and corresponding concentrations found by nanodrop 
measurement. DNA1-contr was used for all DNA isolation experiments. Initial DNA concentration: 
25.23 ng/µL. 

experiment concentration 
untreated DNA 20.018 ng/µL 
filtration over silica (method A) 7.770 ng/µL 
filtration over silica (method A, water only) 2.624 ng/µL 
magnetic beads standard procedure (method B) 0.138 ng/µL 
magnetic beads modified procedure (method C) 4.140 ng/µL 

 

It has to be noted here that the silica background varies significantly within the series of 

experiments with the highest value measured being 8.350 ng/µL (for all values see 

section VI.3, Table 15). This means that subtracting the silica background from specific 

DNA samples implies impreciseness and also the measured DNA concentration (method A) 

of 7.770 ng/µL might only occur from silica absorption without DNA present in the 

sample. 
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Therefore, another method was tested comprising magnetic beads that bind DNA and the 

remaining reaction solution can be removed. The standard procedure[121] was applied 

(method B) as well as a modified procedure (method C, see section VI.3 for details) suggested 

for short DNA strands. Unfortunately, both methods did not yield the expected 

concentrations (see Table 5). Eventually the applied DNA strand DNA1-contr is too short 

and does not bind to the magnetic beads. 

Subsequently, an Oligo Clean & Concentrator kit from Zymo Research was tested. In this 

method, DNA is bound to a small column with the help of a special DNA binding buffer 

and the remaining reaction solution separated by centrifugation. After washing steps, the 

DNA can be re-isolated from the column with water. In a first try, DNA1-contr could be 

isolated with 61% recovery. This method will therefore be applied in further experiments. 

Oxidation of 5mdC in single-stranded DNA as substrate for the iron(IV)-oxido complex 

First, DNA1 was reacted with three equivalents of [FeIVL1(O)]2+ per methyl group (5mC 

and T). The Oligo Clean & Concentrator method was applied and afforded DNA recoveries of 

67-97% (see section VI.3, Table 16). The higher yield of DNA recovery compared to the 

first try was attributed to a change in the procedure, where water at a temperature of 40 °C 

was employed in the last elution step instead of room temperature. Additionally, a slightly 

different strand was used with DNA1 containing one 5mdC instead of cytidine in DNA1-

contr. 

Enzymatic digestion revealed that only about 1% oxidation of 5mdC and about 6% 

oxidation of thymine occurred (see appendix, Table 24). The higher amount of thymine 

oxidation was expected from the lower BDE and previous experiments on the 

nucleobases.[119] Nevertheless, it is still promising that 5mdC oxidation by the synthetic 

model complex occurs at all given the complexity of the substrate. To get more insights 

into the amount of intact DNA strand or possible decomposition, MALDI-MS 

measurements were performed. After reaction with [FeIVL1(O)]2+, significantly broader 

peaks could be observed as well as the appearance of many new peaks at lower m/z values. 
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No signals were assigned to plausible reaction products. To exclude that the different 

appearance in the MADLI-MS trace of the isolated DNA after reaction was evoked by the 

workup procedure, the same reaction was carried out with only addition of water instead 

of iron(IV)-oxido compound. Also this sample was subjected to MALDI-MS analysis and 

the resulting spectrum (see appendix, Figure 78) revealed intact DNA1 by comparison to 

a measurement of untreated DNA1 (see appendix, Figure 77). 

As the decomposition issue observed with oligonucleotides (compare section III.1.2) also 

seems to be a problem for DNA samples, a DNA-stabilizing buffer might be helpful. PBS 

buffer (phosphate-buffered saline) was chosen as it contains no compounds with functional 

groups that obviously react with the iron(IV)-oxido species. The stability of the reactive 

iron(IV)-oxido species in this buffer was tested with UV-vis measurements (Figure 17). 
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Figure 17: A) UV-vis spectrum of [FeIVL1(O)]2+ recorded in water or in phosphate-buffered saline (PBS). B) UV-
vis absorption at λ = 720 nm to follow the decay of [FeIVL1(O)]2+ in water and in PBS buffer. Conditions: 
[FeIV=O] = 1 mM, water/PBS buffer, 25 °C. 

The UV-vis spectrum of [FeIVL1(O)]2+ in PBS buffer is very similar to that recorded in 

water (Figure 17A). Furthermore, the absorption maximum of the iron(IV)-oxido 

complex in PBS buffer and in water was followed over a time of 60 min (Figure 17B). The 

decay of [FeIVL1(O)]2+ seems to occur faster in PBS buffer than in water, however, it is still 

magnitudes slower than a reaction with substrates. To assure that the iron(IV)-oxido 

complex is still reactive in this medium, a reaction with 5mC as substrate was carried out 
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in water and in PBS buffer and the absorption maximum of the iron(IV)-oxido complex 

followed via UV-vis spectroscopy (Figure 18). 
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Figure 18: UV-vis absorption at λ = 720 nm in a reaction of 5mC with [FeIVL1(O)]2+ in water and PBS buffer over 
time. Conditions: [5mC] = [FeIV=O] = 1 mM, H2O/PBS buffer, 25 °C. 

The absorption of the iron(IV)-oxido complex decreases faster in the reaction carried out 

in water. This may be due to decomposition in addition to the reaction or the PBS buffer 

as medium could also influence the reactivity by the presence of other ions in the mixture 

or a different pH. However, the differences in reactivities from the reaction in water and 

PBS buffer were considered to overall be rather small and it was therefore decided to focus 

on reactivity studies in PBS buffer. A series of experiments was performed varying different 

parameters in the reaction of DNA1 with [FeIVL1(O)]2+ (Table 6).  

Table 6: Series of reactions between DNA1 and [FeIVL1(O)]2+ with corresponding reaction conditions. 

exp equiv. FeIV=O 
per Me 

time [min] Temp [°C] solvent 

1 3 10 4 H2O 
2 6 10 4 H2O 
3 6 10 4 PBS buffer 
4 6 10 25 H2O 
5 6 10 25 PBS buffer 
6 - - 25 H2O (contr. without Fe) 
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The number of equivalents of iron(IV)-oxido complex was raised from 3 to 6 equivalents 

per methyl group hoping to observe more 5mdC oxidation. The reaction was carried out 

at room temperature (25 °C) and at 4 °C to investigate whether lower temperatures might 

influence the product distribution at the end of the reaction. The third variation in the 

reaction conditions consists of the different solvents water and PBS buffer. Ideally, the PBS 

buffer should stabilize the DNA sample to protect it against unwanted strand breaks and 

decomposition. 

The products of the reaction series were analyzed via MALDI-MS measurements (Figure 

19). Raising the number of iron(IV)-oxido equivalents results in a decrease in intensity of 

the peaks (Figure 19A and B). This can be attributed to higher amount of decomposition 

of the DNA strand due to side reactions with the iron(IV)-oxido complex. 

Comparing the results from variation of the solvent, it can be stated that samples reacted 

in water display broad peaks with lower m/z values than expected for unreacted DNA1. 
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Figure 19: MALDI-MS traces of the products from reactions between DNA1 and [FeIVL1(O)]2+ performed under 
different conditions. Conditions: [DNA1] = 2.5 µM (1 equiv.), [FeIV=O] = 60 µM (24 equiv.; 3 equiv. per methyl 
group) or 120 µM (48 equiv.; 6 equiv. per methyl group), H2O or PBS buffer, 4 °C or 25 °C. 

The MALDI-MS traces obtained from reactions in PBS buffer in contrast afford sharp 

signals (similar to the reference measurement, Figure 77, section VII.7). Furthermore, 

significantly less additional peaks are observed at lower m/z values, eventually indicating 

less unwanted decomposition of the DNA strand (Figure 19C and D). An overlay with the 

samples from the reaction in PBS buffer with the DNA1 control measurements reveals no 

identical signals (Figure 19F). It is therefore assumed that modification of the DNA strand 

has occurred. Unfortunately, the peaks could not be assigned to specific species from their 

m/z values. The expected masses for the starting material as well as for the expected 

oxidation products can be found in Table 7. However, it has to be noted here that not only 

the oxidation of 5mdC but also of thymine residues provide the listed masses. Moreover, 

also a mixture of oxidized 5mdC (one residue present in DNA1) and thymine (seven 

residues present in DNA1) might occur, making attribution of signals to specific species 
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very challenging. The sample from a reaction in PBS buffer at 25 °C (Figure 19H) reveals 

a m/z value that could tentatively be assigned to 5fdC-modified DNA1. However, no 

starting material was detected in any of the reaction samples. This fact is surprising since a 

low percentage of overall 5mdC or thymine oxidation was observed. 

A change in reaction temperature, however seems to have a slight impact on the outcome 

of the reaction. Samples from reactions in water show a small shift towards higher m/z 

values for lower temperatures (Figure 19E). The opposite was observed for the samples 

from reactions in PBS buffer (Figure 19C and D). Repetition of the reactions could show 

whether these slight differences really occur from the chosen reaction conditions or if they 

occur within the error of this procedure. 

Table 7: Calculated m/z values for 5mdC-containing DNA1 as well as for the expected oxidation products. 

sample DNA1-5mdC DNA1-5hmdC DNA1-5fdC DNA1-5cdC 
m/z 7639 7655 7653 7669 

 

To conclude, it could be shown in first test reactions between DNA1 and [FeIVL1(O)]2+ 

that the synthetic model complex is capable of oxidizing 5mdC in small amounts. This is a 

good starting point to further elaborate different reaction conditions which has due to time 

reasons not been done in this project so far. Two major draw-backs in this procedure have 

been identified that make sequencing applications challenging. The first problem is the 

faster oxidation of thymine residues compared to 5mdC residues. This can easily be 

circumvented by using the complex to modify RNA samples instead of DNA. The second 

challenge consists of the decomposition of the DNA strand within a reaction with the 

iron(IV)-oxido complex. It was shown in reactions with oligonucleotides that a high 

amount of iron complex is needed to achieve high oxidation rates. At the same time, 

oligonucleotide degradation was observed with more equivalents of iron(IV)-oxido 

complex. It thus remains challenging to evaluate conditions that combine both desired 

properties (high oxidation rate and intact strands). The usage of stabilizing buffers such as 

the PBS buffer to avoid DNA degradation seems to be a promising procedure that is worth 



Iron(IV)-oxido Complexes as Model for TET Enzymes 

74 
 

investigating in more detail. Again, the employment of RNA instead of DNA could 

eventually also contribute in increased stability as with the additional hydroxy group at the 

sugar moiety, there is already one possibility less for unwanted side reactions. Reactivity 

studies with RNA samples as substrate for the iron(IV)-oxido complex as well as 

sequencing experiments thereof would consequently be the next step in this project. 
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2 Application of the Iron(IV)-oxido Complex in Synthetic 

Epigenetics 

In addition to the naturally occurring DNA modifications, a whole research field focuses 

on the development of synthetically modified DNA. The replacement of natural by 

modified nucleobases can lead to additional or improved properties of the resulting 

unnatural nucleic acid. Elaborated information storage possibilities in DNA as well as better 

understanding of the properties of natural DNA are the main goals addressed in this still 

growing research area. The DNA strand can be modified at the sugar unit,[122] the phosphate 

backbone[123] or the nucleobase subunit, leading to a variety of unnatural nucleic acids.[124] 

This chapter provides a short overview on the current status of nucleobase modifications 

and their applications. 

The attachment of various functional groups to natural nucleobases can introduce new 

properties to DNA, thereby opening a vast area of new tools in research.[125-127] Kool and 

coworkers expanded the natural nucleobase by addition of a benzene ring (Chart 4A).[128-

129] Their so-called size-expanded nucleobases (xDNA) still contain the motif responsible 

for Watson-Crick hydrogen bonding and the authors could show that their modified bases 

are able to selectively recognize the natural binding partner. Fully expanded xDNA helices 

could be obtained.[130] Interestingly, these new helices are more stable than natural DNA 

and more importantly, in contrast to their native counterpart, they exhibit fluorescence in 

aqueous buffers.[131-133] This property in combination with the ability of xDNA to interact 

with natural genetic systems, can eventually be exploited to use this system as 

biotechnological reporters for instance giving insights on specific DNA sequences.[134] 
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Chart 4: A) Modified base pair where adenine is replaced by the size-expanded artificial base xA by Kool and 
coworkers.[134] B) Unnatural base pair developed by Romesberg and coworkers.[135] C) The first unnatural base pair 
isoC:isoG developed by Benner and coworkers.[136] 

A different approach was used by Romesberg and coworkers, who developed synthetic 

base pairs on the basis of hydrophobic and packing forces instead hydrogen bond 

complementarity (Chart 4B).[135] The authors managed to incorporate their unnatural base 

pairs into DNA and observed efficient PCR amplification. They also created semi-synthetic 

organisms able to store[137] and release[138] increased information. 

Benner and coworkers synthesized the first unnatural base pair consisting of iso-cytosine 

and iso-guanine (isoC:isoG) in 1989 and incorporated it successfully into DNA/RNA  

(Chart 4C).[136] In 1990, Benner and coworker proposed a variety of additional structures 

based on size complementarity and the ability to form Watson-Crick-like base pairs via 

hydrogen bonds.[139] With their synthetic base pairs the authors were able to expand the 

genetic alphabet from four to six building blocks. Investigations on such artificially 

expanded genetic systems gained popularity in recent years,[140-145] especially the 

incorporation of such systems into living cells.[146-147] In 2019, Benner and coworkers 

managed to expand the synthetic genetic system further from six to eight building blocks, 

thereby significantly enhancing the possibility of information storage.[148] The resulting 

synthetic DNA was named “hachimoji” DNA (“hachi” = eight, “moji” = letters) and consists 

of the four canonical DNA nucleobases together with four additional synthetic nucleobases. 



Iron(IV)-oxido Complexes as Model for TET Enzymes 

77 
 

 

Figure 20: Hachimoji DNA (left) and RNA (right) developed by Benner and coworkers, consisting of the four natural 
nucleobases and four additional artificial nucleobases.[148] R = deoxyribose for DNA and R = ribose for RNA 
nucleotides. Species of particular interest for this work are highlighted. 

Similar to natural DNA, this synthetic DNA is based on size- and hydrogen bond 

complementarity of the nucleobases and forms stable double helices. Remarkably, the 

authors managed to develop an RNA polymerase able to transcribe hachimoji DNA into 

RNA.[148] Especially the artificial nucleobase named “S” caught our attention due to the 

presence of a methyl group in the structure. Interestingly, Benner and coworkers employ 

to different structures “S” (highlighted in Figure 20) for the pairing with iso-guanine “B” in 

their hachimoji RNA compared to their hachimoji DNA structures. In the DNA nucleotide, 

the nucleobase cytosine is used but instead of the natural N1-position, the deoxyribose 

moiety is connected to the nucleobase at the C5-position whereas the original N1-position 

is methylated. In analogy to the reported pseudo-uridine, this compound is further referred 

to as “1-methyl-pseudo-cytidine” or at the nucleobase level simply “1-methylcytosine” 

(1mC). In hachimoji RNA however, iso-cytosine is used instead of cytosine (Chart 5). 

 

Chart 5: Selection of different synthetic nucleobases/nucleosides and the applied nomenclature. 
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In nature, the high density of information stored in genetic systems is even further 

expanded by introducing a second layer of information through epigenetics (see section I). 

The epigenetic DNA modifications 5mC and 5hmC are referred to as fifth and sixth letter 

of the genetic alphabet.[26] Oxidation of the methyl group can alter or remove these 

epigenetic markers, which has been studied as DNA information storage systems by the 

group of Balasubramanian.[149] A DNA strand containing specific modifications should 

afford different information (“read-outs”) depending on the conditions with which it was 

treated. The authors propose that a 5mdC- and 5hmdC-containing DNA strand is treated 

A) with bisulfite and B) with potassium perruthenate and bisulfite. Sequencing of all three 

samples (untreated and treatment A) and B)) affords three different read-outs.[149] 

Applying this method to the system studied in this work, two different methylated 

nucleobases are needed displaying different oxidation reactivities. In the example depicted 

in Figure 21, a short oxidation reaction could selectively transform only the more reactive 

nucleobase. Submitting the same DNA strand to longer oxidation reaction times would 

possibly afford complete transformation of both nucleobases. Therefore, a different read-

out (from sequencing for example) would be obtained here compared to the short or no 

treatment. In this manner, three layers of information can be stored in one single DNA 

strand. 

 

Figure 21: Three different potential read-outs are obtained from one DNA strand depending on the treatment which 
leads to different amounts of epigenetic markers present in the DNA strands. Inspired from Balasubramanian and 
coworkers.[149] 
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Employing methylated artificial nucleobases in the synthetic hachimoji DNA/RNA could 

allow the addition of a second layer of information, forming the completely new field of 

synthetic epigenetics. For this purpose, 1mC and 5-methyliso-cytosine (5miC, Chart 5) as 

well as a variety of other synthetic or natural methylated nucleobases were chosen for 

further studies, investigating their oxidation behavior by the iron(IV)-oxido complex 

established in our group.  
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2.1 Synthesis of Iso-cytosine Derivatives and Preliminary Reactivity 

Studies 

5-Methyliso-cytosine (5miC) was chosen as synthetic analogue for the natural nucleobase 

5mC. To test the reactivity of this substrate with the iron(IV)-oxido complex and to be 

able to clearly identify the formed species during the reaction, all oxidized derivatives of 

5miC (5-hydroxymethyl iso-cytosine (5hmiC), 5-formyl iso-cytosine(5fiC) and 5-carboxy 

iso-cytosine (5ciC)) should be synthesized as reference samples (Chart 6). 

 

Chart 6: Anticipated target molecules for which a synthesis route should be established. 

The synthesis of 5miC is literature-known[150] and was already performed in this group by 

Caroline Kliem in her Bachelor Thesis supervised by Niko Lindlar. The pyrimidine ring is 

constructed in a one pot reaction and the product was isolated by filtration without further 

purification (Scheme 10). Unfortunately, by reproducing this reaction, it was shown by 

elemental analysis that a high amount of impurity (not detected by 1H NMR spectroscopy) 

was still present in the isolated product. Different purification methods such as HPLC or 

amberlite purification were tested and finally the pure product could be isolated after 

recrystallization from water. 

 

Scheme 10: Synthesis of 5miC.[150] 

To obtain the oxidized derivatives of 5miC, Caroline Kliem tested the synthetic pathways 

that had been established for the corresponding 5mC compounds.[151] Unfortunately, the 
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desired structures could not be obtained with these methods and new synthetic routes had 

to be examined. 

One approach to obtain 5hmiC consisted of a variation of the 5miC synthesis procedure. 

The application of ethyl 3-hydroxypropanoate as starting material instead of ethyl 

propionate should theoretically lead directly to the desired compound 5hmiC. To avoid 

side reactions with the free hydroxy group, a protecting group should be introduced. For 

the protection of the alcohol functionality in the starting material, either a benzyl group or 

a methoxymethyl ether (MOM) were chosen as both are stable under the basic conditions 

needed for the reaction (Scheme 11). 

 

Scheme 11: Suggested reaction pathway for the synthesis of 5hmiC (PG = protecting group). 

In a first attempt, the benzyl protection showed no conversion of the starting material after 

stirring at room temperature for three days, whereas the crude product of the protection 

using MOM ether looked promising according to 1H NMR analysis. Unfortunately, flash 

column chromatography purification of the MOM-protected crude product led to 

unwanted elimination of the protecting group. The attempt of obtaining the MOM-

protected 5hmiC in the one-pot reaction described in Scheme 11 was not successful. 

Alternative synthetic approaches were examined starting from 5-carboxyethyl iso-cytosine 

(5caetiC) which is commercially available (Scheme 12). Alkaline hydrolysis of the ester 

functionality provided the 5ciC as a pure product in good yield (Scheme 12, I). 
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Although a variety of different conditions were tested, a reduction of the ester group could 

not be achieved (Scheme 12, II). This reaction type is commonly used for corresponding 

cytosine derivatives (carrying an amino group next to the ester moiety).[152] However, the 

ester group in 5caetiC seems to be extremely stable due to the proximity to a second 

carbonyl moiety, since all attempts to reduce the ester resulted in unreacted starting 

material. To turn this rather inactive group into a reactive species, it was anticipated to 

transform the carboxylic acid of 5caetiC into the corresponding acid chloride, which then 

would eventually be easier reduced. But even treatment with the reactive reagent thionyl 

chloride did not lead to any conversion of the carboxylic acid in any conditions applied. 

 

Scheme 12: Synthetic procedures tested for the generation of 5hmiC starting from 5caetiC. 

The 5caetiC starting material as well as the outcoming reaction products exhibit very low 

solubility in different organic solvents but show a moderate solubility in water. This 

complicates the reaction progress as well as extraction workups. Therefore, a benzyl 
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protection reaction was carried out (Scheme 12, III). The benzyl protecting group was 

expected to enhance the solubility of the starting material as well as of the desired reaction 

product in organic solvents and to avoid possible side reactions with reactive groups. 

It was expected that in this reaction the amino group in the 2-position would be the most 

nucleophilic position but from 1H NMR spectra it can be suggested that the N1-position 

with the nitrogen in the pyrimidine ring is more reactive. Nevertheless, there are several 

chemically very similar isomers that possibly have formed in this reaction, which 

complicates separation by column chromatography. The appearance of different products 

as well as impure mixed fractions after column chromatography affected the yield of 

product 8 which could only be isolated in very low yield bearing two benzyl groups. 

The attempt of reducing the ester moiety of the benzyl protected 5caetiC 8 resulted in 

complete conversion of the starting material. The better solubility of the benzyl protected 

compound 8 in organic solvents compared to the unprotected 5caetiC might be responsible 

for the turnover of the starting material here. However, it turned out that instead of the 

desired ester reduction an unwanted reduction of the double bond occurred (Scheme 12, 

IV). Apparently, due to the neighboring carbonyl group a Michael Addition is the preferred 

reaction over the ester reduction. Similar observations were made by David Schmidl in his 

master thesis[153] in our group when he anticipated to reduce ester moieties in related 

structures derived from the nucleobase uracil (also bearing a carbonyl group next to the 

ester function). 

As the synthesis of the oxidized 5miC derivatives turned out to be more challenging than 

expected, it was decided to proceed further to the next project step and test the reactivity 

of 5miC with the iron(IV)-oxido complex instead of spending more time for the synthesis 

of the reference compound. 

The reaction of 5miC with [FeIVL1(O)]2+ was monitored by UV-vis spectroscopy following 

the characteristic absorption maximum of the iron(IV)-oxido species at a wavelength of 

λ = 720 nm (Figure 22). 
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Figure 22: UV-vis spectra of the reaction of 5miC with [FeIVL1(O)]2+ over 70 min. Conditions: 
[5miC] = [FeIV=O] = 1 mM, H2O, 25 °C. 

The iron(IV)-oxido absorption band is decreasing as the reactive species is consumed within 

the reaction progress which is completed after approximately 35 min under the applied 

conditions. Two new maxima at 387 nm and 511 nm are formed and the resulting 

spectrum shows similar features as observed with the corresponding iron(III) species 

(compare section IV.1.1). An isosbestic point can be observed at a wavelength of 559 nm. 

To identify the respective products in this reaction, analytical HPLC analysis was 

performed. Thereby, two different methods were used to study this reaction. The first 

method included not only the detection of the UV absorption at 280 nm but also an 

additional low-resolution mass spectrometry analysis (for analytical HPLC method see 

section VI.4, method “UV+MS”). This allowed the assignment of the observed signals to 

the respective oxidation products, however the method required a low flow rate of 

0.4 mL min-1 resulting in relatively long runtimes (Figure 23A). For this reason, a shorter 

method with only UV detection was used for kinetic measurements including a high 

amount of samples (Figure 23B, for analytical HPLC method see section VI.4, method “UV 

only”). To follow the product distribution over time, samples were taken from the reaction 

mixture every 5 min over a range of 70 min and subjected to analytical HPLC analysis. 
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Figure 23: Analytical HPLC-trace of the reaction of 5miC with [FeIVL1(O)]2+ at A) 0 min (conditions: 
[5miC] = 20 mM, 5miC:[FeIVL1(O)]2+ 1:5, H2O, 25 °C, HPLC method “UV+MS”) and B) over 70 min 
(conditions: [5miC] = 2 mM, 5miC: [FeIVL1(O)]2+ 1:10, H2O, 25 °C, HPLC method “UV only”). Assignment of 
the absorption peaks in B) not verified as a method without coupled mass spectrometry was used. 

At an initial 5miC concentration of 20 mM and five-fold stoichiometry [FeIVL1(O)]2+, the 

reaction occurs in a few seconds and does not further change over time (Figure 23A). Using 

LC-MS analysis, 5miC starting material as well as the oxidation products 5hmiC, 5fiC and 

5ciC could be assigned to the UV absorption signals. The high amount of starting material 

can be explained by the presence of a side reaction (iron(II)/iron(IV) comproportionation, 

for more information refer to section IV.1.1) leading to the need of two equivalents of 

iron(IV)-oxido complex for the oxidation of one equivalent of substrate. Therefore, more 

equivalents of [FeIVL1(O)]2+ might be needed for complete conversion into the last 

oxidation product 5ciC. This was achieved with ten equivalents of [FeIVL1(O)]2+, with 5ciC 

being nearly the only species left after a reaction time of 70 min and an initial 5miC 

concentration of 2 mM (Figure 23B). As these kinetic experiments were analyzed with a 

different analytical HPLC method, the UV absorption peaks shift to different retention 

times compared to the HPLC method with coupled mass spectrometry shown. Therefore, 

the different species can not be assigned unambiguously to the observed UV absorption 

peaks.  

Without reference samples of the 5miC oxidation products, no exact quantification 

measurement was possible. Nevertheless, the integral area against the time shows the 
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trends of consumption and formation of the different species within the reaction  

(Figure 24). 
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Figure 24: Representation of the integral areas of all observed UV absorption peaks at specific retention times over 
time (left) and detailed view (right). 

The amount of 5hmiC is very low over the entire reaction time, indicating a faster reaction 

of 5hmiC with [FeIVL1(O)]2+ compared to 5miC. The intensity of 5fiC increases in the first 

minutes and decreases then in a similar rate compared to 5miC. At the end of the reaction 

only the last formed oxidation product 5ciC is present. 

Although the synthesis of all oxidation products of 5miC was not completely achieved, it 

could be shown that similarly to 5mC, also the artificial nucleobase 5miC reacts with the 

iron(IV)-oxido complex affording all expected oxidation products. Compared to the 

previously investigated nucleobase 5mC, the reaction of 5miC with [FeIVL1(O)]2+ occurs 

significantly faster. This difference in reactivity might be further exploited for example to 

discriminate between different methylated nucleobases and exclusively oxidize the desired 

species. 
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2.2 A Comparative Study on Different Epigenetically Relevant Nucleobase 

Substrates with a TET Model Iron(IV)-oxido Complex 

Instead of focusing exclusively on the substrate 5miC and its reaction with the iron(IV)-

oxido complex, it was decided to include a variety of natural and synthetic nucleobases 

bearing methyl groups. The following publication[119] evolved from a cooperation in the 

frame of the SFB1309 with Fabian Zott from the Zipse group and compares the reactivity 

of these substrates with the iron(IV)-oxido complex by calculation of the corresponding 

reaction rates from kinetic investigations. Additional calculation of the C-H bond 

dissociation energies (BDEs) of the substrates results in a correlation between the 

theoretically expected and experimentally determined reactivities. 
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TET-Like Oxidation in 5-Methylcytosine and Derivatives: A
Computational and Experimental Study
Niko S. W. Jonasson+,[a] Rachel Janßen+,[a] Annika Menke+,[a] Fabian L. Zott,[a] Hendrik Zipse,[a]

and Lena J. Daumann*[a]

The epigenetic marker 5-methylcytosine (5mC) is an important
factor in DNA modification and epigenetics. It can be modified
through a three-step oxidation performed by ten-eleven-trans-
location (TET) enzymes and we have previously reported that
the iron(IV)-oxo complex [Fe(O)(Py5Me2H)]

2+ (1) can oxidize
5mC. Here, we report the reactivity of this iron(IV)-oxo complex
towards a wider scope of methylated cytosine and uracil
derivatives relevant for synthetic DNA applications, such as 1-
methylcytosine (1mC), 5-methyl-iso-cytosine (5miC) and thy-

mine (T/5mU). The observed kinetic parameters are corrobo-
rated by calculation of the C� H bond energies at the reactive
sites which was found to be an efficient tool for reaction rate
prediction of 1 towards methylated DNA bases. We identified
oxidation products of methylated cytosine derivatives using
HPLC-MS and GC-MS. Thereby, we shed light on the impact of
the methyl group position and resulting C� H bond dissociation
energies on reactivity towards TET-like oxidation.

Introduction

Using DNA as information storage for non-biological data has
experienced a considerable development in recent years.[1] DNA
not only provides an immensely high density of information,
but its durability allows to store information over decades and
centuries.[1c] Besides the canonical nucleobases C, G, T and A,
epigenetics extend the ‘DNA alphabet’ with the epigenetic
markers 5-methylcytosine (5mC) and 5-hydroxymethylcytosine
(5hmC) as fifth and sixth letter.[2] In nature, these additional
nucleobases are formed by direct methylation of cytosine which
causes the gene to be silenced. Oxidation of the methyl group
can alter or remove the epigenetic marker and therefore
introduces a second layer of information.[3] This has also been
put to use in DNA information storage systems.[4] Aside from
nature, using unnatural orthogonal nucleobases pairs in
synthetic DNA systems has expanded the ‘DNA alphabet’ up to
eight letters within one system, called hachimoji DNA, increas-
ing the density of information storable in DNA even further
(Figure 1A).[5] Furthermore, the synthetic nucleoside N1-methyl-
pseudouridine (1mΨ, Figure 1B), which consists of a 1-meth-

yluracil (1mU) nucleobase fragment bound at its 5 position to
ribose, was used in the Covid-19 mRNA vaccines by Pfizer/
BioNTech (Comirnaty, BNT162b2) and Moderna (Spikevax,
mRNA-1273).[6] The use of 1mΨ in mRNA has been reported to
increase protein expression compared to pseudo-uridine Ψ and
therefore likely contributes to the high efficacy of the
mentioned vaccines.[7]

Using epigenetic markers or synthetic DNA bases has
increased the potential for DNA information storage, however,
the idea of epigenetic manipulation of synthetic DNA bases has
not been employed yet. In natural epigenetics, ten-eleven
translocation (TET) enzymes are involved in the oxidation of the
methyl group in 5mC. TET enzymes belong to the superfamily
of iron(II)/α-KG dependent non-heme enzymes and use an iron
(IV)-oxo moiety as the catalytically active species for the
stepwise transformation of 5mC to 5hmC, then to 5-formylcyto-
sine (5fC) and finally to 5-carboxycytosine (5caC). We have
recently shown that a synthetic iron(IV)-oxo complex (1,
Figure 2) is capable of performing the same reaction on
nucleobase,[9] nucleoside, and even nucleotide substrates.[10] It
has been shown that hydroxyl radicals are capable of oxidizing
5mC, however, in addition to hydroxylation of the methyl group
yielding 5hmC and/or 5fC, oxidation of the 5,6-double bond in
5mC was observed.[11] In epigenetic sequencing applications,
5hmC is oxidized to 5fC with potassium perruthenate (KRuO4).
Under these conditions, 5mC is unaffected. In this work, we
explored the chemistry of the biomimetic system (1) towards
synthetic DNA bases 1mC and iso-cytosine (as methylated
5miC) occurring in hachimoji DNA and RNA, respectively, as
well as methylated uracil derivatives. We present data on the
diverse reactivity of different methylated nucleobases with the
biomimetic compound 1 and present calculations of C� H bond
dissociation energies (BDEs) as a viable method to predict the
corresponding reactivity. The obtained results open up the
possibility to install methyl groups with different reactivity
towards oxidation and thus tunability for reaction, as well as to
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draw conclusions on the suitability of certain methylated DNA
species in nature.

Results and Discussion

As substrates we used the naturally occurring 5-methylcytosine
(5mC) and thymine/5-methyluracil (T/5mU) in addition to the
synthetic nucleobases 5-methyl-iso-cytosine (5miC), 1-meth-
ylcytosine (1mC), 1,5-dimethylcytosine (1,5dimC), 1-methyluracil
(1mU) and 1,5-dimethyluracil (1,5dimU, Figure 2). The cytosine
derivatives were also analyzed for the products formed when
reacted with 1 using HPLC-MS and GC-MS. We evaluate which
nucleobases could be useful for synthetic biology and epige-
netics with respect to their ability to be further modified by TET
enzymes and their biomimetic complexes.

UV Vis kinetics

We have previously reported that the absorbance of 1 at λ=

718 nm can be used to measure the initial reaction rates (data
points used for rate calculation: minute 1–2) and then to
determine the rate constants kS of the individual substrates

with 1.[9] To confirm this is valid for the substrates used in this
work, we monitored the observed relative absorbance of each
substrate: in all reactions the initial absorbance was not
significantly decreased after 2 min reaction time (>85–90%),
indicating that only small amounts of 1 had been consumed.
The only exception with 80% of the initial absorbance of 1 was
with the rapidly reacting 5miC (Figures S1 and S2). As the
absorption decrease was still reliably linear within the moni-
tored timeframe (Figure 3B) we deemed this data analysis to be
a suitable approximation. Additionally, we analyzed the reaction
mixture of 5miC and 1 after 2 min reaction time using GC-MS
and found mostly unreacted 5miC (see Figure S15). For all other
substrates the linear consumption of 1 was observed for a
much longer timeframe. We were therefore confident to
monitor almost exclusively the reaction of 1 with the respective
starting material and not that of any further oxidized products.

For all substrates we found a decrease of the absorbance at
λ=718 nm over the monitored time frame (Figure 3A, compare
also Supporting Information Figures S1 and S2 for full UV-Vis
spectra and control reactions). Using the method of initial rates,
reaction rates were calculated from the observed decrease in
absorbance by linear regression. We then calculated the
corresponding rate constants kS (Figure 4) using the second
order rate law found by Jonasson and Daumann for the reaction
of 5mC with 1. This rate law was applied for all substrates used
in this work (Eq. 1):

v ¼ ks S½ � 1½ � (1)

where v is the observed reaction rate, S½ � the concentration of
the substrates and 1½ � the concentration of 1. When the amount
of 1 was varied from 1–9 equivalents, a linear dependence of
the reaction rates on the amount of 1 (Figure 5) was observed
for all substrates and none showed any saturation behavior (as
had been previously observed for 5hmC).[9] This confirms that
the chosen concentration ranges are suitable for our purposes.
The linear increase in reaction rate upon increase of the added
amount of 1 indicates a rate law of first order for 1 for all
substrates. This agrees with our previous findings concerning
the reaction of 1 with 5mC and justifies use of Eq. (1) for the
calculation of kS.

[9]

The N-methylated substrates 1mC and 1mU reacted signifi-
cantly slower than all other compounds (Figures 4 and 5). The
uracil derivatives 1mU, T, and 1,5dimU reacted faster than their

Figure 1. A) Base pairs 1-methylcytidine (1mC) – iso-guanosine (iG) and 5-methyl-iso-cytidine (5miC) – iso-guanosine used in hachimoji DNA and other
synthetic DNA applications.[5a,8] B) Nucleobase fragments in pseudo-uridine (Ψ) and 1-methyl-pseudo-uridine (1mΨ).

Figure 2. Methylated cytosine and uracil derivatives used in this work: 5-
methylcytosine (5mC), 5-methyl-iso-cytosine (5miC), 1-methylcytosine (1mC),
1,5-dimethylcytosine (1,5dimC), thymine (T), 1-methyluracil (1mU), 1,5-
dimethyluracil (1,5dimU). The studied methyl groups are marked with blue
circles, the naturally occurring nucleobases have a green background. Used
iron(IV)-oxo complex [Fe(O)(Py5Me2H)]

2+ (1) shown in rounded rectangle.
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cytosine counterparts 1mC, 5mC and 1,5dimC, respectively.
When comparing mono- vs. dimethylation, a significant differ-

ence between uracil- and cytosine derived substrates was
noted: The dimethylated compounds 1,5dimC and 1,5dimU
showed divergent reactivity: whereas 1,5dimC reacts faster than
5mC, 1,5dimU reacts slower than its monomethylated counter-
part T. We found that in the case of dimethylated substrates,
reactivity can be attributed almost completely to the methyl
group bound to the carbon atom at position 5 (vide infra for
details). 5miC then shows the fastest reaction rates v by a large
margin.

Clearly, the nature of the substituents on the 1, 2, and 4
position influences the reactivity of the methyl groups present.
It can be summarized that an amine group at position 4 (as in
5mC) slows the reactivity, whereas a carbonyl moiety (as in T
and 1,5mU) increases it. Also, a guanidine moiety (amine
substituent at position 2, as in 5miC) increases reactivity
compared to a urea moiety (as in 5mC or T). Methylation of the
1 position can influence the reactivity both ways: in the case of
an exocyclic amine on position 4 (as in 1,5dimC), the reaction
rate is increased. If, however, two carbonyl functions are present
(as in 1,5dimU), the rate is decreased when the 1 position is
methylated. These observations imply that the heterocyclic,
conjugated ring system is capable of relaying electronic
information from the substituents to the methyl groups. Effects

Figure 3. UV/Vis spectroscopy kinetics: A) Plot of the development of the absorbance of a series of reactions. B) Linear and non-linear decrease of the
absorbance at λ=718 nm. Conditions: [S]=1 mM, [1]=5 mM, H2O, 30 °C.

Figure 4. Observed rate constants kS of the substrates at the following conditions: [S]=1 mM, [1]=5 mM, H2O, 30 °C. Rate constants kS were calculated using a
second order rate equation (Eq. 1).

Figure 5. Plot of the measured reaction rates v of the reaction of 1 with
nucleobase substrates. For a zoomed-in version of 5mC, 1mC, and 1,5dimC
results see Supporting Information Figure S3[B]. 5mC (black squares), 5miC
(red dots), 1mC (green triangles), 1,5dimC (blue inverted triangles), T (purple
twisted triangles), 1,5dimU (orange diamonds), and 1mU (cyan circles).
Conditions: [S]=1 mM, [1]=1–9 mM, H2O, 30 °C. The Supporting Information
contains a second set of measurements for 5mC, 5miC, 1mC, and 1,5dimC
(Figure S3[A]).
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stemming from steric interactions and coordination of sub-
strates and products to 1 might also influence the reactivity.

BDE calculation

In a next step, we wanted to rationalize the above described
trends. As iron(IV)-oxo compounds both in synthetic[12] and
enzymatic context,[13] as well as 1 in particular,[9,14] are reported
to react via a hydrogen atom transfer from an aliphatic C� H
bond (Scheme 1), BDEs are commonly believed to play an
integral part concerning reaction rates.

We therefore calculated the relevant BDEs of the substrates
(Figure S17). All quantum mechanics (QM) results are reported
at the SMD(H2O)/DLPNO-CCSD(T)/CBS//(U)B3LYP-D3/6-31+G-
(d,p) level of theory as stated in the supporting information (for
thermodynamic data see Tables S5–10).[15] A graphical represen-
tation of all aqueous phase BDE values at the relevant C� H
bonds in the above-mentioned substrates is shown in Figure 6
(also compare gas phase BDE values, Figures S18–19). A
significant difference in BDE values can be observed between

N1- and C5-methylated compounds: methyl groups connected
to another carbon atom possess BDE values of 379–
387 kJmol� 1, whereas the methyl groups situated on the N1-
nitrogen atom show much higher BDEs of 413–416 kJmol� 1.
The BDE of 5miC is somewhat lower than all other compounds,
including its closest structural relatives T (ΔBDE=3.7 kJmol� 1)
and 5mC (ΔBDE=7.9 kJmol� 1). The site-specific BDE values of
doubly methylated compounds generally compare to their
mono-methylated parent species. The aqueous phase BDE value
of 1hmC is the highest of all calculated compounds at
421.0 kJmol� 1, although we note that there is a substantial
solvation effect on this value (see Table S2).

Comparing BDEs to observed rate constants

The calculated BDE values were found to predict reactivity of
the substrates perfectly: low BDEs correspond to high rate
constants kS. The only exception from the observed flawless
correlation is 1mU, which reacts slightly faster than its BDE
reactivity would predict. We hypothesize that this observation is

Scheme 1. Two-step reaction mechanism for 1 with aliphatic C� H bonds (indicated as R� H) as postulated by Daumann and Jonasson and Chantarojsiri
et al.[9,14] The transferred oxygen atom is marked in red. L= solvent, substrate, or product molecule that completes the coordination sphere of 3.

Figure 6. Aqueous phase (ΔHsol=ΔH298+ΔGsolv) RCH2� H bond dissociation energies (BDEs) of the relevant substrates calculated at the DLPNO-CCSD(T)/CBS
level of theory. Dotted lines indicate the BDEs of molecules that were calculated but not included in experiments. For comparison of calculated BDEs of gas
and aqueous phase see Figures S18–19.
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due to the method of data analysis. We used the absorbance
values between 1–2 min reaction time for the calculation of
reaction time, however, as the reaction of 1mC and 1mU is very
slow, small variations (possibly due to uncompleted mixing
upon starting the experiment) influence the observed reactivity
strongly. When the decrease in absorbance for 1mC and 1mU is
compared for the entire length of the experiment, a very similar
behavior is observed. This would fit very well with the BDEs of
1mC and 1mU being very similar at 415 and 416 kJmol� 1,
respectively. Nonetheless, the behavior of 1mU does fit very
well within the broader trend described above, even if the data
analysis is not perfectly suited to its behavior.

The correlation of BDE and kS is in particular remarkable for
the situation in the twice-methylated substrates 1,5dimC and
1,5dimU (Table 1). As described above we found that N-meth-
ylation increased the reaction rate in the cytosine derivative
whereas the opposite was observed for the uracil derivative.
This behavior is mirrored in the corresponding BDE values: the
C� H bond on the carbon-bound methyl group in 1,5dimC is
found to possess a lower BDE than 5mC, implying the
experimentally confirmed increased reactivity. In the case of
1,5dimU a higher BDE was calculated, matching its lower
reactivity compared to T.

The perfect correlation of calculated BDEs to observed
reaction rates provides further evidence to corroborate the
previously postulated two-step reaction pathway of 1 with
aliphatic C� H bonds (Scheme 1).[9] In the first step in this
mechanism, a hydrogen atom is transferred from the substrates
R� Me(H) to the iron compound, generating an iron(III)-hydrox-
ido species (2) and a carbon-centered radical. These species
then recombine in a rebound step to form the product R� OH
and an iron(II)-species (3). It was found that C� H abstraction/
hydrogen transfer is the rate limiting step.[9]

As the hydrogen atom transfer (HAT) step involves the
breaking of the C� H bond in the substrate, the BDE should
determine the reaction rate. We had previously demonstrated
this for both 5mC and 5hmC; in this work we expanded the
substrate scope significantly to include 1mC, 1,5dimC, 5miC, T,
1mU, and 1,5dimU.

When plotting the aqueous phase BDE values versus ln(ks), a
linear Bell-Evans-Polanyi correlation can be observed for 5mC,
1,5dimC, 1,5dimU, T and 5miC (Figure 7). 1mC and 1mU are
outliers, probably due to them being N-methylated instead of
C-methylated as all other compounds. As mentioned previously,
for the doubly methylated compounds the reactivity of the
methyl group at the 5-position prevails (vide infra for details on

how we come to this conclusion). Repeating this type of
analysis with gas phase BDE(C� H) values we obtain similar
results (see Figure S23), thus, we conclude that the observed
correlation reflects the intrinsic properties of the studied
nucleobase substrates.

The presented data is a remarkable result, as it both
provides evidence to confirm the previously postulated mecha-
nism of 1 and shows that calculated BDEs can be reliably used
to predict reaction rates for these types of substrates (in the
absence of an enzyme’s second coordination sphere). It is
noteworthy that the reactivity of the natural nucleobase 5mC is
in the middle of the observed spectrum: the N-methylated
compounds 1mC or 1mU react significantly slower whereas
5miC reacts significantly faster. This could be considered an
indication on why 5mC can be considered an ideal epigenetic
marker in nature: the reactivity of 5mC towards an iron(IV)-oxo
moiety seems to be in a range that is both fast enough for
efficient catalytic conversion by an enzyme and still slow
enough to be controlled within a biological system. For
example, 1mC is oxidized so slowly that even if its oxidized
derivatives were stable (vide infra) it would not be a suitable
substrate for enzymatic conversion. On the other hand, the
reactivity of 5miC seems to be so fast that it would be hard to
control - an important factor in the delicate methylation
equilibrium that is maintained by DNA methyltransferases
(DNMT) and TET enzymes.[16] Whereas we do not claim that this
behavior of 5mC and the other substrates towards iron(IV)-oxo
species has been an evolutionary pressure resulting in the
formation of 5mC epigenetics as we know it, we provide
evidence that 5mC is indeed a perfect substrate for the task it
performs. Regarding applications of natural and artificial meth-
ylated nucleobases in synthetic biology and DNA-based storage
systems, their different reactivities could allow for additional
layers of information and tunability. By incorporating two
nucleobases of vastly different reactivity towards 1, such as

Table 1. Comparison of calculated BDEs and observed reaction rates.

Substrate BDE
[kJmol� 1]

kS

[Lmol� 1 s� 1]

1mC 414.8 2.5�0.4
1mU 416.0 5.9�1.6
5mC 387.3 10.7�0.8
1,5dimC 386.5 19.2�0.8
1,5dimU 385.7 34.4�0.9
T 383.1 48.6�0.3
5miC 379.4 98.7�1.2

Figure 7. Plot of the calculated BDE values in aqueous phase against the
observed rate constants kS on a logarithmic scale (R

2=0.891) of the
substrates 1mC, 1mU, 5mC, 1,5dimC, 1,5dimU, T, and 5miC. In the case of
the demethylated substrates 1,5dimC and 1,5dimU only the BDE of the
carbon bound methyl groups are plotted. A similar plot of calculated BDE
values in the gas phase against the observed rate constants kS on a
logarithmic scale can be found in Figure S23.
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1mC and 5miC, into an artificial DNA strand, differentiation
during oxidative sequencing could be used to drastically
increase density of information.

Product Analysis (HPLC-MS/GC-MS)

We used both UHPLC-MS and GC-MS to identify the products
formed in the reactions of 1 with the cytosine substrates, as
these are most relevant to our research question (see Support-
ing Information, Table S1 and Figures S4–16). We also analyzed
the product distribution of T oxidation products using GC-MS
(see Figure S16).

In our recently published work on the reactivity of 1
towards 5mC we identified the oxidized derivatives 5hmC, 5fC,
and 5caC, that are also formed by TET enzymes in DNA
substrates, using GC-MS.[9] In this work we corroborated these
results with HPLC-MS measurements (Scheme 2A). In the
measurements of the reaction samples we found signals
corresponding to all expected products (5hmC, 5fC, 5caC), but
did also find an additional signal with a mass-to-charge ratio of
126.0622, which would correspond to 5mC. Due to the longer
retention time (~13.2 min) than for the reference signal of 5mC
(~7 min) but equal m/z ratio, we propose that this is a dimer of
5mC, probably formed during lyophilization (see Figures S4 and
S5). In fact, a hemi-protonated dimer of 5mC (5mC-5mCH+) has
previously been isolated by us and was structurally
characterized.[17] For reactions with 5miC we found signals at
m/z values corresponding to 5-hydroxymethyl iso-cytosine
(5hmiC), 5-formyl iso-cytosine (5fiC), 5-carboxy iso-cytosine

(5caiC, Scheme 2B). When 5 equivalents of 1 were used, no
significant difference in product distribution can be observed
between the sample taken after 1 h and that taken after 24 h.
This indicates that the reaction is complete after 1 h, which
agrees with the observed high reaction rates and calculated
low BDEs. When changing the substrate to 1mC only small
amounts of cytosine (C) could be identified as a product using
the standard procedure: conducting the reaction in water,
filtration through silica, lyophilization, UHPLC measurement.
However, traces of all oxidation products can be found using
HPLC-MS when injecting samples before standard workup
procedures were applied. We propose that the methyl group on
1mC is indeed oxidized to the expected products 1hmC, 1fC
and 1cC, however, several pathways can lead to a quick
decomposition towards cytosine. The first oxidation of 1mC
leads to 1hmC which, as an hemiaminal, tends to equilibrate
towards cytosine, when removing formaldehyde at reduced
pressure (Scheme 2). This overall process, however, is ender-
gonic (see Figure S21[A] and [B] and Table S3). Oxidation of
1hmC towards 1fC is proposed to be faster compared to the
oxidation of 1mC, since the gas phase BDE of 1hmC is
4.3 kJmol� 1 lower than for 1mC. In this particular case, we
observed that the gas phase BDE value represents a better
estimation of the reaction trend than in solution phase. This is
possibly due to formation of a cyclic hydrogen bond between
the hydroxymethyl group and urea moiety (for details, please
refer to Figure S20 and subsequent text). The oxidation
products that follow, 1fC and 1caC, were both found to be
exergonic and therefore unstable (see Scheme 2C). The calcu-
lated solution phase free energies of reaction ΔG for the

Scheme 2. Identified products in the reactions of 5mC, 5miC, and 1mC with 1. All structures in black were detected using HPLC-MS after 1 h and 24 h using
both 1 and 5 equiv. of 1, although in different ratios. 5miC, 5hmiC and 5caiC were also detected using GC-MS with 1 equiv. of 1 after 1 h. All structures in gray
were detected on HPLC-MS by injection of the untreated reaction solution with 1 equiv. of 1 after 24 h and 44 h.
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deformylation of 1fC is � 17.0 kJmol� 1 (Figure S21[C]), for the
decarboxylation of 5caC it is � 44.9 kJmol� 1 (Figure S21[D]).

As a proof-of-concept for this hypothesis, free energies of
reaction ΔG were calculated for the literature known deformy-
lation of 6-hydroxymethyladenine (6hmA) and 6-formyladenine
(6fA), which are oxidation products of naturally occurring 6-
methyladenine (6mA) in mammalian DNA.[18] The deformylation
of 6hmA towards adenine and formaldehyde is endergonic
(ΔG298,H2O= +16.5 kJmol� 1, see Figure S22[B] and Table S4),
while the deformylation of the following oxidative product, 6fA,
is thermoneutral (ΔG298,H2O= +1.1 kJmol� 1, see Figure S22[C]). It
has been reported, that 6hmA and 6fA are transient intermedi-
ates of the oxidation of 6 mA with hydrogen peroxide.[19] The
aqueous phase BDE(C� H) value of 6 mA (+396.4 kJmol� 1, see
Table S2) is 13.3 kJmol� 1 lower than that of 6hmA (+
408.7 kJmol� 1, see Table S2), which is in support of a consec-
utive oxidation cascade and therefore also of the proposed
pathway for the oxidative demethylation of 1mC to C.

In the case of 1,5-dimC, the product composition is more
convoluted, however, it matches with the expectations based
on observed reaction rates and calculated BDEs (Scheme 3): in
addition to the starting material we detected m/z values
corresponding to 1-methyl-5-hydroxymethylcytosine (1m-
5hmC), 1-methyl-5-formylcytosine (1m-5fC), and 1-methyl-5-
carboxycytosine (1m-5caC). These products are expected as the
carbon-bound methyl group at position 5 has a lower
calculated BDE and should therefore be oxidized more readily.
The observed products are also corresponding to those
observed for reactions of 5mC and 5miC with 1. However,
besides the oxidation products of position 5, we additionally
detected both 5mC and 5caC (confirmed by m/z and retention
time). We therefore propose, that for 1,5dimC hydroxylation on
the 1-methyl group also occurs to some small extent, and this

oxidation product then reacts to 5mC (Scheme 3), correspond-
ing to our proposed mechanism for 1mC (Scheme 2). Similarly,
1m-5caC only offers the 1-methyl group as a substrate position
for 1 to react with, so 5caC is formed via hydroxylation and
subsequent reaction to 1m-5caC. The amounts of 1m-5hmC
and 1m-5fC are too low to represent a significant target for 1-
methyl-hydroxylation, therefore no 5hmC or 5fC are detected.
Similarly, only small amounts of 5mC are detected and it is, as
the calculated BDE values show, less readily oxidized to 5hmC
and 5fC as its N-methylated counterpart 1,5dimC.

Conclusion

We have presented a comprehensive study of the reactivity of
the biomimetic iron(IV)-oxo complex 1 towards a number of
methylated cytosine and uracil substrates and compared the
results to calculated BDE values. Using HPLC-MS and GC-MS we
also identified the products of the reaction of 1 with the
cytosine derivatives 5miC, 1mC, and 1,5dimC. We also provided
a reasonable explanation for the observed decomposition of
oxidized 1mC derivatives 1hmC, 1fC, and 1caC by calculating
deformylation and decarboxylation energy profiles and compar-
ing these to the literature known pathway in 6hmA/6fA. In the
case of 1,5dimC, combining the observed reaction rates, the
calculated BDE values and the observations regarding 1mC
allowed for a clear interpretation of the observed product
distribution. We found that the reported reaction rates are in
very good agreement with the calculated BDEs which therefore
prove to be a very good predictor for the reactivity of 1 towards
a broad range of methylated substrates. In summary the
observed reaction rates towards 1 seemed to be dominated by
the reactivity of the C-methylated part of the substrates. 5mC, T

Scheme 3. Identified products in the reaction of 1,5dimC with 1. All structures in black were detected using HPLC-MS after 1 h and 24 h using both 1 and
5 equiv. of 1, although in different ratios. a: For this step we propose a similar reaction sequence as for 1mC (see Scheme 2).
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and 5miC possess a distinctly different reactivity than the solely
N-methylated compounds 1mC and 1mU. For the compounds
1,5dimC and 1,5dimU that are both C-methylated and N-
methylated, their C� H reactivity towards oxidation by 1 is
mostly determined by the methyl group bound to the carbon
atom. Interestingly, diverging effects were observed for N-
methylation in 1,5-dimC and 1,5-dimU: in the case of 1,5dimC
the reactivity is higher than for its mono-methylated counter-
part 5mC, whereas 1,5dimU was observed to react faster than T.
The observed rates also suggest that the reactivity of the 5-
methyl group on the epigenetic marker 5mC is ideal to fit its
purpose in a delicate equilibrium maintained by a series of
enzymes. While the low reactivity of 1mU towards 1 is certainly
not the reason for the stability of the corresponding nucleoside
pseudo-methyl-uridine (1mΨ) that is used in some Covid-19
mRNA vaccines, our analysis shows that 1mUs methyl group is
rather inert towards oxidation reactions. These observations can
be a useful tool in predicting the possibilities of using and
manipulating methylated nucleobases in synthetic biology, e.g.
data storage, and further understanding the mechanisms of
epigenetics.
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CORRIGENDUM

Correction Document for TET-Like Oxi-
dation in 5-Methylcytosine and Deriv-
atives: A Computational and Experi-
mental Study

ChemBioChem. , 2021, 22, e202100420

DOI: 10.1002/cbic.202100420

In the published calculations a mistake occurred while transferring data from the UV-
vis instrument to the analysis software used (Microsoft Excel). Thereby the time
format was shown correctly in graphs but not used correctly in the linear regression
calculations (MS Excels RGP function) used for determining the slope values (see
Figure 1).

The corrected values and graphs are found below. The authors apologize for this
oversight.
To allow for maximum transparency and reproducibility, all raw data are published
alongside this corrigendum. Additionally, an overview of the exact data evaluation
process is given here:

Figure 1. Illustration of the problematic data processing. The exported time format is used correctly in

plotting functions and used incorrectly in linear regression calculations (MS Excel RGP function).
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Reaction rates (Figure 5):

Rate constants (Figure 4):

Bell-Evans-Polanyi correlation (Figure 7):
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Figure S23:

Author’s comment on the change of the difference between the values of 1 mU and
1 mC:

The calculated values for 1 mC and 1 mU seem to shift significantly when the correct
evaluation technique is employed in the Bell-Evans-Polanyi-plot. However, this has
no influence on the statements made in the manuscript, as the conclusion is the
clustering of substrates containing “C-bound” and “N-bound” methyl groups which
remains unchanged.
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3 Application of the Iron(IV)-oxido Complex in 

Mechanistic Studies on TET Enzymes: Oxidation of 5fC via 

Aldehyde versus Hydrate 

It was previously mentioned that oxidation of 5mC, 5hmC and 5fC residues by TET 

enzymes does not follow the reaction rates expected from the corresponding BDE 

values,[95] although the hydrogen atom abstraction is mainly considered as rate-limiting in 

this catalytic process.[154-155] As calculated by Xu and coworkers, 5hmC (86.20 kcal mol-1) 

displays the lowest BDE in this series, followed by 5mC (90.39 kcal mol-1) and the only 

slightly higher BDE of 5fC (92.89 kcal mol-1, an overview of all relevant BDEs is given in 

the appendix, section VII.3, Table 22).[95] In enzymatic catalysis however, TET enzymes 

show higher activity towards 5mC-containing DNA compared to 5hmC- or 5fC-containing 

DNA as substrates. This substrate preference was attributed to an unfavorable orientation 

of the abstractable hydrogen in the case of 5hmC and 5fC. Even though all three pyrimidine 

bases adopt almost identical conformation within the catalytic cavity,[156] the hydroxyl 

group of 5hmC and the formyl group of 5fC form hydrogen bonds with the secondary 

coordination sphere. This interaction leads to a restrained conformation preventing the 

abstractable hydrogens from adopting a favorable orientation, resulting in lower catalytic 

efficiency. In 2015, Xu and coworkers performed steady-state kinetic analyses for the 

oxidation of 5mC/5hmC/5fC-DNA as substrate for TET2.[95] From the obtained catalytic 

constant kcat and Michaelis constant KM values, free energy barriers ΔG‡ can be obtained by 

applying the Michaelis-Menten equation (Table 8). 

Table 8: Free energy barrier calculated from experimentally obtained kinetic values reported by Xu and coworkers 
(ΔG‡(exp))[95] and free energy barrier calculated for the hydrogen abstraction step by Luo and coworkers 
ΔG‡(calc)[157] for TET-mediated oxidation of the substrates 5mC/5hmC/5fC. 

substrate ΔG‡(exp) [kcal mol-1] ΔG‡(calc) [kcal mol-1] 
5mC 17.01 16.0 
5hmC 17.73 18.6 
5fC 17.91 27.2 
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In a theoretical approach of Luo and coworkers, ΔG‡ values are calculated for all proposed 

steps in the catalytic cycle of TET-mediated 5mC/5hmC/5fC oxidation.[157] Their results 

for the hydrogen atom abstraction reaction are presented in Table 8. Comparable values in 

both experimental and computational approaches are obtained for 5mC and 5hmC. The 

values for 5fC however differ significantly. In the experimental approach, slightly higher 

energy barriers were obtained for 5fC than for 5hmC, whereas the calculated energy 

barrier for 5fC increases significantly compared to 5hmC. This difference in experimental 

and computational observations lead to the assumption that eventually additional so far 

neglected processes might play a role in this system. 

One process that is surprisingly little addressed in this context in literature is the 

characteristic of aldehydes to form hydrates in aqueous solutions. The oxidation from 5fC 

to 5cC is usually described using the aldehyde form but it might potentially also occur from 

the corresponding hydrate species (Scheme 13). 

 

Scheme 13: TET-mediated oxidation of 5fC to 5cC occurring either via the aldehyde or the hydrate from. BDEs 
calculated by Fabian Zott (Zipse group, LMU Munich). 

The geminal diol form of 5fC was detected occasionally in levels of about 0.5% via mass 

spectrometric analyses under acidic conditions.[158-159] However, no hydrate was identified 

in the course of an 1H NMR chemical exchange study on 5fC-modified DNA strands.[160] 

Recent work by Zipse and coworkers provided investigations on possible systematic 
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manipulation of the aldehyde-hydrate equilibrium.[161] The authors found that protonation 

at the N3-position under acidic condition increases the formation of the geminal diol. By 

quantification with 1H NMR spectroscopy it was shown that in near-neutral unbuffered 

solutions of 5fC (nucleobase and nucleoside) in deuterated water the hydrate form was not 

quantifiable. When acidic conditions (about pH 3) are applied, 0.5% of the hydrate form 

were observed, matching the aforementioned observations from other groups. 

Investigating the nucleobase 5-formyluracil (5fU), already 1.3% geminal diol were 

detected under neutral conditions. Zipse and coworkers also conducted isotope exchange 

experiments in which the aldehyde species is treated with 18O-labeled water under neutral 

conditions. The incorporation of the isotope label into the nucleobase was proven my mass 

spectrometric analysis, strongly suggesting a fast oxygen exchange reaction. Their work 

demonstrates that the aldehyde-hydrate equilibrium can be affected by environmental 

changes, suggesting the possibility of also stabilizing this hydrate species through hydrogen 

bonding interactions for instance in enzymatic catalysis. The oxidation of 5fC via the 

geminal diol displays therefore an alternative pathway that also needs to be considered. 

The aim of the following project is now to further elaborate this possibility in close 

cooperation with the Zipse group. It was shown before that the reactivity of nucleobases 

correlates with their corresponding calculated BDEs in oxidation reactions with an 

iron(IV)-oxido complex employed in our group (section 2.2). Given the lower BDE of the 

diol compared to the aldehyde (Scheme 13), differences in reaction rate should be observed 

depending on the level of diol present in the equilibrium. The search for substrates showing 

structural similarity to the natural nucleobase as well as different hydrate contents afforded 

the compounds presented in Chart 7. 
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Chart 7: Chosen substrates for reactivity studies with the iron(IV)-oxido complex. 

It was reported by Carell and coworkers in the synthesis of the artificial nucleoside  

5-formyl-6-aza-cytidine that this compound contains about 20% of its hydrated form.[162] 

As described above, also uracil derivatives seem to display a small amount of hydrate. The 

corresponding 5-formyl-6-aza-uracil is therefore expected to even show higher amounts of 

hydrate compared to its cytosine counterpart. It was therefore aimed to synthesize the 

shown compounds and perform kinetic investigations on oxidation reactions with the 

iron(IV)-oxido complex. The obtained results should then be compared with the BDEs of 

the substrates which were calculated by Fabian Zott from the Zipse group (see appendix, 

section VII.3).[163] 

Synthesis of the modified cytosine und uracil nucleobases 

The synthesis plan towards the 6-aza derived nucleosides was developed on the basis of a 

synthetic procedure towards 5-formyl-6-aza cytidine published by Carell and 

coworkers.[162] The anticipated synthetic route towards the target molecules is depicted in 

Scheme 14. The standard cytosine nucleobases should be prepared following literature-

known syntheses.[164] The first steps in this developed synthetic pathway are identical to the 

route published by Carell and coworkers. The authors introduce a protected sugar moiety 
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after step c which provides the compound with completely different properties, for 

instance concerning solubility. 

 

Scheme 14: Anticipated synthetic route towards the 6-aza uracil/cytosine derivatives 5hm6aC, 5f6aC, 5hm6aU 
and 5f6aU inspired by a published synthesis pathway towards 5-formyl-6aza-cytidine.[162] 

In the first step 3-bromopyruvic acid 9 was reacted with semicarbazide hydrochloride 10 

in an acidic aqueous medium (Scheme 14a, Scheme 15). The colourless product 11 

precipitated from the yellowish reaction solution at 0 °C and was filtered. It was found via 
1H NMR spectroscopy that the product contained residues of acetic acid. These could be 

reduced by washing with higher amounts of ice-cold water and diethyl ether, however the 

obtained yield also decreased significantly, indicating that the product was also washed into 

the filtrate.  

 

Scheme 15: Reaction procedure towards compound 11.[162] 
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Alternatively, recrystallization from water was attempted. For this purpose, compound 11 

was heated to reflux until complete dissolution was achieved and the solution was kept at 

4 °C. As no precipitate was found after a week, the solvent was removed using a rotary 

evaporator, affording a brown solid. This solid however transformed into a brown foam 

setting free some gas, likely suggesting a decarboxylation reaction. It seems that 

compound 11 is not stable especially at higher temperatures and prone to decomposition 

but no defined reaction product could be identified with 1H NMR spectroscopy. 

Furthermore, it was observed that the colourless compound 11 turned pinkish red upon 

exposure to an iron spatula. For this reason, compound 11 was only handled with plastic 

spatula and prepared freshly. 

The next steps of the reaction cascade consist of the formation of the carbonyl chloride 

with thionyl chloride followed by a ring closure reaction resulting in compound 12 

(Scheme 14b). Refluxing in water over night affords 5-hydroxymethyl-6-aza-uracil 

(5hm6aU, Scheme 14c) which was subsequently protected with an acetyl protecting group 

at the hydroxy moiety (compound 13, Scheme 14d). 

In order to obtain the corresponding cytosine nucleobase instead of the uracil derivative, 

an amination reaction needed to be performed. In the first part a 1,2,4-triazole ring should 

be introduced at the C4-carbonyl group (Scheme 14e) which should subsequently be 

cleaved by ammonium hydroxide to afford the aminated and deprotected species 5-

hydroxymethyl-6-aza-cytosine (5hm6aC, Scheme 14f). This procedure however turned 

out to be more challenging than expected and will be discussed in more detail  

(Scheme 16). 

 

Scheme 16: Tested reaction conditions towards compound 14. Only the conditions described in c) afforded the 
depicted reaction products. 
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In this reaction, 1,2,4-triazole and phosphoryl chloride form a reactive intermediate which 

abstracts the oxygen atom from the carbonyl group of compound 13. facilitating the 

formation of the C-N bond towards the triazole.[165] In the literature, this reaction with the 

corresponding nucleoside is carried out in acetonitrile at room temperature over night.[162] 

Under these conditions, only traces of the desired product 14 could be observed. This was 

detected by direct injection mass spectrometric analysis. However, this method turned out 

to not always be very reliable with these kinds of compounds. Therefore, additional 
1H NMR spectroscopic analysis of the crude product was performed. These compounds 

display only few protons in general and the signals of free triazole could be distinguished 

from those of bound triazole. Several different species including starting material were 

detected and flash column chromatography did not afford the desired product. The reaction 

was also carried out in pyridine as solvent, affording the same result. To achieve more 

conversion of the starting material, the reaction temperature was raised to reflux. In this 

procedure, a pale orange solid precipitated which was filtered and 1H NMR spectroscopy 

indicated the presence of a species containing two triazole residues (compound 15, 

compare appendix, section VII.4.1, Figure 67). This side reaction was not reported for the 

corresponding nucleoside. The additional bulky sugar moiety in the nucleoside may 

sterically hinder the attack of the C2-carbonyl.[166] 

After flash column chromatography of the filtrate, the pure product 14 could be obtained 

in a relatively low yield of 18%. A moderate reaction temperature such as 50 and 60 °C 

was tried to avoid the species with two triazole residues. However, no reaction occurred 

and only starting material was isolated. Even the reaction under reflux could not always be 

reproduced as somehow compound 13 seems to be very stable and harsh reaction 

conditions are necessary to start a reaction. 

The small amount of obtained product 14 was used to further substitute the triazole moiety 

with an amino group. In the literature, this is proposed to be achieved by addition of 

concentrated ammonium hydroxide in 1,4-dioxane followed by extraction workup using 

dichloromethane.[162] Due to the poor solubility of compound 14 in 1,4-dioxane it was 
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decided to use aqueous ammonia (25%) instead. Furthermore, in contrast to the highly 

protected carbohydrate from the literature compound 14 was found to stay in the aqueous 

phase. Therefore, the aqueous solvent was removed in vacuo with the hope to use 

chromatographic purification afterwards. Analysis of the crude product by 1H NMR 

spectroscopy revealed the presence of the deacetylated starting material still bearing the 

triazole group although the desired mass had been detected from the reaction mixture. A 

likely explanation for this observation could be the existence of an equilibrium reaction 

formed between the ammonia and the triazole species (Scheme 17). 

 

Scheme 17: Assumed equilibrium reaction between the triazole and the amine species. 

In the reaction solution, triazole is substituted by ammonia but when water and ammonia 

are removed after the reaction the remaining triazole resubstitutes the amine group. As the 

reaction product as well as the reactants triazole and ammonia are all soluble in water, 

extraction from the reaction solution does not seem to be possible.[167] Crystallization or 

precipitation of the product from the reaction solution would be an elegant alternative. A 

first crystallization attempt from the concentrated reaction solution at 4 °C did not yield 

any precipitate. Nevertheless, it might still be worth conducting a more systematic research 

on suitable solvents provoking precipitation of the product. Due to time reasons, this could 

not be investigated more detailed at this point. 
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As alternative to the amination with triazole, a different approach was tested transforming 

the carbonyl group into a sulfonic acid ester[168] and subsequent amination by a reaction 

with a methanolic ammonia solution.[169] 2,4,6-Triisopropylbenzenesulfonyl chloride 

(TPSCl) in conjunction with sodium hydride was applied to attach the TPS group to 

compound 16 (Scheme 18). 

 

Scheme 18: Reaction scheme towards compound 16. TPSCl: 2,4,6-triisopropylbenzenesulfonyl chloride, THF: 
tetrahydrofurane. 

In a first attempt, the desired compound could be obtained in a low yield of 8%. However, 

after flash column chromatography, the product still contained small amounts of starting 

material. It has to be noted here that solidification of the reaction mixture was observed at 

the chosen concentration probably resulting from the formed sodium chloride side 

product. This could prevent further reaction of the starting material which has been 

recovered after flash column chromatography. Due to the low amount of isolated 

compound 16 and time limitations the following amination reaction has not been tested. 

However, this approach seems to be a promising amination alternative as the bulky non-

nucleophilic sulfonic acid is not expected to undergo such equilibrium reactions as 

proposed in the case of triazole. 

Alternative synthetic strategies could aim for the reported compound 5-formyl-6-aza 

cytidine,[162] cleaving the glycosidic bond in an additional reaction step. This is commonly 

achieved in either acidic or alkaline aqueous media using reagents such as aqueous toluene-

4-sulfonic acid, hydrochloric or acetic acid. Furthermore, introduction of protecting 

groups could be considered.[170] Zheng and coworkers for instance report the protection of 
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the secondary amines in the pyrimidine moieties by para-methoxybenzyl (PMB) protecting 

groups.[171] This implies further steps in the reaction cascade but simultaneously facilitates 

the handling of the reaction products concerning solubility in organic solvents and the 

possibility of applying usual workup procedures. The authors also report a Dess-Martin 

oxidation step from a PMB-protected 5hm6aU compound towards the respective aldehyde 

which might also be helpful for these studies. Further methods for amination reactions in 

the nucleobase context can be found in literature such as derivatization with sodium azide 

and subsequent palladium-catalyzed reduction[172] or transformation via the coupling 

reagent PyAOP (((7-Azabenzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluoro-

phosphate))[173] that can be considered as possible alternative procedures. 

At this point, I was supported in the synthesis of the desired target structures by Kuangjie 

Liu from the Zipse group joining the project. He provided the compounds 5hmC, 5fC, 

5hmU, 5hm6aU and additionally crude samples of 5fU and 5f6aU containing significant 

amounts of the corresponding carboxylic acid. However, due to time reasons, first 

experiments were carried out with the unpurified samples. It seems that the 5-

hydroxymethyl uracil derivatives are surprisingly stable and harsh conditions are needed 

for oxidation which then result in the complete transformation into the carboxylic acid 

instead of the desired aldehyde. Similar challenges in the synthesis of 6-aza-cytosine 

derivatives were observed so that they could not be isolated so far. It was decided to run 

first reactivity tests towards the iron(IV)-oxido complex with the substrates available. 

Reactivity study 

The four uracil-derived substrates 5hmU, 5fU, 5hm6aU and 5f6aU were reacted with 

[FeIVL1(O)]2+ and the absorption maximum of the iron(IV)-oxido species followed over 

time via UV-vis spectroscopy (Figure 25). 
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Figure 25: Absorption at λ = 720 nm in a reaction of uracil-derived substrates with [FeIVL1(O)]2+. Conditions: 
[substrate] = [FeIV=O] = 1 mM, H2O, 30 °C. 

Unfortunately, the sample of 5f6aU turned out to mainly consist of the corresponding 

carboxylic acid 5c6aU, which explains why no significant reaction with the iron(IV)-oxido 

species was observed. The sample of 5fU however consists of an equimolar mixture of 5fU 

and 5cU. A reaction with the iron(IV)-oxido complex is visible in this case but due to 

differences in concentration, no comparison to the other species measured can be made. 

In the two remaining reactions, a slightly faster reaction is observed with 5hm6aU 

compared to its counterpart 5hmU. This result suits the expectation derived from the 

calculated BDEs which are depicted in Table 9. 

Table 9: Overview of the calculated BDE values for the different substrates. Calculated by Fabian Zott (group of 
Prof. Zipse, LMU Munich).[163] 

substrate calc. BDE [kJ mol-1] 
formyl hydrate 

5hmU 360.0 - 
5hm6aU 337.7 - 
5fU 394.7 354.1 
5f6aU 395.4 313.8 

 

To identify the corresponding reaction products the reaction mixture was filtered over 

silica to stop the reaction and separate the iron species. This filtrate was lyophilized, the 
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remaining residue dissolved in D2O and the mixture analyzed via 1H NMR spectroscopy. 

An example is shown from the reaction of 5hm6aU with [FeIVL1(O)]2+ (Figure 26, see 

appendix section VII.4.2 for additional spectra). 

 

Figure 26: 1H NMR spectra of the obtained products from a reaction of 5hm6aU with [FeIVL1(O)]2+ (red) and 
reference measurement of 5hm6aU (green) in D2O at 298 K. Reaction conditions: [5hm6aU] = [FeIV=O] = 5 mM, 
H2O, 25 °C, 1 h. 

At the end of the reaction, a high amount of starting material can still be detected. This was 

expected as only one equivalent of iron(IV)-oxido species was applied. A second species 

was formed which consists of the corresponding formyl species. Interestingly, this 

compound stands in an equilibrium reaction with its hydrate form 5dhm6aU. As expected 

from the previously observed equilibria of the species 5fU[161] and 5-formyl-6-aza cytidine 

(5f6adC[162]) at the applied conditions, clearly the hydrate species is the main species 

present (Table 10). Unfortunately, it can not be detected with this method if the carboxylic 

acid as oxidation product has formed as this species only contains exchangeable protons 

that are not visible in 1H NMR spectra measured in D2O. The analysis could be repeated 

in DMSO-d6, however no species distribution within the formyl-hydrate equilibrium can 

be determined in this solvent. 13C NMR measurements could also be considered but high 
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concentrations are required here to sufficiently resolve the signals of minor species as well. 

Furthermore, the compounds containing the carboxy groups show low solubility in water. 

This problem could be solved by the addition of a small amount of diluted aqueous sodium 

hydroxide solution, however this also affects the species distribution within the formyl-

hydrate equilibrium which is sensitive to changes in pH. 

Table 10: Species distribution in the formyl-hydrate equilibria for different species a) determined by Zipse and 
coworkers,[161] b) observed by Schön et al.[162] and c) found in this work by 1H NMR spectroscopic analysis.  

 aldehyde : hydrate 
5fC/5fdC    99.95 : 0.05a) 
5fU    98.7 : 1.3a) 
5f6adC       80 : 20b) 
5f6aU       14 : 86c) 

 

To conclude, the synthesis of the nucleobase target structures turned out to be more 

challenging than expected. The high polarity and solubility in water complicates workup 

procedures and purification of the resulting products. Low reactivity of intermediates as 

well as low stability of some desired products was observed. Nevertheless, together with 

the help of Kuangjie Liu from the group of Prof. Zipse some of the desired compounds 

could be obtained and first reactivity tests with the iron(IV)-oxido compound conducted. 

These preliminary experiments show reaction rates in accordance with the respective 

calculated BDEs. Unfortunately, no conclusion can be drawn on the reactivity of the formyl 

species in regard of dependency on formyl-hydrate equilibrium due to impurities in the 

investigated samples. 

Next steps in this project will be quantification attempts of the products from a reaction 

with the iron(IV)-oxido complex and the different hydroxymethyl species without the need 

of the synthetically challenging formyl species. For this purpose, GC-MS measurements 

were considered. In this procedure however, the nucleobase samples need to be derivatized 

prior to subjection to the instrument, for example with BSTFA (N,O-

bis(trimethylsilyl)trifluoroacetamide).[94] This derivatization step is not occurring 

quantitatively and was not investigated for all present species probably leading to inaccurate 
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measurement results. Analysis via HPLC-MS was also considered with the advantage of no 

need for an additional derivatization step. This approach could only afford trends in the 

species distribution within the reaction as no exact quantification is possible without 

reference samples and the preparation of calibration curves. Addition of an unreactive 

standard such as uracil would be possible to achieve similar properties concerning UV 

absorption and ionization. Exact quantification could eventually be accomplished with 

NMR spectroscopy in combination with the addition of a standard (uracil). Challenges in 

this approach could be the low solubility of the carboxy species along with the relatively 

high concentration required to also resolve minor species. Furthermore, due to the 

necessity of separating the iron species from the reaction mixture before analysis only few 

data points within the reaction time can be collected. The species distribution in this 

reaction can be followed over time but the calculation of reaction rates with the method of 

initial rates can probably not be employed in this procedure. 
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IV. UNDERSTANDING THE IRON CHEMISTRY IN THE 

APPLIED SYSTEM 

Chapter III described how the iron(IV)-oxido complex [FeIVL1(O)]2+ was established as 

synthetic model for the active site of TET enzymes performing a broad range of substrate 

reactivity studies. However, some details in these experiments remained elusive. 

Background reactions evolving simultaneously to substrate oxidation such as 

iron(II)/iron(IV) comproportionation reactions are elucidated in chapter IV. The 

established system is expanded by additional ligands and the resulting new iron complexes 

are characterized. Their properties (such as spin crossover behavior of iron(II) complexes 

for instance) and their reactivities towards substrates are presented. 

1 Expanding the System with Additional Ligands: 

Characterization and Reactivity of New Iron Complexes 

In addition to the ligand system Py5Me2 (referred to as L1 in this work) – first synthesized 

by Long and coworkers in 2010[174] and established in our group - a variety of similar 

pentapyridyl ligands have been extensively studied in the literature.[175-179] A selection is 

shown in Chart 8. 

 

Chart 8: Selection of ligand systems used for various metal complexes. 

In 1997, Stack and coworkers introduced the new ligand system Py5(OMe)2 and presented 

an iron(II) as well as an iron(III) complex thereof ([FeIIPy5(OMe)2(MeOH)](OTf)2 and 

[FeIIIPy5(OMe)2(OMe)](OTf)2, respectively).[180] The iron(II) precursor was oxidized with 

either H2O2 or iodosobenzene to obtain the iron(III) species which was used as synthetic 
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model for the active site of lipoxygenases. These belong to the group of mononuclear non-

heme iron enzymes and catalyze the oxidation of polyunsaturated fatty acids into alkyl 

hydroperoxides.[181-182] The rate-limiting step in this transformation is proposed to be the 

hydrogen atom abstraction from the substrate by an iron(III)-hydroxido species.[183-185] 

Stack and coworkers managed to transform the model substrate cyclohexadiene into benzol 

with their iron(III)-OMe species.[180] A few years later, the authors isolated the 

corresponding iron(III)-hydroxido complex ([FeIIIPy5(OMe)2(OH)](CF3SO3)2 and 

performed reactivity studies with substrates such as 9,10-dihydroanthracene, xanthene or 

fluorene.[186] The Py5(OMe)2 ligand system was also used by Feringa and coworkers to 

develop manganese(II), iron(II) and iron(III) complexes as possible candidates for modeling 

oxygenases.[187] 

In the synthetic pathway towards the Py5(OMe)2 ligand, Py5(OH)2 (L2) is obtained as 

intermediate which itself can serve as unique ligand. The crystal structure of this ligand has 

been reported in 2004[188] and metal complexes thereof have been extensively studied in 

the literature.[189-193] Cobalt(II) and iron(II) complexes ([CoIIL2Cl](BF4) and 

[FeIIL2Cl](PF6), respectively) have been studied in the context of water oxidation for 

instance.[194-195] Furthermore, the iron(II) species [FeIIL2(mecn)](ClO4)2 has been examined 

towards its properties as anti-tumor agent.[196-197] The authors state that due to its stability 

against spontaneous demetallation and oxidation as well as its cytotoxity against various 

cancer cells this complex presents a promising candidate. 

Since the family of different pentapyridyl ligands is reported to form iron(II) complexes 

similar to those observed with L1 that was handled in our group, it seemed plausible that 

iron(IV)-oxido complexes could also be formed with other ligands of the pentapyridyl 

family. In addition to the aim of finding and characterizing new iron(IV)-oxido complexes, 

a library of complexes with different properties and reactivities can be a useful tool to 

perform specific desired substrate reactions. 
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Iron(II)/iron(IV) comproportionation reaction 

In the course of substrate oxidation reactions, it was found that the formed iron(II) species 

reacted further with remaining iron(IV)-oxido complex, resulting in an iron(III) species 

(Our findings on this phenomenon are discussed in section IV.1.1). Surprisingly few 

examples of this reactivity are reported in literature (Scheme 19). 

 

Scheme 19: Examples of comproportionation reactivity of iron complexes. A) Iron(II)/iron(IV) 
comproportionation presented by Maiti and coworkers,[198] B) disproportionation/comproportionation equilibrium 
observed by Meyer and coworkers, [199] C) iron(III)/iron(V) comproportionation reported by Gupta and 
coworkers.[200] L = ligand (solvent molecule). 

In 2015, Maiti and coworkers reported an iron(II)/iron(IV) comproportionation reaction 

with mononuclear non-heme iron complexes.[198] This reactivity was observed within a 

substrate reactivity study of the iron(IV)-oxido compound resulting in the oxidized 
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substrate and an iron(II) species. The presence of this iron(II) species in the reaction 

mixture together with remaining iron(IV)-oxido complex led to formation of a 

mononuclear iron(III)-hydroxido compound (Scheme 19A). A dinuclear µ-oxo bridged 

iron(III) species reported by Meyer and coworkers was found to perform this reactivity in 

the opposite direction, resulting in a disproportionation reaction.[199] The authors observed 

a dis- and comproportionation equilibrium which opens the possibility to access reactive 

species from the FeIII-O-FeIII species previously considered as dead-end of the reaction 

(Scheme 19B). 

A further example of comproportionation reactions in iron chemistry is shown in Scheme 

19C. In contrast to the before discussed complexes, different oxidation states are presented 

here, however the overall reactivity seems to be similar. Gupta and coworkers report the 

reaction between iron(III) and iron(V)-oxido complexes towards a species that they 

tentatively assigned to a µ-oxo bridged iron(IV) compound.[200] The authors corroborated 

their assumption by UV-vis and 1H NMR spectroscopy and monitored the 

comproportionation reaction following the decrease in iron(V)-oxido absorption in UV-

vis spectroscopic measurements. 

Since a rich iron chemistry seems to be possible in this system, the goal of this project was 

to elucidate background reactions that occur simultaneous to substrate oxidation with 

iron(IV)-oxido complexes. All iron species present in the reaction mixture should be 

carefully analyzed to learn more about the ligand system established in our group. 

Furthermore, it was anticipated to investigate additional ligands from the pentapyridyl 

family such as L2 and L3. Formation of new iron complexes, characterization and reactivity 

studies thereof should be compared to the chemistry of iron complexes of the ligand 

system L1. 
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1.1 Investigations on Iron(II)/Iron(IV) Comproportionation Reactions 

and Reactivity Study with a New Iron(IV)-oxido Complex 

The following manuscript[201] focuses on a comproportionation reaction between iron(II) 

and iron(IV) species, resulting in two equivalents of an iron(III) complex. This 

phenomenon was observed as a side reaction from substrate oxidation reactions with 

iron(IV)-oxido complexes where the herein formed iron(II) complex reacts with the 

remaining iron(IV)-oxido complex. Furthermore, a new iron(IV)-oxido complex with a 

slightly different ligand system was synthesized as well as the iron(III) complexes of both 

ligand systems. All new complexes were thoroughly characterized and the reactivity of the 

two different ligand systems compared. 
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ABSTRACT: Iron enzymes are ubiquitous in nature. In particular, enzymes with iron−
oxygen cofactors as active sites perform a vast variety of reactions. Both iron(III)-hydroxido
and iron(IV)-oxido species have been observed to play a catalytically active role. In order to
complement biochemical investigations, a large variety of synthetic compounds using these
motifs were synthesized in past decades to study and understand their inherent reactivity. One
such synthetic model complex is [FeIV(O)(Py5Me2)]2+, (Py5Me2 = 2,6-bis(1,1-bis(2-
pyridyl)ethyl)pyridine, henceforth labeled L1), which was used as a model complex for
epigenetically relevant iron(II)/α-ketoglutarate-dependent ten-eleven translocation 5-
methylcytosine dioxygenases (TET). Additionally, [FeIII(OH)(Py5(OH)2)]2+ (Py5(OH)2 =
pyridine-2,6-diylbis [di(pyridin-2-yl)methanol, henceforth labeled L2) was tested as a
lipoxygenase model. We have complemented the available complexes of these related
pentapyridyl complexes to include all oxidation states II−IV and performed detailed
spectroscopic and spectrometric investigations. We found that iron(II) and iron(IV)-oxido
compounds (cross-)comproportionate readily to form iron(III)-hydroxido species, which
represents a major side reaction for model complex investigations. We also investigated the oxidative reactivity of a new iron(IV)-
oxido complex.

■ INTRODUCTION
Iron enzymes are ubiquitous in nature, and synthetic iron
complexes have been used for decades to study these. In
particular, iron(III)-hydroxido1−7 and iron(IV)-oxido8−14

complexes have been at the center of scientific interest. This
is due to the involvement of these species in a multitude of
enzymatic transformations. Two well-studied systems are
lipoxygenases,15−19 which contain an iron(III)-hydroxido
active site, and taurine dioxygenases (TauD),20−23 which
incorporate an iron(IV)-oxido center. Both enzymes are
nonheme iron dioxygenases, while TauD specifically belongs
to the iron(II)/α-KG-dependent enzyme superfamily. Lip-
oxygenases are typically thought to abstract a hydrogen atom
from the fatty acid substrate via an iron(III)-hydroxido species,
yielding a radical species. This is then thought to react with
molecular oxygen, which is followed by cleavage of the
substrate.17−19,24 The consensus mechanisms for TauD, on the
other hand, involves the formation of an iron(IV)-oxido
species, which abstracts a hydrogen atom from the substrate.
This is followed by rebound hydroxylation to generate the
product (Figure 1D).20−23,25,26 Subsequent reactions might
lead to demethylation, ring closure, ring expansion, desatura-
tion, and other transformations.27

In synthetic (model) compounds, several pathways are
observed after the initial H-atom abstraction step. A common
feature in iron(III)-hydroxido chemistry is the prevalence of
these compounds to form μ-O-bridged or μ−OH-dinuclear
compounds.28−30 A recent, representative example is the
bispidine-based system described by Abu-Odeh et al. in
2021.14 Using high-resolution electrospray ionization mass
spectrometry (HR−ESI−MS)), the authors observed an
iron(IV)-oxido species upon oxidation of [FeII(bisp)Cl2]
(bisp = dimethyl 3,7-dimethyl-9-oxo-2,4-di(pyridin-2-yl)-3,7-
diazabicyclo[3.3.1]nonane-1,5-dicarboxylate) with sPhIO
(sPhIO = 1-(tert-butylsulfonyl)-2-iodosylbenzene) in acetoni-
trile. In addition, [(bisp)FeIII−O-FeIII(bisp)]2+ was also
observed in MS measurements at low concentrations of the
oxidant sPhIO. The emergence of this species was attributed to
the second-order reaction of the iron(IV)-oxido species with
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unreacted iron(II) precursor. Other works have described
similar comproportionation (or disproportionation of iron-
(III)) behavior, e.g., the equilibrium between a tetracarbene-
coordinated μ-oxidodiiron(III) complex with its iron(IV)-
oxido and iron(II) derivatives.31

In addition to several dinuclear iron(III) complexes with
terminal hydroxido ligands,34−36 several mononuclear iron(III)
complexes have been described in the literature.2,5−7,37

However, the isolation, especially of iron(III)-hydroxido
species, is often complicated, for example, by their tendency
to form μ-oxido-bridged diiron(III) species as discussed above.

Figure 1. (A) Representation of the lipoxygenase active site in its resting state according to Minor et al.32 (B) New iron(III)-hydroxido complex
reported in this work. (C) Dinuclear iron(III)-oxido complex reported by Abu-Odeh et al.14 (D) Proposed mechanisms for the reaction of
iron(IV)-oxido species with organic substrates bearing C−H bonds: after the initial hydrogen atom transfer reaction, rebound hydroxylation leads
to an iron(II) species and the hydroxylated substrate. “Escape” of the radical from the “iron cage” giving an iron(III)-hydroxido species has also
been observed. This can further lead to dinuclear complex formation with another equivalent of iron complex or scavenging of the radical or
reaction with O2, depending on the conditions. Adapted from Cho et al.33

Chart 1. Overview of the Ligands and Corresponding Iron(II), Iron(III), and Iron(IV)-Oxido Complexes Used in This Worka

aCounter ions: triflate (iron(II) and iron(III) species) and cerium nitrate (iron(IV)-oxido species). Spectroscopic and spectrometric data on newly
synthesized compounds can be found in the Supporting Information and is referenced when applicable. It has to be noted here that the co-ligand of
the iron(II) species is exchanged in solution by solvent molecules (see Figure S14, p 18), and the nomenclature used in the paper refers to the
actual species present in solution ([FeIIL1/L2(OH2)]2+ in water) and not necessarily to the complex applied in the experiment.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.4c04518
Inorg. Chem. 2025, 64, 3719−3734

3720

https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04518?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04518?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04518?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04518?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04518?fig=cht1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c04518/suppl_file/ic4c04518_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c04518/suppl_file/ic4c04518_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04518?fig=cht1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c04518?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
124



The reported examples of mononuclear iron(III)-hydroxido
complexes often consist of ligand systems similar to those
employed in this work. In the present work, we report the
synthesis and isolation of two new mononuclear, low-spin
iron(III)-hydroxido complexes and present their X-ray
structures as well as EPR, Mössbauer, and UV−vis−NIR
spectra.
In our previous work, we studied the iron(IV)-oxido

complex [FeIVL1(O)]2+ as a functional model for the
epigenetically relevant iron(II)/α-ketoglutarate-dependent en-
zyme TET (ten-eleven translocation 5-methyl-cytosine dioxy-
genase).9−11 This complex was first described by Chantarojsiri
et al. in 2015.8 It is capable of hydroxylating organic
compounds such as ethylbenzene sulfonic acid (EBS) and
the biologically more relevant 5-methyl cytosine (5mC)9/5-
methyl cytidine (5mdC) as well as oligonucleotides containing
5mC.10 In the present work, we report the synthesis and
isolation of a new iron(IV)-oxido complex including the
corresponding Mössbauer and UV−vis−NIR spectra as well as
a preliminary reactivity study.

■ RESULTS AND DISCUSSION
In this work, the repertoire of known iron complexes
containing pentapyridyl ligands of the Py5-type was expanded.
Two complete series of iron(II), iron(III), and iron(IV)
species of the Py5Me2 and Py5(OH)2 ligand systems are
presented here, including two new mononuclear iron(III)-
hydroxido and a new iron(IV)-oxido species. All synthesized
compounds were characterized using electron paramagnetic
resonance (EPR), Mössbauer, and UV−vis−NIR spectroscopy
as well as cyclic voltammetry and ultrahigh-resolution low-
temperature mass spectrometry (cryo-UHR−MS). In addition,
a comparative reactivity study containing several substrates
with C−H bonds was performed. Chart 1 shows the ligands
and iron complexes as well as the nomenclature applied in this
work.

Characterization of New Iron Complexes and
Comparison of the Two Ligand Systems. When analyzing

reaction mixtures of [FeIVL1(O)]2+ with an epigenetically
relevant substrate (5-methyl cytosine, 5mC or 5-methyl-
deoxycytidine, 5mdC) in previous studies,9,10 we found
significant amounts of the iron(III) species [FeIIIL1(OH)]2+.
This was attributed to a side reaction consisting of an iron(II)/
iron(IV) comproportionation reaction (vide infra for detailed
discussion) that prompted us to synthesize and characterize
this mononuclear iron(III)-hydroxido complex.
The series of iron complexes for both ligand systems L1 and

L2 (Chart 1) was synthesized, and various spectroscopic and
spectrometric techniques as well as cyclic voltammetry were
applied for a thorough characterization of the new iron
complexes and for comparison studies among the different iron
species. Here, a short overview of the syntheses is presented;
synthetic details can be found at the end of this article.

Synthesis. Py5Me2 (L1) was synthesized according to a
modified literature procedure,8 as previously described in our
report on iron(IV)-oxido complex [FeIVL1(O)]2+ as a
functional model for TET enzymes.9 Complexes
[FeIIL1(MeCN)]2+ and [FeIVL1(O)]2+ were then synthesized
according to literature procedures.8 Complex [FeIIIL1(OH)]2+
was prepared by suspending a finely ground powder of L1 in
pure water and adding iron(III) triflate (Fe(OTf)3). The
solution immediately turned a deep, dark red. Crystals of the
iron(III)-hydroxido compound formed in a filtered aqueous
solution at 4 °C after 1 day. A similar iron(III)-hydroxido2 as
well as an iron(III)-methoxido1 species has been described
before by Goldsmith et al. with a ligand system bearing
methoxy instead of methyl/hydroxy groups (2,6-bis(bis(2-
pyridyl)methoxymethane)pyridine). The authors obtained this
complex by reacting the corresponding iron(II) species with
iodosylbenzene.
Ligand Py5(OH)2 (L2) was synthesized according to a

modified literature procedure (Figure 2).2 [FeIIL2(MeCN)]-
(OTf)2 was then synthesized using the same procedures as for
the corresponding iron(II) complex of L1 ([FeIIL1(MeCN)]-
(OTf)2) that had previously been published by Chantarojsiri et
al.8 In 2016, Das et al. published their results on water

Figure 2. Synthesis of iron complexes [FeIIL2(MeCN)]2+, [FeIIIL2(OH)]2+, and [FeIVL2(O)]2+ from ligand L2 according to (modified) literature
procedures.3,8,9
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oxidation using an iron-L2 system.3 Upon addition of
ceric(IV) ammonium nitrate to [FeIIL2(MeCN)](BF4)2, the
authors observed a band at λ = 730 nm in UV−vis−NIR
spectroscopy, which they attributed to the formation of an
iron(IV)-oxido species. The authors, however, could not
isolate this compound. Applying the conditions published by
Chantarojsiri et al.,8 i.e., oxidation of [FeIIL2(MeCN)](OTf)2
in an acetonitrile/water mixture using 5.3 equiv of ceric(IV)
ammonium nitrate, we were able to isolate [FeIVL2(O)][Ce-
(NO3)6] as a green powder. Synthesis of [FeIIIL2(OH)]2+ was
performed in the same way as that for [FeIIIL1(OH)]2+ (vide
supra).

Characterization by X-ray Crystallography. The cations
[FeIIL1(MeCN)]2+ and [FeIVL1(O)]2+ are known in the
literature and corroborated by our own measurements (not
shown; refer to the Supporting Information, p 48ff for
crystallographic details including a table containing relevant
bond lengths and angles and a comparison with published
data). A structural study of [FeIVL1(O)]2+ using X-ray
crystallography (Figure 3B) and 1H NMR spectroscopy was
published in 2019 by Rasheed et al.13 In this work, single
crystals of [FeIVL1(O)]2+ suitable for X-ray crystallography
were also obtained from an aqueous solution of
[FeIVL1(O)]2+/CeCl3 (1:3). Crystals of the iron(III)-
hydroxido compound [FeIIIL1(OH)]2+ formed both after
evaporation of water from a reaction mixture of [FeIVL1(O)]2+
with 5-methyl cytosine (used in this work, Figure 3A) and in a
filtered aqueous solution of ligand L1 and iron(III)triflate at 4
°C after 1 day (the obtained structure is identical, not shown).
A crystal structure of [FeIIL2(MeCN)]2+ was reported in the

literature3; however, no details were provided due to the poor
quality of the crystals. We were able to obtain crystals of
[FeIIL2(MeCN)]2+ in good quality by diffusing diethyl ether
into an acetonitrile solution of [FeIIL2(MeCN)]2+ at room

temperature. A comparison with [FeIIL1(MeCN)]2+ showed
that almost identical parameters were obtained for both
complexes (refer to the Supporting Information, p 48 for
relevant bond length and angle values and p 52 for a full
structure of [FeIIL2(MeCN)]2+).
Crystals of [FeIIIL2(OH)]2+ were obtained in an aqueous

solution at 4 °C (Figure 3C). Comparing the bond lengths in
[FeIIIL1(OH)]2+ and [FeIIIL2(OH)]2+, the iron−oxygen bond
in [FeIIIL2(OH)]2+ was found to be slightly longer than in
[FeIIIL1(OH)]2+ (1.81 vs 1.79 Å, respectively), as were the
iron−nitrogen bonds (averaged: 2.01 vs 2.00 Å, respectively).
Apart from these minor discrepancies, the structures exhibit a
high degree of similarity (refer to the Supporting Information,
p 48 for relevant bond length and angle values).
A comparison of the crystallographic data obtained for

[FeIIIL1(OH)]2+ with the literature-known data5,8,13 for
[FeIIL1(OH2)](BF4)2 and [FeIVL1(O)]2+ (compare Figure
4A,B) shows a shorter iron−oxygen bond length with
increasing oxidation state. Similarly, the iron atom “moves”
out of the coordinative plane of the four equatorial pyridine
donors, which also lengthens the iron−nitrogen bond of the
axial pyridine moiety (Figure 4B).
In the literature, similar bond lengths were observed for

chemically similar nonheme iron(IV) complexes, e.g,
[FeIV(O)(5Me2N4Py)](ClO4)2 (1.654 Å)13 or [FeIV(O)(Bn-
tpen)]2+ (1.616 Å)38 and also in the nonheme iron enzyme
taurine dioxygenase TauD (1.646 Å).39 For the iron−nitrogen
bond trans to the iron−oxygen bond, also similar values have
been reported for related complexes such as [FeIV(O)-
(5Me2N4Py)](ClO4)2 (2.042 Å)13 and [FeIV(O)(Bn-
tpen)]2+ (2.112 Å).38 The observed iron−oxygen bond lengths
in the two newly synthesized iron(III)-hydroxido complexes
(∼1.80 Å) are similar to or shorter than what has been
reported for other iron(III)-hydroxido complexes (1.880 Å,40

Figure 3. (A) Graphical representation of the crystal structures of [FeIIIL1(OH)]2+. Ellipsoids are drawn at 50% probability; hydrogen atoms, the
counterion (OTf−), and one cocrystallized water molecule were omitted for clarity. A full structure can be found in the Supporting Information, p
50. (B) Graphical representation of the crystal structure of [FeIVL1(O)]2+, taken from Rasheed et al.13 Ellipsoids are drawn at 50% probability, and
hydrogen atoms and the counterion ([Ce(NO3)6)]2−) were omitted for clarity. (C) Graphical representation of the crystal structure used for X-ray
crystallography of [FeIIIL2(OH)]2+. Ellipsoids are drawn at 50% probability; hydrogen atoms, counterions (OTf−), and two cocrystallized water
molecules were omitted for clarity. A full structure can be found in the Supporting Information, p 54.
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1.876 Å,41 or 1.872 Å42). This is expected, as in the complexes
discussed herein, no hydrogen bonding interactions take place
that might elongate the iron−oxygen bond.

Characterization by Mössbauer Spectroscopy. The
Mössbauer spectra (Figure 5) of the newly synthesized
complexes [Fe I I IL1(OH)]2+ , [Fe I IL2(MeCN)]2+ ,
[FeIIIL2(OH)]2+, and [FeIVL2(O)]2+ correspond well to the
assigned oxidation and spin states. All complexes of L1 are low-
spin (iron(II): S = 0; iron(III): S = 1/2; and iron(IV): S = 1),
as expected for the iron(II) and iron(IV) states from the
literature.8 For all three complexes of L2, both isomer shift and
quadrupole splitting parameters are nearly identical to those of
the complexes of L1, showing only a small influence of the
ligand periphery on the electronic structure around the iron
atom. Detailed information as well as Mössbauer spectra of the
l i terature-known species [FeI IL1(MeCN)]2+ and
[FeIVL1(O)]2+ are provided in the Supporting Information, p
47. The isomer shift and quadrupole splitting values we
observed for the iron(IV)-oxido complex [FeIVL2(O)]2+ are in
the same range of what is commonly observed in the literature
for similar complexes, e.g., [FeIV(O)(N4Py2PhF2)]2+ (δ = 0.03
mm s−1, ΔEQ = 0.54 mm s−1),43 [FeIV(O)(TMG3tren)]2+ (δ =
0.09 mm s−1, ΔEQ = −0.29 mm s−1),44 or FeIV(O)-
(TMG2dien)(MeCN)]2+ (δ = 0.08 mm s−1, ΔEQ = 0.58 mm
s−1).45 Especially, the low isomer shift is typical for an
iron(IV)-oxo complex. The observed isomer shifts for the
newly synthesized iron(III)-hydroxido complexes are also in
agreement with values found in the literature, e.g.,
[FeIIIH3buea(OH)]− (δ = 0.32 mm s−1), whereas the observed
quadrupole splitting differs from what is reported for this
complex (ΔEQ = −0.82 mm s−1), which is unsurprising,
considering the different ligand geometries.46

Figure 4. (A) Simplified graphical representation of the coordination
environment of the iron(II) central ion in [FeIIL1(OH2)](BF4)2. (B)
Graphical representation of the changes in coordination geometry
between [FeIIL1(OH2)]2+, [FeIIIL1(OH)]2+, and [FeIVL1(O)]2+
including selected bond lengths. Data for [FeIIL1(OH2)](BF4)2 and
[FeIVL1(O)]2+ were taken from the literature.8 Additional angles and
bond lengths are provided in the Supporting Information, p 48.

Figure 5. Experimentally obtained solid-state and simulated Mössbauer spectra and values of (A) [FeIIIL1(OH)](OTf)2 (δ = 0.24 mm s−1, ΔEQ =
1.57 mm s−1), (B) [FeIIL2(MeCN)](OTf)2 (δ = 0.52 mm s−1, ΔEQ = 0.38 mm s−1), (C) [FeIIIL2(OH)](OTf)2 (δ = 0.25 mm s−1, ΔEQ = 1.54 mm
s−1), and (D) [FeIVL2(O)][Ce(NO3)6] (δ = 0.08 mm s−1, ΔEQ = 0.35 mm s−1). Mössbauer spectra were measured at 80 K.
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Having observed the L2-based complexes in low-spin
electron configurations is so far remarkable, as oxygen-free
conditions were used in literature syntheses�a common
precaution in the case of high-spin iron complexes. Addition-
ally, a low stability was observed in the literature for
[FeIVL2(O)]2+, which could have also indicated a high-spin
state.3 This was, however, not corroborated by our Mössbauer
measurement�even though the samples were handled under
ambient conditions for prolonged periods of time.

Characterization of the Iron(III)-Hydroxido Complexes by
EPR. The assignment of a low-spin iron(III)-hydroxido species
was confirmed by EPR analysis (Figure 6) and subsequent
simulation of the assigned low-spin iron(III)-hydroxido
compounds. The observed spectra, as well as the observed g
values, were qualitatively and quantitatively similar to related

complexes previously described in the literature ([FeIII(PY5)-
(OMe)]2+: g = 2.25, 2.17, 1.96 and [FeIII(PY5)(OH)]2+: g =
2.30, 2.18, 1.942 ; PY5 = 2,6-bis(bis(2-pyridyl)-
methoxymethane)pyridine).

Characterization by High-Resolution Mass Spectrometry
and Raman Spectroscopy. All iron species were characterized
as aqueous solutions with cryo high-resolution mass spectrom-
etry (not shown; please refer to the Figures S53−S58, p 36ff).
Regarding the iron(III) species [FeIII(L1)(OH)]2+ or
[FeIII(L2)(OH)]2+, no hints of any bridged diiron(III)
complexes have been observed, and no [FeIII(L1)(OH2)]3+
or [FeIII(L2)(OH2)]3+ species as potential intermediate were
detected. In addition to the expected signals, other minor
species could be observed for complexes with the ligand system
L2, which were assigned to species such as [FeIII(L2-

Figure 6. Experimentally obtained solid-state and simulated EPR spectra of (A) [FeIIIL1(OH)]2+ (g = 2.32, 2.19, and 1.95) and (B)
[FeIIIL2(OH)]2+ (g = 2.33, 2.18, 1.96). EPR spectra were measured at 298 K in X-band at 9.649818 and 9.649704 GHz, respectively; for more
experimental details please refer to the Supporting Information, p 4.

Figure 7. (A) Synthesis of different derivatives of [FeIIIL1(OH)]2+ from L1: [FeIIIL1(16OH)](OTf)2, [FeIIIL1(18OH)](OTf)2, and a mixture of
[FeIIIL1(18/16OH)](OTf)2. (B) Excerpts of solid-state Raman spectra of the corresponding derivatives of [FeIIIL1(OH)]2+, the respective signal
corresponding to the Fe−16O or Fe−18O bond is indicated.
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H)(OH)]2+, [FeIII(L2-2H)(OH)]2+, or dinuclear species
[FeII(L2-2H)]22+. This was attributed to a species in which
one or both of the two hydroxy groups of L2 are deprotonated
and likely coordinate to the iron center, probably displacing
one of the equatorial pyridine moieties.
We then also synthesized the 18O-labeled derivative of

[FeIIIL1(OH)]2+ (Figure 7A, middle reaction) as well as a
mixture of [FeIIIL1(16/18OH)]2+ (Figure 7A, lower reaction).
We confirmed the successful integration of the 18O label by
Raman spectroscopy (Figure 7B). When direct-injection mass
spectrometry of these compounds was measured, only the
species containing the 16OH group could be detected. This
observation was attributed to an immediate exchange of the
hydroxyl group in water. The exchange occurred even when
dried solvents were used under strict inert gas conditions (not
shown).

Characterization by UV−Vis−NIR Spectroscopy. The
series of complexes was also characterized by UV−vis−NIR
spectroscopy (Figures S31 and S32, p 27f). The UV−vis−NIR
spectra of complexes [FeIIL2(OH2)]2+, [FeIIIL2(OH)]2+, and
[FeIVL2(O)]2+ are similar to the respective spectra of
[FeIIL1(OH2)]2+, [FeIIIL1(OH)]2+, and [FeIVL1(O)]2+ and
correspond well to those found in the literature.47,48 The
absorption maxima at about 350 to 450 nm of the iron(II)
species show the highest intensity, with extinction coefficients
of ε = 5932/4190 L mol−1 cm−1 for [FeIIL1/L2(OH2)]2+ (λ =
450 nm, water, 25 °C), which can be attributed to a metal-to-
ligand charge transfer, which has been observed regularly in
literature for iron(II) complexes with pyridine-derived
ligands.1−3,8 [FeIVL2(O)]2+ shows an absorption band at λ =
730 nm, which is a typical range for S = 1 iron(IV)-oxido
species.8,14,34,42−44

Characterization by Cyclic Voltammetry. The redox
properties of the iron(II) and iron(III) complexes (1 mM)
have been addressed by cyclic voltammetry (CV) experiments,
performed both in acetonitrile (using tetrabutylammonium
hexafluorophosphate, [TBAPF6] = 0.1 M as the supporting
electrolyte) and in aqueous solution (using potassium nitrate,
[KNO3] = 0.1 M as the supporting electrolyte).
In oxidative scan mode in acetonitrile, both iron(II)

complexes present a reversible wave: at 657 mV (vs Fc+/Fc,
ΔE = 85 mV) and 663 mV (vs Fc+/Fc, ΔE = 76 mV) for

[FeIIL1(MeCN)]2+ and [FeIIL2(MeCN)]2+, respectively.
These processes are associated with the iron(III)/iron(II)
redox couple (Figures S34−S38, p 29f).8 The analogous redox
potential for the two iron(II) centers suggests a negligible
effect associated with the change of the peripheral methyl
group with a hydroxy group.3

Moving to the iron(III) complexes [FeIIIL1(OH)]2+ and
[FeIIIL2(OH)]2+, the presence of a negatively charged hydroxy
group directly coordinated to the iron(III) center (instead of
acetonitrile) drastically shifts the potentials of the iron(III)/
iron(II) redox couples, −720 mV (vs Fc+/Fc, ΔE = 80 mV)
and Ec

1 = −698 mV (vs Fc+/Fc), respectively (Figure 8A).
Contrary to what was previous ly observed for
[FeIIL1(MeCN)]2+ and [FeIIL2(MeCN)]2+,3 ,8 ,47 ,48

[FeIIIL1(OH)]2+ and [FeIIIL2(OH)]2+ present marked differ-
ences. The iron(III) reduction in [FeIIIL2(OH)]2+ is shifted to
a more positive potential (approximately 60 mV), and more
importantly, the reoxidation process becomes irreversible
(Figure 8A, see also Figure S40). When the scan rates were
increased, a minor wave at approximately −400 mV was also
observed (Figure S41). Even if the overall process remains
irreversible, this suggests a fast ligand reorganization occurring
after electron transfer (ET). In oxidative scan mode, a new
reversible wave has also been detected for [FeIIIL1(OH)]2+ at
361 mV (vs Fc+/Fc, ΔE = 76 mV), attributed to the iron(IV)/
iron(III) redox couple (Figure 8B). [FeIIIL2(OH)]2+ presents
a similar iron(IV)/iron(III) oxidation potential Ea

2 = 442 mV,
but the process is again irreversible (Figure 8B). Interestingly,
when the scan rate is gradually increased (Figure S43), a shift
from the initial irreversible wave (100 mV/s) to a quasi-
reversible process (ΔE = 100 mV, 600 mV/s) was observed.
This behavior suggests a reversible ET followed by a slow
chemical reaction involving the electrochemically generated
[FeIVL2(O)]2+,49 thus indicating a lower stability of
[FeIVL2(O)]2+ compared with [FeIVL1(O)]2+. At higher
potentials, an unresolved irreversible wave at ca. 1.30 V has
also been observed and attributed to a ligand-based oxidation
(refer to the Figures S36, S44, and S45).
This suggests how the coordinated OH group in

[FeIIIL1(OH)]2+ and [FeIIIL2(OH)]2+ not only contributes
to shifting the iron(III)/iron(II) redox couple to a more
positive potential but also allows access to the iron(IV)-oxido

Figure 8. Comparison between the cyclic voltammograms of [FeIIIL1(OH)]2+ and [FeIIIL2(OH)]2+ (1 mM) in acetonitrile ([TBAPF6] = 0.1 M)
in reductive (A) and oxidative (B) scans at 100 mV/s. For additional cyclic voltammograms, please refer to the Figures S34−S50, p 29ff.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.4c04518
Inorg. Chem. 2025, 64, 3719−3734

3725

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c04518/suppl_file/ic4c04518_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c04518/suppl_file/ic4c04518_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c04518/suppl_file/ic4c04518_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c04518/suppl_file/ic4c04518_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c04518/suppl_file/ic4c04518_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c04518/suppl_file/ic4c04518_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04518?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04518?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04518?fig=fig8&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c04518/suppl_file/ic4c04518_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04518?fig=fig8&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c04518?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
129



state, which is not possible in the absence of an O-donor (see
[FeIIL1(MeCN)]2+ and [FeIIL2(MeCN)]2+ Figures S37 and
S38). In addition, the nature of the side CH3/OH groups
seems not to affect the iron redox couple, even if it does impact
the stability of the iron(IV) intermediate, as stated above.
In unbuffered aqueous media ([KNO3] = 0.1 M),

[FeIIIL1(OH)]2+ presents a quasi-reversible wave in reduction
at −6 mV (vs Ag/AgCl, ΔE = 144 mV, Figure S46),
approximately 300 mV lower in comparison with the potential
reported in the literature for the iron(II)−OH2 species.8 An
additional minor oxidation wave was observed upon reduction
at a potential of approximately 0.20 V (Figures S46 and S47),
which was not observed in acetate-buffered solution. Under the
same experimental conditions, [FeIIIL2(OH)]2+ presents a
completely different behavior: in the reductive scan, no waves
attributable to the presence of an iron(III) center have been
observed (Figure S48). In the oxidative scan, a quasi-reversible
wave at 372 mV (vs Ag/AgCl, ΔE = 111 mV, Figure S49)
attributable to the iron(III)/iron(II) redox couple has been
observed without the appearance of any additional wave at
higher potentials (Figure S50). This suggests the formation of
a new iron(II) species from [FeIIIL2(OH)]2+ under the
conditions applied here. This finding prompted us to further
study the behavior of this species in solution (vide infra), as we
were confident to have obtained a solid iron(III) sample in the
first place, as confirmed by EPR and Mössbauer spectroscopy
as well as X-ray crystallography.
We also investigated the effects of pH changes on the

observed potentials of the iron(III)/iron(II) couple of
[FeIIIL1(OH)]2+ and [FeIIL2(OH2)]2+. Instead of using the
iron(II) species [FeIIL1(OH2)]2+, as had been done previously
in the literature,8 we used the iron(III)-hydroxido species
[FeIIIL1(OH)]2+ to investigate complexes of L1. We found a
linear decrease with a slope value of −59 mV/pH, indicating a
proton-coupled electron transfer (Figure 9, PCET). In the case

of L2, we used the iron(II) complex [FeIIL2(OH2)]2+ due to
its higher stability under prolonged measurements compared
with the respective iron(III)-hydroxido complex. The
measured values are shifted to higher potentials; however,
the slope value is identical at −59 mV/pH, also indicating
PCET, as has been described in the literature for L1 and other
related ligands.2,8,50

Iron(II)/Iron(IV) Comproportionation. Based on the
mechanism proposed for heme and nonheme enzymes

containing iron(IV)-oxido moieties and their reactions with
C−H bonds,2,8,12,13 we had proposed this iron(III)-hydroxido
species as the intermediate in the reaction of [FeIVL1(O)]2+
with organic substrates containing C−H groups in our
previous work.9 In this mechanism, a hydrogen atom is
transferred from the organic substrate R-H to the iron(IV)-
oxido moiety in a hydrogen atom transfer reaction (HAT).
This step yields the iron(III)-hydroxido species,
[FeIIIL1(OH)]2+, as well as a carbon-centered radical R·.
These species can then recombine in a reaction often referred
to as “rebound” to form the product and an iron(II) species in
water [FeIIL1(OH2)]2+ (Figure 10A). This mechanism
resembles the consensus mechanism for the oxidation of
biological substrates by iron(II)/α-ketoglutarate-dependent
enzymes, of which superfamily the previously mentioned
TET enzymes are a member.20−23,26,51,52

Surprised by the large amounts of [FeIIIL1(OH)]2+ present
in the reaction mixture of [FeIVL1(O)]2+and 5mC (Figure 11)
after complete reaction, we searched for different pathways
that might lead to the formation of this iron(III)-hydroxido
species.
For synthetic nonheme iron complexes, several other

mechanisms and pathways are discussed in addition to
rebound: cage escape33 and the formation of a dinuclear
complex, as mentioned in the introduction,14 are two
representatives. Also, comproportionation of iron(II)/iron(IV)
species has been described in the literature, although mostly as
a minor side note.14,31,53 In the case of the complexes studied
in this work, we found that the comproportionation reaction of
[FeIIL1(OH2)]2+ with [FeIVL1(O)]2+ gave [FeIIIL1(OH)]2+ in
a quantitative yield. The UV−vis−NIR spectrum of an
equimolar mixture of [FeIIL1(OH2)]2+ and [FeIVL1(O)]2+
appears to have identical features compared to the spectrum
of a [FeIIIL1(OH)]2+ reference sample (Figure 12). This
observation was also confirmed by cryo-UHR−MS (refer to
Figure S59, p 43). Whereas Gosh et al.29 and Rana et al.53

reported on the comproportionation of biuret-amide and
N4Py-based systems, respectively, Cho et al. ruled out
comproportionation when studying [FeIV(O)(Bn-TPEN)]2+
(Bn-TPEN = N-benzyl-N,N′,N′-tris(2-pyridylmethyl)ethane-
1,2-diamine). In this work, we report on another example of
the comproportionation of iron(IV)-oxido and iron(II)
compounds as a pathway for synthetic nonheme iron(IV)-
oxido complexes.
As a result, we decided to study this behavior in more detail

and chose to include the iron complexes of the structurally
similar ligand L2 in this analysis. We found that not only
[Fe I IL1 (OH2)] 2 + and [Fe I VL1 (O)] 2 + bu t a l so
[FeIIL2(OH2)]2+ and [FeIVL2(O)]2+ show comproportiona-
tion behavior�as well as the cross-reactions of
[FeIIL1(OH2)]2+ with [FeIVL2(O)]2+ and [FeIIL2(OH2)]2+
with [FeIVL1(O)]2+, the latter two giving a mixture of
[FeIIIL1(OH)]2+ and [FeIIIL2(OH)]2+. The iron(II) species
[FeIIL1(OH2)]2+ and [FeIIL2(OH2)]2+ as well as the iron(IV)-
oxido complexes [FeIVL1(O)]2+ and [FeIVL2(O)]2+ do not
react with each other; both reactions were observed to yield a
mixture of the respective starting materials.
To gain a deeper insight into this reactivity, these individual

comproportionation reactions were followed by stopped-flow
UV−vis−NIR kinetics (Figure 13). The presence of both
iron(II) and iron(IV)-oxido complexes was measured at the
respective absorption maxima ([FeI IL1(OH2)]2+/

Figure 9. Pourbaix diagram of [FeIIIL1(OH)]2+ (blue squares) and
[FeIIL2(OH2)]2+ (orange diamonds). The slope values of both lines
are −59 mV/pH, which indicates a proton-coupled electron transfer
(PCET) and was reported for L1 in the literature.8
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[FeIIL2(OH2)]2+: λ = 450 nm, [FeIVL1(O)]2+: λ = 720 nm,
and [FeIVL2(O)]2+: λ = 730 nm).
A comparison of the decreasing absorption of both iron(II)

and iron(IV)-oxido species over time suggests a bimolecular
reaction of both complexes (not shown; please refer to the
Figure S4, p 10). Using the same analytical kinetics we applied
to study the reaction of [FeIVL1(O)]2+ with organic substrates
in our previous work,11 we obtained rate constants in the order
of 1.5−4.2 × 104 L mol−1 s−1 (refer to the Supporting
Information, p 9f for detailed calculations.) These values are
4−6 orders of magnitude larger than those observed for
[FeIVL1(O)]2+ with a variety of substrates bearing alkyl groups,
both the ones tested in this work (vide infra) and in our
previous work.11

The stopped-flow UV−vis−NIR measurements were
repeated in deuterated water, and the same linear regression
calculations were performed. A kinetic isotope effect (KIE) was
observed in the range of 1.9 to 5.6, which would suggest a
proton transfer to be the rate-limiting step in this reaction.

Interestingly, this isotope effect seems to be more pronounced
in comproportionation reactions involving iron complexes with
the ligand system L2. A comparison of all conducted
measurements in water or deuterated water is provided in
the Figures S4−S6, p 11ff.

Substrate Oxidation by Iron(IV)-Oxido Species. In the
next step, we wanted to confirm the oxidative capabilities of
[FeIVL2(O)]2+ and compare the reactivities of the two
different ligand systems in substrate oxidation processes.
Therefore, complexes [FeIVL1(O)]2+ and [FeIVL2(O)]2+
were reacted with selected substrates chosen on the basis of
the work of Chantarojsiri et al.8 (Chart 2). Due to the high
reactivity of the iron(IV)-oxido complexes toward organic
substrates, no organic buffers could be used. Due to solubility
issues in phosphate buffer, pure water was chosen. The pH
value after the addition of all components was measured at

Figure 10. (A) Proposed mechanism for the reaction of [FeIVL1(O)]2+ with an organic substrate R-H that contains a C−H bond via hydrogen
atom transfer (HAT) and subsequent rebound.9 (B) Observed comproportionation reaction of the iron(II) complex [FeIIL1(OH2)]2+ and the
iron(IV)-oxido complex [FeIVL1(O)]2+ to yield iron(III)-hydroxido species [FeIIIL1(OH)]2+.

Figure 11. Excerpt of a cryo-UHR−MS spectrum of the reaction
mixture of [FeIVL1(O)]2+ with an organic substrate (5-methyl
cytosine, 5mC) as well as simulated mass spectra of [FeIVL1(O)]2+
(red, middle spectrum) and [FeIIIL1(OH)]2+ (blue, lower spectrum).

Figure 12. Excerpt of a UV−vis−NIR spectrum of the comproportio-
nation reaction of [FeIIL1(OH2)]2+ and [FeIVL1(O)]2+ (blue dotted
line) as well as a reference spectrum of [FeIIIL1(OH)]2+ (orange solid
line) in water at room temperature. A graph also containing
[FeIIL1(OH2)]2+ and [FeIVL1(O)]2+ as reference can be found in
the Supporting Information, p 27 (Figure S30).8
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4.77 ± 0.10 at the beginning of the reaction and found to
decrease to 4.68 during the reaction (refer to the Figure S2, p 7
for details).
The reaction was followed with UV−vis−NIR spectroscopy

at the characteristic iron(IV)-oxido absorption band (λ = 720
nm for [FeIVL1(O)]2+ and λ = 730 nm for [FeIVL2(O)]2+),
which decreases during the reaction as the iron(IV)-oxido
species is consumed (Figure 14A). The reaction rates were
calculated using the method of initial rates. The newly

synthesized [FeIVL2(O)]2+ reacts slightly faster with the
substrates benzyl alcohol (10.94 L mol−1 s−1) and ethyl-
benzenesulfonic acid (16.75 L mol−1 s−1) than the literature-
known compound [FeIVL1(O)]2+ (7.40 and 11.99 L mol−1 s−1,
respectively). In the case of benzaldehyde, no significant
difference in reaction rates could be observed (2.08 L mol−1

s−1 for [FeIVL2(O)]2+ and 2.77 L mol−1 s−1 for [FeIVL1(O)]2+;
Figure 14B). The faster reaction of both iron complexes with
benzyl alcohol as the substrate compared to benzaldehyde is in
accordance with the reactivity expected from the
corresponding C−H bond dissociation energies of the
substrates (83.0 kcal mol−1 for benzyl alcohol54 and 89.3
kcal mol−1 for benzaldehyde55). Hydrogen atom transfer
occurs faster with lower BDE, and this observation supports
the reaction mechanism proposed in Figure 10.
To ensure that substrate oxidation occurred, the products

after the reaction with the iron(IV)-oxido species were
identified by 1H NMR spectroscopy. In the case of benzyl
alcohol and benzaldehyde, this was accomplished by extracting
the aqueous reaction mixture with deuterated chloroform,
leaving the remaining iron species in the aqueous layer. As

Figure 13. Equimolar reaction of iron(II) and iron(IV)-oxido species followed by stopped-flow UV−vis−NIR spectroscopy at the respective
absorption band (iron(II): λ = 450 nm; iron(IV): λ = 720/730 nm). Conditions: [[FeIIL1(OH2)]2+ or [FeIIL2(OH2)]2+] = [[FeIVL1(O)]2+ or
[FeIVL2(O)]2+] = 0.5 mM, H2O, 25 °C.

Chart 2. Overview of Substrates (S) Tested in the Reactivity
Study

Figure 14. (A) Reaction of [FeIVL1(O)]2+ and [FeIVL2(O)]2+ with different substrates monitored by UV−vis−NIR absorption at λ = 720 nm
([FeIVL1(O)]2+) or λ = 730 nm ([FeIVL2(O)]2+) and (B) calculated rate constants for these reactions (refer to the literature11 and the Supporting
Information, p 7 for calculation method, exact values, and comparison with corresponding BDE values). Conditions: [[FeIVL1(O)]2+/
[FeIVL2(O)]2+] = [S] = 0.5 mM, H2O, rt. The experiments were conducted in triplicate and averaged.
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expected, benzyl alcohol was first converted into benzaldehyde,
which reacted further to benzoic acid (Figures S15−S18). As
the substrate ethylbenzenesulfonic acid (EBS) remained in the
aqueous layer, this method could not be applied here. To
separate the formed products from the iron species present, the
yellowish reaction mixture was filtered over silica. The yellow
iron species remained on the silica, and the clear filtrate was
analyzed with 1H NMR spectroscopy (Figures S27 and S28).
In addition to the EBS starting material, two new species could
be observed, which were attributed to the hydroxylated (4-(1-
hydroxyethyl)benzenesulfonic acid) and carbonylated (4-
acetlybenzenesulfonic acid) derivative of EBS. LC−MS
measurements support this assumption (Figures S64 and
S65, p 46). Control reactions with the corresponding iron(II)
or iron(III) species revealed no oxidation of the substrates
under the applied conditions (please refer to the Figures S19−
S26 and S29, p 21ff). The results presented herein show that
the complex with L2 is a suitable model system for further
investigations of iron-dependent nonheme enzymes, just as
[FeIVL1(O)]2+ has been used in recent years as a model
system.9−11 The observed difference in reaction rates with
organic substrates might offer intriguing possibilities for
differential oxidation of several substrates in the same reaction
mixture, depending on the added iron catalyst, mimicking
complex enzyme mixtures in living cells.

Iron(III) to Iron(II) Conversion. Puzzled by the detection
of iron(II) species upon the application of iron(III) species in
some cyclic voltammetry experiments, a possible reduction of
iron(III) under the applied conditions was assumed. To test
the stability of the iron(III) species in aqueous solution, UV−
vis−NIR spectra of [FeIIIL1(OH)]2+ and [FeIIIL2(OH)]2+
were recorded at certain time intervals (see Figure 15).
The UV−vis−NIR spectra show that when [FeIIIL2(OH)]2+

is stored in aqueous solution at ambient conditions, a new
absorption band is formed after some time (Figure 15A). The
higher intensity and position of this new absorption band
(about λ = 450 nm) suggest the formation of the
corresponding iron(II) species. To test this hypothesis, a
sample of [FeIIIL2(OH)]2+ in water was kept under ambient
conditions for 5 weeks, the solvent was removed, and the
sample was subjected to Mössbauer measurements. The
spectra revealed that 37% of the iron(III) species has been

converted into an iron(II) species (not shown; please refer to
the Figure S67, p 47). The parameters of the newly observed
species are similar but not identical to the iron(II)/iron(III)
reference samples (see Table S6, p 47), and this slight
difference is attributed to the assumed presence of water as a
co-ligand for the iron(II) species (instead of acetonitrile) and
possible ligand oxidation for both species. The complex with
the other ligand system [FeIIIL1(OH)]2+ showed similar
behavior, but the transformation occurred significantly slower
(Figure 15B).
To learn more about this process, three different aqueous

solutions of [FeIIIL2(OH)]2+ were prepared (a) with exclusion
of light, (b) under a nitrogen atmosphere using degassed water,
and (c) under ambient conditions but using deuterated water.
Light exclusion led to no conversion to iron(II) species over
the investigated time, and with the exclusion of oxygen, the
transformation started slower and not immediately (Figure
15B). As no other suitable reaction partner is present in the
reaction mixture, we assume that in combination with the
reduction from iron(III) to iron(II) species, oxidation of the
ligand occurs. It seems that light is required to start this
oxidation process, which indicates the involvement of one-
electron processes. This has been described previously in the
literature, e.g., a tpena-based iron(III) complex (tpena =
N,N,N′-tris(2-pyridylmethyl)ethylendiamine-N′-acetate) was
reported to photolytically release CO2 in a one-electron
reduction to the respective iron(II) complex with a radical
present on the ligand.56 Then, traces of oxygen seem to be
sufficient for the conversion to occur. When [FeIIIL2(OH)]2+
is dissolved in deuterated water instead of water under ambient
conditions, no conversion into the iron(II) species is observed
over the investigated time (Figure 15B), suggesting that proton
transfer also seems to play a role in this transformation process.
These findings show that after the comproportionation of

iron(II) and iron(IV) species, the resulting iron(III)
compound seems not to be the final product in this complex
mixture. Even though magnitudes of dimensions lie between
the reaction rates of these two different processes (seconds for
the comproportionation and days/weeks for iron(III) to
iron(II) conversion), it appears that, in the end, the most
stable species is an iron(II) complex under the conditions
applied here.

Figure 15. (A) UV−vis−NIR spectra of [FeIIIL2(OH)]2+ in aqueous solution under ambient conditions and exposed to light after different times
and (B) absorbance of [FeIIIL1(OH)]2+ and [FeIIIL2(OH)]2+ at λ = 450 nm over time. Conditions: [[FeIIIL1(OH)]2+ or [FeIIIL2(OH)]2+] = 0.5
mM, H2O, 25 °C. Additional spectra are provided in the Figure S33, p 28.
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■ CONCLUSIONS
In this work, we presented a comprehensive overview of the
iron(II), iron(III)-hydroxido, and iron(IV)-oxido chemistry of
two pentapyridyl ligands, L1 and L2. With the exception of
[FeIVL2(O)]2+, we provided a full set of X-ray structures for all
three oxidation states for both ligands, including the relatively
rare low-spin iron(III)-hydroxido complexes, [FeIIIL1(OH)]2+
and [FeIIIL2(OH)]2+. We complemented these X-ray
structures with further structural investigations using Mössba-
uer, EPR, as well as UV−vis−NIR and IR spectroscopy, and
the electrochemistry of the iron compounds was studied with
cyclic voltammetry investigations. Additionally, UV−vis−NIR
kinetic analysis of the reactivity of the iron(IV)-oxido
compounds, [FeIVL1(O)]2+ and [FeIVL2(O)]2+, toward a
series of substrates was performed. Thereby, we could establish
a structure−function relationship between the methyl group in
L1-derived compounds and the hydroxyl group in L2-derived
compounds. The comproportionation reaction of iron(II)
compounds [FeIIL1(OH2)]2+ and [FeIIL2(OH2)]2+ with
iron(IV)-oxido complexes [FeIVL1(O)]2+ and [FeIVL2(O)]2+
was confirmed using UV−vis−NIR spectroscopy and high-
resolution mass spectrometry. This finding is especially
relevant for the bioinorganic chemistry of these complexes,
as it shows that iron model systems of enzymes do undergo
significant side reactions.

■ EXPERIMENTAL SECTION
Synthesis of 2,2′-(ethane-1,1’diyl)dipyridine (1). According

to a modified literature procedure,57 a flame-dried flask was charged
with 2-ethylpyridine (6.27 mL, 5.88 g, 54.84 mmol, 2.1 equiv) under
an inert atmosphere (nitrogen) and 50 mL of absolute tetrahydrofur-
an and then cooled to −78 °C. When a solution of n-butyl lithium
(2.5 M in hexane, 20.80 mL, 52.01 mmol, 2.0 equiv) was added
dropwise, the solution turned deep red. The mixture was stirred for 60
min at −78 °C, and then 2-fluoropyridine (2.21 mL, 2.50 g, 25.8
mmol, 1.0 equiv) was added dropwise; the solution was stirred at −78
°C for an additional 10 min, and the cooling bath was removed. The
reaction mixture was allowed to warm to room temperature and then
stirred at room temperature for 3 h. Next, 30 g of ice was added
slowly, at which point the mixture turned yellow. An additional 30 mL
of Milli-Q grade water was added, and the solution was stirred
vigorously for 10 min. The layers were separated, and the aqueous
layer was extracted with dichloromethane (3 × 50 mL). The
combined organic layers were dried over anhydrous magnesium
sulfate, and the solvents were removed in vacuo to yield a yellow to
orange oil as the crude product. Excess 2-ethylpyridine was removed
under reduced pressure to yield product 1 as a yellow to orange oil in
84% yield (3.79 g). RF = 0.23 (silica, UV, 80% ethyl acetate -
hexanes). 1H NMR (400.0 MHz, CDCl3, 295 K): δ = 8.55 (ddd, J =
4.9 Hz, J = 1.9 Hz, J = 0.9 Hz, 2H), 7.60 (td, J = 7.7 Hz, J = 1.8 Hz,
2H), 7.28 (dd, J = 7.9 Hz, J = 1.0 Hz, 2H), 7.11 (ddd, J = 7.5 H, J =
4.9 Hz, J = 1.2 Hz, 2H), 4.48 (q, J = 7.2 Hz, 2H), 1.76 (d, J = 7.2 Hz,
3H) ppm. 13C NMR (100.0 MHz, CDCl3, 295 K): δ = 163.9, 149.3,
136.6, 122.5, 121.5, 49.9, 19.8 ppm. NMR data are in accordance with
the literature.57 HR−MS (ESI): Calculated for C12H13N2 [M + H]+:
185.10787 m/z; Found: 185.10723 m/z.

Synthesis of L1. According to a modified literature procedure,8,9 a
flame-dried flask was charged with 1 (2.00 g, 10.9 mmol, 3.0 equiv),
36 mL of absolute 1,4-dioxane under an inert atmosphere (nitrogen),
and 4 mL of absolute tetrahydrofuran and cooled to 0 °C. When a
solution of n-butyl lithium (2.5 M in hexane, 4.34 mL, 10.9 mmol, 3.0
equiv) was added, the solution turned dark red. The solution was
stirred for 45 min at 0 °C, at which time 2,6-dichloropyridine (535.5
mg, 3.62 mmol, 1.0 equiv) was added all at once. The reaction
mixture was allowed to warm to room temperature and then heated to
reflux for 60 h (bath temperature 105 °C). When the solution had

turned from deep red to light brown and thin-layer chromatography
showed no change during a time span of 6 h, the mixture was allowed
to cool to room temperature. Then, 20 mL of water was added, and
the mixture was extracted with dichloromethane (3 × 70 mL). The
combined organic layers were then dried over anhydrous magnesium
sulfate, and the solvents were removed in vacuo. Afterward, 40 mL of
methanol was added, and the solvents were removed in vacuo to
remove residual 1,4-dioxane. A deep red oil was obtained as the crude
product. Diethyl ether was added until a yellow precipitate began to
form, which was filtered off, washed with diethyl ether (1 × 10 mL),
and dried to yield the product L1 as a yellow solid in 91% yield. RF =
0.10 (silica, UV, 80% ethyl acetate - hexanes). 1H NMR (400.0 MHz,
CDCl3, 295 K): δ = 8.51 (ddd, J = 4.8 Hz, J = 1.9 Hz, J = 0.9 Hz, 4H),
7.54 (t, J = 7.9 Hz, 1H), 7.39 (ddd, J = 8.1 Hz, J = 7.5 Hz, J = 1.9 Hz,
4H), 7.05 (d, J = 7.9 Hz, 2H) 7.04 (ddd, J = 7.5 Hz, J = 4.8 Hz, J =
1.1 Hz, 4H), 6.84 (dt, J = 8.0 Hz, J = 1.0 Hz, 4H), 2.21 (s, 6H) ppm.
13C NMR (100.0 MHz, CDCl3, 295 K): δ = 166.2, 166.3, 148.5,
136.8, 135.6, 124.1, 121.0, 120.0, 60.1, 26.8 ppm. NMR data are in
accordance with the literature.8 HR−MS (ESI): Calculated for
C29H26N5 [M + H]+: 444.21882 m/z; Found: 444.21811 m/z. IR
(thin film): ν∼ = 3053, 2992, 1566, 1466, 1428, 1365, 1293, 1153,
1102, 1078, 1067, 1046, 991, 962, 903, 875, 799, 786, 768, 752, 699,
654 cm−1.

Synthesis of [FeIIL1(MeCN)](OTf)2. According to a modified
literature procedure,8,9 ligand L1 (300.0 mg, 0.679 mmol, 1.0 equiv)
was dissolved in 15 mL of acetonitrile under a nitrogen atmosphere.
Iron(II)bis(acetonitrile)bis(triflate) (294.9 mg, 0.679 mmol, 1.0
equiv) was added as a solid, turning the solution deep red. The
mixture was then stirred for an additional 5 min, and then diethyl
ether was diffused into the solution under ambient conditions to give
the product [FeIIL1(MeCN)](OTf)2 as brown crystals in 91% yield
(516.0 mg). 1H NMR (400.0 MHz, CD3CN, 295 K): δ = 9.81 (d, J =
5.9 Hz, 4H), 8.03 (s, 3H), 7.93 (d, J = 3.8 Hz, 8H), 7.54 (m, 4H),
2.75 (s, 6H), 1.96 (s, 3H) ppm. 13C NMR (100.0 MHz, CD3CN, 295
K): δ = 165.0, 163.0, 158.2, 140.1, 139.7, 124.3, 123.8, 122.1, 118.3,
55.7, 24.2 ppm. NMR data is in accordance with the literature.8 HR−
MS (ESI): Calculated for C30H25F3FeN5O3S [Fe(L1)(MeCN)-
(OTf)]+: 648.09796 m/z; Found: 648.09648 m/z. Calculated for
C31H28FeN6 [Fe(L1)(MeCN)]2+: 270.08625 m/z; Found: 270.08562
m/z. Elemental Analysis: Calculated for C33H28F6FeN6O6S2: C
47.27, H 3.37, N 10.02, S 7.65; Found: C 47.03, H 3.33, N 9.94, S
7.86. IR (thin film): ν∼ = 1598, 1469, 1442, 1415, 1281, 1251, 1225,
1149, 1070, 1028, 865, 791, 761, 702 cm−1.

Synthesis of [FeIIL1(OH2)](BF4)2. According to a modified
literature procedure,8 ligand L1 (90.0 mg, 0.190 mmol, 1.0 equiv)
was dissolved in 4.0 mL of acetone. Hexaqua iron(II) bis-
(tetrafluoroborate) (64.2 mg, 0.190 mmol, 1.0 equiv) was dissolved
in 0.5 mL of water and then added to the solution of the ligand,
turning the solution red-brown. The mixture was stirred for 5 min,
and then diethyl ether was diffused into the solution to give the
product [FeIIL1(OH2)](OTf)2 as a red-brown powder in 73% yield
(100.0 mg). HR−MS (ESI): Calculated for C29H25FFeN5 [Fe(L1)-
(F)]+: 518.14434 m/z; Found: 518.14454 m/z. Calculated for
C31H28FeN6 [Fe(L1)(MeCN)]2+: 270.08625 m/z; Found:
270.05525 m/z. Calculated for C31H28FeN6 [Fe(L1)]2+: 249.5730
m/z; Found: 249.5730 m/z. Elemental Analysis: Calculated for
C29H27B2F8FeN5O: C 50.41, H 3.94, N 10.15.; Found: C 50.43, H
3.80, N 10.11. IR (thin film): ν∼ = 3398, 1653, 1597, 1465, 1442,
1412, 1390, 1283, 1069, 993, 863, 768 cm−1.

Synthesis of [FeIIIL1(OH)](OTf)2. Ligand L1 (1.00 g, 2.25 mmol,
1.0 equiv) was suspended in 40 mL of water. Iron(III) triflate (1.51
mg, 3.00 mmol, 1.3 equiv) was added as a solid. The mixture turned
orange-red upon mixing; the mixture was sonicated for 1 h at 40 °C
which led to a color change to deep red. Additional iron(III) triflate
(0.56 g, 1.11 mmol, 0.8 equiv) was added, and the mixture was
sonicated briefly. The mixture was filtered through a sintered glass frit,
and sodium triflate (775.0 mg, 4.50 mmol) was added as a solid to the
filtrate. The mixture was stored at 4 °C for 3 days. The formed
crystals were washed with water and dried in vacuo to give
[FeIIIL1(OH)](OTf)2 (no yield determined). The precipitate
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obtained from filtering was collected and recrystallized from water (40
°C) to give [FeIIIL1(OH)](OTf)2 × 2 H2O (no yield determined).
HR−MS (ESI): Calculated for C29H26FeN5O [FeL1(OH)]2+:
258.07434 m/z; Found: 258.07355 m/z. Elemental Analysis:
Calculated for C31H26F6FeN5O7S2: C 45.71, H 3.22, N 8.60, S 7.87.
Found: C 44.17, H 3.36, N 8.07, S 7.78. Calculated for
C31H30F6FeN5O9S2 (FeIIIL1(OH)](OTf)2 × 2H2O): C 43.78, H
3.56, N 8.23, S 7.54. Found: C 43.53, H 3.42, N 8.06, S 7.99. IR (thin
film): ν∼ = 3424, 3091, 1657, 1599, 1462, 1447, 1390, 1256, 1224,
1154, 1103, 1026, 914, 868, 847, 782, 764, 742, 664 cm−1.

Synthesis of [FeIVL1(O)][Ce(NO3)6]. According to a modified
literature procedure,8,9 [FeIIL1(MeCN](OTf)2 (100 mg, 0.119 mmol,
1.0 equiv) was dissolved in 1.5 mL of 3:1 acetonitrile:water.
Cerium(IV) ammonium nitrate (347.1 mg, 0.633 mmol, 5.3 equiv)
was added as a solid, and the mixture was sonicated for 60 s. As a pale
green precipitate began to form, the reaction mixture was placed in an
ice bath to complete the precipitation. The solid was collected on a
sintered glass frit, washed with 1.5 mL of ice cold 3:1
acetonitrile:water, and dried in vacuo to yield product [FeIVL1(O)]-
[Ce(NO3)6] as a pale green solid (107.2 mg, 87%). Elemental
Analysis: Calculated for C29H25CeFeN11O19: C 33.90, H 2.45, N
14.99. Found: C 33.81, H 2.58, N 15.20. ICP-OES: Fe: 52.3 mg/g ≙
0.937 mmol/g; Ce: 131.5 mg/g ≙ 0.939 mmol/g; Molecular ratio of
Fe:Ce = 1:1. IR (thin film): ν∼ = 1600, 1496, 1277, 1033, 864, 822,
804, 784, 760, 742 cm−1. UV−vis-NIR (H2O): λ = 720 nm (ε = 277 l
mol−1 cm−1).

Synthesis of Pyridine-2,6-diylbis(pyridin-2-ylmethanone)
(2). According to a modified literature procedure,2 a flame-dried
flask was charged with 2-bromo pyridine (2.62 mL, 4.25 g, 26.88
mmol, 3.0 equiv), and 100 mL of absolute tetrahydrofuran was added.
After cooling the mixture to −78 °C, a solution of n-butyl lithium (2.5
M in hexanes, 10.75 mL, 1.72 g, 26.88 mmol, 3.0 equiv) was added
dropwise, resulting in a color change to yellowish brown. The mixture
was stirred at −78 °C for 10 min, and then a solution of 1-(6-(1,1-
dipyridin-2-yl)ethyl)pyridin-2-yl)ethan-1-one (0.224 M in tetrahy-
drofuran, 40.0 mL, 2.0 g, 8.96 mmol, 1.0 equiv) was added dropwise;
the solution’s color slowly changed to a very dark green. The reaction
was stirred at −78 °C for 40 min; then, 50 mL methanol was added
slowly to quench the reaction. The mixture was allowed to warm to
room temperature, 100 mL of aqueous hydrochloric acid (3 M) was
added, and the organic solvents were removed via rotary evaporation
(90 mbar at 40 °C). The mixture was transferred to a separatory
funnel. Additional 10 mL of aqueous hydrochloric acid (3 M) was
added, and the mixture was washed with dichloromethane (2 × 25
mL); this organic layer was discarded. The aqueous layer was basified
to pH 12 with an aqueous solution of sodium hydroxide (19 M) and
extracted with dichloromethane (3 × 100 mL). These combined
organic layers were dried over anhydrous magnesium sulfate, and the
solvents were removed in vacuo to yield the crude product.
Recrystallization at room temperature from acetone/diethyl ether
gave pure product 2 as a colorless crystalline solid in 67% yield (1.74
g). RF = 0.13 (silica, UV, 10% triethyl amine, 50% ethyl acetate, 40%
hexanes). 1H NMR (400.0 MHz, CDCl3, 295 K): δ = 8.75 (ddd, J =
4.7 Hz, J = 1.7 Hz, J = 0.9 Hz, 2H), 8.31 (d, J = 8.0 Hz, 2H), 8.19 (dt,
J = 7.9 Hz, J = 1.1 Hz, 2H), 8.11 (dd, J = 8.2 Hz, J = 7.4 Hz, 1H), 7.79
(td, J = 7.8 Hz, J = 1.8 Hz, 2H), 7.45 (ddd, J = 7.6 Hz, J = 4.7 Hz, J =
1.2 Hz, 2H) ppm. NMR data are in accordance with the literature.2

HR−MS (ESI): Calculated for C17H12N3O2 [M + H]+: 290.09295 m/
z; Found: 290.09271 m/z.

Synthesis of L2. According to a modified literature procedure,2 a
flame-dried flask was charged with 2-bromo pyridine (0.36 mL, 0.58 g,
3.66 mmol, 2.12 equiv), and 80 mL of absolute tetrahydrofuran was
added. After the mixture was cooled to −78 °C, a solution of n-butyl
lithium (2.5 M in hexanes, 1.49 mL, 0.24 g, 3.72 mmol, 2.15 equiv)
was added dropwise, resulting in a color change to yellowish brown.
The mixture was stirred at −78 °C for 10 min, and then a solution of
2 (57.5 mM in tetrahydrofuran/1,4-dioxane (4:1), 30.0 mL, 0.5 g,
1.73 mmol, 1.0 equiv) was added dropwise, and the solution’s color
changed first to red and then to a very dark green. The reaction was
stirred at −78 °C for 60 min, then allowed to warm to room

temperature. When LC−MS confirmed complete consumption of 2,
50 mL of methanol was added slowly to quench the reaction. Then,
100 mL of aqueous hydrochloric acid (3 M) was added, the organic
solvents were removed via rotary evaporation (90 mbar @ 40 °C),
and the mixture was transferred to a separatory funnel. An additional
10 mL of aqueous hydrochloric acid (3 M) was added, and the
mixture was washed with dichloromethane (2 × 25 mL); this organic
layer was discarded. The aqueous layer was basified to pH 12 with an
aqueous solution of sodium hydroxide (19 M) and extracted with
dichloromethane (3 × 100 mL). These combined organic layers were
dried over anhydrous magnesium sulfate, and the solvents were
removed in vacuo to yield the crude product. Recrystallization at
room temperature from acetone/diethyl ether gave the pure product
L2 as a colorless solid in a 38% yield (290.0 mg). RF = 0.04 (silica,
UV, 10% methanol, 90% dichloromethane) 1H NMR (400.0 MHz,
CDCl3, 295 K): δ = 8.49 (ddd, J = 4.9 Hz, J = 1.8 Hz, J = 1.0 Hz, 4H),
7.73−7.71 (m, 3H), 7.52 (ddd, J = 8.0 Hz, J = 7.3 Hz, J = 1.8 Hz,
4H), 7.44 (dt, J = 8.0 Hz, J = 1.1 Hz, 4H), 7.17−7.13 (m, 6H) ppm.
NMR data are in accordance with the literature.2 HR−MS (ESI):
Calculated for C27H22N5O2 [M + H]+: 448.17735 m/z; Found:
448.17693 m/z.

Synthesis of [FeIIL2(MeCN)](OTf)2. According to a modified
literature procedure,8,9 ligand L2 (51.0 mg, 0.114 mmol, 1.0 equiv)
was dissolved in 2.55 mL of acetonitrile. Iron(II)bis(acetonitrile)bis-
(triflate) (49.7 mg, 0.114 mmol, 1.0 equiv) was added as a solid,
turning the solution deep red. The mixture was then stirred for an
additional 5 min, and then diethyl ether was diffused into the solution
under ambient conditions to give the product [FeIIL2(MeCN)]-
(OTf)2 × H2O as brown crystals in 77% yield (80.0 mg). 1H NMR
(400.0 MHz, CD3CN, 295 K): δ = 9.73 (d, J = 5.8 Hz, 4H, HPy), 8.17
(m, 5H, HPy/H-2/H-3), 7.98 (ddd, J = 8.1 Hz, J = 7.4 Hz, J = 1.4 Hz,
4H, HPy), 7.56 (ddd, J = 7.4 Hz, J = 5.8 Hz, J = 1.5 Hz, 4H, HPy), 6.85
(s, 2H, OH), 1.96 (s, 3H, CH3CN) ppm. 13C NMR (100.0 MHz,
CD3CN, 295 K): δ = 164.5 (CPy‑quart), 163.1 (C-1), 158.1 (CPy),
140.7 (C-2), 140.0 (CPy), 124.9 (CPy), 122.4 (CPy), 121.0 (C-3), 80.7
(C-4) ppm. HR−MS (ESI): Calculated for C30H25F3FeN5O3S
[FeL2(OTf)]+: 652.05649 m/z; Found: 652.05432 m/z. Elemental
Analysis: Calculated for C33H30F6FeN6O7S2 ([FeIIL2(MeCN)]-
(OTf)2 × H2O): C 43.27, H 3.05, N 9.77, S 7.45. Found: C 43.25,
H 3.12, N 9.79, S 7.91. IR (thin film): ν∼ = 3288, 1738, 1603, 1469,
1444, 1373, 1276, 1244, 1224, 1157, 1096, 1028, 887, 800, 762, 712,
661 cm−1. UV−vis-NIR (MeCN): λ = 347 nm (ε = 5315 l mol−1

cm−1); λ = 420 nm (ε = 5415 l mol−1 cm−1).
Synthesis of [FeIIIL2(OH)](OTf)2. A scintillation vial was charged

with finely ground L2 (200.0 mg, 0.447 mmol, 1.0 equiv) and 1.1 mL
of water. Iron(III) triflate (247.3 mg, 0.492 mmol, 1.1 equiv) was
added, and the suspension was mixed by pumping of an Eppendorf
pipet. The mixture was sonicated for 60 s, shaken, and again sonicated
for 60 s, resulting in a dark red suspension. The mixture was then
syringe-filtered (PTFE, 0.45 μm) to give a clear red-orange solution.
This was placed in a fridge at 4 °C for 3 days until dark red crystals
had formed. The supernatant was removed, and the crystals were
washed with water (2 × 0.5 mL, brief sonication) and subsequently
dried in vacuo to give the pure product [FeIIIL2(OH)](OTf)2 as
brown crystals (67%). HR−MS (EI): Calculated for C27H22FeN5O3
[FeL2(OH)]2+: 260.0536 m/z; Found: 260.0548 m/z. Elemental
Analysis: Calculated for C29H24F6FeN5O10S2 [FeL2(OH)](OTf)2 ×
H2O: C 41.64, H 2.89, N 8.37, S 7.67. Found: C 41.71, H 2.92, N
8.24, S 7.94. IR (thin film): ν∼ = 3450, 3264, 1739, 1604, 1458,
1445, 1364, 1278, 1243, 1222, 1152, 1097, 1027, 927, 810, 795, 766,
741, 675, 662 cm−1.

Synthesis of [FeIVL2(O)][Ce(NO3)6]. According to a modified
literature procedure,8,9 [FeIIL2(MeCN)](OTf)2 (80 mg, 0.950 mmol,
1.0 equiv) was dissolved in 1.2 mL of 3:1 acetonitrile:water.
Cerium(IV) ammonium nitrate (276.4 mg, 0.504 mmol, 5.3 equiv)
was added as a solid, and the mixture was sonicated for 60 s. As a pale
green precipitate began to form, the reaction mixture was placed in
the refrigerator at 4 °C to complete the precipitation. The solid was
collected via centrifugation (600 rpm), washed with 10.5 mL of ice
cold 3:1 acetonitrile: water, and dried in vacuo to yield product
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[FeIVL2(O)][Ce(NO3)6] as a pale green solid (89%). Elemental
Analysis: Calculated for C27H23CeFeN11O22 ([FeIVL2(O)][Ce-
(NO3)6] × H2O): C 30.90, H 2.21, N 14.68. Found: C 30.71, H
2.54, N 15.05. HR−MS (ESI): Calculated for C27H21FeN5O3
[FeIVL2(O)]2+: 259.5497 m/z; Found: 259.5492 m/z. IR (thin
film): ν∼ = 1605, 1504, 1463, 1278, 1170, 1098, 1029, 830, 805, 780,
763, 742, 661, 626, 614 cm−1. UV−vis-NIR (H2O): λ = 720 nm (ε =
292 l mol−1 cm−1).

Reaction Rate Determination via UV−Vis−NIR Spectrosco-
py. Benzyl alcohol, benzaldehyde, and ethylbenzenesulfonic acid were
used as substrates. An aqueous solution of [FeIVL1(O)]2+ or
[FeIVL2(O)]2+ (25 μL, 10 mM, 1 equiv) was diluted with water
(450 μL), and this mixture was added to a 500 μL cuvette with an
aqueous solution of the substrate (25 μL, 10 mM, 1 equiv).
Measurements were started immediately after addition, and spectra
were recorded over a time period of 15 min. The method of initial
rates was applied to calculate the reaction rate constants. The
obtained absorption values were converted to concentrations using
the Lambert−Beer Law. The therefore needed extinction coefficient
was obtained by recording UV−vis−NIR spectra of the complexes in
different concentrations and applying linear regression on a plot of
absorbance against concentration (ε = 277.2 L mol−1 cm−1 for
[FeIVL1(O)]2+ and ε = 291.6 L mol−1 cm−1 for [FeIVL2(O)]2+).
Reaction rates were obtained by linear regression of the decreasing
concentrations and transformed into rate constants. For results, refer
to Table S2, p 7.

Product Identification via 1H NMR Spectroscopy−BnOH
and PhCHO. All aqueous solutions were prepared in deuterated
water. Benzyl alcohol and benzaldehyde were used as substrates. A
solution of the substrate in deuterated water (400 μL, 10 mM, 1
equiv) was mixed with a solution of [FeIVL1(O)]2+ or [FeIVL2(O)]2+
in deuterated water (400 μL, 10 mM, 1 equiv) and reacted for 30 min
at 25 °C. A solution of deuterated hydrochloric acid in deuterated
water (400 μL, 2 mM) was added, and the reaction solution was
extracted with deuterated chloroform (2 × 400 μL). The combined
organic phases were transferred into an NMR tube, and a 1H NMR
spectrum was recorded.

Product Identification via 1H NMR Spectroscopy−EBS. A
solution of ethylbenzylsulfonic acid (EBS) in deuterated water (500
μL, 10 mM, 1 equiv) was mixed with a solution of [FeIVL1(O)]2+ or
[FeIVL2(O)]2+ in deuterated water (500 μL, 10 mM, 1 equiv) and
reacted for 30 min at 25 °C. The reaction mixture was filtered over
silica (1 mL syringe equipped with cotton and silica filled to the 0.5
mL mark). The colorless filtrate was transferred into an NMR tube,
and a 1H NMR spectrum recorded.
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1.2 Synthesis and Characterization of Complexes with Ligand System L3 

To expand the library of iron complexes, a third ligand (L3) was introduced bearing a 

hydrogen at the methine group. The synthesis of this ligand has previously been published 

in 2004 by Dyker and coworkers[202] and recently again by Wang et al..[203] However, to the 

best of our knowledge, no metal complex has been reported with this ligand so far. 

Ligand synthesis 

For the synthesis of L3, the pathway proposed by Dyker and coworkers[202] was chosen, 

which is depicted with slight modifications in Scheme 20. 

 

Scheme 20: Synthetic pathway towards ligand L3 after a modified procedure presented by Dyker and coworkers.[202]  

According to the literature, 2-fluoropyridine is added to lithiated 2-methylpyridine at  

-20 °C in the first synthesis step and the reaction mixture is refluxed.[202] However, it was 

found that under these conditions a mixture of the desired ligand precursor pL3 and the 

side product 17 formed. 17 was isolated from the mixture and characterized with NMR 

spectroscopy as well as low-resolution mass spectrometry. Unfortunately, it was 

challenging to isolate pure pL3 from the mixture as the solid 17 is readily soluble in pL3 

(oil) and separation by flash column chromatography is challenging. Pure pL3 was obtained 

by adapting the reaction conditions. The reaction temperature was decreased from reflux 

to room temperature and the reaction progress was followed every ten minutes. As soon 

as traces of 17 were detected, the reaction was quenched as the separation of pL3 from the 
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starting materials is more comfortable (they are removed in vacuo) than from the side 

product 17. 

In the second step of the synthesis, Dyker and coworkers used 2,6-difluoropyridine in 

conjunction with the lithiated pL3 (6 equivalents) and the mixture is refluxed for 

45 min.[202] Applying these conditions and refluxing for 24 h only afforded unreacted 

starting material. As the desired ligand L3 shows high structural similarity to the previously 

established ligand L1, a synthetic route analogous to that towards L1 was tested. In this 

procedure, 2,6-dichloropyridine and 3.0 equivalents of pL3 are used and the reaction 

mixture is refluxed for 60 h.[91, 94] This attempt afforded the desired compound L3, 

however in this step a side product was also formed in significant amounts. This could be 

attributed to a species 18 at which only one of the two chlorides of 2,6-dichloropyridine 

had reacted. Flash column chromatography did not achieve successful separation of the two 

species. The attempt of performing the reaction again with compound 18 as starting 

material did not yield higher amounts of L3. The amount of side product 18 forming could 

be reduced by using 6 equivalents of the precursor pL3 as initially proposed by Dyker and 

coworkers.[202] Pure L3 was obtained in 22% yield, however this reaction still lacks 

reproducibility concerning the amount of side product 18 formed. 

Synthesis of iron complexes 

Following the synthetic procedure towards complex [FeIIL1(mecn)](OTf)2 established in 

our group,[94] the corresponding iron(II) complex with L3 was obtained (Scheme 21). The 

species [FeIIL3(mecn)](OTf)2 was confirmed by crystal structure analysis and the data is in 

accordance with previously obtained parameters (see appendix, section VII.11, Table 28 

for comparison of all crystallographic information acquired in this work). 

It has to be noted here, that if a sample of L3 containing impurities (presumably of side 

product 18) was employed in this reaction, single crystal analysis afforded only the desired 

complex [FeIIL3(mecn)](OTf)2. 1H NMR spectra of the isolated crystals however also 

displayed impurities. The impurity also seems to coordinate the iron(II) ion and co-
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crystallizes with the desired complex. To exclude that the additional observed species can 

be attributed to a form of isomerism of the complex, 1H NMR spectra were recorded at 

different temperatures (appendix, section VII.4.3, Figure 72). If different isomers were 

present in the sample, it was expected that the intensities of the signals varied with the 

temperature, shifting the equilibrium of the isomer transformation. This phenomenon was 

not observed but another interesting feature appeared: with increasing temperature, the 

well-defined NMR signals of [FeIIL3(mecn)](OTf)2 transformed into very broad signals. 

This observation was attributed to a temperature-induced spin crossover behavior of this 

complex leading to a paramagnetic species. A more detailed investigation and discussion 

thereof can be found in section IV.2. 

 

Scheme 21: Reaction pathway towards the iron complexes [FeIIL3(mecn)](OTf)2, [FeIIIL3(OH)](OTf)2 and 
[FeIVL3(O)][Ce(NO3)6] based on the synthetic approaches established in our group for the respective complexes 
with ligand systems L1 and L2.[94, 201] CAN: cerium(IV) ammonium nitrate; OTf: triflate. 

As a next step in this project, it was investigated whether the corresponding iron(IV)-oxido 

complex could be formed and isolated from the iron(II) precursor. For this attempt, the 

synthetic procedure established in our group was applied (Scheme 21).[94] Complex 

[FeIVL3(O)][Ce(NO3)6] was obtained as a pale green solid and confirmed by elemental 

analysis as well as UV-vis spectroscopy displaying an absorption band at 730 nm that is 

characteristic for iron(IV)-oxido complexes. 
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To complete the series of iron complexes in this ligand system analogous to the systems L1 

and L2, the synthesis of the iron(III) species [FeIIIL3(OH)](OTf)2  was attempted. Following 

the procedures[201] developed in section IV.1.1 did not afford the desired compound as no 

solid crystallized or precipitated from the reaction mixture (Scheme 21). However, due to 

time limitations, no further condition screenings were performed for this reaction and it 

might still be possible to obtain the iron(III)-hydroxido complex by adapting for example 

the crystallization procedure. 

Reactivity of the iron(IV)-oxido complex 

To test the reactivity of the new iron(IV)-oxido complex towards substrates, the cerium 

ion needed to be removed in order to avoid unwanted substrate oxidation by that species. 

This was accomplished by following the established procedure in which cerium fluoride is 

precipitated by addition of ammonium fluoride under basic conditions.[94] Analogous to the 

complexes of ligand systems L1 and L2, a pale green aqueous solution was obtained with 

L3. However, this solution quickly changed its color from green to orange/yellow within 

a minute indicating decay of the iron(IV)-oxido species. This assumption was confirmed by 

following the characteristic iron(IV)-oxido absorption over time with UV-vis 

spectrometric analysis before and after the anion exchange procedure (Figure 27). 
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Figure 27: UV-vis spectra of [FeIVL3(O)]2+ with A) cerium(IV) nitrate and B) X- (= F-/(OH)-/(NO3)-) as anion over 
two hours. C) UV-vis absorbance of both species at λ = 718 nm. Conditions: [FeIV=O] = 10 mM, H2O, 25 °C. 

It can be deduced from the experiment that [FeIVL3(O)][Ce(NO3)6] is stable in a similar 

time frame to the complexes [FeIVL1/L2(O)][Ce(NO3)6]. After anion exchange however, 

the iron(IV)-oxido absorption decreases rapidly. This is a very interesting observation as 
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the ligand system does not seem to be the only influence on iron(IV)-oxido stability but 

also the anion or metal salts present as well as changes in pH play a significant role. 

Experiments at different pH values or screening of further anions might be worth 

investigating to elaborate a method stabilizing this complex in solution without the 

cerium(IV) nitrate anion. ICP measurements show no cerium content after the anion 

exchange process. 

Cryo-HR-MS experiments were performed to characterize the synthesized iron complexes 

and to investigate whether the iron(II)/iron(IV) comproportionation reaction as described 

in section IV.1.1 also occurs in this L3 ligand system. Samples of [FeIIL3(mecn)](OTf)2, 

[FeIVL3(O)][Ce(NO3)6] and equimolar mixtures thereof were analyzed. The resulting 

spectrum of sample [FeIVL3(O)][Ce(NO3)6] together with simulated spectra is shown in 

Figure 28. 

 

Figure 28: Experimentally obtained HR-MS spectrum of [FeIVL3(O)][Ce(NO3)6] as well as simulated spectra. 
Measurements and simulations were performed by Laura Senft (Ivanović-Burmazović group, LMU Munich). 
Conditions: [FeIV=O] = 0.005 mM, H2O, 5 °C.  
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The iron(IV)-oxido complex could be identified in the HR-MS spectrum. Additional signals 

were attributed to the corresponding iron(II) and iron(III)-hydroxido species. The presence 

of these two compounds hint towards a decay of the iron(IV)-oxido complex during 

measurement. The detection of the iron(III)-hydroxido species is of special interest as it 

indicates that this compound can be formed even though synthesis attempts have not been 

successful yet. Furthermore, it can be assumed that also in this ligand system an 

iron(II)/iron(IV) comproportionation reaction occurs forming the iron(III)-hydroxido 

species. An overview of the conducted experiments and the species detected by cryo-HR-

mass spectrometry is given in Table 11. 

Table 11: Observed species from cryo-HR-MS measurements. Species marked with a bold x seem to be the main 
species in the spectra. Measurements and simulations were performed by Laura Senft (Ivanović-Burmazović group, 
LMU Munich). All spectra can be found in the appendix, section VII.10. 

measured 
compounds 

observed species 

FeII FeIII-OH FeIV=O others 

[FeIIL3(mecn)](OTf)2 x x x FeII-O2, FeII-OTf 

[FeIVL3(O)][Ce(NO3)6] x x x FeII-O2 

[FeIIL3(mecn)](OTf)2 + 

[FeIVL3(O)][Ce(NO3)6] 
x x x FeII-O2 

 

Interestingly, all three iron complexes seem to be present in the sample of the iron(II) 

compound (compare appendix, Figure 83). This is a surprising result as oxidation of this 

kind of species usually does not occur spontaneously but rather strong oxidants are 

required. In addition to the expected iron complexes, another signal was detected that 

might be attributed to an iron(II)-dioxygen species. To get more insight into this reactivity, 

repetitions of this experiment with samples enriched with oxygen or under inert conditions 

could be interesting. 

To conclude, a new iron(II) complex was introduced with ligand system L3 displaying 

interesting features such as possible spin crossover activities (more details are provided in 
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the following section IV.2). This iron(II) precursor was successfully oxidized to form a new 

iron(IV)-oxido complex. However, a fast decay was observed after removal of the 

cerium(IV) nitrate anion suggesting a higher reactivity of this complex compared to its 

L1/L2 counterparts. To employ this species in substrate investigations, a stabilization 

method for instance by the presence of other species or by changes in the pH needs to be 

established. 
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2 Spin Crossover Properties of Iron(II) Complexes 

While working with iron(II) species with ligand system L3, it was observed that 1H NMR 

spectra at higher temperatures exhibit paramagnetic properties. This observation was 

attributed to possible temperature-induced spin flip behavior. A short insight into the field 

of spin crossover (SCO) properties of transition metal complexes related to the research 

of our group is given in the following. 

Octahedral transition metal complexes with d4-d7 configuration can be present either in a 

high spin (HS) or low spin (LS) state, depending on the ligand field strength of the 

corresponding ligands. In compounds displaying SCO properties the spin state can be 

interconverted by external stimuli such as temperature variation, light irradiation or change 

in pressure.[204-205] This phenomenon was first described by Cambi and coworkers in 1931 

where a series of tris(N,N-disubstituted-dithiocarbamate)iron(III) complexes was 

investigated.[206-207] More than thirty years later, the first example of thermal SCO behavior 

on iron(II) complexes ([Fe(phen)2(NCS)2], phen = 1,10-phenanthroline, 

SCN- = thiocyanate) was presented.[208] Since then, a multitude of complexes undergoing 

spin transitions have been reported.[209-215] In particular, numerous iron(II) complexes have 

been investigated, most of them possessing a N6 coordination sphere.[216-219] The spin 

transition of octahedral iron(II) complexes is visualized in Figure 29. 

 

Figure 29: Transition between LS and HS states of octahedral iron(II) complexes induced by a change in 
temperature. 

Usually, this alteration in the electronic configuration of the central metal ion leads to a 

change in physical properties of the compounds.[220-222] This can be observed for example 
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in crystal structure analysis since the transfer of electrons from non-bonding into 

antibonding orbitals weakens the Fe-N bonds and results in longer bond lengths. 

Furthermore, SCO properties are commonly accompanied by color changes of the 

compounds. The frequently observed intense charge-transfer absorption bands are more 

pronounced in HS complexes compared to LS complexes. Temperature-dependent UV-

vis spectroscopy is therefore a regularly used tool to study SCO behavior.[223-228] 

The change in physical properties upon SCO allows a wide range of applications in the 

fields of information storage, chemical sensors, display technology and molecular switches 

amongst others.[229-231] For these applications, the compounds ideally feature a T1/2 

(temperature at which 50% of the complex completed spin transition) near room 

temperature, a wide hysteresis loop and abrupt spin transitions.[221] 

Recent work of Liu and coworkers[218] for instance showed an iron(II) complex displaying 

SCO properties that was coupled to a so-called aggregation-induced emission luminogen 

(AIEgen). The switch from LS to HS state of the iron(II) complex at higher temperatures 

lead to a significant increase in the Fe-N bond lengths. This change induced a five-fold 

increase in luminescence intensity of the AIEgen compound. This process is illustrated in 

Figure 30. The authors were also able to observe the change in spin state by temperature-

dependent UV-vis spectroscopy. 
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Figure 30: Schematic illustration of SCO responsive aggregation-induced emission luminogens (AIEgens) by SCO-
tuned intermolecular interactions. The grey dashed lines represent the intermolecular contact interactions. Figure 
taken from reference.[218] 

Iron(II) complexes with SCO activity have also been reported with ligand systems that are 

commonly used in our group. The most interesting complexes related to our work are 

depicted in Chart 9. 

 

Chart 9: Overview of selected reported iron(II) complexes with SCO properties.[79, 191, 232-233] 

In 2020, Messinger and coworkers discovered that the iron(II) complex [FeIIL2Cl]+ was 

able to perform spin transition from HS to LS at low temperatures[232] although it was 

assumed before that chloride ligands provoke only HS state due to their weak-field ligand 

property. The SCO transition of this complex could be upshifted to temperatures near 

room temperature (Tao and coworkers) by the replacement of the electron-withdrawing 

hydroxyl groups with electron-donating methyl groups in the ligand.[233] 
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In addition to changes in the pentapyridyl ligand backbone, the nature of the axial ligand 

also has an enormous impact on the spin state of the complex. In the work of Hedman and 

coworkers, chloride as weak-field ligand led to HS complexes, whereas the strong-field 

ligand acetonitrile generated a LS complex.[191] Ligands with intermediate strength such as 

azide or methanol resulted in complexes that undergo spin transition. In the case of 

methanol, no complete SCO to the LS configuration was achieved. Temperature-

dependent UV-vis spectroscopy revealed an increase in intensity of the iron(II) ligand-to-

metal charge-transfer band at lower temperatures. 

Similar observations were made by Nordlander and coworkers investigating an iron(II) 

complex with a quinoline-substituted pentadentate ligand.[79] A chloride, fluoride or water 

co-ligand led to the HS complex and acetonitrile in contrast generated a complex with SCO 

properties. 

Since previous literature described the ligand systems used in our group as perfect 

candidates for investigations on SCO behavior, the aim was to have a closer look at these 

properties. The already characterized iron(II) complexes from our group as well as 

additional newly synthesized complexes with the established ligand systems but differing in 

the co-ligand at the axial position should be examined. 

2.1 Synthesis and Characterization of Iron(II) Complexes 

Based on these observations from the literature, it was decided to investigate the SCO 

properties of a series of iron(II) complexes (Chart 10) with variations in the pentapyridyl 

ligand backbone (bringing different electronic properties into the system) as well as with 

different co-ligands. Their ligand field strength (position in the spectrochemical series) 

seems to be a determining factor for HS or LS complexes. Acetonitrile was chosen as a 

rather strong-field co-ligand tending to form LS complexes and water as well as methanol 

with intermediate ligand field strength were expected to form HS complexes or mixed 

state complexes. Together with the changes in the ligand backbone, it was anticipated to 
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confirm these expectations experimentally and eventually discover species that display a 

complete spin crossover around room temperature. 
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Chart 10: Overview of iron(II) complexes planned for investigations on spin crossover properties. All complexes 
should be synthesized with triflate as anion. 

Acetonitrile complexes [FeIIL1/L2/L3(mecn)](OTf)2 

The complexes bearing an acetonitrile co-ligand were synthesized following the procedures 

described before (section VI.2).[94] The ligands were suspended in acetonitrile and addition 

of iron(II) triflate resulted in complex formation which was isolated through crystallization 

by diffusion of diethyl ether into the reaction solution (Scheme 22). 

 

Scheme 22: Synthetic pathway towards the complexes [FeIIL1/L2/L3(mecn)](OTf)2. 
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Crystals in sufficient quality for crystal structure analysis could be obtained for all three 

ligand systems (see appendix, section VII.11). Complex [FeIIL3(mecn)]2+ was also 

characterized by Mößbauer spectroscopy (Figure 31). 
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Figure 31: Experimentally obtained solid-state and simulated Mössbauer spectra of [FeIIL3(mecn)]2+. Mössbauer 
spectra were acquired at 80 K. Measurement and simulation performed by Jan Kruse (group of Franc Meyer, 
Göttingen). 

Similar to the previously characterized complexes [FeIIL1(mecn)]2+ and [FeIIL2(mecn)]2+ 

(section IV.1.1), this complex is present as a low-spin S = 0 iron(II) species with an 

isomeric shift of δ = 0.53 mm s-1 and a quadrupole splitting of ΔEQ = 0.37 mm s-1. A 

comparison of all Mößbauer data acquired in this work can be found in the appendix,  

Table 27. 

The three acetonitrile complexes were also objected to analysis by IR spectroscopy. A 

comparison of the resulting spectra is depicted in Figure 32. All three complexes exhibit 

very similar features. An almost identical sharp band can be found at a wavenumber of 

1025 cm-1 and a second well-pronounced band is located at approximately 1125 cm-1 with 

slight shifts depending on the compound. In a range between 1210 and 1280 cm-1, three 

signals are observed with the middle one being the most intense at approximately  

1225 cm-1. 
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Figure 32: Detailed view of IR spectra of the complexes [FeIIL1/L2/L3(mecn)](OTf)2. Full spectra can be found in 
the appendix, Figure 79. 

Aqua complexes [FeIIL1/L2/L3(OH2)](OTf)2 

It is assumed that in solution, a quick exchange of the co-ligand occurs. A solution of 

[FeIIL1(mecn)]2+ in water should therefore result in the corresponding aqua complex. This 

assumption was corroborated by 1H NMR spectra showing identical peaks for the 

complexes [FeIIL1(mecn)]2+ and [FeIIL1(OH2)]2+ in D2O (except for the free acetonitrile 

signal, see section IV.1.1). It was therefore anticipated to obtain the desired aqua 

complexes by dissolving the corresponding acetonitrile complexes in water (Scheme 23). 

 

Scheme 23: Synthetic pathway towards the complexes [FeIIL1/L2/L3(OH2)](OTf)2. Only the complex with L1 
could be unambiguously identified. 

Unexpectedly, crystallization of the complex from this solution afforded the acetonitrile 

complex. Although the co-ligand exchange is occurring in solution, crystallization seems 

to be preferred with acetonitrile as co-ligand. 
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The desired complex with ligand L1 could be isolated in a reaction of L1 with iron(II) 

triflate in methanol at ambient conditions. It was anticipated to form the methanol complex 

in this procedure, however the aqua complex seems to be preferably formed from the 

amount of water present in the non-dry methanol. Complex [FeIIL1(OH2)]2+ could be 

characterized by crystal structure analysis (see appendix, section VII.11) as well as by 

Mößbauer spectroscopy (Figure 33). 
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Figure 33: Experimentally obtained solid-state and simulated Mössbauer spectra of [FeIIL1(OH2)]2+. Mössbauer 
spectra were acquired at 80 K. Measurement and simulation performed by Jan Kruse (group of Franc Meyer, 
Göttingen). 

Similar to the before characterized iron(II) complexes, this complex is present as a low-

spin S = 0 iron(II) species with an isomeric shift of δ = 0.56 mm s-1 and a quadrupole 

splitting of ΔEQ = 0.36 mm s-1. A comparison of all Mößbauer data acquired in this work 

can be found in the appendix, Table 27. 

The synthesis of complexes [FeIIL2(OH2)]2+ and [FeIIL3(OH2)]2+ did not yield any crystals 

suitable for crystal structure analysis. The solvent was evaporated and the isolated 

green/yellow solids were analyzed with IR spectroscopy. 
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Figure 34: Detailed view of IR spectra of the complexes [FeIIL1/L2/L3(OH2)](OTf)2. Full spectra can be found in 
the appendix, Figure 80. 

Compared to the corresponding acetonitrile complexes which exhibited distinct 

similarities in the spectra (Figure 32), the aqua complexes feature more differences in the 

spectra such as shifts of the signals in wavenumber or intensity. All spectra display the 

pronounced signal at approximately 1025 cm-1 that also has been observed in the spectra 

of acetonitrile complexes (Figure 32). A direct comparison of the acetonitrile and aqua 

complexes of L1 ([FeIIL1(mecn)]2+ and [FeIIL1(OH2)]2+) can be found in the appendix, 

Figure 81. Since only the structure of complex [FeIIL1(OH2)]2+ has been confirmed by 

crystal structure analysis in this series, it was hoped that similarities in the IR spectra would 

corroborate the suggested structures for the other two ligand systems. However, an 

unequivocal assignment of the complexes without known references on the basis of the 

recorded IR spectra is not possible. 

Methanol complexes [FeIIL1/L2/L3(MeOH)](OTf)2 

To avoid the formation of aqua complexes, the synthesis of the methanol species was 

performed under nitrogen atmosphere using dry methanol as solvent (Scheme 24). 
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Scheme 24: Synthetic pathway towards the anticipated complex [FeIIL1(MeOH)](OTf)2. 

Crystals suitable for crystal structure analysis could be obtained by diffusion of tert-butyl 

methyl ether into the reaction solution. Surprisingly, an iron(III)-methanolate species was 

obtained instead of the expected iron(II)-methanol complex. This could be stated from the 

obtained Fe-O bond length (1.80 Å) compared to our previous findings and to the 

literature (2.04 Å for Fe(II)-MeOH and 1.78 Å for Fe(III)-OMe in a similar ligand 

system).[180] An overview of important bond lengths acquired from crystal structures in this 

work is given in the appendix, Table 28. 

Interestingly, UV-vis spectra of the obtained crystals rather showed features expected for 

an iron(II) species from intensity as well as the position of the absorption maxima. The 

question arose whether the isolated crystals display a mixture of iron(II) and iron(III) 

species and only the iron(III) species was picked by chance for crystal structure analysis. 

However, a transformation from the isolated iron(III) species to an iron(II) species in 

solution could also be a possibility. Unfortunately, the presence of iron(III) would not be 

visible in a UV-vis spectrum together with an iron(II) species as the high absorption of the 

latter would superimpose all iron(III) absorption. 

To compare the behavior of the species as a solid and in solution, EPR spectra of the isolated 

crystals were recorded as a solid and in solution (Figure 35). 
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Figure 35: A) EPR spectra of the solid [FeIIL1(MeOH)]2+ and/or [FeIIIL1(OMe)]2+ recorded at 77 K and room 
temperature. B) EPR spectra of a saturated solution of [FeIIL1(MeOH)]2+ and/or [FeIIIL1(OMe)]2+ in methanol 
recorded at room temperature. 

No signal was expected for the presumably diamagnetic iron(II) species but the unpaired 

electron of the iron(III) species should be visible similar to our previously detected iron(III) 

complexes (section IV.1.1). The isolated crystals measured as a solid provided a signal at 

room temperature which became more defined and intense recorded at 77 K (Figure 35A) 

and was comparable to our previous measurements, thus confirming the presence of the 

iron(III) complex. The measurement in solution however, turned out to be more 

challenging than expected as limited solubility of the complex afforded only signals in very 

low intensity and resolution. It can not be differentiated whether this low intensity results 

from the low amount of complex in solution or from a conversion of the iron(III) into the 

iron(II) species in solution. 

For further characterization of the oxidation state, Mößbauer measurements were 

conducted on the isolated crystals (Figure 36). 
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Figure 36: Experimentally obtained solid-state and simulated Mößbauer spectra of [FeIIL1(MeOH)]2+ and/or 
[FeIIIL1(OMe)]2+ recorded at 80 K. Measurement and simulation performed by Jan Kruse (group of Franc Meyer, 
Göttingen). 

These measurements revealed that these isolated crystals are composed of a mixture of an 

iron(II) species (74%) and an iron(III) species (26%). The obtained values for isomeric shift 

and quadrupole splitting for the assumed complex [FeIIL1(MeOH)]2+ are nearly identical 

to those observed for [FeIIL1(mecn)]2+ (see appendix Table 27 for a comparison of all 

acquired Mößbauer data). For [FeIIIL1(OMe)]2+ an iron(III) low spin (S = ½) state is 

confirmed with similar parameters as obtained for the iron(III)-hydroxido complex 

[FeIIIL1(OH)]2+. 

It can be assumed from the Mößbauer data that the synthetic procedure where ligand L1 is 

mixed with iron(II) triflate in dry methanol under nitrogen atmosphere (Scheme 24) 

somehow evokes partly oxidation of the iron(II) metal ion and affords complexes in an 

iron(II)/iron(III) mixture. The iron(III) species could be identified by crystal structure 

analysis and the iron(II) species is proposed to present complex [FeIIL1(MeOH)]2+ 

analogous to the before synthesized iron(II) complexes. The compound that is in contrary 

reduced in this process could not be identified. Interestingly, the synthesis of a similar 

iron(II) complex bearing a methanol co-ligand has been previously reported by Stack and 

coworkers.[180] The authors isolated the complex [FeII(Py5(OMe)2(MeOH)](OTf)2 from a 

1:1 mixture of the ligand and iron(II) triflate in methanol. Despite of the structural 
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similarity of both ligands from the pentapyridyl family, the additional methoxy group in 

Py5(OMe)2 seems to favor the formation of the respective iron(II)-methanol complex. The 

corresponding syntheses with ligand systems L2 and L3 were not accomplished due to time 

reasons but are definitely interesting for future investigations. 

2.2 Spin Crossover Properties of Iron(II) Complexes 

The now available iron(II) complexes (Chart 11) were then investigated in terms of spin 

crossover activity. 

 

Chart 11: Overview of iron(II) complexes for spin crossover investigations. All complexes bear triflate as anion. 

Temperature-dependent UV-vis spectroscopy, temperature-dependent 1H NMR 

spectroscopy as well as SQUID measurements were chosen to follow eventual spin 

transitions related to a change in temperature. 

Temperature-dependent UV-vis spectroscopy 

The characteristic absorption bands for iron(II) complexes with similar ligand systems is 

attributed to ligand-centered π-π* transitions (about 270 nm) and metal-to-ligand charge 

transfers (MLCT, about 340 nm).[85, 223-228] These transitions are more pronounced in high 

spin complexes. A temperature-dependent change of spin state should therefore be visible 

in UV-vis spectroscopic analysis (high spin at higher temperatures leading to lower UV-vis 

intensities) and was often observed and described in the literature before.[234]  
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All complexes were measured over a temperature range from 10 °C to 70 °C and 

isopropanol was chosen as solvent for all complexes due to consistency and as it was 

assumed that no exchange of the co-ligand would occur (Figure 37). 
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Figure 37: UV-vis spectra of the complexes A) [FeIIL1(mecn)]2+ and B) [FeIIL2(mecn)]2+ C) [FeIIL3(mecn)]2+ and D) 
[FeIIL1(OH2)]2+ in isopropanol (0.1 mM (A, B, D) and 0.5 mM (C)) recorded between 10 °C and 70 °C. 

All four investigated complexes display a change in the UV-vis spectra upon temperature 

variation; the intensity of the absorption band decreases with increasing temperature. This 

observation is in accordance with the literature and hints towards a transition from low 

spin towards high spin with higher temperatures. 

Comparing the three complexes with acetonitrile as co-ligand ([FeIIL1(mecn)]2+, 

[FeIIL2(mecn)]2+ and [FeIIL3(mecn)]2+), it can be stated that the complex with L1 shows 

the highest intensities of the absorption bands whereas the absorption of the complex with 

L2 is significantly lower. The absorption of the complex with L3 was barely visible at the 
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chosen concentration and therefore was measured at higher concentration (0.5 mM instead 

of 0.1 mM). Assumably, this complex already displays a significant amount of HS state even 

at low temperatures which decreases the intensity in absorption. This assumption also 

explains the observed smaller change in absorption of this complex over the investigated 

temperature range. Furthermore, the absorption band at approximately 450 nm is less 

pronounced in [FeIIL2(mecn)]2+ and not visible in [FeIIL3(mecn)]2+. From this observation 

it can be assumed that the amount of high spin state in the complexes rises from 

L1 < L2 < L3 at the temperatures investigated. It would be interesting here to test lower 

temperatures (especially for investigations on [FeIIL3(mecn)]2+) which unfortunately was 

not possible in this experimental setup. 

In a comparison of the different co-ligands acetonitrile and water within the same basic 

ligand L1 ([FeIIL1(mecn)]2+ and [FeIIL1(OH2)]2+), the shape of the UV-vis spectra is very 

similar. The intensity of the absorption of the complex with water as co-ligand is slightly 

lower than with acetonitrile. Therefore, water as co-ligand seems to provoke a high spin 

state more than acetonitrile. This observation is in accordance with the literature and the 

expectations drawn from the spectrochemical series, where acetonitrile as a strong field 

ligand is known to preferably generate low spin complexes compared to water with 

intermediate ligand field strength. 

Temperature-dependent 1H NMR spectroscopy 

To corroborate these findings with more analytical investigations, the complexes were 

investigated with 1H NMR spectroscopy at varying temperatures. In the LS state, the 

iron(II) complexes exhibit no unpaired electrons and common NMR features are obtained 

measuring these diamagnetic species. With occurring spin transitions into the HS state, the 

complexes transform into paramagnetic compounds which alter the NMR signals, for 

instance resulting in broadening and shifting of the signals. The transition between LS and 

HS complexes should therefore be visible in 1H NMR spectroscopy. Due to consistency 

reasons, all complexes were measured in acetone-d6 (assuming no exchange of the co-

ligand) which allows investigation of a temperature range from -80 to 40 °C. The obtained 
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spectra for [FeIIL1(OH2)]2+ are depicted in Figure 38 and the spectra of the remaining 

complexes can be found in the appendix, section VII.4.3. 
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Figure 38: Complete 1H NMR spectra and detailed views of [FeIIL1(OH2)]2+ recorded between -80 °C and 40 °C 
in acetone-d6. 

At low temperatures, only sharp signals were detected, indicating the presence of a 

complex completely in LS state. With raising temperature, the intensity of these signals 

decreased significantly. Simultaneously, new broad signals appeared in a chemical shift 

range of -4 to 73 ppm which can be attributed to the formation of the paramagnetic species. 

In the case of [FeIIL1(OH2)]2+, both spin states seem to be present at the highest investigated 

temperature of 40 °C. Unfortunately, the nature of the broad paramagnetic NMR signals 

does not allow exact determination of the LS-HS ratio. Still, the main species present at 

low/high temperature and the temperature at which the first paramagnetic signals 

appeared was approximately estimated. An overview is given in Table 12. 

Table 12: Main species at low/high temperature and temperature at which the first paramagnetic signals appeared 
approximately estimated from obtained 1H NMR spectra for the complexes [FeIIL1(mecn)]2+, [FeIIL2(mecn)]2+, 
[FeIIL3(mecn)]2+ and [FeIIL1(OH2)]2+. 

 [FeIIL1(mecn)]2+ [FeIIL2(mecn)]2+ [FeIIL3(mecn)]2+ [FeIIL1(OH2)]2+ 

low T (-80 °C) LS LS LS + HS LS 

SCO start ca -50 °C ca -60 °C ca -80 °C ca -40 °C 

high T (40 °C) LS (+ HS) (LS +) HS HS LS + HS 

 

In the series of acetonitrile complexes, more HS amount at lower temperatures was found 

for L2 compared to L1. The complex with L3 already exhibits HS features at low 

temperatures and no diamagnetic signals were detected at high temperatures. Comparing 
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the influence of the two different co-ligands acetonitrile and water in ligand system L1, 

slightly more HS species seems to be present at higher temperatures in the case of the aqua 

complex. These observations are in line with the findings from UV-vis spectroscopic 

analysis. 

It has to be noted here that some minor signals have been found in all NMR spectra 

recorded in acetone-d6 that were not attributed to specific species and were not observed 

in the respective spectrum for compound characterization. The acetonitrile complexes 

have been characterized in CD3CN at room temperature (see appendix, section VII.4.1), 

characterization of [FeIIL2(mecn)]2+ in D2O however, only afforded paramagnetic signals 

(see appendix, Figure 73). This can be explained by the exchange of the co-ligand 

depending on the respective solvent. The assumption of no coordination of acetone-d6 is 

corroborated by the slightly different spectra obtained for the complexes [FeIIL1(mecn)]2+ 

and [FeIIL1(OH2)]2+. With solely acetone as co-ligand, identical spectra for the two 

complexes were expected. However, partially exchange of the co-ligand by the solvent can 

not be completely excluded. It would be helpful here to repeat the temperature-dependent 

NMR study in the solvent that displays the co-ligand to avoid unwanted exchange. 

However, measurement in different solvents allows different temperature ranges and in 

the case of the water complexes, investigations below 10 °C are not possible. 

Magnetic measurements (SQUID) 

Information on the magnetic susceptibility of the compounds over a broad temperature 

range from 0 to 400 K should be acquired with superconducting quantum interference 

device (SQUID) measurements. These are performed by Serhiy Demeshko from the group 

of Franc Meyer. Due to time limitations on the instrument, only one complex of the series 

was chosen for a first measurement that exhibited the most prominent color change upon 

cooling with liquid nitrogen. The resulting SQUID spectrum of [FeIIL2(mecn)]2+ is shown 

in Figure 39. 
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Figure 39: Experimentally obtained SQUID spectrum of [FeIIL2(mecn)]2+. SQUID spectrum was acquired between 
0 K and 400 K. Measurement performed by Serhiy Demeshko (group of Franc Meyer, Göttingen). 

Surprisingly, no spin transition could be observed in the measurement although both UV-

vis and NMR spectroscopy afforded evidence for this process to occur. However, both 

spectroscopic methods do not reveal any ratios of LS or HS species. The presence of LS 

and HS compounds at 40 °C was stated from NMR spectroscopy for [FeIIL2(mecn)]2+. The 

therein observed paramagnetic signals may only be provoked by traces of the HS complex, 

leading to the merely visible change in magnetic susceptibility between 300 and 400 K. 

Moreover, the different results obtained from SQUID analysis compared to other 

spectroscopic methods may also be explained by sample preparation. A solid sample of 

[FeIIL1(OH2)]2+ was measured in SQUID analysis and for UV-vis as well as NMR 

investigations, a solution of [FeIIL1(OH2)]2+ in isopropanol or acetone-d6, respectively, was 

used. Since the solvent can have a large impact on the spin state, it is possible that 

compound [FeIIL1(OH2)]2+ shows different properties in solution than as a solid. It would 

be interesting to compare this finding with SQUID measurements of the other investigated 

complexes, especially [FeIIL3(mecn)]2+ seems to be a promising candidate as for this 

species, no LS was detected in the NMR spectrum at 40 °C. 

Crystal structure analysis 

In iron(II) high spin complexes, the Fe-N bonds from the iron centre to the ligand are 

weakened by the transfer of electrons from the non-bonding into the antibonding 
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orbitals.[235] This is reflected by the resulting longer bond lengths observed in crystal 

structure analysis. Table 13 shows a comparison of two low spin iron complexes (iron(II) 

and iron(III)) newly characterized in this work with similar complexes from the literature 

that exist in the high spin state (iron(II) and iron(III)). 

Table 13: Selected bond lengths in single crystals of complexes from this work as well as from the literature (a),[236] 
b)[180]) for comparison reasons together with their respective spin state. Pyeq. = pyridines in the equatorial plane, 
Pyax. = axial pyridine. For values involving equatorial pyridines the average value is provided.  

complex spin state Fe-N(Pyeq) Fe-N(Pyax) 

[FeIIL1(OH2)](OTf)2 LS 2.00 Å 1.96 Å 

[FeIIPy5(OMe)2(MeOH)](OTf)2
a) HS 2.18 Å 2.10 Å 

[FeIIIL1(OMe)](OTf)2 LS 2.02 Å 2.02 Å 

[FeIIIPy5(OMe)2(OMe)](OTf)2
b) HS 2.17 Å 2.15 Å 

 

Regarding the two iron(II) complexes, a significant increase in Fe-N bond lengths is found 

in the HS-iron(II) complex [FeIIPy5(OMe)2(MeOH)](OTf)2 compared to the shown LS-

iron(II) complex. The same phenomenon is observed in the case of the HS-/LS-iron(III) 

species. In this example, the only difference between the two complexes is the ligand 

Py5(OMe)2 versus Py5Me2 (L1). As shortly described in the introduction of this chapter, 

investigations on spin crossover properties of iron(II) complexes in the Py5(OMe)2 ligand 

system with a variety of different co-ligands (such as MeOH, OH2, MeCN, pyridine, 

chloride, benzyl, azide, methanolate, phenylate or cyanate) have been presented in the 

literature.[191, 237] The comparison of the described complexes with newly synthesized 

complexes from ligand system L1 and L2 would be very interesting. 

To conclude, the synthesis of two new iron(II) complexes was accomplished in this project. 

Compound [FeIIL1(OH2)](OTf)2 was thoroughly characterized using crystal structure 

analysis as well as UV-vis, IR and Mößbauer spectroscopy. The second newly isolated 

species [FeIIIL1(OMe)](OTf)2 was confirmed by crystal structure analysis, however UV-

vis, EPR and Mößbauer spectroscopy indicated a mixture of iron(II) and iron(III) 
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complexes. As the synthesis of the complexes with methanol as co-ligand turned out to be 

more challenging than expected, further investigations will focus on the synthesis of the 

aqua complexes of L2 and L3. The SCO properties of the available complexes 

([FeIIL1/L2/L3(mecn)]2+ and [FeIIL1(OH2)]2+) were studied using temperature-dependent 

UV-vis and 1H NMR spectroscopy. Both methods revealed changes in the spectra that were 

attributed to a spin transition from LS to HS with higher temperatures for all complexes. 

As shown in Figure 40, the amount of HS complex depends on the ligand (L1 < L2 < L3) 

and on the co-ligand (mecn < OH2). 
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Figure 40: Alignment of the investigated complexes based on the estimated amount of LS/HS complex observed in 
temperature-dependent 1H NMR spectroscopy. 

Further current investigations will focus on the synthesis of the aqua complexes with L2 

and L3 to complete the series. The spin crossover behavior of all obtained species will be 

analyzed and complemented by SQUID measurements. 
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V. SUMMARY AND OUTLOOK 

This work comprises a comprehensive study on synthetic iron(IV)-oxido complexes 

focusing on substrate reactivity studies and on understanding as well as expanding this 

system followed by suggestions of possible applications in different processes. The results 

from the different approaches are shortly summarized in the following. 

Approaching Natural Substrates of TET Enzymes 

The iron(IV)-oxido complex [FeIVL1(O)]2+ has previously been established as a functional 

model of TET enzymes in our group and the reactivity has been tested with the substrate 

5-methylcytosine.[94] In addition to the nucleobase, investigations on the 

deoxyribonucleoside as well as first studies on 5-methylcytosine-containing 

oligonucleotides have also been conducted.[96] It could be shown in this work that 

comparable to the corresponding deoxyribonucleoside, 5-methylribocytidine can also be 

oxidized to its natural metabolites 5-hydroxymethylribocytidine, 5-formylribocytidine and 

5-carboxyribocytidine. The product distribution was monitored over the reaction time by 

HPLC-MS analysis. 

 

Chart 12: Model substrates for reaction with the synthetic iron(IV)-oxido model complex. Substrate complexity 
increases from the simple nucleobase towards single-stranded DNA. Substrates investigated in this work are 
highlighted. 

Reactivity studies on 5-methylcytosine-containing oligonucleotides were further 

elaborated. Compared to the former studies, the overall oxidation of 5-methylcytidine in 
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oligonucleotides was increased from approximately 7% to 63% and depending on the 

reaction conditions, selective accumulation of 5-formyldeoxycytidine was achieved. 

Unfortunately, MALDI-MS experiments revealed significant oligonucleotide 

decomposition under these conditions. First reactions between 5-methylcytosine-

containing single-stranded DNA and [FeIVL1(O)]2+ showed small conversion, preferred 

oxidation of thymine residues and partial decomposition of the DNA strand. The DNA 

sample can possibly be stabilized in buffered systems (promising first results were achieved 

with phosphate buffered saline) and the use of this complex for more selective oxidation of 

RNA samples containing uracil instead of thymine would be very interesting. 

Application of the Iron(IV)-oxido Complex in Synthetic Epigenetics 

The reactivity of various natural and artificial methylated nucleobases with [FeIVL1(O)]2+ 

was investigated. The reaction rates were determined experimentally from time-resolved 

UV-vis spectroscopy and could be correlated to the calculated bond dissociation energies 

of the substrates. These findings further confirm the proposed oxidation mechanism in 

which the hydrogen atom abstraction is considered the rate-limiting step. These results 

emerging from a close cooperation with the Zipse group were published in 2021 (Figure 

41). 

 

Figure 41: Cover feature of the publication from our cooperation with the Zipse group.[119]  
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Application of the Iron(IV)-oxido Complex in Mechanistic Studies on TET Enzymes: Oxidation of 5fC 

via Aldehyde versus Hydrate 

To address the question whether oxidation of 5-formylcytidine occurs through the 

aldehyde or the corresponding hydrate form in enzymatic catalysis, a variety of target 

molecules was considered. Different amounts of hydrate form and close similarity to the 

natural substrate were important features which were found in 6-aza-derived nucleosides. 

The synthesis of all desired substrates, however, turned out to be very challenging. 

Preliminary reactivity studies were performed with the available compounds. Together 

with the Zipse group, different synthetic approaches towards the remaining structures are 

currently under investigation and quantification methods via 1H NMR spectroscopy to 

identify the species distributions over time within a reaction of the substrates with the 

iron(IV)-oxido complex will be developed. 

Expanding the System with Additional Ligands: Characterization and Reactivity of New Iron 

Complexes 

Two additional ligands from the pentapyridyl family were introduced and new iron 

complexes synthesized and characterized. The new iron(IV)-oxido species [FeIVL2(O)]2+ 

and [FeIVL3(O)]2+ were obtained and their reactivity compared to the previously 

established system (L1). An iron(II)/iron(IV) comproportionation reaction was identified 

as important side reaction and studied with stopped-flow UV-vis spectroscopy and HR-MS 

analysis. The thereby forming mononuclear iron(III)-hydroxido species 

([FeIIIL1/L2(OH)]2+) could also be synthetically isolated, completing the series of iron(II), 

iron(III) and iron(IV) complexes for two ligand systems. The main part of this study was 

presented in a manuscript that was submitted together with our cooperation partners 

(groups of Prof. Ivanović-Burmazović, Prof. Meyer and Prof. Comba, Scheme 25).[201] 

 

Scheme 25: Schematic representation of the iron(II)/iron(IV) comproportionation reaction, investigated for the 
two ligand systems Py5Me2 (L1) and Py5(OH)2 (L2). 
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Spin Crossover Properties of Iron(II) Complexes 

In the course of the investigations on the new complex [FeIIL3(mecn)]2+, a spin crossover 

towards paramagnetic species at higher temperatures was detected. To closer examine this 

phenomenon, the synthesis and characterization of a series of iron(II) complexes with three 

pentapyridyl ligands and different co-ligands (acetonitrile, water and methanol) was 

attempted. The spin crossover property of the obtained species was investigated with 

temperature-dependent 1H NMR and UV-vis spectroscopy. Ligand system L3 showed the 

highest amount of high spin and the aqua co-ligand induced the presence of slightly more 

high spin species compared to acetonitrile as co-ligand. The synthesis and characterization 

of additional iron(II) complexes as well as the study of their spin crossover properties are 

currently further investigated. 

 

Figure 42: Observed trends in investigations of spin crossover properties of different iron(II) complexes. 
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VI. EXPERIMENTAL PART 

1 Methods and Materials 

General experimental methods 

Chemicals were purchased from commercial sources (Sigma Aldrich, ABCR, Acros 

Organics, Alfa Aesar, TCI Chemicals, Oakwood Chemicals) or the LMU Munich chemical 

supply and used without further purification except for dichloromethane, diethyl ether and 

hexanes. The solvents were purchased from the LMU Munich chemical supply and distilled 

once under reduced pressure prior to use. 

All organic syntheses were carried out in flame-dried glassware under a positive pressure 

of nitrogen gas and magnetically stirred if not stated otherwise. Air- and moisture-sensitive 

chemicals and absolute solvents were transferred via stainless-steel cannula or syringe. 

Organic solutions were concentrated by rotary evaporation at 40 °C. Analytical thin layer 

chromatography (TLC) was performed on pre-coated (silica gel, 0.25 mm, 60 Å pore-size, 

230–400 mesh, Merck KGA) aluminum plates or which were impregnated with a 

fluorescent indicator (254 nm). TLC plates were visualized by exposure to ultraviolet 

light.  

All manipulations concerning iron complexes and substrate reactions were carried out 

under ambient conditions if not stated otherwise. 

MilliQ grade water (pH = 5.5) was used for all experiments, received through deionization 

and subsequent filtration by a Millipore® Synergy® UV system from Merck (Darmstadt, 

Germany). 

Analytical methods 

1H NMR and 13C NMR spectra were recorded, unless otherwise stated, at room 

temperature on Jeol ECP 270 (400MHz), Jeol ECX 400 (400MHz) and Bruker Avance III 
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(400MHz) operating at 400MHz for proton nuclei and 100MHz for carbon nuclei. 

1H chemical shifts are reported in δ units relative to CDCl3
 
(δH = 7.26), MeOD-d4 

(δH = 3.30), CD3CN (δH = 1.93), acetone-d6 (δH = 3.31), D2O (δH = 4.79), DMF-d7 

(δH = 8.03) or DMSO-d6 (δH = 2.50). 13C chemical shifts are given in δ units relative to 

CDCl3
 
(central line of triplet: δC = 77.0), MeOD-d4 (δC = 49.0), CD3CN (δC = 1.30), 

D2O with 5% dioxane (δC = 67.2). The following abbreviations were used: s = singlet, 

d = doublet, t = triplet, dd = doublet of doublet, dt = doublet of triplet, m = multiplet. 

Coupling constants are given in Hertz. The software used for data processing was MNova 

Version 12.0.4. Two-dimensional correlation spectroscopy (COSY), heterobinuclear 

single quantum correlation (HSQC) and heterobinuclear multiple bond connectivity 

(HMBC) experiments were used to assign each signal in the spectra. 

Electrospray Ionization Mass Spectrometry (ESI-MS) and electron ionization mass 

spectroscopy (EI-MS) measurements for characterization of organic compounds and 

complexes was carried out by Dr. Werner Spahl at the department of chemistry. ESI 

spectra were recorded with a Thermo Finnigan LTQ FT Ultra Fourier Transform Ion 

Cyclotron Resonance mass spectrometer with acetonitrile/water as the carrier solvent. 

Samples were dissolved in dichloromethane, methanol, or water prior to measurement at 

concentrations of ~0.1 mg/ml. 

Electron Ionization Mass Spectrometry (EI-MS) spectra were recorded with a 

Thermo Q Exactive GC, a Thermo Finnigan MAT 95 or a Jeol MStation mass 

spectrometer. ESI and EI experiments were carried out by Dr. Werner Spahl at the 

department of chemistry. 

Further, Cryospray-Ionization Mass Spectrometry (CSI-MS) measurements of 

iron complexes and comproportionation reactions were performed on an UHR-TOF 

Bruker Daltonik (Bremen, Germany) maXis plus, an ESI-quadrupole time-of-flight (qToF) 

mass spectrometer capable of a resolution of at least 60.000 (FWHM), which was coupled 

to a Bruker Daltonik Cryospray unit. Detection was in positive ion mode; the source 
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voltage was 3.5 kV, and the flow rate was 240 µl/hour. The temperature of the spray gas 

(N2) and the temperature of the dry gas (N2) to aid solvent removal were both kept at 5 

°C. The mass spectrometer was calibrated prior to every experiment via direct infusion of 

Agilent ESI-TOF low concentration tuning mixture, which provided an m/z range of singly 

charged peaks up to 2700 Da in both ion modes. Processing of the obtained spectra was 

done with Bruker DataAnalysis 5.2. Samples were prepared by dissolving the iron 

complexes in water at concentrations of c = 5 mM. Then, the samples were either diluted 

directly to a concentration of c = 1 mM for pure compounds or reaction with another iron 

complex in a 1:1 ratio, resulting in a concentration of c = 2.5 mM. These samples were 

then diluted to a concentration of c = 1 mM prior to CSI-MS measurement. 

FT-Infrared Spectroscopy (IR) was carried out with a JASCO FT/IR-460Plus 

with an ATR Diamond Plate. Spectra Manager Version 2 from JASCO was used for Data 

processing. 

Elemental Microanalyses (EA) (C, H, N) were performed with a vario EL 

element analyzer. 

X-ray crystallographic data collection and structure elucidation was performed by Dr. 

Peter Mayer at the Chemistry Department of the Ludwig-Maximilians University Munich. 

The X-ray intensity data were collected on a Bruker D8 Venture TXS system equipped 

with a multilayer mirror optics monochromator and a Mo Kα rotating-anode X-ray tube 

(Λ = 0.71073 Å). The frames were integrated with the Bruker SAINT software package 

using a narrow-frame algorithm[238]. Data were corrected for absorption effects using the 

Multi-Scan method (SADABS)[239]. The structure was solved and refined using the Bruker 

SHELXTL Software Package.[240] 

UV-Vis Spectroscopy measurements were either conducted with an Agilent Cary 60 

UV-Vis with Peltier Element or with an Agilent 8453 Diode Array Spectrophotometer 

with stirred, thermostatted cuvette holder. 10 mm quartz suprasil cuvettes from Hellma 

were used unless noted otherwise. 
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Solid samples were measured on a Cary 500 Scan UV-Vis-NIR-Spectrophotometer with a 

Labsphere DRA-CA-5500 photometer sphere. The Kubelka-Munk function (eq. 2) was used 

to translate the measured diffuse reflection into data, which can be compared to absorption 

experiments. Highly colored samples were diluted with BaSO4 in order to keep the diffuse 

reflectance above at least 60% at all times. 

 𝐾

𝑆
 =  

(1 − 𝑅)ଶ

2𝑅
 (2) 

(R = remission; K = absorption coefficient; R = scattering coefficient) 

Stopped-flow measurements were performed with a SFM-4000/S stopped flow mixer 

from Bio-Logic Science Instruments. The UV-vis spectra were recorded by using a Tidas 

MCS UV/NIR from J&M Analytik AG. 

EPR Spectroscopy measurements were performed using a BRUKER EMXNano X-band 

(9.5 GHz) spectrometer at room temperature. All 1D continuous wave (CW) EPR 

experiments were conducted using a microwave power of 1.0 mW. Modulation 

amplitudes and frequencies of 0.4 mT and 100 kHz were used, respectively. A time 

constant of 1.28 ms and a sweep time of 10 min were also used. 

For centrifugation, a Heraeus Megafuge 8R Benchtop Centrifuge with swinging bucket 

was used. 

A Christ Alpha 1-2 LDplus Lyophilisator (LYO) was used to remove residual water from 

the products. 

For GC-MS measurements an Agilent 7920 GC coupled to an Agilent 5970 EI mass 

spectrometer was used equipped with a silica capillary column (30 m x 0.25 mm) coated 

with cross-linked 5% phenyl/95% methylpolysiloxane. The injector temperature was set 

to 280 °C and the temperature of the ion source 230 °C. 

General derivatization and measurement procedure for GC-MS Samples: Each sample was 

suspended in acetonitrile, BSTFA was added and the mixture was shaken at 70 °C for 
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30 min. The samples were syringe filtered (PTFE, 0.45 µm) and injected onto the 

aforementioned GC-MS instrument. The initial oven temperature was 80 °C, held there 

for 2 min, ramped to 240 °C at 5 K/min and then held there for 20 min. 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was 

conducted by the central analysis department on a VARIAN-VISTA instrument with an 

autosampler. To sample solutions, 0.15 ml of concentrated nitric acid (69%, Aristar for 

trace analysis by VWR®) were added and the mixture incubated at 105 °C. After being 

allowed to cool to room temperature, the samples were diluted with MilliQ® grade water 

to a total volume of 5.0 ml. The measurements were then conducted on a Varian® ICP 

OES Vista Pro RL and repeated a total of three times for 10 s; each after a stabilization 

period of 45 s. For the measurement of the iron content the wavelengths 234 nm, 238 nm, 

239 nm, and 259 nm were used while 380 nm, 407 nm, 418 nm, and 447 nm were used 

to determine the cerium content. 

Cyclic voltammetry measurements were performed using an Autolab instrument with 

a PGSTAT 204 potentiostat. A three-electrode arrangement was employed consisting of a 

glassy carbon disk working electrode (A = 0.07 cm2) (Metrohm), a platinum counter 

electrode (Metrohm) and a silver wire (Metrohm) as reference electrode. Potentials were 

referred to a Fc/Fc+ redox couple, in acetonitrile and to an Ag/AgCl/(3 M KCl) reference 

electrode in water. Prior to each experiment, the working electrode was polished with 1 

µm alumina, rinsed with deionized water and wiped with a paper tissue. In a typical 

experiment, a 1 mM solution of the iron compound in acetonitrile or water, with 0.1 M 

TEAPF6 or KNO3 respectively as support electrolyte was purged with nitrogen and then 

analyzed. 

HPLC traces were recorded on an Agilent 1260 Infinity II HPLC system, equipped with a 

flexible quaternary pump (G7104C), a vialsampler with heatable column compartment 

(G7129C) and a multi-wavelength detector (G7165A). An ACE C-18/PFP column 

(150×4.6mm; 5 μm; 100 Å) was used with a binary solvent system grading from 100% 

A/0% B to 99% A/1% B over 18 min (A: 0.1% TFA in H2O; B: 0.1% TFA in MeCN). 
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In the case of the oligonucleotide experiments, nucleosides of interest were quantified 

using the stable isotope dilution technique.[241] Internal standards (isotopically labelled 

5mdC*, 5hmdC*, 5fdC*, 5cadC*, and 8-oxo-dG*) were added to a sample and the 

samples were then digested using Degradase Plus from Zymo Research, and subsequently 

measured on a tandem UHPLC-MS/MS system (UHPLC system: Agilent Technologies, 

model no. 1290 Infinity II LC; MS system: Triple quadrupole LC/MS system with iFunnel 

technology (Agilent Technologies, model no. 6490)). The exact method was described 

here.[241] The sample data were analyzed by Quantitative MassHunter Software from 

Agilent. Nucleosides dC and dG were quantified using the signal of the UV-trace with 

known calibration curves.[241] 

MALDI Mass Spectra were recorded on a Bruker Autoflex maX time-of-flight mass 

spectrometer equipped with a nitrogen laser (λ =337 nm). The oligonucleotides (2-3 μL) 

were desalted on a 0.025 μm VSWP filter (Millipore) and co-crystallized in a 3-

hydroxypicolinic acid matrix (HPA, 1 μL). 

Mößbauer spectra were recorded using an alternating constant acceleration Wissel 

Mößbauer spectrometer operated in the transmission mode, equipped with a 57Co source 

in a rhodium matrix and a Janis closed-cycle He cryostat. Simulated Lorentzian doublet 

spectra were fitted to the experimental data using the program mf2.SL.[242] 

Temperature-dependent magnetic susceptibility measurements were carried out with 

a Quantum-Design MPMS3 SQUID magnetometer equipped with a 7 Tesla magnet in the 

range from 400 to 2.0 K at a magnetic field of 0.5 T. The powdered sample was contained 

in a polycarbonate capsule and fixed in a non-magnetic sample holder. Each raw data file 

for the measured magnetic moment was corrected for the diamagnetic contribution of the 

sample holder and the polycarbonate capsule. The molar susceptibility data were corrected 

for the diamagnetic contribution. 
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Flash column chromatography was performed by the Interchim PuriFlash PF420. 

Self-Packed columns were used, with Silica gel 60 (40-63 µm) from Merck as stationary 

phase. As eluent, the solvent mixtures mentioned in the specific experiments were used. 

ESI-LRMS/LC-ESI-LRMS measurements were performed on an Agilent 1100 SL 

system (G1313A ALS, G1316A COLCOM, G1316A VWD, G1312A Bin Pump) coupled 

to a Bruker Daltonik HCTultra PTM Discovery system (ESI mode), used either with a 

thermo scientific Hypersil GOLDTM column (50 mm × 2.  mm, 3 µm) or via direct-

injection. As eluent system either a mixture of water/acetonitrile with 0.1% formic acid 

or water/methanol with 0.1% formic acid was used. The flow rate was 0.4 mL/min. As 

detection wavelength either 210 nm, 254 nm, 399 nm or 400 nm was used. 
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2 Synthetic Procedures 

2.1 Syntheses Involving Ligand L1 

Synthesis of pL1 

 

According to a modified literature procedure.[243] 

2-ethylpyridine (6.27 mL, 5.88 g, 54.84 mmol, 2.1 equiv.) was dissolved in dry 

tetrahydrofuran (50 mL) under inert atmosphere (nitrogen) and cooled to −78 °C. A 

solution of n-butyl lithium (2.5 M in hexane, 20.80 mL, 52.01 mmol, 2.0 equiv.) was 

added dropwise turning the solution red. After stirring the reaction mixture for 60 min at 

−78 °C, 2-fluoropyridine (2.21 mL, 2.50 g, 25.8 mmol, 1.0 equiv.) was added dropwise 

and the solution stirred at −78 °C for an additional 10 min. The reaction mixture was 

allowed to warm to room temperature and then stirred at room temperature for 3 h. Ice 

(30 g) was added slowly and additional MilliQ grade water (30 mL) was added, and the 

mixture stirred for 10 min. The layers were separated, and the aqueous layer was extracted 

with dichloromethane (3 x 50 mL). The combined organic layers were dried over 

anhydrous magnesium sulfate and the solvents removed in vacuo. Excess 2-ethylpyridine 

was removed under reduced pressure overnight to yield the product pL1 as an orange oil 

(3.79 g, 84%). 

1H NMR (400.0 MHz, CDCl3, 295 K): δ = 8.55 (ddd, J = 4.9 Hz, J = 1.9 Hz, J = 0.9 

Hz, 2H, H-4), 7.60 (td, J = 7.7 Hz, J = 1.8 Hz, 2H, H-6), 7.28 (dd, J = 7.9 Hz, J = 1.0 

Hz, 2H, H-7), 7.11 (ddd, J = 7.5 H, J = 4.9 Hz, J = 1.2 Hz, 2H, H-5), 4.48 (q, J = 7.2 

Hz, 2H, H-2), 1.76 (d, J = 7.2 Hz, 3H, H-1) ppm. 
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13C NMR (100.0 MHz, CDCl3, 295 K): δ = 163.9 (C-8), 149.3 (C-4), 136.6 (C-6), 122.5 

(C-7), 121.5 (C-5), 49.9 (C-2), 19.8 (C-1) ppm. 

HR-MS (ESI): calc. for C12H13N2 [M+H]+: 185.10787 m/z; found: 185.10723 m/z. 
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Synthesis of L1 

 

According to a modified literature procedure.[91] 

pL1 (2.00 g, 10.9 mmol, 3.0 equiv.) was dissolved in dry 1,4-dioxane (36 mL) under inert 

atmosphere (nitrogen) and dry tetrahydrofuran (4 mL) and cooled to 0 °C. A solution of 

n-butyl lithium (2.5 M in hexane, 4.34 mL, 10.9 mmol, 3.0 equiv.) was added and the 

solution turned red. The mixture was stirred for 45 min at 0 °C, then 2,6-dichloropyridine 

(535.5 mg, 3.62 mmol, 1.0 equiv.) was added. The reaction mixture was allowed to warm 

to room temperature and then heated to reflux (105 °C) for 60 hours. The mixture was 

allowed to cool to room temperature and water (20 mL) was added. The solution was 

extracted with dichloromethane (3 x 70 mL), the combined organic layers were dried over 

anhydrous magnesium sulfate and the solvents removed in vacuo. Methanol (40 mL) was 

added, and the solvents removed in vacuo to remove residual 1,4-dioxane. Diethyl ether 

was added until a yellow precipitate began to form which was filtered, washed with diethyl 

ether (1 x 10 mL) and dried to yield the product L1 as a yellow solid (91%). 

1H NMR (400.0 MHz, CDCl3, 295 K): δ = 8.51 (ddd, J = 4.8 Hz, J = 1.9 Hz, 

J = 0.9 Hz, 4H, H-10), 7.54 (t, J = 7.9 Hz, 1H, H-1), 7.39 (ddd, J = 8.1 Hz, J = 7.5 Hz, 

J = 1.9 Hz, 4H, H-8), 7.05 (d, J = 7.9 Hz, 2H, H-2) 7.04 (ddd, J = 7.5 Hz, J = 4.8 Hz, 

J = 1.1 Hz, 4H, H-7), 6.84 (dt, J = 8.0 Hz, J = 1.0 Hz, 4H, H-9), 2.21 (s, 6H, H-5) ppm. 

13C NMR (100.0 MHz, CDCl3, 295 K): δ = 166.2 (C-6), 166.3 (C-3), 148.5 (C-10), 136.8 

(C-8), 135.6 (C-1), 124.1 (C-9), 121.0 (C-2), 120.0 (C-7), 60.1 (C-4), 26.8  

(C-5) ppm. 

HR-MS (ESI): calc. for C29H26N5 [M+H]+: 444.21882 m/z; found: 444.21811 m/z. 
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IR (thin film): 𝜈෤ = 3053, 2992, 1566, 1466, 1428, 1365, 1293, 1153, 1102, 1078, 

1067, 1046, 991, 962, 903, 875, 799, 786, 768, 752, 699, 654 cm−1. 
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Synthesis of [FeIIL1(mecn)](OTf)2  

 

According to a modified literature procedure.[91] 

Ligand L1 (300.0 mg, 0.679 mmol, 1.0 equiv.) was suspended in acetonitrile (15 mL). 

Iron(II)bis(acetonitrile)bis(triflate) (294.9 mg, 0.679 mmol, 1.0 equiv.) was added, 

turning the solution deep red. The mixture was then stirred for 5 min and then diethyl 

ether was diffused into the solution to give the product [FeIIL1(mecn)](OTf)2 as red-brown 

crystals (516.0 mg, 91%). 

1H NMR (400.0 MHz, CD3CN, 295 K): δ = 9.81 (d, J = 5.9 Hz, 4H), 8.03 (s, 3H), 7.93 

(d, J = 3.8 Hz, 8H), 7.54 (m, 4H), 2.75 (s, 6H), 1.96 (s, 3H) ppm. 

13C NMR (100.0 MHz, CD3CN, 295 K): δ = 165.0, 163.0, 158.2, 140.1, 139.7, 124.3, 

123.8, 122.1, 118.3, 55.7, 24.2 ppm. 

HR-MS (ESI): calc. for C30H25F3FeN5O3S [Fe(L1)(mecn)(OTf)]+: 648.09796 m/z; 

found: 648.09648 m/z. calc. for C31H28FeN6 [Fe(L1)(mecn)]2+: 270.08625 m/z; found: 

270.08562 m/z. 

Elemental Analysis: calc. for C33H28F6FeN6O6S2: C, 47.27; H, 3.37; N, 10.02; S, 7.65. 

found: C, 47.03; H, 3.33; N, 9.94; S, 7.86. 

IR (thin film): 𝜈෤ = 1598, 1469, 1442, 1415, 1281, 1251, 1225, 1149, 1070, 1028, 865, 

791, 761, 702 cm−1. 

UV-vis (H2O, 25 °C): absorption maxima at λ = 220, 260, 370, 450 nm. 

ε (λ = 450 nm): 5932.4 L mol-1 cm-1.  
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Synthesis of [FeIIL1(mecn)](OTf)2  

 

Ligand L1 (50.2 mg, 0.113 mmol. 1.0 equiv.) was suspended in methanol (2.5 mL) under 

ambient conditions and iron(II)bis(triflate) (40.06 mg, 0.113 mmol, 1.0 equiv.) was added 

as a solid. The reaction mixture was stirred for 10 min at room temperature and then 

diethyl ether was diffused into the solution under ambient conditions to give the product 

(79.10 mg, 0.096 mmol, 86%) as black crystals. 

1H NMR (400 MHz, acetone-d6, 293 K): δ = 8.32 (d, J = 8.0 Hz, 5H), 8.19 (d, J = 7.7 

Hz, 5H), 8.08 (td, J = 8.4, 7.9, 1.5 Hz, 5H), 7.73 – 7.68 (m, 5H), 3.73 (s, 2H), , 2.08 

(d, J = 1.1 Hz, 6H) ppm. 

IR (thin film): 𝜈෤ = 1597, 1471, 1469, 1439, 1409, 1389, 1289, 1233, 1219, 1278, 

1154, 1028, 861, 802, 764 cm−1. 

UV-vis (H2O, 25 °C): absorption maxima at λ = 210, 260, 370, 460 nm. 

Compound confirmed by crystal structure analysis (section VII.11). 

 

This experiment was part of the research internship of Antonia Goldhammer, conducted 

under my supervision. 
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Synthesis of [FeIIL1(OH)](OTf)2 

 

Ligand L1 (1.00 g, 2.25 mmol, 1.0 equiv.) was suspended in water (40 mL). Iron(III) 

triflate (1.51 mg, 3.00 mmol, 1.3 equiv.) was added. The mixture turned red upon 

mixing, and was sonicated for 1 h at 40 °C. The mixture was filtered through a syringe 

filter (PTFE 0.45 µm) and stored at 4 °C for 3 days. The formed crystals were washed with 

water and dried in vacuo to give [FeIIIL1(OH)](OTf)2 x 2 H2O (no yield determined). 

HR-MS (ESI): calc. for C29H26FeN5O [FeL1(OH)]2+: 258.07434 m/z; found: 

258.07355 m/z. 

Elemental Analysis: calc. for C31H26F6FeN5O7S2: C, 45.71; H, 3.22; N, 8.60; S, 7.87. 

found: C, 44.17; H, 3.36; N, 8.07; S, 7.78.  

IR (thin film): 𝜈෤ = 3424, 3091, 1657, 1599, 1462, 1447, 1390, 1256, 1224, 1154, 

1103, 1026, 914, 868, 847, 782, 764, 742, 664 cm−1. 

Compound confirmed by crystal structure analysis (section Fehler! Verweisquelle 

konnte nicht gefunden werden.). 
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Synthesis of [FeIVL1(O)][Ce(NO3)6] 

 

According to a modified literature procedure.[91] 

[FeIIL1(mecn)](OTf)2 (100 mg, 0.119 mmol, 1.0 equiv.) was dissolved in a 3:1 

acetonitrile:water mixture (1.5 ml). Cerium(IV) ammonium nitrate (347.1 mg, 

0.633 mmol, 5.3 equiv.) was added as a solid and the mixture sonicated for 60 s. A green 

precipitate formed and the reaction mixture was placed in an ice bath for 10 min. The solid 

was collected on a sintered glass frit, washed with an ice cold 3:1 acetonitrile:water 

mixture (1.5 mL) and dried in vacuo to yield product [FeIVL1(O)][Ce(NO3)6] as a green 

solid (107.2 mg, 87%). 

Elemental Analysis: calc. for C29H25CeFeN11O19: C, 33.90; H, 2.45; N, 14.99. found: 

C, 33.81; H, 2.58; N, 15.20. 

ICP-OES: 

Fe: 52.3 mg/g ≙ 0.937 mmol/g 

Ce: 131.5 mg/g ≙ 0.939 mmol/g 

Molecular ratio of Fe:Ce = 1:1 

IR (thin film): 𝜈෤ = 1600, 1496, 1277, 1033, 864, 822, 804, 784, 760, 742 cm−1. 

UV-vis (H2O, 25 °C): absorption maxima at λ = 720 nm. 

ε (λ = 720 nm): 277 L mol-1 cm-1. 

Compound confirmed by crystal structure analysis (section Fehler! Verweisquelle 

konnte nicht gefunden werden.).  
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2.2 Syntheses Involving Ligand L2 

Synthesis of pL2 

 

According to a modified literature procedure.[186] 

A flame-dried flask was charged with 2-bromo pyridine (2.62 mL, 4.25 g, 26.88 mmol, 

3.0 equiv.) in dry tetrahydrofuran (100 mL). After cooling the mixture to −78 °C, a 

solution of n-butyl lithium (2.5 M in hexanes, 10.75 mL, 1.72 g, 26.88 mmol, 3.0 equiv.) 

was added dropwise, resulting in a color change to brown. The mixture was stirred at 

−78 °C for 10 min and then a solution of 1-(6-(1,1-dipyridin-2-yl)ethyl)pyridin-2-

yl)ethan-1-one (0.224 M in tetrahydrofuran, 40.0 mL, 2.0 g, 8.96 mmol, 1.0 equiv.) was 

added dropwise, turning the solution to a very dark green. The reaction was stirred at 

−78 °C for 40 min, then methanol (50 mL) were added slowly to quench the reaction. 

The mixture was allowed to warm to room temperature, of aqueous hydrochloric acid 

(3 M, 100 mL) were added, and organic solvents removed. Additional of aqueous 

hydrochloric acid (3 M, 10 mL) were added, and the mixture washed with 

dichloromethane (2 x 25 mL), this organic layer was discarded. The aqueous layer was 

carefully basified to pH 12 with an aqueous solution of sodium hydroxide (19 M) and 

extracted with dichloromethane (3 x 100 mL). These combined organic layers were dried 

over anhydrous magnesium sulfate and the solvents removed in vacuo. Recrystallization at 

room temperature from acetone/diethyl ether afforded the product pL2 as a colorless 

crystalline solid (1.74 g, 67%). 

1H NMR (400.0 MHz, CDCl3, 295 K): δ = 8.75 (ddd, J = 4.7 Hz, J = 1.7 Hz, 

J = 0.9 Hz, 2H, H-1), 8.31 (d, J = 8.0 Hz, 2H, H-8), 8.19 (dt, J = 7.9 Hz, J = 1.1 Hz, 
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2H, H-4), 8.11 (dd, J = 8.2 Hz, J = 7.4 Hz, 1H, H-9), 7.79 (td, J = 7.8 Hz, J = 1.8 Hz, 

2H, H-3), 7.45 (ddd, J = 7.6 Hz, J = 4.7 Hz, J = 1.2 Hz, 2H, H-2) ppm. 

13C NMR (100.0 MHz, CD3CN, 295 K): δ = 191.91 (C-6), 153.77 (C-7), 153.54 (C-5), 

149.35 (C-1), 137.91 (C-9), 136.57 (C-3), 127.54 (C-8), 126.52 (C-2), 126.21 (C-4) ppm. 

HR-MS (ESI): calc. for C17H12N3O2 [M+H]+: 290.09295 m/z; found: 290.09271 m/z. 

Elemental Analysis: calc. for C17H11N3O2: C, 70.58; H, 3.83; N, 14.53. found: C, 

70.09; H, 3.70; N, 14.11. 
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Synthesis of L2 
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According to a modified literature procedure.[186] 

2-bromo pyridine (0.36 mL, 0.58 g, 3.66 mmol, 2.12 equiv.) was dissolved in dry 

tetrahydrofuran (80 mL) under nitrogen atmosphere. After cooling the mixture to 

−78 °C, a solution of n-butyl lithium (2.5 M in hexanes, 1.49 mL, 0.24 g, 3.72 mmol, 

2.15 equiv.) was added dropwise, resulting in a color change to brown. The mixture was 

stirred at −78 °C for 10 min and then a solution of pL2 (57.5 mM in tetrahydrofuran/1,4-

dioxane (4:1), 30.0 mL, 0.5 g, 1.73 mmol, 1.0 equiv.) was added dropwise, turning the 

solution to a dark green. The reaction was stirred at −78 °C for 60 min, then allowed to 

warm to room temperature. When LC-MS confirmed complete consumption of pL2, 

methanol (50 mL) was added slowly to quench the reaction. Then aqueous hydrochloric 

acid (3 M, 100 mL) was added and the organic solvents removed. Additional aqueous 

hydrochloric acid (3 M, 10 mL) was added, and the mixture washed with dichloromethane 

(2 x 25 mL), this organic layer was discarded. The aqueous layer was carefully basified to 

pH 12 with an aqueous solution of sodium hydroxide (19 M) and extracted with 

dichloromethane (3 x 100 mL). These combined organic layers were dried over anhydrous 

magnesium sulfate and the solvents removed in vacuo. Recrystallization at room 

temperature from acetone/diethyl ether gave the product L2 as a colorless solid 

(290.0 mg, 38%). 

1H NMR (400.0 MHz, CDCl3, 295 K): δ = 8.49 (ddd, J = 4.9 Hz, J = 1.8 Hz, 

J = 1.0 Hz, 4H, H-9), 7.72 (d, J = 1.4 Hz, 1H, H-1), 7.52 (ddd, J = 8.0 Hz, J = 7.4 Hz, 

J = 1.8 Hz, 4H, H-7), 7.44 (dt, J = 8.0 Hz, J = 1.1 Hz, 4H, H-8), 7.17-7.13 (m, 6H,  

H-2, H-6) ppm. 
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13C NMR (100.0 MHz, CD3CN, 295 K): δ = 162.63 (C-5), 147.56 (C-9), 136.21 (C-7), 

123.55 (C-8), 122.51 (C-2), 122.32 (C-6), 120.65 (C-1), 77.48 (C-4) ppm. 

HR-MS (ESI): calc. for C27H22N5O2 [M+H]+: 448.17735 m/z; found: 448.17693 m/z. 

Elemental Analysis: calc. for C27H21N5O2: C, 72.47; H, 4.73; N, 15.65. found: C, 

71.49; H, 4.60; N, 15.24. 
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Synthesis of [FeIIL2(mecn)](OTf)2 

 

According to a modified literature procedure.[91] 

Ligand L2 (51.0 mg, 0.114 mmol, 1.0 equiv.) was suspended in acetonitrile (2.55 mL). 

Iron(II)bis(acetonitrile)bis(triflate) (49.7 mg, 0.114 mmol, 1.0 equiv.) was added as a 

solid, turning the solution deep red. The mixture was then stirred for an additional 5 min 

and then diethyl ether was diffused into the solution under ambient conditions to give the 

product [FeIIL2(mecn)](OTf)2 as red crystals (80.0 mg, 77%). 

1H NMR (400.0 MHz, CD3CN, 295 K): δ = 9.73 (d, J = 5.8 Hz, 4H, HPy), 8.17 (m, 5H, 

HPy/H-2/H-3), 7.98 (ddd, J = 8.1 Hz, J = 7.4 Hz, J = 1.4 Hz, 4H, HPy), 7.56 (ddd, 

J = 7.4 Hz, J = 5.8 Hz, J = 1.5 Hz, 4H, HPy), 6.85 (s, 2H, OH), 1.96 (s, 3H, CH3CN) 

ppm. 

13C NMR (100.0 MHz, CD3CN, 295 K): δ = 164.5 (CPy-quart), 163.1 (C-1), 158.1 (CPy), 

140.7 (C-2), 140.0 (CPy), 124.9 (CPy), 122.4 (CPy), 121.0 (C-3), 80.7 (C-4) ppm. 

HR-MS (ESI): calc. for C30H25F3FeN5O3S [FeL2(OTf)]+: 652.05649 m/z; found: 

652.05432 m/z. 

Elemental Analysis: calc. for C33H30F6FeN6O7S2 ([FeIIL2(mecn)](OTf)2 x H2O): C, 

43.27; H, 3.05; N, 9.77; S, 7.45. found: C, 43.25; H, 3.12; N, 9.79; S, 7.91. 

IR (thin film): 𝜈෤ = 3288, 1738, 1603, 1469, 1444, 1373, 1276, 1244, 1224, 1157, 

1096, 1028, 887, 800, 762, 712, 661 cm-1. 

UV-vis (H2O, 25 °C): absorption maxima at λ = 220, 260, 370, 450 nm. 

ε (λ = 450 nm): 4190 L mol-1 cm-1. 
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Compound confirmed by crystal structure analysis (section Fehler! Verweisquelle 

konnte nicht gefunden werden.). 
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Synthesis of [FeIIIL2(OH)](OTf)2 

 

Finely ground L2 (200.0 mg, 0.447 mmol, 1.0 equiv.) was suspended in water (1.1 mL). 

Iron(III) triflate (247.3 mg, 0.492 mmol, 1.1 equiv.) was added and the mixture was 

sonicated for 60 s, shaken, and again sonicated for 60 s resulting in a orange-red 

suspension. The mixture was then syringe-filtered (PTFE, 0.45 µm) to give a clear orange 

solution. This was placed in a fridge at 4 °C for 3 d until dark red crystals had formed. The 

supernatant was removed, the crystals washed with water (2 x 0.5 mL, brief sonication) 

and subsequently dried in vacuo to give the pure product [FeIIIL2(OH)](OTf)2 as brown 

crystals (no yield determined). 

HR-MS (EI): calc. for C27H22FeN5O3 [FeL2(OH)]2+: 260.0536 m/z; found: 260.0548 

m/z. 

Elemental Analysis: calc. for C29H24F6FeN5O10S2
 [FeL2(OH)](OTf)2 x H2O: C, 41.64; 

H, 2.89; N, 8.37; S, 7.67. found: C, 41.71; H, 2.92; N, 8.24; S, 7.94. 

IR (thin film): 𝜈෤ = 3450, 3264, 1739, 1604, 1458, 1445, 1364, 1278, 1243, 1222, 

1152, 1097, 1027, 927, 810, 795, 766, 741, 675, 662 cm-1. 

Compound confirmed by crystal structure analysis (section Fehler! Verweisquelle 

konnte nicht gefunden werden.). 
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Synthesis of [FeIVL2(O)][Ce(NO3)6] 

 

According to a modified literature procedure.[91] 

[FeIIL2(mecn)](OTf)2 (80 mg, 0.950 mmol, 1.0 equiv.) was dissolved in a 3:1 

acetonitrile:water mixture (1.2 mL). Cerium(IV) ammonium nitrate (276.4 mg, 

0.504 mmol, 5.3 equiv.) was added as a solid and the mixture sonicated for 60 s. As a pale 

green precipitate began to form the reaction mixture was placed on ice for 10 min. The 

solid was collected via filtration, washed with ice cold 3:1 acetonitrile:water (1.2 mL) and 

dried in vacuo to yield product [FeIVL2(O)][Ce(NO3)6] as a pale green solid (no yield 

determined). 

Elemental Analysis: calc. for C27H23CeFeN11O22 (M x H2O): C, 30.90; H, 2.21; N, 

14.68. found: C, 30.71; H, 2.54; N, 15.05. 

HR-MS (ESI): calc. for C27H21FeN5O3 [FeIVL2(O)]2+: 259.5497 m/z; found: 259.5492 

m/z. 

IR (thin film): 𝜈෤ = 1605, 1504, 1463, 1278, 1170, 1098, 1029, 830, 805, 780, 763, 

742, 661, 626, 614 cm−1. 

UV-vis (H2O, 25 °C): absorption maxima at λ = 730 nm. 

ε (λ = 730 nm): 292 L mol-1 cm-1. 
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2.3 Syntheses Involving Ligand L3 

Synthesis of pL3 

 

According to a modified literature procedure.[202] 

A flame-dried SCHLENK flask was charged with 2-methylpyridine (3.73 g, 3.95 mL, 

40.00 mmol, 2.0 equiv.) in dry tetrahydrofuran (40 mL) and then cooled to -78 °C. n-

Butyl lithium (2.5 M in hexane, 16 mL, 40.00 mmol, 2.0 equiv.) was added dropwise. The 

reaction mixture was stirred for 70 min at -78 °C and then allowed to warm to -20 °C. 2-

Fluoropyridine (1.72 mL, 20.00 mmol, 1.0 equiv.) was added to the reaction and the 

mixture was stirred at room temperature for 30 min and then hydrolyzed with ice (40 g). 

The aqueous layer was extracted with dichloromethane (3 x 50 mL) and the combined 

organic layers were dried over anhydrous sodium sulfate. The solvent was evaporated to 

afford pL3 (3818 mg, 22.43 mmol, 56%) as a brown oil. 

1H NMR (400 MHz, CDCl3, 295 K): δ = 8.55 (dd, J = 4.9, 1.9 Hz, 2H, H-1), 7.60 (td, 

J = 7.7, 1.9 Hz, 2H, H-3), 7.26 (dt, J = 7.8, 1.1 Hz, 2H, H-4), 7.12 (ddd, J = 7.5, 4.9, 

1.2 Hz, 2H, H-2), 4.34 (s, 2H, H-6) ppm. 

13C NMR (101 MHz, CDCl3, 295 K) δ = 159.6 (C-5), 149.6 (C-1), 136.7 (C-3), 123.7 

(C-4), 121.6 (C-2), 47.5 (C-6) ppm. 

HR-MS (EI): calc. for C11H10N2 [M]: 170.0844 m/z; found: 170.0793 m/z. 

Elemental Analysis: calc. for C11H10N2: N, 16.46; C, 77.62; H, 5.92. found: N, 

15.94; C, 75.39; H, 5.81. 
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This experiment was part of the research internship of Jan Prohaska and Antonia 

Goldhammer, conducted under my supervision. 
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Synthesis of L3 

 

According to a modified literature procedure.[91, 202] 

A SCHLENK flask was charged with the precursor (1.50 g, 8.81 mmol, 1.0 equiv.) in 1,4-

dioxane/tetrahydrofuran (9:1, 36 mL, 4 mL) and then cooled to 0 °C. n-Butyl lithium 

(2.5 M in hexane, 3.53 mL, 8.81 mmol, 1.0 equiv.) was added dropwise. The reaction 

mixture was stirred at 0 °C for 2 h and then 2,6-dichloropyridine (430 mg, 2.91 mmol, 

0.33 equiv.) was added as a solid and the reaction was heated to reflux for 60 h and was 

then allowed to cool to room temperature. Water (30 mL) was added, and the aqueous 

layer extracted with dichloromethane (3 x 80 mL). The combined organic layers were 

dried over sodium sulfate. Methanol (40 mL) was added and subsequently removed, the 

crude product was recrystallized from diethyl ether to obtain ligand L3 (796 mg, 

1.93 mmol, 22%) as slightly yellow crystals. 

1H NMR (400 MHz, CDCl3, 295 K) δ = 8.53 (ddd, J = 4.9, 1.9, 0.9 Hz, 4H, H-1), 7.58 

(t, J = 7.7 Hz, 1H, H-8), 7.50 (td, J = 7.7, 1.9 Hz, 4H, H-3), 7.19 (t, J = 8.1 Hz, 6H, 

H-7, H-4), 7.10 (ddd, J = 7.5, 4.9, 1.2 Hz, 4H, H-2), 5.92 (s, 2H, H-6) ppm. 

13C NMR (101 MHz, CDCl3, 295 K) δ = 161.6 (C-5), 160.4 (C-9), 149.3 (C-1), 137.4 

(C-8), 136.3 (C-3), 124.3 (C-4), 122.3 (C-7), 121.6 (C-2), 64.1 (C-6) ppm. 

HR-MS (ESI): calc. for C27H22N5 [M+H]: 415.19172 m/z; found: 416.27003 m/z. 

Elemental Analysis: calc. for C27H21N5: N, 16.86; C, 78.05; H, 5.09. found: N, 16.60; 

C, 77.58; H, 5.19. 

Compound confirmed by crystal structure analysis (section VII.11). 
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This experiment was part of the research internship of Jan Prohaska and Antonia 

Goldhammer, conducted under my supervision. 
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Synthesis of [FeIIL3(mecn)](OTf)2  

 

According to a modified literature procedure.[91] 

Ligand L3 (50.3 mg, 0.121 mmol, 1.0 equiv.) was suspended in acetonitrile (2.5 mL), 

then iron(II)bis(acetonitrile)bis(triflate) (47.82 mg, 0.121 mmol, 1.0 equiv.) was added. 

The reaction mixture was stirred for 10 min at room temperature and then methyl tert-

butyl ether was diffused into the solution under ambient conditions to give the product 

(80.0 mg, 0.980 mmol, 82%) as deep red crystals. 

1H NMR (400 MHz, acetone-d6, 293 K) δ = 8.30 (ddd, J = 7.2, 3.1, 1.5 Hz, 5H), 8.10 

– 7.99 (m, 5H), 7.79 (dd, J = 9.0, 5.0 Hz, 5H), 7.17 (s, 5H), 5.62 (m, 2H), 3.12 (s, 2H), 

2.09 (s, 1H), 1.12 (s, 6H) ppm. 

HR-MS (ESI): calc. for C27H21FeN5
2+ [M]2+: 471.1141, found: 471.1126 m/z. 

IR (thin film): 𝜈෤ = 1602, 1479, 1442, 1252, 1223, 1151, 1028, 762 cm-1. 

UV-vis (H2O, 25 °C): absorption maxima at λ = 220, 260, 390 nm. 

Compound confirmed by crystal structure analysis (section VII.11). 

 

This experiment was part of the research internship of Jan Prohaska and Antonia 

Goldhammer, conducted under my supervision. 
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Synthesis of [FeIVL3(O)][Ce(NO3)6] 

 

[FeIIL3(mecn)](OTf)2 (29 mg, 0.036 mmol, 1.0 equiv.) was dissolved in a 3:1 

acetonitrile:water mixture (44 µL). Cerium(IV) ammonium nitrate (103.6 mg, 

0.189 mmol, 5.3 equiv.) was added as a solid and the mixture sonicated for 60 s. As a pale 

green precipitate began to form the reaction mixture was placed on ice for 10 min. The 

solid was collected via filtration, washed with ice cold 3:1 acetonitrile:water (44 µL) and 

dried in vacuo to yield product [FeIVL3(O)][Ce(NO3)6] as a pale green solid (no yield 

determined). 

HR-MS (ESI): calc. for C27H21FeN5O2+ [M]2+: 487.1090, found: 487.1084 m/z. 

UV-vis (H2O, 25 °C): absorption maxima at λ = 730 nm. 

 

This experiment was part of the research internship of Jan Prohaska, conducted under my 

supervision. 
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2.4 Syntheses of Substrates and Substrate Precursors 

Synthesis of 2 

 

According to a modified literature procedure.[244]  

Silyl-protected cytidine 1 (1.36 g, 2.32 mmol, 1.00 equiv.) was dissolved in anhydrous 

acetonitrile (110 mL) followed by the addition of iodine (1.30 g, 5.11 mmol, 2.20 equiv.) 

and ceric ammonium nitrate (2.80 g, 5.11 mmol, 2.20 equiv.). The resulting dark red 

reaction mixture was heated to 60 °C under exclusion of light for 3.5 h. The reaction was 

allowed to cool to 21 °C and the brown suspension was slowly poured into a mixture of 

saturated aqueous sodium bicarbonate solution (150 mL) and aqueous sodium thiosulfate 

solution (1.0 M, 100 mL). Acetonitrile was evaporated from the resulting slightly yellow 

suspension and ethyl acetate (150 mL) was added. After the separation of the layers, the 

aqueous layer was extracted with ethyl acetate (3×80 mL). All organic layers were washed 

with saturated aqueous sodium chloride solution (80 mL) and then dried over magnesium 

sulfate. The filtrate obtained after filtration was concentrated in vacuo. Purification of the 

obtained yellow solid followed by flash column chromatography (2% to 4% to 5% 

methanol in dichloromethane) to afford silyl-protected 5-iodocytidine 2 (1.01 g, 

1.42 mmol, 61%) as a colorless solid.  

1H NMR (400 MHz, CDCl3, 295 K): δ = 8.06 (s, 1H; H-6), 6.81 (s, 1H; H-7a), 5.97 (d, 

J = 4.5Hz, 1H; H-1’), 5.50 (s, 1H; H-7b), 4.16 – 4.05 (m, 2H; H-2’, H-4’), 4.03 – 3.94 

(m, 2H; H-3’, H-5’a), 3.76 (dd, J = 11.6, 2.3 Hz, 1H; H-5’b), 0.99 (s, 9H; TBS), 0.90 (s, 
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9H; TBS), 0.88 (s, 9H; TBS), 0.19 (s, 3H; TBS), 0.19 (s, 3H; TBS), 0.07 (s, 3H; TBS), 0.06 

(s, 3H; TBS), 0.06 (s, 3H; TBS), 0.05 (s, 3H; TBS) ppm. 

13C NMR (101 MHz, CDCl3, 295 K): δ = 163.3 (C-4), 154.8 (C-2), 147.2 (C-6), 89.3 (C-

1’), 84.9 (C-4’), 77.3 (C-5), 76.4 (C-2’), 71.4 (C-3’), 62.6 (C-5’), 26.6 (TBS), 26.0 (TBS), 

26.0 (TBS), 18.9 (TBS), 18.2 (TBS), 18.1 (TBS), −4.1 (TBS), −4.3 (TBS), −4.5 (TBS), 

−4.6 (TBS), −4.6 (TBS), −4.9 ppm.  

HR-MS (ESI): calc. for (C27H55IN3O5Si3)+ [M+H]+: 712.2489, found: 712.2498 m/z. 

Elemental Analysis: calc. for C27H54IN3O5Si3: C, 45.55; H, 7.98; N, 5.90; found: C, 

45.38; H, 7.88; N, 5.91. 

 

This experiment was part of the research internship of Maya Brown, conducted under my 

supervision. 
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Synthesis of 4 

 

According to a modified literature procedure.[158] 

The following reaction was carried out in an high-pressure autoclave under argon 

atmosphere. Silyl-protected iodocytidine 2 (500 mg, 0.702 mmol, 1.00 equiv.) and 

bis(acetonitrile)palladium dichloride (9.11 mg, 35.12 μmol, 0.050 equiv.) were dissolved 

in an- hydrous methanol (8.33 mL) under argon atmosphere in the autoclave. Flushing of 

the autoclave with carbon monoxide gas (3.5 bar) occurred while stirring the reaction 

solution. After 10 min the pressure was released. After achieving carbon monoxide 

saturation of the reaction solution by repeating the flushing procedure two more times, the 

autoclave was filled with carbon monoxide gas (3.5 bar) and the reaction mixture was 

heated to 60 °C. The addition of a solution of N,N-di-iso-propylethylamine (244.68 L, 

1.40 mmol, 2.0 equiv.) in anhydrous methanol (282 L) followed via syringe in one 

portion. The reaction was allowed to cool to 21 °C after 19 h and the pressure was 

released. The reaction was transferred to a 50 mL flask and the autoclave was washed with 

ethyl acetate (10 mL). The orange-black suspension was diluted with ethyl acetate and 

filtered through a plug of silica. The filter cake was washed with ethyl acetate (ca. 1000 mL) 

repeatedly and the filtrate was concentrated in vacuo. The resulting orange solid was 

purified by flash column chromatography (0% to 2% to 5% methanol in dichloromethane) 

to afford silyl-protected 5-methoxycarbonylcytidine 4 (363.5 mg, 0.564 mmol, 80%) as a 

light yellow powder. 

1H NMR (400 MHz, CDCl3, 295 K): δ = 8.50 (s, 1H; H-6), 7.94 (d, J = 4.4 Hz, 1H; H-

9a), 5.96 (d, J = 4.7 Hz, 1H; H-1’), 5.89 (s, 1H; H-9b), 4.23 (t, J = 4.5 Hz, 1H; H-2’), 
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4.12 (m, 1H; H-4’), 3.98 – 3.90 (m, 2H; H-3’, H-5’a), 3.84 (s, 3H; H-8), 3.76 (dd, J = 

11.5, 4.0 Hz, 1H; H-5’b), 0.95 (s, 9H; TBS), 0.90 (s, 9H; TBS), 0.88 (s, 9H; TBS), 0.14 

(s, 3H; TBS), 0.13 (s, 3H; TBS), 0.07 (s, 3H; TBS), 0.06 (s, 3H; TBS), 0.05 (s, 3H; TBS), 

0.04 (s, 3H; TBS) ppm.  

13C NMR (101 MHz, CDCl3, 295 K): δ = 165.4 (C-7), 163.1 (C-4), 153.9 (C-2), 148.2 

(C-6), 95.7 (C-5), 90.2 (C-1’), 85.3 (C-4’), 76.1 (C-2’), 72.0 (C-3’), 63.4 (C-5’), 52.2 (C-

8), 26.2 (TBS), 26.0 (TBS), 26.0 (TBS), 18.2 (TBS), 18.1 (TBS), 18.1 (TBS), −4.1 (TBS), 

−4.3 (TBS), −4.6 (TBS), −4.6 (TBS), −5.1 (TBS), −5.3(TBS) ppm.  

HR-MS (ESI): calc. for (C29H58N3O7Si3)+ [M+H]+ : 644.3577, found: 644.3581 m/z.  

Elemental Analysis: calc. for C29H57N3O7Si3: C, 54.08; H, 8.92; N, 6.52; found: C, 

53.99; H, 8.81; N, 6.42. 

 

This experiment was part of the research internship of Maya Brown, conducted under my 

supervision. 
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Synthesis of 5crC 

 

According to a modified literature procedure.[152] 

In a plastic tube open to air silyl-protected methyl ester 4 (363.50 mg, 0.564 mmol, 

1.00 equiv.) was suspended in anhydrous ethyl acetate (16.97 mL) and hydrogen fluoride 

pyridine complex (70 wt% HF, 153.98 μL, 8.47 mmol, 15 equiv.) was added slowly via 

an Eppendorf-pipette resulting in a clear solution. After 22 h 20 min, the reaction was 

cooled to 0 ◦C and the careful addition of methoxytrimethylsilane (2.49 mL, 18.06 mmol, 

32 equiv.) followed via syringe. The reaction was allowed to slowly warm to 21 ◦C. After 

5 h, the suspension was diluted with methanol (35.8 mL) and all volatiles were removed 

in vacuo. Complete conversion was expected to continue the reaction. The resulting 

yellowish solid was dissolved in a mixture of water and acetonitrile (1:1, 239.14 mL) open 

to air, following the addition of lithium hydroxide (162.16 mg, 6.77 mmol, 12.0 equiv.). 

After 16 h 55 min, the solution was brought to pH 3 by the dropwise addition of 2.0 M 

hydrochloric acid and all volatiles were removed in vacuo. The resulting tan solid was 

purified by HPLC (see Section 5.2.6) to afford 5-carboxycytidine 5crC (9.8 mg, 

34.1 μmol, 6% over two steps) as a colorless solid.  

1H NMR (400 MHz, DMSO-d6, 295 K): δ = 8.95 (s, 1H; H-6), 5.76 (d, J = 3.2 Hz, 1H; 

H-1’), 4.00 (dd, J = 4.6, 3.3 Hz, 1H; H-2’), 3.97 – 3.86 (m, 2H; H-3’, H-4’), 3.71 (dd, 

J = 12.0, 2.6 Hz, 1H; H-5’a), 3.56 (dd, J = 12.1, 2.8 Hz, 1H; H-5’b) ppm. 

13C NMR (101 MHz, DMSO-d6, 295 K): δ = 166.4 (C-7), 163.0 (C-4), 152.9 (C-2), 149.1 

(C-6), 95.8 (C-5), 90.1 (C-1’), 84.2 (C-4’), 74.5 (C-2’), 68.8 (C-3’), 60.2 (C-5’) ppm. 
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HR-MS (ESI): calc. for (C10H14N3O7)+ [M+H]+: 288.0826, found: 288.0829 m/z.  

Elemental Analysis: calc. for C10H13N3O7: C, 41.82; H, 4.56; N, 14.63; found: C, 

38.69; H, 4.48; N, 12.78. 

 

This experiment was part of the research internship of Maya Brown, conducted under my 

supervision. 
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Synthesis of 3 

 

According to a modified literature procedure.[169] 

In a high-pressure autoclave, 5-iodocytidine 2 (500 mg, 0.702 mmol, 1.00 equiv.), 

[Pd2(dba)3] chloroform adduct (72.7 mg, 0.070 mmol, 0.100 equiv.) as well as 

triphenylphosphine (110 mg, 0.421 mmol, 0.600 equiv.) were dissolved in anhydrous 

toluene (21 mL) under argon atmosphere. After flushing the autoclave with carbon 

monoxide gas (3.5 bar) while stirring the reaction solution, pressure was released when 

10 min had passed. Achieving carbon monoxide saturation of the reaction solution was 

done by flushing the autoclave two more times with carbon monoxide. The autoclave was 

then saturated with carbon monoxide gas (3.5 bar) again and the reaction was started by 

heating the mixture to 60 °C. Over a period of 16 h a dropwise addition of a solution of 

tributyltin hydride (0.3 mL, 0.842 mmol, 1.2 equiv.) in anhydrous toluene (0.3 mL) via 

syringe (0.060 mL per hour) occurred. The pressure dropped to 30 PSI over the course of 

the night and the temperature rose to 66 °C. After 17 h from the start of the tributyltin 

hydride addition, the reaction was allowed to cool to 40 °C and the pressure was released. 

The reaction was then allowed to further cool to 21 °C. The dilution of the obtained 

greenish black suspension was done with ethyl acetate (10 mL) and filtered through a plug 

of silica. Concentration in vacuo followed after washing the filter cake with ethyl acetate 

(400 mL). An orange solid was obtained and purified by flash column chromatography 

(25% to 50% ethyl acetate in hexanes) to afford silyl-protected 5-formylcytidine 3 

(410 mg, 0.668 mmol, 95%) as a colorless solid.[245] 
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1H NMR (400 MHz, CDCl3, 295 K): δ = 9.52 (s, 1H; H-7), 8.62 (s, 1H; H-6), 8.16 (s, 

1H; H-8a), 5.94 (s, 1H; H-8b), 5.87 (d, J = 2.5 Hz, 1H, H-1’), 4.20 (dd, J = 4.1, 2.5 Hz, 

1H; H-2’), 4.17 (dt, J = 6.8, 2.1 Hz, 1H; H-4’), 4.15 – 4.08 (m, 1H, H-5’a), 3.98 (dd, J 

= 6.7, 4.1 Hz, 1H; H-3’), 3.82 (dd, J = 11.9, 2.0 Hz, 1H; H-5’b), 0.97 (s, 9H; TBS), 0.91 

(s, 9H; TBS), 0.90 (s, 9H; TBS), 0.17 (s, 3H; TBS), 0.17 (s, 3H; TBS), 0.13 (s, 3H; TBS), 

0.11 (s, 3H; TBS), 0.07 (s, 3H; TBS), 0.06 (s, 3H; TBS) ppm.  

13C NMR (101 MHz, CDCl3, 295 K): δ = 187.6 (C-7), 162.9 (C-4), 153.9 (C-2), 153.7 

(C-6), 105.8 (C-5), 91.1 (C-1’), 84.3 (C-4’), 76.9 (C-2’), 70.2 (C-3’), 62.0 (C-5’), 26.8 

(TBS), 26.3 (TBS), 26.3 (TBS), 19.3 (TBS), 18.5 (TBS), 18.5 (TBS), −3.5 (TBS), −3.7 

(TBS), −4.1 (TBS), −4.5 (TBS), −4.6 (TBS), −4.9 (TBS) ppm.  

HR-MS (ESI): calc. for (C28H56N3O6Si3)+ [M+H]+: 614.3471, found: 614.3479 m/z.  

Elemental Analysis: calc. for C28H55N3O6Si3: C, 54.77; H, 9.03; N, 6.84; found: C, 

55.23; H, 9.08; N, 6.16. 

 

This experiment was part of the research internship of Maya Brown, conducted under my 

supervision. 
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Synthesis of 5-methylisocytosine (5miC) 

 

According to a modified literature procedure.[150] 

Ethyl propionate (4.50 mL, 3.98 g, 38.97 mmol, 1.50 equiv.) was added to a solution of 

sodium methoxide (2.82 g, 52.20 mmol, 2.01 equiv.) and dimethylformamide (4 mL) 

under nitrogen atmosphere. Methyl formate (1.60 mL, 1.57 g, 26.11 mmol, 1.01 equiv.) 

was added to the mixture over a period of one hour, resulting in a slight foaming. The 

solution was stirred for 30 min at room temperature. A solution of guanidine 

hydrochloride (2.49 g, 26.07 mmol, 1.00 equiv.) in methanol (9.2 mL) was added rapidly 

and the mixture was refluxed (bath temperature 95°C) for 2 hours. The suspension was 

allowed to cool and when it reached 30 °C it was filtered through a sintered glass frit. The 

filter cake was discarded, and the pH of the filtrate was adjusted to 6 with concentrated 

hydrochloric acid, resulting in a colorless precipitate. The mixture was kept at 4°C for 

30 min, filtered off through a sintered glass frit, washed with methanol and recrystallized 

in water. The precipitate was filtered, washed with water and dried in vacuo to yield the 

product as a colorless solid (684.4 mg, 21%). 

1H NMR (400 MHz, DMSO-d6): δ = 10.90 (br. s., 1H, H-3), 7.39 (q, J = 1.4 Hz, 1H, 

H-6), 6.33 (s, 2H, 2-NH2), 1.74 (d, J = 1.1 Hz, 3H, H-7) ppm. 

Elemental Analysis: calc. for C5H7N3O: C, 47.99; H, 5.64; N, 33.58. Found: 

C, 47.93; H, 5.86; N, 33.48. 

HR-MS (ESI): calc. for C5H8N3O [M+H+]+ 126.06619; found 126.06631 m/z.  
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Synthesis of ethyl 3-(methoxymethoxy)propanoate 

 

Ethyl 3-hydroxypropanoate (90.9 µL, 100 mg, 847 µmol, 1.0 equiv.) was suspended in 

dry dichloromethane (10 mL) under nitrogen atmosphere. The mixture was cooled to 0 °C 

and N,N-diisopropylamine (576 µL, 438 mg, 3.39 mmol, 4.0 equiv.) was added. After 

addition of chloromethyl methyl ether (258 µL, 273 mg, 3.39 mmol, 4.0 equiv.), the 

reaction mixture was stirred at 22 °C for 24 hours. Saturated aqueous ammonium chloride 

solution (10 mL), ethyl acetate (20 mL) and water (20 mL) were added, the layer 

separated and the aqueous layer was extracted with ethyl acetate (3×20 mL). The 

combined organic layers were washed with saturated aqueous sodium chloride solution 

(20 mL) and dried over magnesium sulfate. The dried solution was filtered and the filtrate 

was concentrated in vacuo to afford the crude product as a yellow solid (88 mg, 543 µmol, 

64%). 

1H NMR (400 MHz, CDCl3): δ = 4.63 (s, 2H; H-4), 4.17 (q, J = 7.1 Hz, 2H; H-6), 3.81 

(t, J = 6.3 Hz, 2H; H-3), 3.36 (s, 3H; H-5), 2.60 (t, J = 6.3 Hz, 2H; H-2), 1.27 (t, J = 7.1 

Hz, 3H; H-7) ppm. 

This corresponds to the crude product and no further analytic measurements were 

conducted as attempted purification lead to decomposition of the product. 
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Synthesis of 5-carboxy-iso-cytosine (5ciC) 

 

Ethyl 2-amino-4-hydroxypyrimidine-5-carboxylate (5caetiC) (100.0 mg, 546.0 µmol, 

1.0 equiv.) and potassium hydroxide (61.26 mg, 1.09 mmol, 2.0 equiv.) were dissolved 

in a 1:1 mixture of water and ethanol (10 mL) and refluxed (oil bath temperature: 90 °C) 

for 28 hours. Aqueous HCl (2 M, 3 mL) was added, resulting in a colorless precipitate 

which was filtered, washed with water and dried in vacuo. The product was obtained as a 

colorless solid (63.1 mg, 406.8 µmol, 75%). 

1H NMR (400.0 MHz, DMSO-d6): δ = 8.41 (s, 1H, H-6) ppm. 

HR-MS (ESI): calc. for C5H6N3O3 [M+H]+: 156.04092; found: 156.04048 m/z. 

Calc. for C5H4N3O3 [M-H]-: 154.02581; found: 154.02574 m/z 

IR (thin film): 𝜈̃ = 3299.1, 1682.1, 1645.0, 1575.0, 1511.0, 1455.0, 1386.6, 1330.6, 

1199.0, 1150.81, 823.5, 800.3, 728.0, 676.4, 668.2, 657.1 cm-1. 

Elemental Analysis: calc. for C5H5N3O3: C, 38.72; H, 3.25; N, 27.09. found: C, 37.44; 

H, 3.28; N, 25.82. 

  



Experimental Part 

214 
 

Synthesis of N1,N2-dibenzyl-5caetiC 

 

5caetiC (200.0 mg, 1.09 µmol, 1.0 equiv.) was suspended in dry dimethylformamide 

(10 mL) and potassium carbonate (755 mg, 5.46 µmol, 5.0 equiv.) was added in one 

portion. After 5 min, benzyl chloride (276 mg, 2.18 µmol, 2.0 equiv.) was added 

dropwise and the reaction mixture was stirred at room temperature for 5 days, heated to 

40 °C for one hour and stirred at 50 °C for 4 hours. Ethyl acetate (20 mL) and water 

(15 mL) were added and the aqueous phase was extracted with ethyl acetate (3 x 5 mL). 

The combined organic phases were dried over sodium sulfate, filtered and the solvent was 

removed in vacuo. Column chromatography (silica, 100% dichloromethane grading to 

98% dichloromethane, 2% methanol) afforded the product as a colorless solid (13.4 mg, 

3%). 

1H NMR (400.0 MHz, DMSO-d6, 295 K): δ = 8.41 (s, 1H, H-6), 7.37-7.08 (m, 10H, H-

11), 5.26 (s, 2H, H-10), 4.61 (d, J = 5.6 Hz, 2H, H-10), 4.14 (q, J = 7.1 Hz, 2H,  

H-8), 1.22 (t, J = 7.1 Hz, 3H, H-9) ppm. 

13C NMR (400.0 MHz, DMSO-d6, 295 K): δ = 164.1, 160.5, 158.2, 156.1, 138.5, 

135.2, 128.5, 128.2, 128.2, 127.6, 127.2, 126.8, 126.8, 126.4, 103.4, 59.4, 44.5, 42.6, 

14.3 ppm. 
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Synthesis of 11 

 

According to a modified literature procedure.[162] 

3-Bromopyruvic acid (4.56 g, 27.29 mmol, 1.0 equiv.) was dissolved in water (4.5 mL) 

and glacial acetic acid (13.5 mL) in an Erlenmeyer flask and cooled to 0 °C. In a second 

Erlenmeyer flask, sodium acetate (2.915 g, 35.53 mmol, 1.3 equiv.) was dissolved in 

water (22.5 mL) and semicarbazide hydrochloride (3.04 g, 27.29 mmol, 1.0 equiv.) was 

added. The second solution was poured onto the first solution at 0 °C and the mixtre was 

stored at room temperature for 4 days. The white precipitation was filtered, washed using 

water at 0 °C (3 x 20 mL) and diethyl ether at 0 °C (2 x 20 mL) and dried under hv. The 

product was again washed using water at 0 °C (3 x 10 mL) and diethyl ether at 0 °C 

(1 x 10 mL) and dried under hv, yielding 3-bromopyruvic acid semicarbazone 11 (930 mg, 

4.15 mmol, 15%) as a mixture of (E)- and (Z)-isomers and colorless solid. 

1H NMR (400 MHz, DMSO-d6, 295 K): δ = 10.56 (s, 1H, NH), 4.58 (s, 2H, H-3) ppm. 

13C NMR (101 MHz, DMSO-d6, 295 K): δ = 163.5 (s, C-1), 155.6 (s, C-1´), 132.5 (s,  

C-2), 32.9 (s, C-3) ppm. 

 

This experiment was part of the research internship of Domenic Mayer, conducted under 

my supervision. 
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Synthesis of 5hm6aU 

 

According to a modified literature procedure.[162] 

3-Bromopyruvic acid semicarbazone 11 (751.0 mg, 3.352 mmol, 1.0 equiv.) was 

suspended in thionyl dichloride (25.5 mL, 41.82 g, 351.5 mmol) under nitrogen 

atmosphere and one drop of pyridine was added. The reaction mixture was refluxed at 

80 °C for 120 min, allowed to cool to room temperature, filtered through Celite and 

washed with dichloromethane (5 mL). After concentrating the solution to roughly 6 mL, 

crystallization of the filtrate for 4 days at 0 °C resulted in a beige/yellow precipitate, which 

was filtered and dissolved in 10 mL dichloromethane. It was then concentrated in vacuo and 

dried under hv. The dry solid was dissolved in water (12 mL) and refluxed at 110 °C for 

18 h. After cooling to room temperature, the solvent was removed in vacuo and the solid 

was resuspended in 10 mL water. Removing the solvent again and drying the product 

under hv yielded 5-hydroxymethyl-6-azauracil (227.0 mg, 1.59 mmol, 47%) as a 

yellowish solid. 

1H NMR (400 MHz, DMSO-d6, 295 K): δ = 12.15 (s, 1H, H-1), 11.92 (s, 1H, H-3), 4.25 

(s, 2H, H-1’) ppm. 

13C NMR (101 MHz, DMSO-d6, 295 K): δ = 156.7 (s, C-4), 149.5 (s, C-2), 144.3 (s,  

C-5), 58.0 (s, C-1´) ppm. 

Elemental Analysis: calc. for C4H5N3O3: N, 29.36; C, 33.57; H, 3.52; found: N, 

7.92; C, 32.84; H, 3.11. 

This experiment was part of the research internship of Domenic Mayer, conducted under 

my supervision.  
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Synthesis of 13 

 

5hm6aU (646.3 mg, 4.516 mmol, 1.0 equiv.) was dissolved in dry pyridine (25 mL) under 

nitrogen atmosphere. Acetic anhydride (1.72 mL, 18.20 mmol, 4.0 equiv.) was added and 

the reaction mixture was stirred at room temperature for 18 h. The reaction then was 

quenched using absolute ethanol (10 mL) and the solvents were removed in vacuo. The 

pyridine was co-distilled using toluene (2 x 20 mL). Silica flash column chromatography 

was used twice (dichloromethane / methanol (0 → 5%); dichloromethane / methanol (0 

→ 2%)) to purify the product, yielding 5-methylacetate-6-azauracil 13 (597.6 mg, 

3.228 mmol, 71%) as a white solid. 

1H NMR (400 MHz, DMSO-d6, 295 K): δ = 12.35 (s, 1H, H-1), 12.09 (s, 1H, H-3), 4.86 

(s, 2H, H-1’), 2.04 (s, 3H, H-3’) ppm. 

13C NMR (101 MHz, DMSO-d6, 295 K): δ = 169.7 (s, C-2´), 156.4 (s, C-4), 149.3 (s,  

C-2), 139.71 (s, C-5), 59.8 (s, C-1´), 20.5 (s, C-3´) ppm. 

 

This experiment was part of the research internship of Domenic Mayer, conducted under 

my supervision. 
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Synthesis of 14 

 

In a heat-dried Schlenk flask under nitrogen atmosphere 1,2,4-triazole (128.8 mg, 

1.865 mmol, 6.9 equiv.) was dissolved in dry acetonitrile (6 mL) and the solution was 

cooled to 0 °C. Phosphoryl chloride (57.9 µL, 0.621 mmol, 2.3 equiv.) and 15 min later 

triethylamine (262 µL, 1.890 mmol, 7.0 equiv.) were added dropwise. After 30 min, the 

suspension was allowed to warm to room temperature and after 30 more minutes 13 

(50.1 mg, 0.271 mmol, 1.0 equiv.) was added. After stirring at room temperature for 2 h, 

the reaction mixture was refluxed at 85 °C for 4 h, resulting in a brownish suspension. The 

reaction was quenched with water (170 µL) leading to a clear solution, which was stored 

at 0 °C over night. After 15 h, the solution was decanted separating it from the formed 

solid. The solvent was removed in vacuo, the resulting solid dissolved in water (3 mL) and 

stirred over night at room temperature. The solvent was removed under hv and the 

product was purified by silica flash column chromatography (dichloromethane / methanol 

(0 → 10 %)) yielding 14 (11.34 mg, 0.048 mmol, 18%). 

1H NMR (400 MHz, DMSO-d6): δ = 9.12 (s, 1H, H-3’’), 8.14 (s, 1H, H-5’’), 5.00 (s, 

2H, H-1’), 2.05 (s, 3H, H-3’) ppm. 

13C NMR (101 MHz, DMSO-d6): δ = 171.1 (s, C-2´), 156.3 (s, C-4), 154.3 (s, C-3´´), 

152.2 (s, C-5´´), 150.5 (C-2), 143.3 (s, C-5), 62.1 (C-1´), 20.7 (C-3´) ppm. 

 

This experiment was part of the research internship of Domenic Mayer, conducted under 

my supervision. 
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3 Oligonucleotide and DNA Reactions 

MilliQ water was applied for all oligonucleotide reactions and RNAse-free water was used 

for DNA experiments. 

Reaction of oligonucleotides with iron(IV)-oxido complexes: example 

An aqueous solution of in situ prepared [FeIVL1(O)]2+ (30 µL, 1 mM, 4 equiv.) was given 

to an aqueous solution of Oligo1 (30 µL, 0.25 mM, 1 equiv.) in an 1.5 mL reaction tube 

and shaken at 25 °C. After 1 hour, a sample (50 µL) was taken from the reaction mixture, 

filtered through silica (1 mL syringe filled with cotton in the bottom and silica up to the 

0.3 mL mark), washed with water (2 x 400 µL) and dried by lyophilization. The residue 

was resuspended in water (500 µL), syringe-filtered (PTFE 0.2) and given to Hanife Sahin 

from the Carell group for enzymatic digestion and mass spectrometric analysis. 

Melting temperature of double stranded oligonucleotides 

To an aqueous solution of the two complementary DNA strands O1 (6.25 µL, 1 mM, 

1 equiv.), O1-comp (6.25 µL, 1 mM, 1 equiv.) in HPLC-grade quality and water 

(12.5 µL) an aqueous solution of magnesium chloride (25 µL, 200 mM) was added, and 

the mixture was incubated in a pre-heated shaker for 5 min at 95 °C. The mixture was 

allowed to cool to room temperature slowly and then a sample (25 µL) was taken from the 

mixture, diluted with an aqueous solution of magnesium chloride (475 µL, 200 mM) and 

transferred into a 500 µL cuvette. UV Vis spectra were recorded at different temperatures 

from 15 °C to 55 °C in intervals of 2 °C. 

Compatibility of magnetic beads with iron(IV)-oxido complex 

To an aqueous solution of in situ prepared C3 (2 mM, 50 µL) a sample of RNAClean XP 

magnetic beads was added (90 µL) and the mixture extensively mixed by pipette pumping. 

The mixture was placed on a magnet (SPRIstand magnetic tube rack) for 5 min and the 

slightly brown solution was aspired (S1). 70% ethanol (500 µL) was added and then aspired 

again without mixing with the magnetic beads. This was repeated two times (S2-4). Water 



Experimental Part 

220 
 

(50 µL) was added, the solution mixed by pipette pumping, placed on the magnet for 5 min 

and the solution aspired (S5). The iron content of all solutions (S1-5) was determined via 

ICP-MS measurements. 

Table 14: Iron content of all samples determined by ICP-MS analysis. 

 S1 S2 S3 S4 S5 

iron content 0.49 µg/mL <LOD <LOD <LOD <LOD 

 

DNA isolation with magnetic beads 

To a 50 µL sample solution in water, 90 µL of a solution of magnetic beads (RNACleanXP) 

was added and mixed by extensive pipette pumping. The mixture was placed next to a 

magnet (SPRIstand magnetic tube rack) for 5 min. The colorless solution was discarded 

and 500 µL of 70% ethanol was added. After short incubation the solution was discarded 

again and this procedure was repeated three times. 50 µL of water were added, mixed by 

pipette pumping and again placed next to the magnet. The colorless solution was collected 

and sample concentration determined with nanodrop measurements. 

Modification: a 1:1:1 mixture of sample, magnetic beads and isopropanol was employed. 

DNA isolation with Zymo Research Oligo Clean & Concentrator kit 

An aqueous solution of DNA1-contr (3 µL, 100 µM) was diluted with water (47 µL). 

Oligo Binding Buffer (100 µL) and ethanol (400 µL, 100%) were added and mixed by pipette 

pumping. The sample was transferred into a column (Zymo-Spin IC Column) in a collection 

tube and centrifuged (1 min, 10000 xg, 25 °C). The flow-through was discarded, DNA 

Wash Buffer (750 µL) added to the column and centrifuged (1 min, 10000 xg, 25 °C). The 

flow-through was discarded and the column transferred into an 1.5 mL eppendorff tube. 

Water (15 µL, 40 °C) was added and centrifuged (1 min, 10000 xg, 25 °C). Nanodrop 

measurements showed 61% recovery of DNA1-contr. 
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DNA isolation: determination of the silica background 

Experiment 1: An 1 mL syringe was filled with silica up to the 0.3 mL mark. Water 

(50 µL) was filtered through the silica and washed with water (2 x 400 µL). The filtrate 

was lyophilized, the resulting residue resuspended in water (200 µL) and filtered (PTFE 

0.2 µm). This procedure was performed ten times with ten different silica-syringes. The 

silica background was determined with nanodrop measurements. 

Experiment 2: This experiment was conducted as described in experiment 1, with the only 

difference that water filtration occurred with the same silica-syringe for 6 times. 

Table 15: Results from concentration measurement with nanodrop instrument. 

sample concentration [ng/µL] 

 a b c average 
1-1 1.742 1.944 1.712 1.799 
1-2 2.359 2.400 4.408 3.056 
1-3 2.153 2.364 2.286 2.268 
1-4 8.350 2.185 2.052 4.196 
1-5 2.070 2.169 1.857 2.032 
1-6 2.283 4.696 2.444 3.141 
1-7 2.252 2.247 2.361 2.287 
1-8 2.761 2.521 2.638 2.640 
1-9 2.593 2.451 2.499 2.514 
1-10 2.078 2.460 2.384 2.307 

   average 2.624 
 

Reaction of DNA strands with iron(IV)-oxido complexes: example 

An aqueous solution of in situ prepared [FeIVL1(O)]2+ (26.2 µL, 120 µM, 24 equiv.) was 

given to an aqueous solution of DNA1 (26.2 µL, 5.0 µM, 1 equiv.) in an 1.5 mL reaction 

tube and shaken at 25 °C for 30 min. A sample (50 µL) was taken from the reaction 

mixture and DNA1 isolation was accomplished with the Zymo Research Oligo Clean & 

Concentrator procedure. 

sample concentration [ng/µL] 

 a b c average 
2-1 5.199 9.922 5.181 6.767 
2-2 5.065 1.754 0.990 2.603 
2-3 1.358 0.195 1.715 1.089 
2-4 0.562 0.917 0.530 0.670 
2-5 1.174 0.476 5.631 2.427 

2-6 
-
0.278 

-
0.189 0.347 -0.040 



Experimental Part 

222 
 

Table 16: Nanodrop results from a reaction of DNA1 with [FeIVL1(O)]2+. 

exp. time  conc [ng/µL] conc  expected  recovery 

 [min] a b c average [µM] conc [µL]  

1 5 63.0 62.1 67.1 64.1 8.4 12.5 67% 

2 10 70.3 69.9 71.3 70.5 9.2 12.5 74% 

3 15 93.5 91.8 93.8 93.1 12.2 12.5 97% 

4 60 83.8 86.2 87.8 85.9 11.2 12.5 90% 
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4 Iron(IV)-oxido Reactivity Studies 

Reaction of ribonucleoside 5mrC with [FeIVL1(O)]2+ followed by analytical HPLC measurements 

Stock solutions (3 mg mL-1 in water) of ribonucleosides (5mrC, 5hmrC, 5frC, 5crC) and 

nucleobases (5mC, 5hmC, 5fC, 5cC) were used. For the determination of the retention 

times of the reference samples via analytical HPLC measurements, the parameters provided 

in Table 17 were applied. A mixture of all eight reference samples was measured in 

different concentrations (Table 18) to achieve calibration curves (Figure 43) allowing the 

quantification of all species during the reaction with the iron(IV)-oxido complex. 

For the reaction of 5mrC with the iron(IV)-oxido complex, a freshly prepared aqueous 

solution of [FeIVL1(O)]2+ (1.6 mL, 17.5 mg, 17.1 µmol, 5 equiv.) was added to a solution 

of 5mrC (1.6 mL, 823 µg, 3.2 µmol, 1 equiv.) in water and stirred at 25 °C for 70 min. 

Directly after addition and every 5 min, a sample (200 µL) was taken from the reaction 

mixture, filtered over silica (2 mL syringe equipped with cotton and silica filled to the 

1.5 mL mark) and washed with water (2x3 mL and 1x1 mL). The filtrate was lyophilized 

and the residue resuspended in water (400 µL). The samples were vortexed, centrifuged 

(25 °C, 4000 rpm, 2.5 min) and the collected supernatant syringe-filtered (PTFE 

0.45 µm) and subjected to analytical HPLC analysis. 

Table 17: Detailed information of the applied analytical HPLC method for the separation of the cytidine and cytosine 
derivatives. 

column ACE® C18-PFP(150×4.6mm;5μm)  
column temperature [°C] 30.0 
eluent (A/B) H2O + 0.1% FA/MeOH + 0.1% FA  
eluent flow [mL min-1] 1.500  
eluent gradient  from 100/0 to 99.7/0.3 in 5 min, to 90/10 in 

5 min, to 0/100 in 1 min, hold for 6 min, to 100/0 
in 1 min, hold for 7 min (total run time 24 min) 

monitored λabs [nm] 280 
sample concentration [mg mL-1] 0.3 
injection volume [µL] 5 
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Table 18: Dilution series of a mixture of all reference samples in water. 

sample 1 2 3 4 5 6 7 8 9 
conc. 
[mg mL-1] 

99.0 75.0 62.5 49.8 24.8 12.4 6.2 3.1 1.2 
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Figure 43: Calibration curves for the ribonucleosides 5mrC, 5hmrC, 5frC and 5crC for quantification of these 
nucleosides after a reaction with the iron(IV)-oxido complex. 

Reaction of iron(IV)-oxido complexes with substrates followed via analytical HPLC measurements 

A freshly prepared aqueous solution of [FeIVL1/L2(O)]2+ (10 mM, 1.60 mL, 5 equiv.) was 

added to a solution of substrate in water (20 mM, 1.60 mL, 1.0 equiv.) and stirred at 22 °C 

for 70 min. Just after the addition as well as every 5 min, a sample (200 µL) was taken 

from the reaction mixture, filtered through silica and washed with water (2x3.50 mL). All 

filtrates were lyophilized resulting in a colorless solid residue which was then resuspended 

in water (400 µL), vortexed, filtered and subjected to analytical HPLC analysis either with 
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or without coupled low-resolution mass spectrometry (view Table 19 for detailed 

information on HPLC parameters). 

Table 19: Parameters for analytical HPLC analysis monitored by UV absorption at 280 nm and coupled mass 
spectrometry (FA = formic acid). 

 UV only UV + MS 
column ACE C18-PFP (150 x 4.6 mm; 5 µm) 
T 30 °C 
solvents A: H2O + 0.1% FA; B: MeOH + 0.1% FA 
flow 0.4 mL/min 1.5 mL/min 
injection 
volume 

7 µL 5 µL 

gradient  

 

 

 

Product identification via 1H NMR spectroscopy in a reaction of substrates with iron(IV)-oxido 

complexes 

To an aqueous solution of substrate (500 µL, 10 mM, 1 equiv.) a freshly prepared aqueous 

solution of iron(IV)-oxido complex (500 µL, 10 mM, 1 equiv.) was added. The mixture 

was shaken for one hour at 25 °C and then filtered over silica (3 mL syringe equipped with 

cotton and silica filled to the 2 mL mark), washed with water (2 x 1 mL) and the filtrate 

lyophilized. The residue was redissolved in D2O (500 µL) and a 1H NMR spectrum 

recorded. 

Stability of [FeIVL1/L2(O)]2+ at higher temperatures 

In a 1 mL cuvette, an aqueous solution of [FeIVL1/L2(O)]2+ (1 mL, 1 mM, freshly 

prepared) was incubated at 95 °C for 60 min and UV Vis spectra were recorded every 60 s. 
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VII. APPENDIX 

1 Nomenclature 

All compounds employed in this thesis are listed here with the corresponding 

nomenclature.  

ligands and ligand precursors 

   

pL1 pL2 pL3 

   
L1 L2 L3 

 

iron complexes 

 
  

[FeIIL1(mecn)](OTf)2 [FeIIIL1(OH)](OTf)2 [FeIVL1(O)][Ce(NO3)6] 

 
  

[FeIIL2(mecn)](OTf)2 [FeIIIL2(OH)](OTf)2 [FeIVL2(O)][Ce(NO3)6] 
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[FeIIL3(mecn)](OTf)2 [FeIIIL3(OH)](OTf)2 [FeIVL3(O)][Ce(NO3)6] 

   
[FeIIL1(OH2)](OTf)2 [FeIIL2(OH2)](OTf)2 [FeIIL3(OH2)](OTf)2 

   
[FeIIL1(meoh)](OTf)2 [FeIIL2(meoh)](OTf)2 [FeIIL3(meoh)](OTf)2 

 

 

 

DNA nucleobases and nucleosides 

    

A 
adenine 

T 
thymine 

C 
cytosine 

G 
guanine 

    
dA 
2’-

deoxyadenosine 

dT 
2’-

deoxythymidine 

dC 
2’-

deoxycytidine 

dG 
2’-deoxyguanosine 
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substrates 

    

5mC 
5-methylcytosine 

5hmC 
5-hydroxy-

methylcytosine 

5fC 
5-formylcytosine 

5cC 
5-carboxycytosine 

    
5miC 5hmiC 5fiC 5ciC 

    
5mdC 5hmdC 5fdC 5cdC 

    
5mrC 5hmrC 5frC 5crC 

    
1mC 1mU 1,5dimC 1,5dimU 

   
 

BnOH PhCHO PhCOOH EBS 

    
5hm6aC 5f6aC 5hm6aU 5f6aU 
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5hmU 5fU 5dhmC 5dhm6aC 

    
5dhmU 5dhm6aU 5cU 5c6aU 

 

other compounds or intermediates 

    

    

  
  

    

    
    

 



Appendix 

231 
 

Table 20: Nomenclature and Sequence of single stranded DNA oligonucleotides used in this work.  

name sequence 
oligo1 5’- CCUUAACC[5mC]G -3’ 
oligo2 5’- CCTUAACC[5mC]G -3’ 
oligo3 5’- CTTTAACC[5mC]G -3 
oligo1-comp 5’- CGGGAAUUAAGG 3’ 

 

Table 21: Nomenclature and important data (molar weight, number of 5mC and thymine residues) of all DNA 
strands applied in this work. 

name M [g/mol] Nb 5mdC Nb dT 
DNA1 7639 1 7 
 5'-gtc att gct atg atc a5g aac aac t-3' 
DNA1-
contr 

7625 - 7 

 5'-gtc att gct atg atc acg aac aac t-3 
DNA2 43296 2 46 

 
5'-taa taa atg ttt gcg gtt tgc aat tga ttc aaa ttc aag 5ga aat aat aat atg 
tat caa agc ata cgt taa atc tat aag tct aaa tat cgt cgt agt cga taa cta taa 
tac aag ttg tt5 gtg atc ata gca atg ac-3' 

DNA2-
contr 

43268 - 46 

 
5'-taa taa atg ttt gcg gtt tgc aat tga ttc aaa ttc aag cga aat aat aat atg 
tat caa agc ata cgt taa atc tat aag tct aaa tat cgt cgt agt cga taa cta taa 
tac aag ttg ttc gtg atc ata gca atg ac-3' 

DNA3 43186 2 52 

 
5'-aat taa tgt tag ctt tct tgc ggt ttg att ata tga ttc aaa tat aag cga aat 
atc aaa ata tgt aac gac gat acg ata aat cta tat gtc ttc ata tt5 gtt tat tag 
tca tgt cat tgc tat gat ca5 gaa caa ct-3' 

DNA3-
contr 

43158 - 52 

 
5'-aat taa tgt tag ctt tct tgc ggt ttg att ata tga ttc aaa tat aag cga aat 
atc aaa ata tgt aac gac gat acg ata aat cta tat gtc ttc ata ttc gtt tat tag 
tca tgt cat tgc tat gat cac gaa caa ct-3' 
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2 Abbreviations 

1,5-dimC 1,5-dimethylcytosine 
1,5-dimU 1,5-dimathyluracil 
1mC 1-methylcytosine 
1mU 1-methyluracil 
5cC 5-carboxycytosine 
5fC 5-formylcytosine 
5gmC β-glycosyl-5-hydroxymethylcytosine 
5hmC 5-hydroxymethylcytosine 
5mC 5-methylcytosine 
A adenine 
a.u. arbitrary units 
Ac acetyl 
aq. aqueous 
asp aspartate 
BDE bond dissociation energy 
BER base excision repair 
BS-Seq bisulfate sequencing 
BSTFA N,O-bis(trimethylsilyl)trifluoroacetamide 
Bu butyl 
C cytosine 
calc. calculated 
CAN cerium(IV) ammonium nitrate 
conc. concentrated 
COSY correlation spectroscopy 
CpG (2’-deoxy)cytidine-phosphate-(2’-deoxy)guanosine 
CSI-MS cryospray-ionization mass spectrometry 
CV cyclic voltammetry 
d days or doublet 
dA 2’-deoxyadenosine 
dC 2’-deoxyadcytidine 
dG 2’-deoxyguanosine 
DIPEA diisopropyl ethyl amine 
DMF dimethylformamide 
DNA deoxyribonucleic acid 
DNMT DNA methyltransferase 
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dT 2’-deoxythymidine 
EA elemental analysis 
EI-MS electron ionization mass spectrometry 
EM-Seq enzymatic methylation sequencing 
EPR electron paramagnetic resonance 
equiv. equivalents 
ESI-MS electrospray ionization mass spectrometry 
Et ethyl 
Et2O diethyl ether 
EtOAc ethyl acetate 
FA formic acid 
FT IR fourier-transform infrared 
G guanine 
GC-MS gas chromatography mass spectrometry 
h hours 
HAT histone transferase 
HAT histone acetyltransferase or hydrogen atom transfer 
HDAC histone deacetylase 
HDM histone demethylase 
his histidine 
HMBC heteronuclear multiple-bond correlation spectroscopy 
HMQC heteronuclear multiple quantum correlation spectroscopy 
HMT histone methyltransferase 
HPLC high performance liquid chromatography 
HR high resolution 
HS high spin 
hv high vacuum 
Hz hertz (frequency) 
ICP-OES inductively-coupled plasma optical emission spectroscopy 
IR infrared 
J coupling constant in Hz (NMR) 
kcal kilocalories 
L ligand 
LC liquid chromatography 
LR low resolution 
LS low spin 
m multiplet or meter 
MALDI matrix-assisted laser desorption ionization 
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Me methyl 
MeCN acetonitrile 
mecn acetonitrile (ligand) 
MeOH methanol 
meoh methanol (ligand) 
min minutes 
MLCT metal to ligand charge transfer 
MOM methoxymethyl ether 
MS mass spectrometry 
n-BuLi n-butyllithium 
NGS next generation sequencing 
nm nanometer 
NMR nuclear magnetic resonance 
ONT-Seq oxford nanopore technology 
OTf triflate (F3CSO3

-) 
oxBS-Seq oxidative bisulfate sequencing 
PBS phosphate-buffered saline 
PG protecting group 
ppm parts per million 
Pr propyl 
py pyridine (ligand) 
q quartet 
RNA ribonucleic acid 
rt room temperature 
S spin; substrate 
s singlet 
SAH S-adenosyl homocysteine 
SAM S-adenosyl methionine 
SCO spin crossover 
SMRT-Seq single molecules real-time sequencing 
SQUID superconducting quantum interference device 
SUMO  
t triplet 
T thymine 
TAB-seq TET-assisted bisulfite sequencing 
TAPS TET-assisted pyridine borane sequencing 

TAPSβ TAPS with βGT protection sequencing 
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TauD taurine/α-keto glutarate dioxygenase 
TDG thymine glycosylase 
TET ten-eleven translocation methylcytosine dioxygenase 
TFA trifluoroacetic acid 
TGS third generation sequencing 
THF tetrahydrofuran 
thf tetrahydrofuran (ligand) 
TLC thin layer chromatography 
TOF time of flight 
TPSCl 2,4,6-triisopropylbenzenesulfonyl chloride 
U uracil 
UDP uridine diphosphate 
UV-vis ultra violet/visible (irradiation) 

α-KG α-ketoglutarat/2-oxyglutarat 

βGT β-glycosyltransferase 

δ chemical shift in ppm (NMR) 

λ wavelength 
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3 Overview of BDEs 

Table 22: C-H bond dissociation energies (BDEs) for 5mC, 5hmC and 5fC calculated by Xu and coworkers[95] at 
298.15 K (CBS-QB3, CPCM) and for T, calculated by Zipse and coworkers.[161] 

 5mC 5hmC 5fC T 

BDE [kcal mol-1] 90.4 86.2 92.9 91.6 

BDE [kJ mol-1] 378.2 360.7 388.7 383.1 

 

 

Figure 44: Rationalization of radical stabilization for tautomeric forms: A) and B) lowest energy conformer for both 
tautomeric radicals of 5dhmaC and 5dhmC; C) Tautomerization and captodative effect of 5dhmaC; D) 
Tautomerization of 5dhmC (Displayed with aqueous phase BDE(C-H) energies for the best conformer at the 
DLPNO-CCSD(T)/CBS level of theory; compare with value in brackets, Figure 45.[163] 
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Figure 45: Boltzmann averaged aqueous phase (ΔHsol = ΔH298 + ΔGsolv) RCH2-H bond dissociation energies (BDEs) 
calculated at the DLPNO-CCSD(T)/CBS level of theory. The BDE values of thymine (5mU) and 5-methylcytosine 
(5hmC) marked with an asterisk are taken from earlier studies.[119] (‡ direct abstraction: BDE(C-H) without 
tautomeric proton shift, explained in Figure 44).[163] 



Appendix 

239 
 

 

Figure 46: Boltzmann averaged gas phase (ΔHgas) RCH2-H bond dissociation energies (BDEs) calculated at the 
DLPNO-CCSD(T)/CBS level of theory.[161] The BDE value of thymine (5mU) and 5-methylcytosine (5mC) 
marked with an asterisk are taken from earlier studies.[119]   
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4 NMR Spectra 

4.1 Compound Characterization 

 
Figure 47: 1H NMR spectrum of pL1 (CDCl3, 400 MHz, 295 K). 

 
Figure 48: 1H NMR spectrum of L1 (CDCl3, 400 MHz, 295 K). 
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Figure 49: 1H NMR spectrum of [FeIIL1(mecn)](OTf)2 (CD3CN, 400 MHz, 295 K). 

 

Figure 50: 1H NMR spectrum of pL2 (CDCl3, 400 MHz, 295 K). 
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Figure 51: 1H NMR spectrum of L2 (CDCl3, 400 MHz, 295 K). 

 

Figure 52: 1H NMR spectrum of [FeIIL1(mecn)](OTf)2 (CD3CN, 400 MHz, 295 K). 
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Figure 53: 13C NMR spectrum of [FeIIL1(mecn)](OTf)2 (CD3CN, 101 MHz, 295 K). 

 

Figure 54: 1H NMR spectrum of 5miC (DMSO-d6, 400 MHz, 295 K). 
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Figure 55: 1H NMR spectrum of ethyl 3-(methoxymethoxy)propanoate (CDCl3, 400 MHz, 295 K). 

 

Figure 56: 1H NMR spectrum of 5ciC (DMSO-d6, 400 MHz, 295 K). 
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Figure 57: 1H NMR spectrum of compound 8 (DMSO-d6, 400 MHz, 295 K). 

 

Figure 58: 13C NMR spectrum of compound 8 (DMSO-d6, 101 MHz, 295 K). 
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Figure 59: 1H-NMR spectrum of compound 11 (DMSO-d6, 400 MHz, 295 K). 

 

Figure 60: 13C-NMR spectrum of compound 11 (DMSO-d6, 101 MHz, 295 K). 
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Figure 61: 1H-NMR spectrum of 5hm6aU (DMSO-d6, 400 MHz, 295 K). 

 

Figure 62: 13C-NMR spectrum of 5hm6aU (DMSO-d6, 101 MHz, 295 K). 
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Figure 63: 1H-NMR spectrum of compound 13 in (DMSO-d6, 400 MHz, 295 K).  

 

Figure 64: 13C-NMR spectrum of compound 13 (DMSO-d6, 101 MHz, 295 K). 
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Figure 65: 1H-NMR spectrum of 14 (DMSO-d6, 400 MHz, 295 K). 

 

Figure 66: 13C-NMR spectrum of compound 4 (DMSO-d6, 101 MHz, 295 K). 
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Figure 67: 1H-NMR spectrum of 15 (DMSO-d6, 400 MHz, 295 K). 
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4.2 Product Identification 

 

Figure 68: 1H NMR spectra of the obtained products from a reaction of 5hmU with [FeIVL1(O)]2+ (red) and 
reference measurement of 5hmU (green) in D2O at 298 K. Reaction conditions: [5hm6aU] = [FeIV=O] = 5 mM, 
H2O, 25 °C, 1 h. 

N
H

NH

O

O N
H

NH

O

O

H

OOH

5hmU 5fU

FeIV=O
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Figure 69: 1H NMR spectra of the obtained products from a reaction of 5fU with [FeIVL1(O)]2+ (red) and reference 
measurement of 5fU (green) in D2O at 298 K. It was found that the 5fU sample contained about equimolar amounts 
of the respective carboxylic acid 5cU. Reaction conditions: [5hm6aU] = [FeIV=O] = 5 mM, H2O, 25 °C, 1 h.  
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4.3 Spin Crossover Properties Followed by Temperature-dependent 
1H NMR Spectroscopy 

-10-5051015202530354045505560657075
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Figure 70: Complete 1H NMR spectra and detailed views of [FeIIL1(mecn)]2+ recorded between -80 °C and 40 °C 
in acetone-d6.  
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Figure 71: Complete 1H NMR spectra and detailed views of [FeIIL2(mecn)]2+ recorded between -80 °C and 40 °C 
in acetone-d6. 
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Figure 72: Complete 1H NMR spectra and detailed views of [FeIIL3(mecn)]2+ recorded between -80 °C and 40 °C 
in acetone-d6. 

 

Figure 73: 1H NMR spectra of [FeIIL2(mecn)]2+ in deuterated water. Green: measurement at 30 °C, red: 
measurement at 26 °C after previous heating to 60 °C. 
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5 UV-vis Spectra 
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Figure 74: UV-vis absorbance (718 nm) of A) [FeIVL1(O)]2+ and B) [FeIVL2(O)]2+ at different temperatures over 
time. Conditions: [[FeIVL1/L2(O)]2+] = 1 mM, H2O, 10-90 °C. 
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6 UHPLC-MS/MS Data 

Table 23: Amount of 5xdC over time from a reaction of [FeIVL1(O)]2+ or [FeIVL2(O)]2+ with oligo1. Conditions 
shown at the bottom. Quantification was performed by Hanife Sahin (Carell group, LMU Munich). 
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Exp. 1 2 3 4 5 6 

[oligo1] [mM] 0.125 0.125 0.05 0.5 0.125 0.125 

Temperature 

[° C] 

4 40 23 23 23 23 

equiv. FeIV=O 4 equiv. 4 equiv. 4 equiv. 4 equiv. 6 equiv. 8 equiv. 
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Table 24: Amounts of 5xdC and 5xU resulting from a reaction of DNA1 with [FeIVL1(O)]2+. 

sample time %5mdC %5hmdC %5fdC %5cadC %5hmU %dT 
1 5 min 98.77 0.23 0.95 0.05 6.20 93.80 
2 10 min 98.73 0.22 0.99 0.06 5.81 94.19 
3 15 min 98.83 0.21 0.90 0.06 6.74 93.26 
4 60 min 98.71 0.23 1.00 0.06 6.10 93.90 
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7 MALDI-MS Data 

Table 25: Overview of the conducted oligonucleotide oxidation experiments. A and B in the sample name refer to 
the employed iron(IV)-oxido species [FeIVL1(O)]2+ and [FeIVL2(O)]2+, respectively. 5mdC refers to observed 
unreaction 5mdC-containing oligonucleotide and 5xdC refers to observed oligonucleotides containing 5hmdC, 
5fdC or 5cdC; a star at 5xdC implies other (unidentified) oxidation products. Other observed masses that could be 
attributed to a reasonable structure are highlighted in grey. 

sample oligo 
observed MALDI signals conditions 

5mdC 5xdC other masses 
Fe 

equiv. 
time 

[min] 

1A Oligo1 x x 2814, 2823, 2836, 2859, 2874 4 20 

2A Oligo1 x * 776, 931, 1092, 2836 4 30 
3A Oligo1 x - 671, 738, 899, 1060, 1540, 1854 12 30 
4A Oligo2 x - 738, 822, 899 12 30 
5A Oligo3 (x) - 738, 819, 921, 1076 12 30 

6A Oligo1 - - 690, 770, 931, 1086 4 60 
7A Oligo1 - - 662, 769, 931, 1092 8 60 
8A Oligo1 - - 671, 738, 899, 1060, 1540, 1854 16 60 
9A Oligo1 - - 671, 738, 899, 1060 24 60 

10A Oligo1 - - 671, 738, 899, 1060 32 60 
11A Oligo1 - - 671, 738, 899, 1060 40 60 

12A Oligo1 x * 770, 1466, 1541, 2836 4 60 

13A Oligo1 x * 662, 738, 802 16 0 
14A Oligo1 x - 770, 1540, 1854 16 5 
15A Oligo1 (x) - 738, 770, 899 16 10 
16A Oligo1 - - 770, 931, 1086 16 15 
17A Oligo1 - - 738, 899 16 30 
18A Oligo1 - - 738, 802, 899, 1061 16 60 

19A Oligo1 - - 738, 899 24 0 
20A Oligo1 x - 738, 899, 1541 24 5 
21A Oligo1 - - 738, 899 24 10 
22A Oligo1 - - 738, 899, 1060 24 15 
23A Oligo1 - - 738, 899, 1060, 1200, 1361 24 30 
24A Oligo1 - - 738, 899, 1060, 1432, 1541 24 60 

25B Oligo1 x - 738, 770, 1466, 1541 4 60 

26B Oligo1 x * 738, 770, 1466 16 0 
27B Oligo1 - - 738, 899 16 5 
28B Oligo1 - - 738, 899, 1070 16 30 
29B Oligo1 - - 738, 899, 1086, 1541 16 60 

30B Oligo1 x * 738, 899, 1466, 2836 24 0 
31B Oligo1 (x) - 738, 899, 1541, 1854 24 5 
32B Oligo1 - - 770, 947, 1086, 1402 24 10 
33B Oligo1 - - 738, 899, 1060, 1362 24 15 

34B Oligo1 - - 738, 899 24 30 
35B Oligo1 - - 738, 899, 1070 24 60 
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Table 26: Overview of the expected masses of oligo1 with different 5xdC modifications. 

modified 

oligonucleotide 

oligo1-

5mdC 

oligo1-

5hmdC 

oligo1-

5fdC 

oligo1-

5cadC 

expected mass 2932.5 m/z 2948.5 m/z 2946.5 m/z 2962.5 m/z 

 

 

 

 

Figure 75: MALDI-MS trace of a reaction of oligo1 with 4 equiv. of [FeIVL1(O)]2+ after 20 min reaction time (top: 
complete spectrum, bottom: exerpt). 
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Figure 76: MALDI-MS trace of a reaction of oligo1 with 4 equiv. of [FeIVL1(O)]2+ after 30 min reaction time (top: 
complete spectrum, bottom: exerpt). 
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Figure 77: MALDI-MS trace (complete and detailed view) of untreated DNA1 as reference sample. Conditions: 
[DNA1] = 10 mM, H2O, 25 °C. 
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Figure 78: MALDI-MS trace (complete and detailed view) of a control measurement of DNA1 treated as reaction 
sample with water instead of iron(IV)-oxido complex. Conditions: [DNA1] = 4.2 µM, H2O, 25 °C. 
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8 Mößbauer Data 

Table 27: Sum formula, oxidation state, assigned spin values as well as isomeric shift δ and quadrupole splitting 
ΔEQ values for the iron complexes analysed by Mößbauer spectroscopy. Mößbauer data were aquired by Jan Kruse 
and Serhiy Demeshko (Meyer group, Göttingen). 

Sum formula Oxidation 
state 

Spin 
S 

δ 
[mm s−1] 

ΔEQ 

[mm s−1] 
[FeIIL1(mecn)]2+ + II 0 0.51 0.34 
[FeIIIL1(OH)]2+ + III ½ 0.24 1.57 
[FeIVL1(O)]2+ + IV 1 0.07 0.80 
[FeIIL2(mecn)]2+ + II 0 0.52 0.38 
[FeIIIL2(OH)]2+ + III ½ 0.25 1.54 
[FeIVL2(O)]2+ + IV 1 0.08 0.91 
[FeIIL1(OH2)]2+ + II 0 0.56 0.36 
[FeIIL3(mecn)]2+ + II 0 0.53 0.37 
[FeIIIL2(OH)]2+ (after 
33 d in H2O) 

+ II 0 0.57 0.35 

 + III ½ 0.30 1.46 
[FeIIIL1(OMe)]2+  + III ½ 0.28 1.53 
[FeIIL1(MeOH)]2+ (?) + II 0 0.52 0.34 
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9 Infrared Spectroscopy Data 
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Figure 79: Full IR spectra of the complexes [FeIIL1/L2/L3(mecn)](OTf)2. 
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Figure 80: Full IR spectra of the complexes [FeIIL1/L2/L3(OH2)](OTf)2. 
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Figure 81: Full IR spectra (left) and detailed view (right) of the complexes and [FeIIL1(mecn)](OTf)2 
[FeIIL1(OH2)](OTf)2. 
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10 Cryo-HR-MS Data 

  

Figure 82: Experimentally obtained HR-MS spectrum of [FeIIL3(mecn)](OTf)2 as well as simulated spectra. 
Measurements and simulations were performed by Laura Senft (Ivanović-Burmazović group, LMU Munich). 
Conditions: [FeII] = 0.005 mM, H2O, 5 °C. 
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Figure 83: Experimentally obtained HR-MS spectrum of [FeIIL3(mecn)](OTf)2 as well as simulated spectra. 
Measurements and simulations were performed by Laura Senft (Ivanović-Burmazović group, LMU Munich). 
Conditions: [FeII] = 0.005 mM, H2O, 5 °C. 
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Figure 84: Experimentally obtained HR-MS spectrum of [FeIVL3(O)][Ce(NO3)6] as well as simulated spectra. 
Measurements and simulations were performed by Laura Senft (Ivanović-Burmazović group, LMU Munich). 
Conditions: [FeIV=O] = 0.005 mM, H2O, 5 °C. 
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Figure 85: Experimentally obtained HR-MS spectrum of an equimolar mixture of [FeIVL3(O)][Ce(NO3)6] and 
[FeIIL3(mecn)](OTf)2 as well as simulated spectra. Measurements and simulations were performed by Laura Senft 
(Ivanović-Burmazović group, LMU Munich). Conditions: [FeIV=O] = [FeII] = 0.0025 mM, H2O, 5 °C. 
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11 Crystallographic Information 

Table 28: Selected bond lengths in single crystals of complexes from this work as well as from the literature for 
comparison reasons. Pyeq. = pyridines in the equatorial plane, Pyax. = axial pyridine. For values involving equatorial 
pyridines the average value is provided. The determined spin state is a) high spin and b) low spin. New complexes 
are highlighted in blue. 

complex Fe-Xax Fe-N(Pyeq) Fe-N(Pyax) 

[FeIIL1(mecn)](OTf)2
a), [91, 201] 1.94 Å (X: NCCH3) 2.01 Å 1.97 Å 

[FeIIL1(OH2)](OTf)2
a) 1.99 Å (X: OH2) 2.00 Å 1.96 Å 

[FeIIL1(OH2)](BF4)2
a), [91] 2.01 Å (X: OH2) 2.01 Å 1.95 Å 

[FeIIL2(mecn)](OTf)2
a), [201] 1.94 Å (X: NCCH3) 2.01 Å 1.99 Å 

[FeIIL3(mecn)](OTf)2
a) 1.94 Å (X: NCCH3) 2.01 Å 1.99 Å 

[FeIIPy5(OMe)2(MeOH)](OTf)2
b), [236]

  2.04 Å (X: OHMe) 2.18 Å 2.10 Å 

[FeIIIL1(OH)](OTf)2
a), [201] 1.79 Å (X: OH) 2.00 Å 2.03 Å 

[FeIIIL1(OMe)](OTf)2
a) 1.80 Å (X: OMe) 2.02 Å 2.02 Å 

[FeIIIL2(OH)](OTf)2
a), [201] 1.81 Å (X: OH) 2.01 Å 2.02 Å 

[FeIIIPy5(OMe)2(OMe)](OTf)2
b), [180]

  1.78 Å (X: OMe) 2.17 Å 2.15 Å 

[FeIVL1(O)][Ce(NO3)6
a), [201, 246]  1.66 Å (X: O) 2.00 Å 2.07 Å 
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Crystallographic details for L3 

 

   
net formula C27H21N5 
Mr/g mol−1 415.49 
crystal size/mm 0.100 × 0.070 × 0.050  
T/K 173.(2) 
radiation MoKα 
diffractometer 'Bruker D8 Venture TXS' 
crystal system monoclinic 
space group 'C 1 2 1' 
a/Å 15.9497(12) 
b/Å 7.2580(5) 
c/Å 12.1206(9) 
α/° 90 
β/° 130.848(2) 
γ/° 90 
V/Å3 1061.38(14)  
Z 2 
calc. density/g cm−3 1.300 
μ/mm−1 0.079  
absorption correction Multi-Scan 
transmission factor range 0.92–1.00  
refls. measured 7172 
Rint 0.0234  
mean σ(I)/I 0.0270  
θ range 3.276–27.099  
observed refls. 2241  
x, y (weighting scheme) 0.0405, 0.3764  
hydrogen refinement constr 
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Flack parameter 0.5 
refls in refinement 2319  
parameters 146 
restraints 1 
R(Fobs) 0.0330  
Rw(F2) 0.0838  
S 1.068 
shift/errormax 0.001 
max electron density/e Å−3 0.158  
min electron density/e Å−3 −0.149  
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Crystallographic details for [FeIIL3(mecn)](OTf)2 

 

Identification code    6 
Empirical formula    C31H24N6O6F6S2Fe 
Formula weight    810.52 
Temperature     298(2) K 
Wavelength     0.71073 Å 
Crystal system    Triclinic 
Space group  P-1 
Unit cell dimensions   a = 11.2105(5) Å a= 98.977(5)°. 
     b = 14.5335(8) Å b= 100.271(4)°. 
     c = 23.4129(13) Å g = 110.432(5)°. 
Volume    3417.4(3) Å3 
Z     538976256 
Density (calculated)   1.575 Mg/m3 
Absorption coefficient  0.649 mm-1 
F(000)     1648 
Crystal size    0.30 x 0.18 x 0.18 mm3 
Theta range for data collection 1.592 to 26.371°. 
Index ranges -   13<=h<=14, -18<=k<=18, -29<=l<=29 
Reflections collected   49482 
Independent reflections  13957 [R(int) = 0.0857] 
Completeness to theta = 25.242° 100.0 %  
Absorption correction  Semi-empirical from equivalents 
Max. and min. transmission  1.00000 and 0.82863 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 13957 / 0 / 939 
Goodness-of-fit on F2  1.015 
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Final R indices [I>2sigma(I)]  R1 = 0.0928, wR2 = 0.2021 
R indices (all data)    R1 = 0.1634, wR2 = 0.2464 
Extinction coefficient   n/a 
Largest diff. peak and hole   1.959 and -0.530 e.Å-3 
 

 

X-ray measurement and solution of the crystal structure was performed by Jonathan 

Gutenthaler-Tietze. 

  



Appendix 

282 
 

Crystallographic details for [FeIIL1(OH2)](OTf)2 

 
 
Identification code  rx290_a 
Empirical formula  C31H27F6FeN5O7S2 
Formula weight  815.54 
Temperature  243(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P‒1 
Unit cell dimensions a = 11.0250(4) Å a= 82.533(2)°. 
 b = 12.4310(3) Å b= 88.484(2)°. 
 c = 13.0782(3) Å g = 66.295(3)°. 
Volume 1626.59(9) Å3 
Z 2 
Density (calculated) 1.665 Mg/m3 
Absorption coefficient 0.684 mm-1 
F(000) 832 
Crystal size 0.134 x 0.105 x 0.105 mm3 
Theta range for data collection 2.018 to 30.508°. 
Index ranges -15<=h<=15, -17<=k<=17, -18<=l<=18 
Reflections collected 33104 
Independent reflections 9933 [R(int) = 0.0299] 
Completeness to theta = 25.242° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.97282 
Refinement method Full-matrix least-squares on F2 
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Data / restraints / parameters 9933 / 0 / 477 
Goodness-of-fit on F2 1.018 
Final R indices [I>2sigma(I)] R1 = 0.0356, wR2 = 0.0817 
R indices (all data) R1 = 0.0486, wR2 = 0.0876 
Extinction coefficient n/a 
Largest diff. peak and hole 0.518 and -0.585 e.Å-3 

 

 

X-ray measurement and solution of the crystal structure was performed by Jonathan 

Gutenthaler-Tietze. 
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Crystallographic details for [FeIIIL1(OMe)](OTf)2 

 

 
Identification code  rx313_a 
Empirical formula  C32H28F6FeN5O7S2 
Formula weight  828.56 
Temperature  223(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P‒1 
Unit cell dimensions a = 8.9242(2) Å a= 115.323(4)°. 
 b = 20.0762(10) Å b= 94.428(3)°. 
 c = 20.9540(9) Å g = 94.247(3)°. 
Volume 3359.4(3) Å3 
Z 4 
Density (calculated) 1.638 Mg/m3 
Absorption coefficient 0.664 mm-1 
F(000) 1692 
Crystal size 0.170 x 0.062 x 0.030 mm3 
Theta range for data collection 1.876 to 26.371°. 
Index ranges -11<=h<=11, -25<=k<=25, -26<=l<=26 
Reflections collected 52479 
Independent reflections 13735 [R(int) = 0.0674] 
Completeness to theta = 25.242° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.88252 
Refinement method Full-matrix least-squares on F2 
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Data / restraints / parameters 13735 / 0 / 961 
Goodness-of-fit on F2 1.023 
Final R indices [I>2sigma(I)] R1 = 0.0538, wR2 = 0.1153 
R indices (all data) R1 = 0.0922, wR2 = 0.1328 
Extinction coefficient n/a 
Largest diff. peak and hole 0.907 and -0.459 e.Å-3 
 

 

X-ray measurement and solution of the crystal structure was performed by Jonathan 

Gutenthaler-Tietze. 
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