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Abstract

Ten-eleven translocation (TET) enzymes play a crucial role in gene regulation. They are
involved in the demethylation of the epigenetic marker 5-methylcytosine (5mC) which
is a factor in gene silencing. In order to facilitate the investigation of the proposed
active iron(IV)-oxido species in TET enzymes, biomimetic model complexes are often em-
ployed. Previous to this work, it was shown that the model complex [FeIV(O)(Py5Me2)]2+

(C4) can oxidise 5mC as well as 5mC-containing nucleosides and small nucleotides in a
biomimetic manner.

In this work, the reactivity of the biomimetic complex C4 towards synthetic DNA bases was
investigated (Chapter III). The tested synthetic DNA bases including 1-methylcytosine
(1mC), 5-methyl-iso-cytosine (5miC) and thymine (T/5mU) have previously been used
in the literature to expand the genetic alphabet and create semi-synthetic DNA like the
eight-letter "hachimoji" DNA. By this expansion, the information density within DNA
has been increased significantly. In other literature procedures, the density of information
of DNA has been elevated by adding different layers of information on one DNA strand
using epigenetic modifications. The investigations described in this worked aimed to take
a first step towards combining these approaches to further optimise the possible use of
DNA as an informational storage medium. The investigation on the biomimetic oxidation
of synthetic DNA bases revealed a difference between C-methylated and N -methylated
bases wherein the C-methylated bases were oxidised significantly faster. Together with
Fabian Zott, these kinetic findings were compared to calculated C-H bond dissociation
energies (BDEs) showing a strong alignment of experimental and theoretical values and
identifying BDE calculations as a useful tool in reaction rate prediction.

In addition to the application of the complex C4 in substrate oxidation, the immobilisa-
tion of the complex was attempted. C4 can be successfully applied in substrate oxidation.
However, side reactions like comproportionation of the iron(II) and iron(IV)-oxido species
complicate the handling of the complex and the spectroscopic analysis of reaction kinetics.
To facilitate the application of C4, thorough investigations towards the immobilisation of
the complex were performed. Previous attempts at immobilisation on Merrifield or Tent-
aGel resin did not yield the desired applicability. Since C4 is primarily used in biomimetic
reactions, chitosan was tested as a possible solid support for complex immobilisation
as it is commonly used in enzymatic applications and compatible with physiological
conditions. The formation of chitosan gel beads, their modification with glutaraldehyde
and subsequent reaction with derivatives of Py5Me2 and iron(II) complexes thereof was
thoroughly investigated.
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As a second solid support material, hexagonal porous silica was tested as it is commonly
used in catalyst immobilisation. With silica as solid support, immobilisation via nu-
cleophilic substitution and ring formation (click) reactions were investigated. While
attempts at binding via nucleophilic substitution did not yield the desired outcome,
preliminary results of the immobilisation of a newly synthesized aza-derivative of the
ligand system L1-N3 using the strain promoted azide-alkyne cycloaddition (SPAAC)
reagent DBCO-NHS and subsequent iron(II) complex formation strongly indicate suc-
cessful immobilisation of Py5Me2 ligand system.

Beside the synthetic work, a project towards the improvement of research data man-
agement within the group was performed. Together with Violeta Vetsova, a synthetic
route towards new Pyrolloquinoline quinone derivatives was finalised and used to create
a publication closely following the FAIR guidelines. Towards this goal, the electronic lab
notebook Chemotion was established within the group and the complete datasets includ-
ing raw data of the synthesis were uploaded in the Chemotion repository and published
with the paper. To further improve research data management, an elaborate network
and data storage system was created and set up to accommodate modern requirements
for better data management, storage and access.
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1. Introduction

1. Introduction

In this chapter, the concepts of FAIR - Findable, Accessible, Interoperable and Reusable -
Data and Research Data Management especially in the context of a PhD thesis in science
will be discussed. As the topic of Research Data Management (RDM) and FAIR Data
became more and more important in recent years, our group naturally wanted to adapt
our working procedure according to these concepts. During my thesis, I spent a significant
amount of time not only doing research but questioning how research should be done and
thus helping implement the necessary structures to improve our own RDM and creating
our first publication with an emphasis on a FAIR synthetic procedure.

1.1. What is Research Data Management?

The understand the term research data management (RDM), it is necessary to define
what research data is. In a relatively loose definition, research data is all data that is
collected, observed, generated or created to validate research findings. This definition
of course includes a vast amount of data types due to the wide range of research fields
and areas, which can differ immensely in their used methods to generate and process
data. In a specific research field however, the term research data might be understood
more easily. As an example, in the field of chemistry research data to a great extent
consists of experimental data, such as reaction conditions, as well as analytical data from
spectroscopic or spectrometric measurements, respectively. As one could guess, RDM
refers to how this data is handled throughout the research process.

For a long time, the way of handling research data was left to the individual without
any standardised practices at hand. Although commonly known practices like writing
a lab book for example exist, there were no generals rules on which and how data was
to be recorded. In recent years, RDM has gained more and more relevance as the need
for generalised systems became obvious, resulting in task forces creating Europewide
strategies [1,2] to guarantee better and more consistent handling of data. For the scientific
research fields, the topic became additionally relevant since funding agencies like the
European Research Council (ERC) and the Deutsche Forschungsgemeinschaft (DFG)
included a suitable data management plan (DMP, Figure I.1) into their conditions for
research funding. [3–5] As described before, guidelines on RDM differ depending on the
applied field of research. The DFG provides a general guideline on RDM [3], but also
specific expansions regarding different research fields.

In their guideline for the field of chemistry [4], they state that a research funding proposal
should include an outlook on the kind of data that the project is expected to generate
and an outline of how the data will be recorded, documented, processed and stored.
In respect to storage, the safety and long-term availability of the data is an additional
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Figure I.1.: Research data management (RDM) as the life cycle of a data set. All stations that are passed
through by data, from their creation to their access and reuse by other researchers, should be included in a
comprehensive data management plan (DMP).

focus. As a side note, it has been found that the accessibility of data rapidly declines
with age, [6] which might be overcome to an extent by improved research data storage
systems. If applicable, the data should also be handled according the FAIR principles
(see vide infra). In summary, it is a common goal among researchers to implement better
RDM strategies and make them as consistent as possible. It should be kept in mind
that there is a limit to consistency because of the variety of research fields and data
types, which is why RDM guidelines still struggle to give precise instructions rather than
general principles to be followed. For example, the ERC asks for ’a sufficiently detailed
description’ of datasets, [5] which is very much depending on personal definition.

Throughout the discussion of good research data management, the subsequent question
of how to handle the data in terms of sharing arose. Researchers have recognized
that sharing data is a relevant pillar on which scientific progress stands, but still have
reservations regarding the practice. [7–11] In order to accelerate and facilitate the process of
shifting publication norms towards a more open and reusable standard, discussions of this
topic in different research fields are more and more common. They attempt to identify
reasons for the reluctance of researchers to share their data [7–9] and find the necessary
incentives [7,10,11] to support change. There are a few core points which occur repeatedly.
First, there simply is a lack of knowledge and training in research data management
and sharing data. [8,9] Scientists are overwhelmed by the demand to change their current
behaviour without precise requirements (see vide supra) and struggle to find an access
point. Especially the form and extent of metadata seems to be a difficult subject. [9]

Secondly, there are concerns about the safety of the data regarding the long-term storage
and reuse by others. Information and knowledge about the conditions under which
data can be reused by others and how this can be tracked by the original creator is too
scarce to induce confidence in repositories. [9] Third, a common suggestion on how to
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1. Introduction

encourage more commitment to DMPs and data sharing in general is creating examples.
It is believed that researchers can be convinced and animated by providing examples
which demonstrate the efficacy of reusing shared data and make these examples widely
known. [8,10]

1.2. FAIR Data

The term and concept of good research data management has gained more and more
importance over the last decades in various fields. Not only in the respect to handling
data in general, but in regard to enhancing the usability of published results in the science
community. Research is always build upon previous findings and can not grow and expand,
if these findings are not accessible. The literature review of A. Subaveerapandiyan gives
a comprehensive overview on how this topic developed with an emphasis on the role
of academic libraries, which play a crucial role in collecting and sharing findings and
data. [12] Although the concept was becoming widely known, discussed, and applied across
various fields and universities, it relied on existing systems and methods familiar to the re-
spective researchers. As a result, it failed to establish common rules that could be followed.

Recognizing this issue, a group people with various backgrounds including researchers,
publishers and funding agencies banded together to compose the ’FAIR Guiding Prin-
ciples’. [13] By bringing together diverse stakeholders in scientific data publishing, they
were able to assess and address the needs of everyone involved in the process of creating
and sharing research data through publication. Together, they developed the principle
of FAIR - Findable, Accessible, Interoperable and Reusable - data as a guideline
on how to handle and publish data to make data as useful as possible for the science
community. It is emphasized that good data management is not the goal, but rather
the necessary base and should nowadays be self-evident. While the FAIR guidelines
do not give precise criteria due to the differences in scientific fields, datasets and ap-
plication, they provide, as the name suggest, guidelines on what makes data useful for
future scientific progress. There has been criticism on the loosely defined guidelines and
misconceptions of the role the FAIR guidelines want to take on which was addressed by a
group of the original authors giving further insight into what the principles intent to be. [14]

In Figure I.2, a more explicit itemization of the FAIR principles is shown. According
to these guidelines, data is findable, if the data has a persistent identifier, sufficient
metadata and is searchable (F1-F4). More precisely, a published dataset is findable, if it
is equipped with a Digital Object Identifier (DOI) and registered in a searchable resource
like a repository, respectively. Of course the exact criteria for rich and sufficient metadata
depends on the research and should be provided by the journals typically publishing
this kind of data and additionally examined by the reviewers. The authors also put a
strong emphasis on the fact that the FAIR principles do not apply solely to humans. In
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F1. (meta)data are assigned a globally unique and persistent 
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To be Accessible: To be Reusable:
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A1.2 the protocol allows for an authentication and authorization 
procedure, where necessary

R1.2. (meta)data are associated with detailed provenance

A2. metadata are accessible, even when the data are no longer 
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Figure I.2.: Extension of the FAIR data principles as they are proposed by M. D. Wilkinson et al. [13]

our modern society, searching for publications and data, as well as the generating and
processing of data is done with or by machines. This machine readability should be kept
in mind when creating and assigning metadata.

The next term accessible is likely the most misunderstood, as it is often equated with
open access. [14] There are reasons to keep data from public access and this need is not
neglected by the assessment of accessibility. If the data can be found by using the
identifier and the metadata is sufficiently describing the data as well as how the data
could be obtained or why it can not, this would be considered accessible. In the context
of FAIR, accessible does not necessarily mean available, just that there is some procedure,
which can include authentication or authorization, to access the data.

Interoperable refers to the way data is described and formatted. Again, the exact defini-
tions strongly depend on the type of data and the research field. However, as a basic
guideline data is interoperable if the used vocabulary to describe the data is in consensus
with generally used standards in the field and chosen data formats are operable without
limitation to software or procedures of one specific provider.

Similar to accessibility, the term reusable is directed towards a protocol for reusing the
data, not necessarily allowing unlimited use. Nevertheless, data should always be pub-
lished with a clear and accessible data usage licence (R1.1). Rich and detailed metadata
can already make data reusable to a great extent.

In summary, the FAIR principles want to provide a guideline to help manage and
publish data in a way that benefits the community the most and allows science to
effectively build upon previous results. However, they do not call for unlimited access.
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1. Introduction

They recognize that sensitive data and unfortunately competitiveness do not concede
with open data and therefore do not strive to make all data open, but call for transparency.

An example of how important and productive it can be to openly share data in a FAIR
manner was the COVID pandemic, where global collaboration and facilitated access
to critical data, such as the virus’s genome sequence, enabled researchers to accelerate
vaccine development and therefore safe lives. [15,16] On the other hand, commonly imple-
menting the FAIR Guiding Principles could also help with less enjoyable ways of data
management, namely data fraud. A prominent example from the Netherlands, where
data was faked on a large scale, is the case of Diederik Stapel, which prompted numerous
discussions on how data fraud could be prevented or at the least detected early. [17,18]

Following the FAIR principles and assessing published data by these guidelines could
help circumvent such issues.

The importance of this is further underlined as the FAIR principles are an integer part
of the research and innovation funding programme Horizon Europe and formerly Horizon
2020. [19,20]
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2. Implementation of a Research Data Management System
and Describing a Synthesis According to FAIR Principles

2.1. Improving Research Data Management

Before discussing the aspect of your data being in accordance with the FAIR princi-
ples in the context of published data, one should ask themselves if your data is even
FAIR within your own research group. Do you have access to the data others in your
group create(d) or at least does your supervisor? Would you be able to find it? Do
you have access to the raw data? Is your data saved in a way to be accessible in a few years?

Besides these questions, from the guidelines of two of the most relevant funding agencies
for chemists in Germany, the ERC [5] and the DFG [4], the following criteria can be derived
for handling data within your research group as part of your data management plan
(DMP): 1) Standards for metadata as well as the naming or identifiers of datasets should
be set and followed. 2) A methodology on how data is stored and preserved is needed.
This includes the safety and a comprehensible sorting system. 3) How can and will data
be shared and which restrictions might apply to your group.
In line with this and the previously described concepts and guidelines (see Figure I.1 and
Figure I.2), the following changes and improvements to the research data management in
our group were applied.

2.1.1. First Steps Towards a Better Data Management Plan
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In case of the publication on the PQQ derivatives project (see vide
infra), we decided to start collecting all the data we had already while
finishing the last synthetic steps and used this as a test for our internal

DMP. While Violeta and I both retrieved our share of the data, we also tried to find
the respective data of the other person in their lab books and computer. It turned out
that we were able to find the data but it was not the easiest task, especially for the raw
data. Nevertheless, having another person trying to find the data on a specific or even a
random experiment you did can give you a very good impression on how good in the
sense of findability and accessibility your system of saving data is for your own group.
This prompted the discussion within our group on how, where and with which metadata
experimental results and research data are stored and we repeated the experiment of
finding someone else’s data with the whole group. We found that while the data was in
general appropriately named and stored, the systems still differed according to personal
preferences. This poses a problem since an explanation of the corresponding person is
sometimes necessary to access their data which limits the findability and accessibility of
data. Therefore, we agreed on a common system for the whole group and as a result,
basic guidelines were set on how to name, save and indicate data. For example, name
abbreviations for labelling your experiments should always be a three-letter code, since

9



Chapter I. Research Data Management

two-letters codes, especially when using initials, are quickly repeated and of course
the label should always be included when saving data belonging to this experiment.
Following the persons identifier is either the number and/or appropriate description of
the experiment. Another agreed on identifier for every saved data file is the date. These
agreed on guidelines for naming data files fulfils the criterion "1) Standard for naming and
identifiers" regarding DMPs for research funding agencies [4,5] and improved the findability
within the research group.
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The next relevant part of an internal DMP is criterion "2) A compre-
hensible and safe storage system". Only saving data on one computer
is no safe data storage, since data loss due to hardware malfunction or

theft is always a possibility. The concept of regularly attaching a hard drive to make a
safety copy is time consuming and relies heavily on every group member taking the time
and effort. To resolve this issue while at the LMU, we used the possibility of the LRZ
Sync and Share instance to establish a common space for every group member to store
data that was to be shared and helped them individually to create their own connected
folder. This allowed every group member to store their data in regular folders on their
computer like they are used to, while the folders are located in an online server which has
a backup system. This solution made it possible to simultaneously share data without
too much effort and keep your own data on a backed up server. In addition, by the
introduction of the commonly shared folder, it’s folder structure and naming, a guideline
was set which data is generally shared with the whole group, creating a first draft of a
sharing policy. However, this solution did not guarantee accessibility of data in personal
folders by another person and due to expiring contracts the personal server space of
PhDs for example would be deleted at some point. This was circumvented by trans-
ferring the full amount of data to an external hard drive once after a contract was finished.

Besides this solution for safe data storage, we also starting using an electronic lab note-
book (ELN) instead of or more precisely in addition to the paper lab notebooks we used
before. We decided to use the ELN Chemotion1 which is provided by the NFDI4Chem2.
We opted for this ELN because of the closely connected Repository where data can be
stored and made public (see vide infra. After the installation of the ELN Chemotion at
the LMU Munich, I was included in the administration, tasked with testing the ELN
and subsequently teaching other group members in using the instance. The obvious
advantages of ELNs regarding DMPs is the safety of the data being stored on a backed-up
server instead of either one computer or paper lab notebook, both of which could be
irretrievable destroyed or lost due to several causes. In regard to criterion "1) Standards
for metadata", an ELN which is updated and maintained by an organisation committed
to FAIR data already includes a good standardized metadata system by the data and

1https://chemotion.net/
2Part of the Nationale Forschungsdateninfrastruktur (NFDI) for Germany
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Figure I.3.: Excerpt of an entry in the ELN Chemotion displaying parts of the data and metadata of this
reaction. This entry corresponds to a reaction in the PQQ derivative synthesis discussed in Chapter I2.3 (see
Scheme I.2).

details asked for in the notebook entries. As an example, an excerpt of an ELN entry is
shown in Figure I.3. The entries and fields provide a guideline which data and metadata
should be added, although this example is specifically relating to a chemical reaction.
Also, digital search options are generally faster than flipping through a book resulting in
easier findability and the ELN Chemotion gives the option to share data directly with
other users. This is especially useful when supervising students or when co-working
on a project. In addition, the complete ELN can be transferred to your supervisor
after finishing your PhD by few clicks, allowing an easy way of future accessibility. A
disadvantage might be the portability of your computer or use of electronic devices in
the lab. Thus, we started switching from desktop computers to portable laptops and
created designated chemical free working spaces to make the direct use of the ELN in
the lab possible. However, if preferred it is obviously possible to make notes on paper in
the lab which can then regularly be transferred to the ELN.

2.1.2. Implementation of a Comprehensible and Safe Data Storage System
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When the group moved from the LMU Munich to the HHU in Düsseldorf
in 2023, we needed to, but also had the chance to set up a new system
for our general data storage building on what we already learned. A

few criteria were set using our experiences and preferences as a group. We wanted to
create a system that allows group members to save and store data on their personal
computer in a way that guarantees the safety of the data in the means of getting lost
or corrupted, but also in the means of being protected from unauthorized access. In a
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similar way, the system should also allow access to generally shared folders, which are
protected accordingly. An additional preference was the connection of personal computers
to laboratory instruments in order to access them remotely while keeping the internet
access for these instrument restricted due to issues that can occur after automatic updates.
It should also be kept in mind that current and future group members have varying
technical skills and therefore the complexity as a user should be kept minimal. Taking all
these criteria and preferences into consideration, a network and data storage system was
created as is depicted in Figure I.4. The set-up was performed in close cooperation with
the local Centre for Information and Media Technology (ZIM),3 which manages network
and server instances at HHU.

Network 2

Network 1
Fileserver

Personal Computer

Lab Instrument

General Access

Fileshare List Access

Personal ID Access

One-way Access

External
ConnectionPersonal ID 

Radmin

University Network

VPN1

Instrument ID

Figure I.4.: Schematic representation of the network solution for data file storage, safety, accessibility and
sharing. Network 1 allows access to fileserver content, the internet and the university network according
to the restrictions set with the personal ID. This network can be accessed externally using the university
general VPN, VPN1. Network 2 is a subnet to network 1 and allows devices to access the fileserver using
an instrument ID, which is limited to general access folders. Network 2 can not connect to the university
network or the internet. Devices in network 2 can be accessed remotely using the Radmin software. Networks
2 can be access externally using VPN2, which is limited to the personal IDs of group members.

As a base structure, a basic office network (Network 1, Figure I.4) was created which is
connected to all network access points in the offices within the group. This network allows
access to the general university network and the internet as well as connections between
devices within this network. As a next step, a fileserver was created for our group which
is located with the ZIM and therefore managed, protected and kept up to date by them,
creating a safe and backed-up instance for data file storage. Within this fileserver, we
created three levels of accessibility. General Access folders can be seen and edited by
every person with access to the fileserver while other folders can only be accessed by IDs
on specific fileshare lists. We employed different fileshare lists relating to the employment
status (permanent staff, postdoc, PhD, master student, hiwi, intern) which restrict the
access to specific folders. In addition, every ID has their own personal home folder which
can not be edited or even seen by other users. This layering of access allows us to store
and save basically all data our group generates in one place while guaranteeing the safety
of the data in the sense of corruption or unintended deletion and restricting access where

3https://www.zim.hhu.de/
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applicable. If necessary, the PI and owner of the fileserver can be given access to all the
data by the ZIM, thus avoiding data by persons who leave the group without sharing
their data or password being lost. This guarantees long-term accessibility to all data files.
Once the connection to the fileserver is established, it can be used like an internal hard
drive allowing easy usage. If not directly connected to the network, for example in home
office, a VPN (VPN1 or VPN2, Figure I.4) connection is necessary to access the network
and fileserver, further protecting the data from unauthorized access. In summary, this ID
and password protected network and fileserver set-up already provides a strong system
for accessible but safe data file storage. In respect to folder structure and sharing policy,
the general system already set was kept but is and will be iteratively improved.

Going one step further, we wanted to include computers in the lab controlling analytical
devices to be added to the network. However, as mentioned above, these devices should
not be connected to internet access. Therefore, a second network or a subnet (network
2, Figure I.4) was developed which can only access the fileserver instance, but not the
university network or internet. For this purpose, a functional instrument ID was created
which allows general access to the fileserver and thus analytical devices can be set to
automatically save measured data in a relating folder on the fileserver. This has a few
major advantages. First, group members do not need to transfer data from the device
to their computer but can directly access it through the fileserver. Secondly, problems
stemming from full disk and memory space on the analytical device computers are
redundant. And third, by automatically saving measurements on the fileserver in an
general access folder, raw data of all analytical measurements are directly and long-term
accessible and therefore fulfil all the criteria for FAIR data. However, generated data can
still be copied or transferred and processed data kept in the personal home folders to
shield research from unauthorized or premature access, if needed. In order to protect
our devices from external manipulation, this subnet can only be accessed via a specific
VPN (VPN2, Figure I.4), if accessed from an external connection and is restricted to
group members’ personal IDs. As an additional feature, we use the software Radmin as
a remote control solution for devices in network 2, since it can only be used when within
the network (by direct connection or VPN2).
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2.2. FAIR applied to the Synthesis of New Pyrroloquinoline Quinone
Derivatives

2.2.1. The Pyrroloquinoline Quinone Derivatives Project

The synthetic work and relating background project of the synthetic procedures in this
section were mainly part of my internship and master thesis [21], which were done in
the group of Prof. Dr. Lena Daumann prior to my doctoral dissertation. Both my
internship and master thesis were done under direct supervision or in close cooperation
with Violeta Vetsova and the project is described in detail in her doctoral dissertation. [22]

The main aspects of the project will be described briefly in the following. Nevertheless,
the synthetic work was finished within the time scope of my dissertation including a
crucial step within the total synthesis of the targeted pyrroloquinoline quinone derivatives,
which was optimized during the internship of Dominik Putz under my supervision. This
synthesis project was used as a first example to apply the concept of FAIR data within
our group. Pyrroloquinoline quinone (PQQ) is a redox cofactor found in methanol,
glycerol, glucose and other quinoprotein dehydrogenases. [23–26] Methanol dehydrogenases
(MDHs), for example, oxidise methanol to formaldehyde while PQQ is reduced to its
quinol form PQQH2. It has been believed that these enzymes activate the cofactor
exclusively with calcium(II) as a Lewis acid, but it was found that lanthanide(III) ions
are also used by bacteria and incorporated in functional MDHs. [27,28] Within our group,
several research projects focussed on the cofactor PQQ an its binding to lanthanides
instead of calcium. [22,29–31] One aspect of this work was the investigation of PQQ binding
as a free molecule in solution, since there is no surrounding enzyme directing into a
specific binding site. [29] Thus, we synthesized PQQ derivatives containing less possible
binding sites to make the enzymatic binding site more preferable. [32] Figure I.5 shows
the probable binding sites of PQQ in free solution (enzymatically relevant binding site in
orange) and the targeted PQQ derivatives PMEQQMEM

4 and PKQQMEM
5 wherein the

third and biologically irrelevant binding site is likely removed.
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Figure I.5.: Left: redox cofactor pyrroloquinoline quinone (PQQ) with indication of the enzymatic metal
binding site [28,33,34] (1) in orange and additional possible binding sites (2 and 3) in solution [35–37] outside
of an enzymatic environment shown in grey. Right: PQQ derivatives PMEQQMEM and PKQQMEM with
indication of probable binding sites (1 and 2) compared to PQQ.

4PMEQQMEM (methyl-ester-substituted pyrrole, methyl-ester- and methyl-substituted quinoline quinone).
5PKQQMEM (ketone-substituted pyrrole, methyl-ester- and methyl-substituted quinoline quinone).
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2.2.2. Creating a FAIR synthesis

The following section describes the adaptations and improvements we applied to a typical
organic synthesis procedure to make it FAIR (see Chapter I1.2).
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In order to create a FAIR synthesis one must have two obvious com-
ponents, a plan for a synthetic procedure and an idea on what FAIR
means in this context. As we had most of the synthetic procedure

already at hand [21], we started evaluating and adapting this procedure to make it as
FAIR as possible, especially focussing on the ’I’ (interoperable) for analytical data and
’R’ (reusable) for the synthetic procedures. In this case, reusable can also be interpreted
as reproducible as a synthetic procedure is obviously reused to either synthesize the
given molecule or adapt the conditions. In our case, the reason for creating a FAIR
synthesis partly lies in the fact that the synthesis of an older publication we tried to
reproduce and adapt posed a lot of problems and did not work as expected, which we at-
tributed to a lack of information and details. This is thoroughly described in Chapter I2.3.

Hence, striving for a better RDM, we derived a list of necessary data and details for
a synthetic procedure from our own standards, the standards given by our targeted
journal for publication6 and the standards given by the Chemotion Repository,7 which
we intended to use for publication of the raw data (see vide infra). Combining these
sources, especially the Chemotion Guidelines, we expected to attain a FAIR synthetic
procedure that will be reproducible in the future.

As an example, the first step of our 7-step synthesis in Scheme I.1 shows the generally used
depiction of an organic synthesis including the starting material (1), product (2), reagent
(acetic anhydride), temperature (0 °C to r.t.), time (overnight), solvent (methanol) and
yield (99 %). All the given attributes are the basic minimum needed to reproduce this
specific reaction. The only exception is the yield, which is a measure of effectiveness. To
my knowledge, this is a very standardized representation widely used among researchers.
While it might be possible to perform the synthesis with this information, a more detailed
description is necessary which is generally given as a synthetic or experimental procedure
(for Scheme I.1 see Chapter VII1.2).
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0 °C to r.t., overnight
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Scheme I.1: N -Formylation of 2-methoxy-5-nitroaniline (1) resulting in 2 in 99 % yield.

6Synthesis 2022, 54, I–VI. https://www.thieme.de/de/synthesis/author-guidelines-58874.htm
7https://www.chemotion.net/docs/repo/details_standards. Accessed 2022.
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However, in the standards given for experimental procedures also affecting the attributes
above, the Chemotion Repository, which is directed towards FAIR data publication,
differs from the instructions given by the journal Synthesis. It is assumed that the
standards set by this journal are a good representation of generally applied standards
in this field. Table I.1 summarizes these instructions for formulating a typical synthetic
procedure for both the journal and the repository.

Table I.1.: Compared standards given for formulating of a typical synthetic procedure for
publication by the instruction for authors of a journal and the documentation of a repository
including examples for substances, solvents and products.

Synthesis Journal6 Chemotion Repository7

Substances weight, volumea and molar
units

weight, volumea, molar units
and equivalents

(1.0 g, 10.0 mmol) (10.0 g, 3.50 mmol, 1.00 equiv.)
Solvents volume volume

MeOH (20 mL) methanol (20 mL)
Products weight or molar units and

%yield, specify pure or crude,
physical state and color

weight, molar units and %yield,
specify pure or crude and
%puritya, physical state and
color

The crude product (2.0 g, 70 %)
was isolated as a colorless solid.

The crude productb (20.0 g,
75 % purity, 7.00 mmol 70 %)
was isolated as a colorless solid.

Reaction vessel -c should be named
Reaction Time -c explicit number or value
Temperature -c explicit number or value and

type of heating
Purification include all details include all details
Abbreviations use common abbreviations list of acceptable abbreviations

is given

aIf applicable.
bAn unambiguous name or IUPAC conform compound name should be given here.
cNot specified by the Guideline.

Overall, the repository using FAIR data policies includes more detail in their standards
and offers less room for abbreviation. In contrast to the journal instructions, the reposi-
tory demands weight and molar units for both substances and products and requests the
equivalents for each substance while this is optional in the journals standards. Similarly,
the product description demands more detail especially regarding the purity. Standards
for work-up and purification procedures are not given in detail in either guideline likely
because they are beyond the scope of the instructions.

Up to this point, the increased demands for detail by the repositories FAIR data policy did
not pose a problem as the information was at hand and coincided with our own generally
used standards. However, a few points in the repository guidelines did not. Table I.1
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shows three empty entries for the journal at reaction vessel, reaction time and temperature
as they are not specifically mentioned in their instructions while the repository specifically
mentions these points. This is due to very commonly used substitute phrases which are
not categorized as FAIR. Among these are the phrases room temperature (r.t.) as a
substitute temperature and overnight as a phrase for approximately 14-18 hours. These
substitutes are highly imprecise and can vary widely depending on local standard and
location. Room temperature is often dependent on the season and surrounding climate
and overnight strongly depends on your definition and working hours which can fluctuate
even in the same location. Therefore, these phrases do not fulfil the requirement of being
reusable or in this context reproducible. In fact, the date when a reaction was performed
could also be a relevant information as reactions might be influenced by solar irradiation,
respectively.

Going back to Scheme I.1, this reaction actually lacks in a few points of the FAIR
requirements, as it uses said substitute phrases. Unfortunately, as we were used to and
worked by common standards ourselves, our synthetic procedures also used these phrases
and our notes did not deliver the necessary details to give more precise information. After
discussion, also including the team of the repository, we refrained form repeating the
full synthesis in order to gain the missing data and used the details as they were as we
still deemed the experiments reproducible despite this. Nevertheless, we integrated more
precise notes regarding reaction time and current room temperature to our standard
set of information for future experiments. We also implemented the reaction vessel as a
standard information and reassessed the use of ice-baths. More precisely, we aspire to
either actually measure the temperature a reaction in an ice-bath adopts or otherwise
refrain from assuming 0 °C and give the comment ’an ice-bath or ice-salt-bath was used’
with an estimated temperature range. Although this is less precise, it is FAIRer in the
sense of being more realistic.
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In contrast to the synthetic procedures, we were able to take a big step
towards FAIR data regarding our product analysis. The analytical data
should foremost be considered for their interoperability (’I’). To achieve

this, measured analytical data should be made available as a raw data file in a format that
can be used without specific software. As an example, nuclear magnetic resonance (NMR)
spectra should be attached as the original (.fid) and a JCAMP-DX [38] (.dx, .jdx) file
instead of a Mestre Nova (.mnova) file, respectively. Although Mestre Nova is a commonly
used software for NMR data processing, it is not a freeware and thus not accessible to
everyone. While every type of analytical measurement should be assessed individually,
the data file format JCAMP-DX and text files (.txt, .csv) are generally interoperable.
When using the Chemotion Repository, for example Excel files (.xlsx) are also acceptable
as they can be easily converted and made accessible. Using this information, we collected
all the raw data files that were available to us (excluding externally measured HR-MS
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data) and attached them to the respective reaction entries in the repository9. Where
applicable, we also added the processed data files in the JCAMP-DX file format.
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After the described prework of using the Chemotion ELN
and repository to gather as FAIR as possible reaction
procedures and attach FAIR data sets, publishing in a

FAIR manner is relatively simple. As we published our paper [32], we additionally uploaded
the ELN entries containing the analytical data files via the repository9 and therefore
made all raw data of this synthesis findable and accessible. The terms of reusability are
defined by the added Creative Commons CC BY-SA 4.0. Taking the FAIR concepts
even further, samples of synthesized molecules can be send the Molecule Archive8 where
they are tested toward their purity and toxicity towards HeLa cells. Furthermore, the
compound samples are stored and available to other researchers upon request and under
defined rules. [39] We send each synthesized compound of the published synthesis to the
Molecule Archive. The storage and availability of the compound samples is indicated
within the Chemotion Repository entries. In summary, using tools like the Chemotion
ELN and repository which are guided by the FAIR principles is a great opportunity to cre-
ate FAIRer research and publications even if not all the criteria can be met in an instance.

8https://compound-platform.eu/
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2.3. A Publication According to the FAIR Principles

This following section is part of a publication. According experimental procedures can
be found in the Appendix (Chapter VII1). The comprehensive full primary data can be
accessed in the Chemotion Repository.9

Author Contributions
Violeta Vetsova and Lena J. Daumann developed the project. Violeta Vetsova developed
the first steps of the synthesis, while Rachel Janßen developed the remaining synthetic
steps. One crucial step in the synthesis was optimised by Dominik Putz during his
internship with Rachel Janßen. Violeta Vetsova and Rachel Janßen created the repository
entries and wrote the main parts of the manuscript. Lena J. Daumann supervised the
project.

Modular Synthesis of New Pyrroloquinoline Quinone Deriva-
tives [32]

Rachel Janßen, Violeta A. Vetsova, Dominik Putz, Peter Mayer, Lena J. Daumann
Synthesis 2023, 55, 1000.
Copyright (2023), Rights managed by Georg Thieme Verlag KG Stuttgart, New York.

Abstract Pyrroloquinoline quinone (PQQ) is an important cofactor of methanol dehy-
drogenases and glycose dehydrogenases. In addition, isolated PQQ is used as a central
component in sensors and biomimetic complexes. The synthesis of PQQ derivatives is
of interest for developing new alcohol oxidation catalysts and redox sensors. This work
describes a modular synthesis for derivatives of PQQ bearing methyl and ketone groups
instead of carboxylic acid moieties. These modifications reduce the possible coordination
sites of PQQ for metal ions outside the protein environment.

Pyrroloquinoline quinone (PQQ) is an aromatic tricyclic o-quinone, which functions as a
redox cofactor for many quinoprotein dehydrogenases (Chart I.1). [23–25,40,41] In methanol
dehydrogenase (MDH), for example, PQQ is reduced to its quinol form concurrently to
the oxidation of methanol. In addition, PQQ can be found in glucose dehydrogenase,

9 The primary Data can be accessed here: https://dx.doi.org/10.14272/collection/RAJ_2022-08-25.
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an enzyme that is routinely used as a sensor for glucose or other biomolecules. [42,43] As
well as PQQ, the active sites of these enzymes contain a Lewis acid, like calcium(II) or a
lanthanide(III) ion (Ln), for cofactor and substrate activation. [27,28] PQQ has recently
attracted new interest, not only for its role in biological systems together with lanthanides
but also as a chelator for Ln separation or as a sensor for Hg(II) or l-fucose. [30,44,45] In
addition, model complex studies have been aimed toward understanding the activation
of PQQ by Lewis acids (Ca or Ln). [29,31,46] In biological systems, PQQ coordinates
metal ions in the ONO pocket and can be considered one of the few natural pincer
ligands. [47] It has been shown that outside the protein environment PQQ acts as a versatile
ligand, often forming coordination networks or dimers with one or more carboxylic acid
moieties. [30,36,48,49] Thus, for catalyst design and for generating monomeric PQQ-metal
complexes, the functionalisation of certain residues, but especially the moieties not
involved in metal-ion coordination in vivo, is often necessary to modify the cofactor.
Hudson and co-workers have previously reported the synthesis of several PQQ isomers,
where the pyridine moiety or pyrrole ring were flipped by 180 degrees. [50] Only one of
the isomers retained the ONO pocket and the derivative still featured the carboxylates,
which often lead to unwanted dimer or coordination network formation.
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Chart I.1.: PQQ and related derivatives discussed in this study.

In this work, we report the synthesis of two PQQ derivatives, PMEQQMEM (methyl-
ester-substituted pyrrole, methyl-ester- and methyl-substituted quinoline quinone) and
PKQQMEM (ketone-substituted pyrrole, methyl-ester- and methyl-substituted quinoline
quinone), which could be potentially used as ligands in quinoprotein-inspired model
complexes or as starting materials for advanced sensor development. Compared to
PQQ itself, the derivatives possess fewer alternative coordination sites for metal cations,
albeit still retaining the ONO pocket for metal coordination. The synthetic route was
adapted from the total synthesis of PQQ published by Corey and Tramontano, [51] which
includes the formation of the trimethyl ester of PQQ (PQQMe3) as an intermediate;
this was previously often used as a model for MDH. [52–54] In the active site of MDH,
the carboxylic functions of PQQ are occupied by interactions with amino acids. [27] For
the trimethyl ester, the literature presents a seven-step synthesis with an overall yield
of approximately 22 %. [51] Other authors published partly similar syntheses, as well
as alternative approaches, [55–61] but the PQQ cofactor itself could also be obtained by
fermentation. [62] The derivatives aimed for in this work, however, require adjustments
within the synthesis, wherefore we established the adapted procedure described herein.
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2. Implementation of a Research Data Management System and Describing a Synthesis
According to FAIR Principles

The first step toward the new derivatives was performed according to the PQQ synthesis
by Corey and Tramontano [51] by starting from 2-methoxy-5-nitroaniline (1). As described,
the amino group was protected with a formyl group by using in situ generated acetic
formic anhydride (Scheme I.2). In a difference to the literature report, the paste-like
reaction mixture was stirred with an overhead stirrer, resulting in an almost quantitative
yield of 2. Product 2 was then reduced with H2 and Pd/C to yield the aniline derivative
3 in good yield (87 %, Scheme I.2).
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Scheme I.2: N -Formylation of 2-methoxy-5-nitroaniline (1) and palladium-catalysed reduction of nitro
compound 2 to aniline derivative 3.

Methyl 3-oxobutanoate (4), which was needed for the next step, had to be prepared
prior to the synthesis. Therefore, reactant 4 was synthesized according to a literature
procedure [63] and obtained in 65 % yield.

In the literature procedure, [51] the ensuing Japp-Klingemann reaction of 3 and 4 to form
the ester-substituted arylhydrazone 5 was reported to give up to 80 % yield. Various
attempts to repeat the published result were discarded for two reasons: either the high
yields described in the paper could not be reproduced or the reaction yielded a mixture of
the ester- and ketone-substituted hydrazones 5 and 6 that was difficult to separate. While
investigating the different outcomes in comparison to the literature, we found that the
ester-substituted compound 5 can be synthesized exclusively if the reaction scale is kept
under approximately 5 mmol, whereas higher scales led to a mixture of both products.
Further optimization of the reaction protocol, such as changes to the addition speed
and method, showed that a transfer cannula is most suited to allow constant cooling
of the diazonium salt suspension while maintaining a slow addition speed. With this
setup, 5 was afforded in 74 % yield (Scheme I.3). Differentiation between the ester-and
ketone-substituted products can be achieved by distinct treatment of reactant 4. To
obtain the ketone-substituted product 6 exclusively and in good yield (72 %), precursor
4 was saponified with 1.2 equivalents of potassium hydroxide at 0 °C overnight prior to
addition (Scheme I.3). Saponification can also be achieved at room temperature within
approximately 1 h. However, the yields are lowered significantly if either solution is not
cooled and kept at low temperatures throughout addition. In the case of 5, the elongated
time needed for slow addition and insufficient cooling at higher reaction scales might be
why mixtures are obtained because some of reactant 4 could be saponified. It should
also be mentioned that higher concentrations of hydrochloric acid lead to deprotection of
the formylated amino group in both reactions.
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Scheme I.3: Formation of ester- and ketone-substituted arylhydrazones 5 and 6. Conditions: (a) 0 h for 5;
(b) 6 h for 6.

In a reaction known from Fischer indole syntheses, [64] the afforded hydrazones were
converted by temperature- and acid-mediated indolization (Scheme I.5). Products 7 and
8 were synthesized in 60 % and 56 % yield, respectively, and subsequent deprotection
of the amino group by using hydrochloric acid afforded 9 (84 %) and 10 (79 %). For
the introduction of the third ring, Corey and Tramontano [51] used an α,β-unsaturated
carbonyl derived from dimethyl 2-oxoglutarate in a Doebner-Miller type [65] reaction.
As the desired PQQ derivatives contain a methyl group instead of an ester function,
a suitable reactant was synthesized by a similar procedure to that described in the
literature. Thus, methyl levulinate (11) was treated with bromine, and after removal of
the resulting hydrogen bromide with a nitrogen gas flow, a double bond was established
by an elimination reaction induced by triethylamine, affording product 12 (Scheme I.4).

O

O
Br2, Et3N

O

O

12: 44 %

OO
CHCl3, 0 °C, 1.5 h

11

Scheme I.4: Bromination and subsequent elimination of methyl levulinate (11) to form 12.

In contrast to the literature procedure, dry chloroform and reaction under a nitrogen
atmosphere afforded better yields than the reaction performed in dichloromethane. The
purification of this reaction, however, was nontrivial owing to the low melting point of
the product. In solution, product 12 can co-evaporate during removal of solvents in a
conventional rotary evaporator at 40 °C. Therefore, the reaction mixture was carefully
concentrated in a rotary evaporator at room temperature, but the solvent was not com-
pletely removed. The remaining brown liquid was distilled by using a Schlenk tube and a
cooling finger, resulting in the disposition of the product as colorless crystals, while the
remaining solvent was captured in a connected cooling trap. Once obtained in solid form,
the crystals were scraped off and could be dried under high vacuum. Product 12 was
obtained in 44 % yield.

With this product at hand, the Doebner-Miller reaction with amino indoles 9 or 10 and
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12 was performed. It was found that higher temperatures were needed, as previously
described; therefore, dichloromethane was substituted with chloroform. In addition, the
reaction time was extended to 6-7 days until TLC indicated full consumption of the
starting material. To fully convert the intermediate, in situ formed hydrogen chloride was
bubbled through the reaction mixture. After purification, the desired tricyclic products
13 and 14 were afforded in yields of 71 % and 69 %, respectively (Scheme I.5).

In the final step, oxidation into the quinones was performed by using ceric ammonium
nitrate (CAN). In contrast to the previously reported PQQMe3, however, the products
exhibit lower solubility in water, precipitate from the reaction mixture, and can be filtered
off and washed without further purification. The target molecules PMEQQMEM and
PKQQMEM were obtained in 31 % and 46 % yield, respectively.

In summary, we have successfully adapted the synthetic route toward PQQMe3 and
present herein two new PQQ derivatives, which may be useful in chemical investigations
of the cofactor methoxatin in enzymatic contexts or as sensor moieties. The modification
on the quinoline ring reduces the possible coordination sites that the PQQ derivatives can
exhibit in solution in addition to the biologically relevant binding sites. The exchange
of functional groups on the aromatic structure could also have an impact on the redox
properties or kinetics of PQQ for alcohol oxidation.
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1. Ten-Eleven Translocation Enzymes

1. Ten-Eleven Translocation Enzymes

The ten-eleven translocation (TET) enzymes are members of the non-heme iron(II)/α-
ketoglutarate dependent enzyme superfamily which, as the name suggests, uses iron and
α-ketoglutarate as cofactors. [66] The subgroup of the TET enzymes (TET1-3) is involved
in the demethylation pathway of epigenetic DNA modifications.

Epigenetics is described as changes in genetic function that are heritable, but do not
involve alteration of the DNA sequence. [67] In this context, functional change often refers
to the silencing of specific genes. The respective alterations include the remodelling
of chromatin [68,69] or covalent modifications of histones [70] and DNA bases. [71,72] One
example is the methylation of cytosine performed by DNA methyl transferases (DNMTs)
forming 5-methylcytosine (5mC). [73] The presence of 5mC as an additional non-canonical
base in DNA has been known since 1950, [74] but its role in epigenetic DNA modifications
has only been elucidated in recent years. [71,72] 5mC makes up 1 % of DNA bases in
mammalian DNA and is found in CpG dinucleotides. If CpG nucleotides accumulate,
these CpG-rich regions are called CpG islands (CGIs) which are commonly found within
promoter regions. [75] Cytosine (C) methylation forming 5mC in CpG rich promoter
regions causes silencing of the respective gene and plays a relevant part in the regulation
of gene expression. [72,76,77] This is why 5mC is referred to as an epigenetic marker.

N

N

NH2

O

C

N

N

NH2

O

5mC

N

N

NH2

O

5hmC

OH

N

N

NH2

O

5fC

O

N

N

NH2

O

HO

O

H

5caC

D
N

M
T

T
E

T

TET

T
E

T

TDG

-H
2 C

O

-H
C

O
2
H

O2       

+ α-KG

CO2             

+ succinate

O2       

+ α-KG

CO2 + H2O  

+ succinate

CO2             

+ succinate

O2       

+ α-KG

- C
O 2

BER
+

T
D

G

B
E

R

+

Scheme II.1: General scheme for the methylation and demethylation of cytosine (C). C can by methylated
at the 5-position by DNA methyl transferases (DNMTs) in the context of gene silencing. Upon further
gene regulation, the demethlylation of the formed 5mC can then be mediated by TET enzymes. Under
consumption of α-ketoglutarate and oxygen, 5mC is successively oxidised to 5hmC, 5fC and 5caC. The later
products 5fC and 5caC are then removed through a TDG-mediated base excision repair pathway resulting in
the reconstitution of C. Dotted lines indicate proposed direct demodifications of the oxidised bases. [66,77–80]
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Another crucial part of gene regulation is the demethylation of 5mC in silenced genes. [72]

The demethylation of 5mC can follow an active or a passive pathway, the active pathway
is depicted in Scheme II.1. The passive pathway is attributed to dilution during cell
division wherein epigenetic alterations are lost during replication and exchanged by
cytosine. [80] The active demethylation pathway is promoted by the TET enzyme family,
members of which are able to successively oxidise 5mC to 5-hydroxymethylcytosine
(5hmC), [78] 5-formylcytosine (5fC) and 5-carboxycytosine (5caC). [79] Each oxidation is
performed under the consumption of α-ketoglutarate and molecular oxygen and the release
of succinate and carbon dioxide. [80] The final products of TET oxidation, 5fC and 5caC,
can then be reconstituted as C through the thymine DNA glycosylase (TDG)-mediated
base excision repair pathway. [66,80] However, it is also proposed that direct demodification
occurs for 5fC and 5caC. [77]

As can be seen from the demethylation process of 5mC, the TET mediated oxidation
of epigenetic DNA bases is essential to effective gene regulation. It is proposed that
the substrates are oxidised by an iron(IV)-oxido species similar to other iron(II)/α-
ketoglutarate dependent enzymes like TauD [81–83] and that reaction occurs via a hydrogen
atom transfer (HAT) mechanism. [84] Scheme II.2 shows the essential oxidation states
of the iron in this catalytic cycle. Within the TET enzymes, the iron(II) is bound by
a so-called facial triad (two histidine and one glutamate) and coordinates water in the
resting state or the co-factor α-ketoglutarate and oxygen. [85] In the proposed mechanism,
the iron reacts with the oxygen to an iron(III) superoxide which forms the reactive
iron(IV)-oxido species under release of carbon dioxide and conversion of α-ketoglutarate
to succinate. Subsequently, through a hydrogen atom transfer and rebound mechanism,
the substrate is oxidised and succinate is released. [84,86] This cycle is repeated for each
oxidation step from 5mC to 5caC and thereby promotes the removal of the epigenetic
alteration.
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2. Biomimetic Complexes

Members of the non-heme iron(II)/α-ketoglutarate dependent enzyme are proposed to
oxidise their substrates by an iron(IV)-oxido complex as an active species (vide supra).
As the extremely short lifetimes of active species in enzymes most often hinder a sufficient
analysis, a different method of validation is needed. One method for the investigation of
proposed active species is the use of biomimetic model complexes. Towards this, ligand
systems and complexes are designed to mirror the coordination sphere in the active side
as closely as possible and are then used to investigate the targeted substrate conversion
as well as the complex properties.

Following the first obtained crystal structure of a non-heme iron(IV)-oxido species
[FeIV(O)(TMC)(MeCN)]2+ (see Figure II.1), [87] a multitude of similar iron(IV)-oxido
model complexes has been created. [88] However, most of these complexes are only stable
for short intervals and need to be handled at low temperatures. In 2015, Chantarojsiri et al.
reported an iron(IV)-oxido complex based on a pentapyridine ligand [FeIV(O)(Py5Me2)]2+

(Figure II.1) which is soluble in water and stable at room temperature for several days. [89]

These features make this iron(IV)-oxido complex an interesting candidate to model
biological systems as it can be used under standard physiological conditions.

Figure II.1.: Structure of the first non-heme iron(IV)-oxido complex structure [FeIV(O)(TMC)(MeCN)]2+ [87]

and the stable complex [FeIV(O)(Py5Me2)]2+ [89] in comparison to the proposed active species in TET
enzymes (left). [81–83] TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane.

In 2019, Jonasson et al. showed that the [FeIV(O)(Py5Me2)]2+ complex (C4) indeed can
biomimetically oxidise 5mC in the same successive manner as TET enzymes establishing
this complex as a useful model for this member the of α-ketoglutarate dependent enzyme
family. [90] Following investigations further corroborated this by the successful application
of this model on nucleosides and oligonucleotides. [91] These findings, presenting the
iron(IV)-oxido complex C4 as a biomimetic model for TET enzyme activity towards
the epigenetically relevant base 5mC and its oxidation products, inspired the projects
described in this thesis.
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1. Introduction

As is described in the literature, [71,77] there is still much to learn about epigenetic markers
like 5mC itself and the possible roles of its oxidation products 5hmC, 5fC and 5caC
besides their occurrence in the demethylation process. However, while the full extent of
the natural role of this additional DNA base has yet to be discovered, scientists have
already begun to find alternative uses for the concept of second layer DNA modifications.
In the following, a short introduction into the use of DNA as a storage for non-biological
information will be given, followed by an overview of the possibilities arising from the
combination of these systems with epigenetic modification of DNA.

1.1. DNA Data Storage Systems

In our modern world, digital data storage systems have become an integral part of society,
since we produce more and more data every day. The ever-growing amount of data
inevitably results in the need for better storage systems. [92] Two major problems, that
accompany this development are the following:
1) Regularly changing storage systems due to technical progress, which leads to the
necessary equipment for reading the data being discarded in favour of newer systems
- have you ever tried watching your grandparents VHS wedding tape in your modern
home? [93] - and nevertheless approach their maximal density.
2) The modern technical storage solutions are adapted to our fast-living world where
data does not necessarily need to be stored indefinitely, but are not suited for archival
long-term storage, for example in the context of keeping historical information, due to
their limited longevity.

Regarding the purpose of archival storage of information which is supposed to be indefinite,
it is not desirable to enlarge the available storage media physically to provide the required
capacity nor is the limited longevity suitable for this task. Therefore, new systems with
higher densities are needed while other aspects such as durability and accessibility have
to be taken into account as well, which is why scientists have started exploring DNA as
a biological storage system for non-biological information. [94,95] Figure III.1 shows an
overview on how the process of storing digital data in DNA generally works. [94]

One part of the first problem described above is the rapidly changing technical media
which pose the danger of losing the means to read them. It is easily understood why
using DNA might be an alternative here, since its relevance to our society is most likely
infinite. While the techniques around synthesizing, reading, sequencing or manipulating
DNA will evolve, the "storage medium" and its basic make-up will stay the same and
newer methods should be downward compatible - meaning that new methods should still
be able to read older "systems". The second part of this problem is the density current
technical solutions can provide. The research of recent years has shown that step by
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step, starting from about one megabyte [96,97] going to 200 megabytes of data [98], DNA is
bound to surpass traditional electronic or magnetic storage media. [99] In their comment
on this, Zhirnov et al. estimate that while a Flash memory could achieve a density of
∼1016 bit cm−1 cellular DNA should be able to reach ∼1019 bit cm−1. [100]
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Figure III.1.: The process of storing digital data in DNA involves four general steps. The digital data has to
be written into DNA code meaning the synthesis of according DNA sequences. This data has then to be
stored which can be done either in vivo or in vitro. The retrieving of the data can be accomplished with
targeted polymerase chain reaction (PCR) processes producing multiple copies of the data which can then be
read by sequencing methods. For example, this can be achieved by using one of the common techniques like
Sanger sequencing, [101] sequencing-by-synthesis [102] (e.g. Illumina) or nanopore sequencing [103,104] (e.g.
Oxford Nanopore Technologies).This figure was adapted from Ceze et al. [94]

In respect to the second problem, the longevity of storage media and the contained
data, DNA as a storage solution can provide an even higher advantage. Traditional
electronic or magnetic storage media are temporary solutions, often incapable of reliably
preserving data for the duration of even an individual’s lifespan. [105] Compared to this,
DNA has already proven its superior durability. In general, nature keeps the stored
information intact by constantly creating copies through reproduction. However, without
any intent on storing information in one copy for longer than a lifespan, scientists are
able to sequence DNA from several hundred thousands years ago and learn from the
gained genetic data of human [106] and animal skeletons [107], respectively. Of course these
skeletons were preserved by ice and cold temperatures, but it gives an idea on how many
years information can be safely stored in DNA under the proper conditions. A study
toward this was performed by Grass et al. [97] They used a previously established method
to protect the DNA by encapsulating it in a silica sphere [108] while additionally employing
error-correcting codes to overcome problems with decoding errors. With their techniques,
they were able to estimate that DNA is able to store information for about 2000 years in
central European climate and over 2 million years in a temperature regulated environment
(−18 °C).

Therefore, it can be concluded that DNA is a highly promising candidate as a long-term
solution for data storage. It should be noted that there are still problems to be dealt
with and that DNA is not an ideal storage solution for quick access. Nevertheless, it is
a promising storage medium to keep vast amounts of knowledge safely stored for the
future.
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1.2. Synthetic Expansion of the DNA Alphabet

As described in the previous section (III1.1), DNA has a high density when it comes to
information storage. In comparison to binary code, the higher density in DNA stems
from the four basic elements, often referred to as canonical bases, cytosine (C), adenine
(A), guanine (G) and thymine (T) making up the DNA sequence. [109] Albeit the already
superior density of DNA, scientists are creating even denser systems by expanding the
DNA alphabet (CGTA) with synthetic DNA bases. The groups of S. A. Benner and
F. E. Romesberg for example, are each following their own approaches toward the synthetic
extension of the bases usable in functional DNA. Figure III.2 presents an overview of
the natural base pairs (A) compared to examples of synthetic base pairs created by the
group of S. A. Benner [110] (B) and F. E. Romesberg [111] (C). A characteristic difference
in the approaches is the pairing by Watson-Crick-like hydrogen bonding by Benner
et al. as opposed to Romesberg et al. who apply a concept of hydrophobic and steric
compatibility. [109,112]
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Figure III.2.: A) Canonical base pairs dG-dC and dT-dA naturally occurring in DNA, paired through
hydrogen bonding. B) Synthetic base pairs dZ-dP and dS-dB by the group of S. A. Benner, following
the Watson-Crick model paired by hydrogen bonding. [110] C) Synthetic base pairs dNAM-d5SICS and
dCNMO-dTPT3 by the group of F. E. Romesberg, which do not exhibit hydrogen bonding. [111]

Despite their non natural base pairing approach, the group of F. E. Romesberg managed
to create a synthetically extended six-letter genetic alphabet (Figure III.2A dC-dG
dT-dA and Figure III.2C dNAM-d5SICS) which can be amplified by PCR [112] and then
a semi-synthetic organism that is able to incorporate a third unnatural base pair, tran-
scribe it to RNA and subsequently incorporate respective non-canonical amino acids into
proteins. [111,113] This work is a good example on how the synthetic DNA bases can be
integrated in natural DNA, enhancing the information density and further advancing
DNA as storage medium (see Chapter III1.1).

In contrast to this, the group of S. A. Benner lays a stark emphasis on synthetic DNA
bases being paired by hydrogen bonding and following the Watson-Crick concept as best
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they can. Their intention of staying close to natural conditions also shows in their choice
of synthetic DNA bases (see Figure III.2A-B). Starting their work in 1989, when they
presented a synthetic base pair made of iso-cytidine and iso-guanosine as a first expansion
of the DNA alphabet [114] and shortly after submitted a study showing successful in vitro
translation to non-standard amino acids. [115] In the following years, they updated their
synthetic DNA base library and published their work on a six-letter genetic alphabet
after including the bases Z and P [116] (Figure III.2B). [109,117,118] In a later addition,
the group added a fourth base pair to their collection expanding their DNA alphabet
to an eight-letter library (CGATZPSB) including their new synthetic nucleotides dS
and dB (Figure III.2B). They successfully integrated this library into DNA-like system
they named hachimoji (="eight letter") DNA. [110] Hachimoji DNA has a remarkably
similar structural to natural DNA, which the authors attribute to the natural hydro-
gen bonding patterns in their synthetic base-pairs, respectively. Throughout their work,
they highlight the structural similarity and the successful transcription to hachimoji RNA.

This eight-letter or hachimoji DNA paves a way for even higher information density in
information storage application. It also underlines that in respect to technical storage
applications, there is still much to learn and enhance in DNA as a storage medium.
Nevertheless, it presents a viable solution without forcing the invention of new materials,
but by optimizing one that has been and will be around for a long time.

1.3. Epigenetics: An Additional Layer of Information

Aside from expanding the DNA alphabet synthetically, there is another concept in natural
DNA that can help optimize the usability of DNA as a storage solution for data - namely
epigenetics. While synthetic biology creates new DNA bases, epigenetics already offers a
fifth and sixth letter to the genetic alphabet with the naturally occurring cytosine (C)
variants 5-methylcytosine (5mC) and 5-hydroxymethylcytosine (5hmC). [71] In difference
to the synthetic approaches described above, these bases are epigenetic variations of
cytosine which still pair with guanine and therefore do not create an additional base-pair.
Nevertheless, Mayer et al. [119] reported a method in 2016 showcasing the use of epigenetic
DNA bases in information storage systems as they used separate sequencing techniques
to allow different readouts from the same DNA, creating a three-layered information
system.

The first technique they employed is the deamination of cytosine upon reaction with the
bisulfite ion, also called bisulfite sequencing. [120] This sequencing technique was designed
to quantify the amount of 5mC in DNA probes, since 5mC can not be differentiated
from cytosine in traditional sequencing. 5mC is relatively inert toward reaction with the
bisulfite ion, while cytosine undergoes a hydrolytic deamination which converts cytosine
to uracil (Figure III.3B). The DNA probe is sequenced once before the reaction, where
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every cytosine and 5mC are recorded as a cytosine, and once after reaction with sodium
bisulfite. Here, every cytosine was converted to uracil which causes them to be read out
as thymine [121] while 5mC is still reported as cytosine. It is then possible to determine
the difference in cytosine levels before and after bisulfite treatments equalling the amount
of 5mC. Yet for this work, the relevant information is the different readout for cytosine
and 5mC after bisulfite treatment.

Charles DarwinAlan Turing

C U5fC 5caC

5mC

C

A

5hmC 5fC 5caC

B

Rosalind Franklin

Sequencing    

Readout

Sequencing    

Readout

Sequencing    

Readout

Figure III.3.: A) Oxidation of 5-hydroxymethylcytosine (5hmC) to 5-formylcytosine (5fC) and/or 5-
carboxycytosine (5caC) by potassium perruthenate (KRuO4). B) Transformation of cytosine (C), 5-
formylcytosine (5fC) or 5-carboxycytosine (5caC) to uracil by sodium bisulfite. C) Simplified depiction
of the concept of creating a different readout depending on DNA treatment. A 40 base-pair region of an
oligonucleotide was sequenced and read, showing the DNA encoded a binary portrait of Charles Darwin. [119]

Reading the same sequence after bisulfite treatment of the DNA template, thereby exclusively changing the
readout for cytosine, produced a portrait of Alan Tuning. A third readout is generated by oxidation with
potassium perruthenate and subsequent bisulfite treatment, which results in a portrait of Rosalind Franklin
by inverting the readout of both cytosine and 5hmC. This figure was adapted from Mayer et al. [119]

As a second technique, they introduced oxidation by potassium perruthenate (KRuO4).
In this case, both cytosine and 5mC are inert toward oxidation, while 5hmC is not. It
should be noted that 5hmC is, however, inert towards the bisulfite ion. As shown in
Figure III.3A, 5hmC can be oxidized to 5fC and 5caC using potassium perruthenate,
both of which are converted to uracil during bisulfite treatment. This behaviour can
be used to create an additional third layer of information by getting a different readout
depending on the pre-sequencing treatment of the DNA. In summary, after standard or
bisulfite sequencing 5hmC is reported as cytosine. If the DNA is treated with potassium
perruthenate prior to sodium bisulfite sequencing, 5hmC is oxidized to 5fC and/or 5caC
which react with sodium bisulfite and are therefore converted to uracil and reported as
thymine.

Figure III.3C depicts the general system using the example created by Mayer et al. [119].
A DNA strand was created to store a specific data file, in this case a simple black and
white portrait of Charles Darwin. When this DNA is sequenced and readout, the picture
can be retrieved. When the treatment of the DNA is limited to bisulfite, a second
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readout is generated due to cytosine being transformed while 5mC and 5hmC are not,
resulting in a portrait of Alan Turing after the readout. If the same DNA strand is
reacted with with potassium perruthenate prior to sodium bisulfite treatment, 5hmC
will give a different readout then before, revealing a third set of information - a portrait
of Rosalind Franklin. With this combination of sequencing techniques and naturally
occurring cytosine derivatives, more information density can be created by layering
information on the same DNA template.
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2. Motivation and Aim

As described above in chapter Chapter III1, DNA is a promising candidate as a medium
for digital information storage that not only has a very high information density, but a
superior longevity compared to current silicon based storage media. On top of that, the
biological material needed for DNA is an abundant resource. Two different approaches
towards the efficient use and optimization of DNA as a storage solution are:

1) the expansion of the DNA alphabet by creating additional synthetic base-pairs that
can still be recognized for transcription and

2) the addition of a second and third layer of information on the same DNA strand
inspired by the epigenetic DNA base variants 5mC and 5hmC.

In a previous work in our group, Niko Lindlar (né Jonasson) showed the biomimetic
oxidation of 5mC and 5hmC by a TET model complex [90] in the context of epigenetics.
Having this expertise on epigenetic markers at hand, we addressed the idea of combining
both approaches towards higher information density of DNA. What if we could add
an additional layer of information on a synthetic DNA model using the concepts of
epigenetics?

Inspired by the synthetic hachimoji DNA [110] (see Chapter III1.2), we wanted to synthesize
a small library of synthetic DNA bases bearing methyl groups at different positions and
test if these bases were accessible for the biomimetic TET model complex and oxidized
in the same manner as 5mC as a first step towards synthetic epigenetics as a tool in
DNA storage expansion. This project was embarked upon collaboratively with Annika
Menke and Niko Lindlar (né Jonasson) and the synthesis of the targeted molecules (see
Figure III.7) was spread amongst the participants. Most of the results regarding this
project can be found in the publication shown in 4. [122] Preliminary experiments will be
discussed in the following.
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3. Synthesis of 1-Methylcytosine and its Oxidation
Products

The first step towards the investigation of synthetic DNA bases as a substrate for
biomimetic TET-like oxidation was the synthesis of the base. Additionally, the synthesis
of the expected oxidation products as references, to determine retention times for our
product analysis via HPLC-MS and GC-MS, respectively, was also attempted.

3.1. Synthesis of 1mC, 1fC and 1caC

The synthesis of 1-methylcytosine (1mC) is a literature known procedure which was
performed accordingly in similar yields. [123] An effort was made to improve the yields
by elongating the reaction time, which did not alter the result and since this yield was
deemed sufficient, no further optimization was attempted. It is possible that the yield
might be influenced by the trituration of the product with hot ethanol at the end of the
procedure, which is necessary to remove remaining salts, but might also dissolve parts of
the product. However, this step is essential since albeit having a clean NMR spectrum
before this step, the yield at this point was around 115 % which confirms a significant
amount of impurities.
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TBAH (40 % in water)
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Scheme III.1: Methylation of cytosine at the N 1-position using methyl iodide under basic conditions according
to literature procedure. [123]

Before undergoing the first oxidation experiments of 1mC with an iron(IV)-oxido complex,
an effort was made to have the references of the expected oxidation products at hand, facil-
itating the product analysis. Naturally, we expected equivalent products as observed for 5-
methylcytosine (5mC) by Niko Lindlar (né Jonasson) [90], namely 1-hydroxymethylcytosine
(1hmC), 1-formylcytosine (1fC) and 1-carboxymethylcytosine (1caC) as depicted in
Scheme III.2. Due to the fact that the synthesis of 5-hydroxymethylcytosine (5hmC)
as a reference was cumbersome and ultimately achieved by reducing the methyl ester
of 5-carboxymethylcytosine (5caC) [124], the synthesis of 1fC and 1caC was approached
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Scheme III.2: Expected oxidation products 1-hydroxymethylcytosine (1hmC), 1-formylcytosine (1fC) and 1-
carboxymethylcytosine (1caC) of 1mC when reacted with an iron(IV)-oxido complex known to biomimetically
oxidise 5mC to the respective oxidised molecules.
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first. There obviously is a difference to functionalising a N - and a C-position, but the
possibility to obtain 1hmC by reduction of either 1fC and 1caC was still deemed viable.

Initial attempts at the formylation of the endocyclic nitrogen were performed following
literature procedures, [125,126] although these publications primarily involved exocyclic
amine functions. The possibility of formylating either only the exocyclic amine or both
positions was taken into account and the experiments were mainly set up to determine
whether formylation at the position, in general, is possible. First, a DBU-catalysed
N -formylation of C using carbon dioxide was tested (Scheme III.3A) [125] under varying
conditions. Using acetonitrile as a solvent and stirring under ambient conditions overnight
yielded a highly insoluble product which showed no sign of typical C=O bond signals in
an IR spectrum. Repetition of this setup showed the same precipitate, which was then
redissolved by carefully heating to 40 °C at which point the solution cleared and after
a few hours showed full consumption of the starting material on TLC. Unfortunately,
neither NMR or GC-MS analysis helped to determine the exact reaction outcome or
showed conversion to the desired product, but indicated that the exocyclic amino function
was substituted in the process. Therefore, different protecting groups for the exocyclic
amine were investigated (see Chapter III3.2).
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Scheme III.3: A) General reaction scheme of the attempted formylation of cytosine using carbon dioxide
under reductive conditions. [125] B) Attempted formylation of cytosine using ammonium formate. [126]

The reaction conditions shown in Scheme III.3A were repeated for Ac-C at ambient tem-
perature and at 40 °C over several days. Both reactions showed no formation of the desired
product. It is possible that the reaction is not working due to the poor solubility of Ac-C.
Therefore, another setup with dimethylformamide as solvent and a reaction temperature of
50 °C was applied in order to increase the amount of dissolved starting material. However,
the starting material was mostly suspended instead of dissolved and the reaction showed
no conversion of the deployed Ac-C as well. The basic reaction conditions with acetonitrile
at ambient temperature using Cbz-C also did not show any consumption of the starting
material. Ac-C was also reacted with ammonium formate under the conditions shown
in Scheme III.3B [126], but after 72 h no reaction of the starting material could be detected.

The setup for the carboxylation of the N 1 position was adapted from a synthesis by
Schwergold et al. [127], where cytosine was functionalised first and the exocyclic amino
group protected afterwards. It should be kept in mind that the literature procedure uses
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tert-butyl bromoacetate to perform an alkylation while additionally bearing a carboxy
function. Nevertheless, a similar reaction with an alkyl halogenformate might work
accordingly and was tested as shown in Scheme III.4. While the expected mass could
be found by using a direct injection method on an LC-MS system, the according NMR
spectra indicates 15 as the sole product. Compared to the NMR spectrum of cytosine,
the signal of the exocyclic amine around ∼7 ppm disappeared while a second signal
around ∼11 ppm arose strongly suggesting functionalisation at the exocyclic amine.
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Scheme III.4: Attempted conversion of cytosine (C) to the methyl ester of 1-carboxymethylcytosine (16)
using methyl chloroformate and sodium hydride. Analytics indicate the formation of only the undesired
functionalisation at the N4 position yielding 15.

A similar procedure by Xu et al. [128], also using tert-butyl bromoacetate, but protecting
the exocyclic amine beforehand was taken into consideration. Instead of using C directly
the protected variants Ac-C and Cbz-C were reacted with chloroformate in dimethylfor-
mamide using potassium carbonate as a base instead of sodium hydroxide. While the
reaction with Cbz-C showed the expected mass after 72 h - both reactions were monitored
using direct injection on a LC-MS system - this mass and the desired product could not
be detected or purified from the crude product after removal of the solvent.

There are further experiments that could be tested to achieve the desired synthesis
procedures for 1fC, 1caC and subsequently 1hmC. For 1fC the conditions of the DBU
catalysed reaction (Scheme III.3A) can be adapted and the solubility of the starting
material might be enhanced by different protecting groups at the exocyclic amine. In
the case of 1caC, there are still other literature procedures that could be tested. [129–131]

However, since the synthesis of these references is not necessarily essential to the project,
further attempts were put aside to focus on the oxidation of 1mC by the biomimetic
iron(IV)-oxido complex C4.

3.2. Protection of the Exocyclic Amine in 1mC

Since one goal of this project was to achieve selective functionalisation of cytosine at the
endocyclic nitrogen or N 1-position, we realized quickly that the protection of the exocyclic
amine could not be avoided (see Chapter III3.1). Hence, different protecting groups were
tested. In one respect, we wanted to find the most efficient reaction with good yields. In
another respect, different protected variants mean variation in solubility and the condi-
tions under which they can be cleaved off since we can only guess the stabilities of the
desired functionalised products. Three commonly known protecting groups were tested
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for our purposes: the acetyl- (Ac), the benzyloxycarbonyl- (Cbz) and benzoyl- (Bz) group.

The synthesis towards the acetyl-protected cytosine Ac-C had already been performed in
our group by Doreen Reuter during an internship. The reaction was performed according
to her procedure (conditions given in Scheme III.5) and gave the product in good yield.
This protected cytosine was easily available, but has a very poor solubility and did not
result the desired products in further reactions (see Chapter III3.1). Another aspect
was that the acetyl group is generally cleaved under acidic conditions and we were not
confident that the N 1 functionalised species would be stable under these conditions.

NH2

N

ON
H

HN

N

ON
H

C R1-C
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a) R1=Ac   (77 %)

b) R1=Cbz (10 %)

c) R1=Bz

Scheme III.5: Protection of cytosine at the N4 position with different protecting groups. Conditions: a)
Ac2O, DMF, 60 °C, 1 h, b) CbzCl, pyridine, 0 °C to ambient temperature, overnight, c) BzCl, pyridine, 0 °C,
45 s (yield was not determined).

A more promising candidate was the benzyloxycarbonyl group (Cbz), which can be cleaved
off by hydrogenolysis. [132,133] As a starting point, the conditions given by Schwergold
et al. [127] were applied. They used benzoyl chloroformate in dichloromethane and dimethyl
aminopyridine as an additive. Since these conditions did not result in any product for-
mation, a small-scale screen for better conditions was performed. In 1.5 mL centrifuge
tubes 250 µmol C were suspended in either water, acetonitrile or dichloromethane. For
each solvent, three experiments were performed where each reaction contained 2 equiv.
of benzoyl chloroformate and 2 equiv. of either pyridine, triethylamine or DBU as a base.
All tubes were placed in a shaker at 35-40 °C. Only the reaction with dichloromethane
and pyridine showed the desired mass while monitoring the reactions via LC-MS both
over column and as direct injections. Therefore the reaction was repeated with mixtures
of either dichloromethane and pyridine, water and pyridine or pyridine as the sole solvent.
Although the product could not be detected in any of these new setups, according to a
literature [134] a scale-up with pyridine as the only solvent was performed and afforded
the product in 10% yield. Higher equivalents, longer reaction times and the addition
of dimethyl aminopyridine, as done by Schwergold et al., [127] did not result in higher yields.

Protection of the exocyclic amine was also attempted with benzoyl chloride according to
a literature procedure. [135] The given reactions conditions resulted in a triple-protected
product with two benzoyl functions at the exocyclic and one at the endocyclic nitrogen.
Thus, the reaction time was reduced from 5 h to 10 min and the reaction kept at 0 °C which
yielded the double-protected product. Since it was observed that the suspended cytosine
or possibly formed Bz-C dissolved upon addition of benzoyl chloride and shortly after a
colorless solid precipitated - which might be the less soluble variants with two or three
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protecting groups - the reaction was stopped by quenching with methanol immediately
after the initial suspension cleared. This procedure yielded the desired single-protected
product Bz-C. However, there were challenges with the purity of the product which
were not trivial to resolve, as standard methods like flash column chromatography or
recrystallisation did not remove the impurities and thus the crude unpurified product
had to be used in further reactions. As already described in the previous section, the
efforts towards the synthesis of expected oxidation products of 1mC were put to a halt
due to the unexpected time the synthetic work consumed and the focus was put on the
biomimetic reaction with C4.

3.3. Initial Experiments Towards the Biomimetic Oxidation of 1mC

The first approach towards analysing whether and how the iron(IV)-oxido compound C4
oxidises or reacts with 1mC was done by UV-Vis measurements. The iron complex C4
has a distinctive maximum at 718 nm which can be monitored in UV-Vis measurements.
Therefore, an experimental setup with C4 and 1mC was created according to previous
methods used within the group. [124] An aqueous solution of the iron compound C4 was
added to and further diluted in a cuvette to achieve a concentration (1 mm) at which
the characteristic iron(IV)-oxido d-d band [89] at 718 nm displays a sufficient absorption
intensity. A solution of 1mC was added and the measurement started immediately.
However, in contrast to previous experiments with 5mC [124] where the reaction takes
around 30 min before conversion of the complex is nearly complete, no significant decrease
in absorption could be detected within this time frame. Therefore, the reaction was
repeated and the reaction time was extended to 19.5 h while full UV-Vis spectra were
measured every 30 min. The resulting UV-Vis spectra are displayed in Figure III.4A. For
comparison, Figure III.4B displays the decomposition of C4 without any added substrate.
While this graph shows that the complex is not stable in solution for an extended time
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Figure III.4.: A) UV-Vis spectra of the reaction of C4 with 1mC in ultrapure water. The first measurement
was done directly after addition of 1mC to C4 (0.0 min). Full spectra were measured every 30 min, the last
measurement was done 19.5 h after addition. The decrease in intensity at 718 nm indicates reaction of the
iron(IV) complex C4 with the substrate 1mC. The spectrum taken after 5 h was excluded due to irregularities
likely caused by a dust particle. B) Control reaction to monitor background without addition of the substrate
1mC showing only side reaction or decomposition of complex C4.
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period, the reduction in absorption in Figure III.4A is notably faster and indicates the
oxidation of 1mC by complex C4. The fact that the reaction of C4 with 1mC seems to
be significantly slower than with 5mC, was further investigated and the results can be
found in chapter Chapter III4. [122]

Since the UV-Vis measurements indicated consumption of 1mC by the iron(IV)-oxido
complex C4, the next step was the detection of possible reaction products. Towards
this, an aqueous 1:1 mixture of C4 and 1mC was reacted in a shaker at 27 °C. The
reaction was performed as triplicate and aliquots of the reactions were taken after 18 h,
26 h, 42 h, 49 h and 69 h, filtered over silica and lyophilised according to previously
established procedures. [90] A reference solution of 1mC was treated accordingly without
the addition of the iron complex. In that case only one aliquot was taken after 69 h. The
resulting solids were dissolved in water and measured on an HPLC system equipped with
a C-18-PFP column (ACE, 150x4.6 mm). The UV-Vis traces of the measurements after
18 h, 42 h, and 69 h are shown in Figure III.5 (additional spectra can be found in the
Appendix, Chapter VII2). Two distinctive signals were detected at retentions times of
1.4 min and 2.0 min. The signal at around 2.0 min was assigned to 1mC by the reference
measurement and LC-MS.
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Figure III.5.: UV-Vis traces (280 nm) of reaction aliquots taken after 18 h, 42 h and 69 h. Measured on
LC-MS using a C-18-PFP column (ACE, 150x4.6 mm) and a solvent gradient from 100 % A to 99.7 % A and
0.3 % B over 5 min (A = H2O + 0.1 % formic acid (FA), B = MeOH + 0.1 % FA). Conditions [1mC] = 1 mm,
[C4] = 1 mm, 27 °C. Reference conditions [1mC] = 1 mm, 27 °C, 66 h.

The signals show no significant decrease in 1mC concentration, which was expected
considering previous UV-Vis analysis showed a comparably slow reaction. The signal at
1.4 min, however, is slightly increasing and not detectable in the reference without C4,
indicating a reaction product of 1mC. Surprisingly, this signal was assigned to cytosine
(C) by LC-MS (found: 112.3 m/z) instead of the expected reaction products 1hmC, 1fC or
1caC, which could not be found in the corresponding MS spectra. This result prompted
the hypothesis that the oxidation products of 1mC might not be stable and undergo
further reaction, namely deformylation (see Scheme III.7C) due to the N -methylation
when compared to 5mC (C-methylated). This theory was further corroborated by
DFT calculations in cooperation with the Zipse Group and the results can be found in
Chapter III4. [122]
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4. Biomimetic Oxidation of 1-Methylcytosine and Other
Synthetic DNA Bases

Experiments regarding the oxidation of 1mC and following product analysis are part of
the following publication. Parts of the supporting information and additional data and
spectra can be found in the Appendix (Chapter VII3). All calculations regarding the
bond dissociation energies were performed by Fabian Zott and not part of my research
and therefore the additional information on this part of the publication (indicated by
Table S or Figure S) are not included in the Appendix, but can be found online in the
supporting information. [122]
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Abstract The epigenetic marker 5-methylcytosine
(5mC) is an important factor in DNA modifica-
tion and epigenetics. It can be modified through
a three-step oxidation performed by ten-eleven-
translocation (TET) enzymes and we have pre-
viously reported that the iron(IV)-oxido complex
[Fe(O)(Py5Me2H)]2+ (C4) can oxidise 5mC. Here,
we report the reactivity of this iron(IV)-oxido com-
plex towards a wider scope of methylated cytosine and uracil derivatives relevant for
synthetic DNA applications, such as 1-methylcytosine (1mC), 5-methyl-iso-cytosine
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(5miC) and thymine (T/5mU). The observed kinetic parameters are corroborated 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 C4 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. [94,98,136] DNA not only provides an immensely high density of
information, but its durability allows to store information over decades and centuries. [94]

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. [137] 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. [77] This has also been put to use in DNA information storage systems. [119]

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, increasing the density of information storable in DNA even further
(Figure III.6A). [110,138] Furthermore, the synthetic nucleoside N1 -methyl-pseudouridine
(1mΨ, Figure III.6B), which consists of a 1-methyluracil (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). [139] 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. [140]
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− iso-guanosine used in hachimoji DNA and other synthetic DNA applications. [110,141] B) Nucleobase
fragments in pseudo-uridine (Ψ) and 1-methyl-pseudo-uridine (1mΨ).

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)-oxido
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moiety as the catalytically active species for the stepwise transformation of 5mC to 5hmC,
then to 5-formylcytosine (5fC) and finally to 5-carboxycytosine (5caC). We have recently
shown that a synthetic iron(IV)-oxido complex (C4, Figure III.7) is capable of performing
the same reaction on nucleobase, [90] nucleoside, and even nucleotide substrates. [91] 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. [121,142,143] 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 (C4)
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 C4 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 draw conclusions on the suitability of
certain methylated DNA species in nature.
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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-methylcytosine (1mC), 1,5-dimethylcytosine (1,5dimC), 1-methyluracil (1mU)
and 1,5-dimethyluracil (1,5dimU, Figure III.7). The cytosine derivatives were also anal-
ysed for the products formed when reacted with C4 using HPLC-MS and GC-MS. We
evaluate which nucleobases could be useful for synthetic biology and epigenetics 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 C4 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 C4. [90]

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 C4 had been consumed. The only exception with 80 % of the initial absorbance
of C4 was with the rapidly reacting 5miC (Figure VII.4 and VII.5). As the absorption
decrease was still reliably linear within the monitored time frame (Figure III.8B) we
deemed this data analysis to be a suitable approximation. Additionally, we analysed the
reaction mixture of 5miC and C4 after 2 min reaction time using GC-MS and found mostly
unreacted 5miC (see Figure VII.18). For all other substrates the linear consumption of
C4 was observed for a much longer time frame. We were therefore confident to monitor
almost exclusively the reaction of C4 with the respective starting material and not that
of any further oxidized products.
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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. 
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[C4]=5 mm, H2O, 30 °C.
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4. Biomimetic Oxidation of 1-Methylcytosine and Other Synthetic DNA Bases

For all substrates we found a decrease of the absorbance at λ=718 nm over the monitored
time frame (Figure III.8A, compare also Appendix Figure VII.4 and VII.5 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 III.9) using the second order rate
law found by Jonasson and Daumann for the reaction of 5mC with C4. This rate law
was applied for all substrates used in this work (Eq. III.1):

v = kS [S][C4] (III.1)

where v is the observed reaction rate, [S] the concentration of the substrates and [C4]
the concentration of C4.
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Figure III.9.: Observed rate constants kS of the substrates at the following conditions: [S]=1 mm, [C4]=5 mm,
H2O, 30 °C. Rate constants kS were calculated using a second order rate equation (Eq. III.1).

When the amount of C4 was varied from 1-9 equivalents, a linear dependence of the
reaction rates on the amount of C4 (Figure III.10) was observed for all substrates and
none showed any saturation behaviour (as had been previously observed for 5hmC). [90]

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 C4 indicates a
rate law of first order for C4 for all substrates. This agrees with our previous findings
concerning the reaction of C4 with 5mC and justifies use of Eq. III.1 for the calculation
of kS . [90]

The N -methylated substrates 1mC and 1mU reacted significantly slower than all other
compounds (Figure III.9 and Figure III.10). The uracil derivatives 1mU, T, and 1,5dimU
reacted faster than their cytosine counterparts 1mC, 5mC and 1,5dimC, respectively.
When comparing mono- vs. dimethylation, a significant difference between uracil- and cy-
tosine 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 counterpart 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
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Appendix contains a second set of measurements for 5mC, 5miC, 1mC, and 1,5dimC (Figure VII.6A).

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 stemming
from steric interactions and coordination of substrates and products to C4 might also
influence the reactivity.

BDE calculation

In a next step, we wanted to rationalize the above described trends. As iron(IV)-oxido
compounds both in synthetic [144–147] and enzymatic context, [82,86,148] as well as C4 in
particular, [89,90] are reported to react via a hydrogen atom transfer from an aliphatic C−H
bond (Scheme III.6), BDEs are commonly believed to play an integral part concerning
reaction rates.
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We therefore calculated the relevant BDEs of the substrates (Figure S17 [122]). 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 thermody-
namic data see Tables S5-10 [122]). [149–153] A graphical representation of all aqueous phase
BDE values at the relevant C−H bonds in the above-mentioned substrates is shown in
Figure III.11 (also compare gas phase BDE values, Figures S18-19 [122]).

Figure III.11.: 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 [122].

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 kJ mol−1, whereas the methyl groups situated on the N1 -nitrogen atom show
much higher BDEs of 413-416 kJ mol−1. The BDE of 5miC is somewhat lower than
all other compounds, including its closest structural relatives T (ΔBDE=3.7 kJ mol−1)
and 5mC (ΔBDE=7.9 kJ mol−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 kJ mol−1,
although we note that there is a substantial solvation effect on this value (see Table S2 [122]).

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 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
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the entire length of the experiment, a very similar behaviour is observed. This would fit
very well with the BDEs of 1mC and 1mU being very similar at 415 and 416 kJ mol−1,
respectively. Nonetheless, the behaviour of 1mU does fit very well within the broader
trend described above, even if the data analysis is not perfectly suited to its behaviour.

The correlation of BDE and kS is in particular remarkable for the situation in the
twice-methylated substrates 1,5dimC and 1,5dimU (Table III.1). As described above
we found that N -methylation increased the reaction rate in the cytosine derivative
whereas the opposite was observed for the uracil derivative. This behaviour 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.

Table III.1.: Comparison of calculated BDEs and observed reaction rates.

Substrate BDE [kJ mol−1] kS [L mol−1 s−1]

1mC 414.8 0.06 ± 0.03

1mU 416.0 0.06 ± 0.02

5mC 387.3 0.18 ± 0.03

1,5dimC 386.5 0.30 ± 0.03

1,5dimU 385.7 0.44 ± 0.04

T 383.1 0.63 ± 0.08

5miC 379.4 1.44 ± 0.06

The perfect correlation of calculated BDEs to observed reaction rates provides further
evidence to corroborate the previously postulated two-step reaction pathway of C4 with
aliphatic C−H bonds (Scheme III.6). [90] 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)-hydroxido species (C3) and a carbon-centred radical. These species then
recombine in a rebound step to form the product R-OH and an iron(II)-species (C2). It
was found that C−H abstraction/hydrogen transfer is the rate limiting step. [90]

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 III.12).
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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 [122]), thus, we conclude
that the observed correlation reflects the intrinsic properties of the studied nucleobase
substrates.
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Figure III.12.: Plot of the calculated BDE values in aqueous phase against the observed rate constants kS on
a logarithmic scale (R2=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 [122].

The presented data is a remarkable result, as it both provides evidence to confirm the
previously postulated mechanism of C4 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)-oxido 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. [79,154–156] Whereas we do not claim that this behaviour of 5mC and
the other substrates towards iron(IV)-oxido 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 methylated nucleobases in synthetic biology and DNA-based storage
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systems, their different reactivities could allow for additional layers of information and
tunability. By incorporating two nucleobases of vastly different reactivity towards C4,
such as 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 C4 with the cytosine substrates, as these are most relevant to our research question
(see Appendix, Table VII.1 and Figure VII.7-VII.19. We also analysed the product
distribution of T oxidation products using GC-MS (see Figure VII.19).

In our recently published work on the reactivity of C4 towards 5mC we identified the
oxidized derivatives 5hmC, 5fC, and 5caC, that are also formed by TET enzymes in DNA
substrates, using GC-MS. [90] In this work we corroborated these results with HPLC-MS
measurements (Scheme III.7A). 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 lyophilisation (see Figure VII.7 and VII.8).

In fact, a hemi-protonated dimer of 5mC (5mC-5mCH+) has previously been isolated by
us and was structurally characterized. [157] 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 III.7B). When 5 equivalents of C4 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, lyophilisation, 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 III.7). This overall process, however, is
endergonic (see Figure S21A and B and Table S3 [122]). 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 kJ mol−1 lower than for 1mC. In this particular case, we observed that
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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 [122]

and subsequent text). The oxidation products that follow, 1fC and 1caC, were both
found to be exergonic and therefore unstable (see Scheme III.7C). The calculated solu-
tion phase free energies of reaction ΔG for the deformylation of 1fC is −17.0 kJ mol−1

(Figure S21C [122]), for the decarboxylation of 5caC it is −44.9 kJ mol−1 (Figure S21D [122]).

As a proof-of-concept for this hypothesis, free energies of reaction ΔG were calcu-
lated for the literature known deformylation of 6-hydroxymethyladenine (6hmA) and 6-
formyladenine (6fA), which are oxidation products of naturally occurring 6-methyladenine
(6mA) in mammalian DNA. [158,159] The deformylation of 6hmA towards adenine and
formaldehyde is endergonic (ΔG298,H2O=+16.5 kJ mol−1, see Figure S22B and Table S4 [122]),
while the deformylation of the following oxidative product, 6fA, is thermoneutral
(ΔG298,H2O=+1.1 kJ mol−1, see Figure S22C [122]). It has been reported, that 6hmA
and 6fA are transient intermediates of the oxidation of 6mA with hydrogen peroxide. [160]

The aqueous phase BDE(C−H) value of 6mA (+396.4 kJ mol−1, see Table S2 [122]) is
13.3 kJ mol−1 lower than that of 6hmA (+408.7 kJ mol−1, see Table S2 [122]), which is in
support of a consecutive oxidation cascade and therefore also of the proposed pathway
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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 III.8): 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 C4. 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 III.8),
corresponding to our proposed mechanism for 1mC (Scheme III.7). Similarly, 1m-5caC
only offers the 1-methyl group as a substrate position for C4 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.
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Scheme III.8: Identified products in the reaction of 1,5dimC with C4. All structures in black were detected
using HPLC-MS after 1 h and 24 h using both 1 and 5 equiv. of C4, although in different ratios. a: For this
step we propose a similar reaction sequence as for 1mC (see Scheme III.7).
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Conclusion

We have presented a comprehensive study of the reactivity of the biomimetic iron(IV)-
oxido complex C4 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 C4 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 comparing 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 C4 towards a broad range of methylated substrates.
In summary, the observed reaction rates towards C4 seemed to be dominated by the
reactivity of the C-methylated part of the substrates. 5mC, T 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 C4 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 counterpart 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 C4 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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1. Introduction

Immobilisation is a useful tool to improve the handling of catalysts or enzymes which are
used to convert a specific target molecule into the desired product. When catalysts are
used in a homogeneous systems they are efficient, but can also pose problems when it
comes to separation. The removal of either the catalyst or the substrate and product
can be difficult and is limited by two crucial factors. In some cases, a substrate could be
converted multiple times in a sequential manner and the catalysis needs to be stopped
at a specific time when the maximum concentration of the desired product is reached.
To achieve this, the catalyst and desired product need to be separated as quickly as
possible, which is often difficult in a homogeneous system. In addition, for economic and
environmental reasons, the catalyst should be recycled for further use and therefore needs
to be recovered from the system which can involve several steps of purification. [161–164]

In order to facilitate both the control of reaction time and the recovery and reuse of
the catalyst, a heterogeneous system is needed. By immobilising the catalyst on a solid
support while substrates and products are in solution, they can be separated in a facile
manner by filtration, centrifugation or decanting, respectively, while the catalyst can be
purified by simple washing procedures. [161,162,164,165]

1.1. Immobilisation Techniques

Although immobilisation can improve the issues that can occur in homogeneous sys-
tems, the variety of catalysts and enzymes is vast and there is not one immobilisation
solution for all homogeneous systems. Over the years, a variety of techniques for im-
mobilisation has been developed to accommodate the different types of catalysts and
surrounding conditions [161–168] since, depending on the system, multiple factors regarding
the functionalities of the solid support and the surrounding solvent have to be taken into
account. [163] Nevertheless, several immobilisation techniques have been developed and
successfully applied. A generalised overview of these techniques is shown in Figure IV.1.
The techniques can be roughly divided into chemical and physical approaches wherein
chemical techniques include covalent binding of the catalyst while physical approaches
use physical barriers and interactions. In each technique, the catalyst or holoenzyme can
either be immobilised directly or the ligand or apoenzyme are immobilised before the
metal ion is introduced. Since the properties and reactivity can differ strongly in both
cases, this should be considered when designing a heterogeneous system. [165]

The chemical immobilisation techniques can be further divided in two groups: covalent
binding and crosslinking. In covalent binding, the solid support and linker each bare
a functional group which can undergo a chemical reaction forming a covalent bond.
These bond formations include nucleophilic substitution reactions, [169,170] Schiff base
formation [171–173] and ring-forming reactions, [174–177] respectively. In the crosslinking
approach, [178] the catalyst or enzyme do not necessarily react with a solid support.
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Metal

Chemical Physical

Covalent binding Crosslinking Entrapment Adsorption

Solid Support Ligand or Enzyme

Figure IV.1.: Overview of different immobilisation techniques divided by chemical bond formations and
physical interaction. In the covalent bond formation the complex or enzyme is directly bound to a solid
support by a specific reaction forming a covalent bond while in crosslinking approaches the complex or
enzyme is bound in aggregations of several moieties. In the physical immobilisation the complex or enzyme
is either physically entrapped by the solid support or adsorbed through non-covalent binding like van der
Waals or electrostatic interactions, respectively.

They are equipped with functionalities that can form multiple bonds and thus aggregate
several catalyst moieties which results in insolubility of the formed bulk. This can be
achieved by introducing a linker molecule that either binds multiple catalyst moieties or
undergoes polymerisation forming a bigger interconnected network of linker molecules
bearing the catalyst. The formation of a covalent bond in either case often provides a
stable link of the catalyst which is inert to variable conditions and thus prevents leaching
of the catalysts into the solution. [162] Nevertheless, the functionalities used for binding
are often not an inherent part of the catalysts or solid support and have to be introduced
first. These alterations and the covalent binding itself can have a negative influence
on the catalytic activity which needs to be in balance with the advantages of covalent
immobilisation. [163,165,168] In contrast, the physical immobilisation techniques do not
always require a functionalisation of the catalyst or enzyme. Especially when using
entrapment approaches, the catalytic moiety does not have to be altered. Entrapment
can be achieved by different methods including fiber [179] or gel entrapment, [180] which
are primarily used for enzymes, as well as encapsulation. [181,182] Here, the solid support
is often build in situ around the catalytic species although it can also be brought into the
solid support step by step and assembled within the material. [183] Similar to the covalent
approaches entrapment effectively avoids leaching of the catalytic species. However, the
solid support has to allow for relatively quick and easy permeability of the substrate
and product. [162] In physical adsorption the catalyst and solid support again have to
be equipped with matching functionalities or properties allowing for adsorption of the
catalysts on the support. These can either be inherent to the molecule or be introduced
by functionalisation. The immobilisation can be achieved by van der Waals [184,185] or
electrostatic interactions [186] or π-π stacking, [187,188] respectively. An advantage of this
approach is the facile immobilisation which does not include a chemical reaction. However,
as the physical binding through interactions is generally weaker than covalent binding,
these systems tend to create difficulties by leaching the catalytic species into solution. [162]
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1.2. Solid Phase Materials

Similar to the immobilisation techniques, the field of used solid supports includes a vast
variety of substances. Depending on the catalytic species that is to be immobilised and the
reaction conditions, like the solvent, the solid support has to be chosen according to the
given requirements. Table IV.1 depicts an excerpt of commonly used solid supports. They
can generally be divided by inorganic and organic materials. While the inorganic materi-
als on average display a higher stability towards surrounding conditions, organic supports
are more bio-compatible and especially in the case of bio-polymers more eco-friendly. It
should be mentioned that, for practical and economic reasons, solid support systems
that are ready to use without further manipulation are preferable, but due to the vari-
ety of catalytic species an immediate match of catalyst and support is not always realistic.

One of the most used solid supports for immobilisation are silica-based systems. This is
likely due to the simplicity of the system and the variety of immobilisation techniques than
can be applied. As stated in Table IV.1, silica has been used in covalent binding, electro-
static interaction, entrapment and absorption applications emphasizing its versatility. [167]

A frequently used method is the functionalisation of porous hexagonal silicas with silanes
bearing a specific functional group that can then be used for covalent binding. [171,172]

Although this method requires an additional synthetic step in the procedure, it can be
used to specifically accommodate the catalytic species. Similar techniques are applied to
magnetic nanoparticles (MNPs). [168,189] Most common are iron(III) oxide nanoparticles
which can easily be separated from solution through their magnetic properties. They are
often functionalised to allow variable covalent binding which is frequently achieved by
coating with silica and using the above mentioned methods. [189] In addition, functional
groups like phosphonic acids which have a high affinity towards oxide surfaces can be
used for direct covalent modification. [190] Other inorganic materials are carbon nanotubes
(CNTs) which can also be functionalised towards covalent binding. For example, the
treatment with nitric acid and thionyl chloride is used to introduced acid chlorides on
the CNTs, which can then be used to immobilise the catalytic species. [170] A unique
characteristic of the CNTs is their graphene surface which can efficiently bind catalysts
by π-π stacking. [187,188] This method is, however, limited to catalytic species that are or
can be equipped with according functionalities. Non-covalent immobilisations can also
be performed by entrapment in zeolites, [183] which is also constrained due to limitations
by pore sizes.

In the group of the organic solid supports, the most commonly used materials are
polystyrene based resins. [191] While polystyrene itself can be used for encapsulation of
catalysts, [192] respectively, several derivatives like Merrifield and TentaGel resins are
applied in covalent immobilisation of various catalytic species. [169,182,193] These resins are
commercially available as an derivatised forms of polystyrene with different functionalities.
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Therefore, they do not always require additional manipulations. Nonetheless, depending
on the catalytic species they can be further functionalised. In these respects and with the
typical methods used, polystyrene resins serve as the organic counterpart to silica systems.
The most environmental friendly solid supports are made form bio-polymers [180,194] like
alginate, cellulose, chitosan and collagen. [195] They are often used in form of gels or
nanofibers to entrap the catalytic species.

Table IV.1.: Examples of the variety of materials used for the immobilisation of catalysts
and enzymes. Depicted are general categories of materials and accordingly used methods of
immobilisation as well as an indication whether the material has to be functionalised prior to
use, which form of immobilisation can be used directly on the material and for which method
additional adaptation is necessary. In some cases, the material was used with and without prior
functionalisation for the same form of immobilisation. This table does not claim to be exhaustive.

Inorganic

Solid Support Chemical Manipulation Form of Immobilisation

Silica [167] yes Functional groups Covalent binding [171,172]

yes Ion exchange (Si-Al) Electrostatic interaction [196]

no Entrapment [197]

no Adsorption [185]

Magnetic nanoparticles [168,189] yes Functional groups Covalent binding [198]

yes Coating Covalent binding [199]

no Covalent binding [190]

Carbon nanotubes [162] yes Functional Groups Covalent binding [170,200]

no Adsorption [187,188]

Zeolites no Entrapment [183]

Organic

Solid Support Chemical Manipulation Form of Immobilisation

Polystyrene resins [191] yes Functional Groups Covalent binding [201]

no Covalent binding [182]

no Encapsulation [192]

Bio-polymers [166] yes Functional Groups Encapsulation [179,180]

yes Functional Groups Covalent binding [194]

no Adsorption [202]

MOFs [181,203] yes MOF Design Covalent binding [204,205]

no Entrapment [206]

Ion exchange resins [207] no Electrostatic interaction [208]
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Unfortunately, these polymers are often very effective in aqueous solution making them a
suitable substrate for enzyme applications, [195] but limiting their use in immobilisations
of inorganic catalysts. In contrast to that, metal-organic frameworks (MOFs) can be
a good solid support for chemical catalysts. They can be either incorporated into the
framework or be encapsulated as a guest species. [181,203,205] While it can be effective,
this technique requires a specific expertise in designing a MOF either incorporating or
encapsulating the target catalyst and is therefore not readily applicable. Another more
specific material are ion exchange resins. [207] As the name suggests, these materials are
specifically used in immobilisation via electrostatic interaction and are constricted to
charged molecules. In addition, this type of interaction is not as inert as covalent binding
and thus difficulties with leaching into the solution are common. [207]

1.3. Immobilisation of Catalysts

As described in the previous sections, depending on application and catalytic species,
various combinations of immobilisation techniques and solid supports can be and have
been applied successfully. To give a few examples, Figure IV.2 displays four different
immobilised catalysts and the according reactions performed after immobilisation. The
examples do not necessarily represent the best performing immobilised catalysts but an
idea on the different immobilisation methods applied.

Figure IV.2A depicts the immobilisation of a copper(II) acetylacetone complex ([Cu(acac)2])
on a hexagonal mesoporous silica by Silva et al. [171] In this procedure, the silica was
functionalised by reaction with (3-aminopropyl)triethoxysilane prior to immobilisation.
The resulting silica was then reacted with [Cu(acac)2] in chloroform under reflux to
immobilise the complex by a Schiff base formation between the functionalised silica and
the ligand. The immobilised catalyst was then applied in the aziridination of styrene and
compared to the homogeneous [Cu(acac)2] complex in solution. In a first reaction, the
immobilised catalyst displayed a higher conversion (92 %) compared to the homogeneous
[Cu(acac)2] complex (69 %). However, the turnover frequency (TOF) was significantly
smaller and the productivity decreased upon reuse of the material. Nevertheless, this
procedure is a typical example regarding immobilisation by covalent Schiff base formation.

Another procedure similarly using a silane for solid support functionalisation is shown in
Figure IV.2B. Riente et al. used magnetic nanoparticles (Fe3O4) and derivatised them by
reaction with a silane bearing an azide functional group. [198] This was then reacted with
a MacMillan catalyst by copper catalysed azide-alkyne cycloaddition (CuAAC) forming
the immobilised species (Figure IV.2B) by covalent bonding via click-reaction. They
additionally immobilised the catalyst in a similar manner on Merrifield resin. Here, they
substituted the chlorine in the Merrifield resin with sodium azide prior to performing the
CuAAC. Both materials were used in Friedel–Crafts alkylations of N -substituted pyrroles

67



Chapter IV. Towards the Immobilisation of Py5-Ligand Systems on a Solid Support

N

O O
Si

OEt

N
S

O

O

I

O

Cu O

O

O OO

S
O O

O

H H H

Ph2
P

PPh2

Rh

H
NO

O

O

H2
(S)(S)

H
NO

O

O

N

N

N

N

N

N

N

N

N

NN

N

Mn

Cl

H2O2

N

O O
Si

O

NN
O

NHN

O

N

Bn

O
(R)(R) O

N
Bn

+

A B

C D

Silica

SilicaPolystyrene

Fe3O4

PhI=NTS

O

Figure IV.2.: Examples of successful immobilisation of chemical catalysts as an excerpt of the variety
of immobilisation techniques and support materials. A) Immobilisation of a [Cu(acac)2] complex on a
hexagonal mesoporous silica catalysing the aziridination of styrene. [171] B) Covalent binding via CuAAC
applied on a functionalised magnetic nanoparticle immobilising a MacMillan catalyst used for Friedel–Crafts
alkylations. [198] C) An immobilised manganese catalyst on polystyrene based Merrifield resin used for
cyclohexene oxidation. [182] D) Immobilisation on a non-functionalised silica by adsorption of a rhodium
catalyst used in asymmetric olefin hydrogenations. [185]

with α,β-unsaturated aldehydes, one example of which is given in Figure IV.2B. With
this substrate, both the polystyrene and the MNP supported catalyst reached conversion
of 98 % with an enantiomeric excess (ee) of 79 % and 65 %. Although the ee is lower than
with the homogeneous catalyst [209] the authors point out that the immobilised catalyst
was used at 0 °C to room temperature while the homogeneous catalyst is used at −60 °C
to −30 °C. Additionally, the straightforward removal of the MNPs facilitated reuse of the
catalyst showcasing the benefits of immobilisation.

A third example by Paula et al. uses a simple nucleophilic substitution to immobilise the
catalyst by covalent binding. [182] They immobilised a manganese porphyrin ([Mn(porph)])
complex directly onto Merrifield resin without additional functionalisation (Figure IV.2C).
The resin supported catalyst was then used for different oxidation reactions. In case
of the oxidation of cyclohexene by hydrogen peroxide, the immobilised catalyst yielded
98 % average conversion through four cycles of reuse and a product selectivity of approx.
90 %. In general, compared to the homogeneous catalyst the main disadvantage were
longer reaction times while the overall performance did not suffer significantly. The same
catalyst was additionally immobilised on bromo-silane functionalised silica. However,
this silica supported catalyst did not yield satisfactory results. This was attributed to
the influence of the linker and synthetic procedure as they did not use hydrogen peroxide
in order to avoid water in the system. It should be mentioned that this was done with a
silica gel and not a commonly used and more stable hexagonal porous silica.

The immobilisation displayed in Figure IV.2D shows an example of the, in case of
catalysts, more rarely used immobilisation by adsorption. Bianchini et al. used a rigid
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meshed silica (Davison 62) to immobilise a rhodium complex by hydrogen bonding
interactions between a sulfonate attached to the ligand structure and the silica. [185] As
is often observed for adsorbed catalysts, dissolution of the hydrogen bonds and thus
leaching of the immobilised catalyst was observed in methanol and ethanol, respectively.
It should be kept in mind that this is a relevant restriction when using this technique.
The immobilised catalyst was used in asymmetric olefin hydrogenations with hydrogen
and n-heptane as a solvent in comparison to a homogeneous analogue in methanol. With
most substrates, like the example given in Figure IV.2D, both catalysts displayed very
similar conversion and ee in three consecutive runs.

While many examples of heterogeneous catalysts obtained through immobilisation have
been designed, the immobilisation of biomimetic catalysts is a less developed field. As
was described earlier (see Chapter II and Chapter III4), biomimetic complexes can be
a powerful tool in the investigation of enzyme activity and can be used to reproduce
enzymatic reactions in a chemical environment. Creating heterogeneous biomimetic
catalysts can additionally widen the applicability of these enzymatic reactions. An
examples for successful development of a heterogeneous system is the implementation of
an iron(II) site into a MOF system which mimics α-ketoglutarate-dependent dioxygenases
by Hou et al. [210] The iron was introduced into the system by exchange of zinc ions in the
Zn5Cl4(btdd)3 structure and the chloride was exchanged with pyruvate to create a close
mimic of the reactive site in α-ketoglutarate-dependent enzymes (see Chapter II). They
showed that the iron within this MOF structure is able to activate molecular oxygen
in a biomimetic manner and thus form an iron(IV)-oxido complex capable of catalytic
oxygenation of cyclohexane.

The presented examples give a small insight into the vast field of catalyst immobilisation.
While covalent binding is the commonly applied immobilisation technique, there are other
viable options depending on the functionalities of the catalyst. Silica is likely the most
frequently used solid support due to its availability and straightforward functionalisation.
Other materials, like MNPs, offer better separation which is one of the main advantages
of immobilisation. In terms of efficiency, supported catalysts often have lower TONs
due to lowered diffusion speed but nevertheless can in many cases compete with their
homogeneous counterparts.
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2. Motivation and Aim

This part of the thesis is aiming towards the immobilisation of the biomimetic iron(IV)-
oxido complex C-4 (Figure IV.3). As was previously shown by our group, the complex
C4 can mimic the stepwise oxidation of 5mC by TET enzymes. [90] However, during
the reactions performed with this biomimetic complex, two difficulties were observed,
complicating the process of performing oxidation reactions.
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Figure IV.3.: Immobilisation of iron(IV)-oxido complex C4 on a solid support.

First, the iron(IV)-oxido complex can undergo side reactions once the iron(II) species
is formed as the comproportionation of both species forming the iron(III) complex is a
rapid process. [211] Second, the removal of the complex from solution needs improving
as the currently applied filtration over amorphous silica does work, but in some cases
dissolved silica complicates quantification and can precipitate in analytical instruments.
The immobilisation of the complex C4 onto a solid support could generate enough rigidity
in the system to avoid comproportionation between complexes as well as facilitate the
removal of the complex from solution. As described in the previous section, several
solid support materials and techniques could be applied. Although bio-polymers are
generally used for enzymes rather than catalysts, the complex C4 is designed for the use
under biomimetic conditions. Therefore, chitosan was investigated as a solid support
material as it is compatible with physiological conditions and a suitable derivative of
the ligand systems (L1-NH2) had already been synthesized within the group. Addition-
ally, the synthesis of ligand derivatives with other functionalities could help widen the
scope of possible immobilisation reactions. As an alternative, the immobilisation on
hexagonal mesoporous silica via functionalisation and subsequent covalent binding was in-
vestigated as this is the commonly used approach for catalyst immobilisation (vide supra).

As a general concept, the immobilisation was approached in a stepwise manner by first
immobilising the ligand before forming the iron(II) species, which could ultimately be
oxidised the immobilised iron(IV)-oxido species.
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3. Synthesis of Ligands and Complexes for Immobilisation

3.1. Synthesis of Functionalised Ligands

As described in various papers by our group, [90,91,122,211,212] we are predominantly working
with a Py5-Ligand system (based on five coordinating pyridines) first introduced by
Chang, [213] which is able to form relatively stable iron(IV)-oxido complexes. The parent
ligand L1 is shown in Figure IV.4B. To make this ligand system and the corresponding iron
complexes suitable for covalent immobilisation, functionalisation of the ligand backbone is
needed. The ligands L1-NH2 and L1-OH (see Figure IV.4A) were previously synthesized
by Niko Lindlar (né Jonasson) [124] according to literature procedure. [89,213] In this work,
the syntheses of these ligands were adapted and optimized. In addition, two new ligands
L1-Cl and L1-N3 were synthesized to widen the scope of possible linking reactions and the
functional groups that can be targeted on a solid support. An overview of the intended
covalent linking reactions is depicted in Figure IV.4C. While the ligands L1-OH and
L1-Cl could be immobilised by nucleophilic substitution, the ligand L-NH2 was tested
towards immobilisation via Schiff base formation. The aza-ligand L1-N3 was used in test
reactions towards linking by click chemistry (vide infra).

Metal

Chemical Physical

Covalent binding Crosslinking Entrapment Adsorption

Solid Support Ligand or Enzyme

Figure IV.4.: A) Library of para-functionalised ligands synthesized for immobilisation applications. The L1-X
type ligands were derived from the structure and synthesis of B) Parent ligand L1. C) General overview of
intended covalent linking reactions of the L1-X type ligands on a functionalised solid support via nucleophilic
substitution, Schiff base formation or click chemistry.

It was attempted to synthesize additional L2-X type derivatives in which the methyl
groups in the ligand backbone are exchanged for hydroxy groups (Scheme IV.1A) as the
additional functional groups could be used for immobilisation and might also display
different properties than complexes formed with L1-X type ligands once immobilised. [211]

The general procedure includes the suspension of 2,6-dimethoxycarbonylpyridine in a
mixture of sulfuric acid (30 %) and methanol and subsequent addition of hydrogen peroxide
(30 %) and a solution of ferrous sulfate with temperatures below 30 °C. The literature
states a dropwise addition of the hydrogen peroxide and ferrous sulfate solution, but it is
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not specified in detail whether this was done successively or simultaneously and if the
addition was slow or fast. [214–216] Therefore, the initial Fenton reaction needed to introduce
the axial functionality was tested for adequate reaction conditions (see Chapter VII4).
Unfortunately, this did not result in yields higher than 15 % for 17 (Scheme IV.1B) and
proved to not be reproducible under the tested conditions. The following reaction steps
were planned to be performed according to literature procedure. [211,217] Although this
synthesis was not pursued further in this work, experiments towards L2-X type ligands
will be conducted by Doreen Reuter to be used in immobilisation of pyrene bearing ligand
systems on multi-walled carbon nanotubes (MWCNTs).
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Scheme IV.1: A) Ligand L2. [211,217] B) First step of the attempted synthesis towards L2-OH which was not
further pursued in this work due to poor reaction outcomes.

3.1.1. Synthesis of L1-NH2

The ligand L1-NH2 was obtained in a five-step synthesis starting from (2,6-dichloropyridin-
4-yl)methanol (Scheme IV.2) according to a procedure previously performed within the
group. [124] The desired amine function was obtained by converting the alcohol in (2,6-
dichloropyridin-4-yl)methanol via a Mitsunobu type reaction using triphenylphosphine,
diisopropyl azodicarboxylate (DIAD) and phtalimide yielding 18 in 83 % yield. Subse-
quently, methylamine was used in a Gabriel type synthesis to form 19 in similar yield.
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Scheme IV.2: Five step synthesis towards L1-NH2 starting from (2,6-dichloropyridin-4-yl)methanol. The
starting material was converted by a Mitsunobu type reaction using triphenylphosphine, diisopropyl azodi-
carboxylate (DIAD) followed by a Gabriel type synthesis to form 19. The amine 19 was protected by
a Paal-Knorr Pyrrole Synthesis to form 20 and subsequently reacted with 21 to form L1-NPyr. After
deprotection using hydroxylamine hydrochloride L1-NH2 was obtained in an overall yield of 39 %.
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The following steps were performed according to a literature procedure. [89] The amino
function was protected by a Paal-Knorr Pyrrole Synthesis using 2,5-hexanedione and
para-toluenesulfonic acid resulting in 20 in 70 % yield. With the general procedure
used for L1 and L1-X type ligands L1-NPyr was synthesized in 85 % yield by reaction
with 21 and n-butyl lithium. Finally, L1-NH2 was obtained by reacting L1-NPyr with
hydroxylamine hydrochloride in an overall yield of 39 % over five steps.

3.1.2. Synthesis of L1-OH

The ligand L1-OH was in general synthesized in a three-step synthesis starting from
(2,6-dichloropyridin-4-yl)methanol (Scheme IV.3) according to a procedure previously
performed within the group. [124] Initial protection of the para-positioned alcohol function
using chloromethyl methyl ether (MOMCl) and N,N -diisopropylethylamine (DIPEA) as
a base resulted in 22 in 93 % yield. The subsequent reaction of 22 and 21 with n-butyl
lithium was previously performed over the course of 60 h. However, when this reaction was
performed and closely monitored by Tobias Walter during his internship using TLC and
GC-MS, it was found that the product is formed faster than anticipated and decomposes
over time. Although the synthesis was performed within the group before, this was done
as a part of training the student in good research data management (see I) and thereby
emphasized that a new reaction should always be monitored and this information should
be added to the reaction details as the outcome of a reaction can differ from literature
procedures due to different circumstances. In general, reproducing literature procedures
can help a student or scientist understand which information are necessary to successfully
recreate a synthesis and find access to the research field they are embarking upon. [218] As
a result, by adaptation of the reaction time the yield of L1-OMOM could be improved
from 26 % to 71 %. The following deprotection of L1-OMOM using hydrochloric acid
resulted in the ligand L1-OH in 60 % yield.
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Scheme IV.3: Three step synthesis towards L1-OH starting from (2,6-dichloropyridin-4-yl)methanol. The
starting material was protected using chloromethyl methyl ether (MOMCl) forming 22 and subsequently
reacted with 21 to form L1-OMOM. After deprotection using hydrochloric acid L1-OH was obtained in an
overall yield of 40 %.
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3.1.3. Synthesis of L1-Cl

From the previously synthesized ligand L1-OH, a new ligand L1-Cl bearing a chloride at
the axial position could be obtained. This was achieved by reacting L1-OH with thionyl
chloride at ambient temperature for 5.5 h (Scheme IV.4A) resulting in L1-Cl in 88 %
yield via a facile chlorination of L1-OH. After washing with saturated aqueous sodium
hydrogen carbonate and drying over magnesium sulfate, the solvent was removed in
vacuo and the ligand L1-Cl crystallized overnight. The obtained crystals were analysed
by single crystal X-ray crystallography (Scheme IV.4B). Detailed crystallographic data
can be found in the Appendix (Chapter VII7).

Scheme IV.4: A) Chlorination of L1-OH using thionyl chloride at ambient temperature resulting in L1-Cl in
88 % yield. L1-OH was previously synthesized in a three step synthesis as described in Chapter IV3.1.2. B)
Graphical representations of the crystal structure of L1-Cl. Ellipsoids are drawn at 50 % probability. [219]

Elements shown in white (C), blue (N) and green (Cl); hydrogen atoms have been omitted for clarity. Crystal
Structure measured, solved and refined by Jonathan Gutenthaler-Tietze.

3.1.4. Synthesis of L1-N3

The ligand L1-N3 was synthesized by simple substitution reaction. The previously
synthesized ligand L1-Cl was reacted with two equivalents of sodium azide and the
mixture stirred at ambient temperature (Scheme IV.5A) until full consumption of L1-Cl
was indicated by LR-MS. As a side note, it is likely that the reaction was completed
in quantitative yield in less than 48 h. To avoid formation of hydrazoic acid, remaining
azide was quenched by addition of sodium nitrite and sulfuric acid and left in the closed
fume hood for 4 h. This should be done at the least as long as the formation of nitrogen
or nitrogen monoxide can be detected through forming bubbles. After removing the
solvent in vacuo and an aqueous work-up, extraction and recrystallization, L1-N3 was

Scheme IV.5: A) Substitution of the chloride in L1-Cl using sodium azide at ambient temperature resulting in
L1-N3 in 97 % yield. L1-Cl was previously synthesized in a four step synthesis as described in Chapter IV3.1.3.
B) Graphical representations of the crystal structure of L1-N3. Ellipsoids are drawn at 50 % probability. [219]

Elements shown in white (C) and blue (N); hydrogen atoms have been omitted for clarity. Crystal Structure
measured, solved and refined by Jonathan Gutenthaler-Tietze.
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afforded in 97 % yield. The obtained crystals were analysed by single crystal X-ray
crystallography (Scheme IV.5B). Detailed crystallographic data can be found in the
Appendix (Chapter VII7).

3.2. Iron Complex Formation with Functionalised Ligands

In this work, four L1-X type ligands were synthesized (vide supra) to use their specific
functional groups for immobilisation reactions. The preliminary goal was the immobilisa-
tion of the iron(II) species of these ligands (C2-X), which could then be oxidized to the
labile iron(IV) species to subsequently perform oxidation reactions. This can be done
either by immobilising the ligand and then adding iron to form the desired complexes
C2-X or by synthesizing the complexes first and immobilising them directly. Hence, the
synthesis of the iron(II) species is essential to use them either as a reference or as a sub-
strate. The iron(II) complexes of L1-NH2, L1-Cl and L1-N3 were synthesized according
to a previously performed procedure within the group, which was adapted by Chang
et al. [89,124] All complexes C2-NH2, C2-Cl and C2-N3 can be formed by the addition of
iron(II) triflate to a solution or suspension of the respective ligand at ambient temperature
(Scheme IV.6A) and subsequent precipitation by addition of diethyl ether and cooling. It
is likely that the yield depends more on the completeness of the precipitation rather then
the incomplete formation of the iron complexes. All complex formations are accompanied
by a deep red colouring of the solution and precipitation resulted in orange powders. For
C2-Cl, crystals suitable for single X-ray crystallography were obtained from a solution in
acetonitrile from which the solvent was slowly evaporated at 4 °C. The resulting crystal
structure is shown in Scheme IV.6B.

Scheme IV.6: A) General procedure for the formation of C2-X type complexes. The respective ligand was
suspended in acetonitrile (0.1 mm) and 1.0 equivalent of iron(II) triflate is added. The resulting C2-X complex
can be precipitated from the solution by addition of diethyl ether. B) Graphical representations of the crystal
structure of C2-Cl. Ellipsoids are drawn at 50 % probability. [219] Elements shown in white (C), blue (N),
dark red (O), green (Cl), light green (F), yellow (S) and orange (Fe); hydrogen atoms have been omitted for
clarity. Crystal Structure measured, solved and refined by Jonathan Gutenthaler-Tietze.

To gain clearer insight on the formation of the complexes and their spectroscopic prop-
erties, a UV-Vis titration experiment shown in Figure IV.5 was performed. For each
ligand, a 0.1 mm solution in acetonitrile was prepared and an iron(II) triflate solution was
added stepwise. With each addition 0.1 equiv. of iron(II) were added and the solution
stirred for approximately 45 s before measurement to allow complex formation. The
concentration of the iron triflate solution was adapted so that the addition could be
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Figure IV.5.: UV-Vis spectra of the functionalised ligands L1-NH2, L1-OH, L1-Cl and L1-N3. The measure-
ments show a solution of the respective ligand (0.1 mm in acetonitrile) and the resulting spectra from stepwise
addition of a iron(II) triflate solution (0.1 equiv., 4 µL per step). The mixture in the cuvette was stirred for
45 s after addition and prior to measurement. The spectra show the formation of the C2-X complexes of each
ligand. Measurements were performed at 25 °C.

performed with small volumes (4 µL for 0.1 equiv.) in relation to the full volume within
the UV-Vis cuvette (2 mL) to avoid dilution effects on the spectra. Although none of the
spectra display complete saturation after addition of one equivalent of iron, this is likely
attributed to the short reaction time and is expected. As can be seen in Figure IV.5A-D,
each ligand spectrum displays a significant shift around 260 nm and the rise of two broad
new bands in the region between 300-450 nm. Similar absorption bands occurring in
comparable iron(II) systems in the literature are attributed to metal-to-ligand charge
transfer bands. [220] All maxima and the isosbestic point of each complex formation are
listed in Table IV.2.

While the maxima of all complexes show no significant deviation, it is noteworthy that the
spectra of the formation of C2-NH2 differ significantly from the other tested systems. In
difference to the shift of the absorption maximum around 260 nm with a clear isosbestic
point, the shift is less prominent and accompanied by a lowered absorbance. The general
absorbance in the region from 300-450 nm is also lower indicating a smaller extinction
coefficient for C2-NH2 or significantly slower formation of the complex. When UV-

78



3. Synthesis of Ligands and Complexes for Immobilisation

Table IV.2.: UV-Vis maxima observed for L1-X type ligands and C2-X type complexes. Maxima
were extracted from measurements of the dissolved species in acetonitrile at 25 °C (see Figure IV.5
and Figure IV.6) while the isosbestic points of the iron(II) complex formations of the respective
ligands were derived from the titration experiment shown in Figure IV.5.

Complex Maxima Isosbestic point

L1-NH2 263 nm - -
260 nm

C2-NH2 252 nm 353 nm 421 nm

L1-OH 263 nm - -
259 nm

C2-OH 252 nm 353 nm 422 nm

L1-Cl 263 nm - -
260 nm

C2-Cl 253 nm 353 nm 425 nm

L1-N3 263 nm - -
259 nm

C2-N3 252 nm 354 nm 424 nm

Vis measurements of the C2-X type complexes were performed from solutions of the
previously formed complex (Figure IV.6A) at the same concentrations, these differences
were not observed. As there are also no extensive deviations in the measured IR spectra
(Figure IV.6B), it can be concluded that the differences in complex formation in the
titration experiment stem form a slower complex formation when the ligand L1-NH2 is
used. This should be accounted for in later iron(II) complex formations of immobilised
species.
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Figure IV.6.: A) UV-Vis spectra of C2-X type iron(II) complexes. Complexes were synthesizes according to the
experimental procedure and dissolved in acetonitrile and diluted (0.1 mm) for measurements. Measurements
were performed at 25 °C. Spectra were normalized for better comparability. B) IR spectra of C2-X type
iron(II) complexes.
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3.2.1. Iron Complexes of L1-OH

The ligand L1-OH has been previously characterised within our group, when it was used
in investigations towards immobilisation of the Py5 ligand system on TentaGel resin by
Niko Lindlar (né Jonasson). [124] As the approach using TentaGel resin was not further
pursued and other solid state materials were used in this work, the ligand L1-OH was
mainly a precursor for new ligand systems (vide supra). However, within the scope of the
internship of Tobias Walter, the iron(II) complexes C2-OH and C2-OMOM, as well as the
iron(III) complex C3-OH were synthesized according to literature [124] (Scheme IV.7A)
as references for other complexes (e.g. C2-Cl) derived from this structure. In case of
C2-OMOM, crystals suitable for X-ray crystallography (Scheme IV.7B) were obtained
by slow diffusion of diethyl ether into the solution at ambient temperature. In addition,
C3-OH was crystallized from solution at 4 °C (Scheme IV.7D) and both were characterized
by single crystal X-ray diffraction analysis (Scheme IV.7C and E). Details on the crystal
structure measurements can be found in the Appendix (Chapter VII7, Chapter VII7).

Scheme IV.7: A) Synthesis of the iron complexes C2-OH, C2-OMOM and C3-OH from L1-OH and L1-
OMOM by addition of the respective iron triflate to a solutions of the ligands. B) Crystals of C2-OMOM
obtained by diffusion of diethyl ether into the product solution at room temperature. Picture by Jonathan
Gutenthaler-Tietze C) Graphical representations of the crystal structure of [FeII(MeCN)(L1-OMOM)](OTf)2)
(C2-OMOM). Ellipsoids are drawn at 50 % probability. [219] Elements shown in white (C), blue (N), dark
red (O) and orange (Fe); hydrogen atoms, counterions and co crystallizing solvents have been omitted
for clarity. Crystal Structure measured, solved and refined by Jonathan Gutenthaler-Tietze. D) Crystals
of C3-OH formed in the product solution at 4 °C. Picture by Jonathan Gutenthaler-Tietze E) Graphical
representations of the crystal structure of [FeIII(OH)(L1-OH)](OTf)2) (C3-OH). Ellipsoids are drawn at
50 % probability. [219] Elements shown in white (C), blue (N), dark red (O) and orange (Fe); hydrogen atoms,
counterions and co crystallizing solvents have been omitted for clarity. Crystal Structure measured, solved
and refined by Dr. Peter Mayer.
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4. Towards a Functioning Solid Support System

4.1. Chitosan Gel Beads

Chitosan is derived from chitin, a very abundant biopolymer, which can for example be
extracted from the exoskeletons of crustaceans. [221] Chitin consists of acetylglucosamine
units wherein all amino functions bear an acetyl group. Chitosan is produced via
deacetylation of chitin and is the general name for all deacetylation grades of chitin. Both
structures are shown in Figure IV.7. Chitosan was chosen as a solid-phase medium for its
bioavailability as a regrowing resource, which makes it a green alternative to synthesized
matrices, as well as its stability and insolubility in water, at least at pH ≥7. For this
project, a chitosan powder obtained from shrimp shells with ≥75 % deacetylation was
used.
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Figure IV.7.: Comparison of the naturally occurring acetylglucosamine polymer chitin and the deformylated
derivative chitosan. Chitosan is a general name for various grades of deacetylation in chitin and therefore an
undefined mixture of acetylglucosamine and glucosamine units.

It should be kept in mind that although chitosan will be shown with free amino groups
in the following, due to incomplete deacetylation not all amino groups are available for
coupling of linkers or ligands. Additionally, the grade of deacetylation (≥75 %) is not
a precise value and can vary within the material which makes it difficult to give exact
loading numbers when coupling at this position. However, calculations can be made by
estimating the molar mass with 25 % acetylated amino functions.

4.1.1. Formation of Uniform Gel Beads

In order to use chitosan as a solid-phase medium for immobilisation, chitosan can be
obtained as flakes or transformed into gel beads, fibers or membranes. [164,221–223] Since
one of the goals of the projects is the facile removal of the immobilised iron complex
from solution, it was intended to use chitosan gel beads which can be removed easily and
quickly by filtration because of their size (vide infra). The gel bead formation described
in the following was in great extent tested and established during the internship of Tobias
Walter who contributed significantly to this part of the project.

In reported procedures, [224,225] an acidic solution of chitosan is dropped into a basic bath
wherein immediate polymerisation occurs causing the droplets to gel in their current
shape. It was desired to implement a procedure which results in uniform shaped beads
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to minimize differences between batches. Unfortunately, the literature procedure did not
include all necessary details but hinted that elements like the viscosity and dropping
height have an impact on the shape. Thus, we tested chitosan solutions ranging from
1.5 % to 3 % (w/v) in 1.5 % acetic acid and dropped them into a constantly stirred 1 m
solution of potassium hydroxide (25 % ethanol in ultrapure water) using different syringes,
cannulas and dropping heights. The general setup is shown in Figure IV.8A.

Figure IV.8.: A) Setup for the formation of uniform spherical chitosan gel beads from a prepared viscous
solution in diluted acetic acid (1.5 %). The gel is dropped at into a constantly stirred solution of potassium
hydroxide (1 m, 25 % ethanol in ultrapure water) at constant speed and dropping height using a syringe
pump. B) Microscope picture of the formed and ripened chitosan gel beads (ø = 2.5-2.8 mm) including
measurements showing the uniformity of the beads. Picture by Jonathan Gutenthaler-Tietze

It was found that the dissolution of the chitosan powder in acetic acid has to be performed
very slowly and the powder has to be finely dispersed on the surface of the acid while
stirring so vigorously that a vortex is formed. If the powder is added in bulks, the outer
surface forms a gel and the inner part is kept dry and will not dissolve. Remaining solid
particles and bubbles can be removed by centrifugation. It was attempted to use syringe
filters (0.45 µm) but the viscous gel repeatedly clogged the filters and was generally hard
to press through. The gel can be transferred to a syringe by carefully taking it up or
decanting it into the opened back without creating air inclusions. The filled luer lock
syringe was equipped with a cannula and clamped into a syringe pump. Different cannulas
with diameters of 0.4 mm, 0.8 mm and 0.9 mm were tested. The droplets produced by
the cannula should be as small as possible, as a high surface to volume ratio is preferable
when using the surface as your target area. However, it should be kept in mind that a
highly viscous gel is pumped through this cannula possibly leading to the build up of
pressure within the syringe which could cause the system to break apart. Starting from
a high diameter of the cannula and slow pumping speed to avoid pressure build-up, it
was ultimately found that a cannula with a diameter of 0.4 mm at a pumping speed of
20 mL/h resulted in uniform beads (ø = 2.5-2.8 mm, Figure IV.8B) without problems
regarding the pressure. This was tested with syringes of 10-12 mL and 20-24 mL volumes.

While the cannula and pumping speed have an influence on the size of the beads, the
shape is influenced mostly by the dropping height. If the dropping height is <1 cm or the
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droplets immediately contact the surface, they will obtain a teardrop shape. At dropping
heights ≥2 cm the resulting beads have a disk-like shape due to the impact on the surface.
Although the shape of the beads does not necessarily effect the immobilisation, in terms of
reproducibility it was desired to accomplish as much uniformity as possible. Here, it was
found that a dropping height of 1.0-1.5 cm (tip of the cannula to surface) resulted in uni-
form spherical beads (Figure IV.8B). Additionally, depending on the amount of produced
beads, the surface level of the base can increase enough to result in bead shape variations.
To circumvent this, the beaker or glass bottle in which the beads were collected was
always filled completely and placed in a crystallisation dish to collect overflowing liquid.
To avoid aggregation of beads, the basic solution was stirred constantly during the process.

After the process of forming the beads, they were ripened in the potassium hydroxide
solution for 2-3 h to allow complete polymerisation. During this process, the clear gel
turns into opaque beads. After ripening the beads were filtered off and washed with
water multiple times. However, as it was unclear how permeable the beads surface is
and how well the inside of the beads exchanges with the outside solution, this was tested
using a pH indicator within the gel beads to visualize the inner spheres pH.

Figure IV.9.: Formation of chitosan
beads with added pH indicator (phe-
nolphthalein) in the chitosan gel.

Hence, a small spatula phenolphthalein was added to
the acetic acid used to dissolve the chitosan powder and
form the chitosan gel. The chitosan gel beads were then
formed according to the general procedure (vide supra).
As can be seen in Figure IV.9, the beads turned bright
pink upon dropping into the potassium hydroxide solution
within seconds indicating exchange between the gel and
outer solution. During the ripening process, the colouring
decreased which is due to the indicator phenolphthalein
losing colour in a pH >12. The pH measured in the basic
solution was 14 but as this was not a purely aqueous sys-
tem the pH is not precise. Nevertheless, the experiment
showed that the beads are sufficiently permeable to adapt
the pH of the outer solution, although this is not an immediate process. Due to this,
the washing process after ripening was extended. In addition to washing the beads after
filtration, the beads were submerged in ultrapure water and put on a laboratory shaker
for 10-15 min. This process was performed twice as the first washing solution had a pH
of 14 while the second had a neutral pH.

In summary, after testing and adapting several factors of the process, a reproducible
procedure for the formation of uniform chitosan gel beads (CB) was accomplished.
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4.1.2. Functionalisation of Chitosan Gel Beads: Glutaraldehyde Crosslinking

The previously synthesized uniform chitosan gel beads already include functional groups
which could be used for immobilisation due to structure of the glucosamine units (Fig-
ure IV.7). Nonetheless, the adapted literature procedure [225] describes a modification of
the chitosan gel beads (CB) by reaction with glutaraldehyde (GA) wherein the aldehyde
moieties in glutaraldehyde is reacted with the amino functions of chitosan via a Schiff
base reaction leaving free aldehyde endings at the surface (Scheme IV.8). In addition,
the treatment with glutaraldehyde results in crosslinking between the chitosan monomers
and polymer chains which increases stability and decreases the solubility in water. [224,226]

Because of this additional stabilisation and the simple reaction conditions, the CBs were
modified according to his procedure.
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Scheme IV.8: General scheme of the modification of chitosan gel beads (CB) with glutaraldehyde via Schiff
base formation. [225] The reaction results in randomized crosslinking between monomers or polymer chains
and free aldehyde functions. These modified chitosan beads with glutaraldehyde are abbreviated as CB-GA.

The modification of the chitosan beads with glutaraldehyde was performed using a stock
solution of glutaraldehyde which is diluted with ultrapure water. Two different stock
solutions have been used, one with 25 % and one with 50 % glutaraldehyde. In general, the
50 % stock solution seems more advantageous since a smaller amount has to be stored and
can be diluted when needed for reaction. But as we suspected that the higher concentrated
glutaraldehyde solution might be prone to undergo polymerisation, both solutions were
tested, but no difference in the performed reactions to due the used glutaraldehyde
solutions could be observed. To check whether and how fast the glutaraldehyde reacts
with the formed beads, the following experiment was set up. Approximately 20 beads were
put in a centrifuge tube and 4 mL of ultrapure water containing 6.25 wt% glutaraldehyde
were added. The falcon was put in an orbital shaker set on 30 °C. A 10 µL aliquot of
the glutaraldehyde solution was taken regularly, diluted with acetonitrile (1:10), filtered
(syringe filter, 0.25 µm) and measured using GC-MS. The resulting spectra are shown in
Figure IV.10. The spectra display a significant decrease in glutaraldehyde concentration
after 15 min and no further change after 60 min. In should be taken into account that
the initial decrease in concentration could be due to exchange of the inner sphere of the
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CBs with the solution diluting the glutaraldehyde solution without reaction. However,
the additional decrease in concentration between the 15 min and 60 min measurement is
likely attributed to the reaction of glutaraldehyde with the CBs.
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Figure IV.10.: GC-MS traces of glutaraldehyde solution. CBs were submerged into a glutaraldehyde solution
(6.25 wt%) and shaken at 30 °C. Aliquots of the glutaraldehyde solution (10 µL) were taken regularly, diluted
with acetonitrile (1:10) and filtered (syringe filter, 0.25 µm) prior to GC-MS measurements. Column: HP-5ms
Ultra Inert, Injection Temp.: 150 °C, Split: 1:100, Oven Temp.: 100 °C (constant-temperature), Runtime:
5 min. Mass spectrum in very good alignment (95 %) with the NIST 2.4 database.

For the following reactions the beads were analysed by IR spectroscopy since most
analytical methods are not applicable for the insoluble beads. For all IR measurements,
if not stated otherwise, CBs were submerged in water, frozen using liquid nitrogen and
then freeze dried by lyophilisation. If the CBs are not frozen in water and freeze dried
they will shrink to a very small, hard sphere approximately the size of a needle hat,
which are cumbersome to pulverize for measurement. If freeze dried in water, the CBs
keep their original size and shape forming brittle, easily pulverized spheres.

Figure IV.11A shows the IR spectra of the used chitosan powder compared to a CB
(synthesized and dried according to described procedure, vide supra) and in Figure IV.11B
different performed reactions of CBs with glutaraldehyde (GA) in comparison to the
pure CBs are displayed. Glutaraldehyde modified chitosan gel beads (CB-GAs) were
synthesized according to the general procedure (Scheme IV.8) by submerging CBs in
a mixture of 6.25 wt% glutaraldehyde in ultrapure water in a Schott glass bottle at
ambient temperature and subsequent shaking using a laboratory shaker. The spectra in
Figure IV.11B are derived from experiments of different students which indicates that
the measurements are reproducible. Unfortunately, the spectra are not in line with the
literature [225] and also show no significant difference between the crosslinked CB-GAs
and unmodified CBs. A new band appeared around 1714 cm−1 which could be attributed
to the C=O stretch of free aldehyde functions. [227] In addition, a shift of the band around
2931 cm−1 in the C-H stretch region is observed, which might stem from free aldehyde
functions or the glutaraldehyde in general. The changes in the IR spectra display similar
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Figure IV.11.: A) Compared IR spectra of chitosan powder (≥75 % deacetylated) and synthesized and freeze
dried chitosan gel beads (CB). B) Compared IR spectra of pure chitosan gel beads (CB) and reactions
of the CBs with glutaraldehyde over different reaction times. Arrows indicate bands that shift or appear
(ν= 2931 cm−1, 1714 cm−1, 1444 cm−1) or change shape or intensity (ν= 1149 cm−1, 897 cm−1). The shown
spectra were baseline corrected and smoothed using the Spectra Manager Version 2 software.

changes as were observed in other literature procedures. [228,229] Due to this, the results
of the GC-MS measurements (Figure IV.10) and obvious changes of the texture of the
gel beads, which turned more brittle and broke more easily, the longer they were reacted
with glutaraldehyde, it was anticipated that to some extent reaction between the CBs
and glutaraldehyde occurred. Therefore, the glutaraldehyde modified chitosan gel beads
(CB-GAs) were synthesized as described and used as such in following experiments.

4.2. Immobilisation of L1-NH2 on Functionalised Chitosan Beads
(CB-GAs)

The previously prepared functionalised chitosan beads (CB-GA) were used for the
immobilisation of L1-X type ligands according to Scheme IV.9. As the schemes shows,
the general concept was to immobilise the amino derivative of ligand L1 (L1-NH2) by a
Schiff base formation with the free aldehyde functions of the CB-GAs.

O
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OH
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Scheme IV.9: General scheme of the immobilisation of L1-NH2 on a functionalised chitosan gel bead (CB-GA)
via Schiff base formation between the ligand and free aldehyde resulting from glutaraldehyde functionalisation
and crosslinking of the bead.
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Initial experiments towards this were performed by Tobias Walter during his internship.
In different setups, CB-GAs were submerged in a methanolic solution of L1-NH2 and
put into an orbital shaker. It would have been preferable to perform these reactions in
an aqueous solution but the L1-NH2 was not soluble under these conditions, which is
why methanol was used as a solvent. In one setup, a solution of L1-NH2 was prepared
in a UV-Vis cuvette and three CB-GAs were added. The solution above the beads was
measured immediately before fastening the sealed cuvette to an orbital shaker. The
solution was shaken constantly and measured again after 17 and 41 h. The resulting
spectra are shown in Figure IV.12B. As a reference, a range of different concentrations
of L1-NH2 was measured (Figure IV.12A) to use the linear correlation of concentration
and absorbance for calculating the amount of ligand immobilised on the beads. Over the
first 17 h a significant decrease in the absorbance of the ligands maximum at 264 nm is
observed, indicating a lower ligand concentration due reaction with the insoluble CB-GAs.
As no further changes appear after 41 h, the reaction appears to be completed within
the first 17 h. A similar experimental setup was performed with L1-Cl to test whether
the free hydroxy groups of the CB-GAs can be used for immobilisation as well. These
experiments were performed in 1,4-dioxane to avoid reaction with the solvent and with
addition of either sodium hydride or potassium carbonate as base. However, the spectra
of these experiment were partly not evaluable and yielded no indications of successful
reactions (see Appendix) and a brown discolouration of the beads. Thus, this was not
investigated further.
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Figure IV.12.: A) Reference UV-Vis spectra of L1-NH2 at different concentrations in methanol. B) UV-Vis
measurements of a 25 µm solution of L1-NH2 in methanol after addition of CB-GAs and after 17 h and 41 h.

In a second setup, approximately 20 CB-GAs were submerged in a methanolic solution
of L1-NH2 (5 mL, 100 µm) in a 15 mL centrifuge tube and put into an orbital shaker for
24 h at 30 °C. The beads were filtered off and washed with water five times. It should be
noted, that the general procedure described in Chapter IV4.1 was not fully developed
at this point in time and these beads were washed by rinsing during which the beads
were only shortly submerged and had only short contact time with the washing solution.
Subsequently, the beads were freeze dried as described. These beads were then analysed

87



Chapter IV. Towards the Immobilisation of Py5-Ligand Systems on a Solid Support10001500200025003000

Wavenumber [cm-1]

 CB
 CB + GA - 15 min
 CB + GA - 60 min
 CB + GA - 40 h


T

100015002000

 Chitosan (pure)
 CB

Wavenumber [cm-1]


T

A B

REM-EDX Measurements in Atom%

Element CB CB-GA “CB-GA-L1”

N 10.3 1.88 15.2

O 86.5 92.5 81.5

Na 0.75 0.00 2.13

K 1.16 4.63 0.00

Si 0.86 0.00 0.00

Cl 0.40 0.48 0.53

A B

10001500200025003000

 L1-NH2

 CB-GA
 "CB-GA-L1"

Wavenumber [cm-1]


T

10001500200025003000

 L1-NH2

 CB-GA (1.5 h) + L1-NH2 (3 h)

 CB-GA (1.5 h) + L1-NH2 (18 h)

 CB-GA (18 h) + L1-NH2 (3 h)

 CB-GA (18 h) + L1-NH2 (18 h)

Wavenumber [cm-1]


T

10001500200025003000

 L1-NH2

 CB-GA (15 min)
 CB-GA (15 min) + L1-NH2

 CB-GA (60 min)
 CB-GA (60 min) + L1-NH2

Wavenumber [cm-1]


T

A B

10001500200025003000

 L1-NH2

 CB-GA + L1-NH2 (H2O)

 CB-GA + L1-NH2 (H2O) + NaOH

 CB-GA + L1-NH2 (MeOH)

 CB-GA + L1-NH2 (MeOH) + NaOH

Wavenumber [cm-1]


T

Figure IV.13.: A) IR spectra of the ligand L1-NH2 and a chitosan bead functionalised with glutaraldehyde
(CB-GA) as references compared to the reaction product of CB-GAs that were submerged in a methanolic
solution of L1-NH2 for 24 h (CB-GA-L1) at 30 °C. All beads were freeze dried before measurement. B)
SEM-EDX measurement data of the surfaces of a pure chitosan bead (CB) and the functionalised bead
(CB-GA) and reaction product CB-GA-L1 described in A. Carbon content could not be determined due to
the fixation of the beads on a carbon surface for measurement. Some smaller impurities were omitted for
clarity. Full data can be found in the Appendix (Chapter VII5). EDX measurements were performed by
Christian Minke at LMU Munich.

by IR (Figure IV.13A) and energy dispersive X-ray (EDX) spectroscopy (Figure IV.13B).

The IR spectrum of the reacted beads (Figure IV.13A, yellow) displays distinctive features
of the CB-GAs at 1000-1200 cm−1 as well as four bands at 1400-1600 cm−1 occurring in
the ligand L1-NH2, respectively, strongly indicting the presence of both in the reaction
product. In addition to this, EDX measurements were performed on the product beads
as well as on previous states of the reaction. This was done for confirmation and as
a proof of concept to verify if the freeze dried beads are suitable for SEM-EDX mea-
surements as X-ray spectroscopy can be destructive towards the substrate. This type
of spectroscopy would facilitate later analysis of iron content and distribution on the
beads surface. The various chitosan beads proved stable enough for measurements and an
excerpt of the resulting data is presented in Figure IV.13B. The measurements show that
the nitrogen content on the surface of the beads decreases significantly upon reaction
of the CBs with glutaraldehyde while the oxygen content increased. This is in good
alignment with the expectation of free aldehyde functions emerging on the surface upon
the functionalisation of the beads. Furthermore, when the CB-GAs were reacted with
L1-NH2, the nitrogen content on the surface strongly increased indicating immobiliza-
tion of the pyridine bearing ligand on the surface indeed forming the expected CB-GA-L1s.

Unfortunately, we were not able to reproduce the results of this experiment. Several
approaches were made to repeat and improve the reaction outcome and are described in
the following. These experiments were in part performed within the internships of Henry
Lauk and Bastian Michels. In the first experiments following the reaction described
above, the procedure was in general kept the same, although two different batches of
modified beads were used. One of the batches was reacted with glutaraldehyde for a
shorter time (15 min) in order to see if an influence on the efficiency of immobilisation
could be detected as longer reaction times might cause polymerisation of glutaraldehyde
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Figure IV.14.: A) IR spectra of the ligand L1-NH2 as references compared to the reaction product of CB-GAs
that were submerged in a methanolic solution of L1-NH2 for 24 h. CBs were reacted either 15 min or 60 min
to form CB-GAs prior to reaction with L1-NH2. All beads were freeze dried before measurement. B) IR
spectra of the ligand L1-NH2 as references compared to the reaction product of CB-GAs that were submerged
in a methanolic solution of L1-NH2 for either 3 h or 18 h. CBs were reacted either 1.5 h or 18 h to form
CB-GAs prior to reaction with L1-NH2. All beads were freeze dried before measurement. The shown spectra
were baseline corrected and smoothed using the Spectra Manager Version 2 software.

monomers or other side reactions on the surface of the beads and therefore reduce the
amount of free aldehyde groups which can react with the ligand. However, as can be
seen in the spectrum (Figure IV.14A), there is no indication of successfully immobilised
ligand on the modified chitosan beads. At this point it was considered that dependent
on the way of measurement, the ATR-IR spectrometer might not necessarily measure
the surface of the beads, where the ligand might be located, since the bead is pressed to
a powder prior to measurement. But even carefully scraping off parts of the surface or
pressing the bead on the diamond plate directly did not result in different spectra.

Another experiment towards this is shown in Figure IV.14B, which also did not yield a
sign of immobilised ligand on the beads. In this experiment longer reaction times with
glutaraldehyde were used and the resulting beads were split and two different reaction
times with the ligand solution were applied. We opted for an elongation of the reaction
time rather than increasing temperatures since the instruments or laboratory shakers
available with temperature control were applicable only for small amounts of 4-5 beads.
After these experiments, the experiment regarding the pH inside the beads after ripening
(Chapter IV4.1) was performed and we considered that the washing method applied for
the beads so far might have been insufficient and inconsistent and therefore, the pH within
the beads could have been higher than anticipated in the initial experiments compared to
later setups. Due to this, further experiments did include the washing method described
in Chapter IV4.1 during which, after washing three times in the filter, the beads are
also put in fresh ultrapure water and put in a laboratory shaker to give the inside of the
beads enough time to equilibrate with the outer solution. To test the possible influence
of the pH and if there might have been an issue due to using a methanolic solution of the
ligand and washing with water, as the poor solubility might cause insufficient washing,
an additional experimental setup was performed. Here, CB-GAs from one batch were
split evenly and reacted with either a methanolic or an aqueous solution of L1-NH2. As
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already mentioned, the solubility of the ligand in water is very low and treatment with
an ultrasonic bath over several hours was necessary to obtain a solution. In addition
to the different solvents, both reactions were duplicated and the duplicate treated with
sodium hydroxide to mimic the possibly higher pH in the initial experiment (vide supra).
The resulting IR spectra are depicted in Figure IV.15.
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Figure IV.15.: IR spectra of the ligand L1-NH2 as references compared to the reaction product of CB-GAs
that were submerged in a methanolic or aqueous solution of L1-NH2 for 24 h. The used solvent is indicated
begin the ligand. Duplicates of the reactions were performed with added sodium hydroxide solution (2 m, 3
drops, pH 9-10) as base . All beads were freeze dried before measurement. The shown spectra were baseline
corrected and smoothed using the Spectra Manager Version 2 software.

This set of four reactions was performed with CB-GAs that were functionalised with a
diluted glutaraldehyde solution stemming from 50 wt% stock solution. As mentioned ear-
lier, we suspected that unintended polymerisation might occur in the higher concentrated
stock solution. Thus, the set of reactions shown in Figure IV.15 was also performed with
CB-GAs by using the 25 wt% stock solution which, however, did not result in different
spectra than shown here.

The previously described experiments were performed at different times and in part by
different students. In addition, adjustments and improvements were made throughout the
procedures, which in some cases made comparison difficult due to the individual conditions.
In an effort to analyse and compare the reaction and reduce the described issues, several
experiments were performed simultaneously and from one batch of chitosan gel. In each
step, slight differences were applied to be able to detect differences stemming form this
part of the procedure. An overview on these experiments is shown in Figure IV.16. In a
first step, two batches of chitosan beads A and B were formed from the same gel. Theses
beads were left to ripen in the basic bath for either 10 min (A) or 1.5 h (B). Then, the
beads from batch A were split evenly and all resulting batches A1, A2 and B1 were
reacted with glutaraldehyde over different time frames. These fractions were each evenly
split again and all six fractions were each submerged into a methanolic solution of ligand
L1-NH2 (2 mm) for 16-20 h on a laboratory shaker at ambient temperature. The fractions
A1.2, A2.2 and B1.2 were filtered and washed with methanol and water according to the
general procedure (Chapter IV4.1), meaning they were rinsed and additionally submerged
and put on a laboratory shaker in the washing solution at least once.
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Figure IV.16.: Overview of a series of functionalisations and reactions starting from one batch of chitosan
gel. From the gel, two batches A and B were formed according to the general procedure (Chapter IV4.1)
although ripening times in the basic solution were applied as given in the figure. Fraction A was split evenly
and all resulting fractions were reacted with glutaraldehyde solution (5 wt%) according to the given times.
All resulting fractions were evenly split and submerged in a ligand solution at ambient temperature and
put on a laboratory shaker. The fractions were then either washed (A1.2, A2.2, B1.2) and submerged in a
iron(II) triflate solution or solid iron(II) triflate was immediately added (A1.1, A2.1, B2.1) without prior
washing. IR spectra of the ligand L1-NH2 or complex C2-NH2 as references compared to the IR spectra of
some fractions are displayed on the right as an example. All additional spectra can be found in the Appendix
(Chapter VII5). All beads were lyophilised before measurement. The shown spectra were baseline corrected
and smoothed using the Spectra Manager Version 2 software.

Afterwards, they were each added to a solution of iron(II) triflate (2.5 mm) and put on a
laboratory shaker at ambient temperature. Simultaneously, the fractions A1.1, A2.1 and
B1.1 were not filtered, but solid iron(II) triflate (1 equiv.) was added directly to the ligand
solution around the beads. If no ligand had reacted with the beads so far, these fraction
would thus be submerged in a 2 mm solution of C2-NH2, which might show a different
solubility and reactivity towards the beads than the ligand. At each step, six beads were
removed from the fraction and freeze dried for analysis. A few selected IR spectra are
shown in the overview (Figure IV.16). All other spectra can be found in the Appendix
(Chapter VII5). In general, almost none of the measured spectra indicate the presence or
immobilisation of either ligand or complex on the beads. The spectrum of fraction A2.2
displayed some of the distinctive features of the ligand system between 1400-1600 cm−1,
but as these features were not present in the spectra of subsequent reaction, we suspect
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that this was due to insufficient washing in this case. This is underlined further as beads
taken from A2.1 before addition of iron(II) triflate did not display these features although
the fractions should have been equivalent at this point in the procedure. It should also be
mentioned that the spectra of all fractions after additions of iron(II) triflate either as solid
or solution display features of the complex C2-NH2 as can be seen by the examples A1.2.1,
A2.2.1 and B1.2.1 in Figure IV.16. However, as all nine spectra were generally very similar
although some of the measured beads were washed thoroughly while others were not, it is
questionable if these features are due to covalently immobilised complex or if it was just
adsorbed. Additionally, the water added for freeze drying quickly turned yellow upon ad-
dition in most cases, suggesting non-covalently bound complex being washed off the beads.

To summarise, we found some smaller indications of successful covalent immobilisation of
the ligand or complex. But, these findings were cumbersome to reproduce and generally
difficult to interpret. It could be possible, that changing conditions or slight differences
in the procedures might be responsible for the different outcomes. We cannot be sure if
the initial experiments might have been successful or if the resulting data lead to false
assumptions. Either way, at this point no reproducible procedure could be obtained. A
possible explanation for the initial data could be that the beads adsorbed ligand from
the solution or precipitation of the ligand occurred on the surface or within the beads as
the ligand L1-NH2 is not very soluble in water. This could have led to false positives
in the analytical data if the beads were washed insufficiently or a different solvent is
necessary in order to remove unbound ligand. Similar concerns can be applied to the
experiments shown in Figure IV.16. Unfortunately, the presented experiments could
not elucidate this problem. It should also be kept in mind that many indications of
successful immobilisation are based on features of the ligand or complex, while no newly
appearing features, for example of a formed Schiff base, were found. In order to take a
step back and get confirmation if the ligand L1-NH2 does react with the presumed free
glutaraldehyde endings, investigations of this reaction in solution were performed. These
are described in the following section.

4.2.1. Investigation on the Schiff Base Formation of L1-NH2 and GA

As mentioned in the previous section, due to the inconclusive results of the immobilisation
attempts of L1-NH2 on glutaraldehyde modified chitosan beads (CB-GAs), we decided
to take a closer look on the Schiff base formation between GA and L1-NH2. Without the
chitosan present, these investigations could be performed in solution, allowing comprehen-
sive analytical investigation via mass spectrometry as well as IR and NMR spectroscopy.
The resulting IR spectra could then give an indication on the features which should
be expected and looked for in future immobilisation attempts of L1-NH2 on CBs. The
following experiments were performed during the internship of Clarissa Sonnemann.
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Scheme IV.10: Generalised overview on some possible structures generated from monomeric glutaraldehyde
(grey box) in aqueous solution. The formation of the varying species is likely dependent on conditions and
pH. A more detailed description can be found in the review by Migneault et al. [230]

In initial experiments, the behaviour of GA in solution and its dependence on the
surrounding pH was tested. Although there are multiple literature procedures describing
varying monomeric and polymeric structures of GA before and after reaction with amino
functions, it is debatable which structures occur under specific conditions and which
are reactive towards amines. [230] An excerpt of the possible monomeric and polymeric
structures of GA is given in Scheme IV.10. As we were not able to detect monomeric
glutaraldehyde in solution with a pH ≥9 in either GC-MS or NMR measurements (spectra
can be found in the Appendix, Chapter VII5), we concluded that polymerisation is
occurring in some form and the pH should generally be kept below 9 to avoid side reactions
of the GA. As a side note, this might also have an influence on the functionalisation
of the chitosan beads if they were not washed and equilibrated sufficiently (vide supra)
emphasizing the need for a thorough and reproducible procedure.
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Chart IV.1.: Expected products L1-GA and 2L1-GA from the reaction of the ligand L1-NH2 with GA in
solution.

To test the reaction of GA with the ligand L1-NH2, three different GA to ligand ratios (1:1,
1:3 and 3:1) were tested. A solution of L1-NH2 (8 mm in acetonitrile) was prepared and
GA was added to obtain the according GA to ligand ratio for each reaction. The mixtures
were stirred at room temperature for 4 d and monitored by LR-MS. The measurements
showed full consumption of the ligand only in the reaction with excess GA. It was expected
to find either one ligand reacted with one GA monomer via Schiff base formation (L1-GA)
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or GA which reacted on both free aldehyde ends with one ligand each (2L1-GA) forming
a "dumbbell" (Chart IV.1). However, neither of these products was detected while other
product masses were found in all reactions. Additional small scale reactions at higher
pH (9) and temperature (60 °C) were performed, which did not result in different prod-
ucts, but rather an overall decrease in detected masses suggesting unwanted side reactions.

The detected masses correspond to the ligand L1-NH2 reacted with a GA dimer (L1-2GA)
and the same structure reacted with an additional ligand (2L1-2GA) (see Scheme IV.11).
As these reactions were performed on small scales which did not yield enough product for
NMR analysis, they were scaled up. This reaction (Scheme IV.11) was performed at a
constant temperature and with a greater excess of GA (10:1). Additionally, the reaction
should be carried out in water to assess the influence of the solvent and to replicate the
conditions used with the CBs. However, due to the ligands poor solubility in water, a
mixture of acetonitrile and water (1:4) was employed instead.
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Scheme IV.11: Reaction of the ligand L1-NH2 with GA in solution forming L1-2GA and 2L1-2GA. It should
be noted that both structures are examples derived from the found mass. Several other isomers are possible
and the given structures are not necessarily correct.

As seen in the first experiments, only the products L1-2GA and 2L1-2GA were formed in
this reaction. It could not be determined whether the dimerisation of GA occurs prior to
the reaction with the first amine or after, as neither the mass for a GA dimer nor L1-GA
could be detected throughout the process. We hypothesize that the ligand L1-NH2 forms
a Schiff base with a GA monomer which then immediately reacts with a second GA
moiety and that this reaction is very fast. It has been reported in the literature, that the
Schiff base product of GA with an amine readily undergoes further reaction with a second
GA molecule. [231,232] It is possible that this is due to a difference in reactivity between
the first reacted GA moiety and the subsequently formed dimer. This might be why there
is no reaction with a second ligand molecule with only one GA as a linker (2L1-GA).
However, this could also be caused by different reaction speeds. Reported GA crosslinking
reactions in which two amino group bearing molecules are linked also suggest that at
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least a dimer of GA is formed as a linking molecule. [231–234] It was also proposed that the
α,β-unsaturated aldehyde dimerisation product (see L1-2GA, Scheme IV.11) of GA results
in stable imine products upon reaction with an amine due to conjugation and therefore
is a likely reaction product (see 2L1-2GA, Scheme IV.11). [232,235] Nevertheless, many
literature procedures propose ring formations with the GA polymers in different forms,
which is why a cyclic structure could also have formed. [233,234,236,237] A few examples of
possible linker structures derived from dimerisation of two GAs are shown in Chart IV.2.
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Chart IV.2.: Depicted are possible linker structures that could have formed from two glutaraldehyde monomers
after or during the reaction with the ligand L1-NH2 via Schiff base reaction, Michael-type 1,4-addition, aldol
condensation or intramolecular aldol cyclisation, respectively. This is only an excerpt of possible structures
showing the multitude of isomers possibly belonging to one detected mass. R = ligand L1.

As it is not possible to determine the exact structure only from the detected masses,
2L1-2GA was purified form the reaction mixture by preparative HPLC (ReproSil-Pur 120
C18-AQ, Dr. Maisch, 250x20 mm 5 µm) and a full NMR analysis including 1H-NMR, 13C-
NMR, homonuclear correlation spectroscopy (COSY), heteronuclear multiple-quantum
correlation spectroscopy (HMQC), heteronuclear multiple-bond correlation spectroscopy
(HMBC), and distortionless enhancement by polarization transfer (DEPT135) was con-
ducted (spectra can be found in the Appendix, Chapter VII5). Unfortunately, despite
purification, the NMR spectra indicated more than one species which is likely due to
isomeric structures. Besides inconsistent integrals indicating overlapping signals, we also
found signals in the proton NMR spectra which likely stem from diastereotopic protons.
These signals can be assigned do the same carbon by the HMQC spectra, but their chemi-
cal shift differs by Δδ = 0.47 ppm, Δδ = 0.82 ppm and Δδ = 1.5 ppm. However, this might
also be due to an equilibrium of different conformations in solution. In general, it can be
deduced that the multitude of possible confirmations, for example through imine-enamine
tautomerism, [238,239] and different possible dimerisation and polymerisation reactions of
GA (vide supra) do not allow for a simple structure determination. Unfortunately, similar
shifts were not reported in literature on GA crosslinking. [231–234,236,237] Nevertheless,
these experiments showed that the ligand L1-NH2 does react with GA. But, whether this
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reaction is transferable to the modified chitosan beads remains elusive, as we do not know
whether dimerisation of the GA is generally necessary for a second amine reaction to bind
and which form the GA acquires ones immobilised on the beads. Thus, unfortunately, the
performed experiments were not able to elucidate on how and if immobilisation according
to the described methods is likely to succeed.

In summary, the immobilisation of the ligand L1-NH2 on chitosan did not result in the
desired product, yet. Also, the investigation and observation of the reaction proved to be
a cumbersome task and poses questions and problems that would take a lot of additional
effort to solve. Thus, this project was so far not pursued further and a different solid
support system was investigated instead.
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4.3. Functionalised Silica

After the previously discussed investigations on chitosan as a solid support system for lig-
and or complex immobilisation turned out to be challenging and did not yield the expected
outcome, we decided to investigate a different support system as well. As the literature
on chitosan procedures are focussing on protein and enzyme immobilisation, [240–243] we
decided to focus on a material that has been used for chemical structures more similar to
our ligand system. Thus, we chose silica as an alternative solid support. As described in
Chapter IV1.2, silica has been used as a matrix for immobilisation in numerous chemical
applications, including the fixation of complexes or catalysts. More specifically, we opted
for the mesoporous hexagonal silica MCM41 (Figure IV.17A), [244–246] which has been
used in different applications including immobilisation, [247–250] because this calcinated
silica can be used in aqueous solvent systems.

Figure IV.17.: A) Graphical representation of the mesoporous hexagonal silica MCM41 with free binding
functions inside the tube-like pores. B) Functionalisation of MCM41X by reaction with TESP-Cl or TESP-
NH2. Two different forms of MCM41 silica were used in these reaction. One was bought in powdered form
(pow) and one in pressed pellets (pel).

In order to make the MCM41 accessible for immobilisation, it can be modified by reaction
with silanes bearing functional groups. As they were commercially available, we used a
powdered (MCM41pow) and a pelleted (MCM41pel) form of MCM41 as they might provide
different advantages in later use. The powdered form is less voluminous while the pelleted
form should allow a better flow if, for example, packed into a column or syringe while
solutions of substrate are added or pumped through. According to the literature, [251–256]

(3-chloropropyl)triethoxysilane and similar silanes can be used to functionalise silica.
They will be abbreviated as TESP-Y (tri-ethoxy-silyl-propyl-Y) in the following. As
shown in Figure IV.17B, we reacted the MCM41 with TESP-Cl and TESP-NH2 in
order to create two different types of silica to which different functionalities can be
attached by, for example, nucleophilic substitution. As described in the literature, [254]

MCM41X was suspended in toluene, the according silane was added and the mixture
heated for several days. It was then filtered, washed thoroughly in dichloromethane using
a soxhlet apparatus and dried in a vacuum drying cabinet at 40 °C. It should be mentioned
that the pelleted MCM41 did not withstand the procedure in its original form due to
stirring and was also received in a powdered form after the procedure. Nevertheless,
both were analysed by elemental analysis (see Chapter VI3.5) and IR spectroscopy.
The IR spectra of the experiments conducted with the powdered silica (MCM41pow)
are shown in Figure IV.18. The according spectra derived from the pelleted silica did
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Figure IV.18.: A) IR spectrum of the functionalised MCM41pow-NH2 in comparison to MCM41pow and
TESP-NH2. B) IR spectrum of the functionalised MCM41pow-Cl in comparison to MCM41pow and TESP-Cl.
Indications of successful addition of TESP-Y are marked by arrows.

not display significant differences and can be found in the Appendix (Chapter VII5).
Although the IR spectra of MCM41pow-NH2 and MCM41pow-Cl do not show strong
signals of the respective TESP-Y silane, this was anticipated and is in accordance with
the literature. [251] As shown in Figure IV.17A, the possible binding sites of the MCM41
are within the pores of the structure, which might not be detected with the attenuated
total reflection (ATR) IR that was used. This is due to the synthetic process of the
mesoporous silica in which the silica is condensed around rod-like micelles previously
formed from tetraalkylammonium halides. [245,247] The negatively charged silicate species
accumulate on the positively charged surface of the micelles and thus this innermost layer
of silicate does not undergo full condensation. However, as the elemental analysis showed
an increase of carbon and hydrogen content, while the silica percentage decreased (see
Chapter VI3.5), it is very likely that the functionalisation was successful.

4.3.1. Immobilisation on Silica by Nucleophilic Substitution

In order to immobilise our ligand system L1-X on MCM41, we took inspiration from
Haensch et al. [254] who used MCM41pow-Br as their base and immobilised ligands and
linkers bearing amino functional groups by substitution. Additionally, the same concept
was applied in previous immobilisation attempts within the group [124] on TentaGel and
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Scheme IV.12: Overview on the possible products MCM41X -NL1 and MCM41X -OL1 from the reaction of
MCM41X -Y with the ligands L1-NH2, L1-Cl and L1-OH by nucleophilic substitution.
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Merrifield resin, which bear either amino or bromide functions as binding sites. With
the ligand systems at hand, including the new L1-Cl ligand and the two types of sil-
ica MCM41X -NH2 and MCM41X -Cl, two types of linking moieties could result (see
Scheme IV.12). The ligand can be bound either via an amine (MCM41X -NL1) or an ether
(MCM41X -OL1) function. To test the general reactivity and which of these combinations
leads to the desired product or, if several do, gives the best loading on the silica, different
screens of the possible reaction conditions and combinations were performed.

Table IV.3.: Overview of tested reactions of L1-NH2 with MCM41X -Cl. In each reaction, 20 mg
of MCM41X -Cl was added to a 1.5 mL centrifuge tube and suspended in the respective solvent
(1 mL). The ligand (5 mg) and base (2 equiv.) were then added directly to the mixture. All
reactions were put in an orbital shaker (750 rpm) and reacted for 90 h at 30 °C. The reactions
were each filtered through a syringe barrel with a cotton wool plug, washed several times (2x1 mL
water, 2x1 mL methanol, 2x1 mL dichloromethane, 2x1 mL methanol, 2x1 mL water) and dried
in a vacuum drying cabinet at 40 °C. All reactions that yielded enough material were measured
by elemental analysis. Values which deviate from expected trends are marked in red. Reactions
which display expected values are marked in blue.

Ligand Silica Solvent Base Elemental Analysis
C H N

References
MCM41pel-Cl 4.89 1.80 0.00
MCM41pow-Cl 4.63 1.42 0.00

1a L1-NH2 MCM41pel-Cl MeOH NEt3 - - -
2a L1-NH2 MCM41pel-Cl H2O NEt3 7.70 2.44 0.55
3a L1-NH2 MCM41pel-Cl DCM/MeOH NEt3 - - -
4a - MCM41pel-Cl MeOH NEt3 6.74 2.17 0.37

5a L1-NH2 MCM41pow-Cl MeOH NEt3 3.98 1.72 0.26
6a L1-NH2 MCM41pow-Cl H2O NEt3 5.28 2.11 0.66
7a L1-NH2 MCM41pow-Cl DCM/MeOH NEt3 - - -
8a - MCM41pow-Cl MeOH NEt3 3.79 1.79 0.25

9a L1-NH2 MCM41pel-Cl MeOH K2CO3 - - -
10a L1-NH2 MCM41pel-Cl H2O K2CO3 6.91 2.11 0.23
11a L1-NH2 MCM41pel-Cl DCM/MeOH K2CO3 - - -
12a - MCM41pel-Cl MeOH K2CO3 5.97 1.96 0.00

13a L1-NH2 MCM41pow-Cl MeOH K2CO3 3.01 1.91 0.16
14a L1-NH2 MCM41pow-Cl H2O K2CO3 2.78 2.23 0.22
15a L1-NH2 MCM41pow-Cl DCM/MeOH K2CO3 3.29 1.83 0.20
16a - MCM41pow-Cl MeOH K2CO3 2.46 1.91 0.00
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In a first experiment, the reaction of L1-NH2 with MCM41X -Cl was tested. The intent
was to compare the powdered and the pelleted silica and find a suitable solvent and base
for the reaction. As the ligand L1-NH2 is poorly soluble in water other organic solvents,
namely methanol and a 1:1 mixture of dichloromethane and methanol, were tested as
well. The reaction conditions and procedure are presented in Table IV.3. Reactions
which were not measured by elemental analysis did not yield enough product for the
method. It is suspected that the reaction of the pelleted silica with the ligand leads
to a higher solubility of the silica, as this was observed for reaction 1a, 3a, 9a and 11a
(see Table IV.3, which all include ligand, pelleted silica and a base, while the reference
reactions without ligand in methanol (4a and 12a) did not lead to dissolution. While this
might be an indication of successful reaction, for the concept of immobilising the ligand
on a solid support, this is not feasible. Additionally, both reference reactions (4a and
12a) show an increase in carbon, hydrogen and nitrogen (only 4a) content which is likely
due to the respective base sticking to the silica despite the washing procedure. In case of
the powdered silica, only reaction 11a resulted in the loss of the solid. However, most
reactions with the powdered silica (5a, 8a, 13a-16a) showed a decrease in carbon content,
which is not expected and might be explained by the loss of the attached TESP-Cl
functions instead of the addition of the ligand. The only reactions yielding the expected
increase in carbon, hydrogen and nitrogen content are 2a, 6a and 10a (marked in blue).
But, as these are the reactions in water, in which the ligand L1-NH2 is poorly soluble,
this might be caused by undissolved ligand which did not wash off sufficiently. IR spectra
could only be measured from the reactions yielding enough product for both EA and
IR measurements. No significant changes could be observed in the spectra (see in the
Appendix, Chapter VII5). From this experiment, we deduced that the powdered silica
MCM41pow-Y is more stable under the tested conditions in terms of insolubility and
thus, solely the powdered silica was used in future experiments despite the possible loss
of TESP-Cl.

In a second experiment, the ligands L1-NH2, L1-Cl and L1-OH were reacted with the
respective silica and a water and acetonitrile mixture was used as a solvent to minimise
the possibility of false positives through precipitated ligand without risking dissolution
of the silica in organic solvents like methanol. In order to gain more insight if ligand
might stick to the silica without covalently binding to the linker, the reactions were
also performed with unfunctionalised MCM41pow. The elemental analyses are shown in
Table IV.4. The results of the EA of reactions 1b-6b are all averages of two measurements
which include values that deviated strongly in case of 1b-4b. Therefore, these results
can not be taken as a strong indicator for any assumptions. However, from the overall
measurements it can be deduced that it is very likely that the carbonate is not sufficiently
washed of the silica since the reference reactions 4b and 6b show an increase in carbon
content while no nitrogen was detected, which is why this can not stem from the ligand.
These reactions were washed within a syringe barrel by letting the washing solution flow
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Table IV.4.: Overview of tested reactions of L1-X with MCM41pow-Y. In each reaction, 100 mg of
MCM41pow-Y was added to a 10 mL round bottom flask and suspended in a water and acetonitrile
mixture (1:5, 12 mL). The ligand (25 mg) and potassium carbonate (5 equiv.) were then added.
All reactions were stirred for 5 h at 21-23 °C. The reactions were each filtered through a syringe
barrel with a cotton wool plug, washed several times with (2x2 mL methanol, 2x2 mL water,
2x2 mL methanol) and dried in a vacuum drying cabinet at 40 °C. All EA values are averages of
two measurements. Values marked in grey are averages which deviated by > 20 %.

Ligand Silica Elemental Analysis
C H N

References
MCM41pow 0.01 0.85 0.00
MCM41pow-Cl 4.63 1.42 0.00
MCM41pow-NH2 6.78 1.93 1.81

1b L1-NH2 MCM41pow 5.13 1.28 0.41
2b L1-NH2 MCM41pow-Cl 6.23 2.16 0.20

3b L1-OH MCM41pow 6.50 1.37 0.00
4b L1-OH MCM41pow-Cl 5.86 1.62 0.10

5b L1-Cl MCM41pow 6.05 1.23 0.00
6b L1-Cl MCM41pow-NH2 7.17 2.83 2.21

through which should therefore be avoided in the future. It should be tested whether
stirring, shaking or sonication in a washing solution and subsequent centrifugation or
filtration yield better results. Nevertheless, reaction 5b shows the expected elevation in
carbon, hydrogen and nitrogen content which do not appear in the reference reaction 6b,
especially for nitrogen. Thus, it is likely that the reaction of MCM41pow-NH2 with L1-Cl
was successful. The IR spectra of 5b and 6b and of the reactions with the ligand L1-NH2

(1b and 2b) are shown in Figure IV.19. 500100015002000
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Figure IV.19.: A) IR spectra of the reaction of the ligand L1-NH2 with MCM41pow-Cl (2b) and MCM41pow
(1b) in comparison to MCM41pow-Cl. B) IR spectra of the reaction of the ligand L1-Cl with MCM41pow-NH2
(6b) and MCM41pow (5b) in comparison to MCM41pow-NH2. All numbering refers to Table IV.4.
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Unfortunately, no new signals, that could be assigned to immobilised ligand, could be
observed in the spectra which might again be due to the binding sites being positioned
within the pores of the MCM41. This is further corroborated as the carbonate impurity,
which is very likely present in all products, can also not be detected in the IR spectra.
For a carbonate, a very broad signal in the region around 1400 cm−1 would be expected,
however, this impurity is likely also situated within the pores and therefore not detectable
with the ATR-IR technique. In all products despite 6b, absorption bands at 950 cm−1,
1150 cm−1 and 1205 cm−1 were observed which could not be attributed yet. But, as they
only appear in the products which according to EA were deemed unsuccessful, they were
not investigated further so far.

In addition to the experiments on MCM41, all ligands were reacted with the according
TESP-Y in solution as we learned from the chitosan project that it might be useful
to test the reaction of linker and ligand in free solution. The general scheme is shown
in Scheme IV.13. In this experiment, each ligand (L1-NH2, L1-Cl or L1-OH) was
reacted with the according TESP-Y in dimethylformamide with potassium carbonate or
triethylamine. The reactions were monitored for two days at ambient temperature (24 °C)
using LR-MS and then heated to 60 °C for 5 d. The mass spectra showed no indication
of product formation. To test a different analytical method, the reactions of ligand L1-Cl
were diluted with water and the mixtures extracted with ethyl acetate before the solvents
were removed in vacuo and the products measured by NMR. Unfortunately, none of the
reactions showed indication of either the expected product mass or NMR signals nor was
any precipitation due to insolubility observed.
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Scheme IV.13: General reaction scheme of the ligands L1-NH2, L1-Cl and L1-OH with TESP-NH2 or TESP-
Cl forming either the amine or ether bound product. All reactions were performed in dimethylformamide,
with 2.0 equiv. of TESP-Y and 3.0 equiv. of base (triethylamine or potassium carbonate). The reactions were
stirred 2 d at 24 °C and subsequently 5 d at 60 °C.

In summary, regarding the described experiments, the combination of ligand L1-Cl
on MCM41pow-NH2 is the best candidate for successful immobilisation by nucleophilic
substitution. It is likely that ATR-IR is not the right method to investigate the MCM41
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products due to the binding sites positioned within the pores. If possible, it will be
attempted to measure transmission IR spectra of the products in the future.

4.3.2. Immobilisation on Silica Using Click Chemistry

In addition to the nucleophilic substitution approach, literature procedures also imple-
ment click chemistry to immobilise ligands. In general, mostly either copper catalysed
azide-alkyne cycloaddition (CuAAC) [176,177,198,257] or strain promoted azide-alkyne cy-
cloaddition (SPAAC) [258,259] are used towards this. Thus, to be able to test click chemistry
towards our immobilisation of L1-X on MCM41, the ligand L1-N3 was synthesized (see
Chapter IV3.1.4). Although this was partly done preliminary, the experiments and
reactions within this section were to a great extent part of the master thesis of Johanna
Großmann and more details can be found in her work. [260] The aim of this first part of the
project was to initially test all relevant steps separately in solution and find indication, if
the reactions are successful. This was, as already mentioned (vide supra), done since the
analysis of the solid material is somewhat restricted and more difficult to interpret.

Copper Catalysed Azide-Alkyne Cycloaddition (CuAAC)

As it is a widely known and overall facile reaction, we wanted to test the CuAAC on
our system first. A general scheme of this is shown in Scheme IV.14. In order to click
the azide ligand L1-N3 onto the MCM41, the silica has to be functionalised with an
alkyne group. This is done by reaction of MCM41-NH2 with propargyl bromide in the
literature. [254,261]

Scheme IV.14: General scheme for the modification of silica using propargyl bromide and subsequent CuAAC
click reaction immobilising ligand L1-N3 via a triazole (TA) function forming MCM41-TAL1.

To test the reaction between the silane and propargyl bromide and get more insight into
the optimal reaction time, TESP-NH2 was reacted with propargyl bromide in solution
(Scheme IV.15). The procedure was adapted from Lee et al. [261] TESP-NH2 was dissolved
in toluene and the propargyl bromide was added (2.5 equiv) before heating the reaction
to 95 °C for 4 d. The reaction was checked by LR-MS which was, however, difficult since
the product precipitated as red solid. The solid could not be fully redissolved in toluene,
dichloromethane, methanol, ethanol, water or ethyl acetate, but nevertheless, the product
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mass could still be detected in LR-MS (Scheme IV.15). As this was only a qualitative
test, the reaction was not purified or analysed further, yet.

Si
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OEt
OEtEtO
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toluene, 95 °C, 4 d
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OEtEtO

23TESP-NH2

Scheme IV.15: Functionalisation of TESP-NH2 by a substitution reaction with propargyl bromide in toluene.
The product was not purified and no yield was determined. The product 23 formation was followed by
LR-MS. Found mass: 260.2 m/z. Theoretical value: 260.17 m/z [M+H]+.

In the next step, the CuAAC reaction of L1-N3 with propargyl bromide was to be tested in
solution. As expected, the addition of copper to the ligand immediately results in complex
formation which would prevent the click reaction. This was tested in a UV-Vis titration
by sequentially adding 0.1 equiv. of copper sulfate to the ligand solution according to
the experiment shown in Figure IV.5. In addition, copper sulfate (0.5 equiv.) was added
to the formed iron complex C2-LN3 (Figure IV.5) and iron(II) triflate (0.5 equiv.) was
added to the complex formed with copper and L-N3 to test whether one metal ion might
be exchanged by the other due to a clear preference. However, after 60 min the UV-Vis
spectra did not display any shifts indicating a metal exchange (spectra can be found in
the Appendix, Chapter VII5). Thus, the CuAAC reaction was performed with C2-LN3

as shown in Scheme IV.16 in order to obtain the click product 24. Unfortunately, in
the longer time frame of the reaction LR-MS revealed that the iron in the C2-LN3 is
exchanged by copper forming 25 and no formation of 24 could be observed.
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Scheme IV.16: General scheme of the attempted CuAAC reaction of C2-N3 and propargyl bromide using
copper sulfate and sodium ascorbate (26) resulting in a metal exchange forming 25 instead of the desired
product 24.

In future experiment, a copper binding ligand should be added to the reaction to prevent
the formation of 25 while still allowing for the catalytic activity of the copper ion. This
could be done, for exampled, according to the literature procedures by McDonald et
al. [176,177]
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Strain Promoted Azide-Alkyne Cycloaddition (SPAAC)

A different option to avoid the formation of copper complexes with our ligand system
is the use of SPAAC in which no additional copper is needed as the alkyne is, as the
name says, activated by the strain in the ring structure in which the alkyne is embedded.
As we need a molecule that is suitable for SPAAC while also having a functionality
that can be bound to the silica, we opted for DBCO-NHS. As mentioned, the benefit
is the absence of any competing metal ions, but it should be noted that molecules
used in SPAAC like DBCO are more expensive and introduce a bigger spacer into the
immobilisation setup. It is possible that the additional structure could be attacked by
the immobilised iron(IV)-oxido species once it is formed, depending on the flexibility of
the linking structure. Nevertheless, this is only a possibility which should be kept in mind.

In a first experiment, the ligand L1-N3 was reacted with DBCO-NHS in solution to see
whether the SPAAC reaction is successful in this combination (Scheme IV.17). The
reaction was followed by LR-MS and the expected product mass of 27 was detected after
22 h. It should be mentioned that both starting materials could also still be detected
at this point, but as this was a preliminary test reaction, the solvents were removed in
vacuo and the product was purified by reversed-phase HPLC (Scheme IV.17). The HPLC
spectrum showed two partly overlapping peaks (see in the Appendix, Chapter VII5)
which in LR-MS displayed identical masses. It is likely that 27 was formed as two
different regioisomers, namely the 1,4-triazole or 1,5-triazole adduct. As long as there
are no differences in the reactivity, this should not be an issue. However, it should be
noted that CuAAC reactions generally only form the pure 1,4-triazole adduct and could
be preferable if the formation of a regioisomer mixture on the MCM41 poses difficulties.
As a side note, the same reaction was performed with the iron complex C2-N3 which did
not result in the desired click product. Therefore, in future immobilisation experiments,
the ligand should be immobilised before forming the iron(II) complex.
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Scheme IV.17: SPAAC reaction of ligand L1-N3 with DBCO-NHS (1.0 equiv.) forming both regioisomers of
27 (one omitted for clarity). The products were purified by HPLC (Agilent Zorbax SBC18, 250 mm x 30 mm –
5 µm, 5 % to 95 % acetonitrile in water in 60 min, 0.1 % formic acid, flow 20 mL/min, Detection: 254 nm). The
product formation and purification were followed by LR-MS. Found mass: 451.2 m/z, 901.0 m/z. Theoretical
value: 451.18 m/z [M+2H]2+, 901.36 m/z [M+H]+.
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As a second step, the reaction of the DBCO-NHS with TESP-NH2 was performed in
solution according to a literature procedure [258] to confirm that the activated ester of
the DBCO-NHS does react with the amino groups on the silica. Thus, both the TESP-
NH2 and DBCO-NHS were dissolved in dimethylformamide separately, the DBCO-NHS
solution was added to the TESP-NH2 and triethylamine was added until pH paper
indicated a pH of 9 (see Scheme IV.18). The reaction was stirred at 40 °C for 22 h when
LR-MS indicated the formation of 28. As this product proved poorly soluble once the
solvent was removed in a previous attempt, the ligand L1-N3 was added directly to
the mixture and the suspension stirred for additional 22 h. At this point, the product
mass was detected by LR-MS indicating a successful SPAAC reaction on compound 28.
Similar to the previous reactions, the poor solubility of the product made purification
and further analysis difficult. Nevertheless, the detected masses are a good indication of
successful reaction. With these initial results at hand, a first attempt at immobilisation
of the ligand L1-N3 on MCM41 via SPAAC was performed.
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Scheme IV.18: Reaction of TESP-NH2 with DBCO-NHS forming 28 and subsequent SPAAC reaction with
ligand L1-N3 forming 29. The product was not purified and no yield was determined. The product formation
was followed by LR-MS. Found mass for 28: 509.3 m/z. Theoretical value: 509.25 m/z [M+H]+. Found mass
for 29: 504.3 m/z. Theoretical value: 504.24 m/z [M+2H]2+.

Following the procedures described above, the immobilisation of the iron complex C2-N3

was performed in three steps (see Scheme IV.19). Initially, the previously synthesized
MCM41-NH2 was reacted with DBCO-NHS in dimethylformamide at 40 °C for 2 d in
a 25 mL round bottom flask. The mixture was centrifuged and the solution decanted
off. The residue was washed by vortexing the silica in dichloromethane (8x1 mL) and
ethyl acetate (2x1 mL) before centrifuging and decanting off the solvent after each step.
The MCM41-DBCO was then dried in a vacuum drying cabinet at 40 °C. In the next
step, MCM41-DBCO was suspended in dimethylformamide and L1-N3 was added. As
the reaction described earlier (Scheme IV.17) still contained starting materials after 22 h
this reaction was stirred for 3 d at ambient temperature. The product was washed and
dried according to the procedure applied in the previous step yielding MCM41-DBCO-L1.
According to the general procedure for iron(II) complex formation (Chapter IV 3.2),
MCM41-DBCO-L1 was suspended in acetonitrile and iron(II) triflate was added. The
suspension was stirred for 1 h, washed as described above with acetonitrile (10x1 mL) and
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Scheme IV.19: Scheme of the stepwise immobilisation of the complex C2-N3 on MCM41-NH2. Sequentially,
MCM41-NH2 is reacted with DBCO-NHS forming MCM41-DBCO. This product is then submerged into
a solution of L1-N3 for 3 d resulting in the SPAAC product MCM41-DBCO-L1 (only one regioisomer
shown). Subsequent complex formation upon addition of iron(II) triflate yields the immobilised complex
MCM41-DBCO-C2 (only one regioisomer shown). For each step, 1.0 equiv. of reactant (L1-N3 and iron(II)
triflate) was added assuming full conversion in all previous steps.

dried using a rotary evaporator at 40 °C yielding MCM41-DBCO-C2. This last reaction
was duplicated with MCM41 and MCM41-NH2 as references for nonspecifically bound
iron. MCM41-DBCO and MCM41-DBCO-L1 were analysed by IR and EA while MCM41-
DBCO-C2 and the reference reactions with MCM41 and MCM41-NH2 were analysed by
ICP-OES towards the iron content. The results of these measurements are summarised in
Table IV.5. As can be seen, after the reaction of MCM41-NH2 with DBCO-NHS (1c) the
carbon content in the probe increases while the nitrogen and hydrogen content also display
a slight increase. Especially the increase of carbon indicates a successful reaction. For the
following reaction with the ligand L1-N3 (2c), a stronger increase in nitrogen content was
expected due to the high nitrogen content within the molecule. However, as calculations on
the loading on the silica gave no convincing results and an increase in carbon content was
observed as well, the product MCM41-DBCO-L1 was further reacted with iron(II) triflate.

The ICP-OES measurements show that the iron content in MCM41-DBCO-C2 (17.5 µg/mg)
is significantly higher than in the reference probes MCM41 (3c, 1.15 µg/mg) and MCM41-
NH2 (4c, 1.65 µg/mg), indicating successful immobilisation of the ligand which was then
able to form the immobilised complex C2.
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Table IV.5.: Overview on the elemental analysis and ICP-OES measurements of the reaction steps
during the immobilisation of C2-LN3 on MCM41-NH2 using DBCO. The reactions described in
this chapter were performed with a different batch of MCM41-NH2 than in Chapter IV4.3.1. The
MCM41-NH2 described here was synthesized by Johanna Großmann. [260] Therefore, the reference
measurement differs from the previous data which are described in the experimental.

Product Elemental Analysis ICP-OES
C H N Fe [µg/mg]

References
MCM41 0.00 0.73 0.15 -
MCM41-NH2 9.76 2.61 3.08 -

1c MCM41-DBCO 12.5 2.87 3.53 -
2c MCM41-DBCO-L1 14.0 2.82 3.54 -

After reaction with iron(II) triflate
3c MCM41 - - - 1.15
4c MCM41-NH2 - - - 1.65
5c MCM41-DBCO-C2 - - - 17.5

Although these are only preliminary experiments, the combination of the successful
reactions in solution, showing that all bond formations within the immobilisation steps
are likely to happen, and the increased iron content in MCM41-DBCO-C2 gives a strong
indication that the immobilisation of C2-LN3 on MCM41-NH2 using DBCO as a linker
was successful and could be a functioning solid support system for the biomimetic
iron(IV)-oxido complex C4.
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Research Data Management

One goal of this thesis was the improvement of the research data management (RDM)
within the group. To achieve this, the electronic lab notebook Chemotion was tested and
established. To gain deeper insight into the field of RDM and FAIR data, an exemplary
synthesis was finished, investigated towards its "FAIRness" and published accordingly.
The complete dataset including electronic lab notebook entries and raw data was uploaded
to the chemotion repository and attached to the publication, successfully creating a FAIR
paper. Additionally, an elaborate network and data storage system was created and
set up to accommodate modern RDM requirements and facilitate storage and access of
research data while meeting safety requirements.

Biomimetic Oxidation of Synthetic DNA Bases

In this part of the thesis, the reactivity of the biomimetic complex C4 towards synthetic
DNA bases was investigated together with Niko Lindlar (né Jonasson), Annika Menke
and Fabian Zott. Different synthetic DNA bases like 1-methylcytosine (1mC), 5-methyl-
iso-cytosine (5miC) and thymine (T/5mU) were synthesized and investigated towards
their reactivity upon oxidation by complex C4. Within these investigations, I synthesized
1mC and attempted the synthesis of the expected oxidation products thereof. I also
performed oxidation reactions and subsequent product analysis by HPLC-LR-MS and
HPLC-HR-MS. The kinetic investigations revealed a significantly faster oxidation of
C-methylated compared to the N -methylated bases. Together with Fabian Zott, the
kinetic results were corroborated by calculated C-H bond dissociation energies (BDEs)
identifying BDE calculations as a useful tool in reaction rate prediction. Additionally,
based on investigations by HPLC-LR-MS, it was postulated that the oxidation products
of 1mC undergo immediate decomposition by deformylation explaining cytosine as the
single product of oxidation reactions with 1mC and C4.

Towards the Immobilisation of Py5-Ligand Systems on a Solid Support

The main focus of this thesis was the immobilisation of the biomimetic complex C4
to facilitate the removal of the complex from solution and suppress side reactions by
comproportionation. Previously performed immobilisations on Merrifield or TentaGel
resin did not yield the desired applicability. Through the course of this project, two new
ligands L1-Cl and L1-N3 and the corresponding iron(II) complexes C2-Cl and C2-N3

were successfully synthesized. To accommodate for the physiological conditions generally
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applied with the biomimetic reactions performed using C4, the bio-compatible solid
support system chitosan was tested. Within this work, the formation of uniform chitosan
gel beads was optimized and the subsequent crosslinking and surface modification with
glutaraldehyde was investigated. It was attempted to immobilise the amino derivative
of the ligand system L1-NH2 on the gel beads, but initially promising results could not
be reproduced or otherwise corroborated. A detailed investigation in the Schiff base
reaction between L1-NH2 and glutaraldehyde could not yield further insight on how
immobilisation through this system could be achieved.

The hexagonal mesoporous silica MCM41 was additionally investigated as possible solid
support system. The silica was modified according to literature procedure and attempts
at immobilisation of the ligand system via nucleophilic substitution were performed.
However, the analytical data did not indicate successful immobilisation. Following
this, reactions towards the immobilisation via click reactions were investigated. While
copper catalysed azide-alkyne cycloaddition (CuAAC) resulted in complex formation
between copper and the ligand system, successful reactions with the strain promoted
azide-alkyne cycloaddition (SPAAC) reagent DBCO-NHS were performed. Reference
reactions in solution showed successful covalent binding between the silane used for
MCM41 modification with the activated NHS ester of the DBCO-NHS while the SPAAC
between DBCO and ligand L1-N3 could also be observed. In initial testing, a modified
MCM41 silica was stepwise reacted with DBCO-NHS and the ligand L-N3. Subsequently,
the immobilised ligand was submerged in iron(II) triflate solution and ICP-OES anal-
ysis strongly indicates successful formation of the complex C2-N3 immobilised on MCM41.

In the future, the results obtained with the immobilisation via SPAAC should be
corroborated by reproducing the experiments and performing additional analysis. As
ATR-IR spectroscopy is not able to reveal modifications of the silica within the pores,
another method needs to be applied to supplement the EA and ICP-OES data. This could
probably be resolved by transmission IR spectroscopy with a higher depth of penetration.
In addition, oxidation of the immobilised iron(II) complex needs to be performed to
achieve the immobilisation of C4. If the iron(IV)-oxido species shows reactivity to the
relatively bulky DBCO linker molecule, the CuAAC should be reinvestigated using copper
binding ligands to prevent undesired complex formation. This could also be done for
economical reasons, as SPAAC reagents like DBCO-NHS are significantly more expensive.
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1. General Considerations

1. General Considerations

Chemical structures, names and properties

Chemical structures were drawn using Chemdraw Professional v19.1.1.2. The names of
molecules and general analytical data like chemical formulas, molecular mass, exact mass
(of molecules and fragments) and expected elemental analysis were also obtained by using
the Chemdraw software.

Literature

For synthetic procedures, relevant citations are given with the title. This includes
syntheses which were performed in accordance with literature, inspired by or modified
from literature or a general overview of literature procedures regarding that type of
reaction.

Reaction Conditions

In regard of this work aiming towards the FAIR data principles (Chapter I2), it was
attempted to avoid commonly used, but unspecific terms like overnight and room temper-
ature (r.t.). However, as this was not implemented at the beginning, but within the time
frame of this work, some reactions and experiments were not recorded accordingly. In
these cases, a time or temperature range is given in the reaction, which is an estimation
based on standard procedures, habits and experience. It should be noted, that the given
ranges are most likely, but not necessarily the true conditions of the reaction. Such
estimations are marked with a footnote. For some reactions, no proper estimations could
be made and thus the unspecific terms were kept.

Experimental Procedures

The expression ’solvents removed in vacuo’ refers to the solvent of a solution or suspension
being removed using a rotary evaporator. Heating baths were set to 40 °C and water
cooling at either approx. 20 °C or 4 °C was used. Afterwards, the resulting substance
was additionally dried using the Schlenk line for approx. 2-4 h. The expression ’dried in
vacuo’ refers do the substance being dried with the Schlenk line for a considerable longer
time ranging from 6-24 h. Reactions which require heating or reflux were performed using
Heidolph Heat-On Blocks and Heidolph waterless Findensers for solvent condensation.

Solvent purity

Due to changing offers, prices and university infrastructures, solvents were bought in
different purities at different times. In case solvents were bought in technical instead of
p.a. quality, dichloromethane, i-hexane, diethyl ether and chloroform were distilled via
rotary evaporation before use. All reactions and washing steps with water described in
this work were performed with ultrapure water (type 1, 18.2 MΩ·cm at 25 °C).
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2. Methods and Materials

Schlenk Conditions

In this work, reactions under inert atmosphere were performed using a Schlenk line
apparatus attached to a RZ6 rotary vane pump by vacuubrand or similar and using a
cooling trap submerged into liquid nitrogen. As inert gas, in-house nitrogen which was
additionally channelled through a Drierite™ gas-drying unit was used. Glassware and
stirring bars used in these reactions were dried by heating while applying vacuum and
subsequently flushing with nitrogen. These steps were repeated three times. All reaction
flasks had a glass stopcock with an olive used for the connection to the Schlenk line and
a conical ground joint, which was either sealed with a rubber septa or condenser. Liquids
were transferred using syringes and cannula, which were flushed with inert nitrogen three
times prior to use. Solids were added against a steady stream of nitrogen.

Thin-layer chromatography

Thin-layer chromatography (TLC) was performed on aluminium sheets pre coated with
silica gel (pore size = 60 Å) with fluorescent indicator F254 from Merck KGaA. Compound
spots were detected using a UV light at λ = 254 nm and 365 nm. TLC plates were bought
as 20x20 cm sheets and cut by hand. TLC was performed on plates with a length
(direction of flow) of 6 cm, substances were applied at a distance of 1 cm to the bottom
and the chromatography was stopped when the solvent front was approx. 0.5-1 cm from
the top edge. Resulting in a travel distance of approx. 4-4.5 cm for the mobile phase.

Flash Column Chromatography

Flash column chromatography was performed on an Interchim PuriFlash PF420 or
Interchim PuriFlash XS 520+ system using self-packed columns with silica gel 60 (40-
63 µm) from Merck or Macherey-Nagel. If flash column chromatography was performed
by hand, self-packed glass columns and a manual air pump bulb were used. Solvents and
gradients are given within the experimental procedure. Fractions were collected in glass
tubes and combined according to TLC. Solvents of the collected fractions were removed
and the resulting product was dried in vacuo.

Infrared Spectroscopy

IR measurements were performed on either a Jasco FT/IR-460Plus or PerkinElmer
Spectrum Two FT/IR spectrometer with an ATR Diamond Plate. In case of the Jasco
FT/IR-460Plus the software Spectra Manager Version 2 from Jasco was used for data
conversion. All spectra shown within this work were processed using Microsoft Excel
to open and convert data into a format that can be copied and subsequently processed
with Origin 2021b. First, the spectra were corrected by baseline subtraction (mode:
2. derivation, smoothing factor=3, threshold=0.05, points=12, interpolation=Spline;
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points were manipulated by hand and an additional baseline subtraction of −100 was
used) and subsequently smoothed (mode: Savitzky-Golay, points=25, polynomial order
2). The described method was used for all graphs depicted within this thesis if not
mentioned otherwise.

Nuclear Magnetic Resonance Spectroscopy

Nuclear Magnetic Resonance Spectroscopy (NMR) measurements were performed on
either a Jeol ECP 270 (400 MHz), Jeol ECX 400 (400 MHz) or Bruker Avance III (400 MHz)
at the Department of Chemistry at LMU Munich (1H at 400 MHz, 13C at 100 MHz) or
on either a Bruker Avance III – 300 (300 MHz) and Bruker Avance III - 600 (600 MHz)
at the Center for Molecular and Structural Analytics at the HHU Düsseldorf (1H at
300 MHz or 600 MHz, 13C at 150 MHz). All spectra shown within this work were processed
using MestReNova v14.2.0-26256. As a general procedure, the included automatic phase
and baseline correction tools were applied first. Then, the spectra were referenced to
the according solvent [262] and NMR shifts given in δ units (ppm) relative to CDCl3
(δH=7.26 (1), δC=77.16 (3)), CD3OD (δH=3.31 (5), δC=49.00 (7)), DMF-d7 (δH=8.03
(1), δC=163.15 (3)), D2O (δH=4.79 (1)), DMSO-d6 (δH=2.50 (5), δC=39.52 (7)) or MeCN-
d3 (δH=1.94 (5), δC=118.26 (1)). After these initial steps, peak picking, integration and
multiplett analysis were done by hand to the best of knowledge. Signal multiplicities were
characterized as singlet (s), doublet (d), triplet (t), quartet (q), multiplett (m), broad
(br) and combinations thereof. For peak assignment of new structures, additional two-
dimensional correlation spectroscopy (COSY, 1H-1H), heterobinuclear multiple quantum
correlation (HMQC, 1H-13C) or heterobinuclear multiple bond connectivity (HMBC,
1H-13C) experiments were performed. Signals were assigned according to the numbering
given in the reaction scheme within the experimental procedure for each molecule.

UV-Vis Spectroscopy

UV-Vis spectroscopy was performed on either an Agilent 8453 Diode Array spectropho-
tometer, an Agilent Cary 300 or an Agilent Cary 3500 Multicell spectrometer using
10 mm quartz Suprasil cuvettes from Hellma. All instruments were equipped with a
thermostatted cuvette holder. Spectra were measured at room temperature if not stated
otherwise. Data was exported in a csv. file format and processed using Microsoft Excel
to open and convert data into a format that can be copied and subsequently processed
with Origin 2021b.

Single Crystal X-Ray Diffraction

Single crystal X-ray diffraction at LMU Munich was performed by Dr. Peter Mayer or
Jonathan Gutenthaler-Tietze on a Bruker D8 Venture TXS system equipped with a mul-
tilayer mirror monochromator and a rotating anode X-ray tube (Mo Kα, λ = 0.71073 Å).
The frames were integrated with the Bruker SAINT software package. Data were cor-
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rected for absorption effects using the Multi-Scan method (SADABS).The structure was
solved and refined using the Bruker SHELXTL Software Package. [263]

Single crystal X-ray diffraction at HHU Düsseldorf was performed by Jonathan Gutenthaler-
Tietze on a Rigaku XtaLAB Synergy S diffractometer equipped with a hybrid pixel array
detector and a PhotonJet microfocus sealed X-ray tube (Cu Kα, λ = 1.54184 Å). Data
were collected and processed using CrysAlisPro with multi-scan absorption correction.
Structure solution was performed with SHELXT (2018/2), refinement with SHELXL
(2019/2) in ShelXle, and validation with PLATON.
Thermal ellipsoid plots were generated using ORTEP-3.

High Resolution Mass Spectrometry

High resolution mass spectrometry (HR-MS) used for product identification was performed
either on a Thermo Finnigan LTQ FT Ultra Fourier Transform Ionen Cyclotron Resonance
(ESI), a Thermo Finnigan LTQ Orbitrap XL spectrometer (ESI), Thermo Q Exactive
GC Orbitrap-Mass spectrometer (EI) or Finnigan MAT 95 sector mass spectrometer (EI)
at the Department of Chemistry at LMU Munich. Solid samples were dissolved in either
acetonitrile or acetone. Data was received as a printout with indicated masses belonging
to the target molecule.

Low Resolution Mass Spectrometry

Low-resolution mass spectrometry (LR-MS) was performed on either 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) via direct injection
using a water/methanol eluent mixture (1:1) with 0.1 % formic acid at LMU Munich or
an Agilent 1260 Infinity II HPLC (G7115A DAD, G7116A Column Thermostat, G7167A
Multiple Sampler, G7104C Flexible Pump) with an MSD XT Detector via direct injection
using a water/acetonitrile eluent mixture (1:1) with 0.1 % formic acid. All used solvents
were LC-MS grade. Measurements were primarily performed as reaction controls and are
not necessarily shown within this thesis. Any data shown in this thesis was processed
and analysed with Hystar Data Analysis.

Inductively Coupled Plasma Optical Emission Spectrometry

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) was conducted
on an Agilent ICP-OES 5800 by Annette Ricken at HHU Düsseldorf. Probes were
digested in a microwave (Temp. 200 °C, Ramp time 45 min, Hold time 45 min, max.
Power 1600 W) using an acidic mixture (1.4 mL HNO3, 0.4 mL HCl, 0.2 mL HBF4). A
silicon standard (2% HNO3 + 0.05% HF, 1000 mg/L, ’tracecert’, Merck Supelco) in
different concentrations (0.25 mg/L, 0.50 mg/L and 1.00 mg/L in 2% HNO3) was used
as reference for silicon measurements and an multi element standard (HNO3, 100 mg/L,
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’certipure’, Merck Supelco) in different concentrations (0.05 mg/L, 0.10 mg/L, 0.50 mg/L
and 1.00 mg/L in 2% HNO3) was used as a reference for iron measurements.

Lyophilisation

Lyophilisation was performed on a Christ Alpha 1-2 LDplus lyophilisator attached to a
vacuubrand Vacuu Pure 10C screw pump or a Christ Alpha 3-4 LSCbasic. Samples were
frozen in centrifuge tubes which were sealed using lint-free wipes and parafilm prior to
lyophilisation.
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3. Experimental Procedures

3.1. Epigenetic Substrates

Synthesis of 4-amino-1-methylpyrimidin-2(1H )-one (1mC) [122,123]

Cytosine (C) (555 mg, 5.00 mmol, 1.0 equiv.) was suspended in dichloromethane (35 mL).
Tetrabutylammonium hydroxide solution (40 % in water, 3.30 mL) was added dropwise to
the suspension. Methyl iodide (1.25 mL, 20.0 mmol, 4.0 equiv.) was slowly added to the
resulting solution. The mixture was stirred at room temperature (23-27 °C1) overnight
(17-19 h2) forming a white precipitate. Water (20 mL) was added to the suspension, the
aqueous phase was separated and washed with dichloromethane (20 mL). The solvent was
removed in vacuo and the resulting white solid was triturated with hot ethanol, cooled
to room temperature (23-27 °C1), filtered and dried in vacuo resulting in 1mC (438 mg,
3.50 mmol, 70 %) as a white solid.

Chemical Formula C5H7N3O (125.13 g/mol−1).

1H NMR (400 MHz, DMSO-d6) δ/ppm = 7.55 (d, J = 7.1 Hz, 1H, H-6), 6.92 (m, br,
2H, H-7), 5.61 (d, J = 7.1 Hz, 1H, H-5), 3.19 (s, 3H, H-8).

13C NMR (100 MHz, DMSO-d6) δ/ppm = 166.1 (C-4), 156.3 (C-2), 146.6 (C-6),
92.9 (C-5), 36.6 (C-8).

HR-MS (EI) calc. for C5H7N3O·+: 125.0584 [M]·+

found: 125.0585 [M]·+.

Elemental Analysis found (calc.) C 46.73 (47.99), H 5.54 (5.64), N 32.58 (33.58).

1Estimated temperature. See Chapter VI1-Reaction Conditions.
2Estimated time frame. See Chapter VI1-Reaction Conditions.
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1H NMR (400 MHz, DMSO-d6)

δ [ppm]

13C NMR (100 MHz, DMSO-d6)

δ [ppm]
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Synthesis of N -(2-oxo-1,2-dihydropyrimidin-4-yl)acetamide (Ac-C)3

Cytosine (C) (278 mg, 2.50 mmol, 1.0 equiv.) was suspended in dry dimethylformamide.
Acetic anhydride (260 µL, 2.75 mmol, 1.1 equiv.) was added dropwise. The resulting
mixture was stirred in a preheated oil bath at 60 °C for 1 h. After cooling to room
temperature, the white solid was filtered off and washed with methanol. Drying under
high vacuum afforded Ac-C (293 mg, 1.91 mmol, 77 %) as a white solid.

Chemical Formula C6H7N3O2 (153.14 g/mol−1).

1H NMR (400 MHz, DMSO-d6) δ/ppm = 11.48 (s, 1H, H-1/7), 10.73 (s, 1H, H-1/7),
7.79 (d, J = 7.0 Hz, 1H, H-6), 7.09 (d, J = 7.0 Hz, 1H, H-5), 2.08 (s, 3H, H-9).

13C NMR (100 MHz, DMSO-d6) δ/ppm = 170.9 (C-8), 163.2 (C-4), 156.2 (C-2),
147.1 (C-6), 94.5 (C-5), 24.3 (C-9).

HR-MS (EI) calc. for C6H7N3O2 ·+: 153.0533 [M]·+

found: 153.0533 [M]·+.

3This reaction was adapted form a previously performed procedure by Doreen Reuter during an internship under
the supervision of Niko Lindlar (né Jonasson).
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3.2. Synthesis of Py5Me2CH2X type Ligands (L1-X)

Synthesis of 2,2’-(ethane-1,1-diyl)dipyridine [124,213,264,265] (21)

N FN n-BuLi (2.5 M in hexane)

THF, -78 °C - 23 °C, 1.5 h

N N
+

21

Under Schlenk conditions a flask was charged with 2-ethylpyridine (2.34 g, 2.50 mL,
21.9 mmol, 2.1 equiv.) and absolute tetrahydrofuran (30 mL). The mixture was cooled in
an acetone dry-ice bath and a solution of n-butyllithium in hexanes (10.5 mL, 25.3 mmol,
2.5 equiv.) was added dropwise, turning the solution dark red. The mixture was stirred
while cooling for 20 min, before 2-fluoropyridine (1.02 g, 0.90 mL, 10.5 mmol, 1.0 equiv.)
was added dropwise. After the mixture was stirred for another 10 min, the mixture
was allowed to warm to ambient temperature. The mixture was stirred for 1 h, before
∼40 g ice were added and the mixture was stirred until the ice was completely melted.
The layers were separated and the aqueous layer was extracted with dichloromethane
(3x50 mL). The combined organic layers were dried over anhydrous magnesium sulfate.
The solvents were removed in vacuo and excess 2-ethylpyridine was evaporated using a
Schlenk line. 21 (1.60 g, 8.70 mmol, 83 %) was obtained as a viscous brown oil.

Chemical Formula C12H12N2 (184.24 g/mol−1).

1H NMR (400 MHz, CDCl3) δ/ppm = 8.54 (ddd, J = 4.9 Hz, 1.9 Hz, 1.0 Hz, 1H),
7.58 (td, J = 7.7 Hz, 1.9 Hz, 1H), 7.30 – 7.23 (m, 1H), 7.09 (ddd, J = 7.5 Hz, 4.9 Hz,
1.2 Hz, 1H), 4.46 (q, J = 7.2 Hz, 1H), 1.75 (d, J = 7.2 Hz, 2H).
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Synthesis of 2-((2,6-dichloropyridin-4-yl)methyl)isoindoline-1,3-dione (30 [124]

N ClCl

OH

phthalimide, PPh3, DIAD
O

O

N

NCl Cl

THF, 21-25 °C, 16 h

18

(2,6-dichloropyridin-4-yl)methanol (1.00 g, 5.62 mmol, 1.0 equiv.), phthalimide (990 mg,
6.74 mmol, 1.2 equiv.) and triphenylphosphine (1.77 g, 6.74 mmol, 1.2 equiv.) were dis-
solved in tetrahydrofuran (30 mL). After 10 min, diisopropyl azodicarboxylate (1.32 mL,
6.74 mmol, 1.2 equiv.) was added and the reaction mixture was stirred at room tempera-
ture (21-25 °C4) for 16 h. The precipitate was filtered off, washed with ice cold diethyl
ether (3×10 mL) and dried in vacuo. 18 (1.43 g, 4.65 mmol, 83 %) was obtained as a
colorless solid.

Chemical Formula C14H8Cl2N2O2 (307.13 g/mol−1).

Rf (EtOAc, silica) = 0.89.

1H NMR (400 MHz, CDCl3) δ/ppm = 7.91 (dd, J = 5.5 Hz, 3.1 Hz, 2H), 7.78 (dd,
J = 5.5 Hz, 3.1 Hz, 2H), 7.27 (s, 2H), 4.80 (s, 2H).

13C NMR (100 MHz, CDCl3) δ/ppm = 167.7, 151.3, 150.6, 134.7, 131.9, 124.0, 122.4,
39.8.

4Estimated temperature. See Chapter VI1-Reaction Conditions.
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3. Experimental Procedures

Synthesis of (2,6-dichloropyridin-4-yl)methanamine (19) [124]

O

O

N

NCl Cl

MeNH2

EtOH, 21-25 °C, 16 h

N ClCl

NH2

18 19

18 (1.40 g, 4.56 mmol, 1.0 equiv.) was dissolved in a methyl amine solution (33 % in
ethanol, 35 mL) and stirred for 16 h at room temperature (21-25 °C5). The solvent was
removed in vacuo leading to a colorless solid which was resolved in 15 % aqueous acetic
acid (20 mL) and sonicated for 5 min. Subsequently, the solution was washed with
dichloromethane (3×40 mL). The aqueous layer was basified to pH 12 with aqueous
sodium hydroxide solution (1 m) and extracted with a mixture of dichloromethane and
iso-propanol (3:1, 4×50 mL). The organic layer was dried over magnesium sulfate and
the solvents were removed in vacuo. 19 (670 mg, 3.78 mmol, 83 %) was obtained as a
colorless solid.

Chemical Formula C6H6Cl2N2 (177.03 g/mol−1).

Rf (EtOAc, silica) = 0.09.

1H NMR (400 MHz, CDCl3) δ/ppm = 7.27 (s, 2H), 3.91 (s, 2H), 1.41 (s, 2H).

13C NMR (100 MHz, CDCl3) δ/ppm = 158.2, 150.8, 121.3, 44.6.

5Estimated temperature. See Chapter VI1-Reaction Conditions.
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Synthesis of 2,6-dichloro-4-((2,5-dimethyl-1H -pyrrol-1-yl)methyl)pyridine
(20) [89,124]

N ClCl

NH2

TsOH

hexane-2,5-dione

toluene, 110 °C, 2.5 h

N ClCl

N

19 20

Under Schlenk conditions a flask was charged with 19 (2.49 g, 14.1 mmol, 1.0 equiv.), para-
toluenesulfonic acid (242 mg, 1.41 mmol, 0.1 equiv.), powdered molecular sieve (∼500 mg)
and dry toluene (25 mL). Hexane-2,5-dione (1.95 g, 17.1 mmol, 1.2 equiv.) was added
and the solution was heated to 110 °C for 2.5 h. The hot reaction mixture was filtered
through a PTFE syringe filter (0.45 µm). The filter was washed with toluene (2 mL) and
the solvents were removed in vacuo. The solid residue was triturated in a mixture of
ethyl acetate and iso-propanol (9:1, 15 mL). The filtrate was cooled with an ice-bath for
10 min and the resulting precipitate was filtered off and washed with a mixture of ethyl
acetate and propan-2-ol (9:1). The combined solid residues were dried in vacuo to give
20 (2.52 g, 9.87 mmol, 70 %) as a white solid.

Chemical Formula C12H12Cl2N2 (255.14 g/mol−1).

Rf (iHex/EtOAc/NEt3 2:2:1, silica) = 0.85.

1H NMR (400 MHz, CDCl3) δ/ppm = 6.74 (t, J = 0.9 Hz, 2H), 5.89 (s, 2H) 4.95 (t,
J = 0.8 Hz, 2H), 2.11 (s, 6H).

13C NMR (100 MHz, CDCl3) δ/ppm = 154.2, 151.4, 127.6, 120.1, 106.9, 45.4, 12.5.
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3. Experimental Procedures

Synthesis of L1-NPyr [89,124]

NN
N

N

N

N

N

N
0 to 100 °C, 22 h

1,4-dioxane/THF

n-BuLi (2.5 M in hexane)

N ClCl

N

+

20 21 L1-NPyr

Under Schlenk conditions 21 (1.26 g, 6.82 mmol, 3.0 equiv.) was dissolved in dry 1,4-
dioxane (17 mL) and dry tetrahydrofuran (1 mL). The solution was cooled with an
ice-bath and n-butyl lithium (2.5 m in hexane, 3.2 mL, 7.96 mmol, 3.5 equiv.) was added
slowly. After stirring for 45 min, 20 (580 mg, 2.27 mmol, 1.0 equiv.) was dissolved in
dry 1,4-dioxane (1 mL) and dry tetrahydrofuran (1 mL) under Schlenk conditions and
transferred into the reaction mixture. The deep red mixture was stirred for 5 min and
then heated to 105 °C for 22 h under reflux and nitrogen atmosphere. The solution was
left to cool to ambient temperature and diluted with ethyl acetate (20 mL). Ice (∼5 g),
and after stirring for 30 min water (50 mL) was added. The layers were separated and
the organic layer was washed with water (20 mL) and brine (10 mL). The aqueous layers
were combined and extracted with dichloromethane (3×50 mL). The combined organic
layers were dried over magnesium sulfate and the solvents were removed in vacuo. The
crude product was purified by flash column chromatography (silica, gradient from 0 %
NEt3 and 10 % EtOAc to 10 % NEt3 and 35 % EtOAc in iHex over 3.5 cv, then isocratic
for 3.0 cv) to give L1-NPyr (1.07 g, 1.94 mmol, 85 %) as a yellow, highly viscous oil.

Chemical Formula C36H34N6 (550.71 g/mol−1).

Rf (iHex/EtOAc/NEt3 2:2:1, silica) = 0.79.

1H NMR (400 MHz, CDCl3) δ/ppm = 8.50 (ddd, J = 4.8 Hz, 1.9 Hz, 0.9 Hz, 4H),
7.39 (ddd, J = 8.0 Hz, 7.5 Hz, 1.9 Hz, 4H), 7.04 (ddd, J = 7.5 Hz, 4.8 Hz, 1.1 Hz, 4H), 6.78
(dt, J = 8.1 Hz, 1.0 Hz, 4H), 6.47 (t, J = 0.9 Hz, 2H), 5.67 (s, 2H), 4.84 (t, J = 0.9 Hz,
2H), 2.14 (s, 6H), 1.99 (s, 6H).

13C NMR (100 MHz, CDCl3) δ/ppm = 166.2, 164.9, 148.6, 148.3, 135.6, 127.7, 124.0,
121.1, 117.5, 106.0, 60.2, 46.4, 26.8, 12.5.
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Synthesis of L1-NH2 [89,124]

N

N

N

N

N

NH2

H2O/EtOH, 80 °C, 22 h

H2N-OH  HCl, NEt3
N

N

N

N

N

N

L1-NPyr L1-NH2

L1-NPyr (665 mg, 1.21 mmol, 1.0 equiv.) was dissolved in ethanol (8 mL) and water
(2 mL). Triethylamine (680 µL, 4.91 mmol, 4.1 equiv.) and hydroxylamine hydrochloride
(2.52 g, 36.3 mmol, 30 equiv.) were added subsequently. The reaction mixture was heated
to 80 °C for 22 h, cooled to room temperature and diluted with aqueous hydrochloric
acid solution (1 m, 48 mL). The aqueous layer was washed with diethyl ether (3×50 mL),
basified to pH 12 with aqueous sodium hydroxide solution (6 m) and extracted with
dichloromethane (3×50 mL). The combined organic layers were dried over magnesium
sulfate and the solvent was removed in vacuo. L1-NH2 (545 mg, 1.15 mmol, 95 %) was
obtained as a pale yellow solid.

Chemical Formula C30H28N6 (472.60 g/mol−1).

Rf (iHex/EtOAc/NEt3 2:2:1, silica) = 0.02.

IR (Diamond-ATR, neat) ν̃/cm−1 = 2974, 1599, 1584, 1566, 1562, 1462, 1443, 1431,
1416, 1377, 1357, 1292, 1154, 1107, 1090, 1075, 1046, 992, 925, 879, 837, 807, 773, 759,
745, 681, 668, 649, 637, 616, 559, 546, 532, 513, 405.

1H NMR (600 MHz, CDCl3) δ/ppm = 8.50 (ddd, J = 4.9, 1.9, 0.9 Hz, 4H), 7.39
(ddd, J = 8.0, 7.4, 1.9 Hz, 4H), 7.07 (s, 2H), 7.05 (ddd, J = 7.5, 4.8, 1.1 Hz, 4H), 6.83
(dt, J = 8.1, 1.0 Hz, 4H), 3.79 (s, 2H), 2.20 (s, 6H).

13C NMR (150 MHz, CDCl3) δ/ppm = 166.3, 164.6, 148.5, 135.7, 124.2, 121.1, 118.5,
60.1, 45.9, 26.9.
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Synthesis of 2,6-dichloro-4-((methoxymethoxy)methyl)pyridine (22) [124]

N ClCl

OH

N ClCl

O O

DIPEA

MOMCl

DCM, r.t., 23 h

22

(2,6-dichloropyridin-4-yl)methanol (1.00 g, 5.62 mmol, 1.0 equiv.) was dissolved in di-
chloromethane (10 mL) and N,N -diisopropylethylamine (2.87 mL, 16.9 mmol, 3.0 equiv.)
was added. Subsequently, the solution was cooled using an ice-bath and chloromethyl
methyl ether (1.07 mL, 14.0 mmol, 2.5 equiv.) was added dropwise. After 1 h the ice bath
was removed and the reaction mixture was stirred for additional 23 h. The resulting
clear red solution was diluted with dichloromethane (3 mL) and poured into aqueous
hydrochloric acid (1.3 m, 30 mL). Stirring for 2 h at room temperature led to a deep
yellow mixture. The layers were separated and the aqueous layer was extracted with
dichloromethane (3×30 mL). The combined organic layers were dried over magnesium
sulfate and the solvent was removed in vacuo. The crude product was purified by flash
column chromatography (silica, gradient from 5 % to 20 % EtOAc in iHex over 10.0 cv)
to give 22 (1.16 g, 5.22 mmol, 93 %) as a colorless oil.

Chemical Formula C8H9Cl2NO2 (222.07 g/mol−1).

Rf (iHex/EtOAc 1:1, silica) = 0.88.

1H NMR (400 MHz, CDCl3) δ/ppm = 7.25 (t, J = 0.8 Hz, 2H), 4.72 (s, 2H), 4.58 (t,
J = 0.8 Hz, 2H), 3.40 (s, 3H).

13C NMR (100 MHz, CDCl3) δ/ppm = 153.6, 150.8, 120.8, 96.5, 66.5, 55.9.
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Synthesis of L1-OMOM [124,213]

N

N

N

N

NNN

N ClCl

O O

1,4-dioxane/THF
0 to 100 °C, 22 h

O

n-BuLi (2.5 M in hexane)

O

+

22 21 L1-OMOM

Under Schlenk conditions 2,2’-(ethane-1,1-diyl)dipyridine (21) (1.00 g, 5.43 mmol, 3.1 equiv.)
was dissolved in dry 1,4-dioxane (18 mL) and dry tetrahydrofuran (2 mL). Then, the
solution was cooled using an ice-bath and n-butyl lithium (2.5 m in hexane, 2.6 mL,
6.52 mmol, 3.1 equiv.) was added slowly. After stirring for 5 min, 22 (388 mg, 1.75 mmol,
1.0 equiv.) was added. The deep red mixture was heated to 100 °C for 22 h under nitrogen
atmosphere. The solution was cooled down to room temperature. Ethyl acetate (20 mL)
and ice (∼5 g) were added. After stirring for 1 h at room temperature the mixture was
diluted with water (20 mL), the layers were separated and the organic layer was washed
with water (30 mL). The aqueous layers were combined and extracted with ethyl acetate
(3×30 mL). The combined organic layers were washed with brine (30 mL), dried over
magnesium sulfate and the solvents were removed in vacuo. The crude product was
purified by flash column chromatography (silica, gradient from 20 % NEt3 and 15 %
EtOAc to 20 % NEt3 and 20 % EtOAc in iHex over 10.0 cv) to give L1-OMOM (645 mg,
1.25 mmol, 71 %) as a yellow oil.

Chemical Formula C32H31N5O2 (517.63 g/mol−1).

Rf (iHex/EtOAc/NEt3 2:2:1, silica) = 0.60.

1H NMR (400 MHz, CDCl3) δ/ppm = 8.51 (ddd, J = 4.8 Hz, 1.9 Hz, 0.9 Hz, 4H),
7.38 (ddd, J = 8.1 Hz, 7.5 Hz, 1.9 Hz, 4H), 7.08 (s, 2H), 7.04 (ddd, J = 7.5 Hz, 4.8 Hz,
1.1 Hz, 4H), 6.81 (dt, J = 8.1 Hz, 1.0 Hz, 4H), 4.64 (s, 2H), 4.51 (t, J = 0.8 Hz, 2H), 3.32
(s, 3H), 2.21 (s, 6H).

13C NMR (100 MHz, CDCl3) δ/ppm = 166.3, 164.5, 148.5, 148.0, 135.6, 124.2, 121.0,
118.2, 96.3, 68.4, 60.2, 55.6, 26.8.
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Synthesis of L1-OH [124]

N

N

N

N

N

OH

N

N

N

N

N

O O

aq. HCl

H2O/EtOH, r.t., 23 h

L1-OMOM L1-OH

L1-OMOM (695 mg, 1.34 mmol, 1.0 equiv.) was dissolved in ethyl acetate (10 mL) and
aqueous hydrochloric acid (5 m, 10 mL, 50.0 mmol, 37 equiv.). After stirring for 23 h
the solvents were removed in vacuo. The crude product was purified by flash column
chromatography (silica, gradient from 20 % NEt3 and 60 % EtOAc to 20 % NEt3 and
80 % EtOAc in iHex over 10.0 cv) to give L1-OH (381 mg, 805 µmol, 60 %) as a colorless
solid.

Chemical Formula C30H27N5O (473.58 g/mol−1).

Rf (iHex/EtOAc/NEt3 2:2:1, silica) = 0.22.

IR (Diamond-ATR, neat) ν̃/cm−1 = 2995, 2971, 2960, 2928, 2872, 2857, 1729, 1654,
1588, 1566, 1467, 1443, 1427, 1372, 1360, 1350, 1288, 1248, 1152, 1130, 1105, 1089, 1072,
1061, 1047, 1003, 991, 877, 781, 770, 745, 707, 683, 655, 617, 590, 575, 563, 530, 509, 404.

1H NMR (400 MHz, CD3OD) δ/ppm = 8.41 (ddd, J = 4.9 Hz, 1.9 Hz, 0.9 Hz, 4H),
7.55 (ddd, J = 8.1 Hz, 7.5 Hz, 1.9 Hz, 4H), 7.19 (ddd, J = 7.5 Hz, 4.9 Hz, 1.1 Hz, 4H),
7.16 (t, J = 0.8 Hz, 2H), 6.82 (dt, J = 8.1 Hz, 1.0 Hz, 4H), 4.56 (s, 2H), 2.17 (s, 6H).

13C NMR (100 MHz, CD3OD) δ/ppm = 167.1, 165.2, 149.1, 137.6, 125.7, 122.7,
118.9, 64.0, 61.1, 27.1.

139



Chapter VI. Experimental

1H NMR (400 MHz, CD3OD)

δ [ppm]

13C NMR (100 MHz, CD3OD)

δ [ppm]

140



3. Experimental Procedures

Synthesis of L1-Cl [266]

N

N

N

N

N

OH

33

44

N

N
66

77

88

99

N55

1111

N

1010

N

22

11
Cl

DCM, 21-25 °C, 6 h

S

O

Cl Cl

L1-OH L1-Cl

L1-OH (78.0 mg, 165 µmol, 1.0 equiv.) was dissolved in dichloromethane (2.5 mL) and
thionyl chloride (50.0 µL, 708 µmol, 4.3 equiv.) was added. The reaction mixture was
stirred for 5.5 h at room temperature (21-25 °C6), washed with saturated aqueous sodium
hydrogen carbonate (3×20 mL) and dried over magnesium sulfate. The solvent was
removed in vacuo and L1-Cl (71.0 mg, 144 µmol, 88 %) was obtained as colorless crystals.
The crystals were analyzed by single crystal X-ray crystallography. Details of the crystal-
lographic data can be found in the Appendix (Chapter VII7).

Chemical Formula C30H26ClN5 (492.02 g/mol−1).

Rf (iHex/EtOAc/NEt3 2:2:1, silica) = 0.46.

IR (Diamond-ATR, neat) ν̃/cm−1 = 3061, 2970, 2936, 2928, 1735 , 1588, 1559, 1469,
1446, 1424, 1369, 1312, 1297, 1289, 1277, 1238, 1227, 1205, 1200, 1177, 1152, 1128, 1110,
1101, 1086, 1073, 1046, 1024, 1017, 1009, 992, 961, 946, 914, 823, 783, 763, 744, 714, 699,
692, 680, 668, 658, 653.

1H NMR (400 MHz, CD3OD) δ/ppm = 8.42 (ddd, J = 4.9 Hz, 1.9 Hz, 0.9 Hz, 4H,
H-10), 7.56 (ddd, J = 8.1 Hz, 7.5 Hz, 1.9 Hz, 4H, H-8), 7.21 (t, J = 0.5 Hz, 2H, H-3), 7.20
(ddd, J = 7.5 Hz, 4.9 Hz, 1.1 Hz, 4H, H-9), 6.84 (dt, J = 8.1 Hz, 1.0 Hz, 4H, H-7), 4.58 (t,
J = 0.6 Hz, 2H, H-1), 2.18 (s, 6H, H-11).

13C NMR (100 MHz, CD3OD) δ/ppm = 166.8 (C-6), 165.9 (C-4), 149.2 (C-10), 148.9
(C-2), 137.7 (C-8), 125.6 (C-7), 122.8 (C-9), 120.9 (C-3), 61.1 (C-5), 45.3 (C-1), 27.1
(C-11).

HR-MS (EI) calc. for C29H23ClN5 ·+: 476.1637 [M-CH3]·+

found: 476.1630 [M-CH3]·+.

Elemental Analysis found (calc.) C 72.88 (73.23), H 5.49 (5.33), N 13.31 (14.23).

6Estimated temperature. See Chapter VI1-Reaction Conditions.
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Synthesis of L1-N3

N

N

N

N

N

Cl

33

44

N

N
66

77

88

99

N55

1111

N

1010

N

22

11
N3

DMF, 20-23 °C, 48 h

NaN3

L1-Cl L1-N3

This procedure was part of the Master thesis of Johanna Großmann.
In a 250 mL round bottom flask, L1-Cl (515 mg, 1.04 mmol, 1.0 equiv.) was dissolved
in dimethylformamide (45 mL) and sodium azide (136.6 mg, 2.10 mmol, 2.0 equiv.) was
added. The reaction mixture was stirred for 48 h at room temperature (20-23 °C7). Excess
sodium azide was quenched with a solution of sodium nitrite (155 mg) in water (10 mL)
and sulfuric acid (1 mL). The mixture was stirred for 4 h in a closed fume hood and
then the solvent was removed in vacuo. The resulting oil was taken up in ethyl acetate
(50 mL) and washed with a mixture of water (50 mL) and aqueous sodium hydrogen
carbonate solution (15 mL). The aqueous phase was separated and extracted with ethyl
acetate (3x30 mL). The combined organic layers were washed with water (20 mL) and
brine (30 mL), dried using a phase separation filter and the solvent was removed in vacuo.
The solid was dissolved in acetone for recrystallization. After no crystal formation was
observed, the solvent was removed in vacuo and the resulting oil recrystallized in diethyl
ether affording L1-N3 (505 mg, 1.01 mmol, 97 %) as colorless crystals.
The crystals were analysed by single crystal X-ray crystallography. Details of the crystal-
lographic data can be found in the Appendix (Chapter VII7).

Chemical Formula C30H26N8 (498.56 g/mol−1).

Rf (iHex/EtOAc/NEt3 60:35:5, silica) = 0.46.

IR (Diamond-ATR, neat) ν̃/cm−1 = 3055, 3001, 2934, 2872, 2097, 1585, 1564, 1467,
1428, 1366, 1357, 1343, 1290, 1273, 1152, 1128, 1104, 1093, 1084, 1074, 1047, 992, 872,
798, 786, 765, 745, 657, 651, 641, 619, 600, 593, 577, 522.

1H NMR (600 MHz, CD3CN) δ/ppm = 8.43 (ddd, J = 4.8 Hz, 1.9 Hz, 0.9 Hz, 4H),
7.51 (dddd, J = 8.2 Hz, 7.4 Hz, 1.9 Hz, 0.9 Hz, 4H), 7.17 – 7.10 (m, 4H), 7.02 (s, 2H),
6.89 (dd, J = 8.0 Hz, 1.3 Hz 4H), 4.33 (s, 2H), 2.11 (s, 6H).

13C NMR (150 MHz, CD3CN) δ/ppm = 166.9, 166.0, 149.1, 146.1, 136.6, 124.7,

7Estimated temperature. See Chapter VI1-Reaction Conditions.
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122.1, 120.1, 61.0, 54.1, 27.2.

1H NMR (600 MHz, CDCl3)8 δ/ppm = 8.51 (ddd, J = 4.8 Hz, 1.9 Hz, 0.9 Hz, 4H,
H-10), 7.42 (ddd, J = 7.9 Hz, 7.5 Hz, 1.9 Hz, 4H, H-8), 7.06 (ddd, J = 7.4 Hz, 4.8 Hz,
1.1 Hz, 4H, H-9), 7.01 (t, J = 0.7 Hz, 2H, H-3), 6.85 (dt, J = 8.0 Hz, 1.0 Hz, 4H, H-7),
4.29 (s, 2H, H-1), 2.20 (s, 6H, H-11).

13C NMR (150 MHz, CDCl3)8 δ/ppm = 166.0 (C-6), 165.1 (C-4), 148.6 (C-10), 145.0
(C-2), 135.7 (C-8), 124.0 (C-7), 121.2 (C-9), 118.9 (C-3), 60.2 (C-5), 54.0 (C-1), 26.9
(C-11).

HR-MS (ESI) calc. for C30H27N+
8 : 499.2354 [M+H]+

found: 499.2359 [M+H]+.

8Measured with a different reaction batch.
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1H NMR (600 MHz, CD3CN)

δ [ppm]

13C NMR (150 MHz, CD3CN)

δ [ppm]
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3.3. Synthesis of Iron Complexes

Synthesis of C2-NH2 [89,124]

N

N

N

N

N

NH2

FeII(OTf)2

MeCN, 22 °C, 15 min
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11
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N

1212

(OTf)2

7-10
C/H-Pyr

L1-NH2 C2-NH2

L1-NH2 (80.0 mg, 0.17 mmol, 1.0 equiv.) was suspended in acetonitrile (15 mL) at ambient
temperature. Iron(II) triflate (60.3 mg, 0.17 mmol, 1.0 equiv.) was added and the mixture
stirred for 15 min. The deep red solution was poured through a paper filter and cold
diethyl ether (4 °C, 60 mL) was added to the filtered solution until precipitation occurred.
The mixture was stirred for 5 min and filtered through a sintered glass frit. The solid was
washed with cold diethyl ether and dried in vacuo affording C2-NH2 (96.8 mg, 0.11 mmol,
66 %) as a red-orange powder.

Chemical Formula C34H31F6FeN7O6S2 (867.62 g/mol−1).

IR (Diamond-ATR, neat) ν̃/cm−1 = 1468, 1442, 1255, 1224, 1156, 1030, 767, 638,
574, 517.

1H NMR (600 MHz, CD3CN) δ/ppm = 9.80 (d, J = 5.9 Hz, 4H, H-Pyr), 8.04 (s, 2H,
H3), 7.94 (s, 4H, H-Pyr), 7.93 (s, 4H, H-Pyr), 7.54 (td, J = 5.6, 3.4 Hz, 4H, H-Pyr), 4.09
(s, 2H, H1), 2.76 (s, 6H, H11), 1.96 (s, 3H, H12).

13C NMR (150 MHz, CD3CN) δ/ppm = 164.5 (C4), 163.0 (C6), 158.1 (C-Pyr), 139.7
(C-Pyr), 124.3 (C-Pyr), 123.7 (C-Pyr), 121.2 (C3), 55.6 (C5), 44.5 (C1), 24.1 (C11).

HR-MS (ESI) calc. for C30H28FeN6 2+: 264.0857 [M-MeCN-2OTf]2+

found: 264.0857 [M-MeCN-2OTf]2+.

Elemental Analysis found (calc.) C 43.71 (47.07), H 5.76 (3.60), N 10.44 (11.30), S
7.39 (8.61).
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1H NMR (600 MHz, CD3CN)
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13C NMR (150 MHz, CD3CN)

δ [ppm]
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Synthesis of C2-Cl [89,124]
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L1-Cl C2-Cl

L1-Cl (58.8 mg, 0.12 mmol, 1.0 equiv.) was dissolved in acetonitrile (10 mL) at ambient
temperature. Iron(II) triflate (42.6 mg, 0.12 mmol, 1.0 equiv.) was added and the mixture
stirred for 10 min. Cold diethyl ether (4 °C, 40 mL) was added to the deep red solution
until precipitation occurred. The mixture was stirred for 5 min and filtered through a
sintered glass frit. The solid was washed with cold diethyl ether and dried in vacuo
affording C2-Cl (72.6 mg, 0.08 mmol, 68 %) as red-orange powder.
The complex was crystallised from a solution in acetonitrile by slow evaporation of the
solvent. The crystals were analysed by single crystal X-ray crystallography. Details of
the crystallographic data can be found in the Appendix (Chapter VII7).

Chemical Formula C34H29ClF6FeN6O6S2 (886.05 g/mol−1).

IR (Diamond-ATR, neat) ν̃/cm−1 = 1468, 1442, 1272, 1257, 1224, 1149, 1107, 1031,
771, 728, 638, 611, 573, 531, 517.

1H NMR (600 MHz, CD3CN) δ/ppm = 9.81 (d, J = 5.9 Hz, 4H, H-Pyr), 8.04 (s, 2H,
H3), 7.94 (s, 4H, H-Pyr), 7.93 (s, 4H, H-Pyr), 7.55 (td, J = 5.5, 3.4 Hz, 4H, H-Pyr), 4.78
(s, 2H, H1), 2.76 (s, 6H, H11), 1.96 (s, 3H, H12).

13C NMR (150 MHz, CD3CN) δ/ppm = 165.4 (C4), 162.8 (C6), 158.2 (C-Pyr), 139.7
(C-Pyr), 124.3 (C-Pyr), 123.8 (C-Pyr), 121.6 (C3), 55.6 (C5), 44.3 (C1) , 24.1 (C11).

HR-MS (ESI) calc. for C30H26ClFeN5 2+: 273.5608 [M-MeCN-2OTf]2+

found: 273.5609 [M-MeCN-2OTf]2+.

Elemental Analysis found (calc.) C 44.68 (46.04), H 3.62 (3.30), N 8.94 (9.47), S 7.38
(7.23).
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1H NMR (600 MHz, CD3CN)
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13C NMR (150 MHz, CD3CN)

δ [ppm]
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Synthesis of C2-N3
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L1-N3 C2-N3

This procedure was part of the Master thesis of Johanna Großmann.
In a 100 mL round-bottom flask, L1-N3 (307 mg, 0.616 mmol, 1.0 equiv.) was dissolved
in acetonitrile (25 mL) at ambient temperature. Iron(II) triflate (231 mg, 0.653 mmol,
1.1 equiv.) was added and the mixture stirred for 7 min. Cold diethyl ether (4 °C, 60 mL)
was added to the deep red solution until precipitation occurred. The suspension was
filtered through a sintered glass frit. The solid was washed with cold diethyl ether and
dried in vacuo affording C2-N3 (500 mg, 0.556 mmol, 90 %) as a red-orange powder.

Chemical Formula C34H29F6FeN9O6S2 (893.62 g/mol−1).

IR (Diamond-ATR, neat) ν̃/cm−1 = 3139, 3117, 3068, 3003, 2981, 2164, 2113, 2088,
1619, 1598, 1575, 1563, 1468, 1441, 1394, 1384, 1351, 1274, 1257, 1224, 1151, 1107, 1067,
1031, 898, 874, 828, 797, 772, 758, 728.5, 665,637, 572, 531, 516, 462, 434.

1H NMR (600 MHz, CD3CN) δ/ppm = 9.81 (d, J = 5.9 Hz, 4H, H-Pyr), 7.98 (s, 2H,
H-3), 7.94 (s, 4H, H-Pyr), 7.93 (s, 4H, H-Pyr), 7.55 (q, J = 5.0 Hz, 4H, H-Pyr), 4.66 (s,
2H, H-1), 2.76 (s, 6H, H-11), 1.96 (s, 3H, H-12).

13C NMR (150 MHz, CD3CN) δ/ppm = 165.0 (C-4), 162.8 (C-6), 158.1 (C-Pyr),
150.0 (C-2), 139.7 (C-Pyr), 124.3 (C-Pyr), 123.8 (C-Pyr), 120.9 (C-Pyr), 55.6 (C-5), 53.1
(C-1), 24.1 (C-11).

HR-MS (ESI) calc. for C30H26FeN8 2+: 277.0810 [M-MeCN-2OTf]2+

found: 277.0809 [M-MeCN-2OTf]2+.
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3.4. Synthesis of Chitosan Beads and Modifications

Chitosan Bead Formation [225]

A beaker was charged with 1.5 % (v/v) aqueous acetic acid solution (20 mL). Under
vigorous stirring, chitosan (300 mg, ≥75 % deacetylated) was dissolved very slowly in
small portions leading to a clear, highly viscous solution containing 1.5 % (w/v) chitosan.
The mixture was centrifuged (4500 rpm, 15 min) and transferred into a syringe which
was then clamped into a syringe pump and equipped with a syringe-needle (Luer-Lock,
ø = 0.40 mm). The tip of the needle was placed 1-1.5 cm above the surface of a 1 M
potassium hydroxide solution (25 % ethanol in water). The beaker containing the
hydroxide solution was placed in a wider beaker and filled to the top so that the solution
will overflow when the surface level rises. This is done to keep the falling height of
the drops consistent, since it affects the resulting shape9. While stirring, the pump
was started (20 mL/h), leading to a slow, controlled dripping of the chitosan gel. The
obtained uniform, colorless chitosan beads were allowed to ripen for 2–3 h in the potassium
hydroxide solution while gently stirring. The beads were filtered off with a perforated
50 mL centrifuge tube and washed by filling the tube with water and letting it flow
through (3x40 mL). The beads were filled in a glass bottle, submerged in water and put
on a laboratory shaker for at least 15 min, filtered off and the process repeated once. The
beads were then filtered, washed with water (3x40 mL) and stored in water.

9A higher distance results in flat disks, while a short falling distance will give tear-drop shaped beads.
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3.5. Synthesis of modified MCM41 Silica

General Procedure

OH OHOH O O O
Y(EtO)3Si Si

Y

MCM41X

toluene, 80 °C, 6 d
MCM41X -Y

MCM41X silica (2.00 g, 33.3 mmol, 1.0 equiv.) was suspended in toluene (65 mL). Ei-
ther (3-chloropropyl)triethoxysilane or 3-(triethoxysilyl)propan-1-amine (8 mL, approx.
1.0 equiv.) were added. The suspension was heated to 80 °C for 6 d. The suspension was
left to cool to ambient temperature, filtered through a soxhlet extraction thimble and the
residue washed with dichloromethane (30 mL). The extraction thimble was transferred
into a soxhlet apparatus. The apparatus was filled with dichloromethane (85 mL) and
heated to 55 °C for 2 d to thoroughly wash the silica. The extraction thimble was removed,
washed with fresh dichloromethane (30 mL) and the MCM41X -Y silica was dried in a
vacuum drying cabinet at 40 °C for 4 d.

Two different types of MCM41 silica were used: a powdered silica10 and a pelleted silica
11 form. Both MCM41X silica types were treated, washed and dried as described above
without adding a silane for modification. These were then used as references MCM41pow

and MCM41pel in analytical methods to accommodate for changes in the silica structure
due to heat or solvent treatment.

Elemental analysis was used for carbon (C), hydrogen (H) and nitrogen (N) values
while the silica (Si) content was measured via ICP-OES. All values are an average of
two measurements of each sample. Values in grey showed strong variation between two
measurements and should be interpreted carefully.

Product C H N Si Yield

MCM41pow 0.01 0.85 0.00 49.3 -
MCM41pow-Cl 4.63 1.42 0.00 40.8 1.98 g
MCM41pow-NH2 6.78 1.93 1.81 55.5 2.00 g

MCM41pel 0.07 1.22 0.00 39.3 -
MCM41pel-Cl 4.89 1.80 0.00 35.5 1.82 g
MCM41pel-NH2 8.59 2.38 2.91 35.4 1.87 g

10Silica, mesostructured, MCM-41 type (hexagonal), Aldrich, 6463645-5G, BCCD5791.
11Silica, MCM-41, pellet (2x5 mm), Merck, 900773-5G, MKCQ8422.
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1. Supporting Information: Modular Synthesis of New
Pyrroloquinoline Quinone Derivatives

1.1. Materials and Methods

Solvents and Chemicals

Reagents available commercially or from the LMU Munich chemical supply were used
without further purification except for dichloromethane, diethyl ether, and hexanes.
These were purchased from the LMU Munich chemical supply in technical grade and
were distilled once under reduced pressure prior to use.

Autoclave

Autoclave reactions were performed in a Parr 5500 Series reactor.

Liquid Chromatography

Flash column chromatography was performed with an Interchim PuriFlash PF420 in-
strument by using self-packed columns with silica gel 60 (40-63 µm) from Merck as
the stationary phase. Thin-layer chromatography was performed by using precoated
aluminum sheets (silica gel 60, F-254, Merck). Samples were visualized by ultraviolet
light (λ = 254 nm).

NMR Spectroscopy
1H NMR and 13C NMR spectra were recorded at room temperature with a Bruker Avance
III (400 MHz) spectrometer operating at 400 MHz for proton nuclei and 101 MHz for
carbon nuclei at the Department of Chemistry at the LMU Munich. 1H chemical
shifts are reported in ppm relative to CDCl3 (δH = 7.26), CD3CN (δH = 1.94), D2O
(δH = 4.79), or DMSO-d6 (δH = 2.50). 13C chemical shifts are given in ppm relative to
CDCl3 (δC = 77.16), CD3CN (δC = 1.32), or DMSO-d6 (δC = 39.52). The following
abbreviations are used: s = singlet, d = doublet, t = triplet, dd = doublet of doublets,
dt = doublet of triplets, m = multiplet, br = broad.

Elemental Analysis

Elemental analyses (C,H,N) were recorded on an Elementar vario EL instrument at the
Department of Chemistry at the LMU Munich.

Mass Spectometry

Mass spectrometry was carried out at the Department of Chemistry at the LMU Munich.
EI spectra were recorded with Thermo Q Exactive GC, Thermo Finnigan MAT 95, or
Jeol MStation mass spectrometers. ESI spectra were recorded with a Thermo Finnigan
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LTQ FT Ultra Fourier Transform Ion Cyclotron Resonance mass spectrometer. Solid
samples were dissolved in acetone.

IR Spectroscopy

FT-IR spectroscopy was carried out with a Jasco FT/IR-460Plus instrument with an
ATR diamond plate.

1.2. Synthetic Procedures

N-(2-Methoxy-5-nitrophenyl)formamide (2)

Adapted from a literature procedure. [51]

In a two-necked round-bottomed flask (250 mL) equipped with a KPG stirrer, acetic
anhydride (35.0 mL, 370 mmol, 1.6 equiv.) was cooled to 0 °C. Formic acid (35.0 mL,
928 mmol, 3.9 equiv.) was slowly added, and the mixture was stirred at 0 °C for 1.5 h.
2-Methoxy-5-nitroaniline (31) (40.0 g, 238 mmol, 1.0 equiv.) was added in four equal
portions over 1 h at 0 °C. The reaction mixture was allowed to warm to room temperature
and stirred overnight. The resulting thick yellow paste was diluted with water (850 mL)
and stirred until the solid was evenly suspended. The solid was filtered through a glass
frit, washed with water, and dried at 60 °C for 3 h and subsequently under high vacuum
at room temperature affording 2 (46.3 g, 236 mmol, 99 %) as a yellow solid; mp 194-202 °C.

IR (Diamond-ATR, neat): 3322, 1694, 1613, 1593, 1532, 1505, 1331, 1141, 819 cm−1.

1H NMR (400 MHz, DMSO-d6): δ = 10.10 (s, 1 H), 9.13 (d, J = 2.9 Hz, 1 H), 8.38 (d,
J = 1.8 Hz, 1 H), 8.03 (dd, J = 9.1, 2.9 Hz, 1 H), 7.27 (d, J = 9.1 Hz, 1 H), 4.00 (s, 3 H).

13C NMR (101 MHz, DMSO-d6): δ = 160.8, 153.5, 140.3, 127.2, 120.3, 114.5, 111.0, 56.8.

HR-MS (EI): m/z [M]+ calcd for C8H8N−2O+: 196.0479; found: 196.0478.

N-(5-Amino-2-methoxyphenyl)formamide (3)

Adapted from a literature procedure. [51]

Pd/C (447 mg, 10 wt%, 0.5 mol%) was suspended in ethanol (80 mL) and combined with
2 (15.0 g, 76.5 mmol, 1.0 equiv.) in an autoclave (300 mL volume). The autoclave reactor
was flushed with H2 three times and then filled with hydrogen gas (7 bar). The reaction
mixture was slowly heated to 65 °C and was stirred at this temperature for 3 h. After
cooling to room temperature, the suspension was filtered through a pad of Celite under
a nitrogen stream. The filter pad was washed with dimethylformamide. The solvent
was removed in vacuo, and the crude product was triturated with chloroform to yield 3
(11.0 g, 66.5 mmol, 87 %) as a beige solid; mp 150-153 °C.
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IR (Diamond-ATR, neat): 3391, 3269, 1673, 1530, 1487, 1457, 1436, 1294, 1217, 1175,
1153, 863, 795 cm−1.

1H NMR (400 MHz, DMSO-d6): δ = 9.38 (s, 1 H), 8.24 (s, 1 H), 7.54 (d, J = 2.7 Hz, 1 H),
6.73 (d, J = 8.6 Hz, 1 H), 6.25 (dd, J = 8.6, 2.7 Hz, 1 H), 4.68 (s, 2 H), 3.70 (s, 3 H).

13C NMR (101 MHz, DMSO-d6): δ = 159.8, 142.5, 139.9, 127.5, 112.7, 108.9, 107.1, 56.5.

HR-MS (EI): m/z [M]+ calcd for C8H10N2O+
2 : 166.0737; found: 166.0736.

Methyl 2-methyl-3-oxobutanoate (4)

Adapted from a literature procedure. [63]

Methyl iodide (12.2 g, 86.1 mmol, 1.0 equiv.) was added to methyl 3-oxobutanoate (10.0 g,
86.1 mmol, 1.0 equiv.) in a round-bottomed flask, and the mixture was cooled to 0 °C.
Potassium carbonate (17.9 g, 129 mmol, 1.5 equiv.) was added in portions over 1 h. The
reaction mixture was allowed to warm to room temperature and stirred overnight. The
thick suspension was diluted with diethyl ether (15 mL) and stirred for 2 h. The reaction
mixture was filtered and concentrated in vacuo. Subsequent distillation (10.0 mbar, 54 °C)
afforded 4 (7.33 g, 56.3 mmol, 65 %) as a colorless liquid.

IR (Diamond-ATR, neat): 2993, 2955, 1742, 1713, 1206, 1152 cm−1.

1H NMR (400 MHz, CDCl3): δ = 3.74 (s, 3 H), 3.52 (q, J = 7.2 Hz, 1 H), 2.24 (s, 3 H),
1.35 (d, J = 7.2 Hz, 3 H).

13C NMR (101 MHz, CDCl3): δ = 203.7, 171.1, 53.6, 52.6, 28.6, 12.9.

HR-MS (EI): m/z [M-OMe]+ calcd for C5H7O+
2 : 99.0411; found: 99.0411.

Methyl (E)-2-(2-(3-formamido-4-methoxyphenyl)hydrazinylidene) propanoate
(5)

Adapted from a literature procedure. [51]

A solution of 4 (312 mg, 2.40 mmol, 1.2 equiv.) in methanol/water (1:1, 27 mL) was
prepared in a round-bottomed flask and cooled to 0 °C. Potassium hydroxide (135 mg,
2.40 mmol, 1.2 equiv.) was added. Compound 3 (332 mg, 2.00 mmol, 1.0 equiv.) was
dissolved in 0.3 m hydrochloric acid (13 mL) and cooled to 0 °C. Sodium nitrite (138 mg,
2.00 mmol, 1.0 equiv.) was added, and the reaction mixture was briefly stirred and
subsequently added to the solution of 4 via a transfer cannula. The red reaction mixture
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was allowed to warm to room temperature and stirred overnight. The precipitate was
filtered off, washed with ice-cold ethanol/water (1:1), and dried under high vacuum to
afford 5 (392 mg, 1.48 mmol, 74 %) as a red solid; mp 170-179 °C.

IR (Diamond-ATR, neat): 3371, 3256, 1677, 1531, 1213, 1199, 1140, 801, 755 cm−1.

1H NMR (400 MHz, DMSO-d6): δ = 9.77 (s, 1 H), 9.60 (s, 1 H), 8.30 (d, J = 2.0 Hz, 1 H),
8.19 (t, J = 1.4 Hz, 1 H), 7.01 (s, 1 H), 6.99 (s, 1 H), 3.80 (s, 3 H), 3.71 (s, 3 H), 2.03 (s, 3 H).

13C NMR (101 MHz, DMSO-d6): δ = 165.5, 159.9, 143.3, 138.0, 130.3, 127.2, 111.9, 108.7,
107.1, 56.1, 51.6, 11.8.

HR-MS (ESI): m/z [M-H]− calcd for C12H14N3O−
4 : 264.0990; found: 264.0989.

(E)-N-(2-Methoxy-5-(2-(3-oxobutan-2-ylidene)hydrazinyl)phenyl) formamide
(6)

Adapted from a literature procedure. [51]

Keto ester derivative 4 (312 mg, 2.40 mmol, 1.2 equiv.) was dissolved in a mixture of
methanol/water (1:1, 15 mL) and cooled to 0 °C in a round-bottomed flask. Potassium
hydroxide (135 mg, 2.40 mmol, 1.2 equiv.) was added. The colorless solution was stirred at
0 °C for 6 h and kept in a fridge at 4 °C for 14 h. Aniline derivative 3 (332 mg, 2.00 mmol,
1.0 equiv.) was suspended in 0.3 m hydrochloric acid (13 mL) and cooled to 0 °C. Sodium
nitrite (138 mg, 2.00 mmol, 1.0 equiv.) was added to the acidic suspension, and the
resulting mixture was added to the alkalic solution via a transfer cannula. The red
reaction mixture was slowly allowed to warm to room temperature and stirred overnight.
The precipitate was filtered off, washed with ice-cold ethanol/water (1:1), and dried
under high vacuum to afford 6 (357 mg, 1.43 mmol, 72 %) as a red solid; mp 206-214 °C.

IR (Diamond-ATR, neat): 3307, 3234, 1682, 1662, 1539, 1215, 1169, 1032, 797 cm−1.

1H NMR (400 MHz, DMSO-d6): δ = 9.95 (s, 1 H), 9.63 (s, 1 H), 8.34 (d, J = 2.5 Hz, 1 H),
8.31 (d, J = 1.9 Hz, 1 H), 7.05 (dd, J = 8.8, 2.5 Hz, 1 H), 7.00 (d, J = 8.9 Hz, 1 H), 3.81
(s, 3 H), 2.34 (s, 3 H), 1.92 (s, 3 H).

13C NMR (101 MHz, DMSO-d6): δ = 195.8, 160.1, 143.4, 139.6, 137.8, 127.5, 111.9, 108.7,
107.0, 56.1, 23.8, 8.8.

HR-MS (ESI): m/z [M-H]− calcd for C12H14N3O−
3 : 248.1041; found: 248.1042.
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Methyl 6-formamido-5-methoxy-1H-indole-2-carboxylate (7)

Adapted from a literature procedure. [51]

Hydrazone 5 (591 mg, 2.23 mmol, 1.0 equiv.) was dissolved in formic acid (5 mL) in a
round-bottomed flask and stirred at 70 °C overnight. The reaction mixture was allowed
to cool to room temperature, and the formic acid was removed in vacuo. The residue
was repeatedly suspended in water (10 mL) and concentrated in vacuo (3x). The crude
product was triturated with methanol and cooled in the fridge overnight. The solid was
filtered off, washed with cold methanol, and dried under high vacuum to afford 7 (334 mg,
1.35 mmol, 60 %) as an orange solid; mp 209-213 °C.

IR (Diamond-ATR, neat): 3314, 1670, 1537, 1353, 1288, 1215, 1161, 1020, 794 cm−1.

1H NMR (400 MHz, DMSO-d6): δ = 11.72 (s, 1 H), 9.71 (s, 1 H), 8.41 (s, 1 H), 8.36 (s,
1 H), 7.18 (s, 1 H), 7.04 (dd, J = 2.1, 0.7 Hz, 1 H), 3.87 (s, 3 H), 3.84 (s, 3 H).

13C NMR (101 MHz, DMSO-d6): δ = 161.5, 160.1, 144.6, 132.2, 126.5, 126.4, 122.1, 107.7,
103.3, 101.6, 55.9, 51.6.

HR-MS (ESI): m/z [M-H]− calcd for C12H11N2O−
4 : 247.0724; found: 247.0724.

N-(2-Acetyl-5-methoxy-1H-indol-6-yl)formamide (8)

Adapted from a literature procedure. [51]

Hydrazone 6 (470 mg, 1.88 mmol, 1.0 equiv.) was dissolved in formic acid (7 mL) in a
round-bottomed flask and stirred at 70 °C overnight. The reaction mixture was allowed
to cool to room temperature, and the formic acid was removed in vacuo. The residue
was repeatedly suspended in water (15 mL) and concentrated in vacuo (3x). The crude
product was triturated with hot methanol (approx. 2 mL) and cooled in an ice-bath. The
solid was filtered off, washed with cold methanol, and dried under high vacuum to afford
8 (245 mg, 1.05 mmol, 56 %) as a beige solid; mp 253-255 °C.

IR (Diamond-ATR, neat): 3201, 1670, 1632, 1523, 1361, 1280, 1228, 1206, 1155, 1021,
842 cm−1.

1H NMR 400 MHz, DMSO-d6): δ = 11.54 (s, 1 H), 9.74 (s, 1 H), 8.40 (s, 1 H), 8.36 (s,
1 H), 7.21 (dd, J = 2.1, 0.7 Hz, 1 H), 7.19 (s, 1 H), 3.88 (s, 3 H), 2.49 (s, 3 H).

13C NMR (101 MHz, DMSO-d6): δ = 189.1, 160.1, 144.6, 135.6, 132.3, 127.1, 122.3, 109.4,
103.3, 101.9, 56.0, 25.9.

HR-MS (ESI): m/z [M-H]− calcd for C12H11N2O−
3 : 231.0775; found: 231.0774.
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Methyl 6-amino-5-methoxy-1H-indole-2-carboxylate (9)

Adapted from a literature procedure. [51]

Concentrated hydrochloric acid (2.67 mL, 32.0 mmol, 3.0 equiv.) was added to a stirred
solution of acetone/water (66.7 mL, 96:4) in a round-bottomed flask. Compound 7 (2.65 g,
10.7 mmol, 1.0 equiv.) was added, and the reaction mixture was heated to 70 °C and
stirred for 2 h. The precipitate was filtered off and washed with acetone. The solid was
taken up in chloroform (120 mL) and aqueous sodium hydroxide (2 m, 120 mL). The
aqueous phase was extracted with chloroform (2x100 mL), and the combined organic
layers were washed with brine and dried over sodium sulfate. The solvent was removed
in vacuo to afford 9 (1.98 g, 9.00 mmol, 84 %) as a light-brown solid; mp 160-162 °C.

IR (Diamond-ATR, neat): 3333, 1683, 1522, 1504, 1297, 1273, 1211, 1195, 1150, 1028,
839, 760 cm−1.

1H NMR (400 MHz, DMSO-d6): δ = 11.17 (s, 1 H), 6.92 (dd, J = 2.2, 0.9 Hz, 1 H), 6.90
(s, 1 H), 6.62 (d, J = 0.7 Hz, 1 H), 4.96 (s, 2 H), 3.79 (s, 3 H), 3.78 (s, 3 H).

13C NMR (101 MHz, DMSO-d6): δ = 161.7, 144.5, 138.4, 134.3, 123.1, 117.8, 108.5, 100.8,
94.1, 55.4, 51.1.

HR-MS (ESI): m/z [M+H]+ calcd for C11H13N2O+
3 : 221.0921; found: 221.0921.

1-(6-Amino-5-methoxy-1H-indol-2-yl)ethan-1-one (10)

Adapted from a literature procedure. [51]

Concentrated hydrochloric acid (0.22 mL, 2.58 mmol, 3.0 equiv.) was added to a stirred so-
lution of acetone/water (5.38 mL, 96:4) in a round-bottomed flask. Compound 8 (200 mg,
0.86 mmol, 1.0 equiv.) was added, and the reaction mixture was heated to 70 °C and
stirred for 90 min. After cooling to room temperature, the solvent was evaporated and the
residue was suspended in aqueous sodium hydroxide (2 m, 10 mL) and dichloromethane
(10 mL). The biphasic mixture was filtered, and the aqueous phase was extracted with
dichloromethane (2x10 mL). The combined organic layers were washed with brine and
dried over sodium sulfate, and the solvent was removed in vacuo to afford 10 (139 mg,
0.68 mmol, 79 %) as a light-brown solid; mp 205-206 °C.

IR (Diamond-ATR, neat): 3459, 3361, 1609, 1520, 1353, 1296, 1271, 1209, 1149, 1021,
848 cm−1.

1H NMR (400 MHz, DMSO-d6): δ = 11.02 (s, 1 H), 7.08 (dd, J = 2.3, 0.8 Hz, 1 H), 6.91
(s, 1 H), 6.59 (d, J = 0.6 Hz, 1 H), 5.07 (s, 2 H), 3.78 (s, 3 H), 2.40 (s, 3 H).
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13C NMR (101 MHz, DMSO-d6): δ = 187.4, 144.6, 139.3, 135.2, 133.0, 118.0, 110.6, 101.1,
93.8, 55.4, 25.4.

HR-MS (ESI): m/z [M+H]+ calcd for C11H13N2O+
2 : 205.0972; found: 205.0971.

Methyl (E)-4-oxopent-2-enoate (12)

Adapted from a literature procedure [51] and performed under an inert atmosphere using
Schlenk techniques. Methyl levulinate (11) (3.99 g, 30.7 mmol, 1.0 equiv.) was dissolved
in dry chloroform (10 mL) in a two-necked round-bottomed flask (100 mL) and cooled to
0 °C. A solution of bromine (1.80 mL, 35.1 mmol, 1.1 equiv.) in dry chloroform (6 mL)
was added dropwise. The mixture was stirred 0 °C for 1 h, allowed to warm to room
temperature, and stirred for 30 min until the solution turned from brown to light yellow.
Excess hydrogen bromide was removed under nitrogen flow. A solution of triethylamine
(14.0 mL, 100 mmol, 3.3 equiv.) in dry chloroform (20 mL) was slowly added, and the
reaction mixture was stirred for 30 min. The reaction mixture was washed with wa-
ter (2x40 mL), hydrochloric acid (2 m, 2x40 mL), saturated sodium carbonate solution
(2x40 mL), and brine (40 mL). The organic phase was carefully concentrated in vacuo
(not less than 300 mbar). The resulting brown liquid was distilled by slow heating from
50-130 °C in 10 °C steps under vacuum (8-11 mbar), and the product was collected in a
cold trap to afford 12 (1.72 g, 13.4 mmol, 44 %) as colorless crystals; mp 57-60 °C.1

IR (Diamond-ATR, neat): 3061, 3008, 2957, 1719, 1675, 1644, 1264, 1253, 1197, 1180,
1023 cm−1.

1H NMR (400 MHz, CDCl3): δ = 7.01 (d, J = 16.1 Hz, 1 H), 6.64 (d, J = 16.1 Hz, 1 H),
3.81 (s, 3 H), 2.35 (s, 3 H).

13C NMR (101 MHz, CDCl3): δ = 197.6, 166.0, 140.2, 131.2, 52.5, 28.3.

HR-MS (EI): m/z [M-CH3]+ calcd for C5H5O+
3 : 113.0233; found: 113.0233.

5-Methoxy-2,7-bis(methoxycarbonyl)-9-methylpyrrolo[2,3-f]quinolin-1-ide (13)

Adapted from a literature procedure. [51]

Compounds 9 (552 mg, 2.5 mmol, 1.0 equiv.) and 12 (353 mg, 2.75 mmol, 1.1 equiv.)
were suspended in chloroform (50 mL) in a round-bottomed flask, and the mixture was
stirred at 60 °C for 6 d. After the reaction mixture had cooled to room temperature,
hydrogen chloride generated in situ in a second reaction vessel (by dropping concentrated
sulfuric acid on sodium chloride) was bubbled through the reaction mixture for 1 h. The

1For a detailed description of the distillation, please refer to the repository
https://dx.doi.org/10.14272/collection/RAJ_2022-08-25.

163



Chapter VII. Appendix

reaction was stirred for 1 h at room temperature and then quenched with saturated
sodium carbonate solution (30 mL). The layers were separated, and the aqueous layer
was extracted with chloroform (2x30 mL). The combined organic layers were dried over
sodium sulfate. The solvent was removed in vacuo, and the residue was purified by flash
column chromatography (5 % methanol in dichloromethane, Rf = 0.56) to afford 13
(585 mg, 1.78 mmol, 71 %) as a light-brown solid; mp 182-192 °C.

IR (Diamond-ATR, neat): 3480, 2953, 1711, 1694, 1276, 1256, 1205, 994, 763 cm−1.

1H NMR (400 MHz, DMSO-d6): δ = 10.88 (s, 1 H), 8.09 (d, J = 0.7 Hz, 1 H), 7.47 (s,
1 H), 7.38 (d, J = 1.9 Hz, 1 H), 3.99 (s, 3 H), 3.95 (s, 3 H), 3.92 (s, 3 H), 3.13 (s, 3 H).

13C NMR (101 MHz, DMSO-d6): δ = 165.6, 161.0, 150.9, 144.0, 143.6, 140.1, 128.1, 126.2,
125.3, 122.9, 119.9, 109.7, 102.6, 55.7, 52.4, 52.0, 22.0.

HR-MS (ESI): m/z [M-H]− calcd for C17H15N2O−
5 : 327.0986; found: 327.0988.

Methyl 2-acetyl-5-methoxy-9-methyl-1H-pyrrolo[2,3-f]quinoline-7-carboxylate
(14)

Adapted from a literature procedure. [51]

Compounds 10 (316 mg, 1.55 mmol, 1.0 equiv.) and 12 (218 mg, 1.70 mmol, 1.1 equiv.)
were suspended in chloroform (40 mL) in a round-bottomed flask and stirred at 60 °C
for 6 d. After the reaction mixture had cooled to room temperature, hydrogen chlo-
ride generated in situ (by dropping concentrated sulfuric acid on sodium chloride) was
bubbled through the reaction mixture for 1 h. The reaction was stirred for 1 h at room
temperature and then quenched with saturated sodium carbonate solution (30 mL). The
layers were separated, and the aqueous layer was extracted with chloroform (2 x 30 mL).
The combined organic layers were dried over sodium sulfate. The solvent was removed in
vacuo, and the residue was purified by flash column chromatography (2 % methanol in
dichloromethane, Rf = 0.29) to afford 14 (332 mg, 1.06 mmol, 69 %) as a light-brown
solid; mp 236-236 °C.

IR (Diamond-ATR, neat): 3406, 2947, 1707, 1639, 1257, 1208, 1156, 1130, 1040, 852 cm−1.

1H NMR (400 MHz, DMSO-d6): δ = 10.60 (s, 1 H), 8.09 (d, J = 0.7 Hz, 1 H), 7.56 (d,
J = 1.9 Hz, 1 H), 7.46 (s, 1 H), 4.00 (s, 3 H), 3.95 (s, 3 H), 3.11 (s, 3 H), 2.61 (s, 3 H).

13C NMR (101 MHz, DMSO-d6): δ = 189.0, 165.6, 150.9, 144.3, 143.9, 140.5, 136.3, 126.8,
125.5, 123.0, 119.9, 110.9, 102.7, 55.8, 52.5, 26.3, 21.9.
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HR-MS (ESI): m/z [M-H]− calcd for C17H15N2O−
4 : 311.1037; found: 311.1039.

Dimethyl 9-methyl-4,5-dioxo-4,5-dihydro-1H-pyrrolo[2,3-f]quinoline-2,7-dicarboxy-
late (PMEQQMEM)

Adapted from a literature procedure. [51]

Compound 13 (200 mg, 0.61 mmol, 1.0 equiv.) was suspended in acetonitrile/water (4:1,
6 mL), and the mixture was cooled to 0 °C. A solution of ceric ammonium nitrate (1.34 g,
2.44 mmol, 4.0 equiv.) in acetonitrile/water (4:1, 8 mL) was added, and the reaction
mixture was stirred at 0 °C for 30 min. The precipitate was filtered off and washed with
water and toluene/ethyl acetate (1:1). The solid was dried at 100 °C for 20 min and
subsequently under high vacuum at room temperature to afford PMEQQMEM (61.2 mg,
0.19 mmol, 31 %) as a red solid; Rf = 0.23 (2 % methanol in dichloromethane); mp
253-256 °C. Crystals suitable for X-ray analysis were grown from dimethylformamide by
slow vapor diffusion of diethyl ether.2

IR (Diamond-ATR, neat): 3599, 3515, 3080, 1713, 1674, 1497, 1437, 1316, 1237, 982, 763
cm−1.

1H NMR (400 MHz, DMSO-d6): δ = 11.44 (s, 1 H), 8.15 (s, 1 H), 7.30 (d, J = 1.5 Hz,
1 H), 3.92 (s, 3 H), 3.88 (s, 3 H), 2.91 (s, 3 H).

13C NMR (101 MHz, DMSO-d6): δ = 178.5, 173.7, 164.6, 160.0, 147.1, 145.6, 144.8, 137.2,
130.5, 128.1, 127.4, 123.8, 114.4, 52.7, 52.2, 20.8.

HR-MS (ESI): m/z [M-H]− calcd for C16H11N2O−
6 : 327.0623; found: 327.0624.

Methyl 2-acetyl-9-methyl-4,5-dioxo-4,5-dihydro-1H-pyrrolo[2,3-f]-quinoline-7-
carboxylate (PKQQMEM)

Adapted from a literature procedure. [51]

Compound 14 (200 mg, 0.64 mmol, 1.0 equiv.) was suspended in acetonitrile/water (3:1,
5 mL) in a round-bottomed flask, and the mixture was cooled to 0 °C. A solution of
ceric ammonium nitrate (1.42 g, 2.56 mmol, 4.0 equiv.) in acetonitrile/water (3:1, 6 mL)
was added, and the reaction mixture was stirred at 0 °C for 40 min. The precipitate
was filtered off and washed with acetonitrile/water (3:1). The solid was dried at 100 °C
for 1 h and subsequently under high vacuum at room temperature to afford PKQQMEM

(91.7 mg, 0.29 mmol, 46 %) as a red solid; Rf = 0.21 (2 % methanol in dichloromethane);
mp 281-285 °C.

2CCDC 2193479 contains the supplementary crystallographic data for this paper. The data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.
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IR (Diamond-ATR, neat): 3362, 3114, 3068, 2852, 1705, 1658, 1493, 1425, 1379, 1308,
1236, 1221, 993, 760 cm−1.

1H NMR (400 MHz, DMSO-d6): δ = 11.13 (s, 1 H), 8.15 (s, 1 H), 7.67 (d, J = 1.9 Hz,
1 H), 3.93 (s, 3 H), 2.91 (s, 3 H), 2.53 (s, 3 H).

13C NMR (101 MHz, DMSO-d6): δ = 188.3, 178.6, 173.9, 164.5, 147.3, 145.8, 145.0, 137.7,
135.5, 130.5, 128.0, 123.9, 116.0, 52.7, 26.1, 20.7.

HR-MS (ESI): m/z [M-H]− calcd for C16H11N2O−
5 : 311.0673; found: 311.0674.
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LC UV-Vis traces of the experiment described in Chapter III3.3 (see
Figure III.5).
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Figure VII.1.: A reaction of 1mC with the iron(IV)-oxido complex C4 was performed. UV-Vis traces (280 nm)
of reaction aliquots taken after 18 h, 26 h, 42 h, 49 h and 69 h of the first triplicate. Measured on LC-MS
using a C-18-PFP column (ACE, 150x4.6 mm) and a solvent gradient from 100 % A to 99.7 % A and 0.3 %
B over 5 min (A = H2O + 0.1 % formic acid (FA), B = MeOH + 0.1 % FA). Conditions [1mC] = 1 mm,
[C4] = 1 mm, 27 °C. Reference conditions [1mC] = 1 mm, 27 °C, 66 h.
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Figure VII.2.: A reaction of 1mC with the iron(IV)-oxido complex C4 was performed. UV-Vis traces (280 nm)
of reaction aliquots taken after 18 h, 26 h, 42 h, 49 h and 69 h of the second triplicate. Measured on LC-MS
using a C-18-PFP column (ACE, 150x4.6 mm) and a solvent gradient from 100 % A to 99.7 % A and 0.3 %
B over 5 min (A = H2O + 0.1 % formic acid (FA), B = MeOH + 0.1 % FA). Conditions [1mC] = 1 mm,
[C4] = 1 mm, 27 °C. Reference conditions [1mC] = 1 mm, 27 °C, 66 h.
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Figure VII.3.: A reaction of 1mC with the iron(IV)-oxido complex C4 was performed. UV-Vis traces (280 nm)
of reaction aliquots taken after 18 h, 26 h, 42 h, 49 h and 69 h of the third triplicate. Measured on LC-MS
using a C-18-PFP column (ACE, 150x4.6 mm) and a solvent gradient from 100 % A to 99.7 % A and 0.3 %
B over 5 min (A = H2O + 0.1 % formic acid (FA), B = MeOH + 0.1 % FA). Conditions [1mC] = 1 mm,
[C4] = 1 mm, 27 °C. Reference conditions [1mC] = 1 mm, 27 °C, 66 h.
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3.1. Materials and Methods
Solvents and Chemicals
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. These were purchased from the LMU Munich chemical supply and were
distilled once under reduced pressure prior to use.

Methods and Manipulations
All manipulations were carried out under ambient conditions 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 im-
pregnated with a fluorescent indicator (254 nm). TLC plates were visualized by exposure
to ultraviolet light.

Unless otherwise indicated, a new batch of C4 was prepared freshly for each set of
experiments according to the procedure described by Daumann and Jonasson, [90] stored
at −20 °C and it was not used longer than for three days. The anion exchange step was
performed in situ only a few minutes before reaction start. OriginPro 2018G was used
for data evaluation.

NMR spectroscopy
1H NMR, 2H NMR and 13C NMR spectra were recorded at room temperature on Bruker
Avance III (400 MHz) operating at 400 MHz for proton nuclei and 100 MHz for carbon
nuclei. 1H chemical shifts are reported in ppm units relative to CDCl3 (δH = 7.26),
CD3CN (δH = 1.94), D2O (δH = 4.79) or DMSO-d6 (δH = 2.50). 13C chemical shifts are
given in ppm units relative to CDCl3 (δC = 77.16), CD3CN (δC = 1.32) or DMSO-d6

(δC = 39.52). [262] The following abbreviations were used: s = singlet, d = doublet,
t = triplet, dd = doublet of doublets, dt = doublet of triplets, m = multiplet, br = broad.
Coupling constants (J) are given in Hertz.

Elemental Analysis
Elemental analyses were determined with an Elementar vario micro.

UV-Vis Kinetics
Instruments
UV-Vis full spectra including full spectra kinetics were recorded on an Agilent 8453 Diode
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Array Spectrophotometer with a thermostatted cuvette holder at room temperature.
10 mm quartz Suprasil cuvettes from Hellma® were used in these experiments. Initial
rate kinetics of the reaction of the substrates with C4 were recorded on an Epoch2 Plate
reader from Biotek using 96-well plates at 30 °C.

Figure VII.4.: Kinetics of different substrates with C4 followed over 1 h recording full UV-Vis spectra.
Conditions: [C4] = 1 mm; [S] = 1 mm, H2O, T = 23 °C.

General Procedure for UV-Vis kinetics
For initial rate kinetics, the absorption values at 718 nm were collected every 7 s on an
Epoch2 Plate reader and all experiments were performed twice. For data evaluation
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the absorption values from 63 s to 119 s were used for slope determination and linear
regression was performed within a plot of the averaged slope against the respective
equivalents of C4. Full UV-Vis spectra were collected every 60 s over a period of 1 h on
an Agilent 8453 Diode Array Spectrophotometer.

Results and Additional Spectra
In addition to the initial rate kinetics described in the manuscript, also full UV-Vis
spectra were recorded to gain information about the iron species that is formed within
the reaction. The characteristic absorption band of the iron(IV)-oxido moiety at 718 nm
disappears within reaction whereas the appearance of a typical feature of the correspond-
ing iron(III) species that is formed upon reaction can be observed.

Additionally, only the iron(IV)-oxido complex C4 without substrate was followed under
the same conditions with UV-Vis spectroscopy as control reaction. The observed decrease
of the iron(IV)-oxido absorption band at 718 nm is not caused by decomposition of the
iron(IV)-oxido complex by itself but within a reaction with different substrates. With
1mC the reaction is marginally faster, showing some, albeit very slow, oxidation of this
substrate.

Figure VII.5.: A) control reaction of C4 without substrate over 1 h. Conditions: [C4] = 1 mm; H2O, T = 23 °C.
B) Plot of the development of the absorbance of a series of reactions including the iron(IV)-oxido control
reaction. Conditions: [C4] = 1 mm; [S] = 1 mm, H2O, T = 23 °C.

In addition to the data shown in the manuscript, we performed an additional set of
UV-Vis measurements at the same conditions to show the robustness of the system and
look for signs of decomposition of C4. The obtained reaction rates (Figure VII.6) are
lower than those shown in the manuscript, indicating that C4 suffers some small amount
of decomposition, however, the same trends can be observed. The batch of iron(IV)-oxido
complex C4 used for these experiments had been stored for 5 days at −20 °C with several
thaw-freeze cycles which is probably the cause for the observed decrease in reaction rates.
This shows that C4 should always be made fresh for each measurement.
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Figure VII.6.: A) Second set of UV-Vis kinetic measurements of reaction rates at 1-9 equiv. of C4 towards
5mC, 5miC, 1mC, and 1,5dimC including linear fits. B) Zoomed in excerpt of the data presented in A.
Conditions: [C4] = 1-9 mm; [S] = 1 mm, H2O, T = 23 °C.

3.2. Product Analysis by HPLC-MS and GC-MS
General Procedure
To an aqueous solution of the corresponding substrate (2.0 mm, 50.0 µL, 1.0 equiv.) a
freshly prepared aqueous solution of C4(1) (10 mm, 100 µL, 1.0 equiv. or 500 µL, 5.0 equiv.)
was added to give a total volume of 1.0 mL. The reaction mixture was shaked at 30 °C
and after 1 h as well as 24 h of reaction time, a sample (200 µL) of the reaction solution
was taken, filtered through silica and washed with water (6.0 mL).

High Performance Liquid Chromatography – Mass Spectrometry
Reaction samples were dried by lyophilisation. The entire amount of the obtained sample
was suspended in 2.0 mL of water. Of the solution, 100 µL were diluted with 300 µL
water, filtered and injected (10 µL) onto an Agilent® UHPLC 1260 InfinityII (G7115A
1260 DAD WR, G7116A 1260 MCT, G7167A 1260 Multisampler, G7104C1260 Flexible
Pump) equipped with an ACE 5 C18-PFP (150 x 4.6 mm, ACE-1210-1546) column and
coupled to an Agilent® 6530 C QTOF LC-MS (G1958-65171) system. Measurements
were performed at 30 °C eluent temperature. As eluent system a water/methanol mixture
with 0.1% formic acid was used with a gradient of 0-15% methanol with 0.1% formic acid
over 15 min which was then kept at 15% methanol with 0.1% formic acid for 5 min. All
used solvents were LC-MS grade. ESI-Mass spectra were recorded in scan mode between
50-250 m/z.

Liquid Chromatography – Mass Spectrometry
Oxidation products of 1mC were detected by injecting untreated reaction solution onto an
Agilent® 1100 SL system (G1313A ALS, G1316A COLCOM, G1316A VWD, G1312A Bin
Pump) equipped with an ACE 5 C18-PFP (150 x 4.6 mm, ACE-1210-1546) column and
coupled to a Bruker Daltonik HCTultra PTM Discovery system (ESI mode). As eluent
system a water/methanol mixture with 0.1% formic acid was used with a gradient of
0-10% methanol with 0.1% formic acid over 10 min which was then kept at 15% methanol

172



3. Supporting Information: Biomimetic Oxidation of 1-Methylcytosine and Other
Synthetic DNA Bases

with 0.1% formic acid for 5 min. All used solvents were LC-MS grade. ESI-Mass spectra
were recorded in scan mode between 100-1000 m/z.

Gas Chromatography – Mass Spectrometry
Reaction samples were dried by lyophilisation prior to derivatization. The entire amount
of the obtained sample was suspended in 400 µL acetonitrile, 100 µL BSTFA were added
and the mixture heated to 70 °C for 30 min. The samples were filtered and injected (1 µL,
split depending on substrate concentration) onto an Agilent® 7920 GC equipped with a
30 m HP5-MS column (Agilent® 19091S-433UI) coupled to an Agilent® 5970 EI mass
spectrometer. The injector temperature was set to 280 °C and the temperature of the
ion source 230 °C. 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. Mass spectra were recorded in scan
mode between 70-400 m/z.

Lyophilisation
Samples were lyophilised on a Christ Alpha 1-2 LDplus lyophilisator attached to a
vacuubrand VACUU PURE® 10C screw pump.

HPLC-HR-MS Traces
Signals at 3.5 min occurring in all measurements are considered an impurity resulting
from the removal of C4 and reacted product thereof using silica.

Table VII.1.: Detected substrates and their respective products using UHPLC-MS including
exact masses and retention times. Samples were prepared and measurements were performed as
described above. Conditions: [C4] = 1 mm or 5 mm; [S] = 1 mm, H2O, T = 30 °C.
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Figure VII.7.: Excerpt of the HPLC-MS traces of the reaction of C4 with 5mC. Conditions: [C4] = 1 mm;
[S] = 1 mm, H2O, T = 30 °C. Displayed are the total ion chromatogram (TIC) and extracted base peak
chromatograms (BPC) for 5mC (126.0662 m/z), 5hmC (142.0611 m/z), 5fC (140.0455 m/z) and 5caC
(156.0404 m/z) after 1 h and 24 h.
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Figure VII.8.: Excerpt of the HPLC-MS traces of the reaction of C4 with 5mC. Conditions: [C4] = 5 mm;
[S] = 1 mm, H2O, T = 30 °C. Displayed are the total ion chromatogram (TIC) and extracted base peak
chromatograms (BPC) for 5mC (126.0662 m/z), 5hmC (142.0611 m/z), 5fC (140.0455 m/z) and 5caC
(156.0404 m/z) after 1 h and 24 h.

175



Chapter VII. Appendix

Figure VII.9.: Excerpt of the HPLC-MS traces of the reaction of C4 with 5miC. Conditions: [C4] = 1 mm;
[S] = 1 mm, H2O, T = 30 °C. Displayed are the total ion chromatogram (TIC) and extracted base peak
chromatograms (BPC) for 5miC (126.0662 m/z), 5hmiC (142.0611 m/z), 5fiC (140.0455 m/z) and 5caiC
(156.0404 m/z) after 1 h and 24 h.

176



3. Supporting Information: Biomimetic Oxidation of 1-Methylcytosine and Other
Synthetic DNA Bases

Figure VII.10.: Excerpt of the HPLC-MS traces of the reaction of C4 with 5miC. Conditions: [C4] = 5 mm;
[S] = 1 mm, H2O, T = 30 °C. Displayed are the total ion chromatogram (TIC) and extracted base peak
chromatograms (BPC) for 5miC (126.0662 m/z), 5hmiC (142.0611 m/z), 5fiC (140.0455 m/z) and 5caiC
(156.0404 m/z) after 1 h and 24 h.
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Figure VII.11.: Excerpt of the HPLC-MS traces of the reaction of C4 with 1mC. Conditions: [C4] = 1 mm;
[S] = 1 mm, H2O, T = 30 °C. Displayed are the total ion chromatogram (TIC) and extracted base peak
chromatograms (BPC) for 1mC (126.0662 m/z) and C (112.0505 m/z) after 1 h and 24 h.

Figure VII.12.: Excerpt of the HPLC-MS traces of the reaction of C4 with 1mC. Conditions: [C4] = 5 mm;
[S] = 1 mm, H2O, T = 30 °C. Displayed are the total ion chromatogram (TIC) and extracted base peak
chromatograms (BPC) for 1mC (126.0662 m/z) and C (112.0505 m/z) after 1 h and 24 h.
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Figure VII.13.: Excerpt of the HPLC-MS traces of the reaction of C4 with 1,5-dimC. Conditions: [C4] = 1 mm;
[S] = 1 mm, H2O, T = 30 °C. Displayed are the total ion chromatogram (TIC) and extracted base peak
chromatograms (BPC) for 1,5-dimC (140.0818 m/z), 1m-5hmC (156.0768 m/z), 1m-5fC (154.0661), 1m-5caC
(170.0560 m/z), 5mC (126.0662 m/z) after 1 h and 24 h.
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Figure VII.14.: Excerpt of the HPLC-MS traces of the reaction of C4 with 1,5-dimC. Conditions: [C4] = 5 mm;
[S] = 1 mm, H2O, T = 30 °C. Displayed are the total ion chromatogram (TIC) and extracted base peak
chromatograms (BPC) for 1,5-dimC (140.0818 m/z), 1m-5hmC (156.0768 m/z) + 5caC (156.0404 m/z),
1m-5fC (154.0661), 1m-5caC (170.0560 m/z), 5mC (126.0662 m/z) after 1 h and 24 h.
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Figure VII.15.: Displayed are the total ion chromatograms (TIC) of control reactions of 5mC, 5miC, 1mC,
1,5-dimC and C4 after 1 h and 24 h. Conditions: [S] = 1 mm, H2O, T = 30 °C. No significant changes were
observed. The signal at 7.4 min occurs independent of the substrate and is therefore considered an impurity
originating from the column.
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LC-LR-MS Traces

Figure VII.16.: Excerpt of the LC-MS traces of the reaction of C4 with 1mC. Conditions: [C4] = 1 mm;
[S] = 1 mm, H2O, T = 30 °C. Displayed are the total ion chromatogram (TIC) and extracted ion chromatograms
(EIC) for 1mC (126.0662 m/z), 1hmC (142.0611 m/z), 1fC (140.0455 m/z), 1cC (156.0404 m/z) and C
(112.0505 m/z) after 24 h and 44 h. The additional signal in the EIC of 140.0455 m/z was also found in control
reactions (Figure VII.17) and is therefore not originated from reaction with 1.
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Figure VII.17.: Displayed are the total ion chromatograms (TIC) of a control reaction of 1mC without C4
after 24 h and 44 h. Conditions: [S] = 1 mm, H2O, T = 30 °C. Additionally, extracted ion chromatograms
(EIC) of 1mC (126.0662 m/z), cytosine (112.0505 m/z) and 140.0455 m/z are shown. Cytosine was found as
a minor impurity stemming from synthesis of 1mC, but no significant changes in intensity were observed.
The EIC of 140.0455 m/z shows an impurity also observed in reaction with C4 (Figure VII.16) which is
considered an impurity originating from the starting material.
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GC-MS Traces

Figure VII.18.: Excerpt of the GC-MS traces of reactions of C4 with 5miC after 1 h or 2 min. 5hmiC and
5caiC were observed in addition to the starting material. Conditions: [C4] = 1 mm; [5miC] = 1 mm, H2O,
T = 30 °C.

Figure VII.19.: Excerpt of the GC-MS traces of reactions of C4 with T after 10 min or 1 h. 5hmU and 5caU
were observed in addition to the starting material. Conditions: [C4] = 1 mm; [T] = 1 mm, H2O, T = 30 °C.
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3.3. Bond Dissociation Energy Calculations

For this chapter please check the supporting information of the publication, [122] which
is available online. Since the bond dissociation energy calculations were performed by
Fabian Zott and not part of my research, they are not included in this thesis.

3.4. Synthetic Procedures

5-methylisocytosine (5mC)
According to a modified literature procedure. [267] Ethyl propionate (4.50 mL, 3.98 g,
39.0 mmol, 1.5 equiv.) was added to a solution of sodium methoxide (2.82 g, 52.2 mmol,
2.0 equiv.) and dimethylformamide (4 mL) under nitrogen atmosphere. Methyl formate
(1.60 mL, 1.57 g, 26.1 mmol, 1.0 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 tempera-
ture. A solution of guanidine hydrochloride (2.49 g, 26.1 mmol, 1.0 equiv.) in methanol
(9.2 mL) was added rapidly and the mixture was refluxed (bath temperature 95 °C)
for 2 h. 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 5-methylisocytosine as a colorless solid (684.4 mg, 5.47 mmol, 21 %).

1H NMR (400 MHz, DMSO-d6): δ [ppm] = 10.90 (br. s, 1H), 7.39 (q, J = 1.4 Hz, 1H),
6.33 (s, 2H), 1.74 (d, J = 1.1 Hz, 3H).

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 C5H9N3O+ [M+H+]+ 126.06619; found 126.06631 m/z.

1-methyluracil (1mU)
According to a modified literature procedure. [268] Uracil (5.00 g, 44.6 mmol, 1.0 equiv.)
was placed in a flame dried flask and suspended in hexamethyldisilazide (HMDS, 25.2 g,
32.0 mL, 156 mmol, 3.5 equiv.). TMSCl (2.70 g, 3.14 mL, 25.0 mmol, 0.56 equiv.) was
added and the mixture was refluxed under nitrogen atmosphere at an oil bath temperature
of 130 °C until the suspension turned clear, about 2 h. After cooling to room temperature,
the solution was concentrated to a volume of about 10 mL. After addition of iodomethane
(27.2 g, 11.9 mL, 194 mmol, 4.34 equiv.) the mixture was refluxed for a further 18 h at
an oil bath temperature of 60 °C. Volatile reagents were evaporated and the residue was
suspended in iso-propanol (25 mL). It was then filtered off, washed with isopropanol
and recrystallized in water to yield 1-methyluracil (4.03 g, 31.9 mmol, 73 %) as colorless
crystals.
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1H NMR (400 MHz, DMSO-d6): δ [ppm] = 11.22 (s, 1H), 7.61 (d, J = 7.8 Hz, 1H), 5.51
(d, J = 7.8 Hz, 1H), 3.21 (s, 3H).

13C NMR (100 MHz, DMSO-d6): δ [ppm] = 164.0, 151.3, 146.5, 100.5, 35.2.

Elemental Analysis: calc. for C5H6N2O2: C, 47.62; H, 4.80; N, 22.21. Found: C, 46.69;
H, 4.68; N, 22.16.

HR-MS (EI): calc. for C5H7N2O+
2 [M+H+]+ 126.0429; found 126.0423 m/z.

1,5-dimethyluracil (1,5dimU)
According to a modified literature procedure. [269] In an oven dried Schlenk flask under
nitrogen, a suspension of thymine (1.90 g, 15.0 mmol), HMDS (35 mL) and Me3SiCl
(0.75 mL) was refluxed for 5 h. After cooling down to 40 °C iodomethane (15 mL) was
added to the reaction mixture and the suspension was refluxed overnight. All volatile
compounds were removed under high vacuum with the addition of a cooling trap, to yield
a brown solid. Now 35 mL of 6 n acetic acid were added, the reaction mixture was stirred
for 20 min at room temperature and the solvent was removed under reduced pressure. The
crude product was recrystallized in water to yield 1,5-dimethyluracil (1.47 g, 10.5 mmol,
70 %) as a slightly brown solid.

1H NMR (400 MHz, DMSO-d6): δ [ppm] = 12.21 (br. s, 1H), 7.50 (s, 1H), 3.19 (s, 3H),
1.73 (s, 3H).

13C NMR (100 MHz, DMSO-d6): δ [ppm] = 164.5, 151.2, 142.4, 108.1, 35.0, 11.9.

Synthesis of 1-methylcytosine (1mC)
According to literature procedure. [123]

1H NMR (400 MHz, DMSO-d6): δ [ppm] = 7.55 (d, 3J = 7.1 Hz, 1H), 6.91 (s, 2H), 5.60
(d, 3J = 7.1 Hz, 1H), 3.19 (s, 3H).

13C4 NMR (100 MHz, DMSO-d6): δ [ppm] = 166.1, 156.3, 146.6, 92.9, 36.6.

Elemental Analysis: calc. for C5H7N3O: C, 47.99; H, 5.64; N, 33.58. Found: C, 47.73; H,
5.64; N, 32.58.

HR-MS (EI): calc. for C5H7N3O·+ [M]·+ 125.0584; found 125.0585 m/z.

186



4. Additional Experimental Information Chapter IV3

4. Additional Experimental Information Chapter IV3
Reaction Conditions for Attempted Synthesis of 16

Table VII.2.: Reaction conditions tested for the formation of 17 (see IV.1). Different reaction
scales, equivalents and orders of addition were tested. The Educt was mixed with the given
amounts of sulfuric acid and methanol. Then, a saturated solution of ferrous sulfate and hydrogen
peroxide were added in succession. The solution which was added first is indicated by a star (*).
The temperature was measured in solution and kept by cooling with an ice-water mixture. None
of the given reactions could be reproduced in similar yields. The Educt could be recovered in
good amounts after flash column chromatography.

Flask Educt H2SO4 MeOH FeSO4· 7 H2O H2O2 (30 %) Temp. Time Yield

V [mL] m [g] n [mol] V [mL] equiv. V [mL] V [mL] equiv. V [mL] equiv. [°C] [min] [%]

1 50 0.98 5.00 5.00 19 5.00 5.00 1.4 3.54* 7.0* 20-25 20 12
2 50 1.00 5.12 5.00 18 5.00 5.00* 1.4* 4.31 8.3 20-25 o.n.a n.d.b

3 100 1.95 10.0 10.0 19 10.0 10.0 1.4 7.09* 7.0* 20-25 20 11
4 250 3.00 15.4 30.0 36 30.0 16.0* 1.5* 12.9 8.3 20-25 25 10
5 250 3.11 15.9 34.2 40 30.0 29.0* 2.6* 12.9 8.0 25-40 15 15

aReaction performed overnight, approximately 18 h.
bYield was not determined as TLC showed no product formation.
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SEM-EDX Data of CB
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Figure VII.20.: Scanning electron microscope (SEM) images of a lyophilised chitosan gel bead’s (CB) surface
in different magnifications (A: 150x, B: 500x). SEM-EDX measurements were performed by Christian Minke
on a FEI Helios G3 UC at LMU Munich.

23.11.2021RJanssen TW-16C -21B -23A-C 

RJanssen TW-16C -21B -23A-C 
TW-16C 
TW-16C_I 

Element Atom % 
N 10.34 
O 86.49 
Na 0.75 
Si 0.86 
Cl 0.40 
K 1.16 
Gesamt: 100.00 

Figure VII.21.: EDX spectrum of a lyophilised chitosan gel bead’s (CB) surface. Carbon content could not
be determined due to the fixation of the beads on a carbon surface for measurement.

Table VII.3.: Data from the EDX measurement of a lyophilised chitosan gel bead’s (CB) surface.
Carbon content is excluded from Atom% calculations due to the fixation of the beads on a carbon
surface for measurement.

Element Atom%

N 10.3
O 86.5
Na 0.75
Si 0.86
Cl 0.40
K 1.16

Total: 100.00
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SEM-EDX Data of CB-GA
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Figure VII.22.: Scanning electron microscope (SEM) images of a lyophilised chitosan gel bead’s surface
functionalised with glutaraldehyde (CB-GA) in different magnifications (A: 150x, B: 500x). SEM-EDX
measurements were performed by Christian Minke on FEI Helios G3 UC at LMU Munich.

23.11.2021RJanssen TW-16C -21B -23A-C 

RJanssen TW-16C -21B -23A-C 
TW-21B 
TW-21B_I 

Element Atom % 
N 1.88 
O 92.49 
Si 0.52 
Cl 0.48 
K 4.63 

Gesamt: 100.00 

Figure VII.23.: EDX spectrum of a lyophilised chitosan gel bead’s surface functionalised with glutaraldehyde
(CB-GA). Carbon content could not be determined due to the fixation of the beads on a carbon surface for
measurement.

Table VII.4.: Data from the EDX measurement of a lyophilised chitosan gel bead’s surface
functionalised with glutaraldehyde (CB-GA). Carbon content is excluded from Atom% calculations
due to the fixation of the beads on a carbon surface for measurement.

Element Atom%

N 1.88
O 92.5
Si 0.52
Cl 0.48
K 4.63

Total: 100.00
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SEM-EDX Data of CB-GA-L1

A B
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Figure VII.24.: Scanning electron microscope (SEM) images of a lyophilised chitosan gel bead’s surface
functionalised with glutaraldehyde and ligand L1 (CB-GA-L1) in different magnifications (A: 150x, B: 500x).
SEM-EDX measurements were performed by Christian Minke on a FEI Helios G3 UC at LMU Munich.

23.11.2021RJanssen TW-16C -21B -23A-C 

RJanssen TW-16C -21B -23A-C 
TW-23C 
TW-23C_I 

Element Atom % 
N 15.20 
O 81.52 
Na 2.13 
Al 0.61 
Cl 0.53 

Gesamt: 100.00 

Figure VII.25.: EDX spectrum of a lyophilised chitosan gel bead’s surface functionalised with glutaraldehyde
and ligand L1 (CB-GA-L1). Carbon content could not be determined due to the fixation of the beads on a
carbon surface for measurement.

Table VII.5.: Data from the EDX measurement of a lyophilised chitosan gel bead’s surface
functionalised with glutaraldehyde and ligand L1 (CB-GA-L1). Carbon content is excluded from
Atom% calculations due to the fixation of the beads on a carbon surface for measurement.

Element Atom%

N 15.2
O 81.5
Na 2.13
Al 0.61
Cl 0.53

Total: 100.00
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IR spectra of experiments described in Chapter IV4.2 (see
Figure IV.16)

Figure VII.26.: IR spectra of the functionalisation of CBs with GA with a spectrum of pure CB as a reference.
Numbering and reaction conditions according to Figure IV.16. CBs of fraction A were reacted with GA
either 30 min (A1) or 15 min (A2). CBs of fraction B were reacted with GA for 5 min. All reactions were
performed under ambient temperature in ultrapure water. Beads were washed according to general procedure
and lyophilised before measurement.

Figure VII.27.: IR spectra of the functionalisation of CB-GAs with L1 with a spectrum of pure L1 as a
reference. Numbering and reaction conditions according to Figure IV.16. CB-GAs of fraction A1, A2 and
B1 were each reacted with L1 (2 mm, methanol) for 16 h resulting in A1.1, A2.1 and B1.1. All reactions
were performed under ambient temperature in ultrapure water. Beads were washed according to general
procedure and lyophilised before measurement.
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Figure VII.28.: IR spectra of the functionalisation of CB-GAs with L1 with a spectrum of pure L1 as a
reference. Numbering and reaction conditions according to Figure IV.16. CB-GAs of fraction A1, A2 and
B1 were each reacted with L1 (2 mm, methanol) for 20 h resulting in A1.2, A2.2 and B1.2. All reactions
were performed under ambient temperature in ultrapure water. Beads were washed according to general
procedure and lyophilised before measurement.

Figure VII.29.: IR spectra of the reaction of CB-GA-L1s with iron(II) triflate with a spectrum of pure
C2-NH2 as a reference. Numbering and reaction conditions according to Figure IV.16. CB-GA-L1s of
fraction A1.1, A2.1 and B1.1 were each reacted with iron(II) triflate (1.0 equiv.) for 5 h without prior washing
procedure resulting in A1.1.1, A2.1.1 and B1.1.1. All reactions were performed under ambient temperature
in ultrapure water. Beads were washed according to general procedure and lyophilised before measurement.
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Figure VII.30.: IR spectra of the reaction of CB-GA-L1s with iron(II) triflate with a spectrum of pure
C2-NH2 as a reference. Numbering and reaction conditions according to Figure IV.16. CB-GA-L1s of fraction
A1.2, A2.2 and B1.2 were each reacted with iron(II) triflate (2.5 m, water) for 20 h resulting in A1.2.1, A2.2.1
and B1.2.1. All reactions were performed under ambient temperature in ultrapure water. Beads were washed
according to general procedure and lyophilised before measurement.

Figure VII.31.: IR spectra of the reaction of CB-GA-L1s with iron(II) triflate with a spectrum of pure
C2-NH2 as a reference. Numbering and reaction conditions according to Figure IV.16. CB-GA-L1s of fraction
A1.2, A2.2 and B1.2 were each reacted with iron(II) triflate (2.5 m, water) for 20 h resulting in A1.2.2, A2.2.2
and B1.2.2. All reactions were performed under ambient temperature in ultrapure water. Beads were rinsed
and lyophilised before measurement.
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NMR and GC-MS spectra of glutaraldehyde at different pH values
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Figure VII.32.: GC spectra of a glutaraldehyde solution at different pH values. Conditions: pH 7 (0.01 mL
0.1 m NaOH, 2.00 mL water, 1.00 mL 0.1 m GA solution, 9.45 mL acetonitrile), pH 9 (0.04 mL 0.1 m NaOH,
1.95 mL water, 1.00 mL 0.1 m GA solution, 9.45 mL acetonitrile), pH11 (0.22 mL 0.1 m NaOH, 1.80 mL water,
1.00 mL 0.1 m GA solution, 9.45 mL acetonitrile). Solution were stirred for 2 h at ambient temperature.
Reactions were filtered (syringe filter, 0.25 µm) prior to GC-MS measurements. Column: HP-5ms Ultra Inert,
Injection Temp.: 150 °C, Split: 1:100, Oven Temp.: 100 °C (constant-temperature), Runtime: 5 min.
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Figure VII.33.: NMR spectra of a glutaraldehyde solution at different pH values. Conditions: pH 8 (0.10 µL
NaOD, 40.0 µL 0.1 m GA solution, 460 µL acetonitrile-d3), pH 10 (0.50 µL NaOD, 40.0 µL 0.1 m GA solution,
0.46 mL acetonitrile-d3), pH 12 (1.00 µL NaOD, 0.04 mL 0.1 m GA solution, 459 µL acetonitrile-d3), pH
14 (5.00 µL NaOD, 0.04 mL 0.1 m GA solution, 455 µL acetonitrile-d3). Solutions were prepared in 1.5 mL
centrifuge tubes and 450 µL were transferred into NMR tubes for measurement. A) Zoom out showing full
solvent peaks. B) Zoom in to show traces of glutaraldehyde (pH 8) and the loss of signals at higher pH
values.
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NMR spectra of 2L1-2GA

1.5 ppm 0.8 ppm 0.5 ppm

δ [ppm]

Figure VII.34.: 1H NMR (800 MHz) of 2L1-2GA in CDCl3. Signal that possibly stem from diastereotopic
protons are marked in rose, blue and green and the respective splitting Δδ is given in ppm.

Figure VII.35.: 13C NMR (200 MHz) of 2L1-2GA in CDCl3.
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Figure VII.36.: DEPT135 NMR (200 MHz) of 2L1-2GA in CDCl3.

Figure VII.37.: 2D COSY (1H-1H) NMR (800 MHz, 298 K) of 2L1-2GA in CDCl3.
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Figure VII.38.: 2D HMQC (1H-13C) NMR (800 MHz, 200 MHz, 298 K) of 2L1-2GA in CDCl3.

Figure VII.39.: 2D HMBC (1H-13C) NMR (800 MHz, 200 MHz, 298 K) of 2L1-2GA in CDCl3.
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IR spectra of the functionalisation of MCM41X with TESP-X
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Figure VII.40.: A) IR spectrum of the functionalised MCM41pel-NH2 in comparison to MCM41pel and
TESP-NH2. B) IR spectrum of the functionalised MCM41pel-Cl in comparison to MCM41pel and TESP-Cl.
See Figure IV.18
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Figure VII.41.: IR spectra of tested reactions of L1-NH2 with MCM41X -Cl. A) 2a (MCM41pel-Cl with
L1-NH2 in H2O with NEt3). B) 6a (MCM41pow-Cl with L1-NH2 in H2O with NEt3), 8a (MCM41pow-Cl
without L1-NH2 in MeOH with NEt3). C) 14a (MCM41pow-Cl with L1-NH2 in H2O with K2CO3), 15a
(MCM41pow-Cl with L1-NH2 in DCM/MeOH with K2CO3), 16a (MCM41pow-Cl without L1-NH2 in MeOH
with K2CO3). See Table IV.3.
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UV-Vis spectra of C2-N3 and copper complex 25
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Figure VII.42.: A) UV-Vis spectra of iron(II) complex C2-N3 (formed by metal titration from L1-N3 and
1.3 equiv. iron(II) triflate, see Figure IV.5) over time after addition of 0.5 equiv. copper(II) sulfate (20 mm in
MeCN). B) UV-Vis spectra of copper(II) complex 25 (formed by metal titration from L1-N3 and 1.3 equiv.
copper(II) sulfate, according to Figure IV.5) over time after addition of 0.5 equiv. iron(II) triflate (20 mm in
MeCN).

HPLC Purification of 27
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Figure VII.43.: HPLC purification of both regioisomers of 27 (see Scheme IV.17). The upper HPLC trace
(254 nm) shows a test method for the purification of the compound (Agilent Zorbax SBC18, 250 mm x 30 mm –
5 µm, 5 % to 95 % acetonitrile in water in 60 min, 0.1 % formic acid, flow 20 mL/min, Injection volume 0.3 mL,
2.5 mg/mL). The peaks marked in light blue correspond to the regioisomers of 27, which were identified by
LR-MS. Found mass: 451.2 m/z, 901.0 m/z. Theoretical value: 451.18 m/z [M+2H]2+, 901.36 m/z [M+H]+.
As the separation of both isomers is not needed in this case, the same method with a higher injection volume
and concentration (displayed in the lower trace, 254 nm) was used for further purification (Injection volume
1 mL, 5 mg/mL).
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6. IR Spectra
IR spectrum of L1-NH2

Figure VII.44.: IR spectrum of ligand L1-NH2 measured on a PerkinElmer Spectrum Two FT/IR spectrometer
and processed with Origin 2021b as described in Chapter VI.2.

IR spectrum of L1-OH

Figure VII.45.: IR spectrum of ligand L1-OH measured on a Jasco FT/IR-460Plus spectrometer and processed
with Origin 2021b as described in Chapter VI.2.
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IR spectrum of L1-Cl

Figure VII.46.: IR spectrum of ligand L1-Cl measured on a Jasco FT/IR-460Plus spectrometer and processed
with Origin 2021b as described in Chapter VI.2.

IR spectrum of L1-N3

Figure VII.47.: IR spectrum of ligand L1-N3 measured on a PerkinElmer Spectrum Two FT/IR spectrometer
and processed with Origin 2021b as described in Chapter VI.2.
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6. IR Spectra

IR spectrum of C2-N2

Figure VII.48.: IR spectrum of ligand C2-N2 measured on a PerkinElmer Spectrum Two FT/IR spectrometer
and processed with Origin 2021b as described in Chapter VI.2.

IR spectrum of C2-Cl

Figure VII.49.: IR spectrum of ligand C2-Cl measured on a PerkinElmer Spectrum Two FT/IR spectrometer
and processed with Origin 2021b as described in Chapter VI.2.
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IR spectrum of C2-N3

Figure VII.50.: IR spectrum of ligand C2-N3 measured on a PerkinElmer Spectrum Two FT/IR spectrometer
and processed with Origin 2021b as described in Chapter VI.2.
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7. Crystallographic Data

7. Crystallographic Data
All shown crystallographic data was measured and processed according to Chapter VI2.
All graphical representations were created using Ortep3. Atom colours are given in
Table VII.6.

Table VII.6.: Colours used for graphical representations of different atoms in crystal structures.
Colour names are given according to their name used in Ortep3.

Atom Colour

Carbon black
Hydrogen light grey
Nitrogen dark turquoise
Oxygen scarlet
Fluorine yellow green
Chlorine forest green
Sulfur bright gold
Iron orange
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Crystallographic Data of L1-Cl

Formula C30H26ClN5

Mr [g mol−1] 429.01
Calc. desnity [g/cm3] 1.276
Crystal size [mm] 0.40 x 0.20 x 0.18
µ [mm−1] 0.176
Crystal system orthorhombic
Space group ’P c a 21’
Z 4
a [Å] 16.9571(5)
b [Å] 9.2118(3)
c [Å] 16.5092(5)
α [°] 90
β [°] 90
γ [°] 90
V [Å3] 2578.83(14)
Diffractometer ´Bruker D8 Venture TXS´ (LMU)
Radiation MoKα
T [K] 101
Θ range [°] 2.2150-26.8240
Absorption correction Multi-Scan
Transmission factor range 0.913-1.000
Observed reflexes 6392
Reflexes in refinement 5602
Rint 0.0439
x, y (weighting scheme) 0.0435, 0.6723
Hydrogen refinement H(C) constr
Parameters 327
Restraints 1
R(Fobs) 0.0421
Rω(F2) 0.0953
S 1.036
shift/errormax 0.000
max. electron density [e2] 0.253
min. electron density [e2] -0.186
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7. Crystallographic Data

Crystallographic Data of L1-N3

Formula C30H26N8

Mr [g mol−1] 498.59
Calc. desnity [g/cm3] 1.359
Crystal size [mm] 0.309 x 0.190 x 0.035
µ [mm−1] 0.673
Crystal system triclinic
Space group ’P -1’
Z 2
a [Å] 8.93930(10)
b [Å] 9.7409(2)
c [Å] 15.3520(2)
α [°] 85.5040(10)
β [°] 85.4100(10)
γ [°] 66.242(2)
V [Å3] 1218.03(4)
Diffractometer ´Rigaku XtaLAB Synergy S´ (HHU)
Radiation CuKα
Wavelength 1.54184 Å
T [K] 150
Θ range [°] 2.891-78.718
Absorption correction Multi-Scan
Transmission factor range 0.95931-1.00000
Observed reflexes 4793
Reflexes in refinement 4526
Rint 0.0212
x, y (weighting scheme) 0.0552, 0.3931
Hydrogen refinement H(C) constr
Parameters 345
Restraints 0
R(Fobs) 0.0366
Rω(F2) 0.0996
S 1.049
shift/errormax 0.045
max. electron density [e2] 0.360
min. electron density [e2] -0.234
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Crystallographic Data of C2-OMOM

Formula C34H34FeN6O2, 2 (CF3O3S), C2H3N
Mr [g mol−1] 935.72
Calc. desnity [g/cm3] 1.602
Crystal size [mm] 0.38 x 0.37 x 0.08
µ [mm−1] 0.579
Crystal system monoclinic
Space group ’P 21/c’
Z 4
a [Å] 12.0859(5)
b [Å] 14.5426(5)
c [Å] 22.5185(8)
α [°] 90
β [°] 92.535(3)
γ [°] 90
V [Å3] 3954.0(3)
Diffractometer ´Bruker D8 Venture TXS´ (LMU)
Radiation MoKα
Wavelength 0.71073 Å
T [K] 102
Θ range [°] 1.784-29.707
Absorption correction Multi-Scan
Transmission factor range 0.87321-1.00000
Observed reflexes 9801
Reflexes in refinement 7250
Rint 0.0584
x, y (weighting scheme) 0.0541, 3.5555
Hydrogen refinement H(C) constr
Parameters 564
Restraints 0
R(Fobs) 0.0472
Rω(F2) 0.1103
S 1.036
shift/errormax 0.087
max. electron density [e2] 0.654
min. electron density [e2] -0.433
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7. Crystallographic Data

Crystallographic Data of C2-Cl

Formula C32H29ClFeN6, 2 (CF3O3S)
Mr [g mol−1] 887.05
Calc. desnity [g/cm3] 1.660
Crystal size [mm] 0.160 x 0.093 x 0.065
µ [mm−1] 5.983
Crystal system triclinic
Space group ’P 21/c’
Z 4
a [Å] 9.59840(10)
b [Å] 21.36250(10)
c [Å] 17.32430(10)
α [°] 90
β [°] 91.9680(10)
γ [°] 90
V [Å3] 3550.18(5)
Diffractometer ´Rigaku XtaLAB Synergy-S´ (HHU)
Radiation CuKα
Wavelength 1.54184 Å
T [K] 150
Θ range [°] 3.286-74.624
Absorption correction Multi-Scan
Transmission factor range 0.55277-1.00000
Observed reflexes 7090
Reflexes in refinement 6864
Rint 0.0342
x, y (weighting scheme) 0.0281, 2.8226
Hydrogen refinement H(C) constr
Parameters 508
Restraints 0
R(Fobs) 0.0314
Rω(F2) 0.726
S 1.087
shift/errormax 0.001
max. electron density [e2] 0.335
min. electron density [e2] -0.301
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Crystallographic Data of C3-OH

Formula C30H29FeN5O2, 2 (CF3O3S), 3 H2O
Mr [g mol−1] 899.62
Calc. desnity [g/cm3] 1.683
Crystal size [mm] 0.12 x 0.04 x 0.03
µ [mm−1] 0.643
Crystal system triclinic
Space group ’P -1’
Z 2
a [Å] 11.0078(4)
b [Å] 13.1643(6)
c [Å] 13.3562(5)
α [°] 73.0310(10)
β [°] 89.2180(10)
γ [°] 74.0760(10)
V [Å3] 1775.50(12)
Diffractometer ´Bruker D8 Venture TXS´ (LMU)
Radiation MoKα
T [K] 173
Θ range [°] 2.899-27.102
Absorption correction Multi-Scan
Transmission factor range 0.91-0.98
Observed reflexes 6225
Reflexes in refinement 7772
Rint 0.0383
x, y (weighting scheme) 0.0599, 5.0976
Hydrogen refinement mixed
Parameters 541
Restraints 27
R(Fobs) 0.0575
Rω(F2) 0.1496
S 1.024
shift/errormax 0.001
max. electron density [e2] 1.522
min. electron density [e2] -0.987
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8. List of Abbreviations

8. List of Abbreviations

%T percent transmittance

Ac acetate
α-KG α-ketoglutarate
approx. approximately
ATR attenuated total reflection

BDE bond dissociation energy
Bu butyl

calc. calculated
CAN ceric ammonium nitrate
CB chitosan gel bead
CNT carbon nanotube
COSY homonuclear correlation spectroscopy
COVID coronavirus desease
CuAAC copper catalysed azide-alkyne cycloaddition
cv column volumes

δ chemical shift (NMR)
d doublet
DBCO dibenzocyclooctyne
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DCM dichloromethane
DEPT distortionless enhancement by polarization transfer
DFG Deutsche Forschungsgemeinschaft
DFT density functional theory
DIAD diisopropyl azodicarboxylate
DIPEA N,N -diisopropylethylamine
DMF dimethylformamide
DMP data management plan
DMSO dimethyl sulfoxide
DNA deoxyribonucleic acid
DNMT DNA methyltransferase
DOI digital object identifier

EA elemental analysis
EDX energy-dispersive X-ray spectroscopy
EI electron ionization
ELN electronic laboratory notebook
equiv. equivalents
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ERC European Research Council
ESI electrospray ionization
Et ethyl

FA formic acid
FAIR findable accessible interoperable reusable
FT fourier transformation

GA glutaraldehyde
GC gas chromatography

HAT hydrogen atom transfer
Hex hexane
HHU Heinrich Heine University
HMBC heterobinuclear multiple bond connectivity
HMQC heterobinuclear multiple quantum correlation
HPLC high-performance liquid chromatography
HR high resolution

i iso
ICP-OES inductively coupled plasma optical emission spectroscopy
ID identification
IR Infrared
IUPAC International Union of Pure and Applied Chemistry

J coupling constant

LMU Ludwig-Maximilians University
LR low resolution

m multiplet
MCM41 mobil composition of matter number 41
MDH methanol dehydrogenase
Me methyl
MNP magnetic nanoparticle
MOF metal-organic framework
MOMCl chloromethyl methyl ether
MS mass spectrometry

NHS N -hydroxysuccinimide
NMR nuclear magnetic resonance

p.a. pro analysi
PCR polymerase chain reaction
pel pellet
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8. List of Abbreviations

PFP pentafluorophenyl
PhD doctor of philosophy
pow powder
PQQ pyrroloquinoline quinone

q quartet
QM quantum mechanics

Rf retardation factor
r.t. room temperature
RDM research data management
RNA ribonucleic acid

s singlet
SEM scanning electron microscope
SPAAC strain promoted azide-alkyne cycloaddition

t triplet
TA triazole
TauD taurine–α-ketoglutarate dioxygenase
TBAH tetrabutylammonium hydroxide
Temp. temperature
TESP tri-ethoxy-silyl-propyl
TET ten-eleven-translocation
THF tetrahydrofuran
TLC thin-layer chromatography
TOF turnover frequency

UV ultraviolet

VHS video home system
VPN virtual private network

ZIM center for information and media technology
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