Justus-Liebig-Universität Gießen
Fachbereich für Biologie und Chemie
Institut für Anorganische und Analytische Chemie

Investigation of the Reactivity of
Dioxygen with Copper Complexes in
Homogeneous and Heterogeneous
Phases

Kumulativ-Dissertation zur Erlangung
des Doktorgrades der Naturwissenschaften
Dr. rer. nat.

vorgelegt von
Tim Brückmann
aus Wetzlar

August 2021

Selbstständigkeitserklärung
Ich erkläre: Ich habe die vorgelegte Dissertation selbstständig und ohne unerlaubte
fremde Hilfe und nur mit den Hilfen angefertigt, die ich in der Dissertation angegeben
habe. Alle Textstellen, die wörtlich oder sinngemäß aus veröffentlichten Schriften
entnommen sind, und alle Angaben, die auf mündlichen Auskünften beruhen, sind
als solche kenntlich gemacht. Ich stimme einer evtl. Überprüfung meiner Dissertation
durch eine Antiplagiat-Software zu. Bei den von mir durchgeführten und in der
Dissertation

erwähnten

Untersuchungen

habe

ich

die

Grundsätze

guter

wissenschaftlicher Praxis, wie sie in der „Satzung der Justus-Liebig-Universität
Gießen

zur

Sicherung

guter

wissenschaftlicher

Praxis“

niedergelegt

sind,

eingehalten.

Ort, Datum

Tim Brückmann

Erstgutachter:

Prof. Dr. Siegfried Schindler

Zweitgutachter:

Prof. Dr. Richard Göttlich

Danksagung
Ich möchte mich bei Prof. Dr. Siegfried Schindler bedanken, dass er mir die
Möglichkeit gegeben hat, in seiner Arbeitsgruppe zu promovieren und ich mir seiner
Unterstützung stets sicher sein konnte. Darüber hinaus bedanke ich mich auch bei
Prof. Dr. Richard Göttlich für das Zweitgutachten dieser Arbeit.
Weiter bedanke ich mich bei Prof. Dr. Bernd Smarsly für die Kooperation im Rahmen
der Komplex-Immobilisierung und seiner Arbeitsgruppe, im Besonderen Dr. Rafael
Meinusch für die Bereitstellung der Silica-Monolithe und die Einweisung in das
Raman-Mikroskop sowie Dr. Kevin Turke für die BET-Bestimmungen und die
Einführung in die DRIFTS-Apparatur. Ebenso bedanke ich mich bei Prof. Dr. Klaus
Müller-Buschbaum und seinen Mitarbeitern Dominik Heuler und Marcel Seuffert für
die Vorbereitung, Durchführung und Auswertung meiner Proben mittels PXRD.
Gleicher Dank geht auch an Prof. Dr. Roland Marschall und Dr. Morten Weiß zur
Durchführung der Festkörper-UV-Vis-Messungen sowie Dr. Jonathan Becker zur
Messung und Auswertung meiner zahlreichen Einkristall-Proben.
Danken möchte ich auch Raoul Brand, Giovanni Parolin und Marvin Domanski,
welche ich im Rahmen ihrer Bachelorarbeit, ihres Erasmus-Aufenthalts und ihrer
Vertiefungsarbeiten betreuen durfte, für ihre Unterstützung meiner Projekte sowie die
anregenden Diskussionen und Ideen.
Ganz herzlichen Dank geht an meine Kolleginnen und Kollegen sowie Ehemalige der
gesamten Arbeitsgruppe Schindler, Dr. Christopher Gawlig, Markus Lerch, Frank
Mehlich, Dr. Andreas Miska, Alexander Petrillo, Florian Ritz, Thomas Rotärmel,
Stefan Schaub, Lars Schneider, Dr. Pascal Specht und Dr. Miriam Wern für das
kollegiale Miteinander, die gute Arbeitsatmosphäre und die schönen Zeiten
außerhalb der Laborarbeit. Besonderer Dank geht dabei an Annabelle Matter, Dr.
Pascal Specht und Dr. Miriam Wern für das Korrekturlesen dieser Arbeit.
Abschließend möchte ich mich besonders bei meiner Familie und meiner Freundin
bedanken, da sie mich während meines gesamten Studiums und der anschließenden
Promotion unterstützt haben.

Zitat
Die Wissenschaft fängt eigentlich erst da an, interessant zu werden, wo sie aufhört.
(Liebig)
Aller Anfang ist schwer, gilt in jeder Wissenschaft. (Marx)
Der Beginn aller Wissenschaften ist das Erstaunen, daß die Dinge sind, wie sie sind.
(Aristotelis)
„Der Sinn des Lebens besteht nicht darin ein erfolgreicher
Mensch zu sein, sondern ein wertvoller.“
Albert Einstein
Die Wissenschaft soll kein egoistisches Vergnügen sein: diejenigen, welche so
glücklich sind, sich wissenschaftlichen Zwecken widmen zu können, sollen auch die
ersten sein, welche ihre Kenntnisse in den Dienst der Menschheit stellen. (Karl Marx)

Table of Contents
Abstract ...................................................................................................................... 1
1. Introduction ............................................................................................................. 3
1.1 Catalytic Reactions and Oxygen Activation ....................................................... 3
1.2 Oxygen Activation in Biological Processes ........................................................ 4
1.3 Copper in Biological Systems ............................................................................ 6
1.4 Dioxygen Activation in Copper Enzymes ........................................................... 8
1.4.1 Non-Coupled Binuclear Copper Active Sites ............................................... 9
1.4.2 Coupled Binuclear Copper Active Sites .................................................... 11
1.5 Cu/O2 Model Complexes ................................................................................. 13
1.5.1 Mononuclear Model Complexes ................................................................ 13
1.5.2 Binuclear Model Complexes...................................................................... 16
1.6 Benzaldehyde - Application and Production .................................................... 19
1.7 Immobilization of Active Species ..................................................................... 21
2. Research Goals .................................................................................................... 25
3. Immobilization of a copper complex based on the tripodal ligand
(2-aminoethyl)bis(2-pyridylmethyl)amine (uns-penp) ......................................... 27
4. Characterization of copper complexes with derivatives of the ligand
(2-aminoethyl)bis(2-pyridylmethyl)amine (uns-penp) and their reactivity towards
oxygen ............................................................................................................... 41
5. References ........................................................................................................... 55

Abstract

Abstract
Benzaldehyde is an important basic compound in the chemical industry. However,
established synthetic processes still have some disadvantages such as high resource
consumption and non-selective material conversion. In the context of advancing
green chemistry, there is a necessity of a more resource-conserving method for
selective syntheses. Biological systems for activating atmospheric oxygen, such as
copper-containing enzymes, are promising models to be industrially used a selective
oxygenation by means of model complexes. However, so far only a low material
conversions and high catalyst consumption have been achieved, so that further
research in this area is essential.
For this reason Chapter 3 extends the concept of dioxygen activation by copper
complexes with tripodal ligands. The ligand (2-aminoethyl)bis(2-pyridylmethyl)amine
(uns-penp) was bound covalently to silica gel for this purpose. The immobilization
should counteract the self-decomposition and promote the formation of a stable
end-on superoxido species. Here, the resulting copper complexes showed reversible
oxygen binding through the formation of a dark green solid at -80 °C. Oxygenation of
toluene to benzaldehyde could be carried out by suspending the oxygen species in
toluene. Mobile complexes with uns-penp derivatives as comparison resulted in
higher conversions, but offered a lower purity of the product mixture.
Chapter 4 deals with the derivatization of the uns-penp ligand at the terminal
nitrogen atom and its influence on the oxygen activation. Identical aliphatic groups
and the attachment of ferrocene as well caused a passivation of the solid complex.
However, different aliphatic substituents usually led to a reversible oxygen
attachment, though the resulting species could not be finally characterized.
Substitution of an ethyl- and an isopropyl residue allowed the rapid formation of an
end-on peroxido complex in the solid state. In contrast to similar compounds the
crystal structure remained almost unchanged during the reaction, which allowed a
characterization by X-ray crystallographic analysis.
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Abstract
Zusammenfassung
Benzaldehyd ist eine wichtige Grundchemikalie der chemischen Industrie. Etablierte
Syntheseverfahren bergen jedoch nach wie vor einige Nachteile wie hoher
Ressourcenverbrauch

und

nichtselektiver

Stoffumsatz.

Im

Rahmen

der

fortschreitenden Grünen Chemie besteht somit Bedarf an einer rohstoffschonenderen
Methode zur selektiven Synthese. Biologische Systeme zur Aktivierung von
atmosphärischem Sauerstoff, wie kupferhaltige Enzyme, erweisen sich als
aussichtsreiche Vorbilder, selektive Oxygenierung durch Modellkomplexe industriell
nutzbar

zu

machen.

Bisherige

Anstrengungen

offenbarten

bislang

geringe

Stoffumsätze und einen hohen Katalysatorenverbrauch, was weitere Forschungen
auf diesem Gebiet notwendig machte.
Hierfür

erweitert

Kupferkomplexe

Kapitel
mit

3

das

tripodalen

Konzept

Liganden.

der
Der

Sauerstoffaktivierung
Ligand

durch

(2-aminoethyl)bis(2-

pyridylmethyl)amin (uns-penp) wurde hierzu kovalent auf Kieselgel gebunden. Die
Immobilisierung sollte der Selbstzersetzung entgegenwirken und die Bildung einer
stabilen end-on Superoxidospezies begünstigen. Dabei zeigten die resultierenden
Kupferkomplexe

eine

reversible

Sauerstoffanbindung

unter

Bildung

eines

dunkelgrünen Feststoffs bei -80 °C. Durch Suspension der Sauerstoffspezies in
Toluol konnte eine Oxygenierung von Toluol zu Benzaldehyd durchgeführt werden.
Mobile Komplexe mit uns-penp Derivaten ergaben im Vergleich höhere Umsätze,
wiesen jedoch eine niedrigere Reinheit des Produktgemischs auf.
Kapitel 4 behandelt die Derivatisierung des uns-penp Liganden am terminalen
Stickstoffatom und deren Einfluss auf die Sauerstoffaktivierung. Identische
aliphatische Gruppen führten zu einer Passivierung im Festkörper, ebenso die
Anbringung von Ferrocen. Unterschiedliche aliphatische Substituenten führten
jedoch meist zu einer reversiblen Sauerstoffanbindung, wobei die entstehende
Spezies nicht abschließend charakterisiert werden konnte. Substitution eines Ethylund

eines

Isopropylrestes

erlaubte

die

schnelle

Bildung

eines

end-on

Peroxidokomplexes im Festkörper. Im Gegensatz zu vergleichbaren Substanzen,
blieb die Kristallstruktur während der Reaktion nahezu unverändert, was eine
röntgenkristallografische Analyse erlaubte.
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1. Introduction
1. Introduction
1.1 Catalytic Reactions and Oxygen Activation
Catalytic processes play an important role in biology and chemical industry. Chemical
catalysis has been ubiquitous since the dawn of human civilization e.g. fermentation
to produce alcoholic beverages like beer and wine.[1] Some historians even see the
development of beer brewing as a driving force in social development.[2] The term
catalysis was coined 1835 by Jöns Jakob Berzelius, the father of modern chemistry,
and originates from the Greek words “kata” and “lyein” meaning “loose down”.[3]
Today, the implementation of catalytic processes still is a wide field of interest: 60%
of today’s chemical products and 90% of current chemical processes are performed
by catalysis-based chemical syntheses.[1] Thus, catalytic processes play an essential
role in the chemical industry, which in turn plays an essential role in every national
economy in the western states (e.g. USA: 10% of national manufacturing).[4]
Since the beginnings of industrial catalysis in the middle of the 18th century
(lead-chamber process)[1], the activation of small molecules like O2, NO, CO2 and H2
has become a crucial field of interest. Especially the activation of dioxygen attracted
attention due to its clear benefits: it is an ideal oxidant as it produces only benign byproducts (e.g. water); in addition, it is available in large quantities as a major
constituent of the atmosphere (21%).[5,6] Thus, the activation of atmospheric oxygen
in chemical processes is an important contribution to green chemistry.[7]
A major task is the activation of the commonly kinetic non-active dioxygen molecule
to synthesize oxygen containing products.[8] In the ground state, dioxygen has two
unpaired electrons in the π* molecular orbital and possesses therefore a triplet spin
state (Figure 1A). A direct reaction of dioxygen with e.g. carbon is kinetically hindered
as the most carbon-oxygen products show a closed shell electronic configuration and
therefore a singlet spin state. These reactions are spin forbidden.[9] To perform
oxygen inserting reactions dioxygen has to be converted into an activated state.
Figure 1 shows three possible electronic states of the dioxygen molecule.
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Figure 1. Electron configuration of the dioxygen molecule: A triplet (ground) spin state of dioxygen
3
( Σg), B singlet (excited) spin state with two electrons with different spin in each of the two π* orbitals
1 +
1
( Σg ), C singlet (excited) spin state with two coupled electrons in one π* orbital ( Δg). Redrawn
[9]
according to reference.

In industrial chemistry, oxygen inserting reactions are often supported by metal
oxides. They are indispensable in various processes, e.g. refining, petrochemical
processes and production of specialty chemicals.[10] An example of a large-scale use
of metal oxides is the sulfuric acid (H2SO4) production: the desired sulfur trioxide is
obtained by oxygen insertion via a vanadium pentoxide catalyst V2O5. The generated
V2O4 will be reactivated by contact with dioxygen (Scheme 1).[11]

Scheme 1. Oxidation of sulfur dioxide via vanadium pentoxide V2O5. The catalyst can be re-obtained
[11]
by oxidation with dioxygen.

1.2 Oxygen Activation in Biological Processes
Particularly in nature the activation of the omnipresent dioxygen plays an important
role in several processes, like respiration chain and the biosynthesis of proteins. In
enzymes the oxygen activation takes place by means of transition metals. However,
in these biological systems the metal ions are not present in form of oxides. But they
are complexed within an organic framework instead.[12] The abundance and
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bioavailability of metal ions in the earth’s crust is a crucial factor of the application
into biological systems. Therefore, transition metals that can be found in living
organisms are mainly iron, nickel, manganese, zinc and copper. Elements such as
aluminium in fact own a great abundance but due to its natural appearance it is not
available for biosynthesis.[13]
The actual activation of dioxygen takes place via the coordination at a complexed
metal center (active site). The type of activation depends on the central ion, the
ligand and its denticity. Scheme 2 shows the reaction of the metal ion of the active
site with dioxygen (inside a protein or any complex). First, predominantly a
mononuclear species occurs as an intermediate, which may further react with
another metal centre to a binuclear species.[9,14,15]

Scheme 2. Reaction of a complexed metal ion with dioxygen. The formed mononuclear species may
react further with another complex to form a binuclear species. The coordination of the dioxygen
molecule can occur in an end-on (only one oxygen atom is connected to the metal ion) or in a side-on
[9,14,15]
fashion (both oxygen atoms are connected to the metal ion)

Because of its relative abundance in the earth's crust (4.7%), iron is an important
element for the biological oxygen activation.[16] The most prominent representative is
haemoglobin, which is found in red blood cells and acts as an oxygen carrier.[17] Ironcontaining proteins can also act as catalysts in various biosyntheses, such as in the
enzymes of the P450 family, which perform epoxidations, hydroxylations and
heteroatom oxidations (Scheme 3).[18]

[19]

Scheme 3. Schematic equation of P450 catalyst reaction of alkanes and carbon double bonds.
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In addition to iron, other transition metals in the active centres of proteins and
enzymes are capable to activate dioxygen. For example some organisms use
manganese containing oxidases in the oxalate metabolism. [20] Moreover, manganese
plays an important role in the oxidation of the oxygen in the water molecule during
photosynthesis.[21] Nickel-containing enzymes can also activate dioxygen and serve
as dioxygenases in some soil bacteria.[22]
The ability to activate atmospheric oxygen makes these metal complexes constant
subjects of research.[17,23] In contrast to the “inorganic way”, the mild conditions for
oxygen activation make corresponding model complexes promising candidates for
industrial use. However, a few decades ago, another transition metal moved into the
focus of research, which was supposed to combine all these properties: copper.
1.3 Copper in Biological Systems
Copper is a much less abundant transition metal compared to iron (0.0047% in
earth’s crust).[16] Nevertheless, it is an essential trace element of organic life. The
daily intake of a human body is about 0.6 to 1.6 mg, of which 55 to 75% is absorbed
by the digestive tract.[24] Copper can be described as a modern bio-element because
it first became bioavailable with the occurrence of photosynthesis and the resulting
oxidation of copper(I) to copper(II). As a result dioxygen activating enzymes like
monooxygenases, dioxygenases and oxidases contain copper ions in their active
sites.[25] Further copper proteins are involved in electron transferring reactions (ET),
NO2− and N2O reduction, and substrate activation.[26]

[27]

Figure 2. Examples for the three different copper protein types: A type 1: plastocyanin;
B type 2:
[28]
end-on superoxido-bound in peptidylglycine α-hydroxylating monooxygenase (PHM);
C type 3:
[29]
side-on peroxido-bound in binuclear tyrosinase.
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Historically, copper proteins were classified into three classes depending on their
spectroscopic properties and functions. Figure 2 gives an overview of their general
structures.
Type 1 copper proteins have been referred to as blue proteins due to their strong
LMCT (ligand metal charge transfer) between the copper centre and the attached
cysteinate ligand. They are involved in electron transferring reactions and mostly
appear in small proteins, such as plastocyanin (Figure 2A).[27,28] The ligand
coordination leads to a distorted tetrahedral structure. However, Cu(II) species often
prefer a square-planar geometry whereas Cu(I) prefers a tetrahedral one. Therefore,
this structure has to be seen as a compromise between both geometries.
Type 2 copper proteins are coordinated mainly in a square-planar manner
(Figure 2B).[28] Since there is no thiolate group in the coordinating ligands, those
copper proteins are referred to as non-blue proteins due to the absence of a strong
LMCT. Here, the colour is caused by symmetry forbidden d-d transitions of the
copper ion. They can function as oxidases by reducing oxygen to water or peroxide
(e.g. amine oxidase) or oxygenases which insert oxygen into a substrate (e.g.
peptidylglycine α-hydroxylating monooxygenase (PHM)).[28] Additionally type 2
proteins can promote the dismutation of superoxides (e.g. superoxide dismutase
(SOD)).[27]
Type 3 proteins possess two antiferromagnetic coupled copper centres, bridged by
dioxygen or hydroxyl (Figure 2C).[28] The oxygen carrier hemocyanin in invertebrates
is an example of a type 3 protein. One copper centre is coordinated by three histidine
residues, oxygen will be inserted in a side-on way.[25,27] Type 3 proteins can also act
as oxygenase and oxidase. One example of an oxygenase and oxidase as well is the
enzyme tyrosinase which catalyses the hydroxylation of monophenols (e.g. tyrosine)
as well as the oxidation of catechols to quinones. Investigations on this protein led to
the first proof of dioxygen activation via a copper containing enzyme in 1955.[30]
Further development of crystallographic and spectroscopic methods, extended the
number of protein types. Type 4: a combination of type 2 and 3 leads to a trinuclear
cluster (e.g. laccase, ceruplasmin); CuA: two copper ions, bridged via two cysteine
residues, form a mixed-valence species with a formal copper oxidation state of +1.5.
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Its function is a long-range electron transfer (e.g. the cytochrome c oxidase); CuB: the
copper centre is coordinated by three histidine residues; the fourth position is directly
connected to the iron centre of cytochrome c oxidase. It is responsible for the
dioxygen reduction; CuZ: copper cluster consisting of four ions. It functions the
reduction of N2O to N2 in nitrous oxide reductase.[31]
1.4 Dioxygen Activation in Copper Enzymes
As the reaction with dioxygen and most organic substrates is kinetically hindered, the
major task of enzymes is the conversion of the common triplet state of dioxygen into
a more reactive state. Copper proteins are capable to activate dioxygen in different
ways. The most common species appear in mono- and binuclear fashion. Figure 3
shows the most common copper oxygen species. However, only two of the six
displayed complexes have proven their biological relevance: copper end-on
η1-superoxido and side-on µ-η2:η2-peroxido.[32]

Figure 3. Copper oxygen species formed by the reaction with the active site of a copper containing
[33]
complex with molecular dioxygen.

The dioxygen activation mainly occurs by coupled and non-coupled binuclear copper
active sites. Figure 4 gives some examples of oxygen activations, which are
catalysed by copper-containing enzymes and proteins.
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Figure 4. Copper catalysed dioxygen activation. Left site of the picture displays reactions with proteins
containing two coupled copper ions in their active sites. Right side of the picture displays the species
[33]
with two uncoupled copper ions.

1.4.1 Non-Coupled Binuclear Copper Active Sites
Proteins with one copper ion in their active site capable to coordinate dioxygen
predominantly occur in oxygen transferring processes. Examples of these systems
are

the

enzymes

PHM,

dopamine

β-monooxygenase

(DβM),

tyramine

β-monooxygenase (TβM, in insects) and lytic polysaccharide monooxygenases
(LPMOs) (Figure 4).[34,35] These enzymes are capable of hydrogen abstraction of a
CH-bond and the subsequent insertion of a hydroxide group. To cleave the strong
CH bond (~95 – 103 kcal/mol) dioxygen is transferred into a η1-superoxido
species:[36] One π* orbital of the dioxygen molecule overlaps with the dz2/dx2-y2 orbital
of the copper ion.[33] This results in a weak σ bonding and in an energetically
increased d orbital, while the other π* orbital remains as non-bonding orbital. As the
orbital splitting is not high enough to overcome the spin repulsion, the oxygen
molecule appears in an activated triplet state. (see Figure 5, left).[37] This leads to a
low laying half-occupied π*ν orbital with high oxygen character that is primed for
hydrogen abstraction.[38,39]
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Figure 5. Left: orbital scheme of an end-on copper superoxido species. Since the energy gap
[40]
between non- and antibonding orbitals is not high enough, the complex occurs in triplet state. Right:
[41]
active site of the copper containing enzyme PHM, dioxygen coordinates the copper ion Cu M.

Next to the dioxygen activating copper ion of PHM (Cu M), there exists another one in
the active site (CuH). The copper centre is located in a distance about 11 Å (hence
the term non-coupled binuclear, Figure 5 right).[39] CuH is serving as an electron
reservoir if a reaction requires a further reduction or as “structural” cofactor (in
PHM).[42]

Figure 6. Mechanism of substrate hydroxylation via an end-on copper superoxido species in the
non-coupled binuclear system of PHM and DβM proposed by Klingman. Redrawn according to
[43]
reference.
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The structure of the precatalytic complex was first structurally characterized in 2004
by Prigge et al.[44] In 2006 Klinman proposed a mechanism about the H atom
abstraction with subsequent hydroxylation catalysed by PHM and DβM (Figure 6).[43]
However, there are different approaches and researches to elucidate the actual
mechanism of substrate hydroxylation via PHM and DβM are still in progress.[42]
1.4.2 Coupled Binuclear Copper Active Sites
Besides the activation of dioxygen by two non-coupled copper centres, dioxygen can
also be activated by two paired copper ions, resulting in a µ-η2:η2-peroxido (side-on)
complex.[45] These systems are referred to as coupled binuclear copper active sites.
In contrast to a mononuclear species, these perform a change in the spin state of the
dioxygen molecule (Figure 7).

Figure 7. Left: orbital scheme of a side-on copper peroxido species. HOMO/σ* interaction leads to
[26]
weaker O-O bond.
Right: active site of the copper containing enzyme tyrosinase, dioxygen
coordinates the copper ion in “type 3” way, PDB ID: 1WX4. Image from the RCSB PDB (rcsb.org,
[46]
[47]
accessed on: 19 July 2021) of PDB ID 1WX4
created with Mol* .

One π* orbital of the peroxide anion overlaps with the d x2-y2 orbitals of the two copper
ions resulting in a strong σ bonding. The other π* orbital remains in energy as
non-bonding orbital. Although the electron density at the π* orbital is lowered, the
oxygen bond is weakened. This can be explained by a bonding/antibonding
interaction of the σ* orbital of the peroxide with the HOMO of the copper ion. This
transfers electron density from the copper ions to the peroxide σ* bonding and in turn
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causes the weaker O-O interaction.[39] The conversion into the singlet spin state is
initialized by a large HOMO/LUMO splitting which leads to an antiferromagnetic
exchange of the copper centres and thus overcomes the spin repulsion (Figure 7,
left).
Two representatives of coupled binuclear copper active sites are the molecules
hemocyanin which acts as an oxygen carrier in invertebrates and tyrosinase
(Figure 7, right) which is involved in the tanning process of skin and fruits. [46]
Although both proteins activate dioxygen in the same way, they show significant
differences in reactivity towards substrates: hemocyanin only serves to transport
dioxygen, without any reactivity towards substrates, whereas tyrosinase is capable to
oxygenate and oxidize substrates.[39] The reaction mechanisms of phenol
oxygenation and oxidization by tyrosinase is shown in Figure 8.[48]

Figure 8. Bio catalytic activities of tyrosinase depicted as two interpenetrating cycles. Redrawn
[48]
according to reference.

Reasonable for the different reactivity is the surrounding protein structure: the active
site of tyrosinase is accessible for external substrates, whereas the active center of
hemocyanin is deeply buried in the protein matrix and thus inaccessible to external
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substrates.[48] However, Decker et al. revealed an oxidizing performance of
“activated” hemocyanin in some chelicerates.[49]
1.5 Cu/O2 Model Complexes
Due to the capability of selective oxygenation and oxidation under benign conditions
model complexes based on their biological role models have been a broad field of
research over the last decades.[50] Particular interest is placed on the productions of
commercially crucial chemicals, such as phenol or adipic acid.[51–53] The dioxygen
activation via model complexes is a well characterized procedure. In general, it takes
place via the formation of a superoxido complex, which then reacts with a second
Cu(I) unit to form a binuclear species, often a peroxido complex (Scheme 2 and
Figure 3).[33]
1.5.1 Mononuclear Model Complexes
Mononuclear systems mimic the features of non-coupled binuclear copper active
sites in PHM and DβM. The activation of dioxygen occurs in three forms (Figure 9)
with different electronic properties: end-on coordination leads to a superoxido species
with triplet spin state (Figure 9A), whereas the side-on coordination commonly
causes a singlet spin state due to a greater overlap of the π* with the dx2-y2 orbital
leading to a larger orbital splitting which overcomes the spin repulsion (Figure 9B).[26]
However, if the energy difference is not large enough, the triplet spin state
remains.[54] The first side-on η2-superoxido was isolated and characterised by
Kitajima and co-workers in 1994.[55] Utilization of sterically demanding ligands is
necessary which prevent the dimerization, the formation of binuclear species
(Scheme 2). Although no biological model of a side-on superoxido has been detected
yet, some of these oxygen species are capable to H-abstract as well.[54,56] Further
raising of the dx2-y2 orbital with stronger donor ligands leads to a copper(III) species
and a peroxide anion (Figure 9C).[26,57] The copper-oxygen species depends on a
variety of factors, e.g. the shape of the ligand, the type of donor atoms and denticity
(two or three donating atoms generally lead to a side-on species, four donating atoms
lead to an end-on activation).[33]
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Figure 9. Molecule orbital scheme of mononuclear copper oxygen centres, A η -superoxido (end-on),
2
2
B η -superoxido (side-on), C η -peroxido (side-on). The end-on species possesses a triplet spin state,
[26]
side-on complexes generally a singlet spin state. Redrawn according to reference
1

However, copper η1-superoxido complexes best model compounds for the active site
of non-coupled binuclear enzymes such as PHM and DβM. Especially the research
group of Karlin was quiet successful in the field of mimicking these oxygen adducts
by stabilizing the superoxido intermediate (Scheme 2).[32,50,58] For this purpose the
ligand tmpa (tris(2-pyridylmethyl)amine, Figure 10, left) was modified:[59,60] The α
position of the pyridine ring was substituted with several residues to establish a
secondary coordination sphere which either contains sterically bulky residues or
hydrogen bonding moieties. Especially strong and multiple H-bonding residues were
stabilizing the superoxido intermediate and enhanced the H-abstraction ability of
strong OH- and weak CH-bonds. A more accurate model of PHM and DβM could be
synthesized by replacing a nitrogen donor with a thioether. Dioxygen will be activated
in a superoxido fashion which features H-abstraction capability.[41,61]
Since activated PHM and DβM shows a four-coordinate tetrahedral geometry, Itoh et
al. synthesized a tridentate ligand (without sterically bulky or electron-donating
substituents) which stabilizes the superoxido species by forming a distorted
tetrahedron (1-(2-p-X-phenethyl)-5-(2-pyridin-2-ylethyl)-1,5-diazacyclooctane (LPhe(X),
Figure 10, middle). The activated complex also possesses H-abstraction abilities.[62–
64]
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The first structural characterization of an end-on superoxido copper complex was
performed by the research group of Schindler. Stabilization was achieved using the
TMG3tren ligand (tris(tetramethylguanidino)tren, Figure 10, right) which contains
sterically bulky superbasic guanidine residues.[65,66] In solution the complexes
exhibits a reversible oxygen binding ability. The activated oxygen complex also
performs H-abstraction.[58,67]

Figure 10. Basic forms of ligands, which stabilize, copper superoxido complexes that perform
hydrogen abstraction of CH-bondings. Left: tmpa, X and Y implicates the addition of sterically bulky,
[61]
electron donating or H-bonding residues. Middle: tridentate nitrogen ligand reported by Itoh and coworkers, which mimics structural backbone of PHM without strong steric and electronic effects. X
[64]
implicates electron withdrawing or donating groups.
Right: TMG3tren, reported by the research
group of Schindler which supports the structural characterization of copper superoxido complexes with
[66]
tripodal ligands.

As mentioned above the substituents of the ligands play an important role in
stabilizing the resulting oxygen adducts. Next to electron interacting and H-bonding
groups, sterically demanding residues influence the stability. For example, the
stepwise substitution of the pyridine rings by quinoline residues at the tmpa ligand
influences the reactivity towards dioxygen:[68] the exchange of one or two pyridine
rings still allows a reaction, whereas three attached quinoline residues make the
complex resistant. Another factor which impacts the reactivity and stability is the
geometry around the copper center. Recent studies revealed that trigonal bipyramidal
geometries better support the formation of a reactive Cu-OOH species than
square-pyramidal structures.[69]
However, all demonstrated examples only show reactivity towards substrates at low
temperatures. Therefore, the creation of a superoxido complex which is robust and
producible at ambient conditions will be focused on in future research.
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1.5.2 Binuclear Model Complexes
To mimic the reaction behaviour of coupled binuclear enzymes like tyrosinase and
hemocyanin, two centred copper model complexes have been synthesized.[33] The
activation of oxygen mainly occurs in three different ways: µ-η2:η2-peroxido (side-on),
trans-μ-1,2-peroxido (end-on) and bis(µ-oxido), as depicted in Figure 3. As
mentioned above, to date only the side-on peroxido species has proven its biological
relevance in binuclear systems. Therefore, this seems to be the most promising way
to activate dioxygen with corresponding model complexes to imitate catalytic
features. In 1989 Kitajima et al. published the first crystal structure of a synthetic
copper side-on peroxido species (Figure 11, left).[70] Pioneering work in the catalytic
application of these peroxido adducts were performed by Casella. He reported one of
the earliest model systems which can hydroxylate substrates in the ortho position by
using hexadentate polybenzimidazole ligands (Figure 11, right).[71]

Figure 11. Left: ligand system of Kitajima et al. which demonstrates the first crystal structure of a
[70]
side-on peroxido model complex.
Right: polybenzimidazole ligand of Casella. Resulting copper
[71]
complexes forms side-on peroxido species which were capable for hydroxylation reactions.

A µ-η2:η2-peroxido species can be converted into a bis(µ-oxido) form by changing the
solvent, the ligand (geometry, steric influence, electronic effects) and the anion. A
lowered energy of the peroxido σ* orbital leads to a cleavage of the dioxygen
bonding. Simultaneously the copper centre will be oxidized (Cu(II) to Cu(III)).[33,72]
Tolman and co-workers demonstrated that an equilibrium can exist between both
species.[73] Current studies on particulate methane monooxygenase (pMMO)
suggested that mixed valence copper bis(µ-oxido) intermediates are involved in the
active site.[74]
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Due to its electrophilic character bis(µ-oxido) species are able to perform aromatic
hydroxylation.[26] Holland et al. demonstrated the internal sp2-hydroxylation of an
aromatic ligand.[75] Schönecker et al. enhanced this synthesis to a regio and stereo
selective γ-hydroxylation of a non-activated CH2 group. Furthermore his method
allowed the conversion of substrates which can be separated from the ligand via
cleaving an imine bonding.[76] Based on these findings Becker et al. enhanced this
“clip-and-cleave” concept to the hydroxylation of non-activated aliphatic CH bonds in
aldehydes (Figure 12).[77–79] The method of ligand hydroxylation via this copper
oxygen adduct includes promising advantages, since it is useful for the modification
of steroids and the syntheses of chemical feedstocks like salicylaldehyde and other
compounds.[79–82]

Figure 12. Mechanism of ligand hydroxylation via a bis(µ-oxido) intermediate. The products will be
[78]
obtained by cleavage of the imine bond via acidic work-up. Redrawn according to reference.

Before the first structures of the side-on oxygen species have been fully
characterised, Karlin et al. reported on a trans µ-1,2-peroxido copper complex
utilizing tmpa ligand (see Figure 10, left).[83] Since there is no additional interaction
between the antibonding σ* orbital and the metal centre no attenuation of the O-O
bonding occurs (Figure 13, left). The bond is even strengthened due to the donor
interaction with the copper centre.[39]
Despite the enhancement of bond strengths and the nucleophilic character of the
peroxido molecule, reactivity against CH-bonds was detected:[84] Lucas et al.
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synthesized copper(I) end-on peroxido complexes with ligands derived from the tmpa
structure. The activated species was directly dissolved into the substrate (toluene) at
low temperatures (approximately -80 °C). Depending on electron-donating ability of
the ligands and the geometry around the copper center, a conversion to
benzaldehyde up to 40% was achieved.

Figure 13. Left: electronic structure of the copper end-on peroxido species. EPR measurements
[39]
+
revealed an antiferromagnetic coupling of the copper centres. Right: crystal structure of [Cu(tmpa)]
[83]
end-on peroxido complex synthesized by the research group of Karlin.

In 2004 Komiyama et al. succeeded in the stabilization of a solid copper end-on
peroxido complex using sterically demanding substituents at a tren ligand. [85] Würtele
et al. finally stabilized a solid copper end-on peroxido species by utilization of the
sterically demanding anion tetraphenylborate.[86] It was directly obtained by treating
the solid copper(I) complex with dioxygen. Suspending the solid in toluene at room
temperature led to a conversion to benzaldehyde of 20%. As these oxygen species
are nucleophiles the reactivity against toluene is noteworthy.[84] Karlin et al. offered
two possible explanations (Figure 14): 1. Loss of the coordination of one ligand arm
leads to the formation of a bis(µ-oxido) species which possesses the necessary
electrophilicity.[87] 2. Decomposition into a copper(I) complex and another end-on
superoxido species which is responsible for hydrogen abstraction and the
subsequent benzaldehyde formation.[84] However, it was demonstrated an aromatic
hydroxylation of electron-rich phenolates without the rearrangement of a side-on
peroxido or end-on superoxido species is possible utilizing asymmetric binuclear
complexes.[88]
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Selective CH-abstraction and subsequent hydroxylation is a challenging issue of
current research. The targeted oxygenation of precursor molecules with molecular
dioxygen is an important field of innovation within the scope of green chemistry to
produce new and commercially crucial chemicals e.g. benzaldehyde.

Figure 14. Mechanism describes two proposed pathways of toluene oxygenation through an end-on
peroxido species: A hydrogen abstraction occurs via bis(µ-oxido) complex with subsequent bonding of
molecular dioxygen. Toluene is generated either by disproportionation of the benzyl peroxido radical
(Russell reaction) or by conducted reaction via copper(I) ligand (accessible due to equilibrium) and
formation of bis(µ-hydroxido) complex. B Decomposition of complex liberates an active end-on
superoxido species. Hydrogen abstraction with subsequent recombination with hydroperoxido radical
leads to benzaldehyde and water. Original copper(I) complex will be released. Redrawn according to
[84,87]
reference

1.6 Benzaldehyde - Application and Production
The production of benzaldehyde and thus the selective oxygenation of toluene is an
important field of research. Benzaldehyde is a crucial feedstock for important
chemical processes: it is contained in many cosmetic products and foods.[89] Further
it serves as a basic chemical for medicine (e.g. ephedrine) or flavour materials (e.g.
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cinnamic aldehyde).[90,91] Next to vanillin, benzaldehyde is the second most produced
flavour feedstock worldwide (~90.000 t/a).[92]
Benzaldehyde naturally occurs mostly chemically bonded in foods or some organic
substances.[93] Liebig and Wöhler therefore succeeded in the first extraction from
bitter almond oil.[94] Although the natural occurrence does not satisfy global demand,
attempts are still being made to make these sources usable.[95] Today, most of the
benzaldehyde is obtained by chlorination and subsequent hydrolysis of toluene or its
direct oxidation via molybdenum oxides. Other methods like the Gattermann-Koch
reaction are no longer industrially relevant (Figure 15).[90]

[96]

Figure 15. Top: chlorination of toluene with subsequent hydrolysis. Middle: air-oxidation of toluene
[97]
[98]
via Mo-oxide catalyst. Bottom: Gattermann-Koch procedure, not very common anymore.

Although these are well established industrial processes, they still have some
disadvantages, such as high consumption of catalysts and the necessity of high
pressure and temperature. Furthermore unselective oxidation causes a lot of side
products and impurities. Several approaches to enhance the selective oxygenation of
toluene have been reported over the last years e.g. with the utilization of different
metal oxides or the treatment with high oxygen pressure without a catalyst in a gasliquid reaction.[99,100] Selective conversions to benzaldehyde up to 30% using
ammonium vanadate as a catalyst have recently been reported.[101] Furthermore,
photocatalytic reactions using a titanium-oxide cluster have been described this year
and thus indicate the current interest in this project.[102] Despite these efforts, the
20
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main drawbacks remain with an unselective oxidation, a low substrate conversion,
high catalyst costs and their consumption as well as a huge energy input and
expensive chemicals. New approaches to a selective benzaldehyde synthesis are still
being sought.
Based on the previously described superoxido complexes and their ability to
selectively cleave CH-bonds, it appears promising to pursue this approach further
with regard of benzaldehyde synthesis. In order to avoid the disadvantages
described above (e.g. decomposition), as well as the dinuclear deactivation of the
catalyst (Scheme 2), the possibility of immobilizing the complex on a solid surface
appears to be a promising approach.
1.7 Immobilization of Active Species
Free (mobile) catalysts often suffer from self-decomposition, which leads to an
increased consumption of material and thus to an increased use of resources and
money. In addition, a low selectivity of the substrates is obtained and a work-up of
starting materials, catalysts and products is necessary. Therefore, heterogeneous
reactions are often preferred in industrial processes.[103,104] A catalytic system can be
implemented by immobilizing active material on a solid surface. Substrate and
products can be separated and purified much easier and an application into an
automatic system (e.g. flow reactor) is possible.[105] However, this method still
contains some disadvantages e.g. often less activity and higher costs.
In general, the headline immobilization contains a wide range of applications.
Examples are the immobilization on gold nanoparticles for targeted distribution of
medical substances or the preparation of an electrode surface to enhance its
electrochemical properties.[106,107] In field of biological chemistry the immobilization of
enzymes is well established.[108] In addition, applications of immobilized complexes
for wastewater purification or CO2 fixation are conceivable.[109,110] In this context, it
becomes obvious why one often speaks of a surface functionalization instead of
immobilization.
Many different ways have been described to perform an immobilization. A basic
distinction is made between physical (adsorption) and chemical (covalent binding)
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immobilization.[111] Szymańska et al. demonstrated the application of both options,
within one system: they immobilized an enzyme either via a covalent bond or by
means of a coordination of a histidine residue to a metal complex which has been
immobilized beforehand.[108]
Bioinorganic chemistry is mostly limited to modeling the active centers of enzymes.
As already described above, these free complexes suffer from the disadvantages of
free catalysts (e.g. self-decomposition). A firm attachment to a solid surface,
however, is intended to prevent these disadvantages by mimicking the solid protein
framework around the catalytic centre of an enzyme. In an enzyme, the protein
environment protects the active site from a dinuclear deactivation or selfdecomposition and furthermore stabilizes the active species. The immobilization of
model substances by various methods have already been reported.[103] For example
Aratani et al. described a simple way of immobilization by cation exchange with a
catalytic active manganese tmpa complex on mesoporous silica–alumina.[112] Another
way of binding complexes by means of electrostatic interaction is to functionalize a
surface beforehand with negatively charged linker molecules. With such an
arrangement, Liu et al. succeeded in stabilizing a copper bis(µ-oxido) complex on
silica nanoparticles, which was also able to selectively oxidize toluene.[113]
Another widespread method of surface functionalization is the direct covalent binding
of the active material on a surface. A basic distinction is made between three
methods (Figure 16):[114] the first category is what is known as grafting. A molecule
(mostly complex) modified with a surface linker is immobilized on a pre-synthesized
surface material. With this method, the research group of Mishra successfully
immobilized a cobalt complex on mesoporous silica in 2014. This complex was able
to activate molecular dioxygen and to selectively oxidize n-alkanes.[115] Another
possibility for covalent immobilization is the co-condensation (one-pot reaction). For
this purpose, active species prepared with surface linker molecules are condensed
together with the starting materials (tetraethylorthosilicate (TEOS)) of the surface to
be synthesized. First studies were published by Lim et al.[116] The third method is a
special form of

co-condensation: the preparation of

periodic mesoporous

organosilicas (PMOs). Again the active species are equipped with a linker molecule
and react in an one-pot reaction together with the starting material TEOS. However,
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the active materials must have multiple ends for condensation with the surface
material in order to form a common network. Using this method, Suspène et al.
incorporated a complex by means of a modified tren ligand in a mesoporous
material.[117]

Figure 16. Three methods of covalent immobilization of an active species (S), pictured as orange ball.
A: grafting B: co-condensation (one-pot reaction) C: periodic mesoporous organosilicas (PMO).
[114]
Redrawn and modified according to reference

Which of the three methods mentioned above are suitable depends on various
factors (e.g. substrate, sensitivity of active material). Disadvantages such as pore
blocking, but also advantages such as a homogeneous distribution of the complex,
must be taken into account when choosing the appropriate method.
Another important factor is the choice of surface material. A distinction is made
between organic and inorganic substances. An example of an organic surface
material is polystyrene, which can be functionalized by using click chemistry.[118]
However, such organic materials have some disadvantages such as swelling,
reaction with solvents and poor mechanical stability. This is one reason why
inorganic surfaces are mainly used. Suitable inorganic surface materials are, for
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example, metal oxides (e.g. iron and aluminium oxides) which provide hydroxyl
groups on their surface for condensation with the most common organic linker
molecules.[119,120] The most common surface material, however, is silica gel (SiO2),
due to the higher number of advantages over other organic and inorganic materials:
a great resistance against organic solvents, no swelling, thermal resistance.
Furthermore, it is one of the most commercially distributed surface materials and
therefore less expensive (than e.g. noble metals, dotted metal oxides) and a large
variety of several linker molecules exists.[120,121] Moreover, there is the option of
simple configuration the silica into a desired shape in advance. For example, the
pre-synthesized silica can be made into the shape of a monolith.[122,123] Another
advantage is the determination of the porosity during the synthesis of the silica. In
combination with the specific shape, the material can be optimally adapted to the
respective application, e.g. in a flow reactor.
A further important aspect of the surface functionalization is the choice of an
appropriate linker molecule. In addition to the correct linker moiety for attaching an
active species, the anchor group for covalent bonding to the surface must also be
considered. The choice of the linker depends on the type of reaction that should be
performed (grafting, co-condensation, PMOs). Linkers with two or three anchor
groups are mostly used for PMOs and co-condensations, whereas linkers with one
single anchor group are preferred for distal distribution (grafting) on a surface.
Regardless of the selected linker molecule, undesirable side reaction, e.g.
dimerization and cross-linking, can occur before the condensation.[124] Adequate
reaction conditions (e.g. no moisture) are essential.
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Main motivation of this work was the selective oxygenation of toluene to
benzaldehyde. For this purpose, molecular dioxygen should be activated by copper
model complexes based on biological enzymes. The ligand systems of the various
copper complexes were modified in order to obtain a suitable oxygen adduct.
Furthermore, adjustments to known catalytic procedures had to be carried out to
optimize the process. The results to be presented were based on previous work on
toluene oxidation by Würtele et al., with the aid of a binuclear copper end-on
peroxido complexes, using tetradentate tripodal ligands based on the tmpa
system.[86] However, since tmpa is comparatively difficult to modify, the ligand
uns-penp ((2-aminoethyl)bis(2-pyridylmethyl)amine) (Figure 17) was used, which
possesses a terminal amine group which is easier to functionalize.[125]

Figure 17. Basic ligand uns-penp (left) and its derivatives synthesized for immobilization and
comparison reactions. Me-PDMS-uns-penp contains a single anchor group for covalent immobilization
on a silica surface. The other two ligands have sterically and chemically similar substituents. They are
used to compare mobile reactions with dioxygen and the catalytic properties with the immobilized
system.

Chapter 3 describes the functionalization of the uns-penp ligand for a covalent
immobilization on a silica surface. Since the previous work using tmpa or uns-penp
shows only a low conversion to benzaldehyde (15-20%) and a decomposition of the
active species, the catalytic process should be improved by immobilization. Silica
should imitate the rigid protein framework, which in biological models prevents selfdecomposition of the enzyme and the deactivation of the active oxygen complex
through a binuclear reaction (see Scheme 2). A mononuclear end-on superoxido
complex prepared in this way, according to the proposed reactions in PHM and DβM,
should have a higher reactivity and selectivity towards the methyl group of toluene.
Furthermore, by functionalizing pre-synthesized silica monoliths, the suitability for use
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in a flow reactor was to be tested. Finally, the immobilized activated complex was
compared with free model substances (see Figure 17) with regard to its catalytic
properties.
Chapter 4 focuses on the derivatization of the uns-penp ligand at the terminal
nitrogen position to obtain various oxygen species, in addition to the known end-on
peroxido complexes. Results from Chapter 3 served as a fundament, since simple
modifications of the uns-penp ligand already revealed an impact on the reactivity
towards dioxygen. Influences of small derivatizations by means of simple aliphatic
residues on oxygen activation were to be investigated. A distinction was made
between symmetrical (two identical residues) and unsymmetrical (two different
residues) substituents. In addition, an uns-penp ligand with the redox active group
ferrocene was synthesized in order to investigate the influence of another attached
complex. Figure 18 gives an overview of the synthesized derivatives. The reactivity
towards dioxygen of all synthesized complexes was investigated in solution and in
the solid state. Adequate electrochemical, crystallographic and spectroscopic
analyses were executed to determine the impact of simple derivatization on the
oxygen activation.

Figure 18. The uns-penp derivation products are distinguished by the symmetry of their substituents.
The range of the attached aliphatic groups is between one and three carbon units.

26

3. Immobilization of a copper complex based on the tripodal ligand
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