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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.



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 Grinen Chemie besteht somit Bedarf an einer rohstoffschonenderen
Methode zur selektiven Synthese. Biologische Systeme zur Aktivierung von
atmosphéarischem Sauerstoff, wie kupferhaltige Enzyme, erweisen sich als
aussichtsreiche Vorbilder, selektive Oxygenierung durch Modellkomplexe industriell
nutzbar zu machen. Bisherige Anstrengungen offenbarten bislang geringe
Stoffumsétze und einen hohen Katalysatorenverbrauch, was weitere Forschungen
auf diesem Gebiet notwendig machte.

Hierfir erweitert Kapitel 3 das Konzept der Sauerstoffaktivierung durch
Kupferkomplexe mit tripodalen Liganden. Der Ligand (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 beglnstigen. Dabei zeigten die resultierenden
Kupferkomplexe eine reversible Sauerstoffanbindung unter Bildung eines
dunkelgriinen Feststoffs bei -80 °C. Durch Suspension der Sauerstoffspezies in
Toluol konnte eine Oxygenierung von Toluol zu Benzaldehyd durchgefiihrt werden.
Mobile Komplexe mit uns-penp Derivaten ergaben im Vergleich h6here Umsétze,

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 fuhrten zu einer Passivierung im Festkdrper, ebenso die
Anbringung von Ferrocen. Unterschiedliche aliphatische Substituenten fuhrten
jedoch meist zu einer reversiblen Sauerstoffanbindung, wobei die entstehende
Spezies nicht abschlielRend charakterisiert werden konnte. Substitution eines Ethyl-
und eines Isopropylrestes erlaubte die schnelle Bildung eines end-on
Peroxidokomplexes im Festkdrper. Im Gegensatz zu vergleichbaren Substanzen,
blieb die Kristallstruktur wéhrend der Reaktion nahezu unverdndert, was eine

rontgenkristallografische Analyse erlaubte.



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.™ Some historians even see the
development of beer brewing as a driving force in social development.? The term
catalysis was coined 1835 by Jons Jakob Berzelius, the father of modern chemistry,
and originates from the *UHHN Z Fk&t®s \D @ Gein© P H D Q to@sé down !
Today, the implementation of catalytic processes still is a wide field of interest: 60%
RlI WRGD\TV FKH P larRdDA0D%DUIRreeN ENgical processes are performed
by catalysis-based chemical syntheses.!! 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).!”

Since the beginnings of industrial catalysis in the middle of the 18™ century
(lead-chamber process)!Y, the activation of small molecules like O,, NO, CO, and H,
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 by-
products (e.g. water); in addition, it is available in large quantities as a major
constituent of the atmosphere (21%).5% Thus, the activation of atmospheric oxygen

in chemical processes is an important contribution to green chemistry.”

A major task is the activation of the commonly kinetic non-active dioxygen molecule
to synthesize oxygen containing products.® In the ground state, dioxygen has two
unpaired electrons in the & 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.” 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
é ¢), B singlet (excited) spin state with two electrons with different spin in each of the two (& orbitals
(l g+), C singlet (excited) spin state with two coupled electrons in one  orbital (l (y). Redrawn
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.*® An example of a large-scale use
of metal oxides is the sulfuric acid (H,SO,4) production: the desired sulfur trioxide is
obtained by oxygen insertion via a vanadium pentoxide catalyst V,0s. The generated

V,04 will be reactivated by contact with dioxygen (Scheme 1).

802 + V205 E— 803 + V204

02 + 2 V204 —_— 2 V205

Scheme 1. Oxidation of sulfur dioxide via vanadium pentoxide V,Os. The catalyst can be re-obtained
by oxidation with dioxygen.™

1.2 Oxygen Activation i n 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

(12]

are complexed within an organic framework instead. The abundance and



ELRDYDLODELOLW\ RI PHWDO LRQV LQ WKH HDUWKYRQFUXYV
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.™!

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.®**°!

Mn+1_021- Mn+1_022-_Mn+1
+ 02 end-/side-on + M n end-/side-on
M7 —_— —_—
Mn+2_022- Mn+2_(02-)2_Mn+2
side-on side-on

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
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.™® The most prominent representative is
haemoglobin, which is found in red blood cells and acts as an oxygen carrier.!” Iron-
containing 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).['®!

R-H R-OH
or P450 or

+0; + 2¢ + 2HY —— + H,0
> < o)

Scheme 3. Schematic equation of P450 catalyst reaction of alkanes and carbon double bonds.!*!



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.?® Moreover, manganese
plays an important role in the oxidation of the oxygen in the water molecule during
photosynthesis.? Nickel-containing enzymes can also activate dioxygen and serve
as dioxygenases in some soil bacteria.*?

The ability to activate atmospheric oxygen makes these metal complexes constant
subjects of research.*”#! |n contrast to the #norganic Z D\ 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 i n Biological Systems

Copper is a much less abundant transition metal compared to iron (0.0047% in
earth 1 rust).’® 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.”” 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(l) to copper(ll). As a result dioxygen activating enzymes like
monooxygenases, dioxygenases and oxidases contain copper ions in their active
sites.[® Further copper proteins are involved in electron transferring reactions (ET),

NO, i and N,O reduction, and substrate activation.®

A Met B C

|
Cys —Cu My, /@ ®///”“
@ Met —(Cu :

Type 1 Type 2 Type 3

Figure 2. Examples for the three different copper protein types: A type 1: plastocyanin;[27] B type 2:
end-on superoxido-bound in peptidylglycine .-hydroxylating monooxygenase (PHM);[ZB] C type 3:
side-on peroxido-bound in binuclear tyrosinase.[zg]



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).2"2

The ligand
coordination leads to a distorted tetrahedral structure. However, Cu(ll) species often
prefer a square-planar geometry whereas Cu(l) 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).?® 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.qg.
pHSWLG\OJaydo@ating. monooxygenase (PHM)).”® Additionally type 2
proteins can promote the dismutation of superoxides (e.g. superoxide dismutase
(SOD)).*"

Type 3 proteins possess two antiferromagnetic coupled copper centres, bridged by
dioxygen or hydroxyl (Figure 2C).?®! 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.?>?"! 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 1955.5"

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.



Its function is a long-range electron transfer (e.g. the cytochrome c oxidase); Cug: 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 N,O to N, in nitrous oxide reductase.®"

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
L_superoxido and side-on p- 2% 2-peroxido.*?

O . Lc:u'(-(|3 LCu'{?
LCu" o) o) o)

n'-superoxido n%-superoxido n%-peroxido
0] (0]
A9 O
”/O\O/CUHL LCu”\ | >cu'L LCu'”\O/Cu”'L

LCu o~

trans—u-1,2-peroxido  u—n?:n?-peroxido bis(u—oxido)

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

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.



Hemocyanin 02- Superoxide Dismutase
o)
(O,-transport) 2

_O O
HO \f
Tyrosinase Peptidylglycine a-hydroxylating
Monooxygenase
o]

- o e

Catechol Oxidase / Tyrosinase Dopamine B-monooxygenase

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
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 -monooxygenase (D M), tyramine

-monooxygenase (T M, in insects) and lIytic polysaccharide monooxygenases
(LPMOs) (Figure 4).B**! 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 -superoxido

species:®*® One E orbital of the dioxygen molecule overlaps with the d,2/dy2.y2 orbital
of the copper ion.”¥ This results in a weak 1bonding and in an energetically
increased d orbital, while the other (& 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).B” This leads to a
low laying half-occupied (& orbital with high oxygen character that is primed for

hydrogen abstraction.*839



Cu? CuOy 0, Peptidylglycine a-hydroxylating Monooxygenase
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Figure 5. Left: orbital scheme of an end-on copper superoxido species. Since the energy gap

between non- and antibonding orbitals is not high enough, the complex occurs in triplet state.[*” Right:
active site of the copper containing enzyme PHM, dioxygen coordinates the copper ion Cup.

Next to the dioxygen activating copper ion of PHM (Cuy), there exists another one in
the active site (Cuy). The copper centre is located in a distance about 11 A (hence
the term non-coupled binuclear, Figure 5 right).*¥ Cuy is serving as an electron

reservoir if a reaction requires a IXUWKHU UHGXFWLRQ RU DV 3VWUXF
PHM).*

Met Met H H
| 1A 0,, substrate | '

Cuy"

@Cwﬂ@ @/cuﬂ'@ @/ @ @/m,ﬂ\@

+ H,0
ag oo b
& o ™
: @ @
+ H*, ascorbic acid “ -H,0

Figure 6. Mechanism of substrate hydroxylation via an end-on copper superoxido species in the

non-coupled binuclear VA\VWHP RI 3+0 Dg@dposed by Klingman. Redrawn according to
reference .’



The structure of the precatalytic complex was first structurally characterized in 2004
by Prigge et al.*’ In 2006 Klinman proposed a mechanism about the H atom
DEVWUDFWLRQ ZLWK VXEVHTXHQW K\GUR[\ODWLR& FDWDO\
However, there are different approaches and researches to elucidate the actual
mechanism of substrate hydroxylation via 3+0 DQG ' 0 DUH VWL&D LQ SURJUL

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 p- % 2-peroxido (side-on)
complex.” 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).

Cu? Cu,0, 0,* Tyrosinase

~ *
LUMO ! &
— ’
% \ H
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Figure 7. Left: orbital scheme of a side-on copper SHUR[LGR VSHFLHV +202 1 LQWHUDFW
weaker O-O bond.?® Right: active site of the copper containing enzyme tyrosinase, dioxygen

coordinates the copper ion LQ 3WASHD\ 3'% ,' :Image from the RCSB PDB (rcsb.org,

accessed on: 19 July 2021) of PDB ID 1WX4 “® created with Mol*“"],

One Eorbital of the peroxide anion overlaps with the dy2.,2 orbitals of the two copper
ions resulting in a strong l1lbonding. The other (E orbital remains in energy as
non-bonding orbital. Although the electron density at the (& orbital is lowered, the
oxygen bond is weakened. This can be explained by a bonding/antibonding
interaction of the I* orbital of the peroxide with the HOMO of the copper ion. This

transfers electron density from the copper ions to the peroxide I* bonding and in turn



causes the weaker O-O interaction.®¥ 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.!"®
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.®® The reaction mechanisms of phenol

oxygenation and oxidization by tyrosinase is shown in Figure 8.8

3H* Q 2H*
His, | .0 ; His

TR OH
ol g 1
a0 e X
His His OH
diphenolase HO’ :

His, o His
e cul
cycle His™ {0 O ~His *02
e His His
OoXxy
His, JHis
“cu'l I
Hisf?u ‘o’Cl“l “His .
His P His His,,, s
0 monophenolase His/’/CU' C'~His
His, | His cycle His His
,'CU”.‘\(‘)/“'CU”. )
His™ |~ ~O™ 7| THis desoxy

His His

(0]
N Cx
i 1 o

His, ! 1 His

oyl Lo +H,0
N 2

+H*
2 H* His M his

Figure 8. Bio catalytic activities of tyrosinase depicted as two interpenetrating cycles. Redrawn
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



substrates.*® However, Decker et al. revealed an oxidizing performance of
3D F W L hénwidytahin in some chelicerates.!*”!

1.5 Cu/O;, 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.® Particular interest is placed on the productions of
commercially crucial chemicals, such as phenol or adipic acid.®**® 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(l) unit to form a binuclear species, often a peroxido complex (Scheme 2 and
Figure 3).53

1.5.1 Mononuclear Model Complexes

Mononuclear systems mimic the features of non-coupled binuclear copper active
sitesin 3+0 DQG '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 Ewith the dx2.,2 orbital
leading to a larger orbital splitting which overcomes the spin repulsion (Figure 9B).1°!
However, if the energy difference is not large enough, the triplet spin state
remains.®™ The first side-on 2-superoxido was isolated and characterised by
Kitajima and co-workers in 1994.%% 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.®**® Further

raising of the dy2.,2 orbital with stronger donor ligands leads to a copper(lll) species
and a peroxide anion (Figure 9C).*®5 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).*!
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Figure 9. Molecule orbital scheme of mononuclear copper oxygen centres, A l—superoxido (end-on),
B 2—superoxido (side-on), C 2—peroxido (side-on). The end-on species possesses a triplet spin state,
side-on complexes generally a singlet spin state. Redrawn according to reference (26l

However, copper *-superoxido complexes best model compounds for the active site
of non-coupled binuclear enzymes such as PHM and D M. Especially the research
group of Karlin was quiet successful in the field of mimicking these oxygen adducts
by stabilizing the superoxido intermediate (Scheme 2).52%%%8 For this purpose the
ligand tmpa (tris(2-pyridylmethyl)amine, Figure 10, left) was modified:***” The

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 D M could be
synthesized by replacing a nitrogen donor with a thioether. Dioxygen will be activated

in a superoxido fashion which features H-abstraction capability.[**"

Since activated PHM and D M 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 (LP"®),

Figure 10, middle). The activated complex also possesses H-abstraction abilities.®**
64]



The first structural characterization of an end-on superoxido copper complex was
performed by the research group of Schindler. Stabilization was achieved using the
TMGgstren ligand (tris(tetramethylguanidino)tren, Figure 10, right) which contains

S.[65,66]

sterically bulky superbasic guanidine residue In solution the complexes

exhibits a reversible oxygen binding ability. The activated oxygen complex also

performs H-abstraction.*8"!
| N X \N/
_N
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tmpa LPhe(H) TMGatren

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,
electron donating or H-bonding residues.® Middle : tridentate nitrogen ligand reported by Itoh and co-
workers, which mimics structural backbone of PHM without strong steric and electronic effects. X
implicates electron withdrawing or donating groups.[e‘” Right: TMGatren, reported by the research
group of Schindler which supports the structural characterization of copper superoxido complexes with
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:®® 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.'®”!

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.



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.®¥ The
activation of oxygen mainly occurs in three different ways: p- % 2-peroxido (side-on),
trans- -1,2-peroxido (end-on) and bis(p-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)."” 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).l"!

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

A p- 2 2-peroxido species can be converted into a bis(p-oxido) form by changing the
solvent, the ligand (geometry, steric influence, electronic effects) and the anion. A
lowered energy of the peroxido I* orbital leads to a cleavage of the dioxygen
bonding. Simultaneously the copper centre will be oxidized (Cu(ll) to Cu(lll)).23"?
Tolman and co-workers demonstrated that an equilibrium can exist between both

species.[®!

Current studies on particulate methane monooxygenase (pMMO)
suggested that mixed valence copper bis(y-oxido) intermediates are involved in the

active site.["!



Due to its electrophilic character bis(p-oxido) species are able to perform aromatic
hydroxylation.”®’ Holland et al. demonstrated the internal sp®-hydroxylation of an
aromatic ligand.l”® Schonecker et al. enhanced this synthesis to a regio and stereo
selective -hydroxylation of a non-activated CH, group. Furthermore his method
allowed the conversion of substrates which can be separated from the ligand via
cleaving an imine bonding.l”® Based on these findings Becker et al. enhanced this
tlip-and-clekave” FRQFHSW WR WKH K\@dir{edalhphatidRCH BRHhdQIR Q
aldehydes (Figure 12).'’¥° 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.!”® %2
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Figure 12. Mechanism of ligand hydroxylation via a bis(p-oxido) intermediate. The products will be
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 p-1,2-peroxido copper complex
utilizing tmpa ligand (see Figure 10, left).®¥! Since there is no additional interaction
between the antibonding I* 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.*

Despite the enhancement of bond strengths and the nucleophilic character of the

peroxido molecule, reactivity against CH-bonds was detected:®¥ Lucas et al.



synthesized copper(l) 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.
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Figure 13. Left: electronic structure of the copper end-on peroxido species. EPR measurements
revealed an antiferromagnetic coupling of the copper centres.” Right : crystal structure of [Cu(tmpa)]”
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."® Wiirtele
et al. finally stabilized a solid copper end-on peroxido species by utilization of the
sterically demanding anion tetraphenylborate.®® It was directly obtained by treating
the solid copper(l) 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.®¥ 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(pu-oxido) species which possesses the necessary
electrophilicity.®”’ 2. Decomposition into a copper(l) complex and another end-on
superoxido species which is responsible for hydrogen abstraction and the
subsequent benzaldehyde formation.®* 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. [



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.
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Figure 14. Mechanism describes two proposed pathways of toluene oxygenation through an end-on
peroxido species: A hydrogen abstraction occurs via bis(p-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(l) ligand (accessible due to equilibrium) and
formation of bis(u-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(l) complex will be released. Redrawn according to
reference 45"
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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.®® Further

it serves as a basic chemical for medicine (e.g. ephedrine) or flavour materials (e.g.



cinnamic aldehyde).®*"! Next to vanillin, benzaldehyde is the second most produced
flavour feedstock worldwide (~90.000 t/a).!?

Benzaldehyde naturally occurs mostly chemically bonded in foods or some organic
substances.®® Liebig and Wahler therefore succeeded in the first extraction from
bitter almond oil.®* Although the natural occurrence does not satisfy global demand,
attempts are still being made to make these sources usable.® 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).1°"!
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Figure 15. Top: chlorination of toluene with subsequent hydrolysis.®® Middle : air-oxidation of toluene
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 gas-
liquid reaction.®®1%! Selective conversions to benzaldehyde up to 30% using
ammonium vanadate as a catalyst have recently been reported.!® Furthermore,
photocatalytic reactions using a titanium-oxide cluster have been described this year

and thus indicate the current interest in this project.'%? Despite these efforts, the



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.!%%! 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.!®! 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.[°1%! |n field of biological chemistry the immobilization of
enzymes is well established."®® In addition, applications of immobilized complexes
for wastewater purification or CO- fixation are conceivable."**** |n 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)



immobilization.'** 6]\P D V metDal. 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.!*%®

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 self-
decomposition and furthermore stabilizes the active species. The immobilization of
model substances by various methods have already been reported.™®® For example
Aratani et al. described a simple way of immobilization by cation exchange with a
catalytic active manganese tmpa complex on mesoporous silica f#alumina.™? 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(p-oxido) complex on

silica nanoparticles, which was also able to selectively oxidize toluene.!**!

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):* 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.**®! 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.**® 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,



the active materials must have multiple ends for condensation with the surface
material in order to form a common network. Using this method, Suspéne et al.
incorporated a complex by means of a modified tren ligand in a mesoporous

material.[**]
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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).
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.**®
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



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.***?” The most common surface material, however, is silica gel (SiO,),
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.?>*?) 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.*?*?® 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.'** Adequate

reaction conditions (e.g. no moisture) are essential.



2. Research Goals

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 Wadrtele et al.,, with the aid of a binuclear copper end-on
peroxido complexes, using tetradentate tripodal ligands based on the tmpa
system.®® 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.*!
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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 self-
decomposition 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 D M,
should have a higher reactivity and selectivity towards the methyl group of toluene.

Furthermore, by functionalizing pre-synthesized silica monoliths, the suitability for use



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.

72\ symmetric:
R N= uns-penp; R4=R,=H
1N Me,uns-penp; R1=R,=Me
R; _\—N N— Et,uns-penp; R1=R,=Et
Prop,uns-penp; R4=R,=Prop
\_/ iPropsuns-penp; R4=R,=iProp
asymmetric:
7\ Me-Et-uns-penp; R4=Me; R,=Et
| N= Me-Prop-uns-penp; R4=Me; R,=Prop
N~\_ Et-Prop-uns-penp; R4=Et; R,=Prop
N N— Me-iProp-uns-penp; R1=Me; R,=iProp
(T \ / Et-iProp-uns-penp; R4=Et; Ry=iProp
Fe?* redox active:
LSy Ferrocene-Me-uns-penp; Ry=Me; R,=methylferrocene

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.
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A new derivative of the ligand (2-aminoethyl)bis(2-pyridylmeth-
yl)amine (uns-penp), capable for covalent immobilization on
silica, was synthesized. Silica powder for column chromatog-
raphy and mesoporous monoliths served as surface material.
Functionalized silica was sufficiently characterized with reflec-
tance UV/Vis and FTIR techniques. Copper(l) was successfully
complexed with the immobilized ligand and exhibits reversible
reactivity towards dioxygen at low temperatures. Suspending
the oxygen species with toluene at low temperatures led to
selective oxygenation to benzaldehyde, determined by GC-MS.

Introduction

Benzaldehyde is an industrially important chemical and thou-
sands of tons are produced per year. It is used for a wide range
of products such as dyes, drugs, cosmetics and foods."” It has
been first synthesized by Wohler and Liebig and since then
several ways of commercial fabrication have been established.”
The Gattermann-Koch synthesis, the chlorination of toluene
with subsequent hydrolysis of the intermediate product and the
direct oxygenation, catalyzed by transition metal oxides, are
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Copper(l) complexes with the ligands Me-PTS-uns-penp and
Me-Prop-uns-penp were prepared and characterized to model
the reaction behavior towards dioxygen in solution. Addition-
ally, solid copper peroxido complexes with these ligands were
obtained by precipitation with the sterically demanding anion
tetraphenylborate. Furthermore, these complexes could be
obtained in a reversible reaction by treating corresponding
copper(l) complexes with dioxygen. With all oxygenated copper
complexes catalytic oxidation of toluene was observed.

currently the most common procedures®* However, these
synthetic routes show some noticeable drawbacks: on the one
hand, toxic reactants and catalysts are required and on the
other hand, a range of side products due to overoxidation are
formed. Furthermore, the huge consumption of energy and the
necessary steps for product separation should be mentioned.
Efforts to improve the industrial process have been reported,
e.g. Gast etal. reported a catalyst-free method for direct
oxygenation by treating toluene with dioxygen at high
pressures and temperatures.” However, again no selective
oxygenation could be achieved. With regard to sustainable
chemistry, it would be desirable to synthesize benzaldehyde
directly without waste/side products by selective oxidation of
toluene at room temperature using a catalyst and dioxygen/air
as the sole oxidant. Several copper containing enzymes exist
which are capable to selectively oxygenate organic substrates
under mild conditions, for example dopamine-$-monooxyge-
nase (DSM), peptidylglycine-a-hydroxylating monooxygenase
(PHM) or tyrosinase.” Modelling the reactivity of the copper
enzymes with low molecular weight complexes therefore is a
worthwhile approach to succeed in an optimized process for
the synthesis of benzaldehyde. Different “dioxygen adduct”
complexes as active species can form when a copper(l)
compound is reacted with dioxygen. Some examples are shown
in Figure 1.

Copper(l) complexes with the tetradentate ligand tris(2-
methylpyridyllamine (tmpa) as well as its derivatives (Figure 2)
react with dioxygen to form a trans-u-1,2-peroxido species
(Figure 1b). The molecular structures for the two complexes
[LCu(O,)Cull** (L=tmpa and Megtren, Figure2) have been
reported previously.”® While this binding motif has not been
observed in nature so far (side-on, u-1%n’-peroxido, Figure 1e, is
here preferred) it turned out that complexes of this type are
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Figure 1. Examples of copper “dioxygen adduct” species: (a) end-on
superoxido, (b) trans-u-1,2-peroxido, (c) n'-hydroperoxido, (d) side-
on superoxido, (e) u-n*n’-peroxido, (f) bis(u-oxido).
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Figure 2. Tripodal ligand tmpa and derivatives: uns-penp
(R=R,=H), Me,apme and Metren.

capable to catalytically oxidize toluene selectively to
benzaldehyde.”'” Karlin and co-workers demonstrated that this
reaction could be performed in solution at low temperatures
with yields of up to 40%"" The anion tetrakis
(pentafluorophenyl)-borate was applied to achieve higher
solubility to perform the reaction under homogeneous con-
ditions. Around the same time, it was observed that it is
possible to dramatically stabilize some of the trans-u-1,2-
peroxido copper complexes with (some) tripodal ligands in the
solid state by using tetraphenylborate as an anion.” These
complexes were stable up to temperatures of +100°C in the
solid state and therefore seemed to be promising for heteroge-
neous catalytic oxidation of toluene. While this turned out to be
correct, yields still remained rather low and did not exceed 20%
for the copper/tmpa system that turned out to be most suitable
for this application.

With regard to these findings, it was decided to immobilize
tripodal copper complexes to optimize the catalytic system. As
a sustainable carrier material, mesoporous silica was chosen
that has been thoroughly investigated during the last years. It
has been used to a large extent as grafting material and
therefore has a number of advantages.""'? Due to its wide
application, various linking reagents are available on the
market, suitable for a wide range of functionalization. Further-
more, it is resistant against organic solvents in contrast to
organic surface materials such as polystyrene. Its thermal
resistance and low costs are important features as well."*'"
Additionally, the generally high surface area is an advantage
and the pore structure can be tailored towards the application.

The major goal would be to covalently graft an active
complex onto a silica surface of a so-called silica monolith

(Figure 3). Its mesoporous structure in a network of macro pores
are features of such a monolith for an application in a flow
reactor. While the meso pores containing a large surface for a
maximum of immobilization a regular network of macro pores
is advantageous for the mass flow of the substrate through the
monolith. This would allow the construction of a flow reactor in
which the substrate and oxidant (dioxygen/air) would be
combined in a solvent and passed through the monolith. As a
consequence, the reaction would be clean (no fragments of
catalyst decay) and only very few separation steps would be
necessary. Moreover, after the oxygenation the complex could
be easily reactivated by a reducing agent.

Results and Discussion

In general, there are two established immobilization/grafting
processes to obtain functionalized silica: 1. The whole ligand
gets incorporated into the silica framework in form of its metal
complex. For this purpose, a mixture of the “linkable” complex
with a tetraalkoxysilane is hydrolyzed in basic media, leading to
a solid silica compound containing the active material. For
example, Suspéne etal. used a tren-based ligand system
(Figure 4a) incorporated into a mesoporous silica framework.
The immobilization thus allowed stabilization of a copper
oxygen adduct compound that was reversibly formed."” In a
slightly different way a copper(ll) tmpa complex has been
incorporated into mesoporous silica-alumina (Al-MCM-41) and
the obtained material had been used for catalytic hydroxylation
of benzene to phenol using hydrogen peroxide as an oxidant."®

2. Alternatively and more common is the approach to
covalently graft the active materials onto an actual silica
surface, usually silica gel. In addition, it is possible to precast
the surface material into a suitable shape for further applica-
tions such as a monolith that could be used in a flow reactor
(Figure 3). Two different synthetic routes can be applied to
achieve this: a) first the linker will be attached to the silica
surface and in a second step it will be reacted with the actual
ligand prior to adding a metal salt to form the final active

Substrate

Figure 3. Functionalized silica monolith placed into a flow-reactor.
Small picture at the right shows the silica monolith.
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Figure 4. (a) tren derivative for incorporation into silica
framework,"*' (b) approach with pre-condensed linker on silica
surface with subsequent attachment of a ligand,"”(c) approach
with pre-combination of a linker with the ligand and subsequent
condensation."®

material. This has been accomplished e.g. for the attachment of
the macrocyclic ligand cyclam (Figure 4b) to coordinate cobalt
ions and further bonding to an enzyme."” However, problems
have been observed using this method with amines that can
strongly bind to the surface of the silica and then are not
available anymore for combination with the linker."® For that
reason it seems preferable to apply method b) attaching the
linker with the ligand prior to grafting on the surface of the
silica. For example, this method was applied for covalently
grafting palladium complexes onto a silica surface to perform
Heck reactions (Figure 4c).""®

Based on the previous results we chose (2-aminoethyl)bis(2-
pyridylmethyl)amine (uns-penp, Figure 2, R=H) as a ligand for
the combination with a suitable linker for the attachment at the
terminal amine group. The ligand uns-penp has been first
reported by Mandel et al. and has the advantage that it can be
easily modified.”” A kinetic study has been performed in the
past on the reaction of [Cu(Me,-uns-penp)]” (Me,-uns-penp,
Figure 2, R=Me) with dioxygen.?" Very similar to copper(l)
complexes with tmpa or Megtren as ligands it reacts according
to equation 1 (L=Me,-uns-penp) in a first step to an end-on
superoxido complex prior to its reaction with a second copper
(I) unit to form a dinuclear end-on peroxido complex (Figure 1).

+0,

+Cu'
p— 0

e o0 — oot (1)

The hydrogen atoms of uns-penp need to be substituted by
organic groups to obtain persistent peroxido complexes. If
amine hydrogen atoms are present in the ligand system,
hydrogen peroxide can be formed that would lead to quite

different reaction behaviour, usually involving radical pathways
initiated by hydroperoxido complexes. Therefore, prior to
modify uns-penp with silyl linker groups, one of the amine
hydrogen atoms was substituted by a methyl group leading to
Me-uns-penp (Figure 5).

Syntheses

The preparation of Me-uns-penp is a bit more of a challenge in
contrast to the facile synthesis of uns-penp or Me,-uns-penp.
While a reductive alkylation reaction with formaldehyde
allowed access to it, yields were very low and a large number of
side products were obtained.”” A different synthetic approach
based on selective protecting and deprotecting reactions of the
fundamental methyl-ethylene diamine structure, followed by
reductive alkylation performed according to the literature
allowed to obtain Me-uns-penp in satisfying yields.?*?*!

To enable Me-uns-penp for condensation and for covalent
bonding on a silicon dioxide surface several silica linkers are
commercially available that allow a large number of different
possible reactions.”” Alkoxy silane linkers are commonly used
for immobilisation on silica surfaces: on the one hand they can
be managed quite well to obtain sufficient grafting quantities,
on the other hand a lot of derivatives, suitable for a large
number of different reactions are known and available.”” In
here, application of a silane linker containing an alkyl group
with a terminal halide suitable for amine attachment was
chosen. As the most common silane linkers contain more than
one alkoxy group at the silicon atom, there is the possibility of
self-condensation between the linkers/ligands (frameworking)
in the presence of moisture as shown in Figure 6.%” This effect
can easily suppress a statistical distribution of the immobilized
compounds on the surface of the solids and a distal grafting of
the complexes would not be possible.”” The commercially
available mono alkoxy linker (3-chloropropyl)dimetylmethoxy
silane (CPDMS) was chosen as suitable starting material for
immobilization. A comparison of both linker molecules is shown
in Figure 6.

The substitution at the precursor ligand led to the product
(2-methyl-(3-propyl)dimethyl-methoxysilane-aminoethyl)bis-(2-
pyridylmethyl)amine (Me-PDMS-uns-penp, (Figure 5). However,
this silane linker as well can undergo self-condensation. In

Y Y
= Z = Z
& N X, ) 0. N X l
N/\/ N - 51/\/\N/\/ N
H 7 |
Me-uns-penp Me-PDMS-uns-penp

SN SN
‘ Z Z ‘ Z =
) 2
DL D
Me-Prop-uns-penp Me-PTS-uns-penp

Figure 5. Precursor ligand Me-uns-penp and its derivatives for
immobilization and solution experiments.
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Figure 6. Top) Different grafting behaviour of the silane linker, L is
the chosen ligand, (a) mono alkoxy silane linker units that are not
capable of frameworking. It allows a roughly statistical distribution
on a flat surface (b) frameworking of poly alkoxy silane linker units
caused by self-condensation with subsequent immobilization.
Bottom) Reaction of moisture with a mono alkoxy linker attached
to a ligand (c) dimerization caused by self-condensation. (d)
exchange of alkoxy anchor groups with hydroxyl groups.

contrast to its multi alkoxy silane derivatives, there is no prior
frameworking but dimerization could still occur that would
exclude the ability for grafting. (Figure 6¢).”” Furthermore, the
loss of the alkoxy group and a subsequent exchange with a
hydroxyl group could be observed (Figure 6d).

Therefore, all chemicals were properly dried and all
preparations were carried out under inert conditions in a glove
box. As the terminal carbon-chlorine bond of the CPDMS linker
does not feature a sufficient reactivity towards the secondary
amine of the Me-uns-penp ligand, an exchange through a
better leaving group through a Finkelstein reaction was
necessary.”® The halide exchange as well as the linker attach-
ment at the ligand were performed in a one-pot reaction in
acetonitrile similar to reactions described previously."**! Con-
trolling the reaction via ESI-MS, after linker addition was
completed, revealed that besides the product mass peak,
dimerization and hydroxyl exchange of the silane group had
occurred (bottom of Figure6). A separation via column
chromatography or by distillation did not lead to a satisfying
yield of pure product. However, the mixture could be purified
by cleaving the dimeric silanol by adding one equivalent of
sodium methoxide and an excess of dimethyl carbonate.””
Afterwards ESI-MS showed only the desired product mass. Even
the hydroxy groups were converted under the basic conditions
leading to the methoxy silane product. This step must be
specifically highlighted as it represents the “bottle neck”
reaction, which was fundamental for a pure product that
precedes a reproducible grafting result and therefore to
successfully apply it in catalysis. The overall synthetic procedure
is presented in Figure 7.

Prior to immobilization of Me-PDMS-uns-penp a test
reaction was performed if this modified uns-penp ligand system
is still capable to support formation of copper “dioxygen
adduct” complexes that could become useful for catalytic
oxidations. Due to the extreme sensitivity of Me-PDMS towards
moisture two analogues of this ligand, Me-PTS-uns-penp and

Z N
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Figure 7. Synthesis of Me-PDMS-uns-penp ligand in a one-pot
reaction: 1. linker attachment with prior halide exchange 2. side
products were converted back into the desired species.

Me-Prop-uns-penp (Figure 5) were prepared. Copper(l) com-
plexes from both ligands were synthesized and molecular
structures of both complexes, [Cu(Me-PTS-uns-penp)]BPh, and
[Cu(Me-Prop-uns-penp)]BPh, are presented in Figure 8 (Crystal-
lographic data are reported in the Supporting Information).

It could be confirmed by low temperature stopped-flow
measurements, that both copper(l) complexes reacted with
dioxygen according to equation 1 described above. Time
resolved spectra of the reaction of Cu(Me-PTS-uns-penp)lBPh,
with dioxygen in acetone are presented in Figure 9 and is very

‘ . 2:‘&2-— PR

Figure 8. Molecular structures of the cations of [Cu(Me-PTS-uns-
penp)1BPh, (left) and [Cu(Me-Prop-uns-penp)]BPh, (right). Ellipsoids
set at 50% probability; the anions, H atoms, and solvent molecules
are omitted for clarity. Carbon: black; nitrogen: blue; silicon: red;
copper: brown.
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Figure 9. Time resolved spectra of the reaction of [Cu(Me-PTS-uns-
penp)]1BPh, with dioxygen in acetone at —81.0°C ([complex]-
=2.0x10*M, [0,]=4.4x 10 * M, total time: 250 s). At 414 nm the
spectra shows the decreasing intensity of the superoxido inter-
mediate. 535 nm shows the increasing intensity of the final
peroxide complex. Time trace at the upper right shows decom-
position of the superoxido species.
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similar to the reaction of [Cu(Me-Prop-uns-penp)]BPh, with
dioxygen (reported in the Supporting Information). Further-
more, the reaction behavior is in excellent agreement with
previous reports on other copper complexes with tripodal
ligands.”"*'**) The decomposition of the copper superoxido
complex can be followed by the decrease of the absorbance
maxima at 414 nm (Figure 9, inset). The disappearance of this
band and an increase of a band with a maximum at 532 nm is
the formation of the consecutive reaction to the dinuclear
copper peroxido complex (eq. 1).

While it is difficult to crystallize either an end-on superoxido
or end-on peroxido intermediate complex (only a few examples
have been reported in the literature)®***” it is quite easy to
obtain and crystallize related copper(ll) chlorido complexes as a
model compounds for these intermediates.”® Herein it was
possible to crystallize [Cu(Me-Prop-uns-penp)ClICIO, and its
molecular structure is shown in Figure 10. Crystallographic data
are reported in the Supporting Information.

In contrast to other structurally characterized copper(ll)
complexes with uns-penp derivatives as ligands the copper
centre in [Cu(Me-Prop-uns-penp)CIICIO, is not coordinated in a
square pyramidal manner but in a trigonal bipyramidal
geometry with a 7 value of 0,83.""

An essential intention of this work was to obtain an end-on
superoxido copper complex by suppressing the consecutive
formation of the dinuclear copper peroxido complex according
to equation 1. This would allow a better modelling of the active
site of dopamine-f3-monooxygenase (DSM) and peptidylglycine-
a-hydroxylating monooxygenase (PHM) and might result in a
more active species with higher yields in catalytic toluene
oxidation. While an end-on superoxido copper complex can be
stabilized with a sterically more demanding ligand it further-
more should be possible to achieve this stabilization through
distal immobilization of the mononuclear copper units on a
silica surface.”**” Therefore, the application of a trialkoxy silane
linker was inapplicable due to its tendency towards
frameworking.®” Ligands attached in such a pre-grafted frame-
work may possess distances that would be too short to exclude
formation of peroxido complexes.

This strategy has been applied successfully in the past for a
mononuclear cobalt imine complex. Investigations with “model”
complexes for the actual silyl-based units allowed in the process
structural characterization of an end-on superoxido cobalt
complex.” Immobilization then proved the ability of this
complex unit to catalytically oxidise n-alkanes.“?

oo
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Figure 10. Molecular structure of the cation of [Cu(Me-Prop-uns-
penp)Cl]CIO,. Ellipsoids set at 50 % probability; the anions, H atoms,
and solvent molecules are omitted for clarity. Carbon: black;
nitrogen: blue; silicon: red; copper: brown.

Immobilization

Common silica powder used in column chromatography
(Kieselgel 60 M) was prepared for surface functionalization by
refluxing it in concentrated hydrochloric acid for 24 hours and
subsequent drying at 150 °C according to the literature."®* This
procedure insured sufficient supply of silanol groups, which
serve as anchor positions for ligand condensation. Besides, it
removes potential impurities such as grease and side products
of the fabrication process. Physisorption measurements with
nitrogen of the activated silica gel determined a specific BET
(Brunauer-Emmett-Teller) surface area of 348 m’/g (Table S1,
Supporting Information). As described above, the spatially
separated immobilization of the ligands should prevent the
formation of dinuclear peroxido copper complexes. To manage
the required distance, an immobilization of only one ligand
molecule per 4 nm? was attempted. Geometrical basis of this
surface concentration is the distance of 0.738 nm between the
silicon atom of the propylene arm and the coordinating
nitrogen atom, positioned between both methyl pyridyl
residues, into a Cu(l) complex with the Me-PTS-uns-penp ligand.
A schematic drawing is pictured in Figure 11.

A statistical distribution of the ligand at the surface was
assumed by the applied concentration of the reaction suspen-
sion containing ligand and the surface material. In accordance
with the Zhuravlev model, a number between 4.6 and 4.9 OH
groups per nm’ exists on silica* Therefore, an adequate
amount of silanol groups is available for this assumption.
Quantification of the resulting reaction solution via transmission
UV/Vis spectroscopy shows that almost all molecules were
successfully grafted on the silica surface (94%, Figure S4,
Supporting Information). However, applying twice the ligand
concentration led to a grafting of only 83% (Figure S4,
Supporting Information). Despite the fact that more hydroxyl
groups should be available the silica surface seems to be
completely functionalized/saturated. One of the reasons for
that effect may be the sterical hindrance of the ligand itself that

L4

Figure 11. Schematic drawing of the immobilized copper(l) com-
plex with the Me-PDMS-uns-penp ligand. The double-arrow illus-
trates the distance between the silicon anchor and the axial
nitrogen atom. The red circle is an assumption of the rotational
effect on the surface. The inset shows the molecular structure of
the cation of [Cu(l)(Me-PTS-uns-penp]BPh,.
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makes a further/additional consumption of the silanol groups
through immobilization impossible. In addition, pores, which
were blocked by an immobilized ligand at the entrance, cannot
be accessed by ligand molecules anymore. Physisorption
measurements of the functionalized material resulted in a
reduction of the BET area with regard to the starting surface:
Me-PDMS-uns-penp grafted an area of 47 m%/g, a loss of 14%.
Applying twice the concentration as described above grafting
of 72 m*/g (—21%) was detected confirming the results of the
UV/Vis quantification.

FTIR measurements using diffuse reflectance technique
DRIFTS reveal an immobilization on the silica gel with the Me-
PDMS-uns-penp ligand (Figure 12). Comparison with untreated
silica shows a decrease in intensity of the silanol band
(3734 cm™). Spectra with an enlarged area of interest are shown
in the Supporting Information. Furthermore, the bands with low
intensity between 2965 and 2907 cm ' as well as between 1470
and 1430 cm ' indicate the presence of an aliphatic group. The
bands of the pyridyl groups with high wavenumbers cannot be
seen due to the huge silanol absorption, however, the bands
between 1600 and 1570 cm ™' are visible. Bands at 1245 cm™’
and 837 cm ' are slightly visible. They indicate the Si—CH,

el \ﬁ'\‘
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Figure 12. DRIFTS measurements of pure (black line, bottom) and
functionalized (red line, top) silica gel. The band at 3734 cm ' is
missing for the functionalized sample what indicates a successful
immobilization.
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Figure 13. Comparison of DRIFTS spectra (red line, top) of function-
alized silica gel with Raman spectra (black line, bottom).

groups, assigned to the presence of the ligand. The additional
Raman spectra underline the successful covalent bonding
(Figure 13). Some of the data obtained from the DRIFT spectra
became clearer from the Raman measurements: the pyridyl
band at 3068 cm ' became much more visible and the band of
the Si—CH, groups is more distinct as well (1245 cm™'). The
missing band of the Si—OCH; group at 1085cm ' is an
indication of the covalent Si-O-Si bonding on the silica
surface.* Treatment of silica with the model ligand Me-PTS-
uns-penp did not lead to comparable spectra, which proved the
necessity of an anchor group to perform a successful immobili-
zation.

A comparison of the surface investigation with the ATR
spectra of the free model ligand Me-PTS-uns-penp is reported
in the Supporting Information. Diffuse reflectance UV/Vis
measurements showed two absorption maxima at 205 and
260 nm what is supposed to be a n/m—ax* transition of the
pyridyl part of the ligand (Figure 14).¢)

As described above monoliths based on mesoporous silica
were applied as well to test for further applications in a flow
reactor. Monoliths were synthesized by sol-gel procedures
(“Nakanishi process”) as described previously.””-* In contrast to
the procedure applied with silica powder described above the
monoliths were not treated with concentrated HCl because
these rough conditions could cause damage to the cylindrical
shape. No further purification for the monoliths was performed
to avoid deformation. The monoliths were dried at 150°C
overnight. They were obtained with a specific surface of
360 m?/g. Complexing experiments revealed that only the
mantle of the monolith was functionalized due to the
immobilization procedure: to functionalize its surface the
monolith was placed into a special Schlenk tube with a double
bottom to separate the stirring bar from the fragile structure
(Figure S10, Supporting Information). UV/Vis quantification of
the solution after the reaction showed almost complete ligand
consumption (detailed spectra of the surface investigation are
reported in the Supporting Information).

Figure 14. Diffuse reflectance UV/Vis measurements: Pure (black
line) and functionalized silica (red line). Functionalized species
shows a clear band at 205 and 260 nm caused by t—* transition
of the pyridyl groups of the ligand.
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Complexation

To determine the actual complexation ability of the grafted
ligands and therefore a quantification of the desired catalytic
properties, an excess of Cu(ll) triflate was suspended into
acetonitrile under inert conditions with a defined amount of
functionalized silica gel. The silica powder apparently showed a
change in colour from colourless to a light blue colour which is
evidence of its complexation ability. However, a determination
of the consumption of copper ions via UV/Vis measurements
was not possible due to the low extinction coefficients in
solution. Investigations with diffuse-reflectance UV/Vis revealed
the ligand w—a* transition as described above together with a
shoulder at 288 nm and a broad maximum around 700 nm,
typically for d-d transitions of copper(ll) ions (Figure 15).""
Longer exposition with the complexation solution (stirring for
ca. one hour) led to a green powder. The green product showed
an additional maximum at 421 nm. Most likely the copper
complexes reacted with free OH-silyl groups to form copper
silicate bonds (Cu—O-Si) after deprotonation. Exposure to air
yielded again a blue coloured solid after a couple of days that is
comparable in appearance with the blue coloured immobilized
complex described above. Treating immobilized copper(ll)
triflate in acetonitrile with sodium methoxide what act as an
analogue of the proposed Si—O species immediately led to a
green powder. Washing the sample with acetonitrile caused a
colour change to a blue colour as well, which is evidence for a
ligand exchange at the fifth coordination position at the copper
centre.

Copper(l) complexes with triflate or hexafluorophosphate as
anions were attached in the same way as the copper(ll) salt
leading to light yellow air sensitive powders similar to a
previous report on the copper(l) complex with the ungrafted
ligand Me,uns-penp.”’

Figure 15. Comparison of copper complexes on functionalized
silica: blue and green lines show the spectra of the blue and green
coloured Cu(Il)triflate complexes. The orange coloured spectrum
shows the absorbance of the immobilized copper(l) triflate complex
after its reaction with dioxygen. The red line shows the spectrum of
the immobilized copper complex on a ligand-saturated silica
surface.

Reactivity towards Oxygen

As described above, time resolved UV/Vis spectra obtained in
solution for the oxygenation of the complexes [Cu(l)(Me-PTS-
uns-penplBPh, and [Cu(l)(Me-Prop-uns-penp]BPh, showed the
formation of transient superoxido and peroxido complexes.
Therefore, it was assumed that these reactions could take place
in the solid state as well, similar to findings reported
previously.”” The sterically demanding anion tetraphenylborate
allowed precipitation of peroxido copper complexes from
solution that turned out to be extremely stable.”” In comparison
with these compounds the new complexes reported in here
were much less stable in the solid state. Overnight, the
characteristic blue/purple colour of the 1,2-peroxido species
had faded and a grey coloured solid remained. Reflectance UV/
Vis spectra revealed - as expected - the lack of the absorbance
of a peroxide species (Figure-S11+-S12, Supporting Informa-
tion). In contrast and as reported before, the complex with the
symmetric substituted Me,uns-penp as a ligand kept the blue
colour quite persistently.””’

The blue coloured copper peroxido complexes could also
be obtained by exposure of the corresponding solid copper(l)
complexes towards dioxygen. However, treating the solid
model compounds [Cu(l)(Me-PTS-uns-penp]BPh, and [Cu(l)(Me-
Prop-uns-penp]BPh, with dioxygen turned the yellow coloured
complexes into green coloured solids instead (Figure S13,
Supporting Information). While the colour change indicated the
formation of an end-on superoxido copper complex UV/Vis
spectra did not really support this. Reflectance UV/Vis spectra
showed a single maximum around 330 nm (Figure S14, Sup-
porting Information) and not at around 410-440 nm where it
would have been expected for a superoxido species.”"*?
Keeping the complexes under an argon atmosphere the green
colour changed back into a light yellow coloured solid within
days. The colour change could be accelerated by moderate
heat (~50°C) under an argon flow within minutes (Figure S15,
Supporting Information). The green colour however, could be
reestablished by treating the complexes again with dioxygen,
therefore demonstrating reversible reactivity. Further character-
ization of the green coloured solid has been unsuccessful so far.
In contrast, the copper(l) complex with Me,uns-penp as ligand
exhibits two maxima at 318 nm and 540 nm after exposure to
dioxygen (Figure S14, Supporting Information) clearly showing
the formation of the blue/purple dinuclear peroxido complex
[(Me,-uns-penp)Cu(0,)Cu[(Me,-uns-penp)]> *.1*

Immobilized [Cu(uns-penpymqy)](OTf) as well shows a strong
sensitivity towards dioxygen: at room temperature the yellow
powder immediately turned irreversibly into a light blue
coloured solid, resembling the copper(ll) product complex
described above with the same spectroscopic features (Fig-
ure 15, orange and blue spectra). In contrast when the complex
was reacted with dioxygen at —80°C a dark green solid was
formed. Flushing the reaction vessel with argon led back to the
yellow coloured copper(l) complex. This process can be
repeated for several times (Figure 16) until the compound is
warmed under dioxygen that again led to the irreversible
formation of the blue compound (Figure 15, orange spectre).
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Figure 16. Reversible reaction of the immobilized copper(l) complex
with dioxygen at low temperatures (—80°C).

Attempts to reactivate this compound, most likely a copper(ll)
species, by reducing it with ascorbate as described previously
were not successful.**!

Due to the instability of the “oxygen adduct” complex at
moderate temperatures no spectroscopic characterization could
be obtained so far. Due to the green colour of the compound
the formation of a end-on superoxido complex is proposed.
Efforts to obtain the proposed superoxido species by addition
of KO, (in combination with cryptand[2.2.2]) to an immobilized
copper(ll) complex, according to a procedure described by
Bailey et al. failed.*”

The monolith was treated in the same way as the
functionalized silica powder and showed the same reactivity
towards dioxygen at low temperatures.

Catalysis

In general, all catalytic reactions were performed heterogene-
ously. For this purpose, the solid copper complex was
suspended in a defined volume of toluene. In case of the model
complexes, oxygen treated solid [Cu(Me-Prop-uns-penp)]BPh,
and [Cu(Me-PTS-uns-penp)]BPh, were suspended with toluene
and stirred at room temperature. Due to the sensitivity at
moderate temperatures of the immobilized copper oxygen
species, [Cu(uns-penp;,mep)] it was treated with dioxygen at
—80°C, covered with toluene and kept at this temperature for
120 h. Afterwards the toluene layer was separated by applying
a PTFE syringe filter (pore size 20 um). The products were
determined by GC-MS technique. GC-MS data and a more
detailed description of the procedure are reported in the
Supporting Information. Table 1 shows the results and reaction
conditions. Obviously, all compounds exhibit a catalytic activity
towards the oxidation of toluene. The catalytic activity of the

“free” complexes [Cu(Me-Prop-uns-penp)]BPh, and [Cu(Me-PTS-
uns-penp)lBPh, is in accordance with the results for [Cu-
(Me,uns-penp)Ol,(BPh,), (that reached a conversion to benzal-
dehyde of 15%) reported previously by Wiirtele et al.”!

It should be pointed out however, that the proposed green
coloured copper superoxido complexes [(Me-Prop-uns-penp)
Cu(0,)1BPh, and [(Me-PTS-uns-penp)-Cu(0,)]BPh, do not seem
to be involved in the catalytic oxygenation process in contrast
to our expectations. Deep blue solids, obviously the peroxido
complexes [Cu(Me-Prop-uns-penp)O],(BPh,), and [Cu(Me-PTS-
uns-penp)O],(BPh,), were formed once the corresponding
copper(l) complexes were suspended in toluene under dioxy-
gen. This effect was not observed if the treatment with toluene
was carried out under an argon atmosphere. Under these
conditions the green compound turned back into the yellow
coloured copper(l) complex instead and no oxygenation
reactions could be detected.

Processing the catalytic reaction with preformed [Cu(Me-
Prop-uns-penp)Ol,(BPh,), and [Cu(Me-PTS-uns-penp)Ol,(BPh,),
led to similar conversion of 18% and 14%, respectively
(Table 1). However, here as well no oxygenation of toluene was
observed under an argon atmosphere, clearly indicating the
necessity of the presence of dioxygen.

Conversion was also achieved with the immobilized species
[Cu(uns-penp;mmob)] *» however, yields were rather low. The silica
approach delivers a slightly higher conversion to benzaldehyde
by comparison with the monolith (Table 1). The reason for this
could be the nearby positioning of the ligands on the surface of
the monolith that can lead to peroxide formation/deactivation.
Even though there is no huge influence of the anions detected
with regard to the conversion it turned out that the immobi-
lized oxygenated complex with PF,  as an anion was much
more stable towards decomposition. Even at moderate temper-
atures, the green colour of the oxygenated complex with this
anion can be observed for a short time while the complex with
triflate already decomposed immediately.

Conclusions and Outlook
We succeeded with the immobilization of a copper complex

system that is known to oxygenate toluene selectively to
benzaldehyde, however in only moderate yields. Superoxido

Table 1. Results of the catalytic reaction of free and immobilized copper oxygen complexes into toluene.

Catalyst™ Duration Temperature Conversion™®
[Cu(uns-penpimmonsiicaOTE 120 h —80°C 3%
[Cu(uns-penpimmos)lsiicsPFs 120h —80°C 5%
[Cu(uns-penpimmob)Imonoitn OTF 120 h —80°C 1%
[Cu(Me-Prop-uns-penp)]BPh, 70h rt. 21%
[Cu(Me-PTS-uns-penp)]BPh, 70 h rt. 18%
[Cu(Me-Prop-uns-penp)]BPh,! 70h rt. 18%
[Cu(Me-PTS-uns-penp)]BPh, 70h rt. 14%

were obtained by precipitation at low temperatures.

[a] Active oxygenated species were prepared according to the description in the experimental section [b] conversion to benzaldehyde [c]
the oxygen species were formed by exposure of the corresponding solid copper(l) complexes with dioxygen [d] copper peroxido adducts
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4. Characterization of copper complexes with derivatives of the ligand
(2-aminoethyl)bis(2-pyridylmethyl)amine (uns-penp) and their reactivity
towards oxygen
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