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Abstract

The element copper is of great importance for life on earth, as evidenced by the ubiquity of
copper-containing enzymes in nature, which are often responsible for oxygen activation and
electron transfer processes. For example, the type 3 copper enzyme tyrosinase is responsible
for the monooxygenation of phenols to ortho-quinones and by this mediates the first step in
the biogenesis of the important pigment melanin. Of key importance is the investigation of
factors influencing the reactivity of enzymes and of the mechanisms underlying the catalyzed
reactions. One way to address this issue is the study of small molecule model systems.
Therefore, within this thesis the development and investigation of new mono- and dinuclear

model systems for tyrosinase and their reactivity toward monophenolic substrates is described.

In the first part of the thesis the study of dinuclear model systems supported by the bis-
tridentate ligand (Tw1) and bis-bidentate ligands (Tw2/3) is described. The influence of the
ligand denticity and the type of N-donor groups present was evaluated by studying the
reactivity of the prepared new Cu(l) complexes toward phenolic substrates and dioxygen by

NMR- and (low temperature) UV/vis spectroscopy.

In contrast to the first part, the second and third part comprise studies of mononuclear model
systems. In analogy to previous iminoheterocyclic ligands, the novel bidentate iminotriazole
ligands L«21 and Lt«.2 were synthesized and the corresponding mononuclear Cu(l) complexes
were prepared with PFs” and Al(pftb)s as two different anions. With these complexes, higher
yields of quinone were obtained than with comparable previous systems. In particular, for the
complex with Al(pftb)s” as anion the highest catalytic activity so far was obtained. Moreover,
the reaction mechanism by which these complexes mediate the conversion of phenols was
investigated, by using NMR-, EPR-, and (low temperature) UV/vis spectroscopy in various
studies of the reaction kinetics and reactivity toward different monophenolic substrates. A
mononuclear reaction pathway, previously proposed for simple Cu(l) salts and derived from
the formation of the topaquinone cofactor in amine oxidase, could be verified for these more

complex model systems for the first time.

Furthermore, due to similarities found in the mononuclear pathways of the CuAAC reaction
and phenol monooxygenation as well as the respectively employed ligands, six Cu(l)
complexes supported by different aminotriazole ligands were prepared and investigated. On
the one hand, the tetradentate CUAAC ligand TTTA and its tri- and bidentate derivatives were

used. On the other hand, aminotriazole ligands derived from L«,1 were prepared and coordi-



nated to Cu(l). The ability of the prepared complexes to mediate the CuAAC reaction and
phenol monooxygenation was investigated. An opposite reactivity was observed, which could
be attributed to slight differences in the ligand properties, thus revealing the sensitivity of small

variations in the ligand design to the obtained reactivity.



Kurzzusammenfassung

Das Element Kupfer ist fir das Leben auf der Erde von grofier Bedeutung, was zum Beispiel
anhand der ubiquitdren Verbreitung von kupferhaltigen Enzymen, welche haufig flr
Sauerstoffaktivierung und Elektronentransferprozesse verantwortlich sind, deutlich wird. So ist
das Typ 3 Kupferenzym Tyrosinase fur die Monooxygenierung von Phenolen zu ortho-
Chinonen verantwortlich, wodurch der erste Schritt der Biosynthese des wichtigen Pigments
Melanin vermittelt wird. Die Untersuchung von Faktoren, die die Reaktivitat der Enzyme
beeinflussen und der Mechanismen, welche den katalysierten Reaktionen zugrunde liegen, ist
dabei von zentraler Bedeutung. Eine Mdglichkeit, einen tieferen Einblick in diesen Bereich zu
erlangen, ist die Untersuchung von niedermolekularen Modellsystemen. Aus diesem Grund
wurden im Rahmen dieser Arbeit verschiedene Modellsysteme fir die Tyrosinase auf Basis
von mono- und dinuklearen Komplexen entwickelt und ihre Reaktivitdt gegeniiber mono-

phenolischen Substraten untersucht.

Im ersten Teil der Arbeit ist die Studie der dinuklearen Modellsysteme, mit bis-tridentaten
(Tw1) und bis-bidentaten Liganden (Tw2/3) beschrieben. Der Einfluss der Zahnigkeit des
Liganden und der Art der beteiligten N-Donoren auf die Reaktivitat der neu hergestellten Cu(l)-
Komplexe gegenlber phenolischen Substraten und Sauerstoff wurde mithilfe von NMR- und

(Tieftemperatur-) UV/vis-Spektroskopie untersucht.

Im Gegensatz dazu umfassen der zweite und dritte Teil Studien zu mononuklearen Modell-
systemen. In Anlehnung an zuvor entwickelte iminoheterozyklische Liganden wurden die
neuen, bidentaten Iminotriazolliganden L1 und L2 synthetisiert und zu den entsprechenden
mononuklearen Cu(l)-Komplexen mit PFs und Al(pftb)s als Anion umgesetzt. Mit diesen
Komplexen konnten héhere Ausbeuten an Chinon als mit vergleichbaren friheren Systemen
erhalten werden. Insbesondere wurde fir den Komplex mit dem Al(pftb)s-Anion die bisher
hdchste katalytische Aktivitat Gberhaupt erhalten. Des Weiteren wurde fir diese Komplexe der
Mechanismus fir die Umsetzung von Phenolen durch die Verwendung von NMR-, EPR- und
(Tieftemperatur-) UV/vis-Spektroskopie in verschiedenen Untersuchungen zur Reaktions-
kinetik und der Reaktivitat gegenlber unterschiedlichen monophenolischen Substraten
untersucht. Dabei konnte ein mononuklearer Reaktionspfad, welcher zuvor fiir einfache
Kupfer(l) Salze gefunden wurde und von der Bildung des Topachinon Cofaktors in der
Aminoxidase abgeleitet ist, auch flr diese komplizierteren Modellkomplexe zum ersten Mal

nachgewiesen werden.



Zudem wurden, aufgrund von Ahnlichkeiten in den mononuklearen Mechanismen der Mono-
oxygenierung von Phenolen und der CUAAC Reaktion und den jeweils verwendeten Liganden,
sechs Cu(l)-Komplexe mit Aminotriazolliganden hergestellt und untersucht. Dabei wurden
einerseits der tetradentate CuAAC Ligand TTTA und seine tri- und bidentaten Derivate
eingesetzt. Andererseits wurden Aminotriazolliganden, welche von L1 abgeleitet wurden,
hergestellt und an Cu(l) koordiniert. Die Fahigkeit der so erhaltenen Komplexe, die CuUAAC
und die Monooxygenierung von Phenolen zu vermitteln, wurde untersucht. Die dabei erhaltene
gegenlaufige Reaktivitat konnte auf geringe Unterschiede in den Eigenschaften der Liganden
zurtckgefuhrt werden, wodurch die Empfindlichkeit der erhaltenen Reaktivitdt gegeniber

kleinen Variationen im Ligandendesign verdeutlicht werden konnte.

VI
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1 INTRODUCTION

1 Introduction

The study of nature has always been crucial for the progress of mankind. For example, it is
believed that the observation of a falling apple inspired ISAAC NEWTON to his theory of gravity.["
Later, JOSEPH PAXTON designed the cast iron structure of the Crystal Palace, site of the “Great
Exhibition of the Works of Industry of All Nations” in year 1851, according to the structure of a
lily pad.”? These are only two of many historical and recent examples, underlining the great

inspiration that nature provides for the solution of numerous issues.

The targeted production of certain compounds from basic chemicals is of great importance for
both nature and modern human life. In this context catalytic processes are of particular
importance, which is resembled by the fact that more than 90 % of industrial chemicals are
produced using catalysis.?# Enzymes, however, being the catalysts of living things, clearly
show the ingenuity of nature: For example, the enzyme particulate methane monooxygenase
(PMMO), which is found in methanotrophic bacteria, is able to mediate the conversion of
methane into methanol under ambient conditions.®"1 In contrast, the industrial process
involves two steps: 1. the nickel-catalyzed steam reforming of methane to syngas (CO + H,)
and 2. the conversion of syngas to methanol using a Cu/ZnO/Al;Os catalyst, both of which
require harsh reaction conditions of high temperature and high pressure.-'% Similarly, the
HABER-BOSCH process, which is used for the synthesis of ammonia from dinitrogen and
hydrogen is carried out at approx. 500 °C and a pressure of 200 bar, and is one of the most
energy-consuming processes in the world.['"'?l The enzyme nitrogenase, which resembles the
biological counterpart for this process and is found in diazotrophic bacteria, on the other hand,
mediates this conversion under ambient conditions.['®' This underlines the great potential
that a deeper understanding of the function of enzymes could have for the development of
more effective catalysts, potentially leading to new industrial processes with milder reaction

conditions.

In addition, a more detailed knowledge of the processes occurring in enzymes is also crucial
for more targeted therapies and diagnostic methods in medicine, which can lead to greater
effectivity and fewer side effects of drugs as well as an improved diagnostic sensitivity.['>-""]
Today, enzymes are used, for example, in the treatment of acute lymphoblastic leukemia,

Gaucher’s disease, Hunter’s syndrome, and for the detection of antigens and antibodies.['8'®

A deeper knowledge of the structure and function of enzymes can in turn be obtained by
isolation and direct structural analysis of these macromolecules. However, the isolation and
characterization of enzymes can be very difficult and time-consuming. As an alternative, small-

1



1 INTRODUCTION

molecule model systems that are structurally similar to the active center of an enzyme and

mimic its reactivity are investigated to gain more information about its function.



2 SCIENTIFIC BACKGROUND

2 Scientific Background

2.1. Copper and Copper-Containing Enzymes

The element copper, which forms the 11" group of the periodic table along with silver, gold
and roentgenium, is one of the rare metals that can be found in its metallic state and is one of
the 25 most abundant elements in the Earth’s crust.?>-?? This has led to the early use of this
metal by humans (metallic copper is used for approx. 10000 years) and more importantly, the
great abundance on earth is also responsible for the fact that the only transition metals more
frequently found in the human body are iron and zinc.?"?2l Copper is an essential element for
many organisms and takes part in various biological processes.?22% Consequently, the right
level of copper is important for a healthy organism. In humans, for example, the deficiency of
copper can lead to pathological consequences such as Menkes disease, which is caused by
a mutation of the copper-transport protein ATP7A. Due to the mutation, the binding of copper
is hindered, which results in too low copper concentrations in the liver and brain, and in turn to
severe damage such as to the nervous system, bones and the connective tissue.?>-2° As with
a deficiency, excessive concentrations of copper, for example caused by Wilson disease, are
toxic too. In this case, the copper transport protein ATP7B, which is responsible for the copper
excretion in the bile, is mutated. Due to the mutation copper accumulates among others in the
liver and brain. Among other things, this causes liver disease neurological disfunctions and,

unless treated, has fatal consequences.>-28]

Because of the comparably easily accessible oxidation states of Cu(l) and Cu(ll), nature uses
copper-containing enzymes for various tasks such as the transport of electrons (plastocyanin)
or dioxygen (hemocyanin), for substrate oxidation (catechol oxidase) and oxygenation (tyrosi-
nase, pMMO) reactions. Moreover, copper enzymes play a role in the protection of organisms
against reactive species, for example, by converting superoxide anions into hydrogen peroxide

and water (Cu, Zn superoxide dismutase).[2>-32

Copper enzymes are divided into eight classes with regard to their different structural and
spectroscopic properties.?>33 These classes are categorized into the ‘classic’ copper enzymes
with type 1, type 2, and type 3 centers, and the later found enzymes with type 4, Cua, Cus, and
Cuz active sites.'331 Additionally, the type 0 copper centers, a mixture of type 7 and type 2,
were obtained through targeted mutation of type 7 enzymes and are hence, artificial.’** The

following section provides a more detailed description of the ‘classic’ copper centers type 1-3.



2.1 COPPER AND COPPER-CONTAINING ENZYMES

2.1.1. Type 1 Copper Enzymes

Type 1 enzymes, which are also described as “blue” copper enzymes, contain a mononuclear
copper center coordinated in a distorted tetrahedral geometry by two histidine residues, a
cysteine sulfur atom, and an additional ligand, which is mostly a methionine sulfur (Scheme 1).
Due to the distorted coordination geometry, between the classic tetrahedral geometry of Cu(l)
and the square-planar geometry of Cu(ll), interchanges of these oxidation states can be easily
achieved. Therefore, type 1 copper centers are mostly found in enzymes responsible for
electron transfer processes, e.g. azurin, which mediates one-electron transfer processes in
gram-negative bacteria such as Pseudomonas aeruginosa. The characteristic blue color for
this type of enzymes is caused by a strong ligand-metal charge-transfer (LMCT) transition from
the cysteine sulfur to Cu(ll) at 600 nm (¢ = 3000 - 6000 M" cm™) in the oxidized state.[?%31:36]

(Tyr)
HN -
\ (His)
4\p\(His)

= oL
(His) | HN. _N,, | \\\\O_Q(Tyr)
%\N““'

N Ts—oys) ~r .S
HN S— HN (Cys)
(Met)” >¢'
(His)
Type 1 Type 2

Scheme 1: The mononuclear copper centers of a type 1 (blue) copper enzyme, e.g. found in azurin
(left), and the type 2 (normal) copper enzyme as found in galactose oxidase (right). L
indicates the binding site for the substrate.[3

2.1.2. Type 2 Copper Enzymes

In analogy to type 1 active sites, type 2 copper centers are also mononuclear and exhibit
distorted tetrahedral to square-planar coordination geometry. In this case, the coordination
sphere is composed of N-donor (histidines) and O-donor (tyrosine, water) residues
(Scheme 1). Upon binding of the substrate in the equatorial plane (Scheme 1, L), a square-
pyramidal coordination environment is formed. These enzymes, which are able to activate
dioxygen, are also classified as “normal copper proteins and are only light blue in color. This
pale color, in contrast to the blue copper enzymes, is due to a Laporte-forbidden d-d transition
at approx. 700 nm in the oxidized state. One example for a type 2 copper enzyme is galactose
oxidase, which mediates the conversion of primary alcohols to aldehydes as well as the
subsequent reduction of dioxygen to hydrogen peroxide in different fungi. With the formation
of hydrogen peroxide, in turn, galactose oxidase is believed to play an important role in

protecting the organism against bacteria.?®3'37-4% |n addition to galactose oxidase, amine

4



2 SCIENTIFIC BACKGROUND

oxidase (AO) is another important example for a normal copper protein and is discussed in

more detail in Chapter 3.1.%2%

2.1.3. Type 3 Copper Enzymes

In contrast to the type 1 and type 2 mononuclear active sites, in type 3 enzymes dinuclear
copper centers are present, in which each metal ion is coordinated by three histidine N-atoms.
Type 3 copper enzymes are responsible for dioxygen transport (hemocyanin), oxidation
reactions (catechol oxidase (CO) and tyrosinase (Ty)), and oxygenation reactions (Ty).
Importantly, upon reaction with dioxygen, these enzymes form the characteristic y-nn>
peroxodicopper(ll) intermediate (Scheme 2). In this oxy form, both Cu(ll) centers exhibit a
square-pyramidal coordination geometry, and unique spectroscopic features are present: On
the one hand, two bands corresponding to LMCT transitions are observed in the UV/vis

spectrum. The first band at Amax = 350 nm (£ = 20000 M' cm™") corresponds to a strong peroxide
me* — Cu(ll) dy2.,2 transition, whereas the second band at Amax = 600 nm (¢ = 1000 M cm™) is
linked to a weaker peroxide m,* — Cu(ll) dx42 transition. On the other hand, due to a

superexchange pathway between the two Cu(ll) dx2.,2 orbitals through the peroxide 17,* orbital,

the Cu(ll) ions are antiferromagnetically coupled and thus the oxy form is EPR silent.[2%29.30.33.41]

(His) H

N
(His)h \[ P rH
— N l Hi
HN. No, | wOu,, Nf (His)
7 NAT | N A
N 0 N7 NH
tisy—C LN
N ¢ l (His)
N

H (His)
Type 3

Scheme 2: The oxy form of a type 3 copper active site with the characteristic u-n*n?-peroxodicopper(ll)
center.[3031

The structure and function of the enzymes CO and Ty are discussed in more detail in
Chapter 3.2 and 3.3.



3.1 AMINE OXIDASE

3 Copper Enzymes with Oxidase and

Oxygenase Activity

As described above, copper enzymes take part in various essential biological processes.
Among these, reactions with dioxygen are of particular importance. For example, in different
invertebrate animals the dioxygen transport is not carried out by the iron-containing metallo-
proteins hemoglobin or hemerythrin, but the type 3 copper protein hemocyanin.[2331:42:43]
Moreover, the great amount of copper-containing oxidases and oxygenases found in nearly all
life forms underlines the critical role of copper enzymes in nature. Oxidases mediate the
oxidation of substrates along with an electron transfer to oxygen. In the case of a two-electron
reduction, this results in the formation of hydrogen peroxide, as found in the fype 2 enzyme
AO (see below).244 Additionally, a four-electron reduction of dioxygen takes place in some
enzymes, such as CO. In this case, the reduction of dioxygen forms two equivalents of water
through a double two-electron oxidation of the substrate (see below).?'4243 Oxygenases, in
contrast, support the incorporation of one (monooxygenases) or two (dioxygenases) oxygen
atoms into the substrate. The type 3 copper enzyme Ty is an example for a monooxygenase
(see below). In contrast, the enzyme quercetinase represents the so far only known example
of a copper-containing dioxygenase. This enzyme is responsible for the conversion of
quercetin to the corresponding benzoic acid derivative and is found in a number of prokaryotes

and fungi.l®'4243]

3.1. Amine Oxidase

The type 2 copper enzyme AO, which is found in nearly all living beings except from Archea,
is responsible for the oxidation of primary amines to aldehydes along with hydrogen peroxide
and ammonium according to Eq. 3.1.1444]

RCH,NH5" + 0, + H,0 —22 . RCHO + H,0, + NH,* 3.1

In bacteria, this reaction provides a source of carbon and nitrogen used for the growth of these
organisms. In higher life forms, however, the role of AO is more complex and it takes part in
the regulation of the concentrations of important amines such as dopamine and histamine. In
addition, AO is assumed to provide aldehydes, among other things, as precursors for elastin

production and to participate in signal transmission through the formation of hydrogen
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peroxide. Moreover, AO may also be involved in programmed cell death as well as the

trafficking of leukocytes. 54648511

The enzyme is composed of a homodimer with two subunits of 70 - 95 kDa, which is illustrated
in Figure 1 by the crystal structure of AO obtained from E. coli (PDB code: 2W00).1455253 Each
subunit contains a copper site, along with a 2,4,5-trihydroxyphenylalanine-quinone (TPQ)
cofactor in close proximity. This organic cofactor, on the one hand, accounts for the
classification of AO as a quinoprotein and is crucial for the enzyme activity. On the other hand,
the cofactor itself is formed post-translationally from a tyrosine residue via an oxygenation
reaction mediated by the copper center (Chapter 3.1.2).1454951.52.541 Additionally, each subunit
contains two binding sites, occupied by calcium, which, however, do not take part in the

catalyzed reaction. %2235

Figure 1: The structure of amine oxidase (AO) obtained from E. coli (PDB code: 2WO0) with the two
identical subunits colored in yellow and green (also present sodium atoms, which replaced
the calcium ions as a result of a treatment with EDTA prior to the crystallization, are
omitted).[%? The illustration was created using ChimeraX software.[%]

As expected for a type 2 copper protein (see above), the coordination environment of the
copper active sites (an enlargement of the crystal structure is shown in Figure 2) is composed
of three histidine N-atoms. However, for the also present TPQ cofactor, two conformers are
present. On the one hand, in the ‘off-Cu’ conformation (Figure 2, left), the axial coordination

site is occupied by a water molecule and a second equatorial water molecule coordinates
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weakly, resulting in a distorted square-pyramidal coordination geometry.[#6:47:51.5% The TPQ
cofactor is connected to the copper center via a hydrogen bond to the axial water ligand and
is located at a distance of 6 A from the copper center. On the other hand, in the ‘on-Cu’
conformation (Figure 2, right), the TPQ ring is flipped by 180° and is now in close proximity to
the copper center, allowing axial coordination. Together with the histidine residues present,

this results in a tetrahedral coordination geometry.®"535%

‘,EZ N

S = f'
t)\.) M)
e /.(N/ “ 4 ;-
off-Cu on-Cu

Figure 2: The mononuclear active site of AO from E. coli (PDB code: 2WOQ0), in the off-Cu (left) and the
on-Cu (right) conformation. Oxygen atoms are represented in red, nitrogen atoms in blue and
the copper centers in orange. The second, equatorially coordinating water molecule in the off-
Cu conformation was not resolved in this crystal structure and therefore is not shown.!52 The
illustration was created using ChimeraX software.[%]

3.1.1. Mechanism of the Oxidative Deamination

Albeit the fact that the coordination of TPQ in the latter mentioned on-Cu conformation leads
to an inactivation of the enzyme, the TPQ cofactor is crucial for the catalytic activity. The
reaction, by which AO converts primary amines to aldehydes, involves a reductive (Eq. 3.2)

and an oxidative half-reaction (Eq. 3.3) following a ping-pong mechanism.4%:47:51.53]
TPQ + RCHyNH;" — > AMQ + RCHO 3.2
AMQ + Oy + HLO — > TPQ + H,0, + NH," 3.3

In the first half-reaction, the substrate is oxidized along with the reduction of the TPQ cofactor
to an aminoquinol (AMQ) species. In the oxidative half-reaction, in turn, AMQ is oxidized back
to TPQ and the two-electron reduction of dioxygen to hydrogen peroxide occurs, along with

the formation of ammonium.[45:51.57]

The corresponding reaction mechanism, which is shown in Scheme 3, starts from the

catalytically active off-Cu conformation I. Via a nucleophilic attack of the substrate on the TPQ
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ring, the Schiff base Il is formed. Subsequently, the a-C-atom of the substrate is deprotonated
with the help of a nearby aspartate residue, which acts as a catalytic base, whereby the
quinolaldimine Il is produced. Via an imine hydrolysis reaction of lll, the aldehyde is released
and the cofactor is converted into an aminoquinol residue (IV and IV’).7%7 Although these
initial steps of the reductive half-reaction are well understood, the exact mechanistic steps of

the oxidative half-reaction are still under debate.[47:50.57.58]
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Scheme 3: The catalytic cycle of AO with the inner-sphere pathway (green arrows) and the outer-sphere
pathway (blue arrows). The illustration is adapted from refs.[50:57]

Specifically, it is unclear as to whether the initial electron transfer (ET) step occurs with (inner-

sphere pathway, Scheme 3, green arrows) or without (outer-sphere pathway, Scheme 3, blue
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arrows) the involvement of the copper center. In the inner-sphere mechanism, an equilibrium
exists between the Cu(ll) state with an AMQ residue in the proximity (IV) and a Cu(l) state (V),
which is formed by the oxidation of the AMQ residue to semiquinone. The Cu(l) state is now
able to bind dioxygen and form an end-on superoxo complex (VI).59-5357591 |n contrast, in the
outer-sphere mechanism, dioxygen is bound in a hydrophobic pocket close to the AMQ residue
(IV’) and is directly reduced by the organic cofactor (V’), without the involvement of the copper
center. In the next step, the thus formed superoxo radical anion binds to Cu(ll), whereby the
end-on superoxo complex (VI) is formed. A subsequent proton-coupled electron transfer
(PCET) step then yields a hydroperoxide complex together with an iminoquinone residue (VII).
By hydrolysis of the iminoquinone species, ammonium along with hydrogen peroxide is
released and the off-Cu conformation | is reformed. Moreover, the catalytic cycle can be closed

by reaction of VII with another substrate molecule, leading to the reformation of Schiff base
|1.150-53,57,59]

The immense importance of the TPQ cofactor for the reactivity of AO is underlined by the fact
that for the conversion of amine to aldehyde, the substrate exclusively binds to the cofactor.
The present copper center is only involved in the formation of hydrogen peroxide and ammonia
from the aminoquinol species IV or IV’, and thus in the regeneration of the TPQ cofactor.[4":57]
However, aside from the catalytic deamination, the copper center furthermore has a second
function and mediates the biogenesis of the TPQ cofactor itself through monooxygenation,

hydroxylation and two-electron oxidation of a tyrosine residue.[#546.54.60]

3.1.2. TPQ Biosynthesis
After the identity of the TPQ cofactor was established by the KLINMAN group in 1990, the

assumption that it originates from a tyrosine residue was first proven by the same group in
1992.61621 |n 1994, studies by MATSUZAKI et al. shed further light on the biogenesis of TPQ.
The workgroup was able to encode the phenylethylamine oxidase gene of Arthrobacter
globiformis and used this for the expression of the corresponding copper deficient AO (apo-AQO)
in E. coli. This apo-AQ carries the tyrosine residue, and upon treatment with Cu(ll) ions, the
copper containing AO (pre-holo-AQO) is formed, which oxidizes the tyrosine to TPQ under
aerobic conditions, forming the catalytically active holo-AO. Since no conversion of the tyrosine
residue could be observed in the absence of Cu(ll) and dioxygen, MATSUZAKI et al. therefore
demonstrated, that the formation of TPQ takes place post-translationally.®34 Furthermore,
significant progress in the understanding of the TPQ biogenesis was made by KiM et al. in
2002. By the use of crystals of the apo-AO from Arthrobacter globiformis, first, under anaerobic
conditions the pre-holo-AO was formed and structurally characterized. In addition, crystal

structures of important intermediates (Scheme 4, XlI, IX and X) of the TPQ biogenesis were

10
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obtained by exposing the pre-holo form to dioxygen for different periods of time, freeze-
trapping and subsequent crystal structure determination.®>¢1 On the basis of these investi-
gations the mechanism shown in Scheme 4 is proposed: The first step comprises the

incorporation of Cu(ll) into the apo enzyme (l), by which the pre-holo enzyme (ll) is formed.6566]
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Scheme 4: The proposed mechanism for the biogenesis of the TPQ cofactor. The figure was adapted
from refs.[54.6566]

In ll, the copper enzyme is coordinated in a trigonal-pyramidal fashion by three histidines and
the tyrosine residue. Binding of dioxygen to a protein binding site close to the copper center in
lll results in a smaller distance between tyrosine and copper. This, in turn, leads to
deprotonation of the phenolic ring in IV and allows electron transfer from the phenolic ring to
the copper center (IV’).1#45466671 The resulting Cu(l) complex is able to bind dioxygen as an
end-on superoxo species (V). Attack of superoxide in the C5-position of the phenoxyl radical

leads to the 6-ring metallacycle VI.15457.66.67]
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However, it should be noted that no radical species has been experimentally found so far and
that theoretical as well as spectroscopic studies by GHOSH et al.[® and ADELSON et al.®® point
to a concerted mechanism (Scheme 4, red arrow). This reaction pathway can be described as
a three-electron charge-transfer in which a simultaneous attack of dioxygen on the Cu(ll)
center and the C5-atom of the phenolate residue occurs, directly leading to the two-electron
reduction of dioxygen and the formation of VI.556688 After O-O bond dissociation in VI, the
ortho-quinone intermediate (DPQ) VIl is formed, which undergoes a ring flip (VIIl). Water or a
hydroxide ligand coordinated to the copper center then attacks the C5-position of the DPQ
ligand, whereby the reduced form of the TPQ cofactor is produced (IX). The subsequent two-
electron oxidation in the presence of dioxygen leads to the formation of TPQ (X) in the off-Cu

conformation (see above) as well as hydrogen peroxide.4:54:57.6566.69]

In summary, there has been substantial effort made to elucidate the mechanisms of the
catalytic conversion of primary amines to aldehydes and the biogenesis of TPQ. Nevertheless,
some parts of the respective mechanistic pathways are still under debate (see
above).[P0-5455.57.656861 A glternative to study the enzymes themselves is the investigation of
small-molecule model systems. Such model complexes have been developed for both the
oxidation of primary amines!’®"% as well as for the formation of the TPQ cofactor./+"°
However, since the scope of this work is mainly focused on the function of tyrosinase, only a
brief overview of the research on model systems for TPQ biosynthesis is presented in the

following.

3.1.3. Model Systems for TPQ Biosynthesis

A number of studies about the generation of TPQ derivatives mediated by model systems have
focused on the reactivity towards the conversion of external substrates (catechols or phenols)
to the corresponding hydroxybenzoquinones.[47>77.7% Herein, the effect of the employed metal
ions, the pH value of the solution and the effect of mono- or polydentate ligands has been
evaluated. It was found, for example, that a metal center is crucial for reactivity, that Cu(ll)
shows superior reactivity compared to other metal ions such as Zn(ll) or Ni(ll),["*" and that
the Cu(ll) complex Culms(CIO.), supported by imidazole ligands exhibits higher reactivity
towards the substrate 4-tert-butylphenol compared to the Cu(ll) salts Cu(ClO4), and CuCl; or
other Cu(ll) complexes, which were supported by a number of mono-, bi- or tridentate
ligands.”>7® Till date, however, only two model systems on the basis of polydentate ligands
have been developed that exhibit the oxidation of an appended phenolic ring to the
corresponding TPQ derivative.[’”.78 In 2005, LING et al. coordinated a bispyridylmethylene-
diamine-type ligand with an appended catechol (BPEN, Scheme 5) to Cu(ll). By the use

of sodium periodate, the catechol was converted to an ortho-quinone and was found to react

12
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rapidly to the corresponding hydroxyquinone, a reaction that does not take place without prior
coordination of the ligand to Cu(ll). With these findings, the authors were able to give evidence
for the proposed hydration step (VIlIl to IX, Scheme 4) in the mechanism of the TPQ

biosynthesis.!"”]
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Scheme 5: The BPEN ligand by LING et al. and the L™H ligand developed by TABUCHI et al.l7.78]

Furthermore, in 2011, TABUCHI et al. reacted the tridentate ligand L™H (Scheme 5) with an
appended phenol residue with Cu(ll) perchlorate hexahydrate in acetonitrile and investigated
the reactivity of the generated complex toward dioxygen in the presence of triethylamine in

methanolic solution.[®
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Scheme 6: Proposed mechanistic pathway for the formation of a TPQ derivative in the ligand back-
bone of L™H. The figure was adapted from ref.[7®!
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By using UV/vis- and NMR-spectroscopy as well as HR-ESI-mass spectrometry, it could be
demonstrated that the phenol residue was converted to the TPQ analogue 3-methoxy-1,4-
benzoquinone. With the help of DFT calculations, a mechanism closely related to the
mechanism of TPQ biogenesis could be proposed (Scheme 6). It is assumed that, in the first
step and supported by the added triethylamine, deprotonation of the phenol occurs along with
an exchange of the acetonitrile coligand for methoxide (b).An electron transfer from phenolate
to the Cu(ll) center then leads to a Cu(l)-phenoxyl radical complex (¢), which in turn is able to
bind dioxygen to form an alkylperoxo intermediate (d). A subsequent O-O bond dissociation
and release of water lead to the para-quinone intermediate (e).[’® In the final step, methoxide
is added to the quinone ring, which goes along with an aerobic oxidation reaction, whereby the
TPQ derivative is formed (f).["8! With these investigations, TABUCHI et al. were able to gain

strong support for the proposed mechanism of TPQ biogenesis.®*¢578l
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3.2. Catechol Oxidase

The enzyme CO is a copper-containing enzyme with a type 3 active site and is found
ubiquitously in plants and some crustaceans and insects.?'8%811 CO mediates the oxidation of
catechols (ortho-diphenols) to the corresponding ortho-quinones. In nature, this reaction is
used for the conversion of L-DOPA to L-DOPAquinone, which, in turn, autopolymerizes to form
the important biopigment melanin (see below). In plants, melanin is responsible for browning
processes and is also assumed to take part in wound healing processes.3!438283 |n

invertebrate species, melanin is moreover involved in the sclerotization.®4

The first crystal structure was presented in 1998 by the KREBS group from a CO of sweet potato
Ipomoea batatas.B) The enzyme was found to be of ellipsoid shape with a weight of 39 kDa
and a secondary structure, which is constituted of four a-helices that contain the dinuclear
type 3 copper center (Figure 3, tan colored). Moreover, two additional a-helices and multiple
B-strands are arranged around the tetramer of a-helices (Figure 3, green). The copper centers
were found to be bridged by a u-hydroxo ligand and with a Cu-Cu distance of 2.9 A. In this so-

called met form, the enzyme is EPR silent."

Figure 3: The crystal structure of CO (PDB code: 1BT3) isolated from Ipomoea batatas with a y-hydroxo
ligand bridging the two Cu(ll) centers.l The a-helices surrounding the copper active site are
tan colored and the remaining secondary structure is displayed in green. The illustration was
created using ChimeraX software.[5¢]
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Apart from the met CO, KREBS and coworkers were also able to crystallize the deoxy form of
CO. The general structure of the enzyme is the same and the histidine residues, which
coordinate the copper centers, only show a slight change in their positions compared to the
met form. For the deoxy form, in which a Cu-Cu distance of 4.4 A is present, the Cu(l) centers
are bridged by a water molecule, resulting in a distorted tetrahedral and square-planar
coordination geometry, respectively.*8! Upon reaction of the deoxy form with dioxygen the
Cu-Cu distance decreases to 3.8 A and the characteristic u-n?:n*-peroxodicopper(ll) species

(Chapter 2.1.3) is formed, which was determined via UV/vis- and EXAFS spectroscopy.0:81:8%]
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Scheme 7: The proposed mechanistic cycle of CO. The figure was adapted from refs.[22.33]

Based on the obtained intermediates, a catalytic cycle, the so-called diphenolase cycle, for the
conversion of catechols to ortho-quinones was postulated and is depicted in Scheme 7.13"8%
The cycle starts with the deoxy form, which reacts with dioxygen to the oxy form. The oxy form

is now able to bind catechol, which bridges both copper centers in the oxy-C form. In the next
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step, the first two-electron oxidation of a catecholate to ortho-quinone occurs. This goes along
with the two-electron reduction of one oxygen atom of the u-n?:n*peroxo moiety, producing
water. The resulting met form also binds catechol in a bridging manner to yield the met-C form.
The subsequent second two-electron oxidation of a catecholate again produces ortho-quinone

along with water and closes the catalytic cycle.?231:33]

The proposed mechanistic scenario is further supported by various investigations of small
molecule model systems that also exhibit catalytic diphenolase activity,6871 but since the focus
of this work is on small molecule model systems that mediate the more challenging
monooxygenation of phenols, as found in tyrosinase (Ty), these studies are not described

herein.
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3.3. Tyrosinase

Apart from hemocyanin and CO, Ty is another copper enzyme with a type 3 active site. Ty is
ubiquitously found in nature and exhibits a dual reactivity, since it mediates the monooxy-
genation and subsequent two-electron oxidation of L-tyrosine to L-DOPAquinone, but is also
able to convert L-DOPA to L-DOPAquinone. The formed L-DOPAquinone then autopoly-
merizes to the important biopigment melanin, which in addition to its function in plants,
crustaceans and insects (see above), in mammals and fungi is responsible for the browning of

hair and skin, UV protection, immune response, and wound healing processes. 1438388l

Although previous investigations of tyrosinase proved that it is part of the type 3 copper
enzymes, the first crystal structure of Ty, obtained in 2006 by MATOBA et al., then gave clear

evidence that the structure of this enzyme is indeed closely related to that of hemocyanin and
CO.131.33,41,89]

Figure 4: The crystal structure of Ty in the oxy form (PDB code: 1wx4) obtained from Streptomyces
castaneoglobisporus by MATOBA et al.!®% The a-helices surrounding the copper active site are
tan colored, the remaining secondary structure is displayed in green and the also present
caddie protein is omitted for clarity. The illustration was created using ChimeraX software.[®l

MATOBA et al. were able to crystallize the tyrosinase from Streptomyces castaneoglobisporus
together with its caddie protein and incorporated Cu(ll) ions into the structure by treatment of

the crystals with a Cu(ll) sulfate solution. By this, the met form of Ty was obtained.®¥ In
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addition, by treatment of the met form with hydroxylamine, the deoxy form could be obtained
and crystallized, while reaction with hydrogen peroxide led to the formation of the oxy form,
with the characteristic u-n?:n?-peroxo ligand bridging the two Cu(ll) ions. The crystal structure
of Ty, displayed in the oxy form, is shown in Figure 4 (the caddie protein is omitted for clarity).
Analogously to the enzyme CO, the copper centers exhibit a Cu-Cu distance of 3.4 A and are
coordinated by three histidine residues. The copper active site is located at the bottom inside
of a bundle of four a-helices (Figure 4, tan colored) whose hydrophobic residues form the
substrate-binding pocket.®® This bundle of a-helices is further surrounded by additional a-
helices and strands (Figure 4, green), which complete the secondary structure of Ty.® In the
following years, several other crystal structures of Ty from different sources such as bacteria,
mushrooms and plants, were obtained and supported the results gained by MATOBA et al.[®%-
%1 However, the question of which influences in the structurally closely related enzymes are
responsible for the different reactivity of Ty and CO is still the subject of current

research.41:83.93-97]

In the past years, the role of amino acid residues close to both copper centers (Cua and Cug)
for the monophenolase activity have been investigated more deeply. Initially, a bulky
phenylalanine (Phe) residue close to the Cua site was found in the crystal structure of CO, but
not in the crystal structure of Ty and was thus believed to distinguish between mono- and
diphenolase activity.[*:%! |t was assumed that monophenol coordination to the Cua site is
crucial for its conversion, which is hindered by this gate keeper residue in CO. Moreover, a
thioether bridge was found at one of the Cua-coordinating histidine residues in this enzyme,
which led to the assumption that this moiety hampers the axial to equatorial rearrangement of
the monophenolase residue, necessary for its conversion.[®®%! However, the crystal structure
of Ty obtained from walnut leaves (Juglans regia) exhibited both a thioether bridge and the
Phe residue, rendering the influences which distinguish between mono- and diphenolase

activity more difficult.[°6.%9

In the following years, through site-directed mutagenesis important insights into the different
reactivities of Ty and CO were obtained.®394%I Studies of the gate keeper in different enzymes
suggested that this moiety either supports the binding of the phenolic substrate via m-r-
interactions or inhibits access to the copper centers.® However, apart from the gate keeper,
a highly conserved water molecule came into focus in 2016, which is bound close to the copper
center by glutamic acid and asparagine (water keeper).®3 DECKER and TUCZEK mutated the
CO obtained from wine leaves and exchanged a glycine for asparagine close to the copper
active site. This led to a significantly increased monophenolase activity of this enzyme (an

activity was found to be present also prior to the mutation). It was assumed, that the binding
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to asparagine activates the highly conserved water molecule, which in turn deprotonates the
substrate.®! Since in the following years, however, Tys have been discovered that do not
contain an asparagine residue close to the copper center, this amino acid cannot be the (sole)
reason for monophenolase activity.'°! Recent studies by KAMPATSIKAS et al. implicate that two
additional amino acid residues, the so-called activity controllers, which are located at the Cus
site, next to two of the binding histidines, are crucial for tyrosinase activity.®® It is assumed
that these amino acids have an influence on the basicity of the histidine residues, which can
lead to the decoordination of one histidine ligand from the Cug center that is then able to
deprotonate the substrate.®>%! The assumed flexibility necessary for this process is supported
by crystal structures obtained by FUJIEDA et al. and MATOBA et al., which prove significant
conformational changes during the reaction of Ty with tyrosine.®”."%"l However, as opposed to
the findings of KAMPATSIKAS et al., the crystal structures obtained by FUJIEDA et al. suggest the

decoordination of a histidine residue at the Cua, instead of the Cus site.['0"]

To sum up, it is assumed that the combination of the amino acid residues forming the gate
keeper, the water keeper, and the activity controllers is an important factor either resulting in
catecholase- or tyrosinase activity. However, the influence of other moieties such as the
thioether bridge (see above), disulfide bonds in the vicinity of the Cua site as well as an
additional histidine residue, the seventh histidine, close to the Cusg site, are still not entirely

understood and may also have a great impact on the reactivity of the respective enzymes. %!

3.3.1. Catalytic Mechanism of Tyrosinase

The mechanism by which Ty mediates the conversion of monophenols or diphenols to ortho-
quinones can be subdivided into the monophenolase- and the diphenolase cycle
(Scheme 8).4" The latter one is the same mechanistic cycle as found in CO, which has been
described in Chapter 3.2 and is therefore not discussed here again. The monophenolase
cycle, in analogy to the diphenolase cycle, starts from the deoxy form, wherein both copper
centers are in the oxidation state +| and reaction with dioxygen again leads to the u-n*n?*
peroxodicopper(ll) intermediate in the oxy form. In the following step, phenol, which is
presumably deprotonated by a conserved water molecule or a decoordinated histidine ligand
(see above), is now able to coordinate to one copper center, leading to the oxy-P form.2243 As
demonstrated by the crystal structures obtained by FUJIEDA et al., within this step, the Cua site
moves toward the substrate, which is tightly bound by a number of surrounding amino acids
via m-mr-interactions, hydrogen bonds and a CH-mr-interaction.®”:1°" This copper migration then
enables binding of phenolate to the copper ion and induces the decoordination of the axial
histidine residue.l' The conformational change, which goes in line with the movement of the

Cua site, also leads to a rotation of the p-n?:n?-peroxo moiety.'°"
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Scheme 8: The catalytic cycle of the conversion of monophenols into ortho-quinones (monophenolase
cycle) by Ty. The figure was adapted from refs.[22.83.101]

Now, the o*-orbital of the peroxide is in plane with the phenolate m-orbitals, which enables the
electrophilic attack of the peroxide on the aryl ring, resulting in the O-O bond cleavage and the
formation of the met-C form.[?2831011 The subsequent two-electron oxidation of the bound
catecholate leads to the release of quinone and water, whereby the catalytic cycle is closed

and the deoxy species is reformed.?241.93]

It should be noted that an alternative mechanism for the monooxygenation of phenols, based
on a radical attack on the phenolate ring, was developed by SIEGBAHN in 2003 using DFT
calculations.['? The mechanism obtained, is described in detail in Chapter 4.5. In addition,
another theoretical study, carried out by INOUE et al. on the basis of the crystal structure found
by MATOBA et al., also takes amino acid residues in the surrounding area into account and was
performed using quantum mechanical/molecular mechanical calculations. The obtained

results hint to a mechanism starting from the u-n?:n*peroxo intermediate, which involves the

21



3.3 TYROSINASE

intermediate formation of a phenoxyl- and oxyl radical.*38%1%3 This result is supported to some
extend by the observed formation of semiquinone in Ty, occurring during the cleavage of the

caddie protein from the enzyme after formation of the p-n?:n?-peroxodicopper(ll) species.*397]

Whatever intermediates the exact steps of the catalytic cycle of Ty may contain, the fact that
all enzymatic browning processes in nature are linked to the formation of melanin underlines
the importance of the reaction catalyzed by Ty, namely the formation of L-DOPAquinone,

representing the first step of melanin biosynthesis.!'04-106]

3.3.2. Activation of the Enzyme and Melanogenesis
In order to be able to bind dioxygen and to perform the monooxygenation of phenols, native
Ty, which is mainly present in the resting state, the dicopper(ll) met form, has to be activated

to the dicopper(l) deoxy form (see above).[%7.1%]

H
0] it OH
cyclization N
NH, —_— HOOC@ -
HOOC @] OH

L-DOPAquinone leuco DOPAchrome

redox | L-DOPA-
exchange | quinone

" OH § o
HoOC OH o

L-DOPA DOPAchrome

Scheme 10: Proposed reaction mechanism for the conversion of L-DOPAquinone to L-DOPA[107.109,110]

Kinetically, this step is observable by the so-called lag period, in which the production of
quinone is slow and the reaction rate only gradually increases to the maximum. Different
possibilities of how the reduction of the Cu(ll) ions to Cu(l) might take place, such as the redox
exchange with other metal ions (e.g. Fe?*) or the reaction with an external reducing agent (e.g.
ascorbate or hydrogen peroxide) have been discussed in the past.l'®”."112l However, another
more probable activation pathway is the autoactivation of Ty by reaction of the met form with
catechol according to the diphenolase cycle (see above).['7109110] The question of how the
formation of catechols can occur if only monophenols are present as substrates, was
addressed by EVANS and RAPER already in 1927,[' and the proposed reaction pathway was
later verified by COOKSEY etal. using various spectroscopic, theoretical, and kinetic
investigations.[''” The mechanism (Scheme 10) starts with the spontaneous cyclization of

L-DOPAquinone to leuco DOPAchrome. Leuco DOPAchrome then undergoes a redox ex-
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change reaction with a second molecule of L-DOPAquinone, whereby DOPAchrome and
L-DOPA are formed. L-DOPA then reduces the met form of Ty into the deoxy form.l'97:1% The
observed lag period is thus linked to the only slow formation of active Ty, able to perform the
monooxygenation of phenols, at the beginning of the reaction and to the self-acceleration of
quinone production by an increasing concentration of active enzyme over time.['%113]
DOPAchrome, in turn, which is produced by the mechanism depicted in Scheme 10, also takes

part in the biosynthesis of melanin.©8114]

0,
(o) H
NH, OH 1y NH, N OH
> ™ HoOC
-H,O
HOOC 2 HooOC o OH
L-tyrosine L-DOPAquinone leuco DOPAchrome

l COOCH
S s’ NH,
N OH N OH
HOOC OH HOOC OH O
1,4-benzothiazylalanine cysteinyl DOPA DOPAchrome
COOH
HO
NH,
HN
S
o]
HO . COOH
Nl ~-N
S
HOOC)I N”s

HO

NH,

COOH
pheomelanin eumelanin

Scheme 11: Reaction mechanisms of the formation of pheomelanin and eumelanin starting from the
production of L-DOPAquinone.88.114-117]

23



3.3 TYROSINASE

Starting from L-DOPAquinone, two different types of melanins can be produced, as depicted
by the simplified mechanism in Scheme 11. On the one hand, the reaction with cysteine (or
glutathione) can lead to cysteinyl DOPA (or glutathionyl DOPA). A cyclization reaction in this
compound with the cysteinyl residue then produces 1,4-benzothiacylalanine, which in turn
polymerizes to the yellow to red pigment pheomelanin.l®8'4 On the other hand, in L-DOPA-
quinone, according to the activation pathway of Ty, a cyclization reaction with the amino acid
residue can lead to leuco DOPAchrome. In a subsequent step, an oxidation reaction yields
DOPAchrome, from which, in further reaction steps, the brown to black pigment eumelanin is

formed.188114]
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3.4. Tyrosinase Model Systems

The immensely important first step of melanin biosynthesis, which is mediated by Ty, is still
not completely understood. The direct investigation of the enzyme has brought significant
progress in the study of the structure and reactivity of tyrosinase. However, the investigation
of enzymes requires their isolation and purification, which can be challenging and time-
consuming. As an alternative, the study of small-molecule model systems can provide deeper
insight into the reactivity of enzymes. These model systems are designed to resemble the first
coordination sphere of the active site and bear the advantage that modifications can be
performed comparatively easy. By the investigation of the influence of different electronic
and/or steric properties, for example, on the reactivity of the respective model system toward
substrates, important insights can be obtained that may also be applicable to the native
enzyme.[*3118.119 Model systems for tyrosinase, the investigation of which has been in progress
for nearly four decades, can be divided into three different classes.*¥ The first class describes
model systems that perform the hydroxylation of an aromatic residue in the ligand backbone.
In contrast, model systems of the second and third class exhibit reactivity toward external
substrates but differ in that the former model complexes are mononuclear and the latter are
dinuclear. The latter complexes are designed to preorganize the copper centers for the
formation of the Cu,O; intermediate,*>'2% whereas in mononuclear complexes, first, a reaction
with dioxygen and then with another mononuclear complex has to occur in order to form the

reactive u-nn3-peroxo intermediate.3121.122]

3.4.1. Monooxygenation of Phenols by Small-Molecule Models of
Tyrosinase: Correlations Between Structure and Catalytic
Activity

Within the book “Copper Bioinorganic Chemistry — From Health to Bioinspired Catalysis”,

edited by SIMAAN and REGLIER, the chapter entitled “Monooxygenation of Phenols by Small-

molecule Models of Tyrosinase: Correlations Between Structure and Catalytic Activity”
provides a brief overview of model systems performing ligand hydroxylation and early dinuclear

model systems with a reactivity toward external substrates and discusses in detail various

mononuclear model systems on the basis of bidentate ligands.

Additional mononuclear and more recent dinuclear tyrosinase model systems are described in
Chapter 3.4.2.
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4 Monooxygenation of Phenols
by Small-molecule Models of
Tyrosinase: Correlations
Between Structure and
Catalytic Activity

Alexander Koch*, Tobias A. Engesser¥,
Ramona Jurgeleit*, and Felix Tuczek**

*Institut fiir Anorganische Chemie, Christian-Albrechts-Universitat
zu Kiel, Max-Eyth Strale 2, 24118 Kiel, Germany
fftuczek@ac.uni-kiel.de

I. Introduction

Copper enzymes are involved in important biochemical processes in ani-
mals or plants such as dioxygen transport and metabolism or electron
transfer and are present in the three domains of life.!? They are often
categorized by classes (type I-1V, Cu,, Cug, Cu,, and Cu,), which derive
from their structural environment or the spectroscopic properties of the
metal center(s).'” Type III refers to a (oxygen-binding) binuclear copper
protein family comprising tyrosinase (Ty), tyrosinase-related proteins,
catechol oxidase (CO), and hemocyanin.l’3_5

Tyrosinase is a phenoloxidase and catalyzes the conversion and oxidation
of mono- and diphenols into the corresponding ortho-quinones whereas the
catechol oxidase only exhibits the latter reactivity.l’6_8 These enzymes mediate

123
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Scheme 1. Overview of the reactivities of tyrosinase (Ty) and catechol oxidase
(CO).58

the oxygenation of L-tyrosine and, respectively, oxidation of L-DOPA to
L-dopaquinone, which in turn polymerizes to melanin (Scheme 1).

Il. Model Systems of Tyrosinase

For a better understanding of the reactivity and the functional differences of
these enzymes and in addition to insights already obtained by structural and
molecular biology, mechanistic investigations on small-molecule models can
be beneficial.”*!! In full analogy with their biological counterparts, the
synthetic model systems of phenoloxidases can be divided into those exhibit-
ing catechol oxidase and those exhibiting tyrosinase activities.>'>17 A fur-
ther important distinction relates to the question of whether these systems are
catalytic or not. Whereas the former in most cases applies to catechol oxidase
models, most of the existing tyrosinase models perform monooxygenation
reactions of aromatic substrates in a stoichiometric fashion.’ By contrast, the
number of catalytic model systems of tyrosinase is still very limited.%"!8

An important factor in the investigation of copper-catalyzed oxidation
and oxygenation reactions relates to the presence or absence of base.
Whereas catechol oxidase reactions occur in the absence of base,
monooxygenation reactions on external phenolic substrates in general
require the addition of base to deprotonate phenolic substrates.®

In order to explore this correlation in more detail, several studies on
inorganic model systems, which catalyze the monooxygenation of
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phenolic substrates, have been published in the past. This has provided
insight into relevant steps of the monophenolase cycle, that is, the forma-
tion of the peroxo complex, the interaction of the substrate with the peroxo
complex leading to a coordinated catecholate (including the role of base in
this reaction), the two-electron oxidation of the bound catecholate and the
release of the ortho-quinone product. As this chapter focuses on tyrosinase
activity, small-molecule models of catechol oxidase will not be discussed
here. Excellent reviews on the latter topic can be found elsewhere 12710

A. Model Systems Performing Ligand Hydroxylation

First information on the mechanism of tyrosinase was obtained by studies
referring to the hydroxylation of an aromatic, but non-phenolic part in the
employed ligand framework, starting with the XYL-based system by
Karlin e7 al. in the mid-eighties (Figure 1).!” Following studies on differ-
ent model systems by Tolman et al., Réglier et al., Schindler et al., and
again by Karlin ef al. gave further insight into the mechanism of these
ligand hydroxylation reactions, indicating that a u-nz:nz—peroxolbis—u—oxo
intermediate typically formed upon exposure of a Cu(l) precursor to
dioxygen mediates electrophilic attack on the ligand framework.' 19727
These investigations provided significant information toward a mechanis-
tic understanding of tyrosinase activity.

Given the fact that tyrosinase specifically mediates the monooxygena-
tion of phenols (and not non-phenolic aromatics), a further development

/,..

ol OAS O
N N 2
N\ 7N N
N
— —
XYL L4-H
Karlin et al. Tuczek et al.

Figure 1. The XYL system by Karlin et al., which is able to perform the hydroxyla-
tion of the aromatic ring in the ligand backbone and the L4-H system that performs
hydroxylation of the phenolic residue.'®?8
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of these systems toward mediating the hydroxylation of a phenolic residue
appended to the ligand framework appeared of interest. Apart from Karlin
et al. and Itoh et al., only few studies have been published on this issue so
far.?°=2 In 2015, our workgroup presented a model system exhibiting the
described reactivity. The tridentate 1.4-H system is composed of a bis(2-
pyridylmethyl)amine unit (Figure 1), which is complemented with a phe-
nol residue to a tertiary amine.”® In the presence of dioxygen at low
temperatures, the mononuclear copper(I) complex of L4-H mediates an
aromatic hydroxylation of the appended phenol, that is, the phenol residue
in the ligand backbone is ortho-hydroxylated and oxidized to the corre-
sponding CulL4quinone derivative upon reaction of the Cu(l) precursor
with dioxygen at low temperatures.28

Apart from tyrosinase models that are able to hydroxylate an aromatic
part of the ligand framework,% "% model systems have been developed,
which are able to convert external monophenolic substrates to the corre-
sponding ortho-quinones in a stoichiometric or a catalytic fashion.®7934-53
In the remainder of this review we will focus on systems converting exter-
nal substrates.

B. Model Systems Exhibiting Reactivity Toward External Substrates

Synthetic model systems with binuclear copper sites that catalyze the con-
version of external monophenols to the corresponding ortho-quinones have
been studied for a long time.®”>* Bulkowski et al. took the first steps in the
field of catalytic model systems for tyrosinase in 1985 with the develop-
ment of the necessary conditions for a catalytic monooxygenation of phe-
nolic substrates in an enzyme-like fashion.>® He used copper(I) complexes
supported by dinucleating, macrocyclic tetraamine ligands (Figure 2) as
catalysts. For the conversion of phenols to ortho-benzoquinones in the pres-
ence of these complexes and dioxygen, an excess of the external monophe-
nol (100 eq.) and triethylamine (200 eq.) was employed. The base was used
for deprotonation of the phenol, leading to a better coordination to the cop-
per ions, a step that is necessary for the following on‘ho-hydroxylation.35
In the following, the conditions established by Bulkowski et al. were
applied in further catalytic studies and were improved by Réglier and
coworkers in 1990 with their Cu(l),(BiPh(impy),) system (Figure 2).36
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Figure 2. Early model systems with the ability to catalytically convert monophenols
to ortho-quinones.*>36:>°

The reaction of this copper(I) catalyst with 2,4-di-fert-butylphenol
(2,4-DTBP-H, 100 eq.) and 200 equivalents of triethylamine (from here
on called Bulkowski—Réglier conditions) in the presence of dioxygen led
to the formation of the corresponding 3,5-di-tert-butyl-ortho-quinone
(3,5-DTBQ) with a turnover number of 16 after one hour.*®

In 1991, Casella and coworkers established a further system sup-
ported by the ligand .66, which was able to mediate the stoichiometric as
well as catalytic tyrosinase-like reactivity of external phenolic sub-
strates.!®° Importantly, in the year 2000, the ,u—772.‘172—per0X0 intermediate
of the Cu(I),L66 system could be generated reversibly and shown to be
the hydroxylating agent in monooxygenation reactions (Figure 2).56:57
Following studies by Garcia-Bosch, Karlin, and Solomon as well as
Herres-Pawlis et al. gave further important insight into the mechanism of
the tyrosinase reaction. 38435861
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In most of the published studies on catalytic monooxygenations of
phenolic substrates, the combination of a significant excess of the sub-
strate and base was applied, and the obtained results indicate that the
excess of the added base is indeed important for the catalytic activ-
ity.‘5’7’3’5_43’55’56’58_61 By the addition of neutral phenols as substrates,
phenoxyl radicals are generated and only unphysiological radical cou-
pling products were obtained.® This constitutes a remarkable difference to
the enzymatic system, which mediates the monooxygenation of phenols
in the absence of an external base and without side-products like C-C-
coupled molecules.

In order to increase the catalytic activity regarding the formation of
ortho-quinones and realize more biomimetic model systems, a range of
model systems was established by several workgroups during the last
years. Depending on the employed ligand framework, characteristic dif-
ferences in the monooxygenation activity toward various monophenols
were observed. Scheme 2 depicts the possible aspects according to which
these systems can be classified. An important distinction exists between
structural model systems, which are primarily designed to stabilize cop-
per—oxygen intermediates, and functional models with the ability to stoi-
chiometrically or catalytically mediate the tyrosinase reaction.'! Regarding

model
systems
[
structure
2,2 : . .
u-n“:n“-peroxo bis-u-oxo stoichiometric
catalytic
ligand external
hydroxylation substrates
mono- tridentate bi- tridentate

Scheme 2. Different aspects of tyrosinase model chemistry and scope of this
review (black).
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the latter category, copper complexes supported by mono- or dinucleating
ligands can be distinguished in turn. Moreover, simple copper salts have
been found to catalyze the monooxygenation of phenols.[48’49’62] Describing
all of these systems would be beyond the scope of this chapter, so only
findings regarding catalytic systems supported by mononucleating, biden-
tate N-donor ligands are discussed in the following.

I1l. Catalytic Tyrosinase Models with Bidentate Ligands

A. Mechanistic Cycle of the Tyrosinase-like Monooxygenation of
External Substrates

In 2005, Stack et al. reported the first Cu(I) complex supported by a biden-
tate ligand exhibiting tyrosinase activity toward external substrates in a
stoichiometric fashion (Figure 3). 3447 By exposure to dioxygen, the Cu(I)
DBED complex (DBED = N,N’-di-fert-butyl-ethylenediamine) was
shown to form a u—nZ:nQ—peroxo dicopper(Il) species. Addition of

O
Bu
Bu Bu ,/Bu By Bu g
o H N~y H N H  H
. B E _ P i _0 P
[ >Cu” | >cul j 120 OCU fBu’N‘\/Cul >C m j 5 N\Cu”\ }Cul ]
- : H o N 0
N.
I"H H MeTHF 0 H) H)
Bu Bu Bu Bu
Bu ‘Bu
Bu Bu

(a) (b)

(d

Figure 3. The first mononucleating model system with tyrosinase activity, devel-
oped by Stack et al. and (a) the y-r:17-peroxo dicopper(ll) complex, which is formed
upon coordination to copper(l) and oxygenation at low temperatures, (b) the ternary
adduct between a bis-p-oxo dicopper(lll) complex with bound phenolate, (c) the
catecholato adduct, and (d) the resulting copper(ll)-semiquinone complex.***
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phenolate led to isomerization to a bis-u-oxo dicopper species, in which
attack on the bound substrate occurs, leading to a bound catecholato spe-
cies (and subsequently to a copper(Il)-semiquinone complex). Importantly,
this system provided the first evidence for a “ternary intermediate” (Cu +
O, + substrate), which gave additional hints on how this reaction might
occur in the enzyme. In 2014 Lumb et al. showed that the copper(l)
DBED system also exhibits catalytic tyrosinase activity if a slightly over-
stoichiometric amount of ligand is used. In this case the diamine ligand
also adopts the role of a base.* Applying this protocol, Lumb et al.
described the catalytic conversion of several monophenols to the corre-
sponding ortho-quinones and other functionalized organic products,
respectively.so_5 3

The first catalytic tyrosinase model complex supported by a bidentate
ligand was presented in 2010.%7 The employed ligand L, 1 (Figure 4)
represents one-half of the dinucleating BiPh(impy), ligand (see above
and Figure 2) and contains a combination of a tert-butyl-terminated imine
and a pyridin<3.36’37 Employing Bulkowski-Réglier conditions, the Cu(I)
complex in the presence of dioxygen mediates the formation of 3,5-
DTBQ with a TON of 22 after six hours.?’ This discovery was the starting
point for the development of other mononuclear catalytic model systems
of tyrosinase supported by bidentate N-donor ligands. The focus of this
research was mainly put on increasing the activity and the stability of the
corresponding catalysts.3 7,39,40,42,44,45.63

Based on comprehensive spectroscopic studies, a catalytic cycle was
derived for the L1 system (Scheme 3).37 By addition of two equivalents
of 2,4-DTBP-H and triethylamine to the Cu(I)L,,1 complex (1), Cu(I)
complex 2 is formed, which could be isolated and analyzed using UV/vis
and NMR spectroscopy. Through oxygenation of 2 a band at 340 nm
appears in the UV/vis spectrum indicating the formation of a y-catecholato-
p-hydroxo intermediate (4). Furthermore, an HCl quench following the
oxidation of 2 leads to 3,5-DTBQ, as well as 3,5-di-tert-butylcatechol
(3,5-DTBC-H,), deriving from the catecholato adduct in 4. Under
Bulkowski-Réglier conditions, 4 releases the bound catecholato adduct as
3,5-DTBQ. The protonation of the hydroxide group of 4 through proto-
nated triethylamine initiates the formation of 3,5-DTBQ, indicating that
triethylamine acts as a proton shuttle. The release of 3,5-DTBQ and water
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Scheme 3. Catalytic cycle for the monophenolase reaction mediated by bidentate
N-donor model systems.”-37:3940.42:45

results in a reduction of Cu' to Cu' and the reformation of 2, thus closing
the catalytic cycle.37

The isolation and characterization of the catecholato adduct 4 imply
the presence of a ternary phenolato-peroxo complex 3, which, however,
could not be detected in the L 1 system. Nevertheless, formation of the
e’ -peroxo species could be ev1denced at 185 K in acetone using UV—
vis spectroscopy, showing that this species is also mechanistically
relevant.

In 2014 Lumb ez al. used L, 1 derivatives for the conversion of 4-ter-
butylphenol to the corresponding coupled quinone, which was mediated
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Figure 4. Model systems with an imine moiety and an N-heterocycle and the
obtained TONs under Bulkowski-Réglier conditions with 2,4-DTBP-H as substrate
and a catalyst concentration of 500 umol/L. (a) The TONs were obtained using 0.1
mmol catalyst, 10 eq. of 4-tert-butylphenol and 5 eq. of NEt; 3739404448

by Lyy1 derivatives.*® The substitution of the zert-butyl moiety of L1
with 4-methoxybenzene and naphthalene led to LS and L6, respectively.
For ligand L3 the alkyl chain of L, 1 was shortened to only one CH,-unit
(Figure 4). In this study a 1:10 and thus higher catalyst-to-substrate ratio
was applied and the oxygenation was performed in the absence and pres-
ence of 4 A molecular sieves. These conditions led to product yields of
57-58% (TON = 3) without desiccant, and 93-96% (TON = 5) with the
use of molecular sieves, respectively.48

B. Substitution of Pyridine in the L, 1 Ligand by N-Heterocycles

To learn more about electronic and structural influences on the reactivity
of the L, 1 system toward phenolic substrates, and eventually increase its
catalytic activity, the pyridine moiety was first substituted by other hetero-
cyclic groups. Notably, previous investigations had shown that Cu(I)
complexes supported by ligands, composed of two pyridine (DPM) and
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two tert-butyl-terminated imine functions (LL2), are catalytically inac-
tive.’”®* Therefore, the combination of an imine unit and a heterocycle
appeared to be superior to symmetric ligands composed of two heterocy-
cles/two imine units (see below).

In pursuit of the stated goals, analogs of Ly, 1 were established, which
in particular contain (i) a benzimidazole (L;,,,1), (ii) a pyrazole (thzl
and Lyp,2), or (iii) an imidazole (L;y,1) moiety instead of the pyridine
ring (Figure 4)37:39:404% A1) of these systems showed catalytic monophe-
nolase activity toward 2,4-DTBP-H.%40:44 By substitution of the pyridine
moiety of L, 1 with pyrazole (Ly,,1) and 3,5-dimethylpyrazole (Ly,2),
respectively, the catalytic activity of the systems increased from a TON of
22 t0 29 and 23, respectively.40 The substitution of pyridine with benzimi-
dazole (Ly,,,1) even resulted in a TON of 31, whereas the system with an
imidazole as N-heterocycle only exhibited a TON of 16.* Thus, using
pyrazole and benzimidazole instead of pyridine increases the catalytic
activity whereas imidazole lowers the TON. In contrast to the parent L, 1
system it was not possible to detect a u—nzsnz—peroxo intermediate for any
of these modified systems.37’39’40’44

The obtained experimental results can be rationalized by considering
the bonding properties of the employed N-heterocyclic groups. In order to
mediate an electrophilic substitution (Sg) on the arene ring of the coordi-
nated substrate, the side-on-bound peroxo ligand should transfer as much
electron density as possible into the two copper centers. This will in turn
be facilitated by employing weakly o-donating and/or strongly m-accept-
ing co-ligands. As a measure of o-donor strength, the pK, value of the
bound N-heterocycle (in its protonated form, cf. Table 1) may be
employed.65 Inspection of these values explains that replacement of pyri-
dine by, for example, pyrazole increases the catalytic efficiency. A further
increase of activity should be possible by going to triazole (see below). On

Table 1. pK, values of imines and different N-heterocycles (in their protonated

form).6566.67
imine  imidazole  benzimidazole  pyridine  pyrazole  triazole
pK,  7-8 7 5.6 5.2 2.5 117

37
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the other hand, exchange of pyridine by imidazole should lower the cata-
lytic activity as o-donation is increased, again in agreement with the
experimental observation.

Of particular interest is the large activity increase observed upon
replacing pyridine by benzimidazole. Based on the pKa values, this sub-
stitution should have little effect. However, benzannulation lowers both
the HOMO and the LUMO of imidazole.%”®® While the former explains
the decrease of o-donation (and concomitant decrease of pK,) upon going
from imidazole to benzimidazole (cf. Table 1), the latter acts to increase
the m-backbonding capability, that is, benzimidazole should be more back-
bonding than imidazole. Probably, the combination of both effects makes
benzimidazole superior to pyridine when employed as a donor group in
copper monooxygenation catalysts. This has already been exploited by
Casella whose L.66- and Lé-supported tyrosinase models, for example,
contained benzimidazoles as terminal N-donors (and not pyridines; see
above).55 6

C. Substitution of Imine in the L, 1 Ligand by N-heterocycles:
Symmetric Bidentate Ligands

After replacement of the pyridine heterocycle in the ligand backbone by
other N-heterocycles, it was of interest to check whether the imine moi-
ety of the L, 1 ligand can be replaced by an N-heterocycle as well.
First, symmetric ligands were considered. As the DPM system had been
found to be catalytically inactive (see above),>’ the focus was first
put on (substituted) pyrazoles as N—heterocycles.42 Specifically, Cu(I)
complexes were prepared using the ligands 1,1’-methylenebis-1
H-pyrazol (BPM), 1,1’-methylenebis(3-methyl-1H-pyrazole) (mBPM)
and 1,1’-methylenebis(3,5-di-methyl-1H-pyrazole) (dmBPM; Figure
5).4 By investigating the model systems regarding the monooxygena-
tion of 2,4-DTBP-H, catalytic activity could be detected for all three
model systems. Specifically, the BPM-, mBPM-, and dmBPM-sup-
ported systems mediated the conversion to 3,5-DTBQ with TONs of 21,
19 and 11, respectively. Besides 2,4-DTBP-H various other substrates
were tested, for example small substrates like phenol (P-H), substrates
containing electron-drawing residues such as 4-methoxyphenol



3 COPPER ENZYMES WITH OXIDASE AND OXYGENASE ACTIVITY

Copper Bioinorganic Chemistry Downloaded from www.worldscientific.com
by Alexander Koch on 01/17/24. Re-use and distribution is strictly not permitted, except for Open Access articles.

Monooxygenation of Phenols by Small-molecule Models of Tyrosinase 135

N—N N—-N - =N

i 7Y ) AL AL N

L2 DPM BPM mBPM dmBPM BIMZ

TON: 0 0 21 19 11 9
Year: 2010 2010 2015 2016

Figure 5. Symmetric model systems for tyrosinase and their catalytic activity under
Bulkowski-Réglier conditions vs. 2,4-DTBP-H and a catalyst concentration of 500
umol/L 37424464

(4-MeOP-H), or the biomimetic substrate N-acetyl-L-tyrosine ethyl
ester monohydrate (NATEE). The monophenolase reaction was cata-
lyzed by the model systems for all substrates, albeit with different
TONs.** These findings allowed to derive substrate-specific factors
influencing their catalytic monooxygenation (see below). Interestingly,
it was possible to detect the u-nz:nz—peroxo intermediate for the dmBPM
system at —90°C in acetone, whereas this was not possible for the BPM
and mBPM systems.42 This strongly indicates a steric influence on the
stability of the peroxo intermediate as well as on the reactivity of the
model systems (this point is discussed in more detail below).

By substitution of the pyrazole moieties with N-methylimidazoles, the
BIMZ ligand was obtained (Figure 5). Although a monophenolase activ-
ity towards 2,4-DTBP-H was detected, only a small TON of 9 was
observed.** Note that the increase of catalytic activity upon going from
DPM to the pyrazole-based ligands BPM, mBPM and dmBPM corre-
sponds to the results obtained with the asymmetric Ly, X ligands (het =
N-heterocycle, X = 1 or 2; cf. previous section), where replacement of
L,y1 by the (less electron-donating) Ly,,,1/Ly,,2 ligands was found to
increase the catalytic activity of the corresponding Cu(l) complexes.
Moreover, replacement of the pyrazole moieties in BPM by (more elec-
tron-donating) imidazoles led to a decreased catalytic activity of the Cu(I)

39
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complex supported by the BIMZ ligand, again in line with the results
obtained for the asymmetric ligands.

Overall, however, the catalytic activities of the Cu(I) complexes sup-
ported by the symmetric ligands are conspicuously lower than those of
their counterparts with asymmetric ligands. This result was surprising as
it is not compatible with the bonding properties discussed so far: based on
the corresponding pK, values, all of the employed heterocycles are
weaker o-donors than imine (cf. Table 1). From a purely electronic point
of view, replacement of imine by these moieties thus should increase (and
not decrease) the catalytic activity. The complete catalytic inactivity of the
DPM complex was even more striking; based on the activity sequence of
the asymmetric systems it should lead to a TON between that of the imi-
dazole and the pyrazole system.

In an attempt to understand the described findings, the formation and
possible constitution of the ternary intermediate 3 (cf. Scheme 3) are con-
sidered in more detail. Note that in a stoichiometric reaction mode (upon
which the mechanism depicted in Scheme 3 is based) the substrate is
bound to the Cu(I) precursor before oxygenation. In a catalytic run, how-
ever, the substrate is added to the Cu(l) precursor [Cu(L)(CH3CN)2]+
(LL = bidentate ligand) and will bind to the u—nz:nz—peroxo complex formed
upon oxygenation of the latter, generating ternary intermediate 3. In order
to get hydroxylated, the substrate has to bind within the Cu,0O, plane
(Scheme 4).°

Such a configuration, in which the peroxide o* orbital overlaps with
the m-system of the arene ring® can in principle be reached by two path-
ways which correspond to an associative and a dissociative mechanism. In
the associative scheme initial binding of the substrate proceeds axially to
one of the Cu(Il) centers of the planar u—nz:nz—dicopper complex; e.g. Cu®

Scheme 4. Overlap of a phenolate =-type orbital and the o* orbital of the peroxo
ligand.®
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associative pathway:

dissociative pathway:
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Scheme 5. Associative and dissociative pathways of the substrate coordination for
a monooxygenation reaction mediated by a catalytic copper complex supported by
(top) symmetric and (bottom) asymmetric ligands.

(cf. Scheme 5 left). To reach an equatorial coordination, the ligand sphere
around Cu® has to rotate around an axis connecting the two copper centers
(cf. Scheme 5, top). Such an axial — equatorial rearrangement has also
been discussed for the enzyme.4’6’69

In the frame of a dissociative mechanism, equatorial coordination of
the substrate in the Cu,O, plane occurs after dissociation of one of the two
donor groups of the bidentate ligand from the peroxo complex (Scheme
5. bottom). Rebinding of that donor after coordination of the substrate at
the free equatorial position, may subsequently occur in axial position or
not depending on its donor/acceptor strength (if not, the bidentate ligand
would act as a hemilabile ligand).70 In the context of this (dissociative)
pathway, the function of a comparatively strong donor (such as imine)
would be to keep the bidentate ligand bound to the peroxo dicopper com-
plex and the ternary intermediate, respectively. On the other hand, such a
dissociative scenario would be mechanistically unfavorable for a symmet-
ric bidentate ligand with two comparatively weak donors as the ternary
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Table 2. Observed TOFs (min™") after 15 min for different model systems upon
catalytic conversion of 2,4-DTBP-H 3739404244

Lips BPM

Ly Logm!  (Lyp2) Ll (MBPM/mBPM)  BIMZ
TOF 041  0.84 0.85 0.38 0.27 0.17
(0-15 min) (0.62) (0.24/0.22)

intermediate would be less stabilized and total loss of the bidentate ligand
may occur. It is thus conceivable that mixed ligands with one imine group
(as a comparatively strong donor) and one (weaker coordinating)
N-heterocycle follow a dissociative pathway for the binding of the sub-
strate whereas symmetric ligands with two comparatively weak donors
follow an associative pathway. The latter pathway is a priori kinetically
disfavored compared to the former due to the fact that equatorial coordi-
nation of the substrate only occurs after an axial — equatorial rearrange-
ment whereas this is not necessary within the dissociative scheme. This
mechanistic difference may explain the overall lower activity of the sym-
metric ligands, which is also evident from lower observed TOFs as com-
pared to  their @ asymmetric, imine-containing  analogs
(cf. Table 2). The total lack of catalytic activity observed for the DPM
system, finally, may be associated with the fact that this is the only sym-
metric ligand that is composed of two six-membered rings as opposed to
the other symmetric ligands that contain two N-heterocycles with five-
membered rings. This renders the bite angle of DPM smaller than that of
the latter systems, which in turn could become relevant, e.g., in the course
of the axial — equatorial rearrangement.

D. Hybrid Ligands Composed of Different N-Heterocycles

In view of the fact that the imine function of L, 1 and related systems is
unstable against hydrolysis, which might be one reason for limited TONs
of the corresponding copper catalys‘[s,37’44 it also appeared of interest to
replace it by hydrolytically more stable oxazoline units. Combination with
imidazole groups led to the three asymmetric ligands Lgp 1, Lo 2 and
Lop3 (Figure 6).44 Three different substituents; i.e., phenyl, methyl and
tert-butyl, provided electronic and steric variation of the ligands.
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Figure 6. The Lo X model systems with the ability to mediate the tyrosinase reac-
tion in a stoichiometric fashion under Bulkowski-Réglier conditions vs. 2,4-DTBP-H
and a catalyst concentration of 500 zmol/L.**

Investigation of the catalytic activity, however, showed that the derived
Cu(I) complexes are inactive regarding the catalytic monooxygenation of
phenols and only mediate the conversion of 2,4-DTBP-H in a stoichiomet-
ric fashion.** This aspect could be explained with the influence of struc-
tural factors like the bulky substituents of the oxazoline residues and a
lower flexibility of the ligand backbone. The oxazoline units, especially in
case of the Ly 1 ligand, are more sterically demanding than the imine
function.**

In order to further explore whether bidentate ligands for copper
monooxygenase models can be assembled in a modular fashion, a
hybrid of the (catalytically inactive) dipyridylmethane (DPM) and the
(catalytically active) bispyrazolylmethane (BPM) system was investi-
gated in 2018. Specifically, the ligands pyrazolmethylpyridine (PMP)
and 3,5-dimethylpyrazolmethylpyridine (dmPMP) were prepared
(Figure 7),374245 and corresponding copper(l) complexes were investi-
gated regarding their ability to catalyze the oxygenation of several
monophenolic substrates. Regarding 2,4-DTPB-H these complexes
exhibited TONs of 14 for PMP and 11 for dmPMP. Remarkably, the
TON of the PMP system is intermediate between that of the catalyti-
cally inactive DPM (TON = 0) and the medium-to-highly active BPM
model system (TON = 21),% confirming the foregoing hypothesis.
Again, the methyl-substituted dmPMP system exhibits a lower activity
towards external substrates than its parent, unsubstituted analog. The
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Figure 7. Ligands containing different N-heterocycles and the TON of the corre-
sponding model systems under Bulkowski-Réglier conditions with 2,4-DTBP-H as
substrate and a catalyst concentration of 500 pmol/L.*

u-nz.'nz-peroxo intermediate could be observed for both complexes
upon exposure to dioxygen at low temperatures, although with low
yields (2.5% for the PMP and 3.3% for the dmPMP system).*’

Interestingly, crystals grown from a solution of [Cu(PMP)(MeCN),]
PF¢ provided evidence for the formation of the homoleptic complex
[Cu(PMP),]PF,. For the dmPMP system the analogous complex was not
isolated under these conditions, but it was possible to obtain it by direct
synthesis.45 These findings suggest the existence of an equilibrium
between the heteroleptic and the homoleptic complex in solution, poten-
tially rendering the mechanism of the catalytic monooxygenation reaction
more complicated. Density functional theory (DFT) was used to gain
more insights into the behavior of the two systems in solution. Importantly,
these calculations supported the presence of an equilibrium between the
heteroleptic and the homoleptic complex in solution for both systems.45
Furthermore, investigation of the PMP systems led to single crystals of a
dinuclear complex in which two Cu(Il)-dmPMP units are bridged by a
fluoro ligand deriving from the counter ion PF6.45 This might correspond
to one of the decay products of PMP-type catalysts after prolonged reac-
tion times and give a hint on possible deactivation pathways for this type
of catalysts (see below).
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As the electron-poor N-donor pyrazole in ligands such as PMP and
BPM led to medium-to-high catalytic activities (see above), using even
less electron-donating N-heterocycles such as triazoles was supposed to
further increase the reactivity towards external substrates (cf.
Table 1).*>*%% Exchanging the pyrazole group in PMP by triazole led to
the TMP family of ligands containing a tolyl (TMP1), anisole (TMP2)
and fert-butyl (TMP3) residue at the triazole’s C4 position (Figure 7).
The ability of these systems to mediate the monophenolase reaction was
investigated using 2,4-DTBP-H, 3-TBP-H (3-fert-butylphenol) and
4-MeOP-H (4-methoxyphenol) as substrates. In fact, the corresponding
model systems exhibited high catalytic activities towards 2,4-DTBP-H
with TONSs of 20, 22 and 24 for TMP1, TMP2 and TMP3, corroborating
the inverse relationship between the o-donor strength of the supporting
ligand and the catalytic monooxygenation activity of the derived Cu(I)
complex (see above). Employing the TMP3 model system, the highest
TON (48) yet observed for the copper-mediated monooxygenation of a
phenolic substrate (4-MeOP-H) was achieved.® Interestingly and in con-
trast to the previous model systems, the influence of the residue on the
triazole heterocycle was found to be small. Thus, the TMP3 system with
the most sterically demanding tert-butyl residue exhibited the highest
catalytic activity. The difference towards the methyl-substituted systems
of BPM, PMP, and Ly, is that the C3 and C5 positions are unsubstituted
for the TMP systems and the residue is bound in C4 position.**** This
results in a larger distance to the peroxo ligand, which leads to a smaller
steric influence. Therefore, although the residues for the TMP systems
are larger than for the previous systems, their steric influence is small. As
for the PMP model systems a ,u-n2:772—per0x0 intermediate was also
detected for the TMP model systems, although only in small yields of
1.1% to 2.6%.%

Concluding this chapter, it should be mentioned that recently Herres-
Pawlis et al. presented another model system with a bidentate N-donor
ligand. Supported by a hybrid guanidine ligand the corresponding copper
complex forms a bis-p-oxo dicopper(Ill) species when exposed to oxygen
at low temperatures. The copper-oxygen species catalytically converts dif-
ferent phenolic substrates into ortho-quinones with high product yields.61
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Figure 8. Different bidentate ligands with and without methyl residues.*®*24>

Table 3. Catalytic activity of different unsubstituted model systems and their
methyl substituted counterparts.*?*24>

Decrease of activity vs.

Model system TON vs. 2,4-DTBP-H unsubstituted system (in %)
Lz (Lpp,2) 29 (23) 21

BPM (mBPM/dmBPM) 21 (19/11) 10/48

PMP (dmPMP) 14 (11) 21

E. Steric Influence of Substituents on the Supporting Ligands

In the preceding sections the electronic influence on the catalytic activity
of copper catalysts supported by bidentate ligands has been considered in
detail. As already mentioned, the use of different residues altering the steric
bulk of the ligand adds another parameter influencing the catalyst’s activity.
This first became evident when investigating the Ly,,1 system, which
exhibited a TON of 29 towards 2,4-DTBP-H (Figure 8): using the 3,5-dime-
thyl substituted derivate Lyj,2, decreased the activity by 21% (TON = 23,
Table 3).40 For the symmetric BPM systems analogous results were
obtained throughout all examined substrates, with exception of phenol
(P-H) and 4-MeOP-H; i.e., the unsubstituted BPM shows the highest activ-
ity towards external substrates, while the TON is lowered for the 3-methyl
substituted mBPM and significantly decreased for the 3,5-dimethyl substi-
tuted dmBPM. The conversion of 2,4-DTBP-H to 3,5-DTBQ, e.g., is medi-
ated with a TON of 21 for BPM, while reduced by 10%/48% when using
mBPM/ dmBPM, respectively. The same observation was made for the
PMP systems: while the parent, unsubstituted system mediates the
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conversion to 3,5-DTBQ with a TON of 14, the activity is lowered by 21%
for the dmPMP system, where a TON of 11 was obtained (Table 3).45

These findings can be explained by the fact that the presence of bulky
residues in the ligand backbone disfavors the coordination of the substrate
to the copper center in the peroxo intermediate (Scheme 3) as well as
electrophilic attack of the u-nz:nz—peroxo ligand on the coordinated phenol
in ortho-position (Scheme 3).37 Thus, conversion of the substrate to the
ortho-quinone is hampered and the system’s catalytic activity reduced. On
the other hand, steric shielding of the peroxo ligand stabilizes the copper-
peroxo complex. Thus, detection of the ,u-nz:nz-peroxo intermediate was
successful for the dmBPM system, while it could not be achieved for
BPM or mBPM.* In agreement with this, the yield of the ,u—n2:772—per0x0—
intermediate detected for the dmPMP was larger than for the PMP sys-
tem.* An important consequence of the lower reaction rate associated
with steric shielding may be that the significance of side reactions, deac-
tivating the catalyst, increases. One of these pathways is the reaction of
the Cu(II) catecholato complex (Scheme 3) with water, which is liberated
in the course of the catalytic cycle, leading to a bis-p-hydroxo species.48
Other possible decay products are generated by reactions with anions
deriving from the counterion (cf. the u-fluoro-bridged dinuclear Cu(II)
dmPMP; see albove).45

F. Variation of Substrates: Electronic and Steric Factors

Apart from the electronic and steric properties of the ligands, which
have been considered in the previous sections, the product yields and
corresponding TONs of copper-mediated monooxygenation reactions
are significantly influenced by the nature of the substrate and its interac-
tion with the catalyst. The substrates which we have employed to inves-
tigate the tyrosinase activity of our model systems range from small or
low-activated (P-H, 4-MeP-H) to sterically demanding (2,4-DTBP-H,
NATEE) and highly activated (4-MeOP-H) phenols.”?7#2444363 1y the
following the different properties of the used substrates and their influ-
ence on the outcome of the monooxygenation reaction are briefly
discussed.
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Scheme 6. The reactivity of the various investigated substrates,37-4248:49,63,72]

Although the substrate 2,4-DTBP-H carries two bulky ferz-butyl resi-
dues and is therefore sterically hindered, it is commonly used in investi-
gations of monophenolase activi‘[y.7’44’45 63 Apart from increasing the
steric bulk of the substrate the residues induce a +I-effect, thus increasing
the electron-density in the aromatic system.7’42’71 This favors the electro-
philic attack by the peroxo ligand. Furthermore, the corresponding ortho-
quinone (Scheme 6 top, A, = 407 nm, £ = 1830 L mol™! cm™") exhibits
a high stability, hence isolation and characterization of this product is
easy.37’44’71 Nevertheless, when using 2,4-DTBP-H as a substrate the
coupled biphenol 3,3’,5,5’-tetra-tert-butyl-2,2’-biphenol (BP-H)
obtained as an unphysiological by-product. It is formed from phenoxyl
radicals generated by H-atom transfer to the peroxo complex via an oxi-
dative coupling reaction.*”!

An alternative to the “standard substrate” 2,4-DTBP-H is represented
by 3-TBP-H, which reacts under catalytic conditions to the coupled qui-
none 4-(tert-butyl)-5-[3-(tert-butyl)phenoxy]cyclohexa-3,5-diene-1,2-di-
one (Scheme 6 bottom, A\, =425 nm, e =898 L mol™! cm‘l).7’44’48 Here,
only one tert-butyl residue is bound to the aromatic ring in meta-position,
thus leading to a less sterically encumbered coordination to the copper
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Table 4. Overview of the obtained TONs with different bidentate model systems®
and different substrates.

BPM TMP1
Lypz!  (MBPMY/ PMP  (TMP2/
Loy 1 (Lpp,2) dmBPM) Lyys1 BIMZ Lo 1-3 (dmPMP)  TMP3)
2,4-DTBP-H 18 29 21 16 9 <1 14 20
(23) (19/11) (1) (22/24)
3-TBP-H 22 200 6 25 20
(15/12) (13)  (19/24)
4-MeOP-H 35 34 6 34 42
(10 /15) (33)  (45/48)
4-MeP-H 14
(12/10)
P-H 9
9/9)
NATEE 18 25 0

(15/711)

“DPM and L2 are catalytically inactive and therefore not listed

center in comparison to 2,4-DTBP-H.42’63 On the other hand, the elec-
tronic activation of the residue is smaller. Consequently for the most
model systems with this substrate, similar TONs are observed as for
2,4-DTBP-H (Table 4).4>4463

In contrast to the substrates considered so far, 4-MeOP-H does not
contain bulky residues, but a methoxy group in para-position that acti-
vates the aromatic system due to the a +M-effect.****4>6 1n accordance
with the high activation and small steric bulk of the substrate, the observed
TONSs for this substrate are very high. Thus, TONs between 42 and 48
were observed for the TMP model systems (Table 4).% Under catalytic
conditions 4-MeOP-H is converted into the coupled quinone 4-methoxy-
5-(4-methoxyphenoxy)cyclohexa-3,5-diene-1,2-dione (Scheme 6 bottom,
Aps =418 nm, ¢ =524 L mol™ ecm™).**73 In the presence of water the
para-quinone 2-hydroxy-5-methoxy-1,4-benzoquinone is formed from
the coupled quinone.42’63"72

When investigating the monophenolase activities of the symmetric
BPM systems, three further substrates were tested.** The para-methyl
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substituted 4-MeP-H is slightly activated due to the +I-effect of the methyl
group. The small activation leads to low turnover frequencies (TOFs) and
TONSs (14-10 for BPM systems, Table 4), despite the fact that the steric
interaction between the substrate and the copper is small. In addition to
the monophenolase reaction a side reaction occurred during the catalysis,
reducing the substrate concentration and thus the possible product yield.
Presumably, under catalytic conditions a copper semiquinone complex is
formed and subsequently hydrolyzed in the presence of water, that itself
is generated during the catalysis.42 The formation of the 4-methylquinone
is associated with an absorption band at 445 nm (Scheme 6 top, ¢ = 1400
L mol™' ecm™).*> The smallest and least sterically hindered substrate is
P-H; the corresponding ortho-benzoquinone exhibits an absorption band
at 398 nm (Scheme 6 top, ¢ = 1417 L mol™! ¢cm™).”* The lack of bulky
residues, however, leads to two disadvantages. On the one hand, the phe-
nol is not activated and therefore the resulting TOF is small. On the other
hand, the unsubstituted aromatic C-H groups provide a large number of
possible binding sites for side-reactions such as oxidative coupling or
polymerization reactions.*1"” Indeed for the BPM supported systems
only TONs of 9 and low TOFs were obtained (Table 4).42

The substrate NATEE, finally, is closely related to the natural sub-
strate L-tyrosine and therefore the best choice from a biomimetic point of
view. Under catalytic conditions it is converted into N-acetyl-L-
dopaquinone ethyl ester (NADQEE) with an absorption band at 392 nm
(Scheme 6 top, e = 1417 L mol ™! cm_l).76 With this substrate for the BPM
model systems as well as for L;;,,,1 medium to high TONs were observed
using UV/vis spectroscopy, which could be attributed to the +I-effect of
the residue and the fact that the residue is bound in para-position and
therefore substrate coordination to the copper center is not sterically hin-
dered (Table 4).*>** However, the absorption band corresponding to the
ortho-quinone decreased after a few hours and the isolation via an HCI
quench failed as well. Presumably the product is unstable in the presence
of water, that originates from the catalytic cycle and the substrate
itself.*>*

To conclude, it is possible to mimic tyrosinase activity with our model
systems employing a large range of monophenols. It was found that
especially the activation of the aromatic system through the electronic
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OH @ = available ortho-position

O\
4-MeOP-H
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4-MeP-H 3-TBP-H 2,4-DTBP-H
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O
NATEE

P-H

Sterimh

Scheme 7. a: electronic activation of the aromatic system by the + / +M-effect of
the residues, b: steric hindrance of the residues upon coordination on the copper
center.

influence of the residues greatly influences the resulting turnover num-
ber, /+#2:44:43.63 Furthermore, due to steric hindrance it is favorable to use
substrates without residues in or in vicinity to the ortho-position to the
hydroxyl group. These findings are graphically summarized in Scheme 7,
showing the interplay between electronic activation and steric bulk. As
4-MeOP-H is not sterically encumbered and exhibits a high activation of
the aromatic system induced by the +M-effect of the methoxy group, usu-
ally the highest TONs are observed for this substrate (Table 4).42:44:45.63
For the biomimetic substrate NATEE, on the other hand, a high conversion
to the corresponding ortho-quinone is also observed; however, this system
suffers from the decay of NADQEE in the presence of water.*>4
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IV. Summary

Tyrosinase is a dinuclear copper protein that converts L-tyrosine to
L-dopaquinone. Besides structural and mechanistic investigations of the
natural enzyme relevant information about the underlying chemistry can
be obtained using small-molecule model systems. In the last decade sev-
eral catalytic tyrosinase models with bidentate N-donor ligands have been
established. Through detailed investigations of these systems, correlations
between the properties of the ligand and the substrate on the one side and
the observed catalytic activity on the other could be obtained. An impor-
tant aspect of these correlations is the o-donor/m-acceptor strength of the
employed N-donor groups. Moreover, asymmetric ligands are more effec-
tive than their symmetric counterparts, which can be attributed to the
kinetics of substrate binding.

Apart from the electronic influence of the N-donor groups the pres-
ence of bulky residues in the ligand backbone also influences the catalytic
activity of the system. While stabilizing the peroxo complex, sterically
demanding substituents may inhibit coordination of the substrate and
electrophilic attack by the peroxo group. On the other hand, small steric
hindrance in the vicinity of the ortho-position to the hydroxyl group and
an increased electron density within the aromatic system (e.g., through a
+M-effect of a methoxy group in 4-position) facilitate bonding of a phe-
nolic substrate to the copper-peroxo intermediate and subsequent electro-
philic attack by the peroxo group. The reactivity of the presented
tyrosinase model systems towards external monophenols thus is well
understood. Remaining challenges to be adressed refer to increasing the
turnover numbers, which are still low, and reducing the amount of base
needed for a catalytic activity of the investigated model systems.
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3.4.2. Further Tyrosinase Model Systems

Apart from the model systems presented in Chapter 3.4.1, further mono- and dinuclear model

systems have been investigated in recent years.!''%123

For example, the HERRES-PAWLIS group reported different tridentate ligands consisting of two
pyrazole rings in combination with a pyridine or an imidazole group as N-donors
(Scheme 12).1'>4"261 |n 2013 the ligand HC(3-BuPz),(Py) with an appended pyridine ring has
been developed. Upon coordination to Cu(l) and reaction with dioxygen, a quantitative
formation of the corresponding p-n?:n*peroxodicopper(ll) complex at -78 °C and at room
temperature was observed by the use of UV/vis- and resonance Raman spectroscopy as well
as cryo-ESI-TOF mass spectrometry. In addition, the copper-oxygen intermediate displayed
remarkable stability and did not decompose over weeks at low temperature, while exhibiting a
half-life time of approx. 30 min at room temperature. Moreover, and in contrast to previously
found room temperature stable p-n%n?-peroxo complexes, a reactivity towards external
monophenolic substrates was demonstrated for this system as well. The substrate 8-
hydroxyquinoline was converted to the corresponding quinone with a TON (turnover number)
of 8 after 16 h.['? A more biomimetic design was reported two years later with the imidazole-
containing ligand HC(3-BuPz);(1-Melm) (Scheme 12). Albeit the fact, that a p-n?n*-peroxo
complex was obtained using this complex as well and that the catalytic activity toward 8-
hydroxyquinoline was higher with a TON of 14 after 20 min, however, the stability of the Cu20-

intermediate was found to be significantly lower.!'?!

R R
f f
o el FTN
| I =N N=
NN CNI@ < :

R = H: pzma
= IN ~N N R = Me: dmpzma
™ \—/
R
R H R
R=H: N
NN
N NTN
HC(3-'BuPz),(Py) & ‘
HC(3-'BuPz),(1-Mel = =
R = CO,Me: (3-BuPz){1-Velm) § "
HC(3-'BuPz),(4-CO,MePy) R = H: pzea

R = Me: dmpzea

Herres-Pawlis et al. Tuczek et al.

Scheme 12: Different tridentate ligands employed in model systems of Ty developed by HERRES-PAWLIS
et al. and TUCZEK et al.['24-127]
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In contrast, in 2018, a derivative of HC(3-'BuPz),(Py) with a methyl formate residue was
developed (Scheme 12). Using the ligand HC(3-BuPz)2(4-CO.MePy), an enhanced stability
of the resulting p-n?:n?-peroxodicopper(ll) complex and a higher catalytic activity toward 8-
hydroxyquinoline with a TON of 20 after 10 s was obtained. While kinetic investigations
supported the proposed SeAr reaction mechanism, using DFT calculations, the higher catalytic
activity of the substituted system compared to the unsubstituted system was attributed to a
longer copper-pyridine bond, resulting in a greater accessibility of the peroxo moiety to sub-

strates.['26]

Tyrosinase model systems on the basis of tridentate ligands have also been reported by the
TUCZEK group. It was assumed that tridentate ligands might better stabilize copper-dioxygen
intermediates and thus higher yields of the respective u-n?:n*-peroxo complexes could be
detected compared to the use of bidentate ligands, for which only low yields could be obtained
(see above).l'?128 |n 2019, model systems supported by the linear tridentate amine ligands
pzma and pzea with two terminal pyrazole rings have been developed, which differ mainly in
the chain length connecting the N-donors (Scheme 12).'?"! Interestingly, the ligand pzma was
found to exhibit hemilabile properties, with a k* coordination to Cu(l) and a k® coordination to
the Cu(ll) state. The reactivity was studied under BULKOWSKI-REGLIER conditions, which
describe the injection of dioxygen into a 500 um complex solution in DCM that contains 50 eq.
of substrate and 100 eq. of the base triethylamine (NEt;) per Cu center.3127.1281 A moderate
reactivity toward the substrate 2,4-di-tert-butyl-phenol (DTBP-H) resembled by a TON of 15
after 6 h was observed. However, no u-n?:n?-peroxodicopper(ll) complex could be observed at
low temperatures using this ligand. Using the dimethyl-substituted derivative of pzea, dmpzea
(Scheme 12) the detection of a u-n*n?-peroxo intermediate was successful. However, the
yield of the Cu2O2-intermediate was not significantly increased with this system compared to

copper complexes supported by bidentate ligands.['?]

Apart from ‘classic’ investigations of designed model systems, recently, the influence of other
factors, such as the role of the present coligands and anion on the reactivity of mononuclear
copper complexes, moved into focus. In 2022, SCHNEIDER et al. investigated simple copper
salts as model systems for tyrosinase and exhibited the so far highest catalytic activity, with a
yield of 3,5-di-tert-butyl-ortho-quinone (DTBQ) up to 40 %, along with a different reaction

mechanism.['?l This groundbreaking study is described in more detail in Chapter 4.3.

In addition to the development of mononuclear model systems, the investigation of dinuclear
complexes, which was at the center of interest in the early years of this research field, has
gained renewed interest in recent years. In 2016, with Lpy2 (Scheme 13), a dinuclear version

of Lpy1 (see above) was developed by the TUCZEK group.!'*” Since Lyy1 was the first model
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system showing both a catalytic monophenolase activity as well as the formation of a u-n%:n?*-

peroxo intermediate at low temperatures,['3!132 it seemed reasonable that the Lpy2 system

(Rl

might exhibit the same reactivity.

Lo n = 2: LMO4im
Py n = 3: LMO5im

Tuczek et al.

Scheme 13: Dinucleating ligands Lpy2, LMO4™m and LMOSm developed by the TUCZEK group.[130.133]

However, albeit the fact that DTBP-H was converted with a TON of 18 after 8 h, no Cu20;
intermediate could be obtained.'*® Only very recently, with the bis-tridentate ligands
LMO4im/) MOSim (Scheme 13), the TUCZEK group succeeded in the development of the first
dinuclear model systems exhibiting both the formation of a y-n%n?-peroxodicopper(ll) complex
as well as the catalytic activity toward a monophenolic substrate.'>3 The MO5im system, e.g.,
mediated the conversion of DTBP-H into the corresponding DTBQ with a TON of 11 after 2 h
and produced the peroxo moiety with a yield of 23 %. Furthermore, in this study, the
catalytically active imine-containing MO5im system was compared to the corresponding but
inactive amine-containing MO5 system by the use of DFT calculations. Interestingly, the
monophenolase activity of the former system could be attributed to a more vacant coordination
site equatorial to the p-n*%:n?-peroxo ligand caused by the rigidity of the imine group. This
coordination site is blocked by the ligand in the more flexible, amine-containing MO5 system,
demonstrating the strong influence of slight changes in the ligand design on the obtained

catalytic activity.!'33

Notably, in 2023 HERRES-PAWLIS et al. developed a dinuclear version of HC(3-BuPz)(Py).['*4
Upon coordination of the new ligand L2 (Scheme 14) to Cu(l), the quantitative formation of a
highly stable p-n?:n*-peroxodicopper(ll) complex could be observed at room temperature and
was verified using UV/vis- and resonance Raman spectroscopy as well as HR-ESI-mass
spectrometry. Catalytic conversion of monophenolic substrates could also be demonstrated
for this system, but only benzannulated phenols (1-/2-naphthol) were converted, while no
activity toward less-activated substrates such as DTBP-H or 4-methoxyphenol could be

evidenced.!'34

59



3.4 TYROSINASE MODEL SYSTEMS

L2
Herres-Pawlis et al.

Scheme 14: The recently reported dinucleating ligand L2 reported by HERRES-PAWLIS et al.['34]

Hence, a model system that, in analogy to the enzyme Ty, shows a high catalytic activity
toward various monophenolic substrates as well as the quantitative formation of the u-n*:n*

peroxodicopper(ll) species is still not found.
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4.1. The Influence of Ligand Flexibility on the Reactivity of

Dinuclear Model Systems

The study of model systems on the basis of dinucleating ligands dates back to the first catalytic
system of BULKOWSKI et al. in the year 1985.['*1 These investigations have led to model
systems showing both monophenolase activity as well as the formation of a u-n%n*
peroxodicopper(ll) intermediate.['*3134 However, the yield of the Cu.O, adduct and/or the
catalytic activity were still limited with these model systems. Interestingly, all ligands employed
in these model systems possess a relatively high degree of flexibility. Therefore, increasing
the rigidity of the ligands was assumed to be a possibility to improve the reactivity of model
systems toward monophenols and dioxygen. This assumption is supported by the finding made
for the MO5im vs. the MO5 system (Chapter 3.4.2), in which the change of the amine N-donor
in MOS5 to a more rigid imine group in MO5im switched on the catalytic activity and led to a

higher yield of the CuO.-intermediate.!'*®

Within the framework of his doctoral thesis, B. HERZIGKEIT, among other things, focused on the
syntheses and investigation of tyrosinase model systems with rigid, dinucleating N-donor
ligands.l"*® In a first attempt, the bis-bidentate ligand Lewmin1 (Scheme 15) was investigated.
This ligand contains PMP N-donor groups that were previously used in mononuclear model
complexes for Ty (Chapter 3.4.1),1'28'37] which are bridged by an ethyne spacer. However,
upon coordination of the ligand to Cu(l), no defined structure could be obtained. The obtained
crystal structure of a dimeric Cu(ll) complex together with mass spectra of the Cu(l) complex
hint to the formation of a dimeric complex. Although, a catalytic activity toward DTBP-H with a
TON of 13 after 6 h was obtained, the formation of a y-n%n?-peroxodicopper(ll) at low temper-

atures could not be observed.['3

To obtain a complex better stabilizing the Cu.O. intermediate, the ligand LewindN was
developed. This ligand is related to a system by KODERA et al. that was able to form a room
temperature stable peroxo complex and consists of trispyridylethane moieties as N-donors.
The N-donor groups are bridged by an ethyne unit (Scheme 15), analogous to the Lgthin1
ligand.l"*¢1%8 The corresponding Cu(l) complex could be obtained, but was found to be inactive
in monophenolase reactions. Moreover, and despite the fact that DFT calculations suggested

the possibility to form a u-n%n?-peroxodicopper(ll) complex, several attempts to detect such an
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intermediate at low temperatures were unsuccessful. It was assumed that the rigidity of the
ligand may lead to a too high steric hindrance at the copper centers, preventing the binding of

dioxygen.['3]

LEthin1 Lethin3N

Scheme 15: The dinuclear ligands with ethynyl spacer between the N-donors Lewin1 and Lein3N
developed by B. HERZIGKEIT.I"36]

Thus, a spacer that is more rigid compared to an alkyl chain but also more flexible compared
to the ethyne bridge might allow both the formation of a u-n%:n?-peroxo complex in quantitative
yield and result in a catalytic activity toward monophenolic substrates. To this end,
B. HERZIGKEIT connected the trispyridylethane units of LewindN with a 1,2-diethynylbenzene
spacer group to the new ligand Tw1.['%%l The subsequent synthesis of a Cu(l) complex and
catalytic as well as spectroscopic investigations were part of my master thesis!'*®¥ and this

work.

4.2. Dinucleating N-donor Ligands with Diethynylbenzene
Backbone for the Copper-Mediated Monooxygenation

of Phenols

This study focuses on the syntheses and investigation of the three new Cu(l) complexes
CuTw1, CuTw2 and CuTw3, supported by the bis-tridentate ligand Tw1 and the bis-bidentate
ligands Tw2 and Tw3 that all share the 1,2-diethynylbenzene spacer group (Scheme 16). In
contrast to the bis-tridentate ligand Tw1, derived from Lewin3N, the bis-bidentate ligands Tw2
and Tw3 are derived from their respective mononucleating, bidentate counterparts PMP and
TMP (Chapter 3.4.1).1128.136.137.1401 Jpon coordination to Cu(l), the catalytic activity of the
corresponding complexes CuTw1, CuTw2, and CuTw3 toward the conversion of DTBP-H is

investigated and the obtained differences in the catalytic activity are discussed in detail.
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Prior to the syntheses of ligands and complexes, DFT optimizations of the u-nn?-peroxo-
dicopper(ll) complexes with Tw1-3 were performed and supported the possibility of the

complexes to form such a Cu,0; intermediate.

=
NN
AN
Sy
Pz N/
Tw2
7 NNy
~ _N NtN
=
A
SN N=N
|/ N. ./ Bu
Tw3

Scheme 16: The dinucleating ligands Tw1-3 investigated in this study.

The synthesis of Tw1 was performed via a five-step linear route. In the first four reaction steps,
the ethynyl-terminated trispyridylethane moiety was prepared, which was then connected to
the ligand Tw1 via a copper-free SONOGASHIRA coupling reaction with 1,2-diiodobenze in the
subsequent key step. The synthetic routes of the new ligands Tw2 and Tw3 share the first
three reaction steps. In this case, the coupling with 1,2-diiodobenzene to form the diethynyl-
benzene spacer group already occurs in the third step, yielding a di-(pyridylmethanol) species
as the key intermediate. In a following step, the OH groups of this compound can be replaced
by pyrazole rings to yield Tw2, while replacement by azides and a subsequent Cu(l)-catalyzed
azide-alkyne cycloaddition (CuAAC) leads to ligand Tw3. Notably, all ligands were character-
ized by single crystal X-ray structure analysis, in addition to spectroscopic and spectrometric
techniques. The prepared ligands were then treated with two equivalents of tetrakisacetonitrile-
copper(l) hexafluorophosphate ([Cu(NCMe)4]PFs) to give the corresponding Cu(l) complexes
CuTw1-3. The successful synthesis of CuTw1-3 was verified by IR-, Raman, and NMR
spectroscopy as well as HR-ESI mass spectrometry.

Using BULKOWSKI-REGLIER conditions, no catalytic activity toward DTBP-H was observed for

CuTw1. The lack of monophenolase activity of this system is attributed to the three N-donors
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present at each copper site, which sterically shield the metal center from the substrate and
dioxygen, thus preventing the formation of DTBQ. Additionally, the reactivity of CuTw1 toward
dioxygen was probed using low temperature UV/vis spectroscopy. However, no copper-
oxygen intermediate could be detected. Nevertheless, a crystal structure of the sum formula
[Cuz(Tw1)Clx(u-OH)]PFs was obtained, which resembles the met form of Ty,?? and thus
underscores the possibility of this complex to bind oxygen in a bridging manner.

In contrast to CuTw1, the complexes CuTw2 and CuTw3, supported by bis-bidentate ligands,
proved to be catalytically active tyrosinase model systems converting the three investigated
substrates DTBP-H, 3-tert-butylphenol (TBP-H) and 4-methoxyphenol (MeOP-H). CuTw2,
unlike the parent mononucleating PMP system,'*”] exhibits almost the same catalytic activity
toward any of the substrates (13 — 16 %, Figure 5), which is attributed to the lack of flexibility
compared to the parent system. For CuTw3, higher catalytic activities toward DTBP-H and
MeOP-H (19 % and 30 %, Figure 5) were obtained compared to CuTw2, following the general
trend, that triazoles lead to higher yields of quinones than pyrazoles.['?8.137.1401 Only for TBP-H
a comparable yield of 14 % of the respective quinone product was obtained (Figure 5). This is
attributed to the lower activation of this substrate. Compared to the parent mononuclear
system, the catalytic activity for CuTw3 is also reduced,!"*® which is again attributed to the

rigidity of the dinucleating ligand.

304 Bl CuTw2
B cutw3

DTBP-H TBP-H MeOP-H
Substrate

Figure 5: The obtained catalytic activities of the complexes CuTw2 and CuTw3 toward the substrates
DTBP-H, TBP-H and MeOP-H under BULKOWSKI-REGLIER conditions.['41]
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The reactivity of the complexes toward dioxygen at low temperatures was investigated for
these complexes as well, but no formation of a copper-oxygen intermediate could be detected.
It is assumed that this is due to a still too high rigidity of the ligand backbone and the possibility
of the copper binding-sites to rotate along the alkyne C-C axis and thus face outwards instead

of toward each other, hindering the intramolecular binding of a side-on bridged peroxo ligand.

Reprinted with permission of Alexander Koch, Benjamin Herzigkeit, Kipra Yildiz, Christian
Nather, Tobias Adrian Engesser, Felix Tuczek, Z. Anorg. Allg. Chem., 2024, e202300237 and
Alexander Koch, Benjamin Herzigkeit, Kiipra Yildiz, Christian Nather, Tobias Adrian

Engesser, Felix Tuczek, Z. Anorg. Allg. Chem., 2024, e202400015.
https://doi.org/10.1002/zaac.202300237 and
https://doi.org/10.1002/zaac.202400015
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New dinucleating, tweezer-like ligands with 1,2-diethynyl-
benzene backbone containing three pyridines (Tw1), a combi-
nation of pyridine and pyrazole (Tw2) or pyridine and triazole
(Tw3), respectively, have been synthesized and characterized
spectroscopically and by single crystal structure determination.
The ability of the derived copper(l) complexes CuTw1-3 to act
as model systems for tyrosinase (Ty) was investigated by
studying the reactivity toward monophenolic substrates. No

Introduction

Copper-containing metalloproteins are of key importance for
life on Earth and are found in nearly all organisms." The
dinuclear type-3 copper proteins tyrosinase (Ty), catechol
oxidase (CO) and hemocyanin (Hc) are able to form the
characteristic u-17°:57>-peroxodicopper(ll) intermediate.>* While
Hc is responsible for oxygen transport in arthropods and
molluscs, CO mediates the two-electron oxidation of L-DOPA to
L-DOPAquinone in plants and a small number of crustaceans
and insects."** The ubiquitous enzyme Ty, in contrast, catalyzes
the conversion of both monophenols and o-diphenols to the
corresponding o-quinones.*® In nature, Ty mediates the
hydroxylation and subsequent two-electron oxidation of
L-tyrosine to L-DOPAquinone, which forms the important
biopigment melanin through autopolymerization.*” Melanin, in
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dioxygen intermediate was detected at low temperatures, and
CuTw1 was found to be inactive toward monoxygenation of
phenolic substrate DTBP-H. However, a crystal structure con-
taining a wu-hydroxo ligand, similar to the met-form of Ty,
underlines the ability of the complex to bind oxygen. In
contrast, CuTw2 converts phenols to o-quinones with moderate
yield and this activity is even higher when using CuTw3. The
observed differences in reactivity are discussed.

turn, plays an important role in, e.g., immune response and
protection against ultraviolet (UV) radiation.*”® It is therefore of
great interest to obtain detailed knowledge of the enzyme’s
structure and reactivity. Apart from analysis of the enzyme itself,
the investigation of small-molecule model systems can help in
gaining new insights into the mechanism by which Ty converts
monophenols to o-quinones.”? Accordingly, various dinuclear
model systems for tyrosinase have been developed for almost
40 years."" Starting in 1984, the first model system with
catalytic activity towards phenolic substrates was obtained by
Bulkowski et al."" This was followed by the BiPh(impy), system
(Scheme 2) reported by Réglier and coworkers in 1990,"? which
was the first model complex mediating the catalytic conversion
of 2,4-di-tert-butylphenol (DTBP-H) into 3,5-di-tert-butylquinone
(DTBQ, Scheme 1). Another early model system derived from
the L66 ligand was reported by Casella et al. (Scheme 2)."¥ The
Cu,-L66 complex was the first example of a tyrosinase model
that exhibits both a monophenolase activity and the reversible
formation of the characteristic u-1°:17>-peroxodicopper(ll) inter-
mediate at low temperatures."¥ Later on, a large number of

Bu
o
o
f 2 OH
Bu B, B 0 . O
— = "2 . +
0.02 Cu(l) cat. Bu
DCM OH
Bu rt By
Bu
DTBP-H DTBQ cCcP

Scheme 1. Conversion of DTBP-H into DTBQ (and the coupling
product CCcP, which forms in an oxidative coupling reaction)??
under Bulkowski-Réglier conditions (500 um complex solution in
DCM with 50 eq. substrate and 100 eq. NEt;).

') Check for updates
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Scheme 2. Dinucleating ligands for tyrosinase model systems developed by Réglier et al."® Casella et al."?, Herres-Pawlis et al.”® (top) and

our group (bottom).242*!

mononucleating ligands were developed by Stack et al.,'"

Ottenwaelder and Lumb et al."® Herres-Pawlis et al.!"” and our
group.’®®2" The corresponding Cu(l) complexes provided a
deeper insight into the steric and electronic binding properties
that influence the formation of the w-n*:77’-peroxodicopper(ll)
intermediate and/or the reactivity towards external substrates.

Nevertheless, since Ty is an enzyme containing a dinuclear
active site, the investigation of model systems supported by
dinucleating ligands has always been of particular interest. Very
recently, Herres-Pawlis etal. presented the ligand L2
(Scheme 2), which, upon coordination of Cu(l), is able to form a
w-n*:y*-peroxodicopper(ll) core and exhibits monophenolase
activity toward 1-/2-naphthol and 4-hydroxycarbazole.””

In 2015, our group reported the dinucleating ligand L2
(Scheme 2). The derived copper complex was found to mediate
the conversion of DTBP-H into DTBQ under Bulkowski-Réglier
conditions (Scheme 1) with a yield of 18%.2* More recently, we
reported the MO5™-PFs complex (Scheme 2) which is the first
model system supported by a dinuclear ligand exhibiting both
a catalytic activity towards DTBP-H and the ability to form the
u-n*:n*-peroxodicopper(ll) intermediate at low temperatures.””
However, using MO5™-PF,, the obtained yields of DTBQ (11%)
and of the Cu—O intermediate (23%) were rather low.””
Therefore, we continued our search for a model system with a
dinucleating ligand that exhibits both a high catalytic activity
toward DTBP-H and is able to form the u-1%:1’-peroxo
intermediate in high yields.

For mononuclear model systems, the different reactivities
obtained can mainly be understood by different electronic
effects of the coordinating N-donors and by steric influences of
residues close to the coordinating atoms.?"*® For dinucleating
ligands however, the design of the ligand backbone plays an

additional role. Since the previous studies in the literature
mainly focused on ligands with a rather flexible
backbone,"""3%**! the investigation of catalytic systems sup-
ported by dinucleating ligands with a rigid backbone seemed
to be of interest, especially when they provide a specific
distance between the copper centers which is similar to that in
the enzyme.

On this background we decided to explore the 1,2-
diethynylbenzene unit as a ligand backbone. When included in
a bis-tridentate ligand design, for instance in oxo-bridged
diiron(lll) complexes (Fe—Fe ~3.5 A),%” a metal-to-metal distance
similar to that in Ty (3.5-3.6 A)? was obtained. Combination
with two 1,1,1-tripyridylethane binding sites, which were
successfully employed by Kodera et al. in a room-temperature
stable u-n>:17°-peroxodicopper(ll) complex as a model system
for Hc?® results in the tweezer-like ligand Tw1 presented
herein (Scheme 2). In order to investigate the influence of the
number of N-donor groups coordinating to copper, their
number was reduced from three in Tw1 to two in Tw2 and
Tw3. Moreover, to investigate the effect of N-donors with
different electronic properties on the catalytic activity of the
obtained dinuclear systems, the bis-bidentate ligand design
was realized with a combination of pyridine and pyrazole (Tw2)
and with pyridine and triazole N-donors (Tw3), respectively
(Scheme 2).

Z. Anorg. Allg. Chem. 2024, 202300237 (2 of 12)
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Scheme 3. Linear five-step synthesis of the ligand Tw1 and the corresponding copper(l) complex CuTw1.

Results and Discussion

Synthesis and investigation of CuTw1
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Preliminary to the ligand synthesis, a calculation of the structure
of a potential [Cu,(Tw1)(u-17%:77°-0,)1** complex was performed
to investigate whether the formation of a Cu—Cu distance
similar to that in Ty is possible. The obtained structure shows a
distance of the metal centers of 3.54 A (cf. Ty 3.5-3.6 A) and an
in-plane u-n*:n*-peroxo ligand (Figure S1).?

The synthesis of Tw1 was performed via a linear five-step
route (Scheme 3) starting with the preparation of dipyridyl-
ethane (1) from 2-ethylpyridine and 2-fluoropyridine, analogous
to the procedure previously reported by Keppler et al.?® 1 was
then treated with n-butyllithium at low temperatures and
reacted with 2,5-dibromopyridine in a nucleophilic substitution
to give the bromo-trispyridine compound 2. In the next step,
via a Sonogashira coupling reaction with trimethylsilyl acetylene
and in the presence of [PdCI,(PPh;),l/copper iodide as catalyst,
3 was obtained. Deprotection of 3 with tetrabutylammonium
fluoride, finally gave the ethynyl species 4. Applying reaction
conditions reported by Soheili etal.®® two equivalents of 4
were then reacted with 1,2-diiodobenzene in a copper-free Figure 1. Molecular structures of Tw1 (top) and [Cu,(Tw1)Chy(u-
Sonogashira coupling reaction (to exclude Glaser-type coupling  OH)IPF, (bottom). C—H atoms are omitted for clarity.
reactions)®**" in the presence of [PdCl(allyl)],, tri-tert-butylphos-
phine and piperidine to give the new ligand Tw1. Crystals of 4
(Figure S19) as well as of Tw1 (Figure 1, top), obtained by slow
evaporation of solutions in acetonitrile, were investigated by  ([Cu(NCMe),IPF,;) in a solvent mixture of acetonitrile and
single crystal X-ray diffraction (XRD), confirming the successful  dichloromethane (Scheme 3).
ligand synthesis. In the last step the dicopper(l) complex In order to investigate the ability of the new complex to act
[Cu,(Tw1)(MeCN),I(PFs), (CuTw1) was synthesized by reacting as a functional model of tyrosinase, the catalytic activity of
Tw1 with tetrakis(acetonitrile)copper(l) hexafluorophosphate ~ CuTw1 toward the substrate DTBP-H was studied under
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Bulkowski-Réglier conditions (see above). However, upon in-
jection of dioxygen into the reaction mixture, the characteristic
band at 405 nm, assigned to the formation of DTBQ,”*? could
not be observed. Instead, a double band feature with a
maximum at 418 nm and a shoulder at 440 nm (Figure S2)
appeared during the course of the reaction. The NMR spectrum
recorded after workup (Figure S3) showed only signals corre-
sponding to DTBP-H and the coupled byproduct 3,3',5,5'-tetra-
tert-butyl-2,2-biphenol (CCcP, cf. Scheme 1), which is formed in
an oxidative coupling reaction.”? Thus, CuTw1 does not exhibit
monophenolase activity. In an attempt to further investigate
the product associated with the bands at 418 nm and 440 nm,
the solvent of the reaction mixture was evaporated in vacuo
and the brown residue was purified by column chromatog-
raphy. The resulting red oil exhibited the same absorbance
features as the reaction mixture. However, we were unable to
derive a reasonable molecular structure from the NMR spectra.

One reason for the lack of monooxygenation activity of
CuTw1 may be the fact that the copper centers are tightly
bound by three pyridine N-atoms, which are fixed by the
incorporation into the ligand backbone. This appears to hamper
the binding of dioxygen and substrate and thus the conversion
of phenol into o-quinone.

In order to obtain further insight into this issue, the ability
of CuTw1 to bind dioxygen at low temperatures was inves-
tigated. To that end, dioxygen was injected into a solution of
CuTw1 in 2-MeTHF at 143 K and changes in the absorption
spectrum were monitored using UV/vis spectroscopy. However,
no reaction corresponding to the formation of a copper-oxygen
intermediate could be detected (Figure S16). This supports the
hypothesis that the dinuclear binding site of Tw1 is too rigid to
bind and activate O,.

Slow evaporation of a solution of CuTw1 in dichloro-
methane under aerobic conditions yielded blue-green crystals
suitable for XRD determination. These crystals consist of
dicopper(ll) complexes with the sum formula [Cu,(Tw1)Cl,(u-
OH)IPF¢ (Figure 1). The molecular structure can be described as
a square-pyramidal coordination geometry for both copper
centers, formed by the three pyridine N-atoms, together with a
chlorido- and a p-hydroxo ligand, the latter bridging the two
Cu(ll) atoms. The chlorido ligands are most likely formed by
reaction with dichloromethane, underlining the capability of
CuTw1 to bind external ligands. Thus, although no formation of
a copper-oxygen intermediate was observed at low temper-
atures, the crystal structure proves that CuTw1 is able to bind
oxygen as a u-hydroxo ligand, similar to the met-form of Ty.*”

Synthesis and investigation of CuTw2 and CuTw3

As CuTw1 was found to be inactive in the monooxygenation of
DTBP-H and no formation of a copper-oxygen intermediate
could be detected at low temperatures (see above), it appeared
of interest to reduce the number of N-donors per copper center
from three to two. Moreover, in order to increase the catalytic
activity, we decided to replace one of the remaining pyridine
groups by another N-heterocycle.”'*® Inspired by the small

mononucleating ligands with a combination of pyridine and
pyrazole (PMP) or pyridine and triazole (TMP3), respectively,
which showed high monophenolase activity in previous
studies,"**” we thus combined these ligands with the 1,2-
diethynylbenzene backbone to the new ligands Tw2 and Tw3
(Scheme 2). Analogously to Tw1, geometry optimiziations of
u-n*:>-peroxo complexes with Tw2 and Tw3 as ligands (Fig-
ure S1) resulted in Cu—Cu distances similar to Ty.? For these
ligands, the four/five-step linear synthesis (Scheme 4) starts
with (5-bromopyridine-2-yl)methanol, which is reacted in a
Sonogashira coupling with trimethylsilyl acetylene and
[PACI,(PPh;),]/copper iodide as catalyst according to a slightly
modified procedure reported by Graham et al.*® leading to the
TMS-protected pyridylalcohol 5. Deprotection of 5 with tetrabu-
tylammonium fluoride leads to 6. Copper-free Sonogashira
coupling (see above) with 1,2-diiodobenzene and in the
presence of [Pd(PPhs),] as catalyst then gives the diol species 7.
On the basis of 7, both ligands Tw2 and Tw3 can be
synthesized (Scheme 4). Regarding the former, again following
a procedure by Graham etal,”@ the mesyl-protected diol is
synthesized by reaction with methanesulfonyl chloride and in
the presence of diisopropylethylamine, which, however, was
not isolated due to instability towards silica gel column
chromatography. In the next step, a solution containing the
mesyl species was added to a solution containing 1H-pyrazole,
which was previously treated with sodium hydride. Nucleophilic
substitution of mesylate for pyrazole then gives the ligand Tw2
(Scheme 4).

For the synthesis of Tw3 (Scheme 4), 7 is reacted with
thionyl chloride and the resulting dichloro species, which is
unstable and therefore was not isolated either, can directly be
converted to the diazide 8 using sodium azide in the presence
of sodium iodide according to a modified procedure of Zhang
et al? 8 is then converted to Tw3 in a CuAAC reaction with
tert-butyl acetylene using copper(ll) sulfate pentahydrate as
catalyst in the presence of sodium ascorbate as reducing agent.
Moreover, by slow evaporation of solutions containing the
respective ligand (Tw2 in acetonitrile, Tw3 in methanol), crystals
suitable for XRD determination could be obtained and charac-
terized by single crystal X-ray analysis (Figure 2), confirming
their successful syntheses.

In the last step, in full analogy to the synthesis of CuTw1,
the copper(l) complexes CuTw2 and CuTw3 were prepared.

Figure 2. Molecular structures of the ligands Tw2 and Tw3. H-atoms
are omitted for clarity.
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Scheme 4. The syntheses of the ligands Tw2 and Tw3 and their copper(l) complexes CuTw2 and CuTws3.

Subsequently, the monophenolase activity of the complexes
was investigated. In contrast to CuTw1, it was found that
CuTwz2 is able to mediate the conversion of DTBP-H to DTBQ
under Bulkowski-Réglier conditions with a yield of 13% DTBQ
(Figure S4 and Table 1). This is almost the same value as
obtained for the related mononuclear PMP model system
(14%)_[19]

In view of this result, we next investigated the activity of
CuTw2 toward other monophenolic substrates. At first, the less
sterically hindered, but also less activated substrate 3-tert-
butylphenol (TBP-H),* which forms the coupled quinone
4-(tert-butyl)-5-(3-(tert-butyl)phenoxy)cyclohexa-3,5-diene-1,2-
dione (cpQ) in monophenolase reactions,"® was employed.

Table 1. Obtained catalytic activities of complexes CuTw1-3
under Bulkowski-Réglier conditions toward different substrates.

Catalyst Yield of quinone/%®

DTBP-H TBP-H MeOP-H
CuTw1 0 - -
CuTw2 13 16 15
CuTw3 19 14 30
PMP"? 14 25 34
TMP32” 24 24 48

[a] The yield of quinone was determined from the UV/vis spectra.

Secondly, the substrate 4-methoxyphenol (MeOP-H),% which is
less sterically encumbered and more activated than DTBP-H
was investigated. Upon monooxygenation, it forms the coupled
quinone 4-methoxy-5-(4-methoxyphenoxy)-cyclohexa-3,5-
diene-1,2-dione (cpMeOQ) and further reacts in a slow reaction
with water to 2-hydroxy-5-methoxy-1,4-benzoquinone (pQ)."
Indeed, CuTw2 proved to be able to catalytically convert both
monophenolic substrates to the corresponding o-quinones. The
reaction of TBP-H to cpQ is mediated with a yield of 16%
(Figure S6 and Table 1), whereas MeOP-H is converted to
cpMeOQ with a yield of 15% (Figure S8 and Table 1). Thus,
contrary to the results obtained for the mononuclear PMP
system (Table 1)," it seems that the catalytic activity of CuTw2
is nearly unaffected by the steric and electronic influences of
the employed substrate: The least activated substrate TBP-H is
converted with almost the same yield as the more activated
substrates DTBP-H and MeOP-H.

We therefore assume that the nature of the ligand is
responsible for this type of reactivity. If monooxygenation is
induced by a u-1*:17’-peroxodicopper(ll) core the substrate has
to bind in an equatorial position.”*** In CuTw2, however, this
position is occupied by the pyrazole N-donor (cf. Figure S1).
More generally, it can be assumed that the ligand is rather
inflexible due to the diethynylbenzene spacer and the short
methylene bridge between pyridine and pyrazole. Therefore,
the reaction of the substrate is slow, regardless of its activation.
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When the triazole-terminated CuTw3 was employed as
catalyst, the catalytic activity of the model system towards
DTBP-H was found to be higher (19% DTBQ, Figure 3 and
Table 1) than with the pyrazole-terminated CuTw2 system.

This is consistent with the previous studies for the TMP3
system and the general trend observed for bidentate ligands,
indicating that a greater difference in the o-donation capacity
of the N-donors results in higher catalytic activities.?'??
Furthermore, CuTw3 exhibits a lower reactivity towards TBP-H
(14% of cpQ, Figure S12 and Table 1) compared to DTBP-H,
which can be explained by the lower activation of this
substrate.”® Correspondingly, a higher activity, reflected by a
yield of 30% cpMeOQ (Table 1) and a rapid reaction with an
initial reaction rate of 1.75 mm-min ' is observed when using
MeOP-H as substrate (Figure S14).

Compared to pyrazole in CuTw2, the triazole-copper bond
is weaker. Thus, triazole may rather decoordinate from the
equatorial binding site to Cu,0,, resulting in an easier binding
of the substrate; thus, higher yields of quinone are obtained.
However, compared to the mononuclear TMP3 system,?” the
yields of the corresponding o-quinones were lower. Again, this
can be explained with the lower flexibility of CuTw3 compared
to the mononuclear model system.

In addition to the investigations of the reactivity of CuTw2/
CuTw3 towards external substrates, their ability to form a
w177 :1*-peroxodicopper(ll) intermediate with dioxygen at low
temperatures was investigated. However, no copper-oxygen
intermediate could be detected for either complex (Figure S17
and S18).

In order to obtain a u-1*:17’-peroxodicopper(ll) complex,
one copper(l) site initially reacts with dioxygen to form a

3.5 .
—— 0 min

——5-240 min
—— 300 min

3.0

25

2.0

1.5

Absorbance

200 400 600 800 1000
Wavelength / nm

Figure 3. UV/vis spectra of the conversion of DTBP-H into DTBQ
under Bulkowski-Réglier conditions with CuTw3 as catalyst.

Scheme 5. The formation of a u-n*:17*-peroxodicopper(Il)
intermediate.!***¢

copper(l) superoxide species (Scheme 5).*” Possibly dioxygen is
first bound as an end-on superoxo ligand and subsequently
converts to the side-on bound species."* Reaction with a
second copper(l) center then vyields the u-n*:17’-peroxo
intermediate.***” As the dinucleating ligands Tw1-3 have been
designed to accommodate such an intermediate (see above), it
appears that its formation according to Scheme 5 requires a
higher flexibility of the ligand framework than provided by
CuTw1-3. Moreover, as previously suggested by Gomila et al.,
the copper centers in these systems may point outwards and
have to rotate along the alkyne C—C axis to form the u-1%:n*
peroxo species, which requires a considerable activation
energy.”® Thus, we assume that the rigidity of the ligand
backbone in Tw1-3 does not support the formation of a
w177 :1*-peroxodicopper(ll) complex (at least at low temper-
atures). It should be noted, however, that we have found
evidence for a monooxygenation pathway mediated by copper
dioxygen systems which does not rely on formation of a
dinuclear u-7*:77%intermediate.”'*? In this pathway an end-on
terminally coordinated dioxygen adduct reacts with the sub-
strate in an electrophilic fashion. The monooxygenation reac-
tions catalyzed by CuTw2 and CuTw3 thus may well proceed
along the latter mechanism.

Conclusions

The new bis-tridentate ligand Tw1 as well as the bis-bidentate
ligands Tw2 and Tw3 were successfully synthesized in 4- to 5-
step routes and structurally characterized. The three derived
copper(l) complexes CuTw1, CuTw2 and CuTw3 were inves-
tigated regarding their ability to catalyze the monooxygenation
of phenols. Despite the fact that CuTw1 was designed to
stabilize a u-n*:n*-peroxodicopper(ll) intermediate at low tem-
peratures, no such species could be detected. However, we
were able to obtain crystals of the dinuclear copper(ll) complex
[Cu,(Tw1)Cl,(u-OH)IPF,, containing a u-hydroxo ligand, confirm-
ing that CuTw1 is able to bind oxygen in a bridging manner. In
addition, the catalytic activity of CuTw1 towards DTBP-H was
investigated. However, no tyrosinase-like activity was observed,
which was attributed to the large number of N-donors at the
copper center and the inflexibility caused by the ligand
backbone.

Consequently, by reducing the number of N-donors and
exchanging a pyridine ring to pyrazole (CuTw2) or triazole
(CuTw3), the activity towards external substrates could be
“switched on”: The complex CuTw2 derived from the pyrazole-
containing bidentate ligand PMP, was found to mediate the
conversion of DTBP-H to DTBQ (13% DTBQ). Moreover, this
complex catalytically converts the less activated substrate TBP-
H (16 %) and more activated MeOP-H (15 %) to their correspond-
ing (coupled) quinones (Figure 4). CuTw3, which contains
triazole rings instead of pyrazole and is related to the bidentate
ligand TMP3, as expected, outperforms CuTw2 in both the
catalytic activity towards DTBP-H (19%) and MeOP-H (30%)
(Figure 4). Only for less activated TBP-H, a slightly lower yield of
quinone (14%) was obtained. However, although the latter
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Figure 4. Comparison of the obtained catalytic yields towards the
substrates DTBP-H, TBP-H and MeOP-H using complexes CuTw2
(cyan) and CuTw3 (violet) as catalysts.

complexes proved to be reactive model systems for tyrosinase,
the detection of a copper-oxygen intermediate at low temper-
atures failed. This is presumably due to the rigid ligand
backbone, which does not allow the formation of the
w-n?:;*-peroxo intermediate at low temperatures (Scheme 5).

The results obtained in this study again clearly demonstrate
how sensitive the formation of copper-oxygen intermediates is
to changes in the ligand design and how challenging it is to
find a highly reactive model system with a dinucleating ligand
that is also capable of stabilizing a w-7*:77°-peroxodicopper(ll)
intermediate at low temperatures. Future studies have to be
conducted to find a tyrosinase model system that precisely
meets the various requirements for an appropriate copper-
copper distance, a flexibility high enough to support the
formation of a u-n*:n*peroxodicopper(ll) intermediate, but
rigid enough to exclude the possible formation of a mono-
nuclear complex, and suitable electronic properties to effec-
tively convert external substrates.

Experimental Section

All chemicals and solvents were, unless noted differently, used
without further purification and were purchased from Sigma
Aldrich, ABCR, TCI chemicals, Deutero, Merck and Fisher Scientific.
For all the syntheses apart from the CuAAC reaction to Tw3, dry
solvents and standard schlenk techniques (nitrogen atmosphere)
were used. Anhydrous dichloromethane, acetonitrile, triethylamine
and tetrahydrofuran were obtained by heating the reagent grade
solvents to reflux under N, atmosphere and with calcium hydride
(dichloromethane, acetonitrile and triethylamine) or potassium
(tetrahydrofuran) as drying agent. Anhydrous deuterated solvents,
which were used for the copper(l) complexes, were degassed by
freeze-pump-thaw technique and dried with 4 A molecular sieves.
Additionally, for the storage and handling of the copper(l)
complexes, an MBraun LABmaster glovebox (<1 ppm H,0 and
<1 ppm O,) was used. R values of products were determined by
thin-layer chromatography with Macherey-Nagel Polygram Sil G/
UV,s, (0.2 mm silica gel) pre-coated polyester sheets and a Comag
UV lamp (A=254 nm). The NMR spectra were recorded at 300 K by

the use of a Bruker AVANCE Il HD Pulse FT spectrometer operating
at frequencies of 400.13MHz ('HNMR), 100.62 (*CNMR),
376.46 MHz ("F NMR) and 161.98 MHz (*'P NMR) and a Bruker DRX
500 spectrometer operating at frequencies of 500.1 MHz ('H NMR)
and 125.8 MHz (*C NMR). The NMR spectra were referenced to the
solvent residue signal or TMS. NMR Spectra of other nuclides were
referenced to the chemical shift of H;PO, (*'P) or NaBArF, ("°F). IR
spectra were recorded by the use of a Bruker Alpha FT-IR
spectrometer with Platinum ATR setup or with a Bruker Vertex70
FT-IR spectrometer equipped with a broadband spectral range
extension VERTEX FM (IR range of 6000-80 cm™"). For the measure-
ment of Raman spectra a Bruker RAM Il FT-Raman spectrometer
with 1064 nm radiation wavelength and equipped with a highly
sensitive, liquid N,-cooled Ge detector was used. High-resolution
ESI mass-spectra were obtained using a Thermo Fisher Scientific Q
Exactive Plus spectrometer. For high-resolution EI mass-spectra a
Jeol AccuTOF GCv 4G time of flight mass spectrometer was used.
Elemental analyses were performed using an Elementar Vario
MICRO cube elemental analyzer. UV/vis spectra at room temper-
ature were measured with an Agilent 8453 spectrometer using a
quartz cell with 1 mm pathlength. For low-temperature UV/vis
measurements an Agilent Cary 5000 spectrophotometer and a
CryoVAC KONTI cryostat were used. The measurements were
performed using a quartz cell (I=1 cm). The synthesis of dipyridyl-
ethane (1) was performed according to the literature.””

Computational methods

The geometry optimization of the potential [Cu,(Tw1-3)(u-7":77>-
0,)*" complexes were performed with the ORCA 4.2.1 program
package.®® TPSSh®! was used as functional and def2-TZVP as basis
set."” Additionally, Becke-Johnson damping (D3BJ)" and Grimmes
dispersion correction®” were applied. The resulting structures were
proofed to be an electronic minimum by frequency analysis.

Single Crystal Structure Determination

For [Cu,(Tw1)Cl,(OH)IPF,, Tw2 and Tw3 the data collection was
performed with a XtaLAB Synergy, Dualflex, HyPix diffractometer
using CuKa radiation. For compound 4 and Tw1 an ImagingPlate
Diffraction System (IPDS)2 equipped with MoKa radiation was used
for data collection. The structures were solved with SHELXT* and
refined with the SHELXL"" refinement package using Least Squares
minimization. All non-hydrogen atoms were refined anisotropic.
The C—H H atoms were positioned with idealized geometry (For
compound 4, Tw1 and [Cu,(Tw1)Cl,(OH)IPF;: Methyl H atoms
allowed to rotate but not to tip) and were refined isotropic with
U, o(H)=1.2 Ueq(C) (1.5 for methyl H atoms) using a riding model.
For [Cu,(Tw1)Cl,(OH)IPFs: All hexafluorophosphate anions are
disordered over a large area and were refined using a split model.
Some their positions are also occupied with the solvent acetonitrile.
One of these molecules was included in the refinement but for the
others no reasonable structure model was found. In the final
refinement, the data were corrected for disordered solvent. For
Tw2 the absolute structure cannot be determined and therefore, a
twin refinement was performed (BASF parameter: 0.56 (44). An
ORTEP Plot of 4 (Figure S19) as well as selected crystal data, bond
lengths and angles for all crystal structures (Table S1-S7) can be
found in the supporting information. CCDC-2309711 (Compound
4), CCDC-2309712 (Tw2), CCDC-2309713 (Tw3), CCDC-2309714
(Tw1) and CCDC-2309715 ([Cu,(Tw1)Cl,(OH)IPF,) contains the
supplementary crystallographic data for this paper. These data can
be obtained free charge from the Cambridge Crystallographic Data
Centre via http://www.ccdc.cam.ac.uk/data_request/cif.
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Synthesis of bromo-trispyridine compound 2

To a solution of 1.40g (7.60 mmol) 1 in 50 mL THF at —78°C
3.04 mL (7.60 mmol) 2.5 m n-butyllithium solution in n-hexane were
added and the reaction mixture was stirred for 40 min. After
warming to —30°C 1.80 g (7.60 mmol) 2,5-dibromopyridine were
added and subsequently warmed to ambient temperature in 1 h.
The reaction mixture was then heated to reflux for 24 h. After
cooling to room temperature 50 mL of water and 50 mL of ethyl
acetate were added and the layers were separated. The aqueous
phase was extracted with ethyl actetate (3x50 mL) before drying
the combined org. layers over sodium sulfate and removal of the
solvent in vacuo. The crude product was purified using silica gel
chromatography (cyclohexane/ethyl acetate, 1:1, R;=0.23) to yield
a brown oil (233 g, 6.80 mmol, 90%)."H-NMR (500 MHz, CDCl,,
300K): 8=861 (dd, “Jyy=25 Hz, =07 Hz, 1H, C,/5-H), 8.58
(ddd, *Jy, =4.8 Hz, “Jyyy=1.9 Hz, °J,;=0.9 Hz, 2H, C,,1-H), 7.70 (dd,
*Jup=86Hz, “Jyy=2.5Hz, 1H, C,/3-H), 7.60 (ddd, *J;,=7.9 Hz,
San=7.7Hz, “Jyy=19Hz, 2H, C,3-H), 7.14 (ddd, *Jyy=7.5 Hz,
Jyn=48 Hz, Yy =1.1 Hz, 2H, C,,2—H), 7.12 (dt, *Jyy=8.0 Hz, Jyp=
10Hz, 2H, C,4-H), 7.05 (dd, *yuy=86Hz, =07 Hz, 1H,
C,,'2-H), 2.30 (s, 3H, CH,) ppm."*C-NMR (126 MHz, CDCl,, 300 K): 6 =
165.48 (s, 2C, C,,5), 164.60 (s, 1C, C,,'1), 149.81 (d, 1C, C,,’S), 149.01
(d, 2€, Gy, 1), 138.59 (d, 1C, C,,'3), 136.35 (d, 2C, C,,3), 12532 (d, 1C,
Coy'2), 12345 (d, 2C, C,4), 121.58 (d, 2C, C,,2), 118,62 (s, 1C, C,,'4),
59.93 (s, 1C, (py)s—C—CH,), 27.38 (q, 1C, CH;) ppm. IR (neat) v=
3086 (w), 3052 (w), 3055 (m), 2977 (m), 2931 (m), 2862 (w), 1582 (s),
1570 (s), 1548 (m), 1468 (s), 1456 (s), 1427 (s), 1362 (s), 1296 (m),
1278 (m), 1231 (m), 1210 (m), 1153 (m), 1094 (s), 1070 (m), 1060 (m),
1043 (m), 1007 (s), 992 (s), 963 (w), 929 (m), 896 (w), 872 (m), 823 (s),

calcd. for [M+H]™: 385.17340, found: 385.17333. Anal. calcd. (%) for
C,,H,5N;Si: € 73.91, H 6.48, N 11.75, found: C 73.62, H 6.31, N 11.47.

Synthesis of ethynyl compound 4

11.0mL (11.0mmol) of a 1m tetrabutylammonium fluoride
solution in THF was added to 1.95g (5.50 mmol) 3 dissolved in
45 mL THF and stirred for 150 min at ambient temperature. The
solvent was removed in vacuo and the resulting residue was
redissolved in 50 mL ethyl acetate and 50 mL of water. The organic
phase was washed with sat. ammonium chloride solution. The
combined aqueous layers were extracted with ethyl acetate
(3x40 mL) before drying the combined organic layers over
magnesium sulfate and removing the solvent under reduced
pressure. The product was purified using silica gel chromatography
(ethyl acetate, R;=0.52) and was obtained as an off-white solid
(1.33 g, 4.70 mmol, 86%). 'H-NMR (500 MHz, CDCl,, 300 K): & =28.68
(dd, Yy =2.2 Hz, *Jyy=0.9 Hz, TH, C,,’5-H), 8.58 (ddd, *J,;=4.8 Hz,
“Jun=19Hz, “hyy=10Hz, 2H, C,1-H), 7.66 (dd, *Jyy=80Hz,
“Jun=22Hz, H, Cy3-H), 7.59 (td, Jyu=7.9 Hz, “Jyy=1.9 Hz, 2H,
C,3-H), 7.13 (ddd, *Jyu=7.5Hz, *Jyy=48Hz, Yyuy=1.1Hz, 2H,
Cpy2—H), 7.10 (dt, 4y =8.0 Hz, U= 1.0 Hz, 2H, C,4—H) 7.09 (dd,
*Jun=83 Hz, *Jyy=0.9 Hz, TH, C,/2-H), 3.15 (s, TH, py—C=CH), 2.31
(s, 3H, CHs) ppm. *C-NMR (126 MHz, CDCl,, 300 K): 8=165.89 (s, 1C,
Coy'1), 165.50 (s, 2C, C,,5), 151.86 (d, 1C, C,,’5), 148.99 (d, 2C, C,,1),
139.15 (d, 1C, G,y'3), 136.23 (d, 2C, C,,3), 123.53 (d, 2C, C,4), 123.12
(d, 1C, G,,2), 121.41 (d, 2G, C,2), 116.79 (s, 1C, C,,/'4), 80.82 (s, 1C,
py—C=CH), 80.17 (d, 1C, py—C=CH), 60.27 (s, 1C, (py);—C—CH;), 27.33
(g, 1C, CH;) ppm. IR (neat) »=3152(s), 3091 (m), 3052 (m),

782 (s), 749 (s), 674 (m), 647 (s), 629 (m), 617 (s), 578 (s), 533 (m), 3005 (m), 2993 (m), 2944 (m), 2099 (w), 1737 (w), 1713 (w), 1584 (s),
490 (m), 472 (m), 410 (s)cm™'. HRMS (El): m/z caled. for [M]*: 1566 (m), 1550 (m), 1462 (s), 1427 (s), 1374 (m), 1362 (m), 1296 (m),
339.03711, found: 339.03702. Anal. caled. (%) for C,,H,N.Br: 1241 (m), 1190 (w), 1151 (m), 1135(m), 1110(m), 1098 (m),
€ 60.02, H4.15, N 12.35, found: C 60.06, H 4.26, N 12.13. 1068 (m), 1045 (m), 1019 (m), 992 (m), 956 (w), 939 (m), 900 (w),

Synthesis of trimethylsilyl compound 3

To a solution containing 2.23 g (6.60 mmol) 2, 462 mg (0.66 mmol)
bis(triphenylphosphine)palladium(ll)  dichloride and 125mg
(0.66 mmol) copper(l) iodide in 40 mL triethylamine and 40 mL THF
226 mL (1.00 mmol) trimethylsilyl acetylene were added in a
dropwise fashion. After heating to reflux for 18 h the solvent was
removed in vacuo and the residue was dissolved in 30 mL ethyl
acetate and 30 mL water. The aqueous phase was extracted with
ethyl acetate (3x30 mL). The combined organic layers were dried
over magnesium sulfate and the solvent was removed under
reduced pressure before purification using silica gel chromatogra-
phy (cyclohexane/ethyl acetate, 1:1, R;=0.27) to yield the product
as a brown oil (2.03 g, 5.70 mmol, 87%). 'H-NMR (400 MHz, CDCl;,
300K): =864 (dd, “huu=2.2Hz, *Jyy=09 Hz, 1H, C,'5-H), 8.58
(ddd, 2y =4.8 Hz, “Jyp=1.9 Hz, *Jyy=0.9 Hz, 2H, C,,1-H), 7.61 (dd,
*Jun=83Hz, *Jyy=2.2Hz, 1H, C,/3-H), 7.57 (ddd, *},,=8.0Hz,
uw=76Hz, Yyu=19Hz, 2H, C,3-H), 7.13 (ddd, *yy=75Hz,
*Jun=48 Hz, *Jyy=1.1 Hz, 2H, C,,2—H), 7.07 (dt, *Jyy=8.0 Hz, Y=
1.0Hz, 2H, C,4-H), 7.05 (dd, *yu=83Hz, *J,=09Hz, 1H,
Cpy2-H), 231 (s, 3H, CHy), 0.24 (s, 9H, Si(CHs);) ppm. C-NMR
(101 MHz, CDCl;, 300 K): 6=165.58 (s, 2C, C,,,5), 165.34 (s, 1C, C,,/'1),
151.73 (d, 1C, G,,'5), 148.97 (d, 2C, G, 1), 138.94 (d, 1C, C,,'3), 136.25
(d, 2C, C,3), 123.58 (d, 2C, C,y4), 12291 (d, 1C, C,,'2), 121.50 (d, 2C,
Cyy2), 117.85 (s, 1C, C,y'4), 101.99 (s, 1C, py—C=C), 97.77 (d, 1C,
py—C=0), 60.25 (s, 1C, (py);—C—CH;), 27.31 (g, 1C, CH;), 0.02 (g, 3C,
Si(CH3);) ppm. IR (neat) »=3050 (w), 3001 (m), 2958 (m), 2897 (w),
2158 (m), 1737 (m), 1584 (s), 1570 (m), 1546 (m), 1466 (s), 1427 (s),
1364 (m), 1296 (m), 1249 (s), 1198 (m), 1151 (m), 1102 (m), 1072 (m),
1047 (m), 1023 (m), 992 (m), 929 (w), 843(s), 759(s), 745(s),
700 (m), 653 (s), 641 (m), 619 (m), 578 (m)cm~". HRMS (ESI): m/z

856 (m), 837 (m), 784 (m), 759 (s), 743 (s), 692 (m), 645 (m), 621 (m),
574 (s), 543 (m), 512 (m), 494 (m)cm~". HRMS (ESI): m/z calcd. for [M
+H]": 286.13387, found: 286.13366; Anal. calcd. (%) for C,oH,sNj:
C€79.98, H 5.30, N 14.73, found: C 79.63, H 5.37, N 14.55.

Synthesis of Tw1

To a solution containing 115 mg (349 umol) 1,2-diiodobenzene and
7.70mg (21.1 umol) allylpalladium chloride dimer in 12mL
acetonitrile 17.0 mg (84.2 umol) tri(tert-butyl)phosphine, 200 mg
(701 umol) 4 and 0.14 mL (1.4 mmol) piperidine were added and
heated to reflux for 18 h. The solvent was evaporated i. vac. before
dissolving the obtained crude residue in 12 mL water and 12 mL
ethyl acetate. The aqueous phase was extracted with ethyl acetate
(3x10 mL), the combined organic layers were dried over magne-
sium sulfate and the solvent was removed in vacuo. The crude
product was first purified using silica gel chromatography (ethyl
acetate, R;=0.09), then washed with hot diethyl ether, filtered and
dried i. vac. to yield an off-white solid (97 mg, 150 pmol, 43%). 'H-
NMR (500 MHz, CDCl,, 300 K): =873 (dd, “jyu=22Hz, =
0.7 Hz, 2H, C,/5-H), 859 (ddd, ;=48 Hz, “Uyy=18Hz, *Jyp=
09Hz, 4H, C,1-H), 7.68 (dd, *Jyy=83Hz “Jyu=23Hz 2H,
C,y3-H), 7.63-7.54 (m, 6H, C,,3-H, Cy2—H), 7.33 (dd, *Jyy=5.8 Hz,
*Jyw=34Hz 2H, Cx3-H), 7.16:7.07 (m, 10H, H-2, C,4—H, C,/2-H),
2.32 (s, 6H, CH;) ppm. "*C-NMR (126 MHz, CDCl,, 300 K): & =165.56
(s, 4C, C,,5), 165.49 (s, 2C, C,,'1), 151.24 (d, 2C, C,,,’5), 148.98 (d, 4C,
Cyy1), 13863 (d, 2C, C,,'3), 13629 (d, 4C, C,,3), 132.28 (d, 2C, Cy2),
128.52 (d, 2C, C3), 12537 (s, 2C, Cyp1), 123.61 (d, 4C, C4), 123.23
(d, 2C, C,,'2), 121.52 (d, 4C, C,,2), 117.84 (s, 2C, C,,'4), 90.85 (s, 2C,
py—C=CH), 90.60 (d, 2C, py—C=CH), 60.29 (s, 2C, (py);—C—CH,), 27.35
(9, 2C, CH;) ppm. IR (neat) »=3091(m), 3052 (m), 3005 (m),
2993 (m), 2944 (m), 2099 (w), 1737 (w), 1713 (w), 1582 (s), 1566 (s),
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1550 (m), 1462 (s), 1427 (s), 1374 (m), 1361 (m), 1296 (m), 1239 (m),
1190 (w), 1151 (m), 1137 (m), 1110 (m), 1098 (m), 1068 (m),
1045 (m), 1019 (m), 992 (m), 958 (w), 939 (m), 900 (w), 876 (m),
855 (w), 837 (m), 783 (m), 759 (s), 743 (s), 692 (s), 645 (m), 621 (m),
574 (s), 543 (m), 512 (m), 494 (m), 457 (m), 431 (m)cm . HRMS (ESI):
m/z calcd. for [M4H]": 645.27612, found: 645.27620. Anal. calcd.
(%) for C,Hs,Ng: €81.96, H5.00, N 13.03, found: C 81.56, H 5.40,
N 12.91.

Synthesis of [Cu,(Tw1)(MeCN),](PF,), (CuTw1)

To a solution of 116 mg (310 pmol) [Cu(NCMe),]PF, in 4 mL of dry
MeCN and 2 mL dry DCM, a solution of 100 mg (155 pmol) Tw1 in
the same amount of MeCN/DCM solvent mixture was added
dropwise. The reaction mixture was stirred for 30 min before
removing the solvent and drying of the orange solid i. vac. for 5 h.
(150 mg, 131 umol, 84%). 'H-NMR (400 MHz, CD,CN, 300 K): 6=
8.53 (5, 2H, C,/5-H), 842 (s, 4H, C,1—-H), 7.91 (td, *yy=8.1Hz,
“Jyn=1.8 Hz, 4H, C,,3-H), 7.81 (dd, *Jyy=8.1 Hz, “Jyyy=2.1 Hz, 2H,
Coy3-H), 7.75 (d, *Jyy=8.2 Hz, 4H, C, 4-H), 7.59 (dd, *J;,,=5.8 Hz,
“Jun=33 Hz, 2H, C;p2-H), 7.43 (dd, *hyy=5.8 Hz, “Jyp=34Hz, 2H,
Cop3—H), 7.36 (dd, *Jyy=7.0 Hz, Jyy=53 Hz, 4H, C,,2-H), 7.20 (d,
*Jun=8.4 Hz, 2H, C,/2-H), 2.28 (s, 6H, CHs), 1.96 (s, 6H, NCCH;) ppm.
3C-NMR (101 MHz, CD,CN, 300 K): 8 =163.28 (s, 2C, Cpy'1), 160.88 (s,
4C, C,,5), 15197 (d, 2C, C,'5), 150.39 (d, 4C, C,1), 14051 (d, 2C,
C,y3) 139.29 (d, 4C, C,,3), 133.28 (d, 2C, C,2), 130.36 (d, 2C, Cpy3),
125.34 (s, 2C, Cu1), 124.40 (d, 4C, C,4), 124.22 (d, 4C, C,2), 123.93
(d, 2G, C,,,'2), 119.31 (s, 2C, C,'4), 118.29 (s, 2C, NCCH5), 92.46(s, 2C,
py—C=CH), 90.37 (s, 2C, py—C=CH), 57.47 (s, 2C, (py);—C—CH,), 26.82
(g, 2C, CHy), 1.77 (q, 2C, NCCH,) ppm. F-NMR (376 MHz, CD,CN,
300 K): 8=—72.89 (d, 'J;p=706.5 Hz, PFy) ppm. *P-NMR (162 MHz,
CD4CN, 300K): 5=—144.60 (sept, Jpr=706.5 Hz, PFg) ppm. IR
(neat) »=2962 (w), 1590 (m), 1576 (m), 1488 (w), 1460 (m),
1435 (m), 1388 (w), 1366 (w), 1294 (w), 1260 (w), 1166 (w), 1105 (w),
1080 (w), 1051 (w), 1035 (w), 1019 (w), 829 (s), 753 (vs), 680 (m),
666 (M), 643 (M), 628 (M), 594 (w), 555 (vs), 512 (m), 420 (m)cm ™",
FT-Raman (solid) #=3072(m), 3012 (w), 2988 (w), 2943 (w),
2910 (w), 2318 (w), 2274 (m), 2224 (vs), 2006 (m), 1587 (s), 1560 (m),
1489 (m), 1477 (m), 1443 (w), 1373 (w), 1296 (w), 1273 (w), 1257 (w),
1198 (w), 1153 (s), 1126 (m), 1067 (m), 1057 (m), 1038 (m), 1018 (m),
945 (w), 741 (m), 719 (m), 560 (w)cm '. HRMS (ESI): m/z calcd. for
[M-2MeCNJ*": 385.06348, found: 385.06312. Anal. calcd. (%) for
C,sH3CU,F 1o NgP,: € 50.40, H3.35, N 9.80, found: C49.54, H 3.44,
N 9.88.

Synthesis of trimethylsilyl compound 5

To a solution of 2.00 g (10.6 mmol) (5-bromopyridin-2-yl)methanol,
205 mg (1.07 mmol) copper(l) iodide and 598 mg (1.06 mmol)
bis(triphenylphosphine)palladium(ll) dichloride in 30 mL THF and
30 mL triethylamine 2.30 mL (1.63 g, 16.60 mmol) ethynyltrimeth-
ylsilane were added. After heating the reaction mixture to reflux for
6 h the solvent was removed under reduced pressure. The residue
was dissolved in 60 mL of water and 60 mL of ethyl acetate and the
aqueous phase was extracted with ethyl acetate (3x 45 mL). The
combined organic layers were dried over MgSO, and filtrated
through Celite® Hyflo Supercel before removing the solvent under
reduced pressure. The resulting dark oil was purified using silica gel
chromatography (cyclohexane/ethyl acetate, 7:3, R;=0.5) to give
the product as a brown oil (1.88g, 9.17 mmol, 86%). 'H-NMR
(400 MHz, CDCl,): =861 (5, TH, C,5—H), 7.72 (dd, 2y =8.1, Y=
1.9 Hz, MH, C,3-H), 7.22 (d, "Jyy=7.8 Hz, TH, C,,2-H), 474 (s, 2H,
CH,), 3.82 (s, TH, OH), 0.25 (s, 9H, Si(CH;);) ppm. *C NMR (101 MHz,
CDCly) 6=158.70 (s, 1C, Cy 1), 15156 (d, 1C, C,)5), 139.65 (d, 1C,
C,,3), 11991 (d, 1C, C,2), 119.03 (s, 1C, C,4), 10146 (s, 1C,

py—C=C), 98.10 (s, 1C, py—C=(), 64.33 (t, 1C, CH,), 0.25 (g, 3C,
Si(CH;);) ppm. IR (neat) 7=3261 (br, w), 2958 (w), 2899 (w),
2160 (m), 1595 (w), 1556 (w), 1486 (m), 1450 (w), 1411 (w), 1368 (m),
1307 (w), 1250 (s), 1203 (M), 1129 (w), 1064 (m), 1025 (m), 988 (w),
927 (w), 864 (s), 839 (s), 760 (s), 725 (m), 702 (m), 637 (m), 588 (m),
543 (m), 527 (w), 461 (w)cm™'. Anal. calcd. (%) for C,,H,sNOSi:
C64.35,H7.36,N 6.82, found: C 64.33, H 7.33, N 6.61.

Synthesis of ethynyl compound 6

To a solution of 1.87 g (9.11 mmol) of 5 in 30 mL of THF 18.5 mL of
a 1 m tetrabutylammonium fluoride solution in THF were added.
After stirring for 5 h the solvent was removed in vacuo and the
residue was dissolved in 30 mL of ethyl acetate and 30 mL of water.
The aqueous layer was extracted with ethyl acetate (5x25 mL), the
combined organic layers were washed with saturated NH,CI
solution (30 mL), dried over magnesium sulfate and the solvent was
removed under reduced pressure. The resulting brown solid was
purified using silica gel chromatography (DCM/MeOH, 95:5, Ri=
0.5) to give the product as an off-white solid (1.12 g, 8.41 mmol,
92%). 'HNMR (500 MHz, Acetone-d): =8.59 (d, /=1.5Hz, 1H,
C,,5-H), 7.87 (dd, J=8.1, 2.1 Hz, TH, C,3-H), 7.54 (dq, J=8.1,
0.7 Hz, 1H, C,,2—-H), 471 (d, J=5.5 Hz, 2H, CH,), 452 (t, J=5.9 Hz,
1H, OH), 3.82 (s, TH, py—C=CH) ppm. *C NMR (126 MHz, Acetone-
dg): 5=162.88 (s, 1C, C,,1), 152.33 (d, 1C, C,,5), 140.39 (d, 1C, C,3),
12061 (d, 1C, C,2), 118.25 (s, 1C, Cyy4), 81.91 (d, 1C, py—C=CH),
81.35 (s, 1C, py—C=CH), 65.47 (s, 1C, CH,) ppm. IR (neat) ¥=3201
(br, s), 3152 (br, s), 3060 (s), 2962 (m), 2926 (m), 2907 (m), 2875 (m),
2713 (m), 2634 (m), 2105 (w), 1940 (w), 1858 (w), 1668 (w), 1597 (m),
1560 (m), 1484 (m), 1439 (m), 1376 (s), 1280 (m), 1227 (m), 1192 (m),
1127 (m), 1062 (s), 1031 (s), 990 (m), 970 (m), 931 (m), 880 (w),
833 (s), 721 (s), 676 (s), 649 (s), 531 (s), 506 (m), 410 (s)cm~". HRMS
(ESI): m/z calcd. for [M+H]": 134.06004, found: 134.06030.

Synthesis of diol species 7

To 1.00g (3.03 mmol) 1,2-diiodobenzene, 850 mg (6.38 mmol) 6
and 421 mg (0.36 mmol) tetrakis(triphenylphosphine)palladium(0)
were added and dissolved in 20 mL toluene and 20 mL triethyl-
amine. The reaction mixture was refluxed for 24 h before removing
the solvent under reduced pressure. The resulting solid was
dissolved in 40 mL dichloromethane and 10 mL methanol and
washed with water (1x30 mL). The aqueous phase was extracted
with a mixture of dichloromethane and methanol (5x18 mL DCM/
2 mL MeOH). The combined organic phases were dried over sodium
sulfate, filtrated and the solvent was removed under reduced
pressure. After purification using silica gel chromatography (DCM/
MeOH, 95:5, R;=0.1) the product was obtained as an off-white
solid (542 mg, 1.59 mmol, 53%). '"H NMR (400 MHz, Methanol-d,):
8=862 (dd, yy=2.1 Hz, *Jyy,=0.8 Hz, 2H, C,,5-H), 7.97 (dd, *Jyy=
8.1, “Juy=2.1Hz, 2H, C,;3-H), 7.63 (dd, >}y =58, “Jyy=3.3 Hz, 2H,
Con2—H), 7.59 (dd, *Juu=8.1, *yy=08Hz, 2H, C,2-H), 7.43 (dd,
3Jyn=58, Yyu=3.3 Hz, 2H, C,n3—H), 4.71 (s, 4H, CH,) ppm. *C NMR
(101 MHz, Methanol-d,) 6=162.35 (s, 2C, C,, 1), 151.70 (d, 2G, C,\5),
140.78 (d, 2C, C,,3), 133.05 (d, 2C, C,;;2), 130.01 (d, 2C, C,,3), 126.37
(s, 2C, Gyu1), 12171 (d, 2C, C,2), 120,05 (s, 2C, C,4), 91.78 (s, 2C,
py—C=C), 90.83 (s, 2C, py—C=0), 65.41(t, 2C, CH,) ppm. IR (neat) v=
3185 (br, s), 2901 (m), 2842 (m), 2215 (w), 1929 (w), 1854 (w),
1713 (w), 1599 (m), 1556 (m), 1492 (s), 1452 (m), 1443 (m), 1368 (s),
1319 (m), 1270 (m), 1235 (m), 1209 (m), 1147 (s), 1125 (m), 1066 (s),
1027 (s), 990 (m), 947 (w), 927 (w), 835 (s), 780 (m), 749 (s), 721 (s),
688 (m), 666 (M), 651 (s), 578 (m), 543 (M), 531 (m), 521 (m), 498 (m),
486 (m), 408 (m)cm™". Anal. calcd. (%) for C,,H¢N,0,: C77.63,
H 4.74, N 8.23, found: C 77.71, H 4.99, N 8.30.
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Synthesis of Tw2

To a solution of 200 mg (0.59 mmol) 7 in 20 mL dichloromethane at
0°C 043 mL (2.35mmol) diisopropylethylamine and 0.14 mL
(1.76 mmol) methanesulfonyl chloride were added and stirred at
room temperature for 3 h. 15 mL of water were added and the
organic phase was separated. The aqueous phase was extracted
with dichloromethane (3x15 mL). The combined organic layers
were washed with 15 mL of a sat. NaHCO,; solution and 15 mL
brine, then dried over MgSQ,, filtrated. The solvent was removed in
vacuo to yield a red oil containing the mesyl-species. Then, to a
solution of 180 mg (2.64 mmol) 1H-pyrazole in 10 mL DCM at 0°C
70.4 mg (2.93 mmol) NaH were added and stirred for 30 min before
adding a solution of the mesyl-species in 8 mL DCM. After stirring
at room temperature for 24 h the reaction mixture was washed
with 15 mL of water and the organic phase was separated. The
aqueous phase was extracted with a mixture of DCM and methanol
(313 ml DCM/2 mL MeOH), the combined org. layers were dried
over sodium sulfate and the solvent was removed under reduced
pressure before purifying using silica gel chromatography
(cyclohexane/ethyl acetate, 7:3, Ry=0.1) to yield the product as a
light brown solid (129 mg, 0.29 mmol, 50%). '"HNMR (400 MHz,
CDCl;) =871 (dd, “Jyy=2.1, °Jyy=0.8 Hz, 2H, C,,5-H), 7.73 (dd,
un=8.1, Yyu=21Hz, 2H, C,3-H), 7.60 (dd, =19, “Jyu=
0.6 Hz, 2H, C,,1-H), 7.58 (dd, *Jyy =59, “Jyy=3.3 Hz, 2H, C;,2-H),
7.55 (dd, ‘=23, =06 Hz, 2H, C,;3-H), 7.36 (dd, =528,
“Jun=34Hz, 2H, Cu3-H), 694 (dd, =81, =08 Hz, 2H,
Coy2-H), 6.34 (dd, “Jyp=1.9 Hz, 2H, C,,2-H), 548 (s, 4H, CH,) ppm.
BCNMR (101 MHz, CDCl;) 6=156.27 (s, 2C, C,,1), 151.82 (d, 2C,
C,y5), 14032 (d, 2C, C,,1), 139.53 (d, 2C, G,3), 132.23 (d, 2C, Cyy2),
130.20 (d, 2C, C;3), 128.80 (d, 2C, C,43), 125.21 (s, 2C, Cu1), 121.29
(d, 2C, C,,2), 119.44 (s, 2C, C,4), 106.57 (d, 2C, C,;2), 91.39 (s, 2C,
py—C=C), 90.03 (s, 2C, py—C=0), 57.43 (t, 2C, CH,) ppm. IR (neat) 7=
3138 (w), 3111 (w), 3034 (w), 2950 (m), 2923 (m), 2850 (w), 2217 (w),
1993 (w), 1945 (w), 1911 (w), 1840 (w), 1731 (w), 1695 (w), 1590 (w),
1558 (m), 1509 (m), 1492 (m), 1484 (s), 1450 (m), 1429 (m), 1390 (s),
1347 (m), 1301 (m), 1276 (s), 1241 (m), 1207 (m), 1145 (m), 1131 (m),
1086 (s), 1045 (s), 1025(s), 964 (m), 939 (m), 917 (m), 862 (m),
845 (m), 831 (m), 806 (m), 770 (s), 751 (s), 700 (s), 668 (m), 651 (s),
621 (s), 580 (m), 559 (m), 543 (m), 517 (M), 498 (m), 484 (m), 457 (m),
423 (m)cm'. HRMS (ESI): m/z calcd. for [M+H]*: 441.18222, found:
441.18272.

Synthesis of [Cu,(Tw2)(MeCN),J(PF,), (CuTw2)

The synthesis of CuTw2 was performed analogously to the
synthesis of CuTw1 using 63mg (143 umol) Tw2 and 107 mg
(286 umol) [Cu(NCMe),IPF,. The product was obtained as a yellow
solid (128 mg, 130 umol, 91%). 'H NMR (400 MHz, Pyridine-ds) =
8.95 (dd, Yyy=2.1, *Jyy=0.7 Hz, 2H, C,,5-H), 7.87 (dd, *}y,=8.1,
Jun=22Hz, 2H, C,3-H), 7.85 (dd, *yu=23, “yu=06Hz, 2H,
Cpe1-H), 7.79 (dd, “Juy=1.8, “Jyu=06Hz, 2H, C,,3-H), 7.69 (dd,
Jun=58, Yuyu=34Hz, 2H, Cu2-H), 738 (dd, Jyy=58, Yuu=
3.3 Hz, 2H, C,,;3-H), 7.07 (d, 3JH’H:8.1 Hz, 2H, C,2—H), 6.42 (t, 3JH’H:
20Hz, 2H, C,,2—H), 5.64 (s, 2H, CH,), 1.88 (s, 12H, NCCH;) ppm.
PCNMR (101 MHz, Pyridine-ds) $=157.92 (s, 2C, C,,1), 152.47 (d,
2C, C,5), 14075 (d, 2C, C,;3), 140.03 (d, 2C, C,,3), 133.12 (d, 2C,
Con2), 13135 (d, 2C, C,,1), 129.84 (d, 2C, Cyp3), 125.99 (s, 2C, Cyp),
122,27 (d, 2C, C,2), 119.75 (s, 2C, C,4), 118.00 (s, 4C, NCCH;),
107.01 (d, 2C, C,;2), 92.18 (s, 2C, py—C=C), 91.43 (s, 2C, py—C=0),
57.94 (t, 2C, CH,), 1.58 (q, 4C, NCCH,) ppm. 'FNMR (376 MHz,
Pyridine-d;) 8=—71.68 (d, J=710.3 Hz) ppm. *P NMR (162 MHz,
Pyridine-ds) 0=-—142.39 (hept, J=710.0 Hz) ppm. IR (neat) ¥=
3144 (w), 3056 (w), 3028 (w), 2950 (w), 2926 (m), 2854 (w), 2315 (w),
2284 (w), 2252 (w), 2217 (w), 1729 (w), 1562 (w), 1515 (w), 1492 (s),
1458 (m), 1431 (s), 1404 (s), 1362 (m), 1305 (m), 1274 (s), 1225 (w),

1162 (m), 1094 (s), 1064 (s), 1037 (m), 982 (m), 921 (w), 873 (s),
833 (vs), 811 (vs), 770 (vs), 764 (vs), 737 (vs), 700 (s), 672 (m), 647 (s),
610 (m), 555 (vs), 523 (m), 500 (m), 490 (m), 431 (w), 414 (w)cm ™.
FT-Raman (solid) 7=3064 (w), 2941 (m), 2312 (w), 2302 (w),
2280 (m), 2273 (m), 2217 (vs), 1588 (s), 1557 (m), 1493 (m), 1473 (m),
1444 (w), 1406 (w), 1366 (w), 1326 (m), 1277 (m), 1255 (m), 1149 (s),
1134 (s), 1097 (m), 1066 (w), 1035 (m), 985 (w), 941 (w), 872 (w),
811 (w), 776 (w), 743 (m), 707 (w), 660 (m), 557 (w), 394 (w)ecm ™.
HRMS (ESI): m/z calcd. for [M-2MeCN]**: 324.04218, found:
324.04307; for [M-4MeCN—Cu] ': 503.10400, found: 503.10422. Anal.
calcd. (%) for CsgH3CusFioNPy: C4232, H3.16, N 13.71, found:
C41.19, H3.59, N 13.92.

Synthesis of diazide compound 8

To a solution of 203 mg (0.60 mmol) 7 in 7.5 mL DCM at 0°C 2.5 mL
(34.4 mmol) thionyl chloride were added. The reaction mixture was
heated to reflux for 30 min before removing the solvent under
reduced pressure. The residue was dissolved three times in 8 mL of
DCM, followed by removing the solvent under reduced pressure.
After adding 275 mg (2.89 mmol) sodium azide, 58 mg (0.39 mmol)
sodium iodide and 15 mL methanol to the resulting crude product
the reaction mixture was refluxed for 24 h. The solvent was then
removed in vacuo before dissolving the residue in 10 mL water and
15 mL methanol. The aqueous phase was extracted with DCM
(3x15 mL). The combined organic layers were dried over sodium
sulfate, filtrated and the solvent was removed in vacuo followed by
purification of the crude product using silica gel chromatography
(DCM/MeOH, 95:5, R;=0.83) to give the product as an orange solid
(233 mg, 596 umol, 100%). 'H NMR (400 MHz, CDCl;) $=8.75 (dd,
YUyn=2.1, *Jyu=09Hz, 2H, C,5-H), 7.84 (dd, *},=8.0, Y=
2.1 Hz, 2H, C,3-H), 7.60 (dd, *Juu=58, ‘=33 Hz, 2H, Cy2-H),
7.38 (dd, J=5.8, 3.3 Hz, 2H, C;3—-H), 7.36 (dd, J=8.1, 0.9 Hz, 2H,
C,y2—H), 4.52 (s, 4H, CH,) ppm. *C NMR (101 MHz, CDCl;) §=155.26
(s, 2C, Gy1), 152,06 (d, 2C, C,,5), 13944 (d, 2C, C,,3), 132.24 (d, 2C,
Con2), 12887 (d, 2C, Cy3), 12522 (s, 2C, Cpy1), 12158 (d, 2C, C,2),
119.65 (s, 2C, C,4), 91.62 (s, 2C, py—C=C), 90.03 (s, 2C, py—C=0),
55.62 (t, 2C, CH,) ppm. IR (neat) ¥=3058 (w), 3016 (w), 2924 (w),
2850 (w), 2219 (w), 2097 (vs), 1723 (w), 1688 (w), 1588 (m), 1556 (m),
1490 (s), 1435 (m), 1368 (m), 1339 (s), 1292 (s), 1270 (s), 1252 (s),
1131 (m), 1111 (m), 1090 (m), 1023 (m), 984 (w), 929 (w), 835 (m),
796 (m), 759 (s), 723 (w), 700 (w), 676 (w), 641 (w), 555 (w), 525 (w),
500 (w)cm™'. HRMS (ESl): m/z calcd. for [M-+Nal*: 413.12297,
found: 413.12336.

Synthesis of Tw3

To a solution of 132 mg (338 umol) 8 in 3 mL methanol, 2 mL
dichloromethane and 3 mL of water 2.40 mg (9.61 umol) copper(ll)
sulfate pentahydrate and 9.43 mg (47.6 umol) sodium ascorbate
were added. After stirring for 5 min 0.3 mL (200 mg, 2.44 mmol)
3,3-dimethyl-1-butyne were added and the reaction mixture was
stirred at room temperature for 150 min. Then, 10 ml 5% ammonia
solution in water and 15 mL dichloromethane were added to the
reaction mixture. The aqueous layer was extracted with dichloro-
methane (3x15 mL), the combined organic layers were dried over
sodium sulfate and the solvent was removed in vacuo to yield a
light brown solid (180 mg, 325 umol, 96%). 'H NMR (400 MHz,
CDCly) 8=8.73 (dd, “Jyy=2.1, *Jyy=0.9 Hz, 2H, C,,5-H), 7.79 (dd,
Jun=81, Yyu=21Hz, 2H, C,3-H), 7.59 (dd, =59, “Yuu=
3.3 Hz, 2H, Cyp2-H), 7.40 (5, 2H, C,2-H), 7.38 (dd, Yy =58, Yyu=
33 Hz, 2H, Cy3-H), 7.15 (dd, *yu=8.1, Jyu=0.9 Hz, 2H, C,,2-H),
563 (s, 4H, CH,), 1.35 (s, 18H, C(CH,);) ppm. *CNMR (101 MHz,
CDCly) 6=15848 (s, 2C, C,1), 154.31 (s, 2C, Gy, 1), 152,01 (d, 2C,
C,,5), 139.70 (d, 2C, C,,3), 132.33 (d, 2C, Cp2), 12895 (d, 2C, Cyy3),
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125.06 (s, 2C, Cyp1), 122.03 (d, 2C, C,2), 120.06 (s, 2C, C,4), 119.26
(d, 2C, Cy,2), 91.84 (s, 2C, py—C=CQ), 89.77 (s, 2C, py—C=C), 55.40 (t,
2C, CH,), 30.98 (s, 2C, C(CH3)3), 30.51 (q, 6C, C(CH);) ppm. IR (neat)
7=3122 (w), 3062 (w), 2960 (s), 2928 (m), 2901 (m), 2864 (m),
2111 (w), 1978 (w), 1731 (w), 1688 (w), 1592 (w), 1558 (w), 1535 (w),
1492 (m), 1464 (m), 1445 (m), 1421 (w), 1392 (w), 1358 (s), 1311 (w),
1225 (s), 1201 (s), 1166 (w), 1145 (m), 1105 (m), 1047 (s), 1023 (s),
1009 (M), 986 (w), 958 (w), 926 (m), 868 (m), 849 (m), 806 (s), 784 (s),
764 (s), 727 (s), 713 (s), 694 (m), 674 (s), 643 (m), 610 (w), 590 (m),
541 (w), 527 (w), 492 (s), 425 (m)cm '. HRMS (ESI): m/z calcd. for [M
+H]*: 555.29792, found: 555.29829.

Synthesis of [Cu,(Tw3)(MeCN),I(PF,), (CuTw3)

The synthesis of CuTw3 was performed analogously to the
synthesis of CuTw1 using 100 mg (180 umol) Tw3 and 134 mg
(360 umol) [Cu(NCMe),IPF,. The product was obtained as an off-
white solid (186 mg, 164 umol, 91%). '"H NMR (400 MHz, Pyridine-
d;) =894 (d, “Jyy=18Hz, 2H, C,,5-H), 7.97 (s, 2H, C,,2-H), 7.89
(dd, *Jyy=8.1, “Jyy=2.0Hz, 2H, C;;3-H), 7.71 (dd, )y, =5.7, *Jyp=
33 Hz, 2H, Cy2-H), 741 (dd, *Juu=5.8, “yu=33 Hz, 2H, C,,3-H),
731 (d, 3JH,H:&O Hz, 2H, C,,3-H), 5.88 (s, 4H, CH,), 1.90 (s, 12H,
NCCH;), 1.43 (s, 18H, C(CH);) ppm. *C NMR (101 MHz, Pyridine-ds)
0=158.39 (s, 2C, C,,1), 155.99 (s, 2C, 1), 152,70 (d, 2C, C,5),
140.25 (d, 2C, C,,3), 133.18 (d, 2C, C;,2), 129.91 (d, 2C, C,3), 125.84
(s, 2C, 1), 12281 (d, 2C, C,y2), 120.95 (d, 2C, C,;2), 120.21 (s, 2C,
Coy4), 117.94 (s, 4C, NCCH3), 9242 (s, 2C, py—C=0), 91.15 (s, 2C,
py—C=0), 55.74 (t, 2C, CH,), 31.54 (s, 2C, C(CHs);), 31.08 (q, 6C,
C(CH,)3), 1.54 (q, 4C, NCCH;) ppm. "F NMR (376 MHz, Pyridine-d)
8=-71.68 (d, Jrp=710.3 Hz) ppm. *'P NMR (162 MHz, Pyridine-d;)
0=-14240 (hept, UP’F:71O.2 Hz) ppm. IR (neat) ¥=2960 (m),
2928 (w), 2903 (w), 2867 (w), 2315 (w), 2283 (w), 1558 (w), 1492 (m),
1464 (m), 1446 (m), 1421 (w), 1366 (m), 1343 (w), 1313 (w), 1262 (w),
1229 (m), 1203 (m), 1168 (w), 1147 (w), 1105 (m), 1049 (s), 1023 (m),
1009 (m), 958 (w), 927 (w), 833 (vs), 786 (s), 766 (vs), 729 (m), 713 (s),
694 (m), 674 (m), 643 (w), 590 (w), 557 (vs), 500 (m), 492 (w),
425 (w)em™'. FT-Raman (solid) #=3064 (w), 3057 (w), 2949 (m),
2904 (m), 2861 (w), 2310 (m), 2283 (s), 2218 (vs), 1587 (s), 1556 (m),
1495 (m), 1473 (m), 1446 (m), 1376 (w), 1277 (w), 1261 (w),
1167 (m), 1153 (s), 1136 (s), 1092 (w), 1038 (m), 1009 (w), 941 (w),
860 (w), 837 (w), 808 (w), 742 (w), 590 (w), 561 (w), 432 (w),
397 (w)em ™. HRMS (ESI): m/z calcd. for [M—4MeCN—Cu]':
617.21970, found 617.21960. Anal. calcd. (%) for C,,HssCu,F;,NgP,:
C44.41,H4.08, N 14.80, found: C 44.15, H 4.86, N 14.77.
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4.3. The Influence of Coligand and Anion on the

Monooxygenation Activity of Simple Copper Salts

As described in Chapter 3.4, for the development of tyrosinase model systems, ligands are
used that, to a certain extent, resemble the first coordination sphere of the copper centers in
the enzyme. In the simplest way, monodentate solvent ligands coordinated to the copper
centers can lead to Cu(l) complexes exhibiting monophenolase activity. In studies by LumB
et al. and HERZIGKEIT et al., the Cu(l) complex [Cu(NCMe)4]PFs, which is commonly used as a
precursor complex in the synthesis of model systems with designed ligands, was investigated
for its reactivity toward the substrate DTBP-H.I'37.'42 Since a catalytic activity was observed
under BULKOWSKI-REGLIER conditions, in a further study by SCHNEIDER et al., the effects of the
monodentate ligands and anions of simple copper salts (Scheme 17) on the resulting catalytic
activity were investigated.l'?®'3"1 The effect of the anions used was probed for [Cu(NCMe)4]*
complexes with the different anions (in order of their coordination ability) BF4, OTf, PFe¢ as
well as the very weakly coordinating anion Al(OC(CF3)s)s” (Al(pftb)s, Scheme 19).112%.143]

T x F 1" Alpftb), 17 Alpftb),-
NCMe = F TEts
A\
MeCN‘““ \NCMe ‘\\t\ l
MeCN F Fo—8 NEts

X" = BF, OTf, PFg, Al(pftb),”

Scheme 17: Simple copper salts with different coligands and anions employed as catalysts for the
monooxygenation of phenols by SCHNEIDER et al.l'29]

An anion effect was observed for the conversion of DTBP-H to the corresponding quinone
DTBQ under BULKOWSKI-REGLIER conditions: The obtained yield (and corresponding initial
reaction rate) was lowest for the most coordinating anion, BF4, and increased with decreasing
coordination ability to give a high yield of 38 % of DTBQ for the complex with Al(pftb)s~ as anion.
The increasing yield was attributed to a decreasing concurrence for coordination sites between
the anion and substrate/dioxygen, facilitating their conversion. Furthermore for the salts with
Al(pftb)s as anion, the influence of the coligand employed was investigated by using 1,2-
difluorobenzene (ortho-DFB) and NEts, respectively, instead of acetonitrile. A ligand effect on
the reaction rate was observed: For the complex with acetonitrile ligands, the highest initial

reaction rate was detected, while it decreased significantly when using ortho-DFB or NEts,
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while the obtained yields of DTBQ increased to 40 % for the [Cu(NEts),]" salt, which was the

highest yield obtained so far for this substrate.['?%]

P-H
2 NEt3
O, quinone
HNEt;* Tl
precatalyst .
slow
A
_CI) @) 7? @

—OH induction

- bypass
eriod
P-H [j P [j P-H
NEt; 2 NEt,
fast
SQ SQ
HNEt;OH HNEt,*

catalyst

catalytic

cycle

Scheme 18: The proposed mononuclear reaction pathway for the monooxygenation of phenols by
SCHNEIDER et al. Adapted from ref.[129]

Interestingly, an induction period in the reaction rate was observed for all copper salts with

Al(pftb)s as anion, suggesting that these complexes are not actual catalytically active species,
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but precatalysts. This implied that the present catalytic cycle is somehow different from the
“classically” proposed dinuclear mechanism.[*3128 This assumption was further supported by
the observation of semiquinone (SQ) formation in the beginning of the catalytic run, which hints
to a mechanism involving the formation of radicals. By the use of various kinetic and
spectroscopic investigations, a new mononuclear catalytic cycle was proposed, derived from
the mechanism of the TPQ formation in the enzyme AO (Chapter 3.1.2). This cycle is shown
in Scheme 18 and starts from the Cu(l) precatalyst.l'*®! Upon reaction with a monophenolic
substrate (P-H) and in the presence of NEts, the Cu(ll)-SQ complex | is slowly formed in the
first step, which converts to the active catalyst couple in the presence of additional substrate
and base, along with release of SQ. The active species are the Cu(ll)-phenolato(ll)/Cu(l)-
phenoxyl (II’) complexes. The observed induction period is therefore linked to the only slow
formation of the active catalyst from the precatalyst, but can be circumvented (Scheme 18,
gray) by the prior addition of one equivalent quinone to the precatalyst. This leads to the SQ
complex (I’), which reacts rapidly to the active catalyst (Il)/(II’) again upon addition of substrate
and base and with release of SQ. Species II’ is now able to bind dioxygen that undergoes the
electrophilic attack in C2-position on the aryl ring, forming the cyclic peroxo intermediate lll. A
subsequent O-O bond cleavage step leads to the quinone complex IV. Finally, quinone and
water are released in the presence of additional substrate and base, which reforms the catalyst

species (I1)/(II’) and completes the cycle.!'?%

4.4. Copper Complexes Supported by Iminotriazole

Ligands

The mononuclear reaction mechanism presented above is in stark contrast to the classically
postulated dinuclear reaction mechanism (Chapter 3.4.1) and represents a groundbreaking
new development in the study of tyrosinase model systems.3'2% Thus it appeared of great
interest to investigate as to whether this mechanism also applies for complexes with designed
ligands. In addition, an ongoing part of the research on tyrosinase model systems is the
development of new ligand classes that further improve the activity of the respective catalysts.
For bidentate ligands, a correlation between the o-donor capacity of the involved N-donors and
the resulting catalytic activity was found (Chapter 3.4.1).1'281 According to this, a higher
catalytic activity is obtained with increasing difference in the o-donor capacity of the present
N-donors, which in turn can be estimated from the pKa values of the protonated N-species. It
is assumed that the decrease in o-donor strength of the weaker N-donor facilitates the

decoordination from the copper center upon coordination of the substrate and dioxygen, which

81



4.4 COPPER COMPLEXES SUPPORTED BY IMINOTRIAZOLE LIGANDS

in turn leads to an easier conversion.['?® This correlation is reflected, for example, in the
increasing catalytic activity of Cu(l) complexes with iminoheterocyclic ligands in the series from
imidazole (Limz1) via pyridine (Lpy1) to pyrazole (Lnpz1). The combination of an imine (high o-
donor strength) with a triazole (even lower o-donor strength compared to pyrazole) should thus

lead to a highly active catalyst.['28.144]

To address these issues, in this study, three new Cu(l) complexes supported by the new
bidentate iminotriazole ligands L1 and L«:2 (Scheme 19), with a tert-butyl or an n-propyl
residue on the triazole ring, respectively, and with PFes and Al(pftb)s as anions, were
investigated for their ability to mediate the conversion of phenols to ortho-quinones under
BULKOWSKI-REGLIER conditions. Moreover, the mechanism by which this conversion takes
place was elucidated by the use of various spectroscopic and kinetic investigations with

different monophenolic substrates.[4%

F
F//,,'é\\\\F _ PF _
~ ~ A e
/) / F
(N (N

F
N-N N-N P
N N cr, O CFs
F3C>]\ I CF3 )
F3C O//AI\O/%CF:’, = Al(pftb),
o CFs,
L1 Lirp2 I CF3
F3C CF3

Scheme 19: The ligands L1 and L2 (left) as well as the anions PFs~ and Al(pftb)s4- used in this study.

The synthesis of the ligands L1 and L2, which are related to a ligand previously reported
by the LEITNER group,*®! was performed in a three-step synthesis starting from 2-bromo-
ethylamine hydrobromide. In the first step, 2-azidoethylamine was prepared and subsequently
converted to the corresponding triazolylamine by a CUAAC reaction. An imine condensation of
the triazolylamines with tert-butylacetaldehyde then led to L«:1/L«22. The obtained ligands
were subsequently coordinated to Cu(l) to give the complexes [Cu(Ltr21/Lt-2)(NCMe);]PFs and
[Cu(L«21)(NCMe)]Al(pftb)s. The successful synthesis of the complexes was proved via IR,
Raman, and NMR spectroscopy and the PFs-containing complexes were further investigated
by HR-ESI mass spectrometry.

Subsequently, the catalytic activity of the new Cu(l) complexes was studied. The results
obtained for the complexes with PFs as anion confirmed the assumption that a higher activity

can be reached by the use of triazole as N-donor instead of pyrazole (Lnpz1), pyridine (Lpy1),
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and imidazole (Limz1), respectively (Chapter 3.4.1). A yield of 32 % of DTBQ was found for the
Cu(l) complex supported by L1, which was the highest yield observed for a Cu(l) complex
with the PFg anion under BULKOWSKI-REGLIER conditions at this time. Moreover, according to
the investigations made for simple copper salts, an anion effect on the catalytic activity was
observed when using [Cu(L«z1)(NCMe)]Al(pftb)s as catalyst. With this complex, an even higher
yield of 48 % DTBQ was obtained, which is the highest yield so far under BULKOWSKI-REGLIER
conditions. In addition, an induction period in the reaction rate was detected, which was absent
when adding 1 eq. DTBQ prior to the catalysis (Scheme 18, bypass). This is in agreement with
the observations made for the simple copper salts.['?°!

Thus, the present reaction mechanism was investigated in more detail for the copper
complexes supported by L1 as a ligand. To that end, the conversion of DTBP-H at low tempe-
ratures (-80 °C - room temperature) and of the less activated substrates 3-tert-butylphenol
(TBP-H), 4-tert-butylphenol (4-TBP-H), 4-methylphenol (4-MeP-H), and phenol (P-H) at room
temperature was studied for both complexes. Analogous to the proposed mononuclear
reaction mechanism (Scheme 18),['?! the formation of SQ was observed prior to the quinone
formation in each case. In addition, the initial reaction rate of the conversion of DTBP-H was
investigated with variable complex concentrations. For both complexes, a linear dependence
of the reaction rate on the catalyst concentration was found, indicating the presence of
mononuclear species in the rate-determining step. Moreover, for the complex with Al(pftb)s as
anion, a Hammett analysis was performed for the substrates 4-MeOP-H, 4-TBP-H and P-H
whereby a negative Hammett constant p was obtained. A negative value of p indicates an
electrophilic attack in the rate-determining step, giving further support for the proposed
mononuclear mechanism. Furthermore, the catalysis was performed with the deuterated
substrate 2-d-4-TBP-H. NMR spectroscopy was used to determine the ratio of deuterated to
non-deuterated quinone product. An inverse a-secondary kinetic isotope effect with a value of
ko = 0.82 was found, which reflects an sp? to sp? transition in the rate-determining step. This
is in line with the intermediate formation of the six-ring metallacycle (Scheme 18, l1).[29147]
Thus, the obtained results show that the Cu(l) complexes supported by the small, bidentate
iminotriazole ligands indeed mediate the conversion of phenols to ortho-quinones via the
mononuclear reaction mechanism, in full analogy with the results obtained for the simple

copper salts.['?9]

Reprinted with permission of A. Koch, T. A. Engesser, and F. Tuczek, Organometallics, 2023,
42,14, 1774 — 1783.
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ABSTRACT: Copper complexes supported by the new ligands L,,1 and L2 Ty
containing an imine group and a triazole moiety were prepared and investigated as Y,
catalysts for the conversion of monophenols to o-quinones. With regard to (_N\C[;’NCMQ
monooxygenation of 2,4-di-tert-butylphenol, the activities of the new catalysts were N-N" "NCMe

N

found to be 20—100% higher than those of simple copper salts with identical anions. In
analogy to reactions catalyzed by these salts (and in contrast to the enzyme tyrosinase
and corresponding dinuclear model systems), the oxygenation of monophenols catalyzed
by Cu-L,, complexes in the presence of an excess of the substrate and triethylamine is

Mechanism o)
found to follow a mononuclear pathway. Details of the corresponding mechanism are
elucidated by a number of kinetic and spectroscopic investigations.
H INTRODUCTION Chart 1. Different Bidentate Ligands Developed by Our

26—28 a
Reactions mediated by copper enzymes are fundamental for Group ’
life on earth.”” Among these, the oxygenation of phenolic This Work
substrates is of key importance. The type 3 copper enzyme Lyo1: R = Bu
tyrosinase (TY), for‘ example, catalyzes the hydroxylatl({n and Limz Loy Lipz1 Lyp2: R = "Pr
two-electron oxidation of L-tyrosine to L-DOPA quinone,
which constitutes the first step of melanin biosynthesis.sf6 The
reaction starts from the characteristic p-17°:5>-peroxodicopper-
(I1) form (oxy form) and proceeds via a dinuclear reaction N/ N/ N/ N/
pathway.> ™ Melanin, among other things, plays a part in ( (
immune response, wound healing, and protection against _ _
ultraviolet (UV) radiation.**™ Apart from the direct ';l 74 '\{ N '\\‘ N N
investigation of the enzyme, small-molecule model systems \N _ v %/N
have been employed to elucidate the mechanism of TY- Tl! R
10,11

mediated quinone formation. Starting in 1990, Réglier et

al. reported the first dinuclear model complex that could PK, _2-5 1.2

catalytically convert 2,4-di-tert-butylphenol (DTBP-H) into

the corresponding 3,5-di-tert-butylquinone (DTBQ),12 fol- Yield/ % 16 22
lowed by several systems developed by Casella et alsmte . ) .

Further investigations by Stack, Solomon, and co-workers, 78 Yields of the catalytic conversion of DTBP-H to DTBQ under

. 19-23 Bulkowski—Réglier conditions (500 uM complex solution, 100 equiv
Herres-Pawlis et al, and Ottenwaelder, Lumb, and co- of NEt3, S0 equiv of a phenolic substrate, and DCM as the solvent)

24,25
workers focused on ‘mod'el ?ysmms based on mononuclear were mediated by Cu(I) complexes supported by the ligands shown
complexes. These studies significantly extended the under- (blue, coordinating N atoms). pK, values are given for the protonated
standing of the mechanism of TY and allowed the form of the respective unfunctionalized N-heterocycle in water.***

identification of parameters in the ligand design that influence
the catalytic activity of the derived copper complexes.

Over the past decade, several model systems with bidentate Special Issue: Advances and Applications in Catalysis
ligands have been prepared by our working group (Chart with Earth-Abundant Metals
1)26-32 Stgrting with L, 1, containing a combination of imine Received: January 11, 2023
and pyridine as N-donor groups, the first model system Published: March 16, 2023

exhibiting both a u-n*:n>-peroxo intermediate at 180 K in
acetone and catalytic activity toward external substrates was

© 2023 The Authors. Published by
American Chemical So(ie& https://doi.org/10.1021/acs.organomet.3c00014
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presented.””*’ Using the so-called Bulkowski—Réglier con-
ditions (500 #M complex solution, 100 equiv of NEt;, 50 equiv
of a phenolic substrate, and DCM as the solvent), a 22% yield
of DTBQ_ could be obtained.”’ Upon replacement of the
pyridine in L1 with pyrazole to afford Lyy,1, the activity was
increased, whereas the use of imidazole (L;,,1) led to lower
yields of DTBQ (Chart 1).7** While all of these ligands
contain an imine function, the monophenolase activities of
copper complexes supported by bis-heterocyclic ligands have
been investigated, as well. Notably, the combination of two
pyridine rings (DPM) did not lead to catalytic conversion of
DTBP-H, whereas the combination of pyridine and 1,2,3-
triazole in the TMP3 li(gand generated a 24% yield of DTBQ in
the catalytic reaction.””>

To correlate trends in the reactivity of these systems with
the constitution of the employed ligands, the electronic
properties of the N donors have to be analyzed. In the
simplest fashion, this is accomplished by considering the
transfer of electron density from the ligand to the copper
center by ¢ donation. The strength of a ¢ donor, in turn, can
be linked to the electron density on the coordinating atom,
which also determines the pK, value of the protonated N
donor.>*=% In this way, it becomes apparent that within the
series of ligands with one imine function and one N-
heterocyclic unit the monophenolase activity of the derived
copper complex increases with a decrease in the pK, of the
respective unfunctionalized N-heterocycle (cf. Chart 1). The
question of whether combining an imine function with an even
weaker N-donor ligand than pyrazole, e.g., 1,2,3-triazole (pK, =
1.2),33’35 continues this trend therefore arises, i.e., whether it
leads to catalysts with an even higher activity. To address this
problem, two new L, ligands were synthesized (Chart 1),
which are composed of a tert-butyl-terminated imine function
in combination with a triazole moiety. The latter is obtained
via a copper(I)-catalyzed azide—alkyne cycloaddition (CuAAC
reaction). A major advantage of this type of click chemistry is
the easy modification of the obtained ligands in combination
with rapid, atom-economic reactions, high product yields, and
stereoselectiﬁty,$2’37’3x allowing the properties of such ligands
to be tuned in a systematic fashion.

B RESULTS AND DISCUSSION

The ligand L1 [1 (Chart 1)], resemblin% the iminotriazole
ligands previously reported by Leitner et al,”” was obtained via
a three-step synthesis starting from 2-bromoethylamine
hydrobromide, which was converted into 2-azidoethylamine
(5) according to the literature.*” The CuAAC reaction of §
with fert-butylacetylene and the combination of copper(II)
sulfate pentahydrate with sodium ascorbate as the catalyst
yielded the corresponding triazolethylamine 6. The subsequent
imine condensation using trimethylacetaldehyde was per-
formed in dry toluene and in the presence of 3 A molecular
sieves as a drying agent and provided 1 (L,,1). Ligand 2
(Ly,2) was prepared analogously, via the use of 1-pentyne in
the CuAAC reaction. Reaction of 1 (or 2) with
tetrakisacetonitrilecopper(I) hexafluorophosphate then led to
[Cu(L,1)(NCMe),][PF] (3a) [or 4 (Scheme 1)].

To evaluate the catalytic activity of the new model systems,
the reactivity toward DTBP-H was studied first. Using
Bulkowski—Réglier conditions (see above), the conversion of
this substrate to DTBQ [as well as the C—C-coupled
byproduct 3,3',5,5'-tetra-tert-butyl-2,2'-biphenol (CCcP)

1775

Scheme 1. Synthesis of Ligands 1 and 2 and the
Corresponding Copper Complexes 3a, 3b, and 4

NaNg

B N
f\/\NH2 HQO 3\/\NH2
+HBr 80°C,16h 5
NaAsc
CuS0y-5 H,0|
MeOH, H,0 ~
A@ t,1h
/
(——N ; P2 (NHZ
N—N B — N-N
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NN 3AMS K(N
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X R
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MeCN iy
N
R

R='Bu,n=2,X =PFg:3a
R =1Bu, n =1, X = [Al(pftb),]: 3b
R="Pr,n=2,X =PFq: 4

(Scheme 2)] was monitored by UV—visible and/or nuclear
magnetic resonance (NMR) spectroscopy.

Scheme 2. Conversion of DTBP-H under Bulkowski—
Réglier Conditions”

OH [0}
o, o OH O
_— +
Cu(l) cat.,
NEt;, DCM OH
rt
DTBP-H DTBQ CCcP

“Monooxygenation of DTBP-H to DTBQ under Bulkowski—Réglier
conditions (500 #M complex solution, 100 equiv of NEt3, SO equiv of
phenolic substrate, and DCM as the solvent). Formation of CCcP is
associated with a competing oxidative coupling reaction.*

It was found that 3a can catalyze the monophenolase
reaction very efficiently to give the highest yield of DTBQ
obtained so far for a copper complex supported by a bidentate
ligand containing an imine and an N-heterocycle [32% (Table
1); see also Figures S9 and S10]. Notably, a 100-fold excess of
NEt; is present in this catalytic reaction. Correspondingly, the
importance of NEt; as a coordinating ligand in the
monooxygenation of phenols catalyzed by simple copper
salts has been stressed by Lumb.>>*" Nevertheless, compared
to the simple copper salt [Cu(NCMe),]PF; (CuPFy), the
yield of DTBQ doubles in the presence of the new Li,1
ligand.** This once again underscores the impact of bidentate
ligands for copper complexes catalyzing the monooxygenation
of phenols.*”

To further investigate the catalytic activity of 3a with regard
to monophenolase reactions, the less sterically demanding (but

https://doi.org/10.1021/acs.organomet.3c00014
Organometallics 2023, 42, 1774—1783

85



4.4 COPPER COMPLEXES SUPPORTED BY IMINOTRIAZOLE LIGANDS

86

Organometallics

pubs.acs.org/Organometallics

Table 1. Obtained Yields for the Reactions of Complexes 3a, 3b, and 4 with Different Substrates”

product yield (%)"

DTBP-H 3-TBP-H 4-MeOP-H*
3a 32 29 55
3b 48 27 48
4 29 24 53
CuPF",* 15 - -
CuWCA"* 38 24 49

4-MeP-H DTBP-H and DTBQd 4-TBP-H P-H
17 46 30 13
18 40 30 14

“Reactions were performed using the Bulkowski—Réglier conditions (S00 uM complex solution, 100 equiv of NEt;, SO equiv of a phenolic
substrate, and DCM as the solvent). “The yield of the corresponding quinone was determined from the UV—visible spectra. “The yield was also
confirmed using NMR spectroscopy (see the Supporting Information). “The yield was reduced by 1 because 1 equiv of DTBQ was added to the
reaction solution prior to the start of the catalytic reaction. “CuPF4 = [Cu(NCMe),]PF; CuWCA = [Cu(NCMe),][Al(pftb),].

also less activated) substrate 3-tert-butylphenol (3-TBP-H) was
employed; the corresponding coupled quinone 4-tert-butyl-5-
(3-tert-butylphenoxy)cyclohexa-3,5-diene-1,2-dione (cpQ) was
obtained in 29% yield (Figures S11 and S12 and Table 1).
Moreover, 4-methoxyphenol (4-MeOP-H) was used, which is
comparably small and highly activated due to the +M effect of
the methoxy group. Therefore, compared to those of other
substrates, higher yields are observed for the coupled quinone
4-methoxy-S-(4-methoxyphenoxy)cyclohexa-3,5-diene-1,2-
dione (cpMeOQ), which slowly converts into 2-hydroxy-S-
methoxy-1,4-benzoquinone (pQ) in the presence of
water.”?>** Notably, 3a was found to also mediate the
conversion of 4-MeOP-H with the highest yields reported so
far (55%) (Figures S13 and S14 and Table 1). In addition, the
reaction to cpMeOQ_was very fast and nearly complete after
30 min.

After these promising results were obtained, whether it is
possible to further increase the catalytic activity of the model
complex was assessed. In the past, decreasing the steric
demand of a ligand often led to an enhanced activity,
presumably due to an easier coordination of the substrate to
the copper center.'*?"*”?%31%3 To address this question, the
tert-butyl substituent on the triazole ring was replaced by a
sterically less demanding n-propyl group, leading to the new
ligand L,,2 (2) and the corresponding Cu(I) complex 4 with
PFs as the counterion (Scheme 1). An assay of the
monophenolase activity of 4 was performed like that of 3a.
However, against our assumption, 4 exhibited nearly the same
catalytic activity as 3a (Figures S33—S38 and Table 1); for 3-
TBP-H, an even slightly lower yield of the quinone was
obtained (24%). Thus, we concluded that a modification of the
ligand at position C4 of the triazole moiety does not strongly
influence the catalytic activity of the derived copper complexes.

Another factor influencing the catalytic activity of copper
complexes is the used counterion.*”**™* In particular, weakly
coordinating anions (WCAs) distribute their negative charge
over a large surface and thus weaken the interaction with the
cation.*”* This, in turn, facilitates binding (and conversion) of
the substrate to the metal center and therefore often leads to
an increased product yield, reaction rate, and stereoselectivity
of the catalyzed reaction.*”*”*° The PF4™ anion, used for 3a
and 4, can already be classified as WCA but can still coordinate
and/or decompose under certain conditions.*”*' ~** The latter
was demonstrated previously by formation of the dinuclear
Cu(I) complex [Cu,(u-F)(dmPMP),](PF,);, in which the
source of the y-F ligand can be linked to only the PFs~
anion.”!

Thus, decomposition of the counterion might be a probable
deactivation pathway for the discussed catalysts. Therefore,

using even more inert and weakly coordinating anions may
lead to model systems with even further increased reactivity.

In fact, by introducing the very weakly coordinating and
highly stable anion [AI(OC(CF;);),]™ {[Al(pftb),]”}, we very
recently observed a significant increase in the catalytic
monophenolase activity of simple copper salts."” Compared
to that of CuPFy, the yield of DTBQ was increased by >2.5-
fold when using [Cu(NCMe),][Al(pftb),] (CuWCA) as the
catalyst (Table 1).** Moreover, it became apparent that the
oxygenation of monophenols under these conditions does not
take place through the “classic” dinuclear scenario, but a
mononuclear reaction pathway involving semiquinone (SQ)
abstraction in an initial phase, whereby the actual catalyst is
formed. Quinone formation then takes place on a Cu(II) site
in the catalytic cycle (see below).** To investigate (i) whether
the [Al(pftb),]™ anion has the same influence on the catalytic
activity as in the case of simple copper salts and (ii) whether a
mononuclear reaction scenario can also be applied to our new
model system supported by a bidentate ligand, the analogue of
complex 3a, with [Al(pftb),]” as the anion (3b), was prepared
(Scheme 1).

Indeed, by changing the anion, we obtained an increase in
the yield of DTBQ to 48% for 3b (Figures S15 and S16 and
Table 1), which is the highest yield reported so far, obtained
for this substrate under Bulkowski—Réglier conditions. For the
conversion of 3-TBP-H and 4-MeOP-H, using 3b as a catalyst,
comparable yields of the corresponding quinones were
obtained as for 3a and 4 (Table 1 and Figures S19, S20,
$26, and S27).

The increase in catalytic activity toward the bulky substrate
DTBP-H might be due to the fact that [Al(pftb),]™ creates a
more “open” coordination environment, while even PFs~
might hinder coordination of the substrate due to a weak
interaction with the copper center. In comparison to DTBP-H,
the other substrates are sterically less encumbered, and hence,
a possible shielding of a coordination site by PF4~ has a weaker
influence on the catalysis.

As mentioned above, the monooxygenation of phenols
catalyzed by simple copper salts such as [Cu(L),]* with
[Al(pftb),]” as the counterion [L = NCMe (1 = 4); L = oDFB
or NEt; (n = 2)] was found to follow a mononuclear
pathway.** This naturally leads to the question of whether the
same mechanism applies to model systems containing Cu(I)
complexes supported by bidentate ligands like 1. Such a
mechanism would start from a copper(I) complex [precatalyst
(Scheme 3)]. In the presence of O,, a SQ complex (III) is
formed in a slow reaction sequence (initial phase), which gives
rise to a second, faster mechanistic cycle. Specifically, in the
presence of a substrate, SQ_is liberated from III, forming a

1776 https://doi.org/10.1021/acs.organomet.3c00014
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Scheme 3. Proposed Mononuclear Reaction Pathway”
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“Possibly coordinating solvent ligands (MeCN and NEt;) have been
omitted for the sake of clarity.

copper(II)-phenolato (IV)/copper(I)-phenoxyl (V) complex,
which i in turn reacts with O,, generating o-quinone as the final
product

In agreement with the considerations described above, the
reaction rate of quinone formation mediated by 3b is low at
the beginning and goes through a maximum in the course of
the reaction (Figure 1, red bars). *2 Therefore, analogously to
our earlier findings, an induction period is observed for 3b
between 0 and 5 min, which corresponds to the formation of
the Cu(II)-SQ_species. For the phenolic substrate DTBP-H,
the intermediate formation of 3,5-di-tert-butylsemiquinone
(DTBSQ) is spectroscopically not visible around 300 K
(Figure S15), but at low temperatures (see below). Notably, 3a
exhibits a higher rate (569 mM min™' vs 273 M min™")
toward the oxygenation of DTBP-H than 3b, and the initial
phase is not visible in the oxygenation of DTBP-H catalyzed by
3a (Figure $9). Obviously, 3a passes through the initial phase
more rapidly than 3b and thus enters the catalytic cycle faster.
Nevertheless, its overall catalytic activity is lower than that of
3b (see above).

Similar to our earlier findings,* the preliminary reaction
sequence observed for 3b can be bypassed by directly using SQ_
complex III" (cf. Scheme 3) obtained from mixing 1 equiv of
DTBQ with 1 equiv of 3b (Figure 1, blue bars). This leads to a
higher rate at the beginning of the reaction, while the overall
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Figure 1. Comparison of the reaction rate for the catalytic conversion

of DTBP-H using 3b (red) and with prior addition of 1 equiv of
DTBQ_(blue).

yield of DTBQ is comparable to that from the experiment
without prior addition of quinone (Figure S17 and Table 1).
The employed bypass thus allows a fast formation of
catalytically active IV and V, opening a fast reactive cycle
involving a Cu(II) species.*” Notably, Cu(Il) complexes have
been used as precatalysts for the copper-mediated oxygenation
of monophenols by Ottenwaelder, Lumb, and co-workers.>*
To determine the reaction order in [Cu] in Scheme 3,
kinetic measurements of quinone formation from DTBP-H
were performed with concentrations of 3a and 3b varying
between 100 and 500 yM (Figure 2). It was observed that the
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Figure 2. Comparison of the reaction rates with variable
concentrations of precatalysts 3a and 3b with DTBP-H as the
substrate.

rate increases in a linear manner with an increasing complex
concentration. This suggests that the rate-limiting step in the
formation of o-quinone during the catalytic cycle involves a
mononuclear copper center for both complexes 3a and 3b. It
should be mentioned that, if the formation of a primary,
mononuclear CuO, adduct is rate-limiting, the conversion of
monophenol to semiquinone in the initial phase of the reactive
scheme (Scheme 3, top half) could also be mediated by a
dinuclear copper—oxygen species. For CuWCA, we have
shown, however, that the actual catalytic cycle (Scheme 3,
bottom half), which is based on Cu(II), is mononuclear.** As
3b and DTBQ equally lead to a Cu(II) complex, bypassing the

https://doi.org/10.1021/acs.organomet.3c00014
Organometallics 2023, 42, 1774—1783

87



4.4 COPPER COMPLEXES SUPPORTED BY IMINOTRIAZOLE LIGANDS

88

Organometallics

pubs.acs.org/Organometallics

induction period (Figure 1), this also applies to the catalysts of
this study that are supported by bidentate ligands.

The curvature observed in the case of the (otherwise linear)
dependence of the reaction rate on the concentration of 3a
(Figure 2) might be due to the fact that at higher complex
concentrations the molecules of the catalyst start to interact
with each other, hindering the catalytic reaction.

Additionally, the influence of the substrate concentration on
the reaction rate was investigated using 3b as the precatalyst
and DTBP-H as the substrate. As one can see in Figure 3, the

1.0x10°% 1

1

' 8.0x10° 1

6.0x10° 1

4.0x10° 1

2.0x10° 1

Reaction Rate / mol'L™!

0.0 T T T T T
0.00 0.02 0.04 0.06 0.08 0.10
¢s/ molL™"

Figure 3. Michaelis—Menten plot for the reaction of 3b (500 M)
with DTBP-H in O,-saturated dichloromethane.

rate exhibits saturation behavior with an increasing concen-
tration of DTBP-H. This result can formally be associated with
Michaelis—Menten kinetics. A Lineweaver—Burk plot (Figure
$39) gives the following values: v,,,, = 7.51 X 107 M s~ (4.51
X 107* M min™"), K, = 1.19 X 107> M, and k, = 1.50 X 107>
57! (0.90 min™).

Further insight into the reaction mechanism is provided by a
Hammett analysis, which was performed using 4-MeOP-H, 4-
TBP-H, and P-H as substrates. To this end, logarithmic values
of the reaction rates were plotted against o," (see the
Supporting Information for more information).”* As shown
in Figure 4, a negative slope and thus a negative reaction
constant p are present, indicating a mechanism involving an
electrophilic attack in the rate-determining step, which is

OH

o
1

o
1

In(Reaction Rate / pmol'L"min"")
w »

N

Figure 4. Hammett plot for the conversion of 4-MeOP-H, 4-TBP-H,
and P-H using 3b.
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followed by formation of the o complex (Scheme 3, IT and VI,
respectively).

This mechanistic picture is supported by an experiment in
which oxygenation of the isotope-labeled substrate 2-deutero-
4-tert-butylphenol (2-d,-4-TBP-H) was examined (Scheme
4).'9?** The product ratio ry,p between nondeuterated and

Scheme 4. Catalytic Conversion of 2-d,-4-TBP-H”

OH o o
6 2. D
o
2 _— + °
3b, DCM o o
i, 5h
-H,0
2 D D
2-d,-4-TBP-H 55% d;-cpQ 45% dp-cpQ

2-Oxygenation 6-Oxygenation

“Catalysis was performed using Bulkowski—Réglier conditions. The
product ratio was determined via NMR spectroscopy.

deuterated quinone was determined using NMR spectroscopy
(Figure $25), affording an ry,p, value of 1.22. The C—D bond
thus reacts faster than the C—H bond, which is also evident
from the different initial reaction rates of the two isotopologues
(cf. Figures S22 and S24). The possibility of C—H bond
dissociation being the rate-determining step can therefore be
excluded.

Notably, the reciprocal value of ryp corresponds to a kinetic
isotope effect (KIE), and the obtained value of ki (0.82)
corresponds to an inverse a-secondary kinetic isotope effect
being present for the monooxygenation of 2-d;-4-TBP-H.*®
Inverse a-secondary KIEs are observed if the transition state of
the reaction involves rehybridization from sp* to sp3,5° which is
in line with the formation of the ¢ complex in the rate-
determining step (Scheme 3, VI).

To complement the available mechanistic information, free
phenoxyl radicals were generated, following Bao et al,*® by
irradiating a solution containing DTBP-H, dioxygen, and di-
tert-butylperoxide for 6 h with UV light (4,,,, = 365 nm, and P
= 3.5 W). Only the formation of coupled biphenol could be
observed, while no quinone was detected (Figures S40 and
S41). This rules out a simple reaction between O, and free
phenoxyl radicals [potentially being generated by oxidation of
phenolate in the presence of Cu(Il)] to account for the
formation of o-quinones and thus confirms that the oxygen-
ation of phenoxyl radicals in fact occurs within the
coordination sphere of copper (cf. Scheme 3).

As mentioned above, the initial phase of the proposed
reaction scenario involves the formation of SQ, which was not
visible at room temperature for the conversion of electron-rich
DTBP-H under catalytic conditions. Presumably, the reaction
of the electrophilic copper—oxygen intermediate with this
substrate is too fast to observe SQ in this case. A decreased
electron density in the aromatic system should slow the
electrophilic attack of the oxygen and thus decrease the
reaction rate. Therefore, to check whether at room temper-
ature semiquinone is formed under catalytic conditions, the
less activated monophenols, 4-tert-butylphenol (4-TBP-H), 3-
TBP-H, 4-methylphenol (4-MeP-H), and phenol (P-H), were
employed as substrates. In fact, the yield of the corresponding
quinones decreased with a lower level of activation of the

https://doi.org/10.1021/acs.organomet.3c00014
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substrates from 4/3-TBP-H to 4-MeP-H and P-H. Moreover,
for 4- and 3-TBP-H, especially in the first 15 min of the
reaction, an asymmetric band (4, = 390 nm) appeared, the
shape of which is typical for SQ.*** In the course of the
catalytic reaction, the band slowly became more symmetric and
shifted to 425 nm [A,y,, of cpQ (Figure $19)].>' SQ formation
was further verified by electron paramagnetic resonance (EPR)
spectroscopy (Figure S21). Similar observations were made
when using 4-MeP-H as the substrate (Figure S30). Therefore,
as expected, the lower level of activation of these substrates
resulted in significantly lower reaction rates and observation of
the intermediate formation of SQ, Apart from $Q,* the EPR
spectrum (Figure S32) shows a signal that corresponds to
Cu(I1)*** and is by far more intense compared to the
measurement with 3-TBP-H. This is again attributable to the
low level of activation of 4-MeP-H. Correspondingly, the
phenoxyl-Cu(I) character (V) of the Cu(II)-phenolate
complex IV (cf. Scheme 3), which is required for further
reaction with O,, should be low.

To investigate the intermediate formation of DTBSQ upon
oxygenation of the electron-rich substrate DTBP-H, UV—
visible spectroscopy had to be employed at low temperatures.
While no reaction corresponding to the formation of a
copper—oxygen intermediate was observed when a solution of
complex 3b was treated with dioxygen in the absence of a
substrate (Figure $43), injection of O, into a solution of 3b
with 4 equiv of DTBP-H and 4 equiv of NEt; at 183 K and
subsequent warming to 223 K led to the slow formation of an
asymmetric band at 398 nm with a shoulder at ~430 nm
[Figure S, red; between 183 and 223 K, no reaction could be

—223K
—— 233 - 238 K50 min
—— 238 K60 min

243 -293 K
——293 K15 min

Absorbance

398 nm

300 400 500 600 700 800
Wavelength / nm
Figure S. Low-temperature UV—visible spectra of the oxygenation of

3b in the presence of 4 equiv of DTBP-H and 4 equiv of NEt; (/=1
cm, with DCM as the solvent) between 223 and 293 K.

observed (Figure S44)]. This band, which can be assigned to
SQ,* shifted to 405 nm and became more symmetric upon
heating to room temperature, indicating the formation of the
corresponding o-quinone (Figure S, blue). Detection of SQ at
low temperatures preceding quinone formation at higher
temperatures again strongly supports the proposed mechanism
(Scheme 3). Similar observations were made when using 3a
(Figure S42) in the low-temperature oxygenation of DTBP-H.

Bl CONCLUSION

With copper complexes supported by the newly synthesized
Ly, ligands comprising weakly donating triazole groups and a
stronger o-donating imine function, potent catalysts for the
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monooxygenation of phenols have been established. Complex
3b, with [Al(pftb),]™ as the counterion, exhibited the highest
catalytic activity determined so far for the conversion of
DTBP-H under Bulkowski—Réglier conditions (48%). Fur-
thermore, an induction period was observed in the reaction
course, which disappeared upon addition of 1 equiv of DTBQ
prior to the catalytic run. This indicates that complexes
supported by these bidentate ligands follow the same
mononuclear reaction pathway as recently established for
simple copper salts.*? In analogy to those systems, the
formation of SQ was detected prior to DTBQ_formation at
low temperatures, being also spectroscopically observable for
less activated substrates at room temperature. Furthermore,
kinetic investigations indicate a mononuclear species being
involved in the rate-determining step, and the obtained
Hammett constant is in line with electrophilic attack of a
copper-dioxygen species on the phenolic substrate. By using 2-
d,-4-TBP-H as the substrate, H atom abstraction being rate-
limiting could be excluded. Rather, an inverse a-secondary KIE
was found, which is compatible with the spz—sp3 transition
during the formation of the ¢ complex in the rate-limiting step.
Finally, via generation of free phenoxyl radicals, we could
exclude a free radical oxygenation by O, and thus confirm that
the described reaction in fact occurs within the coordination
sphere of copper.

The reason why the L, ligands, containing the weakly
coordinating triazole heterocycle, are such potent catalysts for
the monooxygenation of phenols might be a reduced level of &
donation from the ligand to the copper center, creating a more
electrophilic copper-O, species, which in turn is more reactive
toward phenolic substrates. This would also explain the trend
in reactivity shown in Chart 1. Alternatively, a possible
hemilability™ of these ligands might facilitate the coordination
of the substrate and/or dioxygen and thus accelerate the
monooxygenation reaction.

Numerous studies in the past have shown that p-n%m*
peroxo dicopper(II) complexes can convert monophenols to o-
quinones via a dinuclear reaction pathway and thus mimic
tyrosinase activity.16‘18‘19’24’(’l However, following our earlier
study of simple copper salts catalyzing monooxygenation
reactions, this work provides evidence that also for copper
complexes supported by bidentate ligands a mononuclear
reaction mechanism is possible under Bulkowski—Réglier
conditions. This complements earlier experimental and
theoretical data in which a conventional, dinuclear mechanism
of phenol monooxy§enation mediated by such complexes has
been established.”'>** 1t will be necessary in the future to
elucidate the conditions under which the aerobic conversion of
phenols to o-quinones, catalyzed by mononuclear copper
complexes with bidentate ligands, follows a mono- or dinuclear
pathway.

B EXPERIMENTAL SECTION

General Methods. Reactions with oxygen and/or moisture
sensitive compounds were performed in anhydrous solvents and
under a N, atmosphere using an MBraun LABmaster glovebox (<1
ppm H,0 and <1 ppm O,) as well as standard Schlenk techniques
(N, dried over P,0,). Anhydrous solvents were obtained by heating
reagent grade solvents (dichloromethane, acetonitrile, toluene, and
triethylamine) to reflux under a N, atmosphere with calcium hydride
as the drying agent. Anhydrous deuterated solvents were dried over 4
A molecular sieves after degassing using the freeze—pump—thaw
technique. [NO][Al(pftb),] was provided by the Krossing group or
prepared according to the procedure reported in the literature.®”

https://doi.org/10.1021/acs.organomet.3c00014
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[Cu(NCMe),][Al(pftb),] (8) and 2-azidoethylamine (S) were
synthesized according to previously reported procedures.*>*
Purification via flash column chromatography was performed with a
Biotage Isolera One Spectra instrument equipped with an ultraviolet
detector (4 = 200—400 nm) using prepacked Biotage SNAP Ultra/
Biotage Sfir chromatography columns in different sizes. Ry values were
determined via thin-layer chromatography using a Polygram Sil G/
UV254 instrument (Macherey-Nagel, 0.2 mm particle size) and a
Comag UV lamp (4 = 254 nm).

NMR spectra were recorded at 300 K using a Bruker AVANCE IIT
HD Pulse Fourier Transform spectrometer at frequencies of 400.13
MHz ("H NMR), 100.62 MHz (*C NMR), 376.46 MHz (*’F NMR),
161.98 MHz (*'P NMR), and 104.26 MHz (*’Al NMR). For 'H and
13C NMR, TMS was used as the internal standard. *'P, 'F, and *’Al
NMR spectra were referenced against H;PO,, AI(NO;), and
NaBArF,. Infrared (IR) spectra were recorded at room temperature
on a Bruker Vertex70 FT-IR spectrometer, equipped with a
broadband spectral range extension VERTEX FM (full mid and far
IR, range of 6000—80 cm™') or on a Bruker Alpha FT-IR
spectrometer with a Platinum ATR setup. Raman spectra were
recorded using a Bruker RAM II FT-Raman spectrometer with a
highly sensitive, liquid nitrogen-cooled Ge detector, 3 cm™
resolution, and 1064 nm radiation wavelength. High-resolution mass
spectra were recorded on a Thermo Scientific Q Exactive Plus
spectrometer. EPR spectra were recorded using a Bruker EMXplus
spectrometer with a PremiumX microwave bridge and a Bruker ER-
4116DM dual-mode cavity using 9.86 GHz X-band microwave
radiation.

Synthesis of 2-[4-(tert-Butyl)-1H-1,2,3-triazol-1-yllethan-1-
amine (6). First, 517 mg (6.00 mmol) of 5 was dissolved in 7 mL of
methanol, followed by the addition of 193 mg (974 ymol) of sodium
ascorbate, 49 mg (196 ymol) of copper(II) sulfate pentahydrate, and
2 mL of water and stirring for 5 min at room temperature. Then, 1.50
mL (12.2 mmol) of 3,3-dimethyl-1-butyne was slowly added, and the
reaction mixture was stirred for an additional 2.5 h. The reaction was
quenched with 20 mL of a 20% ammonia solution in water. Extraction
with dichloromethane (3 X 1S mL), drying the combined organic
layers over sodium sulfate, and evaporation of the solvent in vacuo
resulted in the crude product. Purification using silica gel
chromatography (95:5 DCM/MeOH; R; = 0.1) gave the product as
a dark yellow oil (617 mg, 3.67 mmol, 61%). "H NMR (400 MHz,
CD,CN): 6 7.52 (s, 1H, trz-CH), 428—425 (m, 2H, CH,-CH,-
NH,), 3.04—3.01 (m, 2H, CH,-CH,-NH,), 1.31 (s, 9H, trz-
C(CH,),). ®C NMR (101 MHz, CD;CN): 6 157.78 (s, trz-C),
120.51 (d, trz-CH), 54.00 (t, CH,-CH,-NH,), 42.99 (t, CH,-CH,-
NH,), 3131 (s, C-(CH,)3), 30.69 (s, C-(CH,)3). IR (neat): & 3367
(w), 3297 (w), 3130 (w), 3065 (w), 2960 (s), 2903 (m), 2869 (m),
1666 (w), 1601 (w), 1541 (w), 1474 (m), 1460 (m), 1435 (m), 1392
(m), 1364 (s), 1219 (s), 1115 (w), 1088 (w), 1051 (s), 1011 (m),
817 (s), 762 (m), 731 (m), 688 (m), 670 (m), 488 (m) cm™. HR-
ESI-MS: m/z caled for CgH;N,, 169.14477 [M + HJ*; found,
169.14446.

Synthesis of 2-(4-Propyl-1H-1,2,3-triazol-1-yl)ethan-1-
amine (7). The synthesis of 7 followed the same procedure that
was used for 6 using 1.03 mL (10.4 mmol) of 1-pentyne. Purification
using silica gel chromatography (95:5 DCM/MeOH; R, = 0.1) gave
the product as a dark yellow oil (716 mg, 4.64 mmol, 77%). 'H NMR
(400 MHz, CDCL,): & 7.35 (s, 1H, trz-CH), 4.35 (s, 2H, CH,-CH,-
NH,), 325 (br s, 2H, CH,-CH,-NH,), 2.69 (t, ¥J = 7.0 Hz, 2H, CH,-
CH,-CH;), 1.69 (dq, ] = 14.8, 7.4 Hz, CH,-CH,-CHj,), 1.25 (br s,
2H, NH,), 097 (t, °] = 7.4 Hz, 3H, CH;). *C NMR (101 MHz,
CDCL): & 14841 (s, tz-C,), 12136 (d, tz-CH), 53.23 (t, CH,-CH,-
NH,), 42.10 (t, CH,-CH,-NH,), 27.81 (t, trz-CH,-CH,-CH,), 22.84
(t, trz-CH,-CH,-CH,), 13.95 (g, CH,). IR (neat): § 3346 (m), 3122
(w), 3069 (w), 2958 (m), 2930 (m), 2871 (m), 2705 (m), 2511 (w),
1637 (m), 1552 (s), 1472 (s), 1425 (s), 1405 (m), 1382 (s), 1333
(s), 1268 (m), 1217 (m), 1194 (m), 1166 (m), 1147 (m), 1076 (w),
1054 (s), 1025 (m), 998 (m), 978 (m), 937 (w), 900 (w), 845 (m),
817 (m), 796 (m), 729 (w), 694 (m), 631 (m), 586 (m), 484 (m)
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cm™". HR-ESI-MS: m/z caled for C;H N, 155.12912 [M + HJ%
found, 155.12889.

Synthesis of N-{2-[4-(tert-Butyl)-1H-1,2,3-triazol-1-yl]lethyl}-
2,2-dimethylpropan-1-imine (L1 or 1). In a Schlenk flask, which
was preequipped with ~1 g of 3 A molecular sieve beads, 440 mg
(2.62 mmol) of 6 was dissolved in 10 mL of anhydrous toluene and
043 mL (3.92 mmol) of trimethylacetaldehyde was added. After
being slowly stirred overnight, the reaction mixture was filtered; the
precipitate was washed with anhydrous toluene (2 X 2 mL), and the
solvent was removed in vacuo. 1 was obtained as a yellow solid (503
mg, 2.13 mmol, 81%). 'H NMR (400 MHz, CD,Cl,): 6 7.30 (t, ] =
1.3 Hz, 1H, N=CH)), 7.24 (s, 1H, trz-CH), 4.57—4.47 (m, 2H, CH,-
CH,N), 3.76-3.72 (m, 2H, CH,-CH,N), 129 (s, 9H, trz-C-
(CH,);), 096 (s, 9H, CH-C-(CH;);). “C NMR (101 MHz,
CD,CL): 6 175.14 (d, N-CH), 157.37 (s, trz-C,), 120.16 (d, trz-
CH), 60.91 (t, CH,-CH,-N), 51.08 14 (t, CH,-CH,-N), 36.63 (s,
CH-C-(CHj;)3), 31.12 (s, trz-C-(CHs)3), 30.69 (q, trz-C-(CH,)3),
27.02 (g, CH-C-(CHj,);). IR (neat): & 3105 (w), 3056 (w), 2958 (s),
2930 (m), 2901 (m), 2864 (m), 1668 (s), 1541 (w), 1474 (s), 1458
(s), 1427 (w), 1397 (w), 1360 (s), 1303 (w), 1258 (w), 1231 (s),
1215 (s), 1180 (m), 1131 (m), 1074 (w), 1051 (s), 1015 (m), 941
(w), 917 (m), 853 (m), 802 (w), 766 (w), 733 (w), 700 (w), 672
(m), 588 (w), 566 (w), 533 (m), 429 (w), 459 (w), 437 (w) cm™"
HR-ESI-MS: m/z caled for C3H,N,, 237.20737 [M + H]*; found,
237.20696.

Synthesis of 2,2-Dimethyl-N-[2-(4-propyl-1H-1,2,3-triazol-1-
yl)ethyllpropan-1-imine (L,,2 or 2). Following the same
procedure that was used for 1 using 327 mg (2.12 mmol) of 7, ~1
g of 3 A molecular sieve beads and 0.21 mL (1.92 mmol) of
trimethylacetaldehyde in 10 mL of anhydrous toluene yielded in 2 as a
yellow oil (275 mg, 1.24 mmol, $8%). 'H NMR (400 MHz, CD,CL,):
§7.30 (t, 4 = 1.3 Hz, IH, N=CH), 7.26 (s, *] = 0.6 Hz, 1H, trz-CH),
4.55—4.48 (m, 2H, CH,-CH,N), 3.77—3.70 (m, 2H, CH,-CH,-N),
2.62 (td, ¥ = 7.6 Hz, *] = 0.6 Hz, 2H, CH,-CH,-CHj3), 1.65 (h, ] =
7.5 Hz, 2H, CH,-CH,-CH,), 095 (d, J = 7.5 Hz, 12H, CH,, C-
(CH,);). C NMR (101 MHz, CD,Cl,): 6 175.17 (d, N-CH),
148.00 (s, trz-C,), 122.24 (d, trz-CH), 60.92 (t, CH,-CH,-N), S1.14
(t, CH,-CH,-N), 36.64 (s, C-(CH,)3), 28.18 (t, CH,-CH,-CH,),
2697 (q, C-(CHy)s), 2335 (t, CH,-CH,-CH,), 14.16 (q, CH,). IR
(neat): T 3134 (w), 3073 (w), 2958 (s), 2932 (s), 2869 (m), 1666
(s), 1552 (w), 1458 (s), 1437 (m), 1397 (m), 1364 (s), 1341 (m),
1317 (m), 1260 (w), 1217 (s), 1182 (w), 1137 (m), 1049 (s), 941
(w), 917 (w), 876 (w), 798 (s), 706 (m), 664 (m), 568 (m), 527 (m)
cm™". HR-ESI-MS: m/z caled for Cj,H,3N,, 223.19172 [M + HJ%;
found, 223.19139.

Synthesis of [Cu(L,,1)(NCMe),]PFs (3a). First, 80.0 mg (338
pmol) of 1 was dissolved in 3 mL of anhydrous acetonitrile and slowly
added to a solution of 126 mg (338 umol) of tetrakis(acetonitrile)-
copper(I) hexafluorophosphate in 3 mL of acetonitrile. After the
mixture had been stirred at room temperature for 30 min, the solvent
was evaporated and the product was obtained as an off-white solid
(150 mg, 285 umol, 84%). 'H NMR (400 MHz, CD,CN): 5 7.44 (s,
1H, trz-CH), 7.30 (s, 1H, N=CH), 4.57—4.38 (m, 2H, CH,-CH,-
N), 3.73 (ddd, %] = 6.8 Hz, ] = 4.4 Hz, %] = 1.3 Hz, 2H, CH,-CH,-
N), 1.96 (s, 6H, N=C-CH,), 1.29 (s, 9H, trz-C-(CH,);), 0.94 (s,
9H, CH-C-(CH;),). *C NMR (101 MHz, CD;CN): § 175.60 (d, N-
CH), 157.56 (s, trz-C,), 121.11 (d, trz-CH), 118.26 (s, N=C-CHj),
60.99 (t, CH,-CH,-N), 51.33 (t, CH,-CH,-N), 36.68 (s, CH-C-
(CH,)s), 31.30 (s, trz-C-(CHs)3), 30.62 (q, trz-C-(CHs,)s), 26.93 (q,
CH-C-(CHj);), 1.31 (q, N=C-CH;). “F NMR (376 MHz,
CD;CN): 6 —=72.66 (d, ] = 706.3 Hz, PF). *'P NMR (162 MHg,
CD,CN): 6 —143.43 (hept, J = 706.4 Hz, PFy). IR (neat): & 3158
(w), 2962 (), 2873 (m), 1650 (s), 1548 (w), 1466 (s), 1435 (w),
1399 (w), 1386 (w), 1368 (s), 1323 (w), 1294 (w), 1245 (s), 1211
(m), 1184 (s), 1141 (m), 1088 (w), 1074 (m), 103S (w), 960 (w),
919 (w), 819 (vs), 739 (s), 702 (s), 682 (m), 590 (w), 555 (vs), 508
(w), 472 (w), 459 (w) em™'. FT-Raman (solid): & 3165 (w), 2964
(s), 2910 (s), 2872 (m), 2818 (w), 2791 (w), 2721 (w), 2272 (w),
1651 (s), 1549 (w), 1471 (m), 1448 (s), 1412 (w), 1387 (w), 1358
(m), 1346 (m), 1325 (w), 1292 (w), 1248 (w), 1232 (w), 1207 (m),
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1184 (w), 1142 (w), 1088 (w), 1074 (w), 1049 (s), 1012 (w), 989
(w), 931 (w), 889 (w), 837 (m), 777 (m), 741 (s), 702 (w), 683 (w),
573 (s), 530 (w), 509 (w), 467 (w), 363 (w), 318 (w), 212 (m), 191
(w), 154 (s) cm™. HR-ESI-MS: m/z caled for C;;HyN,Cu,
381.18220 [M — PF,]; found, 381.18225.

Synthesis of [Cu(L,,1)(NCMe)][Al(pftb),] (3b). The synthesis
of complex 3b followed the same procedure that was used for 3a using
40.0 mg (169 pumol) of 1 and 202 mg (169 ymol) of 8 and 3.5 mL of
anhydrous acetonitrile. The product was obtained as a pale yellow
solid (200 mg, 153 umol, 90%). "H NMR (400 MHz, CD,CN): &
7.54 (s, 1H, trz-CH), 7.41 (s, 1H, N=CH), 4.71—4.43 (m, 2H, CH,-
CH,-N), 3.91-3.74 (m, 2H, CH,-CH,-N), 2.07 (s, 3H, N=C-CH,),
140 (s, 9H, tz-C-(CHs),), 1.04 (s, 9H, CH-C-(CH,);). *C NMR
(101 MHz, CD;CN): 6 175.44 (d, N-CH), 157.57 (s, trz-C,), 122.19
(q, CF3), 121.03 (d, trz-CH), 118.26 (s, N=C-CH,), 79.63 (g, OC-
CF;), 60.99 (t, CH,-CH,-N), 51.33 (t, CH,-CH,-N), 36.70 (s, CH-
C-(CHj3);), 31.31 (q, trz-C-(CHy);), 30.65 (q, trz-C-(CH,)3), 26.93
(g CH-C-(CHy)3), 1.32 (q, N=C-CH,). ”F NMR (376 MHz,
CD;CN): § —75.72 (s, CF;). Al NMR (104 MHz, CD;CN): §
34.05 (s, Al). IR (neat): 7 3161 (w), 2975 (m), 2911 (w), 2879 (w),
1648 (m), 1539 (w), 1478 (w), 1464 (w), 1388 (w), 1352 (s), 1296
(s), 1272 (vs), 1239 (vs), 1207 (vs), 1168 (vs), 1082 (m), 1054 (w),
1031 (w), 968 (vs), 882 (w), 829 (s), 766 (w), 755 (m), 725 (vs),
698 (m), 678 (w), 561 (s), 537 (s), 504 (w), 443 (s) cm™. FT-
Raman (solid): 7 3159 (w), 2978 (s), 2956 (s), 2912 (s), 2870 (m),
2796 (w), 2725 (w), 2318 (w), 2285 (w), 1649 (m), 1539 (w), 1468
(m), 1448 (m), 1414 (w), 1377 (w), 1344 (m), 1275 (w), 1244 (w),
1209 (m), 1134 (w), 1088 (w), 1045 (m), 974 (w), 933 (w), 910
(w), 883 (w), 833 (w), 798 (m), 777 (w), 746 (m), 570 (m), 538
(m), 498 (w), 447 (w), 366 (w), 322 (s), 289 (w), 233 (w) cm™".

Synthesis of [Cu(L,,2)(NCMe),]PFs (4). The synthesis of
complex 4 followed the same procedure that was used for 3a using
79.2 mg (356 umol) of 1 and 133 mg (356 umol) of tetrakis-
(acetonitrile)copper(I) hexafluorophosphate. The product was
obtained as an off-white solid (148 mg, 289 umol, 81%). "H NMR
(400 MHz, CD;CN): § 7.54 (s, 1H, trz-CH), 7.31 (t, * = 1.2 Hz, 1H,
N=CH), 4.55—4.46 (m, 2H, CH,-CH,-N), 3.73 (ddd, ’] = 6.7 Hz, ]
= 4.6 Hz, ] = 1.2 Hz, 2H, CH,-CH,N), 2.69-2.57 (m, 2H, CH,-
CH,-CHj), 1.96 (s, 6H, N=C-CH3), 1.67—1.55 (m, 2H, CH,-CH,-
CH,), 093 (s, 12H, CH,;, C-(CH,);). C NMR (101 MHz,
CD,CN): 6 175.53 (d, N-CH), 148.54 (s, trz-C,), 123.73 (d, trz-CH),
11826 (s, N=C-CH,), 60.68 (t, CH,-CH,-N), S1.86 (t, CH,-CH,-
N), 3672 (s, CH-C-(CH,),), 28.05 (t, CH,-CH,-CH,), 26.85 (s,
CH-C-(CH,),), 23.43 (t, CH,-CH,-CH,), 13.98 (q, CH,), 1.30 (q,
N=C-CH,;). '°F NMR (376 MHz, CD;CN): 6 —72.92 (d, ] = 706.4
Hz). 3'P NMR (162 MHz, CD;CN): § —143.12 (hept, ] = 706.4 Hz).
IR (neat): 7 3159 (w), 2962 (s), 2938 (s), 2875 (m), 2274 (w), 1684
(m), 1648 (s), 1556 (m), 1460 (s), 1386 (w), 1366 (m), 1321 (w),
1215 (m), 1156 (m), 1094 (w), 1080 (w), 1056 (w), 872 (s), 831
(vs), 739 (s), 555 (vs), 474 (w) cm ™", FT-Raman (solid): & 3153 (w),
2966 (s), 2941 (s), 2877 (m), 2717 (w), 2312 (w), 2301 (m), 2274
(s), 1647 (m), 1556 (w), 1448 (m), 1369 (m), 1221 (m), 1159 (w),
1097 (w), 1053 (m), 939 (m), 899 (w), 866 (w), 779 (w), 742 (m),
623 (w), 571 (w), 471 (w), 395 (m), 359 (w) cm™'. HR-ESI-MS: m/
z caled for C,H,sN®Cu, 326.13970 [M — MeCN — PE,]*; found,
326.14008.

General Information about Catalytic Measurements. Under
a N, atmosphere, 25 mL of a 500 #M complex solution (containing
3a, 3b, or 4) and 50 equiv of substrate in dry dichloromethane were
prepared and 100 equiv of anhydrous NEt; was added directly before
O, was injected into the solution for 30 min. The conversion of the
substrates to the respective quinones was investigated via UV—visible
spectroscopy, using a quartz cell (I = 0.1 cm) and an Agilent 8435
Technologies array spectrophotometer. After the reaction was
complete, it was quenched with 25 mL of 6 M hydrochloric acid,
and the aqueous phase was extracted three times with 25 mL of
dichloromethane. The organic layer was dried over MgSO,, the
solvent evaporated, and the residue further investigated using NMR
spectroscopy (see the Supporting Information).
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General Information about Kinetic Measurements. First, 90
mL of an O,-saturated stock solution containing 2.5 mmol of DTBP-
H and 5.0 mmol of NEt; in anhydrous dichloromethane and a second
stock solution containing 30 umol of the respective copper complex
(3a or 3b) in 6 mL of anhydrous dichloromethane were prepared. To
9 mL of the first solution was added 1 mL of a mixture of the second
stock solution with a certain amount of anhydrous dichloromethane,
to give the requested complex concentration (100—S00 uM). The
formation of DTBQ was determined by UV-—visible spectroscopy
using a fiber-optic Avantes Avaspec-ULS-EVO-RS spectrometer with
an Avantes Avalight-DH-S-BAL light source, equipped with a Hellma
Falcata XP 6 transflection probe.

General Information about Michaelis—Menten-Type Kinetic
Measurements. Thirteen milliliter of a stock solution containing 65
pmol of 3b in dichloromethane was prepared. Two equivalents of
NEt; was added to different amounts of DTBP-H (12.5—1 mmol)
directly before increasing the volume to 9 mL with O,-saturated
dichloromethane, followed by addition of 1 mL of the stock solution
to the reaction mixture. The concentration of DTBQ was determined
after 1 min via UV-—visible spectroscopy using an Agilent 8435
Technologies array spectrophotometer and a quartz cell with the path
length of 1 cm.

General Information about Low-Temperature UV-Visible
Measurements. Low-temperature UV—visible spectroscopy was
performed using an Agilent Cary 5000 spectrophotometer, equipped
with a CryoVAC KONTI cryostat. Measurements were performed in
a quartz cell (I =1 cm). A 500 uM complex solution (with 4 equiv of
the respective substrate and 4 equiv of NEt;) in anhydrous
dichloromethane was cooled to 183 K under a N, atmosphere.
Then O, was bubbled into the solution (15—30 min), and the
temperature was increased in a stepwise manner to 293 K.
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4.5. Monooxygenation of Phenols via a Radical Mechanism

In the above study, it was shown that the Cu(l) complexes supported by the bidentate
iminotriazole ligands L«:1/L4z2 mediate the conversion of phenols to ortho-quinones via a
mononuclear reaction mechanism. This mechanism involves radical intermediates, such as an
end-on superoxo complex that performs the electrophilic attack on the aryl ring and the
formation of an SQ complex.'"*! Interestingly, an alternative mechanism for the mono-
oxygenation of phenols, which shows some similarity to the mononuclear pathway described
above and is also based on a radical attack on the phenolate ring, has already been developed

by SIEGBAHN in 2003 using DFT calculations.['%?]
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Scheme 20: Theoretically derived monophenolase cycle of Ty by SIEGBAHN.[102]

The obtained catalytic cycle, shown in Scheme 20, represents the theoretically most feasible

reaction pathway on the basis of a biomimetic system composed of two copper centers with
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three histidine residues. The study focused primarily on the dioxygen activation, oxygen attack
on the phenolate ring, and the O-O bond cleavage step.['%? It should be noted that in line with
the biomimetic approach and in contrast to the mononuclear reaction mechanism described
above (Chapter 4.3), this cycle was calculated without an external base. The mechanism
starts in the hydroxyl-bridged dicopper(l) state (I) with a phenol in the proximity. Transfer of the
phenol OH proton to the hydroxyl ligand leads to coordination of the formed phenolate and a
water-bridged dicopper(l) complex (ll). In the key step, the exchange of water for dioxygen
produces a mixed-valent p-1-1-superoxocopper(l)copper(ll) intermediate (lll). This is in stark
contrast to the experimentally derived dinuclear mechanism of tyrosinase (Chapter 3.3,
Scheme 8),?283101 pyt very similar to the proposed end-on superoxo intermediate of the
mononuclear mechanism (Chapter 4.3, Scheme 18).1'2%'45] Subsequently, the superoxo
ligand attacks the phenolate ring in C2 position, also forming a six-ring metallacycle (IV).['%?
This is followed by an O-O bond cleavage and H-atom abstraction, forming the quinone
complex with a bridging hydroxyl ligand (V). Exchange of quinone for phenol in the last step
closes the catalytic cycle.'%? To a certain extent, the reaction mechanism by SIEGBAHN can be
seen as a dinuclear version of the mononuclear mechanism derived for the simple copper
salts,['*! since the main difference between the two reaction scenarios is the additional
activation of the dioxygen adduct by coordination to a second Cu(l) center in the dinuclear

mechanism.

Interestingly, similar mechanistic scenarios are also discussed for the important Cu(l)-
catalyzed azide-alkyne cycloaddition (CuAAC) reaction. The so-called “click reaction” was
developed in 2002 by MELDAL!"® and SHARPLESS!' and represents an improvement of the
HUISGEN thermal 1,3-dipolar cycloaddition, which describes the reaction of substituted azides
and alkynes to triazoles.'**'%% The HUISGEN cycloaddition usually requires high temperatures,
suffers from low reaction rates, and results in a mixture of 1,4- and 1,5-substituted
triazoles.l'*1%% |n contrast, by the use of a Cu(l) catalyst, the reaction produces 1,4-substituted
triazoles with high reaction rates, often in quantitative yields, and with high selectivity.['50-152
Interestingly, the corresponding 1,5-regioisomers can be produced by using ruthenium(ll)-
instead of Cu(l) catalysts (RUAAC reaction),!'>3%4 while even a metal free version, the strain-
promoted azide-alkyne cycloaddition (SPAAC), has been introduced by the BERTOZzzI
group.!' The immense importance of these azide-alkyne cycloaddition reactions for many
applications is reflected in the fact that SHARPLESS, MELDAL and BERTOZzzI were awarded the

Nobel prize in 2022 for their research in this field.['s¢l

Various studies based on kinetic investigations and DFT calculations have been performed to

elucidate the mechanism of the CUAAC reaction.['%-'%2 Analogous to the monooxygenation of
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phenols, both a mononuclear and a dinuclear mechanism have been proposed.l's"151 The
mononuclear mechanism (Scheme 21) starts with a Cu(l) complex that contains a m-bound
alkyne (a). The m-bonding of the alkyne to the copper center makes this compound more
acidic, leading to deprotonation and formation of the acetylide complex (b). In a subsequent
step, the azide is bound to the copper center (¢) via the substituted N-atom. This step is crucial
for the regioselectivity of the reaction. It is assumed that the m-donating substituted N-atom
increases the electron density at the copper center and thus supports the following coupling
reaction. In contrast, the terminal N-atom is m-accepting and would therefore impede the next
reaction step.['*?! After the formation of complex ¢, the C-N bond between the 8-C-atom of the
acetylide and the terminal N-atom of the azide is formed and leads to the six-ring metallacycle
d. A subsequent ring contraction along with a reductive elimination of the copper center affords
the Cu(l) triazolide complex e. Addition of a proton and another acetylene molecule leads to

the closing of the catalytic cycle and release of the triazole product.['51:152.154]

L— —R
B\ o
: N*
/ R mononuclear ||?.
@ CuAAC
slow
R R N
N
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/N /
YN NI
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@ T "@"

Scheme 21: The proposed mononuclear reaction mechanism of the CuAAC reaction. Adapted from
refs.[150,151,154]

Apart from the mononuclear cycle, in recent years on the basis of DFT calculations, kinetic
investigations and a crystal structure, the dinuclear version (Scheme 22) of this cycle has
increasingly moved into focus and has been found to be kinetically favored.['51.152.154.158-160]

Consequently, this reaction is faster than the mononuclear analogue.'®" While the initial steps
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of the acetylene binding (a’) and the acetylide complex (b’) formation are analogous to the
mononuclear cycle, differences appear upon coordination of the azide: In contrast to the
mononuclear mechanism, the azide is assumed to bind to the second copper center and the
acetylide is now bound in an end-on bridging mode (¢’). This results in further activation of the
acetylene ligand, facilitating the formation of the six-ring metallacycle complex (d’). Moreover,
d’ is further stabilized by the second copper center, which explaines the kinetic favoritism of
this cycle. In the final steps, intermediate d’ reacts according to the mononuclear cycle to the

triazolide complex e’ and closes the catalytic cycle by release of triazole.['50-152.154,159]

N7 dinuclear N~
CuAAC B
fast

R _

R NQN /’/\l

T A [

L— yoif R L-Cu Cu'=N_
“ Ny R

v
(<]

Scheme 22: The proposed dinuclear reaction mechanism of the CUAAC reaction. The figure was adapt-
ed from refs.[150-152.161]

The intermediate formation of six-ring metallacycles and the fact that the catalytic pathways
are based on Cu(l) complexes are features shared by both proposed mechanisms for CUAAC
(Scheme 21 and 22),['5""521 the mononuclear pathway for the phenol monooxygenation
(Chapter 4.3, Scheme 18)!'?°!, and the dinuclear mechanism proposed by SIEGBAHN (Scheme
20)1%2, Moreover, in both the CUAAC reaction and the monooxygenation of phenols, the use
of designed ligands was found to have a significant influence on the reactivity of the respective
catalyst. Among all the possibilities, N-donor based ligands are the most widely used, and
ligands containing triazoles as N-donor groups have been found to lead to highly reactive

catalysts for the monooxygenation of phenols and for the CUAAC.[145.150.151.161.162] Qe to the
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similarities of the proposed mechanisms for the phenol monooxygenation and the CuAAC, as
well as the ligands used, it was of interest to investigate the performance of a “classical’

CuAAC ligand in the monooxygenation of phenols.

4.6. Oligodentate Aminotriazole Ligands for CuAAC and

Copper-Mediated Monooxygenation of Phenols

This study focuses on the investigation of the monophenolase and CuAAC activity of
complexes supported by different aminotriazole ligands (Scheme 23). To this end, the CUAAC
ligand tris-tert-butyl-triazolemethylamine (TTTA) and its tri- and bidentate counterparts, bis-
tert-butyl-triazolemethylamine (BTTA) and tert-butyl-triazolemethylamine (TTA), were prepar-
ed. Additionally, the influence of the alkyl bridge length in the backbone of TTA on the catalytic
activity was investigated. Therefore, the methylene group was replaced by ethylene in the
ligand TTEA as well as its novel N-substituted counterparts with methyl residues (dmTTEA)

and with a pyrrolidine ring instead of an amine (priTTEA).

TTTA BTTA TTA TTEA dmTTEA  priTTEA

Scheme 23: The ligands TTTA, BTTA, TTA, TTEA, dmTTEA, and priTTEA used in this study.

The synthesis of TTTA was performed in one step according to the literature via a CuAAC
reaction of tripropargylamine with tert-butyl azide.['®3 The related ligands BTTA and TTA were
correspondingly obtained from di- and monopropargylamine, respectively. TTEA, which is the
precursor of L1, was synthesized in two steps according to the procedure described in
Chapter 4.4.1'*! The synthesis of the N-substituted ligands was carried out in the same way
starting from 2-chloro-N,N-dimethylamine hydrochloride (dmTTEA) and 1-(2-chloroethyl)-
pyrrolidine hydrochloride (prITTEA). All ligands were converted to the corresponding Cu(l)
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complexes by reaction with [Cu(NCMe)4]PFs. All six complexes were isolated for the first time

and characterized by NMR-, IR-, Raman spectroscopy, and HR-ESI mass spectrometry.

In the next step, the ability of the obtained complexes to mediate the conversion of DTBP-H to
DTBQ under BULKOWSKI-REGLIER conditions was investigated (Figure 6). The complex
supported by the classical CUAAC ligand TTTA was found to exhibit only a low monophenolase
activity producing 3 % DTBQ. This was attributed to the high concurrence for coordination sites
on the copper center between the four ligand N-donors and substrate/dioxygen. Accordingly,
higher catalytic activities were obtained for the complexes with the tridentate ligand BTTA
(17 %) and the bidentate ligand TTA (28 %). Elongation of the alkyl bridge in TTEA leads to
an even higher catalytic activity of 34 %, which is the highest yield obtained so far for a complex
with the PF¢ anion under BULKOWSKI-REGLIER conditions. This value is even higher than that
of the complex [Cu(L«z1)(NCMe):]PFs (Chapter 4.4), which is again in agreement with the
assumption that a larger difference in the o-donation capacity of the present N-donors
increases the catalytic activity (Chapter 3.4.1), since amines have a higher o-donation
capacity than imines.['28145164] With the aim of explaining the measured difference in the
catalytic activity of the complexes supported by TTA and TTEA, geometry optimizations were
performed and the N-Cu-N bond angles were determined. The bond angle for TTA (79.0°) was
found to be significantly smaller than that obtained for TTEA (96.4°). Based on this result, the
difference in the catalytic activities of these two complexes was attributed to the fact that the
Cu(l) state is better stabilized in the complex coordinated by TTEA and hence, that the catalytic
monooxygenation cycle can be passed through more easily. The fact that the Cu(l) state is
less stabilized in the TTA system was further supported by the obtained X-ray crystal structure
of a [Cu(TTA)2](PFs). complex. This complex crystallized under inert conditions in dry di-
chloromethane, indicating the tendency of this compound to rather stabilize Cu(ll) states.
Additionally, the complexes coordinated by the N-substituted ligands dmTTEA and priTTEA
were investigated for their ability to mediate the monooxygenation of phenols. However, lower
yields of DTBQ of 32 % and 28 %, respectively, were obtained. Assumingly, this is due to the
steric bulk close to the copper center, which hinders the coordination of substrate and

dioxygen.

In addition to their monooxygenation activity, the activity of the complexes to mediate the
CuAAC reaction was assessed. To that end, the reaction of p-tolyl acetylene with tert-butyl
azide to 1-(tert-butyl)-4-(para-tolyl)-1H-1,2,3-triazole (TBTT) was investigated in the presence
of 0.01 eq. catalyst. The amount of TBTT was determined using NMR spectroscopy after 18 h
reaction time and subsequent workup. Interestingly, an opposite behavior of the catalytic

activity was observed for the CuAAC reactions (Figure 6): For the complexes supported by
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the classical CUAAC ligand TTTA and its tridentate relative BTTA, the highest yields of TBTT
(54 % and 46 %) were found. The high activities of these complexes can be explained by the
possibility of forming a dinuclear CuzL-type complex, which enters the fast dinuclear CUAAC
cycle (Chapter 4.5).[1%0.161

60 - I CuAAC 40
I Vonooxygenation Reaction -
50 -
30
R 40- =
- e
: :
= 30 4 20 O
© ©
© ©
o 15 =5
$ 20- 2
10
10 +
5
0- 0
1 2 3 4 5 6
L= TTTA BTTA TTA TTEA dmTTEA priTTEA
Cu(L) Catalyst

Figure 6: Comparison of the catalytic activities for the monophenolase reaction and the CuAAC with
the Cu(l) complexes supported by the ligands described in this study.65]

Accordingly, the complexes supported by bidentate ligands are significantly less active (Figure
6). This can be explained by the fact that the formation of a CusL-type complex is unlikely in
this case and hence, these catalysts supposedly follow the slower mononuclear CUAAC cycle.
The complex supported by the TTA ligand exhibits a higher activity than that with TTEA (17 %
vs. 11 %). Assumingly, the more acute N-Cu-N bond angle resulting with TTA as a ligand leads
to less steric hindrance in the formation of the six-ring metallacycle in the CuAAC pathway
(Scheme 21, d). Furthermore, analogous to the results for the monophenolase reaction,
significantly lower CuAAC activities of 3 % and 4 % were obtained for the N-substituted
systems dmTTEA and priTTEA, which is again attributed to the high steric hindrance close to
the copper center. The results obtained in this study underline the great impact that even small
changes in the ligand systems have on the activity of the respective copper complexes and
show the importance of a precisely tuned ligand design that meets the requirements of the

respective catalyzed reaction.
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Reprinted with permission of A. Koch, T. A. Engesser, C. Nather and F. Tuczek,
ChemCatChem, 2023, €202301316.

https://doi.org/10.1002/cctc.202301316
DOI: 10.1002/cctc.202301316 Copyright © Wiley-VCH GmbH

101



4.6 OLIGODENTATE AMINOTRIAZOLE LIGANDS FOR CUAAC AND COPPER-MEDIATED
MONOOXYGENATION OF PHENOLS

W) Check for updates

ChemCatChem

Research Article

doi.org/10.1002/cctc.202301316

Chemistry

Europe

www.chemcatchem.org

Oligodentate Aminotriazole Ligands for CuAAC and
Copper-Mediated Monooxygenation of Phenols: Influence
of Denticity, Chain Length and N-Alkylation on Catalytic

102

Activity

Alexander Koch,” Tobias A. Engesser,” C. Nather,” and Felix Tuczek*™

Copper complexes supported by a series of ligands containing
different N-donor groups were prepared, and the influence of
the ligand design on the catalytic activity towards (i) the
conversion of monophenols to o-quinones and (ii) the CuAAC
reaction was investigated. Increasing the number of meth-
yltriazole moieties attached to an amine from one (TTA) over
two (BTTA) to three (TTTA) decreases the catalytic mono-
phenolase activity of derived Cu complexes. By contrast,

Introduction

Copper enzymes catalyze a number of important oxidation
and oxygenation reactions."”* The dinuclear type 3 copper
enzyme tyrosinase (Ty), e.g., is involved in the monooxygena-
tion of tyrosine (or oxidation of L-DOPA) to L-DOPAquinone
(Scheme 1, top)®? via the characteristic  u-n%n*
peroxodicopper(ll) intermediate.**! L-DOPAquinone in turn
polymerizes to the biopigment melanin which plays an
important role in wound healing processes, immune re-
sponse and protection against ultraviolet (UV) radiation.**!
Although Ty has been structurally characterized and inves-
tigated in numerous studies,”**” details of the correspond-
ing mechanistic pathway are still unclear.*®

As an alternative to the investigation of the enzyme itself,
studying small-molecule model systems that mimic the active
site is an option to gain deeper insight into its reactivity.*”
Dinuclear copper complexes exhibiting catalytic monooxyge-
nation activity were first introduced by Bulkowski et al.,!"”
Réglier etal,"" and Casella etal."” In addition, a large
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replacing the methylene group between the apical and the
outer N-donors of TTA with an ethylene bridge in TTEA
increases the activity whereas alkylation of the amino group
(dmTTEA, prITTEA) has no positive effect on the catalytic
activity. When employing the complexes in the CuAAC reaction,
opposite trends in catalytic activity are observed. The results are
interpreted in the context of the respective mechanistic path-
ways.

Tyrosinase:
OH o OH
0, (o) 0, OH
Ty Ty
R R R
L-tyrosine L-DOPAquinone o L-DOPA
R= OH
NH,
Model System:
OH (0]
O.
f 2 If
Bu 2 NEty Bu (0] . o
0.02 Cu-Cat. 2
DCM
Bu rt Bu
DTBP-H DTBQ

Scheme 1. Top: Conversion of L-tyrosine/L-DOPA into L-DOPAquinone medi-
ated by tyrosinase (Ty). Bottom: Catalytic conversion of DTBP-H into DTBQ in
the presence of 500 um complex solution in DCM with 100 eq. NEt; and

50 eq. phenolic substrate (Bulkowski-Réglier conditions).

number of copper complexes supported by mononucleating
ligands have been presented as tyrosinase models by Herres-
Pawlis et al.,"¥ Stack and coworkers,"¥ Lumb/Ottenwaelder
etal" as well as our workgroup.'® In a broader sense,
copper-catalyzed oxygenations of organic substrates inspired
by copper-containing mono-oxygenases have been advanced
by Schindler et al.,"” Garcia-Bosch et al.,"® and others."
Recently, we have shown that the catalytic conversion of
2,4-di-tert-butylphenol (DTBP-H) to 3,5-di-tert-butylquinone
(DTBQ) can be achieved by simple copper salts containing

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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[Cu(L),]" complexes (L=NCMe, n=4; L=0DFB or NEt;, n=2)
(Scheme 1, bottom).”” Importantly, instead of the ‘classic’
dinuclear mechanism, a mononuclear reaction pathway was
established for this reaction, which is conducted in the
presence of 50eq. substrate and 100 eq. triethylamine
(Bulkowski-Réglier conditions, cf. Scheme 1, bottom).”” More
recently, we showed that this mechanistic scenario also
applies when copper complexes supported by the bidentate
ligand L,,1 (Scheme 2, left) are used as catalysts.”” Notably,
this system produced the highest yield of DTBQ from DTBP-H
to date.

The proposed catalytic cycle starts with a Cu(ll)-phenola-
to/Cu(l)-phenoxyl species® that binds dioxygen to form an
end-on superoxo complex (Scheme 3, top). Electrophilic
attack in ortho-position of the copper-bound phenoxyl
ligand®*?" leads to the c-complex, a 6-membered metalla-
cycle. Subsequently, the O—O bond is cleaved to produce o-
quinone and water. The described reaction sequence shows a
formal resemblance to the copper(l)-catalyzed azide-alkyne
cycloaddition (CuAAC), for which also a dinuclear and a
mononuclear cycle have been determined.?*? In the latter,
the alkyne unit is activated by coordination to one copper(l)
center and formation of a copper(l)-acetylide complex
(Scheme 3, bottom), which then reacts with the organic azide
to the triazole product.”” Notably, within the catalytic cycle,
this coupling reaction is also believed to proceed via a 6-
membered metallacycle intermediate (Scheme 3,
bottom).[zz,u,ze]

Although the copper-catalyzed monooxygenation of
phenols and the CuAAC reaction involve very different types
of substrates, several aspects are similar. These refer, e.g., to
the question of which reaction conditions cause the mecha-
nism to proceed via the mono- or the dinuclear cycle,**>?"
the role of base,*??? the role of the counterion,?224273031
and other points. Notably, it has been observed in both cases
that simple copper salts (e.g., containing acetonitrile ligands)
are already catalytically active, but upon using more elabo-
rate N-donor based ligands the catalytic activity can signifi-
cantly be increased, depending on the applied
design.*5222429] | this context, it is remarkable that the L,,1

Ph
j Ph
\ \ N\h‘ )
N— N— NN
/) - N
N
N | N
( —N NN
N—N N
N 2 2 &
N N— NN
Ph/‘
L1 PMDETA Megtren TBTA

Scheme 2. The previously published L1 ligand used in monophenolase
reactions (left),”" and PMDETA, Mestren and TBTA ligands used for CUAAC
reactions (right).?2%*!
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Scheme 3. 6-membered metallacycles (orange rectangles) involved in the
proposed mononuclear catalytic cycles of the monooxygenation of phenols

(top) and the CUAAC reaction (bottom).2*?22*32 Additional ligands are
omitted for clarity.

ligand, from which the most active copper catalyst for the
monooxygenation of phenols is derived (see above), has an
iminotriazole structure that is closely related to the amino-
triazole structure of several ligands employed for highly
active CuAAC catalysts (Scheme 2 and 4).2%

Based on these findings, it appeared of interest to
investigate whether copper complexes supported by ‘classic’
ligands employed in CuAAC are also active catalysts toward
the catalytic monooxygenation of phenols. Apart from mono-
or polydentate aliphatic amine ligands such as PMDETA or
Megtren, especially tris(triazolylmethyl)amine ligands such as

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Methylene chain

( Ethylene chain

Scheme 4. Amine ligands used in this study with three (TTTA), two (BTTA) or one (TTA) methyltriazole moieties and the secondary amine ligand with an
ethyltriazole group (TTEA) and its alkylated forms with dimethylamino (dmTTEA) and pyrollidine groups (prITTEA).

TBTA have been found to drastically accelerate the CuAAC
reaction (Scheme 2, right).?%%

In this context, the ligand TTTA (Scheme 4) appeared as a
good starting point since it is straightforwardly
synthesized,®” even more active in the CuAAC reaction
compared to TBTA, and carries tert-butyl residues instead of
benzyl groups on the triazole rings, rendering a ligand
hydroxylation/N-dealkylation, that might occur in monophe-
nolase reactions, impossible.*?**¥ |n order to investigate the
role of ligand denticity in CuAAC and monooxygenation
catalysis, the TTTA related tri- and bidentate ligands BTTA
and TTA (Scheme 4) were synthesized. Furthermore, the
effect of the chain length on the catalytic activity was
examined by synthesizing ethylene-bridged TTEA (Scheme 4).
Finally, the secondary amine function of TTEA was alkylated
resulting in novel methylated dmTTEA and the previously
prepared®" prITTEA with a pyrrolidine group (Scheme 4) in
order to further increase the electron density at the amine N-
atom.

Results and Discussion
TTTA as catalyst for monooxygenation

The synthesis of TTTA (Scheme 5) was performed according
to the literature using tripropargylamine and tert-butyl

ChemCatChem 2023, €202301316 (3 of 12)

N,

I [Cu(NCMe),4]PFg
N Bu~Ng MeCN
n,3d
Bu Bu
N~
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N
N NH NH,
N
78RN & JN
N N ’
Bu Bu By
TTTA BTTA TTA
n=3 n=2 n=1

Scheme 5. Synthesis of ligands TTTA, BTTA and TTA.

azide.®@ By mixing TTTA in acetonitrile with 1 eq.
tetrakis(acetonitrile)copper(l)  hexafluorophosphate  ([Cu-
(NCMe),IPFy), the complex [Cu(TTTA)IPF; (1) was obtained
(Scheme 6). To our surprise, the isolation of this complex has

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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[Cu(NCMe),]PFg
N N-N
7N or W [Cu(L)(NCMe),]PFg
N/N N MeCN
DCM (for TTA, _ —o
g, § L=TTTA,x=0:1
B Bi ’
Y /n 4 dmTTEA, prTTEA) | _gr7a) x=1:2
rt, 30 min

L=TTA, x=2:3
L=TTEA x=1:4
L=dmTTEA, x=1:5
L=priTTEA,x=1:6

TTTA N =NH,: TTEA
N = NMe,: dmTTEA
TTA N =NC4Hg: priTTEA

Scheme 6. Synthesis of the copper complexes 1-6 used in this study
(NC,Hg = pyrollidinyl).

not yet been reported. It should be noted, however, that the
analogous TBTA-containing copper(l) complex with BF,” as
counterion has been synthesized previously and that a
dimeric structure was assigned to this compound on the
basis of an X-ray crystal structure determination.® Since a
crystal structure 1 is not available, we cannot exclude a
dimeric structure in the solid state either. However, as the
tert-butyl residues are bulky and not as flexible as benzyl
residues, we tentatively assign a mononuclear structure to 1.

To investigate the nuclearity in solution, we performed a
DOSY NMR experiment (Figure S9). Estimation of the ex-
pected diffusion coefficient for the mononuclear complex 1
using the Stokes-Einstein Gierer-Wirtz equation according to
Evans et al.,®® gives a diffusion coefficient close to the value
obtained in the DOSY experiment, indicating that 1 is
mononuclear in solution (see Sl for more information).

The ability of copper(l) complex 1 to catalyze the mono-
phenolase reaction was investigated based on the catalytic
conversion of DTBP-H to DTBQ under Bulkowski-Réglier
conditions (Scheme 1, bottom). Using UV/vis and NMR
spectroscopy for product analysis, only a very low yield of
3% (Table 1) was obtained for 1. This can be attributed to the
fact that the four ligand N-donors compete with substrate
and dioxygen for binding at the copper center, thereby
hindering the conversion of DTBP-H. In addition, the bulky
tert-butyl residues in the ligand system and in the substrate
may also sterically hinder the coordination of the substrate.

Therefore, it was investigated whether the use of a smaller
(and more activated) substrate such as 4-methoxyphenol (4-
MeOP—H)®” |eads to a higher catalytic activity. However, a
comparable yield for the conversion of 4-MeOP—H to the
corresponding coupled quinone was observed (3%, Fig-
ure S17).

Variation of denticity

Based on the results described above, the number of ligand
N-donors was reduced from four to three in BTTA (Scheme 5).
Similar to TTTA, an analogue of BTTA, with benzyl residues
instead of tert-butyl groups has also been used very
effectively as a ligand for the CuAAC reaction.?® Moreover,
the similar N-alkylated ligand with pyrazole instead of triazole
heterocycles, pzma, has been investigated by our group
before and showed moderate monophenolase activity,*”
again emphasizing the close relationship between the
catalysts for these two reactions. The new ligand BTTA was
synthesized similarly to TTTA (Scheme 5) using dipropargyl-
amine and tert-butyl azide. In analogy to 1, the correspond-
ing copper(l) complex [Cu(BTTA)(NCMe)IPF; (2, Scheme 6)
was prepared, and its catalytic activity investigated. And
indeed, a significantly higher yield of DTBQ (17 %, Table 1)
was obtained using 2. Moreover, the yield of DTBQ was found
to be slightly higher compared to the related pzma system
(14%, see above)®” which is in agreement with the
observation made for bidentate ligands, that a larger differ-
ence in the o-donor strength of the coordinating N-atoms
leads to higher yields of DTBQ.?'*”

Since the reduction of the number of triazole rings in the
ligand backbone resulted in higher catalytic activity, a further
reduction of denticity to only one triazole group in the new
ligand TTA (Scheme 5) was envisioned. Again, a benzyl-
analogue has been reported and the CuAAC reaction was
investigated using this ligand before.”® The synthesis of TTA
and the complexation to the corresponding copper(l) com-
plex [Cu(TTA)(NCMe),]IPF; (3) were performed in analogy to
the synthesis of BTTA and complex 2 (Scheme 6). Crystals

Table 1. Data of the catalytic reactions using complexes 1-6.

Monooxygenation of DTBP-H

CuAAC Reaction®

Cu(l) Complex Ligand Yield of DTBQ/%" Initial Reaction MeCN THF/MeCN
Rate/pum-min~"' Yield of TBTT/% Yield of TBTT/%
1 TTTA 3 41 56 54
2 BTTA 17 179 63 46
3 TTA 28 437 14 17
4 TTEA 34 484 0 11
5 dmTTEA 32 497 0 3
6 priTTEA 28 482 0 4

spectroscopy. [b] The yield of DTBQ was calculated from the UV/vis spectra.

Left: Yields and initial reaction rates for the conversion of DTBP-H under Bulkowski-Réglier conditions. Right: Yields for the CuAAC reactions of p-tolyl
acetylene with tert-butyl azide in MeCN and a 4:1 mixture of THF and MeCN, respectively. [a] The experiments were conducted using a 0.2 m solution of p-
tolyl acetylene with 1.1 eq. tert-butyl azide and 0.01 eq. of the respective Cu(l) catalyst in dry solvents. The yields of TBTT were determined using NMR
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obtained from a solution of 3 under aerobic conditions in
THF were suitable for single crystal XRD determination and
the structure determination revealed that the diaqua com-
plex [Cu(TTA),(OH,),J(PF¢),-2 THF has formed (Figure S32).
Avoiding the coordination of water by using anaerobic
conditions and dry dichloromethane resulted in dark red
crystals after a few days. Since a copper(ll) complex, [Cu-
(TTA),I(PF¢),, was still obtained (Figure S33), this indicates a
strong tendency of the Cu(l) complex to disproportionate
with time, which also reflects its high reactivity. This is also
underlined by the high catalytic activity toward the con-
version of DTBP-H; i.e., using 3, a complex with an even
smaller ligand compared to 2 and 1, a significantly increased
yield of DTBQ (28%, Table 1) was obtained. This effect can
again be attributed to the larger number of vacant coordina-
tion sites available for dioxygen, substrate (and NEt;) binding.
Thus, the phenolic substrate can be converted more easily,
which is also reflected in the increasing initial reaction rates
(Table 1).

Variation of chain length

One important difference between the bidentate ligand TTA
and former bidentate ligands developed by our group is that
TTA, when coordinated to copper, forms a five-membered
instead of a six-membered ring. To investigate the influence
of the ring size on the catalytic activity, TTEA (Scheme 7),
which features an ethylene group between the amine-N and
the triazole residue instead of a methylene group, was
investigated in the following.

TTEA, which is the precursor of the L,,1 ligand, was
synthesized according to the recently reported procedure.*"
Subsequently, the ligand was coordinated to copper(l) by
reaction with [Cu(NCMe),]PF; to form the new complex
[CU(TTEA)(NCMe)IPF, (4, Scheme 6). By use of 4 as catalyst,
34% of DTBQ were obtained, which is the highest yield ever
obtained for a complex with PF;~ as counterion under
Bulkowski-Réglier conditions (Figure 1 and Table 1). Notably,
the catalytic activity of this system is even slightly higher
than that of the related [Cu(L,,1)(NCMe)]PF; complex
(32%).2"

N
N/\/X a) , N/\/N3 b) , N‘l\\{
- HX N
N =NH,: X =Br N = NH, By
N=NMey X=Cl  N=NMe,
N =NC4Hg: X=Cl N =NCyHg N = NH,: TTEA

N = NMe,: dmTTEA
N = NC4Hg: priTTEA

NC,4Hg = §—N(j

Scheme 7. Synthesis of the ligands TTEA, dmTTEA and prITTEA. a) NaN;,
H,0, 80°C, 24 h; b) tert-butyl acetylene, CuSO,-5 H,0, NaAsc, MeOH, H,0, rt,
2.5 h (for prITTEA DCM as additional solvent).
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Figure 1. UV/vis spectra of the catalytic conversion of DTBP-H to DTBQ under
Bulkowski-Réglier conditions using 4 as catalyst.

The monooxygenation activity of copper(l) complexes
with bidentate ligands can be estimated most simply by the
o-donor strength of the N-donors involved.”" It was found
that combinations of N-donors with strongly differing o-
donor strength lead to more active catalysts. The o-donor
strength can in turn be estimated from the pK, values of the
protonated N-species.?” This trend also explains the higher
yield of DTBQ obtained for 4 compared to L1, since amines
are even stronger o-donors than imines.”” Comparing
catalysts 3 and 4, the latter complex exhibits a higher activity
in monophenolase reactions (28 % vs. 34 %, Table 1).

The differences between the ligands TTA and TTEA are
found in 1) the chain length between amine and triazole and
2) the triazole N-atom coordinating to copper, which is due
to the different orientation of the triazole ring (cf. Scheme 4).
In 3, the triazole ring binds to copper via the N-3 atom,
whereas in 4, the N-2 atom coordinates to copper.

Thus, to shed further light on the binding situation of the
ligands to copper, DFT geometry optimizations were performed
for 3 and 4 (Figure 2). In addition, these calculations were also
performed for the theoretical isomeric ligands 3 and 4’
(Figure S31) with the respective opposite arrangement of the
triazole N-atoms to have a complete set of all possible
combinations. It is apparent that the calculated Cu—N bond
lengths and the N—Cu—N bond angles are almost identical
between the respective isomers 3/3" and 4/4’ (Figure S31). This
shows that the different positioning of the N-atoms in the
triazole rings in 3 and 4 does not significantly affect the
electron density at the copper center and therefore the effect
on the catalytic activity of the copper complexes should be
negligible.

However, comparing the Cu—-N bond lengths and the
N—Cu—N bond angles between 3 and 4 (Figure 2), it is apparent
that with larger bridge size in the ligand backbone, a larger
bond angle is found (79.0° (TTA) vs. 96.4° (TTEA)), as expected.
The value obtained for the bond angle in 3 is supported by the

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 2. Calculated structures of [Cu(TTA)(NCMe),] ™ (3) and [Cu-
(TTEA)(NCMe)] ™ (4) including Cu—N bond lengths [A] and N—Cu—N bond
angles (PBEO/def2-TZVPP). H-atoms are omitted for clarity.

obtained crystal structure of the copper(ll) complex [Cu-
(TTA),I(PF¢), bearing two TTA ligands (Figure S33). Additionally,
a slightly shorter Cu—N, . bond length (A~0.14 A for 3/4) is
present for the ethylene-bridged ligand, indicating a stronger
coordination to the copper center.

In the proposed catalytic reaction mechanism (Scheme 3,
top),®*?" the conversion of a copper(ll) complex to copper(l),
and vice versa, occurs. It is assumed that the larger N—Cu—N
bond angle in 4 (96.4°, Figure 2), which is between that of
tetrahedral Cu(l) complexes (109.4°) and octahedral/square-
planar Cu(ll) complexes (90°), stabilizes both the Cu(l) and the
Cu(ll) intermediates in the catalytic cycle. This, in turn, might be
the reason for the increased catalytic activity of the copper
complex 4. In contrast, due to the small N—Cu—N bond angle in
3 (79.0°), copper(ll) complexes are better stabilized than
copper(l) complexes, which is unfavorable for monooxygena-
tion reactions. This is also reflected in the crystal structures of
the copper(ll) complexes with TTA as ligand (see above).
Moreover, we performed cyclic voltammetry measurements of 3
and 4 to determine the Cu(l)/Cu(ll) redox potentials (see SI for
more information). For 3 a value of E,,=-035V (Fc/Fc*) was
obtained whereas the same measurement with 4 resulted in a
value of E,,=-0.15V (Fc/Fc), which also supports the
assumption that 3 is more readily oxidized compared to 4.

Effect of N-alkylation

To further increase the electron density at the amine N-atom of
the TTEA system, methyl groups were introduced in the new
ligand dmTTEA (Scheme 7), which was obtained analogously to
the synthesis of TTEA in two steps. The synthesis starts with the
conversion of 2-chloro-N,N-dimethylethane-1-amine
hydrochloride to 2-azido-N,N-dimethylethane-1-amine by reac-

ChemCatChem 2023, €202301316 (6 of 12)

tion with sodium azide in water (Scheme 7), which is then
converted to dmTTEA by a CuAAC reaction with tert-butyl
acetylene in the presence of copper(ll)sulfate pentahydrate/
sodium ascorbate as catalyst. Apart from dmTTEA, in two
analogous reaction steps starting from 1-(2-chloroethyl)-pyrroli-
dine hydrochloride, the amine N-atom was incorporated into a
pyrrolidine ring in the ligand prITTEA (Scheme 7). prITTEA was
previously prepared in a study on the effect of chelating azide
ligands on the CuAAC reactivity of copper(ll) acetate complexes
using 1-(2-azidoethyl)pyrrolidine as ligand.®" However, prITTEA
itself has not been investigated as a ligand before.

Based on the mentioned ligands, the new copper(l)
complexes [Cu(dmTTEA)(NCMe)IPF, (5) and [Cu-
(prITTEA)(NCMe)]PF, (6, Scheme 6) were synthesized, and their
catalytic activity towards the conversion of DTBP-H was
investigated. However, compared to the parent system 4,
slightly lower yields of DTBQ were obtained (32% for 5 and
28% for 6; Table 1), which is presumably due to the increased
steric bulk close to the copper center. This hinders the
coordination of dioxygen, substrate and base and thus hampers
the conversion of the substrate, again demonstrating the
sensitivity of the catalytic activity to small variations of the
ligand design.

Assay of the CUAAC Reaction Activity

Having established structure-activity correlations of copper
complexes 1-6 regarding monophenolase reactions, it seemed
of interest to also investigate the ability of these systems to
mediate an azide-alkyne cycloaddition reaction. To this end, the
CuAAC reaction between tert-butyl azide and p-tolyl acetylene
to 1-(tert-butyl)-4-(p-tolyl)-1H-1,2,3-triazole (TBTT, Scheme 8)
was examined. A 0.2 M solution of p-tolyl acetylene containing
1.1 eq. tert-butyl azide and 0.01eq. of the corresponding
copper(l) catalyst in dry acetonitrile was stirred at room
temperature for 18 h. After quenching with sat. EDTA solution
(see Sl for more information), the resulting product mixture was
analyzed using NMR spectroscopy.

As expected, the highest yields of TBTT (56% and 63 %,
Table 1) were obtained by the use of the ‘classic’ CUAAC ligands
present in complexes 1 and 2. This can be explained by the fact
that 1, and presumably also 2, may be able to form a ligand-
bridged dinuclear Cu,L complex (Scheme 9),2**4" which in
turn opens the way to the faster dinuclear CuAAC cycle and
thus leads to higher product yields.”**? Correspondingly, by
reducing the ligand system to only one triazole arm in 3

N
Sy O
Ng 0.01 eq. Cu-Cat.
solvent
i, 18 h

TBTT

Scheme 8. CuAAC reaction between p-tolyl acetylene and tert-butyl azide to
the triazole product TBTT.
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Scheme 9. Ligand-bridged Cu,L-type complex (with L= additional ligand) in
the dinuclear CUAAC pathway, forming with tri-/tetradentate triazolylamine
ligands, proposed by different workgroups before.?442

significantly lower yields (14 %, Table 1) of the triazole product
TBTT were obtained, since the formation of a dinuclear Cu,L
complex (cf. Scheme 9) is rather unlikely in this case.

In agreement with this theory, no reactivity at all was
observed for the TTEA systems 4-6 (Table 1). Additionally, for
3-6, a bright-yellow solid precipitated from the reaction
mixture. This solid is most likely a polynuclear p-tolyl acetylide
copper(l) complex. These complexes are known for their
stability™®’ and are generally yellow to orange colored.”**® Due
to the formation of such a complex, a certain amount of catalyst
becomes inactive in mediating the CuAAC reaction,?? which
would explain the lack of product when using these complexes.
However, by using a solvent mixture of the weaker coordinating
THF with acetonitrile (4:1) a low catalytic activity could be
obtained even for complexes 4-6 (3-11%, Table 1), while for
the complexes 1 and 3 a comparable yield could be obtained.
Only for 2 a lower yield was obtained with this solvent mixture.

Again, comparing the catalytic activities of 3 and 4,
interestingly, an opposite trend compared to the monopheno-
lase reaction is present. While 3 is less reactive in the conversion
of DTBP-H to DTBQ, the CuAAC activity is higher compared to 4.
The reason may be the more acute binding situation of the TTA
ligand in 3 vs. the TTEA ligand in 4. While a larger binding
angle is beneficial for monooxygenation reactions (see above),
this does not seem to be the case for the CuAAC. Looking at
the mononuclear reaction mechanism of CuAAC (Scheme 3,
bottom), it is apparent that the alkyl residue of the azide ligand,
especially upon formation of the 6-ring metallacycle, is in close
proximity to the copper center and might interfere with the
ligand atoms*? Furthermore, the Cu(lll) oxidation state,
attributed to this intermediate, exhibits a square-planar coordi-
nation geometry,”” which should also be favored by the more
acute binding angle of the ligand.

Conclusions
In this study, copper complexes with a series of N-donor ligands

including the well-known CuAAC ligand TTTA were investigated
regarding their activity in the catalytic conversion of mono-

ChemCatChem 2023, €202301316 (7 of 12)

phenols to o-quinones and the CuAAC reaction. One (TTA), two
(BTTA) or three (TTTA) methyltriazole moieties were attached
to an amine and the corresponding complexes [Cu(TTTA)IPF,
(1), [Cu(BTTA)(NCMe)]PF, (2) and [Cu(TTA)(NCMe),]PF, (3) were

ChemCatChem doi.org/10.1002/cctc.202301316
R2 N/tBu
—_ ’ N—
N=N—N "
\ N\/
_—— 7
R'———=Cu & prepared.

The ability of 1, which was isolated for the first time, and
the novel complexes 2 and 3, bearing the related ligands BTTA
and TTA, to mediate the monooxygenation of DTBP-H was
investigated. It was found that the catalytic activity increases
with decreasing number of coordinating triazole units from 3%
(1) to 17% (2) to 28% for complex 3 (Figure 3). This effect is
consistent with more free coordination sites at the copper
center and thus easier binding of substrate and dioxygen,
which in turn promotes conversion of DTBP-H. Elongation of
the chain length of TTA led to the TTEA ligand, and using the
corresponding copper(l) complex [Cu(TTEA)(NCMe)]PF, (4) the
highest yield (34%) of DTBQ observed so far under Bulkowski-
Réglier conditions for a PF,~ containing complex was obtained
(Figure 3). The higher reactivity of 4 compared to 3 was
attributed to the more flexible TTEA ligand, which also has a
larger N—Cu—N bond (96.4° vs. 79.0° (TTA)), between that of
classical tetrahedral Cu(l) complexes (109.4°) and octahedral or
square-planar Cu(ll) complexes (90°), and thus better stabilizes
both the Cu(l) and the Cu(ll) intermediates in the catalytic cycle.

In order to further increase the electron density at the
amine N-atom of the TTEA system, methyl groups were
introduced in the new ligand dmTTEA and a pyrrolidine group
in the previously prepared prITTEA ligand.®” However, com-
pared to the parent system 4, slightly lower yields of DTBQ of
32% for the corresponding copper(l) complex [Cu-
(dmTTEA)(NCMe)IPFg (5) and 28% for [Cu(prITTEA)(NCMe)IPF,
(6) were obtained (Figure 3). This is presumably due to the
increased steric bulk close to the copper center, which hinders

60 B Cuaac 40
Il Monooxygenation Reaction

N

20

Yield of TBTT / %
w
S

Yield of DTBQ / %

o

1 2 3 4 5 6
L= TTTA BTTA TTA TTEA dmTTEA priTTEA
Cu(L) Catalyst

Figure 3. Comparison of the obtained product yields of the CuAAC reaction
to triazole product TBTT in a 4:1 mixture of THF and MeCN (green bars) and
for the monooxygenation reaction of DTBP-H into DTBQ under Bulkowski-
Réglier conditions (blue bars) using the copper(l) complexes 1-6 with the
respective ligands (L).
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the coordination of dioxygen, substrate and base and thus
hampers the conversion of the substrate.

Since considerable differences in the monophenolase
activity were observed, we next investigated the ability of the
complexes 1-6 to mediate the CuAAC reaction between tert-
butyl azide and p-tolyl acetylene.

Interestingly, an opposite behavior was observed for the
cycloaddition reactions: High yields of the respective triazole
product TBTT were obtained when using the complexes bearing
the tetradentate TTTA or tridentate BTTA as ligands (Figure 3).
This can be explained by the formation of a dinuclear Cu,L
complex (Scheme 9) which enters the fast dinuclear reaction
cycle, therefore resulting in high yields.”>¥ Correspondingly,
lower yields of the triazole product were obtained using
complexes 3-6 with the smaller bidentate ligands (Figure 3).
Interestingly, the use of TTA, which has a more acute N-Cu—N
bond angle (see above), is beneficial to catalyze the CuAAC
reaction compared to the TTEA system. This is attributed to a
lower steric hindrance between the alkyl residue of the azide
and the ligand system.

Experimental Section

Materials and Methods: All chemicals and solvents were purchased
from ABCR, Deutero, Fisher Scientific, Merck, Sigma Aldrich, and TCI
chemicals and unless noted differently, used without further
purification. For the synthesis of copper(l) complexes standard
schlenk techniques (nitrogen atmosphere) and an MBraun LAB-
master glovebox (<1ppm H,0 and <1ppm O, were used.
Anhydrous dichloromethane, acetonitrile, triethylamine, and tetra-
hydrofuran were obtained by heating the reagent grade solvents to
reflux under N, atmosphere and with calcium hydride (dichloro-
methane, acetonitrile, and triethylamine) or potassium (tetrahydro-
furan) as drying agent. Anhydrous deuterated solvents, which were
used for the copper(l) complexes, were degassed by freeze-pump-
thaw technique and dried with 4 A molecular sieves. NMR spectra
were recorded at 300 K with a Bruker DRX 500 spectrometer at
frequencies of 500.1 MHz ("H NMR) and 125.8 MHz ("*C NMR) or
with a Bruker AVANCE Il HD Pulse FT spectrometer at frequencies
of 400.13 MHz ('H NMR), 100.62 ("*C NMR), 376.46 MHz ("°F NMR),
and 161.98 MHz (*'P NMR). The NMR spectra were referenced to the
solvent residue signal or TMS. Spectra of the other nuclides were
referenced to the proton resonance of TMS as the primary reference
for the unified chemical shift scale (IUPAC recommendation
2001). The measurement of IR spectra was performed using a
Bruker Vertex70 FT-IR spectrometer with a broadband spectral
range extension VERTEX FM (IR range of 6000-80 cm™') or on a
Bruker Alpha FT-IR spectrometer with Platinum ATR setup. Raman
spectra were recorded using a Bruker RAM Il FT-Raman spectrom-
eter with 1064 nm radiation wavelength and equipped with a
highly sensitive, liquid N,-cooled Ge detector. For elemental
analyses, an Elementar Vario MICRO cube elemental analyzer was
used. High-resolution mass-spectra were obtained using a Thermo
Fisher Scientific Q Exactive Plus spectrometer. UV/vis spectra were
recorded at room temperature with an Agilent 8453 spectrometer
using a quartz cell with 1 mm pathlength. The synthesis of tert-
butyl azide, TTTA and TTEA were performed according to the
literature, 228461

ChemCatChem 2023, €202301316 (8 of 12)

Computational details

All calculations were performed using the ORCA 4.2.1 program
package™” with PBEO functional®® and def2-TZVPP basis set.*
Furthermore, Grimmes dispersion correction® with Becke-Johnson
damping (D3BJ)*" was applied. All structures were proofed to be
energetic minima by frequency analysis.

Single crystal Structure Determination

Data collection was performed with an XtaLAB Synergy, Dualflex,
HyPix diffractometer. The structure was solved with SHELXT®? and
refined with the SHELXL®® refinement package using Least Squares
minimization. All non-hydrogen atoms were refined anisotropic.
The C-H and N-H H-atoms were positioned with idealized
geometry and were refined isotropic with Ui,(H)=1.2 U.(CN)
using a riding model. For [Cu(TTA),(OH,),](PF,),-2 THF: The O—H H
atoms were located in difference map and refined isotropic with
Uiso(H) = 1.5 Uy(O) using restraints. The hexafluorophosphate anion
is disordered and was refined using a split model. Selected crystal
data, details of the structure refinements, selected bond lengths
and angles as well as ORTEP plots can be found in the supporting
information (Table S1-S4 and Figure S32 and S33). Deposition
numbers 2300126 for [Cu(TTA),(OH,),1(PF4),-2 THF and 2300127 for
[Cu(TTA),I(PF), contains the supplementary crystallographic data
for this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service. Numerous attempts to
obtain crystals of complexes 1-6 under inert conditions by slow
evaporation of solutions containing the respective complex or by
slow diffusion of a less polar solvent into the complex solution
failed.

Synthesis of BTTA

The synthesis of BTTA was performed in a similar procedure as the
synthesis of TTTA® Under inert atmosphere 500 mg (5.37 mmol)
dipropargylamine were dissolved in 5mL dry acetonitrile before
adding 1.66 g (16.7 mmol) tert-butyl azide, 0.64 mL (5.40 mmol) 2,6-
lutidine and a solution of 82 mg (220 umol) [Cu(NCMe),]PF, in 3 mL
dry acetonitrile. The reaction mixture was stirred at room temper-
ature for 3 d before removal of the solvent i. vac. The crude residue
was dissolved in 20 mL dichloromethane and washed with 20 mL of
a 1:1 (v/v) mixture of a conc. NH,OH solution and a saturated EDTA
solution. The aqueous phase was extracted with dichloromethane
(2x20 mL) and the combined organic layers were dried over MgSO,,
filtrated, and concentrated to approx. 5 mL i. vac. Then, the crude
product was further purified by filtration over basic aluminum
oxide. The product was obtained as an off-white solid (624 mg,
2.07 mmol, 38%). 'H-NMR (400 MHz, CDCl,): 6 =7.58 (s, 2H, trz-CH),
3.93 (s, 4H, CH,), 2.02 (br s, TH, NH), 1.65 (s, 18H, C,(—CH,);) ppm.
3C-NMR (101 MHz, CDCl,): 0 =145.68 (s, 2 C, trz-Cp), 119.11 (d, 2C,
trz-CH), 59.28 (t, 2C, CH,), 44.12 (s, 2 C, C,(~CH,)), 30.15 (q, 6C,
Co(~CH3)3) ppm. IR (neat): #=3299 (w), 3144 (w), 3122 (m), 2973
(m), 2918 (m), 1468 (m),1417 (s), 1372 (s), 1317 (w), 1294 (m), 1225
(m), 1201 (vs), 1103 (m), 1045 (s), 1025 (m), 849 (m), 815 (s), 792 (s),
729 (m), 698 (m), 488 (m) cm™'. HR-ESI-MS: m/z calcd. for C,4H,N,:
292.22442 [M+H']", found: 292.22381. Elemental analysis calcd.
(%) for Cy,HysN,: C 57.70, H 8.65, N 33.65; found: C 58.05, H 8.73, N
33.19.

Synthesis of TTA

The synthesis of TTA was performed analogously to the synthesis
of BTTA using 404mg (7.33 mmol) propargylamine, 1.13 g

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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(11.4 mmol) tert-butyl azide, 0.87 mL (7.33 mmol) 2,6-lutidine and
114 mg (300 pmol) [Cu(NCMe),IPF,. The product was obtained as
an off-white, very hygroscopic solid (497 mg, 3.23 mmol, 44 %),
which was stored under inert conditions. 'H-NMR (400 MHz,
CD;CN): 6=7.68 (s, 1H, trz-CH), 3.82 (s, 2H, CH,), 1.62 (s, 9H,
C,(~CHs);) ppm. *C-NMR (101 MHz, CD;CN): 0=150.47 (s, 1C, trz-
C)) 11932 (d, 1C trz-CH), 5971 (t, 1C, CH,), 3844 (s, 1C,
C4(—CH3)3), 30.08 (q, 3 C, C4(—CH;);) ppm. IR (neat): ¥=3375 (m),
3120 (m), 3056 (w), 2981 (m), 2942 (m), 1537 (m), 1468 (m), 1423
(m), 1370 (s), 1294 (s), 1225 (s), 1203 (s), 1109 (s), 1082 (m), 1047 (s),
1021 (s), 874 (s), 839 (s), 737 (m), 702 (m), 662 (M), 578 (m), 490 (m)
cm™'. HR-ESI-MS: m/z caled. for CHysNg 155.12912 [M+H'TY,
found: 155.12897. Elemental analysis calcd. (%) for C,H,,;N,: C 54.52,
H 9.15, N 36.33; found: C 54.86, H 9.23, N 36.12.

Synthesis of 2-azido-N,N-dimethylethan-1-amine

1449 (10.0 mmol) 2-chloro-N,N-dimethylethan-1-amine
hydrochloride was dissolved in 20 mL of water and 1.95g
(30 mmol) sodium azide was added before heating the reaction
mixture to 80°C for 24 h. After cooling to room temperature,
200 mg of NaOH were added. The aqueous phase was extracted
with dichloromethane (3x15 mL). The combined org. layers were
dried with magnesium sulfate, filtrated and the solvent was
evaporated carefully (volatile!) under reduced pressure. A colorless
oil was obtained (447 mg, 3.92 mmol, 39%). "H-NMR (500 MHz,
CDCly): =335 (t, J=6.2 Hz, 2H, N;—CH,), 2.51 (d, J=6.3 Hz, 2H,
NMe,—CH,), 2.28 (s, 6H, N(~CH,),) ppm. *C-NMR (126 MHz, CDCL,):
0=58.22 (t, 1C, NMe,—CH,), 49.16 (t, 1 C, N;—CH,), 45.60 (q, 2C,
N(=CHs),) ppm. IR (neat): ¥=2975 (m), 2946 (m), 2822 (m), 2771 (s),
2095 (vs), 1458 (s), 1348 (m), 1276 (vs), 1180 (m), 1152 (m), 1098
(m), 1041 (s), 972 (m), 941 (m), 843 (m), 778 (s), 668 (m), 645 (M),
555 (m), 527 (m), 437 (w) cm . HR-ESI-MS: m/z calcd. for C,H;;Ng:
115.09782 [M+H*]", found: 115.09807.

Synthesis of dmTTEA

430 mg (3.77 mmol) 2-azido-N,N-dimethylethan-1-amine were dis-
solved in 7 mL methanol and 49 mg (196 umol) copper(ll) sulfate
pentahydrate, 193 mg (974 umol) sodium ascorbate and 2 ml of
water were added. After stirring at room temperature for 5 min,
1.5mL (12.21 mmol) tert-butyl acetylene were added, and the
reaction mixture was stirred at room temperature for an additional
2.5 h. Excessive heating in the beginning of the reaction was
prevented using a water bath. After the reaction was complete, the
solvent was evaporated under reduced pressure. The crude residue
was dissolved in 20 mL of dichloromethane and washed with 20 mL
of a 1:1-mixture between a conc. NH,OH solution and a conc. EDTA
solution. The aqueous phase was extracted with dichloromethane
(3x15mL) and the combined organic layers were dried using
magnesium sulfate, filtrated and the solvent was removed in vacuo.
A colorless solid was obtained (500 mg, 2.55 mmol, 68%). "H-NMR
(500 MHz, CDCl,): d=7.34 (s, TH, trz-CH), 4.38 (t, J=6.6 Hz, 2H, trz-
CH,), 2.74 (t, J=6.7 Hz, 2H, NMe,—CH,), 2.27 (s, 6H, N(-CH,),), 1.34
(s, 9H, C4(~CH);) ppm. *C-NMR (126 MHz, CDCly): 6=157.68 (s, 1 C,
trz-C;), 119.07 (d, 1 C, trz-CH,), 59.07 (t, 1 C, Nme,-CH,), 48.25 (t, 1 C,
trz-CH,), 45.63 (g, 2 C, N(—CH,),), 30.84 (s, 1 C, C,(~CHs),), 30.52 (q,
3 C, Cy(—CHy)3) ppm. IR (neat): ¥=3148 (w), 2960 (s), 2818 (s), 1546
(w), 1466 (s), 1452 (s), 1358 (s), 1264 (m), 1219 (vs), 1141 (m), 1109
(m), 1056 (vs), 1035 (s), 1009 (s), 939 (s), 809 (s), 780 (s), 734 (m), 692
(m), 672 (m), 488 (m) cm~". HR-ESI-MS: m/z calcd. for CiHyN,:
197.17607 [M+H']", found: 197.17600. Elemental analysis calcd.
(%) for CyoHyoNy: C 61.19, H 10.27, N 28.54; found: C 61.42, H 10.28,
N 28.29.
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Synthesis of 1-(2-azidoethyl)pyrrolidine

The synthesis of 1-(2-azidoethyl)pyrrolidine was performed analo-
gously to the synthesis of 2-azido-N,N-dimethylethan-1-amine using
1.70 g (10 mmol) 1-(2-chloroethyl)pyrrolidine hydrochloride, 1.95 g
(30 mmol) sodium azide and 20 mL of water. The product was
obtained as a colorless oil, which slowly crystallized in the shape of
fine needles (737 mg, 5.26 mmol, 53%). 'H-NMR (500 MHz, CDCl,):
0=339 (t *J=63Hz, 2H, N;CH,), 268 (t, J=63Hz, 2H,
N,—CH,—CH,), 2.60-2.49 (m, 4H, Prl-a-CH,), 1.84-1.74 (m, 4H, Prl-B-
CH,) ppm. *C-NMR (126 MHz, CDCl,): =55.02 (t, 1 C, Ny5~CH,—CH,),
54.35 (t, 2C, Prl-a-CH,), 5037 (t, 1 C, N;—CH,), 23.64 (t, 2C, Prl-B-
CH,) ppm. IR (neat): ¥=2962 (m), 2877 (m), 2787 (s), 2095 (vs), 1460
(m), 1348 (s), 1278 (vs), 1190 (m), 1149 (s), 1056 (s), 956 (m), 904
(m), 860 (m), 643 (m), 555 (m), 496 (M) cm~". HR-ESI-MS: m/z calcd.
for CgHy3N,: 141.11347 [M+H*1%, found: 141.11328.

Synthesis of priTTEA

The synthesis of prITTEA was performed analogously to the
synthesis of TTEA using 720mg (5.14mmol)  1-(2-
azidoethyl)pyrrolidine, 49 mg (196 pumol) copper(ll) sulfate pentahy-
drate, 193mg (974 pmol) sodium ascorbate and 1.5mL
(12.21 mmol) tert-butyl acetylene, only with the difference that after
1h reaction time, 2 mL of dichloromethane was added to the
reaction mixture to redissolve precipitated reddish slurry. After
workup, a colorless solid was obtained (1.04 g, 4.68 mmol, 91%).
'H-NMR (500 MHz, CDCly): 6 =7.33 (s, TH, trz-CH), 442 (t, J=7.0 Hz,
2H, trz-CH,), 2.94 (t, J=7.0 Hz, 2H, trz-CH,—CH,), 2.58—2.50 (m, 4H,
Prl-a-CH,), 1.82—1.73 (m, 4H, Prl-B-CH,), 1.34 (s, 9H, C,(~CH);) ppm.
*C-NMR (126 MHz, CDCly): 6=157.69 (s, 1 C, trz-C;), 119.02 (d, 1C,
trz-CH), 55.82 (t, 1 C, trz-CH,—CH,), 54.30 (t, 2 C, Prl-a-CH,), 49.42 (t,
1C, trz-CH,), 30.84 (s, 1 C, C;(—CH;)3), 30.53 (q, 3 C, C(—CHy)y), 23.72
(t, 2C, Prl-B-CH,) ppm. IR (neat): #=3126 (s), 2958 (vs), 2783 (s),
1539 (w), 1460 (s), 1362 (s), 1311 (m), 1233 (s), 1219 (s), 1147 (m),
1116 (s), 1051 (s), 1013 (m), 880 (m), 841 (s), 735 (m), 678 (m), 494
(W) em~'. HR-ESI-MS: m/z calcd. for C,,H 3N,z 223.19172 [M+H 1",
found: 223.19162. Elemental analysis calcd. (%) for Cy,H,N,: C
64.83, H 9.97, N 25.20; found: C 64.88, H 10.14, N 24.94.

Synthesis of [Cu(TTTA)IPF, (1)

150 mg (350 umol) TTTA were dissolved in 2mL dry dichloro-
methane and added to a solution containing 130 mg (350 umol)
[Cu(NCMe),JPFs in 2 mL dry acetonitrile. After stirring at room
temperature for 30 min, the solvent was evaporated and the
resulting solid was dried thoroughly i. vac. The product was
obtained as a white solid (213 mg, 334 umol, 96%). 'H-NMR
(400 MHz, C;DsN): 6=8.31 (s, 3H, trz-CH), 4.12 (s, 6H, CH,), 1.60 (s,
27H, C(~CHs);) ppm. "*C-NMR (101 MHz, C;DsN): 6 =144.42 (s, 3 C,
trz-C,), 122.51 (d, 3 C, trz-CH), 59.95 (s, 3 C, C(—CH5);), 48.25 (t, 3C,
CH,), 30.22 (g, 3 C, C4(—CH,);) ppm. "F-NMR (376 MHz, C;D;N): 6=
—71.22 (d, J=710 Hz) ppm. *'P-NMR (162 MHz, C;D,N): 6 = —142.70
(hept, J=711 Hz) ppm. IR (neat): ¥=3156 (w), 2985 (m), 2940 (w),
1562 (w), 1460 (m), 1376 (s), 1331 (m), 1236 (m), 1201 (s), 1117 (m),
1072 (w), 1029 (w), 970 (w), 937 (w), 833 (vs), 792 (s), 770 (s), 739
(w), 704 (w), 674 (m), 555 (vs) cm~". FT-Raman (neat): #=3155 (w),
2991 (s), 2941 (s), 2922 (s), 2870 (m), 2802 (w), 2737 (w), 1547 (w),
1448 (m), 1367 (m), 1335 (s), 1246 (m), 1203 (m), 1082 (m), 1036
(m), 935 (w), 825 (m), 741 (m), 582 (m), 139 (m) cm™'. HR-ESI-MS: m/
z caled. for CyHy N, *°Cu: 491.24149 [M—PF, 717, found: 491.24033.

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Synthesis of [Cu(BTTA)(NCMe)]IPF, (2)

151 mg (518 mg) BTTA were dissolved in 1.5 mL dry acetonitrile
and added to a solution containing 193 mg (518 umol) [Cu-
(NCMe),JPFg in 1.5mL dry acetonitrile. After stirring at room
temperature for 30 min, the solvent was evaporated and the
resulting solid was dried in vacuo. The product was obtained as an
off-white solid (262 mg, 484 mg, 93%). "H-NMR (400 MHz, CD,CL,):
0=7.96 (s, 2H, trz-CH), 4.19 (s, 4H, CH,), 3.78 (s, TH, NH), 2.06 (s, 3H,
N=>C-CHy), 1.61 (5, 18H, Co(—CHs);) ppm. "C-NMR (101 MHz,
CD,Cly): 6=145.19 (2C, trz-Cy), 122.08 (2C, trz-CH), 117.17 (1C,
N=C—CH,), 6219 (2C, CHy), 4541 (2C, C—CHs)), 2992 (6C,
C4(—CHs)5), 2.53 (1 C, N=C—CH;) ppm. “F-NMR (376 MHz, CD;CN):
0=-7291 (d, J=706.5 Hz) ppm. *'P-NMR (162 MHz, CD;CN): 6=
—144.65 (hept, J=706.3 Hz) ppm. IR (neat): #=2983 (m), 2942 (m),
2918 (m), 2885 (w), 1562 (m), 1450 (s), 1407 (m), 1374 (s), 1341 (m),
1203 (s), 874 (s), 833 (vs), 778 (s), 739 (s), 706 (s), 676 (m), 555 (vs),
472 (m) cm™'. FT-Raman (neat): »=3167 (w), 2991 (s), 2941 (s), 2872
(m), 2800 (w), 2733 (w), 2303 (m), 2272 (s), 1635 (w), 1564 (m), 1448
(m), 1340 (s), 1238 (m), 1205 (m), 1115 (w), 1086 (w), 1034 (s), 935
(m), 825 (m), 741 (s), 586 (m) cm~'. HR-ESI-MS: m/z calcd. for
Cy4H5N,Cu: 354.14620 [M—PF,—NCMe] ™, found: 354.14526.

Synthesis of [Cu(TTA)(NCMe),]PF; (3)

The synthesis of 3 was performed analogously to the synthesis of 2
using 79.0mg (512 umol) TTA and 194mg (512 umol) [Cu-
(NCMe),]PFs. The product was obtained as yellow solid (208 mg,
468 pumol, 91%). 'H-NMR (400 MHz, CD,Cl,): 6 =8.04 (s, TH, trz-CH),
4.24 (s, 2H, CH,), 3.54 (s, 2H, NH,), 2.12 (s, 6H, N=C—CH,), 1.70 (s, 9H,
C4(—CH);) ppm. PC-NMR (101 MHz, CD,CL,): 6 =145.44 (1 C, trz-C)),
123.86 (1 C, trz-CH), 117.75 (2 C, N=C—CH;), 63.08 (2 C, CH,), 37.81
(1 C, C4(—CH,)3), 29.88 (3 C, C;(—CHs)s), 2.60 (1 C, N=C—CH;) ppm. °F-
NMR (376 MHz, CD;CN): 6=—72.93 (d, J=706.5 Hz) ppm. >'P-NMR
(162 MHz, CD,CN): 0 =—144.65 (hept, J=706.5 Hz) ppm. IR (neat):
7=3326 (w), 3271 (w), 3181 (w), 2983 (w), 1607 (w), 1464 (w), 1403
(w), 1376 (m), 1203 (s), 1117 (m), 1037 (w), 992 (w), 935 (w), 829
(vs), 764 (s), 739 (s), 706 (m), 678 (w), 555 (vs), 480 (w) cm~". FT-
Raman (neat): ¥=2991 (m), 2941 (s), 2734 (w), 2303 (m), 2274 (s),
1566 (w), 1454 (w), 1367 (m), 1342 (m), 1039 (m), 939 (m), 823 (w),
742 (m), 395 (m) cm ™", HR-ESI-MS: calcd. for CoH,,Ns*Cu: 258.07745
[M—NCMe—PF, 1%; found: 258.07734.

Synthesis of [Cu(TTEA)(NCMe)]PF, (4)

The synthesis of 4 was performed analogously to the synthesis of 2
using 63.6 mg (378 umol) TTEA and 141 mg (378 pmol) [Cu-
(NCMe),IPF,. The product was obtained as off-white solid (140 mg,
336 umol, 89%). 'H-NMR (400 MHz, CDsCN): 6=7.60 (s, TH, trz-CH),
432 (s, 2H, trz-CH,—CH,), 3.11 (br s, 2H, trz-CH,—CH,), 2.54 (br s, 2H,
NH,), 1.96 (s, 3H, N=C—CH;), 1.32 (s, 9H, C4(—CH);) ppm. “C-NMR
(101 MHz, CD,CN): 6=157.36 (1C, trz-C), 121.63 (1C, trz-CH),
117.86 (1 C, N=C—CH;), 51.98 (1 C, trz-CH,—CH,), 4242 (1C, trz-
CH,—CH,), 31.00 (1 C, C4(~CH,)3), 30.11 (3 C, C4(—CH5)3), 0.90 (1C,
N=C—CH;) ppm. F-NMR (376 MHz, CDsCN): 0=-72.93 (d, J=
706.5 Hz) ppm. *'P-NMR (162 MHz, CD,CN): 6 =—144.65 (hept, J=
706.4 Hz) ppm. IR (neat): ¥ =3344 (m), 3299 (w), 2965 (m), 2871 (w),
1597 (w), 1537 (m), 1462 (w), 1368 (m), 1243 (m), 1205 (m), 1174
(m), 1129 (s), 943 (m), 831 (vs), 813 (vs), 741 (s), 698 (s), 621 (m), 555
(vs), 476 (m) cm™". FT-Raman (neat): #=3178 (w), 2968 (s), 2941 (s),
2910 (s), 2868 (m), 2719 (w), 2303 (m), 2274 (s), 1539 (w), 1452 (m),
1375 (m), 1350 (m), 1329 (w), 1211 (s), 1173 (m), 1144 (w), 1047 (s),
1036 (m), 933 (m), 833 (m), 742 (s), 575 (m), 471 (w), 395 (m), 291
(w), 152 (m) cm™". HR-ESI-MS: calcd. for C,oH,oNs*Cu: 272.09310
[M—PF¢ 17; found: 272.09290.
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Synthesis of [Cu(dmTTEA)(NCMe)]PF; (5)

The synthesis of 6 was performed analogously to the synthesis of 2,
using 109 mg (554 umol) dmTTEA and 207 mg (554 umol) [Cu-
(NCMe),JPFs, with the only difference that 0.2 mL dry dichloro-
methane were added to the ligand solution to increase its
solubility. A light-yellow solid was obtained (203 mg, 455 umol,
82%). 'H-NMR (400 MHz, CD;CN): 6 =7.62 (s, 1H, trz-CH), 4.38 (t, J=
5.5 Hz, 2H, trz-CH,), 2.77 (s, 2H, NMe,—CH,), 2.39 (s, 6H, N(—CH,),),
196 (s, 3H, N=C-CH,), 131 (s, 9H, C,(~CHs);) ppm. "C-NMR
(101 MHz, CD;CN): 6=157.39 (1C, trz-C), 121.54 (1C, trz-CH),
117.86 (1 C, N=C—CH,), 59.91 (1 C, NMe,—CH,), 47.95 (1 C, trz-CH,),
47.21 (2.C, N(=CH,),), 31.00 (1 C, C,(—CH5);), 30.12 (3 C, C4(—CHy)3),
0.90 (1 C, N=C—CH;) ppm. °F-NMR (376 MHz, CD,CN): 6 =—72.91 (d,
J=706.6 Hz) ppm. *P-NMR (162 MHz, CD;CN): 6 =—144.66 (hept,
J=707.9 Hz) ppm. IR (neat): ¥=3158 (w), 2967 (s), 2873 (m), 1541
(m), 1466 (s), 1366 (s), 1239 (s), 1207 (s), 1137 (w), 1074 (w), 1033
(m), 1011 (m), 923 (m), 876 (s), 829 (vs), 784 (vs), 739 (s), 729 (s), 698
(m), 672 (m), 555 (vs), 504 (w) cm™". FT-Raman (neat): #=3153 (w),
2968 (s), 2941 (s), 2908 (s), 2804 (m), 2713 (w), 2303 (m), 2274 (s),
1537 (w), 1448 (s), 1367 (m), 1344 (m), 1041 (m), 1014 (m), 935 (m),
835 (m), 789 (m), 741 (s), 588 (w), 471 (w), 395 (W) cm~". HR-ESI-MS:
m/z caled. for C;,H,3NsCu: 300.12440 [M—PF,17; found: 300.12413.

Synthesis of [Cu(PrITTEA)(NCMe)IPF, (6)

The synthesis of 6 was performed analogously to the synthesis of 2,
using 110 mg (493 umol) prITTEA and 184 mg (493 umol) [Cu-
(NCMe),IPF,, with the only difference that 0.2 mL dry dichloro-
methane were added to the ligand solution to increase its
solubility. A light-yellow solid was obtained (217 mg, 460 umol,
93%). "H-NMR (400 MHz, CD;CN): 6 =7.71 (s, 1H, trz-CH), 4.52 (t, J=
5.3 Hz, 2H, trz-CH,), 3.05 (t, J=5.4 Hz, 2H, trz-CH,-CH,), 2.85-2.70 (m,
4H, Prl-a-CH,), 2.07 (s, 3H, N=C—CH,), 2.01-1.92 (m, 4H, Prl-B8-CH,),
142 (s, 9H, C,(=CH,);) ppm. *C-NMR (101 MHz, CD,CN): §=157.37
(1C trz-Cy), 121.44 (1 C, trz-CH), 117.86 (1 C, N=C—CH,), 57.09 (1 C,
trz-CH,-CH,), 56.30 (2 C, Prl-a-CH,), 49.07 (1 C, trz-CH,), 30.99 (1C,
C4(=CH,)y), 30.14(3 C, Cy(—CHs)y), 23.40 (2C, Prl-B-CH,), 0.90 (1C,
N=C—CH,) ppm. F-NMR (376 MHz, CDsCN): 0=-72.96 (d, J=
706.4 Hz) ppm. *'P-NMR (162 MHz, CD,CN): 6 =—144.66 (hept, J=
706.4 Hz) ppm. IR (neat): #=3152 (w), 2967 (s), 2879 (m), 2834 (m),
1535 (w), 1462 (s), 1446 (m), 1401 (m), 1368 (s), 1337 (m), 1317 (m),
1243 (s), 1209 (s), 1119 (m), 1072 (m), 1035 (m), 1013 (m), 958 (w),
927 (w), 876 (s), 833 (vs), 727 (s), 692 (m), 664 (m), 555 (vs), 480 (m),
447 (m) cm™'. FT-Raman (neat): 7= 2982 (s), 2949 (s), 2933 (s), 2881
(m), 2835 (m), 2305 (m), 2270 (s), 1535 (w), 1450 (m), 1365 (m), 1338
(w), 1225 (s), 1012 (m), 937 (s), 906 (w), 837 (m), 742 (m), 584 (m),
393 (w) cm™". HR-ESI-MS: m/z calcd. for CiH,sNs®Cu: 326.14005
[M—PF¢ 17, found: 326.13963.

Supporting Information

NMR- and UV/vis spectra, additional information and discussion
on electrochemical measurements, additional information
about the catalytic measurements, DFT calculated structures of
3’ and 4/, and crystal structure data are given in the Supporting
Information. Additional references are cited within the Support-
ing Information.*=
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5 CONCLUSION

5 Conclusion

Within this thesis the results of three different studies focusing on mono- and dinuclear copper
complexes as model systems for tyrosinase are described. The first study presents the results
of the investigations carried out on the Cu(l) complexes supported by the bis-tridentate ligand
Tw1 and the bis-bidentate ligands Tw2/3. The second and third studies focus on copper
complexes supported by mononucleating, triazole-containing, and mainly bidentate ligands.
All obtained Cu(l) complexes were isolated and characterized by the use of IR-, Raman- and
NMR spectroscopy and (except for the Al(pftb)s-containing complex) HR-ESI mass
spectrometry. The catalytic activity toward the monophenolic substrate DTBP-H (and partially
also others such as TBP-H and MeOP-H) under BULKOWSKI-REGLIER conditions was
investigated for all complexes, and the obtained differences in the reactivity were interpreted

with respect to the properties of the present ligands and anions.

Apart from the activity toward phenolic substrates, another key feature of tyrosinase is the
characteristic u-n*:n?-peroxo intermediate. This species is an important part of the inves-
tigations of tyrosinase model systems, especially for dinuclear model complexes, which are
inherently closer resembling the native enzyme. Thus, for the CuTw1-3 complexes, DFT
calculations have been performed prior to the synthesis of the ligands and complexes to
determine whether the formation of such an intermediate is theoretically possible. The DFT
optimizations confirmed the possibility to form a u-n?:n*-peroxodicopper(ll) complex. Sub-
sequently, the challenging four- to five-step linear syntheses of the ligands Tw1-3 have been
carried out. While the synthetic route to Tw1 was already established within the PhD thesis of
B. HERZIGKEITI'3® and reproduced in my master thesis!'*® and this work, the new ligands Tw2
and Tw3 were prepared for the first time. All three ligands were successfully synthesized and
structurally characterized, among other techniques, by single crystal X-ray diffraction. The
corresponding Cu(l) complexes CuTw1-3 were obtained by reaction of the ligands with 2 eq.
of the precursor complex [Cu(NCMe)s]PFs. The complex CuTw1 was found to be inactive
toward the conversion of DTBP-H. This was attributed to the inflexibility of the ligand backbone
and the high competition for binding-sites between the three N-donors present at each copper
center and dioxygen/substrate. Consequently, the catalytic activity can be switched on by
reducing the number of N-donors in CuTw2 and CuTw3. CuTw2 was found to convert the
substrates DTBP-H, TBP-H and MeOP-H with moderate yields of 13-16 %. However,
especially the obtained yields with the latter two substrates are significantly lower than those

of the parent mononuclear PMP system.['3”) The CuTw3 complex, related to the mononuclear
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5 CONCLUSION

TMP3 system,*% also produces lower yields for all substrates compared to its mononuclear
counterpart. However, significantly higher yields are obtained for the substrates DTBP-H and
MeOP-H, compared to CuTw2. This can be attributed to the lower o-donation capacity of the
triazole ring compared to pyrazole, which results in an easier decoordination of the group and
an easier binding of the substrate. In addition to the monophenolase activity, the ability to form
a p-n*n*-peroxo intermediate was investigated. However, such an intermediate could not be
detected for any of the investigated complexes. On the one hand, this could again be attributed
to the rigidity of the ligand backbone, which prevents the binding of dioxygen as an end-on
superoxo intermediate and the subsequent conversion into the Cu,0, species. On the other
hand, it is possible that the copper centers in these complexes do not face toward each other
(and instead face outwards). For the formation of a u-n?:n*peroxodicopper(ll) complex,
however, the binding-sites would have to rotate around the alkyne C-C axis, requiring a
significant activation energy. A possibility to prevent rotation around the alkyne C-C axis in
Tw1 could be achieved by introduction of a sterically more demanding residue, such as an
ester group, instead of methyl on the tripyridine moiety (Scheme 24). Thus, by the use of a

Tw1-R ligand the synthesis of a y-n?:n*peroxodicopper(ll) complex may be possible.

0
with R = e.g. A I~

Scheme 24: The Tw1-R ligand with bulkier residues R (e.g. an ester group) instead of the methyl residue
on the tripyridine moiety in Tw1.

Apart from investigations of dinuclear model systems for tyrosinase, mononuclear systems
have been developed as well. The first study contains the investigations of complexes
supported by the iminotriazole ligands L«.1 and L«-2. Two different aspects were relevant:
Firstly, based on a previous assumption (Chapter 3.4.1),['? the use of an iminotriazole ligand

should result in a more active catalyst than those supported by the previous iminoheterocyclic
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5 CONCLUSION

ligands Limz1, Lpy1, and Lnp1,1'%61%71 and therefore suggested the investigation of such a
system. Secondly, SCHNEIDER et al. investigated simple copper salts supported by mono-
dentate solvent ligands with different anions and found a significant anion effect on the catalytic
activity and a ligand effect on the initial reaction rate. Moreover, for copper salts with Al(pftb)s
as anion, a high catalytic activity was observed and the monooxygenation of phenols was
found to follow a mononuclear reaction pathway, in stark contrast to the classical dinuclear
scenario.['?® Thus, it should be investigated as to whether this high activity is also detectable
for a model complex coordinated by iminotriazole ligand L¢-1/Lt-2 and if the catalytic reaction

in this case also follows the mononuclear pathway.

The new ligands L1 and L2 were prepared in a three-step linear synthesis and converted
into the corresponding new complexes [Cu(Ltz1/Lt22)(NCMe)2]JPFs and [Cu(Lez1)(NCMe)]
Al(pftb)s. The catalytic activities of the complexes were subsequently investigated under
BULKOWSKI-REGLIER conditions. By using [Cu(Le21/L«22)(NCMe)2]PFs and DTBP-H as sub-
strate, yields of 32 % and 29 % DTBQ were obtained, respectively. The high yield of 32 %
DTBQ, to this time the highest obtained for a complex with PFe anion, confirmed the
assumption of an increasing catalytic activity by the use of iminotriazole ligands instead of
other iminoheterocyclic ligands. Moreover, an anion effect was observed in this case as well:
For [Cu(L«21)(NCMe)JAl(pftb)s as catalyst, a yield of 48 % DTBQ was obtained, which is the
highest yield observed so far under the conditions applied. According to the observations made
for simple copper salts with this anion, an induction period was detected for this complex as
well, which was absent when using an in-situ generated semiquinone (SQ) complex. This gave
a first hint for a mononuclear mechanism. Subsequently, the complexes supported by L1 as
a ligand were further investigated for their reaction mechanism. In experiments with different
substrates an SQ formation prior to quinone formation was observed, and the results of kinetic
investigations were in line with mononuclear species in the rate-determining steps. For the
complex with Al(pftb)s” as anion, additional studies comprising a Hammett analysis and the
investigation of the KIE were performed and supported the finding that the mononuclear
pathway is also present for Cu(l) complexes supported by bidentate ligands under BULKOWSKI-
REGLIER conditions. To conclude, these investigations show that a mononuclear pathway can
be present also for more complex model systems under certain conditions, in contrast to the

classical dinuclear mechanism starting from the u-n%n?-peroxo intermediate.

A similar mononuclear reaction mechanism is also discussed for the reaction between organic
azides with acetylenes, producing 1,2,3-triazoles in the CuAAC reaction. Moreover, the use of
triazole-containing ligands was observed to result in highly active catalysts for the CUAAC as

well. Thus, in the last study described in this thesis, complexes with the classical tetradentate
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aminotriazole CuAAC ligand TTTA and its tri- and bidentate analogues BTTA and TTA were
investigated for their catalytic activities toward DTBP-H. Furthermore, the effect of varying the
chain length on the activity was studied in the complexes supported by TTEA and the N-
substituted derivatives dmTTEA and prITTEA. An increasing activity was observed in the
series from TTTA (3 % of DTBQ) via BTTA (17 %) and TTA (28 %) to TTEA (34 %). Thus, an
even higher catalytic activity was obtained for the complex [Cu(TTEA)(NCMe)]PF¢ than for
[Cu(Ltz1)(NCMe)2]PFe, in line with the higher o-donation capacity of amines compared to
imines. The higher activity of the complexes supported by TTA compared to its tri- and tetra-
dentate counterparts was attributed to the lower number of N-donors and the corresponding
lower competition of substrate and dioxygen for coordination sites. Using DFT calculations, the
higher activity of the TTEA system compared to the TTA system was attributed to the larger
N-Cu-N bond angle between that of Cu(l) and Cu(ll), which facilitates the catalytic cycle. The
lower activity obtained for the N-substituted analogues dmTTEA (32 %) and prITTEA (28 %)
was attributed to higher steric interactions with the substrate. In addition, the ability of the
complexes to mediate the CUAAC reaction was investigated and an opposite trend in reactivity
was found. In contrast to the complexes with bidentate ligands, the complexes supported by
TTTA and BTTA are assumingly able to form a dinuclear complex and thus are able to enter
the faster dinuclear CUAAC mechanism, which results in high yields of triazole (54 % and
46 %). Moreover, in this case a higher catalytic activity is observed for the TTA compared to
the TTEA system (17 % vs. 11 %). It is assumed that, the more acute binding angle for TTA
results in a lower steric hindrance between the ligand and the azide substrate within the
CuAAC reaction cycle. The N-substituted dmTTEA- and priITTEA systems were nearly in-

active (3 % and 4 %), presumably due to the steric bulk on the amine N-atom.

In this thesis, a number of new dinuclear (CuTw1-3) and mononuclear (L«21/2-, TTTA-, BTTA-,
TTA-, (dm-/prl-) TTEA systems) Cu(l) complexes were synthesized, characterized and their
activity toward monophenolic substrates was investigated. For the investigated dinuclear
complexes (CuTw1-3), the influence of the number and type of N-donor groups on the catalytic
activity was studied. It was demonstrated that the reactivity can be “switched on” by using bis-
bi- instead of a bis-tridentate ligand. Moreover, experimental evidence was obtained for the
assumption that triazole-containing ligands should outperform pyrazole-containing analogues.
This was also part of the study focusing on the mononuclear complexes supported by the
L«21/2 ligands. A higher activity compared to pyrazole-containing ligands could be observed
as well. Moreover, variation of the anion led to the complex [Cu(L«21)(NCMe)]JAl(pftb)s, for
which the highest activity so far under BULKOWSKI-REGLIER conditions was observed. In
addition, within this study it could be confirmed that the mononuclear pathway for the

monooxygenation of phenols, which was previously found,'® also applies to complexes
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supported by iminotriazole ligands. This result shows that the mononuclear pathway is not only
a characteristic of simple copper salts with monodentate ligands under BULKOWSKI-REGLIER
conditions, but also applies to copper complexes with more complex ligand systems.
Moreover, based on similarities found in the respective mononuclear catalytic cycles, the
classical CUAAC ligand TTTA and its tri- and bidentate analogues were coordinated to Cu(l)
and investigated for their monooxygenation- and CuAAC activity. The derived reactivities were
compared with those of the related TTEA systems derived from Li«.1. By the use of
[CU(TTEA)(NCMe)]PFs, the highest catalytic activity was observed so far for a PF¢ containing
complex, while overall an opposite behavior was obtained for the reactivities of the complexes
toward the CUAAC and the phenol monooxygenation. Comparison of the resulting activities for
monooxygenation and CuAAC led to a deeper understanding of the influences of relatively

small changes in the ligand backbone on the respective catalyzed reaction.

Apart from studies focusing on different monooxygenation activities, future studies should
focus on the investigation of copper-oxygen intermediates present in the mononuclear
monooxygenation pathway. Aside from investigations using low temperature UV/vis- and
resonance Raman spectroscopy, previous investigations made for the CuAAC reaction could
be used as inspiration as well: For example, a study by the MEMBOEUF group describes the
investigation of intermediates of the CuUAAC reaction in the gas-phase using a modified mass
spectrometer.l'®® This setup allows the ionization of the copper complexes using electrospray
ionization (ESI) and the subsequent addition of gases to induce collision activated reactions or
collision induced dissociations, which led to the formation of the respective intermediates.!'%®
This could be a suitable way to investigate intermediates of the mononuclear reaction pathway,

such as a copper-dioxygen adduct, as well.
<:NH
s

dPhDAP

Scheme 25: The dPhDAP ligand, representing a ligand system which may support the ligand mono-
oxygenation.

For instance, studies could be performed using Cu(l) complexes coordinated by a bidentate

ligand (e.g. Li«21) with few equivalents of substrate and base (quasi-catalytic conditions). In
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5 CONCLUSION

addition, another promising possibility could be the use of a ligand system with an appended
phenyl ring in the ligand framework on which the oxygenation reaction can take place. This
would bear the advantage that only dioxygen has to coordinate to the copper center in the gas
phase (instead of substrate and dioxygen) and that the Cu.O. intermediate may be better
stabilized by the bulkier ligand framework. One possibility of such a ligand class is the N,N-
diphenyl-1,3-diaminopropane (dPhDAP) ligand shown in Scheme 25.
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7 APPENDIX

1. Geometry Optimizations of [Cux(Tw1-3)(u-n2:n%0,)]**
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Figure S1. Geometry optimized structures of [Cuy(Tw1)(u-n2:n%-0,)]2* with a Cu-Cu distance of 3.54 A (top), [Cu,(Tw2)(u-n2:n>
0,)]2* with a Cu-Cu distance of 3.49 A (bottom, left), [Cu,(Tw3)(u-n2:n*0,)]* with a Cu-Cu distance of 3.48 A (bottom, right)

Calculations were performed on TPSSh/ def-2TZVP level.[]
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7 APPENDIX

2. Investigation of the Monophenolase Activity

2.1. General Information about the catalytic measurements

The catalytic measurements were performed using Bulkowski-Réglier conditions (injection of
dioxygen into a 500 pm complex solution in dry dichloromethane containing 50 eq. substrate
and 100 eq. NEt; with regard to used copper complex). The yield of quinone formation was
determined from the UV/vis spectra by the use of a quartz cuvette (pathlength 1 mm) and
with the extinction coefficient of DTBQ (Amax = 405 nm, € = 1830 Mlcm™)23l/ cpQ (Amax =
425 nm, € = 898 Mlcm™)2451/cpMeOQ (Amax = 418 nm, € = 524 mlcm™)45], Reaction rates
were calculated by deriving the quinone concentration with respect to the reaction time. After
the reaction was complete, the reaction mixture was quenched with 6 m hydrochloric acid and
the aqueous phase was extracted three times with dichloromethane. The combined organic
layers were dried over magnesium sulfate, filtrated and the solvent was removed in vacuo.

The residue was investigated by NMR spectroscopy.
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7 APPENDIX

2.2. Catalysis with CuTw1

Catalytic Activity of CuTw1 towards DTBP-H

——cu()
30 ~15-300 min
5] —— 360 min
8204
c
©
0
S 154
w
2
1.04
0.5
0-0 7 T T 1
200 400 600 800 1000

Wavelength / nm

Figure S2. UV/vis-spectra of the reaction of DTBP-H with CuTw1 as catalyst.
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Figure S3. 'H- (top) and 13C-NMR spectra (bottom) for the reaction of DTBP-H with CuTw1 as catalyst. Measurement in

deuterated chloroform.
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7 APPENDIX

2.3. Catalysis with CuTw2

Catalytic Activity of CuTw2 towards DTBP-H
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Figure S4. Left: UV/vis-spectra of the conversion of DTBP-H with CuTw2 as catalyst. Right: Corresponding yield / % (black

squares) and reaction rate / umol-L't-min (red dots).
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Figure S5. 'H- (top) and 3C-NMR spectra (bottom) for the conversion of DTBP-H with CuTw2 as catalyst. Measurement in

deuterated chloroform.
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Catalytic Activity of CuTw2 towards TBP-H
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Figure S6. Left: UV/vis-spectra of the conversion of TBP-H with CuTw2 as catalyst. Right: Corresponding yield / % (black

squares) and reaction rate / umol-L't-min (red dots).
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Figure S7. H- (top) and 13C-NMR spectra (bottom) for the conversion of TBP-H with CuTw2 as catalyst. Measurement in

deuterated chloroform.
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Catalytic Activity of CuTw2 towards MeOP-H
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Figure S8. Left: UV/vis-spectra of the conversion of 4-MeOP-H with CuTw2 as catalyst. Right: Corresponding yield / % (black

squares) and reaction rate / umol-L'-min (red dots).
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Figure S9. H- (top) and 3C-NMR spectra (bottom) for the conversion of 4-MeOP-H with CuTw2 as catalyst. Measurement in

deuterated chloroform.
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2.4. Catalysis with CuTw3

Catalytic Activity of CuTw3 towards DTBP-H
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Figure S10. Left: UV/vis-spectra of the conversion of DTBP-H with CuTw3 as catalyst. Right: Corresponding yield / % (black

squares) and reaction rate / pmol-L"1-min (red dots).
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Figure S11. 'H- (top) and 3C-NMR spectra (bottom) for the conversion of DTBP-H with CuTw3 as catalyst. Measurement in

deuterated chloroform.
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Catalytic Activity of CuTw3 towards TBP-H
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Figure S12. Left: UV/vis-spectra of the conversion of TBP-H with CuTw3 as catalyst. Right: Corresponding yield / % (black

squares) and reaction rate / umol-L'-min (red dots).
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Figure S13. H- (top) and 3C-NMR spectra (bottom) for the conversion of TBP-H with CuTw3 as catalyst. Measurement in

deuterated chloroform.
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Catalytic Activity of CuTw3 towards MeOP-H
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Figure S14. Left: UV/vis-spectra of the conversion of 4-MeOP-H with CuTw3 as catalyst. Right: Corresponding yield / % (black

squares) and reaction rate / umol-L'-min (red dots).
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Figure S15. H- (top) and 13C-NMR spectra (bottom) for the conversion of 4-MeOP-H with CuTw3 as catalyst. Measurement

in deuterated chloroform.
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3. Low Temperature UV/vis Spectroscopy

For the investigation of the reactivity of complexes CuTwl — 3 at low temperatures, a solution of the
respective copper(l) complex in dry 2-MeTHF was prepared in a quartz cuvette (pathlength 1 cm) under
inert atmosphere and cooled to 143 K before bubbling O into the solution. Then the solution was

warmed to room temperature in a stepwise manner and the reaction was monitored by UV/vis

spectroscopy.

3.1. Reaction of CuTw1 with O; at Low Temperatures

061 I ——Cu(l) 143K
,‘ ——40min O,

0.5\ 153 - 283 K
| —— 293K

0.4 ‘
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T = T T T 1
300 400 500 600 700 800
Wavelength / nm

Figure S16. UV/vis-spectra of the reaction of CuTw1 with dioxygen at 143 — 293 K. Measurement of a 12.5 um solution in 2-

MeTHF.
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3.2. Reaction of CuTw2 with O, at Low Temperatures

—Ccu(l) 183K
—60minO,
157 193-213K
— 223K
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T T T T 1
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Figure S17. UV/vis-spectra of the reaction of CuTw2 with dioxygen at 143 — 223 K. Measurement of a 25 um solution in 2-

MeTHF. Green spectrum: Precipitation of solid.

3.3. Reaction of CuTw3 with O; at Low Temperatures
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Figure S18. UV/vis-spectra of the reaction of CuTw3 with dioxygen at 143 — 293 K. Measurement of a 12.5 pm solution in 2-

MeTHF.
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4. Single Crystal Structure Determination

4.1. Crystal Structure of 4

Tab. S1. Crystal structure data and structure refinement for 4.

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

a/A

b/A

c/A

a

B

Y

Volume / A’

z

Density (calculated) Mg/m3
Absorption coefficient / mm™
F(000)

Crystal size/ mm?

Theta range for data collection/*
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I> = 20 (l)]

R indices [all data]

Extinction coefficient

Largest diff. peak/hole / e A3

CioH1sN3

285.34

200(2) K

0.71073 A

Monoclinic

P21/n

9.1752(4)

11.1033(4)

14.4572(6) A

90°

95.999(4)°

90°

1464.76(10)

4

1.294

0.078

600

0.3x0.3x04

2.318 to 26.996
-11<h<11,-13<k<14,-18<1<16
11790

3160 [Rint = 0.0727]

98.8 %

Full-matrix least-squares on F2
3160/0/201

1.078

R1=0.0479, wR; =0.1168
R;=0.0552, wR, =0.1213
0.064(9)

0.144 and -0.150
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7 APPENDIX

Figure S19. Crystal structure of 4. Ellipsoids are drawn with 50% probability level. C-H hydrogen atoms are omitted for clarity.
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4.2. Crystal Structure of Twl

Tab. S2. Crystal structure data and structure refinement for Tw1.

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

a/A

b/A

cA

a/°

B/

v/°

Volume/A3

z

Density (calculated) Mg/m3
Absorption coefficient/mm-1
F(000)

Crystal size/mm?3

Theta range for data collection/®
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>=20 (1)]

R indices [all data]

Extinction coefficient

Largest diff. peak/hole / e A3

CasH32N6

644.75

200(2) K

0.71073 A

Triclinic

P-1

8.6027(4)

10.0119(4)

19.9114(9)

85.699(4)°

83.786(4)°

82.376(3)°

1686.61(13)

2

1.270

0.076

676

0.25x0.2x0.15

2.056 to 26.004
-10<h<10,-12<k<12,-24<1<24
15504

6580 [Rint = 0.0262]
98.9%

Full-matrix least-squares on F2
6580/0/453

1.040

R1=0.0369, wR, = 0.0879
R1=0.0548, wR, = 0.0943
n/a

0.168 and -0.117
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7 APPENDIX

Figure S20. Crystal structure of Twl. Ellipsoids are drawn with 50% probability level. C-H hydrogen atoms are omitted for
clarity.
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7 APPENDIX

4.3. Crystal Structure of [Cuz(Tw1)Cl2(OH)]PFs

Tab. S3. Crystal structure data and structure refinement for [Cux(Tw1)Cl,(OH)]PFs.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

of°

B/

v/°

Volume/A3

z

Peaicg/cm®
p/mm?

F(000)

Crystal size/mm?3

Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Reflections with [I1>=20 (l)]
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I1>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Cs4.4H33.6Cl2Cu2FsN6.2OP
1012.92

100.00(10)

triclinic

P-1

8.29148(3)

19.27358(9)
29.85999(14)

77.9107(4)

84.5570(3)

82.5315(3)

4615.14(4)

4

1.458

3.092

2050.0

0.2x0.18x0.18

Cu Ka (A =1.54184)

4.72 t0 160.88
-10ch<10,-24<k<24,-38<1<36
160915

19721 [Rint = 0.0182, Rsigma = 0.0082]
19645

19721/212/1290

1.052

R1=0.0456, wR, = 0.1230
R1=0.0457, wR, =0.1231
1.67/-0.91
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Figure S21. Crystal structure of [Cu,(Tw1)Cl,(OH)]PFs. Ellipsoids are drawn with 50% probability level. C-H hydrogen atoms
are omitted for clarity.

Tab. S4. Selected bond lengths for [Cu,(Tw1)Cly(OH)]PFe.

Bond length / A Bond length / A
Cul CI1 2.339(7) Cu3 Ci3 2.3504(6)
cul o1 1.9261(17) cu3 02 1.9244(16)
Cul N1 2.060(2) Cu3 N51 2.0590(19)
Cul N2 2.004(2) Cu3 N52 2.0025(19)
cul N3 2.203(2) cu3 N53 2.1943(19)
cu2 c2 2.3841(7) Ccud cla 2.3588(6)
cu2 01 1.9121(17) Cub 02 1.9162(16)
cu2 N4 2.208(2) Cus N54 2.2009(19)
Cu2 N5 1.984(2) Cud N55 1.9956(19)
Cu2 N6 2.055(2) Cud N56 2.0542(19)
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Tab. S5. Selected bond angles for [Cu,(Tw1)Cl,(OH)]PFs.

Bond angles / °

Bond angles / °

01
o1
o1
o1
N1
N1
N2
N2
N2
N3
01
01
o1
01
N4
N5
N5
N5
N6
N6
Cu2

Cul
Cul
Cul
Cul
Cul
Cul
Cul
Cul
Cul
Cul
Cu2
Cu2
Cu2
Cu2
Cu2
Cu2
Cu2
Cu2
Cu2
Cu2
o1

cl1
N1
N2
N3
Cl1
N3
cl1
N1
N3
cl1
Cl2
N4
N5
N6
Cl2
Cl2
N4
N6
Cl2
N4
Cul

89.41(6)
89.91(8)
165.82(8)
109.08(7)
177.08(6)
87.48(8)
94.59(6)
85.40(8)
84.12(8)
95.42(5)
85.53(5)
101.12(8)
171.88(8)
95.20(8)
96.95(6)
93.77(6)
87.00(8)
85.17(8)
177.51(6)
85.26(8)
107.45(8)

S19

02
02
02
02
N51
N51
N52
N52
N52
N53
02
02
02
02
N54
N55
N55
N55
N56
N56
Cu4d

Cu3
Cu3
Cu3
Cu3
Cu3
Cu3
Cu3
Cu3
Cu3
Cu3
Cud
Cud
Cud
Cud
Cud
Cu4
Cud
Cud
Cud
Cud
02

CI3
N51
N52
N53
CI3
N53
CI3
N51
N53
CI3
Cl4
N54
N55
N56
Cla
Cl4
N54
N56
cl4
N54
Cu3

89.36(5)
90.54(7)
165.21(7)
108.69(7)
176.59(6)
87.23(7)
94.42(6)
84.84(8)
85.16(7)
96.04(5)
85.75(5)
101.65(7)
171.43(7)
95.01(7)
98.27(5)
93.16(6)
86.92(8)
85.58(8)
176.52(6)
84.91(7)
109.59(8)
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4.4. Crystal Structure of Tw2

Tab. S6. Crystal structure data and structure refinement for Tw2.

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

B/

v/°

Volume/A3

z

Peaicg/cm®

p/mm

F(000)

Crystal size/mm3

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Reflections with [I>=20 (1)]
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Flack parameter

CasH20Ns

440.50

100.00(10)

monoclinic

P23

4.37303(3)

28.13345(17)

9.10268(5)

90

102.6210(6)

90

1092.828(12)

2

1.339

0.653

460.0

0.2x0.15x0.15

Cu Kat (A =1.54184)
6.284 to 161.724
-5<h<5,-36<k<34,-11<1<11
21903

4679 [Rint = 0.0185, Rsigma = 0.0116]
4666

4679/1/308

1.049

R1=0.0451, wR, = 0.1227
R1=0.0452, wR; = 0.1229
0.46/-0.24

0.6(4)
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Figure S22. Crystal structure of Tw2. Ellipsoids are drawn with 50% probability level. C-H hydrogen atoms are omitted for
clarity.
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4.5. Crystal Structure of Tw3

Tab. S7. Crystal structure data and structure refinement for Tw3.

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

of°

B/

v/°

Volume/A3

z

Peaicg/cm®

p/mm?

F(000)

Crystal size/mm?3

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Reflections with [I1>=20 (l)]
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I1>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

CaaH34Ng

554.69

100.00(10)

triclinic

P-1

5.92230(10)

11.22120(10)

22.3437(2)

90.7480(10)

94.5140(10)

100.1430(10)

1456.57(3)

2

1.265

0.613

588.0

0.18 x 0.12 x 0.03

Cu Ko (A =1.54184)

7.942 to 159.874
-7<h<7,-14<k<14,-28<1<28
36841

6233 [Rint = 0.0173, Rsigma = 0.0104]
5950

6233/0/386

1.043

R1=0.0383, wR, =0.1019
R1=0.0395, wR; = 0.1029
0.32/-0.22
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=z
| '\,‘N'Bu
N=N

N

FZ

X
SNOON=N
‘/ ,\'l\/)*'Bu
Tw3

Figure S23. Crystal structure of Tw3. Ellipsoids are drawn with 50% probability level. C-H hydrogen atoms are omitted for
clarity.

S23

151



7 APPENDIX

5. NMR Spectra of Selected Compounds

5.1. 'H and **C NMR Spectra of 2

cpcl,
—

TN T

L e e e e B T T
8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0
chem. shift/ ppm

N
/I I\
N N
Br X 7

J : J

T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
chem. shift/ pp

codl,

e

i .

T T T T T T T T T T T T T T T T T
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
chem. shift/ ppm

Figure S24. 'H- (top) and 3C-NMR spectra (bottom) of 2 measured in deuterated chloroform.
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5.2. 'H and 3C NMR Spectra of 3

T T T T T T T T T T
8.7 8.6 8.5848382818075787776757473727170%85
chem. shift / ppm
JA i IIJ‘A J
T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
chem. shift / ppm
CDCly
| ‘ ' | l I. | L1 1
T T T T T T T T T T T T T T T T T
160 150 140 130 120 110 100 90 70 60 50 40 30 20 10 0
chem. shift / ppm

Figure $25. 'H- (top) and 3C-NMR spectra (bottom) of 3 measured in deuterated chloroform.
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5.3. 'H and 3C NMR Spectra of 4

cDdl,

T T T T
87 86 85 7.7

T T T T T T T
7.6 7.5 74 7.3 7.2 7.1 7.0
chem. shift / ppm

l

T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.c
chem. shift / ppm
cDcl,
T T T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

chem. shift / ppm

Figure $26. 'H- (top) and 3C-NMR spectra (bottom) of 4 measured in deuterated chloroform.
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5.4. 'H and *C NMR Spectra of Twl

cncl,

T T T T T T T T T T T T T T T T T T

T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
chem. shift / ppm

el ~___

II|H1 u . ‘ ‘

|| |

T T T T T T
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 C
chem. shift / ppm

Figure S27. 'H- (top) and *C-NMR spectra (bottom) of Twl measured in deuterated chloroform.*impurities from NMR

solvent and residual diethyl ether, which could not be removed even after thorough drying.
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5.5. H and 3C NMR Spectra of CuTw1

CD,CN

T T T T T T T T T T T T T
8.5 84 83 82 818079 78777675747372
chem. shift / ppm

S S PV 1 b

T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
chem. shift / ppm

CD,CN —,

MLML Al

o T ; ; : T T
160 150 140 130125 120 95 90 60 55 25
chem. shift / ppm chem. shift / ppm

J d

T T T T T T T
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
chem. shift / ppm

Figure $28. 1H- (top) and 13C-NMR spectra (bottom) of CuTw1 measured in deuterated acetonitrile.
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5.6. H and 3C NMR Spectra of 5

coal,
/ OH
)
%
85 80 75 70 65 60 55 50 45 40 SiMe;
chem. shift / ppm
—
90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
chem. shift / ppm
coal,
| N l
160 155 150 145 140 135 130 125 120 115 110 105 100 95
chem. shift / ppm
I ik Il l A 1
160 150 140 130 120 110 100 9 8 70 60 50 40 30 20 10 0

chem. shift / ppm

Figure $29. 1H- (top) and 13C-NMR spectra (bottom) of 5 measured in deuterated chloroform.
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5.7. H and 3C NMR Spectra of 6

/' OH
(CD,),CO
* =
|G 1 GV N | H,0
T T T T T T T T T
8.60 855 790 7.85 7.55 7.50 4.70 4.55 4.50
chem. shift / ppm
J U L
T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
chem. shift / ppm
(CD,),CO (CD;),CO
T T T T T T T T T T T T T T T T T T T T
160 155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65
chem. shift / ppm
1 ‘ L
T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

chem. shift / ppm

Figure $30. H- (top) and 13C-NMR spectra (bottom) of 6 measured in deuterated acetone. *residual water from the NMR

solvent.
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5.8. H and 3C NMR Spectra of 7

Z | OH
P N
- CooH “
| . .
N
\ | SN
i "\/l\/OH

T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
chem. shift / ppm

CD,OH

| |
T T T T T T T T T T T T T T T T T T T T
160 155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65
chem. shift / ppm

L L | T T W u 1

T T T T T T T T T T T T T T T T T
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
chem. shift / ppm

Figure $31. 1H- (top) and 13C-NMR spectra (bottom) of 7 measured in deuterated methanol.
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5.9. 'H and 3C NMR Spectra of Tw2

- codl,

e JLULJLJJL

T

875870 780775770765760755750745740735700 6,

chem. shift / ppm

T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
chem. shift / ppm

CDCl
T QRN
é NS
% SN N=
B
| l || IH ) |J l 1l L A
1‘60 1‘50 1‘40 1‘30 1‘20 1‘10 12)0 9‘0 8‘0 7‘0 éU 5‘0 4‘0 :;0 2‘0 1‘0 6

chem. shift / ppm

Figure $32. 1H- (top) and 13C-NMR spectra (bottom) of Tw2 measured in deuterated chloroform.
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5.10. H and 3C NMR Spectra of CuTw2

CSDSN\‘—"'

L e e e e e ML B e e T T
9.0898887868079787.776757473727.17.0 6.5 6.4 5.7 5.6
chem. shift / ppm.

a N l S

T T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 .5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
chem. shift / ppm.

NI

140 130 120 110 100 60 59 58 57 56 55

/Cu\
H3CCN™  'NCCH;
H3CCN__NCCHj3

Ca_

chem. shift / ppm chem. shift / ppm

J\ |

T T T T T T T T T T
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
chem. shift / ppm

Figure $33. H- (top) and 3C-NMR spectra (bottom) of CuTw2 measured in deuterated pyridine.
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5.11. H and 3C NMR Spectra of 8

T T T T T T
0 7.9 7.7 6 7.5 74

.8 A 7.
chem. shift / ppm

8.

«—— cDal,
8.5 8.0 7.5 7.0 6.5

T T T T T T T T T T T T T
6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
chem. shift / pp
N
N
=
N
S | N
} ] AN;
T T T T T T T T T
100 920 80 70 60 50 40 30 20 10 0

T T T T
150 140 130 120 110

chem. shift / ppm
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Figure S$34. 'H- (top) and 13C-NMR spectra (bottom) of 8 measured in deuterated chloroform.
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5.12. H and 3C NMR Spectra of Tw3
~—— cbdl,
J

T T T T T T T T T
87 79 78 77 7.6 7.5 74 73 7.2

chem. shift / ppm |
Pl | N N .
_— N \/)‘ Bu

A L .

T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
chem. shift / ppm

CDC|3 /
| J] ‘ (N M Ll |
T T T T T T T T T T T T
110 100 90 70 60 50 40 30 20 10 0

T T T T T
160 150 140 130 120
chem. shift / ppm

Figure $35. 1H- (top) and 13C-NMR spectra (bottom) of Tw3 measured in deuterated chloroform.
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5.13. H and 3C NMR Spectra of CuTw3

CsDsN

e

T T T T
8.98.88.78.68.58.48.38.28.18.07.97.87

7.77.6757.47.37.2
chem. shift/ ppm u t
—k Lk | J

T T T T T T T T T T T T T T T T T T T
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chem. shift/ ppm

N
L

T T T T T T T T
155 150 145 140 135 130 125 120
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I
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2+
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Cu
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Figure $36. 1H- (top) and 13C-NMR spectra (bottom) of CuTw3 measured in deuterated pyridine.
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7.1.2. Copper Complexes Supported by Iminotriazole Ligands
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1. NMR spectra of the synthesized compounds

1.1. 2-Azidoethylamine (5)

T T T T T T T T T T T T T T T T T T
3.9 3.8 3.7 3.6 35 3.4 3.3 3.2 3.1 3.0 2.9 2.8 2.7 2.6 2.5 2.4 2.3 2.2
chem. shift / ppm

Figure $1. '"H-NMR measurement of 5 in deuterated DMSO.

1.2. 2-(4-(tert-butyl)-1H-1,2,3-triazol-1-yl)ethan-1-amine (6)

I I

T L e e LA s S s B e e L A
7.6 7.5 49 48 4.7 46 45 44 43 42 4.1 4.0 39 3.8 3.7 3.6 3.5 3.4 3.3 3.2 3.1 3.0 29 2.8
chem. shift / ppm

I i it A e
T T T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
chem. shift / ppm
NH,
N—‘ \
NN N
T T T T
150 140 130 120
chem. shift / ppm
I |
T T T T T T T T T T T T T T T T T
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
chem. shift / ppm
Figure $2. 'H- (top) and "3C-NMR (bottom) measurement of 6 in deuterated acetonitrile.
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1.3. 2-(4-propyl-1H-1,2,3-triazol-1-yl)ethan-1-amine (7)

N-

|

7.5 7.0 6.5 6.0 5.5 5.0 4.5

4.0 3.5
chem. shift / ppm

0.

T T T T T T T T T T T T T T T T T
150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70
chem. shift / ppm

Figure S3. "H- (top) and *C-NMR (bottom) measurement of 7 in deuterated chloroform.
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1.4. N-(2-(4-(tert-butyl)-1H-1,2,3-triazol-1-yl)ethyl)-2,2-dimethylpropan-1-imine (L1, 1)

T T T T T T T T T T T
7.2 7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.6 5.4 5.2 5.0 4.8 4.6
chem. shift / ppm

T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5
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Figure S4. 'H- (top) and '*C-NMR (bottom) measurement of 1 in deuterated dichloromethane.
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7 APPENDIX

1.5. 2,2-dimethyl-N-(2-(4-propyl-1H-1,2,3-triazol-1-yl)ethyl)propan-1-imine (L2, 2)
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Figure S5. 'H- (top) and "3C-NMR (bottom) measurement of 2 in deuterated dichloromethane.

S5

171



7 APPENDIX

1.6. [Cu(Lt=1)(MeCN)2]PFs (3a)
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Figure S6. 'H- (top) and "*C-NMR (bottom) measurement of 3a in deuterated acetonitrile.
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1.7. [Cu(Lt=1)(MeCN)][Al(pftb)s] (3b)
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Figure S7. "H- (top) and *C-NMR (bottom) measurement of 3b in deuterated acetonitrile.
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7 APPENDIX

1.8. [Cu(Ltz2)(MeCN)2]PFs (4)
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Figure S8. "H- (top) and '*C-NMR (bottom) measurement of 4 in deuterated acetonitrile.

2. Experimental Data for Catalytic and Mechanistic Investigations

2.1. Extinction Coefficients of the formed Quinones for the used Substrates

Table S1. Absorption maxima / nm and extinction coefficients / Mcm™ of the respective (coupled) o-quinones for the employed substrates.

substrate Amax / Nm (g / M'cm")
2,4-DTBP-H 405 nm (1830)"
3-TBP-H / 4-TBP-H 425 nm (898)*°
4-MeOP-H 418 nm (524)"5
4-MeP-H 445 nm (1400)°*
P-H 398 (1417)°

*3- and 4-monosubstituted Phenols are known to yield coupled quinones.”

The product yields were obtained using the extinction coefficients reported in Tab. S1. The reaction rates (r) were determined by

differentiation of the obtained quinone concentration (c) with respect to the reaction time t.

_dc
dt
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7 APPENDIX

2.2. UVivis-, 'H- and '*C-NMR-Spectra of the Catalytic Reactions with 3a

2.2.1. Catalytic Conversion of 2,4-DTBP-H
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Figure S9. Left: UV/vis-spectra for the conversion of 2,4-DTBP-H in the presence of 3a. Right: Yield / % (black squares) and reaction rate / umol-L™"-min"" (red dots)

for the conversion of 2,4-DTBP-H in the presence of 3a.
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Figure $10. 'H- (top) and "*C-NMR spectra for the conversion of 2,4-DTBP-H in the presence of 3a. Measurement in deuterated Chloroform.
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7 APPENDIX

2.2.2. Catalytic Conversion of 3-TBP-H
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Figure S11. Left: UV/vis-spectra for the conversion of 3-TBP-H in the presence of 3a. The inset shows the region of the quinone band enlarged. Right: Yield / %
(black squares) and reaction rate / pmol-L-"‘min"! (red dots) for the conversion of 3-TBP-H in the presence of 3a.
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Figure S12. 'H- (top) and "*C-NMR spectra for the conversion of 3-TBP-H in the presence of 3a. Measurement in deuterated Chloroform.
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2.2.3. Catalytic Conversion of 4-MeOP-H
359 —— 0 min .
——5-240 min - [ 1200
3.0+ —— 300 min -
£
- 1000 g
|
é o 800 ©
5 z S
§ 3 L600 @
< > &
Laoo &
©
[0
)
F200 @
e 1 ; . —
0 50 100 150 200 250 300
Wavelength / nm t/ min
Figure S13. Left: UV/vis-spectra for the conversion of 4-MeOP-H in the presence of 3a. Right: Yield / % (black squares) and reaction rate / ymol-L"":min"" (red dots)

for the conversion of 4-MeOP-H in the presence of 3a.
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Figure $14. 'H- (top) and "*C-NMR spectra for the conversion of 4-MeOP-H in the presence of 3a. Measurement in deuterated Chloroform.
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2.2. UVlvis-, 'H- and "*C-NMR-Spectra of the Catalytic Reactions with 3b

2.2.1. Catalytic Conversion of 2,4-DTBP-H
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Figure S15. Left: UV/vis-spectra for the conversion of 2,4-DTBP-H in the presence of 3a. Right: Yield / % (black squares) and reaction rate / pmol-L™"‘min"' (red

dots) for the conversion of 2,4-DTBP-H in the presence of 3b.
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Figure $16. 'H- (top) and "*C-NMR spectra for the conversion of 2,4-DTBP-H in the presence of 3b. Measurement in deuterated Chloroform.
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7 APPENDIX

2.2.2. Catalytic Conversion of 2,4-DTBP-H with Initial Addition of 3,5-DTBQ
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Figure $17. Left: UV/vis-spectra for the conversion of 2,4-DTBP-H with initial addition of 3,5-DTBQ in the presence of 3b. Right: Yield / % (black squares) and
reaction rate / pmol-L™-min"' (red dots) for the conversion of 2,4-DTBP-H with initial addition of 3,5-DTBQ in the presence of 3b.
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Figure $18. 'H- (top) and "*C-NMR spectra for the conversion of 2,4-DTBP-H with initial addition of 3,5-DTBQ in the presence of 3b. Measurement in deuterated
Chloroform.
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2.2.3. Catalytic Conversion of 3-TBP-H
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Figure $19. Left: UV/vis-spectra for the conversion of 3-TBP-H in the presence of 3b. The inset shows the region of the quinone band enlarged. Right: Yield / %
(black squares) and reaction rate / pmol-L"-min"! (red dots) for the conversion of 3-TBP-H in the presence of 3b.
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Figure $20. 'H- (top) and "*C-NMR spectra for the conversion of 3-TBP-H in the presence of 3b. Measurement in deuterated Chloroform.
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Figure S21. X-band EPR spectra (room temperature) of the reaction solution for the conversion of 3-TBP-H with 3b after 15 min. Black: three scans (3000 — 4000 G),

blue: 10 scans (3250 — 3750 G). The large band at g = 2.004 corresponds to an organic radical (SQ),® whereas the bands at g = 2.046, g = 2.098 and g = 2.144 are
linked to the presence of Cu(ll).%'®

2.2.4. Catalytic Conversion of 4-TBP-H
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Figure S22. Left: UV/vis-spectra for the conversion of 4-TBP-H in the presence of 3b. The inset shows the region of the quinone band enlarged. Right: Yield / %
(black squares) and reaction rate / pmol-L-"-min" (red dots) for the conversion of 4-TBP-H in the presence of 3b.
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Figure $23. 'H- (top) and "*C-NMR spectra for the conversion of 4-TBP-H in the presence of 3b. Measurement in deuterated Chloroform.

2.2.5. Catalytic conversion of 2-d+-4-TBP-H and investigation of the a-secondary Kinetic Isotope Effect
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Figure S24. Left: UV/vis-spectra for the conversion of 2-ds-4-TBP-H in the presence of 3b. Right: Yield / % (black squares) and reaction rate / pmol-L-"'min! (red
dots) for the conversion of 2-ds-4-TBP-H in the presence of 3b.
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Figure $25. 'H- (top) and "*C-NMR spectra for the conversion of 2-d1-4-TBP-H in the presence of 3b. Measurement in deuterated Chloroform.

In order to investigate the intramolecular kinetic isotope effect, catalysis was performed using 2-ds-4-TBP-H as substrate, which was
synthesized according to the previously published procedure.’ The product ratio between the deuterated and the non-deuterated
coupled quinone was determined by NMR spectroscopy. From the integrals shown in Figure $25, the H/D ratio (rup) and thus the
kinetic isotope effect knip can be calculated (both the deuterated and the non-deuterated quinone show a signal for the H atom marked
with a *, while only the non-deuterated quinone shows a signal for the opposite site):"

1 1 1
o = Tt (055+(1—055) 122 0-82

This value of kup, is in line with an inverse a-secondary kinetic isotope effect, where in the transition state rehybridization from sp? to
sp® occurs.™ This in turn can be linked to the formation of the o-complex in the catalytic cycle.
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2.2.6. Catalytic Conversion of 4-MeOP-H
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Figure S26. Left: UV/vis-spectra for the conversion of 4-MeOP-H in the presence of 3b. Right: Yield / % (black squares) and reaction rate / pmol-L":min' (red dots)
for the conversion of 4-MeOP-H in the presence of 3b.
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Figure S27. 'H- (top) and "*C-NMR spectra for the conversion of 4-MeOP-H in the presence of 3b. Measurement in deuterated Chloroform.
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2.2.7. Catalytic Conversion of P-H
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Figure $28. Left: UV/vis-spectra for the conversion of P-H in the presence of 3b. Right: Yield / % (black squares) and reaction rate / pmol-L-"‘min"! (red dots) for

the conversion of P-H in the presence of 3b.
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Figure $29. 'H- (top) and "*C-NMR spectra for the conversion of P-H in the presence of 3b. Measurement in deuterated Chloroform.
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186

2.2.8. Catalytic Conversion of 4-MeP-H
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Figure $30. Left: UV/vis-spectra for the conversion of 4-MeP-H in the presence of 3b. Right: Yield / % (black squares) and reaction rate / ymol-L-":min" (red dots)
for the conversion of 4-MeP-H in the presence of 3b.
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Figure $31. "H- (top) and "*C-NMR spectra for the conversion of 4-MeP-H in the presence of 3b. Measurement in deuterated Chloroform.

As reported previously and as evident from Figure S31, the resulting quinone is instable under workup conditions.” Therefore, the
NMR spectrum only shows signals corresponding to the substrate.
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Figure $32. X-band EPR spectrum (room temperature, three scans, 3000 — 4000 G) of the reaction solution for the conversion of 4-MeP-H with 3b after 15 min.
The small band at g = 2.005 corresponds to an organic radical (SQ),® whereas the bands at g = 2.050, g = 2.100, g = 2.150 and g = 2.239 are linked to the presence
of Cu(ll).210

2.3. UVlvis-, 'H- and 3C-NMR-Spectra of the Catalytic Reactions with 4

2.3.1. Catalytic Conversion of 2,4- DTBP-H
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Figure S33. Left: UV/vis-spectra for the conversion of 2,4-DTBP-H in the presence of 4. Right: Yield / % (black squares) and reaction rate / ymol-L-"-min"" (red dots)
for the conversion of 2,4-DTBP-H in the presence of 4.
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Figure S$34. "H- (top) and "*C-NMR spectra for the conversion of 2,4-DTBP-H in the presence of 4. Measurement in deuterated Chloroform.

2.3.2. Catalytic Conversion of 3-TBP-H
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Figure S35. Left: UV/vis-spectra for the conversion of 3-TBP-H in the presence of 4. The inset shows the region of the quinone band enlarged. Right: Yield / %
(black squares) and reaction rate / pmol-L"-min- (red dots) for the conversion of 3-TBP-H in the presence of 4.
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Figure S$36. 'H- (top) and "*C-NMR spectra for the conversion of 3-TBP-H in the presence of 4. Measurement in deuterated Chloroform.

2.3.3. Catalytic Conversion of 4-MeOP-H:
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Figure S37. Left: UV/vis-spectra for the conversion of 4-MeOP-H in the presence of 4. Right: Yield / % (black squares) and reaction rate / ymol-L-"-min"! (red dots)
for the conversion of 4-MeOP-H in the presence of 4.
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Figure $38. 'H- (top) and "*C-NMR spectra for the conversion of 4-MeOP-H in the presence of 4. Measurement in deuterated Chloroform.
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7 APPENDIX

Figure $39. Double reciprocal plot of the reaction rate vs. varying substrate concentrations cs obtained from reactions with 3b as catalyst (500 um) in Oz-saturated
dichloromethane and with 2 eq. NEts per substrate molecule. Please note: Due to the strong deviation of the reciprocal reaction rate at 400 mol™'-L (grey), this
datapoint has not been included in the linear fit.

mol

Ve = 751-106 T2 _ 4511074
max S L -min
kear = 1.50-1072 571 = 0.90 min~!

2.6. Hammett Analysis

For the Hammett analysis, the reaction rates (r) after 15 min reaction time were used, due to the semiquinone species that are
present especially in the beginning of the monooxygenation reactions with 4-TBP-H and P-H. 3b was used as catalyst. Since the
reaction rate constants are unknown, the logarithmized reaction rates were used instead and plotted against the Hammett constants
cp+‘1,13

Hammett-Analysis was performed as previously reported,! based on following equations:
In(k)=p -0 1)
k= eer oy @
With S = Substrate. Insertion of (2) into (1) leads to:
In(r) —In([Cu]® - [S]" - [0,]) =p- 0 @)
For constant [Cu], [S] and [O2] Equation 3 leads to:

In(r)=p-o 4)
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2.7. Investigation of the reaction of phenoxyl radicals in the presence of O2

129 mg (625 umol) 2,4-DTBP-H and 63.0 pL (338 umol) Di-tert-butylperoxide were dissolved in 24.94 mL DCM and dioxygen was
injected into the solution for 30 min while irradiating the solution using 3 LEDs (Amax = 365 nm, P = 3.5 W). After irradiation for 6 h,
workup analogously to the catalytic reactions (see above) was performed. The possibility to form phenoxylradicals by this method was
recently reported by Bao et al..*
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Figure S40. UV/vis spectra of the reaction mixture prior (black) to injection of dioxygen for 30 min and irradiating with light (Amax = 365 nm, P = 3.5 W) and after
irradiation for 6 h (red).
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Figure S41. 'H- (top) and "*C-NMR spectra for the conversion of 2,4-DTBP-H in the presence of Di-tert-butylperoxide, dioxygen and light (Amax = 365 nm, 3.5 W).
Measurement in deuterated Chloroform.

S27

193



7 APPENDIX

2.8. Low-temperature UV/vis measurements for the reaction of 3a in the presence of 2,4-DTBP-H, NEt; and O2
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Figure S42. Low-temperature UV/vis spectra (in dichloromethane, | = 1 cm) of a 500 uM solution of 3a in the presence of 4 eq. 2,4-DTBP-H and 4 eq. NEts, starting
at 183 K followed by heating to 293 K after injection of O2.

2.9. Low-temperature UV/vis measurements for the reaction of 3b in the presence of dioxygen
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Figure S43. Low-temperature UV/vis spectra (in dichloromethane, | = 1 cm) of a 500 pM solution of 3b in the presence of O, starting at 183 K followed by heating

to 293 K after injection of dioxygen.
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2.10. Low-temperature UV/vis measurements for the reaction of 3b in the presence of 2,4-DTBP-H, NEt; and O2
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Figure S44. Low-temperature UV/vis spectra (in dichloromethane, I = 1 cm) of a 500 uM solution of 3b in the presence of 4 eq. 2,4-DTBP-H and 4 eq. NEts, starting
at 183 K followed by heating to 293 K after injection of O2.
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7.1.3. Oligodentate Aminotriazole Ligands for CUAAC and Copper-

Mediated Monooxygenation of Phenols
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1. Experimental Section

1.1.

1H- and *C-NMR Spectra of tris((1-(tert-butyl)-1H-1,2,3-triazol-4-yl)methyl)amine (TTTA)
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Figure S1. H- (top) and 3C-NMR spectra (bottom) of TTTA measured in deuterated chloroform.
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1H- and *C-NMR Spectra of bis((1-(tert-butyl)-1H-1,2,3-triazol-4-yl)methyl)amine (BTTA)
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Figure S2. 1H- (top) and 3C-NMR spectra (bottom) of BTTA measured in deuterated chloroform.

1H- and *C-NMR Spectra of (1-(tert-butyl)-1H-1,2,3-triazol-4-yl)methanamine (TTA)
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Figure S3. 'H- (top) and *C-NMR spectra (bottom) of TTA measured in deuterated acetonitrile.
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1H- and *C-NMR Spectra of 2-azido-N,N-dimethylethan-1-amine
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Figure S4. 'H- (top) and '3C-NMR spectra (bottom) of 2-azido-N,N-dimethylethan-1-amine measured in deuterated
chloroform.

H- and **C-NMR Spectra of 2-(4-(tert-butyl)-1H-1,2,3-triazol-1-yl)-N,N-dimethylethan-1-amine

(dmTTEA)
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Figure S5. 'H- (top) and *3C-NMR spectra (bottom) of dmTTEA measured in deuterated chloroform.
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H- and *C-NMR Spectra of 1-(2-azidoethyl)pyrrolidine
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Figure S6. 'H- (top) and *3C-NMR spectra (bottom) of 1-(2-azidoethyl)pyrrolidine measured in deuterated chloroform.

'H- and **C-NMR Spectra of 4-(tert-butyl)-1-(2-(pyrrolidin-1-yl)ethyl)-1H-1,2,3-triazole (priTTEA)
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Figure S7. 'H- (top) and *C-NMR spectra (bottom) of prITTEA measured in deuterated chloroform.
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1H- and *C-NMR Spectra of [Cu(TTTA)]PFs (1)
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Figure S8. 'H- (top) and 3C-NMR spectra (bottom) of 1 measured in deuterated pyridine.

1H-DOSY NMR spectrum of 1
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Figure S9. *H-DOSY NMR spectrum of 1 (red box) measured in deuterated pyridine (green box).

The theoretical diffusion coefficient of 1 was determined with the Stokes-Einstein Gierer-Wirtz
estimation (SEGWE) following Evans et al..!Y! For 1 a diffusion coefficient of -9.35 log(m?/s) was
obtained (4.44 - 10'° m?/s), close to the obtained value of about -9.30 log(m?/s) (5.01 - 107 m?/s)
obtained from the DOSY experiment. For the possible dinuclear species a higher value of -9.48
log(m?/s) (3.30 - 107*° m?/s) was calculated. Thus, the results from the DOSY NMR and SEGWE indicate
the presence of the mononuclear species in solution.
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1H- and *C-NMR Spectra of [Cu(BTTA)(NCMe)]PFs (2)
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Figure S10. 'H- (top) and **C-NMR spectra (bottom) of 2 measured in deuterated dichloromethane.

1H- and *C-NMR Spectra of [Cu(TTA)(NCMe),]PFs (3)
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Figure S11. *H- (top) and **C-NMR spectra (bottom) of 3 measured in deuterated dichloromethane.
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7 APPENDIX

1H- and *C-NMR Spectra of [Cu(TTEA)(NCMe)]PF; (4)
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Figure S12. 'H- (top) and *C-NMR spectra (bottom) of 4 measured in deuterated acetonitrile.

'H- and **C-NMR Spectra of [Cu(dmTTEA)(NCMe)]PFs (5)
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Figure S13. *H- (top) and **C-NMR spectra (bottom) of 5 measured in deuterated acetonitrile.
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'H- and **C-NMR Spectra of [Cu(PrITTEA)(NCMe)]PFs (6)
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Figure S14. *H- (top) and **C-NMR spectra (bottom) of 6 measured in deuterated acetonitrile.

S9

205



7 APPENDIX

206

2. Catalytic Measurements

2.1. General Information about Catalytic Monooxygenation Measurements

Yields of the quinone formation were obtained from the UV/vis spectra using the extinction coefficient
of DTBQ, (Amax = 405 nm, € = 1830 M cm )12 / 4-MeOP-H (Amax = 418 nm, € = 524 Mlem™)® and a quartz
cuvette with the pathlength 1 mm. The corresponding reaction rates were obtained by derivation of
the quinone concentration with respect to the reaction time. For catalytic investigations Bulkowski-
Réglier conditions (bubbling dioxygen into a 500 um complex solution in dry dichloromethane
containing 50 eq. substrate and 100 eq. NEts) were applied. After completeness of the reaction it was
quenched with 6 M hydrochloric acid, followed by extraction of the aqueous phase with
dichloromethane (3x). After drying the combined organic layers over magnesium sulfate, filtration and
evaporation of the solvent i. vac., the residue was further investigated by NMR spectroscopy. For the
conversion of DTBP-H, the NMR spectrum generally also shows signals for the coupled byproduct
3,3',5,5'-tetra-tert-butyl-2,2'-biphenol (CCcP), which is formed in a competing oxidative coupling
reaction and is not linked to the monooxygenation of DTBP-H.!*!
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Catalytic Reaction of 1 with DTBP-H
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Figure S15. Left: UV/vis-spectra of the conversion of DTBP-H with 1 as catalyst. Right: Corresponding yield / % (black
squares) and reaction rate / pmol-L"--min! (red dots).
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Figure S16. *H- (top) and 3C-NMR spectra (bottom) for the conversion of DTBP-H with 1 as catalyst measured in deuterated
chloroform.
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Catalytic Reaction of 1 with 4-MeOP-H
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Figure S17 Left: UV/vis-spectra of the conversion of 4-MeOP-H with 1 as catalyst. Right: Corresponding yield / % (black
squares) and reaction rate / pmol-L™:-min! (red dots).
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Figure S18. *H- (top) and **C-NMR spectra (bottom) for the conversion of 4-MeOP-H with 1 as catalyst measured in

deuterated chloroform.
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Catalytic Reaction of 2 with DTBP-H
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Figure S19. Left: UV/vis-spectra of the conversion of DTBP-H with 2 as catalyst. Right: Corresponding yield / % (black
squares) and reaction rate / pmol-L"--min* (red dots).
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Figure S20. *H- (top) and **C-NMR spectra (bottom) for the conversion of DTBP-H with 2 as catalyst measured in deuterated
chloroform.
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Catalytic Reaction of 3 with DTBP-H
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Figure S21. Left: UV/vis-spectra of the conversion of DTBP-H with 3 as catalyst. Right: Corresponding yield / % (black
squares) and reaction rate / pmol-L":-min (red dots).
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Figure S22. 'H- (top) and **C-NMR spectra (bottom) for the conversion of DTBP-H with 3 as catalyst measured in deuterated
chloroform.
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Catalytic Reaction of 4 with DTBP-H
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Figure S23. Left: UV/vis-spectra of the conversion of DTBP-H with 4 as catalyst. Right: Corresponding yield / % (black

squares) and reaction rate / pmol-L™-min! (red dots).
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Figure S24. H- (top) and **C-NMR spectra (bottom) for the conversion of DTBP-H with 4 as catalyst measured in deuterated

chloroform.
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Catalytic Reaction of 5 with DTBP-H
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Figure S25. Left: UV/vis-spectra of the conversion of DTBP-H with 5 as catalyst. Right: Corresponding yield / % (black
squares) and reaction rate / pmol-L"--min (red dots).
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Figure S26. 'H- (top) and *C-NMR spectra (bottom) for the conversion of DTBP-H with 5 as catalyst measured in deuterated
chloroform.
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Catalytic Reaction of 6 with DTBP-H
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Figure S27. Left: UV/vis-spectra of the conversion of DTBP-H with 6 as catalyst. Right: Corresponding yield / % (black
squares) and reaction rate / pmol-L"--min* (red dots).
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Figure S28. H- (top) and **C-NMR spectra (bottom) for the conversion of DTBP-H with 6 as catalyst measured in deuterated
chloroform.
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2.2. General Information about CUAAC Catalytic Measurements

The catalytic activity of the complexes 1 — 6 was assessed by investigation of the reaction of 116 mg
(1 mmol) p-tolyl acetylene with 109 mg (1.1 mmol) tert-butyl azide in 5 mL dry acetonitrile (Figure
$28), or a mixture between 1 mL dry acetonitrile and 4 mL dry tetrahydrofuran (Figure $29) and in the
presence of 10 umol of the respective copper complex. After stirring at room temperature for 18 h,
2 mL of a sat. EDTA solution and 5 mL of dichloromethane were added. The aqueous layer was
extracted with 5 mL of dichloromethane, the combined organic layers were dried over magnesium
sulfate and the solvent along with remaining tert-butyl azide were removed carefully in vacuo. The
yield of the product 1-(tert-butyl)-4-(p-tolyl)-1H-1,2,3-triazole (TBTT) relative to remaining p-tolyl
acetylene was determined via NMR spectroscopy. Please note: Experiments without the addition of a
copper(l) complex did not show the formation of TBTT.

Catalytic Measurements in Acetonitrile
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Figure S29. 'H-NMR spectra of the products of the CUAAC catalysis assessment in dry acetonitrile and in the presence of
0.01 eq. of the respective complex 1-6. Top: *H-NMR spectrum of p-tolyl acetylene. Measurement in deuterated
chloroform.
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Catalytic Measurements in THF/ Acetonitrile
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Figure $30. *H-NMR spectra of the products of the CUAAC catalysis assessment in a mixture of dry acetonitrile and dry
tetrahydrofuran and in the presence of 0.01 eq. of the respective complex 1-6. Measurement in deuterated chloroform.
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3. DFT Geometry Calculation of 3, 3’, 4 and 4’

Figure S31. DFT geometry calculation (PBEO/def2-TZVPP) of synthesized bis(acetonitrile)copper(l) complexes 3 and 4 and
analogous hypothetical ones 3’ and 4’ for comparison with the Cu-N bond lengths in A and the N-Cu-N bond angles in °.
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7 APPENDIX

4. Crystal Structure of [Cu(TTA)2(OHz)2](PFe)2 - 2 THF

Table S1. Crystal structure data and structure refinement for [Cu(TTA),(OH;),](PFe)2 - 2 THF.

Empirical formula C22HasCuF1,Ng04P,
Formula weight 842.16
Temperature/K 100.01(10)
Crystal system triclinic

Space group P-1

a/A 7.5613(2)

b/A 9.6385(3)

c/A 13.3698(4)

a/° 77.126(3)

B/° 87.559(3)

v/° 72.816(3)
Volume/A3 907.21(5)

z 1

Pearcg/cm? 1.541

u/mm? 2.625

F(000) 435.0

Crystal size/mm? 0.16 x 0.14 x 0.06
Radiation Cu Ka (A =1.54184)

20 range for data collection/° 6.784 to 160.706

Index ranges 9<h<9,-12<k<11,-17<1<15
Reflections collected 10055

Independent reflections 3798 [Rint = 0.0278, Rsigma = 0.0285]
Reflections with [I>=20 (1)] 3591

Data/restraints/parameters 3798/3/271

Goodness-of-fit on F? 1.124

Final R indexes [I1>=20 (1)] R1=0.0330, wR, =0.0889

Final R indexes [all data] R: =0.0344, wR, = 0.0896

Largest diff. peak/hole / e A 0.31/-0.57
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Table S2. Selected bond lengths and bond angles for [Cu(TTA),(OH,),](PFe)2 - 2 THF.

Bond length / A N-Cu-N bond angles / °
Cul N3!? 1.9870(12) N3!? Cul N3 180.0
cul N3 1.9871(12) N3 cul N4t 82.63(5)
Cul N4 2.0129(13) N3 Cul N4 97.37(5)
cul N4 2.0130(13) N3 cul N4 97.37(5)
N3 Cul N4 82.63(5)
N4! Cul N4 180.0

Figure S32. Crystal structure of the octahedral copper(Il) complex [Cu(TTA)(OH.),](PFs), - 2 THF. Ellipsoids are drawn with
50% probability level. Anions and solvent molecules as well as C-H hydrogens are omitted for clarity.
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5. Crystal Structure of [Cu(TTA).](PFe)2

Table S3. Crystal structure data and structure refinement for [Cu(TTA);](PFs),.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

of°

B/

v/°

Volume/A3

z

Pearcg/cm?
p/mm?

F(000)

Crystal size/mm3
Radiation

20 range for data
collection/°®

Index ranges
Reflections collected

Independent reflections

C14H28CuF1,NgP>
661.92
100.00(10)
triclinic

P-1

7.5307(1)
9.3144(2)
9.8324(2)
72.024(3)
74.272(2)
78.490(2)
626.38(2)

1

1.755

3.491

335.0
0.2x0.2x0.16
Cu Ka (A=1.54184)

9.706 to 159.66

-9<h<9,-11<k<10,-12<1<
12

25786

2663 [Rint = 0.0212, Rsigma =
0.0083]

Reflections with [I>=20 ()] 2650
Data/restraints/parameters 2663/0/173

Goodness-of-fit on F?
Final R indexes [I1>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e
A3

1.118
R1=0.0297, wR; = 0.0740
R1=0.0298, wR, = 0.0741

0.53/-0.54
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Table S4. Selected bond length and bond angles for [Cu(TTA),](PFe),-

Bond length / A N-Cu-N bond angles / °
Cul N1t 1.9479(14) N1t Cul N1 180.0
cul N1 1.9479(14) N1 cul N4 82.60(6)
Cul N4 2.0126(15) N1 Cul N4 97.40(6)
cul N4 2.0126(15) N1t cul N4 97.40(6)
N1t Cul N4* 82.60(6)
N4! Cul N4 180.0

Figure $33. Crystal structure of the octahedral copper(ll) complex [Cu(TTA),](PFg). Ellipsoids are drawn with 50% probability
level. C-H hydrogen atoms are omitted for clarity.
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6. Electrochemical Investigations of 3 and 4

6.1. General Information about the Experimental Setup and Procedure

All electrochemical measurements were performed in an Inertec AG glovebox (ITA 14 Spez.) under N»>-
atm. (O, < 1 ppm) using a custom made 3-electrode cell (WE: GC, RE: Ag wire in a 10 mM Fc*/Fc, 0.1 M
MeCN/NBu4PFs solution, CE: Pt wire). Ferrocene was added after each experiment to determine the
exact redox potential values viag square wave voltammetry (SWV). The potential of the cell was
controlled by a Metrohm AUTOLAB PGSTAT204 potentiostat monitored by the Metrohm NOVA©
software. All electrodes were polished over a 1 um Al,Os slurry in dist. water using a QATM Zeta
polishing cloth on a QATM QPol 200 M polishing machine, subsequently rinsed and sonicated in
water/acetone and dried in a stream of N,. Solutions of 3 (1 mm ) in 0.1 M NBusPFs/MeCN and 0.8 mm
4in 0.1 M NBusPFs/MeCN were used in the individual experiments.

6.2. Results

A broad oxidative survey scan was performed for 3 starting from -0.5 V below the measured OCP value
(Figure S34, black curve). Five different redox events can be observed between -1.4and 1.2 Vat-1.2V
(S), around -0.6 V (+), -0.5 and -0.2 V(*) as well as a very broad oxidation between 0.7 — 1.1V (#).
Starting from even lower potentials (-0.8 V) in oxidative direction leads to the observation of * and $
(Figure S34, grey curve). Reduction from 0.4V to -1.4 V leads to the reappearance of the oxidation
wave at around -0.6 V (Figure S34, red curve, +). This indicates that the quasi-reversible system
between -0.5 and -0.2 V is irreversibly reduced at -1.2 V forming an unknown species that is oxidized
atvalues around -0.6 V. We attribute the Cu'/Cu"-redox-couple of 3 to the species labeled with * based
on the OCP-value. Subsequently, 3 is then reduced irreversibly from Cu' to Cu® at around -1.2 V and
adsorbed to the electrode surface.>® The characteristic broad oxidation wave for Cu® to Cu' is
observed at -0.6 V.®! SWV was performed to obtain a value of Ei/; = -0.350 V for the Cu'/Cu'-redox-
couple of 3.

[Cu(TTA)IPF6 0.1 V/s survey

urrent (&)

%
)
//
/4
\

02 04 06 08 10 12

02 00
Evs Feffcs (V)

Figure S34. Survey scans of 3 in 0.1 M NBusPFs/MeCN solution between -1.4 and 1.2 V at 0.1 V/s. Different start potentials
and scan directions were chosen for each survey scan as indicated by colors and arrows.

525

221



7 APPENDIX

222

Scan rate variations between 0.02 and 1.0 V/s were performed for 3 to investigate the Cu' to Cu"
oxidation process (Figure $35). However, no significant changes to the shape of the studied system
could be observed, the slightly asymmetric shape of the Ep,-process increases in similar manner to Eg..
However, the peak-to-peak separation between E,. and Ep, is quite large with 176 mV at 0.02 V/s.

[Cu(TTA)IPF6 Cu(1)/Cu(ll) Redox couple
24851
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Figure S35. Investigation of the Cu'/Cu"-redox couple of 3 at different scan rates (0.02, 0.05, 0.1, 0.2, 0.5 and 1.0 V//s).

The obtained survey scans of 4 (Figure $S36) show similar features compared to 3. However, the redox
system observed between -0.4 and 0.1 V (Figure $S36, *) exhibits a very broad oxidation peak compared
to 3. Higher potentials lead the formation of a similar shaped system at around 0.9 V (#). The Cu' to
Cu® reduction is shifted anodically to slightly higher potentials at -1.05 V ($). Similarly, oxidation of
adsorbed Cu° takes place between -0.6 and 0.5 V (+).%! We attribute the Cu'/Cu"-redox-couple of 4 to
the species labeled with * based on OCP values. SWV was performed to obtain a value of E1/; =-0.150
V for 4 which corresponds to an anodic shift by 200 mV. Therefore, 3 is more easily oxidized to Cu"
compared to 4. However, this value might be distorted due to the very broad observed E,, for 3. We
therefore also compared the Epc-values at 0.1V/s which gives -0.475V for 3 and -0.371V for 4,
confirming a lower E;/; for 3 compared to 4.

We further conducted experiments varying v from 0.02 to 1.0 V/s with 4 to investigate the influence
on the observed Cu'/Cu"-redox-couple (Figure S37). Interestingly, higher scan rates did not lead to
improved reversibility. Instead, the distorted shape of the observed CV increases from 0.02 to 1.0 V/s.
Comparing peak-to-peak separation for 4, AE; is even larger with 320 mV at 0.02 V/s compared to 3
(176 mV). The studied systems 3 and 4 show characteristics of an CE-mechanism which indicates a pre-
equilibrium before electron transfer.”” Although detailed analysis of the kinetics are beyond the scope
of this paper, we attribute this behavior a rearrangement process prior to Cu' to Cu" oxidation, namely
the change of the coordination geometry.!® In contrast to 3, in 4 the coordination of an additional
acetonitrile coligand has to take place before oxidation to Cu". Moreover, for the Cu' state, it is
probable that 4 is in an equilibrium between a four and three-coordinated geometry with the
equilibrium favoring the latter. This explains the large AE, values for 3 and 4 and the very broad E, for
4.
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Figure S36
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. Survey scans of 4 in 0.1 m NBusPFg/MeCN solution between -1.4 and 1.2 V at 0.1 V/s. Different start potentials

and scan directions were chosen for each survey scan as indicated by colors and arrows.
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Figure S37. Investigation of the Cu'/Cu"-redox couple of 4 at different scan rates (0.02, 0.05, 0.1, 0.2, 0.5 and 1.0 V//s).
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