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Abstract

Selective oxidation reactions are of crucial importance to the chemical industry. However,
many current methods are not sustainable, often relying on expensive noble metal catalysts,
toxic oxidants, and harsh reaction conditions. In contrast, nature demonstrates the possibility
of conducting these reactions using copper proteins and dioxygen as the oxidant under mild
conditions. Inspired by the functionality of copper proteins, this work focuses on the
synthesis of bioinspired copper model complexes and investigates the influence of the first

and second coordination sphere on the stability and reactivity with dioxygen.

Chapter 3.1 presents the first section of this research, focusing on the stabilization of labile
copper(I) complexes through the integration of olefinic side arms into the ligand and
examining their influence on the copper(I) complexes ability to activate dioxygen. It was
demonstrated that olefinic side arms can stabilize copper(I) complexes that are prone to
disproportionation, while maintaining the ability to activate dioxygen without altering the
nature of the "oxygen adduct complex". However, this effect significantly depends on the
position and length of the olefinic side arm. This work shows that introducing olefinic side
arms into ligands represents a non-invasive strategy to explore the oxygen activation of labile

copper(I) complexes in the future.

Chapter 3.2 explains the second section of this research, dealing with the role of the second
coordination sphere in the dioxygen activation of the copper(I) complex with
N-(2-Ethoxyethanol)-bis(2-picolyl)amine as the ligand. The mechanism behind the
dioxygen activation was elucidated by investigating copper(I) complexes with a series of
related ligands and comparing their reactivity towards dioxygen. The explored mechanism
begins with the formation of an n'-superoxido species, which rapidly reacts to form a
transient hydrogen bond stabilized ftrans-u-1,2-peroxido species, that undergoes an
isomerization reaction to form a bis(u-oxido) species. This work provides new insights into
the interactions between the second coordination sphere and the activated dioxygen,
highlighting the potential of hydroxyl groups in forming such interactions, which lay the

groundwork for the design of future ligands and selective oxidation reactions.




Zusammenfassung

Selektive Oxidationsreaktionen sind von entscheidender Bedeutung fiir die chemische
Industrie. Dennoch sind viele der aktuellen Verfahren nicht nachhaltig, da sie hiufig auf
kostspielige  Edelmetallkatalysatoren,  toxische  Oxidationsmittel und  harsche
Reaktionsbedingungen angewiesen sind. Dagegen demonstriert die Natur die Mdoglichkeit,
diese Reaktionen mittels Kupferproteinen und molekularem Sauerstoff als Oxidationsmittel
unter milden Bedingungen durchzufiihren. Inspiriert von der Funktionsweise dieser
Kupferproteine konzentriert sich diese Arbeit auf die Synthese bioinspirierter
Kupfermodellkomplexe und die Untersuchung des Einflusses der ersten und zweiten

Koordinationssphire auf die Stabilitdt und Reaktivitidt mit molekularem Sauerstoff.

Kapitel 3.1 présentiert den ersten Abschnitt dieser Forschung, die sich mit der Stabilisierung
von labilen Kupfer(I) Komplexen durch die Integration olefinischer Seitenketten befasst und
deren Einfluss auf die Fahigkeit der Kupfer(I) Komplexe zur Aktivierung von molekularem
Sauerstoff untersucht. Dabei wurde gezeigt, dass olefinische Seitenketten Kupfer(I)
Komplexe stabilisieren kann, die zu Disproportionierungen neigen, wahrend die Fahigkeit
erhalten bleibt molekularen Sauerstoff zu aktivieren, ohne die Art des "Sauerstoff-
Adduktkomplexes" zu verdndern. Dieser Effekt ist jedoch maBgeblich von der Position und
der Liange der olefinischen Seitenkette abhingig. Diese Arbeit zeigt, dass das Einfiihren
olefinischer Seitenketten eine nicht invasive Strategie darstellt, um zukiinftig die

Sauerstoffaktivierung labiler Kupfer(I)-Komplexe zu untersuchen.

Kapitel 3.2 erldutert den zweiten Abschnitt dieser Forschung, der sich mit der Rolle der
zweiten Koordinationssphére bei der Sauerstoffaktivierung des Kupfer(I) Komplexes mit
dem Liganden N-(2-Ethoxyethanol)-bis(2-picolyl)amin befasst. Der Mechanismus hinter der
Sauerstoffaktivierung wurde aufgeklart, indem Kupfer(l) Komplexe mit einer Reihe
verwandter Liganden untersucht und deren Reaktivitat gegenuber Sauerstoff verglichen
wurde. Der Mechanismus beginnt mit der Bildung einer #*-superoxido Spezies, die rasch zu
einer kurzlebigen Wasserstoffbriickenbindungen stabilisierten trans-p-1,2-peroxido Spezies
reagiert, die Uber eine Isomerisierungsreaktion zu einer bis(u-oxido) Spezies zerfallt. Diese
Arbeit bietet neue Erkenntnisse hinsichtlich Wechselwirkungen zwischen der zweiten
Koordinationssphidre und dem aktivierten Sauerstoff und zeigt das Potenzial von
Hydroxygruppen zur Bildung solcher Interaktionen, welche die Grundlage fiir das Design

zukiinftige Liganden und selektiver Oxidationsreaktionen darstellen.




1 Introduction

1.1 Selective Oxidation Reactions

Selective oxidation reactions are crucial for transforming hydrocarbons and other raw
materials into valuable synthetic building blocks and functional materials.!'! These reactions
constitute roughly 20% of all processes in the chemical industry's value chain, yielding an
estimated 600 million tons of chemicals annually.!!l Industrial-scale oxidation reactions often
rely on noble metal catalysts, hazardous oxidants and solvents, and high-temperature and
high-pressure environments, posing challenges in terms of sustainability and safety.”?! In
contrast, nature employs 3d metal containing metalloproteins to catalyze a wide range of
selective oxidation reactions under ambient conditions in aqueous media, utilizing dioxygen
as a sustainable oxidizing agent.’! Using dioxygen as an oxidizing agent in industrial
processes is advantageous due to its sustainability, cost-efficiency, and non-toxic
properties.*) However, its stable triplet ground state (*0,) prevents reactions with singlet
state organic molecules, as these reactions are spin-forbidden. To facilitate these reactions,
dioxygen must be activated, either by converting it to its singlet state (‘O2) via photochemical
methods or, more commonly, through the use of a catalyst.!'’] The Wacker-Hoechst process
exemplifies an industrial application of dioxygen, wherein ethylene is oxidized to
acetaldehyde using palladium(IT) and copper(II) chloride as catalysts (Scheme 1).1%7 In this
process, palladium(II) chloride activates the olefinic substrate and mediates its selective
oxidation, while copper(Il) chloride regenerates the palladium(II) species by re-oxidizing

palladium(0) back to palladium(II), thus completing the catalytic cycle.

050,+2HCI 2cCu'Cl [Pd"Cl,]> H,0 + H,C=CH,

L L)

H,0 2cu'Cl, Pd®+2CI 2HCI+ CH;CHO

Scheme 1. Sub-steps of the Wacker-Hoechst process. 7!

Although the Wacker-Hoechst process effectively utilizes dioxygen, its sustainability could
be improved by replacing noble metals like palladium with more abundant and
environmentally benign alternatives. Furthermore, substituting palladium with other
3d metal catalysts like copper aligns with regulatory standards for pharmaceutical
applications. The permitted oral concentration of palladium, platinum, iridium, rhodium, and

ruthenium in pharmaceuticals is limited to 10 ug g ', whereas copper is allowed at much




higher concentrations of 300 ug g '.®) This higher threshold reduces the need for
unsustainable and costly purification processes and allows the use of metal catalysts at later

stages of the synthesis, further enhancing the feasibility of such a substitution.

A selective oxidation reaction referred to as the "holy grail" of chemistry and catalysis in the
twenty-first century is the direct conversion of methane into methanol (Scheme 2).[%!%
Methane, which constitutes about 70-90% of natural gas, is an abundant and readily
available carbon resource.”’! Despite being the simplest hydrocarbon, selectively oxidizing
methane is a significant challenge due to its highly inert C—H bonds with a bond dissociation
energy (BDE) of 105 kcal mol'. Furthermore, the higher reactivity of the desired methanol
(BDE: 96 kcal mol ') often leads to overoxidation.!''! Currently, large-scale conversion of
methane to methanol is highly energy-intensive, relying on steam reforming along with
CuO/ZnO/AL>O;5 catalysis at high pressure and temperatures (Scheme 2).['>!13] Developing
efficient methods for the methane to methanol conversion under mild conditions could play
a transformative role in advancing a "methanol economy", a concept introduced by Nobel
laureate George A. Olah.!'¥ In this context, methanol serves as: 1) an efficient medium for
energy storage, 2) a sustainable fuel, and 3) a versatile feedstock for synthesizing
hydrocarbons and their derivatives, all of which collectively help reduce climate
pollution.['*! In nature, methanotrophic bacteria achieve selective oxidation of methane to
methanol under ambient conditions using a class of proteins known as methane
monooxygenases (MMOs). These MMOs are categorized into two types: 1) soluble
cytoplasmic MMO (sMMO), featuring a diiron active site, and 2) membrane-bound
particulate MMO (pMMO), which contains a copper-based active site.!”!

Industry
steam reforming
Ni /A|203 -~ CO+2 H2 Cu/ZnO/ A|203
15 — 30 bar 50 — 100 bar
1173 - 1273 K 513 -533 K
— overoxidation
\eee]
CH, > CHz0H ------ //---3 CH0 or CO
BDE: 105 kcal mol™" BDE: 96 kcal mol™"
methane monooxygenase
Fe or Cu

ambient conditions

Nature

Scheme 2. Comparison of the reaction conditions for the methane to methanol conversion

in industry and in nature.[!*]




To gain insights into these natural processes and develop sustainable, cost-efficient catalysts
for the selective oxidation of methane or other substrates under mild conditions using
dioxygen, small bioinspired model complexes are synthesized, and their reactivity towards
dioxygen is investigated.['® To elucidate how small model complexes mimic the functions
of metalloproteins, the following chapters focus on copper proteins and their related

bioinspired copper complexes.

1.2 Copper Proteins

Copper-containing proteins are a vital class of metalloproteins that incorporate copper as the
essential cofactors for their enzymatic activities. These proteins are integral to a range of
biological processes (Scheme 3), including electron transfer (e.g. plastocyanin), oxygen
transport and storage (e.g. hemocyanin), oxidative catalysis (e.g. cytochrome c oxidase), and
detoxification of oxygen radicals (e.g. superoxide dismutase).!!” The significance of copper
proteins in human physiology is evidenced by severe diseases, such as Wilson's and Menkes
disease, that result from their dysfunction or deficiency, both of which involve disrupted

copper metabolism.['®]
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Scheme 3. Overview of important copper proteins and their biological processes.[!>-*]




Numerous classes of copper proteins have been identified, and the majority are classified
into type-1, type-2, or type-3 categories. This classification is based on the number of copper
ions present in the active sites, the coordination geometry of these ions, and their
characteristic UV-vis and Electron Spin Resonance (EPR) spectra (Scheme 4).['"21] A

detailed discussion of these classes will follow in the subsequent sections.
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Scheme 4. Active site of type-1 (plastocyanin),’??! type-2 (peptidylglycine-a-hydroxylating-

monooxygenase, PHM),[?3 and type-3 (hemocyanin)?*! copper proteins in oxidized form.

1.2.1  Type-1 Copper Proteins

Type-1 copper proteins, often referred to as "blue copper proteins", are characterized by an
intense deep blue color in their oxidized state. This coloration arises from an intense
absorption band at around 600 nm, attributed to a ligand-to-metal charge-transfer (LMCT)
from a cysteine thiolate to the copper(Il) ion.[!”>>] The active site of mononuclear type-1
copper proteins typically includes the coordinated thiolate cysteine, two nitrogen donor
atoms from two histidine residues, and a variable axial ligand, predominantly a weakly
coordinated sulfur from a methionine moiety (Scheme 4), though in occasions involve a
glutamine or leucine.!'”) The coordination geometry of the active site of type-1 proteins is
generally depicted as distorted tetrahedral. This geometry likely represents a compromise
between the tetrahedral arrangement preferred by copper(I) and the square planar
coordination often adopted by copper(Il) in low molecular weight copper complexes and
non-blue copper proteins.?®! This distinct geometry facilitates rapid electron transfer
between the two oxidation states, enabling type-1 proteins to function effectively as single
electron transfer vehicles, such as plastocyanin in photosynthesis (Scheme 4).[?2] Notably,
the copper protein azurin is an exception to this, possessing an additional weakly bound fifth
ligand, namely a carboxyl oxygen from a glycine residue, resulting in a distorted trigonal

bipyramidal coordination sphere.*”!




1.2.2  Type-2 Copper Proteins

Type-2 copper proteins, commonly referred to as "normal copper proteins", exhibit EPR
characteristics similar to those of typical copper(Il) complexes. Unlike type-1 copper
proteins, they lack the intense deep blue color due to the absence of sulfur-to-copper LMCT,
instead appearing light blue in their oxidized form as a result of spin-forbidden d-d
transitions. The active site of type-2 copper proteins typically consists of four nitrogen and/or
oxygen donor atoms arranged in either square planar or distorted tetrahedral coordination
geometry (Scheme 4).['"! In contrast to type-1 copper proteins, the coordination sites in
type-2 copper proteins may be vacant or occupied by external ligands, allowing for catalytic
activity. When dioxygen serves as a substrate, type-2 copper proteins can function as: (i)
oxidases, reducing oxygen to water or peroxide; (il) monooxygenases, incorporating one
oxygen atom into a substrate while reducing the other to water; (iii) dioxygenases,
incorporating both oxygen atoms into a substrate.[*8) Additionally, their oxidase activity is
not confined to dioxygen, as these proteins also catalyze the dismutation of superoxide into

dioxygen and hydrogen peroxide, which is crucial for protection against oxidative stress.?’]
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Scheme 5. Stereoselective hydroxylations (A) and revised monooxygenase mechanisms for

DM and PHM involving binuclear uncoupled (B) or coupled binuclear (C) copper sites;

both incorporating hydrogen atom abstraction and reduction by sodium ascorbate.[*%3!]




Type-2 oxygenases include dopamine-f-monooxygenase (DSM) and peptidylglycine-a-
hydroxylating-monooxygenase (PHM, Scheme 4),[>>*21 which perform stereoselective
hydroxylation reactions essential for neurotransmitter regulation and hormone biosynthesis
(Scheme 5A).31 Investigations suggested that DAM and PHM have binuclear uncoupled
copper sites, separated by 11 A, with Cum mediating the hydroxylation process and Cun
serving as an electronic relay (Scheme 5B).1*%33 However, recent crystal structures of human
DM reveal structural flexibility, adopting an open conformation with a 14 A separation
between the copper ions and a closed conformation where the copper sites are only 4 —5 A
apart.? These findings suggest the existence of a coupled binuclear copper site within DAM
and PHM, and, together with computational studies proposing a reaction mechanism,
prompting a reevaluation of their classification as type-2 oxygenases (Scheme 5C).!!

1.2.3  Type-3 Copper Proteins

Type-3 copper proteins are characterized by two antiferromagnetically coupled copper
centers, each coordinated by three nitrogen donors from histidine residues, rendering them
EPR-silent in their oxidized form.?!! These proteins are notable for their ability to reversibly
bind dioxygen under ambient conditions, a feature that underlies their catalytic role as
oxidases (e.g. catechol oxidase),**) oxygenases (e.g. tyrosinase),l*” or dioxygen carriers

(e.g. hemocyanin, Scheme 4)1%

. Hemocyanin, acts as a dioxygen carrier in various
invertebrates like arthropods and mollusks,'*¥ and appears blue in the oxidized form,
contrasting the red colored iron-based oxygen carrier hemoglobin. Other proteins of that
class, such as polyphenol oxidases, include tyrosinase and catechol oxidase,***] which
catalyze the oxidation of o-diphenols to o-catechols (e.g. 3,4-dihydroxy-L-phenylalanine
(L-DOPA) to L-dopaquinone), with tyrosinase also catalyzing the o-hydroxylation of
monophenols to diphenols (e.g. tyrosine to L-DOPA, Scheme 6A).%! These enzymes are
crucial for melanin synthesis, affecting the browning of fruits and vegetables, as well as

S.[37

pigmentation in skin, hair, and eyes.*”) Numerous studies have elucidated that the catalytic

mechanism of tyrosinase is initiated via electrophilic aromatic substitution (SgAr) of a

[21.38] Recent studies,

phenolate anion coordinated to the bis(u-oxido) core (Scheme 6B).
however, propose an alternative pathway via radical-nucleophilic aromatic substitution
(Srn1), initiated by hydrogen bonding of the phenol followed by a proton-coupled electron
transfer (PCET) to the bis(u-oxido) core (Scheme 6C).2**" These insights are supported by
a biomimetic model complex, which is further discussed in Chapter 1.3.3,[*!! highlighting

the importance of bioinspired model complexes in elucidating mechanistic questions.
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Scheme 6. (A) Reactions catalyzed by tyrosinase (Ty) and catechol oxidase (CO); Proposed
mechanisms for the oxygenation of phenol to o-catechol by tyrosinase via (B) electrophilic

aromatic substitution (SEAr) or (C) radical-nucleophilic aromatic substitution (Sgn1).[2%3:401

1.3 Bioinspired Model Complexes of Copper Proteins

Since the 1980s, bioinspired model complexes of copper proteins have been extensively
studied to enhance our understanding of biochemical processes by studying their dioxygen
activation capabilities.*®*?! To investigate these typically reactive and short-lived "oxygen
adduct complexes", their stability needs to be enhanced under low-temperature conditions
(typically below 200 K) to minimize the entropic cost of formation and suppress further
reactions. Desplte these precautions, observing reactive species is not guaranteed, as the
copper(I) complexes most commonly react with dioxygen via outer sphere oxidation with a
4:1 stoichiometry, without accumulating intermediates. Nevertheless, a plethora of "oxygen
adduct complexes" have been identified. Some correlate with the active species of copper
proteins discussed in Chapter 1.2, while others are not naturally occurring (Scheme 7).[2%
In the inner sphere oxidation of a copper(I) complex with dioxygen, it is widely
acknowledged that the initial formation of a mononuclear end-on #'-superoxide copper(II)
complex (ES) occurs. This reactive species may further transform into a mononuclear side-
on n*-superoxide copper(Il) complex (5S) or into binuclear species such as the

trans-u-1,2-peroxido dicopper(Il) complex (TP), u-n*:n*-peroxido dicopper(I) complex




(SP), or bis(u-oxido) dicopper(IlI) complex (0).*" These sensitive equilibrium reactions
and the observation of activated dioxygen species depend on several factors, which will be
discussed in detail in Chapter 1.3.3.24] Although the mononuclear and binuclear "oxygen
adduct species" are isoelectric with each other, several analytical techniques have been

established to determine which species is formed, which will be described in the following

chapter.
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Scheme 7. Typical reaction pathways for copper(I) complexes with dioxygen and the

biological relevance of the corresponding "oxygen adduct complexes".[*"!

1.3.1  Characterization of Copper "Oxygen Adduct Complexes'

X-ray diffraction (XRD) is the definitive method for confirming copper "oxygen adduct
complexes" and visualizing atom connectivity, but crystallization of these complexes is
challenging due to their high reactivity and thermal sensitivity. Therefore, more accessible
spectroscopic techniques are often employed to identify these copper "oxygen adduct
complexes" and determine structural parameters. Among these, UV-vis spectroscopy is a key
tool due to its simple setup coupled with its ability to characterize "oxygen adduct
complexes" in solutions at low temperatures. This effectiveness is due to the highly covalent
Cu—O bonds, which result in intense oxygen-to-copper charge-transfer (CT) bands
characteristic for specific "oxygen adduct complexes".”’! For labile "oxygen adduct
complexes" that decompose rapidly, low-temperature stopped-flow UV-vis spectroscopy is
suitable as it allows for fast scan rates by rapidly mixing a solution of dioxygen-free
copper(I) complex with a dioxygen-saturated solution.[**] Additionally, infrared (IR) and/or
resonance Raman (rR) spectroscopy can confirm the identity of "oxygen adduct complexes",
with rR being particularly useful for selectively enhancing and detecting of Cu—O and O-O

S.[20

symmetrical vibrational modes.*°! The use of the dioxygen isotope '*0,, instead of the more

abundant '°0,, shifts the vibrational frequencies, providing insights into the O, oxidation

10



state: 1100-1200 cm™! (A['®02] = 50 cm™") for superoxide and 750-920 cm™! (A['*0,] =
50 cm™!) for the peroxide.!?**] Further elucidation can be achieved using X-ray absorption
spectroscopy (XAS) and extended X-ray absorption fine structure (EXAFS).*%] XAS
enables the determination of formal oxidation states of the "oxygen adduct complexes" via
a weak pre-edge absorption feature corresponding to the 1s to 3d transition, distinguishing
Cu(I): (8979 + 0.5 eV) from Cu(III): (8981 = 0.5 eV).2%#71 EXAFS provides an alternative
means to obtain structural parameters of "oxygen adduct complexes" like Cu---Cu, Cu-0,
and Cu—N distances in both solution and solid, comparable to X-ray crystallography but
without its difficulties.!?**®) Although obtaining XRD data is difficult, major "oxygen adduct
complexes" depicted in Scheme 7, have been analyzed via X-ray diffraction crystallography
by specifically designing and optimizing ligand systems (Scheme 8), which will be discussed

in the next chapter.
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Scheme 8. Ligands used for the initial structural characterization of various "oxygen adduct

complexes" from its corresponding copper(I) complexes and dioxygen.[48-53]

1.3.2  Synthetic Copper "Oxygen Adduct Complexes"

In 1988, Karlin and co-workers achieved a milestone by structurally characterizing the first
"oxygen adduct complex" with the copper(I) complex of the tetrapodal tridentate ligand
tris(2-pyridylmethyl)amine (L1, Scheme 8), identifying it as a TP species (Scheme 7).[*%!




This pioneering work demonstrated that standard techniques used for inorganic complexes
could effectively characterize these thermally sensitive and labile "oxygen adduct
complexes",?% as described above. When the copper(I) complex with L1 as the ligand reacts
with dioxygen at —80 °C in solvents like propionitrile or chloroform, it forms stable purple
solutions exhibiting characteristic absorption features typical of TP species, generally
observed at ca. 530 nm and a shoulder at ca. 600 nm."*32% Although the TP species lack direct
biochemical relevance, the copper(I) complex of L1 can reversibly bind dioxygen by heating
under vacuum and rechilling the solution under dioxygen atmosphere (Scheme 9), analogous
to the type-3 copper protein hemocyanin,**># which forms a SP species.?* The accessibility
of L1 and its distinctive spectroscopic features have led to the development of a plethora of
derivatives, establishing it as one of the most widely used ligand scaffolds, with several

examples to be discussed in the following chapters.!2"]
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Scheme 9. Reversible dioxygen binding of [Cu(L1)(EtCN)]*.148

One year later, Kitajima and co-workers reported the structural characterization of an SP
species using the copper(I) complex of the anionic tripodal tridentate ligand
hydrotris(3,5-diisopropylpyrozolyl)borate (L2, Scheme 8).1°! The Cu---Cu distance in this
SP species is with 3.560 A significantly shorter than the 4.359 A reported for the TP species
by Karlin and co-workers, but in-line with the later reported Cu---Cu distance of

).[24:48:99] Reacting the copper(I) complex with L2 as the ligand

oxy-Hemocyanin (3.5-3.6 A
with dioxygen at —78 °C in acetone forms a relatively stable purple solution that remains
stable below 10 °C in non-coordinating solvents.>>! This SP species exhibits absorption
features at 349 and 551 nm, distinct from those of the TP species but closely matching the
absorption spectra of oxy-hemocyanin found in mollusks (345 and 570 nm).[**! The
similarity in absorption and other crystallographic and spectroscopic characteristics to those
of oxy-Hemocyanin, strongly implies that the dioxygen binding in oxy-Hemocyanin occurs

20]

through a similar mechanism,?°! illustrating how small model complexes can elucidate

protein reactivity.
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The most recent structurally characterized binuclear copper "oxygen adduct complex"
discussed here is the O species, reported by Tolman and co-workers in 1996 using the
copper(I) complex with the macrocyclic tridentate ligand 1,4,7-tribenzyl-1,4,7-
triazacyclononane (L3, Scheme 8).°!*2! Compared to the other binuclear TP and SP species,
the O species features the shortest Cu---Cu distance at 2.287 A and distinct UV-vis
absorption bands at 318 and 430 nm, observed below —70 °C in chloroform.’!' This
difference compared to the other binuclear copper "oxygen adduct complexes" arises
because both copper centers are in a higher oxidation state, being fully reduced by four
electrons, which leads to the cleavage of the O—O bond. The resulting oxidizing capacity
allows the O species to activate C—H bonds, as evidenced by N-dealkylation reactions of
their respective macrocyclic ligands upon warming the solutions. Additionally, they reported
that the copper(I) complex of the isopropyl derivative L6 exhibits a solvent dependent SP/O
equilibrium (Scheme 11).°1:%21 In chloroform, the SP species is preferred, exhibiting
spectroscopic features (UV-vis: 366 and 510 nm) similar to oxy-Hemocyanin, while in
tetrahydrofuran, the O species is favored.’!»>% Generally, polar solvents stabilize the O
species, whereas non-polar solvents favor the SP species. This trend is likely related to the
preferential counterion association with the SP species, reducing its effective charge.[*”!
While theoretical studies suggest the SP species is preferred in biochemical systems and the
O species is more enthalpically stable in model complexes,®”! both are nearly isoenergetic.
This relationship offers multiple strategies to influence the SP/O equilibrium, discussed in
the following chapter. Despite being the most recently discovered binuclear copper "oxygen
adduct complexes" discussed here, the O species is the most prevalent due to the wide variety

of bi-, tri-, and tetradentate ligand systems that can facilitate its formation.?!

>— —/—Cu'—NCMe
5, —78°C 0,,-78 °C
jV THF
(L6)(MeCN)]*

I \ n THF ~78°C >, Il N Il 4<
>7 e/C U S 4< CH2C|2 78 °C e/Cu A S

[Cuz(l-ﬁ)z(oz)]2+ [ClJz>(|-6)2(N—O)z]2+

Scheme 10. Influence of solvent effects on SP/O equilibrium using [Cu(L6)(MeCN)]".[51:>2]
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Early studies suggested that mononuclear superoxide species are involved in copper
proteins,[*® acting as initial copper "oxygen adduct complexes" before forming complexes
of higher nuclearity (Scheme 7). The first spectroscopic evidence supporting this in a copper
model complex was obtained in 1991.5%! However, due to their high reactivity and tendency
to form binuclear species, structural analysis was initially elusive. Consequently, ligands
were designed to mitigate the reactivity and facilitate the structural characterization of the
superoxide species. In 1994, Kitajima and co-workers reported the first structurally
characterized mononuclear copper "oxygen adduct complex" identified as a SS species, using
the copper(I) complex of the anionic tripodal tridentate ligand hydrotris(3,5-
diisopropylpyrazolyl)borate (L4, Scheme 8).°°! Compared to its related ligand L.2,[*! ligand
L4 introduces increased steric hindrance from substituting one isopropyl with a tert-butyl
group per arm, thereby shifting the SS/SP equilibrium towards the 5S species (Scheme 6) and
enabling structural characterization.?>% To address partial dimerization in solution, the
steric hinderance was further increased by substituting the fers-butyl with an adamantyl
group, allowing for the exclusive detection of the SS species in solution (UV-vis: 452 and

700 nm in DCM at —78 °C).[6"]

In 2004, the crystal structure of PHM was reported, revealing an S species at its active
site.[>¥] This finding contrasts with the SS species identified by Kitajima and co-workers, "]
and provides the first structural evidence that superoxide species are involved in the
activation of dioxygen in proteins (Scheme 5B).1?* Spectroscopic evidence of the transient
formation of an £S species in copper model complexes was first obtained in 1991, followed
by kinetic studies in 1993 using the copper(I) complex of .1 and dioxygen, which displayed
an intense absorption band at 410 nm along with weaker bands around 600 and 750 nm.%6!]
In 1999, Schindler and co-workers investigated copper(I) complex of the aliphatic
tris(2-dimethylaminoethyl)amine, exhibiting a more stabilized ®S species compared to L1,
due to increased steric hinderance, although rapid dimerization still occurred.®?] A
significant advancement came in 2004 when Schindler and co-workers examined the
copper(I) complex of tris(tetramethylguanidino)tren (L5, Scheme 8), forming a dark green
ES species in solution capable of reversibly binding dioxygen upon heating and rechilling
under dioxygen atmosphere.[®! This stabilization of the S species is attributed to the strong
N-donor character and increased sterically hinderance of the guanidine groups.[®*! In 2006,
they achieved the first structural characterization of the S species using the copper(I)

complex with L5 as the ligand, > showing a geometry in-line with that reported for PHM, 3!
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demonstrating that the ¥S species is the primary adduct formed by copper(I) complexes with

dioxygen and plays a pivotal role in catalytic oxidation reactions.

1.3.3  Modulation of Copper "Oxygen Adduct Complexes"

As established in the previous chapters, synthetic copper "oxygen adduct complexes" are
crucial for understanding the functionality of copper proteins and developing bioinspired
copper complexes for selective oxidation reactions. However, as depicted in Scheme 7 and
discussed earlier, the formation of these "oxygen adduct complexes" involves sensitive
equilibrium reactions. Consequently, minor alterations in the ligand structure significantly
influence the type of activated dioxygen species formed, thus affecting their reactivity. These
influencing parameters include external factors such as temperature, solvent,>"%? and the
nature of the weakly coordinating counterion,*! or internal factors, typically related to the
characteristics of the first coordination sphere. These include the type of donor atoms, overall
charge, denticity, chelate ring size, ! and electronic and steric effects!®>7 of the ligand,!*’!

which will be discussed in the following.

Schindler and co-workers investigated how chelate ring size influences dioxygen activation
in a series of copper(I) complexes with tripodal ligands, starting from L1 and gradually
increasing the chelate ring size from methyl to ethyl linkers (L7 — L9, Scheme 10).[°! Upon
oxygenation of the copper(I) complexes they observed that as the number of six-membered
chelate rings increases, first the S and then the TP species are destabilized (L7 and LS8,
respectively), while the copper(I) complex containing only six-membered chelate rings (L9)
showed no reactivity towards dioxygen. Electrochemical studies of the Cu(I1I)/Cu(I) redox
couple support these findings, revealing that complexes with shorter linkers (L1, L7) have
more negative redox potential than those with longer linkers (L8, L9).This indicates that
five-membered chelate rings offer better stabilization for copper(Il) compared to
six-membered chelate rings and demonstrate the importance of five-membered chelate rings

in stabilizing long-lived "oxygen adduct complexes" with tripodal ligands.

Adjusting chelate ring size can also stabilize labile copper(I) complexes or alter the type of
"oxygen adduct complex" formed. When synthesizing the tridentate ligand L.10, where a
pyridine group in the tetradentate L1 is replaced by a phenyl group, the resulting copper(l)
complex is labile and rapidly disproportionates into copper(Il) and elemental copper, even
under anaerobic conditions (Scheme 10).[9%%°! Disproportionation is a common challenge

when studying dioxygen activation with copper(I) complexes.[’” To stabilize labile copper(I)
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complexes, strategies such as adding ancillary ligands like acetonitrile or carbon
monoxide,””! or using bulky anions,[”?! have been explored. However, these methods are
often ligand-specific and not universally applicable. The stability of the copper(I) complex
with ligand L.10 can be enhanced by extending the phenyl linker from a methyl to an ethyl
group (L11, Scheme 10), promoting #'-binding of the phenyl moiety to the copper(I) ion,
thus stabilizing the complex without hindering its reactivity towards dioxygen, allowing for
the formation of an O species upon oxygenation.[%®! Further increasing the chelate ring size
by substituting the remaining methyl with an ether linker results in L.12, which facilitates
1*-binding of the phenyl moiety to the copper(I) ion, thus stabilizing the copper(I) complex
and forming an SP species upon oxygenation (Scheme 10).I*) The alteration in binding mode
and the nature of the "oxygen adduct complex" are attributed to steric effects as well as the
electron-donating ability of the pyridine nitrogen, both influenced by varying chelate ring
sizes. Specifically, the copper(I) complex with L11 has a stronger donor ability, supporting
the higher oxidation state of the O species, whereas 112, with its lower donor ability,

facilitates the formation of the SP species.[6®!
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Scheme 11. Influence of chelate ring size on the stability of copper(I) complexes and the

copper "oxygen adduct complexes".[48:65:68.73]
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To further explore electronic effects on the SP/O equilibrium without significantly altering
steric demand, Karlin and co-workers investigated tridentate amine copper(I) complexes
with different para-substituents on pyridyl donor groups (L13 —L16, Scheme 12). Upon
oxygenation, they discovered that electron-withdrawing groups, such as chloride (L13),
favored the exclusive formation of the SP species, while electron-donating groups, like
tertiary amines (L16), shifted the equilibrium towards the O species, due to better

stabilization of the copper(IlI) oxidation state.[¢]

L13 = L16 L20 < L17
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Scheme 12. Influence of electronic and steric effects on the SP/O and TP/O equilibrium. (%4

While isomerization reactions between SP/OQ species are common, examples of
isomerization between TP/O species are considerably rarer.””! Karlin and co-workers
investigated this equilibrium employing N3S ligands that incorporate thioether ligation,!’!
similar to those found in type-2 copper proteins (Scheme 4). These ligands feature
electron-rich 4-methoxy-3,5-dimethylpyridyl donors with ethyl linked thioether moieties,
with variations in substituents at the Sulfur atom to adjust the TP/O equilibrium (Scheme 12).
Oxygenation of the copper(I) complex with an ethyl substituent (L17) results exclusively in
the formation of the TP species, similar to complexes with tridentate tripodal pyridine ligands
like L1. Introducing a phenyl substituent to weaken the Cu-S bond (L18) initially forms a
TP species that subsequently isomerizes to an O species. Further weakening of the Cu-S
bond by using a bulkier dimethylphenyl residue (L19) or a weak-binding ether donor (L20)

results in the exclusive formation of the O species.
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The preceding examples demonstrate that the type and reactivity of the copper "oxygen
adduct complexes" are influenced by factors related to the array of molecules and ions
directly coordinated to the copper ion, known as the first coordination sphere. However,
interactions involving functional groups in proximity to the bound dioxygen but not
coordinated to the copper center have been less explored (Scheme 13). These second
coordination sphere interactions also modulate the properties of metal-oxygen species.!¢]
Understanding these interactions is crucial for elucidating complex biological mechanisms
and allows further tuning of the reactivity of model complexes and will be discussed in the

following.

‘ First Coordination Sphere I | Second Coordination Sphere ’

Scheme 13. Comparison between first and second coordination spheres upon oxygenation.

An example demonstrating the role of second coordination sphere interaction in elucidating
copper protein mechanisms is the recently proposed reaction pathway for tyrosinase
(Scheme 6C), suggesting an initial hydrogen atom abstraction (HAA) from phenolic

substrates.[>%40]

To wvalidate this mechanism, Karlin and co-workers developed a
preorganized synthetic analog wusing a copper(I) complex with the ligand
2-((bis(3-(dimethylamino)propyl)amino)methyl)-2-‘Bu-phenol ~ (L21).  This  ligand
incorporates an intramolecular phenolic group in close proximity to the active SP species,
analogous to that found in oxy-tyrosinase (Scheme 14).[*!! Upon oxygenation of the
copper(l) complex, a bis(phenoxyl radical)bis(u-OH)dicopper(Il) intermediate is formed,
confirming the occurrence of HAA. This finding is notable because previous studies showed
that copper(I) complexes without intramolecular phenolic groups did not react with
exogenous monophenol addition.’””! These findings support the HAA mechanism in
tyrosinase and demonstrate not only the potential of incorporating functional groups into the
ligand backbones to discover novel reactivities but also the advantage of positioning

substrates near the active site, which enhances the probability of selective oxidation

compared to intermolecular approaches.
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Scheme 14. Reactivity of a preorganized synthetic analog of tyrosinase to investigate HAA

and hypothesized ternary intermediate of tyrosinase. [40:4!]

Karlin and co-workers also investigated the effects of intramolecular hydrogen bonds on the
ES species by examining a series of copper(I) complexes with L1 derivatives as ligands,
which bear various hydrogen bonding moieties at the 6-pyridyl position (Scheme 15).[7%7]
Their findings revealed that increasing the number and strength of these substituents
systematically shifted the ES/TP equilibrium towards the ES species. Additionally, stronger
hydrogen bonding significantly increased the electrophilic reactivity of the ES species in
HAA. Among the studied copper(I) complexes, the one featuring the bis-pivalamido
substituents (L.24) exhibited the highest reactivity of all the investigated ES species, engaging
in reactions with O—H BDEs up to 91.5 kcal mol™! and C—H BDEs up to 79.7 kcal mol !,
These results demonstrate the importance of second coordination sphere interactions in

stabilizing and modulating the reactivity of copper "oxygen adduct complexes".

H-bonding ability of the ligand

AT O QB G,
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Scheme 15. Ligands based on L1 with different H-bonding substituents to modulate their
HAA reactivity with highest BDEaro-n from substrates that react with ES species.[?%787]
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Intramolecular hydrogen bonds can also shift the ES/TP equilibrium towards the TP species.
Masuda and co-workers demonstrated this by investigating copper(I) complexes with
modified L1 ligands bearing amine substituents at the 6-pyridyl position.’8!] Upon
oxygenation, the resulting TP species exhibited absorption bands that were significantly
blue-shifted, compared to classic TP species. Furthermore, the UV-vis absorption intensity
decreased as the number of amine substituents at the 6-pyridyl position increased, with the
most pronounced effect observed in the trisubstituted ligand tris(6-amino-2-
pyridylmethyl)amine (L25, Scheme 16). These changes were attributed to the formation of
hydrogen bonds between the amine substituents and the bound oxygen in the TP species,
restricting their degrees of freedom and altering the LMCT absorption bands. While Masuda
and co-workers proposed the existence of these hydrogen bonds, similar spectra were also
reported by Karlin and co-workers.!®? The first structurally characterized hydrogen bond
stabilized TP species was reported by Szymczak and co-workers, using an L1-derived ligand
with three 6-phenylamino-2-pyridylmethyl groups at the 6-pyridyl position (L26).133! Here,
the monosubstituted amines facilitated hydrogen bonding, and the phenyl groups provided
steric protection, enabling crystallization of the hydrogen bond stabilized TP species. The
UV-vis spectra aligned with the discussed results, providing further evidence for the role of

second coordination sphere interactions, specifically in the form of hydrogen bonds.
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Scheme 16. Formation of hydrogen bond stabilized TP species using amines/amides. %3]

A novel example of these second coordination sphere interactions, particularly involving
intramolecular hydrogen bonds, was reported by Hong and co-workers. Upon oxygenation
of a copper(l) complex with N-(2-ethoxyethanol)-bis(2-picolyl)amine (L.27) as a ligand, the
formation of a hydrogen bond stabilized TP species occurred (Scheme 17), similar to the
discussed amine derivatives of L1. Here, however, the hydrogen donation was facilitated not

by amine or amide groups but uniquely by an ethoxyethanol side arm, with the terminal
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r.3485] The enhanced solubility provided by the

hydroxy group acting as the hydrogen dono
terminal hydroxy group enabled the use of this complex in various processes, such as
polymerization reactions and the generation of H>O; in aqueous media, where the hydrogen
bond stabilized TP species plays a crucial role in the latter example.3>*) Although the
authors did not specifically investigate the function of the ether moiety of the side arm, its
reactivity in L27 is likely comparable to that in L20, potentially acting as a weak binding
group that positions the hydroxy group in the proximity of the bound dioxygen, thereby

facilitating the formation of the hydrogen bond stabilized TP species.[%*%°]
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Scheme 17. Formation of hydrogen bond stabilized P species using alcohols.!

In conclusion, the examples discussed emphasize the critical role of both first and second
coordination sphere interactions in influencing the nature and reactivity of copper "oxygen
adduct complexes". While considerable attention has been given to studies regarding the first
coordination sphere, the interactions involving the second coordination sphere remain
underexplored. However, examples such as the newly proposed mechanism for tyrosinase
and its related model complex offer significant potential for future research. These findings
present opportunities to explore a variety of functional groups, thereby enhancing our
understanding of natural processes and aiding in the development of novel catalysts for
selective oxidation reactions. Additionally, challenges such as the spontaneous
disproportionation of copper(I) complexes, which complicate dioxygen activation studies,

must be addressed.
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2 Research Goals

2.1 Stabilizing Copper(I) Complexes for Studying Dioxygen Activation

As detailed in Chapter 1.3.3, certain copper(I) complexes tend to spontaneously
disproportionate into copper(Il) and elemental copper, making it difficult to study their
reactivity towards dioxygen and their possible applications as catalysts for selective
oxidation reactions. Although various strategies exist to stabilize labile copper(I) complexes,
such as altering the solvent or the steric properties of the anion, these methods are highly
ligand-dependent and can influence the reactivity of the copper(I) complex. Consequently,
there is significant interest in developing more stabilization techniques applicable to a

broader spectrum of copper(I) complexes.

Based on the findings of Itoh and co-workers, which demonstrated that incorporating
phenylic side chains can stabilize labile copper(I) complexes (see Chapter 1.3.3), this study
investigates related olefinic side chains, which have not been explored in this context. The
goal of this research was to assess whether integrating olefinic side arms into the ligand
structure could suppress disproportionation and how this modification impacts its reactivity
towards dioxygen. Initially, a series of ligands should be synthesized (L28 — L33,
Scheme 18), to evaluate the effects of isomerism, aromaticity, and linker length. The
interactions between the olefinic and aromatic side chains and the copper ion should be
examined using nuclear magnetic resonance (NMR) spectra of both the free ligands and their
respective copper(I) complexes. Additionally, the reactivity of these complexes towards
dioxygen should be investigated utilizing low-temperature stopped-flow UV-vis
spectroscopy techniques. The results demonstrated that olefinic side chains can stabilize
labile copper(I) complexes while maintaining similar reactivity to non-olefinic counterparts,
although the degree of stabilization is influenced by the length and position of the linker.
The results were published in the European Journal of Inorganic Chemistry (Chapter 3.1).

L28, n=1 L29, n
L31,n=2 L32,n

1 L30,n=1
2 L33,n=2

Scheme 18. Ligands with olefinic or aromatic side arms discussed in this work.

22



2.2 Second Coordination Sphere Interactions in Dioxygen Activation

As discussed in Chapter 1.3.3, the formation of various types of copper oxygen adduct
complexes is influenced by multiple factors. Most research has focused on the first
coordination sphere, examining how subtle changes in the ligand affect oxygen adduct
complex formation. This has provided substantial insight into the fundamental interactions
within these complexes. However, the role of second coordination sphere interactions
remains less explored. Understanding its influence is vital, as it involves additional
interactions like hydrogen bonds, which can significantly impact the overall structure and
behavior of the "oxygen adduct complex", making the study of these factors crucial for

gaining insights into more complex natural and chemical processes.

Most studies on intramolecular hydrogen bonding interactions in this area have utilized
additional amine and amide functionalities in the ligand, whereas examples involving
interactions with hydroxy functions are limited. Consequently, the goal of this work was to
enhance our understanding of second coordination sphere interactions using hydroxy
functionalities. Ligand L27 was employed, whose copper(I) complex can form hydrogen
bonds via an ethoxyethanol side chain to the activated dioxygen species, resulting in a
hydrogen bond stabilized trans-u-1,2-peroxido species. To understand this unique property
of the ligand, the reaction should be further investigated using low-temperature stopped-flow
UV-vis spectroscopy techniques. Additionally, the significance of the ether moiety as well
as the hydrogen donor should be investigated by synthesizing and examining a series of
derivatives (L34 — .39, Scheme 19). The findings underscore the importance of the ether
moiety, and a revised reaction mechanism for the reaction of the copper(I) complex and
dioxygen was elucidated. This mechanism supports the transient formation of a hydrogen
bond stabilized trans-u-1,2-peroxido species, which subsequently undergoes a rapid
1somerization reaction to a bis(u-oxido) species. The results were published in the European

Journal of Inorganic Chemistry (Chapter 3.2).

HO\/\X/\/N \N R\/\O/\/N \N
L27,X=0 L36, R = OCH,
L34, X = L37, R = CH,
L35, X = CH, L38, R = NHAc
L39, R = NH,

Scheme 19. Ligands with ethoxyethanol derived side arms discussed in this work.
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3.1 Stabilizing Copper(I) Complexes by Terminal Olefinic Side Arms
and Studying their Reactivity towards Oxidation
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Stabilizing Copper(l) Complexes by Terminal Olefinic Side
Arms and Studying Their Reactivity Towards Oxidation

Alexander Granichny,® Christian Wiirtele,”” and Siegfried Schindler*®

Many copper(l) complexes with aliphatic amine ligands have a
strong tendency to disproportionate to copper(ll) and elemental
copper in solution at higher concentrations, making it difficult
to isolate them and to study their reactivity. A series of copper(l)
complexes with ligands based on tridentate N,N,N’N”N"-
pentamethldiethylenetriamine (Me,dien) were synthesized that

Introduction

Selective oxygenation reactions are crucial in biological systems,
synthesis, and the chemical industry." While oxygenation
reactions on an industrial scale usually use rare metal catalysts,
apply toxic oxidants, and/or require high-pressure and high-
temperature environments, enzymatic oxygenations occur in
metal ions-containing catalytic pockets under ambient con-
ditions using dioxygen from air. Biomimetic model complexes
have been synthesized to study the underlying mechanisms in
nature and find green and sustainable catalysts."” Especially
copper(l) complexes are of particular interest because they can
activate dioxygen, forming so-called “oxygen adduct com-
plexes” (Scheme 1), which can oxygenate external substrates
such as toluene to benzaldehyde.*®

To observe these “oxygen adduct complexes”, it is usually
necessary to apply low-temperature stopped-flow techniques
due to their short lifetime, The reactivity of a large number of
copper(l) complexes towards dioxygen has been investigated
and the results are summarized in several review articles."™
However, it is important to point out that most of the time, it is
not even possible to detect these reactive species spectroscopi-
cally despite the low temperatures. This happens when the
consecutive reactions after the formation of the intermediates
are much faster and thus do not allow their observation. For
example, the copper complex [Cu(Megtrien]™ (Megtrien=N,N"-
bis[2'(dimethylamino)ethyl]-N,N-dimethyl-ethane-1,2-diamine,
Scheme 2) reacts with dioxygen to the corresponding copper(ll)
complex without detection of an intermediate.”” Unfortunately,
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included terminal olefinic and aromatic groups. It could be
shown that the olefinic side arms stabilized some of the
copper(l) complexes. Whether and how strongly the complexes
were stabilized depended on the position and length of the
olefinic sidearm. Additionally, the reactivity of the copper(l)
complexes towards dioxygen was investigated.

e o
%o e o tut LCU@\O>C”"'L '-C“'l:c|)>0””'-

n'-superoxido  trans-y-1,2-peroxido bis{y-oxido) u-n%nP-peroxido

Scheme 1. Selection of "oxygen adduct complexes” (charges are omitted)
formed by the reaction of copper(l) with dioxygen.”'

— previous work

R
b b
e N N Ny Nog2 y; y
o SN N
Mesdien Megtrien, R' = Me, R? = (CHz;N(Me), RLPY™Z R = e, Bz, EtPh
Megtren, R' = (GH;),N(Me);. R? =Me  tmpa, R=GCH;Py
— this work
|
N N N i" Ny N N N Ny
[
L1, n=1 L2,n=1 L3, n=1
L4 n=2 L5 n=2 L6 n=2

Scheme 2. Ligands for copper(l) complexes discussed in here,® ''%142022:261

many copper(l) complexes with aliphatic amine ligands have a
strong tendency to disproportionate to copper(ll) and elemental
copper in solution at higher concentrations, making it difficult
to isolate them and to study their reactivity."®'" However, if
complex formation is faster than its reaction with dioxygen, it is
possible to investigate this reaction by mixing an inert solution
of a copper(l) salt with a dioxygen-saturated ligand solution
using stopped-flow techniques."” An example is the copper(l)
complex with the tridentate ligand N,N,N’,N”,N"-pentamethyl-
diethylenetriamine (Mesdien, Scheme 2), which shows decom-
position at higher concentrations!” For this system, the
copper(l) salt, ligand, and dioxygen were rapidly mixed in a
low-temperature stopped-flow setup, generating the copper(l)
complex in situ, which then reacted with dioxygen. Applying
this method, the formation of a bis(u-oxido)dicopper(lll) com-
plex was spectroscopically observed.'*' A problem with this
procedure is the introduction of acetonitrile derived from the
copper(l) salts [Cu(MeCN),] *. Acetonitrile is a strongly coordinat-
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ing ligand for copper(l), which leads to the stabilization of
copper(l) complexes. However, it often leads to the suppression
of the reaction with dioxygen.

Some copper(l) complexes are stabilized by sterically
demanding anions.” The copper(l) complex with the tetraden-
tate tripodal ligand tris(2-dimethylaminoethyllamine (Megtren,
Scheme 2), for example, has a strong tendency for disproportio-
nation but can be stabilized to a large extent by applying
tetraphenylborate as an anion.” Thus, the complex can be
isolated as a colorless crystalline solid. However, kinetic studies
were performed as described above by mixing an inert solution
of a copper(l) salt with a dioxygen-saturated solution of
Megtren.""'¥ At low temperatures, the so-formed copper(l)
complex first reacts to a mononuclear ;'-superoxido copper(ll)
complex before forming a relatively stable trans-u-1,2-peroxido
dicopper(ll) complex (Scheme 1). This contrasts the copper(l)
complex with its isomer Megtrien (described above), for which
no intermediate could be spectroscopically detected.® It is
interesting to note at this point that the copper(l) complex of
the isomeric ligand Megtrien can be obtained by a compropor-
tionation reaction of the copper(ll) complex with elemental
copper, which was impossible with Megtren.” Furthermore, it
is possible in some cases to achieve stabilization by synthesiz-
ing the corresponding copper(l) carbonyl complexes, for
example [Cu(tmpa)(CO)]" (tmpa =tris(2-pyridylmethyl)-amine,
Scheme 2).""® However, here, the reaction with dioxygen was
triggered by photodissociation, and it was determined that the
photolabile carbonyl species in solution possessed a tridentate
coordination mode to the copper(l) ion with one dangling arm
of the tripodal ligand."®

Compared to using additional ligands like acetonitrile or
carbon monoxide, which are prone to be non-removable and
make the copper center sterically inaccessible to associative
substitution by dioxygen,"®'® aromatic ligands like benzene
proved to be more hemilabile."” Itoh and co-workers showed
that incorporating an ethylphenyl arm into "L™™ stabilizes the
complex compared to its labile methyl or benzyl derivatives
(Scheme 2). This is due to a d-x interaction of the copper(l) ion
and the phenyl group of the ligand side arm forming a bis(u-
oxido)dicopper(lll) complex upon oxygenation.***?? The ab-
sence of a binding mode in the benzyl derivative is due to the
shorter linker, which shows that the position of the side arm
and the linker length are important to stabilize the complex.
Although the incorporation of aromatic groups binding the
copper(l) ion is well established by now, the analogous use of
olefinic units so far is underexplored. One example of a ligand
containing an intramolecular olefinic arm is L1 (Scheme 2) by
Meyerstein and co-workers, whose copper(l) complex showed
enhanced stability in aqueous solutions compared to com-
plexes with ligands Megdien and Megtrien.>*! This prompted
us to reinvestigate the copper(l) complex with L1 to explore its
stability in solution and if the allyl function has any implication
regarding the reactivity towards dioxygen. In addition, a series
of related derivates was synthesized to study the above-
mentioned influence of isomerism (L2), aromaticity (L3), and
elongated linker length (L4-L6, Scheme 2).

Eur. J. Inorg. Chem. 2025, 28, e202400570 (2 of 9)

Results and Discussion
Synthesis of Ligands L1-L6

The ligands L1-L6 were prepared according to Scheme 3. The
synthesis of L1 has been described in the literature by
Meyerstein and co-workers and modified for this work.”* In
contrast to the literature, the reaction of diethylenetriamine (1)
with allyl bromide did not yield pure monoalkylated (2). Instead,
a mixture of mono- and dialkylated products was received and
purified after subsequent Eschweiler-Clarke methylation to
obtain L1. The synthesis of the symmetrical ligands L2 and L5
started with N,N,N”,N"-tetramethyldiethylenetriamine (3), which
was synthesized from Megtren and n-BuLi according to a
published procedure.*”” While deprotonation by sodium
hydride and subsequent alkylation by allyl bromide was
sufficient to obtain L2 a different approach had to be chosen
for L5 due to the lower reactivity of 4-bromo-1-butene
compared to allyl bromide. Hence, potassium iodide is added to
exchange the bromide for iodide by a Finkelstein reaction to
form a better-leaving group, which can alkylate 3 with
potassium carbonate as a base to obtain L5. The aromatic
ligands L3 and L6 were synthesized by reductive amination
with benzaldehyde or phenylacetaldehyde and subsequent
Eschweiler-Clarke methylation. The synthesis of L4 starts from
L3 following a benzyl deprotection with palladium on charcoal
and hydrogen and subsequent alkylation like for L5 with
potassium iodide, potassium carbonate, and 4-bromo-1-butene.

Synthesis, Characterization, and Dioxygen Reactivity of the
Copper(l) Complexes with Ligands L1 and L4

Numerous efforts failed to obtain crystals of the copper(l)
complexes with ligands L1 and L4 for structural character-
ization. Therefore, the complexes were characterized by
elemental analysis (EA) and nuclear magnetic resonance (NMR)
measurements. The synthesis of the copper(l) complex of L1
was carried out by mixing [Cu(MeCN),]JOTf and L1 in acetonitrile
before removing the solvent overnight in vacuo. While the
synthesis of copper(l) complexes in acetonitrile can be a

L L . N RN
b H
1 2 L
\ o | d)ore)
SN - NN - Ny
J H ),
N l
L2 n=1
Magtran k) Ls.n=2
) | | J: ] ae | |
HANL_m o NH, . J 29 S ~
N A MmN
1 L3,n=1 L

L6 n=2

Scheme 3. Synthesis of ligands L1-L6. a) allyl bromide, EtOH, RT; b) CH,0,
acetic acid, reflux; ¢) n-Buli, n-pentane, 0°C to RT, d) NaH, allyl bromide, THF,
0°C to RT (L2); €) K, K,CO,, 4-bromo-1-butene, THF, reflux (L5); f)
NaBH(OAc),, benzaldehyde (L3) or phenylacetaldehyde (L6), DCM, RT; g) Pd/
C, H,, MeOH, RT.
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hindrance, vide supra, both EA and NMR spectra showed no
presence of acetonitrile coordinating to the complex (Fig-
ure 1b). The colorless appearance, the absence of acetonitrile,
and the high field shift of the olefinic protons of the copper(l)
complex of L1 compared to the ligand implies that the allylic
side arm is coordinated to the copper ion and thus stabilizes it
(Figure 1). The overall results show that the copper(l) complex is
stabilized by the coordination of the allylic side arm in solid and
organic solutions, The corresponding copper(ll) complex could
be structurally characterized, and, as expected, the allylic side
arm is not coordinated with the copper(ll) ion. The molecular
structure of [Cu(L1)(H,0)(OTf)](OTf) is shown in Figure 2, where
the allylic side arm (double bond located between C(1) and
C(2)) is pointing outwards away from the copper center. The
copper(ll) ion is coordinated in a distorted square pyramidal
geometry (according to an analysis developed by Addison et al.
with 7,=0.3)" by three N-donor atoms (N(1), N(2), N(3)) of L1,
a water molecule (O(1)), and a triflate anion (O(2)).

Reacting a colorless solution of the copper(l) complex
[Cu(L1)]OTf with dioxygen at —80°C in acetone in a benchtop
experiment first led to a bright yellow color, which then turned
rapidly to green and finally to a blue-colored solution. Low-
temperature stopped-flow UV-vis measurements revealed the
fast formation of a bis(u-oxido)dicopper(lll) complex with an
absorbance maximum at 406 nm (Figure 3), in line with
previous investigations.”'**” After a few seconds, decomposi-
tion of the “oxygen adduct” complex is observed, Extracting the
oxygenated solution by basic workup and investigating it with
GC-MS revealed that the ligand remains intact, and no intra-
molecular hydroxylation or demethylation occurred (Figure 534,
535). Furthermore, the reaction under pseudo-first-order con-

F1

Figure 2. ORTEP Plot of the molecular structure of [Cu(L1)(H,0)(OTAHI(OT.
Non-binding anions and carbon-bound hydrogen atoms are omitted for
clarity (except H,0). Ellipsoids are drawn at 50% probability. Selected Bond
Lenglhs(A): Cu(1)-N(1): 2.088; Cu(1)-N(2): 2.028; Cu(1)-N(3): 2.087; Cu(1)-O-
(1): 2.014; Cu(1)}-0(2): 2.259; C(1)-C(2): 1.318. Selected bond angles (°):
N(1)-Cu(1)-N(2): 85.28; N(1)—Cu(1)}-N(3): 158.99; N(2)—Cu(1)-N(3): 85.76;
N(1)—Cu(1)-0(1): 94.37; N(1)-Cu(1)-0(2): 99.58; N(2)—Cu(1)}-0(1): 174.69;
N(2)-Cu(1)-0(2): 93.71; N(3)-Cu(1)-0(1): 92.82; N(3)-Cu(1)-0(2): 99.92;
O(1)-Cu(1)-0(2): 91.57.

ditions is independent of dioxygen concentration. The overall
observations are similar to the reaction of [Cu-
(Mesdien)(MeCN)]* with dioxygen."” However, for this com-
plex, we had to perform the reaction in situ and could not avoid
the presence of additional acetonitrile in the solution.

The mechanism for the formation of the bis(u-
oxido)dicopper(lll) complex can be assigned in the same way as
reported previously."***** According to Scheme 4, the forma-

a) | |
/N\/\N/\/N\/%/H
| H
® ee J

b) N
A
—N—=Cu—|
-
N_
\
. * o
W\
é.U 5‘5 5‘.0 4‘5 4.0 3.5 3.0 i.S i.U
& (ppm)

Figure 1. '"H NMR spectra of (a) L1, (b) [Cu(L1)](OTf) measured in (CD,),CO at room temperature. Charges and anions are omitted for clarity.
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Figure 3. Time-resolved UV-vis spectra of the reaction of [Cu(L1)]OTf

(2.5-10 * molL ") with dioxygen (5.7-10 * molL )* in acetone at —80°C

over a period of 5 s. The inset displays the time-dependent change in
absorbance at 406 nm.

0 fo) I
[LCu — Lo o LEu

0]
0 ey
LCu\O/Cu L

n'-superoxido Bis(u-oxido)

Scheme 4. Proposed mechanism for the formation of the bis(u-
oxido)dicopper(lll) complex,

tion of an unstable n'-superoxido complex in a rapid left-lying
preequilibrium is proposed, followed by the reaction with
another copper(l) complex to form the observed bis(u-
oxido)dicopper(lll) complex.

Thus, we successfully stabilized this copper/dioxygen sys-
tem by introducing an olefinic group. This conveys that
incorporating the allyl sidearm into the ligand scaffold sup-
pressed the disproportionation of the copper(l) complex in solid
and solution and did not interfere with the activation of
dioxygen. Considering the different reaction conditions, the
bis(u-oxido)dicopper(lll) complex with the ligand L1 lasts for a
few seconds longer than with the ligand Mesdien before
decomposition under the same conditions (Figure 531). Addi-
tionally, we observed that the in situ reaction with L1 did not
work out. Here, the formation of the copper(l) complex is slower
than the reaction of the complex with dioxygen, and only a
very small part of the overall reaction could be spectroscopi-
cally detected.

Because chelate ring size plays an important role,”" we
investigated the copper(l) complex with ligand L4, which differs
from L1 by an elongated olefinic sidearm. As for the copper(l)
complex with L1, the allylic protons were shifted to high field,
and no acetonitrile was found to be coordinated (Figure 521,
522). The difference in linker length caused the copper(l)
complex with L4 as a ligand to become so stable that it did not
react with dioxygen anymore (even at room temperature,
Figure $S32). This is a well-known phenomenon that larger

Eur. J. Inorg. Chem. 2025, 28, e202400570 (4 of 9)

chelate rings can stabilize copper(l) complexes to such an
extent that they become less or even unreactive towards
dioxygen.”" Furthermore, it shows that an optimal linker length
of the olefinic side arm is crucial for a ligand that can stabilize
the copper(l) ion while still being reactive toward dioxygen.

Synthesis, Characterization, and Reactivity Towards Dioxygen
of the Copper(l) Complexes with Ligands L2, L3, L5, and L6

After establishing that incorporating an allylic sidearm into the
ligand scaffold of Mesdien leads to a stable yet reactive
copper(l) complex, and its elongated derivative led to an over-
stabilized and unreactive copper(l) complex; further insights
were yet to be obtained. By comparing L1 with its derivatives,
the effect of isomerism (L2), aromaticity (L3), and elongated
linker length (L5, L6) were studied (Scheme 2). The correspond-
ing copper(l) complexes were synthesized and characterized,
and the reactivity with dioxygen was tested. Unfortunately,
again crystals of copper(l) as well as of copper(ll) complexes
with these ligands suitable for structural characterization could
not be obtained. Disproportionation was observed for copper(l)
complexes with ligands L2 and L3.

The constitutional isomers L2 and L5 differ from L1 and L4
only by having the olefinic side arm attached to the central
instead of the lateral amines. Analogous to the copper(l)
complexes of L1 and L4 its isomeric complexes with L2 and L5
as ligands do not contain a coordinated acetonitrile according
to elemental analysis and NMR spectra (Figure S17, S18).
However, the copper(l) complex of L2 showed disproportiona-
tion upon isolation, visible by a pale blue appearance (instead
of being colorless) and broad signals in the 'H-NMR spectrum
(Figure S$17). Nevertheless, reactions with the copper(l) complex
of L2 and dioxygen were conducted with stopped-flow
measurements at —80°C in acetone, revealing the formation of
a small band at 409 nm resembling a bis(uz-oxido)dicopper(lll)
complex (Figure S33A), similar to the band appearing for L1.
The measurements have been repeated under the same
conditions with freshly generated copper(l) complex of L2 in
acetone, which showed a much higher absorbance at the same
wavelength compared to the isolated complex (Figure S33B).
The overall findings showed that the constitutional isomer L2
cannot stabilize the copper(l) ion, likely due to the position of
the allylic group, which is too rigid and not flexible enough to
coordinate sufficiently.

Furthermore, the copper(l) complex with the elongated
ligand L5 confirms this. The copper(l) complex is stable in
solution and upon isolation. It reacts in benchtop experiments
at —80°C in acetone to a bright, yellow-colored solution before
decomposing to a green-colored solution. However, no “oxygen
adduct” species was detectable by stopped-flow measurements
under the same conditions. Only the formation of the
corresponding copper(ll) complex is observed by a slow buildup
of a shoulder at 359 nm and a broad band at 656 nm over the
period of one hour (Figure 4). By comparing the spectra with its
corresponding copper(ll) complex, it is reasonable that the
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Figure 4. UV-vis spectra of the reaction of [Cu(L5)JOTf (5.0-10* molL ") with
dioxygen gas in acetone at —80°C over a period of 60 min compared with

its corresponding copper(ll) complex [Cu(L5)(MeCN),J(OTf),
(5.0-10" molL™).

broad band shows the formation of copper(ll) while the
shoulder is likely decomposed ligand.

Following the work by ltoh and co-workers'® with the ligand
L2 aromatic groups were introduced in our ligand system
instead of aliphatic olefinic groups, leading to ligands L3 and
L6. The synthesis of the copper(l) complex with L3 as a ligand
resulted in a green-colored oil, which turned out to be the
mono acetonitrile copper(l) complex through EA and NMR
spectra (Figure 519, 520). No shifts in the aromatic region were
detected by comparing the 'H and “C-NMR of L3 and its
corresponding copper(l) complex (Figure S29a, S29b, S30a,
530b). This means that the benzylic side arm is not attached to
the copper(l) ion, explaining the reason for the coordinated
acetonitrile and, therefore, closely resembles *L"™2 " The color
of the isolated copper(l) complex and a broad band in the 500-
700 nm range in the UV-vis spectrum indicated disproportiona-
tion, similar to the copper(l) complex with L2 as a ligand.
Stopped-flow measurements with the copper(l) complex of L3
were conducted at -80°C in acetone, revealing the formation of
a band at 406 nm, indicating a bis(u-oxido)dicopper(lll) complex
(Figure 5). While the reactivity of the copper(l) complex with
dioxygen is analogous to the copper(l) complexes with L1 and
L2, the oxygen adduct starts decaying a magnitude faster. This
is likely due to the missing coordination of the benzylic sidearm,
which is why the complex is mainly stabilized by the
coordinated acetonitrile, making the complex more labile and
reactive. Measurements at different dioxygen concentrations
under the same conditions showed that the reaction rate was
independent of dioxygen concentration. These results are in
line with the reactivity of the copper(l) complex of L1, and the
same mechanism can be proposed (Scheme 4). L3 compares
well with BLP™? because the linker of the additional benzylic
side arm is not long enough to bind to the copper(l) center,
and therefore the isolated complex coordinated acetonitrile

Eur. J. Inorg. Chem. 2025, 28, e202400570 (5 of 9)
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Figure 5. Time-resolved UV-vis spectra of the reaction of [Cu(L3)(MeCN)]OTf
(2510 * molL ") with dioxygen (5.7-10 * molL ') in acetone at —80°C

over a period of 0.5 5. The inset displays the time dependent change in
absorbance at 406 nm.

and decomposed partially.**” However, the direct comparison
with L1, which has the same methyl linker, can coordinate the
copper(l) ion, showing that it is likely the rigid nature of the
aromatic group that hinders coordination.

The copper(l) complex with L6 showed no sign of
disproportionation, and coordination of acetonitrile was not
observed. While the 'H-NMR seemed to suggest that the
ethylphenyl side arm was not attached to the copper(l) ion
(Figure 529¢, 529d), the "C-NMR clearly showed that two
carbon signals of the phenyl group are significantly shifted and
broadened (in comparison with the ligand), confirming that the
ethylphenyl side arm is coordinated to the copper(l) ion
(Figure 530c, 530d). By elongating the linker length from L3 to
L6, the phenylic side arm becomes more flexible, coordinates
with the copper ion, and stabilizes the complex. In stopped-
flow experiments with the copper(l) complex of L6 the
formation of an absorption band at 409 nm again showed the
formation of a bis(u-oxido)dicopper(lll) complex (Figure 6). The
spectra, as well as the lifetime of the dioxygen adduct complex
with L6 as a ligand, resembles the one with L1 more than with
L3, likely because the increased linker length now allows the
phenylic side arm to coordinate the copper(l) ion and therefore
reacts slower than the corresponding complex with coordinated
acetonitrile, This is very similar to the above-discussed results
by Itoh and co-workers and their finding that the ligand system
FLP™2 with a benzyl side arm is not stable, while its derivative
with an ethylphenyl derivative is.”” Here, the authors could
support their findings with molecular structures of the corre-
sponding copper complexes.

Conclusions

In this work, we established with derivatives of Mesdien that
adding terminal olefinic side arms into a ligands scaffold can
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Figure 6. Time-resolved UV-vis spectra of the reaction of [Cu(L6)]OTf
(2.5-10 * molL ") with dioxygen (5.7-10 * molL )* in acetone at —80°C for

4.5 5. The inset displays the time-dependent change in absorbance at
409 nm.

stabilize the corresponding copper(l) complexes upon isolation
and in solution in contrast to the non-derivatized ligand.
Whether and how strongly the complexes are stabilized highly
depends on the position and length of the olefinic sidearm.
Generally, sterically hindered positions require a longer linker to
bind the copper(l) ion than sterically less hindered positions.
However, linkers that are too lengthy over-stabilize the
copper(l) complexes, which then become unsusceptible to
further reactions with dioxygen. This is not unusual as copper(l)
complexes can be pretty stable towards oxidation due to donor
atoms and/or the size of the chelate ring or the anion.””
Furthermore, oxidation of a copper(l) to a copper(ll) complex is
much more common than observing an intermediate in this
process due to the kinetics of this reaction.*” In addition, we
showed that olefinic side arms need shorter linkers to
sufficiently bind the copper(l) ions compared to phenylic side
arms at the same position, which is probably due to the higher
flexibility. Furthermore, the dioxygen activation of the copper(l)
complexes was tested. The best result was obtained with the
ligand L1 (reported previously by the Meyerstein group), whose
position and length of the allylic side arm allow it to bind the
copper(l) ion strongly enough to stabilize it while binding
weakly enough to react with dioxygen. According to the
mechanism shown in Scheme 4, which had been assigned
previously,”* first a #'-superoxido copper(ll) complex forms
before reacting to the observed bis(u-oxido)dicopper(lll) com-
plex, confirming that the olefinic side arm does not affect the
intermediate formed as it is the same as for Medien. The
difficulty in spectroscopically observing the #'-superoxido
complex as an intermediate was demonstrated by DFT calcu-
lations on related systems.*® Only recently, England and co-
workers obtained and characterized an #'-superoxido copper(ll)
complex by using a sterically encumbered tridentate ligand.””

All'in all, our work demonstrates that incorporating olefinic
side arms into a ligand scaffold is a non-invasive way to study
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the oxygen adduct formation of labile copper(l) complexes. To
further elaborate on this methodology, ligands can be
equipped with olefinic side arms that form unstable copper(l)
complexes to study their dioxygen activation in the future.

Experimental Section

Materials and Methods: Air-sensitive copper(l) complexes were
synthesized under inert conditions in a glove box (MBraun,
Germany) filled with argon 5.0. Solvents and reagents were used as
purchased from common suppliers unless stated otherwise.
Megtren, 3, and [Cu(MeCN),JOTf were prepared according to the
literature and stored in the glove box.”** Solvents used to
synthesize copper complexes were bought as anhydrous solvents
under nitrogen atmosphere, distilled under argon, and stored in
the glove box. NMR measurements were performed using a Bruker
Avance Il 400 MHz, Bruker Avance Ill 400 MHz HD, Bruker Avance Ill
600 MHz HD, and Bruker Avance Neo 700 MHz spectrometer. The
'H- and “C-NMR spectra were calibrated using the residual proton
and carbon signals of acetone (6=2.05 and &=29.8)."" ESI-MS
(HRMS) was measured using a Bruker Daltonica micrOTOF.
Elemental analysis was carried out using a Thermo FlashEA-1112
series CHN-analysator. GC-MS measurements were carried out using
an Agilent Technologies 5977B mass detector with a 7820 A GC
system. UV-vis measurements were carried out using an Agilent
8453 spectrometer. Stopped-Flow UV-vis measurements were
performed on a commercial HI-TECH SF615X2 stopped-flow unit
(TgK Scientific, Bratford-on-Avon, UK). The data were processed
using Kinetic Studio version 5.02 Beta. The procedure for kinetic
measurements was described in detail in previous work.”" Details
of X-Ray crystal structure determination are reported in the
Supporting Information. Deposition Number 2376264 (for [Cu-
(L1)(MeCN)](OTf),) contains the supplementary crystallographic
data for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe Access Structures service.

Preparation of L1: A modified version of the synthesis reported in
the literature” was used to obtain L1. Allyl bromide (7.0 g, 5.0 mL,
0.058 mol) in 20 mL of dry ethanol was added dropwise to a
solution of diethylenetriamine (17.9 g, 18.7 mL, 0.175 mol) in 50 mL
dry ethanol over the course of 3 h at 0°C. Then 5 g KOH was added
to the reaction mixture, and the colorless precipitate obtained was
removed by filtration. The solvent was removed under reduced
pressure. The excess amine was removed from the reaction mixture
by distillation with a Vigreux column at 91°C and 15 mbar, while
the crude intermediate product was collected above 92°C (4.80 g).
The latter was dissolved in 20 mL acetic acid at 0°C, then 30 mL
formaldehyde (30 wt%) was added. The reaction mixture was
refluxed overnight. After cooling to room temperature, the reaction
mixture was made basic with ag. NaOH and extracted three times
with 50 mL DCM. The combined organic phases were dried over
Na,S0, and the solvent was removed under reduced pressure. The
crude product was purified by column chromatography (DCM,
MeOH 10:1+ 1% NEt;) and a colorless oil (1.39 g, 6.99 mmol, 12%,
R,=0.2) was received. 'H NMR (400 MHz, acetone-dy): & [ppm]=
5.87-5.77 (m, 1H, CH=CH,), 5.19-5.12 (m, 1H, CH=CH,), 5.09-5.04
(m, TH, CH=CH,), 2.99-2.95 (m, 2H, CH,~CH=CH,), 2.48-2.39 (m, 6H),
2.34-2.29 (m, 2H), 2.20 (s, 3H, N—(CH,)), 2.17 (s, 3H, N—(CH;)), 2.15 (s,
6H, N—(CH.),); *C NMR (101 MHz, acetone-d,): & [ppm]=137.5,
116.9, 61.9, 58.6, 57.1, 57.0, 56.1, 46.1, 43.3, 42.8; HRMS (ESI): m/z
calcd. for C,,H,sN;: 200.2121 [M+H] '; found: m/z=200.2120.

Preparation of L2: To a suspension of NaH (0.573 g, 23,3 mmol) in
100 mL dry THF N,N,N",N"-tetramethldiethylenetriamine (3) (3.38 g,
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21,2 mmol) was added dropwise over the course of 5 min at 0°C.
After stirring the reaction for 1h at 0°C allyl bromide (2.82 g,
2.02 mL, 23.3 mol) was added dropwise over the course of 10 min,
and the reaction mixture was allowed to warm to room temper-
ature, at which it was stirred for 19 h. Then 14 mL of deionized
water were added, and the reaction was stirred for 10 min before
the solvent was removed under reduced pressure. The residue was
taken up in 70 mL NaOH (1 molL™") and extracted three times with
135 mL DCM. The combined organic phases were dried over Na,50,
and the solvent was removed under reduced pressure. The crude
product was purified by column chromatography (DCM, MeOH
10:1+2% NEt;) and a colorless oil (0.328 g, 1.64 mmol, 8%, R;=
0.34) was received. '"H NMR (400 MHz, acetone-d,): & [ppm] = 5.89-
5.78 (m, TH, CH=CH,), 5.20-5.14 (m, TH, CH=CH,), 5.09-5.04 (m, 1H,
CH=CH,), 3.12 (dt, J=6.3, 1.4 Hz, 2H, CH,~CH=CH,), 2.57-2.52 (m,
4H), 2.35-2.30 (m, 4H), 2.15 (s, 12H, N —(CH,),); "C NMR (101 MHz,
acetone-dy): & [ppm]=137.7, 116.7, 58.8, 53.2, 46.2; HRMS (ESI): m/z
caled. for C;H,5N5: 200.2121 [M +H]™; found m/z=200.2123.

Preparation of L3: To a solution of diethylenetriamine (1.00 g,
1.04 mL, 9.69 mmol) and benzaldehyde (1.03 g, 0.99 mL, 9.69 mmol)
in 30 mL DCM sodium triacetoxyborohydride (3.02 g, 14.5 mmol)
was added. After stirring the reaction for 3 h at RT, the reaction was
quenched with water, was made basic with ag. NaOH and extracted
three times with 30 mL DCM. The combined organic phases were
dried over Na,SO, and the solvent was removed under reduced
pressure. Without further purification the crude product was
dissolved in 4 mL acetic acid at 0°C and then 4.5 mL formaldehyde
(30 wt %) were added. The reaction mixture was refluxed overnight.
After cooling to room temperature, the reaction mixture was made
basic with ag. NaOH and extracted three times with 30 mL DCM.
The combined organic phases were dried over Na,SO, and the
solvent was removed under reduced pressure. The crude product
was purified by column chromatography (DCM, MeOH 50:1 to
10:1+1% NEt;) and a colorless oil (0.378 g, 1.51 mmol, 15%, R;=
0.25) was received. '"H NMR (400 MHz, acetone-d): & [ppm] =7.35-
7.27 (m, 4H, Ph), 7.24-7.19 (m, 1H, Ph), 3.50 (s, 2H, CH,—Ph), 2.54-
246 (m, 4H), 2.46-241 (m, 2H), 2.34-230 (m, 2H), 219 (s, 3H,
N—(CHy)), 217 (s, 3H, N—(CH;)), 2.14 (s, 6H, N—(CH;),); "*C NMR
(101 MHz, acetone-d,): ¢ [ppm]=140.7, 129.6, 128.9, 127.6, 633,
58.6, 57.1, 57.0, 56.3, 46.1, 43.3, 42.9; HRMS (ESI): m/z calcd. for
C,Hy,Ny: 250.2278 [M+H]'; found m/z=250.2278.

Preparation of L4: To a solution of L3 (2.21g, 8.88 mmol) in
200 mL MeOH palladium on carbon (10 wt.%) (0.94 g, 0.89 mmol)
was added. The reaction mixture was stirred at room temperature
under a hydrogen atmosphere at atmospheric pressure (balloon)
for 13 h. The suspension was filtered, and the solvent was removed
under reduced pressure to receive the crude intermediate product
(0.766 g) as a yellow oil. Without further purification, the crude
product and 4-bromo-1-butene (0.71 g, 0.54 mL, 5.29 mmol) were
dissolved in 50 mL THF, and Kl (0.884 g, 5.29 mmol) and K,CO,
(1.33 g, 9.62 mmol) were added. the reaction mixture was refluxed
for 40 Then 10 mL deionized water were added, and the reaction
was stirred for 10 min before the THF was removed under reduced
pressure. The residue was taken up in 20 mL aqg. KOH and extracted
four times with 40 mL DCM. The combined organic phases were
dried over Na,SO, and the solvent was removed under reduced
pressure. The crude product was purified by column chromatog-
raphy (DCM, MeOH 10:1+41% NEt;) and a colorless oil (0.155g,
0728 mmol, 8%, R;=0.21) was received. 'H NMR (400 MHz,
acetone-dy): & [ppm] =5.88-5.77 (m, 1H, CH=CH,), 5.07-5.00 (m, 1H,
CH=CH,), 4.96-4.91 (m, 1H, CH=CH,), 2.46-2.38 (m, 8H), 2.35-2.31
(m, 2H), 2.23-2.17 (m, 8H), 2.16 (s, 6H, N—(CH.),); *C NMR (101 MHz,
acetone-dg): & [ppm]=138.1, 115.5, 58.6, 58.4, 57.1, 57.0, 56.6, 46.1,
433, 42.7, 32.7; HRMS (ESI): m/z calcd. for C,,Hy,N;: 214.2278 [M+
H]*; found m/z=214.2279.
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Preparation of L5: To a suspension of Kl (1.06 g, 6.39 mmol) and
K,CO; (1609, 11.6 mmol) in 50mL THF, 3 (0.925g, 1.00mL,
5.81 mmol) and 4-bromo-1-butene (0.86 g, 0.65mL, 6.39 mmol)
were added and the reaction mixture was kept under reflux for 26
Then 10 mL deionized water were added, and the reaction was
stirred for 10 min before the THF was removed under reduced
pressure. The residue was taken up in 20 mL ag. KOH and extracted
four times with 40 mL DCM. The combined organic phases were
dried over Na,S0O, and the solvent was removed under reduced
pressure. The crude product was purified by column chromatog-
raphy (DCM, MeOH 10:1+1% NEt;), and a colorless oil (0.219g,
1.03 mmol, 18%, R;=0.21) was received. '"H NMR (400 MHz,
acetone-d,): & [ppm] =5.89-5.77 (m, 1H, CH=CH,), 5.06-5.00 (m, 1H,
CH=CH,), 4.96-4.91 (m, TH, CH=CH,), 2.58-2.50 (m, 6H), 2.35-2.29
(m, 4H), 2.22-2.17 (m, 2H), 2.16 (s, 12H, N—(CHs),); "“C NMR
(101 MHz, acetone-d,): 0 [ppm]=138.2, 115.5, 58.9, 55.4, 53.6, 46.2,
32.8; HRMS (ESI): m/z caled. for Cj;Hy;Ny: 214.2278 [M+H]; found
m/z=214.2280.

Preparation of L6: To a solution of diethylenetriamine (1.14 g,
1.19mL, 11.1 mmol) and phenylacetaldehyde (1.34g, 1.30mL,
11.1 mmol) in 30 mL DCM sodium triacetoxyborohydride (3.53 g,
16.7 mmol) was added. After stirring the reaction for 6 h at RT the
reaction was quenched with water, was made basic with ag. NaOH,
and extracted three times with 30 mL DCM. The combined organic
phases were dried over Na,SO, and the solvent was removed under
reduced pressure. Without further purification the crude product
was dissolved in 5mL acetic acid at 0°C and then 55mL
formaldehyde (37 wt%) were added. The reaction mixture was
refluxed overnight. After cooling to room temperature, the reaction
mixture was made basic with ag. NaOH and extracted three times
with 30 mL DCM. The combined organic phases were dried over
Na,S0, and the solvent was removed under reduced pressure. The
crude product was purified by column chromatography (DCM,
MeOH 20:1+1% NEt;), and an orange oil (0.309 g, 1.17 mmol,
11%, R=0.26) was received. '"H NMR (400 MHz, acetone-d,): o
[ppm]=7.29-7.21 (m, 4H, Ph), 7.19-7.13 (m, 1H, Ph), 2.77-2.72 (m,
2H, CH,—Ph), 2.62-2.57 (m, 2H, CH,—CH,—Ph), 2.52-2.47 (m, 2H),
247-241 (m, 4H), 2.35-2.30 (m, 2H), 2.27 (s, 3H, N—(CH,)), 2.20 (s,
3H, N—(CH,)), 2.15 (s, 6H, N—(CH),); *C NMR (101 MHz, acetone-d,):
3 [ppm] =141.9, 129.6, 129.0, 126.6, 60.8, 58.6, 57.2, 57.1, 56.5, 46.2,
43.3, 42.9, 34.5; HRMS (ESI): m/z calcd. for CigH,oN;: 264.2434 [M+
H]'; found m/z=264.2435.

General procedure for the synthesis of copper(l) complexes: In an
argon-filled glovebox, the ligand and copper salt were each
dissolved in dry acetonitrile. Then, the copper solution was added
dropwise under vigorous stirring to the ligand solution at room
temperature. The reaction mixture was stirred for 30 min, and
subsequently, the solvent was removed under reduced pressure to
abtain the complex without further purification.

[Cu(L1)]OTf: Following the general procedure L1 (100 mg,
0.502 mmol) and [Cu(MeCN),]OTf (180 mg, 0.478 mmol) in 6 mL dry
acetonitrile were used to obtain the corresponding complex as a
colorless solid (194 mg, 0.472 mmol, 99%). 'H NMR (400 MHz,
acetone-dg): 0 [ppm]=5.31-5.18 (m, 1H, CH=CH,), 438 (d, J=
14.5 Hz, TH CH=CH,), 4.10 (d, J=7.9 Hz, 1H, CH=CH,), 3.18-2.72 (m,
14H), 2.71 (s, 6H, N—(CH,),), 2.59 (s, 3H, N—(CH,)); *C NMR (101 MHz,
acetone-d,): & [ppm]=122.40 (q, J=322.4 Hz, OTf), 100.9, 79.7, 59.6,
59.2, 58.9, 55.7, 55.2, 48.4, 46.0, 45.8; Elemental analysis calcd. (%)
for C,,H,;CuF;N,0,5: C 34.99, H 6.12, N 10.20; found: C 35.28, H 6.06,
N 10.02.

[Cu(L2)]OTf: Following the general procedure L2 (100 mg,
0.502 mmol) and [Cu(MeCN),JOTf (180 mg, 0.478 mmol) in 6 mL dry
acetonitrile were used to obtain the corresponding complex as a
pale blue solid (199 mg, 0.472 mmol, 97%). 'H NMR (400 MHz,
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acetone-d,): 0 [ppm]=5.22 (5, 1H, CH=CH,), 4.78 (s, 1H, CH=CH,),
462 (s, TH, CH=CH,), 3.84 (s, 2H, CH,—CH=CH,), 3.48-2.46 (m, 20H);
C NMR (101 MHz, acetone-dy): & [ppm]=122.1 (q, J=321.4 Hz,
OTf), 96.5, 88.2, 59.7, 58.8, 48.8; Elemental analysis calcd. (%) for
C,;H5sCuF;N,0,5: € 34.99, H 6.12, N 10.20; found: C 35.22, H 5.98, N
10.27.

[Cu(L3)(MeCN)]OTf: Following the general procedure L3 (125.3 mg,
0.502 mmol) and [Cu(MeCN),JOTf (180 mg, 0.478 mmol) in 6 mL dry
acetonitrile were used to obtain the corresponding complex as a
green oil (248 mg, 0.472 mmol, 98%). 'H NMR (400 MHz, acetone-
dy): 0 [ppm]=7.58-7.54 (m, 2H, Ph), 7.45-7.34 (m, 3H, Ph), 3.87 (s,
2H, CH,—Ph), 2.90-2.64 (m, 8H), 2.63 (s, 3H, N—(CH,)), 2.59 (s, 6H,
N—(CHs),), 2.34 (s, 3H, N—(CHs)), 2.24 (s, 3H, MeCN); *C NMR
(101 MHz, acetone-dg): & [ppm]=136.2, 131.3, 129.1, 128.9, 122.5 (q,
J=322.3 Hz, OTf), 117.3 (MeCN), 65.2, 59.8, 57.7, 55.2, 55.0, 48.9,
464, 433, 1.9 (MeCN); Elemental analysis calcd. (%) for
C,gHsoCuUF;N,0,5: C 42.98, H 6.01, N 11.14; found: C 43.12, H 548, N
11.62.

[Cu(L4)]OTf: Following the general procedure L4 (53 mg,
0.25 mmol) and [Cu(MeCN),JOTf (90 mg, 0.24 mmol) in 3 mL dry
acetonitrile were used to obtain the corresponding complex as a
colorless solid (98 mg, 0.23 mmol, 96%). 'H NMR (700 MHz,
acetone-dy): 0 [ppm]=5.02-4.94 (m, 1H, CH=CH,), 4.36 (d, J=
15.3 Hz, 1H, CH=CH,), 4.27 (d, J=8.9 Hz, 1H, CH=CH,), 3.05-2.79 (m,
6H), 2.77 (s, 3H, N—(CH,)), 2.75-2.67 (m, 6H), 2.64 (s, 3H, N—(CH,)),
2.62 (s, 3H, N~(CH,)), 2.53-2.47 (m, 1H), 2.32-2.27 (m, TH), 2.04-1.99
(m, TH); "°C NMR (176 MHz, acetone-d,): & [ppm]=102.6, 82.5, 59.6,
55.9, 55.6, 55.0, 54.2, 50.6, 48.0, 46.8, 45.0, 31.8; Elemental analysis
caled. (%) for C,;H,,CuF;N;0,S: C 36,66, H 6.39, N 9.86; found: C
36.52, H 6.48, N 9.60.

[Cu(L5)]JOTf: Following the general procedure L5 (53 mg,
0.25 mmol) and [Cu(MeCN),JOTf (90 mg, 0.24 mmol) in 3 mL dry
acetonitrile were used to obtain the corresponding complex as a
colorless solid (99 mg, 0.23 mmol, 98%)."H NMR (700 MHz, acetone-
dg): O [ppm]=557-549 (m, 1H, CH=CH,), 4.61-4.56 (m, TH,
CH=CH,), 4.56-4.53 (m, 1H, CH=CH,), 3.09-3.06 (m, 2H), 2.98-2.87
(m, 4H), 2.82-2.69 (m, 4H), 2.66 (s, 12H, (N-CH,),),). 2.28 (q, J=
6.3 Hz, 2H); °C NMR (176 MHz, acetone-dy): & [ppm]=114.3, 88.9,
60.8, 55.9, 51.6, 49.4, 34.8; Elemental analysis calcd. (%) for
C,3H;,CuF;N,0,5: C 36.66, H 6.39, N 9.86; found: C 36.68, H 6.41, N
9.97.

[Cu(L6)]OTf: Following the general procedure L6 (66 mg,
0.25 mmol) and [Cu(MeCN),JOTf (90 mg, 0.24 mmol) in 3 mL dry
acetonitrile were used to obtain the corresponding complex as a
colorless solid (113 mg, 0.238 mmol, 99%). 'H NMR (600 MHz,
acetone-dy): & [ppm] =4 7.51 (t, /=7.5 Hz, 2H, Ph), 7.37-7.30 (m, 3H,
Ph), 3.18-2.86 (m, 4H, (CH,);=Ph), 2.83-2.08 (m, 20H); *C NMR
(151 MHz, acetone-dg): & [ppm]=129.1, 127.2, 122.8 (broad), 122.5
(g, J=322.3 Hz, OTf), 117.6 (broad), 59.48, 57.1, 54.9, 54.6, 54.5, 49.2
(broad), 48.5 (broad), 46.0, 45.5, 33.1; Elemental analysis calcd. (%)
for C,;H,sCuF;N,0,5: C 42.89, H 6.14, N 8.83; found: C 43.53, H 6.20,
N 8.75.

[Cu(L1)(MeCN))(OTf),: Following the general procedure L1 (50 mg,
0.25 mmol) and Cu(OTf), (91 mg, 0.25mmol) in 1mL dry
acetonitrile were used to obtain the corresponding complex as a
blue solid (160 mg, 0.25 mmol, 99%). Elemental analysis calcd. (%)
for C,sH,5CuFN,0,S;: C 29.92, H 4.69, N 9.31; found: C 29.72, H 4.72,
N 9.19. Slow evaporation of a complex solution in methanol
resulted in blue crystals suitable for X-ray structural character-
ization.

Oxygenation Reaction of [Cu(L1)]OTf: To investigate whether the
ligand L1 is still intact after oxidation of the corresponding
copper(l) complex with dioxygen, the copper was extracted, and
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the organic residue was analyzed. For that, [Cu(L1)JOTf (40 mg,
0.097 mmol) was dissolved in 10 mL acetone, and dioxygen was
bubbled through the solution for 5 min at —80°C. After the solution
warmed up to room temperature 20 mL ag. ammonia was added
and the solution was extracted three times with 20 mL DCM. The
combined organic phases were dried over Na,S0O, and the solvent
was removed under reduced pressure. The organic residue was
analyzed using GC-MS.
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Interactions in the Dioxygen Activation of a Copper(l)
Complex with a N-(2-Ethoxyethanol)-bis(2-picolyl)amine

Ligand

Alexander Granichny,” Anna Leah Scholl,”” Christian Wiirtele,” and Siegfried Schindler*®

Dedicated to Prof. Rudi van Eldik on the occasion of his 80th Birthday.

While first coordination sphere interactions have been inves-
tigated in great detail for the reactivity of copper(l) model
complexes with dioxygen, the interactions of the secondary
coordination sphere with the bound dioxygen so far remain
underexplored. A series of copper(l) complexes with ligands
based on N-(2-ethoxyethanol)-bis(2-picolyl)amine (L(O)OH)
were synthesized, and the reactivity towards dioxygen was
monitored by low-temperature stopped-flow UV/vis spectro-
scopy. Various “oxygen adduct complexes” were observed, and
the influence of the second coordination sphere interactions

Introduction

Mimicking the active sites of copper-containing enzymes that
activate dioxygen under ambient conditions, such as dopa-
mine-B-monooxygenase (DSM) and peptidylglycine-a-monoox-
ygenase (PHM),"? is a major goal in bioinorganic chemistry. It
led to the development of many model complexes for copper
metalloenzymes.” The reaction of copper(l) model complexes
with dioxygen provides a diverse range of so-called “oxygen
adduct complexes” that are formed via various pathways
(Scheme 1)." To follow the formation of these often unstable
“oxygen adduct complexes”, low-temperature stopped-flow
techniques are applied. In some cases, the structural character-
ization of such intermediates is possible by using fine-tuned
ligand systems that enhance the stability of the “oxygen adduct
complexes”: e.g., the first molecular structure of a 5'-superoxido
copper(ll) complex with tris[2-(N-
tetramethylguanidyl)ethyllamine (TMG,tren, Scheme 2) as a
ligand,” and the first structurally characterized trans-u-1,2-
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was analyzed. If the ether moiety or the hydroxy group in
L(O)OH is removed/replaced, the formation of a trans-u-1,2-
peroxido dicopper(ll) complex or a bis(u-oxido) dicopper(lll)
complex is observed. Establishing stronger hydrogen bonding
while maintaining the ether moiety leads to hydrogen bond
stabilized trans-u-1,2-peroxido dicopper(ll) complexes. Based on
these results, we deduced that the copper(l) complex with
L(O)OH as ligand reacts with dioxygen first to a hydrogen bond
stabilized trans-u-1,2-peroxido dicopper(ll) complex, which
rapidly converts to a bis(u-oxido) dicopper(lll) complex.

+Lcu!

0,
LCu' + 0, \D,Cu”L

.0, g
e o LCu"

trans-p-1,2-peroxido ("P)

~

0
—= Lol >Cu‘”L
o]

n'-superoxido (£8)

~

. 222
et
~o

o
Leo!” [ Soult
o

-superoxido (3S) p-P-peroxido (SP) bis(u-oxido) (O)

Scheme 1. Typical reaction pathways for copper(l) complexes with

dioxygen.”
|
/NWN\ S R
[N =N
| NS
YN\ Ry ‘N\ Nz
N

- N # Ry

iy

TMGstren tmpa, R1=R;=R3=H

L1, Ry =NHp, Ry =Ry=H
L2, Ry =Ry =NHy, Ry=H
L3, R; =R, =R3=NH,

L4, Ry = NHPlv, R;=R3 = H
L5, Ry = NHBn, R, = Ry = H
L6, Ry = Rz = Ry = NHPh

Scheme 2. Ligands for copper(l) complexes that are discussed in here.>!*'%

peroxido dicopper(ll) complex with tris(2-pyridylmethyl)amine
(tmpa, Scheme 2) as a ligand.”” While most ligands used to
contain only nitrogen donor groups, substituting nitrogen with
a sulfur donor atom can lead to the same dioxygen reactivity as
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their related nitrogen analogs”® and, therefore, can better
represent the active sites of DSM and PHM with sulfur-
containing amino acids."? However, this depends on the
residues attached to the sulfur atom, which strengthen or
weaken the Cu-S bond, leading to different “oxygen adduct
complexes”.” Aliphatic residues stabilizeed the Cu-S bond,
thus forming trans-u-1,2-peroxido dicopper(ll) complexes similar
to the copper tmpa complex.” At the same time, sterically
bulky electron-withdrawing groups weaken the Cu-S bond,
thus forming bis(u-oxido)dicopper(lll) complexes similar to
copper complexes with tridentate bispicolylamine ligands."”

Substituting the residues affects the dioxygen adduct
formation by changing the coordination sphere around the
metal ion. On the other hand, other functional groups engage
directly with the bound dioxygen through secondary coordina-
tion sphere interactions.""! Masuda and co-workers investigated
the effect of incorporating amines in the 6-pyridyl positions of
tmpa (L1-L4, Scheme 2) in copper(l) complexes regarding their
dioxygen activation."*"®’ The observed trans-u-1,2-peroxido
species displayed a sizeable blue shift in their UV/vis spectra.
Additionally, the increased number of amine groups led to a
decreased absorbance caused by hydrogen bond formation
and the resulting restricted movement of the peroxide
species."?"? Investigations by Karlin and co-workers showed
that a copper(l) complex with a tmpa-derived ligand with a
single 6-phenylamino-2-pyridylmethyl group (L5, Scheme 2) led
to a similar blue shift in the UV/vis spectrum upon oxidation
with dioxygen."" Szymczak and co-workers structurally charac-
terized such a hydrogen bond stabilized peroxide species with
a tmpa-derived ligand with three 6-phenylamino-2-pyridyl-
methyl groups (L6, Scheme 2) whose UV/vis spectra are in line
with the discussed ligands above."

The copper complex with N-(2-ethoxyethanol)-bis(2-
picolyllamine as a ligand (L(O)OH, Scheme 3) was reported
previously to also exhibit secondary coordination sphere

=

CNj\ ~
a) |
s RNy

Ry ~NH:
1,R=0H,X=0 L(O)OH, R = OH, X=0
2,R=0H,X=S L(S)OH, R=OH, X =S
3,R=0H,X=CH, L(CH)OH, R = OH, X = CH,
4,R=0CH; X=0 L(O)OCH, R = OCH;, X = O
5,R=CHy X=0 L(O)CHs, R=CHy, X =0
b) H
HN g N = R
6 © 7
;
4 4
5 P N P
HN N I e N N |
< 5
N~ o~ N R N
L(O)NH, ° L(O)NHAC

Scheme 3. Ligand syntheses: a) 2-picolyl chloride hydrochloride, potassium
carbonate, MeCN, reflux; b) EtOAc, H,0, reflux; c) pyridine-2-carbaldehyde,
NaBH(OAc),, DCE, RT; d) HCl, reflux.
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interactions towards bound dioxygen."®'” Copper complexes
with this ligand were successfully used in polymerization
reactions and the generation of H,0, in water due to its
increased solubility caused by the terminal hydroxy group. This
hydroxy group plays a significant role in the proposed
mechanism for the H,O, generation as it facilitates hydrogen
bonds and forms a hydrogen bond stabilized trans-u-1,2-
peroxido dicopper(ll) complex,"” analogous to the aforemen-
tioned amine derivatives of tmpa.">"' Similar interactions were
discussed with this ligand’s copper(ll) complex and H,0,
derivates."® Regarding the unique property to form a hydrogen
bond stabilized trans-u-1,2-peroxido dicopper(ll) complex with
a hydroxy group, we investigated the complex in more detail
with low-temperature stopped-flow techniques. Additionally, a
series of copper(l) complexes with related ligands shown in
Scheme 3 were synthesized and analyzed to explore the role of
the ether moiety and the terminal hydrogen donor in the
dioxygen activation mechanism.

Results and Discussion
Synthesis of the Ligands

All ligands except for L(O)NHAc and L(O)NH, were prepared
according to the published procedure for L(O)OH."? According
to Scheme 3, amine precursors 1-5 react with 2-picolyl chloride
hydrochloride and potassium carbonate to the corresponding
ligands. The synthesis for L(O)NHAc and L(O)NH, starts with a
modified literature synthesis for the mono-acylation of symmet-
ric diamines by refluxing the diamine 6 in a mixture of ethyl
acetate and water.” This is followed by reductive amination of
the mono-acylated amine 7 with pyridine-2-carbaldehyde and
sodium triacetoxyborohydride to receive L(O)NHAc. Further-
more, this ligand is refluxed in hydrochloric acid to cleave the
acyl-protecting group to obtain L(O)NH,.

Synthesis, Characterization, and Dioxygen Reactivity of the
Copper(l) Complex of L(O)OH

The synthesis of the copper(l) complex of L(O)OH was carried
out by mixing [Cu(MeCN),ICIO, and L(O)OH in acetonitrile
before removing the solvent overnight in vacuo. Elemental
analysis (EA) confirmed the formation of the monoacetonitrile
complex [Cu(L(O)OH)(MeCN)]CIO,. This suggests that the ethox-
yethanol side chain is not coordinated, unlike its copper(ll)
complex, where the ether is weakly coordinated in the axial
position of the copper(ll) ion."®'%?"!

Reacting a yellow solution of the copper(l) complex with
dioxygen in acetone at —80°C in a benchtop experiment first
led to the formation of a green color, which then rapidly turned
into a blue-colored solution. Extracting the oxygenated solution
by basic workup and investigating it with GC-MS revealed that
the ligand remains intact, and no intramolecular hydroxylation
occurred (Figure S20, S21). Low-temperature stopped-flow
measurements in acetone revealed the formation of two

© 2025 The Author(s). European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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absorbance maxima at 389 nm and 455 nm and a small band at
680 nm (Figure 1). Notably, the initial copper(l) complex spec-
trum is unobserved due to the reaction occurring partially
during the mixing time of the instrument. First, an increase of
the absorbance at 455nm is observed, followed by an
immediate decrease, while simultaneously, there is an increase
at 389 nm that again starts to decrease after 1.5 s. This strongly
suggests that two distinct “dioxygen adduct” species were
formed, with one fully transformed into the other, Based on the
literature, the band at 389 nm is most likely caused by the
formation of a bis(u-oxido)dicopper(lll) complex similar to the
reaction of copper(l) complexes with bispicolylamine derivatives
as ligands."*?*! On the other hand, the assignment of the
band at 455 nm is less clear, but the region corresponds with
hydrogen bond stabilized trans-u-1,2-peroxido dicopper(ll)
complexes discussed above."*'” Although isomerization reac-
tions of trans-u-1,2-peroxido dicopper(ll) complexes into bis(u-
oxido)dicopper(lll)  complexes  have  been  reported
previously,””" examples are rather rare. To consolidate the
assigned dioxygen adducts, several derivates of the copper(l)
complex of L(O)JOH were synthesized to investigate the
importance of the ether function and the terminal hydroxy
group.

Synthesis, Characterization, and Dioxygen Reactivity of the
Copper(l) Complex of L(S)OH and L(CH,)OH

To analyze the importance of the ether group for the dioxygen
activation, the copper(l) complexes of the two derivatives,
L(S)OH and L(CH,)OH, were studied. Beginning with L(S)OH,
which only differs from L(O)OH by having a thicether instead of
an ether group, we wanted to investigate the implications
sulfur would have on the dioxygen activation as a stronger

Absorbance

0.0

T T T T T T T 1
350 400 450 500 550 600 650 700
Wavelength [nm]

Figure 1. Time-resolved UV/vis spectra of the reaction of [Cul(L-
(0)OH)(MeCN)ICIO, (2.5-10 % molL ") with dioxygen (5.7-10 % molL )**/ in
acetone at —80°C throughout 1.5 s. Initial spectra is depicted by the black
dashed line. The inset displays the time-dependent change in absorbance at
389 nm (black) and 455 nm (red).

Eur. J. Inorg. Chem. 2025, €202400804 (3 of 10)

binding partner for the copper(l) ion than oxygen. The
corresponding copper(l) complex was synthesized under the
same conditions as for L{O)OH. Instead of an oil, as for the
other copper(l) complexes of the series (Scheme 3), a solid was
received, and it was possible to obtain crystals for structural
characterization. The molecular structure of the unit cell of
[Cu(L(S)OH)ICIO, is depicted in Figure 2. In contrast to [Cu(L-
(0)OH)(MeCN)ICIO,, no acetonitrile was found to be coordi-
nated, which was further confirmed by elemental analysis. The
copper(l) ion is coordinated by three N-donor atoms (N(1), N(2),
N(3)) of L(S)OH and a sulfur atom from the thioether sidearm of
a neighboring complex (5(1)#1) in a distorted tetrahedral
geometry (1,=0.78, 7, =0.75).**" This implies that the solid
here corresponds to a polynuclear instead of a mononuclear
complex.

Reacting a yellow solution of the copper(l) complex in
acetone at —80°C with dioxygen in a benchtop experiment led
to a short-lived dark purple color (t,,, ~10 min), turning into a
green-colored solution. This shows that the reactivity towards
dioxygen differs significantly from the copper(l) complex of
L(O)OH, which was confirmed by low-temperature stopped-
flow UV/vis measurements. They revealed the formation of a
typical trans-u-1,2-peroxido dicopper(ll) complex with absorb-
ance maxima at 523 and 600 nm (Figure 3), in line with similar
copper(l) complexes with N3S thioether ligands reported
previously.*** While the decomposition of the dioxygen
adduct starts immediately, it is still observable after a couple of
minutes, in accordance with the benchtop experiments. Extract-
ing the oxygenated solution by basic workup and investigating
it with GC-MS revealed that the ligand remains intact, and
neither intramolecular hydroxylation nor sulfoxidation occurred
(Figure S22, S23). This finding is in accordance with N3S
thioether ligands that form trans-u-1,2-peroxido dicopper(ll)
complexes.” The results suggest that while we characterized a
polynuclear complex in solid, a mononuclear tetradentate
complex is present in solution.

Figure 2. ORTEP Plot of the molecular structure of [Cu(L(S)OH)ICIO,. Non-
binding anions, solvent molecules, and carbon-bound hydrogen atoms are
omitted for clarity. Ellipsoids are drawn at 50% probability. Selected Bond
Lengths (A): Cu(1)-N(1): 2.043; Cu(1)-N(2): 2.030; Cu(1)-N(3): 2.228; Cu(1)-5-
(1)#1: 2.207. Selected bond angles (°): N(1)—Cu(1)-N(2): 120.67; N(1)—Cu-
(1)-N(3): 79.76; N(2)—Cu(1)-N(3): 82.81; N(1)=Cu(1)-5(1)#1: 117.77; N(2)-Cu-
(1)-5(1)#1: 116.83; N(3)-Cu(1)-5(1)#1: 129.91. Symmetry transformations
used to generate equivalent atoms: #1 -x+y,-x+1,z-1/3.

© 2025 The Author(s). European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Figure 3. Time-resolved UV/vis spectra of the reaction of [Cu(L(S)OH)]CIO,
(2.5-10 " molL ") with dioxygen (5.7:10* molL')*' in acetone at —80°C
throughout 1.0 s. The inset displays the time-dependent change in
absorbance at 523 nm (experimental fit (black), exponential fit (red)).

The absorbance vs. time trace at 523 nm measured under
pseudo-first-order conditions can be fitted to a single exponen-
tial function, indicating first-order dependency for the complex
concentration in the rate law. Furthermore, plotting k., vs. the
dioxygen concentration shows a linear dependence in line with
first-order dependency regarding the dioxygen concentration in
the rate law as well (Figure S15). The intercept indicates that
the reaction in the rate-determining step is reversible.?**” The
mechanism for the formation of the trans-u-1,2-peroxido
dicopper(ll) complex can be assigned by the overall observa-
tions as reported previously.”® According to Scheme 4, the
reversible formation of an unstable 7'-superoxido copper(ll)
complex is proposed, which is followed by the reaction with
another copper(l) complex to form the observed trans-u-1,2-
peroxido dicopper(ll) complex. Since the formation of the trans-
u-1,2-peroxido dicopper(ll) is much faster than the formation of
the »'-superoxido copper(ll) complex, only the peroxide species
is observable.

A temperature-dependent measurement of the reaction
allowed the determination of the activation parameters AH' =
7.840.4 kJmol™' and AS*=-133+2Jmol™' K" calculated by
an Eyring plot (Figure S16). The strongly negative activation
entropy implies an associative pathway, which aligns with our
proposed mechanism.

Incorporating a thioether instead of an ether moiety thus
led to a drastic change regarding the complex and its dioxygen
activation. Due to the higher affinity of sulfur to bind to the

.0, [LCu']
Lo o =—— Lc”ﬂ/O\o,Cu”L

Lo =——=
n'-superoxido (ES) trans-u-1,2-peroxido ("P)

Scheme 4. Proposed mechanism for the formation of the trans-u-1,2-
peroxido dicopper(ll) complex.
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copper ion than oxygen a coordinative bond is formed, which
results in the formation of a trans-u-1,2-peroxido dicopper(ll)
complex upon oxygenation (due to being a tetradentate ligand
comparable with tmpa). For this complex, the terminal hydroxy
function probably does not play a role in stabilizing the
dioxygen adduct because it points outwards away from the
activated dioxygen due to the strongly binding thioether.

While the thioether group forms covalent bonds to
copper(l) ions in solid and solution, the effect of the ether
group in the ligand system L(O)OH was investigated by
substituting the oxygen of the ether group with a CH, group,
thus obtaining the ligand L(CH,)OH. The corresponding
copper(l) complex contained a coordinated acetonitrile, as
observed for the copper(l) complex of L(O)OH. Low-temper-
ature stopped-flow UV/vis measurements in acetone at —80°C
revealed the formation of an absorbance maximum at 387 nm
(Figure 4). This band indicates the formation of a bis(u-
oxido)dicopper(lll) complex, in line with copper complexes with
tridentate bispicolylamine derivatives as ligands."***?® Under
pseudo-first-order conditions, the reaction rate is independent
of the dioxygen concentration (Figure S17).

Based on this, and the results reported for similar tripodal
ligands bispicolylamine derivatives,'” the mechanism is pro-
posed as follows: First, the copper(l) complex reacts with
dioxygen to an unstable »'-superoxido complex in a rapid left-
lying preequilibrium before reacting with another copper(l)
complex to form a bis(u-oxido)dicopper(lll) complex (Scheme 5).
Due to the left-lying preequilibrium and the fast consecutive

Absorbance

T T T T T T T
350 400 450 500 550 600 650 700
Wavelength [nm]

Figure 4. Time-resolved UV/vis spectra of the reaction of [Cu(L-
(CH,)OH)(MeCN)ICIO, (2.5-10* mol L") with dioxygen (5.7-10* molL ")*'in
acetone at —80°C throughout 3 s. The inset displays the time-dependent
change in absorbance at 387 nm.

02 .0,
[LCu!] —_— L' o

+ 0.
__[LCu] Leut” >Cu"'L
O

n'-superoxido (£S) Bis(u-oxido) (O)

Scheme 5. Proposed mechanism for the formation of the bis(u-
oxido)dicopper(lll) complex.
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reaction, only the formation of the oxido species is observable.
Comparing this spectrum with the one of the copper(l) complex
of L(O)OH, it is reasonable to say that the peak forming at
389nm in Figure1 shows the formation of a bis(u-
oxido)dicopper(lll) complex.

Both ligands, L(O)OH and L(CH,)OH, depict that the ether
function is necessary to observe the spectra in Figure 1. While
the oxygen of the ether moiety does not coordinate with the
copper(l) ion, compared to its sulfur derivative, it plays a role in
forming the short-lived species at 455nm. This became
apparent by removing the oxygen atom of the ether group,
which led to the sole buildup of the band at around 389 nm,
corresponding to a bis(u-oxido)dicopper(lll) complex.

0.8

e
3
L

0.6

Absorbance
o
o
L

o
o
L

Absorbance
o
B
L

0.0 0.1 0.2 03

o
[N)
L

0.0

T T T T

350 400 450 500 550 600 650 700
Wavelength [nm]

Figure 5. Time-resolved UV/vis spectra of the reaction of [Cu(L-

(0)OCH;)(MeCN)ICIO, (1.3:10 * molL ') with dioxygen (5.7-10* molL ")*

in acetone at —80°C over a period of 0.3 5. The inset displays the time-
dependent change in absorbance at 380 nm.
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Absorbance

Absorbance
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Figure 6. Time-resolved UV/vis spectra of the reaction of [Cu(L-
(O)CH,)(MeCN)ICIO, (2.5-10* mol L") with dioxygen (5.7-10"* molL")**'in

acetone at —80 °C over a period of 0.3 5. The inset displays the time-
dependent change in absorbance at 380 nm.
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Synthesis, Characterization, and Dioxygen Reactivity of the
Copper(l) Complexes of L(O)OCH; and L(O)CH;

After establishing that the ether moiety plays a crucial role in
the observed spectra in Figure 1, especially the short-lived band
at 455 nm, the relevance of the terminal hydroxy group was
investigated. For that, the two ligands with a methylated
hydroxy group (L(O)OCH,) and terminal alkane group (L(O)CH,)
were applied. Similar to the copper(l) complex of L(O)OH,
copper(l) complexes with both ligands coordinate an additional
acetonitrile molecule as a ligand. Performing stopped-flow UV/
vis measurements in acetone at —80°C for the reaction of the
copper(l) complexes with both ligands and dioxygen showed
the development of absorption bands at 380 nm (Figure 5 and
6). These results align with the formation of bis(u-
oxido)dicopper(lll) complexes."*?**! While exhibiting the same
spectral features, both complexes differ in their lifetime of these
intermediates.

The copper(l) complex with the ligand L(O)OCH; decom-
posed quickly after the initial formation, thus making follow-up
measurements impossible. The copper(l) complex with the
ligand L(O)CH; is slightly more stable. Due to its longer lifetime,
dioxygen-dependent measurements were possible. Under pseu-
do-first-order conditions, the reaction rate is independent of
the dioxygen concentration (Figure $18), which is in line with
the results described above. While the oxidation of the copper(l)
complexes with both ligands can be assumed to follow the
same reaction mechanism as for the complex with L(CH,)OH
(Scheme 5), the intermediate complex decomposes much faster,
demonstrating that altering the terminal hydroxy group has a
negative impact on its stability.

These results reveal that altering or removing the hydroxy
function while maintaining the ether group results in the same
“dioxygen adduct” complexes as for the non-ether-containing
copper complex with L(CH,)OH as a ligand. Therefore, the
copper(l) complexes of L(CH,)OH, L(O)OCH;, and L(O)CH; react
in the same way as similar tridentate bispipicolylamine ligands
forming bis(u-oxido)dicopper(lll) complexes. Hence, for forming
the short-lived band at 455 nm in Figure 1, both the ether
functionality and a terminal hydroxy group must be present.

Synthesis, Characterization, and Dioxygen Reactivity of the
Copper(l) Complexes of L(O)NHAc and L(O)NH,

After demonstrating that both ether and the terminal hydroxy
group were necessary for the formation of an absorbance
maximum at 455nm in Figure 1, which presumably corre-
sponds to a hydrogen bond stabilized trans-u-1,2-peroxido
dicopper(ll) complex, we tried to enhance the formation of this
“oxygen adduct complex” to confirm the formation of this
species. To accomplish this, we incorporated an amide (L-
(O)NHAC) or a primary amine (L(O)NH,) function at the terminal
position of the ligand, whose hydrogen donor ability is more
potent than that of the hydroxy group. Therefore, both ligands
should be able to form hydrogen bond stabilized trans-u-1,2-
peroxido dicopper(ll) complexes, similar to the above-discussed
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complexes, where amines were incorporated in ligand
backbones.">"' The syntheses of both copper(l) complexes
resulted in mono acetonitrile coordinated complexes similar to
all copper(l) complexes in this work except for the complex
with ligand L(S)OH. Stopped-flow UV/vis measurements of the
reaction of the copper(l) complex with the amide ligand
L(O)NHAc and dioxygen in acetone at —80°C showed the
formation of a band at 380 nm and a small band and shoulder
at 488 and 616 nm respectively (Figure 7). Similar to the
reactivity of the initial copper(l) complex of L(O)OH and
dioxygen (Figure 1), first, the band at 488 nm and the shoulder
at 616 nm developed before fully interconverting into the band
at 380 nm. The location of the first band and shoulder
corresponds well to the reactivity of the above-discussed
copper(l) complexes with tmpa derivatives containing one

additional N-donor function. In contrast, the second band
corresponds to the reactivity of the copper(l) complexes of
L(CH,)OH, L(O)OCH,, and L(O)CH,. Therefore, we conclude that
in the reaction of copper(l) complex with the amide ligand
L(O)NHAc and dioxygen, we observe the fast formation of a
hydrogen bond stabilized trans-u-1,2-peroxido dicopper(ll),
which rapidly turns into a bis(u-oxido)dicopper(lll) complex. The
considerably smaller appearance of the band of the hydrogen
bond stabilized trans-u-1,2-peroxido dicopper(ll) complex com-
pared to the band bis(u-oxido)dicopper(lll) complex in Figure 7
in contrast to Figure 1, where both are at equal size, is in line
with stronger hydrogen bond interactions, as discussed
above."*" Unfortunately, the fast buildup time of both species
made no follow-up measurements possible.

Furthermore, we investigated the copper(l) complex with
the primary amine ligand L(O)NH,, for which we could grow
single crystals from acetone and diethyl ether for structural
characterization. Instead of the copper(l) complex with a
primary amine function, we received single crystals of its imine
derivative, as depicted in Figure 8. The copper(l) ion is

1.0 4 0.8
gos_ coordinated by four N-donor atoms (N(1), N(2), N(3), N(4)) of
084 ‘% L(O)NHC(CH,), (imine double bond located between N(4) and
2 047 C(2)) in a distorted tetrahedral geometry (7,=0.72, 7, =

Absorbance
o
(]

o
IS

0.2 4

0.0 T T T T T T T 1
350 400 450 500 550 600 650 700
Wavelength [nm]

Figure 7. Time-resolved UV/Vis spectra of the reaction of [Cu(L-
(O)NHAC)(MeCN)ICIO, (2.5-10~* mol L") with dioxygen (5.7-107* molL™")"*!
in acetone at —80°C over a period of 0.5 s. The inset displays the time-
dependent change in absorbance at 380 nm (black) and 488 nm (red).

Figure 8. ORTEP Plot of the molecular structure of [Cu(L(O)NC(CH,),)]CIO,.
Non-binding anions and carbon-bound hydrogen atoms are omitted for
clarity. Ellipsoids are drawn at 50% probability. Selected Bond Lengths (A):
Cu(1)-N(1): 1.998; Cu(1)-N(2): 2.055; Cu(1)-N(3): 2.306; Cu(1)-N(4): 2.005;
N(4)-C(2): 1.284. Selected bond angles (°): N(1)-Cu(1)-N(2): 125.25; N(1)-Cu-
(1)-N(3): 79.36; N(1)—Cu(1)-N(4): 123.14; N(2)-Cu(1)-N(3): 80.62; N(2)-Cu-
(1)-N(4): 107.35; N(3)—Cu(1)-N(4): 133.68.
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0.69).2°%” While the equilibrium of imine condensation reac-
tions favors the side of the primary amine and ketone and
usually requires dehydrating agents, it is reasonable that the
reaction was slowly enforced by the presence of the copper(l)
ion. This reaction presumably occurred over days and, therefore,
should not play a role in freshly synthesized acetone solutions
for the mechanistic studies.

Benchtop experiments of yellow copper(l) complex solu-
tions with dioxygen in acetone at —80°C and 20°C led to no
color change. Only when the oxidized solution stood overnight
at room temperature did a color change from yellow to a
green-colored solution occur, corresponding to its copper(ll)
form. To determine whether only the slow decomposition of a
copper(l) to a copper(ll) complex took place or whether traces
of a “dioxygen adduct complex” were formed, we carried out
stopped-flow UV/vis measurements in acetone at —80°C. The
sole formation of a small band at 487 nm was observed (the
decrease of the band at 354 nm corresponds to the decrease of
copper(l) complex, Figure 9). The fast buildup of the absorbance
at 487 nm is followed by an immediate decrease of the
absorbance, but rather slowly over several minutes, in line with
the observation that the copper(l) species reacted overnight to
the corresponding copper(ll) complex. The location of the band
aligns perfectly with the immediate absorbance of the copper(l)
complex with L(O)NHAc as a ligand with dioxygen and thus is
in line with the copper(l) complexes with tmpa derivatives that
contain one additional amine function."*' The magnitude of
the absorbance in Figure 9 is the same as in Figure 7, which
shows that the aforementioned imine condensation does not
play a significant role. Still, the measurements were repeated in
a 10:1 mixture of THF and acetonitrile, which showed the same
behavior (Figure $19). Due to the fast buildup time and low
absorbance, no follow-up measurements were performed. All in
all, the inclusion of an amide or primary amine function shows
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1.0 Table 1. Spectral data of copper(l) complexes in its reaction with dioxygen
045 and its observed "oxygen adduct complexes” in acetone at —80°C. 3
0.8 Complex™ Max, Max, Dioxygen-Ad- _3
o [nm] [nm] duct ;
E [Cu(L(O)OH)(MeCN)] 389 455 PPto0
%04 g (CU(L(SIOH)] 523 600 i3
.'E < [Cu(L{CH,)OH)(MeCN)] 387 - o]
E 0.4 4 [Cu(L(O)OCH,)(MeCN)]* 380 - o]
& [Cu(L(O)CH;)(MeCN)] 380 - o]
0.24 [Cu(L{O)NHAC)(MeCN)] * 380 488 PP t0 0 F
[Cu(L(OINH,)(MeCN)} - 487 Tpl
0.04 [a] Perchlorate anions are omitted for clarity. [b] Second coordination
sphere interactions via hydrogen bonds.

T T T T T T T
350 400 450 500 550 600 650 700
Wavelength [nm]
Figure 9. Time-resolved UV/vis spectra of the reaction of [Cu(L-
(NH,)OH)(MeCN)ICIO, (2.5-10* mol L") with dioxygen (5.7-107 molL™")*!

in acetone at —80°C over a period of 1.5 5. The inset displays the time-
dependent change in absorbance at 487 nm.

that a stronger hydrogen bond donor can lead to similar
spectra as for the copper(l) complex with L(O)OH as a ligand.

superoxido copper(ll) complex, first a hydrogen bond stabilized
trans-u-1,2-peroxido dicopper(ll) complex is formed, as reported
previously, which rapidly reacts to a bis(u-oxido)dicopper(lll)
complex (Scheme 6). The overall results provide new insights
into secondary coordination sphere interactions of the ethox-
yethanol sidearm, which can be used in future applications of
copper “oxygen adduct complexes” for catalytic reactions.
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Experimental Section i
Conclusions Materials and Methods: Synthesis of air-sensitive copper(l) com- ]
plexes was carried out under inert conditions in a glove box g
In this work, it was demonstrated that in the reaction of the  (MBraun) filled with argon 5.0. Solvents and reagents were used as g
copper(l) complex with L(O)JOH as a ligand and dioxygen under  purchased from common suppliers unless stated otherwise. [Cu- g
low-temperature stopped-flow conditions, two distinct “oxygen ~ (MeCN)ICIO,; was prepared according to the literature and stored z
adduct species” were observed. Investigating copper() com- " the glove box ™ Solvents used for the synthesis of copper :
Rk - L . R complexes were bought as anhydrous solvents under nitrogen
plexes with derivatives of this ligand by systematically changing atmosphere, distilled under argon, and stored in the glove box.
functional groups revealed that both the ether moiety and the  yMR measurements were performed using a Bruker Avance II
terminal hydrogen donor were crucial for observing both short- 400 MHz, Bruker Avance Ill 400 MHz HD spectrometer. The 'H- and E_

lived “oxygen adduct species”. Removing either the ether
moiety or the hydroxy group led to the sole formation of bis{u-
oxido)dicopper(lll) complexes. In contrast, the incorporation of
stronger hydrogen-bonding donors led to similar spectra as for
the copper(l) complex of L(O)JOH or the sole formation of a
hydrogen bond stabilized trans-u-1,2-peroxido dicopper(ll)
complex (Table 1). Based on these results, a reaction mechanism
for the reaction of the copper(l) complex of L(O)OH and
dioxygen is proposed, where after the initial formation of a #'-

[LCu']

[LCu']

—_——

BC-NMR spectra were calibrated using the residual proton and
carbon signals of chloraform (0=7.26 and 0=77.2) and acetone
(0=2.05 and =29.8).""" ESI-MS (HRMS) was measured using a
Bruker Daltonica micrOTOF. Elemental analysis was carried out
using a Thermo FlashEA-1112 series CHN-analysator. GC-MS meas-
urements were carried out using an Agilent Technologies 5977B
mass detector with a 7820 A GC system. UV/vis measurements were
carried out using an Agilent 8453 spectrometer. Stopped-Flow UV/
vis measurements were carried out on a commercial HI-TECH
SF615X2 stopped-flow unit (TgK Scientific, Bratford-on-Avon, UK).
The data was processed using Kinetic Studio version 5.02 Beta. The

w0

N F’

—_—

| f;'\o o
O _cy ) Lo Seulie
c:) \..,”/’N \0/

I
\No-H N

hydrogen bond stabilized

n'-superoxido (ES)

trans-u-1,2-peroxido (TP)

Bis(u-oxido) (0)

Scheme 6. Proposed mechanism for the reaction of [Cu(L(O)OH)(MeCN)ICIO, and dioxygen in acetone.
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procedure for kinetic measurements was described in detail in
previous work™” Details of X-Ray crystal structure determination
are reported in the Supporting Information. Deposition Numbers
2405535 (for [Cu(L(S)OH)ICIO,) and 2405536 (for [Cu(lL-
(O)NHC(CH,),)ICIO,) contain the supplementary crystallographic
data for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe Access Structures service.

General procedure for the synthesis of the ligands: A modified
version of the literature known synthesis of L(O)OH was used as the
general procedure."” Under argon atmosphere a suspension of
amine precursor, 2-picolylchloride hydrochloride, and potassium
carbonate in 50 mL dry acetonitrile was refluxed for four days. The
reaction mixture is filtrated, and the solvent was removed under
reduced pressure. The crude product was dissolved in 30 mL DCM,
washed three times with 30 mL saturated sodium bicarbonate, and
dried over sodium sulfate. The solvent was removed under reduced
pressure and the crude product was purified by column chroma-
tography over silica using a gradient of ethyl acetate and methanol.

L(O)OH: Following the general procedure 2-(2-aminoethoxy)ethanol
(0.50 g, 0.47 mL, 4.8 mmol), 2-picolylchloride hydrochlaride (1.56 g,
9.51 mol), and potassium carbonate (6.57 g, 47.6 mmol) were used
to obtain the corresponding ligand as a brown oil (0.87 g,
3.0 mmol, 64%). "H NMR (400 MHz, CDC,): 8 [ppm]=8.53-8.50 (m,
2H), 7.65 (td, J=7.6, 1.8 Hz, 2H), 7.54 (d, J=7.8 Hz, 2H), 7.18-7.13
(m, 2H), 3.95 (s, 4H), 3.72-3.68 (m, 2H), 3.64 (t, /=5.0 Hz, 2H), 3.53-
3.50 (m, 2H), 2.83 (t, J=5.0 Hz, 2H); *C NMR (101 MHz, CDCl,): &
[ppm]=159.5, 149.0, 136.7, 1234, 122.2, 72.7, 68.9, 61.8, 60.7, 53.1;
HRMS (ESI): m/z calcd. for C,4H,,N505: 310.1526 [M + Na] *; found: m/
z=310.1526. This data is in accordance with the literature.”"

L(S)OH: Following the general procedure 2-[(2-
aminoethyl)thio]ethanol (0.64 g, 0.57 mL, 4.8 mmol), 2-picolylchlor-
ide hydrochloride (1.56g, 9.51 mol), and potassium carbonate
(6.57 g, 47.6 mmol) were used to obtain the corresponding ligand
as a brown oil (1.37 g, 451 mmol, 85%). 'H NMR (400 MHz, CDCl,):
0 [ppm] =8.53-8.49 (m, 2H), 7.65 (td, /=7.7, 1.8 Hz, 2H), 7.52 (d, /=
7.8 Hz, 2H), 7.18-7.12 (m, 2H), 3.85 (s, 4H), 3.70 (t, J=5.9 Hz, 2H),
2.84-2.78 (m, 2H), 2.77-2.71 (m, 2H), 2.65 (t, J=5.9 Hz, 2H); °C NMR
(101 MHz, CDCLy): 6 [ppm]=159.2, 149.1, 136.7, 123.4, 122.3, 61.1,
60.2, 53.9, 353, 29.1; HRMS (ESI): m/z caled. for C,HyN,0S:
326.1297 [M+Na]*; found: m/z=326.1297.

L(CH,)OH: Following the general procedure 5-Amino-1-pentanol
(0509, 4.8mmol), 2-picolylchloride hydrochloride (1.56 g,
9.51 mol), and potassium carbonate (6.70 g, 48,5 mmol) were used
to obtain the corresponding ligand as a vyellow oil (0.76 g,
2.7 mmol, 55%). 'H NMR (400 MHz, acetone-dy): & [ppm]=8.48-
846 (m, 2H), 7.73 (td, J=7.6, 1.8 Hz, 2H), 7.60 (d, J=7.8 Hz, 2H),
7.22-7.17 (m, 2H), 3.78 (s, 4H), 3.50 (t, /=6.4 Hz, 2H), 2.54-2.50 (m,
2H), 1.62-1.54 (m, 2H), 1.49-1.41 (m, 2H), 1.40-1.31 (m, 2H); "*C
NMR (101 MHz, acetone-dy): & [ppm]=161.2, 149.65, 137.0, 123.5,
1227, 62.3, 61.2, 55.0, 33.6, 27.8, 24.3; HRMS (ESI): m/z calcd. for
C,;H,3N;0: 286.1914 [M+H]*; found: m/z=286.1914.

L(O)OCH;: Following the general procedure (2-(2-
Methoxyethoxy)ethanamine (0.50 g, 0.52 mL, 4.2 mmol), 2-picolyl-
chloride hydrochloride (1.38 g, 8.39 mol), and potassium carbonate
(5.80 g, 42.0 mmol) were used to obtain the corresponding ligand
as a yellow oil (0.55g, 1.83 mmol, 44%). 'H NMR (400 MHz,
acetone-dy): ¢ [ppm]=849-8.46 (m, 2H), 7.72 (td, /=76, 1.8 Hz,
2H), 7.64 (d, /=7.8 Hz, 2H), 7.22-7.17 (m, 2H), 3.87 (s, 4H), 3.61 (t,
J=59Hz, 2H), 3.53-3.49 (m, 2), 3.47-3.44 (m, 2H), 3.27 (s, 3H), 2.76
(t, J=5.9 Hz, 2H); *C NMR (101 MHz, acetone-d,): & [ppm]=161.1,
149.7, 137.0, 123.5, 122.7, 72.7, 71.0, 704, 61.6, 58.8, 54.5; HRMS
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(ES): m/z caled. for C,;H,;N;0,: 324.1682 [M+Na]*; found: m/z=
324.1681.

L(O)CH;: Following the general procedure 2-Aminoethylpropylether
(0.50 g, 0.59 mL, 4.8 mmol), 2-picolylchloride hydrochloride (1.59 g,
9.69 mol), and potassium carbonate (6.70 g, 48.5 mmol) were used
to obtain the corresponding ligand as a yellow oil (0.72 g,
2.51 mmol, 529%). 'H NMR (400 MHz, acetone-d,): & [ppm]=8.49-
845 (m, 2H), 7.73 (td, J=7.6, 1.8 Hz, 2H), 7.64 (d, J=7.8 Hz, 2H),
7.22-7.17 (m, 2H), 3.87 (s, 4H), 3.56 (t, J=5.8 Hz, 2H), 3.32 (t, J=
6.5 Hz, 2H), 2.76 (t, J=5.8 Hz, 2H), 1.57-1.47 (m, 2H), 0.88 (t, J=
7.4 Hz, 3H); °C NMR (101 MHz, acetone-d,): & [ppm]=161.2, 149.7,
137.0, 1235, 122.7, 73.2, 70.1, 61.6, 54.5, 23.7, 11.0; HRMS (ESI): m/z
calcd. for C,;H,;N;0: 308.1733 [M+ Na] *; found: m/z=308.1733.

L(O)NHAc: The first step follows a literature known synthesis for the
mono-acylation of symmetric diamines.” To a solution of the
diamine 6 (1.04g, 1.06 mL, 10.0 mmol) in ethyl acetate (0.88 g,
0.99 mL, 10 mmol) 0.5 mL deionized water was added and the
reaction mixture was refluxed for 21 h. The solvent was removed
under reduced pressure and 1.55 g yellow oil was received. Without
further purification the crude product was dissolved in 50 mL dry
DCE and pyridine-2-carbaldehyde (2.14 g, 1.90 mL, 20.0 mmol) and
sodium triacetoxyborohydride (6.36 g, 30.0 mmol) were added.
After stirring the reaction for 3 h at RT the reaction was quenched
with water, was made basic with aq. KOH, and extracted three
times with 50 mL DCM. The combined organic phases were dried
over Na,S0, and the solvent was removed under reduced pressure.
The crude product was purified by column chromatography (DCM,
MeOH 20:1) and a yellow oil (9.97 g, 2.97 mmol, 30%) was received.
'H NMR (400 MHz, acetone-dy): & [ppm]=8.50-8.47 (m, 2H), 7.74
(td, J=7.6, 1.8 Hz, 2H), 7.63 (d, J=7.8 Hz, 2H), 7.23-7.19 (m, 2H),
3.89 (5, 4H), 3.59 (t, J=5.6 Hz, 2H), 3.42 (t, J=5.6 Hz, 2H), 3.30 (g, /=
5.6 Hz, 2H), 2.88 (s, 1H), 2.77 (t, J=5.6 Hz, 2H), 1.85 (s, 3H); "C NMR
(101 MHz, acetone-d;): 169.9, 161.1, 149.7, 137.1, 123.6, 122.7, 704,
69.9, 61.5, 54.1, 39.8, 22.9; HRMS (ESI): m/z calcd. for CygH,N,0,:
357.1791 [M+Na] '; found: m/z=351.1790.

L(O)NH,: The acyl deprotection was performed by refluxing
L(O)NHAc (1.43 g, 436 mmol) in 50 mL 5 molar HCI for 20 h. After
cooling to room temperature, the reaction mixture was made basic
with ag. KOH and extracted four times with 50 mL DCM. The
combined organic phases were dried over Na,SO, and the solvent
was removed under reduced pressure. The crude product was
purified by Kugelrohr distillation to obtain the ligand as a yellow oil
(0.54 g, 1.9 mmol, 44%), 'H NMR (400 MHz, acetone-d,): & [ppm]=
8.49-845 (m, 2H), 7.72 (td, /=76, 1.8 Hz, 2H), 7.64 (d, /=7.8 Hz,
2H), 7.21-7.17 (m, 2H), 3.87 (s, 4H), 3.63-3.56 (m, 4H), 3.33 (t, /=
6.1 Hz, 2H), 2.95 (s, 2H), 2.75 (t, J=5.8 Hz, 2H); "*C NMR (101 MHz,
acetone-dg): & [ppm]=1612, 1496, 137.0, 123.5, 122.6, 72.1, 704,
61.6, 54.5, 52.1; HRMS (ESI): m/z caled. for C,sH,,N,O: 287.1867 [M+
H]"; found: m/z=287.1869.

Caution! Perchlorate salts are potentially explosive and should be
handled with great care.

General procedure for the synthesis of copper(l) complexes: In an
argon filled glovebox ligand and copper salt were each dissolved in
dry acetonitrile. Then the copper solution was added dropwise
under vigorous stirring to the ligand solution at room temperature.
The reaction mixture was stirred for 30 min and subsequently the
solvent was removed under reduced pressure to obtain the
complex without further purification.

[Cu(L(O)OH)(MeCN)](CIO,): Following the general procedure Ligand
L(O)OH (83.0 mg, 0.289 mmol) and [Cu(MeCN),J(ClO,) (90.0 mg,
0,275 mmol) in 6 mL dry acetonitrile were used to obtain the
corresponding complex as a yellow oil (145.9 mg, 0.297 mmol).

© 2025 The Author(s). European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Elemental analysis calcd. (%) for C,H,,CICuN,O,: C 44.00, H 4.92, N
11.40; found: C 44.91, H 491, N 11.61.

[Cu(L(S)OH)](CIO,): Following the general procedure Ligand L(S)OH
(876 mg,  0.289 mmol) and [Cu(MeCN),](CIO,) (90.0 mg,
0.275mmol) in 6 mL dry acetonitrile were used to obtain the
corresponding complex as a yellow solid (137.4 mg, 0.295 mmol).
Elemental analysis calcd. (%) for C,;H,,CICuN,O.5: C 41.20, H 4.54, N
9.01; found: C 42.31, H 4.47, N 9.50. Yellow single crystals suitable
for X-ray structural characterization were received by dissolving
small amounts in acetone and slow ether diffusion over a week at
room temperature,

[Cu(L(CH,)OH(MeCN))1(CIO,): Following the general procedure
Ligand L(CH,)JOH (82.4 mg, 0.289 mmol) and [Cu(MeCN),I(CIO,)
(90.0 mg, 0.275 mmol) in 6 mL dry acetonitrile were used to obtain
the corresponding complex as a yellow oil (142.2 mg, 0.291 mmol).
Elemental analysis calcd. (%) for C,oH,,CICuN,O,: C 46.63, H 5.35, N
11.45; found: C 46.99, H 5.40, N 12.06.

[Cu(L(Q)OCH,)(MeCN)](CIO,): Following the general procedure
Ligand L(O)OCH, (87.0 mg, 0.289 mmol) and [Cu(MeCN),](CIO,)
(90.0 mg, 0.275 mmol) in 6 mL dry acetonitrile were used to obtain
the corresponding complex as a yellow oil (144.6 mg, 0.286 mmol).
Elemental analysis calcd. (%) for C,;H,;CICUN,O, C 45.15, H 5.19, N
11.09; found: C 45.71, H 5.33, N 11.20.

[Cu(L(O)CH,)(MeCN)](CIO,): Following the general procedure Li-
gand L(O)CH; (824mg, 0.289 mmol) and [Cu(MeCN),](CIO,)
(90.0 mg, 0.275 mmol) in 6 mL dry acetonitrile were used to obtain
the corresponding complex as a yellow oil (134.9 mg, 0.276 mmol).
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