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1. Introduction

1.1. Catalytic oxidation reactions in industry

Oxidation reactions are decisive in the chemical and pharmaceutical industries. In this
context, about 20% of industrial processes are related to oxidation reactions, resulting in
approximately 600 million tons of chemicals per year.[2l A notable example is the synthesis
of adipic acid, a crucial precursor for the production of nylon. However, the current
synthesis of adipic acid presents several challenges. One of them is that the process
involves the use of oil-based chemicals, which creates a dependency on fossil fuels.
Additionally, this process is energy-intensive, requiring both high pressure and high

temperatures while it also significantly impacts greenhouse gas emissions.?l
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Scheme 1: Simplified reaction scheme for the production of adipic acid in industry.l

A simplified reaction scheme for the industrial production of adipic acid is shown in Scheme
1. The first step is the reduction of benzene to cyclohexane, followed by the oxygenation
to cyclohexanol and cyclohexanone and in the final step, the catalytic reaction to adipic
acid occurs.*® On closer examination, it becomes apparent that the process itself is not
effective due to the low conversion rate (4-8%) of cyclohexanol and cyclohexanone.
Nevertheless, the process is responsible for 5 to 8% of the global emissions of the
greenhouse gas nitrous oxide.® For this reason, extensive research is being carried out
on potential alternatives. There are different approaches, including photochemical and
continuous flow reactions.*-¢ Furthermore, a bioinorganic approach is another possible
option. In the field of bioinorganic research, metal complexes that closely resemble the
structure of active centers in enzymes are utilized.[*% The following chapter shows how
metal complexes in enzymes and proteins, particularly copper proteins, play a significant

role in biological systems.




1.2. Copper in biological systems

In general, copper is a trace element, and with a range of 80 to 120 mg per 70 kg body
weight, it is the third most prevalent transition metal in the human body."*Y! The most
common oxidation states of copper ions are | and Il. Furthermore, copper ions are a
substantial factor in biochemically relevant processes, particularly in enzymes and
proteins, as illustrated in Figure 1, which provides an overview of various enzymes that are

involved.["12
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Figure 1: Overview of various copper enzymes involved in electron transfer, oxygen transfer, or oxidation
reactions.["12]

In biological systems, a variety of copper enzyme types are identified, which perform a
range of functions. The structural and spectroscopic properties of copper proteins enable
their classification into three basic groups, designated as type 1, type 2, and type 3 copper

proteins. Additionally, there are cases where multiple types of copper proteins coexist and




isolated proteins that do not align with the established classification
system,[12-15]

The type 1 copper proteins or so-called "blue copper proteins"”, are primarily responsible
for electron transfer. The absorption of these proteins is particularly strong at a wavelength
of approx. 600 nm. This occurs here as a result of ligand-metal-charge-transfer interactions
(LMCT) between the copper ion and the sulfur of the cysteinate residue.*¢ Furthermore,
it is noteworthy that these proteins show a small hyperfine splitting of the gll-signal
(53Cu/®*Cu) in the EPR. Regarding their geometry, type 1 copper proteins usually contain
a copper ion that is coordinated in a trigonal planar fashion by two histidines and a cysteine.
However, there are different classes of copper type 1 proteins, and they are classified by
the axially coordinated ligand. Examples of blue copper proteins include plastocyanin

(whose active center is illustrated in Figure 2), azurin, and laccase.l:*3:17:8]
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Figure 2: Structure of the active center of plastocyanin (type 1 copper protein) revealed by Monari et al..['8

The second basic type consists of type 2 copper proteins, which are responsible for
catalytic oxidation and reduction reactions. These proteins appear to have either a square
planar or square-pyramidal geometry, and histidine or oxygen-containing ligands are
mostly coordinated.l"*31 In comparison to type 1 copper proteins, the absorption is
significantly weaker, which can be attributed to the absence of thiolate group ligands. As a
result, the absorption is entirely due to forbidden d-d transitions. Additionally, the EPR
spectrum does not exhibit any unusual characteristics compared to type 1 copper proteins.
Examples of type 2 copper proteins include cytochrome c oxidase, amine oxidases, and
galactose oxidase.*3° For instance, galactose oxidase is an extracellular enzyme that is
present in certain fungal species. It serves as a catalyst for the oxidation of primary alcohols

to aldehydes. The active center of galactose oxidase is shown in Figure 3. "3
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Figure 3: Structure of the active center of galactose oxidase (type 2 copper protein).l*2

Type 3 copper proteins are characterized by a binuclear copper center and are usually
involved in activating dioxygen, either for the transport of dioxygen or for oxygenation
reactions. In type 3 copper proteins, the copper centers are both coordinated in a trigonal
planar fashion, involving three histidine-ligands. Moreover, an intense absorption of these
complexes can be observed due to LMCT interactions. Hemocyanin as an example for a
type 3 copper is found in arthropods and molluscs and is the analog to hemoglobin in the
human body. Accordingly, it is responsible for the transport of oxygen.l”*3l The reversible

binding of dioxygen to the active center of hemocyanin is shown in Scheme 2.[1220
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Scheme 2: Binding of the type 3 copper protein hemocyanin with dioxygen.220

1.3. Catalytic reactions in nature

Type 3 copper proteins are not only responsible for the transport of dioxygen, but also for
oxygenation reactions. One of the enzymes involved in oxygenation reactions is catechol
oxidase. It is found in plants, insects, and crustaceans and catalyzes the oxidation of
catechol to ortho-quinone. This reaction is followed by the subsequent auto-polymerization
of the reactive quinone, leading to the formation of brown polyphenolic catechol melanin,
which protects plants from pathogens and insects in the event of tissue damage. The active
center is similar to that of tyrosinase. The difference is that tyrosinase is responsible for

both the oxidation of monophenol (cresolase activity) and the oxidation of o-diphenol




(catecholase activity), whereas catechol oxidase only catalyzes the oxidation of o-
diphenol.l42122]

In Figure 5, a postulated catalytic cycle of catechol oxidase based on the spectroscopic
data of Eicken et al. is shown. During a 4-electron oxidation, two catechols are oxidized to
two equivalents of o-quinone and the following sequence describes this oxidation process:
In the first step, the active center is present in the deoxy form. The catechol binds to the
Cu(B) center and a copper dioxygen intermediate (a side-on-peroxido copper complex)
forms in the presence of dioxygen (1). The catechol is oxidized to o-quinone, forming the
met form of the active center (2). In the next step, a catechol coordinates to the Cu(B)
center of the met form (3). After another oxidation to o-quinone, the enzyme reverts to its
original state (4).1421

Additionally, the enzyme catechol oxidase was isolated from a sweet potato, it was possible
to characterize the “met form” of the active center by crystallization. Based on these

findings, the previous shown catalysis cycle of catechol oxidase was assumed. [1421.22.23]
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Figure 4: Proposed catalytic cycle for the oxidation of catechol with catechol oxidase. Both copper centers
are coordinated by three histidins (L).[*421
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Besides catechol oxidase and tyrosinase, which is responsible for the synthesis of melanin
in the human organism, there are more monooxygenases, such as dopamine beta-

monooxygenase (DBM) or peptidylglycine-a-hydroxylating monooxygenase (PHM).[2




PHM is part of the bifunctional enzyme peptidylglycine a-amidating monooxygenase
(PAM). In Scheme 3, the biosynthesis of a signaling molecule involving PAM is presented.
First, PHM catalyzes the hydroxylation of the Ca-position at the C-terminus of glycine,
followed by the elimination of the hydroxylated glycine by PAL (peptidyl-alpha-

hydroxyglycine alpha-amidating lyase).?4271
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Scheme 3: Simplified reaction scheme for the biosynthesis of signal peptides with the bifunctional enzyme
PAM.[25]

To better understand the catalytic hydroxylation, it is necessary to examine the active
center and the mechanism in more detail. The active center contains two copper ions that
are significantly distant from one another (approximately 11 A) and devoid of any bridging
ligands (noncoupled binuclear copper site).2®
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Figure 5: Molecular structure of the end-on superoxido copper complex in PHM. [26]

The formation of the copper dioxygen species, as well as the catalytic reaction itself, occurs
only at one of the two copper ions (Cug-center). The formed copper-dioxygen species is
an end-on superoxido copper complex (Figure 5). This evidence was provided by Prigge
et al., who were able to identify it crystallographically. It was achieved by reacting a frozen
crystal of the protein with a slow substrate and ascorbate in the presence of dioxygen.2¢!

Furthermore, the complex was confirmed by computational studies of Chen et al.l?®!




1.4. Model compounds of copper enzymes and proteins

Apart from the end-on superoxido copper complex observed in the case of PHM, additional
dioxygen intermediates could be observed in nature or in synthetic model complexes.
Dioxygen can bind to the copper center in a number of ways, so it is important to know
which dioxygen intermediates exist and to determine which of these intermediates are
reactive. The nature of binding is contingent on various factors, including the external
conditions and the ligands bound to the copper center. As a mononuclear copper complex,
the dioxygen or the peroxide forms an end-on or side-on complex.?®3° These types of
binding can be explained through the concept of hapticity n, which is defined as the number
of ligand atoms directly bonded to the metal ion. In a side-on complex, two ligand atoms
are directly bonded, while an end-on complex, only one ligand atom is bonded. Besides
mononuclear complexes, there are binuclear complexes. The binuclear form can occur
because of the presence of an additional copper complex. On one hand, a peroxido copper
complex (trans-u-1,2-peroxido or p-n%n?-peroxido) and on the other hand a bis-p-oxido

complex can occur. In some cases, trinuclear intermediates are possible as well.[2%31
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Figure 6: a) Various known oxygen intermediates involved in the reaction of copper(l) and copper(ll)
complexes with molecular oxygen and peroxides (L = Ligand, P = Peroxido, S = Superoxido, E = End-on,
S = Side-on). Redrawn from Itoh et al..?®! b) Proposed mechanism for a reaction of a copper(l) complexes

and hydrogen peroxide to a [CUOOH]* species.[®32




The various copper dioxygen complexes are partially in equilibrium. In Figure 6, a variety
of reaction pathways involving copper-dioxygen intermediates are shown, particularly in
the context of the reactions of copper(l) and copper(ll) complexes with dioxygen and
peroxides.?® The following chapters (1.5, 1.6) present a selected range of model
complexes developed to better understand the mechanisms as well as reactivity in the
active center of enzymes regarding dioxygen and to examine catalysts for oxygenation

reactions.
1.5. Copper complexes with tripodal ligand systems

Model complexes play a key role in understanding the reactivity of active centers of enzymes
and in the development of environmentally friendly catalysts. An important group of ligands
used for copper-oxygen complexes are tripodal ligands.®°33 In the case of tripodal ligands,
the metal center is coordinated by three donor atoms in a trigonal pyramidal fashion, and the
reactivity depends on the properties of the ligand (steric effects, aromaticity, etc.). In Figure 7,
examples of tripodal ligands that have made a significant contribution to the study of tripodal
ligands are shown. All shown ligands are distinguished by a particular characteristic, with the
ligand tren (tris(2-aminoethyl)amine) providing the fundamental framework.
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Figure 7: Tripodal tetradentate ligands tmpa (1), Mezuns-penp (2), Mestren (3), TMGstren (4), and Bnstren
(5)_[34—38]

In a study by Jacobsen et al., the ligand tmpa (tris(2-pyridylmethyl)amine) was used for the
investigation of copper-dioxygen complexes. Notably, this investigation led to the successful
crystallographic characterization of the first copper-dioxygen complex as a result of the
reaction of a copper(l) complex and dioxygen. In this case, a trans-u-1,2-peroxido copper

complex was formed, which crystallized at —90 °C in EtCN. Both copper center ions were

8



distorted trigonal bipyramidal coordinated by tmpa as well as dioxygen, and the distance
between the two copper centers was found to be 4.359 A. In addition to the crystallographic
characterization, UV-Vis measurements were performed at —80 °C in EtCN (propionitrile), in
which characteristic bands at 440, 525, and 590 nm were observed.*3 Furthermore, Raman
vibrations were detected at 832 cm™ and 561 cm™.[*% Besides the characterization, Lukas et
al. described the use of the trans-u-1,2-peroxido copper complex for the oxidation of toluene
to benzaldehyde and benzyl alcohol. However, a yield of only 8% was obtained, determined
by GC-MS measurements. Nevertheless, Lukas et al. were able to obtain a conversion of up
to 40% determined via GC-MS using a derivative. In this case, an “ethylpyridine” arm is
exchanged with an anisole-containing substituent.*!l As a result of the successful
characterization of a copper-dioxygen complexes, a series of studies was made on copper(l)

complexes, along with a variety of tmpa derivatives.3342

Another tmpa derivative demonstrates the impact of ligand substitution on the reactivity with
dioxygen. In this instance, the pyridine residues of the ligand tmpa have been substituted with
dimethylamine groups (-NMe) in para-position.*>43, In the subsequent step, the initial
complex (a copper carbon monoxide complex) reacted with dioxygen, resulting in the formation
of a copper-dioxygen species. The species had been identified as an end-on superoxido
copper complex (shown in Figure 8), confirmed by absorbance bands at 418, 615, and 767 nm
in CO-saturated THF at -85 °C using UV-Vis spectroscopy. In addition, resonance Raman
measurements showed a stretching frequency that corresponds to the characteristics of an
end-on superoxido copper complex. Due to the promising reactivity, oxidation reactions of
phenol derivatives (p-MeO-2,6-DTBP, DTBP: Di-tert-butylphenole); 2,6-DTBP; and 2,4,6-
TTBP, TTBP: Tri-tert-butylphenol) with the end-on superoxido copper complex were examined.
Conversions of up to 40% were revealed via GC (gas chromatography) and GC-MS (MS: mass
spectrometry).[4
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Figure 8: Structure of an end-on superoxido copper complex with the ligand Me2N-tmpa.*2

Another noteworthy ligand is Mestren (Tris(2-dimethylaminoethyl)amine; Figure 7). In
comparison to tmpa, Mestren has a higher steric demand and a different nature of the donor
atoms. These differences can be explained by looking at the interaction of the ligand with a

copper center. In the case of tmpa, the copper ion is mostly coordinated by the N-donor atoms




of the pyridine ring (aromatic properties). In contrast, the N-donor atoms of Megtren exhibit
aliphatic characteristics.

Becker et al. investigated copper(l) complexes with Mestren and dioxygen. Interestingly, two
copper-dioxygen species were identified by UV-Vis absorption spectroscopy. In particular,
time-dependent measurements via stopped-flow technique were taken at a temperature of
—-60 °C in a solution of propionitrile. Initially, a band at 412 nm was observed, indicating the
presence of a superoxido copper complex.®® Subsequently, a high absorption was identified
at 560 nm, indicating the formation of the trans-u-1,2-peroxido copper complex. Compared to
the formed trans-p-1,2-peroxido copper complex with the ligand tmpa, the absorption bands
reveal a slight shift, which can be explained in part by small differences in the geometry of the
copper centers. The formation of the copper-dioxygen intermediates was additionally
confirmed via resonance Raman spectroscopy (Measurement in propionitrile at =90 °C). While
a peak at 1122 cm™ indicated a superoxido copper complex, the trans-u-1,2-peroxido copper

complex was identified with peaks at 825 cm™ (}¢0,) and 777 cm™ (80,). 544

Related to the ligand tmpa, it can be noted that the end-on superoxido copper complex was
found to be more stable and the peroxido copper complex less stable.>4445 Noteworthy,
Wairtele et al. successfully revealed the molecular structure of a trans-u-1,2-peroxido copper
complex with Megtren a decade later (Figure 9). The exchange of an anion greatly enhanced
the stabilization of the complex, and as a result, it was possible to crystallize the complex.*®!

Figure 9: Molecular structure of [Cuz(Mestren)2(0z2)]?* obtained by Wiirtele et al..[ 8!

Derivatives of uns-penp ((aminoethyl)bis(2-pyridylmethyl)amine, shown in Figure 11)
represent another ligand system of interest. These derivatives feature two pyridyl substituents
and an ethylamine substituent that is also susceptible to substitution. Weitzer et al. investigated
copper(l) complexes with the derivative Mez-uns-penp ((2-dimethylaminoethyl)bis(2-
pyridylmethyl)amine)). In this instance, time-resolved absorption measurements via stopped-
flow technique were conducted in propionitrile at =90°C. During the investigation, the formation
of both the end-on superoxido copper complex (Amax: 412 nm) and the trans-u-1,2-peroxido
copper complex (Amax: 528 nm) was observed. The formation of the end-on superoxido copper

complex occurred too rapidly at these low temperatures to be observed completely, whereas
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the formation of the trans-u-1,2-peroxido copper complex could be traced fully. Weitzer et al.
also determined that the trans-u-1,2-peroxido copper complex showed higher longevity at
higher temperatures than the trans-y-1,2-peroxido copper complex with the coordinating
ligands tmpa and Meetren.536:39 |nterestingly, Wiirtele et al. enabled the preservation of a
trans-pu-1,2-peroxido copper complex as a stable solid at ambient temperature by using the
anion BPh,~ (tetraphenylborate anion) for their copper(l) complexes with Me;-uns-penp. Due
to this achievement, investigations have been conducted to examine the catalytic conversion
of toluene to benzaldehyde and benzyl alcohol at ambient temperature utilizing the trans-u-

1,2-peroxido copper complex. In this instance, a conversion of around 15% was obtained.¢!

Building upon the findings of Weitzer and Wiirtele's published works, Brickmann et al. studied
copper(l) complexes of symmetrical and asymmetrical uns-penp derivatives (Figure 11 shows
an example of a symmetrical and an asymmetrical ligand of their work). The objective of
Briickmann et al. was to obtain a trans-u-1,2-peroxido copper complex in a solid state.
Therefore, a copper(l) complex with an uns-penp derivative and the anion BPh4 was prepared
and reacted with dioxygen. As part of it, a trans-u-1,2-peroxido copper complex was obtained
with the asymmetrical ligand Et-iProp-uns-penp and identified crystallographically. The
molecular structure is illustrated in Figure 10. Furthermore, Briickmann et al. were able to show
that complexes with symmetrical ligands exhibit suppressed oxygen reactivity. In contrast,

complexes with asymmetrical ligands were reactive with dioxygen.[*"

N
/\
_( N/\I

| O\Cu’N
N,Cu— \

N__
\

Figure 10: Molecular structure of [Cuz(Et-iProp-uns-penp)2(02)]?* obtained by Briickmann et al..*"]

Meanwhile, Briickmann et al. investigated the immobilization of the ligand Mez-uns-penp on
silica and mesoporous silica. Besides the successful immobilization, a comparable reactivity
with dioxygen was observed, similar to that seen in the non-immobilized copper(l) complex
with Mez-uns-penp. However, the stability in solid state was found to be lower. Nevertheless,
catalytic oxidation experiments with toluene were carried out and the received conversions

were comparable to those reported by Wiirtele et al.#64l
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(1) Et,-uns-penp (2) Et-iProp-uns-penp

Figure 11: The tripodal tetradentate derivatives Etz-uns-penp (1, with symmetrical amine redidues) and Et-
iProp-uns-penp (2, with asymmetrical amine residue).[*”!

Another relevant ligand is TMGstren, which was described by Raab et al..*”) This ligand
has a higher steric demand than tmpa and Meetren, and it has also improved donor
properties. The positive properties of the donor groups are a result of the high basicity of
the guanidine residues, which is due to resonance stabilization.*®) The stabilization is

shown in Scheme 4.

H. R H. R H. R H.+ R,
N N N N
RS\NA\,\II,RZ - R5\,\Il)\\"}rl,R2 - Rs\,?/)\,\ll,Rz P RS\'T')\'?/RZ

Scheme 4: Resonance stabilization of positive charge by guanidine residues.

Schatz et al. investigated a copper(l) complex with TMGstren and dioxygen. Through UV-
Vis spectroscopy, the presence of two bands at 442 nm and 690 nm was revealed in
acetone and propionitrile. Furthermore, measurements in acetone at -70°C with
resonance Raman spectroscopy showed peaks at 1117 cm™* (with **0;) and 1059 cm*
(with 180,). Both indicated the presence of a copper-dioxygen complex. In further analysis,
DFT calculations were conducted for both an end-on-superoxido copper complex and a
side-on-superoxido copper complex, and furthermore, theoretical values for resonance
Raman measurements were determined, which were compared with the measured results.
These results represented a clear indication of the formation of an end-on superoxido
copper complex.”! In 2006, Wiirtele et al. confirmed this indication and published the first
crystallographic evidence of an end-on superoxido copper complex as a result of the
reaction of a copper(l) complex and dioxygen. As shown in Figure 12, the molecular
structure of the copper ion is coordinated in a trigonal bipyramidal fashion by TMGastren
and dioxygen coordination. A comparison of the 0;-O, bond (1.280 A) and the Cu;-01-O,
angle reveals parallels with the crystallographic results of the copper-dioxygen complex of
PHM.B0
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Figure 12: Molecular structure of [TMGstrenCu(O2)]* obtained by Wiirtele et al..l>"!

Due to the high stability of the complex and the observed high reversibility, oxygenation
experiments with copper(l) complexes and the ligand TMGstren were performed. Different
exogenous phenolic substrates were used for oxygenation reactions, and oxygenation
products were identified successfully. In addition to the expected product, a hydroxylation
reaction of ligand was observed. Specifically, a methylene group of the ligand is
hydroxylated, resulting in the formation of an alkoxide. The alkoxide is coordinated to the
copper ion and deactivates the copper complex for further oxygenation reactions. The
hypothesis of Maiti et al. (Scheme 5) was that the end-on superoxido complex is formed,
initially. Then the copper-dioxygen complex reacts to form a hydroxido copper complex via
an H-abstraction reaction. Subsequently, the hydroxide copper complex lead to the
oxygenation of the methyl group of the ligand, generating water as a side-product. The

hypothesis was confirmed through investigations involving H-donors, such as Tempo-H.5

it mit
N L TN —
/N\(/ \/,’N,—”'N\ N /N\(/ N __-N /
N (o N (CU7 TN
- N "0-0 "N H,0 4 N O _N
A AT

Scheme 5: Assumed sub-step of the oxygenation of the ligand TMGstren by Maiti et al..54

1.6. Copper complexes with macrocyclic ligand systems

Another group of ligands was used in extensive research related to copper-dioxygen
complexes.®® These are macrocyclic ligands, which are able to stabilize complexes due
to their characteristic macrocyclic effect.’? Some examples of macrocyclic ligands include
the cyclam derivative tet b, 12-TMC, and derivatives of 1,4,7-triazacyclonane (Shown in

Figure 13 and Figure 15), which can stabilize copper-dioxygen complexes.[53-57]
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Figure 13: The macrocyclic ligands tet b (left) and 12-TMC (right).

Although cyclam derivatives are frequently used as ligands for bioinspired dioxygen
activation, they are rarely employed in the copper-dioxygen activation process.8
Nevertheless, it has been known since 1979 that copper complexes with tet b are reactive
with dioxygen. Nappa et al. were able to spectroscopically confirm the presence of a
superoxido copper complex in solution by reacting a copper(ll) complex with potassium
superoxide and [18]crown-6 in DMSO.5® Hoppe et al. (2013) took a different approach by
investigating the reaction of the copper(l) complex with the ligand tet b and dioxygen. Time-
resolved absorbance measurements were carried out, and absorbance bands at 395 and
669 nm were observed, indicating an end-on superoxido copper complex. These
observations are in line with the results reported by Nappa et al., who also identified the
formation of an end-on superoxido copper complex.”

Additionally, Hoppe et al. observed the formation of a trans-u-1,2-peroxido copper
complex, confirmed by infrared spectroscopy and resonance Raman spectroscopy.
Furthermore, the trans-u-1,2-peroxido copper complex was crystallized at low
temperatures, and its molecular structure was successfully solved by XRD spectroscopy.

The molecular structure is illustrated in Figure 14.557

5

1

I
¢
N
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>(\(NJ
Figure 14: Molecular structure of [Cuz(tet b)2(02)]** obtained by Hoppe et al..[5"

Besides copper complexes with the ligand tet b, the reactivity with dioxygen was also
observed for copper complexes with the cyclam derivative 12-TMC. Garcia-Bosch et al.
were able to identify spectroscopically a side-on superoxido copper complex at

temperatures between —90 and -135 °C. By UV-Vis measurements, absorbance bands at
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364, 450, and 635 nm, as well as a Raman Shift via resonance Raman spectroscopy at
544 cm™ (¥%0,) and 515 cm? (*80,), provide confirmation. Additionally, DFT studies show
evidence for the formation of a side-on superoxido copper complex. Furthermore, a series
of oxidation reactions were conducted with various substrates by using the side-on
superoxido copper complex, including phenol derivatives and PPh;. However, no reactivity
was observed towards these substrates. Garcia-Bosch et al. explained the low reactivity
as a result of the copper ion being fully coordinated by the ligand 12-TMC and the
superoxide, which could potentially prevent substrate binding.®

I8 g Mk
Lo N
BS O D &ﬁ

Prstacn Bngtacn Bustacn

Figure 15: The macrocyclic ligands 'Pratacn (left), Bnatacn (center), and Bustacn (right).

An example of a derivative of a 1,4,7-triazacyclononane is 'Prstacn (1,4,7-
triazacyclononane ligand with three iso-propyl groups). Mahapatra et al. investigated
copper(l) complexes with the ligand 'Prstacn and treated them with dioxygen at =78 °C in
dichloromethane. In this case, UV-Vis spectroscopy was used to identify characteristic
bands at wavelengths of 365 and 510 nm. Furthermore, resonance Raman measurements
showed distinctive peaks at 722 cm™ (with °0,) and 680 cm™ (with *80,). As a result of the
analysis, a copper dioxygen adduct was identified, which was determined to be a y-n?.n?-
peroxido copper complex.® Interestingly, Halfen et al. showed that the solvent affects the
formation of specific copper dioxygen species. By changing the solvent from
dichloromethane (DCM) to tetrahydrofuran (THF), a bis-p-oxido copper complex was
observed. The different reactivity of copper(l) complexes with 'Prstacn is illustrated in
Scheme 6.54

2+ 2+
o ] 0,, -78°C 0,, -78°C 0 1
LCuli>CuL —<«——=—— [Cu(L)(MeCN)]" —— > LCul__CuL
0 DCM , THF 0
L = 'Pratacn

Scheme 6: Reaction of copper(l) complexes with the ligand ‘Prtacn and dioxygen in DCM and THF. A formation
of a bis-p-oxido complex copper is obtained in DCM, and a y-n?n?-peroxido copper complex is obtained in
THF.
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The identification of the bis-p-oxido copper complex was accomplished by measuring the
absorption bands at 324 nm as well as 448 nm and resonance peaks at 600 cm™ (with
160,) and 580 cm* (with 80,). Furthermore, it was ascertained that the bis-p-oxido and the
u-n*n*-peroxido copper complex could be successfully transferred to the other

intermediate by adding an excess of the respective solvent.5+61.62

Interestingly, Halfen et al. studied copper(l) complexes with the ligand Bnstacn (1,4,7-
triazacyclononane ligand with three benzyl groups) as well. At low temperatures of —=75°C
in DCM, the observation of a particular oxido copper complex with distinctive absorption
bands at 318 and 430 nm was made using UV-Vis spectroscopy. In this case, a bis-p-oxido
copper complex was formed, and the change of solvent did not affect the intermediate
formation.*61 However, an observation was made during the reaction of these complexes
with dioxygen which is the dealkylation of the respective ligand after reacting. As a result
of the dealkylation, the complex was ineffective as a catalysts. 54616l

In 2016, Karahalis et al. investigated copper(l) complexes with '‘Bustacn, a 1,4,7-
triazacyclononane ligand with three tert-butyl groups (as a result of the simplified synthesis
of this ligand by Thangavel et al.).5>¢4 Karahalis et al. published a noteworthy method for
a synthesis of a copper-dioxygen intermediate. In this method, a y-n?:n?-peroxido copper
complex was formed as a crystalline solid through a reaction with air at room temperature.
The molecular structure of the formed u-n%n?-peroxido copper complex is shown in Figure
16. Interestingly, the demanding synthesis of the copper complex with the ligand does not
involve the use of acetonitrile because the presence of acetonitrile during the complex

formation can lead to its inactivation.®®!

4
AﬁN CU/°\[/CU NJT
Vi R

Figure 16: Molecular structure of [Cuz(‘Bustacn)2(0z2)]?* obtained by Karahalis et al..[5%]

The measurement of the bond distance in the molecular structure revealed a separation of
3.6349(8) A between the copper cores and an oxygen-oxygen bond length of 1.475(4) A.
In addition, Karahalis et al. were able to conduct stability tests in a variety of solvents and
demonstrate the stability of the copper dioxygen intermediate in protic solvents, such as
methanol and water. For instance, the half-life of the p-n?n?-peroxido complex in an
agueous NayHPO. solution was 9.6 days. In comparison to methanol (t1» of 14.2 h) or

acetonitrile (t2 of 2.5 h), the half-life in the aqueous solution was significantly higher. Due
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to the high stability of the p-n?n?-peroxido copper complex in solution, oxygenation
reactions were performed with various substrates, including phenol and electron-rich
phenolic substrates. In addition, Karahalis et al. were able to conduct catalytic oxidation
reactions at various temperatures in deuterated methanol with phenolic substrates, such
as 2,4-di-tert-butylphenol or benzoin (illustrated in Scheme 7) The yield was determined
using nuclear magnetic resonance (NMR) spectroscopy and an internal standard like 1,3,5-
trimethoxybenzene or 1,3,5-tri-tert-butylbenzene.%

OH
0,, Cu-Kat (20%)

CD4OH, 4 h, rt.
0

Scheme 7: Catalysed oxidation of benzoin with [Cuz(‘Bustacn)2(02)OTf2.[5%!
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2. Research Goals

As shown in chapters 1.5 and 1.6, current research is focusing on the development of
model complexes that imitate the reactivity of active centers of enzymes such as peptidyl-
a-hydroxylating monooxygenase (PHM). For the synthesis of these model complexes,
tripodal ligands, like TMGstren, have demonstrated remarkable potential. The first end-on
superoxide copper complex was successfully synthesized and characterized with
TMGstren (a model complex for PHM).B%%1 However, the catalytic activity fell short of initial
expectations. In contrast, ligands with aliphatic residues, such as Mestren, do not provide
enough stability for the end-on superoxido copper complex. 353665

For this reason, a possible missing link, the imine ligand tris(2-(propan-2-
ylideneamino)ethyl)amine (iminestren), was developed (illustrated in Figure 17). The
present ligand exhibits characteristics that resemble both aliphatic ligands, like Mestren,
and guanidine-type ligands, such as TMGstren. Consequently, it may serve as a suitable
system for stabilizing an end-on superoxido copper complex. In order to accomplish this
goal, the tripodal ligand was synthesized, and in addition, several metal complexes were
prepared, with a particular focus on copper complexes.

\ Me,N NMe
N— Ayt
«» /\ N N<_ NMe,
N N— Y
. J / — —— K/Nj NMe,
N N
|
Me,N NMe,
Megtren Iminestren TMGgjtren

Figure 17: Ligand influences on the development of iminestren.

Besides tripodal ligands, macrocyclic ligands play a pivotal role in the activation of
dioxygen, as described in chapter 1.6. Especially the previously mentioned 1,4,7-
triazacyclononane derivatives have been demonstrated to be a suitable system. Karahalis
et al. have demonstrated that the ligand '‘Bustacn is capable of forming a stable y-n?:n?-
peroxido copper complex, showing remarkable stability in solvents, such as methanol and

water.5°!

An essential objective of the second part of the project was the development of an
environmentally friendly catalyst that is efficient under mild conditions. To achieve this
objective, the 1,4,7-triazacyclononane ligand system was modified to enhance its solubility

and reactivity protic solvents like water and methanol. One common strategy is the
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implementation of carboxylic acid, phosphonic acid, or sulphonic acid substituents. In this
context, a particular focus was on the synthesis of a 1,4,7-triazacyclononane derivative
with a sulphonic acid substituent (illustrated in Figure 18). Furthermore, the reactivity of a
copper(l) complex with dioxygen, as well as copper(ll) complexes with hydrogen peroxide,
was investigated, examining the suitability as a potential catalyst for oxygenation

reactions.6®!

(Bu),("PrSOz)Htacn

Figure 18: Structure of the investigated water-soluble ligand (‘Bu)2("PrSOs)Htacn.
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Investigations of metal complexes with the tripodal
tetradentate ligand tris(2-(propan-2-ylideneamino)ethyl)

amine (iminestren)

Lars Schneider,” Jonathan Becker,” and Siegfried Schindler*?

Dedicated to Prof. Kaim, 70" birthday.

The imine ligand tris(2-(propan-2-ylideneamino)-ethyl)amine
(iminestren) had been prepared and characterized. The com-
plexes [Na(iminestren)(C;H,0)1BPh,, [Cu(iminestren)]BPh,, [Zn-
(iminestren)(CH,Cl,),](BPh,), and [Ni(imine;tren)Br]BPh, were
synthesized and structurally characterized. In contrast to

Introduction

Copper dioxygen complexes play an essential role in biological
systems."? In enzymes such as e.g. peptidylglycine-a-hydroxy-
lating monooxygenase (PHM), they are responsible for selective
oxygenation of organic substrates."** The catalytic species in
PHM consists of an end-on superoxido copper complex and in
general “dioxygen adduct” copper complexes are formed in the
active sites of the enzymes.***! Oxygenation reactions are not
only important in biology but furthermore, in industrial
applications (e.g. oxygenation of toluene). Therefore, to obtain
a better understanding of copper “dioxygen adduct” com-
plexes, model compounds have been developed that resemble
the active site of the enzymes.” In the past, tripodal ligands
have proven to be suitable systems for these investigations.®®?!

Jacobsen et al. described the first crystallographic charac-
terized copper “dioxygen adduct” complex, an end-on peroxido
copper system that had been studied in great detail based on
the ligand tris(2-pyridylmethyl)amine (tmpa, Scheme 1)."" Sim-
ilar reactivities have been observed with tren (tris(2-aminoethyl)
amine, Scheme 1) based ligands, e.g. tris-(2-dimeth-
ylaminoethyl)amine (Metren, Scheme 1, R, =R,=CH,)."""! Cop-
per(l) complexes with this ligand system react with dioxygen

[a] L. Schneider, Dr. J. Becker, Prof. Dr. S. Schindler
Institute of Inorganic and Analytic Chemistry
Justus-Liebig-Universitdat Gie3en, Heinrich-Buff-Ring 17
35392 Giefen (Germany)
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Q Supporting information for this article is available on the WWW
under https://doi.org/10.1002/zaac.202100048

T © 2021 The Authors. Zeitschrift fiir anorganische und allgemeine
Chemie published by Wiley-VCH GmbH. This is an open access
article under the terms of the Creative Commons Attribution Non-
Commercial License, which permits use, distribution and
reproduction in any medium, provided the original work is
properly cited and is not used for commercial purposes.

copper(l) complexes with related tripodal ligands [Cu-
(imine;tren)]BPh, reacted quite slowly with dioxygen in solution
and no “dioxygen adduct” complex could be spectroscopically
detected. Cyclic voltammetry of this complex only showed an
irreversible oxidation to a copper(ll) species.

a) b)
7
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Scheme 1. Tripodal ligands tmpa (a), tren, R, =R, =H (b), TMGstren
(c) and iminestren (d).

according to equation 1. While the dinuclear peroxido com-
plexes are quite persistent at low temperatures the mono-
nuclear superoxido complexes normally can be observed only

briefly spectroscopically in stopped-flow measurements.*'"'3!
o .o Lcu'
Lo 2 o™ 0 = Lyt Oo-cut M

Still it was possible for the first time to obtain a resonance
Raman spectrum of the end-on superoxido complex [Cu-
(MegtrenO,)]* (characteristic peak at 1122 cm ' for the vibration
frequency of '*0—'°0)."" In contrast, a guanidine derivative of
tren (tris(tetramethylguanidino)tren =TMG;tren, Scheme 1) al-
lowed (due to the electronic and steric features of this ligand)
to finally isolate and structurally characterize the first example
of such a species."” The reaction with dioxygen is reversible
and [Cu(TMGstren)] ™ can be regarded as a model compound
for the active center in PHM, however it lacks its catalytic
properties.!
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Introducing sterically more demanding alkyl groups into the
tren ligand e.g. isopropstren (Scheme 1, R, =H, R,=isopropyl),
also suppresses the formation of dinuclear peroxido complexes
according to eq.1. However, the mononuclear superoxido
complexes observed are not stable over time and could not be
isolated as solids."®'” Obviously alkyl groups in tren alone seem
not capable to stabilize the copper superoxido complexes
enough for thorough investigations while guanidine groups
stabilize it too much to afford catalytic oxygenation reactions.
Therefore, it seemed likely that the imine ligand tris(2-(propan-
2-ylideneamino)ethyl)amine (iminestren, Scheme 1), in a way an
intermediate ligand type between isopropstren and TMGstren,
might be a suitable candidate for optimization of the stability
as well as the reactivity of the corresponding copper superoxido
complex. Here we now report the synthesis, characterization
and reactivity of the copper complex [Cu(iminestren)]~ together
with a series of other metal complexes with this ligand.

Results and Discussion

Despite the fact that it was quite easy to obtain the ligand
isopropstren by an in situ reduction of iminestren (Scheme 1),1'%!
it turned out to be extremely difficult to synthesize the imine
itself in pure form. Previously, iminestren was synthesized in a
template reaction with different iron salts, however, we did not
succeed to obtain the free ligand that way."® While it was
possible to prepare and structurally characterize some iron(ll)
complexes such as [Fe(imine,tren)(OAc),), different attempts to
optimize the reaction with regard to higher yields failed and
side reactions turned out to be a big problem. However, these
iron complexes did not show any reactivity towards dioxygen.
Furthermore, experiments to exchange the central ion or to
remove it had failed. An additional problem were the limited
yields and side reactions that led to the formation of iron
complexes with a macrocyclic ligand (formed during the
template reaction)."®'¥ During our efforts to obtain pure iron
complexes in better yields with this ligand and different iron
salts, we synthesized a sodium complex instead. Later on we
obtained suitable crystals of [Na(imine;tren)]BPh, (1) for XRD
characterization and the molecular structure of the cation of
this complex is presented in Figure 1 (crystallographic data are
reported in the Supporting Information) which is coordinated in
a distorted trigonal bipyramidal geometry.

Finally, after a large number of experiments it turned out
that the ligand can be synthesized using pyrrolidine as an
assisting reagent. According to Scheme 2 it was used to activate
the ketone acetone and thus promoted the imine formation.?”
The purification was performed by Kugelrohr distillation under
an argon atmosphere. Still, it turned out that the product
contained a small amount of impurities that could not be
removed. However, the product was pure enough to finally
allow the preparation of the copper(l) complex by reacting it
with [Cu(MeCN),JPF; followed by an anion exchange with
sodium tetraphenylborate. The complex [Cu(iminestren)]BPh,
(2) was obtained as a light yellow crystalline product that could
be structurally characterized.

ARTICLE

Figure 1. The molecular structure of 1 (the anion and H atoms are
omitted for clarity), an acetone molecule is coordinated as an
additional ligand.

NH, NJ\

[ o 30 %-mol pyrrolidine, [
S - M4A, EtOH, 5h, 78 °C /L NN
) A Sy
CNH D NH,~R® R
o N oH < j“,\
R/ILRZ R)\Rz CNH‘ H,0 R7°R

Scheme 2. Top: Synthesis of the ligand iminestren with pyrrolidine
as a catalyst; bottom: Activation of a substrate by pyrrolidine in
general 2"

The molecular structure of the cation of 2 is presented in
Figure 2 (crystallographic data are reported in Tables 1 and 2).
Furthermore, it was possible to synthesize and structurally
characterize [Cu(imine,tren)]OTf (see Supporting Information).
In 2, the copper(l) ion is coordinated in a distorted trigonal
pyramidal geometry by four N-Donor atoms. No additional
acetonitrile molecule is coordinated as an additional ligand that
has been observed for some copper(l) complexes with tripodal
ligands. Bond lengths and angles (Table 1) are averaged over

RN,

(P Pe. !
J & Q

}N;XA N1 ]
\ 1N{3) )

(

Figure 2. The molecular structure of the cation of 2 (only one of the
two complexes in the asymmetric unit is presented).
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Table 1. Selected average interatomic distances/A and angles/® Table 3. Selected interatomic distances/A of [Cu(TMGstren)]SbFg E
for complex 2. (a), [Cu(isopr[op,]tren)]BPm (b), [Cu(iminestren)]BPh, (c) for E
2 16,21 a
Cu(1)-N(1) 2153 N(1)-Cu(1)-N(2) 8536 Sl H
Cu(1)-N(2) 2.006 N(1)—Cu(1)-N(3) 85.26 a b c B
Cu(1)-N(@3) 2018 N(1)—Cu(1)-N(4) 85.26 g
Cu(1)-N@) 1.998 N(3)-Cu(1)-N(2) 123.95 Cu(n-N(1) 2.173 2209 133 £
N@)—Cu(1)-N(2) 1185 Cu(1)-N(2) 2,048 2.089 2,006 -
N(4)-Cu(1)-N(3) 115.81 Cu(1)-N(@3) 2.048 2.058 2.018 2
Cu(1)-N(4) 2.048 2.087 1.998 &
two independent copper(l) complexes in the asymmetric unit. 1.0 = s
In comparison to the related copper complexes with the 09| (CuiminesreniBeny g
P PP P £ with O after 120 min N
tripodal ligands TMG;tren and isopropstren (Table 3), the Cu—N 08 g
bond lengths in 2 are shorter. 07d| £
Unfortunately, and in contrast to the complexes [Cu- 8 el §
(TMG.tren)]SbF, and [Cu(isoprop,tren)]BPh,, 2 showed only 8 | Z
sluggish reactivity towards dioxygen. Intensive investigations § 210 é
s 4 2 3ig o < 04 | 13
with this complex only led to a simple slow oxidation to a E
copper(ll) complex according to the UV/vis spectrum presented 031 H
in Figure 3. 02- H
Stopped-flow measurements at different temperatures (and 0,1 S T g
under different conditions) did not provide spectroscopic 00 : e g
evidence for the formation of the expected end-on superoxido 0 b 800 ¥
copper complex. Neither did other oxidants such as hydrogen A/nm g
o . S 3 2 2
perddefed to any Kodiof dlo)fygen adduct: complex Thls Figure 3. UV/Vis spectra of 2 ([complex] =1 mmol/L) before and g
was furthermore supported by cyclic voltammetry: no reversible after the reaction with dioxygen in methanol at room temperature. %
g
Table 2. Crystallographic data and structure refinement for 2, 3 and 4. é
2 3 4
CCDC No 2051597 2051598 2051599 ;
Empirical formula C3oH5oBCuN, CgsH74B,CIN,Zn C39HsoBBrN,Ni ;
M, 649.18 1140.07 724.26 H
Crystal size [mm] 0.284x0.107 x 0.008 0.210x0.152x0.138 0.137x0.104x0.022
Crystal system Monoclinic Monoclinic Monoclinic
Space Group P2,/c P2,/n P2,/n 4
a (Al 15.9849(8) 20.0415(10) 16.760(5)
b (Al 14.7006(8) 11.9321(6) 13.546(3)
c[A 29.4309(15) 25.2090(12) 16.843(4) 2
al] 90° 90° 90° z
B 90.4444(14)° 104.101(2)° 109.596(10)° ﬁ
vy [l 90° 90° 90° B
VA% 6915.7(6) 5846.8(5) 3602.2(16) g
z 8 4 4 K]
F(000) 2768 2400 1520 g
Petc Mgm ] 1.247 1.295 1335 H
plmm™] 0.665 0.647 1.681 )
Reflections collected 105479 69940 73231 i
Independent reflections 13123 10321 6587 z
Rlint] 0.0992 0.0819 0.0947 f%
Scan range 0., [°] 2.330 to 25.681 1.489 to 25.026 1.977 to 25.350 é
Completeness to 0, [°] 99.9 100.0 100.0 %
Index ranges —19<h<19 —23<h<23 —20<h<20 g
—-17<k<17 —-14<k<14 —-16<k<16 g
—-39<1<35 -30<1<30 -20<1<20 £
Data/restraints/parameters 13123/0/823 10321/4915/1538 6587/2325/807 2
R1, wR2 [I > 20(1)] 0.0463, 0.0821 0.0641, 0.1553 0.0383, 0.0799 %
R1, wR2 [all data] 0.0839, 0.0924 0.1151, 0.1841 0.0696, 0.0921 2
Goodness-of-fit on F? 1.023 1011 1.047 g
Max./min. el. Dens [eA ] 0.306, —0.515 0.590, —0.526 0.450, —0.442 g
E
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oxidation of copper(l) to copper(ll) could be observed. See
Supporting Information for details on these measurements.

In a way this was not completely unexpected due to the
fact that copper(ll) complexes with tripodal ligands with imine
groups proved to be unstable even as a regular copper(ll)
complex. For example, imine ligands obtained from tren and
benzaldehyde decomposed over time in the presence of air and
moisture when coordinated to copper(ll) ions.?” Furthermore,
no dioxygen adduct complex was detected when the copper(l)
complex with this imine ligand was reacted with dioxygen in
contrast to the reaction with Bz;tren or Bz;Metren as a ligand
that allowed observation of the dinuclear end-on peroxido as
well as the mononuclear end-on superoxido copper complex as
reactive intermediates."’?2%)

With nearly pure iminestren at hand it furthermore was
possible to obtain the corresponding zinc complex by reacting
ZnCl, with iminestren followed by an anion exchange with
sodium tetraphenylborate. The molecular structure of the cation

Figure 4. The molecular structure of 3 (anion, solvent molecules
and hydrogen atoms are omitted for clarity).

Table 4. Selected interatomic distances/A and angles/® for com-

plex 3.

Zn(1)-N(1) 1.965(16) N(1)-Zn(1)-N(2) 86.8(6)

Zn(1)-N(2) 2.141(13) N(1)-Zn(1)-N(3) 125.1(9)

Zn(1)-N(3) 1,953(14) N(1)-Zn(1)-N(4) 116.2(10)

Zn(1)-N(4) 2.042(15) N(2)-Zn(1)-N(3) 85.8(5)
N(2)—Zn(1)—N(4) 83.1(6)
N(3)-Zn(1)-N(4) 116.7(9)

Figure 5. The molecular structure of 4 (not coordinated anion and
hydrogen atoms are omitted for clarity).

ARTICLE

of 3 is depicted in Figure 4 (crystallographic data are reported
in Table2 and 4). A comparison of the molecular structure
between the zinc and the copper complex shows similarities in
terms of bond angles and lengths and the same coordination
geometry (distorted trigonal pyramidal) of both complexes.
Cyclic voltammetry of 3 that contains redox inactive Zn(ll) was
performed in the presence of ferrocene to obtain an idea about
the redox behaviour of the ligand system (see Supporting
Information). An irreversible oxidation of the ligand in this
complex was observed at 1.32 V vs. ferrocene.

In addition, a nickel(ll) complex could be prepared with
nickel(ll)bromide and iminestren followed by an anion exchange
with sodium tetraphenylborate. The molecular structure of
[(imine,tren)NiBrIBPh,, 4 (Figure 5) shows a distorted trigonal
bipyramidal geometry and the bond angles and lengths are
reported in Table 5.

Prior to the successful preparation described herein by
applying the free ligand all our attempts to isolate a nickel
complex with this ligand had ended with the crystallization of
nickel tren complexes instead."®'! Furthermore, we did not
succeed to crystallize nickel(ll) imine;tren complexes with other
anions. The molecular structure of 4 is similar to the
corresponding iron complex [Fe (imine;tren)(OAc)]OTf reported
previously."® There is nothing unusual about the UV-vis
spectrum of 4 and the cyclic voltammogram is complex as
expected (Supporting Information).

Conclusions

Finally, after many attempts (over years) it was possible to
obtain the ligand imine,tren in nearly pure form that allowed us
to synthesize and structurally characterize zinc, nickel and two
copper(l) complexes with this ligand. While the zinc and the
nickel complex as redox inactive complexes have been
prepared to investigate the coordination behavior with this
ligand additionally to iron complexes reported previously,"® the
copper(l) complexes were synthesized to investigate their
reactivity towards dioxygen. With a ligand that can be classified
in between the pure aliphatic tren alkyl ligands and the
guanidine derivatives we had hoped to obtain a copper
complex that would form a quite stable but still reactive end-on
superoxido complex. Unfortunately, this was not the case and
in contrast to our expectations no “dioxygen adduct” copper

Table 5. Selected interatomic distances/A and angles/® for com-
plex 4.

Ni(1)-N(1) 2.025(6) N(1)—Ni(1)-N(2) 80.9(3)
Ni(1)-N(2) 2.147(7) N(1)-Ni(1)-N(3) 87.6(3)
Ni(1)-N(3) 1.984(6) N(1)—Ni(1)-N(4) 82.2(3)
Ni(1)-N(4) 2.102(6) N(1)—Ni(1)-Br(1) 134.6(2)
Ni(1)-Br(1) 2.418(3) N(2)—Ni(1)-N(3) 96.1(4)
N(2)—Ni(1)-N(4) 158.1(4)
N(2)-Ni(1)-Br(1) 91.3(4)
N(3)-Ni(1)-N(4) 97.3(3)
N(3)-Ni(1)-Br(1) 137.8(2)
N(4)—Ni(1)-Br(1) 90.4(2)
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complex was observed with different oxidants. This might be a
consequence of the instability in general of tren imine ligands
in combination with copper(ll) ions as observed by us and
others previously.”” However, even these negative results are
important in obtaining a better understanding for optimizing
these copper complex systems in general towards their ability
to perform selective oxygenation reactions. We have observed
several times that within these complexes only slight ligand
modifications can have a dramatic effect on their reactivity and
therefore needed to be tested.

Experimental Section

Material and Methods

The used reagents and solvents have the degree of purity p.a and
were bought from AcrosOrganics, Alfa Aesar, Merck and Sigma
Aldrich or were synthesized as described below. The solvents were
distilled over a drying agent under an argon atmosphere and
stored in the glove box. Experiments were performed under inert
conditions. '"H-NMR and "*C-NMR spectra were obtained using an
Avance |l 400 MHz WB (Bruker BioSpin GmbH). The measurements
were performed at room temperature and the program MestReNo-
va 14.1.2 was used for data analysis. The UV-Vis measurements
were carried out at room temperature with an Agilent 8543-
spectrometer. Time resolved stopped-flow measurements at low
temperatures were performed on a SF-61SX2 and a CSF-61DX2
instrument (Hi-Tech, Salisbury, UK, now TgK Scientific, Bradford-on-
Avon, UK). The quartz cell had a diameter of 1 cm and the spectral
range is between 300 and 700 nm. For GC-MS measurements a MS
59778 with a 7820A GC-system by Agilent Technologies was used.
The IR measurements were perfomed with a FT/IR-4100 instrument
(JASCO Deutschland GmbH, Pfungstadt, DE). Details of X-Ray crystal
structure determination are reported in the Supporting Information.
Electrochemical data were recorded with an e-corder 410 by edaq
(eDAQ, Colorado Springs, US) and the program eChem. For cyclic
voltammetry a glassy carbon electrode as working electrode, a
platinum/titanium electrode (counter electrode) and an Ag/AgCl
reference electrode were used. The solvent was acetone or
acetonitrile and NBu,PF, or NBu,BF, as conducting salt (0.1 M) was
applied. The complex concentrations were adjusted to 1x10 °M
and ferrocene was used as an internal standard (E°=0.49V was
measured under these conditions).

Synthesis of iminestren: Tris(2-aminoethyl)amine (1.5 mL, 10 mmol)
and molecular sieve 4 A (5,0 g) was added to ethanol (10 mL) under
inert conditions. Pyrrolidine (0.25mL, 3.0 umol) and acetone
(2.3 mL, 30 mmol) were added dropwise and the solution was
heated to reflux for 5h. The yellow coloured suspension was
filtered and the solvent and the pyrrolidine was removed under
reduced pressure. After purification, the product could be obtained
as a yellow coloured oily liquid with a yield of 40%. 'H-NMR (&/
ppm): 3.33 (m), 2.83 (m), 1,96 (m), 1,80 (m); *C-NMR: 167.75, 55.44,
49.70, 29.07, 18.44; GC-MS: 25.353 min.

Synthesis of [Na(iminestren)(acetone)]BPh, (1): A solution of
iminestren (79.9 mg, 0.300 mmol), NaBPh, (103 mg, 0.300 mmol)
and acetone (1 mL) was stirred overnight. The next day, the
solution was filtered and added dropwise to diethyl ether (18 mL).
After 1 day at —40°C colourless crystals could be obtained, which
were suitable for X-Ray analysis. Yield: 83.1 mg (42 %) Anal. Calc. for
C4,HssBNyNaO: C 75.66%, H 8.47%, N 8.40% found: C 75.58%, H
8.64%, N 8.51%. IR data are reported in the SI.

ARTICLE

Synthesis of [Cu(iminestren)]BPh, (2): A solution of iminestren
(133 mg, 0.500 mmol) in acetone (1 mL) was added dropwise to a
suspension of [Cu(MeCN),PFs (186 mg, 0.500 mmol) in acetone
(1 mL). After stirring for 2 h, the suspension was filtered and solid
NaBPh, (171 mg, 0.500 mmol) was added. The next day the solution
was filtered and added dropwise to diethyl ether (18 mL). After one
day at —40°C, yellow crystals could be obtained, which were
washed with diethyl ether and dried. The crystals were suitable for
X-Ray analysis. Yield: 73°%. Anal. Calc. for C3,Hs,BCuN,: C 72.15%, H
7.76%, N 8.63% found: C 72.12%, H 7.78%, N 8.16%. IR data are
reported in the SI.

Synthesis of [Zn(iminestren)](CH,Cl,),(BPh,),: A solution of
iminestren (60,0 mg, 0.225 mmol) in acetone (1 mL) was added
dropwise to a suspension of ZnCl, (30.7 mg, 0.225 mmol) in acetone
(1 mL). After stirring for 2 h, solid NaBPh, (154 mg, 0.450 mmol) was
added and it was stirred for overnight at room temperature. The
next day, the solution was filtered and added dropwise to diethyl
ether (18 mL). After 1 day at —40°C, a light yellow coloured solid
could be obtained. The solvent was removed and the solid was
washed with diethyl ether. Then it was dried and dissolved in
CH,Cl,. The solvent was slowly evaporated in a vial with a cannula
inside the glove bove and after a few days light yellow crystals
could be obtained, which were suitable for X-Ray analysis. Yield:
< 1%. However, the small batch of the non crystalline product
turned out to contain impurities and no correct elemental analysis
could be obtained. The IR data are reported in the SI.

Synthesis of [Ni(iminestren)(Br)IBPh,: A solution of iminestren
(79.9 mg, 0.300 mmol) in acetone (2 mL) was added dropwise to a
suspension of NiBr, (65.5 mg, 0.300 mmol) in acetone (1 mL). After
stirring for 2 h, solid NaBPh, (205 mg, 0.600 mmol) was added and
it was stirred for overnight at 65°C. On the next day, the solution
was filtered and the solvent was slowly removed. After a few days,
a few dark green crystals (which were suitable for X-Ray analysis)
together with a powder in an overall yield of 15.9% could be
obtained. The powder contained additionally a small amount of
Ni(BPh,), and dichloromethane from washing the sample. Anal.
Calc. for (CagHsoBBrNNi)(CesHaoBaNi)y6(CH,Cl)y e C 66.29 %, H 6.72
%, N 6.56 % found: C 66.10 %, H 7.05 %, N 6.86%. The IR data are
reported in the SI.
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Investigations on Water-Soluble Copper Complexes with
the Sterically Demanding Triazacyclononane Derivative

(‘Bu),("PrSO;)Htacn

Lars Schneider,® Christian Wiirtele,” and Siegfried Schindler*®

Related to environmentally friendly productions in the industry,
the synthesis of catalysts with designed ligands for solubility in
protic solvents and reactivity under mild conditions becomes
important. Thus, copper complexes were synthesized with a
ligand system that was designed for better solubility in protic
solvents. The reactivity of copper complexes with hydrogen
peroxide under ambient conditions was investigated in water

Introduction

Selective oxygenation and oxidation reactions of organic
substrates play a key role in industry and nature."? In industry,
for example, the oxygenation of toluene or the production of
adipic acid (oxygenation of cyclohexane), a precursor for the
synthesis of nylon, are important” In nature, oxidations can
occur in active sites of enzymes such as e.g. peptidyl glycine o-
hydroxylating monooxygenase (PHM).” The copper-mediated
enzyme activates dioxygen, followed by hydroxylation of
glycine. Another copper-based protein is hemocyanin which is
responsible for the oxygen transport in arthropods and
mollusks. Here and in the related monooxygenase tyrosinase,
copper forms a p-n*:n-peroxido complex with dioxygen
(Scheme 1, (a)).”’ Depending on the system/enzyme, dioxygen
can bind differently to the copper center; examples are shown
in Scheme 1 (b).*®

These intermediates are generally short-lived and crucial for
activating and transferring dioxygen. Model complexes have
been developed to investigate these intermediates.**® In the
past, macrocyclic ligands have proved to be suitable systems
for stabilizing copper dioxygen intermediates such as tet b (rac-
5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane), or
derivatives of 1,4,7-triazacyclononane (tacn, Figure 1).7-*
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and in methanol. The formation of a p-n’:n>-peroxide copper
complex with a stability of a few minutes was observed in
contrast to most related complexes reported in the literature. A
kinetic analysis was performed, leading to activation parameters
of AH*:66+4 kJ-mol 'and AS*: —5+12J-K '-mol ' (in water),
a strong indication of an interchange mechanism.

His His +0, His. ,O. His
His—Cu His—Cu == His—Cu] | Cu-His
*His *His -0, His 07 His
(b)
.0 g 0 Yol
Loul Lo Lot SoLed!  Lcul oSLeu!
(1) @) ® @

Scheme 1. (a) Binding of dioxygen by hemocyanin and tyrosinase; (b)
examples of known copper complexes obtained by a reaction with dioxygen
(charges are omitted; His = histidine, (1) copper side-on superoxido, (2)
copper end-on superoxido, (3) dicopper side-on peroxido, (4) dicopper bis-p-
oxido).

R
U
N
> s
N N
S I
NH HN
R:'Pr, Bn, 'Bu

Figure 1. The macrocyclic ligand tet b and derivatives of 1,4,7- triazacyclono-
nane (tacn).

For example, copper complexes with 1,4,7-triazacyclono-
nane derivatives can form different intermediates when reacted
with dioxygen, such as p-n’:n’-peroxido or bis-p-oxido com-
pounds. Even the variation of substituents on the 1,4,7-
triazacyclononane is decisive for the reactivity of the respective
copper complex.*'" Halfen et al. were able to detect both a p-
n?:n*peroxido and a bis-p-oxido complex by investigating
[Cu('Prstacn)]OTf with dioxygen at —78°C. The formation was
dependent on the solvent. In dichloromethane the formation of
a side-on-peroxido and in THF a bis-yu-oxido complex was
favored.” In contrast, a [Cu(‘Bustacn)]OTf complex forms
preferably a p-n?:n’peroxido copper complex with a particular
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stability.”’ As a result, this complex could be crystallized and
was structurally characterized. Furthermore, Karahalis et al.
performed stability tests in different solvents, showing that the
copper-dioxygen intermediate was also stable in the protic
solvent methanol as well as in water for a certain time. Catalytic
oxidation reactions were performed with electron-rich com-
pounds such as 3,5-di-tert butyl catechol.””

Concerning green/sustainable chemistry, our focus was on
modifying the 1,4,7-triazacyclononane system for high solubility
and high reactivity in water (or methanol) to develop an
environmentally friendly catalyst that could work under mild
conditions. The modification of ligands to increase water
solubility is not unknown and usually, phosphonic acid,
sulphonic acid or carboxylic acid substituents have been
used."*" Pasachenik etal, as well as Clegg etal., already
investigated the pH dependence of 1,4,7-triazacyclononane
derivatives with phosphonic acid substituents. Pasachenik et al.
measured the pH dependence as a part of the characterization
of the copper(ll) complexes, while Clegg et al. performed NMR
studies on small macrocycles with methylenephosphonates.">'!
Furthermore, soluble 1,4,7-triazacyclononane derivatives are
applied in bleaching or in medicine where these ligands
function as chelators for copper radioisotopes (radiotracers) for
positron emission tomography (PET), as a contrast agent in pH-
responsive magnetic resonance imaging or emission computed
tomography (SPECT).""®!

Results and Discussion

Synthesis of the Ligand and Characterization of the
Complexes

To achieve solubility in protic solvents, one of the tert-butyl
groups was substituted with a sulphonic group attached
through a propyl spacer. For the synthesis of the target ligand,
a precursor ligand with two tert-butyl groups (‘Bu,tacn) was
prepared according to Pickel etal"” This compound was
reacted with 1,3-propane sultone to obtain the final ligand
(Scheme 2). The synthesis of (‘Bu),("PrSO;)Htacn 1 required a
reaction time of about 3 days and the conditions for this
reaction were selected according to a similar reaction in the
literature."® 1 was obtained as a white powder with a yield of
54%. 'H-NMR and "C-NMR spectroscopy confirmed the purity
of the ligand.

In Figure 2 the molecular structure of 1 is presented.
Interestingly, the sulphonic group is fully deprotonated, and
one nitrogen is protonated (see S| for further details). The O-S

A(,m 0,0 A(Nﬁ 0.2

e e [N
7§

Scheme 2. Synthesis of 1.

Eur. J. Inorg. Chem. 2024, 27, €202300659 (2 of 7)

Figure 2. ORTEP Plot of the molecular structure of 1. Ellipsoids are drawn at
509% probability. Selected bond length (°): S(1)-O(1): 1.4568; S(1)-0(2):
1.4558; 5(1)-0(3): 1.4545. Selected bond angles (A): O(1)-5(1)-0(2): 112.69;
O(1)-5(1)-0(3): 112.61; O(2)-5(1)-0(3): 113.31. The N—H hydrogen interacts
with the other nitrogen compounds in the ring, these are also shown in
Table S4.

distances and the O—S—0 angles confirmed the assumption of a
full deprotonation of the sulphonic group. This ligand repre-
sented the starting point for the synthesis of several complexes.

Synthesis and Characterization of the Copper (1)/(1l)
Complexes with 1

The copper(l) complex [Cu(1)(MeCN)JOTf (2) was synthesized by
stirring [Cu(MeCN),JOTf and 1 for 3 h in dichloromethane at
room temperature. The formation of the copper(l) complex
could be confirmed by elemental analysis, while, attempts to
obtain crystals for structural characterization failed. However,
the molecular structure of the closely related complex [Cu-
(‘Bustacn)(MeCN)IPF, was reported previously and supports our
formulation."’? Furthermore, 'H-NMR spectroscopy confirmed
the formation of 2, but some disproportionation was observed
(Figure S14).

The synthesis of the copper(ll) complex took 3 d stirring the
reactants (1 and Cu(OTf),) in dichloromethane. A small
unknown precipitate was observed during the synthesis, which
was removed by filtration. The main product, obtained as a
green solid, was characterized by elemental analysis. The results
revealed a formation of a copper complex in a metal cation-to-
ligand ratio of 1:2 that we assigned as [Cu(1),(H,0)](OTf), (3).
This has been observed for several copper complexes in the
past, but here, it was assumed that the sterically demanding
ligand would suppress it. However, one of the sterically
demanding tert-butyl groups had been replaced by a somewhat
less demanding sulfonate group. Furthermore, and most likely
the main reason, the ligand was protonated at one nitrogen of
the macrocycle, thus making coordination of all nitrogen atoms
unlikely. With this the ligand is only coordinated through two
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nitrogen atoms of each ligand and most likely a water molecule
(or a triflate anion) as a fifth ligand.

In contrast, it was possible to obtain the molecular structure
of a copper(ll) complex with 1, when Cu(OAc), was used instead
of Cu(OTf), under different conditions. The molecular structure
of compound [Cu(1)]JOAc (4) is presented in Figure 3. The
deprotonated ligand and one acetate are the anions. The
copper ion is coordinated in a distorted square pyramidal
geometry by the ligands (t: 0.3) and such a five-coordinated
copper(ll) complex is in accordance with the literature.*'”

Figure 3. ORTEP Plot of the molecular structure of [Cu(1)]OAc, 4. Ellipsoids
are drawn at 50% probability. Selected bond length (A): Cu(1)-N(1): 2.002;
Cu(1)-N(2): 2.044; Cu(1)-N(3): 2.273; Cu(1)-0(4): 2.038; Cu(1)}-0O(5): 2.020.
Selected bond angles (°): N(1)—-Cu(1)-N(2): 87.74; N(1)-Cu(1)-N(3): 87.03;
N(2)—Cu(1)-N(3): 87.18; N(1)—Cu(1)-O(4): 96.62; N(1)~Cu(1)-O(5): 158.26;
N(2)-Cu(1)-0(4): 166.82; N(2)—Cu(1)-O(5): 108.21; N(3)-Cu(1)-0O(4): 105.41;
N(3)—Cu(1)-0(5): 107.90 ; O(4)—Cu(1)-0O(5): 64.67.

1,5%10°°

1,010 4

5,0x107

0,0

1/ A's-em?

-5,0x107 4

-1,0x10° 4

-1,5x10° T T T T
04 0.2 0.0 0.2 04

EIV

Figure 4. Cyclic voltammogram of the 2 in acetone at 25.0 °C ([complex] -
=0.9 mmol/L, [nBu,NBF,] =0.1 mol/L, scan rate: 100 mV/s, cycle number: 3).
Ag/AgCl was used as a reference electrode.

Eur. J. Inorg. Chem. 2024, 27, €202300659 (3 of 7)

Electrochemistry

The redox potentials of the complexes [Cu(1)(MeCN)JOTf (2)
and [Cu(1),(H,0))(OTf), (3) were investigated by cyclic voltam-
metry. In protic solvents, we could not observe a redox reaction
at all for complex 2 (SI, Figure S1). In contrast, 2 in acetone
showed a quasi-reversible redox behavior with an E,,, potential
of —0.001 V (Figure 4 and Table 1).

Complex 3 was investigated in H,0, MeOH, and MeCN and
showed quasi-reversible behavior in all three solvents. The
cyclic voltammogram of 3 in water is presented in Figure 5, and
data are reported in Table 1. The redox potential of complex 3
in methanol is shifted to a much higher positive value
compared to the measurement in acetonitrile. The results of the
measurements in water were compared with one of the few
other examples in which the electrochemistry of a related
copper complex (a derivative of tacn as a ligand) was
investigated in an aqueous solution."® Experiments with the
conducting salt LiClO, were performed with 3 and 4, but the
CVs turned out to be featureless (Figures S4 and S5). In contrast,
when KCl was applied as an electrolyte, the excess of chloride
anions obviously stabilized the electrochemical system. While

Table 1. Potentials of the copper(l) complex 2 in acetone and the
copper(ll) complex 3 in water (a), methanol (b, Figure S2) and acetonitrile
(c, Figure S3) in comparison with their reference substances K;[Fe(CN)g] in
H,0 (d) and ([Fe(Cp),] in acetone (e) and in MeCN (f) (In V vs. Ag/AgCl).

E V] E™ V] Ep V] AE V]
2 ~0.049 0.047 ~0.001 0.096
()3 ~0.193 —0.041 -0.117 0.152
(b)3 0322 0416 0,369 0.094
(03 ~0.060 0.172 0.056 0.230
(d) Ks[Fe(CN),] ~0.154 -0.028 ~0.091 0.126
(e) [Fe(Cp),] 0.352 0422 0.387 0.070
() [Fe(Cp),] 0.382 0.467 0.425 0.085
4,0x10%4
2,0x10% 4
o
£ 0,04
S
@
<
= -2,0x10°
-4,0%10°
-6,0%10°
04 0.2 0,0 0.2 04
EIV

Figure 5. Cyclic voltammogram of 3 in H,0 at 25.0°C ([complex] = 0.7 mmol/
L, ([KCI]=0.1 mol/L, scan rate: 100 mV/s, cycle number: 3). Ag/AgCl was used
as a reference electrode.
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the E,,, values of the two complexes cannot be compared to
the reported systems due to different reaction conditions, the
overall behavior is quite similar. Thus, in principle, it might also
be possible to prepare the copper(l) complex by electrolysis.

Reactivity of the Copper complex 2 Towards Dioxygen

Our original hope to spectroscopically observe the formation of
a “dioxygen adduct” complex as an intermediate when 2 would
be reacted with dioxygen in a protic solvent unfortunately was
not fulfilled. Reacting 2 with dioxygen in the protic solvent
methanol led to a slow unspecified oxidation of the complex
(Supporting Information, Figure S6) to the corresponding
copper(ll) complex. However, this was not completely surprising
because up to now only very few copper(l) complexes are
known that react with dioxygen in protic solvents leading to
“dioxygen adduct” complexes that can be spectroscopically
observed." To the best of our knowledge no copper complex
is known so far that reacts in such a way in water in contrast to
the copper proteins e.g. hemocyanin.”’ Mainly, this is a
problem caused by the kinetics of the reaction. While most
likely such a “dioxygen adduct” copper complex is formed, this
reaction is rate determining while the consecutive reactions of
its decomposition are much faster and thus do not allow the
detection of this species. This is often also the case for studies
in protic solvents.?" Furthermore, even the p-n’:n’-peroxido
copper complex obtained from [Cu('Bustacn)]OTf complex,
while stable for some time in aqueous solutions, cannot be
formed directly by reacting the copper(l) complex with
dioxygen in water.”!

To test if a “dioxygen adduct” complex as an intermediate
would form in organic solvents, we switched to the non-protic
solvent acetone. Here, it was possible to observe the slow
formation of a p-n’:n’>-peroxido copper complex with character-
istic absorbance maxima at 390 and 520 nm that is stable for
several hours (Figure 6).

1,50
Complex
~—— with O,
125 ——with O,, 10 min
~———with O,, 30 min
1,004 ——— with Oy, 45 min
~——with O,, 60 min

0,754

absorbance

0,50

0,25 4

0,00 T T 1

A/ nm

Figure 6. UV-Vis spectra of 2 ([complex] = 0.9 mmol/L) with and without
dioxygen in acetone at —30°C.
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Reactivity of the Copper(ll) Complexes with Hydrogen
Peroxide in Protic Solvents

Since the reaction of the copper(l) complex 2 with dioxygen in
a protic solvent only showed the slow formation of a species
that so far could not be characterized, we switched to the
reaction of the corresponding copper(ll) complex with hydro-
gen peroxide (an oxidant that can be regarded as an environ-
mentally friendly compound). Therefore, reactions of 3 with
hydrogen peroxide in the protic solvents water and methanol
were performed. While, in principle, being more interested in
the reactions in water, methanol allows us - if necessary - to
study these reactions at temperatures as low as —80°C, thus
having a chance to observe short-lived reactive intermediates
spectroscopically.

When 3 was reacted with H,0, in water at 25°C, two
absorbance maxima at 380 and 520 nm were observed (Fig-
ure 7), clearly indicating the formation of a p-n:n*peroxido
copper complex. The complex is quite stable at room temper-
ature and a buffer system was not needed. With regard to DNA
cleavage the reaction of hydrogen peroxide with copper
complexes with pyridyl ligands were investigated in phosphate
buffered aqueous solutions by Zhu et al.?? Herein, again not all
complexes showed the formation of an intermediate that could
be spectroscopically observed. However, especially the reaction
behavior of the reported mononuclear complex is quite similar
to our system.

In Figure 8 the reaction of 3 with H,0, in methanol is
presented. No low-temperature measurements were necessary.
Two bands could be observed at 378 nm and 520 nm indicating
again the formation of a p-n*:n’-peroxido copper complex at
room temperature.

Furthermore, the reactivity of 4 with hydrogen peroxide at
25°C was investigated in water, and likewise, the formation of a
p-n’:m*peroxido copper complex could be observed (Support-
ing Information, Figure S8). This clearly shows that complexes 3

Complex
~——with H,0,

1,004 ——with H,0,, 3min
——with H,0,, 5min
~—with H,0,, 10min

o
S 0754
o
£
o
o
o
050
0,25
0,00 - r - =
200 300 400 500 600 700
A /nm

Figure 7. UV-Vis spectra of 3 before and after the reaction with H,0, in water
at 25°C ([complex] = 0.3 mmol/L).
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Figure 8. UV-Vis spectra of 3 before and after the reaction with H,0, in
methanol at room temperature ([complex] = 0.3 mmol/L).

and 4 will form copper complexes L-Cu—OH, in aqueous
solutions, which accounts for the identical behavior.

To determine the activation parameters and, thus the
mechanism of the copper dioxygen adduct formation, the
reaction of 3 with hydrogen peroxide in water was analyzed in
more detail. The plot absorbance vs. time (Figure S9) under
pseudo-first-order conditions ([H,0,]>[3]) could be fitted to a
single exponential function. Accordingly, it is a first-order
reaction in terms of the copper complex concentration. In the
next step, the concentration dependence of H,0, was inves-
tigated with a plot of k,, vs. the concentration of hydrogen
peroxide (Figure 9). The obtained linear correlation without an
intercept leads to a first-order reaction related to the H,0,
concentration and overall to a rate law of (v=rate of formation
of the peroxido complex):

v =k [3] x [H,0,]

0,25

0,204

0,154

kops /™!
-

0,10

0,054

0,00
0,0 4,0x10°

8,0x10° 1,2x10%2 16x10%?

¢ (H202) / mol - L1

Figure 9. kg, vs. c(H,0,) at 15 °C for the reaction of 3 with hydrogen
peroxide in water.
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To get more detailed information about the reaction
mechanism, time-resolved UV-Vis measurements were per-
formed in a temperature range of 10.0 to 35.0°C under first-
order conditions. The activation parameters of the second order
rate constant were calculated to AH™: 66+4 kJ-mol ™' and AS™:
—~5+12J-K"-mol "' from an Eyring plot (Figure 10).

Despite the large error of the activation entropy, its value
close to zero clearly indicates an interchange mechanism of
substituting a water molecule with hydrogen peroxide followed
by deprotonation and formation of the dinuclear peroxido
copper complex according to Scheme 3.

The overall reaction is quite similar to the formation of a
peroxido iron complex investigated previously. Here as well the
activation entropy is close to 0 and most likely both reactions
follow the same mechanism.””

Subsequently, first investigations of catalytic oxidation
reactions with 3 and hydrogen peroxide with different sub-
strates and in different solvents were made. Herein electron-
rich substrates such as 2,4-di-tert-butylphenol similar to Karaha-
lis et al. were used because of their successful oxidation with
the catalyst [Cu(‘Bustacn)]OTf and dioxygen."” Unfortunately, an
oxidation of a substrate under our conditions could not be
observed.

Conclusions

The results obtained showed that it is possible to develop
copper complexes that can form peroxido complexes in
aqueous solutions similar to copper enzymes, e.g., tyrosinase.
While so far, we have not achieved this formation by the

2,54

|
o
(=)

-3,54

-4,0

In(k/T)/(L/mol -s)

-4,5 4

-5,0 4

=55
3,20x10°

T T
3,40x107° 3,50x107° 3,60x10

k!

3,30%x107°

Figure 10. Eyring plot for the reaction of 3 with H,0, between 10 to 35°C.

2

+3
H,0, o, H [LCu(H,0)P* o}
24 i 0} Bl ) IS S
[LCu(H,0)} e LCI_f‘ 2H,0 LCu\O/CuL
OH, CH

Scheme 3. Proposed mechanism for the formation of the p-n’:n’peroxido
copper complex (L:('Bu),("PrSO,)Htacn (anions were omitted for clarity).
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reaction of a copper(l) complex with dioxygen, ligand design
should lead to this in the near future. Furthermore, despite the
fact that we could not observe catalytic activity for our system,
again, this will be only a question of time and appropriate
ligand design. The complexes reported here might be too
stable for performing oxygenation, similar to a copper super-
oxido complex we reported in the past.* However, the quite
high stability of these complexes allowed us to study the
kinetics of the reaction of the copper(ll) complexes with
hydrogen peroxide and to postulate a reasonable interchange
mechanism. In general, the results imply a step forward in the
development of a more environmentally friendly catalyst in the
future.

Experimental Section

The used reagents and solvents have the degree of purity p.a. and
were bought from Acros Organics, Alfa Aesar, Merck and Sigma
Aldrich or were synthesized as described below. The solvents were
distilled over a drying agent under an argon atmosphere and
stored in the glove box. [Cu(MeCN),JOTf and 'Bu,Htacn were
prepared according to the literature. Oxygen and water-sensitive
experiments were performed under inert conditions. '"H-NMR and
®C-NMR spectra were obtained using an Avance Ill 400 MHz HD
(Bruker BioSpin GmbH, Rheinstetten). The measurements were
performed at room temperature and the program MestReNova
14.1.2 was used for data analysis. The UV-Vis measurements were
carried out at certain temperatures with an Agilent 8543-spectrom-
eters. For GC-MS measurements a MS 5977B with a 7820A GC-
system by Agilent Technologies was used. Electrospray-ionization
MS (ESI-MS) were performed with a Bruker Mikro-TOF. For
elemental analysis the CHN-Analysator Thermo FlashEA - 1112
Series was used. Electrochemical data were recorded with an e-
corder 410 by edaq (eDAQ, Colorado Springs, US) and the program
eChem. For cyclic voltammetry, a glassy carbon electrode as a
working electrode, a platinum/titanium electrode (counter elec-
trode) and an Ag/AgCl reference electrode were used. As a
conducting salt NBu,BF,, KCl or LiClO,4 (0.1 M) was applied depend-
ent on the solvent. The complex concentrations were adjusted to
1-10° M and ferrocene or prussian red were used as an internal
standard. Details of X-Ray crystal structure determination are
reported in the Supporting Information. CCDC- 2299680 (1) and
CCDC- 2299681 (4) contain the supplementary crystallographic data
for this paper. This data can be obtained free of charge via http://
www.ccdc.cam.ac.uk/ products/csd/request/ (or from Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge, CB2 1EZ,
UK. Fax: +44-1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

Synthesis of (‘Bu),("PrSO;)Htacn: (tBu),tacn (400 mg, 1.66 mmol) and
1,3-Propane sultone (204 mg, 1.67 mmol) were added to 25 mL
acetonitrile and was heated to 70 °C for 2 d. Afterward, the solvent
was removed under reduced pressure and the received solid 1 was
recrystallized in acetonitrile/water (324 mg, 0.891 mmol, Yield:
549%). 'H-NMR(3/ppm): 3.31-3.15 (m, 4H); 3.00-2.94 (m, 2H), 2.86-
2.82 (m, 10H), 1.30 (s, 18H); "C-NMR (5/ppm): 64.18, 59.17, 54.81,
53.90, 51.68, 51.12, 30.27, 26.85. Anal. Calc. (%) for C,;H3;N;0,S: C
56.16, H 10.16, N 11.56, found: C 55.89, H 10.29, N: 11.53. ESI-MS
(m/z) calculated (C,;H;;N;0;Na *) 386.245; found 386.237 [M+ Na] .

Synthesis of [Cu(1)(MeCN)]OTf, 2: [Cu(MeCN),JOTf (15.2mg,
0.0403 mmol) and 1 (15.0 mg, 0.0412 mmol) were stirred in 4 mL
dichloromethane for 3 h and afterward the solvent was removed
under reduced pressure. It was received a colourless solid (24.5 mg,

Eur. J. Inorg. Chem. 2024, 27, €202300659 (6 of 7)

0.0396 mmol, Yield: 98%). Anal. Calc. (%) for CyH4CuF;N,04S,: C
38.92, H 6.53, N 9.08, found: C 38.77, H 6.41, N: 8.39.

Synthesis of [Cu(1),(H,0)](OTf),, 3: Cu(OTf), (36.2 mg, 0.105 mmol)
and 1 (38.2 mg, 0.105 mmol) were stirred in 8 mL dichloromethane
for 3 days. The resulting green suspension was filtered, and the
solvent was removed under reduced pressure. It was received a
green solid (49.5 mg, 0.0448 mmol, Yield: 43%). Anal. Calc. (%) for
C36H76CuFgNgO,3S,: € 39.07, H 6.92, N 7.59, found: C 38.78, H 6.45, N:
7.09.

Synthesis of [Cu(1)]JOAc, 4: Cu(OAc), (7,5 mg, 0.041 mmol) and 1
(15 mg, 0.041 mmol) were stirred in 1 mL methanol. After 2 h, the
resulting turquoise solution was filtered and the solvent was
removed. It was received a turquoise solid (18,4 mg, 0,034 mmol,
Yield: 82%). The slow diffusion of Et,O in the complex solution at
—35°C led to the formation of a crystalline solid 4.
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5. Summary

Oxidation reactions play an important role in the chemical and pharmaceutical industries. !
However, these processes (see Chapter 1) are still very inefficient due to the use of
environmentally harmful catalysts and solvents. Today, efforts are made to improve the
efficiency and environmental compatibility of these processes. The reactivities of active
enzymes can serve as a valuable model. In these enzymes, oxygenation reactions are
selective, occur under mild conditions and transition metals are involved. The peptidyl
glycine-a-hydroxylating monooxygenase is an example of these, which is responsible for
the hydroxylation of glycine.l?8! Inspired by the reactivities observed in these enzymes,
model complexes have been developed to imitate their behavior. For instance, the
synthesis of copper(l) complexes with TMGstren, which enabled the formation of an end-
on superoxido complex that exhibits a structural similarity to the copper dioxygen species
in the active center of PHM.%%U |n general, the development of model complexes
facilitates the observation, characterization, and examination of the reactivity of diverse
copper-dioxygen complexes.

In the first part of this research study, the tripodal tetradentate ligand iminestren was
synthesized, and a variety of metal complexes were examined. This investigation focused
on zinc, sodium as well as nickel complexes and a particular interest in copper(l)
complexes. The development of iminestren as a ligand was driven by generating an
intermediate form between the known ligands Mestren and TMGstren. It was anticipated as
the missing link between these two ligands and the development of a stable copper
complex for oxygen activation. Consequently, it was expected that this ligand would exhibit

enhanced reactivity due to the modifications made to the system.

A synthesis of the ligand and the respective copper(l) complex was successfully achieved.
However, when the reactivity with dioxygen was investigated, there was no evidence of a
copper dioxygen intermediate. A possible explanation may be attributed to the instability of
the imine group, a characteristic that has been previously observed in analogous
systems.[67]

In the second part of this research study, a ligand system ((‘Bu)z("PrSOs)Htacn) was
developed that showed high solubility in water and methanol. Additionally, the reactivity of
copper(l) complexes with dioxygen and of copper(ll) complexes with hydrogen peroxide in
protic solvents was investigated successfully. The ligand was synthesized from the
fundamental system 1,4,7-triazacyclononane, with the integration of two tert-butyl groups
and a propyl-bridged sulfonic acid group for enhanced solubility in protic solvents. In the

following study on the activation of dioxygen with copper(l) complexes, only a copper-
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dioxygen species in the form of a u-n%:n?-peroxido copper complex was identified in aprotic
solvents. In contrast, the use of copper(ll) complexes and hydrogen peroxide also led to
the identification of a u-n?:n?-peroxido copper complex in protic solvents, such as water
and methanol. Furthermore, the kinetics of the reaction between the copper(ll) complex
and hydrogen peroxide were examined, which led to the postulation of an interchange
mechanism. In summary, it was possible to obtain a copper dioxygen intermediate with the
ligand (("Bu)2("PrSOs)Htacn) under mild conditions and in environmentally friendly solvents
such as water and methanol, which may possess potential for catalyzed oxygenation

reactions.
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6. Zusammenfassung

Oxidationsreaktionen spielen in der chemischen und pharmazeutischen Industrie eine
wichtige Rolle.l! Diese Prozesse (siehe Kapitel 1) sind jedoch noch sehr ineffizient
aufgrund der Verwendung von umweltschadlichen Katalysatoren und L&sungsmittel.
Heute wird nach Méglichkeiten gesucht, diese Prozesse effizienter und umweltfreundlicher
zu gestalten. Als Vorbild kann die Reaktivitat aktiver Zentren von Enzymen dienen, in
denen Oxidations-und Oxygenierungsreaktionen selektiv unter milden Bedingungen
ablaufen und ein zumeist ein Ubergangsmetall involviert ist. Ein Beispiel hierfur ist das
Teilenzym Peptidylglycin-a-hydroxylierende Monooxygenase, das fir die Hydroxylierung
von Glycin verantwortlich ist.?®! Nach dem Vorbild des aktiven Zentrums wurden
Modellkomplexe entwickelt, die die Reaktivitatt nachahmen sollen. Ein Beispiel sind
Kupfer(l)-Komplexe mit TMGastren, mit dem es maoglich war einen end-on Superoxido
Kupfer-Komplex herzustellen, der in seiner Struktur mit der Sauerstoff-Spezies im aktiven
Zentrum von PHM vergleichbar ist.®%%1 |nsgesamt ermdglicht die Entwicklung von
Modellkomplexen die Beobachtung, Charakterisierung und Untersuchung der Reaktivitat

verschiedener Kupfer-Sauerstoff-Komplexe.

Im ersten Teil dieser Forschungsarbeit wurde der tripodale tetradentate Ligand iminestren
hergestellt und verschiedene Metallkomplexe untersucht. Neben Zink-, Natrium- und
Nickel-Komplexen lag der Hauptfokus hierbei auf Kupfer(l)-Komplexen. Die Entwicklung
des Liganden iminestren erfolgte mit der Intention, eine Zwischenform der bekannten
Liganden Megstren und TMGstren zu schaffen. Es wurde antizipiert, dass dieser Ligand das
fehlende Intermediat ist und den entscheidenden Durchbruch bei der Entwicklung eines
stabilen Kupferkomplexes fur Sauerstoff-Aktivierung bringen wirde. Dementsprechend

wurde aufgrund der Anderung des Systems eine verbesserte Reaktivitat erwartet.

Nach intensiver Forschung gelang die Synthese des Liganden und des entsprechenden
Kupfer(l)-Komplexes. Jedoch konnte bei der Untersuchung der Reaktivitat mit Sauerstoff
kein Sauerstoff-Intermediate nachgewiesen werden. Eine mdgliche Erklarung kdnnte in
der Instabilitat des Imins liegen, die bereits in anderen Systemen in der Vergangenheit
beobachtet wurde. "]

Im zweiten Teil dieser Forschungsarbeit wurde der Ligand (("Bu)2("PrSOs)Htacn)
entwickelt, welcher sich durch eine hohe L6slichkeit in Wasser und Methanol auszeichnet.
Daruber hinaus wurde die Reaktivitat von Kupfer(l)-Komplexen mit Sauerstoff sowie von
Kupfer(ll)-Komplexen mit Wasserstoffperoxid erfolgreich in protischen L&sungsmitteln
untersucht. Fur den Liganden wurde das Grundsystem 1,4,7-Triazacyclononan genutzt,

welches mit zwei tert-Butyl-Gruppen und einer propyl-verbriickten Sulphonsauregruppe
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substituiert war. Die Sulfonséure-Gruppe diente hierbei der Erhdhung der Loslichkeit in
protischen Losungsmitteln. Im Rahmen der Untersuchung zur Aktivierung von Sauerstoff
in Verbindung mit Kupfer(l)-Komplexen des Liganden konnte lediglich eine Kupfer-
Sauerstoff-Spezies, in Form eines p-n%n?-peroxido Kupfer-Komplexes, in aprotischen
Ldsungsmitteln nachgewiesen werden. Demgegeniber konnte bei der Verwendung von
Kupfer(ll)-Komplexen und Wasserstoffperoxid ein u-n?:n?-peroxido Kupfer-Komplex in den
protischen Ldsungsmitteln Wasser und Methanol nachgewiesen werden. Es wurde
auBBerdem die Kinetik der Reaktion des Kupfer(ll)-Komplexes mit Wasserstoffperoxid
untersucht. Dabei konnte ein Interchange-Mechanismus postuliert  werden.
Zusammenfassend lasst sich festhalten, dass mit dem Liganden ((‘Bu)2("PrSOs)Htacn) ein
Kupfer-Sauerstoff-Intermediate unter milden Bedingungen und in umweltfreundlichen
Losungsmitteln wie Wasser und Methanol nachgewiesen werden konnte, der das Potential
fur katalytische Oxygenierungsreaktionen haben kann.
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