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Abstract 

Copper-Mediated Oxygenation and Amination of Phenols 

Mohammad Sharif Askari, Ph.D. 

Concordia University, 2015 

Phenols are abundant feedstock chemicals and their functionalization constitutes an 

attractive method for the synthesis of fine chemicals and materials. In biological systems, the 

copper-containing enzyme tyrosinase catalyzes the ortho-oxygenation of tyrosine into L-

dopaquinone in the first step of the melanogenesis process. The copper centres in the enzyme 

activate O2 through the formation of μ-η2:η2-peroxodicopper(II) (SP) and subsequent electrophilic 

aromatic substitution on tyrosine provides L-dopaquinone. Despite many efforts for the past 50 

years to develop a synthetic mimic for the aerobic oxygenation of phenols, a truly catalytic 

system for the selective ortho-oxygenation of phenols was only recently reported. The copper(I) 

complex of N,N’-di-tert-butylethylenediamine (DBED) is used as the precatalyst that activates 

oxygen and catalyzes the ortho-oxygenation of phenols. Investigating the mechanism of this 

catalytic process is the first objective of this research, whereby spectroscopic techniques are used 

to identify intermediates in this reaction and perform kinetic studies. The second objective of the 

research is the development of analogous phenol ortho-amination using nitrosoarenes as 

substitutes for oxygen. 

 The mechanistic studies were performed by spectroscopic characterization of intermediates 

and comparison with independently prepared complexes or literature spectra. In situ UV-vis 

spectroscopy of the reaction at 25 ºC demonstrated the formation of a copper(II)-semiquinone 

complex that persists during the oxygenation process. In order to identify the preceding 

intermediates, UV-vis spectroscopy at temperatures as low as -120 ºC was used, and the 

intermediates were characterized spectroscopically through comparison with similar reported 

species. Based on the observed intermediates a mechanism is proposed whereby the copper 

complex activates oxygen to forming SP; an oxygen atom is then transferred to a bound 

phenolate through electrophilic aromatic substitution. Kinetic studies using low-temperature 

stopped-flow techniques provides evidence for a binuclear mechanism of O2 activation and that 

the reaction rate is independent on phenol concentration. The mechanistic investigation suggests 
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that oxygen activation and phenol functionalization proceed through the same pathway as the one 

observed with tyrosinase, thus substantiating the bio-mimetic nature of this catalytic reaction. 

 Nitrosoarenes (ArNO) are isoelectronic with singlet oxygen, therefore copper-ArNO 

complexes are structural and electronic mimics of copper-O2 complexes, and are expected to 

react in a similar way with external substrates. The redox lability of nitrosoarenes was proved by 

preparing and characterizing a copper(II)-nitrosoarene radical-anion complex. Structural and 

computational investigation confirmed its similarity to end-on copper(II)-superoxo species. Two-

electron reduction of nitrosoarene was performed using the copper(I) complex of diamine ligand, 

and results in a complex that mimics the side-on copper(II)-peroxo (SP) structure. This complex 

undergoes stoichiometric reaction with phenolates to form aminophenols after reductive work-

up, thus demonstrating similar reactivity to tyrosinase models. 
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1. Introduction 

1.1. Goals and Motivation 

 One of the major challenges in synthetic chemistry is the conversion of abundant and 

inexpensive raw materials into functional molecules. One important functionalization is the 

selective oxidation and oxygenation of aromatic compounds. As such, reactions that involve 

oxygen-atom transfer and nitrogen group transfer have been studied extensively and development 

of such methods still continues today with the ultimate goal of environmentally-friendly reactions 

employing, if needed, inexpensive metal catalysts.[1-3] Phenols are ubiquitous feedstock materials 

that through oxygenation form synthetically versatile catechols (or quinones)[4] or through 

amination form aminophenols (or iminoquinones) that are useful synthetically or as fine 

chemicals (Scheme 1-1).[5] In biological organisms, tyrosinase catalyzes the ortho-oxygenation of 

tyrosine into dopaquinone using O2 as the oxygen-atom source and copper ions to catalyze and 

direct the reaction.[6] The efficiency and the benign nature of this reaction (water is the only by-

product) has inspired more than 50 years of research into understanding the mechanism of this 

transformation and, more importantly, in developing aerobic copper-catalyzed reactions for the 

oxygenation of phenols.[7] Even though the mechanism of phenol oxygenation by tyrosinase is 

known to some detail,[8] a synthetically useful aerobic catalytic reaction based on copper for the 

oxygenation of phenols was only recently developed and reported by the Lumb group at 

McGill.[9] 

 
Scheme 1-1: The ortho-oxygenation and amination of phenols. 

 In order to improve the applicability of the reported catalytic reaction and expanding the 

concept into other useful methodologies, an understanding of the reaction mechanism is required. 
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For this purpose the goals of the research presented in this thesis can be summarized in two 

points: 

1)  Determining the mechanism of the copper-catalyzed aerobic oxygenation of phenols under 

Lumb conditions.[9] 

2)  Developing a similar method for the ortho-amination of phenols (or phenolates) using 

nitrosoarenes as the nitrogen group source. 

 For the first objective, in order to justify the biomimetic nature of the catalytic aerobic 

oxygenation, the Cu/O2 intermediates involved and the mechanism by which oxygen-atom 

transfer occurs must be the same as in tyrosinase. Furthermore, the mechanism must justify the 

high selectivity observed for oxygen-atom transfer as opposed to competing radical formation 

pathways.[10] The second objective builds on what is known in Cu/O2 chemistry as nitrosoarenes 

are isoelectronic with singlet oxygen and are expected to interact with copper complexes in a 

similar way forming structural and electronic mimics of Cu/O2 complexes.[11] This structural 

similarity implies similar reactivity and in principle by choosing the proper ligand, nitrosoarene, 

and reaction conditions it should be possible to perform the ortho-amination of phenols.[12] As the 

feasibility of a stoichiometric reaction is a prerequisite to developing the catalytic version, the 

focus was placed on understanding the electronic structure of the Cu/nitrosoarene complexes and 

performing the stoichiometric ortho-amination of phenolates. This model reaction stands as a 

proof of concept for the similarities of Cu/O2 and Cu/nitrosoarene chemistries and demonstrates 

the importance of mechanistic studies in developing novel reactions. 

1.2. Aerobic Copper-Mediated Reactions in Synthesis  

 Copper-mediated reactions, catalytic and stoichiometric, have attracted a great amount of 

attention in recent years.[2] The interest in employing copper salts in organic reactions, especially 

in oxidation and oxygenation is in part due to the abundance of the metal, hence its low price, the 

stability of the metal sources in different oxidation states i.e. Cu(0), Cu(I), and Cu(II), and the 

coordination and redox lability of copper. The redox lability is especially important in bond-

forming reactions and activation of small molecules as such reactions require a change in the 

oxidation state of the metal centre. Of particular interest in green chemistry is the 

functionalization of organic compounds using abundant oxidants either as terminal electron 

acceptors in oxidation reactions or as oxygen-atom source in oxygenation reactions. Many 
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established protocols for oxygen-atom transfer reactions in organic synthesis utilize 

stoichiometric amount of synthetic oxidants such as periodates[13-14] or persulfates.[15] The main 

drawback in using these reagents is the formation of stoichiometric amounts of various 

potentially hazardous organic and inorganic waste as side-products that have to be separated. 

Therefore, methods employing O2 are highly desirable as the side-product of the 

oxidation/oxygenation is water.[16] However, even though oxygenation is thermodynamically 

favourable, it is kinetically challenging due to the triplet state of O2. In the ground state the O2 

molecule contains two unpaired electrons in the two degenerate π* orbitals. As most organic 

compounds are in the singlet state direct reaction of O2 with organic substrates is spin-forbidden. 

To circumvent the kinetic barrier a metal catalyst is often required to reduce O2 and activate it for 

further reactions.[17] Since oxygen binding is now coupled with its reduction, the metal catalyst 

must be able to undergo redox processes. Of the various metals reported in the literature capable 

of activating oxygen, copper[2] and iron[18] have received the most attention due to the ease by 

which they undergo redox processes and the stability of the metal centres in different oxidation 

states. 

 The occurrence of these metals in biological systems initiated investigations into the role of 

metals in oxygen transport and activation. In some biological organisms, the heme protein 

hemoglobin and myoglobin as well as the the non-heme protein hemerythrin, are responsible for 

the storage and transport of oxygen and heme enzymes such as Cytochrome P450 perform the 

oxidation of substrates in the mitochondria.[19] In arthropods and molluscs, the oxygen carrier 

protein, hemocyanin, contains copper atoms that can reversibly bind and release oxygen. 

Similarly, the copper-containing enzyme tyrosinase catalyzes the oxygenation of tyrosine in the 

first step of the melanogenesis process that produces melanin pigments (Scheme 1-2).[6] These 

natural systems have inspired significant amount of research in this field and many model 

systems have been developed to study the role of the metal centres in these metalloenzymes and 

develop synthetically useful methods for the oxidation of organic substrates. Iron enzymes and 

their model systems are beyond the scope of this thesis, and only copper enzymes and their 

models will be further discussed. 
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Scheme 1-2: Oxygenation of L-tyrosine to L-dopaquinone by tyrosinase. 

 A particular class of biologically inspired reactions is the selective ortho-oxygenation of 

phenols using molecular oxygen. The product of this reaction, depending on the reaction 

conditions, is either the ortho-catechol or the ortho-quinone, both of which are synthetically 

versatile. As phenols are naturally occurring and ubiquitous compounds, using them as the 

starting material for the production of highly functionalized compound is desirable. Several 

protocols to perform this reaction employing synthetic oxidants, especially periodate compounds, 

have been developed and reported in the literature.[4,13,15] The obvious shortcomings of these 

reactions include the necessity to prepare the oxidants and the generation of stoichiometric 

amount of salts or iodine-containing organic waste. Since the overall reaction is the transfer of 

one oxygen atom, this reaction in principle could be performed using molecular oxygen, in which 

case the only byproduct would be water. The difficulty, however, resides in the lack of selectivity 

of aerobic reactions of phenols due to the prevalence of C-C bond-forming reaction pathways 

upon formation of phenoxyl radicals by hydrogen atom abstraction.[10] 

 Another potentially useful functionalization of phenols would be the ortho-amination to 

provide aminophenols that are important on their own or as intermediates in various industries 

including photographic and dye manufacturing.[5] Typically C(aromatic)-N bond forming 

reactions involves the coupling of nucleophilic amines with aromatic halides (Scheme 1-3).[20] 

Another possible retrosynthetic disconnection provides electrophilic amine source and 

nucleophilic carbon centre on the aromatic ring. The synthetic equivalents for the nucleophilic 

carbon can be the phenolate that places a negative charge at the ortho-carbon by resonance, and 

the equivalent for the electrophilic amines could be nitrosoarenes. 
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Scheme 1-3: Restrosynthetic analysis for ortho-amination of phenol (X = halide or pseudohalide). 

Nitrosoarenes are isoelectronic with singlet oxygen and as such they are expected to interact 

with metal complexes in a similar way, forming structural and electronic analogues of metal/O2 

species. If structural mimics of Cu/O2 intermediates can be formed with nitrosoarenes, then 

ortho-amination of phenols should in principle proceed through a similar pathway as the 

biomimetic ortho-oxygenation performed by tyrosinase. Contrary to the field of Cu/O2 chemistry 

that has seen rapid development over the past 50 years,[21] using nitrosoarenes as mimics of 

molecular oxygen, their interaction with copper centres, and the reactivity of the resulting 

complexes have been little studied. Chapter 4 and 5 of this thesis will describe the feasibility of 

this approach in stoichiometric ortho-amination of phenolates.  

1.3. Copper-Containing Enzymes 

Proteins containing copper are involved in electron transfer and oxygen binding/activation in 

biological processes.[6,8] Two types of copper enzymes involved in O2 activation will be 

described in this section: 1) non-coupled binuclear Cu enzymes, e.g. Dopamine-β-

monooxygenase (DβM) and peptidylglycine α-hydroxylating monooxygenase (PHM); and 2) 

coupled binuclear Cu enzyme, e.g. tyrosinase. Both of these enzymes perform the oxygenation of 

organic compounds utilizing one oxygen atom from O2, hence the name monooxygenase, while 

the other oxygen is incorporated into a water molecule. Even though the active site of both types 

of enzymes contain two copper centres and the overall reaction is a net oxygen-atom transfer, the 

mechanism by which this process occurs and the intermediates involved are different. The terms 

coupled and non-coupled refer to the presence and absence of magnetic coupling between the 
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copper ions, respectively. This interaction depends on the distance between the two copper atoms 

and the presence or the nature of bridging units.[8]  

1.3.1. Non-coupled binuclear copper enzymes 

Dopamine-β-monooxygenase (DβM) and peptidylglycine α-hydroxylating monooxygenase 

(PHM) activate oxygen at copper centres and transfer a hydroxyl radical to relatively reactive 

aliphatic carbons (Scheme 1-4). The active site of these enzymes contains two copper atoms CuM 

and CuH at an approximately 11 Å distance from each other.[22-23] The long distance between the 

two copper centres indicates that O2 binds to only one copper centre. The coordination 

environment around CuM consists of two histidines and one methionine while for CuH all the 

coordinating moieties are histidine residues. CuM is responsible for oxygen binding and catalytic 

activity while CuH supplies the extra electron needed in the process of oxygen reduction. Based 

on spectroscopic studies, it is proposed that one electron reduction of a bound O2 at the CuM site 

results in the formation of a copper(II)-superoxo species which performs the H-atom abstraction 

from the substrate forming copper(II)-hydroperoxo and a radical species.[24] Direct –OH transfer 

hydroxylates the substrate and produces a copper(II)-oxyl, CuII-(O�–), formally a copper(III)-oxo, 

CuIII-(O2–), which in turn is reduced to Cu(II)-OH by electron transfer from the CuM centre.[25] 

 
Scheme 1-4: Oxygen-atom transfer reactions catalyzed by DβM and PHM and the active oxygenating 

species. 

1.3.2. Coupled binuclear copper enzymes 

Tyrosinase catalyzes the first step of the melanogenesis process by oxygenating tyrosine to 

dopaquinone (Scheme 1-2).[2,6-8] The activation of oxygen in this enzyme is mechanistically 

different than in the non-coupled enzymes (Section 1.3.1). The active site contains two copper 

atoms ~4.6 Å apart, each coordinated to three histidine residues. In the deoxy form the copper 

centres are both in the +1 oxidation state.[26-27] Dioxygen binds to the two copper atoms in a side-

on fashion. Electron transfer from each copper(I) atom to the dioxygen reduces the O2 bond 
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order, forming the peroxo species and two copper(II) centers. Contrary to the superoxo 

intermediate – formed in DβM and PHM – that is efficient at hydrogen-atom abstraction and 

formation of radicals, the peroxo intermediate is electrophilic and reacts preferentially by adding 

to nucleophilic species such as the aromatic ring of a coordinated tyrosine. 

 
Scheme 1-5: The three states of the active site of tyrosinase. (a) The deoxy form binds O2 in side-on 

fashion to form the side-on peroxo (SP) species (oxy). The peroxo performs (a) oxygen atom transfer to 

phenol or (b) oxidation of the catechol. (c) The resting state of tyrosinase is the met state that is activated 

by reduction of the Cu(II) centres with catechol.[6,8] 

Based on spectroscopic and kinetic studies, a mechanism for the oxygenation of tyrosine has 

been proposed.[28] The copper(I) centres in the active site bind O2 in side-on fashion to form the 

peroxo intermediate. The substrate binds to one of the copper atoms in oxy-tyrosinase and 

oxygen-atom transfer occurs through electrophilic aromatic substitution (EAS) reaction. The 

measured Hammett parameter of ρ = -2.4 when using para-substituted phenol substrates is 

consistent with EAS where oxygen atom transfer is the rate-limiting step.[29] 

As the above examples of copper-containing enzymes demonstrate, the mechanism of 

oxygen-atom transfer depends on the nature of the Cu/O2 intermediate formed that in turn 

depends on the Cu-Cu distance.[21] This dependence of O2 activation and reactivity on geometric 

and electronic properties of the copper complexes has inspired great amount of research on model 

systems. 
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1.4. Model Systems for Cu/O2 Species 

Over the past 50 years, many researchers have sought to develop catalytic reactions for 

oxygen-atom transfer based on the reactivity of copper-enzymes.[2] However, outside of the 

protecting pocket of a protein, Cu/O2 intermediates are more susceptible to degradation and pose 

several challenges in the development of bio-inspired catalysts. Many copper complexes with 

tailored ligands have been designed to mimic the active site of copper-enzymes and several 

reviews have been published in recent years describing the structure and spectroscopy of the 

Cu/O2 intermediates formed with such compounds.[7,21,30] In this section, only models of the 

Cu/O2 adducts in DβH, PHM, and tyrosinase will be discussed. It is worth noting that even 

though enzymes function at ambient temperatures, the majority of synthetic Cu/O2 intermediates 

are only stable at temperatures below -50 °C. This kinetic instability limits the available methods 

for structural characterization of these species. Typically, Cu/O2 species are characterized by 

electronic and vibrational spectroscopies and in only a few cases have X-ray crystal structures 

been obtained. The various Cu/O2 intermediates show characteristic charge-transfer bands in the 

ultraviolet and visible regions that allow for the identification and quantification of the 

intermediates. In addition, reduction of the O2 bond order causes a major shift in the vibrational 

frequency of the O-O and the Cu-O bonds that can serve as a characteristic method for 

determining the binding mode and the degree of bond reduction. 

Interaction of Cu(I) complexes with oxygen can result in different types of O2 bonding and 

geometries. The different known Cu/O2 adducts are shown in Scheme 1-6. The type of 

intermediate that forms depends largely on the electronic and steric properties of the supporting 

ligand and to lesser extent on the counter-ion and solvent.[21] Unless prevented by steric factors or 

kinetic trapping, the 1:1 Cu/O2 intermediates (S/ES) rapidly react with another equivalent of the 

starting Cu(I) complex to form the 2:1 Cu/O2 species (S/TP and O). 
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Scheme 1-6: Mononuclear and binuclear Cu/O2 species.  

1.4.1. Mononuclear Cu/O2 intermediates: S/ES 

Two different binding modes of O2 to copper centres are possible in the 1:1 stoichiometry: 

End-on superoxocopper(II) (ES) and side-on superoxocopper(II) (SS). In the superoxo 

intermediates, oxygen is reduced by one electron from the copper(I) center forming formally a 

superoxide radical anion O2
•– and a copper(II) centre. This intermediate is proposed to perform 

hydrogen atom abstraction in enzymes such as DβH and PHM.[25] Superoxo species are usually 

very reactive even at low temperatures and they react with another equivalent of the parent 

copper(I) complex to form the binuclear peroxo (O2)2– TP and SP or bisoxo (O2–)2 O. This high 

reactivity limits their characterization to fast spectroscopic techniques and only few X-ray 

structures have been reported. [31-32] 

1.4.1.1. End-on superoxocopper(II): ES 

The end-on superoxo (ES) intermediates are obtained by using tertradentate ligands. This 

type of intermediate was first characterized by exposure of Cu(I) complex with pyridine-based 

tmpa and tren-based Me6tren supporting ligands (Scheme 1-7).[33] Oxygenation of the 

[(tmpa)Cu(MeCN)]+ complex in EtCN at -90 °C forms the ES species that reacts with another 

equivalent of [(tmpa)Cu(MeCN)]+ to form the TP species rapidly.[34] The end-on 

superoxcopper(II) was characterized by its UV-vis spectroscopic signature showing charge-

transfer bands at ca. 410 nm (4,000 M-1cm-1) and ca. 580 nm (1,100 M-1cm-1). The Me6tren 

ligands forms an electron-rich copper(I) complex owing to the stronger donor ability of amines in 
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comparison to pyridines. Interestingly, oxygenation of this complex forms ES with very similar 

UV-vis signature as the tmpa complex, indicating that the Cu2O2 core is responsible for the 

electronic transitions observed. Similar to the tmpa ligand case, the [(Me6tren)Cu(O2
•–)]+ complex 

rapidly forms the more thermodynamically stable TP at -90 °C.[33] 

 
Scheme 1-7: Oxygenation products of [(tmpa)Cu(MeCN)]+ and [(Me6tren)Cu]+ complexes at -90 ºC.[33] 

 Schindler and Sundermeyer in 2006 reported the electron-rich [(TMG)3trenCu]+ complex 

(Scheme 1-8) that forms the ES species and is stable for a sufficient amount of time at -80 °C for 

crystallization.[31,35] The crystal structure of [(TMG)3trenCu(O2
•–)]+ represents the first 

structurally characterized end-on superoxocopper(II) intermediate and confirms the end-on 

binding nature of O2 in these complexes. The highly basic guanidine groups coupled with the 

high steric demand of the ligand promotes the fast formation of the [(TMG)3trenCu(O2
•–)]+, 

thereby depleting the starting copper(I)-complex and avoiding the formation of TP. The UV-vis 

spectrum of this complex displays absorption bands at 412 nm (4, 800 M-1cm-1) and 580 nm 

(1,500 M-1cm-1).[35] The O-O stretching frequency at 1120 cm-1 (�[18O2] = 63 cm-1)[35] is in the 

expected range for copper(II)-superoxide species.[21] 
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Scheme 1-8: The [(TMG3tren)Cu]+ complex and its reversible oxygenation to [(TMG)3trenCu(O2

•–)]+.[31] 

1.4.1.2. Side-on superoxocopper(II): SS 

Modification of the denticity and basicity of the ligand can result in the side-on binding of 

O2 to copper centres. Tridentate and bidentate ligands most often form side-on Cu/O2 

intermediates. The first crystallographically characterized side-on superoxocopper(II) (SS) 

complex was reported by Kitajima.[32] By employing tris(pyrazolyl)borate ligand (Tp)[36] 

functionalized with bulky alkyl group (TptBu,iPr) the SS species was obtained and was sufficiently 

stable for crystallization (Scheme 1-9). The geometry of the copper(II) center is distorted square-

pyramidal with the oxygen binding side-on in the equatorial plane and O-O bond distance of 1.22 

Å. The resonance Raman spectra of the superoxo complexes display O-O stretching vibration 

band at 1112 cm-1 (Δ[18O2] = 50 cm-1). The SS intermediates display weak absorption bands at ca. 

500 nm (200 M-1cm-1) and ca. 700 nm (40 M-1cm-1).[21] 

 
Scheme 1-9: The bulky anionic ligand employed by Kitajima and its reversible activation of O2.[32] 
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1.4.2. Binuclear Cu/O2 intermediates: S/TP, O 

Binuclear Cu/O2 complexes are involved in important biological processes such as oxygen 

transport and melanogenesis.[6] Contrary to side-on binuclear complexes (SP), the end-on 

binuclear complexes (TP) arising from end-on superoxo species (ES) have not been observed in 

biological systems. In molluscs and arthropods the oxygen carrier copper protein is hemocyanin. 

The X-ray structure of oxy-hemocyanin reveals side-on binding of O2 to two copper centers each 

coordinated to three histidine residues.[37-39] The related copper enzyme tyrosinase, that catalyzes 

the oxygenation of tyrosine, possesses the same active site albeit with different structural features 

allowing for substrate binding.[40-41] This section describes the structure and the spectroscopic 

features of three binuclear Cu/O2 intermediates. 

1.4.2.1. End-on trans-1,2-peroxodicopper(II): TP 

As mentioned in section 1.4.1, the initially formed copper(II)-superoxo intermediate 

usually reacts with another equivalent of the starting copper(I) complex to form binuclear Cu/O2 

adducts. The end-on superoxocopper(II) complexes, typically formed with higher denticity 

ligands (see section 1.4.1.1) form 1,2-trans-peroxodicopper(II) complexes. The first structurally 

characterized example of this type was reported by Karlin and is based on the tmpa ligand.[34] 

This complex with pyridine-based donors forms the ES intermediate, [(tmpa)Cu(O2
•–)]+, at low 

temperatures and rapidly forms the 1,2-trans-peroxo complex, {[(tmpa)Cu]2(O2
2–)}2+ (Scheme 

1-7).[33] The crystal structure of the intermediate confirmed the end-on binding of peroxide with 

O-O bond length of 1.43 Å. This complex served as the prototypical TP and its spectroscopic 

features were used as criteria for the detection and quantification of 1,2-trans-peroxo 

intermediates. 
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Figure 1-1: Simplified molecular orbital diagram for the 1,2-trans-peroxodicopper(II).[21] The electronic 

transitions are displayed on the right. 

 The deep purple-coloured 1,2-trans-peroxo intermediate shows strong absorptions at 525 

nm (11,500 M-1cm-1) and 590 nm (7,000 M-1cm-1). These absorptions are assigned to charge 

transfer bands from the πσ* and πv* to Cu(II) d-orbitals, respectively (Figure 1-1).[42-43] 

Interestingly, modification of the coordinating moiety in the ligand does not change the UV-vis 

spectrum significantly. For example, [(Me6tren)Cu]+ complex forms the 1,2-trans-peroxo 

intermediate at -90 °C with spectral bands at 552 nm (13,500 M-1cm-1) and 600 nm (10,000 M-

1cm-1).[33] Typically, the 1,2-trans-peroxocopper(II) intermediates are thermally unstable and 

decompose at higher temperatures by ligand or solvent oxidation. Schindler et al. reported the 

{[(Me6tren)Cu]2(O2
2–)}2+ complex with BPh4 counter-ions that shows remarkable stability at 

ambient temperature in the solid state.[44] The higher stability was attributed to the formation of a 

“protecting pocket” formed by the BPh4
- counterions around the TP molecule. The crystal 

structure of this complex gives an O-O bond length of 1.368(9) Å similar to the intermediate 

formed with [(tmpa)Cu(MeCN)]+ complex.[34] Resonance Raman data of the TP complexes show 

isotope-sensitive O-O stretching frequency at 832 cm-1 (Δ[18O2] = 44 cm-1) for tmpa[42] and 825 

cm-1 (Δ[18O2] = 48 cm-1) for the Me6tren complex (Δ[18O2] = ν(16O2) –  ν(18O2))[33] These values 

are significantly lower than the end-on superoxo complexes at ca. 1112 cm-1 (Δ[18O2] = 50 cm-1) 

indicating lower O-O bond order as expected for a peroxo anion. 
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1.4.2.2. Side-on peroxodicopper(II): SP 

 The interest in side-on peroxodicopper(II) (SP) intermediates stems from the prevalence of 

this species in copper-containing proteins responsible for oxygen transport and activation.[6,8] The 

active sites of tyrosinase, catechol oxidase, and hemocyanin all contain two copper atoms 

coordinated to three histidine residues.[26,40-41] Upon oxygenation, O2 binds to the two metal 

centers in the side-on fashion and is reduced to the peroxo state by electron transfer from the two 

copper atoms. Even though these three proteins contain the same active site they perform 

different functions. Tyrosinase catalyzes the oxygenation of tyrosine to dopaquinone. Catechol 

oxidase on the other hand only catalyzes the oxidation of catechol to quinone and hemocyanin is 

involved in reversible oxygen binding and release.[8] The structural difference that eliminates the 

catalytic activity from hemocyanin is the presence of the active site deep in the protein manifold, 

thereby preventing substrate access.[41] The prevalence of SP intermediate in these proteins and its 

ability to transfer oxygen atom to aromatic compound, i.e. tyrosine, inspired substantial amount 

of research in the formation and characterization of such intermediates using model copper 

complexes.[21] 

In general, bidentate and tridentate ligands favour the formation of side-on Cu/O2 species. 

The first examples of a side-on peroxodicopper(II) intermediate (SP) were reported by Kitajima 

who used a variety of substituted anionic tris(pyrazolyl)borate, TpR,R’ (R = Me, iPr, Ph; R’ = Me, 

iPr) as the supporting ligand (the TpiPr,iPr is shown in Scheme 1-10). [45-48] As Kitajima’s work 

preceded the crystallographic characterization of oxyHc, the nature of the Cu/O2 intermediate in 

the enzyme was assigned based solely on spectroscopic features. The TpR,R’Cu(I) complexes form 

intermediates with spectroscopic parameters that closely resemble the oxyHc. The relative 

stability of these complexes allowed for structural characterization by X-ray crystallography that 

showed the side-on binding mode of O2 to the two copper centres.[46,48] The elucidation of the 

structure of oxyHc, later confirmed the side-on binding mode in the protein. [37-39,49] 
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Scheme 1-10: The TpiPr,iPr ligand and the SP species from oxygenation of the Cu(I) complex.[46,48] 

As with other Cu/O2 intermediates SP shows characteristic spectroscopic features that 

remain within a narrow range with different supporting ligands. The UV-vis spectrum typically 

shows an intense band at 340-380 nm (18,000 – 25,000 M-1cm-1) and another less intense feature 

around 510-550 nm (~1,000 M-1cm-1).[21] Based on computational investigation by Solomon, the 

transitions responsible for the observed bands have been assigned to πσ*→d (~350 nm) and 

πv*→d (~530 nm) charge-transfer transitions (Figure 1-2).[43,50-52] The higher intensity of the 

πσ*→d is due to the better overlap of orbitals on the same plane. Resonance Raman spectroscopy 

on the oxygenated complexes display isotope sensitive band at ca. 750 cm-1 (Δ[18O2] ~ 40 cm-1) 

that is assigned to the O-O stretching vibration.[21] The free peroxide displays O-O stretching 

frequency at ca. 850 cm-1; back-donation from Cu(II) d orbitals into the σ* of O-O weakens the 

peroxide bond and shifts the stretching frequency towards lower wavenumbers.[53] 
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Figure 1-2: Simplified molecular orbital diagram for the side-on peroxodicopper(II).[21] The electronic 

transitions are displayed on the right. 

Of particular importance in understanding the structure and reactivity of SP species is the 

simple bidentate ligand N,N’-di-tert-butylethylenediamine (DBED) that forms a trigonal complex 

with Cu(I) and with an acetonitrile molecule occupying the third coordination site.[54-55] 

Oxygenation of the [(DBED)Cu(MeCN)]+ complex in THF at -80 °C affords the SP intermediate, 

{[(DBED)Cu]2(O2
2–)}2+ (Scheme 1-11), which is stable for relatively long time (t1/2 ≈ 20 days, 

THF, -80 °C); this relatively high stability allowed for detailed analysis of the SP electronic 

structure by various spectroscopic techniques. The UV-vis spectrum of the SP intermediate 

displays the usual charge transfer bands at 350 nm (36,000 M-1cm-1), 485 nm (1,200 M-1cm-1), 

and 605 nm (900 M-1cm-1).[54-57] 

 
Scheme 1-11: [(DBED)Cu(MeCN)]+ complex and the product of its oxygenation.[54] 
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To conclude, tridentate nitrogen heteroaromatic (pyrazole and pyridine) ligands have been 

used frequently to stabilize the SP intermediate, however, bidentate aliphatic amine ligands have 

been shown to support this species too.[58] The stability of the SP species formed depends mainly 

on the ligand and to some extent solvent and counterion. Many of the side-on peroxodicopper(II) 

species exist in equilibrium with the bis(oxo)dicopper(III) species where the O-O bond is 

completely cleaved by four electron reduction.[58-59] 

1.4.2.3. Bis(μ-oxo)dicopper(III): O 

 The bis(μ-oxo) complex forms through the complete reduction of O2 into two O2- (oxides) 

and the oxidation of two Cu(I) to Cu(III). The preferred geometry for d8 Cu(III) ion is square-

planar; therefore ligands that provide square-planar coordination geometry tend to stabilize the O 

species over its SP isomer. Many bidentate ligands and some tridentate ligands have been used to 

form the O species.[21] Usually, the O species is in equilibrium with the SP species. Structural 

data and computational investigations have shown that the Cu2O2 core in the O species is more 

compact than in the SP species with Cu-Cu distance in O being 2.8 Å and in SP is 3.6 Å (Scheme 

1-12).[59] As a result, increasing the steric demand of the ligand keeping all other factors constant 

will favour formation of the SP species. 

 
Scheme 1-12: Distance between the copper centres in SP and O.[59] 

Other factors that influence the SP/O equilibrium are temperature, solvent and counterion. 

Lowering the temperature favours stronger bonds and less flexible structure, thus higher 

oxidation state of the copper centre, i.e. O species.[60] More coordinating counterions such as 

triflate (CF3SO3
-) and mesylate (CH3SO3

-) bind to the copper centres through the axial position 

forming square pyramidal geometry about the copper atoms, thus favouring the +2 oxidation state 
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their preference for square planar geometry.[58-59] The effect of solvent is coupled with the state of 

the ionic species in the solution. In more polar solvents (2-MeTHF, THF, acetone) where less ion 

pairs between the copper complex and the counterion are formed the O species is favoured while 

in less polar solvents ion pairing promotes formation of SP.[60] 

As with other Cu/O2 species, O complexes display characteristic spectroscopic features. 

In the UV-vis region, they display two intense charge-transfer bands at ca. 300 nm (~20,000 M-

1cm-1) and 400 nm (~25,000 M-1cm-1).[21] The strong absorption in the visible region is 

responsible for the intense orange-brown colour of the O species. Based on computational studies 

the bands at ca. 300 nm and 400 nm have been assigned to the πσ*→d and σ*→d transitions, 

respectively.[61] The σ*→dxy transition is unique to the bisoxo complex as only by full reduction 

of O2 is the σ* populated. The prominent resonance Raman band in the O species is at 600 cm-1 

(Δ[18O2] ~ 25 cm-1) that is assigned as the Cu2-O2 breathing mode.[61-62] 

 
Figure 1-3: Simplified molecular orbital diagram for the bis(oxo)dicopper(III).[21] The electronic 

transitions are displayed on the right. 

 In summary, with bidentate ligands it is not uncommon to observe an equilibrium between 

the SP and the O species. The quantity of each can be determined from the characteristic UV-vis 

absorptions of the intermediates. The bis(μ-oxo)dicopper(III) intermediate has not yet been 

observed in biological systems. 
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1.4.2.5. Summary of the Cu/O2 intermediates 

 The following table summarizes the various types of Cu/O2 species and their major 

spectroscopic features (Table 1-1). 

 

Table 1-1: Summary of approximate characteristic UV-vis absorption and stretching frequencies (O-O or 

Cu-O) for the Cu/O2 intermediates. 

Cu/O2 species UV-vis absorption 
λ / nm (ε / M-1cm-1) 

Resonance Raman 
ν  / cm-1 (Δ[18O2] / cm-1) 

ES 412 (4,800) 
580 (1,500) 1120 (63) 

SS 500 (200) 
700 (40) 1112 (50) 

TP 525 (11,500) 
590 (7,000) 830 (45) 

SP 360 (22,000) 
530 (1,000) 750 (40) 

O 300 (20,000) 
400 (22,000) 600 (25) 

 

 Superoxo (E/SS) and bis(μ-oxo) (O) intermediates are efficient at hydrogen-atom abstraction 

from O-H and C-H bonds of organic substrates forming radical species. On the other hand, 

peroxo complexes, with the exception of 1,2-trans-peroxodicopper(II) (TP), perform oxygen-

atom transfer to C-H bonds.[8] The focus of this thesis is oxygen-atom / nitrogen-group transfer 

reactions inspired by peroxo intermediates. Therefore, only SP reactivity will be further 

discussed. 

1.4.3. Reactivity of SP 

In addition to studying the geometric and electronic structure of metals in metalloenzymes, 

the role of metals in catalyzing the enzymatic reaction is of interest to the bioinorganic chemist. 

Enzymes have evolved over millions of years to catalyze difficult reactions efficiently and with 

high selectivity. The catalytic properties of metalloenzymes is not only a function of the metal 

and its first coordination sphere but also depends on the protein’s three-dimensional structure. 
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Achieving the same efficiency and selectivity in synthetic procedures would require either using 

enzymes as catalysts or developing catalytic systems based on the reactivity of metalloenzymes. 

The high substrate-specificity and the aqueous medium required for optimal enzymatic efficiency 

limits the utility of enzymes in synthetic laboratories. Therefore, it is highly desirable to develop 

catalytic reactions using model metal complexes as the (pre-)catalysts. From the various 

metlloenzymes, the ones that are involved in oxidation or oxygenation have received significant 

attention because of the involvement of O2 as the oxygen-atom source or as the terminal oxidant. 

The abundance of O2 and the benign side-product, i.e. water, makes these reactions particularly 

attractive. However, as it will be shown in the following discussion, harnessing the oxidative 

power of O2 for chemo- and regio-selective functionalization without the protective pocket of an 

enzyme is particularly challenging and most of the efforts have been directed towards the 

development of structurally complex ligands to improve the selectivity of the reactions. 

A particular enzyme related to the research work presented in this thesis is the copper-

containing enzyme tyrosinase. The first step, and the rate limiting one, in the melanogenesis 

pathway is the ortho-oxygenation of L-tyrosine to L-dopaquinone (Scheme 1-2).[7] As described 

previously (see section 1.3.2), the active site of this enzyme contains two copper(I) atoms at a 

distance of ~4.6 Å from each other with each coordinated to three histidine residues. Activation 

of O2 occurs by side-on binding to the two copper centres to form the side-on peroxodicopper(II) 

(SP) intermediate (Scheme 1-5), which is proposed to be the active oxidant in the transformation. 

Thus, many researchers focused their attention on the synthesis of model SP complexes to 

understand the mechanism of oxygen-atom transfer in tyrosinase and eventually developing a 

catalytic method for the ortho-oxygenation of phenols. The substrate of choice has been 2,4-di-

tert-butylphenol (DTBP) that by having two blocked positions at C2 and C4 by tert-butyl groups 

will preferentially react at the ortho (C6) position. To further eliminate side reactions, including 

C-C coupling, the sodium phenolate salt (DTBPNa) is used under stoichiometric conditions 

(Scheme 1-13).[10] 
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Scheme 1-13: Structures of tyrosine, 2,4-di-tert-butylphenol (DTBP), and sodium 2,4-di-tert-

butylphenolate (DTBNa). 

1.4.3.1. Stoichiometric ortho-oxygenation of phenolates 

Aerobic oxidation of phenols poses several challenges of which O2 activation and 

selectivity are the major ones. Activation of dioxygen by metal centres, especially copper, has 

been well studied and often it is possible to predict the type of intermediate formed from the 

structure and electronic properties of the supporting ligand (see section 1.4.1 and 1.4.2).[21] The 

selectivity on the other hand is more difficult to control. Being electron-rich aromatics, phenols 

are easy to oxidize and, in the presence of oxidants such as a Cu/O2 species, phenoxyl radicals 

readily form by hydrogen-atom abstraction.[10] The resonance forms of the phenoxyl radical 

places the unpaired electron on either the oxygen or on C2 or C4. Carbon-based radicals typically 

perform C-C coupling reactions that lead to bisphenols (Scheme 1-14). Even though radical-

based aromatic C-C coupling reactions, especially with naphthols, are extensively studied and 

find application in the synthesis of natural products[63] and fine chemicals,[64] in the context of 

phenol oxygenation, bisphenols are considered undesired side-products. In order to avoid free-

radical type reactivity, phenolates can be used. Because of their higher basicity and coordination 

ability, they bind to the metal centre and confine the reactivity to the first coordination sphere of 

the metal, preventing propagation of free radicals and formation of C-C coupled products.[10] This 

strategy has been used to study the mechanism of phenolate oxygenation however, by using the 

phenolate salts, it is not possible to achieve turnover and perform the reaction with catalytic 

amounts of a copper complex. 
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Scheme 1-14: Formation of phenoxyl radical by hydrogen-atom abstraction and C-C bond formation. 

While many examples of phenolate ortho-oxygenation by SP species of copper(I) 

complexes with specially tailored ligands have been reported in the literature, [65-73] the most 

detailed mechanistic study, where the various intermediates were characterized by spectroscopic 

and computational methods, was reported by Stack and Solomon using DBED as the supporting 

ligand (Scheme 1-15).[57] 

OH

Hydrogen atom abstraction

O O O O

[O]

OH

OH
HO OH

2

3
4

5

6



 23 

 
Scheme 1-15: Proposed mechanism for the oxygenation of DTBPNa with [(DBED)Cu]+ complex.[57] 

The reaction and the intermediates are shown in Scheme 1-15. The SP species was first 

preformed through oxygenation of [(DBED)Cu(MeCN)]TfO in 2-methyltetrahydrofuran (2-

MeTHF) at -120 ºC. Addition of a solution of DTBPNa (two to three equivalents with respect to 
SP) induces the coordination of phenolate to the copper centres. Phenolate binding is 

accompanied by electron transfer from the copper(II) centres to the bound peroxide, breaking the 

O-O bond and forming the bis(oxo)phenolatodicopper(III) (A) complex. These geometric and 

electronic changes upon addition of phenolate cause significant alteration in the UV-vis spectrum 

of the Cu/O2 species allowing for their identification and quantification (see Table 1-1). Due to 

the preference of copper(III) for square-planar geometry, the phenolate moves into the equatorial 
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plane of the Cu2O2 core and one of the DBED nitrogen coordinates in the axial position. Within a 

few hours at -120 ºC, species A decays to an intermediate without major absorption features in 

the visible region. Based on computational modeling, the structure of this intermediate is 

assigned to the catecholatocopper(II) complex C. In the transition from A to C, one oxygen atom 

is transferred to the aromatic ring and under stoichiometric conditions it is the rate-limiting step 

in the overall ortho-oxygenation. The oxygen-atom transfer is proposed to proceed through an 

electrophilic aromatic substitution mechanism based on slower reaction rate with electron-

deficient phenolates with negative Hammett parameter (ρ = -2.2) and inverse secondary kinetic 

isotope effect of 0.83(0.09) at the ortho position.[56] Oxygen-atom transfer to phenolate and 

rearomatization to form the catecholate requires the elimination of one proton from the substrate. 

Based on DFT geometry optimization, the lowest energy structure corresponds to C. Therefore, 

the eliminated proton is transferred to the second oxygen atom of the A intermediate. Any base 

(including counterion or a nearby uncoordinated nitrogen of DBED) present in the reaction 

mixture catalyzes the proton transfer, although direct deprotonation by the second oxygen atom 

has been proposed too. Addition of one equivalent of external acid (with respect to the phenolate) 

at -80 ºC protonates the bridging hydroxyl group that in turn causes the cleavage of the 

catecholato dimer into copper(II)-semiquinone (SQ) and another unknown copper species 

proposed to be [(DBED)Cu(H2O)]+. Addition of excess acid quenches the catecholate complex 

giving the free catechol and the free quinone in 1:1 ratio. Disproportionation of SQ into 

copper(I)-quinone and copper(II)-catecholate complex is proposed to be the reason for the 

formation of 1:1 catechol:quinone mixture upon acidic workup (Scheme 1-16).[7] 

 
Scheme 1-16: Structures of quinone, semiquinonate, and catecholate. 
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turnover to occur, complex C must be protonated with an internal acid to release the semiquinone 

SQ that can further dissociate into free quinone and a copper(I) complex that re-enters the 

catalytic cycle. Therefore, the phenolates have to be generated in situ from phenol and an added 

base that by deprotonating the phenol provides the conjugate acid to protonate C and form the 

semiquinone. 

1.4.3.2. Catalytic ortho-oxygenation of phenols 

The transition from stoichiometric to catalytic ortho-oxygenation has been accompanied by 

several challenges including selectivity and substrate scope. As is usually done in metal-catalyzed 

reactions, most of the effort is spent on designing specially-tailored ligands to increase the yield 

and selectivity of the reaction under investigation. In the case of copper-catalyzed oxygenation of 

phenols, many ligands have been developed to favour the formation of SP, and used to perform 

this reaction using the usual DTBP as the substrate. However, a mixture of products was always 

obtained (Scheme 1-17). The various products observed include the starting DTBP, bisphenol 

from C-C coupling, 3,5-di-tert-butylcatechol (DTBC), and the desired 3,5-di-tert-butylquinone 

(DTBQ). Typically, a large excess of triethylamine (two equivalents with respect to phenol is 

used and it is assumed that the highly basic medium is not detrimental to the Cu/O2 

intermediates. Réglier,[65] Casella,[66] and Tuczek[67] reported the bidentate ligands shown in 

Scheme 1-17 for the oxygenation of DTBP. 
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Scheme 1-17: Examples of aerobic ortho-oxygenation of DTBP in the presence of Reglier,[65] Tuczek,[67] 

and Casella[66] ligands with excess triethylamine. 

In 2013 Herres-Pawlis and Stack reported the aerobic oxygenation of para-substituted 

phenols using copper(I) complex of a custom-designed ligand and two equivalents of 

triethylamine as the base (Scheme 1-18).[69] The intriguing property of the ligand is the formation 

of side-on peroxo complex that is stable at 25 ºC; typically these intermediates decay thermally 

by oxidizing the ligand or solvent. Even though formation of C-C coupled by-products and 

polymerization were not reported to occur, the difficulty of ligand synthesis, limited substrate 

scope, and low conversions render this method not practical for synthetic purposes. Furthermore, 

the large quantity of triethylamine needed for this reaction is impractical on larger scale reactions. 

 
Scheme 1-18: The tridentate ligand reported by Herres-Pawlis and Stack with the general oxygenation 

reaction.[69] 

In 2014 Jean-Philip Lumb at McGill University reported a catalytic aerobic reaction for the 
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(Scheme 1-19).[9] The reaction requires 50 mol% of triethylamine with respect to phenol, which 

is a significant improvement over previously reported methods. It is important to note that this 

reaction provides the oxidatively-coupled quinone as the final product as opposed to the 

uncoupled quinone. Molecular sieves were found to be important to achieve high conversions and 

yields, even though its exact role is not yet known. In the absence of molecular sieves, the yield 

drops drastically to 30-60% with the concomitant formation of intractable mixture of compounds. 

A possible explanation is the sensitivity of the product to hydrolysis by the water generated in the 

O2-activation step. Such oxidatively-coupled quinones were previously reported to form in the 

aerobic oxidation of 4-methoxyphenol in the presence of CuCl and Cu(0) in methanol.[74] Even 

though the reported conditions provide significantly enhanced yields, scope, and selectivity when 

compared to previous methods, presence of molecular sieves in the reaction mixture causes 

complications in reproducibility and homogeneity of the reaction. 

 
Scheme 1-19: Reaction conditions developed by Lumb for the oxygenation and oxidative coupling of 

phenols.[9] 

 Interestingly, using DBED as the ligand and base for this reaction eliminates the 

requirement for molecular sieves, providing homogenous reaction conditions and more 

reproducible results while still giving quantitative yield of the product (Scheme 1-19). The 

homogeneous nature of the reaction and its efficiency are ideal for mechanistic study of the 

oxygenation process by spectroscopic methods. The mechanism of the ortho-oxygenation in this 

reaction is the subject of chapter 2. 

1.5. Nitrosoarenes as Mimics of O2 
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metal complexes of nitrosoarenes to be structural and electronic mimics of metal/O2 complexes. 

Furthermore, they are expected to react with external substrates in similar way. Before 

introducing metal complexes of nitrosoarenes, the structure, preparation, and spectroscopy of 

nitrosoarenes will be described. 

1.5.1. Structure and spectroscopy of nitrosoarenes 

Compounds bearing the nitroso functional group (-N=O) are grouped into four main 

categories: C-nitroso (R-N=O, R = alkyl, aryl), N-nitroso (R2N-N=O), O-nitroso (RO-N=O), and 

S-nitroso (RS-N=O). For the purpose of the research presented in this thesis, only C-

nitrosoarenes (ArNO) will be further discussed. In the solid state, depending on the nature of the 

substituent on the aromatic ring, nitrosoarenes exist as monomers or diazoxy dimers (Scheme 

1-20). In the arylnitroso series, the presence of electron-donating group on the aromatic ring 

favours the formation of the monomeric arylnitroso owing to the stabilization caused by the 

resonance structure. On the other hand, electron-withdrawing group on the aromatic ring favours 

the formation of diazoxy dimer. The dimers exist in either cis- or trans- configurations that 

depend on the substituents as well. Even though dimeric form is dominant in the solid state, the 

monomeric form predominates in solutions.[75] 

 
Scheme 1-20: Structures of a) cis- and b) trans-dimers of nitrosoarenes and the monomeric form. 

The N=O bond length in structurally characterized nitrosoarenes monomers is in the range 

of 1.13-1.29 Å and in the dimers 1.25-1.28 Å (in PhNO 1.261(4) and 1.268(4) Å).[75] The UV-vis 

spectra of ArNO typically show two bands arising from the n→π* and π →π* at ca. 270 nm 

(strong) and 700 nm (weak), respectively.[75] The absorption in the visible region around 700 nm 

is the source of the light green colour of monomeric nitrosoarenes in solution. Infrared 

spectroscopy is often used in structural characterization of ArNO especially to probe the N=O 

stretch and hence the bond order. For monomeric nitrosoarenes, the N=O bond shows one band 

in the range 1488-1513 cm-1 while in the trans-dimers the value is shifted to 1253-1299 cm-1; the 
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cis-dimers display two bands in the range of 1389-1397 cm-1 and ca. 1409 cm-1.[75] Due to 

presence of these bands in the C-C stretching and C-H bending frequencies of the infrared 

spectrum (1200-1600 cm-1), definite assignment of the frequency usually requires the preparation 

of R-15NO and determining the position by isotopic shift. Stretching frequencies reported for 

N=O bonds without isotope substitution are thus often misleading. 

1.5.2. Preparation of nitrosoarenes 

Nitrosoarenes are typically prepared through either oxidation of aromatic amines or 

electrophilic aromatic substitution with NO+. For aniline and aromatic amines bearing electron-

withdrawing substituents such as -NO2, -X (X = halide), oxidation of the amine group under mild 

conditions provides the corresponding arylnitroso in good yields. The selective oxidation is 

usually performed using monopersulfate salts (Oxone®) or by employing hydrogen peroxide 

with molybdenate or tungstenate catalysts.[76] Recently, this method has been extended to 

solvent-free method by grinding the aromatic amine and Oxone® in the presence of sodium 

bicarbonate; the nitrosoarene is then separated from the mixture by sublimation.[77] Electron-rich 

aromatic amines, on the other hand, are not amenable to this selective oxidation as formation of 

the nitroamines will be favoured. Instead, electrophilic substitution reaction with NO+ generated 

in situ from NaNO2 in acidic conditions conveniently provides the arylnitroso.[78] Another source 

of the nitrosonium cation is NOBF4 that has been used for the preparation of p-methoxy-

nitrosobenzene.[79] 

 
Scheme 1-21: Typical synthetic routes for the synthesis of nitrosoarenes. 

1.5.3. Metal complexes of nitrosoarenes 
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82] Significant studies have been directed to understand the nature of binding of nitrosoarenes to 

metal-porphyrin complexes.[75] However, in non-biological systems, metal-ArNO adducts have 

shown interesting structural features and reactivities thus prompting more studies. 

 
Scheme 1-22: Some of the binding modes observed in metal/nitrosoarene complexes.[75] 

Owing to the asymmetric structure of ArNO in comparison to O2, the structural variety of 

metal/nitrosoarene complexes exceeds that of metal/O2 compounds. Some of the main binding 

modes of ArNO to metals are shown in Scheme 1-22.[75] In mononuclear adducts, the nitroso 

moiety can bind to metals through the nitrogen atom (κN), the oxygen atom (κO) or side-on to 

both nitrogen and oxygen atoms (η2-NO). The most common binding mode of nitrosoarenes is 

through the nitrogen atom; κO and the η2-NO modes have been reported less often. The NO bond 

length in metal/ArNO complexes depends on the binding mode, the oxidation state of the metal, 

and the supporting ligands. In majority mononuclear κN complexes of nitrosoarenes, the NO 

bond length is in the range of 1.209(3)-1.31(2) Å and compared to the NO bond lengths in free 

nitrosoarenes there is little or no elongation of the NO bond.[75] Figueroa et al. reported the Pd(0) 

complex with isocyanide supporting ligand Pd(CNArDipp2)2, that upon treatment with PhNO 

formed square-planar complex by coordinating two nitrosobenzene molecules (Scheme 1-23). 

Based on the geometry of the Pd centre and the NO bond length of 1.291(2) Å, the authors 

proposed reduction of each nitrosobenzene by one electron to a nitrosobenzene radical anion and 

oxidation Pd(0) to Pd(II): [(CNArDipp2)2PdII(PhNO•−)2].[83] The one-electron reduction of 

nitrosobenzene by a transition metal is akin to the one electron reduction of O2 to the superoxide 

ion (O2
•–). 
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Scheme 1-23: One electron reduction of PhNO by Pd(0) complex.[83]

 

In mononuclear κO complexes the NO bond length varies in the range of 1.057(10) – 1.33 

Å.[75] The unusually short bond and the large variation is due to disordered X-ray structures 

frequently observed with O-bonded nitrosoarene complexes; thus, conclusive statements about 

the extent of back-donation and ArNO reduction cannot be made.[84-88] As will be discussed in 

chapter 4, the undisordered crystal structure of [(Me6tren)Cu(κO-PhNO)]X (X = TfO, SbF6, 

Scheme 1-24) shows significant NO bond elongation to 1.337(3) Å with TfO- and 1.320(4) Å 

with SbF6
- counter-ions. Magnetic moment measurement, vibrational studies on NO stretching 

frequency, and computational studies indicate that with the triflate (TfO) counterion 

nitrosobenzene is reduced by one electron from the copper centre giving formally copper(II) 

centres and nitrosobenzene radical anion (see chapter 4).[11] 

 
Scheme 1-24: Binding and reduction of PhNO by [(Me6tren)Cu]+ complex. 
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complexes with Mo,[89-91] W,[92] Ru,[93-94] and Pt[95] have been reported in the literature. The NO 

bond length in these complexes is in the range of 1.386(3) – 1.432(6) Å, significantly longer than 
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TolNO.[96] The geometry of the resulting square planar complex where the nitrosarene binds in 

the side-on fashion, and the long NO bond length of 1.364(4) Å pointed to two electron reduction 

of the nitrosoarene by the Pd(0) centre forming the formally doubly deprotonated hydroxylamine 

and Pd(II). The two-electron reduction of nitrosoarene is similar to the reduction of O2 to the 

peroxo (O2
2–) by metal centres. Similarly, Warren et al. reported the β-diketiminate copper(I) 

complex that upon treatment with PhNO and then toluene gives the mononuclear 

[(Me2NN]Cu(η2-PhNO)] complex (Scheme 1-25).[97] The reported NO bond length of 1.336(6) Å 

is longer than in the free PhNO (1.261(4) and 1.268(4) Å) and the N-O vibrational stretch 

decreased to 1113 cm-1 (1506 cm-1 for PhNO). Dinuclear complexes with side-on binding of 

ArNO (μ-η2:η2-NO) are even more rare and only few examples with Rh,[98] Zr,[99] Hf,[99] and 

Ni[97] are reported in the literature. The NO bond length in these complexes is in the range of 

1.422(4) – 1.500(7) Å, markedly longer that NO double bonds. The NO stretching frequency in 

{[(Me2NN)Ni]2(μ-η2:η2-PhNO)} (Scheme 1-25) is further shifted to 915 cm-1, a clear indication 

of reduction in NO bond order. 

 
Scheme 1-25: Nitrosobenze adducts of β-dikitiminate copper(I) and nickel(I) complexex.[97] 

The scarcity of μ-η2:η2-NO complexes, in contrast to the abundance of SP complexes in 

Cu/O2 adduct, is due to the lower oxidative power of nitrosoarenes in comparison to dioxygen. 

Thus, to enforce two-electron reduction of the NO bond in nitrosoarenes, either electron-rich 

metal complexes or electron-deficient nitrosoarenes must be used. The four-electron reduction of 

PhNO by the β-diketiminate Co(I) complex is the extreme case of PhNO activation using electron 
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rich metal complexes.[100] Selective two-electron reduction of the electron-deficient p-NO2-PhNO 

by a Cu(I) complex shown in Scheme 1-26 demonstrates the similarity between PhNO and O2 

activation by Cu(I) complexes. Detailed description of this complex and its reactivity is the 

subject of chapter 5. 

 
Scheme 1-26: Two-electron reduction of p-NO2-PhNO with Cu(I) complex. 

1.5.4. Reactivity of nitrosoarenes 

Nitrosoarenes are of particular interest in organic synthesis as they are used to transfer 

nitrogen-containing functional groups to organic substrates; a transformation that is important in 

pharmaceuticals and materials industries. Examples of these reactions are shown in Scheme 1-27 

and have been studied in the presence and absence of transition metals. Owing to the electrophilic 

nature of the nitrogen atom various nucleophiles such as enolates[101-103] and Grignard[104-105] 

reagents readily add to the -N=O functional group. In addition, nitrosarenes participate in 

percyclic reactions such as Diels-Alder[101-102] and nitroso-ene[106] reactions. All these reactions 

serve as a method for the inclusion of nitrogen, oxygen, or both functionalities into organic 

compounds. 
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Scheme 1-27: Examples highlighting some reactions of nitroso compounds.[106] 

The addition of enol ethers to nitrosoarenes and the hetero Diels-Alder reactions have 

been studied in detail and developed by Yamamoto.[101-102] As early as 1899, Ehrlich and Sachs 

reported the condensation of para-N,N-dimethylaminonitrosobenzene with phenylacetonitrile in 

the presence of base to give the imine (Scheme 1-28a).[107] Since then, methods have been 

developed for the functionalization of preformed or in situ generated enolates with nitrosoarene at 

the α-carbon. It was found that, depending on the structure of the enolate, solvent, catalyst and 

additive, the nucleophilic attack occurs on either the oxygen or the nitrogen atoms of the nitroso 

group allowing for either C-O or C-N bond formation (Scheme 1-28b).[101] The reactivity of 

nitrosoarenes with ketones is not limited to α-functionalization. More recently, nitrosoarenes 

were used for the synthesis of nitrones from ketones in good to excellent yields (Scheme 

1-28c).[108] The nitroso Diels-Alder reaction provides a convenient route for the incorporation of 

both nitrogen and oxygen atoms in organic substrates however, it is of less synthetic importance 

with nitrosoarenes due to the difficulty of removing the aromatic group. In situ generated 
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acylnitroso compounds and nitrosoalkanes have found more applications in the hetero Diels-

Alder reactions.[101-102,109] 

 
Scheme 1-28: Reaction of nitrosoarenes with enolates and ketones: a) the Ehrlich–Sachs reaction,[107] b) 

C-N vs. C-O bond formation between enamines and nitrosoarenes,[101] and c) Synthesis of nitrosnes from 

ketones and nitrosoarenes.[108] 

Analogous to the ene reaction, substituted double bonds react with nitrosoarenes to give 

the ene product (Scheme 1-27).[106] The formation of various degradation products in the nitroso-

ene reaction is one of the drawbacks of this reaction. Nitrosoarenes react cleanly with 
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ene product is not obtained and nitrosoarene decomposition prevails.[106] It has been observed that 

nitrosoarenes with electron-withdrawing substituents, such as 4-nitro-nitrosobenzene, 

significantly reduces the amount of side-products.[106] However, it severely limits the utility of 

this reaction in synthetic chemistry. The difficulty in removing the aromatic ring from arylamines 

limits the utility of nitrosoarenes in nitroso-ene reactions to cases where the aromatic ring is 

desired in the final product. A notable recent example is the intramolecular nitroso-ene reaction 
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employed in the total synthesis of asmarines analogues (Scheme 1-29).[110] If the free amine is 

required acylnitroso compounds offer a better alternative as the product can be converted to the 

free amine through simple hydrolysis. Several mechanisms have been proposed for the nitroso-

ene reaction, including concerted pericyclic pathway and step wise mechanism with the 

intermediacy of amine oxides or diradicals.[111] The metal-catalyzed nitroso-ene reaction involves 

the intermediacy of metal/nitrosoarene complexes and is further described in the next section. 

 
Scheme 1-29: An example of the utility of intramolecular nitroso-ene reaction in total synthesis.[110] 

1.5.5. Reactivity of metal-nitrosoarene complexes 

The coordinated nitrosoarene can undergo several reactions such as ligand displacement, 

reduction to the amine, oxygen-atom transfer, and nitrogen-group transfer. The most synthetically 

useful reaction is the nitrogen-group transfer and in metal-catalyzed variants, the intermediacy of 

metal/nitrosoarene complexes has been observed.[112-116] Of the reactions mentioned in section 

1.5.4 the nitroso-aldol and the Diels-Alder reactions are usually performed without metal 

catalysts unless direct amination at α-carbon[117] or an enantioselective version is required.[101-102] 

The metal-catalyzed nitroso-ene reaction, however, has been studied in more detail. Typical 

catalysts for this reaction are molybdenum, iron, or copper complexes. Sharpless reported the 

stoichiometric amination of alkenes by a molybdenum arylnitroso complex to give the allylic 

amine[90] that was later developed by Srivatava into catalytic reaction employing 

phenylhydroxylamine (Ph-NHOH) as the nitrogen group source[112-113] and soon after, iron-[114] 

and copper[115-116]-catalyzed allylic amination reactions were reported. 

The mechanism of the reaction is different from the metal-free variant and with the 
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the active aminating species was found to be a side-on bound nitrosobenzene. When iron(II) was 

employed as the catalyst, the active species was found to be an iron(II) complex bonded to three 

nitrosobenze dimers. In this complex six nitrosoarenes bind to the iron centre through the oxygen 

atoms as three cis-dimers. Finally, in the copper-catalyzed reaction, the active aminating species 

was proposed to be [(PhNO)3Cu]+. 

 
Scheme 1-30: Metal-catalyzed nitroso-ene reaction and the structure of the active catalyst.[112-116] 

 All the aforementioned reactions demonstrate the utility of nitrosoarene as a nitrogen-group 

source in the formation of C(sp3)-N bonds. C(aromatic)-N bond formation from nitrosoareneses 

has been less explored and requires pre-functionalization of the aromatic ring. An example of 

such reactions is the copper-mediated coupling of nitrosoarenes with arylboronic acids reported 

by Liebeskind.[118] It is speculated that a η2-NO copper(III) intermediate performs the coupling 

reaction through a reductive elimination mechanism (Scheme 1-31). 
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Scheme 1-31: Coupling of aromatic boronic acids with nitrosoarenes mediated by CuCl.[118] 

Aromatic amination with a nitrosoarene without prefunctionalization is the subject of 

chapter 5 of this thesis. In conjunction with ortho-oxygenation of phenolates by Cu/O2 species, 

the copper-mediated ortho-amination reaction is performed with a μ-η2:η2-NO complex 

stoichiometrically, demonstrating the similarity in the reactivity of Cu/O2 and Cu/nitrosoarene 

complexes.[12] 

 
Scheme 1-32: Ortho-amination of phenolate by Cu(μ-η2:η2-ArNO) complex. 
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1.6. Thesis Organization 

As seen above, Chapter 1 of this thesis provided an introduction to the Cu/O2 and nitroso 

chemistry. The unifying theme of the two subjects is the inspiration from tyrosinase in the ortho-

oxygenation of phenolic substrates. This chapter also provided a more detailed background than 

can be found in the subsequent manuscripts. 

Chapter 2 describes the mechanistic study of the catalytic reaction reported by Lumb. The 

author performed all of the experimental work. At the time of thesis submission, the manuscript 

was submitted to Inorganic Chemistry for publication. 

Chapter 3 presents an extension of the Lumb reaction by using air-stable copper(II)- 

precatalysts to perform the ortho-oxygenation of various phenols. The idea was developed based 

on observations made by the author during the mechanistic studies (chapter 1). The manuscript is 

published in Dalton Transactions (Dalton Trans. 2015, 44, 12094-12097). The author did the 

majority of the experimental work while two undergraduate students, Bryony McAllister and 

Andrew Proppe, and a Ph.D. student, Laura Andrea Rodríguez-Solano, assisted in performing 

some of the screening experiments. 

Chapter 4 describes the synthesis and characterization of an copper-nitrosobenzene 

complex that is a structural and electronic mimic of end-on superoxocopper(II) (ES) complexes. 

The work was published in Chemical Communications (Chem. Commun. 2011, 47, 8055-8057). 

An undergraduate student, Brigitte Girard, performed the initial crystallization of 

[(Me6tren)Cu(PhNO)](TfO) complex and the author performed the rest of the experimental and 

computational work presented in the paper. 

Chapter 5 presents the first structural and electronic mimic of side-on peroxodicopper(II) 

(SP) based on Cu/nitrosoarene chemistry. The ability of the complex to perform the ortho-

amination of phenolates provides proof that the complex is also a reactive model. The author 

performed all the experimental work while our collaborator, Maylis Orio, performed the 

computational studies. The work is published in Chemical Communication (Chem. Commun. 

2015, 51, 11206-11209). 

Chapter 6 presents some concluding remarks encompassing the research presented in the 

previous sections and suggestions for future research work is provided in chapter 7.  
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2. Manuscript 1: A Biomimetic Mechanism for the Copper-

Catalyzed Aerobic Oxygenation of 4-tert-Butylphenol 

Mohammad S. Askari, Jean-Philip Lumb,* and Xavier Ottenwaelder* 

 

The contents of this chapter is from the following article submitted to Inorganic Chemistry: 

 

Mohammad S. Askari, Jean-Philip Lumb* and Xavier Ottenwaelder*, “A Biomimetic 

Mechanism for the Copper-Catalyzed Aerobic Oxygenation of 4-tert-Butylphenol”. Manuscript 

ID: ic-2015-01297k 

 

2.1. Abstract 

Controlling product selectivity during the catalytic aerobic oxidation of phenols remains a 

significant challenge that hinders reaction development. This work provides a mechanistic picture 

of a copper (Cu)-catalyzed, aerobic functionalization of phenols that is selective for coupled 

ortho-quinones. The immediate product of ortho-oxygenation is a Cu(II)-semiquinone radical 

complex, which is the resting state of the Cu catalyst. A mechanistic study of the formation of 

this complex indicates that the oxygenation pathway mimics the dinuclear Cu enzyme tyrosinase 

by involving a dinuclear side-on peroxodicopper(II) oxidant, but unlike the enzyme, self-

assembly of the oxidant has a significant influence on the overall rate of ortho-oxygenation. This 

is the first detailed mechanistic study of a catalytic phenol ortho-oxygenation reaction that does 

not involve an exogenous amine base. We provide details for all steps in the cycle and 

demonstrate that turnover is contingent upon proton-transfer events that are mediated by a slight 

excess of ligand. Finally, our knowledge of the reaction mechanism can be leveraged to diversify 

the reaction outcome. Thus, uncoupled ortho-quinones are favored in polar media, highlighting 

unusually high levels of chemoselectivity for a catalytic aerobic oxidation of a phenol. 
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2.2. Introduction 

Selective aerobic oxidations are fundamentally important to the chemical industry due to 

the abundance of molecular oxygen (O2) and the sustainable source of energy provided by its 

reduction.[1-2,119-121] Despite significant growth in this field, the application of aerobic oxidations 

to phenols, which are ubiquitous feedstock chemicals, remains underdeveloped due to issues of 

selectivity (Scheme 2-1a).[2,122-123] With few exceptions,[9,124-129] catalytic aerobic oxidations of 

phenols generate phenoxyl radicals, which undergo non-selective C−C dimerization or oxidation 

to the para-quinone, limiting their synthetic utility (Scheme 2-1a).[2,122-123] To avoid radical-based 

reactions, the overwhelming majority of phenolic oxidations used in synthesis employ 

stoichiometric amounts of a terminal oxidant other than O2, but do so at the expense of atom- and 

step-efficiency.[13,15,130-132] 
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Scheme 2-1: (a) Selectivity issues upon oxidation/oxygenation of phenols (b) Simplified mechanism of the 

o-oxygenation of L-tyrosine by tyrosinase during melanogenesis, with the key μ-η2:η2-peroxodicopper(II) 

(P) and μ-catecholato-μ-hydroxodicopper(II) (C) intermediates. The nature of the base in the active site is 

still debated. 

A unique example of a selective catalytic aerobic oxygenation of phenols is mediated by 

the dinuclear Cu enzyme tyrosinase. This enzyme converts L-tyrosine into L-dopaquinone 

(Scheme 2-1b) in the first and rate-limiting step of the ubiquitous biosynthesis of melanin 

pigments.[6,27,133-134] Its fundamental importance for life and its unique reactivity have made 

tyrosinase the focal point of mechanistic investigations and bio-mimicry, which have provided 

considerable insight into factors that govern selectivity in the aerobic oxidation of phenols.[7,135] 

More generally, these studies have been fundamentally important in elucidating the speciation of 
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Cu(I) and O2 in the presence of a vast array of amine ligands.[21,136] Of particular relevance to 

tyrosinase and melanogenesis are synthetic mimics of the enzyme’s active site that recreate the 

characteristic μ-η2:η2-peroxodicopper(II) oxidant (P, Scheme 1b). Upon stoichiometric exposure 

to sodium, lithium or tetrabutylammonium phenolate salts, these complexes achieve ortho-

oxygenation, with the proposed catecholatodicopper(II) complex C as the reaction’s end point. 

This leads to catechols or quinones after acidic work-up (Scheme 2-2).[56-57,66-67,69,137-148] If neutral 

phenols are used instead of phenolates, ortho-oxygenation is not observed, and products of C-C 

coupling reactions predominate,[10,149-153] except in one recent intramolecular case.[154] This has 

led to the generally accepted view that deprotonation of the phenol must precede the formation of 

a discrete Cu-phenolate complex, which ensures selective oxygen-atom transfer (OAT) via an 

inner-sphere mechanism (In this manuscript, we use the expression “ortho-oxygenation” for the 

bulk reaction and “OAT” for the specific mechanistic step where the oxygen atom is transferred 

to the substrate).[128,155] Likewise, deprotonation of the phenol substrate is believed to occur 

during the ortho-oxygenation by tyrosinase, where the suitable base is either a histidine residue 

or an activated water or hydroxide molecule near the enzyme’s active site.[7-8,26,156] 

 
Scheme 2-2: Stoichiometric reaction of P species with phenolates. 

The requirement of a phenolate in order to achieve selective OAT has impeded the 

development of conditions for ortho-oxygenation that are catalytic. In order to close a catalytic 

cycle, the hydroxide bridge of C must be protonated selectively (Scheme 2-1b), which is 

precluded in reactions employing a preformed phenolate. Characterization of the reactivity of C 

has received little attention, with the work of Tuczek,[67] Herres-Pawlis[69] and 

Mirica/Stack/Solomon[57] serving as important exceptions. The investigations of Mirica et al into 

the reactivity of the P species supported by the N,N′-di-tert-butylethylenediamine (DBED) ligand 

are particularly relevant to the current study (Scheme 2-3a).[54-57] Thus, the preformed DBED-

LCuII O
O CuIIL

P

O

LCuII

O
H

CuIIL

O

C

O Y

OH
OHxs H+

2

R

R

R



 44 

supported P species reacts with 2.5 equivalents of 2,4-disubstituted phenolate salts at -120 ºC to 

afford bis(oxo)phenolatodicopper(III) species A, which converts to catecholate C via 

electrophilic aromatic substitution. Upon careful protonation at -80 ºC with 2.5 equiv of H+ 

(H2SO4), this complex cleaves to a Cu(II)-semiquinone complex, SQ, whereas a 1:1 mixture of 

quinone and catechol is formed when a large excess of sulfuric acid is used (Scheme 2-3a). It is 

unclear whether the catechol/quinone mixture stems from disproportionation of the semiquinone 

or upon simultaneous protonation of both C and SQ. 
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Scheme 2-3: Disconnect between (a) stochiometric and (b) catalytic oxidations of 2,4-di-tert-

butylphenol(ate). 
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The recognition that C must be protonated in order to achieve turnover has prompted 

several groups to employ triethylamine (Et3N, 2 equivalents per substrate) as a buffer for catalytic 

reactions starting from the phenol.[65-73] Deprotonation of the phenol in situ affords the necessary 

phenolate for oxygenation, along with the conjugate acid Et3NH+, which is thought to be suitably 

acidic to protonate C. Drawing mechanistic conclusions under these reaction conditions is 

complicated, however, because of a pronounced background oxygenation of the phenol with 

Et3N, Cu and O2 alone (i.e. catalytic oxygenation is observed in the absence of a biomimetic 

ligand).[9,128] Since these previous examples have not demonstrated that a P species can form in 

the presence of Et3N and a phenol, it is unclear to what extent independent characterization of 

P[69-71,139] relates to catalytic conditions in which P must self-assemble in the presence of all 

reaction components. Moreover, previous Et3N-based catalytic systems produce more than one 

product or do not proceed to complete substrate conversion, indicating that competing pathways 

interfere with the mechanistic analysis. A recent report by Limberg presented another approach 

by using a catalytic amount of a phenolate base to initiate catalysis, but the system lacks 

selectivity for ortho-oxygenation and substrate scope is limited.[72] The one example of an ortho-

oxygenation occurring in the absence of an exogenous base was reported recently by Tuczek, but 

so far this reaction is intramolecular and stoichiometric.[154] 

 In 2014, one of our groups reported a catalytic aerobic ortho-oxygenation of phenols that 

addresses many of these complications. It is catalytic in all components, uses a single amine to 

adjust the reaction pH and ligate Cu, and provides a single product at complete conversion. Thus, 

oxidation of 4-tert-butylphenol, 1, in the presence of 4 mol% [Cu(CH3CN)4](PF6) (CuPF6) and 5 

mol% DBED affords coupled ortho-quinone 2 in isolated yields greater than 95% up to multi-

gram scale (Scheme 2-4). This catalytic system provides a uniquely simple set of conditions for 

mechanistic investigations, wherein a single amine additive is used to mediate both O2-activation 

and proton transfer. This catalytic system finds origin in the stoichiometric experiments of 

Mirica, Stack and Solomon (Scheme 2-3a), whose mechanistic investigations on the ortho-

oxygenation of 2,4-di-tert-butylphenolate provide important spectroscopic signatures of the 

intermediates involved in O2-activation and OAT when DBED is used as the ligand.[56-57] In spite 

of this precedent, the relevance of these intermediates to our catalytic conditions is unclear. For 

example, under our catalytic ortho-oxygenation conditions, 2,4-di-tert-butylphenol is oxidized to 

a benzoxepine along a radical-based pathway (Scheme 2-3b).[128] This radical-based oxidation 
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was not observed by Mirica et al when they added 2,4-di-tert-butylphenolate salts to P at or 

below −80 °C, highlighting pronounced differences in the outcome of catalytic and 

stoichiometric reactions. 

 
Scheme 2-4: This paper’s study. 

 Herein, we bridge the gap between stoichiometric and catalytic conditions, and provide 

spectroscopic and kinetic support for a tyrosinase-like mechanism under conditions that are 

relevant to catalysis. In particular, we demonstrate that a P species is operative under turnover 

conditions at −80 °C and that selective protonation of C to a Cu(II)-semiquinone radical 

complex, 3, is critical for selectivity and turnover. The existence of 3 creates an important 

distinction between our catalytic conditions and the chemistry of tyrosinase, which releases an 

uncoupled ortho-quinone from its active site following ortho-oxygenation. Using our mechanistic 

understanding, we can control the formation of 3 to divert the selectivity of the reaction towards 

uncoupled 4-tert-butyl-ortho-quinone 4, representing a unique example of chemoselectivity 

among aerobic oxygenations of phenols. 

2.3. Results and Discussion 

2.3.1. Fast oxygenation to a Cu(II)-semiquinone 

At the outset of our work, we monitored the conversion of 1 into 2 by in-situ UV-visible 

spectroscopy. Thus, introduction of O2 into a CH2Cl2 mixture composed of 1, 4% CuPF6 and 8% 
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complex 3 (λmax = 545 nm) along with the product ortho-quinone 2 (λmax = 413 nm) (Figure 2-1). 

The structure of 3 was confirmed by an independent synthesis,[157] mass spectrometry and X-ray 

crystallography (Figure S 1-1 to Figure S 1-4, Supporting Information). Complex 3 remains at a 

near-steady-state concentration (>95% of the total [Cu]) as long as the reaction turns over to form 

2 (Figure 2-1, inset). 

 
Figure 2-1: In-situ UV-vis spectroscopic monitoring under catalytic conditions: CH2Cl2, 25 °C, 30.7 mM 

1, 4% CuPF6, 8% DBED, 1.0 mm pathlength. Inset: 3 (545 nm) remains an intermediate as long as 2 (413 

nm) is being formed. 

Time profiling of all species in solution during turnover reveals that the formation of 

complex 3 is the fastest observable process at room temperature (Figure 2-2). A small amount of 

uncoupled ortho-quinone 4 is observed along with 3 and remains at a concentration of ~9% of 

[1]0 throughout turnover (Figure 2-2) – 4 is not always obtained in bulk reactions that are carried 

out at higher concentrations than in these UV-vis experiments.[9,129] As the concentration of 2 

increases, its corresponding Cu(II)-semiquinone complex 5 is observed. Quinones 2 and 4 are in 

equilibrium with their Cu(II)-semiquinone complexes, 3 and 5 respectively, with stronger binding 

observed between DBED-Cu(I) and the more electron-deficient quinone 4 (Scheme 2-5, Figure S 

1-5 and Figure S 1-6). Complex 3 is the predominant Cu species until the concentration of 2 

approaches 50%, at which point the concentration of complex 5 grows. Subsequent decay of 5 

(and 3) is consistent with its dissociation and subsequent oxidation of DBED-Cu(I) to the 
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spectrally innocuous bis(μ-hydroxo)dicopper(II) complex,[158] which does not re-coordinate the 

quinones. We have previously demonstrated that this Cu(II)-hydroxide dimer can re-enter the 

catalytic cycle, such that its formation does not preclude catalysis.[129] 

 
Figure 2-2: Concentrations of absorbing species during the reaction of Figure 2-1, deduced by fitting UV-

vis spectra at various time points (e.g. Figure S 1-3). The y-axis is scaled to the maximum concentration of 

each species., i.e. [3]max = [5]max = [CuPF6]0, [4]max = [1]0 and [2]max = 0.5 [1]0. Thus each point in the 

graph gives the yield of each species. 
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Scheme 2-5: DBEDCu(I)-quinone binding constants. The Cu(I) complex was prepared by mixing DBED 

and [(MeCN)4Cu]PF6 in a 1:1 ratio. Thus a total of 4 eq. CH3CN is present in solution. 

 The conversion of 3 into 2 is the rate-limiting sequence of the reaction at 25 °C and it does 

not proceed at −78 °C. When the reaction is run at −78 °C, 3 is the only visible species and it 

forms quantitatively with respect to the starting amount of Cu. Upon warming to 25 °C, turnover 

proceeds and 2 forms in 96% NMR yield, indicating that 3 is a competent intermediate. Complex 

3 is also a suitable pre-catalyst to the reaction, as evidenced by the complete conversion of 1 to 2 

when 5 mol% of 3 is used as the only source of Cu, along with an additional 5 mol% of DBED. 

2.3.2. Low-temperature kinetic measurements 

The selective formation of Cu(II)-semiquinone 3 from phenol 1 at low temperatures 

provides an opportunity to study the mechanism of ortho-oxygenation in the absence of the 

oxidative coupling (refer to Scheme 2-6 for the proposed mechanism). Thus, the formation of 3 

was analyzed using stopped-flow kinetic experiments at −80 °C. The initial rate of the reaction 

shows a dependence on [CuPF6] (Figure 2-3 and Figure S 1-10) that is consistent with two-step 

formation of a dinuclear species, as expressed in eqns. 1-2.[159] This provides the first kinetic 

support for a dinuclear mechanism of O2 activation under biomimetic ortho-oxygenation 

conditions. 
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 DBEDCu+ + O2 = DBEDCuO2
+   (1) 

 DBEDCuO2
+ + DBEDCu+

 = DBED2Cu2O2
2+  (2) 

 

 
Figure 2-3: Dependence of the initial rate of formation of 3 on [CuPF6] = 0.1-1.5 mM, [1] = 2.5 mM, 

[DBED]/[CuPF6] = 1.1 in CH2Cl2 at −80 °C. 

The formation of a dinuclear complex (O2-activation) has more influence on the rate than 

substrate binding or the OAT. With a [DBED]/[CuPF6] ratio maintained at 1.1, no significant 

changes in the initial rate were observed upon varying [1] (Figure S 1-11), suggesting a zeroth 

order in [1]. This result is consistent with the absence of a kinetic isotope effect (KIE) when 

isotopically labeled 4-tert-butyl-2-deuterophenol (1HD) or 4-tert-butyl-2,6-dideuterophenol (1DD) 

is used instead of 1 (Figure S 1-12). These results create an important distinction with Mirica’s 

stoichiometric experiments using a preformed P species, and suggest that the rate of self-

assembly of a dinuclear Cu oxidant is rate-determining under catalytically relevant conditions at 

−78 °C. There is, however, an intramolecular KIE of 0.87(3) for the oxygenation of 1HD (Table S 

1-2), which is consistent with previously reported values using tyrosinase[160-161] or synthetic[56-57] 

mimics.[6] Some tyrosinase enzymes[162-163] or synthetic models[138] do not exhibit a KIE, while 

the model system by Herres-Pawlis et al. surprisingly exhibits a non-inverse KIE of 1.2(2).[69] 

The one example of aromatic hydroxylation in a constrained P does not exhibit a KIE.[164] 
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2.3.3. Intermediates in the oxygenation 

The second-order dependence in Cu supports a dinuclear mechanism for O2-activation 

that is consistent with the mechanism of tyrosinase and previous work by Mirica, Stack and 

Solomon with the DBED ligand (Scheme 2-3a).[56-57] To gain insight into the structures of the key 

dinuclear intermediates, we monitored the oxygenation of a solution composed of 1, 4% CuPF6 

and 5% DBED at −115 °C in 2-methyltetrahydrofuran (MeTHF). This generates a solution with 

an intense feature at 353 nm, possessing a small shoulder at 418 nm (Figure 2-4 i → ii, Figure S 

1-7).[21] The same spectral features are observed upon the oxygenation of a 1:1 mixture of CuPF6 

and DBED in the absence of phenol (Figure S 1-8), indicating the formation of a ~5:1 mixture of 

rapidly interconverting[21] P and O species. Experiments conducted at −115 °C require MeTHF, 

creating an important difference with our experiments conducted in CH2Cl2 at −78 °C. The extent 

to which this solvent switch changes the details of ortho-oxygenation remains unclear, but we 

attribute our ability to visualize P at −115 °C to a decreased rate of OAT in a more coordinating 

and viscous solvent. Within minutes, the reaction, which contains phenol and a small excess of 

DBED per Cu, evolves to a 1:4 mixture of 3 and a species we tentatively assign as a 

catecholatohydroxodicopper(II) complex, C (λmax = 800 nm, Figure 2-4 iii, Figure S 1-9).[57] The 

assignment of C is supported by its independent synthesis from preformed P and 2.5 equivalents 

of 4-tert-butylphenolate.[57] The UV-visible spectrum of the obtained species is comparable to 

that reported by Mirica et al. with 2,4-di-tert-butylphenolate (Figure 2-5 iii, Figure S 1-9), and so 

is its reactivity (release of 3 upon addition of 2.5 equivalents of H+ from H2SO4).[56-57] The 

flatness of the UV-visible spectrum of C prevented characterization by resonance Raman 

spectroscopy, as was the case in all other reports of similar species.[56-57,67,69,137-142] 
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Figure 2-4: Intermediates in the oxygenation of 1 to 3. Oxygenation at −115 °C of a MeTHF solution 

containing 1 (24.85 mM), 4% CuPF6 and 5% DBED. (i, black): Solution before introducing O2. (ii, red): 

Spectrum after oxygenating for 3 min, indicating the presence of P and O. (iii, green): Spectrum after 91 

min under O2, indicating a ~4:1 mixture of C (800 nm) and 3 (545 and 900 nm). (iv, orange): warming up 

to −78 °C under O2 shows the conversion of C to >90% 3. 

Upon subsequent warming to −78 °C, the reaction mixture affords 3 in >90% with respect 

to the starting amount of CuPF6 (Figure 2-4 iv). This percentage proves that the spectroscopically 

silent Cu species that forms upon cleavage of dinuclear C to mononuclear 3 can re-enter the 

oxygenation cycle to form additional 3 (details below). Since the dissociation of C occurs rapidly 

at −78 oC, 3 forms quantitatively relative to the total Cu concentration. 

 The P, C and 3 intermediates are analogous to those observed under Mirica's stoichiometric 

experiments, but the absence of a visible intermediate in-between P and C is an important 

distinction.[57] Whereas Mirica et al. observed a transient bis(oxo)phenolato complex A upon 

addition of 2,4-di-tert-butylphenolate to P at −115 °C (Scheme 2-3a),[57] we do not observe an A 

species under our catalytically relevant conditions (Figure 2-4 i → iii). An A species is also 

absent when the oxygenation of 1 is performed using its sodium phenolate under identical 
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conditions to those reported by Mirica (Figure 2-5 ii → iii). We attribute this difference to a 

much faster OAT when the starting phenol lacks a 2-tert-butyl substituent. 

 
Figure 2-5: Closing the catalytic cycle: cleavage of C. P is formed by oxygenating a 1:1 solution of 

DBED:CuPF6 in THF at −78 °C (i → ii). Addition 2.51 equivalents of sodium 4-tert-butylphenolate (per 

P) under N2 leads to the formation of C (iii). Addition of 2.54 equivalents of DBEDH(PF6) forms 1 

equivalent of 3 with respect to P (iv). More details are provided in appendix 1 section 1.2.3. 

2.3.4. Protonation of C and catalyst regeneration 

The key step that enables catalyst turnover is the cleavage of C to 3 by redox 

tautomerization of the catecholate and the two Cu(II) centers of the dinuclear complex. Since this 

process is triggered by protonation of the hydroxide bridge (Scheme 2-3),[57] stoichiometric 

oxidations using phenolate salts cannot close the catalytic cycle of ortho-oxygenation. Under 

catalytic conditions, deprotonation of neutral phenol 1 by uncoordinated DBED (DBED is in 

excess of Cu) affords the mild acid DBEDH+. DBEDH+ is a suitably strong acid to protonate C 

and release 3 along with a colorless Cu(I) species that is capable of reentering the ortho-

oxygenation cycle. We demonstrate this explicitly by the synthesis of C from P and the sodium 

phenolate of 1 at −78 °C (Figure 2-5 iii). Subsequent addition of DBEDH(PF6) (prepared 
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separately) affords one equivalent of mononuclear 3 per dinuclear C (Figure 2-5 iv), along with a 

Cu-containing species, X, which is spectroscopically silent. Species X can reenter the 

oxygenation cycle, as demonstrated in Figure 2-6. Thus, the reaction of 1 (2 equiv) with 

preformed P (1 equiv) under N2 at −85 °C in the presence of a catalytic quantity of DBED (20% 

per Cu) rapidly forms one equivalent of 3 from every starting P (Figure 2-6 ii). If O2 is 

introduced at this point, all remaining Cu present in solution is rapidly converted into 3 (Figure 

2-6 iii), confirming that X is suitable for additional turnover to 3. The demonstration that X 

promotes additional conversion of 1 into 3 closes the cycle of ortho-oxygenation and provides an 

explicit demonstration that the cleavage of C releases a catalytically competent Cu-species.[67] 

 
Figure 2-6: Closing the catalytic cycle: fate of the released Cu. (i) P species −85 °C in CH2Cl2 under N2. 

(ii) Addition of 1 and a catalytic amount of DBED rapidly forms 3 (56% of the total [Cu]). (iii) After O2 is 

reintroduced, 3 grows to 100% of the total [Cu]. More details are provided in appendix 1 section 1.2.3. 

2.3.5. Mechanistic proposal 

The visualization of P in the presence of a large excess of phenol under conditions that 

retain selectivity for ortho-oxygenation is noteworthy since P species are known to react with 
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phenols via radical-based pathways.[10,149-153] In the absence of a small excess of DBED with 

respect to CuPF6, preformed P does not react with 1 at −80°C, and 1 is recovered after work-up, 

as is the case with 2,4-di-tert-butylphenol.[54-55] This strongly suggests that the ortho-oxygenation 

must proceed through the phenolate and underscores the importance of a slight excess of DBED 

per Cu for turnover. Consistent with the second-order dependence of the rate on [CuPF6],[159] our 

mechanistic proposal at −80°C (Scheme 2-6) begins by assembling P from DBED-Cu(I) and O2 

(step 1), which then reacts with the in-situ-generated phenolate to make C (steps 2 and 3). 

Protonation of dicopper species C by DBEDH+ releases 3 and Cu(I) complex X, which re-enters 

the oxygenation cycle (step 4). At −78 °C, complex 3 is kinetically inert, and requires higher 

temperatures before coupling with 1 affords 2. Upon formation of the more electron-rich quinone 

2, DBED-Cu(I) is more easily released from the intermediate semiquinone 5 and can either re-

enter the catalytic cycle or oxidize to the bis(μ-hydroxo)dicopper(II) species. 

 The absence of KIE between 1 and 1DD and the zeroth order dependence on [1] indicate that 

the OAT step is not rate-limiting at −80 °C. Instead, the rate of ortho-oxygenation is dependent 

on the formation of P, which requires the self-assembly of O2 and two molecules of DBEDCu(I). 

This is distinct from the oxygenation of phenols catalyzed by tyrosinase, which rapidly forms P 

due to the colocalization of the two Cu(I) centers. The inverse intramolecular isotopic effect 

observed with 1HD (0.87) is consistent with an electrophilic aromatic substitution being a product-

determining step. Whether OAT proceeds via a discrete Cu-phenolate species like A or by direct 

attack of the electron-rich aromatic ring onto the oxygen atom of P remains unclear, but efforts 

are underway to distinguish between these two possibilities. 
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Scheme 2-6: Proposed mechanism for the o-oxygenation of phenol 1 to Cu(II)-semiquinone complex 3 at 

−80 °C. Step 4 produces one molecule of a Cu(I) complex, but two are required in step 1. 

2.3.6. Diverting the course of the dearomatization reaction 

 The involvement of 3 in the formation of coupled ortho-quinone 2 at higher temperatures 

(25 °C) creates an opportunity to divert the course of the reaction to uncoupled ortho-quinone 4 

by simply changing the solvent from CH2Cl2 to acetonitrile (CH3CN). This affords a 1:1 mixture 

of quinones 2 and 4 at 25 °C (Table 2-1, entry 2), and a 1:4 mixture at −40 °C (entry 3). Under 
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these conditions, we do not observe 3 by UV-visible spectroscopy, which suggests that CH3CN 

coordination to Cu(I) promotes the release of 4 faster than oxidative coupling with 1 to afford 2. 

This scenario constitutes an important proof of principle that the ortho-oxygenation reaction can 

be performed in isolation of oxidative coupling, which is attractive for synthetic applications. 

 

Table 2-1: Diversification of the reaction outcome a 

 
Entry CuPF6 DBED Solvent T Yields (%)b 

 (mol%) (mol%)  (oC) 2 4 6 
1c 4 8 CH2Cl2 25 98 0 0 
2 c 4 8 CH3CN 25 52 47 0 
3 c 4 8 CH3CN −40 18 76 0 
4 c 100 110 CH2Cl2 −78 0 82 0 
5 d 100 110 CH2Cl2 −78 0 0 81 

a Reactions performed on 1 mmol of phenol. b Isolated yields. c 10% NaHSO4 

work-up. d Saturated Na2S2O4 work-up. See appendix 1 section 1.3 for 

experimental details. 

  

 If complete selectivity for 4 is desired, the oxygenation of 1 can be carried out at −78 °C in 

CH2Cl2 with 1 equivalent of CuPF6 and 1.1 equivalents of DBED, which results in the 

quantitative formation of 3. Subsequent exposure of 3 to either acidic or reductive conditions 

affords uncoupled ortho-quinone 4 (entry 4) or catechol 6 (entry 5), respectively. Semiquinones 

related to 3 have been popularized as non-innocent ligands for late transition metals,[165] but they 

have not been explored as strategic intermediates for synthesis. To our knowledge, this is the first 

synthesis of a semiquinone-metal complex directly from a phenol—these complexes are typically 

formed by inner-sphere reaction between a low-valent metal and an ortho-quinone.[165] This is 

also the first illustration that semiquinone-metal complexes are viable precursors to either free 
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ortho-quinones or catechols, setting the stage for their development into strategic intermediates 

for synthesis. 

2.4. Conclusions 

Building upon the stoichiometric studies by Mirica, Solomon and Stack,[56-57] we establish 

that (1) the tyrosinase-like P species is indeed a viable oxidant under catalytic conditions and in 

the presence of excess phenol, (2) that ortho-oxygenation under catalytic conditions requires 

deprotonation of the phenol, and (3) that DBED is a suitable buffer to mediate proton transfer 

between 1 and C. In this sense, the ortho-oxygenation pathway under DBED/CuPF6 conditions is 

very similar to that of tyrosinase, which proceeds through a P species, exhibits phenol 

deprotonation, and requires protonation of C for substrate release.[6-7,27,133-134] However, the 

formation of Cu(II)-semiquinone 3 marks an important point of divergence from tyrosinase. In 

the enzyme, both Cu atoms are retained in the protein-constrained active site following ortho-

oxygenation.[6-7,133] This constraint enforces the release of the relatively unstable L-dopaquinone, 

which is prone to polymerization.[166-167] By contrast, our reaction attenuates the reactivity of the 

ortho-quinone by keeping it bound to Cu as a partially reduced semiquinone radical. Our work 

marks an important extension of mechanistic data acquired under stoichiometric conditions at 

cryogenic temperatures to a catalytic transformation that is conducted at room temperature on 

gram scale. This provides a mechanistic framework from which to explore the aerobic 

dearomatization of phenols, a reaction that holds significant promise for synthesis, but for which 

few selective catalytic aerobic systems have been developed. 

2.5. Experimental Section 

2.5.1. General procedures: 

Chemicals and solvents were purchased from Sigma Aldrich, Alfa Aesar or Strem 

Chemicals. Inhibitor-free solvents were dried using a MBraun SPS 800, transferred to an inert-

atmosphere glove box (MBraun Labmaster, <1 ppm O2 and H2O, filled with a dry N2 

atmosphere), further degassed under vacuum and stored over activated molecular sieves (4 Å). 

tert-Butylphenol 1 was purified by double recrystallization from CH2Cl2/hexanes. N,N'-di-tert-

butylethylenediamine (DBED) was distilled over CaH2 under N2 and stored in the glovebox. The 
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copper(I) salt [Cu(CH3CN)4](PF6), abbreviated CuPF6, was purchased from commercial sources 

or made via a literature procedure.[168] [Cu(CH3CN)4](SbF6) was prepared via the same method, 

but using HSbF6 instead of HPF6. All copper(I) complexes were stored inside the glovebox.  

Unless otherwise noted, reactions were performed in oven-dried glassware under a 

positive pressure of nitrogen using standard synthetic inert-atmosphere techniques. Bulk 

oxidation reactions were set-up in the glovebox in 25 mL, oven-dried Radley tubes equipped with 

a Teflon-coated stir bar. The reaction vessels were then connected to a cylinder of O2, purged 

three times with O2 and then over-pressurized to +1.0 atm. 

UV-visible spectra were recorded on a B&W Tek iTrometer equipped with fiber-optic 

cables connected to a Hellma full-quartz dip-probe having a 1.0 mm pathlength. The probe was 

immersed in the solution inside a custom-made Schlenk flask. Temperature was maintained with 

external cooling baths: acetone/dry ice (−75 °C inside the solution), acetone/liquid nitrogen 

(−85 °C), pentane/liquid nitrogen (−115 °C). Spectra for mixtures or evolving solutions are 

reported in apparent ε, i.e. molar extinction coefficients with respect to the total Cu concentration. 

 Low-temperature stopped-flow experiments were carried out in the Département de Chimie 

at the Université de Montréal on a Hi-Tech CSF-61DX2 instrument (TgK Scientific) equipped 

with a diode-array detector over the 300-700 nm range. The UV-vis cuvette (pathlengths of 1.5 or 

10 mm) was cooled by immersion in an ethanol bath cooled with liquid N2. Syringe 1 was filled 

with a CH2Cl2 solution containing 1, DBED and CuPF6 in desired concentrations that was 

prepared in an MBraun Labmaster glovebox. Syringe 2 was filled with CH2Cl2 that was O2-

saturated at atmospheric pressure and room temperature. Concentrations were corrected for the 2-

fold dilution upon mixing. Initial rates were calculated by measuring the tangent of the growth of 

the absorbance at 540 nm at the initial stage of the reaction (150 ms after mixing) and using 

ε540(3) = 4,100 M−1 cm−1. 

 Intramolecular competition experiments on 1HD were carried out on solutions containing 52 

mM 1HD, 52 mM CuPF6 and 58 mM DBED in CH2Cl2 at −78 °C under 2 atm O2 for 4h. 

Reductive work-up with Na2S2O4 yielded the catechols. The ratios of 6 (major) to 5-tert-butyl-3-

deuterocatechol (6D, minor) were measured by GC-MS on an Agilent 7890A GC with a HP 

140915-433A column and an Agilent 5975C VL MSD (EI, 70 eV). Details in appendix 1 section 

1.4.3. 
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2.5.2. Independent synthesis of 3:[157] 

 3(PF6): To a solution of DBED (51.8 mg, 0.30 mmol, 1.1 equiv.) and CuPF6 (100 mg, 0.27 

mmol, 1 equiv.) in 4 mL THF was added a solution of 4-tert-butylquinone (4, 48.5 mg, 0.30 

mmol, 1.1 equiv.) in 1 mL THF with stirring. The color of the solution immediately changed 

from light pink to deep purple. The solution was stirred for two hours at 25 °C under N2. The 

solution was then filtered through celite and added to 15 mL of stirring pentane pre-cooled to 

−35 °C upon which a purple solid precipitated. The solid was collected, washed with 2 mL Et2O 

and 2×2 mL pentane, and dried under vacuum for 24 hours. Yield: 110 mg, 75%. UV-vis, 

CH2Cl2, 25 °C, λ / nm (ε / M−1·cm−1): 230 (6,380), 300 (9,000), 359 (1,910), 545 (3,500), 915 

(1,300). Elemental analysis (mol%): expected for C20H36N2O2F6PCu · 0.9 CH3CN · 1.8 H2O: C, 

42.62; H, 6.94; N, 6.61; found: C, 42.75; H, 6.90; N, 6.61. Structural analysis of weakly 

diffracting crystals showed the same structure as for the 3(SbF6) structure below, with the 

exception of smaller unit cell dimensions and a disordered PF6
− instead of SbF6

−. 

 3(SbF6): was prepared similarly using [Cu(MeCN)4](SbF6) as the copper source. Crystals 

suitable for X-ray diffraction studies were grown by slow layered diffusion of pentane into a 

CH2Cl2 solution of the complex at −30 °C in the glovebox. 3(SbF6) was only used for structural 

characterization. For all solution experiments, the PF6
− salt was used. 
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3. Manuscript 2: Catalytic Aerobic Oxidation of Phenols to Ortho-

Quinones with Air-Stable Copper Precatalysts 

Mohammad S. Askari, Laura Andrea Rodríguez-Solano, Andrew Proppe, Bryony McAllister, 

Jean-Philip Lumb and Xavier Ottenwaelder* 

 

The contents of this chapter is from the following article published in Dalton Transactions: 

 

Mohammad S. Askari, Laura Andrea Rodríguez-Solano, Andrew Proppe, Bryony McAllister, 

Jean-Philip Lumb and Xavier Ottenwaelder*, “Catalytic aerobic oxidation of phenols to ortho-

quinones with air-stable copper precatalysts”, Dalton Trans. 2015, 44, 12094-12097. 

 

3.1. Abstract 

A range of air-stable copper species was examined for catalytic activity in the catalytic 

aerobic transformation of phenols into ortho-quinones. Efficient catalysis was obtained with 

commercially available copper(II) acetate. The stability of all constituents before mixing makes 

for a practical process that advances previously reported copper(I)-based oxygenations. 

3.2. Introduction 

Due to their ability to activate oxygen (O2), CuI complexes are involved in a vast array of 

aerobic oxidations.[2] In particular, the Cu-catalyzed oxygenation of phenols into ortho-quinones 

has been extensively investigated because it is prevalent in biosynthesis and because it converts a 

readily available feedstock into a versatile, synthetically useful electrophile.[122-123,169] The 

quintessential example of such a reaction is the conversion of L-tyrosine into L-dopaquinone by 

the type-III Cu monooxygenase tyrosinase in the first step of melanin biosynthesis (Scheme 

1a).[6] The resting (met) state of tyrosinase is a hydroxido CuII
2 dimer that requires reduction to 

the O2-reactive CuI
2 (deoxy) state for phenol oxygenation to occur.[6] While replicating a 

tyrosinase-like oxygenation is synthetically desirable, the reactivity between CuI, O2 and phenols 

outside a protein active site is plagued by competitive radical pathways that erode selectivity for 
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ortho-oxygenation.[2] Progress has been made towards bio-inspired metal complexes that can 

emulate the reaction of tyrosinase,[7,21,136] although most reactions employ stoichiometric 

amounts of a Cu complex[55-57,137-139,141-148] or feature catalytic cycles that have poor turn-over, 

yield, or unfavourable reaction conditions.[65-67,69,71] Consistent throughout these studies has been 

the use of Cu in the +1 oxidation state together with non- or weakly coordinating anions,[58,170] 

which are thought to be requirements for selective O2 activation and ortho-oxygenation. 

 
Scheme 3-1: (a) Mechanism of tyrosinase. The side chains of tyrosine (phenol), L-dopa (catechol) and 

dopaquinone (o-quinone) are omitted for clarity. (1): monophenolase activity, (2,3) diphenolase activity. 

(3) also represents an activation pathway from the met to the deoxy form. (b) Conversion of phenol 1 into 

o-quinone 2 under Lumb’s conditions.[9] CuPF6 is [CuI(CH3CN)4](PF6). 

Recently, the Lumb group reported an efficient method for the aerobic conversion of 

phenols into functionalized ortho-quinones that is catalytic in all reaction components (Scheme 

1b).[9] Typical conditions involve stirring a solution of phenol for 4 hours under 2 atm O2 in the 

presence of 4 mol% of [CuI(CH3CN)4](PF6) and 5 mol% of N,N'-di-tert-butylethylenediamine 

(DBED). Under these conditions, DBED is thought to play the role of ligand to CuI, which 

promotes selective O2 activation as a peroxo Cu dimer[55-57] similar to that in oxy-tyrosinase, as 

well as a base to generate a phenolate in situ.[171] The present work extends these conditions to a 

more practical and air-stable CuII precatalyst. We reveal that catalytic ortho-oxygenation is 
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possible from a range of Cu species, including those with oxidation states and coordinating 

counteranions that are not traditionally employed in biomimetic studies. 

3.3. Results and Discussion 

As a point of departure, we investigated the fate of Cu during the standard reaction of 4--

tert-butylphenol 1, which is converted into coupled ortho-quinone 2 in the presence of O2, 

[CuI(CH3CN)4](PF6) and DBED. Recovered Cu at the end of this reaction is in the form of the 

well-known [(DBED)CuII(µ-OH)2CuII(DBED)](PF6)2 complex, 3, as confirmed by IR 

spectroscopy and crystallization (see appendix 2 section 2.1 to 2.3). This air-stable product, 

which can be independently prepared by exposing a 1:1 mixture of DBED [CuI(CH3CN)](PF6) to 

air or O2,[158] is reminiscent of the CuII dimer in met-tyrosinase. We were thus drawn by the 

prospect that 3 could re-enter the catalytic cycle in a manner that resembles the activation of met-

tyrosinase, which must be reduced from CuII to CuI prior to ortho-oxygenation (Scheme 3-1a). 

Thus, using a 2.5 mol% of 3 (i.e. 5 mol% Cu) and an additional 5 mol% DBED (10 mol% total), 

phenol 1 is converted into 2 in 67% yield after 4 hours. This result is surprising since, to our 

knowledge, it represents the first example of a synthetic CuII pre-catalyst that functions in an 

ortho-oxygenation. 

 Although 3 is not an ideal precatalyst due to its poor solubility and the necessity to 

synthesize it from a reactive CuI precursor, this result demonstrates that phenol o-oxygenations 

can be carried out by air-stable CuII precatalysts. This prompted us to investigate additional Cu 

salts with a range of oxidation states and counteranions using the 1 → 2 model reaction (Table 1). 

Several reactions were also tested in the presence of molecular sieves, as the inclusion of a 

desiccant was shown to improve conversion and yield.[9,128] In most cases, however, the effect of 

the molecular sieves was minimal. 

 Among the CuI species that were probed (Table 3-1, entries 1-9), those with weakly 

coordinating anions such as PF6
– or sulfonates displayed varying levels of catalytic activity, 

whereas insoluble species (entries 4-9) were generally poor at initiating the reaction. Exceptions 

are CuICl, CuICN and CuI
2O, but these precatalysts lead to low selectivity. Interestingly, 

insoluble CuI
2O required an induction period of days during which no reaction was observed. 

Similarly, metallic Cu0 (entries 10-11) is catalytically competent after an induction period of 3-4 

days, at which point catalysis begins and complete conversion is reached within a few hours. This 
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induction phenomenon with Cu0 and CuI
2O suggests that turnover requires a soluble catalyst 

(likely a CuI species) formed by slow self-assembly under reaction conditions. 

 A survey of CuII species (entries 12-25) revealed that commercially available 

Cu(OAc)2 · H2O is one of the most efficient precatalysts. Other caboxylates or hydrated 

sulfonates are also efficient, whereas non-hydrated CuII(TfO)2 or CuII(acac)2 are very poor at 

catalyzing the reaction. The discrepancy between CuII(TfO)2 · 4 H2O (84% yield) and 

CuII(TfO)2 (8% yield) is unexpected given the fact that water is a reaction by-product and is 

detrimental to the yield at long reaction times.[9] Poor catalysis is obtained with insoluble Cu salts 

such as CuII(BF4)2 · 6 H2O or CuII(SO4) ·5 H2O, while the completely insoluble CuIIO is 

inefficient even after several days. From the results included in Table 3-1, we conclude that good 

solubility of the Cu precursor leads to more efficient catalysis and that the coordinating ability / 

basicity of the counteranion is not a decisive factor. 
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Table 3-1: Screening of Cu precatalystsa 

Entry Cu species Time Conversion (%) [yield(s) (%)]b 

   no MSc + MSc 

CuI species 
1 [CuI(CH3CN)4](PF6) 4h 100 [89, 11]d 100 [95, 5]d 
2 [CuI(CH3CN)4](TfO) 4h 100 [76, 7]d 100 [86, 7]d 
3 [CuI(CH3CN)3.5](MsO) 4h 100 [92] - 
4 CuI(AcO) 4h 25 [10] 17 [7] 
5 CuICl 4h 94 [58] - 
6 CuIBr 4h [<30] e - 
7 CuII 4h [<10] e - 
8 CuICN 4h 60 [33] 43 [28] 
9 CuI

2O 3d 96 [74] - 
Cu0 species 
10 Cu0, wire 3d 22 [22] - 
11 Cu0, activated powder 3d 97 [88] - 
CuII species 

12 [(DBED)CuII(µ-
OH)2CuII(DBED)](PF6)2, 3 f 4h 97 [67] 100 [93] 

13 CuII(AcO)2 · H2O 4h 98 [97] 89 [89] 
14 CuII(AcO)2 · MeCN 4h 94 [75] 92 [84] 
15 CuII(AcO)2 · MeCN 8h 98 [85] - 
16 [CuII(DBED)(AcO)2], 4 f 4h 98 [85] 92 [72] 
17 CuII(HCO2)2 · 4 H2O 4h 100 [91] - 
18 CuII(TfO)2 4h 43 [8] - 
19 CuII(TfO)2 · 4 H2O 4h 100 [84, 3]d 100 [86, 3]d 
20 CuII(BF4)2 · 6 H2O 4h 7 [4] 12 [12] 
21 CuII(acac)2 4h 13 [7] 2 [2] 
22 CuIICl2 · 2 H2O 4h 77 [54] - 
23 CuIIBr2 4h e - 
24 CuII(SO4) · 5 H2O 4h 10 [1] - 
25 CuIIO 3d 0 - 
a Conditions: 0.666 mmol 1, 5% Cu, 10% DBED, 6 mL CH2Cl2 (0.1 M), 2 atm O2, 25°C. 
Work-up: 10% NaHSO4(aq) and extraction with CH2Cl2. b NMR conversion of 1 and yield of 
2 calculated by NMR using hexamethylbenzene as internal standard. c MS = 4Å molecular 
sieves; 200 mg per mmol of 1 when used. d The first value is the yield of 2, the second is the 
yield of 4-tert-butyl-o-quinone. e Reaction is not clean, noninterpretable NMR spectrum. 
f Only 5% extra DBED was added to adjust [DBED]total to 10% of [1]. 

 

 The reactivity of CuII(OAc)2 · H2O as a precatalyst was explored in several solvents that 

ranged in polarity, hydrogen-bonding capability and miscibility with water (Table S 2-2). 
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Acetonitrile was found to promote the conversion of 1 to 2 in good yields, but the insolubility of 

2 in this solvent led us to choose CH2Cl2 as the optimal solvent. While CuII(OAc)2 · H2O is itself 

insoluble in CH2Cl2, addition of DBED creates a clear blue solution within a few minutes, i.e. the 

active Cu species is in the same phase as the substrate for efficient initiation of catalysis. The 

soluble species is the discrete, neutral [CuII(DBED)(AcO)2] complex, 4, which is also an efficient 

precatalyst when preformed outside the reaction mixture (Table 3-1, entry 16). The crystal 

structure of 4 (Figure 3-1) shows a distorted tetrahedral structure about the CuII ion. The 49° 

angle between the CuN2 and CuO2 planes likely results from the large steric demands of the tert-

butyl substituents, as is the case in 3 (Figure S 2-1) and other DBED–CuII complexes.[157-158,171] 

 
Figure 3-1: ORTEP representation at 50% ellipsoid probability of 4 at 293 K. Hydrogen atoms removed 

for clarity, except on N atoms. i: 1-x, y, ½−z. Selected bond lengths and angles: Cu1–O1 = 1.9272 Å, 

Cu1–N1 = 2.0281 Å. O1–Cu1–O1 = 87.19°, O1–Cu1–N1 = 146.61°, N1–Cu1–N1 = 87.18°. 

 The conversion of 1 into 2 was monitored by UV-vis spectroscopy to probe for reaction 

intermediates. With CuII(OAc)2 · H2O, the spectra evolved from the initial light burgundy color 

of the CuII-1-DBED mixture to the orange color of 2 without detectable intermediacy of strongly 

colored species (Figure S 2-2). In contrast, CuII(TfO)2 · 4H2O led to the observation of ca. 80% 

(with respect to [Cu]) of CuII-semiquinone complex 5 (Figure 3-2), which is the same 

intermediate as in the reaction mediated by [CuI(CH3CN)4](PF6).[171] This suggests that the CuII-

promoted reaction enters the same catalytic cycle as the CuI-promoted reaction, at least with non-

C2/c
R1 = 2.35%
wR2 = 6.66%
GOF = 1.103
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coordinating counteranions. While more work is warranted to probe the conversion of the air-

stable CuII precatalyst into an O2-reactive CuI catalyst, several hypotheses can be proposed based 

on literature precedent. These include disproportionation of a CuII-phenolate into CuII-phenoxyl 

and CuI,[172] or in-situ reduction of CuII by catechol impurities in the starting phenol (to the levels 

of detection of NMR and ESI-MS, we were unable to observe catechol as a contaminant in the 

phenol starting material), which is akin to the accepted activation of met-tyrosinase (Scheme 

3-1a). 

 
Figure 3-2: In-situ UV-visible monitoring of the reaction of 1 (50 mM) with 5% CuII(OTf)2 · 4 H2O and 

10% DBED, CH2Cl2 under 1.1 atm O2 during the first 220s. Complete spectra in Figure S 2-3. Final yield 

of 2 was 98%. 

 The catalytic efficiency of the DBED:CuII(OAc)2·H2O system with various substrates 

(Scheme 3-2) is generally comparable to that of CuI,[9] and displays similar limitations. Thus, low 

yields are consistently observed for phenols that possess benzylic hydrogen atoms (12-13), 

presumably due to the ease with which the corresponding ortho-quinones undergo 

tautomerization. The reaction does not proceed for phenols possessing strongly electron-

withdrawing substituents (14, 0% conversion). Electron-rich phenols and 2-naphthol produce 

intractable mixtures of products (8, 9, 17), in stark contrast to their CuI-mediated reactions. Based 

on the substantially lower oxidation potentials of these substrates compared with 1,[149,173] we 
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attribute this discrepancy to the ease of outer-sphere oxidations of these phenols into phenoxyl 

radicals by CuII at the outset of the reaction. 

 
Scheme 3-2: Yields of coupled ortho-quinone for various substrates. Conditions: 1 mmol phenol, 5% 

CuII(OAc)2 · H2O, 10% DBED, 10 mL CH2Cl2 (0.1M), 2 atm O2, 4h, 25°C. Work-up: 10% NaHSO4(aq) 

or 0.1 M HCl and extraction with CH2Cl2. NMR yields calculated using hexamethylbenzene as internal 

standard. a Noninterpretable NMR spectrum. Reaction carried out with 200 mg of 4 Å molecular sieves 

(<5% yield without molecular sieves). b Ar = 2-phenylphenyl. 

3.4. Conclusion 

 In summary, catalytic aerobic ortho-oxygenation of phenols is possible from a range of Cu 

precatalysts possessing 0, +1 or +2 oxidation states, as well as coordinating and non-coordinating 

counteranions. Solubility of the Cu precatalyst is essential for good reaction performance, as 

illustrated with the in-situ formation of the neutral [DBEDCuII(OAc)2] complex. This species 

provides an attractive starting point for additional reaction optimization and to probe the 

mechanism of CuII reduction under the reaction conditions. 
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4. Manuscript 3: The Two Spin States of an End-on Copper(II)-

Superoxide Mimic 

Mohammad S. Askari, Brigitte Girard, Muralee Murugesu and Xavier Ottenwaelder* 

 

The contents of this chapter is from the following article published in Chemical Communications: 

 

Mohammad S. Askari, Brigitte Girard, Muralee Murugesu and Xavier Ottenwaelder*, “The two 

spin states of an end-on copper(II)-superoxide mimic”, Chem. Commun., 2011, 47, 8055 – 8057. 

 

4.1. Abstract 

 The reaction of nitrosobenzene with copper(I) complexes of a tetradentate ligand led to two 

novel species that are best described as copper(II) complexes of an O-bonded nitrosobenzyl 

radical anion, in either the singlet or the triplet spin-state. Both states were characterized by 

crystal structures, magnetic measurements and DFT calculations. 

4.2. Introduction 

The end-on copper(II)-superoxide motif, [CuII-(η1-O2
•–)], is a proposed intermediate in the 

catalytic cycle of copper-dependent mononuclear monooxygenase enzymes such as 

peptidylglycine-α-hydroxylating monooxygenase and dopamine-β-hydroxylase.[8,174-177] Several 

synthetic end-on CuII-superoxo complexes have been characterized as intermediates in the 

reaction of dioxygen (O2) with electron-rich CuI complexes,[21,136] but the number of such species 

characterized extensively[178-179] or crystallographically[31,35] is small. This dearth stems from the 

high oxidative reactivity of these radical-type species, which are usually prepared and studied at 

low temperatures (typically -80°C). 

The present study describes the reaction of nitrosobenzene (PhNO), an isoelectronic 

analogue of singlet O2, with CuI complexes of the tetradentate ligand tris(2-

dimethylaminoethyl)amine (Me6tren) (Scheme 4-1). [Me6trenCuI]+ complexes are known to yield 

very reactive end-on CuII-superoxo intermediates that dimerize readily to μ-1,2-
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peroxodicopper(II) compounds even at -90°C.[180-181] Because PhNO has a lower oxidative 

potential than O2, we hoped to stabilize analogues of intermediates that could occur in the 

[Me6trenCuI]+/O2 reaction but that are too transient to be studied in detail.[33,182] This reaction 

with PhNO was carried out from the [Me6trenCuI](X) salts in which X- is the triflate (TfO-) or 

hexafluoroantimonate (SbF6
-) ion. 

 
Scheme 4-1: Reaction of PhNO with [(Me6tren)Cu]+. 

4.3. Results and Discussion 

Two 1:1 Me6trenCuI:PhNO adducts, noted [1]+ hereafter, were isolated as solids, and 

crystallographically characterized as [1](TfO) and [1](SbF6)•THF. The two crystal structures 

reveal an [Me6trenCu(PhNO-κO)]+ complex in which the PhNO moiety is coordinated through its 

oxygen atom (Figure 4-1). While this bonding mode of a monomeric nitrosoaryl was already 

observed with other metal ions,[75,84-88] the present non-disordered structures are the first 

examples with Cu and the first with an O-bonded unsubstituted nitrosobenzene.[114-116] The [1]+ 

complexes in the two crystal structures differ mainly by the arrangement of the phenyl ring with 

respect to the Cu-O-N linkage. In [1](TfO), the Cu1-O1-N1-C1 torsion angle is -178.84(18)° and 

the Cu1-O1-N1 and phenyl planes are nearly coplanar. In stark contrast, this torsion angle is -

124.2(3)° and the phenyl ring is significantly tilted away from the Cu1-O1-N1 plane in 

[1](SbF6)•THF. In either structure, the phenyl ring experiences only two significant contacts: 

H3···F = 2.547 Å and H4···F = 2.624 Å in [1](SbF6)•THF, and H2···O(TfO) = 2.589 Å and 

H5···O(TfO) = 2.613 Å in [1](TfO). Thus, the positioning of the phenyl ring with respect to the 

Cu1-O1-N1 plane may result from crystal packing. 
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Figure 4-1: ORTEP representations at 50% probability of the [1]+ cations in the crystal structures of 

[1](TfO) (left) and [1](SbF6)•THF (right). Hydrogen atoms, solvent molecules and counter-ions were 

omitted for clarity. Selected bond lengths (Å) and angles (°) in [1](TfO): Cu1-O1, 1.885(2); O1-N1, 

1.337(3); N1-C1, 1.374(4); Cu1-N2, 2.150(2); Cu1-N3, 2.145(2); Cu1-N4, 2.158(2); Cu1-N5, 2.026(2); 

Cu1-O1-N1, 120.03(17); O1-N1-C1, 110.7(2); Cu1-O1-N1-C1, -178.84(18); in [1](SbF6)•THF: Cu1-O1, 

1.881(2); O1-N1, 1.320(4); N1-C1, 1.399(5); Cu1-N2, 2.136(3); Cu1-N3, 2.130(3); Cu1-N4, 2.201(3); 

Cu1-N5, 2.055(3); Cu1-O1-N1, 118.4(2); O1-N1-C1, 112.2(3); Cu1-O1-N1-C1, -124.2(3). 

The molecular structures of the complexes provide information on the redox nature of the 

[1]+ adducts. The N1-O1 bonds, with lengths of 1.337(3) Å in [1](TfO) and 1.320(4) Å in 

[1](SbF6)•THF, are longer than those measured in monomeric N-bonded nitrosoaryl molecules 

(1.209(3)-1.31(2) Å) and shorter than those in N,O-bonded metal C-nitroso compounds 

(1.358(2)-1.432(6)) Å.[75,97] They are also longer than the O-O bond length in the 

crystallographically characterized CuII-superoxo species: 1.280(3) Å.[31] Inasmuch as the trigonal-

bipyramidal geometry of the Cu atom is suggestive of a CuII oxidation state, the N-O bond 

lengths advocate for a PhNO moiety in a radical-anion state, PhNO•−, with a formal bond order of 

1.5.[83,96] These crystal structures thus strongly suggest that the [1]+ adducts result from an inner-

sphere electron transfer between PhNO and the CuI precursor, as happens in the reaction between 

[Me6trenCuI]+ and O2. Alternatively, a CuI-(PhNO) hypothesis with strong backbonding into the 

πv*(NO) is also plausible. 
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To substantiate the CuII-(PhNO•−) formulation of the [1]+ adducts, we carried out 

measurements of their magnetic properties on a SQUID magnetometer in the solid state. At 290 

K, [1](TfO) exhibits the expected magnetic susceptibility of two unpaired S = 1/2 centres (χMT = 

0.79 cm3 K mol-1), consistent with a CuII oxidation state and a radical (PhNO•−) ligand (Figure S 

3-2). Upon lowering the temperature, the increase in magnetic moment suggests a ferromagnetic 

coupling between the CuII center and the PhNO•− radical, but preliminary fitting of this behaviour 

was unsatisfactory. By contrast, no sample of  [1](SbF6)•THF had a measurable magnetic 

moment at room temperature, suggesting either a diamagnetic CuI-(PhNO) formulation or a very 

strongly antiferromagnetically coupled CuII-(PhNO•−) species. For comparison, the side-on (η2) 

CuII-superoxo complex with a crowded tris(pyrazolyl)borate, TpAdCuO2, exhibits an 

antiferromagnetic coupling constant of -1500 cm-1, which was measurable by SQUID 

magnetometry.[183] While this is only preliminary data, these measurements strongly suggest that 

the two adducts have ground states of different spin: S = 1 for [1](TfO) and S = 0 for 

[1](SbF6)•THF. 

DFT calculations at the BP86/6-31G(d) level of theory confirmed the spin assignment of 

the two adducts. Optimization of a triplet state (S = 1) of an O-bonded adduct led to a geometry 

matching that of the cation in the crystal structure of [1](TfO) (rms deviation: 0.119 based on 

CuN4ONCipso and 0.266 on whole molecule), the main differences with the crystal structure being 

a small rotation of the phenyl ring about the N-Cipso bond. A single-point calculation in a 

geometry fixed to that of [1]+ in the crystal structure of [1](TfO) identified the singlet state ~300 

cm-1 above the triplet state, consistent with the ferromagnetic coupling suggested experimentally. 

The two SOMOs of the triplet state are, in essence, the d(z2) of Cu and the πv*(NO) 

perpendicular to the phenyl ring (Figure 4-2). These SOMOs are orthogonal to one another, a 

requirement for ferromagnetic coupling. Importantly, these orbitals are of the same nature as the 

SOMOs of the only crystallographically characterized CuII-superoxo complex.[35] The present 

electronic structure analysis thus supports the approach of using the Cu/PhNO reaction to mimic 

Cu/O2 intermediates that cannot be observed easily, such as the transient CuII-superoxo species 

with the Me6tren ligand. 
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Figure 4-2: (a) and (b) SOMOs of [1]+ in the triplet spin state (iso = 0.04). (c) HOMO of [1]+ in the singlet 

spin state (iso = 0.04). 

An unrestricted optimization of an O-bonded adduct in a singlet state (S = 0) refined to a 

geometry that matched that of [1]+ in the crystal structure of [1](SbF6)•THF (rms deviation: 0.044 

based on CuN4ONCipso and 0.096 on whole molecule). A single-point electronic calculation 

based on the X-ray structure indicated a triplet state lying ~3000 cm-1 above the singlet state, 

consistent with the diamagnetism observed experimentally. The twist of the phenyl ring out of 

the Cu1-O1-N1 plane imparts a lowering in symmetry and causes overlap between the d(z2) of 

Cu and the (formally) πv*(NO) orbitals, leading to a strong stabilization of the singlet state 

(Figure 4-2). Although a broken-symmetry state could not be found using the BP86 functional, it 

is known that DFT cannot easily assess the true redox nature of complexes with non-innocent 

ligands. Further study is warranted. 

4.4. Conclusion 

In conclusion, the two adducts obtained in the solid state after reaction of [Me6trenCuI]+ 

with PhNO reveal a yet-unknown PhNO-κO bonding mode for an arylnitroso moiety to a Cu 

centre. The two complexes are distinct by a conformational change of the phenyl ring of the 

PhNO moiety, which in turn confers onto the complexes a different spin state, singlet or triplet. 

While the triplet molecule [1](TfO) is a CuII-(PhNO•−) species, indicating that electron transfer 

has occurred upon reaction, the nature of the singlet molecule [1](SbF6)•THF is still under debate 
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between a CuI-(PhNO) and a strongly antiferromagnetically coupled CuII-(PhNO•−) formulation. 

Preliminary resonance Raman experiments recorded on solid samples indicated 14/15N isotope-

dependent peaks at 1119 (TfO) and 1160 (SbF6) cm-1, which are significantly lower than that of 

monomeric nitrosoaryl species (1506 cm-1 for monomeric PhNO)[75] and support a CuII-(PhNO•−) 

formulation.[96-97] Full vibrational studies are underway to decipher the nature of the N-O bond, 

hence the redox state of the PhNO moiety in both solid-state and solution. As mimics of the 

Me6trenCuII-superoxo species that has been observed only transiently, the two complexes provide 

the opportunity for further in-depth analysis of the influence of the spin-state on the bonding, 

electronic structure and reactivity of such exchange-coupled systems. 
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4.6. Experimental 

4.6.1. Synthesis of [1](X): 

 In an inert-atmosphere glovebox, a solution of [Cu(MeCN)4](X) (X = TfO or SbF6, 0.11 

mmol) in 2 mL of THF was added to a stirred solution of Me6tren (28 mg, 0.12 mmol) and PhNO 

(12 mg, 0.22 mmol) in 10 mL of ether. After stirring for one hour and decanting, the residual 

dark brown (TfO) or dark purple (SbF6) solid was collected, triturated in ether (2 x 4 mL), and 

dried under vacuum for one hour (yields 72-77%). [1](TfO): Found: C, 41.2; H, 6.3; N, 12.45; S, 

5.7. C19H35N5O4F3SCu requires C, 41.5; H, 6.4; N, 12.7; S, 5.8. [1](SbF6)•0.2THF: Found: C, 

34.4; H, 5.4; N, 10.35. C18H35N5OF6CuSb•0.2THF requires C, 34.7; H, 5.7; N, 10.75%. Single 

crystals of [1](TfO) and [1](SbF6)•THF were grown by layered diffusion of pentane (TfO) or 

ether (SbF6) into a THF solution of the complex at -30°C. 
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4.6.2. Crystal data for [1](TfO): 

 CCDC number: 815281; C19H35CuF3N5O4S, M = 550.12, orthorhombic, a = 10.5615(11), b 

= 13.7600(14), c = 17.3141(18) Å, U = 2516.2(5) Å3, T = 111 K space group P212121 (no. 19), Z 

= 4, 25370 reflections measured, 4632 unique (Rint = 0.0484) which were used in all calculations. 

The final wR(F2) was 0.0751 (all data). 

4.6.3. Crystal data for [1](SbF6)•THF: 

 CCDC number: 815282; C22H43CuF6N5O2Sb, M = 708.90, monoclinic, a = 12.4249(11), b 

= 11.7456(10), c = 20.7529(18) Å, β = 105.8420(10)°, U = 2913.6(4) Å3, T = 110 K space group 

P21/c (no. 14), Z = 4, 32891 reflections measured, 6692 unique (Rint = 0.0580) which were used 

in all calculations. The final wR(F2) was 0.0926 (all data). 
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5. Manuscript 4: Controlled Nitrene Transfer from a Tyrosinase-

Like Arylnitroso-Copper Complex 

Mohammad S. Askari, Maylis Orio, and Xavier Ottenwaelder* 

 

The contents of this chapter is from the following article published in Chemical 

Communications: 

 

Mohammad S. Askari, Maylis Orio, and Xavier Ottenwaelder*, “Controlled nitrene transfer from 

a tyrosinase-like arylnitroso-copper complex”, Chem. Commun. 2015, 51, 11206-11209. 

 

5.1. Abstract 

 The reaction between p-nitrosonitrobenzene and the tetramethylpropylenediamine-

copper(I) complex yields a dinuclear complex that is structurally and electronically similar to 

side-on peroxo species known in Cu/O2 chemistry. The complex reacts with di-tert-

butylphenolate via nitrene transfer, as observed through an intermediate and the aminophenol 

product obtained upon reductive work-up. 

5.2. Introduction 

 Transition metal complexes of non-innocent ligands have attracted much attention recently 

due to their application in catalysis and molecular switches.[184-185] In the case of the well-studied 

Cu/O2 chemistry, the extent of dioxygen reduction by electron-rich CuI species to the superoxo 

(O2
•–) or peroxo (O2

2–) ligand, as well as the nuclearity of the ensuing Cu/O2 complex, are 

controlled by the geometric and electronic properties of the supporting ligands (Scheme 

5-1a).[6,21] One Cu/O2 species of interest is the μ-η2:η2-peroxodicopper(II), P, because it is the 

active oxidant in the ubiquitous enzyme tyrosinase, which promotes oxygen-atom transfer to 

convert a phenol into a versatile ortho-quinone (Scheme 5-1b).[6-7,21] But for a few 

exceptions,[44,69] the vast majority of Cu/O2 species characterized outside a protein pocket are 
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typically stable only at low temperatures (–80 °C), which makes them impractical to carry out 

oxygenation reactions. 

 Arylnitroso compounds can be used as surrogates for O2 in reactions with CuI and the 

adducts are stable at room temperature.[11,97,186] For example, the electron-rich CuI complex with 

tetradentate ligand Me6tren reduces nitrosobenze by one electron to the radical anion, forming 

[(Me6tren)CuII(κO-PhNO•–)]+ complexes. These species are structural and electronic mimics of 

end-on CuII-superoxo species that are otherwise too transient to be isolated. In similar fashion, 

the one-electron reduction of nitrosobenzene upon binding to low-valent complexes further 

demonstrates the versatility of arylnitroso species for inner-sphere electron-transfer 

reactions.[96,187] 

 Here, we focus on the bidentate N,N,N’,N’-tetramethylpropylenediamine (TMPD) ligand, 

which, in the case of Cu/O2 chemistry, stabilizes the bis(μ-oxo)dicopper(III) O isomer (Scheme 

5-1a).[188] The combination of the TMPD-CuI complex and an electron-poor arylnitroso substrate 

yields a P mimic that displays tyrosinase-like reactivity (Scheme 5-1c). 

 
Scheme 5-1: (a) Typical CuI/O2 reactivity with a bidentate ligand L. (b) Tyrosinase-catalyzed oxygenation 

of L-tyrosine during melanogenesis. (c) Synthesis of 1 via redox-controlled self-assembly. 
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5.3. Results and Discussion 

 Slow addition in THF at 25 °C of p-nitrosonitrobenzene (ArNO) to the TMPD-Cu(I) 

complex, formed from a 1:1 TMPD-[(MeCN)4Cu](TfO) mixture,[188] results in the formation of a 

deep green complex, 1, which remains stable for days under inert conditions. Clean samples of 1 

are prepared via slow addition of a [(MeCN)4Cu](TfO) solution to a solution of TMPD and 

ArNO in THF at 25 °C, then precipitated with pentane. 1H NMR spectra of 1 indicate a 

diamagnetic species with a 2:1 TMPD-ArNO stoichiometry. Crystallization of 1 by slow 

diffusion of pentane into the reaction mixture at –30 °C afforded crystals that were suitable for X-

diffraction analysis. The solid-state structure of 1 (as its TfO– salt, Figure 5-1a) is consistent with 

the solution stoichiometry and shows a dinuclear species in which the NO moiety is bonded side-

on to the two Cu centers (μ-η2:η2), along with one of the two triflate ions bridging at axial 

positions. This coordination mode is reminiscent of the well-known side-on P species (Scheme 

5-1).[6-7,21] 

 As with P species in which the O2 molecule is reduced by two electrons to form the 

peroxide O2
2–, we propose that the N=O bond of ArNO undergoes 2-electron reduction by the CuI 

precursors to a hydroxylamine dianion in 1. This proposal is based on the significantly 

lengthened N–O bond in 1 at 1.457(9) Å compared with 1.244(7)-1.253(7) Å in the organic 

ArNO dimer, ArN(O)N(O)Ar,[76] or other uncoordinated arylnitroso molecules (1.131(11)-

1.343(47) Å).[75] This bond length matches well with N–O single bond in Diels-Alder adducts of 

ArNO (N–O = 1.463(5) and 1.4571(16) Å).[189] In addition, the square-pyramidal geometry of the 

Cu centers is consistent with a CuII oxidation state. The overall Cu2NO diamond core exhibits a 

butterfly distortion (38° angle between the two CuNO planes), and the Cu···Cu distance (3.416 

Å) is between that for butterfly-distorted P dimers (3.2-3.4 Å)[190] and P species supported by 

mononucleating ligands (3.45-3.6 Å).[21] Quite remarkably, 1 is one of the few 

crystallographically characterized complexes exhibiting a μ-η2:η2-bonded C-

nitroso/hydroxylamine core.[97-99] 

 The degree of reduction of the ArNO moiety in 1 was further probed by vibrational 

analysis. Thus, IR spectra of solid 1 and its analogue with an Ar15NO moiety reveal the presence 

of several isotope-sensitive bands (Figure S 4-6). Although the bands appear in the fingerprint 

region and many seem to undergo Fermi splitting, a clear feature is observed at ca. 875 (Δν ≈ 15) 

cm−1, which we assign to the N−O stretch based on computational investigation (Figure S 4-6 and 
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Figure S 4-7). This value is much lower than for the delocalized double N=O bond in the organic 

ArNO dimer, ArN(O)N(O)Ar (1238 (Δν = 20) cm−1, Figure S 4-4),[75] and lower than in the 

mononuclear CuII(η2-PhNO•−) species by Warren et al (1113 (Δν = 20) cm−1).[97] This N−O 

stretch in 1 is comparable to that of the single N−O bond in primary hydroxylamines (910-920 

cm−1),[191] mononuclear η2-PhNO2− complexes (900 cm−1 range),[96] and the analogous μ-η2:η2-

PhNO2− NiII dimer (915 (Δν = 14) cm−1),[97] with the even lower wavenumber in 1 likely 

influenced by the p-NO2 group. The vibrational analysis of 1 thus concurs with the structural 

analysis, confirming the 2-electron reduction of ArNO into a side-on hydroxylamine dianion that 

mimics the side-on peroxide in P species. 

 
Figure 5-1: ORTEP representation of the solid-state structures of the monocations (a) 1 and (b) 2 at 50% 

ellipsoid probability (hydrogen atoms, non-coordinated TfO- anions and crystallization solvent molecules 

removed for clarity). Selected bond lengths (Å) and angles (°) for 1: N1-O1, 1.457(9); Cu1-N1, 1.970(6); 

Cu1-O1, 1.926(6); Cu2-N1, 1.980(6); Cu2-O1, 1.916(6); Cu1-O2, 2.357(6); Cu2-O3, 2.359(6); Cu1-N2, 

1.983(7); Cu1-N3, 1.991(7); Cu2-N4, 1.992(7); Cu2-N5, 2.006(8); N1-C1, 1.447(11); O1-N1-C1, 

108.0(6); for 2: Cu1-N1, 1.889(3); Cu1-O1, 2.165(2); Cu1-N3, 1.989(3); Cu1-N4, 2.018(3); O1-C12, 

1.250(4); N1-C7, 1.333(4); C7-C8, 1.419(4); C8-C9, 1.363(5); C9-C10, 1.446(4); C10-C11, 1.360(5); 

C11-C12, 1.460(4); C7-C12, 1.486(5); N3-Cu1-N4, 102.94(12); N1 Cu1 N3, 139.86(12); N1-Cu1-N4, 

115.88(11); N1-Cu1-O1, 79.95(10). 

 Complex 1 is also similar to P species in terms of electronic structure. Broken-symmetry 

DFT calculations indicate that 1 is a strongly antiferromagnetically coupled CuII dimer (1798 

cm−1 between the ground singlet and excited triplet states), consistent with the experimentally 

 

(a) (b) 



 82 

observed diamagnetism. The calculated and experimental structures of 1 are within a 0.338 rms 

deviation (0.175 when only considering the first coordination sphere) and reveals a butterfly 

distorted Cu2NO core (59° angle between the two CuNO planes). The two UCOs (unrestricted 

corresponding orbitals) of 1 are each involving the d(x2-y2) of one Cu atom in antibonding 

fashion with the in-plane πσ* of the nitroso moiety (Figure S 4-10), which is reminiscent of the 

SOMOs of P species.[6,43,50-51] Likewise, the HOMO and LUMO of 1 are involving the out-of-

plane πv* and the in-plane πσ* orbitals of the nitroso moiety, respectively (Figure 5-2d,e), as in 

known P species and the calculated peroxo analogue of 1 (Figure S 4-14 to Figure S 4-16). The 

UV-vis spectrum of 1 (Figure 5-2), with an intense band at 346 nm (ε = 19.4 mM−1 cm−1) and 

several features in the visible region, resembles closely the spectra of P species,[21] particularly 

when a butterfly distortion is present.[190] TD-DFT calculations reproduce the spectrum 

accurately (Figure S 4-12). The 346 and 640 nm bands correspond to MLCT transitions involving 

the πσ* of the nitroso moiety, consistent with the descent in symmetry from a C2h or C2v P to Cs in 

1.[190] 

 
Figure 5-2: (a) UV-visible spectrum of 1 (CH2Cl2, 25 °C). (b,c) TD-DFT-calculated transitions as 

difference electron densities (yellow = negative, red = positive). (d) LUMO of 1. (e) HOMO of 1. 
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 The electronic structure similarity between 1 and P species portends similar reactivities. 

Thus, reaction of 1 with 1.0 equivalent of sodium 2,4-di-tert-butylphenolate in CH2Cl2 at 25 °C 

leads to the fast formation of a deep blue solution, from which diamagnetic complex 2 can be 

isolated in 76% yield by slow diffusion of pentane at –30 °C (Scheme 5-2, top). The crystal 

structure of 2 reveals a TMPD-CuI-iminoquinone complex in which the nitrene of p-nitroaniline 

(p-NO2-C6H4-N fragment) has formally replaced a hydrogen atom ortho to the phenol. The short 

C12–O1 (1.250(4) Å) and C7–N1 (1.333(4) Å) bonds and the quinoid C–C bond distribution on 

the chelating aromatic ring are strong indicators that the new ligand is an iminoquinone, in line 

with Wieghardt’s comprehensive appraisal of such ligands (C–O of 1.24, 1.30, 1.35 and C–N of 

1.30, 1.35, 1.37 Å for iminoquinone, iminosemiquinone and aminophenolate ligands, 

respectively).[192-199] In addition, the trigonal-monopyramidal coordination geometry of Cu in 2 is 

standard for a CuI oxidation state. The dihedral angle between the CuNNTMPD and 

CuNOiminoquinone planes of 84° strongly contrasts with reported CuII-iminosemiquinone complexes 

for which minimal tetrahedral distortion (up to 26°) from square-planarity is consistent with a 

CuII oxidation state.[199] The electronic assignment of 2 is further confirmed by DFT calculations 

conducted on both singlet (CuI-iminoquinone) and triplet (CuII-semiquinone) forms of 2. 

Comparison of the optimized structures with X-ray data shows that 2 is compatible with a singlet 

CuI-iminoquinone species (Figure S 4-18). Energy analysis indicates that the singlet is stabilized 

by 11 kcal/mol over the triplet form (Figure S 4-12) and TD-DFT-predicted UV-vis parameters 

for the singlet do match the features of the experimental spectrum (Figure S 4-20). 

 Reductive work-up of the reaction mixture containing 2 with a saturated Na2S2O4 aqueous 

solution under inert atmosphere provides novel 2-aminophenol 3 in 80% yield with respect to the 

phenolate (Scheme 5-2, top). Noteworthy, the corresponding iminoquinone was too reactive to be 

isolated, but its CuI complex 2 was stable indefinitely in the glovebox. We assign this stability to 

CuI-to-iminoquinone backbonding (Figure S 4-21), which diminishes the electrophilicity of 

organic fragment. 
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Scheme 5-2: Top: 1:1 reaction of 1 with 2,4-di-tert-butylphenolate and reductive work-up to 3; L = 

TMPD; (i) CH2Cl2, N2, 25°C; (ii) Saturated aqueous Na2S2O4 work-up, N2. Bottom: the comparable 

reaction with a P species requires careful protonation to release the SQ species; L’ = N,N'-di-tert-

butylethylenediamine; (iii) THF, –80 °C. 1 equiv H+ per phenolate. 

 The C–H bond amination of the phenolate into 2 parallels the reaction carried by tyrosinase 

and its models whereby a P species transfers an oxygen atom to the phenolate via electrophilic 

aromatic substitution to yield a dinuclear catecholate species C (Scheme 5-2, bottom).[7,133] In 

stoichiometric models of tyrosinase, usually at –80 °C, this catecholate liberates the catechol 

upon acidic quench.[137-140,146] In one instance, C was shown to cleave into a mononuclear CuII-

semiquinone species SQ upon careful acidification, which then liberates a mix of the 

corresponding catechol and ortho-quinone.[57] Complex 2 is similar to SQ except for the different 

valences of Cu and the ring, the iminoquinone being less electron-poor than the quinone. We 

propose that cleavage of a dimeric C-type intermediate into monomeric 2 does occur. This 

hypothesis is based on indirect evidence for the formation [TMPD-CuI-OH]+ through the 

products of its disproportionation: the classic [TMPD-CuII(μ-OH)2CuIITMPD]2+ species as a 

precipitate and Cu0 on the flask walls (while 2 is in solution). In our case, cleavage of the C-type 

dimer proceeds readily at 25 °C whereas it requires addition of an external acid in the case of 

Cu/O2 reactions at –80 °C (Scheme 5-2). We were unable to observe any intermediate between 1 

and 2 at temperatures ranging from 25 to –80 °C. The insolubility of the sodium phenolate in 

CuIIL
O

O

tBu

tBu

ONa
tBu

tBu

P

LCuII O
O CuIIL

2

N

N
CuI

O

N

NO2

tBu

tBu

OH

NH

NO2

tBu

tBu

3
80%
(2 steps)

1

O CuIIL
OH

CuIILO

tBu

tBu

2
76%
if isolated

C

(i)

(iii)

xs H+ OH

OH

tBu

tBu

O

O

tBu

tBu

H+

(ii)

SQ



 85 

CH2Cl2 seems to be important for the cleanliness of the reaction and, at the same time, prevents 

accumulation of intermediates. Performing the reaction in THF with a soluble phenolate led to 

intractable mixtures of products, highlighting the sensitivity of oxidant 1 to reaction conditions. 

Notwithstanding, 1 is selective for nitrogen transfer to the phenolate, and not its oxygen atom 

(only trace amounts of 3,5-di-tert-butyl-o-quinone were observed), a feature which will be the 

topic of a more in-depth study of 1 and analogous species. 

5.4. Conclusions 

 Arylnitroso compounds have long been known to transiently generate nitrenes in their 

many unwanted side reactions leading to azoxy and azo compounds. Similarly, our control 

experiments for the phenolate reaction with p-nitrosonitrobenzene in the absence of Cu led to a 

intractable mixture of decomposition products. The clean reactivity of 1 with the phenolate is 

likely indicative of an inner-sphere mechanism similar to tyrosinase-like oxygenations.[56-57] 

Thus, phenolate would first bind to the Cu complex and then intramolecular nitrene transfer 

would occur. This reactivity contrasts with Cu-catalyzed allylic aminations (nitroso-ene 

reactions) in which C–N bond formation is thought to occur prior to N–O bond cleavage.[3,115-116] 

We are grateful to the Natural Sciences and Engineering Council of Canada (NSERC) for 

funding.   
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6. Conclusion 

 Tyrosinase catalyzes the ortho-oxygenation of tyrosine in the first step of the 

melanogenesis pathway. Despite 50 years of research in the field of Cu/O2 chemistry, a fully 

catalytic and biomimetic method for the oxygenation of phenols has only been recently 

developed and reported. The difficulty has mainly been selectivity in the oxygenation reaction 

since formation of phenoxyl radicals through outer-sphere oxidation resulted in the formation of 

bisphenols even in the presence of a suitable base to confine the oxygen-atom transfer into the 

first coordination sphere of the metal centre. The interesting feature of the Lumb reaction is the 

use of a simple diamine ligand, DBED, as opposed to specially tailored ligands that have been the 

focus of most of the research in this field. The biomimetic nature of this reaction has been proven 

through mechanistic studies at low temperatures and by characterizing the intermediates 

involved. The high selectivity of this reaction is well explained by a mechanism in which in-situ 

generated phenolate first binds to the metal centre and is then oxygenated. This inner-sphere 

mechanism prevents generation of phenoxyl radicals. The side-on peroxo intermediate that is 

initially formed in this reaction is equivalent to the observed Cu/O2 species in tyrosinase. In 

addition, kinetic studies indicate that the oxygen atom is transferred through an electrophilic 

aromatic substitution reaction. Interestingly, comparable efficiency and selectivity can be 

obtained using a DBED copper(II) precatalyst. This extension provides a more convenient 

method due to the inherent air-stability of copper(II) complexes. 

 Extending tyrosinase-like reactivity to ortho-amination of phenolates was achieved using 

copper complexes of nitrosoarenes that are isoelectronic with O2. In the initial stages of the 

research, nitrosoarenes were shown to be redox labile thus undergoing one-electron reduction by 

metal centres and forming the radical-anion upon binding to electron-rich complexes. The one- 

electron reduced species is a structural and electronic mimic of the end-on superoxocopper(II) 

species, as evidenced by computational studies. By reducing the denticity of the ligand and using 

an electron-deficient nitrosoarene, two-electron reduction of the nitrosoarene was achieved. In 

this complex the nitroso group binds side-on to two copper centres and is reduced by one electron 

from each copper. Spectroscopic and computational studies indicate the similarity of electronic 

structure of this complex with side-on peroxodicopper(II) intermediates, thus providing a 

structural and electronic mimic of the peroxo oxidant observed in tyrosinase. The ability of this 
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complex to transfer its nitrogen group to the ortho-position of a phenolate demonstrates that 

nitrosoarenes are suitable reagents for performing controlled C-H bond functionalization on 

phenols. Even though the reported reaction is still stoichiometric in metal and suffers from 

limited scope it provides a proof of concept in using nitrosoarenes as mimics of molecular 

oxygen. 
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7. Future work 

 The first two proposed future work directions concern the aerobic oxygenation of phenols 

and are summarized into 1) investigating the mechanism of oxidative coupling of quinones with 

phenols, and 2) studying the mechanism of aerobic oxidation of phenols when a copper(II)-

precatalyst is employed. The third objective of the future work concerns the development of 

catalytic conditions for the ortho-amination of phenols using nitrosoarenes as the nitrogen-group 

source. 

 

1. Mechanism of the oxidative C-O coupling 

 The mechanistic studies provided in chapter 2 of this thesis focused on the oxygen-atom 

transfer process at low temperature. The overall reaction at ambient temperature (25 ºC) 

comprises the oxygen-atom transfer followed by oxidative coupling of the generated quinone 

with another equivalent of phenol. Does this reaction occur on a free quinone or on a copper(II)-

semiquinone complex? Are phenoxyl and carbon-centred radicals formed in this reaction? 

Kinetic studies and more thorough control experiments are required in order to understand the C-

O bond formation step. Elucidation of the mechanism will be beneficial as it will allow for the 

functionalization of the generated quinone by other nucleophiles, such as amines, providing an 

efficient method for multiple functionalization of phenols. 

 

2. Mechanism of aerobic phenol ortho-oxygenation by copper(II) precatalyst 

 The inability of copper(II) complexes to activate O2 raises the question on the initiation of 

the oxidation reaction discussed in chapter 3. The reduction of the copper(II) complex to 

copper(I) must be the first step in the oxygen activation step. Two possible initiation pathways 

were proposed in chapter 3: 1) reduction of the copper(II) centres by catechol impurities present 

in the phenol, 2) disproportionation of copper(II)-phenolate complex to copper(I) and copper(II)-

phenoxyl species. However, control experiments where a catechol was added to the reaction 

mixture did not improve catalysis, and preliminary studies did not provide evidence for the 

disproportionation of a copper(II)-phenolate species. Future work in this project will focus on 

kinetic studies of the reaction in order to determine the order with respect to each species and 

propose a plausible mechanism for the initiation step. 
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3. Development of Cu-catalyzed ortho-amination of phenols 

 Contrary to Cu/O2 chemistry that have seen significant development over the past 50 years, 

metal/nitrosoarene chemistry has received less attention, in part because nitrosoarenes are 

inherently reactive molecules that decompose readily. The stoichiometric phenolate ortho-

amination presented in chapter 5 is the first step towards developing a selective and catalytic 

system that follows a biomimetic pathway. The short-term objective is to find suitable conditions 

for the stoichiometric ortho-amination of a variety of phenolates using nitrosoarenes as nitrogen-

group donors. For this purpose, the reaction will be optimized through substrate, solvent, copper 

source, and ligand screening. In addition, the effect of temperature and reaction time will be 

investigated. Mechanistic studies will then be required to explain the observed selectivity, where 

only the nitrogen moiety is transferred to the substrate. In the long term, the aim is to render the 

ortho-amination of phenols catalytic in a manner that parallels the development of the ortho-

oxygenation chemistry, i.e. from structural characterization of reactive intermediates into a 

practical synthetic method. 
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9. Appendices 

 

1. Supplementary Information for Chapter 2 

A Biomimetic Mechanism for the Copper-Catalyzed Aerobic Oxygenation of 4-tert-

Butylphenol 

Mohammad S. Askari, Jean-Philip Lumb,* and Xavier Ottenwaelder* 

 

1.1. Characterization of 3 

1.1.1. X-ray structure and crystallographic data of 3(SbF6) · 0.5 CH2Cl2 

 
Figure S 1-1: Crystal structure of the cationic part of 3(SbF6) · 0.5 CH2Cl2 at 50% ellipsoid probability. 

Hydrogen atoms on carbons were omitted for clarity.  

 A dark purple block-like specimen of C20.50H37ClCuF6N2O2Sb, approximate dimensions 

0.070 mm x 0.129 mm x 0.200 mm, was used for the X-ray crystallographic analysis. The X-ray 

intensity data were measured on a Bruker SMART APEX II CCD system equipped with a Cu IμS 

microfocus source with QUAZAR optics (λ = 1.54178 Å). A total of 5856 frames were collected. 

The total exposure time was 16.27 hours. The frames were integrated with the Bruker SAINT 

software package using a narrow-frame algorithm. The integration of the data using a monoclinic 

unit cell yielded a total of 36357 reflections to a maximum θ angle of 65.08° (0.85 Å resolution), 

of which 4656 were independent (average redundancy 7.809, completeness = 99.6%, Rint = 
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10.44%, Rsig = 5.98%) and 3604 (77.41%) were greater than 2σ(F2). The final cell constants of a 

= 14.6057(7) Å, b = 12.7363(5) Å, c = 17.9897(9) Å, β = 124.907(3)°, volume = 2744.4(2) Å3, 

are based upon the refinement of the XYZ-centroids of 4494 reflections above 20 σ(I) with 

7.380° < 2θ < 106.9°. Data were corrected for absorption effects using the multi-scan method 

(SADABS). The ratio of minimum to maximum apparent transmission was 0.669. The calculated 

minimum and maximum transmission coefficients (based on crystal size) are 0.2346 and 0.5350. 

The structure was solved and refined using the Bruker SHELXTL Software Package, using the 

space group P 1 21/c 1, with Z = 4 for the formula unit, C20.50H37ClCuF6N2O2Sb. The final 

anisotropic full-matrix least-squares refinement on F2 with 316 variables converged at R1 = 

4.62%, for the observed data and wR2 = 12.52% for all data. The goodness-of-fit was 1.019. The 

largest peak in the final difference electron density synthesis was 1.157 e−/Å3 and the largest hole 

was −0.918 e−/Å3 with an RMS deviation of 0.100 e−/Å3. On the basis of the final model, the 

calculated density was 1.642 g/cm3 and F(000), 1364 e−.  
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Table S 1-1: Crystal data and structure refinement for 3(SbF6). 

CCDC deposition number 950162 
Empirical formula C20H36N2O2Cu · SbF6 · 0.5 CH2Cl2 
Formula weight 678.26 
Temperature 110(2) K 
Wavelength 1.54178 Å 
Crystal system Monoclinic 
Space group P21/c 

Unit cell dimensions 

a = 14.6057(7) Å  
b = 12.7363(5) Å 
c = 17.9897(9) Å 
α = 90.00° 
β = 124.907(3)° 
γ = 90.00° 

Volume 2744.4(2) Å3 
Z 4 
Density (calculated) 1.642 g/cm3 
Absorption coefficient 10.205 mm−1 
F(000) 1364 
Crystal size 0.20 × 0.13 × 0.07 mm 
Theta range for data collection 3.69 – 65.08° 

Index ranges 
h = −17→17 
k = −14→14 
l = −21→20 

Reflections collected 36357 
Independent reflections 4656 (Rint = 10.44%) 
Completeness to theta = 65.08° 99.6% 
Absorption correction Multiscan 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4656 / 0 / 316 
Goodness of fit on F2 1.019 
Final R indices [I > 2σ(I)] R1 = 4.62%, wR2 = 11.36% 
R indices (all data) R1 = 6.53%, wR2 = 12.52% 
Largest diff. peak and hole 1.157 and −0.918 e Å−3 
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1.1.2. Characterization of 3(PF6) and the catalytic reaction at 25 °C 

 
Figure S 1-2: UV-visible spectra of 3(PF6) in CH2Cl2 at 25 °C and −80 °C. 

 
Figure S 1-3: Deconvolution of the spectrum obtained in Figure 2-1 after 8 min of reaction. Red: 

experimental trace, blue: fit via linear combination of known spectra of 2, 3 and 4 (grey) with appropriate 
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ratios. At this stage, the quantity of 3 corresponds to 100% of the Cu present in solution. As a note, the 

overlap of 4 (λmax = 389 nm) and its progressive conversion to 2 (λmax = 426 nm) are responsible for the 

shift of the 400-413 nm band upon reaction, as observed in Figure 2-1. 

 

 
Figure S 1-4: A CH2Cl2 solution of 30.7 mm 1, 4% CuPF6, 8% DBED was oxygenated at 25 °C for 5 

seconds, then purged with Ar, diluted with degassed CH3CN and injected in an ESI-MS. The spectrogram 

mainly shows the semiquinone complexes of 4 (complex 3) and of 2 (complex 5). 
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1.1.3. Formation constants for Cu(II)-semiquinone complexes 3 and 5 

 
Figure S 1-5: Titration of a 0.36 mM solution of DBED:CuPF6 (1:1) in CH2Cl2 with a 7.06 mM solution 

of 4 in CH2Cl2 at 23 °C in 5 μL increments. Pathlength = 1.0 cm. Multivariate fitting yielded a binding 

constant log10 K = 4.623 ±0.003 for a 1:1 model. 

 
Figure S 1-6: Titration of a 0.36 mM solution of DBED:CuPF6 (1:1) in CH2Cl2 with a 7.43 mM solution 

of 2 in CH2Cl2 at 23 °C in 5 μl increments. Pathlength = 1.0 cm. Multivariate fitting yielded a binding 

constant log10 K = 4.066 ±0.002 for a 1:1 model. 
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1.2. Low temperature experiments 

1.2.1. Experiments at –115 °C 

 
Figure S 1-7: Monitoring the catalytic reaction at −115 °C. Oxygenation at −115 °C of a solution with 

[CuPF6] = 0.993 mM (4 mol%), [DBED] = 1.243 mM (8 mol%), [1] = 24.85 mM; one spectrum every 20 

s. The features at 360 and 418 nm grow together, then decay to the spectrum of a brown solution with less 

intense features at 545 and 800 nm. 
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Figure S 1-8: Formation of the P/O mixture in 2-MeTHF at −115 °C by oxygenation of a 1:1 DBED-

CuPF6 mixture. P absorbs at 354 nm and O at 423 nm. 

 
Figure S 1-9: Deconvolution of final spectrum after adding O2 at −115 °C to a MeTHF solution containing 

1 (6.8 mM), 14% CuPF6 (1.0 mM), 18% DBED (1.2 mM). Red: experimental trace, blue: fit via linear 

combination of known spectra of C and 3 (grey). 
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1.2.2. Formation and protonation of C 

Sodium 4-tert-butylphenolate was prepared by adding NaH (20 mg, 0.80 mmol, 1.5 equiv.) to 

4-tert-butylphenol (80 mg, 0.53 mmol, 1 equiv.) in 5 mL of THF under N2 in the glovebox. Once 

evolution of hydrogen ceased, the solution was filtered through a syringe microfilter (0.45 μm) 

and was used as is. 

 

DBEDH(PF6) was prepared by adding HPF6 (65% solution in water, 0.12 mL, 0.85 mmol) onto a 

solution of DBED (270 mg, 1.6 mmol, 1.9 equiv.) in 5 mL of MeOH. Subsequent evaporation to 

dryness in vacuo and trituration with diethyl ether yielded the compound as a white solid which 

was then stored inside the N2-filled glovebox. 

 

1.2.3. Closing the cycle 

Procedure for Figure 2-5. A 1:1 solution of DBED: CuPF6 (7.90 μmol each, 1.49 mM) in THF 

was cooled to −75 °C (i, black) and oxygenated to form the side-on peroxo species P (ii, red, in 

equilibrium with a small amount of its O isomer visible at ca. 400 nm). O2 was then removed 

from the solution by bubbling Ar for 20 min. Addition of a THF solution containing 9.91 μmol of 

sodium 4-tert-butylphenolate ([Cu] = 1.44 mM, [DBED] = 1.44 mM, [ArONa] = 1.81 mM) leads 

to the formation of C (iii, blue). To this solution was added a THF solution containing 10.05 

μmol of DBEDH(PF6) ([Cu] = 1.26 mM, [DBED] = 1.26 mM, [ArONa] = 1.58 mM, 

[DBEDHPF6] = 1.60 mM). The solution rapidly forms 3 (iv, green) in concentration [3] = 0.64 

mM based on ε545(3) = 4,000 M−1 cm−1 at −75 °C. This corresponds to 50% of the total [Cu]. 

 

Procedure for Figure 2-6. A 1:1 solution of DBED:CuPF6 (11.67 μmol each, 2.23 mM) in 

CH2Cl2 was cooled to −85 °C and oxygenated to form P (i, black). O2 was then removed by 

bubbling N2 and a CH2Cl2 solution containing 12 μmol 1 and 2.3 μmol DBED was added ([Cu] = 

2.15 mM, [DBED] = 2.58 mM, [1] = 2.22 mM). The solution rapidly forms 3 (i, red) in 

concentration [3] = 1.20 mM based on ε545(3) = 4,100 M−1 cm−1 at −85 °C. This corresponds to 

56% of the total [Cu]. After O2 is reintroduced, the quantity of 3 grows to [3] = 2.15 mM (iii, 

blue), i.e. 100% of the total [Cu]. 
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1.3. Synthetic procedures for Table 2-1 

1.3.1. Procedure for entry 3: 

 
Scheme S 1-1: Catalytic oxidation of 1 in CH3CN at -40 ºC. 

 In a glovebox, DBED (10.9 μL, 8.61 mg, 0.05 mmol, 0.05 equiv.) was dissolved in 5 mL of 

CH3CN and was added solid CuPF6 (14.9 mg, 0.04 mmol, 0.04 equiv.) and 1 (0.150 g, 1.0 mmol, 

1.0 equiv) to give a homogeneous solution after stirring. The solution was then transferred to a 

25-mL Radley tube, equipped with a Teflon-coated stir bar, and diluted to 10mL with CH3CN to 

give final phenol concentration of 0.1M. The reaction vessel was sealed with a Radley cap, 

removed from the glovebox, cooled to −40 °C, and stirred for 20 minutes. The Radley cap was 

then connected to a tank of O2 and pressurized to 1 atm. Under a constant pressure of O2 (1 atm), 

the reaction was vented 3 times for 10 s to remove N2. The reaction mixture was then stirred at 

−40 °C for 4 h, depressurized by opening to the atmosphere and quenched by the addition of 

NaHSO4 (10 mL, 10% by weight aqueous solution). The phases were then separated and the 

aqueous phase was extracted with CH2Cl2 (3 x 20 mL). The combined organic fractions were 

then dried over MgSO4, filtered and concentrated in vacuo to afford a red solid. The resulting 

crude material was purified by flash column chromatography using a gradient column (5% 

EtOAc in hexanes to isolate 4, and 10% EtOAc in hexanes to isolate 2, 25 g Snap Ultra column) 

to afford 2 (26.5 mg, 0.09 mmol, 18%) and 4 (124.8 mg, 0.76 mmol, 76%) as a red solids. 

tBu

OH

Conditions

O

O
OtBu

tBu

O
O

tBu

1 4 2
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1.3.2. Procedure for entry 4 

 
Scheme S 1-2: Stoichiometric oxygenation of 1 in CH2Cl2 at -78 ºC. 

 Using a glovebox, a 25-mL Radley tube, equipped with a Teflon-coated stir bar was 

charged with 1 (0.150 g, 1.0 mmol, 1.0 equiv), and CH2Cl2 (5 mL). In a separate, 10-mL round 

bottom flask CuPF6 (372.6 mg, 1.0 mmol, 1.0 equiv.) and DBED (237 μL, 189.5 mg, 1.1 mmol, 

1.1 equiv.) were dissolved in CH2Cl2 (5.0 mL) to afford a homogeneous pink solution. This 

solution was then added to the Radley tube via syringe to afford a final volume of 10 mL and a 

phenol concentration of 0.1M. The reaction vessel was sealed with a Radley cap, removed from 

the glovebox, cooled to −78 °C using a dry ice/acetone bath, and stirred at this temperature for 15 

minutes. The Radley cap was then connected to a tank of O2 and pressurized to 1 atm. Under a 

constant pressure of O2 (1 atm), the reaction was vented 3 times for 10 s to remove N2. The 

reaction mixture was then stirred at −78 °C for 4 h, depressurized by opening to the atmosphere 

and quenched by the addition of aq. 10% NaHSO4 (10 mL). The reaction mixture was allowed to 

warm to rt, and diluted with CH2Cl2. The phases were then separated and the aqueous phase was 

extracted with CH2Cl2 (3 x 20 mL). The combined organic fractions were then dried over 

MgSO4, filtered and concentrated in vacuo to afford a red solid. The resulting crude material was 

purified by flash column chromatography (7% EtOAc in hexanes, 25 g Snap Ultra column) to 

afford 4 (134.6 mg, 0.82 mmol, 82%) as a red solid. 
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1.3.3. Procedure for entry 5 

 
Scheme S 1-3: Stoichiometric oxygenation of 1 in CH2Cl2 at -78 ºC followed by reductive work-up. 

 Using a glovebox, a 25-mL Radley tube, equipped with a Teflon-coated stir bar was 

charged with 1 (0.150 g, 1.0 mmol, 1.0 equiv), and CH2Cl2 (5 mL). In a separate, 10-mL round 

bottom flask CuPF6 (372.6 mg, 1.0 mmol, 1.0 equiv.) and DBED (237 μL, 189.5 mg, 1.1 mmol, 

1.1 equiv.) were dissolved in CH2Cl2 (5.0 mL) to afford a homogeneous pink solution. This 

solution was then added to the Radley tube via syringe to afford a final volume of 10 mL and a 

phenol concentration of 0.1M. The reaction vessel was sealed with a Radley cap, removed from 

the glovebox, cooled to −78 °C using a dry ice/acetone bath, and stirred at this temperature for 15 

minutes. The Radley cap was connected to a tank of O2 and pressurized to 1 atm. Under a 

constant pressure of O2 (1 atm), the reaction was vented 3 times for 10 s to remove N2. The 

reaction mixture was then stirred at −78 °C for 4 h, depressurized by opening to the atmosphere 

and quenched by the addition of a saturated aqueous solution of Na2S2O4 (6.0 mL). The reaction 

mixture was allowed to warm to rt and was stirred for 1h at rt. The reaction mixture was 

transferred to a 250-mL separatory flask and diluted with CH2Cl2 (20 mL). The phases were then 

separated and the aqueous phase was extracted with CH2Cl2 (3 x 20 mL). The combined organic 

fractions were then dried over MgSO4, filtered and concentrated in vacuo to afford a brown 

residue. The resulting crude material was purified by flash column chromatography (20% EtOAc 

in hexanes, 25 g Snap Ultra column) to afford 6 (134.6 mg, 0.81 mmol, 81%) as a brown solid. 

Compound 6: 1H-NMR (400 MHz, CDCl3): δ = 6.92 (d, J = 1.9 Hz, 1H), 6.81 (d, J = 1.9 Hz, 

1H), 6.80 (s, 1H), 5.16 (brs, 1H), 5.06 (brs, 1H), 1.27 (s, 9H) ppm. 

Compound 6 is a commercially available reagent [CAS: 98-29-3]. 
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1.4. Kinetic analysis and isotopic effects 

1.4.1. Kinetic profiles 

 
Figure S 1-10: Dependence of the initial rate of formation of 3 on: [CuPF6] = 0.50-2.01 mM while [1] = 

9.99 mM, and [DBED] = 10.33 mM. CH2Cl2, −80 °C.  

 
Figure S 1-11: Dependence of the initial rate of formation of 3 on [1] = 0.20, 0.40, 0.80, 1.0, 5.0 and 8.0 

mM while [CuPF6] = 0.50 mM and [DBED] = 0.55 mM. CH2Cl2, −80 °C. 
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1.4.2. Isotopic effects: comparison of 1, 1HD and 1DD 

 
Figure S 1-12: Growth profile for the formation of 3 using 1 (HH), 2-D-4-tert-butylphenol 1HD (HD), and 

2,6-di-D-4-tert-butylphenol 1DD (DD) in stopped-flow experiments at –80 °C. [CuPF6] = 0.74 mM, 

[DBED] = 0.93 mM, [phenol] = 18.57 mM. 

1.4.3. Isotopic effects: intramolecular competition experiment with 1HD 

 

Scheme S 1-4: Intramolecular competition experiment. 
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Table S 1-2: Measurement of the intramolecular KIE with 1HD.a 

Experiment b Ion counts at m/z = 166 for 6H Ion counts at m/z = 167 for 6D Ratio 6D/6H 

174-1 c 504527.692 433806.877 d 0.860 

174-2 c 477748.907 411798.873 d 0.862 

175-1 c 494012.557 419903.682 d 0.850 

175-2 c 406583.595 349998.235 d 0.861 

176-1 428979.342 377105.335 d 0.879 

176-2 396571.342 347507.380 d 0.876 

177-1 533717.468 468447.535 d 0.878 

177-2 490272.81 429136.320 d 0.875 

  Average: 0.868 

  Standard deviation: 0.011 

a Conditions: DBED (53 mg, 0.31 mmol, 1.2 equiv.) and CuPF6 (98 mg, 0.26 mmol, 1 equiv.) 

were combined in 2 mL CH2Cl2 under nitrogen. Solid 1HD (40 mg, 0.26 mmol, 1 equiv.) was 

added and the solution transferred to a Radley tube and diluted to 5 mL, giving final 

concentrations: [CuPF6] = 52 mM, [DBED] = 58 mM, [1HD] = 52 mM. The solution was 

cooled to −78 °C and oxygenated (O2 pressure = 2 bar) for 4 hours, after which a saturated 

aqueous Na2S2O4 solution was added and the mixture warmed up to 25 °C. The organic layer 

was separated and washed with water (20 mL) then brine (20 mL), dried over Na2SO4, 

filtered, and the solvent was removed under reduced pressure to give a white solid. The 

product was dissolved in diethyl ether and analyzed by GC-MS. b Each solution was 

measured twice on the GC-MS. c These experiments were carried out in the presence of 100 

mg of 4Å molecular sieves, with no observable difference from the other experiments. d These 

values were corrected from the 11% signal arising from the isotopic pattern of 6H. 
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2. Supplementary Information for Chapter 3 

Catalytic Aerobic Oxidation of Phenols to Ortho-Quinones with Air-Stable Copper 

Precatalysts 

M.S. Askari, L.A. Rodríguez-Solano, A. Proppe, B. McAllister, J.-P. Lumb and X. 

Ottenwaelder* 

 

2.1. General Experimental 

 Chemicals and solvents were purchased from Sigma Aldrich, Alfa Aesar or Strem 

Chemicals. Inhibitor-free solvents were dried using a MBraun SPS 800, transferred to an inert-

atmosphere glove box (MBraun Labmaster, <1 ppm O2 and H2O, filled with a dry N2 

atmosphere), further degassed under vacuum and stored over activated molecular sieves (4 Å). 

tert-Butylphenol 1 was purified by double recrystallization from CH2Cl2/hexanes. N,N'-di-tert-

butylethylenediamine (DBED) was distilled over CaH2 under N2 and stored in an inert 

atmosphere glove box. The copper(I) salt [Cu(CH3CN)4](PF6), abbreviated CuPF6, was made via 

a literature procedure.[168] CuII(TfO)2·4H2O,[200] anhydrous CuII(TfO)2,[200] and 

[Cu(MeCN)3.5](MsO)[58] were prepared according to literature procedures. CuII(OAc)2·MeCN 

was prepared by reacting CuIIO with acetic acid and acetic anhydride (1:1) in dry acetonitrile then 

extracted by Soxhlet (48h). All copper(I) complexes were stored inside the glovebox. 

 Unless otherwise noted, reactions were performed in oven-dried glassware under a positive 

pressure of nitrogen using standard synthetic inert-atmosphere techniques. Bulk oxidation 

reactions were set-up in the glovebox in 25 mL, oven-dried Radley tubes equipped with a Teflon-

coated stir bar. The reaction vessels were then connected to a cylinder of O2, purged three times 

with O2 and then overpressurized to +1.0 atm. 

 UV-visible spectra were recorded on a B&W Tek iTrometer equipped with fiber-optic 

cables connected to a Hellma full-quartz dip-probe having a 1.0 mm pathlength. The probe was 

immersed in the solution inside a custom-made Schlenk flask. 
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2.2. Syntheses and Characterizations 

2.2.1. Synthesis of 3 

 
Scheme S 2-1: Synthesis of [(DBED)Cu(OH)]2 ⋅ (2PF6). 

 3:[158] In the glovebox, solid [Cu(MeCN)4]PF6 (370 mg, 0.99 mmol) was added to a 

solution of DBED (172 mg, 1.0 mmol) in 5 mL of CH2Cl2. The resulting pink solution was 

stirred until all the copper dissolved. The solution was then exposed to oxygen or air upon which 

the color changed to deep green. Diethyl ether was added to the mixture to precipitate the 

complex. The solid was filtered off, washed with Et2O, and dried in vacuo. Crystals suitable for 

x-ray diffraction were grown by slow evaporation of a concentrated solution in CH2Cl2. 

2.2.2. Synthesis of 4 

 
Scheme S 2-2: Synthesis of [(DBED)Cu(OAc)2]. 

 4: To a solution of DBED (1.9 g, 11 mmol) in 10 mL ethyl acetate was added solid 

CuII(OAc)2·H2O (2.0 g, 10 mmol). The blue solution was left stirring until all the copper was 

dissolved. The solution was then filtered and solvent was removed in vacuo to give a blue solid 

residue. The solid was triturated in Et2O, filtered off, and dried in vacuo to give a blue powder. 

Yield: 82%. Elemental analysis (mol%): expected for C14H30N2O4Cu: C, 47.51; H, 8.54; N, 7.81; 

found: C, 47.67; H, 8.58; N, 7.85. Crystals suitable for X-ray diffraction were grown by slow 

evaporation of a concentrated solution of 4 in ethyl acetate. 

NH

NH

tBu

tBu

[(MeCN)4Cu]PF6
CH2Cl2

N2

NH

NH

tBu

tBu

Cu NCCH3 •  PF6
O2

NH

NH

tBu

tBu

Cu

H
O

O
H

HN

HN

tBu

tBu

Cu •  2PF6

NH

NH

tBu

tBu

Cu(OAc)2 •  H2O
25 ºC

NH

NH

tBu

tBu

Cu

O

O

O

O

EtOAc



 117 

2.3. Crystallographic details 

 3: A rhomb-like specimen of C20H50Cu2F6N4O2P2, approximate dimensions 0.367 mm x 

0.469 mm x 0.503 mm, was used for the X-ray crystallographic analysis. The integration of the 

data using a monoclinic unit cell yielded a total of 12237 reflections to a maximum θ angle of 

27.55° (0.77 Å resolution), of which 12237 were independent (average redundancy 1.000, 

completeness = 94.9%, Rsig = 3.62%) and 8327 (68.05%) were greater than 2σ(F2). Unit cell The 

final cell constants of a = 24.870(3) Å, b = 16.8713(18) Å, c = 18.708(2) Å, β = 120.7840(10)°, 

volume = 6743.7(13) Å3, are based upon the refinement of the XYZ-centroids of reflections 

above 20 σ(I). Scaling The calculated minimum and maximum transmission coefficients (based 

on crystal size) are 0.6216 and 0.7456. The structure was solved and refined using the Bruker 

SHELXTL Software Package, using the space group C 1 2/c 1, with Z = 8 for the formula unit, 

C20H50Cu2F6N4O2P2. Structure refinement The final anisotropic full-matrix least-squares 

refinement on F2 with 393 variables converged at R1 = 6.33%, for the observed data and wR2 = 

16.59% for all data. The goodness-of-fit was 1.115. The largest peak in the final difference 

electron density synthesis was 0.895 e-/Å3 and the largest hole was -0.651 e-/Å3 with an RMS 

deviation of 0.112 e-/Å3. On the basis of the final model, the calculated density was 1.567 g/cm3 

and F(000), 3280 e-. 

 4: A light blue rhomb-like specimen of C14H30CuN2O4, approximate dimensions 0.422 mm 

x 0.558 mm x 1.140 mm, was used for the X-ray crystallographic analysis. The X-ray intensity 

data were measured on measured on Mo Kα radiation (λ = 0.71073 Å) of Bruker APEX DUO. A 

total of 1464 frames were collected. The total exposure time was 4.07 hours. Integration The 

frames were integrated with the Bruker SAINT software package using a narrow-frame 

algorithm. The integration of the data using a monoclinic unit cell yielded a total of 9419 

reflections to a maximum θ angle of 27.98° (0.76 Å resolution), of which 2002 were independent 

(average redundancy 4.705, completeness = 93.9%, Rint = 2.07%, Rsig = 1.52%) and 1867 

(93.26%) were greater than 2σ(F2). Unit cell The final cell constants of a = 15.876(4) Å, b = 

11.938(3) Å, c = 12.088(6) Å, β = 129.534(3)°, volume = 1766.9(11) Å3, are based upon the 

refinement of the XYZ-centroids of 6748 reflections above 20 σ(I) with 4.765° < 2θ < 55.95°. 

Scaling Data were corrected for absorption effects using the multi-scan method (SADABS). The 

ratio of minimum to maximum apparent transmission was 0.697. The calculated minimum and 

maximum transmission coefficients (based on crystal size) are 0.3295 and 0.6202. The structure 
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was solved and refined using the Bruker SHELXTL Software Package, using the space group C 1 

2/c 1, with Z = 4 for the formula unit, C14H30CuN2O4. Structure refinement The final anisotropic 

full-matrix least-squares refinement on F2 with 100 variables converged at R1 = 2.35%, for the 

observed data and wR2 = 6.66% for all data. The goodness-of-fit was 1.103. The largest peak in 

the final difference electron density synthesis was 0.283 e-/Å3 and the largest hole was -0.440 e-

/Å3 with an RMS deviation of 0.065 e-/Å3. On the basis of the final model, the calculated density 

was 1.331 g/cm3 and F(000), 756 e-. 

 
Figure S 2-1: ORTEP representation at 50% ellipsoid probability of 3 (left, one cation only) and 4 (right). 

Hydrogen atoms removed for clarity. Selected bond lengths and angles for 4: Cu–O = 1.9272(11) Å, Cu–

N = 2.0282(13) Å. O1–Cu1–O1 = 87.19(6)°, O1–Cu1–N1 = 146.62(5)°, N1–Cu1–N1 = 87.18(8)°. 
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Table S 2-1: Crystal data and structure refinement for 3 and 4. 

CCDC deposition number 1051251 1051252 
Empirical formula C20H50N4O2F6P2Cu2 C14H30N2O4Cu  
Formula weight 795.66 353.94 
Temperature 150(2) 293(2) K 
Wavelength 0.71073 Å 0.71073 Å 
Crystal system Monoclinic Monoclinic 
Space group C2/c C2/c 

Unit cell dimensions 

a = 24.870(3) Å  
b = 16.8713(18) Å 
c = 18.708(2) Å 
α = 90.00° 
β = 120.7840(10)° 
γ = 90.00° 

a = 15.876(4) Å  
b = 11.938(3) Å 
c = 12.088(6) Å 
α = 90.00° 
β = 129.534(3)° 
γ = 90.00° 

Volume 6743.8(13) 1766.9(11) Å3 
Z 8 4 
Density (calculated) 1.567 g/cm3 1.331 g/cm3 
Absorption coefficient 1.448 mm−1 1.252 mm−1 
F(000) 3280 756 
Crystal size 0.503 × 0.469 × 0.367 mm 1.14 × 0.558 × 0.422 mm 
Theta range for data collection 2.26 – 27.44° 2.38 – 27.98° 

Index ranges 
h = −32→27 
k = 0→21 
 l = 0→24 

h = −19→20 
k = −15→14 
 l = −15→15 

Reflections collected 12237 9419 
Independent reflections 12237 2002 (Rint = 2.07%) 
Completeness 94.9% 93.9% 
Absorption correction Multiscan Multiscan 

Refinement method Full-matrix least-squares on 
F2 

Full-matrix least-squares on 
F2 

Data / restraints / parameters 12237 / 0 / 393 2002 / 0 / 100 
Goodness of fit on F2 1.115 1.103 
Final R indices [I > 2σ(I)] R1 = 6.33%, wR2 = 14.17% R1 = 2.35%, wR2 = 6.49% 
R indices (all data) R1 = 10.43%, wR2 = 16.59% R1 = 2.62%, wR2 = 6.66% 
Largest diff. peak and hole 0.895 and −0.651 e Å−3 0.283 and −0.440 e Å−3 
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2.4. Typical Reaction Procedure 

 For reproducibility of the yield measurements, solutions were prepared in the glovebox 

prior to oxygenation. A solution containing DBED (0.1 mol), CuII(OAc)2·H2O (0.05 mol), and 

phenol (1 mmol) in 10 mL CH2Cl2 was placed in a Radley tube equipped with a stir bar, then 

sealed with a Radley cap. Outside the glovebox, the tube was then pressurized with 2 

atmospheres of dry O2 (after 5 purges) and left stirring for 4 hours. The reaction mixture was then 

transferred to a separatory funnel and hexamethylbenzene (0.15 equiv.) was added. The organic 

layer was washed twice with aqueous 10% NaHSO4, dried over Na2SO4, and filtered. 

Evaporation of the solvent under reduced pressure afforded the quinone which was analyzed by 

NMR in CDCl3. 

 Alternatively, the reaction can be set up in the air as follow: the 1:1 mixture of DBED and 

CuII(OAc)2·H2O in 5 mL CH2Cl2 was placed in the Radley tube and solubilized. Then a solution 

of the phenol in 5 mL CH2Cl2 was added and the vessel was closed, purged and pressurized with 

O2. 

2.5. Solvent Screening 

Table S 2-2: Solvent screening of the CuII(OAc)2 · H2O-precatalyzed reaction a 

Entry Solvent Yield (%) b 

1 Dichloromethane 98 
2 Chloroform <30 
3 Tetrahydrofuran 31 
4 Acetone 31 
5 Ethyl acetate 65 
6 Toluene 60 
7 Hexanes 3 
8 Dimethylsulfoxide 32 
9 Acetonitrile 93 
10 Methanol 17 
11 Ethanol 0 
a Conditions: 0.666 mmol 1, 5% Cu, 10% DBED, 6 mL solvent (0.1 M), 2 atm O2, 4 h, 
25°C. b NMR yield calculated based on relative peak areas of 1 and 2. 
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2.6. UV-Visible Spectroscopic Monitoring of the Reactions 

 
Figure S 2-2: In-situ UV-visible monitoring of the reaction of 1 (50 mM) with 5% CuII(OAc)2 · H2O and 

10% DBED, CH2Cl2 under 1.1 atm O2 at 25°C. One spectrum every 2 min. The reaction was stopped after 

4h, at which time, the final yield of 2 was 82% (reaction was not complete at this Cu concentration and 

under this lower O2 pressure than in the bulk). 

 
Figure S 2-3: In-situ UV-visible monitoring of the reaction of 1 (50 mM) with 5% CuII(OTf)2 · 4 H2O and 

10% DBED, CH2Cl2 under 1.1 atm O2 at 25°C. First part of the growth (until A416 ≈ 1.75): one spectrum 

every 10s, then one spectrum every 1 min, at which point the absorbance of 2 saturates. Final yield of 2 

was 98%. 
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3. Supplementary Information for Chapter 4 

 

The Two Spin States of an End-On Copper(II)-Superoxide Mimic 

Mohammad S. Askari, Brigitte Girard, Muralee Murugesu and Xavier Ottenwaelder* 

 

 

3.1. Experimental procedures 

 All the syntheses of the copper complexes were performed in a dry nitrogen filled glove-

box (O2 < 0.1 ppm, H2O < 0.1 ppm). Solvents were dried by standard procedures, degassed, and 

stored over activated molecular sieves (4 Å) in the glove-box. The ligand Me6tren was prepared 

following a literature procedure,[201] distilled over CaH2 under vacuum, and stored under the inert 

atmosphere of the glove-box. The copper salts [Cu(MeCN)4](TfO) and [Cu(MeCN)4](SbF6) were 

prepared according to the standard literature procedure using TfOH or HSbF6 (Sigma-

Aldrich).[168] Nitrosobenzene (Sigma-Aldrich) was stored in the glove-box at -30 °C. 
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3.2. Solid State UV-vis 

 UV-visible spectra were recorded on an Agilent 8453 spectrophotometer. The samples were 

prepared by grinding the compounds in Nujol and placing the suspension between two quartz 

disks. 

 
Figure S 3-1: Solid-state UV-vis spectra of [1](TfO) and [1]SbF6. 
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3.3. Magnetic Behaviour of [1](TfO): 

 Variable temperature dc magnetic susceptibility measurements were performed on a 50 mg 

crushed crystalline sample in the temperature range of 2.5–300K and an applied dc field of 1000 

Oe. The χT vs. T plot shown below indicates a room temperature value of 0.79 cm3·K·mol-1 which 

is in good agreement with the value for two non-interacting S=1/2 spins (0.75 cm3·K·mol-1). The 

χT product increases immediately upon decreasing the temperature indicating strong 

ferromagnetic coupling within the molecule. 

 

 
Figure S 3-2: Variable temperature dc magnetic susceptibility measurement on [1](TfO). 
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3.4. Computational Details 

 The calculations were performed using the 6-31G(d) basis set and the BP86 functional[202-

204] with the Gaussian-09 quantum chemistry package.[205] The crystal structure geometries were 

used as the initial coordinates for optimization. Atomic coordinates of the optimized geometries: 
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2. [(Me6tren)Cu(PhNO)]+, S=1 
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4. Supplementary Information for Chapter 5 

Controlled nitrene transfer from a tyrosinase-like arylnitroso-copper complex 

Mohammad S. Askari, Maylis Orio, and Xavier Ottenwaelder* 

 

4.1. Experimental Procedures 

 Chemicals were obtained from Sigma-Aldrich and Alfa Aesar, except acetanilide-15N from 

Cambridge Isotope Laboratories. Air-sensitive compounds were handled under inert atmosphere 

(N2) in a dry nitrogen glove-box (O2 < 0.1 ppm, H2O < 0.1 ppm) or using standard Schlenk 

techniques. Solvents were dried by standard procedures, degassed, and stored over 4 Å molecular 

sieves in the glove-box. N,N,N’,N’-tetramethyl-1,3-propanediamine (TMPD) was distilled over 

CaH2 under nitrogen, and stored in the glove-box. The copper salt [(MeCN)4Cu](TfO) was 

prepared by adapting the Kubas procedure using TfOH.[168] 4-nitrosonitrobenzene was prepared 

via a literature procedure.[76] Sodium 2,4-di-tert-butylphenolate was prepared in the glove-box by 

treating recrystallized 2,4-di-tert-butylphenol with NaH in THF followed by filtering off the 

solids and precipitating with diethyl ether. NMR spectra were recorded on Varian Innova-500 

MHz instrument. IR spectra were recorded on a Nicolet iS5 (Thermo Scientific) ATR. UV-vis 

spectra were recorded on Agilent 8453 spectrophotometer. 

4.2. Synthetic procedures 

4.2.1. Preparation of p-NO2-C6H4
15NO: 

 
Scheme S 4-1: Para-nitration of acetanilide-15N.[206] 

H15N
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(a) p-nitroacetanilide-15N. Acetanilide-15N was nitrated by adapting a literature procedure.[206] To 

a solution of acetanilide-15N (500 mg, 3.7 mmol) in 6 mL of concentrated H2SO4 at 0 °C, a 

solution of NaNO3 (313 mg, 3.7 mmol, 1 equiv.) in 4 mL concentrated H2SO4 was added 

dropwise over 20 minutes. The mixture was left stirring for 5 hours at 0 °C and then poured onto 

ice-water mixture. The yellow precipitated solid was filtered off and washed with water and used 

for next step without further purification. Yield: 563 mg, 85%. 1H-NMR (acetone-d6): δ (ppm) 

9.80-9.62 (d, 1H, -C15NH-, 1JH-
15

N = 90 Hz), 8.22-8.21 (d, 2H, Ar-H), 7.91-7.89 (d, 2H, Ar-H), 

2.17 (s, 3H, -C(O)CH3). 

 
Scheme S 4-2: Deprotection of the acetanilide. 

(b) p-nitroaniline-15N. p-nitroacetanilide-15N (563 mg, 3.1 mmol) was dissolved in 20 mL of 6 M 

HCl and the solution refluxed for 24 hours. The solution was then cooled to 0 °C and basified by 

adding NH4OH upon which yellow crystals formed which were filtered off and washed with cold 

water. Yield: 416 mg, 96%. 1H-NMR (CDCl3): δ (ppm) 8.08-8.06 (m, 2H, Ar-H), 6.63-6.62 (m, 

2H, Ar-H), 4.39 (d, 2H, 15NH2, 1JH-
15

N = 86Hz). 

 
Scheme S 4-3: Oxidation of the p-nitroaniline-15N with Oxone®.[76] 

(c) p-(15N-nitroso)nitrobenzene. Oxidation of p-nitroaniline-15N was carried out following a 

literature procedure.[76] To a solution of p-nitroaniline-15N (400 mg, 2.9 mmol) in 20 mL of 

CH2Cl2 at 25 °C a solution of Oxone® (2KHSO5�KHSO4�K2SO4, 3.9g, 6.3 mmol, 2.2 equiv.) in 

10 mL of water was added and the mixture stirred vigorously. The progress of the reaction was 
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monitored by TLC until all the starting material was consumed. The organic phase was separated 

and the aqueous layer was extracted twice with CH2Cl2. The combined organic layer was washed 

once with 1 M aqueous HCl, dried over Na2SO4, filtered, and solvent removed under reduced 

pressure to give brown solid. The crude product was purified by sublimation under vacuum to 

afford green crystals of the nitrosoarene that dimerized at 25 °C over few hours. Yield: 220 mg, 

50%. 1H-NMR (CDCl3): δ (ppm) 8.52-8.51 (m, 2H, Ar-H), 8.06-8.04 (m, 2H, Ar-H). 13C{1H}-

NMR (125 MHz, CDCl3): 162.43 (d, 1J13
C-

15
N = 13.3Hz), 125.5, 124.9, 121.3 (d, 2J13

C-
15

N = 

4.3Hz). 15N{1H}-NMR (50 MHz, CDCl3): 913.8 

4.2.2. Preparation of {[(TMPD)Cu]2(TfO)(μ-η2:η2-p-NO2-C6H4NO)}(TfO), 1: 

 To a stirring solution of TMPD (40 mg, 0.31 mmol, 1.2 equiv.) and 4-nitrosonitrobenzene 

(46 mg , 0.30 mmol, 0.7 equiv.) in 5 mL THF, a solution of [(MeCN)4Cu](TfO) (100 mg, 0.26 

mmol, 1 equiv.) in 2 mL THF was added dropwise at 25 °C. The color changed immediately to 

deep green. The solution was stirred for 15 minutes and then cooled down to –30 °C. Dropwise 

addition of the solution to 15 mL of swirling pentane previously cooled to –30 °C resulted in the 

precipitation of a green solid. The solid was isolated and washed with Et2O, pentane and dried in 

vacuo. Yield: 80%. 1H-NMR (acetone-d6): δ (ppm) 8.26-8.17 (m, 4H, aromatic), 2.82 (bs, 4H, N–

CH2), 2.72 (bs, 24H, N(CH3)2), 1.93 (bs, 4H, CH2–CH2–CH2). UV-vis λmax / nm (ε / M–1cm–1): 

346 (19 400), 445 (4 400, shoulder), 643 (1 500). Elemental analysis: calculated for 

C22H40N6O9F6S2Cu2, C 31.54, H 4.81, N 10.03, S 7.65; found C 31.60, H 2.03*, N 9.81, S 7.81. * 

The presence of fluorine in the sample interfered with the normal integration peak for hydrogen. 

The value for H is not trustworthy. 

 Crystals suitable for X-ray structure determination were grown through slow layered 

diffusion of pentane into a concentrated solution of the complex in THF at –30 °C. 

4.2.3. Preparation of complex 2 (reaction of 1 with phenolate): 

 To a solution of 1 (86.7 mg, 0.1 mmol, 1 equiv.) in 10 mL CH2Cl2, solid sodium 2,4-di-

tert-butylphenolate (25.6 mg, 0.1 mmol, 1 equiv.) was added at 25 °C. Within a few minutes the 

color of the solution changed from green to deep blue. After stirring for 1 h, the solution was 

filtered through a 0.45 μM PTFE syringe filter. Fast precipitation through dropwise addition of 

the solution into stirring pentane precooled to –30 °C gave blue microcrystalline solid of 2, which 
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was collected and dried under vacuum. Yield: 76%. 1H-NMR (CDCl3): δ 8.47 (d, 2H), 7.67 (s, 

1H), 7.64 (d, 2H), 6.40 (s, 1H), 3.09 (t, 4H), 2.59 (bs, 12H), 1.87 (bs, 2H), 1.51 (s, 9H), 1.13 (s, 

9H). UV-vis λmax / nm (ε / M–1cm–1): 328 (8 100), 556 (2 800, shoulder), 713 (7 500). Elemental 

analysis: calculated for C28H42N4O6F3SCu·0.2CH2Cl2,* C 48.37, H 6.10, N 8.00, S 4.58; found C 

48.03, H 6.33, N 8.14, S 5.08. * 80% of the crystallization solvent evaporated when drying the 

sample. 

 X-ray quality crystals were grown by layered diffusion of pentane into a concentrated 

solution of the complex in CH2Cl2 at –30 °C. 

4.2.4. N-(2-hydroxyphenyl)-4-nitroaniline, 3: 

To a solution of 1 (86.7 mg, 0.1 mmol, 1 equiv.) in 10 mL CH2Cl2, solid sodium 2,4-di-tert-

butylphenolate (25.6 mg, 0.1 mmol, 1 equiv.) was added at 25 °C. Within a few minutes the 

colour of the solution changed from green to deep blue. To this solution a saturated solution of 

Na2S2O4 was added under Ar upon which the color changed to light yellow, at which stage the 

solutions were handled in the air. The aqueous phase was then extracted twice more with CH2Cl2, 

organics combined, dried over Na2SO4, filtered, and solvent removed under reduced pressure to 

give a yellow oil. Purification by silica gel column (hexanes/ethyl acetate) provided the pure title 

compound as pale yellow solid. Yield: 80%. 1H-NMR (CDCl3): δ (ppm) 8.10-8.08 (d, 2H), 7.30 

(s, 1H), 7.03 (s, 1H), 6.68-6.66 (d, 2H), 5.86 (bs, 1H), 5.74 (bs, 1H), 1.44 (s, 9H), 1.28 (s, 9H). 
13C{1H}-NMR (125 MHz, CDCl3): δ (ppm) 152.5, 148.8, 143.0, 140.2, 136.4, 126.2, 125.3, 

123.3, 121.6, 113.7, 35.1, 34.4, 31.5, 29.5. IR (ATR, cm-1): 3466, 3327, 2954, 1589, 1481, 1420, 

1362, 1297, 1216, 1181, 1110, 974, 839, 751, 697, 652. HRMS: m/z calculated for [M+H]+, 

343.20217; found, 343.20135. 
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Figure S 4-1: 1H NMR spectrum of 3 (CDCl3, 25 °C) 

 

 
Figure S 4-2: 13C{1H} NMR spectrum of 3 (CDCl3, 25 °C). 

������������������������������������������	��	��
��
���


��
�


��
�

�
�
�

�
�



�
�
�

�
��
�

�
�
	

�
�
�

��
��
�
�

�
��
	


�
��
�
�

�
�	
�
�

�
�

�
�

�
��
�
�

�
��
	


	�
�
�
�

	�
�

�



��


�



��



�����
��������������
	��	��	��	��	�

��
��
���

�
�
�

�
�



�
�
�

�
��
�

�
�
	

�
�
�

�
�	
�
�

�
�

�
�

�
��
�
�

�
��
	


	�
�
�
�

	�
�

�

��


�



��



���������������	�
�������������������
���

�
��
�
�

�


��
�
�

�
�
��
�
�

�
�
��
�
	

�
�
��
�



�
�
�
��
�
�

�
�
�
��
�
��
�
�
��


�

�
�
�
��
�
�

�
�
�
��
�



�
�
�
��
�
�

�
�
�
��
�
�

�
�
�
��
�
	

�
�
	
�	
�
�

�
�
�
��
�





 134 

4.3. X-ray Crystallography 

 X-ray diffraction data were collected on a Bruker APEX DUO used micro-focused copper 

source. The frames were integrated with the Bruker SAINT software package using a narrow-

frame algorithm. The Data were corrected for absorption effects using the multi-scan method 

(SADABS). The structure was solved and refined using the Bruker SHELXTL Software Package. 

The final anisotropic full-matrix least-squares refinement is on F2. 
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Table S 4-1: Crystallographic data for [1](TfO) and [2](TfO)·CH2Cl2. 

 

 [1](TfO) [2](TfO)·CH2Cl2 
CCDC deposition number 1029423 1029424 
Empirical formula C22H40Cu2F6N6O9S2 C29H44Cl2CuF3N4O6S 
Formula weight 837.80 768.18 
T (K) 110(2) 113(2) 
Wavelength (Å) 1.54178 1.54178 
Crystal system orthorhombic orthorhombic 
Space group P212121 Pbcn 
Unit cell dimensions   
a (Å) 12.6647(4) 34.9331(5) 
b (Å) 15.6022(7) 10.1199(2) 
c (Å) 17.2534(8) 20.5135(3) 
α (°)  90.00 90.00 
β (°) 90.00 90.00 
γ (°) 90.00 90.00 
V (Å3) 3409.2(2) 7251.9(2) 
Z 4 8 
Dcalc 1.632 1.407 
Absorption coefficient 3.478 3.262 
F(000) 1720 3200 
Crystal size (mm) 0.073 x 0.107 x 0.124 0.07 x 0.30 x 0.38 
θ (°) 3.820 – 62.746  2.53 – 68.16 
Index ranges h = -14 – 14 h = -41 – 41 
 k = -17 – 17 k = -12 – 12 
 l = -19 – 19 l = -24 – 23 
Reflections collected 45388 99756 
Independent reflections 5454 6605 
Completeness (θ) 99.4% 99.6% 
Data/restraints/parameters 5454/0/433 6605/19/453 
Goodness of fit (GOF) on F2 1.021 1.049 
Final R indices [I > 2σ(I)] (%) R1=5.02, wR2=10.43 R = 5.27, wR2 = 14.23 

R indices (all data) (%) R1 = 8.67 
wR2 = 12.04 

R1 = 7.21 
wR2 = 15.61 

Largest difference in peak and hole (e Å-3) 0.552 and -0.493 1.214 and -1.148 
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4.4. UV-Vis Spectra 

 
Figure S 4-3: UV-vis spectra of 1 and 2 in CH2Cl2 at 25 °C. 
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4.5. IR Spectra and Vibrational Analysis 

 
Figure S 4-4: Experimental (top) and computational (bottom, see below for details) IR spectra for solid p-

(14N-nitroso)nitrobenzene (blue), p-(15N-nitroso)nitrobenzene (red), and difference spectra (green). 
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Table S 4-2: Selected calculated IR parameters for Ar14/15NO (dimer form). 

Ar14NO Ar15NO 
Assignment 

Freq. (cm−1) Intensity (a.u.) Freq. (cm−1) Intensity (a.u.) 

796.9 62.6 788.2 49.1� δr NN + δr CHAr 

1214.5 443.9 1193.4 409.7� νs NO + νs CHAr 
Computational details below. νs: streching, δb: bending, δr: rocking, δw: wagging, δt: twisting 

 

 
Figure S 4-5: Relevant vibrational normal modes of Ar14/15NO, a dimer in the solid-state structure. 
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Figure S 4-6: Experimental (top) and computational (bottom, see below for details) IR spectra for 1-14N 

(blue), 1-15N (red), and difference spectra (green). 
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Table S 4-3: Selected calculated IR parameters for 1. 

14N-1 15N-1 
Assignment 

Freq. (cm−1) Intensity (a.u.) Freq. (cm−1) Intensity (a.u.) 

935.9 60.3 918.8 87.8 νs NO 

1189.7 71.1 1183.7 109.0 νs NNO-CAr + νs CHAr 
Computational details below. νs: streching, δb: bending, δr: rocking, δw: wagging, δt: twisting 

 

 
Figure S 4-7: Relevant vibrational normal modes of 14N- and 15N-labeled 1. 
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4.6. DFT calculations 

 All theoretical calculations were performed with the ORCA program package.[207] Full 

geometry optimizations were carried out for all complexes using the GGA functional BP86[203-

204,208] in combination with the TZV/P[209] basis set for all atoms and by taking advantage of the 

resolution of the identity (RI) approximation in the Split-RI-J variant[210] with the appropriate 

Coulomb fitting sets.[211] Increased integration grids (Grid4 in ORCA convention) and tight SCF 

convergence criteria were used. Solvent effects were accounted for according to the experimental 

conditions. For that purpose, we used the CH2Cl2 (ε = 9.08) solvent within the framework of the 

conductor like screening (COSMO) dielectric continuum approach.[212] The relative energies 

were obtained from single-point calculations using the B3LYP[213-214] functional together with the 

TZV/P basis set. They were computed from the gas-phase optimized structures as a sum of 

electronic energy, thermal corrections to free energy, and free energy of solvation. The 

Heisenberg isotropic exchange coupling constants J were evaluated from single point calculations 

based on the Broken Symmetry (BS) approach[215-217] using the B3LYP functional and the TZV/P 

basis set. The Yamaguchi formula[218-219] was used to estimate the exchange coupling constants J 

based on the Heisenberg–Dirac–van Vleck Hamiltonian[220-223] Optical properties were predicted 

from additional single-point calculations using the same functional/basis set as employed before. 

Electronic transition energies and dipole moments for all models were calculated using time-

dependent DFT (TD-DFT)[224-226] within the Tamm-Dancoff approximation.[227-228] To increase 

computational efficiency, the RI approximation[229] was used in calculating the Coulomb term. At 

least 40 excited states were calculated in each case and difference transition density plots were 

generated for each transition. IR spectra were obtained from numerical frequency calculations 

performed on optimized structures using the B3LYP functional together with the TZV/P basis 

set. Isotope shift effects (14N/15N) were taken into account using the orca_vib utility program. 

Vibrational normal modes were visualized with Chemcraft[230] software and differential spectra 

were plotted using the orca_maspc utility program. 
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4.6.1. DFT calculations for 1: 

 
Figure S 4-8: Energetic analysis of the DFT calculations for 1. 

 

 
Figure S 4-9: Optimized structure of cation 1 together with interatomic distances. 
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Figure S 4-10: Unrestricted corresponding orbitals of 1. 

 
Figure S 4-11: Spin population distribution in 1. 
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Figure S 4-12: Theoretical fit of the UV-vis spectrum of 1. 

 

Table S 4-4: Calculated electronic transitions of 1. 

Transition λcalc (nm) f calc Assignment λexpt (nm) ε (M-1 cm-1) 

1 664 0.126 MLCT 643 1500 

2 454 0.095 LLCT 445 4400 

3 418 0.272 MLCT 346 19400 
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Transition 1 Transition 2 

 

Transition 3 

Figure S 4-13: Difference electron densities sketch of transitions 1-3 for 1 (yellow = negative, red = 

positive).  
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4.6.2. Peroxo analogue of 1 

 
Figure S 4-14: Unrestricted corresponding orbitals for peroxo analogue of 1. 

 

 
Figure S 4-15: Spin population distribution for peroxo analogue of 1. 

 

 
Figure S 4-16: HOMO (left) and LUMO (right) for peroxo analogue of 1. 
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4.6.3. DFT calculations for 2 

 
Figure S 4-17: Energetic analysis of the DFT calculations for 2. 

 

 
Figure S 4-18: Optimized structures of singlet cation 2 (left) and triplet cation 2 (right) together with 

interatomic distances. 
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Figure S 4-19: HOMO of singlet cation 2. 

 

 
Figure S 4-20: Theoretical fit of the UV-vis spectrum of singlet cation 2. 
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Table S 4-5: Calculated electronic transtisions of singlet cation 2. 

Transition λcalc (nm) f calc Assignment λexpt (nm) ε (M-1 cm-1) 

1 720 0.112 MLCT 713 7500 

2 613 0.129 MLCT 556 2800 

3 351 0.082 LLCT 328 8100 
 

  

Transition 1 Transition 2 

 

Transition 3 

Figure S 4-21: Difference electron densities sketch of transitions 1-3 for singlet cation 2 (yellow 

= negative, red = positive). 
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