
The development of novel copper-based 
catalysts for the oxidative transformation 

of organic substrates 

L Marais 

orcid.org/0000-0002-6734-0136 

Thesis accepted in fulfilment of the requirements for the degree 
Doctor of Philosophy in Science with Chemistry at the North-

West University 

Promoter: Prof AJ Swarts 

Co-promoter: Prof HCM Vosloo 

Graduation May 2021 

23459093 



Abstract 

I 
 

Abstract 

A series of novel pyrazolylpyridineimine, (E)-N-(2-(1H-pyrazol-1-yl)ethyl)-1-(pyridine-2-

yl)methanimine (imine-L01), (E)-N-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-1-(pyridine-2-

yl)methanimine (imine-L02), and -amine ligands, 2-(1H-pyrazol-1-yl)-N-(pyridine-2-

ylmethyl)ethan-1-amine (L01), 2-(3,5-dimethyl-1H-pyrazol-1-yl)-N-(pyridine-2-ylmethyl)ethan-

1-amine (L02), N-methyl-2-(1H-pyrazol-1-yl)-N-(pyridine-2-ylmethyl)ethan-1-amine (L03) and 

2-(3,5-dimethyl-1H-pyrazol-1-yl)-N-methyl-N-(pyridine-2-ylmethyl)ethan-1-amine (L04) were 

synthesised through the Schiff base condensation, reductive amination and methylation 

reaction steps. These ligands were characterised by FT-IR and NMR [1H and 13C{1H}] 

spectroscopy as well as APCI mass spectrometry. The (L01)/[Cu(MeCN)4]BF4/CsOH catalyst 

system was optimised through the evaluation of pyrazolylpyridineamine ligands L01 to L04, 

CuI/CuII-precursors and hydroxide bases for the hydroxylation of 4-iodotoluene to p-cresol. A 

shortened induction period was possible with the initial in situ formation of the proposed 

[(L01)Cu-OH] intermediate. This resulted in a rapid increase in the conversion during the initial 

23 min, while complete conversion to p-cresol was obtained within 1 h. Moreover, an excellent 

turnover number (TON) value of 1952 was obtained when employing the above-mentioned 

catalyst system for the hydroxylation of 4-iodotoluene at a lower catalyst loading of 0.05 mol%, 

due to the shortened indction period. This is an improvement on the TON value of 1640 

obtained by the benchmark catalyst system. Lastly, moderate to excellent conversions were 

obtained for the hydroxylation of various aryl iodide and bromide substrates. 

The potential application of the pyrazolylpyridineimine (imine-L01 and imine-L02) and -amine 

ligands (L01-L04) was expanded by evaluating them with a CuI-/CuII-precursor and H2O2 

during the optimisation of the (L03)CuCl2·2H2O/H2O2 catalyst system for the peroxidation of 

various cyclic and linear alkanes. Cyclohexane peroxidation resulted in excellent product 

yields of > 90 % with an alcohol selectivity of 44 % within 3 h. The rate of cyclohexyl 

hydroperoxide formation exhibits first-order dependence on [LCu] and [H2O2] and zero-order 

dependence on [substrate]. Cyclohexyl (·Cy) and hydroxyl (·OH) radical formation and the 

nature of the active Cu-based species were investigated by evaluating toluene as substrate 

or performing the reactions in the presence of radical trapping agents. These results, in 

combination with the relative ease of C-H bond activation for 2,4-di-tert-butylphenol, and the 

electrochemical studies, support the reversible transformation between CuII and CuI, with the 

proposed formation of the LCuII-OOH intermediate, followed by the formation of LCuII-hydroxyl 

(LCuII-OH) and LCuII-oxyl (LCuII-O·) active species during the rate-determining step. Hydroxyl 

radicals are involved in the H-atom abstraction step and the reduction of H2O2 resulted in the 

regeneration of CuI species, which is consistent with the proposed mechanistic pathway. 
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Novel bifunctional α,α′-bis[(N-methyl-2-pyrazolyl)ethylimino]-m-xylene, α,α′-bis[N-(2-

pyrazolyl)ethylimino]-m-xylene (imine-L05), α,α′-bis[N-(2-(3,5-dimethylpyrazolyl))ethylimino]-

m-xylene (imine-L06), and α,α′-bis[(N-methyl-2-pyrazolyl)ethylamino]-m-xylene, α,α′-bis[N-(2-

pyrazolyl)ethylamino]-m-xylene (L05), α,α′-bis[N-(2-(3,5-dimethylpyrazolyl))ethylamino]-m-

xylene (L06), α,α′-bis[(N-methyl-2-pyrazolyl)ethylamino]-m-xylene (L07) and α,α′-bis[(N-

methyl-2-(3,5-dimethylpyrazolyl))ethylamino]-m-xylene (L08) ligands were successfully 

synthesised and characterised via a similar synthesis route, as indicated above for the 

pyrazolylpyridineimine and -amine ligands. Experimental evidence supported the 

bifunctionality of our ligands to accommodate two copper centres. These bifunctional ligands 

in combination with CuI-/CuII-precursors and H2O2 were evaluated during the optimisation of 

the (L05)[Cu(MeCN)4]PF6/H2O2 catalyst system for the peroxidation of cyclic and linear 

alkanes. Remarkable product yields of > 88 % were obtained for cyclohexane peroxidation in 

3 h. Reactions were performed in the presence of radical trapping agents, while toluene was 

also evaluated as substrate. These results, in combination with the first-order dependence on 

[LCu] and [H2O2] and zero-order dependence on [substrate], supported the formation of  

C-centred and O-centred radical species and the LCuII-OH and LCuII-O· species. This is 

consistent with the findings for the above-mentioned (L01)CuCl2·2H2O/H2O2 catalyst system. 

Lastly, the imine-L01, imine-L02 and L01-L04 ligands, in combination with a CuI-/CuII-

precursor, H2O2 and NEt3, were evaluated as LPMO mimics for the oxidative cleavage of  

p-nitrophenyl-β-D-glucopyranoside in H2O. UV/vis studies were employed to monitor  

p-nitrophenol formation at 405 nm and exceptionally good rate constants of 0.1026 to  

0.3588 s-1 were obtained during the initial 0.2 s, while a maximum product yield of 69 % was 

possible for the [Cu(MeCN)4]OTf/L03/H2O2/NEt3 catalyst system after 15 min at 27 °C. An 

increase in the absorbance at 375 nm supported the formation of the LCuII-OOH intermediate 

in the absence of the substrate. Decreased rate constants for p-nitrophenyl formation were 

obtained for reactions performed in the presence of radical trapping agents, supporting the 

formation of C- and O-centred radical species. The rate of p-nitrophenol formation exhibits 

first-order dependence on [LCu], [H2O2], and [substrate], with zero-order dependence on 

[NEt3]. These results, in combination with the electrochemical studies, support the oxidation 

of CuI to CuII due to the formation of the LCuII-OOH intermediate, followed by the formation of 

LCuII-O· and ·OH radical species for substrate activation. The reduction of H2O2 resulted in 

the regeneration of CuI species. Lastly, selectivity towards oxidative cleavage reactions was 

observed, since the oxidation of primary and secondary alcohols resulted in poor to no 

conversions. 

Keywords: Oxidative transformation, hydroxylation, peroxidation, pyrazolylpyridineamine ligands, 

bifunctional ligands, lytic polysaccharide monooxygenase (LPMO), mechanistic pathway
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1.1 Literature background 

Oxygenated products such as alcohols, ketones and aldehydes are valuable and important 

intermediates in the pharmaceutical and chemical industries. Previously, the Hock and Dow 

processes, the non-oxidative Sandmeyer reaction, nucleophilic aromatic substitution and 

oxidation reactions were employed for the synthesis of these oxygenates. However, these 

synthesis methods lead to low product yields and poor selectivity due to the need for harsh 

reaction conditions such as high temperatures, the inclusion of expensive catalysts or strong 

oxidants, and an inert atmosphere during the reactions. These drawbacks resulted in the 

growing demand to develop alternative synthesis methods of which one is via the oxidative 

transformation of a series of organic substrates. Initially, the focus was on various transition 

metals, as precursors, but the advantages of lower toxicity and higher economic benefits of 

copper metal have led to the development of several Cu-based catalyst systems to afford the 

oxygenated products. 

Much work has been done to develop Cu-based catalytic oxidation systems to understand the 

functionality of natural enzymes, such as galactose oxidase (GOase), by mimicking the active 

sites during oxidation reactions. The active sites of GOase consist of a copper centre in 

combination with a redox active phenolate/phenoxyl radical ligand [1]. The alcohol substrate 

then coordinates to the active site with a resulting hydrogen abstraction step to afford the 

aldehyde product. The ability to mimic the geometries of the Cu-based active site, with the 

radical co-catalyst, 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO·), has led to the 

development of a number of CuI/TEMPO· catalyst systems for the oxidation of alcohols to the 

corresponding aldehyde products [2-7]. However, the bulky structure of TEMPO· hinders the 

approach of the alcohol substrate to coordinate with the active copper centre, and therefore 

limits the substrate scope to primary alcohols. Stahl and co-workers replaced TEMPO· with a 

sterically smaller 9-azabicyclo[3.3.1]nonane-N-oxyl (ABNO·) co-catalyst, thereby expanding 

the substrate scope to primary and secondary alcohols [8]. Unfortunately, both of these co-

catalysts are very expensive and resulted in the development of Cu-based catalyst systems 

for different oxidative transformation reactions, which can operate in the absence of an  

N-oxide co-catalyst. 

Oxidative transformation reactions include N-oxide co-catalyst-free oxidation, hydroxylation 

and peroxidation reactions, as well as Cu-based lytic polysaccharide monooxygenase (LPMO) 

mimics for oxidative cleavage reactions to afford the oxygenated products. These reactions 

involve an H-atom abstraction step or the substitution of either a halogen (-X) or hydrogen  

(-H) atom with a hydroperoxide (-OOH) or a hydroxyl (-OH) group using a Cu-based pre-

catalyst in combination with a hydroxide base or an oxidant such as H2O2. Alternatively, Cu-
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based catalyst systems are also employed as LPMO mimics for the oxidative cleavage of 

recalcitrant polysaccharides in the presence of H2O2 as the oxidant. 

Several Cu-based catalyst systems have been reported for the oxidation of primary and 

secondary alcohols in the absence of an N-oxide radical co-catalyst. Either O2 (aerobic 

oxidation) or peroxides such as H2O2 or tert-butyl hydroperoxide (TBHP; peroxidative 

oxidation) may be employed as the oxidant [9]. However, these catalyst systems are usually 

limited to the oxidation of activated alcohols such as allylic and benzylic alcohols. The hydroxyl 

groups of these alcohols are better leaving groups and the resulting carbocation is resonance-

stabilised, thereby promoting the reactivity of activated alcohols during oxidation reactions. 

Unfortunately, this does not form part of the scope of this study, but will be kept in mind for 

future investigations. 

Cu-based catalyst systems have also been employed for the hydroxylation of aryl halides to 

afford the resulting phenolic products. However, these catalyst systems usually require high 

catalyst loadings, extremely high reaction temperatures and an inert atmosphere. Cazin and 

co-workers improved on these drawbacks by decreasing the catalyst loading for their 

[CuCl(SIPr)]/CsOH catalyst system (SIPr: (N,N′-bis[2,6-(di-iso-propyl)phenyl]imidazolidin-2-

ylidene) during the hydroxylation of iodobenzene, and they obtained turnover numbers (TON) 

of 1640 [10]. However, their catalyst system still requires an inert atmosphere and a 

temperature of 130 °C for successful conversions. 

The focus of recent research efforts have been on the inclusion of copper as metal precursor, 

due to its lower toxicity, with H2O2 as oxidant for the peroxidation of cycloalkanes to the 

corresponding cycloalkyl hydroperoxide, alcohol and ketone products. Previous catalyst 

systems resulted in low product yields, while high reaction temperatures and the addition of 

additives are often required. The current benchmark catalyst system for cyclohexane 

peroxidation was reported by Garcia-Bosch and co-workers, which showed remarkable 

efficiency, alcohol selectivity and a product yield of 56 % [11]. Furthermore, previous studies 

have shown that the reversible transformation of the copper oxidation states and a sufficient 

amount of initial H2O2 determine the preferred mechanistic pathway [11-14]. However, due to 

the lack in experimental proof for these copper oxidation states, the need to further investigate 

the mechanistic pathway for hydrocarbon peroxidation reactions arises. 

Cu-based catalyst systems can also serve as LPMO mimics during the oxidative cleavage of 

p-nitrophenyl-β-D-glucopyranoside to afford p-nitrophenol and D-allose as products, using 

H2O2 as the oxidant. These mononuclear enzymes consist of an unusual surface-exposed 

active site, which is coordinated to the copper centre for substrate activation. Mayilmurugan 

and co-workers reported on the combination of CuII complexes, consisting of copper(II) 
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perchlorate hexahydrate (Cu(ClO4)2·6H2O) and pyridinoyl-substituted cyclic 1,4-diazepane 

3N-ligands, with H2O2 and NEt3 for the oxidative cleavage of p-nitrophenyl-β-D-

glucopyranoside [15]. They obtained rate constants of 1.61 ± 0.2 to 9.06 ± 0.1 x 10-3 s-1 for  

p-nitrophenol formation while a maximum isolated yield of 78 % (reported TON: 300, actual 

TON: 63) was possible in 2 h at 60 °C. The current state-of-the-art Cu-based catalyst system, 

for the oxidative cleavage of p-nitrophenyl-derivatised glucose and galactose mono- and 

disaccharides, was recently reported by Cowen and co-workers [16]. They employed mono-, 

bi- and tetranuclear CuII complexes, bearing a di(2-picolyl)amine ligand and rate constants of 

0.3 to 0.56 min-1 were obtained for monosaccharide substrates using the mononuclear CuII 

complex. A two-fold increase in the rate constant was observed for disaccharide substrates 

(1.1 to 1.4 min-1), while a further increase was obtained when employing the tetranuclear CuII 

complexes (3.0 to 15.3 min-1). Only a few Cu-based LPMO mimics have recently been 

developed for oxidative cleavage of recalcitrant polysaccharide substrates. However, these 

catalyst systems still require elevated reaction temperatures, while the addition of additives 

are required in some cases. 

In conclusion, a variety of Cu-based catalyst systems have previously been reported for the 

above-mentioned oxidative transformation reactions to afford the respective oxygenated 

products. However, the need still exists to develop Cu-based catalyst systems with the 

inclusion of novel and efficient ligand sets for the oxidative transformation of organic 

substrates that can operate under mild reaction conditions, open to air and result in excellent 

product yields and product selectivity. I envisage that the nature of the ligands as well as the 

oxidation state of the copper metal centre will have an effect on the reactivity of the in situ 

formed pre-catalysts for these oxidative transformation reactions. 

1.2 Aims of the study 

With the focus on the development of novel Cu-based catalyst systems for oxidative 

transformation reactions, in the absence of an N-oxide radical co-catalyst, I propose several 

catalyst systems for the hydroxylation of aryl halides, peroxidation of cyclic and linear alkanes 

and to serve as LPMO mimics for the oxidative cleavage of polysaccharides, under ambient 

air (Scheme 1.1). These catalyst systems involve the inclusion of a CuI-/CuII-precursor in 

combination with a pyrazolylpyridineimine (imine-L01 and imine-L02), -amine (L01-L04), α,α′-

bis[(N-methyl-2-pyrazolyl)ethylimino]-m-xylene (imine-L05 and imine-L06) or α,α′-bis[(N-

methyl-2-pyrazolyl)ethylamino]-m-xylene (L05-L08) ligand and a hydroxide base or H2O2 as 

the oxidant. These ligands include imine groups or substituents on either the pyrazole ring or 

the ethyl-linked N-atom and they may accommodate one or two copper centres during the in 

situ formation of the pre-catalysts. The aim is to determine the effect of substituents on the 
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two ligand sets, the difference between tridentate and m-xylene bridged ligands, as well as 

varying nuclearity of the pre-catalysts on the various oxidative transformation reactions. 

Furthermore, the improvement of the product yields, at low catalyst loadings, ambient 

temperatures and open to air is of importance in this study. 

 

Scheme 1.1: A summary of the Cu-based catalayst systems that will be optimised for the various 

oxidative transformation reactions. This study will focus on the hydroxylation of aryl 

halides (a), peroxidation of cyclic and linear alkanes (b and c) and the oxidative cleavage 

of polysaccharides (d). 

1.3 Objectives 

The objectives for this study include:  

 The synthesis and characterisation of the novel pyrazolylpyridineimine, -amine, α,α′-

bis[(N-methyl-2-pyrazolyl)ethylimino]-m-xylene and α,α′-bis[(N-methyl-2-

pyrazolyl)ethylamino]-m-xylene ligand frameworks. Different spectroscopic and 

analytical techniques were employed during the characterisation of these novel 

ligands. 
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 The novel ligand sets, in combination with copper precursors, were evaluated during 

the optimisation of alternative catalyst systems for the hydroxylation of aryl halides, 

the peroxidation of cyclic and linear alkanes and to serve as LPMO mimics for the 

oxidative cleavage of polysaccharides (Scheme 1.1). 

 The optimisation of these Cu-based catalyst systems includes the evaluation of the 

effect of mono- and bifunctional ligands, CuI-/CuII-precursors, pre-catalyst 

concentration, oxidant concentration and substrate concentration. 

 Oxidative transformation reactions were also performed in the presence of radical 

trapping agents to evaluate the effect of radical species on the efficiency of the 

reaction and to investigate the nature of active metal species. 

 Kinetic studies were performed and the effect of the initial concentration of various 

reaction parameters on the rate of product formation was evaluated. 

 The substrate scope of these Cu-based catalyst systems were also investigated. 

 Lastly, the proposed mechanistic pathways for these oxidative transformation 

reactions were assessed. 

1.4 Outline of thesis 

The development of Cu-based catalyst systems for the oxidative transformation of organic 

substrates, in the absence of a radical co-catalyst, are highlighted in the review article in 

Chapter 2. Oxidative transformation reactions include N-oxide co-catalyst-free alcohol 

oxidation, the hydroxylation of aryl halides, peroxidation of cyclic and linear alkanes as well as 

Cu-based LPMO mimics for the oxidative cleavage of recalcitrant polysaccharides. 

Specifically the differences, advantages and disadvantages for the various Cu-based catalyst 

systems are reported. Furthermore, the effects of the nature of the ligand and copper oxidation 

states on the efficiency of these reactions are investigated. Lastly, the mechanistic aspects of 

the oxidative transformation reactions are discussed. 

Chapter 3, a peer-reviewed article, involves the evaluation of novel pyrazolylpyridineamine 

ligands, in combination with a Cu-precursor and CsOH, during the optimisation of the 

(L01)[Cu(MeCN)4]BF4/CsOH catalyst system for the hydroxylation of aryl halides. The effects 

of the optimised reaction conditions and the initial in situ formation of a [(L01)Cu-OH] 

intermediate on the hydroxylation of 4-iodotoluene to p-cresol are evaluated. Lastly, the 

substrate scope was investigated by evaluating different aryl iodides and bromides.  

The application of the pyrazolylpyridineimine and -amine ligands, in combination with a copper 

precursor and H2O2, for the peroxidation of various cyclic and linear alkanes are reported in 

the manuscript in Chapter 4. Kinetic studies are performed to evaluate the effect of initial 
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concentrations of LCu, H2O2 and substrate on the rate of cyclohexyl hydroperoxide formation. 

Various experimental methods, such as the addition of radical trapping agents and the 

evaluation of toluene as substrate, are employed to determine the effect of radical species on 

the peroxidation reaction and to investigate the nature of the active Cu-based intermediates. 

The reversible transformations of the oxidation state of copper, the effect of various 

pyrazolylpyridineimine and -amine ligands as well as added H2O2 on the redox potentials are 

investigated using cyclic voltammetry. Lastly, the obtained experimental results are employed 

to propose a plausible mechanistic pathway for hydrocarbon peroxidation reactions. 

The manuscript in Chapter 5 involves the synthesis, characterisation and evaluation of novel 

α,α′-bis[(N-methyl-2-pyrazolyl)ethylimino]-m-xylene and α,α′-bis[(N-methyl-2-pyrazolyl)-

ethylamino]-m-xylene ligands, in combination with a copper precursor and H2O2, during 

cyclohexane peroxidation. The peroxidation of various cyclic and linear alkanes are also 

evaluated. Kinetic assessments are done to determine the effect of the initial concentrations 

of LCu, H2O2 and substrate on the rate of cyclohexyl hydroperoxide formation. Radical 

formation and the nature of the active metal species are investigated using various 

experimental methods, such as the addition of radical trapping agents or by employing toluene 

as the substrate. 

The development of a Cu-based catalyst system that can serve as an LPMO mimic for the 

oxidative cleavage of recalcitrant polysaccharides are described in the manuscript in  

Chapter 6. The pyrazolylpyridineimine and -amine ligands, in combination with a copper 

precursor, H2O2 and NEt3, are evaluated for the oxidative cleavage of p-nitrophenol-β-D-

glucopyranoside. UV/vis spectroscopic studies are employed to monitor the kinetics and 

conversions of the reaction in water and the absorption band for the formation of p-nitrophenol 

at 405 nm is followed. UV/vis studies are also employed to provide evidence for the presence 

of the LCuII-OOH intermediate (absorbance at 375 nm) in the absence of the substrate. The 

effect of radical trapping agents on the rate of product formation supports the formation of both 

C- and O-centred radical species. Electrochemical studies are employed to evaluate the effect 

of scan rates, varying pyrazolylpyridineimine and -amine ligands and the addition of NEt3 and 

H2O2 on the redox potentials. These experimental results are employed to identify the optimal 

mechanistic pathway for the (L03)[Cu(MeCN)4]OTf/H2O2/NEt3 catalyst system. Lastly, the 

selectivity of the Cu-based catalyst system towards oxidative cleavage reactions is evaluated. 

Concluding remarks related to this study, which is focused on oxidative transformation 

reactions, my scientific contributions as well as recommendations for future work, are reported 

in Chapter 7. 
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Highlights 

 State of the art copper-catalysed oxidative transformations is described. 

 Hydroxylation, peroxidation and oxidative cleavage reactions are reviewed as radical 

co-catalyst-free transformations. 

 Key differences in the mechanistic pathways are discussed with insights from 

experimental and theoretical aspects. 

Oxidative transformations involve the conversion of organic substrates through various processes to 

obtain oxygenated products such as alcohols, ketones and aldehydes, which can be used in the 

pharmaceutical and chemistry industries. These reactions include, but are not exclusive to, the radical 

co-catalyst-free oxidation of activated alcohols, hydroxylation of aryl halides, peroxidation of 

hydrocarbons, and lastly, lytic polysaccharide monooxygenase (LPMO) mimics for oxidative cleavage 

of polysaccharides. The lower toxicity of copper as a metal pre-catalyst, has received considerable 

attention during the development of various catalyst systems to generate oxygenates. The mechanistic 

pathway for these Cu-based catalyst systems has been investigated, and the major differences involve 

the initial oxidation state of copper, the reversibility of the transformation of these oxidation states, and 

the nature of the Cu-based active species. Herein, we discuss the development and the mechanistic 

pathways for the oxidative transformation reactions. 

Keywords: oxidative transformations, oxidation, hydroxylation, peroxidation, lytic polysaccharide 

monooxygenase (LPMO), copper catalysis, mechanistic pathways. 

2.1 Introduction 

Oxygenates such as alcohols, ketones and aldehydes are high-value building blocks in the 

pharmaceutical and chemical industries. Several methods have been developed to prepare 

these oxygenated products from various organic substrates. The initial focus was on the 

application of a variety of transition metals as pre-catalysts for oxygenate syntheses. Copper 

has emerged as a pre-catalyst of choice due to its low economic cost, low toxicity and 

widespread availability in nature [1, 2]. 
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Cu-based catalyst systems have provided key insights into the understanding of natural 

enzymes such as galactose oxidase (GOase), a type-II mononuclear Cu-based enzyme for 

aerobic alcohol oxidation to afford the corresponding aldehydes [3, 4]. The ability to mimic the 

Cu-based active centre of the enzyme by the interaction with the radical co-catalyst, 2,2,6,6-

tetramethylpiperidine-N-oxyl (TEMPO·), led to the development of several promising Cu-

based homogeneous catalyst systems. The inclusion of the radical co-catalyst, similar to the 

radical ligand of the enzyme, is important for optimal activity with these catalyst systems, and 

it can either be added intentionally, such as TEMPO· or created in situ during the reaction. 

A number of Cu/TEMPO· catalyst systems have been reported for the aerobic oxidation of 

alcohols to the corresponding aldehydes [5-11]. The high cost and bulky structure of TEMPO· 

and the preference for primary over secondary alcohols led to further investigations to replace 

TEMPO· with a sterically smaller co-catalyst such as 9-azabicyclo[3.3.1]nonane-N-oxyl 

(ABNO·) [12]. Even though the oxidation of both primary and secondary alcohols was possible, 

ABNO· is more expensive. As such, the development of Cu-based catalyst systems for alcohol 

oxidation in the absence of an N-oxide co-catalyst is of importance in an attempt to overcome 

the above-mentioned drawbacks for GOase mimics (see Section 2.2.1). 

Phenolic compounds were initially synthesised through the decomposition of cumene 

hydroperoxide (CHP), mediated by sulphuric acid (Hock process), and the reaction between 

benzene and a hydroxide base to afford a phenoxide salt, followed by the acidification thereof 

(Dow process) [13]. The non-oxidative Sandmeyer and nucleophilic aromatic substitution 

reactions were also employed in later years [14-17]. Several limitations such as ineffective 

energy use and harsh reaction conditions are, however, associated with these synthesis 

methods, which results in low product yields and poor selectivity. Another alternative synthesis 

method that has received great attention is the hydroxylation of aryl halides to afford 

oxygenated compounds. Even though several late-transition metals have initially been 

employed as catalysts, copper as a catalyst has a high potential interest due to its lower toxicity 

and better product selectivity during the reaction (see Section 2.2.2). 

Oxygenated compounds could also be obtained through the oxidative cleavage of recalcitrant 

polysaccharides. Several Cu-based catalyst systems have been reported to mimic the active 

site of lytic polysaccharide monooxygenases (LPMOs). The generation of an active Cu-based 

species during the reaction is responsible for the H-atom abstraction from the substrate, 

followed by substrate hydroxylation [18-22]. Moreover, oxidative cleavage as synthesis 

method has not yet received much attention, since the first Cu-based catalyst system was only 

reported in 2010 [23]. As such, the opportunity arises to develop an optimal Cu-based LPMO 
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mimic for the oxidative cleavage of polysaccharides under ambient reaction conditions (see 

Section 2.2.4). 

Lastly, oxygenates can be obtained by the peroxidation of hydrocarbons, but these reactions 

usually require harsh reaction conditions and high economic costs, which lead to low product 

yields and low selectivity. Various Cu-based catalyst systems have recently been reported for 

these reactions, but they still suffer from the aforementioned drawbacks (see Section 2.2.3) 

[24-28]. This review provides a critical assessment of copper-based oxidative transformations 

to afford oxygenates as well as the proposed mechanistic pathways for these reactions. 

Alternative oxidants and the employment of other transition metals as pre-catalysts are 

mentioned, but not discussed in detail. 

2.2 Cu-based oxidative transformation reactions 

The oxidative transformation of organic substrates include the aerobic oxidation of primary 

and secondary alcohols, hydroxylation of aryl halides and the peroxidation of hydrocarbons. 

These reactions involve an H-atom abstraction step or the substitution of either a halogen  

(-X) or hydrogen (-H) atom with a hydroperoxide (-OOH) or a hydroxyl (-OH) group. The 

reaction occurs in the presence of a Cu-based pre-catalyst in combination with a hydroxide 

base or an oxidant, such as H2O2. Alternatively, Cu-based catalyst systems that can serve as 

LPMO mimics are also employed for the oxidative cleavage of recalcitrant polysaccharides in 

the presence of an oxidant such as molecular oxygen (O2) or H2O2. The development of these 

Cu-catalysed oxidative transformations is discussed in the following sub-sections. 

2.2.1 N-oxide radical co-catalyst-free oxidation reactions 

The oxidation of primary and/or secondary alcohols is important since it affords the 

corresponding aldehydes and ketones, which can be employed in the pharmaceutical industry 

or as intermediates for fine chemistry [7, 29, 30]. An optimal catalyst system will involve low 

O2 pressures or low amounts of peroxide (ROOH) as the oxidant, mild reaction conditions with 

a preference of room temperature, low catalyst loadings and in the absence of costly or toxic 

additives as co-catalysts. Several transition metals such as platinum, vanadium, nickel, 

ruthenium, chromium, manganese and iron have been employed in the oxidation of alcohols, 

operating under the above-mentioned conditions [31-41]. However, the inclusion of copper as 

a metal pre-catalyst has attracted interest, even though fewer studies have recently been 

reported for Cu-based catalyst systems where either O2 (aerobic oxidation) or peroxides 

(peroxidative oxidation) were employed as the oxidant [20]. The aerobic oxidation involves 

oxidative dehydrogenation catalysed by late-transition metals, while the peroxidative alcohol 
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oxidation involves an early transition metal with a high oxidation state and the formation of 

active peroxymetal species [10]. These oxidation methods are described in the next sub-

sections. 

2.2.1.1 Alcohol oxidation with molecular oxygen 

Several studies have previously focused on the aerobic oxidation of alcohols, using a 

Cu/TEMPO· catalyst system, which can serve as a GOase mimic. However, these catalyst 

systems have a limited substrate scope as well as a preference for primary over secondary 

alcohols. As such, other sterically less demanding N-oxide co-catalysts were also evaluated 

during the oxidation reactions in an attempt to improve on the substrate scope [12, 42]. Even 

though these co-catalysts revealed improved catalytic efficiency, they are also the most 

expensive component of the catalyst system. The focus in this sub-section is on the catalyst 

systems that can operate in the absence of an N-oxide co-catalyst such as TEMPO·, by 

employing O2 as the oxidant while forming H2O and H2O2 as by-products [10]. These aerobic 

alcohol oxidation reactions involve two half-reactions; the oxidation of alcohols to aldehydes 

or ketones, and the reduction of O2 to H2O2. Unfortunately, these N-oxide-free catalyst 

systems are usually limited to activated alcohols and they require higher temperatures and 

high O2 pressures [43]. 

One of the first N-oxide-free catalyst systems was reported by Stack and co-workers in 1998 

[44]. They employed CuII-complexes, such as C2.1 (Figure 2.1), bearing a multi-functional 

ligand with a bidentate N-atom unit, a phenyl group as well as a TEMPO· moiety, during the 

oxidation of primary alcohols. Their catalyst system could still serve as a GOase mimic, even 

though no N-oxide co-catalyst, similar to the radical ligand of the enzyme, was present. 

 

Figure 2.1: The application of the CuII complex, C2.1, in the absence of an N-oxide co-catalyst for the 

oxidation of alcohols [44]. 
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Independently, Chaudhuri and Wieghardt were able to improve on this catalyst system with 

the development of another mononuclear CuII complex, [L2.1CuII(NEt3)] (C2.2), bearing 

doubly deprotonated 2,2′-thio-bis(4,6-di-tert-butylphenol (L2.1) and triethylamine (NEt3) as 

another GOase mimic for the oxidation of primary and secondary alcohols (Scheme 2.1, 

reaction a) [45]. Binuclear CuII-phenoxyl active species were generated from complex C2.2 

when a stream of dry O2 was passed through the reaction mixture. These species were 

suggested to be responsible for the rate-determining H-atom abstraction step from either one 

or two alcohol substrates. This afforded the corresponding aldehydes, ketones and traces of 

ethylene glycol derived products, while H2O2 is generated as a by-product. Moderate 

conversions of 60 to 68 % were obtained after 12 h under mild reaction conditions. No 

benzophenone product was observed during the oxidation of diphenylmethanol; instead, the 

formation of benzopinacol was rather observed. They also observed that mixtures of the 

binuclear CuII species in the presence of H2O2 and an excess of an aldehyde such as 

acetaldehyde are stable in the air, since no over-oxidation of the aldehyde to the carboxylic 

acid product occurs, the H2O2 oxidant remains intact and no C-C coupling products were 

observed. A separate mechanistic pathway was followed for the formation of ethylene glycol 

derivatives, which is not included in this review. 

 

Scheme 2.1: CuII complexes, C2.2 and C2.3, were employed for the oxidation of alcohols to the 

corresponding aldehydes [45, 46].  

In 1999, another mononuclear CuII-iminosemiquinone complex, [CuIIL2.2(NEt3)] (C2.3), 

bearing doubly deprotonated N,N-bis(2-hydroxy-3,5-di-tert-butylphenyl)ammonium (L2.2) and 

NEt3 ligands, was evaluated in the O2-mediated oxidation of benzyl alcohol and ethanol to 

obtain benzaldehyde and acetaldehyde with a conversion of 55 % for both substrates after  
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20 h at room temperature (Scheme 2.1, reaction b) [46]. Formation of the corresponding 

carboxylic acids or oxidative C-C coupling products was not observed nor did 

disproportionation of H2O2 occur. The rate of aldehyde formation increased with an increase 

in the concentration of NEt3 until a maximum was reached, where after a decrease in the rate 

was observed because an excess inhibits the catalytic activity of the reaction. They were 

unfortunately still unable to convert secondary alcohols with their catalyst system. 

An additional CuII (C2.4) complex bearing a doubly deprotonated tetradentate N,N′-bis-(3,5-

di-tert-butyl-2-hydroxyphenyl)-1,2-phenylenediamine ligand was employed in combination 

with NEt3 in the oxidation of primary alcohols such as methanol, ethanol and benzyl alcohol 

using O2 as the oxidant (Scheme 2.2) [47]. The oxidation of ethanol to acetaldehyde resulted 

in a conversion of 50 % at 22 °C. They found that ethanol can coordinate to the active CuII-

diimine-phenoxylphenolate species, which is responsible for the rate-determining H-atom 

abstraction step. A reaction with O2 results in the regeneration of the active species. No 

disproportionation of H2O2 was observed. A first-order dependence on the initial catalyst 

concentration was observed, which suggests the involvement of mononuclear complexes as 

active species. Unfortunately, the oxidation of secondary alcohols was not successful with 

their optimised catalyst system. These Cu-based GOase mimics could be used in the oxidation 

of mostly primary alcohols under aerobic and/or anaerobic reaction conditions with moderate 

conversions to the aldehyde product. No over-oxidation to the corresponding carboxylic acid 

or C-C coupling products was observed. 

 

Scheme 2.2: The application of complex C2.4 and NEt3 in the oxidation of ethanol to acetaldehyde in  

40 h [47]. 

The limitation in terms of the substrate scope was addressed in the following Cu-based 

catalyst systems. Markó and co-workers reported the application of copper(I) chloride (CuCl), 

1,10-phenanthroline (L2.3), di-tert-butylazodicarboxylic acid (DBADH2) and potassium 

carbonate (K2CO3) in the oxidation of a wide range of primary and secondary alcohols to the 
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corresponding aldehydes and ketones (65 to 93 %) at 70 to 90 °C by using O2 as the oxidant 

(Scheme 2.3) [48, 49]. They proposed that K2CO3 serves as a base that can react with the 

hydrochloric acid (HCl) that was generated during the replacement of the chloride anion with 

the alcohol substrate [49]. Furthermore, their experimental results revealed that K2CO3 may 

also serve as a solid support where the copper pre-catalyst can be anchored. Lastly, it may 

also act as an H2O scavenger, since H2O is released during the reaction. This is one of the 

first synthetically relevant Cu-based catalyst systems, but the high amount and nature of the 

required base were a concern. 

 

Scheme 2.3: The CuCl/L2.3/K2CO3/DBADH2 catalyst system for the oxidation of benzylic, aliphatic 

and cyclic alcohols to the corresponding aldehydes and ketones [48, 49]. 

In 2004, Repo and co-workers used 9,10-diaminophenantrene (L2.4), N,N,N′,N′-

tetramethylethylenediamine (L2.5) and rac-1,2-diaminocyclohexane (L2.6) as ligands  

(Figure 2.2) for the in situ formation of CuII complexes [50, 51]. These in situ formed complexes 

were evaluated for the oxidation of benzylic alcohols to the corresponding aldehydes by using 

O2 as the oxidant. The water-soluble 3,4-dimethoxybenzyl alcohol (veratryl alcohol) was 

employed during their kinetic studies and they obtained full conversion to 3,4-

dimethoxybenzaldehyde (veratric aldehyde) when employing ligand L2.4 in combination with 

a CuII-precursor; however, this was not possible for L2.5 or L2.6. Overall, the oxidation 

reaction is linearly dependent on the initial catalyst and substrate concentration; however, the 

reaction with ligand L2.6 is independent of the initial substrate concentration. The rate-limiting 

factor at low substrate concentrations is the interaction between the substrate and Cu-based 

active species, but the reaction itself becomes rate-limiting with an increase in the substrate 

and the turnover frequencies (TOF) were the highest when employing ligand L2.4. 

 

Figure 2.2: Ligands L2.4, L2.5 and L2.6 were employed in the in situ formation of CuII complexes for 

alcohol oxidation [51]. 
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Furthermore, Repo and co-workers also observed that veratric aldehyde and traces of veratric 

acid hinder the approach of the substrate by coordinating to the catalyst or by influencing the 

equilibrium [51]. The effect of these products on the reaction was probed by adding more 

thereof during the reaction. Almost no effect was observed for veratric acid, but veratric 

aldehyde has a dramatic negative influence on the reaction. When employing L2.6, the 

catalytic activity was not only inhibited, but they also observed an increase in the amount of 

the initial veratryl alcohol [51]. This was not possible when replacing the ligand with L2.4 or 

L2.5. Mass spectrometric (MS) studies were also employed to observe the degradation of the 

L2.4 and L2.5 ligands due to condensation with the veratric aldehyde during the reaction, 

while L2.6 might decompose by dimerisation. Moreover, the ligand decomposition and the 

resulting release of copper, led to the formation of a Cu(OH)2 precipitate, which is then 

transformed to CuO in the presence of O2 and neither of these Cu-based species is able to 

catalyse the oxidation reaction. 

In 2015, Arndtsen and co-workers reported the application of tetrakis(acetonitrile)copper(I) 

hexafluorophosphate ([Cu(MeCN)4]PF6) and N,N′-di-tert-butylethylenediamine (L2.7) in the 

oxidation of a diverse range of activated (reaction time: 1 h) and non-activated (reaction time: 

6 h) alcohols using O2 as the oxidant [52]. Even though their catalyst system could be 

employed for the oxidation of primary and secondary alcohols, preference for secondary over 

primary alcohols was observed. N-containing bases such as pyridine, N-methylimidazole 

(NMI) and dimethylaminopyridine (DMAP) have an effect on the catalytic activity of the 

reaction and DMAP was identified as the optimal base. As such, they employed their 

Cu/L7/DMAP/O2 catalyst system for the oxidation of 1-octanol to 1-octanal with a conversion 

of 92 % in 3 h (Scheme 2.4) [52].  

 

Scheme 2.4: The CuI/L2.7/DMAP/O2 catalyst system was employed in the oxidation of activated and 

non-activated alcohols [52].  

Molecular sieves (ms) were added to the reaction to absorb H2O that was formed during the 

reaction. An extremely low conversion of 14 % was obtained when copper(II) triflate (Cu(OTf)2) 
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was rather employed in the oxidation of 1-octanol. No aldehyde products were observed in 

the absence of L2.7, which confirms the high reactivity of the Cu2/O2 species that was 

generated during the reaction [48, 53]. Their catalyst system was found to be less sensitive 

towards steric influences from the substrates than TEMPO·-based catalyst systems. Initially, 

they believed that their catalyst system could serve as a tyrosinase mimic during alcohol 

oxidation in the absence of a co-catalyst. However, their mechanistic studies revealed similar 

results to the Cu/nitroxyl catalyst systems due to the formation of an oxygenated version of 

L2.7, as a co-catalyst for the reaction [54]. 

Even though O2 can be employed as an oxidant in the absence of an N-oxide co-catalyst, 

these reactions usually require harsh reaction conditions such as high temperatures and high 

O2 pressure, while poor selectivity is observed. As an alternative, studies have also focused 

on the evaluation of peroxides as an oxidant during the peroxidative oxidation of alcohols. 

2.2.1.2 Alcohol oxidation with peroxides 

Peroxides such as H2O2 or tert-butyl hydroperoxide (TBHP) as inexpensive oxidants were 

evaluated in the oxidation of alcohols in neat water or an organic solvent [10]. The employment 

of TBHP as oxidant was found to be an economic alternative, and many Cu-based catalyst 

systems have recently been reported [55-58]. However, these reactions usually result in the 

formation of butan-1-ol as a by-product and they require the addition of other additives such 

as nitric acid (HNO3), TEMPO· or K2CO3. Hydrogen peroxide is therefore preferred due to its 

green chemical practices and the generation of H2O as the only by-product [10, 35, 36]. It 

needs to be borne in mind that high reaction temperatures may lead to the decomposition of 

H2O2. Our focus for this sub-section is on the development of Cu-based catalyst systems that 

contain H2O2, instead of other peroxides, in either H2O or an organic solvent such as MeCN. 

The first example of a Cu-based catalyst system with H2O2 was reported by Punniyamurthy 

and co-workers in 2003 [59]. They evaluated a CuII complex (C2.5) in combination with H2O2  

(30 % in H2O) in the oxidation of 4-chlorobenzyl alcohol in MeCN, under ambient reaction 

conditions to obtain a conversion of 30 %, which consists of a mixture of 4-chlorobenzaldehyde 

and 4-chlorobenzoic acid (ratio of 2:1) at 60 °C (Scheme 2.5). However, when the temperature 

was increased to 80 °C, the conversion also increased to 95 % in 4.5 h. Lower conversions of 

30 and 65 % were obtained when the catalyst was replaced with copper(II) acetate dihydrate 

(Cu(OAc)2·2H2O) or CuII(salen), respectively. Furthermore, the oxidation reaction did not 

proceed in the absence of the catalyst or when O2 was employed as the oxidant. Their catalyst 

system was also amenable to the oxidation of primary and secondary alcohols, yielding the 

corresponding carboxylic acids and ketones, respectively. 



Chapter 2: Homogeneous oxidative transformations mediated by copper catalyst 
systems 

17 
 

 

Scheme 2.5: The application of complex C2.5 in combination with H2O2 in the oxidation of aromatic 

and aliphatic alcohols at 80 °C [60]. 

In 2012, Repo and co-workers reported two Cu-based catalyst systems [61]. In the first 

catalyst system, they evaluated various copper salts, in combination with 2-N-(p-fluorophenyl)-

pyrrolecarbaldimine (ratio of 1:2), TEMPO· and H2O2 (30 % in H2O) at 60 °C. High conversions 

were obtained, except for copper(II) bromide (CuBr2), possibly due to the formation of 

copper(I) oxide (CuO) or Cu(OH)2 during the reaction. Copper(II) sulfate pentahydrate 

(CuSO4·5H2O) was determined as the most efficient copper salt, while an increase in 

selectivity towards the formation of the aldehyde product was observed in the presence of 

TEMPO·. They were able to oxidise both primary and secondary alcohols with a high 

selectivity towards the corresponding aldehyde products, but high efficiency and conversions 

are only obtained for the primary alcohols. Our focus, however, is on their second catalyst 

system, which only consists of CuSO4·5H2O in combination with H2O2, in the absence of 

TEMPO·. They evaluated their CuSO4·5H2O/H2O2 catalyst system for the oxidation of benzylic 

alcohols in an aqueous solution at 100 °C (Scheme 2.6) [61].  

 

Scheme 2.6: The CuSO4·5H2O/H2O2 catalyst system for the oxidation of benzylic alcohols in H2O at  

100 °C [61]. 

The oxidation of benzyl alcohol to benzaldehyde exhibited a conversion of 98 % within 15 min 

(90 % in 90 min at 80 °C). Even though benzaldehyde was obtained as the major product, 
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traces of benzoic acid and benzaldehyde-derived products were also present. This selectivity 

problem could not be solved with changes in the reaction time, temperature or varying 

concentrations of reaction parameters. The oxidation of both primary and secondary benzylic 

alcohols with high efficiencies was possible, but a high selectivity towards the corresponding 

ketones was only observed for secondary alcohols. Alcohol substrates with electron-donating 

groups exhibited a selectivity of 70 to 80 %, while those bearing electron-withdrawing groups 

were over-oxidised to the corresponding carboxylic acid. The catalyst can be recovered from 

the reaction mixture and reused for a second time without loss of selectivity, but a decrease 

in the conversion from 92 to 70 % was observed. Kinetic studies showed a first-order 

dependence for CuSO4·5H2O and H2O2, while the substrate showed a second-order 

dependence.  

Shoair reported the use of CuII complexes bearing substituted 4-hydroxyl-1,2-naphthoquinone 

ligands in combination with H2O2 (30 % in H2O) for the oxidation of benzyl alcohol (conversion 

of 90 %), piperonyl alcohol (80 %) and cinnamyl alcohol (75 %) in an MeCN/H2O (ratio of 1:5) 

solvent system for 2 h, at ambient temperature (Scheme 2.7) [62]. The compound 3-(p-H)-4-

hydroxyl-1,2-naphthoquinone (L2.8) was found to be the optimal ligand for the complex 

[(L2.8)2Cu]·H2O (C2.6), resulting in high selectivity towards the formation of the corresponding 

aldehyde products. Low conversions of less than 5 % were obtained for the oxidation of benzyl 

alcohol to benzaldehyde in the absence of the catalyst or by employing alternative oxidants 

such as sodium periodate (NaIO4), due to the formation of precipitates (NaIO3) as by-products 

interfering with the work-up. 

 

Scheme 2.7: The application of the C2.6/H2O2 catalyst system for the oxidation of benzyl, piperonyl 

and cinnamyl alcohol at ambient temperature [62]. 
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Shul’pin and co-workers evaluated CuII complexes, bearing functionalised 2,2′:6′,2′′-

terpyridine (C2.7-C2.9) and 2,6-di(thiazol-2-yl)pyridine (C2.10-C2.12) ligands for the oxidation 

of secondary benzylic and cyclic alcohols (Figure 2.3) [63]. 

 

Figure 2.3: Complexes C2.7-C2.12 were evaluated for alcohol oxidation reactions [63]. 

The oxidation of 1-phenylethanol to acetophenone was possible when using H2O2 (30 % in 

H2O) or TBHP in combination with [CuCl2(R1-dtpy)] (C2.10; R1: furan-2-yl, dtpy: 2,6-di(thiazol-

2-yl)pyridine derivative), and a maximum conversion of 98 % with a turnover number (TON) 

of 630 was obtained after 5 h at 60 °C (Scheme 2.8). They were also able to oxidise 

cyclohexanol to cyclohexanone with a conversion of 71 % and a TON of 580, under the same 

reaction conditions. 

 

Scheme 2.8: The combination of [CuCl2(R1-dtpy)] (C2.10) and H2O2 or TBHP for the oxidation of  

1-phenylethanol in 5 h at 60 °C [63].  

Independently, Kani and co-workers reported on the application of the water-soluble 

mononuclear CuII complex, [Cu(ƞ1-O2CCPh3)(bpy)(H2O)][ClO4] (C2.13) for the oxidation of 

primary and secondary alcohols, using H2O2 (30 % in H2O) in an aqueous solution at 70 °C  

(Scheme 2.9) [64]. A high conversion of 97 % was obtained for the oxidation of benzyl alcohol 
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in 6 h, with benzaldehyde as the sole product, while low conversions of 28 and 12 % were 

obtained for the oxidation of cyclohexanol and heptan-1-ol to cyclohexanone and heptan-1-al, 

respectively. No over-oxidation to the corresponding carboxylic acids was observed. 

 

Scheme 2.9: The application of complex C2.13 and H2O2 for the oxidation of primary and secondary 

alcohols at 70 °C [64]. 

Low product yields of 11 to 29 % were obtained for secondary aliphatic alcohols, while  

1-phenylethanol resulted in a moderate product yield of 73%. An increase in the catalytic 

activity for the secondary alcohols was possible at longer reaction times of 24 h without a  

C-C chain cleavage reaction. They further extended their investigation, by employing a new 

water-soluble CuII complex, [Cu(ƞ2-O2C(4-BrC6H4))(C10H9N3)][ClO4] (C2.14) in combination 

with H2O2 (30 % in H2O) for the oxidation of primary and secondary alcohols at 70 °C  

(Scheme 2.10) [65]. Even though a lower conversion of 71 % was obtained for the oxidation 

of benzyl alcohol, similar results for the oxidation of secondary alcohols were observed, 

relative to their first water-soluble CuII complex, C2.13. 

 

Scheme 2.10: The application of complex C2.14 and H2O2 for the oxidation of primary and secondary 

alcohols at 70 °C [65]. 

In 2018, Ünver reported the application of another water-soluble binuclear CuII complex, 

[Cu2(ƞ2-O2C(4-BrC6H4)(OCH3)(bpy)2(ClO4)2] (C2.15) for the oxidation of primary and 
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secondary alcohols, with H2O2 (30 % in H2O; Scheme 2.11) [66]. Excellent product yields of 

100 % were obtained for the oxidation of benzyl alcohol, 1-phenylethanol and butan-2-ol to 

benzaldehyde, acetophenone and butan-2-one, respectively, in 6 h without over-oxidation. 

The binuclear complex C2.15 was found to be active for benzylic, cyclic and secondary 

aliphatic alcohols, while low product yields were obtained for primary aliphatic alcohol 

substrates [67]. 

 

Scheme 2.11: The application of complex C2.15 and H2O2 for the oxidation of primary and secondary 

alcohols at 70 °C [66]. 

Bikas and co-workers evaluated a CuII complex, [Cu(L2.9)Cl2] (C2.16), bearing the 1,3-

oxazolidine-based (2-pyridin-2-yl-1,3-oxazolidine-4,4-diyl)dimethanol (L2.9) ligand, for the 

oxidation of alcohols, using either H2O2 (30 % in H2O) or TBHP as oxidant [68]. They obtained 

a conversion of 96 % for the oxidation of benzyl alcohol to benzaldehyde in 120 min by 

employing their C2.16/H2O2 catalyst system (Scheme 2.12). An alternative CuII complex, 

[Cu(L2.9)2]·2Cl (C2.17), was also evaluated, but a lower conversion of 88 % was observed, 

due to its octahedral geometry vs a square-pyramidal geometry for C2.16 and steric hindrance 

of the ligand, which limits the interaction between the copper centre and the oxidant and 

substrate. This steric hindrance resulted in the preference of benzaldehyde as a product. 

Over-oxidation occurs while kinetic studies revealed an increase in the formation of 

benzaldehyde after 2 h, after which saturation was reached. No oxidation products were 

observed in the absence of the catalyst or oxidant. They also evaluated TBHP as the oxidant 

to confirm the effect of the nature of the oxidant on the catalytic activity [68]. Increased 

conversions of 98 and 92 % for the respective ligands were obtained due to the weaker O-O 

bond as well as the steric hindrance of TBHP to rather afford benzaldehyde as the product. 

Their catalyst system could also be employed for the oxidation of various chloro-substituted 

benzyl alcohols with conversions of 72 to 82 % with selectivity for the corresponding aldehyde 
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products. They observed that the selectivity and efficiency of the catalyst system are 

dependent on the electronic and steric demands of the chlorine group since ortho-positioned 

chlorine substituents showed lower activity relative to the meta- and para-substituted 

substrates. 

 

Scheme 2.12: The C2.16/H2O2 catalyst system was employed for the oxidation of benzyl alcohol in  

2 h at 60 °C [68]. 

In 2019, Hu and co-workers reported on the application of a mononuclear CuII complex (C2.18) 

for the oxidation of aromatic alcohols, using H2O2 (30 % in H2O) as the oxidant in 1 to 4 h at 

70 °C, with conversions of > 95 % (Scheme 2.13) [69]. Benzoic acid was obtained as the major 

product with a conversion of 97 % (selectivity of 96 %) during the oxidation of benzyl alcohol 

in 1 h, which is in contrast to the benzaldehyde product obtained in previous reports. Their 

catalyst system could also be employed for the oxidation of alkenes, such as styrene and 

ethylbenzene. 

 

Scheme 2.13: The application of complex C2.18, in combination with H2O2, for the oxidation of benzyl 

alcohol to benzaldehyde at 70 °C [69]. 
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Mncube and Bala reported the application of in situ synthesised CuI complexes, consisting of 

CuI in combination with NHC-triazolylidene ligands in a ratio of 1.1:1, and H2O2 on the 

peroxidation of cyclohexane [70]. These reactions will be discussed later in this review (see 

Section 2.2.3 for peroxidation reactions). They also investigated the oxidation of alcohol 

substrates, using their optimised reaction conditions. The oxidation of cyclohexanol resulted 

in a maximum conversion of 91 % to cyclohexanone in 24 h at 80 °C by employing complex 

C2.19 and H2O2 as the oxidant (Scheme 2.14). They observed an increase in the reactivity of 

phenolic and benzylic alcohols relative to the aliphatic alcohols. Furthermore, they also 

observed higher catalytic activity for secondary aliphatic alcohols than for primary alcohols, 

thereby suggesting that reactions at the secondary C-atom of aliphatic alcohols are more facile 

than terminal or primary C-atoms. This is possibly due to easier access for secondary aliphatic 

alcohols to coordinate to the copper centre. 

 

Scheme 2.14: The C2.19/H2O2 catalyst system was employed for the oxidation of cyclohexanol in 24h 

at 80 °C [70]. 

In conclusion, a number of Cu-based catalyst systems with either O2 or H2O2 as the oxidant 

have recently been reported for the oxidation of primary and secondary alcohols. However, 

these catalyst systems are mostly limited to the oxidation of activated alcohols. The next sub-

section details the mechanistic pathways for this oxidation reaction. 

2.2.1.3 Mechanistic aspects 

2.2.1.3.1 O2 as oxidant 

The groups of Arndtsen, Stahl and Stack proposed a mechanistic pathway for the oxidation of 

alcohols in the presence of O2, which involves both oxygenase- and oxidase-type reactivity 

[44, 54, 71]. Stack and co-workers employed electron paramagnetic resonance (EPR) 

spectroscopy to investigate the oxidation reaction and they proposed a mechanistic pathway, 
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where ligand LA (LA: possible ligands, Scheme 2.15) coordinates to either CuI or CuII to afford 

LACuII, I, followed by ligand oxygenation via an in situ oxidative self-processing step in the 

presence of O2 (aerobic conditions) to afford a radical species, ·LACuII, II (Scheme 2.15). The 

oxygenated ligand serves as a co-catalyst to promote the catalytic activity during the oxidation 

reaction, similarly to Cu/nitroxyl catalyst systems [3, 5, 72, 73]. 

 

Scheme 2.15: The proposed mechanistic pathway for Cu-based aerobic alcohol oxidation with O2 as 

the oxidant. Adapted from the groups of Stahl and Stack [44, 54, 71]. 

The Cu/O2 adduct that is responsible for the oxygenation and coordination steps, is similar to 

the one used in amine oxygenation [74, 75]. Stahl and co-workers employed EPR studies to 

identify a small CuII signal in the absence of the alcohol substrate [52, 54]. An organic radical 

signal, similar to that obtained for nitroxyl radicals such as TEMPO· and ABNO·, was observed 

and the intensity thereof increased during the oxidase-type reaction [76, 77]. As such, they 

also proposed the formation of an oxygenated ligand, derived from their initial DBED ligand 

(Scheme 2.16, A and B). B was synthesised and evaluated in the oxidation reaction under the 

same reaction conditions and a significantly shorter induction period was observed [3]. EPR 

spectroscopic studies revealed the formation of a radical ligand, C, in the presence of O2, 

which is analogous to species II (·LACuII, Scheme 2.15). 

 

Scheme 2.16: The oxygenation of DBED to afford a radical derivative of DBED, similar to nitroxyl 

radicals [54]. 
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The alcohol substrate (ROH) then coordinates to II during the formation of ·LACuII-OR, III, 

(Scheme 2.15) [44, 71]. The radical species, III, is responsible for the H-atom abstraction step 

from the substrate during the rate-determining step to afford LACuI-O=R, IV, in the presence 

of the bounded aldehyde product [44, 49, 71]. Under anaerobic reaction conditions, species I 

is regenerated from IV via a one-electron transfer step. Alternatively, the aldehyde product 

(RO) is released from IV in the presence of O2 to afford ·LACuII-OOH, V. The last step involves 

the production of H2O2 upon substrate coordination to afford species III. A similar mechanistic 

pathway was also proposed by Chaudhuri and Wieghardt even though they suggested the 

formation of binuclear CuII complexes, which can accommodate one or two alcohol substrates 

during the reaction [45-47]. 

2.2.1.3.2 H2O2 as oxidant 

Previous studies have proposed that the oxidation of organic substrates, in the presence of 

H2O2, proceeds via a free-radical mechanistic pathway (see Section 2.2.3.1.2). Repo and co-

workers added radical traps such as TEMPO· and hydroquinone during the alcohol oxidation 

reaction, but no change in the catalytic activity was observed [61]. Their results suggest that 

the reaction rather proceeded via an ionic mechanistic pathway, in the absence of a ligand. 

UV/vis spectroscopic studies were employed to investigate the oxidation state of copper under 

argon atmosphere. An absorption band peak was initially observed at 834 nm, which confirms 

the presence of CuII species. Alcohol substrate and H2O2 were added sequentially at 100 °C. 

The initial CuII bis-alkoxide species, VI, is transformed into CuII-hydroperoxy species, VII 

(Scheme 2.17) [61, 68].  

 

Scheme 2.17: The proposed mechanistic pathway for the oxidation of alcohols when H2O2 is 

employed as the oxidant. Reproduced from Repo and co-workers [61]. 
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The CuII-hydroperoxy species, VII, has previously been suggested to be the active species in 

various catalytic reactions [78-80]. The intramolecular abstraction of a β-hydrogen from the 

alkoxide substrate affords an aldehyde product as well as the formation of CuII-oxyl (CuII-O·) 

species, VIII [81, 82]. The addition of excess H2O2 converts the CuII-oxyl species to the  

CuII-perhydroxide species, IX, while the initial CuII-hydroperoxy species, VII, is regenerated in 

the presence of the alcohol substrate. A similar mechanistic pathway was also proposed by 

Hu and co-workers, except that they observed the formation of both aldehyde and epoxide 

products [69]. The next section details progress in the development and understanding of the 

copper-catalysed hydroxylation of aryl halides. 

2.2.2 Hydroxylation reactions 

Hydroxylation reactions generally involve the introduction of a hydroxyl group to an organic 

compound. In this section, the focus is specifically on the substitution of the halogen atom  

(-X; X: I, Br, Cl) of aryl halide substrates with a hydroxyl group to afford the corresponding 

phenolic compounds. These are high-value intermediates in the chemical and pharmaceutical 

industries [83, 84]. Traditionally, the Hock and Dow processes, the non-oxidative Sandmeyer 

reaction as well as the nucleophilic aromatic substitution of compounds such as aryl halides 

were employed for the synthesis of substituted phenols [13-17]. These synthesis methods, 

however, involve harsh reaction conditions and inefficient energy use, leading to low product 

yields and a limited substrate scope. In an attempt to overcome these limitations, alternative 

synthesis methods have been developed. One of these synthesis methods is the metal-

catalysed aryl halide hydroxylation. 

Various metal-based catalyst systems have previously been reported for the hydroxylation of 

aryl halides. Initially, iridium- and palladium-catalysed aryl halide hydroxylations were utilised 

as milder and more applicable synthesis routes [85-92]. However, several drawbacks were 

identified for these catalyst systems. These include the use of expensive catalysts with air- 

and moisture-sensitivity, high toxicity and low product selectivity. In an attempt to circumvent 

these issues, several Cu-based catalyst systems have been reported for aryl halide 

hydroxylation [93-99].  

Ma and co-workers developed a catalyst system, consisting of copper(I) iodide (CuI) and  

L-proline, which was evaluated by Kormos and Leadbeater in the hydroxylation of activated 

aryl halides [100, 101]. Potassium hydroxide (KOH) was employed as the base in near-critical 

(300 °C) water by using microwave heating. Their catalyst system required high catalyst 

loadings, long reaction times and high temperatures, while a limitation on the substrate scope 

was observed [102, 103]. More efficient Cu-based catalyst systems were reported in ensuing 
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years and one of the first catalyst systems for the hydroxylation of 4-iodotoluene, operating 

without microwave heating, was reported by You and co-workers in 2009 [93]. They observed 

the direct coupling between aryl halides and KOH, using mild reaction conditions and 

commercially available pre-catalysts to obtain a conversion of 96 % to p-cresol in 24 h with 

their CuI/L2.3/KOH catalyst system (Scheme 2.18).  

 

Scheme 2.18: The CuI/L2.3/KOH catalyst system in DMSO/H2O (ratio of 1:1) for the hydroxylation of 

aryl iodides and bromides at 100 °C [93]. 

The above-mentioned catalyst system of You and co-workers could be used for the successful 

hydroxylation of activated, non-activated and sterically demanding aryl iodides to afford good 

to excellent conversions of the corresponding phenolic products. The hydroxylation of aryl 

bromides possessing electron-withdrawing groups to the corresponding phenols proceeded 

with excellent conversions of 76 to 92 %. Moreover, their catalyst system showed good 

chemoselectivity between the iodide, bromide and chloride substituents of the aryl halide. 

Independently, Taillefer and co-workers reported a CuI/dibenzoylmethane (L2.10) catalyst 

system in combination with cesium hydroxide (CsOH), in 2009, for the hydroxylation of  

4-iodotoluene and iodobenzene resulting in conversions of 82 % and 97 % to p-cresol and 

phenol, respectively, in 24 h at 130 °C (Scheme 2.19) [95]. Evaluating various β-diketone 

ligands in the reaction, they observed that ligands with decreased steric hindrance resulted in 

lower conversions. Sterically hindered 2,2,6,6-tetramethyl-3,5-heptanedione and ligand L2.10 

were the most effective with excellent conversions of 95 and 97 %, respectively. No arylation 

of the diketone ligands was observed during the reaction.  

 

Scheme 2.19: The CuI/L2.10/CsOH catalyst system for the hydroxylation of aryl iodides and bromides 

at 130 °C [95]. 
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The ratio of H2O/base/co-solvent was found to have a higher impact on the efficiency of the 

reaction, since a higher concentration of H2O, in combination with dimethyl sulfoxide (DMSO), 

will improve the solubility of CsOH and thereby improve its nucleophilicity. Lastly, their catalyst 

system could be employed in the hydroxylation of activated and non-activated aryl iodides as 

well as activated aryl bromides with good to excellent yields. 

In 2010, Ma and co-workers modified their previous catalyst system by employing CuI in 

combination with 8-hydroxyquinoline (L2.11), instead of L-proline, and KOH (Scheme 2.20) 

[104]. Various ligands such as trans-4-hydroxy-L-proline, pipecolinic acid and picolinic acid 

were also evaluated in the hydroxylation of 4-iodoanisole, and conversions of 83 to 89 % were 

obtained in 48 h at 100 °C. The best conversion (96 %) was obtained when employing ligand 

L2.11. 

 

Scheme 2.20: The CuI/L2.11/KOH catalyst system for the hydroxylation of aryl iodides at 100 °C [104]. 

Ma and co-workers also attempted the hydroxylation of aryl bromides, but only low 

conversions were possible, even with longer reaction times [104]. The solvent system 

influences the hydroxylation reaction since the wrong solvent system allows for the sublimation 

of the substrate, resulting in lower conversions. Evaluating various solvent systems, they 

found that the addition of sterically hindered tert-butanol (t-BuOH) as a co-solvent to the 

DMSO/H2O solvent system (in a ratio of 1:1:0.1) prevents substrate sublimation, while the 

hydroxylation reaction was still possible, without the formation of by-products [105]. Cu-based 

catalyst systems have been reported using only water as the solvent system [13, 102, 106]. 

However, high catalyst loadings of 5 to 10 mol%, longer reaction times, the need for an inert 

atmosphere and high loadings of phase-transfer catalysts such as tetrabutylammonium 

bromide (TBAB) were required during the hydroxylation reactions. Furthermore, decreased 

substrate solubility and the formation of a biaryl ether by-product were also observed.  

Punniyamurthy and co-workers employed an alternative base, tetrabutylammonium hydroxide 

pentahydrate (n-Bu4NOH·5H2O), in their CuI/8-hydroxy-quinaldine (L2.12) catalyst system, 

using a DMSO/H2O solvent system (ratio of 2:3), for the hydroxylation of 4-iodotoluene with a 
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conversion of 97 % in 7 h at 100 °C (Scheme 2.21) [96]. Their catalyst system could be used 

for the hydroxylation of activated and non-activated aryl iodides and bromides with excellent 

conversions, while 4-chlorotoluene resulted in an extremely low conversion. Activated aryl 

iodides such as 1-iodo-4-nitrobenzene require a lower reaction temperature of 70 °C and a 

shorter reaction time of 5 h for optimal conversions of 95 to 98 %. 

 

Scheme 2.21: The CuI/L2.12/n-Bu4NOH·5H2O catalyst system for the hydroxylation of aryl iodides, 

bromides and chlorides at 100 °C [96]. 

In 2011, Jiang and co-workers improved the reactivity of the hydroxylation reaction for aryl 

bromides and chlorides, even though high catalyst loadings were required for their CuI/8-

hydroxyquinoline-N-oxide (L2.13) catalyst system in combination with CsOH (Scheme 2.22) 

[94]. Different solvent systems were evaluated and DMSO/H2O (ratio of 1:1) was identified as 

the optimal system for the hydroxylation of 4-iodotoluene with a conversion of 93 % to p-cresol 

in 18 h at 100 °C. Moreover, the success of the hydroxylation reaction was influenced by the 

nature of the copper salts since decreases of 7 and 8 % in the conversions were obtained 

when CuI was replaced with copper(I) bromide (CuBr) and CuCl, respectively. An even lower 

conversion of 75 % was obtained for CuBr2. The hydroxylation of sterically hindered aryl iodide 

substrates resulted in the formation of coupling products. 
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Scheme 2.22: The CuI/L2.13/CsOH catalyst system for the hydroxylation of aryl iodides (100 °C), 

bromides (110 °C) and chlorides (130 °C) [94]. 

Even though good to excellent conversions were possible for the above-mentioned Cu-based 

catalyst systems with bidentate ligands, high catalyst loadings (5 to 10 mol% copper and  

10 to 20 mol% ligand), harsh operating conditions (up to 140 °C) and the need for an inert 

atmosphere of nitrogen (N2) or argon (Ar) were often required [93-96, 99]. Ma and co-workers 

attempted to improve on the limitation of high catalyst loadings with their CuI/5-bromo-2-(1H-

imidazol-2-yl)pyridine (L2.23) catalyst system operating at a catalyst loading of 2 mol% copper 

and 4 mol% ligand. In combination with CsOH and a t-BuOH/DMSO/H2O (ratio of 1:1:0.1) 

solvent system, aryl bromides could be hydroxylated with moderate to excellent yields of  

68 to 93 % in 24 h at 120 °C (Scheme 2.23) [107]. 

 

Scheme 2.23: The CuI/L2.23/CsOH catalyst system for the hydroxylation of aryl bromides at 120 °C 

[107]. 

Different substituted 2-pyridin-2-yl-1H-benzimidazole (L2.14-L2.21 and L2.25) and 2-(1H-

imidazol-2-yl)pyridine (L2.22-L2.24) ligands were evaluated during the hydroxylation of  

4-bromoanisole (Figure 2.4) [107]. No phenolic compounds were obtained for 2-pyridin-2-yl-

1H-benzimidazole (L2.14) and the substituted versions (L2.19 and L2.16). The efficiency of 

the ligands increased with the introduction of electron-donating substituents on the pyridine 

ring (L2.17-L2.20). Furthermore, the availability of the free NH-group on the benzimidazole is 

essential, since the absence thereof resulted in inactive ligands L2.21 and L2.25. Similarly, a 
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moderate conversion was obtained for the unsubstituted pyridine-based ligand L2.22, while 

the introduction of electron-donating substituents (L2.23 and L2.24) resulted in excellent 

conversions. Their results suggested ligand L2.23 as the optimal ligand for their catalyst 

system during the hydroxylation reactions. 

 

Figure 2.4: The effect of substituted 2-pyridin-2-yl-1H-benzimidazole (L2.14-L2.21 and L2.25) and  

2-(1H-imidazol-2-yl)pyridine (L2.22-L2.24) ligands on the hydroxylation of 4-bromoanisole 

were evaluated [107]. 

In 2012, Cazin and co-workers further decreased the catalyst loading to an extremely low  

0.05 mol% when they employed the CuI complex, [CuCl(SIPr)] (C2.23), bearing N,N′-bis[2,6-

(di-iso-propyl)phenyl]imidazolidin-2-ylidene (SIPr), in combination with CsOH during the 

hydroxylation of aryl iodides in 24 h at 130 °C, under an inert atmosphere (Scheme 2.24) [97]. 

They obtained conversions of 99 and 82 % and TON values of 1 980 and 1 640 for the 

hydroxylation of iodobenzene and 4-iodotoluene, respectively.  

 

Scheme 2.24: The C2.23/CsOH catalyst system for the hydroxylation of aryl iodides at 130 °C and 

under an inert atmosphere [97]. 
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N-heterocyclic carbenes (NHCs), such as N,N′-bis-[2,4,6-(trimethyl)phenyl]imidazol-2-ylidene 

(IMes); N,N′-bis[2,4,6-(trimethyl)phenyl]-imidazolidin-2-ylidene (SIMes); N,N′-bis[2,6-(di-iso-

propyl)phenyl]imidazol-2-ylidene (IPr) and SIPr, were employed in the synthesis of CuI 

complexes, C2.20-C2.23. These complexes were evaluated in aryl iodide hydroxylation and 

they found that the NHC ligands only have a moderate influence on the activity of the catalyst 

under their reaction conditions (Figure 2.5). A solvent system of DMSO/H2O (ratio of 1:1) was 

found to be optimal due to the immiscibility of the aryl iodide substrates in water as well as the 

poor solubility of CsOH in DMSO. They also observed that the conversions were negatively 

influenced when a base other than CsOH was used [97, 99]. 

 

Figure 2.5: Various CuI complexes (C2.20-C2.23), with N-heterocyclic carbene (NHC) ligands, were 

evaluated in the hydroxylation of aryl iodides [97]. 

In 2016, Swarts and co-workers reported the application of their CuI-based complexes with 

sodium hydroxide (NaOH) as the base and they obtained a GC-yield of 100 % for the 

hydroxylation of 4-iodotoluene to p-cresol in 3 h at 120 °C (Scheme 2.25) [98]. Various CuI 

complexes (1 or 2 mol%), bearing N-propyliminopyridine ligands, were evaluated for the 

hydroxylation of aryl iodides and they found that an increase in the solubility of the complexes 

en route to the formation of the active species has a positive influence on the activity of the 

complexes, since an increased conversion to the phenolic product was possible. Furthermore, 

a complex with a non-coordinating anion displayed higher activity than those with coordinating 

anions, because they promote the oxidative addition step during the reaction. The best 

conversion was obtained for the mononuclear complex, [Cu{(6-Br-C5H3N)CH=N(nPr)-ҡ2-

N,N}2][BF4] (C2.24). When the mononuclear complexes were replaced with CuI iminopyridine 

metallodendrimers, similar conversions were obtained in a shorter reaction time and with lower 

catalyst loadings due to the stabilisation effect of the dendritic ligand on the active copper 

species. Furthermore, increasing dendrimer generation led to an increase in the catalyst 

activity. The unsubstituted iminopyridyl CuI metallodendrimer complex, [DAB-G2-PPI-(Cu{(6-

Me-C5H3N)-ҡ2-N,N}8)4][BF4]4 (C2.25; DAB: 1,4-diaminobutane, PPI: poly(propylene-imine)), 

could operate in neat water as the solvent to afford p-cresol from 4-iodotoluene with a GC-
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yield of 55 % after 12 h and 100 % after 24 h. No biaryl ether by-product formation was 

observed due to the inclusion of a strong base [13, 108]. 

 

Scheme 2.25: Evaluation of the mononuclear complex C2.24 or the iminopyridine metallodendrimer 

C2.25 for the hydroxylation of aryl iodides at 120 °C [98]. 

In a separate study, Ma and co-workers reported on the combination of copper(II) 

acetylacetonate (Cu(acac)2), N,N′-bis(4-hydroxy-2,6-dimethylphenyl)-oxalamide (L2.30) and 

lithium hydroxide monohydrate (LiOH·H2O) for the hydroxylation of (hetero)aryl iodides, 

bromides and chlorides (Scheme 2.26) [109]. They obtained a conversion of 87 % for the 

hydroxylation of 4-chloroanisole to 4-methoxyphenol in 24 h under an inert atmosphere. In 

contrast to previous reports, lower conversions were obtained when a stronger base such as 

NaOH or KOH was employed, attributed to the instability of ligand L2.30 [94, 97, 107, 110]. A 

higher reaction temperature and catalyst loading of 5 mol% were required for optimal results 

in a DMSO/H2O solvent system (ratio of 4:1). Water as co-solvent prevents the coupling 

between the phenol product and the aryl chloride, while DMSO enhances the solubility of the 

aryl chloride and intermediates during the reaction. 

 

Scheme 2.26: The Cu(acac)2/L2.30/LiOH·H2O catalyst system for the hydroxylation of (hetero)aryl 

iodides (60 °C), bromides (80 °C) and chlorides (130 °C) [109]. 

A series of N,N′-disubstituted oxalamide ligands was evaluated during the hydroxylation  

4-chloroanisole (Figure 2.6). Ligands L2.26 to L2.28 resulted in no conversion, but an 

improvement was observed for the 2,6-dimethylaniline derived amide, L2.29. Furthermore, a 

poor conversion was obtained for the methoxy-analogue (L2.31) of ligand L2.29, while the 

hydroxyl-analogue (L2.30, optimal ligand) resulted in the best conversion to the phenolic 

product due to the high efficiency and electron-donating ability of the free hydroxyl group within 

the ligand. Other known ligands, which have found application in the hydroxylation of aryl 

iodides and bromides, were also evaluated for the aryl chloride substrates, but very poor, if 

any, conversions were obtained [94, 95, 106, 107]. Their catalyst system could be employed 

for the successful hydroxylation of (hetero)aryl chlorides at 130 °C, while lower reaction 
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temperatures of 60 to 80 °C and catalyst loadings of 0.5 mol% were sufficient for (hetero)aryl 

iodides and bromides [109]. Better conversions were obtained for more reactive hetero(aryl) 

iodides using KOH instead of LiOH·H2O due to the stronger ability of KOH to deprotonate the 

ligand during the reaction. 

 

Figure 2.6: The evaluation of N,N′-disubstituted oxalamide ligands (L2.26-L2.31), in combination with 

Cu(acac)2, in the hydroxylation of 4-chloroanisole [109]. 

In 2018, Shendage and co-workers had to increase the catalyst loading (10 to 20 mol%) for 

the application of CuI with an inexpensive dimethylglyoxime (L2.32) ligand and CsOH in a 

DMSO/H2O (ratio of 1:1) solvent system during the hydroxylation of aryl iodides and bromides 

(Scheme 2.27) [111]. Longer reaction times were required when evaluating aryl bromides as 

substrates. Conversions of 96 % (10 h) and 89 % (12 h) were obtained for the hydroxylation 

of iodobenzene and 4-iodotoluene, respectively. 

 

Scheme 2.27: The CuI/L2.32/CsOH catalyst system for the hydroxylation of aryl iodides and bromides 

at 120 °C [111]. 

Recently, we evaluated CuI in combination with novel pyrazolylpyridineamine ligands as pre-

catalysts for the hydroxylation of aryl iodides and bromides when using NaOH as the base 

(Figure 2.7 and Chapter 3) [112]. The N-unsubstituted pyrazole-based ligands (L2.33 and 

L2.34) gave conversions of 86 and 65 %, respectively, whereas the N-methyl substituted 

derivatives (L2.35 and L2.36) resulted in lower conversions of 62 and 34 %. As such, both the 

steric and electronic effects of the methyl groups on the pyrazole ring of the ligand and the 
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availability of the NH-proton have a greater negative influence on the success of the reaction, 

than the substituents on the ethyl-linked N-atom [3, 9, 107, 110, 113].  

 

Figure 2.7: Novel pyrazolylpyridineamine ligands, L2.33-L2.36, were synthesised and evaluated, in 

combination with CuI, in the hydroxylation of 4-iodotoluene [112]. 

Our [Cu(MeCN)4]BF4/L2.33/CsOH catalyst system could be used for the hydroxylation of a 

selection of aryl iodides (conversion: 70 to 96 %), while lower conversions of 41 to 68 % were 

obtained for the less reactive aryl bromide substrates under ambient air at 120 °C  

(Scheme 2.28). No phenolic product was observed in the absence of the copper precursor, 

while extremely low conversions of 2 to 12 % were obtained in the absence of a base. We 

identified an induction period that could be drastically shorten by the pre-reaction of ligand, 

precursor and base. 

 

Scheme 2.28: The [Cu(MeCN)4]BF4/L2.33/CsOH catalyst system for the hydroxylation of aryl iodides 

and bromides at 120 °C [112]. 

In conclusion, high conversions to the corresponding phenolic compounds were possible for 

the Cu-based catalyst systems described above, yet they still suffer from the traditional 

drawbacks. Optimal catalyst systems were reported by the groups of Cazin, Ma and Swarts, 

where excellent conversions were obtained for the hydroxylation of aryl halides, each of which 

has eliminated these drawbacks to a certain extent. The next section details studies of the 

reversible CuI/CuIII/CuI and CuII/CuIII/CuI couples implicated in the various mechanistic 

pathways for the hydroxylation of aryl halides. 



Chapter 2: Homogeneous oxidative transformations mediated by copper catalyst 
systems 

36 
 

2.2.2.1 Mechanistic aspects 

Taillefer, Ciofini and co-workers employed computational DFT and cyclic voltammetry (CV) 

studies to investigate the mechanistic pathway for the Cu-catalysed hydroxylation of aryl 

halides [108, 114, 115]. The reaction between CuI and ligand LB (possible ligands for 

hydroxylation reactions) affords LBCuI, which then reacts with a hydroxide base, BOH (B: K, 

Na, Cs), to afford LBCuI-OH, X (Scheme 2.29) [103]. Cazin and co-workers have also 

hypothesised the formation of an (NHC)Cu-OH complex during the reaction [97]. They 

evaluated the well-defined (IPr)Cu-OH complex to support their hypothesis, which resulted in 

a lower conversion, relative to the obtained conversion for the C2.21/CsOH catalyst system. 

As such, they suggested slow dosing of this active species during the hydroxylation reaction 

for optimal catalytic activity.  

Alternatively, our group has also suggested the formation of a Cu-hydroxo species. This was 

confirmed by allowing the in situ formation of the [(L2.33)Cu-OH] active species before the 

addition of the aryl halide substrate [112]. Our group observed an induction period of 90 min 

under the optimised reaction conditions with a catalyst loading of 2 mol%; however, a 

significantly shorter induction period was observed in the initial presence of [(L2.33)Cu-OH] 

and complete conversion was obtained in a shorter reaction time of 1 h. Computational and 

EPR studies revealed that the type of Cu-hydroxo species is influenced by the pH of the 

reaction [116, 117]. As such, both LBCuII-OH and the LBCuII-OH dimer may be present in the 

reaction due to the high pH of 15 to 16. However, the deactivating nature of the dimeric 

species, as previously reported, allowed us to assume the presence of only monomeric  

LBCuII-OH species [118].  

The oxidative addition of the aryl halide substrate to X revealed the formation of the CuIII 

intermediate, XII (Scheme 2.29, Path 1). Alternatively, the reaction between CuII, LB and BOH 

is also possible to generate LBCuII-OH species, XI. Similar observations were previously 

proposed for reactions such as cross-coupling with boronic acids, arene hydroxylation and 

nitration [119-122]. These CuII-hydroxo species then react with another CuII group during a 

disproportionation reaction, in the presence of PhX, to afford CuI and the CuIII intermediate, 

XII (Scheme 2.29, Path 2). The electrochemical analysis did not reveal the presence of a CuIII 

intermediate, but several groups have proposed the formation thereof, using experimental and 

DFT studies [119, 123, 124]. The rapid elimination of the halogen from XII, followed by a 

reduction step, affords LBCuI(OH)Ph, XIII. The regeneration of LBCuI-OH, X was possible 

when the phenolic product was released [125-127]. In conclusion, the hydroxylation of aryl 

halides proceeds via two mechanistic pathways, differing only in the initial oxidation state of 
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the copper precursor. Both pathways involve the formation of CuIII species during the reaction. 

The synthesis of cyclic alcohols and ketones via the peroxidation of cyclohexane is described 

in the next section. 

 

Scheme 2.29: The proposed CuI/CuIII/CuI or CuII/CuIII/CuI mechanistic pathways for the hydroxylation 

of aryl halides. Adapted from the groups of Wang, Taillefer and Ciofini [103, 108, 115]. 

2.2.3 Peroxidation reactions 

Alkanes have limited use due to the inertness of its C-H bonds towards chemical 

transformations, which have received great attention. These inexpensive hydrocarbons can 

be oxidised to value-added products such as alcohols, ketones and aldehydes, which are 

more reactive than alkanes. One of the first methods to oxidise hydrocarbons into oxygenates 

is the DuPont process, which uses a CoIII naphthalene catalyst [128, 129]. This two-step 

process involves an air oxidation step to convert cyclohexane to cyclohexanol or 

cyclohexanone, followed by nitric acid-assisted oxidation to afford adipic acid. The 

involvement of a corrosive acid as the oxidant is a concern for this process, since extremely 

low product yields and selectivities are obtained under these harsh reaction conditions. 

Alternatively, hydrocarbon oxidation may also involve a peroxidation reaction under mild 

reaction conditions using H2O2 as oxidant. During these reactions, a hydrogen atom of an 

organic compound is replaced with a hydroperoxide group, which could then either terminate 

the peroxidation reaction or undergo a homolytic cleavage reaction to obtain the 

corresponding alcohol and ketone products. In this review, the focus is on the peroxidation of 

hydrocarbons such as cyclo- and linear alkanes to valuable pharmaceutical and chemical 

compounds. 
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Hydrocarbon activation under mild reaction conditions can be accomplished using Gif 

systems, which include an electron source or reductant (copper or zinc powder), O2 as the 

oxidant and an iron-based catalyst, to obtain product yields of 10 to 25 % with ketones as the 

major product [130-132]. Gif chemistry involves the fast oxidation of saturated hydrocarbons 

to obtain the corresponding ketone products. The characteristics of these systems can be 

maintained while varying the reductant, solvent and oxidant. However, low amounts of 

oxidation products are obtained with these systems due to competitive solvent oxidation and 

ketonisation of the substrate [133, 134]. One of the first examples of a Cu-based catalyst 

system that shares properties with the Gif system was reported by Barton and co-workers in 

1992 [24]. They combined copper powder, pyridine, acetic acid and H2O2 (30 % in H2O) for 

the peroxidation of cyclohexane, but a very low product yield of less than 5 % was obtained 

after 24 h [133]. Initially, they thought that their catalyst system involves a non-radical 

mechanistic pathway, similar to the Gif system, but experimental work suggested the 

involvement of radical species during the peroxidation of cycloalkanes [24, 135]. They also 

observed that the basicity of pyridine facilitates the elimination of H2O from H2O2, leading to 

cyclohexanone formation as the major product. 

A similar method was employed by Sawyer and co-workers in 1993 where they investigated 

the activation of either H2O2 (50 % in H2O) or TBHP in the bis(2,2′-bipyridine)copper(I) 

([CuI(bpy)2]+, C2.26) catalyst system with a solvent system of acetonitrile (MeCN)/pyridine  

(ratio of 4:1) [136]. The addition of an oxidation-resistant co-solvent such as MeCN has 

numerous advantages. These include stabilisation of the Cu-based pre-catalyst via MeCN 

coordination, increased solubility of the hydrocarbon substrate and oxidised products and 

lastly an increase in the overall reaction stability leading to fewer side-reactions [24]. The 

efficiency of the peroxidation reaction increased when employing TBHP as oxidant, instead of 

H2O2 and they could improve on the initial product yield of < 5 % to obtain 15 % in 3 h with 

their C2.26/TBHP/O2 catalyst system. They were able to employ their catalyst system for the 

peroxidation of cyclohexane, methylcyclohexane and adamantine, where the ketone product 

was observed as the major product in all cases. 

In ensuing years, several transition metals such as iron, manganese, vanadium and cobalt 

have been employed as catalysts for the peroxidation of cycloalkanes. The inclusion of copper 

to this list has high potential interest due to its widespread availability and low cost [20, 25, 

134, 137-145]. A mixed solvent system of MeCN/H2O is crucial for the solubilisation of the 

catalyst and the hydrocarbon substrate [146]. In addition, it was observed that H2O, as a sole 

solvent, suppresses the catalytic activity of the Cu-based catalyst system. Various 

mononuclear CuI-/CuII-based catalyst systems have been reported between 1997 and 2003 
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for cyclohexane peroxidation; however, they usually require high reaction temperatures with 

extremely low product yields of 4 to 18 % (Table 2.1) [60, 137, 147-150]. 

Table 2.1: A summary of some of the first CuI-/CuII-based catalyst systems, which usually require high 

reaction temperatures, for cyclohexane peroxidation with extremely low product yields. 

These catalyst systems were reported between 1997 and 2003. 

Catalyst Oxidant 
Temp 

(°C) 

Time 

(h) 

Product yield 

(%) 

Ref 

[Cu(MeCN)4]BF4
a TBHP/PAA 60 5 12 [147] 

[Cu2(Py2SSPy2)](ClO4)2
b H2O2/TBHP 25 0.5 4 [149] 

[Cu(salen)]c H2O2
* 80 5 18 [60] 

[Cu(tma)2]
d TBHP 70 24 11 [137] 

[CuCl16Pc]e O2/TBHP 70 8 12 [151] 

[Cu(bdpg)Cl]Clf H2O2
* 25 2 7 [150] 

[(CuCl2)4(18-crown-6)2(H2O)2]g O2 70 24 4 [152] 

Cu(OH)2 O2 20 24 4 [153] 

Cu-SiO2 TBHP 75 24 4 [148] 

Cu(NC3)Si-MCM-41 H2O2 100 12 5 [154] 

a [Cu(MeCN)4]BF4: tetrakis(acetonitrile)copper(I) tetrafluoroborate; PAA: peroxyacetic acid. b Py2SSPy2: 

bis{2-[N,N-bis(2-pyridylethyl)amino]-1,1-dimethylethyl} disulfide. c Cu(salen): N,N′-(1,2-ethylene)-

bis(salicylaldamine)-copper(II). d tma: trimethyl acetate. e PC: phthalocyanines. f bdpg: N,N-bis-(2-

pyridylmethyl)-β-alanineamide. g In the presence of acetaldehyde additive.* 30 % in H2O. 

In the following years, several Cu-based catalyst systems were reported with improved 

product yields for hydrocarbon peroxidation. These catalyst systems are summarised in  

Table 2.2 and described in more detail. An excess of H2O2 (8 to 10 equiv.) as the oxidant is 

required for the optimal cycloalkyl hydroperoxide formation; however, extreme amounts might 

lead to over-oxidation [146]. 
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Table 2.2: The development of mono- and multinuclear Cu-based catalyst systems for the peroxidation 

of cyclohexane and/or cyclooctane.a 

 

Entry Catalyst/Complex n 
Yield 

(%) 

C-OH 

(%) 

C=O 

(%) 
Ref 

1b [Cu4(tea)4-(BOH)4(µ-O)][(BF4)2] (C2.27)c 2 38.5 24.3 14.2 [128] 

2b [Cu3(µ3-OH)(µ-pz)3(EtCO2)2(H2O)] (C2.28)d 2 32 23.6 8.6 [155] 

3e [Cu(µ-dipic)2{Na2(µ-H2O)4}]n·2nH2O (C2.29) 2 11.1 9.3 1.8 [156] 

4f [TpBr3Cu(NCMe)] (C2.30)g 
2 24.5 9.3 14 

[27] 
4 11 0 9.8 

5e,h,i [Cu4(µ4-Hedte)2(Hpmal)2(H2O)] (C2.31) 
2 16.2 - - 

[157] 
4 19.3 - - 

6 [Cu(L2.37)(H2O)(im)]·3H2O (C2.32)j 
2 23 21.7 1.3 

[158] 
4 20 18.1 1.9 

7 [Cu(TMPA)(NCMe)][PF6] (C2.33)k 4 47 43 4 [25] 

8 [Cu(R,R)-(BPBP][PF6] (C2.34)l 2 56 50 6 [25] 

9m,n [CuCl2(R1-dtpy)] (C2.10) 2 23 - - [63] 

10o NHC-Cu-I (C2.19)p 2 39q 24.6 14.4 [70] 

11e,I,n [Cu2(µ-Hbdea)2(µ-bdca)]n (C2.40) 
2 21.1 10.8 10.3 

[28] 
4 16.2 3.5 12.7 

12e,i CuII-complex (C2.41) 2 15 10 5 [159] 

13b,r [Cu2(L2.40)2(μ2-Cl)Cl] (C2.42)s 2 48.2 29.8 18.4 [160] 

a Time: 6 h; room temp; oxidant: H2O2, unless stated otherwise. b Additive: HNO3. c Tea: triethanolamine. 

d Pz: pyrazolate. e Temp: 50 °C. f Traces of dehydrogenation by-products. g Tp: hydrotrispyrazolylborate. 

h Time 3 h. i Additive: Trifluoroacetic acid (TFA). j L2.37: 5-(2-(2-hydroxyphenyl)hydrazono)-pyrimidine-

2,4,6(1H,3H,5H)-trione; im: imidazole. k TMPA: tris(2-pyridylmethyl)-amine. l (R,R)-BPBP: (2R,2R′)-1,1′-

bis(2-pyridinylmethyl)-2,2′-bipyrrolidine. m Temp: 60 °C; oxidant: H2O2/TBHP. n Time: 2 h. o Temp:  

80 °C; time: 24 h. p Triazolylidene copper(I) catalysts. q Product yield and distribution: mol%. r Temp: 

40 °C; time: 48 h. s L2.40: 1-((2-hydroxyethylimino)methyl)naphthalene-2-ol. 

Even though several studies have focused on the evaluation of mononuclear Cu-based 

complexes in peroxidation catalysts, the same is not true for multinuclear Cu-based 
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complexes. Pombeiro and co-workers reported one of the first examples of a multinuclear CuII-

based catalyst system in 2006. They evaluated a tetranuclear CuII complex, C2.27, with an 

excess of H2O2 (30 % in H2O) and HNO3 for the peroxidation of cyclohexane (Table 2.2,  

entry 1 and Figure 2.8) [128, 161]. An improved product yield of 39 % was obtained in 6 h.  

 

Figure 2.8: Complexes C2.27 and C2.28 have been employed in combination with H2O2 and HNO3 for 

the peroxidation of cyclohexane [128, 155]. 

In 2007, Pettinari and co-workers reported the combination of trinuclear copper(II) complexes 

such as [Cu3(µ3-OH)(µ-pz)3(EtCO2)2(H2O)] (C2.28), bearing anionic pyrazolate (pz) and 

carboxylate ligands. Complex C2.28, with H2O2 (30 % in H2O) and HNO3, was used for the 

peroxidation of cyclohexane with a product yield of 32 % in 6 h (Table 2.2, entry 2 and  

Figure 2.8) [155, 162, 163]. A high selectivity towards the alcohol product was obtained, while 

no by-products were observed. Their catalyst system could also be employed for the 

peroxidation of cyclopentane with a product distribution (CyOH/CyO) of 22.6/8.4 % and a total 

product yield of 31 %. No reaction occurred in the absence of the Cu-based complex. The 

efficiency of the reaction depends on the concentration of HNO3 and H2O2 since an increase 

in either of the two reaction parameters increased the product yields, but a decrease in the 

product yield was also observed in a highly acidic environment. 

In 2008, Pombeiro and co-workers evaluated complex C2.29 in combination with H2O2 (50 % 

in H2O) for the peroxidation of cyclohexane at 50 °C and they obtained a product yield of  

11 % (Table 2.2, entry 3 and Figure 2.9) [156]. Cyclopentane peroxidation was also possible 

and they obtained a product yield of 10 % with a product distribution (CyOH/CyO) of  

9.1/0.8 %. No reaction occurs in the absence of the Cu-based catalyst. An advantage of their 

catalyst system is that it can operate in the absence of an acid promoter because the activity 

thereof is suppressed in the presence of HNO3. 
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Figure 2.9: The application of complex C2.29 in combination with H2O2 for hydrocarbon peroxidation 

[26, 156]. 

Pombeiro and co-workers further expanded their work in 2009 by including more novel 

trinuclear CuII-based complexes. However, none of these complexes could improve on the 

product yields obtained for the peroxidation of cyclohexane relative to using complex C2.28 

(Table 2.2, entry 2 and Figure 2.8) [26, 155]. Decreased product yields were obtained when 

the trinuclear CuII complexes were replaced with copper(II) carbonate or copper(II)  

2-methylbutyrate, while no oxidation products were obtained in the absence of a CuII catalyst. 

An increase in the ratio of H2O2:catalyst from 250 to 750 increased the product yield from  

27 to 34 %. Furthermore, high amounts of H2O2 favour the decomposition of the cyclohexyl 

hydroperoxide product and it may also result in a change in the selectivity to rather afford 

cyclohexanone as the major product. 

In conclusion, the efficiency of the peroxidation reactions depends on the amounts of Cu-

based catalyst, oxidant and substrate, the type of solvent system, reaction time and 

temperature. Several studies have highlighted the importance of an acid co-catalyst to improve 

on the product yields; however, a decrease in the product yields was also observed in a highly 

acidic environment. The above-mentioned catalyst systems often require harsh reaction 

conditions such as high temperatures, the use of strong oxidants and sometimes 

environmentally unfriendly reagents, stoichiometric additives and the addition of an acidic 

medium [164]. These drawbacks lead to poor selectivity, low product yields and undesired 

environmental and economic costs during peroxidation reactions. More recent reports have 

shown that Cu-based peroxidation catalysts can also be active in the absence of an acid 

environment. 

The application of [TpXCu(NCMe)] (X: Br3, Br, Me3, Me2 or Ph) complexes with H2O2 in the 

oxidation of benzene to phenol was reported by Pérez and co-workers in 2011 [165]. Later, in 

2013, they expanded their research by evaluating complex C2.30 in combination with H2O2  
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(30 % in H2O) for the peroxidation of cyclohexane (25 %) and -octane (11 %, Table 2.2,  

entry 4 and Figure 2.10). Even though cyclohexanol and cyclohexanone (major product) were 

obtained as the products for cyclohexane peroxidation, they also found traces of the two 

dehydrogenation by-products, cyclohexene (1 %) and cyclohexene oxide (0.5 %) [27]. Similar 

results were observed for the peroxidation of cyclooctane. 

 

Figure 2.10: Complex C2.30 was used in combination with H2O2 for the peroxidation of cycloalkanes 

[27]. 

The formation of dehydrogenation products during peroxidation reactions was not observed 

previously for Cu-based catalyst systems where radical species are formed. However, the 

dehydrogenation of activated (benzylic) C-H bonds was previously observed with a 

manganese-catalysed system [166, 167]. As such, the authors proposed the formation of 

metal-oxo species, instead of the radical species, during the peroxidation reaction [27]. Their 

results revealed that long reaction times and high temperatures, close to the boiling point of 

the hydrocarbon substrate, have a negative influence on the peroxidation reaction because 

lower product yields were obtained. Less-reactive linear alkanes such as n-hexane were also 

evaluated and a product yield of 9 % was obtained in 3.5 h. The main products were internal 

alcohols as well as over-oxidised analogues.  

Kirillov and co-workers further expanded on the application of tetranuclear Cu-based 

complexes, bearing a cubane core (Cu4O4), such as [Cu4(µ4-Hedte)2(Hpmal)2(H2O)] (C2.31) 

for peroxidation reactions in 2015 (Figure 2.11) [157]. Various organic building blocks, 

N,N,N′,N′-tetrakis(2-hydroxyethyl)ethylenediamine (H4edte), salicylic acid (H2sal) and 

phenylmalonic acid (H2pmal), were employed during the synthesis of these tetranuclear Cu-

based complexes. They evaluated C2.31 in combination with H2O2 (50 % in H2O) and TFA for 

the peroxidation of cyclohexane (16 %) and cyclooctane (19 %) in 3 h at 50 °C (Table 2.2,  

entry 5). Moreover, product yields of 9 and 20 % were obtained for the peroxidation of 

cyclopentane and -heptane, respectively. The distribution between the alcohol and ketone 

product is unclear for their catalyst system. 
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Figure 2.11: Complex C2.31, in combination with H2O2 and TFA, was evaluated for cycloalkane 

peroxidation reactions [157]. 

Decreased product yields were obtained in the absence of an acid promotor, which dropped 

to zero in the absence of C2.31. The type of acid promoter affects the catalytic efficiency with 

similar product yields of 15 % obtained for either TFA or HNO3. A longer reaction time was, 

however, required for sulphuric acid (H2SO4) to obtain the same product yield. When 

employing HCl, the reaction was completed in 3 min, with a comparable product yield of  

13 %. The rate of H2O2 decomposition also decreased in the acidic environment. Their catalyst 

system could also be employed for the peroxidation of linear alkanes such as n-pentane,  

n-hexane, n-heptane and n-octane, but extremely low product yields of 3 to 10 % were 

obtained. Lastly, methylcyclohexane was also evaluated and they observed preferential 

oxidation of the 3° over the 2° C-atoms.  

Later, in 2016, Pombeiro and co-workers synthesised water-soluble tetranuclear CuII 

complexes, which consist of copper(II) nitrate hydrate (Cu(NO3)2·2.5H2O) and an 

arylhydrazone of barbituric acid (AHBA) ligand [158]. Functionalised AHBA ligands with -OH,  

-SO3H or -COOH substituted groups were previously reported for cyclohexane peroxidation 

and low product yields of 6 to 21 % were obtained, with selectivity (89 to 98 %) towards the 

formation of cyclohexanol [168]. They evaluated the tetranuclear CuII complex, C2.32, bearing 

5-(2-(2-hydroxyphenyl)hydrazono)-pyrimidine-2,4,6(1H,3H,5H)-trione (L2.37), in combination 

with H2O2 (30 % in H2O) and TFA as an acid promotor for the peroxidation of cyclohexane  

(23 %) and -octane (20 %) in 6 h (Table 2.2, entry 6 and Figure 2.12). Moreover, they also 

evaluated the peroxidation of cyclopentane (11 %) and -heptane (25 %) with a selectivity 

towards the corresponding alcohol products according to their respective product distributions 
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(CyOH/CyO) of 9.8/1.2 % and 23.4/1.6 %. The importance of the ligand during the proton-

transfer step was confirmed with a decrease in the product yield in the absence of the ligand 

[169]. 

 

Figure 2.12: Complex C2.32 and the in situ formed catalysts C2.33 and C2.34 were evaluated in 

combination with H2O2 and TFA for the peroxidation of cycloalkanes [25, 158]. 

In a separate study, Garcia-Bosch and co-workers investigated the effect of various tetra-,  

tri-, bi- and monodentate ligands such as (2R,2′R)-1,1′-bis(2-pyridinylmethyl)-2,2′-bipyrrolidine 

((R,R)-BPBP, L2.38) and tris(2-pyridylmethyl)-amine (TMPA, L2.39) in combination with 

[Cu(MeCN)4]PF6 on peroxidation reactions. The CuI catalysts, [Cu(TMPA)(NCMe)][PF6] 

(C2.33) and [Cu(R,R)-BPBP)][PF6] (C2.34), were formed in situ before initiating the reaction, 

since no significant change in the product yield was observed when isolated complexes were 

employed as pre-catalysts (Figure 2.12). They were able to generate product yields of 56 and 

47 % in 6 h for the peroxidation of cyclohexane and -octane, respectively (Table 2.2,  

entries 7 and 8) [25]. Cyclopentane (39 %) and -heptane (47 %) peroxidation was also possible 

with product distributions (CyOH/CyO) of 32/7 % and 39/8 %, respectively. This represents 

the current state-of-the-art for copper-catalysed peroxidation. Cyclohexyl hydroperoxide 

products were observed and they proposed that their catalysts can discriminate between the 

presence of H2O2 and these products, thereby preventing the formation of cyclohexane and 

cyclohexanone.  

Evaluating the linear alkane, n-hexane, afforded a product yield of 20 to 30 %, which consists 

of a mixture of C1, C2 and C3 oxidation products. Internal C-H bonds, instead of terminal 

bonds, were preferentially activated during these reactions. Further experiments involve the 

confirmation of C-centred and O-centred radicals within the reaction. A mixture of trans/cis 

products was observed for the peroxidation of cis-1,2-dimethylcyclohexane, which confirmed 

the presence of C-centred radicals. Despite the low product yield of less than 10 % for the 

peroxidation of toluene, a mixture of oxidation products (o-/m-/p-cresol) was observed, which 

confirmed the presence of O-centred radicals. Lastly, the addition of radical traps such as 
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CCl3Br to the reaction resulted in the formation of cyclohexyl bromide and -chloride products, 

instead of the hydroperoxo product, and the product yield was decreased to less than 30 %. 

These results further support the formation of radical species [25, 170]. 

In 2017, Shul’pin and co-workers reported on the application of a CuII complex, C2.10, in 

combination with H2O2 (30 % in H2O) for the oxidation of activated alcohols or the peroxidation 

of hydrocarbons [63]. The peroxidation of cyclohexane mediated by their C2.10/H2O2 catalyst 

system led to a product yield of 23 % in 2 h at 60 °C (Table 2.2, entry 9 and Figure 2.3). The 

product distribution was, however, unclear for their catalyst system. Their results for the 

peroxidation of linear and substituted cyclic alkanes confirmed the formation of radical species 

during the reaction. 

The application of NHC-CuI complexes, bearing triazolylidene (1-(R)-3-methyl-4-phenyl-1H-

1,2,3-triazol-3-ium-5-yl) ligands, for the peroxidation of cyclohexane was reported by Mncube 

and Bala in 2018 [70]. The steric hindrance of the bulky aromatic substituents on the N3-atom 

of complexes C2.35 (R: phenyl) and C2.19 (R: propyl) has a negative influence on the catalytic 

activity leading to decreased product yields relative to complexes C2.36 (R: mesitylenyl) and 

C2.37 (R: hexyl), bearing aliphatic substituents on the N3-atom (Figure 2.13). 

 

Figure 2.13: Various NHC-CuI complexes, C2.19 and C2.35-C2.37 (ratio of 1:1.1 for NHC:Cu), were 

evaluated for the peroxidation of cyclohexane [70]. 

Complex C2.19, in combination with H2O2 (30 % in H2O), was used for cyclohexane 

peroxidation resulting in a product yield of 39 mol% in 24 h at 80 °C (Table 2.2, entry 10). 

Cyclohexyl hydroperoxide was observed as the major product before treatment with an excess 

of PPh3, which confirms the formation of radical species during the reaction. A change in the 

ratio of NHC:Cu from 1:1 to 1:2 had a negligible effect on the product yield, while increasing 

the selectivity towards cyclohexanone. The reaction proceeded with no induction period while 

no oxidation products were observed in the absence of the catalyst. Furthermore, their catalyst 

system could also be employed for the peroxidation of toluene and linear alcohols such as  

n-octane to obtain a mixture of oxidation products. These observations support the formation 

of radical species during the reaction, which was further confirmed by the suppression of the 
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catalytic activity in the presence of radical traps. Initial rate studies confirmed the gradual 

catalyst decomposition that was exacerbated in an acidic environment. The efficiency of the 

peroxidation reaction increased with an increase in the reaction temperature, but it was limited 

to 80 °C due to the volatility of cyclohexane as well as the solvent. 

In 2019, Kirillov and co-workers reported on the synthesis and application of mono- 

([Cu(H1.5bdea)2](hba)·2H2O, C2.38) and binuclear ([Cu2(µ-Hbdea)2(aca)2]·4H2O, C2.39) 

complexes as well as the 1D coordination polymer ([Cu2(µ-Hbdea)2(µ-bdca)]n, C2.40) for 

peroxidation reactions at a lower reaction temperature and shorter reaction time (Figure 2.14) 

[28]. Building blocks and supporting ligands such as N-butyldiethanolamine (H2bdea),  

4-hydroxybenzoic acid (Hhba), 4,4′-biphenyldicarboxylic acid (H2bdca) and  

9-anthracenecarboxylic acid (Haca) were employed to generate N,O-containing ligands during 

the synthesis of these materials. They evaluated the C2.40/H2O2/TFA (50 % in H2O) catalyst 

system for the peroxidation of cyclohexane (21 %) and -octane (16 %) in 2 h at 50 °C  

(Table 2.2, entry 11). No improvement in the product yields or over-oxidation was obtained in 

longer reaction times, while a preferential formation for the corresponding ketone products 

was observed, except in the case of cyclohexane. They were also able to employ their catalyst 

system in the peroxidation of cyclopentane (10 %) and -heptane (25 %) with product 

distributions (CyOH/CyO) of 3.5/6.6 % and 10/14.5 %, respectively. An increase in the 

concentration of the acid promoter increased the product yield [146, 157, 171]. Moreover, 

when TFA was replaced with HCl for cyclohexane peroxidation, they could speed up the 

reaction time from 2 h to only a few minutes, but a lower product yield of 16 % was obtained 

due to the possibility of the Cl- anions to act as ligands to stabilise the Cu-peroxo intermediates 

or CuI oxidation state [146]. They observed a first-order dependence on the catalyst and H2O 

concentration, which confirms the involvement of both Cu-based species and H2O during the 

rate-limiting step of the peroxidation reaction. This is, however, in contrast with previous 

studies where the addition of H2O leads to a lower reactivity due to a decrease in the 

concentration of H2O2 and substrate solubility [146]. 
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Figure 2.14: The mono- (C2.38) and binuclear (C2.39) complexes as well as the 1D coordination 

polymer (C2.40) were employed for hydrocarbon peroxidation reactions. The H2O 

molecules as reported for the crystal structures of C2.38 and C2.39 are not included in 

this figure [28]. 

Firinci evaluated various CuII complexes such as C2.41, bearing a pyrimidine-2,4,6-trione 

ligand, in combination with H2O2 (30 % in H2O) and TFA for cyclohexane peroxidation and a 

product yield of 15 % was obtained in 6 h at 50 °C (Table 2.2, entry 12 and Figure 2.15) [159]. 

Pombeiro and co-workers have previously reported on the application of CuII in combination 

with hydrazone-derived pyrimidine-2,4,6-trione ligands in the peroxidation of cyclohexane and 

they obtained product yields of 21 to 23 % [158, 168]. 
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Figure 2.15: The application of complex C2.41 in combination with H2O2 and TFA for cyclohexane 

peroxidation [159]. 

In 2019, Roy and co-workers reported on the application of a binuclear CuII complex, 

[Cu2(L2.40)2(µ2-Cl)Cl]·2.5H2O (C2.42), bearing a 1-((2-hydroxyethylimino)methyl)-

naphthalene-2-ol) (L2.40) ligand, in combination with H2O2 (30 % in H2O) and HNO3 in the 

peroxidation of cyclohexane in 48 h at 40 °C (Table 2.2, entry 13 and Figure 2.16) [160]. 

Product yields of 36 to 48 % were obtained for the peroxidation of cyclopentane (CyOH/CyO 

distribution of 19.1/16.7 %) and cyclohexane (29.8/18.4 %). The peroxidation of toluene 

resulted in a product yield of 40 %, with a product distribution (BzOH/BzO) of 23.8/15.9 %, 

while traces of benzoic acid were also observed due to over-oxidation. They observed that 

their binuclear Cu-based complex requires HNO3 to increase the unsaturation at the metal 

centre, consistent with previous reports [146, 157, 158, 171, 172]. 

 

Figure 2.16: The application of complex C2.42 in combination with H2O2 and HNO3 for cyclohexane 

peroxidation of cyclohexane [160]. 

The above-mentioned Cu-based catalyst systems highlight that the following are required for 

an optimal catalyst system for the peroxidation of cycloalkanes: N-atom containing ligand sets, 

low coordination numbers for the Cu centre, high stability of the Cu centre and the solubility 

and stability of the catalyst in the solvent system. Unfortunately, these Cu-based catalyst 
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systems still require acid promoters, high amounts of H2O2 or high temperatures for optimal 

reactivity, since only low to moderate product yields were possible. As such, there is still room 

for improvement in catalyst design. The next section discusses the mechanistic aspects of 

copper-catalysed peroxidation. 

2.2.3.1 Mechanistic aspects 

Various possible radical-based mechanistic pathways have been proposed previously where 

cycloalkyl hydroperoxide is generated as the major product before the reaction was treated 

with an excess of PPh3 to afford the corresponding alcohols and ketones as the final products. 

The initial changes in the oxidation state of copper during the formation of the active species 

are currently the only difference between these mechanistic pathways for hydrocarbon 

peroxidation. A variety of experimental, spectroscopic and computational DFT studies was 

employed to suggest possibilities for the nature of the active species and to identify possible 

Cu-based intermediates for the different radical-based mechanistic pathways. These 

investigations are described below. 

2.2.3.1.1 Fenton-like radical mechanistic pathway 

This mechanistic pathway was proposed by the groups of Karlin and Garcia-Bosch [25, 173]. 

UV/vis spectroscopy studies were employed to confirm the initial oxidation of the LCCuI  

(LC: ligand for peroxidation reactions) complex with H2O2, to afford the catalyst resting state, 

LCCuII. A subsequent Fenton-like reaction of LCCuII with H2O2 affords LCCuIII-OH and the 

hydroxyl radical (·OH) during the rate-determining step (Scheme 2.30, Path 1). Roy and co-

workers used electrochemistry to confirm the generation of LCCuIII [160]. The resting-state was 

determined by UV/vis measurements, where they compared the crude catalytic reaction with 

an independently synthesised LCCuII complex [170]. LCCuI that might be present after H2O2 

was added, will lead to the formation of LCCuII and ·OH. From here, the mechanistic pathway 

involves radical species and the reaction between ·OH and the substrate to afford C-centred 

radical species (Cy·) via an H-atom abstraction step. H2O2 assists in the reduction of  

LCCuIII-OH to regenerate the resting state, LCCuII, species and a cycloalkyl hydroperoxo 

(CyOO·) radical. The formation of the cycloalkyl hydroperoxide (CyOOH) product, which was 

confirmed by various research groups, occurs either by the termination of the radical chain or 

H-atom abstraction from the cycloalkane, via the CyOO· intermediate. The cycloalkyl 

hydroperoxide is cleaved homolytically using LCCuII, to obtain the corresponding alcohol 

(CyOH, H-atom abstraction from the substrate, using Cy·) and ketone (CyO, decomposition 

of CyOO·) products. A similar mechanistic pathway was proposed for the oxidation of benzene 

to phenol, using catalyst C2.33 in an H2O2/acetone solvent system (Figure 2.12) [173]. 
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Scheme 2.30: The proposed mechanistic pathways (Path 1 and 2) for cycloalkane peroxidation. 

Adapted from the groups of Garcia-Bosch, Karlin, Shul′pin, Kirillova, Pombeiro, Mncube 

and Bala [25, 70, 144, 147, 156, 172-174]. 

2.2.3.1.2 Free-radical mechanistic pathway  

A similar mechanistic pathway, as decribed in Section 2.2.3.1.1, was proposed by several 

groups; however, they did not observe LCCuIII species and rather suggested the reversible 

transformation between LCCuII and LCCuI [70, 144, 147, 156, 172, 174]. The reaction between 

CuII-precursor and LC results in the formation of the pre-catalyst, LCCuII, which is reduced to 

LCCuI and ·OOH in the presence of H2O2 (Scheme 2.30, Path 2). Alternatively, when LCCuI is 

employed, the reaction thereof with H2O2 resulted in the formation of the resting state, LCCuII, 

and ·OH radicals. EPR studies have been employed in the solid-state and in aqueous solution 

to confirm the presence of LCCuII and the intensity of the signal decreases dramatically with 

the addition of aqueous H2O2, which suggests the formation of diamagnetic LCCuI [156]. 

Furthermore, the LCCuII signal does not disappear, which confirms that it is impossible to 
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convert all the LCCuII, even in the presence of excess H2O2. As such, the ·OOH then reacts 

with the remaining LCCuII to afford LCCuI and O2, while H2O2 assists in the oxidation of LCCuI 

to LCCuII and the formation of ·OH. From here, the same mechanistic pathway as proposed 

for the Fenton-like mechanistic pathway is operative. The substrate is activated by ·OH 

through an H-atom abstraction step to afford Cy· radicals [28]. Atmospheric oxygen then 

reacts with these radical species to generate CyOO·, which leads to the formation of the 

primary product, CyOOH. Mncube and Bala suggested that the generation of the CyOO· 

species was the rate-determining step [70]. Alternatively, Roy and co-workers also proposed 

that the formation of CyOOH, as confirmed by UV/vis spectroscopic studies, may be due to 

the reaction between CuII-OOH and the Cy· [160]. The cycloalkyl hydroperoxide product is 

converted to the corresponding CyOH and CyO products, via the same method as described 

for the Fenton-like mechanistic pathway. The free-radical mechanistic pathway is further 

supported by the observed intense release of O2 during the reaction and the initial colour 

change from pale blue to green-yellow with the addition of H2O2 to the reaction mixture [156]. 

In the mechanistic pathways described above, the key difference is in the oxidation states of 

copper. In the Fenton-like mechanistic pathway, the oxidation states cycles between LCuI, 

LCuII and LCuIII, while in the free-radical mechanistic pathway, the oxidation states cycles 

between LCuII and LCuI. Alternatively, Pérez and co-workers observed no change in their  

GC-MS chromatograms before and after the reaction was treated with an excess of PPh3, 

which confirmed the absence of radical species during the reaction [27]. As such, they 

postulated the involvement of metal-oxo species during the activation of the cycloalkane 

substrate, which is the topic of the next sub-section. 

2.2.3.1.3 Metal-oxo mechanistic pathway  

Pérez and co-workers did not only observe the oxidation products during the cycloalkane 

peroxidation, but also dehydrogenation products, which suggest the absence of free radical 

species during the reaction [27]. They rather proposed the involvement of metal-oxo species 

during the H-atom abstraction step (Scheme 2.31). The peroxidation of cyclohexane 

proceeded in the presence of complex C2.30 and either oxone or H2O2 as the oxidant, and 

they obtained similar product yields and product distribution for both reactions. No variations 

in the product yields were observed for the peroxidation reactions under inert or ambient 

atmospheres. They also evaluated radical traps, without C-H bonds, such as carbon 

tetrachloride (CCl4) to confirm the formation of the C-centred radical, Cy·, during the reaction. 

Cycloalkyl chloride was observed as one of the products due to the trapping of cycloalkyl 

radicals with halogenated reagents. These reactions are performed in the absence of  

O-centred radicals because the total product yield was not influenced by the presence of 
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radical trapping agents. Moreover, when CCl4 was replaced with bromotrichloromethane 

(CBrCl3), only bromocycloalkane was obtained. Similar observations were reported by Shaik, 

Nam and co-workers for their FeIV=O complex where CBrCl3 trapped the H-atom during the 

formation of the cycloalkyl radical [175]. These experimental findings support the formation of 

metal-oxo species, instead of the radical species [27]. 

Computational studies were then employed to investigate the proposed involvement of metal-

oxo species during the peroxidation reaction. Oxone, containing potassium 

peroxymonosulfate (KHSO5) was selected as the oxidant to prevent the formation of hydroxyl 

products, which supports their experimental findings [176]. Three different species are 

possible after the oxidation of the Cu-based pre-catalyst with H2O2: Cu-oxo, -superoxo and  

-hydroperoxo species [177, 178]. The Cu-superoxo and Cu-hydroperoxo species were found 

to be less reactive than the Cu-oxo species, since more energy is required for the formation 

of these species. Moreover, when employing Cu-superoxo or Cu-hydroperoxo species during 

the substrate activation step, more energy is required relatively to the Cu-oxo species. 

Complex C2.30 (XIV) reacts with H2O2 to afford CuIII-oxo species, XV, which has a strong oxyl 

character (Scheme 2.31). These Cu-oxo species then react with the substrate to afford Cy· 

radicals and ·C2.30-OH, XVI, via an H-atom abstraction step. Two competitive pathways are 

possible: firstly, the hydroxylation pathway suggests that the cycloalkyl radical coordinates 

with XVI to afford C2.30-OH-Cy, XVII, and the resulting CyOH product (Scheme 2.31, Path 1). 

Secondly, a dehydrogenation reaction rather occurs where a second H-atom was abstracted 

from the α C-H of Cy· to afford the corresponding CyO product and the formation of  

C2.30-OH2, XVIII (Scheme 2.31, Path 2). The oxidant of the dehydrogenation reaction also 

acts as a hydrogen acceptor, which results in the production of two H2O molecules from one 

molecule of H2O2 and cycloalkane substrate. Both species XVII and XVIII were converted to 

the initial XIV species to restart the peroxidation reaction. 
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Scheme 2.31: The proposed mechanistic pathway for the peroxidation of cycloalkanes, using metal-

oxo species instead of radical species. Reproduced from Pérez and co-workers [27]. 

It becomes apparent from the above discussion that the mechanistic pathway, which is 

operative for a specific Cu-based catalyst system, is determined by the initial oxidation state 

of copper as well as whether radical species are generated during the reaction. The next 

section introduces oxidative cleavage reactions, in which Cu-based catalyst systems function 

as LPMO mimics for the synthesis of phenolic compounds. 

2.2.4 Oxidative cleavage reactions: LPMO mimics 

An alternative oxidative transformation reaction for the synthesis of phenolic compounds is via 

the enzymatic oxidative cleavage of glycosidic bonds (glycosidic hydrolase) of recalcitrant 

polysaccharide biomass in the presence of an oxidant. The conversion of biomass has been 

expanded beyond the production of fuels because a wide range of other useful materials for 

energy, chemicals and other industries can also be derived from biomass [179]. Recalcitrant 
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polysaccharide biomass is resistant to degradation, and the enzymatic degradation thereof 

changed dramatically with the discovery of lytic polysaccharide monooxygenases (LPMOs) 

[18, 23, 180, 181]. These enzymes were initially classified into the glycoside hydrolase family 

(GH) and the carbohydrate-binding module family (CBM) for the fungal and bacterial enzymes, 

respectively. Cellulose-active enzymes were later described as ‘lytic oxidases’; however, 

studies have shown that these enzymes could catalyse a Cu-dependent oxidative reaction, 

and therefore they were renamed as LPMOs [182-185]. The term ‘lytic’ refers to its ability to 

cleave and loosen polysaccharide chains [18]. LPMOs have been employed in the enzymatic 

conversion of lignocellulosic biomass to produce biofuels since 2010 [186]. The structure and 

coordination environment of the active centres of these enzymes are described below. 

2.2.4.1 The active site of LPMOs 

LPMO enzymes are isolated from cellulolytic fungi and actinomycete bacteria [21, 182, 187]. 

The active site of these enzymes exhibits a square pyramidal/pseudo-octahedral geometry 

with a single type II Cu-atom that is coordinated to three N-atoms as contributed by two 

histidine residues (Figure 2.17). The first histidine residue coordinates in an imidazole-bond 

fashion, while the second histidine residue is the methylated N-terminal one [23, 182, 187-

191]. The latter is bound by the histidine-braced motif, which involves the main chain amino 

group and the side chain imidazole group. Lastly, two H2O molecules complete the square 

pyramidal coordination of the Cu-based active centre. Studies proposed that the histidine 

brace might impose critical geometric and steric constraints on the active site [192].  

 

Figure 2.17: The active site of LPMOs consists of a mononuclear Cu-atom, which is coordinated to 

three N-atoms [184]. 

The specific role of the methylated N-terminal is still unclear, since some LPMO enzymes does 

not carry the methylated histidine. Walton and co-workers suggested that it may exude redox 

control of the metal site, thereby preventing the deprotonation of the histidine at the terminal 

position [191]. Furthermore, it may also be directly involved in the reaction as a redox-active 

partner or it can serve as a site for atom transfer. Contrastingly, Kim and co-workers used 
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computational studies and found that the methyl group does not have a significant impact on 

the catalytic activity of the enzyme [193]. 

Ligand sets with amine groups or N-atom containing heterocycles, such as pyrazole and 

pyridine, are usually employed in LPMOs to mimic the histidine groups of LPMO [195]. The 

unusual solvent-exposed Cu-based active site exists in the centre of a flat surface for easier 

interaction with the polysaccharide chains without the need to first isolate the chains from the 

crystalline form [23, 191, 192]. The active site can be used for the activation of O2, which is in 

contrast to other Cu-based monooxygenases where two or three copper sites are used for the 

activation of O2 through a multi-electron reduction step [196]. As such, the active site of 

LPMOs is responsible for the oxidative cleavage step, as described in the next section. 

2.2.4.2 Possible oxidative cleavage positions for LPMO mimics 

The Cu-based active site of LPMOs is responsible for the oxidative cleavage reaction in the 

presence of either O2 or H2O2. Initially, the potential for H2O2 as a more active oxidant was 

overseen because LPMOs were performed in reaction conditions that promote the in situ 

formation of H2O2 in the absence of the polysaccharide substrate. Therefore, it is sometimes 

difficult to distinguish between oxygenase (O2) and peroxygenase (H2O2) activity due to the 

presence of H2O2, which could then be employed during the reaction after substrate addition 

[197, 198]. The preference for H2O2 as the oxidant, instead of O2 has resulted in the 

development of several catalyst systems for the oxidative cleavage of polysaccharides [22, 

198-200]. Controlled addition of H2O2 is important because an overdose might damage the 

LPMOs. The difference between O2 and H2O2 in the oxidative cleavage reaction has previously 

been evaluated and they observed that the consumption of H2O2, in the presence of a 

reductant, was much quicker than those reactions with O2 [198, 201].  

Substrate binding to the active centre is relatively weak, resulting in large amounts of unbound 

active centres at low substrate concentrations, and therefore more H2O2 is generated from the 

O2 oxidant [202]. As such, the active site occupancy is crucial for oxygenase activity, which is 

sometimes difficult with insoluble substrates. Studies have shown that O2 can be replaced with 

H2O2 as the oxidant; however, high O2 concentrations may lead to oxidative damage to the 

LPMO enzyme [198]. These reactions of LPMO mimics typically involve two reduction steps. 

The oxidant activates the CuII active sites in the presence of electron donors to catalyse the 

regioselective hydroxylation of an inert C-H bond, leading to glycosidic bond cleavage [23, 

198]. The oxidative cleavage may occur at C1 or C4 to afford either sugar lactones or 

ketoaldoses (Scheme 2.32) [18, 23, 180, 182, 184, 203-206]. Walton and co-workers 

suggested that the position of the enzyme on the surface of the polysaccharide substrate 
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determines the oxidation position [191]. Furthermore, substrates are usually polymeric and 

sometimes insoluble, which may lead to challenges to investigate the interactions between 

the LPMO enzyme and the substrate [192]. 

 

Scheme 2.32: The oxidative cleavage of polysaccharides, using O2, may occur at C1 to afford lactone, 

which is then hydrated to the aldonic acid; or at C4 for the formation of ketoaldose [18]. 

For this process, the O2 + 2H+ + 2e- step may also be replaced with H2O2. 

The advantages of copper as a metal precursor within the active site resulted in the 

development of several Cu-catalysed LPMO mimics, using either O2 or H2O2 as oxidant, where 

LCuII-OO·, LCuII-OH or LCuII-O· active species are generated and employed in the oxidative 

cleavage of C-H bonds during the synthesis of phenols [18-21]. These Cu-based LPMO 

mimics for the oxidative cleavage of polysaccharides are described in the next section. 

2.2.4.3 The development of LPMO mimics 

A seminal study by Striegler and co-workers in 2010 employed binuclear CuII complexes, N,N′-

{1,3-bis[(pyridine-2-ylmethyl)amino]propan-2-ol}ato dicopper(II) (µ-acetato) diperchlorate 

(C2.43a, Cu2bpdpo), N,N′-{bis(2-pyridylmethyl)-1,4-diaminobutan-2-ol}ato dicopper(II) (µ-

acetato) diperchlorate (C2.44, Cu2bpdbo) and N,N′-{1,3-bis[{2-hydroxy-4-[2-(2-

methoxyethoxy)-ethoxyl]-ethoxy}benzylidene-amino]-propan-2-ol}ato dicopper(II) (µ-acetate) 

(C2.45a, Cu2TEGbsdpo) for the hydrolysis of p-nitrophenyl-α-D-galactopyranoside, using a  

3-(cyclohexylamino)-1-propanesulfonic acid (CAPS) buffer at pH 10.5 (Figure 2.18) [207]. 
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Their results revealed the preference for a pyridyl ring (complexes C2.43a and C2.44) over a 

phenoxy group (complex C2.45a), as well as for symmetrical (complex C2.43a) over 

unsymmetrical backbone ligands (complex C2.44) [207]. The importance of these backbone 

ligands was confirmed by evaluating CuII ions, in the absence of ligands, in the glycoside 

hydrolysis reaction, which led to precipitate formation at pH 10.5. 

 

Figure 2.18: Various binuclear CuII complexes bearing pentadentate ligands were evaluated in the 

oxidative cleavage reaction [207]. 

UV/vis spectroscopic studies were employed to follow the formation of the yellow  

p-nitrophenoxide anion at 410 nm and Striegler and co-workers observed a linear dependency 

on the catalyst and substrate concentrations (Scheme 2.33) [207]. No catalyst deactivation, 

due to the coordination of p-nitrophenolate to the catalyst, was observed in the oxidative 

cleavage reactions of 26 h at 30 °C. Furthermore, no hydrolysis reaction was possible below 

pH 10.5, indicating the contribution of the metal-bound hydroxide ion in base catalysis. 

 

Scheme 2.33: The CuII complexes, C2.43-C2.45, were employed in the hydrolysis of p-nitrophenyl-α-

D-galactopyranoside at 30 °C, in the absence of an oxidant [207]. 
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The rate constant (kobs: x 10-4 min-1) of C2.43a (kobs: 43.4 ± 9.6) was the best for the hydrolysis 

of p-nitrophenyl-α-D-galactopyranoside, while complex C2.45a (kobs: 12.7 ± 2.9) resulted in a 

similar rate constant relative to the reaction in the absence of a catalyst. This is possibly due 

to the formation of inactive species during the reaction. However, the rate constant for complex 

C2.44 (kobs: 2.5 ± 0.3) during the oxidative cleavage of o-nitrophenyl-α-D-galactopyranoside 

was significantly lower, relative to the p-analogue (kobs for C2.44: 21.4 ± 3.3), possibly due to 

an increase in the possibility for autocatalytic hydrolysis of the substrate. They also employed 

either complexes C2.43a or C2.44 in the evaluation of p-nitrophenyl-β-D-galactopyranoside  

(kcat for C2.44: 20.0 ± 2.7), p-nitrophenyl-α-D-glucopyranoside (kobs for C2.43a: 10.5 ± 4.5) and  

p-nitrophenyl-β-D-glucopyranoside (kobs for C2.44: 2.4 ± 1.0), but low catalyst solubility in the 

aqueous solution limited their spectroscopic studies [207]. A mononuclear version of complex 

C2.43a, N,N′-1,3-bis[(pyridine-2-ylmethyl)amino]propan-2-ol copper(II) diperchlorate 

(Cubpdpo, kobs: 3.0 ± 0.8) was also evaluated in the hydrolysis of p-nitrophenyl-α-D-

galactopyranoside, but the reaction was significantly slower than for the binuclear complex 

C2.43a even though an increased catalyst concentration was used. Moreover, improved rate 

constants were possible for the binuclear complexes (C2.43a, C2.44 and C2.45a) when the 

reactions were performed at a pH above 9. 

In 2011, Striegler and co-workers further investigated the application of binuclear CuII 

complexes in the hydrolysis of p-nitrophenyl-α-D-galactopyranoside at pH 10.5 [208]. The 

binuclear complexes include N,N′-{bis((3-(4-vinylbenzyloxy)-2-pyridylmethyl)-1,3-

diaminopropan-2-ol}ato dicopper(II) (µ-acetato) diperchlorate (C2.43b, Cu2VBbpdpo), N,N′-

{1,3-bis[(2-hydroxy-4-(p-vinylbenzyloxy))-benzylideneamino]-propan-2-ol}ato dicopper(II) (µ-

acetate) (C2.45b, Cu2VBbsdpo) and {N,N′-1,3-bis[{2-hydroxy-4-(2-methoxyethoxy)}-

benzylideneamino]propan-2-ol}ato dicopper(II) (µ-acetato) (C2.45c, Cu2EGbsdpo; Figure 

2.18). They also synthesised polymeric ligands, polL2.41 and polL2.42, from miniemulsions 

that contain styrene and butyl acrylate and the ligands L2.41 or L2.42. Ligands L2.41 or L2.42 

were also employed in the synthesis of the binuclear CuII complexes C2.43b and C2.45b 

(Figures 2.18 and 2.19). The polymerised ligands, polL2.41 and polL2.42, were employed in 

the synthesis of the macromolecular CuII complexes polCu2L2.41 (polC2.46) and polCu2L2.42 

(polC2.47). High rate constants (kobs: x 10-4 min-1) were observed for the low molecular weight 

complexes C2.43a (kobs: 43 ± 10) and C2.45a (kobs: 13 ± 3), but a significant increase in the 

rate constant was possible for the macromolecular polymerisable complex polC2.46  

(kcat: 20 ± 1) [207, 208]. When employing the polymerisable complex polC2.47, the rate 

constant was further increased to 350 ± 60 x 10-4 min-1. High rate constants of 360 ± 44 to  

380 ± 20 x 10-4 min-1 were also obtained for the hydrolysis of p-nitrophenyl-β-D-

galactopyranoside, p-nitrophenyl-α-D-glucopyranoside and p-nitrophenyl-β-D-
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glucopyranoside, using complex polC2.47. Unfortunately, even though polC2.47 showed 

excellent results, it could not be used to differentiate between α- and β-glycosidic linkages or 

even between the gluco- and galacto- configurations of the substrates. Similarly, 

macromolecular catalysts were also successfully employed in the catalytic oxidation of derived 

catechols to quinones [209]. 

 

Figure 2.19: Ligands L2.41 and L2.42, in combination with styrene and butyl acrylate, were employed 

in the synthesis of the polymerisable miniemulsions, polL2.41 and polL2.42 [208]. 

Striegler and co-workers further expanded the scope of their polymerisable CuII complexes in 

2012 by focusing on the use of ligand L2.41 (Figure 2.19) [210]. Glucose-templated 

(polC2.48glu) and galactose-templated (polC2.49gal) polymeric complexes were synthesised 

from the reaction between the polymerisable ligand polL2.41, Cu(OAc)2·2H2O and a 

carbohydrate (glucose (glu) or galactose (gal)). These sugar-templated CuII complexes were 

evaluated in the hydrolysis reaction. The rate constants (kobs: x 10-4 min-1) for the hydrolysis of 

p-nitrophenyl-α-D-galactopyranoside were found to be higher for the macromolecular complex 

polC2.48 (kobs: 350 ± 36), relative to C2.43a (kobs: 40 ± 10), while even higher rate constants 

were possible for the sugar-templated polymerisable complexes polC2.48glu (kobs: 630 ± 40) 

and polC2.49gal (kobs: 1510 ± 10) [207, 208, 210]. Furthermore, they also evaluated their sugar-

templated polymerisable complexes in the hydrolysis of p-nitrophenyl-β-D-galactopyranoside 

(kobs for polC2.49gal: 1260 ± 110), p-nitrophenyl-α-D-glucopyranoside (kobs for polC2.48glu:  

1480 ± 10) and p-nitrophenyl-β-D-glucopyranoside (kobs for polC2.48glu: 1290 ± 490). Their 

result highlighted the positive effect that the macromolecular environment of the polymerisable 

sugar-templated complexes has on the catalytic performance [210]. The galactose-templated 

complex polC2.49gal cannot distinguish between α- and β-glycosidic linkages and the rate 

constants for the reactions dropped when the substrate was changed from galacto- to the 

gluco- configuration. Moreover, no substrate differentiation was observed for complexes 

C2.43a, C2.43b or in the uncatalysed reactions. Similar results were observed for the glucose-

templated complex polC2.48glu. 

Three CuII complexes, bearing the bis[(1-methyl-2-benzimidazolyl)ethyl]amine ligand (L2.43), 

were synthesised by Castillo and co-workers in 2014 as LPMO mimics (Figure 2.20) [194]. 
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The rationale behind their ligand design originated from the methylated N-atom of the terminal 

histidine imidazole and the secondary amine group from the LPMO enzyme, which can assist 

in the coordination of the substrate to the active site. EPR studies were employed to 

investigate the structure of the CuII complexes and they found that the strong coordination of 

fluoride in the [{L2.43Cu(µ-F)}2](BF4)2 (C2.50) complex favours the square pyramidal 

geometry of LPMO, while the L2.43CuCl2 (C2.51) and [L2.43Cu(H2O)2](OTf)2 (C2.52) 

complexes rather exhibit a trigonal bipyramidal geometry. In all instances, the insolubility of 

the complexes prevented reactivity studies. As such, they further expanded the scope of their 

Cu-based complexes in 2019 by developing a more soluble [L2.43CuI]OTf (C2.53) complex 

[195]. 

 

Figure 2.20: The CuII complexes, C2.50-C2.52, bearing a bis[(1-methyl-2-benzimidazolyl)ethyl]amine 

ligand (L2.43) have been evaluated in oxidative cleavage reactions [194]. 

Both C2.52 and C2.53 were evaluated in the oxidative cleavage of cellobiose at -30 °C 

(Scheme 2.34). The reactivity of complex C2.53 and O2 was evaluated using UV/vis 

spectroscopic studies at -30 °C. Castillo and co-workers observed a broad band at 360 nm 

and 680 nm, which is consistent with a ligand-to-metal charge transfer (LMCT) of copper-

oxygen species and a d-d transition, respectively [195]. Molecular oxygen was then replaced 

with H2O2 as a stronger oxidising agent in the reaction with complex C2.52 and similar 

spectroscopic results were observed. However, they observed spectral changes during the 

reaction between complex C2.52 and H2O2/NEt3 (ratio 1:1), signalling that the formation of a 

mixture of monomeric and dimeric CuII species was obtained. Acetonitrile solutions of complex 

C2.52 with H2O2/NEt3 were evaluated, while C2.54 was generated in situ by reducing complex 

C2.52 with sodium ascorbate while bubbling O2 through the reaction. Product yields of 70 % 

(in MeCN) and 65 % (in H2O) were obtained for the oxidative cleavage of cellobiose when 

employing different catalyst systems [195]. Higher catalytic activity was observed for complex 

C2.52, while better product selectivity was rather obtained with C2.53. Glucose was evaluated 

as substrate and the mono-oxidation product was obtained as the major product. 
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Scheme 2.34: The evaluation of complex C2.52 with H2O2 /NEt3 or in situ formed C2.53 with sodium 

ascorbate and O2 in the oxidative cleavage of cellobiose [195]. 

Bera and co-workers evaluated water-soluble binuclear CuII complexes in the oxidative 

cleavage of glycosidic bonds in 2014 (Scheme 2.35) [211]. Their CuII complexes consist of 

either Cu(OAc)2·2H2O or copper(II) perchlorate hexahydrate (Cu(ClO4)2·6H2O) in combination 

with N,N′-bis(2-pyridylmethyl)-2-hydroxy-1,3-propanediamine-N,N′-dipropionic acid. One 

metal centre is responsible for the coordination to the substrate, while the other metal centre 

delivers an activated solvent nucleophile during the reaction, as confirmed by DFT studies 

[211].  

 

Scheme 2.35: The application of complex C2.54 in the oxidative cleavage of p-nitrophenyl-β-D-

glucopyranoside [211]. 

Complex C2.54 was evaluated in the oxidative cleavage of p-nitrophenyl-β-D-glucopyranoside 

in an aqueous solution (pH of 10.5). UV/vis spectroscopic studies showed a moderate 

increase in the absorption band peak at 410 nm, confirming the formation of the  

p-nitrophenolate product. They also observed a first-order dependence on both the catalyst 

and substrate concentration, with saturation at higher concentrations. Previous studies have 

found that the formation of p-nitrophenolate resulted in the inhibition of the Cu-based catalyst; 
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however, they did not observe any inhibition of the catalytic activity, even during a longer 

reaction time of 30 h. 

Later, in 2017, Simaan and co-workers reported on the application of CuII complexes, bearing 

ligands L2.44 or L2.45, as one of the first functional models for LPMOs (Figure 2.21) [212]. 

These ligands consist of a methylated N-atom in the imidazole as well as an N3-coordination 

sphere to coordinate to the copper centre, which is similar to the histidine moieties in the 

LPMO enzyme. 

 

Figure 2.21: Ligands L2.44 and L2.45 were incorporated within the CuII complexes, as LPMO mimics, 

for the oxidative cleavage reaction [212]. 

Simaan and co-workers evaluated the CuII complex, [(L2.45)Cu(H2O)2][(ClO4)2] (C2.55), for 

the oxidative cleavage of p-nitrophenyl-β-D-glucopyranoside, using H2O2 as the oxygen 

source, and they obtained a p-nitrophenolate concentration of 50 µM with a TON of 50 in  

24 h at 30 °C (Scheme 2.36). Lower product concentrations were obtained when the CuII 

complexes were replaced with CuSO4·5H2O.  

 

Scheme 2.36: The C2.55/H2O2 catalyst system, in a carbonate buffer, for the oxidative cleavage of  

p-nitrophenyl-β-D-glucopyranoside in 24 h at 30 °C [212]. 

Low concentrations of p-nitrophenolate were obtained in the absence of H2O2 or the CuII 

complex, which confirms the oxidative process instead of a hydrolysis reaction. Moreover, 

gluconic acid was generated as a by-product during the reaction, which further supports an 

oxidative cleavage reaction, similar to LPMOs. The reaction rate was found to be dependent 
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on H2O2 and substrate concentrations since an increase led to increased product 

concentration [198, 212]. EPR studies and radical trapping experiments confirmed the 

presence of LCuII-OOH species, instead of radical species, during the reaction.  

In a separate study, Feng and co-workers have employed p-methylthiophenol-protected 

copper nanoclusters (CuNCs) in the β-galactosidase reaction to generate p-nitrophenol, which 

led to the inactivation of the CuNCs [213]. This is in contrast to the findings of Bera and co-

workers where they did not observe an inhibition of the catalytic activity [211]. Previously 

reported hydrophilic CuNCs possess bright luminescence in an acidic solution, which is 

switched off in neutral or alkaline solution. The luminescence is also sensitive to changes in 

the environmental temperature in the presence of H2O2 as oxidant [214-219]. This drawback 

was resolved by developing novel CuNC aggregation-induced emission (AIE) particles, 

bearing hydrophobic ligands, using hydrazine hydrate (NH2NH2) as the reducing agent to 

ensure optimal catalytic activity in various reaction conditions and environments (pH 2 to 12). 

They evaluated hydrophobic thiolated CuNCs with AIE enhancement, as stable and bright 

luminescence particles, in the β-galactosidase of p-nitrophenyl-β-D-galactopyranoside in H2O 

to afford galactose and p-nitrophenol as products [213]. The p-nitrophenol then adsorbs onto 

the CuNC AIE particles, thereby quenching its luminescence and efficiency. A quenching 

efficiency of 80 % was obtained in the pH range of 6 to 7, but a decrease was observed at a 

higher pH value due to the strong interaction between p-nitrophenol and the CuNC AIE 

particles. Even though this Cu-based catalyst system could be employed for the formation of 

p-nitrophenol from p-methylthiophenol-protected CuNC cores, it is not feasible due to the 

quenching ability of the product when it adsorbs to the CuNC AIE particles. 

In 2019, Mayilmurugan and co-workers reported three novel CuII based complexes that exhibit 

similar chemical and structural arrangements to the histidine brace and histidine residues of 

the active site of LPMO enzymes, in a distorted square-pyramidal coordination geometry [22]. 

The complexes C2.56-C2.58, prepared from Cu(ClO4)2·6H2O and pyridinoyl-substituted cyclic 

1,4-diazepane 3N-ligands, were evaluated for the oxidative cleavage of p-nitrophenyl-β-D-

glucopyranoside and they observed that the steric hindrance of the 1,4-diazepene backbone 

facilitates faster formation of the desired product (Figure 2.22). Rate constants of (0.10 to  

0.54 min-1) were measured by UV/vis spectroscopic studies, when employing p-nitrophenyl-β-

D-glucopyranoside as the substrate. The steric and electronic properties of the pyridyl arm of 

complex C2.58 resulted in a higher rate constants relative to complexes C2.56 and C2.57 

[220-223]. 
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Figure 2.22: Various CuII complexes (C2.56-C2.58), bearing cyclic 1,4-diazepane 3N-ligands, have 

been evaluated in oxidative cleavage reactions [22]. 

Preparative scale catalytic reactions were also conducted at 60 °C, using C2.58 in combination 

with H2O2 (30 % in H2O) and NEt3 (Scheme 2.37). They obtained p-nitrophenol product yields 

of 49 to 65 % and TON values of 202 to 249 [22, 212]. Lower reaction temperatures resulted 

in lower product yields and TON values, while no conversion was possible in the absence of 

the catalyst, H2O2 or NEt3. An increase in H2O2 increased product yields, with a maximum 

isolated yield of 78 % (reported TON: 300, actual TON: 63). Their catalyst system was also 

employed during the oxidative cleavage of primary and secondary alcohols, but no oxidised 

products were observed.  

 

Scheme 2.37: Oxidative cleavage of p-nitrophenyl-β-D-glucopyranoside, using complex C2.58 in 

combination with H2O2 and NEt3 to obtain p-nitrophenol as the product in 2 h at 60 °C 

[22]. 

Efficient oxidative cleavage reactions are usually mediated by mononuclear Cu-based 

complexes through the CuII/CuI redox couple, at a pH of 10.5 [212]. As such, in 2020, Cowan 

and co-workers synthesised novel mono- (C2.59), bi- (C2.60 and C2.61) and tetranuclear 

(C2.62) Cu-based complexes, bearing the di(2-picolyl)amine ligand, which promotes the 

CuII/CuI redox activity for oxidative cleavage reactions (Figure 2.23) [224]. Complexes C2.61 

to C2.62, in combination with H2O2 and ascorbate, were used for the oxidative cleavage of 

various p-nitrophenyl-derivatised glucose and galactose mono- and disaccharides. These 

reactions were monitored, following the absorbance band for the formation of the  

p-nitrophenolate product. They highlighted the importance of the complex for these reactions 

since no activity was observed in the absence thereof. Complex C2.59 resulted in a rate 
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constant of 0.3 to 0.56 min-1 for the monosaccharides, while a two-fold increase in the rate 

constants was obtained for the disaccharides (1.1 to 1.4 min-1) [224]. A further increase  

(3.0 to 15.3 min-1) was obtained for C2.60 and C2.61 due to the effect of the interaction 

between the two Cu-centres on the formation of Cu-based active species or to facilitate 

substrate binding. The steric hindrance or orientation of the Cu-centres to the substrate for 

C2.62 only resulted in a slight increase in the rate constant (5.8 to 15.6 min-1) for the mono- 

and disaccharides. As such, their Cu-based catalyst system serves as the current state-of-

the-art for the oxidative cleavage reactions. Moreover, while no preference towards the α- or 

β-glycosidic bonds was observed for the mononuclear complex, higher rate constants were 

obtained towards the cleavage of α-substrates for binuclear complexes and β-substrates for 

the tetranuclear complex. The orientation of the Cu-centres or the steric hindrance of 

benzidine may have an influence on the preference for glycosidic linkage.  

 

Figure 2.23: Mono- (C2.59), bi- (C2.60 and C2.61) and tetranuclear (C2.62) Cu-based complexes 

were evaluated in the oxidative cleavage of mono- and disaccharide substrates [224]. 

In conclusion, only a few reports of Cu-based catalyst systems that can serve as LPMO mimics 

have recently been developed for the oxidative cleavage of recalcitrant polysaccharide 

substrates. Unfortunately, these catalyst systems still require moderate reaction temperatures 

and in some cases the addition of additives, for optimal catalytic activity. Several mechanistic 
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pathways have recently been proposed for the oxidative cleavage reaction with experimental, 

spectroscopic and computational evidence to highlight the changes in the oxidation state of 

copper and the structures of the active species. The differences in these mechanistic 

pathways are described in the section below. 

2.2.4.4 Mechanistic aspects 

Spectroscopic, crystallographic and computational DFT studies have allowed for the 

postulation of possible mechanistic pathways for the oxidative cleavage of polysaccharides, 

using either O2 or H2O2 as the oxidant to afford copper-oxygen species [193, 197, 204]. The 

exact nature of the active species is still up for debate, since previous groups have proposed 

the inclusion of various active species during the H-atom abstraction step from the 

polysaccharide substrate. Similarities in the proposed mechanistic pathways include the initial 

formation of the LCuII-superoxo as well as the regeneration of LCuI. The reaction between 

LCuI and an oxidant results in the formation of LCuII-superoxo species in the absence of the 

polysaccharide substrate. Eijsink and co-workers have also proposed that when the reaction 

proceeds from the resting state, LCuII, a one-electron reduction step generates the 

catalytically active LCuI species, which then reacts with the oxidant to afford LCuII-superoxo 

species [199]. This was further supported by the computational studies of Bruschi, Bortolotti 

and co-workers, which revealed no binding between LCuII and O2 [200]. 

Several mechanistic pathways have been previously proposed to rationalise proceedings from 

the LCuII-superoxo species in the presence of O2 as oxidant [189]. Firstly, the LCuII-superoxo 

species itself is responsible for this step to afford LCuII-hydroperoxo species (see  

Section 2.2.4.4.1 and Scheme 2.38). Secondly, the reduction and a double protonation of the  

LCuII-superoxo species, followed by the homolytic cleavage of the O-O bond and the 

dissociation of H2O, result in the formation of LCuII-oxyl species for the H-atom abstraction 

step to afford LCuII-hydroxo species (see Section 2.2.4.4.2 and Scheme 2.39). Thirdly,  

LCuII-oxyl species are generated from the LCuII-superoxo species, after which it is protonated 

to afford LCuII-hydroxo species for the H-atom abstraction step leading to LCuII-OH2 species 

(see Section 2.2.4.4.3 and Scheme 2.40). Lastly, the protonation of the LCuII-superoxo 

species resulted in the formation of LCuII-hydroperoxo species, which can then perform the 

H-atom abstraction step to afford LCuII-oxyl species (see Section 2.2.4.4.4 and Scheme 2.41). 

Alternatively, two mechanistic pathways have previously been proposed for the oxidative 

cleavage reactions using H2O2 as the oxidant. LCuI-hydroperoxo species are formed, after 

which either LCuII-oxyl species or hydroxyl radicals are generated to serve as the active 

species for the H-atom abstraction step (see Section 2.2.4.4.5 and Scheme 2.42). These 
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partially different mechanistic pathways are discussed in detail in the next sections, with 

support from experiments and theory. 

2.2.4.4.1 LDCuII-superoxo mechanistic pathway 

Several groups proposed the involvement of these LDCuII-superoxo (LD: possible ligands, 

Scheme 2.38) species during the H-atom abstraction step [225-227]. Crystallographic results 

have previously shown the similarities between the electronic continuum of certain  

LDCuII-superoxo species and LDCuIII-peroxo species (Figure 2.24) [53, 228-230]. Moreover, 

the computational results obtained by Cowley and co-workers indicate that end-on LDCuII-

superoxo species possess lower energy barriers for the H-atom abstraction step, relative to 

their side-on counterparts [193, 231]. These LDCuII-superoxo species are usually stabilised by 

ligands with bulky or strong electron-donating substituents in a four-coordinate tetrahedral 

geometry [53, 229, 230, 232]. However, Itoh and co-workers reported on the development of 

mononuclear LDCuII-superoxo complexes bearing a 1,5-diazacyclooctane ligand with a  

2-(pyridyn-2-yl)ethyl donor group lacking both bulky or strong electron-donating substituents 

[226]. 

 

Figure 2.24: The different electronic structures of the CuII-superoxo species, with one that is similar 

to the electronic structure of the CuIII-peroxo species [53, 225, 228-230, 233]. 

Kjaergaard and co-workers used computational studies to confirm the rapid oxidation of LECuI 

with O2 to obtain LDCuII-superoxo (LDCuII-OO·) species (Scheme 2.38) [197]. These  

LECuII-OO· species can easily coordinate to another LDCuI complex to afford µ-peroxide 

binuclear CuII complexes, but this was only observed by a few groups [53, 230]. The  

LDCuII-OO· species is then responsible for the H-atom abstraction step from the 

polysaccharide substrate to afford LDCuII-hydroperoxo (LDCuII-OOH) species and the 

substrate radical (·R) [193, 197, 228]. A radical rebound step occurs with the homolytic 

cleavage of the O-O bond and the trapping of ·R via the formation of the hydroxylated 

substrate (R-OH), while LDCuII-oxyl (LDCuII-O·) species are formed.  
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Scheme 2.38: The proposed mechanistic pathway for the oxidative cleavage of polysaccharides 

where LDCuII-superoxo species is involved in the H-atom abstraction step. Adapted 

from the groups of Tolman, Hemsworth and Beckham [190, 193, 197]. 

Studies have shown that the combination of the H-atom abstraction step and the transfer of 

the hydroxyl radical (·OH) to ·R, is the rate-limiting step [193]. The LDCuII-O· species is 

reduced back to LDCuI via proton-coupled electron transfer (PCET) in the presence of a 

reducing agent such as ascorbic acid. The involvement of LDCuII-superoxo species in the H-

atom abstraction step is, however, currently in doubt, due to the high energy barrier required 

for this step [193]. 

2.2.4.4.2 LECu-oxyl mechanistic pathway 

Bruschi, Bortolotti and co-workers employed computational studies to investigate the 

mechanistic pathway for the oxidative cleavage reaction and their results suggested the 

involvement of the powerful oxidant, LECuII-oxyl, (LE: possible ligands, Scheme 2.39) instead 

of the previously proposed CuII-superoxo species [200]. Similar observations have been 

proposed previously [178, 193, 206, 225, 233, 234].  
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Scheme 2.39: The proposed mechanistic pathway for the oxidative cleavage of polysaccharides 

where LECuII-oxyl species is suggested to be responsible for the H-atom abstraction 

step. Adapted from the groups of Bruschi, Bortolotti, Beckham, Hedegård, Marletta and 

Tolman [190, 193, 200, 235, 236]. 

The presence of CuII-oxyl species in the absence and presence of a supporting ligand 

framework was previously reported, using MS studies [234, 237]. They focused on the reaction 

between LECuI and O2 to afford LECuII-superoxo species, which can then also be converted 

to LECuII-oxyl and LECuII-hydroperoxo species. EPR and DFT studies revealed that  

LECuII-superoxo and LECuII-hydroperoxo species may not be responsible for the H-atom 

abstraction step [193, 200, 235]. Instead, the LECuII-oxyl species is considered as the active 

species that is similar to the oxoferryl intermediate in P450 monooxygenases with a heme Fe-

centre [238]. The homolytic cleavage of the O-O bond of LECuII-superoxo species results in 

the formation of LECuII-oxyl species prior to the H-atom abstraction step [227, 235, 236]. Two 

possible LECu-oxyl species can be generated, depending on whether a single- or two-electron 

transfer occurs. Firstly, the single-electron transfer to afford LECuIII-O· species and H2O, and 

secondly, the two-electron reduction results in the release in H2O, while the active site remains 

the same, LECuII-O· [200, 206].  

The LECuII-O· species easily abstracts the H-atom from the substrate, during the rate-limiting 

step, to afford LECuII-OH species and ·R. Alternatively, the generation of LECuII-OH species 

may also occur through further protonation of the LECuII-O· species if the H-atom abstraction 

step does not occur rapidly, which may then be responsible for the abstraction step (see 

Section 2.2.4.4.3 and Scheme 2.40) [239, 240]. The migration of ·OH from LECuII-OH to ·R 

result in the formation of ROH and the regeneration of LECuI, through an oxygen-rebound 
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mechanism [22, 193, 198]. A similar mechanistic pathway was also proposed for the oxidation 

of methane to methanol, catalysed by methane monooxygenase and they found that the 

dissociation of H2O plays an important role in the assistance with the LECu-OH bond cleavage 

as well as the formation of the new ROH bond during the rebound mechanistic pathway [241].  

2.2.4.4.3 LFCuIII-OH mechanistic pathway 

Recently, experimental and computational studies have also suggested the involvement of the 

protonated version of the CuII-oxyl species, the LFCuIII-OH (LF: possible ligands, Scheme 2.40) 

species, during the H-atom abstraction step [233, 239, 240, 242, 243]. Instead of being the 

active species, it may also be a precursor for the formation of LFCuII-oxyl species during the 

reaction [225]. The reaction between LFCuI and the oxidant resulted in the formation of  

LFCuII-OO· species, where after the NH- of the histidine brace in LPMO can be deprotonated 

in the absence of the polysaccharide substrate to afford LFCuIII-OH species [242]. The 

deprotonated N-atom then assists in the stabilisation of the newly formed LFCuIII-OH species, 

which is responsible for the H-atom abstraction step from the substrate to generate  

LFCuII-OH2 species (Scheme 2.40).  

 

Scheme 2.40: The proposed mechanistic pathway for the oxidative cleavage of polysaccharides 

where LFCuII-hydroxo species is suggested to be responsible for the H-atom 

abstraction step. Adapted from the groups of Eijsink, Hedegård and Tolman [190, 233, 

236, 239, 242]. 

Studies have shown that the hydroxyl radical would have to be well positioned over the 

substrate to rapidly abstract the H-atom from the substrate [198]. The reprotonation of the N-
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atom is responsible for the formation of LFCuII-OH species and the migration of the ·OH radical 

to ·R, through a radical rebound reaction, leads to the formation of ROH and the regeneration 

of LFCuI species occurs. The radical rebound reaction may not always occur to regenerate the 

LFCuI species, and therefore the involvement of LFCuIII-OH species during the oxidative 

cleavage reaction needs to be reconsidered. 

Castillo and co-workers employed EPR studies during the oxidative cleavage reaction and 

proposed the formation of both CuII-superoxo (reaction between LFCuI and O2) and binuclear 

CuII-peroxo-bridged species, [{LFCuII}2(µ-η2:η2-O2)]2+, (reaction between LFCuI and H2O2/NEt3) 

[195]. Spectral changes and computational studies supported the formation of these peroxo-

bridged species. EPR active LFCuII-OOH and {LFCuII}2(µ-OH)2 species were obtained upon H-

atom abstraction from either the substrate or the solvent, and both reactions generated the 

LFCuII-OH species. However, due to the lack of sufficient experimental or computational 

evidence for the formation of peroxo-bridged species, we decided to eliminate the possibility 

for the formation thereof. Peroxo-bridged species are rather observed for Cu-based tyrosinase 

mimics [244, 245]. 

2.2.4.4.4 LGCuII-OOH mechanistic pathway 

The reaction between LGCuI (LG: possible ligands, Scheme 2.41) and an oxidant results in the 

formation of LGCuII-OO· species, which was protonated to afford LGCuII-OOH species. EPR 

and computational studies supported the presence of copper-oxygen and LGCuII-OOH species 

[246-248].  

 

Scheme 2.41: The proposed mechanistic pathway for the oxidative cleavage reaction where  

LGCuII-hydroperoxo species is involved in the H-atom abstraction step. Adapted from 

the groups of Marletta, Tolman and Wada [190, 235, 246]. 
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These studies proposed the involvement of LGCuII-OOH during the H-atom abstraction step 

to afford LGCuII-O· species and ·R, which then coordinates during the radical rebound step to 

afford LGCuII-OR species. The hydroxylated substrate and the initial LGCuI species are 

generated after a protonation reaction. Previous groups suggested that the cleavage of the 

intact O-O bond for the LGCuII-OOH species is not energetically feasible and should therefore 

be reconsidered to serve as active species [193, 236]. 

2.2.4.4.5 Possible mechanistic pathways with H2O2 

Oxidative cleavage reactions may also occur in the presence of H2O2 as the oxidant, instead 

of O2, where H2O is eliminated during the substrate hydroxylation reaction. This is particularly 

relevant since previous studies have observed the preference for H2O2, instead of O2 [22, 195, 

198-200, 224]. Two extra protons and electrons are required for the reaction between LHCuI 

and O2, while H2O2 can operate without additional protons and electrons and result in oxygen-

independent oxidation, even in the presence of O2 [192, 198, 200]. High H2O2 concentrations, 

however, can result in catalyst deactivation [198, 199]. Mayilmurugan and co-workers found 

that the presence of NEt3 facilitates the binding of H2O2 to the Cu-centre [22]. Two possible 

mechanistic pathways may be followed for the oxidative cleavage reaction using H2O2 as the 

oxidant. Firstly, the binding of H2O2 to the Cu-based active site is followed by intramolecular 

proton transfer from the coordinated to the distal O-atom of H2O2 and the dissociation of H2O 

to afford LHCuII-O· species, which is then responsible for the H-atom abstraction step from the 

substrate to generate LHCuII-OH and ·R (Scheme 2.42, Path 1). The migration of the ·OH 

radical from LHCuII-OH to ·R, through a radical rebound reaction, leads to the formation of 

ROH and the regeneration of LHCuI species occurs. Mayilmurugan and co-workers performed 

the oxidative cleavage reactions in the presence of a radical trapping agent such as TEMPO· 

and no changes in the results were observed. Therefore, their studies support this part of the 

mechanistic pathway due to the absence of radical formation during the reaction [22]. 

The second pathway rather suggests the formation of LHCuII-OH and ·OH radical species in 

the presence of the substrate (Scheme 2.42, Path 2) [224]. The ·OH radical is then responsible 

for the H-atom abstraction step from the substrate to afford ·R. Cowan and co-workers 

employed UV/vis studies to follow the reduction of copper, facilitated by ascorbate when active 

species scavengers or enhancers were added to the reaction. A significant decrease in the 

cleavage rate (> 90 %) in the presence of DMSO (1 %) or potassium iodide (KI, 5 mM) was 

observed, which confirms the formation of ·OH and peroxide. Superoxide dismutase was also 

added to the reaction to determine whether CuII-superoxide can serve as the active species. 

No significant inhibition was observed for C2.58, but a significant decrease of 40 to 50 % in 

the cleavage rate was obtained for complexes C2.59-C2.61, which further supports the 
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formation of hydroxyl radicals [224]. Similar to the first pathway, the migration of the ·OH 

radical from LHCuII-OH to ·R, through a radical rebound reaction, leads to the formation of 

ROH and the regeneration of LHCuI species occurs. 

 

Scheme 2.42: The proposed mechanistic pathway for the oxidative cleavage reaction using H2O2 as 

the oxidant. Either LHCuII-oxyl or ·OH radical species is formed that can serve as the 

active species for the H-atom abstraction step. Adapted from the groups of Bissaro and 

Cowan [198, 224]. 

In conclusion, experimental, spectroscopic and computational studies have informed possible 

mechanistic pathways that may be operative during the oxidative cleavage reaction. The most 

important step during these mechanistic pathways is the H-atom abstraction step from the  

C-H bond in position C1 or C4 of the polysaccharide substrate. However, the nature of the 

Cu-based active species that is responsible for this step, is still in doubt since some groups 

have proposed the involvement of CuII-superoxo species [190, 193, 197, 228], while others 

have suggested the involvement of CuII-oxyl species [190, 193, 200, 235, 236] when using O2 

as the oxidant. Less experimental and/or computational evidence is available for the proposed 

involvement of CuII-hydroxo [190, 233, 236, 239] and CuII-hydroperoxo [190, 235, 246] 

species. Moreover, the involvement of either CuII-oxyl or CuII-hydroxo and ·OH radical species 

has also been proposed in the presence of H2O2 as the oxidant [198, 224]. 
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2.3 Summary 

Various copper-catalysed oxidative transformation reactions have been reported for the 

synthesis of oxygenates such as alcohols, ketones and aldehydes. These reactions include 

the oxidation of activated alcohols in the absence of an N-oxide co-catalyst, the hydroxylation 

of aryl halides, the peroxidation of hydrocarbons and oxidative cleavage of polysaccharides. 

The advantages, disadvantages and variables associated with reported Cu-based catalyst 

systems for these reactions have been discussed. Unfortunately, many Cu-based catalyst 

systems still require high temperatures, long reaction times, high catalyst loadings and the 

addition of expensive or toxic additives. Therefore, potential developments for these reactions 

include Cu-based catalyst systems that can operate at room- to moderate reaction 

temperatures, without an inert atmosphere or additives. Proposed mechanistic pathways for 

these oxidative transformation reactions have been discussed in detail, with the major 

differences involving the initial oxidation state of copper, redox dynamism and the nature of 

the Cu-based active species that is responsible for substrate activation during the reaction. It 

is clear that even though several Cu-based catalyst systems have been reported for these 

oxidative transformation reactions, the majority still require harsh reaction conditions, which 

may also influence the product yields. As such, the focus remains to develop novel Cu-based 

catalyst systems to improve on these drawbacks and limitations and to better understand the 

specific mechanistic pathway for each reaction, especially the nature of the active species. 
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Note to Examiners: 

 Following the comprehensive review of the literature presented in Chapter 2, some 

repetition may occur in Chapters 3 to 6. 

 For consistency purposes, ligands L2.33-L2.36 in Chapter 2, has the following 

descriptors in Chapters 3, 4 and 6: 

o Secondary and tertiary amine ligands: L01-L04 

 The imine-derivatives of these ligands were also evaluated in Chapters 4 and 6 

o imine-L01 and imine-L02 

 

A catalyst system comprising of pyrazolylpyridineamine/CuI/CsOH is reported for the hydroxylation of 

aryl iodides and bromides with moderate to outstanding yields, without the use of an inert atmosphere. 

A comprehensive parameter optimisation study established optimum component concentrations: 

[Cu(MeCN)4]BF4 and 2-(1H-pyrazol-1-yl)-N-(pyridine-2-ylmethyl)ethan-1-amine (L01) (2 mol%), 

substrate (1 mmol), CsOH (4 mmol) and DMSO:H2O (1:1, 3 mL). Monitoring substrate conversion as a 

function of time revealed an induction period of 90 minutes, which could be eliminated through the initial 

in situ formation of the proposed [(L01)Cu-OH] intermediate. Eliminating the induction period resulted 

in complete conversion within one hour, with turnover numbers exceeding that of the benchmark 

catalyst system operating at an optimal catalyst loading of 0.05 mol%.  

Keywords: Hydroxylation, pyrazolylpyridineamine ligands, copper catalysis, substrate scope 
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3.1 Introduction 

Phenolic compounds are utilised as intermediates during the synthesis of several natural 

products and polymeric materials, as well as in the pharmaceutical industry [1]. The Hock and 

Dow processes were initially used for the preparation of these phenolic compounds [2]. These 

processes involve the sulphuric acid-mediated decomposition of cumene hydroperoxide 

(CHP) and the treatment of benzene with a hydroxide base and the acidification of the 

phenoxide salt, respectively. Some of the drawbacks of these processes involve the low yields 

and ineffective energy use, and therefore alternative methods were developed for the 

syntheses of these functional phenolic compounds. These methods include the non-oxidative 

Sandmeyer reaction as well as nucleophilic aromatic substitution. Several limitations are 

associated with these processes, such as harsh reaction conditions, a limited substrate scope, 

as well as difficulties to obtain the required starting materials [3-7]. These limitations resulted 

in the growing demand to develop alternative synthesis methods for these phenolic 

compounds. One of these methods involves the hydroxylation of aryl halides. 

A number of varying metal-based catalyst systems have previously been reported for these 

hydroxylation reactions. Initially, the focus was on iridium- and palladium-based catalyst 

systems to provide a milder and more applicable synthesis route for the conversion of aryl 

halides [8-15]. However, several drawbacks were identified for these synthetic routes, which 

involve the employment of expensive catalysts with air- and moisture sensitivity, as well as 

high toxicity. Furthermore, these routes involve problems with product selectivity because they 

also resulted in C-O coupling by-product formation. These drawbacks resulted in the 

development of Cu-based catalyst systems, as a result of their economical attractiveness, low 

toxicity as well as better selectivity control during the reactions. As such, in recent years, 

several Cu-based catalyst systems were reported for the hydroxylation of aryl halides [16-21]. 

A variety of ligands have been previously evaluated in Cu-based catalyst systems for the 

hydroxylation of aryl halides. You and co-workers obtained a conversion of 92 % to p-cresol 

in 24 h with their CuI/phenanthroline/KOH catalyst system [16]. Independently, Yang and  

co-workers obtained a slightly lower conversion of 82 % to p-cresol in 18 h, using their  

CuI/8-hydroxyquinoline N-oxide/CsOH catalyst system [17]. Taillefer and co-workers reported 

a CuI/1,3-diphenylpropane-1,3-dione/CsOH catalyst system, which resulted in a conversion 

of 82 % to p-cresol in 24 h [18]. Unfortunately, even though excellent conversions were 

achieved for these catalyst systems, high catalyst loadings (5 to 10 mol% copper and 10 to 

20 mol% ligand), harsh operating conditions (140 °C) and the need for an inert atmosphere 

are often required [16-19, 22]. 
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Ma and co-workers decreased the catalyst loading to 2 mol% copper and 4 mol% ligand in the 

development of their CuI/CsOH catalyst system, in combination with substituted 2-pyridin-2-

yl-1H-benzoimidazole and 2-(1H-imidazol-2-yl)pyridine ligands, for the hydroxylation of aryl 

bromides [23]. The electronic nature of the pyridine ring, as well as the availability of a free 

NH-group within the ligand, is of extreme importance for the success of these reactions [23]. 

Furthermore, Cazin and co-workers further decreased the catalyst loading to 0.05 mol% for 

their reported [CuCl(NHC)]/CsOH catalyst system for the hydroxylation of iodobenzene [20]. 

They obtained turnover numbers (TON) of 1640 when they perform their reactions at 130 °C, 

under an inert atmosphere, and they also found that the conversions were negatively 

influenced when a base other than CsOH was used [20, 22]. Unfortunately, not all the above-

mentioned drawbacks have been addressed yet. Therefore, the need still exists to develop an 

alternative Cu-based catalyst system, in combination with a variety of efficient ligands that can 

operate open to air. 

We have recently reported a CuI-based catalyst system, using substituted iminopyridine or 

quinoline ligands and NaOH as base to obtain complete conversion to p-cresol in 3 h, with an 

increased catalyst loading of 4 mol% [21]. Unfortunately, the limitations of this catalyst system 

were tested and it could only be employed for aryl iodides. Recently, pyrazolylpyridineamine 

ligands, coordinated to a nickel precursor, have been employed in the catalytic oligomerisation 

and polymerisation of ethylene [24, 25]. This ligand framework has not been exploited in  

Cu-catalysed hydroxylation reactions. Herein, we report the synthesis, characterisation and 

evaluation of similar pyrazolylpyridineamine ligands, 2-(1H-pyrazol-1-yl)-N-(pyridine-2-

ylmethyl)ethan-1-amine (L01), 2-(3,5-dimethyl-1H-pyrazol-1-yl)-N-(pyridine-2-ylmethyl)ethan-

1-amine (L02), N-methyl-2-(1H-pyrazol-1-yl)-N-(pyridine-2-ylmethyl)ethan-1-amine (L03)  

and 2-(3,5-dimethyl-1H-pyrazol-1-yl)-N-methyl-N-(pyridine-2-ylmethyl)ethan-1-amine (L04, 

Figure 3.1), in combination with copper, as pre-catalysts for the hydroxylation of aryl halides. 

The effects of both the optimised reaction conditions and the initial in situ formation of a 

[(L01)Cu-OH] intermediate on the hydroxylation of 4-iodotoluene to p-cresol were evaluated. 

Finally, we determined the substrate scope of our catalyst system after the evaluation of aryl 

iodides and bromides. 

3.2 Results and discussion 

3.2.1 Synthesis and characterisation of the pyrazolylpyridineamine ligands 

The pyrazolylpyridineamine ligands, L01-L04, were prepared by means of the alkylation of 

substituted and unsubstituted pyrazole derivatives, after which reductive amination (L01 and 
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L02) and methylation of the imines (L03 and L04) were performed. The synthesis of ligand 

L02 has been reported previously [24, 25], while ligands L01, L03 and L04 are novel.  

 

Figure 3.1: The novel pyrazolylpyridineamine ligands (L01, L03 and L04) and ligand L02 were 

successfully synthesised and characterised. 

The ligands were obtained as light yellow or yellow-brown oils that display solubility in most 

organic solvents such as dichloromethane (DCM), dimethyl sulfoxide (DMSO), acetonitrile 

(MeCN), alcohols, as well as water. Furthermore, these ligands can be stored without any 

precaution due to their stability. Several spectroscopic and analytical techniques were 

employed to characterise these pyrazolylpyridineamine ligands. FT-IR spectroscopy showed 

an absorption band at 3303 cm-1, consistent with the formation of a seconday amine during 

the reduction step (L01). Alternatively, an absorption band was observed more downfield in 

the regions 3383 to 3394 cm-1 and 2946 to 2947 cm-1, which confirmed the successful 

methylation of the secondary amine to afford the tertiary amine analogues (L03 and L04). 

Similarly, the 1H NMR spectroscopic analysis of the ligands provided useful information on the 

structure of all compounds. We observed the secondary amine proton resonance at  

δ 4.74 ppm, while the tertiary amine (N-CH3) singlet resonance was observed more upfield in 

the range δ 2.31 to 2.33 ppm (Figures S3.1-S3.6 in the Supporting Information). The 

introduction of methyl groups on the pyrazole ring for ligand L04 was observed in the range  

δ 2.17 to 2.19 ppm, as a singlet resonance. Furthermore, the 13C{1H} NMR spectroscopic 

analysis confirmed the substitution of methyl groups on the ethyl-linked N-atom (L03 and L04) 

and on the pyrazole ring (L04) in the range δ 42.56 to 42.86 ppm and δ 11.07 to 13.48 ppm, 

respectively. The purity of these novel pyrazolylpyridineamine ligands (L01-L04) was 

confirmed with APCI mass spectrometry (APCI-MS; Figures S3.7-S3.10 in the Supporting 

Information). 
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3.2.2 Optimisation of the (L01)[Cu(MeCN)4]BF4/CsOH catalyst system 

Hydroxylation reactions were carried out employing 4-iodotoluene as model substrate, at 

previously reported reaction conditions, followed by an acidic workup (Scheme 3.1) [20, 21]. 

These reactions were initially evaluated using the Radley’s carousel reactor, to ensure the 

same reaction conditions for multiple reactions, but the obtained results were not reproducible. 

A white solid sublimed in the cooled area of the reaction tube with concomitant loss of activity. 

Similar observations of sublimation were previously reported by Ma and co-workers [26]. 

Repeating the reactions in a small reactor flask (5 mL) in an oil bath circumvented the 

reproducibility issues. 

 

Scheme 3.1: A representative Cu-based catalyst system (before optimisation) for the hydroxylation of 

4-iodotoluene. 

As a point of departure, we evaluated different catalyst loadings (Cu:L) on the hydroxylation 

of 4-iodotoluene, using the reduced pyrazolylpyridineamine ligand (L01), in combination with 

[Cu(MeCN)4]BF4, under previously reported reaction conditions [20, 21]. The copper precursor 

and ligand were stirred for 30 minutes to allow the in situ formation of the pre-catalyst before 

the addition of the substrate and hydroxide base. Excellent conversions were observed with a 

catalyst loading of 2 and 4 mol%, even at a decreased reaction time of 6 h (Table 3.1,  

entries 1-3). When the catalyst loading was decreased to 1 and 0.5 mol%, significantly lower 

conversions were obtained (Table 3.1, entries 4-5). As such, an optimal catalyst loading of  

2 mol% was identified for our catalyst system. 

Next, we evaluated various pyrazolylpyridineamine ligands, bearing either a hydrogen or 

methyl group on the pyrazole ring as well as on the ethyl-linked N-atom, L01-L04, in the 

hydroxylation of 4-iodotoluene (Table 3.1, entries 6-11 and Figure S3.11 in the Supporting 

Information). The observed activity, expressed as the conversion of 4-iodotoluene to p-cresol, 

highlights the fact that the methyl groups on the pyrazole ring have a more pronounced effect 

on the success of the hydroxylation reaction, than the substituents on the ethyl-linked N-atom. 

Comparable conversions were obtained for the unsubstituted pyrazole-based ligands after  

24 h, but a slight difference was observed at a decreased reaction time of 6 h (L01 and L02, 

Table 3.1, entries 2-3 and 6-7). However, the introduction of methyl groups on the pyrazole 

ring resulted in lower conversions to p-cresol, irrespective of the reaction time (L03 and L04, 
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Table 3.1, entries 8-11). The hydroxylation reaction was also performed without a ligand and 

a conversion of 11 % to the corresponding p-cresol was found (Table 3.1, entry 12). Other 

groups also highlighted the importance of a ligand for successful hydroxylation reactions [19, 

27]. 

Table 3.1: Evaluation of the effect of different catalyst loadings (Cu:L) as well as different 

pyrazolylpyridineamine ligands on the hydroxylation of 4-iodotoluene to afford p-cresol.a 

Entry Catalyst load 
(mol%) 

Ligand Time (h) Conversion 
(%)b 

TON 

1 4 L01 24 100 25.3 

2 2 L01 24 100 49.9 

3 2 L01 6 86 43.1 

4 1 L01 24 52 51.6 

5 0.5 L01 24 27 54.1 

6 2 L02 24 83 41.7 

7 2 L02 6 65 32.4 

8 2 L03 24 99 49.5 

9 2 L03 6 62 31.0 

10 2 L04 24 63 31.6 

11 2 L04 6 34 17.0 

12 2 - 6 11 5.5 

a 4-iodotoluene (1.0 mmol), Cu(MeCN)4BF4 (x mol%), L01-L04 (x mol%), NaOH (4 mmol, 4 equiv.), 

DMSO/H2O (1:1, 3 mL), 120 ± 2 °C. b GC conversions for the phenolic product were determined, using 

a calibration curve (internal standard: biphenyl). Average conversions obtained for the two independent 

runs are summarised in the table. 

The varying reactivity may be due to the availability of a free NH-group within the ligand and 

the ability to remove the proton during the hydroxylation reaction. Similar observations were 

reported by Ma and co-workers [23]. Furthermore, the steric and electronic effects of the 

methyl groups on the pyrazole ring also resulted in lower conversions. These methyl groups 

hinder the approach of the aryl halide substrate during the formation of the appropriate Cu-

based active intermediate. Furthermore, the methyl groups also resulted in the lower 

electrophilicity of the copper metal centre due to the electron-donating ability of the methyl 

groups [28-31]. 

The above-mentioned conversion results are comparable with that obtained in previous 

literature reports, using higher catalyst loadings of up to 20 mol% [16-19, 21]. However, even 

though our catalyst system displayed excellent conversions at relatively low catalyst loadings 



Chapter 3: The development of a Cu(I)/pyrazolylpyridineamine catalyst system for 
the hydroxylation of aryl halides 

95 
 

and shorter reaction times, it could still not be compared to the activity reported by Cazin and 

co-workers, where they observed TON values of 1640 [20]. They employed an inert 

atmosphere for the hydroxylation reactions, while our reactions were performed in a closed 

reactor tube, under ambient air, to prevent evaporation of the solvent at high temperatures. In 

conclusion, both ligands L01 and L02 could be used for the successful hydroxylation of  

4-iodotoluene in a reaction time of 6 h and were employed in further optimisation studies. 

Next, we evaluated the effect of varying hydroxide bases on the hydroxylation of 4-iodotoluene 

to p-cresol, using either ligand L01 or L02 (Table 3.2 and Figure S3.12 in the Supporting 

Information). Sodium hydroxide (NaOH) as base resulted in conversions of 86 % and 62 %, 

respectively (Table 3.2, entries 1 and 4). When the base was replaced with potassium 

hydroxide (KOH), conversions of 100 % and 66 % were obtained, respectively (Table 3.2, 

entries 2 and 5), while the employment of cesium hydroxide (CsOH) as base resulted in similar 

conversions of 100 % and 98 %, respectively (Table 3.2, entries 3 and 6). As a result, both 

KOH and CsOH displayed excellent conversions, using ligand L01, while for ligand L02, only 

the reaction with CsOH displayed complete conversion. 

Table 3.2: The evaluation of the effect of varying hydroxide bases on the hydroxylation of  

4-iodotoluene, using either ligand L01 or L02.a 

Entry Ligand Base Conversion (%)b TON 

1 L01 NaOH 86 43.1 

2 L01 KOH 100 50.1 

3 L01 CsOH 100 50.2 

4 L02 NaOH 62 31.0 

5 L02 KOH 66 33.2 

6 L02 CsOH 98 49.2 

a 4-iodotoluene (1.0 mmol), Cu(MeCN)4BF4 (2 mol%), L01 or L02 (2 mol%), base (4 mmol,  

4 equiv.), DMSO/H2O (1:1, 3 mL), 120 ± 2 °C, reaction time: 6 h. b GC conversions for the 

phenolic product were determined, using a calibration curve (internal standard: biphenyl). 

Average conversions obtained for the two independent runs are summarised in the table. 

The next step was to evaluate the amount of base (KOH and CsOH) on the hydroxylation of 

4-iodotoluene, using either ligand L01 or L02 (Table 3.3 and Figure S3.13 in the Supporting 

Information). The reaction time for these reactions was 4 h, instead of the optimised 6 h to 

determine whether the amount of base has an influence on the hydroxylation of 4-iodotoluene. 

Similar conversions to p-cresol were obtained with the standard reaction conditions of 4 mmol 

CsOH or KOH as base when either ligand L01 or L02 was employed (Table 3.3, entries 1-4). 
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With a decrease in the amount of CsOH to 2 mmol, slightly lower conversions were obtained 

(Table 3.3, entries 5-6), while a significant decrease in the conversion to p-cresol was 

observed, using KOH as base (Table 3.3, entries 7-8). Finally, the hydroxylation of  

4-iodotoluene was also performed in the absence of base, which resulted in low conversions 

of between 2 and 12 % for ligands L01 and L02, respectively (Table 3.3, entries 9-10). 

In conclusion, the introduction of CsOH as base resulted in better conversions to p-cresol for 

both ligands, while only average conversions were obtained for ligand L02 when KOH was 

employed. Even though KOH is a less expensive base than CsOH, the conversion to p-cresol 

was slightly lower. Previous reports found that the selectivity towards the phenolic product 

decreases when a weaker base such as KOH was employed [2, 18, 32]. The conversion of  

4-iodotoluene was possible with a lower amount of base, but it was decided that ligand L01 

and CsOH (4 mmol) as base were optimal. 

Table 3.3: The effect of the amount of base (mmol) on the hydroxylation of 4-iodotoluene, using either 

ligand L01 or L02.a 

Entry Ligand Base Base (mmol) Conversion (%)b TON 

1 L01 CsOH 4 100 50.2 

2 L02 CsOH 4 98 49.2 

3 L01 KOH 4 100 50.1 

4 L02 KOH 4 66 33.2 

5 L01 CsOH 2 84 42.1 

6 L02 CsOH 2 63 31.7 

7 L01 KOH 2 54 26.9 

8 L02 KOH 2 24 12.0 

9 L01 - 0 2 1.0 

10 L02 - 0 12 6.2 

a 4-iodotoluene (1.0 mmol), Cu(MeCN)4BF4 (2 mol%), L01 or L02 (2 mol%), CsOH or KOH  

(x mmol), DMSO/H2O (1:1, 3 mL), 120 ± 2 °C, reaction time: 6 h. b GC conversions for the phenolic 

product were determined, using a calibration curve (internal standard: biphenyl). Average 

conversions obtained for the two independent runs are summarised in the table. The reaction 

time for these reactions was 4 h, instead of the optimal 6 h. 

Lastly, we evaluated different CuI-/CuII-precursors, using ligand L01, for the hydroxylation of 

4-iodotoluene (Table 3.4 and Figure S3.14 in the Supporting Information). These reactions 

were allowed to run for 4 h, instead of the optimised 6 h, to determine the effect of both the 

counter anion as well as the oxidation state of the varying Cu-precursors. We evaluated CuI-
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precursors containing non-coordinating anions such as tetrafluoroborate (BF4
-
) or triflate (OTf), 

which resulted in higher conversions than those with the coordinating anions such as copper(I) 

chloride (CuCl) or -bromide (CuBr, Table 3.4, entries 1-2 and 4-5). An exception, however, 

was found when the non-coordinating anion was replaced with the hexafluorophosphate anion 

(PF6
-
), because almost no conversion to p-cresol was obtained (Table 3.4, entry 3). This Cu-

precursor has never been used in previous hydroxylation reactions and this observation is in 

contrast with our previous findings where [Cu(MeCN)4]PF6 was employed as Cu-precursor in 

aerobic alcohol oxidation reactions [31]. It is still unclear why [Cu(MeCN)4]PF6, as Cu-

precursor, resulted in low conversions to p-cresol. The use of CuII-precursors (Table 3.4, 

entries 6-10) displayed comparable conversions, relative to the CuI-precursors. Interestingly, 

relatively good conversions to p-cresol were obtained for the CuII-precursors, which are 

hydrates (Table 3.4, entries 8-10). Lastly, the hydroxylation of 4-iodotoluene without a Cu-

precursor resulted in no conversion to p-cresol (Table 3.4, entry 11). 

Table 3.4: Evaluation of various CuI-/CuII-precursors, using ligand L01, for the hydroxylation of  

4-iodotoluene to afford p-cresol.a 

Entry Cu-precursor Conversion (%)b TON 

1 Cu(MeCN)4BF4 100 50.2 

2 Cu(MeCN)4OTf 79 39.5 

3 Cu(MeCN)4PF6 1 0.5 

4 CuCl 38 18.8 

5 CuBr 38 19.1 

6 Cu(BF4)2·xH2O 71 35.6 

7 Cu(OTf)2 48 23.8 

8 CuCl2·2H2O 87 43.7 

9 CuSO4·5H2O 99 49.6 

10 Cu(OAc)2·2H2O 77 38.7 

11 - 0 0 

a 4-iodotoluene (1.0 mmol), CuI-/CuII-precursor (2 mol%), ligand L01 (2 mol%), CsOH (4 mmol,  

4 equiv.), DMSO/H2O (1:1, 3 mL), 120 ± 2 °C, reaction time: 6 h. b GC conversions for the phenolic 

product were determined, using a calibration curve (internal standard: biphenyl). Average conversions 

obtained for the two independent runs are summarised in the table. The reaction time for these reactions 

was 4 h, instead of the optimal 6 h. 

We observe a higher catalytic activity, relative to previously reported results, which may be a 

result of the Cu-precursor’s nature. Studies on the nature of the counter anion have been 

previously reported for Cu-based alcohol oxidation reactions [31, 33-35]. Several previously 



Chapter 3: The development of a Cu(I)/pyrazolylpyridineamine catalyst system for 
the hydroxylation of aryl halides 

98 
 

reported catalyst systems focused on a Cu-precursor with a coordinating counter anion, 

whereas our focus rather shifts to a Cu-precursor with the non-coordinating anion, BF4
-
. The 

faster dissociation of the non-coordinating anions, relative to the coordinating anions, 

facilitates the approach of the aryl halide to coordinate with the copper centre. This leads to 

the promotion of the oxidative addition steps, which supports the findings of Mketo and co-

workers [21]. Even though a CuII-precursor resulted in relatively good conversions, it is clear 

that a CuI-precursor is needed for these reactions and [Cu(MeCN)4]BF4 was found to be the 

optimal Cu-precursor for the hydroxylation of aryl halides. In conclusion, our alternative Cu-

based catalyst system could be fully optimised for the hydroxylation of 4-iodotoluene to  

p-cresol (Scheme 3.2). 

 

Scheme 3.2: The optimised Cu-based catalyst system for the hydroxylation of 4-iodotoluene to  

p-cresol. 

3.2.3 Effect of the presence of the in situ formed Cu-intermediate 

After our optimisation studies, we evaluated the hydroxylation of 4-iodotoluene over time 

(Figure 3.2 and Table S3.1 in the Supporting Information). Separate hydroxylation reactions 

were employed and analysed after an acidic workup, for the varying reaction times. Initially, 

an induction period of approximately 90 minutes was observed, after which the conversion to  

p-cresol started to increase until a plateau was reached between 4 and 6 h. The induction 

period is possibly due to the absence of an active Cu-based intermediate that can initiate the 

hydroxylation reactions. Llobet and co-workers reported a Cu-based catalyst system for water 

oxidation, using tetradentate amidate acyclic ligands and their results suggested the formation 

of [(L1)Cu(OH)] species during the reaction [36]. Similarly, the formation of Cu-hydroxo 

intermediates during the hydroxylation of aryl halides has been previously proposed [20, 32, 

37, 38]. In 2012, Cazin and co-workers proposed the formation of [Cu(OH)-(NHC)] as an active 

intermediate, which was evaluated using a well-defined [Cu(OH)(IPr)] (IPr = N,N′-bis-[2,6-(di-

iso-propyl)phenyl]imidazole-2-ylidene) complex, but the reaction resulted in lower conversions 

to the phenolic products [20]. Separately, in 2013, Jutand and co-workers used cyclic 

voltammetry (CV) studies for the characterisation of the proposed Cu-OH key intermediate 

[32]. They proposed that this key intermediate will react with the aryl halide substrate. 
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However, the effect of this Cu-OH key intermediate on the hydroxylation reaction, as well as 

when the intermediate is formed during the reaction, is still unknown. 

Computational and electron paramagnetic resonance (EPR) studies have shown that the pH 

of the reaction determines the type of Cu-OH intermediates that might form during the reaction 

[38, 39]. At a pH below 8, only [LCuII-OH2] is present, while [LCuII-OH2], [LCuII-OH] and the 

[LCuII-OH] dimer are present in the pH range of 8 to 10. Furthermore, with the pH above 10, 

a combination of [LCuII-OH] and the [LCuII-OH] dimer are observed. However, previous groups 

highlighted the formation of an off-cycle Cu-hydroxide dimeric species as a catalyst deactivator 

[40-44]. The pH of the hydroxylation reaction, using our optimised Cu-based catalyst system, 

was between 15 and 16, which resulted in the possibility that both [LCuII-OH] and the  

[LCuII-OH] dimer are present within the system. However, due to the possible deactivating 

ability of the dimeric species, we assume that only the monomeric [LCuII-OH] intermediate is 

present during the hydroxylation reaction. 

To our knowledge, however, the initial in situ synthesis and evaluation of the effect of the 

[(L01)Cu-OH] intermediate on the hydroxylation reaction have not been investigated 

previously. We postulate that the initial presence of the [(L01)Cu-OH] intermediate, instead of 

the formation thereof during the reaction, would result in a shortened induction period and 

thereby speed up the reaction time for complete conversion to the corresponding phenolic 

products. A similar observation in alcohol oxidation was reported by Stahl and co-workers, 

where they used a hydroxide-containing intermediate, [(bpy)Cu(OH)]2(OTf)2, which was 

dissociated to the monomeric (bpy)Cu(II)(OH)(OTf) species, to shorten the induction period 

during the reaction [44]. 

Additional experiments were employed to determine whether the initial in situ formation of the 

[(L01)Cu-OH] intermediate has an influence on the activity of the hydroxylation reactions, as 

a function of time (Figure 3.2 and Table S3.2 in the Supporting Information). We found that 

the induction period of these reactions was drastically shortened, because conversion to  

p-cresol was observed after only 23 minutes. Complete conversion to p-cresol was obtained 

in approximately 1 h. As a result, higher conversions were observed in a shorter reaction time 

for the latter reaction conditions relative to those where the optimised reaction conditions were 

employed. In conclusion, we now have experimental evidence for the effect of the initial in situ 

formed [(L01)Cu-OH] intermediate on the hydroxylation of 4-iodotoluene. 
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Figure 3.2: Evaluation of the conversion of 4-iodotoluene to p-cresol as a function of reaction time, 

using either the optimised reaction conditions or the initial in situ formation of the  

[(L01)Cu-OH] intermediate. Standard reaction conditions: [Cu(MeCN)4]BF4 and ligand 

L01 (2 mol%), 4-iodotoluene (1 mmol), CsOH (4 mmol), DMSO:H2O (1:1, 3 mL),  

120 ± 2 ºC. 

Similar hydroxylation reactions, with the initial presence of the [(L01)Cu-OH] intermediate, 

were performed to determine whether conversions to p-cresol were possible at lower catalyst 

loadings due to the shorter induction period (Table 3.5). Conversions to p-cresol of 98 % and 

8 % to p-cresol and TON values of 1952 and 819 were obtained, respectively for our catalyst 

system for a reaction time of 24 h (Table 3.5, entries 1 and 2). As such, with the initial in situ 

synthesis of the [(L01)Cu-OH] intermediate, we were not only able to eliminate the induction 

period of the reaction, but we could also improve on our previous results obtained for the 

varying catalyst loadings during the optimisation of our catalyst system (Table 3.1,  

entries 1-5). Furthermore, these results were also compared with the benchmark catalyst 

system, reported by Cazin and co-workers, where they obtained a conversion of 82 % to  

p-cresol with an optimal catalyst loading of 0.05 mol%, under an inert atmosphere (Table 3.5, 

entry 3) [20]. In conclusion, we could improve on the conversion results and TON values as 

reported for the benchmark catalyst system. To our knowledge, these conversions to p-cresol 

are currently the highest and most promising results, especially when employing a low catalyst 

loading and in the absence of an inert atmosphere. 
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Table 3.5: Evaluation of varying catalyst loadings on the conversion of 4-iodotoluene to p-cresol, using 

the initial in situ formation of the [(L01)Cu-OH] intermediate. 

Entry Catalyst load 
(mol%) 

Ligand Time (h) Conversion 
(%)b 

TON 

1a 0.05 L01 24 98 1952 

2a 0.01 L01 24 8 819 

3b 0.05 SIPrc 24 82 1640 

4b, d 0.01 SIPrc 24 25 2500 

a Reaction conditions: [Cu(MeCN)4]BF4 and ligand L01 (x mol%), CsOH (4 mmol), 4-iodotoluene  

(1 mmol), DMSO:H2O (1:1, 3 mL), 120 ± 2 ºC. b Benchmark catalyst system: reported by Cazin and co-

workers. c SIPr = (N,N′-bis[2,6-(di-iso-propyl)phenyk]imidazolidin-2-ylidene. d Bromobenzene was 

evaluated as substrate. 

3.2.4 Substrate scope of the (L01)[Cu(MeCN)4]BF4/CsOH catalyst system 

Our optimised Cu-based catalyst system was employed in the evaluation of the substrate 

scope for the hydroxylation reactions (Scheme 3.2). Table 3.6 summarises the capability of 

our catalyst system to convert a variety of aryl iodides with moderate to outstanding yields of 

the phenolic compounds, ranging from 70 to 96 %. These aryl iodides include those with 

electron-donating substituents (Table 3.6, entries 1-3) as well as those with electron-

withdrawing substituents (Table 3.6, entries 4-6). The activity of the hydroxylation reaction was 

enhanced when substrates bearing electron-withdrawing substituents were used. 

Our Cu-based catalyst system was tolerant towards a great selection of functional groups, 

including methyl, alkoxy, acetyl, nitro and alcohol substituents in the absence of an inert 

atmosphere. By comparing our results with those previously reported, it is evident that we 

could improve on the yields, decrease the catalyst loadings and/or reduce the reaction times 

[16-18, 20, 21, 45]. The electronic nature of the para-positioned substituents had no significant 

effect on the hydroxylation reaction. Furthermore, even though a longer reaction time was 

required for the successful conversion of the sterically hindered 2-iodotoluene to o-cresol 

(Table 3.6, entry 7), we were still unable to convert 2-iodoaniline to the corresponding phenolic 

compound (Table 3.6, entry 8). This observation is due to the regioselective conversion of 

iodoaniline to the corresponding phenazine product. Gendrineau and co-workers reported a 

Pd-based catalyst system for the synthesis of substituted phenazines, by employing 

phosphine ligands [46]. 
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Table 3.6: Evaluation of a variety of aryl iodides with our (L01)[Cu(MeCN)4]BF4/CsOH catalyst system. 

 
Optimal reaction conditions: [Cu(MeCN)4]BF4 and ligand L01 (2 mol%), CsOH (4 mmol), 

substrate (1 mmol), DMSO:H2O (1:1, 3 mL), 120 ± 2 ºC 

We were also capable of converting a variety of less reactive electrophiles such as the aryl 

bromides (Table 3.7, entries 1-4). The products of these reactions are important in industrial 

applications. We were able to convert 2-bromophenol, a substrate that was not previously 

evaluated, to catechol with an isolated yield of 68 % (Table 3.7, entry 3). Several previous 

reports confirmed the formation of biaryl ether by-products during the hydroxylation reactions, 

when performed in neat water [2, 17, 18]. However, Mketo and co-workers highlighted the 

excellent chemoselectivity of their catalyst system for hydroxylation reactions without the 

formation of any biaryl ether by-products [21]. With the exception of 2-bromophenol, we did 

not observe the formation of by-products during the hydroxylation of aryl halides. 

A limitation of our catalyst system is the inability to successfully convert the sterically hindered 

2-bromoanisole during the hydroxylation reaction and a complex mixture of products was 

generated (Table 3.7, entry 5). In conclusion, the conversions to the corresponding phenolic 

products were slightly higher for the aryl iodides relative to those employing aryl bromides. 
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Unfortunately, we were not able to use our catalyst system for the hydroxylation of aryl chloride 

and fluoride substrates (Table 3.7, entries 6-8). 

Table 3.7: Evaluation of a variety of aryl bromides with our (L01)[Cu(MeCN)4]BF4/CsOH catalyst 

system. 

 
Optimal reaction conditions: [Cu(MeCN)4]BF4 and ligand L01 (2 mol%), CsOH (4 mmol), substrate 

(1 mmol), DMSO:H2O (1:1, 3 mL), 120 ± 2 ºC 

3.3 Conclusions 

We have successfully synthesised and characterised different novel pyrazolylpyridineamine 

ligands (Figure 3.1). These ligands, in combination with [Cu(MeCN)4]BF4 and CsOH, were 

evaluated as pre-catalysts in the hydroxylation of a variety of aryl halides to their 

corresponding phenolic products, operating under ambient reaction conditions. The 

optimisation of the (L01)/[Cu(MeCN)4]BF4/CsOH catalyst system was accomplished by 

evaluating the catalyst loading, different pyrazolylpyridineamine ligands, hydroxide bases and 

CuI-/CuII-precursors on the hydroxylation of 4-iodotoluene to p-cresol. The evaluation of the 

optimised reaction conditions allowed us to identify an induction period of 90 minutes. With 

the initial in situ formation of the proposed [(L01)Cu-OH] intermediate, we could drastically 
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shorthen the induction period and thereby speed up the hydroxylation reaction for complete 

conversion within 1 h. Furthermore, we could also improve on the conversion results of the 

benchmark catalyst system at an optimal catalyst loading of 0.05 mol%. Lastly, the evaluation 

of the substrate scope of our Cu-based catalyst system revealed that we were able to convert 

a variety of aryl iodide and bromide substrates with moderate to outstanding conversions. 

Unfortunately, we were not able to use our catalyst system for the hydroxylation of aryl chloride 

and fluoride substrates. Future work should be focused on the identification and isolation of 

key Cu-based intermediates as well as the evaluation of the mechanistic pathway for these 

hydroxylation reactions. 

3.4 Experimental section 

3.4.1 General considerations 

The commercially available reagents were obtained from Sigma-Aldrich and/or Merck and 

used as received. A literature procedure was employed for the synthesis of 2-(3,5-dimethyl-

1H-pyrazol-1-yl)-N-(pyridine-2-ylmethyl)ethan-1-amine (L02) [24, 25]. NMR [1H and 13C{1H}] 

spectra were recorded on a Bruker Ultrashield Plus spectrometer at 600 MHz and 150 MHz, 

respectively. The chemical shifts (δ) are shown in parts per million (ppm) and referenced by 

using the residual protons of the deuterated solvent signal [47]. The coupling constants are 

reported in Hz. IR spectra were recorded on neat oils with a BrukerAlpha-P range FT-IR 

spectrometer, equipped with an ATR accessory. APCI (positive ion mode) spectra were 

recorded on a Bruker microTOF-Q II spectrometer. GC analyses were performed on an Agilent 

6890 Series GC system with an HP-5 column, and samples (0.2 mL) were analysed with 

biphenyl as internal standard. GC-MS analyses were performed on an Agilent 6890 N Series 

GC system with a mass selective (5973) detector and an HP-5-MSUI column, and samples 

were analysed in the absence of an internal standard to confirm complete conversion. 

Duplicate hydroxylation reactions were performed to obtain average conversions and standard 

deviations. Complete phenol conversion was identified at the end of the hydroxylation reaction, 

after acidic workup and extraction with EtOAc. 

3.4.2 Synthesis of the pyrazolylpyridineamine ligands (L01, L03 and L04) 

The synthesis methods for the initial primary amine and imine derivatives for the 

pyrazolylpyridineamine ligands are described in the Supporting Information.  

2-(1H-pyrazol-1-yl)-N-(pyridine-2-ylmethyl)ethan-1-amine (L01): A modified method was 

used for the reduction of the ligands [48]. The unsubstituted pyrazole imine (0.17 g, 1.5 mmol) 
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was dissolved in ethanol (6 mL) and cooled down in an ice bath for 30 minutes. Separately, 

sodium borohydride (NaBH4, 0.29 g, 7.66 mmol in 1 mL ethanol), was added to a 100 mL 

round-bottom flask which was also cooled down in the ice bath. After the allotted time, NaBH4 

was added to the pyrazole imine, where after the reaction mixture was stirred for 1 h and then 

refluxed for another hour. The solvent was removed in vacuo before DCM (20 mL) was added. 

The organic phase was washed with water (2 x 5 mL), dried over anhydrous sodium sulfate 

(Na2SO4) and filtered. The solvent was removed in vacuo to obtain the product as a dark 

brown oil (L01). Yield: 82 mg (97 %). 1H NMR (600 MHz, CDCl3): δ 8.50 (d, J = 4.6 Hz, 1H, 

HAr), 7.60 (t, J = 7.7, 1.4 Hz, 1H, HAr), 7.50 (s, 1H, HAr), 7.43 (d, J = 1.8 Hz, 1H, HAr), 7.25-7.22 

(t, 1H, HAr), 7.13 (t, J = 7.2, 5.2 Hz, 1H, HAr), 6.23 (s, 1H, HAr), 4.74 (s, 1H, NH), 4.26  

(t, J = 6.0 Hz, 2H, NCH2CH2), 3.86 (s, 2H, NHCH2), 3.08 (t, J = 6.0 Hz, 2H, NCH2CH2).  

13C{1H} NMR (150 MHz, CDCl3): δ 159.37 (CAr), δ 149.30 (CAr), δ 139.62 (CAr), δ 136.61 (CAr), 

δ 129.75 (CAr), δ 122.23 (CAr), δ 122.08 (CAr), δ 105.45 (CAr), δ 54.75 (NHCH2), δ 52.15 

(NCH2CH2), δ 49.04 (NCH2CH2) (Figures S3.1 and S3.2 in the Supporting Information).  

FT-IR (cm-1): ѵ 3303 (NH and C-H (CH2)), ѵ 2984 (CH2), ѵ 1650 (C-C and C-H in pyridine 

ring), ѵ 1592 (C=C and C-H in pyrazole ring). APCI-MS (positive ion mode): mass fragment 

at m/z 203.13 (MW: 202.26 g/mol, Figure S3.7 in the Supporting Information). 

N-methyl-2-(1H-pyrazol-1-yl)-N-(pyridine-2-ylmethyl)ethan-1-amine (L03): A modified 

method was used for the methylation of the secondary amine analogue (L01) [48]. Ligand L01 

(0.10 g, 0.5 mmol) was dissolved in MeCN (5 mL) in a 100 mL round bottom flask. The solution 

was allowed to stir during the addition of 100 % formaldehyde (0.436 g, 5.54 mmol) and glacial 

acetic acid (0.75 mL), after which it was stirred for 30 minutes. NaBH4 (0.08 g, 2.1 mmol) was 

slowly added to the reaction mixture and stirred for 72 hours at room temperature. The MeCN 

solvent was removed in vacuo and 2 M KOH was added to increase the pH above 10. The 

reaction mixture was extracted with DCM (3 x 10 mL) and dried over anhydrous Na2SO4. The 

solvent was removed in vacuo to obtain the product as a dark brown oil (L03). Yield: 63 mg 

(58 %). 1H NMR (600 MHz, CDCl3): δ 8.50 (d, J = 4.5 Hz, 1H, HAr), δ 7.60 - 7.57 (t, J = 7.6 Hz, 

1H, HAr), δ 7.48 (s, 1H, HAr), δ 7.43 (s, 1H, HAr), δ 7.19-7.18 (d, J = 7.8 Hz, 1H, HAr), δ 7.14-

7.12 (t, 1H, HAr), δ 6.23 (s, 1H, HAr), δ 4.27-4.25 (t, J = 6.5 Hz, 2H, NCH2CH2), δ 3.68 (s, 2H, 

N(Me)CH2), δ 2.90-2.88 (t, J = 6.5 Hz, 2H, NCH2CH2), δ 2.31 (s, 3H, NCH3). 13C{1H} NMR  

(150 MHz, CDCl3): δ 158.97 (CAr), δ 149.03 (CAr), δ 139.18 (CAr), δ 136.57 (CAr), δ 129.61 

(CAr), δ 122.93 (CAr), δ 122.11 (CAr), δ 105.33 (CAr), δ 63.87 (NCH2CH2), δ 57.20 (NCH2CH2), 

δ 50.17 (N(Me)CH2), δ 42.56 (NCH3) (Figures S3.3 and S3.4 in the Supporting Information).  

FT-IR (cm-1): ѵ 3394 (C-H (N-CH3, CH2, pyridine ring)), ѵ 2947 (C-H (N-CH3, CH2)),  

ѵ 1668 (C-N and C-H in pyridine ring), ѵ 1589 (C=C and C-H in pyrazole ring).  



Chapter 3: The development of a Cu(I)/pyrazolylpyridineamine catalyst system for 
the hydroxylation of aryl halides 

106 
 

APCI-MS (positive ion mode): mass fragment at m/z 217.15 (MW: 216.29 g/mol, Figure S3.9 

in the Supporting Information). 

The same synthesis method was used for ligand L04, as described in the Supporting 

Information. 

3.4.3 Optimisation of our Cu-based catalyst system 

The optimisation of our catalyst system was performed by varying the catalyst loading (Cu:L), 

reaction time, CuI-/CuII-precursors, pyrazolylpyridineamine ligands and bases in the 

hydroxylation of 4-iodotoluene. A solution of the Cu-precursor ([Cu(MeCN)4]BF4, 

[Cu(MeCN)4]OTf, [Cu(MeCN)4]PF6, CuCl, CuBr, Cu(BF4)2·xH2O, Cu(OTf)2, CuCl2·2H2O, 

CuSO4·5H2O and Cu(OAc)2·2H2O, x mol%, in 0.5 mL DMSO) and ligand (L01-L04, x mol%, 

in 0.5 mL DMSO) was stirred in a small, closed reactor flask for 30 minutes at room 

temperature. 4-iodotoluene (1 mmol, in 0.5 mL DMSO) and hydroxide base (NaOH, KOH or 

CsOH (4 mmol, in 1.5 mL H2O) were added to the green complex mixture, where after the 

reaction was stirred for 6 or 24 h at 120 ± 2 °C. During the reaction, it changed from dark green 

to a milky yellow colour and then again to a clear yellow-orange colour. After the allotted time, 

the mixture was cooled down and acidified with 0.1 M hydrochloric acid (HCl, 25 mL). The 

acidified solvent was extracted with EtOAc (10 mL) and the organic layer was dried over 

anhydrous Na2SO4. After the solvent was filtered through a syringe filter, a sample (0.2 mL) 

was analysed by GC with biphenyl (50 µL) as internal standard. 

3.4.4 Effect of the presence of the in situ formed Cu-intermediate 

The hydroxylation of 4-iodotoluene was evaluated over a range of reaction times (0.5 to 6 h), 

using either the optimised reaction conditions or the initial in situ formation of the  

[(L01)Cu-OH] intermediate. The alternative reaction conditions involve: A solution of 

[Cu(MeCN)4]BF4 (2 mol%, in 0.5 mL DMSO), ligand L01 (2 mol%, in 0.5 mL DMSO) and CsOH 

(4 mmol, in 1.5 mL H2O) were stirred in a small reactor flask, for 5 minutes at 120 ± 2 °C, open 

to air. 4-iodotoluene (1 mmol, in 0.5 mL DMSO) was added to the milky orange complex 

mixture, closed and the reaction was stirred for 0.5 to 6 h at 120 ± 2 °C. The reaction mixture 

changed to a milky light yellow and later a clear light grey colour. After the allotted time, the 

mixture was cooled down to room temperature and then acidified with 0.1 M HCl (25 mL). The 

acidified solvent was extracted with EtOAc (10 mL) and the organic layer was dried over 

Na2SO4. After the solvent was filtered through a syringe filter, a sample (0.2 mL) was analysed 

by GC with biphenyl (50 µL) as internal standard. 
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These reactions were performed in duplicate and the varying reaction times, conversions (%) 

and the standard deviations are summarised in the Supporting Information, Tables S3.1 and 

S3.2. 

3.4.5 Evaluation of catalyst loading: Alternative reaction conditions 

The same method as mentioned above was used, but the catalyst loading was varied between 

0.01 and 0.05 mol%. The reaction mixture was acidified, extracted with EtOAc and filtered 

through a silica plug. A sample (0.2 mL) was analysed by GC with biphenyl (50 µL) as internal 

standard. 

3.4.6 Evaluation of the substrate scope for the hydroxylation reactions 

A solution of the [Cu(MeCN)4]BF4 (2 mol%, in 0.5 mL DMSO) and ligand L01 (2 mol%, in  

0.5 mL DMSO) was stirred in a small reactor flask, for 30 minutes at room temperature. Aryl 

halides (different aryl iodides and bromides, 1 mmol, in 0.5 mL DMSO) and CsOH (4 mmol, in 

1.5 mL H2O) were added to the green complex mixture and the reaction was stirred for varying 

reaction times at 120 ± 2 °C. The reaction mixture changed from dark green to a yellow milky 

colour and then a clear yellow-orange colour. After the allotted time, the mixture was cooled 

down and acidified with 0.1 M HCl (25 mL). Extraction was done with EtOAc (3 x 10 mL) and 

the organic layer was dried over Na2SO4, filtered and the solvent was removed in vacuo. The 

phenolic product was flushed through a silica plug, using petroleum spirit/EtOAc as eluent, to 

remove residual DMSO. 
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S3.1 General considerations 

S3.1.1 Instrumentation 

NMR [1H and 13C{1H}] spectra were recorded on a Bruker Ultrashield Plus spectrometer at  

600 MHz and 150 MHz respectively. The chemical shifts (δ) are given in parts per million 

(ppm) and externally referenced according to the residual protons of the deuterated solvent 

signal [1]. Coupling constants are reported in Hz. IR spectra were recorded as neat oils with 

a BrukerAlpha-P range FT-IR spectrometer equipped with an ATR accessory. APCI (positive 

ion mode) spectra were recorded on a Bruker microTOF-Q II spectrometer. GC analyses were 

performed on an Agilent 6890 Series GC system with an HP-5 column (30 m x 0.320 mm x 

0.25 mm). N2 served as the carrier gas, ethyl acetate (EtOAc) and dichloromethane (DCM) 

were used as the rinsing solutions and samples (0.2 mL) were analysed with biphenyl as 

internal standard. GC-MS analyses were performed on an Agilent 6890 N Series GC system 

equipped with a mass selective (5973) detector and an HP-5-MSUI column (30 m x 0.320 mm 

x 0.25 mm). Helium served as the carrier gas, EtOAc and DCM were used as the rinsing 

solutions and samples were analysed in the absence of an internal standard to confirm 

complete conversion. The hydroxylation reactions were done in duplicate to determine an 

average conversion value as well as the standard deviation. Complete phenol conversion was 

identified at the end of the hydroxylation reaction, after acidic workup and extraction with 

EtOAc. The phenolic products were isolated as described below. 

S3.2 Synthesis of the pyrazolylpyridineamine ligands 

Primary amine precursors: Step 1: In a Schlenk tube, a suspension of 2-chloroethylamine 

hydrochloride (5.0 g, 43.2 mmol) and dry MeCN (7.5 mL), was stirred in an ice bath, under an 

inert atmosphere (N2). Triethylamine (NEt3, 6.0 mL, 43.2 mmol) was added dropwise over  

60 min after which the milky slurry was allowed to stir for another 5 min, while still in an ice 

bath. The Schlenk tube was sealed and stored in the fridge. Step 2: Pyrazole (1.47 g,  

21.6 mmol) was added to a three-neck round-bottom flask and dissolved in dry MeCN  

(30 mL), under an inert atmosphere (N2). NaOH (2.59 g, 64.7 mmol) and anhydrous Na2SO4 

(spatula tip) were added to the reaction mixture while stirring at room temperature for  

30 minutes. In the meantime, the product from step 1 was filtered and washed with dry MeCN 

(2 x 5 mL). The reaction mixture was stirred in an oil bath, at reflux temperature, and then the 

product from step 1 was added dropwise over 60 minutes. The reaction mixture was allowed 

to reflux for another 6 h, after which it was cooled down, filtered and washed with dry MeCN. 

Most of the solvent was removed in vacuo, the light yellow liquid was filtered and the last 
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solvent was allowed to slowly evaporate. The precursor was obtained as a light yellow oil. 

Yield: 770 mg, 32 %. 1H NMR (600 MHz, MeOD): δ 7.66 (s, 1H, HAr), δ 7.54 (d, J = 1.4 Hz, 

1H, HAr), δ 6.32 (s, 1H, HAr), δ 4.24-4.12 (t, 2H, NCH2), δ 3.08-3.06 (t, 2H, CH2NH2), δ 1.96  

(s, 2H, NH2). 13C{1H} NMR (150 MHz, MeOD): δ 140.58 (CAr), δ 131.73 (CAr), δ 106.51 (CAr), 

δ 54.77 (CH2NH2), δ 42.75 (NCH2). FT-IR (cm-1): ѵ 3361 and ѵ 750 (NH2), ѵ 2941 (CH2),  

ѵ 1597 (C=N). 

The same synthesis method was used for the synthesis of the substituted primary amine 

precursor, but 3,5-dimethylpyrazole (2.07 g, 21.6 mmol) was used instead of pyrazole. The 

precursor was obtained as a light yellow oil. Yield: 2 g, 70 %. 1H NMR (600 MHz, MeOD):  

δ 5.86 (s, 1H, HAr), 4.04 (t, J = 6.5 Hz, 2H, NCH2), 2.99 (t, J = 6.5 Hz, 2H, CH2NH2), 2.27  

(s, 3H, CH3), 2.18 (s, 3H, CH3), 1.95 (s, 2H, NH2).13C{1H} NMR (150 MHz, MeOD): δ 148.98 

(CAr), δ 141.49 (CAr), δ 106.10 (CAr), δ 51.06 (CH2NH2), δ 42.49 (NCH2), δ 13.23 (CH3), δ 10.89 

(CH3). FT-IR (cm-1): ѵ 3358 and ѵ 773 (NH2), ѵ 2927 (CH2 and CH3), ѵ 1551 (C=N). 

Imine derivatives: A modified method was used to synthesise the imine products [2]. The 

pyrazole amine (0.17 g, 1.5 mmol) was dissolved in ethanol (5 mL) in a 100 mL round bottom 

flask. Separately, 2-pyridinecarboxaldehyde (0.11 mL, 1 mmol) was dissolved in ethanol  

(2 mL) and added to the amine solution. The reaction mixture was refluxed for 15 h where 

after the solvent was removed in vacuo. DCM (20 mL) was added to the brown oil which was 

extracted with H2O (2 x 5 mL), dried, filtered and the solvent was removed in vacuo to obtain 

the product as a dark brown oil (imine-L01). Yield: 119 mg (35 %). 1H NMR (600 MHz, CDCl3): 

δ 8.61 (d, J = 4.1 Hz, 1H, HAr), δ 8.13 (s, 1H, NCH), δ 7.89 (d, J = 7.9 Hz, 1H, HAr), δ 7.73  

(t, J = 7.7 Hz, 1H, HAr), δ 7.50 (s, 1H, HAr), δ 7.36 (d, J = 2.0 Hz, 1H, HAr), δ 7.30  

(dd, J = 6.3, 4.9 Hz, 1H, HAr), δ 6.15 (t, 1H, CH), δ 4.50 (t, J = 5.9 Hz, 2H, NCH2), δ 4.08  

(t, J = 5.3 Hz, 2H, CH2NC). 13C{1H} NMR (150 MHz, CDCl3): δ 164.06 (CAr), δ 154.01 (CAr),  

δ 149.57 (CH), δ 139.67 (CAr), δ 136.63 (CAr), δ 129.97 (CAr), δ 124.98 (CAr), δ 121.52 (CAr),  

δ 105.22 (CAr), δ 60.72 (CH2NC), δ 52.33 (NCH2). FT-IR (cm-1): ѵ 3361 (C-H, pyridine ring),  

ѵ 2941 (CH2), ѵ 1597 (C=N). 

The same synthesis procedure as mentioned above were used, except for using  

3,5-dimethylpyrazole amine (0.21 g, 1.5 mmol) instead of the pyrazole amine as reagent. The 

product was obtained as a dark brown oil (imine-L02). Yield: 101 mg (58 %) 1H NMR  

(600 MHz, CDCl3): δ 8.61 (d, J = 4.5 Hz, 1H, HAr), δ 8.14 (s, 1H, NCH), δ 7.89 (d, J = 7.9 Hz, 

1H, HAr), δ 7.73 (dd, J = 7.6, 1.4 Hz, 1H, HAr), δ 7.30 (t, J = 7.4, 4.8, 1.0 Hz, 1H, HAr), δ 5.68 

(s, 1H, HAr), δ 4.31 (t, J = 6.1 Hz, 2H, NCH2), δ 4.05 (t, J = 5.5 Hz, 2H, CH2NC), δ 2.19 (s, 3H, 

CH3), δ 2.18 (s, 3H, CH3). 13C{1H} NMR (150 MHz, CDCl3): δ 162.84 (CAr), δ 153.15 (CAr),  

δ 148.53 (CAr), δ 146.78 (NCH), δ 138.64 (CAr), δ 135.58 (CAr), δ 123.88 (CAr), δ 120.28 (CAr), 
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δ 103.74 (CAr), δ 60.20 (NCH2), δ 47.73 (CH2NC), δ 12.50 (CH3), δ 10.10 (CH3). FT-IR (cm-1): 

ѵ 3390 (C-H, pyridine ring), ѵ 2918 (CH2), ѵ 1649 (C=N). 

2-(3,5-dimethyl-1H-pyrazol-1-yl)-N-methyl-N-(pyridine-2-ylmethyl)ethan-1-amine (L04): 

The same synthesis procedure as for ligand L03 was used for the synthesis of ligand L04, 

except for using the secondary 3,5-dimethylpyrazolylamine (L02, 0.12 g, 0.5 mmol) instead of 

ligand L01 as reagent. The product was obtained as a dark brown oil. Yield: 69 mg (62 %).  

1H NMR (600 MHz, CDCl3): δ 8.50 (d, J = 4.5 Hz, 1H, HAr), δ 7.58 (s, 1H, HAr), δ 7.20-7.19  

(d, J = 7.8 Hz, 1H, HAr), δ 7.13 (s, 1H, HAr), δ 5.75 (s, 1H, HAr), δ 4.09-4.06 (t, J = 7.0 Hz, 2H, 

NCH2CH2), δ 3.68 (s, 2H, N(Me)CH2), δ 2.81-2.78 (t, J = 7.0 Hz, 2H, NCH2CH2), δ 2.33 (s, 3H, 

NCH3), δ 2.19 (s, 3H, CH3), δ 2.17 (s, 3H, CH3). 13C{1H} NMR (150 MHz, CDCl3): δ 159.04 

(CAr), δ 149.02 (CAr), δ 147.29 (CAr), δ 139.04 (CAr), δ 136.49 (CAr), δ 122.95 (CAr), δ 122.05 

(CAr), δ 104.86 (CAr), δ 64.01 (NCH2CH2), δ 57.06 (NCH2CH2), δ 46.79 (N(Me)CH2), δ 42.86 

(NCH3), δ 13.48 (CH3), δ 11.07 (CH3) (Figures S3.5 and S3.6). FT-IR (cm-1): ѵ 3383 (C-H  

(N-CH3, CH2, CH3, pyridine ring)), ѵ 2947 (C-H (N-CH3, CH2)), ѵ 1656 (C-N and C-H in pyridine 

ring), ѵ 1590 (C=C and C-H in pyrazole ring, C-H (CH3)). APCI-MS (positive ion mode): mass 

fragment at m/z 245.18 (MW: 244.34 g/mol, Figure S3.10 in the Supporting Information). 

S3.2.1 1H and 13C{1H} NMR spectra for ligands L01, L03 and L04 

 

Figure S3.1: 1H NMR (600 MHz, CDCl3) spectrum for ligand L01. 
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Figure S3.2: 13C{1H} NMR (150 MHz, CDCl3) spectrum for ligand L01. 

 

Figure S3.3: 1H NMR (600 MHz, CDCl3) spectrum for ligand L03. 
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Figure S3.4: 13C{1H} NMR (150 MHz, CDCl3) spectrum for ligand L03. 

 

Figure S3.5: 1H NMR (600 MHz, CDCl3) spectrum for ligand L04. 
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Figure S3.6: 13C{1H} NMR (150 MHz, CDCl3) spectrum for ligand L04. 

S3.2.2 APCI-MS spectra for ligands L01-L04 

 

Figure S3.7: APCI-MS spectrum for ligand L01 (MW: 202.26 g/mol). The spectrum revealed a mass 

fragment at m/z 203.13 which is consistent with the molar mass of the ligand (positive 

ion mode). 

(M+1)
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Figure S3.8: APCI-MS spectrum for ligand L02 (MW: 230.32 g/mol). The spectrum revealed a mass 

fragment at m/z 231.16 which is consistent with the molar mass of the ligand (positive 

ion mode). 

 

Figure S3.9: APCI-MS spectrum for ligand L03 (MW: 216.29 g/mol). The spectrum revealed a mass 

fragment at m/z 217.15 which is consistent with the molar mass of the ligand (positive 

ion mode). 
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Figure S3.10: APCI-MS spectrum for ligand L04 (MW: 244.34 g/mol). The spectrum revealed a mass 

fragment at m/z 245.18 which is consistent with the molar mass of the ligand (positive 

ion mode). 

S3.3 Optimisation of the catalyst system 

We evaluated the different pyrazolylpyridineamine ligands, L01-L04, in combination with 

[Cu(MeCN)4]BF4 for the hydroxylation of 4-iodotoluene to p-cresol (Figure S3.11) [3]. 

 

Figure S3.11:  The observed conversion of 4-iodotoluene to p-cresol, using different 

pyrazolylpyridineamine ligands (L01-L04). L01: 2-(1H-pyrazol-1-yl)-N-(pyridine-2-

ylmethyl)ethan-1-amine; L02: 2-(3,5-dimethyl-1H-pyrazol-1-yl)-N-(pyridine-2-

ylmethyl)ethan-1-amine; L03: N-methyl-2-(1H-pyrazol-1-yl)-N-(pyridine-2-

ylmethyl)ethan-1-amine; L04: 2-(3,5-dimethyl-1H-pyrazol-1-yl)-N-methyl-N-(pyridine-2-

ylmethyl)ethan-1-amine. 
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Next, we evaluated the effect of varying hydroxide bases on the hydroxylation of 4-iodotoluene 

to p-cresol (Figure S3.12). 

 

Figure S3.12: Evaluation of the effect of various bases on the hydroxylation of 4-iodotoluene to  

p-cresol, using either ligand L01 or L02. 

As a result, the next step was to evaluate the amount of base (KOH and CsOH) on the 

hydroxylation of 4-iodotoluene, using either ligand L01 or L02 (Figure S3.13). 

 

Figure S3.13:  Evaluation of the amount of base (mmol) on the hydroxylation of 4-iodotoluene, using 

either ligand L01 or L02.  

We evaluated the effect of different CuI-/CuII-precursors, in combination with ligand L01, for 

the hydroxylation of 4-iodotoluene to p-cresol (Figure S3.14). 
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Figure S3.14: Evaluation of various CuI-/CuII-precursors, in combination with ligand L01, for the 

hydroxylation of 4-iodotoluene to p-cresol, under optimal reaction conditions and a 

reaction time of 4 h. 
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S3.4 Effect of the presence of the in situ formed [(L01)Cu-OH] 

intermediate 

With the optimised reaction conditions in hand, we evaluated the conversion of 4-iodotoluene 

to p-cresol, as a function of reaction time (Table S3.1). Initially an induction period was 

observed and conversion to p-cresol was only observed after a reaction time of 2 h. We 

postulated that the initial presence of a [(L01)Cu-OH] intermediate would shorten the induction 

period of the hydroxylation reaction and thereby speed up the reaction time until complete 

conversion (Table S3.2). 

Table S3.1: Evaluation of the conversion of 4-iodotoluene to p-cresol as a function of reaction time, 

using the optimised reaction conditions. Standard reaction conditions: [Cu(MeCN)4]BF4 

and ligand L01 (2 mol%), 4-iodotoluene (1 mmol), CsOH (4 mmol), DMSO:H2O (1:1,  

3 mL), 120 ± 2 ºC. 

Reaction time (h) Conversion (%) 

0.5 1 

1.0 0 

1.5 1 

2.0 26 

2.5 57 

3.0 72 

4.0 97 

6.0 100 

Table S3.2: Evaluation of the conversion of 4-iodotoluene to p-cresol as a function of reaction time, 

using the initial in situ formation of the [(L01)Cu-OH] intermediate. Reaction conditions: 

[Cu(MeCN)4]BF4 and ligand L01 (2 mol%), 4-iodotoluene (1 mmol), CsOH (4 mmol), 

DMSO:H2O (1:1, 3 mL), 120 ± 2 ºC. 

Reaction time (h) Conversion (%) 

0.25 2 

0.38 49 

0.5 81 

1.0 97 

2.0 99 

3.0 99 
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S3.5 Conversion and characterisation of phenol-based products 

All aryl halides were obtained from Sigma-Aldrich and used as received and the obtained 

phenolic products were flushed through a silica plug, using petroleum spirit/EtOAc as eluent, 

to remove residual DMSO. The NMR [1H and 13C{1H}] spectral data were compared to those 

previously reported in literature. 

p-Cresol 

 

The reaction was performed in a small, closed reactor tube. After the allotted time (6 h or  

18 h) the reaction mixture was cooled down, acidified with 0.1 M HCl, extracted with EtOAc  

(3 x 10 mL) and the solvent was removed in vacuo. The crude product was flushed through a 

silica plug, using petroleum spirit/EtOAc (8/2) as eluent, to remove residual DMSO. The 

product was obtained as a yellow-brown oil. Yield: 76 mg (70 %) for the iodide substrate and 

63 mg (58 %) for the bromide substrate. 1H NMR (600 MHz, CDCl3): δ 7.05 (d, J = 8.1 Hz, 2H, 

HAr), 6.76 (d, J =8.2 Hz, 2H, HAr), 5.28 (br s, 1H, OH), 2.28 (s, 3H, CH3).  

13C{1H} NMR (150 MHz, CDCl3): δ 153.6 (COH), 130.2 (CAr), 129.9 (CAr), 115.2 (CAr), 20.6 

(CH3). GC-MS: retention time = 5.60 min, MW: 107.2 g/mol. Spectral properties are consistent 

with literature values [4]. 

Phenol 

 

The reaction was performed in a small, closed reactor tube. After the allotted time (6 h or  

18 h) the reaction mixture was cooled down, acidified with 0.1 M HCl, extracted with EtOAc  

(3 x 10 mL) and the solvent was removed in vacuo. The crude product was flushed through a 

silica plug, using petroleum spirit/EtOAc (8/2) as eluent, to remove residual DMSO. The 

product was obtained as a colourless oil. Yield: 45 mg (47 %) for the iodide substrate and  

39 mg (41 %) for the bromide substrate. 1H NMR (600 MHz, CDCl3): δ 7.25 (t, J = 7.8 Hz, 2H, 

HAr), 6.95 (t, J = 7.3 Hz, 1H, HAr), 6.85 (d, J = 8.3 Hz, 2H, HAr), 5.15  

(br s, 1H, OH). 13C{1H} NMR (150 MHz, CDCl3): δ 155.54 (CAr), 129.81 (CAr), 120.95 (CAr), 

115.45 (CAr). GC-MS: retention time = 4.19 min, MW: 94.2 g/mol. Spectral properties are 

consistent with literature values [4]. 
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p-Hydroxyanisole 

 

The reaction was performed in a small, closed reactor tube. After the allotted time (15 h) the 

reaction mixture was cooled down, acidified with 0.1 M HCl, extracted with EtOAc (3 x 10 mL) 

and the solvent was removed in vacuo. The crude product was flushed through a silica plug, 

using petroleum spirit/EtOAc (7/3) as eluent, to remove residual DMSO. The product was 

obtained as a brown solid. Yield: 94 mg (75 %). 1H NMR (600 MHz, CDCl3): δ 6.78  

(m, J = 9.1 Hz, 4H, HAr), 5.13 (br s, 1H, OH), 3.77 (s, 3H, CH3). 13C{1H} NMR (150 MHz, CDCl3): 

δ 153.7 (COH), 149.9 (CAr), 116.2 (CAr), 115.0 (CAr), 56.0 (CH3). GC-MS: retention time =  

7.22 min, MW: 124.1 g/mol. Spectral properties are consistent with literature values [4]. 

p-Hydroxyacetophenone 

 

The reaction was performed in a small, closed reactor tube. After the allotted time (6 h or  

24 h) the reaction mixture was cooled down, acidified with 0.1 M HCl, extracted with EtOAc  

(3 x 10 mL) and the solvent was removed in vacuo. The crude product was flushed through a 

silica plug, using petroleum spirit/EtOAc (8/2, iodide) or (6/4, bromide) as eluent, to remove 

residual DMSO. The product was obtained as a brown solid. Yield: 130 mg (96 %) for the 

iodide substrate and 120 mg (88 %) for the bromide substrate. 1H NMR (600 MHz, CDCl3):  

δ 7.90 (d, J = 8.7 Hz, 2H, HAr), 7.69 (br s, 1H, OH), 6.95 (d, J = 8.7 Hz, 2H, HAr), 2.58 (s, 3H, 

CH3). 13C{1H} NMR (150 MHz, CDCl3): δ 198.7 (C=O), 161.5 (COH), 131.4 (CAr), 129.8 (CAr), 

115.7 (CAr), 26.4 (CH3). GC-MS: retention time = 9.78 min, MW: 121.1 g/mol. Spectral 

properties are consistent with literature values [4]. 

p-Nitrophenol 

 

The reaction was performed in a small, closed reactor tube. After the allotted time (6 h) the 

reaction mixture was cooled down, acidified with 0.1 M HCl, extracted with EtOAc (3 x 10 mL) 

and the solvent was removed in vacuo. The crude product was flushed through a silica plug, 

using petroleum spirit/EtOAc (8/2) as eluent, to remove residual DMSO. The product was 

obtained as a yellow-brown solid. Yield: 117 mg (84 %). 1H NMR (600 MHz, CDCl3): δ 8.17 

(d, J = 9.1 Hz, 2H, HAr), 6.94 (d, J = 9.1 Hz, 2H, HAr) 6.63 (br s, 1H, OH). 13C{1H} NMR  
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(150 MHz, CDCl3): δ 161.9 (COH), 141.6 (CN), 126.4 (CAr), 115.9 (CAr). GC-MS: retention time 

= 10.24 min, MW: 139.1 g/mol. Spectral properties are consistent with literature values [4]. 

2-Hydroxybenzylalcohol 

 

The reaction was performed in a small, closed reactor tube. After the allotted time (6 h) the 

reaction mixture was cooled down, acidified with 0.1 M HCl, extracted with EtOAc (3 x 10 mL) 

and the solvent was removed in vacuo. The crude product was flushed through a silica plug, 

using petroleum spirit/EtOAc (6/4) as eluent, to remove residual DMSO. The product was 

obtained as a white “glitter” solid. Yield: 116 mg (93 %). 1H NMR (600 MHz, CDCl3): δ 7.21  

(t, J = 7.7 Hz, 1H, HAr), 7.04 (d, J = 7.4 Hz, 1H, HAr), 6.89 (d, J = 8.1 Hz, 1H, CH), 6.86  

(t, J = 7.4 Hz, 1H, HAr), 5.89 (br s, 1H, OH), 5.27 (br s, 1H, OH), 4.86 (s, 2H, CH2).  

13C{1H} NMR (150 MHz, CDCl3): δ 156.07 (COH), 129.40 (CAr), 128.09 (CAr), 125.27 (CAr), 

120.09 (CAr), 116.46 (CAr), 64.22 (CH2). GC-MS: retention time = 7.80 min, MW: 124.1 g/mol. 

Spectral properties are consistent with literature values. 

o-Cresol 

 

The reaction was performed in a small, closed reactor tube. After the allotted time (15 h) the 

reaction mixture was cooled down, acidified with 0.1 M HCl, extracted with EtOAc (3 x 10 mL) 

and the solvent was removed in vacuo. The crude product was flushed through a silica plug, 

using petroleum spirit/EtOAc (8/2) as eluent, to remove residual DMSO. The product was 

obtained as yellow-brown oil. Yield: 82 mg (76 %). 1H NMR (600 MHz, CDCl3): δ 7.14  

(d, J = 7.4 Hz, 1H, HAr), 7.09 (t, J = 7.7 Hz, 1H, HAr), 6.86 (t, J = 7.4 Hz, 1H, HAr), 6.78  

(d, J = 8.0 Hz, 1H, HAr), 4.74 (br s, 1H, OH), 2.28 (s, 3H, CH3). 13C{1H} NMR (150 MHz, CDCl3): 

δ 153.91 (CAr), 131.15 (CAr), 127.23 (CAr), 123.88 (CAr), 120.84 (CAr), 115.02 (CAr), 15.84 (CH3). 

GC-MS: retention time = 5.24 min, MW: 108.2 g/mol. Spectral properties are consistent with 

literature values [5]. 
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Catechol 

 

The reaction was performed in a small, closed reactor tube. After the allotted time (18 h) the 

reaction mixture was cooled down, acidified with 0.1 M HCl, extracted with EtOAc (3 x 10 mL) 

and the solvent was removed in vacuo. The crude product was flushed through a silica plug, 

using petroleum spirit/EtOAc (8/2) as eluent, to remove residual DMSO. The product was 

obtained as red-pink solid. Yield: 74 mg (68 %). 1H NMR (600 MHz, CDCl3): δ 6.88  

(m, J = 5.9 and 3.6 Hz, 2H, HAr), 6.82 (m, J = 5.9 and 3.5 Hz, 2H, HAr), 5.26 (br s, 2H, OH). 

13C{1H} NMR (150 MHz, CDCl3): δ 143.63 (COH), 121.43 (CAr), 115.67 (CAr). GC-MS: retention 

time = 7.14 min, MW: 110.1 g/mol. 

S3.5.1 GC-MS and NMR spectral data of converted phenol products 

 

Figure S3.15:  GC-MS spectrum for the hydroxylation of 4-iodo or 4-bromotoluene to afford p-cresol 

as product. 
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Figure S3.16: 1H NMR (600 MHz, CDCl3) spectrum for the hydroxylation of 4-iodo or 4-bromotoluene 

to afford p-cresol as product. 

 

Figure S3.17:  13C{1H} NMR (150 MHz, CDCl3) spectrum for the hydroxylation of 4-iodo or  

4-bromotoluene to afford p-cresol as product. 
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Figure S3.18:  GC-MS spectrum for the hydroxylation of iodo- or bromobenzene to afford phenol as 

product. 

 

Figure S3.19:  1H NMR (600 MHz, CDCl3) spectrum for the hydroxylation of iodo- or bromobenzene to 

afford phenol as product. 
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Figure S3.20: 13C{1H} NMR (150 MHz, CDCl3) spectrum for the hydroxylation of iodo- or 

bromobenzene to afford phenol as product. 

 

Figure S3.21: GC-MS spectrum for the hydroxylation of 4-iodoanisole to afford p-methoxyphenol 

(mequinol) as product. 
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Figure S3.22: 1H NMR (600 MHz, CDCl3) spectrum for the hydroxylation of 4-iodoanisole to afford  

p-methoxyphenol (mequinol) as product. 

 

Figure S3.23: 13C{1H} NMR (150 MHz, CDCl3) spectrum for the hydroxylation of 4-iodoanisole to 

afford p-methoxyphenol (mequinol) as product. 
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Figure S3.24: GC-MS spectrum for the hydroxylation of 4-iodo- or 4-bromoacetophenone to afford 

piceol as product. 

 

Figure S3.25: 1H NMR (600 MHz, CDCl3) spectrum for the hydroxylation of 4-iodo- or  

4-bromoacetophenone to afford piceol as product. 
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Figure S3.26: 13C{1H} NMR (150 MHz, CDCl3) spectrum for the hydroxylation of 4-iodo- or  

4-bromoacetophenone to afford piceol as product. 

 

Figure S3.27: GC-MS spectrum for the hydroxylation of 1-iodo-4-nitrobenzene to afford  

p-nitrophenol as product. 
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Figure S3.28: 1H NMR (600 MHz, CDCl3) spectrum for the hydroxylation of 1-iodo-4-nitrobenzene to 

afford p-nitrophenol as product. 

 

Figure S3.29: 13C{1H} NMR (150 MHz, CDCl3) spectrum for the hydroxylation of 1-iodo-4-

nitrobenzene to afford p-nitrophenol as product. 
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Figure S3.30: GC-MS spectrum for the hydroxylation of 2-iodobenzyl alcohol to afford  

2-hydroxybenzyl alcohol as product. 

 

Figure S3.31: 1H NMR (600 MHz, CDCl3) spectrum for the hydroxylation of 2-iodobenzyl alcohol to 

afford 2-hydroxybenzyl alcohol as product. 
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Figure S3.32: 13C{1H} NMR (150 MHz, CDCl3) spectrum for the hydroxylation of 2-iodobenzyl alcohol 

to afford 2-hydroxybenzyl alcohol as product. 

 

Figure S3.33: GC-MS spectrum for the hydroxylation of 2-iodotoluene to afford o-cresol as product. 
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Figure S3.34: 1H NMR (600 MHz, CDCl3) spectrum for the hydroxylation of 2-iodotoluene to afford  

o-cresol as product. 

 

Figure S3.35: 13C{1H} NMR (150 MHz, CDCl3) spectrum for the hydroxylation of 2-iodotoluene to 

afford o-cresol as product. 
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Figure S3.36: GC-MS spectrum for the hydroxylation of 2-bromophenol to afford catechol as product. 

An extra signal was observed, consistent with the coordination of two substrates to 

afford a by-product. 

 

Figure S3.37: 1H NMR (600 MHz, CDCl3) spectrum for the hydroxylation of 2-bromophenol to afford 

catechol as product. Some impurities are present, but there is no clear evidence for 

the presence of the by-product. 
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Figure S3.38: 13C{1H} NMR (150 MHz, CDCl3) spectrum for the hydroxylation of 2-bromophenol to 

afford catechol as product. Some impurities are present, but there is no clear evidence 

for the presence of the by-product. 
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Pyrazolylpyridineimine (imine-L01 and imine-L02) and -amine ligands (L01-L04), in combination with a 

CuI- or CuII-precursor and H2O2 as the oxidant, were employed in the peroxidation of cyclohexane with 

alcohol selectivity (44 %) and exceptional product yields of > 90 % in 3 h, which is a significant 

improvement on the product yields obtained by the benchmark catalyst system. The optimised reaction 

conditions were identified: CuCl2·2H2O and ligand L03 (1 mol%), substrate (1 mmol), H2O2 (8 equiv.) 

and MeCN (3 mL), resulting in CyOOH as the major product. Our optimised catalyst system could be 

used for the successful peroxidation of various cyclic and linear alkanes with good to excellent product 

yields of 71 to 94 % and 75 %, respectively; however, the selectivity was shifted to the corresponding 

ketone products (28 to 64 %) for the cycloalkanes. Kinetic assessments for the rate of CyOOH formation 

exhibit a first-order dependence on [LCu] and [H2O2], while a zero-order dependence on [substrate] 

was obtained since cyclohexane is not involved during the rate-determining step. The proposed 

formation of C- and O-centred radical species was evaluated by conducting peroxidation reactions in 

the presence of the radical trapping agents, carbon tetrachloride (CCl4) and 2,4-di-tert-butylphenol and 

significantly lower product yields of 29 and 33 % were obtained, respectively. Electrochemical studies 

support the reversible transformation between CuII and CuI species, while CuIII species were only 

observed under applied potential. Hydrogen peroxide reduction resulted in the formation of H2O, which 

undergoes CuII-catalysed electrochemically promoted oxidation to O2, with the regeneration of CuI 

species. The kinetic, radical confirmation and electrochemical studies support the formation of C- and 

O-centred radical species as well as the formation of LCuII-hydroxyl (LCuII-OH) and LCuII-oxyl  

(LCuII-O·) species during the rate-determining step, which is consistent with our proposed mechanistic 

pathway.  

Keywords: peroxidation, pyrazolylpyridineimine and -amine ligands, copper(II) catalysis, alkane 

peroxidation, radical traps, mechanistic pathway. 

4.1 Introduction 

The oxidation of alkanes is the first step in several industrial chemical syntheses; however, 

harsh reaction conditions such as high temperatures, the use of strong oxidants and 

stoichiometric additives are often required [1]. These reactions usually lead to poor selectivity, 

low yields and undesired environmental and economic costs. Several transition metals such 

mailto:Andrew.Swarts@nwu.ac.za
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as iron, manganese and vanadium have been previously employed as catalysts for these 

peroxidation reactions [2-10]. However, the inclusion of copper to this list has received great 

attention due to the low costs involved as well as its widespread availability in nature. 

One of the first examples of a Cu-based catalyst system was reported by Barton and co-

workers, where they combined copper powder, pyridine, acetic acid and H2O2 [11]. A low 

product yield of < 5 % was obtained for cyclohexane peroxidation, and cyclohexanone (CyO) 

was identified as the major product, while cyclohexanol (CyOH) was also observed. Sawyer 

and co-workers investigated the activation of either H2O2 or tert-butyl hydroperoxide (TBHP) 

in combination with their [CuI(bpy)2]ClO4 (bpy: 2,2′-bipyridine; ClO4: perchlorate) catalyst 

system in an acetonitrile (MeCN)/pyridine (ratio of 4:1) solvent system. They observed an 

increase in the efficiency of cyclohexane peroxidation when employing TBHP as the oxidant, 

and they were able to improve on the product yield (< 15 %) in 3 h, which consists of CyOH 

and CyO [12]. A further improvement in the product yield (39 %) was obtained by Pombeiro 

and co-workers when they evaluated the tetranuclear CuII complex, ([Cu4(tea)4-(B{OH})4(µ-

O)][(BF4)2]; tea: triethanolamine), in combination with H2O2 and nitric acid (HNO3) and they 

obtained a product distribution (CyOH/CyO) of 25/14 % [13, 14]. Pettinari and co-workers 

reported the application of trinuclear CuII complexes, such as [Cu3(µ3-OH)(µ-

pz)3(HCO2)2(Hpz)2]·H2O, bearing anionic pyrazolate (pz) and carboxylate ligands, in 

combination with H2O2 and HNO3 [15]. However, they were unable to improve on previous 

results for cyclohexane peroxidation, since a product yield of 32 % (CyOH/CyO: 23/9 %) was 

obtained. Moreover, Pérez and co-workers evaluated mononuclear [TpXCu(NCMe)] (X: Br3, 

Br, Me3, Me2 or Ph) complexes, bearing tris(1,2,3-tribromopyrazolyl)borate ligands, in 

combination with H2O2 for the peroxidation of cyclohexane, and they obtained a product yield 

of 25 % [16]. Even though CyOH (9 %) and CyO (14.5 %, major product) were obtained as 

peroxidation products, they also found traces of the two dehydrogenation by-products, 

cyclohexene (1 %) and cyclohexene oxide (0.5 %).  

These Cu-based catalyst systems usually require high temperatures, display considerably low 

product yields and require expensive additives. Recently, Garcia-Bosch and co-workers 

demonstrated the ability of tetrakiscopper(I) hexafluorophosphate [Cu(MeCN)4]PF6, in 

combination with either (2R,2′R)-1,1′-bis(2-pyridinylmethyl)-2,2′-bipyrrolidine [(R,R)-BPBP] or 

tris(2-pyridylmethyl)-amine (TMPA), and H2O2 for cyclohexane peroxidation [17]. Their 

[Cu(R,R)-BPBP)]PF6/H2O2 catalyst system showed remarkable efficiency with an improved 

product yield of 56 % (CyOH/CyO: 50/6 %), which was identified as the current benchmark 

catalyst system. More recently, Kirillov and co-workers reported on the application of mono- 

and binuclear CuII complexes, as well as a 1D coordination polymer for peroxidation reactions 
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at a lower reaction temperature and shorter reaction time [18]. They employed  

[Cu2(µ-hbdea)2(µ-bdca)]n·(hbdea: N-butyldiethanolamine; H2bdca: 4,4′-biphenylcarboxylic 

acid), in combination with H2O2 and trifluoroacetic acid (TFA) for cyclohexane peroxidation 

and obtained a product yield of 21 % (CyOH/CyO: 11/10 %) in 1 h, while no improvement was 

possible in longer reaction times. As a result, there is still a growing demand to develop an 

alternative Cu-based catalyst system for the peroxidation of cyclic and linear alkanes with 

improved product yields, without the need for an inert atmosphere. 

Pyrazolylpyridineamine ligands, in combination with a nickel catalyst, have been employed in 

the catalytic oligomerisation and polymerisation of ethylene [19, 20]. More recently, we 

reported the successful application of similar novel pyrazolylpyridineamine ligands, in 

combination with a copper catalyst, for the hydroxylation of aryl iodides and bromides [21]. 

These pyrazolylpyridineamine ligands have not been employed in peroxidation reactions 

before, and therefore we want to expand the potential application thereof. Herein, we report 

the evaluation of pyrazolylpyridineimine, (E)-N-(2-(1H-pyrazol-1-yl)ethyl)-1-(pyridine-2-

yl)methanimine (imine-L01), (E)-N-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-1-(pyridine-2-

yl)methanimine (imine-L02), and -amine ligands, 2-(1H-pyrazol-1-yl)-N-(pyridine-2-

ylmethyl)ethan-1-amine (L01), 2-(3,5-dimethyl-1H-pyrazol-1-yl)-N-(pyridine-2-ylmethyl)ethan-

1-amine (L02), N-methyl-2-(1H-pyrazol-1-yl)-N-(pyridine-2-ylmethyl)ethan-1-amine (L03) and 

2-(3,5-dimethyl-1H-pyrazol-1-yl)-N-methyl-N-(pyridine-2-ylmethyl)ethan-1-amine (L04, 

Scheme 4.1), in combination with copper, as in situ formed pre-catalysts for the peroxidation 

of various cyclic and linear alkanes. Kinetic studies were performed to evaluate the influence 

of varying [LCu], [H2O2] and [substrate] on the rate of cyclohexyl hydroperoxide (CyOOH) 

formation during the peroxidation reaction. The effect of radical trapping agents on the 

obtained product yields was evaluated to indicate the formation of radical species and to 

investigate the nature of the active metal species. Electrochemical studies were employed to 

investigate the effect of various pyrazolylpyridineimine or -amine ligands and the addition of 

H2O2 on the redox potentials. Our results allow us to propose a plausible mechanistic pathway 

for hydrocarbon peroxidation reactions mediated by our catalyst system. 

4.2 Results and discussion 

4.2.1 Synthesis of the pyrazolylpyridineimine and -amine ligands 

Various pyrazolylpyridineimine (imine-L01 and imine-L02) and -amine ligands, L01-L04, were 

successfully synthesised via our previously reported synthesis route, which involves Schiff 

base condensation (imine-L01 and imine-L02), followed by reductive amination (L01-L02) and 

methylation (L03-L04) reaction steps (Scheme 4.1) [21]. The Cu-based pre-catalysts were 
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formed in situ prior to the reaction, and therefore no isolation of the copper complexes was 

required. 

 

Scheme 4.1: The pyrazolylpyridineimine (imine-L01 and imine-L02) and -amine ligands (L01-L04) 

were successfully synthesised via our previously reported synthesis route [21]. 

4.2.2 Optimisation of the (L01)CuCl2·2H2O/H2O2 catalyst system 

Cyclohexane was employed as the model substrate for peroxidation reactions, using 

previously reported reaction conditions (Scheme 4.2) [22, 23]. The peroxidation of 

cyclohexane resulted in three products, namely CyOOH (major), CyOH and CyO (Figure S4.1 

in the Supporting Information). Cyclohexyl hydroperoxide can then be further converted to the 

alcohol (major product) and ketone products upon the addition of an excess of 

triphenylphosphine (PPh3) to the peroxidation reactions [24]; however, complete conversion 

was not possible. 

 

Scheme 4.2: A representative Cu-based catalyst system for the peroxidation of cyclohexane to afford 

CyOOH, CyOH and CyO as products. 

We evaluated various pyrazolylpyridineimine (imine-L01 and imine-L02) and -amine ligands 

(L01-L04) in combination with [Cu(MeCN)4]OTf (Table 4.1, entries 1-6 and Figure S4.2 in the 

Supporting Information). Good product yields of 73 to 75 % were obtained when employing 

the pyrazolylpyridineimine ligands, imine-L01 and imine-L02 (Table 4.1, entries 1 and 2); 

however, when replacing it with their secondary and tertiary amine analogues, slightly higher 

product yields of 80 to 89 % were possible (Table 4.1, entries 3-6). Similarly, alcohol selectivity 
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increased with 14 to 18 % when the pyrazolylpyridineimine ligands (imine-L01 and imine-L02; 

22 to 24 %) were replaced with their secondary and tertiary amine analogues (L01, L03 and 

L04; 36 to 40 %), except for the lower alcohol selectivity of 28 % observed when employing 

ligand L02. Furthermore, the substituents on the ethyl-linked N-atom do not have a major 

influence on the peroxidation of cyclohexane, since similar product yields of 85 to 89 % were 

obtained for ligands L01 and L03 (Table 4.1, entries 3 and 5) [21, 25]. The steric and electronic 

effects of the methyl groups on the pyrazole ring as well as the lower electrophilicity of the 

copper metal centre have a negative influence on the peroxidation reaction since decreases 

of 5 to 12 % were observed for ligands L02 and L04 (Table 4.1, entries 4 and 6) [26-29]. A 

remarkably lower product yield of 39 % was obtained in the absence of a ligand (Table 4.1, 

entry 7). In conclusion, the above-mentioned product yields are significant improvements on 

previously reported product yields for cyclohexane peroxidation, using similar reaction 

conditions [11-14, 16, 17, 30]. Ligand L01 resulted in the highest product yield (89 %) with the 

highest alcohol selectivity (40 %), and therefore it was employed in further studies.  

Table 4.1: Evaluation of various pyrazolylpyridineimine (imine-L01 and imine-L02) and -amine ligands 

(L01-L04), in combination with [Cu(MeCN)4]OTf, for cyclohexane peroxidation.a 

Entry Ligand 
Yield (%)b 

CyOH(CyOOH)/CyO 
Total yield (%)b 

Standard 
deviation 

(%) 

1 imine-L01 24(32)/19 75 3.17 

2 imine-L02 22(33)/17 73 3.75 

3 L01 40(17)/32 89 3.46 

4 L02 28(28)/21 77 3.01 

5 L03 36(22)/27 85 4.42 

6 L04 37(15)/28 80 0.70 

7 - 7(26)/6 39 4.82 

a Cyclohexane (1 mmol), Cu(MeCN)4OTf (1 mol%), imine-L01, imine-L02 and L01-L04  

(1 mol%), H2O2 (10 mmol, 10 equiv.), MeCN (3 mL), reaction time: 6 h, 27 ± 2 °C. b GC yields of the 

products were determined with the use of a calibration curve (internal standard: biphenyl). The data 

reported are the average product yields obtained from two independent runs. 

Next, we evaluated various CuI-/CuII-precursors for cyclohexane peroxidation using ligand L01 

(Table 4.2 and Figure S4.3 in the Supporting Information) [17]. The evaluation of CuI-

precursors with non-coordinating anions, in combination with ligand L01, resulted in product 

yields of 84 to 89 %, with an alcohol selectivity of 31 to 40 % (Table 4.2, entries 1-3). Slightly 

lower product yields of 68 to 81 % were obtained when employing CuI-precursors bearing 

coordinating anions (Table 4.2, entries 4 and 5). Moreover, comparable product yields and 
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alcohol selectivity of 75 to 95 % and 25 to 44 % were obtained, respectively when the CuI-

precursors were replaced with CuII-precursors (Table 4.2, entries 8-10). However, when 

employing Cu(BF4)2·xH2O, a slightly lower product yield of 62 % was obtained with a low 

alcohol selectivity of 14 % and increased amounts of the unconverted CyOOH product (36 %; 

Table 4.2, entry 6) [21]. In contrast with our findings, previous studies observed a slight 

decrease in product yields for hydrocarbon peroxidation and aerobic alcohol oxidation 

reactions when employing CuII- instead of CuI-precursors [17, 29, 31]. The inclusion of CuII 

pre-catalysts has previously been reported for peroxidation reactions and moderate product 

yields (< 50 %) were obtained [2, 18, 32, 33]. An extremely low product yield of 26 % was 

obtained for Cu(OAc)2·2H2O (Table 4.2, entry 7), while excellent product yields of 93 and 95 

% and alcohol selectivity (37 to 44 %) were obtained when employing Cu(OTf)2 and 

CuCl2·2H2O, respectively [33, 34]. Lastly, cyclohexane peroxidation was impossible in the 

absence of a Cu-precursor (Table 4.2, entry 13) [35].  

Table 4.2: Evaluation of various CuI-/CuII-precursors, in combination with ligand L01, for cyclohexane 

peroxidation.a 

Entry CuI-/CuII-precursor 
Yield (%)b 

CyOH(CyOOH)/CyO 
Total yield (%)b 

Standard 
deviation (%) 

1 Cu(MeCN)4OTf 40(17)/32 89 3.46 

2 Cu(MeCN)4BF4 32(25)/30 86 4.84 

3 Cu(MeCN)4PF6 31(28)/25 84 2.09 

4 CuCl 28(23)/16 68 0.07 

5 CuBr 30(29)/23 81 4.21 

6 Cu(BF4)2·xH2O 14(36)/12 62 5.45 

7 Cu(OAc)2·2H2O 5(18)/3 26 1.53 

8 Cu(OTf)2 37(25)/31 93 4.17 

9 CuSO4·5H2O 25(28)/23 75 2.18 

10 CuCl2·2H2O 44(16)/35 95 1.19 

11c CuCl2·2H2O 40(28)/23 92 4.83 

12d CuCl2·2H2O 37(25)/25 87 4.97 

13 - 0(0)/0 0 - 

a Cyclohexane (1 mmol), various CuI-/CuII-precursors (1 mol%), L01 (1 mol%), H2O2 (10 mmol,  

10 equiv.), MeCN (3 mL), reaction time: 6 h, 27 ± 2 °C. b GC yields of the products were determined 

with the use of a calibration curve (internal standard: biphenyl). The data reported are the average 

product yields obtained from two independent runs. c Reaction time: 3 h, instead of 6 h. d Reaction 

time: 2 h. 
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Our catalyst system displayed higher catalytic activity relative to previously reported studies, 

due to the nature of the ligands and the Cu-precursor employed. Even though both CuI- and 

CuII-precursors resulted in excellent product yields for cyclohexane peroxidation, the 

application of CuCl2·2H2O in combination with ligand L01 was found to be optimal. This is due 

to the ability of the (L01)CuCl2·2H2O/H2O2 catalyst system to obtain a maximum product yield 

of 95 % with an alcohol selectivity of 44 %, while low amounts of the CyOOH product (16 %) 

were present. 

The effect of reaction time on the obtained product yields was also investigated, using 

CuCl2·2H2O, in combination with ligand L01. A rapid increase in the product yield for 

cyclohexane peroxidation was observed since an excellent product yield of 87 % was obtained 

in 2 h, while an increase of only 5 to 8 % was obtained in the next 1 to 4 h (Table 4.2, entries 

10-12). Therefore, we could not only improve on the product yield as obtained in the 

benchmark catalyst system (an increase of 39 %), but this could also be accomplished in a 

shorter reaction time [17]. The effect of varying [LCu], [H2O2] and [substrate] on cyclohexane 

peroxidation was evaluated, using CuCl2·2H2O in combination with ligand L01. An increase in 

either the LCu or H2O2 concentration increased the product yields until saturation was reached 

at high concentrations (Figures S4.4 and S4.5 in the Supporting Information) [15, 17]. 

Furthermore, even though similar product yields were obtained for low substrate 

concentrations, a decrease was observed at higher concentrations (Figure S4.6 in the 

Supporting Information). 

Lastly, our optimised (L01)CuCl2·2H2O/H2O2 catalyst system was employed in the 

peroxidation of alternative cyclic and linear alkanes. Table 4.3, entries 2-4, shows our catalyst 

system was capable of converting cyclopentane, -heptane and -octane to the corresponding 

secondary alcohol and ketone products with remarkable product yields of 71 to 94 %. An 

alcohol selectivity of 44 % was obtained for cyclohexane peroxidation (Table 4.3, entry 1); 

however, a selectivity shift to the corresponding ketone products (28 to 64 %) was observed 

for the rest of the cycloalkane substrates (Table 4.3, entries 2-4). Garcia and co-workers 

employed several Cu- and Fe-based catalyst systems during their evaluation of cycloalkanes 

and they obtained moderate product yields of 36 to 56 % [17]. As such, we were able to 

improve on the product yields obtained for the peroxidation of various cycloalkanes with an 

order of cyclohexane > cycloheptane > cyclooctane > cyclopentane [3, 15, 18, 31, 36, 37]. 

The peroxidation of the linear alkane, n-octane, was also evaluated and a mixture of 

oxygenated C8 products was obtained. A moderate product yield of 75 %, with a 67 % 

selectivity towards the octanone products, was possible (Table 4.3, entry 5). The 

regioselectivity in terms of C(1):C(2):C(3):C(4) was determined as 1:2:8:3, which confirmed 



Chapter 4: Highly efficient alkane peroxidation mediated by a 
copper(II)/pyrazolylpyridineamine catalyst system 

147 
 

the increased reactivity towards the internal C-H positions, and 3-octanone was identified as 

the major product. Kirillov and co-workers employed organic building blocks such as N,N,N′,N′-

tetrakis(2-hydroxyethyl)ethylenediamine (H4edte) and phenylmalonic acid (H2pmal) during the 

synthesis of their tetranuclear [Cu4(µ4-Hedte)2(Hpmal)2(H2O)]·7.5H2O complex [37]. This 

tetranuclear complex, in combination with H2O2 and TFA, were evaluated for n-octane 

peroxidation and they obtained an extremely low product yield of 5 %. Additionally, Bala and 

co-workers reported a product yield of 22 %, with 2-octanone as the most abundant product 

for their NHC-CuI complex, bearing a triazolylidene (1-(propyl)-3-methyl-4-phenyl-1H-1,2,3-

triazol-3-ium-5-yl) ligand [35]. As such, we were able to improve on the above-mentioned 

product yields for the peroxidation of n-octane in 6 h, using our optimised reaction conditions. 

Table 4.3: The evaluation of alternative cyclic and linear alkanes in peroxidation reactions, using our 

optimised (L01)CuCl2·2H2O/H2O2 catalyst system.a 

 
a Reaction conditions: CuCl2·2H2O and ligand L01 (1 mol%), H2O2 (8.5 mmol), substrate (1 mmol), 

MeCN (3 mL), 27 ± 2 ºC. b GC yields of the products were determined with the use of a calibration curve 

(internal standard: biphenyl). The data reported are the average product yields obtained from two 

independent runs. 
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4.2.3 Kinetic behaviour of the (L01)CuCl2·2H2O/H2O2 catalyst system 

Kinetic assessments were conducted and the initial rate data for the production of CyOOH 

were generated for varying [LCu], [H2O2] and [substrate] (Figure 4.1 and Table S4.1 in the 

Supporting Information). The initial rate studies was used for easier comparison with previous 

reported studies. First-order dependence on both the LCu catalyst and H2O2 oxidant 

concentrations was obtained, while a plateau was reached at high concentrations (Figure 4.1, 

A and B). These observations are consistent with those of previous groups for initial rate 

investigations at low concentrations, while the effect of higher concentrations was not included 

[9, 17, 18, 34]. This dependence suggests the involvement of a Cu-based catalytic species 

during the rate-limiting step of the reaction [18]. No proportionality was, however, observed 

between the rate of CyOOH formation and the initial concentration of cyclohexane, thereby 

indicating that the substrate is not involved during the rate-determining step (Figure 4.1, C) 

[17, 34]. 

   
Figure 4.1: Kinetic data for the peroxidation of cyclohexane by (L03)CuCl2·2H2O/H2O2 assessing the 

kinetic dependence on [LCu] (A), [H2O2] (B) and [cyclohexane] (C). 

4.2.4 Evaluating the formation of radical species for the (L01)CuCl2·2H2O/H2O2 

catalyst system 

Carbon tetrachloride (CCl4, a ratio of 1:1 relative to H2O2 [17]) and 2,4-di-tert-butylphenol (a 

ratio of 1:300 relative to (L01)CuII [38]) were added to the peroxidation reactions as radical 

trapping agents to evaluate the effect thereof on the efficiency of the reaction (Table 4.4). 

When employing CCl4 as the radical trap, a mixture of cyclohexyl chloride (CyCl), CyOH and 

CyO was observed, with CyCl as the major product (CyCl/(CyOH+CyO) ratio of 3.75,  

Table 4.4, entry 1) [17, 35, 36, 39]. This supports the formation of C-centred radical species 

during the H-atom abstraction step, while an extremely low product yield of 19 % (relative to 
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95 %) is indicative of the formation of O-centred radical species. As such, these radical 

confirmation studies, in combination with the obtained zero-order dependence on the initial 

substrate concentration, indicate that the rate-determining step is substrate independent (see 

below). Moreover, a low product yield of 25 % (relative to 95 %) was obtained when employing 

2,4-di-tert-butylphenol as the radical trap (Table 4.4, entry 2). GC-MS analysis confirmed the 

formation of 3,3′,5,5′-tetra-tert-butylbiphenyl-2,2′-diol (major radical coupling product) and 

trace amounts of 3,5-di-tert-butylbenzene-1,2-diol (via ortho-hydroxylation) as by-products, 

while the expected CyOOH, CyOH and CyO products were also observed (Figure S4.7 in the 

Supporting Information). This observation is due to the lower bond dissociation energy (BDE) 

= 81.24 kcal/mol required to activate C-H bonds of 2,4-di-tert-butyphenol [40] relative to those 

of cyclohexane (BDE = 100 kcal/mol) [41]. The relative ease of C-H bond activation for 2,4-di-

tert-butylphenol, as well as the resulting low product yield, supports the formation of LCuII-

hydroxyl (LCuII-OH) and LCuII-oxyl (LCuII-O·) species during the rate-determining step, which 

was further supported by the obtained first-order dependence on [LCu] [38]. 

Table 4.4: Evaluating the effect of radical trapping agents, toluene as substrate or an inert atmosphere 

on the total product yield for cyclohexane peroxidation.a 

Entry Comment 
Yield (%)b 

CyOH(CyOOH)/CyO 
Total yieldb (%) 

Standard 
deviation (%) 

1 Radical trap: CCl4 1/3/15 (3.75)c 19 7.25 

2 
Radical trap: 2,4-di-tert-

butylphenol 
10(11)/4d 25 

4.44 

3 Substrate: Toluene 
Mixture of oxidation 

productse 
41 

4.59 

4 Inert atmospheref 32(38)/23 93 1.03 

a Cyclohexane (1 mmol), CuCl2·2H2O and L01 (1 mol%), H2O2 (8.5 mmol, 8.5 equiv.), MeCN  

(3 mL), reaction time: 6 h, 27 ± 2 °C. b GC yields of the products were determined using a calibration 

curve (internal standard: biphenyl). The data reported are the average obtained from two independent 

runs. c CyOH/CyO/CyCl (CyCl/(CyOH+CyO)). d The 3,3′,5,5′-tetra-tert-butylbiphenyl-2,2′-diol (major 

radical coupling product) and trace amounts of 3,5-di-tert-butylbenzene-1,2-diol (via ortho-

hydroxylation) by-products were observed. e The mixture consists of benzaldehyde (6 %),  

p-toluquinone (18 %) and o-/ m-/ p-cresols (8/3/6 %, in a ratio of 47:18:35). f Under nitrogen. 

Finally, the formation of O-centred radical species is evident in the peroxidation of toluene [17, 

35, 42]. Benzaldehyde, one of the products, is an important building block in the 

pharmaceutical industry and the synthesis of fine chemicals. Unfortunately, the peroxidation 

of toluene usually results in low aldehyde products, due to the possibility to activate the C-H 
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bonds of either the methyl group or those of the aromatic ring. As such, we decided to 

investigate toluene as substrate, using our (L01)CuCl2·2H2O/H2O2 catalyst system and we 

obtained a total product yield of 41 %. A mixture of oxidation products was observed with  

p-toluquinone as the major product, while benzaldehyde and o-/ m-/ p-cresols were obtained 

as minor products (Table 4.4, entry 3). As such, our results support the formation of O-centred 

radical species, while also improving on previously reported product yields. Lastly, reactions 

were performed under inert reaction conditions, but almost no change in the product yields 

(93 vs 95 %) were observed, while a decrease in alcohol selectivity was obtained (Table 4.4, 

entry 4). This observation indicates that H2O2 serves as the oxidant while the molecular 

oxygen, required for product formation, is generated during the reaction. In conclusion, these 

results support the formation of both C- an O-centred radical species, as well as the formation 

of LCuII-OH and LCuII-O· species during the rate-determining step, which is substrate 

independent. As such, the metal-oxo mechanistic pathway, as proposed by Pérez and co-

workers, is not applicable for our catalyst system since they only proposed the formation of  

C-centred radical species [16]. 

4.2.5 Electrochemical studies of the (L01)CuCl2·2H2O catalyst system 

Electrochemical studies were used to investigate the reversible transformation of the copper 

oxidation state in the absence of cyclohexane. The effects of various pyrazolylpyridineimine 

and -amine ligands on the redox potentials were evaluated. Voltammograms were obtained at 

a constant scan rate of 50 mV/s over a scanning potential window of -0.5 to +1.75 V  

(Figures 4.2 to 4.4). Tetrabutylammonium hexafluorophosphate (Bu4NPF6) was employed as 

the supporting electrolyte (E1/2: -0.70 V [vs NHE (normal hydrogen electrode)]). When 

employing our optimised (L01)CuCl2·2H2O catalyst system, an anodic peak was observed at 

Epa 0.18 V (vs NHE) and Ipa 0.002 mA in the forward scan, while the cathodic peak was 

observed at Epc 0.04 V (vs NHE) and Ipc -0.02 mA in the reverse scan (Figure 4.2). This 

observation is consistent with the CuII/CuI redox couple (E1/2: 0.11 V vs NHE), which shows a 

quasi-reversible one-electron oxidation process [39, 43-45]. Another anodic peak was 

observed at Epa 0.79 V (vs NHE) and Ipa 0.02 mA with the cathodic counterpart at Epc 0.65 V 

(vs NHE) and Ipc -0.02 mA, consistent with the quasi-reversible one-electron oxidation process 

for the CuIII/CuII redox couple (E1/2: 0.72 V vs NHE) [39, 43, 46-50]. Moreover, an irreversible 

one-electron ligand-centred oxidation (onset potential of 1.31 V vs NHE) was observed for 

ligand L01 with a weak anodic peak at Epa 1.35 V (vs NHE) and Ipa 0.01 mA. 
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Figure 4.2: Cyclic voltammograms for various pyrazolylpyridineimine and -amine ligands in 

combination with CuCl2·2H2O, in the absence of cyclohexane. Voltammograms were 

recorded at a scan rate of 50 mV/s over the scanning potential of -0.5 to +1.75 V. Bu4NPF6 

was employed as the supporting electrolyte (E1/2: -0.70 V vs NHE). The → arrow denotes 

the gradual shifts in the CuII/CuI couple and the ligand-centred oxidation, while the  and 

 arrows denote the increase or decrease in the intensity of the CuIII/CuII redox couple and 

the ligand-centred oxidation. 

The donor properties of ligands imine-L01, L01 and L03 in combination with CuCl2·2H2O were 

evaluated, and a cathodic shift was observed for the CuIII/CuII redox couple when employing 

either imine-L01 (E1/2: 0.75 V vs NHE) or L03 (E1/2: 0.73 V vs NHE), relative to L01  

(E1/2: 0.72 V vs NHE, Figure 4.2). Moreover, the intensity of the ligand-centred oxidation 

increased when L01 was replaced with L03; however, a gradual shift to higher potentials was 

also observed. The obtained lower redox potential for the CuIII/CuII redox couple and the 

ligand-centred oxidation when employing L01 support its stronger donor ability as well as the 

generation of a more electron-rich Cu-based intermediate [51]. 

4.2.6 Mechanistic considerations 

Two possible mechanistic pathways for hydrocarbon peroxidation have previously been 

proposed where ·OH radical species are generated to participate in the substrate activation 

step [17, 34-36, 52-54]. The first mechanistic pathway involves the Fenton-like reaction 

between LCuII and H2O2 to generate LCuIII-OH and ·OH radical species during the rate-

determining step. The second pathway does not involve the formation of LCuIII-OH species, 
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but rather the H2O2-assisted reduction of LCuII to LCuI and the formation of hydroperoxo 

(·OOH) radical species, followed by the oxidation of LCuI to the initial LCuII species to generate 

·OH radical species. 

The oxidation of CuII to CuIII species may be observed electrochemically under applied 

potential [39]; however, except for gas-phase methane activation studies, the formation of 

LCuIII-OH species as proposed in the first mechanistic pathway is difficult to prove 

experimentally [34-36, 52, 53, 55-58]. Computational studies were therefore employed as an 

alternative method to obtain evidence of the formation of LCuIII-OH species as the conjugated 

acid of the highly unstable LCuII-O· species [59, 60]. The involvement of LCuII-O· species 

during substrate activation was previously proposed [38, 61, 62]. As such, based on previous 

studies as well as the results obtained for our kinetic and radical confirmation studies, we 

propose an alternative mechanistic pathway for hydrocarbon peroxidation, where LCuII-OH 

and LCuII-O· species are formed during the rate-limiting step, instead of the LCuIII-OH species 

(Scheme 4.3). Even though LCuII-OH and LCuII-O· species are present in the system, they 

are not involved during substrate activation, since the ·OH radical species are responsible for 

the H-atom abstraction from the substrate. 

The in situ formed LCuII pre-catalyst reacts with H2O2 to afford LCuI species and ·OOH radical 

species, followed by the reaction between LCuI and H2O2 to generate the LCuII-hydroperoxo  

(LCuII-OOH) species in the absence of the substrate. Even though this was not previously 

observed for peroxidation reactions, we employed UV/vis studies to obtain experimental 

evidence for its formation under basic conditions (Figure S4.8 in the Supporting Information) 

[62]. The rate-determining step may either involve the dissociation of H2O to afford LCuII-O· 

species or the formation of LCuII-OH and ·OH radical species. The LCuII-O· and LCuII-OH 

species are in equilibrium with each other via proton-coupled electron transfer. The ·OH 

radical species are then responsible for the H-atom abstraction step from the cyclohexane 

substrate to afford ·Cy radical species (Scheme 4.3) [18]. Molecular O2 reacts with ·Cy to 

generate cyclohexylperoxyl radicals (CyOO·), which leads to the formation of the primary 

CyOOH product. Homolytic cleavage of CyOOH resulted in the formation of CyOH and CyO, 

using the LCuII species present in the system. The catalytic cycle is completed with the 

regeneration of the LCuI species during the reduction of H2O2, which was also supported by 

our electrochemical studies. 
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Scheme 4.3: The proposed mechanistic pathway for cycloalkane peroxidation where LCuII-OH and  

LCuII-O· species are generated during the rate-determining step, while the ·OH radical 

species are employed during the H-atom abstraction step. 

4.3 Conclusions 

Previously reported pyrazolylpyridineimine (imine-L01 and imine-L02) and -amine ligands 

(L01-L04), in combination with a Cu-precursor, were evaluated as pre-catalysts in the 

peroxidation of cycloalkanes, under ambient reaction conditions using H2O2 as the oxidant. 

The optimisation of the (L01)CuCl2·2H2O/H2O2 catalyst system was accomplished by 

evaluating the effect of various ligands, CuI-/CuII-precursors, [LCu], [H2O2] and [substrate] on 

cyclohexane peroxidation. We could improve on the product yields (> 90 %) for cyclohexane 

peroxidation, in a shorter reaction time, relative to the benchmark catalyst system. Excellent 

product yields of 71 to 94 % and 75 % were obtained for the peroxidation of alternative cyclic 

and linear alkanes, respectively. Even though an alcohol selectivity of 44 % was obtained for 

cyclohexane peroxidation, a selectivity shift to the corresponding ketone products (28 to  

64 %) was rather observed for the rest of the cycloalkanes. The rate of CyOOH formation 

exhibits a first-order dependence on [LCu] and [H2O2], while no proportionality was observed 

towards the initial concentration of the substrate since it is not involved during the rate-

determining step. Reactions were performed in the presence of the radical trapping agents, 

CCl4 or 2,4-di-tert-butylphenol and decreased product yields of 19 to 25 % were obtained, 

supporting the formation of C- and O-centred radical species. O-centred radical species 
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formation was further supported when the peroxidation of toluene resulted in a mixture of 

oxidation products with a product yield of 41 %. Electrochemical studies were employed and 

L01 was identified as the optimal ligand due to its low redox potentials and strong donor ability 

to generate a more electron-rich Cu-based intermediate. As such, our radical confirmation, 

kinetic and electrochemical results support the reversible transformation between CuII and CuI 

species, with the proposed formation of the LCuII-OOH intermediate, followed by the formation 

of LCuII-OH and LCuII-O· species during the substrate independent rate-determining step. 

Hydroxyl radical species are responsible for the H-atom abstraction step and the reduction of 

H2O2 resulted in the regeneration of LCuI, consistent with our proposed mechanistic pathway. 

Future work in our group is focused on the development of a novel bifunctional ligand 

framework that can accommodate two copper centres to facilitate hydrocarbon peroxidation 

with improved product yields and alcohol selectivity. 

4.4 Experimental section 

4.4.1 General considerations 

All commercially available reagents were obtained from Sigma-Aldrich and/or Merck and used 

as received. The pyrazolylpyridineimine (imine-L01 and imine-L02) and -amine (L01-L04) 

ligands were synthesised according to a literature procedure [19-21]. GC analyses were 

performed on an Agilent 6890 Series GC system with an HP-5 column, and samples (0.2 mL) 

were analysed with biphenyl as the internal standard. The oxidation products were identified 

by comparing the GC retention times of commercial samples to our obtained retention times. 

GC-MS analyses were performed on an Agilent 6890 N Series GC system with a mass 

selective (5973) detector and an HP-5-MSUI column. Helium served as the carrier gas, EtOAc 

and DCM were used as the rinsing solutions and samples (0.2 mL) were analysed with 

biphenyl as the internal standard to confirm the identification of peaks. The peroxidation 

reactions were done in duplicate to determine an average product yield as well as the standard 

deviation.  

4.4.2 Optimisation of our Cu-based catalyst system 

The catalyst system was optimised by varying pyrazolylpyridineimine and -amine ligands and 

CuI-/CuII-precursors for the peroxidation of cyclohexane. A solution of Cu-precursor 

([Cu(MeCN)4]BF4, [Cu(MeCN)4]OTf, [Cu(MeCN)4]PF6, CuCl, CuBr, Cu(BF4)2·xH2O, Cu(OTf)2, 

CuCl2·2H2O, CuSO4·5H2O and Cu(OAc)2·2H2O, 10 µmol in 1.5 mL MeCN) and ligand (imine-

L01, imine-L02 and L01-L04, 10 µmol in 1.5 mL MeCN) was stirred in a small reactor flask. 

The oxidant, H2O2 (30 % in H2O, 1.1 mL, 10 mmol) was added to the yellow complex mixture 
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and a colour change to blue-green was observed. Immediately after 5-10 s, cyclohexane  

(0.1 mL, 1 mmol) was added, the reactor flask was closed (to prevent evaporation of the 

substrate) and allowed to stir for 6 h at room temperature. After the allotted time, the reaction 

mixture was added to a 10 mL vial containing EtOAc (3 mL) and PPh3 (0.20 g, 0.75 mmol) 

and placed in the fridge for 20 min to allow the conversion of CyOOH to CyOH and CyO (the 

excess H2O2 is converted to H2O). A sample (0.18 mL) was analysed by GC with biphenyl  

(50 µL) as the internal standard. 

4.4.3 Optimisation of the concentrations for each reaction parameter 

The concentrations of each reaction parameter were optimised through the evaluation of the 

effect of varying [LCu], [H2O2] and [substrate] on the peroxidation reaction. The concentration 

of only one reaction parameter was varied while optimal reaction conditions were employed. 

A solution of CuCl2·2H2O (x µmol in 1.5 mL MeCN) and ligand L01 (x µmol in 1.5 mL MeCN) 

was stirred in a small reactor flask. The oxidant, H2O2 (30 % in H2O, x mL, x mmol) was added 

to the yellow complex mixture and a colour change to blue-green was observed. Immediately 

after 5-10 s, cyclohexane (x mL, x mmol) was added, the reactor flask was closed and allowed 

to stir for 6 h at room temperature. The above-mentioned workup process was used and a 

sample (0.18 mL) was analysed by GC with biphenyl (50 µL) as the internal standard.  

4.4.4 Evaluation of the peroxidation of alternative cyclic and linear alkanes 

A solution of CuCl2·2H2O (10 µmol in 1.5 mL MeCN) and ligand L01 (10 µmol in 1.5 mL MeCN) 

was stirred in a small reactor flask. The oxidant, H2O2 (30 % in H2O, 1 mL, 8.5 mmol) was 

added to the colourless or yellow complex mixture. Immediately after 5-10 s, one of the cyclic 

or linear alkanes (1 mmol) was added, the reactor flask was closed (to prevent evaporation of 

the substrate) and allowed to stir for 6 h at room temperature. After the allotted time, the 

reaction mixture was added to a 10 mL vial containing EtOAc (3 mL) and PPh3 (0.20 g,  

0.75 mmol) and placed in the fridge for 20 min to allow the conversion of CyOOH to CyOH 

and CyO (the excess H2O2 is converted to H2O). A sample (0.18 mL) was analysed by GC 

with biphenyl (50 µL) as the internal standard.  

4.4.5 Kinetic studies 

The concentration of only one reaction parameter was varied while optimal reaction conditions 

were employed. A solution of CuCl2·2H2O (x µmol in 1.5 mL MeCN) and ligand L01 (x µmol in 

1.5 mL MeCN) was stirred in a small reactor flask. The oxidant, H2O2 (30 % in H2O, x mL,  

x mmol) was added to the yellow complex mixture and a colour change to blue-green was 
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observed. Immediately after 5-10 s, cyclohexane (x mL, x mmol) was added, the reactor flask 

was closed and allowed to stir at room temperature. Samples (0.2 mL) were taken in varying 

reaction intervals of 20, 30, 40, 50, 60, 75, 90, 105, 120 and 135 min, which were added to a 

solution of EtOAc (0.2 mL) and PPh3 (0.01 g, 0.38 mmol). A sample (0.18 mL) was analysed 

by GC with biphenyl (50 µL) as the internal standard.  

4.4.6 Evaluating the formation of radical species formation 

A solution of CuCl2·2H2O (10 µmol in 1.5 mL MeCN) and ligand L01 (10 µmol in 1.5 mL MeCN) 

was stirred in a small reactor flask. The oxidant, H2O2 (30 % in H2O, 1.0 mL, 8.5 mmol) was 

added to the yellow complex mixture and a colour change to blue-green was observed. 

Immediately after 5-10 s, cyclohexane (0.1 mL, 1 mmol) and either CCl4 (0.77 mL, 8 mmol, a 

ratio of 1:1 relative to H2O2 [17]) or 2,4-di-tert-butylphenol (0.62 g, 3 mmol, a ratio of 1:300 

relative to (L01)CuII [38]) were added, the reactor flask was closed and allowed to stir for 6 h 

at room temperature. A colour change to red-brown was observed with time. The above-

mentioned work-up process was used and a sample (0.18 mL) was analysed by GC and GC-

MS with biphenyl (50 µL) as the internal standard.  

4.4.7 Electrochemical studies 

Electrochemical studies were conducted on a BioLogic SP-150 potentiostat linked to a 

computer, utilising the EC Lab software. Measurements were done at 25 °C and the 

temperature was kept constant to within 0.5 °C. The measurements were performed on 1 mM 

solutions, dissolved in anhydrous MeCN as the solvent, containing 0.1 M tetrabutylammonium 

hexafluorophosphate (Bu4NPF6) as supporting electrolyte (E1/2: -0.70 V [vs NHE (normal 

hydrogen electrode)]). A conventional three-electrode electrochemical cell was used, 

consisting of a platinum (Pt) wire as the counter-electrode, a glassy carbon working electrode 

with a geometrical area of 0.196 cm2, as well as an Ag/AgCl (saturated KCl) reference 

electrode. The working electrode was polished with 0.5 M alumina suspension and washed 

with Milli-Q water, ethanol and isopropanol before it was assembled into a rotating disc 

electrode setup. The counter and reference electrodes were sonicated for two min in H2O. 

Measurements were taken after N2 was bubbled through the reaction mixture for at least  

15 min. Voltammograms were recorded at a constant scan rate of 50 mV/s over a scanning 

potential window of -0.5 to +1.75 V. The measured redox potentials were converted to normal 

hydrogen electrode (NHE) values by adding +0.199 V to compare our results to related 

catalyst systems. 
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S4.1 General considerations 

S4.1.1 Instrumentation 

GC analyses were performed on an Agilent 6890 Series GC system with an HP-5 column  

(30 m x 0.320 mm x 0.25 mm). N2 served as the carrier gas, ethyl acetate (EtOAc) and 

dichloromethane (DCM) were used as the rinsing solutions and samples (0.2 mL) were 

analysed with biphenyl as the internal standard. GC-MS analyses were performed on an 

Agilent 6890 N Series GC system with a mass selective (5973) detector and an HP-5-MSUI 

column. Helium served as the carrier gas, EtOAc and DCM were used as the rinsing solutions 

and samples (0.2 mL) were analysed with biphenyl as the internal standard to confirm the 

identification of peaks. The peroxidation reactions were done in duplicate to determine an 

average yield as well as the standard deviation.  
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S4.2 Optimisation of the catalyst system 

 

Figure S4.1: A visual representation of the GC spectrum for the peroxidation of cyclohexane  

(3.38 min). The formation of cyclohexanol (5.79 min), cyclohexanone (5.93 min) and 

cyclohexyl hydroperoxide (7.05 min) were observed as products relative to biphenyl 

(11.37 min) as the internal standard. 

Various pyrazolylpyridineimine and -amine ligands, imine-L01, imine-L02 and L01-L04 with 

[Cu(MeCN)4]OTf were evaluated for cyclohexane peroxidation (Figure S4.2) [1]. 
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Figure S4.2: Various pyrazolylpyridineimine: (E)-N-(2-(1H-pyrazol-1-yl)ethyl)-1-(pyridine-2-

yl)methanimine (imine-L01), (E)-N-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-1-(pyridine-2-

yl)methanimine (imine-L02) and -amine ligands 2-(1H-pyrazol-1-yl)-N-(pyridine-2-

ylmethyl)ethan-1-amine (L01), 2-(3,5-dimethyl-1H-pyrazol-1-yl)-N-(pyridine-2-ylmethyl)-

ethan-1-amine (L02), N-methyl-2-(1H-pyrazol-1-yl)-N-(pyridine-2-ylmethyl)ethan-1-

amine (L03) and 2-(3,5-dimethyl-1H-pyrazol-1-yl)-N-methyl-N-(pyridine-2-ylmethyl)-

ethan-1-amine (L04) were evaluated in cyclohexane peroxidation. 
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Next, we evaluated various CuI-/CuII-precursors, in combination with ligand L01, for the 

peroxidation of cyclohexane (Figures S4.3). 

 

Figure S4.3: Evaluation of various CuI-/CuII-precursors, in combination with ligand L01, for the 

peroxidation of cyclohexane. 

The effect of varying [LCu], [H2O2] and [substrate], using ligand L01 in combination with 

CuCl2·2H2O, for cyclohexane peroxidation were evaluated. An increase in the concentration 

of LCu resulted in an increase in product yields (Figure S4.4). 

 

Figure S4.4: The evaluation of varying [LCu], using ligand L01 and CuCl2·2H2O, for cyclohexane 

peroxidation. 
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An increase in the concentration of H2O2 resulted in an increase in the product yields obtained 

during the peroxidation of cyclohexane (Figure S4.5). 

 

Figure S4.5: The evaluation of varying [H2O2], using ligand L01 and CuCl2·2H2O, for the peroxidation 

of cyclohexane. 

Similar product yields were obtained for the peroxidation of cyclohexane, even with an 

increase in the substrate (Figure S4.6). 

 

Figure S4.6: The evaluation of varying [substrate], using ligand L03 and CuCl2·2H2O, for the 

peroxidation of cyclohexane. 
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S4.3 Evaluating the formation of radical species 

 

Figure S4.7: GC spectrum for cyclohexane peroxidation (3.38 min) in the presence of 2,4-di-tert-

butylphenol as a radical trap, when employing our optimised (L01)CuCl2·2H2O/H2O2 

catalyst system. Even though the formation of the cyclohexyl hydroperoxide (7.87 min), 

cyclohexanol (5.79 min) and cyclohexanone (5.93 min) products was observed, 3,3′,5,5′-

tetra-tert-butylbiphenyl-2,2′-diol (major radical coupling product) and 3,5-di-tert-

butylbenzene-1,2-diol (trace amounts) were also identified by GC-MS (inset). 
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S4.4 Kinetic studies 

Kinetic assessments were conducted for our optimised (L01)CuCl2·2H2O/H2O2 catalyst 

system. Initial rate data for the production of cyclohexyl hydroperoxide were generated for 

varying [LCu], [H2O2] and [substrate] (Table S4.1). 

Table S4.1: Kinetic data for the peroxidation of cyclohexane by (L01)CuCl2·2H2O/H2O2, assessing the 

kinetic dependence on [LCu], [H2O2] and [cyclohexane].  

Entry 
[(L01)CuII] 

(mM) 

[H2O2] 

(mM) 

[Cyclohexane] 

(mM) 

kinitial 

(mM.min-1) 

Standard 

deviation 

1 0.8 2833 333 0.3787 0.0088 

2 1.1 2833 333 0.5392 0.0272 

2 1.8 2833 333 0.6625 0.0029 

3 2.3 2833 333 0.7946 0.1030 

4 3.3 2833 333 1.0084 0.0689 

5 4.3 2833 333 1.0396 0.1102 

6 3.3 833 333 0.2847 0.0136 

7 3.3 1833 333 0.4693 0.0010 

8 3.3 2833 333 1.0084 0.0689 

9 3.3 3333 333 1.0467 0.0113 

10 3.3 4333 333 1.0918 0.0934 

11 3.3 2833 167 0.9657 0.0183 

12 3.3 2833 250 0.7410 0.0068 

13 3.3 2833 333 1.0084 0.0689 

14 3.3 2833 413 0.8966 0.0416 
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S4.5 Mechanistic considerations 

UV/vis studies were employed to indicate the formation of the LCuII-OOH intermediate under 

basic conditions. Reactions were performed without the substrate to investigate the interaction 

between LCu and H2O2, in the presence of NEt3 [2]. An absorbance was observed at 375 nm, 

consistent with the formation of the LCuII-OOH intermediate (Figure S4.8) [3-5]. The reaction 

rate for the formation of this intermediate was calculated as 0.0337 s-1 over the initial 0.2 s, 

however, the formation of an off-cycle [Cu-hydroxo]2 dimer then resulted in a significant 

decrease in the rate. Similar inactive dimeric species have been reported previously [6-11].  

 

Figure S4.8: UV/vis studies were employed to follow the formation of the key intermediate, LCuII-OOH, 

at 375 nm over a reaction time of 60 s, under basic conditions and in the absence of a 

substrate [2]. The rate constant (kobs) for CuII-OOH formation was calculated using 

1+log(abs) vs time (s) for the initial 0.2 s (inset). 
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Novel α,α′-bis[(N-methyl-2-pyrazolyl)ethylimino]-m-xylene (imine-L05 and imine-L06) and α,α′-bis[(N-

methyl-2-pyrazolyl)ethylamino]-m-xylene (L05-L08) ligands have been successfully prepared and 

characterised, using several spectroscopic and analytical techniques. These ligands can coordinate 

with two CuI- or CuII-centres during the in situ formation of the pre-catalysts. Binuclear pre-catalysts, in 

combination with H2O2, were employed in the peroxidation of cyclohexane, with excellent product yields 

of > 88 % in 3 h. Cyclohexyl hydroperoxide (CyOOH) was observed as the major product. We have 

identified the optimised reaction conditions: [Cu(MeCN)4]PF6 and ligand L05 (1 mol%), substrate  

(1 mmol), H2O2 (8 equiv.) and MeCN (3 mL). Our (L05)[Cu(MeCN)4]PF6/H2O2 catalyst system could be 

employed in the peroxidation of alternative cyclic and linear alkanes, and moderate to good product 

yields of 74 to 94 and 53 % were obtained, respectively. Kinetic assessments were performed and the 

rate of CyOOH formation exhibits a first-order dependence on [LCu] and [H2O2], while a zero-order 

dependence was obtained for [substrate]. Radical trap experiments with carbon tetrachloride (CCl4) and 

2,4-di-tert-butylphenol supported the formation of C- and O-centred radical species.  

Keywords: peroxidation, bifunctional ligands, copper(I) catalysis, radical trap, alkanes. 

5.1 Introduction 

The oxidation of inexpensive alkanes is an important reaction due to the formation of more 

valuable oxygenated products such as alcohols, ketones, aldehydes and carboxylic acids [1]. 

Several reaction steps and harsh reaction conditions such as high temperatures, the addition 

of strong oxidants or additives, which result in poor selectivity and low yields, are often 

required during the activation of C-H bonds [2]. The economic attractiveness and widespread 

availability of copper have led to the development of a number of mononuclear Cu-based 

catalyst systems for the peroxidation of cycloalkanes [1, 3-14]. These catalyst systems, 

however, typically result in low product yields with low product selectivity and they require 

expensive additives. Garcia-Bosch and co-workers demonstrated the ability to apply CuI 

complexes, such as [Cu(R,R)-BPBP)][PF6] ((R,R)-BPBP: (2R,2′R)-1,1′-bis(2-pyridinylmethyl)-

2,2′-bipyrrolidine), in combination with H2O2 for cyclohexane peroxidation with significantly 

improved product yields (56 % relative to < 5 %) and selectivity towards cyclohexanol [15].  

mailto:Andrew.Swarts@nwu.ac.za
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The application of pyrazolylpyridineamine ligands, in combination with a nickel precursor, in 

catalytic oligomerisation and polymerisation of ethylene was recently reported [16, 17]. Similar 

novel pyrazolylpyridineamine ligands, in combination with copper, have also found application 

in the hydroxylation of aryl halides and the peroxidation of hydrocarbons [18, 19]. These 

ligands can coordinate to one copper centre to afford mononuclear pre-catalysts; however, 

studies have also reported the application of bi- or multinuclear (> 2) Cu-based pre-catalysts 

for peroxidation reactions [5, 12]. Unfortunately, these catalyst systems still require high 

temperatures with resulting low product yields and the addition of additives, and therefore 

there is still a growing demand to develop an optimal binuclear Cu-based catalyst system for 

optimal peroxidation reactions. 

Our pyrazolylpyridineimine and -amine ligand framework was expanded through the 

development of α,α′-bis[(N-methyl-2-pyrazolyl)ethylimino]-m-xylene and α,α′-bis[(N-methyl-2-

pyrazolyl)ethylamino]-m-xylene ligands with two bidentate N-(2-pyrazolyl)ethylimino or N-(2-

pyrazolyl)ethylamino units and a m-xylene bridge. We envisaged the ability of our novel ligand 

framework to be bifunctional in accommodating two copper centres, thereby facilitating the 

peroxidation of hydrocarbons with improved product yields and alcohol selectivity. Herein, we 

report the synthesis and characterisation of novel bifunctional α,α′-bis[(N-methyl-2-

pyrazolyl)ethylimino]-m-xylene: α,α′-bis[N-(2-pyrazolyl)ethylimino]-m-xylene (imine-L05), α,α′-

bis[N-(2-(3,5-dimethylpyrazolyl))ethylimino]-m-xylene (imine-L06) and α,α′-bis[(N-methyl-2-

pyrazolyl)ethylamino]-m-xylene ligands: α,α′-bis[N-(2-pyrazolyl)ethylamino]-m-xylene (L05), 

α,α′-bis[N-(2-(3,5-dimethylpyrazolyl))ethylamino]-m-xylene (L06), α,α′-bis[(N-methyl-2-

pyrazolyl)ethylamino]-m-xylene (L07) and α,α′-bis[(N-methyl-2-(3,5-dimethylpyrazolyl))-

ethylamino]-m-xylene (L08, Scheme 5.1). These m-xylene bridged ligands have never been 

employed in peroxidation reactions, and therefore the main goal of this study is to provide a 

detailed investigation of their application, in combination with Cu-precursors, as novel 

binuclear pre-catalysts for the peroxidation of various cyclic and linear alkanes. Reactions 

were performed in the presence of radical trapping agents to establish the nature of the active 

metal species and radical species formation. Lastly, kinetic studies were performed to evaluate 

the influence of varying [LCu], [H2O2] and [substrate] on the rate of cyclohexyl hydroperoxide 

formation. 
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5.2 Results and discussion 

5.2.1 Synthesis and characterisation of the α,α′-bis[(N-methyl-2-

pyrazolyl)ethylimino]-m-xylene and α,α′-bis[(N-methyl-2-pyrazolyl)ethylamino]-

m-xylene ligands 

Novel α,α′-bis[(N-methyl-2-pyrazolyl)ethylimino]-m-xylene (imine-L05 and imine-L06) and 

α,α′-bis[(N-methyl-2-pyrazolyl)ethylamino]-m-xylene ligands (L05-L08, Scheme 5.1) were 

successfully synthesised via a similar synthesis route as previously reported for our 

pyrazolylpyridineimine and -amine ligands [16, 18]. This synthesis route involves the Schiff 

base condensation (imine-L05, imine-L06), reductive amination (L05-L06) and methylation 

(L07-L08) reaction steps. Two copper centres coordinate to these ligands during the in situ 

formation of the bifunctional pre-catalysts, and therefore no complexes were isolated [20]. 

 

Scheme 5.1: Novel α,α′-bis[(N-methyl-2-pyrazolyl)ethylimino]-m-xylene (imine-L05 and imine-L06) 

and α,α′-bis[(N-methyl-2-pyrazolyl)ethylamino]-m-xylene ligands (L05-L08) were 

successfully synthesised and characterised. 

Ligands imine-L05, imine-L06 and L05-L08 were isolated as light yellow or clear oils, soluble 

in polar organic solvents such as dichloromethane (DCM), acetonitrile (MeCN), dimethyl 

sulfoxide (DMSO), alcohols and water. These ligands are stable in air, and can therefore be 

stored without any precaution. Characterisation of the bifunctional ligands was done by 

employing several spectroscopic and analytical techniques. FT-IR spectroscopy showed the 
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presence of the imine (C=N) absorption band in the region 1644 to 1673 cm-1 for ligands imine-

L05 and imine-L06. This absorption band disappeared upon reduction, with the appearance 

of an absorption band either in the region 3291 to 3305 cm-1, consistent with the formation of 

a secondary amine (L05 and L06) or in the downfield regions of 3513 to 3 535 cm-1 and 3145 

to 3151 cm-1, which confirmed the successful methylation of the secondary amines to afford 

the tertiary amine analogues, L07 and L08. The 1H NMR spectroscopic analysis of these 

ligands provides information on the structure of all compounds (Figures S5.1, S5.3, S5.5, S5.7, 

S5.9 and S5.11 in the Supporting Information). We observed the imine proton (CH=N) 

resonance as a singlet in the range δ 7.96 to 7.98 ppm, which disappeared upon reduction, 

while a new absorption band appeared more upfield in the ranges δ 5.38 to 6.16 ppm or  

δ 2.23 to 2.25 ppm, consistent with the secondary amine (N-H) or tertiary amine (N-CH3) 

resonances, respectively. The introduction of methyl groups on the pyrazole ring for ligands 

imine-L06, L06 and L08 was observed as a singlet resonance in the range δ 2.14 to 2.27 ppm. 

Moreover, our 13C{1H} NMR spectroscopic analysis also confirmed the presence of an imine 

group (imine-L05 and imine-L06) in the range δ 162.83 to 162.84 ppm; while the substitution 

of methyl groups on the ethyl-linked N-atom (L07 and L08) and the pyrazole ring (imine-L06, 

L06 and L08) was confirmed with resonances in the range δ 42.41 to 42.59 ppm and δ 11.11 

to 13.63 ppm, respectively (Figures S5.2, S5.4, S5.6, S5.8, S5.10 and S5.12 in the Supporting 

Information). The purity of our novel bifunctional ligands, imine-L05, imine-L06 and L05-L08, 

was confirmed with APCI mass spectrometry (APCI-MS; Figures S5.13-S5.18 in the 

Supporting Information). 

5.2.2 Optimisation of the (L05)[Cu(MeCN)4]PF6/H2O2 catalyst system. 

Our catalyst system was optimised for the peroxidation reaction by evaluating cyclohexane as 

the model substrate, using previously reported reaction conditions (Scheme 5.2) [21, 22]. The 

reaction was quenched with an excess of triphenylphosphine (PPh3) to allow the conversion 

of most of the cyclohexyl hydroperoxide (CyOOH) product to afford the alcohol (CyOH, major 

product) and ketone (CyO) products (Figure S5.19 in the Supporting Information) [23]. It 

should be noted that complete conversion of CyOOH was impossible. 

 

Scheme 5.2: The Cu-based catalyst system for the peroxidation of cyclohexane to afford CyOOH, 

CyOH and CyO as products, before optimisation. 
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Our novel bifunctional ligands, imine-L05, imine-L06 and L05-L08, in combination with 

[Cu(MeCN)4]OTf, in a ratio of 0.5:1 (L:Cu) were employed during cyclohexane peroxidation 

(Table 5.1, entries 1-6 and Figure S5.20 in the Supporting Information) [21, 22]. Our 

hypothesis that these ligands accommodate two Cu-centres was confirmed, since similar 

product yields of 88 and 90 % were obtained for cyclohexane peroxidation, using (L05)CuI 

ratios of 0.5:1 and 1:1, respectively (Table 5.1, entries 3 and 7). Excellent product yields of  

81 to 84 % were obtained in the presence of ligands imine-L05 and imine-L06 (Table 5.1, 

entries 1 and 2) as well as when employing their tertiary amine analogues, L07 and L08  

(Table 5.1, entries 5 and 6). However, slightly higher product yields of 87 to 90 % were 

obtained when employing the secondary amine analogues (L05 and L06, Table 5.1, entries 3 

and 5). As expected, a low product yield of 39 % was obtained in the absence of a ligand 

(Table 5.1, entry 8).  

Table 5.1: Evaluation of novel bifunctional ligands (imine-L05, imine-L06 and L05-L08), in combination 

with [Cu(MeCN)4]OTf, on the peroxidation of cyclohexane.a 

Entry Ligand 
Yield (%)b 

CyOH(CyOOH)/CyO 
Total yield (%)b 

Standard 
deviation (%) 

1 imine-L05 28(30)/24 81 5.47 

2 imine-L06 34(23)/27 84 2.08 

3 L05 38(20)/32 90 2.88 

4 L06 37(19)/30 87 1.59 

5 L07 29(31)/23 84 6.83 

6 L08 28(30)/23 82 5.30 

7c L05 28(38)/23 88 4.07 

8 - 7(26)/6 39 4.82 

a Cyclohexane (1.0 mmol), [Cu(MeCN)4]OTf (1 mol%), imine-L05, imine-L06 and L05-L08  

(1 mol %), H2O2 (10 mmol, 10 equiv.), MeCN (3 mL), reaction time: 6 h, 27 ± 2 °C. b GC yields of 

the products were determined with the use of a calibration curve (internal standard: biphenyl). The 

data reported are the average product yields obtained from two independent runs. c LCu ratio of 

1:1 instead of 0.5:1. 

The tertiary amine analogues, which do not contain a free NH-group, has a negative influence 

on the catalytic activity, while the substituents (hydrogen or methyl groups) on the pyrazole 

ring do not have a major influence, since almost no differences in the product yields were 

observed. This is, however, in contrast with previously reported results where they observed 

that the substituents on the pyrazole ring have a negative influence on the catalytic activity 

[24]. In conclusion, our obtained product yields are significant improvements on previously 
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reported product yields for cyclohexane peroxidation employing both mononuclear and 

binuclear Cu-based catalyst systems [5, 7, 9-13, 15]. The optimal product yield was obtained 

in the presence of ligand L05, while CyOH was identified as the major product, and therefore 

it was employed in further studies. 

Next, we evaluated various CuI-/CuII-precursors in the peroxidation of cyclohexane using 

ligand L05, under previously reported reaction conditions (Table 5.2 and Figure S5.21 in the 

Supporting Information) [15]. Excellent product yields of 90 to 91 % were obtained when 

employing CuI-precursors with non-coordinating anions (Table 5.2, entries 1-3). In contrast, 

slightly lower product yields of 67 to 89 % were obtained for those bearing coordinating anions 

(Table 5.2, entries 4 and 5).  

Table 5.2: Evaluation of various CuI-/CuII-precursors, in combination with ligand L05, on the 

peroxidation of cyclohexane.a 

Entry CuI-/CuII-precursor 
Yield (%)b 

CyOH(CyOOH)/CyO 
Total yield (%)b 

Standard 
deviation (%) 

1 [Cu(MeCN)4]OTf 38(20)/32 90 2.11 

2 [Cu(MeCN)4]BF4 35(22)/33 90 5.79 

3 [Cu(MeCN)4]PF6 34(26)/31 91 2.65 

4 CuCl 43(14)/31 89 5.19 

5 CuBr 23(28)/15 67 5.48 

6 Cu(BF4)2·xH2O 29(32)/25 85 3.85 

7 Cu(OAc)2·2H2O 1(5)/1 6 2.29 

8 Cu(OTf)2 34(21)/29 84 7.10 

9 CuCl2·2H2O 38(22)/23 83 2.18 

10 CuSO4·5H2O 28(29)/23 79 1.44 

11 - 0(0)/0 0 - 

a Cyclohexane (1.0 mmol), various CuI-/CuII-precursors (1 mol%), L05 (1 mol %), H2O2 (10 mmol,  

10 equiv.), MeCN (3 mL), reaction time: 6 h, 27 ± 2 °C. b GC yields of the products were determined 

with the use of a calibration curve (internal standard: biphenyl). The data reported are the average 

product yields obtained from two independent runs. 

The evaluation of CuII pre-catalysts for cyclohexane peroxidation have previously been 

reported to proceed with moderate product yields of < 50 % [1, 8, 25, 26]. We obtained similar 

product yields when using either CuI- or CuII-precursors (79 to 85 %, Table 5.2, entries 6 and  

8-10) [18], which is slightly in contrast to the findings of Garcia-Bosch and co-workers since 

they obtained a decrease in product yields when employing CuII-precursors [15, 27]. An 

exceptionally low product yield of 6 % was, however, obtained when employing 
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Cu(OAc)2·2H2O (Table 5.2, entry 7). No cyclohexane peroxidation was possible in the 

absence of a Cu-precursor (Table 5.2, entry 11) [14]. Pombeiro and co-workers reported a 

multinuclear Cu-based catalyst system with dimeric, trimeric, tetrameric and polymeric 

ligands, in an acidic medium, for cyclohexane peroxidation with moderate product yields of  

15 to 31 %. Excellent product yields were possible when using either CuI- or CuII-precursors. 

Even though CuI-precursors with either coordinating or non-coordinating anions resulted in 

similar selectivity towards the formation of the alcohol product, the highest product yield was 

possible when employing [Cu(MeCN)4]PF6 in combination with ligand L05, and was therefore 

employed in further studies.  

Lastly, we were able to employ our optimised (L05)[Cu(MeCN)4]PF6/H2O2 catalyst system for 

the peroxidation of alternative cyclic and linear alkanes (Table 5.3).  

Table 5.3: Our optimised (L05)[Cu(MeCN)4]PF6/H2O2 catalyst system was employed in the 

peroxidation of various cyclic and linear alkanes.a 

 
a Reaction conditions: [Cu(MeCN)4]PF6 and ligand L05 (1 mol%), H2O2 (8.5 mmol), substrate (1 mmol), 

MeCN (3 mL), reaction time: 6 h, 27 ± 2 ºC. b GC yields of the products were determined with the use 

of a calibration curve (internal standard: biphenyl). The data reported are the average product yields 

obtained from two independent runs. 
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A rapid increase in product yields was observed for cyclohexane peroxidation in the first 3 h 

(88 % total yield), after which an increase of only 3 % was obtained in the next 3 h (total 

product yield: 91 % in 6 h, Table 5.3, entry 1). Remarkable product yields of 74 to 94 % were 

obtained for the peroxidation of cyclopentane, cycloheptane and cyclooctane to the 

corresponding secondary alcohol and ketone products (Table 5.3, entries 2-4). Our results 

represent a significant improvement on previously reported product yields [12, 15, 25, 27-30]. 

The order of obtained product yields for the peroxidation reactions is: cycloheptane > 

cyclohexane > cyclopentane > cyclooctane. 

Our catalyst system was also employed in the peroxidation of the linear alkane, n-octane, to 

afford a mixture of C8 oxidation products and the regioselectivity in terms of 

C(1):C(2):C(3):C(4) was determined as 1:1:4:2 (Table 5.3, entry 5). We obtained a total 

product yield of 53 % and a selectivity of 66 % towards the octanone products, with 3-octanone 

as the major product. Previous groups have also evaluated n-octane as substrate during 

peroxidation reactions, and they observed an increased reactivity towards the internal C-H 

positions while low product yields of 5 to 23 % were obtained [14, 25, 30-32]. Our catalyst 

system displays enhanced activity for the peroxidation of n-octane.  

5.2.3 Evaluating the formation of radical species in the 

(L05)[Cu(MeCN)4]PF6/H2O2 catalyst system 

Cyclohexane peroxidation reactions were performed in the presence of the radical trapping 

agents, carbon tetrachloride (CCl4, a ratio of 1:1 relative to H2O2 [15]) and 2,4-di-tert-

butylphenol (a ratio of 1:300 relative to (L05)CuI [33]), to evaluate their effect on the obtained 

product yields. Even though CyOH and CyO were obtained as products when employing CCl4 

as the radical trap, an additional by-product, cyclohexyl chloride (CyCl) was also observed, 

with a CyCl/(CyOH+CyO) ratio of 2.3 (Table 5.4, entry 1). This supports the formation of  

C-centred radical species during the H-atom abstraction step [14, 15, 19, 28, 34, 35]. 

Moreover, a significant decrease in the product yield (33 vs 91 %) is indicative of the formation 

of O-centred radical species.  

A remarkably low product yield of 29 % was obtained for cyclohexane peroxidation performed 

in the presence of 2,4-di-tert-butylphenol (Table 5.4, entry 2 and Figure S22 in the Supporting 

Information) and GC-MS analysis confirmed the formation of 3,3′,5,5′-tetra-tert-butylbiphenyl-

2,2′-diol as the major radical coupling product while traces of 3,5-di-tert-butylbenzene-1,2-diol 

(due to ortho-hydroxylation) were also observed. Our findings suggest the formation of LCuII-

hydroxyl (LCuII-OH) and LCuII-oxyl (LCuII-O·) species during the rate-determining step, which 

is consistent with the first-order dependence on [LCu] [19, 33]. 
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The peroxidation of toluene usually results in low product yields, with a low probability to afford 

aldehyde products, since the C-H bonds of either the methyl group or the aromatic ring may 

be activated during the reaction [14, 15, 36]. As such, we employed our 

(L05)[Cu(MeCN)4]PF6/H2O2 catalyst system in toluene peroxidation and obtained a product 

yield of 44 %, with a mixture of oxidation products. p-Toluquinone was identified as the major 

product, while benzaldehyde and o-/ m-/ p-cresols were observed as minor products  

(Table 5.4, entry 3). This observation further supports the formation of O-centred radical 

species [19], while we were also able to improve on previously reported product yields. Lastly, 

inert reaction conditions were employed for cyclohexane peroxidation and a slight decrease 

in the product yield (83 vs 91 %) was observed (Table 5.4, entry 4). This suggests the 

conversion of H2O2 to O2, which then reacts with the Cy· radical species to generate CyOOH.  

Table 5.4: The formation of C- and O-centred radical species during peroxidation reactions was 

indicated using these experimental studies.a 

Entry Comment 
Yield (%)b 

CyOH(CyOOH)/CyO 
Total yieldb (%) 

Standard 
deviation (%) 

1 Radical trap: CCl4 3/7/23 (2.3)c 33 4.58 

2 
Radical trap: 2,4-di-tert 

butylphenol 
12(12)/5d 29 3.42 

3 Toluene as substrate 
Mixture of oxidation 

productse 
44  2.08 

4 Inert atmospheref 16(47)/21 83 5.27 

a Cyclohexane (1 mmol), [Cu(MeCN)4]PF6 and L05 (1 mol%), H2O2 (8.5 mmol, 8.5 equiv.), MeCN  

(3 mL), reaction time: 6 h, 27 ± 2 °C. b GC yields were determined using a calibration curve (internal 

standard: biphenyl). The data reported are the average conversions obtained from two independent 

runs. c CyOH/CyO/CyCl (CyCl/(CyOH+CyO)). d The 3,3′,5,5′-tetra-tert-butylbiphenyl-2,2′-diol (major 

radical coupling product) and trace amounts of 3,5-di-tert-butylbenzene-1,2-diol (via ortho-

hydroxylation) by-products were observed. e The mixture of products consists of benzaldehyde  

(7 %), p-toluquinone (20 %) and o-/ m-/ p-cresols (9/2/8 %, in a ratio of 47:10:41). f Under nitrogen. 

5.2.4 Kinetic behaviour of the (L05)[Cu(MeCN)4]PF6/H2O2 catalyst system 

Initial rate data for the formation of CyOOH were generated for varying [LCu], [H2O2] and 

[substrate], using our optimised reaction conditions (Figure 5.1 and Table S5.1 in the 

Supporting Information). First-order dependence on both the LCu catalyst and the H2O2 

oxidant concentrations was obtained; however, while a plateau was reached at higher LCu 

concentrations, no loss in linearity was observed for H2O2 (Figure 5.1, A and B) [3, 15, 25, 37]. 
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The rate of CyOOH formation exhibits no proportionality to the initial concentration of 

cyclohexane, consistent with the substrate not participating in the rate-determining step 

(Figure 5.1, C) [3, 15]. 

   

Figure 5.1: Kinetic assessments for varying [LCu] (A), [H2O2] (B) and [cyclohexane] (C) on the 

peroxidation of cyclohexane with our (L05)[Cu(MeCN)4]PF6/H2O2 catalyst system. 

In conclusion, radical trap experiments and kinetic studies support the presence of both  

C- and O-centred radical species and the formation of both LCuII-O· and LCuII-OH species 

during the rate-determining step [33]. As such, these results support our previously reported 

findings for the application of in situ formed mononuclear Cu-based pre-catalysts, bearing 

pyrazolylpyridineamine ligands, for hydrocarbon peroxidation and the oxidative cleavage of 

polysaccharides [19, 35]. 

5.3 Conclusions 

We have successfully synthesised our novel bifunctional α,α′-bis[(N-methyl-2-

pyrazolyl)ethylimino]-m-xylene (imine-L05 and imine-L06) and α,α′-bis[(N-methyl-2-

pyrazolyl)ethylamino]-m-xylene (L05-L08) ligands following a similar synthesis route reported 

previously. Various analytical and spectroscopic techniques confirmed the preparation of our 

bifunctional ligands. These ligands consist of two bidentate N-(2-pyrazolyl)ethylimino or N-(2-

pyrazolyl)ethylamino units with a m-xylene bridge, and can therefore accommodate two 

copper centres during the in situ formation of the pre-catalysts. This was confirmed when 

similar product yields were obtained for the LCu ratio of 1:1 and 0.5:1. Successful optimisation 

of our (L05)[Cu(MeCN)4]PF6/H2O2 catalyst system was achieved through the evaluation of 

various bifunctional ligands and CuI-/CuII-precursors for cyclohexane peroxidation. Excellent 

product yields of > 88 % were obtained in 3 h, which is an improvement on the benchmark 

catalyst system. Our optimised catalyst system was further employed for the peroxidation of 
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alternative cyclic and linear alkanes and moderate to excellent product yields of 74 to 94 % 

and 53% were obtained, respectively. Significantly lower product yields of 29 to 33 % were 

obtained for reactions performed in the presence of the radical trapping agents, CCl4 and  

2,4-di-tert-butylphenol, supports the formation of C- and O-centred radical species. Moreover, 

the peroxidation of toluene resulted in a product yield of 44 %, which consists of a mixture of 

oxidation products. This further supports the formation of O-centred radical species. Kinetic 

studies were conducted and the rate of CyOOH formation exhibits a first-order dependence 

on [LCu] and [H2O2], while a zero-order dependence was obtained for [substrate]. As such, 

our radical confirmation and kinetic studies support the presence of C- and O-centred radical 

species, as well as the formation of both LCuII-O· and LCuII-OH species during the rate-

determining step. This is consistent with our previously reported findings for in situ formed 

mononuclear Cu-based pre-catalysts, bearing a pyrazolylpyridineamine ligand, which 

confirmed that the nuclearity of the Cu-based catalyst system does not have a major influence 

on the efficiency of the peroxidation reactions. Even though high product yields were obtained 

for cyclohexane peroxidation, these reactions may also be further optimised to improve the 

alcohol selectivity, which forms part of current efforts in our laboratory.  

5.4 Experimental section 

5.4.1 General considerations 

All commercially available reagents were obtained from Sigma-Aldrich and/or Merck and used 

as received. NMR [1H and 13C{1H}] spectra were recorded on a Bruker Ultrashield Plus 

spectrometer at 600 MHz and 150 MHz, respectively. The chemical shifts (δ) are given in parts 

per million (ppm) and externally referenced according to the residual protons of the deuterated 

solvent signal [38]. Coupling constants are reported in Hz. IR spectra were recorded as neat 

oils with a BrukerAlpha-P range FT-IR spectrometer equipped with an ATR accessory. APCI 

mass spectrometry (APCI-MS; positive ion mode) was recorded on a Bruker microTOF-Q II 

spectrometer. GC analyses were performed on an Agilent 6890 Series GC system with an 

HP-5 column, and samples (0.2 mL) were analysed with biphenyl as the internal standard. 

The oxidation products were identified by comparing their GC retention times to those of 

commercial samples. GC-MS analyses were performed on an Agilent 6890 N Series GC 

system with a mass selective (5973) detector and an HP-5-MSUI column. Helium served as 

the carrier gas, EtOAc and DCM were used as the rinsing solutions and samples (0.2 mL) 

were analysed with biphenyl as the internal standard to confirm the identification of peaks. 

The peroxidation reactions were done in duplicate to determine an average conversion value 

as well as the standard deviation. 
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5.4.2 Synthesis of the α,α′-bis[(N-methyl-2-pyrazolyl)ethylimino]-m-xylene and 

α,α′-bis[(N-methyl-2-pyrazolyl)ethylamino]-m-xylene ligands 

The initial primary amine precursors were synthesised following our previously literature 

procedure [16-18]. The synthesis methods for the α,α′-bis[(N-methyl-2-pyrazolyl)ethylimino]-

m-xylene ligands (imine-L05 and imine-L06), are described in the Supporting Information. 

α,α′-bis[N-(2-pyrazolyl)ethylamino]-m-xylene (L05): A modified method was used during 

the reduction of the ligands [39]. Ligand imine-L05 (0.05 g, 0.16 mmol) was dissolved in 

ethanol (6 mL) and placed in an ice bath for 30 minutes. Simultaneously, a suspension of 

NaBH4 (0.03 g, 0.80 mmol in 1 mL ethanol), in a 100 mL round-bottom flask, was also cooled 

down. Ligand imine-L05 was slowly added to the round-bottom flask and the reaction mixture 

was stirred for 1 h at room temperature and then refluxed for another hour. The solvent was 

removed in vacuo, DCM (20 mL) was added and the organic phase was washed with water 

(2 x 5 mL), dried and filtered. The solvent was removed in vacuo to obtain the product as a 

light yellow oil (L05). Yield: 44 mg (87 %). 1H NMR (600 MHz, CDCl3): δ 7.51 (s, 2H, HPyr), 

7.41 (d, J = 2.0 Hz, 2H, HPyr), 7.23 (t, J = 7.5 Hz, 1H, HAr), 7.17 (s, 1H, HAr), 7.13 (d, J = 7.5 

Hz 2H, HAr), 6.23 (t, J = 1.9 Hz, 2H, HPyr), 6.16 (s, 1H, NH), 6.13 (s, 1H, NH), 4.25 (t, J = 5.8 

Hz, 4H, NCH2CH2-Pyr), 3.75 (s, 4H, CH2NH), 3.05 (t, J = 5.8 Hz, 4H, NCH2CH2-Pyr).  

13C{1H} NMR (150 MHz, CDCl3): δ 140.16 (CPyr), δ 139.70 (CAr), δ 129.79 (CPyr), δ 128.65 (CAr), 

δ 127.83 (CAr), δ 126.91 (CAr), δ 105.53 (CPyr), δ 53.48 (NCH2CH2), δ 52.08 (NHCH2-Pyr),  

δ 48.92 (NCH2CH2-Pyr) (Figures S5.1 and S5.2 in the Supporting Information). FT-IR (cm-1): 

ѵ 3305 (NH and C-H (CH2)), ѵ 2937 (CH2), ѵ 1646 (C-C and C-H in pyridine ring), ѵ 1512 

(C=C and C-H in pyrazole ring). APCI-MS (positive ion mode): mass fragment at m/z 325.22 

(MW: 324.43 g/mol, Figure S5.15 in the Supporting Information). 

The same synthesis method was used for ligand L06, as described in the Supporting 

Information. 

α,α′-bis[(N-methyl-2-pyrazolyl)ethylamino]-m-xylene (L07): A modified method was used 

for the methylation of ligand L05 [39]. In a 100 mL round-bottom flask, the reduced ligand L05 

(0.18 g, 0.79 mmol), dissolved in MeCN (5 mL), was allowed to stir during the addition of  

100 % formaldehyde (0.75 mL, 8.75 mmol) and glacial acetic acid (0.75 mL). The reaction 

mixture was allowed to stir for 30 minutes before the slow addition of NaBH4 (0.13 g,  

3.31 mmol), after which the reaction mixture was stirred for another 72 hours at room 

temperature. The MeCN solvent was removed in vacuo and KOH (2 M) was added to the 

reaction mixture to increase the pH above 10. The aqueous phase was extracted with DCM 

(3 x 10 mL), the organic phase was dried over anhydrous Na2SO4 and the solvent was 
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removed in vacuo to obtain the product as a dark brown oil (L07). Yield: 47 mg (53 %).  

1H NMR (600 MHz, CDCl3): δ 7.48 (d, J = 1.4 Hz, 2H, HPyr), δ 7.42 (d, J = 2.1 Hz, 2H, HPyr),  

δ 7.20 (t, J = 7.9 Hz, 1H, HAr), δ 7.10 (s, 1H, HAr), δ 7.09 (s, 2H, HAr), 6.22 (t, J = 1.9 Hz, 2H, 

HPyr), δ 4.23 (t, J = 6.6 Hz, 4H, NCH2CH2-Pyr), δ 3.49 (s, 4H, N(Me)CH2), δ 2.84 (t, J = 6.6 Hz, 

4H, NCH2CH2-Pyr), δ 2.23 (s, 6H, NCH3). 13C{1H} NMR (150 MHz, CDCl3): δ 139.21 (CPyr),  

δ 138.75 (CAr), δ 129.62 (CPyr), δ 129.44 (CAr), δ 128.34 (CAr), δ 127.78 (CAr), δ 105.38 (CPyr), 

δ 62.50 (N(Me)CH2), δ 57.08 (NCH2CH2-Pyr), δ 50.38 (NCH2CH2-Pyr), δ 42.41 (NCH3)  

(Figures S5.5 and S5.6 in the Supporting Information). FT-IR (cm-1): ѵ 3513 (C-H (N-CH3, 

CH2, pyridine ring)), ѵ 3145 (C-H (N-CH3, CH2)), ѵ 1638 (C-N and C-H in pyridine ring).  

APCI-MS (positive ion mode): mass fragment at m/z 353.24 (MW: 352.49 g/mol, Figure S5.17 

in the Supporting Information). 

The same synthesis method was used for ligand L08, as described in the Supporting 

Information. 

5.4.3 Optimisation of our novel Cu-based catalyst system 

The catalyst system was optimised by varying the ligands and the CuI-/CuII-precursors in the 

peroxidation of cyclohexane. A solution of Cu-precursor ([Cu(MeCN)4]BF4, [Cu(MeCN)4]OTf, 

[Cu(MeCN)4]PF6, CuCl, CuBr, Cu(BF4)2·xH2O, Cu(OTf)2, CuCl2·2H2O, CuSO4·5H2O and 

Cu(OAc)2·2H2O, 10 µmol in 1.5 mL MeCN) and ligand (imine-L05, imine-L06 and L05-L08,  

5 µmol in 1.5 mL MeCN) was stirred in a small reactor flask. The oxidant, H2O2 (30 % in H2O, 

1.1 mL, 10 mmol) was added to the colourless complex mixture. Immediately after 5-10 s, 

cyclohexane (0.11 mL, 1 mmol) was added, the reactor flask was closed (to prevent 

evaporation of the substrate) and allowed to stir for 6 h at room temperature. After the allotted 

time, the reaction mixture was added to a 10 mL vial containing EtOAc (3 mL) and PPh3  

(0.20 g, 0.75 mmol) and placed in the fridge for 20 min to allow the conversion of CyOOH to 

CyOH and CyO (the excess H2O2 is converted to H2O). A sample (0.18 mL) was analysed by 

GC with biphenyl (50 µL) as the internal standard.  

5.4.4 Evaluation of alternative cyclic and linear alkanes 

A solution of [Cu(MeCN)4]PF6 (10 µmol in 1.5 mL MeCN) and ligand L05 (10 µmol in 1.5 mL 

MeCN) was stirred in a small reactor flask. The oxidant, H2O2 (30 % in H2O, 1 mL, 8.5 mmol) 

was added to the colourless complex mixture. Immediately after 5-10 s, either a cyclic of linear 

alkane (1 mmol) was added, the reactor flask was closed (to prevent evaporation of the 

substrate) and allowed to stir for six hours at room temperature. After the allotted time, the 

reaction mixture was added to a 10 mL vial containing EtOAc (3 mL) and PPh3 (0.20 g,  



Chapter 5: A highly active copper(I)/α,α′-bis[(N-methyl-2-pyrazolyl)ethylamino]-m-
xylene catalyst system for alkane peroxidation under benign conditions 

184 
 

0.75 mmol) and placed in the fridge for 20 min to allow the conversion of CyOOH to CyOH 

and CyO. A sample (0.18 mL) was analysed by GC with biphenyl (50 µL) as the internal 

standard.  

5.4.5 Evaluating the formation of radical species formation 

A solution of [Cu(MeCN)4]PF6 (10 µmol in 1.5 mL MeCN) and ligand L05 (5 µmol in 1.5 mL 

MeCN) was stirred in a small reactor flask. The oxidant, H2O2 (30 % in H2O, 1.0 mL, 8.5 mmol) 

was added to the colourless complex mixture. Immediately after 5-10 s, cyclohexane (0.1 mL, 

1 mmol) and either CCl4 (0.77 mL, 8 mmol, a ratio of 1:1 relative to H2O2 [15]) or  

2,4-di-tert-butylphenol (0.62 g, 3 mmol, a ratio of 1:300 relative to (L05)CuI [33]) were added, 

the reactor flask was closed and allowed to stir for 6 h at room temperature. A colour change 

to red-brown was observed with time. The above-mentioned workup process was used and a 

sample (0.18 mL) was analysed by GC and GC-MS with biphenyl (50 µL) as the internal 

standard.  

5.4.6 Kinetic studies 

The concentration of only one reaction parameter was varied while the optimal reaction 

conditions were employed. A solution of [Cu(MeCN)4]PF6 (x µmol in 1.5 mL MeCN) and ligand 

L05 (x µmol in 1.5 mL MeCN) was stirred in a small reactor flask. The oxidant, H2O2 (30 % in 

H2O, x mL, x mmol) was added to the colourless complex mixture. Immediately after 5-10 s, 

cyclohexane (x mL, x mmol) was added, the reactor flask was closed (to prevent evaporation 

of the substrate) and allowed to stir at room temperature. A sample (0.2 mL) was taken in 

varying reaction intervals of 20, 30, 40, 50, 60, 75, 90, 105, 120 and 135 min, which was added 

to a solution of PPh3 (0.01 g, 0.38 mmol) in EtOAc (0.2 mL). A sample (0.18 mL) was analysed 

by GC with biphenyl (50 µL) as internal standard.  
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S5.1 General considerations 

S5.1.1 Instrumentation 

NMR [1H and 13C{1H}] spectra were recorded on a Bruker Ultrashield Plus spectrometer at  

600 MHz and 150 MHz, respectively. The chemical shifts (δ) are given in parts per million 

(ppm) and externally referenced according to the residual protons of the deuterated solvent 

signal [1]. Coupling constants are reported in Hz. IR spectra were recorded as neat oils with 

a BrukerAlpha-P range FT-IR spectrometer equipped with an ATR accessory. APCI mass 

spectrometry (APCI-MS; positive ion mode) was recorded on a Bruker microTOF-Q II 

mailto:Andrew.Swarts@nwu.ac.za
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spectrometer. GC analyses were performed on an Agilent 6890 Series GC system with an 

HP-5 column (30 m x 0.320 mm x 0.25 mm). N2 served as the carrier gas, ethyl acetate 

(EtOAc) and dichloromethane (DCM) were used as the rinsing solutions and samples (0.2 mL) 

were analysed with biphenyl as the internal standard. The oxidation products were identified 

by comparing their GC retention times to those of commercial samples. GC-MS analyses were 

performed on an Agilent 6890 N Series GC system with a mass selective (5973) detector and 

an HP-5-MSUI column. Helium served as the carrier gas, EtOAc and DCM were used as the 

rinsing solutions, and samples (0.2 mL) were analysed with biphenyl as the internal standard 

to confirm the identification of peaks. The peroxidation reactions were done in duplicate to 

determine an average yield as well as the standard deviation. 

S5.2 Synthesis of the α,α′-bis[(N-methyl-2-pyrazolyl)ethylimino]-m-

xylene and α,α′-bis[(N-methyl-2-pyrazolyl)ethylamino]-m-xylene 

ligands 

The primary amine precursors (2-(1H-pyrazol-1-yl)ethan-1-amine and 2-(3,5-dimethyl-1H-

pyrazol-1-yl)ethan-1-amine) for these ligands were synthesised following our previously 

reported literature procedure [2-4]. 

α,α′-bis[N-(2-pyrazolyl)ethylimino]-m-xylene (imine-L05): A modified method was used to 

synthesise the imine ligands [5]. To a solution of isophthalaldehyde (0.12 g, 0.9 mmol) in DCM 

(10 mL) was added 2-(1H-pyrazol-1-yl)ethan-1-amine (0.20 g, 1.8 mmol) in a ratio of 1:2. The 

reaction mixture was stirred for 1 h, after which anhydrous Na2SO4 (1 g) was added and 

allowed to stir for another 30 min. After the allotted time, the reaction mixture was filtered and 

the solvent was removed in vacuo to obtain the crude product as a light yellow oil. Column 

chromatography was used to purify the crude oil, using EtOAc:MeOH (9:1) as eluent and 5 g 

silica gel. Rf(product) = 0.47, Rf(impurities) = 0.20. The product was isolated as a light yellow oil 

(imine-L05). Yield: 354 mg (75 %). 1H NMR (600 MHz, CDCl3): δ 7.98 (s, 2H, CHN), 7.87  

(s, 1H, HAr), 7.71 (d, J = 7.70 Hz, 2H, HAr), 7.50 (s, 2H, HPyr), 7.40 (t, J = 7.41 Hz, 1H, HAr), 

7.34 (s, 2H, HPyr), 6.13 (s, 2H, HPyr), 4.47 (t, J = 4.47 Hz, 4H, NCH2CH2-Pyr), 4.02  

(t, J = 4.01 Hz, 4H, NCH2CH2-Pyr). 13C{1H} NMR (150 MHz, CDCl3): δ 162.83 (CHN), δ 139.73 

(CPyr), δ 136.39 (CAr), δ 130.30 (CPyr), δ 130.23 (CAr), δ 129.05 (CAr), δ 128.02 (CAr), δ 105.20 

(CPyr), δ 60.94 (NCH2CH2-Pyr), δ 52.52 (NCH2CH2-Pyr) (Figures S5.1 and S5.2).  

FT-IR (cm-1): ѵ 3391 (C-H, pyridine ring), ѵ 2851 (CH2), ѵ 1644 (C=N). APCI-MS (positive ion 

mode): mass fragment at m/z 321.18 (MW: 320.40 g/mol, Figure S5.13 in the Supporting 

Information). 
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α,α′-bis[N-(2-(3,5-dimethylpyrazolyl))ethylimino]-m-xylene (imine-L06): The same 

synthesis and purification methods as mentioned above were used, except for using 2-(3,5-

dimethyl-1H-pyrazol-1-yl)ethan-1-amine (0.28 g, 2 mmol) instead of the 2-(1H-pyrazol-1-

yl)ethan-1-amine as reagent. The product was obtained as a yellow oil (imine-L06).  

Yield: 476 mg (53 %) 1H NMR (600 MHz, CDCl3): δ 7.96 (s, 2H, CHN), 7.84 (s, 1H, HAr), 7.71 

(d, J = 8.50 Hz, 2H, HAr), 7.40 (t, J = 7.60 Hz, 1H, HAr), 5.66 (s, 2H, HPyr), 4.28 (t, J = 5.90 Hz, 

4H, NCH2CH2-Pyr), 3.99 (t, J = 4.80 Hz, 4H, NCH2CH2-Pyr), 2.20 (s, 6H, CH3), 2.14 (s, 6H, 

CH3). 13C{1H} NMR (150 MHz, CDCl3): δ 162.84 (CHN), δ 147.84 (CPyr), δ 139.95 (CPyr),  

δ 136.50 (CAr), δ 130.11 (CAr), δ 129.06 (CAr), δ 128.13 (CAr), δ 104.74 (CPyr), δ 61.44 

(NCH2CH2-Pyr), δ 48.87 (NCH2CH2-Pyr), δ 13.63 (CH3), δ 11.21 (CH3) (Figures S5.3 and 

S5.4). FT-IR (cm-1): ѵ 3394 (C-H, pyridine ring), ѵ 2919 (CH2), ѵ 1673 (C=N). APCI-MS 

(positive ion mode): mass fragment at m/z 377.25 (MW: 376.51 g/mol, Figure S5.14 in the 

Supporting Information). 

α,α′-bis[N-(2-(3,5-dimethylpyrazolyl))ethylamino]-m-xylene (L06): The same synthesis 

procedure as for ligand L05 was used, except for using the substituted imine ligand imine-L06  

(0.22 g, 0.6 mmol) as reagent. The product was obtained as a colourless oil (L06).  

Yield: 161 mg (70 %). 1H NMR (600 MHz, CDCl3): δ 7.34-7.29 (dd, J = 16.7 and 9.2 Hz, 2H, 

HAr), 7.21 (t, J = 7.5 Hz, 1H, HAr), 5.84 (s, 1H, HPyr), 5.38 (s, 1H, NH), 4.14 (t, J = 6.10 Hz, 4H, 

NCH2CH2-Pyr), 3.82 (s, 4H, CH2NH), 3.07 (t, J = 6.2 Hz, 4H, NCH2CH2-Pyr), 2.28 (s, 6H, CH3), 

2.27 (s, 6H, CH3). 13C{1H} NMR (150 MHz, CDCl3): δ 147.65 (CPyr), δ 140.30 (CAr), δ 139.25 

(CPyr), δ 128.57 (CAr), δ 127.82 (CAr), δ 126.78 (CAr), δ 105.05 (CPyr), δ 53.59 (NCH2CH2-Pyr), 

δ 48.85 (CH2NH), δ 48.43 (NCH2CH2-Pyr), δ 13.59 (CH3), δ 11.19 (CH3) (Figures S5.7 and 

S5.8). FT-IR (cm-1): ѵ 3291 (NH and C-H (CH2)), ѵ 2919 (CH2), ѵ 1673 (C-C and C-H in 

pyridine ring), ѵ 1551 (C=C and C-H in pyrazole ring, C-C (pyr-CH3)). APCI-MS (positive ion 

mode): mass fragment at m/z 381.28 (MW: 380.54 g/mol, Figure S5.16 in the Supporting 

Information). 

α,α′-bis[(N-methyl-2-(3,5-dimethylpyrazolyl))ethylamino]-m-xylene (L08): The same 

synthesis procedure as for ligand L07 was used, except for using the reduced ligand L06  

(0.12 g, 0.5 mmol) as reagent. The product was obtained as a colourless oil (L08).  

Yield: 69 mg (62 %). 1H NMR (600 MHz, CDCl3): δ 7.19 (t, J = 7.5 Hz, 1H, HAr), δ 7.12  

(d, J = 8.7 Hz, 2H, HAr), δ 7.10 (s, 1H, HAr), δ 5.74 (s, 2H, HPyr), δ 4.05 (s, 4H, NCH2CH2-Pyr), 

3.50 (s, 4H, N(Me)CH2), δ 2.75 (t, J = 6.6 Hz, 4H, NCH2CH2-Pyr), δ 2.25 (s, 6H, NCH3), δ 2.18 

(s, 6H, CH3), δ 2.16 (s, 6H, CH3). 13C{1H} NMR (150 MHz, CDCl3): δ 147.38 (CPyr), δ 139.07 

(CPyr), δ 138.72 (CAr), δ 129.57 (CAr), δ 128.30 (CAr), δ 127.81 (CAr), δ 104.99 (CPyr), δ 62.62 
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(N(Me)CH2), δ 56.91 (NCH2CH2-Pyr), δ 47.08 (NCH2CH2-Pyr), δ 42.59 (NCH3), δ 13.54 (CH3), 

δ 11.11 (CH3). (Figures S5.11 and S5.12). FT-IR (cm-1): ѵ 3535 (C-H (N-CH3, CH2, CH3, 

pyridine ring)), ѵ 3151 (C-H (N-CH3, CH2)), ѵ 1639 (C-N and C-H in pyridine ring), ѵ 1469 

(C=C and C-H in pyrazole ring, C-H (CH3)). APCI-MS (positive ion mode): mass fragment at 

m/z 409.31 (MW: 408.59 g/mol, Figure S5.18 in the Supporting Information). 

S5.2.1 NMR spectra for the novel bifunctional ligands 

 

Figure S5.1: 1H NMR (600 MHz, CDCl3) spectrum for ligand imine-L05. 
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Figure S5.2: 13C{1H} NMR (150 MHz, CDCl3) spectrum for ligand imine-L05. 

 

Figure S5.3: 1H NMR (600 MHz, CDCl3) spectrum for ligand imine-L06. 
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Figure S5.4: 13C{1H} NMR (150 MHz, CDCl3) spectrum for ligand imine-L06. 

 

Figure S5.5: 1H NMR (600 MHz, CDCl3) spectrum for ligand L05. 
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Figure S5.6: 13C{1H} NMR (150 MHz, CDCl3) spectrum for ligand L05. 

 

Figure S5.7: 1H NMR (600 MHz, CDCl3) spectrum for ligand L06. 

CH2NH 

CH3 

NCH2CH2-Pyr 

NCH2CH2-Pyr 

NH 



Supporting Information for: A highly active copper(I)/α,α′-bis[(N-methyl-2-
pyrazolyl)ethylamino]-m-xylene catalyst system for alkane peroxidation under benign 

conditions 

S194 
 

 

Figure S5.8: 13C{1H} NMR (150 MHz, CDCl3) spectrum for ligand L06. 

 

Figure S5.9: 1H NMR (600 MHz, CDCl3) spectrum for ligand L07. 
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Figure S5.10: 13C{1H} NMR (150 MHz, CDCl3) spectrum for ligand L07. 

 

Figure S5.11: 1H NMR (600 MHz, CDCl3) spectrum for ligand L08. 
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Figure S5.12: 13C{1H} NMR (150 MHz, CDCl3) spectrum for ligand L08. 

S5.2.2 APCI-MS spectra for the bifunctional ligands 

 

Figure S5.13: APCI-MS spectrum for imine-L05 (MW: 320.40 g/mol). The spectrum revealed a mass 

fragment at m/z 321.18, consistent with the molar mass of the ligand (positive ion 

mode). 

(M+1)
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Figure S5.14: APCI-MS spectrum for imine-L06 (MW: 376.51 g/mol). The spectrum revealed a mass 

fragment at m/z 377.25, consistent with the molar mass of the ligand (positive ion 

mode). 

 

Figure S5.15: APCI-MS spectrum for L05 (MW: 324.43 g/mol). The spectrum revealed a mass 

fragment at m/z 325.22, consistent with the molar mass of the ligand (positive ion 

mode). 
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Figure S5.16: APCI-MS spectrum for L06 (MW: 380.54 g/mol). The spectrum revealed a mass 

fragment at m/z 381.28, consistent with the molar mass of the ligand (positive ion 

mode). 

 

Figure S5.17: APCI-MS spectrum for L07 (MW: 352.49 g/mol). The spectrum revealed a mass 

fragment at m/z 353.24, consistent with the molar mass of the ligand (positive ion 

mode). 
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Figure S5.18: APCI-MS spectrum for L08 (MW: 408.59 g/mol). The spectrum revealed a mass 

fragment at m/z 409.31, consistent with the molar mass of the ligand (positive ion 

mode). 
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S5.3 Optimisation of the catalyst system 

 

Figure S5.19: A visual representation of the GC spectrum for the peroxidation of cyclohexane  

(3.38 min). The formation of cyclohexanol (5.79 min), cyclohexanone (5.93 min) and 

cyclohexyl hydroperoxide (7.05 min) were observed as products relative to biphenyl 

(11.37 min) as the internal standard. 

Novel α,α′-bis[(N-methyl-2-pyrazolyl)ethylimino]-m-xylene (imine-L05, imine-L06) and α,α′-

bis[(N-methyl-2-pyrazolyl)ethylamino]-m-xylene ligands (L05-L08) with [Cu(MeCN)4]OTf were 

evaluated for cyclohexane peroxidation, using previously reported reaction conditions  

(Figure S5.20) [6]. 
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Figure S5.20: Product yields obtained for the peroxidation of cyclohexane, using bifunctional ligands: 

imine-L05: α,α′-bis[N-(2-pyrazolyl)ethyl-imino]-m-xylene; imine-L06: α,α′-bis[N-(2-(3,5-

dimethylpyrazolyl))ethylimino]-m-xylene; L05: α,α′-bis[N-(2-pyrazolyl)ethylamino]-m-

xylene; L06: α,α′-bis[N-(2-(3,5-dimethylpyrazolyl))ethylamino]-m-xylene; L07: α,α′-

bis[(N-methyl-2-pyrazolyl)ethyl-amino]-m-xylene; L08: α,α′-bis[(N-methyl-2-(3,5-

dimethylpyrazolyl))ethylamino]-m-xylene. 

We evaluated various CuI-/CuII-precursors with ligand L05 for cyclohexane peroxidation 

(Figure S5.21). 

 
Figure S5.21: Evaluation of various CuI-/CuII-precursors, in combination with ligand L05, for 

cyclohexane peroxidation, under previously reported reaction conditions. 
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S5.4 Evaluating the formation of radical species 

 

Figure S5.22: GC spectrum for the peroxidation of cyclohexane (3.38 min) using our 

(L05)[Cu(MeCN)4]PF6/H2O2 catalyst system in the presence of 2,4-di-tert-butylphenol 

as a radical trap. A decrease in cyclohexyl hydroperoxide (7.87 min) formation and the 

resulting cyclohexanol (5.79 min) and cyclohexanone (5.93 min) were observed. The 

formation of 3,3′,5,5′-tetra-tert-butylbiphenyl-2,2′-diol (major radical coupling product) 

and 3,5-di-tert-butylbenzene-1,2-diol (trace amounts) as by-products were identified by 

GC-MS (inset). 
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S5.5 Kinetic studies 

Initial rate profiles for the CyOOH formation were generated for varying [LCu], [H2O2] and 

[substrate], using our optimised reaction conditions (Figure 5.1 and Table S5.1). The rate of 

CyOOH formation exhibits a first-order dependence on [LCu] and [H2O2], while no 

proportionality was observed towards the initial concentration of cyclohexane. 

Table S5.1: Kinetic data for the peroxidation of cyclohexane by (L05)[Cu(MeCN)4]PF6/H2O2, assessing 

the kinetic dependence on [LCu], [H2O2] and [cyclohexane].  

Entry 
[(L05)CuI] 

(mM) 

[H2O2] 

(mM) 

[Cyclohexane] 

(mM) 

kinitial 

(mM.min-1) 

Standard 

deviation 

1 0.4 2833 333 0.4009 0.0371 

2 0.8 2833 333 0.4294 0 

3 1.3 2833 333 0.5404 0.0423 

4 2.3 2833 333 0.7354 0.0392 

5 3.3 2833 333 0.8294 0.0035 

6 4.3 2833 333 0.7394 0.0016 

7 3.3 833 333 0.3554 0.0699 

8 3.3 1833 333 0.5733 0.0658 

9 3.3 2833 333 0.8294 0.0035 

10 3.3 3333 333 0.9508 0.0684 

11 3.3 4333 333 1.1424 0.0035 

12 3.3 2833 167 0.8438 0.0808 

13 3.3 2833 250 0.8004 0.0484 

14 3.3 2833 333 0.8294 0.0035 

15 3.3 2833 413 0.8038 0.0129 
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Pyrazolylpyridineimine (imine-L01 and imine-L02) and -amine ligands (L01-L04), in combination with a 

CuI- or CuII-precursor, H2O2 and NEt3, are reported as LPMO mimics for the oxidative cleavage of the 

model substrate, p-nitrophenyl-β-D-glucopyranoside, in H2O. Our (L03)[Cu(MeCN)4]OTf/H2O2/NEt3 

catalyst system resulted in a maximum rate constant (kobs) of 0.3588 s-1 in the initial 0.2 s, while a 

product yield of 69 % for p-nitrophenol formation was obtained in 15 min at 27 °C. The formation of 

LCuII-OOH (kobs: 0.0337 s-1) was observed spectrophotometrically as an intermediate in the formation 

of  LCuII-O· and ·OH active species for the H-atom abstraction step. Radical trapping experiments led 

to a decrease in p-nitrophenol formation (between 0.0933 and 0.1303 s-1), supporting the presence of 

C- and O-centred radicals. Kinetic studies revealed first-order dependence on [LCu], [H2O2] and 

[substrate], while zero-order dependence was observed on [NEt3]. Lastly, our optimised catalyst system 

is selective for oxidative cleavage reactions, since no or extremely low conversions were obtained for 

the oxidation of primary and secondary alcohols. 

Keywords: lytic polysaccharide monooxygenase (LPMO), pyrazolylpyridineamine ligands, copper 

catalysis, UV/vis spectroscopic studies, kinetic studies, p-nitrophenol. 

6.1 Introduction 

The enzymatic oxidative cleavage of glycosidic bonds of recalcitrant polysaccharide biomass 

has garnered significant recent research interest, since the resulting phenolic compounds are 

important in the pharmaceutical and chemical industries while providing novel beneficiation 

pathways. Initially, polysaccharide biomasses were considered highly resistant to degradation, 

however, the discovery of lytic polysaccharide monooxygenases (LPMOs) has improved the 

enzymatic degradation thereof through a Cu-dependent oxidative cleavage reaction [1-4]. The 

active site of LPMO enzymes consists of a single type-II Cu-atom, coordinated to three  

N-atoms from two histidine residues (Figure 6.1). The first histidine residue coordinates in an 

imidazole-bound fashion, while the second histidine residue is the methylated N-terminal one 

[4-10]. The latter is bound by the histidine-brace motif, which involves the main chain amino 

group and the side chain imidazole group. Lastly, two H2O molecules complete the square 

pyramidal coordination geometry of the Cu-based active centre. Either O2 or H2O2 may be 
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employed as the oxidant, but the preference for H2O2 has led to the development of several 

catalyst systems for oxidative cleavage reactions [11-14]. The oxidant activates the CuII active 

sites in the presence of electron donors to catalyse the regioselective hydroxylation of an inert 

C-H bond, leading to glycosidic bond cleavage [4, 14]. The oxidative cleavage may occur at 

C1 or C4, and to a lesser extent at position C6 [1, 2, 4, 5, 15-19].  

 

Figure 6.1: The active site of LPMOs consists of a mononuclear Cu-atom, which is coordinated to 

three N-atoms [20]. 

The advantages of copper as metal within the active site led to the development of several 

Cu-based LPMO mimics, using either O2 or H2O2 as the oxidant for the formation of phenolic 

compounds [1, 21-23]. Striegler and co-workers reported the first Cu-based synthetic LPMO 

mimic in 2010 [24]. Various binuclear CuII complexes, bearing the N,N′-1,3-bis[(pyridine-2-

ylmethyl)amino]propan-2-ol, N,N′-bis(2-pyridylmethyl)-1,4-diaminobutan-2-ol or N,N′-1,3-

bis[{2-hydroxy-4-[2-(2-methoxyethoxy)-ethoxyl]-ethoxy-benzylidene-amino]-propan-2-ol 

ligand, were evaluated for the hydrolysis of p-nitrophenyl-β-D-glucopyranoside in 3-

(cyclohexylamino)-1-propanesulfonic acid (CAPS) buffer at pH 10.5 and a maximum rate 

constant (kobs) of 2.4 ± 1.0 x 10-4 min-1 was obtained. The scope of their synthetic LPMO mimics 

was expanded further by evaluating N,N′-bis((3-(4-vinylbenzyloxy)-derived or N,N′-1,3-bis[{2-

hydroxy-4-(2-methoxyethoxy)-derived ligands [25]. Moreover, polymeric ligands bearing 

styrene, butyl acrylate and N,N′-1,3-bis[(2-hydroxy-4-(p-vinylbenzyloxy)-derived ligands, were 

employed in the synthesis of macromolecular CuII complexes. Lastly, the polymerisable CuII 

complexes were expanded by including polymerisable glucose- or galactose-templated CuII 

complexes, bearing an N,N′-1,3-bis[(2-hydroxy-4-(p-vinylbenzyloxy)-derived ligand [26]. 

These new additions to their CuII complexes allowed them to obtain increased rate constants 

of 375 ± 10 to 1290 ± 490 x 10-4 min-1. A structural model of the active centre of LPMOs was 

reported by Castillo and co-workers, where they employed CuII complexes, bearing the bis[(1-

methyl-2-benzimidazolyl)ethyl]amine ligand; however, reactivity studies were not performed 

[20]. Another Cu-based LPMO mimic was reported by Simaan and co-workers that consists 
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of copper(II) perchlorate hexahydrate and N3-coordinated ligands with a methylated N-atom 

in the imidazole, similarly to the histidine moieties of LPMO enzymes [27]. These complexes, 

in combination with H2O2, were evaluated for the oxidative cleavage of p-nitrophenyl-β-D-

glucopyranoside and they obtained a maximum turnover number (TON) of 50. 

Mayilmurugan and co-workers reported the application of CuII complexes, bearing pyridinoyl-

substituted cyclic 1,4-diazepane 3N-ligands, in combination with H2O2 and NEt3 for the 

oxidative cleavage of p-nitrophenyl-β-D-glucopyranoside to obtain rate constants of 1.61 ± 0.2 

to 9.06 ± 0.1 x 10-3 s-1 for p-nitrophenol formation [12]. These were correlated to a maximum 

isolated yield of 78 % (reported TON: 300, actual TON: 63) in 2 h at 60 °C. More recently, 

Cowen and co-workers reported the current state-of-the-art Cu-based catalyst system for the 

oxidative cleavage of p-nitrophenyl-derivatized glucose and galactose mono- and 

disaccharides [28]. Mono-, bi- and tetranuclear CuII complexes, bearing a di(2-picolyl)amine 

ligand, were prepared. Rate constants of 5.0 to 9.33 x 10-3 s-1 were obtained for 

monosaccharide substrates using the mononuclear CuII complex, while a two-fold increase 

was observed for disaccharide substrates (0.018 to 0.023 s-1). A further increase in the rate 

constant (0.05 to 0.26 s-1) was obtained when employing the tetranuclear CuII complexes. 

Reports suggest that either active LCuII-oxyl species or hydroxyl radicals (·OH) are generated 

from the LCuII-OOH species for the H-atom abstraction step leading to more mechanistic 

uncertainty [14, 28]. 

Previous groups reported that ligands with amine groups or N-atom containing heterocycles, 

such as pyrazole and pyridine, are usually employed to mimic the histidine groups present in 

the active site of the LPMO enzyme [29]. As such, we expanded the application of our 

pyrazolylpyridineimine (imine-L01 and imine-L02) and -amine ligands (L01-L04, Figure 6.2) 

[30], in combination with CuI-/CuII-precursors, as highly active pre-catalysts for the oxidative 

cleavage of p-nitrophenyl-β-D-glucopyranoside to afford p-nitrophenol as the major product. 

Spectrophotometric, electrochemical and kinetic studies were performed to establish the 

optimum reaction parameters and better understand the mechanistic aspects associated with 

our catalyst system. Finally, we confirmed the selectivity of our catalyst system by evaluating 

the oxidation of some primary and secondary alcohols. 
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Figure 6.2: The pyrazolylpyridineimine (imine-L01 and imine-L02) and -amine ligands (L01-L04) were 

employed for the oxidative cleavage of p-nitrophenyl-β-D-glucopyranoside [30]. 

6.2 Results and discussion 

6.2.1 Optimisation of the (L03)[Cu(MeCN)4]OTf/H2O2/NEt3 catalyst system 

Various pyrazolylpyridineimine (imine-L01 and imine-L02) and -amine ligands (L01-L04), in 

combination with copper, H2O2 (30 % in H2O, 10 equiv.) as the oxidant and NEt3 (1 equiv.) as 

the base, were evaluated as LPMO mimics for the oxidative cleavage of the model substrate, 

p-nitrophenyl-β-D-glucopyranoside (Scheme 6.1). These ligands were synthesised via our 

previously reported synthesis route, which involves Schiff base condensation (imine-L01 and 

imine-L02), reductive amination (L01-L02) and methylation (L03-L04) [30]. Our catalyst 

system does not require the isolation of the pre-catalyst. The formation of the p-nitrophenol 

product was monitored spectrophotometrically.  

 

Scheme 6.1: CuI-/CuII-based catalyst system for the oxidative cleavage of p-nitrophenyl-β-D-

glucopyranoside to p-nitrophenol and D-allose at 27 °C. 

The effects of imine-L01, imine-L02 and L01-L04 on the rate constants and obtained product 

yields for p-nitrophenol formation were evaluated using previously reported reaction conditions 

[12]. Table 6.1 summarises the rate constants, product yields, turnover number (TON) and 

turnover frequencies (TOF). Ligands without substituents on the pyrazole ring (imine-L01, L01 

and L03, Table 6.1, entries 1, 3 and 5) exhibited higher rate constants than those with methyl 
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substituents (imine-L02, L02 and L04, Table 6.1, entries 2, 4 and 6 and Figure S6.1 in the 

Supporting Information).  

Table 6.1: Evaluation of various pyrazolylpyridineimine (imine-L01 and imine-L02) and -amine ligands 

(L01-L04), in combination with [Cu(MeCN)4]OTf, H2O2 and NEt3, for the oxidative cleavage 

of p-nitrophenyl-β-D-glucopyranoside. The p-nitrophenol formation was followed.a 

Entry Ligand kobs (s-1)b t1/2 (s)c Yield (%)d TONe TOF (min-1)e 

1 imine-L01 0.2226 3.11 38 31 123 

2 imine-L02 0.1778 3.90 56 45 180 

3 L01 0.3202 2.16 43 35 138 

4 L02 0.0951 7.29 53 42 168 

5 L03 0.3588 1.93 69 55 222 

6 L04 0.1026 6.75 31 25 99 

7 - 0.0356 19.47 - - - 

8 Benchmark: Cowan 
[28] 

0.2600 2.67 - - - 

9 Mayilmurugan [12] 0.0053 132 78 (45)f 300 
(174)f 

- 

a p-nitrophenyl-β-D-glucopyranoside (83 x 10-4 M), Cu(MeCN)4OTf (1 x 10-4 M), imine-L01, imine-L02 

and L01-L04 (1 x 10-4 M), H2O2 (10 equiv., 0.3 mmol) NEt3 (1 equiv., 0.03 mmol), H2O (3 mL), reaction 

time: 60 s, 27 ± 2 °C. b Rate constant (kobs = 1 + log(abs)) measured over 0.2 s. c t1/2 = 0.693/kobs. d Yield 

of p-nitrophenol after 15 min at 27 °C measured spectrophotometrically employing a calibration curve. 

e TON and TOF values after 15 min. f Isolated yield and reported TON values after 1 min at 60 °C (at 

30 °C). 

An increase in the rate constant was observed for the secondary (L01, 0.3202 s-1) and tertiary 

(L03, 0.3588 s-1) amine analogues of the pyrazole-derived ligands relative to ligand imine-L01 

(0.2226 s-1). However, a decrease was observed when ligand imine-L02 (0.1778 s-1) was 

replaced with its secondary (L02, 0.0951 s-1) or tertiary (L04, 0.1026 s-1) amine analogues. 

Therefore, the steric and electronic properties of the methyl groups on the pyrazole ring 

present in imine-L02, L02 and L04 and the lower electrophilicity of the copper centre decrease 

the rate of p-nitrophenol formation. This is in contrast with the findings of several groups where 

they observed an increase in the rate constants for catalysts bearing sterically bulky and 

electron-donating substituents [12, 31-34]. A significant decrease in the rate constant  

(0.0356 s-1) was observed when the oxidative cleavage reaction was performed in the absence 



Chapter 6: Synthetic LPMO mimics: a copper/pyrazolylpyridineamine catalyst 
system for the highly efficient oxidative cleavage of p-nitrophenyl-β-D-

glucopyranoside 

210 
 

of a ligand (Table 6.1, entry 7), consistent with the stabilising effect of the ligand framework 

[24, 35]. Ligand L03 was identified as the optimal ligand. Our obtained rate constants of  

0.1026 to 0.3588 s-1 in 0.2 s at 27 °C represent a significant advance on previously reported 

catalyst systems, where a maximum rate constant of 0.26 s-1 was obtained for reactions 

performed in a sodium phosphate buffer (pH 7.4) at 37 °C [12, 24-26, 28, 35]. 

Product yields of 31 to 69 % were obtained when employing imine-L01, imine-L02 and L01-

L04 with the highest yield of p-nitrophenol obtained for L03 (69 %; Table 6.1, entries 1-6). 

Longer reaction times resulted in a slight increase in the product yields when employing all 

ligand permutations. A similar trend in the product yields relative to the rate constants was 

observed for the unsubstituted ligands (imine-L01, L01 and L03). However, no correlation was 

observed for the substituted ligands (imine-L02, L02 and L04), since similar product yields 

were obtained when employing these ligands, irrespective of their rate constants. The groups 

of Simaan and Mayilmurugan obtained product yields of 500 µM (TON of 50 in 24 h at 30 °C) 

and 78.4 % (reported TON: 300, actual TON: 63 in 2 h at 60 °C), respectively [12, 27]. While 

we obtained similar product yields (31 to 69 %), this was possible in a significantly shorter 

reaction time of 15 minutes, while performing the reactions at 27 °C, which from a synthetic 

perspective, is an improvement on previous studies. 

Various CuI-/CuII-precursors were evaluated for the oxidative cleavage reaction using L03 

under previously reported reaction conditions (Table 6.2 and Figure S6.2 in the Supporting 

Information) [12]. The successful application of CuI and CuII -precursors have previously been 

reported for these reactions [24, 25, 27, 28, 35, 36]. Our results revealed similar rate constants 

for CuI- (Table 6.2, entries 1-5) and CuII-precursors (Table 6.2, entries 6-8). From these 

results, Cu(MeCN)4OTf (0.3588 s-1, Table 6.2, entry 1) and CuCl (0.3454 s-1, Table 6.2, entry 

4) exhibited the highest rate constants p-nitrophenol formation. However, a closer analysis of 

the CuCl-catalysed reaction revealed an initial burst in rate, after which the rate of the reaction 

decreased dramatically. This results in a lower rate of p-nitrophenol formation. Therefore, 

Cu(MeCN)4OTf was chosen as the optimal precursor for further studies. A low rate constant 

of 0.0372 s-1 was obtained when Cu(MeCN)4OTf was replaced with the CuSO4·5H2O salt 

(Table 6.2, entry 9), consistent with previous reports [12, 27]. Lastly, reactions performed in 

an absence of the Cu-precursor, H2O2 or NEt3 showed low rate constants of 0.0064 to  

0.0909 s-1 for p-nitrophenol formation (Table 6.2, entry 10). 



Chapter 6: Synthetic LPMO mimics: a copper/pyrazolylpyridineamine catalyst 
system for the highly efficient oxidative cleavage of p-nitrophenyl-β-D-

glucopyranoside 

211 
 

Table 6.2: Evaluation of CuI-/CuII-precursors, in combination with ligand L03, H2O2 and NEt3, for the 

oxidative cleavage of p-nitrophenyl-β-D-glucopyranoside.a 

Entry CuI-/CuII-precursor kobs (s-1)b t1/2 (s)c 

1 [Cu(MeCN)4]OTf 0.3588 1.93 

2 [Cu(MeCN)4]PF6 0.2433 2.85 

3 [Cu(MeCN)4]BF4 0.2839 2.44 

4 CuCl 0.3454 2.01 

5 CuBr 0.2882 2.40 

6 Cu(BF4)2·xH2O 0.2939 2.36 

7 Cu(OTf)2 0.2743 2.53 

8 CuCl2·2H2O 0.2252 3.08 

9d CuSO4·5H2O 0.0372 18.63 

10 - 0.0909 7.62 

a p-nitrophenyl-β-D-glucopyranoside (83 x 10-4 M), CuI-/CuII-precursors (1 x 10-4 M), L03 (1 x 10-4 M), 

H2O2 (10 equiv.) NEt3 (1 equiv.), H2O (3 mL), reaction time: 60 s, 27 ± 2 °C. b Rate constant (kobs =  

1+log(abs)) measured over 0.2 s. c t1/2 = kobs/0.693. d CuII salt in the absence of L03. 

The selectivity of our optimised (L03)[Cu(MeCN)4]OTf/H2O2/NEt3 catalyst system was 

confirmed by evaluating primary (benzyl alcohol) and secondary (1-phenylethanol) alcohols 

as substrates. Our catalyst system showed selectivity towards oxidative cleavage reactions. 

6.2.2 Investigating the formation of LCuII-OOH, LCuII-O· and ·OH species 

Reactions were performed without the polysaccharide substrate to investigate the interaction 

between LCu and H2O2, in the presence of NEt3. An absorbance was observed at 375 nm, 

consistent with the formation of the LCuII-OOH intermediate (Figures S6.2 and S6.3 in the 

Supporting Information) [12, 14, 27]. The exact role of NEt3 during this process is still unclear, 

but Mayilmurugan and co-workers proposed its involvement to facilitate the binding between 

H2O2 and the CuII-centre. The rate of formation of these species was calculated as 0.0337 s-1 

over the initial 0.2 s, where after a significant decrease in the rate was observed due to the 

possible formation of an off-cycle [Cu-hydroxo]2 dimer in the absence of the substrate. Similar 

inactive dimeric species have been reported previously [37-42].  
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Moreover, LCuII-oxyl (LCuII-O·) and hydroxyl (·OH) radical species may be derived from the  

LCuII-OOH intermediate to serve as the active species for the H-atom abstraction step during 

these reactions [27, 43, 44]. Oxidative cleavage reactions were performed in the presence of 

radical trapping agents, using our optimised reaction conditions, to evaluate its effect on the 

rate of p-nitrophenol formation (Scheme 6.2, Table 6.3 and Figure S6.4 in the Supporting 

Information). In particular, we sought to exploit the relative ease of C-H bond activation 

between 2,4-di-tert-butylphenol [bond dissociation energy (BDE) = 81.24 kcal/mol) [45] and  

p-nitrophenyl-β-D-glucopyranoside (BDE = 101.1 and 103.8 kcal/mol for C1 and C4, 

respectively, in the traditional polysaccharide substrate) [46, 47] as substrates. A significant 

decrease in the rate constant for p-nitrophenol formation was observed when employing either 

2,2,6,6-tetramethylpiperidin-1-yl-oxyl (TEMPO·, kobs: 0.1303 s-1, a ratio of 1:1 relative to H2O2, 

Table 6.3, entry 2) or 2,4-di-tert-butylphenol (kobs: 0.0933 s-1, a ratio of 1:300 relative to L03CuI, 

Table 6.3, entry 3) as a radical trap. In the case of 2,4-di-tert-butylphenol, GC-MS analysis 

showed that 3,3,5,5-tetra-tert-butylbiphenyl-2,2-diol was formed as the major radical 

coupling product, with trace amounts of 3,5-di-tert-butylbenzene-1,2-diol (via ortho-

hydroxylation) also observed, in the absence of the polysaccharide substrate (Figure S6.5 in 

the Supporting Information). It should be noted that no coupling or hydroxylation product was 

observed in the absence of L03CuI. These results support the formation of both C- and  

O-centred radical species [48]. Mayilmurugan and co-workers reported a decrease in the 

product yield for p-nitrophenol formation (64.5 % relative to 78.4 %) in the presence of 

TEMPO· despite stating that radical formation did not occur for their catalyst system [12].  

Table 6.3: Evaluation of the effect of a radical trapping agent on the rate of p-nitrophenol formation 

using our (L03)[Cu(MeCN)4]OTf/H2O2/NEt3 catalyst system for the oxidative cleavage of  

p-nitrophenyl-β-D-glucopyranoside.a 

Entry Radical trap kobs (s-1)b t1/2 (s)c 

1 None 0.3588 1.93 

2 TEMPO· 0.1303 5.32 

3 2,4-di-tert-butylphenol 0.0932 7.44 

a p-nitrophenyl-β-D-glucopyranoside (83 x 10-4 M), [Cu(MeCN)4]OTf (1 x 10-4 M), L03 (1 x 10-4 M), H2O2 

(10 equiv.) NEt3 (1 equiv.), H2O (3 mL), reaction time: 60 s, 27 ± 2 °C. b Rate constant (kobs = 1+log(abs)) 

measured over 0.2 s. c t1/2 = 0.693/kobs. 
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6.2.3 Kinetic behaviour of the (L03)[Cu(MeCN)4]OTf/H2O2/NEt3 catalyst system 

Initial rate data for the formation of p-nitrophenol at 405 nm were generated 

spectrophotometrically for [LCu], [H2O2], [NEt3] and [substrate] over the initial 0.2 s (Figure 6.3 

and Table S6.1 in the Supporting Information). A first-order dependence was observed on 

[LCu], [H2O2] and [substrate]; however, saturation was observed at concentrations above the 

optimal reaction conditions of 0.1 mM, 83 mM and 8.3 mM, respectively (Figure 6.3, A, B and 

D), consistent with previous reports [14, 24, 26, 27, 35]. Previous studies revealed that high 

concentrations of H2O2 may lead to enzyme inactivation, and this may also be applicable for 

Cu-based LPMO mimics [14]. Lastly, zero-order dependence was observed on [NEt3]  

(Figure 6.3, C). This indicates the importance of NEt3 during oxidative cleavage to assist with 

the coordination between H2O2 and the Cu-centre, but the reaction is independent of the initial 

concentration thereof [12]. 

  

  

Figure 6.3: Kinetic data for the oxidative cleavage of p-nitrophenyl-β-D-glucopyranoside by 

(L03)[Cu(MeCN)4]OTf/H2O2/NEt3 assessing the kinetic dependence on [LCu] (A), [H2O2] 

(B) [NEt3] (C) and [substrate] (D). 
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The reactions were performed open to air and therefore, the pre-catalyst, LCuI, is rapidly 

oxidised to LCuII which then reacts with H2O2 to afford the LCuII-OOH species in the absence 

of the substrate. This observation was also supported by our UV/vis studies. Both LCuII-O· 

and ·OH radical species are formed from the LCuII-OOH species, due to homolytic O-O bond 

cleavage, and either one may participate in the C-H activation step via two possible 

mechanistic pathways (Scheme 6.2).The first mechanistic pathway, Path 1, involves the 

reaction between LCuII-O· and the substrate (R-H) to afford the formation of LCuII-OH and an 

alkyl radical (·R) [14, 48]. Migration of the ·OH radical from LCuII-OH to ·R, through the radical 

rebound reaction results in the formation of ROH and regenerates the LCuI species. The 

second pathway, Path 2, proceeds via the reaction between ·OH and the substrate (C-H 

activation step), resulting in the formation of H2O and ·R (Scheme 6.2) [14, 28]. Similar to the 

first pathway, the alkyl radicals may then react with the available LCuII-OH species from Path 

1 during the radical rebound reaction to afford the formation of ROH and the regeneration of 

LCuI species. Our kinetic studies and radical trapping experiments support the presence of 

the LCuII-OOH intermediate as well as the formation of both LCuII-O· and ·OH active species 

for substrate activation; however, we could not identify the optimal mechanistic pathway for 

our Cu-based catalyst system.  

 

Scheme 6.2: The proposed mechanistic pathway for oxidative cleavage reactions. LCuII-OOH species 

is formed, followed by the formation of LCuII-oxyl and ·OH radical species for the H-atom 

abstraction step. Adapted from the groups of Bissaro and Cowan [14, 28]. 
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6.2.4 Electrochemical studies of the (L03)[Cu(MeCN)4]OTf/H2O2/NEt3 catalyst 

system 

Electrochemical studies were performed, in the absence of the substrate, to determine the 

various pyrazolylpyridineimine and -amine ligands on the Cu-based redox potentials. 

Voltammograms were obtained at a constant scan rate of 50 mV/s over a scanning potential 

window of -0.5 to +1.75 V (Figure 6.4). Tetrabutylammonium hexafluorophosphate (Bu4NPF6) 

was added to the reactions as a supporting electrolyte (E1/2: -0.70 V [vs NHE (normal hydrogen 

electrode)]). When employing our optimised [Cu(MeCN)4]OTf(L03) catalyst system, an anodic 

peak was observed at Epa 0.47 V (vs NHE) and Ipa 0.01 mA in the forward scan, while the 

cathodic peak was observed at Epc 0.19 V (vs NHE) and Ipc -0.02 mA in the reverse scan. This 

is consistent with a quasi-reversible one-electron oxidation process for the CuII/CuI redox 

couple [1, 2, 49, 50]. No redox potentials consistent with the CuIII/CuII redox couple were 

observed between 0.5 and 1.0 V. Lastly, an irreversible one-electron ligand-centred oxidation 

for ligand L03 (onset potential of 1.15 V vs NHE) was observed as a weak anodic peak at  

Epa 1.30 V (vs NHE) and Ipa 0.01 mA.  

Ligand L03 was then replaced with imine-L01 and L01 and a cathodic shift was observed for 

the CuII/CuI redox couple employing imine-L01 (E1/2: 0.24 V vs NHE) and L01 (E1/2: 0.28 V vs 

NHE) relative to L03 (E1/2: 0.34 V vs NHE; Figure 6.4). This supports the increased donor 

ability of imine-L01 and L01 in comparison to L03. Moreover, the intensity of the irreversible 

ligand-centred oxidation increased when L03 was replaced with either imine-L01 or L01. As 

expected, imine-L01 generates the most electron-rich copper intermediate in the series. The 

CuII/CuI redox potentials for imine-L01CuI, L01CuI and L03CuI are significantly higher than 

previously reported for both CuN4 (E1/2: -0.349 to -0.404 V) and CuN3 (0.005 to 0.226 V vs 

NHE) complexes [12, 27, 29, 51]. Furthermore, our CuII/CuI redox potentials are comparable 

to those obtained for the LPMO enzyme (0.15 V to 0.37 V vs NHE) [1, 2, 49, 50]. This indicates 

the higher Lewis acidity of our in situ formed pre-catalysts, and therefore also the higher rate 

constants and faster conversions for p-nitrophenol formation, consistent with reactivity trends 

observed for putative high-valent copper-oxygen species.  
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Figure 6.4: Cyclic voltammograms of various pyrazolylpyridineimine and -amine ligands, in 

combination with [Cu(MeCN)4]OTf, at a scan rate of 50 mV/s for the scanning potential of -0.5 to  

1.75 V. Bu4NPF6 was added as the supporting electrolyte (E1/2: -0.70 V vs NHE). The  and  arrows 

denote the increase in the intensity of the ligand-centred oxidation, while the ← arrow denotes the 

gradual shift in the CuII/CuI couple. 

6.3 Conclusions 

Our previously reported tridentate pyrazolylpyridineimine and -amine ligands, imine-L01, 

imine-L02 and L01-L04, in combination with CuI, H2O2 and NEt3, have been evaluated as 

LPMO mimics for the oxidative cleavage of p-nitrophenyl-β-D-glucopyranoside in H2O. The 

highest rate constant (kobs: 0.3588 s-1) was obtained for our (L03)[Cu(MeCN)4]OTf/H2O2/NEt3 

catalyst system, while a product yield of 69 % for p-nitrophenol formation was possible after 

15 min at 27 °C. We observed the formation of CuII-OOH species spectrophotometrically in 

the absence of the substrate. The addition of radical traps provided experimental evidence for 

the formation of both O- and C-centred radicals. Kinetic studies revealed first-order 

dependence in [LCu], [H2O2], and [substrate], while zero-order dependence was obtained for 

[NEt3]. Our catalytic and electrochemical studies confirmed L03 as the optimal ligand for the 

oxidative cleavage reactions, due to the obtained high rate constant, high redox potentials and 

lower donor ability. Lastly, our catalyst system showed selectivity towards oxidative cleavage 

reactions since poor to no conversions were obtained during the oxidation of primary and 

secondary alcohols. Future studies include the further investigation of the efficiency of our 

(L03)[Cu(MeCN)4]OTf/H2O2/NEt3 catalyst system toward the oxidative cleavage of naturally 
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occurring gluco- and galacto-derived polysaccharides with either α- or β-glycosidic linkages, 

since exceptional activity was observed for the model substrate p-nitrophenyl-β-D-

glucopyranoside. 

6.4 Experimental section 

6.4.1 General considerations 

All commercially available reagents were obtained from Sigma-Aldrich and/or Merck and used 

as received. The pyrazolylpyridineimine and -amine ligands, imine-L01, imine-L02 and L01-

L04, were synthesised according to reported procedures [30, 66, 67]. Kinetic studies, product 

yields and spectrophotometric studies were obtained on an Agilent Technologies Cary 60 at 

27 °C (controlled by the PCB 1500 Water Peltier System), either in 10 mm quartz cuvettes or 

using the Applied Photophysics RX2000 Rapid Stirring Accessory. GC analyses were 

performed on an Agilent 6890 Series GC system with an HP-5 column (30 m x 0.320 mm x 

0.25 mm). N2 served as the carrier gas, ethyl acetate (EtOAc) and dichloromethane (DCM) 

were used as the rinsing solutions, and samples (0.2 mL) were analysed with biphenyl as the 

internal standard. The oxidation products were identified by comparing the GC retention times 

of commercial samples to our obtained retention times. GC-MS analyses were performed on 

an Agilent 6890 N Series GC system with a mass selective (5973) detector and an HP-5-MSUI 

column. Helium served as the carrier gas, EtOAc and DCM were used as the rinsing solutions, 

and samples (0.2 mL) were analysed with biphenyl as the internal standard to confirm the 

identification of peaks. UV/vis studies of the oxidative cleavage reactions were done in 

duplicate to determine the rate constants as well as an average product yield in some cases. 

6.4.2 Optimisation of our Cu-based catalyst system 

Our catalyst system was optimised by stopped-flow UV/vis studies. The rapid stirring 

accessory was flushed twice with H2O, after which the system was flushed twice with the 

reaction solutions. Solutions of LCu and substrate in H2O (syringe one, 6 mL) and H2O2 and 

NEt3 in H2O (syringe two, 6 mL) were mixed in a 1:1 volume ratio at 27 °C. Reactions were 

repeated three to four times (approximately 120 µL from each syringe are mixed, but only a 

final sample volume of 60 µL is analysed) to condition the system and the data of the last run 

were used. The Cary WinUV Kinetics application (version 5.0.0.999) was used to follow the 

formation of p-nitrophenol at 405 nm over 60 s (fast scan rate). An increase in the absorbance 

was observed for the first 0.2 s, after which the rate of formation decreased. Good 

reproducibility was obtained between runs. Concentrations of all reagents are reported at the 
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onset of the reaction (after mixing) and corrected for the 1:1 dilution. The rapid stirring 

accessory was flushed twice with H2O after every analysis. The same method was employed 

for the kinetic studies as well as for the confirmation of the Cu-based intermediates. 

The catalyst system was optimised by varying pyrazolylpyridineimine and -amine ligands and 

CuI-/CuII-precursors for the oxidative cleavage of p-nitrophenyl-β-D-glucopyranoside in H2O. 

A solution of Cu-precursor ([Cu(MeCN)4]BF4, [Cu(MeCN)4]OTf, [Cu(MeCN)4]PF6, CuCl, CuBr, 

Cu(BF4)2·xH2O, Cu(OTf)2 and CuCl2·2H2O, 0.1 mM in 0.5 mL H2O), ligand (imine-L01, imine-

L02 and L01-L04, 0.1 mM in 0.5 mL H2O) and substrate (8.3 mM in 0.5 mL H2O) was loaded 

in syringe one. Syringe two contains H2O2 (30 % in H2O, 83 mM, 10 equiv.) and NEt3 (8.3 mM, 

1 equiv.) in H2O (1.5 mL). The whole system was multiplied by four to obtain a total H2O 

volume of 6 mL in each syringe. 

6.4.3 Kinetic studies for our Cu-based catalyst system 

The concentration of only one reaction parameter was varied, while optimal reaction conditions 

were employed. A solution of Cu(MeCN)4]OTf (x mM in 0.5 mL H2O), ligand L03 (x mM in  

0.5 mL H2O) and substrate (x mM in 0.5 mL H2O) was loaded in syringe one. Syringe two 

contains H2O2 (30 % in H2O, x mM, x equiv.) and NEt3 (x mM, x equiv.) in H2O (1.5 mL). The 

whole system was multiplied by four to obtain a total H2O volume of 6 mL in each syringe. 

6.4.4 Oxidative cleavage of p-nitrophenyl-β-D-glucopyranoside 

A solution of [Cu(MeCN)4]OTf (0.8 mM in 1.0 mL H2O), ligand L03 (0.8 mM in 1.0 mL H2O), 

substrate (67 mM in 1.0 mL H2O), H2O2 (30 % in H2O, 670 mM, 10 equiv.) and NEt3 (67 mM, 

1 equiv.) was added to a small reactor flask and slowly mixed for 15 min at 27 °C before it was 

transferred to a quartz cuvette and analysed using UV/vis spectroscopic studies. 

Quantification of p-nitrophenol formation at 405 nm was done using a calibration curve with 

the Cary WinUV Concentration application (version 5.0.0.999). 

6.4.5 Experimental evidence of the formation of the LCuII-OOH intermediate 

A solution of Cu(MeCN)4]OTf (0.1 mM in 0.5 mL H2O), ligand L03 (0.1 mM in 0.5 mL H2O) and 

an additional portion of H2O (0.5 mL) was loaded in syringe one. Syringe two contains H2O2 

(30 % in H2O, 83 mM, 10 equiv.) and NEt3 (8.3 mM, 1 equiv.) in H2O (1.5 mL). The whole 

system was multiplied by four to obtain a total H2O volume of 12 mL. The Cary WinUV Kinetics 

application was used to follow the formation of LCuII-OOH, in the absence of the substrate, at 
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375 nm over 60 s (fast scan rate). An increase in the absorbance was observed for the first 

0.2 s, after which the rate of formation decreased dramatically. 

6.4.6 Reactivity studies in the presence of a radical trapping agent 

A radical trapping agent was added to the reaction to evaluate its effect on the rate of  

p-nitrophenol formation at 405 nm. A solution of Cu(MeCN)4]OTf (0.1 mM in 0.5 mL H2O), 

ligand L03 (0.1 mM in 0.5 mL H2O) and substrate (8.3 mM in 0.5 mL H2O) was loaded in 

syringe one. Syringe two contains H2O2 (30 % in H2O, 83 mM, 10 equiv.), TEMPO· (83 mM,  

10 equiv., ratio of 1:1 relative to H2O2) and NEt3 (8.3 mM, 1 equiv.) in H2O (1.5 mL). The whole 

system was multiplied by four to obtain a total H2O volume of 6 mL in each syringe. 

Another radical trapping reaction was performed by replacing TEMPO· with 2,4-di-tert-

butylphenol. A solution of Cu(MeCN)4]OTf (0.1 mM in 0.5 mL MeCN), ligand L03 (0.1 mM in 

0.5 mL MeCN), substrate (8.3 mM in 0.25 mL H2O for optimal solubility) and 2,4-di-tert-

butylphenol (31 mM in 0.25 mL MeCN, ratio of 1:300 relative to L03Cu) was loaded in syringe 

one. Syringe two contains H2O2 (30 % in H2O, 83 mM, 10 equiv.) and NEt3 (8.3 mM, 1 equiv.) 

in MeCN (1.5 mL). The whole system was multiplied by four to obtain a total volume of 6 mL 

in each syringe. 

Alternatively, the efficiency of our (L03)[Cu(MeCN)4]OTf/H2O2/NEt3 catalyst system towards 

2,4-di-tert-butylphenol was also evaluated, in the absence of the p-nitrophenyl-β-D-

glucopyranoside substrate. A solution of Cu(MeCN)4]OTf (0.8 mM in 1 mL MeCN), ligand L03 

(0.8 mM in 1 mL MeCN), 2,4-di-tert-butylphenol (250 mM in 1 mL MeCN, ratio of 1:300 relative 

to L03Cu), H2O2 (30 % in H2O, 670 mM, 10 equiv.) and NEt3 (67 mM, 1 equiv.) was added to 

a small reactor flask and stirred for 2 h at 27 °C. After the allotted time, the reaction mixture 

was filtered through a silica plug and a sample (0.18 mL) was analysed by GC-MS with 

biphenyl (50 µL) as the internal standard. 

6.4.7 Electrochemical studies 

Electrochemical studies were conducted on a BioLogic SP-150 potentiostat linked to a 

computer, utilising the EC Lab software. Measurements were done at 25 °C and the 

temperature was kept constant to within 0.5 °C. The measurements were performed on 1 mM 

solutions, dissolved in anhydrous MeCN as the solvent, containing 0.1 M tetrabutylammonium 

hexafluorophosphate (Bu4NPF6) as supporting electrolyte. A conventional three-electrode 

electrochemical cell was used, consisting of a platinum (Pt) wire as the counter-electrode, a 

glassy carbon working electrode with a geometrical area of 0.196 cm2, as well as an Ag/AgCl 
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(saturated KCl) reference electrode. The working electrode was polished with 0.5 M alumina 

suspension and washed with Milli-Q water, ethanol and isopropanol before it was assembled 

into a rotating disc electrode setup. The counter and reference electrodes were sonicated for 

two min in H2O. Measurements were taken after N2 was bubbled through the reaction mixture 

for at least 15 min. Voltammograms were recorded with a scan rate of 50 mV/s (unless 

otherwise mentioned) for a scanning potential window of -0.5 to +1.75 V. The measured redox 

potentials were converted to normal hydrogen electrode (NHE) values by adding +0.199 V to 

compare our results to other LPMO mimics and related catalyst systems. 

6.4.8 Evaluation of the selectivity of our catalyst system 

The selectivity of our catalyst system for oxidative cleavage reactions was confirmed by 

evaluating the oxidation of primary and secondary alcohols. A solution of [Cu(MeCN)4]OTf  

(0.8 mM in 1.0 mL H2O), ligand L03 (0.8 mM in 1.0 mL H2O), benzyl alcohol or 1-phenylethanol 

(67 mM, 1.0 mL H2O), H2O2 (30 % in H2O, 667 mM, 10 equiv.) and NEt3 (67 mM, 1 equiv.) 

was stirred in a small reactor flask for 2 h at 27 °C. After the allotted time, the reaction mixture 

was flushed through a silica plug and a sample (0.18 mL) was analysed by GC with biphenyl  

(50 µL) as the internal standard. 
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S6.1 General considerations 

S6.1.1 Instrumentation 

UV/vis spectroscopy were performed on an Agilent Technologies Cary 60 at 27 °C (controlled 

by the PCB 1500 Water Peltier System), either in 10 mm quartz cuvettes or using the Applied 

Photophysics RX2000 Rapid Stirring Accessory. GC analyses were performed on an Agilent 

6890 Series GC system with an HP-5 column (30 m x 0.320 mm x 0.25 mm). N2 served as the 

carrier gas, ethyl acetate (EtOAc) and dichloromethane (DCM) were used as the rinsing 

solutions and samples (0.2 mL) were analysed with biphenyl as the internal standard. The 

oxidation products were identified by comparing the GC retention times of commercial 

samples to our obtained retention times. GC-MS analyses were performed on an Agilent 6890 

N Series GC system with a mass selective (5973) detector and an HP-5-MSUI column. Helium 

mailto:Andrew.Swarts@nwu.ac.za


Supporting Information for: Synthetic LPMO mimics: a 
copper/pyrazolylpyridineamine catalyst system for the highly efficient oxidative 

cleavage of p-nitrophenyl-β-D-glucopyranoside 

S225 
 

served as the carrier gas, EtOAc and DCM were used as the rinsing solutions, and samples 

(0.2 mL) were analysed with biphenyl as the internal standard. 

S6.2 Optimisation of the catalyst system 

The effect of various pyrazolylpyridineimine and -amine ligands, imine-L01, imine-L02 and 

L01-L04 (Figure S6.1), on the oxidative cleavage of p-nitrophenyl-β-D-glucopyranoside was 

evaluated using UV/vis spectroscopic studies. The formation of p-nitrophenol was followed at 

an absorbance of 405 nm for a reaction time of 60 sec [1]. 

  

Figure S6.1: The formation of p-nitrophenol was followed at 405 nm over 60 s for ligands imine-L01, 

imine-L02 and L01-L04 (A). Rate constants (kobs) were calculated using 1+log(abs) vs 

time (s) for the first 0.2 s (B). imine-L01: (E)-N-(2-(1H-pyrazol-1-yl)ethyl)-1-(pyridine-2-

yl)methanimine; imine-L02: (E)-N-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-1-(pyridine-2-

yl)methanimine; L01: 2-(1H-pyrazol-1-yl)-N-(pyridine-2-ylmethyl)ethan-1-amine; L02: 2-

(3,5-dimethyl-1H-pyrazol-1-yl)-N-(pyridine-2-ylmethyl)-ethan-1-amine; L03: N-methyl-2-

(1H-pyrazol-1-yl)-N-(pyridine-2-ylmethyl)ethan-1-amine; L04: 2-(3,5-dimethyl-1H-

pyrazol-1-yl)-N-methyl-N-(pyridine-2-ylmethyl)ethan-1-amine. 
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S6.3 Formation of the LCuII-OOH intermediate 

Reactions were performed without the polysaccharide substrate to investigate the interaction 

between LCu and H2O2, in the presence of NEt3. An absorbance was observed at 375 nm, 

consistent with the formation of the LCuII-OOH key intermediate (Figures S6.2 and S6.3). The 

rate of formation of these species was calculated as 0.0337 s-1 over 0.2 s, after which a 

significant decrease in the rate constant was observed due to the possible formation of an off-

cycle [Cu-hydroxo]2 dimer in the absence of the substrate. 

 

Figure S6.2: UV/vis studies were employed to follow the reaction in the absence of the polysaccharide 

substrate and the increased absorbance at 250 nm is due to the MeCN solvent. Inset: 

An increase in the absorbance was observed at 375 nm, which is consistent with the 

formation of the key intermediate, LCuII-OOH. 
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Figure S6.3: UV/vis studies were employed to follow the formation of the key intermediate, LCuII-OOH, 

at 375 nm over a reaction time of 60 s, in the absence of the substrate. Inset: The rate 

constant (kobs) for LCuII-OOH formation was calculated using 1+log(abs) vs time (s) for 

the initial 0.2 s. 
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S6.4 Experiments establishing radical species formation 

LCuII-oxyl (LCuII-O·) and hydroxyl radical species may be derived from the LCuII-OOH key 

intermediate to serve as active species for the H-atom abstraction step during these reactions. 

Oxidative cleavage reactions were performed in the presence of radical trapping agents, to 

determine its effect on the rate of p-nitrophenol formation (Table 6.3 and Figures S6.4 and 

S6.5). These results support the formation of both C- and O-centred radical species [2, 3]. 

  

 

 

 

Figure S6.4: The formation of radical species was investigated using UV/vis spectroscopic studies. 

The rate constant (kobs: 0.3588 s-1) for p-nitrophenol formation at 405 nm was calculated 

using 1+log(abs) vs time (s) in the absence of a radical trapping agent (A). A significant 

decrease in the rate constants was observed in the presence of a radical trapping agent 

such as TEMPO· (kobs: 0.1303 s-1, B) or 2,4-di-tert-butylphenol (kobs: 0.0932 s-1, C). 
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Figure S6.5: GC-MS spectrum for the efficiency of our (L03)[Cu(MeCN)4]OTf/H2O2/NEt3 catalyst 

system towards 2,4-di-tert-butylphenol, in the absence of p-nitrophenyl-β-D-

glucopyranoside. The formation of 3,3′,5,5′-tetra-tert-butylbiphenyl-2,2′-diol was formed 

as the major radical coupling product, while trace amounts of 3,5-di-tert-butylbenzene-

1,2-diol (ortho-hydroxylation) were also observed. 

S6.5 Kinetic studies 

Kinetic assessments were conducted under synthetically relevant reaction conditions, using 

the rapid stirring accessory. The initial rate data for the p-nitrophenol formation at 405 nm was 

generated by varying [LCu], [H2O2], [NEt3] and [substrate] during the initial 0.2 s (Figure 6.4 

and Table S6.1). A first-order dependence was observed in [LCu], [H2O2] and [substrate], 

while a zero-order dependence was observed for [NEt3]. 
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Table S6.1: Kinetic data for the oxidative cleavage of p-nitrophenyl-β-D-glucopyranoside by 

(L03)[Cu(MeCN)4]OTf/H2O2/NEt3, assessing the kinetic dependence on [LCu], [H2O2], 

[NEt3] and [substrate].  

Entry 
[(L03)CuI] 

(x 10-4 M) 

[H2O2] 

(x 10-4 M) 

[NEt3] 

(x 10-4 M) 

[Substrate] 

(x 10-4 M) 
kobs (s-1) t1/2 (s) 

1 0.26 833 83 83 0.2059 3.21 

2 0.5 833 83 83 0.2402 2.89 

2 0.64 833 83 83 0.2813 2.46 

3 0.78 833 83 83 0.3341 2.07 

4 1.0 833 83 83 0.3543 1.96 

5 1.3 833 83 83 0.3314 2.09 

6 1.0 83 83 83 0.2269 3.05 

7 1.0 333 83 83 0.2630 2.63 

8 1.0 583 83 83 0.2972 2.33 

9 1.0 833 83 83 0.3543 1.96 

10 1.0 1083 83 83 0.3213 2.17 

11 1.0 833 21 83 0.3327 2.08 

12 1.0 833 42 83 0.3367 2.06 

13 1.0 833 63 83 0.3225 2.15 

14 1.0 833 83 83 0.3543 1.96 

15 1.0 833 108 83 0.3175 2.18 

16 1.0 833 83 14 0.3181 2.18 

17 1.0 833 83 28 0.3228 2.15 

18 1.0 833 83 56 0.3335 2.08 

19 1.0 833 83 83 0.3543 1.96 

20 1.0 833 83 113 0.3498 1.98 
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7.1 Introduction 

The oxidative transformation of organic substrates may be employed for the synthesis of 

alcohols, ketones and aldehydes as valuable oxygenated products to serve as building blocks 

in the pharmaceutical and chemical industries. These reactions include N-oxide co-catalyst-

free oxidation, hydroxylation, peroxidation and oxidative cleavage reactions. Oxidative 

transformation reactions involve an H-atom abstraction step or the substitution of either a 

halogen (-X) or hydrogen (-H) atom with a hydroperoxide (-OOH) or a hydroxyl (-OH) group. 

A number of Cu-based catalyst systems have previously been reported for the above-

mentioned oxidative transformation reactions to afford oxygenates. However, the need still 

exists to develop Cu-based catalyst systems with the inclusion of novel and efficient ligands 

for the oxidative transformation of organic substrates that can operate under mild reaction 

conditions, open to air, and result in excellent product yields and product selectivity.  

This study aimed to develop novel Cu-based catalyst systems for the hydroxylation of aryl 

halides, peroxidation of cyclic and linear alkanes and the oxidative cleavage of polysaccharide 

surrogates that can operate under ambient air and in the absence of an N-oxide radical co-

catalyst. These catalyst systems involve the inclusion of a CuI-/CuII-precursor in combination 

with either a pyrazolylpyridineimine, -amine, α,α′-bis[(N-methyl-2-pyrazolyl)ethylimino]-m-

xylene or α,α′-bis[(N-methyl-2-pyrazolyl)ethylamino]-m-xylene ligand and a hydroxide base or 

H2O2 as the oxidant. These ligands include imine groups or substituents on the pyrazole ring 

or the ethyl-linked N-atom, and they may accommodate one or two copper centres during the 

in situ formation of the pre-catalysts. We aim to determine the effect of substituents on the two 

ligand frameworks, the difference between tridentate and m-xylene bridged ligands, as well 

as varying nuclearity of the pre-catalysts on the various oxidative transformation reactions. 

Furthermore, we aim to improve on the product yields obtained, at low catalyst loadings, 

ambient temperatures and open to air. 

7.2 Conclusions 

Various novel pyrazolylpyridineimine and -amine ligands were prepared via the Schiff base 

condensation (imine-L01 and imine-L02), reductive amination (L01-L02) and methylation 

(L03-L04) reaction steps [1-3]. The yellow or brown oily isolated ligands are stable and can 

be stored without any precaution. Spectroscopic and analytical techniques, such as FT-IR,  

[1H and 13C{1H}] NMR spectroscopy, were employed to characterise these ligands, while the 

purity thereof was confirmed with APCI mass spectrometry. Cu-based pre-catalysts were 

formed in situ prior to the reaction, and therefore no complexes were isolated. These 



Chapter 7: Concluding remarks and Recommendations for future work 

233 
 

monofunctional ligands have found application in the hydroxylation of aryl halides, 

peroxidation of cyclic and linear alkanes, as well as the oxidative cleavage of polysaccharides. 

The optimisation of our (L01)/[Cu(MeCN)4]BF4/CsOH catalyst system for the hydroxylation of 

4-iodotoluene to p-cresol was accomplished by evaluating the catalyst loading, ligands L01-

L04, hydroxide bases and CuI-/CuII-precursors [1]. We observed a more pronounced effect on 

the efficiency of the reaction for the methyl groups on the pyrazole ring than the substituents 

on the ethyl-linked N-atom. Moderate conversions were obtained when employing ligands L03 

and L04 due to the electron-donating ability of the methyl groups and the resulting lower 

electrophilicity of the copper metal centre [4-7]. Ligand L01, within the in situ formed copper 

pre-catalyst, was identified as a non-innocent ligand. This is due to the ability to remove the 

proton of the free NH-group during the pre-catalyst activation process. As such, L01 in 

combination with [Cu(MeCN)4]BF4 was found to be optimal and high conversions to p-cresol 

were possible. Moreover, the observed induction period of 90 min could be shortened through 

the in situ formation of the proposed [(L01)Cu-OH] intermediate, accelerating the 

hydroxylation reaction for complete conversion within 1 h. As such, we obtained a turnover 

number (TON) value of 1952, which is an improvement on the TON value of 1640 obtained by 

the benchmark catalyst system when employing a low catalyst loading of 0.05 mol%. Lastly, 

our Cu-based catalyst system could be employed for the hydroxylation of a variety of aryl 

iodide and bromide substrates. 

The application of our monofunctional ligands (L01-L04) was expanded by evaluating them, 

as well as the pyrazolylpyridineimine (imine-L01 and imine-L02) ligands in the peroxidation of 

various cyclic and linear alkanes, using CuI-/CuII-precursors and H2O2 as the oxidant. Higher 

product yields and alcohol selectivity were obtained when employing L01-L04, relative to 

imine-L01 and imine-L02 for cyclohexane peroxidation. Again, the effect of the methyl groups 

on the pyrazole ring has a more negative effect on the peroxidation reaction than the 

substituents on the ethyl-linked N-atom. The highest product yield and alcohol selectivity were 

obtained for ligand L01, in combination with CuCl2·2H2O, which was also supported by our 

cyclic voltammetry studies. The lower redox potentials for the CuIII/CuII couple in the presence 

of L01 indicate that L01 is more easily oxidised under applied potential due to its strong donor 

ability and the generation of a more electron-rich Cu-based intermediate. Successful 

optimisation of our (L01)CuCl2·2H2O/H2O2 catalyst system was accomplished and exceptional 

product yields of > 90 %, with an alcohol selectivity of 44 %, were obtained in a shorter reaction 

time of 3 h, which is a significant improvement on the benchmark catalyst system [8]. Our 

kinetic, radical species confirmation and electrochemical studies support the formation of  

C- and O-centred radical species and the reversible transformation between CuII and CuI 

species, with the proposed formation of the LCuII-OOH intermediate, followed by the formation 
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of LCuII-hydroxyl (LCuII-OH) and LCuII-oxyl (LCuII-O·) species during the substrate 

independent rate-determining step. This is consistent with our proposed mechanistic pathway 

where the ·OH radical species are involved in the H-atom abstraction step. 

Our ligand framework was also expanded to investigate the effect of the nuclearity of Cu-

based pre-catalysts on the peroxidation of cyclic and linear alkanes. As such, the above-

mentioned synthesis route for the pyrazolylpyridineimine and -amine ligands was employed 

for the synthesis of our novel bifunctional α,α′-bis[(N-methyl-2-pyrazolyl)ethylimino]-m-xylene 

(imine-L05 and imine-L06) and α,α′-bis[(N-methyl-2-pyrazolyl)ethylamino]-m-xylene (L05-

L08) ligands [1, 2]. Identical analytical and spectroscopic techniques were employed to 

characterise these stable bifunctional ligands, which consist of two bidentate N-(2-

pyrazolyl)ethylimino or N-(2-pyrazolyl)ethylamino units and a m-xylene bridge. These ligands 

can accommodate two copper centres during the in situ formation of the pre-catalysts and this 

was confirmed when similar product yields were obtained for the LCu ratio of 1:1 and 0.5:1. In 

contrast to our monofunctional ligands, we observed a more pronounced effect on the 

efficiency of the reaction for the methyl groups on the ethyl-linked N-atom, than for the 

substituents on the pyrazole ring, and the secondary amine ligand L05 was identified as the 

optimal ligand. Excellent product yields of > 88 %, with alcohol selectivity, were obtained in  

3 h for cyclohexane peroxidation when employing our optimised (L05)[Cu(MeCN)4]PF6/H2O2 

catalyst system, which is an improvement on the benchmark catalyst system [8]. Kinetic and 

radical species confirmation studies were performed to investigate the nature of the active 

metal species and radical species formation, as mentioned above. These results are 

consistent with our findings for cyclohexane peroxidation when employing our 

(L03)CuCl2·2H2O/H2O2 catalyst system. This confirmed that the nuclearity of the in situ formed 

Cu-based pre-catalysts does not have a major influence on the efficiency of the peroxidation 

reactions [9]. 

Lastly, we evaluated our pyrazolylpyridineimine (imine-L01 and imine-L02) and -amine ligands 

(L01-L04), in combination with CuI, H2O2 and NEt3, as LPMO mimics for the oxidative cleavage 

of p-nitrophenyl-β-D-glucopyranoside in H2O. The formation of the p-nitrophenol product was 

monitored spectrophotometrically. Moderate rate constants for p-nitrophenol formation were 

obtained when employing ligands, imine-L02, L02 and L04, due to the steric and electronic 

properties of the methyl groups on the pyrazole ring and the lower electrophilicity of the copper 

centre. Moreover, increased rate constants were obtained when employing the secondary 

(L01) and tertiary (L03) amine analogues of the unsubstituted pyrazole-derived ligands 

relative to ligand imine-L01. Ligand L03, in combination with [Cu(MeCN)4]OTf, was found to 

be optimal, which was also suggested electrochemically. The higher redox potential for the 

CuII/CuI couple supported the lower oxidation potential of L03 due to its weaker donor ability 
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and the formation of a less electron-rich copper intermediate. Moreover, our CuII/CuI redox 

potentials are comparable to those obtained for the LPMO enzyme [10-13]. A maximum rate 

constant of 0.3588 s-1 was obtained during the initial 0.2 s of the reaction, while a product yield 

of 69 % for p-nitrophenol formation was possible for our optimised 

[Cu(MeCN)4]OTf/L03/H2O2/NEt3 catalyst system after 15 min at ambient temperatures. This is 

an improvement on the current state-of-the-art catalyst systems [14, 15]. UV/vis studies were 

employed to indicate the formation of the LCuII-OOH intermediate at 375 nm, in the absence 

of the substrate. Both C- and O-centred radical species formation were confirmed when 

reactions were performed in the presence of radical trapping agents. These results, in 

combination with our kinetic and electrochemical studies, supported the oxidation of CuI to 

CuII due to the formation of the LCuII-OOH intermediate, followed by the formation of LCuII-O· 

and ·OH radical species for substrate activation.  

7.3 Scientific contributions 

The following achievements are considered valuable additions to the current understanding of 

copper oxidation catalysis: 

 Two novel ligand sets, pyrazolylpyridineimine and -amine, α,α′-bis[(N-methyl-2-

pyrazolyl)ethylimino]-m-xylene and α,α′-bis[(N-methyl-2-pyrazolyl)ethylamino]-m-

xylene, were successfully synthesised and characterised. These ligands, in 

combination with CuI-/CuII-precursors, find application in the hydroxylation of aryl 

halides [1], cycloalkane peroxidation [9], as well as the oxidative cleavage of 

polysaccharides [16]. 

 The initial in situ formation of the [(L01)Cu-OH] intermediate drastically shortened the 

previously observed induction period for the hydroxylation of 4-iodotoluene to p-cresol, 

and thereby accelerated the reaction [1]. An improved TON value of 1952 was possible 

at an optimal catalyst loading of 0.05 mol%, relative to the current benchmark catalyst 

system (TON: 1640) [17]. As such, this serves as experimental evidence for the effect 

of this intermediate, since the in situ formation and evaluation thereof have not been 

investigated previously. 

 It was possible to improve on the product yields (90 and 88 %, respectively), with 

alcohol selectivity (44 and 40 %, respectively), for cyclohexane peroxidation in a 

shorter reaction time, when employing either the mono- or bifunctional ligand 

frameworks in combination with CuI-/CuII-precursors and H2O2. Improved product 

yields were also possible for the peroxidation of alternative cyclic and linear alkanes. 

No inert atmosphere or the addition of additives were required for these reactions.  
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 Two partially contradicting mechanistic pathways have previously been proposed for 

cycloalkane peroxidation reactions with the major difference in the reversible 

transformation of the copper oxidation states. Based on the findings in this study, it 

was possible to combine these mechanistic pathways in an attempt to propose a 

plausible mechanistic pathway, similar to the one proposed for the synthetic LPMO 

mimics [9, 16]. This mechanistic pathway supports the reversible transformation 

between CuII and CuI species, followed by the formation of the LCuII-OOH intermediate 

and LCuII-O· and LCuII-OH species, instead of the previously proposed LCuIII-OH. 

 The Cu(MeCN)4OTf/L03/H2O2/NEt3 catalyst system could be employed for the 

oxidative cleavage of p-nitrophenyl-β-D-glucopyranoside, and UV/vis studies were 

employed to follow the p-nitrophenol formation at 405 nm. Excellent rate constants 

(kobs) of 0.1026 to 0.3588 s-1 were obtained for the pyrazolylpyridineimine and -amine 

ligands during the initial 0.2 s at 27 °C, which is an improvement on the benchmark 

catalyst system where they obtained rate constants of 0.02 to 0.26 s-1 at 37 °C [14]. 

 Lastly, product yields of 31 to 69 % for p-nitrophenol formation were obtained in 15 min 

at 27 °C. Similar yields were previously reported; however, these reactions were 

performed at 60 °C for 2 h [15]. Therefore, it was possible to obtain similar product 

yields in a shorter reaction time for reactions performed at a significantly lower reaction 

temperature. 

7.4 Recommendations for future work 

The current study on oxidative transformation reactions has generated some questions that 

may be addressed by future researchers. 

7.4.1 Synthesis and characterisation of Cu-based complexes 

The synthesis and characterisation of mononuclear and binuclear Cu-based complexes by 

employing our pyrazolylpyridineimine (imine-L01 and imine-L02), -amine (L01-L04), α,α′-

bis[(N-methyl-2-pyrazolyl)ethylimino]-m-xylene (imine-L05 and imine-L06) or α,α′-bis[(N-

methyl-2-pyrazolyl)ethylamino]-m-xylene (L05-L08) ligand frameworks should be a key goal. 

We have previously attempted the synthesis and isolation of these complexes; however, the 

characterisation thereof was not successful. Even though our electrospray ionisation mass 

spectrometric (ESI-MS) studies showed mass fragments (positive mode), which may 

correspond to these complexes, no conclusive information of the bulk composition could be 

obtained when employing elemental analysis (EA). This may be due to the instability of these 

complexes in the solid state. Crystals were grown from these mono- and binuclear complexes; 

however, they transformed to oils when isolated from the solvent, even when handled under 
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inert conditions in the glove box. Therefore, single crystal X-ray diffraction analysis was not 

possible.  

7.4.2 N-oxide radical co-catalyst-free alcohol oxidation 

N-oxide co-catalyst-free alcohol oxidation was mentioned in Chapter 1 of this study as another 

example of an oxidative transformation reaction to afford oxygenated products. However, 

further investigation of these oxidation reactions was not part of the scope of this study, but it 

may form part of future investigations. An optimal catalyst system will involve low amounts of 

peroxide (ROOH) as the oxidant, mild reaction conditions with a preference for room 

temperature, low catalyst loadings as well as performing the reactions in the absence of costly 

or toxic additives. Previous studies have reported Cu-based catalyst systems in combination 

with H2O2 for successful alcohol oxidation usually at high temperatures; however, these 

systems were mostly limited to the oxidation of activated alcohols [18-27]. As such, there is 

still a growing demand to develop a Cu-based catalyst system, which may be employed in the 

oxidation of a variety of alcohol substrates in the absence of an N-oxide co-catalyst. The 

application of our mono- or bifunctional ligand frameworks, in combination with a Cu-

precursor, may therefore be further expanded by evaluating the in situ formed Cu-based pre-

catalysts in the development of an optimal catalyst system for aerobic alcohol oxidation. 

7.4.3 Hydroxylation of aryl halides 

Even though our Cu-based catalyst system could be employed for the hydroxylation of aryl 

iodides and bromides, the hydroxylation of chloride- and fluoride-derived substrates was 

unsuccessful. Therefore, further optimisation of our catalyst system could expand the 

substrate scope to aryl chloride and fluorides, eliminating the current limitations thereof. These 

reactions may also be further expanded by including the hydroxylation of aromatic substrates 

without a halogen substituent, such as benzene. 

Two mechanistic pathways, differing only in the initial oxidation state of the copper precursor, 

were previously reported [28-30]. Spectroscopic and analytical techniques may be employed 

to investigate the nature of key Cu-based intermediates and to evaluate the mechanistic 

pathway for these reactions.  

7.4.4 Peroxidation of cyclic and linear alkanes 

Both mono- and bifunctional ligands, in combination with Cu-precursors, were evaluated in 

the peroxidation of cyclohexane. We hypothesised the ability of our α,α′-bis[(N-methyl-2-

pyrazolyl)ethylamino]-m-xylene ligands to be bifunctional in accommodating two copper 
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centres, and thereby facilitating hydrocarbon peroxidation with improved product yields and 

alcohol selectivity. However, exceptional product yields with alcohol selectivity were possible 

for both our mono- and bifunctional ligand sets, and therefore the nuclearity of the in situ 

formed pre-catalysts does not appear to have a major influence on the efficiency of the 

reaction. The reason for this observation is still unclear and future studies may involve further 

investigations, such as the synthesis and isolation of the binuclear complexes described 

above, before evaluating them in the peroxidation reactions. Moreover, our ligand framework 

may also be further expanded through the development of multifunctional ligands that 

accommodate more than two copper centres. The effect of these multinuclear pre-catalysts 

may be evaluated in an attempt to further improve on product yields or alcohol selectivity. 

Similar alcohol selectivity was obtained when employing CuI-precursors, with coordinating or 

non-coordinating anions, in combination with our α,α′-bis[N-(2-pyrazolyl)ethylamino]-m-xylene 

ligand (L05). We identified [Cu(MeCN)4]PF6 as the optimal precursor due to the highest 

obtained product yield; however, its alcohol selectivity is comparable to other CuI-precursors 

where lower product yields were obtained (see Table 5.2). As such, the re-evaluation of  

CuI-precursors during further optimisation of our catalyst system may be required for a 

possible improvement in alcohol selectivity while still obtaining maximum product yields. 

Peroxidation reactions were quenched with an excess of triphenylphosphine (PPh3) to assist 

in the conversion of the cyclohexyl hydroperoxide product to obtain cyclohexanol and 

cyclohexanone [31]. Unfortunately, full conversion was not possible for our catalyst system, 

and may therefore be further optimised to promote alcohol selectivity.  

The efficiency and limitations of our Cu-based catalyst system can be further investigated by 

extending the substrate scope to possibly include the highly stable methane substrate. The 

conversion of methane to methanol usually involves high pressures and temperatures, and 

therefore has high energy requirements [32, 33]. Some of these methods also involve 

expensive separation steps and the addition of strong oxidants. A direct conversion method 

instead of the indirect methods could also be used because it circumvents extremely 

expensive intermediate steps and has an economic advantage over the indirect methods [33]. 

Therefore, further optimisation of our Cu-based catalyst system may be necessary to directly 

convert methane to methanol with the highest activity and the lowest temperature and 

pressure. 
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7.4.5 Cu-based LPMO mimics 

The efficiency of our Cu-based catalyst system can be further investigated by evaluating the 

oxidative cleavage of alternative gluco- and galacto-polysaccharides with α- or β-glycosidic 

linkages. An extended substrate scope was previously reported with moderate to good rate 

constants [14, 34-36]. Moreover, product yields for p-nitrophenol formation were obtained in a 

shorter reaction time using UV/vis studies and a calibration curve; however, product isolation 

and characterisation is possible and can be considered in future studies to provide evidence 

of successful oxidative cleavage. Lastly, we have evaluated the selectivity of our Cu-based 

LPMO mimic for the oxidation of primary and secondary alcohols using H2O2 as the oxidant. 

Extremely low oxidation products were obtained; however, this can be improved through 

further optimisation of the catalyst system, by focusing on increasing the catalyst load, the 

reaction time or by altering the H2O2 or NEt3 concentrations.  



Chapter 7: Concluding remarks and Recommendations for future work 

240 
 

7.5 References 

[1] L. Marais, H.C.M. Vosloo, A.J. Swarts, Mol. Catal., 486 (2020) 110839-110848. 

[2] C. Obuah, M.K. Ainooson, S. Boltina, I.A. Guzei, K. Nozaki, J. Darkwa, Organometallics, 32 (2013) 

980-988. 

[3] C. Obuah, B. Omondi, K. Nozaki, J. Darkwa, J. Mol. Catal. A: Chem., 382 (2014) 31-40. 

[4] J.M. Hoover, B.L. Ryland, S.S. Stahl, J. Am. Chem. Soc., 135 (2013) 2357-2367. 

[5] A.J. Swarts, S.F. Mapolie, Dalton Trans., 43 (2014) 9892-9900. 

[6] A.J. Swarts, F. Zheng, V.J. Smith, E. Nordlander, S.F. Mapolie, Organometallics, 33 (2014) 2247-

2256. 

[7] L. Marais, J. Bures, J.H.L. Jordaan, S. Mapolie, A.J. Swarts, Org. Biomol. Chem., 15 (2017) 6926-

6933. 

[8] I. Garcia‐Bosch, M.A. Siegler, Angew. Chem. Int. Ed., 55 (2016) 12873-12876. 

[9] L. Marais, H.C.M. Vosloo, A.J. Swarts, Highly efficient alkane peroxidation mediated by a 

copper(II)/pyrazolylpyridineamine catalyst system, Chapter 4, Manuscript to be submitted (2021). 

[10] G.R. Hemsworth, E.M. Johnston, G.J. Davies, P.H. Walton, Trends Biotechnol., 33 (2015) 747-

761. 

[11] V.V. Vu, S.T. Ngo, Coord. Chem. Rev., 368 (2018) 134-157. 

[12] W.T. Beeson, V.V. Vu, E.A. Span, C.M. Phillips, M.A. Marletta, Annu. Rev. Biochem, 84 (2015) 

923-946. 

[13] S. Garajova, Y. Mathieu, M.R. Beccia, C. Bennati-Granier, F. Biaso, M. Fanuel, D. Ropartz, B. 

Guigliarelli, E. Record, H. Rogniaux, Sci. Rep., 6 (2016) 28276. 

[14] Z. Yu, Z. Thompson, S.L. Behnke, K.D. Fenk, D. Huang, H.S. Shafaat, J.A. Cowan, Inorg. Chem., 

59 (2020) 11218-11222. 

[15] S. Muthuramalingam, D. Maheshwaran, M. Velusamy, R. Mayilmurugan, J. Catal., 372 (2019) 352-

361. 

[16] L. Marais, H.C.M. Vosloo, A.J. Swarts, Synthetic LPMO mimics: a copper/pyrazolylpyridineamine 

catalyst system for the highly efficient oxidative cleavage of p-nitrophenyl-β-D-glucopyranoside, 

Chapter 6, Manuscript in preparation, (2021). 

[17] O. Songis, P. Boulens, C.G. Benson, C.S. Cazin, RSC Adv., 2 (2012) 11675-11677. 



Chapter 7: Concluding remarks and Recommendations for future work 

241 
 

[18] S. Velusamy, T. Punniyamurthy, Eur. J. Org. Chem., 2003 (2003) 3913-3915. 

[19] J.U. Ahmad, M.T. Räisänen, M. Leskelä, T. Repo, Appl. Catal., A, 411 (2012) 180-187. 

[20] A.G.F. Shoair, J. Coord. Chem., 65 (2012) 3511-3518. 

[21] K. Czerwińska, B. Machura, S. Kula, S. Krompiec, K. Erfurt, C. Roma-Rodrigues, A.R. Fernandes, 

L.S. Shul'pina, N.S. Ikonnikov, G.B. Shul'pin, Dalton Trans., 46 (2017) 9591-9604. 

[22] H. Ünver, I. Kani, Polyhedron, 134 (2017) 257-262. 

[23] H. Ünver, I. Kani, J. Chem. Sci., 130 (2018) 33-41. 

[24] H. Ünver, Transition Met. Chem., 43 (2018) 641-646. 

[25] R. Bikas, F. Ajormal, M. Emami, N. Noshiranzadeh, A. Kozakiewicz, Inorg. Chim. Acta, 478 (2018) 

77-87. 

[26] C. Wu, B. Liu, X. Geng, Z. Zhang, S. Liu, Q. Hu, Polyhedron, 158 (2019) 334-341. 

[27] S.G. Mncube, M.D. Bala, Transition Met. Chem., 44 (2019) 145-151. 

[28] D. Wang, D. Kuang, F. Zhang, S. Tang, W. Jiang, Eur. J. Org. Chem., 2014 (2014) 315-318. 

[29] G. Lefèvre, A. Tlili, M. Taillefer, C. Adamo, I. Ciofini, A. Jutand, Dalton Trans., 42 (2013) 5348-

5354. 

[30] G. Franc, Q. Cacciuttolo, G. Lefèvre, C. Adamo, I. Ciofini, A. Jutand, ChemCatChem, 3 (2011) 305-

309. 

[31] G.B. Shul’pin, J. Mol. Catal. A: Chem., 189 (2002) 39-66. 

[32] Y. Hori, Y. Shiota, T. Tsuji, M. Kodera, K. Yoshizawa, Inorg. Chem., (2017) 8-11. 

[33] M. Alvarez-Galvan, N. Mota, M. Ojeda, S. Rojas, R. Navarro, J. Fierro, Catal. Today, 171 (2011) 

15-23. 

[34] S. Striegler, J.D. Barnett, N.A. Dunaway, ACS Catal., 2 (2012) 50-55. 

[35] S. Striegler, N.A. Dunaway, M.G. Gichinga, J.D. Barnett, A.-G.D. Nelson, Inorg. Chem., 49 (2010) 

2639-2648. 

[36] S. Striegler, M. Dittel, R. Kanso, N.A. Alonso, E.C. Duin, Inorg. Chem., 50 (2011) 8869-8878. 

 

  


