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Abstract 

Different bis(pyridyl)-N-alkylamine ligands, with the general formula of (2-C5H3NR)2NR′, (L1):  

R = H, R′ = Me; (L2): R = H, R′ = benzyl; (L3): R = H, R′ = methylcyclohexyl; (L4): R = H,  

R′ = neopentyl; (L5): R = Me, R′ = Me, were prepared by employing a modified method, which 

involved base-mediated N-alkylation. These ligands were characterised with Fourier transform 

infrared (FT-IR) and nuclear magnetic resonance (NMR) spectroscopic techniques. We 

optimised our catalyst system, L3/Cu(MeCN)4OTf/TEMPO·/NMI, through the evaluation of the 

combination of different bis(pyridyl)-N-alkylamine ligands (L1-L5), CuI/CuII-precursors and  

N-substituted imidazole bases on the oxidation of 1-octanol to 1-octanal. Thereafter, initial rate 

kinetic studies were used to evaluate the effect of [1-octanol], [TEMPO·], [NMI] and [L3Cu] on 

the initial rate of the oxidation reactions. These results allowed us to obtain the concentrations 

required for optimal catalytic activity in the oxidation of 1-octanol: 0.2 M [1-octanol], 20 mM 

[TEMPO·], 20 mM [NMI] and 20 mM [L3Cu]. Furthermore, electrospray ionisation mass 

spectrometry (ESI-MS) studies were used to investigate the formation of the proposed  

Cu-based intermediates during the oxidation of benzyl alcohol. These studies allowed us to 

provide experimental evidence for the formation of an unstable ion at m/z 363, consistent with 

a [(L1)(NMI)CuII-OOH]+ intermediate, which is a key intermediate in the alcohol oxidation 

reaction. In addition, an ion was also observed at m/z 945, consistent with the formation of a 

CuII-dimeric species, in the absence of the alcohol substrate. The CuII-dimeric species 

disappeared after the addition of the alcohol substrate and no further formation was observed 

during the oxidation reaction. This observation highlighted its formation as a result of CuII 

accumulation in the absence of substrate. The kinetic studies, in combination with the ESI-MS 

studies, were used to determine the applicability of the previously proposed mechanistic 

pathways on our catalyst system. The identified Cu-based intermediates were summarised in 

a possible reaction pathway for our catalyst system, which supports previously proposed 

mechanistic pathways. Our bis(pyridyl)-N-alkylamine/CuI/TEMPO·/NMI catalyst system could 

be used for the oxidation of a variety of primary alcohols to the corresponding aldehydes, 

using readily available reagents and synthetically relevant reaction conditions. No  

over-oxidation to the corresponding carboxylic acid was observed for these alcohol substrates. 

The careful choice of reaction solvent allowed for the oxidation of 4-hydroxybenzyl alcohol, a 

substrate that proved problematic in previous studies. In the case of 2-pyridinemethanol as 

substrate, experimental evidence showed that catalytic activity is diminished due to the 

competitive inhibition of the catalyst by the alcohol substrate. Matrix-assisted laser  

desorption-ionisation mass spectrometry (MALDI-MS) analysis of the reaction mixture in the 

presence and absence of TEMPO· and NMI showed the formation of identical mass 
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fragments. An important mass fragment was observed at m/z 563, consistent with the 

formation of a Cu2-hydroxo dimer, where the alcohol substrate acts as ligand. 

Keywords: Alcohol oxidation, Cu-based, TEMPO·, substrate scope, initial rate kinetic studies, reaction 

pathway 

Opsomming 

Verskillende bis(piridiel)-N-alkielamien ligande, met ’n algemene formule van  

(2-C5H3NR)2NR′, (L1): R = H, R′ = Me; (L2): R = H, R′ = bensiel; (L3): R = H,  

R′ = metielsikloheksiel; (L4): R = H, R′ = neopentiel; (L5): R = Me, R′ = Me, is gesintetiseer 

deur gebruik te maak van ’n gemodifiseerde sintesemetode. Hierdie metode behels ’n  

basis-gemedieerde N-alkileringsreaksie. Fourier transform infrarooi- (FT-IR) en kern 

magnetiese resonans- (KMR) spektroskopiese metodes is vir die karakterisering van die 

ligande gebruik. Tydens die optimering van ons katalisatorsisteem, 

L3/Cu(MeCN)4OTf/TEMPO·/NMI, is die effek van die kombinasie van verskillende  

bis(piridiel)-N-alkielamien ligande (L1-L5), CuI/CuII-voorgangers en N-gesubstitueerde 

imidasool basisse op die oksidasiereaksie van 1-oktanol na 1-oktanaal geëvalueer. 

Aanvanklike tempo kinetiese studies is gebruik om die effek van [1-oktanol], [TEMPO·], [NMI] 

en [L3Cu] op die aanvanklike tempo van die oksidasiereaksie te evalueer. Hierdie resultate 

het ons in staat gestel om die konsentrasies wat vir optimale katalitiese aktiwiteit tydens die 

oksidasie van 1-oktanol benodig word, te identifiseer: 0.2 M [1-oktanol], 20 mM [TEMPO·],  

20 mM [NMI] en 20 mM [L3Cu]. Verder is elektronsproei-ionisasie massaspektrometriese-

(ESI-MS) studies gebruik om die voorgestelde Cu-gebaseerde intermediêre, wat tydens die 

oksidasie van bensielalkohol gevorm het, te identifiseer. Hierdie studie het eksperimentele 

bewyse vir die vorming van ’n belangrike ioon tydens die alkoholoksidasie reaksie verskaf. 

Die belangrike ioon kom by m/z 363 voor, wat ooreenstem met die onstabiele  

[(L1)(NMI)CuII-OOH]+ intermediêr. Verder, in die afwesigheid van die alkoholsubstraat, is ’n 

ioon by m/z 945 waargeneem. Die ioon stem ooreen met ’n CuII-dimeriese spesie wat verdwyn 

wanneer die alkoholsubstraat bygevoeg word en is nie verder gedurende die oksidasiereasie 

waargeneem nie. Hierdie waarneming bevestig dat die dimeriese spesie as gevolg van  

CuII-akkumulasie, in die afwesigheid van die substraat, vorm. Die kinetiese studies, in 

kombinasie met die ESI-MS studies, is gebruik om sodoende die toepaslikheid van voorheen 

voorgestelde meganistiese roetes op ons katalisatorsisteem te bepaal. Ons moontlike 

reaksieroete is saamgestel uit die geïdentifiseerde Cu-gebaseerde intermediêre, wat tydens 

die oksidasiereaksie voorkom, en hierdie roete ondersteun ook vorige meganistiese roetes. 

Ons bis(piridiel)-N-alkielamien/CuI/TEMPO·/NMI katalisatorsisteem is vir die oksidasie van 
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primêre alkohole na die ooreenstemmende aldehiede gebruik. Geredelik beskikbare reagense 

is in die oksidasiereaksies gebruik wat by kamertemperatuur en oop tot lug uitgevoer is. Geen 

oor-oksidasie na die ooreenstemmende karboksielsure is vir hierdie alkoholsubstrate 

waargeneem nie. Ons katalisatorsisteem in kombinasie met ‘n gepasde oplosmiddel, is 

gebruik om een van die substrate wat voorheen probleme veroorsaak het, 4-hidroksibensiel-

alkohol, suksesvol te oksideer. Ons het ook eksperimentele bewyse vir die inhiberende effek 

van die alkoholsubstraat tydens die oksidasie van 2-piridienmetanol, gevind.  

Matriks-geassisteerde laser desorpsie-ionisasie massaspektrometriese-studies (MALDI-MS) 

is gebruik om sodoende die reaksiemengsel in die teenwoordigheid en afwesigheid van 

TEMPO· en NMI te ontleed. Identiese massafragmente is in beide gevalle gevind, met ’n 

belangrike fragment wat teenwoordig is by m/z 563. Hierdie fragment stem ooreen met die 

vorming van ’n Cu2-hidrokso-dimeer, waar die alkoholsubstraat as die ligand optree. 

Kernwoorde: Alkoholoksidasie, Cu-gebaseerd, TEMPO·, omvang van substrate, aanvanklike tempo 

kinetiese studies, reaksiepad 
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1.1 Literature background 

Aldehydes and ketones are important intermediates in the pharmaceutical industry1-2 as well 

as for the synthesis of fine chemicals such as fragrances and food additives.3 One of the most 

widely used reactions to synthesise these carbonyl products is via the oxidation of alcohol 

substrates. Traditionally, these alcohol oxidation methods use toxic or hazardous heavy 

metals or expensive catalysts containing transition metals such as Ru4 and Pd4-5. At high 

oxygen pressures, these catalysts pose environmental and safety concerns. 

As a result, there has been a growing demand for new selective and environmentally benign 

oxidation catalyst systems to overcome these environmental and safety concerns. These 

alternative catalyst systems involve ‘green’ Cu-based catalysts, specifically in combination 

with 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO·) as co-catalyst2, 6 and molecular O2 or 

ambient air as a primary oxidant. In addition, these catalyst systems are particularly attractive 

because they are inexpensive, non-toxic, readily available7 and generate water as the only  

by-product.5, 8 

These catalytic oxidation systems were developed to understand the functionality of natural 

enzymes, especially galactose oxidase (GOase), by mimicking their active sites in the 

presence of a radical.9 The active sites consist of a Cu-centre and a redox active 

phenolate/phenoxyl radical ligand for alcohol oxidation. Different Cu/TEMPO· catalyst 

systems have been developed over time and the first catalyst system, that could mimic the 

active site of GOase, was reported in 1984.10 Furthermore, these oxidation reactions could 

also take place in the absence of the radical ligand through the use of a Cu-based tyrosinase 

mimic rather than GOase.11-12 

Initially, it was believed that these Cu/TEMPO· oxidation reactions proceed via the 

oxoammonium1 cation (TEMPO+) mechanistic pathway.13 However, a number of similar 

mechanistic pathways, that rather involve TEMPO-H or TEMPO· as the reactive intermediate, 

have been more recently reported.9, 11-12, 14 Furthermore, seminal mechanistic studies by the 

groups of Stahl and Brückner, under controlled conditions, established our understanding of 

the mechanism of Cu/TEMPO·-catalysed alcohol oxidation.12, 14 

Despite the improvement on the environmental concerns, through the recent use of a transition 

metal (CuI or CuII) as the catalyst, various challenges still exist in these catalytic systems. 

                                                
1 Oxoammonium (also referred to as nitrosonium) is a term used to describe any N-containing 

compounds in which the N-atom is oxidised, i.e. N=O, and is tetravalent and positively charged. Here, 

we are referring to the TEMPO radical (TEMPO·)-derived oxoammonium cation species (TEMPO+). 
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These challenges include the use of mild reaction temperatures (preferably at room 

temperature), low O2 pressures or ambient air as the oxidant, low catalyst loadings and the 

elimination of costly or toxic additives. Moreover, the development of an alternative 

Cu/TEMPO· catalyst system for the oxidation of both primary and secondary alcohols, without 

the addition of expensive radical additives, is also of importance. 

1.2 Aims of the study 

The aims of our study were to develop an alternative Cu/TEMPO· catalyst system for the 

aerobic alcohol oxidation and to evaluate the applicability of the different proposed 

mechanistic pathways on our catalyst system. 

1.3 Objectives 

Our objectives involve the synthesis and characterisation of different bis(pyridyl)-N-alkylamine 

ligands. Next, we developed and optimised our new Cu-based catalyst system through the 

evaluation of bis(pyridyl)-N-alkylamine ligands, CuI/CuII-precursors as well as N-substituted 

imidazole bases in the oxidation of 1-octanol. Initial rate kinetic studies were used to determine 

the effect of varying [1-octanol], [TEMPO·], [NMI] and [LCu] on the initial rate of the oxidation 

reaction. These kinetic studies, in combination with electrospray ionisation mass spectrometry 

(ESI-MS) studies, were used to evaluate the applicability of previously proposed mechanistic 

pathways on our catalyst system. Finally, we want to establish the substrate scope of our 

newly developed Cu/TEMPO· catalyst system. 

1.4 Outline of dissertation 

Background information on the different Cu/TEMPO· catalyst systems and also the various 

mechanistic pathways for the aerobic alcohol oxidation reactions are provided in Chapter 2. 

Chapter 3 involves the synthesis and characterisation of different bis(pyridyl)-N-alkylamine 

ligands for the aerobic alcohol oxidation. Furthermore, the effect of different  

bis(pyridyl)-N-alkylamine ligands, CuI/CuII-precursors and N-substituted imidazole bases on 

the initial rate of the oxidation reaction is evaluated to optimise our alternative Cu/TEMPO· 

catalyst system. Lastly, the presence of a TEMPO·-based oxoammonium cation (TEMPO+) as 

the reactive intermediate in our catalyst system is evaluated. 

Initial rate studies are used to evaluate the kinetic behaviour of the catalyst system, while  

ESI-MS studies are used to monitor the reaction and to identify the Cu-based intermediates 

during the oxidation reaction. These results are employed to evaluate the applicability of 

previously proposed mechanistic pathways and to propose a possible reaction pathway for 
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our catalyst system. These results are reported in Chapter 4. Finally, the substrate scope of 

the catalyst system is also evaluated by focusing on the oxidation of different primary and 

secondary alcohol substrates. 

A conclusion of this study and possible future work on the development of alternative catalyst 

systems for the oxidation of both primary and secondary alcohols, as well as a thorough 

investigation of the mechanistic pathway of alcohol oxidation reactions, are reported in 

Chapter 5. 
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2.1 Introduction 

The limitations of previously reported catalyst systems for the aerobic oxidation of alcohols 

have led to the development of a variety of alternative copper-based catalyst systems, 

specifically in combination with TEMPO·. The first Cu/TEMPO· catalyst system was reported 

in 1984 by Semmelhack et al.1 and a number of these catalyst systems followed, with the most 

efficient reported by Stahl and co-workers in 2011.2 

These Cu/TEMPO· catalyst systems serve as galactose oxidase (GOase) mimics, because 

they could mimic the coordination environment of the enzyme’s active site in the presence of 

a radical. These findings led to the development of different Cu-based catalyst systems for 

synthetic use. Therefore, different mechanistic pathways, for these catalyst systems, were 

proposed for the aerobic oxidation of alcohols, which involves the formation of TEMPO+, 

TEMPO-H or TEMPO· as the reactive intermediate. 

2.1.1 Copper 

Copper can be found in various metalloproteins, such as enzymes, which are associated with 

the binding of molecular O2 in mild and highly selective aerobic oxidative transformations.3 

One of these enzymes is GOase, a type-II mononuclear Cu-enzyme that mediates alcohol 

oxidation at a Cu-centre. These oxidation reactions use a redox-active phenolate/phenoxyl 

radical ligand.4-5 

A tyrosine unit coordinates in the axial position of the square-bipyramidal coordination sphere 

of the CuII-species (Scheme 2.1, intermediate A).6-8 In addition, the equatorial ligand sites 

include two histidine imidazole units, a modified tyrosine unit with a cross-linked cysteine unit 

and either H2O or an acetate molecule. The alcohol substrate coordinates to the active  

Cu-centre, B, after which the phenolic Tyr-495 radical is used in the abstraction of a β-H-atom 

from the coordinated alcohol, C. This step is followed by a single electron transfer to afford 

the corresponding aldehyde and the formation of the CuI-species, D. In the last step, CuI is 

reduced to CuII, E, while the reduction of O2 to H2O2 results in the formation of the initial 

intermediate, A.9 

During the oxidation reaction, the CuII-ion coordinates with the tyrosyl radical to afford  

CuII-(·OAc) intermediates. 4, 6-7, 10-12 These intermediates are used in the two-electron oxidation 

of primary alcohol substrates and the reduction of dioxygen to H2O2 (Scheme 2.1). The active 

form of the CuII-tyrosyl radical is restored afterwards. 
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Scheme 2.1:  Proposed reaction mechanism for catalysis reactions by galactose oxidase (GOase). 

Adapted from Whittaker et al.9 

Therefore, the ability to successfully mimic particular geometries around the copper centre 

and the presence of a radical that can coordinate to the Cu-centre offer a platform for the 

development of different copper-based homogeneous catalyst systems. In addition, the low 

costs, availability of Cu and their interesting spectroscopic properties resulted in the 

development of more Cu-based catalysts for the oxidation of alcohols.6, 13 

Consequently, it is surprising that only a few catalyst systems consisting of cheap and ‘green’ 

Cu-based catalysts and molecular oxygen1, 14-16 or ambient air2, 10 are known so far. However, 

the mechanistic pathway by which these Cu-based catalyst systems mediate the oxidation of 

alcohols is not yet completely understood.13 

2.1.2 Nitroxyl radicals 

Nitroxyl radicals and their diamagnetic precursors are popular in the pharmaceutical and food 

industry in order to improve the quality of alcohols, fragrances and flavours.17 These radicals 

contain N,N-disubstituted NO-groups and one unpaired electron, which is unreactive to air and 

moisture.18 Therefore, the radical can be handled and stored without the need for additional 

precautions.19 In addition, these radicals act as antioxidants20 and they are used as inhibitors 
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in free radical processes. However, recently they have found applications in oxidation 

reactions as co-catalysts for Cu-based catalyst systems. 

Two types of nitroxyl radicals, based on their properties and applications, have been reported 

(Table 2.1).21 The first group is the stable radicals, including conjugated and non-conjugated 

radicals, and the second group is the reactive radicals. 

Table 2.1:  A summary of the two types of nitroxyl radicals. NHPI = N-hydroxyphthalimide and PINO = 

Phthalimide N-oxyl radical.21 

1. Stable (persistent) radicals: 
Inhibitors 

 

1.1. Conjugated 

 

1.2. Non-conjugated 

 

2. Reactive (non–persistent) radicals: 
Catalysts 

 

An example of the conjugated radicals is the diphenyl nitroxyl radical where the unpaired 

electron is delocalised over the entire molecule and these radicals are not used for alcohol 

oxidation. Non-conjugated radicals include di-tert-alkyl nitroxyl radicals and α-substituted 

piperidin-1-oxyl radicals (TEMPO·), where the unpaired electron is only delocalised over the 

N-O bond. These radicals are only stable in the absence of α-hydrogens (Scheme 2.2).22 

The reason for this phenomenon is that, in the presence of these α-hydrogens, the radical 

undergoes a disproportionation reaction to afford a hydroxylamine, 1, or a nitrone, 2, either or 

both of which may undergo further reaction (Scheme 2.2).22 

 

Scheme 2.2:  The disproportionation of di-tert-alkyl nitroxyl radicals affords hydroxylamine, 1, and 

nitrone, 2. Adapted from De Nooy et al.22 
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The most important sub-group of the stable non-conjugated radicals is TEMPO· and it was 

the first type to be synthesised. TEMPO· may oxidise a number of functionalities17, 23-25 and 

most of the studies on this stable radical, in combination with a metal such as copper, have 

been reported for the transformation of alcohols to the corresponding carbonyl  

compounds. 2, 10, 24-26 

However, in the absence of a transition metal, TEMPO·-based systems are safer, cheaper 

and more environmentally friendly, but high TEMPO· loadings are required, which are not 

recoverable.27 These TEMPO·-based catalyst systems are more selective for benzylic 

alcohols, while aliphatic alcohols either showed low oxidation activities or full conversion with 

a mixture of products, which include aldehydes and esters.28 

2.2 Cu/TEMPO· catalyst systems 

Several CuI/TEMPO·- and CuII/TEMPO·-based catalyst systems were reported and have 

proven to be highly efficient for the transformation of a variety of alcohols to the corresponding 

carbonyl compounds (Table 2.2).1-2, 10, 16, 29-34 

Table 2.2:  Different Cu/TEMPO· catalyst systems for the oxidation of alcohols. The Cu-precursor, 

ligand, base and solvent system and the ability to oxidise primary (benzylic, allylic and 

aliphatic) and secondary alcohols, are summarised. 

Reference [Cu] Ligand Base Solvent 

B
e

n
z
y

li
c
 

A
ll

y
li
c
 

A
li

p
h

a
ti

c
 

S
e

c
o

n
d

a
ry

 
Semmelhack1 CuCl - - DMF X X   

Knockel33 Cu Fluoroalkyl 
substituted bpy 

 Chlorobenzene/ 
perfluorooctane 

X X X X 

Ansari and 
Gree32 

CuCl - - [bmim][PF6] X X X  

Minisci26 Cu/Mn - - Acetic acid X X X X 

Sheldon10 CuBr2 Bpy KOtBu MeCN/H2O (2:1) X X X  

Geißlmeir31 Fine 
copper 

Bpy NaOH MeCN/H2O (2:1) X X X  

Mannam30 CuCl DABCO - Toluene X X   

Koskinen16 Cu(OTf)2 Bpy DBU/ 
NMI 

MeCN X X X  

Stahl2 CuOTf Bpy NMI MeCN X X X  

Wang35 CuI Bpy-TEMPO· NMI MeCN X X X X 
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The first CuI/TEMPO· catalyst system, in the absence of a ligand, was reported by 

Semmelhack et al., in 1984 (Scheme 2.3).1 They used N,N-dimethylformamide (DMF) as the 

solvent under an oxygen atmosphere. 

 

Scheme 2.3:  CuI/TEMPO· catalyst system in DMF for aerobic alcohol oxidation. Adapted from 

Semmelhack et al.1 

Complete conversion to the aldehyde was possible for primary benzylic and allylic alcohols, 

without any over-oxidation. However, aliphatic alcohols were largely unreactive8 and 

stoichiometric quantities of Cu and TEMPO· were needed for optimal activity.1, 36 In addition, 

they found that their catalyst system was more selective for the oxidation of primary alcohols 

than secondary alcohols, even in an excess of secondary alcohols.1 

In 2000, Knochel et al. reported a Cu/TEMPO· catalyst system in combination with a 

chlorobenzene/perfluorooctane biphasic solvent system and fluoroalkyl-substituted  

2,2′-bipyridine (bpy) ligands.15, 33 These reactions were successful at 90 °C for the oxidation 

of a variety of primary and secondary alcohols to their corresponding carbonyl compounds. 

The oxidation of benzylic alcohols is faster than the oxidation of aliphatic alcohols, while for 

secondary alcohols, the success of the oxidation was dependent on the steric environment of 

the carbonyl part of the alcohol substrate.33 With the use of the biphasic solvent system, it was 

possible to reuse the catalyst, with only minor loss of catalytic activity.33 

Later, in 2002, Ansari and Gree reported a CuCl/TEMPO· catalyst system in an ionic liquid,  

1-butyl-3-methylimidazolium hexafluorophosphate ([bmim][PF6]), rather than a traditional 

organic solvent for aerobic alcohol oxidation. This catalyst system was also used for the 

oxidation of a variety of primary alcohols, such as benzylic, allylic and aliphatic alcohols.32 In 

addition, Minisci et al. have reported an efficient method for alcohol oxidation, using Cu/Mn or 

Cu/Mn nitrates in combination with TEMPO·.26 Acetic acid was used as the solvent and the 

reactions were carried out under ambient pressures and temperatures. The acidic solution is 

used for the disproportionation of TEMPO· to afford the oxoammonium oxidant for alcohol 

oxidation. 

In 2003, Sheldon et al. could successfully oxidise aliphatic alcohols by using an increased 

catalyst loading.10 They developed a copper(II)bromide (CuIIBr2)/TEMPO· catalyst system with 

bpy as the ligand and potassium tert-butoxide (KOtBu) as the base in an acetonitrile (MeCN) 

and water (H2O, 2:1 system) solvent mixture with ambient air as the oxidant  

(Scheme 2.4).10, 23-24 
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Scheme 2.4:  A (bpy)CuBr2/TEMPO·/KOtBu catalyst system in MeCN:H2O (2:1), as the solvent 

system, for the aerobic alcohol oxidation.10 

The base is used in the deprotonation of the alcohol substrate to afford an alkoxide species 

that can coordinate to the CuII-centre, 3 (Scheme 2.5). TEMPO· coordinates in an η2 manner 

to a CuII-centre, 3, after which a β-H atom is transferred to TEMPO· to afford a  

CuII/TEMPO-H coordinated species, 4.23 An aldehyde, TEMPO-H and a CuI-species, 5, are 

formed in the last step through intramolecular one-electron transfer. 

 

Scheme 2.5:  The proposed role of TEMPO· in the aerobic oxidation of aliphatic alcohols, as suggested 

by Sheldon et al.23 

This catalyst system was used for optimal oxidation of primary benzylic and allylic alcohol 

substrates.23 For the primary alcohols, the second β-H atom can be bonded to the O-atom of 

TEMPO-H in order to stabilise the radical intermediate, 7 (Scheme 2.6). However, for activated 

benzylic alcohols, no conversion was achieved, possibly because of the steric effects of the 

methyl group, which hinder the formation of the intermediate, 8. This intermediate, however, 

is important in the C-H abstraction step from the alcohol substrate. 

For secondary alcohols, the oxidation of activated alcohols is faster than those of aliphatic 

alcohols because the H-atom abstraction from the α-carbon by TEMPO· is the  

rate-determining step of the oxidation reaction (Scheme 2.5, 3 and 4).23 Therefore, this step 

reduced the observed activity of the oxidation reaction. Furthermore, there are two possible 

reasons for the slower oxidation of secondary alcohols, compared to those of primary 

alcohols.37-38 These possibilities involve (a) the stabilisation of radical species, 6, by the 

second β–hydrogen of primary alcohols, 7, and (b) steric hindrance, thereby preventing the 

formation of species, 8, due to the methyl group present in secondary alcohols  

(Scheme 2.6).23 
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Scheme 2.6:  Possibilities for the lack of reactivity of secondary alcohol substrates (a) the stabilisation 

of radical species 7 by the second β–hydrogen of primary alcohols and (b) the methyl 

group of secondary alcohols cause steric hindrance, thereby preventing the formation of 

species 8.23 

Although their catalyst system is more environmentally friendly, there are still drawbacks, 

especially in terms of the high concentrations required and the costs of catalysts and  

co-catalysts.31 As a result, Geißlmeir et al. improved on these drawbacks, in 2005, by using 

elemental, fine powdered copper rather than a copper salt. In this way, the difference in 

reactivity observed for copper salts with different counter-ions is avoided.24 They also used 

inductively coupled plasma mass spectrometry (ICP-MS) studies to determine that only  

0.22 mol% of the Cu-catalyst was active during the oxidation reaction, and by decreasing the 

concentration of the Cu-catalyst, they developed a more environmentally friendly  

Cu/TEMPO·-based catalyst system for alcohol oxidation.31 In addition, the costly KOtBu base 

was also replaced by sodium hydroxide (NaOH), which was added continuously in small 

amounts, to maintain the optimum pH (13-13.5) for the oxidation reaction.31 

They also indicated the importance of water during the oxidation reaction, because the 

presence of water and OH-ions led to the formation of a hydroxo-complex in combination with 

CuII-species and bpy, and therefore an increase in the oxidation reaction.31 However, in the 

absence of water, the aldehyde conversion was equal to the initial amount of TEMPO·  

(5 mol%) added to the reaction. Finally, their catalyst system could be used for the fast and 

optimal oxidation of activated allylic and benzylic alcohols, with selectivity for primary over 

secondary alcohols.31 

Mannam et al. reported a TEMPO·-mediated CuCl/1,4-diazabicyclo[2.2.2]octane (DABCO) 

catalyst system for the oxidation of alcohols in toluene at 100 °C, in 2007.30 Molecular oxygen 

served as the oxidant, and water was the only by-product of the reaction. They found that the 
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efficiency of the reaction was nearly the same with or without base in a toluene solvent system, 

because the ligand employed served the dual function of acting as a base for the 

deprotonation of alcohol substrates. This catalyst system was used for the oxidation of primary 

benzylic and allylic alcohols, without over-oxidation; however, longer reaction times were 

required for secondary benzylic alcohols and the oxidation of aliphatic alcohols required the 

longest reaction time. 

In 2009, Koskinen further improved on the catalyst system of Sheldon et al. by replacing the 

MeCN:H2O solvent system with non-aqueous MeCN in order to avoid any solubility problems 

for highly hydrophobic alcohol substrates.16 While CuBr2 was used for allylic alcohol 

substrates, copper(II)-triflate (Cu(OTf)2) was suitable for more challenging alcohol substrates. 

They also found moderate activities with N-methylimidazole (NMI), rather than KOtBu as base, 

but a higher activity was found for 1,8-diazabicycloundec-7-ene (DBU). As a result, they 

reported the CuBr2/TEMPO· catalyst system under an oxygen atmosphere (Scheme 2.7).16 

Their catalyst system could be used for selective oxidation of aliphatic alcohols, but still 

required the use of pure O2 as oxidant. 

 

Scheme 2.7:  A (bpy)CuBr2/TEMPO·/NMI and/or DBU catalyst system in a MeCN solvent system for 

the aerobic alcohol oxidation.16 

Later, Stahl and co-workers found that the rate of the oxidation reaction could be increased 

when the CuII-catalyst is replaced with a CuI-catalyst.36, 39 In 2011, they reported a catalyst 

system that involves the coordination of a bpy ligand with copper(I)triflate (CuOTf), in 

combination with TEMPO· as co-catalyst and NMI as base, under ambient air  

(Scheme 2.8).2, 4 This catalyst system was highly efficient in the oxidation of benzylic, allylic 

and other activated alcohols, whereas aliphatic alcohols were found to oxidise more  

slowly.40-41 The oxidation of aliphatic alcohols was hindered by the higher pKa value of the 

hydroxyl group, in comparison to the lower pKa value of benzylic alcohols, which resulted in 

longer reaction times required for aliphatic alcohols than those for benzylic alcohols.4 

 

Scheme 2.8:  A (bpy)CuOTf/TEMPO·/NMI catalyst system in MeCN under ambient air for the aerobic 

alcohol oxidation.2 
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More recently, in 2016, Wang et al. proposed a CuI/bpy-TEMPO·/NMI catalyst system that 

could be used for the oxidation of both primary and secondary alcohols, obtaining high yields 

of carbonyl products.35 Previous studies showed selectivity for primary alcohols over 

secondary alcohols, due to the bulky structure and steric effects of TEMPO·.1-2, 10, 16, 31 

Therefore, Stahl and co-workers replaced TEMPO· with a sterically smaller co-catalyst,  

9-azabicyclo[3.3.1]nonane-N-oxyl (ABNO), for successful oxidation of both primary and 

secondary alcohols.40 However, Wang et al. rather increased the steric effect of the reaction 

by introducing a bifunctional ligand in their catalyst system (Scheme 2.9).35 This bifunctional 

ligand consists of a metal-binding site (bpy) and a stable radical (TEMPO·) that allow them to 

oxidise a variety of primary alcohols, obtaining high yields of carbonyl products. However, their 

catalyst system failed to oxidise a broad range of secondary alcohol substrates. 

 

Scheme 2.9:  Schematic presentation of the bpy-TEMPO·-based bifunctional ligand. Adapted from 

Wang et al.35 

In conclusion, a number of different Cu/TEMPO· catalyst systems have been reported for the 

oxidation of alcohols. However, the mechanistic pathway by which these catalyst systems 

mediate the oxidation of alcohols is not yet completely understood.13 The next section will 

detail the mechanistic understanding that has been established for Cu/TEMPO· catalysed 

alcohol oxidation. 

2.3 Mechanistic aspects 

Different, partially contradicting mechanistic pathways were previously proposed, which 

involve the formation of TEMPO+, TEMPO-H or TEMPO· as the reactive intermediate  

(Table 2.3). These pathways include experimental evidence for the postulated intermediates 

and reaction steps during alcohol oxidation. 
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Table 2.3:  A summary of the different mechanistic pathways for the aerobic alcohol oxidation. The 

Cu-precursor as well as the reactive intermediate for each pathway is indicated. 

Pathway Cu-precursor TEMPO+ TEMPO· TEMPO-H GOase 
mimic 

Oxoammonium1 CuCl X   X 

CuII-TEMPO-H10 CuBr2   X X 

CuII-binuclear4, 16 Cu(OTf)2/CuOTf   X  

CuII-monomer42 CuOTf  X  X 

2.3.1 Oxoammonium cation (TEMPO+) mechanistic pathway 

Initially, it was believed that the Cu/TEMPO· catalyst systems proceed via the TEMPO+ 

mechanistic pathway, which was the first reported catalyst system capable of mimicking the 

active site of GOase (Scheme 2.10).1 Semmelhack et al. proposed the TEMPO+-mediated 

mechanistic pathway in which CuII oxidises TEMPO· to TEMPO+ and then to TEMPO-H. 

TEMPO+ serves as the reactive intermediate in the oxidation reactions.1 

 

Scheme 2.10:  Semmelhack’s proposed oxoammonium cation (TEMPO+) mechanistic pathway where 

the CuII-precursor is used in the oxidation of TEMPO· to TEMPO+.1 

Sheldon and Arends suggested that TEMPO· has a significant inhibitory effect on the aerobic 

alcohol oxidation reactions, but the corresponding TEMPO+ could be used as a relatively 

strong oxidant.21 Initially, they generated TEMPO+ in situ through the addition of single 

oxidants, such as sodium hypochlorite43 or m-chloroperbenzoic acid (m-CPBA).44 However, 

TEMPO+ could also be generated from TEMPO·, in a separate reaction, after which it was 

added to the oxidation reaction.45 

The detailed mechanistic pathway consists of four equations (Scheme 2.11):1 CuII oxidises 

TEMPO· to TEMPO+ through a one-electron oxidation (Equation 1).1, 21 TEMPO+ then serves 

as the mediator during the oxidation reaction after which the alcohol substrate is oxidised to 

afford the corresponding aldehyde and TEMPO-H as products (Equation 2).1, 46 In addition, 
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TEMPO+ is also used in the rapid oxidation of TEMPO-H to TEMPO· in the presence of O2, 

while the active CuII catalyst is regenerated (Equations 3 and 4).47 Therefore, TEMPO· acts 

as a hydrogen transfer mediator during the deprotonation of the alcohol substrate. As a result, 

the net reaction involves the oxidation of an alcohol substrate in the presence of O2 to afford 

the corresponding aldehyde and water as products (Equation 5).1, 46 The addition of a base 

is not required as there is no net formation of an acid during the oxidation of alcohols.48 

 

Scheme 2.11:  The oxoammonium cation mechanistic pathway which involves the oxidation of 

TEMPO· to TEMPO+ (reactive intermediate) and then to TEMPO-H during alcohol 

oxidation. Adapted from Semmelhack et al.1 

Bailey and Bobbit12 used density functional theory (DFT) calculations for the development of 

another mechanistic pathway, similar to the one of Semmelhack et al.1 They proposed the 

formation of pre-oxidation complexes during the coordination of alkoxide species and 

TEMPO+, via the attack of the alkoxide species on the N- or O-atom of TEMPO+. The most 

stable pre-oxidation intermediate is found when the nitrogen atom of TEMPO+ is attacked at 

the equatorial site.1, 12 In addition, the equilibrium constants for the formation of the  

pre-oxidation complexes decreased with an increase in the steric bulk of the alkoxide 

species.12 These large differences in the stability of the complex were proposed as a possible 

explanation for the successful oxidation of primary alcohols, rather than secondary alcohols. 

However, Stahl and his co-workers used electron paramagnetic resonance (EPR) 

measurements and cyclic voltammetry (CV) to indicate the lack of reactivity between the  
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CuII-catalyst and TEMPO·.4 Furthermore, their kinetic studies indicated that TEMPO+ is not 

the reactive intermediate, as proposed by the groups of Semmelhack and Bailey.4 This was 

confirmed through the use of in situ infrared (IR) spectroscopy to monitor the alcohol oxidation 

reactions. They found that the TEMPO+-mediated alcohol oxidation reactions proceed more 

slowly than the catalytic reactions, where TEMPO· was used. Therefore, TEMPO+ is not 

kinetically competent to act as the reactive intermediate during alcohol oxidations under their 

catalytic conditions.4 

In addition, Sheldon et al. used Hammett correlation studies to determine a ρ-value of -0.16 

for Cu/TEMPO· oxidation reactions,10 which differs from the ρ-value observed in the 

stoichiometric oxidation reaction where TEMPO+ was used (ρ ~ -0.3).49 These low ρ-values 

suggest that the TEMPO+-mediated mechanistic pathway, by the oxidation of the α-C-H bond, 

may be excluded. In conclusion, these results led to the development of other mechanistic 

pathways for the aerobic alcohol oxidation where either TEMPO-H or TEMPO· is implicated 

as the reactive intermediate, rather than TEMPO+.4, 10, 16, 42, 50 

2.3.2 CuII-TEMPO-H mechanistic pathway 

The catalyst system, as reported by Semmelhack et al., could be used for the oxidation of 

benzylic and allylic alcohols.10 However, the oxidation of aliphatic alcohols was unsuccessful, 

which is inconsistent with their TEMPO+-based mechanistic pathway, because TEMPO+ is 

known for the efficient oxidation of a variety of aliphatic alcohols. As a result, Sheldon et al. 

investigated the possibilities of an alternative mechanistic pathway being operative. 

The Ru-TEMPO· catalyst system for alcohol oxidation, as proposed by Sheldon et al., did not 

involve the TEMPO+-based mechanistic pathway,8 but rather Ru-centred oxidative 

dehydrogenation of the alcohol substrate. This alternative hydridometal mechanistic pathway 

is based on the results of stoichiometric oxidations with TEMPO·, kinetic isotope effect and 

Hammett correlation studies.10 Furthermore, the mechanistic pathway involves the oxidative 

dehydrogenation of the alcohol substrate to afford Ru-hydride species and the reduction of 

these species, facilitated by TEMPO·.8, 10 

The rationale behind the Ru/TEMPO· catalyst system led to the development of a  

Cu-centred mechanistic pathway for the catalyst system (Scheme 2.12).10 This alternative 

mechanistic pathway involves two half-reactions: firstly, the CuI/TEMPO-H catalyst is oxidised 

by O2 and secondly, the oxidation of the alcohol substrate that is mediated by CuII and 

TEMPO-H.4 
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Scheme 2.12:  A summarised version of the Cu-centred mechanistic pathway for the Cu/TEMPO· 

catalyst system for aerobic oxidation of alcohols. Adapted from Sheldon et al.10 

A detailed version of the mechanistic pathway involves the coordination of bpy to CuII to afford 

the (bpy)Cu intermediate, I (Scheme 2.13). The alcohol substrate is then deprotonated to 

afford the alkoxide species, as confirmed by kinetic isotope effect (KIE) and Hammett 

correlation studies.10 The value of the primary KIE for the oxidation of  

α-deutero-p-methylbenzyl alcohol was determined to be 5.42 at 25 °C, for the C-H bond 

cleavage step.10 This value is lower than the KIE value of aliphatic alcohols, where the C-H 

bond cleavage step is rate-determining, which influences the oxidation reaction. The KIE for 

the α-deutero-p-methylbenzyl alcohol correlates with those observed for other metal-centred 

hydrogen abstractions, including GOase and the biomimetric Cu-complex as proposed by 

Stack and co-workers.51 

The alkoxide species coordinates to the (bpy)Cu intermediate, I, to afford the  

(bpy)Cu-alkoxide intermediate, II. TEMPO· then also coordinates, in a η2 manner, to the 

(bpy)Cu-alkoxide intermediate, II, to afford the (bpy)Cu-TEMPO·-alkoxide intermediate,  

III.10, 24 The formation of these intermediates are confirmed by single crystal X-ray diffraction 

studies.52-53 The role of TEMPO· is still unclear, but Sheldon et al. suggested that it might act 

as a hydrogen acceptor23 for the abstraction of the β-hydrogen of the alcohol to afford a ketyl 

radical intermediate, IV. Intramolecular one-electron transfer from the radical intermediate, IV, 

to CuII affords CuI-species, V, the corresponding aldehyde and TEMPO-H.10, 24 

In addition, TEMPO· is used to reduce CuI to CuII, in the presence of molecular O2.24, 31, 54 This 

observation is supported by ultraviolet-visible (UV-vis) studies, which showed an absorption 

maximum at 670 nm, consistent with the formation of a CuII-TEMPO· intermediate.10 During 

the protonation of the intermediate, IV, unstable TEMPO-H is formed, which is rapidly oxidised 

to TEMPO· in the presence of O2.8 However, this observation differs from the findings of 

Neumann et al. where they postulated that the oxidation of TEMPO-H to TEMPO· was the 

rate-determining step for reactions catalysed by TEMPO· and catalytic amounts of 

polyoxometalate (H5PV2Mo10O40) as co-catalysts.55 
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Scheme 2.13:  The proposed Cu-mediated mechanistic pathway for the (bpy)CuBr2/TEMPO·/KOtBu 

catalyst system for the aerobic alcohol oxidation. Adapted from Sheldon et al.10 

As a result, the difference in their observations could be explained on the basis of the  

pH-dependence of the oxidation reaction.10 At basic pH, the oxidation of TEMPO-H to TEMPO· 

is rapid, while at acidic pH, the oxidation step is relatively slow and rate-determining. In 

addition, the oxidation of TEMPO-H result in the formation of H2O2, but Sheldon et al. did not 

observe any H2O2 formation. This is because it decomposes soon after it is formed, 

presumably as a result of Cu-catalysed decomposition.10 

Geißlmeir et al. previously indicated the importance of water in the oxidation reaction.31 

However, in more recent years, Stahl and co-workers highlighted the negative effect of water 

in the catalyst system for the oxidation of alcohols.4 The presence of water in the solvent 

system is responsible for the formation of CuII-hydroxo intermediates in combination with the 

bpy ligand, which has been previously reported by Wagner-Jauregg et al.56 The formation of 

these CuII-hydroxo intermediates resulted in the catalyst system’s inability to effectively oxidise 

primary alcohols to their corresponding carbonyl products.36 In contrast, the oxidation of 

benzylic and allylic alcohols is possible, because they are able to stabilise the ketyl radical 

intermediate, IV. In conclusion, although Geißlmeir et al. changed the catalyst system as 
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proposed by Sheldon et al., their observations still supported the Cu-centred mechanistic 

pathway.31 

2.3.3 CuII-dimeric species-based mechanistic pathway 

The above-mentioned mechanistic pathways were evaluated by the groups of Koskinen and 

Stahl to improve our understanding of the mechanistic pathway for the aerobic oxidation of 

alcohols.4, 16 As a result, they developed an alternative mechanistic pathway which involves 

the oxidation of TEMPO· to TEMPO-H and the formation of CuII-dimeric species. They 

excluded the use of water as a co-solvent for MeCN, because they found that the presence of 

water is responsible for decreased oxidation rates.4, 16 While both groups used NMI as base, 

Koskinen et al. also used DBU as a base in the oxidation reaction, which led to a small 

increase in the oxidation rate.16 However, their alternative mechanistic pathway is not in 

agreement with GOase mimicry, because it rather mimics the mode of activity of tyrosinase 

enzymes.16 

Koskinen et al. used a CuII-salt, which is reduced to a CuI-complex, during the oxidation 

reaction and they found that by changing the counter-ion of the CuII-catalyst, they could oxidise 

a wide variety of alcohol substrates.16 Furthermore, the beneficial effect of non-coordinating 

anions within the CuII-based catalyst systems has been noted by the groups of Sheldon24 and 

Koskinen.16 However, the initial oxidation state of the Cu-catalyst has the most significant 

impact on the reaction efficiency. It became clear that the rate and the reactivity of the reaction 

increased when the CuII-catalyst was replaced by a CuI-catalyst in the alcohol oxidation.2 

The simplified version of their proposed TEMPO·-based mechanistic pathway consists of two 

key steps (Scheme 2.14): Step 1: Catalyst oxidation – CuI enters the catalytic cycle and 

coordinates with bpy and NMI to afford a CuI-intermediate, (bpy)(NMI)CuI, which is oxidised 

to the CuII-hydroxide species, (bpy)(NMI)CuII-OH, in the presence of O2.4 This is accompanied 

by the oxidation of TEMPO-H to TEMPO·. Step 2: Substrate oxidation – CuII-hydroxide species 

and TEMPO· mediate the oxidation of the alcohol substrate to the corresponding aldehyde.4 

Kinetic studies were employed to confirm the proposed mechanistic pathway where both 

aromatic and aliphatic alcohols exhibited similar kinetic dependencies on [Cu] and [O2]. The 

observed mixed second-order/first-order dependence on [Cu] and first-order dependence on 

[O2] was used to confirm the reaction between biomimetic N-chelated CuI-intermediates and 

O2.6, 34, 57 These data are consistent with the oxidation of CuI to CuII under O2, followed by a 

reaction with another CuI-centre to afford peroxo-bridged binuclear CuII-dimeric species.4 The 
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formation of these CuII-dimeric species is supported by the fitting of their initial rate kinetic data 

against the concentration of catalyst to the rate equation: c1[Cu]/(c2+c3[Cu]).4 

 

Scheme 2.14:  A simplified version of the mechanistic pathway for the (bpy)CuI/TEMPO·/NMI catalyst 

system for aerobic alcohol oxidation. Adapted from Stahl and co-workers.4 

UV-vis and EPR spectroscopic studies were used to monitor the concentration of CuI, CuII and 

TEMPO· species during the oxidation of both aromatic and aliphatic alcohols. The EPR 

measurements were conducted on quenched frozen samples, and not in operando.4 For 

aromatic alcohols, the copper species was predominantly CuI with only a minor decrease in 

[CuI] observed early in the reaction and a rapid decrease in [CuI] later in the reaction to indicate 

complete conversion of the alcohol.4, 36 After complete conversion, EPR measurements 

showed that 70 % of the Cu-catalyst was present as CuII, while only CuII species was observed 

with UV-vis spectroscopic studies.4, 36 A possible reason could be the formation of EPR-silent 

CuII species, such as hydroxo-bridged binuclear CuII-dimeric species, during the oxidation 

reaction (Scheme 2.15). The formation of the dimeric species was confirmed by single crystal 

X-ray diffraction analysis.36 

Furthermore, [TEMPO·] remains low throughout alcohol oxidation (17 to 32 %).4 However, for 

aliphatic alcohols, CuI evolves gradually into CuII throughout the oxidation reaction, as 

confirmed by UV-vis and EPR spectroscopic studies. In addition, [TEMPO·] is relatively high 

throughout the oxidation of aliphatic alcohols (70 %). 
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Scheme 2.15:  The formation of hydroxo-bridged binuclear CuII-dimeric species during the aerobic 

alcohol oxidation reaction, as proposed by the groups of Koskinen and Stahl.4, 16 

As a result, Stahl and co-workers suggested that the identity of the alcohol substrate 

determines the catalyst resting state for the oxidation reaction.4 For aromatic alcohols, the 

majority of catalysts are present as CuI and therefore, catalyst oxidation is the rate-limiting 

step (Scheme 2.14, step 1). While, for aliphatic alcohols, both CuI and CuII are present in 

varying ratios during the oxidation reaction and therefore, both the catalyst and substrate 

oxidation steps contribute to the rate-limiting step (Scheme 2.14, steps 1 and 2).4 

The more detailed version of the mechanistic pathway proposed by the groups of Koskinen 

and Stahl involves the coordination of bpy and NMI to CuI to stabilise the (bpy)(NMI)CuI 

intermediate, VI, which is then oxidised to (bpy)(NMI)CuIIO2·ˉ, VII, under O2  

(Scheme 2.16).4, 36, 39 These (bpy)(NMI)CuIIO2·ˉ intermediates, VII, coordinate with a second 

(bpy)(NMI)CuI intermediate to afford peroxo-bridged binuclear CuII-dimeric species, VIII.4, 16 

However, Koskinen et al. proposed that the alkoxide species coordinates with the 

(bpy)(NMI)CuI intermediate, VI, after which it is oxidised by dioxygen to afford the  

CuII-dimeric species, VIII.16, 58 

The presence of NMI is important to coordinate with CuI during the oxidation reaction as it 

could hinder the formation and/or facilitate the dissociation of the intermediate when no NMI 

base is present.36 TEMPO-H is oxidised to TEMPO· through H-atom transfer by the  

CuII-dimeric species, VIII, to afford (bpy)(NMI)CuII-OOH intermediates, IX, as well as 

(bpy)(NMI)CuII-OH intermediates, X.4 EPR measurements were used to determine that the 

(bpy)(NMI)CuII-OH intermediate, X, was the catalyst resting state.4 However, Iron et al. 

suggested that it is only a theoretical resting state and it would not be present during the 

oxidation reaction.50 

Stahl and co-workers found that TEMPO-H is not required during the oxidation of CuI to CuII; 

however, it appears to be required for kinetically competent reaction rates.4 In addition, when 

no TEMPO-H is present initially, the reaction between the alcohol substrate and the  

CuII-dimeric species is proposed to afford CuII-OOH and CuII-OCH2R intermediates,4 but no 

sufficient evidence to support the formation of these intermediates, exists.42 A further reaction 
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between the (bpy)(NMI)CuII-OOH intermediate, IX, and H2O or the alcohol substrate leads to 

the formation of the (bpy)(NMI)CuII-OH, X, or (bpy)(NMI)CuII-OCH2R, XI, intermediates and 

H2O2. Hydrogen peroxide is known to rapidly disproportionate to H2O and O2, which accounts 

for the observed 2:1 alcohol:O2 stoichiometry of the overall reaction.4 

 

Scheme 2.16:  The proposed mechanistic pathway for the (bpy)CuI/TEMPO·/NMI catalyst system. 

Adapted from the groups of Koskinen and Stahl.4, 16 

Alcohol substrates are oxidised by (bpy)(NMI)CuII-OH intermediates, X, to afford 

(bpy)(NMI)CuII-OCH2R intermediates, XI, via a pre-equilibrium step.2, 16 The pre-equilibrium 

step is followed by H-atom abstraction by TEMPO· to afford the aldehyde and TEMPO-H.4, 50 

In addition, the reduction of CuII to CuI occurs through a two-electron/one-proton reaction.4 

Kinetic studies showed saturation dependence on [aliphatic alcohols] and first-order 

dependence on [TEMPO·], which supported this stepwise reaction.4 Therefore, this confirms 

the bimolecular reaction between TEMPO· and (bpy)(NMI)CuII-OCH2R, XI.4 

Deuterium kinetic isotope studies revealed large KIE values for the C-H cleavage step for both 

aromatic and aliphatic alcohols (KIE = 6.06 and 10.9 respectively).4, 40 These results clearly 
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indicated that the C-H cleavage step is not the turnover limiting step for aromatic alcohols. 

However, for aliphatic alcohols, it contributes to the turnover rate. This was rationalised on the 

basis of the weaker α-C-H bonds and therefore the resultant rapid C-H cleavage for activated 

and aromatic alcohols.4 Therefore, the mechanistic pathway, by the groups of Koskinen and 

Stahl, provides evidence for previous challenges during the oxidation of aliphatic alcohols. 

A pKa value of ~2 units higher for the O-H bond of aliphatic alcohols, than for aromatic 

alcohols,59-60 hinders the formation of (bpy)(NMI)CuII-OCH2R intermediates, XI,  

(Scheme 2.16), which results in lower oxidation rates.4 Consequently, the mechanistic 

pathway by Koskinen and Stahl and their co-workers involves a two-electron oxidation reaction 

and a reaction of two Cu-centres with O2, which do not resemble a GOase mimic.7-8 As a 

result, their mechanistic pathway rather mimics tyrosinase-like CuII-dimeric species.4 

However, in 2014, Stahl and co-workers used DFT computational methods to indicate the 

resemblance between the six-membered transition state for the H-atom transfer step and the 

transition state for Oppenauer oxidation of alcohols mediated by aluminium isopropoxide 

(Al(iOPr)3, Scheme 2.17).41  

 

Scheme 2.17:  The structural similarities between the transition states for the H-atom transfer in the 

alcohol oxidation in Cu/TEMPO· and Oppenauer oxidation methods. Adapted from 

Stahl and co-workers.41 

They specifically focused their studies on the (bpy)(NMI)CuII-OH intermediate, X, and not the 

CuII-dimeric species, VIII, which is formed during the oxidation reaction (Scheme 2.16).41 This 

observation is in contrast with the GOase mimics and also the previously suggested tyrosinase 

mimic. Even though the transition states are structurally similar, the Cu/TEMPO·-mediated 

alcohol oxidation features a thermodynamic driving force associated with the reduction of CuII 

and TEMPO· to CuI and TEMPO-H, respectively.41 

Iron et al. also investigated the possibility for the H-atom transfer to proceed via a  

six-membered ring, five-membered ring or an intermolecular H-atom transfer step  

(Scheme 2.18).50 In further DFT computational studies, they focused on the six-membered 
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transition state to investigate their mechanistic pathway for aerobic alcohol oxidation. As a 

result, their mechanistic pathway50 is similar to the one proposed by Stahl and co-workers.4 

 

Scheme 2.18:  The different transition states for the H-atom abstraction during the oxidation step.  

(9) Six-membered ring, (10) five-membered ring, (11) intermolecular hydrogen transfer. 

Adapted from Iron et al.50 

They suggested that the overall mechanistic pathway involves two possible steps for the  

H-atom abstraction from the alcohol substrate, using TEMPO·. The first step involves the 

coordination of the H-atom to the O-atom of TEMPO· to afford TEMPO-H, while the second 

step involves the coordination of the H-atom to the N-atom of TEMPO· to afford  

TEMPO-NH-O.50 Iron et al. also proposed that both TEMPO-H and TEMPO-NH-O would 

remain coordinated to the Cu-centre throughout the oxidation reaction.50 However, their 

observations are in contrast with the UV-vis spectroscopic studies by Brückner and  

co-workers. They rather found fluctuations in the intensity of the TEMPO· signal and therefore 

confirmed the continuous coordination and dissociation of TEMPO· to the Cu-centre.42 

2.3.4 (bpy)(NMI)CuII-O2·ˉ-TEMPO·-based mechanistic pathway 

Stahl and co-workers developed the most efficient catalyst system4, 36, 39, 41 with the use of 

thorough mechanistic and kinetic studies, including in situ attenuated total reflection infrared 

(ATR-IR) and UV-vis spectroscopic studies, as well as EPR measurements of quenched 

frozen samples.4 More recently, Brückner and co-workers further improved our understanding 

of the mechanistic pathway through the development of the  

(bpy)(NMI)CuII-O2·ˉ-TEMPO·-based mechanistic pathway.42 They suggested alternative roles 

for TEMPO· and NMI, compared to those suggested by Stahl and co-workers. In addition, their 

mechanistic findings42 for the aerobic oxidation of alcohols contrasted those of Stahl and  

co-workers.36 

Previously, it was believed that TEMPO· was used for a one-electron oxidation of CuI to afford 

CuII-species.4, 10, 16 However, the groups of Brückner and Wang used in operando EPR 

measurements and UV-vis spectroscopic studies, respectively, to confirm that there is no 

direct redox reaction between TEMPO· and the CuI/CuII-catalyst.35, 42 Furthermore, based on 
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their experimental data, the role of TEMPO· was identified to be for the fixation and activation 

of O2 via the formation of weakly coordinating TEMPO·-O2·ˉ intermediates.42 In addition, 

TEMPO· is also used in the stabilisation of the (bpy)(NMI)CuII-O2·ˉ intermediate, which is 

formed by the electron transfer from the CuI-catalyst to molecular O2. 

Stahl and co-workers proposed the formation of a Cu2O2-dimeric species,4 which is 

inconsistent with the coupled operando studies, performed by Brückner and co-workers.42 This 

observation is explained on the basis that the expected CuII-dimeric species would be  

EPR-silent. Instead, Brückner and co-workers found an increase in the CuII EPR signal during 

the reaction, which is a result of the possible formation of off-cycle CuII-dimeric species (such 

as hydroxo-bridged CuII-dimers).42 Stahl and co-workers also proposed the reaction between 

the alcohol substrate and CuII-dimeric species, in the absence of TEMPO-H.4 However, no 

sufficient evidence to support the formation of the resulting CuII-OOH and CuII-OCH2R 

intermediates, exists.42 

Brückner and co-workers also found that the oxidation of both aromatic and aliphatic alcohols 

showed similar spectral features. However, for aliphatic alcohols, the rate of aldehyde 

formation and the rates of CuI/CuII conversion were much slower.42 As a result, the mechanistic 

pathway, as proposed by Brückner and co-workers,42 slightly differs from the one that was 

proposed by Stahl and co-workers.4 This alternative mechanistic pathway is also supported 

by their experimental findings and the investigation reported by Wang et al.35 

The detailed version of the mechanistic pathway involves the coordination of bpy to CuI, as 

well as the dissociation of MeCN during the initial step of alcohol oxidation (Scheme 2.19).42 

This was confirmed by EPR measurements and UV-vis spectroscopic studies. Upon 

introducing O2 into the solution, the intensity of the initial bands decreased and shifted slightly. 

This was rationalised as a dipolar interaction between the (bpy)CuI intermediate and O2 rather 

than the oxidation of (bpy)CuI to tentative EPR-silent (bpy)CuII-O2·ˉ monomeric or  

(bpy)CuII-O2-CuII(bpy) dimeric species as postulated in previous reports.61-62 

Furthermore, UV-vis spectra supported the oxidation of CuI to CuII with the addition of NMI. 

NMI has a bifunctional role in the aerobic alcohol oxidation. Firstly, NMI is used to coordinate 

and stabilise the (bpy)CuI intermediate to afford the (bpy)(NMI)CuI intermediate, XII, which is 

oxidised to (bpy)(NMI)CuIIO2·ˉ, XIII, through a one electron transfer to O2.35, 42, 63 The magnetic 

interaction between the paramagnetic CuII and oxygen radical anion (O2·ˉ) has an influence 

on the EPR measurements, and therefore the (bpy)(NMI)CuIIO2·ˉ intermediate, XIII, might not 

be seen.42 Secondly, NMI was also employed in the deprotonation of the alcohol substrate to 

afford alkoxide species that coordinate to the (bpy)(NMI)CuII-O2·ˉ-TEMPO· intermediate XIV 
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to afford the CuII-alkoxide intermediate, XV.4, 41-42 However, this is in contrast with the 

experimental results of Stahl and co-workers where they suggested that TEMPO· is used for 

the deprotonation step, while NMI is not of importance during the oxidation reaction.4 

 

Scheme 2.19:  The proposed mechanistic pathway for the (bpy)CuI/TEMPO·/NMI catalyst system. 

Adapted from Brückner and co-workers.42 

Brückner and co-workers suggested that further reactions such as H-atom abstraction might 

take place, in the absence of TEMPO·, to stabilise the (bpy)(NMI)CuIIO2·ˉ intermediate, XIII.42 

The stabilisation lead to the formation of a tentative EPR-active (bpy)(NMI)CuII-OOH 

intermediate and a possible increase in the EPR signal. However, in the presence of TEMPO·, 

the (bpy)(NMI)CuIIO2·ˉ intermediate, XIII, is stabilised to afford the  

(bpy)(NMI)CuII-O2·ˉ-TEMPO· intermediate, XIV. The formation of the intermediate, XIV, is 

confirmed by line broadening and a loss in the intensity of the EPR signal in the presence of 

O2.42 As a result, their observation differs from the formation of the peroxo-CuII-dimeric species 

(Scheme 2.16, VIII), as proposed by the groups of Koskinen and Stahl.4, 16 
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In the next step the alcohol substrate is deprotonated to afford the CuII-alkoxide intermediate, 

XV, which lead to the formation of the corresponding aldehyde, TEMPO· and the accumulation 

of the (bpy)(NMI)CuII intermediate, XII.42 However, when more alcohol substrate is added, the 

aldehyde formation continues, as indicated by an increase in the νC=O absorption band. These 

results are in contrast with previous mechanistic pathways, where they suggest the reaction 

of TEMPO· with the (bpy)(NMI)CuII-alkoxide intermediate to afford TEMPO-H, the 

corresponding aldehyde and (bpy)(NMI)CuI.4, 16, 36 If this is true, the EPR measurements for 

TEMPO· and CuII should decrease after the addition of more alcohol substrate, because CuI 

and TEMPO-H are EPR-silent species, but Brückner and co-workers observed the opposite.42 

Lastly, CuII is reduced to CuI to afford the (bpy)(NMI)CuI-OOH intermediate, XVI, after which 

H2O2 is released, during the reaction of H+-NMI with XVI. H2O2 rapidly disproportionates to 

H2O and O2.4, 42 This is supported by EPR measurements where the TEMPO· signal narrowed 

and the intensity increased after the addition of the alcohol substrate, thereby indicating the 

dissociation of the TEMPO·-O2·ˉ adduct.42 In addition, fluctuations in the intensity of the EPR 

signal for TEMPO·, confirmed the formation and decomposition of these TEMPO·-O2·ˉ 

intermediates. In previous studies they performed EPR measurements on quenched samples 

during the oxidation reaction and, as a result, the fluctuations in the TEMPO· signal were not 

observed.4 

2.4 Summary 

Different Cu/TEMPO· catalyst systems, with selectivity for primary over secondary alcohols, 

have been reported, but there is a growing demand to develop an optimal catalyst system for 

the oxidation of both primary and secondary alcohols. Furthermore, different mechanistic 

pathways have been proposed for Cu/TEMPO·-based catalyst systems capable of aerobic 

alcohol oxidation. The major changes in the development of a mechanistic pathway are the 

proposed roles of the reaction components, such as the TEMPO· co-catalyst, the NMI base, 

the Cu-catalyst, as well as the formation of either CuII-dimeric or CuII-monomeric intermediates 

during the oxidation reaction. As a result, these previously proposed mechanistic pathways 

are partially contradicting and therefore it is not yet completely understood. Additional 

mechanistic studies are required to reach consensus between the different mechanistic 

pathways. 

In Chapter 3, the synthesis and characterisation of different bis(pyridyl)-N-alkylamine ligands 

for use in the aerobic oxidation of alcohols are reported. In addition, the effect of different 

bis(pyridyl)-N-alkylamine ligands, CuI/CuII-precursors and N-substituted imidazole bases on 

the initial rate of the oxidation reaction is evaluated to optimise our alternative Cu/TEMPO· 
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catalyst system. Lastly, the absence of a TEMPO·-based oxoammonium cation (TEMPO+) as 

the reactive intermediate in our catalyst system is evaluated. 
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3.1 Introduction 

The oxidation of alcohols to aldehydes and ketones is an important organic transformation 

and the products of these reactions are used in the synthesis of fine chemicals.1 However, 

these oxidation methods, encountered several limitations and therefore this led to the growing 

demand to develop a selective and environmentally benign copper-based catalyst systems for 

the oxidation of alcohols.2-3 Studies have shown that these oxidation methods improved 

significantly when a CuI- rather than a CuII-catalyst was used.23 

As a result, these CuI-catalysts, specifically in combination with a radical co-catalyst such as 

TEMPO·, are some of the most effective catalyst systems at ambient temperatures and when 

using molecular O2 or air as the oxidant.1, 4-9 The first CuI/TEMPO· catalyst system was 

reported by Semmelhack et al. in 19845 and a number of similar Cu/TEMPO· catalyst systems 

followed in more recent years, as reviewed in Chapter 2.6-7, 9-10 

Initially, it was believed that these Cu/TEMPO·-catalysed oxidation reactions proceeded via 

the TEMPO·-based oxoammonium cation (TEMPO+) mechanistic pathway.5, 11 In this 

mechanistic scenario, Semmelhack et al. proposed that a CuII-precursor is used to oxidise 

TEMPO· to TEMPO+ to afford CuI during alcohol oxidation.5 TEMPO+ serves as the reactive 

intermediate in these oxidation reactions. However, Stahl and co-workers used a variety of 

spectroscopic and analytical techniques to demonstrate the lack of reactivity between CuII and 

TEMPO· during the oxidation reaction.8 As a result, this led to the proposal of alternative 

mechanistic pathways, implicating TEMPO-H or TEMPO· as reactive intermediates during 

alcohol oxidation, as summarised in Chapter 2.6-8, 12 

Herein, we report the synthesis and characterisation of substituted bis(pyridyl)-N-alkylamine 

ligands. The application of these ligands in combination with nickel and palladium complexes, 

in catalytic ethylene oligomerisation, has recently been reported.13-14 These six-membered 

chelate ligands are extremely versatile and therefore we employed them in the aerobic 

oxidation of alcohols. As a result, our study involves the optimisation of an alternative 

bis(pyridyl)-N-alkylamine/CuI/TEMPO·/base catalyst system through the evaluation of 

different bis(pyridyl)-N-alkylamine ligands, CuI/CuII-precursors and N-substituted imidazole 

bases in the aerobic oxidation of 1-octanol to 1-octanal, under previously reported conditions. 

Lastly, the reactive intermediate for the oxidation reaction is investigated through the 

evaluation of the TEMPO+-based mechanistic pathway on our catalyst system.  
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3.2 Results and discussion 

3.2.1 Synthesis of bis(pyridyl)-N-alkylamine ligands 

The six-membered chelate bis(pyridyl)-N-alkylamine ligands, with the general formula of  

(2-C5H3NR)2NR′, (L1): R = H, R′ = Me; (L2): R = H, R′ = benzyl; (L3): R = H,  

R′ = methylcyclohexyl; (L4): R = H, R′ = neopentyl; and (L5): R = Me, R′ = Me, were 

synthesised by employing a modified method,14 which involved base-mediated N-alkylation 

(Figure 3.1). Column chromatography was used to isolate the ligands as yellow oils  

(L1, L3-5), while L2 was recrystallised in hexane to obtain the product as a yellow solid. 

 

Figure 3.1: Synthesis of the six-membered chelate bis(pyridyl)-N-alkylamine ligands. 

These ligands were soluble in most organic solvents and were characterised by FT-IR  

(Figures S2-S6 in the Supporting Information), 1H NMR (L1-5, Figures 3.2 and  

S7-S10 in the Supporting Information) as well as 13C {1H} NMR spectroscopic techniques  

(L3, Figure 3.3). The FT-IR spectra showed the presence of νC=N absorption bands, observed 

in the range of 1574 to 1612 cm-1 and 1552 to 1596 cm-1. The position and intensity of the 

imine absorption bands were consistent with previously reported IR spectral data.14 

The 1H NMR spectra highlight the downfield position of the pyridine imine resonance for the 

different bis(pyridyl)-N-alkylamine ligands. In addition, the methylene protons (CH2) of ligands 

L2-4 are observed in the range of δ 4.04 to δ 5.43. Furthermore, the 13C {1H} NMR spectra 

confirm that the bridgehead N-atom has been substituted, because the methylene carbon 

(CH2) appears in the range of δ 37.8 to δ 61.6, while the methyl and ortho methyl groups 

appear at δ 37.8 and δ 24.1, respectively (ligands L1 and L5). Spectral features are consistent 

with those reported previously.14 
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Figure 3.2: 1H NMR (600 MHz, 293.7 K, CDCl3) spectrum of Ligand L3. 

 

Figure 3.3: 13C {1H} NMR (150 MHz, 293.7 K, CDCl3) spectrum of Ligand L3. 

CH2 

Pyridine imine 

CH2 
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3.2.2 Optimisation of the (L)CuI/TEMPO·/NMI catalyst system 

The bis(pyridyl)-N-alkylamine ligands (L1-L5), bearing different substituents on the 

bridgehead N-atom (Figure 3.1), were evaluated in the aerobic oxidation of 1-octanol to  

1-octanal as model reaction under previously reported reaction conditions (Scheme 3.1).9 

 

Scheme 3.1:  The reaction conditions for the model oxidation reaction of 1-octanol, using the 

bis(pyridyl)-N-alkylamine/Cu/TEMPO·/NMI catalyst system. 

The following trend in the initial rates was observed: L1 (0.33 mM.min-1) > L3 (0.29 mM.min-1) 

> L2 (0.27 mM.min-1) > L4 (0.22 mM.min-1) > L5 (0.15 mM.min-1) (Table 3.1, entries 1-5 and 

Figure S1 in the Supporting Information). These six-membered chelate ligands are puckered 

out of the plane of the metal coordination sphere during coordination to a metal centre. 

Therefore, this puckering might lead to a more sterically accessible metal centre for the 

aerobic oxidation reaction. No over-oxidation to the corresponding carboxylic acid was 

observed for the oxidation of 1-octanol. 

Table 3.1:  Evaluation of the effect of different bis(pyridyl)-N-alkylamine ligands on the aerobic alcohol 

oxidation of 1-octanol to 1-octanal.a 

Entry Ligand Cu-precursorb Time (h) kinitial (mM.min-1) GC Yield (%)c 

1 L1 [Cu(MeCN)4]OTf 9 0.3273 87 

2 L2 [Cu(MeCN)4]OTf 9 0.2660 75 

3 L3 [Cu(MeCN)4]OTf 9 0.2941 100 

4 L4 [Cu(MeCN)4]OTf 9 0.2209 87 

5 L5 [Cu(MeCN)4]OTf 9 0.1533 64 

6 bpy [Cu(MeCN)4]OTf - 1.0365 n.d.d 

a alcohol (1.0 mmol, 0.2 M in MeCN), Cu(MeCN)4OTf (5 mol %, 0.01 M in MeCN), L (5 mol %, 0.01 M 

in acetonitrile (MeCN)), TEMPO· (5 mol %, 0.01 M in MeCN), N-methylimidazole (NMI) (10 mol %,  

0.02 M in MeCN), 30 °C ± 2 °C. b [Cu(MeCN)4]OTf: Tetrakis(acetonitrile)copper(I)triflate. 

c GC yields for the aldehyde product are determined with the use of a calibration curve (internal 

standard: cyclohexanone). d n.d.: Not determined. 

The observed activity, expressed as initial rate, of the oxidation of 1-octanol to 1-octanal, 

reinforces the negligible effect that the substituents on the bridgehead nitrogen atom had on 

the activity since an increase in the donor ability (L4 vs L1) did not result in an increase in the 
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activity of the ligand.14 In contrast, the substituents in the ortho positions (L5) resulted in a 

clear two-fold decrease in reactivity in comparison with ligand L1. The difference in the 

reactivity may be attributed to the steric and electronic influence imposed by the ortho methyl 

groups, which has the dual effect of hindering the approach of the alcohol en route to forming 

the CuII-alkoxide species and decreasing the electrophilicity of the copper metal centre as a 

result of the electron-donating ability of the methyl substituents.8, 13-14 The observed difference 

in GC yield for L1 and L3 may be attributed differences in the rate of catalyst deactivation due 

to the formation of off-cycle intermediates.12 This is supported by the fact that the unreacted 

starting material and aldehyde product are the only organic materials observed during the 

reaction, while no by-product formation is observed by GC-MS analysis.  

A comparative study of bpy as ligand in our catalyst system generated faster initial rates than 

our bis(pyridyl)-N-alkylamine ligands (Table 3.1, entry 6 and Figure S1 in the Supporting 

Information). A possible reason for these variations is the smaller structure of bpy and the 

higher freedom of movement in the absence of the bridgehead N-atom, compared to our  

six-membered chelate ligands.15 

Despite the lower initial rate for ligand L3, in combination with Cu/TEMPO·, the reaction 

displayed quantitative conversion in nine hours (Table 3.1, entry 3). This is significantly less 

than the reaction time reported by Stahl and co-workers for 1-octanol.9 CuII-complexes ligated 

by bpy and related ligands possess a N-Cu-N bite angle in the range of 79-82 ° in a distorted 

tetrahedral geometry.16-18 In contrast, CuII-complexes bearing alkyl/allyl substituted 

bis(pyridyl)amine ligands possess a larger N-Cu-N bite angle in the range 87-95 °.19-21 This 

has also been observed for analogous NiII and PdII complexes.14 Our results indicate that the 

bite angle constraints clearly overrides the puckering effect of the ligands, resulting in a 

sterically more crowded metal centre and lower initial rates. The fact that full conversion occurs 

in a shorter time than for the benchmark system may be attributed to a reduction in the rate of 

catalyst deactivation. As a result, even though ligand L1 results in the highest rate of reaction, 

L3 displayed the highest conversion to 1-octanal and therefore it was employed in further 

optimisation studies. 

Next, we investigated various CuI- and CuII-precursors in combination with ligand L3 in the 

oxidation of 1-octanol. The use of CuI-precursors containing non-coordinating anions, such as 

triflate, displayed higher activity than the analogues containing coordinating anions such as 

copper bromide (CuBr) and copper chloride (CuCl, Figure 3.4 and Table 3.2, entries 1-3). The 

effect of the nature of the counter-ion had been observed previously by the groups of Sheldon, 

Koskinen and Stahl.7, 9, 22 This was attributed to the approach of the substrate to the metal 
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centre being facilitated by non-coordinating anions that can dissociate faster than their 

coordinating counterparts. 

 

Figure 3.4:  Initial rate data obtained for various CuI-precursors in the aerobic alcohol oxidation of  

1-octanol to 1-octanal. 

When employing CuII-precursors (Table 3.2, entries 4 and 5), no catalytic activity was 

observed. It is clear that the reaction rate improved significantly when a CuI-precursor was 

used rather than a CuII-analogue,23 even though the CuI-precursor is oxidised to CuII during 

the catalytic cycle. As a result, the initial oxidation state of the Cu-catalyst has the most 

significant impact on the efficiency of the reaction. 

Table 3.2: Evaluation of different CuI/CuII-precursors in the aerobic alcohol oxidation.a 

Entry Ligand Cu-precursor Time (h) kinitial (mM.min-1)b Standard 
deviation 

1 L3 [Cu(MeCN)4]OTf 2.5 0.2941 0.0424 

2 L3 CuBr 3.0 0.1773 0.0779 

3 L3 CuCl 3.0 0.1231 0.0221 

4 L3 CuOTf2 2.5 0.0152 0.0533 

5 L3 Cu(OAc)2·2H2O* 2.5 0.0383 0.0157 

a alcohol (1.0 mmol, 0.2 M in MeCN), Cu(MeCN)4OTf (5 mol %, 0.01 M in MeCN), L (5 mol %, 0.01 M 

in MeCN), TEMPO· (5 mol %, 0.01 M in MeCN), NMI (10 mol %, 0.02 M in MeCN), 30 °C ± 2 °C.  

b The oxidation reactions were done in duplicate to determine an average initial rate value. 

* Cu(OAc)2·2H2O: Copper(II) acetate dehydrate 
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Brückner and co-workers have recently reported mechanistic studies of Cu-catalysed alcohol 

oxidation employing simultaneously coupled operando EPR/UV-vis/ATR-IR spectroscopy.12 

Their results showed that CuI activates dioxygen in the presence of TEMPO· via a  

single-electron transfer (SET) process and that this activation is not possible when initiating 

the alcohol oxidation reaction from a CuII-precursor. Our findings therefore reinforce the 

observation that a CuI-precursor should be present during the initial stages of the catalytic 

cycle to activate dioxygen.12 

Next, we evaluated the effect of different N-substituted imidazole bases on the catalytic activity 

by varying their electronic properties to probe the effect of base on the reaction rate in more 

detail (Table 3.3 and Figure 3.5). 

Table 3.3:  Evaluation of the effect of different N-substituted imidazole bases in the aerobic alcohol 

oxidation.a 

Entry Ligand N-substituted 
imidazole base 

Time (h) kinitial (mM.min-1)b Standard 
deviation 

1 L3 N-methylimidazole 2.5 0.2941 0.0420 

2 L3 N-tert-butylimidazole 2.5 0.3663 0.0398 

3 L3 1-acetylimidazole 2.5 0.0434 0.0942 

a alcohol (1.0 mmol, 0.2 M in MeCN), Cu(MeCN)4OTf (5 mol %, 0.01 M in MeCN), L (5 mol %, 0.01 M 

in MeCN), TEMPO· (5 mol %, 0.01 M in MeCN), NMI (10 mol %, 0.02 M in MeCN), 30 °C ± 2 °C.  

b The oxidation reactions were done in duplicate to determine an average initial rate value. 

According to Brückner and co-workers, the base is used in the deprotonation of the alcohol 

substrate to afford the alkoxide species which could coordinate with the monomeric  

CuII-intermediate.12 NMI was used as the standard base in the alcohol oxidation reaction. 

When a base with a more electron-donating ability (therefore, a more active base) was used, 

the initial rate of the oxidation reaction increased (N-tert-butylimidazole vs NMI). However, 

when a base with a more electron-withdrawing ability (therefore, a less active base) was used, 

the initial rate of the reaction decreased (1-acetylimidazole vs NMI). As a result, almost no 

conversion to the corresponding aldehyde was achieved. These results indicate that the 

substituents that enhance the basicity of the N-atom of the imidazole ring lead to faster 

deprotonation and a faster rate of reaction. Consequently, the presence of NMI is important in 

the oxidation of alcohols.12 
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Figure 3.5:  Initial rate data obtained for various N-substituted imidazole bases in the aerobic alcohol 

oxidation of 1-octanol to 1-octanal. 

Lastly, kinetic evidence, similar to the work of Stahl and co-workers,8 showed that TEMPO+ is 

not present in our catalyst system as the reactive intermediate, under synthetically relevant 

conditions (Figure 3.6). 

 

Figure 3.6:  Evaluation of the effect of the oxoammonium salt, [TEMPO]+[OTf]ˉ as the co-catalyst. 

Standard reaction conditions: 0.2 M 1-octanol, 10 mM [(L3)CuI], 0.2 M TEMPO+ or  

10 mM TEMPO·, 20 mM NMI, 5 mL MeCN, 30 ºC ± 2 ºC, air. 
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These results were obtained by comparing the rates for the oxidation of 1-octanol either with 

one equivalent of the oxoammonium salt, TEMPO+OTfˉ,24 or by employing TEMPO· as  

co-catalyst. The initial rate for the TEMPO+-mediated alcohol oxidation (0.1707 mM.min-1) was 

found to be slower than the TEMPO·-mediated reaction (0.2935 mM.min-1), despite the higher 

concentration of TEMPO+OTfˉ (relative to TEMPO·) present in the oxidation reaction  

(Figure 3.6). As a result, TEMPO+ is not implicated as the reactive intermediate in the catalytic 

reaction, as suggested by Semmelhack et al.5 Previous groups also highlight the absence of 

TEMPO+ as reactive intermediate in the oxidation reaction.6-8 

3.3 Conclusions 

We have successfully optimised a practical (L3)CuI/TEMPO·/NMI catalyst system for the 

oxidation of 1-octanol to 1-octanal. This was accomplished by evaluating the nature of different 

bis(pyridyl)-N-alkylamine ligands, CuI/CuII precursors and N-substituted imidazole bases on 

the oxidation reaction. As a result, our optimised catalyst system involves L3, NMI and 

Cu(MeCN)4OTf in combination with TEMPO· under ambient air. In addition, we also 

investigated whether the oxidation proceeded via a TEMPO+-based mechanistic pathway, as 

proposed by Semmelhack et al. Our initial rate experiments indicated that TEMPO+ is not 

implicated as the reactive intermediate in our catalyst system. As a result, Chapter 4 details 

the investigation of other mechanistic pathways that involve either TEMPO-H or TEMPO· as 

the reactive intermediate. This was accomplished through the evaluation of the kinetic 

behaviour of the catalyst system, employing the method of initial rates, as well as monitoring 

the reaction by electrospray ionisation mass spectrometry (ESI-MS). Finally, we sought to 

establish the substrate scope of our alternative Cu/TEMPO· catalyst system by evaluating the 

oxidation of different primary and secondary alcohols. 

3.4 Experimental section 

3.4.1 General considerations 

All commercially available reagents were obtained from Sigma-Aldrich and/or Merck and used 

as received. The bis(pyridyl)-N-alkylamine ligands were prepared by means of previously 

reported literature procedures.14 N-tert-butylimidazole was prepared according to a previously 

reported procedure.25 [TEMPO]+[OTf]ˉ was synthesised from TEMPO· employing a previously 

reported procedure.24 Modified methods were used in the oxidation of 1-octanol to 1-octanal.9 

GC and GC-MS analyses were used to monitor the initial rates of the oxidation reaction, with 

cyclohexanone as internal standard, and to determine the concentration of aldehyde product. 
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The oxidation reactions were done in duplicate to determine an average initial rate value for 

each reaction parameter. 

3.4.2 Synthesis of the bis(pyridyl)-N-alkylamine ligands (L1-L5) 

2,2′-dipyridyl-N-methylamine (L1). To a solution of sodium hydroxide (NaOH, 935 mg, 

14.018 mmol) in dimethyl sulfoxide (DMSO, 10 mL) in a round bottom flask at 40 °C ± 2 °C 

and under a nitrogen atmosphere, the following solutions were added after the slurry solution 

was stirred for an hour: (1) 2,2′-dipyridylamine (1.00 g, 3.504 mmol) in DMSO (5 mL) and  

(2) the reagent, iodomethane (829 mg, 3.504 mmol) in DMSO (5 mL), after the solution was 

stirred for another hour. The reaction mixture was stirred under ambient air, at 40 °C ± 2 °C 

for three days, after which water (50 mL) was used to quench the reaction mixture. Ethyl 

acetate (EtOAc, 3 x 100 mL portions) was used during extraction and the organic layer was 

separated and dried over sodium sulphate (Na2SO4). The solvent was removed in vacuo. The 

orange-brown crude oil was purified by means of column chromatography using 

EtOAc:Hexane (9:1) as eluent with 5 g silica gel to afford the pure product, a yellow oil.  

Yield: 1.007 g, 93 %. FT-IR (ATR, neat, ν): 1580.14 and 1559.67 cm-1 (C=N).  

1H NMR (600 MHz, 293.7 K, CDCl3): δ 8.34 (dd, 2H, 3JH-H 7.64 Hz, HAr); δ 7.53 (m, 2H, HAr);  

δ 7.17 (dt, 2H, 3JH-H 8.43 Hz, HAr); δ 6.85 (m, 2H, HAr); δ 3.62 (s, 3H, CH3). 

2,2′-dipyridyl-N-benzylamine (L2). The abovementioned synthetic procedure for L1 was 

used for the synthesis of L2; however, in the last step, benzyl chloride was used, as reagent, 

instead of iodomethane. The product was extracted from the aqueous layer in two steps:  

(1) with EtOAc (3 x 100 mL portions) and (2) with hexane (3 x 100 mL portions). After each 

step, the organic phase was dried over Na2SO4 and the solvent was removed in vacuo. The 

isolated product was filtered and washed with ice-cold pentane to obtain a bright yellow solid. 

Yield: 732 g, 79.9 %. FT-IR (ATR, neat, ν): 1573.82 and 1552.10 cm-1 (C=N).  

1H NMR (600 MHz, 293.7 K, CDCl3): δ 8.24-8.26 (dd, 2H, 3JH-H 7.52 Hz, HAr); δ 7.42-7.46  

(m, 2H, HAr); δ 7.28-7.32 (br, d, 2H, 3JH-H 7.33 Hz, HAr); δ 7.26-7.27 (m, 2H, HAr); δ 7.17-7.19 

(m, 3H, HAr); δ 6.72-6.79 (dt, 2H, 3JH-H 7.20 Hz, HAr); δ 5.43 (s, 2H, CH2). 

2,2′-dipyridyl-N-methylcyclohexylamine (L3). The abovementioned synthetic procedure for 

L1 was used for the synthesis of L3; however, in the last step, (bromomethyl)cyclohexane was 

used as reagent, instead of iodomethane. Hexane (3 x 100 mL portions) was used during 

extraction and the organic layer was dried over Na2SO4. The solvent was removed in vacuo. 

The product was purified, as a light orange oil, by means of column chromatography, using 

EtOAc:Hexane (1:2) as eluent and 5 g silica gel. Yield: 737 mg, 78.8 %. FT-IR (ATR, neat, ν): 

1580.27 and 1559.78 cm-1 (C=N) (Figure S4 in the Supporting Information).  
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1H NMR (600 MHz, 293.7 K, CDCl3): δ 8.31-8.32 (dd, 2H, 3JH-H 7.84 Hz, HAr); δ 7.48-7.51  

(m, 2H, HAr); δ 7.06-7.07 (dt, 2H, 3JH-H 8.42 Hz, HAr); δ 6.82-6.84 (dt, 2H, 3JH-H 7.38 Hz, HAr);  

δ 4.04-4.05 (d, 2H, 3JH-H 7.54 Hz, CH2); δ 1.79-1.86 (m, 1H, Hcycl); δ 1.65-1.72 (m, 5H, Hcycl); 

δ 1.13-1.16 (m, 3H, Hcycl); δ 0.95-0.99 (m, 2H, Hcycl). 13C {1H} NMR (150 MHz, 293.7 K, CDCl3):  

δ 157.99 (CAr); δ 148.12 (CAr); 136.91 (CAr); δ 116.68 (CAr); δ 114.81 (CAr); δ 54.12 (CH2);  

δ 37.18 (Ccycl); δ 30.92 (Ccycl); δ 26.48 (Ccycl); δ 25.95 (Ccycl) (Figures 3.2 and 3.3). 

2,2′-dipyridyl-N-neopentylamine (L4). The abovementioned synthetic procedure for L1 was 

used for the synthesis of L4; however, in the last step, neopentyl iodide was used as reagent, 

instead of iodomethane. The product was purified, as a colourless oil, by means of column 

chromatography using EtOAc:Hexane (1:4) as eluent and 5 g silica gel.  

Yield: 823 mg, 88%. FT-IR (ATR, neat, ν): 1580.66 and 1558.74 cm-1.  

1H NMR (600 MHz, 293.7 K, CDCl3): δ 8.31-8.33 (dd, 2H, 3JH-H 7.77 Hz, HAr); δ 7.47-7.53  

(m, 2H, HAr); δ 7.02-7.05 (dt, 2H, 3JH-H 8.47 Hz, HAr); δ 6.83-6.85 (dt, 2H, 3JH-H 7.18 Hz, HAr);  

δ 4.19 (s, 2H, CH2); δ 0.88 (s, 9H, CH3). 

Pre-step for L5: Synthesis of 6-methyl-N-(6-methylpyridin-2-yl)-pyridin-2-amine.  

To a stirring solution of 2-amino-6-methylpyridine (345 mg, 3.19 mmol) and  

2-bromo-6-methylpyridine (499 mg, 2.9 mmol) in anhydrous toluene (45 mL), the following 

solutions were rapidly added: (1) tris(di-benzylideneacetone)dipalladium(0) (Pd2(dba)3,  

133 mg, 0.145 mmol), (2) KOtBu (531 mg, 4.73 mmol) and  

(3) [1,1′-bi-naphthalene]-2,2′-diylbis[diphenylphosphine] (rac-BINAP, 68 mg, 0.110 mmol). 

The reaction mixture was stirred at 90 °C ± 2 °C for 15 h, after which ethanol (15 mL) was 

used to quench the reaction mixture. The reaction mixture was filtered through celite and the 

solvent was removed in vacuo. The amine product, isolated as a brown oil, was directly used 

in the synthesis of Ligand L5 (methylation), without further purification. 

(6,6′-dimethyl-2,2′-dipyridyl)-N-methylamine (L5). The abovementioned synthetic 

procedure for L1 was used for the synthesis of L5; however, the amine product from the  

pre-step (6-methyl-N-(6-methylpyridin-2-yl)-pyridin-2-amine) was used as the starting amine, 

instead of 2,2′-dipyridylamine, with iodomethane as reagent. The product was purified, as a 

yellow oil, by means of column chromatography using pentane as the eluent and 5 g silica gel. 

Yield: 295 mg, 47%. FT-IR (ATR, neat, ν): 1612.33 and 1595.91 cm-1.  

1H NMR (600 MHz, 293.7 K, CDCl3): δ 7.41 (t, 2H, 3JH-H 7.63 Hz, HAr); δ 6.96  

(d, 2H, 3JH-H 8.20 Hz, HAr); δ 6.70 (d, 2H, 3JH-H 7.22 Hz, HAr); δ 3.62 (s, 3H, CH3); δ 2.47  

(s, 6H, CH3). 
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3.4.3 Optimisation of our alternative catalyst system 

The catalyst system was optimised by varying the CuI/CuII-precursors,  

bis(pyridyl)-N-alkylamine ligands and N-substituted imidazole bases in the oxidation reaction. 

To a stirring solution of 1-octanol (1 mmol in 1 mL MeCN) in a test tube at  

30 °C ± 2 °C the following solutions were added: (1) Cu-precursor (Cu(MeCN)4OTf, CuBr, 

CuCl, Cu(OTf)2 or Cu(OAc)2·2H2O, 0.05 mmol in 1 mL MeCN) (2) ligand (L1-L5, 0.05 mmol 

in 1 mL MeCN) (3) TEMPO· (0.05 mmol in 1 mL MeCN) and (4) imidazole base  

(N-methylimidazole, N-tert-butylimidazole or 1-acetylimidazole, 0.1 mmol in 1 mL MeCN) for 

a total volume of 5 mL MeCN and a substrate concentration of 0.2 M. 

3.4.4 Investigation of the reactive intermediate during the reaction 

To a stirring solution of 1-octanol (1 mmol in 1 mL MeCN) in a test tube at 30 °C ± 2 °C the 

following solutions were added: (1) Cu(MeCN)4OTf (0.05 mmol in 1 mL MeCN) (2) ligand L3  

(0.05 mmol in 1 mL MeCN) (3) [TEMPO]+[OTf]ˉ (1 mmol in 1 mL MeCN) or TEMPO·  

(0.05 mmol in 1 mL MeCN) and (4) NMI base (0.1 mmol in 1 mL MeCN) for a total volume of 

5 mL MeCN and a substrate concentration of 0.2 M. 
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4.1 Introduction 

Aldehydes and ketones are important synthons in the pharmaceutical industry1-2 and the 

synthesis of fine chemicals.3 One of the most widely used reactions to synthesise these 

products is via the oxidation of alcohols. Copper, specifically in combination with TEMPO·, are 

some of the most effective catalysts for these alcohol oxidation reactions. 

These Cu/TEMPO· catalyst systems are frequently compared to GOase, a type II 

mononuclear Cu-enzyme. Aerobic alcohol oxidation reactions are mediated at the Cu-centre 

of these enzymes, in combination with a redox-active phenolate/phenoxyl radical ligand.4-5 As 

a result, extensive research has been conducted to mimic the active sites of these enzymes 

to afford effective catalyst systems.6-8 Furthermore, different partially contradicting 

mechanistic pathways, for these Cu/TEMPO· catalyst systems, were previously proposed, as 

reviewed in Chapter 2.4, 9-11 

Initially, it was believed that the Cu/TEMPO·-catalysed oxidation reactions proceeded via the 

TEMPO·-based oxoammonium cation (TEMPO+) mechanistic pathway.10, 12 However, in 

Chapter 3, we confirmed that our L3/CuI/TEMPO·/NMI catalyst system does not support this 

mechanistic pathway and TEMPO+ is not the reactive intermediate. More recently, alternative 

mechanistic pathways, implicating TEMPO-H or TEMPO· as reactive intermediates, were 

proposed by different groups.4, 9, 11, 13 

Stahl and co-workers proposed a two-step mechanistic pathway: (1) the catalyst oxidation 

step proceeds via CuI and TEMPO-H to generate tyrosinase-like CuII-dimer intermediates 

(Scheme 4.1), and (2) the substrate oxidation step is mediated by CuII and TEMPO·, via the 

formation of CuII-alkoxide species.4, 14 

 

Scheme 4.1:  The tyrosinase-like CuII-dimer intermediate. Adapted from the groups of Koskinen and 

Stahl.4, 16 

However, Brückner and co-workers used coupled operando studies and could not confirm the 

formation of these CuII-dimeric intermediates. Therefore, they proposed an alternative 

mechanistic pathway in which the oxidation of the CuI-precursor to CuII-alkoxide species is 

combined with the reduction of O2.11 In addition, they found that electron transfer proceeds via 
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a (bpy)(NMI)CuII-O2·ˉ-TEMPO· monomeric species, analogous to GOase enzymes  

(Scheme 4.2). Finally, their results demonstrated a key difference in the nature of the active 

intermediate in comparison to the Oppenhauer-type intermediate proposed recently.15-16 

 

Scheme 4.2:  The (bpy)(NMI)CuII-O2·ˉ-TEMPO· monomeric species, analogous to GOase enzymes. 

Adapted from Brückner and co-workers.11 

Herein, we report on the applicability of the different proposed mechanistic pathways on the 

optimised (L3)CuI/TEMPO·/NMI catalyst system. This would be accomplished through the 

evaluation of the influence of varying [1-octanol], [TEMPO·], [NMI] and [L3Cu] on the initial 

rate of the oxidation reaction. Electrospray ionisation mass spectrometry (ESI-MS) studies 

were used to determine the different intermediates during the oxidation reaction. Finally, the 

substrate scope of the newly developed Cu/TEMPO· catalyst system was established by 

evaluating the oxidation of different primary and secondary alcohols. 

4.2 Results and Discussion 

4.2.1 Kinetic behaviour of the (L3)CuI/TEMPO·/NMI catalyst system 

With the optimised system in hand, as outlined in Chapter 3, we evaluated the effect of  

[1-octanol], [TEMPO·], [NMI] and [L3Cu] on the initial rate of our catalyst system under 

synthetically relevant conditions, i.e. under ambient air. These results were used to evaluate 

the applicability of the different mechanistic pathways on our (L3)CuI/TEMPO·/NMI catalyst 

system. The initial rate data were generated for each component except [O2]. 

The rate of oxidation of 1-octanol exhibits a saturation dependence on the [alcohol substrate] 

(Figure 4.1 and Table S1 in the Supporting Information). Our observation differs from the 

groups of Koskinen13 and Miyazawa17 where they found second-order dependence at low 

[alcohol] and first-order dependence at high [alcohol] (mediated by TEMPO+ as the reactive 

intermediate), respectively. 

However, Stahl and co-workers also found a saturation dependence on the alcohol substrate, 

which supports the formation of CuII-alkoxide species during the oxidation of the alcohol 

substrate.4 This observation is rationalised by the following scenario: Substrate oxidation is 
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preceded by alcohol conversion to the alkoxide species via NMI-promoted deprotonation. The 

problem is that although there is a high concentration of alcohol present, the catalyst system 

is limited in [L3Cu] and [NMI], which limits the amount of alkoxide species that can coordinate 

to the (L)(NMI)CuII-O2·ˉ-TEMPO· adduct (Scheme 4.2), as proposed by Brückner and  

co-workers.11 The result is that the system becomes saturated at higher alcohol 

concentrations. 

 

Figure 4.1:  Kinetic data from the oxidation of 1-octanol by (L3)Cu(MeCN)4OTf/TEMPO·/NMI 

assessing the kinetic dependence on [1-octanol]. Standard reaction conditions: varying  

[1-octanol], 10 mM (L3)CuI, 10 mM TEMPO·, 20 mM NMI, 5 mL MeCN, 30 ºC ± 2 ºC, air. 

The initial rates and standard deviations are summarised in Table S1 in the Supporting 

Information. 

The reaction also exhibited saturation dependence on [TEMPO·] (Figure 4.2 and Table S2 in 

the Supporting Information) and [NMI] (Figure 4.3 and Table S3 in the Supporting Information). 

The aerobic alcohol oxidation reaction was performed under O2-limiting conditions and the 

role of TEMPO· is the fixation and activation of oxygen by forming weakly coordinated  

O2·ˉ-TEMPO· adducts during the oxidation reaction. At higher TEMPO· concentrations, the 

amount of copper and O2 present in the system becomes limited, which then limits the amount 

of TEMPO· that can activate dioxygen and form the (L)(NMI)CuII-O2·ˉ-TEMPO· adduct 

(Scheme 4.2). 
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Figure 4.2:  Kinetic data from the oxidation of 1-octanol by (L3)Cu(MeCN)4OTf/TEMPO·/NMI 

assessing the kinetic dependence on [TEMPO·]. Standard reaction conditions:  

0.2 M 1-octanol, 10 mM (L3)CuI, varying [TEMPO·], 20 mM NMI, 5 mL MeCN,  

30 ºC ± 2 ºC, air. The initial rates and standard deviations are summarised in  

Table S2 in the Supporting Information. 

However, according to the groups of Koskinen, Stahl and Iron, the role of TEMPO· is H-atom 

abstraction from the alcohol en route to the aldehyde, thereby generating TEMPO-H.4, 13, 16 

This is supported by a first-order dependence on [TEMPO·]4, 13 and a zero-order dependence 

on [NMI].4 In addition, their findings support the presence of CuII-alkoxide species during 

alcohol oxidation and a bimolecular reaction between the CuII-alkoxide species and TEMPO· 

to afford a CuII-dimeric species (Scheme 4.1).4, 13 

On the contrary, Brückner and co-workers proposed that TEMPO· has the dual role of 

activating dioxygen and stabilising the activated (bpy)CuII-O2·ˉ intermediate (Scheme 4.3), 

while NMI has a bifunctional role as base and ligand during aerobic alcohol oxidation.11  

 

Scheme 4.3:  The first role of NMI is the coordination to the Cu-catalyst to stabilise the complex and it 

serves as an oxidation facilitator during the reduction of O2 to afford an activated 

(bpy)CuII-O2·ˉ intermediate that is stabilised by TEMPO·. Adapted from Brückner and  

co-workers.11 
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In the first instance, NMI is coordinated to the Cu-catalyst, stabilising the complex, and it 

serves as an oxidation facilitator (shuttling ligand) that raises the ability of CuI to reduce O2, 

forming a (bpy)CuII-O2·ˉ intermediate (Scheme 4.3). Catalyst oxidation has been shown to not 

proceed in the absence of NMI.11 Secondly, NMI also serves as a base that is used to 

deprotonate the alcohol substrate to afford alkoxide species (Scheme 4.4) that can coordinate 

with the (L3)(NMI)CuII-O2·ˉ-TEMPO· adduct (Scheme 4.2).3, 11 This explains the fact that two 

equivalents of NMI are often used in the catalytic reaction.11 

 

Scheme 4.4:  The second role of NMI is the ability to serve as a base during the deprotonation of the 

alcohol substrate to afford alkoxide species. 

Higher concentrations of NMI increase the concentration of the alkoxide formed during the 

reaction, but the amount of (L3)Cu-catalyst limits the amount of alkoxide species that can 

coordinate to the (L3)(NMI)CuII-O2·ˉ-TEMPO· adduct (Scheme 4.2). As a result, the system 

becomes saturated at higher NMI concentrations. 

 

Figure 4.3:  Kinetic data from the oxidation of 1-octanol by (L3)Cu(MeCN)4OTf/TEMPO·/NMI 

assessing the kinetic dependence on [NMI]. Standard reaction conditions:  

0.2 M 1-octanol, 10 mM (L3)CuI, 10 mM TEMPO·, varying [NMI], 5 mL MeCN,  

30 ºC ± 2 ºC, air. The initial rates and standard deviations are summarised in  

Table S3 in the Supporting Information. 

Our observations relating to the activity of NMI, however, differ from the observations of 

previous groups. Koskinen et al., found moderate activity with NMI while DBU showed higher 
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activity and a second-order dependence on the base.13 Furthermore, Stahl and co-workers 

found that the base does not play an important role in the oxidation reaction,4 while Brückner 

and co-workers found a bifunctional role for NMI as base and ligand.11 As a result, our initial 

rate kinetic study on the effect of [NMI] rather supports the findings of Brückner and  

co-workers. 

Lastly, the reaction displayed saturation dependence for [(L3)Cu], which differs from the 

observation by previous groups (Figure 4.4 and Table S4 in the Supporting Information). 

 

Figure 4.4:  Kinetic data from the oxidation of 1-octanol by (L3)Cu(MeCN)4OTf/TEMPO·/NMI 

assessing the kinetic dependence on [L3Cu]. Standard reaction conditions:  

0.2 M 1-octanol, varying [L3CuI], 10 mM TEMPO·, 20 mM NMI, 5 mL MeCN,  

30 ºC ± 2 ºC, air. The initial rates and standard deviations are summarised in  

Table S4 in the Supporting Information. 

Koskinen et al. found an initial second-order dependence on [Cu],13 which supports the notion 

that CuII-dimeric species (Scheme 4.1) are formed during the oxidation reaction.2 In addition, 

Stahl and co-workers found mixed-order dependence on [LCu], with second-order 

dependence at low [LCu] and first-order dependence at high [LCu].4 However, the 

observations by Brückner and co-workers support the dipolar interaction of the (bpy)(NMI)CuI 

complex with O2 to afford a (bpy)(NMI)CuIIO2·ˉ intermediate (Scheme 4.3). 

We, however, observe a direct linear relationship between the initial rate and the concentration 

of the catalyst at low [L3Cu] (first-order in catalyst) and an apparent loss of linearity at higher 

[L3Cu] (order in catalyst smaller than one). These differences in the observations could be a 

result of different [L3Cu] during the oxidation reaction, while the same oxidant is used. 
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Previous groups only evaluated low [LCu], while we also focused on higher [L3Cu].4, 13 As a 

result, the [oxygen] becomes rate-limiting at high [L3Cu], which leads to a plateau in the initial 

rate data. 

This was confirmed when we repeated the varying [L3Cu] reactions, using pure O2 as the 

oxidant rather than ambient air (Figure 4.5, A-C). We employed the order determination 

method, developed by Burés,18 to determine the order in catalyst for these reactions. 

 
 

 

Figure 4.5:  Kinetic data from the oxidation of 1-octanol by (L3)Cu(MeCN)4OTf/TEMPO·/NMI 

assessing the kinetic dependence on [L3Cu]. Order for the oxidation reactions: 0.1 (A), 

0.3 (B) and 0.7 (C). Standard reaction conditions: 0.2 M [1-octanol], varying [L3Cu],  

10 mM TEMPO·, 20 mM NMI, 5 mL MeCN, 30 ºC ± 2 ºC, under an O2 atmosphere. 

This method could be used to directly compare several points for the entire reaction profile, 

rather than single points for each reaction, as in the case for initial rate studies. Our kinetic 

results did not overlay for an order of 0.1 or 0.3, however, when the order was increased to 

0.7, it resulted in an overlay of the kinetic results. As a result, our catalyst system exhibits a 
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near first-order dependence for [L3Cu]. Therefore, the presence of sufficient O2 in the reaction 

does play an important role and it increases the initial rate of the oxidation reaction. 

In conclusion, the results of our initial rate kinetic studies show that, for our experimental setup, 

there is no significant benefit in using more than 20 mM TEMPO· as co-catalyst,  

20 mM NMI as base and 20 mM L3Cu as catalyst for optimal catalyst performance. 

The possibility of the oxoammonium cation mechanistic pathway10 being operable in our 

catalyst system was eliminated after our initial rate studies indicated that TEMPO+ is not 

implicated as the reactive intermediate. However, our initial rate kinetic studies could not 

eliminate any of the other previously proposed mechanistic pathways.4, 11, 13 In order to further 

investigate the applicability of these different mechanistic pathways, we focused on ESI-MS 

studies to identify the Cu-based intermediates during the oxidation reaction. 

4.2.2 ESI-MS spectrometry studies 

The oxidation of benzyl alcohol (BnOH) with our (L1)CuI/TEMPO·/NMI catalyst system was 

monitored by means of ESI-MS studies. For these analyses, we decreased the concentrations 

of the reaction parameters to a substrate concentration of 0.05 M (relative to the standard 

substrate concentration of 0.2 M). Furthermore, we used ligand L1 (instead of ligand L3) due 

to the smaller structure of the ligand and the faster initial rate exhibited during the oxidation of 

1-octanol. The aims of this study were to identify the proposed Cu-based intermediates and 

to summarise these intermediates in a possible reaction pathway, in the presence and 

absence of the alcohol substrate (Scheme 4.5). 

The exact role of TEMPO· could not be determined through the use of ESI-MS studies, which 

may be attributed to the unstable radical-based intermediates not being sufficiently long-lived 

under the ESI-MS experimental conditions. However, even though this technique still has 

some drawbacks, it could still be used to identify Cu-based intermediates. These intermediates 

were summarised into a possible reaction pathway that supports previously proposed 

mechanistic pathways.4, 11, 13 

The initial ESI-MS spectrum (Figure S11 in the Supporting Information), after the addition of 

CuI, L1, TEMPO· and NMI in MeCN, revealed the formation of mass fragments at  

m/z 227 (Figure 4.6), 330 and 433 (Figures S12-S13 in the Supporting Information), consistent 

with the mass values and isotope patterns of the formation of CuI-intermediates, AI-AIII 

(Scheme 4.5).  
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Scheme 4.5: The proposed Cu-based intermediates are summarised in a possible reaction pathway, 

with our L1/CuI/TEMPO·/NMI catalyst system, under ambient air. The reaction pathway 

supports previously proposed mechanistic pathways.4, 11, 13 

 

Figure 4.6:  ESI-MS spectrum for the mass fragment at m/z 227 that has the mass value and isotope 

pattern (inset) that are consistent with the [CuI-(MeCN)4]+ intermediate. 
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These results confirm the initial presence of CuI during the oxidation reaction, as proposed by 

the groups of Stahl and Brükner.4, 11 In addition, MS-MS analysis confirmed that these initial 

mass fragments are in isolation and not fragments of one another (Figure S14 in the 

Supporting Information). 

After the reaction was stirred for 24 h, in the absence of the alcohol substrate, the intensity of 

the mass fragments for the CuI-intermediates decreased due to the oxidation of CuI to  

CuII-intermediates (Figure S15 in the Supporting Information). Our results revealed mass 

fragments at m/z 376, 397 and 479, consistent with the mass values and isotope patterns of 

the formation of CuII-intermediates, BI, BII and BIV (Scheme 4.5 and Figures S16-S17 in the 

Supporting Information). As a result, our observation supports those of previous studies where 

EPR measurements and UV-vis spectroscopic studies were used to observe the oxidation of 

CuI to CuII.4, 11, 13 

In addition, the spectrum also revealed a mass fragment at m/z 945, consistent with a  

CuII-dimer, {[(L1)CuII(OTf)2CuII(L1)]OTf}+, BIII (Scheme 4.5 and Figure 4.7). It is important to 

note that the dimer-formation was observed only in the absence of the BnOH substrate, due 

to an accumulation of CuII in the reaction. 

 

Figure 4.7:  ESI-MS spectrum for the mass fragment at m/z 945 that has the mass value and isotope 

pattern (inset) that are consistent with the {[(L1)CuII(OTf)2CuII(L1)]OTf}+ intermediate. 
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Our ESI-MS spectra revealed that the CuII-dimer disappeared after the addition of BnOH and 

no further formation of this CuII-dimer was observed during the oxidation reaction. The groups 

of Koskinen and Stahl also proposed the formation of an analogous CuII-dimer before the 

addition of the alcohol substrate (Scheme 4.1).4, 13  

The ESI-MS spectrum for the oxidation reaction after 25 h (1 h after the first addition of BnOH) 

indicated a further decrease in the intensities for the CuI-intermediates (Figure S18 in the 

Supporting Information). This observation further supports the presence of CuII-intermediates 

during alcohol oxidation. Furthermore, the spectra also revealed a variety of mass fragments, 

which could not be assigned to proposed intermediates.4, 11, 13 These mass fragments could 

possibly be as a result of secondary reactions within the MS instrument that are not primarily 

part of the oxidation reaction. Therefore, the identities of these mass fragments are beyond 

the scope of this study. 

A mass fragment, with a low intensity, was observed at m/z 363 (Figure 4.8), which is 

consistent with the mass value and isotope pattern of the formation of the unstable  

CuII-hydroperoxo intermediate, [(L1)(NMI)CuII-OOH]+, C (Scheme 4.5). This intermediate is 

responsible for H2O2-formation following alcohol oxidation and has been postulated by 

spectroscopic studies without sufficient experimental evidence.4, 11 Our study has provided 

further experimental evidence for its formation. Analogous species have been observed in  

Fe-catalysed alkane hydroxylation reactions.19 

 

Figure 4.8:  ESI-MS spectrum for the mass fragment at m/z 363 that has the mass value and isotope 

pattern (inset), consistent with the [(L1)(NMI)CuII-OOH]+ intermediate. 
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After complete conversion to benzaldehyde (BA, 26 h), the intensities of the mass fragments 

at m/z 227, 330 and 433, for the CuI-intermediates increased due to the reduction of CuII to 

CuI (Figure S19 in the Supporting Information). This reduction step has been previously 

observed through the use of different spectroscopic techniques such as EPR measurements 

and UV-vis studies.4, 11 

The reaction was then stirred for another 24 h, before the addition of another portion of BnOH, 

and the ESI-MS spectrum revealed an increase in the intensity of the initial mass fragments 

at m/z 227, 330 and 433, that are consistent with the CuI-intermediates (Figure S20 in the 

Supporting Information). In this instance, the step-wise formation of CuII-intermediates was 

not observed, likely due to the presence of both alcohol substrate and aldehyde product. 

Our ESI-MS studies highlight the stability of the Cu-based intermediates during the oxidation 

reaction, as evidenced by the effective oxidation of a second equivalent of BnOH to BA  

(time: 51 h, Figure S21 in the Supporting Information). As expected, the intensity of the initial 

mass fragments at m/z 227, 330 and 433 decreased during the oxidation reaction. After 

complete conversion of the second addition of BnOH to BA (100 % GC yield), the ESI-MS 

spectrum revealed an increase in the intensity of the initial mass fragments at m/z 227, 330 

and 433, that are consistent with the CuI-intermediates (Figure S22 in the Supporting 

Information). Furthermore, Brückner and co-workers suggested a shift in the equilibrium, 

during the oxidation reaction, towards the formation of an off-cycle CuII-dimer that leads to 

catalyst deactivation.11 

In conclusion, ESI-MS studies of the oxidation reaction led to the identification of previously 

proposed Cu-based intermediates.4, 11, 13 These identified intermediates were summarised in 

a possible reaction pathway (Scheme 4.5) for our (L1)CuI/TEMPO·/NMI catalyst system 

during alcohol oxidation. Our Cu-based intermediates and the reaction pathway support the 

previously proposed mechanistic pathways (Schemes 2.16 and 2.19).4, 11, 13 

4.2.3 Scope and functional group tolerance of (L1)CuI/TEMPO·/NMI-catalysed 

alcohol oxidation 

Finally, we evaluated the substrate scope and limitations of our catalyst system. For 

comparative purposes, we evaluated our catalyst system under previously reported 

concentrations,1, 11 rather than the optimal concentrations. Table 4.1 shows our catalyst 

system was capable of oxidising a variety of primary alcohols.  
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Table 4.1:  Evaluation of the substrate scope of our (L1)Cu(MeCN)4OTf/TEMPO·/NMI catalyst system 

for the aerobic oxidation of alcohols to aldehydes. 

 

 
a GC yields for aldehyde conversion are determined with the use of a calibration curve. 
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These substrates include primary unactivated aliphatic (1-octanol), allylic  

(Table 4.1, entries 1 and 2), benzylic (Table 4.1, entries 3-8) and heterocyclic alcohols  

(Table 4.1, entry 9). Most of these alcohols underwent efficient oxidation in excellent yields. 

No over-oxidation to the corresponding carboxylic acids was observed during the oxidation 

reactions. In general, our catalyst system resulted in higher aldehyde product yields and/or 

shorter reaction times. By comparing our results, as presented in Table 4.1, with previous 

catalyst systems, it is evident that we could improve on the isolated yields reported for  

allylic20-25 and benzylic alcohols (Table 4.1, entries 313, 21, 24 and 520-23, 25). 

In addition, we were able to selectively oxidise benzylic alcohols in high aldehyde yields with 

only a small variation in the yields in comparison to previous systems  

(Table 4.1, entries 4, 6 and 7).1 However, we could not improve on the isolated aldehyde yield 

obtained for the oxidation of furfuryl alcohol (Table 4.1, entry 9).1 The oxidation of furfuryl 

alcohol did not reach completion under ambient air; however, full conversion (100 % GC yield) 

was achieved in a short period of time performing the reaction under O2. 

Our catalyst system, in combination with a DMF: MeCN (2 mL: 3 mL) solvent system was 

capable of oxidising 4-hydroxybenzyl alcohol to the aldehyde in 65 % isolated yield  

(Table 4.1, entry 8). The catalyst system as proposed by Stahl and co-workers (further referred 

to as the benchmark system) was incapable of oxidising this substrate,1 which we attribute to 

the fact that the starting alcohol is insoluble in acetonitrile.  

The benchmark system also displayed a number of substrate limitations, which we 

investigated with our catalyst system (Table 4.1, entries 10-14). The homobenzylic alcohol,  

2-phenylethanol (Table 4.1, entry 10), was found to be susceptible to over-oxidation at the 

benzylic position to afford a low yield of the α-ketoaldehyde for both our catalyst system and 

the benchmark system.1 In addition, both our catalyst system and the benchmark system1 

generated a complex mixture of products during the oxidation of the terminal alkyne,  

4-pentyl-1-ol (Table 4.1, entry 11). 

Stahl and co-workers also found that 2-pyridinemethanol as substrate is oxidised with low 

conversions.1 They hypothesised that the substrate coordination to copper is competing with 

copper-catalysed substrate oxidation.1 As such, we evaluated 2-pyridinemethanol as 

substrate and observed the same inhibitory effect (Table 4.1, Entry 12). Matrix-assisted laser 

desorption-ionisation mass spectrometric (MALDI-MS) analysis of the reaction mixture in the 

presence and absence of TEMPO· and NMI showed the formation of identical mass 

fragments. In particular, the observed mass fragment at m/z 563 corresponds with a  

Cu2-hydroxo dimer, in which the substrate acts as ligand (Figures 4.9, S41 and S42 in the 
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Supporting Information), providing experimental evidence for the inhibitory effect of the 

substrate. Analogous dimeric species have been reported previously.14, 26-30 

These results demonstrate that our catalyst system could be used for the oxidation of a variety 

of primary alcohols, including aliphatic, allylic, benzylic and heterocyclic alcohols, under mild, 

synthetically useful reaction conditions. Unfortunately, the system was incapable of oxidising 

secondary alcohols (Table 4.1, Entry 13 and 14). This is possibly due to the steric pressure 

exerted by the larger bite angle of our ligands, despite the out-of-plane puckering which 

occurs, as well as the bulky structure of TEMPO· and the steric pressure exerted during the 

TEMPO·-mediated C-H abstraction step.1, 9, 13, 31 

4.3 Conclusion 

We have successfully investigated the effect of key reaction parameters: [1-octanol], 

[TEMPO·], [NMI] and [L3Cu], on the initial rate of the oxidation reaction. These initial rate 

kinetic results allowed us to identify the optimal reaction conditions to obtain the highest initial 

rate for the oxidation of 1-octanol. Furthermore, ESI-MS studies allowed us to provide 

experimental evidence for the formation of a key intermediate in the accepted mechanistic 

pathway. We could also identify intermediates during the oxidation reaction, which are similar 

to previously proposed intermediates.4, 11, 13 As a result, these identified intermediates were 

used to propose a summarised reaction pathway, which supports previously proposed 

mechanistic pathways.4, 11, 13 

563.278

565.286

523.333

583.413

519.355 545.019

0

2

4

6

4x10

In
te

n
s.

 [a
.u

.]

510 520 530 540 550 560 570 580 590 600
m/z

0

5

10

15

20

25

30

35

40

45

563.0 564.0 565.0 566.0 567.0 568.0 569.0 570.0 571.0 572.0

In
te

n
s
it

y

m/z

Simulated isotope cluster

Actual isotope cluster 

Figure 4.9: MALDI-MS spectrum of the blue solid isolated during the oxidation of  

2-pyridinemethanol. The inset shows the simulated isotope cluster. 



Chapter 4: Results and Discussion:  
Kinetic and Mechanistic assessment of the catalyst system 

 

58 

Lastly, our catalyst system is capable of oxidising a variety of primary aliphatic, allylic, benzylic 

and heterocyclic alcohol substrates with excellent yields under synthetically relevant 

conditions. Unfortunately, our catalyst system could not be used for the oxidation of secondary 

alcohols due to the steric pressure exerted during the TEMPO·-mediated  

C-H abstraction step.31 The careful choice of reaction solvent allowed for the oxidation of  

4-hydroxybenzyl alcohol, a substrate that proved problematic in previous studies. In addition, 

the oxidation of 2-pyridinemethanol show that catalytic activity is diminished due to the 

competitive inhibition of the catalyst. MALDI-MS analysis provided experimental evidence for 

the inhibitory effect of the alcohol substrate. A mass fragment at m/z 563 is consistent with a 

Cu2-hydroxo dimer, in which the substrate acts as ligand. 

In Chapter 5, we conclude our study to develop an alternative Cu/TEMPO· catalyst system, 

the evaluation of the applicability of different proposed mechanistic pathways and the 

evaluation of the substrate scope. Possible future work involves the development of a catalyst 

system for the oxidation of both primary and secondary alcohols as well as a thorough 

investigation of the mechanistic pathway. 

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. GC and GC-MS analyses were used to monitor the initial rate kinetic studies, with 

cyclohexanone as internal standard, to determine the concentration of aldehyde product. 

Modified methods were used in the oxidation of 1-octanol to 1-octanal.1 The oxidation 

reactions were done in duplicate to determine an average initial rate value as well as the 

standard deviation for each concentration of the reaction parameters. Complete aldehyde 

conversion was monitored by means of TLC using different solvent systems. 

4.4.2 Varying the concentration of different reaction parameters 

The concentration of different reaction parameters was varied to determine the influence on 

the initial rate of the oxidation of 1-octanol. To a stirring solution of 1-octanol (1 mmol in  

1 mL MeCN) in a test tube at 30 °C ± 2 °C the following solutions were added:  

(1) Cu(MeCN)4OTf precursor (0.05 mmol in 1 mL MeCN) (2) ligand L3 (0.05 mmol in  

1 mL MeCN) (3) TEMPO· (0.05 mmol in 1 mL MeCN) and (4) NMI base (0.1 mmol in  

1 mL MeCN) for a total volume of 5 mL MeCN and a substrate concentration of 0.2 M. Samples 

were withdrawn from the pale-orange reaction mixture every 30 minutes for a total reaction 
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time of 150 minutes. The conversion of alcohols to aldehydes was often accompanied by a 

change in reaction colour to green. 

The representative procedure, as described above, is the base conditions for the aerobic 

alcohol oxidation, after which the concentrations of [1-octanol], [TEMPO·], [NMI] and [L3Cu] 

were varied in separate reactions. The varying concentrations, initial rates and standard 

deviations for each reaction parameter are summarised in the Supporting Information,  

Tables S1-S4. 

4.4.3. ESI-MS studies on the oxidation of benzyl alcohol 

The following solutions were added in a round bottom flask at 30 °C ± 2 °C: (1) 4 mL MeCN 

(2) Cu(MeCN)4OTf precursor (0.0125 mmol in 4 mL MeCN) (3) ligand L1 (0.0125 mmol in  

4 mL MeCN) (4) TEMPO· (0.0125 mmol in 4 mL MeCN) and (5) NMI base (0.025 mmol in  

4 mL MeCN) for a total volume of 20 mL MeCN and a substrate concentration of 0.05 M. The 

first addition of BnOH (0.25 mmol) was after 24 h and the second addition of BnOH  

(0.025 mmol) was 24 h after complete conversion to BA of the first addition. The reaction was 

stirred open for the first 3 h, after which it was closed, but was re-opened for 2 h during the 

oxidation of BnOH. Samples for ESI-MS analyses were taken at 0 min, 24 h (before the 

addition of BnOH), 25 h (1 h after the addition of BnOH), 26 h (after complete conversion to 

BA), 50 h (before the second addition of BnOH), 51 h (1 h after the second addition of BnOH) 

and 52 h (after complete conversion to BA). These samples were immediately analysed and 

the instrument was washed with MeCN after each analysis. The full ESI-MS spectra, as well 

as the actual and simulated isolated clusters are provided in Figures 4.6-4.8 as well as  

Figures S11-S22 in the Supporting Information. 

4.4.4 Procedure for the oxidation of primary and secondary alcohols 

Modified methods were used in the oxidation of the alcohol substrates to their corresponding 

aldehydes.1 To a stirring solution of alcohol (different primary and secondary alcohol 

substrates, 1 mmol in 1 mL MeCN) in a test tube at 30 °C ± 2 °C, the following solutions were 

added: (1) Cu(MeCN)4OTf precursor (0.05 mmol in 1 mL MeCN) (2) ligand L1  

(0.05 mmol in 1 mL MeCN) (3) TEMPO· (0.05 mmol in 1 mL MeCN) and (4) NMI base  

(0.1 mmol in 1 mL MeCN) for a total volume of 5 mL MeCN and a substrate concentration of 

0.2 M. The conversion of the aldehydes was monitored by means of TLC, which is often 

accompanied by a change in the colour of the reaction mixture to green. 

Upon complete conversion to the aldehyde, two different purification methods were used:  

(A) The solvent was removed in vacuo and purified by means of silica column chromatography 



Chapter 4: Results and Discussion:  
Kinetic and Mechanistic assessment of the catalyst system 

 

60 

(with an appropriate eluent) or (B) the reaction mixture was quenched with water (25 mL) and 

dichloromethane (DCM, 25 mL). The layers were separated and DCM (2 x 25 mL) was used 

during the extraction of the aqueous layer. The organic phase was dried over Na2SO4 and the 

solvent was removed in vacuo. Further details for each substrate as well as the 1H and  

13C{1H} NMR spectra are provided in the Supporting Information, Figures S23-S40. 
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5.1 Introduction 

This chapter reports on how the aims and objectives, set in Section 1.3, were met and the 

recommendations for possible further studies. 

5.2 Summary 

One of the most widely used reactions to synthesise carbonyl products, such as aldehydes 

and ketones, is via the oxidation of alcohol substrates. Traditionally, these oxidation methods 

employ toxic or hazardous heavy metal salts or expensive catalysts at high oxygen pressures. 

As a result, this has led to a growing demand for alternative Cu-based catalyst systems, 

specifically in combination with TEMPO·. These catalytic oxidation systems were developed 

to understand the functionality of natural enzymes, such as GOase, by mimicking their active 

sites in the presence of a radical.1 As a result, different partially contradicting mechanistic 

pathways were previously proposed for the aerobic oxidation of alcohols.1-5 

The aims of this study were to develop and optimise an alternative Cu/TEMPO· catalyst 

system for aerobic alcohol oxidation and to determine the applicability of the different 

mechanistic pathways on our catalyst system. After successful optimisation of our alternative 

catalyst system, GC and GC-MS analyses were used to determine the effect of varying 

concentrations of different reaction parameters on the initial rate of the oxidation reaction. 

These results were used to determine the specific concentrations of the different reaction 

parameters for optimal catalyst performance in the oxidation of 1-octanol. In addition,  

ESI-MS studies were used to identify the proposed Cu-based intermediates during the 

oxidation reaction. The kinetic studies, in combination with the ESI-MS studies, were used to 

determine the applicability of different mechanistic pathways on our catalyst system. Various 

alcohol substrates were evaluated to establish the substrate scope of our catalyst system. 

Aldehyde products were identified and characterised by means of 1H and 13C{1H} NMR 

spectroscopic studies after it was isolated through column chromatography. 

5.3 Conclusions 

Different bis(pyridyl)-N-alkylamine ligands (L1-L5), with the general formula of  

(2-C5H3NR)2NR′, (L1): R = H, R′ = Me; (L2): R = H, R′ = benzyl; (L3): R = H,  

R′ = methylcyclohexyl; (L4): R = H, R′ = neopentyl; and (L5): R = Me, R′ = Me, were 

synthesised for this study. These ligands were characterised by means of FT-IR, 1H and 

13C{1H} NMR spectroscopic studies. Furthermore, we optimised our catalyst system through 

the evaluation of the combination of different bis(pyridyl)-N-alkylamine ligands,  
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CuI/CuII-precursors and N-substituted imidazole bases on the activity of the catalyst. We 

evaluated the different ligands in the oxidation of 1-octanol to 1-octanal, and L1 resulted in the 

highest initial rate, while a 100 % GC yield was observed for L3. As such, ligand L3 was 

employed in further investigations. Furthermore, the reaction rate of the oxidation reaction 

improved significantly when a CuI-precursor (Cu(MeCN)4OTf) was used rather than a  

CuII-analogue. Lastly, we observed an increase in the initial rate of the reaction when a base 

with more electron-donating ability (N-tert-butylimidazole vs NMI) was used. However, for a 

base with a more electron-withdrawing ability (1-acetylimidazole vs NMI), the initial rate of the 

reaction decreased. As a result, we successfully optimised our 

L3/Cu(MeCN)4OTf/TEMPO·/NMI catalyst system for selective alcohol oxidation. 

Furthermore, initial rate kinetic studies were used to highlight the absence of a TEMPO·-based 

oxoammonium cation (TEMPO+) as the reactive intermediate in our catalyst system. This was 

confirmed by comparing the rates for the oxidation of 1-octanol by employing either TEMPO+ 

or TEMPO· as the co-catalyst. When TEMPO+ was used, the initial rate decreased relative to 

the initial rate of the reaction where TEMPO· was used. Previous groups also highlighted the 

absence of TEMPO+ as the reaction intermediate during the oxidation of alcohols.1-3 As a 

result, they suggested that these catalyst systems rather involved either TEMPO· or  

TEMPO-H species as the reactive intermediate. 

Furthermore, we evaluated the influence of varying [1-octanol], [TEMPO·], [NMI] and [L3Cu] 

on the initial rate of the oxidation reaction through the use of initial rate kinetic experiments. 

Most of the previous studies employed O2 at low pressures as the oxidant,1, 3, 6-8 but we decided 

to rather use ambient air. Therefore, it is interesting to compare our results, as presented in 

this work, with those of previous studies. The rate of oxidation of 1-octanol exhibited a 

saturation dependence on [1-octanol], [TEMPO·] and [NMI], which is not completely consistent 

with previous studies.3, 6, 9 Our catalyst system also exhibited saturation dependence on 

[L3Cu], where a direct linear relationship between the initial rate and the concentration of the 

catalyst at low concentrations (first-order in catalyst) was observed. However, an apparent 

loss of linearity at higher concentrations of catalyst (order in catalyst smaller than one) was 

observed, due to limiting [oxygen] during the reaction. This was confirmed when we evaluated 

varying [L3Cu], using pure O2 at ambient pressure as the oxidant, and the reaction exhibited 

near first-order dependence (order: ~ 0.7) on [L3Cu]. Consequently, our results highlight the 

impact that operating under O2-limiting conditions has on the [L3Cu] initial rate profile. 

Furthermore, for our experimental setup, there is no significant benefit in using more than  

20 mM TEMPO· as co-catalyst, 20 mM NMI as base and 20 mM L3Cu as catalyst for optimal 

catalyst performance. 
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ESI-MS studies were used to identify the proposed Cu-based intermediates present for our 

catalyst system, during alcohol oxidation. The initial spectra revealed mass fragments, 

consistent with CuI-intermediates that are oxidised to CuII-intermediates before the addition of 

BnOH. In addition, the spectrum also revealed a mass fragment at m/z 945, consistent with 

the formation of a CuII-dimer, {[(L1)CuII-(OTf)2-CuII(L1)]OTf}+. The formation of the dimeric 

species was observed only in the absence of the BnOH substrate, due to an accumulation of 

CuII in the reaction. Our ESI-MS spectra revealed the disappearance of the CuII-dimer after 

the addition of BnOH. The formation of analogous CuII-dimer species was previously proposed 

by the groups of Koskinen and Stahl.2-3 After the addition of BnOH, a mass fragment was 

observed at m/z 363, consistent with the formation of a CuII-hydroperoxo intermediate, 

[(L1)(NMI)CuII-OOH]+. The formation of this intermediate has been postulated by 

spectroscopic studies2-3 and our investigation provided alternative experimental evidence for 

its formation. In addition, after complete oxidation to BA, the CuII-intermediates were reduced 

to stable CuI-intermediates, which could be used for the oxidation of another portion of BnOH. 

As a result, the kinetic studies, in combination with these ESI-MS studies, were used to 

evaluate the applicability of the different proposed mechanistic pathways2-4 on our 

Cu/TEMPO· catalyst system. Furthermore, the identified Cu-based intermediates were 

summarised in a possible reaction pathway, which supports previously proposed mechanistic 

pathways.2, 4 

Finally, we investigated the substrate scope by focusing on the oxidation of both primary and 

secondary alcohols. Our catalyst system could be used for the oxidation of primary alcohols, 

which include aliphatic, allylic, benzylic and heterocyclic alcohols, in high yields, without  

over-oxidation to the corresponding carboxylic acid. The careful choice of reaction solvent 

allowed for the oxidation of 4-hydroxybenzyl alcohol, a substrate that proved problematic in 

previous studies. In addition, we evaluated the oxidation of 2-pyridinemethanol as substrate 

and observed the inhibitory effect, as observed by Stahl and co-workers.6 MALDI-MS analysis 

was used to provide experimental evidence for the inhibitory effect of the substrate and a mass 

fragment was observed at m/z 563. This mass fragment is consistent with the formation of a 

Cu2-hydroxo dimer, in which the substrate acts as ligand, and therefore, the inhibitory effect. 

Unfortunately, the oxidation of secondary alcohols was unsuccessful, possibly due to the steric 

pressure exerted during the TEMPO·-mediated C-H abstraction step.10 
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5.4 Recommendations for Future Work 

Due to the expensive costs of TEMPO· as co-catalyst in the oxidation reaction, there is a 

growing demand to replace the co-catalyst with a sterically smaller and less expensive radical. 

In addition, the improvement of the system’s capability to oxidise both primary and secondary 

alcohols is also of importance. Stahl and co-workers replaced TEMPO· with the more 

expensive, but sterically smaller 9-azabicyclo[3.3.1]nonane-N-oxyl (ABNO), which led to the 

successful oxidation of primary and secondary alcohols.11. However, in 2016, Wang et al. 

rather decided to use a sterically bigger bifunctional ligand, which consists of bpy covalently 

linked to TEMPO·, in combination with a CuI-catalyst.8 With their alternative catalyst system, 

they could oxidise a variety of primary alcohols in relatively high yields, using mild conditions. 

However, their catalyst system, as with many analogous systems, failed to efficiently oxidise 

a broad range of secondary alcohol substrates. As a result, this highlights the need to develop 

an optimal catalyst system for the oxidation of both primary and secondary alcohols. 

Furthermore, it can also be considered to develop a catalyst system that operates in the 

absence of TEMPO· (or any other radical), as co-catalyst, and without the addition of 

expensive additives. Previous studies indicated that these catalyst systems have the potential 

to provide orthogonal reactivity in comparison to the common Cu/TEMPO· catalyst systems.12 

Arndtsen and co-workers reported a TEMPO·-free catalyst system consisting of a  

CuI-precursor and N,N-di-tert-butylethylenediamine (DBED) in combination with  

dimethyl-aminopyridine (DMAP).12-13 This catalyst system still acts as a GOase mimic that 

affords a catalytically active quinone co-factor and a cysteine-modified phenoxyl radical ligand. 

However, pure oxygen and anhydrous conditions are required for their catalyst system and, 

therefore, it can further be improved by using ambient air as oxidant and eliminating the need 

for anhydrous reaction conditions. 

It may also be useful to investigate the possibility of using Cu-based catalyst systems as 

tyrosinase mimics, rather than GOase mimics, using an alternative radical co-catalyst or a 

ligand with a hidden radical. These systems could be used for the transfer of oxygen to alkenes 

and alkanes during oxidation reactions. As a result, to develop a catalyst system that is 

capable of oxidising alcohols as well as other functional groups such as alkenes and alkanes. 

It can also be considered to investigate the mechanistic pathway of the aerobic oxidation of 

alcohols, because it is not yet completely understood. ESI-MS studies could be used in 

combination with previously used spectroscopic techniques, such as UV-vis, ATR-IR and EPR 

measurements, to determine a more detailed mechanistic pathway for the aerobic oxidation 
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of alcohols. Furthermore, computational calculations could also be used to determine a 

detailed theoretical mechanistic pathway for these Cu/TEMPO· catalyst systems. 

From the work reported herein, one article had been published in a peer-reviewed journal. The 

publication will appear as part of the online themed collection: Mechanistic aspects of organic 

synthesis. Marais, L.; Bures, J.; Jordaan, J. H. L.; Mapolie, S.; Swarts, A. J., Org. Biomol. 

Chem., 2017, 15 (33), 6926-6933. DOI: 10.1039/C7OB01383C. 
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I. General consideration 

Instrumentation. 

FT-IR spectra were recorded on a Bruker Alpha T-range instrument. NMR spectra were 

recorded on a Bruker 600 MHz 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. GC analyses were performed on an Agilent 6890 Series GC 

System with a HP 5 column, 30 m in length, 0.320 mm internal diameter and 0.25 mm film 

thickness. N2 served as the carrier gas, acetonitrile (MeCN) and dichloromethane (DCM) were 

used as the rinsing solutions and cyclohexanone as the internal standard. ESI-MS (positive 

ion mode) and MALDI-MS spectra were recorded on Bruker microTOF-Q II and Autoflex II 

spectrometers, by employing direct injection of the sample (ESI-MS) or  

trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) as matrix 

(MALDI-MS). 
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CHAPTER 3 

II. Optimisation of catalyst system 

Varying bis(pyridyl)-N-alkylamine ligands. 

  

  

  
 

 

Figure S1:  Observed catalytic activity of different bis(pyridyl)-N-alkylamine ligands (L1-5) in the 

aerobic oxidation of 1-octanol. (1) L1, 2,2′-dipyridyl-N-methylamine; (2) L2, 2,2′-dipyridyl-

N-benzylamine; (3) L3, 2,2′-dipyridyl-N-methylcyclohexylamine; (4) L4, 2,2′-dipyridyl- 

N-neopentylamine; (5) L5, (6,6′-dimethyl-2,2‛-dipyridyl)-N-methylamine and (6)  

2,2′-bipyridine (bpy). 
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III. FT-IR spectra of Ligands 1-5 

 

Figure S2: FT-IR spectrum for Ligand L1. 

 

Figure S3: FT-IR spectrum for Ligand L2. 
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Figure S4: FT-IR spectrum for Ligand L3. 

 

Figure S5: FT-IR spectrum for Ligand L4. 
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Figure S6: FT-IR spectrum for Ligand L5. 
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IV. 1H NMR spectra for Ligands 1-5 

 

Figure S7: 1H NMR (600 MHz, 293.7 K, CDCl3) spectrum for L1. 

 

Figure S8: 1H NMR (600 MHz, 293.7 K, CDCl3) spectrum for L2. 
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Figure S9: 1H NMR (600 MHz, 293.7 K, CDCl3) spectrum for L4. 

 

Figure S10: 1H NMR (600 MHz, 293.7 K, CDCl3) spectrum for L5. 
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CHAPTER 4 

V. Kinetic studies 

With the optimised conditions in hand, we conducted a kinetic assessment of our catalyst 

system under synthetically relevant conditions i.e. under ambient air. 

Varying [1-octanol]: saturation dependence 

Table S1:  Kinetic data from the oxidation of 1-octanol by (L3)Cu(MeCN)4OTf/TEMPO·/NMI, assessing 

the kinetic dependence on [1-octanol]. Standard reaction conditions: varying  

[1-octanol], 10 mM L3Cu, 10 mM TEMPO·, 20 mM NMI, 5 mL MeCN, 30 ºC, air. 

Concentration (M) kinitial (mM.min-1) Standard deviation 

0.1 0.1140 0.0212 

0.15 0.20 0.0566 

0.2 0.2940 0.0424 

0.3 0.3610 0.0424 

0.4 0.4340 0.0283 

0.5 0.4080 0.0141 

0.6 0.4430 0.0424 

Varying [TEMPO·]: saturation dependence 

Table S2:  Kinetic data from the oxidation of 1-octanol by (L3)Cu(MeCN)4OTf/TEMPO·/NMI, assessing 

the kinetic dependence on [TEMPO·]. Standard reaction conditions: 0.2 M 1-octanol,  

10 mM L3Cu, varying [TEMPO·], 20 mM NMI, 5 mL MeCN, 30 ºC, air. 

Concentration (mM) kinitial (mM.min-1) Standard deviation 

1.25 0.0139 0.0196 

2.5 0.1225 0.0247 

5 0.1994 0.0658 

10 0.2935 0.0414 

20 0.4665 0.0286 

30 0.5063 0.0291 

40 0.5982 0.0612 

50 0.5708 0.0342 

60 0.6616 0.0154 
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Varying [NMI]: saturation dependence 

Table S3:  Kinetic data from the oxidation of 1-octanol by (L3)Cu(MeCN)4OTf/TEMPO·/NMI, assessing 

the kinetic dependence on [NMI]. Standard reaction conditions: 0.2 M 1-octanol,  

10 mM L3Cu, 10 mM TEMPO·, varying [NMI], 5 mL MeCN, 30 ºC, air. 

Concentration (mM) kinitial (mM.min-1) Standard deviation 

2.5 0.1010 0.0557 

10 0.2164 0.0198 

20 02935 0.0414 

40 0.4358 0.0731 

50 0.4480 0.0439 

Varying [L3Cu]: saturation dependence 

Table S4:  Kinetic data from the oxidation of 1-octanol by (L3)Cu(MeCN)4OTf/TEMPO·/NMI, assessing 

the kinetic dependence on [L3Cu]. Standard reaction conditions: 0.2 M 1-octanol, varying 

[L3Cu], 10 mM TEMPO·, 20 mM NMI, 5 mL MeCN, 30 ºC, air. 

Concentration (mM) kinitial (mM.min-1) Standard deviation 

1.25 0.0002 0.0356 

2.5 0.1158 0.0157 

5 0.2115 0.0034 

10 0.2935 0.0414 

20 0.5421 0.0028 

40 0.6103 0.1175 

50 0.5951 0.0250 

VI. ESI-MS spectral data of the intermediates in alcohol oxidation 

ESI-MS studies were used to determine the applicability of different proposed mechanistic 

pathways on our (L)CuI/TEMPO·/NMI catalyst system, using L1 as an example. For these 

analyses the concentrations of the reaction parameters were decreased to a substrate 

concentration of 0.05 M (relative to the standard substrate concentration of 0.2 M). We 

identified proposed Cu-based intermediates that were summarised in a possible reaction 

route. As a result, the proposed Cu-based intermediates and the possible reaction route 

support previously proposed mechanistic pathways.2-4 
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Time: 0 min, after the addition of CuI, L1, TEMPO· and NMI in MeCN. 

 

Figure S11: ESI-MS spectrum for the oxidation reaction. Time: 0 min, after the addition of CuI, L1, 

TEMPO· and NMI in MeCN. The spectrum revealed mass fragments at m/z 227, 330 and 

433 that are consistent with CuI-intermediates. 

 

Figure S12: ESI-MS spectrum for the mass fragment at m/z 330 that has the mass value and isotope 

pattern (inset) that are consistent with the [(L1)CuI-(MeCN)2]+ intermediate. 
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Figure S13:  ESI-MS spectrum for the mass fragment at m/z 433 that has the mass value and isotope 

pattern (inset) that are consistent with the [(L1)CuI(L1)]+ intermediate. 

 

Figure S14:  MS-MS spectra of the mass fragments at m/z 227 (A), 330 (B) and 433 (C). These 

fragments are not related to one another. 

Time: 24 h, before the first addition of alcohol substrate. 

 

Figure S15:  ESI-MS spectrum for the oxidation reaction. Time: 24 h, before the first addition of alcohol 

substrate to the reaction. The spectrum revealed mass fragments at m/z 227, 376, 397 

and 479, consistent with CuII-intermediates and m/z 945 for a CuII-dimer. 
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Figure S16:  ESI-MS spectrum for the mass fragments at m/z 376 and 397 which have the mass 

values and isotope patterns (insets), consistent with the {[CuII(MeCN)4]OTf}+ and 

{[(L1)CuII]OTf}+ intermediates, respectively. 

 

Figure S17:  ESI-MS spectrum for the mass fragment at m/z 479 that has the mass value and isotope 

pattern (inset) that are consistent with the {[(L1)CuII-(MeCN)2]OTf}+ intermediate.  

0

10

20

30

40

50

60

70

376 377 378 379 380 381 382 383

In
te
n
si
ty

m/z

Simulated isotope cluster

369.0573

375.9922

377.9901

382.9657

396.9815

398.9799

+MS, 0.5min #28

0.00

0.25

0.50

0.75

1.00

1.25

5x10

Intens.

370 375 380 385 390 395 400 m/z

0

10

20

30

40

50

60

397 398 399 400 401 402 403 404

In
te
n
si
ty

m/z

Simulated isotope cluster

Actual isotope clusters

465.0144 468.0930 475.1226

479.0347

481.0333

+MS, 0.5min #28

0.0

0.2

0.4

0.6

0.8

5x10

Intens.

465 470 475 480 485 490 495 m/z

0

10

20

30

40

50

60

479 480 481 482 483 484 485 486

In
te
n
si
ty

m/z

Actual isotope cluster

Simulated isotope cluster



Supporting Information for: 

The development of a Cu(l)/bis(pyridyl)-N-alkylamine catalyst system for 
selective alcohol oxidation 

 

S13 

Time: 25 h, 1 h after the first addition of alcohol substrate. 

 

Figure S18:  ESI-MS spectrum for the oxidation reaction. Time: 25 h, 1 h after the first addition of 

alcohol substrate. The spectrum revealed a variety of mass fragments at m/z 316, 405, 

494, 585, 674 and 763 of which the identities are unknown. The mass fragment at  

m/z 363 is consistent with the formation of the [(L1)(NMI)CuII-OOH]+ intermediate. 

Time: 26 h, after complete conversion to the aldehyde product. 

 

Figure S19: ESI-MS spectrum for the oxidation reaction. Time: 26 h, after complete conversion to the 

aldehyde. The spectrum revealed mass fragments at m/z 227, 330 and 433. 

Time: 50 h, 24 h after complete conversion to the aldehyde product. 

 

Figure S20:  ESI-MS spectrum for the oxidation reaction. Time: 50 h, 24 h after complete conversion 

to the aldehyde. The spectrum revealed mass fragments at m/z 227, 330 and 433. 
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Time: 51 h, 1 h after the second addition of alcohol substrate. 

 

Figure S21:  ESI-MS spectrum for the oxidation reaction. Time: 51 h, 1 h after the second addition of 

alcohol substrate to the reaction. The step-wise formation of CuII intermediates were not 

observed, likely due to the presence of both alcohol substrate and aldehyde product. 

Time: 52 h, after the second final conversion to the aldehyde product. 

 

Figure S22:  ESI-MS spectrum for the oxidation reaction. Time: 52 h, after the second final conversion 

to the aldehyde product. The spectrum revealed the initial mass fragments at m/z 227, 

330 and 433. 

VII. Conversion and characterisation of aldehyde products, Table 4.1 

All alcohols were obtained from Sigma-Aldrich and used as received. Modified methods were 

used in the oxidation of these alcohols to their corresponding aldehydes.6 The aldehyde 

products were isolated by column chromatography. 1H and 13C {1H} NMR spectra data were 

compared to those previously reported in literature. 

  

142.1589

227.0358
355.0397 543.1599

+MS, 0.1min #4

0.0

0.5

1.0

1.5

2.0

4x10

Intens.

200 400 600 800 1000 1200 1400 m/z

142.1577

186.0073

227.0333

330.0761

355.0364

404.9926

433.1185

489.2359

543.1553

584.9519

673.8923

+MS, 0.3min #18

0

1

2

3

4x10

Intens.

200 300 400 500 600 700 m/z



Supporting Information for: 

The development of a Cu(l)/bis(pyridyl)-N-alkylamine catalyst system for 
selective alcohol oxidation 

 

S15 

Geranial 

 

The reaction was performed in a conventional test tube open to air. The reaction was 

monitored by TLC which showed complete conversion to the aldehyde after 3 h of reaction. 

After the allotted time the reaction solvent was removed in vacuo and the green oil obtained 

purified by column chromatography: Hexane/EtOAc (2:1) as eluent using 5 g Silica gel.  

Rf (aldehyde) = 0.95, Rf (ligand) = 0.46. The aldehyde was isolated as a lightly coloured oil. 

Yield = 144 mg, 95 %. 1H NMR (600 MHz, 293.7 K, CDCl3): δ 9.99-10.0  

(d, 3JH-H = 8, 1H HC=O), δ 5.88-5.89 (d, J = 8, 1H, C=CH), δ 5.06-5.08 (m, 1H, C=CH),  

δ 2.19-2.24 (m, 4H, 2CH2), δ 2.17 (s, 3H, CH3), δ 1.69 (s, 3H, CH3), δ 1.61 (s, 3H, CH3).  

13C {1H} NMR (150 MHz, 293.7 K, CDCl3): δ 191.38 (HC=O), δ 163.94 (R2C=C), δ 132.97 

(R2C=C), δ 127.45 (C=C), δ 122.59 (C=C(H)R), δ 40.65 (CH2), δ 25.67 (CH2), δ 25.70 (CH2), 

δ 17.77 (CH3), δ 17.63 (CH3). Spectral properties are consistent with literature values.5 

Cinnamaldehyde 

 

The reaction was performed in a conventional test tube open to air. The reaction was 

monitored by TLC which showed complete conversion to the aldehyde after 2 h of reaction. 

After the allotted time the reaction solvent was removed in vacuo and the red oil obtained 

purified by column chromatography: Hexane/EtOAc (2:1) as eluent using 5 g Silica gel.  

Rf (aldehyde) = 0.72, Rf (ligand) = 0.27. The aldehyde was isolated as a pale-yellow oil.  

Yield = 129 mg, 98 %. 1H NMR (600 MHz, 293.7 K, CDCl3): δ 9.64-9.65  

(d, 1H, 3JH-H = 7.53, HC=O); δ 7.50-7.51 (m, 2H, HAr and C=CH); δ 7.37-7.42 (m, 4H, HAr);  

δ 6.64-6.68 (dd, 1H, 3JH-H = 16.15, 7.91, C=CH). 13C {1H} NMR (150 MHz, 293.7 K, CDCl3):  

δ 193.47 (HC=O); δ 152.53 (CC=C); δ 133.68 (CAr); δ 130.99 (CAr); δ 128.96 (CC=C); δ 128.81 

(CAr); δ 128.23 (CAr). Spectral features are consistent with those reported previously.6 

Benzaldehyde 

 

The reaction was performed in a conventional test tube open to air. The reaction was 

monitored by TLC which showed complete conversion to the aldehyde after 2 h of reaction. 
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After the allotted time the reaction solvent was removed in vacuo and the green oil obtained 

purified by column chromatography: Hexane/EtOAc (3:1) as eluent using 5 g Silica gel.  

Rf (aldehyde) = 0.87, Rf (ligand) = 0.40. The aldehyde was isolated as a pale-orange oil.  

Yield = 97 mg, 92 %. 1H NMR (600 MHz, 293.7 K, CDCl3): δ 10.04 (s, 1H, HC=O); δ 7.90-7.91 

(d, 2H, 3JH-H = 7.15, HAr); δ 7.64-7.67 (t, 1H, 3JH-H = 7.15, HAr); δ 7.54-7.56  

(t, 2H, 3JH-H = 7.15, HAr). 13C {1H} NMR (150 MHz, 293.7 K, CDCl3):δ 192.23 (HC=O), δ 136.22 

(CAr); δ 134.30 (CAr); δ 129.58 (CAr); δ 128.84 (CAr). Spectral features are consistent with those 

reported previously.5 

3-phenylpropanal 

 

The reaction was performed in a conventional test tube open to air. The reaction was 

monitored by TLC which showed complete conversion to the aldehyde after 7 h of reaction. 

After the allotted time the reaction solvent was removed in vacuo and the green oil obtained 

purified by column chromatography: Hexane/EtOAc (9:1) as eluent using 5 g Silica gel.  

Rf (aldehyde) = 0.40, Rf (ligand) = 0.17. The aldehyde was isolated as a colourless oil.  

Yield: 127 mg, 95 %. 1H NMR (600 MHz, 293.7 K, CDCl3): 9.82 (s, 1H, HC=O);  7.31-7.34 

(t, 2H, 3JH-H = 7.45, HAr); 7.22-7.24 (m, 3H, HAr);  2.97-2.99 (t, 2H, 3JH-H = 7.45, CH2);  

 2.78-2.81 (t, 2H 3JH-H = 7.45, CH2). 13C {1H} NMR (150 MHz, 293.7 K, CDCl3):  201.54 

(HC=O),  140.24 (CAr);  128.49 (CAr);  128.19 (CAr);  126.18 (CAr);  46.14 (CH2);  27.98 

(CH2). Spectral features are consistent with those reported previously.7 

4-methoxybenzaldehyde 

 

The reaction was performed in a conventional test tube open to air. The reaction was 

monitored by TLC which showed complete conversion to the aldehyde after 2.5 h of reaction. 

After the allotted time the reaction solvent was removed in vacuo and the red oil obtained 

purified by column chromatography: Hexane/EtOAc (3:1) as eluent using 5 g Silica gel.  

Rf (aldehyde) = 0.38,Rf (ligand) = 0.21. The aldehyde was isolated as a pale-yellow oil.  

Yield = 225 mg, 90 %.1H NMR (600 MHz, 293.7 K, CDCl3): δ 9.86 (s, 1H, HC=O); δ 7.81-7.82 

(d, 2H, 3JH-H = 8.66, HAr); δ 6.98-6.99 (d, 2H, 3JH-H = 8.66, HAr); δ 3.86 (s, 3H, CH3).  

13C {1H} NMR (150 MHz, 293.7 K, CDCl3): δ 190.20 (HC=O), δ 163.99 (CAr); δ 131.37 (CAr); δ 
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129.30 (CAr); δ 113.71 (CAr); δ 55.01 (CMe). Spectral features are consistent with those reported 

previously.5 

2-aminobenzaldehyde 

 

The reaction was performed in a conventional test tube open to air. The reaction was 

monitored by TLC which showed complete conversion to the aldehyde after 3 h of reaction. 

After the allotted time the reaction solvent was removed in vacuo and the red oil obtained 

purified by column chromatography: Hexane/EtOAc (3:1) as eluent using 5 g Silica gel.  

Rf (aldehyde) = 0.56, Rf (ligand) = 0.39. The aldehyde was isolated as a yellow oil.  

Yield = 109 mg, 90 %. 1H NMR (600 MHz, 293.7 K, CDCl3): δ 9.85 (s, 1H, HC=O);  

δ 7.46-7.47 (d, 1H, 3JH-H = 7.91, HAr); δ 7.28-7.31 (t, 1H, 3JH-H = 7.15, HAr); δ 6.72-76.74  

(t, 1H, 3JH-H = 7.15, HAr); δ 6.63-6.64 (d, 1H, 3JH-H = 8.28, HAr); δ 6.13 (br. s, 2H, NH2).  

13C {1H} NMR (150 MHz, 293.7 K, CDCl3): δ 193.97 (HC=O), δ 149.79 (CAr); δ 135.61 (CAr);  

δ 135.09 (CAr); δ 118.67 (CAr); δ 116.23 (CAr); δ 115.91 (CAr). Spectral features are consistent 

with those reported previously.8 

2-iodobenzaldehyde 

 

The reaction was performed in a conventional test tube open to air. The reaction was 

monitored by TLC which showed complete conversion to the aldehyde after 3 h of reaction. 

After the allotted time the reaction solvent was removed in vacuo and the red oil obtained 

purified by column chromatography: Hexane/EtOAc (3:1) as eluent using 5 g Silica gel.  

Rf (aldehyde) = 0.48, Rf (ligand) = 0.29. The aldehyde was isolated as a pale-yellow oil.  

Yield = 225 mg, 97 %. 1H NMR (600 MHz, 293.7 K, CDCl3): δ 10.08 (s, 1H, HC=O);  

δ 7.96-7.97 (d, 1H, 3JH-H = 7.53, HAr); δ 7.89-7.90 (d, 1H, 3JH-H = 7.53, HAr); δ 7.47-7.49  

(t, 1H, 3JH-H = 7.53, HAr); δ 7.29-7.32 (t, 1H, 3JH-H = 7.15, HAr). 13C {1H} NMR (150 MHz,  

293.7 K, CDCl3): δ 194.45 (HC=O), δ 139.42 (CAr); δ 134.32 (CAr); δ 129.01 (CAr); δ 127.63 

(CAr); δ 99.71 (CAr). Spectral features are consistent with those reported previously.9 
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4-hydroxybenzaldehyde 

 

The reaction was performed in a conventional test tube open to air, employing DMF:MeCN  

(2 ml: 3 ml) as reaction solvent. The reaction was monitored by TLC which showed complete 

conversion to the aldehyde after 23 h of reaction. After the allotted time the reaction solvent 

was removed in vacuo and the green oily residue was taken up in Et2O (10 ml) and extracted 

with water (3 x 50 ml) portions. The organic layer was separated, dried over MgSO4 and the 

solvent removed. Rf (aldehyde) = 0.54, Rf (ligand) = 0.27. The pale yellow-brown solid 

(aldehyde) was washed with hexane and filtered as a pale yellow solid. Yield = 122 mg, 92 %. 

1H NMR (600 MHz, 293.7 K, CDCl3): δ 9.86 (s, 1H, HC=O); δ 7.81-7.82 (d, 2H, 3JH-H = 8.83, 

HAr); δ 6.97-6.98 (d, 2H, 3JH-H = 8.83, HAr); δ 2.02 (br, s, 1H, OH). 13C {1H} NMR (150 MHz, 

293.7 K, CDCl3): δ 191.43 (HC=O), δ 161.81 (CAr); δ 132.71 (CAr); δ 130.00 (CAr); δ 116.21 

(CAr). Spectral features are consistent with those reported previously.10 

Furfural 

 

The reaction was run in a round bottom flask, fitted with a septum, under oxygen. The reaction 

was monitored by TLC which showed complete conversion to the aldehyde after 3 h (100 % 

Methanol). After the allotted time the reaction mixture was purified by aqueous workup 

(Purification Method 2). Rf (aldehyde) = 0.74, Rf (ligand) = 0.33. The aldehyde was isolated as 

a brown oil. Yield = 32.1 mg, 33 %. 1H NMR (600 MHz, 293.7 K, CDCl3): δ 9.69 (s, 1 H, HC=O), 

δ 7.72 (m, 1 H), δ 7.28-7.29 (d, 1H, 3JH-H = 3.56, HAr), δ 6.63-6.64 (dd, 1H, 3JH-H = 3.57, 1.92, 

HAr). 13C {1H} NMR (150 MHz, 293.7 K, CDCl3): δ 177.997 (HC=O), δ 153.05 (CAr); δ 148.26 

(CAr); δ 121.14 (CAr); δ 112.72 (CAr). Spectral features are consistent with those reported 

previously.5 
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VIII. NMR spectral data of converted aldehyde products.  

 

Figure S23: 1H NMR (600 MHz, 293.7 K, CDCl3) spectrum for Geranial. 

 

Figure S24: 13C {1H} NMR (150 MHz, 293.7 K, CDCl3) spectrum for Geranial. 
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Figure S25: 1H NMR (600 MHz, 293.7 K, CDCl3) spectrum for Cinnamaldehyde. 

 

Figure S26: 13C {1H} NMR (150 MHz, 293.7 K, CDCl3) spectrum for Cinnamaldehyde. 
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Figure S27: 1H NMR (600 MHz, 293.7 K, CDCl3) spectrum of Benzaldehyde. 

 

Figure S28: 13C {1H} NMR (150 MHz, 293.7 K, CDCl3) spectrum of Benzaldehyde. 
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Figure S29: 1H NMR (600 MHz, 293.7 K, CDCl3) spectrum of 3-phenylpropanol. 

 

Figure S30: 13C {1H} NMR (150 MHz, 293.7 K, CDCl3) spectrum for 3-phenylpropanol. 
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Figure S31: 1H NMR (600 MHz, 293.7 K, CDCl3) spectrum for 4-methoxybenzaldehyde. 

 

Figure S32: 13C {1H} NMR (150 MHz, 293.7 K, CDCl3) spectrum for 4-methoxybenzaldehyde. 
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Figure S33: 1H NMR (600 MHz, 293.7 K, CDCl3) spectrum for 2-aminobenzaldehyde. 

 

Figure S34: 13C {1H} NMR (150 MHz, 293.7 K, CDCl3) spectrum of 2-aminobenzaldehyde. 
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Figure S35: 1H NMR (600 MHz, 293.7 K, CDCl3) spectrum of 2-iodobenzaldehyde. 

 

Figure S36: 13C {1H} NMR (150 MHz, 293.7 K, CDCl3) spectrum of 2-iodobenzaldehyde. 
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Figure S37: 1H NMR (600 MHz, 293.7 K, CDCl3) spectrum for 4-hydroxybenzaldehyde. 

 

Figure S38: 13C {1H} NMR (150 MHz, 293.7 K, CDCl3) spectrum for 4-hydroxybenzaldehyde. 
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Figure S39: 1H NMR (600 MHz, 293.7 K, CDCl3) spectrum for Furfural. 

 

Figure S40: 13C {1H} NMR (150 MHz, 293.7 K, CDCl3) spectrum for Furfural. 
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IX. MALDI-MS spectral data for 2-pyridinemethanol 

 

Figure S41: MALDI-MS spectrum of the oxidation reaction employing 2-pyridinemethanol as substrate. 

 

Figure S42: MALDI-MS spectrum of reaction mixture in the absence of TEMPO·, NMI and ligand L1. 
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