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Abstract: The oxidation of alcohols to the corresponding carbonyl products is an important organic
transformation and the products are used in a variety of applications. The development of
catalytic methods for selective alcohol oxidation have garnered significant attention in an attempt
to find a more sustainable method without any limitations. Copper, in combination with
2,2,6,6-tetramethyl-1-piperidine N-oxyl (TEMPO) and supported by organic ligands, have emerged
as the most effective catalysts for selective alcohol oxidation and these catalyst systems are frequently
compared to galactose oxidase (GOase). The efficiency of GOase has led to extensive research to
mimic the active sites of these enzymes, leading to a variety of Cu/TEMPO- catalyst systems being
reported over the years. The mechanistic pathway by which Cu/TEMPO- catalyst systems operate
has been investigated by several research groups, which led to partially contradicting mechanistic
description. Due to the disadvantages and limitations of employing TEMPO- as co-catalyst, alternative
nitroxyl radicals or in situ formed radicals, as co-catalysts, have been successfully evaluated in alcohol
oxidation. Herein we discuss the development and mechanistic elucidation of Cu/TEMPO- catalyst
systems as biomimetic alcohol oxidation catalysts.

Keywords: alcohol oxidation; copper catalysis; 2,2,6,6-tetramethyl-1-piperidine N-oxyl (TEMPO-),
radical; galactose oxidase (GOase); mechanistic pathway

1. Introduction

Aldehydes and ketones are important intermediates in the pharmaceutical industry [1,2] 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.
However, several limitations are associated with these alcohol oxidation methods, such as the use of
toxic or hazardous heavy metal salts or expensive catalysts containing transition metals such as Ru [4]
and Pd [4,5] at high oxygen pressures. In addition, catalyst cost and efficiency, stability as well as the
complexity of the reaction set-up are additional drawbacks of these systems. As a result, these catalysts
pose environmental and safety concerns which led to the development of new environmentally benign
Cu-based oxidation systems [4,6].

Cu-based catalyst systems, specifically in combination with 2,2,6,6-tetramethyl-1-piperidine
N-oxyl (TEMPO:-), at ambient temperatures and molecular O, or air as the oxidant, are some of the
most effective catalysts for the oxidation of alcohols to the corresponding aldehydes [2,3,7-10].

Initially it was believed that these Cu/TEMPO--catalysed oxidation reactions proceeded via the
TEMPO-based oxoammonium cation (TEMPO™") mechanistic pathway [7]. However, in ensuing years,
the lack of reactivity between Cul' and TEMPO- during the oxidation reaction was highlighted [11] and
this led to the development of alternative mechanistic pathways, implicating TEMPO-H or TEMPO- as
reactive intermediates.
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A number of reviews on catalytic copper oxidation chemistry have appeared, with the focus
specifically on the application of Cu-based catalyst systems in the aerobic functionalisation of C-H
bonds [12]. Furthermore, some of the reviews also cover copper and other metal catalysts, in combination
with a range of oxidants such as oxygen, as well as possible mechanistic pathways for selective reaction
types [13-16].

This review specifically focuses on different Cu/TEMPO- catalyst systems for alcohol oxidation,
up to 2018, the different partially contradicting mechanistic pathways proposed for this transformation,
as well as the evaluation of alternative co-catalysts to replace TEMPO-. The importance of copper as
metal, as well as in combination with TEMPO., for alcohol oxidation reactions are described. Catalyst
systems using water as the only solvent are mentioned, but not discussed in detail. The different
proposed mechanistic pathways for alcohol oxidation, are discussed in detail, with particular emphasis
on experimental investigations. Finally, recent advances in the development of alternative co-catalysts
are described.

2. Copper in Biomimetic Oxidation Catalysis

Copper is a cheap and biocompatible metal, found in various metalloproteins, such as enzymes,
which are associated with the binding of molecular O, in mild and highly selective aerobic
oxidative transformations [17]. One of these enzymes is galactose oxidase (GOase), a type-II
mononuclear Cu-enzyme that mediates aerobic alcohol oxidation at a Cu-centre with a redox-active
phenolate/phenoxyl radical ligand [11,18].

A tyrosine unit coordinates in the axial position of the square-bipyramidal coordination sphere
of the Cull-species (Scheme 1, intermediate A) [19-21]. The equatorial ligand sites are occupied by
two histidine imidazole units, a modified tyrosine unit with a cross-linked cysteine unit and either
H,O or an acetate molecule. The alcohol substrate coordinates to the active Cu-centre, B, and is
deprotonated by the phenolic Tyr-495. The phenoxyl radical is involved in the abstraction of a 3-H-atom
from the coordinated alcohol, C, to afford the aldehyde through a single electron transfer (SET) with
simultaneous formation of a Cul-species, D. In the last step, Cu! is re-oxidised to Cu!!, E, while the
reduction of O, to H,O, results in the formation of the initial intermediate, A [22].
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Scheme 1. Proposed reaction mechanism for catalysis reactions by galactose oxidase (GOase).
Reproduced with permission from Whittaker and co-workers [22]. Copyright Elsevier, 1993.
For intermediates B-E, the ligands in the Cu coordination sphere are shown in their reduced form.
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During the oxidation reaction, the Cu''-ion coordinates with the tyrosyl radical to afford Cu''-(-OR)
intermediates [8,11,19,20,23,24]. These intermediates are used in the two-electron oxidation of primary
alcohol substrates and the reduction of dioxygen to H,O, (Scheme 1). The initial Cu'l-species is
restored afterwards and available for a reaction with another tyrosine unit (Scheme 1, intermediate A).

The ability to successfully mimic particular geometries around the copper centre and the presence
of a radical that can coordinate to the Cu-centre offers a platform for the development of different
copper-based homogeneous catalyst systems. In addition, the low costs, ready availability of Cu and
their interesting spectroscopic properties resulted in the development of numerous Cu-based catalysts
for the oxidation of alcohols [19,25].

Consequently, it is surprising that only a few catalyst systems consisting of cheap and ‘green’
Cu-based catalysts and molecular oxygen [7,26-28] or ambient air [2,8,10] are known so far. However,
the mechanistic pathway by which these Cu-based catalyst systems mediate the oxidation of alcohols
is not yet fully understood [25].

3. Nitroxyl Radicals in Biomimetic Oxidation Catalysis

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 [29]. These radicals
contain N,N-disubstituted NO-groups possessing one unpaired electron, which is (usually) unreactive
to air and moisture, allowing easy handling and storage [30,31]. In addition, these radicals act as
antioxidants [32] and they are used as inhibitors in free radical processes. Their unique structural and
electronic properties have been exploited as co-catalysts in synthetic GOase mimics.

Nitroxyl radicals may be classified, based on their properties and applications (Table 1) [33].
The first group consist of the stable radicals, including conjugated and non-conjugated radicals,
while the second group consist of the so-called reactive radicals. Stable radicals scavenge free radicals
and could therefore be used as inhibitors of free radical autoxidations. In contrast, reactive radicals
such as N-hydroxyphthalimide (NHPI) would rather catalyse the autoxidation reactions through the
formation of the phthalimide N-oxyl radical (PINO-) [33].

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 o«-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 x-hydrogens [34]. In the presence of x-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) [34].
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Scheme 2. The disproportionation of di-tert-alkyl nitroxyl radicals affords hydroxylamine, 1, and nitrone,
2. Adapted from De Nooy and co-workers [34].



Catalysts 2019, 9, 395 4 of 28

Table 1. A summary of the two types of nitroxyl radicals, based on their properties and applications [33].
Reproduced with permission from Sheldon and co-workers. Copyright Elsevier, 2006.

Ve
o
Di-phenylnitroxyl radical

bk Sk

O
Di-tert-butylnitroxyl radical TEMPO

o ¢

. . . N—OH N—O
2. Reactive (non—persistent) Radicals: Catalysts CE? CEé
o ¢

NHPI PINO

1. Stable (persistent) Radicals: Inhibitors

1.1. Conjugated

1.2. Non-conjugated

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 functionalities [3,29,35,36] 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 [2,8,10,35-37].

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 after the
reaction [38] In terms of substrate selectivity, these TEMPO--based catalyst systems are more selective
for benzylic alcohols, while aliphatic alcohols either showed low oxidation activities or full conversion
towards a mixture of products, which include aldehydes and esters (over-oxidation) [39].

4. Cu/TEMPO-: Catalyst Systems

Several Cu!/TEMPO:- and Cu'l/TEMPO--based catalyst systems were reported in recent years and
have proven to be highly efficient for the transformation of a broad range of primary and secondary
alcohols to the corresponding aldehydes and ketones. The different Cu/TEMPO catalyst systems for
aerobic alcohol oxidation of alcohols to aldehydes are summarised in Table 2 [2,7,8,10,28,40—45].

Table 2. Different Cu/TEMPO- catalyst systems for the aerobic oxidation of alcohols. The different
Cu-precursor, ligand, base and solvent system and also the ability to oxidise primary (benzylic, allylic
and aliphatic) and secondary alcohols, are summarised.

Catalyst System [Cu] Ligand Base Solvent Benzylic  Allylic Aliphatic Secondary
Semmelhack [7] CuCl - - DMF X X
Fluoroalkyl
Knockel [44] Cu substituted PhCl/perfluoro-octane X X X X
bpy
Minisci [37] Cu/Mn - - AcOH X X X X
Ansari and Gree [43] CuCl - - [bmim]PFq X X X
Sheldon [8] CuBr, Bpy KOtBu MeCN/H,0 (2:1) X X X
Geifllmeir [42] Fine copper powder Bpy NaOH MeCN/H,0 (2:1) X X X
Mannam [41] CuCl DABCO - Toluene X X
Koskinen [28] Cu(OTf), Bpy %li}é/ MeCN X X X
Stahl [2] CuOTf Bpy NMI MeCN X X X
Wang [46] Cul Bpy-TEMPO NMI MeCN X X X X
Swarts [10] [Cu(MeCN)4]OTSf L3 NMI MeCN X X X
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Semmelhack and co-workers reported the first Cu//TEMPO- catalyst system in the absence of
ligand in 1984 (Scheme 3) [7]. They used N,N-dimethylformamide (DMF) as the solvent under
an O, atmosphere.

OH 0)

)\ 10 mol% TEMPO' )J\
R, R, 10moi% CuCl,DMF,0;,25°C g, R,

Scheme 3. Cul/TEMPO-: catalyst system in DMF for aerobic alcohol oxidation [7]. Reproduced with
permission from Semmelhack and co-workers. Copyright American Chemical Society, 1984. Successful
oxidation was possible for a variety of primary alcohols (85 to 100%). Selectivity: primary over
secondary alcohols, even in the presence of an excess of secondary alcohols.

Complete conversion to the aldehyde was possible for primary benzylic and allylic alcohols,
without any over-oxidation. However, aliphatic alcohols were largely unreactive [21] and stoichiometric
quantities of Cu and TEMPO- were needed for optimal activity [7,47]. In addition, they also found that
their catalyst system was more selective for the oxidation of primary alcohols than secondary alcohols,
even in the presence of an excess of secondary alcohols [7].

In 2000, Knochel and co-workers reported a Cu/TEMPO- catalyst system using a mixture of
chlorobenzene/perfluorooctane as a biphasic solvent system in combination with fluoroalkylsubstituted
2,2'-bipyridine (bpy) ligands [27,44]. Operating at 90 °C, a broad range of primary and secondary
benzylic, allylic and aliphatic alcohols could be oxidised to the corresponding carbonyl products.
The oxidation of benzylic alcohols was found to be faster than the oxidation of aliphatic alcohols,
while for secondary alcohol substrates, the success of the oxidation was dependent on the steric
environment of the alcohol functionality [44] Additionally, with the use of the biphasic solvent system,
it was possible to reuse the catalyst up to eight times with only minor losses in catalytic activity between
recycling runs [44].

In 2001, Minisci and co-workers, reported a highly efficient and cost-effective method for the
oxidation of primary and secondary alcohols. They used TEMPO: in combination with Co/Mn or
Cu/Mn nitrates and acetic acid as solvent, at ambient pressures and temperatures [37]. Mn! nitrates was
found to be more effective than Co!! or Cull, however, the combination of Mn!! nitrates with either Coll
or Cul! nitrates resulted in an increase in the catalytic efficiency of the oxidation reaction. Furthermore,
the acidic solution is used for the disproportionation of TEMPO-: to afford the oxoammonium oxidant
for alcohol oxidation, which does not occur in a non-acidic solution. After the reaction, TEMPO:- is
regenerated through the use of O, and the metal salt. As a result, TEMPO- is responsible for the
generation of the oxoammonium salt for the alcohol oxidation and it could also be used to inhibit
further oxidation of the carbonyl products [37].

Later, in 2002, Ansari and Gree reported a copper(I) chloride (CuCl)/TEMPO- catalyst system
in an ionic liquid, 1-butyl-3-methylimidazolium hexafluorophosphate ([bmim]PF;), rather than
a traditional organic solvent for aerobic alcohol oxidation. This catalyst system was used for the
efficient oxidation of alcohol substrates to their corresponding carbonyl products, with no evidence of
over-oxidation, in the case of primary alcohols, to carboxylic acids [43]. The conversion of benzylic
and allylic alcohols was found to be faster and more efficient than for aliphatic alcohols, which is
in agreement with reactions performed in classical organic solvents due to the instability of the
nitrosonium ion in the presence of aliphatic alcohols and O, [7]. Furthermore, they found good
solubility of gases such as O in the ionic solvent, as well as the recyclability and the ability to reuse the
ionic solvent in multiple reactions. They also demonstrated the recyclability of the ionic solvent in the
oxidation of different types of alcohol substrates. Unfortunately, they could not recycle the rest of the
catalytic system, due to the slow decomposition of the TEMPO- co-catalyst during the oxidation reaction.
Independently, Jiang and Ragauskas reported a Cu-free hydrogen bromide (HBr)/TEMPO-/hydrogen
peroxide (HyO;) catalyst system in [bmim]PF¢ for the selective oxidation of electron-deficient and
electron-neutral benzylic alcohols with excellent yields [48]. Their catalyst system was inspired by the
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TEMPO--Br,/I; catalyst system for alcohol oxidation [49], as well as the H,O,-HBr system for benzylic
bromination [50]. An ionic solvent was used due to its immiscibility with water, but unfortunately
TEMPO:- could not be recycled after the reaction. Due to the costs associated with TEMPO- and its
lack of recyclability, it was replaced with the commercially available acetamido-TEMPO.. Acetamido-
TEMPO-: co-catalyst could be recycled and reused in multiple oxidation reactions without negatively
affecting the conversion, selectivity or yields of the corresponding aldehyde product [48].

Punniyamurthy and co-workers reported a catalyst system, in 2003, employing a salen-type
CuH-complex and H,O; as the oxidant [51]. While primary alcohols were over-oxidised to their
corresponding carboxylic acid analogues, the oxidation of secondary alcohols to the corresponding
ketones was fast. Sheldon and co-workers improved their previously reported catalyst system
by developing an uncomplicated and easily handled copper(Il)bromide (Cu!'Br,)/TEMPO- catalyst
system with 2,2’-bipyridine (bpy) as the ligand and potassium tert-butoxide (KOtBu) as the base
in an acetonitrile (MeCN) and H,O (2:1 system) solvent mixture with ambient air as the oxidant
(Scheme 4) [3,8,35]. They could successfully oxidise aliphatic alcohols at elevated temperatures and
increased catalyst loading [47].

OH 5 mol% CuBr,, 5 mol% bpy 0

)\ 5 mol% TEMPO, 5 mol% KOtBu )j\
R4 R, MeCN:H,0 (2:1), rt, air R4 R,

Scheme 4. A (bpy)CuBr,/TEMPO-/KOtBu catalyst system in MeCN:H,O (2:1), as the solvent system,
for the aerobic alcohol oxidation [3]. Reproduced with permission from Sheldon and co-workers.
Copyright Royal Society of Chemistry, 2003. Successful oxidation was possible for a variety of primary
alcohols (61 to 100%). Selectivity: primary over secondary alcohols (always >99% based on GC).

The role of the base is to deprotonate the alcohol substrate to afford an alkoxide species that can
coordinate to the Cul-centre. Furthermore, TEMPO: coordinates in an 12 manner to a Cull-centre,
3, after which a f-H atom is transferred to TEMPO- to afford a Cull/TEMPO-H coordinated species,
4 (Scheme 5) [3]. The aldehyde, TEMPO-H and a CuI—species, 5, are formed in the last step through
intramolecular one-electron transfer.

J\ J\ |
_cuy'"—N —_— I—N /ﬁ — » *Cu ><
o) C{J % /ﬁ O/Cu % o + /Nﬁ

/F O /( . HO /Z< HO
R H R R

H H H
3 4 5

Scheme 5. The proposed role of TEMPO- in the aerobic oxidation of aliphatic alcohols [3]. Reproduced

with permission from Sheldon and co-workers. Copyright Royal Society of Chemistry, 2003.

This catalyst system was used for optimal oxidation of primary benzylic and allylic alcohol
substrates [3]. In the case of primary alcohols, the second 3-H atom can interact with the O-atom of
TEMPO-H, stabilising the radical intermediate, 7 (Scheme 6).

_ ||_J\ . /Cu”—%:ﬁ
T o
., o R H/O\

0
R/‘" H
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Scheme 6. The interaction between the second (3-H atom of primary alcohols and TEMPO-H [3].
Reproduced with permission from Sheldon and co-workers. Copyright Royal Society of Chemistry, 2003.
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The oxidation of secondary alcohols is slower than that of primary alcohols, as observed in other
TEMPO--mediated systems [5,52]. This is possibly due to the lack of stabilisation of the radical species,
as observed for primary alcohols, as well as the steric effects of the methyl group, which hinder the
formation of the intermediate, 8 (Scheme 7) [3]. This intermediate is important in the C-H abstraction
step from the alcohol substrate. Furthermore, the oxidation of activated alcohols is faster than
those of aliphatic alcohols because the H-atom abstraction from the «-carbon by TEMPO: was the
rate-determining step (Scheme 5, 4 and 5) [3].

II_J\
O/C{J/N/ﬁ
A
—
= 1H /Q\/
CHs
8

Scheme 7. Possibilities for the lack of reactivity of secondary alcohol substrates due to (a) the
stabilisation of radical species 7 (Scheme 6) by the second f-hydrogen of primary alcohols and (b)
the methyl group of secondary alcohols cause steric hindrance, thereby preventing the formation of
species 8 [3]. Reproduced with permission from Sheldon and co-workers. Copyright Royal Society of
Chemistry, 2003.

Furthermore, they also found that the Cu-catalyst was still active after complete substrate
consumption and with the addition of more alcohol substrate and TEMPO-: to the reaction mixture,
the oxidation reaction could continue. Therefore, their catalyst system is attractive from both economic
and environmental viewpoints, but there are still some drawbacks concerning its industrial use,
especially in terms of the high concentrations required, the costs of catalysts and co-catalysts and
lastly the presence of an activator, KOtBu [42,53]. As a result, GeifSlmeir and co-workers 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 [35]. They also used inductively coupled plasma (ICP) analysis 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 [42]. The costly KOtBu base was also replaced by sodium
hydroxide (NaOH), added continuously in small amounts, to maintain the optimum pH (13-13.5) for
the oxidation reaction [42]. 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 mononuclear
Cu'l-hydroxo-intermediate in combination with Cu'l-species and bpy, as previously reported by
Wagner-Juaregg and co-workers [42,54]. Stahl and co-workers also proposed the formation of the
hydroxo-intermediate, as a resting state during alcohol oxidation (vide infra) [11]. In the absence of
water, the aldehyde conversion is 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 a selectivity for primary over secondary alcohols [42].

Mannam and co-workers 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 [41]. Molecular
oxygen served as the oxidant, and water was the only by-product of the reaction. They found that the
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 stabilising the active species and 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.
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To further improve on the previous catalyst systems, the choice of solvent for alcohol oxidation was
also considered. Water as non-organic solvent has recently been employed in these alcohol oxidation
reactions [53,55]. Geifslmeir and co-workers highlighted the importance of water in the oxidation
reaction [42]. Repo and co-workers found that alcohol oxidation was possible in a pure aqueous
alkaline solution, using dioxygen as the oxidant [55]. They reported a Cu'/diimine/TEMPO-/NaOH
catalyst system which possesses high catalytic activity towards both primary and secondary benzylic
alcohol substrates, due to the high stability of the formed Cu''-complexes in water. The presence of
TEMPO: improved the in situ formation of catalytically active Cu'l-diimine complexes. Unfortunately,
their catalyst system still possessed several limitations such as the use of increased temperature and
oxygen pressure.

The reaction mechanism for the oxidation reaction catalysed by the system reported by Repo
and co-workers was investigated by Yang and co-workers computationally and it was found to
consist of three steps, namely catalyst activation, substrate oxidation and catalyst regeneration [56].
The rate determining step for the oxidation reaction was calculated to be the proton transfer step.
They found that increased amounts of water resulted in lower reaction rates. Their calculations
supported the experimentally observed reactivity trends: oxidation of primary benzylic and allylic
alcohols proceeded efficiently, however the oxidation of primary aliphatic alcohols was unsuccessful,
due the formation of computationally identified dimeric Cu''-hydroxo intermediates in the presence of
water. This observation is consistent with the experimental findings of Stahl and co-workers [11,47].

In 2009, Koskinen further improved on the catalyst system of Sheldon and co-workers by
replacing the MeCN:H,O solvent system with non-aqueous MeCN in order to avoid any solubility
problems for highly hydrophobic alcohol substrates [28]. Evaluating various bases, moderate activities
were obtained with N-methylimidazole (NMI), rather than KOtBu as base while the highest activity
was observed when employing 1,8-diazabicycloundec-7-ene (DBU). As a result, they reported the
(bpy)CuBry/TEMPO-/NMI or DBU catalyst system under an oxygen atmosphere (Scheme 8).

OH 3 mol% CuBr,, 3 mol% bpy ]
3 mol% TEMPO; 6 mol% NMI/DBU )J\
R1 R, MeCN, rt, O, (balloon) R, R,

Scheme 8. A (bpy)CuBr,/TEMPO/NMI and/or DBU catalyst system in a MeCN solvent system for the
aerobic alcohol oxidation [28]. Reproduced with permission from Koskinen and co-workers. Copyright
Wiley Materials, 2009. Successful oxidation was possible for primary allylic alcohols (87 to 100%) and
more challenging primary aliphatic alcohols (84 to 100%) using CuBr, and Cu(OTf),, respectively.

While CuBr; was used for allylic alcohol substrates, copper(ll)-triflate (Cu(OTf),) was suitable
for more challenging alcohol substrates, particularly primary aliphatic alcohols [28]. A significant
drawback was the need for pure O, as oxidant.

Later, Stahl and co-workers found that the rate of the oxidation reaction could be increased when
the Cull-catalyst is replaced with a Cul-catalyst [47,57]. In 2011, they reported a catalyst system that
involves a bpy ligand that is coordinated to copper(I)triflate (CuOTf), in combination with TEMPO- as
co-catalyst and NMI as base, under ambient air as oxidant (Scheme 9) [2,11].

This catalyst system exhibits a high efficiency in the oxidation of benzylic, allylic and other
activated alcohols, whereas aliphatic alcohols were found to oxidise more slowly [58,59]. The oxidation
of aliphatic alcohols is hindered, thereby requiring longer reaction times, by the higher pKa of the
hydroxyl group, in comparison to the lower pKa value of benzylic alcohols [11].
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OH 5 mol% CuOTf, 5 mol% bpy 0]
5 mol% TEMPOQ; 10 mol% NMI )k
Ry R, MeCN, rt, air R4 R,

Scheme 9. A (bpy)CuOT{/TEMPO-/NMI catalyst system in MeCN under air for the aerobic alcohol
oxidation [2]. Reproduced with permission from Stahl and co-workers. Copyright American Chemical
Society, 2011. Successful oxidation was possible for a variety of primary alcohols (72 to >99%).
Selectivity: primary over secondary alcohols (diols).

More recently, in 2017, our group reported the use of a bis(pyridyl)-N-alkylamine ligand (L3,
Scheme 10) in our (L3)Cu!/TEMPO-/NMI catalyst system. Even though the reaction rate for ligand L3
was slightly slower than the previously used bpy, quantitative conversion of 1-octanol was obtained in
a shorter reaction time than was obtained by Stahl and co-workers [2,10]. Our catalyst system could
be used for the oxidation of a variety of primary aliphatic, allylic, benzylic and heterocyclic alcohol
substrates with excellent yields of the corresponding aldehydes, under synthetically relevant reaction
conditions [10].

5 mol % Cu(MeCN),OTf, 5 mol% L3,
\H/\OH - o
; ™

5 mol % TEMPO;, 10 mol % NMI 6 N
MeCN, 30 °C + 2 °C, ambient air N N

L3

Scheme 10. A (L3)Cul/TEMPO-/NMI catalyst system the aerobic oxidation of 1-octanol to 1-octanal
under synthetically relevant reaction conditions [10]. Reproduced with permission from Swarts and
co-workers. Copyright Royal Society of Chemistry, 2017. Successful oxidation was possible for a variety
of primary alcohols (65 to 98%). The selectivity of the catalyst system was not evaluated.

Our catalyst system could also be used for the successful oxidation of several alcohol substrates
which proved problematic in previous studies [2]. Stahl and co-workers observed low conversions
during the oxidation of 2-pyridinemethanol, possibly due to the competition between the coordination
of the alcohol substrate to copper and copper-catalysed substrate oxidation. Spectrometric (MS) analysis
provided experimental evidence for the inhibitory effect for the oxidation of 2-pyridinemethanol,
which results in a 2-pyridinemethanol-ligated Cu-hydroxo dimer (Scheme 11) [47,60-64].

HHZO H HHz?
\QW;f/N\ \ JAN
= N = N
TfO HH20

HHZO H

Scheme 11. The Cuy-hydroxo dimer that is responsible for the inhibitory effect observed during the
oxidation of 2-pyridinemethanol [10]. Reproduced with permission from Swarts and co-workers.
Copyright Royal Society of Chemistry, 2017.

Unfortunately, our catalyst system could not be used for the oxidation of secondary alcohols,
attributed to the bulky structure of TEMPO- and the steric pressure exerted during the TEMPO--mediated
C-H abstraction step [2,8,28,59].

Several reported homogeneous catalyst systems such as CuBr/bpy/TEMPO-/NMI form insoluble
precipitates during the oxidation reaction and fail to reach completion [2], while others such as
CuBr,/bpy/TEMPO-/KOH are deactivated once the reaction approach completion [28]. It was found
that the nature of the external bases have an influence on the catalytic reactivity, selectivity and
stability [28] which have led to the development of catalyst systems capable of operating in the
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absence of a base. In 2018, Han and co-workers reported a base-free catalyst system, using TEMPO.,
[2,2']-bipyridinyl-5,5’-dicarboxylic acid diethyl ester (BPYDCDE) as the organic ligand and Cu(OAc);
as the metal precursor (Figure 1) [65].

Ayl
AN
O N N— (0]

/° "\
Figure 1. The Cu(BPYDCDE)(OACc), complex for the base-free catalyst system for alcohol oxidation [65].
Reproduced with permission from Han and co-workers. Copyright American Chemical Society, 2018.

Their catalyst system, operating at ambient temperatures and pressures, could be used for the
conversion of a variety of primary and secondary alcohols to the corresponding aldehydes and ketones
in a short reaction time, without the addition of external base [65]. The coordination between the
ligand and OAc” enriches the electron population on the Cu-centre, increasing the alkalinity of the OAc
counter ion to afford a better leaving group. The activity of the different complexes are governed by
the metal, the alkalinity of the counter ion as well as the structure of the ligand. Furthermore, they also
found that the Cu''-complex could be recycled for up to five times without the loss of activity [65].

Independently, Liu and co-workers also reported a Cul/NMI/TEMPO-. (ratio of 1:2:1) catalyst
system, in the absence of an external base, for the oxidation of both primary and secondary (partially
successful) alcohols to their corresponding carbonyl products, under ambient conditions and increased
reaction times [66]. NMI was used as a ligand while they neglected its role as a base, because they
suggested that the presence of a base may lead to a loss of copper species due to the formation of
Cull-hydroxide species. Furthermore, they found that an increase in the electron density on the metal
centre will lead to an increase in the catalysis and this can be achieved when a ligand with strong
basicity is used. Therefore, they suggested that the activation of O, may be one of the essential steps
during the oxidation reaction.

In conclusion, a number of different Cu/TEMPO- catalyst systems have been reported for the
oxidation of alcohols. The mechanistic pathway by which Cu/TEMPO- catalyst systems mediate
the oxidation of alcohols, has been evaluated by several research groups [7-9,11,28]. The next
section will detail the mechanistic understanding that has been established for Cu/TEMPO- catalysed
alcohol oxidation.

5. Mechanistic Aspects of Cu/TEMPO--Catalysed Alcohol Oxidation

Different, partially contradicting mechanistic pathways have been proposed, which involve the
formation of TEMPO*, TEMPO-H or TEMPO- as the reactive intermediate (Table 3). These pathways
are supported by experimental evidence for the postulated intermediates and reaction steps.

Table 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
Oxoammonium [7] CuCl X X
Cull-TEMPO-H [8] CuBr, X X

Cull-binuclear [11,28]  Cu(OTf),/CuOTf X

Cu!’-monomer [9] CuOTf X X
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5.1. Option 1: Oxoammonium Cation (TEMPO™") Mechanistic Pathway

Initially, it was believed the first reported Cu/TEMPO-: catalyst system capable of mimicking GOase,
proceeds via an oxoammonium (TEMPO") pathway (Scheme 12) [7]. Semmelhack and co-workers
proposed the TEMPO™-mediated mechanistic pathway in which Cu'' oxidises TEMPO-H to TEMPO",
which then serves as the reactive intermediate in the alcohol oxidation reactions [7].

o X

I
12 Oy 2LnCu'X N R oH
+ HX X ®

OH

/\
2LnCu'X § R™ ™o

H0 2 + HX

Scheme 12. Semmelhack’s proposed oxoammonium cation (TEMPO™) mechanistic pathway where the
CuH-precursor is used in the oxidation of TEMPO-H to TEMPO" [7]. Reproduced with permission
from Semmelhack and co-workers. Copyright American Chemical Society, 1984.

In addition, Sheldon and Arends suggested that TEMPO-H has a significant inhibitory effect on
the aerobic alcohol oxidation reactions, but the corresponding TEMPO* could be used as a relatively
strong oxidant [33]. Initially, they generated TEMPO" in situ through the addition of single oxidants,
such as sodium hypochlorite [67] or m-chloroperbenzoic acid (m-CPBA) [68]. In addition, TEMPO*
could also be generated from TEMPO:., in a separate reaction, after which it was added to the oxidation
reaction [69].

The mechanistic pathway can be divided into four reaction equations (Scheme 13) [7]: Cu'! oxidises
TEMPO-H to TEMPO™ through a one-electron oxidation. TEMPO™ then serves as the mediator during
the oxidation reaction (Equation (1)) [7,33], after which the alcohol substrate is oxidised to afford the
corresponding aldehyde and TEMPO-H as products (Equation (2)) [7,67]. In addition, TEMPO" is
also used in the rapid oxidation of TEMPO-H to TEMPO-: in the presence of O,, while the active Cu'!
catalyst is regenerated (Equations (3) and (4)) [67,70]. Therefore, TEMPO- acts as a hydrogen transfer
mediator during the deprotonation of the alcohol substrate. The net reaction involves the oxidation of
an alcohol substrate in the presence of O, to afford the corresponding aldehyde and water as products
(Equation (5)) [7,67]. The addition of a base is not required as there is no net formation of an acid
during the oxidation of alcohols [71].

Baerend and co-workers used density functional theory (DFT) calculations to investigate the
mechanistic pathway for alcohol oxidation [72]. They only focused on the restricted singlet Cu-TEMPO-
species as starting structures and proposed a reaction mechanism similar to that proposed by
Semmelhack and co-workers [7,72]. Independently, Bailey and Bobbit also used DFT calculations
to confirm the TEMPO* mechanistic pathway [24]. 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 nitrogen or oxygen atom of TEMPO™. The most stable pre-oxidation intermediate
is found when the nitrogen atom of TEMPO" is attacked at the equatorial site [7,24]. 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 [24]. 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.
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Scheme 13. The oxoammonium cation mechanistic pathway which involves the oxidation of TEMPO-H
to TEMPO™ (reactive intermediate) during alcohol oxidation. Reproduced with permission from
Semmelhack and co-workers [7]. Copyright American Chemical Society, 1984.

However, Stahl and co-workers used electron paramagnetic resonance (EPR) measurements and
cyclic voltammetry (CV) to indicate the lack of reactivity between the Cu''-catalyst and TEMPO-H [11].
In addition, their kinetic studies indicated that TEMPO" is not kinetically competent to act as the
reactive intermediate during alcohol oxidations under their catalytic conditions [11]. Swarts and
co-workers also confirmed the lower reaction rates in alcohol oxidation, when the oxoammonium
cation, TEMPO", was used as co-catalyst instead of TEMPO- [10]. In addition, Sheldon and co-workers
used Hammett correlation studies to determine a g-value of -0.16 for Cu/TEMPO. oxidation reactions [8];
however, this is different to that observed in the stoichiometric oxidation with TEMPO* (g ~ -0.3) [73].
These low g-values suggest that the mechanistic pathway involving the formation of TEMPO™, by the
oxidation of the x-C-H bond, may be excluded.

Having established that TEMPO™ is not the reactive intermediate, alternative mechanistic
pathways were evaluated where either TEMPO-H or TEMPO. is implicated as the reactive
intermediate [8-11,28,74].

5.2. Option 2: Monomeric Cu'-TEMPO-H Mechanistic Pathway

The catalyst system, as reported by Semmelhack and co-workers, could be used for the oxidation of
benzylic and allylic alcohols [8]. However, the oxidation of aliphatic alcohols was unsuccessful, which is
inconsistent with their TEMPO™"-based mechanistic pathway, even though TEMPO™ is known for the
efficient oxidation of a variety of aliphatic alcohols. As a result, Sheldon and co-workers investigated the
possibilities for an alternative mechanistic pathway. They showed that the Ru-TEMPO- catalyst system
for the aerobic oxidation of alcohols did not involve the TEMPO™ mechanistic pathway [21], but rather
proceeded by Ru-centred oxidative dehydrogenation of the alcohol. This alternative metal-hydride
mechanistic pathway is based on the results of stoichiometric oxidations with TEMPO-, kinetic isotope
effect (KIE) and Hammett correlation studies [8], and involves the oxidative dehydrogenation of
the alcohol substrate to afford Ru-hydride species and the re-oxidation of this species, facilitated by
TEMPO- [8,21].

The rationale behind the Ru/TEMPO catalyst system led to the development of a Cu-centred
mechanistic pathway for the catalyst system, as proposed by Sheldon and co-workers (Scheme 14) [8].
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Their alternative mechanistic pathway involves two half-reactions: firstly, the Cul/TEMPO-H catalyst is
oxidised by O, and secondly, the oxidation of the alcohol substrate mediated by Cu'! and TEMPO-H [11].

OH (TEMPOH)

)\ Cu'-complex 1/, Oy

NS

+H*

Scheme 14. A summarised version of the Cu-centred mechanistic pathway for the Cu/TEMPO-
catalysed aerobic oxidation of alcohols. Reproducedwith permission from Sheldon and co-workers [8].
Copyright Royal Society of Chemistry, 2003.

A detailed version of the mechanistic pathway (Scheme 15) involves the coordination of bpy
to Cu'! to form complex I. The alcohol substrate is then deprotonated to afford the alkoxide species,
the formation of which was confirmed by KIE and Hammett correlation studies [8]. The value of
the primary KIE for the oxidation of a-deutero-p-methylbenzyl alcohol was determined to be 5.42
at 25 °C, for the C-H bond cleavage step [8]. 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.
As a result, the KIE for «-deutero-p-methylbenzyl alcohol is consistent with the isotope effects observed
with other metal-centred hydrogen abstractions, including GOase and the biomimetic Cu-complex as
proposed by Stack [8,75].

The alkoxide species coordinates to complex I to afford the (bpy)Cu/alkoxide-intermediate, II,
after which TEMPO- also coordinates, in a n> manner, to afford (bpy)Cu/TEMPO/alkoxide intermediate,
III, confirmed by single crystal X-ray diffraction [8,35,76,77]. The role of TEMPO- is still unclear,
but Sheldon and co-workers suggested that it might act as a hydrogen acceptor for the abstraction of
the 3-hydrogen of the alcohol to afford a ketyl radical intermediate, IV, which is the rate-determining
step [3]. Intramolecular one-electron transfer from the intermediate, IV, to Cul! affords CuI—species, V,
the corresponding aldehyde and TEMPO-H [8,35].

In addition, spectroscopic studies showed that TEMPO: re-oxidises Cu! to Cu'l, in the presence
of molecular O; [8,16,35,42]. During the protonation of the intermediate, I'V, unstable TEMPO-H is
formed [21], which is rapidly oxidised to TEMPO-. in the presence of O,. However, this observation
differs from the findings of Neumann and co-workers where they postulated that the oxidation of
TEMPO-H to TEMPO- was the slower, rate-determining step for reactions catalysed by TEMPO: and
catalytic amounts of polyoxometalate (HsPV,Mo1(O4) as co-catalysts [78]. Sheldon and co-workers
found that the difference in their observations could be rationalised on the basis of the pH-dependence
of the oxidation reaction [8]. At basic pH, the rate of aerobic oxidation of TEMPO-H to TEMPO- is
high, while at acidic pH, it is relatively low and might be rate-determining. In addition, the oxidation
of TEMPO-H is expected to result in the formation of HyO,, which was not detected likely due to
Cu-catalysed disproportionation [8].

Wu and co-workers used DFT calculations to re-examine the starting structures for alcohol
oxidation, as proposed by Baerends and co-workers [72], and they found that open shell singlet
and triplet spin states are also possible [6]. The open shell state species was found to be better
starting structures due to lower energies, however, by employing the restricted singlet state species,
they obtained results that support the mechanistic pathway as proposed by Baerend and co-workers [72].
In addition, they also proposed three different pathways for TEMPO- regeneration during the alcohol
oxidation reaction [6]. They found that the concentration of TEMPO- stays constant during the
oxidation reaction, but a decrease in the concentration is observed once all the alcohol substrate is
consumed. This observation could not be explained experimentally by Sheldon and co-workers [3,35],
but it is closely related to the TEMPO- regeneration, as proposed by Wu and co-workers [6]. As a result,
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even though their calculations supported the mechanistic pathway proposed by Baerends and
co-workers, their findings also confirmed the presence of Cull-TEMPO- species rather than Cul-TEMPO™,
providing support for the mechanistic pathway proposed by Sheldon and co-workers (Scheme 16) [6,8].
Furthermore, the catalyst system and mechanistic insights reported by GeifSlmeir and co-workers also
supports the Cu-centred mechanistic pathway as proposed by Sheldon and co-workers [42].
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Scheme 15. The proposed Cu-mediated mechanistic pathway for the (bpy)CuBry/TEMPO-/KOfBu
catalyst system for the aerobic alcohol oxidation. Reproduced with permission from Sheldon and
co-workers [8]. Copyright Royal Society of Chemistry, 2003.
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Scheme 16. A summary of the mechanistic pathways as proposed by the groups of Semmelhack
and Sheldon and their co-workers [7,8]. Reproduced with permission from Wu and co-workers [6].
Copyright American Chemical Society, 2010.
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5.3. Option 3: A Dimeric Cu'-Species-Based Mechanistic Pathway

The above-mentioned mechanistic pathways were further evaluated by the groups of Koskinen
and Stahl [11,28]. Their mechanistic pathway involves the oxidation of TEMPO- to TEMPO-H and
the formation of dimeric Cu'! species, which is not in agreement with GOase mimicry [28]. Instead,
their mechanistic pathway mimics the mode of activity of tyrosinase enzymes.

Their proposed mechanistic pathway 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 [11,28]. Koskinen
and co-workers used a Cu''-salt, which is reduced to a Cu!-complex, during the oxidation reaction
and they found that by incorporating a non-coordinating counter-ion in the Cu''-catalyst, they could
oxidise a wide variety of alcohol substrates [28,35]. In addition, it became clear that the rate and the
reactivity of the reaction increased when the Cu''-catalyst was replaced by a Cul-catalyst in the alcohol
oxidation [2,10,28,35]. Cu'-precursors with a non-coordinating anion such as triflate displayed higher
activity than the analogues containing coordinating anions such as CuBr and CuCl, attributed to faster
dissociation rates of non-coordinating anions in the former [2,10,28,35].

The simplified version of their proposed TEMPO--based mechanistic pathway (Scheme 17) consists
of two key steps: Step 1: Catalyst oxidation — Cu' enters the catalytic cycle and coordinates with bpy
and NMI to afford a Cul-intermediate, (bpy)(NMI)Cu!, which is oxidised to the Cu-hydroxide species,
(bpy)(NMI)Cu''-OH, in the presence of O, [11]. This is accompanied by the oxidation of TEMPO-H to
TEMPO-. Step 2: Substrate oxidation — Cu'l-hydroxide species and TEMPO: mediate the oxidation of
the alcohol substrate to the corresponding aldehyde [11].

j +OTf
—NMI
S 11,0,
H,O

substrate catalys(
oxidation oxidation

+0Tf

Scheme 17. A simplified version of the mechanistic pathway for the (bpy)CuI/TEMPO-/NMI—Catalysed
aerobic alcohol oxidation. Reproduced with permission from Stahl and co-workers [11]. Copyright
American Chemical Society, 2013.

Kinetic studies were employed to confirm the proposed mechanistic pathway where both aromatic
and aliphatic alcohols exhibited similar kinetic dependencies on [Cu] and [O,]. The observed first-order
dependence on [O;] and mixed second-order/first-order dependence on [Cu] was used to confirm
the reaction between O, and the biomimetic N-chelated Cul-intermediates [19,45,79]. These data are
consistent with the oxidation of Cu! to Cu'! under O,, followed by a reaction with a second Cu'-centre
to afford peroxo-bridged binuclear Cull-dimeric species [11].

UV-visible and EPR spectroscopic studies were used to monitor the concentration of Cu!, Cul and
TEMPO- species available in the system. The EPR measurements were conducted on quenched
samples, and not in operando [11]. For aromatic alcohols, the copper species was predominantly
Cu! with only a minor decrease in [Cu'] observed early in the reaction and a rapid decrease in Cu'
later in the reaction indicating complete conversion of the alcohol [11,47]. After complete conversion,
EPR measurements showed that 70% of the Cu-catalyst was present as Cu'l, while UV-visible data
showed that all the Cu existed as Cu'l [11,47]. A possible reason for this discrepancy was attributed
to the formation of EPR-silent Cu'' species such as hydroxo-bridged binuclear Cu''-dimeric species
(Figure 2). The formation of the dimeric species was confirmed by single crystal X-ray diffraction
analysis [47].
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Figure 2. Formation of hydroxo-bridged binuclear Cu''-dimeric species during the aerobic alcohol
oxidation reaction, as proposed by the groups of Koskinen and Stahl [11,28]. Copyright Wiley Materials,
2009 and American Chemical Society, 2013.

The concentration of TEMPO- remains low throughout the oxidation by O,, as observed during
EPR measurements on quenched samples (17-32%) [11]. However, for the oxidation of aliphatic
alcohols, Cu! evolves gradually into Cu! throughout the reaction, as confirmed by UV-visible and EPR
spectroscopy. In addition, the concentration of TEMPO- is relatively high throughout the oxidation of
aliphatic alcohols (70%). As a result, Stahl and co-workers suggested that the catalyst resting state
changes, depending on the identity of the alcohol substrate [11]. For aromatic alcohols, copper is
predominantly present as Cul and therefore, catalyst oxidation (Scheme 17, step 1) is the rate-limiting
step. For aliphatic alcohols, both Cu! and Cu'! is present in varying ratios during the oxidation reaction
and therefore, both the catalyst and substrate oxidation steps (Scheme 17, steps 1 and 2) contribute to
the rate-limiting step [11]. While both groups used NMI as base, Koskinen and co-workers also used
DBU as a base in the oxidation reaction, which led to a small increase in the oxidation rate [28].

The more detailed version of the mechanistic pathway (Scheme 18) proposed by the groups of
Koskinen and Stahl involves the coordination of bpy and NMI to Cu to stabilise the (bpy)(NMI)Cu!
intermediate, VI, which is then oxidised to (bpy)(NMI)CuHOz-—, VII, under O, [11,47,57].
The (bpy)(NMI)CuHOz'— intermediate, VII, reacts with a second (bpy)(NMI)CuI intermediate to
afford peroxo-bridged binuclear Cull-dimeric species, VIII [11,28]. However, Koskinen and co-workers
proposed that the alkoxide species coordinates with the (bpy)(NMI)Cu! intermediate, VI, after which it
is oxidised by dioxygen to afford the Cu'l-dimeric species, VIII [13,28]. Analogous Cu'l-dimer species,
in the absence of alcohol substrate, was also confirmed by Swarts and co-workers [10]. However,
with the addition of the alcohol substrate, the Cull-dimer disappeared, and no further formation was
observed during the oxidation reaction.

The presence of NMI is important to coordinate with Cu' during the oxidation as it could
hinder the formation and/or facilitate the dissociation of the intermediate in its absence [47].
TEMPO-H is oxidised to TEMPO- through H-atom transfer by the Cull-dimeric species, VIII, to afford
(bpy)(NMI)Cu''-OOH intermediates, IX, as well as (bpy)(NMI)Cu'-OOH intermediates, X [11].
The formation of Cu''-hydroperoxo intermediate IX, which is responsible for H,O, formation after
the oxidation reaction, was also confirmed by Swarts and co-workers [10]. Analogous species have
been observed in Fe-catalysed alkane hydroxylation reactions [80]. From EPR measurements, it was
determined that the (bpy)(NMI)Cu'l-OH intermediate, X, was the catalyst resting state [11], but Iron
and co-workers suggested that it is only a theoretical resting state and it would not be present during
the oxidation reaction [74].

Stahl and co-workers found that TEMPO-H is not required during the oxidation of Cu' to Cu'l;
however, it appears to be required for kinetically competent reaction rates [11]. In addition, when no
TEMPO-H is present initially, the reaction between the alcohol substrate and the Cu''-dimeric species is
proposed to afford Cu'-OOH and Cu"'-OCH,R intermediates [11], but no sufficient evidence to support
the formation of these intermediates exists [9]. A further reaction between the (bpy)(NMI)Cu'-OOH
intermediate, IX, and H,O or the alcohol substrate leads to the formation of the (bpy)(NMI)CuH—OH,
X, or (bpy)(NMI)Cu™-OCH,R, XI, intermediates and H,O,. Hydrogen peroxide is known to rapidly
disproportionate to H,O and O,, which accounts for the observed 2:1 alcohol:O, stoichiometry of the
overall reaction [11]. Alcohol substrates are oxidised by (bpy)(NMI)CuH—OH intermediates, X, to afford
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(bpy)(NMI)Cu'-OCH,R intermediates, XI, via a pre-equilibrium step [2,28]. The pre-equilibrium step is
followed by H-atom abstraction by TEMPO- to afford the aldehyde and TEMPO-H [11,74]. In addition,
the reduction of Cul! to Cu! occurs through a two-electron/one-proton reaction [11]. The result of kinetic
studies is consistent with a bimolecular reaction between TEMPO- and the (bpy)(NMI)CuH-OCHzR,
XI[11].

+
+OTf‘
‘ +0Tf‘ | S +OTf
N
N “/NMI ~N \ "/NMI
Cu Xl
VRN Vil / e}

o =

\
\ P
. H
R K
H,0 (bpy)(NMI)C
P
R™ "OH il

S +OTf 2 (OTf)
N /NMI _N NMI 7
II X CU"‘(O ){ull
= OH Ml

OH
HO N +OTf [
202 N
[Cu] ” N | >EJ<
o

1/, Oz |
>[NJ<
+

+H,0
(bpy)(NMI)CU'

\/

Scheme 18. The proposed mechanistic pathway for the (bpy)Cu!/TEMPO-/NMI catalyst system.
Reproduced with permission from the groups of Koskinen and Stahl [11,28]. Copyright Wiley Materials,
2009 and American Chemical Society, 2013.

Deuterium kinetic isotope studies revealed large KIEs for the C-H cleavage step (KIE = 6.06 and
10.9 respectively) for both aromatic and aliphatic alcohols [11,58]. These results clearly indicated that
the C-H cleavage step is not the turnover limiting step for aromatic alcohols, but it contributes to the
turnover rate of aliphatic alcohols. This was rationalised on the basis of the weaker «-C-H bonds of
the activated and aromatic alcohols and therefore much more rapid C-H cleavage is expected [11].

Therefore, the mechanistic pathway proposed by the groups of Koskinen and Stahl, provides
areason for the historical challenges associated with the oxidation of aliphatic alcohols with Cu/TEMPO-
and related catalyst systems. A pKa value of ~2 units higher for the O-H bond of aliphatic alcohols,
than for aromatic alcohols [81,82], hinders the formation of (bpy)(NMI)CuH—OCHzR intermediates, 9,
(Scheme 19), which results in lower oxidation rates [11].

However, in 2014, Stahl and co-workers used DFT calculations to indicate the resemblance between
the six-membered transition state for the H-atom transfer step, 9, and the transition state for Oppenauer
oxidation of alcohols mediated by aluminium isopropoxide (Al({OPr)3, Scheme 19) [59].
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Scheme 19. The structural similarities between the transition states for the H-atom transfer in the
alcohol oxidation in Cu/TEMPO., 9 and Oppenauer oxidation methods. Reproduced with permission
from Stahl and co-workers [59]. Copyright American Chemical Society, 2014.

They specifically focused their studies on the (bpy)(NMI)CuH—OH intermediate, X, as the catalyst
resting state and not the Cu''-dimeric species, VIII, which is formed during the oxidation reaction
(Scheme 18) [59]. Even though the transition states are structurally similar, the Cu/TEMPO--mediated
alcohol oxidation features a thermodynamic driving force associated with the reduction of Cul' and
TEMPO- to Cu' and TEMPO-H [59].

More recently, in 2017, Stahl and co-workers synthesised different Cu/nitroxyl complexes and
evaluated their electronic properties, using both spectroscopic and DFT computational studies [83].
They also used DFT computational studies to evaluate the electronic properties of the key proposed
intermediate, 9, for the (bpy)Cu/TEMPO- catalyst system during aerobic alcohol oxidation (Scheme 19).
Even though both the complexes and the proposed intermediate, 9, are in a Cu'' oxidation state,
their investigation found that they exhibit Cul/TEMPO™ character. This was attributed to the ability
of Cu'l and TEMPO- to achieve two-electron oxoammonium reactivity as two one-electron oxidants,
resulting in an adduct with Cul/oxoammonium character and oxoammonium-like reactivity [83].
However, Cul! is still not kinetically competent to promote one-electron oxidation of TEMPO- to
afford TEMPO", as the reactive intermediate, during aerobic alcohol oxidation. As such, even though
they observed an oxoammonium-like reactivity during alcohol oxidation, their findings still does not
support the oxoammonium cation (TEMPO™) mechanistic pathway as proposed by Semmelhack and
co-workers [7,83].

Independently, Iron and co-workers also investigated the possibility for H-atom transfer to
proceed via a six-membered ring (10), five-membered ring (11) or an intermolecular H-atom transfer
step (12, Scheme 20) [74]. In further DFT computational studies, they focused on the six-membered
transition state to investigate the mechanism of aerobic alcohol oxidation, which was found to be
consistent with the one proposed by Stahl and co-workers [11].
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Scheme 20. The different transition states for the H-atom abstraction during the oxidation step.
(10) Six-membered ring, (11) five-membered ring, (12) intermolecular hydrogen transfer. Reproduced
with permission from Iron and co-workers [74]. Copyright John Wiley and Sons, 2016.

They suggested that the overall mechanism involves two possible pathways for the H-atom
abstraction from the alcohol substrate, using TEMPO-.. The first path involves the coordination of the
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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 [74]. Iron and co-workers also proposed
that both TEMPO-H and TEMPO-NH-O would remain coordinated to the Cu-centre throughout the
oxidation reaction [74]. However, Briickner and co-workers used UV-visible spectroscopy, where they
found fluctuations in the intensity of the TEMPO- signal and therefore confirmed the continuous
coordination and dissociation of TEMPO- to the Cu-centre [9].

5.4. Option 4: Mononuclear (bpy)(NMI)Cu''-O,-TEMPO-Based Mechanistic Pathway

Stahl and co-workers developed the most efficient catalyst system [11,47,57,59] with the use
of thorough mechanistic and kinetic studies, including in situ attenuated total reflection (ATR)-IR,
UV-visible data and EPR measurements of quenched frozen samples [11]. More recently, Briickner and
co-workers further improved our understanding of the TEMPO:-mediated mechanistic pathway [9].
They suggested alternative roles for TEMPO- and NMI, compared to those suggested by Stahl and
co-workers. Previously, it was believed that TEMPO- was used for a one-electron oxidation of Cu!
to afford Cu'-species [8,11,28]. However, the groups of Briickner and Wang used in operando EPR
measurements and UV-visible spectroscopy, respectively, to confirm that there is no direct redox
reaction between TEMPO- and the CuI/CuH-catalyst [9,46].

Based on their experimental data, the role of TEMPO: was identified to be for the fixation and
activation of O, via the formation of weakly coordinating TEMPO-O, intermediates [9]. In addition,
TEMPO:- is also used in the stabilisation of the (bpy)(NMI)CuH—Oz’ intermediate, formed by SET
from the Cul-catalyst to molecular O,. Furthermore, Stahl and co-workers proposed the formation of
CuyO,-dimeric species [11], which is inconsistent with the results of Briickner and co-workers’ coupled
operando studies [9].This observation is explained on the basis that the expected Cu'!-dimeric species
would be EPR-silent. Instead, Briickner and co-workers found an increase in the Cu!! EPR signal
during the reaction, which is a result of the possible formation of off-cycle Cu''-dimeric species (such as
hydroxo-bridged Cu'l-dimers) [9]. Stahl and co-workers also proposed the reaction between the alcohol
substrate and Cu'l-dimeric species, in the absence of TEMPO-H, but no sufficient evidence to support
the formation of the resulting Cul-O0OH and Cu"-OCHj,R intermediates, exists [9]. The oxidation of
both aromatic and aliphatic alcohols showed similar spectral features, although the rate of aldehyde
formation and the rates of Cul/Cu! conversion were much slower for aliphatic alcohols [9]. As a result,
Briickner and co-workers proposed a mechanistic pathway which differs slightly from the one proposed
by Stahl and co-workers (Scheme 21). This alternative mechanistic pathway is also supported by the
experimental findings reported by the groups of Wang and Swarts [10,46]. UV-visible spectroscopic
studies showed that the initial step involves coordination of bpy and the dissociation of acetonitrile
solvent [9,46]. Upon introducing O, into the solution, the intensity of the bands decreased and
shifted slightly.

This was rationalised as a dipolar interaction between the (bpy)Cu! intermediate and O, rather than
the oxidation of (bpy)Cu! to tentative EPR-silent (bpy)Cu''-O," monomeric or (bpy)Cu''-O,-Cu''(bpy)
dimeric species as postulated in previous reports [84,85]. UV-visible spectra supported the oxidation
of Cu! to Cu!! with the addition of NMI. NMI has a bifunctional role in the aerobic alcohol oxidation.
Firstly, NMl is used to coordinate and stabilise the (bpy)CuI—intermediate to afford the (bpy)(NMI)CuI
intermediate, XII, which is oxidised to (bpy)(NMI)Cu'O,~, XIII, through a SET to O, [9,46,86].
The magnetic interaction between the paramagnetic Cu'l and O, ™ has an influence on the EPR studies,
and therefore the (bpy)(NMI)Cu'!O,~ intermediate might not be seen [9]. Further reactions such as
H-atom abstraction might take place to stabilise O, ~, in the absence of TEMPO., to afford a tentative
EPR-active (bpy)(NMI)CuH—OOH intermediate and a possible increase in the EPR signal [9]. However,
Briickner and co-workers proposed the stabilisation of (bpy)(NMI)CuHOz'_, XIIL in the presence
of TEMPO- to afford the (bpy)(NMI)CuH—Oz—TEMPO intermediate, XIV, which is confirmed by line
broadening and a loss in the intensity of the EPR signal in the presence of O, [9]. The formation of the
(bpy)(NMI)CuH—O2—TEMPO intermediate, XIV, differs from the formation of the peroxo—CuH-dimeriC
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species (Scheme 18, VIII), as proposed by the groups of Koskinen and Stahl [11,28]. NMI functions
as base for the deprotonation of the alcohol substrate to afford alkoxide species that coordinates
to XIV to afford the Cull-intermediate, XV [9,11,59]. H-atom abstraction from the alkoxide species
affords the corresponding aldehyde and TEMPO.. This step is facilitated by the presence of Oy~
Stahl and co-workers suggested that TEMPO- is used for the deprotonation step [11], which is in
contrast with the experimental results of Briickner and co-workers highlighting the roles of NMI
and TEMPO: during the oxidation reaction [9]. The consumption of alcohol substrate coincides with
an accumulation of the (bpy)(NMI)CuH intermediate, but when more alcohol substrate is added,
aldehyde formation continues, as indicated by an increase in the vc=p absorption band [9]. Swarts
and co-workers employed spectrometric (ESI-MS) studies to confirm an increase in the intensity of the
mass fragments for the Cu'-intermediates after complete conversion of the second addition of alcohol
substrate, and therefore no catalyst deactivation [10]. These results are in contrast with previous
mechanistic pathways, where they suggest the reaction of TEMPO- with the (bpy)(NMI)Cu''-alkoxide
intermediate to afford TEMPO-H, the corresponding aldehyde and (bpy)(NMI)Cu' [11,28,47]. If this is
true, the EPR measurements for TEMPO- and Cu!! should decrease after the addition of more alcohol
substrate, because Cu! and TEMPO-H are EPR-silent species, however, the opposite was observed by
Briickner and co-workers [9].
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Scheme 21. The proposed mechanistic pathway for the (bpy)Cul/TEMPO-/NMI catalyst system.
Reproduced with permission from Briickner and co-workers [9]. Copyright John Wiley and Sons, 2015.

Lastly, Cull' is reduced to Cu! to afford the (bpy)(NMI)CuI—OOH intermediate, XVI, and H,O,
during the reaction with H*-NMI [9,11]. The resulting hydrogen peroxide rapidly disproportionates
to H,O and O,. Swarts and co-workers used ESI-MS studies to provide experimental evidence for
the formation of the Cu-hydroperoxo intermediate [10]. Furthermore, this is also supported by EPR
measurements where the TEMPO- signal narrowed and the intensity increased after the addition of
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the alcohol substrate, thereby indicating the dissociation of the TEMPO-O, adduct [9]. In addition,
fluctuations in the TEMPO- EPR signal intensity confirmed the formation and decomposition of these
TEMPO-O, intermediates. Previous studies performed EPR measurements on quenched samples
during the oxidation reaction and, as a result, the fluctuations in the TEMPO- signal were not
observed [11].

In conclusion, various partially contradicting mechanistic pathways have been recently proposed
for Cu/TEMPO- catalyst systems. These mechanistic pathways involve either TEMPO™", TEMPO- or
TEMPO-H as the reactive intermediate during alcohol oxidation. However, the high costs of TEMPO- as
co-catalyst, lack of recyclability and its steric influence on reactivity has resulted in attempts to replace
TEMPO- with a sterically smaller and less expensive nitroxyl co-catalyst. In addition, the improvement
of the system’s capability to oxidise both primary and secondary alcohols is also of importance. The next
section will focus on alternative co-catalysts in combination with a Cu-catalyst for alcohol oxidation.

6. Alternative Co-Catalysts in Cu/Nitroxyl-Catalysed Alcohol Oxidation

Several alternative co-catalysts for the Cu-based catalyst systems, such as nitroxyl radicals and in
situ radical formation from N-oxide co-catalysts, were reported in recent years. Employing alternative
co-catalysts generate catalyst systems displaying higher catalytic activity devoid of the limitations
described above.

In 2013, Stahl and co-workers replaced TEMPO- with different nitroxyl co-catalysts varying in their
electronic and steric properties [58]. Several nitroxyl derivatives in combination with a Cu-catalyst,
have been reported previously [87-92]. They found that the reaction rates for the less sterically
encumbered co-catalysts, such as 9-azabicyclo[3.3.1Jnonane N-oxyl (ABNO:, A), ketoABNO- (B) and
2-azaadamantane-N-oxyl (AZADO-, C), were higher than the TEMPO- derivatives (Scheme 22).
The increase in reactivity for sterically smaller co-catalysts was also observed electrochemically [93].
Furthermore, due to the lack of dependence on the rate of the nitroxyl redox potential, they proposed
that the nitroxyl co-catalyst is not involved in the turnover-limiting step. These results support the
findings of their Cu/TEMPO: catalyst system for activated alcohols but differ from the results for
aliphatic alcohols [2] and therefore they suggest that less sterically hindered nitroxyl co-catalysts
enhance the rate of the C-H cleavage step which leads to a new turnover-limiting step [58].

Scheme 22. Different nitroxyl derivatives that can be used to replace TEMPO-. (A) ABNO;,
(B) keto-ABNO- and (C) AZADO- [58]. Reproduced with permission from Stahl and co-workers.
Copyright American Chemical Society, 2013.

Furthermore, they improved on the substrate scope of their Cu/TEMPO- catalyst system by
developing a highly effective (bpy)Cu!/ABNO-/NMI catalyst system which could be used for the
successful oxidation of a variety of alcohol substrates, including aliphatic and secondary alcohols,
within shorter reaction times and at room temperature. However, even though ABNO- is sterically
less bulky than the traditional TEMPO- co-catalyst, it is more expensive, and therefore not the
optimal alternative.

Iwabuchi and co-workers also focused on less sterically hindered nitroxyl radical co-catalysts,
such as AZADQO:., that exhibits a higher catalytic efficiency during alcohol oxidation [92,94]. Even though
the sterically smaller ABNO- co-catalyst is kinetically more efficient and readily available, more bulky
nitroxyl radical co-catalysts such as 1-Me-AZADO- resulted in higher activity, which is in contrast
with previous studies [58,94,95]. They reported a (bpy)Cu/AZADO-/p-(N,N-dimethylamino)pyridine
(DMAP) catalyst system for selective oxidation of amino alcohols to their corresponding amino carbonyl
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products [92]. This selectivity control was attributed to the preferential formation of a Cu-alkoxide
intermediate rather than a Cu-amide intermediate. A lower loading for AZADO- as co-catalyst, relative
to TEMPO: was used and they also found an increase in the reactivity when halide salts of Cu' was
used instead of CuOTf.

In 2015, Arndtsen and co-workers reported a catalyst system operating without the use of
an N-oxide co-catalyst [96]. Tetrakisacetonitrilecopper(I) hexafluorophosphate ([Cu(MeCN)4]PFs) in
combination with N,N’-di-tert-butyl-ethylenediamine (DBED) was employed as the catalyst system.
DMAP was used as a base for non-activated aliphatic alcohols, while NMI was used for activated
alcohols. Interestingly, the Cu/DBED catalyst system is selective for the oxidation of activated
secondary over primary alcohols, which is in contrast with the Cu/TEMPO- catalyst system [2,96].
Initially they believed that their catalyst system acts as a type II Cu-based tyrosinase mimic, instead
of GOase [96], but the groups of Stahl and Arndsten and co-workers used mechanistic studies to
confirm the presence of a nitroxyl radical during the oxidation reaction [96,97]. They proposed that
Cu/DBED-catalysed reactions involve both oxygenase- and oxidase-type reactivity. A Cu/O, adduct is
responsible for the in situ oxygenation of DBED, as previously observed in amine oxygenation with
related Cu-oxygenase mimics [98,99]. The oxygenated ligand could then serve as a nitroxyl radical
co-catalyst in the oxidase-type reaction that acts as a GOase, similar to those observed in Cu/nitroxyl
reactions [8,11,59,100]. The approach to synthesise the nitroxyl radicals through an in situ process has
significant implications for future catalyst development, because some of these radicals decompose
readily when prepared and isolated.

More recently, in 2016, Wang and co-workers rather decided to incorporate steric bulk into catalyst
design by introducing a bifunctional ligand, which consists of bpy as metal-binding site covalently
linked to a TEMPO- radical (Scheme 23) [46]. Previous groups also attempted to use a bifunctional
ligand in their catalyst systems, but they encountered several limitations such as limited substrate scope,
the need for high catalyst loadings as well as laborious preparation of the bifunctional ligand [101-104].
As a result, Wang and co-workers circumvented these limitations with the development of their
Cul/bpy-TEMPO-/NMI catalyst system that could be used for the oxidation of a variety of primary
(72 to >99%) and secondary (78 to 85%) alcohols, bearing selectivity toward primary alcohols over
secondary alcohols [46]. Previous studies also showed selectivity for primary alcohols over secondary
alcohols [2,7,8,28,42]. Unfortunately, as with many analogous systems, they failed to efficiently oxidise
a broad range of secondary alcohol substrates.

\
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bpy-TEMPO

Scheme 23. Schematic presentation of the bpy-TEMPO--based bifunctional ligand. Reproduced with
permission from Wang and co-workers [46]. Copyright Royal Society of Chemistry, 2016.

In conclusion, several alternative nitroxyl radicals and other co-catalysts were used in recently
reported catalyst systems. These alternative catalyst systems could improve on several limitations
encountered with the Cu/TEMPO- catalyst systems, but some of the limitations still exists. As a result,
even though sterically smaller co-catalysts result in higher catalytic activity, it is still expensive and
therefore not the optimal replacement for TEMPO- during alcohol oxidation.
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7. Summary and Outlook

This review sought to highlight the importance of copper as a metal, as well as in combination with
TEMPO:., for alcohol oxidation reactions. The advantages, disadvantages and differences associated
with the reported Cu/TEMPO- catalyst systems have been summarised, while the potential for new
developments, such as a catalyst system for optimal oxidation of both primary and secondary alcohols,
are also outlined. We have provided a detailed discussion of the previously proposed mechanistic
pathways, which involve either TEMPO*, TEMPO- or TEMPO-H as the reactive intermediate.
In particular, we sought to highlight contradiction which exist between mechanistic pathways.
Lastly, recent efforts directed to the development of catalyst systems involving a copper precursor,
in combination with several alternative nitroxyl radicals and in situ formed radicals, have been
described. These reports encompass future catalyst design strategies for Cu-based catalyst systems,
operating in the absence of a radical co-catalyst, for alcohol oxidation. Specifically, these catalyst
systems should act as type II Cu-based tyrosinase mimics, instead of GOase. Similar co-catalyst free
catalyst systems, for the conversion of phenolic substrates to afford quinones, have recently been
reported [105-107]. Different ligands were recently evaluated, and it was found that DBED was
the most efficient ligand for these oxygen atom transfer reactions [105,107]. In conclusion, different
Cu/TEMPO-: catalyst systems as well as partially contradicting mechanistic pathways were reported
in recent years. Furthermore, the possibility to replace TEMPO- as co-catalyst with another nitroxyl
radical or an in situ formed radical also exist, but the optimal replacement for TEMPO- could not yet be
determined. Therefore, there is still a growing demand to develop an optimal Cu-based catalyst system
for the oxidation of both primary and secondary alcohols. Keeping in mind the pace of advances in the
development of Cu/TEMPO- catalyst systems and the understanding of the mechanistic pathway for
alcohol oxidation in recent years, it is reasonable to expect that these challenges will soon be addressed,
while new opportunities in Cu-based alcohol oxidation will be developed.
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