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This review summarizes the latest discoveries in the field of C–H activation by copper monoxygenases

and more particularly by their bioinspired systems. This work first describes the recent background on

copper-containing enzymes along with additional interpretations about the nature of the active

copper–oxygen intermediates. It then focuses on relevant examples of bioinorganic synthetic

copper–oxygen intermediates according to their nuclearity (mono to polynuclear). This includes

a detailed description of the spectroscopic features of these adducts as well as their reactivity

towards the oxidation of recalcitrant Csp3–H bonds. The last part is devoted to the significant

expansion of heterogeneous catalytic systems based on copper–oxygen cores (i.e. within zeolite

frameworks).
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Scheme 1 Reaction type catalyzed by copper-containing mono-
oxygenases (a) DbH (Dopamine b-monooxygenase); PHM (Peptidyl-
glycine a-Hydroxylating Monooxygenase); pMMO (particulate
Methane Monooxygenase); LPMO (Lytic Polysaccharide Mono-
oxygenase); FGE (Formylglycine-Generating Enzyme) and (b) Ty
(Tyrosinase).

Chart 2 Representation of the polydentate ligands reported in this
review.
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1 Introduction

Copper–oxygen species (mono to multi-copper, derived from O2

or O-atom donors represented by Cu/O) have been widely
investigated since the 1980s due to their ubiquitous involve-
ment in various biological processes such as oxidation and
oxygenation reactions. Given their ability to act on various
substrates as different as methane and phenols (pMMO vs. Ty,
Scheme 1) copper-containing monooxygenases have drawn
particular attention1 for the development of synthetic catalysts
Chart 1 Representation of the monodentate ligands reported in this
review.

© 2024 The Author(s). Published by the Royal Society of Chemistry
for efficient C–H bond activation. The approach, which consists
of going back and forth between enzymes and chemical models,
has allowed us to better understand the structure/reactivity of
Cu/O species in enzymes as well as the O-atom transfer (OAT)
mechanisms. This has been particularly well illustrated by
studies of type III copper-containing proteins (hemocyanin,
catechol oxidase and tyrosinase) which now constitute an
important part of several bioinorganic chemistry textbooks.

Over the past decade, some aspects of the structure and reac-
tivity of copper–oxygen models have been reported by Stack,2,3

Itoh,4 Tolman,5 Karlin,6 and Garcia-Bosch.7 This review covers the
literature from the year 2017 to early 2024, focusing on recent
advances on the structures and reactivities of the characterized
copper–oxygen species possibly involved in C–H bond activation
(Scheme 1a), as models for copper containing monooxygenases.
Many articles in the literature report the oxidation of catechol to
quinone or non-catalytic oxidation of phenol to catechol and
subsequently to quinone by bioinspired complexes modelling
tyrosinase's activity (Scheme 1b). The majority of these articles fall
outside the scope of this review. Only those which aimed at
highlighting the reactivity of Cu/O entities towards X–H bonds are
discussed herein. Beyond the inventory of research work accom-
plished in the eld of structure/reactivity of copper–oxygen species,
our objective is to highlight the trends towards the challenging
goal of efficient C–H bond activation. Mechanisms of C–H bond
activation by reactive Cu/O intermediates (mono to polynuclear)
are discussed with particular emphasis on the latest understand-
ings and key catalytic systems (including heterogeneous catalysts).
Chem. Sci., 2024, 15, 10308–10349 | 10309
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Charts 1 and 2 in this review offer a comprehensive list of themain
ligands discussed here, along with their respective abbreviations,
towards the formation and stabilization of both monodentate and
polydentate Cu/O species.
2 General context

Recent years have seen the evolution of our knowledge on some
copper-containing monooxygenases. Indeed, without
mentioning the particulate Methane Monooxygenase (pMMO),
which has not yet revealed all its secrets, or Lytic Polysaccharide
Monooxygenase (LPMO), the activity of which is still debated
(monooxygenase vs. peroxygenase), others like Peptidylglycine
a-Hydroxylating Monooxygenase (PHM) and Dopamine b-
monooxygenase (DbH), could well go from uncoupled to
coupled binuclear (see Section 2.1).2 Moreover, the emerging
advances could allow polyethylene deconstruction with hex-
amerins.8 The rst section of this review is an opportunity to
update new knowledge related to copper-containing
monooxygenases.

Another development observed in recent years concerns the
thermodynamic and kinetic evaluation of reactions linked to
proton-coupled electron transfer (PCET) processes. These are
important advances for a better understanding of the intrinsic
properties of the catalysts. Therefore, we have devoted a second
section to these thermodynamic aspects.
Fig. 1 Type III copper-containing proteins, (a) reactions catalyzed by
Ty and oxy-Ty 3D-structure of the active site (PDB ID: 1wx4); (b)
mechanism involving an electrophilic aromatic substitution (SEAr) and
(c) mechanism involving a radical-nucleophilic aromatic substitution
(SRN1).

10310 | Chem. Sci., 2024, 15, 10308–10349
2.1. Copper-containing monooxygenases

Among the copper-containing monooxygenases described so
far, tyrosinases (Tys) occupy an emblematic place due to the
important role played by chemical models in deciphering their
oxy-state structure and their reactivity. Tyrosinases do not
catalyze the oxidation of phenols through the activation of a C–
H bond but more precisely via an SRN1 mechanism (vide infra).
However, as the mechanism of this transformation involves Cu/
O species common to the other monooxygenases, we start this
section with tyrosinase. Two recent reviews from Tuczek9 and
Mukherjee10 deal with this close link. Tys are present in
prokaryotes and eukaryotes (plants, arthropods, fungi and
mammals) where they are involved in tissues pigmentation,
wound healing, radiation protection and primary immune
response. Tys belong to the commonly called binuclear coupled
enzymes due to their active site composed of two copper ions
coordinated to three histidines each and spaced from each
other by 3.1–4.2 Å depending on the redox and/or ligation state.
The Ty-catalyzed oxygenation of phenolic compounds consists
of two consecutive reactions, the ortho-hydroxylation of phenol
to catechol (cresolase or monophenolase activity, EC 1.14.18.1)
and its subsequent oxidation into ortho-quinone (catecholase or
diphenolase activity, EC 1.10.3.1) (Fig. 1). Beyond many appli-
cations in the medical and biotechnological elds,11,12 recent
studies on tyrosinases from Solomon's group have revisited the
mechanism of the O-atom transfer that was previously consid-
ered as an aromatic electrophilic substitution (SEAr) on
a phenolate anion bound to the m-h2:h2 peroxido dicopper(II)
core (Fig. 1b).13,14 On the basis of new kinetic studies and QM/
MM calculations, the group of Solomon concluded that the
most likely mechanism would be a radical-nucleophilic
aromatic substitution (SRN1) initiated by a H-bonding of the
present phenol (no deprotonation) and then proton-coupled
electron transfer (PCET) to the m-h2:h2 peroxido dicopper(II)
core of oxy-Ty (Fig. 1c).15–18

Two other copper-containing monooxygenases have recently
gained renewed interest. Dopamine b-monooxygenase (DbH,
EC 1.14.17.1, Fig. 2b) and Peptidylglycine a-Hydroxylating
Monooxygenase (PHM, EC 1.14.17.3, Fig. 2a) were until now
considered as uncoupled binuclear copper-containing mono-
oxygenases with two copper ions coordinated one to three
histidines (CuH) and the second to two histidines and one
methionine (CuM). CuH and CuM, which are spaced from each
other by approximately 11 Å, were proposed to possess distinct
functions: CuM would be involved in the hydroxylation process
through a copper-superoxido species while CuH would act as an
electronic relay (Fig. 2d).19 In this representation, the copper-
superoxido species would abstract an H-atom (Hydrogen Atom
Abstraction, HAA) from the substrate which would be followed
by a rebound event (Scheme 2a). This proposal, which was
based on initial X-ray data (Fig. 2c and d), spectroscopic and
kinetic studies on the reduced and oxy-PHM, was recently
revisited and could become obsolete according to the recent X-
ray 3D structure of the human DbH (Fig. 2e and f).20

Indeed, the DbH X-ray structure revealed that the enzyme
can adopt two different conformations: (i) an open
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Uncoupled binuclear copper-containing monooxygenases, PHM and DbH. (a) and (b) reactions catalyzed by PHM and DbH, respectively;
(c) X-ray structure of PHM from Rattus norvegicus showing the two domains (CuM domain in green and CuH domain in magenta) connected by
a loop (in blue) in which each domain binds a single copper atom spaced from each other by approximately 11 Å and (d) structure of the CuM-
superoxido intermediate in PHM (PDB ID 1opm); (e) and (f) X-ray structure of the human DbM (PDB ID 4zel) showing the open (e) and the closed
(f) forms. Only the CuM domain of the closed form contains a copper atom, the other copper ions (red sphere) are manually placed.
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conformation with two distant copper ions, resembling the
previously reported PHM structure (Fig. 2e) and (ii) a closed
conformation, in which the two copper sites are only 4 to 5 Å
apart, in what might be a coupled binuclear copper site (Fig. 2f).
Scheme 2 Recently revisited mechanism for PHM and DbH showing
the mechanisms involving an HAA by (a) CuM-superoxido intermediate
in an open dicopper active site and (b) m-oxyl dicopper intermediate in
closed dicopper active site. Abbreviation: AscOH for ascorbic acid.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Could PHM and DbH leave the uncoupled binuclear family
for the coupled binuclear ones? This question is relevant since
an alternative mechanism corroborated by QM/MM calcula-
tions,21 involving a dinuclear copper intermediate formed via
an open to closed conformational transition managed to better
account for the experimental spectroscopic data collected over
decades on PHM and the DbH (Scheme 2b).22–25 On one hand,
it is interesting to note that this proposal was already tenta-
tively suggested in 2002, though without sufficient support
from the scientic community at the time.26 On the other
hand, if conrmed, this new nding illustrates once more the
important role of chemical models in these studies. This takes
us back few decades to Réglier’s proposals when: (i) the rst
DbH functional model involving the occurrence of a m-h2:h2

peroxido dicopper(II) species was reported27,28 and (ii) based on
the substrate binding ligand approach29,30 the occurrence of
a dicopper mixed-valent species such as (m-oxido)CuIICuIII 4
(m-oxyl)CuIICuII was proposed to explain the O-atom transfer to
the ligand.31

Themembrane-boundMethaneMonooxygenase (pMMO, EC
1.14.18.3) continues to be in the headlines of discussions about
the nature, localization and nuclearity of the active site, as well
as on the mechanism. Methane monooxygenases (MMOs) are
Chem. Sci., 2024, 15, 10308–10349 | 10311
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crucial enzymes in bacterial methane metabolism since they
catalyze the conversion of methane to methanol (CH4 + O2 + 2e

−

+ 2H+ / CH3OH + H2O). They represent a potential route
towards the use and mitigation of methane emissions. MMOs
exist in two forms, a cytoplasmic soluble form (sMMO) and
a membrane-bound enzyme form (pMMO). These MMOs are
completely unrelated, with different architectures, metal
cofactors (iron for sMMO and copper for pMMO), and mecha-
nisms.32 While the mechanism of sMMO is well described and
agreed upon, that is not the case for pMMO. To date, crystal
structures of pMMOs from ve species have been deter-
mined.33,34 These structures show that pMMOs are hetero-
trimers in which each monomer is composed of three subunits,
PmoA (a), PmoB (b), and PmoC (g). The heterotrimer (abg)3
adopts a cylindrical shape composed of twelve transmembrane
helices almost entirely embedded in the lipid bilayer (Fig. 3a).

Despite these structures, the identity of the copper sites
remains unclear. According to several spectroscopic and
biochemical analyses there would be 12–14 copper ions found
within each functional pMMO. Only two sites (CuB and CuC)
Fig. 3 X-ray structure ofM. capsulatus (Bath) pMMO (PDB ID 3rgb). (a)
Heterotrimer (abg)3 adopting a cylindrical shape composed of twelve
transmembrane helices; (b) 3D-view of one subunit abg showing the
different location of copper ions, PmoA (a) in green, PmoB (b) in blue
and PmoC (g) in orange; (c) 3D-views of the identified copper center
by cryo-EM. The CuB center displays a histidine brace similar to the
one reported on LPMO (see Fig. 4).

10312 | Chem. Sci., 2024, 15, 10308–10349
have been clearly identied by X-ray crystallography in all
pMMO sources (Fig. 3). The nuclearity of the CuB site was the
subject of a long debate. In the original crystal structure of the
pMMO of M. capsulatus (Bath), this site could be modeled with
one or two copper ions. However, thanks to spectroscopic35–37

and computational38 studies, the debate has evolved in favor of
a mononuclear site. In contrast, the CuC site located within the
transmembrane domain of the PmoC subunit has been iden-
tied as mononuclear featuring two histidines and one aspar-
tate as ligands. Biochemical studies of pMMO activity suggest
that the CuC site would likely be the catalytic site for O2 acti-
vation and CH4 oxidation.34 A recent publication by Shaik
attempts to address this question through a QM/MM study of
dioxygen activation at the CuC center in the presence of the
physiological reductant duroquinol (DQH2).39 This simulation
has converged towards the occurrence of the CuC

II-oxyl species
which would be responsible for the C–H activation. These
results reveal the role that phenols could play in the activation
of O2 at the monocopper center.

However, two recent cryo-electron microscopy (cryo-EM)
structures of the pMMO have re-opened the debate (Fig. 3).
The rst structure published by Chan regards pMMO from M.
capsulatus (Bath) in the copper(I) oxidation state. This structure
reveals a dinuclear copper B site, and more surprising unveils
additional copper clusters at the PmoA/PmoC interface within
the membrane (D site) and in the water-exposed C-terminal
subdomain of the PmoB (E site).40 The other structures have
been published by Rosenzweig of the pMMOs M. capsulatus
(Bath), M. alcaliphilum and Methylocystis sp. strain Rockwell in
the copper(II) oxidation state and embedded in the lipid bilayer
closer to the in vivo environment.41 These new structures reveal
a mononuclear copper A site (only for M. capsulatus and M.
alcaliphilum), a mononuclear copper B site and the presence of
copper in C or D sites but never together in both sites. The
different nuclearities observed for the copper B site (mono vs.
binuclear) could be linked to the oxidation state of copper ions,
mono for copper(II) vs. dinuclear for copper(I). This observation
is perhaps not surprising, since copper tridentate complexes
bearing the same ligand were shown to crystallize in dimeric
and monomeric forms in the copper(I) and copper(II) oxidation
states, respectively.42 More interesting is the proximity of the
copper C and D sites which are only approximately 4 Å apart
from each other. Recent QM/MM calculations43 suggest that the
CuD

I site would be more reactive than the CuC
I site in dioxygen

activation for the generation of a CuII-oxyl species. Furthermore,
these simulations which tend to demonstrate that the natural
reductant ubiquinol (CoQH2) prefers to bind to the CuD

I site
rather than to the CuC

I site could support the fact that the active
site of pMMO is CuD rather than CuC.43 Even if the structures
did not reveal the presence of copper ions in the two sites, given
the short distance between them, one may raise the question of
the physiological relevance of a possible binuclear CuC–CuD site
for methane oxidation (Fig. 3c).

Lytic polysaccharide monooxygenases (LPMOs, EC
1.14.99.54) are copper-containing enzymes that comprise
a large enzyme super-family. LPMOs hydroxylate polysaccharide
substrates at either the C1 or the C4 position followed by the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Lytic polysaccharide monooxygenase (LPMO). (a) Reactions
catalyzed by LPMO; (b) LPMO X-ray structure from Thermoascus
aurantiacus (PDB ID 2yet) showing the copper active site at the binding
surface of the LPMO.

Scheme 3 Putative mechanisms to explain LPMO catalyzed hydrox-
ylation: (a) the monooxygenase pathway and (b) peroxygenase
pathway.
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subsequent formation of the aldonic acids (C1 hydroxylation) or
4-keto sugars (C4 hydroxylation) at oxidized chain ends
(Fig. 4a).44 All LPMOs display a mononuclear copper active site
that is located on the binding surface of the enzyme (Fig. 4b).
Coordinated with two histidine residues, the copper ion
exhibits a distinctive feature: it is linked to the N-amino-
terminal histidine through its NH2-terminal end and with the
imidazole side chain, a coordinationmotif that has been named
“histidine brace”.45 Since the discovery in the early 2010s of the
rst LPMO, these enzymes have continuously attracted interest
and stimulated the curiosity of the scientic community.44–47

One major reason for interest in LPMOs is their key role in the
deconstruction of recalcitrant polysaccharides (cellulose,
chitin, etc.), a role of paramount commercial importance to
produce advanced biofuels or bio-based chemicals.48 Another
matter of interest is that LPMOs were the rst “real” mono-
nuclear copper-containing monooxygenases easily accessible by
genetic expression.

LMPOs are active in complex media, with heterogeneous
substrates (cellulose, chitine, etc.) in the presence of numerous
reducing polyphenolic compounds (degradation of lignin), and
© 2024 The Author(s). Published by the Royal Society of Chemistry
in the presence of both dioxygen and hydrogen peroxide.
Therefore, the mechanism associated with their activity is
difficult to study. Although LPMOs were considered at rst as
monooxygenases (with dioxygen as the co-substrate), recent
investigations have suggested that they could instead be
considered as peroxygenase (with hydrogen peroxide as the co-
substrate).49 The exact nature of this oxygenated co-substrate
(dioxygen or hydrogen peroxide) is still debated50–53 as well as
the nature of the copper–oxygen species involved in poly-
saccharide hydroxylation.54,55 Recently, Schröder et al. resolved
a new cryo-trapped structure with an activated dioxygen inter-
mediate in a mixture of superoxido and hydroperoxido states.56

Several alternative active species have been proposed to be
formed within LPMOs' catalytic mechanism, including CuII-
oxyl, or even the hydroxyl radical57,58 without having been
spectroscopically characterized or observed. Scheme 3
summarizes the possible intermediates and mechanisms for
LPMO catalyzed hydroxylation.

The Formylglycine-Generating Enzyme (FGE, EC 1.8.3.7),
which catalyzes the post-translational activation of type I
sulfatases (cysteine residues in formylglycine, Fig. 5a) in
eukaryotes and aerobic microbes, was discovered at the end of
the 1990s.59 Recently, it drew renewed interest not only because
of its potential in protein engineering,60 but also because of its
unique active site which differentiates it from other copper-
containing monooxygenases (Fig. 5).61 Indeed, while copper
ions bind mainly to histidines with tetrahedral or square-planar
coordination spheres in the classical copper-containing mono-
oxygenases (Ty, DbH, PHM, pMMO and LPMO), a single cop-
per(I) binds two cysteines in a linear coordination conguration
in FGE. Thanks to several techniques (stopped-ow absorbance
spectroscopy,62 X-ray,63 QM/MM64), a mechanism has been
proposed in which a non-coordinated dioxygen complex was
Chem. Sci., 2024, 15, 10308–10349 | 10313
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Fig. 5 Formylglycine-Generating Enzyme (FGE). (a) Reaction cata-
lyzed by FGE; (b) the proposed mechanism and within the center the
3D view of the FGE active site from Thermomonospora curvata (PDB
ID 6xtr) showing the copper center linked to two cysteines and the
peptide substrate as well as the hydrophobic pocket consisting of
a tryptophan and a serine where the dioxygen binds before to be
reduced to superoxide.

Scheme 4 Square-scheme mechanism for the HAA reaction:
concerted (HAT/CPET) vs. stepwise (ET/PT) pathways. X is the reactive
copper–oxygen species and XH stands for the hydrogenated copper–
oxygen species.
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suggested as a precatalytic complex. The dioxygen would not be
coordinated to the copper(I) but rather bound in a hydrophobic
pocket juxtaposed to the metal. Thus, the binding and activa-
tion of dioxygen by FGE would be a stepwise process conversely
to many other metal-containing oxygenases. The mechanism
would then involve HAA by a copper superoxido intermediate
followed by the formation of an alkyl-peroxido intermediate
precursor of the aldehyde. However, the mechanism is far from
being fully elucidated and investigation using small copper
model complexes could be highly benecial.

In 2023, it was reported that the buccal secretion of the
lepidopteran Galleria mellonella larvae was capable of oxidizing
and depolymerizing polyethylene at room temperature in the
presence of a copper salt. The cryo-EM analysis and 3D-
reconstructions revealed that the lepidopteran buccal secre-
tion is mainly composed of four hexamerins (Demetra, Cibeles,
Ceres and Cora) belonging to the type III copper-containing
protein family.8 However, despite close homologies with Hc
and Ty, the type III canonical active site present in such lepi-
dopteran hexamerins does not have the capacity to bind copper
ions. Surprisingly, it consists of a combination of aromatic/
hydrophobic and charged residues instead of histidine resi-
dues present in Hc/Ty. However, X-ray uorescence
10314 | Chem. Sci., 2024, 15, 10308–10349
spectroscopy at the Cu-absorption edge indicated the presence
of 6 copper ions per subunit in lepidopteran hexamerins and
the 3D reconstructions revealed the presence of several different
metal ion binding sites. The diverse location of metal sites,
sometimes present at subunit interfaces, could have a structural
function, but it cannot be excluded that the PE-modifying
activity of these proteins is assisted by any of these metals.
The results are still quite vague, and the occurrence of copper
ions needs to be conrmed. However, this work must receive
our full attention considering that plastic waste management is
a pressing ecological, societal, and economical challenge.

In this constantly evolving context where knowledge of bio-
logical systems is rened over the years, the design of model
complexes of the different active sites is necessary to contribute
to this progress. From these studies, a clear emphasis on the
chemistry of dioxygen and/or hydrogen peroxide at mono, bi or
trinuclear copper centers en route to produce CuII-oxyl or (m-
oxido)CuIICuIII 4 (m-oxyl)CuIICuII active species is more rele-
vant than ever. This review focuses on this subject.
2.2. Thermodynamic and kinetic aspects of C–H bond
abstraction

Evaluation of the intrinsic mechanisms occurring in HAA with
the afore-mentioned enzymes is obviously extremely difficult
due to the transient character of the copper–oxygen adducts
generated along the catalytic cycle. Nevertheless, synthetic
models of copper enzymes, although generally less effective
than their natural counterparts, have been extensively studied
since they afford better understanding of oxygen activation
through a ne characterization of the intermediates, mostly by
using low-temperature conditions. In recent years, a common
strategy has been targeted to evaluate reaction thermodynamics
and kinetics related to Proton-Coupled Electron Transfer
(PCET) processes to obtain better insights into the intrinsic
properties of the catalysts. In particular, the bond dissociation
free energy (BDFE) of the O–H bond of hydrogenated copper–
oxygen adducts is considered as a strong indicator of the
oxidizing HAA power of the catalyst, although it provides no
direct information on the stepwise/concerted pathways for H-
atom transfer and the related kinetics.65

BDFEs for solution-phase PCET processes are usually deter-
mined by using a square scheme involving two parallel ET and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Summary of known formation and interconversion path-
ways of mononuclear copper–oxygen entities. Recently isolated
species or pathways are highlighted in orange. Dotted arrows corre-
spond to postulated conversions pathways. The nomenclature used is
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PT processes, where XH denotes the hydrogenated copper–
oxygen catalyst (Scheme 4).66,67

According to this scheme, the BDFE of the X–H bond can be
obtained by considering stepwise electron transfer (ET) and
proton transfer (PT) processes. Indeed, independent determi-
nation of pKa and one-electron reduction standard potential (E0

in V) values related to ET–PT or PT–ET pathways yields BDFE
according to eqn (1):66,67

BDFE = 23.06E0 + 1.37 pKa + CG (1)

where CG denotes the free-energy for the H+/Hc reaction (CG =

−FE0 (H+/Hc)), which is solvent-dependent.
Given the high uncertainty on CG, Mayer and co-workers

have recently proposed another general expression for BDFE
(see eqn (2)) that includes the potential of hydrogenation E0 (V
vs. H2) formally related to the PCET conversion of X into XH
involving H2, as well as the free enthalpy of formation of Hc:66,68

BDFE = 23.06 E0 (V vs. H2) + DG0
f (Hc) (2)

According to Mayer, this alternative approach is of interest
since (i) E0 (V vs. H2) is easily accessible from open-circuit
potential (OCP) measurements, and (ii) DG0

f (Hc) is almost
constant (52.2 +/− 0.6 kcal mol−1) for a wide range of commonly
used solvents, in contrast to CG. As a consequence, the solution-
phase measured values of E0 (V vs. H2) are considered as
equivalent to BDFE ones. In practice, OCP measurements
require the presence in solution of known concentrations of X,
XH, acid/base buffer and electrolyte species.66 Although it was
shown to be fully reliable for stable X/XH systems, it is more
difficult to use with highly unstable X/XH species such as those
encountered with copper–oxygen adducts.

Beyond thermochemical considerations for PCET processes,
supplementary information can be obtained by different kinetic
analyses and/or computational studies. Various experimental
approaches are possible to decipher the concerted or stepwise
character of the studied reaction. According to the general
denition adopted in recent years by chemists working in the
eld of PCET reactions, two classes of concerted HAA processes
are usually considered, namely CPET (also coined as cPCET)
and HAT. The difference between concerted proton–electron
transfer (CPET) and H-atom transfer (HAT) relies on the locus of
the electron and proton transfer, i.e. on the same orbital (HAT)
or on different orbitals (CPET).67 For these two mechanisms,
high-energy intermediates are precluded in strong contrast to
elementary ET and PT stepwise pathways. Interestingly, in-
between situations which were referred to as concerted asyn-
chronous HAA reactions have been recently proposed on the
basis of computational studies.69–72 Hence, a basic asynchro-
nous mechanism may develop a PT-like character in the
transition-state whereas an oxidatively asynchronous process
would feature an ET-like character.

The rate constant k of an HAA reaction is classically deter-
mined experimentally from the UV-Vis monitoring of either the
catalyst or substrate spectroscopic signal throughout the reac-
tion.65,73,74 For instance, the determination of k for various
© 2024 The Author(s). Published by the Royal Society of Chemistry
concentrations of hydrogenated and deuterated substrates
allows the determination of a Kinetic Isotope Effect (KIE) value,
suggesting either a stepwise (ET–PT/PT–ET) process if the KIE is
close to 1, or a concerted (HAT/CPET) reaction if KIE > 1. Other
approaches like Hammett plots (ln k vs.Hammett coefficients of
substrates), Marcus plots (ln k vs. E0(substrate)) and Bell–Evans–
Polanyi plots (Gibbs free energy of activation DG* vs. BDFE(-
substrate)) have been also used to obtain mechanistic infor-
mation.73 Hence, the rate constant for a concerted PCET process
is expected to increase as the BDFE of the substrate decreases,
as classically found for KIE (H/D) analysis. In contrast, a step-
wise PCET featuring a PT rate-determining step shows an
increase of kwith the BDFE of the substrate. In addition to these
experimental approaches, recent computational studies have
proposed to differentiate between HAT and CPET processes on
the basis of the variation of the dipolar moment of the catalyst–
substrate adduct bond throughout the HAA reaction.72

Overall, quantication of thermodynamics and kinetics of
HAA reactions involving copper–oxygen species has been
extensively standardized over the last few years, allowing direct
comparison between the different families of copper catalysts.
With the support of computational studies, such approach gives
more insights into the mechanisms and helps in the ration-
alization of the oxidative properties in relation to the structure
of the active species.
3 Mononuclear copper–oxygen
species
3.1. Cu/O2 entities: copper-superoxido or copper-peroxido
adducts

3.1.1. Structural and/or electronic data. Cu/O2 entities are
generally the rst intermediates formed upon reaction of L-Cu(I)
complexes with dioxygen. In most cases, they are obtained upon
derived from Stack et al.
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reaction of Cu(I) precursors with dioxygen at low
temperature.5,19,75–77 This procedure has led to the isolation and
characterization of several mononuclear entities with different
structural and electronic properties. These species can be
formulated as either Cu(II)-superoxido (with the superoxido
ligand bound either in the h1 or h2 binding mode (Scheme 5, ES
and SS respectively)) or Cu(III)-peroxido entities (with the per-
oxido bound in the h2 binding mode, MP) depending on the
degree of electron transfer achieved between dioxygen and the
initial Cu(I) precursor. In general, h1-superoxido entities display
an S = 1 ground state arising from ferromagnetic coupling
between the Cu(II) and the superoxide radical. They are char-
acterized by intense UV-Vis transitions at 380–420 nm (3 z
1000–5000 M−1 cm−1) and n(O–O) ∼1100 cm−1 in their reso-
nance Raman (rR) spectra, values typical for superoxido
adducts. Intermediates displaying h2-coordination modes
generally have singlet ground states and tuning between
superoxido and peroxido forms has been found to be dependent
on the electron-donating power and denticity of the supporting
ligands. O–O vibrations are found ranging from 950 cm−1 to
1100 cm−1 consistent with the existence of a continuum
between the two above-mentioned resonant structures.

In 2017, only four Cu/O2 entities had been structurally
characterized.78–81 Two additional structures were since re-
ported by the group of Betley82,83 using sterically encumbered
dipyrrin ligands (ArL or EMindL, with Ar = 5-mesityl-1,9-(2,4,6-
Ph3-C6H2) and EMind = 1,1,7,7-tetraethyl-1,2,3,5,6,7-hexahy-
dro-3,3,5,5-tetramethyl-s-indacene, Chart 1). In both cases, the
dioxygen derived ligand is bound in the h2 mode. In particular,
high-quality single crystals were obtained by exposing single
Fig. 6 Selected crystallographic structures of recently described
mononuclear copper–oxygen adducts. a) h2-superoxido based on the
EMindL ligand.83 Hydrogen atoms were omitted for clarity; b) The anion
[(L)Cu(OOCm)]− based on the bis(arylcarboxamido)-pyridine ligand.85

Hydrogen atoms and the Et4N
+ counter ion were omitted for clarity; c)

h1-Hydroperoxido complex in an artificial enzyme based on a strep-
tavidin scaffold: [(biot-et-dpea)CuII(OOH)(OH2)]

+3Sav;86 d) High-
valent [(L)CuOH] species based on the bis(arylcarboxamido)-pyridine
ligand (W as deprotonated water ligand).87

10316 | Chem. Sci., 2024, 15, 10308–10349
crystals of the (EMindL)Cu(N2) precursor to air. The reaction
proceeded in the solid state, reecting that replacement of N2 by
O2 induces minimal changes in lattice parameters (Fig. 6a).83

The molecular structure of (EMindL)Cu(O2) revealed a square-
planar geometry around the copper center with relatively
short Cu–O bonds of 1.824 and 1.834 Å, together with an O–O
distance of 1.379 Å. The resonance Raman spectrum of the
intermediate showed the presence of a n(O–O) vibration at
1003 cm−1. These structural and spectroscopic data, combined
with DFT calculations, led to the assignment to a predominant
SS description of the two intermediates.

Although no crystallographic structures could be obtained,
the groups of Karlin and Hoffman have recently reported on
new types of copper–oxygen intermediates using tmpa and tren-
derived ligands (L = PVtmpa, DMMtmpa, TMG3tren, Chart 1).84

The well-known ES [(L)CuII(O�
2)]

+ species were generated and
cryo-reduced by g-irradiation at 77 K using a 60Co source. This
allows the generation of energetic mobile electrons through
solvent ionization processes. All primary cryo-reduced species
display similar axial Q-band and X-band EPR spectra with gk =
2.52 and gt z 1.95. Detailed spectroscopic analysis led to the
proposal that [(L)CuI(h1-O�

2)] species are formed upon reduction
of the copper ions, which are trapped in the geometry of the
parent complexes (Scheme 5).

To the best of our knowledge, this corresponds to the rst
isolation of such species in the literature. Warming of the
frozen solution of [(DMMtmpa)CuI(O�

2)] at 90 K for 5 minutes (a
temperature below the MeTHF solvent melting point) led to the
change of the EPR signature that was assigned to the formation
of the [(DMMtmpa)CuII(h1-O2

−)] intermediate resulting from
internal electron transfer between the copper center and the
superoxido ligand (Scheme 5). Although already crystallo-
graphically detected in metalloenzymes (e.g. LPMO88), such h1-
Cu(II)-peroxido species was never evidenced in model
complexes. Finally, warming at a temperature above the solvent
melting point allowed protonation of the terminal peroxido
ligand to provide the h1-hydroperoxido [(DMMtmpa)CuII(h1 –

OOH)]+ intermediate.
As previously mentioned, the dioxygen-derived ligand of the

primary Cu/O2 adducts is found either in h1 or h2 coordination
modes. Yet, using the bulky TIPT3tren ligand (Chart 1), the group
of Itoh observed the coexistence of the two binding modes with
one single ligand-system.89 Indeed, oxygenation of the Cu(I)
precursor at low temperature led to the detection of an ES
species together with another intermediate, assigned to the MP
adduct based on UV-Vis, Raman, NMR and DFT calculations.89

Finally, using a redox active ligand (DHP = (2,5-bis((2-t-
butylhydrazono)(p-tolyl)methyl)-pyrrole, Chart 1), the group of
Anderson prepared a diamagnetic CuII–Lc complex.90 Upon
oxygenation at low temperature, an ES intermediate was char-
acterized arising from electron transfer between the ligand and
dioxygen.

3.1.2. Reactivity. The reactivity of Cu/O2 adducts has been
well documented.5,19,75–77 Variation of the rst coordination
sphere, as well as ligand denticity, geometry and bulkiness has
been conducted over the past 40 years to provide substantial
data on the stability and reactivity of Cu/O2 species. In the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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absence of a sterically encumbered ligand, these adducts
commonly react with excess Cu(I) precursors to generate dinu-
clear peroxido entities (Scheme 10). Direct conversion to the
dinuclear bis-m-oxido species (O) has also been recently
reported.91

ES species have been shown to display promising HAA
reactivity towards O–H and C–H bonds, leading to the corre-
sponding Cu–OOH species and radical products.5,19,75–77 The
group of England prepared bulky tmpa derived ligands (bearing
aryl substituents) and successfully stabilized [(Ar3tmpa)CuII(h1-
O�

2)]
+ species that are stable up to −20 °C.92 This allowed

extensive reactivity studies using a broad range of substrates
bearing O–H, N–H, or C–H bonds. As already observed for other
complexes, HAA from C–H bonds proved to be more chal-
lenging than O–H and N–H bonds and the intermediates were
found to react only with weak C–H bonds (ca. 73 kcal mol−1).

It has been reported that introduction of thioether ligation to
the copper, modelling the coordination sphere found in PHM
and DbH enzymes, enhances the oxidizing power of h1-Cu(II)-
superoxido adducts.93 Although several complexes were
prepared with thioether-containing ligands, it has to be noted
that the occurrence of thioether ligation to copper was only
recently experimentally attested to using EXAFS on the previ-
ously reported [(TMGN3S)Cu

II(O�
2)]

+ species.94,95

Second coordination sphere interactions are also known to
modulate the reactivity of metal–oxygen species.96 In order to
probe the effect of second coordination sphere H-bonding
effects on the reactivity of h1 cupric-superoxido species, the
group of Karlin has prepared a series of tmpa-based ligands
with varying H-bonding ability.97,98 Increasing H-bonding to the
superoxido moiety by changing the nature and the number of
H-bonding substituents on the tmpa ligand was shown to both
decrease the amount of binuclear entities formed to the prot of
ES species and increase the electrophilic reactivity of the inter-
mediate towards HAA (Fig. 7). Accordingly, the bis-pivilamido
substituted ligand provided the most reactive superoxido
intermediate that was able to react with O–H BDEs up to 91.5
kcal mol−1 and C–H BDEs up to 79.7 kcal mol−1, emphasizing
Fig. 7 Representation of selected tmpa-based ligands prepared with
different H-bonding substituents to modulate their HAA reactivity.97,98

Highest BDEOH from phenolic substrates that react with the super-
oxido intermediate.

© 2024 The Author(s). Published by the Royal Society of Chemistry
the importance of second-coordination sphere elements to
modulate the reactivity of copper–oxygen species, as already
reported for other reactive intermediates. Very recently, Borovik
et al. demonstrated that intramolecular H-bonds, introduced by
external ligands, could inuence the structural and magnetic
properties of the mononuclear complex.99

The nucleophilic reactivity of the ES species based on the
bis(arylcarboxamido)-pyridine anionic ligand [N,N0-bis(2,6-dii-
soproylphenyl)-2,6-pyridinedicarboxamido]100 towards the
aldehyde deformylation reaction has been reported in the
literature.101 The group of Tolman has recently re-investigated
the mechanism of this reaction.102 The preparation of the
intermediate was improved by the use of a cryptand (Kryptox®
222) when reacting the Cu(II) precursor with KO2. This allowed
additional mechanistic investigations suggesting HAA rather
than nucleophilic attack processes.

Following this rst study, the reaction of this anionic [(L)
CuII(h1-O�

2)]
− with para-substituted phenols XArOH was inves-

tigated at low temperature.103 Interestingly, kinetic data sug-
gested a change in mechanism across the series depending on
the nature of the substituents of the phenols. In the case of
phenols with low acidities (X = OMe, NMe2) a CPET/HAT
mechanism was proposed. The reaction rates were signi-
cantly lower than that obtained with the high-valent [(L)
CuIII(OH)] core containing the same ligand.65 The O–H BDE
value for the [(L)CuIIOOH]− species was estimated to be ∼3 kcal
mol−1 lower than that for [(L)CuII(OH2)]

2−, consistent with the
higher PCET/HAT rates of [(L)CuIII(OH)] species as compared to
[(L)CuII(h1-O�

2)]
− (Scheme 6). In the case of electron-decient

and acidic phenols (X = NO2, CF3, Cl), the results were consis-
tent with a rate-determining proton transfer (PT) from the
phenol to the [(L)CuII(O�

2)]
− species to yield the formally CuIII–

OOH adduct. The enhanced basicity of [(L)CuII(O�
2)]

− as
compared to [(L)CuIII(OH)]+ (pKa ∼19 vs. 12 respectively) likely
favors PT from acidic phenols while for the least acidic ones
a CPET/HAT mechanism is followed. Finally, using the ligand
Lpym (Chart 1), the group of Itoh has observed an unprecedented
reactivity of the corresponding SE intermediate towards alde-
hydes and ketones, leading to C–C bond formation with acetone
(the reaction solvent), and to the corresponding b-hydroxy-
ketones (aldols).104 Nucleophilic reactivity was supported by
Scheme 6 Comparison of the thermodynamic properties of [(L)
Cu(II)(h1-O�

2)]
− and [(L)CuIII(OH)] using the same bis(arylcarboxamido)-

pyridine ligand. Adapted from ref. 103.

Chem. Sci., 2024, 15, 10308–10349 | 10317

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01762e


Scheme 7 Reaction of [(EMindL)CuII(O2)] with 1,2-diphenylhydrazine to
produce azoarene and [(EMindL)CuII(H2O2)]. Adapted from ref. 83.
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detailed kinetic studies and DFT calculations. A Cu-alkylper-
oxido species was transiently detected and characterized by rR
spectroscopy, which is in agreement with nucleophilic addition
of the Cu(II)-superoxido species on the carbonyl carbon of the
substrate.

The reactivity of h2-Cu/O2 species for HAA is less docu-
mented. The group of Betley has studied the reactivity of two h2-
Cu/O2 based on dipyrrin ligands.82,83 In the case of the ArL
ligand, although thermally stable at room temperature, the
intermediate reacted with 1,4-cyclohexadiene and was able to
perform HAA and acid/base chemistry towards a range of
phenolic substrates as well as O-atom transfer to triphenyl-
phosphine. Although the mechanistic features remain unclear,
it was proposed that an end-on ES could be formed prior to
reaction with substrates. The intermediate [(EMindL)CuII(h2-O2)]
reacted with a stoichiometric amount of 1,2-diphenylhydrazine
to provide azoarene and H2O2 as well as the initial [(EMindL)
CuII(h2-O2)] species. When the experiments were conducted
under an inert atmosphere, a new diamagnetic species was
detected and assigned to [(EMindL)CuI(H2O2)] (Scheme 7). The
same species could also be produced upon reaction of the initial
[(EMindL)CuI(N2)] species with dry H2O2 ((Ph3PO)2(H2O2))105

supporting the assignment as a Cu(I)–(H2O2) species. Such
intermediate has been proposed to be pivotal in the LPMO
catalytic cycle both in monooxygenase and peroxygenase path-
ways.55 Further understanding of its structural and reactivity
properties would therefore be of high interest.
3.2. CuOOR entities: copper-hydroperoxido or alkylperoxido
adducts

3.2.1. Structural and/or electronic data. CuII-hydro-
peroxido intermediates are probably pivotal intermediates in
enzymatic or biomimetic catalysis.5,19,106 In biomimetic systems,
they have mainly been prepared by two different procedures
(Scheme 5): (i) HAA by a superoxido [CuII(h1-O�

2)]
+ precursor on

a substrate to generate the corresponding [CuII(h1-OOH)]+

species (many examples were reported using TEMPOH as
a hydrogen atom donor) or (ii) a “peroxide-shunt” approach, i.e.
10318 | Chem. Sci., 2024, 15, 10308–10349
treatment of a Cu(II) precursor (or Cu(I)) by H2O2 or ROOH (in
the presence or absence of a base) yielding the corresponding
[CuII(h1-OOR)]+ species. Several new examples were recently
prepared following these strategies.85,92,94,107–111 It has to be
noted that a novel route involving cryoreduction of a superoxide
[CuII(h1-O�

2)]
+ precursor followed by annealing has recently been

described by the group of Karlin (Scheme 5).84 This route has
also allowed the isolation of unprecedented CuII-h1-peroxido
species.

Copper(II)-hydro(alkyl)peroxido intermediates that have
been isolated in model systems all display an h1 coordination
mode. They are characterized by intense UV-Vis features at
350 nm assigned to peroxide-to-copper LMCT as well as EPR
signatures characteristic of copper(II) species. Two character-
istic vibration modes are generally detected in their rRaman
spectra: n(O–O)∼850 cm−1 and n(C–O)∼550 cm−1. In 2017, only
two [CuII(h1-OOR)]+ species (R]H or cumyl, Cm) had been
structurally characterized.112,113 Three additional structures
were recently reported.85–87

The group of Tolman has used the dianionic
bis(arylcarboxamido)-pyridine ligand (Chart 1) and reacted the
[(L)CuIIOH]− precursor with excess ROOH (with R = tBu or
Cm).12 The corresponding [(L)CuII(OOR)](Et4N) complexes were
successfully crystallized (Fig. 6b for R = Cm).87 These corre-
spond to the only additional examples of copper-alkylperoxide
species structurally characterized aer the rst structure re-
ported in 1993. The intermediates display O–O bond distances
of 1.416 and 1.468 Å for R = tBu and Cm respectively, which
agree well with that of the already reported Cu-OOCm inter-
mediate (1.460 Å).112 Interestingly, cyclic voltammetry
measurements of the two intermediates revealed quasi-
reversible processes at E1/2 = −150 and −200 mV vs. Fc+/Fc,
respectively. Chemical oxidations led to the isolation of one-
electron oxidized species, formally Cu(III)-alkylperoxido
species. These intermediates are EPR silent and display intense
absorptions in the visible region (500–700 nm). Resonance
Raman experiments revealed a n(O–O) = 831 cm−1 sensitive to
isotopic labeling with 18O. The exact electronic description
(either CuIII-alkylperoxido, or antiferromagnetically coupled
singlet ground-state CuII-ligand radical or ferromagnetically
coupled triplet CuII-ligand radical) could not be unambiguously
conrmed using DFT calculations. These formally CuIII-alkyl-
peroxido species did not show any reactivity towards weak O–H
or C–H bonds. They were however found to react with 4-
dimethylamino-phenol (NMe2ArOH) yielding a Cu(II)-phenoxyl
radical product, via possible PCET or ET/PT pathways.

Using the biotin-streptavidin strategy used to develop arti-
cial metalloenzymes,114 the group of Borovik have anchored
a biotinylated dpea (dipyridine ethylamine) ligand into a wild-
type (WT) streptavidin (Sav) scaffold ([biot-et-dpea) CuII(H2-
O)2]

2+3Sav (with an ethyl spacer between biotin and dpea).115

Addition of hydrogen peroxide to a buffered solution of the
Cu(II) articial enzyme led to the formation of a [(biot-et-dpea)
CuII(OOH)(OH2)]

+3Sav intermediate, persistent for one day at
room temperature.86 The intermediate was also generated by
incubating crystals of the Cu(II) precursor with hydrogen
peroxide, which allowed the obtention of crystallographic data
© 2024 The Author(s). Published by the Royal Society of Chemistry
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at 1.62 Å resolution (Fig. 6c). The copper is found in a 5-coor-
dinated distorted trigonal bipyramidal geometry with 3
nitrogen atoms from the dpea ligand, a water molecule and an
end-on hydroperoxido ligand. The Cu–O distance is found to be
equal to 1.94 Å and the O–O distance is equal to 1.52 Å. The
structure reveals that the streptavidin scaffold provides a H-
bonding network to both the distal and the proximal O-atoms
of the hydroperoxido ligand, H-bonded to asparagine residue
N49 or to a water molecule stabilized by an S112 residue
respectively. Remarkably, this structure represents the second
crystallographic data obtained on Cu(II)–OOH species. Muta-
tions of serine (S112) or asparagine (N89) into alanine were
performed to evaluate the effect of H-bonding disruption on the
stability of the intermediate. In the case of N89A, no drastic
difference in stability was noted. In contrast, mutation of S122
into alanine resulted into drastic loss of stability of the inter-
mediate. Although no crystal structure of the CuII–OOH species
could be obtained, the structure of the ([biot-et-dpea) CuII(H2-
O)2]

2+3Sav S112A precursor indicated that the occupancy of the
targeted water molecule was reduced by 50%. In addition, the
Cu complex was no longer located into a single position but over
two positions, consistent with the importance of H-bonding
interactions to govern the position of the complex within the
Sav cavity. The reactivity of the different copper-hydroperoxido
species conned within the native and mutant sav scaffolds
was evaluated using 4-chlorobenzylamine as substrate. The
copper-hydroperoxido species conned within the native and
N49A Sav scaffolds were not active. In contrast, ([biot-et-dpea)
CuII(H2O)(OOH)]2+3Sav S112A was found to react with the
substrate. These results nicely corroborate the known effects of
H-bond interactions to either the proximal or distal atoms of
the OOH ligand on the properties of Cu(II)–OOH species.116–118

In most cases, the Cu-OOR intermediates are found in
square-pyramidal or bipyramidal geometries. Interestingly, the
groups of Itoh and Comba have isolated a Cu-OOCm interme-
diate using a rigid and bulky tridentate ligand, TMG3tach
(Chart 1), that imposes an unusual tetrahedral geometry to the
copper.110 The intermediate was prepared by reacting the
methoxide precursor [(TMG3tach)CuII(OMe)]+ with excess
CmOOH. Its spectral properties were highly similar to those of
alkylperoxido intermediates with different geometries.

Finally, although many Cu-OOR(H) species have been iso-
lated and characterized, very few Cu-acylperoxido species have
been studied.119–121 Using a ligand based on a rigid 6-membered
cyclic diamine with two CH2Py side arms (L6pym2, Chart 1), the
group of Itoh has recently isolated a Cu(II)-acylperoxido inter-
mediate upon reaction of Cu(II) complexes with mCPBA.122 The
purple complex [(L6pym2)CuII(OOCOAr)]+ was found to be stable
at 30 °C. Using similar ligands but with 7- or 8-membered rings,
the adducts were unstable and converted to the corresponding
m-chlorobenzoic acid (m-CBA) adducts.

3.2.2. Reactivity. Copper(II)-alkylperoxido or hydroperoxido
species are considered as central intermediates in catalytic
reactions and were detected in the case of several bioinspired
complexes and more recently in LPMO mimics.42,123–125 Their
reactivity can bemodulated by the nature of the ligand as well as
by H-bonding interactions with the distal or proximal oxygen
© 2024 The Author(s). Published by the Royal Society of Chemistry
atoms. However, they are generally poorly efficient for HAA
reactions and are oen considered as precursors for more
reactive species. In many cases, the intermediates were sug-
gested to undergo O–O bond homolysis, generating CuII–Oc and
ROc reactive species for HAA reactions.5 Several studies were
recently reported strengthening the hypothesis of O–O homol-
ysis post reactivity.109,126 In some cases, the O–O bond cleavage
of LCuII-OOR complexes was proposed to occur concertedly with
the C–H bond activation of external substrates such as 1,4-
cyclohexadiene (1,4-CHD).110,127 Interestingly, a recent study
from Cho and coworkers evidenced the importance of solvent in
the reactivity of [(iPr3tren)CuII(OOCm)]+.128 In particular, non-
polar solvents were suggested to enhance the reactivity
towards the external C–H bonds of a substrate via solvation
effects leading to more efficient O–O homolytic cleavage and
HAA reactions. Also, the absence of Csp3–H bond on the solvent
was proposed to reduce the consumption of reactive species.

Using the ligand CHDAP (N,N0-dicyclohexyl-2,11-diaza
[3,3](2,6)pyridinophane) the group of Cho prepared two
[(CHDAP)CuII(OOR)]+ intermediates (with R = C(CH3)2Ph and
tBu) that were characterized using UV-Vis, EPR, resonance
Raman and mass spectrometry.107 Self-decay of the intermedi-
ates at 25 °C followed rst-order kinetics and was shown to
involve O–O bond homolysis. The stability of the intermediates
was not affected by the addition of thioanisole or cyclo-
hexadiene, consistent with the fact that they are poorly/not
reactive in electrophilic C–H bond activation. In contrast,
reaction with aldehydes and benzoyl chlorides was observed
and a mechanism involving nucleophilic attack of the alkyl-
peroxido ligand on the carbonyl groups was proposed. A few
years later, the same group showed that a copper-hydroperoxido
intermediate, [(iPr3tren)CuII(OOH)]+, was also capable of nucle-
ophilic reactivity with acyl chlorides and with aldehydes for
deformylation reactions.108 In the case of aldehyde deformyla-
tion, two routes were discussed that involve a nucleophilic
attack of either the proximal or the distal oxygen from the
intermediate. These two studies highlight new properties of
CuOOR species that will need to be further explored and
understood. Aromatic hydroxylation by Cu–OOH species was
also reported by the groups of Mayilmurugan and Ghosh.129,130

In the catalytic cycle of LPMO, it has been suggested that the
Cu(I)–(H2O2) intermediate might be involved (Scheme 3).55

Although already suggested as possible intermediates in
oxidation reactions,131,132 such species have only been recently
detected in a model complex (Scheme 2).83

Recently, the groups of Karlin and Solomon have provided
experimental evidence that such a peroxygenase pathway can be
efficient in bioinspired model chemistry.133 The complex
[(TMG3tren)CuI]+ was treated with a sub-stoichiometric amount
of dry H2O2 yielding the hydroxylated TMG3tren-OH ligand.
Interestingly, no Cu(II) was detected at the end of the reaction
suggesting a Cu(I) redox state of the complex. When hydroxyl
radical scavengers were added, ligand hydroxylation was
cancelled supporting the involvement of hydroxyl radicals and
Fenton-like pathways. In the presence of a slight excess (3
equivalents) of H2O2, overoxidation occurred and the alkoxide
complex [(TMG3tren-O)CuII]+ resulting from ligand hydroxylation
Chem. Sci., 2024, 15, 10308–10349 | 10319
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Scheme 8 Reaction of [(TMG3tren)CuI]+ with varying amounts of H2O2.
Adapted from ref. 133.
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was isolated. Overall, experimental results pointed towards
a “peroxygenase-like” mechanism with the involvement of
controlled Fenton pathways for the hydroxylation of adequately
positioned C–H bonds (Scheme 8).

Similar conclusions were obtained by the group Garcia-
Bosch using bppa, a tmpa based ligand (noted LH2 by the
authors) that possesses two H-bond donors on the pyridine
ligands.124 The authors have investigated the reactivity of
mononuclear Cu complexes with O2 and H2O2. [(LH2)Cu

I]+ was
reacted with dioxygen in acetonitrile at −35 °C and, in the
presence of TEMPOH, full conversion to [(LH2)Cu

II(OOH)]+

species was achieved. Addition of triic acid led to the release of
H2O2 together with [(LH2)Cu

II]+. This reactivity was discussed as
relevant for the production of hydrogen peroxide from dioxygen
by LPMO. Upon reaction of [(LH2)Cu

I]+ with H2O2, [(LH2)
CuII(OH)]+ was produced which then evolved towards [(LH2)
CuII(OOH)]+ when excess H2O2 was used. Hydroxyl radical
formation was also evidenced. The chemistry in play here seems
therefore highly similar to the one described above133 and could
be of relevance for LPMO peroxygenase pathway.
3.3. Copper-oxyl and high-valent copper oxygen species

High-valent Cu cores have been proposed as a key species in the
catalytic cycle of Cu-containing monooxygenases and in
synthetic oxidation catalysts. Increasing number of formally
Cu(III) complexes, mainly organometallic ones, are described in
the literature, although the existence of Cu(III) and the exact
redox state of the metal center is questioned.72,87,134–143 Most of
these species are beyond the scope of this review which focuses
on copper–oxygen species for C–H bond activation. Two main
species will therefore be discussed here: [CuO]+ and the
protonated [CuOH]2+ cores.
10320 | Chem. Sci., 2024, 15, 10308–10349
[CuO]+ cores are oen postulated in the catalytic cycles of
copper-containing monooxygenases and synthetic model
complexes for the activation of strong C–H bonds such as those
of polysaccharides or methane.5,55,140,144 Calculations support
the electronic description as triplet ground state Cu(II)-oxyl
species ([CuIIOc]+). Based on the biradical character as well as
the predicted weak Cu–O bond, they are expected to be highly
reactive, probably explaining the lack of experimental evidence
gathered on this reactive species. However, beyond numerous
computational studies, the only data on the reactivity of such
high-valent species came from gas-phase reactions, conrming
their ability to perform C–H abstraction on alkanes, including
methane.144–147 Attempts to isolate [CuO]+ cores in solution
upon reaction of a Cu(I) precursor with oxo transfer reagents
such as pyridinium N-oxides or PhIO (Scheme 5) remained
unsuccessful (with the exception of one ESI-MS data set).148

Following this strategy, the group of Karlin has recently reacted
several Cu(I) complexes with para-substituted N,N-dimethyla-
niline N-oxides (DMAO) as O-atom donors. The reported results
pointed towards the involvement of reactive copper-oxyl
species, able to hydroxylate the strong C–H bonds (∼90 kcal
mol−1) of the N,N-dimethylaniline product generated aer O-
atom transfer reactions to the Cu(I) precursors.98

The suggestions that [CuOH]2+ cores could be of biological
relevance came from the work of the group of Tolman.5,140 Using
electron donating bis(arylcarboxamido) ligands, [CuOH]2+

species were generated upon one-electron oxidation of the
corresponding Cu(II) precursors and a Cu(III)–OH formulation
was suggested based on spectroscopic data and DFT calcula-
tions. These intermediates were shown to react with strong C–H
bonds (up to 99 kcal mol−1 for cyclohexane).65 This strong C–H
bond activation ability was correlated with the strong basicity of
the Cu(II)–OH precursors compensating the weak oxidizing
power of the [CuOH]2+ core leading to a strong O–H BDE of the
Cu(II)–(OH2) species and thus to a strong thermodynamic
driving force to attack energetic C–H bonds (Scheme 6).140,149

The group of Cramer computationally rationalized the effect of
various factors on the reactivity of such high valent [CuOH]2+

cores, including ligand modications, counter ions, van der
Waals interactions and quantum-mechanical tunneling
effects.150 Based on their oxidative power, it has been antici-
pated that such species could be involved in the catalytic cycle
of LPMO, possibly stabilized by deprotonation of the terminal
primary amine of the histidine brace motif.151 It has to be noted
that deprotonation of the terminal amine of the histidine brace
has been suggested to occur at high pH based on EPR and UV-
Vis data.152 Interestingly, high valent [CuOH]2+ cores were
recently postulated in the course of H2O2 splitting by a second-
coordination sphere mutant of a fungal LPMO based on DFT
calculations.153

Following previously reported work, the group of Tolman has
successfully stabilized [(L)Cu(OR)] cores (with R]H or CH2CF3)
and obtained X-ray structural data using a bis(arylcarbox-
amido)-pyridine ligand bearing a methoxy substituent on the
pyridine moiety (Fig. 6d).87 The two neutral intermediates were
found in square-planar geometries with metal–ligand bond
distances signicantly shortened (average of 0.102 Å) as
© 2024 The Author(s). Published by the Royal Society of Chemistry
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compared to that found in the Cu(II) precursors, in agreement
with previously predicted contractions using EXAFS analyses
and DFT calculations. Resonance Raman spectra of [(L)Cu(OR)]
complexes displayed a n(Cu–OR) vibration around 635 cm−1

similar to the ones already reported for known high-valent Cu–
OH species using similar ligands. Finally, NMR spectra were
consistent with diamagnetic S = 0 ground-states supporting the
description as CuIII–OH cores, in agreement with previous
proposals.140 This study represents the rst structural charac-
terization of a [CuOH]2+ core as well as the rst isolation of
a CuIII-alkoxide analog.

The groups of Tolman and Cramer have also reported on
a complete mechanistic investigation of the C–H and O–H bond
abstraction mechanism of three different high valent species
using the bis(arylcarboxamido)-pyridine ligand:72 [(L)CuIII(OH)],
[(L)CuIII(OOCm)]103 and [(L)CuIII(OCOAr)] a formally Cu(III)-
carboxylate species (Ar = meta-chlorophenyl) prepared for the
rst time in this study. It was observed that the most reactive
species among the three was the Cu(III)–OH species. Then the
carboxylate complex was found to be more reactive than the
alkylperoxido one (mostly unreactive). Detailed DFT calcula-
tions indicated that O–H or C–H bond abstraction proceeds
with different synchronicity of the CPET/HAT depending on the
nature of the intermediate and on the substrate. Although C–H
bond abstraction from dihydroanthracene (DHA) by [(L)
Cu(OH)] follows a HATmechanism, O–H bond abstraction from
phenol by the same intermediate is best described as
a concerted “separated” cPCET with proton and electron
transfers involving different acceptor centers (the O and the Cu
atoms respectively). In the case of [(L)Cu(OCOAr)], both reac-
tions were found to proceed by oxidative asynchronous cPCET,
probably driven by the greater oxidizing power of the copper(III)
species and the lower basicity of the carboxylate ligand.

It is worth mentioning that several additional [Cu-Y]+ cores
have been isolated and studied using bis(arylcarboxamido)-
pyridine ligands (Y = SR, halide, CN, NO2) providing inter-
esting tools to investigate the electronic structures and reac-
tivity of high-valent copper cores.141–143,154,155 In particular, using
halides, the group of Zhang has stabilized high-valent [Cu-X]+

species.142 Calculations have suggested signicant halide
radical characters for all the complexes which are therefore best
described as [(L)CuII(Xc)], making these species analogs to
copper-oxyl ones. The [(L)CuX] species were able to perform
HAA from DHA. In addition, upon heating of [(L)CuX] species in
Scheme 9 Characterized oxidation states reached via reduction/
oxidation of tBuLCuOH. Adapted from ref. 73.

© 2024 The Author(s). Published by the Royal Society of Chemistry
the presence of azobis(isobutyronitrile) (AIBN) as a carbon-
centered radical precursor, formation of 2-haloisobutyroni-
triles was observed demonstrating the ability of these high-
valent species to perform radical capture and halogenation.
[(L)CuF] was then employed for the direct uorination of
a variety of alkyl substrates with allylic and benzylic C–H bonds
as well as a-C–H bonds of ethers in a 2 : 1 Cu : substrate stoi-
chiometry. These ndings were further developed to establish
electrocatalytic C–H uorination of various substrates.155

Finally, the groups of Lancaster and Garcia-Bosch have
studied a copper-hydroxide complex based on tridentate redox
active ligand (Scheme 9).73 The starting [(tBuL)CuII-OH]2−

species was shown to undergo two reversible ligand-centered
oxidation processes. The three Cu–OH cores did not show any
reactivity with C–H bonds but oxidized phenols featuring rela-
tively weak O–H bonds.
4 Dinuclear copper–oxygen species

Since the rst structurally characterized trans-peroxido (TP) and
m-h2:h2-peroxido (SP) dicopper(II) species (Scheme 10) by Kar-
lin156 and Kitajima157 in the late eighties, numerous studies
related to the characterization and reactivity of dicopper-oxygen
adducts in biological and synthetic systems have been reported.
Reviews related to dinuclear systems for the 2014–2017
Scheme 10 Summary of known formation and interconversion
pathways of dinuclear copper–oxygen entities. Recently described
species and pathways are highlighted.
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period1,3,5,6,158 have remarkably highlighted various equilibria
between isomeric copper–oxygen species, demonstrating how
this could impact their oxidative properties. In the following
section, we present recent advances in the eld of dinuclear
Cu2/O2 adducts particularly on isomer interconversion and C–H
bond activation.
4.1 Peroxido dicopper(II) core

As shown in Scheme 10, peroxido dicopper(II) complexes can be
prepared from the oxygenation of either mononuclear or
dinuclear copper(I) complexes. As previously reported in many
reviews,3,5,6,158,159 various types of dicopper(II) peroxides differing
by their conguration can be obtained through subtle variation
of controllable parameters (ligand, solvent, temperature.), as
described in this section.

4.1.1 New intermediate peroxido species. Following
previous works based on pyrazolato/TACN (TACN for tri-
azacyclononane) dicopper-oxygen systems, Meyer reported in
2022 a new type of peroxide, named as ‘intermediate’ (tP)
peroxido species (Fig. 8) with a Pyr/TACN1,2 ligand (Chart 2).
The particularity of this adduct was to display an unusual Cu–
Fig. 8 Summary of the structurally characterized dicopper(II) peroxido
species with pyrazolato/TACN based ligands from the Meyer
group.160–162,167 4 represents the torsion angle Cu–O–O–Cu and q the
Cu–O–O angle.

10322 | Chem. Sci., 2024, 15, 10308–10349
O–O–Cu dihedral angle 4 close to 90°, yielding an intermediate
geometry between cis-peroxides CP (4z 0°) and trans-peroxides
TP (4 z 180°).160,161 Comparison with previously reported anal-
ogous complexes160,162 indicated that the Cu/Cu distance, Cu–
O–O–Cu torsion angles and spin state were signicantly
impacted by the spacer length. For tP, the ferromagnetic
coupling (J= 25 cm−1) was attributed to the orthogonality of the
magnetic orbitals with the bridging peroxide. Magnetic inves-
tigations associated with Frequency-Domain Fourier Transform
Terahertz EPR (FD-FT THz-EPR)163 following a methodology
deployed at the BESSY II synchrotron164 were successfully
employed161 for probing the spin state of tP species160,161

(Fig. 8). Such species are of interest since they represent relevant
proposed intermediates formed aer O2 binding on type III
dicopper metalloprotein (i.e. hemocyanin or tyrosinase
enzyme), prior to formation of the identied planar Cu2O2 core
(SP)159 observed in oxy forms.

4.1.2 Cis (CP) and trans (TP) peroxido interconversion. In
2021, Lehnert, Ertem and Robinson165 identied reversible
interconversion of TP/CP dicopper cores mediated by calcium
using the well-known {[CuII(tmpa)]2(m-1,2-O2)}

2+ system (Chart 1
for the ligand). The same year, the group of Meyer166 established
similar reversible interconversions induced by the binding of
various alkali metal ions. The direct interactions of Ca2+, Li+,
Na+ and K+ cations on the peroxido core were established by the
obtention of the corresponding X-ray structures. Interestingly,
ion-binding induced signicant changes on the adduct's prop-
erties (electronic, magnetic, electrochemical.) depending on
the nature of the bound alkali cation. These variations of
properties were explained on the basis of theoretical calcula-
tions, showing modications of the charge transfer from the
copper ion to dioxygen with the alkali cation.166 Such
phenomena highlight the importance of taking into consider-
ation the presence of alkali metal ions in reaction media
(synthetic or biological).

4.1.3 Dinuclear CuII peroxido/superoxido interconversion.
Dinuclear superoxido species have drawn attention due to their
potential oxidative properties towards inert C–H bonds. As
shown in Scheme 11, m-1,1 and m-1,2 superoxido-dicopper(II)
complexes can be prepared either by 1e− oxidation of m-1,2-
Scheme 11 Dinuclear CuII peroxido/superoxido species
interconversions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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peroxido Cu2
II species or H-atom abstraction from m-1,1

hydroperoxido adducts.
In 2019, Karlin reported the generation and characterization

of two different superoxido dicopper species by chemical
oxidation from a m-1,2 peroxido complex based on the XYLO(H)
dinucleating ligand (XYLO(H) = 2,6-bis{[(bis(2-pyridylethyl)
amino]methyl}phenol)} (Chart 2 and Table 1).168 A mixture of
m-1,2 and m-1,1 superoxido species was detected by UV-Vis and
rR spectroscopies exhibiting similar behavior to other super-
oxido derivatives previously described. In 2021, by adopting the
ligand used for the previous structural characterization of
a dinuclear copper(II) cis peroxido,162 Meyer reported the X-ray
structures of both peroxido and superoxido species bearing
the same pyrazolato/TACN2,2 ligand167 (Chart 2 and Fig. 8).
Redox investigation revealed one electron process characterized
by a small reorganization energy. This was in accordance with
other superoxido/peroxido interconversions reported in solu-
tion, reecting that the redox process occurs at the peroxido-
unit.169–171 Very recently Karlin and co-workers have completed
the studies using a phenolato bridged ligand (BPMPO(H), Chart
2 and Table 1) analogous to XYLO(H).172 A peroxido-dicopper(II)
complex was characterized and shown to undergo reversible
oxidation to a superoxido-dicopper(II) species. The various
Cu2

II(O�
2) complexes (in the nature of the dinucleating ligand)

were compared and discussed with respect to physical proper-
ties and reactivity.172 Based on spectroscopic, titration and
electrochemical data, thermodynamic parameters (E1/2, pKa)
were obtained, allowing a comparative analysis (Table 1). For
each species described (peroxido, superoxido and hydro-
peroxido) despite various bridging ligands and various experi-
mental conditions (temperature and solvent), the UV-Vis
absorptions for each form are in a similar energy range. Simi-
larly, O–O stretching frequencies obtained from rR (n(O–O)) are
between 798 and 815 cm−1 for all peroxido species (Table 1).
The rR data on superoxido species range from 1070 cm−1 (Cu2

II-
Table 1 Comparison of the main physical and thermodynamic prop
Meyer162,167,171 and Karlin168,172

Ligands (references) Pyr/TACN2,2 (ref. 162, 167 an

Conditions of the studies CH3CN, −20 °C
Dicopper(II) peroxido
rR, n(O–O) cm−1 798
UV-Vis 527; 3 = 5000
lmax (nm); 3 (M−1 cm−1) 648; 3 = 3900

Dicopper(II) superoxido
rR (n(O–O) cm−1 1070
UV-Vis, lmax (nm); 3 (M−1 cm−1) 440; 3 = 11 500

E1/2 vs. Fc
+/0 (O2c

−/O2
2−) −0.59 V

Dicopper(II) hydroperoxido
UV-Vis 416; 3 = 5700
lmax (nm); 3 (M−1 cm−1)
OO–H pKA 22.2
OO–H BDFE kcal mol−1 69.4

© 2024 The Author(s). Published by the Royal Society of Chemistry
O�
2 based on the Pyr-TACN2,2 ligand) to 1143 cm−1 (Cu2

II-O�
2

based on the XYLO− ligand). The decrease of the O–O stretching
frequencies correlates with the weaker O–O bonds. In more
detail, from various phenolato (Karlin group)168,172 and pyr-
azolato (Meyer group)161,167,171 bridging ligands, the particular
binucleating ligand design was shown to considerably
inuence/control the reduction potential of the superoxido-
dicopper(II) complex, the OO–H pKa and BDFE (see part 2.2,
Table 1 and Scheme 4). The phenoxido-bridged complexes
appeared to be more basic compared to the pyrazolato/TACN2,2

based complex (Pyr/TACN2,2 ligand, Chart 2 and Table 1). They
were also demonstrated to be good candidates for HAA of inert
C–H bonds (BDFE > 80 kcal mol−1). EPR analysis for [Cu2

II(Pyr/
TACN2,2)(O�

2)]
2+ and [Cu2

II(BPMPO)(O�
2)]

2+ displayed simple
mono-CuII (S = 1

2) type axial spectra, thus indicating that the
unpaired electron at the superoxide moiety was antiferromag-
netically coupled to one of the CuII centers, leaving the
remaining spin on the detected second CuII ion. In contrast
[Cu2

II(XYLO)(O�
2)]

2+ and its analog [Cu2
II(UNO)(O�

2)]
2+ displayed

at g = ∼2.0 a typical organic radical single line spectra, in
accordance to a localized unpaired electron on the O�

2 moiety
associated with antiferromagnetic coupling occurring between
the two copper(II) ions of the complexes.169 This different
behaviors pointed out the inuence of chelate ring size on
electronic-bonding properties.

These signicant advances owe a lot to the recent develop-
ment of cryogenic spectroscopies and analysis for unstable
species identication173 (i.e. low-temperature spectroelec-
trochemistry reviewed in 2021 by Le Poul174) associated with
theoretical modelling at low temperatures. Since a lot of reactive
intermediates have been characterized by cryo-ESI-MS (cold-
spray ionization-mass spectrometry), the association of such
ESI together with tandem MS could be of interest in the eld of
copper as reported for iron oxido intermediates.175
erties determined for Cu2
II(O2

2−), Cu2
II(O2c

−) and Cu2
II(OOH) from

d 171) XYLO(H) (ref. 168) BPMPO(H) (ref. 172)

MeTHF, −125 °C MeTHF, −90 °C

803 815
523; 3 = 7150 536; 3 = 8500

420
620

1143 1086
402; 3 = 18 750 405; 3 = 15 100
480; 3 = 4380
−0.53 V −0.44 V

398; 3 = 10 725 391; 3 = 5800
630

24 22.3
80.7 80.3
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4.1.4 Peroxido dicopper(II)/bis(m-oxido)dicopper(III)
conversion. The rst [Cu2

III(m-O)2]
2+ (O) species was structurally

described in 1995 by the group of Tolman.176 The same group
reported in 1996 a possible equilibrium between O and SP
species.177 Another type of interconversion was described in
2014 by Karlin and co-workers between O and TP species.178

Since then, a number of subsequent studies related to the
factors tuning these isomeric equilibria (ligand structure and
electronics, steric effects, acid–base control,179 choice of
solvent180 .) have been reported and reviewed. For example,
Dey,181 in a series of ethylenediamine-based dinuclear copper(II)
complexes (Chart 1), reproduced experimental observations
using DFT calculations. The strength of the nitrogen donors was
correlated with the difference in energy between the corre-
sponding peroxido and oxido complexes. The stronger the
donor, the weaker the difference.

In another example, DeBeer used Valence-to-Core (VtC) X-ray
emission spectroscopy (XES)182 as a sensitive probe to discrim-
inate between SP and O cores through O–O bond detection.183

More generally, such synchrotron-based X-ray spectroscopy
approaches have been more frequently used in these last few
years for the characterization of dicopper(II)-oxygen adducts,
with the support of theoretical calculations, and provide their
electronic structure description.138
Scheme 12 Complex LCu(I) (L = tmpa (tris(2-pyridylmethyl)amine))
after reaction with O2 according Göttlich and Schindler206 and
proposed general catalytic cycle for toluene oxidation (adapted from
ref. 206).
4.2 Peroxido species as an active intermediate and reactivity

Iron, manganese or cobalt complexes are the most predominant
dinuclear systems reported in the literature for C–H hydroxyl-
ation.184 They display multiple oxidation or spin states and can
generate binuclear peroxido, superoxido or oxido reactive
intermediates in the presence of dioxygen. Although dinuclear
copper complexes share similar features, few studies have
exploited these behaviors to activate substrates.

Nevertheless, in the last few years, signicant advancements
were made in the use of low molecular weight dicopper
complexes capable of activating inert C–H bond in a direct
manner through bioinspired approaches. Such developments
are presented in the following parts.

4.2.1 Peroxido dicopper(II)/bis(m-oxido)dicopper(III). As the
SP core represents a key intermediate identied in oxygenated
type III copper proteins,1 many synthetic systems yielding SP
adducts have been developed in the last few years, with the
objective of performing electrophilic aromatic substitutions.
Usually, the corresponding complexes display bi- or tridentate
nitrogen-based ligands affording an exchangeable position for
substrate xation. The typical reaction is the ortho-hydroxyl-
ation of phenolic substrates to catechols and the subsequent
two-electron oxidation in the corresponding quinones in rela-
tion with tyrosinase enzyme activity (see Fig. 1a) and also with
diverse aliphatic C–H bond activations.185 Since the rst cata-
lytically active model,186 examples of dinuclear SP or O systems
that can perform C–H activation in a catalytic manner have
remained scarce. For instance, several active SP or O interme-
diates were established by Tuczek's group by means of various
bidentate or tridentate pyrazole or triazole based ligands.187–189

Alternatively, Herres-Pawlis and co-workers developed hybrid
10324 | Chem. Sci., 2024, 15, 10308–10349
guanidine based ligands that led to the formation of dinuclear
catalytic systems (Chart 1).190–192 Their reactivities towards
various natural and non-natural phenolic substrates in the
presence of molecular oxygen yielded mono- and bicyclic
quinones. Besides, chiral tyrosinase biomimetic model
complexes for stereoselective oxidation were reviewed in 2018
by Casella and Monzani193 and a new dinuclear chiral complex
was described in 2019 (ref. 194) by the same group.

In some cases, such side-one (SP) species exhibited no
phenol ortho-hydroxylation (tyrosinase like-activity) as reported
by Company for dinuclear PyNMe-based peroxides (PyNMe =

3,6,9-trimethyl-3,6,9-triaza-1(2,6)-pyridinacyclodecaphane,
Chart 1).195 The presence of the SP species was ascertained by
a unique highly intense UV-Vis signature at 353 nm analogously
to other SP compounds. The steric hindrance, rigidity and the
saturated coordination imposed by the tetradentate PyNMe
ligand prevented phenolic substrate binding and explained that
no phenol ortho-hydroxylation could be detected. In another
example, the room-temperature stable and inert SP complex
based on an hexapyridine ligand196 (h6m4h = 1,2-bis[2-(bis(6-
methyl-2-pyridyl)methyl)-6-pyridyl]ethane ligand, Chart 2) was
investigated by Kodera and Le Poul.197 The two-electron reduc-
tion of the SP complex resulted in the O–O bond cleavage, but no
C–H or O–H bond activation of exogeneous substrates was
detected. This result was attributed to the negative standard
potential and weak basicity of the bis-reduced species,
precluding any HAA process due to a low BDFE.

Dicopper(III) bis(m-oxido) adducts (O) resulting from the
conversion of sP species by O–O bond breakage have also been
suggested to be active species.198,199 Since the pioneering work of
Itoh,200–202 various examples of such reactivity have been
described and reviewed.203,204 Karlin, Solomon and Garcia-
Bosch74 converted a non-active SP in an active O species via two
possible processes following coordination of either: (i) an
external substrate (sodium phenolate) that was further ortho-
hydroxylated (tyrosinase like-activity) or (ii) a Lewis acid (one
equivalent of Sc(CF3SO3)3 or two equivalents of B(C6F5)3 or
DMF$CF3SO3H) in the ligand scaffold able to enhance the C–H
bond activation ability. More recently, the formation of the
reactiveO species aer addition of two equivalents of a phenolic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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substrate was explored by Stack with diamine ligands
(Chart 1).205 The reactivity studies were extended to hydroxyl-
ation associated with the dehalogenation of 2-halophenolate
substrates.

An attractive one-pot approach has been recently developed
by Göttlich and Schindler,206 involving a dicopper(II)–O2 adduct
in combination with a photochemical reducing agent. Reaction
of 2 equivalents of the LCuI complex (L = tmpa ligand) with O2

yielded an active dinuclear intermediate (O or SP). In toluene
solution, selective catalytic oxidation of toluene into benzalde-
hyde at room temperature was achieved, without formation of
benzyl alcohol or over-oxidized products (Scheme 12). Regen-
eration of the LCuI active species was performed by using
a ruthenium bipyridine photosensitizer [Ru(bpy)3](PF6)2 in the
presence of triethyl amine (TEA, sacricial electron donor) and
irradiation at 475 nm. Under these conditions, the tmpa
complex achieved a toluene conversion of 42%. Briey, the
proposedmechanism involved a dinuclear intermediate leading
to the benzyl radical PhCH�

2 through a H-atom abstraction from
toluene. Reaction of PhCH�

2 with O2 yielded the benzylperoxido
radical (PhCH2OOc) aer additional hydrogen abstraction on
toluene to the corresponding reactive hydroperoxide PhCH2-
OOH species which evolves to benzaldehyde and water.
4.3 Dicopper-m-oxido species as active intermediate

Dicopper(II)-m-oxido complexes are accessible from multiple
routes, including the reaction of Cu(I) complexes (mono or
dinuclear) with O2, PhIO and even with NO.207 Already, Limberg
Fig. 9 (Top) Starting materials for the preparation of reported dicopper
DMF),209 B215 and D216 (CH3CN) and C210 (DMF)), E in V vs. Fc+/Fc.

© 2024 The Author(s). Published by the Royal Society of Chemistry
mentioned in 2014 that “complexes featuring CuII–O–CuII units
do not have a developed chemistry”.207 Since then, studies have
remained focused on the spectroscopic features and reactivity
of such entities. Dicopper(II)-m-oxido species have been
proposed as active intermediates in homogeneous catalytic
activation of inert alkanes (such methane) as well as in
heterogeneous catalysts (see Section 6 below).

4.3.1 Cu2
IIO from Cu4

IIO2 species and C–H activation. In
2021, Tuczek208 reported the binding of O2 on a [Cu2-
I(bdptz)(CH3CN)2]

2+ complex (bdptz for 1,4-bis(2,20-dipyr-
idylmethyl)phthalazine, Chart 2) at low temperature (−80 °C),
leading to the formation of a tetranuclear species (Scheme 10).
Upon temperature warming, homolytic cleavage of the O–O
bond resulted in the generation of two mono-m-oxido dicop-
per(II) complexes (Scheme 10). The formation of the Cu2

IIO core
was evidenced by resonance Raman (Cu–O vibration at
629 cm−1) and cryo-ESI MS, both including measurement with
labelled oxygen and EXAFS/XANES studies. In acetone, the Cu2O
species displayed catalytic activity in oxygenation of various
hydrocarbons (xanthene, dihydroanthracene, uorene, diphe-
nylmethane) with BDFE ranging from 75 to 82 kcal mol−1.
Despite poor turnover numbers, the ability of this Cu2O inter-
mediate in catalytic activity was demonstrated and now opens
new catalytic routes in solution.

4.3.2 Cu2
II,III mixed valent m-oxido like species and C–H

activation. Dicopper(II) m-hydroxido species have been exten-
sively characterized and since a long time regarded as poorly
reactive intermediates and even considered as ‘dead ends’ in
high valent species. (Down) Selected experimental properties (A (wet

Chem. Sci., 2024, 15, 10308–10349 | 10325
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Fig. 10 Synthesis of [RLCu2(m-O)(m-NO)]2+ species and influence of
the spin state on HAA reactivity from ref. 73 and 74.

Chemical Science Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

7.
10

.2
02

5 
0:

36
:3

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
catalytic processes initiated from high-valent CuIIICuIII bism-
oxido (O) complexes (known to abstract H atoms from weak to
moderate C–H bonds). On the other hand, rare examples of
mixed-valent CuIICuIIIm-OH (or bism-OH) species generated
from their dicopper(II) precursors have been described
(Fig. 9).209–213 The corresponding high values of the oxidation
potentials preclude chemical oxidation with a usual oxidant.214

To date, the only report of one chemically and electrochemically
achieved CuIICuIII species was published by Tolman209 (Fig. 9A)
who performed chemical oxidation of the CuIICuII precursor by
addition of acetylferrocenium hexauoroantimonate,
(AcFc)(SbF6), at −50 °C in DMF.

Although no structural report has yet been reported for such
species, given their high instability, they remain of high interest
since m-oxido bridged CuIICuIII cores have been postulated as
putative intermediates for C–H bond activation.215,217,218 More to
this point, De Tovar recently evidenced the tunability of their
electrochemical properties through the formation of intimate
ion pairs with surrounding anions by non-covalent interactions,
highlighting the importance of second sphere effects when
designing such [Cu2

II(m-OH)2]
2+ species.219 Interestingly and

counter-intuitively, CuIICuIII(m-O)x intermediates could be more
efficient for strong C–H bond activation than their corre-
sponding CuIIICuIII(m-O)x counterparts. In 2013, Yoshizawa and
Shiota postulated that HAA activation could preferably occur
aer protonation and reduction of an O species, leading to
a mixed-valent intermediate.217 The catalytic oxidative ability of
such an intermediate was experimentally demonstrated by Belle
using a naphthyridine-based spacer [Py4Cu

IICuII(m-OH)2]
2+

complex (Py4 = 2,7-bis(1,1-dipyridylethyl)-1,8-naphthyridine
ligand, Chart 2 and Fig. 9, structure D). Mono-electrochemical
oxidation of the complex [LCuIICuII(m-OH)2]

2+ in acetonitrile at
room temperature resulted in the transient generation of
a mixed-valent LCuIICuIII species,213 that could perform catalytic
HAA from strong Csp3–H bonds (toluene and CH3CN with BDFE
= 87.0 and 94.2 kcal mol−1, respectively) in the presence of
a relatively weak base (lutidine, pKa = 14.16).216 On the other
hand, Thibon-Pourret reported on an intramolecular ligand C–
H bond activation using a monooxidized dicopper(II) bis(m-OH)
complex with the Ox2Py2 ligand (Chart 2) bearing a bis-oxazoline
arm in place of a bis-pyridine arm on a Py4 ligand (Fig. 9-
structure D).220

Finally, in 2020, Kiebers-Emmons215 rationalized these
observations through experimental determination of thermo-
dynamic parameters (E1/2, pKa, BDFEs) for tmpa-based
complexes (Fig. 9, structure B). BDFEs(OH) for the HAA reac-
tions LCuII-OH-CuIIL / LCuII-O-CuIIIL and LCuII-OH-CuIIIL /

LCuIII-O-CuIIIL of 103.4 and 91.7 kcal mol−1 (Fig. 9), respectively
indicated that the higher oxidation CuIII–O–CuIII state had
a lower HAA ability than the mixed valent CuII–O–CuIII state. It
was suggested that geometry (specically the Cu–O–Cu angle),
solvation, magnetic, and mixed valency contributions in
dicopper complexes participate in the tuning of the BDFE(OH)
contrarily to mononuclear species. Altogether, the results
demonstrated that such high-valent dicopper(II,III) species
could be key reactive intermediates in copper-based oxidative
processes.
10326 | Chem. Sci., 2024, 15, 10308–10349
4.3.3 Cu2
II,III mixed valent m-oxido m-nitrosyl species: C–H

activation coupled to denitrication. In 2019, Zhang reported
the rst structurally characterized [RLCu2(m-O)(m-NO)]

2+ complex
(RL with R]H, Chart 2) prepared from RLCuICuI and an excess of
NO (Fig. 10),221 or alternatively from RLCuICuII and NO2. This
complex was able to perform oxygen atom transfer (OAT), HAA,
and C–Hhydroxylation of various substrates such as phosphines,
cyclohexadienes, and isochroman, yielding phosphine oxide,
benzene, and 1-isochromanone, respectively. The oxidizing
entity displayed a spin-switching behavior between S= 1/2 and S
= 3/2 which was shown to be temperature-dependent. Modi-
cations on the ligand (R groups introduced in position 4 of the
catechol spacer (Chart 2)) induced an unsymmetrical environ-
ment for the dicopper center [RLCu2(m-O)(m-NO)]

2+ and allowed
spin state control of the intermediate.222 The S = 1/2 state
appeared more reactive for HAA than the S = 3/2 state. Best
activities were obtained with R]F and NH2, despite possessing
opposing electron-donating/withdrawing properties.
4.4 Dicopper-hydroperoxido as active intermediates

Catalytic hydroxylation of benzene to phenol considering
CuII(m-OH)CuII species and H2O2 or Cu2

I and O2 has been
mechanistically investigated by Kodera223 and very recently by
Glaser224 starting from dinuclear species [Cu2

II(m-OH)(6-hpa)]3+

or [Cu2
II(m-OH)(susan)]3+ respectively (6-hpa and susan ligands

are depicted in Chart 2). In both cases, remarkably high activ-
ities compared to phenol oxidation in the ortho position
(tyrosinase like activity) were observed (see Section 4.2.1). The
active catalytic species were examined and both a Fenton-like
radical mechanism or dicopper-hydroperoxido based mecha-
nism were shown to be feasible depending of the catalytic
conditions (temperature, excess amount of H2O2.). Subse-
quently, Kodera reported that the same dinuclear [Cu2

II(m-
OH)(6-hpa)]3+ species placed in the presence of H2O2 was able to
oxidize methane (using a high-pressure reactor) to methanol
(and formaldehyde as the minor product) with TON of 43 and
7.4 respectively.225 The copper-oxyl and peroxyl radicals species
© 2024 The Author(s). Published by the Royal Society of Chemistry
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detected by cryo-ESI MS were proposed to be the active species
for benzene oxidation.223
5 Polynuclear copper–oxygen
species
5.1 Trinuclear copper–oxygen adducts and C–H bond
activation

So far, very few trinuclear copper complexes have been designed
to activate dioxygen and perform oxidative reaction of hydro-
genated substrates. Amongst reported works, Chan and co-
workers have been particularly prone to develop synthetic tri-
copper models of the D active site of particulate methane
monooxygenases (pMMOs) (see Section 2.1). Over several
studies, they designed tricopper diazepane-based complexes
capable of mediating methane oxidation in the presence of
hydrogen peroxide in acetonitrile, but with a low efficiency
under homogeneous conditions. According to DFT calcula-
tions226 and EXAFS experiments,227 the active species was
proposed to be a mixed-valent adduct [CuIICuII(m-O)2Cu

III(L)]1+

(where L denotes a trinucleating ligand, for example L = 7-N-
Etppz, Chart 2) generated from the reaction of tris-copper(I)
complexes with O2 (see Scheme 13). The presence of a third
copper center was suggested to increase the reactivity of the
putative intermediate towards methane through a combination
of different effects such as (i) a favored planar conformation and
lengthening of the CuII–CuII distance, (ii) an increased Lewis
Scheme 13 Top: Catalytic cycle for the oxidation of CH4 mediated by
the [CuICuICuI(7-N-Etppz)]1+ complex and O2 in the presence of
hydrogen peroxide. Bottom: Proposed intermediates for methane
oxidation. Adapted from ref. 227 and 229.

© 2024 The Author(s). Published by the Royal Society of Chemistry
acidity and (iii) an overall singlet state of the “oxene” cluster.
Interestingly, recent work by Nandi et al. has investigated the
role of acetonitrile in the methane oxidation process mediated
by the tricopper piperazine complexes from the group of
Chan.228 In particular, they showed that methanol could be
produced from acetonitrile in the absence of methane, but in
the presence of a copper complex and hydrogen peroxide.

Signicant progress in methane-to-methanol conversion was
more recently obtained by Chan's group by carrying out catal-
ysis under heterogeneous conditions.229 Experimental results
demonstrated that graing of the copper catalysts onto meso-
porous silica nanoparticles signicantly improved methane
oxidation relative to bulk studies. One main reason for this
enhancement was proposed to originate from the over-
solubility of methane in the conned spaces of nanoporous
materials, hence increasing the turnover frequency by raising
methane concentration and avoiding the competitive direct
oxidation of hydrogen peroxide by the active copper–oxygen
species.

In a further paper, Chan reported the catalytic oxidation of
ethane and propane using the same strategy as that used with
methane.230 Indeed, the [Cu3

II(7-N-Etppz)]4+ complex (see
Scheme 13) was immobilized on anionic-based mesoporous
silica nanoparticles (TP-MSN, 70 nm size, 2 nm pore size) and in
situ reduced into a tris-copper(I) species by sodium ascorbate at
room temperature. In the presence of O2 and H2O2, the graed
complex mediated the oxidation of ethane into ethanol with a 7-
fold higher efficiency (21% conversion) compared to the same
reaction under homogeneous conditions. Oxidation of propane
led to the formation of both isopropanol and acetone. Notably,
kinetic studies for a mixture of gases demonstrated that the
catalyst was more selective for propane than for ethane or
methane conversions into alcohols (30 : 22 : 1, distribution,
respectively).

Catalytic methane oxidation by the tricopper-(7-N-Etppz)
complex was also investigated by DFT calculations.231 Two
mechanisms were considered for CH4 oxidation by the reactive
[Cu3(m-O)2(7-N-Etppz)]

1+ complex: (i) a concerted electrophilic
oxene insertion and (ii) a nucleophilic hydrogen-atom abstrac-
tion (HAA) followed by a radical rebound process. Lower acti-
vation energies were obtained for the latter, hence suggesting
the occurrence of a two-step mechanism. Calculations revealed
that C–O recombination was the rate-determining step in the
radical rebound mechanism, hence predicting a low H/D
Kinetic Isotopic Effect (KIE).

In 2020, Chan investigated the activation of the tricopper(I)
complex [CuICuICuI(7-Dipy)]1+ (for ligand 7-Dipy see Chart 2) by
H2O2 by using rapid-freeze–quench and cryo-ESI MS.232 The
complex was activated by H2O2 rather than O2 to offer better
chances in terms of kinetics to observe and characterize
copper–oxygen adducts. Through an optimized methodology,
the targeted [CuIICuII(m-O)2Cu

III(7-Dipy)]1+ species was detected
together with other copper oxygen intermediates. A deactivation
pathway involving this reactive species and a tris-Cu(I) bis-
protonated complex was proposed to explain the detection of
[CuIICuIII(m-O)2Cu

III(7-Dipy)]2+ by high resolution mass spec-
trometry (Scheme 14).
Chem. Sci., 2024, 15, 10308–10349 | 10327
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Scheme 14 Deactivation pathway proposed frommass-spectrometry
experiments with the tricopper (7-Dipy) complex. Adapted from ref.
232.
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In a more recent paper, the same group reported the devel-
opment of electrocatalytic devices to perform methane-to-
methanol conversion in aqueous media.233 As a rst step, the
tricopper(II)-oxido (7-N-Etppz) catalyst was immobilized in
mesoporous silica nanoparticles. The modied particles were
then dispersed in water and deposited onto screen-printed
carbon electrodes through a drop casting method, yielding
a surface concentration of 0.17 nmol cm−2. The electrocatalytic
oxidation of methane was carried out by electrochemical
reduction below −0.50 V vs. Ag/AgCl in potassium perchlorate
(pH = 6.5). Production of methanol with high turnover number
(TON = approx. 2400 aer 3 h of electrolysis at Eapp = −0.9 V)
was evidenced by gas chromatography from bulk electrolysis
under air. However, the catalytic device suffered from the
competitive oxygen reduction reaction (ORR), as well as copper
leaching over time. To overcome this, sodium ascorbate and
copper(II) chloride were added to the solution, showing signif-
icant improvements for the recyclability. Comparative studies
with pMMO's modied electrodes emphasized the interest of
using such synthetic catalysts instead of proteins in terms of
efficiency over mass of catalyst.

The group of Doerrer has recently reported the generation of
tricopper [Cu3O2] cores using various monocopper(I) complexes
bearing uorinated alkoxide ligands, the main objective being
to perform efficient C–H bond activation. The utilization of
10328 | Chem. Sci., 2024, 15, 10308–10349
peruoropinacolate bidentate ligands, such as pinF, afforded
the formation of bis(m3-oxido) triscopper(II,II,III) adducts.234

These species were characterized by UV/Vis spectroscopy at −80
°C, cryo-ESI MS, and EPR spectroscopy. Reactivity studies
demonstrated that the trinuclear adduct was able to catalytically
oxidize p-hydroquinone into benzoquinone but with a limited
efficiency. It also displayed OAT (Oxygen Atom Transfer) prop-
erties towards triphenylphosphines. A further step was obtained
later using a uorinated O-donor monodentate ligand
(OC4F9).235 UV-Vis kinetic analysis suggested the transient
formation of bis-m-oxido intermediates that rapidly converted
into bis-(m3-O)Cu

IICuIICuIII species. The latter were character-
ized by resonance Raman spectroscopy (the related [Cu3O2] core
associated with stretching at 679 cm−1 shied to 718 cm−1 aer
isotopic labeling with 18O) and UV-Vis (lmax = 307, 520 and 602
nm) spectroscopy, as well as mass spectrometry. The (OC4F9)
copper–oxygen trimer was shown to catalytically oxidize
hydroquinone. Furthermore, it was also able to stoichiometri-
cally convert 2,4-di-tert-butylphenolate into 3,5-di-tert-butyl-1,2-
catechol. Such property that was not observed with the biden-
tate pinF analogue was ascribed to the better exibility of the
monodentate ligand. Aiming at reproducing multicopper
oxidase activity, Murray recently reported the C–H bond acti-
vation of diverse organic substrates (toluene, dihydroan-
thracene.) starting from a tricopper complex bearing
a cyclophanate ligand (Chart 2).236 Low-temperature UV-Vis
stopped-ow experiments highlighted the reaction of the tri-
copper complex with O2, leading to the generation of trinuclear
copper–oxygen adducts (lmax = 490 and 630 nm) with a similar
spectroscopic signature to that of Chan's complex. Computa-
tional studies suggested that oxidation of exogeneous
substrates may occur through a concerted HAA reaction from
a reactive (m-oxyl)(m3-oxido)tricopper(II) intermediate, followed
by radical rebound and OAT. Competitive intramolecular ligand
oxidation was invoked to explain the low yield obtained for
substrate oxidation (<1%).
5.2. Trinuclear copper complexes: related reactivities

The four-electron reduction of O2 to water mediated by a trinu-
clear copper complex has been poorly investigated in the last 5
years despite its technological signicance in fuel cell applica-
tions, and its relevance to the biological process in multicopper
oxidases (laccase, bilirubin oxidase).

Ray reported in 2018 a comparative study of the 4e−, 4H+

reduction of dioxygen mediated by either monocopper(I) or
tricopper(I) complexes bearing identical amine-based coordi-
nation spheres.237 Low-temperature UV-Vis spectroscopic
measurements, supported by X-ray absorption near-edge spec-
troscopy (XANES), were employed to monitor the reaction of the
trinuclear complex [Cu3

I(L)]3+ (L = tateb = 1,3,5-tris-3,3-imino-
bis(N,N-dimethylpropylamine)-2,4,6 triethylbenzene, Chart 2)
with O2 in the absence of reductant and proton sources. A green
species assigned to a [CuICuII(O2

2−)CuII(L)]3+ intermediate was
hence detected at −80 °C. Increasing temperature to −60 °C
revealed its conversion into a brownish [CuIICuII(O2

3−)CuII(L)]2+

species. In the presence of both reductant and proton sources at
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Stepwise proton-coupled reduction of the [Cu3
II(m-O)3(LH)]5+

complex (L = tren4) studied by Zhang as a model of multicopper
oxidases for the reduction of dioxygen into water. Adapted from ref.
238.
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−20 °C, the tricopper(I) complex produced water as the sole
product. Kinetic studies revealed that O2 binding was the rate-
determining step (RDS), resulting from the high instability of
the trinuclear copper–oxygen adducts which underwent a very
fast PCET step. In contrast, a different mechanism was found
for its mononuclear analogue, generating a bis-m-oxido Cu2

III

intermediate which ran the PCET reaction in a slower manner.
A supramolecular tricopper(II) complex bearing four assem-

bled tren units was developed by Zhang as a catalytic model of
multicopper oxidases for oxygen reduction into water
(Fig. 11).238 The ligand was specically designed to provide
protons in the secondary sphere of the copper ions and to
prevent any disassembling of the catalyst structure through the
PCET reactions. Successive reduction/protonation of [Cu3

II(m-
Fig. 12 Selected zeolite-based Cu–O catalyst.

© 2024 The Author(s). Published by the Royal Society of Chemistry
O)3(LH)]5+ (L = tren4, Chart 2) led to the generation of a tri-
copper(I) (m-OH2)2 species (Fig. 11). The different redox and
protonated states were assigned thanks to voltammetric and
spectroscopic characterizations. Interestingly, these reactions
were shown to occur within a narrow potential range (170 mV).
This effect was ascribed to favor proton relay by the ligand
scaffold, as occurring in multicopper oxidases.

In 2018, Chan et al. reported on the efficient electrocatalytic
reduction of dioxygen into water thanks to heterogeneous tri-
copper catalysts.239 Four different copper derivatives were
investigated to account for the ligand topology and the effect of
the number of copper centers on the catalytic properties was
investigated. All of them were immobilized onto screen-printed
carbon electrodes through a dropcasting approach. Amongst
the complexes, [Cu3

I(7-N-Etppz-CH2OH)]+ exhibited the best
performances with a 680 mV vs. RHE overpotential value at pH
= 7, a turnover frequency of 12 s−1, and the production of 27%
H2O2. Kinetic studies demonstrated that the rate-determining
step was not dioxygen binding to the catalyst but merely the
O–O bond cleavage through the third electron transfer to the
copper cluster. Further comparative studies between dinuclear
and trinuclear analogues demonstrated the key role played by
the third copper center in terms of overpotential.
6 Heterogenized copper–oxygen
species
6.1 Materials framework for the immobilization of copper–
oxygen species

Heterogenized copper–oxygen species typically refer to Cu-
containing compounds where Cu ions/clusters are
Chem. Sci., 2024, 15, 10308–10349 | 10329
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Fig. 13 Selected zeolite framework types. Adopted from ref. 240.
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incorporated into a heterogeneous support or matrix. These
heterogenized species play a crucial role in catalysis due to
copper's ability to undergo redox reactions and participate in O2

activation and C–H bond activation, particularly in methane
oxidation. This represents a crucial process with signicant
environmental implications. The development of selective
oxidation heterogenized systems has thus received great atten-
tion over the last few years becoming a hot approach due to its
advantages arising from its straight-forward implementation
into industrial devices particularly focusing on methane-to-
methanol (MTM) transformation.240,241 Within this context,
understanding the nature of the true active species in such
heterogenized systems has become a target towards improved
performances. In the literature, there are several heterogenized
systems covering the use of zeolites as coordinating materials
for Cu–O species immobilization (Fig. 12) and their further
MTM conversion utilization.

Zeolites are traditionally referred to as a family of open-
framework aluminosilicate-based materials exhibiting distrib-
uted micropores at molecular dimensions. From here,
depending on how aluminosilicate tetrahedra are connected,
a different zeolite framework type can be assigned. This clas-
sication follows a three-letter code by the International Zeolite
Association. Within this context, different zeolite frameworks
have been preferentially studied for MTM transformation such
as beta (BEA), faujasite (FAU), mordenite (MOR), mordenite
framework inverted (MFI), chabazite (CHA) and omega (MAZ)
(Fig. 13) among the identied 235 distinct zeolite framework
types. However, despite the efforts for the characterization of
such heterogenized systems, the nature of the true active
10330 | Chem. Sci., 2024, 15, 10308–10349
species is still a topic of debate since it depends onmany factors
ranging from the catalytic conditions used for the MTM
conversion, the nature of such material lattices, the copper
incorporation method and the signal treatment for the identi-
cation and mechanism elucidation of active species.242 Addi-
tionally, many techniques and analyses have been applied for
this purpose, ranging from rR spectroscopy, isotope labelling
experiments and DFT calculations and machine learning.243,244

The aim of this section is to present the approach dealing with
the parameters mentioned above towards a better under-
standing covering the reusability of the zeolite-containing
copper-heterogenized systems.

6.2 Heterogenization of copper–oxygen species in zeolites

Cu–O species immobilized in zeolite micropores have been
shown to be efficient catalysts for the selective oxidation of
methane, among other substrates. Despite the lack of exact
structure characterization of these Cu–O species, different
structures have been proposed to exist within the Cu-exchange
zeolites (Fig. 12).

6.2.1 Incorporation method, loading and distribution of
copper–oxygen species. High Cu loadings contribute to the
formation of oligomeric chains within the channels for both
incipient wetness impregnation and for ion-exchange Cu
incorporation methods, respectively. Within this context, van
Bokhoven245 studied MOR zeolites with different Cu loadings
and found that higher Cu site density requires higher temper-
atures for their activation.

This phenomenon is due to the relative distance between the
monomeric [CuOH]+ species within the zeolite lattice (Fig. 14).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Suggested reaction pathways of Cu–O species in Cu-MOR and their transformations during the reaction with CH4. (a) Pathway involving
[Cu2(m-O)]2+ species. (b) Pathway involving [CuOH]+ species, highlighting the inactivity of monomeric Cu species exhibiting dipolar spin–spin
coupling at a separation distance of 4.8 Å.
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These monomeric species (Fig. 14b) facilitate the formation of
molecular methanol rather than the methoxy species [Cu2(m-
OCH3)]

+ formed by copper dimers.
However, if these monomeric species are at a distance of ca.

4.8 Å, a signicant dipolar spin–spin coupling between two
copper sites makes them inactive (Fig. 14b). Recently, Lercher246

studied Cu-MOR catalysts nding that the most active Cu site
was a [Cu2Al(m-O3)]

2+ cluster (Fig. 12) being able even to form an
ethyl methyl ether when replacing H2O by ethanol in the
product extraction step (see Section 6.2.2). Additionally,247 pre-
treated MFI with large cations (K+, Cs+) tunes the formation of
the Cu–O species, generating a new [Cu2(m-O)]

2+ site, respon-
sible for methanol production at low copper loadings. In
general, the formation of Cu-based nanoparticles or aggregates
Fig. 15 Typical experimental protocol of the catalytic conversion of
methane to methanol over Cu-exchanged zeolites. Adapted from ref.
246.

© 2024 The Author(s). Published by the Royal Society of Chemistry
hinders the ability of Cu-zeolites to activate methane. However,
depending on their size, location and nature, they are able to
perform such activation.248,249

6.2.2 Catalytic setup in copper-exchanged zeolites. A
specic catalytic setup is established when Cu-exchanged
zeolites are used as Cu-heterogenized catalysts for C–H activa-
tion and further oxidation. The implementation of such cata-
lytic systems usually follows a stoichiometric, “stepwise
conversion” process consisting in three independent sets of
reaction conditions (Fig. 15): (i) catalyst activation and treat-
ment, (ii) methane activation and (iii) methanol extraction.
Within this context, the research community has revisited these
three steps during the past few years leading to signicant
yields and understanding improvements.

(i) Catalyst activation and treatment. The activation
temperature plays a pivotal role in both the formation and
nature of the copper sites prior to methane activation. In
general, the oxidation of Cu-heterogenized materials requires
temperatures higher than 300 °C in order to increase the pop-
ulation of active species. However, depending on the intrinsic
kinetics of the Cu site types and the distribution of such types
within a given material, this activation temperature has an
impact on the overall methanol formation as well as on the
selectivity.250 Additionally, although O2 as oxidizing gas has
been largely used for such catalyst activation, other gases like
N2O have also been employed showing a higher proportion of
[Cu2O]

2+ species.251 Furthermore, both [Cu2(trans-m-O2)]
2+ and

[Cu2(m-O)]
2+ species can be generated through a [Cu2(m-h

2:h2-
O2)]

2+ intermediate.252 Additionally, although [Cu2(m-O)]
2+

species are postulated to be one type of active species under
these conditions, their formation ratio can be tuned by applying
a self-reduction treatment, usually performed at T > 500 K under
He, CO or mixtures of both gases.252,253 However, the formation
Chem. Sci., 2024, 15, 10308–10349 | 10331
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Fig. 16 Formation of a [Cu3(m3-O)]2+ species and two CH3OH mole-
cules from the reaction of CH4 with [Cu3(m-O)3]

2+ in MOR zeolite.
Adapted from ref. 252.
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of Cu–O sites can be drastically affected by the presence of O2 or
water impurities.

(ii) Methane activation. Aer the catalyst activation, CH4 can
react with this latter in a stoichiometric way at 120 °C to 200 °C.
However, the reactivity of the catalyst is sensitive to H2O due to
the intrinsic instability of the species.

(iii) Methanol extraction. Methanol extraction is usually
performed by desorption of the methoxy or adsorbed methanol
species with a steam ow at lower temperatures allowing the
catalytic species to be regenerated.254,255 Recently, Cu-MOR
catalysts have256 been found to form both CH�

3 and Hc radicals
under non-thermal dielectric barrier discharge (DBD) plasma
conditions facilitating methanol desorption.257 The authors also
noticed that longer reaction times lead to the reduction of the
[Cu2(m-O)]

2+ species into [Cu]+ and [CuOH]+ as well as the
formation of a carbon deposit. Nevertheless, the [Cu2(m-O)]

2+

species can be regenerated rapidly while eliminating the carbon
deposit under O2.
6.3 Parameters affecting the catalytic activity in copper-
exchanged zeolites

The reactivity of the catalytic system seems to be notably
inuenced by the specic type of zeolite. Despite the need to
individually consider and discuss these materials, only a few
factors have been identied as affecting the overall performance
of the catalysts. This variation is attributed to the distinct nature
of the copper sites within the zeolite framework, dependent on
factors such as the Si/Al ratio, loading and distribution, pore
size, lattice conformation and 2nd sphere effects.

6.3.1 Zeolite topology and lattice constraints. Zeolite
topology governs the structure of active copper-oxo species,
which, in turn, determines the activity of the material and the
nature and distribution of the formed products.258 Methane
overoxidation over copper-exchanged MFI takes place even at
low temperature, indicating high intrinsic activity and low
selectivity of the [Cu2(m-O)]

2+ species, stabilized by this frame-
work. In contrast, copper-exchanged MOR selectively converts
methane into partial oxidation products such as CH3OH but not
CO2, at temperatures below 500 K, possibly due to the low
concentration of copper dimers. For Cu-BEA and Cu-FAU,
reaction temperatures above 500 K are required for methanol
synthesis, pointing to a lower activity for large copper-oxo
clusters in comparison to dimers and monomers. Within this
context, Sushkevich discovered that oxygen-activated Cu-
exchange zeolites of different framework types, namely, MOR,
MFI, BEA and FAU, yield different products depending on the
reaction temperature. At low temperatures, preferably partial
oxidation of methane occurs, resulting in the formation of
different species such as adsorbed methanol and dimethyl
ether. For all zeolites, the amount of such products goes
through a maximum as a function of reaction temperature.
However, the temperature of the maximum depends on zeolite
topology and increases in the following order: Cu-MFI < Cu-
MOR < Cu-BEA < Cu-FAU.

The decrease of products by partial oxidation at higher
reaction temperatures is associated with their further
10332 | Chem. Sci., 2024, 15, 10308–10349
transformation via three main pathways. First is their further
oxidation by active Cu–O sites resulting in the formation of
surface [CuCO]+ and CO2. The second direction implies the
decomposition of methoxy species to CO above 630 K. The last
pathway is C–C coupling into light saturated hydrocarbons,
such as ethane and propane. Additionally, the previously
formed methanol can be converted into hydrocarbons because
of the presence of acid sites in Cu-CHA. More to this point, the
lattice of Cu-MOR allows the [Cu3(m-O3)]

2+ species to be formed
as an intermediate active species able to activate and promote
the oxidation of two CH4 molecules (Fig. 16).259 Then, both
zeolite topology and zeolite lattice constraints are found to play
a signicant role as they strengthen the Cu/Cu interaction and
consequently weaken the m–O bond destabilizing the [Cu2(m-
O)x]

2+ species for CH4 activation.260

6.3.2 Pore or window size. Cu sites are located within the
zeolite lattice, particularly inside the pores. These pores are
formed by aluminosilicate chains, which can present different
Si/Al ratios (vide supra), and are called an X-membered ring
(XMR) depending on the terminal atoms delimiting the pore
entry.261 Then, one can refer to the Cu sites on thesematerials by
6MR, 8MR, 10MR and 12MR (Fig. 13). In general, for CHA
zeolites, Cu sites located in 6MR are the most active species but
those in 8MR show an increased stability. In the former we nd
the [Cu2(m-O2)]

2+ species mainly with aluminate contributions
whereas in the latter we nd [Cu2(m-O2)]

2+ and [Cu2(m-O)]
2+

species with both aluminate and silanol contributions. It is
worth mentioning that, since the Si/Al ratio alters the position
of aluminates within the pores (vide supra), the nature and
location of these species within the pores lead to different
activities. Due to this fact, van der Waals interactions between
CH4 and the zeolite lattice control not only the substrate
adsorption but also lower the hydrogen atom abstraction (HAA)
barrier.262 Also, Svelle249 studied different Cu-exchange zeolites
for ethane to ethylene transformation and observed that the
pore size of the framework plays a pivotal role in the product
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Proposed catalytic cycle for the CH4/O2/H2O reaction over Cu
zeolites.
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productivity, which increases with the pore size as follows: CHA
(8MR) < MFI (10MR) < MOR (12MR).

6.3.3 Si/Al ratio, loading and distribution. Alternation of
both Si and Al content in such structures has been shown to
create new pores with distinct chemical and physical environ-
ments. These pores play a crucial role in MTM, providing not
only insights into the distribution of copper within the lattice
but also enabling better control over the formation and char-
acterization of various Cu–O species.263–272 In general, three of
the most active Cu–O species are [Cu2(trans-m-O2)]

2+, [Cu2(m-
O)]2+ and [Cu3(m-O3)]

2+,250 in which the copper atoms are con-
nected to the zeolite scaffold by aluminate units.273 However, it
is worth mentioning that not only dicopper and tricopper
species are formed within the zeolite lattice but also monomeric
species. Then, increasing the Cu/Al ratio leads to an increase of
the activity of the system due to a higher density of Cu–O species
and the increased probability of these species to be located at
distances favorable for the formation of dinuclear and trinu-
clear Cu species. Furthermore, both the increase of the Cu/Al
ratio and decrease of the Si/Al ratio favor the formation of
polynuclear compounds such as [CuOx]n oligomers, which
present lower specic activity in MTM conversion. Within this
context, Mavrikakis273 studied the effect of the Al distribution on
Cu-SSZ-13 for the MTM process and found that Cu monomers,
dimers and trimers can be formed depending on the different
local Al distribution.

6.3.4 2nd sphere effects. As mentioned before, [Cu2(m-O)]
2+

species are known to be active for methane oxidation. However,
depending on the lattice conformation, these species exhibit
different activities.263,274–277 Within this context, Solomon and
co-workers251 studied both the stabilization and activities of
such Cu–O species within the 8MR and 10MR for CHA and MFI
zeolites, respectively unraveling that, for a given CHA zeolite,
the conformation of [Cu2(m-O)]

2+ coordinated by two aluminates
moieties drives the bridging copper oxygen atom out of the 8MR
into a CHA cage, increasing both the formation of O–H bonds
and methane activation. In contrast to this scenario, the posi-
tioning of aluminates within the 10MR of the MFI results in the
bridging oxygen atom remaining in-plane (Fig. 17).

These phenomena where the active site is found to be
located in a constricted region of the zeolite lattice are
denominated as 2nd sphere effects. Here, close van der Waals
contact between the substrate and the zeolite lattice in the
vicinity of the active site is increased leading thus to higher
activities. Recently, the authors found that the superior activity
of such [Cu2(m-O)]

2+ species within the CHA framework is tightly
related to their inner ferromagnetic character due to the p

bonding ligation with their oxido bridges rather than their Cu–
Fig. 17 [Cu2(m-O)]2+ in MFI (left) and CHA (right).

© 2024 The Author(s). Published by the Royal Society of Chemistry
O–Cu angles as previously observed for homogeneous
complexes.278 Within this context, when bending the Cu–O–Cu
angle, each CuII nucleus binds with a different oxido p-orbital,
lowering overlap and leading to orthogonal magnetic orbitals
on the bridge. Also, Stepanov279 studied the reactivity of [Cu3(m-
O)3]

2+ oxido clusters on Cu-ZSM-5 aer methane activation for
both benzene and COmethylation nding that methoxy species
at [Cu3(m-O)3]

2+ oxido clusters easily interact with benzene
yielding toluene.

6.3.5 Effect of temperature and water. Higher reaction
temperatures not only enhance the methane conversion rate
but also trigger the reactivity of Cu species.280 This phenomenon
is attributed to higher energies required for the activation of
[CuOH]+ species and isolated [Cu]2+ sites within the zeolite
framework.281 Additionally, the addition of Fe2+, Zn2+, La3+ and
Mg2+ species favors the transformation of such monocopper
species into highly active [Cu2(trans-m-O2)] sites allowing even
CH4 to be oxidized to CH3COOH.282,283 On the other hand, the
effect of water was investigated by Chen for Cu-BEA systems284

unraveling that water can directly participate in the reaction
through a proton transfer route over the [Cu2(m-O)]

2+ site, which
signicantly favors methanol generation and desorption and
hinders carbon deposition. The effect of water was also inves-
tigated by Zhang for Cu-MOR systems,285 in which water can
convert inactive copper species into active copper species
during catalyst activation even allowing it to be recycled. Also, it
is worth mentioning that Cu-zeolites show dynamic structures
of Cu species with H2O adsorption (Fig. 18).286 This is the case of
Cu-MOR, in which Takahashi and co-workers287 found that H2O
adsorption is crucial for both oxidation of [CuOH]+ sites and
methanol production (Fig. 18). In particular, MTM reaction can
only occur if methane molecules reach the active site while
methanol molecules leave the material without high energetic
cost for the migration. Within this context, Cu-CHA was found
to exhibit a considerably higher energy barrier for methanol
diffusion, which leads to the choice of higher temperature for
proper methanol extraction.288
Chem. Sci., 2024, 15, 10308–10349 | 10333
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Fig. 19 Incorporation of copper centers and subsequent treatment
with O2 affording Ti8–Cu1 and Ti8–Cu2.

Fig. 20 Strategy used to generate monomeric [Cu]2+ sites in a pure
alumina environment and the subsequent reaction with CH4 to form
hydroxyl and methoxy species.

Fig. 21 Proposed mechanism for charge transfer steps during selec-
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6.4 Other supports

6.4.1 Metal–organic frameworks (MOFs). MOFs can serve
as a scaffold for immobilizing copper complexes by incorpo-
rating ligands post synthesis. Then, one can modulate the
porous structure when designing MOFs to reach an enormous
specic area with excellent permeability. This facilitates an
enriched substrate adsorption and enhances the reactant mass
transfer allowing the transformation of CH4 to CH3COOH.289–291

Additionally, Lin and co-workers292 developed Ti-based MOFs
(MIL-125) allowing the incorporation of [Cu2(m-O)]

2+ and [Cu2(m-
OH)2] species leading to Ti8–Cu1 and Ti8–Cu2 catalysts, respec-
tively (Fig. 19). Such systems have been demonstrated to exhibit
a wide range of mono-oxygenation processes such as alkene
epoxidation, alkane oxidation, Baeyer–Villiger and thioether
oxidation activities for different substrates. Within this context,
the utilization of a co-reductant (isobutyraldehyde) not only
allows recycling the catalysts but also greatly accelerates the
regeneration of the Cu/O species. However, a high concentra-
tion of such co-reductant competes with substrate oxidation
thus decreasing the yield of monooxygenation products.

6.4.2 Al2O3. Recently, Copéret293 reported the formation of
well-dispersed monomeric [Cu]2+ species supported on alumina
using surface organometallic chemistry and their reactivity
towards the selective and stepwise conversion of methane to
methanol unraveling the active sites having a tri-coordinated
[(Al2(m-O)(m-OH)(m-O)Cu)]− geometry (Fig. 20).

6.4.3 Graphitic carbon nitride (g-C3N4). Zuo294 designed
a photo-active catalyst based on Cu-MOR/g-C3N4 able to operate
under visible light. The authors found that the photo-assisted
catalysis was ca. 1.85 times higher than that under thermal
conditions because part of O2 is reduced to O2

−c by g-C3N4

under visible light accelerating the formation rate of CuxOy

species using O2
−c as oxidant rather than O2. However, a large
10334 | Chem. Sci., 2024, 15, 10308–10349
excess of g-C3N4 blocks the pores of MOR hardening the diffu-
sion of methane in the channel of MOR.

6.5 New strategies

6.5.1 Improvement of gas separation. Thanks to the
tunable porosity when building MOFs together with the
demonstrated Cu–O adduct–hydrocarbon interaction, the
design of devices able to separate carbon-based gas mixtures
through their designed pores is emerging as a new eld of
interest. Recently, He and co-workers295 developed a porous
dicopper paddlewheel-based MOF using the pyridine-3,5-
dicarboxylic acid N-oxide ligand resulting in a structure with
two cages enriched with oxygen donor atoms. Interestingly,
these O-enriched cages are able to selectively interact with
C2H2 being able to separate the latter from C2H2/CO2/CH4

mixtures. Within the same context, Song296 studied the Cu–
NaY systems for ethylene separation and found that the Cu/Al
ratio dictates their adsorption ability through non-covalent
interactions.

6.5.2 Overcoming the overoxidation of methane. Recently,
Tang and co-workers developed a Cu-doped WO3 photocatalyst
able to overcome the overoxidation of CH4 giving a selective
production of HCHO.297 WO3 photogenerates electrons under
visible-light irradiation at room temperature, while atomically
dispersed CuII acts as an effective electron acceptor (Fig. 21).
The resulting ensemble synergistically leads to an efficient
charge separation and transfer, resulting in a superior photo-
catalytic CH4 conversion efficiency.
tive CH4 oxidation over Cu0.029-def-WO3.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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7 Concluding remarks and
perspectives

Copper–oxygen species constitute a distinctive and important
class of oxidation catalysts within natural systems. Although
signicant advancements have been achieved over the past few
years in terms of fundamental and applied research still
signicant gaps persist in our understanding of their efficiency.
This is particularly highlighted by the ongoing reconsideration
of some established mechanisms in light of recent break-
throughs. The typical examples are the recent debates about the
nuclearity of the reactive copper–oxygen species (mono or di) in
DbH, as well as the re-evaluation of an LPMO enzyme as
peroxidases rather than monooxygenases.

In the bio-inspired chemistry eld, strong efforts have been
particularly made during these last few years to develop
synthetic copper–oxygen species able to perform efficient
oxygenation of recalcitrant C–H bonds, methane being the tar-
geted substrate.

Noteworthily, recent developments have included the
exploration of copper cluster complexes incorporated within
heterogeneous systems, such as zeolites. These catalysts were
shown to advantageously afford the generation of highly
oxidative mono- and polynuclear active sites which are hardly
accessible in solution. Aside from the promising results ob-
tained with heterogeneous systems, homogeneous copper–
oxygen species still remain relevant due to valuable insights on
the description of catalytic intermediates. Recent technological
breakthroughs have strongly contributed to the characteriza-
tion of new types of copper–oxygen transient species, such as
dinuclear mixed-valent systems. In particular, in situ spectro-
scopic cryogenic techniques and synchrotron-based methods
have played pivotal roles in the eld in dening structure/
function correlations and reaction coordinates in catalysis.
Additionally, cryo-electron microscopy (cryo-EM) introduces
innovative tools for elucidating the three-dimensional structure
of proteins and has played a role in reopening the debate on
pMMO. Altogether, these approaches have allowed easier
determination of the thermodynamic properties (BDFEs) of
copper–oxygen species related to their oxidative HAA power. In
addition, signicant progress in the eld of computational
studies has obviously demonstrated that these theoretical
approaches have become crucial tools to improve our in-depth
understanding and assist in the analysis of ambiguous experi-
mental data.

Future work in the eld of copper–oxygen species will have to
consider all these new aspects/ndings in order to design effi-
cient catalysts for the activation of inert C–H bonds. The
development of coupled techniques (spectroscopy, electro-
chemistry, spectrometry) for the in situ and time-resolved
characterization of transient species will be of help to eluci-
date more deeply the different mechanisms.298 Alternatively,
novel approaches based on photoinduced copper catalysis and
radical chemistry may be applied to activate substrates under
mild conditions, as recently reported.299
© 2024 The Author(s). Published by the Royal Society of Chemistry
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F. P. Seebeck, Structure of Formylglycine-Generating
Enzyme in Complex with Copper and a Substrate Reveals
an Acidic Pocket for Binding and Activation of Molecular
Oxygen, Chem. Sci., 2019, 10(29), 7049–7058, DOI:
10.1039/C9SC01723B.

62 M. J. Appel, K. K. Meier, J. Lafrance-Vanasse, H. Lim,
C.-L. Tsai, B. Hedman, K. O. Hodgson, J. A. Tainer,
E. I. Solomon and C. R. Bertozzi, Formylglycine-
Generating Enzyme Binds Substrate Directly at
a Mononuclear Cu(I) Center to Initiate O 2 Activation,
Proc. Natl. Acad. Sci. U. S. A., 2019, 116(12), 5370–5375,
DOI: 10.1073/pnas.1818274116.

63 F. Leisinger, D. A. Miarzlou and F. P. Seebeck, Non-
Coordinative Binding of O2 at the Active Center of
a Copper-Dependent Enzyme, Angew. Chem., Int. Ed.,
2021, 60(11), 6154–6159, DOI: 10.1002/anie.202014981.

64 Y. Wu, C. Zhao, Y. Su, S. Shaik and W. Lai, Mechanistic
Insight into Peptidyl-Cysteine Oxidation by the
10338 | Chem. Sci., 2024, 15, 10308–10349
Copper-Dependent Formylglycine-Generating Enzyme,
Angew. Chem., 2023, 135(7), e202212053, DOI: 10.1002/
ange.202212053.

65 D. Dhar and W. B. Tolman, Hydrogen Atom Abstraction
from Hydrocarbons by a Copper(III)-Hydroxide Complex,
J. Am. Chem. Soc., 2015, 137(3), 1322–1329, DOI: 10.1021/
ja512014z.

66 R. G. Agarwal, S. C. Coste, B. D. Groff, A. M. Heuer, H. Noh,
G. A. Parada, C. F. Wise, E. M. Nichols, J. J. Warren and
J. M. Mayer, Free Energies of Proton-Coupled Electron
Transfer Reagents and Their Applications, Chem. Rev.,
2022, 122(1), 1–49, DOI: 10.1021/acs.chemrev.1c00521.

67 J. J. Warren, T. A. Tronic and J. M. Mayer, Thermochemistry
of Proton-Coupled Electron Transfer Reagents and Its
Implications, Chem. Rev., 2010, 110(12), 6961–7001, DOI:
10.1021/cr100085k.

68 C. F. Wise, R. G. Agarwal and J. M. Mayer, Determining
Proton-Coupled Standard Potentials and X–H Bond
Dissociation Free Energies in Nonaqueous Solvents Using
Open-Circuit Potential Measurements, J. Am. Chem. Soc.,
2020, 142(24), 10681–10691, DOI: 10.1021/jacs.0c01032.

69 D. Usharani, D. C. Lacy, A. S. Borovik and S. Shaik,
Dichotomous Hydrogen Atom Transfer vs Proton-Coupled
Electron Transfer During Activation of X–H Bonds (X =

C, N, O) by Nonheme Iron–Oxo Complexes of Variable
Basicity, J. Am. Chem. Soc., 2013, 135(45), 17090–17104,
DOI: 10.1021/ja408073m.

70 D. B́ım, M. Maldonado-Domı́nguez, L. Ruĺı̌sek and
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