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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 Csps—H bonds. The last part is devoted to the significant
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Organized as a French collaborative consortium (from Grenoble,
Marseille and Brest), the authors of this review carry out research
on the structure—function relationships of copper—oxygen species
for the activation of C-H bonds in alkanes. Two French ANR
grants, the COMEBAC project (ANR-13-BSO7-0018) and COSACH
project (ANR-22-CE07-0032), supported their research. Based on
new catalysts inspired by the structure and functioning of the
copper-containing monooxygenase pMMO, the COMEBAC project
aimed to design and study a mixed-valent bis(u-oxo)Cu"Cu™
species that was proposed to be active in the oxidation of alkanes.
The subsequent COSACH project continues the objective of
COMEBAC but in extending its investigations towards mono-
From left to right: Yongxing Wang, A. Jalila nuclear and dinuclear copper-oxygen entities. 7"he architecture of
Simaan, Nicolas Le Poul, Catherine Belle, Marius Réglier, these new catalysts is based on recent experimental and theo-
Laurianne Wojick, Rébecca Leblay, retical research on bioinspired models of copper-containing
Aurore Thibon-Pourret and Jonathan De Tovar. monoxygenases (pMMO, LPMO and PHM). COMEBAC and
COSACH cover different areas of chemistry, including the
synthesis/characterization of new ligands/complexes, generation
and identification of transient copper-oxygen species using for
example cryo-spectroelectrochemical approaches, theoretical
calculations and studies of reactivity for the oxidation of
substrates.
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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).

1 Introduction

Copper-oxygen species (mono to multi-copper, derived from O,
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 attention® for the development of synthetic catalysts
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Chart 1 Representation of the monodentate ligands reported in this
review.
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Chart 2 Representation of the polydentate ligands reported in this
review.

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,*
Itoh,* Tolman,’ Karlin,® and Garcia-Bosch.” 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 field 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).
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Charts 1 and 2 in this review offer a comprehensive list of the main
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 (DPH), could well go from uncoupled to
coupled binuclear (see Section 2.1).> Moreover, the emerging
advances could allow polyethylene deconstruction with hex-
amerins.® The first 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.
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Fig. 1 Type Il 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 (SgAr) and
(c) mechanism involving a radical-nucleophilic aromatic substitution
(Srnd).
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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 Sgy1 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 Tuczek® and
Mukherjee'® 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 A 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 fields,"** 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 (SgAr) on
a phenolate anion bound to the p-n*n?> peroxido dicopper()
core (Fig. 1b).**** 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 (Sgn1) initiated by a H-bonding of the
present phenol (no deprotonation) and then proton-coupled
electron transfer (PCET) to the p-n’*m> peroxido dicopper()
core of oxy-Ty (Fig. 1c)."*™®

Two other copper-containing monooxygenases have recently
gained renewed interest. Dopamine B-monooxygenase (DBH,
EC 1.14.17.1, Fig. 2b) and Peptidylglycine o-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 (Cuy) and the second to two histidines and one
methionine (Cuy). Cuy and Cuy, which are spaced from each
other by approximately 11 A, were proposed to possess distinct
functions: Cuy would be involved in the hydroxylation process
through a copper-superoxido species while Cuy would act as an
electronic relay (Fig. 2d)." 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).>°

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 (Cupm domain in green and Cuy 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 A and (d) structure of the Cum-
superoxido intermediate in PHM (PDB ID 1lopm); (e) and (f) X-ray structure of the human DBM (PDB ID 4zel) showing the open (e) and the closed
(f) forms. Only the Cupm domain of the closed form contains a copper atom, the other copper ions (red sphere) are manually placed.

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 A
apart, in what might be a coupled binuclear copper site (Fig. 2f).
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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) p-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,* 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).?** On one hand,
it is interesting to note that this proposal was already tenta-
tively suggested in 2002, though without sufficient support
from the scientific community at the time.”® On the other
hand, if confirmed, this new finding 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 first
DBH functional model involving the occurrence of a p-n*n?
peroxido dicopper(u) species was reported®*® and (ii) based on
the substrate binding ligand approach®*° the occurrence of
a dicopper mixed-valent species such as (u-oxido)Cu"'Cu™ <
(n-oxyl)Cu"Cu" was proposed to explain the O-atom transfer to
the ligand.*

The membrane-bound Methane Monooxygenase (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 (CH, + O, +2e~
+ 2H" — CH;0H + H,0). 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.** 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 five species have been deter-
mined.**** These structures show that pMMOs are hetero-
trimers in which each monomer is composed of three subunits,
PmoA (a), PmoB (B), and PmoC (y). The heterotrimer (aBy)s
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 (Cug and Cuc)

Filled Cup

Empty Cuc Empty Cup

AR ﬁ~4;\5\.4

c?}@V/ ~

Fig. 3 X-ray structure of M. capsulatus (Bath) pMMO (PDB ID 3rgb). (a)
Heterotrimer (afy)s adopting a cylindrical shape composed of twelve
transmembrane helices; (b) 3D-view of one subunit afy showing the
different location of copper ions, PmoA (o) in green, PmoB (B) in blue
and PmoC (y) in orange; (c) 3D-views of the identified copper center
by cryo-EM. The Cug center displays a histidine brace similar to the
one reported on LPMO (see Fig. 4).

Filled Cuc
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have been clearly identified by X-ray crystallography in all
PMMO sources (Fig. 3). The nuclearity of the Cug 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 spectroscopic®~*
and computational®® studies, the debate has evolved in favor of
a mononuclear site. In contrast, the Cug site located within the
transmembrane domain of the PmoC subunit has been iden-
tified 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 O, acti-
vation and CH, oxidation.** 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).* This simulation
has converged towards the occurrence of the Cuc™-oxyl species
which would be responsible for the C-H activation. These
results reveal the role that phenols could play in the activation
of O, at the monocopper center.

However, two recent cryo-electron microscopy (cryo-EM)
structures of the pMMO have re-opened the debate (Fig. 3).
The first structure published by Chan regards pMMO from M.
capsulatus (Bath) in the copper(1) 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).** The other structures have
been published by Rosenzweig of the pMMOs M. capsulatus
(Bath), M. alcaliphilum and Methylocystis sp. strain Rockwell in
the copper(u) oxidation state and embedded in the lipid bilayer
closer to the in vivo environment.** 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(u) vs. dinuclear for copper(). 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(u) oxidation
states, respectively.*> More interesting is the proximity of the
copper C and D sites which are only approximately 4 A apart
from each other. Recent QM/MM calculations*® suggest that the
Cup' site would be more reactive than the Cuc' site in dioxygen
activation for the generation of a Cu™-oxyl species. Furthermore,
these simulations which tend to demonstrate that the natural
reductant ubiquinol (CoQH,) prefers to bind to the Cup' site
rather than to the Cuc' site could support the fact that the active
site of pMMO is Cup, rather than Cuc.” 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-Cup, 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.

subsequent formation of the aldonic acids (C1 hydroxylation) or
4-keto sugars (C4 hydroxylation) at oxidized chain ends
(Fig. 4a).** 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 NH,-terminal end and with the
imidazole side chain, a coordination motif that has been named
“histidine brace”.** Since the discovery in the early 2010s of the
first LPMO, these enzymes have continuously attracted interest
and stimulated the curiosity of the scientific community.***’
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.”® Another
matter of interest is that LPMOs were the first “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
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Scheme 3 Putative mechanisms to explain LPMO catalyzed hydrox-
ylation: (a) the monooxygenase pathway and (b) peroxygenase
pathway.

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 first 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).” The exact nature of this oxygenated co-substrate
(dioxygen or hydrogen peroxide) is still debated®** as well as
the nature of the copper-oxygen species involved in poly-
saccharide hydroxylation.**** Recently, Schroder et al. resolved
a new cryo-trapped structure with an activated dioxygen inter-
mediate in a mixture of superoxido and hydroperoxido states.>®
Several alternative active species have been proposed to be
formed within LPMOs' catalytic mechanism, including Cu'-
oxyl, or even the hydroxyl radical®** 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.>® Recently, it drew renewed interest not only because
of its potential in protein engineering,* but also because of its
unique active site which differentiates it from other copper-
containing monooxygenases (Fig. 5).°* 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(1) binds two cysteines in a linear coordination configuration
in FGE. Thanks to several techniques (stopped-flow absorbance
spectroscopy,®* X-ray,”® QM/MM®), a mechanism has been
proposed in which a non-coordinated dioxygen complex was
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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.

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 beneficial.

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.® 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 fluorescence
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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 confirmed. 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 refined 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 Cu™-oxyl or (u-
oxido)Cu"'Cu™ « (p-oxyl)Cu"Cu" 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 fine 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.®

BDFEs for solution-phase PCET processes are usually deter-
mined by using a square scheme involving two parallel ET and

E° (X/X7)
+1€e -

-le

g
)}O

PKa (XH*/X) - H*[| H H* pK, (XH/X)

e
E° (XH*/XH)

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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PT processes, where XH denotes the hydrogenated copper—
oxygen catalyst (Scheme 4).5%%”

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 pK, and one-electron reduction standard potential (E°
in V) values related to ET-PT or PT-ET pathways yields BDFE
according to eqn (1):°¢”

BDFE = 23.06 E° + 1.37pK, + Cg (1)

where Cg denotes the free-energy for the H'/H' reaction (Cg =
—FE° (H'/H")), 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 E° (V
vs. H,) formally related to the PCET conversion of X into XH
involving H,, as well as the free enthalpy of formation of H":°*%*

BDFE = 23.06 E° (V vs. Hy) + AGYH") (2)

According to Mayer, this alternative approach is of interest
since (i) E° (V vs. H,) is easily accessible from open-circuit
potential (OCP) measurements, and (i) AGP(H') is almost
constant (52.2 +/— 0.6 kcal mol ") for a wide range of commonly
used solvents, in contrast to Cg. As a consequence, the solution-
phase measured values of E° (V vs. H,) 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.®® 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
definition adopted in recent years by chemists working in the
field 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).*”” 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.®*”> 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.*»”*”* For instance, the determination of k for various
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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 (In k vs. Hammett coefficients of
substrates), Marcus plots (In kvs. E°(substrate)) and Bell-Evans-
Polanyi plots (Gibbs free energy of activation AG* vs. BDFE(-
substrate)) have been also used to obtain mechanistic infor-
mation.” 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 k with 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.”

Overall, quantification 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/O, entities: copper-superoxido or copper-peroxido
adducts

3.1.1. Structural and/or electronic data. Cu/O, entities are
generally the first intermediates formed upon reaction of L-Cu(i)
complexes with dioxygen. In most cases, they are obtained upon
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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
derived from Stack et al.2
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reaction of Cu(i) precursors with dioxygen at low
temperature.>'*”>7” 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(u)-superoxido (with the superoxido
ligand bound either in the n* or n? binding mode (Scheme 5, *S
and 5S respectively)) or Cu(m)-peroxido entities (with the per-
oxido bound in the n* binding mode, ™P) depending on the
degree of electron transfer achieved between dioxygen and the
initial Cu(r) precursor. In general, n"-superoxido entities display
an S = 1 ground state arising from ferromagnetic coupling
between the Cu(u) and the superoxide radical. They are char-
acterized by intense UV-Vis transitions at 380-420 nm (¢ =
1000-5000 M~' em ™) and »(0-0) ~1100 cm ™" in their reso-
nance Raman (rR) spectra, values typical for superoxido
adducts. Intermediates displaying m*-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 ™" to
1100 cm™"' consistent with the existence of a continuum
between the two above-mentioned resonant structures.

In 2017, only four Cu/O, entities had been structurally
characterized.”®*" Two additional structures were since re-
ported by the group of Betley®**® using sterically encumbered
dipyrrin ligands (*'L or "L, with Ar = 5-mesityl-1,9-(2,4,6-
Ph;-C¢H,) 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 n*> mode. In particular,
high-quality single crystals were obtained by exposing single

a) ' b)

Cumyl hydroperoxide
(CMOOH)

Fig. 6 Selected crystallographic structures of recently described
mononuclear copper—oxygen adducts. a) n?-superoxido based on the
EMind|_|igand.#3 Hydrogen atoms were omitted for clarity; b) The anion
[(L)CU(OOCM)]™ based on the bis(arylcarboxamido)-pyridine ligand.®®
Hydrogen atoms and the Et4,N* counter ion were omitted for clarity; c)
n*-Hydroperoxido complex in an artificial enzyme based on a strep-
tavidin scaffold: [(biot-et-dpea)Cu'"(OOH)(OH,)I* cSav;® d) High-
valent [(L)CuOH] species based on the bis(arylcarboxamido)-pyridine
ligand (W as deprotonated water ligand).?”

10316 | Chem. Sci, 2024, 15, 10308-10349

View Article Online

Review

crystals of the (*™"L)Cu(N,) precursor to air. The reaction
proceeded in the solid state, reflecting that replacement of N, by
O, induces minimal changes in lattice parameters (Fig. 6a).*®
The molecular structure of (*™"IL)Cu(0,) revealed a square-
planar geometry around the copper center with relatively
short Cu-O bonds of 1.824 and 1.834 A, together with an 0-O
distance of 1.379 A. The resonance Raman spectrum of the
intermediate showed the presence of a »(O-O) vibration at
1003 cm . 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 = "Vtmpa, "™tmpa, ™%tren, Chart 1).%
The well-known *S [(L)Cu'(0;)]" species were generated and
cryo-reduced by y-irradiation at 77 K using a ®°Co 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 g =
2.52 and g, = 1.95. Detailed spectroscopic analysis led to the
proposal that [(L)Cu'(n-0;)] 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 first
isolation of such species in the literature. Warming of the
frozen solution of [("™™tmpa)Cu'(0;)] 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 [(®tmpa)Cu”(n'-0,7)] 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. LPMO®®), such n'-
Cu(u)-peroxido species evidenced in model
complexes. Finally, warming at a temperature above the solvent
melting point allowed protonation of the terminal peroxido
ligand to provide the n'-hydroperoxido [(*™™tmpa)Cu"(n’ -
OOH)]" intermediate.

As previously mentioned, the dioxygen-derived ligand of the
primary Cu/O, adducts is found either in n* or n* coordination
modes. Yet, using the bulky ™" ™tren ligand (Chart 1), the group
of Itoh observed the coexistence of the two binding modes with
one single ligand-system.® Indeed, oxygenation of the Cu(i)
precursor at low temperature led to the detection of an *S
species together with another intermediate, assigned to the MP
adduct based on UV-Vis, Raman, NMR and DFT calculations.®

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 Cu™-L’ complex.”® Upon
oxygenation at low temperature, an *S intermediate was char-
acterized arising from electron transfer between the ligand and
dioxygen.

3.1.2. Reactivity. The reactivity of Cu/O, adducts has been
well documented.>'>””” Variation of the first 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/O, species. In the

was never
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absence of a sterically encumbered ligand, these adducts
commonly react with excess Cu(1) precursors to generate dinu-
clear peroxido entities (Scheme 10). Direct conversion to the
dinuclear bis-p-oxido species (0O) has also been recently
reported.”

FS 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.>'*7>77 The
group of England prepared bulky tmpa derived ligands (bearing
aryl substituents) and successfully stabilized [(*"*tmpa)Cu"(n’-
0;)]" species that are stable up to —20 °C.*> 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 ).

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 n'-Cu(m)-
superoxido adducts.”® 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 [("M°N;S)Cu"(0;)]" species.**

Second coordination sphere interactions are also known to
modulate the reactivity of metal-oxygen species.”® In order to
probe the effect of second coordination sphere H-bonding
effects on the reactivity of n' cupric-superoxido species, the
group of Karlin has prepared a series of tmpa-based ligands
with varying H-bonding ability.””*® 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 profit of
*S 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 " and C-H BDEs up to 79.7 kcal mol~ !, emphasizing

H-bonding ability of the |igand1

i j / 0 / b 1 [ o
N Bu ;\‘ N/U\tBu
\CUH O o \Cull 0. o \Cu” 0. o N\C\U'LO\O'
H
N N tBu
BDEaro-+ (kcal.mol-1)
80.8 82.7 88.1 91.5

Fig. 7 Representation of selected tmpa-based ligands prepared with
different H-bonding substituents to modulate their HAA reactivity.®”-®
Highest BDEoy from phenolic substrates that react with the super-
oxido intermediate.
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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 influence the structural and magnetic
properties of the mononuclear complex.*

The nucleophilic reactivity of the ®S species based on the
bis(arylcarboxamido)-pyridine anionic ligand [N,N'-bis(2,6-dii-
soproylphenyl)-2,6-pyridinedicarboxamido]'®  towards the
aldehyde deformylation reaction has been reported in the
literature.'* The group of Tolman has recently re-investigated
the mechanism of this reaction.’”® The preparation of the
intermediate was improved by the use of a cryptand (Kryptofix®
222) when reacting the Cu(u) precursor with KO,. This allowed
additional mechanistic investigations suggesting HAA rather
than nucleophilic attack processes.

Following this first study, the reaction of this anionic [(L)
Cu"(n'-0;)]” with para-substituted phenols *ArOH was inves-
tigated at low temperature.’® 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, NMe,) a CPET/HAT
mechanism was proposed. The reaction rates were signifi-
cantly lower than that obtained with the high-valent [(L)
Cu"™(OH)] core containing the same ligand.®® The O-H BDE
value for the [(L)Cu"OOH] species was estimated to be ~3 kcal
mol " lower than that for [(L)Cu"(OH,)]*", consistent with the
higher PCET/HAT rates of [(L)Cu™(OH)] species as compared to
[(L)Cu™(n"-03)]” (Scheme 6). In the case of electron-deficient
and acidic phenols (X = NO,, CFj3, Cl), the results were consis-
tent with a rate-determining proton transfer (PT) from the
phenol to the [(L)Cu'(0;)]™ species to yield the formally Cu™-
OOH adduct. The enhanced basicity of [(L)Cu"(03)]”
compared to [(L)Cu™(OH)]" (pK, ~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
LPY™ (Chart 1), the group of Itoh has observed an unprecedented
reactivity of the corresponding E 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)." Nucleophilic reactivity was supported by

e
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Scheme 6 Comparison of the th