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ABSTRACT: Using light to unveil unexplored reactivities of
earth-abundant metal−oxygen intermediates is a formidable
challenge, given the already remarkable oxidation ability of these
species in the ground state. However, the light-induced reactivity of
Cu−O2 intermediates still remains unexplored, due to the
photoejection of O2 under irradiation. Herein, we describe a
photoinduced reactivity switch of bioinspired O2-activating CuI
complexes, based on the archetypal tris(2-pyridyl-methyl)amine
(TPA) ligand. This report represents a key precedent for light-
induced reactivity switch in Cu−O2 chemistry, obtained by
positioning C−H substrates in close proximity of the active site.
Open and caged CuI complexes displaying an internal aryl ether
substrate were evaluated. Under light, a Cu−O2 mediated reaction takes place that induces a selective conversion of the internal aryl
ether unit to a phenolate-CH2− moiety with excellent yields. This light-induced transformation displays high selectivity and allows
easy postfunctionalization of TPA-based ligands for straightforward preparation of challenging heteroleptic structures. In the absence
of light, O2 activation results in the standard oxidative cleavage of the covalently attached substrate. A reaction mechanism that
supports a monomeric cupric-superoxide-dependent reactivity promoted by light is proposed on the basis of reactivity studies
combined with (TD-) DFT calculations.
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■ INTRODUCTION
Molecular oxygen (O2) can be considered the ultimate “green”
oxidant. In nature, O2 activation at metalloproteins enables the
most challenging reactions (eg oxidation of methane) through
the formation of powerful metal-oxo oxidants.1 Mononuclear
CuII-superoxo species, which are the initial intermediates
produced at several O2-activating copper enzymes, have
attracted considerable attention due to their hydrogen-atom-
abstracting capability (HAA) on substrates.2−6 Exploring O2
activation pathways on low-molecular-weight models has
allowed to gain fundamental knowledge on the ground state
reactivity of Cu−O2 species.

7−13

The use of visible light in photocatalytic processes is another
key aspect of green technologies that has become, in recent
years, a powerful tool for developing synthetic transformations
under mild conditions. However, the vast majority of
photocatalysts are based on precious, heavy transition-metal
[ruthenium(II), iridium(III), osmium(II), rhenium(I)].14−18

Therefore, proposing new photocatalysts based on earth-
abundant and biocompatible 3d-metals is of crucial interest.19

Using light to unveil unexplored reactivities of earth-abundant
metal−oxygen intermediates is a formidable challenge, given
the already remarkable oxidation ability of these species in the

ground state.20,21 Bridging the chemistry of bioinspired O2
activating complexes with photocatalysis offers exciting
opportunities to environmentally friendly, low-cost, and safe
chemical processes. In particular, the discovery of new light-
induced reactivities of Cu−O2 species, which cannot be
accessed in their ground state, is of particular interest given the
abundance of copper in enzymatic active sites and their often
not fully elucidated mechanism of action. However, little is
currently known about this emerging field that could,
potentially, expand the repertoire of reactions catalyzed
under mild conditions.22 Studying Cu−O2 reactivity under
light remains a challenge due to O2 photoejection.23 It was
indeed observed that low temperature photoexcitation of
mononuclear CuII-superoxide complexes based on the tris(2-
pyridylmethyl)amine (TPA) or tris(2-aminoethyl)amine
(TREN) ligands, results in a reversible copper−oxygen bond

Received: February 28, 2024
Revised: March 28, 2024
Accepted: March 29, 2024
Published: April 29, 2024

Articlepubs.acs.org/jacsau

© 2024 The Authors. Published by
American Chemical Society

1966
https://doi.org/10.1021/jacsau.4c00184

JACS Au 2024, 4, 1966−1974

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Donglin+Diao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Baidiuk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leo+Chaussy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Iago+De+Assis+Modenez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xavi+Ribas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marius+Re%CC%81glier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vlad+Martin-Diaconescu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vlad+Martin-Diaconescu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paola+Nava"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A.+Jalila+Simaan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandre+Martinez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ce%CC%81dric+Colomban"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.4c00184&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00184?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00184?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00184?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00184?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00184?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jaaucr/4/5?ref=pdf
https://pubs.acs.org/toc/jaaucr/4/5?ref=pdf
https://pubs.acs.org/toc/jaaucr/4/5?ref=pdf
https://pubs.acs.org/toc/jaaucr/4/5?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.4c00184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


cleavage, releasing dioxygen (Figure 1). The photorelease of
O2, via an one-photon two-electron mechanism, was also
observed with dinuclear CuII-peroxo species.21

To probe the yet unexplored reactivity of Cu−O2 species
under irradiation, we reasoned that a closely positioned C−H
substrate might promote HAA reactivity by Cu(O2

•−) prior to
the O2 photorelease. Substrate-binding CuI-complexes have
been,24−30 and are still currently31 used as convenient tools to
extend fundamental knowledge on the reactivity of Cu−O2
intermediates. In this context, PhO−CH2 substrates appear as
appealing targets since (i) TPA-supported Cu(O2

•−) inter-
mediates perform oxygenation of aryl alkyl ether bonds at
room temperature,32 and (ii) this reactivity was exploited to
develop superoxide sensors.33,34 Additionally, although aryl
etheric C−H bonds are weaker than unactivated Csp3-H bonds,
they are found as robust linkages in several biomolecules, such
as lignin.
We, therefore, designed and studied sophisticated “substrate-

binding” catalysts based on the Cu(TPA) core, which is well-
known for generating Cu(O2

•−) intermediates upon reaction
of CuI precursors with O2.

35−38 Following this strategy, we
manage to obtain a key precedent for a light-induced reactivity
switch in CuI−O2 chemistry.
We derivatized the archetypal TPA scaffold by installing one

aryl ether MeOPhO−CH2− unit onto the 6-position of the
TPA’s pyridine moieties to give the open ligand L1. A related
cage HmTPA, recently studied in our group as Fe-ligand for
selective oxidation of methane,39,40 was also investigated
featuring a single isolated copper-binding site (Figure 2).
Interestingly, oxygenation studies on the new, open, and caged
complexes CuI(L1)+ and CuI(HmTPA)+, revealed a photo-
induced [1,3]-shift rearrangement involving a C−O bond
cleavage and the formation of a new C−C bond with the
resulting phenolate unit. Reactivity studies and DFT (Density
Functional Theory) calculations were combined to propose a
reaction mechanism that supports the role of a cupric-
superoxide primary intermediate. This represents, to the best
of our knowledge, the first example of a light-induced switch of
the Cu(TPA)/O2 reactivity.

■ RESULTS AND DISCUSSION

Characterization of the Cu-Catalysts
The new open and caged copper(I) complexes CuI(L1)(PF6)
and CuI(HmTPA)(PF6) have been prepared and characterized
(Figures S11−S18). X-ray crystal structures of the related CuII-
complexes CuII(L1)(OTf)2 and CuII(HmTPA)(OTf)2

40 (Fig-
ure 2), revealed usual pentacoordinated Cu(II) centers in a
trigonal bipyramidal geometries that comprise the TPA ligand
and an axial molecule of CH3CN in trans to the tertiary amine,
as found in the archetypal CuII(TPA)(CH3CN)(OTf)2
complex.41 The average Cu−Npyridine bond lengths for
CuII(L1)(CH3CN)(OTf)2 and CuII(HmTPA)(CH3CN)-
(OTf)2, found at 2.155 and 2.121 Å respectively, are
significantly longer than in the unsubstituted TPA-based
complex (2.042 Å),41 implying a weakening of the pyridine-to-
Cu donation.
The electronic influence of the PhO−CH2− substituents

was further confirmed by comparing the CuII/I redox potentials
of our complexes with those of the parent TPA-based Cu
complex (Table 1). Complexes based on L1 and HmTPA
display quasi-reversible CuII/I redox waves at respectively +35
and +40 mV vs Fc+/0 (CH3CN; 0.15 M NBu4PF6, Figures S21
and S22). These values are strongly shifted to more cathodic
potentials compared to the unsubstituted CuII(TPA) (−400
mV vs Fc+/0),42 indicating a strong impact of the PhO−CH2−
substituents resulting in destabilization of the CuII oxidation
state.
It is known that the instability of the CuII oxidation state

reduces the affinity of the corresponding CuI complex for O2.
43

In addition, increased steric hindrance around the metal core,

Figure 1. Previously reported photorelease of the O2 from Cu−O2
intermediates, hampering reactivity studies under irradiation (top).
Yet unexplored reactivity switch of Cu−O2 species induced by light
(this work, bottom). Figure 2. Representation of the CuI complexes used in this study

along with views of the X-ray structures of corresponding copper(II)
complexes based on (a) L1 and (b) HmTPA (adapted with
permission from Ikbal A.; Colomban C.; Zhang D.; Delecluse M.;
Brotin T.; Dufaud V.; Dutasta J.-P.; Sorokin A. B.; Martinez A. Inorg.
Chem. 2019, 58, 7220−7228. Copyright [2019] American Chemical
Society).
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due to the lowering of the fluxional ligand motion at low
temperature, can also disfavor the formation of copper−oxygen
intermediates.43 As a consequence, O2-binding and accumu-
lation of a possible end-on superoxocopper(II) intermediate,
could not be evidenced at low temperature in O2-saturated
solutions of CuI(L1) or CuI(HmTPA) in acetone, CH2Cl2 or
THF (monitored by UV−visible at temperatures ranging from
−105 to 0 °C). O2 activation at our CuI-complexes was
therefore studied at room temperature.
O2 Activation Under Ambient Conditions
Interestingly, solutions of CuI(L1)(PF6) in acetone, CH2Cl2, or
THF turned from pale yellow to purple upon exposure to air or
O2 for 16 h under ambient light, at room temperature.
Slow diffusion of Et2O to this O2-exposed solution allowed

for separation and isolation of a purple complex CuII(L1PhO)-
(PF6) with 85% yield and one minor blue complex
CuII(L1COO)(PF6), isolated in 15% yield (Figure 3A). XRD-
characterization of CuII(L1PhO)(PF6) reveals the formation of a
pentacoordinated copper complex with a geometry between
trigonal bipyramidal and square pyramidal (τ5 = 0.5), which
comprises the TPA ligand and an intramolecular phenolate
ligand, with a Cu−OPhenolate distance of 1.894 Å and an average
Cu−NPyridine distance of 2.148 Å (Figure 3B). Remarkably, the
major product CuII(L1PhO)+, arises from an unusual mod-
ification of one of the PhO−CH2− moieties of the substrate.
We observe the cleavage of the C−O bond and concomitant
formation of a new C−C bond between the resulting
phenolate and methylene units. ESI-HRMS analysis of
CuII(L1PhO)(PF6) revealed one set of signals at m/z =
760.2318 corresponding to [Cu + L1 − 1]. The latter can be
attributed to a copper(II) complex with a deprotonated
monoanionic ligand, consistent with the presence of one
phenolate substituent (Figure S23). Formation of a copper
complex in the +2 oxidation state was further confirmed by
electron-paramagnetic resonance (EPR) analysis, which
exhibits the typical spectrum of a mononuclear CuII complex
in rhombic symmetry (Figure 3B). UV−vis spectrum of
CuII(L1PhO)(PF6) exhibits typical PhO− → CuII charge transfer
transitions (LMCT) at 551 nm and d−d transitions at 686 nm
(See ESI for computed transition densities).
Along with the major CuII-phenolate product, O2 activation

at CuI(L1)(PF6) yielded a minor blue complex, CuII(L1COO)-
(PF6) (Figure 3). The latter arises from the well-known
Cu(O2

•−)-dependent oxidative cleavage of internal aryl etheric
C−H bond into a carboxylate moiety.33,34 Its full character-
ization (Figures S24−S27), including XRD analysis (Figure 4),
revealed a CuII(TPA)-based complex bound to an internal
carboxylate unit with a Cu−Ocarboxylate distance of 1.972 Å.
Furthermore, the formation of the product CuII(18O-L1COO),
incorporating one 18O atom, was observed by performing the
reaction under an 18O-labeled O2 atmosphere (Figure S49).

This oxidative cleavage of one aryl-etheric arm into
carboxylate is consistent with the initial formation of an aryl
ester product CuI(L1�O) via aliphatic HAA. Oxygenation of
the PhO−CH2− moiety by a superoxocopper(II) intermediate
was previously proposed with calix-arene appended TPA-based
complexes.32

Light-Induced Reactivity Switch
To probe the role of copper, O2, and light in the particularly
intriguing new reactivity of CuI−O2 species, we performed
control experiments under an inert atmosphere and/or dark
conditions. As expected, our CuI complexes remain stable
under an inert atmosphere, attesting to the crucial need of the
O2 oxidant to yield the phenolate products. Remarkably, when
the reaction was performed in the dark, no purple product
CuII(L1PhO)+ could be formed upon O2 exposure of a solution
of CuI(L1)(PF6) at room temperature for 16 h.44 Instead, the
oxygenation reaction performed in the absence of light yielded
almost equimolar amounts of the CuII-products CuII(L1COO)+
and CuII(L1)2+ (Figure 5).
To further investigate this crucial role of light, irradiation

studies of an oxygenated solution of CuI(L1)(PF6) have been
performed at room temperature and monitored by UV−vis.
Different irradiation wavelengths were selected using appro-

Table 1. Half-Wave CuII/I Reduction Potentials (E1/2) for
CuII(L)(CH3CN)(OTf)2 (L = L1, HmTPA) and the Parent
CuII(TPA) Complexa

CuII(L)(CH3CN)2+, L= E1/2 vs Fc+/Fc0 (mV) reference

HmTPA +40 this work
L1 +35 this work
TPA −400 42

aE1/2 = (EPc + EPa)/2, reported vs Fc+/0 in CH3CN in the presence of
the NBu4PF6 electrolyte.

Figure 3. (A) Isolated products resulting from O2 activation at
CuI(L1)(PF6) under ambient conditions. (B) View of the XRD crystal
structure of the major purple product CuII(L1PhO)(PF6) along with its
UV−vis (0.5 mM in acetone), X-band EPR spectrum at 120 K (1 mM
in acetone +5% CH3CN) and cyclic voltammetry characterization
(1.5 mM; 100 mV.s−1; CH3CN; 0.15 M NBu4PF6; platinum WE ⌀ =
2 mm; E vs Fc+/Fc0). (EPR: parameters extracted from simulation: g1
= 2.008, g2 = 2.100, g3 = 2.245, and A1

Cu = 235, A2
Cu = 124, and A3

Cu

= 270 MHz).
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priate light filters mounted on a white source. No formation of
Cu-phenolate product was observed under irradiation at λ <
350 and λ > 490 nm. Instead, irradiation of an oxygenated
solution of CuI(L1)(PF6) in THF, using λ = 420 nm (±10
nm), led to fast formation (40 min) of the purple product
CuII(L1PhO)(PF6), attested by the appearance of the character-
istic absorption band at 551 nm (Figure S41). Under these
conditions, the activation of the O2 at CuI(L1)+ results in the
exclusive formation of the phenolate product with 95% isolated
yield and without any formation of the oxygenation product
CuII(L1COO)+. These findings evidence a light-dictated switch
in the reactivity of our Cu(TPA)-O2 species. It is worth noting
that L1 remains perfectly stable under the same conditions and

in the absence of copper, demonstrating copper-dependent
reactivity.
Importantly, this light-induced reactivity switch does not

require the use of any additional photosensitizer. Moreover, it
occurs under ambient light and an air atmosphere at room
temperature. As a result, this mild and selective transformation
of the aryl etheric PhO−CH2− moiety into an ortho-
substituted phenolate unit, represents a particularly convenient
and straightforward way to access new phenol-based ligands.
Accordingly, reaction of L1 with CuI and O2 under irradiation
at 420 nm in THF, followed by demetalation of the resulting
purple product with EDTA, allows for the selective late-stage
functionalization of the TPA-based ligand into the dissym-
metric phenol-based ligand L1PhOH with high yields (Figures 5
and S42−S46). This strategy allows obtaining, in a single
synthetical step, challenging heteroleptic coordinating struc-
tures, drastically facilitating the synthesis of enzyme-like
nonsymmetrical binding pockets.
Formation of the CuII-phenolate product beyond the 50%

yield threshold upon oxygenation of CuII(L1)+ (95% yield
under irradiation at 420 nm), is a particularly intriguing new
reactivity of Cu−O2 species. Did this light-induced reactivity
really occur at a single isolated copper center? To answer this
question, we studied O2 activation at the caged CuI(HmTPA)-
(PF6) complex that prevents formation of binuclear Cu2O2
intermediates. Interestingly, solutions of CuI(HmTPA)(PF6)
in acetone, CH2Cl2, or THF also turned from pale yellow to
purple upon exposure to air for 16 h, at room temperature and
under ambient light. Slow diffusion of Et2O to this air-exposed
solution allowed isolation of the purple complex
CuII(HmTPAPhO)(PF6) with 80% yield. In this case, the
formation of CuII(HmTPAPhO)(PF6) was accompanied by the
formation of a minor insoluble precipitate.
The purple product CuII(HmTPAPhO)(PF6) displays similar

cyclic voltammetry, EPR, and UV−vis signatures (Figures
S37−S39) to those of the open analogue CuII(L1PhO)(PF6).
Furthermore, ESI-HRMS analysis revealed one set of signals at
m/z = 1204.3884 corresponding to [Cu + HmTPA − 1],
which can be attributed to a copper(II) complex with a
phenolate monoanionic ligand (Figure S40). Since our
attempts to grow single crystals of CuII(HmTPAPhO)(PF6)
suitable for XRD analysis have remained unsuccessful, its
structure has been proposed on the basis of DFT calculations
and further confirmed using X-ray absorption spectroscopy
(XAS) analysis. These characterizations were also performed
with simpler benchmark complexes based on the ligand L2, an
analogue of L1 in which two PhO−CH2− arms have been
replaced by methyl substituents to significantly decrease the
shell scattering offered by the ligand.45 XANES spectra were
first recorded with the L1-based Cu-complexes CuI(L1)(PF6),
CuII(L1)(OTf)2 and CuII(L1PhO)(PF6) (Figure 6Bi). CuI(L1)-
(PF6) shows the typical feature at 8982.5 eV due to 1s-4p
transitions and shakedown contributions indicative of CuI
centers having a vacant axial coordination site, while
CuII(L1)(OTf)2 and CuII(L1PhO)(PF6) show a weak 1s-3d
transition at 8978.7 eV typical of Cu(II) centers.46,47 More
importantly, the EXAFS signal of CuII(L1PhO)(PF6) displays, in
the 2−3 Å range of the FT transformed spectra, a clear
increase in intensity consistent with the additional scattering
expected from the coordination of the phenolate and
formation of the seven-membered ring, when compared to
the CuII analogue (Figure 6Bi). This is even more clearly seen
in the CuII(L2PhO)(PF6) sister complex, in which only one

Figure 4. Proposed mechanism for the light-independent minor
oxidative cleavage of PhO−CH2 bond via O2 activation at CuI(L1)+
and CuI(L2)+ yielding the CuII-carboxylate complexes CuII(L1COO)-
(PF6) and CuII(L2COO)(PF6), along with view of their XRD
structures.

Figure 5. Products resulting from O2 activation at CuI(L1)(PF6) in
the absence of light and under irradiation at 420 nm.
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PhO−CH2−pyridine moiety is present, with more pronounced
changes in higher shell scattering due to the Cu-phenolate
resulting structure (Figure 6Bii). Similar results are obtained
for the caged CuII(HmTPAPhO)(PF6) complex, however with
more modest changes in the scattering shell centered at 2.5 Å,
primarily due to the existing cage structure, which already
contributes to the scattering in the CuII(HmTPA)(OTf)2
parent compound (Figure 6Bii). Formation of the CuII-
phenolate complex at HmTPAPhO was further corroborated by
its optimized DFT structure (Figure 6A) that reveals CuII-
coordination modes very similar to the one observed in the
XRD structure of CuII(L1PhO)(PF6). The fact that this
previously unknown dioxygen- and light-induced reactivity
occurs at the single isolated Cu site of CuI(HmTPA)+, clearly
suggests the involvement of a mononuclear Cu−O2 adduct.

Redox Properties of the CuII−Phenolate Products

The straightforward preparation of new CuII-phenolate
complexes permit the access to crucial targets in bioinspired
chemistry, due to their ability to generate copper-coordinated
phenoxyl radical.48,49 Such metal-radical species play a crucial
role in O2-activating copper oxidase enzymes such as galactose
oxidase (GO).50−52

Interestingly, no reduction processes were observed with the
Cu I I -pheno la t e p roduc t s Cu I I (L1

PhO)(PF6) and
CuII(HmTPAPhO)(PF6). Instead, their cyclic voltammograms
exhibit quasi-reversible oxidation processes at, respectively,
+270 and +320 mV vs Fc+/0 (Figures 3B and S37). These
oxidation processes could be attributed to metal- (CuII/CuIII)
or ligand-centered (phenolate/phenoxyl radical) oxidation
processes. To elucidate the nature of the oxidized species,
the chemical oxidation of the CuII-phenolate complexes was
performed. Because the oxidized products were found to be
insufficiently stable at rt, chemical oxidations were performed
at low temperature. We first investigated the use of the
CuII(OTf)2 salt as oxidizing agent (reported formal potential
of 400 mV vs Fc+/0).53 Addition of 1.2 equiv of this oxidant to
a 0.5 mM acetone solution of CuII(L)(PF6) (L = L1PhO or
HmTPAPhO) at −85 °C results in changes in the UV−vis
spectra suggesting the successful formation of oxidized
complexes that remain stable several hours at this temperature.
The typical UV−vis signature of the starting L-CuII-phenolate
complexes disappears to the profit of a more intense band
centered at 475 nm (λ = 3780 M−1 cm−1) (Figure 7).
A similar result is obtained with CuII(HmTPAPhO)(PF6)

(Figure S47). The absorption maximum and intensity of this
band in the oxidized complex CuII(LPhO•)(PF6)+ (L = L1 or
HmTPA), are in good agreement with the values reported for
related CuII-phenoxyl radical complexes,50 suggesting a

Figure 6. (A) Views of the DFT-optimized structure (CAMB3LYP-
D3/def2-TZVP) of CuII(LPhO)+ (L = L2 or HmTPA). (Bi) XANES
with inset showing the pre-edge region (left) and Fourier transformed
EXAFS spectra of CuI(L1), CuII(L1), and CuII(L1PhO) complexes
(right). (Bii) EXAFS Fourier transformed spectra of CuII(L) and
CuII(LPhO) complexes (L = L2 (left) or HmTPA (right); see ESI for
full XAS characterization).

Figure 7. Absorption spectral change upon addition of CuII(OTf)2
(1.2 equiv) to a 0.5 mM solution of CuII(L1PhO)(PF6) in acetone at
−85 °C.
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phenolate-centered oxidation process. Formation of
CuII(HmTPAPhO•)2+ can also take place in the presence of
the stronger oxidant ammonium cerium(IV) nitrate (CAN)
under identical conditions, yielding the same UV−vis
signatures (Figure S48).54 Furthermore, frozen solutions of
CuII(LPhO•)(PF6)+ were studied by EPR and XANES spectros-
copies. The oxidation of the CuII-phenolate complexes resulted
in the loss of their X-band EPR signal, which was compatible
with the formation of magnetically coupled CuII−PhO•

complexes . F ina l ly , XANES charac ter i za t ion of
CuII(HmTPAPhO•)(PF6)+, generated in the presence of
CAN, confirmed the absence of a CuIII complex, as evidenced
by the presence of pre-edge and rising edge energies
overlapping those of the CuII(HmTPAPhO)(PF6) parent
complex. The latter further supports a ligand-centered
oxidation process (Figure XAS3). To the best of our
knowledge, this represents the first evidence of generation of
TPA-based CuII-phenoxyl radical species within a cage-like
ligand.
Proposed Mechanism for the New Light-Induced
Cu(TPA)/O2 Reactivity

The extensively documented activation of O2 at tetradentate
CuI(TPA) derivatives supports the initial generation of highly
reactive superoxide intermediates CuII(TPA)(O2

•−) that could
either convert to peroxodicopper(II) complexes or undergo
HAA from C−H bond substrates.7−13,32 Furthermore, we
demonstrated that (i) our light-directed rearrangement of aryl-
ether bonds proceeds with high yields (>95%), above the 50%
threshold expected for binuclear mechanism, and (ii) the
reaction occurs at isolated O2-activating CuI site in
CuI(HmTPA)+. To provide additional experimental evidence
supporting a cupric-superoxide-dependent reaction, and
inspired by the previous studies of aryl ether appended
CuII(TPA) superoxide sensors,33,34 reaction of the copper(II)
complex CuII(L1)(OTf)2, with potassium superoxide (KO2)
was studied under light. Interestingly, while no formation of
the phenolate-CuII product could be observed in the dark,
reacting CuII(L1)(OTf)2 with KO2 (10 equiv), under light,
gives CuII(L1PhO)(OTf) in a c.a. 30% yield (Figures S50 and
S51). This lower yield, compared to the CuI/O2 driven
reactivity, might arise from partial superoxide decomposition in
DMSO. Importantly, no formation of CuII(L1PhO)(OTf) could
be observed upon reacting the starting CuII-complex with 10
equiv of tBuOOH, H2O2, or an H2O2: Et3N 1:1 mixture, under
light (Figure S52). Altogether, these findings strongly support
a CuII(O2

•−)-dependent reactivity.
Based on these experimental results, a theoretical treatment

was performed to propose a reaction pathway for the activation
of O2 with CuI(L)+ complexes (L = L1, L2 or HmTPA), which
results in the formation of the phenolate products (Scheme 1).
The most probable initial step is the formation of the end-on
CuII-superoxide complex CuII(L)(O2

•−)+.
Then, an intramolecular HAA of the proximal aryl etheric

HC−H bond occurs, leading to intermediate I, which displays
a HC• radical stabilized by the pyridine. The release of the
resulting OOH ligand is necessary to reach the final product,
and this may readily occur to form II (see Supporting
Information pages S45−S65). From here, the phenolated
product would be obtained, on the ground state (GS) potential
energy surface, in a three-step mechanism.55 First, C−C bond
formation leads to intermediate III. Then IV is obtained
through the cleavage of the C−O bond. The phenolate

product is finally reached in a rearomatization step. The GS
calculations reveal that the energetically demanding steps are
the C−C bond formation (barrier of ΔΔE# = 39 kcal/mol in
total electronic energy, with respect to II, PBE0-D3/def2-
ZTVP) and, even more, the C−O bond cleavage (barrier of
ΔΔE# = 22 kcal/mol in total electronic energy, with respect to
III). The overall energy cost from II to the IV is of 54 kcal/
mol (energies difference between the transition state leading
from III to IV, and II) and cannot be overcome at room
temperature. This confirms that the photochemical pathway
allows the avoidance of these steps.
TDDFT calculations reveal that intermediates I and II

display absorptions at 414 and 381 nm, respectively
(CAMB3LYP-D3 values), which are compatible with the
experimental findings that the reaction is promoted upon
irradiation at ca. λ = 420 nm. Preliminary calculations on the
ground and excited state potential energy surface suggest that,
indeed, there exist reaction paths on the excited potential
energy surface that lead to IV from II by circumventing the
high C−O cleavage barrier (see Supporting Information).
Altogether, calculations confirm that the photoirradiated
mechanistic proposal depicted in Scheme 1, which could be
considered as an unexpected formal [1,3]-shift rearrange-
ment56 promoted by the initial HAA from Cu−O2 species, is

Scheme 1. Mechanistic Proposal. ΔΔE (kcal/mol, PBE0-
D3/def2-ZTVP) are Electronic Energy Differences Relative
to the Previous Minimum, Indicated as a Subscript. ΔΔE#

(kcal/mol) are Energy Barriers
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feasible from both kinetic and thermodynamic views. These
results indicate that irradiation might provide a new path for
the reaction of the substrate radical (R•) generated upon HAA
by cupric superoxide. Irradiation might favor rebound of R•

with the aryl unit over its rebound with the hydroperoxide
intermediate (prevailing mechanism for the light-independent
oxygenation reactivity).

■ CONCLUSIONS
The extensive reactivity studies on bioinspired CuII(O2

•−)
(TPA)-based intermediates have demonstrated the remarkable
oxidation reactivity of their ground states. Using light to tune
the reactivity of Cu−O2 species is a formidable opportunity
given the abundance of cupric-superoxide intermediates in
enzymatic active sites. So far, exploration of Cu−O2 reactivity
under irradiation has been hampered by the photorelease of
O2. In this report, we provide a key precedent for a light-
induced reactivity switch in Cu(I)−O2 chemistry, by position-
ing C−H substrates in close proximity to the active site. We
have found that activation of the O2 at the CuI(TPA) core, via
probable cupric-superoxide intermediates, results in an
unprecedented light-induced reactivity toward aryl ether
internal substrates. Detailed analysis of the final products
(including rare examples of XRD characterized compounds),
demonstrated a light-dictated switch from standard C−H
oxygenation to unusual [1,3]-shift rearrangement. This trans-
formation does not require the use of any additional
photosensitizer and even occurs under ambient light and air
atmosphere at room temperature, with remarkably high yields.
Both rate and selectivity of the reaction are drastically
improved upon irradiation at λ = 420 nm compared to
ambient light. Experimental evidence, combined with DFT
calculations, indicates that the reaction occurs at isolated single
Cu−O2 sites and proceeds via sequential C−O cleavage and
C−C bond formation in the excited state. The latter suggests
that light might open new paths for the rebound of the
substrate radical (R•) generated upon HAA by cupric
superoxide. This unprecedented light-dictated reactivity
provides considerable new insights into the new and exciting
research area of metal-O2 reactions under irradiation.

20−23 As
speculated,22,23 we demonstrated that energetically demanding
steps (that cannot be overcome at room temperature on the
ground state), could be avoided under irradiation, opening new
overall reactivities initiated by Cu−O2 intermediates. This
quasi-quantitative transformation promoted by a combination
of Cu, O2, and light, provides a straightforward access for direct
postfunctionalization of TPA derivatives, smoothing drastically
the synthesis of enzyme-like nonsymmetrical binding pockets.
We envision that the present results, beyond improving

fundamental knowledge of Cu-dioxygen reactivity, will find
some crucial application in the field of copper catalysis. In
particular, aryl ether linkages are important targets found in
numerous biomolecules as lignin.57 Future work in our
laboratory will be devoted to the transfer of this reactivity
toward external substrates.

■ METHODS

Instrumentation
1H NMR and 13C NMR were recorded on a Bruker Avance III HD
300 and 500 MHz spectrometers. 1H NMR and 13C NMR chemical
shifts δ are reported in parts per million referenced to the protonated
residual solvent signal. ESI-HRMS were performed on a SYNAPT G2
HDMS (Waters) mass spectrometer with API and spectra were

obtained with TOF analysis. Measurements were realized with two
internal standards.

Electrochemical experiments were recorded on a Bio-logic SP-150
potentiostat equipped with EC-Lab software. Cyclic voltammetry
experiments were conducted in the presence of NBu4PF6 as
supporting electrolyte and using three-electrode setup which
consisted of a Pt working electrode (1.6 mm), a platinum wire
counter electrode, and a leakless AgCl/Ag reference electrode
(EDAQ). The potentials in the text are referenced versus Fc+/Fc0.

X-band EPR spectra were recorded by using a Bruker ELEXSYS
cw-EPR instrument equipped with a BVT 3000 digital temperature
controller. The spectra were recorded at 120 K in frozen solutions.
Typical parameters were: microwave power 10−20 mW, modulation
frequency 100 kHz, and modulation gain 3 G. EPR spectra were
simulated using the EasySpin toolbox developed for Matlab (Stoll, S.;
Schweiger, A., 2006. EasySpin, a comprehensive software package for
spectral simulation and analysis in EPR. J. Magn. Res. 178, 42−55).

UV−vis spectroscopic experiments were performed by using a
JASCO V-730ST UV/vis Spectrophotometer equipped with a
UNISOKU cryostat.
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