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The self-assembly reaction of 2-benzylaminoethanol (Hbae)
with CuCl2 or Cu(NO3)2 leads to the formation of binuclear
[Cu2(bae)2(Cl)2] (1) and [Cu2(Hbae)2(bae)2](NO3)2 (2) complexes,
while the trinuclear [Cu3(Hbae)2(bae)2(dmba)2](NO3)2 (3) com-
pound was obtained using the auxiliar bulky substituted 2,2-
dimethylbutyric acid (Hdmba). Crystallographic studies reveal
the molecular structures of 1 and 2 based on the similar {Cu2(μ-
O)2} core, while the structure of 3 features the {Cu3(μ-O)2} core
with consecutive arranement of the metal centres, supported
by the additional carboxylate bridges. The strong intermolecular
hydrogen bonds join the molecular structures into 1D (for 1
and 3) or 2D (for 2) architectures. All three compounds act as
catalysts for the aerobic oxidation of 2-aminophenol to the
phenoxazinone chromophore (phenoxazinone synthase-like
activity) with the maximum reaction rates up to 2.3×10� 8 Ms� 1.

The substrate scope involves methyl-, nitro- and chloro-
substituted 2-aminophenols, disclosing the negligible activity of
nitro-derivatives, while the 6-amino-m-cresol substrate shows
the highest activity with the initial reaction rate of
5.8×10� 8 Ms� 1. The mechanism of the rate-limiting reaction step
(copper-catalysed formation of 2-aminophenoxyl radicals) was
investigated at the DFT level. The combined DFT and CASSCF
studies of the copper superoxo CuII-OO· radical species as
possible unconventional reaction intermediates resulted in a
rational mechanism of H-atom abstraction, where the activation
energies follow the experimental reactivity of substituted 2-
aminophenols. The TDDFT and STEOM-DLPNO-CCSD theoretical
calculations of the absorption spectra of substrates, phenox-
azinone chromophores and putative polynuclear species con-
taining 2-aminophenoxo ligand are reported.

Introduction

Phenoxazinone synthase (PHS) is a multicopper metalloenzyme,
which catalyses the oxidative coupling of two 2-aminophenol
derivatives to phenoxazinone chromophore during the biosyn-
thesis of actinomycin D, a naturally occurring antitumor agent,
as well as of phenoxazinone-based antibiotics.[1] PHS can be
isolated in a low-activity dimeric and a high-activity hexameric
oligomeric forms which are distinct molecular structures and
cannot be transformed from each other by a simple association-
dissociation equilibrium. Since the isolation[2] of PHS in 1962
and solving its crystal structure[3] in 2006 a lot of studies
devoted to the creation of a bioinspired models bearing
structural and functional properties of PHS have been
performed.[4] Considering that the active site of PHS comprises
several copper centres,[3] the primary focus in synthesizing

artificial complexes for PHS-like activity was addressed to
coordination compounds of copper of various nuclearities.[5]

The compounds of other 3d metals were also studied, among
them those of Zn,[6] Ni,[7] Co,[8] Mn,[9] as well as heterometallic
Cu/M[10] ones. In many cases it was observed that polynuclear
coordination compounds reveal a higher activity than that
observed for mononuclear ones, clearly indicating the advant-
age of closely located catalytically active metal centres. These
observations are in line with an effect of enhanced activity of
polynuclear coordination compounds recognized in many areas
of catalysis.[11]

The commonly studied model reaction for PHS-like activity
is the aerobic coupling of 2-aminophenol into the phenoxazi-
none chromophore in the presence of a catalyst.[4a] However,
despite numerous reports, many details of the respective
reaction mechanisms remain unknown. This is the consequence
of the fact that in most of the cases the 2-aminophenol
coupling studies are done under similar conditions, being
typically limited to the investigation of rate dependences on
the substrate concentration only. The catalytic coupling of
substituted 2-aminophenol substrates is rarely investigated,[1c,12]

while the reports of theoretical studies of reaction mechanisms
of this catalytic reaction are single.[12b,13] This contrasts to the
strong interest of synthetic organic chemistry and O2 activation
topics in the metal-free and meta-catalysed aerobic oxidations
of (amino)phenols.[14]
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Flexible aliphatic and Schiff base N,O-donor ligands are
among the most commonly applied classes of ligands used to
construct metal complex catalysts for PHS-like activity.[4a,15] The
polydentate nature of these ligands as well as their variety of
coordination modes facilitate the formation of close-packed
molecules of different nuclearities and topologies, and, at the
same time, allow partial decoordination and formation of
unsaturated environments around the metal centres. Recently
we reported the mono- and tetranuclear copper(II) complexes
bearing simultaneously carboxylate and aminoalcohol ligands
which efficiently catalysed the oxidation of 2-aminophenol into
the phenoxazinone chromophore.[13,16] An important observa-
tion was the pronounced enhancement of the reaction rate
when a polynuclear catalyst was present in a solution. The
preliminary theoretical assessment of the first step of the
reaction (formation of aminophenoxyl radical) suggested that
the role of dioxygen is likely in the formation of superoxo CuII–
OO· species upon reaction with a reduced copper catalyst,
rather than direct oxidation of aminophenolate substrate
coordinated to the copper centre.[13] These results stipulated
our further experimental and theoretical efforts on the inves-
tigation of PHS-like catalytic activity of copper complexes
towards understanding the reaction mechanisms of aerobic
oxidations of aminophenols, which is in line with our general
interests in the chemistry and catalytic studies of polynuclear
complexes.[11a,17] Herein we present the synthesis, crystal
structures and characterization of bi- and trinuclear complexes,
[Cu2(bae)2(Cl)2] (1), [Cu2(Hbae)2(bae)2](NO3)2 (2) and
[Cu3(Hbae)2(bae)2(dmba)2](NO3)2 (3), where Hbae is 2-benzylami-
noethanol and Hdmba is 2,2-dimethylbutyric acid. The crystal
structure of 2 has been reported previously.[18] All three
compounds were found to show the phenoxazinone synthase
mimicking activity towards aerobic oxidative coupling of 2-
aminophenol and its derivatives. DFT/CASSCF theoretical calcu-
lations were performed to model the putative catalytically
active species and differentiate the activities of substrates.

Results and Discussion

Synthesis and Spectroscopic Analysis

Complexes 1–3 were obtained through the self-assembly
reaction of copper salts with a methanol solution of 2-
benzylaminoethanol (Hbae) in the absence (for 1) or presence
(for 2 and 3) of 2,2-dimethylbutyric acid (Hdmba) (Scheme 1).
The reactions were initiated and brought to completion by
heating (30–60 °C) and stirring in open air. At the end of
reactions, blue-green solutions were obtained. Green-blue
crystals of 1 suitable for the X-ray crystallographic study were
formed within one day from the resulting solution without any
additional procedures, while crystals of 2 and 3 grew within
two weeks. Both complexes 2 and 3 can be obtained from the
same reaction mixture, where the reaction temperature is the
crucial factor that influences which compound is obtained. The
higher temperature (60 °C) leads to the isolation of the complex
2, while the lower one (30 °C) affords the complex 3 as the

reaction product. The lower yield of complex 2 in the latter case
can be associated with the lower shift of the respective
equilibria towards its formation. The synthesis of 2 can be
reproduced in the absence of a carboxylic acid as reported
elsewhere.[18] The general reactions of the overall formations of
1–3 can be written as follows, where the acids formed in the
course of a reaction are captured by the bases (aminoalcohol
and triethylamine) to form the respective salts:

2CuCl2 þ 2Hbae! ½Cu2ðbaeÞ2ðClÞ2� þ 2HCl (1)

2CuðNO3Þ2 þ 4Hbae!

½Cu2ðHbaeÞ2ðbaeÞ2�ðNO3Þ2 þ 2HNO3
(2)

3CuðNO3Þ2 þ 2Hdmbaþ 4Hbae!

½Cu3ðHbaeÞ2ðbaeÞ2ðdmbaÞ2�ðNO3Þ2 þ 4HNO3
(3)

The IR spectra of 1–3 demonstrate complex patterns in the
400–2000 cm� 1 region and confirm the presence of 2-benzyla-
minoethanolate in case of 1 and 2, and the presence of both
2,2-dimethylbutyrate and 2-benzylaminoethanolate ligand in
case of 3 (Figures S1–S3). The strong absorption peak at
3157 cm� 1 in the spectrum of 1 and the peaks of medium
intensity at 3185 and 3233 cm� 1 (for 2), and 3210 cm� 1 (for 3)
were attributed to the ν(NH) frequencies of coordinated amino-
alcohol ligand making strong N� H···Cl (for 1) or N� H···O (for 2
and 3) hydrogen bonds. The ν(CN) stretching vibration is
observed in the 1065–1080 cm� 1 region in the spectra of all
compounds. The very strong band in the range 1200–
1300 cm� 1 (for 2 and 3) splitted over many minor absorptions
was assigned to ν(NO) vibration of the nitrate anions making
different hydrogen bonds in the lattice. In the spectrum of 3,
the very strong bands at 1553 cm� 1 and 1321 cm� 1 (Figure S3)
were attributed to the antisymmetric and symmetric COO–

stretching frequencies of 2,2-dimethylbutyrate acid, respec-
tively.

The assignment of the sharp high-energy peak at 3157 cm� 1

for 1 was confirmed by the DFT calculations of the frequencies
at the composite r2SCAN-3c level[19] using the crystallographic
atomic coordinates with H atoms optimized (see below). The
dimeric fragment containing four copper centres was selected
to model the closest intermolecular hydrogen bonds (Figure S4
and S5). The ν(NH) frequency predicted for the H atoms

Scheme 1. Synthetic approach towards 1–3.
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participating in the N� H···Cl bonding is 3290 cm� 1 (experimental
value is 3157 cm� 1). Remarkably, the predicted absorption of
the N� H bonds not participating in the hydrogen bond in this
model has negligible intensity at a slightly higher frequency
(3408 cm� 1, Figure S4).

Crystal Structures

The single crystal X-ray diffraction analysis of the compound
[Cu2(bae)2(Cl)2] (1) revealed that it is based on the centrosym-
metric binuclear {Cu2(μ-O)2} core, where the copper(II) atoms
are bound together by means of the μ-oxygen bridging atoms
from 2-benzylaminoethanolate moieties (Figure 1). The depro-
tonated aminoalcohol ligands in 1 show bidentate N,O-donor
coordination mode being responsible for the molecular struc-
ture type formation and for the metal ion charge compensation.
The copper(II) cations in 1 have distorted square planar
coordination environments with an O2NCl donor set formed by
oxygen and nitrogen atoms from 2-benzylaminoethanolate
ligand and coordinated chloride ion. The Cu–O/N distances are
in the range from 1.906(5) to 1.992(6) Å and Cu–Cl distance is
2.209(2) Å. The cis O/N� Cu� O/N/Cl bond angles vary from
84.4(2) to 101.94(18)° and trans O� Cu� N and O� Cu� Cl angles
are from 158.4(2) to 169.70(17)°, respectively (Table S2). The
Cu···Cu distance in the binuclear complex is 2.9883(18) Å. The
strong intermolecular N� H···Cl hydrogen bonds with participa-
tion of the nitrogen atoms from aminoalcoholate ligands and
coordinated chlorine atoms (Table S5) lead to the formation of
the overall 1D supramolecular structure (Figure S6) in 1. The
binding energy of the intermolecular N� H···Cl hydrogen bond
can be estimated from the electron density 1(r) at the
respective bond critical point (Figure S5). The 1BCP(r) value of
0.0185 a.u. can be converted[20] to the binding energy of
� 4.86 kcal mol� 1. Thus, the two hydrogen bonds between the
neighbouring molecules of 1 have the total binding energy of
� 10 kcal mol� 1 magnitude, which stipulate 1D packing in the
solid state. The arrangement of the bulky substituents of the
aminoalcoholate ligands hampers the formation of hydrogen
bonding between adjacent supramolecular chains preventing

subsequent increase of the dimensionality of the H-bonded
polymer (Figure S6). The nearest non-bonded Cu···Cu separation
within the supramolecular chain is 5.1038(11) Å.

The crystal structure of [Cu2(Hbae)2(bae)2](NO3)2 (2) has been
reported previously, showing the same topology of the
coordination core but a slightly different geometry and the
absence of positional disorder of the phenyl group.[18] Similarly
to 1, it features a binuclear molecular {Cu2(μ-O)2} core, but in
case of 2 the whole core represents a crystallographically
independent unit (Figure 2). The complex contains two 2-
benzylaminoethanol ligands in the protonated form and the
other two in the deprotonated one where all show bidentate
(N,O) coordination (Table S3). The crystal structure of 2 has two
crystallographically independent copper(II) atoms both of them
with distorted square-pyramidal coordination environments
with O3N2 donor sets formed by atoms from aminoalcoholate
ligands. The basal Cu� O/N distances assume values in the range
from 1.929(3) to 2.047(4) Å, while apical Cu� O bond lengths are
2.340(4) and 2.349(4) Å for Cu1 and Cu2, respectively (Table S3).
The O� Cu� Ntrans angles lie in the range 154.23(16)–177.97(13)°.
The non-bonded Cu···Cu distance within the binuclear core is
2.9980(7) Å. The binuclear molecules in 2 are joined together by
strong intramolecular hydrogen bonding of two types, O� H···O
and N� H···O, involving oxygen and nitrogen atoms from amino-
alcoholates and oxygen atoms from uncoordinated nitrate
anions as well (Table S5), resulting in the formation of a 2D
layer in 2 (Figures S8 and S9).

Crystallographic analysis shows that compound 3 consists
of trinuclear centrosymmetric [Cu3(Hbae)2(bae)2(dmba)2]

2+ cati-
onic molecules and two uncoordinated NO3

– anions (Figure 3),
linking the trinuclear units into the supramolecular polymeric
chains by means of strong hydrogen bonding (Figures. S10 and
S11). Two of aminoalcohol ligands in 3 remain protonated and
other two are deprotonated revealing a bidentate (N,O)
coordination, similar to that observed in 2. The deprotonated
2,2-dimethylbutyrate ligands have the bidentate-chelating coor-
dination mode and additionally join the neighbouring copper
atoms in the consecutive way, thus serving for the metal ion
charge compensation and strengthening the trimetallic mole-

Figure 1. Molecular structure of 1 showing the numbering scheme of non-
carbon atoms. Hydrogen atoms are omitted for clarity. Colour scheme: Cu,
cyan; Cl, green; N, blue; O, red; C, grey.

Figure 2. Molecular structure of 2 showing the numbering scheme of non-
carbon atoms. Hydrogen atoms are omitted for clarity. Colour scheme: Cu,
cyan; N, blue; O, red; C, grey.
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cule. The distorted square-pyramidal coordination geometry
around one of the two crystallographically independent copper
atom, Cu1, is based on a O3N2 donor set which is formed by
one oxygen and two nitrogen atoms from aminoalcoholate
ligands and one oxygen from carboxylate [Cu1� O/N=1.921(2)–
2.038(3) Å] in the basal plane and one oxygen atom from the
Hbae ligand [Cu1� O=2.303(3) Å] at the apical position. The cis
O� Cu1� O/N bond angles vary from 80.86(13) to 102.77(15)°
and trans O� Cu1� N bond angles are 161.24(15) and 175.76(12)
(Table S4). The second crystallographically independent copper
atom, Cu2, has a distorted square planar coordination environ-
ment with an O4 donor set formed by donor atoms from 2-
benzylaminoethanolate and 2,2-dimethylbutyrate. The Cu2� O
distances are 1.924(2) and 1.939(2) Å, while the cis O� Cu2� O
bond angles vary from 88.84(11) to 91.16(11)° and trans
O� Cu2� O angles are equal to 180.0°. The closest Cu···Cu
distance within the trinuclear complex is 3.1318(5) Å. Similarly
to 2, the strong intramolecular H� bonding of O� H···O and
N� H···O types, involving oxygen and nitrogen atoms from
aminoalcoholates and oxygen atoms from NO3

– anions is
observed in 3 (Table S5). In contrast to supramolecular 2D layers
in 2, the formation of supramolecular 1D chains occurs in the
case of 3 (Figure S10). The nearest non-bonded Cu···Cu
separation between the trinuclear molecules within the
supramolecular chain is 8.844(33) Å. It should be noted that
according to Cambridge Structural Database (version 5.45)[21]

the compound 3 is the first example of a transition metal
mixed-ligand complex bearing simultaneously 2-benzylethano-
laminate and 2,2-dimethylbutyrate ligands.

Catalytic Activity and UV-Vis Spectroscopy of 1–3

The coordination compounds 1–3 were studied as catalysts for
the aerobic oxidative coupling of aminophenols into the
phenoxazinone chromophore. The structure of the product
chromophore depends on the presence and position of

substituents. The unsubstituted 2-aminophenol (I) is known to
form the phenoxazinone chromophore P which is the antibiotic
Questiomycin A (Scheme 2).[22], [23] The substrates bearing the
group R in the ortho-and para-positions relative to the amino
group afford the “direct” isomer P1 and P3, while the sterical
hindrance of the substituents in the para-position relative to
hydroxo group is known[24] to produce the inverted chromo-
phore P2 (Scheme 2). The chromophores P2 and P3 are not
completely oxidized due to the impossibility of the final
dehydrogenation step.[12a,c,24] The use of organic and inorganic
(metal-based) oxidants under catalytic conditions may afford
chromophores of unsymmetrical structures.[12c] In the present
case of copper-catalysed aerobic oxidation, formation of the
inverted isomer of unsubstituted chromophore P was excluded
based on the TDDFT and STEOM-DLPNO-CCSD theoretical
calculations of the UV-Vis absorption spectra (see the Supple-
mentary Information, Scheme S1, Figure S12, Table S6).

The unsubstituted substrate I was used to study the
catalytic behaviour of 1–3. The reaction progress was monitored
by measuring the intensity of the characteristic absorption
band of the phenoxazinone chromophore[25] in the visible
region (435 nm for 2-aminophenol substrate, I). The absorptions
were converted to the concentrations of the product (phenox-
azinone chromophore) through the extinction coefficients
known from literature[25–26] and confirmed herein (Table S6). The
typical UV-Vis spectra observed during the catalytic reaction
with [I]0=10 mM and [1]0=0.084 mM are depicted in Figure 4.
The initial reaction rate, W0, was calculated using the extinction
coefficient ɛ=2.4×104 M� 1 cm� 1 (for I)[16,25] resulting in W0=

1.1×10� 8 M s� 1. The complexes 2 and 3 tested under the same
conditions gave slightly lower rates of 7.3×10� 9 and 8.5×10� 9 M
s� 1, respectively.

Figure 3. Molecular structure of 3 showing the numbering scheme of non-
carbon atoms. Hydrogen atoms are omitted for clarity. Colour scheme: Cu,
cyan; N, blue; O, red; C, grey.

Scheme 2. Catalytic oxidative coupling of unsubstituted 2-aminophenol (I)
as well as its derivatives, and structures of the respective phenoxazinone
chromophores depending on the position of the substituent R.
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The W0 vs. [cat]0 dependencies for 1–3 are plotted in
Figure 5. Considering the possible equilibria between different
polynuclear compounds in solution,[16] here and onward the
total concentration of copper [Cu]0 was used as the catalyst
concentration. The W0 vs. [Cu]0 dependencies have linear
behaviour in the 0–0.6 mM concentration range (the highest
[Cu]0 for 1 is limited by its low solubility in methanol) indicating
no aggregation of the catalytically active species in solution in
the range studied. The catalysts 2 and 3 exhibit similar
behaviour with the maximum reaction rate of 2.3×10� 8 M s� 1

(Figure 5). The TOF for both 2 and 3 does not show significant
variations (3.6×10� 5–5.1×10� 5 s� 1) in the studied range of
concentrations. In contrast, the growth of the catalytic activity
of 1 is more acute, reaching TOF=9.6×10� 5 s� 1 for [Cu]0=

0.034 mM and maximum W0 of 6.4×10� 9 M s� 1 for [Cu]0=

0.134 mM. The investigation of the reaction rate at higher
concentrations is limited by the insufficient solubility of 1 in
methanol.

The linear W0 vs. [Cu]0 dependence for 1 also indicates that
no interaction occurs between copper species when [Cu]0
<10� 4 M. For comparison, the tetranuclear complex
[Cu4(bae)4(va)4]·H2O (where Hva=valeric acid) exhibits a non-
linear behaviour even at the [Cu]0 <0.5 mM concentrations due
to the equilibria between the tetra- and binuclear coordination
compounds in solution.[16] However, the identical W0 vs. [Cu]0
dependencies (Figure 5) for the bi- and trinuclear compounds 2
and 3, respectively, indicate that their catalytic behaviours are
equal, and the polynuclear cores are likely to decompose to
mononuclear compounds in diluted solutions. Such behaviour
is expected for polynuclear coordination compounds with
flexible mono- and bidentate aliphatic ligands,[16] where the
components (ligands and metals) form a dynamic combinatorial
library[27] in solution. In this way the starting coordination
compound acts as a pre-catalyst. The dependence of the
reaction rate on the substrate concentration for catalyst 1 and
2-aminophenol substrate (I) was found to be linear in the 6–
54 mM range of concentrations (Figure 6). Therefore, the overall
rate-law expression can be written as W=k[catalyst][substrate].

It is important to note that metal salts often used as
catalysts for comparative purposes may give misleading results
due to aggregation of metal species in solution. Such behaviour
of copper e. g. chloride was documented recently by us for the
same PHS-like reaction[16] as well as by other groups for other
processes.[28] This uncertainty and potentially higher activity of
polynuclear compounds or oxide nanoparticles could result in
significant overestimation of reaction rates when using metal
salts as (pre)catalysts, thus we would like to refrain from making
such comparisons in the present case.

The UV-Vis spectra of catalytic solutions recorded at the first
minutes of reaction exhibit an absorption band around 600 nm.
The intensity of this band was found to be higher for the cases
of lower catalyst/substrate ratio (i. e. higher catalyst loading).
Visually, the light-yellow methanol solution of equimolar
amounts of the substrate I and complex 3 quickly becomes
dark grey blue after mixing the reagents (0.25 mM final
concentrations), then undergoing gradual change of the colour
to yellow brown upon accumulation of the phenoxazinone

Figure 4. Increase of the phenoxazinone chromophore absorption over time
(2 min interval) in the oxidation of I (0.01 M) catalysed by 1 (0.084 mM) in
CH3OH at room temperature. Inset shows the increase of 435 nm absorption
with time.

Figure 5.W0 vs. [Cu]0 dependencies for 1–3 (1: black circles; 2: blue triangles;
3: red squares) and [Cu4(bae)4(va)4]·H2O (green rhombs).

Figure 6.W0 vs. [I]0 dependence for 1 ([Cu]0=0.17 mM). Black circles are
experimental data, red solid line is a linear fit.
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chromophore. The evolution of the respective UV-Vis spectrum
is shown in Figure 7, where an intense absorption band at
595 nm is seen with the maximum absorption at 30 min. The
wavelength of this absorption is shorter than the d-d
absorptions of pure complexes 1–3 in methanol, which
constitute 700, 660 and 695, respectively (Figure 8). The
complex 1 treated with equimolar concentration of the
substrate I in methanol exhibits the hypsochromic shift down
to 610 nm. With the low concentration of 1 (0.085 mM) the
decay of the 610 nm absorption band is hidden by the strong
absorbance of the phenoxazinone chromophore (Figure 9). The
reaction rate of phenoxazinone chromophore accumulation
exhibited by the [I]0= [Cu]0=0.085 mM (100 mol % catalyst
loading) mixture is 1.1×10� 8 M s� 1, being almost equal to that
for 1.7 mol % loading.

Catalytic Behaviour of Substituted Aminophenols

To investigate the influence of the substituents on the reaction
rate, several isomers containing methyl-, nitro- and chloro-
substituents in the aminophenol core have been studied
(Figure 10). The molar extinction coefficients were obtained
from literature and/or confirmed herein (Figuress S19-S22,
Table S11). The catalyst-free reaction rates of the methyl-
derivatives II–IV at 5 mM concentration were found to be quite
different. Substrate II exhibited the reaction rate of 8.4×10� 10 M
s� 1, slightly higher than that found for unsubstituted 2-amino-
phenol (3.6×10� 10 Ms� 1 for 5 mM initial concentration).

The aminophenol with the methyl group in para-position
relative to hydroxyl group (III) revealed rather low reactivity
with the reaction rate of 1.8×10� 10 Ms� 1. In contrast, the 6-
amino-m-cresol IV demonstrated an almost one order higher
reaction rate of 2.2×10� 9 Ms� 1. The choro-derivative VIII showed
significant difference between the initial and linear reaction
rates. While the initial region demonstrates a rather high rate of
3.0×10� 8 M s� 1, after 40 min it slows down to 3.4×10� 11 Ms� 1.
The catalyst-free reaction rates of nitro-aminophenoles were
found to be too small for their reliable estimation, also leading
to difficulties in the determination of the extinction coefficients
of the respective chromophores. Furthermore, the nitro-sub-
strates exhibit strong absorbance in the visible region (Figur-
es S14 and S15) at the wavelength close to that expected for
the respective phenoxazinone chromophore. The phenoxazi-
none chromophore products were not isolated in the present
investigation which is focused on the catalytic study of the

Figure 7. Evolution of the UV-Vis spectra with time (2 min interval) of the
methanol solution of I and 3, where [I]0= [Cu]0=0.25 mM. The inset shows
the change of absorbance intensity with time at 435 and 595 nm.

Figure 8. UV-Vis spectra of the complexes 1–3 in methanol ([Cu]=0.1 mM).
The purple line shows the spectrum of I : 1 equimolar mixture in methanol
with [I]0= [Cu]0=0.085 mM (Figure 9), normalized to 0.1 mM, measured
immediately after mixing the components.

Figure 9. Evolution of the UV-Vis spectra with time (2 min interval) of the
methanol solution of I and 1, where [I]0= [Cu]0=0.085 mM. The inset shows
the change of evolution of absorbance in 300–700 nm region (8 min
interval). Figure 10. 2-aminophenol derivatives studied in this work.
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initial reaction rates. Some of the products I–X are known to be
isolated and spectroscopically characterized elsewhere.[12a,24]

Reaction rates found for aerobic oxidations of I–X catalysed
by 1 (Figure S29) followed the tendencies found for the
catalyst-free reactions. Oxidation of the unsubstituted substrate
I (5 mM) in the presence of 1 ([Cu]0=0.17 mM) resulted in the
reaction rate W0 of 7.9×10

� 9 M s� 1. This rate is almost equal to
that exhibited for [I]0=10 mM (8.0×10� 9 Ms� 1), indicating no
significant dependence of the reaction rate on substrate
concentration in the range studied. Surprisingly, the oxidation
rate of 2-amino-m-cresol (II) was not improved by the presence
of a catalyst, as evidenced by the reaction rate W0=6.3×10—

10 M s–1, while III, IV and VIII demonstrate significant increase of
the oxidation rate due to the catalytic effect of 1 (W0=1.1×10� 8,
5.8×10� 8 and 2.7×10� 9 M s� 1, respectively, using [substrate]0=

5 mM and [Cu]0=0.17 mM).
The nitro-substituted substrates V–VII showed very low

rates in the presence of a copper catalyst as well as in the
catalyst-free reaction and considered to be inactive herein. The
high inertness of the nitro-substituted 2-aminophenols was
observed earlier.[12c] Moreover, modelling of the phenoxazinone
chromophore structures at the TPSS/def2-TZVP level revealed
that the PVI product is not stable and undergoes elimination of
NO2

– group from the main chromophore structure forming a
salt (Scheme S2), as evidenced by the respective d(C···N)
separation of 2.497 Å (see the Supplementary Information).

The fluoro-substitute substrate IX (Figure 10) shows the
highest reaction rate among the substrates studied of
1×10� 7 Ms� 1 (Figure S29). The amino-substituted substrate X
was studied for comparative purposes, while the formation of a
complete phenoxazinone chromophore is not expected for this
substrate due to the blocked position of the amino group. The
catalytic reaction of 1 with 30-fold excess of X gave an increase
of the absorbance at 340 nm (Figure S15). DFT modelling of the
possible products as well as their absorption spectra resulted in
the two stable structures having the predicted absorption
maxima at 315 and 294 nm, being at higher energies than that
calculated for the non-substituted phenoxazinone chromo-
phore (386 nm; Table S7). Considering the slight overestimation
of excited states energies by the chosen TDDFT level PBE0/aug-
cc-pVDZ, one can assign the phenoxazinone models PX-A and
PX-B (Figure S14) to the experimentally observed absorption
spectra (Figure S15).

Formation of the phenoxazinone chromophore PI was
confirmed by its EI-MS spectrum where the molecular ion peak
at 212 m/z as well as the characteristic spectral pattern[16] are
observed at the GCMS chromatogram recorded after 4 h time
(Figure S18). The chromatogram of the reaction using substrate
II showed two peaks (Figure S19) that can be assigned to the
final product PII (240 m/z) as well as its hydrogenated
intermediate (242 m/z). The GCMS chromatograms of the
reactions starting from substrates III and VIII did not reveal
detectable peaks due to low to moderate activity of the
respective substrates as well as limitations of gas chromatog-
raphy for the detection of large polar compounds (Figure S20
and S22). In contrast, the chromophore PIV was clearly detected
by the presence of a distinct molecular ion peak at 240 m/z

(Figure S21). The EI-MS spectral patterns of PII and PIV are close,
indicating similar decomposition pathways of the respective
molecular radical cations formed upon the electron impact. The
chromatogram recorded for the fluoro-substituted substrate IX
revealed two peaks having the largest m/z values of 230 and
234 m/z (Figure S23) which is lower than expected for the
molecular ion of PIX or PIX-inv of 250 m/z.

To confirm the assignment of the PIX and PIX-inv spectra to
the respective phenoxazinone chromophore products, the
theoretical calculations of the EI-MS spectra of PIX and PIX-inv at
the semi-empirical GFN2-xTB level implemented in the QCxMS
package were performed. For both PIX and PIX-inv structures the
predicted spectra unambiguously show strong suppression of
the molecular ion peak intensity which has less than 1%
intensity in the case of PIX (Figures S25 and S26), where the
predicted 100% intensity peaks for PIX and PIX-inv are [M – F]+ at
231 m/z. The peak at 230 m/z in the experimental spectrum of
PIX is thus can be interpreted as [M – HF]+. The second largest
peak at 203 m/z in the spectrum of PIX (Figure S25) is observed
in the theoretical fragmentation pattern, but with very low
intensity of 2%. While the present semi-empirical calculations
succeeded in predicting the low intensity of the molecular ion
peaks, prediction of further fragmentation appears to be a
challenge. To confirm the correctness of a molecular ion peak
intensity prediction, the calculations at the same level were
performed for the chromophore PI having the well-established
EI-MS spectrum. The 100% intensity peak in the theoretical EI-
MS spectrum of PI is a molecular ion at 212 m/z with the
subsequent fragmentation to 184 and 171 m/z (Figure S24).
While the latest value is absent in the experimental spectrum
(Figure S18), the [M]+ and [M – CO]+ predicted peaks (212 and
184 m/z) agree with the experimental data. Therefore, the
theoretical predictions of the low intensities of the molecular
ion peaks for PIX and PIX-inv were considered reliable.

General Mechanistic Considerations

Formation of an aminophenoxyl radical I·, which can be viewed
as activation of the substrate, is known to be the rate-limiting
step towards the phenaxonizonone chromophore (Scheme 3).[29]

Once the aminophenoxyl radical is formed, the mechanism
proceeds through its further oxidation to the imino-quinone
intermediate which undergoes Michael addition reaction with
further oxidation towards the final phenoxazinone
chromophore.[1c,5b,c,12b,29] The oxidation reaction can be initiated
by free radicals. For example, the TEMPO radical is known to
enhance the reaction rate of 2-aminophenol oxidation due to
its independent action as a catalyst[16,29] Participation of metal-
containing catalysts in the steps after formation of imino-
quinone intermediate was proposed in several cases.[25,30] In the

Scheme 3. Oxidation of 2-aminophenol to the respective imino-quinone.
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presence of a copper catalyst and air dioxygen, the accelerated
oxidation of aminophenol can be achieved upon its interaction
with copper species. Another common mechanistic explanation
is the aerobic oxidation of aminophenol coordinated to the
metal centre,[4a,5a,b,9c,10a,31] where the aminophenol-metal complex
assemblies were detected by ESI-MS, EPR and other spectros-
copies. One has to note, however, that EPR of polynuclear
systems can be silent in the common X-band mode, in this way
giving a false-negative result. Furthermore, the EPR search for
short-lived organic radicals in the presence of EPR-active copper
compounds is a rather tricky task. In turn, the ESI-MS
spectroscopy of labile coordination compounds may distort the
composition of a solute due to specific reactions known to
proceed in the ESI-MS ionization chamber.[32] Thus, in the
present case we rely on the kinetic and theoretical data and
focus on the copper-catalysed formation of an aminophenoxyl
radical through theoretical studies.

Hydrogen peroxide is presumed to be formed in the
catalytic cycle, but its detection under the conditions of
experiment is a great challenge because of its low concen-
tration and expected high catalytic Fenton-like and/or catalase-
like activity of copper compounds towards the fast decom-
position of H2O2. Due to these circumstances, detection and
quantification of hydrogen peroxide was not conducted in the
present study.

The dissolution of air O2 was not expected to be a rate-
limiting step based on the following considerations. The
solubility of O2 in methanol at room temperature is rather high,
ca. 10 mM.[33] Hence, the amount of O2 dissolved in the reaction
mixture is sufficient to completely transform ca. 7 mM of
aminophenol substrate to phenoxazinone chromophore, what
is comparable or exceeds the concentrations typically used in
the present investigation (ca. 0.1–10 mM). The rate depend-
ences on the O2 concentration for this type of reaction have
been studied earlier,[34] always showing linear W0 vs. [O2]0 plots
regardless other conditions and even for the catalytic processes
with high concentration of a substrate (up to 50 mM).

Despite it is known that copper superoxo species can
abstract H atom from phenols with formation of phenoxyl
radicals,[35] there are still very little experimental or theoretical
efforts done towards characterization of the respective process
in the course of phenoxazinone synthase-like catalytic activity.
Participation of CuII–OO· species can be understood if one
considers the reaction of 3O2 with Cu(I) species appearing as a
part of the catalytic cycle. Finally, Cu(II) coordination com-
pounds are known to oxidize aminophenol in the absence of
air,[16] eventually leading to the formation of the final product,
phenoxazinone chromophore. Thus, both these reactions can
constitute a closed catalytic cycle (Scheme 4).

Electronic Structure of the Model Superoxo Copper Complex

Formation of copper superoxo CuII–OO· intermediates is known
for copper-mediated aerobic oxidations upon reaction of CuI

species with molecular oxygen.[36] In the present case, the
simplified mononuclear superoxo copper complex A with N-

methylethanolamine (HL), acetate and methanol ligands, [CuII-
(HL)(OAc)(CH3OH)O2], was used to facilitate the calculations. The
mononuclear structure was selected due to the possible
degradation of polynuclear species in diluted solutions,[16] which
agrees with the identical W0 vs. [Cu]0 plots for 2 and 3 (Figure 5).
Another reason for assuming a mononuclear structure for
computational studies is the size of the system: calculation of
reaction pathways for a large polynuclear compound is
computationally expensive, especially for the search of tran-
sition state(s) and estimation of the vibrational energy.

It is assumed that the type of mechanism remains the same
for other (larger) catalysts. The carboxylate (acetate) ligand was
chosen to saturate the coordination environment of copper.
Optimization of the model compound A at the TPSS/def2-TZVP
level using C-PCM (methanol) solvation model resulted in the
distorted octahedral geometry, typical for Cu(II) centre having
S =1/2 spin state (Figure 11). The meta-GGA TPSS functional
without involvement of exact Hartree-Fock exchange was
chosen due to the possible contribution of a multireference
character of the model. The optimized structure features the
Cu–O(N) distances in the basal plane ranging from 1.969 (for
coordinated O2 molecule) to 2.092 Å, while the apical distances
constitute 2.397 and 2.654 Å. The angle Cu� O� O is 116.05°,
which is close to reported values of 113° in superoxo copper
complexes.[36a]

The diradical ground state of 3O2 molecule is expected to
result in the triplet ground spin state of the CuII–OO· moiety in
A, where one electron is located on the copper atom and other
one is distributed over the O2 fragment. The DFT spin density
obtained from the unrestricted SCF calculations (TPSS/def2-
TZVP) is shown in Figure 11, where it indicates the involvement
of both oxygen atoms as well as the copper centre. The broken
symmetry (BS) calculations at the same theory level predict the
ferromagnetic ground spin state with the BS state 786.8 cm� 1

above it. The α orbital of the unrestricted corresponding (UCO)
molecular orbital with overlap S =0.00518 shows that the

Scheme 4. Putative mechanism of aminophenoxyl radical formation.
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unpaired electrons of the high-spin state are located at the
antibonding π* molecular orbital of oxygen atoms and dx2-y2

orbital of copper atom. This distribution agrees with spin
density and orbital populations obtained from the restricted
open-shell DFT calculations (ROKS, Figure 11). The latter
predicts two singly occupied orbitals (SOMOs) with 0.36 eV of
difference, where the low-lying SOMO is constructed of 89% of
py atomic orbitals of oxygen atoms. The HOMO-SUMO1 and
SOMO2-LUMO gaps are 0.20 and 0.15 eV.

The state-averaged CAS(18,11)/NEVPT2 active space calcu-
lations involving five copper d-orbitals and six dioxygen p-
orbitals indicated the triplet (biradical) ground spin state with
the first singlet state lying 418.7 cm� 1 above when considering
8 roots for every multiplicity (425.2 cm� 1 for 14 and 10 roots for
singlet and triplet state, respectively). The set of molecular
orbitals is similar to that expected for dioxygen molecule with
two orbitals significantly mixed with dx2-y2 ones of the copper
atom (Figure 12). The ground state is constructed of one
dominant configuration (65.2%) with two unpaired electrons
located at the π*py and dx2-y2-pxpz orbitals, while the remaining
configurations share the second unpaired electron over the dx2-

y2-π*px and dz2 orbitals.
Not surprisingly, the composition of the ground state

depends on the number of excited states involved into the CAS
calculation. The same active space shared over [14,10] roots
results in 84.0% of the same ground state configuration. These
observations suggest that the ground state is in fact not a
multireference one and the observed mixing of configurations
is rather a result of the insufficiently precise description of
electronic structure of A by the CAS(18,11) active space. The
state-specific calculation confirmed that the triplet ground state
is completely single-reference.

Reactivity of the Model Complex A towards H Atom
Abstraction

Interaction of the model compound A with the molecule of 2-
aminophenol, I, is expected to proceed through the formation
of a hydrogen bond between the hydroxyl group and

Figure 11. Structure of the model copper superoxo compound [CuII-
(HL)(OAc)(CH3OH)O2] (A), optimized at the TPSS/def2-TZVP/C-PCM(methanol)
level, and isosorfaces of spin densities and unrestricted corresponding
orbitals (UCO) calculated at different levels.

Figure 12. Energy diagram and isosurfaces of the active space molecular orbitals for the CAS(18,11) calculation on the model compound [CuII-
(HL)(OAc)(CH3OH)O2] (A). The energies of starting atomic orbitals are not in scale.
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coordinated O2 molecule, where the aromatic ring forms broad
non-covalent interactions with aminoalcohol part of A. To
confirm such assumption, the search for possible conformations
of the {A+ I} assembly was performed employing the GFN-FF
force field model implemented in the CREST package. Screening
of 966 configurations resulted in a single stable conformation
which corresponds to the one described above.

The energy profile of the H-abstraction from I by A was
calculated at the TPSS/def2-TZVP//ωB97M-V/def2-QZVPPD level
(Figure 13). The choice of the range-separated DFT functional
for correction of electronic energy was governed by its
sufficient quality-to-costs ratio. The energy profile obtained at
this level for the catalyst-free oxidation of I is similar to that
obtained previously at the B3LYP/ma-def2-TZVP//DLPNO-
CCSD(T)/ma-def2-TZVPP level.[13] In the present case, the
correction at the DLPNO-CCSD(T)/cc-pVTZ level[37] gave slightly
different energies, but at approximately ten times higher
computational costs. The RI-SCS-MP2/cc-pVTZ method[38] was
also tested but, in some cases, found to give unreliable results
with significantly overestimated energy differences. Notably,
the electronic energies predicted by the meta-GGA TPSS
functional show a very large deviation from the range-
separated DFT and post-HF methods, predicting almost no
barrier of less than 2 kcal mol–1 (Table S8). The latter results are
not surprising as the estimation of absolute electronic energies
is a weak point of non-hybrid DFT functionals.

The hydrogen atom transfer from the hydroxyl group of
aminophenol to the oxygen atom of coordinated O2 molecule
proceeds through a single transition state. The reaction starts
with formation of the supramolecular intermediate 3Inta (3IntIa
for the case of I). Despite the binding energy of � 9.40 kcal
mol� 1, the overall Gibbs free energy change indicates that the

3IntIa intermediate is 4.8 kcal mol� 1 less favourable than the sum
of its components. The transition stage 3TSIa shows the barrier
of 16.7 kcal mol� 1 relative to 3IntIa (21.5 kcal mol–1 relative to A
+ I sum) at 298.15 K, indicating the feasibility of the reaction.
The after-barrier intermediate 3IntIb is equal to the 3IntIa
(0.05 kcal mol� 1 of difference), while disassembly 3IntIb into the
aminophenoxyl radical and CuII–OOH complex AH results in
further decrease of free Gibbs energy down to 2.0 kcal mol–1

relative to the sum of Gibbs energies of starting A and I
components.

The model with chloride ligand instead of acetate one,
[CuII(HL)Cl(CH3OH)O2] (A

Cl), was explored for comparative pur-
pose. Optimization of the AlCl resulted in the distorted trigonal
bipyramidal environment around the copper centre with the
angle Cu–O–O being slightly higher (120.64°) than that for the
model A. The free Gibbs energy of the {ACl·I} assembly
(intermediate 3IntIa) formation is 4.9 kcal mol� 1, being very close
to that obtained for the model catalyst A. However, the
activation energy ΔG‡ exhibited by ACl for the oxidation of
unsubstituted aminophenol was found to be notably smaller
(17.3 kcal mol� 1; Table S9) than that estimated for the acetate
model A (21.5 kcal mol� 1). This observation agrees with the
higher activity of the complex 1 (Figure 5) which bears chloride
ligand instead of the acetate one.

The reaction mechanism was found to be independent of
the substituents in the aminophenol aromatic ring except for
the substrate III, for which an optimization of the 3IntIIIb
structure always leads to decoordination of the methanol
molecule in this way resulting an underestimated energy. The
same behaviour was observed for the substrate X, for which the
steric repulsion between the catalyst and N-methyl group
results in the shift of the substrate molecule compared to the

Figure 13. Free energy profile and geometries of the intermediates for the H atom abstraction from 2-aminophenol substrates I–IX by the model copper
superoxo complex [CuII(HL)(OAc)(CH3OH)O2] (A) calculated at the TPSS/def2-TZVP//ωB97M� V/def2-QZVPPD level. The Gibbs energy of 3IntIIIb intermediate is
underestimated due to the decoordination of the methanol ligand.
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other substrates. The spread of the energy barriers in all cases
was found to be relatively small (Table S8). The principal
difference between the energy profiles of I–IX is the level of the
3Intb intermediate which has strong influence on the rate of the
inverse reaction 3Intb !

3TSa !
3Inta. The rate constant of a

reaction is in exponential dependence on its activation barrier
ΔG‡, according to the Eyring equation. Considering the
reversibility of the H-abstraction process, the twice lower 3TSa –
3Intb barrier for V–VII should result in several orders increase of
the inverse rate constant ki, leading to significant hampering of
the overall reaction due to the prevalence of the inverse
reaction over the direct one. The fact that the nitro-substrates
V–VII are unreactive towards both copper-catalysed and
catalyst-free oxidations suggests that the explanation of their
low reactivity could be in the destabilization of the respective
nitro-aminophenoxyl radicals.

The vertical and adiabatic electron affinities of V–VII radicals
were found to be ca. 13 kcal mol� 1 (ca. 0.6 eV) higher than
those for other studied aminophenoxyl radicals (Table S10),
clearly indicating their higher reactivity in the processes
involving an electron abstraction. This effect can be associated
to the electron configuration of the nitro group which partially
loses its resonance stabilization upon elimination of one
electron from the whole molecule.

The Catalyst-Free Process

The mechanism of a catalyst-free oxidation of aminophenols
with molecular dioxygen is more complicated than the copper-
catalysed one due to the significant conformational flexibility of
the {substrate·3O2} assembly, as well as of the final {produc-
t·OOH} one. The search for possible configurations through the
GFN-FF force field approach implemented in CREST resulted in
seven possible configurations for the {I-radical·OOH} assembly
and more than one thousand for {I·3O2} one. Visual inspection of
seven configurations for both reactant and product showed
multiple geometrical arrangements, from which the lowest one
presumes interaction of 3O2 molecule with oxygen atom of I
and an aromatic H atom (Figure 14). The respective planar
configuration was studied earlier by us,[13] resulting in the
barrier of 28.7 kcal mol� 1 and low stabilization of the product
assembly (25.9 kcal mol–1 relative to the sum of free Gibbs
energies of I and 3O2). This ΔG‡ is close to that obtained here for
metal-catalysed gap G(3TSIa) – G(A + I)) (Figure 13, Table S8).
From the multiple configurations of the {I-radical·OOH} assem-
bly it is obvious that the true catalyst-free reaction may proceed
in several configurations having different geometries of tran-
sition states. The preliminary calculations of the nitro-substrates
V–VII revealed ΔG‡ barriers up to 28.1 kcal mol–1, which are
compatible to that for I. Therefore, the principal difference in
the reaction rates of oxidation of I–VIII is in the energies of
radical species and their electron affinities (Table S10) rather
than in the transition states.

Interaction of 2-Aminophenol with 1and with Model
Complex B

Apart from the O2-mediated oxidation, the proposed copper-
catalysed mechanism (Scheme 4) presumes the interaction of
the substrate with the Cu(II) centre before the subsequent
electron transfer to the catalyst. The adiabatic electron affinity
of the model complex [CuII(HL)(OAc)(CH3OH)2]

1+ (B) was found
to be of the same magnitude (98.9 kcal mol� 1; 4.3 eV) as the
electron affinities of the aminophenoxyl radicals (Table S10),
indicating the possibility of the B + RO– ! B– + RO· reaction.
The negative overall change of the Gibbs free energy,
� 11.2 kcal mol� 1, calculated for this reaction favours the direct
process where copper changes its oxidation state from Cu(II) to
Cu(I). However, despite all attempts to find the reasonable
reaction pathway and transition state, the aminophenoxyl
radical often demonstrates the tendency to coordinate back the
copper centre. One can suppose that in the real-life catalytic
process the presence of solvation molecules favours separation
and stabilization of the reaction products.

The multinuclear copper catalytic species could stabilize the
reduced CuII to CuI states, in this way leading to higher catalytic
activity. The DFT optimized molecular structure of the complex
1 involving four methanol molecules (1·4CH3OH; model com-
plex C) approaching the unsaturated apical positions of the
copper centres is shown in Figure S27. As can be seen, the
copper atoms coordinate only two methanol molecules result-
ing in square-pyramidal coordination environments around
copper centres, while two other methanol molecules remain H-
bonded. The TDDFT calculated spectra of the complex
1·4CH3OH reveal 6 absorptions from 607.11 to 667.32 nm
(excited states S3 to S8, Figure 15) making a broad absorption
band with predicted maximum at 621 nm (experimental value
is 695 nm, Figure 8). All these excitations involve d-d transitions
within the dinuclear copper core. DFT modelling of the
substitution of one of the coordinated methanol molecules for
2-aminophenol (1·I·3CH3OH; model complex D) affords the H-
atom transfer to the μ-O bridging atoms of aminoalcoholate

Figure 14. Conformational analysis of the {I·3O2} and {I-radical·OOH} assem-
blies (left and right, respectively) performed at the CREST/GFN-FF level.
Lighter red colour of oxygen atoms corresponds to higher energy of the
respective 3O2 or HOO· position.

Wiley VCH Donnerstag, 01.05.2025

2551 / 397715 [S. 118/122] 1

ChemPlusChem 2025, 90, e202400613 (11 of 15) © 2025 Wiley-VCH GmbH

ChemPlusChem
Research Article
doi.org/10.1002/cplu.202400613

 21926506, 2025, 5, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cplu.202400613 by Ist Politecnico D
e L

isboa, W
iley O

nline L
ibrary on [18/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ligand, where the latter results in the monodentate coordina-
tion mode (Figure S27). The optimized Cu–O distance of the
coordinated 2-aminophenolate ligand is 2.025 Å.

The TDDFT calculations of D predict the structure of excited
states significantly different from that for 1·4CH3OH. The
spectrum is constructed from several strong low-energy
excitations, from which the strongest one is S0 ! S10 at
519.28 nm (Figure 15). The natural transition orbitals (NTOs)
calculated for the 181β ! 182β transition (96.9%) of the state
S10 are shown in Figure S27. This transition is of ligand-to-metal
(LMCT) π-d nature with participation of the dx2-y2 orbitals of
both copper atoms. The simpler mononuclear model [CuII-
(HL)(OAc)(CH3OH)(I)] (E) was constructed through replacement
of the coordinated methanol molecule by 2-aminophenolate
anion in the mononuclear model B. The TDDFT calculations
resulted in the LMCT band at 561.85 nm (Figures 15 and S28).
Therefore, the shift of the absorbance to higher energies
observed for equimolar mixtures of 1 and I (Figure 8) can be
associated with the coordination of aminophenol molecule to
the metal centre with a proton transfer from the hydroxyl group
to the closely located hydroxo-groups of aminoalcohol ligands.

Conclusions

In summary, we report the synthesis of three polynuclear
coordination compounds of copper based on the 2-benzylami-
noethanol (Hbae) pro-ligand, [CuII

2(bae)2(Cl)2] (1),
[CuII

2(Hbae)2(bae)2](NO3)2 (2) and
[CuII

3(Hbae)2(bae)2(dmba)2](NO3)2 (3), two of which (1 and 3)
possess novel structures and compositions (where Hdmba=

2,2-dimethylbutyric acid). The synthetic investigation disclosed

that the compounds 2 and 3 can be obtained from the same
reaction system depending on the reaction conditions. The
solid-state structures of 1–3 have been investigated by the
single-crystal X-ray diffraction. The complex 3 is the first
example of a transition metal coordination compound bearing
2-benzylethanolaminate and 2,2-dimethylbutyrate ligands si-
multaneously.

All complexes catalyse aerobic oxidation of 2-aminophenols
towards the formation of a phenoxazinone chromophore,
mimicking a phenoxazinone synthase-like enzyme activity. The
kinetic dependencies suggest no aggregation of molecular
structures in solution. The catalytic activity of the complex 1
was studied on a broader scope of substrates, from which 2-
amino-5-methylphenol and 2-amino-5-chrolophenol revealed
the highest reaction rates, while the nitro-substituted substrates
demonstrated almost negligible reactivity.

The combined experimental and DFT theoretical studies
were performed with focus on two principal processes: (a)
abstraction of H atom from aminophenol hydroxyl group upon
reaction with copper superoxide CuII–OO· intermediates and (b)
activation of aminophenol substrate through its deprotonative
coordination to the polynuclear copper core. The reaction
energy diagrams for the process (a) were found to follow, in
general, the observed reactivity of 2-aminophenol substrates.
The preliminary modelling of the process (b) successfully
explains the experimentally observed shifts of the absorption
bands in the UV-Vis spectra. The theoretically proposed
participation of superoxide CuII–OO· radicals contradicts the
commonly postulated mechanisms of metal-catalysed phenox-
azinone synthase-like activity where the O2 molecule oxidizes
the aminophenol substrate coordinated to the metal complex
catalyst.

Experimental
General: All chemicals were of reagent grade and used as received.
All experiments were carried out in air. Elemental analyses for C, H
and N were carried out by the Microanalytical Service of the
Instituto Superior Técnico. Infrared spectra were recorded using
Agilent Cary 630 ATFT-IR spectrometer in an attenuated total
reflectance (ATR) mode and processed through the Bruker OPUS
software. UV-Vis spectra were recorded using a Perkin-Elmer
Lambda 35 spectrometer.

Synthesis of [Cu2(bae)2(Cl)2] (1): CuCl2·2H2O (0.34 g, 2 mmol), 2-
benzylaminoethanol (0.85 mL, 6 mmol) and triethylamine (0.14 mL,
1 mmol) were dissolved in CH3OH (30 mL) forming a blue-green
solution which was magnetically stirred at 50 °C (40 min) for 1 h.
The resulting solution was filtered, and green-blue microcrystals of
1 suitable for X-ray crystallographic study were formed within one
day. Yield: 0.30 g, 60.2% (based on copper chloride). Anal. calc. for
C18H24Cl2Cu2N2O2 (M=498.37): C, 43.38; N, 5.62; H, 4.85%. Found: C,
43.6; N, 5.7; H, 4.5%.

Syntheses of [Cu2(Hbae)2(bae)2](NO3)2 (2) and
[Cu3(Hbae)2(bae)2(dmba)2](NO3)2 (3): Cu(NO3)2 ·3H2O (0.48 g,
2 mmol), 2-benzylaminoethanol (0.85 mL, 6 mmol) and triethyl-
amine (0.14 mL, 1 mmol) were dissolved in CH3OH (30 mL) forming
a blue-green solution which was magnetically stirred at 60 °C (for 2)
or 30 °C (for 3) for 30 min. Then, 2,2-dimethylbutyric acid (0.25 mL,
2 mmol) was added to this solution and the mixture was stirred for

Figure 15. Theoretical UV-Vis absorption spectra of the model compounds
1·4CH3OH (C), 1·I·3CH3OH (D) and [CuII(HL)(OAc)(CH3OH)(I)] (E) calculated at
the TDDFT PBE0/aug-cc-PVDZ (aug-cc-pVTZ for Cu) using TPSS/def2-TZVP
optimized geometries. Both TDDFT and geometry optimized involved C-
PCM(methanol) solvation model. 200 and 100 excited states were calculated
for binuclear (C and D) and mononuclear (E) compounds, respectively. The
bars show the exact wavelengths and relative oscillator strengths of the
excited states. The solid lines show the Gaussian broadening, for which the
numbers indicate the predicted absorption maxima.
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1 h at the stated temperature. The resulting solution was filtered,
and green-blue microcrystals of 2 or dark-blue microcrystals of 3
suitable for X-ray crystallography were isolated within two weeks
for both compounds. For 2: Yield: 0.11 g, 13% (based on copper
nitrate). Anal. calc. for C36H50Cu2N6O10 (M=853.90): C, 50.64; N, 9.84;
H, 5.9%. Found: C, 50.5; N, 9.7; H, 5.8%. For 3: Yield: 0.49 g, 64%
(based on copper nitrate). Anal. calc. for C48H72Cu3N6O14 (M=

1147.73): C, 50.23; N, 7.32; H, 6.32%. Found: C, 50.0; N, 7.2; H, 6.3%.

Crystallography

Details of the data collection and processing, structure solution and
refinement are summarised in Table S1. The single-crystal X-ray
data were acquired on a Bruker D8 Quest diffractometer. Cell
parameters were retrieved and refined using the Bruker SAINT
programme. SADABS was used for correction of absorption.[39] All
structures were solved by direct methods by means of SHELXT-
2014/5 and refined against F2 using the SHELXL-2019/2 programme
(Table S1).[40] The Olex2 1.5 package was used during the structures’
refinement.[41] The hydrogen atoms of O–H and N–H groups were
localised and refined freely except of the atoms of disordered
aminoalcohol ligand in 3. The remaining H atoms were placed at
calculated positions and refined using the riding model with Uiso=

1.5Ueq (for methyl groups) or Uiso=1.2Ueq (for other groups). The
benzylic group of one of the aminoalcohol ligand in 2 was found to
be disordered over two positions with occupations 0.47(2) and
0.53(2). The molecular structure of 3 exhibits higher degree of
positional disorder with one aminoalcohol ligand disordered over
two conformations with occupations of 0.391(19) and 0.609(19),
and one tert-butyl group disordered over two positions with
occupations of 0.455(13) and 0.545(13).

Deposition Numbers 2373524 (for 1), 2373526 (for 2), and 2373525
(for 3) contain the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/
structures.

Catalytic reactions

The phenoxazinone synthase activity of 1–3 was monitored
spectroscopically by recording the UV-Vis spectra at certain periods
of time. Typically, 5 mL of the methanol solution of the complex of
desired concentration was added to a 10 mL flask containing
5.5 mg of 2-aminophenol (OAP). After 5 sec of vigorous stirring a
portion of the resulting mixture was transferred into a quartz
cuvette (10 mm; Labbox MISQ-010–002) of the spectrophotometer,
without further stirring.

Theoretical Calculations

The ORCA 5.0.3 and 5.0.4 packages[42] were used for all calculations.
Unless stated otherwise, the TPSS functional[43] with the def2-TZVP
basis set[44] was used for all atoms for geometry optimizations and
transition state search, and ωB97M� V functional[45] with de2-
QZVPPD basis set[46] for single point energies. In the latter case the
SCF convergence criteria were set by VeryTightSCF keyword.
Integration grid of high density (Defgrid3 keyword) was employed
along with geometry optimization and TDDFT calculations. Tran-
sition states were found using through the nudged elastic band
(NEB) method.[47] The solvent (methanol) effects were accounted by
means of the conductor-like polarizable continuum model (C-
PCM).[48] The correction ΔG term of 1.89 kcal mol–1 was added to the
final Gibbs energies of single molecules to convert 1 atm to 1 M

standard states.[49] The CASSCF/NEVPT2 studies[50] were performed
using the def2-TZVP basis set for all atoms. The vertical excitation
energies were calculated by the TDDFT (PBE0 functional[51] with
aug-cc-pVTZ basis set for copper[52] and aug-cc-pVDZ for other
elements[53]; TDA approximation was applied[54]) and STEOM-
DLPNO-CCSD[37,55] methodologies (cc-pVTZ basis set[56]). AutoAux
keyword[57] was used to generate the auxiliary basis sets in all
calculations except those using the cc-pVTZ set, for which the cc-
pVTZ/C Coulomb fitting basis set[58] was applied. Dispersion
correction was introduced through the D4 model.[59] All calculations
involved RIJ-COSX[60] or RI[61] speed-up approximations. Visualization
of the molecular orbitals was performed by means of Avogadro 1.2
program.[62] Unless stated otherwise, the isosurfaces of the molec-
ular orbitals are shown at the 0.03 a.u. level and isosurfaces of spin
densities at 0.005 a.u. level. Analysis of bond critical points and
non-covalent interactions indexes[63] was done using the Multiwfn
3.8 program.[64] The force-field conformational search was per-
formed through the GFN-FF model[65] implemented in the CREST
3.0.1. program[66] involving the xTB suite.[67] The calculations of the
EI-MS spectra were performed at the semi-empirical GFN2-xTB
level[68] using the QCxMS 5.2.1 package.[69] The starting temperature
Tinit was set to 300 K and the impact excess energy per atom
(parameter ieeatm) was set to 0.8. All other parameters were kept at
their default values.

Supporting Information Summary

Supporting Information is available from the Wiley Online
Library. Selected bond lengths and angles for crystal structures
1–3, IR spectra and packing diagrams for 1–3, experimental and
theoretical UV-Vis of substrates, products and intermediates,
tabulated Gibbs and single point energies of reaction compo-
nents, sample ORCA input files and selected outputs, the
Cartesian xyz-files of the optimized structures of 2-aminophenol
substrates (in neutral, radical and anionic forms), phenoxazi-
none chromophores, model copper complexes, intermediates
and transition states.
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