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Copper and Nickel Complexes of Oxamate—Phenol
Containing Ligands: A Structural Dichotomy in Oxidized

Species

Guangi Wang,” Yohann Moreau,™ Florian Berthiol,””’ Christian Philouze,® Olivier Jarjayes,*™

and Fabrice Thomas*®

The copper and nickel complexes of two tetradentate ligands
derived from bis(aminophenol) and bis(phenol) architectures
connected by an oxamate linker were isolated. Depending on
the metal and ligand, the complex is isolated with either an
intact (deprotonated) ligand (1), one-electron oxidized ligand
(27) or quinone form (3). Surprisingly, the Mannich base is
easier to oxidize than the amidophenol derivatives. The
complexes were characterized by X-ray diffraction, cyclic
voltammetry, UV-Vis-NIR and EPR spectroscopies. Complex 1

Introduction

Sterically hindered phenolates and amidophenolates are proto-
typical examples of redox-active ligands." Single electron
oxidation affords phenoxyl or iminosemiquinonate radicals that
can be persistent enough for structural characterization by X-
ray diffraction, depending on the substitution pattern.”
Amidophenolates are more electron-rich than phenolates, and
hence usually require much lower potentials to be oxidized.!"
All these moieties have been intensively investigated in the
early 2000’s in the context of the modeling of galactose
oxidase.™™ The active site of this enzyme indeed features a
Cu(ll)—tyrosyl site," 94 despite it was initially believed to
contain a Cu(lll)—phenolate entity.” The factors that govern the
oxidation site in complexes based on redox-active metals and
ligands are numerous. It can obviously be the metal itself, but
also the electronics of the redox-active group, the coordination
sphere, and the nature of the donors in polydentate ligands."
These effects have been documented in copper complexes,
which can afford either Cu(lll) or Cu(ll)-phenoxyl species upon
oxidation. The first effect has been detailed in Cu(ll}—salen
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shows two reversible oxidation waves assigned to the succes-
sive iminosemiquinone/aminophenolate redox systems. Com-
plex 2~ shows an intense NIR feature, as well as an EPR signal at
Oiso = 2.043, consistent with a metallic contribution to the main
ligand radical SOMO. Complex 3 shows the typical feature of an
isolated Cu(ll) complex. Spectro-electrochemistry coupled to
DFT calculations demonstrate a ligand-centered oxidative redox
chemistry for all the complexes.

complexes and it is now well established that the most
electron-donating substituents favour ligand-centered oxida-
tions, and hence phenoxyl species” The second effect is
comparatively less easy to anticipate, but it has been observed
that the size of the chelation rings and the geometry of the
metal ion can both influence the oxidation site.”” Regarding the
nature of the donors, a prototypical function dedicated to the
stabilization of Cu(lll) is the amidate.”’ It has been further used
to get access to other high-valent metal ions of the first row
such as Cr(V),” Mn(V)" Fe(IV)," Fe(V),"? Co(IV),"™ and Ni(lll)."™

Surprisingly, only few complexes combine both the amidate
function and electron-enriched phenol (or aminophenol) moi-
eties (Figure 1,2). This association would afford easy-to-oxidize
complexes, while inducing a duality in oxidation site. Represen-
tative examples of phenol-amidate conjugates are salen
derivatives wherein the imine linker was substituted by an
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Figure 1. Structures of copper complexes combining both amidate functions
and electron-rich phenols: (a) from [15]; (b) from [16]; (c) from [17].
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amide (Figure 1a), cyclic peptides appended by di-tert-
butyl-amidophenol moieties (Figure 1b)"® or the bis-(2-hydrox-
yisophtalamide) macrocyclic ligand developed by Benisvy et al.
that was chelated to zinc and copper (Figure 1c)."” Some
aminophenol-amide conjugates were built through the con-
nection of two aminophenols moieties by a bis(oxamate) linker
(tetradentate H,L,, Figure 2). The coordination chemistry and
redox properties of the gallium and iron complexes of H,L, was
investigated by Wieghardt etal.’ In both complexes the
bis(oxamate) unit adopts a trans configuration, leading to
compounds with a (2:1) rather than (1:1) (M:L) stoichiometry
(Figure 2). The donor set provided by the ligand is Nnmidate
O phenolate)Qamidate) fOr €ach metal ion. Both complexes can under-
go two successive single-electron oxidations assigned to ligand-
centered redox events in the range 0.08 to 0.45V vs. Fc*/Fc.
The same stoichiometry and donor set was later demonstrated
for the tin and germanium complexes, but no electrochemical
data was reported.”® Dimerization into (4:2) structures was
proposed for group 4 transition metal ions, but unfortunately
no crystal structure was reported.”” Finally, complexes with
higher stoichiometries (6:2 and 8:2 M:L) were reported for the
zinc complexes.”?

In this article we reinvestigate the coordination chemistry of
H,L, with two divalent metals of the first row, copper and
nickel. We establish that complexes of low stoichiometry, for
example (1:1) (M:L), are accessible with this ligand framework:
the oxalate adopts a cis conformation in this case, leading to
monomeric structures wherein the ligand provides a N,O,
donor set. We also prepared the ligand H,L, whose structure
differs from H,L, by the nature of the redox-active group,
phenol instead of aminophenol. A mononuclear copper com-
plex of similar stoichiometry and donor set was isolated.
Against all expectations, the amidophenolate groups are more
robust towards oxidation than the Mannich base.

NH HN
Haly Halo

c|\(f Q 'Bu

\
Bu o/ N
N \o ‘Bu
N/
B o™
&C
[Fex(L1)Cly]

Figure 2. Structures of the ligands and the iron complex reported by
Wieghardt et al. for deprotonated (L,)*".""
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Results and Discussion
Synthesis and structures

Ligand H,L, was synthesized according to a published
procedure."” Ligand H,L, was prepared by mixing 1 equivalent
of diethyl oxalate and 2 equivalents of 2-aminomethyl-4,6-di-
tert-butylphenol. The ligand H,L, was chelated to Cu(OAc), and
Ni(OAc), in MeOH in the presence of 4 molarequivalents of
base (N(n-Bu),)(OH). Slow evaporation of a concentrated
solution of each complex affords single crystals of [Cu(L,)](N(n-
Bu),), (1(N(n-Bu),),)) and [Ni(L,)I(N(n-Bu),) (2(N(n-Bu),)), respec-
tively. When H,L, is chelated to copper under similar conditions
the neutral complex [Cu(L,)] (3) was isolated and crystallized.
We additionally conducted the synthesis of the nickel complex
of H,L' in the glovebox: The complex (2(N(n-Bu),),) could be
isolated as an air sensitive powder. Despite our efforts it was
not possible to isolate this compound as single crystals suitable
for X-ray diffraction.

The crystal structures of 1(N(n-Bu),),, 2(N(n-Bu),) and 3 are
depicted in Figure 3, while selected bond distances are
summarized in Table 1. In all the complexes the metal ion lies in
a N,0, coordination environment. It is mostly square planar, as
demonstrated by N1CuO2 and N2CuO1 angles (or N1CuO1’ and
N1'CuO1) within the range 168-176°.

The crystal cell of 12~ contains three distinct molecules, with
very similar structures, as well as six molecules of counter-ion
(tetra-n-butylammonium) for the electroneutrality. The Cu—N
bond distances range between 1.900 and 1.911 A, as expected
for amidate ligation, while the Cu—O ones are within the range
1.930-1.953 A. The absence of quinoidal alternance of bond
lengths within the peripheral rings, as well as the long C—O
bond (1.334-1.357 A) strongly support an amidophenolate
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Figure 3. ORTEP views of (a) 1(N(n-Bu),),, (b) 2(N(n-Bu),) and (c) 3. The
hydrogens and counter ions are omitted for clarity. Depicted with 50 %
thermal ellipsoids.
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Table 1. Selected bond lengths (A) in the complexes.”

Complex 19 Complex 2 Complex 3
M-01 1.930(3) 1.846(2) 1.900(2)
1.953(4) 1.836(2)
1.943(4)
M-02 1.942(3) 1.851(2)
1.942(4) 1.840(2)
1.935(3)
M-N1 1.904(4) 1.808(2) 1.923(2)
1.900(5) 1.806(2)
1.910(5)
M—-N2 1.903(4) 1.806(2)
1.910(5) 1.805(2)
1.911(4)
01-C1 1.334(6) 1.337(1) 1.290(2)
1.357(7) 1.329(3)
1.350(6)
02-C17 1.348(6) 1.330(3)
1.339(6) 1.333(3)
1.343(6)
N1-C2 1.400(6) 1.390(3) n/a
1.393(7) 1.393(3)
1.399(7)
N2—-C18 1.413(6) 1.394(3)
1.401(6) 1.385(3)
1.405(7)

[a] From X-ray diffraction analysis. [b] Three molecules of complex are
present in the crystal cell. [c] two molecules of complex are present in the
crystal cell.

formulation of the redox-active rings. Hence, complexation was
not accompanied by oxidation of the ligand, as usual for
amidophenolate derivatives chelated to divalent metals ions.”®
The oxamate linker likely contributes to an increase in the
iminosemiquinonate/amidophenolate redox potential, explain-
ing this peculiar behaviour of H,L,.

The crystal cell of the nickel complex 2~ contains two
distinct molecules, which once again exhibit very similar
structures. It must be stressed that a single molecule of tetra-n-
butylammonium is present per molecule of complex, demon-
strating a formal charge distinct from that of the copper
derivative. The C1-O1 and C17-02 bonds are usually the
hallmarks of the ligand oxidation state in amidophenolate
derivatives. These bonds are within the range or slightly smaller
than the corresponding ones in 12~. On the other hand the
quinoidal distribution of bond distances expected for iminose-
miquinonate radicals or iminoquinones is hardly observed in 2™.
We take this as strong support for ligand radical formation,
wherein the SOMO is delocalized over both peripheral rings.
This behavior indeed contributes to the dilution of the bonding
rearrangements with the whole organic framework. It is worth
noting that the coordination sphere in 27 is contracted with
respect to 127, mostly due to the different ionic radius of the
nickel ion.

Complex 3 shows a symmetrical coordination sphere, with
the bond distances Cu—O1 and Cu—N1 at 1.900 and 1.923 A,
respectively. The shortening of the Cu—O1 bond, when
compared to 1>, likely arises from the formation of 5:6:5
chelate rings instead of a 5:5:5 one, which favours the
positioning of the O donors closer one with each other, and
closer to the metal center. The crystal cell is exempt from any

Eur. J. Inorg. Chem. 2023, 26, 202200781 (3 of 11)

counter-ion, demonstrating that the complex is neutral. This
important observation shows that both peripheral rings of H,L,
underwent two-electron oxidation during the synthesis, in
contrast to H,L,. Note that the yield in isolated product is 27 %
and the reaction is reproducible. Hence 3 is not a minor
degradation product whose crystallization was fortuitous. Two
plausible limit structures can account for the neutral character
of 3: Cu(lll) coordinated to a monooxidized ligand radical
(Figure 4a) or Cu(ll) coordinated to a dioxidized ligand or ligand
half (Figure 4b,c).”¥ In this latter case the ligand is either radical
(bis(phenoxyl) species, Figure 4b) or closed-shell (Figure 4c).
The C1-01 bond distance is 1.290 A, which is below the values
typically reported for coordinated phenolates (see 127), while a
quinoidal alternance of bond distances is observed in both
peripheral rings, both confirming that the ligand is oxidized.
Most importantly, the C2—C15 bond is 1.404 A, which is too
short for a genuine single bond (ca. 1.50 A in Mannich bases).*
In addition, a single hydrogen atom bonded to C15 was clearly
seen on the difference Fourier map. These structural features
compare fairly well with those reported for quinone methides
or keto-enamine units:*®?” In the keto-enamine form of the
2,3-bis(salicylideneamino)-1,4-butanediol the C=0 bond distan-
ces is indeed 1.293(3) A, while the C—C bond distance analog to
C2—C15 is 1.429(3) A2 In the keto-enamine form of 2-[(2-
hydroxybenzylidene)amino]pyridin-3-ol the corresponding C=0
and C—C bond lengths are 1.298(2) and 1.412(2) A,
respectively.”” Finally, the O1, C1, C2, C15, N1 atoms are almost
coplanar, with a deviation of the C15 atom from the mean
plane of only 0.026 A. All these data point towards a bis-
oxidation of each ligand half into the structure depicted in
Figure 2c. Note that the oxidation is accompanied by proton
transfers (PCET).

o] (o]
H >—< H
H N N H 2
N
Cu
f N It
Bu (¢] (¢} Bu
Bu Bu

Pre-formed 3%

|

NS /||| AN /||
Bu
o o0
H < H
N. N
Mg N /..
By =0" ‘o= Bu ~—> By Bu
Bu Bu

Neutral 3

Figure 4. Plausible structures for 3. Structure c is that identified at the solid
state.
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The electrochemical behavior of 1(N(n-Bu),),, 2(N(n-Bu),) and 3
has been investigated by cyclic voltammetry (CV), differential
pulse voltammetry (DPV) and rotating disc electrode (RDE)
voltammetry in CH;CN (Figure 5, Table2) and methanolic
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Figure 5. Cyclic voltammetry curves of 0.5 mM CH,CN solutions (+0.1 M
TBAP) of: a) 1(N(n-Bu),),; b) 2(N(n-Bu),) and c) 3 at a carbon electrode. Scan
rate=0.1 V/s, T=298 K. The potentials are given relative to the Fc*/Fc redox
couple that was used as external reference.

Table 2. Electrochemical data of the complexes.

Complex® E., VI AE, [V] E. 2 VI AE, [V]
1(N(n-Buy),),” —0.45 0.07 —0.08" _
2(N(n-Bu),),” —0.66 0.07 0.01 0.08
1(N(n-Bu),)," —0.25 0.07 —0.01 0.07
2(N(n-Bu),)," —0.46 0.08 0.06 0.08
[Gay,(L,)(Cl), 1> 0.08 0.35'

[Fe,(L,)(CI),1*~ 0.169 0459

3[a] 1.14’ 0.42[e] _ e _

[a] in CH,CN+0.1 M TBAP. T=298 K, potentials given vs. Fc*/Fc. [b]
Irreversible process, only the E,? value is given and no AE, is provided. [c]
in CH;OH+0.1 M TBAP. [d] In CH.Cl, containing TBAP at 243 K. From
Ref. [28]. [e] Main oxidation and reduction peaks (E," and E").

Eur. J. Inorg. Chem. 2023, 26, 202200781 (4 of 11)

solutions (Supporting Information, Table 2) containing TBAP as
supporting electrolyte. The CV of 1*° in CH,CN (Figure 5a)
shows two oxidation waves. The first is reversible and observed
at E,,'=—045V vs. Fc™/Fc in CH,CN. The second one is
irreversible and detected at E,’=-—0.08V. Based on RDE
voltammetry they are assigned to one-electron process each.
The two redox waves are thus assigned to successive oxidations
of the amidophenolate rings into iminosemiquinonate moieties
(Scheme 1). It is significant that the resting potential is close to
—0.4 V for 1>~ after 30 min in air, with an intensity of the first
oxidation wave that is inferior to the second one. Furthermore,
the open circuit potential is not observed at a plateau in the
RDE curve but at potential jump, at a value close to E,,,'. This
demonstrates a slow oxidation of 1>~ into 1 in the electrolytic
medium. From the ratio of intensities, it is calculated that after
30 min about one half of the complex is under its one-electron
oxidized form 1~ (likely oxidized by air), the remaining part
being under its initial oxidation state 1>~ (see Supporting
Information). This slow oxidation is in line with the low E,,’
value. It is worth noting that these potentials are significantly
more negative than in the reported Fe" and Ga" complexes,
which did not show such behaviour. Both the smaller metal
formal charge and differences in the coordination spheres
(dimer vs. monomer) could explain this difference.

The CV curve of complex 27 also exhibits two reversible
waves, with somewhat distinct potentials (E;,' =—0.66 and E,,
,’=0.01V). As for 1%~ they are assigned to redox processes
mostly centered on the amidophenolate rings. The significantly
lower E,,,' value in this case points to distinct spin distribution
in 1~ that we assign to a non-negligible metal contribution to
the main radical SOMO (see below). The resting potential of 2~
is measured between E,,' and E,,?, with a zero current at the
plateau between the two redox waves. Clearly, one redox wave
is an oxidation one, the other a reduction one and the solution
is not composed of a mixture of two oxidation states even after
hours, in contrast with 12", This different behavior is explained
by the lower E,,' value of 27 in comparison to 1*7, and the
subsequent isolation of the first complex already under its
monoanionic form.

We additionally performed electrochemical measurements
in methanol, which is the solvent used for the crystallization of
the complexes (Supporting Information). The same trend in
potentials was observed between the complexes, whereby the
nickel complex is 0.2 V easier to oxidize than the copper one.
Interestingly, the potentials are anodically shifted by about
0.2V when compared to acetonitrile (Table 2), which also
explains why the copper complex did not undergo significant
oxidation during the crystallization process. Altogether, these
data confirm that 2~ could be isolated as an anion at the solid
state (in air), whereas the copper complex crystallized under the
form of a dianion under similar conditions.

Eqp’! E, 2
ClL) —m (G —m [Cu'(LP

_— R

Scheme 1. Redox processes for 12,
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The CV curve of 3 contrasts sharply with the two other
ones. It shows oxidation waves at E,;°=0.49V and 1.14V. A
cathodic peak was observed at E,°=0.42V in the reverse scan.
This suggests that a chemical reaction is coupled to oxidation
and that the oxidation product is unstable. Controlled potential
electrolysis at 233 K confirmed the low stability of the oxidized
species, as demonstrated by a dramatic decrease in intensity of
both redox waves, together with the appearance of a new
cathodic peak at —0.79 V (see Supporting Information).

EPR spectroscopy
The EPR spectra of the copper complexes in CH;CN solution

containing TBAP are depicted in Figure 6, while data are
summarized in Table 3. The spectrum of a solution of the

280 120 360
B/ mT

Figure 6. X-Band EPR spectra of 0.5 mM CH,CN solutions (0.1 M TBAP) of:
a) 1(N(n-Bu),), (black) and b) complex 3. Black lines are experimental spectra,
red lines represent simulations using the parameters given in Table 3. The
inset represents a magnified view of the perpendicular region. Microwave
Freq. 9.43 GHz, power 5 mW; Mod. Amp. 0.3 mT, Freq. 100 KHz. T=100 K.

Table 3. EPR data of the complexes.

Complex® g values A values (MHz, Cu nucleus)
12- 2.177, 2.045, 2.045 640, 100, 100

1 silent n/a

2% silent n/a

2 2.117,2.007, 2.007 n/a

2 silent n/a

3 2.197,2.042, 2.042 620,110, 110

[a] in CH;CN+0.1 M TBAP. T=100 K.

Eur. J. Inorg. Chem. 2023, 26, 202200781 (5 of 11)

crystals of 1(N(n-Bu),), freshly dissolved in the electrolytic
acetonitrile  medium exhibits the expected features of a
magnetically isolated mononuclear copper complex (Figure 6a).
The spectrum is remarkably unchanged upon substituting
acetonitrile by methanol, which excludes axial ligation by the
solvent. The spin Hamiltonian parameters determined by
simulation are g,=2.177, g | =2.042, A(Cu),=640, A(Cu) | =
110 MHz. Bulk electrolysis at an applied potential slightly above
E,,' results in a quenching of the copper resonances, indicative
of magnetic interactions between the copper spin and the
ligand radical. No resonance could be detected, indicative of
either a triplet ground spin state with large zero field splitting
parameters,® or a diamagnetic ground state. Further oxidation
at 0.2 V results in the appearance of isolated copper resonances.
The intensity is however weaker than expected for the full
conversion of 17 into an isolated (S=1/2) system. This behavior
is consistent with the poor reversibility of the second oxidation
wave of 17, and hence the observation of decomposed
species.

The spectrum of 2(N(n-Bu),) in CH;CN (4 TBAP) is shown in
Figure 7. It is characterized by an axial (S="/,) system with g, =
2.117 and g | =2.007. The g, value is 2.043, which is slightly
higher than that of free phenoxyl radicals (g;,=2.004),"*" but
far below that expected for Ni(ll) complexes (gi,=2.10-
2.15)%1839 This demonstrates a main radical character of 27,
with a somewhat non-negligible contribution of an out-of-plane
metal d orbital to the SOMO.”*¥ There is no significant spectral
change whether 2 is dissolved in acetonitrile or methanol,
ruling out any valence tautomerism induced the alcohol
coordination. Both 2>~ (prepared in the glove box) and 2
proved to be X-band EPR silent.

Complex 3 shows a typical copper spectrum (Figure 6b). It
could be simulated by considering an axial signal with g,=
2.197,g | =2.042, A(Cu), =620, A(Cu) | =110 MHz (and includ-
ing hyperfine interaction with two N atoms A(2 N),,=
50 MHz), consistent with the limit structure ¢ depicted in
Figure 2. The g,//A ratio is 106 cm, for example close to 1>~
(102 cm), consistent with a similar square planar geometry of
the metal center.

Exp.

dy" | simul.

290 300 310 320 330 340
B/mT

Figure 7. X-Band EPR spectrum of a 0.5 mM CH;CN solution (+0.1 M TBAP)
of 27, The black line represents the experimental spectrum, the red line
represents a simulation using the parameters given in the text. Microwave
Freq. 9.43 GHz, power 5 mW; Mod. Amp. 0.3 mT, Freq. 100 KHz. T=100 K.
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Electronic structures by DFT calculations

The electronic structure of the complexes under various
oxidation states has been investigated by DFT calculations. The
experimental coordination sphere (from crystal structure deter-
mination) proved to be adequately reproduced by using the
TPSSh functional, with variations that do not exceed 0.024 A.

The SOMO of the copper complex 1%~ is mainly developed
on the metal center, consistent with its formulation as a Cu(ll)
ion coordinated to a diamagnetic ligand. For the corresponding
anion 1~ we considered three configurations: a genuine closed-
shell singlet (Cu(lll)), a triplet and a broken-symmetry singlet
(both are Cu(ll)-radical). The energetic analysis disclosed that
the triplet is the most stable state with an energy gap between
the triplet and the Cu(lll) state of 6.3 kcal/mol. This confirms
that complex 17 is best described as a Cu(ll)-radical system
(Figure 8a).

The nickel complex 2>~ was confirmed to be a low spin Ni(ll)
bound to a diamagnetic ligand. The anion 27 is a doublet
system, whose SOMO is mainly developed on the ligand
framework (90%, Figure 8b), with a contribution of the metal
center calculated at 10%. The metal contribution to the SOMO
arises from a mixing between the ligand radical & orbital and a
d orbital with appropriate symmetry, for example d,, or d,. The
SOMO is equally shared between the two peripheral rings
(mixed-valent radical character). The EPR parameters were also
computed, leading to g,=2.002, g,=2.016 and g,=2.111, in
good agreement with experimental data. Regarding neutral 2
the calculations point to a singlet spin state, the triplet being
located 6.5 kcal/mol above. The electronic structure is however
not straightforward, as DFT predicts both the closed-shell and
open-shell singlets to be essentially isoenergetic.

The last complex, 3, was investigated under a doublet spin
state and not surprisingly DFT calculations support a main
metal-centered SOMO. We further investigated the oxidation
site of 3 by calculating the electronic structure of 3* under
both its singlet and triplet spin states. The latter proved to be

Figure 8. Spin density plots for: a) 1~ and b) 2~ (from a TPSSh/Def2SVP
calculation).
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5.3 kcal/mol lower in energy than the first, demonstrating a
ligand-centered redox process. The spin density in the triplet 3*
is delocalized over the ligand (43%) and copper (57 %) atom,
providing to the complex a main Cu(ll)-radical character. Note
that this calculation refers to an intermediate that rapidly
evolves and could not be characterized by spectro-electro-
chemistry.

UV-Vis-NIR spectroscopy and TD-DFT calculations

All the complexes are colored and their electronic spectra are
depicted in Figure9 and Figure S15. The spectral data are
summarized in Table 4, while the electronic excitations pre-
dicted by DFT calculations are listed in Table 5.

The electrolytic solution of 1(N(n-Bu),), is characterized by
an intense band at 402 nm together with a less intense one at
559 nm (Figure 9a). They are assigned to HOMO-4—fLUMO
and BHOMO—LUMO+1 by TD-DFT calculations (Figure 10a).
Electrochemical oxidation of 1>~ into 1~ produces a chromo-
phore with two main bands at 386 and 477 nm (5167 M~' cm™'
and 2918 M~"cm™' respectively). Based on calculations they
correspond to o HOMO-1—a LUMO and oo HOMO—a LUMO,
respectively (Ayq =379 and 462 nm, Figure 10b). Further oxida-
tion of 1 results in a simplification of the spectrum, with a
weak band at 416 nm (734 M~" cm™', Figure 9a). The TD-DFT
spectrum computed for complex 1 by assuming a geometry

Table 4. Vis-NIR data of the complexes.

Complex® Ay [Inm] (€ M~ cm™])

1% 265 (24193), 338 (6737), 402 (5370), 559 (289)

1 251 (17990), 275 (17506), 386 (5167), 477sh (2918)

10 277 (10160), 416 (734)

2% 277 (23914), 331 (12270), 451 (2490), 484 (2206), 554sh
(1030)

2" 274 (16970), 328 (8000), 355sh (5283), 418 (1763), 494 (973),

535 (996), 592 (638), 729 (288), 1090sh (6201), 1200 (8919),
1295sh (7507)

2 270 (14320), 337 (4840), 406 (2720), 445sh (1230), 595 (611),
957 (14060), 1065sh (6083)
3 263 (8907), 339 (3824), 470 (1150)

[a] in CH;CN+0.1 M TBAP. T=298 K. [b] Corresponds to a decomposition
product (see the text). [c] Generated in the glovebox.

Table 5. Electronic excitations predicted by DFT calculations.?

Complex Mg [NM] (fs) Assignment [C in %]°

17 388 (0.039), -HOMO-4—{-LUMO (68 %)
532 (0.0008) B-HOMO—B-LUMO +1 (52 %)

1 379 (0.031) a-HOMO-1—0a-LUMO (36 %)
462 (0.095) 0-HOMO—a-LUMO (71 %)

2 404 (0.0251) HOMO-5—LUMO +1 (71 %)
544 (0.0626) HOMO—LUMO (98 %)

2- 1008 (0.246) B-HOMO—3-LUMO (80 %)

2 837(0.518) HOMO—LUMO (95 %)

3 508 (0.0826) B-HOMO-2—3-LUMO + 1 (60 %)

[a] From a TD-DFT calculation (TPSSh/Def2svp/PCM). [b] The percentage
contribution C is expressed as the ratio between the square of the
coefficient for a given excitation divided by the sum of the square of the

coefficients for all the excitations.
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Figure 9. UV-Vis-NIR spectra of 0.5 mM CH,CN solutions (+0.1 M TBAP) of
the complexes: a) 1>~ (black), 1~ (red) and 1 (blue); b) 2~ (red) and 2 (blue);
c) 3 (black). T=298 K, /=1.000 cm.

identical to 1~ was also generated but no correspondence with
the experimental absorption spectrum could be found. A
possible reason is that the experimental spectrum is that of an
unidentified product originating from the fast evolution of 1
(see above).

The nickel complex 2(N(n-Bu),) dissolved in CH;CN demon-
strates a rich visible spectrum, with at least five distinct
transitions between 400 and 800 nm, as well as an intense NIR
feature centered around 1200 nm (Figure 9b). This latter is
assigned to [-HOMO—(-LUMO by calculations (hyq=
1008 nm), which is a ligand-to-ligand charge transfer involving
the peripheral rings (the transitions are summarized in Fig-

Eur. J. Inorg. Chem. 2023, 26, 202200781 (7 of 11)

a) b)
. '3«\
- B-LUMO+1 et L alumo
g, e
ol
Hagdser T FLUMS, 532 nm } 462 nm
%«
o . ad g @8 g
‘ :?\JDgwELﬂt‘ ~+ a-HOMO
- B-HOMO i e
{-‘?EJ&E@ 388 nm 379 nm
@ R 2e . @@ g
: e 48
Et “.54, -+ a-HOMO-1
| p-HOMO-4 ‘
oA
3 &;ﬁ(;
e e

Figure 10. Predicted electronic excitations for (a) 1% and (b) 1~ from a TD-
DFT calculation (TPSSh/Def2svp/PCM).

ure S17). The spectrum after one-electron oxidation (formation
of 2) is dominated by a band at 957 nm (14 060 M~'cm™),
which is attributed to HOMO—LUMO (Ayy=837 nm). The
dianionic precursor 2*~ does not show any intense NIR band,
but a shoulder at ca. 550 nm, as well as two bands at 451 and
484 nm (Figure S18). Accordingly, TD-DFT calculations do not
predict any electronic excitation in the NIR region for this
species. Conversely, transitions are computed at 544 nm
(HOMO—LUMO) and 404 nm (mostly HOMO-5—LUMO+ 1),
which are attributed to the experimental bands at 484 nm and
451 nm, respectively (Figure S19).

Finally, the experimental visible spectrum of 3 consists of a
main absorption located at 470 nm, which is assigned to f3-
HOMO-2—B-LUMO + 1 (Ayeq =508 nm) by TD-DFT.

Alcohol oxidation

The galactose oxidase-like reactivity of the copper complexes
has been investigated towards aerobic alcohol oxidation. The
complexes were dissolved in CH,Cl, containing the alcohol,
with or without exogenous base. The reaction mixture was
stirred under dioxygen at 298K and the products were
analyzed. The results are summarized in Table 6.

The first substrate to be investigated was benzyl alcohol.
For all the complexes a strong base (suspension of tBuOK)
proved to be essential for catalysis, as no TONs is achieved even
after 24 h reaction in its absence. This demonstrates the need
for alcohol deprotonation for an efficient catalysis. The hydroxyl
deprotonation indeed both favours its binding onto the metal
and lowers the energy of the C—H bond in a position of the
hydroxyl.?“**" The reaction in the presence of tBuOK proceeds
rapidly to produce benzaldehyde with TONs of 108 and 87 (1>~
and 3) at 1 h, which is significantly higher than copper acetate
in solution (20). The TONs do not vary much during 6 h, with
values of 90 and 104, respectively. When the copper(ll) complex
of H,L, was pre-formed in the glovebox and used as catalyst
instead of 3 the TON was slightly higher, with TONs of 162 and
131 after 1 and 6 h, respectively. The yield is almost constant or
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Table 6. Catalytic activity of the complexes.”

Complex  Substrate TONY (benzaldehyde/benzoate)

1h 3h 6 h 24 h
12~ Benzyl alcohol 108/18  95/34 90/48 103/78
3 Benzyl alcohol 87/6 108/28  104/73 138/115
30 Benzyl alcohol 162/29  139/52  131/105  188/170
Cu(OAc),  Benzyl alcohol 20/24 30/30 44/36 84/64
12~ 2-phenylethanol 0 0 0 0
3 2-phenylethanol 0 0 13 23
30 2-phenylethanol 18 21 60 33
Cu(OAc),  2-phenylethanol 0 0 0 0

[a] 0.08% in catalyst (0.5 mM), 0.6 M in alcohol, 1.2 equiv. of tBuOK in
CH,Cl, at 298 K under O,. T=100 K; [b] Copper(ll) complex of H,L, pre-
formed in the glovebox; [c] The two TON values given for the oxidation of
benzyl alcohol refer to benzaldehyde (first)/benzoate (second). The TON
refers to 2-phenylacetaldehyde when 2-phenylethanol was used as
substrate.

eventually decreases between 1 and 6 h, which prompted us to
analyzed the suspension: An extraction of the reaction mixture
with water allowed for the identification of potassium benzoate
in large amount in the aqueous phase by 'H NMR. No aldehyde
peak could be detected, due to the low solubility of
benzaldehyde in water. This demonstrates that the suspension
is composed of both tBuOK and potassium benzoate, and the
latter can be separated cleanly from benzaldehyde by a simple
extraction. Hence the catalysts exhibit a glyoxal oxidase-like
activity in addition to the targeted galactose oxidase one.**? |t
is worth noting that the TON for benzoate was largely inferior
to benzaldehyde during the first hours of catalysis, but regularly
increases with time. After 24 h the TONs approach that in
benzaldehyde, with values of 78, 115 and 178 for 1>, 3 and the
pre-formed copper complex of H,L,, respectively. Depending on
the experimental protocol and reaction time it is thus possible
to recover either benzaldehyde or benzoate. The reaction was
monitored by UV-Vis spectroscopy for both 1>~ and 3 (Fig-
ure S21). After 1, 3 and 6 h an aliquot was taken, filtered over
celite and diluted into dichloromethane for UV-Vis analysis:
After 1h the features of 1~ were detected, followed by a
bleaching in the visible region. It was not possible to attest the
formation of 1 due its low absorptivity above 300 nm and
overlap with benzaldehyde absorption. Overall these data
suggest that substrate oxidation generates a transient reduced
complex that is rapidly reoxidized under dioxygen (at least into
17), which can be accumulated for detection. This implies that
the rate limiting step during turnovers is the C—H bond
activation of the substrate and not reoxidation of the catalyst,
similarly to galactose oxidase.*? A transient species with an
absorption band around 400 nm could be detected in the case
of 3, but it could not be attributed to any characterized
chromophore.

We further screened the oxidation of the unactivated 2-
phenylethanol. For 3 and the pre-formed copper complex of
H,L, the TONs are modest, 23 and 33, respectively (after 24 h),
in line with the stronger C—H bond to be broken. No catalytic
activity could be detected for 12~

For both substrates the catalytic performance of the
complexes follows the trend 1>~ <3< pre-formed copper

Eur. J. Inorg. Chem. 2023, 26, 202200781 (8 of 11)

complex of H,L,. The lower activity of 1>~ appears surprising
given the high catalytic activity reported for a derivative
featuring a phenylene linker instead of the oxamate.”*" It might
be connected to the lack of redox participation of the bridge in
the catalytic process, as well as a shift in redox potentials.

Conclusion

Three complexes were prepared from oxamate-based tetraden-
tate N,O, ligands featuring either amidophenols or phenol
chelating groups. Unexpectedly, the latter moiety proved to be
more sensitive to oxidation, resulting in the isolation in air of
the copper complex under a highly stable Cu(ll)—quinone form
(Figure 11). We interpret this singularity by the fact that the
amidate connectivity does not only lower the oxidation
potential, but also provides a way for expending the conjuga-
tion in the oxidized ligand. In the other ligand family, the
oxidation potentials are low and the metal affects them
sufficiently for isolating complexes under distinct oxidation
states: The copper complex was isolated with an intact ligand
(two amidophenolate arms), whereas the nickel one was
crystallized under its mixed amidophenolate/iminosemiquinone
form, despite identical experimental conditions. In conclusion
the amidate function, which is usually known for stabilizing
trivalent copper, does not favours Cu(lll) formation in the
present series. A ligand-centered redox activity is observed with
both phenol and aminophenol peripheral rings, demonstrating
a dichotomy in the oxidation site when amidates are associated
to redox-active ligands. Finally, complex 3 and its precursor
demonstrate an interesting catalytic activity towards aerobic
oxidation of benzyl alcohol: Benzaldehyde or benzoic acid could
be recovered independently, the first being mainly formed at
the early stage of the reaction and the other progressively
along catalysis.

Experimental Section

Material and methods: All chemicals were of reagent grade and
were used without purification. NMR spectra were recorded on a
Bruker AM 400 ("H at 400 MHz) spectrometer. Chemical shifts are
quoted relative to tetramethylsilane (TMS). Mass spectra were
recorded on an ESI/QTOF Waters Xevo G2-S apparatus. The FTIR
spectra were recorded using a Nicolet iS10 spectrometer on

M'", base, O,

o ﬁ*‘
oo T "%}
o

M=Ni: 2
Radical formation

M = Cu: 1%

Quinone formatlon

Figure 11. Complexes isolated from H,L, and H,L,.
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crystalline material (ATR mode). UV/Vis spectra were recorded on a
Cary Varian 50 spectrophotometer. The Vis-NIR spectra were
recorded on a Perkin Elmer Lambda 1050 spectrophotometer. X-
band EPR spectra were recorded on a Bruker EMX Plus spectrom-
eter equipped with a Bruker nitrogen flow cryostat and a high
sensitivity cavity. Electrochemical measurements were carried out
using a Bio-Logic SP300 potentiostat. Experiments were performed
in a standard three-electrode cell under argon atmosphere. A glassy
carbon disc electrode (3 mm diameter), which was polished with
1 um diamond paste, was used as the working electrode. For the
electrolysis we used a carbon foam electrode. The auxiliary
electrode is a platinum wire, while the reference was an Ag/AgNO;
0.01 M in CH;CN. All the potentials are given vs. the Fc*/Fc redox
couple that was used as standard. The voltammetry curves were
recorded at 298 K, whereas the electrolysis were conducted at
233 K.

Synthesis: H,L,. This ligand was synthesized according to a
published procedure."

2-Chloro-N-(3,5-di-tert-butyl-2-hydroxybenzyl)acetamide: To a
stirred solution of 2,4-di-tert-butylphenol (1.03 g, 5 mmol) in acetic
acid (10 mL) and sulfuric acid (2 mL), was added 2-chloro-N-
(hydroxymethyl)acetamide (0.615g, 5 mmol) dissolved in acetic
acid (10 mL). After 8 h stirring, the reaction was stopped by
addition of ice water (50 mL), resulting in the precipitation of a
white solid. The precipitate was filtered off, washed with water, and
dried under vaccum. Yield: 1.482g (95%). '"H NMR (400 MHz,
DMSO) 6=9.06 (s, 1H), 8.95 (s, 1H), 7.13 (d, J=2.3 Hz, 1H), 7.03 (d,
J=2.4Hz, 1H), 4.23 (d, J=6.0 Hz, 2H), 4.18 (s, 2H), 1.34 (s, 9H), 1.23
(s, 9H). *C NMR (400 MHz, DMSO) 8 =168.44 (s), 151.67 (s), 141.32
(s), 136.98 (s), 125.53 (s), 125.11 (s), 123.08 (s), 42.73 (s), 35.14 (s),
34.32 (s), 31.91 (s), 30.17 (s). ESI-MS: m/z=312.1 [M+H]".

2-(Aminomethyl)-4,6-di-tert-butylphenol: To a solution of 2-
chloro-N-(3,5-di-tert-butyl-2-hydroxybenzyl)acetamide (0.775 g,
2.5 mmol) in ethanol (10 mL), was added hydrochloric acid (2 mL).
The resulting solution was heated at reflux for 4 h. After cooling to
room temperature, the solution was evaporated under vacuum. The
pale-yellow solid was then dissolved in CH,Cl, (50 mL). A saturated
sodium bicarbonate solution was added into the solution. After 1 h
stirring, the organic layer was collected, washed with water, and
dried under vacuum. Yield: 0.531g (90%). '"H NMR (400 MHz,
DMSO) 6=7.05 (d, J=2.3 Hz, 1H), 6.84 (d, J=2.3 Hz, 1H), 3.91 (s,
2H), 1.35 (s, 9H), 1.22 (s, 9H). >)C NMR (400 MHz, DMSO) 6 =154.74
(s), 140.11 (s), 124.27 (s), 123.62 (s), 122.12 (s), 44.14 (s), 34.95 (s),
34.25 (s), 31.98 (s), 30.07 (s). ESI-MS: m/z=236.2 [M+H]".

H,L,; To a solution of 2-(aminomethyl)-4,6-di-tert-butylphenol
(0.531 g 2.2 mmol) in methanol (5 mL), was added dropwise diethyl
oxalate (0.165 g 1.1 mmol). After overnight stirring at RT, a white
precipitate formed, which was collected by filtration and washed
with cold methanol. Yield: 0.387 g (67 %). 'H NMR (400 MHz, DMSO)
0=9.64 (s, 2H), 8.64 (s, 2H), 7.12 (d, J=2.1 Hz, 2H), 7.05 (d, J=
2.1 Hz, 2H), 4.26 (d, J=5.4 Hz, 4H), 1.34 (s, 18H), 1.20 (s, 18H). "*C
NMR (101 MHz, DMSO) 6=160.39 (s), 150.92 (s), 141.04 (s), 136.75
(s), 124.96 (s), 124.72 (s), 122.60 (s), 34.65 (s), 33.78 (s), 31.37 (s),
29.71 (s). ESI-MS: m/z=525.4 [M+H]".

[Cu(L,)I(N(n-Bu),), (1(N(n-Bu),),)): To a stirred solution of H,L,
(50 mg, 0.1 mmol) in methanol (2 mL), was added tetrabutylammo-
nium hydroxide (0.4 mL, 0.4 mmol). After 15 minutes, the solution
of copper acetate monohydrate (20 mg, 0.1 mmol) in methanol
(1 mL) was added to form a yellow solution. After 1 h stirring, the
solution was filtered on celite, and evaporated under vacuum. A
dark yellow solid was obtained. Yield: 92 mg (889%). Slow evapo-
ration of a concentrate solution of the complex affords brown
single crystals of 1(N(n-Bu),),. ESI-MS: m/z=555.1 [M—2(n-Bu),N)]".

Eur. J. Inorg. Chem. 2023, 26, 202200781 (9 of 11)

[Ni(L,)I(N(n-Bu),) (2(N(n-Bu),)): To a stirred solution of H,L, (50 mg,
0.1 mmol) in methanol (2 mL), was added tetrabutylammonium
hydroxide (0.4 mL, 0.4 mmol). After stirring for 15 minutes, the
solution of nickel acetate tetrahydrate (25 mg, 0.1 mmol) in
methanol (1 mL) was added to form an orange solution. After 1 h
stirring, the solution was filtered on celite, and evaporated under
vacuum. A dark red solid was obtained. Yield: 98 mg (95 %). Slow
evaporation of a concentrate solution of the complex affords brown
single crystals of 2(N(n-Bu),). ESI-MS: m/z=550.1 [M—(n-Bu),N]".

[Cu(L,)] (3): To a stirred solution of H,L, (50 mg, 0.1 mmol) in
methanol (2 mL), was added tetrabutylammonium hydroxide
(0.4 mL, 0.4 mmol). The resulting solution was heated at reflux for
1h, and the solution of copper acetate monohydrate (20 mg,
0.1 mmol) in methanol (1 mL) was added to form a dark red
solution. After 1 h stirring, the solution was filtered on celite, and
evaporated under vacuum. The raw product was purified over
Sephadex LH-20 (15 g) with methanol as eluent. After evaporation
of the solvent, the product was obtained as a dark red solid (16 mg,
27 %). Slow evaporation of a concentrated solution of the complex
affords dark red single crystals of 3. APCI-MS: m/z=582.3 [M+H]".

Crystal structure analysis. A single crystal was coated with a
paraffin mixture, picked up with nylon loops and mounted in the
nitrogen cold stream of a Nonius 4 circles diffractometer at 200 K.
The Mo—Ka. radiation (A=0.71073 A) from an Incoatec micro Mo-
target X-ray source equipped with Montel optics was used. The
data were collected with a Bruker APEXIlI detector. Final cell
parameters were obtained from refinements using the whole data.
Intensities were corrected for Lorentz and polarisation effects using
EVAL 14 and then for absorption using a multiscan method
implemented with the program SADABS. The structures were
solved and refined by charge flipping methods and subsequent
difference Fourier techniques. SHELX implemented by the Olex2
software was used for the refinement.”® All non-hydrogen atoms
were anisotropically refined and hydrogen atoms were placed at
calculated positions and refined as riding atoms with isotropic
displacement parameters.

Deposition Numbers 2180498 (for 1), 2180497 (for 2), 2181720 (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 Fachinformationszentrum Karls-
ruhe Access Structures service.

DFT Calculations: Full geometric optimizations were performed
with the Gaussian 16.0 program.®” The TPSSh® functional was
used together with the Def2svp basis set™ for the C,H,N,0 atoms
and the central metal ion. Solvent effects were included in all
calculations via an implicit model of solvent (PCM) accounting for
CH,C1,.”® Frequency calculations were systematically performed on
the optimized structures in order to ensure that they correspond to
a real energy minimum and not a saddle point. The ORCA software
(release 3.0.1)%% was used to calculate the EPR parameters (g-
factors) on the above optimized structures. For this purpose the
B3LYP functional was used, in combination with the RIJCOSX
approximation.®”” An increased grid, as well as tight SCF and slow
convergence criteria were used. The Def2-TZVP basis set'*** was
used for the atoms of the ligand, with a partially contracted core-
property basis set CP(PPP)®? for the nickel and copper ions. This
basis set is based on the TurboMole DZ basis developed by Ahlrichs
and coworkers and obtained from the basis set library under
ftp.chemie.uni-karlsruhe.de/pub/basen. A complete mean field
approach was used (Coulomb terms treated via RI). The isotropic
and dipolar part of the HFC were calculated and relativistic effects
were taken in account by using the ZORA Hamiltonian."*” The zero
field splitting parameters were calculated using the same func-
tional/basis set, with the coupled-perturbated method and the
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calculation of the SS term with a restricted spin-density from the
singly occupied unrestricted natural orbitals. The Multiwfn was
used to analyze orbital wavefunction and electron spin density."

Catalysis: 0.6 mmol of an alcohol substrate and 0.72 mmol of
potassium tert-butoxide (solid form) were introduced to a glass
tube. 1 mL of a solution of the copper catalyst was added and the
tube was immediately sealed with a septum and purged with
oxygen using a syringe (3-time purge). The mixture was shaken at
room temperature and aliquots of 30 ul were taken after 1, 3, 6 and
24 h. The tube is purged once with oxygen after the aliquots were
collected before continuing the catalysis. The aliquots were directly
dissolved in CDCl; for immediate '"H NMR analysis (benzaldehyde
detection) or extracted with water (detection of benzoate).
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