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Heterometallic CuCd and Cu,Zn complexes with
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magnetic relaxation and catalytic activity
associated with Cu(i) centresy
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In this work, two novel heterometallic mixed-ligand mixed-anion complexes [Cu"Cd"ClL(o-Van)
(OAC)]-3H,0 (1) and [Cuan"Clsz(o-Van)(OAc)] (2) were prepared by reacting fine copper powder and
Cd(i) or Zn(i) acetate with an ethanol solution of the Schiff-base ligand HL formed in situ in the conden-
sation reaction of 2-hydroxy-3-methoxy-benzaldehyde (o0-VanH) and CHzNH,-HCl. The compounds
were thoroughly characterized by elemental analysis, FT-IR, UV/Vis and EPR spectroscopy, cyclic voltam-
metry, and single-crystal X-ray diffraction, revealing the neutral molecular nature of both the compounds.
Catalytic properties of 1 and 2 were studied in the oxidation of hydrocarbons with H,O, under mild con-
ditions, showing the maximum reaction rate of 4 x 107° M st and TOF up to 640 h™’. Both compounds
undergo complex transformations in solution as evidenced by kinetic analysis and time-dependent UV/Vis
spectroscopy, indicating that the reduced Cu() form of 1 is unexpectedly unfavorable. Complex 1 demon-
strates slow magnetic relaxation dominated by the direct relaxation process between T = 1.8 and 7 K under
an external DC field of 0.2 and 0.4 T, a very rarely observable effect in the coordination compounds of Cu(i).
Complex 2 possesses weak ferromagnetism (J = 4.50 cm™, zJ' = —0.201 cm™ for H = =J5;S, formalism)
occurring through the Cu—-O-Cu pathways. Theoretical CASSCF, DFT and TDDFT calculations were applied
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Introduction

Natural metal-containing enzymes such as the cytochrome
P450 or methane monooxygenase (MMO) families play a
crucial role in biological systems, serving as versatile catalysts

“Department of Chemistry, Taras Shevchenko National University of Kyiv,

64/13 Volodymyrska Str., Kyiv 01601, Ukraine. E-mail: vassilyeva@univ.kiev.ua
bCentro de Estudos de Engenharia Quimica, Instituto Superior de Engenharia de
Lishoa, Instituto Politécnico de Lishoa, R. Conselheiro Emidio Navarro, 1,

1959-007 Lishoa, Portugal. E-mail: oksana.nesterova@vis.isel.pt,
dmytro.nesterov@vis. isel. pt

Faculty of Chemistry, University of Wroclaw, 47 Joliot Curie, 50-137 Wroclaw,
Poland

INational Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”,
37 Beresteiskyi Ave., Kyiv 03056, Ukraine

School of Molecular Sciences, M310, University of Western Australia, Perth,

WA 6009, Australia

1 Electronic supplementary information (ESI) available: Experimental protocols,
IR and EPR spectra, crystallographic bonds and angles, figures of the DFT opti-
mized structures, listings of the calculations output and cartesian atomic coordi-
nates. CCDC 1958659 1960155. For ESI and crystallographic data in CIF or other
electronic format see DOI: https://doi.org/10.1039/d4dt03571b

This journal is © The Royal Society of Chemistry 2025

to investigate the electronic structures of 1 and 2 and rationalize their behavior in solution.

in the oxidation of unactivated C-H bonds of various organic
substrates.'™ The ability to mimic these enzymatic processes
continues to attract considerable research interest in the devel-
opment of metal complexes with analogous catalytic pro-
perties.> Coordination compounds of copper attract special
attention in this field due to the high occurrence of copper-
mediated enzymatic processes. Furthermore, copper is a
cheap, abundant 3d metal whose compounds typically possess
low toxicity to higher living organisms.” The catalytic pro-
perties of copper compounds are associated with the ability of
copper to participate in several stable oxidation states, which
can be interconverted with low overpotential. This property is
particularly important for catalytic cycles that are highly
involved in redox processes. These features stipulate the broad
applications of copper-based catalysts in contemporary cataly-
sis and preparative organic chemistry.”>”

Careful tuning of the properties of a copper catalyst could
be achieved through the creation of a specific coordination
environment as well as the incorporation of a closely located
metal centre of different kind. The pronounced influence of
the second redox-inactive metal on the main catalytic centre
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(synergic effect of dissimilar metals) has been demonstrated in
many artificial examples, where the second metal stabilizes
the uncommon oxidation state of the redox-active 3d metal.?
Prominent examples include the stabilization of the Co" high-
valent metal-oxo species”'® or activation of manganese-oxo
clusters'' by the presence of redox-inactive metal ions. Some
of us have reported on the effect of a pronounced enhance-
ment of the catalytic activity for Co™Cd"™ and Co™Zn"
catalysts'>"? in comparison to the parent Co™ complex in the
mild hydroxylation of sp®> C-H bonds with organic peroxides.
The synergic catalytic effect of the heterometallic complexes is
also recognized for the case where the second metal is also
redox-active, but has properties different from those of the
main metal. For instance, this effect was manifested by the
Col"Fel Schiff-base compound, which revealed an exception-
ally high catalytic activity in the oxidation of C-H bonds with
H,0, or m-chloroperoxybenzoic acid."*'® Thus, heterometallic
catalysts have found numerous applications in chemistry, pro-
viding the catalytic parameters that are hardly achievable for
homometallic catalysts.'®'”

In our ongoing research, we focus on the design of hetero-
metallic complexes, exploring new combinations of metal
centres and ligands to unravel the intricate factors that govern
their catalytic behavior and other functional properties.'>***82°
The formation of polymetallic cores induces the appearance of
magnetic coupling and redox-interactions between the bridged
paramagnetic centres, and an examination of the exchange
interactions is a necessary routine in the search for new
findings.””*' The principal feature of this synthetic pathway
towards heterometallic complexes is the use of a zerovalent
metal powder with another metal salt in their reaction with a
non-aqueous solution of a proton-donating ligand in air."®*?
Dioxygen from the air is reduced to give H,O, the only by-
product of the interaction. This strategy resulted in many 3d/
3d and 3d/4d heterobimetallic and 3d/3d/3d heterotrimetallic
compounds with fascinating structures and properties.'®>*%”

In the present work, two novel heterometallic mixed-ligand
mixed-anion complexes [CuCdCIL(o-Van)(OAc)]-3H,0 (1) and
[Cu,ZnCl,L,(0-Van)(OAc)] (2) (Scheme 1) were prepared by
reacting a fine copper powder and Cd(u) or Zn(u) acetate with a
methanol solution of the Schiff-base ligand HL formed in situ
from 2-hydroxy-3-methoxy-benzaldehyde (o-vanillin, o-VanH)
and CH;3;NH,-HCI. The catalytic performance of complexes 1
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Scheme 1 Structural formulas of [CuCdCIL(o-Van)(OAc)l-3H,0O (1) and
[CusZNnCl,L,(0-Van)(OAc)] (2).
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and 2 in the hydroxylation of a series of hydrocarbons with
H,0, as an oxidant under mild conditions in the presence of
various promoters was examined. Direct current (DC) and
alternating current (AC) magnetic susceptibility measurements
provided clear evidence of a field-supported slow magnetic
relaxation of complex 1 at low temperature. Theoretical DFT
and CASSCF calculations provided useful insights into the
electronic properties, magnetic interactions, and catalytic reac-
tion pathways for the analysed compounds.

Results and discussion
Synthesis and IR spectroscopic characterization

Based on the previous successful experience of obtaining het-
erometallic Co™/M" (M" = Mn, Co, Cd, Zn) complexes with the
HL ligand using a salt of one metal and a powder of another
with free access to air oxygen,'>"'*?*%%° copper powder and Zn
or Cd salts were used as a source of metals for the syntheses of
complexes 1 and 2 (see ESIt for details). The use of methyl-
amine hydrochloride instead of a conventional aqueous solution
of the amine in the in situ ligand preparation led to the appear-
ance of chloride anions in the reaction media competing with the
acetate groups of the metal salt. The reaction conditions favour
partial amine-aldehyde condensation, yielding a combination of
two kinds of aromatic ligands in both compounds.

The elemental analysis and IR spectroscopy data agree with
the presence of both deprotonated o-vanillin and HL ligands
in 1 and 2. The characteristic vibrations of both Schiff-base HL
(ve—n~ 1634 em™, Vpromocn, 1254 em™!) and o-vanillin (vc—o
1640 cm™, var.om/cn, 1258 ecm™) are clearly observed in the
spectra of 1 and 2 in the respective regions (Fig. S1t). Acetate
groups are identified in the spectra of 1 (v, 1612 cm™, v
1462 cm™') and 2 (v, 1615 cm™, 15 1465 cm™") as the most
intense absorptions, partially overlapping with the deproto-
nated iminophenol and o-vanillin bands.

Crystal structures

Compound 1 crystallizes in the triclinic space group P1
(Table S17); the neutral molecule contains two metal centres,
the deprotonated Schiff-base and o-vanillin ligands, as well as
acetate and chloride ligands (Fig. 1, top). The Cu---Cd pair of
metals is bridged by two phenolate p-O atoms from the two
ligands, resulting in the metal-metal separation of 3.395 A.
Major part of the molecule, except for the coordinated Cl atom
and the acetate group, is essentially planar. The coordination
around the Cu atom is square planar with the Cu-N/O bond
lengths falling in the range of 1.9095(19)-1.937(2) A, the cis
bond angles at the metal atom varying from 81.62(8)° to 93.05
(9)°, and the trans angles approaching 175° (Table S2t). The
Cd atom is seven-coordinate, adopting a distorted pentagonal
bipyramid environment, with the Cd-O distances ranging
from 2.3136(18) A to 2.5377(19) A, and a Cd-Cl separation of
2.4773(8) A (Table S21). The bond angles at the metal atom
vary in the range 64.78(6)°-164.54(7)°. The hydrogen bonds
formed by the uncoordinated water molecules in the structure

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Molecular structures and principal labelling of [CuCdCIL(o-Van)
(OAC)]-:3H,0 (1) (top) and [Cu,ZnCl,L,(0-Van)(OAc)] (2) (bottom) with
ellipsoids at the 50% probability level.

of 1 join the heterometallic assemblies into a 1D H-bonded
chain along the a-axis (Fig. S2a and Table S37).

Compound 2 crystallizes in the orthorhombic space group
Pca2, (Table S17); the neutral molecule contains three metal
centres, two deprotonated Schiff-base ligands, one deproto-
nated o-vanillin, one acetate and two chloride ligands (Fig. 1,
bottom). Each pair of metals (Cu---Cu and Zn---Cu) is bridged
by two p-O atoms from two ligands. The deprotonated o-vanil-
lin and one L~ ligand link the two copper atoms, and the
other deprotonated Schiff base and the acetate group bridge
the Cu---Zn pair, enabling the metal-metal separations of
3.123 A and 3.167 A, respectively. The coordination polyhedron
around the zinc centre can be viewed as a distorted square
pyramid. The distance to the axial methoxy oxygen atom,
d(Zn1-022) = 2.398(3) A, is significantly longer than those to
the other ligands; the mean of the two other Zn-O and two
Zn-Cl bond distances are equal to 2.078 A and 2.227 A,
respectively (Table S41). The cis bond angles at the Zn atom
vary from 72.17(11)° to 126.23(5)°, and the trans O1-Zn1-022
angle is 146.43(11)°. The copper atom Cu2 in the structure of 2
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is heptacoordinate with the five Cu-O/N bond distances lying
in the range from 1.944(3) A to 2.291(2) A, and the two long
contacts Cu--O12 and Cu--O32 constituting 2.505(3) A and
2.916(3) A, respectively (Table S41). The existence of these
weak contacts is obvious from the point of view of saturation
of the coordination environment of the Cu2 centre. Also, the
analysis of the electron density in terms of the Quantum
Theory of Atoms in Molecules (QTAIM)**?! revealed the pres-
ence of the bond critical points (BCP, Fig. S31) of the long con-
tacts Cu---O12 and Cu---O32 with the electron densities p(rpcp)
of 0.025 a.u. and 0.011 a.u., respectively. The bond angles at
the metal atom vary from 59.23(10)° to 171.44(14)° (Table S47).
The coordination about Cu3 is almost a regular square
pyramid with the four basal Cu-N/O bond lengths falling in
the range of 1.935(3)-1.966(4) A and the fifth apical bond Cu3-
02 at 2.260(3) A to the acetate oxygen being strongly elongated
(Fig. 1, bottom; Table S4t). The bond angles at the metal atom
vary from 83.01(13)° to 172.58(17)°. In the crystal structure, the
trinuclear molecules of 2 related by a 2-fold rotation axis are
stacked parallel to the ac plane (Fig. S2bt). The minimal
metal-metal distance of 7.7865(9) A in the lattice is between
the Zn1 and Cu2 atoms of the adjacent molecules in a stack.
The weak C-H---Cl hydrogen bonding (Table S3t) consolidates
the extended supramolecular 3D network structure.

Cyclic voltammetry

The electrochemical features of 1 and 2 were probed by cyclic
voltammetry in methanol solutions in the potential range
from +1.0 to —1.0 V. The cyclic voltammograms (CV) are given
in Fig. S4.1 The anodic scans, starting from the open circuit
potential (0.03 and 0.25 V vs. Ag/AgCl for 1 and 2, respectively),
display clear irreversible oxidation peaks at +0.73 V for both
compounds. A similar behavior was observed in the case of the
electrochemical response of the Fe(ur) complex with o-vanillin
[FeCl(o-Van),(H,0)] measured in the same conditions, where
the irreversible peak at +0.71 V in the anodic scan was associ-
ated with the oxidation of the o-vanillin ligand.? In the CVs of
both complexes, the ill-defined oxidation waves at Ep, ~ +0.42
V coupled with corresponding reduction waves at Ep,. ~ +0.40 V
(demonstrating the non-equivalent current intensity of the
cathodic and anodic peaks) indicate a quasi-reversible redox
process which can be related to the L™ ligand. During the first
cycle, in the backward scans, the reduction of Cu®*" to Cu®
occurs at potentials lower than —0.40 V and is followed by a re-
oxidation process at 0.033 (1) and 0.045 V (2). The reduction
from Cu®" to Cu® is superimposed with the solvent reduction
peak evidenced by comparing the CVs of the complexes and
supporting electrolyte solutions in methanol (Fig. S51), while
the reduction to Cu'" is not observed. This finding may be due
to the presence of acetate ions in 1 and 2, as it was reported
that the Cu**/Cu” redox process was not observed for the
copper(u) acetate complex with the bis(3,5-dimethylpyrazol-1-
yl)methane ligand (L').** During the anodic scan of the CV of
1, a shoulder at —0.036 V is detected, which evolves into a sep-
arate peak in further cycles. The origin of the related oxidation
process was not recognized.
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EPR spectroscopy

The polycrystalline X-band EPR spectra of the magnetically
concentrated samples of 1 and 2 were recorded at different
temperatures (298 and 77 K). The spectra show a typical axial
pattern with no resolved hyperfine structure (Fig. S6,f top).
There is no change in the line shape, line width and resolution
as a function of temperature for both complexes; no half-field
signal is observed. The X-band EPR spectrum for 2 does not
provide any evidence of Cu(u)-Cu(u) interaction. The aniso-
tropic EPR spectral features can be associated with the axial
symmetry having d,.,. ground state with the square planar,
square pyramidal or elongated octahedral geometry of the
copper polyhedron (the ground state was confirmed by the
theoretical studies, see below). The observed g values g, = g, =
2.055, g, = 2.20 (gay = 2.106) for 1 and g, = g, = 2.057, g, = 2.28
(gav = 2.131) for 2 agree with the observed distorted coordi-
nation environment of copper(n) ions in both complexes. The
X-band spectrum of the frozen solution of 1 in DMF demon-
strates the same symmetry where the hyperfine structure
arising from the interaction with a copper nucleus is clearly
seen (Fig. S71). The simulation of the spectrum resulted in
g-factors close to those obtained for the solid samples, con-
firming the preservation of the structure of 1 in solution.

The room temperature Q-band EPR spectrum of 2 is shown
in Fig. S6,T bottom, where the strong transition at 8000 G con-
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firms the ferromagnetic behaviour of the compound. The
respective signal can be understood as an unresolved absor-
bance from AM; = 2 transition. A similar broadening effect of
the EPR spectra of the copper dimeric system was observed
earlier.*® The spectra show axial symmetry similar to that
observed in the X-band region.

Magnetic measurements
DC magnetic measurements

The molar magnetic susceptibility for complex 1 has been con-
verted to the yT product whose temperature dependence is
displayed in Fig. 2, top left. The field dependence of the mag-
netization per formula unit M; = M,,1/Npup at constant temp-
erature is shown in Fig. 2, bottom left.

Given the diamagnetic character of Cd(u) ions, from a mag-
netic point of view, complex 1 can be considered a monomeric
compound. The product function y\,T (and/or the effective
magnetic moment) for 1 (Fig. 2, top left) systematically
decreases on cooling from room temperature down to T =
25 K; ynT (300 K) = 0.47 em® mol™" K (iege = 1.92u3) is slightly
higher than the spin-only value of 0.37 cm® mol™" K (1.73up)
calculated for Cu"™ (with S = '/, and g,, = 2.00). Below 25 K, a
rapid decrease of the y\T product is observed up to yT (1.8 K)

©
1.0

% /cm®mol™
;
1)
[eo]
M, lowgwoy | X

T T T T T
0 50 100 150 200 250 300
T/K

B/T
2

Fig. 2 DC magnetic data for 1 and 2. Top: temperature dependences of the yuv (squares) and ymT (circles). Bottom: field dependences of the mag-
netization per formula unit. The solid lines (on both graphs) are calculated using the PHI program.*®
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= 0.32 em® mol™ K (1.614g). The magnetic features indicate
rather weak antiferromagnetic exchange interactions. A signifi-
cant contribution of the temperature-independent paramag-
netism (TIP) is reflected in the slope of the y\T dependency at
higher temperatures. At 2.0 K and 5 T magnetization per
formula unit, M; = My,,1/Napg reaches the maximum value of
M, = 0.98ug (Fig. 2, bottom left), which is adequate for the
ground state S = /,.

The fitting of the magnetic data of 1 [simultaneous fitting
of yT(T) and M(H) dependences] was carried out using the PHI
program for the S = 1 spin state,”” considering various Cu---Cu
intermolecular interactions transmitted through hydrogen
bonds, described by the effective z/' parameter (where z is the
number of adjacent paramagnetic species around a given
copper centre). The TIP was also included in the fitting pro-
cedure. The best agreement with the experimental magnetic
data for 1 was obtained with zJ' = —0.1 ecm™, g = 2.09, and TIP =
407 x 107 em® mol™, R = Y[(yT)exp — (yT)calc]*/ Y [(xT)exp]* =
7.1 x 107" (solid lines in Fig. 2, left). The value of the zJ' para-
meter is consistent with a very weak antiferromagnetic charac-
ter of 1 due to a long distance between the nearest Cu(u) ions
in the crystal lattice (6.06 A). The correctness of the obtained
results was confirmed by alternative calculations using a sus-
ceptibility equation (eqn (1)) with a molecular field correction
(eqn (2)) (Fig. S8t).

The least squares fit of the experimental data by these
expressions leads to the following parameters: g,/(Cu) =
2.09 and zJ' = —0.102 cm™", TIP = 406 x 10~° cm® mol™", R =
6.21 x107°.

gZN/}Z

M= 3T S(S+1) (1)

/ M
M= 12—2,], (2)
- (g

The TIP value is notably higher than the established value
of 60 x 107® cm® mol™ for Cu(u) compounds. Since the
repeated magnetic measurements using two different SQUID
(MPMS and MPMS3) magnetometers showed the same result,
the possibility of the slope of the yT plot being an experi-
mental issue was ruled out. Although the origin of the
observed phenomenon remains unclear, it is known in the lit-
erature for several metal ions. In the case of copper(u) com-
plexes, TIP values as high as 309 x 107°® 360 x 107°°” and

413 x 10~% cm® mol ™" (ref. 36) have been previously reported.
In the case of 2, the y,T value (or magnetic moment) [ per
two Cu(u) centres] vs. temperature shows an increase from
1.09 cm® mol™" K (2.9545) at 300 K to 1.19 cm® mol™* K
(3.09u3) at 8.0 K (Fig. 2, top right). Below this temperature, the
T product decreases down to 0.97 cm® mol™" K (2.78u3) at
1.8 K. This magnetic feature evidences the presence of
ferromagnetic exchange coupling between two Cu(u) ions
(Sa = Sy =1) that can be described by the model of binuclear
units, together with various additional Cu---Cu inter-
molecular interactions transmitted through hydrogen

This journal is © The Royal Society of Chemistry 2025
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bonding (z/' parameter). The calculations were based on
the Heisenberg-Dirac-Van Vleck Hamiltonian in zero field
given by eqn (3)

H = —JSASs — 7J'(S,)S, (3)

using the PHI program (simultaneous fitting of yT(T) and
M(H) dependences). The TIP was also included into the fitting
procedure. The best agreement with the experimental mag-
netic data for 2 was obtained with J = 4.50 ecm™, z' =
-0.201 cm™', g = 2.18, TIP = 68 x 10™° em® mol™, R = X[(4T)
exp — (yT)calc]/Y[(yT)exp]” = 2.1 x 1077 (red lines in Fig. 2,
right). The calculated curve matches the magnetic data well.
The maximum value of magnetization [per formula unit M; =
Mo/ (Napg)] at B=5 T and T = 2.0 K of 1.94y5 is very close to
the saturation value expected for the S = 1 ground state (Fig. 2,
bottom right). The magnetic data clearly confirm the weak
ferromagnetic character of complex 2.

The explanation of these properties fits into the theories
presented so far.***® For dimers with planar or near planar
Cu,0, cores, this weak ferromagnetic interaction present in
complex 2 is a result of an interplay of several structural para-
meters: the two differing Cu-O-Cu angles, ¢ = 94.91° and
103.26° (for ¢ > 97.5°, the interaction is predicted to be anti-
ferromagnetic, S = 0 ground state; and for ¢ < 97.5°, the
ground state is S = 1 and the interaction should be ferro-
magnetic), the Cu---Cu distance of 3.123 A, and the dihedral
distortion angle between the two CuO, planes of the LCu(p-
0),Cu(0-Van) fragment (§ = 155.4°) being far from 180° (a
typical value for strong antiferromagnetic interaction).
Moreover, the presence of an additional exchange path
through the acetate bridge may reduce the strength of ferro-
magnetic interactions. However, the appreciable intensity of
the intermolecular interaction (zJ') in 2 may indicate the pres-
ence of a non-negligible second exchange pathway within the
compound, which can be attributed to non-covalent bonding
in the crystal lattice.

AC susceptibility

AC susceptibility data were acquired first at 7= 2.0 K for a set
of representative frequencies of the alternating field (f = 1.0,
11, 1111, and 1116 Hz) by ramping the magnetic field from
zero to Bpc = 0.5 T or even higher; the working amplitude
Buc = 0.3 mT was used. For both complexes, there is no absorp-
tion signal (out-of-phase susceptibility component y") at the
zero magnetic field owing to the fast magnetic tunnelling. In
the case of 1, the out-of-phase susceptibility y” increases with
the applied field up to a maximum, and is then attenuated
(Fig. 3). This graph shows the regions in which individual fre-
quencies yield the maximum response, and indicates that 1
can exhibit the field-induced slow magnetic relaxation.

The next scans of the mapping magnetic response were per-
formed at a fixed external magnetic field Bpc = 0.2 and 0.4 T,
changing the frequency between f= 0.1 to 1500 Hz for a set of
temperatures between T = 1.8 and 7 K (Fig. 4). The out-of-
phase susceptibility curve shows a well-developed peak at 2 K

Dalton Trans., 2025, 54, 6117-6132 | 6121
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Fig. 3 Field scan of the AC susceptibility for 1 at T = 2.0 K for four trial
frequencies. Vertical marks indicate the frequencies selected for a
detailed mapping. Lines — visual guide.

and Bpc = 0.2 T with the maximum lying at f = 350 Hz. With
increasing external field (Bpc = 0.4 T), the peak at the y” vs. f
function moves to lower frequencies around 80 Hz at 7= 2.0 K.
The AC susceptibility data were fitted using CC-FIT2 software*!
by employing the Generalized Debye model (appropriate if the
experimental Argand diagram can be recovered using a small
value of the parameter o, i.e., 0 < a < 1) (Fig. 4, S9;T Tables S5,
S67). The experimental curves without maxima were omitted.
The fitting procedure gave the value of the relaxation time at
2 Kequal 7=5.17 x 107" s at 0.2 T and 7 = 3.95 x 107> s at
0.4 T. Upon heating, the relaxation time decreases as expected
to7=1.29x10""sat 0.2 Tand 7= 5.28 x 10~ s at 0.4 T and
T=7.0K.

Fig. S101 shows the temperature dependence of the relax-
ation rates, which can be converted to the relaxation time
using equation 7" = exp(—{In(z)}). A fit to the linear function
was used in determining the direct-process parameters, pro-
ceeding according to the formula z~'(T) = 10°T, where D is
equal to logo[s™" K™']. The exponent D = 3.057 logyo[s ™" K]
exceeded the limit expected for the direct relaxation pro-
cesses. At Bpc = 0.4 T, the end part (above 5 K) of the In 7 vs.
In T dependence does not follow a linear relationship. Fitting
the entire data set is possible using two models: the direct
relaxation process and Raman process according to the
formula 7 (T) = 10°7T", where R is equal log,o[s”" K™']. The
linear fit gave n = 1.4, R = 1.931logo[s™* K] and D =
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Fig. 4 Frequency scan of the AC susceptibility for 1 at fixed Bpc for
varied T. Lines — fitted.

—6.11logo[s" K™']. The value of n favors the direct relaxation
process.

Single molecule, as well as single ion magnetism, is not
expected for Cu(u) complexes due to the low spin state S = 1
and the absence of a barrier to the spin reversal: the axial zero-
field splitting parameter D is undefined. The presence of a
relaxation process in complex 1 can be caused by structural
and geometry peculiarities of the Cu(u) environment. The
chromophore around the copper centre is distorted due to the
asymmetric O;N environment of the ion, non-similar metal-
ligand distances and angle values different from 90°. Such an-
isotropic systems showing at least two distinct g, # g, values
are clearly seen in the axial signal of the EPR spectra. Thus,
magnetic anisotropy exists even in the absence of zero-field
splitting. It is worth noting that SMMs were identified for a
variety of Cr(u), Mn(m), Fe(m), Fe(u), Fe(1), Co(n) and Ni(u)
systems.*> Only four examples were found among the mono-
nuclear Cu(i) complexes, most of which had pentacoordinate
[Cu(12-TMC)CI][B(C¢H5)4] (12-TMC = 1,4,7,10-tetramethyl-
1,4,7,10-tetraazacyclododecane)*’ or hexacoordinate
[Cu(pydca)(dmpy)]-0.5H,0** (pydca = pyridine-2,6-dicarboxy-
lato, dmpy = 2,6-dimethanolpyridine) and [CuLL',(H,O)] (L =
2,6-dimethanolpyridine and HL' = 3,5-dinitrobenzoic acid)*’
geometry around the Cu(u) ion.
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Electronic structures and exchange
couplings

The presence of a single paramagnetic atom in 1 (a copper
centre) enabled the use of Ab Initio Ligand Field Theory
(AILFT) calculations, which allow for purification of the
valence d-orbitals of a metal centre, as implemented in the
ORCA 5.0.4 software package (see ESIf for details)."® The
AILFT calculations were performed at the DKH-def2-SVP/DKH-
def2-TZVPP (for Cu and surrounding atoms)/SARC-DKH-TZVP
(for Cd)* level operated in the CAS(9,5) active space of the
copper 3d-orbitals for the molecular structure 17°F" with the
positions of the hydrogen atoms optimized at the PBEO/ma-
def2-SVP level.***” The unpaired electron is located at the 2b;,
d,._y. orbital (Fig. S11, Listing S17), as expected for the Cu(u)
centre in a square-planar coordination environment. The
remaining low-lying 3d orbitals are non-degenerate due to the
asymmetric O;N surrounding of the copper centre.
Involvement of the 4d copper orbitals to give the CAS(9,10)
active space does not have a pronounced influence on the rela-
tive energies of 3d orbitals.

The CASSCF/NEVPT2 AILFT construction of the g-matrix for
the molecule of 1"°"" (Fig. S117) gave g, = 2.072, g, = 2.076
and g, = 2.348. The same calculation performed for the
inverted disordered o-vVan™ and L~ ligands resulted in similar
g-factors. The correct prediction of g-factors requires involve-
ment of excitations from low-lying orbitals.>® Thus, the present
results follow the experimentally determined values (g, = g, =
2.055, g, = 2.20) only to a limited extent.

Although the copper centres in the structure of 1 are separ-
ated at 6.062 A and 6.100 A, it is known that exchange coupling
may exist even at such distances.>® The magnitude of the long-
range exchange interactions between the paramagnetic centres
in 1"°"T was evaluated through the broken symmetry (BS)
DFT calculations, which provide a useful and straightforward
mechanism for estimating the magnetic couplings in poly-
nuclear systems.>>>* The respective calculations at the B3LYP/
def2-SVP (def2-TZVPP for copper atoms) level””>*” using the
crystallographic coordinates yielded J = —0.12 and —0.2 cm ™"
for the d(Cu---Cu) = 6.062 and 6.100 A pairs, respectively. The
fragment constructed from three molecules of 1 with the
“central” molecule copper atom replaced by the diamagnetic
zinc one [d(Cu---Cu) = 12.088 A] resulted in a negligible value
of J = 0.01 cm™". The predicted long-range J couplings fit well
with the experimentally obtained mean value of z' =
—-0.1cm™.

The SA-CASSCF calculations of complex 2 were performed
at the same level as for 1, except for the absence of a
SARC-DKH-TZVP basis set, which was applied for the
cadmium atom in 1. The Cu"(p-O),Cu™ coordination core of
2MOPT was oriented with the origin of coordinates placed
between the copper centres, while the x- and y-axes are in the
plane of the core. The CAS(18,10) calculation involving all 3d
orbitals of both copper atoms (Fig. S12t) results in the triplet
ground state with the first singlet state located just 5.8 cm™*
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above it. The NEVPT2 correction resulted in an even lower gap
of 3.8 cm™". Although CASSCF(NEVPT2) is expected to under-
estimate the exchange couplings due to the absence of exci-
tations beyond the active space, it resulted in a good agree-
ment in the present case with the experimentally observed
singlet-triplet gap (4.50 cm™"). The state-averaged calculation
over the first 10 roots for the singlet and triplet multiplicities
resulted in two groups of doubly-generate orbitals having e”
and e’ symmetries, and a low-lying group of six orbitals with
the energies being close to six-fold degeneration (Fig. S127).
The ground state of the molecule represents the single-refer-
ence triplet, where the unpaired electrons are located at the
molecular orbitals representing the mixture of d,._,. orbital of
Cu3 and d,. orbital of Cu2 (72% contribution in total). Such
distribution of the highest-energy 3d-orbitals is the outcome of
the square-pyramidal coordination environment around Cu3
and the complex heptacoordinated sphere around Cu2 with
rather short axial Cu-O(N) distances in the latter case. The
first single state is of pure multireference character showing
the equal mixture of [20] + [02] configurations, where the pairs
of electrons are distributed over the top-energy e” level.

The DFT broken symmetry B3LYP/def2-TZVPP level (for all
atoms) calculations of 27°%T resulted in the Eyg — Egs gap of
—28.51 cm™*, which corresponds to J = 56.86 cm™" (for H =
—J$,8, formalism) after spin decontamination through the
Yamaguchi®® approach. Since the crystal structure of 2 shows
possible weak contacts between the copper atoms and
n-systems of the neighboring molecule of the heterometallic
complex, the new fragment was constructed by selecting the
molecule of 2 and closely located o-vanillin ligand to give the
2H9PT.o.vanH fragment (Fig. S13t). All H-atoms are optimized,
while keeping the positions of the other atoms constrained.
The presence of the o-vanillin molecule slightly affected the
calculated exchange coupling constant, which becomes
55.30 cm™". These values confirm the ferromagnetic coupling
that was determined experimentally (Fig. 2, right). The overes-
timation of the exchange coupling magnitude can be the
result of numerous factors, such as the influence of the
nearest environment on the molecule in the solid state.
Furthermore, according to the CASSCF studies, the singlet
state of 2 possesses multireference character, while the DFT
calculations consider both states as the single-reference ones.
In this way, it shows the incorrect fundamental description of
the electronic structure of 2 by the DFT method, and as a
result, the significant overestimation of the exchange coupling
predicted by the broken symmetry calculations.

The BS methodology itself has significant limitations
arising from the physically unrealistic broken symmetry state,
which represents a rather crude approximation to the closed-
shell singlet one.”®° Another source of error is the estimation
of absolute electronic energies through the DFT methods,
which has significant dependence on the functional, leading
to the development of a huge variety of DFT functionals that
can be more or less accurate in specific cases.®® To illustrate
the variability of the results in our case, we screened several
general purpose DFT functionals towards the estimation of the
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exchange couplings in the Cu, system in 2", as well as in
the reference compound [Cu,(H'BuDea),(OAc),] (H'BuDea =
singly deprotonated tert-N-butyldiethanolamine), for which the
singlet-triplet gap was determined with high precision (Jexp =
—-130.1 em™) and confirmed by the high-field EPR investi-
gations.®® For complex 2"°F", the hybrid functionals B3LYP,
M06,*> TPSSh,*® and PBEO gave the spread of the predicted J
values ranging from 48.78 cm™" to 77.06 cm™" when using the
def2-TZVPP basis set for copper atoms, and def2-SVP set for all
of the other ones (Table S71). The meta-GGA TPSS,** r’SCAN®®
and MO6L®* functionals resulted in J values from 80.24 to
114.92 cm™", while the GGA functional BLYP afforded a J value
of 75.94 cm™'. The range-separated hybrid ®B97M-V and
©B97X-D4 functionals®®®” gave J of 39.9 and 44.18 cm™.
Dependence on the basis was found to be almost negligible,
considering the overall spread of exchange couplings. For
example, for B3LYP, the use of the def2-QZVPPD/def2-QZVP
basis set combination changed the theoretically predicted
exchange coupling only to —4.21 cm™" (Table S71). The B3LYP
functional supplied with def2-TZVPP/def2-SVP basis sets pre-
dicted the J value in the complex [Cu,(H'BuDea),(OAc),] to be
-174.88 cm™" (deviation from the experimental value is
—44.78 cm™ ). Remarkably, the use of larger basis sets (def2-
QZVPPD/def2-QZVP)®® gave a considerably higher deviation
of —83.12 cm™" (Table S77). These results are in line with
earlier observations on the variability of the exchange coup-
lings predicted through the DFT broken symmetry method-
ology.®® Careful tuning of the theoretical level is necessary
for each type of coupled system. For example, the TPSSh
functional is known to outperform B3LYP for the case of
manganese dimers,”® while B3LYP performs better for
copper and iron compounds.’*”" For the DFT broken sym-
metry method, the typical magnitude of deviation from the
experimentally determined coupling for binuclear com-
pounds constitutes 50 cm™'. For larger clusters, the BS
approach may exhibit even larger errors,”> which cannot be
treated by increasing the basis set level or changing the DFT
functional.

Careful estimation of the small gaps between the magnetic
states can be done through the difference dedicated configur-
ation interaction (DDCI) methodologies, which consider mul-
tiple excitations within all configurations, not only the active
space. However, such calculations are computationally extra-
ordinarily heavy when triplet excitations (DDCI3) and
sufficiently tight configuration inclusion thresholds (Tse of 1 x
10~% or smaller) are requested.®® The DDCI2 approach with
lighter Ty threshold is known to produce inadequate coup-
lings for Cu2 systems, showing errors that are much higher
than that of the DFT broken symmetry.®® In the present case,
we applied the lighter SORCI method for estimating the
singlet-triplet gap of the abovementioned reference complex
(Jep = —130.1 ecm™)°" using the minimum CAS(2,2) active
space, def2-TZVPP basis set for copper atoms and def2-SVP for
the other ones. With Ty = 1 x 1078, the DDCI2 and DDCI3
steps resulted in J = 354 and 6 cm™", respectively, showing a
very large deviation from the experimental value. Tightening of
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the threshold to Tse; =1 x 1077 gave results of the same magni-
tude with J = 50 and 15 cm ™", respectively. Further increase of
the precision would require application of the full MR-DDCI3
with a larger active space, which is not feasible for the system
comprising ca. 70 atoms under our conditions. Notably, even
at this rather crude level, the SORCI calculation time was
almost two orders of magnitude longer than that for the DFT
broken symmetry ones. Therefore, from the methods tested,
the DFT broken symmetry remains the one with the best
benefit-to-cost ratio after careful selection of the functional.

Catalytic properties

Complex 1 was tested as a catalyst towards the oxidation of
hydrocarbons with hydrogen peroxide under mild conditions.
Cyclohexane is among the commonly used model substrates
for such studies due to its high C-H bond dissociation energy
(BDE, 99.5 keal mol~")”® and strong industrial relevance.” It is
known that catalytic oxidations of liquid alkanes with per-
oxides are often accelerated by acidic or basic promoters.
Among them, nitric acid was found to be the most common
promoting agent.® Therefore, we started from the evaluation of
the catalytic activity of 0.5 mol% (1 x 10~ M) of 1 in the oxi-
dation of cyclohexane (0.2 M) with H,0, (1 M) in the presence
of 5 mol% of HNO; in acetonitrile at 50 °C. The accumulation
of oxygenation products, cyclohexanol and cyclohexanone, is
depicted in Fig. 5 (top panel). The reaction exhibits an initial
reaction rate of W, = 6.6 x 107° M s, decreasing down to
7.8 x 1077 M s~ " after 5 h of reaction time. These values corres-
pond to the turnover frequencies (TOFs) of 24 and 3 h™%,
respectively. The total yield at 5 h is 12% with strong selectivity
towards the formation of cyclohexanol (97%). It should be
noted that such yield can be considered as notable, keeping
in mind the theoretical limit of ca. 45% due to the
overoxidation.”®

The catalytic system using trifluoroacetic acid (TFA) as a
promoter exhibited similar activity with the yield of 10% after
5 h (Fig. 5, bottom panel). The basic promoter, pyridine,
achieved not only the yield of 17%, but also the initial reaction
rate of W, = 2.1 x 107> M s™*, which is almost one order higher
than for the HNOz-promoted reaction. Remarkably, the reac-
tion performed without the additives demonstrated the best
yield of 21%, supported by the initial reaction rate of 6.4 x
107° M s™' (Fig. 5, bottom panel). Notably, although the
studied catalytic systems show quite different yields, the
formal W, values are rather close. An analysis of the initial
period of the accumulation plots disclosed the presence of a
lag period for the reactions in the presence of pyridine and in
the absence of a promoter, where the reaction rate smoothly
increases until reaching the maxima in ca. 10 min. An empiri-
cal application of the sigmoidal Hill equation allowed for
extraction of the respective reaction rates, being equal to 1.0 x
10~ and 4.8 x 107> M s™' at 5.6 and 9.3 min, respectively
(Fig. S14%). It should be noted that the former rate is close to
the highest ones observed for this type of reaction.’®”® The
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Fig. 5 Accumulations of the reaction products (cyclohexanone and
cyclohexanol or their sum) in the oxidation of cyclohexane (0.2 M) with
H,O, (1 M) catalyzed by 1 (1 mM) in acetonitrile at 50 °C in the presence
of HNO3 (10 mM) (top), and in the absence or presence of a stated pro-
moter (10 mM) (bottom).

respective lag periods for the acidic-promoted systems are also
visible, but much less pronounced.

As catalyst 1 exhibited excellent activity in the absence of
promoting additives, we performed further investigations
without the use of any promoting agents. First, we tested
whether the lag period depends on the catalyst concentration
(Fig. S151). The accumulation curve obtained at 0.11 mol%
(2.2 x 10™* M) catalyst loading is depicted in Fig. 6. As can be
seen, the curve has a complex character, which cannot be
described as a simple sigmoidal one. The first phase of the
reaction shows quasi-linear dependence (0-20 min; W, = 8.3 x
1077 M s™%; TOF = 14 h™"), then demonstrates an acute growth
of the reaction rate (20-60 min; Wgo = 3.9 x 107> M s™*; TOF =
636 h™'). Finally, it turns into a completely linear accumu-
lation curve after 60 min (W.go = 3.9 x 107® M s™; TOF =
50 h™"), reaching a maximum at 2 h (total yield 23% and
TON = 208). The lag period strongly depends on [1],, showing
a quasi-linear period of up to 40 min for 0.06 mol% loading
([1]o = 1.2 x 10™* M), while the highest loading of 0.5 mol%
([1]o = 1 x 107> M) results in a nearly visible lag period of less
than 5 min. The “breakpoints” with an acute change of the
accumulation behavior were observed in all experiments with
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Fig. 6 Accumulation of the reaction products (circles; sum of cyclo-
hexanone and cyclohexanol) in the oxidation of cyclohexane (0.2 M)
with H,0, (1 M) catalyzed by 1 (2.2 x 10~* M) in acetonitrile at 50 °C.
Square symbols show the logarithm of the concentration. Solid red lines
represent the exponential fit of the 0—60 min range, and the dark green
line shows a linear fit of the 60—120 min period.

[1]o < 7 x 10™* M (Fig. S157). The test using copper(m) chloride
as the catalyst (2.2 x 10™* M) revealed a regular linear depen-
dence in the 0-80 min range with W, = 3.2 x 10°°* M s™*
(Fig. S157). Therefore, the lag periods (Fig. 6) were associated
with catalyst 1. The test using 0.35 mol% (7 x 10™* M) of
complex 2 as a catalyst also disclosed the lag period, with the
product yield of 18% after 3 h (Fig. S157).

The strong influence of a catalyst concentration on the
quasi-linear period suggests the transformation of a catalyst
with the appearance of new, highly active species. Therefore,
the complex accumulation curves for 1 can be explained by
assuming the following model. As the reaction is expected to
be a non-chain free radical one, one mole of the oxidant,
H,0,, is catalytically transformed into one mole of the
hydroxyl radicals, HO".”® Participation of the hydroxyl radicals
as the species that abstract H-atoms from the hydrocarbon
substrate is expected for catalytic systems based on the copper
catalyst and the hydrogen peroxide oxidant. In this reaction,
the interaction of H,0, with the Cu(u) centre results in the
reduction of a copper catalyst with the release of a weakly
active HOO" radical (4).*7>7° Reaction of a second H,0, mole-
cule with the reduced catalyst state affords the HO" radical and
oxidized Cu(u) state, closing the catalytic cycle (5).

Cu" 4+ H,0, — Cu' + HOO" +H* (4)
cu' + H,0, — Cu + HO™ + HO' (5)
RH + HO™ — R’ + H,0 (6)

R’ + 0, — ROO' (7)

ROO" + Cu' + H" — Cu' + ROOH (8)

Abstraction of the H atom from the substrate results in a
series of transformations, from which the principal ones are
shown via eqn (6)-(8). The final product is alkyl hydroperoxide,
which can be observed directly (through the GCMS tech-
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nique),”” or indirectly by measuring the alcohol/ketone ratio
before and after treatment of the sample with a reducing agent
(e.g., PPh3).”® The low bond and stereoselectivities (see ESI,
Scheme S1t) exhibited by the 1/H,0, and 2/H,0, catalytic
systems unambiguously indicate’® the attack of C-H bonds by
the HO’ radical generated through the Fenton-like reactions
(4) and (5).

The observed rate of product (cyclohexanol and cyclohexa-
none) formation Wp can be treated as the rate of catalytic gene-
ration of hydroxyl radicals Wyo., corrected with a linear coeffi-
cient keorr, Wp = keortWho-, Which includes factors such as the
reaction of the hydroxyl radicals with an acetonitrile solvent.
The presence of a lag period with the subsequent exponential
growth is typical for autocatalytic reactions.’’ The “break-
points” at the end of the exponential step suggest that the
autocatalytic process involves rapid transformation of the cata-
lyst, which depletes at the “breakpoint”. The further linear
accumulation could be associated with the activity of the
copper species originating from the degraded catalyst, as the
respective reaction rates are close to those exhibited by
copper(u) chloride (Fig. S157).

The overall process starts with complex 1 slowly reacting
with H,0, (k,). This first phase corresponds to the quasi-linear
period, clearly observed for low catalyst loadings (Fig. 6 and
S15t). Under the experimental conditions, catalyst 1 undergoes
a gradual transformation (k,) into the species 1* having much
higher catalytic activity in HO" radical generation (k; > k;) and
having a short lifetime (k,). The fast generation of hydroxyl
radicals by 1* results in accelerated 1 — 1* transformation in
this way, closing the autocatalytic cycle. When all of the start-
ing catalyst 1 is depleted, the reaction reaches a breakpoint,
showing only the residual activity of the degradation products
[Cu] (k5).

1+ H,0, — HO’ (k1)
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1* + H202 — HO’ (1(3)
1* — [Cu] (k4)
[Cu] + H202 — HO’ (1(5)

The logarithm of the reaction product concentration shows
a nearly linear dependence in the 0-60 min range for [1], =
2.2 x 10~* M (Fig. 6). The exponential fit using the first-order
equation C = Coe® resulted in ke = 1.3 x 1072 s™1. The chemi-
cal meaning of the constant k. is limited because it accumu-
lates all the reaction constants k;—ks. However, keeping in
mind the conditions k; > k; and k; > ks, one can conclude
that kegs ~ k3. The use of a large excess (0.4 M) of the substrate
bearing a weak tertiary C-H bond (methylcyclohexane) had a
slight influence on the products accumulation and a “break-
point” position (Fig. S14}), suggesting that consumption of
hydroxyl radicals by the substrate has a limited effect on the 1*
formation rate. Complexes 1 and 2 were tested towards the oxi-
dation of various hydrocarbons (see the ESIf). The observed
normalized bond selectivities agree with the participation of
hydroxyl radicals as the H-abstracting species.

UV/Vis spectroscopy

The UV/Vis spectra of complex 1 (3.1 x 10~ M) in acetonitrile
solution of water (3.1 M) and nitromethane (0.34 M) as a func-
tion of time are depicted in Fig. 7. These conditions reproduce
those used for promoter-free catalytic studies, except for the
presence of H,0,. The starting spectrum in the 300-800 nm
range features a strong peak at 362 nm and two broad weak
absorptions at 430 nm and 470 nm. The visible part of the
spectrum shows gradual alteration with time, where the latter
peaks exhibit an increase of absorption intensity, while the
peak at 362 nm has negligible changes within 2 nm. Since the
absorption at 362 nm undergoes a huge shift upon decoordi-
nation of the ligand (326 nm and 344 for free HL and o-vanil-
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Fig. 7 Left: UV/Vis spectra of the complex 1 (3.1 x 10~* M) in acetonitrile containing H,O (3.1 M) and nitromethane (0.34 M) recorded every 5 min at
room temperature. The inset shows the intensities of 430 and 470 nm absorptions as a function of time. Right: UV/Vis spectra of 2 (7.3 x 107 M) in
acetonitrile recorded every 10 min at room temperature. The inset shows the spectra recorded for up to 100 min time.
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lin in acetonitrile, respectively, Fig. S16}), the above slight
alterations of the 430 and 470 nm bands can be rather associ-
ated with the gradual solvation of a molecule of 1 which dinuc-
lear structure is preserved. The spectrum of complex 2 in
acetonitrile in the 300-800 nm range features a strong peak at
365 nm wavelength and a very broad absorption centred
approximately at 500 nm (Fig. 7). The UV region of 2 shows
strong peaks at 207, 234 and 275 nm. In contrast to 1, the spec-
trum of 2 does not demonstrate notable alterations within
100 min time, just showing a gradual increase of 500 nm
absorption intensity (Fig. 7, right, inset). However, after ca.
400 min the spectrum of 2 starts to change substantially,
leading to distorted lines at 700 min, indicative of the for-
mation of a precipitate due to the degradation of the coordi-
nation compound.

UV/Vis spectra measured for complex 1 in the presence of a
slight excess (1.8 eq.) of H,0, are depicted in Fig. 8, left. After
addition of H,0, the new broad absorption band at 460 nm
appears. The spectrum undergoes evolution with time, where
the largest changes are observed at 410 and 490 nm absorp-
tions, first showing significant increase of the intensity with
the subsequent decay to initial levels (Fig. 8, left, inset). At the
same time, the absorption at ca. 360 nm shows only slight vari-
ations in intensity and wavelengths (Fig. 8, left), indicating
that the aromatic ligands remain coordinated to the metal
centres. The spectral changes observed upon reaction of 1 with
H,0, can be understood in terms of coordination of a hydro-
gen peroxide molecule to a molecule of 1 with subsequent
reduction of the copper centre. An attempt to reproduce this
process was performed by recording the spectra after mixing
equimolar amounts of 1 and PPh; in acetonitrile (Fig. 8, right).
As can be seen, the spectra exhibit gradual growth of the broad
band at 490 nm. The kinetics of the absorbance at 490 nm
resembles the 1% order reaction. Reduction of Cu(u) to Cu(i) by
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PPh; with formation of PPh;=O0O in the presence of air is a
known process for compounds of copper.®! The catalytic test
with pre-reduction of the catalyst 1 by 1.5 equivalents of PPh;
before addition of H,O, afforded expected color changes of the
solution from green (pure 1) to brown (1 + PPh;). However, the
lag period and the catalytic parameters were not affected by
this procedure. Therefore, the observed lag period (Fig. 6)
cannot be associated to the initial formation of presumable
Cu(1) intermediates. Also, the position of the 362 nm peak
observed for 1 (Fig. 7, left) remains almost unchanged for the
1 + PPh; mixture (360 nm, Fig. 8, right), indicating the
absence of long-lived Cu(1) species for which an immense shift
of the absorption band is expected (see below).

DFT/TDDFT assessment of behaviour
of 1 in solution

The electronic structures of complex 1 and the presumable
intermediates in acetonitrile were studied to confirm the
assignment of the spectral changes to the Cu(u)/Cu(1) redox
reactions. The square-planar coordination environment of the
copper centre in the molecule of 1 (Fig. 1, top) presumes the
’B,y ground state with the unpaired electron located in the
dy2_ye orbital.

DFT optimization of the geometry of 1 starting from the
X-ray coordinates was performed at the PBE0/ma-def2-SVP(ma-
def2-TZVP for Cu and Cd) level (structure 1°FT). The optimized
structure maintains a planar structure of the molecule, as
expected for the Cu(u) coordination geometry. As the pure
planar environment is not likely to persist in the coordinating
solvent, the respective model 1°*"-2CH;CN was considered
where two acetonitrile molecules saturate the apical positions
of the copper centre. The TDDFT spectra of 1°FT and
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8
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1.04|:
0.104

Gooogle
0 10 20 30 40 50 60
Time /min

Absorbance /A
o
oo

1 + PPh, (60 min)

1+PPh, @ min)~

0.0 T T T T tﬁl. 1
300 350 400 450 500 550 600

Wavelength /nm

Fig. 8 Left: Dotted lines: UV/Vis spectra of the complex 1 (1.4 x 10~* M) after dissolution (purple dotted line) and after 95 min (black dotted line).
Solid lines: Evolution of the spectra of 1 (1.4 x 10™* M) with time in the presence of H,O, (2.5 x 10~* M) in acetonitrile at room temperature. The
inset shows the absorptions at 410 and 490 nm. Right: Dotted line: UV/Vis spectrum of complex 1 (2.9 x 10~* M) after dissolution (purple dotted
line). Solid lines: Evolution of the spectra of 1 (2.9 x 10~ M) with time after the addition of an equimolar amount of PPhs in acetonitrile at room

temperature. The inset shows the absorption at 490 nm.
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19PT.2CH;CN calculated at the DKH-PBEO/aug-cc-pVDZ(aug-cc-
pVTZ for Cu and Cd)®*"®° level of theory are depicted in Fig. 9.
The PBEO hybrid functional has a reasonable accuracy for esti-
mating the excited states,**®” while the aug-cc-pVxZ basis set
family is generally recommended for TDDFT studies.®® The cal-
culated spectra of 1°°" and 1°*"-2CH;CN are similar in the UV
range. In contrast, the weak absorptions in the visible region
(Fig. 9, left, inset) demonstrate significant differences, where
the compound with coordinated acetonitrile molecules reveals
an absorption band (after Gauss broadening) at 600 nm origi-
nated from the copper d-d transitions. The predicted charac-
teristic absorption at 345 nm is close to that observed experi-
mentally (362 nm, Fig. 7). This absorption band consists of the
two strong vertical transitions at 336 and 357 nm (Fig. 9,
right). The natural transition orbital analysis confirms that
both these excited states consist mainly of two groups of tran-
sitions, each between highly delocalized n-orbitals of the aro-
matic ligands (Fig. S177). Thus, they are irrelevant to the pres-
ence of coordinated acetonitrile molecules. Therefore, the
experimental absorption band at 362 nm depends only on the
mutual configuration of the organic ligands and can serve as
an indicator if the ligands are coordinated to metal centres in
solution. The TDDFT calculations of a similar configuration
1°FT.2CH,CN with water molecules instead of acetonitrile ones
also demonstrated the irrelevance of the above absorption
band to the coordinated solvent molecules (Fig. 9). The
TDDFT calculations for the free ligand HL and o-vanillin in
acetonitrile medium (Fig. S187), show the energies of the first
excited state of 338 and 311 nm for o-vanillin and HL, respect-
ively (the experimental values for o-vanillin and HL are 344
and 326 nm, respectively).

The search for the geometry of the putative species contain-
ing the Cu(1) centre has started from the DFT optimization of
the structure of 1°°7-2CH;CN with the singlet ground state
and —1 charge. The expected distortion of the coordination
geometry of Cu(i) results in two possible conformations,
1".2CH;CN and 1™-2CH,CN (Fig. S19%), with the energies

OPT
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B —

500 600 700 800
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/~\\fTTZCH3CN
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differing by 0.69 kcal mol™ in favor to 1™-2CH;CN. The
TDDFT calculations suggested that both structures would have
a broad absorption in the 500-600 nm region and a new band
at 380 nm (Fig. S22t). Due to the low difference in energy,
both presumable structures can exist in solution simul-
taneously; thus, an averaged spectrum was constructed. The
characteristic peaks expected for = — zn* transitions within the
ligands exhibit a shift down to 326 nm. Such an increase of
the energy compared to that predicted for Cu(u) structures
(345 nm) can be explained by the involvement of copper
d-orbitals into the ground state orbital resulting in lowering of
its energy. However, it can be seen that the reaction of 1 with
PPh; does not afford the shift of the 362 nm absorption peak.
Moreover, the respective experimental spectra do not exhibit a
notable absorption at 600 nm (Fig. 8, right). The next con-
sidered model was the elimination of a chloride anion from
1"2CH;CN compounds with subsequent coordination of a
third acetonitrile molecule to a cadmium centre. The opti-
mized structures of 1'*.3CH;CN and 1'°-3CH;CN are depicted
in Fig. S20,7 where the compound 1™-3CH;CN is 3.23 kecal mol™
more stable than 1'°.3CH;CN. The TDDFT calculated spectra
of these compounds are different in the visible region, where
the compound 1"™3CH;CN exhibits an absorption band at
440 nm, while the compound 1"™3CH;CN shows a strong
absorption band at 546 nm. The 440 nm band in the calcu-
lated broadened spectrum of 1™-3CH;CN is stipulated by the
excited state at 22 088 cm™" (458 nm) constructed of a single
MLCT transition (96%) from the HOMO orbital, containing
63.4% of copper d-orbitals to the LUMO one, mostly localized
on aromatic ring of the o-vanillin ligand (Fig. S22, right).
Although the TDDFT-predicted spectrum of 1"3CH;CN
contains the absorption band in the region of 440 nm
(Fig. S227), which is close to the experimentally observed at
490 nm (Fig. 8, right), the common feature of all calculated
Cu(1)-derivatives of 1 is the significant shift of the character-
istic © — 7* absorption from 345 to 326 nm (predicted values)
due to distortion of the planar mutual disposition of aromatic

Ly
500 600 700 800
Wavelength /nm

”nn"lr‘rﬁn n“mﬂl ] T T I T

200 300 400 500 600
Wavelength /nm

Fig. 9 Left: TDDFT spectra of 1°FT, 1°PT.2CH;CN and 1°°T-2H,0 calculated at the DKH-PBEO/aug-cc-pVDZ(aug-cc-pVTZ for Cu and Cd) level in
acetonitrile (SMD solvation model). Right: TDDFT calculated spectrum for 1°°T-2CH;CN showing the vertical transition energies.
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ligands. In contrast, in all of the experimental spectra, the
wavelength of the respective peak (ca. 360 nm) remains practi-
cally unchanged (Fig. 7 and 8). This indicates that the long-
lived Cu(1) species are not likely to be explanation for absorp-
tions appearing in the visible region upon reaction of 1 with
H,0, or PPh;. Thus, the model containing the PPh; ligand co-
ordinated to the Cu(u) centre in 1 was constructed and DFT
optimized (1°""-CH;CN-PPh;, Fig. S211). The coordination
geometry around the copper centre is a square-pyramidal one
with the apical Cu-P distance of 2.784 A. Such a rather large
distance as compared to that expected for Cu”-PPh; one
(2.3-2.4 A)*>°° can be explained by steric repulsion of the PPh,
phenyl ligands and those from the heterometallic molecule.
The TDDFT calculated spectrum of 1°°T-CH;CN-PPh; is
depicted in Fig. S23.1 As can be seen, the position of the
characteristic peak in the UV region remains practically unal-
tered (340 nm). The spectrum exhibits an elevated absorption
in the 400-500 nm region due to the presence of vertical
transitions at 399 and 417 nm. The latter is composed mostly
of the ligand to metal charge transfer (LMCT) = — d band.
Although the position and absorption strength of this band
are not sufficient for direct interpretation of the strong absor-
bance in the visible region upon addition of PPh; to 1 (Fig. 8,
right), one may conclude that these absorptions have similar
nature.

The possibility of the formation of oxidized forms of 1 was
probed by modelling the cationic structure 1°*-2CH3;CN having
1+ charge and triplet spin state. DFT optimization of
1°%.2CH;CN resulted in a slight distortion of the planar geome-
try of the ligands. Analysis of the spin density revealed that
one unpaired electron remains on the copper d,._. orbital,
while the other one is localized on the n-type molecular orbital
of the Schiff-base ligand involving coordinated N,O-atoms
(Fig. S24t). Meanwhile, the o-van™ ligand remains intact. The
broken symmetry calculations at the B3LYP/def2-TZVPP level
confirmed the triplet ground spin state of 1°*-2CH3;CN with
the formal coupling constant J = 174.8 cm™". The TDDFT cal-
culations suggest that the UV/Vis spectrum of 1°%2CH;CN
should not differ much from that for 1°**-2CH;CN with the
only difference in the visible region where a strong band at
746 nm appears (Fig. S241). Analysis of the natural transition
orbitals associated with the respective excited state S; dis-
closed the = — = nature of this transition. The experimental
UV/Vis spectra of the 1/H,0, mixture do not exhibit an absor-
bance at such a low energy (Fig. 8). Thus, even considering the
deviation between TDDFT-predicted and true energies of
excited states, the existence of long-lived ligand-oxidized
species can be ruled out in the present catalytic reaction.

DFT calculations of electron affinity of 1

The cyclic voltammetry of 1 indicated that the single-electron
reduction of copper Cu(u) — Cu(1) is an unfavorable process
(Fig. S41). The same conclusion was indirectly suggested by
the UV and TDDFT studies, where the absence of a shift of

This journal is © The Royal Society of Chemistry 2025
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Table 1 DFT calculated vertical and adiabatic electron affinities for
selected complexes®

Vertical Adiabatic

kecal mol™ eV kcal mol™ eV Ref.

1077 66.10 2.87  81.46 353 tw?
19°T.2CH,CN 56.77 2.46  77.86 3.38  t.w.
1".3CH,;CN 62.58 271 83.49 3.62  t.ow.
[Cu(L,(Hz0),J ¢ 82.47 3.58  106.62 4.62 33
[Cu(L")(OAc),) 56.51 2.45  81.93 3.55 33
[Cu(L?)(CH,CN)* ¢ 82.77 3.59  93.96 4.07 92

“Structures optimized at the PBE0/ma-def2-SVP(ma-def2-TZVP for Cu
and Cd) level in acetonitrile C-PCM implicit solvation model. ? This
work. °Starting coordinates from the CSD refcode RELBOC. ¢ Starting
coordinates from the CSD refcode HEQWEF; L' = bis(3,5-dimethyl-
pyrazol-1-yl)methane; L” = tris(2-pyridylmethyl)amine.

362 nm absorption indicated the stability of the planar Cu(u)
configuration of the complex under the catalytic conditions, as
well as upon reaction with the reductant (PPh;). Considering
the importance of the Cu(u) = Cu(i) interconversions for the
catalytic cycle, the high energy barrier of this reduction
process may explain the low initial reaction rates in the oxi-
dations with H,0, (Fig. 6).

The probability of a reduction process can be described as
the relative level of electron affinity of the compound. The
latter can be calculated from the ground state energies of the
neutral and reduced species: EA = E° — E~ using unrelaxed
(vertical electron affinity) or relaxed (adiabatic electron affinity)
geometry.”® The electron affinities calculated for the DFT opti-
mized species of 1 and some representative literature examples
are listed in Table 1. As can be seen, both vertical and adia-
batic electron affinities for the compounds clearly reflect the
appearance of the Cu(u) = Cu(i) waves in the cyclic voltammo-
grams. [Cu(L"),(H,0),](Cl0,), and [Cu(L*)(CH;CN)](OTf),,****
are approximately 1 eV higher than those which do not show
such an oxred process (1 and [Cu(L')(OAc),]). This effect
cannot be associated with the cationic nature of the first two
complexes because the model 1™3CH,CN is also a cationic
one (it has 1+ charge due to replacement of CI~ with CH;CN).
Therefore, the Cu(i) — Cu(i) reduction process is disfavored in
complex 1, resulting in the suppression of its catalytic activity
at the initial phase of the catalytic reaction.

Conclusions

In summary, we have reported the synthesis and crystal struc-
tures of two novel heterometallic coordination compounds
[Cu™Cd"CIL(0-Van)(0OAc)]-3H,0 (1) and [CulZn"Cl,L,(0-Van)
(OAc)] (2), resulting from the interaction of a fine copper
powder and Cd(u) or Zn(u) acetate with methanol solution of
the Schiff-base ligand HL formed in situ. The structures of
both compounds were determined by the single-crystal X-ray
diffraction, presenting heterometallic molecular cores, where
metal atoms are joined by oxygen bridges of deprotonated
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o-vanillin, Schiff base L™ (for 1 and 2) and acetate (for 2)
ligands. The magnetic investigations revealed a pronounced
out-of-phase signal for the Cu”Cd" complex 1 indicating the
presence of slow magnetic relaxation under applied magnetic
field. The observable relaxation of the isolated paramagnetic
Cu(u) compounds is a rare effect which herein was associated
with appreciable anisotropy of the g-factor, confirmed by
the EPR spectroscopy and CASSCF theoretical calculations.
Complex 2 is a weakly coupled ferromagnet. Both ground state
triplet and broken symmetry states for 2 have strong multire-
ference character, as found from the CASSCF/NEVPT2 studies.
Complexes 1 and 2 act as catalysts for the homogeneous oxi-
dation of hydrocarbons with H,O, under mild conditions. 1
shows the catalytic behaviour of remarkable complexity with
several distinct kinetic phases, indicating transformations of
the coordination compound under the catalytic conditions.
Together with the TD-DFT -calculations, the UV/Vis spec-
troscopy results disclosed possible configurations of complex 1
in solution, where it maintains its planar structure during the
catalytic oxidation of substrates. The cyclic voltammetry and
theoretical electron affinity investigations evidenced that the
Cu(u) —» Cu(i) reduction process is highly unfavorable for 1,
thus explaining the suppression of the catalytic activity of the
compound at the initial phases of the reaction.

Finally, the work has extended the synthetic approach
towards the preparation of heterometallic heteroleptic com-
pounds of transition metals starting from metal powders, and
provided new data on the slow magnetic relaxation in the S =
1/2 systems. It has demonstrated that the second redox-inac-
tive metal has a strong influence on the catalytic behavior of
the catalytically active centre through the supporting specific
coordination geometry around the active metal centre.
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