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The copper(i) complexes {Na4(H,O)g[Cus(acriba),(H,0),1},-4nH,0 (1) and (BugN)4[Cus(acriba),l-5H,0 (2)
[Hsacriba = N,N'-3,6-acridinebis(oxamic acid) and BusN* = tetra-n-butylammonium cation] have been
synthesized and characterized. Their crystal structures revealed the occurrence of [Cux(acriba),(H,0),1%~
(1) and [Cuslacriba),]*~ (2) units of the [3,3] metallacyclophane-type which are built by two acridine
linkers connected by two N-Cu—N bonds. The electroneutrality in 1 is achieved by their coordination to
hydrated sodium() cations to afford a heterobimetallic sheet-like polymer, whereas that in 2 is ensured by
bulky organic BusN™ cations to yield well-separated discrete dicopper(i) complexes. The spectrophoto-
metric study of the catalytic activity of 1 and the related complex [NagCu,(mpyba),Cly(H,O)gl-7H,0 (3)
[Hampyba = N,N’-2,6-pyridinebis(oxamic acid)] towards the oxidation of phenolic derivatives in aqueous
solution showed a remarkable catalytic performance only for the hydroquinone with a better catalytic
role in the case of 1. This superior catalytic behavior may be explained by the higher Lewis acidity of the
Cu(i) ions derived from the inherent electronic delocalization of the extended aromatic acridine fragment
compared to the pyridine one. The magnetic properties of 1 and 2 show weak intramolecular ferro-
magnetic interactions within their metallacyclophane units [J = +1.83 (1) and +1.72 cm™ (2); H =
—JScut-Scuz Where Scyt = Scuz = 1/2], their nature and magnitude being substantiated by theoretical cal-
culations. These two examples illustrate the ability of the acridine moieties to mediate ferromagnetic
interactions between copper(i) ions through the very long —Nzmigate—C—C—-C—-N-C-C-C—Ngzmidate—
exchange pathway in the context of the spin polarization mechanism.

Introduction

Copper-based enzymes and proteins comprise an important
class of biologically active compounds. The coordination of
copper within the protein structure plays a pivotal role in its
biochemical activity. For instance, many copper-containing
enzymes work in dioxygen binding, activation and further sub-
strate oxidation, as performed by monooxygenases, dioxy-
genases and oxidases." Among them, multicopper oxidases
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(MCOs) are appealing catalysts in a wide range of biotechnolo-
gical applications, especially bioremediation and biosensing.”
Despite the versatility displayed by MCOs, their activity is
limited by intrinsic vulnerabilities, involving low thermal
stability and restricted environment tolerance (pH and non-
aqueous solvents).” Additionally, the high cost associated with
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laborious extraction and purification processes hinders the
use of natural enzymes in industrial and commercial appli-
cations.* Another critical issue is their selectivity since some
enzymes recognize a broad spectrum of substrates. Laccases,
one of the major MCO superfamilies, act on phenolic sub-
strates by catalysing the oxidation of phenolic hydroxyl groups
to phenoxy radicals, reducing dioxygen to water.” Their sub-
strate spectrum includes mono-, di-, and polyphenols,
methoxy-substituted phenols, aromatic compounds, and
amines.® The poor selectivity restrains their use in biosensing
approaches due to the inability to distinguish a target analyte
from other species in a complex matrix.” Thereby, the develop-
ment of artificial enzymes that can be finely designed to
mimic the structure or functions of natural enzymes is highly
appealing.® In this respect, metallobiosites have attracted con-
siderable research efforts in the last few decades, encompass-
ing the interest in understanding their structures and mecha-
nisms and the search to mimic their catalytic activities.’

Metallosupramolecular systems also offer a microenvi-
ronment resembling an enzymatic active site, containing selec-
tive binding moieties and non-covalent interactions to
promote reactivity and selectivity not observed in bulk solu-
tion.'® The multimetallic enzymatic centers are not only the
most challenging to mimic, but also very attractive due to their
role in activating small molecules."* In particular, the chem-
istry of the aromatic-substituted oligooxamate ligands is a pro-
minent approach to design multimetallic coordination archi-
tectures.'””> These multifunctional metallosupramolecular
structures with practically infinite possibilities of chemical
functionalization, exhibit appealing properties, such as high
stability of oxamate-containing copper(i1) complexes in solu-
tion,"® slow relaxation of the magnetization,'* chiral single
chain magnet behavior,'” therapeutic uses,'® gas and vapor
sorption,'” potential magnetic molecular wires'® and cheap
and environmentally benign catalysts'® among others.

Herein, we report the synthesis and magneto-structural
investigation of two new compounds of formulas
{Na,(H,0)g[Cuy(acriba),(H,0),]},-4nH,0 @ and
(BuyN),[Cu,(acriba),]-5H,0 (2) [Haacriba = N,N'-3,6-acridinebis

A
R=(1and2) w L

Scheme 1 Structural formula of the [3,3] metallacycophane-type skel-
eton in 1-3.
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(oxamic acid) and Bu,N" = tetra-n-butylammonium cation] (see
Scheme 1) together with a study of the catalytic properties of 1
and its related parent complex
[NagCu,(mpyba),Cl,(H,0)s]-7H,O (3) [Hympyba = N,N'-2,6-pyri-
dinebis(oxamic acid)]'** towards the aerobic oxidation of resor-
cinol, catechol and hydroquinone. Also, a detailed study of the
magnetic properties of 1 and 2, supported by theoretical calcu-
lations, provides more insights into the spin delocalisation
mechanism.

Results and discussion

Synthesis, powder X-ray diffraction, infrared and electronic
spectra

The preparation of the Et,H,acriba proligand follows that pre-
viously reported for similar species.>* Compound 1 was
obtained as polycrystalline powder in a good yield by the reac-
tion of copper(u) nitrate trihydrate and Et,H,acriba after
deprotonation and hydrolysis with NaOH [1:1:4 Cu
(1) : proligand : base molar ratio] in water by using ethanol as
the precipitating agent. Green needle-like crystals of 1 were
grown in a test tube by slow diffusion of acetonitrile into an
aqueous solution of a powder sample of 1. A similar procedure
was used to isolate 2 from its aqueous solution, using Bu,NOH
and CuClO46H,0 as the base and source of copper(u).
Recrystallization in acetone of the solid obtained afforded
X-ray quality crystals of 2, which are highly hygroscopic. The
powder X-ray diffraction patterns of bulk sample of 1 confirm
their phase purity (Fig. S1, ESIZ).

FT-IR spectra of Et,H,acriba, 1 and 2 are shown in Fig. S2.}
The most prominent peaks in the infrared spectrum of the
proligand are a medium absorption at 3337 cm™, which is
due to N-H stretching vibration of the amide fragment, and
two strong absorptions at 1730 and 1624 cm™" corresponding
to carbonyl stretchings of the acid ester groups. The shift of
these strong absorptions to lower wavelengths in the infrared
spectra of both 1 and 2 (1638 and 1592 cm™") as well as the
lack of the amide N-H stretching suggests the coordination of
the copper(u) ions to the deprotonated amide nitrogen and car-
boxylate oxygen atoms in 1 and 2. The multiple absorptions in
the range 2930-2870 cm ™" in the case of 2 are due to the C-H
stretching of the tetra-n-butylammonium cation. Finally, the
strong and broad absorption centered at 3400 cm™' on the
spectra of 1 and 2 is due to the presence of water molecules.

The electronic spectra of a solid sample of 1 exhibit a broad
band centred at 670 nm corresponding to d-d transitions of
square pyramidal copper(n) ions (Fig. $31)."*” The high hygro-
scopicity prevails in recording the electronic spectra of 2 in the
solid-state. The electronic spectra of 1 and 2 in aqueous solu-
tion exhibit practically identical very intense absorption bands
at 241 nm (41493 em™") and 276 nm (36 231 cm™ ") attributed
to m-m* intraligand transitions as well as another one at
386 nm (25 907 cm ') which is due to a metal-to-ligand charge
transfer (MLCT) transition which precludes the observation of
the d-d transition bands (Fig. S41).

This journal is © The Royal Society of Chemistry 2025
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Structural descriptions of 1 and 2

Compound 1 crystallizes in the non-centrosymmetric P24
space group with two fully deprotonated acridine-oxamate
ligands, two copper(n) and four sodium(i) cations, ten co-
ordinated and four non-coordinated water molecules in the
asymmetric unit. Compound 2 was solved in the centro-
symmetric triclinic P1 space group with two fully deprotonated
acridine-oxamate ligands, two copper(u) ions and four tetra-
butylammonium cations plus five water molecules of crystalli-
zation in the asymmetric unit. Each acriba®~ ligand in 1 and 2
is coordinated to the two crystallographically independent
copper(u) ions through its oxamate groups by the deprotonated
amide-nitrogen and one carboxylate-oxygen atom resulting in
a 20-membered metallaaza-linked [3,3] metallacyclophane ring
system (Fig. 1a and 2a). Since the aforementioned metallacy-
clophane ring is common in 1 and 2 (root-mean-square devi-
ation for the common superimposed atoms being equal to
0.374 A; Fig. 2b), except for the copper-coordinated water mole-
cules in the apical positions present only in 1, hereinafter we
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will mainly focus on the first compound to describe its back-
bone. The two crystallographically independent acriba®~
ligands are stacked face-to-face, establishing =---n interactions
featured by an angle of 5.7(2)° between the least-squares
planes calculated through the acridine non-hydrogen atoms.
The centroids calculated through the atoms of the n-stacked
side rings are spaced by 3.506(4) and 3.551(4) A with corres-
ponding slippages of 0.871 and 0.404 A, while this distance
and the offset one are 3.592(4) and 0.591 A for the atoms of
the central pyridine ring. Additionally, to the four basal atoms
from the two stacked acriba®~ ligands, each copper(n) ion in 1
is also coordinated by one water molecule in the apical posi-
tion leading to a somewhat distorted square pyramidal sur-
rounding [the values of the trigonality parameter (7) being 0.07
and 0.15 for Cul and Cu2, respectively].>! Interestingly, these
apical water molecules point towards opposite sides of the
respective mean basal planes.

The root-mean square deviation for the N3N606012 set of
atoms at Cul is 0.193 A, with the greatest deviation of 0.201
(15) A for 012, while that parameter is 0.334 A for N1N40309

Fig. 1 (a) A perspective view of the [3,3] metallacyclophane-type dicopper(i) fragment in 1. Here and in the next picture, green dashed lines denote

the n---x interactions (the displayed distances were measured between the centroids calculated through each one of the three six-ring atoms of the
acridine moiety). (b) A view of the dicopper(i) metallacyclophane’s assembling role towards the sodium ions shows the coordination environment of
the four crystallographically independent alkaline cations. Cyan dashed line outlines the hydrogen bond between one water molecule of crystalliza-
tion and the acridine-nitrogen atom here and in the next picture. O13W and O14W belong to the same disordered water molecule and are in 60 and
40% occupancy sites, respectively, but O14 and its hydrogen atoms were omitted for clarity in this panel. In both panels and in panel (a) of the next
picture, all non-hydrogen atoms were drawn at the 30% probability level, whereas the hydrogen atoms are represented with spheres of arbitrary
radius. Carbon and hydrogen atoms were not labelled [Symmetry code: (i) = —x, % +y, 1-2z (i) =x,y, -1+ z (i) = —x, % +y.2-z(V)=x,1+y, z (v)
=xy 1+z].

This journal is © The Royal Society of Chemistry 2025 Dalton Trans., 2025, 54,10097-10110 | 10099
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Fig. 2 (a) A perspective view of the [3,3] metallacyclophane-type
dicopper(i) complex in 2. (b) A molecular overlay between the [3,3]
metallacyclophane-type dicopper(i) moieties in 1 (blue) and 2 (green).
Hydrogen atoms and copper-coordinated water molecules present only
in 1 (O3W and O11W labelled in Fig. 1) were omitted in the superimposi-
tion calculation.

at Cu2, with the greatest deviation of 0.396(14) A for N1.
Notably, the basal plane at Cu2 is more distorted than at Cul.
Furthermore, the basal planes of the two crystallographically
independent copper atoms exhibit different bents relative to
the acridine mean planes. The basal plane at Cul forms
angles of 62.6(3) and 66.1(3)° with the acridine ones bearing
the N2 and N5 atoms, respectively, while they are 86.7(3) and
81.1(3)° for the basal plane at Cu2. The intramolecular
Cul---Cu2 separation within the dicopper(u) unit is 11.477(4)
A. This value is greater than the shorter intramolecular
copper-copper separation between the metallacyclophane
units through the sodium(i) ions in 1 [7.524(3) A for
Cu2--Cu2"]. These values compare well with those in 2
[11.535(2) and 8.283(2) A for Cul--Cu2 and Cu2---Cu2",
respectively; (vi): 1 —x,1 —y,1 —2].

The two crystallographically independent acriba®~ ligands
differ in their binding pattern to the sodium ions (Fig. 1b and
S5%). So, whereas both acriba®~ ligands engage their oxamate
oxygen atoms (already coordinated to the copper(n) ions) in
the binding to the Nal and Na4 sodium centres at the flanks
of the dicopper(u) [3,3] metallacyclophane unit, connecting
them horizontally along the crystallographic ¢ axis (Fig. S51),
only one acriba®~ ligand (that containing the N5 atom) is co-
ordinated to Na2 and Na3 through its four oxygen atoms from
the two oxamate moieties which are not coordinated to the
copper centres. Such bifurcated binding patterns are respon-
sible for connecting vertically the dicopper(u) fragments along
the crystallographic b axis in a ladder-like fashion (Fig. S5,f

10100 | Dalton Trans., 2025, 54, 10097-10110
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bottom). Only one oxygen atom (O2) from the acriba®~ ligand
bearing the N2 atom is bonded to a sodium ion (Na4). All four
crystallographically sodium ions are six-coordinated in trigonal
antiprism environments with oxamate-oxygen and water mole-
cules as main donors. Only one acridine nitrogen atom (N5) is
interacting with a sodium ion (Na2) (Fig. S61), which also con-
nects the dicopper(n) units along the crystallographic ¢ axis
together with Na3-010 and Na3-O11 bonds, completing an
imbricate coordination layer distributed over the (100) plane
(Fig. S6%). Hydrogen bonds involving water molecules and
oxamate groups connect these sheets along an axis (see
Table S4%), featuring a supramolecular 3D coordination
polymer (Fig. S61). Remarkably, the acridine nitrogen (N,) is a
hydrogen bonding acceptor from one water molecule of crystal-
lization (O8W-HS8A) (Fig. 1b). Water-acridine hydrogen bonds
are also present in 2 (Fig. 2a and S7}), leading to an imbri-
cated hydrogen bonding network involving water molecules of
crystallization and oxamate-oxygen atoms. Together with the
weaker interactions from the tetrabutylammonium cations,
these hydrogen bonds are responsible for the crystal packing
(see Table S57 for the hydrogen bonds metrics in 2).

Kinetic activity of 1 and 3 towards the hydroquinone oxidation

The catalytic activities of complexes 1 and 3 were evaluated
spectrophotometrically in the presence of phenolic com-
pounds. For this purpose, ortho-, meta- and para-substituted
phenolic compounds, catechol, resorcinol and hydroquinone
(H,Q), were selected. Both complexes exhibited significant
catalytic activity exclusively toward H,Q (Fig. 3, S9 and S10%).
The spontaneous oxidation of H,Q by the atmospheric mole-
cular oxygen, in the absence of a catalyst, proceeds slowly,
resulting in negligible changes in the UV-Vis spectra even after
one hour (Fig. S81). In contrast, in the presence of either 1 or
3, the development of an absorption band at 245 nm, charac-
teristic of p-benzoquinone (BQ) formation (an oxidation
product of H,Q),>* was observed over time (Fig. 3).

To evaluate the interaction of H,Q with complexes 1 and 3,
the initial rates of absorbance increase at 245 nm were
measured for various H,Q concentrations while maintaining a
constant catalyst concentration (15 pmol L™"). The resulting
double-logarithmic plots (Fig. 4) support pseudo first-order
kinetics, with reaction orders (n) close to 1 and apparent first-
order rate constants (kgps) of 5.35 for 1 and 1.04 s~* for 3.

The superior catalytic performance of 1 compared to 3 is
likely attributed to the enhanced n-conjugation of the acridine
spacer, which facilitates electron delocalization across the
ligand framework. This delocalization increases the Lewis
acidity of the Cu(u) center, promoting dioxygen activation and
substrate coordination. The greater Lewis acidity in 1 enhances
the Cu center’s ability to accept electrons, which in turn pro-
motes the oxidation of hydroquinone. Moreover, this increased
acidity modulates the electronic structure of both ligand
environment and the metal center, contributing to the overall
catalytic performance of the complex.>*

The oxidation of H,Q to BQ is a well-known model reaction
used to assess the performance of various copper-based cata-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Evolution of the electronic absorption spectra of the oxidation of H,Q into BQ (4nax = 245 nm) catalysed by 1 (a) and 3 (b) at 25 °C under
dioxygen saturation. The arrows indicate the course of the reaction during one hour. [H,Qlo = 75 pmol L™  and [1] = [3] = 7.5 pmol L™%.
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Fig. 4 Double-logarithmic plot of Inv versus In [H,Q] for 1 (a) and 3 (b). The concentrations of 1 and 3 were fixed at 15 pmol L™* while that of H,Q

ranged from 5 to 200 umol L2

lysts. Although this reaction proceeds slowly at room tempera-
ture in the absence of a catalyst, it is significantly accelerated
in the presence of Cu(u) centers and oxidizing agents such as
molecular oxygen or hydrogen peroxide. When concentrated
hydrogen peroxide solutions are used, further oxidation of the
reaction product BQ to 2,5-dihydroxy-p-benzoquinone may
occur. However, the use of H,0, is impractical for the develop-
ment of sensing devices, since it requires the addition of an
external reactant.

Several studies have investigated Cu(u)-based complexes as
catalysts for H,Q oxidation, typically employing hydrogen per-
oxide as the oxidant. For instance, the polymer-anchored
complex [Cu(saldien)] (H,saldien = N,N-bis(salicylidene)di-
ethylenetriamine) was studies as a catalyst for HQ oxidation
using high concentration of H,0, (30%) at pH 10.>* Similarly,
copper sorbed on chitosan flakes copper immobilized on chit-
osan flakes showed higher transformation rates with H,O,
than with air, though at the cost of reduced selectivity.>* Cu(i)

This journal is © The Royal Society of Chemistry 2025

ions immobilized on acrylic resins with aminoguanidyl
ligands also exhibited catalytic activity in aqueous media,
again relying on high H,0O, concentrations (0.05-0.56 mol
L™").>® These approaches all involve heterogeneous catalysts
and depend on excess of hydrogen peroxide, which may
reduce selectivity and feasibility.

Furthermore, other copper-based complexes have been
reported as homogeneous catalysts for H,Q oxidation. For
example, bis(dimethylglyoxime) copper(n) and 5,7,7,12,14,14-
hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,11-dienatocopper
(n)iodide were evaluated as peroxidase mimics in cetyltri-
methylammonium bromide (CTAB) micellar solutions. These
systems showed strong catalytic activity with H,0,, attributed
to the active center and favorable micellar environments.
However, their dependence on both surfactants and H,0, may
limit practical applications.

A heterogeneous microporous metal-organic framework
(MOF) Cu;(BTC),(H,0), catalyzed the H,Q oxidation using

Dalton Trans., 2025, 54,10097-10T10 | 10101
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molecular oxygen as the oxidant. This MOF achieved a rate
constant (k.ps) of 0.168 min™" (0.0028 s™') at 40 °C. In com-
parison, the proposed complex 1 demonstrated a significantly
higher ks value of 5.35 s7', indicating superior catalytic
performance.®

In the context of developing sensing devices for H,Q detec-
tion, such as optical or electrochemical sensors, the need to
avoid external reagents like H,O, is crucial. Importantly, pre-
vious Cu(u)-based catalysts were evaluated only for H,Q oxi-
dation in aqueous media, without assessing selectivity against
other phenolic substrates. In contrast, the current study
demonstrates the selectivity of complexes 1 and 3, as evi-
denced by their catalytic activity toward H,Q in comparison to
ortho- and meta-substituted phenolic compounds.

One of the most essential functions of catalysts in catalytic
oxidation is the activation of oxygen. Based on the results of
this work, a probable mechanistic pathway for the oxidation of
H,Q catalyzed by complexes 1 and 3 involves dioxygen being
adsorbed and activated by the metal ion active sites, after
which it reacts with H,Q to form Q.?°

Magnetic properties and theoretical study of 1 and 2

The magnetic behavior of 1 and 2 in the form of yT vs. T
plots [y being the direct-current (dc) molar susceptibility per
dicopper(u) unit] is shown in Fig. 5 and S11,] respectively. At
room temperature, yT is equal to 0.80 (1) and 0.81 cm?® mol™*
K (2), values which are close to the expected one for two mag-
netically isolated copper(u) ions. yyT remains almost constant
until 50 K, and it further increases continuously to reach 0.97
(1) and 0.98 cm® mol™ K (2) at 2.0 K. These features are
characteristic of ferromagnetically coupled dicopper(u)
systems, such as 1 and 2. The magnetic data were fitted
through the Bleaney-Bowers equation,?” which is derived from
the spin Hamiltonian H = —JScu1:Scuz + PH(gcuiScu1r +
ZcuxScuz) Where J stands for the exchange magnetic coupling

0.8 6995606555
R 1
<] J
€ a
~ S 095
s £
E 0.6 o <
- E o 09q
=< 1 ~
s3 0854
0.4 H <
0.8 T T T T
0 5 10 15 20
1 T (K)
T T T T T T T T T T T
0 50 100 150 200 250 300
T (K)

Fig. 5 Thermal dependence of yuT for 1: (empty circles) experimental;
(solid line) best-fit curve through the Bleaney—Bowers equation. The
inset shows details of the low-temperature region.
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parameter and gcy1 = geue = g is the average Landé factor con-
sidered isotropic. The theoretical curves are in good agreement
with the experimental data and provide the following set of
best-fit parameters: g = 2.06 (1)/2.08 (2) and j = +1.83
(1)/+1.72 cm™ (2).

The near-identical magnetic coupling observed between 1
and 2 eliminates the possibility of significant magnetic inter-
actions between neighbouring metallacyclophane units in 2
across the diamagnetic sodium(i) cation bridge, suggesting
that the extended acriba®’~ spacer mediates in both com-
pounds the ferromagnetic coupling (F) between two Cu" ions
separated by ca. 11.5 A within the dinuclear metallacyclophane
unit. DFT calculations on the experimental geometry of 1 align
well with these experimental results, corroborating the pres-
ence of a moderate ferromagnetic coupling (J = +5.5 cm ™,
+5.8 cm~ " when using the TZVP basis set for all atoms). These
calculations reveal that the non-negligible strength and ferro-
magnetic nature of this coupling arise from a spin polarization
mechanism operating through the n-pathway of the spacer.
The specific arrangement of the metal fragment relative to the
spacers facilitates the delocalization of Cu™ ion’s spin density
onto the spacer’s m-system, resulting in an alternating spin
density distribution across the acridine bridge (see Fig. 6).
This efficient spin polarization mechanism, which establishes
and controls long-range magnetic coupling, is consistent with
previous magneto-structural studies on polynuclear metal
complexes.'*”?*7! However, the partial discrepancy between
theoretical and experimental magnetic coupling strengths
needs to be discussed. Potential structural changes upon
cooling the sample must be considered, as the plasticity of the
Cu" coordination environment may lead to subtle rearrange-
ments that minimize n-n interactions in the eclipsed confor-
mation of the stacked spacers. Even minor structural distor-
tions can significantly impact the magnetic interaction, as the
effectiveness of the spin polarization mechanism—and conse-
quently, the strength of magnetic coupling—relies on the Cu"
ion’s ability to delocalize its spin density along the spacer’s
n-pathway. Calculations indicate that in the optimized geome-

Fig. 6 Spin density distribution in the triplet ground state of the dicop-
per(n) metallacyclophane unit of 1 (the water molecules were omitted).
Yellow and blue colours represent positive and negative isodensity sur-

faces with a cut-off value of 0.001 e bohr=>.
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try, the exchange magnetic coupling decreases to +3.4 cm ™,
highlighting the sensitivity of magnetic coupling to minimal
structural variations, which offers a plausible explanation for
the differences observed between theoretical and experimental
J values. Nonetheless, the optimized structure appears exces-
sively distorted (see ESI{), and even in this extreme case, DFT
calculations still overestimate the magnetic interaction, which
raises concerns about the accuracy of the DFT methods,
suggesting that electron delocalization errors—known limit-
ations of many DFT approaches—may contribute to both exag-
gerated structural distortions and overestimated coupling
strengths, a topic that will be further explored.

Introducing a nitrogen atom into the organic spacer is a
recognized strategy for modulating ferromagnetic coupling.
This effect was previously observed in the complexes
Nay[Cu,(mpba),]-10H,0 [Hympba N,N'-1,3-phenylenebis
(oxamic acid)] and 3, where intramolecular ferromagnetic
interaction of varying strength occurred through meta-substi-
tuted phenyl (-Namidate-C-C-C-Namidate-) and pyridyl
(-Namidate-C-N-C-Namidate-) skeletons, with J values of
+16.8 and +7.9 em™, respectively.’*” These differences were
attributed to variations in local spin densities along the
organic bridge. Specifically, Na,[Cu,(mpba),]-10H,O exhibited
higher spin densities than 3, leading to enhanced spin polariz-
ation and stronger coupling. However, a direct comparison
between 1 and 2 is complicated by differences in spacer size.
While nitrogen incorporation in the spacer is expected to
weaken magnetic coupling, a precise assessment requires a
direct comparison with an analogous system lacking nitrogen,
which, to our knowledge, is currently unavailable.

Computational modelling of dinuclear systems analogous
to 1 and 2 offers valuable insights into the development of
magnetic interactions in these compounds. By employing
models with perfectly stacked spacers and perpendicularly
oriented metal fragments to maximize delocalization along the
spacer’s n-pathway, we systematically examined the impact of
spacer length (N = 1 to 5 phenyl or pyridine rings, Fig. 7) on
the singlet-triplet gap (As_r), a proxy for the magnetic coupling
constant J in the shorter members of the series.

Despite the substantial separation between these paramag-
netic centres (6.57-16.54 A), our results consistently reveal
ferromagnetic interaction between the Cu" ions across all
spacer lengths, which aligns with a dominant spin polariz-
ation mechanism and an odd exchange pathway within the
spacer. The spin polarization effect is more pronounced in the

n n2 N
0 0 1
1 0 2
1 1 3
2 1 4
2 2 5

X=CH,N

Fig. 7 Schematic view of the spacer in the studied ideal dinuclear
models.
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triplet state than in the singlet state, where opposing spin den-
sities on metal ions partially compensate for each other’s
polarization effects (Fig. S12 and S13%). Furthermore, Ag r is
larger with oligoacene than with pyridine-oligoacene spacers
(see Fig. 8), which can be attributed to a more significant spin
polarization (more pronounced alternating spin) in the oligoa-
cene spacers, as supported by local spin density analysis

(Fig. 9).

Fig. 8 Spacer size dependence of the As_t triplet-BS singlet energy gap
(full circles) for the X = CH (blue) and X = N (red) series (see Fig. 7). The
lighter colored points correspond to the most stable configurations for
N = 4 and 5, those with a singlet-fission character and a stronger anti-
ferromagnetic coupling between the stacked spacers (see text). The
equivalent results found in the optimized geometries are shown as
empty circles. Inset shows a magnified view of As_t between -5 and
40 cm™.

+9.2 +4.2 +9.2

Fig. 9 Schematic representation of the local spin density distribution
on the bridging pathways for N = 3 ideal models with oligoacene and
pyridine-oligoacene spacers. Full and empty contours denote positive
and negative values of the spin density. Calculated atomic densities in
me™ are given in parentheses.
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In both series, local spin densities increase with N due to
excited 7 states appearing closer to the spacer’s ground state,
facilitating singlet fission by extending the aromatic system—a
phenomenon well-documented in pentacene.’>** However,
this phenomenon is moderated in the first three members of
both series, with only a slight decrease in As 1 despite the con-
siderable intermetallic distance (6.57-11.80 A). Notably, this
energy gap exhibits a minimum for the N = 2 model (Fig. 8),
indicating that singlet fission becomes non-negligible in the
next member of the series. At this point, the spacer begins to
acquire partial polyradical character, and As r can no longer
be strictly interpreted as the exchange constant J describing
magnetic interaction between the Cu' ions. While we acknowl-
edge this complexity, we will continue to use this terminology
for simplicity. The early emergence of this effect in these
families may be attributed to the presence of metallic frag-
ments injecting or delocalizing spin density into the spacer’s ©
path and, therefore, acting as a seed for subsequent spin polar-
ization along it.

As N increases beyond 4, the polyradical character of the
spacer becomes increasingly evident, leading to the most
stable configurations, triplet (T’) and singlet (S') states, result-
ing from a strong antiferromagnetic interaction between the
spin densities of the stacked spacers with opposing signs
(Fig. 10 and S14%). This behavior that contrasts with our obser-
vations in the shorter members of the series arises when this
n-7 AF become dominant enough to invert the sign of the spin
densities between stacked atoms (as shown by the last
members of X = CH, and N families in Fig. S12 and 13} com-
pared to Fig. S141), thereby disrupting the typical spin deloca-
lization pathway from the metal centers and altering both the
magnitude and sign of the global Ag 1 (Fig. 8).>* The observed
near-degeneracy of the S' and T’ states (Ag—r = 0) can be

~ a7a’a’
.\!-2%9,

.ﬂ&’(ﬂgﬂ‘ 3
M
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explained by examining the spin distribution within the
Cspacer~Noxamate Dond. In both states, regions of aligned and
opposing spin densities appear in equal measure, yielding
similar energy profiles. Consequently, the calculated energies
primarily reflect the antiferromagnetic interaction between the
spin densities of the stacked spacers (/). Thus, the J,_, con-
stant for the N = 4 and 5 family members was estimated at —70
and —270 em ™" for X = N, and significantly larger at —270 and
—-2170 em™ ", for X = CH. This strong interaction is consistent
with the pronounced polyradical nature characteristic of
singlet fission. Furthermore, the more intense spin polariz-
ation in the X = CH family correlates with the enhanced coup-
ling strength. This singlet-fission phenomenon is also
observed in nanographene, essentially an isolated sheet of
graphite.’>*® However, unlike in our metallacyclophanes, the
sheets in graphite are not eclipsed, allowing for displacement
that minimizes intermolecular electronic contacts and mag-
netic coupling. This structural flexibility helps explain the pro-
nounced distortions sometimes observed in metallocyclo-
phanes, as discussed earlier.

The findings of this study indicate that while event effects
were introduced to mitigate delocalization errors—particularly
in systems with anionic ligands coordinated to metal ions—
the results remain largely consistent without these effects,
exhibiting a slight overestimation of the exchange interaction
(J), substantial geometric distortions in optimized geometries,
and predominant antiferromagnetic (AF) interactions between
stacked spacers in the ideal models. Given these observations,
functionals that significantly attenuate over delocalization
were chosen for further analysis. However, the preferred func-
tionals (rCAM-B3LYP and CAM-QTP) were unavailable in our
computational framework,””*° necessitating the use of
alternative functionals (CAM-B3LYP, M06-HF, and M11),*'"*?

%)” ’
<Q>{ \
bo r.u naﬂnﬂuﬂasg’ X

Fig. 10 Calculated spin density maps for T and T’ triplet and S and S’ singlet states of dinuclear copper(i) model featuring oligoacene (X = CH in
Fig. 7) spacer of size N = 5 in an idealized geometry (see text). Yellow and blue isodensity surfaces represent positive and negative spin densities with
a cut-off value of 0.0018 e bohr~>. The numerical values indicate the energy of each state with respect to the triplet T.
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which are also recognized for their reliability.** Among these
alternatives, CAM-B3LYP predicts an even larger J constant
(+7.5 em™"), while M06-HF, known for mitigating delocaliza-
tion error, suggests a very weak coupling, approaching zero
(+0.4 cm™). In contrast, the M11 functional yields intermedi-
ate J values (+4.4 cm™"), aligning more closely with experi-
mental data, particularly when applied to the optimized geo-
metry of the triplet T ground state (+1.7 cm™'). However, all
three functionals produce excessively distorted geometries.
Given the proven efficiency of the B3LYP functional in evaluat-
ing J constants and the consistency of the optimized geome-
tries across all tested density functionals, the apparent
improvement in accuracy may be artificial, stemming more
from differences in the quality of magnetic coupling evalu-
ation than from a genuine correction of over-delocalization.

Additional optimizations were conducted on a dinuclear
nickel(i) complex to investigate the nature of these distortions
further. Thus, the Cu"™ ion in the experimental geometry of 1
(X = N series) was substituted with Ni", and in a second model
(X = CH series), the pyridine nitrogen atom was replaced with
a -CH group. Since the Ni" ion in a pseudo-square planar
coordination environment is diamagnetic, spin delocalization
effects from the metal fragment were eliminated. However,
exaggerated molecular distortions persisted in both cases,
suggesting that either these distortions are a computational
artifact or that the electron density surplus in oxamate anions
is excessively delocalized over the spacers. The resulting elec-
tronic repulsion between spacers could be responsible for
these distortions, warranting further investigation, though this
phenomenon does not significantly impact the current
discussion.

To assess the influence of spacer electron densities on geo-
metry, optimizations of previously studied models were per-
formed across different series. Given the near invariance of
electronic structure in the triplet and singlet states, and con-
sidering that singlet fission can be interpreted as a broken-
symmetry function of the singlet state, optimizations were con-
ducted on a closed-shell singlet state.*” The validity of this
approximation was confirmed through additional optimi-
zations for the open-shell triplet ground state in representative
cases, yielding comparable distortions and supporting the
reliability of the closed-shell singlet approximation.

Experimentally, common distortions in metallocyclophanes
include spacer bending (a), leading to partial planarity loss;
spacer flapping (f); loss of perpendicularity between the
spacer and metal fragment planes (y); slippage between
spacers; and partial tetrahedral distortion in the Cu™ coordi-
nation sphere (Fig. 11 and Table 1). Spacer flapping is unlikely
in systems where the substitution pattern maintains major
symmetry. Similarly, loss of perpendicularity between spacers
and metal fragments, accompanied by slippage, also intro-
duces an additional twist between spacers. These distortions
likely separate electron densities of the spacers, particularly in
the intermediate region, are evident in optimized geometries —
most notably, spacer bending. Starting from a constrained
eclipsed initial geometry resulted in moderate distortions com-
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(b)

(c)

Fig. 11 Schematic representation of the most common distortions in
the studied series of dinuclear copper(i) metallocyclophanes: (a) spacer
bending [al, (b) spacer flapping [fl, and (c) loss of perpendicularity
between the spacer and metal fragment planes [y]. Color code: Cu, dark
blue; O, red; N, light blue; C, gray; H, pale pink.

pared to those observed experimentally or arising from optim-
ization of the experimental geometry. While these geometries
more closely resemble experimental structures, they are not
necessarily the most stable; nonetheless, they were chosen
based on prior discussions regarding the origins of excessive
distortions in this class of compounds.

The variation of the singlet-triplet energy gap with spacer
size for the two studied families (X = N or CH), when opti-
mized from the eclipsed conformation, is illustrated in Fig. 8.
Due to reduced spacer eclipsing, only expected spin configur-
ations (S and T) were observed, indicating an absence of S’ and
T' configurations governed by antiferromagnetic coupling
between the spacer spin densities (Fig. S15 and S16%). The J
values followed previously established trends, with the triplet
state as the ground state and an initial decrease in J as the
spacer extended, reaching a minimum at N = 2. These results
reinforce the established understanding of electronic inter-
actions in these systems and highlight the role of geometric
constraints in modulating electronic and magnetic properties.
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Table 1 Values found in series X = CH and N of dinuclear copper(i) and
nickel(i) metallocyclophanes from N = 1 to 5 (see Fig. 7) for the selection
of geometrical parameters: intramolecular Cu---Cu separation (dm-_m),
spacer bending (a), spacer flapping (f), and loss of perpendicularity
between the spacer and metal fragment planes (y)

X =CH X=N

N dum@B) a® B 7 dum@) a®) B r()
1 6.93 0.5 82 864  6.57 01 13.5 844
2 9.33 02 211 80.9 9.15 2.0 103 855
3 11.80 1.8 17.3 825 11.63 3.2 142 839
4 14.27 31  20.8 80.9 14.09 59 121 84.8
5 16.74 55 153 83.3 16.58 58 134 831
Ni,5 16.77 82 13.5 842 16.55 6.9 163 83.1
1¢ 11.48 5.2 57  69.2

“Compound 1. Average values.

As observed in similar and previously studied amino com-
plexes,** intramolecular magnetic communication persists in
these systems despite the considerable separation between
paramagnetic centers. However, it is less pronounced in the
oxamate derivatives. This communication enables their poten-
tial use as magnetic wires and in constructing advanced spin-
tronic components. However, oxamate-complex derivatives
form metallocyclophane units with strong electronic and mag-
netic interactions between the stacked spacers, resulting in sig-
nificant geometric distortions and intense AF coupling. While
these factors complicate their study, they also offer opportu-
nities for designing advanced spintronic materials, making
metallocyclophanes a promising subject for further academic
investigation.

Conclusions

Taking advantage of the n-pathway of the extended spacer, the
spin polarization mechanism accounts for the significant
ferromagnetic coupling in the dicopper(un) metallacyclophane
complexes containing the acridine oxamate-based ligands
despite the significant separation between paramagnetic
centers (ca. 11.5 A), making them able to act as magnetic
wires. The overestimation of magnetic interactions in theore-
tical models highlights the influence of minor structural dis-
tortions but also suggests a potential impact of electron delo-
calization errors inherent to certain density functionals. The
theoretical study also reveals a strong dependence of magnetic
interactions on spacer length and composition while confirm-
ing the persistence of ferromagnetic coupling over large dis-
tances, reinforcing the role of spin polarization in these
materials. Notably, introducing nitrogen into the organic
spacer modulates ferromagnetic coupling, as evidenced by
comparisons with related systems.

Beyond their magnetic properties, these systems also
exhibit outstanding reactivity and selectivity in catalysing the
oxidation of para-substituted isomer hydroquinone (H,Q), an
emerging pollutant, under aerobic conditions. Compared to
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laccase, which shows a higher affinity toward ortho-substituted
phenolic compounds, the enhanced selectivity of these two
complexes toward the para-substituted ones is particularly
striking.

Ultimately, these findings open new horizons for develop-
ing highly selective platforms for biosensing and biotechnolo-
gical applications while also underscoring the potential of
metallocyclophanes as key building blocks for spintronic
devices. Their unique magnetic properties and structural tun-
ability offer promising avenues for designing advanced mole-
cular materials. However, further investigation is required to
fully understand the effects of structural distortions and elec-
tron delocalization on their magnetic behavior.

Experimental section
General information

All chemicals and solvents were purchased from commercial
sources and were used without further purification.
[NagCu,(mpyba),Cl,(H,0)s]-7H,O (3) was synthesized by fol-
lowing a previously reported procedure.'*” Elemental analysis
(C, H, N) was carried out using a ThermoScientific FlashSmart
CHNSO Analyzer. 'H NMR for the Et,H,(acriba) proligand was
conducted by the Microanalytical Service of the Federal
University of Goias. A value of 2:1 Na:Cu molar ratio for 1
was determined by electron probe X-ray microanalysis using a
Philips XL-30 scanning electron microscopy (SEM) from the
Servicio Central de Soporte a la Investigacién Experimental
(SCSIE) at the University of Valencia.

Synthesis of the Et,H,acriba proligand. Triethylamine
(0.30 mL, 2.15 mmol) and sodium bicarbonate (0.05 g,
0.59 mol) were added to a solution of 3,6-diaminoacridine
hemisulfate salt (0.15 g, 0.58 mmol) with dry pyridine
(3.4 mL). Then, ethyloxalyl chloride (0.13 mL, 1.16 mmol) was
added to the resulting brown suspension, which was kept
under continuous stirring while the whole was maintained in
an ice bath to prevent the reaction from heating. The mixture
was kept under stirring at room temperature for 90 minutes,
and after that time, it was kept in an oil bath under reflux at
80 °C for two hours. The brown solid obtained after adding
water was filtered off and washed with an ethanol/water (1:1
v/v) solvent mixture to remove any impurity. Yield: 0.220 g;
93%. Anal. caled for C,;H;oN30¢ (2): C, 61.61; H, 4.68; N,
10.26. Found: C, 61.59 H, 4.71; N, 10.28%. IR (KBr/cm™):
3337m [¢(N-H)], 1714s and 1624m [¢(C=O0)]. 'H NMR
(500 MHz, DMSO-d;;): & 11.16 (s, 1H), 8.92 (s, 1H), 8.61 (s, 2H),
8.10 (d, J = 9.1 Hz, 2H), 7.86 (dd, J = 9.1, 2.1 Hz, 2H), 4.34 (q, ]
=7.1 Hz, 2H), 1.33 (t,J = 7.1 Hz, 3H).

Synthesis of {Na,(H,0)s[Cu,(acriba),(H,0),]},-4nH,0 (1).
Solid NaOH (0.05 g, 1.33 mmol) was poured into an aqueous
suspension of Et,H,(acriba) (0.13 g, 0.317 mmol). Then, an
aqueous solution of Cu(NOj3),-3H,0 (0.07 g, 0.317 mmol) was
added dropwise under continuous stirring, and the resulting
dark green solution was filtered to discard any particles. Most
of the solvent was removed under reduced pressure. A green
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precipitate was separated by adding ethanol. It was collected
by filtration and washed with ethanol. Yield: 0.239 g, 84%.
X-ray quality green needles of 1 were grown after 10 days by
slow diffusion of acetonitrile into an aqueous solution of the
green solid in a test tube. Anal. caled for C3,H,,Cu,NgNa 0,6
(1): C, 34.91; H, 3.62; N, 7.18. Found: C, 34.50; H, 3.55; N,
7.13%. IR (KBr/em™'): 3405m [¢(O-H)], 1633s and 1594s
[((C=0)]. UV-Vis (Amax/nm): 563 (on solid) and 646 (in
aqueous solution).

Synthesis of (Bu,N),[Cu,(acriba),]-:5H,0 (2). BuyNOH 40%
in water (0.66 mL, 0.965 mmol) was poured into an aqueous
suspension of Et,Hjacriba (0.10 g, 0.2412 mmol). After com-
plete solubilization, solid Cu(ClO,),-6H,O (0.089 g,
0.24 mmol) was added under continuous stirring at room
temperature. The resulting green solution was evaporated
under reduced pressure until a white precipitate of Bu,NClO,
was formed. It was removed by filtration, and the remaining
solution was evaporated again under reduced pressure. The
green solid obtained was collected and dried under vacuum.
Yield: 0.1515 g, 67%. The green needles of 2 suitable for X-ray
diffraction were grown by slow evaporation of acetone solu-
tions of the green solid. Anal. caled for CogHy65CU,N;0017 (2):
C, 62.42; H, 8.98; N, 7.43. Found: C, 62.35; H, 8.76; N, 7.36%.
IR (KBr/em™'): 3435s [¢(O-H)], 2960s [¢(C-H)], 1639s and
1595s [1(C=O0)]. UV-vis (4nax/NM): 646 (in aqueous solution).

Physical measurements

The infrared spectra of Et,H,(acriba), 1 and 2 were recorded
on a PerkinElmer Spectrum 400 FT-IR/FT-FIR spectrometer
using KBr pellets in the wavenumber range of 4000-400 cm ™",
Diffuse reflectance spectra on solid samples of 1 and 2 were
measured in a PerkinElmer Lambda WB1050 spectrometer,
operating from 250 to 2500 nm spectral range, using a Praying
Mantis accessory. UV-Vis absorption spectra of aqueous solu-
tions of 1 and 3 were recorded on a double-beam JASCO V-630
spectrophotometer using quartz cuvettes with 1 cm path
length. The temperature was kept at 25 °C by an ETCR-762
(JASCO) water thermostated cell holder with a magnetic stirrer.
Magnetic susceptibility measurements on crushed crystals of 1
and 2 were carried out on a Quantum Design SQUID magnet-
ometer operating between 1.9 and 300 K under applied dc
magnetic fields of 0.1 T (T > 50 K) and 500 G (T < 50 K). The
corrections for the diamagnetism of the constituent atoms
were estimated from Pascal’s constants*® as —667 x 107 (1)
and -830 x 107° cm® mol™ (2) [per dicopper(u) unit].
Experimental susceptibilities were also corrected for the temp-
erature-independent paramagnetism [60 x 107® em® per mol
per copper(u) ion] and the magnetization of the sample holder
(a plastic bag).

Kinetic experiments

The reactions were initiated by mixing the solution of the phe-
nolic compound (catechol, resorcinol or hydroquinone) and
the catalyst (1 or 3) in water at 25 °C under continuous stirring
in O, or N, atmospheres. The oxidation reaction was moni-
tored by acquiring one spectrum every ten minutes for one
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hour. The concentration of each phenolic compound (75 pmol
L") was set ten times higher than that of the catalyst
(7.5 pmol L™"). Afterwards, the kinetic assay for the hydro-
quinone oxidation was performed by recording the absorbance
at 245 nm versus time. The differential method to evaluate the
catalytic performance of 1 and 3 was used by acquiring the
initial rates directly from the slopes of absorbance-time curves
at different values of the initial hydroquinone (H,Q) concen-
trations between 5 and 200 pmol L™ while the concentration
of catalyst remained fixed at 15 pmol L™".

Computational details

Density Functional (DF) calculations were carried out on the
experimental geometries of the dicopper(u) fragments of 1 and
2 through the Gaussian 09 package using the B3LYP func-
tional,”” the quadratic convergence approach, and a guess
function generated with the fragment of the tool of the same
program.*® Models in ideal geometries or optimized geome-
tries were also studied. Triple-{ (TZV) and double-{ (SV) all
electron basis sets proposed by Ahlrichs et al. were used for
the metal and the rest, respectively.”®>® Several checks were
made with other functionals known to reduce the delocaliza-
tion error typical of methods based on density functional
theory (DFT).>"*> An additional study was also done with TZV
basis set adding a p polarization function (TZVP) for all atoms.
The states of the magnetic coupling were obtained from the
relative energies of the broken symmetry (BS) singlet spin state
from the high-spin state with parallel local spin moments.
Further details regarding the use of the BS approach to evalu-
ate the magnetic coupling constants can be found in the
literature.>*">°

X-ray crystallography

Room temperature Mo Ka intensity data on single crystals of 1
and 2 were acquired on a Bruker-AXS Kappa Duo diffract-
ometer with an APEX II CCD detector. The crystal structures of
both compounds were solved with SHELXS and refined with
SHELXL-2018.%” All non-hydrogen atoms for 1 and 2 were
refined with anisotropic parameters except for one water mole-
cule in 1 that was split over two position sites of fixed 60%
(O13W, H13A, H13B) and 40% (O14W, H14A, H14B) occu-
pancies, which were found in pilot refinements with a con-
strained isotropic thermal parameter for the oxygen fractions.
Isotropic thermal parameters were used for the hydrogen
atoms, which were 20% higher than the U values of the
bonded atom. In the case of methyl and water hydrogen
atoms, this value was 50%. The positions of the hydrogen
atoms were calculated respecting both intramolecular and
intermolecular geometries, and they were constrained follow-
ing a riding model (except for those of the water molecules,
which were first found from the difference Fourier map and
did not oscillate after their fixing). The structure analysis and
artwork representations of 1 and 2 were performed on
MERCURY>® and ORTEP-3.”° Crystallographic data and refine-
ment parameters of 1 and 2 are summarized in Table S1.f
Selected bond lengths and angles are listed in Tables S2 (1)
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and S3 (2),i whereas the hydrogen bonds are given in Tables
S4 (1) and S5 (2).1 Crystallographic details are available in the
ESI} in CIF format. CCDC numbers 2083644 (1) and 2207096

(2).%
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