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Copper isotopes and their complexes are intensively studied due to their high potential for applications in
radiodiagnosis and radiotherapy. Here, we study the Cu" complex of 1,8-bis(2-hydroxybenzyl)-cyclam
(H>L), which forms an unexpected variety of isomers differing in the mutual orientation of the substituents
on the cyclam nitrogen atoms, the protonation of the phenolate pendant, and the ligand denticity. The
interconversion of the isomers is rather slow, which made the isolation, identification and investigation of
some of the individual species possible. The most stable and the most common form is the hexacoordi-
nated trans-1ll isomer. However, several other forms were also observed in solution in the course of
HPLC, UV-VIS and electrochemical measurements. The isomers present in solution were identified by
comparison with the solid-state structures solved by X-ray diffraction analysis on single crystals and with
the help of theoretical calculations. The phenolate pendant is coordinated both in the protonated and
deprotonated state; however, the coordination in the axial position of the hexacoordinated trans-lll
complex is weak, especially in its protonated state. Conversely, the Cu' ion is pentacoordinated in the cis-
V isomer with only one phenolate strongly coordinated in the basal plane of the distorted tetragonal
pyramid. The computational data showed that the phenolate groups might form strong intraligand hydro-
gen bonds competitive with the metal-phenolate bonds, stabilizing the structure of the complex. In
addition, theoretical calculations revealed that several geometries are energetically close to the optimal
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1. Introduction

Tetraazamacrocyclic ligands are broadly used as metal ion
complexing agents due to the high stability and significant
inertness of their complexes. Among them, 1,4,8,11-tetraazacy-
clotetradecane (cyclam) is the first choice ligand for the com-
plexation of first-row transition metal ions. Cyclam complexes
have found applications in various fields, such as medical
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one, which indicates possible dynamic behaviour of the complex in solution.

imaging and therapy, CO, reduction, hydrogen production,
and catalysis. Significant attention has been given to the
copper complexes because the copper isotopes show high
potential for both diagnostic and therapeutic applications in
nuclear medicine. ®’Cu is a promising therapeutic isotope,
%Cu has been studied for diagnostic purposes in positron
emission tomography (PET) as well as in single-photon emis-
sion computed tomography (SPECT), and *'Cu and ®*Cu are
PET isotopes."™ The Cu isotopes cannot be administered to
patients in the form of salts due to nonspecific deposition of
Cu" ions in tissues. Therefore, various ligand systems have
been studied as carriers, whose role is delivering the isotope to
the target tissue. Cyclam derivatives are among the most
studied ligands, as their Cu" complexes typically show high
thermodynamic stability, high kinetic inertness, and high
selectivity over Zn" and Ni" ions, which are typical impurities
in copper radioisotope solutions."™

The Cu" complexes of cyclam derivatives are specific due to
the formation of isomers showing a relatively slow interconver-
sion (up to weeks at room temperature). The isomers differ in
the mutual orientation of the substituents on the cyclam nitro-
gen atoms (Fig. 1)°” and, consequently, in colour, stability,
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Fig. 1 Schematic representation and classification of the isomers of the
Cu" complexes with the cyclam ligands bearing two coordinating
pendant arms. The isomers are labelled cis and trans according to the
mutual position of the two pendant arms with respect to the macro-
cycle plane. trans isomers are typically hexacoordinated with a distorted
octahedral coordination sphere, whereas cis isomers are pentacoordi-
nated in a tetragonal pyramid.

redox properties, etc. The isomers are labelled with roman
numbers I-V and prefixes that indicate the position of the
additional substituents in the coordination sphere: cis- and
trans- for hexacoordinated and pc- for pentacoordinated com-
plexes. However, in this paper, we use the prefixes cis- and
trans- to describe the mutual position of the two pendant arms
with respect to the macrocycle plane, as it makes the discus-
sion easier to follow.

There are some studies reporting details about the for-
mation of several isomers, mostly those undergoing a very
slow interconversion.®® However, the isomerism is often com-
pletely neglected in biomedically aimed studies of Cu" com-
plexes with cyclam derivatives. In addition, our recent results
indicate the presence of various isomers during the process of
complexation,’ which is important for the understanding of
the complexation mechanism and for the biomedical pro-
perties of the complexes (biodistribution, pharmacokinetics,
etc.). The isomerism of Cu'"" complexes with cyclam derivatives
is typically studied by UV-VIS spectrometry. There are also
works reporting EPR measurements and DFT calculations.'®™"?
Despite the stability of the isomers, their formation and
mutual interconversion is not very understood.

Macrocyclic molecules used in radiomedicine are com-
monly modified with the coordinating pendant arms attached
to the nitrogen atoms. The role of the pendant arms is to
increase the thermodynamic stability and kinetic inertness,
and to accelerate complex formation. The most common
pendant arm used is acetate; however, other pendant arms
bearing, e.g., phosphonates, amines, pyridines, alcohols etc.,
are also used to modify ligand selectivity, complex stability,
inertness, hydrophilicity, biodistribution, or
pharmacokinetics.

ortho-Methylphenol is a pendant arm that is typically used
in ligands designed for the complexation of “hard” metal ions
(according to hard-soft acid-base theory), as its deprotonation
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yields a phenolate anion, which is a “hard” donor. However,
phenolate-bearing ligands might also be applicable for the
complexation of Cu™ and other ions with intermediate hard-
ness. Moreover, phenol derivatives bearing additional reactive
groups are suitable for subsequent coupling to biomolecules,
which serve as vectors for targeted imaging or therapy. The
advantage of phenolate derivatives is that the attachment of an
additional group to the benzene ring does not introduce a
chiral centre, as opposed to the modification of a macrocycle
backbone or a methylene group in the acetate pendant arms.
Owing to these advantages, increasing attention has been
devoted to cyclam derivatives bearing phenolate pendant
arms. The first derivative, 1,8-bis(methylphenol)cyclam (H,L
in Fig. 2), and its Cu™ complex, were reported by Brechbiel in
2001." Its Cu™ complex is hexacoordinated and adopts the
trans-1II conformation. Later, ligands bearing methylated and
t-butylated phenols (compound a in Fig. 2), were studied as
the complexing agents for large metal ions (lanthanides,
uranyl).">® The metals are hexacoordinated and the ligands
adopt the cis-I conformation in the reported complexes.
Another group of bis(methylphenol)-based ligands bears an
additional formyl group in position 3 of the phenol ring (com-
pound b in Fig. 2).>°* These ligands allow coordination of
two metal ions, the first one in the macrocyclic cavity and the
second by the formyl group, while the phenolate acts as a
bridge between the two metal ions. The reported Co™ complex
is hexacoordinated with the cis-V conformation.>* The Ni"
complex of analogous ligands bearing only one phenol
pendant arm (compound c¢ in Fig. 2) is pentacoordinated and
the cyclam ring adopts the cis-V conformation.”® In compari-
son, the ligand bearing two methylquinol groups (compound

OH OH
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Fig. 2 The studied ligand H,L and other previously reported cyclam-
based ligands featuring phenolic pendant arms (a—d).
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d in Fig. 2) forms an Mn" hexacoordinated complex with trans-
III geometry.>®

Recently, we have reported an electrochemical study of the
Cu" complexes with 1,8-disubstituted hexadentate cyclam
ligands, including 1,8-bis(methylphenol)cyclam (H,L), and we
have observed the presence of several isomers in the solu-
tion,”” although only the trans-Ill isomer was previously
reported in the literature."* Thus, to identify and isolate indi-
vidual isomers, to describe the conditions and rate of their
interconversion and, thus, to better understand the coordi-
nation properties of H,L, we investigated Cu” complexes in
detail. Here, we report a combined electrochemical, spectro-
metric and chromatographic study of the solution behaviour,
accompanied by isolation, solid-state structures and theore-
tical calculations of the observed isomers, showing the varia-
bility of the coordination modes of H,L.

2. Results and discussion
2.1 Syntheses and separation of the complexes

The complexes were synthesized by mixing the ligand and a
Cu" salt in solution. When the complexation reaction was
carried out in a methanol-chloroform (1:1) mixture, pure
trans-1II isomer was formed (according to HPLC), which crys-
tallized from the reaction mixture as the structure III° (due to
the number of analogous structures, they are denoted by the
Roman number indicating isomerism of the macrocycle, and
the letter in superscript indicates the individual solid-state
structure, see Fig. S3-5107).

Mixing of the ligand and the Cu" salt in aqueous solution,
followed by a pH adjustment with alkali-metal hydroxide or
ammonia led to significant colour changes - violet in acidic,
blue in neutral and green in alkaline solution. The colour
change was most likely associated with the deprotonation of
the phenol group; however, HPLC analysis showed the pres-
ence of multiple species in solution (Fig. 3A). The chromato-
gram of the complex solution at pH 4 showed one dominant
peak at 7.8 min, which we ascribed to the cis-I isomer (see the
following discussion and section 2.4). Subsequent alkalization
up to pH 4 led to the gradual formation of another species,
which was manifested by the appearance of a new peak at
8.3 min, which was identified as the cis-V isomer by compari-
son with an X-ray analysed standard (see section 2.3). The two
species were in thermodynamic equilibrium, with the ratio of
the peak areas 3:1 at pH 10, and they were separated by
FLASH chromatography.

To get information on the rate of the spontaneous intercon-
version, the separated cis-I and cis-V isomers were incubated at
25 °C in solutions with pH 4 or 8 and the reaction was moni-
tored by UV-VIS spectroscopy (Fig. S1f). The isomerization
half-times were ¢,,, ~ 2 h at pH 4 and 15 min and at pH 8, and
the resulting spectra were identical for experiments starting
from both pure isomers proving that they reach the same
thermodynamic equilibrium.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 HPLC analysis of the isomers formed at room temperature (A)
and after heating at 90 °C (B).

The compound eluted at 7.8 min could not be unambigu-
ously identified by X-ray diffraction, because the HPLC-puri-
fied material could be isolated only in the microcrystalline
form. However, it is not the ¢rans-III isomer that was prepared
in further experiments (see below) and shows different UV-VIS
spectra. Thus, it is one of the remaining possibilities, cis-1, cis-
II, trans-Il or trans-IV. As this unidentified isomer exists in
equilibrium with the cis-V isomer, and one might expect that
inversion on the coordinated secondary amino group is much
faster than that of the tertiary amine, isomer cis-I or cis-II
could be proposed. We suggest that isomer cis-I is more prob-
able as it was reported as the low temperature kinetic product
formed by cyclam-1,8-diphosphonate.® Moreover, despite the
fact that two dominant peaks were observed using HPLC, it
should be mentioned that other minor peaks were observed
and that the peak at 7.8 min shows significant asymmetry,
which indicates the presence of some less abundant isomers
being in a slow interconversion. Thus, we cannot exclude that
the cis-II isomer is also present in the solution.

Crystallization from the solutions containing the mixture of
complexes formed at room temperature or separated isomers
yielded single-crystals of complexes V*, V® and III* (see section
2.3). Isolation of the trans-III isomer is somewhat surprising as
it was not observed in HPLC chromatograms of the reaction
mixture after complexation and it requires heating to be
formed (see below). However, its crystallization could be
explained by slow formation even at room temperature during

Dalton Trans., 2025, 54, 3127-3140 | 3129
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the long-term crystallization experiments combined with pre-
ferential crystallization due to the high symmetry and low solu-
bility of the trans-III complex.

Heating the cis-I or cis-V isomers or their mixture at 90 °C
led to the formation of the trans-III isomer, which was identi-
fied by comparison with an X-ray analysed standard (see
section 2.3). This isomer is present as the dominant one in the
studied pH range of 4-10 as proved by the HPLC analysis
(peak at 7.7 min in Fig. 3B) and cyclic voltammetry (see
section 2.2). Despite its HPLC retention time being similar to
that of the low-temperature isomers, the spectral and electro-
chemical data clearly indicate the different structure of this
isomer. The formation half-time of the trans-III isomer is t;,, ~
73 min at pH 4 and 12 min at pH 8 at 90 °C (Fig. S2t). This
process is significantly slower than the mutual interconversion
of the cis-I and cis-V isomers. Crystallization from solution con-
taining the trans-IIl isomer yielded single-crystals of complexes
mr?, 1r®, 11 and Mr* (see section 2.3).

2.2 Electrochemistry

Cyclic voltammetry at a hanging mercury drop was employed
as a “dynamic” method, which can reveal reversibility of the
system, stability of the first intermediate, the presence of other
possible intermediates and/or different products and their ret-
rograde redox reactions. The mercury drop method was
selected because it provided significantly better sensitivity and
reproducibility than measurement with glassy carbon or plati-
num electrodes.

The general CV and DC-polarography study of the Cu-L
system was reported recently together with other ligands.””
Free ligand H,L is not redox active in the studied potential
range. The initial complexation experiments were performed at
PH 6.6 employing excess ligand to assure full complexation.
The Cu" ions are reduced in a single two electron step
(Fig. 4A) consisting of one-electron reduction followed by Cu'
complex dissociation and reduction of the free Cu' ion.

The copper amalgam formed was reoxidised at weakly nega-
tive potentials (0 to —0.2 V) and the Cu" ion was immediately
recomplexed by the excess ligand (all potentials are reported
vs. SCE). The reduction of the complexes was significantly
shifted to a more negative potential compared to the free Cu"
aqua ion due to the stabilization by the strong ligand binding.
The solution prepared by mixing the ligand and the Cu" ions
at room temperature showed at pH 6.6 two dominant peaks at
—0.49 V and -0.56 V, indicating the equilibrium of two major
isomers. The intensity of both peaks changed with the pH
(Fig. 4B), and they correspond well to HPLC data. The less
negative peak (assigned to the cis-I isomer, see discussion
above) dominated at low pH, both peaks were almost equal at
neutral pH, and the more negative one (the cis-V isomer) domi-
nated at high pH. However, in the second and ongoing scans,
the peak at the more negative potential dominated (Fig. 4C).
This could be explained by the fact that the reoxidized copper
was complexed by the excess ligand leading firstly to the cis-V
isomer, which is the first kinetic product that, consequently,
isomerized partially to the cis-I isomer.

3130 | Dalton Trans., 2025, 54, 3127-3140
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Overnight heating at 90 °C led quantitatively to the trans-1II
isomer, which was reduced at a more negative potential (—0.63
V at pH 6.6) than the cis-I and cis-V isomers. The single peak of
trans-1II was observed throughout the whole studied pH range
(Fig. 4D). The reduction potential of all observed isomers
changes with pH, while their relative difference does not
change (Fig. 4E).

2.3 Solid-state structures of the ligand and complexes

Two crystal structures of ligand H,L were determined (Fig. 5).
Crystallization from neutral solution led to the material of
composition H,L, in which both protons were localized on the
phenol groups. The structure is stabilized by strong intra-
molecular hydrogen bonds (Fig. 5A and Table S1f), as the
phenol groups form hydrogen bonds to the nitrogen atoms N1
and N4 and additional hydrogen bonds were formed between
the secondary and tertiary amino groups.

Crystallization of the solution acidified with HC1O, to pH ~
2 yielded the material of composition (H,L)(ClO,),. The ligand
is tetraprotonated, with two protons bound to the phenol
oxygen atoms and two to the secondary amino groups. The
phenol and secondary amino groups are connected by intra-
molecular hydrogen bonds and they both form additional
hydrogen bonds to the perchlorate anion (Fig. 5B and
Table S27).

Eight X-ray structures of [Cu(L)] complexes differing in the
ring isomerism, in protonation and/or in solvate molecules,
were determined. Coordination bond lengths and angles, para-
meters of the crystal structures and parameters of hydrogen
bonds are listed in Tables S3-S13.7

Complexes II* and II® (Fig. S3 and S4t) of composition
trans-[Cu(L)]-2MeOH and trans-[Cu(L)]-2H,0, respectively,
contain one independent complex molecule of similar geome-
try (Fig. 6A). The macrocycle adopts the trans-III conformation
and the Cu" ion is hexacoordinated in a tetragonally-bipyrami-
dal coordination sphere. The axial coordination is weak, as the
deprotonated phenolate anions are very distant [IIIA: dcuo =
2.369 A; III®: dc,_o = 2.462 A). The solvate molecules (methanol
in complex II* and water in complex IIT®) are bound through
hydrogen bonds to the phenolate oxygen atoms and secondary
cyclam amino groups.

Complexes I, II” and II* of composition trans-[Cu(H,L)]
Cl,, trans[Cu(HL)]CI'H,O and trans-{Cu(H,L)](CF;COO),,
respectively (Fig. S5-S7t) show similar coordination motifs
with the trans-III macrocycle conformation (Fig. 6A) and a
tetragonally-bipyramidal coordination sphere. However, the
ligand is mono- or di-protonated on the phenol groups and,
thus, its interaction is even weaker when compared to the pre-
vious compounds. The axial distances are longer than those in
complexes III* and MI® (II€: dg,_o = 2.526 A; MI”: 2.491 A; II™:
2.521 A). The complex positive charge is compensated by
either chloride or highly disordered trifluoroacetate anions.
The geometry of the diprotonated complex is similar to that
reported previously for the diacetate of the diprotonated
complex [Cu(H,L)](OAc),-2H,0, which has an even longer Cu-
O distance (dcy_o = 2.652).*

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 The cyclic voltammograms (HMDE) of the Cu'-H,L system (cm = 0.3 mM, ¢, = 0.6 mM, 25 °C, Britton—Robinson buffer). Comparison of
samples prepared at room temperature (green) and after overnight heating at 90 °C (yellow) (A, pH 6.6); the voltammograms of the complex mixture
prepared at room temperature as a function of pH (B); comparison of the first and ongoing voltammetric cycles of the complex solution prepared at
room temperature (C, pH 6.6); the voltammograms of the complex solutions after overnight heating at 90 °C as a function of pH (D); the redox

potentials of individual isomers as a function of pH (E).

Fig. 5 Structural motifs found in the solid-state structures of H,L (A)
and (H4L)(C|.O4)2 (B)

This journal is © The Royal Society of Chemistry 2025

Crystals II' of composition trans-[Cu(H,L)[Cu(H,L)
(SO4),]-6MeOH-2H,0 contain two independent complex mole-
cules, both featuring a hexacoordinated metal ion with the
coordination sphere of a tetragonal bipyramid, the trans-III
macrocycle conformation and all phenol groups protonated.
The coordination motif of the first complex molecule is almost
identical to that found in complexes III° and II® (Fig. 6A) —
both protonated phenol pendant arms are weakly coordinated
in the axial position (dcy_o = 2.524 A). In contrast, the ligand
in the second complex molecule is coordinated only through
the nitrogen atoms. Phenol groups are not coordinated and
axial positions are occupied by sulphate anions (Fig. 6B). The
sulphate anions interconnect the two complex molecules
forming hydrogen bonds to the coordinated phenol hydroxyl
groups (Fig. S81). Additional hydrogen bonds are formed
between methanol molecules of crystallization and secondary
macrocycle amino groups.

Dalton Trans., 2025, 54, 3127-3140 | 3131
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Fig. 6 The geometry of the trans-IlI-[Cu(L)] unit in compound III* (A), trans-[Cu(H,L)1(SO4), unit in compound HIF (B), and [Cu(HL)I* unit in com-

pound V& (C).

Complex molecules found in the crystal structures of com-
pounds V* and V® of composition cis-[Cu(HL)],SO,-6MeOH
and cis-[Cu(HL)](CF;CO,), respectively (Fig. S9 and S107), have
very similar geometries (Fig. 6C). The Cu" ion is pentacoordi-
nated by four cyclam nitrogen atoms and one deprotonated
phenolate oxygen atom. The macrocycle adopts conformation
cis'V. The coordination spheres of complexes V* and V® are
close to a tetragonal pyramid with the apical position occupied
by the secondary amino group (N4). In both structures, all
coordination bond lengths are in the range 1.9-2.2 A. The
non-coordinated phenol group is protonated. Positive charges
of the complexes are compensated by the sulphate and tri-
fluoroacetate ions, respectively. Complex V* crystallized as a
solvate with methanol. All methanol molecules, and sulphate
and trifluoroacetate anions were found to be disordered.

2.4. Theoretical calculations

Theoretical calculations were performed to support and ration-
alize the experimental observations, in particular to reveal
which isomers are present in solution as well as to understand
the isomerism of the studied complexes and the coordination
properties of the phenolate pendant arm in solution. For
clarity and readability of the following section, we limit the
information on various computational details to a minimum.
All details on the computational protocols and levels of theory
are collected in the Methods section.

2.4.1 Relative energies of isomers in solution. Each of the
six possible isomers shown in Fig. 1 can be present in the
diprotonated [Cu(H,L)]**, monoprotonated [Cu(HL)]* and fully
deprotonated [Cu(L)] forms. Thus, in total 18 systems have
been considered for the calculations. We first searched for the
global minima of each isomer in each protonation state by
minimizing the geometry and energy of a series of various con-
formers of each isomer, see Methods. Initial calculations that
used just the implicit COSMO solvent model led to some erro-
neous results. For example, the calculated relative energies of
the isomers were not in agreement with the experimental
observations (e.g., the isomer cis-V should not be present in
the mixture as its calculated energy was unexpectedly high).

3132 | Dalton Trans., 2025, 54, 3127-3140

Additionally, some of the predicted (de)protonation constants
were found to be too large (see Table S14 and the discussion
in the ESIT). These inaccuracies were found to be due to unba-
lanced description of intramolecular (pendant-pendant, see
below) and intermolecular (pendant-solvent) hydrogen bonds
of the pendant arm. To improve the description of the studied
systems, we added two explicit water molecules in the calcu-
lations, one for each of the pendant arms. We generated a set
of geometries where individual water molecules were arranged
around the complex in various configurations (for each
isomer, each protonation state, and each set in at least eight
possible variations). After optimizing these geometries, we
selected the structure with the lowest system energy for each
isomer in our study. This brought the relative Gibbs free ener-
gies into alignment with the experimental observations and
also led to sensible protonation constants (Table S161). The
resulting AG energies, relative to the trans-III isomer, are listed
in Table 1.

The calculated relative AG energies (Table 1) show that the
trans-1II isomer is the most stable one in all protonation states,
followed by cis-1I, cis-V, and trans-II, which are by ~3-19 kcal
mol ™' less stable, depending on the protonation state. The
small energy differences indicate that these isomers may also
be present in solution.

Table 1 Predicted relative AG energies? of the Cu—L isomers in various
protonation states, in a model with two explicit water molecules

Relative energy [kcal mol™]

Isomer [Cu(H,L)]** [Cu(HL)T" [Cu(L)]
cis-1 4.55 6.19 12.04
cis-II 11.33 8.36 10.24
trans-1I 6.25 5.89 4.71
trans-1I1 0.00 0.00 0.00
trans-IV 11.82 10.91 12.26
cisV 5.18 7.48 18.68

“AG values were calculated using the COSMO-RS protocol, see
Methods, and are given relative to the trans-IlII isomer for each of the
protonated states separately (each column).

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt03166k

Open Access Article. Published on 02 January 2025. Downloaded on 1/22/2026 10:31:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

The calculated structures are shown in Fig. 7, S14, and
S15.1 Two interesting features should be mentioned here.
First, the pendant arms may form intramolecular hydrogen
bonds, as seen, e.g. in Fig. 7 for the monoprotonated cis-I, cis-
II, and cis-V isomers. Second, possible intra-ligand hydrogen
bonds between the phenolate oxygen and NH group may be
formed as well. This is discussed in more detail in section
2.4.3.

2.4.2 Experimental vs. calculated redox potentials. To get
additional insights into the identity of the isomers observed in
the experiments, the theoretical redox potentials for various
protonated states (Table S18t) were calculated. The calculated
absolute values for the diprotonated [Cu(H,L)]** and deproto-
nated [CuL] forms of the trans-III isomer (—0.34 and —0.72 V)
are close to the experimental values of —0.39 and —0.90 at pH
3 and 12, respectively.

However, the comparison of other calculated results
(Table S181) with the experimental data (Fig. 4) is not straight-
forward. The experimental potentials gradually change with
pH and cannot be simply separated into contributions of the
differently protonated species, because the more protonated
(i.e. more positively charged) species are typically reduced
preferentially.

The experimental potentials of individual isomers follow
the same order along the whole studied pH range and their
mutual differences are more or less constant. Thus, the
reduction potentials relative to the most stable trans-III isomer
were compared with the theoretically predicted relative values,
as shown in Table 2.

trans-I11
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Table 2 The comparison of the calculated relative redox potentials,
AE? of the Cu-L isomers in various protonation states with the experi-
mental results. The absolute values of calculated redox potential are
listed in Table S18+

Calculated AE® [V]

Experimental AE® [V]

Isomer [Cu(H,L)*  [Cu(HL)[" [CuL] [Cu(H.L)]*
cis-I 0.12 -0.09 0.05 0.14-0.15
cis-1I 0.10 0.27 0.22 —

trans-11 0.10 0.18 0.24 —

trans-II1 0.00 0.00 0.00 0

trans-IV 0.21 0.33 0.31 —

cis-V 0.03 -0.05 0.13 0.08-0.09

% All values are relative to those of the trans-III isomer.

For the diprotonated and deprotonated forms, the results
obtained for the two isomers identified by X-ray diffraction are
in agreement with the experimental data - the ¢trans-III poten-
tial is the most negative while cis-V is slightly less negative.
However, unambiguous assignment of the third major isomer
observed in the cyclic voltammograms is difficult. From the set
of possible isomers, we can exclude the trans-IV isomer, which
has the highest redox potential. However, the calculated poten-
tials of the remaining isomers are close to each other and the
potential order is quite sensitive towards the protonation state
of the isomers.

For the monoprotonated form, the theoretically predicted
values change and the cis-I and cis-V potentials are slightly
more negative than that of trans-III. This shows a high sensi-

kY b
9"

cis-11 trans-I1
T
d
9
trans-IV cis-V

Fig. 7 Calculated optimized structures of the monoprotonated isomers in a model with two explicit water molecules. For relative AG energies, see

Table 1.

This journal is © The Royal Society of Chemistry 2025

Dalton Trans., 2025, 54, 3127-3140 | 3133


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt03166k

Open Access Article. Published on 02 January 2025. Downloaded on 1/22/2026 10:31:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

tivity of the calculated potentials towards protonation of the
complex and the presence of intramolecular hydrogen bonds
(see below). This is also closely related to the fact that the cal-
culated potentials change with the solvent model used, ie.
with the explicit water molecules included (Table S18+).

Although the third isomer cannot be unambiguously identi-
fied, we expect that this is the cis-I isomer, because the cis-I
isomer is the second (after trans-IlI) most common one
reported for analogous Cu" complexes with cyclam derivatives.
In addition, the cis-I isomer was previously identified by X-ray
diffraction analysis in the system with cyclam-1,8-diphospho-
nate and it shows similar electrochemical behavior.>*”

2.4.3 Coordination bonding interaction. The variability of
the experimentally found and calculated coordination modes
deserves more detailed investigation and discussion regarding
the coordination geometry of the isomers. Both the experi-
mental X-ray (Tables S3 and S4f) and computational
(Table S19%) data show that while the copper-nitrogen dis-
tances are in a relatively narrow range, the copper-oxygen dis-
tances vary significantly among isomers. They sensitively
reflect the coordination number, isomer type, and protonation
state of the complex. To describe the differential properties of
the Cu-O bond in individual isomers, its delocalization index
(DIgy-0) was calculated (Table 3). The delocalization index is
defined as the number of electron pairs shared among the two
atoms connected by a bond path and it can be viewed as a
measure of the bond order between the two atoms, see
Methods.

The cis and trans isomers prefer different coordination geo-
metries around the metal. Nitrogen atoms in the trans isomers
are mostly arranged in a square planar fashion around the Cu™
ion, which is located in the centre of the plane that they form.
Oxygen atoms are then coordinated only weakly with long Cu-
O distances (2.4-2.6 A), both in the protonated and the depro-
tonated forms. The calculated individual structures are shown
in Fig. 8. In the calculated structure of the fully deprotonated
trans-1II isomer, one pendant phenolate coordinates (Dlcy-o =
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0.32) to the central Cu" ion while the other forms a stable
hydrogen bond to the secondary amine of the macrocyclic
ring. In the mono-protonated trans-III isomer, the protonated
phenolate is semi-coordinated, whereas the deprotonated one
coordinates similarly as in the deprotonated form (DIg, o =
0.32). Complete protonation of the trans-III isomer leads to the
formation of a fully symmetric structure. Both protonated
phenolate pendants are coordinated and their DI, = 0.25 is
somewhat lower than that found for coordination of the depro-
tonated pendant.

The pentacoordinated asymmetric structure of the deproto-
nated trans-III isomer is somewhat surprising as all solid-state
structures of the complexes are hexacoordinated and sym-
metric. Thus, we subjected the ¢rans-IIl isomer to compu-
tational scans of the distance between the uncoordinated
pendant arm’s oxygen atom and the central copper atom
(Fig. 9). The scan started with the energetically lowest penta-
coordinated structure. When the uncoordinated phenolate
oxygen atom is pushed towards the Cu" center, forming the
hexacoordinated structure, there is only a mild rise in energy
by 1.1 kcal mol™". However, a true energetic minimum could
not be located here. Further bond shortening of the Cu-O dis-
tance leads to decoordination of the other phenolate pendant
at the opposite side of the macrocyclic plane, which eventually
forms a hydrogen bond with the secondary amine group of the
cyclam skeleton, and the resulting structure minimizes to a
system identical to the initial one. The comparable energies of
the starting pentacoordinated system and the intermediate
hexacoordinated one result from the low phenolate coordi-
nation bonding energy, which is comparable to the energy of
the intra-ligand pendant-O---H-N hydrogen bonds. This is also
documented by the comparable delocalization indexes of the
coordination and hydrogen bonds, 0.32 and 0.26, respectively
(Table 3).

The cis-I and cis-V isomers behave differently than the
trans-1II isomer. Most importantly, the cis-complexes are typi-
cally penta-coordinated (except for their fully deprotonated

Table 3 Calculated bond lengths dy_y [A] and delocalization indices Dlx_y for Cu—O coordination and intramolecular hydrogen bonds obtained
from QTAIM bond analysis of the most energetically favorable conformers using the model with two explicit water molecules

Cu-0 coordination bond

NH-O hydrogen

Pendant 1 Pendant 2 bond OH-O hydrogen bond
Isomer Dlgy-o0 dcu-o Dlcu-o dcu-o DIxn-o dn-o Dlo-wm-o do-o
cis-I [CuL] 0.09 3.3 0.33 2.1 0.23 2.7 — —
cis-1 [Cu(HL)]" 0.27 2.3 0.15 3.0 0.01 3.2 0.32/0.21 2.6
cis-I [Cu(H,L)]** 0.08 3.3 0.33 2.4 0.20 3.0 0.34/0.19 2.7
trans-1 [CuL] 0.05 3.4 0.32 2.3 0.26 2.6 — —
trans-III [Cu(HL)]" 0.01 5.0 0.32 2.3 0.01 4.2 — —
trans-TI [Cu(H,L)]** 0.25 2.6 0.25 2.6 0.19° 3.0 — —
cis-V [CuL] 0.37 2.0 0.25 2.6 — — — —
cis-V [Cu(HL)]" 0.41 2.1 0.01 4.1 — — 0.30/0.20 2.6
cis-V [Cu(H,L)]** 0.37 2.2 0.01 4.2 — — 0.34/0.22 2.6

“Identical hydrogen bonds were found for both phenolate-secondary amine pairs in this isomer. In all other isomers, regardless of protonation,
the strength of the hydrogen bond in the second phenolate-secondary amine pair is negligible.
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[Cu(H,L)]**

Fig. 8 Calculated optimized structures of the trans-11l isomer in all studied protonation states with two explicit water molecules. Relative AG ener-

gies are shown in Table 1, and selected bond distances in Table 3.
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Fig. 9 Energy scan as a function of Cu—O distance in the deprotonated
trans-11l isomer.

forms) with the coordination polyhedron, whose shape is half
way between the square pyramid and trigonal bipyramid geo-
metry (Fig. S16 and S177). In the protonated form, the Cu-O
distance is typically long (2.3-2.8 A) with low DIs close to zero.
The protonated cis-isomers are also energetically less favoured,
see Table 1. As soon as the first pendant deprotonates, it coor-
dinates strongly in the basal or equatorial plane with a short
Cu-O bond length of 2.0-2.3 A and higher DIc,o ~ 0.3-0.4.
The calculated structures of the protonated cis-isomers mostly
contain a strong intramolecular hydrogen bond between the
non-coordinated and coordinated phenol/ate. The cis-V isomer
energy scan as a function of Cu-O distance (Fig. S181) shows
that hexacoordination is energetically significantly disfavoured
here.

The deprotonated form of the cis-I isomer maintains penta-
coordination (Fig. S161). However, the energy scan (Fig. S19t)
shows that the hexacoordinated form is energetically very close
(<1 keal mol™). In contrast, the second pendant in the depro-
tonated cis-V isomer is semicoordinated, primarily because the

This journal is © The Royal Society of Chemistry 2025

formation of the competing hydrogen interaction with the sec-
ondary amine groups of the macrocyclic ring is not possible
here, as the hydrogen atoms point in the opposite direction of
the macrocyclic ring plane.

3. Conclusions

Surprising isomeric variability of the Cu™ complex with 1,8-bis
(methylphenol)cyclam was found and studied in detail using
X-ray diffractometry, and theoretical calculations supported by
electrochemistry, UV-vis spectra and HPLC analysis. Several
isomers differing in their mutual orientation of the substitu-
ents on the cyclam nitrogen atoms were found in solution and
in the solid state. The solid-state structures as well as the
theoretical calculations showed that the phenolate pendant
arm can be coordinated in both the protonated and the deproto-
nated forms. The coordination of phenolate was found to be
weak when bound in the axial position of the square-bipyramidal
coordination sphere of the trans-Ill isomer, which is the most
stable one thermodynamically. In contrast, coordination of the
deprotonated phenolate in the equatorial position of isomer cis-V
is a stronger one. The theoretical calculations revealed high
phenol/ate ability to form hydrogen bonds among themselves
and even with the NH moiety of the chelate itself. Intermolecular
hydrogen bonds were found in the solid state, whereas intra-
molecular hydrogen bonds were predicted for complexes in solu-
tion. In a crystal, the weak phenol/ate coordination allows for its
replacement in the coordination sphere by water molecules or by
coordinating anions. This finding is crucial for the application of
phenolate pendant arms in the design of copper chelators.
Whereas the commonly used acetate pendants almost always
coordinate to the metal ion, if the number of pendant arms
matches the coordination number of the metal ion, the weak
coordination of the phenol/ate, the cleavage of the corresponding
coordination bond and replacement with other coordinating
species must be considered.

Theoretical calculations showed that the implicit solvent
model provides a good insight but may not be suitable for a
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full and accurate description of the studied systems, as they
form strong intramolecular hydrogen bonds, and the explicit
water molecules should be included in the model for obtain-
ing reliable results. The calculations revealed that the Gibbs
energies of the pentacoordinated and hexacoordinated forms
in the deprotonated systems are comparable and thus both
forms may exist simultaneously in the solution being in a fast
exchange, because the energy barriers between the co-
ordinated and hydrogen-bonded phenolate are negligible
(<1 keal mol™). In addition, the dynamic behaviour of the
complex in the solution might be further influenced by
additional weak interactions with the solvent and various ions
and molecules present in the solution.

4. Methods and experimental

4.1. General

All commercially available starting materials were used
without further purification. 1,8-Bis(methylphenol)cyclam was
synthesized according to the published procedure.'*

4.2. HPLC

The analyses were carried out on a Waters ACQUITY QDa
spectrometer (MS: electrospray ionization at atmospheric
pressure, m/z 100-1250; UV-Vis: 1 = 210-800 nm diode array)
equipped with an RP column (XBridge BEH C18 2.5 pm, 3.0 x
100 mm) using a mixture of 1 %o TFA in H,0 and 1 %o TFA in
acetonitrile (MeCN) according to this gradient: 0.0 min 0%
MeCN, 2.0 min 0% MeCN, 13.0 min 60% MeCN, 13.1 min 0%
MeCN, 15.0 min 0% MeCN.

4.3. FLASH chromatography

The separations were performed on an ECOM ECS28P0X
(UV-vis Diode array detector A = 200-800 nm) with stationary
phase: SiO,: NORMASIL 60 (40-63 pm) VWR chemicals. The
stationary phase was used in reusable empty columns and
after purification it was discarded. Reverse phase chromato-
graphy was done using 40 g columns prefilled with C18
stationary phase (YMC-Dispopack AT, ODS-25, Lot: 13578). The
universal gradient of MeCN in H,O (using 1 %o of TFA as a
modifier is specified in every experimental procedure separ-
ately) with a flow of 50 ml min~" was used: 0.0 min 0% MeCN,
2.0 min 0% MeCN, 7.0 min 100% MeCN, 10.0 min 100%
MeCN. After each use, the column was also washed with
150 ml of MeOH and equilibrated with 100 ml of H,O.

4.4. Syntheses of the complexes

4.4.1. General method of preparing low temperature bulk
complex LT-[Cu(L)]-2TFA-H,0. H,L-H,0 (172.2 mg, 0.4 mmol)
was suspended in water (92 ml) and 50.2 mm CuCl, (8.0 mL)
was added to the stirred solution. The solution was stirred at
RT for 24 h. Afterwards the mixture was evaporated to near
dryness and separated by FLASH chromatography on the
reverse phase using trifluoroacetic acid as a modifier. The
complex was obtained as trifluoroacetate in 83% yield

3136 | Dalton Trans., 2025, 54, 3127-3140
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(239 mg). ESI-MS caled 474.21; found 474.33 [M + H|" Elem.
anal.: caled C 46.70, H 5.32, N 7.78, Cu 8.82; found C 46.91, H
5.29, N 7.82, Cu 8.86.

4.4.2. General method of preparing high temperature bulk
complex HT{Cu(L)]2TFA-2H,0. H,L-H,0 (172.2 mg,
0.4 mmol) was suspended in water (92 ml) and 0.05017 M
CuCl, (7.973 mL) was added to the stirred solution. The solution
was left stirring for 2 h at RT and then the temperature was
raised to 90 °C and the solution was heated for 24 h. Afterwards
the mixture was evaporated to near dryness and separated on
reverse phase through FLASH chromatography using trifluoroace-
tic acid as a modifier. The complex was obtained as trifluoroace-
tate in 90% yield (266 mg). ESI-MS caled 474.21; found 474.33
[M + H]" Elem. anal.: caled C 45.56, H 5.46, N 7.59, Cu 8.61;
found C 45.52, H 5.33, N 7.57, Cu 8.60.

4.4.3. Complex II*: trans|Cu(L)]-2CH;0H. Complex HT-
[Cu(L)]-2TFA-2H,0 (10.0 mg, 13.9 pmol) was dissolved in hot
MeOH and approx. 5 equiv. of LiOH-H,O (0.6 mg) were added
and the solution was left to cool down to room temperature
overnight. Dark blue crystals suitable for X-Ray diffraction
were obtained by filtration. Elem. anal.: caled C 58.03, H 7.87,
N 10.41, Cu 11.81; found C 57.78, H 7.92, N 10.29, Cu 11.67.

4.4.4. Complex II®: trans{Cu(L)]-2H,0. Complex HT-[Cu
(L)]-2TFA-2H,0 (100 mg, 0.14 mmol) was dissolved in 5 ml of
ethanol-ammonium hydroxide mixture (5:1 w%) and the
mixture was separated by FLASH chromatography (SiO,) using an
ethanol-ammonium hydroxide mixture (5:1 w%) as a mobile
phase. The complex was isolated as the first fraction of chromato-
graphy after evaporation (yield 25 mg). The solids were dissolved
in water-methanol (50 : 50 w%) solution and violet crystals suit-
able for X-Ray diffraction were obtained by slow evaporation after
one week. Elem. anal.: caled C 54.58, H 7.63, N 10.61, Cu 12.03;
found C 54.77, H 7.62, N 10.64, Cu 12.07.

4.4.5. Complex %  trans[Cu(HL)|CL,.  H,L-H,0
(100.0 mg, 0.232 mmol) and CuCl,-2H,0 (39.6 mg, 0.232 mol)
were dissolved in a boiling methanol: chloroform mixture
(1:1, 50 ml). The solution was filtered immediately. Pink crys-
tals suitable for X-Ray diffraction were obtained by slow evap-
oration of the solvents over several days. Elem. anal.: caled C
52.70, H 6.63, N 10.24, Cu 11.62; found C 52.77, H 6.84, N
10.27, Cu 11.64.

4.4.6. Complex II”: trans[Cu(HL)|CI-H,0. Ligand H,L
(17.2 mg, 40 pmol) was suspended in HEPES buffer solution at
pH = 8.0 (¢ = 0.4 M, 9.20 ml) and 50.2 mm CuCl, (0.80 ml) was
added. The solution was heated at 90 °C for 24 h and then left
to cool down to RT. Dark blue crystals suitable for X-Ray diffr-
action were obtained by filtration. Elem. anal.: caled C 53.62,
H 7.13, N 10.42, Cu 11.82; found C 53.89, H 7.10, N 10.47, Cu
11.88.

4.4.7. Complex II®: trans{Cu(H,L)](CF;CO,),. Complex
HT-[Cu(L)]-2TFA-2H,0 (10.0 mg, 13.9 pmol) was dissolved in
hot MeOH and the solution was left to cool down to room
temperature overnight. Violet crystals suitable for X-Ray diffr-
action were obtained by filtration. Elem. anal.: calcd C 47.66,
H 5.33, N 7.80, Cu 8.85; found C 47.69, H 5.31, N 7.82, Cu
8.87.

This journal is © The Royal Society of Chemistry 2025
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4.4.8. Complex ' trans{Cu(H,L)][Cu(H,L)
(SO4),]-6CH;0H. Complex HT-[Cu(L)]-2TFA-2H,0 (100 mg,
0.14 mmol) was dissolved in 5 ml of ethanol-ammonium
hydroxide mixture (5:1 w%) and the mixture was separated by
FLASH chromatography (SiO,; the commercial sorbent typi-
cally contains traces of sulphate anions) using an ethanol-
ammonium hydroxide mixture (5:1 w%) as the mobile phase.
The complex was isolated as the third fraction of chromato-
graphy after evaporation (yield 23 mg). Solids were dissolved in
methanol and violet crystals suitable for X-Ray diffraction were
obtained after two days by slow evaporation. Elem. anal.: calcd
C 47.25, H 7.34, N 8.16, Cu 9.26; found C 47.44, H 7.33, N
8.20, Cu 9.30.

4.4.9. Complex V*: cis{Cu(HL)],SO,-6CH;0H. Complex HT-
[Cu(L)]-2TFA-2H,0 (100 mg, 0.14 mmol) was dissolved in 5 ml
of ethanol-ammonium hydroxide mixture (5:1 w%) and the
mixture was separated by FLASH chromatography (SiO,; the
commercial sorbent typically contains traces of sulphate
anions) using an ethanol-ammonium hydroxide mixture (5:1
w%) as the mobile phase. The complex was isolated as the
second fraction of chromatography after evaporation (yield
47 mg). Solids were dissolved in methanol and violet crystals
suitable for X-Ray diffraction were obtained after two days by
slow evaporation. Elem. anal.: caled C 52.97, H 7.45, N 9.41,
Cu 10.68; found C 53.05, H 7.42, N 9.46, Cu 10.73.

4.410. Complex V®: cis{Cu(HL)](CF;CO,). Complex LT-[Cu
(L)]-2TFA-H,O (10.0 mg, 13.5 pumol) was dissolved in MeOH
and approx. 5 equiv. of LIOH-H,O (0.6 mg) was added and the
solution was left to crystalise overnight. Dark green crystals
suitable for X-Ray diffraction were obtained by filtration. Elem.
anal.: caled C 53.10, H 6.00, N 9.53, Cu 10.80; found C 53.41,
H 6.06, N 9.62, Cu 10.91.

4.5. X-ray diffraction study

Diffraction data of most of the structures were collected at
120 K (Cryostream Cooler, Oxford Cryosystem) on a Bruker D8
VENTURE Kappa Duo PHOTON100 diffractometer with an IuS
micro-focus-sealed tube using Mo-Ka (4 = 0.71073 A) radiation.
Data were analysed using the SAINT (Bruker AXS Inc.) software
package and subsequently corrected for absorption effects
using the numerical method (SADABS). The structures were
solved using direct methods (SHELXT2014)*® and refined with
full-matrix least-squares techniques (SHELX1.2014).>°

In general, all non-hydrogen atoms were refined anisotropi-
cally. All hydrogen atoms were found in the difference density
map. However, the hydrogen atoms bound to the carbon
atoms were fixed in theoretical positions using Ue(H) =
1.2Ucq(C) to keep the number of refined parameters low and
only hydrogen atoms bound to oxygen atoms were fully
refined, if possible. Details on refinement of individual crystal
structures are given in the ESIT and an overview of the experi-
mental data is compiled in Table S13.}

4.6. UV-VIS

UV-VIS spectra were measured on a Specord 50 Plus (Analytic
Jena) spectrometer in a quartz-glass cell with an optical path

This journal is © The Royal Society of Chemistry 2025
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of 1 cm. Solutions were prepared by mixing ligand and metal
solutions. pH was maintained with acetate buffer (c = 0.4 M,
pH = 4) and HEPES buffer (¢ = 0.4 M, pH = 8) or adjusted with
NaOH solution. The measurements were performed at ¢y = ¢y,
=4 mM.

Isomerisation rate constants and corresponding half-times
were calculated from the absorbance at the maximum of the
corresponding band according to the first order kinetic
equation (eqn (1)):

A=Ay e F, (1)

4.7. Cyclic voltammetry

The solutions were prepared from the freshly prepared stock
solutions of the complexes. All voltametric measurements were
performed in a three-electrode setup in an undivided electro-
chemical cell using a hanging mercury drop electrode
(HMDE). The saturated calomel reference electrode (SCE) was
separated by a salt bridge filled with buffer, and platinum foil
served as an auxiliary electrode. The CVs were recorded at the
scan rates of 0.1-1.0 V s~ " using variable potential ranges and
rates. Cyclic voltammetry was carried out using a Static
mercury drop electrode SMDE 1 (Laboratorni pfistroje Praha,
CZ) and Autolab potentiostat PGSTAT 101 (Metrohm,
Switzerland). Argon was used as an inert gas to remove oxygen
from the studied solutions.

4.8. Theoretical methods

4.8.1. Conformer and isomer search. The overall compu-
tational protocol is visualized in Scheme 1.

The initial geometries were obtained from crystal structures
applying the Crest program® with the XTB 6.5.0, GFN2-XTB
semiempirical method® and analytical linearized Poisson-
Boltzmann implicit water. We constrained the dihedral angles
including nitrogen atoms to stop the metadynamics engine
from flipping the isomers. This provided a set of lowest confor-
mers for each of the studied isomers and protonation states.
Because of known problematic energy ordering of the confor-
mers obtained from CREST using the GFN2-XTB energies, we
recalculated the energies of several lowest conformers for each
isomer and protonation state at the DFT BP86-D3 level using
the def2-TZVP basis set, in water, using the COSMO-RS*?
solvent model.

The lowest isomers were then optimized using the GGA
BP86 functional,®?** Grimme’s D3-B] (Becke-Johnson) dis-
persion correction,>*?® and a def2-TZVP*’ basis set, as
implemented in the TURBOMOLE 7.6 code.*®**° We optimized
the structures of all considered isomers in different protona-
tion states and calculated their Gibbs energies at ambient
temperature.

For investigation of systems with explicitly assigned water
molecules, we drew a series of estimated structures (always at
least eight of them) with potential locations of the water mole-
cule(s) in the specified conformation. These estimates were
then subjected to optimization at the same level as mentioned
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molecules

Gas-phase single-point energy
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DFT + COSMO-RS
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BP86/def2-TZVP l
Inclusion of two explicit water J Single-point energy in COSMO

(e = infinity) BP86/def2-TZVPD

Scheme 1 Computational protocol used in evaluation of Gibbs energies, protonation constants and redox potentials.

above, and the geometry with the lowest energy in the set was
taken as the final one and used for the calculations of enthal-
pies, redox potentials and pKj values, see below.

4.8.2. Gibbs energies, protonation constants, redox poten-
tials. Gibbs free energy strongly depends on solvation and
requires calculation of the solvation energy. However, the
implicit solvent models are often not accurate enough, particu-
larly for the calculation of the pK, and redox potentials, due to
inaccurate description of the Gibbs solvation energy, AGsory-
The COSMO-RS*® method provides a good solution to this
problem. To obtain more accurate AGsory and total Gibbs
energies, we used the modified protocol proposed by Bim,
Ruli$ek and Srnec,*! see Scheme 1 on the right. This protocol
utilizes the expression in eqn (2) for Gibbs energy.

Gtotal - Eel + AGSOLV + EZPE +PV — RT ln(QtransqrotQVib) (2)

In our modified protocol, the E,pg (zero-point energy) and
the pV and RT terms in eqn (2) were calculated with the
THERMO"* utility using the harmonic vibration analysis
obtained with the Aoforce*® module of TURBOMOLE for the
gas-phase optimized BP86/def2-TZVP geometries. Both the
solvent optimized and gas-phase optimized BP86/def2-TZVP
geometries were used for BP86/def2-TZVPD** single-point cal-
culation of E (electronic energy) and for a BP86/def2-TZVPD
COSMO calculation with dielectric constant ¢ = infinity, which
is needed by the COSMO-RS program to produce AGgory, See
Scheme 1 on the right.

The reduction potential was calculated as a one-electron
reduction reaction from eqn (3),

E[V] = 27.21(Gox[Hartree] — Gyeq[Hartree]) — Eo (SCE)[V] (3)

where E,(SCE) = 4.281 + 0.2415. The 4.281 is the absolute
redox potential of the standard hydrogen electrode,*” and the

3138 | Dalton Trans., 2025, 54, 3127-3140

0.2415 is a correction for SCE. The absolute Gibbs energies for
the oxidized and reduced forms, G, and G,.q, Were deter-
mined according to eqn (2).

4.8.3. QTAIM analysis. For the analysis of the bonding in
individual isomers, QTAIM calculations*® as implemented in
the AIMAIIl program”” were employed. The electron delocaliza-
tion index, §(A,B), or simply DI(A,B) = DI,p was utilized for the
description of interatomic bonding. DI is defined in eqn (4) as
the average number of electron pairs delocalized (shared)
between atom A and atom B.*® Delocalized electron pairs, and
hence DI, can be related to the concept of shared electrons of
the Lewis model.

6(A, B) = —ZJ (2(7'1,7'2) — p(rl)p(rz))drldrz (4)

AB

In eq. (4) the p(r) and I'(r; and r,) are one- and two-electron
densities, respectively, and the integrations are performed
through one or two individual atomic basins.

Additionally, consideration was given to the percentage
value of the average number of electrons from the donor atom
(oxygen) shared with the electron density acceptor (i.e., the
copper cation or hydrogen). This value can be precisely
expressed as the percentage share of half of the delocalization
index to the total average number of electrons localized at the
donor atom (oxygen).
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