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*S Supporting Information

ABSTRACT: The synthesis of a new cross-bridged 1,4,8,11-
tetraazacyclotetradecane (cb-cyclam) derivative bearing a picolinate
arm (Hcb-te1pa) was achieved by taking advantage of the proton
sponge properties of the starting constrained macrocycle. The
structure of the reinforced ligand as well as its acid−base properties
and coordination properties with Cu2+ and Zn2+ was investigated.
The X-ray structure of the free ligand showed a completely
preorganized conformation that lead to very fast copper(II)
complexation under mild conditions (instantaneous at pH 7.4) or
even in acidic pH (3 min at pH 5) at room temperature and that
demonstrated high thermodynamic stability, which was measured
by potentiometry (at 25 °C and 0.10 M in KNO3). The results also
revealed that the complex exists as a monopositive copper(II)
species in the intermediate pH range. A comparative study highlighted the important selectivity for Cu2+ over Zn2+. The
copper(II) complex was synthesized and investigated in solution using different spectroscopic techniques and DFT calculations.
The kinetic inertness of the copper(II) complex in acidic medium was evaluated by spectrophotometry, revealing the very slow
dissociation of the complex. The half-life of 96 days, in 5 M HClO4, and 465 min, in 5 M HCl at 25 °C, show the high kinetic
stability of the copper(II) chelate compared to that of the corresponding complexes of other macrocyclic ligands. Additionally,
cyclic voltammetry experiments underlined the perfect electrochemical inertness of the complex as well as the quasi-reversible
Cu2+/Cu+ redox system. The coordination geometry of the copper center in the complex was established in aqueous solution
from UV−vis and EPR spectroscopies.

■ INTRODUCTION

Among the range of potentially useful metals in nuclear
medicine, copper has received much interest because it can
exist as several radionuclides with different half-lifes and
emission properties that are suitable for diagnostic imaging or
therapeutic applications and because of the recent increase in
the availability of most of these nuclides.1,2 The most
interesting nuclides are the minimally available 67Cu (t1/2 =
62.0 h, β− 100%, Emax = 0.577 MeV), which is used for
radiotherapy, and, mainly, the now widely available 64Cu (t1/2 =
12.7 h, β+ 17.4%, Emax = 0.656 MeV, β− 39.6%, Emax = 0.573
MeV), which is used both for positron emission tomography
(PET) and radiotherapy.1−3

Copper exists predominantly as a divalent metal cation that
exhibits a borderline softness character that prefers donor
atoms such as amines and anionic carboxylates to form
complexes with coordination numbers of 4−6. High coordina-
tion numbers are usually preferred, which often provide square

pyramidal, trigonal bipyramidal, or octahedral geometries, so
that the metal cation is entirely surrounded.1,2,4,5 Within the
vast range of acyclic and cyclic ligands that have been
successfully used for copper(II) complexation, the family of
tetraaza macrocycles with N-appended coordinating arms
stands out for the efficiency and versatility of their copper
chelation.1,2,4,6 To improve the efficiency of radiopharmaceu-
ticals, it is useful to append a targeting biomolecule on the
chelating moiety to induce site-specific delivery of the radiation,
producing a bifunctional chelator (BFC).6−9 Obtaining a BFC
requires introduction of an appropriate conjugation group in
the structure of the metal chelator, which allows for
bioconjugation prior to or after labeling with the radioisotope.
Chelators suitable for copper(II) radiopharmaceuticals are

generally those that yield thermodynamically stable and
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kinetically inert complexes so that possible transchelation of the
metal by competing with biological ligands or bioreductants is
avoided, whereas other preferred properties include good water
solubility and fast metal complexation.1,2,4,6,7 A special type of
rigid tetraaza macrocycles, named cross-bridged chelators, has
been a source of great interest because of the outstanding
behavior of their copper(II) complexes.1,2,4−6 These chelators
contain an ethylene linker (or, in some cases, a special bridging
function as a dibenzofuran, a diphenylether, or a pyridyl group)
connecting two trans nitrogen atoms of the macrocycle (Chart
1 shows representative examples), and they have originated
some of the most inert copper(II) complexes ever
reported.10−12 Furthermore, successful radiolabeling and
bioconjugation of a few examples have also been achieved.13−17

One of the biggest challenges of finding ligands that are
potentially useful for copper(II) radiopharmaceuticals is the
need to combine high thermodynamic stability and kinetic
inertness of the complexes with fast metal complexation under
mild conditions. Fast complexation is crucial to take full

advantage of the short radioisotope half-life times and to allow
the use of heat- and pH-sentitive biomolecules. Starting from
the established properties of ethylene cross-bridged tetraaza
macrocycles, methylenephosphonate pendant arms have been
introduced to the macrocycle for that purpose and were found
to effectively accelerate complexation rates on cross-bridged
cyclam derivatives.18,19 Picolinate arms have been demonstrated
to induce a strong coordination ability toward transition and
post-transition metals when appended on macrocyclic20 and
nonmacrocyclic ligands.21−23 Previously, we developed monop-
icolinate derivatives of cyclen and cyclam, Hdo1pa and Hte1pa,
and studied their copper(II) complexation properties; we found
that they readily form thermodynamically stable and kinetically
inert complexes, particularly with the later ligand (Chart 1).24,25

We also developed a triaza macrocycle with one picolinate and
two picolyl pendant arms, Hno1pa2py, that was found to easily
form stable and inert copper(II) complexes as well; addition-
ally, it resulted in very efficient radiolabeling with 64Cu.26

Chart 1. Structure of the Ligands Discussed in This Work

Inorganic Chemistry Article

dx.doi.org/10.1021/ic500491c | Inorg. Chem. 2014, 53, 5269−52795270



With the above criteria in mind, we decided to investigate the
combination of the inertness of cross-bridged macrocycles with
the fast and strong chelation properties arising from picolinate
moieties. In the current work, a new cross-bridged cyclam
derivative with a single picolinate pendant arm, Hcb-te1pa, is
presented along with a thorough study of its complexation
properties with Cu2+ and Zn2+ metal ions.

■ RESULTS AND DISCUSSION
Synthesis of Hcb-te1pa and Its Copper(II) Complex.

The synthetic protocol used for the preparation of Hcb-te1pa is
described in Scheme 1 and consists of two steps starting from

the previously described cross-bridged cyclam 127 and 6-
chloromethylpyridine methyl ester 2.28 Alkylation of the
constrained cyclam with the electrophilic derivative in the
absence of a base afforded compound 3 with a 92% yield. This
selective mono-N-functionalization of the macrocycle is due to
the proton sponge behavior of the cross-bridged cyclam
precursor. In fact, the proton produced by the first alkylation
induces the protonation of the macrocycle, which prevents the
second alkylation from taking place. Thus, the reaction mainly
leads to the monoalkylated product, which can be easily
isolated using flash chromatography. This ester derivative was
subsequently hydrolyzed with an aqueous 6 M HCl solution,
leading quantitatively to Hcb-te1pa in its hydrochloride salt
form.
Elution of Hcb-te1pa through an ion-exchange resin with 0.1

M HClO4 and subsequent slow evaporation of the eluted
solution gave single crystals of H3cb-te1pa(ClO4)2 suitable for
X-ray diffraction analysis. An ORTEP view of the structure is
shown in Figure 1, and relevant crystallographic data for H3cb-
te1pa(ClO4)2 are collected in Table 6 of the Experimental
Section.
The crystal data analysis showed that the macrocycle is

protonated on the trans N1 and N3 nitrogen atoms, (Figure 1).
This is not surprising because the presence of the cross-bridge
results in a structure that brings N2 and N4 within a relatively
short distance (2.92 Å in H3cb-te1pa(ClO4)2), whereas the
N1···N3 distance is considerably longer (3.89 Å). Thus,
protonation at N1 and N3 reduces the electrostatic repulsion
between the ammonium groups of the macrocycle. These
protonated nitrogen atoms, N1 and N3, are involved in
hydrogen bonds with the remaining two nitrogen atoms of the
cyclam fragment: N1−H1, 0.93 Å; N4···H1, 1.95 Å; N1···N4,
2.736(5) Å; N1−H1···N4, 140.7°; N3−H3D, 0.92 Å; N2···
H3D, 2.02 Å; N3···N2, 2.766(6) Å; and N3−H3D···N2, 155.6°.

These hydrogen bonds are probably responsible for the high
basicity of the ligand that results in a proton sponge behavior
(see below). Similar hydrogen-bonding patterns have been
previously observed for diprotonated cross-bridged cyclam
derivatives.19 The N3 nitrogen atom is also involved in
intramolecular hydrogen-bond interactions with the O1 oxygen
atom of the carboxylic acid group [N3−H3C, 0.92 Å;
O1···H3D, 1.92 Å; N3···O1, 2.782(5) Å; and N3−H3D···O1,
155.6°], resulting in the formation of a pseudomacrotricyclic
cavity.
The synthesis of the copper(II) complex was performed by

reaction of Hcb-te1pa with Cu(ClO4)2·6H2O in aqueous
solution at pH ≈ 7, providing the desired complex as the
corresponding perchlorate salt in good yield (83%). The mass
spectra (ESI+) showed only one intense peak corresponding to
the [Cu(cb-te1pa)]+ entity, thereby confirming the exclusive
formation of the desired complex. Single crystals of the Cu2+

complex were obtained by slow evaporation of a concentrated
aqueous solution at neutral pH. However, despite many efforts
and the isolation of several single crystals, it was not possible to
obtain suitable crystallographic data for publication. The view
of the structure obtained and a brief description are given in the
Supporting Information (Figure S1 and Table S1).

Acid−Base Properties of Hcb-te1pa. The protonation
constants of Hcb-te1pa were determined in aqueous solution at
25 °C. The compound has six basic centers consisting of the
five nitrogen atoms and the carboxylate function, from which
only two could be accurately determined by potentiometric
titrations (Table 1). The proton sponge behavior of cross-
bridged tetraaza macrocyclic compounds is well-known12,29−33

and results in very high values of the first protonation constant.
For Hcb-te1pa, such behavior was verified using a 1H NMR
spectroscopic titration in D2O in the basic pH range (Figure S2,
Supporting Information). Although there are marked resonance
shifts in the range of pD 8−12, corresponding undoubtedly to
the second protonation constant of the compound (see below),
there are no shifts in the resonances in the range of pD 12−14,
and minor shifts start to become visible only above pD 14. It is
thus clear that only at pD > 14 does the last deprotonation step
take place. However, the spectroscopic data obtained at the
highest pH values do not allow for the determination of the first
protonation constant, as only the beginning of the deprotona-
tion process was detected. This equilibrium at very high pH
values must correspond to the protonation of one of the

Scheme 1. Synthesis of cb-te1paa

a(i) CH3CN, rt, 12 h; (ii) 6 M HCl, reflux, 12 h.

Figure 1. View of the X-ray crystal structure of H3cb-te1pa(ClO4)2.
Perchlorate anions and hydrogen atoms bound to carbon atoms are
omitted for clarity. The ORTEP plot is at the 30% probability level.
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macrocyclic amines and should be highly influenced by
hydrogen-bonding interactions, as seen in the single-crystal X-
ray diffraction structure of H3cb-te1pa(ClO4)2 described above.
The second and third protonation constants of Hcb-te1pa were
determined by conventional potentiometric titrations in
aqueous solution at 0.10 M KNO3 ionic strength. The second
constant (log K2 = 10.13) must correspond to the protonation
of a second macrocyclic amine in the opposite position in order
to minimize the electrostatic repulsion, whereas the third one
(log K3 = 2.43) should correspond to protonation of the
carboxylate group. No other protonation constants could be
calculated, meaning that additional protonation equilibria may
happen only at pH < 2.

Thermodynamic Stability of the Metal Complexes of
Hcb-te1pa. The stability constants of the complexes formed
by Hcb-te1pa with Cu2+ and Zn2+ ions were also determined by
potentiometric titrations in aqueous solution under the same
experimental conditions as those used in the protonation
experiments (Table 2). The equilibrium of formation of the
copper(II) and especially the zinc(II) complexes is somewhat
slow in the acidic pH range. For the Cu2+ cation, the
complexation is almost complete at low pH but is relatively
slow up to pH 4. To overcome this double problem,
conventional titrations were performed starting from pH values
slightly below 2 in order to observe a significant percentage of
free metal ion (at least 18%), thus allowing for the
determination of the corresponding stability constant while
giving the solution enough time to reach the equilibrium prior
to the start of the titration. During titrations, each experimental
point included a supplementary equilibration time in order to
obtain fully stabilized measurements (see the Experimental
Section). For the Zn2+ ion, there is essentially no complexation
below pH 4, and in the range of pH 4−6, the complexation is
extensive but very slow, taking up to 1 week to reach the final
equilibrium. For this reason, batch titrations were prepared in
the range of pH 4−6 and were left to equilibrate until full
stabilization, whereas conventional titrations were used in the
remaining pH regions.
The speciation is quite simple with both Cu2+ and Zn2+

cations; the fully deprotonated complex is the only species in
the intermediate pH range, whereas hydroxocomplexes can be
found at basic pH (Figure S3, Supporting Information). For a
correct comparison of the thermodynamic stability of the
complexes of Hcb-te1pa with the corresponding values of other
ligands from the literature, the pM values (pM = −log [Mn+])
that take into account the different basicity properties of the
various ligands35 were also calculated (Table 3). Both the
stability constants obtained and the pM values calculated
demonstrate the very high thermodynamic stability of the

Table 1. Overall (βi
H) and Stepwise (Ki

H) Protonation
Constants, in log Units, for Hcb-te1pa and Related
Compounds at 25.0 °C in 0.10 M KNO3

equilibrium reactiona L = cb-te1pa−b L = te1pa−c L = cb-cyclamd

log βi
H

L + H+ ⇄ HL e 11.55 12.42
HL + H+ ⇄ H2L 10.13(5)
L + 2H+ ⇄ H2L 21.66 22.61
HL + 2H+ ⇄ H3L 12.56(5)
L + 3H+ ⇄ H3L 24.37 (20.23)
HL + 3H+ ⇄ H4L <14.56
L + 4H+ ⇄ H4L 26.07 24.00

log Ki
H

L + H+ ⇄ HL e 11.55 12.42
HL + H+ ⇄ H2L 10.13 10.11 10.20
H2L + H+ ⇄ H3L 2.43 2.71
H3L + H+ ⇄ H4L <2.0 1.7 1.39

aL denotes the ligand in general; charges are omitted for simplicity.
bValues in parentheses are standard deviations in the last significant
figure. cFrom ref 24. dFrom ref 34, with I = 0.1 M in KCl. eThis
protonation constant could not be experimentally determined.

Table 2. Overall (βMHiL) and Stepwise (KMHiL) Stability Constants, in log Units, For Complexes of Hcb-te1pa and Related
Ligands with Cu2+ and Zn2+ Cations at 25.0 °C in I = 0.10 M KNO3

equilibrium reactiona L = cb-te1pa−b L = te1pa−c L = cb-cyclamd

log βMHiL

Cu2+ + HL ⇄ CuL + H+ 11.00(5)
Cu2+ + HL ⇄ CuLH−1+ 2H+ 0.95(9)
Cu2+ + L ⇄ CuL 25.5 27.1
Cu2+ + H+ + L ⇄ CuHL 27.67
Cu2+ + L ⇄ CuLH−1 + H+ 14.35
Zn2+ + HL ⇄ ZnL + H+ 3.83(3)
Zn2+ + HL ⇄ ZnLH−1 + 2H+ −7.50(4)
Zn2+ + L ⇄ ZnL 18.86
Zn2+ + H+ + L ⇄ ZnHL 21.38
Zn2+ + L ⇄ ZnLH−1 + H+ 7.84

log KMHiL

Cu2+ + L ⇄ CuL 25.5 27.1
CuL + H+ ⇄ CuHL 2.17
CuLOH + H+ ⇄ CuL 10.05 11.15
Zn2+ + L ⇄ ZnL 18.86
ZnL + H+ ⇄ ZnHL 2.52
ZnLOH + H+ ⇄ ZnL 11.33 11.02

aL denotes the ligand in general, and for Hcb-te1pa, HL needs to be considered because the last deprotonation occurs only with complexation;
charges of ligand and complex species are omitted for simplicity. bValues in parentheses are standard deviations in the last significant figure. cFrom
ref 24. dFrom ref 34 by spectrophotometric competition without an ionic strength control.
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copper(II) complex of Hcb-te1pa. Importantly, they also show
a very high selectivity of Hcb-te1pa for copper(II) complex-
ation over zinc(II). Although the two other ligands taken for
comparison exhibit larger pCu values, the one obtained for the
copper(II) complex of Hcb-te1pa is still high enough for a
strong coordination of Cu2+ as well as to potentially prevent
transchelation. However, the thermodynamic stability is not the
only important criterion to determine the efficiency of metal
complexation, as other factors, such as kinetic inertness or in
vivo stability, are possibly more important with regard to the
potential applications of this complex.
DFT Calculations. Despite the absence of an acceptable

solution for the refinement of the crystallographic data of the
copper(II) complex of Hcb-te1pa, the basic structure of the
complex with the positions of the copper(II) ion and the ligand
atoms could be established. Aiming to obtain information on
the structure of this complex, we performed DFT calculations
in aqueous solution (PCM model) at the TPSSh/TZVP level.
Geometry optimization provided the structure shown in Figure
2, which also gives bond distances of the metal coordination
environment.

The metal ion in [Cu(cb-te1pa)]+ is five-coordinate, being
directly bound to the four nitrogen atoms of the macrocyclic
unit and the nitrogen atom of the pyridyl group. The distance
between the metal atom and the oxygen atom of the carboxylic
group O(1) [3.24 Å] is too long to be considered as a bond
distance. The coordination polyhedron around the copper
center can be defined as a trigonal bipyramid in which the
equatorial plane is defined by the N atoms of the cyclam
fragment N2 and N4, the nitrogen atom of the pyridyl unit N5,
and the metal ion and the apical positions are defined by donor
atoms N1 and N3. Alternatively, the coordination polyhedron
may be defined as square pyramidal, where the basal plane is
delineated by N1, N2, N3, and N5 and the apical position is
defined by N4. The index of trigonality, τ, was calculated to be

0.58, which points to a distorted coordination polyhedron that
is half-way between the two ideal geometries (τ = 0 for a
perfect square-pyramidal geometry and τ = 1 for an ideal
trigonal-bipyramidal geometry).36

The cyclam unit presents a cis-V-folded coordination
configuration37 that provides four convergent nitrogen donor
atoms for Cu2+ coordination. The bicyclo[6.6.2] ligand
backbone shows a [2323]/[2323] conformation.38 Interest-
ingly, the diprotonated form of the ligand (see above) adopts
the same conformation. An intramolecular hydrogen-bonding
interaction exists between the NH group of the macrocyclic
fragment and one of the oxygen atoms of the carboxylate
function [N(3)···O(1), 2.689 Å; N(3)−H(3)···O(1), 1.709 Å;
and N(3)−H(3)···O(1), 155.9°], which results in the
formation of a macrotricyclic-like structure because of the
formation of a third pseudomacrocycle.

Spectroscopic Study of the Complexes. UV−vis−NIR
absorption spectra of the copper(II) complex of Hcb-te1pa
were recorded in aqueous solution at 25 °C in the pH 2−10
range. The complex demonstrated no pH dependence, as all
recorded spectra are perfectly identical. The spectra exhibit a
very intense band around 272 nm because of the presence of
the picolinate chromophore,39 with a shoulder at 305 nm
corresponding to a charge transfer band, probably a LMCT
transition from amine donors to the metal center, an intense
d−d transition band at 600 nm, and a slightly less intense band
at 938 nm (Figure S4, Supporting Information). The position
and intensity of the bands exclude regular octahedral or
tetragonal geometries. However, because of the plasticity of
copper(II), it is difficult to infer structural features from these
data alone.40,41

To gain more structural information, the X-band EPR spectra
of frozen aqueous samples of the copper(II) complex around
neutral pH were acquired at 90 K. The spectra showed the
presence of a single paramagnetic species, and no super-
hyperfine splitting resulting from coupling with the nitrogen
atoms of the ligand was observed (Figure 3). Spectroscopic
absorption data, hyperfine coupling constants Ai (i = x, y, and
z), and g values obtained by EPR spectra simulation42 are
compiled in Table 4. These data clearly show a distortion from
axial symmetry, and three different values of g were obtained,
with gx > gy ≫ gz ≈ 2.00. These data, together with the values of
the hyperfine splitting parameters, are indicative of a

Table 3. Calculated pM Values for the Complexes of Hcb-
te1pa and Related Compoundsa

cation Hcb-te1pab Hte1pac cb-cyclamd

Cu2+ 15.67 18.64 19.29
Zn2+ 8.50 12.00

aValues calculated at pH 7.4 for a 100% excess of ligand with [M2+]tot
= 1.0 × 10−5 M, based on the reported stability constants. bThis work.
cFrom ref 24. dFrom ref 34.

Figure 2. Structure of the [Cu(cb-te1pa)]+ complex cation obtained
with DFT calculations at the TPSSh/TZVP level. Hydrogen atoms
bonded to carbon atoms are omitted for clarity. Bond distances (Å)
are as follows: Cu1−N1, 2.045; Cu1−N2, 2.164; Cu1−N3, 2.018;
Cu1−N4, 2.151; and Cu1−N5, 2.165.

Figure 3. Experimental (solid) and simulated (dashed) X-band EPR
spectrum of the copper(II) complex of Hcb-te1pa recorded in frozen
aqueous solution.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic500491c | Inorg. Chem. 2014, 53, 5269−52795273



predominance of the dz
2 ground state that is characteristic of

axially compressed geometries such as distorted compressed
octahedral or trigonal bipyramidal.40,41,43−47 Although the
compressed octahedral and trigonal bipyramidal geometries
cannot be distinguished in solution by their EPR spectra, they
present very different bands in the vis−NIR spectra that
generally also differ in intensity. Indeed, the vis−NIR spectra of
copper(II) complexes in trigonal bipyramidal geometry have
more intense bands than those of compressed octahedral ones,
but the latter complexes present a NIR band of the same
intensity as that of the vis region that is separated by more than
5.0 kK, whereas that of the distorted trigonal bipyramidal
stereochemistry involves a single peak in the visible region that
tails into the NIR.46−48 In the case of the [Cu(cb-te1pa)]+

complex cation, the NIR band is somewhat less intense than
the one in the visible region, which suggests that a combination
of the two geometries is occurring in solution, the trigonal
bipyramidal and the compressed octahedral geometries, as
explained below. A very similar geometry was found for the
cross-bridged cyclen derivative [Cu(dbf-cb-do2a)] in solution
and in the solid state12 (Table 4).
The structure found for the [Cu(cb-te1pa)]+ complex in the

crystal (see DFT calculations) differs from that observed in
solution because in the solid state one coordination position is
missing in the equatorial plane, meaning that a trigonal
bipyramidal geometry with compressed axial distances was
found instead. Different attempts to obtain an optimized
geometry of the complex (with DFT calculations) in which an
oxygen atom of the carboxylate group is coordinated to the
metal ion were unsuccessful. This indicates that an oxygen
atom of the ligand is most likely involved in a hydrogen bond
with the NH group of the ligand. Thus, in solution, the fourth
position on the equatorial plane of the compressed distorted
octahedral geometry is most likely occupied by a water
molecule, which is in line with the formation of the weak
monohydroxocomplex evidenced by pH−potentiometric titra-
tions. This indicates that the water molecule bound to the
copper center that is completing the equatorial plane of the
distorted compressed octahedral geometry of the complex is
weakly bound to the metal center and that in solution an
equilibrium between trigonal bipyramidal and distorted com-
pressed octahedral geometries exists.
The 1H and 13C NMR spectra of the [Zn(cb-te1pa)]+

complex were obtained in D2O solution at pD 6.8 and 298
K. The proton spectrum consists of 29 signals, which points to
a C1 symmetry of the complex in solution. This is also
confirmed by the 13C NMR spectrum, which shows one peak
for each of the 19 carbon nuclei of the ligand backbone. Both
the 1H and 13C NMR spectra remain unchanged in the
temperature range 5−70 °C, which highlights the rigidity of the
complex in solution (Figures S5 and S6, Supporting
Information). The 1H NMR spectrum shows the expected
three signals resulting from the proton nuclei of the pyridyl

moiety at 7.62, 7.74, and 8.14 ppm, whereas the protons of the
CH2 group bound to the pyridyl fragment give an AB pattern
with 2J = 18 Hz in which the larger shift for the equatorial
proton results from the combined deshielding effects of the
pyridyl ring current and the polarizing effect of the Zn2+ ion on
the C−H bond pointing away from it.49 The 1H NMR signal
resulting from NH protons is observed at 4.22 ppm as a
complicated multiplet because of coupling with the four CH2
protons at a three-bond distance. As previously observed for
different metal complexes with secondary polyamines, the NH
protons exchange very slowly with D2O at about neutral pH.50

Increasing the temperature increases the exchange rate of these
protons with D2O such that at 70 °C the signal resulting from
the NH group is not observed.

Formation and Dissociation of the Copper(II) Com-
plex. It is known that cross-bridged tetraaza macrocycles
usually form kinetically stable copper(II) complexes, especially
those appended with coordinating arms such as acetate.1,4,5

Indeed, some of the recently reported ligands of this type yield
copper(II) complexes that are among the most inert described
so far with regard to acid-assisted dissociation, such as the
complexes of H2c3b-do2a,

10 H2c3b-te2a,
11 and H2dpe-do2a.

12

However, one of the main drawbacks of cross-bridged ligands is
their generally unfavorable and slow complexation reaction with
metal cations, which is largely because of the difficulty in
displacing the last proton of the free ligands that arises from
their very high basicity and because of the conformational
hindrance posed by the rigidity of the ligand structure.29,31,51

Because a rapid formation of the copper(II) complex is
essential for its use in radiopharnaceuticals, some of the most
inert cross-bridged complexes may be useless for these
applications given the rather harsh conditions (typically very
high temperature and/or high pH) required to achieve near
quantitative metal complexation, which are impractical when
working with most of the radioisotopes used in medicine. It was
previously found that appending a single picolinate arm on
cyclen and cyclam macrocycles results in a somewhat
surprisingly fast complexation of copper(II),24 and it was
expected that the same effect could be obtained with the
ethylene cross-bridged cyclam counterpart. Thus, the copper-
(II) complex formation of Hcb-te1pa was followed spectro-
scopically over time in different buffered solutions from acidic
to neutral pH. In an equimolar metal-to-ligand ratio, complex
formation is instantaneous at physiological pH (7.4) and is
extremely fast at pH 5: it is complete (>99%) within a few
seconds in the former case and within ca. 3 min in the latter
(Figure S7, Supporting Information). The reaction becomes
progressively slower under increasingly acidic conditions,
enabling a kinetic study under pseudo-first-order conditions
using conventional UV−vis spectroscopic methods. Such a
kinetic study was performed at pH 3, which is at the lower limit
of the pH range in which the copper(II) complexation is
approximately complete under equilibrium in equimolar metal-

Table 4. Spectroscopic Parameters for the Copper(II) Complexes of Hcb-te1pa and Related Ligands in Neutral Aqueous
Solution

EPR parametersb

complex pH UV−vis−NIR λmax (ε)
a gx gy gz Ax Ay Az

[Cu(cb-te1pa)]+ 7.5 272 (8852), 305 (4257), 600 (234), 938 (152) 2.192 2.108 1.987 136.3 68.1 37.7
[Cu(te1pa)]+c ∼7.5 268 (11 571), 556 (197) 2.036 2.041 2.184 1.6 44.7 188.5
[Cu(dbf-cb-do2a)]d 8.9 650 (86), 1051 (57) 2.211 2.117 2.007 115.9 51.0 75.4

aAt 25 °C; λmax, nm; ε, M
−1 cm−1. bIn frozen solution at 90 K, Ai is given in 10−4 cm−1. cFrom ref 24. dFrom ref 12.
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to-ligand conditions. The data obtained for this reaction under
pseudo-first-order conditions, using 10 equiv. of metal cation in
excess of the ligand, resulted in a formation half-time (t1/2) of
1.7 min and showed that the formation is quantitative (>99%)
within ca. 10 min. This behavior can be rationalized by
analyzing the preorganized structure of the ligand (see its
crystallographic structure described earlier). This conformation
is favored by a hydrogen bond between the carboxylic acid
function of the picolinate and the sole secondary amine of the
macrocycle. The nitrogen atom of the picolinate arm is located
just outside the macrocyclic pocket in perfect position for
copper(II) coordination. According to these results, Hcb-te1pa
is, to the best of our knowledge, the cross-bridged ligand
endowed with the fastest complexation ability for copper(II)
under very mild reaction conditions. Two other cross-bridged
cyclam derivatives containing one or two methylenephospho-
nate pendant arms, H3cb-te1a1p and H4cb-te2p, were
previously found to form copper(II) complexes readily in
aqueous solution,18 but their reported behavior seems to be
somewhat less favorable than that of ours.
The slow dissociation of the complexes is probably the most

important feature to be evaluated for selection of compounds to
be used in medical applications.1,4,5 The kinetics of acid-assisted
dissociation of the copper(II) complex of Hcb-te1pa was
studied under pseudo-first-order conditions in acidic aqueous
solutions. The dissociation was monitored by following the
changes in the visible absorption band of the complex at 25 °C
in 5 M HClO4 or at 20, 25, 37, 60, and 90 °C in 5 M HCl. The
half-life values determined are collected in Table 5 together
with literature values for related compounds.

The marked difference between the half-life values in HClO4
and HCl media, which, in our case, was found to be very
significant at 25 °C, has been generally explained by the
important role that anions sometimes play in the dissociation
mechanism.56 However, the overall very good half-life values
obtained for the copper(II) complex of Hcb-te1pa are more

important. Although an important decrease of the kinetic
inertness was found for higher temperatures, the half-life time
of the complex is still of about 2 h at 37 °C in 5 M HCl. The
experimental kinetic data at variable temperature also allowed
the temperature dependence of the observed rate constants to
be obtained from fitting to the Arrhenius equation (Figure S8,
Supporting Information). Compared to the reported copper-
(II) complexes of nonconstrained macrocyclic chelators, the
copper(II) complex of Hcb-te1pa exhibits a higher inertness.
For instance, when compared directly to its nonconstrained
analogue Hte1pa, the gain provided by the ethylene bridge at
25 °C is from a half-life time of 32 min in 1 M HCl to 465 min
in 5 M HCl for the complex now reported. This inertness is
also higher than that measured for H2cb-do2a, whereas the
measured half-life times of our complex are shorter than those
reported in the literature for other ansa- or cross-bridged
macrocycles such as H2dpe-do2a, H2c3b-te2a, H3cb-te1a1p,
and, especially, H2cb-te2a. Therefore, there is sufficient
inertness for potential in vivo applications of Hcb-te1pa,
especially when the key advantage presented by its fast
complexation process is taken into consideration.

Electrochemistry of the Copper(II) Complex. The
reduction of copper(II) to copper(I) of the macrocyclic
complex in biological media followed by the demetalation of
the complex is one of the explanations for the observed
dissociation of some copper(II) complexes of macrocyclic
ligands.52 It is thus important to ensure the electrochemical
inertness as well as the reversibility of the redox system. To
determine the redox behavior of the complex of Hcb-te1pa,
cyclic voltammetry assays were performed in aqueous solution
at pH values of 2.3 and 6.8 (Figure 4). The experiments were

carried out with a glassy carbon working electrode in solutions
containing 0.1 M NaClO4 as the supporting electrolyte. At
neutral pH, a quasi-reversible system at E1/2 = −0.86 VSCE (ΔEp
= 160 mV) was observed with a negligible oxidation peak of
free Cu+ ions to Cu2+ at 0 VSCE. This study indicates that the
complex is quite stable on the CV time scale even though a
small demetalation phenomenon can be observed. Further-
more, the reduction process observed for the copper(II)

Table 5. Acid-Assisted Dissociation Inertness for the
Copper(II) Complexes of Hcb-te1pa and Selected Literature
Ligands

ligand conditions half-life (t1/2) ref

Hcb-te1pa 5 M HCl, 90 °C 0.7 min this work
5 M HCl, 60 °C 10.4 min this work
5 M HCl, 37 °C 111 min this work
5 M HCl, 25 °C 465 min this work
5 M HCl, 20 °C 946 min this work
5 M HClO4, 25 °C 96 days this work

H2c3b-do2a 12 M HCl, 90 °C 1.1 days 10
H2c3b-te2a 12 M HCl, 90 °C >7 days 11
H2dpe-do2a 12 M HCl, 90 °C 30.8 days 12
H2cb-te2a 12 M HCl, 90 °C 96 min 52

5 M HCl, 90 °C 9240 min 52
H2dbf-do2a 5 M HCl, 90 °C 258.8 min 12
H3cb-te1a1p 5 M HCl, 90 °C 408 min 18
H4cb-te2p 5 M HCl, 90 °C 228 min 19
cb-cyclam 5 M HCl, 90 °C 11.8 min 53
H2cb-do2a 5 M HCl, 30 °C <2 min 52
cyclam 5 M HNO3, 25 °C 20.9 min 54, 55
Hno1pa2py 3 M HCl, 90 °C 204 min 26
Hdo1pa 2 M HCl, 25 °C 1.4 min 24
Hte1pa 1 M HCl, 25 °C 32 min 24

Figure 4. Cyclic voltammograms of the copper(II) complex of Hcb-
te1pa recorded at different pH values (scan rate, 100 mV/s).
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complex of Hcb-te1pa (Epc = −0.696 V versus NHE upon
conversion) is well below the estimated −0.400 V (NHE)
threshold for typical bioreductants,4 which augurs well for the
possible redox inertness of the complex in biological media. In
contrast, in acidic media (pH 2.3), the Cu2+/Cu+ system
becomes irreversible. The reduction of Cu2+ ions to Cu+ can be
observed at Epc = −0.77 VSCE, whereas reoxidation cannot. A
high oxidation current appears at 0.13 VSCE because of the
oxidation of free Cu+ to Cu2+. At this pH, the complex is not
stable at all, and demetalation occurs.

■ CONCLUSIONS
Because of their commercial availability and versatile properties,
dota-like macrocycles (cyclen-based ligands bearing acetate
pendant arms) are still among the most used copper(II)
chelators in bioapplications including PET imaging. However, it
is now well-recognized that they do not meet the strict
specifications for applications in nuclear medicine, especially in
terms of their in vivo inertness. Some recently prepared
chelating agents, such as the constrained cb-te2a, represent a
significant improvement relative to conventional macrocyclic
chelators. However, the slow kinetics of their metal complex
formation still constitutes a serious drawback that justifies the
continuation of research in this area. With this in mind, we have
recently reported the very promising properties of monop-
icolinate cyclam Hte1pa for complexation of Cu2+ and 64Cu2+,
but the need to improve its inertness was evident. In the
present work, the synthesis of the cross-bridged analogue of
Hte1pa was achieved in high yield using a rapid synthetic route
based on the proton sponge properties of the macrocycle. The
new compound conveniently combines the inertness of the
cross-bridged macrocycles with the fast and strong chelation
properties brought by the picolinate pendant arm. Indeed, it
presents a very fast complexation of copper(II) at neutral and
moderately acidic pH. The proton sponge behavior of the
constrained ligand was demonstrated using both NMR and
potentiometric investigations. The X-ray structure of the
triprotonated ligand clearly showed that the ligand is
preorganized for metal complexation even in acidic medium.
The potentiometric studies confirmed the high thermody-

namic stability of the copper(II) complex and the very high
selectivity for Cu2+ over Zn2+. The synthesis of the copper(II)
complex was achieved, and the coordination geometry of the
copper center in the complex was established in solution from
UV−vis and EPR spectroscopies. In solution, there appears to
exist an equilibrium between a trigonal bipyramidal geometry
and a Jahn−Teller distorted compressed octahedral coordina-
tion environment where the last coordination position of the
equatorial plane is occupied by a weakly bound water molecule.
The inertness of the copper(II) complex was studied in
different media and showed long half-life values when it was
compared to a list of copper(II) complexes of similar chelates.
Cyclic voltammetry studies also proved the inertness of the
copper(II) complex toward redox-assisted demetalation.
The presence of the ethylene cross-bridge thus leads to an

improvement of the chelator properties when compared to the
previously studied nonbridged analogue Hte1pa. The
Hcb-te1pa ligand appears to be a very promising copper(II)
chelator and an attractive alternative to the H4dota or H2cb-
te2a macrocycles for the development of new radiopharma-
ceuticals. Consequently, Hcb-te1pa could be grafted on
biomolecules in order to prove its use in either immuno-PET
or RIT. This can be achieved either by N-functionalization via

the free secondary amine group or by C-functionalization on a
carbon atom of the macrocycle or the aromatic ring. Such
efforts are currently in progress.

■ EXPERIMENTAL SECTION
Materials and Methods. Reagents were purchased from ACROS

Organics and from Aldrich Chemical Co. Cross-bridged cyclam 1 was
purchased from CheMatech (Dijon, France), and 6-chloromethyl-
pyridine-2-carboxylic acid methyl ester 228 was synthesized as
previously described. Elemental analyses were performed at the
Service de Microanalyse, CNRS, 69360 Solaize, France. NMR and
Mass spectra were recorded with an Autoflex MALDI TOF III
smartbeam spectrometer or with ESI on a Shimadzu LCMS-2020
spectrometer. The HR-MS analyses were performed at the Institute of
Analytic and Organic Chemistry, ICOA in Orleans.

Syntheses. Compound 3. A solution of 6-chloromethylpyridine-2-
carboxylic acid methyl ester 2 (0.180 g, 0.97 mmol) in 25 mL of
distilled acetonitrile was added to a solution of cross-bridged cyclam 1
(0.200 g, 0.88 mmol) in 175 mL of distilled acetonitrile. The mixture
was stirred overnight at rt. After evaporation of the solvent, the crude
product was purified by column chromatography in silica gel (CHCl3/
MeOH 8:2) to yield compound 3 as a colorless oil (0.305 g, 92%). 1H
NMR (CDCl3, 400 MHz): 0.95−1.06 (m, 1H), 1.41−1.55 (m, 1H),
1.58−1.70 (m, 1H), 1.83−1.94 (m, 1H), 2.33−2.64 (m, 8H), 2.65−
2.79 (m, 3H), 2.80−2.93 (m, 4H), 2.93−3.06 (m, 3H), 3.12−3.22 (m,
1H), 3.46 (d, 2J = 13.2 Hz, 1H), 3.48−3.59 (m, 1H), 3.92 (s, 3H), 4.08
(d, 2J = 12.8 Hz, 1H), 7.52 (d, 3J = 7.6 Hz, 1H), 7.90 (dd, 3J = 8.0, 7.6
Hz, 1H), 7.98 (d, 3J = 8.0 Hz, 1H). 13C NMR (CDCl3, 100 MHz):
20.5, 25.2, 43.4, 45.7, 48.6, 50.6, 51.0, 52.0, 52.2, 52.3, 54.4, 54.9, 55.9,
62.7, 123.2, 127.9, 138.2, 145.5, 157.8, 164.1. MALDI-TOF
(dithranol): m/z = 376.25 (M + 1). Anal. Calcd for C20H33N5O2·
HCl·2H2O: C, 53.62; H, 8.55; N, 15.63%. Found: C, 53.62; H, 8.69;
N, 15.35%.

Hcb-te1pa. Hydrochloric acid (20 mL, 6 M) was slowly added to
compound 3 (0.610 g, 1.62 mmol), and the mixture was refluxed
overnight. After cooling to rt, the solvent was evaporated to yield Hcb-
te1pa·4.5HCl·3H2O as an off-white solid in quantitative yield. 1H
NMR (D2O, 400 MHz): 1.60 (d, 2J = 17.2 Hz, 1H), 1.79 (d, 2J = 16.4
Hz, 1H), 2.34−2.51 (m, 2H), 2.59−2.76 (m, 4H), 2.85−2.91 (m, 2H),
3.10−3.70 (m, 13H), 4.02 (dt, 3J = 7.6 Hz, 4J = 4.4 Hz, 1H), 4.17 (d, 2J
= 13.6 Hz, 1H), 5.02 (d, 2J = 14.0 Hz, 1H), 7.84 (d, 3J = 7.6 Hz, 1H),
8.17 (dd, 3J = 8.0, 7.6 Hz, 1H), 8.34 (d, 3J = 8.0 Hz, 1H). 13C NMR
(CDCl3, 100 MHz): 20.8, 21.1, 44.9, 49.9, 51.8, 52.2, 52.7, 56.3, 57.2,
58.1, 59.3, 60.5, 61.1, 129.5, 133.2, 143.0, 151.3, 154.0, 171.7. MALDI-
TOF (dithranol): m/z = 362.23 (M + 1). Anal. Calcd for C19H31N5O2·
5HCl·4.5H2O: C, 36.52; H, 7.26; N, 11.21%. Found: C, 36.79; H,
7.22; N, 10.93%.

Caution! Although no problem arose during our experiments, salts of
perchlorate and their metal complexes are potentially explosive and should
be handled with great care and in small quantities.57

Preparation of [Cu(cb-te1pa)]ClO4. Cu(ClO4)2·6H2O (0.070 g,
0.19 mmol) was added to a solution of Hcb-te1pa·4.5HCl·3H2O
(0.100 g, 0.17 mmol) in 10 mL of water, and the pH was adjusted to
≈7 with an aqueous KOH solution. The mixture was heated at 80 °C
for 2 h and then stirred overnight at rt. Solid impurities were filtered
off, and the solution was evaporated to dryness. After addition of
acetonitrile, the gray powder was filtered off, and the filtrate was
evaporated to yield compound [Cu(cb-te1pa)]ClO4 as a blue powder
(0.090 g, 82%). ESI-MS: (CH3CN/H2O, 50:50) 423.10 (M+). ESI-
HR-MS (positive, H2O) m/z calcd. for C19H31CuN5O2, 212.0881;
found, 212.0887 [M + 2]2+.

Potentiometric Studies. Equipment and Work Conditions. The
potentiometric setup has been described before.26 The titrant was a
KOH solution prepared at ca. 0.1 M from a commercial ampule of
analytical grade, and its accurate concentration was obtained by
application of the Gran’s method58 upon titration of a standard HNO3
solution. Ligand solutions were prepared at about 2.0 × 10−3 M, and
the Cu2+ and Zn2+ solutions were prepared at ca. 0.05 M from
analytical grade nitrate salts and standardized by complexometric
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titrations with H4edta (ethylenediaminetetraacetic acid).59 Sample
solutions for titration contained approximately 0.04 mmol of ligand in
a volume of 30 mL where the ionic strength was kept at 0.10 M using
KNO3 as the background electrolyte. Metal cations were added at 0.9
equiv of the ligand amount in complexation titrations. Batch titrations
were prepared in a similar way but with each titration point
corresponding to 1/10 of the amount of a conventional titration
sample. Batch titration points were incubated in tightly closed vials at
25 °C until potential measurements attained complete stability, which
happened within 1 week.
Measurements. All measurements were carried out at 25.0 ± 0.1 °C

under an inert atmosphere. The electromotive force of the sample
solutions was measured after calibration of the electrodes by titration
of a standard HNO3 solution at 2.0 × 10−3 M under the work
conditions. The [H+] of the solutions was determined by measure-
ment of the electromotive force of the cell, E = Eo′ + Q log [H+] + Ej.
The term pH is defined as −log [H+]. Eo′ and Q were determined
from the acid region of the calibration curves. Deviations from the
Nernst law at very low pH (pH < 2.5) were corrected with the VLpH
software,60 which performs a [H+] correction based on a very low pH
calibration procedure. The liquid-junction potential, Ej, was otherwise
found to be negligible for pH > 2.5 under the experimental conditions
used. The value of Kw = [H+][OH−] was found to be equal to 10−13.78

by titrating a solution of known [H+] at the same ionic strength in the
alkaline pH region, considering Eo′ and Q valid for the entire pH
range. Each titration consisted of 80−100 equilibrium points in the pH
range of 2.5−11.5 (or 1.5−11.5 for Cu2+ complexations), and at least
two replicate titrations were performed for each particular system.
Calculations. The potentiometric data were refined with the

Hyperquad software,61 and speciation diagrams were plotted using the
HySS software.62 The overall equilibrium constants βi

H and βMmHhL1
are

defined by βMmHhLl
= [MmHhLl]/[M]m[H]h[L]l (βi

H = [HhLl]/[H]
h[L]l

and βMH−1L = βML(OH) × Kw). Differences in log units between the
values of protonated (or hydrolyzed) and nonprotonated constants
provide the stepwise (log K) reaction constants (KMmHhLl

= [MmHhLl]/
[MmHh−1Ll][H]). The errors quoted are the standard deviations
calculated by the fitting program from all the experimental data for
each system.
Spectroscopic Studies. UV−vis−NIR spectra of the copper(II)

complex were measured at 25 °C on Unicam UV4 (UV−vis) or
Shimadzu UV3100 (vis−NIR) spectrometers in aqueous solutions of
the complex at ca. 0.1 mM in the UV range or ca. 2.0 mM in the vis−
NIR range. EPR spectra of the copper(II) complex were measured on
a Bruker EMX 300 spectrometer operating in the X-band that was
equipped with a continuous-flow cryostat for liquid nitrogen, and
measurements were recorded in frozen aqueous solutions (90 K) at 1
mM complex and 1 M NaClO4 at pH 7.5. Selected EPR spectra were
simulated with SpinCount software42 to determine the relevant
parameters. 1H and 13C NMR spectra at variable temperatures were
recorded with a Bruker Avance 500 (500 MHz) spectrometer. A 1H
NMR titration of Hcb-te1pa was performed in D2O solution at 298.2
K on a Bruker Avance II+ 400 NMR spectrometer, focusing on the
most basic pH range. A ligand sample solution was prepared at ca. 2 ×
10−3 M without control of the ionic strength, and the titrant was a
freshly prepared CO2-free KOD solution. Base additions were
performed directly in the NMR tube with a micropipet. The pH*
was measured with an Orion Star A214 pH/ISE meter fitted with a
Hamilton Spintrode PN23819703 combined microelectrode upon
calibration with commercial buffers in aqueous solution (pH 12.00,
8.00, and 4.00). The final pD was calculated according to the equation
pD = pH* + (0.40 ± 0.02),63 where pH* corresponds to the reading
on the pH meter.
Kinetic Studies. The formation of the copper(II) complex of

Hcb-te1pa was studied in buffered aqueous solutions at 25 °C. The
increasing intensity of the complex’s d−d transition band in the visible
range (600 nm) was followed at pH 5.0 (0.2 M potassium acetate
buffer) and pH 7.4 (0.2 M HEPES buffer), with CCu

2+ = CHcb‑te1pa = 0.8
mM. Additionally, complex formation was also studied at pH 3.0 [0.2
M (K,H)Cl] under pseudo-first-order conditions by following the

increasing charge transfer band at 310 nm at CCu
2+ = 10 × CHcb‑te1pa =

2 mM. The acid-assisted dissociation of the copper(II) complex of
Hcb-te1pa was studied under pseudo-first-order conditions in 5 M
HCl or 5 M HClO4 aqueous solutions containing the complex at 1.0 ×
10−3 M. The solutions of complex and concentrated acid, as well as the
spectrophotometer cells, were previously equilibrated at the desired
temperature before automatic in-cell absorbance measurements.
Concentrated acid was added to sample solutions containing
preformed complex without control of ionic strength, and the reaction
was followed by the decreasing intensity of the complex’s d−d
transition band at temperatures of 20, 25, 37, 60, and 90 °C in HCl
and at 25 °C in HClO4.

Electrochemical Studies. Cyclic voltammograms were measured
using Autolab equipment at rt. All measurements were made using a
three-electrode system: a glassy carbon electrode as the working
electrode, a platinum wire as the counter-electrode, and a saturated
calomel reference electrode. All electrochemical experiments were
performed in ca. 1 mM aqueous solutions of preformed complex under
a N2 atmosphere containing 0.1 M NaClO4 as the supporting
electrolyte. From the initial potential of the analysis (0 V), the voltage
was ramped to −1.3 V, then to 0.2 V, and back to 0 V at a scan rate of
100 mV/s. All potentials are expressed relative to the saturated calomel
electrode (SCE) except where otherwise noted.

X-ray Diffraction Studies. X-ray diffraction data were collected
with a X-Calibur-2 CCD 4-circle diffractometer (Oxford Diffraction),
including a four circle goniometer (KM4) and a two-dimensional
CCD detector (SAPPHIRE 2). Three-dimensional X-ray diffraction
data were collected on an X-Calibur-2 CCD 4-circle diffractometer
(Oxford Diffraction). Data reduction, including interframe scaling,
Lorentzian, polarization, empirical absorption, and detector sensitivity
corrections, were carried out using programs that are part of CrysAlis
software64 (Oxford Diffraction). Complex scattering factors were taken
from the program SHELX9765 running under the WinGX program
system.66 The structure was solved by direct methods with SIR-9767

and refined by full-matrix least-squares on F2. All hydrogen atoms were
included in calculated positions and refined in riding mode. Crystal
data and details of the data collection and refinement are summarized
in Table 6. CCDC 988216 contains the supplementary crystallo-
graphic data for this article. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Computational Details. All calculations presented in this work
were performed employing the Gaussian09 package (revision A.01).68

Full geometry optimizations of the [Cu(cb-te1pa)]+ complex were
performed in aqueous solution employing DFT within the hybrid
meta-GGA approximation with the TPSSh exchange-correlation
functional.69 Input geometries were generated from crystallographic
data. In these calculations, we used the standard Ahlrich’s valence
triple-ξ basis set with polarization functions (TZVP).70 No symmetry
constraints were imposed during the optimizations. In the case of
copper complexes, calculations were performed using an unrestricted
model; therefore, spin contamination71 was assessed by a comparison
of the expected difference between S(S + 1) for the assigned spin state
[S(S + 1) = 0.75 for the mononuclear copper(II) complexes
investigated here] and the actual value of ⟨S2⟩.72 The results obtained
indicate that spin contamination is negligible [⟨S2⟩ − S(S + 1) <
0.0020]. The stationary points found on the potential energy surfaces
as a result of geometry optimizations were tested to represent energy
minima rather than saddle points via frequency analysis. The default
values for the integration grid (75 radial shells and 302 angular points)
and the SCF energy convergence criteria (10−8) were used in all
calculations. Solvent effects were included by using the polarizable
continuum model (PCM), in which the solute cavity is built as an
envelope of spheres centered on atoms or atomic groups with
appropriate radii. In particular, the integral equation formalism
(IEFPCM) variant, as implemented in Gaussian09, was used.73
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et de la Recherche, the Centre National de la Recherche
Scientifique, the ANR program αRIT/βPET, and especially the
financial support from the Reǵion Bretagne and Europa,
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