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ABSTRACT: Aiming to develop new copper chelates for . ICU+ comple Xa s
application in nuclear medicine we report two new chelators, v b,
telth and te2th, based on a cyclam backbone mono-N- or di-
N,,Ng-functionalized by methylthiazolyl arms. The acid—base
properties of both ligands were investigated as well as their
coordination chemistry, especially with Cu**, when possible in
aqueous solution and in the solid state. Single-crystal X-ray
diffraction structures of complexes were determined. Stability
constants of the copper(II) and zinc(II) complexes showed
that the complexes of both ligands with Cu®" are
thermodynamically very stable, and they exhibit an important
selectivity for Cu®* over Zn**. The kinetic inertness in acidic
medium of both copper(II) complexes was evaluated revealing
a quite good resistance to dissociation (the half-life times of complexes with telth and te2th are 50.8 and 5.8 min, respectively, in
S M HCl and 30 °C). The coordination geometry of the metal center in the complexes was established in aqueous solution based
on UV—visible, electron paramagnetic resonance (EPR) spectroscopy, DFT studies, and NMR by using the zinc(II) complex
analogues. The [Cu(telth)]** and [Cu(te2th)]** complexes adopt trans-I and trans-III configurations both in the solid state and
in solution, while the [Zn(te2th)]** complex crystallizes as the cis-V isomer but exists in solution as a mixture of trans-III and cis-
V forms. Cyclic voltammetry experiments in acetonitrile point to a relatively easy reduction of [Cu(te2th)]*" in acetonitrile
solution (E —0.41 V vs NHE), but the reduced complex does not undergo dissociation in the time scale of our
electrochemlcal experiments. The results obtained in these studies revealed that despite the limited solubility of its copper(1I)
chelate, te2th is an attractive chelator for Cu®" that provides a fast complexation process while forming a complex with a rather
high thermodynamic stability and kinetic inertness with respect to dissociation even upon electrochemical reduction.

B INTRODUCTION with slower pharmacokinetics requires radionuclides with
longer half-life times such as %Cu, which has a 12.7 h half-
life time and low positron energy (E = 0.65 MeV). Thus,
$*Cu*-based radiopharmaceuticals are currently the subject of

Positron emission tomography (PET) is a molecular imaging
technique for diagnosis and monitoring of disease that has
experienced a growing development in the last 15 years. This
success is partly related to the current easier access to
radionuclides from reactors or generators. Furthermore, PET
is a non-invasive technique that only requires a picomolar
quantity of the injected active radiopharmaceutical, while
providing high resolution images at the millimeter scale. '*F

intense research efforts.”

$/Cu**-based probes for PET imaging are usually bifunctional
chelating agents (BCAs) that contain a chelating unit to
sequester the radioactive metal ion linked to a biological vector
such as a peptide or an antibody.” Obviously the couple

(ti, = 110 min, E = 0.64 MeV) in the form of *F-FDG (2- chelator-radionuclide has to be adequately matched to avoid
fluoro-2-deoxyglucose) is currently the most used radio-
pharmaceutical in clinical practice for moderately long in vivo Received: August S, 2015

investigation." Nevertheless, monitoring biological processes
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Chart 1. Structures of Ligands Discussed in This Work
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transchelation or transmetalation in biological media. Indeed,
the radiopharmaceutical has to fulfill different important
requirements in terms of physicochemical and biochemical
properties for a potential clinical use:* (i) fast complexation of
the radioelement under mild conditions to optimize the
radionuclide action, (ii) high metal binding affinity with high
selectivity in the presence of other in vivo competitive metal
ions such as Zn®*, (iii) high kinetic inertness to avoid the
release of **Cu(II) from the ligand, and (iv) inertness toward
demetalation upon Cu(II) — Cu(I) reduction.

Different researchers have studied the physicochemical
properties of chelator families with the non-radioisotopes
Cu(I1)/Cu(I) couple as potential chelators for PET imaging.’
Due to the borderline hardness of the Cu** cation, llgands
containing nitrogen atoms such as cychc polyamlnes,
sarcophagines (Sar ligands)® or bispidines” have demonstrated
their ability to form chelates of interest. Among the
polyazacycloalkane family, copper(Il) complexes of dota*~
and teta*” derivatives have shown better thermodynamic
stability than those of the corresponding non-macrocyclic
analogues such as dtpa®”, but nevertheless a lack of kinetic
inertness.” Constrained tetraazamacrocycles such as the cross-
bridged cb-te2a®™ (Chart 1) lock up the metallic cation giving
complexes with both high thermodynamic stabilities and high
kinetic inertness, but unfortunately they show slow complex-
ation kinetics.” The following order of chelators for in vivo
radiocopper stability has been proposed: dota*”, teta*” < cb-
te2a™ < Sar-Ar ~ AmBaSar,” which suggests that N6
constrained chelators are good candidates for PET imaging
applications. Another strategy developed for improving the in
vivo 5*Cu stability relied on the incorporation of the bidentate
picolinate group in different macrocyclic platforms such as

cyclam (telpa”),'’ cross-bridged cyclam (cb-telpa™),"" and
triazacyclononane (nolpa2py~).'” The bidentate nature of the
picolinate group used as pendant arm was found to result in a
beneficial improvement of the rate of complex formation while
keeping good thermodynamic stability and kinetic inertness.

The in vivo bioreduction of Cu(II) to Cu(I) has already been
proposed as a probable cause of in vivo radiocopper loss in
®Cu-based radiopharmaceuticals.”> The higher lability and
lower thermodynamic stability of the Cu(I) complex in
comparison with the Cu(II) one might be sufficient to cause
complex dissociation. Indeed, the dissociation of the complex
upon reduction of Cu(II) to Cu(I) was proved to be a key step
in the mechanism of hypoxia by copper radiopharmaceuti-
cals.'™"® With this in mind, we envisaged that ligands
incorporating ambidentate coordinating groups with both
nitrogen and sulfur donor atoms may potentially stabilize the
two oxidation states of copper (Cu®>" and Cu") by changing the
nature of the donor atom depending on the oxidation state of
the metal."® To test this, we appended the new ambidentate
nitrogen/sulfur arms on the cyclam skeleton, which forms
positively charged complexes to offer other behavior for in vivo
applications.

In this work, we describe the synthesis of two new copper
chelators based on a cyclam platform functionalized with one or
two methylthiazolyl pendant arms (telth and te2th,
respectively), expecting that Cu** and Cu’ ions might be
coordinated respectively by the harder nitrogen and the softer
sulfur donor atoms of the arms. The structures of the Cu(Il)
and Zn(II) complexes with the two ligands were studied both
in the solid state and in solution. The thermodynamic stabilities
of the complexes have been investigated using potentiometric
or spectrophotometric titrations, while complexation and
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dissociation kinetics were assessed using spectrophotometric
techniques. The electrochemical and chemical reductions of the
Cu(Il) complexes were also investigated. All along the
discussion, the properties of the two chelators are compared
with related ligands having similar structures.

B RESULTS AND DISCUSSION

Ligands Synthesis. The key reactant for the synthesis of
both ligands is 2-(bromomethyl)-thiazole (1), which has been
obtained by bromination of the thiazol-2-ylmethanol precur-
sor."” The synthesis of telth was achieved in three steps with a
good overall yield (57%) following the phosphorylcyclam
method (Scheme 1).'® Thus, triprotection of cyclam with a

Scheme 1. Ligands Synthesis and Atom Labeling”
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“Reagents and conditions: (i) PBry, CH,Cl,, reflux, S h, quantitative;
(i) P(NMe,)s, toluene, reflux; CCl,; 4 M NaOH, 75%; (iii) 1, K,CO,,
CH,CN, RT, 48 h, 85%; (iv) 3 M HCI, RT, 12 h, 89%; (v) HCOH,
H,0, RT, 4 h, quantitative; (vi) 1, CH;CN, RT, 96 h, 68%; (vii) 4 M
NaOH, RT, 12 h, 84%.

phosphoryl group was followed by alkylation of the secondary
free amine with 1 and deprotection in acidic conditions. The
bromomethyl derivative 1 was also reactive enough to allow
dialkylation of bisformyl cyclam (4), which was obtained by
reaction of cyclam and aqueous formaldehyde."” Hydrolysis of
the diammonium salt 5 in basic conditions gave 1,8-
di(methylthiazolyl)cyclam (te2th) with an overall yield of

57% for the three steps (Scheme 1). All compounds were fully
characterized, and NMR and MS spectra are presented in
Figures S1—S8.

The molecular structures of the two ligands were confirmed
by single-crystal X-ray diffraction analyses. ORTEP views,
crystallographic data of the structures, and discussion are given
in Figure S9 and Table S1.

Synthesis and Characterization of the Copper(ll) and
Zinc(ll) Complexes. The synthesis of the complexes of telth
was carried out in water using M(ClO,),-6H,0 (M = Cu, Zn)
at pH 6—7. The complexes were isolated as purple [Cu-
(telth)](ClO,), and white [Zn(telth)](ClO,), perchlorate
salts in 97% and 85% yields, respectively. Single crystals were
isolated by slow evaporation of aqueous solutions of both
complexes, but only those of the Cu(II) analogues were
suitable for single-crystal X-ray diffraction studies. Crystals of
the complex are composed of the cationic entity [Cu(telth)]*
and two perchlorate anions. A view of the structure of the
complex cation is shown in Figure 1, while bond distances of

S1

Figure 1. View of the crystal structure of [Cu(telth)](ClO,),.
Hydrogen atoms linked to carbon atoms and anions have been
omitted for simplicity. The ORTEP plot is at the 30% probability level.

the metal coordination environment are compiled in Tables 1
and S2. The metal ion is directly bound to the five nitrogen
donor atoms of the ligand. Three NH groups of the cyclam unit
and the pendant arm are pointing to the same side of the
cyclam unit, which results in a trans-I configuration.”® This
configuration is usually favorable over the trans-III config-
uration in five-coordinate Cu(II) complexes of cyclam-based
ligands.”! In the trans-Ill configuration two adjacent N-R
groups of the macrocycle (R = H or the alkyl group) are
directed toward one side of the cyclam plane, and the other two
point to the opposite side of the plane. The Cu—N distances
involving donor atoms of the cyclam unit (1.97—2.07 A) are
close to those observed for different five-coordinate copper(Il)
complexes of cyclam derivatives containing a N5 donor set.””
The distance between Cu and the nitrogen donor atom of the
pendant arm [2.252(7) A] is clearly longer than the remaining
Cu—N bond distances. The coordination polyhedron around
the Cu atom can be best described as distorted square
pyramidal, with the four donor atoms of the macrocycle
describing the basal plane and the nitrogen atom of the thiazol
group at the apical position. The metal ion is placed 0.156 A
above the least-squares plane defined by the donor atoms of the
cyclam fragment. The trans angles are relatively close to the
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Table 1. Bond Lengths (A) of the Metal Coordination Environments Observed in the X-ray Structures of [Cu(telth)]*’,

[Cu(te2th)]**, and [Zn(te2th)]** Complexes

[Cu(telth)]* [Cu(te2th)]** [Zn(te2th)]**
Cul—-N1 2.070(7) Cul—-N1 2.0853(15) Znl-N1 2.202(3)
Cul-N2 1.971(8) Cul-N2 2.0032(15) Znl1—-N2 2.157(2)
Cul-N3 2.011(9) Cul-N3 2.4575(16) Znl-N3 2.203(2)
Cul—N4 2.008(8) Zn1-N4 2.159(3)
Cul—N5 2.252(7) Znl-NS$ 2.220(3)

Zn1-N6 2.147(3)

Figure 2. Views of the crystal structures of [Cu(te2th)](ClO,), (left) and [Zn(te2th)](ClO,),-H,O (right). Hydrogen atoms linked to carbon
atoms, anions, and water molecules have been omitted for simplicity. The ORTEP plots are at the 30% probability level.

ideal value of 180° [N1—Cu—N3 = 175.4(4)° and N2—Cu—N4
= 165.6(3)°], while the angles involving the apical donor and
donor atoms delineating the basal plane fall within the range of
79.9—103.7°. The square pyramidal coordination around the
metal center is confirmed by performing continuous shape
measures with the assistance of the SHAPE program,23’24 which
provides shape measures for square pyramidal and trigonal
bipyramidal coordination of 1.29 and 4.85, respectively (the
shape measure S(A) = 0 for a structure fully coincident in shape
with the reference polyhedron, and the maximum allowed value
of S(A) is 100).

Complexes of te2th were synthesized by reacting equimolar
amounts of the ligand and M(ClO,),-6H,0 (M = Cu or Zn) in
a refluxing acetonitrile/methanol mixture. The [Cu(te2th)]-
(Cl0,), and [Zn(te2th)](ClO,), complexes were isolated
respectively as purple and white solids in 89% and 74% yield.
Single crystals of [Cu(te2th)](ClO,), and [Zn(te2th)]-
(ClO,),-H,0 were obtained by slow evaporation of the solvent
mixture. ORTEP views of the structures of the complex cations
are shown in Figure 2. The [Cu(te2th)]*" complex presents a
crystallographically imposed C; symmetry, with the metal
coordination environment being best described as tetragonally
elongated octahedral, which is typical of copper(Il) complexes
with Jahn—Teller distortion. Indeed, the Cu—N distances
involving the donor atoms of the pendant arms (Cul—N3 =
2.4575(16) A) are considerably longer than the Cul—N1 and
Cul—N2 distances (Tables 1 and S2). The macrocycle in the
complex adopts a trans-IIl configuration, with one of the
pendant arm and a N—H group pointing to one side of the
macrocyclic unit and the second pendant arm and another N—
H group pointing to the opposite side. Similar trans-III
configurations with elongated octahedral coordination have
been previously observed for cyclam-based ligands containing
two coordinating pendant arms.”> However, in some cases,

cyclam derivatives containing potentially coordinating arms in
trans positions form five-coordinate complexes with trans-I
conﬁguration.26

In contrast, the two pendant arms point to the same side of
the cyclam unit in the [Zn(te2th)]** complex, which adopts an
unusual cis-V configuration (Figure 2). The metal coordination
environment in [Zn(te2th)]** is distorted octahedral, with
trans angles in the range 168.7—171.4° and cis angles varying
from ca. 75.5 to 106.9°, reflecting a significant distortion of the
coordination polyhedron from the regular octahedral geometry.

Acid—Base Properties of the Ligands and Thermody-
namic Stability of Their Complexes with Cu?** and Zn?*
Cations. The protonation constants of the ligands were
determined by potentiometric titrations in aqueous solutions
(Table 2). Speciation diagrams of the protonated species of the
ligands are presented in Figure S10. Due to the very low
basicity of the thiazolyl moieties, both compounds display only
two protonation equilibria that must correspond to the

Table 2. Overall () and Stepwise (K;") Protonation
Constants, in log Units, of telth and te2th, at 25.0 °C in 0.10
M KNO,

equilibrium reaction® telth” te2th”
log f

L+H = HL 10.74(1) 10.09(1)

L +2H" 2 HL 20.05(3) 18.51(1)
log K

L+H" =2 HL 10.74(1) 10.09(1)

HL + H' 2 HL 931(3) 8.42(1)

“L denotes the ligand in general; charges are omitted for simplicity.
Values in parentheses are standard deviations in the last significant
figures.
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protonation of opposite amines of each macrocycle. The overall
basicity is slightly higher for telth than for te2th, with both
compounds being moderately basic.

The thermodynamic stability constants of the copper(II)
complexes were also determined by potentiometric titrations in
aqueous solutions. Additionally, the stability constants of the
complexes of Zn*" were likewise determined, as this ion can act
as a competitor for Cu®" in vivo. The stepwise (log Kygy, ) and
overall (log fypmr) stability constants determined are given in
Table 3, together with literature values for H,teta, while

Table 3. Overall (Byy,;) and Stepwise (Kyyy,;) Stability
Constants, in log Units, for Complexes of telth, te2th, and
H,teta Ligands with Cu®** and Zn?* Cations, at 25.0 °Cin I =
0.10 M KNO,

equilibrium reaction® telth” te2th” H,teta®

log ﬂMHhL

Cu** +L 2 Cul 21.56(2) 19.9(2) 21.07

Cu** + L 2 CulH_, + H* 104 (1)

Zn* + L 2 ZnL 15.38(2) 14.41(1) 17.48

Zn** + H" + L 2 ZnHL 17.69(6) 21.64

Zn** + L 2 ZnLH_, + H' 6.24(5) 6.68
log Ky,

Cu®* + L 2 CuL 21.56(2) 19.9(2) 21.07

CuLOH + H* 2 CuL 112 (1)

Zn** + L 2 ZnL 15.38(2) 14.41(1) 17.48

ZnL + H" 2 ZnHL 3.28(6) 4.16

ZnLOH + H' 2 ZnL 9.14(4) 10.8

“L denotes the ligand in general; charges of ligand and complex
species are omitted for simplicity. ®Values in parentheses are standard
deviations in the last significant figures. “The complete system includes
the MHL and MH,L species for Cu** and MH,L for Zn**, see ref 27,
Table 3.

speciation diagrams of both ligands in the presence of the
cations are presented in Figures S11 and S12. The complex-
ation of Zn*" was rather slow for both telth and te2th in the
acidic pH range; thus, out-of-cell titrations were performed in
the range of pH 3-S5 in order to complement the usual in-cell
titrations. In the case of Cu?*, the study was rendered difficult
for both ligands because of the high complexation extent
occurring even at a very low pH which prevents a direct
determination of the stability constants. To overcome this
problem, out-of-cell competition titrations were performed
using Hedta as the competitor ligand.

A more accurate assessment of the complexation efficiency of
the ligands can be made by determining their pM values
(—log [M].), which take into account the different basicity of
the ligands and the full set of stability constants for each system.
The pM values determined at physiological pH for the two
metal ions from the constants of Tables 2 and 3 are given in
Table 4. As expected, the stability constants (and the
corresponding pM values) are very high for both complexes
of telth and te2th with Cu®**, while they significantly decrease
for the Zn>" analogues. Importantly, these values demonstrate
that while telth and te2th have a high and approximately
equivalent efficiency for Cu®" complexation, they also show a
high selectivity for Cu®* over Zn**. Compared to the well-
known Hjteta ligand with a similar structure, both studied
ligands exhibit a higher affinity for Cu** while preserving a good

Table 4. Calculated pM Values for the Complexes of telth,
te2th, and H,teta Compounds

telth” te2th” H,teta”
Cu** 16.30 16.17 14.20
Zn** 10.13 10.66 10.61

“Values calculated at pH 7.4 for 100% excess of ligand with [M**],., =
1.0 X 1075 M, based on the reported stability constants. “Taken from
ref 27, Table 4.

selectivity over Zn*" ions, thus proving to be thermodynami-
cally suitable for an efficient Cu** complexation.

Structures of the Zinc(ll) and Copper(ll) Complexes in
Solution. The zinc(II) complexes were studied in solution by
NMR experiments, while, because of its paramagnetic character,
the Cu®*" analogues were investigated by UV—vis and EPR
spectroscopies. All 1D and 2D NMR spectra are presented in
Figures S13—S19. The 'H and “C NMR spectra of the
[Zn(telth)]** complex were recorded in D,O solution at
neutral pH and point to the presence of a major species in
solution. The C NMR spectrum presents 14 signals, as
expected for a complex with a C; symmetry. The 'H spectrum
shows the expected signals of the thiazole group at 8.04 and
7.94 ppm, and an AB spin system for the methylene protons of
the pendant arm with signals at 4.30 and 4.58 ppm (*] = 17.6
Hz). However, the complexity of the spectra due to the low
symmetry of the complex prevented their complete assignment.
DFT calculations at the TPSSh/TZVP level provide three
minimum energy conformations corresponding to the trans-I,
trans-1I1, and cis-V isomers, with relative Gibbs free energies of
0.0, 9.8, and 10.8 kJ mol™", respectively (Figure S20). These
results suggest that the [Zn(telth)]** complex adopts a trans-I
configuration in solution similar to that observed in the solid
state for the Cu®" analogue.

The NMR spectra of the [Zn(te2th)]*" complex recorded in
CD,CN solution were considerably more informative. The 'H
NMR spectrum (Figure 3) displays two sets of signals with

cissvV  cisV

trans-lll
trans-lll ‘ ”

e ,v,.\,,‘il,

i

AN

T T T T A T T T T T T T T T T T T T 1
80 7650 45 40 35 30 25 20 15
5/ ppm

Figure 3. 'H NMR spectrum (500 MHz) of [Zn(te2th)](ClO,),
recorded in CD;CN solution at 25 °C. The solvent signals have been
truncated for better visualization.

different intensity, which points to the presence of two complex
species in solution. This is confirmed by the *C NMR
spectrum, which shows two sets of signals each one consisting
of nine resonances. The "H and *C NMR signals of the major
species (ca. 78%) could be completely assigned with the aid of
homonuclear 'H—'H COSY and heteronuclear 'H-"3C
HMQC and HMBC spectra, while in the case of the minor
species (ca. 22%) only the *C NMR spectrum could be
completely attributed (Table S). According to previous
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Table S. 'H and *C NMR Data for the cis-V and trans-III
Isomers of [Zn(te2th)]** in CD;CN Solution at 25 °C

cis-V trans-I11
H1 7.64 C1 124.3 1242
H2 7.63 C2 139.9 141.3
H4,, 4.36 C3 171.3 172.5
H4.q 4.66 C4 619 57.1
HS,, 341 Cs 56.0 61.7
HS,q 2.61 C6 47.0 46.2
He6,, 191 Cc7 50.8 49.8
Héq 2.86 C8 25.9 26.2
H7, 2.25 C9 619 60.5
H7 295
H8,, 2.10
HS8, 1.82
H9,, 3.33
H9 3.33

eq

studies,”® the attribution of the axial and equatorial protons of
the cyclam fragment was achieved by analyzing the *J and °]
coupling patterns of the different signals.

Indeed, the axial protons provide two strong couplings, the
*Joveq coupling (~16 Hz) and the /., coupling (~14 Hz),
while equatorial protons give only one strong coupling (zjeq_ax).
For instance the signal at 2.61 ppm (Figure 3) is observed as a
pseudo-doublet, and therefore corresponds to an equatorial
proton, while the signal at 2.25 ppm is assigned to axial protons,
as it presents two '"H—'H couplings of similar magnitude.

To assist the assignment of the isomers of [Zn(te2th)]*
present in solution we performed DFT calculations at the
TPSSh/TZVP level (Figure $21).*” The NMR spectra indicate
that the two forms present in solution possess C,, C; or C
symmetries, which is only compatible with the cis-V, trans-I, and
trans-111 isomers.”” However, the trans-1 isomer can be ruled
out because of the steric hindrance created by the simultaneous
coordination of the two pendant arms on the same side of the
cyclam unit. Our DFT calculations performed in acetonitrile
solution indeed provide the cis-V and trans-III isomers as
minimum energy conformations with a relative Gibbs free
energy that favors the trans-I1I form by only 1.9 kJ mol™". Given
this small relative free energy, it is likely that these two isomers
present significant populations in solution. The optimized
structure obtained for the cis-V isomer is in good agreement
with the X-ray structure described above. To aid the assignment
of the experimental spectra DFT was used to calculate the *C
NMR shifts of the two isomers (see Computational Details
below). The experimental *C NMR shifts observed for the two
isomers present in solution are relatively similar (Table $),
differing by <1.2 ppm for all carbon nuclei except C4 (A = 4.8
ppm) and CS (AS = 5.7 ppm). The *C NMR chemical shifts
obtained with DFT for the cis-V and trans-III isomers are also
very similar for all carbon atoms except CS5, for which chemical
shifts of 53.6 and 61.7 ppm are predicted for the cis-V and trans-
III isomers. Considering the corresponding experimental values
(56.0 and 61.7 ppm), we tentatively assign the major isomer
present in solution to the cis-V isomer and the minor isomer to
the trans-III isomer.

The structure of the [Cu(telth)]** and [Cu(te2th)]*
complexes in solution was investigated by EPR spectroscopy.
The experimental X-band EPR spectra of the complexes are
presented in Figure 4 together with the spectra simulated with
the parameters given in Table 6.°° Both spectra could be

normalized signal intensity (a.u.)

T T T T T T
2400 2800 3200 3600
field /G
Figure 4. Experimental (full lines) and simulated (dotted lines) X-
band EPR spectra of the [Cu(telth)]** (A) and [Cu(te2th)]** (B)

complexes recorded in frozen aqueous solution.

simulated assuming the presence of a single paramagnetic
species in solution. The spectra are typical of tetragonal
complexes with a d2_ ground state (g, > g, g > g.), which
points to square planar, square pyramidal or octahedral
geometries with elongation of the axial bonds.

The EPR parameters of the copper(Il) complexes were
further analyzed by calculating the g- and A-tensors using DFT
computations. Recent computational studies demonstrated that
the calculation of accurate EPR parameters is a difficult task, the
results depend critically upon the method employed, in
particular on the functional used.’’ It was found that the
accuracy of the calculated g values improves considerably upon
increasing the amount of exact exchange.zg’31 Thus, the EPR
parameters of [Cu(telth)]** and [Cu(te2th)]** complexes
were calculated using the TPSSO functional, a 25% exchange
version of TPSSh (10% exchange). The results are listed in
Table 6.

Geometry optimizations of the [Cu(telth)]** complex
performed at the TPSSh/TZVP level in aqueous solution
provide the minimum energy geometries corresponding to the
trans-1, trans-11I, and cis-V isomers (Figure S22). The structure
calculated for the trans-1 configuration are in a good agreement
with the experimental X-ray structure described above. The
relative Gibbs free energies calculated for the trans-I and trans-
III isomers favor the first by only 0.80 kJ mol™", while the cis-V
form possesses a much higher energy, and thus likely plays no
role. This is confirmed by the EPR parameters calculated for
the cis-V isomer, which differ significantly from the
experimental values. More specifically, the experimental values
obtained for g, and g, are rather similar, while for the cis-V form
our calculations provide a g-tensor such as g, < g, Furthermore,
the cis-V form is characterized by lower A, and higher A, and A,
values with respect to the experiment. The g- and A-tensors
calculated for the trans-I and trans-III isomers of [Cu(telth)]*
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Table 6. Experimental EPR Parameters and Vis Data Obtained for the [Cu(telth)]** and [Cu(te2th)]** Complexes and Relative
Energies of the Different Isomers and EPR Parameters Calculated Using DFT

isomer Amax (€)° AG° [k] mol™] 2 % ra AL Ayb AP
[Cu(telth)]**
exp 538 (101) 2.04 2.06 220 21 24 193
trans-1 caled® 0.00 2.03 2.07 2.15 34 367 196
trans-IIT caled® 0.80 2.05 2.05 2.15 0.7 474 2074
cis-V caled® 122 2,01 2.12 2.14 847 89 1377
[Cu(te2th)]*
exp 550 (146) 2.04 2.06 220 10 29 180
trans-111 caled® 0.00 2.04 2.06 2.16 114 33 196
cis-V caled® 326 2.01 2.13 2.17 714 95 129¢

“Ainax in nm; € in M~ em ™ Values of A; X 10* cm™. “Relative energies calculated using the TPSSh functional, and EPR parameters calculated using

the TPSSO functional. “Calculated as negative quantities.

are very similar, and therefore it is likely that these two species
cannot be distinguished from their EPR spectra. Given the
small energy differences between the two isomers it is therefore
probable that the trans-I and trans-1II isomers are both present
in solution, the overall population being likely dominated by
the trans-1 isomer observed in the X-ray structure described
above.

The trans-I configuration can be ruled out in the case of
[Cu(te2th)]** due to the steric hindrance generated by the two
pendant arms oriented to the same side of the macrocyclic
moiety (Figure S23). The EPR parameters calculated for the
trans-III form is in a good agreement with the experimental
data, while the cis-V isomer gives rather different calculated g-
and A-tensors. Thus, we conclude that [Cu(te2th)]*" is present
in solution as the trans-III isomer, which is also in line with the
relative energies obtained by DFT calculations (Table 6).

Formation and Dissociation Kinetics of Copper(ll)
Complexes. The time course of the copper(Il) complexation
with telth and te2th was monitored by measuring the increase
in the absorbance of the d—d transition of each complex at pH
5.6 in acetate buffer at RT. Plots of the % of complex formation
in function of time (Figure $24) indicate that the complexation
of Cu(II) by telth is complete within few seconds, while less
than 200 s are necessary to completely form the copper(II)
chelate of tet2th.

The kinetic inertness of the metal complexes has been
evaluated by monitoring the dissociation in acidic medium
(Figure S25—S27), which is considered as a relevant test to
assess and compare the inertness of metal chelates in
competitive media.””*® The dissociation of the copper(II)
complexes of telth and te2th was monitored under pseudo-
first-order conditions in aqueous solution by measuring the
decrease of the d—d transition band in the visible spectroscopic
range. Half-life times were determined in 5 M HCI acidic
medium at 30 and 50 °C for comparison with literature data,
and results are presented in Table 7. These data show that the

Table 7. Half-Life Times Determined for the Copper(II)
Complexes of telth and te2th, and Literature Complexes for
Comparison

telth te2th H,teta H,te2a
5 M HCJ, 30 °C 508 min 3.5 d”
S M HCJ, 50 °C 34h 5.8 min 32h%41h° 92.6 h”

“From ref 13. ®From ref 36.

[Cu(telth)]** complex is very inert with respect to acid
dissociation with a half-life time of the same order as that of
[Cu(teta)]*", while [Cu(te2th)]** is considerably more labile.
The results for the studied complexes are in line with previous
experiments showing that complexes of N-substituted cyclam
derivatives are generally more labile than complexes with more
secondary amino groups,”® even if that is not verified in
comparison with H,teta probably due to the different nature of
the pendant arms.

Additionally, the inertness of the [Cu(telth)]** and
[Cu(te2th)]** complexes was also tested by challenging with
a high excess of Hyedta as competitor ligand, in solutions at pH
7.4 and 37 °C. These tests showed that the two complexes are
rather equally inert in such competitive media, as both showed
insignificant transchelation after 1 week. This proves the very
good resistance of both complexes to transchelation, consid-
ering that many copper(II) complexes show significant levels of
transchelation with Hedta after just a few hours.”

Electrochemistry of the Cu®** Complexes. Reduction of
Cu(Il) into Cu(I) followed by demetalation is one of the
possible pathways for the dissociation observed in biological
medium (threshold of —0.4 V for typical bioreductors) for
some *Cu macrocyclic complexes.”™* Studying the cyclic
voltammetry (CV) of Cu(II) complexes gives information
about their behavior under reductive conditions at the electrode
scale in terms of electrochemical reversibility of the Cu(Il)/
Cu(I) system. Thus, CV studies were performed at a vitreous
carbon working electrode in CH;CN/NBu,PF 0.1 M because
of the poor solubility of [Cu(te2th)](ClO,), in water (see
Figure S28), which renders results unexploitable. In order to be
consistent with voltammograms shown in Figure S, the
potential values E,. and E,, in the following discussion are
given using Fc/Fc" as the reference redox couple.

For [Cu(telth)]*, a reduction peak was detected at E, =
—1.29 V (vs Fc). On the backscan, two oxidation peaks were
observed at close potential values (E,, = —1.15 and —1.05 V),
indicating that the coordination sphere has been reorganized
upon electron transfer in the time scale of the experiment (see
Figure SA). Exhaustive electrolysis of the complex solution was
performed at E = —1.40 V; the voltammogram of the resulting
system (Figure SB) exhibited flat curves in the range —1.4 to 0
V, providing evidence for the demetalation of the chelate after
reduction of Cu(II) into Cu(I). Such hypothesis was confirmed
by the observation of Cu(0) sediment on the electrode surface
after electrolysis. DFT calculations performed at the TPSSh/
TZVP level on the [Cu(telth)]" system provide a minimum
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Figure S. Cyclic voltammetry at a glassy carbon working electrode in CH;CN/NBu,PF, 0.1 M (E/V vs Fc): complex [Cu(telth)](ClO,), (1.04
mM) (v = 0.1 Vs™") before (A) and after (B) electrolysis at E = —1.40 V, and complex [Cu(te2th)](ClO,), (1.07 mM) (v = 0.1 V s™") before (C)
and after (D) electrolysis at E = —1.20 V. (E) CVs (2 cycles) of [Cu(te2th)](ClO,), after electrolysis for v = 0.05 V s, 0.1 V 57!, 1 V/s with
positive initial scan. (F) Rotating disk electrode voltammogram (1000 t min™") of [Cu(te2th)](ClO,), before and after electrolysis.

energy conformation corresponding to a trans-I configuration,
with the thiazole unit being coordinated through the nitrogen
atom (Figure S21). All the remaining conformations explored
(S-bonded trans-I, N-, and S-bonded trans-IIl and cis-V
isomers) present considerably higher energies (7.0—33.8 kJ
mol™!, Table S2). These results suggest that the Cu(I) complex
adopts a trans-I configuration in solution, although an exocyclic
coordination of the metal ion cannot be ruled out.

The cyclic voltammograms of the [Cu(te2th)]** complex
reveal a slightly different redox behavior compared to
[Cu(telth)]**: reduction of the complex was detected at E,

= —1.05 V, whereas oxidation occurred at E,, = —0.94 and
—0.78 V on the backscan (Figure SC). Full electrolysis of the
complex in solution was performed at E = —1.20 V in order to
obtain the corresponding Cu(I) complex (n = le”). Rotating-
disk electrode voltammetry (RDEV) after electrolysis showed
two anodic waves at —1.04 and —0.81 V, the major system
being oxidized at the highest potential (Figure SF). This result,
which is in strong contrast with that obtained for [Cu-
(telth)]*, indicates that the Cu(I) complex does not
disproportionate under these experimental conditions. More-
over, it shows that electron transfer has induced a significant
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modification of the coordination sphere regarding the 230 mV
positive shift of the main system (Figure SD). In order to
further investigate these results, CV experiments were
performed at variable scan rate for 0.02 Vs™' < v <2 Vs™!
with the electrolyzed solution. At a moderate scan rate (0.1 V
s™'), two quasi-reversible systems were detected at close
potential values (E° = —0.99 and —0.82 V), the first oxidation
peak being less well-defined (Figure SD). Increase of the scan
rate v induced a significant modification on the cathodic part of
the CV (Figure SE). Hence, the ratio of the peak currents at E,,
= —0.87 and —1.05 V was strongly modified in favor of the peak
at —0.87 V. These results are consistent with the formation, by
electrochemical oxidation, of a transient Cu(Il) species which is
reduced at —0.87 V. This complex is in equilibrium with the
thermodynamic Cu(II) species which can be reduced at —1.05
V.

In contrast with the results obtained for [Cu(telth)]*
(Figure S29), DFT calculations on [Cu(te2th)]* gave a
minimum energy conformation with the cyclam unit presenting
a cis-V configuration, the two pendant arms remaining
uncoordinated (Figure 6). The optimized structure presents a

Figure 6. Optimized structure of [Cu(te2th)]" obtained with DFT
calculations (TPSSh/TZVP).

nearly undistorted C, symmetry with two pairs of Cu—N
distances of 2.06 A and 2.12 A, respectively. Very similar
structures were observed in the solid state for a Cu(I) complex
of 4,11-dimethyl-1,4,8,11-tetraazacyclotetradecane ligand func-
tionalized with ferrocenyl groups,”” and a Cu(I) complex of a
cross-bridged cyclam derivative containing two benzyl pendant
arms.”® In the latter case the corresponding Cu(II) complex
presented a similar structure with the metal coordination
environment being completed by an acetonitrile ligand. Taking
these precedents into account, the transient Cu(Il) species
reduced at —0.87 V is attributed to a cis-V isomer resulting from
the oxidation of the most stable Cu(I) species, while the
thermodynamically stable Cu(II) complex presents a trans-11I
structure (Figure 7).

Values (vs NHE) of reduction potential of Cu(Il) complexes
of telth, te2th, and the other cyclam-based ligands H,teta,
H,te2a, and H,cb-te2a in aqueous solvents are gathered in
Table 8. The E, values of Cu(Il) complexes provide the
following order of ligands according to their ability to stabilize
Cu(I): te2th > telth ~ Hyteta > cb-te2a ~ H,te2a, the
[Cu(te2th)]** complex being the easiest one to be reduced.
This is expected considering the softer nature of the donor
atoms of the ligand (N and S) in comparison to the
polyaminocarboxylates listed in Table 8. This complex exhibits
a potential E,. = —0.41 V (vs NHE) that is close to the
threshold of —0.4 V for typical bioreductors, being slightly
lower than that of NADH (E° = —0.32 V).’ The quasi-
reversibility of the redox system by cyclic voltammetry clearly
shows that the chelate does not dissociate upon reduction of
Cu(II) to Cu(I) within the time scale of the experiment (ca. 10
s, see Figure S28).

Figure 7. Electrochemistry behavior of the [Cu(te2th)] complex in
acetonitrile according to analytical results (thermodynamically stable
species are framed).

Table 8. Reduction Potentials (vs NHE) for the Copper(II)
Complexes of telth and te2th Ligands, and Similar
Complexes from the Literature

telth te2th H,teta” H,te2a” H,cb-te2a”
E,/V© —0.65 —0.41 -06" -0.9¢ —0.86
“Ref 36b. "Ref 36a. “Experimental error = 5 mV. “Irreversible system.

B CONCLUSIONS

The syntheses of two new cyclam derivatives mono-N- and di-
N,,Ng-functionalized by methylthiazolyl arms, respectively
telth and te2th, were achieved by using two different efficient
selective-protection methods involving the preparation of
phosphoryl cyclam or cyclam-bisaminal intermediates. The
final compounds were obtained in only three steps with good
overall yields, and their X-ray structures were determined and
discussed. The copper(II) and zinc(II) complexes were
synthesized, and the structures of [Cu(telth)]**, [Cu-
(te2th)]*, and [Zn(te2th)]*" were determined by single-
crystal X-ray diffraction, which revealed N5 or N6 coordination
spheres for the complexes of telth and te2th, respectively. The
results reported in this paper also show that the combination of
spectroscopic techniques such as EPR and NMR with DFT
calculations represent a very powerful tool to establish the
structures of metal complexes in solution.

The introduction of the methylthiazolyl groups does not
influence significantly the basicity of the nitrogen atoms of the
macrocycle compared to other mono-N- or di-N;,Ng-function-
alized cyclam compounds. Besides, the thermodynamic stability
of the copper(II) complexes was found to be quite high, with a
high selectivity for this metal ion over Zn*" being observed in
both cases. Another desirable property offered by these ligands
is their very fast complexation of Cu®* even in acidic solution.
The [Cu(telth)]** complex was found to be very inert with
respect to dissociation, while increasing the number of pendant
arms provokes a faster dissociation of the [Cu(te2th)]**
complex in acidic media. Upon reduction to Cu(I), the
complex of telth was found to dissociate rather quickly in
acetonitrile solution, while the te2th analogue is considerably
more stable: this has to be underlined knowing the rare
examples of stable Cu(I) cyclam based chelates reported in the
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literature. Our results suggest that this is likely related to the
difference in the structure of the two Cu(I) complexes. Finally,
the results of our studies suggest that S-coordination of the
thiazolyl groups to either Cu(I) or Cu(II) does not occur. Our
ongoing work is dedicated to finding the adequate chelate
design to provide such behavior: two options consisting of
changing the size of the macrocyclic ring (using other
polyazamacrocycles) to modulate the position of the metal
center, or lengthening the arm (introducing ethylthiazolyl arms
rather than methylthiazolyl) to facilitate a coordination
inversion, may be envisaged. Additional efforts are also devoted
to introduce additional hydrophilic groups to increase the
solubility of such chelators in water when necessary. Anyway,
when compared to other ligands reported in the literature
including our own picolinate chelators, the thiazolyl ligands,
especially te2th, offer quite good properties, especially in the
kinetic and electrochemical inertness, while maintaining an
equivalent thermodynamic stability and a copper(II) selectivity
over zinc(II), suggesting promising results once the chelator
design is improved.

B EXPERIMENTAL SECTION

General Methods. Reagents used for the synthesis were purchased
from Acros Organics and Sigma-Aldrich and used without further
purification. The reagent cyclam was purchased from CheMatech
(Dijon, France). Acetonitrile, toluene, and dichloromethane were
distilled before use. Aluminum oxide (Sigma-Aldrich, activated,
neutral, Brockmann I) was used for column chromatography.
Precursors 2-bromomethyl-thiazole (1), decahydro-3H-2a,53,8,11a-
tetraaza-2a'-phosphacyclonona[cd]indene 2a'-oxide (2),'® and
1,4,8,11-tetraazatricyclo[9.3.1.1%hexadecane (4)" were synthesized
according to the literature methods. The following instruments were
used for the characterization. For NMR, 'H, *'P, and *C NMR spectra
were recorded with Bruker Avance 500 (500 MHz for 'H), Bruker
Avance III HD 500 (500 MHz for 'H), or Bruker DRX 300 (300 MHz
for 'H) spectrometers. For high-resolution mass spectrometry, a
HRMS Q-Tof MaXis instrument was used, with sources ESI, APCI,
APPI, nano-ESI (at the Institute of Organic and Analytic Chemistry,
ICOA).

8-(Thiazol-2-ylmethyl)decahydro-3H-2a,54a,8,11a-tetraaza-
2al1-phosphacyclononalcd]indene-2a1-oxide (3). Phosphoryl
cyclam 2 (0.749 g, 3.07 mmol) was dissolved in 15 mL of dry
CH;CN, and K,CO; (1.413 g, 3.3 equiv, 10.22 mmol) was added. The
mixture was cooled to 0 °C, and a solution of compound 1 (0.606 g,
1.1 equiv, 3.40 mmol) was added dropwise. The reaction was stirred at
room temperature during 48 h. The suspension was filtered, and the
solution was evaporated to dryness. The crude product was purified by
column chromatography in aluminum oxide (using CHCl; as eluent)
to yield the desired compound 3 as a pale yellow precipitate (0.886 g,
85%). "H NMR (CDCl,, 298 K, 300 MHz): 8(ppm) = 7.54 (d, ] = 3.2
Hz, 1 H, th), 7.13 (d, J = 3.1 Hz, 1 H, th), 3.88—3.55 (m, 4 H), 3.25—
3.07 (m, 3 H), 3.06-2.32 (m, 11 H), 1.83—1.56 (m, 2 H, f-CH,
cyclam), 1.54—1.29 (m, 2 H, -CH, cyclam). *C NMR (CDCl,, 295
K, 75.5 MHz): §(ppm) = 170.73 (quaternary C, th), 141.86, 119.57
(tertiary C, th), $4.75, $3.02, 51.35, 51.07, 45.17 (d, Je_p = 15.4 Hz),
44.31 (d, Jc_p = 11.0 Hz), 42.00, 41.73, 40.32 (d, ¥Jo_p = 3.4 Hz)
(secondary C), 26.00 (secondary C, -CH, cyclam), 21.81 (d, *Jo_p =
2.2 Hz) (secondary C, f-CH, cyclam). *'P NMR (CDCl,, 295 K,
121.5 MHz): &(ppm) = 25.12. HRMS: m/z found 342.1514, calcd
C.4H,sN;OPS* (MH") 342.1512.

2-((1,4,8,11-Tetraazacyclotetradecan-1-yl)methyl)thiazole
(te1th). A solution of compound 3 (0.052 g 0.15 mmol) in 3 M HCl
(10 mL) was stirred at room temperature for 12 h. The solution was
concentrated, and the residue was purified on an ion-exchange resin
(Dowex 1X2, 100—200 mesh) activated with CI, to give 0.065 g of
the desired compound as a yellow pale solid (telth-SHCL, 89%). In
order to get the neutral form of the ligand, telth-SHCI was dissolved

in distilled water, basified with 4 M NaOH until pH ~12, and then
extracted with CHCl; (3 X 30 mL). 'H NMR (CDCI,, 295 K, 300
MHz): §(ppm) = 7.54 (d, J = 3.3 Hz, 1 H, th), 7.14 (d, ] = 3.3 Hz, 1
H, th), 3.82 (s, 2 H, —CH,— th), 2.74—2.44 (m, 20 H), 1.85—1.66 (m,
2 H, f-CH, cyclam), 1.58 (t, ] = 5.4 and 5.4 Hz, 2 H, -CH, cyclam).
3C NMR (CDCl,, 295 K, 75.5 MHz): §(ppm) = 169.40 (quaternary
C, th), 142.05, 119.35 (tertiary C, th), 77.59, 77.16, 76.73, 55.18,
54.40, 51.98, 50.70, 49.08, 48.60, 48.04, 47.66, 47.00, 43.51 (secondary
C), 28.52, 26.09 (secondary C, f-CH, cyclam). HRMS: m/z 298.2060,
caled Ci,H,gNS* (MH*Y) 298.2060; m/z 149.6069 ([M + 2H]*),
caled C,,H,NS* 149.6066.
1,8-Bis(thiazol-2-ylmethyl)-1,4,8,11-tetraazatricyclo-
[9.3.1.14,8]hexadecane-1,8-diium bromide (5). Cyclam bisformyl
4 (0.241 g, 1.07 mmol) was added to a solution of 1 (0.459 g, 2.4
equiv, 2.58 mmol) in 15 mL of freshly distilled acetonitrile. The
mixture was heated to reflux during 4 days. The pale yellow precipitate
was isolated by filtration, washed with acetonitrile, and dried under
vacuum, to give 0.421 g of 5 (68%) as a white solid. '"H NMR (D,0,
295 K, 300 MHz): 5(ppm) = 7.88 (d, ] = 3.4 Hz, 2H, th), 7.57 (d, ] =
3.4 Hz, 2H, th), 4.16 (s, 4H, —CH,— th), 3.34—2.85 (m, 16 H), 2.06—
1.89 (m, 4H, f-CH, cyclam). *C NMR (D,0O, 295 K, 75.5 MHz):
&(ppm) = 144.67, 124.03 (tertiary C, th), 84.52 (secondary C, —CH,—
bisformyl), 57.93, 55.73, 50.72, 47.88 (secondary C); 25.60 (secondary
C, p-CH, cyclam). HRMS (ESI*): m/z 3952048 ([M — formyl
bridges + H])" caled CjgH;3 NS, 395.2046; m/z 198.1066 ([M —
formyl bridges + 2H]*), caled C,3H;,N¢S,>* 198.1059.
1,8-Bis(thiazol-2-ylmethyl)-1,4,8,11-tetraazacyclotetrade-
cane (te2th). Compound § (0.305 g 0.53 mmol) was dissolved in 4
M NaOH (30 mL) and stirred during 12 h. The mixture was extracted
with CHCl; (3 X S0 mL), and the combined organic extracts were
dried on MgSO,. The solvent was evaporated to give a yellow
precipitate. The solid was dissolved in freshly distilled acetonitrile, and
the insoluble impurities were filtered off, to give 0.533 g of te2th
(84%) as a pale yellow solid. 'H NMR (CDCl;, 298 K, 300 MHz):
8(ppm) = 7.51 (d, 2 H, th), 7.08 (d, 2 H, th), 3.82 (s, 4 H, —CH,—
th), 2.59—2.43 (m, 16 H, a-CH, cyclam), 1.68—1.65 (m, 4 H, -CH,
cyclam). *C NMR (CDCly, 298 K, 75.5 MHz): 5(ppm) = 168.28
(quaternary C, th), 142.23, 119.25 (tertiary C, th), 54.26, 54.09, 50.18,
4825, 4721 (secondary C), 25.84 (secondary C, f-CH, cyclam).
HRMS (ESIY): m/z 3952044 ([M + H]"), caled C,HyNS,"
395.2046; m/z 198.1060 ([M + 2H]*"), caled C,gH;,NS,2" 198.1059.

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

[Cu(te1th)](ClO,),. Cu(ClO,),"6H,0 (0.038 g 0.9 equiv, 0.10
mmol) was added to a solution of telth-SHCI (0.054 g, 0.11 mmol) in
2 mL of distilled water, and the mixture was stirred at room
temperature during 48 h. After that, a small amount of K,CO; was
added to the mixture, which was stirred at room temperature during 3
days. The reaction mixture was concentrated to dryness. The
impurities were precipitated by the addition of EtOH (S mL) and
filtered off. Concentration of the filtrate led to [Cu(telth)](ClO,), as
a violet precipitate (0.056 g; 97%). HRMS (ESI*): m/z 395.0964 ([M
+ (CDYY) caled Cy4H,,CICuUN,S* 395.0966; m/z 180.0639 ([M]*),
caled C,,H,,CuN,S** 180.0636.

[Zn(te1th)l(ClO,),. Zn(ClO,),'6H,0 (0.046 g 1.0 equiv, 0.12
mmol) was added to a solution of telth-SHCI (0.058 g, 0.12 mmol) in
S mL of distilled H,O. The pH was adjusted to 6 with NaOH, and the
sample was then heated to reflux during 48 h. After that, the reaction
mixture was allowed to cool to room temperature and then
concentrated to dryness. The crude product was dissolved in 2 mL
of MeOH and precipitated with Et,O. The precipitate was isolated by
filtration and dried under vacuum, to give 0.058 g of [Zn(telth)]-
(ClO,), (85%), as a white solid. '"H NMR (D,0, pD ~6, 298 K, 500
MHz): 8(ppm) = 8.06 (d, 1 H, th), 7.95 (d, 1 H, th), 3.82 (s, 2 H,
—CH,— th), 2.68—2.45 (m, 16 H), 3.03—2.36 (m, 11 H), 1.77—1.69
(m, 2 H, -CH, cyclam), 1.62—1.55 (m, 2 H, f-CH, cyclam). *C
NMR (D,0, pD ~6, 298 K, 1258 MHz): 8(ppm) = 175.18
(quaternary C, th), 141.52, 126.14, 125.95 (tertiary C, th), 63.45,
62.09, 60.02, 58.39, 57.55, 55.88, 55.13, 54.46, 53.95, 53.01, 52.78,
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Table 9. Crystal Data and Refinement Details

[Cu(telth)](ClO,),
formula C,4H,;NCLOgSCu
MW 559.91
crystal system monoclinic
space group C2/c
T (K] 298(2)

a [A] 27.764(5)
b [A] 12.9391(18)
¢ (A 14.198(2)
a [deg] 90

p [deg] 115.07(2)
v [deg] 90

vV [A%] 4620.0(12)
F(000) 2312

VA 8

A [A] (Mo Ka) 0.71073
Dey. [g cm™] 161

u [mm™] 1.317

0 range [deg] 2.76-25.02
Ry 0.1602
reflns measd 15582
unique reflns 4077

reflns obsd 1401

GOF on P 0.845

R1¢ 0.0764
wR2 (all data)” 0.1841

Largest # peak and hole [e A™] 0.724 and —0.367

“R1 = YIIF,| — IFN/YIEL bwR2 = {X[w(IF,? = IF)?]/ X [w(F,H]}V2

[Cu(te2th)](ClO,), [Zn(te2th)](ClO,),-H,0
C,3H;0N¢CL,04S,Cu C,5H;,N¢C1,0,5,Zn
657.04 676.91
monoclinic triclinic

P21/n PT

170(2) 170(2)

9.5052(3) 9.7814(2)
14.0494(5) 16.8871(4)
10.2388(4) 16.9644(4)

90 75.406(2)
109.904(4) 79.394(2)

90 89.335(2)
1285.64(8) 2663.65(10)

678 1400

2 4

0.71073 0.71073

1.697 1.688

1.276 1.339

2.91-28.28 3.33-26.37
0.0467 0.0895

20403 38699

3188 10862

2577 8204

1.019 1.05

0.0289 0.046

0.0729 0.1219

0.44 and —0.253 0.703 and —0.569

52.39, 52.13, 51.64, 51.23, 50.83, 50.14, 48.94, 48.15, 47.50 (secondary
C), 29.98, 28.20, 27.67, 27.54, 26.50 (secondary C, f-CH, cyclam).
HRMS (ESI*): m/z 396.0962 ([M + (Cl1)]*), caled C;4H,,CIN;SZn"
396.0962; m/z 180.5638 ([M]**), caled C;,H,,NSZn*" 180.5634.

[Cu(te2th)](ClO,),. Cu(ClO,),-6H,0 (0.094 g, 1.0 equiv, 0.25
mmol) was added to a solution of te2th (0.100 g, 0.25 mmol) in a
solvent mixture containing 10 mL of CH;CN and 2 mL of MeOH.
The mixture was heated at 60 °C during 48 h, and then it was allowed
to cool to room temperature and concentrated to dryness. The
addition of MeOH (10 mL) resulted in the formation of a dark violet
precipitate, which was isolated by filtration and dried under vacuum to
give 0.148 g of [Cu(te2th)](ClO,), (89%). HRMS (ESI'): m/z
556.0745 ([M + (ClO,4)]*), caled C,gH3,CICuN4O,S," 556.0749; m/z
4920949 ([M + (CI)]*) caled CyHyCICuN,S," 492.0952; m/z
228.5633 ([M]**), caled CgH;oCuNS,>* 228.5629.

[Zn(te2th)](ClO,),. Zn(ClO,),'6H,0 (0.075 g 1.0 equiv, 0.20
mmol) was added to a solution of te2th (0.080 g, 0.20 mmol) in 10
mL of CH;CN and 2 mL of MeOH, and the mixture was heated until
reflux during 48 h. It was then allowed to cool to room temperature
and concentrated to dryness. The product was precipitated by the
addition of MeOH (10 mL), filtered off, and dried under vacuum to
give 0.099 g of [Zn(te2th)](ClO,), (74%) as a white solid. 'H NMR
(CD4CN, 298 K, 500 MHz): 5(ppm) = 7.98—7.96 (m), 7.85—7.82
(m), 7.68—7.61 (m), 4,72 (s), 4.66 (d, J = 18.7 Hz), 4.36 (d, ] = 18.7
Hz), 426 (d, ] = 19.7 Hz), 3.46—3.30 (m), 3.20—3.10 (m), 3.10-3.05
(m), 2.99-2.92 (m), 2.91-2.79 (m), 2.66—2.59 (m), 2.32—2.22 (m),
2.13-2.02 (m), 1.91-1.79 (m). 3C NMR (CD,CN, 298 K, 125.8
MHz): 6(ppm) = 172.48, 171.23 (quaternary C, th), 141.26, 139.82,
124.27, 124.16 (tertiary C, th), 61.89, 61.68, 60.50, 57.10, 56.00, 50.75,
49.81, 46.97, 46.22 (secondary C), 26.20, 25.95 (secondary C, 5-CH,
cyclam). HRMS (ESI*): m/z 557.0742 ([M + (ClO,)]"), caled
CysH3,CINGO,S,Zn" 557.0744; m/z 493.0947 ([M + (C1)]*), caled
C,sH;0CINGS,Zn* 493.0948; m/z 229.0630 ([M]**), calcd
C,5H30NS,Zn*" 229.0627.

EPR Spectroscopy. EPR spectra were recorded on a Bruker
Elexsys 500 spectrometer operating at the X-band and equipped with a

continuous-flow cryostat for liquid nitrogen. The EPR spectra of
frozen aqueous solutions of the [Cu(telth)]** and [Cu(te2th)]**
complexes (at ca. 1 mM) containing 10% (v/v) of glycerol were
recorded at 200 K at an attenuated microwave power of 0.2 mW and a
microwave frequency (v) of 9.31 GHz. The experimental EPR spectra
were simulated in order to determine the relevant parameters (g, &
8» Ay A, and A,) using the SpinCount software.*’

Single-Crystal X-ray Crystallography. Single-crystal X-ray
diffraction data were collected with a Xcalibur 2 CCD 4-circle
diffractometer (Oxford Diffraction) fitted with a graphite monochro-
mated Mo Ka radiation (1 = 0.71073 A). Data were collected at 170
and 298 K. Crystal data and structure refinement details are given in
Tables 9 and S1. Unit cell determination and data reduction, including
interframe scaling, Lorentzian, polarization, empirical absorption, and
detector sensitivity corrections, were carried out using attached
programs of CrysAlis software (Oxford Diffraction).*" Structures were
solved by direct methods and refined by full matrix least-squares
method on F? with the SHELXL97* suite of programs. The hydrogen
atoms were identified at the last step and refined under geometrical
restraints and isotropic U-constraints. CCDC 1411823, 1411824,
1411834, 1411834, and 1411836 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif. CIF files are also provided as Supporting
Information.

Potentiometric Measurements. Reagents and Solutions. All
solutions were prepared in ultrapure water. Carbonate-free solutions of
the KOH titrant and HNO; titrant were prepared from a Fluka
Analytical ampule diluted until 1 L with ultrapure water (freshly boiled
for about 2 h and allowed to cool under argon). The titrant solutions
were standardized using the Gran method.* The stock solutions of
Cu* and Zn®* were prepared from analytical grade salts and
standardized by complexometric titrations with Hedta (edta =
ethylenediaminetetraacetic acid) following standards methods.**

Equipment and Working Conditions. Protonation and complex-
ation titrations were performed in a S0 mL glass-jacketed titration cell
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(Metrohm 727 TiStand), thermostatized at 25.0 + 0.1 °C with a
Lauda ecoline 003 circulating water bath and sealed from the
atmosphere under nitrogen gas. The pH—potentiometric titrations
were carried out by using a Metrohm 702 SM Titrino connected to a
Metrohm 6.0234.100 combined glass electrode. A Metrohm Dosimat
Plus autoburet (S mL capacity) was used. Sample solutions for
titrations contained approximately 0.05 mmol of telth or 0.05 mmol
for te2th in a total volume of 30 mL, except for the protonation of
te2th were 0.02 mmol in 45 mL were used due to low solubility. The
ionic strength was kept at 0.10 + 0.01 M using KNOj; as background
electrolyte. In the complexation titrations, metal cations were added at
0.9 equiv of the ligand amount. In the case of Cu**, a competition with
H,edta in a batch titration in the intermediate pH range (3 to 9) was
used, and a batch titration in the acid range (2—6) in the case of Zn*".
Batch titrations were prepared in a similar way as the direct ones, but
each titration point corresponded to 1/10 of the amount of the
conventional one. Batch titration points were incubated in tightly
closed vials at 25.0 + 0.1 °C in a Lauda Alpha RA 24 thermostat
during 4 weeks (until potential measurements reached complete
stability). The titrations were automatically controlled by software
upon selection of suitable parameters.

Measurements. The electromotive force of the sample solutions
was measured after calibration of the electrode by titration of a
standard 2 X 107> M HNO; solution. The [H*] of the samples was
determined by the measurement of the electromotive force of the cell,
E =E° + Qlog [H*] + E;, where the term pH is defined as —log [H*].
E® and Q were determined by titration of a solution of known
hydrogen-ion concentration at the same ionic strength. The liquid-
junction potential, E, was found to be negligible under the
experimental conditions used, and a value of K, = 10737 was
determined for our experimental conditions.

Calculation of Equilibrium Constants. Data from potentiometric
titrations were used to determine the protonation constants of telth
and te2th, and the stability constants with the two metal ions. The
overall equilibrium constants B and Py, (being Prinu =
(M, H,L,]/[M]"[H]"[L) and Sy 1 = Buwom) X K,,) were obtained
by refinement of the potentiometric data with the HYPERQUAD
progra.m.45 Differences, in log units, between the values of protonated
(or hydrolyzed) and non-protonated constants provide the stepwise
(log K) constants (being Ky = [M,H,Lil/[M, H,_L;][H]). The
errors quoted are the standard deviations of the overall stability
constants calculated by the program using all the experimental data. At
least two titration curves for each system were fitted together. Species
distribution diagrams were plotted from the calculated constants with
the HYSS program.*®

Electrochemistry. The electrochemical studies were performed in
a glovebox (Jacomex) (O, < 1 ppm, H,O < 1 ppm) with a home-
designed three-electrode cell (WE, vitreous carbon; RE, Pt in Fc*/Fc
solution; CE, graphite rod). The potential of the cell was controlled by
an Autolab PGSTAT 302 (Ecochemie) potentiostat monitored by a
computer. The vitreous carbon electrode was carefully polished before
each voltammetry experiment with a 1 pm alumina aqueous
suspension and ultrasonically rinsed in water then acetone. Exhaustive
electrolysis was performed with a graphite rod working electrode. The
concentration in Cu complex was 107> M. An equimolar (1 mM)
acetonitrile solution of ferrocene and ferrocenium hexafluorophos-
phate was used as internal reference. Ferrocene (Acros) was added to
the electrolytic solution at the end of each series of experiments. All
potential values were then recalculated against the ferrocene/
ferrocenium couple. Acetonitrile (HPLC, VWR) was used as received
and kept under argon in the glovebox after degassing. The supporting
salt NBu,PF; was synthesized from NBu,OH (Fluka) and HPF
(Aldrich). It was then purified, dried under vacuum for 48 h at 100 °C,
and kept under N, in the glovebox.

UV-Vis Spectrophotometry. The spectrophotometric measure-
ments were performed in a Shimadzu UV spectrophotometer UV-
1800 at 25 + 0.1 °C, using quartz 1.0 cm cuvettes. The UV—vis
spectrophotometric data were fitted using the HypSpec software."”

Formation and Dissociation Kinetic Studies. The rates of the
Cu®* complex formation with the telth and te2th ligands were studied
in buffered aqueous solutions at 25 °C by using a Shimadzu UV
spectrophotometer (model UV-1800). Samples were measured in
quartz cuvettes (optical path length = 1 cm), by following the
increasing intensity of the complex d—d transition band in the visible
range (~600 nm). Formation kinetic studies were carried out in
acetate buffer at pH 3.8 and 5.6, at a constant ionic strength of 0.15 M.
For these measurements, an equimolar amount of CuCl, stock
solution was added to the stock solution of the telth ligand ([Cu**] =
[telth] = 1.1 mM).

The acid-assisted dissociation kinetics of [Cu(telth)]** and
[Cu(te2th)]* complexes were followed under pseudo-first-order
conditions in aqueous 5 M HCI solution at 30 and S0 °C, using a
Unicam UV4 spectrophotometer. Concentrated acid was added to
sample solutions containing the preformed complexes for an initial
concentration of 3 mM, without control of ionic strength, and the
decrease of the visible absorption bands of the complexes (538 nm for
[Cu(telth)]** and 550 nm for [Cu(te2th)]**) was followed along
time. The challenge tests with H,edta were performed using an
aqueous Hedta solution buffered at pH 7.4 by adequate neutralization
with KOH. The competitor solution was added to samples containing
the preformed complexes for a final edta*~ concentration of 200 mM
and an initial complex concentration of 2 mM. The prepared samples
were then kept at 37 °C in a thermostatic bath, and their spectra in the
visible were measured each 24 h to follow the decrease of the
absorption bands of the complexes.

Computational Details. Full geometry optimizations of the
[Cu(telth)]** and [Cu(te2th)]** systems were performed in aqueous
solution employing unrestricted DFT calculations within the hybrid
meta-GGA approximation with the TPSSh exchange-correlation
functional*® and the Gaussian 09 package (Revision D.01).* Similarly,
the [Cu(telth)]*, [Cu(te2th)]’, [Zn(telth)]**, and [Zn(te2th)]*
complexes were fully optimized using the TPSSh functional and a
restricted model. In these calculations we used the standard Ahlrichs’
valence triple-£ basis set including polarization functions (TZVP).>°
Solvent effects (water or acetonitrile) 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, we used the integral equation
formalism (IEFPCM) variant as implemented in Gaussian 09.*" No
symmetry constraints have been imposed during the optimizations.
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. Gibbs free energies
were obtained at T = 298.1S K within the harmonic approximation.
The default values for the integration grid (7S radial shells and 302
angular points) and the SCF energy convergence criteria (107°) were
used in all calculations.

The calculations of the g- and A-tensors were carried out using the
ORCA program package (Version 3.0.1)°> and the methodology
developed by Neese.”> In these calculations we used the TPSSO
functional,** a 25% exchange version of TPSSh (10% exchange) that
provides improved energetics.”> The geometries of the complexes
optimized with the Gaussian code as described above were employed
for the calculation of g- and A-tensors. The center of the electronic
charge was taken as the origin for the calculation of the g-tensor, which
is a gauge dependent property. The different contributions to the g-
tensor are the relativistic mass correction, the diamagnetic spin—orbit
term, and the paramagnetic spin—orbit term. The A-tensor is
calculated as a sum of three terms: (a) the isotropic Fermi contact
(FC) term, (b) the spin-dipolar (SD) term, and (c) the spin—orbit
coupling (SOC) term. The spin—orbit contributions to the hyperfine
coupling constants and g values were computed via the spin—orbit
mean field approach (SOMF) using the one-center approximation to
the exchange term (SOMF( 1X)).>° The basis sets used for the EPR
parameter calculations were the aug-cc-pVTZ-J basis set of Sauer for
Cu,”” and Ahlrichs’s TZVP basis set for all other atoms.*® The aug-cc-
pVTZ-J basis set, which is described by a (25s17pl0d3f2g)/
[17s10p7d3f2g] contraction scheme, has been developed specifically
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for the calculation of EPR parameters and includes four tight s-, one
tight p-, and one tight d-type function to better describe the core
region. The RIJCOSX approximation®® was used to speed u
calculations of the EPR parameters using the DefZ—TZVPP/]K9
auxiliary basis set as constructed automatically by ORCA. The
convergence tolerances and integration accuracies of the calculations
were increased from the defaults using the available TightSCF and
GridS options. Solvent effects (water) were taking into account by
using the COSMO solvation model as implemented in ORCA.®’
The NMR shielding tensors of the [Zn(telth)]** and [Zn-
(te2th)]** complexes were calculated in solution at the TPSSh/
TZVP level using the GIAO method.®’ For *C NMR chemical shift
calculation purposes the NMR shielding tensors of TMS were
calculated at the same level. The calculated *C NMR chemical shifts
were scaled using 6., = (8;cuc — A)/B, where 6, are the chemical
shifts calculated with the GIAO method, and A and B are the intercept
and the slope obtained from the linear correlations of plots of the
experimental chemical shifts versus the calculated ones.*”
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