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ARTICLE INFO ABSTRACT

Several bifunctional chelators have been synthesized in the last years for the development of new ®*Cu-based PET
agents for in vivo imaging. When designing a metal-based PET probe, it is important to achieve high stability and
kinetic inertness once the radioisotope is coordinated. Different competitive assays are commonly used to
evaluate the possible dissociation mechanisms that may induce Cu(ll) release in the body. Among them, acid-
assisted dissociation tests or transchelation challenges employing EDTA or SOD are frequently used to eval-
uate both solution thermodynamics and the kinetic behavior of potential metal-based systems. Despite of this, the
Cu(II)/Cu(I) bioreduction pathway that could be promoted by the presence of bioreductants still remains little
explored. To fill this gap we present here a detailed spectroscopic study of the kinetic behavior of different
macrocyclic Cu(Il) complexes. The complexes investigated include the cross-bridge cyclam derivative [Cu(CB-
TE1A)]", whose structure was determined using single-crystal X-ray diffraction. The acid-assisted dissociation
mechanism was investigated using HCIO4 and HCI to analyse the effect of the counterion on the rate constants.
The complexes were selected so that the effects of complex charge and coordination polyhedron could be
assessed. Cyclic voltammetry experiments were conducted to investigate whether the reduction to Cu(l) falls
within the window of common bioreducing agents. The most striking behavior concerns the [Cu(NOZTh)]2+
complex, a 1,4,7-triazacyclononane derivative containing two methylthiazolyl pendant arms. This complex is
extremely inert with respect to dissociation following the acid-catalyzed mechanism, but dissociates rather
quickly in the presence of a bioreductant like ascorbic acid.
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1. Introduction

Positron emission tomography (PET) is an important technique in
medical diagnosis that uses a radionuclide that decays by emitting a
positron (1), which subsequently travels a short distance in vivo until it
is annihilated by collision with an electron. This generates nearly
coincident y-rays (180°) that can be registered by an external detector,
providing high-resolution images of the body [1,2].

The most widely used PET agent is '®F-fluorodeoxyglucose, a glucose

analogue that is efficiently taken up by aggressive tumors [3]. However,
several radiometals have also been the subject of intense research efforts
in the last decades, notably the %8Ga- and ®*Cu-nuclides [4-6]. Several
64Cu-based PET agents are currently in clinical trials, and further de-
velopments in this field are expected to come in the next years [4,7]. The
human studies performed in this last decade focused mainly in the use of
bifunctional chelators that hold the radioactive element and are linked
to a targeting moiety, which directs the probe to the desired target in vivo
[8-11].

Abbreviations: PET, Positron Emission Tomography; NHE, Normal Hydrogen Electrode; DIPEA, N,N-Diisopropylethylamine; NC, Neocuproine (2,9-dimethyl-1,10-

phenanthroline); EDTA, ethylenediaminetetraacetic acid; SOD, Superoxide

tetraazacyclododecane).
* Corresponding authors.

dismutase; cyclam, (1,4,8,11-tetraazacyclotetradecane); cyclen, (1,4,7,10-
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Coordination chemistry plays a crucial role in designing an appro-
priate ligand for %*Cu-nuclide complexation [12,13], as delivering the
64Cu-nuclide to specific targets in vivo requires complexation of the
radiometal with suitable chelators [14]. In addition, an optimal chelator
should afford highly stable complexation to avoid or minimize the
amount of the ®*Cu-nuclide released in vivo. The high sensitivity of PET
requires very small amounts of the 8*Cu-nuclide to be injected. Thus,
chemical toxicity is most likely not a relevant problem. Indeed, *CuCl,
has been successfully used for in vivo imaging of both animal models and
human subjects [15,16]. However, the release of the 64Cu-nuclide from
the chelator introduces a background signal that decreases the signal to
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noise ratio at the target tissue [17]. Therefore, it is important to design
chelators that match the coordination chemistry of copper, so that stable
and inert complexes are obtained [18].

Derivatives of the macrocyclic ligand H4DOTA, such as the FDA
approved ®*Cu-DOTATATE [19], are probably the most widely used for
in vivo studies (for instance with 64Cu and 68Ga), most likely because the
synthetic technology for incorporating targeting units is well developed
[20]. However, the dissociation of H4DOTA derivatives in vivo has been
demonstrated [21]. The family of cyclam chelators functionalized with
different pendant arms, including carboxylates, [22-26] phosphonates
[27-29] and picolinates [30-33] was found to be better suited for stable
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Cu(Il) complexation than cyclen derivatives, less suited for small metal
ions. Increasing the rigidity of the cyclam platform by incorporating a
bridging unit (i. e. HoCB-TE2A [34-40], H4CB-TE2P [41], HCB-TE1PA
[42] and HoCB-TE1PyP [43], Scheme 1) yields particularly inert Cu(Il)
complexes, although radiolabeling often requires high temperatures that
are incompatible with certain sensitive targeting moieties. Radio-
labeling is generally faster in the case of phosphonate derivatives
compared to the carboxylate analogues [41]. When suitably N-func-
tionalized, the triazacyclononane platform was also proved to be very
useful for the development of copper-based radiopharmaceuticals, in
particular H3NOTA derivatives [21,44]. Other families of ligands with
good properties for Cu(II) complexation include bispidine [45-47] and
sarcophagine [48,49] derivatives.

The dissociation of copper complexes in vitro is generally assessed by
investigating their acid-catalyzed dissociation, generally using high acid
concentrations [50]. Other potential dissociation pathways may involve
transmetallation in vivo to proteins such as albumin in blood or super-
oxide dismutase in the liver [18,51,52]. Furthermore, it has been sug-
gested that the reduction of Cu(Ill) to Cu(l) and subsequent
decomplexation may represent an efficient pathway for complex disso-
ciation [53]. Thus, different authors recommended to shift the reduction
potential of the Cu(II) complex below the threshold for bioreductants
(—0.4 Vvs NHE) [54]. Furthermore, the lack of reversibility of the cyclic
voltammogram has been correlated to a higher probability of decom-
plexation upon reduction [55,56]. The dissociation of Cu(Il) thio-
semicarbazone complexes such as Cu-ATSM in hypoxic tissues is well
documented [57-59]. However, no clear evidence for dissociation
following the Cu(II)/Cu(I) bioreduction pathway was obtained for other
Cu(Il) complexes.

In this work, we provide a detailed investigation of the kinetic
inertness of the Cu(Ill) complexes with three pentadentate chelators:
HCB-TE1A, NO2Py and NO2Th (Scheme 1). The HCB-TE1A ligand be-
longs to the family of cross-bridged derivatives that are generally very
inert and display rather negative reduction potentials. The Cu(II) com-
plex with NO2Th was investigated recently by some of us, and was found
to be very inert under acidic conditions [60]. The [Cu(NO2Th)]2+
complex displays a reversible cyclic voltammogram with a redox po-
tential for the Cu(II)/Cu(l) pair of —0.25 V (vs NHE in 0.1 M LiClOg4). A
bifunctional derivative conjugated to a bombesin antagonist peptide
was also found to be very inert in vitro [61]. The [Cu(NO2Py)]2+ com-
plex is structurally related to [Cu(NOZTh)]2+, as demonstrated by the
comparison of the corresponding crystal structures [60,62]. This com-
plex was investigated here to evaluate the potential ability of the soft
sulfur atoms of NO2Th to stabilize the Cu(I) complex. The potential
dissociation of the complexes in strong acidic media was investigated
using spectrophotometric measurements. To assess the effects of com-
plex charge and coordination number, we also investigated the acid-
catalyzed dissociation of the neutral [Cu(NO2A)] and [Cu(tO2D0O2A)]
complexes, which contain five- and six-coordinated Cu(Il) ions,
respectively [63]. We also report the characterization of the complexes
using cyclic voltammetry experiments. The dissociation of the com-
plexes in the presence of ascorbate as reducing agent was analysed in
detail. Finally, we also report the X-ray structure of the Cu(II) complex
with HCB-TE1A.

2. Experimental
2.1. Materials

The syntheses of [Cu(NO2Th)](ClO4)2 and [Cu(NO2Py)](ClO4)2
were described previously [60,64]. The NO2Py ligand was obtained
following a previously reported procedure [65]. The HCB-TE1A ligand
was prepared following the method described by Archibald and col-
laborators [66]. HoNO2A was obtained by hydrolysis of the commer-
cially available tert-butyl ester precursor using trifluoroacetic acid. [Cu
(CB-TE1A)](CF3SO3) and [Cu(NO2A)] complexes were prepared by
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reaction of the corresponding ligand and Cu(CF3SO3); in n-butanol. All
other chemicals were obtained from commercial sources. Solvents were
of reagent grade and used without further purification.

2.2. General methods

Elemental analyses were carried out on a ThermoQuest Flash EA
1112 elemental analyser. High resolution electrospray-ionization time-
of-flight ESI-TOF mass spectra were recorded in the positive mode using
a LTQ-Orbitrap Discovery Mass Spectrometers coupled to Thermo
Accela HPLC or LC-Q-q-TOF Applied Biosystems QSTAR Elite spec-
trometer in the positive mode. IR spectra were recorded using a Thermo
Scientific FT-IR Nicolet iS 10 spectrophotometer equipped with an
attenuated total reflectance (ATR) accessory (Thermo Scientific Smart
iTR). 'H and '3C NMR spectra were recorded at 25 °C on Bruker Avance
300 and Bruker Avance 500 spectrometers.

2.3. Synthesis

2-(1,4,8,11-tretrabicyclo[6.6.2]hexadecane-4-yl)acetic acid (HCB-
TE1A) was isolated as a bromide salt. Elem. Anal. Calcd for
C14H30BraN4O,: C, 37.7; H, 6.8; N, 12.6%. Found: C, 38.4; H, 6.9; N,
12.6%. MS-ESI™, m/z (%BPI): [L + H]™, 285.2 (100%). 5y (solvent D50,
500 MHz, 298 K, pD: 3): 4.85 (d, 1H), 3.72 (m, 1H), 3.75-3.10 (m, 12H),
2.96 (m, 5H), 2.80-2.50 (m, 4H), 2.40 (m, 2H), 1.73 (m, 2H). 6¢ (solvent
D,0, 125.8 MHz, 298 K, pD: 3): 171.3, 58.0, 57.7, 57.6, 55.9, 55.5, 53.9,
49.4, 48.6, 48.3, 47.1, 41.5,19.2, 18.2. IR (cmfl): 3398, v(N—H), 1624
v(C=0).

2,2'-(1,4,7-triaza-1,4-diyl)diacetic acid (HoNO2A). The synthesis of
the ligand was achived by acid hydrolysis of the tert-butyl groups of
commercially available NO2A(O'Bu), (0.1261 g, 0.35 mmol) in reflux-
ing HC1 6 M (20 mL) over a period of 16 h. The solvent was removed in a
rotary evaporator and water (3 mL) was added. The solvent was again
evaporated and this process was repeated twice to remove most of the
acid. Finally a solution of the ligand in water (3 mL) was lyophilized.
The ligand was isolated as a hydrated chloride salt. Yield 96%. Elem.
Anal. Calcd for C1gH19N304-3(HCID)-1.5(H50): C, 31.5; H, 6.6; N, 11.0%.
Found: C, 31.7; H, 6.4; N, 10.7%. MS-ESI", m/z (%BPD): [L + H]*, 246.1
(100%). 5y (solvent D50, 400 MHz, 298 K, pD = 0.8): 4.01 (s, 4H),
3.60-3.55 (m, 8H), 3.42 (s, 4H). 6¢ (solvent D20, 125.8 MHz, 298 K, pD
= 0.8): 172.3, 56.7, 51.1, 50.4, 43.0. IR (cmfl): 3355 v(N—H), 1729
v(C=0).

General procedure for the preparation of [Cu(CB-TE1A)](CF3SO3)
and [Cu(NO2A)]. A solution of the corresponding ligand (HCB-TE1A,
0.140 mmol; HoNO2A, 0.318 mmol) in n-butanol (6 mL) in the presence
of DIPEA (6 equivalents) was purged with an argon flow. Afterwards,
solid Cu(CF3SO3)5 (1 equivalent) was added and dissolved with the
assistance of an ultrasound bath. The reaction was maintained at 90 °C
for 22 h and then stopped and allowed to cool to room temperature. Blue
crystals or a blue precipitate were formed, which were isolated by
filtration in both cases.

[Cu(CB-TE1A)] (CF3SO3). Blue crystals. Yield: 0.045 g, 66%. Elem.
Anal. Calcd for C;5H57,CuF3N4OsS: C, 36.3; H, 5.5; N, 11.3%. Found: C,
36.3; H, 5.4; N, 11.2%. MS-ESI*, m/z (%BPI): [CuL]", 346.1 (31%). IR
(em™Y): 3351 »(N—H), 1612 v(C=O0).

[Cu(NO2A)]. Blue solid. Yield: 0.073 g, 75%. Elem. Anal. Calcd for
C10H17CuN304-2H50: C, 35.0; H, 6.2; N, 12.3%. Found: C, 34.9; H, 6.1;
N, 12.4%. MS-ESI*, m/z (%BPI): [Cu(L + H)]*, 307.1 (100%), [CuL +
Na]™, 329.0 (100%), [2(CuL) + H)]", 613.1 (46.1%), [2(CuL) + Na]*,
635.1 (84.2%). IR (crn_l): 3299 Y(N—H), 1613 v(C=0).

2.4. Kinetic experiments
Kinetics of dissociation of the CuL complex in acid conditions (HCI or

HClO4) were investigated by following the ligand absorption bands
(wavelength around 300 nm) using the acid concentration in high excess
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relative to the complex concentration (10~% to 107> M, depending on the
ligand). Slow reactions were monitored by a Kontron-Uvikon 942
UV-vis spectrophotometer at 25 °C and 1 cm path-ligth quartz cuvette,
with the CuL complex being the last reagent added to the sample
reaction.

The fast reactions were monitored on a Bio-Logic SFM-20 stopped-
flow system interfaced with a computer and operated by a Bio-Kine 32
(v4.51) software that controls both the data acquisition and analysis.
One syringe contained the CuL complex at the same ionic strength that
the acid introduced in the second syringe. Each experiment was taken in
triplicate.

The dissociation kinetics in neutral medium were studied in phos-
phate buffer of varying pH in the presence of ascorbic acid, which is able
to reduce Cu(II) to Cu(I), and neocuproine that is a Cu(I) scavenger due
to 1:2 complex formation ([Cu(NC),]™). The reactions were monitored
by conventional spectroscopy following the increase in absorbance at
454 nm due to Cu()-neocuproine complex (¢ =~ 7500 M L.ecm!) and
keeping the ratio [neocuproine]/[CuL] higher than ca. 2.5. Neocuproine
was added upon dissolution in a small amount of dioxane (%v/v
dioxane/water = 1.0-3.3% in the final solutions used for kinetics
experiments).

In every case, experiments were performed under pseudo-first order
conditions. Absorbance (A) versus time (t) curves were appropriately
fitted by a first-order integrated rate Eq. (1), with Ao, A, and A, being
the absorbance values at times zero, t, and at the end of the reaction, and
ko is the calculated pseudo-first order rate constant.

A =Ap+ (A, —Ay)-e (@)

2.5. Cyclic voltammetry

Cyclic voltammetry experiments were carried out using an Autolab
PGSTAT101 potentiostat working with a three-electrode configuration.
A glassy carbon disc (Metrohm 6.1204.000) was used as the working
electrode. The surface of the electrode was polished before each mea-
surement using a-Aly03 (0.3 pm) and washed with distilled water. A Ag/
AgCl reference electrode filled with 3 M KCI (Metrohm 6.0728.000) was
used as the reference electrode, while a Pt wire was used as the counter
electrode. The solutions of the complexes (1.7-1.9 x 1073 M) containing
0.15 M NaCl as supporting electrolyte were deoxygenated by bubbling
N prior each measurement.

2.6. X-ray diffraction

A single crystal of [Cu(CB-TE1A)](CF3SO3) was analysed by X-ray
diffraction and a summary of the crystallographic data and the structure

Table 1
Crystallographic data and structure refinement parameters
for [Cu(CB-TE1A)](CF5SO3).

Formula C15Ho7CuF3N,405S
MW 496.00
Crystal system Monoclinic
Space group P2,/c

a/A 8.7005(3)
b/A 14.9861(4)
c/A 15.0251(5)
p/deg 98.5450(10)
V/A3 1937.32(11)
z 4

Dealc 8/cm® 1.701
p/mm~? 1.300

Rint 0.0417

R’ 0.0504
wR," [all data] 0.1734

# Ry = Z||Fo|-|Fc||/Z|F,|.
® WRy = {ZIw(||Fo|*[Fc[2D?1/2Iw(FIH2
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refinement parameters is reported in Table 1. A Bruker D8 Venture
diffractometer with a Photon 100 CMOS detector was used to collect
crystallographic data at 100 K. Mo-Ka radiation (A = 0.71073 A) was
generated by an Incoatec high brillance microfocus source equipped
with Incoatec Helios multilayer optics. The software APEX3 [67] was
used for collecting frames of data, indexing reflections, and the deter-
mination of lattice parameters, SAINT [68] for integration of intensity of
reflections, and SADABS [69] for scaling and empirical absorption
correction. The structure was solved by dual-space methods using the
program SHELXT [70]. All non-hydrogen atoms were refined with
anisotropic thermal parameters by full-matrix least-squares calculations
on F? using the program SHELXL-2014 [71]. Hydrogen atoms were
inserted at calculated positions and constrained with isotropic thermal
parameters.

2.6.1. Accession codes

CCDC 2160376 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/data_request/cif, or by emailing data_request@ccdc.cam.ac.uk, or
by contacting The Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: + 441,223 336,033.

3. Results and discussion
3.1. Crystal structure

The X-ray structure of [Cu(CB-TE1A)](CF3SO3) contains a five-
coordinated Cu(II) ion, which is directly bonded to the four nitrogen
atoms of the macrocyclic unit and an oxygen atom of the carboxylate
pendant arm (Fig. 1). As usually observed for Cu(Il) complexes of cross-
bridge cyclam derivatives, the macrocycle adopts the typical cis-V
conformation, with the six-membered chelate rings presenting chair
conformations. As a result, the bicyclo[6.6.2] fragments display [2323]
conformations according to the nomenclature proposed by Dale [72,73],
as observed for most complexes with cross-bridged cyclam derivatives
and small metal ions [74-77].

The coordination polyhedron may be described as a distorted
trigonal bipyramid, in which the axial positions are defined by N(1) and
N(3) [N(1)-Cu(1)-N(3) = 176.45(11)°] and the equatorial plane is
delineated by O(1), N(2) and N(4). The presence of the ethylene
bridging unit imposes a closed N(2)-Cu(1)-N(4) angle of 87.19(10)° and
an open O(1)-Cu(1)-N(2) angle of 148.20(11)°. The third angle of the
equatorial plane is relatively close to the ideal value of 120° expected for
a trigonal bipyramid [O(1)-Cu(1)-N(4) = 124.58(10)°]. The analysis of

Fig. 1. X-ray crystal structure of the [Cu(CB-TE1A)]" cation present in crystals
of [Cu(CB-TE1A)1(CF3S03). Hydrogen atoms are omitted for simplicity. The
ORTEP plot is at the 50% probability level. Bond distances (A): Cu(1)-N(1),
2.023(3); Cu(1)-N(2), 2.045(3); Cu(1)-N(3), 1.999(3); Cu(1)-N(4), 2.176(3);
Cu(1)-0(1), 1.940(2).
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the coordination polyhedron using shape measures [S(A)] confirms that
the coordination polyhedron is closer to a trigonal bipyramid [S(A) =
2.85] than to a square pyramid [S(A) = 3.38] [78,79].

The carboxylate oxygen atom provides a rather strong coordination
to the Cu(II) ion [Cu(1)-0O(1) = 1.940(2) f\]. Indeed, the six-coordinated
analogue [Cu(CB-TE2A)] shows a short Cu—O bond of 1.998 Aand a
long distance of 2.327 A. The latter complex also shows an elongated
Cu—N bond of 2.224 ;\, as a result of the Jahn-Teller distortion [80]. The
[Cu(CB-TE1A)]" complex presents three short Cu—N distances
(~2.00-2.05 Z\) and a fourth longer Cu(1)-N(4) bond of 2.176(3) A.
Thus, the five-coordinate [Cu(CB-TE1A)]™ complex presents a more
compact structure than the six-coordinate Jahn-Teller distorted [Cu(CB-
TE2A)] analogue. A five-coordinated Cu(II) complex with a cross-bridge
derivative containing a pyridyl pendant arm (CB-TE1Me1lPy, Scheme 1)
presents significantly longer Cu—N distances involving the amine N
atoms (2.05-2.14 A) [77].

3.2. Stability in acidic conditions

3.2.1. Effect of the counterion on the rate constants

The potential dissociation of the [Cu(CB-TE1A)]™ complex was
investigated in acidic solution with HCl concentrations in the range
18-162 mM. The absorption spectrum of the complex shows a weak
absorption band at 598 nm (¢ ~ 93 M1 cm ™) associated to metal d-
d transitions, as well as a more intense absorption at 260 nm (¢ ~ 3900
M~! em™, Fig. $9, Supporting Information). The absorption spectrum
does not change with time over a period of weeks, indicating that the
complex does not dissociate under these conditions. Negligible changes
in the absorption spectrum were observed in 2.5 M HCI over a period of

(@)
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48 h, for a period of 3h in 2.91 M HCl at 80 °C, or even heating a 5 M HCl
solution of the complex at 87 °C. These results indicate that the [Cu(CB-
TE1A)]" complex is particularly resistant to dissociation under acidic
conditions (Fig. S10, Supporting Information). The [Cu(CB-TE2A)]
complex displays a similar kinetic inertness, with no dissociation
observed in 2.24 M HCl at 80 °C over a period of several hours, or even
heating a 5 M HCl solution of the complex at 87 °C (Fig. S11, Supporting
Information). Thus, both the CB-TE2A%~ and CB-TE1A~ ligands form
similarly inert complexes with Cu(Il), in spite of the lower denticity of
the latter. This behavior is in sharp contrast with that of the [Cu(CB-
TE1MelPy)]%*, which experiences fast dissociation in acidic conditions
[771. The high inertness of [Cu(CB-TE1A)]" makes this platform very
attractive for the preparation of bifunctional chelators by convenient
functionalization of the secondary amine N atom. This may represent a
clear advantage with respect to [Cu(CB-TE2A)], which requires a more
difficult C-functionalization for the preparation of bifunctional de-
rivatives [81].

The behavior of [Cu(NO2Th)]?>* and [Cu(NO2Py)]?*" in acidic con-
ditions was investigated by following the ligand absorption bands with
maxima at 240 (¢ ~ 9400 M~! em™!) and 260 nm (¢ ~ 12,200 M}
em™ D), respectively. Given that chloride is present at rather high con-
centrations in vivo (~0.10 M in human blood plasma) [82], we per-
formed kinetic experiments using both HClO4 and HCl, so that the effect
of the presence of the coordinating Cl~ anion can be analysed. The
concentration of acid was varied in the range 0.12-3.0 M (HCIO4) and
0.10-2.6 M (HCI). The absorption spectra of both [Cu(NO2Th)]** and
[Cu(NOZPy)]2+ experienced changes with time in the presence of HClO4
that could be followed using conventional spectrophotometric mea-
surements (Fig. 2a and b). The time scale of the reaction is faster in the

(b)
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Fig. 2. (a) Absorption spectra of [Cu(NO2Th)]%* (48 uM, [HCIO4] = 1.50 M; I = 3.0 M NaClO,) recorded at 3 min intervals. The dotted trace corresponds to the
spectrum recorded after 30 min. (b) Absorption spectra of [Cu(NOZPy)]z‘ (82 puM, [HCIO4] = 0.94 M; I = 3.0 M) recorded at 1 min intervals. The dotted trace
corresponds to the spectrum recorded after 20 min. (¢) and (d) Variation of k, with the Hammett function, h,, for [Cu(NO2Th)]?" (m) and [Cu(NO2Py)]?" (@) with I

= 3.0 M (NaClOy,) (c) or NaCl (d).
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presence of HCl, and thus stopped-flow measurements were performed.
The ionic strength was maintained constant during the measurements to
I = 3 M using either NaClO4 or NaCl. The high [H"] concentration with
respect to the concentration of the complex (48 and 82 pM for [Cu
(NO2Th)]?>" and [Cu(NO2Py)]?*, respectively), ensures pseudo-first
order conditions throughout the kinetic experiments.

The intensity of the absorption maximum of [Cu(NO2Th)]2+ at 240
nm decreases with time upon addition of HCIO4 with the concomitant
formation of an isosbestic point at 207 nm. For [Cu(NO2Py)]2+, the
absorption of the pyridyl groups at 260 nm experiences only slight
changes with time as an isosbestic point arises at 262 nm (Fig. 2). Similar
spectral changes were observed upon addition of HCl. The charge
transfer band observed for the two complexes as a shoulder at 270-290
nm decreases in intensity with time, but it does not disappear
completely. Furthermore, the solutions retain the characteristic blue
color of the complexes, which indicates that no dissociation occurs
under the conditions employed for kinetic experiments. This is in
agreement with the speciation calculated from the stability constants
reported previously for [Cu(NOZTh)]2+ in 0.1 M KNOs, which indicates
that complex dissociation requires [H"] > 5 M (Fig. S12, Supporting
Information). Furthermore, the presence of chloride anions has a clear
effect in accelerating the reactions.

The spectral changes observed in the absorption spectra are thus
assigned to a slow protonation of the complex according to Egs [1,2],
where L represents the ligand, k; and k_; are the rate constants char-
acterizing the forward and reverse reaction.

ki
[CuL]** +H* & [CuHL]** )

k_y

[CuL]? + CI' ==== [CuCIL]'
+

'

k|| &,

[CuCI(HL)]*'
(2
The interaction of [Cu(NO2Th)]?* and [Cu(NO2Py)]** with CI~ was
investigated by analysing the changes in the d-d absorption bands of the
complexes at 622 and 613 nm, respectively, that is, under equilibrium
conditions for step 1 in Eq. (2), where K. = KxK;. The absorption
spectrum of [Cu(NO2Th)]?>* remains unchanged upon addition of
chloride concentrations of up to 0.9 M (Fig. S13, Supporting Informa-
tion). However, important spectral changes are observed in the d-
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d transitions of both [Cu(NO2Th)]** and [Cu(NOZPy)]2+ upon addition
of both HCI and NaCl, with a significant decrease of the intensity of the
absorption band and the formation of well defined isosbestic points
(Fig. 3, see also Fig. S14, Supporting Information). This indicates that
both C1~ and [H'] are involved in the reaction, in agreement with Eq.
(2), and that most likely chloride is involved in coordination to the metal
ion. The d-d absorption band of [Cu(NO2Th)]2Jr is however barely
affected by addition of perchloric acid (Fig. S13, Supporting Informa-
tion), suggesting that the anion is not directly involved in coordination
to the metal ion, as would be expected Eq. (1).

The scheme reaction shown in Eq. (2) implies the presence of an
equilibrium characterized by a constant K., which can be expressed as
the product of the protonation constant of the complex K; and the
equilibrium constant for the coordination of ClI™ to the complex (K).
Thus, Eq. (3) can be derived from Eq (2), where A, is the absorbance in
the absence of HCI and A, is the absorbance at the corresponding HCl
concentration. This expression can be rearranged in its linear form ac-
cording to Egs. (4) and (5)). Fig. 3 shows the corresponding linear plots
for [Cu(NO2Th)]*2? (Fig. S14 presents the data obtained for [Cu
(NO2Py)]1™2). The equilibrium constants obtained for [Cu(NO2Th)]*2
using expressions (4) and (5) are in good mutual agreement (Table 2).
Interestingly, the [Cu(CB-TE1A)]" complex also experiences proton-
ation when dissolved in aqueous HCI (0.12-2.91 M, Fig. S15, Supporting
Information). However, the observed A,/A. values show a linear
dependence with [H'], indicating that the anion is not assisting complex
protonation, which may be related to the lower positive charge of the
complex.

A, —A

K, =KyK, = —~2—~— 3
A[CI ) [HY],

Agfy =1+ KKy [H'] )

Table 2

Equilibrium constants [25 °C] obtained for complex protonation in aqueous HCI
solution.

[NaCl]/ [Cu [Cu [Cu(CB-
M (NO2Th)]1** (NO2Py)1?* TE1A)]"
[Complex]/ 1.63 1.94 1.85
mM
KxKy/M 2 0.0° 0.415 + 0.02 0.64 + 0.03 -
KxK1/M 2 1.03" 0.448 +0.015 - -
Ki/M™! 0.0 - - 0.120 + 0.005

2 Linearization according to Eq. (4), as in the absence of NaCl [H*] = [CI].
b Linearization according to Eq. (5).

254
y= 0.4477x +0.9336
R=09967 @
2.0
.
<m 1.54 .
=,
< .
o e AJA,vs. [CITH]
104 &7 fit
0.5+ T T T L '
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Fig. 3. Left: Spectra of [Cu(NO2Th)]1?*" (1.63 mM) in 1.03 M of NaCl (dashed red curve) and spectra recorded after the addition (at 5 min interval) of increasing
amounts of HCL. Right: Linear increase of the ratio of absorbance readings at 620 nm as a function of the product [Cl ]-[H*] according to Eq. (5). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Aofp, = 1+ KxK) [CI,[HY), (5)

The rate constants observed for the protonation of [Cu(NO2Th)1%*
and [Cu(NOZPy)]2+ increase linearly with proton concentration in the
range 1 < [H™] < 3 M but show deviations from the linear behavior
below that range (Fig. S16 Supporting Information). However it is
important to take into account that for concentrated solutions of strong
acids [H'] does not provide an accurate measure of acidity due to var-
iations of the activity coefficients. Instead the acidity of the solution can
be measured using the Hammett acidity function Hy intended to repre-
sent the pH of concentrated solutions of strong acids:

Hy = —logay- = —logh, 6)

Here, ay: is the proton activity coefficient. The values of —Hp at I =
3 M (HClIO4 + NaClOy4) reported in the literature [83] were used to
calculate hg for the [H"] concentrations used in the kinetic experiments
according to (Fig. S17, Supporting Information):

ho = 4.9291[H"] +0.2899[H"]? @

Similarly, the values of hy in HCl solutions were calculated from —H)
values reported at I = 4.8 M (HCl + NacCl) [84]:

o = 4.573[H"] + 1.232[H" ®)

Plots of the observed rate constants k, show a linear dependence with
hg (Fig. 1). Thus, the kinetic data were fitted to the following expression:

ko = kiho +k_ (C))

In this expression, k; and k_; represent the rate constants charac-
terizing the forward (protonation) and reverse (deprotonation) re-
actions, respectively, which may be assisted by chloride coordination,
that is, in HCl aqueous medium the Eq. (9) is k, = k1Kxh, + k_1. The
linear fit of the data to Eq. (9) provided the rate constants shown in
Table 3 (Fig. 2). The results of the linear fits (Fig. S18, Supporting In-
formation) provide a non negligible y-intercept value for [Cu
(NO2Th)1%" in HClO4, which indicates the presence of a protonation
equilibrium in solution characterized by an equilibrium constant K; =
k1/k_1. This is confirmed by the plots of [A,-A.] versus [H'], which
show a saturation behavior typical of equilibrium reactions, as the full
protonation of the complex is only achieved at high proton concentra-
tions (Fig. S19, Supporting Information). For [Cu(NO2Py)]2+ the value
of the y-intercept was too small to allow for an estimation of k_; and
thus the protonation constant. The rate constants obtained upon addi-
tion of HCI also show good linearity with hy and non negligible y-in-
tercepts, affording the rate constants and equilibrium constants KxK;
given in Table 3. The values of KxK; obtained from kinetic and equi-
librium experiments show excellent mutual agreement (see Tables 2 and
3).

The kinetic data show that the [Cu(NO2Th)]?* and [Cu(NO2Py)]**
complexes present a similar behavior in the presence of HClO4, but
protonation is significantly faster for the latter. The rate constants
determined using HCIO4 are clearly lower than those obtained in HCL
Furthermore, protonation in HCI is slightly faster for [Cu(N02Th)]2+

Table 3
Rate and protonation constants [25 °C] obtained for the protonation of [Cu
(NO2Th)]?* and [Cu(NO2Py)]?*" in HCIO, and HCI solutions.

[Cu(NO2Th)]%* [Cu(NO2Py)]**
HClO,* ki [M~1s™1 (1.94 + 0.06) x 10~* 1.05 + 0.02 x 1072
kys71 (1.66 =+ 0.46) x 10~* very small
Ky /M? 1.17 + 0.36 -
Hcl” kK [M2571] 2.64 + 0.04 x 1072 2.07 + 0.03 x 1072
kys71 7.3+ 0.4 x 1072 5.0 + 0.3 x 1072
KxK; / M2 0.36 + 0.03 0.41 + 0.03

a J = 3 M (HCIO4 + NaClOy).
b 1 — 3 M (HCI + NaCl).
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than for [Cu(NOZPy)]2+. Thus, chloride coordination to the metal ion
assists complex protonation, an effect that appears to be more accute for
[Cu(NO2Th)]?>*. This is likely related to the different degrees of
distortion of the square-pyramidal coordination polyhedron, which is
more distorted towards a trigonal prism in [Cu(NOZPy)]2+ (32%) than is
in [Cu(NOZTh)]zJr (24%) [60,62], as estimated using the approach of
Addison [85]. Complex protonation likely occurs on one of the nitrogen
atoms of a pendant arm, which does not coordinate to the metal ion
upon protonation. The metal coordination environment may be then
completed by chloride anions. This is supported by the X-ray structure of
a related complex, which displays a uncoordinated protonated thiazol
pendant arm and a chloride anion coordinating to the metal ion [61].
The protonation constants determined from kinetic data for [Cu
(NO2Th)]2+ and [Cu(NOZPy)]2+ are very similar, in spite of the lower
basicity of thiazole compared to pyridine moiety [86].

The positive charge of the [Cu(NO2Th)1** and [Cu(NO2Py)]2+
complexes likely make them very resistant to acid-catalyzed dissocia-
tion. Indeed, different studies revealed that increasing the positive
charge of structurally related macrocyclic complexes resulted in an
increased kinetic inertness [87-89]. The half-life time of [Cu
(NO2Th)]1%*" was found to be ca. 15 daysin 2 M HCl at 90 °C and fastin 5
M HCI at 25 °C [60]. The visible absorption spectra of [Cu(NO2Th)]**
and [Cu(NO2Py)]2+ recorded in 5 M HCI confirm the complete and
instantaneous dissociation of the complexes at 25 °C by the disappear-
ance of the characteristic d-d transitions (Fig. S20, Supporting
Information).

3.2.2. Effect of the total charge of the complex

To analyse the effect that the charge of the complex has in the acid-
catalyzed dissociation mechanism, we turned our attention to the
neutral [Cu(NO2A)] complex. The absorption spectrum of [Cu(NO2A)]
shows an intense absorption band with a maximum at 263 nm that can
be attributed to a charge transfer band, and a weaker band at 650 nm
due to metal d-d transitions. Complex dissociation was initially inves-
tigated at low proton concentrations of [H] < 0.1 (I = 0.5 M NaCl)
using conventional spectrophotometric experiments. The dissociation of
the complex is only partial under these conditions, as reflected by the
dependence of the absorbance at equilibrium (A.) with [H*]. Complex
dissociation is complete at [H] of ~0.5 M, as evidenced by the spectral
variations observed for the d-d absorption band (Fig. S21, Supporting
Information). The values of A¢/Ae display a linear dependence with
[H]2 (Fig. S22), which indicates that complex dissociation occurs
through the formation of a diprotonated species according to the
following scheme, where L = NO2A2™:

Klll

ki 2+ .
—> Cu“’" + HL

[Cul] + H* [CuHL]*

+

H*

e

ka
[CuH,L]?* —— Cu?* + H,L
10
Here, a fast protonation process is followed by a rate-determining

step involving dissociation of the protonated complex. Considering the
definition of the equilibrium constant characterizing the formation of
the diprotonated species (3 = KUK, and that, 1) the absorbance
observed at 294 nm is due to the [CuL] complex, as the free Cu(II) does
not have significant absorption at this wavelength, and 2) proton con-
centration is much higher than the concentration of the complex, one
can obtain the following expression:

0

A
4= +4,[H*)? a1

The linear fit of the data afforded g, = 469 + 1.0 M~2. This relatively
high protonation constant shows that the [Cu(NO2A)] complex can be
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protonated rather easily, which triggers complex dissociation. The X-ray
structure of the protonated [Cu(HNO2A)]™ complex was reported. This
structure shows that protonation takes place on an oxygen atom of one
of the carboxylate groups, which does not coordinate to the metal ion
[90]1.

Complex dissociation was investigated at higher concentrations of
H" (0.1-1.0 M) with ionic strengths adjusted to 1.0 M with either
NaClO4 or NaCl. The acid-catalyzed dissociation of [Cu(NO2A)] is very
fast under these conditions, and thus stopped-flow spectrophotometric
measurements were used to follow complex dissociation. This is in sharp
contrast with the astonishing kinetic inertness of the structurally related
[Cu(NO2Th)]** and [Cu(NO2Py)]2+ complexes. Acid addition (HCI or
HClO4) induces a very fast decrease of the intensity of the absorption at
294 nm due to complex dissociation. The dissociation rates k, increase
with increasing proton concentration. The rate constants determined for
[Cu(NO2A)] inI= 1.0 (HClO4 + NaClO4) M display a linear dependence
with [H'], while the results obtained using I = 1.0 (HCl + NaCl) M
evidence a quadratic dependence with [HM] (Fig. 4). The kinetic data
can be interpreted as the result of mono- and di-protonation equilibrium
steps following by complex dissociation Eq. (10).

The kinetic data were thus analysed by Eq. (9), which can be line-
arized as in Egs. (12 and 13):

ko = kK [H] + ko KT K2 [HT)? 12)
ko _ kK™ + kKK H 13
[H*] =k Ky + kKK, [ ]

In these expressions, k; and k; are the rate constants characterizing
the acid-catalyzed dissociation through formation of mono- or di-
protonated intermediates (Table 4). The dissociation of [Cu(NO2A)]
was found to be significantly faster when using NaCl to adjust the ionic
strength. This result is very relevant for PET applications, as NaCl is in
rather high concentration in plasma (0.9% saline, which corresponds to
a NaCl concentration of 0.154 M, is isoosmolar to human plasma) [82].
It is likely that CI™ forms a ternary complex with [Cu(NO2A)], facili-
tating complex dissociation. The formation of the ternary complex is
probably facilitated by the five-coordination of the metal ion by the
ligand. The coordination of the chloride anion results in a distorted
octahedral environment, where a pronounced Jahn-Teller distortion
would enhance the kinetic lability of the system. This situation was
previously found when comparing five-coordinated Cu(II) complexes
with respect to six-coordinated analogues [91].

3.2.3. Effect of the ligand denticity
To investigate the effect of ligand denticity on acid assisted
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Table 4
Rate constants characterizing the acid-catalyzed dissociation of [Cu(NO2A)] and
[Cu(tO2D02A)] at 25 °C using different ionic strengths and half-lives at pH 7.4.

[Cu(NO2A)]* [Cu(t02D02A)]”
HCIO, ki M ts™h) 0.754 + 0.006 65.4 + 2.2
koKUK [M2571) - 983 + 15
Ty, [h]° 6414 74
HCl kK Mt s 0.91 + 0.03 69.1 + 2.4
koKUK M2 571) 1.02 + 0.04 1304 + 16
Ty [h] 1 5338 72

2 I = 1.0 M (HCI + NaCl) or (HCIO4 + NaClO,).
b = 0.5 M (HCI + NaCl) or (HCIO4 + NaClO,).
¢ Calculated at pH 7.4.

dissociation mechanism, we have investigated the recently reported [Cu
(t02D0O2A)] complex, as the larger size of the macrocyclic unit results in
a six-coordinated Cu(Il) ion [63]. The dissociation of [Cu(tO2D0O2A)] is
considerably faster than that of [Cu(NO2A)]. This is reflected in the
lifetimes (71,2) of the complexes at pH 7.4 estimated from the rate
constants of the acid-catalyzed dissociation reaction (Table 4). The
lifetime of the [Cu(DOTA)]*~ complex at pH 7.4 (~2000 h) is signifi-
cantly longer than that of [Cu(tO2D02A)] [92,93]. Dissociation of the
[Cu(DOTA)]Z’ complex in vivo is well documented [94], and thus the
1,7-diaza-12-crown-4 macrocyclic fragment of HotO2DO2A is not well
suited for the design of inert Cu(II) complexes. The rate constants
measured for [Cu(tO2D02A)] show a quadratic dependence with [H']
regardless the ionic strength (Fig. 4). In the latter case, the presence of
Cl” anions does not have a significant impact in the observed rate
constants, confirming that the six-coordinate Cu(II) ion has little ten-
dency to bind to additional ligands such as Cl™ anions. It is worth
indicating that the proton-assisted dissociation mechanism in complexes
with polyaminopolycarboxylate ligands starts with the protonation of a
carboxylate group, which likely remains coordinated to the metal ion
[95]. This protonation process triggers a cascade of structural re-
organizations, in which the proton is transferred to an amine nitrogen
atom, eventually causing complex dissociation [89]. On the contrary,
protonation of pyridine or thiazol pendants requires decoordination of
the pendant arm [61].

3.3. Cyclic voltammetry
Cyclic voltammetry measurements were carried out to analyse the
redox stability of the [Cu(CB-TE1A)]*, [Cu(NO2Th)]?>* and [Cu

(NOZPy)]2+ complexes. Electrochemical experiments were recorded
using solutions of the complexes in 0.15 M NaCl and a Ag/AgCl

()

60+ 1

0.10 0.15

[H]/M

0.00 0.05 0.20

Fig. 4. Variation of k, with proton concentration for [Cu(NO2A)] (a) and [Cu(tO2D02A)] (b) using NaClO, (@) or NaCl (m) to adjust the ionic strength (I = 1 M and

0.5 M for [Cu(NO2A)] and [Cu(tO2DO2A)], respectively).
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reference electrode. Both [Cu(CB-TE1A)]™ and [Cu(NO2Py)]** are
characterized by reversible voltammograms with E° = —0.92 V (AE, =
80 mV) and E° = —0.61 V (AE, = 80 mV), respectively (vs Ag/AgCl,
Fig. 5). These redox potentials correspond to E° = —0.71 V and E° =
—0.40 V with respect to the NHE [96]. The reduction potential of [Cu
(CB-TE1A)]" is therefore clearly out of the threshold for common bio-
reductants (—0.4 V vs NHE), while the reduction potential of [Cu
(NO2Py)]2* is right in the edge. The anodic and cathodic peak currents
show linear dependence with the square root of the scan rate (Fig. S23
and S24, Supporting Information), which points to diffusion controlled
electrochemical processes [97].

The cyclic voltammogram of the [Cu(NO2Th)]2+ complex is some-
what more complicated. It shows a reversible system with E° = —0.46 V
(AE, = 80 mV) vs Ag/AgCl, which corresponds to —0.25 vs NHE. A very
similar potential was observed previously using 0.1 M LiClO4 as the
electrolyte (—0.47 V) [60]. However, a new peak is also observed at E ~
-0.26 V that is more prominent when using low scan rates (Fig. S16,
Supporting Information). This suggests that the reduced Cu(I) species
experiences some rearrangement within the scale of the cyclic voltam-
metry experiment. This behavior was not observed previously in 0.1 M
LiClOy4, suggesting that chloride coordination may be involved in the
rearrangement of the Cu(I) coordination environment. The stability
constant of the Cu(I) complex of NO2Th can be estimated from the
electrochemical data and the stability constant of the Cu(II) complex
(log Kcyany = 20.77), using the methodology reported previously
[98,99]. Taking a standard electrode potential for the Cuzj /Cuaq redox
potential of 0.13 V [98], we obtain log Kcyqy = 14.4. This stability
constant is similar to those reported for the Cu(I) complexes with pol-
ydentate ligands containing S donor atoms [100].

The cyclic voltammograms of the [Cu(NO2A)] and [Cu(tO2D02A)]
complexes are characterized by irreversible reduction waves at —0.86
and — 0.48 V vs. Ag/AgCl, respectively, with additional features being
observed in the back scans (Fig. S25). This indicates an important
reorganization of the metal coordination sphere upon reduction to Cu(l).
An oxidative stripping peak of Cu(0) to Cu (II) is also observed at around
0.0 V [101], indicating dissociation of the Cu(I) complex.

3.4. Dissociation in the presence of ascorbate

The reactivity of the [Cu(CB-TE1A)]*, [Cu(NO2Th)]?>* and [Cu
(NO2Py)]2+ complexes in the presence of ascorbate (oxo-3-gulofur-
anolactone acid, better known as vitamin C) was investigated using
spectrophotometric measurements. Ascorbate is a common bioreducing
agent with a number of important biological functions [102]. It readily

30+ [Cu(NO2Py)**
[Cu(CB-TE1A)"

20 [Cu(NO2Th)}**

10+

-10-
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v T T T T T v
12 -10 -08 -06 -04 -0.2 0.0
E (V) vs. Ag/AgCI
Fig. 5. Cyclic voltammograms recorded from aqueous solutions of [Cu(CB-

TE1A)]* (1.8 mM, pH = 6.6), [Cu(NO2Th)]*" (1.7 mM, pH = 6.3) and [Cu
(NO2Py)1*" (1.9 mM, pH = 8.4).
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experiences two consecutive one-electron oxidations to form dehy-
droascorbic acid [103,104]. Kinetic experiments were conducted using
neocuproine (NC, 2,9-dimethyl-1,10-phenanthroline) as a Cu(I) scav-
enger, as it forms a stable complex with Cu(I) (log 2 = 19.1) charac-
terized by a strong absorption at 450 nm [105,106]. Experiments were
performed using phosphate buffer to keep the pH at 7.1 and ionic
strength lower than 0.2 M, unless when analysing the effect of pH and
ionic strength. No reactivity was observed for the [Cu(CB-TE1A)]" and
[Cu(NO2Py)]?* complexes, as would be expected given the rather
negative reduction potentials evidenced by cyclic voltammetry experi-
ments. The [Cu(NO2Th)]** complex is reduced by both ascorbate and
glutathione, which are probably the most important reducing agents in
living tissues [107]. However, reduction in the presence of glutathione
was found to be fast, but the absorption spectra experienced further
changes with time once the reaction was complete (Fig. S26, Supporting
Information). Thus, further experiments were carried out in the presence
of ascorbate.

Addition of [Cu(NOZTh)]2+ (51.8 pM) to a solution of ascorbate
(8.67 mM) and NC provokes a slow increase with time of the absorbance
of the [Cu(NC)21™ complex at 454 nm (Fig. 6). The kinetic traces are
characteristic of a pseudo-first-order process if [NC]/ [CuNO2Th?**] > 2.
The Cu(Il) complex was the last reagent added to the mixture, as
otherwise complex kinetic traces are observed. The observed rate con-
stants remain identical within experimental error regardless the con-
centration of [Cu(NO2Th)]*>" with a value of ko=4.7+0.1 x 107457 L
The values of A, show a linear dependence with the concentration of the
complex with negligible intercept and a slope of 6280 mol*dm3cm .
The rate constants are not affected by the concentration of phosphate
buffer in the 0.05-0.32 M concentration range, nor by the concentration
of NC (0.087-0.291 mM), providing that [NC]/ [CuNO2Th%*] > 2 (See
Tables S1-S2, Supporting Information).

Experiments performed with constant concentrations of [Cu
(NO2Th)1%* (52.5 pM) and NC (0.148 M) at pH 7.1 evidence a linear
dependence with the concentration of ascorbate (Fig. 6) according to:

ko = ki + ky[Ascorbate] 14

The linear fit of the data afforded k; = 7.0 + 0.6 x 10 °s ' and kp =
5.27 + 0.06 x 1072 M ! s1. The non-negligible y-intercept suggests a
reversible process, likely due to the formation of a ternary complex
between ascorbate and the complex. Indeed, previous studies showed
that the slow (rate-determining) step for the oxidation of ascorbate by
Cu(Il) complexes is the formation of a ternary complex with ascorbate
[108,109]. For [Cu(NO2Th)]*, this is supported by the plot of A,-Ag
versus ascorbate concentration, which shows a saturation profile
(Fig. S27, Supporting Information). Thus, k2 and k; can be related to the
rate constants characterizing the forward and reverse reactions
responsible for the formation and dissociation of the ternary complex
between [Cu(NO2Th)]>" and ascorbate. The association constant can
therefore be estimated as K = ko/k; = 753 = 73 M~ L.

The rate constants are significantly affected by the ionic strength of
the medium adjusted with NaCl, as predicted by the Brgnsted-Bjerrum
Equation [110]:

logk = logky +2Apzazs (15)

Vi

1+ VT

In this expression, k( is the rate constant extrapolated to infinite
dilution, I is the ionic strength of the medium and Ap, is a constant that
permits the calculation of activity coefficients with the Debye-Hiickel
eq. A plot of log k versus v/I/(1 4 +/I) is linear with a negative slope of
—2.15 =+ 0.07 and an intercept that corresponds to kg = 1.78 x 10 357!
(Fig. 7). The slope of the plot is in good agreement with that expected for
the reaction of the [Cu(NO2Th)]%* complex and monohydrogen ascor-
bate, which is largely predominating at neutral pH [111], taking into
account the theoretical value of Ap at 25 °C (0.51) [112].

The rate constants vary significantly with the pH of the medium,
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Fig. 6. (a) Spectral changes observed with time for [Cu(NO2Th)]1?** (51.8 pM) in the presence of NC (0.233 mM) and ascorbate (8.67 mM) in HPO%’/HZPOZ buffer
(0.083 M, pH 7.2, I = 0.15). (b) Variation of k, with ascorbate concentration at pH 7.1 ([Cu(NO2Th)]?* concentration, 52.5 pM; [NC] = 0,148 M; pH 7.1).
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Fig. 7. (a) Effect of ionic strength adjusted with NaCl on the dissociation of [Cu(NO2Th)]?>" (46.9 uM) in the presence of NC (0.132 mM) and ascorbate (5.4 mM) in
HPO3 /H,PO; buffer (0.083 M, pH 7.2). (b) Variation of log k, with pH ([Cu(NO2Th)1?* concentration, 52.5 pM; [NC] = 0,148 M; ascorbate 8.66 mM, HPO3 /

H,PO; 0.15 M).

which was varied in the range (6.05 < pH < 7.28) using HPO3 /H,PO3
buffer, maintaining approximately constant ionic strengths (0.20-0.26
M). These experiments evidence a significant increase of the rate con-
stants with pH (Fig. 7). A plot of log ko versus pH evidences a linear
dependence with a slope of 0.40 + 0.2, which points to a complicated
dependence of the rate constants with pH.

The half-life of the [Cu(NO2Th)]** complex under physiological
conditions can be estimated with Eq. (12) by considering a concentra-
tion of the ascorbate anion in vivo of 43 pM [113], affording 712 =1n 2/
ko = 2.7 h. Thus, this complex is expected to display a rather fast
dissociation under physiological conditions upon reduction by ascor-
bate, in spite of the very high inertness following the acid-catalyzed
mechanism. A similar behavior was observed recently for Fe(IlI) com-
plexes proposed as contrast agents for magnetic resonance imaging
[114]. Thus, a critical issue that must be considered when designing
both Cu(Il) or Fe(IIl) complexes for biomedical applications is to shift
the reduction potential below the window accessible by bioreductants.

4. Conclusions

In this work we have investigated different dissociation pathways
that may result in the dissociation of Cu(I) complexes in vivo. This is a
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very relevant issue to develop radiopharmaceuticals based on Cu ra-
dioisotopes. Our studies revealed that the nature of the counterion
present in solution (perchlorate or chloride) may have a significant in-
fluence in the dissociation of the complexes following the acid-assisted
pathway. This is an issue that must be considered when testing the
inertness of Cu(Il) complexes, given the high concentrations of the
chloride anion in vivo. Chloride coordination likely facilitates the pro-
tonation of ligand donor atoms, such as carboxylate donors, triggering
complex dissociation by a cascade of events in which the proton is
transferred to an amine N atom of the macrocycle. Anion coordination
reduces the positive charge of the complex, and this makes complex
protonation more likely to occur. Studies investigating the kinetics of
decomplexation of Cu(Il) complexes using different electrolytes are rare,
and the results reported here show that this is an issue that should be
carefully considered. An accelerating effect in complex dissociation
caused by chloride addition was described before for a few Cu(Il)
complexes [27,115]. The potential effect of other anions present in vivo
(i. e. carbonate, phosphate, citrate or lactate) is yet to be deciphered. A
comparison of the dissociation kinetics of [Cu(NO2A)] and [Cu
(t02D02A)] suggests that the ability of chloride to accelerate complex
dissociation is more likely to occur in five-coordinate complexes (i. e.
[Cu(NO2A)]) than in six-coordinate complexes like [Cu(tO2D0O2A)]. On
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the contrary, five-coordinate complexes were found to be more inert
than six-coordinate analogues due to the Jahn-Teller effect operating in
the latter.

The charge of the complex is also important, as positively charged
complexes are likely more inert with respect to their dissociation
following the acid-catalyzed mechanism. This becomes clear by
comparing the inertness of [Cu(NO2Th)]?*, [Cu(NO2Py)]?>" and [Cu
(NO2A)], which are all based on pentadentate ligands derived from the
same triazacyclononane platform. The neutral [Cu(NO2A)] complex
experiences relatively fast dissociation following the acid-catalyzed
mechanism, while the structurally-related positively charged ana-
logues are extremely inert under acidic conditions.

One of the main findings of this study is the fast dissociation of [Cu
(NO2Th)1%*" in the presence of ascorbic acid, which is a typical bio-
reductant. This is in sharp contrast to the astonishing inertness of this
complex observed under acidic conditions. Conversely, the [Cu
(NO2Py)1?* and [Cu(CB-TE1A)]" complexes do not dissociate in the
presence of ascorbate, as their reduction potentials are more negative
than that of [Cu(NO2Th)]?", as revealed by cyclic voltammetry exper-
iments. Thus, this work highlights the importance of shifting the
reduction potentials of Cu(II) complexes for PET applications out of the
window of bioreducing agents.
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