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Introduction

When ring makes the difference: coordination
properties of Cu?*/Cu* complexes with
sulfur-pendant polyazamacrocycles for
radiopharmaceutical applicationst
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Three polyazamacrocyclic ligands, ie. 1,59-tris[2-(methylsulfanyl)ethyl]-1,5,9-triazacyclododecane
(TACD3S), 1,4,7,10-tetrakis[2-(methylsulfanyl)ethyl]-1,4,7,10-tetrazacyclotridecane (TRI4S) and 1,4,8,11-
tetrakis[2-(methylsulfanyllethyl]-1,4,8,11-tetrazacyclotetradecane (TE4S), were considered as potential
chelators for the medically relevant copper radioisotopes. The ligands have been synthesized through
facile, single-step reactions, and their acidity constants have been measured in aqueous solution at
25 °C. The kinetic, thermodynamic, electrochemical and structural properties of their Cu®* and Cu*
complexes were investigated in agueous solution at 25 °C using spectroscopic (UV-Visible, EPR, NMR)
and electrochemical techniques (pH-potentiometric titrations, cyclic voltammetry and electrolysis).
TACD3S was demonstrated to be unable to stabilize Cu?*, whereas for TRI4S and TE4S the formation of
stable monocupric (CuL?*) and monocuprous (CuL*) complexes was detected. TRI4S coordinates Cu®*
via a [4N] and a [4N]S array of donor atoms while with TE4S only the latter geometry exists. The
thermodynamic stability and the kinetic inertness of the copper complexes formed by TACD3S, TRI4S
and TE4S were compared with those previously reported for 1,4,7,10-tetrakis-[2-(methylsulfanyl)ethyl]-
1,4,7,10-tetrazacyclododecane (DOA4S) to unravel the influence of the ring size and the nitrogen donor
array on the copper chelation properties of these sulfur-rich macrocycles. The copresence of four
nitrogen atoms is an essential feature to allow effective copper coordination when a 12-member ring is
employed, as the Cu?*—DO4S complexes were far more stable than those of Cu?*—TACD3S. Furthermore,
the larger ring size of TRI4S and TE4S, when compared to DO4S, progressively increases the rate of the
Cu?* complexation reactions but decreases the thermodynamic stability of the Cu?* complexes. Despite
this, the ability of TRI4S and TE4S to stably accommodate both copper oxidation states makes them very
attractive for application in nuclear medicine as they could avoid the demetallation after the biologically
triggered Cu®*/Cu* reduction.

radiometals, copper perfectly matches this philosophy as it pos-
sesses a unique combination of isotopes capable of both imaging

A great deal of progress toward patient-specific treatment has
been made in recent years sparked by the theranostic approach,
in which a radioactive drug is used to diagnose and subse-
quently treat cancer." Among the medically useful candidate
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and therapy. Copper-64 (**Cu, t;, 12.7 h) decays through a
combination of electron capture (Igc 43%), f~ (Is— 39%, Eg_ max
573 keV) and B" (I 18%, Eg\ max 655 keV) emission, which makes
it suitable for both positron emission tomography (PET) imaging
and radiotherapy.>™ On the other hand, copper-67 (*’Cu, t,
61.9 h) is a promising candidate for therapy as well as for single
photon emission computed tomography (SPECT) imaging due to
its = (Ig— 100%, Ep_ max 141 keV) and y-rays emission (E, 93 keV,
I, 16%; E, 185 keV, I, 49%).”™®

The stable complexation through a bifunctional chelator (BFC)
covalently tethered to a targeting biomolecule is imperative to
securely deliver [***’Cu]Cu®" to tumour cells.”** The Cu*'-BFC
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complex must possess high thermodynamic stability and kinetic
inertness to avoid the release of the radiometal in vivo. Particu-
larly, the biologically-induced reduction of Cu®* to Cu' is a
potential pathway for the demetallation of [**’CulCu®" radio-
conjugates, as unstable and labile cuprous species can trigger the
dissociation of the complexes.>™® As a result, the unbound
radiometal can spread through the body leading to a loss of
selectivity for the target to be imaged or treated.'

Despite the huge number of BFCs that have been evaluated
for [*¥*’CulCu®*" complexation, chelating ligands able to
simultaneously coordinate both 2+ and 1+ copper oxidation
states have received markedly less attention.'®™'® Given the
borderline character of Cu** according to Pearson’s Hard-Soft
Acid-Base theory (HSAB), the investigated BFCs for its chelation
are mostly confined to polyazamacrocyclic scaffolds with pendant
carboxylate arms such as 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA), 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-
tetraacetic acid (TETA) and their derivatives (Fig. 1). These ligands
form thermodynamically stable complexes with Cu** but suffer
from in vivo demetalation."*"*! Variation of the ring structure
and/or the substituents afforded more stable and inert cross-
bridged systems like 1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane-
4,11-diacetic acid (CB-TE2A) and 1,4,7,10-tetraazabicyclo[5.5.2]
tetradecane-4,10-diacetic acid (CB-DO2A) (Fig. 1), but their
sluggish radiolabeling kinetics necessitated the use of harsh
protocols, hampering their use for thermally-sensitive molecule
labelling.>* Generally promising results have been obtained
with 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) and its
1-glutaric acid derivative (NODAGA).”> However, the development
of [**?Cu]Cu®*" chelators combining high in vivo stability and
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kinetic inertness toward transmetallation, transchelation and
reduction to Cu” remains a challenge.'*>>>¢

We have recently reported the evaluation of a series of
sulfur-containing cyclen derivatives as chelators for [*/*’Cul]
Cu*"* which exhibited very high thermodynamic stability for
both copper oxidation states.>” The design of this ligand series
was based on the idea that the presence of S, N, and O donors
would allow the coordination of both Cu** and Cu®. This “first
generation” series consisted of 1,4,7,10-tetrakis[2-(methylsulfa-
nyl)ethyl]-1,4,7,10-tetraazacyclododecane (DO4S), 1,4,7-tris[2-
(methylsulfanyl)ethyl]-1,4,7,10-tetraazacyclododecane (DO3S),
1,4,7-tris[2-(methylsulfanyl)ethyl]-10-acetamido-1,4,7,10-tetraaza-
cyclododecane (DO3SAm) and 1,7-bis[2-(methylsulfanyl)ethyl]-
4,10,diacetic  acid-1,4,7,10-tetraazacyclododecane  (DO2A2S)
(Fig. 1).2728

Based on this promising strategy, we decided to expand the
family of sulfur-based polyazamacrocyclic ligands to evaluate
the impact of a larger macrocyclic ring and a different number
of N/S donor atoms on the thermodynamic, kinetic, and redox
properties of their cupric and cuprous complexes. For this
purpose, we have considered a “second generation” series of
polyazamacrocycles incorporating sulfanyl pendant arms. 1,5,9-
Tris[2-(methylsulfanyl)ethyl]-1,5,9-triazacyclododecane (TACD3S)
possesses the same number of atoms in the ring as DO4S but
fewer overall donors (3N3S vs. 4N4S), while 1,4,7,10-tetrakis[2-
(methylsulfanyl)ethyl]-1,4,7,10-tetrazacyclotridecane (TRI4S) and
1,4,8,11-tetrakis[2-(methylsulfanyl)ethyl]-1,4,8,11-tetrazacyclotetra-
decane (TE4S) have the same number of nitrogen and sulfanyl
pendants as DO4S but a progressively larger ring size (Fig. 1).
To the best of our knowledge, TACD3S and TRI4S are novel
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Fig. 1
ligands developed by our group.?’
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(A) Representative state-of-the-art ligands for copper radioisotopes chelation. The (B) “first” and (C) “second generation” series of sulfur-bearing
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ligands, whereas TE4S has been considered by Schmid et al,”
who however only investigated the solid-state structure and not the
aqueous solution chemistry of its Cu** complexes. It is worth
mentioning that the complex formation of Cu** or of other metal
ions was investigated very rarely with polyazamacrocycles bearing
sulfur-containing pendant arms, and when this was done, the
investigated molecules contained only one sulfur side chain, or
were based on different rings than cyclen, 1,4,7,10-tetrazacyclo-
tridecane (TRI), and cyclam.***

The investigation of the acid-base and Cu®**/Cu* complexation
properties of TACD3S, TRI4S and TE4S in aqueous solution was
performed herein using a combination of spectroscopic (UV-Vis,
EPR and NMR) and electrochemical techniques (potentiometry,
cyclic voltammetry and electrolysis). The final aim of investigating
this series of sulfur-pendant polyazamacrocycles is to unravel the
physicochemical properties of their copper complexes, in order to
rationalize the alterations induced by the reported structural
modifications, and thus guide the design of improved copper
chelators for radiopharmaceutical applications.

Experimental
Materials

All reagents and solvents were obtained from commercial
suppliers (Sigma Aldrich, VWR Chemicals) and were used as
received. 1,5,9-Triazacyclododecane (TACD), 1,4,7,10-tetrazacyclo-
tridecane (TRI), 1,4,7,10-tetrazacyclododecane (cyclen) and
1,4,8,11-tetrazacyclotetradecane (cyclam) were purchased from
Chematech. All solutions were prepared with ultrapure water
(18.2 MQ cm ™ ') which was purified with a Purelab Chorus (Veolia)
system.

Ligand synthesis

All ligands were synthesized starting from the unsubstituted
macrocyclic ring, potassium carbonate and acetonitrile (15 mL)
mixed in a pressure tube flushed with nitrogen.

2-Chloroethyl methyl sulfide was added and the pressure
tube was heated to 60 °C under stirring for 24 h. The mixture
was then evaporated under reduced pressure. All products were
purified by flash column chromatography on silica (60 A, 230~
400 mesh, 40-63 pum, Sigma-Aldrich) using CHCIl;: CH;0H
9:1 + 0.5% NHjng) 30% as the eluent and collected as a
yellowish paste. NMR spectra were recorded using a Bruker
AV III 500 spectrometer operating at 500 MHz for 'H and
125.8 MHz for "*C{'H}. Chemical shifts (6) were reported as
parts per million (ppm) relative to the residual solvent peak and
coupling constants (/) in hertz (Hz). Multiplicity is given as
follows: s = singlet, d = doublet, t = triplet, q = quartet, qn =
quintet, m = multiplet, and br = broad peak. High-resolution
mass spectra (HRMS, ESI) were recorded with an Agilent
Technologies LC/MSD Trap SL mass spectrometer.

In the following, the reactant and product amounts are given
for each compound together with the spectral data.

1,5,9-Tris[2-(methylsulfanyl)ethyl]-1,5,9-triazacyclododecane
(TACD3S). 1,5,9-Triazacyclododecane (171 mg, 1.0 mmol, 1.0 eq.),
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potassium carbonate (989 mg, 6.5 mmol, 6.5 eq.), 2-chloroethyl
methyl sulfide (399 pL, 4.0 mmol, 4.0 eq.). TACD3S: 247 mg,
0.63 mmol, 63% yield. 'H NMR (500 MHz, CDCl;): & 2.59
(s, CH,CH,S, 12H), 2.53 (t, NCH,, J = 6.13 Hz, 12H), 2,11 (s,
SCHj;, 9H), 1.59 (qn, CH,, J = 12.3 Hz, 6H). “C{'H} NMR
(126 MHz, CDCL,): § 53.36 (NCH,CHS,S), 49.23 (NCH,CH,CH,N),
32.14 (NCH,CH,S), 21.40 (NCH,CH,CH,N), 15.81 (SCH;). HRMS
(ESI) m/z [M + H']: 394.2478; calc: 394.2379.

1,4,7,10-Tetrakis[2-(methylsulfanyl)ethyl]-1,4,7,10-tetrazacyclo-
tridecane (TRI4S). 1,4,7,10-Tetraazacyclotridecane (448 pL,
1.0 mmol, 1.0 eq.), potassium carbonate (898 mg, 6.5 mmol,
6.5 eq.), 2-chloroethyl methyl sulfide (448 uL, 4.5 mmol, 4.5 eq.).
TRI4S: 182 mg, 3.8 mmol, 38% yield. "H NMR (500 MHz, CDCl,):
& 2.73-2.58 (m, 32H, CH,), 2.169 (s, 6H, SCH;), 2.167 (s, 6H,
SCHj3), 1.63 (t, J = 12.30 Hz, 2H, NCH,CH,CH,N). *C{'"H} NMR
(126 MHz, CDCl,): d 54.98 (CH,), 54.58 (CH,), 52.46 (CH,), 52.35
(CH,), 51.63 (CH,), 50.95 (CH,), 31.89 (CH,SCHj), 31.65
(CH,SCH3), 23.35 (NCH,CH,CH,N), 15.86 (SCH;). HRMS (ESI)
miz [M + H']: 483.2784; calc. 483.2678.

1,4,8,11-Tetrakis[2-(methylsulfanyl)ethyl]-1,4,8,11-tetrazacyclo-
tetradecane (TE4S). 1,4,8,11-Tetraazacyclotetradecane (200 mg,
1 mmol, 1 eq.), potassium carbonate (1.17 g, 8.5 mmol, 8.5 eq.),
2-chloroethyl methyl sulfide (528 pL, 5.3 mmol, 5.3 eq.). TE4S:
211 mg, 0.42 mmol, 42% yield. "H NMR (500 MHz, CDCL,): §
2.81-2.69 (m, 32H, CH,), 2.22 (s, 12H, SCH;), 1.77 (qn, J = 13.80
Hz, 4H, NCH,CH,CH,N). “C{'H} NMR (126 MHz, CDCly): §
54.56 (CH,), 51.22 (CH,), 50.39 (CH,), 31.23 (CH,SCH,), 23.01
(NCH,CH,CH,N), 14.46 (SCH,). HRMS (ESI) m/z [M + H']:
497.2935; calc. 497.2835.

DO4S and DO2A2S. 1,4,7,10-Tetrakis[2-(methylsulfanyl)ethyl]-1,
4,7,10-tetraazacyclododecane (DO4S) and 1,7-bis[2-(methylsulfany-
D)ethyl]-4,10,diacetic acid-1,4,7,10-tetraazacyclododecane (DO2A2S)
were synthesized in our laboratories according to previously
reported procedures.”®

Formation kinetics

The formation kinetics of Cu®>" complexes with the investigated
ligands was monitored as a function of pH at room temperature
via UV-Vis spectroscopy, following the increasing intensity of
the charge transfer and/or d-d bands of the complexes at the
characteristic wavelengths. The electronic spectra were recorded
in the 200-800 nm range at different time points using a Cary 60
UV-Visible spectrophotometer (Agilent) equipped with a 1 cm
path length quartz cell. Complexation kinetics experiments were
carried out by mixing equimolar amounts of metal and ligand
solutions (final concentrations: Ccpe+r = Cp = 10°* M) in a
buffered medium at pH 2 (HCI 10~> M), pH 3.7 (acetic/acetate
buffer) and pH 7.5 (2-[4-(2-hydroxyethyl)piperazin-1-yllethane
sulfonic acid - HEPES - buffer).

Protonation and metal-ligand stability constants

Potentiometric titrations. The potentiometric measurements
were performed as previously described.>”**** Briefly, an auto-
mated titrating system (Metrohm 765 Dosimat) with a combined
glass electrode (Hamilton pH 0-14) and a Metrohm 713 pH-
meter were used. The measurements were carried out in a

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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thermostated jacketed cell at 25.0 £ 0.2 °C and kept under
a nitrogen atmosphere during the titrations to remove CO,.
A constant ionic strength of 0.15 M NaNO; was used.

0.1 M nitric acid stock solutions (Aristar - VWR Chemicals)
were prepared from a concentrated one and standardised
against sodium carbonate (Aldrich, 99.95-100.5%). 0.1 M
sodium hydroxide solutions with a low carbonate content were
prepared from commercial pellets (Fluka, 99% min) and their
accurate concentrations were obtained by titration of the
previously standardized HNOj; solutions. Stock solutions of
the ligands and Cu®" were freshly prepared by direct dissolution
of the synthesized compounds (~ 10~ M) and from analytical-
grade Cu(NO3),-3H,0 (Sigma Aldrich) (~ 10~> M), respectively.
HNO; (Cyy+ = 4.2-Cy) was coadded to the ligand solution to avoid
carbonatation and facilitate dissolution. The solubility of the
ligands in water depends on pH, and in all cases minimal
values occur at pH > 9 where the non-charged, totally depro-
tonated form L predominates. The limit solubility of L was
estimated from the pH at which precipitation starts, knowing
the pK, values of each ligand (see below) and the stoichiometric
ligand concentration: the results for TACD3S, TRI4S and TE4S
were 1.5 x 10°* M, 1.9 x 10"* M and 1.3 x 10~ * M, respectively.

The concentration of the ligands in the titration vessel
ranged from 7 x 10™* M to 2 x 10~ M while the metal:ligand
ratio varied from 1:1 to 1:2. The ligand solutions were
acidified with a known volume of HNOj;, followed by the
addition of Cu®" in the case of the metal-ligand titrations,
and the titrations were then carried out by adding known
volumes of NaOH. The purity of the synthesized chelators was
demonstrated to be adequate (> 95%). The explored pH range
was 2-12 except for Cu**-TRI4S where the titrations were
started at pH ~ 4 to avoid too slow complexation kinetics.
Each titration was performed independently at least in triplicate.

NMR titrations. NMR spectra of the free ligands at different
pH were collected at 25 °C using a 400 MHz Bruker Avance III
HD spectrometer. Chemical shifts () are reported in parts per
million (ppm) and are referred to 3-(trimethylsilyl) propionic
acid sodium salt (Sigma Aldrich, 99%). The solutions were
prepared in H,O + 10% D,O (Sigma Aldrich, 99.9% D) at a
concentration of ~ 10~° M. The pH was adjusted with small
additions (uL) of HNO; and/or NaOH and measured with the
same pH-meter and electrode as those used for the potentio-
metric measurements. The water signal was suppressed using an
excitation sculpting pulse scheme.?® All data were collected and
processed with Topspin 3.5 using standard Bruker processing
parameters with Topspin 4.1.1 software.

UV-Vis titrations. Out-of-cell and in-cell UV-Vis spectro-
photometric titrations were performed to determine the stability
constants of the Cu®" complexes. In the first method, separate
samples in the pH range 0-4 were prepared by mixing equimolar
amounts of ligand and Cu** at final concentrations Cgyzr = Cy, =
10~* M (the copper stock solutions were prepared from CuCl,-
2H,0, Sigma-Aldrich, 99.9%), and a known amount of previously
standardized HCI (Sigma-Aldrich, 37%) to adjust the pH. The pH
was measured using a combined glass electrode (Mettler Toledo
pH-meter) daily calibrated with commercial buffer solutions (pH

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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4.01 and 7.01 at 25 °C). In highly acidic solutions (pH < 2), the
pH was computed from the HCI concentration (pH = —logCyc)-
The absorption spectra were collected in the spectral range 200~
800 nm using a 1 cm path length quartz cuvette and using the
same spectrometer of the kinetic measurements. The equili-
brium was reached when no variations of both the electronic
spectra and the pH were detected.

Between pH 4 and 12, direct titrations were carried out.
Typically, equimolar metal-to-ligand solutions were mixed
(final concentrations: Ceyzr = C, = 10~ * M), the pH was adjusted
to ~ 4, and the titrations were carried out by adding a known
volume of NaOH, similarly to the pH-potentiometric titrations.
After each addition, the pH was allowed to equilibrate, an aliquot
was transferred to the spectrophotometric cell and the spectrum
was recorded. Then, the aliquot was transferred back to the
titration vessel and a new addition was made. The maximum pH
value was ~ 12. Typical titrand and titrant volumes were in the
range 10-25 mL and less than 100 pL, respectively. The same
protocol was used for the determination of the ligand protona-
tion constants but, in this case, no Cu** was added.

Stoichiometry of Cu”* complexes. The stoichiometry of the
Cu”" complexes was determined by adding different aliquots of
Cu”" solution to the chelator one (C, = 10~* M) buffered at pH
7.5 by HEPES to obtain a metal-to-ligand ratio varying from 0: 1
to 3:1. After Cu®" additions, the UV-Vis spectra were recorded,
and the stoichiometry was determined by plotting the absor-
bance at the characteristic wavelengths as a function of the
metal-to-ligand ratios.

Data treatment. The protonation constants and the stability
constants were refined using the least-squares fitting program
PITMAP.*® The programme minimises the sum of the squares
of the differences between experimental and calculated values.
Optimization is performed using pitmapping or simplex as
nonlinear least squares algorithms.*”*® Mass balance equations
are solved, i.e. species concentration at equilibrium are obtained,
by means of the Newton-Raphson method.*® All equilibrium
constants were defined as cumulative formation constants (log
Pogr = [MpL,H,J[MF[LIH]) and are therefore referred to the
overall equilibrium pM™ + gH' + L'~ & M,H,L?™% ", where
the metal and ligand are designated as M and L, respectively.*®
The refinements of the overall formation constants included, in
each case, the previously determined ligand protonation con-
stants and the metal hydrolysis products, whose equilibrium
constants were fixed to the literature values.*® The errors quoted
are the standard deviations calculated by the PITMAP program.®
The following parameters, which strongly correlated with each
other, were calculated by the same program from acid-base
titrations, and then kept constant in subsequent ligand and
Cu*'-ligand titrations: water ionization constant (pK,), glass
electrode alkaline error (given by the selectivity coefficient for
Na', pkna), and carbonatation degree of the NaOH solution (%),
which were 13.54, 12.0 and 0.5% on average, respectively.

EPR

X-band CW-EPR spectra were recorded with a Bruker EleXsys
E500 spectrometer (microwave frequency 9.4 GHz, microwave

New J. Chem., 2022, 46,10012-10025 | 10015
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power 13 mW, modulation amplitude 5 G, modulation
frequency 100 kHz).

The Cu®>'-TE4S sample was prepared the day before the
measurement and stirred overnight at room temperature to
take into account the slow kinetics of complex formation.
pH-Dependent EPR spectra were measured in the pH range
1.86-11.47. NaOH or HCI were employed to adjust the pH.

Room temperature EPR spectra were recorded in capillaries
using six scans. Room temperature spectra were corrected with
the background spectrum of pure aqueous solution before the
simulation. Frozen solution EPR spectra were measured in
quartz EPR tubes placed into Dewar containing liquid nitrogen
at 77 K. 0.2 mL of sample was placed in the tube and 0.05 mL
methanol was added to avoid the crystallization of water.
All CW-EPR spectra were simulated by the EPR software.*
Room temperature spectra were described by the isotropic
EPR parameters g, and 4,°" copper hyperfine couplings, and
the relaxation parameters o, f/, and y which define the line-
widths in the equation Gy = o + fM; + YM;%, where M; denotes
the magnetic quantum number of the copper nucleus. The
super hyperfine coupling (ay) of four equivalent nitrogen atoms
significantly improved the fit. The anisotropic spectra were
analysed with the help of axial g- and A-tensor values (g, g,
A% A°Y) and the orientation-dependent linewidth para-
meters. Since natural CuCl, was used for the measurements,
the spectra were calculated as the sum of the spectra of ®*Cu
and °>Cu weighted by their natural abundances. The copper
and nitrogen coupling constants and the relaxation parameters
were obtained in field units (Gauss = 10~* T).

Stability/inertness with competitive metal cations

Different aliquots of Zn>" and Ni*" solutions were added to a
solution of the preformed cupric complexes (Ccyrz2+ = 10~* M) to
obtain the following n(M**)/n(CuL*") ratios: 50 < n(Zn*")/
n(Cul®") < 1000 and 50 < n(Ni**)/n(CuL**) < 250. The spectral
variations induced by the addition of the competitor were
monitored at room temperature using UV-Vis spectroscopy for
5 days.

Acid-mediated decomplexation kinetics

Acid-mediated decomplexation studies of the Cu®>" complexes
were performed under pseudo-first-order conditions in 0.1-1 M
HCl at 25 °C (Ccyre+ = 10~* M). The reactions were monitored by
UV-Vis spectroscopy following the decrease in intensity of the
charge transfer transitions of the Cu>" complexes at the char-
acteristic wavelength at specific time points. The obs values
were calculated from the experimental data by using a single-
exponential model A(£) = A(0)-e"%**, The corresponding half-
life was obtained from the equation ¢, = ln(2)/dkobs.

Cyclic voltammetry

Cyclic voltammetry was carried out in aqueous solution at room
temperature with an Autolab PGSTAT 302N potentiostat
operated with NOVA 2.1 (Metrohm) data acquisition software.
The experiments were performed with a six-neck glass cell
using a glassy carbon (GC) working electrode (WE) fabricated
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from a 3 mm-diameter rod (Tokai GC-20), a saturated calomel
reference electrode (SCE) and a platinum wire counter electrode
(CE). The WE surface was routinely polished with 0.25 pm
diamond paste, followed by ultrasonic rinsing in ethanol for
5 minutes before use.

The sample solutions containing the copper complexes were
degassed by bubbling Ar before all measurements and kept
under an Ar blanket throughout the measurements. 0.15 M
NaNO; was used as a supporting electrolyte and the pH was
adjusted with NaOH and HNO; solutions.

Cyclic voltammograms with scan rates ranging from 0.01 to
0.1V s~ " were recorded in the region from —0.5 to 0.5 V. In this
potential range, the solvent, the background electrolyte, and
the ligands were electrochemically inactive.

Electrolysis and NMR

Exhaustive electrolyses of the pre-formed Cu®** complexes were
carried out using large area glassy carbon WE in a two-
compartment cell. The CE was a Pt gauze in 0.15 M NaNO;
solution, separated from the WE solution by two glass frits (G3).
A saturated calomel electrode was used as a reference electrode.
The electrolyses were performed at a fixed potential equal to
E = —0.45V and E = —0.40 V for Cu*'-TRI4S and Cu®*'-TE4S,
respectively. Linear scan voltammetry (LSV) on a rotating disc
electrode was used to monitor the evolution of the species in
solution. Each electrolysis was considered complete when the
cathodic current reached <2% of the initial value.

"H-NMR spectra of the in situ generated Cu* complexes were
collected at 25 °C using the same spectrometer and the same
protocol described above.

Results and discussion

Ligand synthesis

TACD3S, TRI4S and TE4S were synthesized by direct complete
alkylation of the parent macrocycles with an excess of
2-chloroethyl methyl sulfide in acetonitrile at 60 °C for 24 hours
according to Scheme S1 (ESIt).

Ligand protonation constants

Combined potentiometric, "H-NMR and UV-Vis spectrophoto-
metric titrations in aqueous solution were used to determine
the protonation constants of TACD3S, TRI4S and TE4S at
25.0 °C with the ionic strength adjusted to 0.15 M NaNO;.
The stepwise protonation constants (pK,) are outlined in
Table 1 and compared with those of DO4S and structurally related
ligands (tetramethyl-cyclen and tetramethyl-cyclam) or with the
parent unsubstituted macrocycles (1,5,9-triazacyclododecane -
TACD, 1,4,7,10-tetrazacyclododecane - cyclen, 1,4,7,10-tetraza-
cyclotridecane - TRI and 1,4,8,11-tetrazacyclotetradecane - cyclam).
The protonation speciation diagrams for TACD3S, TRI4S and TE4S
are presented in Fig. S1 (ESIt).

For all the investigated chelators, the constants for the
deprotonation of HL" and H,L>" (Table 1) can be assigned to
the deprotonation of two opposite or adjacent nitrogen atoms

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Table 1 Acidity constants (pK, and log f values) of TACD3S, TRI4S and TE4S at T = 25 °C and / = 0.15 M NaNOs. The pK, values of the corresponding
unsubstituted macrocycles and other structurally related compounds are reported for comparison purposes. Unless otherwise stated, the values were
obtained by pH-potentiometry

Ligand Equilibrium®
HL"' = L+H" H,L>* = HL"'+H" H,L*" = H,L*' +H' L+ 3H" = H,L*

TACD3S 9.60 + 0.02; 9.6 + 0.27 5.57 & 0.05; 5.41 =+ 0.067; 5.29 + 0.03° 1.62 £ 0.07° 16.79
DO4s¥ 10.14¢ 7.29° 1.9 19.3
TRI4S 9.76 + 0.03; 9.4 + 0.1° 6.69 + 0.03; 6.0 & 0.3%; 6.10 =+ 0.05° 1.5 + 0.1° 18.0
TE4S 10.60 + 0.01 7.73 £ 0.05; 7.5 + 0.2° 1.7 + 0.2° 20.0
TACD? 12.6 7.57 2.41 22.6
Cyclen? 10.63¢ 9.51° 1.6/ 21.7
Tetramethyl-cyclen” 11.06 8.95 — 20.01
TRI' 11.02 9.96 1.96 22.94
Cyclam/ ‘ 11.3 10.23 1.43 23.0
Tetramethyl-cyclany 9.34 8.99 2.58 20.91

“ L represents the completely deprotonated form of each chelator. The reported uncertainty was obtained by the fitting procedure and represents
one standard deviation unit. * Obtained from '"H-NMR data, no ionic strength control. © Obtained from UV-Vis data, no ionic strength control.
4 The first PK, value in each cell was considered for the log f computation. ¢ From ref. 28, I = 0.15 M NaNO;3, T = 25 °C./ From ref. 27, no ionic
strength control, 7= 25 °C. & From ref. 41, I=0.15 M KNO;, T =25 °C. " From ref. 42, I = 0.2 M NaClO,, T =25 °C. ’ From ref. 43, 1= 0.1 M NaNO;,

T =25 °C.7 From ref. 44, 1 = 0.1 M NaNO;, T = 25 °C.

of the azamacrocyclic rings. The other deprotonation constants
(i.e. those for H;L*" and, if applicable, for H,L"") were always
found to be very high (K, > 1072, ie. pK, < 2, Table 1),
primarily due to the Coulombic repulsion between the positive
charges resulting from the protonated amines that are forced
into proximity by the cyclic nature of the ligands.

Comparing TRI4S and TE4S with DO4S, the slight differences
in the pK, values are related to the different ring sizes and the
relative position of the nitrogen atoms. For TE4S, the higher pK,
values with respect to those of DO4S likely reflect the larger
separation between the nitrogen atoms afforded by the larger
backbone, which lowers the charge-charge repulsion, allowing
better stabilization of the proton binding. On the contrary, the
tertiary nitrogen atoms of TRI4S are less basic than those of
DO4S and TE4S, indicating that the former molecule adopts
conformers in which the ring protons are less stable than for the
other two chelators. Simple charge-repulsion arguments do not
explain this trend, which, as a tentative reason, might be
ascribed to the asymmetry of TRI4S.

Although TACD3S and DOA4S possess the same number of
atoms in the macrocyclic scaffold, the former is significantly
more acidic. In TACD3S the tertiary amines are separated by a
larger distance with respect to DO4S, but the lower number of
possible microstates (where protons are localized on different
nitrogens) leads to lower stability of the protonated species for
TACD3S, thus explaining the observed behaviour.

As previously found for DO4S and its derivatives,*® a decrease
of pK, was also observed (especially for the deprotonation of H,L*")t
with all the investigated sulfur-bearing ligands when compared to
the bare macrocycles or the non-sulfanyl analogues. While the
former effect can be explained by the consequence of the desta-
bilization of the protonated species resulting from the decrease in
water solvation after the N-alkylation, the latter was attributed to
the presence of the sulfur atoms on the side arms.>®

"H-NMR spectroscopy was employed to confirm some pK,
values and to determine the most acidic ones (pK, « 2) not
accessible by potentiometric measurements. In addition, it was

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

also used to gain insights into the solution structure and the
dynamics of the protonation/deprotonation processes of the
investigated ligands. The pK, values determined by NMR are
also reported in Table 1. Some minor discrepancies between
the protonation constants obtained by NMR and potentiometry
can be attributed to the uncontrolled ionic strength during
NMR experiments.

The "H-NMR spectra of TACD3S, TRI4S and TE4S and the 'H
chemical shift variations as a function of pH are shown in Fig. S2-S4
and S5-S7 (ESIt). The signal assignments, supported by the bidi-
mensional spectra of Fig. S8-S11 (ESIt), are reported in Tables S1-
S3 (ESIt). A thorough description of the spectra is given in the ESL

According to the sharpness of the signals and the absence of
multiple patterns, all the deprotonation processes (H;L*" =
H,L*>" + H" = HL" + H") should be fast on the NMR timescale
(Fig. S2-S4 and S12, ESIT). An exception is represented by the
last deprotonation step of TACD3S, which appears markedly
slower since both patterns of HL" and L, together with a signal
enlargement, can be observed (Fig. S2, ESI{). The estimated
molar ratio between these two species obtained by the integration
of NMR signals is in good agreement with the values calculated by
potentiometry. Moreover, the sharpness of the signals also
indicates that the conformational equilibria within a single
species are fast on the NMR timescale (except for TACD3S in its
totally deprotonated form).

On the contrary, it is worth noting that in the cyclen-based
analogue, ie. DO4S, the multiplets were sharp only in its
neutral form.>® The lower energetic barrier of the conformer
interconversion, resulting from the CH, spacer added in the
ring of TACD3S, TRI4S and TE4S, could justify this difference.

As regards the UV-Vis analysis, the electronic spectra of
TACD3S, TRI4S and TE4S display a strong absorption in the
UV region (below 250 nm) which showed an absorbance
increase close to the pK, values (Fig. S13, ESIt), similarly to
DO4S and its derivatives.*® UV-Vis data were fitted to determine
some pK, values (Table 1) which agree reasonably well with
those obtained from potentiometric titrations and NMR.

New J. Chem., 2022, 46,10012-10025 | 10017
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Cu”* complexes: formation kinetics

The formation kinetics of the Cu®" complexes with TACD3S,
TRI4S and TE4S were assessed as a function of pH by UV-Vis
spectroscopy, following the absorbance changes observed at
selected wavelengths over time. This qualitative investigation
was necessary to determine the timing required for reaching
equilibrium, thus allowing the subsequent thermodynamic
investigations.

For TRI4S and TE4S, reaction times from seconds to many
hours were found (Fig. S14, S15 and Table S4, ESIt). The
complex formation rate strongly decreased upon decreasing
the pH, reflecting the dissimilar reactivity of the differently
protonated ligand species predominating at different pH
(Fig. S1, ESIt): higher protonation states correspond to the
higher electrostatic repulsion between Cu>" and the ring cavity
where the donor atoms are located, as previously reported for
DO4S and its derivatives.*”

The increased ring size in TRI4S and TE4S significantly
accelerates the formation of the Cu®" complexes when compared
with DO4S (Table S4, ESIt).>” This complexation rate enhancement
could be explained by the lower electrostatic repulsion between the
metal ion and the nitrogen donors driven by the larger ring.
TACD3S was found not to be able to complex Cu®" except at nearly
neutral pH (Fig. S15, ESIT), where the reaction rate was comparable
to that of the other ligands.

Cu”* complexes: thermodynamics

UV-Vis spectrophotometric titrations at equilibrium conditions
were performed to determine the formation constants (log ff) of
the Cu**-complexes with TACD3S, TRI4S and TE4S. The slow
equilibration timing evidenced at acidic pH forced the use of
out-of-cell titrations at pH < 4 together with the direct in-cell
ones (pH > 4). The high binding Cu®" affinity of TRI4S obviated
the use of conventional pH-potentiometric techniques, while
for TE4S pH-potentiometry was also employed.

As shown in Fig. S14 and S15 (ESIf), the Cu®>" addition to
solutions containing any ligand causes the appearance of two
absorption bands in the UV-Vis spectra, which are accountable

Table 2 Overall stability constants (log ) and pCu values of the Cu®* and
Cu* complexes formed by TACD3S, TRI4S and TE4S at/ = 0.15 M NaCl and
T = 25 °C. Literature data for Cu?*/*~DO4S are reported for comparison
purposes. Unless otherwise stated, log f for Cu?* were obtained by UV-Vis
spectrophotometric titrations whereas those for Cu™ were computed from
cyclic voltammetry?

Ligand  TACD3S DO4S¢ TRI4S TE4S

logff Cu®" 6.6 + 0.4 19.8  18.53 & 0.04 17.24 + 0.07; 17.01 =+ 0.02°
pCu*'? 6.2 17.7  17.0 14.5

logf Cu* — 19.8 16.8+0.1 16.3 £ 0.1

pCu*? — 17.2 15.3 13.6

“ L denotes the ligand in its totally deprotonated form. The reported
uncertainty was obtained by the fitting procedure and represents one
standard deviation unit. > pCu®""" calculated at Ccyew+ = 10°° M and
Cp=10"> M at pH = 7.4 using the constants of Tables 1 and 2 or taken
from ref. 27. © Obtained by pH-potentiometric titrations, I = 0.15 M
NaNO;. ¢ From ref. 27.
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for the metal complexation event. These bands change in
intensity but not in shape with pH, so that the formation of
the same Cu®" complex in all the pH range was deduced.
Fig. S16 (ESIf) shows the spectra at various pH; the fitting
procedure indicated the presence of only one complex having
stoichiometry CuL>* (where L indicates the deprotonated
ligand form). UV-Vis titrations at different metal-to-ligand
molar ratios, which showed saturation at equimolar values
(Fig. S17, ESIt), further confirmed this speciation model,
whereas potentiometric titrations (at pH > 2 for TE4S, at
pH > 4 for TRI4S) showed no protonation/deprotonation events
occurring for the CuL®" complexes in the investigated pH range.
The overall stability constants are reported in Table 2 while the
distribution diagrams are shown in Fig. 2 and Fig. S18 (ESI}).

The pCu** values (pCu** = —log[Cu* Ji) Were calculated at
pH 7.4 to compare the chelating ability of the different ligands
at physiological conditions: the higher the pCu®', the higher
the stability of the complexes under the specified conditions.*>
The obtained values are listed in Table 2. As a comparison, the
pCu®* values for other DO4S derivatives and selected state-of-
the-art [*¥*’Cu]Cu®" chelators are given in Table S5 (ESIY).

Surprisingly, TACD3S gave a very low pCu®" demonstrating it
was not able to complex Cu®" except at nearly neutral pH. It
follows that the copresence of four nitrogen atoms is an
essential feature in a 12-member macrocyclic structure to allow
an effective copper coordination when the side chains contain S
donors, as the removal of a nitrogen donor and a sulfur side
chain have a huge impact on the Cu** coordination. This low
Cu*'-complex stability hampered any further investigation with
TACD3S, so that this ligand will no longer be considered in the
following discussion.

The addition of a ring carbon atom in the DOA4S scaffold,
leading to TRI4S, only slightly affects the complex stability at
physiological pH (pCu®** 17.0 for TRI4S and 17.7 for DOA4S,
Table 2).>” Contrarily, the further increase of the ring size,
leading to TEA4S, is detrimental in terms of the stability of the
resulting Cu®>* complexes, as the pCu®” of TE4S is 2.5 orders of
magnitude lower than that of TRI4S. These behaviours are
likely related to the worst matching between the size of the
metal cation and ring cavity, thus resulting in a stability drop.

Cu”* complexes: electronic and EPR structural analysis

The analysis of the electronic spectra of the investigated Cu®*
complexes allowed us to evaluate the structural changes
induced by the ring size increase. A comparison between the
UV-Vis spectra of the Cu**-D04S, Cu®>"~TRI4S and Cu*'-TE4S
complexes is reported in Fig. 3. The involvement of the chloride
anions in the Cu®" coordination sphere is negligible for both
Cu”"-TRI4S and Cu*'-TE4S as the spectra measured upon the
addition of an excess of NaCl (I = 0.15 M) to aqueous solutions
(I = 0 M) do not change (Fig. S19, ESIt).

Cu**-TRI4S displays a strongly intense UV transition at
313 nm accompanied by a less intense single broad band in
the visible region at 598 nm (Table S6, ESIT). This band set is
very similar to the one previously obtained for Cu®>*-D04S,*” so
that the same structural features can be hypothesized in both cases.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 2 Distribution diagrams of (A) Cu?*=TRI4S, (B) Cu?*-TE4S, (C) Cu*-TRI4S and (D) Cu*-TE4S. The plots were calculated from the overall stability

constants reported in Tables 1 and 2 at Cc, = C, = 1.0 x 1074 M.
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Fig. 3 Comparison of the normalized electronic spectra of the cupric
complexes with DOA4S, TRI4S and TEA4S (¢ = absorbivity coefficient). The
electronic spectrum of the Cu-DO4S system was taken from ref. 27.
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In particular, two different isomers having either [4N]S, or [4N]
coordination arrangements might exist in solution with TRI4S,
as was found for the cupric complex of DO4S.”” When turning
to Cu>*-TE4S, the maximum absorption is maintained (Table
S6, ESIT), but a remarkable increase of the shoulder at 370 nm
accompanied with a redshift of the d-d band (from 598 nm to
626 nm) can be observed, thus suggesting that TE4S binds Cu*"*
through a different coordination mode.

To further investigate this result, EPR analysis was carried
out for Cu>*~TE4S solutions. The EPR spectra recorded at room
temperature showed the appearance of free copper ion only
below pH 2 (Fig. 4). At higher pH, the CuL** complex spectra
were measured, and no further spectral changes were detected,
in agreement with the speciation model (Table 2, Fig. 2).
In frozen solution, the complex becomes predominant at higher
pH, and at pH 2.76, ~ 30% free copper was detected. The
component ratios are shown in Fig. S20 (ESIt).

The obtained EPR parameters are reported in Table 3. The
parameters for Cu®>-TE4S are close to those of Cu?**-D04S

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

isomer (2), reported in our previous work, where the coordination
of the macrocycle is driven by four nitrogen and complemented
axially by a sulfide side chain (Table 3). However, for Cu>~TE4S a
significantly higher A | was detected.>” This is probably due to the
higher symmetrical arrangement of the nitrogen donor atoms in
the equatorial sphere, which makes the copper centre in plane
with the nitrogen atoms, resulting in higher copper hyperfine
coupling values. The observed redshift in the UV-Vis spectra of
Cu”'-TE4S, when compared to Cu**-D04S, could be therefore
rationalized considering that the UV-Vis spectrum of the latter is a
mixture of the spectra deriving from two components, [4N] and
[4N]S,,,”” while Cu>*~TE4S contains only [4N]S,,. This result is in
perfect agreement with the data obtained by Schmidt et al. in the
solid-state, as their Cu>*~TE4S crystal, when investigated by X-ray,
was also demonstrated to possess a [4N]S,, structure.>

The significantly distended Cu®" cation in the cyclam back-
bone indicates a mismatch within the ligand metal-binding
cleft which could be correlated to the lower thermodynamic
stability when compared to DO4S (Table 2).

Cu”* complexes: dissociation kinetics

Promising BFC candidates for radiopharmaceutical applica-
tions must exhibit high thermodynamic stability at physiologi-
cal pH, but also high kinetic inertness toward dissociation.*
The kinetic inertness of the Cu®’-TRI4S and Cu®'-TE4S
complexes were at first evaluated in the presence of an excess
of competitor cations, i.e. Ni** and Zn>", by studying the species
evolution with time after the competitor additions. Ni** and
Zn>" were chosen as they are common metallic impurities in
radiocopper solutions, and Zn>" also represents a biologically
relevant cation.” In all cases, only minor decomplexation was
observed within 5 days, as indicated by the slight decrease of

New J. Chem., 2022, 46,10012-10025 | 10019
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Fig. 4 Experimental (black) and simulated (light blue) EPR spectra of solutions containing Cu?* and TE4S (Ccuz+ = 8.7 x 10™* M, Creas= 1.08 x 107° M) at
(A) room temperature and (B) 77 K. The component spectra obtained from the simulation are shown in the upper part (the spectral intensities were

normalized).

Table 3 Calculated isotropic and anisotropic EPR parameters obtained by the simulation of room temperature and frozen solution spectra of Cu?*-

TE4S
Isotropic parameters” Anisotropic parameters” Calculated”
2 Ao [ x 10%em™] g1 g A [x107%em ™) A [ x 10 %em™] Zo,cale
Cu,, 2.194 34.1 2.084 2.423 4.9 126.1 2.197
(aq)
Cu”*-TE4S 2.101 73.3 2.048 2.204 38.2 168.1 2.100
Cu®*-D04s (2)7 2.103 63.6 2.048, 2.058 2.209 20.3, 23.5 171.2 2.105

“ The experimental error was + 0.001 for goand + 1 x 10~ * cm ™ for 4,.

b The experimental error was + 0.002 for g, and + 0.001 for g, and + 1-

10™* em " for A, and 4. © Calculated by the equation g cqc = (2g.+ £)/3 on the basis of anisotropic values. ¢ From ref. 27.

the absorption in the electronic spectra of the two cupric
complexes (Fig. S21 and S22, ESIt): the percentages of intact
complexes are reported in Tables S7 and S8 (ESIt) and they
were always > 90%. These results can be related to an interplay
between a marked kinetic inertness of the investigated Cu®*
complexes in the tested conditions and a not very high thermo-
dynamic stability of the corresponding Zn** and Ni*" com-
plexes. The latter was qualitatively evaluated by 'H-NMR or
UV-Vis spectra as briefly described in the captions of Fig. S23
and S24 (ESIf).

The inertness of the Cu**~TRI4S and Cu**~TE4S complexes
was also investigated in harsher conditions than above, by
evaluating the acid-assisted dissociation kinetics. Albeit this
assay could not predict the in vivo integrity of the resulting
complex, it is considered a convenient and popular gauge of

10020 | New J. Chem., 2022, 46,10012-10025

relative kinetic inertness of copper-tetraamine complexes to
Cu”" decomplexation in aqueous media and as a first screening
for monitoring the Cu*'~chelator stability.**™*® Also, the first
generation ligands DO4S and DO2A2S were tested through
these assays for comparison purposes.

Representative data are shown in Fig. $25-S28 (ESIf). The
experimentally observed dissociation rate constants (ko) and
the corresponding half-life (¢,,,) at different HCI concentrations
are compiled in Tables S9 and S10 (ESIY), respectively. For DO4S
and DO2A2S, the Y%, values linearly change with the proton
content (Fig. S29, ESI), indicating that only one complex under-
goes dissociation, and that the protonation constant of the pre-
dissociation step is low.*>*° The second-order rate constant (k)
was thus obtained using Y%,ps = “%k[H'] as the fitting equation.
In the case of TRI4S, the Yk.ps vs. [H'] dependence was not

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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apparently linear, and a negative intercept was obtained, so that
the above-stated conditions do not apply. If two paths are
assumed to coexist, involving the addition of one and of two
protons, respectively, the equation Y%, = Y%[H'] + Y[H
represents a better model.>® Therefore, we have used this
equation (Fig. S29, ESIf), from which the constants given in
Table S10 (ESIt) were obtained.

The dissociation kinetics of the Cu®" complexes strongly
depends on the ligand side arms: Cu®>~DO2A2S is the most
inert, likely due to the presence of coordinated carboxylates in
the ligand structure, either in protonated or unprotonated
form. Likely, the sulfur arms do not provide a significant
contribution to the kinetic inertness of the Cu*" complexes: this
can be deduced if the & value of Cu**~D0O4S is compared with
those of Cu**-cyclen and Cu®*-DOTA given in the literature
(%=~ 5x10"*and 6 x 107° s, respectively).”* Moreover,
the obtained results demonstrated that the ring dimension
makes the difference in the inertness of the Cu®" complexes,
because the Cu®* complex formed by DO4S is kinetically much
more inert than those formed by TRI4S and TE4S. The contrast
between related cyclen- and cyclam-based complexes is dramatic
since the Cu”**-TE4S complex dissociates within minutes
(Table S10, ESIf) even at the lowest HCI concentrations (due to
the few experimental points and the high speed of the dissociation,
only a rough % value of ~ 1072 M " s™* can be given for this
ligand). Thus, the increase in the ring size not only affects the
thermodynamic stability but also the acid-assisted dissociation
behaviour of these complexes. If the results of Table 2 and
Table S10 (ESIY) are compared, it follows that the decomplexa-
tion rates of the cupric complex in highly acidic solution are
strongly correlated with the complex stabilities. For example,
this correlation is clearly visible in Fig. S30 (ESIt) where pCu®*
values at physiologic pH are plotted vs. log(t,,) at pH 1.

Cu' complexes: cyclic voltammetry, solution thermodynamics
and structural analysis

A cyclic voltammetry (CV) study was undertaken in water using
0.15 M NaNO; as a supporting electrolyte to evaluate the
stabilities of the investigated complexes upon reduction to Cu".

The electrochemical behaviour of the unbound TRI4S and
TE4S was firstly assessed. Both ligands were demonstrated to
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be electrochemically inactive in the potential range of the Cu®'/
Cu' pair, i.e. from +0.5 to —0.5 V vs. SCE (Fig. S31, ESIt). The CV
of the unbound Cu®* was acquired using the same experimental
conditions: two poorly separated cathodic peaks, followed by an
anodic stripping peak in the backward scan were observed
(Fig. S32, ESIt). Stepwise reduction of Cu®* to electrodeposited
Cu® occurs in the forward scan, while the latter is anodically
stripped from the electrode upon scan reversal.

Representative cyclic voltammograms of the Cu complexes
with TRI4S and TE4S acquired at physiological pH and different
scan rates are shown in Fig. 5, while the electrochemical
properties of their Cu complexes are listed in Table 4.

The copper complexes of both ligands displayed a redox
process ascribed to a quasi-reversible one-electron reduction of
Cu”" to Cu” (Fig. 5) at Eij2, cu-trias = —0.223 £ 0.003 V vs. SCE
and Ey),, cu-teas = —0.170 £ 0.003 vs. SCE. The peak separation
(AE,) was higher than the canonical 60 mV for Nernstian
electron transfer (ET) processes (Table 4), indicating that the
ET are quasi-reversible. The voltammetric pattern was
unchanged with multiple reduction/oxidation cycles and at
the different scan rates (Fig. 5): in both cases, a linearity
between the intensity of the cathodic peak current (i) and
the square root of the scan rate (v*/?) was found (Fig. $33, ESIt),
indicating that the electrode process is under diffusion control.

The complex formed between Cu” and both ligands at pH 7
was assumed to be CuL’ because the “first-generation” ligands
form this complex under the same conditions.”” This was
further confirmed from cyclic voltammograms acquired at
different pH which do not show any pH-dependent variation
of their pattern (Fig. S34, ESIt). The stability constants of each
CuL’ complex were determined as described in our previous
work.”” Briefly, a thermodynamic cycle was used, which
involved the stability constant of the Cu®" complex (Cu®'L),
and the standard potential (E°) for the Cu®* + e~ — Cu" and
Cu®'L + e~ — Cu'L semi-reactions (assuming that the experi-
mental E,, values approximate the E°). The corresponding free
Gibbs energies were summed to obtain the unknown stability
constant of Cu'L. The results are detailed in Table 2 and the
corresponding distribution diagrams are shown in Fig. 2.

The calculated pCu’ values (pCu” = —log[Cu]sce) reported
in Table 2 indicate that the increase of the ring size from a

4_
ifwA] 0
— 0.01V/s
'4_ — 0.02V/s
— 0.04Vis
81 — ot
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Fig. 5 Representative cyclic voltammograms of the copper complexes of (A) TRI4S (Ccye+ = 8.0 x 107 M, Crriss = 1.0 x 1073 M) and (B) TE4S (Cc 2t =
8.0 x 107* M, Creas = 1.1 x 10~° M) in aqueous solution at physiological pH, / = 0.15 M NaNOs and T = 25 °C acquired at different scan rates.
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Table 4 Electrochemical data (Ep. = cathodic peak potential, £, = anodic peak potential, AE, = peak separation, Ey/» = half-wave potential) obtained for
the copper complexes of TRI4S and TE4S in aqueous solutions at / = 0.15 M NaNOz and T = 25 °C

System*” Ep [V] vs. SCE Ep, [V] vs. SCE AE, [mV] vs. SCE Ey5 [V] vs. SCE
Cu-TRI4S —0.269 £ 0.001 —0.177 £ 0.006 91 —0.223 £ 0.003
Cu-TE4S —0.216 £ 0.003 —0.125 £ 0.004 91 —0.170 £ 0.003

-1

@ Average of the values measured at 0.01 Vs ' <v < 0.1 Vs .

12-(DO4S) to a 13-(TRI4S) and then to a 14-member macrocycle
(TE4S) corresponds to a progressive decrease of the Cu" com-
plexes stability, likewise to what was found for the +2 oxidation
state (Table 2). It can also be observed that the pCu" for DO4S is
considerably higher than the pAg" determined in our previous
work®® (17.2 vs. 14.5), and preliminary data about silver com-
plexation (in due course in our laboratories) indicate that a
similar trend exists also for TRI4S and TE4S. It is known
that polyamines coordinate Cu’ more strongly than Ag": for
example, Cu' forms complexes in aqueous solution with both
ethylenediamine and triethylenetetramine which are three
orders of magnitude more stable than those formed by Ag*.>?
This stability difference appears to be retained by our ligands,
thus indicating that the thioethers in the coordination sphere
do not show specific preference for either Cu* or Ag".

The reversibility of the CV process suggests that all electro-
generated cuprous complexes are stable and do not dissociate
during the CV timescale. The long-term stability of the CuL’
complexes was then further confirmed by controlled-potential
electrolysis of the Cu®>" complexes. Linear-scan voltammetry (LSV)
was employed to monitor the reduction processes (Fig. S35, ESIT).

A

Y

L

T T
8 26 24 22 20 ppm

T T T
34 32 30 2.

'H Chemical Shift

It was evidenced that the Cul,’ complexes formed by both ligands
remained stable at least for some hours after their in situ formation
by CuL”" reduction. These results demonstrate the ability of TRI4S
and TE4S to adapt to both the Cu** and Cu" coordination require-
ments, analogously to what we have previously found with DO4S.*”
A donor switching can be expected upon copper reduction, as
reported for a number of similar polyazamacrocycles.>®

The CV data also allow us to obtain information on the
ability of the investigated complexes to resist the demetallation
process that could be induced in vivo by the biologically
triggered redox switching between Cu®>" and Cu". The standard
reduction potentials of the Cu®* complexes were calculated as
Eij = (Epc + Epa)/2 and assuming that Ey, = E°. The reduction
potentials for Cu”>*~TRI4S and Cu®*-TE4S (Table 4) are higher
than the estimated potential threshold for typical bioreductants
(E° = —0.64 V vs. SCE), which indicates that they would be
vulnerable to in vivo reduction.>””* Indeed, the short- and the
long-term stability observed in the voltammetric and electrolytic
measurements suggests that the resulting Cu’ complex would
not undergo demetallation and so the copper would remain
anchored to the radiopharmaceutical.

B

CuL*

A

32 30 28 26 24 22 20 18 ppm

'H Chemical Shift

Fig. 6 H NMR spectra (400 MHz, 25 °C, H,O + 10% D,0) of the in situ generated Cu* complexes of (A) TRI4S (Ccy = 8.0 x 10™* M, Crpius = 1.0 x 1073
M, pH 7) and (B) TE4S (Ccy = 6.0 x 107* M, Crrias = 7.0 x 1073 M, pH 8), and comparison with the *H NMR spectra of the unbound ligands with the same
net charge. The signal marked with an asterisk is related to a methanol impurity.
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Thanks to their long-term stability, the Cu’-TRI4S and Cu'-
TE4S solutions obtained after electrolysis at pH ~ 7 and ~ 8,
respectively, were characterized by "H-NMR measurements.
"H NMR spectra of the Cu" complexes, compared with the
spectra of the free ligands, are reported in Fig. 6. The signals
assignment is presented in Table S11 (ESIt), supported by the
TOCSY spectra in the case of Cu'-TE4S (Fig. S36, ESI}).

The significant changes in chemical shift and coupling
pattern observed among the spectra of the free ligands and
those of the Cu” complexes undoubtedly confirm the complexa-
tion event. All the signals experience a downfield shift upon
complexation (more pronounced in the case of Cu'-TRI4S)
likely because of the electron density donation from the ligand
to the metal ion, thereby suggesting that all the donors are
interacting on average with Cu'.

For Cu'-TRI4S, the SCH; protons of the side chains resonate
as two narrow singlets with the same intensity at 2.50 and
2.55 ppm (Table S11, ESIT). This, combined with the observed
downfield shift, is consistent with the involvement of the S
donors in the coordination of Cu'. Their two-by-two equiva-
lence likely reflects the intrinsic asymmetry of the ligand.

For Cu'-TE4S, the methyl groups of the side chains (SCH;)
resonate as a singlet at 2.29 ppm, thus indicating that also in
this case the S atoms are involved in the coordination sphere of
the metal ion. For both ligands, the S donors can be simulta-
neously bound to the metal ions, or in rapid exchange with
respect to the NMR timescale.

The signals of the SCH, and NCH, protons of the side chains
and the ring resonate as non-resolved multiplets in both cases
(Table S11, ESIt). The main difference between the NMR
spectra of Cu’-TRI4S and Cu'-TE4S is that the latter has
broader signals, suggesting that the Cu’~TE4S complex is more
fluxional and/or its conformational equilibria are slower.

The multiplet attributed to the methylene protons of the
propylenic chain of the ring is split into two broad signals of
equal relative integral only when Cu" is coordinated by TRI4S;
these two signals have been attributed to the axial and equator-
ial protons of the same molecule, which for conformational
constraint become non-magnetically equivalent.

Conclusions

The stabilization of coordinatively labile and redox-active
copper ions in biological environments remains a challenge
for the development of improved diagnostic and therapeutic
strategies with [*°’Cu]Cu®*, as the in vivo integrity of these
complexes could be thwarted by the bio-induced reduction
of Cu®* to Cu' that may result in demetallation processes.
The N-functionalized cyclen derivatives listed in Fig. 1, bearing
borderline N and soft S donors, were considered in our previous
work in an attempt to stabilize both oxidation states.?’

Subtle changes in the ligand structure and donor arms can
cause drastic changes to the stability of their radiometal
complexes, so that the effects induced by the modification of
the azamacrocyclic ring on the physicochemical properties of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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the corresponding Cu®* and Cu" complexes were investigated
herein. As a consequence of the larger ring size with respect to
the previously developed 12-member sulfanyl analogue (DOA4S),
TRI4S and TE4S present a faster complexation process than
DO4S, which is a feature of particular interest for radiophar-
maceutical applications. The stability of the Cu** complexes
demonstrated that the increase of one carbon in the azamacro-
cyclic ring has a negligible influence, as TRI4S and DO4S form
complexes of comparable stability. However, a further increase
in the ring size leading to TE4S results in a noticeable drop in
the stability constants and the corresponding pCu”" values. The
same trend was observed as regards their inertness towards
acid-mediated decomplexations and the stability of their Cu"
complexes. The number of nitrogen donors has a major
influence on the stability of the Cu** complexes, at least for
ring sizes larger than or equal to 12, as TACD3S was not able to
strongly stabilize the metal cation.

On the other hand, the changing ring size did not affect the
exceptional inertness of the copper complexes in reductive
media as revealed by cyclic voltammetry and electrolysis experi-
ments. While the Ej,, still make these Cu**-complexes suscep-
tible to in vivo reduction, no subsequent Cu" loss should occur.

Radiolabelling, in vitro and in vivo experiments, although
out of the scope of the present paper, will be necessary in order
to validate the potential of these ligands for future radiophar-
maceutical applications.
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