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[natY/90Y]Yttriumand [natLu/177Lu]LutetiumComplexation
byRigidH4OCTAPADerivatives. Effectof LigandTopology
Fátima Lucio-Martínez,[a] Balázs Szilágyi,[b, c] Rocío Uzal-Varela,[a] Paulo Pérez-Lourido,[d]

David Esteban-Gómez,[a] Nicolas Lepareur,[e] Gyula Tircsó,*[b] and Carlos Platas-Iglesias*[a]

We present a detailed investigation on the coordination chem-
istry of [nat/90Y]Y3+ and [nat/177Lu]Lu3+ with the new acyclic
chelator H4CHXOITAPA. This octadentate chelator forms nine-
coordinated Y3+ and Lu3+ complexes thanks to the coordination
of a water molecule, as demonstrated by the X-ray structure of
[Y(HCHXOITAPA)(H2O)] and 1H, 13C, and 89Y NMR studies in solu-
tion. These complexes display slightly higher thermodynamic
stabilities compared with those of the known H4CHXOCTAPA
and H4OCTAPA chelators, reaching log KYL and log KLuL val-
ues of 21.24(5) and 21.96(1), respectively. Kinetic studies indicate

that these complexes dissociate mainly through the sponta-
neous and proton-assisted pathways at pH 7.4. The chelator
can be readily radiolabeled with [90Y]Y3+ and [177Lu]Lu3+ at
room temperature in 10 min. The radio-complexes are stable in
human serum at 37 °C, in contrast with the analogues of the
known H4CHXOCTAPA and H4OCTAPA chelators, which experi-
ence significant dissociation under these conditions. Thus, the
H4CHXOITAPA chelator represents the most promising candidate
among the H4OCTAPA family for the development of 90Y- and
177Lu-based radiopharmaceuticals.

1. Introduction

The H4OCTAPA ligand and its derivatives (Figure 1) have emerged
as a very interesting platform for the complexation of large
metal ions such as the lanthanide ions (Ln3+), In3+, and Bi3+.
This ligand was initially designed for Gd3+ complexation as a
potential contrast agent (CA) for magnetic resonance imaging
(MRI),[1] as its octadentate nature provides a coordination posi-
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tion available for a water molecule, as confirmed by the X-ray
structure of the complex[2] and luminescence measurements
on the Eu3+ and Tb3+ chelates.[1,3] After these initial studies,
H4OCTAPA was not investigated further for some time, probably
because of the low thermodynamic stability of the Gd3+ complex
estimated initially.[2] A renewed interest in this ligand arose after
the discovery of its excellent properties for In3+ complexation,
making H4OCTAPA an ideal candidate for [111In]Indium-based
radiopharmaceuticals for imaging using single photon emission
computed tomography (SPECT).[4] Subsequent studies showed
that H4OCTAPA forms highly stable complexes with the Cu2+

and Ln3+ ions,[5,6] though dissociation kinetics were found to be
fast.[5]

Several structural modifications were introduced to improve
the inertness of OCTAPA complexes. For instance, the incorpora-
tion of a rigid cyclohexyl ring to give H4CHXOCTAPA increases
notably the inertness of the lanthanide complexes,[7] with-
out compromising thermodynamic stability. This ligand also
showed enhanced affinity for In3+ compared to the more flexi-
ble H4OCTAPA.[8] Recently, we also reported the rigid cyclopentyl
derivative H4CpOCTAPA, but its properties were found to be
inferior to those of H4CHXOCTAPA in [205/206Bi]Bi radiolabelling
experiments.[9]

Some Ln3+ ions, as well as Y3+, have very attractive prop-
erties for application as radiopharmaceuticals.[10–12] Indeed, the
177Lu- and 90Y-nuclides are β - emitters with half-lives of ≈6.6
and 2.7 days, respectively, which makes them very useful for
therapeutic purposes. The high β - emission energy of the 90Y-
nuclide (2290 keV)[13] makes it particularly appropriate to treat
large tumours with poor vascularization. This confers to the
90Y-nuclide a large β - range in vivo of up to 12 mm, which rep-
resents a 6-fold increase with respect to the 177Lu-nuclide (β -

emission energy of 498 keV). Conversely, the relatively small pen-
etration of β - particles emitted by the 177Lu-nuclide makes it
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Figure 1. Structures of ligands are discussed in the present work.

very well suited to treat small tumors, including micrometastatic
disease.[14] The coordination chemistry of Y3+ and Lu3+ is very
much similar, and thus one can reasonably use the same chela-
tor for the design of 177Lu- and 90Y-based radiopharmaceuticals.
Several 177Lu- and 90Y-based radiopharmaceuticals (Lutathera,
Pluvicto, etc.) are already used in clinical practice,[15–17] and many
others are currently undergoing clinical trials.[18] The properties
of the chelator may affect those of the bifunctional derivative
used in therapy, and thus developing new chelators for this
application is very important.

We have recently reported a detailed study of the structure
and dissociation kinetics of the Ln3+ complexes of H4CHXOCTAPA
across the lanthanide series.[3] This study revealed an unex-
pected behavior, as the dissociation of the complexes with the
heaviest Ln3+ ions at physiological pH is dominated by the
metal-assisted mechanism (in the presence of Cu2+), through
the formation of a hydroxo complex. This dissociation pathway
deteriorates the kinetic inertness of the complexes with small
lanthanide ions, as demonstrated by the half-lives estimated at
pH 7.4 ([Cu2+] = 1 μM), which amount to 876 and 1.49 × 105 h
for the Lu3+ and Gd3+ complexes, respectively. This prompted
us to modify the design of H4CHXOCTAPA to improve the kinetic
properties of the complexes formed with small Ln3+ ions.

In this work, we report the synthesis of a new H4CHXOCTAPA
derivative, which we call H4CHXOITAPA, in which the four arms
attached to the cyclohexane-1,2-diamine unit are arranged so
that the two picolinic acid groups are attached to the same
amine N atom. This obviously changes the topology of the
ligand with respect to the parent H4CHXOCTAPA, as the donor
atoms are arranged in a different manner. We hypothesized
that the different topology of H4CHXOCTAPA and H4CHXOITAPA,
along with other parameters, may affect the inertness of
the complexes, as observed recently for the nonadentate
chelators containing picolinate groups H4NONEUNPA and
H4NONEUNPAX.[19,20] On the contrary, thermodynamic stability
of Ln3+ complexes is primarily controlled by the number and
nature of the donor atoms present in the ligand, with differ-
ences in stability of complexes with structurally related octa-

and nonadentate ligands being often small.[21] In contrast to
nonadentate H4NONEUNPA and H4NONEUNPAX, the ligands
investigated here are octadentate. However, one should bear
in mind that increasing ligand denticity does not necessarily
enhance the thermodynamic stability and/or kinetic inert-
ness of lanthanide complexes, as observed for some H4DOTA
derivatives.[22] As an example of acyclic ligands, octadentate
EGTA4− forms Ln3+ complexes with lower stability and kinetic
inertness than the analogues of heptadentate OBETA4− across
most of the lanthanide series (Figure 1).[23,24] Thus, the thermody-
namic stability of the Y3+ and Lu3+ complexes of H4CHXOITAPA
were determined and their dissociation kinetics investigated.
The results are compared to those reported previously for the
Lu3+ complex of H4CHXOCTAPA. The structure of the complexes
was investigated using a combination of NMR spectroscopy
and DFT calculations. X-ray crystallography was applied for the
[Y(HCHXOITAPA)(H2O)] complex in order to gain direct structural
information. Finally, to assess the potential of this chelator for
radiopharmaceutical applications, radiolabeling experiments
with the 90Y- and 177Lu-nuclides were also conducted.

2. Results and Discussion

2.1. Synthesis and X-Ray Structure

The syntheses of racemic H4CHXOITAPA (Scheme 1) started from
trans-N-Boc-1,2-cyclohexanediamine (1),[25] which was alkylated
with ethyl 6-(chloromethyl)picolinate (2)[26] in acetonitrile using
K2CO3 as a base, yielding intermediate 3 in 95% yield. Deprotec-
tion of 3 with trifluoroacetic acid in CH2Cl2 afforded compound
4 in 80% yield. Compound 4 was submitted to a second alkyla-
tion step with tert-butyl 2-bromoacetate in acetonitrile, followed
by acid removal of the ethyl and tert-butyl ester groups, afford-
ing H4CHXOITAPA in 37% yield over the two steps. This relatively
low yield is likely related to the formation of lactams as byprod-
ucts due to the intramolecular reaction of the amine and ethyl
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Scheme 1. Synthesis of H4OITAPA.

Figure 2. View of the X ray crystal structure of [Y(HCHXOITAPA)(H2O)] with
30% ellipsoid probability. Hydrogen atoms attached to C atoms, water
molecules, and the disorder of the cyclohexyl group were omitted for
simplicity.

ester groups of 4.[27] The complexes used for NMR were prepared
by mixing stoichiometric amounts of the ligand and Y3+ or Lu3+

as their trifluoromethanesulfonate salts and subsequent adjust-
ment of the pH with diluted NaOD solutions to reach a final
concentration of ≈20 mM. Complex formation was confirmed by
NMR and mass spectrometry (See Supporting Information for
details).

Slow diffusion of acetone into an acidified aqueous solu-
tion of the Y3+ complex (pH ≈2) afforded single crystals suitable
for X-ray diffraction measurements (Figure 2). Crystals contain
the charge neutral [Y(HCHXOITAPA)(H2O)] entity, in which one of
the acetate groups is protonated, along with water molecules
involved in hydrogen bond interactions with the carboxylate
groups. The metal ion is nine-coordinated, being directly coor-
dinated by the eight donor atoms of the ligand and a water

Table 1. Bond distances of the Y3+ coordination environment in the X-ray
structure of [Y(HCHXOITAPA)(H2O)] (dY-D) compared with those estimated
from donor radii and crystal radii (rD + CRY) and the differences between
them �d [Å].

Donor type dY-D rD + CRY �d[a]

carboxylate Y(1)—O(1) 2.387(2) 2.346 0.041

Y(1)—O(3) 2.391(2) 2.346 0.045

Y(1)—O(5) 2.374(3) 2.346 0.028

Y(1)—O(7) 2.262(2) 2.346 −0.084
amine Y(1)—N(2) 2.659(2) 2.639 0.020

Y(1)—N(3) 2.675(2) 2.639 0.036

Pyridine Y(1)—N(1) 2.486(2) 2.543 −0.057
Y(1)—N(4) 2.490(2) 2.543 −0.053

water Y(1)—O(1W) 2.3389(19) 2.445 −0.106
[a] �d = dY-D – (rD + CRY), and thus negative values indicate that the
observed distances (dY-D) are shorter than the reference values (rD +
CRY).

molecule. The coordination polyhedron around the Y3+ ion can
be best described as a capped square antiprism, in which the
upper plane is defined by N(2)/O(3)/O(7)/O(1W) (rms deviation
from planarity 0.113 Å) and the lower plane by N(1)/N(4)/O(1)/O(5)
(rms deviation from planarity 0.020 Å), with the capping position
being defined by N(3) (Figure 2). Shape measurements confirm
the assignment of the coordination polyhedron with shape mea-
sures of 0.752 and 1.889 for a capped square antiprism and a
tricapped trigonal prism, respectively (a shape measure of 0
indicates that the investigated polyhedron fully matches the ref-
erence polyhedron).[28] The two square planes define an angle of
6.2° and a torsion angle of 42.9 ± 4.3°, which are relatively close
to the ideal values (0.0 and 45°, respectively).

The number of X-ray structures reported for Y3+ complexes
with polyaminopolycarboxylate (PAC) ligands is scarce,[29–33] with
very few structures containing picolinate groups.[34] Further-
more, a significant number of the structures display eight-
coordinated Y3+ ions,[35,36] and thus the bond distances of the
metal coordination environment cannot be directly compared
with those of [Y(HCHXOITAPA)(H2O)]. Thus, we sought to analyze
the data reported here by comparing the observed distances
(dY-D) with those estimated by the sum of the crystal radius
of Y3+ (CRY) for coordination number nine (1.214 Å)[37,38] and
the donor radii (rd) estimated recently from the analysis of a
large number of structures of rare-earth complexes (Table 1).[39]

The differences between the experimental and reference val-
ues (�d) evidence that the distances involving amine N atoms
[Y(HCHXOITAPA)(H2O)] are only slightly longer than those pre-
dicted from donor radii, while those to pyridine N atoms are
≈0.05 Å shorter. Concerning the carboxylate donor atoms, three
of them give distances that are longer than the reference
value of 2.346 Å, while the Y(1)—O(7) distance is up to 0.084
Å shorter than rD + CRY, indicating that the latter carboxy-
late group provides a particularly strong interaction with the
metal ion. Nevertheless, the average Y—O distance involving
carboxylate groups (2.353 Å) is very close to the reference value
estimated from donor radii. Finally, the �d value obtained for
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Y(1)—O1 W evidences a rather strong binding of the coordinated
water molecule. This may be attributed to the coordination of
the water molecule on one of the square faces of the square
antiprismatic coordination polyhedron, rather than at a capping
position.

2.2. NMR Spectra

The 1H and 13C NMR spectra of the Y3+ and Lu3+ complexes of
CHXOITAPA4− are well resolved and display the 24 resonances
expected for a single species with a C1 symmetry in solution. The
1H spectra are characteristic of rigid species with well-defined
AB spin systems for the methylenic protons (Figure S9). The
very similar spectra obtained for the two complexes indicate
that they have comparable structures in solution. A full assign-
ment of the spectra was achieved with the aid of 2D 1H-1H
COSY and 1H-13C HSQC and HMBC experiments (Tables S1 and
S2). For comparative purposes, we also recorded the 1H and
13C NMR spectra of [Y(CHXOCTAPA)]−, which were not reported
previously.

One of the signals due to the pyridyl protons is consider-
ably more shielded in the spectra of CHXOITAPA4− (δ = 7.18
and 7.11 ppm for the Y3+ and Lu3+ complexes, respectively) than
in the corresponding CHXOCTAPA4− complexes (δ = 7.62 and
7.55 ppm for the Y3+ and Lu3+ complexes, respectively). Another
significant difference that becomes evident when comparing the
1H NMR spectra of CHXOCTAPA4− and CHXOITAPA4− complexes
concerns the chemical shifts of the resonances of the C-H pro-
tons of the cyclohexyl ring at a two-bond distance from the
amine N atoms. These protons display very similar chemical
shifts in [Y(CHXOITAPA)]− (δ = 3.03 and 3.09 ppm), but they differ
by up to 1.12 ppm in [Y(CHXOCTAPA)]− (δ = 3.01 and 1.89 ppm). In
the latter case, the proton at δ = 1.89 ppm is shielded by the ring
current of one of the picolinate groups, as demonstrated from
the analysis of the paramagnetic 1H shifts observed for the Yb3+

analogue.[3] This situation is not observed in [Y(CHXOITAPA)]−,
where the two picolinate groups are folded in opposite direc-
tion with respect to the cyclohexyl group (see Figure 2). Thus,
the NMR spectra of [Y(CHXOITAPA)]− are consistent with the
structure observed in the solid state.

Further information on the structure of [Y(CHXOITAPA)]−

was gained by analyzing the 1H−89Y HMQC NMR spectrum,
which shows cross-peaks relating the 89Y nucleus and several
methylenic protons of the acetate and picolinate arms (Figure 3).
The observed 89Y chemical shift (δ = 89.9 ppm) is very similar
to those determined for [Y(CHXOCTAPA)]− and [Y(OCTAPA)]−,
indicating that the Y3+ ions in these complexes are coordinated
by identical donor atom sets (Table 2). Indeed, the 89Y chemical
shift was found to be very sensitive to the number and type of
donor atoms coordinated to the metal ion, but rather insensitive
to their arrangement in the metal coordination sphere.[34,36]

Furthermore, an empirical relationship proposed to estimate 89Y
chemical shift shifts provides δ = 72 ppm for these complexes,
when considering a donor set comprised by 2 amine N atoms,
two pyridyl N atoms, four carboxylate O atoms, and an O atom
of a water molecule.[36] The 89Y NMR signal of [Y(CHXOITAPA)]−

Figure 3. 1H,89Y-HMQC NMR spectrum of [Y(HCHXOITAPA)(H2O)] recorded in
D2O solution (500 MHz, pH = 6.84, 298 K).

Table 2. Experimental (δexp) and calculated (δcalc) 89Y NMR shifts (ppm),
isotropic shielding constants (σ iso) and diamagnetic (σ d) and paramag-
netic (σ p) contributions. All data in ppm.[a]

σ iso σ d σ p δcalc δexp

[Y(OCTAPA)(H2O)]− 2673.4 3744.0 −1070.6 76.2 75.6

[Y(CHXOCTAPA)(H2O)]− 2672.0 3746.7 −1074.7 77.6 77.8

[Y(CHXOITAPA)(H2O)]− 2668.4 3746.0 −1077.5 81.2 89.9

[Y(H2O)8]3+ ·16H2O[b] 2749.6 3771.7 −1022.1 0 0

[a] Isotropic shielding constants and their contributions calculated at the
TPSSh/ZORA/Def2-TZVPP level.
[b] Data from Ref. [41]

is shifted to lower fields in comparison with [Y(CHXOCTAPA)]−

and [Y(OCTAPA)]−, but the magnitude of this shift (< 15 ppm,
Table 2) is small compared with the shielding contributions
of different donor atoms (> 70 ppm) and the chemical shift
range observed for Y3+ complexes in aqueous solution, which
spans ≈270 ppm. [36] These results confirm that this family of
ligands forms nine-coordinate complexes in aqueous solution
through binding of the octadentate ligand and coordination of
a water molecule. The 89Y chemical shifts were also estimated
with scalar relativistic DFT calculations at the TPSSh/ZORA/Def2-
TZVPP level (see computational methods below for details). For
this purpose, the structure of [Y(CHXOITAPA)]− was optimized
starting from the X-ray structure, after incorporating two explicit
second-sphere water molecules involved in hydrogen bonds
with the coordinated water molecule. For [Y(OCTAPA)]− and
[Y(CHXOCTAPA)]− similar structures were obtained using input
structures reported in our previous works (Figure S30).[3,5] These
calculations yield 89Y chemical shifts in excellent agreement with
the experimental values, indicating that these DFT models pro-
vide an excellent description of the structure of the complexes
in solution. The three complexes of the OCTAPA4− family display

Chem. Eur. J. 2025, 31, e202500799 (4 of 12) © 2025 The Author(s). Chemistry – A European Journal published by Wiley-VCH GmbH
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Table 3. Stability constants of the Y3+ , Gd3+ and Lu3+complexes and pro-
tonation constants of the complexes and the chelators (I = 0.15 M NaCl,
25 °C).

CHXOITAPA4− CHXOCTAPA4- OCTAPA4-

log K1H 11.32(1) 9.52[a] / 9.23[b] 8.52[c] / 8.58[d]

log K2H 5.46(2) 5.51[a] / 5.40[b] 5.40[c] / 5.43[d]

log K3H 4.28(2) 3.99[a] / 3.94[b] 3.65[c] / 3.75[d]

log K4H 2.75(3) 3.43[a] / 2.24[b] 2.97[c] / 3.08[d]

log K5H 1.84(2) 1.59[a] / 1.82[b] 1.66[c] / 2.21[d]

�log KiH (i = 1–5) 25.65 24.03[a] 22.20[c] / 23.05[d]

log KGdL 21.47(4) 19.92[a] 20.23[c]

pGd 22.43 20.87 21.18

log KYL 21.24(5) 19.19[a] 18.30[e]

pY 22.19 20.14 19.25

log KLuL 21.96(1) − 20.49[c] / 20.08[e]

pLu 22.91 − 21.44

[a] Data from Ref. [3]
[b] Data from Ref. [8]
[c] Data from Ref. [5]
[d] Data from Ref. [6] in 0.16 M NaCl; Values of log K6H = 0.12 and log
K7H = -0.46 were also reported.
[e] Data from Ref. [42]

very similar diamagnetic and paramagnetic contributions to the
89Y chemical shifts (Table 2).[40]

2.3. Protonation Constants and Thermodynamic Stability
Constants

The protonation constants of CHXOITAPA4− were determined
using 0.15 M NaCl as background electrolyte. The logKiH values
obtained from the fits of the titration curves are compared with
those reported previously for OCTAPA4− and CHXOCTAPA4−

in Table 3. The value of logK1H determined for CHXOITAPA4−

is ≈2 log units higher than that reported for CHXOCTAPA4−.
This is the result of the electron withdrawing effect of the
picolinate group described previously,[2] which decreases the
basicity of both amine N atoms of CHXOCTAPA4−. Thus, the
first protonation constant in CHXOITAPA4− takes place on the
amine N atom of the ligand functionalized with two carboxylate
groups. The electron withdrawing effect of the picolinate group
becomes evident when comparing the logK1H values reported
for MIDA2− (H2MIDA = 2,2′-(methylazanediyl)diacetic acid;
logK1H = 9.43–9.65 at 25 °C)[43] and DPAMA2− (H2DPAMA = 6-
(((6-carboxypyridin-2-yl)(methyl)amino)methyl)picolinic acid,
logK1H = 7.82 at 25 °C in 0.15 M NaCl).[44]

The second protonation constant, characterized by logK2H,
corresponds to the protonation of the second amine N atom,
and takes similar values for the three ligands. Subsequent pro-
tonation constants are associated with carboxylate groups. The
CHXOITAPA4− and CHXOCTAPA4− ligands are characterized by
similar overall basicities, as evidenced by the values of �log
KiH (i = 1–5, Table 3). The basicity of the cyclohexyl deriva-
tives is higher than that of OCTAPA4−, an effect related to the
electron-donating effect of the cyclohexyl ring.[45]

Figure 4. Top: Variation of the longitudinal relaxation rate (1/T1 , 60 MHz, 25
°C) with pH of a solution containing 1.50 mM Gd3+ and 1.43 mM
CHXOITAPA4− and the distribution curves calculated from thermodynamic
data. Bottom: Variation of the longitudinal relaxation rate (1/T1 , 20 MHz, 25
°C) for solutions of [Gd(CHXOITAPA)]4− upon addition of Lu3+

([Gd3+] = 1.3 mM, pH 4.57, 0.05 M DMP buffer) or Y3+ ([Gd3+] = 1.5 mM, pH
4.59, 0.05 M DMP buffer).

As discussed in our previous work,[5] lanthanide complexes
with OCTAPA4− derivatives dissociate at rather low pH (< ≈2),
and thus direct potentiometry alone is unsuitable for stability
constant determination. Thus, potentiometric data must be sup-
ported by another technique. Herein, we first determined the
stability constant of the Gd3+ ion using the relaxometric method,
which consists in measuring the relaxation rate of the 1H NMR
water signal of the solution in the pH range where complex dis-
sociation takes place. We measured both longitudinal (1/T1) and
transverse (1/T2) relaxation rates at two different magnetic fields
corresponding to proton Larmor frequencies of 20 and 60 MHz.
The relaxation rates measured for an equimolar solution of Gd3+

and CHXOITAPA4− increase below pH 2 as a result of complex
dissociation, due to the formation of the [Gd(H2O)8]3+ species
(Figure 4).[46] The simultaneous fit of the four sets of relaxometric
data afforded a stability constant of log KGdL = 21.47(4). Subse-
quently, the stability constants of the Y3+ and Lu3+ analogues
were obtained by relaxometric titration of the Gd3+ complex
with the corresponding diamagnetic ion (Figure 4). This allowed

Chem. Eur. J. 2025, 31, e202500799 (5 of 12) © 2025 The Author(s). Chemistry – A European Journal published by Wiley-VCH GmbH
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Figure 5. Plot of the pseudo-first-order rate constants measured for the dissociation of the complexes as a function of H+ ion concentration (50 mM DMP,
25 °C, 0.15 M NaCl) using different metal ion excess; a) [Lu(CHXOITAPA)]− [10× (3.02 mM), 20× (6.04 mM), 30× (9.06 mM), and 40×(12.08 mM) at pH = 3.66,
3.89, 4.05, 4.43, and 4.76]; b) [Y(CHXOITAPA)]− [10× (3.95 mM), 20× (7.90 mM), 30× (11.8 mM), and 40×(17.78 mM) at pH = 3.56, 3.70, 4.07, 4.67, and 4.91]; c)
[Y(CHXOCTAPA)]− [10× (5.53 mM), 20× (11.07 mM), 30× (16.60 mM), and 40×(22.14 mM) at pH = 3.30, 3.50, 3.80, 4.17, and 4.49].

us to obtain the stability constants for the Ln3+ (Ln3+ = Y3+ or
Lu3+) complexes following the exchange reactions (Eq. (1)).

[Gd (CHXOITAPA)]− + Ln3+←−→[Ln (CHXOITAPA)]− + Gd3+ (1)

The stability constants shown in Table 2 indicate that the
CHXOITAPA4− complexes are significantly more stable than the
corresponding CHXOCTAPA4− analogues, in spite of the very sim-
ilar basicities of the two ligands. This highlights the impact that a
different ligand topology may have on the stability of the com-
plexes. The complexes of OCTAPA4− also show lower stabilities
than the CHXOITAPA4− analogues. The high log KLnL values of
the CHXOITAPA4− complexes are translated to the corresponding
pM values, defined as the -log[M]free at pH 7.4 for a metal con-
centration of 1 μM and a ligand concentration of 10 μM.[47] The
pM values obtained from equilibrium data for the CHXOITAPA4−

complexes are consistently higher than those of the correspond-
ing CHXOCTAPA4− and OCTAPA4− complexes, indicating a higher
thermodynamic stability of the CHXOITAPA4− complexes at phys-
iological pH. It is also worth noting that the stability constant
determined for the Lu3+ complex of octadentate CHXOITAPA4−

(log KLuL = 21.96) is very similar to those reported for nonaden-
tate H4NONEUNPA (log KLuL = 21.49)[19,20] and H4NONEUNPAX
(log KLuL = 21.93), showing that the increased ligand denticity
does not translate into a higher thermodynamic stability for this
series of structurally related chelators.

2.4. Dissociation Kinetics

The inertness of a metal complex with respect to dissociation is
believed to be more important for pharmaceutical applications
than thermodynamic stability. Thus, we conducted a detailed
study of the dissociation kinetics of the CHXOITAPA4− com-
plexes with Y3+ and Lu3+ by following the exchange reactions
with Cu2+, which was used in large excess (10-40 equivalents)
to ensure pseudo-first-order conditions. The exchange reactions
were conducted in the approximate pH range 3.4 –4.8. For the
sake of comparison, we also investigated the dissociation of
[Y(CHXOCTAPA)]−, which was not reported previously, in the
pH range 3.3–4.5 (Figure 5). The reactions were followed by UV

absorption spectroscopy following the absorption of the Cu2+

complexes at 310 nm.
The rates of dissociation (kobs) of the [Lu(CHXOITAPA)]−

complex increase with proton concentration, indicating that
the proton-assisted mechanism assists complex dissociation
(Figure 5). The trend observed in the plot of kobs versus [H+]
evidences a quadratic dependence of the dissociation rate with
proton concentration. The experiments performed using differ-
ent Cu2+ concentrations yield the same values of kobs within
experimental error, indicating that the metal-assisted pathway
does not contribute significantly under the conditions used.
The Y3+ analogue shows a similar behavior, although a slight
dependence of the dissociation rates with Cu2+ concentration is
observed, indicating that the metal-assisted pathway contributes
significantly to complex dissociation.

The behavior observed for the CHXOITAPA4− is in sharp
contrast to that of the Y3+ complex of CHXOCTAPA4−. The lat-
ter complex shows a linear increase of the dissociation rates
with proton concentration for [H+] > 10−4 M, with no quadratic
dependence being observed. At low proton concentrations, the
values of kobs increase, which evidences the presence of a base-
catalyzed mechanism due to the formation of a hydroxo het-
erodinuclear species Y(L)Cu(OH), as observed previously for the
Lu3+ analogue.[3] The different dissociation pathways observed
for the complexes investigated in this work are summarized in
Scheme 2. Taking into account these pathways, the dependence
of the dissociation rate constants (kobs) with proton and Cu2+

concentration can be expressed as shown in Scheme 2.[3,5] The
values of KCuOH (10−7.98)[48] and Kw (10−13.77 at 25 °C and 0.15 M

NaCl)[49,50] were fixed during the analysis.
The results of the least-squares fit of the kinetic data are

shown in Table 4. The complexes of CHXOITAPA4− display a
significant contribution of the spontaneous dissociation, charac-
terized by k0, which is given by the intercept of kobs with the
y axis at [H+] = 0. This is in contrast with the CHXOCTAPA4-

complexes, which do not show significant dissociation through
the spontaneous mechanisms under the conditions used for
the kinetic experiments. The fit of the data confirms that the
acid-catalyzed dissociation in CHXOITAPA4− complexes proceeds
through the formation of mono- and di-protonated species,
characterized by k1 and k2, respectively. The value of k2 is higher

Chem. Eur. J. 2025, 31, e202500799 (6 of 12) © 2025 The Author(s). Chemistry – A European Journal published by Wiley-VCH GmbH
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Table 4. Rate and equilibrium constants characterizing the dissociation of the Y3+ and Lu3+ complexes of CHXOITAPA4− and CHXOCTAPA4− (I = 0.15 M

NaCl, 25 °C).

CHXOITAPA4− CHXOCTAPA4−

Y3+ Lu3+ Y3+ Lu3+[a]

k0 [s−1] (2.4 ± 0.4)×10−6 (2.7 ± 0.4)×10−6 — —

k1 [M−1 s−1] 0.106 ± 0.010 0.080 ± 0.009 0.0286 ± 0.0004 0.0374

k2 [M−2 s−1] 99 ± 44 203 ± 31 — —

k3Cu [M−1 s−1] (1.5 ± 0.3)×10−4 — (8.5 ± 0.2)×10−4 6.3×10−4
k6Cu [M−2 s−1] — — (4.9 ± 0.2)×105 5.1×105
KCu — — 17 ± 1 12.1

t1/2 [h][b] 102 69 910 876

[a] Data from Ref. [3]
[b] Calculated from the rate constants as (ln2)/kobs at pH 7.4 for [Cu2+] = 1 μM.

Scheme 2. Dissociation pathways of the Y3+ and Lu3+ complexes
investigated in this work: spontaneous (black), proton-assisted (green), and
metal-assisted (blue), and expressions used to analyze the kinetic data.

for the Lu3+ complex than for the Y3+ one, as expected from
the more evident quadratic dependence of kobs in the former
(Figure 5). Of note, the protonation constants KH and KHH are low
enough so that the KH[H+] and KH[H+]2 products are <<1, and
thus cannot be determined from the kinetic data. The values of
k1 are significantly higher for the CHXOITAPA4− complexes com-
pared with the CHXOCTAPA4− analogues, indicating the former
are more prone to dissociation following the acid-dissociation
mechanism. The opposite situation occurs for the Cu2+-catalyzed
mechanisms, which contribute significantly to the dissociation
of the CHXOCTAPA4− complexes close to neutral pH, but it is
negligible for the complexes of CHXOITAPA4−. These results evi-
dence that the different topologies of these ligands affect very
significantly the dissociation pathways leading to complex dis-
sociation. The half-lives calculated from rate constants at pH 7.4
for a Cu2+ concentration of 1 μM (Table 4) evidence that the
CHXOITAPA4− complexes are more labile than the CHXOCTAPA4−

analogues, which is mainly the result of a faster acid-catalyzed
dissociation for the former chelate.

The analysis of the DFT structures calculated for the Y3+

complexes provides some hints on the dissociation mechanisms

Figure 6. Electrostatic potential (a. u.) mapped on isoelectronic surfaces of
0.001 a. u. for [Y(CHXOITAPA)(H2O)]− a) and [Y(CHXOCTAPA)(H2O)]− b).

observed for the complexes of CHXOCTAPA4− and CHXOITAPA4−.
The [Y(CHXOITAPA)(H2O)]− complex displays a rather long Y—
O distance involving an oxygen atom of an acetate group
(2.397 Å) when compared with [Y(CHXOCTAPA)(H2O)]− (2.300
and 2.328 Å, Table S7). The acid-catalyzed dissociation mech-
anism requires the protonation of the complex, very likely at
a carboxylate group being weakly bound to the metal ion
(as evidenced during the X-ray crystallograpic studies). Subse-
quent carboxylate de-coordination and transfer of the proton
to an amine N atom triggers complex dissociation. A weak
interaction of a carboxylate group is expected to favor this pro-
cess, making proton-assisted dissociation more favorable. On the
other hand, the Cu2+-assisted process involves the formation
of a dinuclear intermediate [Ln(L)Cu)] (Scheme 2). The elec-
trostatic potential calculated for the [Y(CHXOITAPA)(H2O)]− (a)
and [Y(CHXOCTAPA)(H2O)]− (b) complexes on isosurfaces defined
by electron densities of 0.001 a. u.[51] are shown in Figure 6.
The most negative electrostatic potentials are computed on the
regions where the carboxylate donor groups are situated, as
would be expected. However, one can notice significant dif-
ferences for the two complexes, with [Y(CHXOCTAPA)(H2O)]−

being characterized by a more negative electrostatic potential
(red color in Figure 6). This is very likely facilitating the for-
mation of the dinuclear [Ln(L)Cu)] complex, thus favoring the
metal-assisted pathway.

Chem. Eur. J. 2025, 31, e202500799 (7 of 12) © 2025 The Author(s). Chemistry – A European Journal published by Wiley-VCH GmbH
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Figure 7. A) and B): Concentration-dependent radiolabeling of H4CHXOITAPA, H4CHXOCTAPA, and H4OCTAPA with 90Y3+ (10–50 MBq) (A) and 177Lu3+ (20–40
MBq) (B), after 5 min reaction time at room temperature in NH4OAc (10 mM, pH 5.5). C) and D): Stability (% intact complex remaining) measured at various
time points after incubating the |90Y]Y- (C) and [177Lu]Lu (D) complexes of CHXOITAPA4− , CHXOCTAPA4− , and OCTAPA4− in human serum at 37 °C.

2.5. Radiolabeling

Remarkably, quantitative radiolabeling of CHXOITAPA4− was
achieved with 90Y and 177Lu in just 10 min at chelator concen-
trations as low as 2 × 10−6 M. Representative high-performance
liquid chromatography (HPLC) chromatograms of the different
radio-complexes are given in Figures S26 and S27. Heating and
longer reaction times were thus not investigated. The results
obtained with CHXOITAPA4− compare favorably with OCTAPA4−

(Figure 7). Surprisingly, while CHXOITAPA4− appeared to be
able to chelate 177Lu with higher radiochemical yield (RCY)
than CHXOCTAPA4− at lower ligand concentration, it is the
opposite with 90Y. With the final ligand concentration of 2 ×
10−7 M, RCY was 67.91 ± 0.96% for [90Y]Y(CHXOITAPA)− and 73.85
± 3.04% for [177Lu]Lu(CHXOITAPA)−, while it was respectively
87.10 ± 0.12% for [90Y]Y(CHXOCTAPA)− and 56.00 ± 1.27% for
[177Lu]Lu(CHXOCTAPA)−. The influence of the pH was also investi-
gated, using various acetate buffers. Over a pH range of 4.5–7.0,
there was no significant change in the RCYs obtained, what-
ever the ligand and the radiometal, except for H4OCTAPA, with
a lower RCY, slightly below 90% at the highest pH investigated
(85.60 ± 10.89% at pH = 7.0, Figures S28 and S29).

To evaluate and compare the stability of these ligands in bio-
logically relevant media, they were radiolabeled with 90Y and
177Lu and incubated in human blood serum as a transchelation
challenge. The amount of radiometal transchelated from lig-
ands to serum proteins was assessed at different time points by

radio-thin-layer chromatography (radio-TLC) after protein denat-
uration. The results represented in Figure 7 reveal that the
rigidified versions of H4OCTAPA demonstrated a higher stability
in human serum during a 6-day period with 90Y. The same is true
with 177Lu over 10 days, though [177Lu]Lu(CHXOCTAPA)− appeared
to be less stable than its 90Y analogue. The latter complex
shows an unusual behavior, as only a fraction of the radiola-
beled complex appears to dissociate in serum. The radio-HPLC
trace of the complex indeed shows that two complex species of
CHXOCTAPA4− are formed with relative abundances of 59:41. This
situation is also observed for the [90Y]Y3+ analogue, although
the relative abundance of the two forms is slightly different
(66:34). This is in sharp contrast with the radio-HPLC traces of
the CHXOITAPA4− and OCTAPA4−, which evidence the formation
of a single complex species. The two complex species observed
for the radio-complexes of CHXOCTAPA4− are very likely the (S,R)
and (S,S) isomers described in our previous work.[3]

The H4CHXOITAPA chelator appears particularly suited for
labeling with 90Y and 177Lu, as it provides the highest stability in
serum among the three chelators investigated here and appears
to form a single isomer, in contrast to H4CHXOCTAPA. Thus,
H4CHXOITAPA is the most promising candidate of the OCTAPA
family investigated so far for the development of 90Y- and 177Lu-
based radiopharmaceuticals. It is thus interesting to investigate
these ligands coupled to a biomolecule, since results sometimes
diverge between the biomolecule-coupled radiocomplex and its
non-bifunctional version.[52]

Chem. Eur. J. 2025, 31, e202500799 (8 of 12) © 2025 The Author(s). Chemistry – A European Journal published by Wiley-VCH GmbH
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3. Conclusion

In this work, we have expanded the family of OCTAPA4− chela-
tors by preparing and characterizing H4CHXOITAPA. This chelator
preserves the rigid cyclohexyl spacer that was found previously
to be crucial on enhancing the kinetic inertness of rare-earth
complexes, but changes the topology of the ligand by attach-
ing the two picolinate groups to the same amine N atom. This
structural modification is beneficial in terms of complex sta-
bility, as both the Y3+ and Lu3+ complexes of CHXOITAPA4−

are more stable than the CHXOCTAPA4− and OCTAPA4− ana-
logues. Both cyclohexyl derivatives form Y3+ and Lu3+ com-
plexes that are remarkably more inert than those formed by
the parent OCTAPA4−, as a result of the rigidifying effect of
the cyclohexyl fragment. Dissociation kinetic studies indicate
that the complexes of H4CHXOITAPA dissociate following the
spontaneous and acid-catalyzed dissociation pathways, with the
Cu2+-promoted mechanisms providing a slight contribution in
the case of the Y3+ complex. This is in contrast with the com-
plexes of H4CHXOCTAPA, for which the Cu2+-assisted mechanism
represents the main dissociation pathway at pH 7.4. These results
highlight that ligand topology can affect significantly the disso-
ciation pathways of rare-earth complexes of OCTAPA derivatives.

The three OCTAPA derivatives studied here can be quanti-
tatively radiolabeled with 90Y and 177Lu in just 10 min at room
temperature. The presence of the cyclohexyl unit enhances con-
siderably the stability of the radio-complexes in human serum,
with both CHXOITAPA4− and CHXOCTAPA4− performing signif-
icantly better than OCTAPA4−. Finally, CHXOITAPA4− is better
suited than CHXOCTAPA4− for stable [177Lu]Lu3+ chelation, as
in the latter case partial dissociation is observed in human
serum at 37 °C. Thus, CHXOITAPA4− appears to be the most
promising OCTAPA derivative for the development of 177Lu-based
radiopharmaceuticals.

4. Experimental Section

General Considerations: The H4CHXOCTAPA and H4OCTAPA lig-
ands were prepared as described previously in the literature.[5,7]

All other chemicals and solvents were purchased from commer-
cial sources and used without further purification. The complexes
used for NMR were prepared by mixing stoichiometric amounts of
the ligand and the metal trifluoromethanesulfonate salts, Y(OTf )3 or
Lu(OTf )3, and subsequent adjustment of the pH with diluted NaOD
solutions to give a final concentration of ≈20 mM.

Medium Performance Liquid Chromatography (MPLC) was car-
ried out using a Puriflash XS 420 InterChim Chromatographer
equipped with a UV-DAD detector and a 20 g BGB Aquarius C18AQ
reversed-phase column (100 Å, spherical, 15 μm), using a mixture of
H2O and CH3CN with 0.1% TFA as the mobile phase. High resolution
Mass Spectra (ESI-TOF) were recorded in the positive mode using a
LTQ-Orbitrap Discovery Mass Spectrometer.1H and 13C NMR spectra
were recorded using Bruker AVANCE III 300, Bruker AVANCE 400 or
Bruker AVANCE 500 spectrometers. 89Y NMR spectra were recorded
on a Bruker AVANCE 400 spectrometer.

Synthesis of the chelator: Diethyl 6,6′-(((trans-2-((tert-butoxy-
carbonyl)amino) cyclohexyl)azanediyl)bis(methylene))dipicolinate

(3) A solution of ethyl 6-(chloromethyl)picolinate[26] (2, 0.4672 g,
2.340 mmol) in CH3CN (10 mL) was added dropwise to a solution
of trans-N-Boc-1,2-cyclohexanediamine[25] (1, 0.2508 g, 1.170 mmol)
containing K2CO3 (0.4043 g, 2.926 mmol) in CH3CN (35 mL). A cat-
alytic amount of KI was added, and the mixture was purged with
an argon flow while stirred at room temperature for 7 days. The
reaction mixture was filtered, and the filtrate was evaporated to
dryness in vacuo, giving a yellow solid (0.5996 g, 95%). The crude
product was used in the next step without further purification. 1H-
NMR (500 MHz, Chloroform-d) δ 7.93 (d, J = 7.7 Hz, 2H), 7.65 (m,
2H), 7.52 (d, J = 8.0 Hz, 2H), 4.48 (m, 4H), 3.96 (s, 4H), 3.54 (s, 1H),
2.64 (t, J = 10.9 Hz, 1H), 2.23 (d, J = 13.7 Hz, 1H), 2.11 (m, 1H), 1.81
(d, J = 13.1 Hz, 1H), 1.67 (d, J = 13.2 Hz, 1H), 1.27 (m, 20H).13C-NMR
(126 MHz, Chloroform-d) δ 165.76, 161.53, 156.37, 147.92, 137.41, 126.35,
123.66, 62.23, 55.64, 34.63, 28.97, 25.80, 25.27, 14.66, 2.28. MS (ESI+,
MeOH/H2O): m/z 541.3016; calculated for [C29H41N4O6]+ 541.3021.

Diethyl 6,6′-(((trans-2-aminocyclohexyl)azanediyl) bis(methy-
lene))dipicolinate (4). Compound 3 (352.5 mg, 0.65 mmol) was dis-
solved in dichloromethane (7 mL), and trifluoracetic acid (7 mL) was
added. The orange mixture was left stirring overnight at room tem-
perature. After this time, the mixture was evaporated under vacuum.
The solid residue was treated with 20 mL of an aqueous solution
of KOH and extracted several times with dichloromethane until the
pH of the aqueous phase remained basic. The organic fractions
were collected together, treated with Na2SO4, and dried, affording
229.3 mg (0.52 mmol, 80% yield) of a white solid. 1H NMR (400 MHz,
Chloroform-d) δ 7.87 (dd, J = 7.0, 1.8 Hz, 2H), 7.64 (m, 4H), 4.44 (m,
4H), 3.97 (m, 4H), 2.81 (td, J = 10.3, 4.1 Hz, 1H), 2.54 (s, 3H), 2.34 (ddd,
J = 11.5, 9.8, 3.4 Hz, 1H), 2.13 – 1.90 (m, 2H), 1.84 – 1.75 (m, 1H), 1.68 –
1.59 (m, 1H), 1.41 (t, J = 7.1 Hz, 6H), 1.20 (m, 2H). 13C NMR (101 MHz,
Chloroform-d) δ 165.42, 161.15, 147.73, 137.20, 126.14, 123.32, 67.54, 61.89,
56.45, 52.12, 34.92, 25.76, 25.11, 24.05, 14.44. MS (ESI+, MeOH/H2O): m/z;
441.111 calculated for [C24H33N4O4]+ 441.2496.

6,6′-(((trans-2-(bis(carboxymethyl)amino)cyclohexyl)
azanediyl)bis(methylene))dipicolinic acid (H4CHXOITAPA). tert-
Butyl 2-bromoacetate (80 μL, 0.54 mmol) was added to a suspension
of 4 (119.4 mg, 0.270 mmol) and K2CO3 (299.0 mg, 2.16 mmol) in
acetonitrile (20 mL), and the mixture was left stirring at room
temperature during 14 days. After this time, the excess of K2CO3

was removed by filtration, 50 mL of water was added, and the
mixture was extracted with 4×25 mL of dichloromethane. The
organic fractions were collected together, treated with Na2SO4, and
evaporated under reduced pressure, affording a yellow oil. This
was finally treated with 20 mL of 6 M HCl, and the mixture was
refluxed for 12 h. The crude was purified by MPLC using a reverse
phase C18AQ (20 g) column and H2O (0.1% TFA) / CH3CN (0.1% TFA)
as mobile phase. The ligand eluted at 37% of CH3CN (0.1% TFA),
affording a white solid (37% yield, 69.7 mg, 0.10 mmol). 1H NMR
(400 MHz, Deuterium Oxide) δ 7.97 (m, 6H), 4.23 (d, J = 14.1 Hz, 2H),
3.52 (d, J = 15.8 Hz, 2H), 3.35 (m, 2H), 2.27 (d, J = 12.3 Hz, 1H), 2.05
(d, J = 11.6 Hz, 1H), 1.78 (m, 2H), 1.50 (m, 1H), 1.27 (m, 2H). 13C NMR
(101 MHz, Deuterium Oxide) δ 170.23, 129.04, 125.15, 62.84, 62.05, 24.22,
24.06, 23.74, 23.52. MS (ESI+, MeOH/H2O): m/z 501.1982; calculated for
[C24H29N4O8]+ 501.1980. Elemental analysis calcd (%) for C24H24N4O8

·1.7TFA: C 47.40, H 4.31, N 8.07; found: C 47.83, H 4.19, N 7.80.

Crystal Structure Determination: Single crystals with formula
[Y(HCHXOICTAPA)(H2O)]·2H2O were obtained from an acidified aque-
ous solution of the complex and analysed by X-ray diffraction.
Crystallographic data and the structure refinement parameters are
given in Table S3). Measurements were performed at 100 K on a
Bruker D8 Venture diffractometer with a Photon 100 CMOS detec-
tor and Mo-Kα radiation (λ = 0.71073 Å) generated by an Incoatec
high brillance microfocus source equipped with Incoatec Helios

Chem. Eur. J. 2025, 31, e202500799 (9 of 12) © 2025 The Author(s). Chemistry – A European Journal published by Wiley-VCH GmbH
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multilayer optics. The software APEX4[53] was used for collecting
frames of data, indexing reflections, and the determination of lattice
parameters, while SAINT[54] was used for integrating the intensity
of reflections, and SADABS[55] for scaling and empirical absorption
correction. The structure was solved by dual-space methods using
the program SHELXT.[56] All non-hydrogen atoms were refined with
anisotropic thermal parameters by full-matrix least-squares calcu-
lations on F2 using the program SHELXL-2014.[57] Hydrogen atoms
were inserted at calculated positions and constrained with isotropic
thermal parameters.

Deposition Number 2427211 contains the supplementary crys-
tallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

Potentiometric and Relaxometric Titrations: The protonation con-
stants of the CHXOITAPA4− ligand were determined by using
a Metrohm 888 Titrando instrument equipped with a Metrohm
6.0234.100 combined glass electrode. For the two-point calibra-
tion prior to the titrations, KH-phthalate (pH = 4.002) and borax
(pH = 9.177) standard buffers were used. The titrated sample
(5.00 mL, 2.51 mM ligand) was continuously stirred and thermostated
(25 °C) under an inert atmosphere (N2) to avoid the effect of CO2.
The ionic strength in the samples was set to 0.15 M by NaCl. The con-
centrations of the H+ were calculated from the measured pH values
by applying the method proposed by Irving et al.[58] A solution of
≈0.02 M HCl was titrated with a 0.15 M NaOH solution (0.15 M NaCl),
and the differences between the measured and calculated pH val-
ues (for the points with pH < 2.2) were used to calculate the [H+]
from the pH values measured in the titration experiments. The mea-
sured points with pH > 11.0 of the acid-base titration were used
to calculate the ionic product of the water, which was found to be
13.856 (0.15 M NaCl) under the experimental conditions applied. The
pH potentiometric titration curves were measured in the pH range
of 1.85 – 11.85. For the calculation of the equilibrium constants, the
PSEQUAD program was used.[59]

Due to the high stability of the Ln3+ complexes, the relaxomet-
ric method was applied for the determination of stability constants
by measuring the longitudinal (1/T1) and transverse (1/T2) relaxation
rates of the samples using Bruker Minispec MQ-20 and MQ-60 NMR
instruments. The longitudinal relaxation times were measured by
the inversion-recovery method (180° − τ − 90°), averaging 5−6
data points for each sample obtained at 10 different τ values. The
transversal relaxation times were determined by using the Carr-
Purcell-Meiboom-Gill pulse sequence,[60] by averaging 5–6 identical
readouts. The samples were thermostated at 25.0 °C by using a cir-
culating water bath. The stability of Gd3+ complex was determined
using batch samples (9 samples) in the range of complex formation
in acidic conditions (pHcalc = 1.058 – 1.930). The samples were pre-
pared using constant ligand and Gd3+ concentrations (cL = 1.43 mM

and cGd3+ = 1.50 mM). The transmetalation reactions were also fol-
lowed by relaxometry using the batch method. In these samples, the
Gd3+:ligand ratio was 1:1, and the concentrations of Y3+ or Lu3+ were
increased until the exchange of the paramagnetic Gd3+ by the dia-
magnetic counterpart was evidenced. The specific conditions used
were for Y3+:[Gd3+] = 1.52 mM, [L] = 1.49 mM, pH 4.59, 0.05 M DMP
buffer, and for Lu3+: [Gd3+] = 1.25 mM, [L] = 1.30 mM pH 4.57, 0.05 M

DMP buffer.

Kinetic Studies: The rates of the metal exchange reactions involv-
ing the [Y(CHXOITAPA)]− and [Lu(CHXOITAPA)]− complexes and Cu2+

were studied by using UV–vis spectrophotometry following the for-
mation of the [Cu2(CHXOITAPA)] complex. The conventional UV−vis
spectroscopic method was applied to follow the transmetalation

reactions, as these reactions were very slow under the conditions
applied (in the pH range of 3.60−4.81). Absorbance versus time
kinetic curves were acquired by using a Jasco V-770 UV–vis−NIR
spectrophotometer equipped with a Peltier thermostated multicell
holder. The temperature was maintained at 25 °C, and the ionic
strength of the solutions was kept constant by using 0.15 M NaCl.
For keeping the pH constant, 50 mM DMP buffer was used (log
K2H = 4.19(5) as determined by using pH-potentiometry at 25 °C
with the use of 0.15 M NaCl ionic strength). The exchange reac-
tions were followed continuously at 310 nm for 3−4 days (80−95%
conversion) and occasionally (one or two readouts per day) for
another 5–7 days. The absorbance readings at equilibrium were
determined 3−4 weeks after the start of the reaction, depending
on the pH of the samples (a time point being 8−10 times the
half-life of the reaction). The concentration of the [Y(CHXOITAPA)]−

chelate was 0.398 mM, whereas in the case of [Lu(CHXOITAPA)]− it
was 0.302 mM, while the Cu2+ ion was applied at a high excess
of ≈11–41 fold in order to ensure pseudo-first-order conditions. The
pseudo-first-order rate constants (kobs) were calculated by fitting
the absorbance−time data with the computer program Micromath
Scientist, version 2.0 (Salt Lake City, UT, USA) by using a standard
least-squares procedure.

DFT Calculations: The geometries of the Y3+ complexes were
optimized using DFT calculations with the Gaussian 16 program
package,[61] using the M062X[62] functional and the 6–311G(d,p) basis
set for the ligand atoms. The ECP28MWB quasi-relativistic effective
core potential of Andrae et al. and its associated (8s7p6d)/[6s5p3d]-
GTO valence basis set was used for Y.[63] Bulk water solvent effects
were considered with the polarized continuum model (PCM), using
the integral equation formalism variant.[64,65] Frequency calculations
confirmed the nature of the optimized geometries as stationary
points. An ultrafine integration grid was used throughout.

89Y NMR shielding tensors were calculated with the ORCA
suite (version 6.0.0),[66–68] which employs the SHARK integral
package,[69] using the TPSSh functional.[70] Scalar relativistic effects
were taken into account with the Zeroth Order Regular Approx-
imation (ZORA)[71] method, using the SARC-ZORA-TZVPP basis set
for Y and the all-electron ZORA-Def2-TZVPP basis set for the lig-
and atoms.[72,73] Shielding tensors were calculated with the gauge-
including atomic orbitals (GIAO)[74] method and the resolution of
identity and chain of spheres exchange (RIJCOSX)[75–78] approxi-
mation, using the def2/J and SARC/J auxiliary basis sets.[79] The
DFT and COSX grids were set with the DefGrid3 keyword. Solvent
effects were incorporated with a continuum model of the solvent
defined by the bulk dielectric constant and atomic surface tensions
(SMD).[80]

Radiolabeling: Yttrium-90 chloride ([90Y]YCl3) and no-carrier-added
lutetium-177 chloride ([177Lu]LuCl3), in a 0.04 M HCl solution, were
provided respectively by Eckert & Ziegler Radiopharma GmbH
(Berlin, Germany) and ITM Medical Isotopes GmbH (Garching, Ger-
many). Deionized water (≥18 M
 cm) was obtained from a Milli-Q
Reference water purification system. Human serum, issued from a
pool of donors, was provided by Biopredic (Saint-Grégoire, France).
Other chemicals (solvents, buffer solutions) were purchased from
Sigma-Aldrich (Saint–Louis, Mo, USA) and used as received. Buffers
were rendered metal-free by contact with Chelex (5 g L−1) overnight.
Activities were measured with a CRC-55tR (Capintec Inc., Ramsey,
NJ, USA) dose calibrator. Radiochemical yields (RCY) were deter-
mined via radio-TLC by spotting an aliquot (5 μL) of the reaction
solution onto instant thin layer chromatography-silica gel (iTLC-
SG) strips (Agilent, Folsom, CA, USA), eluted in NaOH 10 mM/NaCl
and subsequent measurement with a Cyclone Storage Phospho-
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rimager (PerkinElmer, Waltham, MA, USA), using the Optiquant
software. HPLC analyses were performed on HPLC Dionex Ultimate
3000 (Sunnyvale, CA, USA) equipped with a diode array detector
and a radiochromatographic fLumo (Berthold Technologies GmbH,
Bad Wildbad, Germany) detector piloted by the Chromeleon soft-
ware. The chromatographic analytic system employs a Phenomenex
Luna C18(2) 250×4.6 mm, 5 μm column with A = H2O 0.1% TFA;
B = Acetonitrile as eluents; 0–20 min: 0–100% B, 20–25 min: 100%
A, at a flow rate of 1 mL min−1.

Radiolabeling experiments with [90Y]Y3+ and [177Lu]Lu3+ were
performed in duplicate at each chelator concentration by addition
of varying volumes of a solution of the chelator in water (5–50 μL;
0.01–1 mg mL−1) and the radionuclide working solution (10 μL; 10–
50 MBq 90Y, 20–40 MBq 177Lu) to 1.5-mL capped polypropylene tubes
containing 10 mM acetate buffers (4.5-7; to reach a final volume
of 1 mL), giving a final chelator concentration of 2.10−7–10−4 M.
The samples were shaken to ensure complete mixing and then
incubated at room temperature for 10 min.

For the stability study in human serum, aliquots (0.2 mL) of
the radiocomplex solutions prepared under an optimized procedure
were mixed with 1 mL of human serum. The mixture was incu-
bated at 37 °C under slight stirring. A 100 μL aliquot was taken
and, after denaturing serum proteins with an equal amount of
absolute ethanol and centrifugation (3500 g, 4 °C, 15 min), the super-
natant was analyzed on radio-TLC (iTLC-SG strips eluted in EDTA
50 mM/H2O) after 24, 48, 72 and 144 h for 90Y, and up to 240 for 177Lu.
Each sample has been analyzed in triplicate.
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