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Anionic metal complexes (M = Gd>*, Y**) with two homologous acyclic aminopolycarboxylate ligands,
heptadentate (OBETA) and octadentate (EGTA), were prepared and characterized using both relaxometric
NMR (for Gd**) and high-resolution NMR (for Y**) techniques. The addition of fluoride to aqueous solu-
tions of these complexes led to the formation of ternary complexes where F~ displaces a coordinated
water molecule from the metal ion's inner coordination sphere. In the Gd** complexes, this exchange
process was tracked by monitoring changes in the nuclear magnetic relaxation rate of water protons,
allowing calculation of the binding affinity. For the diamagnetic Y3+ complexes, the exchange was fol-
lowed through variable-temperature high-resolution °F NMR experiments. Calculated enthalpic and
entropic contributions to the activation free energy suggest a dissociative exchange mechanism for the
monohydrated [M(EGTA)(H-O)]~ and an associative mechanism for the dihydrated [M(OBETA)(H,O),l™.

Received 15th November 2024, Additionally, an unusual dimeric structure was observed for the dihydrated complexes, where two anionic
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complexes are bridged by fluoride. Detailed DFT calculations confirmed the presence of the dimer,
showing a Y—F bond length of 2.33 A and a *Jy_r NMR coupling constant of 38.0 Hz, in excellent agree-
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Introduction

Anion recognition by metal ions is of great importance in
coordination chemistry, as it underlies key processes in both
inorganic and biological chemistry. The interaction between
metal centres and anions, with varying degrees of selectivity, is
central to processes such as catalysis, molecular recognition,
and ion transport." In biological systems, metal ion-anion
binding plays a crucial role in enzyme function, ion transport,
and cellular signalling pathways.”

Expanding our knowledge of metal ion-anion interactions,
and the factors that influence their strength and selectivity, is
also essential for the design and development of advanced in-
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organic materials for applications in environmental, energy,
pharmaceutical, and sensing technologies.> Moreover, the study
of anion coordination is particularly relevant for understanding
the mechanisms of action of contrast agents (CAs) used in mag-
netic resonance imaging (MRI), with the goal of optimizing
their efficacy (relaxivity, r,) and maintaining stability in vivo.*™®
Relaxivity depends on several factors, including molecular
tumbling, hydration number (g), water exchange rate (ke,), and
electronic relaxation time, all of which must be optimized to
maximize CAs effectiveness.”® One strategy previously explored
has been to design Gd** complexes with two water molecules
in the metal ion’s inner coordination sphere. For decades, all
approved Gd-based contrast agents (GBCAs) had only one
inner-sphere water molecule (g = 1). Moving to g = 2 complexes
can increase r; by approximately 50%, assuming all other
factors remain constant. However, progress along this direc-
tion has been constrained by two main challenges: (a) the pro-
pensity of such complexes to form ternary compounds with
oxyanions present in biological fluids (e.g., carbonate, oxalate,
phosphate, and lactate), which displace coordinated water
molecules;’™" and (b) the significant reduction in thermo-
dynamic stability and kinetic inertness of the complex when
reducing the chelating agent’s denticity.">"® However, these
characteristics are not entirely universal. Examples of Ln(u)
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complexes with g > 1 have been designed and reported that
either exhibit high stability, show no tendency to form ternary
complexes with anions, or possess both qualities. Notable
examples include Ln(m) complexes with HOPO-based chela-
tors, AAZTA, aDO3A, and CyPic3A.>!1 1413

Only recently has the first Gd** complex with g = 2,
Gadopiclenol, been approved for clinical use and entered the
market. This macrocyclic ligand is heptadentate, and the
complex demonstrates stability and inertness under physio-
logical conditions."® Clearly, there is significant room for
improving our understanding of the details governing the
anion-metal ion interactions. Gaining deeper insight into
these interactions could aid in designing more effective
systems for selective recognition or in developing new MRI
diagnostic probes with enhanced efficiency, where the binding
interaction is minimized.

In the broader context of advancing our understanding of
interactions between Ln®" complexes and anions, the binding
of halide ions has drawn considerable interest in recent years,
although relatively few studies have been reported. Around
three decades ago, significant changes in the 'H NMR spectra
of paramagnetic macrocyclic complexes [Ln(DOTA)]” were
observed with increasing additions of fluoride ions (H,DOTA =
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid)."”
More recently, Faulkner et al. investigated fluoride binding in
DOTA tetraamide and tetrapicolyl Ln** complexes using both
NMR and photophysical techniques.'®'® Charbonniére and co-
workers further demonstrated the formation of supramolecu-
lar adducts featuring a fluoride bridge in Ln*" complexes with
a DOTA derivative containing two indazolyl groups at the 1,7
positions.?® Butler developed a Eu®** complex with a strong
affinity for F~ compared to other anions, enabling fluoride
detection in water at environmentally relevant concen-
trations.> For obvious reasons, most reported studies have
involved cationic or neutral Ln*" complexes, which are charac-
terized by relatively high affinity constants. In fact, examples of
fluoride binding to metal centres in anionic complexes are
very rare.”>** In contrast, fluoride interactions with metal ions
other than lanthanides have been extensively studied, particu-
larly in the context of PET applications.>* For instance, the
{AI"®F}** complex has attracted considerable interest for its
role in enhancing radiofluorination techniques, providing a
straightforward and efficient way to attach the positron-emit-
ting '®F isotope to biomolecules.*® It is also worth noting that
some lanthanides, such as Tb isotopes, are utilized in PET/
SPECT imaging and targeted radiotherapy. Fluoride complexes
have the potential to offer improved stability and biodistribu-
tion profiles, further broadening their applicability.

In this work, we present the results of our study on the
interaction between the fluoride anion and negatively charged
complexes (M = Gd**, Y**) with H,EGTA (ethylene glycol bis(2-
aminoethyl ether) N,N,N',N'-tetraacetic acid) and H,OBETA
(2,2"-oxobis(ethylamine) N,N,N’,N'-tetraacetic acid) (Scheme 1).
These structurally related complexes — OBETA being the lower
homolog of the well-known EGTA - exhibit different hydration
states (g =1 and q = 2).>°
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Scheme 1 Chemical structure of the ligands described in this study.

The goals of this study are threefold: (a) to establish the
strength of the interaction and its dependence on hydration
state in structurally correlated complexes; (b) to determine relax-
ivity changes following coordinated water molecule substi-
tution; and (c) to assess the effect of F~ binding on water
exchange rate for the bishydrated complex. Thus, we employed
a combination of high- and low-resolution NMR techniques in
both frequency and time domains, enabling a detailed charac-
terization of the kinetics and thermodynamics underlying the
fluoride-binding event. Proton relaxometry is a highly suitable
technique, as the displacement of a coordinated water molecule
results in a decrease in the longitudinal nuclear magnetic relax-
ation rate of solvent protons (R,). This decrease can be precisely
monitored throughout a titration of a dilute solution of the
paramagnetic Gd** complex.” On the other hand, established
high-resolution NMR techniques allow for direct measurement
of the "F nucleus in a solution of the diamagnetic Y** complex,
providing valuable kinetic insights into exchange dynamics.

Results and discussion
Relaxometric characterization

Paramagnetic molecules undergoing Brownian motions in
solution can generate oscillating local magnetic fields, which
induce relaxation of the nuclei of nearby water molecules. The
water molecules interacting with such complexes are classified
as: inner sphere (IS) molecules, directly coordinated to the
metal ion and in exchange with the bulk water; second sphere
(SS) molecules, involved in hydrogen bonds with the polar
groups of the complex; and outer sphere (OS) molecules,
diffusing close to the chelate.*® Each contributes to the relax-
ivity as follows:

ro =184+ 4+ S (1)

with the dominant contribution associated with the IS mole-
cules, due to their proximity to the metal centre. The inner
sphere relaxivity (r1S) describes fast exchange dynamics
between two pools of water molecules at different concen-
trations, i.e. the IS ones at lower concentration, and the bulk
ones at higher concentration:

1 1
S = S (2)
1000 55.55 Tim+7m

'S depends on g, on the IS water mean residence time on the
metal ion (ry), and on its longitudinal relaxation time (Tyy)-

This journal is © the Partner Organisations 2025
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Tim is described by the Solomon-Bloembergen-Morgan (SBM)
equations and depends on several parameters,”” including the
distance between the IS molecules’ hydrogen atoms and the
paramagnetic centre (rv_p), the magnetic fields strength (By)
and the correlation time of the magnetic fluctuation (z.),
defined as follows:

1 1 1 1

w o T )
where y is the rotational correlation time, and Ty (i = 1, 2) the
electronic relaxation times. Therefore, preliminary measure-
ments of field-dependent relaxivity profiles were performed to
characterize the molecular parameters influencing the water
exchange process between complexes and the bulk. Although
relaxometric studies on [Gd(OBETA)(H,O),]” and [Gd(EGTA)
(H,0)]” had already been reported several years ago,>® we
repeated the measurements and data analysis using modern
instruments and methods, to ensure a more accurate charac-
terization of the relaxation properties of these complexes.

Our procedure begins by measuring the dependence of
relaxivity on the proton Larmor frequency across a wide range
(0.01-120 MHz) at three different temperatures (283, 298, and
310 K) (Fig. S1%). The resulting data are 'H NMRD (Nuclear
Magnetic Relaxation Dispersion) profiles, which can be ana-
lysed to determine the molecular parameters governing relax-
ation (Fig. 1).® The profiles show two plateaux at low and high
frequencies, spaced out by a single dispersion at ~4 MHz,
characteristic of low molecular weight Gd** complexes tum-
bling rapidly in solution. The increased relaxivity values with
decreasing temperatures are consistent with systems in fast

20 T .
O OBETA
T 16 ¢ EGTA |
s 12 1
£
~

0+ ; , . ;
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Proton Larmor Frequency / MHz
16 T T T T

30 32 34 36
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Fig.1 'H NMRD profiles (top panel) of an aqueous solution of [Gd
(OBETA)(H,0),]~ (2.9 mM and pH = 7.15) and [Gd(EGTA)(H,0)]~ (5.2 mM
and pH = 7.15) recorded at 298 K. O transverse reduced relaxation
rates (bottom) as a function of the temperature of an aqueous solution
of [Gd(OBETA)(H,0),]™ (7.0 mM and pH = 7.0)?° and [Gd(EGTA)(H,0)]~
(32 mM and pH = 7.0) measured at 11.75 T. The solid lines correspond to
the fits of the data, as described in the text.
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exchange regime (ry; < Tyy)- The profiles were analysed using
the SBM equations®” and the Freed equation,® with the latter
specifically accounting for the outer-sphere contributions to
relaxation.

Exchange rates of the IS water molecule(s) (k. were
obtained by measuring the 7O chemical shift (Aw,) and
reduced transverse relaxation rates (R,, = 1/T5,) of the isotopi-
cally enriched bulk-water as a function of temperature
(280-350 K), at high field (11.75 T) (Fig. $21).%° The "0 R, data
of the investigated complexes exhibit a bell-shaped curve,
characterized by relatively broad maxima below 300 K, typical
of fast exchange regimes (Fig. S2t). The data were analysed
with the Swift-Connick equations,*' which describe the water
exchange process between two-site characterized by different
populations and relaxation times. A global analysis of the
experimental 'H NMRD and 7O NMR data was performed
simultaneously, to obtain results that are more reliable.
Following an established procedure, some parameters were
fixed to standard values reported in the literature, including
hydration number (g = 2 for [Gd(OBETA)]” and g = 1 for
[GA(EGTA)]), the M-H distance between the IS water molecule
(s) and Gd*" (ry_u = 3.0 A), the M-H distance involving the OS
water molecules (a = 4.0 A), the relative diffusion coefficient of
0S water molecules and the complex at 298 K (***D = 2.24 x
10°> em® s7), and the activation energy for the modulation of
the zero-field splitting interaction (Ey = 1.0 k] mol™*). The ana-
lysis yielded an excellent fit of the data, providing parameter
values consistent with those already published. This set of
parameters was then used as a reliable starting point for
further analysis and comparisons (Table 1 and Table S17).

Affinity constant of the fluoride anion for the Gd complexes

It is known that fluoride can coordinate the metal centre of
lanthanide complexes so efficiently to replace one or more
labile IS water molecules."®'® Of course, we expect the strength
of the interaction to be closely dependent on the overall
charge of the host, resulting in a significantly weaker inter-
action for anionic complexes, especially those with octadentate
ligands. The hydration loss results in a relaxivity drop that can
be readily detected by 'H NMR relaxometric analysis.
Measuring R, variation of the water protons as a function of
increasing additions of fluoride in dilute Gd** complexes
aqueous solutions (ca. 0.5-1 mM), at a fixed frequency
(32 MHz), allow access to the affinity constant (K,) of the mole-

Table 1 Selected fitting parameters of the simultaneous analysis of YO
NMR and *H NMRD data of [Gd(OBETA)(H»0),]~ and [GA(EGTA)(H,O)I~

Parameters [GA(OBETA)|~ [Gd(EGTA)]™
298 /mM ™ s7! (60 MHz) 6.3 4.4

298F J10° 871 13+1 55+ 2
AH,/k] mol™ 40.0 3.5 36.1+0.9
298 2 /ps 63+1 64+1

q 24 14

“Parameters fixed during the fitting procedures.
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+ H,0

Scheme 2 Equilibria between the hydrated and fluoride-bound forms
of the M3* complexes under study.

cular interaction (Scheme 2) and the relaxivity of the F-bound
complex (r2°9"d)  given the number of independent interaction
sites (n).

Solutions of [Gd(OBETA)(H,0),]” and [Gd(EGTA)(H,O)]”
were titrated with increasing amounts of NaF until the
observed change in R; became negligible, i.e. in the presence
of a halide excess approximately three orders of magnitude
greater than that of the complexes (Fig. 2). The obtained titra-
tion curves can be analysed using the well-established proton
relaxation enhancement (PRE) method.” The low affinity con-
stants (K = 13.6 = 2.0 M™" for [Gd(OBETA)(H,0),]” and K, =
14.5 + 2.7 M for [Gd(EGTA)(H,0)]") are consistent with
binding interactions weakened by the strong electrostatic
repulsion between the negatively charged complexes and the
anions, and comparable to that found for the anionic
[GA(AAZTA)(H,0),]" chelate (K, = 8.8 + 0.8 M™1).>?

The relaxivity values of the ternary adducts suggests that
fluoride displaces only one water molecule from the coordi-
nation sphere of both Gd*" ions. In fact, the r?und = 560 +
0.05 mM ™" s™* of [Gd(OBETA)(H,O)F]*~ is consistent with that
of a monohydrated complex, while that of [GA(EGTA)F]*~
(rbound = 3,36 + 0.03 mM ™' s7') is only slightly higher than that
of a ¢ = 0 species (Table 2).

3s{ A 1 454 B

3.6
4.0

3.44

R, /s

3.5

3.2 % o 1

3.0 T T T T T 3.0+ T T
0.0 0.1 0.2 0.3 0.4 0.5 0.00 0.04 0.08 0.12

[F1/M [F1/M

Fig. 2 Relaxometric titration of (A) 0.48 mM aqueous solution of [Gd
(OBETA)(H,0),]™ and (B) 0.86 mM aqueous solution of [Gd(EGTA)(H,O)]~
in HEPES buffer (10 mM) with increasing amounts of NaF (32 MHz and
298 K). The solid lines correspond to the fits of the data, as described in
the text.
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Table 2 Fitting parameters of the relaxometric titrations of [Gd(EGTA)

(H,0)1~ and [Gd(OBETA)(H,0),]~ with NaF (measured at 32 MHz and
298 K)

Parameters [Gd(OBETA)|™ [GA(EGTA)]™
[Gd**)/mM 0.48° 0.86"
rfree/mmM ™" 57! 6.7° 4.6"
rbound/mpt g7t 5.60 + 0.05 3.36 £ 0.03
n 14 14

KyM™! 13.6 + 2.0 14.5 + 2.7
Ve 0.0006 0.0009

¢ Parameters fixed during the fitting procedures.

It is worth noting that knowing K, enables calculating the
relative populations of binary and ternary complexes present
in solution for any given concentration of fluoride ions
(Scheme 2). This information is essential to analyse the relaxo-
metric properties of pure ternary species in the absence of
binary complexes, since the latter, being endowed with a
higher degree of IS hydration, can substantially alter r; even at
very low concentrations. This effect is especially evident in the
case of weak halide-complex interactions, where the use of F~
concentrations <0.6 M, such as to keep the water microviscos-
ity and relaxometric properties of the complexes’ unaltered,
inevitably generates mixtures of binary and ternary species.
Therefore, K, allows deriving the relative concentration of the
two adducts, and subtracting the relaxometric contribution of
the binary species, to obtain the relaxometric properties of the
ternary complex alone, as explained in the next paragraph.

Relaxometric characterization of the Gd** ternary complexes

The substitution of a water molecule by a fluoride anion has a
significant impact on the relaxometric properties of Gd** com-
plexes. For [GA(EGTA)F]*", such substitution results in a shift
from g = 1 to g = 0, theoretically reducing the relaxivity to the
OS contribution (r95) only. However, F~ ions are well-known
for their capacity to promote strong hydrogen bonding inter-
actions with surrounding water molecules, suggesting the
likely presence of an extra-contribution of SS ($5)."%** This
effect is also relevant for [Gd(OBETA)(H,O)F]>", which,
additionally, holds one metal-bound water molecule with
exchange rate modulated by the presence of fluoride in the
inner coordination sphere.

To characterize the ternary complexes and elucidate the
effects associated with F~ binding, we collected a full set of 'H
NMRD profiles for both complexes, complemented by vari-
able-temperature 'O NMR data for the [Gd(OBETA)(H,O)F]>~
adduct (Fig. 3A and Fig. S37). Solutions were prepared with
known stoichiometric mixtures of binary and ternary com-
plexes. Under these conditions, the paramagnetic contribution
to the relaxation rate in a solution with a total Gd*" concen-
tration of 1 mM corresponds to the sum of the relaxivities of
the binary () and ternary (r?°*"%) complexes, each weighted
by its respective molar fraction:

ro= riree ><)(free + rllaound X Xbound (4)

This journal is © the Partner Organisations 2025
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Fig. 3 Calculated *H NMRD profiles for (A) [GAd(OBETA)(H,O)FI?>~ and (B)
[GA(EGTA)FI?~ at 283 K, 298 K, and 310 K. The IS (blue), OS (red), and SS
(green) contributions to the relaxivity at 298 K are reported as solid lines
for the two complexes. The samples were prepared as follows: (A) [Gd
(OBETA)(H;O),I™ = 0.5 mM, [NaF] = 0.5 M; (B) [GA(EGTA)(H.O)" =
0.8 mM, [NaF] = 0.1 M, both buffered with HEPES (10 mM) at pH 7.5. The
contributions to the relaxivity of the residual [Gd(OBETA)(H,0),]~ and
[GA(EGTA)(H,O)]~ species were subtracted, for each temperature, as
described in the text. The solid lines correspond to the fits of the data.

To account for the high ionic strength, the relaxation rate
contribution from the binary complex, prepared under identi-
cal ionic strength conditions employing NaCl (see Fig. S4 and
S57), was subtracted from the "H NMRD and 7O profiles, fol-
lowing previously reported methodologies.”> A simultaneous
analysis of the "H NMRD profiles and 7O NMR data acquired
for [GA(OBETA)(H,O)F]*", and the fit of the "H NMRD profiles
recorded for [GA(EGTA)F]*~ were performed (Fig. 3), following
the same approach described above.

[GA(EGTA)F]>~. Despite the loss of the coordinated water
molecule, relaxivity does not reach the typical values expected
for a ¢ = 0 complex across the entire frequency range
measured. Instead, it falls at nearly intermediate levels
between those of a monohydrated and a non-hydrated Gd**
complex. As previously suggested in a similar study involving
tetraamide derivatives of [Gd(DOTA)]™, this additional relaxiv-
ity contribution may be attributed to one or more water mole-
cules forming hydrogen bonds with the fluoride anion.'
Assuming that F~ interacts with a single water molecule, we
can analyse the SS contribution using the same set of
equations applied to the IS contribution. The results of the fit
are satisfactory and allow the NMRD profiles to be accurately
reproduced with the parameters shown in Table S1.}

[GA(OBETA)(H,O)F]>". In this case, one of the two co-
ordinated water molecules, characterized by identical water
exchange dynamics (**®k. = 13 x 10° s7") and enthalpy barriers
associated with the exchange process (AHy = 40 k] mol™), is
substituted by one fluoride anion. This causes a mild accelera-
tion of the water exchange rate (***k., = 15 x 10° s™') coupled
with a slight decrease of reaction enthalpy (AHy = 36 k]
mol ™), suggesting that the energy barrier required to break
the Gd-H,O coordination bond is lower in the presence of flu-
oride. In fact, the anion reduces the charge density on the
metal centre, thus making the coordinated water molecule
more labile. As for the ternary adduct, a good fit of the data

This journal is © the Partner Organisations 2025
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was possible only considering the presence of a SS contri-
bution to relaxivity, which required to impose ¢*° = 1.

Kinetics and thermodynamics of the fluoride exchange with
Y** complexes

To gain insight into the structure of the ternary adducts and
the kinetic and thermodynamic parameters of the chemical
exchange reaction between the metal-bound (F poung) and the
free fluoride (F f.) ensembles, high-resolution F NMR
studies were performed. Such analyses are feasible only if the
spectral resolution is high enough to allow observing the '°F
signals and measuring their linewidths with appropriate accu-
racy. However, this is not the case for paramagnetic Gd**
systems, whose unpaired electrons cause a strong relaxation
enhancement of the neighbouring nuclei, thus generating
extremely broad lines. Therefore, Gd** has been replaced with
the diamagnetic analogue Y** characterized by: (i) a similar
ionic radius, which preserves coordination geometries and
exchange dynamics, and (ii) sharp lines, which allow for high-
resolution NMR techniques to be applied. The formation of
the ternary complexes was followed by NMR titrations of the
Y** complexes with increasing amounts of NaF (B, = 11.75 T, T
= 275 K). After each addition, proton-decoupled 1D °F NMR
spectra were acquired to quantify the relative concentration of
the F pouna and Fgee species, until equal populations of the
exchange sites were reached (Fig. S61). Under these conditions,
two '°F signals are observed for the [Y(EGTA)F]*~ complex,
which, based on their chemical shifts, can be attributed to the
F bouna (—=70.6 ppm) and F gee (—119 ppm) forms in slow
exchange on the NMR timescale (Fig. S61)."®** Surprisingly,
three signals are observable in the proton-decoupled '°F NMR
spectra in the case of [Y(OBETA)]™ after the addition of fluor-
ide: one resonating at —61.4 ppm, with a narrow line and spin
multiplicity of a triplet (J ~ 40 Hz), and the others at —76.2
and —119 ppm, with broad lines indicative of the presence of
an exchange reaction (Fig. S61). The first signal (—61.4 ppm)
most probably arises from the scalar coupling between F~ and
two identical NMR active nuclei with nuclear spin- and 100%
natural abundance, such as *°Y. This evidence suggests the
formation of a dimeric complex composed of two monohy-
drated Y*"-adducts bridged by a metal-bound-fluoride
[FC(YOBETA),]>~, which does not exchange with the other
species present in solution at low temperatures. To support
this hypothesis, DFT calculations were performed, as reported
below. On the other hand, the other two signals resemble
those observed for [GA(EGTA)F]>~ and can be attributed to
F bound (=76 ppm) and F g (—119 ppm) ensembles in slow
chemical exchange.

To access the kinetic information on the exchange rates of
the chemical reactions, and therefore the thermodynamic
parameters associated with the activation energy, line-shape
analysis at variable temperature was performed on [Y(EGTA)
FJ*~ and [Y(OBETA)(H,O)F]>~ (Fig. 4). As chemical exchange
processes produce readily detectable effects on the shapes of
NMR signals, variations of the '°F line shapes induced upon
temperature changes were monitored for a quantitative evalu-
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Fig. 4 (A, C) 1D '°F NMR spectra acquired on the [Y(OBETA)(H,O)FI>~
and [Y(EGTA)FI?~ ternary complexes. The adducts were prepared by
adding NaF (175 mM) to a solution of [Y(OBETA)(H,0),l~ (180 mM), and
NaF (50 mM) to a solution of [Y(EGTA)(H,O)I~ (200 mM), respectively.
The spectra were acquired in H,O/D,0 (9:1) at 11.75 T. (B, D) simulated
19F NMR spectra in the temperature range from 275 to 310 K for
[Y(OBETA)(H,O)FI*~ and from 275 to 305 K for [Y(EGTA)FI*~ using DNMR
line shape analysis.

ation of the pseudo-first order rate constants for fluoride
exchange (kg), which characterize the two-site exchange invol-
ving F pouna and F gee. For both the investigated complexes,
significant line-broadening is observed at increasing tempera-
tures due to the acceleration of the fluoride kg, until coalesc-
ence is reached just above 310 K (Fig. 4A and C). A quantitative
evaluation of the fluoride exchange rate constants was
obtained by fitting the integrals and linewidths of the F pound
and F™ g signals over the entire set of analysed temperatures
(Fig. 4B and D) by using the Dynamic NMR (DNMR) Lineshape
Analysis tool (version 1.1.2) implemented in Bruker’s Topspin
3.2 software.

The exchange rates calculated at 290 K for the [Y(EGTA)F]>~
and [Y(OBETA)(H,O)F]*~ complexes are similar (Table 3) and
much faster than those reported in literature for tricationic
Y(DOTA)-tetraamide derivatives,'® indicating that the electro-
static repulsion between the fluoride anion and the negatively
charged complex, significantly accelerates the dissociation
reaction with respect to positively charged adducts.

Plotting In(kz/T) as a function of 1/T provides a straight
line, whose slope and intercept afford the variations of acti-
vation enthalpy (AH*) and entropy (AS*), respectively (Fig. 5).

Table 3 Kinetic and thermodynamic parameters for the fluoride

exchange reactions of the [Y(EGTAFI>~ and [Y(OBETA)(H,O)FI>~
complexes

20w AH* AS* 2907 GH
Ligands (10*s™) (k] mol™) (J mol™* K™ (kJ mol™)
EGTA 4.57 53.1+0.3 7.9+ 0.9 50.8 + 0.9
OBETA 9.76 42.1+0.1 —23.3+0.4 48.8+ 0.4

N92 | /norg. Chem. Front,, 2025, 12, 187-1199

View Article Online

Inorganic Chemistry Frontiers

o A B
D“\
44 oL
o .
. L S
— T~ L SN
E 3 ~a e
e S e
£ o
.
2 e
K3
3.2 33 34 3.5 3.6 3.3 34 3.5 3.6
1000/ T (K™) 1000/ T (K")

Fig. 5 Eyring plots for the exchange rates of the fluoride-free with (A)
[Y(OBETA)(H,O)FI>~ and (B) [Y(EGTA)FI*". Dashed lines represent the
fitted data.

From the so obtained AH* and AS* it is possible to determine
the changes of the Gibbs free activation energy (AG¥) associ-
ated with the exchange process (Table 3). The signs of AS* are
different for the two complexes, suggesting different exchange
mechanisms. The slightly positive value of AS* obtained for
[Y(EGTA)F]*~ suggests that F~ exchange follows a dissociatively
activated mechanisms, in which the Y-F bond involving the
leaving ligand elongates significantly before the entering F~
ion approaches the metal ion.>®> The relatively large value of
AS* obtained for [Y(OBETA)(H,O)F]*~ is likely related to an
associative exchange process, most likely favoured by the hep-
tadentate nature of the ligand, which leaves room for the sim-
ultaneous coordination of both the entering and leaving F~
anions in the transition state. The different mechanisms are
also supported by the values of AH*, as dissociative mecha-
nisms are generally characterized by higher enthalpy barriers,
as the rate determining step is associated to the rupture of
the bond between the metal ion and the leaving ligand.*?
However, these conclusions should be interpreted with
caution, as the disruption and rearrangement of the fluoride
anion’s hydration sphere upon metal complexation may sig-

nificantly contribute to AS*.?*

DFT calculations

To support the hypothesis of the dimeric structure formation
[FC(YOBETA),]’", a comprehensive computational study of the
fluoro-adducts described in this work was carried out. DFT
geometry optimization were performed on [Y(OBETA)(H,0),]™
and [Y(EGTA)(H,O)]", along with corresponding structures
where one (or two, in the case of OBETA) inner-sphere water
molecules were substituted by fluoride anions. The optimised
geometry of the [Y(OBETA)(H,O)F]>~ adduct was used as a
starting point for the optimization of the [FC(YOBETA),]*~
structure. All structures included explicit second-sphere water
molecules, while bulk solvent effects were considered using a
polarized continuum model (PCM). Various computational
studies have demonstrated that this combined cluster/conti-
nuum approach is necessary for achieving an accurate descrip-
tion of the Ln-Ow and Ln-F bonds.*® These optimized struc-
tures were crucial in supporting the high-resolution '°F NMR
spectra through targeted computational analysis, aimed to
obtain theoretical chemical shifts for all studied structures

This journal is © the Partner Organisations 2025
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and, in the case of [FC(YOBETA),]’", also the “Jy_r coupling
constant. DFT calculations were performed on these structures
to obtain the "F isotropic nuclear shielding values (s), which
were then used to predict the corresponding '°F chemical
shift. This computational methodology is well established in
the literature and is based on the linear correlation between
experimental and computationally calculated chemical
shifts.’® Briefly, the absolute shielding constants for the
different systems were obtained using scalar relativistic DFT
calculations at the TPSSh/ZORA/Def2-TZVPP level. The calcu-
lated chemical shift values were obtained by subtracting these
absolute shielding constants (¢;) from that of CCL;F, used as
the "°F NMR reference:
seale — occlL,F — Oi (5)
The 5% values were subsequently plotted against the
experimental chemical shift values, as shown in Fig. 6, reveal-
ing a notable linear correlation. To minimize systematic errors
in the computational method, the predicted chemical shift
values were scaled through linear regression analysis:

6calc —A
B

§sca1 _

(6)

Here 5 are the scaled chemical shifts obtained with DFT and
A and B are the intercept and slope of the plot of 5P versus 5°¢,

CCIF
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It is important to note that the absolute shielding constants
are highly dependent on the coordination and chemical
environment of the '°F ion. For instance, when assessing the
absolute shielding of the fluoride in aqueous solution, it is
crucial to include an explicit hydration sphere alongside the
implicit solvation model. The predicted chemical shift value
for fluoride, calculated without this explicit hydration, is
—273.8 ppm, deviating by 115.0 ppm from the experimental
value (—118.8 ppm). The predicted chemical shift improves sig-
nificantly to —118.6 ppm, perfectly matching the experimental
data, when six water molecules are incorporated to form hydro-
gen bonds with fluoride. The number of the hydrogen bonded
water molecules incorporated in the model was guided by cal-
culations of the electrostatic potential derived from the self-
consistent field electron density of the anion. This finding
highlights the substantial influence of the surrounding chemi-
cal environment on the '°F absolute shielding values, empha-
sizing the necessity of accurate structural modelling to achieve
reliable chemical shift predictions.

These considerations are particularly critical for the
[FC(YOBETA),]’>~ dimer. DFT geometry optimization revealed a
bent nature of the Y-F-Y bond, with an angle of approximately
152.6°%; second-sphere water molecules that form hydrogen
bonds between the two complexes stabilize this conformation.
The potential energy surface was further explored by changing
the O-Y-F-Y dihedral angle involving a carboxylate oxygen

B

-40

-45 1

-50

'J, . Coupling / Hz

-55

228 230 232 234

Y-F Bond lenght/ A

2.36

Fig. 6 Characterization of the [FC(YOBETA),]*~ binuclear entity: (A) geometry of the complex obtained with DFT calculations as explained in the
text (Y-F = 2.33 A, Y=F-Y = 152.6°); (B) partial °F NMR spectrum (11.75 T, 275 K) of a solution of [Y(OBETA)(H,0),]~ (180 mM) containing NaF
(175 mM) showing the triplet signal due to the [FC(YOBETA),I*>~ entity (*Jy_r = 40 Hz); (C) plot of the experimental versus calculated (DFT) °F NMR
shifts for the systems used to obtain scaled (5°*) values; (D) dependence of the calculated (DFT) 1Jy_¢ coupling constant in [FC(YOBETA),I®>~ with

the Y—F distance.
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Table 4 °F NMR absolute shielding values (o), calculated chemical
shifts (5°°'), scaled chemical shifts (5°°*') and experimental (5°*°) chemi-
cal shifts (ppm)?

c 5calc 5scal 5XP
CCL,F 167.0 0.0 0.0 0.0
F- 481.0 —314.0 —273.8 —118.8
F-6H,0 303.2 —136.25 -118.6 —118.8
[Y(OBETA)F]*~ 251.1 —84.2 —73.2 -76.2
[FCY(OBETA),]*~ 237.2 -70.2 —61.0 —61.4
[Y(OBETA)F,|*~ 276.6 —109.6 —95.4 b

263.1 96.1 —-83.6 b
[Y(EGTA)F]*~ 252.7 —85.7 —74.5 -70.6

% Absolute shielding constants obtained with DFT at the TPSSh/ZORA/
Def2-TZVPP level. Experimental values determined at 275 K. ?Not
observed.

atom (Fig. S7t), which identified two energy minima at —31.1°
and 104.7°. The first one is the most stable, with a 13 kcal
mol ™" difference in energy. The Y-F distance is a critical para-
meter, closely affecting the Yyr scalar-coupling constant in
the '°F NMR data. An initial geometry optimization yielded a
Y-F distance of 2.26 A, corresponding to a DFT calculated “Jy_g
coupling of 56.7 Hz, which differs considerably from the
experimental value =40.0 Hz. This discrepancy suggests that
the computational model may overestimate the strength of the
Y-F bonds, likely due to challenges in accurately describing
the complex solvation environment, which significantly affects
the chemical environment of the fluoride anion. To address
this, several geometry optimizations were performed, fixing
the Y-F bond lengths to values ranging from 2.26 to 2.35 A
and subsequently calculating the corresponding 'Jy_y coupling
values. As expected, a rather good linear correlation was
obtained. The dimer structure with a Y-F bond length of
2.33 A shows a 'Jy_r coupling of 38.0 Hz, closely matching the
experimental value (x~40.0 Hz). For this structure, as well as
the others studied in this work (Table 4), the predicted chemi-
cal shift values are consistent with the experimental data, with
a maximum discrepancy of 3.9 ppm observed for [Y(EGTA)F]*".

The comparison of the experimental and DFT data reported
in Table 4: (i) provides strong support for the hypothesis that
the [FC(YOBETA),]*~ dimer forms with a geometry similar to
that obtained computationally, as evidenced by the excellent
match of the experimental and calculated values of both the
'9F chemical shifts and "Jy_p values; (ii) suggest that [Y(OBETA)
F,]*” species is not form in significant concentrations under
our experimental conditions, as indicated by the absence of
the "F NMR signal in the experimental spectra within the
range of the DFT-predicted chemical shift.

Experimental

Characterization techniques

'H, *C and 2D NMR spectra of the ligands and the complexes

were recorded using a Bruker 500 UltraShield™ spectrometer
equipped with a 5 mm double resonance TXI probe.
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Electrospray ionization mass spectra (ESI MS) were recorded
using an SQD 3100 Mass Detector (Waters), operating in posi-
tive- or negative-ion mode, with 1% v/v formic acid in metha-
nol as the carrier solvent.

Preparation of the [M(OBETA)(H,0),]” and [M(EGTA)(H,O)]~
complexes

The OBETA ligand (336.30 ¢ mol™') was provided by CAGE
Chemicals S.r.l. while EGTA (380.35 g mol™") was purchased
from Fluka (purity >99.0%). As a source of metal ions, we used
nitrate salts produced by Sigma Aldrich.

The complexes were prepared by adding a slight excess of
Gd*" or Y** in the form of pentahydrate nitrate salts to an
aqueous solution containing the ligand. This approach was
taken to prevent the potential presence of excess ligand, which
could interfere with studies on fluoride interaction. After
adjusting the pH to 6.0 with dilute NaOH, the solution was
stirred at room temperature (r.t.) for 2 h. Then, the pH was
raised to 8/8.5 with NaOH (1 M) and the solution was stirred
for 2 h to allow the precipitation of the uncomplexed metal
ions as insoluble hydroxides. The solution was centrifuged
(4000 rpm, 15 min, r.t.), the supernatant was filtered twice
(using 0.22 pm NYL filters) and neutralized with dilute HNO;.
The concentration of the paramagnetic complexes was evalu-
ated by "H NMR measurements, using Evans’ method. The 1D
'H NMR spectra of the diamagnetic [Y(OBETA)(H,0),]” and
[Y(EGTA)(H,O)]” complexes demonstrate quantitative com-
plexation. The *Y NMR chemical shift obtained for [Y(EGTA)
(H,0)]” (68.6 ppm) using "H,*’Y-HMQC spectroscopy is in
excellent agreement with the literature. For [Y(OBETA)
(H,0),]7, the ®*Y NMR signal at 55.5 ppm is more shielded in
comparison with [Y(EGTA)(H,O)]™, as expected by the larger
shielding contribution estimated for a coordinated water mole-
cule (107.6 ppm) than for an ether oxygen atom (95.7 ppm).*”

The assigned NMR spectra of the Y** complexes are
reported in the ESI (Fig. S8-S117).

[Y(OBETA)(H,0),]~

"H NMR (D,0, 500 MHz, 300 K): 8y = 2.81 ppm (t, °J = 5.2 Hz,
4H, 2), 3.33 (d, *J = 16.7 Hz, 4H, 3), 3.46 (d, *J = 16.7 Hz, 4H,
3), 3.72 (t, ’J = 5.2 Hz, 4H, 1). *C NMR (D,0, 500 MHz, 300 K):
Sc = 180.3 ppm (4C, 4), 69.4 (2C, 1), 61.8 (4C, 3), 57.2 (2C, 2).
MS ESI' (m/z) = 444.17 [M™ + Na' + H'] and 460.13 [M™ + K" +
H'J; calculated for [YC;,H;6N,00]” = 420.99.

[Y(EGTA)(H,O)]~

'H NMR (H,0/D,0, 500 MHz, 275 K): & = 2.45 (d, 2H, 9,12'),
2.88 ppm (t, 2H, 9,12), 3.05 (d, %] = 17.7 Hz, 2H, 6,7), 3.15 (d,
%] = 17.7 Hz, 2H, 6,7"), 3.20 (s, 4H, 5,8), 3.46 (d, 2H, 10,11),
3.64 (d, 4H, 10',11',13',14"), 3.74 (d, %] = 7.0 Hz, 2H, 13,14). **C
NMR (H,0/D,0, 500 MHz, 275 K): 6c = 180.1 ppm (4C, 1-4),
70.8 (2C, 13-14), 70.1 (2C, 10-11), 63.8 (2C, 5,8), 62.2 (2C, 6,7),
57.6 (2C, 9,12). MS ESI" (m/z) = 467.02 [M~ + 2H']; calculated
for [YC14H,oN,04,]” = 465.02.

This journal is © the Partner Organisations 2025
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Fluoride affinities for the [Gd(OBETA)(H,0),]” and [Gd(EGTA)
(H,0)]” complexes

Association constants (K,) and longitudinal relaxivities (r;) of
[GA(OBETA)(H,O)F]>~ and [GA(EGTA)F]>~ were determined by
relaxometric titrations. The titrations were performed at
32 MHz and 298 K by adding increasing amounts of NaF salt
to aqueous solutions of the complexes. Specifically, a solution
of [Gd(OBETA)(H,0),]™ (0.48 mM, pH = 7.5, [HEPES] = 10 mM)
was titrated with NaF until the change in the longitudinal
relaxation rate (RS™) became negligible, corresponding to an
1000-fold molar excess of the anion. Similarly, a solution of
[GA(EGTA)(H,0)]” (0.85 mM, pH = 7.4, [HEPES] = 10 mM) was
titrated with NaF until reaching a fluoride concentration of
0.11 M. Above this concentration, an increase turbidity of the
solution was noticed and an unexpected drop in the relaxation
rate was measured. Probably, at high concentrations, fluoride
begins to compete with the EGTA ligand for the complexation
of Gd**, which precipitates as GdFs.

For the relaxometric characterization, '"H NMRD profiles
(from 0.01 to 120 MHz) were acquired on the ternary
[GA(OBETA)(H,O)F]*~ complex prepared by adding 0.5 mM
NaF salt to a 0.51 mM [Gd(OBETA)(H,0),]|” solution at pH =
7.5 buffered with HEPES (10 mM). For each measurement, the
relaxation contribution of the binary complex was subtracted,
considering the respective mole fractions in solution calcu-
lated. The binary [Gd(OBETA)(H,0),]” complex solution was
prepared in a similar manner, using NaCl to ensure the same
ionic strength and microviscosity conditions (Fig. S57).

"H NMRD profiles were acquired also on the [Gd(EGTA)F]>~
complex, prepared by adding 0.1 mM NaF salt to a 0.83 mM
[GA(EGTA)(H,O)]™ solution at pH = 7.4 in HEPES (10 mM). For
each measurement, the relaxation contribution of the binary
complex, prepared by adding 0.1 mM NaCl, was subtracted

(Fig. S47).

Fluoride exchange in the [Y(OBETA)(H,O)F]*~ and [Y(EGTA)
FJ>~ complexes

The rates of fluoride exchange were determined by '°F high-
resolution NMR measurements. The complexes were prepared
by adding 175 mM of NaF to 180 mM [Y(OBETA)(H,0),]” solu-
tion and 50 mM of NaF to a 200 mM [Y(EGTA)(H,O)]™ solution.
The salt concentrations were chosen so that the integrated
signal intensities of the F gee and F pouna Species were
approximately in 1:1 ratio. 1D "°F NMR spectra were acquired
by varying the temperature. The rates of exchange of fluoride
were calculated by fitting the '°F line shapes of the F g and
F pound Species at various temperatures through the dynamic
NMR (DNMR) LineShape Analysis module (version 1.1.2)
implemented using Bruker’s Topspin 3.2 (Fig. 4).

Relaxometric measurements

"H Nuclear Magnetic Relaxation Dispersion (NMRD) profiles
were acquired using two different instruments, one operating
at lower field (0.01-10 MHz) and the other at higher field
strengths (20-120 MHz). Low field data were measured using a

This journal is © the Partner Organisations 2025
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fast-field cycling (FFC) Stelar SMARTracer relaxometer (Stelar
S.r.l., Mede (PV), Italy) equipped with a silver magnet. High-
field measurements were collected with a high-field relax-
ometer (Stelar) equipped with an HTS-110 3 T Metrology
cryogen-free superconducting magnet. The measurements
were performed using the standard inversion recovery
sequence (20 experiments and 2 scans) with a typical 90° pulse
width of 3.5 ps and the reproducibility of the data was within
+0.5%. The temperature was controlled with a Stelar VIC-91
airflow heater equipped with a copper-constantan thermo-
couple (uncertainty of +0.1 K).

Variable temperature ’O NMR measurements

Variable-temperature ’O NMR measurements were recorded
on a Bruker 500 UltraShield™ spectrometer (11.75 T,
67.8 MHz for '70) equipped with a 5 mm probe and standard
temperature control unit. An aqueous solution of the com-
plexes containing 2.0% of the 7O isotope (Cambridge Isotope)
was used. Transverse relaxation rates were measured from the
signal width at half-height as a function of temperature in the
range 275-350 K. The bulk magnetic susceptibility contri-
bution was subtracted from the 'O NMR shift data using the
'H NMR shifts of the +-BuOH signal as internal reference.

Computational details

Geometry optimizations of the Y>* complexes and the corres-
ponding F~ adducts were performed with the Gaussian 16
program package (Rev C.01)*® using restricted calculations
with the TPSSh®® functional and the Def2-TZVP basis set*® for
F, C, H, N and O atoms. The Stuttgart-Bonn ECP28MDF small-
core relativistic effective core potential was used for Y** in
combination with the ECP28MDF_VTZ 41s37p25d2fig/
5s5p4d2fig valence basis set.”* Solvent effects were incorpor-
ated with a polarized continuum model using the default set-
tings [scrf = (pcm, solvent = water)] implemented in Gaussian
16.*> The integration grid was increased using the integral =
ultrafine keyword. Frequency calculations were used to
confirm that the optimized structures corresponded to station-
ary points. For the [FC(YOBETA),]*~ dimer calculations, the
same method was applied but using the dispersion-corrected
wB97XD functional®® and the smaller Def2-SV basis set.’
Optimized cartesian coordinates of the studied structures are
reported from Tables S2-S7.7

'9F NMR shielding tensors were calculated with the ORCA**
suite (version 5.0.4), which uses the SHARK integral package.*’
Scalar relativistic effects were considered with the ZORA
method*® using the all-electron ZORA-Def2-TZVPP basis set for
the ligand atoms, which is a recontracted version of the Def2-
TZVPP basis set,’® and the SARC-ZORA-TZVPP basis set for
Y.*” We selected the TPSSh functional®® for NMR shielding cal-
culations, as it was shown in previous studies to provide good
results for yttrium complexes.’® Shielding tensors were
obtained with the gauge-including atomic orbitals (GIAO)
method.* The resolution of identity and chain of spheres
exchange (RIJCOSX)*® approximation was used in these calcu-
lations, using the def2/J and SARC/J auxiliary basis sets.’® The
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sizes of the DFT and COSX grids were set with DefGrid3
keyword. Bulk solvent effects (water) were considered with a
continuum model of the solvent defined by the bulk dielectric
constant and atomic surface tensions (SMD).>>

Conclusions

In conclusion, a combination of low- and high-resolution NMR
techniques and DFT calculations have been employed to inves-
tigate the interaction between the fluoride anion and two nega-
tively charged acyclic M*" complexes with OBETA and EGTA,
which are characterized by different denticity (hepta- and octa-
dentate), resulting in different coordination geometries, and
hydration numbers (g = 1, 2).

Relaxometric titrations enabled to monitor the formation of
ternary adducts, which occurs by substitution of a single IS
water molecule with F~, and to estimate the affinity constant.
Interestingly, the binding affinity between the halide and the
anionic Gd*" chelates is relatively high for both homologues,
despite the interaction being disfavoured by electrostatic repul-
sions. A complete relaxometric characterization indicates the
presence of SS water molecule(s) (¢°° = 1 for OBETA, ¢ = 2 for
EGTA) in strong hydrogen bonding interactions with the
halide, which substantially contribute to the relaxivity of the
ternary adducts. In the case of OBETA, additional 'O NMR
analyses unveiled water exchange dynamics accelerated by F~
binding, which destabilizes the remaining coordinated water
molecule, as expected.

Furthermore, the high-resolution NMR technique allowed
access to the structure of the ternary species. While in the case
of EGTA the formation of a single ternary complex is observed
([Y(EGTA)F]*"), for OBETA we surprisingly notice the simul-
taneous presence of two fluoride adducts, comprising one
monomeric ([Y(OBETA)(H,O)F]>") and one homonuclear
dimeric ([FC(YOBETA),]>") species. Supramolecular lanthanide
dimers have already been observed for positively charged
DOTA derivatives, where the assembly of two positively charged
complexes is stabilized by a fluoride-bridging species.>*™>
However, to the best of our knowledge, this is the first obser-
vation of a fluoride-bridged dimeric adduct where two nega-
tively charged units are stabilized by one fluoride anion. DFT
calculations supported our findings providing a structural
model of the dimeric complex, where the bridging fluoride
coordinates the two Y*' chelates with an angle of ~152.6°,
which is in good agreement with the chemical shift values and
the “Jy_r coupling constant experimentally measured.

To complete the picture, high-resolution NMR line shape
analyses enabled us to describe the kinetic and thermo-
dynamic parameters associated with the fluoride chemical
exchange reaction. While the fluoride-ion exchange kinetics is
similar for the ternary monomeric adducts of OBETA and
EGTA, the thermodynamic parameters vary substantially,
suggesting two different exchange processes: a dissociative
activated mechanisms for EGTA, and an associative driven
pathway for OBETA.
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The methodology here presented can be widely applicable
to characterize the molecular interactions between paramag-
netic complexes and NMR active ions. This provides the basis
for the rational design of new systems capable of recognizing
anions with increased affinity, which is of large interest in
technological and biomedical fields and represents a signifi-
cant challenge for coordination chemistry.
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