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ABSTRACT: We present a detailed study of the lanthanide(IlI) complexes with cyclen-based ligands containing phenylacetamide
pendants that incorporate CF3 group(s) at different distances from the metal ion. The complexes exhibit square antiprismatic (SAP)
coordination in solution, as demonstrated by the analysis of the Yb**-induced paramagnetic shifts and the X-ray structure of the
[YbL?] complex. Luminescence lifetime measurements and a detailed 'H and 7O relaxometric characterization confirmed the pres-
ence of an inner-sphere water molecule. The Tm** complexes provide Chemical Exchange Saturation Transfer (CEST) response upon
saturation at the frequency of the amide protons. A '°F relaxation study provided accurate estimates of the Ln-*F distances that were
used to rationalize the efficiency of the complexes as '°F MRI probes, which was tested in vitro using MRI phantom studies.

INTRODUCTION

Fluorinated probes for application in magnetic resonance im-
aging (MRI) represent an interesting alternative to the classical
'H contrast agents. The first in vitro "’F MRI study dates from
1977, when Holland reported phantoms of NaF solutions.! In
vivo '°F MRI studies were reported eight years later by using
fluorinated anesthetics.? The interest on this topic has been re-
inforced in the last decade, in particular with the use of per-
fluorocarbon molecules, often as colloidal suspensions or emul-
sions in aqueous buffer.> One of the most interesting and prom-
ising properties offered by these fluorinated systems is the ab-
sence of a background signal, as fluorine is present in vivo in
negligible amounts, mainly as solid salts in teeth and bones.*
Furthermore, the °F nucleus presents 100% isotopic abun-
dance, a sensitivity only slightly lower with respect to 'H (83%)
and a non-quadrupolar nuclear spin (/= 4).° The high gyromag-
netic ratio of °F (40.05 MHz ' T™) is very similar to that of 'H
(42.55 MHz-T), so that '°F detection requires only a small tun-
ing of the conventional MRI scanners.’

Another interesting class of contrast agents for application in
MRI that have been intensively studied during the last two

decades are chemical exchange saturation transfer (CEST) con-
trast agents.” These probes contain protons involved in slow-to-
intermediate chemical exchange with bulk water. Application
of a radiofrequency pulse at the frequency of the exchangeable
protons results in the transference of some magnetization to
bulk water through chemical exchange, so that the intensity of
the bulk water signal decreases.”®

The use of paramagnetic '°F and CEST (paraCEST) probes
has some advantages over diamagnetic ones. First, the '°F re-
laxation times of diamagnetic compounds are relatively long,
which may result in rather long acquisition times. The introduc-
tion of a paramagnetic ion in the vicinity of the 'F nucleus
shortens these relaxation times thanks to the paramagnetic re-
laxation enhancement effect.” This allows using ultrafast pulse
sequences that shorten the acquisition times and increase the
signal-to-noise ratio (SNR) of the images.!? Following the pio-
neering work of Parker on paramagnetic lanthanide com-
plexes,'! different groups have developed '°F MRI probes using
either paramagnetic lanthanide'?!? or transition metal ions (i. €.
Fe?*, Co*"**, Ni?* or Cu*/Cu?").!* ParaCEST probes also present
some advantages with respect to diamagnetic derivatives, as the
paramagnetic chemical shifts induced by the metal ion shift the
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signal of exchangeable protons away from that of bulk water.
As a result, the resonance of exchangeable protons can be satu-
rated selectively and the slow-to-intermediate exchange condi-
tion can be achieved with faster exchange rates.!> Dual °F/Para-
CEST probes can potentially combine the advantages of the two
techniques: The lack of background signal at the '°F frequency
and responsiveness to physiological parameters (i. e. pH) often
observed for CEST agents.

Chart 1. Structures of the ligands discussed in the present work
and numbering scheme used for NMR spectral assignment.
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In a recent work, we have shown that the [GdL'] and [GdL?]*
complexes (Chart 1) provide dual response at the 'H and '°F
frequencies. The 'H response is generated by the classical T,
effect, thanks to the presence of a water molecule coordinated
to the Gd** ion in fast exchange with bulk water. These com-
plexes also showed interesting "’F NMR relaxation properties,
particularly in the case of [GdL!], as the longer Gd---F distance
results in slower transverse '°F relaxation, and thus in sharper
signals.'® In this paper we report a detailed study of the potential
of the complexes of H;L! and H,L? with other lanthanide ions
as 1°F MRI probes. In addition, we present the new cyclen-based
ligand H;L? and the corresponding complexes with the lantha-
nide ions. We report a detailed study of the °F longitudinal and
transverse relaxation rates (R; and R») of these systems at dif-
ferent fields, and analyze the effect of the effective magnetic
moment (i) along the lanthanide series on the °F relaxation
rates. Furthermore, we present a structural study of the com-
plexes in solution by using NMR spectroscopy and DFT calcu-
lations in combination with the luminescence lifetimes of the
Eu®" and Tb** analogues. We also present the X-ray structure of
the [YbL?] complex and a full relaxometric characterization of
[GdL?] including '"H NMRD (Proton Nuclear Magnetic Relax-
ation Dispersion) profiles and O NMR measurements. Be-
sides, we investigated the Z-spectra at different frequency fields
and temperatures for the Yb*" and Tm*" analogues. The amide
protons of the Tm** complexes give significant CEST response,
which imparts dual-frequency (‘H/!°F) response to these com-
plexes.

RESULTS AND DISCUSSION

Synthesis and structural characterization. The synthesis of
H;L? was achieved by alkylation of DO3A¢Bu with 2-chloro-N-
(4-(trifluoromethyl)phenyl)acetamide in acetonitrile using Na-
HCO:s as a base. Hydrolysis of the tert-butyl ester groups using
formic acid afforded Hs;L? in 63% over the two steps. The com-
plexes with different Ln** ions were prepared by reacting the
ligand with the corresponding hydrated LnCl; salt in 1-butanol.
The charge neutral [LnL*] complexes (Ln = Eu, Gd, Tb, Tm Yb
or Lu) were isolated in ~60-75% yields after purification using
reverse-phase chromatography. The complexes of ligands HsL!
and H,L? were prepared following the same procedures de-
scribed previously for the Gd** analogues. '

Figure 1. X-ray structure of the [YbL3(H,0)]-7H,0 complex.
Bond distances (A): Yb(1)--O(1), 2.3368(10), Yb(1)--O(2),
2.2725(9), Yb(1)--O(4), 2.2743(10), Yb(1)--O(6), 2.2420(10),
Yb(1)--O(8), 2.4577(10), Yb(l) -N(1), 2.6430(11),
Yb(1)"N(2), 2.6098(11),  Yb(1)-'N(3), 2.5880(11),
Yb(1)-'N(4), 2.6512(11). The ellipsoids represent the 50%
probability level.

The crystal structure of the [YbL}(H,0O)] complex was deter-
mined by single crystal X-ray diffraction measurements (Figure
1). The asymmetric unit contains the [YbL*(H,O)] entity and
seven water molecules of crystallization. The four amine donor
atoms of the macrocycle and the four oxygen atoms of the car-
bonyl groups provide an eight coordination environment to the
metal ion, while the ninth coordination is completed by a water
molecule. The coordination polyhedron around the Yb*" ion can
be described as capped square antiprism (SAP). The nitrogen
atoms of the cyclen unit define the lower plane of the polyhe-
dron, the oxygen atoms of the pendant arms the upper plane,
and the oxygen atom of the coordinated water molecule occu-
pies the capping position. The metal ion is placed closer to the
upper plane (0.726 A) than to the plane delineated by the nitro-
gen atoms (1.595 A), a general trend observed for the family of
lanthanide DOTA derivatives.!” The mean twist angle of the
two square planes is 39.8 + 1.0° a value that is close to that
expected for an ideal square antiprism (45°). The crystal lattice
contains the two centrosymmetrically related A(AAL)/A(5559)
enantiomers, where A and A define the two possible orientations
of the four pendant arms (clockwise or anti-clockwise) with
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respect to the C4 pseudo-symmetry axis of the complex, while
6 or A describe the conformations of the five-membered chelate
rings resulting from the coordination of the ethylenediamine
units.!® The cyclen unit adopts a [3333] conformation using the
notation proposed by Dale.!” The Yb-N distances are close to
those observed for nine-coordinated Yb*" complexes with cy-
clen based ligands (2.58-2.64 A)."7202! The bond distance in-
volving the coordinated water molecule [Yb(1)--O(8),
2.4577(10) A] is longer than those reported for Yb** DOTA-
tetraamide complexes, which present a rather broad range
(2.34-2.44 A).>' The longer distance observed for [YbL*(H,0)]
is related to the reduced positive charge of the complex, which
weakens the Yb-Oyater interaction.

The coordinated water molecule is involved in hydrogen-
bonding interactions with up to three second-sphere water mol-
ecules. The coordinated water molecule serves as a hydrogen
bond donor to O(15) and O(14) [O(8)---O(15) =2.7716(11) A,
O(8)-H(8D)---0O(15) = 1.93 A, O(8)-H(8D)---O(15) = 159.6°
0(8)-0(14) = 2.8377(12) A, O(8)-H(8C)---O(14) = 2.04 A,
O(8)-H(8C)---O(14) = 149.8°%]. A weaker hydrogen bond in-
volves a third water molecule of crystallization acting as a hy-
drogen bond donor [O(9)--O(8) = 3.0350(11) A,
0(9)-H(9D)---O(8) = 2.25 A, O(9)-H(9D)---O(8) = 159.0°] and
the inner-sphere water molecule. Similar hydrogen bonding pat-
terns were observed in the solid state for several Gd*" com-
plexes in the presence of counterions with poor ability to form
hydrogen bonds.?® Similar second-sphere interactions were also
found to be crucial to obtain accurate Gd-Oyaer distances and
170 spin densities for Gd** complexes using DFT methods.?*

The emission spectra of the [LnL3] complexes (Ln = Eu, Tb)
recorded under excitation through the ligand bands at 263 nm
present the expected >Do—>’F; transitions of Eu*" (J = 0-4) or
D4 —> F; transitions of Tb** (Figures S15-S16, Supporting In-
formation). The emission lifetimes of >Dy (Eu) and °D; (Tb) ex-
cited states recorded in H>O and D,O solutions (Table 1) pro-
vide hydration numbers that confirm the presence of a water
molecule in the first coordination sphere of the metal ions.?
Both the lifetimes and emission spectra of [LnL!] and [LnL?]
are very similar (Figure S15 Supporting Information), which
points to very similar structures of these complexes in solution.
This implies that the different substitution pattern of the phe-
nylacetamide pendant arm of these ligands does not affect sig-
nificantly the structure of the corresponding complexes. The
emission spectrum of [EuL?]" differs significantly from those of
[EuL!] and [EuL?], particularly in the relative intensity of the
AJ=1, 2 and 4 transitions, and the shape of the AJ= 1 transition.
The lifetimes of [EuL!] and [EuL?] recorded in H,O are slightly
shorter than that of [EuL?]", a situation that is reversed in D,0.!¢

Table 1. Emission lifetimes and hydration numbers obtained for
the [EuL?] and [TbL?] complexes.

©(H20) / ms ©(D20) / ms q°
EuL? 0.616 1.904 0.9
TbL? 1.85 3.15 0.8

? Obtained using the method proposed by Beeby, ref. 25.

The 'H NMR spectra of the [EuL’] and [YbL*] (pD= 6.8, 10
mM, 25 °C) present four resonances due to the most shifted ax-
ial protons of the cyclen unit in the range ~29 — 34 ([EuL?®]) and
109 — 126 ppm ([YbL3]). These chemical shifts are characteris-
tic of complexes adopting capped square antiprismatic (SAP)
coordination.?®?” The signals of the twisted square antiprismatic
isomers (TSAP) are not observed in any of the spectra, indicat-
ing that these complexes exist in solution as the SAP isomers
almost exclusively.

A more detailed analysis of the structure of the [YbL?] com-
plex in solution was carried out by analyzing the Yb**-induced
pseudocontact shifts. The 'H NMR spectrum of [YbL?*] presents
26 well-resolved signals that could be assigned in part with the
aid of 'H-'H COSY spectra and line-width analysis. This pro-
vides a straightforward differentiation of the broad axial signals
from the sharper equatorial ones, as a result of their different
distances to the paramagnetic ions.?

Calculated Shift / ppm

7ax
4ax,139x—j Oax

120 100 80 60 40 20 0 -20 -40 -60 -80
Experimental Shift / ppm

Figure 2. 'H NMR (300 MHz, 298 K) spectrum of [YbL?]
recorded in D,O solution and plot of the experimental shifts ver-
sus those calculated with the X-ray structure and pseudocontact
contributions. The solid line represents the identity line.

The 'H paramagnetic shifts induced by Yb** are dominated by
the pseudocontact mechanism, with contact contributions being
generally negligible.”” The pseudocontact shifts can be ex-
pressed as linear combinations of the axial and rhombic com-
ponents of the susceptibility tensor % (Eq (1) and (2), respec-
tively):3°

)+ (e = 25) (525)] (1)

r

r= @12 ()

The paramagnetic shifts of [YbL3] were analyzed by assum-
ing diamagnetic shifts of 7.8 ppm for the signals of aromatic
protons and 3.0 ppm for CH; protons. The paramagnetic shifts
were then fitted to Eq (1) by using the Cartesian coordinates
obtained from the X-ray structure described above. Since the
positions of the magnetic axes are not constrained by symmetry
for this complex, we carried out a fitting procedure involving
five parameters: the axial ()(. - Yav) and rhombic (yxx - %yy) mag-
netic anisotropies and the three Euler angles that allow the
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rotation of the complex, so that the Cartesian axes match the
magnetic axes.’! The best fit of the data provided calculated
pseudocontact shifts in good agreement with the experimental
values (Figure 2, see also Table S2, Supporting Information),
with deviations < 6.1 ppm. The calculated axial and rhombic
magnetic susceptibilities are y,, - yav = 1.34(2) and yxx - Yyy
=-0.51(5) cm® K mol”, indicating that the magnetic anisotropy
is dominated by the axial contribution. The orientation of the
molecule that results from the analysis is such that the z mag-
netic axis is perpendicular to the best plane defined by the ni-
trogen donor atoms of the macrocycle, and contains the Yb**
ion and the oxygen atom of the coordinated water molecule.
Thus, the analysis of the Yb*" induced shifts shows that the
[YbL?] complex retains in solution the structure observed in the
solid state.

DOSY (diffusion-ordered NMR spectroscopy) experiments
were performed on 15 mM H,O solutions of [TmL?] and se-
lected complexes of L! and L? ([EuL?], [TmL!'] and [YbL!], the
latter using 5 mM concentration). These experiments provided
diffusion coefficients D at 298 K of 3.94(2) x 1071 m? s’! for
[EuL?T", 4.65(1) x 107" m? s! for [TmL!], 4.82(1) x 1071* m?
s for [YbL!'] and 4.94 x 107" m? s™! for [TmL?]. The diffusion
coefficients obtained for the complexes of L! and L3 are very
similar, as would be expected given their similar size and neu-
tral charge. The D**® value determined for [EuL?]* is somewhat
lower, which is explained by the larger hydrodynamic radius
associated to its higher molecular weight and positive charge.
Nevertheless, the diffusion coefficients measured for these
complexes are similar to those reported for lanthanide com-
plexes with similar size,** and higher than the D*® value re-
ported for lanthanide DO3A derivatives that form stable di-
meric species in solution®* (for comparative purposes the D**®
values measured in D>O must be scaled by a factor of 1.24 to
account for the different viscosities of H,O and D,0). Thus, we
conclude that the complexes investigated here adopt discrete
mononuclear structures in H,O solution.

'H relaxivity and O NMR studies. In a previous work, we
reported a detailed characterization of the [GdL!] and [GdL?]"
complexes using '"H Nuclear Magnetic Relaxation Dispersion
(NMRD) and ’O NMR studies.® For the sake of completeness,
we report here the characterization of [GdL?] using the same
techniques.

The relaxivity of [GAL3] was first assessed at 298 K and 300
MHz from aqueous solutions buffered at pH 7.4 (50 mM
HEPES). 'H relaxivities are a measure of the efficiency of a
given paramagnetic probe to enhance the relaxation of water
proton nuclei, normalized to a 1 mM concentration of the para-
magnetic agent. A paramagnetic relaxation enhancement with a
set of Gd** solutions (concentration range 2.5-4.5 mM) resulted
in a linear dependence of the relaxation rate (R;=1/71) on the
amount of the used metal ion. The slope of the straight line pro-
vided a relaxivity of 1, = 4.27 mM' s (Figure S13, Supporting

Information), which is in perfect agreement with the expected
values for small monohydrated gadolinium complexes.**

A more detailed information of the parameters that control
the relaxivity of [GdL?] was obtained by measuring 'H NMRD
profiles at 10, 25 and 37 °C in the range from 0.01 to 70 MHz
proton Larmor frequencies (Figure 3). Furthermore, 7O NMR
transverse relaxation rates (72;) and chemical shifts (Aw,) were
recorded to get insight into the exchange rate of the coordinated
water molecule (k228).
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Figure 3. Top: 'H NMRD profiles recorded at different tempera-
tures for [GdL?]. Bottom: Reduced transverse 7O relaxation rates
(green o) chemical shifts (blue m) measured for [GdL3] at 11.75 T.
The lines represent the fit of the data as explained in the text.

The relaxivities of [GdL?*] present a trend similar to those of
[GdL'], showing a plateau at low fields (< 1 MHz), a sizeable
dispersion in the range 1-20 MHz, reaching again another rea-
sonably constant plateau above 21 MHz. The relaxivity de-
creases when the temperature is increased, which indicates that
r1p is limited by a fast rotation of the complex in solution char-
acterized by a short rotational correlation time (zx).>>*° The 7O
data obtained for [GdL?] parallel those reported previously for
[GdL'], indicating that these complexes present similar ex-
change rates of the coordinated water molecule.

Table 2. Parameters obtained from the simultaneous analysis of 70 NMR and '"H NMRD data.

[GdL3]

[GdL"Y? [GdL2]*? [GADOTA] ¢




rip at 25/37 °C /mM-! s (20 MHz) 5.18/4.07
k298/106 5! 1.61 +0.18
AH* / kJ mol! 48.6 +1.3
7298 / ps 93.4+4
E:/kJ mol! 192+1.3
72%8/ ps 26.5+0.5
Ey/kJ mol! 1.0¢
D238 /1010 m? §°! 21.8 +0.08
Epcan/ kJ mol! 179+1.5
A2/ 10" 52 25404
A/R/10°rad s7! -45+03
rean / A 3.1°
acan / A 4.0
el 1a

4.97/4.14 4.26/4.23 4.7/3.8
1.52+£0.17 0.73 £0.04 4.1
49.6+3.5 229+2.0 49.8
98.3+2.8 94.0+2 71
156 +1.1 15.6¢ 16.1
244+2.0 154+04 11
1.0¢ 1.0¢ 1.0¢
244+0.1 24.4¢ 22
245435 15.3+0.8 20.2
2.9+0.3 74+04 1.6
-41+£03 -3.8+£03 -3.7
3.12 3.12 Or
4.0 4.0 3.5¢
1? 1? 14

“ Parameters fixed during the fitting procedure. ” Data from reference 16. ¢ Data from reference 40.

Table 3. Parameters obtained from the analysis of CEST spectra recorded at 7.05 T (complex concentration 15 mM, saturation time 10 s).

M/ Mo / % M/ Mo / % i
H T/® / 1 1b - ¢

p C 5/ ppm BI=10uT) (B -30,T) '°/MM's kex / kHz

[TmL3] 6.9 25 -52 6 9 0.10 1.4+03
37 -49 9 16 0.08 37+0.8

[YbL3] 7.3 25 -10 22 - 0.02 41402
[TmL!] 7.6 25 48 21 0.10 129+1.2
37 -42 13 0.08 227426

[TmL2]* ¢ 7.0 25 21 12 26 0.15 46+1.5
37 24 6 - 0.15 49+0.5

@ Complex concentration was 8 mM. ? Proton relaxivity of the bulk water signal. ¢ Exchange rate values obtained using the Bloch-
McConnell (BM) equations and assuming a 2-pool model (bulk water and THE paramagnetically-shifted exchanging pools).

The simultaneous fitting of the 7O NMR and 'H NMRD data
of [GdL?] was carried out using the Swift-Connick equations
for the 17O transverse relaxation and chemical shift data®” and
the Solomon-Bloembergen-Morgan theory®® and Freed’s
model® for the inner- and outer-sphere contribution to relaxiv-
ity, respectively. For this analysis, the distance between the
Gd** ion and the H atoms of the coordinated water molecule
(raan), the distance of closest approach for the outer-sphere con-
tribution (acan) and the activation energy for the modulation of
the zero field splitting interaction (E,) were fixed to common
values (Table 2).*° Figure 3 presents the fitted curves, which
reproduce well the experimental data. The rotational correlation
times (zz**®) and the value for the scalar hyperfine coupling con-
stant (4/h) obtained from the fittings of the data are in good
agreement with the typical range of values observed for small
Gd*" complexes, supporting the consistency of the analysis. The
mean square zero-field-splitting energy (A?) and its correlation
time (7,), parameters which define the relaxation of the electron
spin, corroborate the aforementioned analysis, with values com-
parable to those determined for Gd*" complexes of DOTA de-
rivatives.** The same holds for the diffusion coefficient D235,
and its activation energy Epcan, Which are close to the values
determined for the self-diffusion of water (DF73 =23.0 x 107"°
m? s and Epu,o = 17.6 kJ mol™).4!

The water exchange rate determined for [GdL?] (kex2*® = 1.61
x 10 s1), is virtually identical to that determined for [GdL!]
(kex®® = 1.5 x 10° 1), confirming the qualitative analysis de-
scribed above. These water exchange rates are intermediate be-
tween those of the positively charged [GdL?]" and negatively
charged [GADOTA)]".*’ This is expected considering that water
exchange in these complexes follows a dissociative mechanism.
Thus, an increase in the positive charge of the complex in-
creases the activation energy to reach the eight-coordinated
transition state by strengthening the Gd-Oyaer bond.** DFT cal-
culations provide Gd-Oyuer distances of 2.428 A for [GdL?]"
and 2.462 A for [GdL’] (see computational details below),
which supports that the slower exchange rate of [GAL?]" is re-
lated to a stronger Gd-Oyaeer bond.?

CEST properties. Chemical exchange saturation transfer
studies were first performed for the [YbL?] and [TmL*] com-
plexes (Figure 4 and Figure S25, Supporting Information).
CEST spectra were acquired from 15 mM solutions at 25 and
37 °C by applying different radiofrequency fields (B, = 2.5, 5,
10, 15, 20, 25 and 30 pT). The Z-spectra were performed em-
ploying a saturation time of 10 s and a 1 ppm frequency resolu-
tion. The spectrum obtained for [YbL?] at 25 °C presents a
CEST peak at -10 ppm that is better defined at lower saturation
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powers. This chemical shift is characteristic of amide protons
of Yb** DOTA-monoamide derivatives,* and similar to that ob-
served for DOTA-tetraamides (~-15 ppm).2®® The CEST effect
is hardly visible at 37 °C due to the broadening of both the water
and amide signals. The [TmL*] complex presents a better de-
fined CEST feature at ~-50 ppm that is well defined at both 25
and 37 °C, regardless the saturation power applied. This chem-
ical shift is similar to those observed for DOTA-tetraamide
Tm?* complexes.*

The CEST properties of [TmL?]" and [TmL!] complexes were
also investigated under analogous conditions (Table 3, see also
Figure S25, Supporting Information). The [TmL!] complex pre-
sents CEST properties comparable to those of [TmL?*], provid-
ing a CEST peak a similar frequency. This was expected in light

1.0

of their very similar structures. However, exchange rate values
(kex) determined with the Bloch-McConnell (BM)* equations
and assuming a 2-pool model (bulk water and one paramagneti-
cally-shifted exchanging pool) were found to be very different
(Table 3). Indeed, the exchange rate of amide protons was found
to be one order of magnitude faster for [TmL!] compared to
[TmL?]. This is attributed to the combined electron withdrawing
effect of two —CF; groups in [TmL!], which increases the acid-
ity of amide protons. Since amide exchange follows a base-cat-
alyzed mechanism,* an increasing acidity of amide protons is
expected to result in faster exchange.
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Figure 4. Upper panel: Z-spectra (saturation time 10 s) recorded for [TmL?] (8 mM in H20, pH 7.2) at 25 °C (a) and 37 °C (b). Lower panel:
Z-spectra (saturation time 10 s) recorded for [TmL?] (15 mM in H20, pH 6.9) at 25 °C (¢) and 37 °C (d).

The bis-amide [TmL?]* complex presents a somewhat differ-
ent behavior, as it shows a CEST peak with a considerably
smaller shift with respect to bulk water (-21 ppm at 25 °C, Fig-
ure 4). Since the paramagnetic shifts induced by Tm3* are

dominated by pseudocontact contributions,*’ this different
chemical shifts observed for this complex must be related to a
different magnetic anisotropy of the system.*® The exchange
rates of amide protons are only slightly higher than those re-
ported for [TmL?], which contains the same number and posi-
tion of CF; groups in the amide pendant arm. However, the
CEST peaks are much better resolved for [TmL?] than for
[TmL?] due to the reduced chemical shift difference between
the amide resonance and the bulk water signals in the latter.



F longitudinal and transverse relaxation rates. To assess
the effect of the effective magnetic moment of various lantha-
nide complexes on the '°F relaxation times, '’F NMR chemical
shifts, longitudinal and transverse relaxation data were meas-
ured for [LnL!'], [LnL?]* and [LnL?] at different fields (7.05, 9.4
and 11.74 T, Ln = Eu, Gd, Tb, Tm, Yb or Lu). In the case of the
[LnL!] complexes additional data at 1.43 T could be also rec-
orded (in the remaining cases lower solubility and/or number of
F nuclei prevented relaxation measurements at low field). The
observed ’F NMR chemical shifts and longitudinal (R;) and
transverse (R») relaxation rates are compiled in Table 4.

The F NMR spectra along the series of lanthanides present
a single and intense resonance due to the CF3; group or groups
of the three ligands. The presence of a major single '°F signal
demonstrates the presence of a single isomer in solution (the
SAP isomer). The observed “F chemical shifts (5°*) follow ra-
ther well the trend predicted by Bleaney’s theory (Figure S21,
Supporting Information), as they are proportional to the
Bleaney constants.’ This indicates that contact contributions are
negligible, as expected for remote nuclei with respect to the par-
amagnetic center (in terms of number of bonds). The slope of
the straight line obtained for [LnL!] is considerably larger than
those of [LnL?]" and [LnL?], which is related to a shorter Ln---F
distance, as the geometric term present in the expression of the
pseudocontact shift is proportional to (1/rL.r)°, where rio is the
Ln---F distance.’**

The longitudinal (R;) and transverse (R,) relaxation rates of
the paramagnetic complexes studied in this work follow the
trend Gd*" >> Tb* > Tm*" > Yb*" > Eu®*, with the values ob-
served for the Eu** complexes being only slightly higher than
those observed for the corresponding diamagnetic Lu* deriva-
tives (Table 4). The trend observed for the lanthanide ions other
than Gd** follows the order expected on the basis of their effec-
tive magnetic moments, although exceptions to this behaviour
have been reported.’® The [LnL!] complexes present higher °F
relaxation rates, while [LnL?]" complexes show slightly higher
R and R, values than the [LnL?] analogues.

The longitudinal F relaxation rates of Gd** complexes are
dominated by the dipolar contribution, which at the high mag-
netic field strengths used here (> 7 T) can be approximated by
Eq (3), in which the contribution of electron relaxation has been
neglected.’

2 vt 9*us Ho 2 [ 77r
Ry =—"2 g5 +1)(22) |—L—
TR ( ) (471) 1+ w2th
P 3
1+ w?t} ®)

In this equation z/4m is the magnetic permeability of a
vacuum, S is the electron spin (S= 7/2 for Gd**), y1 is the nuclear
gyromagnetic ratio, g is the electron g factor, us is the Bohr
magneton, rgqr is the nuclear-spin-electron-spin distance and wg
and o are the electron and nuclear Larmor frequencies, respec-
tively. For Ln*" ions other than Gd*>" R, presents contribu-
tions of both the dipolar and Curie spin mechanisms ac-
cording to Eq (4), where g is the effective magnetic moment
of the Ln*" ion, By is the magnetic field strength and z is calcu-
lated according to Eq. (5) and depends on the rotational corre-
lation time and the longitudinal electronic relaxation time (77.).
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The first term in Eq (4) accounts for the dipolar interaction
and the second term for the Curie spin mechanism, which be-
comes more important upon increasing the magnetic field
strength, particularly for Ln** ions with high zesr values.’

The relaxation data shown in Table 4 were analysed simulta-
neously by using Egs (3)-(5). The Eu*" complexes were not in-
cluded in the analysis due to the small paramagnetic effect ob-
served in the relaxation rates, which are very similar to those
observed for the Lu** analogues. All R; values were corrected
for the diamagnetic contribution by using the data obtained for
the Lu®*" complexes. The transverse relaxation rates were not
included in the quantitative analysis due to their higher experi-
mental uncertainties. The experimental data were fitted by as-
suming that [LnL!] and [LnL*] complexes present identical =
values and different 7 ,r distances, which were considered in-
dependent of the Ln** ion for the complexes with a given ligand.
Furthermore, the 71, distance in [LnL?]" complexes was con-
sidered to be identical to that of [LnL?], while the 7 values were
assumed to be different. DFT calculations support that the rir
distances do not change significantly across the lanthanide se-
ries, providing very similar values for [LnL?]" and [LnL?] com-
plexes (Figure S23, Supporting Information). Finally, we hy-
pothesized that T and e values are characteristic of the par-
ticular Ln*" ion, but independent of the ligand structure. This
approximation is reasonable taking into account the similar co-
ordination geometries of all the complexes studied in this work.
The experimental R, values could be fitted reasonably well to
Egs (3)-(5) by applying these approximations, as shown in Fig-
ure 5 (see also Figure S24, Supporting Information).

Table 4. '°F chemical shifts and R1 and R> values for the lanthanide complexes studied in this work (5 mM in H20:D20, 9:1 v:v, pH = 7.4,

0.05 HEPES bufter).

8¢ / ppm Ri/s?! Ry/s! T2/T:

7T 94T 11.7T 7T 94T 11.7T
Eul? -61.6 1.1 1.3 1.5 4.9 10.5 15.9 0.22
EuL? -61.5 1.3 1.5 1.7 10.8 12.2 14.3 0.12
EuL! -62.2 1.1 1.3 1.6 3.7 7.9 6.8 0.30



GdL3 -61.3 370 357 323 435 400 416 0.85
GdL?¢ -61.2 500 433 382 625 583 594 0.80
GdL'¢ -62.5 1250 1152 1097 1445 1401 1417 0.87
TbL? -67.1 11.3 14.5 18.7 52.0 68.8 68.4 0.22
TbL? -69.8 15.3 18.9 22.7 67.1 714 82.3 0.23
TbL! -74.7 35.7 438 56.1 52.6 88.5 110 0.40
TmL3? -58.5 5.7 7.4 9.5 26.4 33.1 82.7 0.22
TmL?2 -58.2 6.6 8.1 10.3 38.3 42.5 54.6 0.17
TmL! -53.9 17.2 223 272 37.2 46.9 55.2 0.46
YbL? -60.1 1.7 2.1 2.6 11.8 355 37.0 0.14
YbL? -59.9 1.8 2.3 2.7 11.8 20.4 39.9 0.15
YbL! -58.7 3.3 3.9 4.5 234 31.1 33.9 0.14
LuL? -62.2 0.8 0.9 1.0 1.5 2.1 2.8 0.53
LuL? -62.2 0.9 1.0 1.1 1.6 1.8 2.3 0.56
LuL! -63.0 0.8 0.9 0.9 5.2 6.5 9.1 0.15
@ Data from reference 16.
1400
400-
1300 (a) (b)
Gd
1200—\_\‘ 350-*.‘
1100
300+
1000
‘Tw 900~ P'w 250~
~ 60 ~
= 50 = 50
x 40"—/E./‘/' x 20 ™ R
30 __'___,/~//
zo-W 10‘_"_’_’1@‘/;_
P Yb, . . oo Yb, .
12 3 456 7 8 9 1 1 12 7 8 9 10 " 12
B,/ T B,/ T

Figure 5. !°F relaxation rates as a function of the magnetic field strength showing the fits and the experimental data points obtained for
[LnL'] (a) and [LnL?] (b) (5 mM in H20:D20, 9:1 v:v, pH = 7.4, 0.05 M HEPES buffer).

Table 5. Parameters obtained from the fits of '°F relaxation data.

teit / BM ¢ Tie/fs?
To>* 102+03(9.7) 720+ 35 (203)
Tm3* 84+05(7.6) 400+ 48 (369)
Vb 4944045 190+ 160 (137)
=/ ps riar / A
[LnL3) 141+ 6 9.13+0.05
[LnL?]* 208+ 10 9.13+0.05
[LnL!] 141+ 6 7.45 +0.04

“ Theoretical values are provided within parentheses. ® In pa-
rentheses the values reported for the aqua ions (see text).

The 7 and rLor values obtained from the fits are very similar
to those obtained previously using the relaxation data of [GdL!]
and [GdL?]" only.'® However, the values obtained from the sim-
ultaneous fit present considerably lower standard deviations.
The longer 7z value obtained for [LnL?]" is consistent with a
larger hydrodynamic radius associated with the higher molecu-
lar weight and charge. The fitted effective magnetic moments
present relatively large errors, particularly in the case of Yb*,
but are close to the theoretical values.’! The same holds for the
fitted 7' data, which are reasonably close to those reported for
the aqua-ions,>? providing confidence to the analysis.

The relaxation data follow the trend [LnL'] > [LnL?]" >
[LnL?] for Ln = Gd, Tb, Tm or Yb (Table 4). The higher R,
values observed for [LnL!] complexes are related to the shorter
riar distance. In the case of [LnL?]" the longer rotational corre-
lation time results in somewhat higher R; values compared with
[LnL?] (Table 5).

F MRI studies. A phantom '°F MRI study at 7.05 T was per-
formed for the series of [LnL!] complexes to gain more precise
information on their potential as fluorinated probes. The MR
images were recorded using 5 mM buffered solutions of the
complexes (30 mM fluorine concentration). The resulting '°F
MR images (Figure 6) indicated the advantageous properties of
the Tb* and Tm>* complexes, which present signal-to-noise ra-
tios (SNRs) after 1 hour acquisition time of ca. 10 and 7 times
higher than that of the TFA reference (Table 6). Considering
that an SNR of 4-5 would be sufficient for the reliable signal
detection, the complex with the most favourable properties,
[TbL'], could be detected at 20 times lower concentration than
here reported, i.e. as low as 0.25 mM. Alternatively, using the
acquisition time of only 10 minutes, an SNR of ~40 could be
generated, while keeping the reported concentration of the com-
plex (5 mM). In turn, these results suggest that a submilimolar
concentrations of [TbL'] in combination with fairly short acqui-
sition times (<10 min) could be used to obtain reliable '’F MRI



signals, promoting the affirmative properties of these lanthanide
systems for their potential use in "’F MRIL

TFA TFA

GdL'
|

YbL'

TbL'

TFA  Tml! TFA

Figure 6. '°F MRI on tube phantoms (5 mM complex, 7.05 T, RT)
and TFA (10 mM).

On the contrary, the Yb*" and Gd** complexes present SNR
values similar to that of TFA, a situation that remains similar on
increasing the acquisition time. These findings show that the
Tb*" and Tm>* complexes present a good balance between the
relaxation ability of the paramagnetic ion and the Ln---F dis-
tance. On the contrary, Yb*" and Eu** induce very small para-
magnetic relaxation enhancement to the '°F signal (Table 4), re-
sulting in a negligible SNR gain with respect to the diamagnetic
reference. Finally, the dramatic 7; relaxation enhancement in-
duced by Gd*" is accompanied by an intense shortening of T»
(~0.7 ms at 7 T), which causes signal loss. Remarkably high
SNRs were obtained previously however for [GdL?]" with re-
spect to the diamagnetic reference as a result of the longer
Ln---F distance.'®

¢ Acquisition parameters could not be optimized due to the short
T; and T>relaxation times. ” Not determined.

Table 6. Signal to noise ratios (SNR) obtained with '°F MRI stud-
ies for [LnL'] complexes using different times of acquisition (TA).

SNR TA= 60 min TA=120 min  TA=240 min
EuL! 4.6 5.7 10.5
YbL! 13.9 18.7 314
TmL! 66.9 75.0 108.7
TbL! 100.0 121.0 185.0
GdL'“ 12.9 19.3 B

TFA 9.9 20.7 22.8

CONCLUSIONS

We have shown that the properties of potential °F MRI
probes can be conveniently optimized by ligand design in com-
bination with a judicious selection of the optimal Ln*" ion. The
complexes investigated in this work have the advantage of
providing a single major diastereoisomer in solution, which was
identified as the SAP isomer by "H NMR studies in solution and
single-crystal X-ray crystallography in the case of [YbL?]. The
complexes contain the expected inner-sphere water molecule,
which results in 'H relaxivities of the Gd** complexes compa-
rable to those of commercially available contrast agents. An at-
tractive property of the Tm* complexes is the presence of an
amide resonance highly shifted with respect to bulk water,
which provides a sizeable CEST signal. These amide protons
are in rather fast exchange with bulk water due to the electron-
withdrawing effect of the —CF; substituents. As a result, the lig-
and design must be improved to obtain efficient Tm** probes
operating both at the 'H and !°F frequencies.

The detailed analysis of the '’F NMR shifts and '°F longitudi-
nal and transverse relaxation rates (R; and R) allowed a very
accurate determination of the average Ln--F distances in solu-
tion and the rotational correlation times associated to the Ln---F
vector. The uer and T values obtained from the fits of the ex-
perimental data present larger uncertainties, but are still in
agreement with the expected values. The Ln---F distance deter-
mined for [LnL'] complexes (7.45 + 0.04 A) is optimal for Ln*"
ions such as Tb*', as confirmed by in vitro MRI studies. The
longer distance in [LnL?] and [LnL?]" complexes (9.13 + 0.05
A) is more favourable for Gd**.

This work reports strategies leading to compounds that com-
bine several mechanisms into a single probe, expanding the
knowledge on the parameters involved in providing MRI re-
sponse. While further optimization is required, for instance to
improve the CEST response, the results reported here pave the
way towards efficient dual-response MRI probes.

EXPERIMENTAL AND COMPUTATIONAL SECTION

Materials. DO3A/Bu was purchased from CheMatech (Di-
jon, France). Ligands H,L! and H;L? and 2-chloro-N-(4-(trifluo-
romethyl)phenyl)acetamide were prepared as reported previ-
ously. All other reagents and solvents were commercial and
used without further purification.

General methods. High resolution electrospray-ionization
time-of-flight ESI-TOF mass spectra were recorded using a LC-
Q-q-TOF Applied Biosystems QSTAR Elite spectrometer in
positive and negative mode. Elemental analyses were accom-
plished on a ThermoQuest Flash EA 1112 elemental analyser.
Medium performance liquid chromatography (MPLC) was car-
ried out using a Puriflash XS 420 instrument equipped with a
reverse-phase Puriflash 15C18HP column (60 A, spherical 15
pm, 20 g) and UV-DAD detection at 210 and 254 nm, and op-
erating at a flow rate of 10 mL/min. Aqueous solutions were
lyophilized using a Telstar Cryodos-80 apparatus.
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NMR spectroscopy. 'H, YF and *C NMR spectra were rec-
orded on Bruker Avance III 300 MHz, Bruker Avance 111 HD
400 MHz and Bruker Avance 500 MHz spectrometers. '°F
chemical shifts were referenced by using sodium triflate on DO
solvent (8 = 75.6 ppm). CEST spectra were obtained from H,O
solutions of the complexes using saturation times of 10 s. The
pH of the solutions was adjusted to ~7 by adding 0.01 to 0.1 M
NaOH or HCI solutions.

The 'H 1/T; NMRD profiles were registered on a fast field-
cycling Stelar SmartTracer relaxometer (Mede, Pavia, Italy)
varying the magnetic field strength from 0.00024 to 0.25 T,
which corresponds to a 0.01-10 MHz proton Larmor frequency
range. The instrument operates under computer control provid-
ing 1/T; values with an absolute uncertainty of + 1%. Temper-
ature was controlled with a Stelar VTC-91 airflow heater
equipped with a calibrated copper—constantan thermocouple
(uncertainty of +0.1 K). Data points in the range 20-60 MHz
were additionally obtained using a Stelar Relaxometer coupled
to a Bruker WP80 NMR electromagnet reconditioned for vari-
able-field measurements (15-80 MHz proton Larmor fre-
quency). The concentration of the complex was determined us-
ing the Bulk Magnetic Susceptibility (BMS) shift method at
11.7 T.* O NMR spectra were acquired on a Bruker Avance
IIT spectrometer (11.7 T) using a 5 mm probe and standard tem-
perature control. Aqueous solutions of the complexes (ca. 6-10
mM) were enriched to reach 2.0% of the 7O isotope (Cam-
bridge Isotope). The transverse relaxation rates were measured
from the signal width at half-height. Chemical shifts were cor-
rected for the BMS contribution, which was determined using
‘BuOH as internal reference.*

MRI studies. MRI measurements were performed on a Bruker
BioSpec 70/30 USR magnet (software version Paravision 5.1)
using Bruker surface coil (RF SUC 300 'H/"F_20mm LIN TR).
All data were acquired using the fast low angle single shot
(FLASH) pulse sequence. MRI phantoms were obtained using
400 uL vials each containing 5 mM solutions of the [LnL!]
complexes (pH 7.4, 0.05 M HEPES buffer) using aqueous TFA
with the same fluorine concentration as a reference in all record-
ings. The following parameters were used for MRI acquisition:
FOV =32 x 32, MTX =32 x 32, slice thickness 5 mm, FA =90
% while TR/TE and NEX were adjusted respect to individual
complex in order to result in TA =1, 2 or 4 hours (see Table S1,
Supporting Information, TA = 1 and 2 hours for [GdL']). The
signal intensity scales were adjusted individually for each com-
plex.

1,4,7-Tris(tert-butoxycarboxymethyl)-  10-((4-(trifluoro-
methylphenyl)acetamide)-1,4,7,10-tetraazacyclododecane
(1). The cyclen derivative DO3AsBu was dissolved in CH;CN
(25 mL) and NaHCOs (0.3345 g, 3.98 mmol, 5.1 eq) was added.
A solution of 2-chloro-N-(4-(trifluoromethyl)phenyl)acetam-
ide!® (0.2421 g, 1.019 mmol, 1.3 eq) in CH3CN (20 mL) was
added dropwise to the mixture at ambient temperature. Once the
addition was finished the mixture was heated at 46 °C for 7
days, until the alkylation was complete. The reaction mixture
was cooled to room temperature, filtered and evaporated to dry-
ness in vacuo. The yellow oil was re-dissolved in CH,Cl, and
washed with water (20 mL). The organic layer was concentrated
under reduced pressure to afford a yellowish oil. The product

was purified by column chromatography on neutral alumina
(CHCIl; to CHCIs:MeOH 95:5 (v:v)) to give a yellow foam
(0.4829 g, 87%). '"H NMR (300 MHz, CDCl;): 8y (ppm): 10.43
(s, 1H, NH), 8.07-8.04 (dd, 2H, CHpy), 7.43-7.40 (dd, 2H,
CHpn), 3.77 (s, 2H, CHb), 3.64-1.92 (m, 22H, CH>), 1.63 (s, 3H,
CH3), 1.25 (s, 9H, CH3). C-RMN (solvent CDCls, 298 K, 75
MHz) éc (ppm): 172.3 (quaternary, CO), 171.9 (quaternary,
CHpy), 142.0 (quaternary, CHpy), 125.3 (quaternary, CF3), 119.9
(quaternary, CHpn), 82.2 (quaternary, CCH3), 82.1 (quaternary,
CCHs), 57.3 (secondary, CH,), 55.7 (secondary, CH,), 31.9
(secondary, CH,), 29.6 (secondary, CH,), 29.3 (secondary,
CH,), 27.9 (primary, CH,), 27.9 (primary, CH;), 22.7 (primary,
CH,). ’F-RMN (solvent CDCls, 298 K, 282 MHz) &F (ppm): -
62.1 (CF3). Mass spectrometry (ESIY) m/z (%BPI): 738.40
(100) ([C35H55F3N5NaO7]+).

Triacetic 1,4,7-Tris(carboxymethyl)- 10-((4-(trifluoro-
methylphenyl)acetamide)-1,4,7,10-tetraazacyclododecane
acid (HzL?). Compound 1 was dissolved in formic acid (5 mL)
and the mixture was refluxed for 48 h. Subsequently, the acid
was evaporated and the residue was dissolved in water. The sol-
vent was again evaporated and this process was repeated five
times to remove completely formic acid. The product was re-
dissolved in water (10 mL) and lyophilized to provide a yellow-
ish solid (0.2675 g, 72%). '"H NMR (300 MHz, D,0): 8y (ppm):
8.47 (s, 2H, CHpy), 7.73-7.69 (dd, 2H, CHpn), 3.99-2.83 (m,
24H, CH,). *C-RMN (solvent D,0, 298 K, 75 MHz) 8¢ (ppm):
172.4 (quaternary, CO), 171.0 (quaternary, CHpy), 140.3 (qua-
ternary, CHpy), 126.3 (quaternary, CHpy), 126.3 (quaternary,
CF3), 122.8 (quaternary, CHpy), 121.2 (quaternary, CHpy), 59.5
(quaternary, CCHj3), 57.5 (secondary, CH»), 55.1 (secondary,
CH>), 51.0 (secondary, CHy), 49.9 (secondary, CH,). ’F-RMN
(solvent D,O, 298 K, 282 MHz) & (ppm): -61.8 (CF3). Mass
spectrometry  (ESI") m/z  (%BPI): 54823 (97)
([C3H33F3Ns05]%); 570.21 (100) ([C23H32F3NsNaO7]"), 586.18
(32) ([C23H32F3KNs07]"); 608.16 (17) ([C23H3F3KNsNaO-]".

General procedure for the preparation of the complexes:
The corresponding ligand H;L!, H;L? or H,L? was solved in n-
butanol in the presence of base (DIPEA) and the solution was
homogenized with ultrasound bath assistance. The correspond-
ing solid hydrated LnCls salt (Ln = Eu, Gd, Tb, Tm, Yb or Lu)
was added and the mixture was heated at 112 °C for 6 h. Subse-
quently, the mixture was allowed to cool down and the solvent
was removed by the use of the rotary evaporator to give an or-
ange crude product. The complexes were purified by reverse-
phase medium performance liquid chromatography (MPLC) us-
ing UV detection. For the neutral complexes MPLC purification
was carried out using a gradient of solvent B (CH3CN, 10 to
30%) in solvent A (H:O). For the charged complexes, purifica-
tion was achieved with a gradient of solvent B (0.01% HCOOH
in CH3CN, 5 to 30%) in solvent A (0.01% HCOOH in H,0).
The fractions containing the complexes were combined and the
solvent was removed in vacuo. The final product was re-dis-
solved in water and lyophilized to furnish the final complexes.

EuL!. White solid (0.0309 g, 64%). Mass spectrometry (ESI*)

m/z (%BPI): 788.10 (100) ([C24H2sNsO7FgNaEu]"). HR-MS
(ESI") m/z: [M+Na], calculated: 788.0997, found: 788.0994.
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GdL'. White solid (0.0282 g, 56%). Mass spectrometry
(EST") m/z (%BPI): 793.10 (100) ([C24H2sNsO07FsNaGd]"). HR-
MS (ESI") m/z: [M+Na]", calculated: 793.1026, found:
793.0992.

LuL!. White solid (0.0367 g, 43%). Mass spectrometry (ESI*)
m/z (%BPI): 810.12 (100) ([C24H2sNsO7FsNaLu]"), 788.14 (7)
([C24H29NsO7F¢Lu]"). HR-MS (ESI") m/z: [M+Na]’, calcu-
lated: 810.1192, found: 810.1190, [M+H]", calculated:
788.1373, found: 788.1378.

TbL'. White solid (0.0479 g, 54%). Mass spectrometry (ESI")
m/z (%BPI): 794.10 (100) ([C24HosNsO;F¢NaTb]"). HR-MS
(ESI") m/z: [M+Na]", calculated: 794.1038, found: 794.1045.

TmL!. White solid (0.0431 g, 63%). Mass spectrometry
(EST") m/z (%BPI): 804.11 (100) ([C24H2sNs07FsNaTm]"),
782.13 (12) ([C24H29NsO7F¢Tm]"). HR-MS (ESI") m/z:
[M+Na]", calculated: 804.1127, found: 804.1128, [M+H]", cal-
culated: 782.1307, found: 782.1313.

YbL!. White solid (0.0210 g, 49%). Mass spectrometry
(ESI") m/z (%BPI): 809.12 (100) ([C2sH2sNsO7FsNaYb]h),
787.14 (15) ([C24HNsO7FsYb]"). HR-MS (ESIY) m/z:
[M+Na]", calculated: 809.1152, found: 809.1173, [M+H]", cal-
culated: 787.1354, found: 787.1362.

EuL? White solid (0.0291 g, 31%). Mass spectrometry (ESI*)
m/z (%BPI): 841.17 (100) ([C30H34sN¢OsFsEu]"). HR-MS (ESI")
m/z: [M]", calculated: 841.1650, found: 841.1651.

GdL2 White solid (0.0286 g, 31%). Mass spectrometry
(ESI") m/z (%BPI): 846.17 (100) ([C30H34NsOsFsGd]"). HR-
MS (ESI") m/z: [M], calculated: 846.1679, found: 846.1673.

LuL? White solid (0.0403 g, 51%). Mass spectrometry (ESI*)
m/z (%BPI): 863.19 (100) ([C30H34N¢OsFsLu]"). HR-MS (ESI")
m/z: [M]", calculated: 863.1846, found: 863.1863.

TbL2 White solid (0.0517 g, 56%). Mass spectrometry (ESI)
m/z (%BPI): 847.17 (100) ([C30H34NsOsFsTb]"). HR-MS (ESI")
m/z: [M]", calculated: 847.1692, found: 847.1698.

TmL2 White solid (0.0191 g, 21%). Mass spectrometry
(ESI") m/z (%BPI): 857.18 (100) ([C30H34N¢OsFsTm]").

YbL? White solid (0.0233 g, 31%). Mass spectrometry
(ESI") m/z (%BPI): 862.18 (100) ([C30H34NsOsFsYb]"). HR-
MS (ESI") m/z: [M]", calculated: 862.1827, found: 862.1817.

EuL3. White solid (0.0823 g, 62%). Mass spectrometry (ESI")
m/z (%BPI): 720.11 (100) ([C23H9NsO;FsNaEu]"). HR-MS
(ESI") m/z: [M+Na]", calculated: 720.1123, found: 720.1127.

GdL3®. White solid (0.0591 g, 73%). Mass spectrometry
(EST") m/z (%BPI): 725.11 (100) ([C23H20NsO7F3NaGd]"). HR-
MS (ESI") m/z: [M+Na]", calculated: 725.1152, found:
725.1139.

LuL?. White solid (0.0213 g, 46%). Mass spectrometry (ESI*)
m/z (%BPI): 742.13 (100) ([C23H29NsO7F;NaLu]"), 758.12 (43)
([C23H29NsO7FsKLu]"). HR-MS (ESI") m/z: [M+Na]*, calcu-
lated: 742.1319, found: 742.1315.

TbL3. White solid (0.0705 g, 54%). Mass spectrometry (ESI*)
m/z (%BPI): 726.12 (100) (C23H29NsO7F;NaTb]"), 704.13 (10)
([C23H30N507F3Tb]+). HR-MS (ESF) m/z: [M+Na]*, calcu-
lated: 726.1164, found: 726.1158, [M+H]", calculated:
704.1345, found: 704.1340.

TmL? White solid (0.0817 g, 61%). Mass spectrometry
(EST") m/z (%BPI): 736.13 (100) ([C23H2oNsO;FsNaTm]"),
71414 (10) ([C23H3NsO;FsTm]"). HR-MS (ESI") m/z:
[M+Na]", calculated: 726.1253, found: 726.1277, [M+H]", cal-
culated: 714.1434, found: 714.1427.

YbL?. White solid (0.0536 g, 65%). Mass spectrometry
(EST") m/z (%BPI): 741.13 (100) ([C23H20NsO7F3NaYb]h),
71915 (10) ([C23H30N507F3Yb]+). HR-MS (ESF) m/z:
[M+Na]", calculated: 741.1300, found: 741.1295.

Crystal structure determination. A single crystal of
[YbL3*(H,0)]-7H,O-was analysed by X-ray diffraction. Crystal-
lographic data were collected at 100 K using a Bruker D8 Ven-
ture diffractometer with a Photon 100 CMOS detector and Mo-
Ko radiation (A = 0.71073 A) generated by an Incoatec high
brilliance microfocus source equipped with Incoatec Helios
multilayer optics. The software APEX3 was used for collect-
ing frames of data, indexing reflections, and the determination
of lattice parameters, SAINT*® for integrating the intensity of
the reflections, and SADABS®’ for scaling and empirical ab-
sorption correction. The structure was solved by dual-space
methods using the program SHELXT.%® All non-hydrogen at-
oms were refined with anisotropic thermal parameters by full-
matrix least-squares calculations on F? using the program
SHELXL-2014.* Hydrogen atoms were inserted at calculated
positions and constrained with isotropic thermal parameters.
CCDC 1891733 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif. Crystal data and struc-
ture refinement details: Formula: Cy3H4sF3N5O15Yb; MW:
861.68; crystal system: triclinic; space group: P—1; a=9.5512(9)
A; b=10.1528(10) A; ¢=17.9472(16) A; o= 103.418(3)°,
B=99.954(3)°, y = 96.389(3)°; V=1646.4(3) A3; F(000)=870;
7=2; Deac=1.738 g cm’; £=2.932 mm™'; @range=2.70- 30.57°;
Rin=0.0260; 67698 measured reflections, of which 10095 were
independent and 9781 were unique with 7 > 20(/). GOF on
F?=1.049; R1=0.0146; wR2 (all data) = 0.0361; Largest differ-
ences peak and hole: 1.070 and —0.965 eA>.

Computational details. All the calculations were carried out
by using the Gaussian 09 package (Revision D.01).°° Geometry
optimizations of the [LnL!(H,0)]-2H,O, [LnL*(H,0)]*-2H,O
and [LnL!(H,0)]-2H,0 were performed using the hybrid meta-
GGA TPSSh exchange-correlation functional.®! Two explicit
second sphere water molecules were included in the model sys-
tems to improve the description of the Ln-Oyeer bonds.?22* Bulk
solvent effects were considered by using the integral-equation
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formalism variant of the polarizable continuum model
(IEFPCM).% The large-core quasi-relativistic effective core po-
tential (LCRECP) approach and the associated [5s4p3d]-GTO
valence-basis set was employed for all lanthanides,® in combi-
nation with the 6-31G(d,p) basis set for ligand atoms. Geome-
try optimizations were followed by frequency calculations to
confirm the nature of the optimized geometries as local minima.

ASSOCIATED CONTENT

H, 13C, 1%F and 'H CEST NMR spectra, bond distances and opti-
mized geometries obtained with DFT. This material is available
free of charge via the Internet at http://pubs.acs.org.
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