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ABSTRACT: The syntheses of a new cyclen-based ligand L* containing four N-[2-(2-
hydroxyethoxy)ethyl]acetamide pendant arms and of its lanthanide(III) complexes
[LnL*(H,0)]Cl; (Ln = La, Eu, Tb, Yb, or Lu) are reported, together with a comparison
with some Ln™ complexes of a previously reported analogue L' in which two opposite
amide arms have been replaced by coordinating pyridyl units. The structure and dynamics of
the La™, Lu™, and Yb™ complexes in solution were studied by using multinuclear NMR
investigations and density functional theory calculations. Luminescence lifetime measure-
ments in H,O and D,O solutions of the [Ln(L*)(H,0)]** complexes (Ln = Eu or Tb) were
used to investigate the number of H,O molecules coordinated to the metal ion, pointing to
the presence of an inner-sphere H,O molecule in a buffered aqueous solution. Fluoride
binding to the latter complexes was investigated using a combination of absorption
spectroscopy and steady-state and time-resolved luminescence spectroscopy, pointing to a
surprisingly weak interaction in the case of L> (log K = 1.4 + 0.1). In contrast to the results
in solution, the X-ray crystal structure of the lanthanide complex showed the ninth

coordination position occupied by a chloride anion. In the case of L', the X-ray structure of the [(EuL'),F] complex features a
bridging fluoride donor with an uncommon linear Eu—F—Eu entity connecting two almost identical [Eu(L')]*" units.
Encapsulation of the F~ anion within the two complexes is assisted by 7—7 stacking between the pyridyl rings of two complexes

and C—H:--F hydrogen-bonding interactions involving the anion and the pyridyl units.

B INTRODUCTION

Fluoride sensing is currently attracting particular interest
because of the important applications of this anion in dental
care by fluoridation of drinking water,' in osteoporosis
treatment,” for '®F-based positron emission tomography,” and
as a food additive.* Furthermore, above certain concentrations,
fluoride has been related to health troubles,® and its sensing is
also of importance for chemical and nuclear warfare algents.6
Consequently, there is a growing need for the development of
selective and sensitive methods for the detection of F~ anions,
particularly in aqueous solutions. However, fluoride detection
in aqueous solution constitutes a difficult task because the
sensor has to compete with the strong hydrogen-bonding
network formed with water, and a suitable fluoride sensor
should be able to detect fluoride in the presence of other
competing anions. Among the different systems reported for
fluoride recognition, the vast majority use hydrogen—bondin%
interactions provided by amide,” sulfonamide,® indole,

catechol,"® (thio)urea,'" pyrrole,'” imidazolium,"* or positively
charged ammonium groups.'* Recently, fluoride sensing using
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anion—7 interactions has also been reported.'® Another class of
well-documented fluoride sensors is that containing a Lewis
acid center such as boron-containing s-electron systems, '
which can coordinate this anion in aqueous solution below the
maximum contaminant level of 4 ppm set by the Environmental
Protection Agency.17 Other receptors are those containing a
metal center, such as Li\,'® Cu','® HgH,20 A2 op UOZZJF,2 as
the binding site for fluoride.

Lanthanide cations (Ln™) are classified as hard Lewis acids
in the Pearson HSAB classification, and therefore the design
of fluoride sensors containing these ions as the binding site
could be envisaged. Among the lanthanides of interest, those
enabling a simple and sensitive fluorimetric detection, such as
Eu" and Tb", are particularly relevant. The use of luminescent
lanthanide complexes for anion sensing is a well-established
field of spectroscopy.”* In addition to conventional data
collected from the intensity variations due to anion binding,*®
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the changes occurring in the linelike emission spectra of
lanthanides can reveal important features on the binding.”®
Spectral properties such as the luminescence lifetime of the
species,”” polarized absorption,*® or circularly polarized emission®
can also be used to monitor the anion-binding interactions. The
sensing of fluoride anions by luminescent lanthanide complexes
has also been well documented in the literature,”®>** and the
replacement of water molecules by these anions was even used in
lanthanide-based fluoroimmunoassays to improve the lumines-
cence properties of some europium labels.*'

Cyclen-based lanthanide complexes offer an attractive platform
for the development of anion receptors. Indeed, cyclen derivatives
with coordinating pendant arms such as DOTA, DOTAM, and
DTMA (Chart 1) are known to form some of the most

Chart 1. Ligands Discussed in the Present Work
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thermodynamically stable and kinetically inert lanthanide
complexes.”” Furthermore, by careful design of the type and
number of the coordinating pendants appended on the cyclen
backbone, it is possible to obtain coordinatively unsaturated water-
soluble lanthanide complexes with one or two coordination
positions occupied by water molecules.>* The reversible displace-
ment of these water molecules from the lanthanide center of the
complex has been successfully applied to develop sensors/
receptors for a range of meaningful anions.>**%**

Faulkner et al. have recently reported the synthesis of
lanthanide complexes with the ligand 1,4,7,10-tetrakis-

(2-pyridylmethyl)-1,4,7,10-tetraazacyclododecane (L*; Chart 1),
which contains eight N atoms in its donor set and incorporates
four pyridyl chromophores, which can be used to sensitize
metal-centered luminescence from a variety of lanthanides.>* In
a recent report, we investigated the complexes of Ln" ions with
the macrocyclic receptor L' (Chart 1), which is based on a
cyclen framework functionalized with 2-methylpyridyl pendants
at the 1 and 7 N atoms and with N-[2-(2-hydroxyethoxy)-
ethyl]Jacetamide groups at the 4 and 10 N atoms.*® The triply
charged [Ln(L')(H,0)]** complexes were shown to interact
with fluoride anions with very good selectivity over chloride or
bromide. Fluoride coordination displaces the apical water mole-
cule in the complex without major perturbation of the coordi-
nation sphere, which results in an enhanced Eu"-centered
emission upon formation of the ternary complex. In an effort to
further understand the parameters governing the interactions
with fluoride anions, we now report a detailed investigation of
the Ln™ complexes of the ligand containing four N-[2-(2-
hydroxyethoxy)ethyl Jacetamide pendants L* (Chart 1). The
structure and dynamics of the complexes in solution were
studied by using a combination of NMR investigations, density
functional theory (DFT) calculations, and spectroscopic means.
For comparative purposes, these investigations were extended
to the [Ln(L")(H,0)]*" complexes. The solid-state structures
of the La™ complex of L* and a fluoride adduct of the Eu'
complex of L' are also reported.

B RESULTS AND DISCUSSION

Synthesis of L? and Its Lanthanide Complexes. The
synthetic procedure used for the preparation of L? is outlined in
Scheme 1. Compound 1°° was reacted with propionyl chloride
using pyridine as a base to give compound 2 after purification
by chromatography, as confirmed by analysis of the chemical
shifts observed in the NMR spectra, microanalysis, and mass
spectrometry (Figures S1—S4, Supporting Information). N-
Alkylation of cyclen with 2 at room temperature in acetonitrile
in the presence of K,CO; gave compound 3 in good yield
(67%), and the subsequent hydrolysis of the propionic ester
groups afforded L? (Figures S5—S8, Supporting Information)
with an overall yield of 41% as calculated from compound 1.
The Ln™ complexes of L' and L* were obtained by mixing
equimolar amounts of the ligand with hydrated lanthanide
chloride salts in methanol under gentle heating. The mass
spectra of the isolated complexes confirmed the [LnL']** (i =1,2)
composition with peaks corresponding to the molecular cation
and cations arising from complex fragmentation (Figures S9 and
S10, Supporting Information).

Photophysical Properties. In ultrapure water, the UV—
vis absorption spectra of the Eu™ and Tb™ complexes of L*
displayed a weak and broad absorption band between 260 and
300 nm, which, according to the values of the corresponding
molar absorption coefficient, may be attributed to n — #*
transitions centered on the carboamide functions (Figures 1 and 2).
At higher energy, an intense absorption band is observed with
maxima at 227 (¢ = 15800 M~! cm™") and 228 nm (e = 15000
M em™), respectively, for Eu™ and TH', probably arising
from w — #* transitions on the carbonyl functions. Upon
excitation into the UV domain, both complexes display the
typical emission spectra associated with Ln""-centered emission.

In the case of Eu™ (Figure 1), the metal-based emission is
composed of the characteristic *D, — ’F; transitions, with ] = 0
(580 nm), 1 (585—601 nm), 2 (607—632 nm), 3 (weak,
pointing at 654 nm), and 4 (679—709 nm).*” Two important
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Scheme 1. Synthesis of L**
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Figure 1. UV—vis absorption (blue) and fluorescence (red, A ., = 260 nm,
cutoff filter at 370 nm) spectra of [Eu(L*)(H,0)]Cl in ultrapure water.

features can be noticed from the spectrum. First, the Dy — "F;
transition is composed of only two sublevels, in perfect
agreement with a C, symmetry of the complex in solution.
Regarding the weak splitting between the A and E components
of this transition (AE = 128 + 15 cm™"), analysis of structurally
relevant DOTA-type complexes of Eu™ suggests a twisted
square-antiprismatic (TSAP) conformation as the major
isomer.*® Then, in accordance with this symmetrical environment,
the D, — ’F, transition is very weak relative to the magnetic
dipole-allowed *Dy — "F; transition (I,_,,/I,_; = 1.13). When the
methodology developed by Werts et al. was applied,® the radiative
lifetime of the Eu™ complex was determined to be 9.6 ms. The
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Figure 2. UV—vis absorption (blue) and fluorescence (green, A =
260 nm, cutoff filter at 370 nm) spectra of [Tb(L*)(H,0)]Cl; in
ultrapure water.

luminescence lifetimes of the Eu™ complex were also determined

in ultrapure water, Tris/HCl buffer (pH = 7.0, 0.01 M), and D,0
and amount respectively to 0.56, 0.52, and 2.05 ms. The overall
luminescence quantum yield (upon excitation into the ligand
absorption bands) was determined relative to [Ru(bipy);]Cl, in
nondeoxygenated water (¢ = 2.8%)* and amounts to 2.0(3) X
107>, The metal-centered luminescence quantum yield can then be
calculated using

P, = obs/ Trad = 0.058
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This reveals that the overall very weak luminescence of the
complex is due not only to a bad energy transfer from the
ligand to the Eu™ cation (17 ., = 3.5%) but also to a very
poor Eu"'-centered luminescence, probably resulting from
the conjugated quenching effect of OH oscillators from
water molecules and CH and CONH ones from the ligand
itself.*!

From the luminescence lifetime in water and heavy water, it
was possible to calculate the hydration number of the complex.
Taking into account the contributions of OH and CONH
oscillators and outer-sphere water molecules, a value of 1.2 +
0.1 water molecules was obtained using the equation derived by
Horrocks for a set of different ligands,42 while the use of
Parker’s equation for the same contributions, but obtained from
DOTA-like complexes,* led to a value of 1.1 inner-sphere
water molecules, closer to the expected g = 1 value for an
overall coordination number of 9 provided by the octadentate
ligand and an inner-sphere water molecule.

The fluorescence spectrum of the Tb™' complex also displays
the typical emission bands arising from the *D, — ’F;
transitions with maxima at 488 (J = 6), 546 (J = S), 588 (J =
4), and 621 (J = 3) nm. The overall luminescence quantum yield
was determined to be also rather weak for the Tb complex with a
value of 1.5(3) X 1072 (relative to the [TbL(H,0)] complex in
nondeoxygenated water).” The luminescence lifetime of Tb™
in water amounts to 1.71 ms, and thanks to the lifetime in heavy
water (7po = 2.78 ms), it was possible to calculate the hydra-
tion number by taking into account the contribution of outer-
sphere water molecules,”' q = 0.8 + 0.2. This reveals the pre-
sence of a single water molecule in the first coordination sphere of
Tb™, in agreement with the results obtained for the Eu'
analogue.

Structure and Dynamics of the Complexes in
Solution. The 'H and *C NMR spectra of the [Lu(L")-
(H,0)]*" and [Ln(L*)(H,0)]*" (Ln = La or Lu) diamagnetic
complexes were recorded in a D,0 solution (pD = 6.4 for LuL'
and LuL? and 6.6 for LaL?). In the case of the La™ complex of
L? the 'H NMR spectrum recorded at room temperature
shows relatively broad signals due to exchange phenomena, as
was previously observed for the complex of L'.** By contrast,
the 'H NMR spectra of the Lu™ analogues are well-resolved at
298 K (Figure S11, Supporting Information) and show signals
corresponding to one major stereoisomeric form of the
complex in solution. The proton signals could be assigned on
the basis of 2D heteronuclear HMQC and HMBC experiments
as well as standard 2D homonuclear COSY experiments (Table
S1, Supporting Information). The 'H NMR spectrum of
[Lu(L?)(H,0)]*" consists of 10 signals, which points to an
effective C, symmetry of the complex in solution. This is
confirmed by the *C NMR spectrum, which shows 8 signals
for the 32 carbon nuclei of the ligand backbone. The 'H and
C NMR spectra of the L' analogue show 20 and 16 signals,
respectively, in agreement with an effective C, symmetry of the
complex in solution.

The binding of a ligand to a paramagnetic Ln"" ion provokes
relatively large NMR frequency shifts at the ligand nuclei, with
magnitudes and signs depending on both the nature of the
lanthanide ion and the location of the nucleus relative to the
metal center.** The hyperfine 'H NMR shifts in Yb™
complexes are considered to be largely pseudocontact in
origin, and they can provide useful structural information in
solution. For a given nucleus i, the isotropic paramagnetic shift

I

induced by Yb™ (52*%) can be approximated by the following
equation:

sin” O cos 2¢
rs (1)

where r, 6, and @ are the spherical coordinates of the observed
nucleus with respect to Yb™ at the origin and D, and D, are
proportional, respectively, to the axial [y,, — '/3(¥. + Xy
Xz2)] and rhombic (y.. — y,,) anisotropies of the magnetic
susceptibility tensor y. In the special case of axial symmetry,
that is, if the molecule presents a symmetry axis C, with n > 3,
the second term of eq 1 vanishes because D, = 0. The
diamagnetic contribution to the observed chemical shifts can be
accounted for by measuring the 'H NMR shifts for the
corresponding diamagnetic Lu"" complex.

The 'H NMR spectra of the [Yb(L')(H,0)]* (Figure 3)
and [Yb(L?)(H,0)]** complexes recorded in a D,0O solution

3cos? 0 — 1
3

8P = p, +D,

100
90 -
80 -
70
60 .
50
40
30
20
104
0]
sy o R
oy i B o

S iri S\ Hiteq

40 ! ! Se-H10ax
50 H1tax 9

e N [ T T G . . T I S
60 50 40 30 20 10 0 -10 -20 -30 40 -50 -60

Experimental Shift / ppm

Calculated Shift / ppm

Figure 3. "H NMR spectrum of [Yb(L')(H,0)]*" recorded in a D,0
solution (pD = 6.1) at 298 K and plot of experimental versus
calculated shifts. The solid line represents a perfect fit between the
experimental and calculated values. See Chart 1 for labeling.

(pD = 6.1 and 6.4, respectively) are well resolved. They both
show the signals corresponding to a major isomer in solution,
together with signals of smaller intensity arising from the
presence of a second complex species (<6%). The major
species observed in the spectrum of the complex of L' shows 21
signals, in agreement with an effective C, symmetry of the
complex in solution (Table 1). The spectrum of the L?
analogue is much simpler and presents 11 signals correspond-
ing to the species with the highest abundance, which points to
an effective C, symmetry of this species in solution. Thus, the
magnetic susceptibility tensor of [Yb(L")(H,0)]*" is expected
to be rhombic (D, # 0), while that of the L* analogue is
expected to be axial (D, = 0). Analysis of the 'H NMR shifts in
these complexes thereby allows assessment of the effect of the
rhombic contribution on the Yb™-induced hyperfine 'H NMR
shifts. The assignments of the proton signals (Table 1) of the
major species observed in the spectra of the [Yb(L")(H,0)]**
and [Yb(L?)(H,0)]*" complexes were based on standard 2D
homonuclear COSY experiments, which gave strong cross-
peaks between the geminal CH, protons as well as between

dx.doi.org/10.1021/ic201447c|Inorg. Chem. 2011, 50, 12508—12521
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Table 1. Comparison of Experimental and Calculated 'H
NMR Shifts [ppm with Respect to Tetramethylsilane
(TMS)] for the Yb™ Complexes of L' and L*“

L! L?

5o 5?15 b 5o 5?& b
H1 21.30 25.80 Hlax 96.38 95.29
H2 17.11 14.99 Hleq 17.92 20.70
H3 14.87 1527 H2ax —-30.85 —27.72
H4 1424 17.71 H2eq 15.08 18.26
Hé6ax —17.50 —20.09 H3ax —57.63 —60.68
H6eq 13.10 15.35 H3eq —-25.59 —22.36
H7ax 54.94 54.66 Hsa —277 e
H7eq 27.26 29.59 HSb —6.74 e
H8ax 20.87 21.24 Hé6a —0.40 e
H8eq 13.54 1526 Héb —1.68 e
H9ax 48.54 46.06 H7a 0.95 e
H9eq —4.34 —329 H7b 0.61 e
H10ax —49.25 —45.47 HSa 1.80 e
H10eq 3.49 6.45 HS8b 1.73 e
Hilax —39.14 —42.53
Hlleq —39.63 —36.51
D —1603 —3291
D,* 3520
AR“ 0.088 0.057

j
“The diamagnetic contribution was estimated from the shifts observed
for the Lu™ analogue. Values calculated by using eq 1 and the SAP
conformations of the complexes optimized at the B3LYP/6-31G(d)
level. “In ppm A>, dAF)- = [X(89° — 59/ Y (599)*]V, where 59
and 65 represent the experimental and calculated values of a nucleus
i, respectively. “Not included in the analysis of the paramagnetic shifts.

vicinal axial—axial protons of the cyclen unit. The 'H NMR
peaks due to CH, protons of the cyclen moiety and H3 protons
in [Yb(L?)(H,0)]*", as well as H6 and HI1l protons in
[Yb(L")(H,0)]*, can be grouped into two different sets
according to their relative line broadening: a group of
resonances with line widths at half-height of 54—76 Hz (at
300 MHz and 298 K) and a second set of signals with line
widths in the range 26—35 Hz (Figure 3). These two sets of
signals correspond to two sets of Yb"'—H distances, with the
broader resonances being associated with the protons closer to
the metal ion.* Thus, the broader resonances were assigned to
axial protons, while the second set of signals was assigned to
equatorial ones. A full assignment of the '"H NMR spectra was
achieved with the SHIFT ANALYSIS program developed by
Forsberg et al,,*® which allows one to perform random permu-
tations of the dipolar shifts.

Aiming to obtain information about the structure in solution
of the [Ln(L')(H,0)]* and [Ln(L?*)(H,0)]*" complexes, we
have performed DFT calculations based on the B3LYP model.
On the grounds of our previous experience,*” in these calcula-
tions we have used the effective core potential (ECP) of Dolg
et al.*® and the related [Ss4p3d] Gaussian-type orbital (GTO)
valence basis set for the lanthanides, while the remaining atoms
were described by using the 6-31G(d) basis set. For com-
putational simplicity in these calculations, the 2-(2-
hydroxyethoxy)ethyl chains of the ligands were substituted by
methyl groups, with the methyl-substituted ligands being
denoted as L and L* (L* actually corresponds to DTMA;
see Chart 1). In our previous paper, we reported DFT
calculations on the [Ln(L')(H,0)]** systems (Ln = La or Eu)
performed in the gas phase.”” Herein, we extend these studies

12512

to the Yb™ complex to obtain structural models for analysis of
the paramagnetic Yb"-induced shifts.

It is wellknown that in nine-coordinate Ln"'DOTA-like
complexes the four ethylenediamine groups adopt gauche
conformations, giving rise to two macrocyclic ring conforma-
tions: (6565) and (4444). Furthermore, there are two possible
orientations of the four pendant arms (absolute configuration A
or A) resulting in four possible stereoisomers, existing as two
enantiomeric pairs.*” These stereoisomers differ by the layout of
the four carboxylic arms, adopting either a monocapped square-
antiprismatic (SAP) or a monocapped twisted square-
antiprismatic (TSAP) geometry.*® As expected, our calculations
provide the SAP and TSAP isomers as minimum-energy
conformations for the [Ln(LY)(H,0)]** and [Ln(L*)-
(H,0)]** systems. The main calculated geometrical parameters
for both isomers are shown in Tables S2 and S3 (Supporting
Information). Our calculations reproduce reasonably well the
bond distances and angles observed in the solid state for
[Eu,(L"),F]** and [La(L*)CI]** complexes (see below). The
main discrepancy observed between the experimental and
calculated structures is the overestimation in the latter of the
Ln—N distances by 0.01—0.10 A and the Ln—O bond lengths by
0.01—0.04 A. The optimized structures show nearly undistorted
C, and C, symmetries for the complexes of L' and L?,
respectively, with the symmetry axis being perpendicular to the
mean plane defined by the N atoms of the cyclen fragment and
containing the Ln ion and the O atom of the inner-sphere water
molecules. The mean twist angles (@) between the two parallel
squares range ca. between 34 and 38° and between —19 and
—24° in the SAP and TSAP isomers, respectively. These values
are very similar to those observed in the solid state for the
respective isomers of DOTA complexes.”' The absolute ® values
increase by ca. 3—5° upon proceeding to the right across the
lanthanide series, as the ionic radius of the Ln'" ion decreases.

The SAP and TSAP geometries of [Yb(L')(H,0)]*" and
[Yb(L*)(H,0)]*" complexes obtained from DFT calculations
were used to assess the agreement between the experimental
and predicted Yb"-induced paramagnetic shifts with the SHIFT
ANALYSIS program developed by Forsberg et al.** The SHIFT
ANALYSIS program calculates the dipolar shifts defined by eq 1
in the molecular coordinate system by using a linear least-
squares search that minimizes the difference between the
experimental and calculated data. The proton signals of the N-
[2-(2-hydroxyethoxy)ethyl]acetamide groups were excluded
from this analysis because their relatively long distance to the
paramagnetic center results in small Yb"-induced paramagnetic
shifts.

The agreement between the experimental and calculated
isotropic shifts obtained by using the SAP isomers was very
good (Table 3), while poorer agreement factors were obtained
for the TSAP conformations. Table 1 shows the D, and D,
values providing the best fit of the experimental shift values, as
well as a comparison of the experimental and calculated para-
magnetic shifts according to the dipolar model. The excellent
agreement observed between the experimental and calculated
Yb"™-induced paramagnetic shifts unambiguously proves that
these complexes adopt a SAP geometry in aqueous solution. As
expected for nonaxial systems, in the case of the [Yb(L')-
(H,0)]** complex, the calculated D; and D, values define a
rhombic magnetic susceptibility tensor, while for the L?
analogue, a good fit of the experimental data was obtained by
using an axial model. The D, values obtained from the fitting of
the paramagnetic shifts observed for the complexes of L' and
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L? are very different, indicating that replacement of the amide
groups of the ligand by pyridyl pendant arms has a strong effect on
the magnetic susceptibility tensor of this system, which is related
to the second-order crystal-field parameters of the complex.

The *C NMR spectrum of [Lu(L')(H,0)]*" recorded at
278 K shows two signals due to the carbon nuclei of the
macrocyclic fragment at 58.0 and 58.7 ppm. These signals
gradually broaden above this temperature and finally achieve
coalescence at ca. 338 K, reflecting intramolecular dynamic
exchange processes (Figure 4). This behavior is consistent with

ks ‘ 358 K

- 338K

T \ ot 318K

e e k208K

c3 ta c2c1
FSRERRST [N |SPRPRRINEN 1 WP, 5
70 68 66 64 62 60 58 56

ppm

Figure 4. Aliphatic region of the *C NMR spectra (125.8 MHz) of
[Lu(L")(H,0)]** recorded in a D,O solution (pD = 6.4) at different
temperatures. See Chart 1 for labeling.

an enantiomerization process that interconverts the A(5656)
and A(4444) isomers and represents a simple exchange process
between two equally populated sites. This dynamic process
involves inversion of the macrocyclic ring, which leads to a
(6666) < (AA42) conformational change, and rotation of the
four pendant arms of the ligand, resulting in a A < A
configurational change.®” If it is assumed that the exchange
process associated with the line broadening (before coales-
cence) is slow on the actual NMR time scale, the exchange rate
for this dynamic process (k) can be calculated from Av |, the
observed line widths at half-height: k = z[Av,,, — Av,,(0)],
where Avq,,(0) is the line width in the absence of exchange.
The Eyring plot (R®> > 0.994; Figure S12, Supporting
Information) of In(k/T) versus 1/T in the temperature range
278-333 K, where k is given in eq 2 (y is the transmission
coefficient assumed to be 1, kj is the Boltzmann constant, T is
the absolute temperature, k is the rate constant, and AGH,
AH#*, and AS* are the activation free energy, enthalpy, and
entropy, respectively) yields the following activation parame-
ters: AG¥ = 66 + 8 kJ mol™, AH* = 33 + 3 kJ mol}, and AS¥
=—109 + 7 J K™ mol™ at 298 K.

k = y(ksT/h) exp(AS¥/R — AH¥/RT) @)

The free-energy barrier determined from analysis of the
NMR spectra is very similar to that determined for the ring-
inversion process in different Ln" complexes with cyclen-based
ligands. Thus, the rate-determining step for the enantiomeriza-
tion process in [Lu(L")(H,0)]* most likely corresponds to
the cyclen-inversion pathway. To confirm this, we investigated
the ring-inversion and arm-rotation processes in [Lu(L")-
(H,0)]*" with the aid of DFT calculations. As previously
determined for [Lu(DOTA)]", our calculations indicate that
the arm-rotation process is also a one-step process involving a

concerted rotation of the four pendant arms of the ligand
(Figure S). The activation free energy for this process (50.1 kJ
mol™") is lower than that obtained for [Lu(DOTA)]~ using the
same computational approach (82 kJ mol™).%> These results
suggest that replacement of the negatively charged acetate
groups of DOTA by neutral acetamide ones results in a
substantial lowering of the activation barrier for the arm-
rotation process, leading to a A < A configurational change.
According to our results obtained on B3LYP/6-31G(d)-
optimized geometries, the inversion of the cyclen moiety is a
four-step process (Figure S), which is in line with previous
computational studies performed on different Ln™ complexes
with cyclen-based ligands.>>*® In each of these steps, one five-
membered chelate ring changes its configuration from J to 4,
passing through a transition state (TS) in which the chelate
ring adopts a nearly planar conformation with the NCCN
moiety in eclipsed disposition. Because of the multistage nature
of the ring-inversion process, the experimentally measured
activation energy would be effective over the four stages shown
in Figure 5. The TS endowed with the highest free energy
corresponds to TS;, whose energy (58.6 kJ mol™) is only slightly
lower than that determined experimentally (66 + 8 kJ mol™").
According to the mechanism proposed in Figure 5, enantiomeriza-
tion requires interconversion between the SAP and TSAP isomers.
Alternatively, the enantiomerization process could follow a
pathway involving inversion of two ethylenediamine units to
form a A(A545) intermediate and subsequent rotation of the
pendant arms at this point instead of at the end of the ring flip.
Once the ring reaches a (4648) conformation, there is no difference
in energy between the two possible orientations of the pendant
arms. However, the free energy calculated for the TS responsible
for the A(1618) & A(AS18) interconversion, which involves a con-
certed rotation of the four pendant arms, is considerably high (84.2
k] mol™"). This supports the fact that the mechanism proposed in
Figure 5 on the basis of DFT calculations is basically correct, and
the enantiomerization process requires interconversion between the
SAP and TSAP isomers. According to our calculations, the rate-
determining step for the enantiomerization process corresponds to
the ring-inversion pathway. Furthermore, the activation free
energies calculated for the arm-rotation and ring-inversion
processes are in excellent agreement with those determined
experimentally for [Eu(DTMA)(H,0)]**, which amount to 56.9 kJ
mol™ (arm rotation) and 62.2 kJ mol™ (ring inversion).”*

Fluorescence Titration of [Eu(L?)(H,0)ICl, by NaF. The
interaction of fluoride anions with the Eu™ complex was monitored
by spectrofluorimetric titration experiments in which the emission
spectra of the complex were measured as a function of NaF
addition in a buffered water solution (0.01 M Tris/HCI at pH =
7.0). It soon appeared that the interaction was very weak, thereby
necessitating large amounts of added fluoride. Figure 6 represents
the evolution of the Eu""-based emission spectra as a function of
added fluoride. Because of the weakness of the fluorescence signal,
it was not possible to obtain a resolution better than 1 nm, but this
was sufficient to observe large changes, in particular on the *D, —
’F; transitions with ] = 1 (580—600 nm) and ] = 4 (680—710 nm).
The evolution of the spectra was fitted with the SPECFIT
software,” from which the evolving factor analysis clearly reveals
formation of a single new species. The data were then fitted to the
following model:

[Eu(2)(H,0) Pt + F~ s [Eu(@)FPY + H,0

dx.doi.org/10.1021/ic201447c|Inorg. Chem. 2011, 50, 12508—12521
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Figure 6. Evolution of the Eu-centered emission spectra of [Eu(L?)]**

as a function of the NaF equivalents added into the solution (1
280 nm, cutoff filter at 370 nm).

exc

Assuming a constant concentration of water, the apparent
stability constant can be written as

_ [(BuLE)**]
[(BuL(H,0))**][F7]

The fitting of the data corroborates a very weak association
with a log K value of only 1.4 + 0.1, 2—3 orders of magnitude
smaller than those observed for [Eu(L')(H,0)]* *° or other
lanthanide complexes.’® However, the Mulliken metallic
charges obtained from DFT calculations for the [Eu(L")-
(H,0)]** (+1.28) and [Eu(L*)(H,0)]** (+1.29) systems are
virtually identical and show that the two complexes do not

present important differences in terms of the charge density
of the Eu" ion. The evolution of the relative concentration
of the species during titration is presented in Figure S13
(Supporting Information), and Figure 7 displays the
calculated spectra of the two species, clearly showing that
the splitting observed for the D, — ’F; transition is no
longer observable in the fluoride adduct. This observation is in
excellent agreement with previous work on the replacement of the
axial donor in octacoordinated DOTA-type complexes of Eu and
Yb,”’ showing that the more polarizable the axial donor, the
smaller the splitting. The luminescence lifetime of Eu™ was also
monitored at 616 nm at the end of the titration. Interestingly, the
luminescence lifetime could not be fitted with a simple
monoexponential decay, but using a biexponential function led
to two components with a short lifetime (z = 0.52 ms)
corresponding to 20% of the total intensity and a long lifetime
of 1.20 ms for the other 80%.

It is noteworthy that the short luminescence lifetime
corresponds to that observed for the complex in Tris buffer
(see above). Thus, one can assume that the second species
observed corresponds to the fluoride adduct, for which
replacement of the water molecules by F~ decreases the non-
radiative deactivations and increases the lifetime. Furthermore, the
relative proportions calculated for the two species are in good
agreement with those obtained by the fitting of the titration data.
Nevertheless, the presence of two distinct lifetimes indicates very
slow exchange kinetics between the two species (k. < 10° s7"),
pointing to a large activation energy necessary for the exchange of
water with fluoride.

X-ray Crystal Structures. Crystals of [La(L?)Cl]-
Cl,-4H,0 were obtained by the slow evaporation of an
aqueous solution of the complex. The 2-hydroxyethoxy groups

dx.doi.org/10.1021/ic201447c|Inorg. Chem. 2011, 50, 12508—12521
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Figure 7. Calculated emission spectra for the species observed during
titration of the [EuL*(H,0)]** complex with NaF.

are heavily disordered, which results in large displacement
ellipsoids for some of the C and O atoms of the side chains.
Crystals also contain heavily disordered water molecules
involved in hydrogen-bonding interaction with the Cl™ anions,
which, in turn, are hydrogen-bonded to the amide NH groups
of the ligand. However, this disorder does not affect the
positions in the vicinity of the metal ion. As expected, the La™
ion is coordinated to the four N atoms of the cyclen moiety and
to the O atoms of the amide pendant arms. Nine-coordination
is completed by coordination of a capping chloride anion,
which presumably replaces the inner-sphere water molecule
coordinating to the metal ion in an aqueous solution. Views of
the structure of the [La(L?)CI]** complex are shown in Figure
8, while bond distances of the metal coordination environment
are given in Table 2. The [La(L*)Cl]** complex possesses a
crystallographically imposed C, symmetry, which results in four
identical La—N and La—O distances. The Lal—N1 [2.788(4) A]
and Lal—O1 [2.501(3) A] distances are very similar to those
observed in the solid state for the [La(DOTA)]~ complex (2.769
and 2.492 A, respectively).”® The Lal—Cl1 distance [2.811(3) A]
is close to those observed for other nine-coordinated La™
complexes® and similar to that observed for a tetrapyridyl
DOTA complex of europium [Eu—Cl = 2.763(3) A], for which
the Eu—Cl distance can be tuned in the solid state by changing the
noncoordinated anions.*

Slow evaporation of an aqueous solution of the Eu"" complex
of L' in the presence of a 4-fold excess of NaF gave single
crystals of [Eu,(L'),F]CLF, suitable for X-ray diffraction
analysis. Crystals contain the [Eu,(L'),F]** entity, non-
coordinated F~ and CI” anions, and heavily disordered water
molecules involved in hydrogen-bonding interaction with the
anions and the NH groups of the ligand. The 2-hydroxyethoxy
groups of the ligand are again heavily disordered, resulting in
large displacement ellipsoids for some of the C and O atoms of
the side chains. The asymmetric unit contains a half [Eu,-
(L"),F]** unit, with the Eu and F atoms lying on the C, axis of
the monoclinic space group P2/n. Views of the structures of the
[Eu,y(L'),F]°* and [Eu(L")F]*" entities are shown in Figure 9,
while bond distances of the metal coordination environment
are given in Table 2.

In [Eu,(L"),F]*", two [Eu(L")]** units are linked by a bridging
fluoride ligand, which results in the formation of an uncommon
linear Eul—F1—Eu2 unit. Indeed, only a few examples of Eu™
complexes containing doubly-°" or triply-** bridging fluoride

Juts

ci

W,

03a

Figure 8. Views of the structure of the [La(L?)CI]*" cation along
(top) and perpendicular (bottom) to the C, axis. The ORTEP plot is
at the 30% probability level. H atoms are omitted for the sake of
simplicity.

ligands have been reported, where the Eu—F—Eu angles are in
the range 95—112°. Concerning the structurally characterized
complexes of other Ln™ ions containing bridging fluoride
ligands, Ln—F—Ln angles in the range 98—179° have been
observed.®* The [Eu,(L'),F]** entity appears to be stabilized
by the presence of m—r-stacking interactions involving the
pyridyl rings of neighboring L' units. The mean least-squares
planes defined by these aromatic rings intersect at 13.5°, while
the distance between their centroids amounts to 3.50 A. The
formation of the [Eu,(L'),F]*" unit appears to be further
assisted by the presence of weak C—H:-F hydrogen-bonding
interactions involving C—H groups of the pyridyl units
[C10---F1 3.103 A, H10---F1 2.662 A, C10—H10---F1 108.8°;
C60--F1 3.129 A, H60-F1 2.699 A, C60—H60---F1 108.3°].
The two metal ions present in the [Eu,(L'),F]*" unit possess
very similar distances to the donor atoms of the ligand.
The distances between the metal ions and the N atoms of the
macrocycle and the Eu—O distances are both slightly longer
than those observed for other Eu™'DOTA tetraamide
complexes.”* The distances between the Eu and N atoms of
the pyridyl units are, however, ca. 0.05 A shorter than those
observed for [Eu(LP)]3*.3*

Both the [Euy(L'),F]*>* and [La(L?)CI]** complexes crystallize
as racemates with a capped SAP coordination polyhedron around
the metal ion [A(6666) and A(4414)]. The coordination
polyhedra may be considered to be comprised of two nearly
parallel planes (0.0 and 3.9° for the complexes of L' and L?,
respectively): The four N atoms of cyclen describe the basal plane,
while the donor atoms of the pendant arms delineate the upper
plane. The coordinated fluoride or chloride anion is capping the

dx.doi.org/10.1021/ic201447c|Inorg. Chem. 2011, 50, 12508—12521
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Table 2. Bond Distances (A) of the Metal Coordination Environments in [La(L*)Cl]** and [Eu,(L"'),F]*" (See Figures 8 and 9

for Labeling)

[La(L?)C1]**
Lal-N1 2.788(4) Eul-F1
Lal-0O1 2.501(3) Eul-016
Lal—Cll1 2.811(3) Eul—N9
Eul—-N1
Eul—-N4

[Euz(Ll)zF]Sm

2.330(2) Eu2-Fl 2.324(2)
2.421(3) Eu2—-066 2.410(3)
2.545(4) Eu2—-N59 2.555(4)
2.715(4) Eu2-NS51 2.673(4)
2.730(4) Eu2—NS54 2.731(4)

aSymmetry transformations used to generate equivalent atoms: —x + I/ »Y) —z + 1/2.

Figure 9. Views of the structure of the [Eu,(L'),F]®* cation
perpendicular to the Ln—F—Ln axis (top, block arrows indicating
the 7—z-stacking interactions) and of the [Eu(L')F]** complex entity
along the Ln—F—Ln axis (bottom). The ORTEP plots are at the 30%
probability level. H atoms are omitted for the sake of simplicity.

upper plane. The mean twist angle (®) between the upper and
lower planes amounts to 37.1° ([Eu,(L'),F]**) and 37.6°
([La(L?)CI]*). These values are very similar to those observed
in the solid-state structures of Ln" complexes of DOTA,®
DOTAM,***” and DTMA®®® (Chart 1) with SAP geometries.
The coordination geometry observed for [La(L?*)CI]*" differs from
that observed for the [La(DOTA)]™ complex,>® which adopts a
TSAP geometry in the solid state. A TSAP geometry was also
observed for the [Ln(L?)]** (Ln = Pr, Nd, or Eu)** and [Ln-
(DOTAM)(H,0)** (Ln = Pr or Eu)”®”" complexes. However,
the geometry adopted by the complexes in the solid state does not
necessarily reflect their solution structures because it has been
shown that the population of the SAP and TSAP isomers is
substantially affected by the solvent.”

B CONCLUSIONS

The interaction of Ln™" complexes with fluoride anions is well
documented in the literature and has been mainly studied by
luminescence of the lanthanide cations or by 'H NMR

111

spectroscopy. However, investigations on fluoride sensing
using cyclen-based lanthanide complexes are very rare because
of the weak interactions between the anionic substrate and the
metal center. In this study, as a continuation of our recent work
involving tetrafunctionalized cyclen-based ligands (DOTA-like)
as metalated macrocyclic receptors, we report a detailed
investigation on the Ln™ complexes of a previously reported
ligand L' and of its new analogue L* containing four N-[2-(2-
hydroxyethoxy)ethyl]Jacetamide pendants. By means of NMR
studies, DFT calculations, and spectroscopic measurements, we
have highlighted various structural and dynamic properties of
the complexes in solution. The X-ray structure of [La(L*)CI]-
Cl,, with its coordinated chloride, demonstrates the suitability
of the complex for binding electronegative halogen anions. The
interaction of fluoride anions with the positively charged
[Eu(L?)]** complex was monitored by fluorescence titrations,
and the results have unambiguously shown a very weak
interaction with the anionic substrate (log K = 1.4) compared
to the reported fluoride interaction with [EuL']** (log K =
2.9).>® The X-ray structure of the ternary [Eu(L")F]** complex
shows a remarkable [Eu,(L'),F]%* “sandwich” structure
including a perfectly linear Eu—F—Eu bridge stabilized by
nm—n-stacking interactions of opposite pyridyl units. It also
suggests the presence, in the solid state, of C—H:--F hydrogen-
bonding interactions involving C—H groups of the pyridyl
moieties and the anion, which could contribute to the overall
stability of the adduct. This supplementary interaction most
likely persists in solution, explaining at least, in part, the higher
binding affinity toward fluoride of [Eu(L')(H,0)]** in
comparison to [Eu(L?)(H,0)]*". The above findings suggest
that the presence of the two 2-methylpyridyl pendant arms of
L' confers supplementary forces, leading to a stronger fluoride
binding in the [Eu(L')F] adduct. These results represent an
important step in our investigations in the field of fluoride
sensing in aqueous solution, demonstrating that the binding
interaction can be increased by playing with the nature of the
coordinating pendant arms of the macrocycle, with the
introduction of supplementary hydrogen-bonding donors to
stabilize the fluoride anion in its apical position on the Ln™
coordination sphere. We are currently pursuing efforts in this
direction, by using the well-known tools for selective N-
alkylation of the cyclen backbone to design new ligands with
improved fluoride binding ability.
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B EXPERIMENTAL SECTION

Materials and Methods. L' was prepared as previously
reported.®® All other reagents were commercially obtained and used
without further purification; cyclen was purchased from Chematech
(Dijon, France); solvents were dried using standard procedures. IR
spectra were measured on a Bruker Vertex 70 FT-IR (ATR) spec-
trometer. 'H and 3C NMR spectra and 2D COSY, HMQC, and
HMBC experiments were run on a Bruker 500 or 300 spectrometer.
The "H NMR spectra were referenced by using the HOD signal at
4.79 ppm, and the pD values of the solutions were calculated from the
measured pH* values with the following relationship: pD = pH* +
0.4.% Elemental analyses were performed at the “Service Commun
d’Analyses” of the University of Strasbourg and at the “Service de
Microanalyse ISCN” of the CNRS at Gif Sur Yvette. Mass spectra were
run at the “Service Commun d’Analyses” of the University of
Strasbourg or at the “Service Commun de Spectrometry de Masse” of
the University of Brest.

Syntheses. 2-Bromo-N-[2-(2-hydroxyethoxy)ethyl]acetamide
(7). This compound was synthesized as previously described®® and
purified by an additional chromatography on SiO, (R = 0.38 in ethyl
acetate) with a CHCl,/ ethyl acetate 0 — 30% mixture as the eluent to
give 1.9 g of 1 as a colorless oil (yield 62%). Elem anal. Calcd for
CH,,BINO,: C, 31.88; H, 5.35; N, 6.20. Found: C, 31.57; H, 5.51; N,
5.94. '"H NMR (CDCl,, 400.13 MHz, 25 °C, TMS): & 2.88 (g, 2H,
—CH,NH), 3.04 (t, 2H, —CH,CH,0), 3.16 (t, 2H, —CH,CH,NH),
3.40 (t, 2H, —CH,OH), 3.96 (s, 2H, —CH,Br), 7.59 (s, 1H, NH). 13C
NMR (CDCl,, 100.62 MHz, 25 °C, TMS): 5 278.3 (—CH,Br), 39.3
(-CH,NH), 60.5 (—CH,OH), 68.4 (—~CH,CH,NH), 71.5
(—CH,CH,0H), 166.7 (CO). ESI-HRMS in CHCl;: m/z 226.0075
(IM + H]*). IR (ATR, ecm™): v 3277 (br, OH), 1651 (NHC=O0),
573 (CBr).

2-[2-(2-Chloroacetamido)ethoxy]ethyl Propionate (2). A solution
of propionyl chloride (2.02 g, 20.7 mmol) in anhydrous CH,Cl,
(15 mL) was added dropwise to a solution of compound 1 (4.68 g,
20.7 mmol) and freshly distilled pyridine (1.73 g, 20.7 mmol) in the
same solvent (15 mL). The mixture was stirred overnight, and then
10 mL of water was added. The aqueous solution was extracted with
CH,Cl, (3 X 60 mL). The combined organic extracts were dried over
MgSO,, and the solvent was evaporated. The residue was purified on
SiO, (R¢ = 0.34 in 3:1 petroleum ether/CHCIl;) with a petroleum
ether/CHCI; 0 — 50% mixture as the eluent to give 4.22 g of 2 as a
colorless oil (yield 78%). Elem anal. Calcd for CoH4-
CINO,02CHCly: C, 42.25; H, 6.24; N, 5.36. Found: C, 42.30; H,
6.39; N, 5.33. "H NMR (CDCl,, 400.13 MHz, 25 °C, TMS): 5 1.09 (t,
3H, CHj,), 2.31 (q, 2H, —CH,CHj), 347 (t, 2H, —CH,NH), 3.58 (t,
2H, —CH,CH,NH), 3.65 (t, 2H, CH,0), 4.04 (t, 2H, CH,0CO),
428 (s, 2H, CH,Cl), 6.88 (1H, NH). *C NMR (CDCl,, 100.62 MHz,
25 °C, TMS): 6 9.3 (CH,), 26.8 (CH,CO), 38.2 (CH,NH), 42.0
(CH,CI), 62.6 (CH,0CO), 67.8 (CH,0), 683 (OCH,), 165.8
(NHCO), 173.7 (CO). ESI-HRMS in CHCl;: m/2260.06594 ([M +
Na]*). IR (ATR, cm™): v 1732 (OC=0), 1659 (NHC=O0), 806
(can.

[[[[2,2',2",2"-(1,4,7,10-Tetraazacyclododecanyl-1,4,7,10-tetrayl)-
tetrakis(acetyl)]tetrakis(azanediyl)]tetrakis(ethane-2,1-diyl)]-
tetrakis(oxy)]tetrakis(ethane-2,1-diyl) Tetrapropionate (3). A sol-
ution of compound 2 (2.95 g, 11.94 mmol) and Nal (1.79 g, 11.94
mmol) in dry CH;CN (15 mL) was added to a solution of cyclen
(045 g, 2.84 mmol) in the same solvent (15 mL). The reaction
mixture was stirred at room temperature in the presence of anhydrous
K,CO; (1.65 g, 11.94 mmol) for 3 days. The mixture was filtered to
remove excess K,COj; and the solvent evaporated. Water (15 mL) was
added, and the resulting mixture was extracted with CHCl; (3 X
50 mL). The combined organic extracts were dried over MgSO,, and
the solvent was evaporated. The crude product was purified by column
chromatography on SiO, (R; = 0.18 in CHCl;) with a CHCL,/MeOH
2% mixture as the eluent to give 1.9 g of 2 as a dark-brown oil (yield
67%). Elem anal. Calcd for C,,HgNgO,-2CHCl,: C, 45.44; H, 6.80;
N, 9.22. Found: C, 45.15; H, 7.08; N, 9.02. '"H NMR (CDCl,, 400.13
MHz, 25 °C, TMS): § 1.16 (t, 12H, CH,), 1.49 (q, 8H, CH,CHS,),
2.30 (m, 16H, CH,N), 3.05 (s, 8H, CH,CO), 3.42 (t, 8H, CH,NH),

349 (t, 8H, NHCH,), 3.55 (t, 8H, CH,CH,0), 4.24 (t, 8H, CH,0),
7.82 (s, 4H, NH). 3C NMR (CDCl;, 100.62 MHz, 25 °C, TMS): §
8.8 (—CH,), 27.1 (CH,CH,), 38.7 (CH,NH), 51.6 (NCH,), 62.9
(CH,CO), 654 (CH,0), 68.6 (CH,0CO), 69.1 (CH,0), 174.0
(NHCO), 174.1 (OCO). ESI-HRMS in CHCl,: m/z 429.29192 ([M
+2H]**/2), 97729192 ([M + H]*). IR (ATR, cm™): v 1732 (OC=
0), 1659 (NHC=0).

2,2',2",2"-(1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetrayl)-
tetrakis[N-[2-(2-hydroxyethoxy)ethyllacetamide] (L?). Compound 3
(1.0 g 1.02 mmol) was dissolved in 2 M HCl (10 mL) and the
solution stirred for 12 h. The mixture was neutralized with a 2 M
NaOH solution and then concentrated to 5 mL. The aqueous solution
was extracted with CH,Cl, (3 X 20 mL), and the combined organic
extracts were dried over Mg,SO,. Evaporation of the solvent gave
0.60 g of L? as a white solid (yield 78%; mp = 156 °C). Elem anal.
Calcd for C;,Hg,N;O4,-2H,0: C, 48.72; H, 8.69; N, 14.20. Found: C,
48.39; H, 8.70; N, 14.11. 'H NMR (CDCl,, 400.13 MHz, 25 °C,
TMS): 6 2.29 (m, 16H, CH,N), 2.77 (s, 4H, OH), 3.06 (s, 8H,
CH,CO), 3.32 (t, 8H, CH,NH), 3.71 (m, 16H, CH,0), 3.80 (t, 8H,
CH,OH), 8.04 (s, 4H, NH). *C NMR (CDCl,, 100.62 MHz, 25 °C,
TMS): & 419 (—CH,NH), $3.3 (NCH,), 60.0 (CH,CO), 63.4
(CH,OH), 71.9 (NHCH,CH,), 74.6 (OCH,), 176.3 (CO). 'H NMR
(D,0, 400.13 MHz, 25 °C, TMS): & 2.95 (m, 8H, CH,N), 3.32 (m,
8H, CH,N), 3.77 (m, 16H, CH,CO, CH,NH), 3.96 (m, 24H, CH,0,
CH,OH). ®C NMR (D,O, 100.62 MHz, 25 °C, TMS): 6 39.4
(=CH,NH), S1.1 (NCH,), 57.1 (CH,CO), 604 (CH,OH), 68.6
(NHCH,CH,), 71.6 (OCH,), 173.2 (CO). ESI-HRMS in CHCl,: m/
z 377.23940 ([M + 2H]**/2). MALDI-TOF in CHCl,/dithranol: m/z
753.498 ([M + H]"), 775480 ([M + Na]*). IR (ATR, cm™"): v 3280
(OH), 1652 (NHC=0).

Lanthanide Complexes: General Procedure. To a solution of the
ligand (0.05—0.10 mmol) in methanol (5 mL) was added 1 equiv of
the corresponding lanthanide chloride dissolved in methanol (S mL).
The solution was stirred for 3 h at 45 °C. The solution was then
concentrated to ca. 2 mL, and the addition of Et,O resulted in
precipitation of the complex, which was isolated by centrifugation.
After treatment with Et,O and drying under vacuum, the complexes
were obtained as highly hygroscopic yellow solids.

[Tb(Lz)(HZO)]C/} General procedure from L> (38 mg, 0.050 mmol)
and TbCly-6H,0 (13.5 mg, 0.050 mmol). Yield: 40 mg (79%). IR
(cm™, ATR): v 3228 (w, br), 3092 (w), 2942 (w), 2871 (w), 2160
(w), 2028 (w), 1977 (w), 1626 (s), 1588 (s, br), 1366 (m), 1299 (m),
1247 (m), 1118 (s), 1065 (s). ESI*-MS (H,0): m/z 981.4
([Tb(L*)CL]*, 6%), 858.3 ([Tb(L*)CI(C,H,0,)]*, 17%), 822.3
([Tb(L*)(C,H0,)]%, 13%), 4732 ([Tb(L*)CI]*, 100%), 411.7
([Tb(L*)(C,Hy0,)]1**, 100%). Elem anal. Calcd for
C3,He N0, TbCl,-SNaCl-:3H,0: C, 28.17; H, 5.17; N, 8.21.
Found: C, 28.08; H, 5.32; N, 7.95.

[Eu(L?)(H,0)]Cl;. General procedure from L* (39 mg, 0.052 mmol)
and EuCl;-6H,0 (13.5 mg, 0.052 mmol). Yield: 44 mg (84%). IR
(cm™, ATR): v 3240 (w, br), 3091 (w), 2940 (w), 2868 (w), 2159
(w), 2028 (w), 1977 (w), 1713 (w), 1620 (s), 1582 (s, br), 1460 (m),
1389 (m), 1365 (m), 1293 (m), 1244 (m), 1118 (s), 1062 (s). ESI*-
MS (H,0): m/z 9733 ([Eu(L*)CL]*, 5%), 852.3 ([Eu(L?)Cl-
(C,H,0,H)]%, 22%), 753.5 ([L?], 68%), 470.2 ([Eu(L?*)CI]*, 70%),
408.6 ([Eu(L*)(C,Hy0,)]*", 100%). Anal. Calcd for
C3,Hg,NyO,EuCl-4NaCl-3H,0: C, 29.58; H, 5.43; N, 8.62. Found:
C, 29.51; H, 5.44; N, 8.32.

[La(Lz)(HZO)]CI3. General procedure from L? (51 mg, 0.068 mmol)
and LaCl;-7H,0 (25 mg, 0.068 mmol). Yield: 57 mg (84%). MALDI-
TOF/MS (H,0): m/z 889.4 ([LaL3(2H)]*, 100%), 802.3
([LaL3(CHy0,H)]", 18%).

Yb(Lz)(HZO)]C/3. General procedure from L? (45 mg, 0.060 mmol)
and YbCly-6H,0 (23 mg, 0.06 mmol). Yield: 57 mg (90%). MALDI-
TOE/MS (H,0): m/z 9244 ([Yb(L*)(2H)]*, 100%), 837.3
([YbL*(C,H,0,H)]", 50%).

Yb(L')(H,0)]Cl;. General procedure from L' (70 mg, 0.109 mmol)
and YbCl;:6H,0 (39 mg, 0.109 mmol). Yield: 78 mg (76%). MALDI-
TOF/MS (H,0): m/z 816.3 ([Yb(L')(2H)]*, 100%), 729.3 ([Yb-
(LY)(CH,0.H)], 43%).

dx.doi.org/10.1021/ic201447c|Inorg. Chem. 2011, 50, 12508—12521



Inorganic Chemistry

Lu(Lz)(Hzo)]Clg. General procedure from L (86 mg, 0.114 mmol)
and LuCl;-6H,0 (38 mg, 0.098 mmol). Yield: 102 mg (85%).
MALDI-TOE/MS (H,0): m/z 925.4 ([Lu(L*)(2H)]*, 100%), 838.3
([Lu(L?)(C,H,O,H)]", 44%).

Lu(L')(H,0)ICl;. General procedure from L' (63 mg, 0.098 mmol)
and LuCl;:6H,0 (44 mg, 0.114 mmol). Yield: 83 mg (90%). MALDI-
TOE/MS (H,0): m/z 730.3 ([Lu(L")(C,H,0,H)1*, 100%).

Single-Crystal X-ray Diffraction Measurements. Suitable
single crystals for X-ray diffraction determination of [La(L?)CI]-
Cl,-4H,0 were obtained by the slow evaporation of an aqueous solution
of the synthesized complex. Three-dimensional X-ray diffraction data were
collected on an X-CALIBUR-2 CCD 4-circle diffractometer (Oxford
Diffraction; reference number CCDC 832493). Data reduction, including
interframe scaling, Lorentz, polarization, empirical absorption, and
detector sensitivity corrections, was carried out using attached programs
of Crysalis software’* (Oxford Diffraction). Complex scattering factors
were taken from the program SHELX97” running under the WinGX
program system,”® as implemented on a Pentium computer. The structure
was solved by direct methods with SHELXS-97 and refined” by full-
matrix least squares on F2 All H atoms were included in calculated
positions and refined in the riding mode, except the H atom bonded to
03C and those of the water molecules, which were located in a difference
electron-density map, and the positional parameters were fixed. However,
it was not possible to locate one of the H atoms bonded to O2w. The
long side chains of the ligand molecule present conformational disorder
that has been modeled in two locations (except for the terminal OH
moiety, for which three alternative positions were located), and the
corresponding atom site occupations were refined. The final value for the
population parameters was 46(2)% for the positions labeled as A and the
complementary one, 54(2)%, for the atoms labeled as B. For the terminal
O atoms, the population parameters were refined with the SUMP
instruction and the final population values achieved were 45(1)% for
03A, 19(1)% for O3B, and 35(1)% for O3C. Refinement converged with
anisotropic displacement parameters for all non-H atoms after imposing
116 restraints. Crystal data and details on data collection and refinement
are summarized in Table 3.

For [Eu,(L'),F]F,Cl;, three-dimensional X-ray diffraction data
were collected on a Bruker X8 Kappa APEX II CCD (reference
number CCDC 832492). Data were corrected for Lorentz and
polarization effects and for absorption by semiempirical methods’”
based on symmetry-equivalent reflections. The crystal symmetry
corresponds to the monoclinic crystal system, although the f angle is
very close to 90° and the Ry, value is very low for the orthorhombic
crystal classes. All of the screened crystals were twinned by
pseudomerohedry,”® with the twin operator being a 2-fold axis
perpendicular to the monoclinic 2-fold of the true 2/m crystal class.
The twin domain ratio is close to 50:50, and this is the reason why the
structure appears to belong to a higher-symmetry crystal system
(orthorhombic) instead of the true monoclinic one. Table 3 shows the
details for the twin operator definition and domain populations.
Complex scattering factors were taken from the program SHELX97"
running under the WinGX program system,”> as implemented on a
Pentium computer. The structure was solved by direct methods with
SIR-977° and refined”® by full-matrix least squares on F2, All H atoms
were included in calculated positions and refined in the riding mode.
No H atoms could be located for water molecules. The long side
chains of the ligand molecule present conformational disorder that has
been modeled in two locations, and the corresponding atom site
occupations were refined. The final value for the population parameter
is 57.8(3)% for the positions labeled as A and the complementary one,
42.2(3)%, for the atoms labeled as B. Most of the Cl~ and F~
counterions, together with the water solvent molecules, are also
disordered in two mutually exclusive locations. Because of the high
degree of disorder displayed by the structure, 806 restraints of several
types have been used on displacement parameters (DELU, SIMU, and
ISOR) to optimize convergence of the refinement procedure
performed with the SHELXL program.”® Crystal data and details on
data collection and refinement are summarized in Table 3.

Spectroscopic Measurements. UV—vis absorption spectra were
recorded on a Specord 205 (Analytik Jena) spectrometer. Steady-state

Table 3. Crystal Data and Refinement Details for
[La(L?)C1]CL*4H,0 and [Eu,(L'),F]F,Cl,

[La(L?)Cl]

Cl,-4H,0 [Eu,(L"),F]F,Cl,
formula CxH; ClLaNgOs6 Ce4H104CLEW,F3N16030.16
MW 1069.23 2047.45
cryst syst tetragonal monoclinic
space group P4/ncc P2/n
T/K 170(2) 100(2)

a/A 14.2869(4) 13.3092(3)
b/A 14.2869(4) 16.5654(3)
c/A 23.9665(11) 20.9868(4)
a/deg 90 90
p/deg 90 90.018(1)
y/deg 90 90
V/A3 4891.9(3) 4627.01(16)
F(000) 2220 2090.4
V4 4 2
A(Mo Ka), A 0.71073 0.71073
Dey/g cm™ 1452 1.470
pu/mm™ 1.106 1.516
0 range/deg 2.85-26.37 0.97-29.39
R 0.0767 0.0675
reflns measd 34445 84946
unique reflns 2507 12766
reflns obsd 1519 9325
GOF on F? 1134 1.021
twin law 1,0,0/0, -1, 0/0, 0, -1
twin domain fraction/ 45.6(1)

%
R1¢ 0.0446 0.0417
wR2 (all data)® 0.1381 0.1117

largest differences in  0.908 and —0.452
peak and hole/e A3

“Rl = YNE| — IFI/YIF) "wR2 = {3[w(lF,? — IF2)?]/

TIw(EH]

emission and excitation spectra were recorded on a Horiba Jobin Yvon
Fluorolog 3 spectrometer working with a continuous 450 W Xe lamp.
Detection was performed with a Hamamatsu R928 photomultiplier.
All spectra were corrected for instrumental functions. When necessary,
a 370 nm cutoff filter was used to eliminate the second-order artifacts.
The ligand emission lifetime in an EtOH solution was measured in
time-resolved mode, by monitoring the decay at the maximum of the
emission spectrum using a Jobin Yvon FluoroHub single-photon-
counting controller, fitted with a 303 nm Jobin Yvon NanoLED. The
decays were analyzed with DataStation v2.4. The Eu and Tb
complexes of L” were purified prior to measurements, on reverse-
phase C18 chromatographic columns (Polygoprep 60-S0, Macherey
Nagel, Diiren, Germany) using a 100:0 to 90:10 water/MeOH
gradient.

Computational Methods. All calculations were performed by
employing hybrid DFT with the B3LYP exchange-correlation
functional®®®' and the Gaussian 09 package (revision A.02).%
Different computational studies on Ln™ complexes have shown that
the 4f orbitals do not participate in bonding because of their
contraction into the core.** As a consequence, no effect of the spin—
orbit coupling on the equilibrium geometries of Ln"™ complexes was
found.®* Thus, spin—orbit effects were not taken into account in the
present work. Relativistic effects were considered through the use of
relativistic ECPs (RECPs). For computational simplicity in our
calculations, the 2-(2-hydroxyethoxy)ethyl chains of ligands L' and
L? were substituted by methyl groups, with the methyl-substituted
ligands being denoted as L' and L?. Full geometry optimizations of
the [Ln(LY)(H,0)]** (Ln = Yb or Lu) and [Ln(L*)(H,0)]*" (Ln =
La, Eu, Yb, or Lu) systems were performed in vacuo by using the

1.656 and —0.794
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RECP of Dolg et al.*° and the related [5s4p3d] GTO valence basis set
for the lanthanides and the 6-31G(d) basis set for C, H, N, and O
atoms. No symmetry constraints have been imposed during
optimization. The default values for the integration grid (“fine”) and
the self-consistent-field energy convergence criteria (107°) were used.
The stationary points found on the potential energy surfaces as a result
of the geometry optimizations have been tested to represent energy
minima rather than saddle points via frequency analysis. The ring-
inversion and arm-rotation processes in [Lu(L")(HZO)]3+ were
investigated by means of the synchronous transit-guided quasi-Newton
method.®® The nature of the saddle points and intermediates was
characterized by frequency analysis. The free-energy barriers include
nonpotential energy contributions (that is, zero-point energies and
thermal terms) obtained by frequency analysis.

B ASSOCIATED CONTENT
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X-ray crystallographic files in CIF format, 'H and *C NMR
spectral data, calculated geometrical 3parameters (B3LYP) of the
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complexes, ESI*-MS, 'H NMR spectra of [Lu(L")(H,0)]*
and [Lu(L*)(H,0)]*", Eyring plot for [Lu(L*)(H,0)]*,
species distribution diagram for [Lu(L?*)(H,0)]*" as a function
of the F~ concentration, and optimized Cartesian coordinates
EB?)LYP)) for the (Ln(L")(H,0)** (Ln = Yb or Lu) and
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