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ABSTRACT: The structure and thermodynamic properties of

lanthanide complexes with a new tripodal ligand L2 have been
elucidated using different physicochemical methods. At stoi-
chiometric ratios, the tetrahedral three-dimensional complexes
with lanthanide cations are formed in acetonitrile with good
stabilities. Despite minor structural changes comparing to pre-

viously investigated tripodal ligands, the resulting assembly
exhibits different features revealed with the crystal structure of

[Eu,L2,](OH)(ClO,);; (orthorhombic, Pben). Interestingly,
the highly charged edifice contains an inner cage encapsulating a

[Eu,L,]oX

perchlorate anion. Such lanthanide mediated cage-like assemblies are rare, and may be of interest for different sensing applications.
Indeed, the anionic guest can be exchanged with different anions. The related host—guest equilibria were investigated with NMR
techniques. Various aspects of these reactions are qualitatively discussed.

B INTRODUCTION

Nowadays, supramolecular host—guest assemblies continue
to inspire the scientific community for different reasons. In ad-
dition to aesthetically appealing structural aspects, the investiga-
tion of artificial systems contributes to a better understanding the
nature, biological processes, and molecular recognition events.
There are also a number of challenges connected with capturing
or releasing compounds, modifying reactivity within container
molecules (catalysis)," designing devices for energy conversion,
separation sciences, and environmental applications, and so
forth. The majority of receptors for cationic and anionic hosting
is based on purely organic, often macrocyclic molecules, contain-
ing suitable interacting groups to stabilize a guest by weak
supramolecular interactions between components.2 However,
metallo-organic architectures may also act as hosts for binding
cations as well as anions.” In addition to the undeniable structural
role, the incorporated metal ions may bring stronger and directional
interactions with guests, or optional functionality.* Three-dimen-
sional polynuclear assemblies represent an excellent potential for
hosting and usually possess a cavity for accommodating different
guests that may also act as a template for the edifice formation. A
variety of supramolecular cages were reported by Fujita and co-
workers.’ Negatively charged supramolecular clusters [M,Ls]
providing tetrahedral cages were extensively studied by Raymond
and co-workers. Since the first report in 1998,° they have in-
vestigated various aspects of host—guest interactions including
thermodynamics, dynamics, and catalysis.” Topologically similar
hosting assemblies were used for neutral molecules®” and a
remarkable application stabilizing reactive phosphor was reported
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by Nitschke et al.'’ Similarlly, anion-binding cages have been
reported by different authors.'”'> The above-mentioned metallo-
organic hosts are built with main group and transition metal
ions that ensure predictable stereochemical preferences for co-
ordinating with bis-bidentate bridging ligands, and a good
thermodynamic stability of self-assembled edifices. In this con-
text, the formation of analogous lanthanide complexes having an
internal cage is more problematic and there are only few examples
employing lanthanide ions as building blocks." In addition to a
relative lability of their complexes, it is not trivial to design a
suitable organic ligand (i) to satisfy high coordination numbers
of Ln(11I) and (ii) to achieve a good balance between flexibility
and rigidity necessary for the self-assembly of polynuclear host
receptors. However, we have recently succeeded to manage this
challenging task in our laboratory. Connecting suitable coordi-
nating units with an anchoring molecule (ie, TAME) via an
amide linker provides a tripodal ligand L1 (Scheme 1)."* The
self-assembly of L1 with Ln(III) cations leads to the formation of
tetranuclear complexes with a tetrahedral arrangement of me-
tallic cations that are complexed by helicoidally wrapped binding
strands. In these edifices, the methyl group of the anchor points
into the center of the tetrahedron (endo-CHj), which limits the
volume of the inner cavity that remains empty. Our present
interest is thus focused on designing topologically similar organic
receptors that allow to increase the cavity size for accommo-
dating a guest molecule in the tetrahedral Ln(III) complexes.
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Scheme 1. Structure of Tripodal Ligands L1 and L2
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These recognition events may be potentially signaled with lan-
thanide luminescence and used for sensing applications.

In this work, we investigate Ln(III) complexes with a tripodal
ligand L2, which is obtained by replacing the amide linker in L1
with the ester functionality. The self-assembly processes with
selected Ln(I1I) along the series are followed with different spec-
troscopic methods in solution. The formation of tetranuclear
tetrahedral helicates with L2 is confirmed with the crystal struc-
ture that reveals the encapsulation of a perchlorate anion inside
the cage. Therefore, the host—guest exchange interactions of highly
positively charged cages with anionic guests have been mainly
investigated with NMR techniques using different nuclei ('H,
g, 1B, 33Cl), which allows to identify the factors governing
host—guest interactions within lanthanide-mediated supramole-
cular assemblies. The consequences of this minor structural
modification will be discussed in relation with (i) the overall
self-assembly process, and with (ii) physicochemical and lumi-
nescent properties.

L2

B RESULTS AND DISCUSSION

Synthesis of L2. The ligand was obtained by coupling of the
carboxamidepyridine precursor 1 with a commercially available
1,1,1-trishydroxymethylethan according to the procedure de-
scribed previously for L1 (Scheme 2)."** The NMR spectrum
of L2 shows a set of nine well resolved peaks reflecting its C3 sym-
metry. The signals were attributed with the COSY NMR technique.

Preparation and Characterization of Ln(lll) Complexes
with L2. The tetranuclear complexes were prepared by mixing
of Ln(IlI) (Ln = La, Eu, Lu) with L2 in equimolar ratios. The
ESMS spectra of isolated compounds exclusively indicate the
presence of tetranuclear complexes [LngL2,]"*" as a series of
peaks belonging to perchlorate adducts. These associates are
typically observed in analyses of highly charged polynuclear com-
plexes, and a representative example is given for [Eu,L2,]"*" in
Figure 1. The peaks observed for tetranuclear complexes with
other Ln(III) are listed in Supporting Information, Table SI.

The "H NMR spectra of the tetranuclear complexes in acetoni-
trile (Ln = La, Eu, Lu) show only 12 signals related to one ligand
strand, which is compatible with the formation of complexes with
at least 3-fold rotation axis. The unambiguous attribution of
signals was achieved with the two-dimensional NMR techniques
(Supporting Information, Table S2). Moreover, the observation
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Figure 1. ESMS spectrum of Eu,L2,(ClO,),, in acetonitrile.

of diastereotopic protons H2—H2', H6—H6', and H8—HS$' is
diagnostic for the Ln(III) complexation in a helical pattern. While
the spectra with diamagnetic cations are reminiscent to those with
L1, the spectrum measured for the Eu(III) complex (Figure 2)
significantly differs from the spectrum of [Eu,L1,]"*". A closer
inspection shows that the signal of the methyl proton H1 is not
significantly influenced by the complexation in comparison with
a strong shift OE s ~ 13 ppm in [Eu4Ll4]12+. Moreover, the
diastereotopic protons H2 and H2' are strongly shifted down-
field with the concomitant splitting Ot ~ 5.5 ppm, contrary
to Oy~ " ~ 2 ppm. Both observations indicate that the ligand L2
self-assembles with Ln(III) cations in a different way, but the
helical wrapping of binding strands is maintained. The "H NMR
spectrum recorded in situ for the 1:1 reaction mixture with Ln(III) is
identical to that recorded for the isolated solid complex [Ln,L2,]-
(ClOy) 1> (Supporting Information, Figure S1).

Crystal Structure of [EusL2,](OH)(ClO4) 1. The X-ray quality
crystals were obtained by recrystallization of the isolated complex
from an acetonitrile/methanol solution. The crystal structure in-
deed confirms the composition and the tetrahedral scaffold of the
complex [EuyL2,]">* determined with ESMS (Table 1, Figure 3
and Supporting Information, Figure S2). The complex is chiral,
and the crystal is a racemate. The tetrahedral complex nearly
possesses the rotation symmetry of the tetrahedron T, whereby
the pseudo-3-fold axes pass through anchoring carbon atoms.
These latter features are reminiscent to the complexes with L1.
However, all anchoring methyl groups direct out of the tetrahedron
center (exo-CHj), contrary to [Tb,L1,]*** (endo-CH;).[*" This
configuration explains a moderate chemical shift observed for
these protons with NMR. In addition to 1 OH anion and 10
noncoordinated perchlorates, 1 perchlorate anion is placed in the
cage with oxygen atoms pointing toward Eu(III) cations. The
average Eu- -+ Eu distance is 10.73(1) A, which is about 0.9 A
longer than in [Tb,L1,]"**.** Moreover, the average distance
between the tetrahedron center and Eu(III) cations rises by 0.6 A
to 6.6(2) A and clearly shows the expansion of the cavity. The
bond lengths between coordinating atoms and europium cations
are given in Supporting Information, Table S3. The coordination
polyhedron can be best described as a distorted tricapped trigonal
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Figure 2. 'H NMR spectrum of [Eu,L2,](ClO,);, in CD;CN (293 K).

Table 1. Crystallographic Data for [Eu,L2,](OH)(ClO,),,

chemical formula [Buy(C33H4sNgO0)4](OH)(ClO,),;.(H,0),

formula weight ~ 4761.09 D,/ gcm73 1.465

cryst. system orthorhombic  V/A? 21587.6(18)

space group Pbcn u/mm”" 1.376

a/A 25.1120(13)  refln collected 78'250

b/A 37.4052(15)  independent refln 13787 (Ry,, = 0.096)
/A 229822(11) R, 0.1274
a=f=y/deg 90 wR, 0.2360

prism. The distances between planes defined by coordinating atoms
(Supporting Information, Figure S3) are equal to d(F1—F2) =
1.53(1) and d(F2—F3) = 1.81(3) A. The average helical pitches
about the complexed metal centers'® are equal to 11.1(2) A and
12.0(3) A between planes F1—F2 and F2—F3, respectively. This
slight relaxation of the helical twist and significantly longer dis-
tances Eu- - - O2 may be the consequences of the presence of
ClO,  in the inner cavity. Interestingly, the diastereotopic proton
H2' is directed into the internal cavity and emerges relatively close to
the oxygen atom of the perchlorate anion (d(H2: - -O) =245 A).

'H NMR Titration. To establish the speciation of Ln(III)
complexes in acetonitrile, "H NMR experiments were carried out
with selected lanthanides ions (Ln = La, Nd, Eu, and Lu) by
varying the [Ln]/[L2] ratio from 0 to 2 ([L2] ~ 1.4 x 10~ > M).
The spectra were recorded at least 1 h after the addition of
Ln(III) solution to ensure sufficient equilibrating of the solu-
tions. The evolution of "H NMR spectra is easy to follow. For
titrations with all Ln(III), we observe a continuous decrease of
the ligand signals with the metal addition. The peaks also become
broader and less resolved, which indicates the presence of several
exchanging species in equilibrium. These peaks disappear at about
[Ln]/[L2] = 0.8—0.9. A further increase of Ln(III) concentra-
tion gives rise to new signals, whose maximum intensity is
reached at [Ln]/[L2] ~ 1. For the ratios [Ln]/[L2] > 1, two
situations must be considered. First, in case of Nd(III), Eu(III),
and Lu(IIl), the [Ln,L2,]"** species is maintained in solution

Figure 3. Molecular structure of Eu,L2,(ClO,);,. (a) View of the
whole complex. (b) Detailed view of the coordinated ligand within the
tetrahedral structure. Hydrogen atoms, uncoordinated anions and solvent
molecules are omitted for clarity.

until the end of the titration ([Ln]/[L2] ~ S equiv) as the unique
complex observed (Supporting Information, Figure S4). Second,
the tetranuclear complex with La(III) undergoes a further trans-
formation. Its concentration continuously decreases, and the
signal vanishes at [La]/[L2] ~ 1.5 (Figure 4 and Supporting
Information, Figure SS). New signals simultaneously emerge,
and the "H NMR spectrum at [La]/[L2] ~ 1.5 (Figure 4) is con-
sistent with the presence of a Dsy-symmetrical complex [La;L.2,]%"
with equivalent strands of both ligands. The trinuclear species
[LnsL1,]%*, where two strands belonging to two different ligands
coordinate one metal ion, were already observed with analogous
L1."* Therefore, we suggest a similar coordination sphere in com-
plexes with L2, whereby both ligands adopt the same conformation
providing a triangular complex with an overall D3 symmetry.
ESMS Titrations. Parallel ESMS titrations were performed for
the mixtures of Ln(ClO,);+xH,0 (Ln = La, Eu, Lu) with L2
([L2] =3 x 10~ * M) at different stoichiometries ([Ln]/[L2] =
0—2) in acetonitrile. At low Ln(III) concentration ([Ln]/[L2]
< 0.8), the signals of free L2 are predominantly present, in ad-
dition to some species with 1:2, 1:3 stoichiometries, whose abun-
dance is low (Supporting Information, Figure S6). For higher
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Figure 4. 'H NMR titration of L2 with lanthanum perchlorate (CD;CN, 293 K).
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Figure 5. ESMS spectrum for [La]/[L2] = 2.

[Ln]/[L2] ratios, the detailed analysis of spectra and isotopic
profiles of peaks shows two situations dependm% on the used
lanthanide ion. For Ln = Eu and Lu, the [Ln,L2,]"*" species are
exclusively detected even for the [Ln]/[L2] ratio higher than
two. However, the titration with La(III) ion shows the formation
of the [LasL2,]"*" only at about the 1:1 ratio. The ESMS spec-
trum recorded at [Ln]/[L2] ~ 2 shows the series of peaks
belonging to [La;L2,]°" perchlorate adducts, which evidence the
expected stoichiometry in excess of La(Ill) (Figure S). The
speciation measured VVlth ESMS is thus in a good agreement with
the data provided by "H NMR experiments.
Spectrophotometric Titrations. The stability constants of
Ln(III) complexes with L2 were determined in acetonitrile for
Ln = La, Eu, and Lu by means of spectrophotometric titrations.
The absorption spectra of L2 in acetonitrile exhibit a large band
centered about 267 nm and assigned to n — 7* and 7 — 7~

Table 2. Experimental Stability Constants for the Complexes
with L2

Ln(TIT) 1/r [A™] log f13 log faa log B3,
La 0.8197 172+ 14 353+ 1.5 19.0+1.2
Eu 0.8929 13.6 +0.2 34.0£0.3
Lu 0.9709 15.6 +£0.5 3444+ 0.6

transitions related to the pyridinedicarbonyl units."* Upon com-
plexation with Ln(III), a bathochromic shift of the maximum to
279.5 nm with the concomitant appearance of a shoulder at
~284 nm is observed (Supporting Information, Figure S7a). The
absorption spectra were recorded for the [Ln]/[L2] ratio between
0 to 5 allowing the samples to equilibrate within 20 min after each
addition of a metal ion solution. The factor analysis points out the
presence of several absorbing species, whose formation constants
Bonn are defined with equilibria eqs 1—3. While the changes of the
absorption spectra are not obvious in excess of ligand, the
inflection point at [Ln]/[L2] = 1 clearly indicates the formation
of [LngL2,]"*" species for all lanthanides (Supporting Informa-
tion, Figure S7b). The continuous evolution of spectra for the
titration with La(HI) ([La]/[L2] ratio >1) fits with the forma-
tion of [LazL2,]°". Finally, the best fit with the SPECFIT
software was obtained according to the equilibria eqs 1 and 2
for Ln = Eu, Lu and using equilibria 1—3 for La (Table 2). The
fitted electronic spectra are given for Eu(III) and La(IIl) in
Figure 6a and Supporting Information, Figure S8, respectively.

Ln(IlI) + 3L2 == [LnL2;]** Bis (1)
4Ln(III) + 412 == [LnyL2,]"" B (2)
3Ln(Ill) + 2L2 = [LnyL2,)°" B (3)

The stability constants of [LnL2;]*" and [Ln,L2,]"** do
not significantly vary along the lanthanide series within
experimental errors (Supporting Information, Figure S9).
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Figure 6. Spectrophotometric titration of L2 with Eu(III). (a) Fitted
absorption spectra of L2, [EuL2;]**, and [Eu,L2,]"*". (b) Distribution
curves as the function of Eu(III) additions to L2. [L2] =2 x 10~ * M.

While log 5,3 (Ln = Eu and Lu) and log 33, (Ln = La) are almost
alike for L1 and L2, log [344 calculated for [LnL2,] 12+ (Ln=Eu
and Lu) are smaller than the values found for the carboxamide
analogues [LnyL1,]"*" by approximately four units. This is ob-
viously the consequence of a different structure of the assembly
with L2, in addition to weaker interactions between Ln(IIl) and
the ester groups. However, the self-assembly process with L2
gives fewer complex species than L1. The established thermo-
dynamic model and the observed overall speciation closely agrees
with NMR and ESMS titrations. For Ln = Nd—Lu, the tetra-
nuclear complex s exclusively formed over a wide range of metal/
ligand ratios, which demonstrates its relative stability for poten-
tial applications (Figure 6b).

Photophysical Properties of [EusL2,]'>*. To alternatively
prove the coordination mode of [Eu,L24]">" and to evaluate the
efficiency of the energy transfer between the ligand and Eu(III),
the photophysical properties of this complex were studied in the
solid state and in solution. The emission spectra show typical
bands arising from Eu(III) excited levels, which are attributed to
*Dy—"F ' (j = 0—6) transitions. The excitation spectrum gives the
evidence for the intersystem crossing (ISC) followed by the
energy transfer from triplet states to the 5D]- manifold of the lan-
thanide cation (Supporting Information, Figure S10a). The high-
resolution emission spectrum at 10 K of [Eu,L2,](ClO,),; in
the solid state (Figure 7) is reminiscent to that of the analogous
complex [Eu,L1,](ClO,), bearing the same coordinating atoms.
The overall emission profile is thus compatible with a local
pseudo-C; site symmetry. Moreover, a unique band for the sym-
metry sensitive transition Eu(SDO‘—7F0) indicates the presence
of only one crystallographic site for Eu(III) ions. The luminescence
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Figure 7. Metal-centered emission spectrum of [Eu,L2,]"** (solid
state, 10 K, Aexe = 308 (dashed lines) and 395 (solid lines) nm).

lifetime was measured by monitoring intense *Dy—'F, transi-
tions and amounts to 1.59(1) ms. This lifetime falls in the range
of values measured for similar compounds with completely
saturated and well protected coordination sphere of Eu(III)."*
In acetonitrile, similar but low-resolved emission spectra were
recorded upon the ligand-centered excitation at 279 nm (Sup-
porting Information, Figure S10b). Interestingly, monoexponen-
tial fitting of the luminescence decay (Aey = 616 nm) provides
7 = 2.19(2) ms, which is longer than in the solid state. The
determined quantum yield (@, = 7.8 x 10~ *) is slightly higher
than that of [Eu,L1,]"*" but does not attain the remarkable value
measured for dipicolinate diethylester."® The ISC process re-
mains poor and indicates an inadequate matching between the
excited states of L2 and those of the acceptor Eu(IIL).
Host—Guest Interactions of [Eu,L2,]'** Cage Complexes
with Anions. As established with the X-ray crystal structure, the
self-assembled complex [EuyL2,]">" has an internal cavity with
sufficient space for accommodating a perchlorate anion, which is
stabilized inside by weak electrostatic interactions. Each oxygen
atom of ClO, is directed toward one positively charged Eu(III)
cation in the vertex of the tetrahedron. The calculated volume of
the cavity is around 91 A that limits the size of the entering anion
and contributes to selectivity. A perchlorate anion'” occupies
about 64% of the cage volume. That value falls to the upper limit
for optimal encapsulation proposed by Mecozzi and Rebek,'® but
remains reasonable for a polar guest. The tetrahedral shape of
the cavity seems to be better predisposed for tetrahedral anions
matching this geometric preorganization. To unambiguously reveal
the presence of these cage complexes also in solution, we have
resorted to >>Cl NMR measurements, which works well for
inorganic systems.'” Since the charge of isolated tetranuclear
complexes is compensated with 12 perchlorate anions, we should
measure two different signals for CIO, in the ratio of intensities
11:1. Indeed, we observe two peaks separated by 10.6 ppm with
the areas approximately in the expected ratio, which are related to
free and encapsulated perchlorates, respectively (Figure 8a).
Since the guest binding occurs in solution, we were interested
to examine host—guest interactions of different anions (x")
with the cage complexes with respect to their capacity to replace
the perchlorate in the cage. The exchange reactions may be
conveniently studied with NMR by monitoring the signals of
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Figure 8. (a) 3SCINMR spectrum of EuyL2,(ClO,),, in CD;CN. The NMR spectra of the same solution after the addition of 12 equiv of BE, : (b)

3¢l (¢) "B, and (d) "F. The spectra were measured at room temperature.

different nuclei. In these studies, the europium complex [Eu,L2,]-
(ClOy) 1, was used because of its weak paramagnetism resulting
in the observation of well separated "H signals suitable for detecting
minor structural changes within the complexes. The host—guest
equilibria with several anions were followed by adding correspond-
ing tetraalkylammonium salts to a solution of [EuyL2,](ClO,4),, in
CD;CN (equilibrium 4). The additions were done stepwise, up
to 12 equiv of anions with respect to the tetranuclear complex
accompanied with 12 perchlorate counterions. The samples were
allowed to equilibrate at room temperature or at ~40 °C for several
hours.

{[BusL2,] D ClO,~ }'**

ky n
+ X ={[BwL2] O (xr) et

—1

+ Clo,~ K (4)

The exchange reaction was first performed with a weakly co-
ordinating BF,; anion structurally reminiscent of the tetrahedral
ClO, . With the addition of BF, ", a new set of signals appears in
the '"H NMR spectrum (Figure 9). These signals are closely
related to the initial set except for different chemical shifts, which
indicates the presence of the tetranuclear europium complex
accommodating one BF,  anion inside the cavity. As expected,
the difference is more pronounced for protons suffering from
stronger paramagnetic effects (H2', H2—HS). The exchange
process is evidenced with the decrease of the signal correspond-
ing to encapsulated perchlorates in the **Cl NMR spectrum
(Figure 8b). Moreover, the presence of BF, in the cavity
is confirmed by '’F NMR and ''B experiments, whereby the
observation of two different signals in the expected intensities is

attributed to free and encapsulated BF, ", respectively (Figure 8
c,d). At equilibrium, the relative quantities of perchlorate- or
tetrafluoroborate-containg cage complexes can be obtained by
integrating related peaks in the "H NMR spectrum. After the
addition of 12 equiv of BF,  ([BF; Jiot = [ClO4 Jior), we
detect approximately 57% of {[EuyL2,]D(ClO, )}""* and 43%
of {[EuyL2,]D(BF,)}"'" in the reaction mixture. The related
equilibrium constant K.q (eq 4, X" =BF, ) is estimated to be
about 0.7, taking into account a large excess of both anions.
The addition of more coordinating tetrahedral sulfate anions
induces also the appearance of signals belonging to the tetranuclear
complexes with encapsulated SO,,>~. However, the signals of free
L2 appear because of the simultaneous destruction of a part of
the tetranuclear complexes resulting from the sulfate complexa-
tion of Eu(111). Similar effects are observed for PO,>~, however, a
bigger quantity of the complex is destroyed, in agreement with
higher stability constants of lanthanide phosphates. Although
both, SO,>~ and PO,>~, clearly exhibit a good affinity for en-
tering the tetrahedral cage, their tendency to directly complex
lanthanide cations is greater. We have also examined the inter-
actions of the cage complex with the series of halide anions,
which have spherical shapes. Interestingly, the addition of I~
results in the complete exchange of ClO, for I in the cage,
which indicates much better affinity comparing with BF,™ (Kq
~ 60). We observe also the formation of inclusion complexes
with Br™. However, a partial destruction of the host occurs and
broad signals of L2 are compatible with a slow exchange (on the
NMR scale) between free L2 and its unsaturated complexes. As
expected, the affinity of halides for lanthanides is even stronger
for CI” and F. While the exchanging ligand is revealed in the
presence of CI™ only at low temperature, the addition of F~ turns
immediately to a complete extraction of Eu(III) from the complex,
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and the spectrum shows only the signals of free L2. In addition to
inorganic anions described above, we have examined possible
interactions of the cage complex with imidazolate (Im ), a small
organic anion. As shown in Figure 10, the appearance of peaks
belonging to a new complex evidence entering this anion in the
cage (Koq ~ 1.6). As well, the signals of encapsulated and free
imidazolates are observed with no evidence for the destruction of
the tetranuclear cage. The addition of pseudospherical PFs
anions into the solution of {[Eu,L2,]D(ClO, )}'"* does not
induce new signals in "H nor in '’F NMR spectra, as predicted
for its size being greater than the inner cavity.

Considering the above observations, we have attempted to
qualitatively analyze host—guest interactions of the tetranuclear
assembly with anions. First, some of the studied anions provoke
the destruction of the complex, which is indicated by the ligand
release. This behavior approximately reflects anion coordination
affinities to Eu(III), which accordingly increase in the following

series: ClIO,~ ~ BF, ~Im <I <Br <Cl <S80,/ <
PO,>” < F . Interestingly, this sequence, with the exception of
fluorides, matches the variation of anionic hydration free energies
in Table 3 taken as a measure of electrostatic interactions.
Second, the chemical shift difference of proton signals between
{[Eu,L2,]>(ClO, )} and {[EugL2,] (X" )27 com-
plexes (AO(Hi)) was chosen as an indicator of structural and
electronic perturbations induced by replacing CIO, " in the cage
with another, in principle smaller anion (Table 3). Although all
protons in the complex are affected with the anion exchange,
AO(Hi) is the most sensitive for H2' protons (0 ~ 13 ppm),
which are localized in a close proximity of encapsulated anions.
The data in Table 3 shows that the examined anions, except BF,
and 1", induce similar Ad(Hi), which remains almost indepen-
dent of anionic radius and charge, and consequently also hydra-
tion free energies. This effect may be tentatively attributed to
their smaller sizes compared to that of CIO,  and thus a better fit
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Table 3. Summary of Relevant Parameters for Selected Anions and Their Exchange Reactions with {[Eu,L2,] S(Clo ) '

X" r (A)* Volume (A%)* PC (%)%
F- 1.36 9.9 11
cl- 1.81° 24.8 27
Br~ 195" 315 35
I~ 216" 44.6 49
Clo,~ 2.36 57.9 64
BF,~ 2.32 51.0 56
SO~ 2.30 51.0 56
PO, 2.38 56.5 62
PFs~ 2.95° 105
Im~ <23¢ <stf <56

AGiyg, (kJ/mol)* AS (H2')" AJ (H8)" Ko
—465
—340
—315 0.67 0.13
275 0.14 0.15 60
—205 0 0
—190 0.39 0.04 0.7
—1080 0.66 0.13
—2765 0.67 0.14
0.68 0.14 1.6

“ Taken from ref 3¢, p 6 and 225. " ref 20. ‘ref2l. dEstima_ted from the crystal structure in ref 22. “ref 17. Calculated with r;. ¢ Packing coefficient PC =
Vanion/ Veage (ref 18). " AS(Hi) = Ady T — Adcio, Hi ' Estimated from "H NMR spectra (measured at 273 K) with eq 4.

inside the cavity according to Rebek’s rule (see packing coeffi-
cients in Table 3)."® Since BF,  has almost the same size and
shape as ClO,~, A0 is relatively modest. In the case of spherical
I, A is even smaller and suggests similar positions of probing
protons comparing with the C1O,~ containing cage. In summary,
the magnitude of AO(Hi) seems to be mainly influenced by steric
interactions of anions reflecting their size and shape

The above host—guest equilibria can be also studied with
ESMS. However, the formation of multicharged adducts of
{[BuyL2,]D(X"")}*** with two kinds of anions, which may have
different association affinities and instrumental responses, makes
difficult an unambiguous identification of the cage complexes.
Conclusive results can be possibly obtained when the exchange is
complete, and we should observe the series of different anionic
adducts with the cage containing one kind of encapsulated anions.
In our case, these difficulties are illustrated for the exchange with
I". The ESMS spectrum was recorded after adding 12 equiv of I
to a solution of [Eu,L2,](ClO,),, which led to the complete
exchange confirmed with '"H NMR. However, the detail in
Supporting Information, Figure S11 shows the series of peaks
corresponding to [Bu,L2,(ClO, ),(17),,]%" (n+m = 6), which
rather corresponds to a mixture of cage complexes with different
anionic guests.

As mentioned previously, the exchange reactions with anions
(eq 4) were carried out at 41(1)°C to attain the equilibrium more
rapidly. To get the first insight into the exchange mechanism, the
reaction kinetics were followed with "H NMR for the exchange
with X~ =BF, andI . Since both anions are in a large excess in
relation to the cage complex ([ClO4 Jior = [X Jior), the
variation of the peak area with time follows the kinetics of the
pseudo-first order with ks = (k; + k) [X Jior = K'[X " Jior. The
fitted rate constants k' are thus estimated tobe 4 x 10 *M ™~ 's™*
and 1.1 x 10> M ' s~ ' for BF,  and I, respectively. The
reaction with I is thus 2—3 times faster, and I obviously enters
the cage more easily because of its spherical shape and smaller
size. These low exchange rates depend on the anion nature, and
we propose that anions pass in and out the cavity through
structural apertures evidenced in the crystal structure.”* This
suggestion is further supported by the fact that the rate of exchange
is much slower than the complex dissociation induced by
complexing anions such Br~ and SO,”. At equilibrium, the
exchange of free and encapsulated anions occurs in a slow exchange
regime on the NMR time scale with no significant broadening of
peaks (Figure 8). Moreover, variable temperature ''B experiments

show no coalescence of peaks related to encapsulated and free
BF,  until 350 K. Despite the lability of Ln(III) complexes, the
tetranuclear edifice remains stable, and the exchange reaction
obviously does not require its partial dissociation, in concordance
with the observations described for analogous supramolecular
Systems.7a,9a,1 1b

Bl CONCLUSION

The present work reports on the preparation of new tetra-
nuclear helicates built with lanthanide cations. The physicochemical
characterization of complexes with selected Ln(III) (Ln = La,
Nd, Eu, Lu) confirms the formation of tetrahedral [LnL2,]"*" as
the major species in solution for a wide range of [Ln]/[L2] ratios.
These complexes are also thermodynamically stable in metal
excess except [La,L2,]"**, which transforms into the trinuclear
complex [La;L2,]°". However, the major aspect of these tetra-
nuclear assemblies stands in the formation of an inner cavity
capable to accommodate an anion. This interesting feature arises
because of an exo-CHj; conformation adopted by L2 that increases
the cavity volume. The described behavior strongly contrasts
with analogous [Ln,L1,]"*" and illustrates that minor structural
modifications in the ligand design may significantly influence the
formation of a desired polynuclear assembly and its properties.

Taking advantage of these supramolecular assemblies, we have
attempted to investigate host—guest interactions, mainly with
NMR techniques. Indeed, a relatively large perchlorate anion
initially localized in the cavity can be replaced with smaller anions.
The existence of these equilibria has been meticulously demon-
strated with tetrahedral, poorly coordinating anion BF, by
measuring 'H, 3°Cl, "'B, and °F spectra. Because of similar
geometrical and chemical properties of CIO, and BE, , almost
equimolar mixture of their cage complexes is observed at equilib-
rium. The exchange reaction truly occurs also with Im™ and I",
and we could determine the equilibrium constants for these anions.
However, at least partial breakdown of hosting [Eu,L2,] 2% con-
comitantly takes place with other anions as the consequence of
concurrent complexation reactions involving these anions and
Ln(III). The chemical shift of H2' protons chosen as a structural
probe is independent of the charge and size of most anions,
which may reflect their better sterical incorporation in the
tetrahedral cavity comparing with {[Eu,L2,]D(ClO,)}""*. Tt is
worth noting that the tetrahedral cage is capable of accommodat-
ing small organic anions, that is, imidazolate. On the contrary, the
cavity size (91 A%) is not big enough for accommodating PF, .
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The exchange reactions proceed slowly, which suggests that the
anion must squeeze into and out of the cavity rather than through
the complex dissociation pathway.

The studied supramolecular system is a rare example of lan-
thanide-mediated polynuclear assembly capable of accommodat-
ing a guest molecule, and more particularly an anion. The exchange
process is qualitatively observed for several anions despite some
concurrent equilibria with few coordinating anions. The above-
mentioned features can be further developed (i) in sensing sys-
tems using metal-centered luminescence and (ii) in catalytical
procedures. These potential applications are currently investi-
gated in our laboratory.

B EXPERIMENTAL SECTION

Solvents and Starting Materials. These were purchased from
Acros Organics, Fluka AG and Aldrich and used without further purification
unless otherwise stated. N,N-dimethylformamide (DMF), acetonitrile,
and dichloromethane were distilled over CaH,. 6-(N,N-diethylcarba-
moyl)pyridine-2-carboxylic acid (1) and monomethylester of dipicolinic
acid (2) were prepared according to published procedures.”® The per-
chlorate salts were prepared from the corresponding oxides (Rhodia and
Aldrich, 99.99%) and dried according to published procedures. Caution!
Perchlorate salts are potentially explosive and should be handled carefully in
small quantities®* Ln(I) content of solid salts was determined by
complexometric titrations with Titriplex IIT (Merck) in the presence of
urotropine and xylene orange. Most of tetraalkylammonium salts of the
different anions were purchased from suppliers, but the tetrabutylam-
monium salts of imidazolate, sulfate and phosphate were prepared in the
laboratory by mixing of parent acids with an aqueous solution of
(BuyN)OH. After stirring and evaporating the solvent, the obtained
compounds were dried under vacaum. (Bu,N)Im: Imidazole was added
to a solution containing 1 equiv of (BuyN)OH. (Bu,N)3(PO,): A solution
containing 3 equiv of (BuyN)OH was added to a solution of H;PO,.
Nevertheless, the presence of some monoprotonated HPO,>™ can not
be excluded. (BuyN),(SO,): (BuyN)OH was added to aqueous H,SO,
until pH 7.

Synthesis of L2. 2-Carboxy-6-diethylcarboxamidepyridine (300 mg,
4.1 equiv) was activated with SOCI, (15 equiv) in CH,Cl, at reflux for
1.5 h. The excess of SOCI, was evaporated, and the residue was dried
under vacuum. After dissolving in CH,Cl,, the solution was added
dropwise to the mixture of 1,1,1-tris(hydroxymethyl)ethane and triethy-
lamine. The reaction was stopped after 12 h of refluxing. The solution
was washed with water, and the organic solvent was evaporated on a rotary
evaporator. The solid residue was purified on the chromatographic column
(Si0,, MeOH/CH,Cl,, 2—2.5% (v/v)). Finally, the isolated ligand L2
was dried under vacuum (88% yield).

L2. '"H NMR (CD;CN, 22 °C): 6 1.14 (CH3, t, 3H), 1.20 (CH3, t,
3H), 1.30 (CH3, s, 1H), 3.27 (CH2, q, 2H), 3.49 (CH2, q, 2H), 4.52
(CH2,'s,2H), 7.69 (CH, d, 1H), 7.95 (CH, t, 1H), 8.08 (CH, d, 1H).
ESI-MS (CH,CL,): m/z 733.3 ([L2+H"]"), 755.8 ([L2+Na*]"), 771.7
([L2+K*TY).

Synthesis and Characterization of Ln(lll) (Lnh = La, Eu, Lu)
Complexes. The tetranuclear complexes with selected Ln(III) were
prepared analogously as described below for the Eu(IIl) complexes.

A 12.4 mg portion of L2 is mixed with 1 equiv of Eu(ClOy4); in
propionitrile. Diffusion of t-butylmethyl-ether into this mixture provides
a solid powder, which was isolated by filtration and dried under vacuum.

[Fu,L2,](CIO,);,. "H NMR (CD;CN, 22 °C): 0 1.39 (CH3, t, 3H),
1.74 (CH3, s, 1H), 3.43 (CH3, t, 3H), 3.76 (CH2, m, 1H), 3.81 (CH2,
m, 1H), 5.00 (CH, d, 1H), 5.27 (CH2, m, 1H), 5.60 (CH, d, 1H), 6.03
(CH, t, 1H), 6.35 (CH2, m, 1H), 7.42 (CH2, d, 1H), 12.92 (CH2, d,
1H). ESI-MS (CH;CN): m/z 689.4 ([EuyL2,(ClO4)s]%"). Elementary

analysis of [EuyL2,] (ClO,),.12H,0 (calc.): % C 36.87 (36.91), % H
4.13 (4.40), %N 6.73 (6.80).

[La,L2,] (CIO,);> "H NMR (CD;CN, 22 °C): § 1.12 (CH3, t, 3H),
1.52 (CH3, s, 1H), 1.53 (CH3, t, 3H), 3.55 (CH2, m, 1H), 3.56 (CH2,
m, 1H), 3.86 (CH2, m, 1H), 3.89 (CH2, m, 1H), 445 (CH2, d, 1H),
474 (CH2, d, 1H), 8.31 (CH, d, 1H), 8.38 (CH, d, 1H), 8.45 (CH, t,
1H). ESI-MS (CH;CN): m/z 688.8 ([LayL2,(Cl0.)]%").

[Lu,L2,](CIO,);> "H NMR (CD5CN, 22 °C): 8 0.92 (CH3, t, 3H),
1.51 (CH3, s, 1H), 1.54 (CH3, t, 3H), 3.31 (CH2, m, 1H), 3.48 (CH2,
m, 1H), 3.93 (CH2, m, 1H), 3.95 (CH2, m, 1H), 437 (CH2, d, 1H),
4.73 (CH2, d, 1H), 8.25 (CH, d, 1H), 8.49 (CH, d, 1H), 8.54 (CH, t,
1H). ESI-MS (CH;CN): m/z 704.9 ([LuyL2,(ClO,)6]").

Spectroscopic and Analytical Measurements. NMR spectra
were recorded on high-field NMR spectrometer (300 or 400 MHz,
Bruker). NaCl in D,O was used as the external reference for **Cl NMR.*®
Electronic spectra in the UV—vis were recorded from acetonitrile
solutions with a Perkin-Elmer Lambda 900 spectrometer using quartz
cells of 0.1 cm path length. Spectrophotometric titrations were per-
formed with a J&M diode array spectrometer (Tidas series). The solutions
of L2 were titrated at 22 °C with a solution of Ln(ClO,);-xH,0O in
acetonitrile, and after each addition the absorbance was recorded using
Hellma optodes (optical path length 0.1 cm) immersed in the thermo-
statted titration vessel. Mathematical treatment of the spectrophoto-
metric titrations was performed with the SPECFIT program.”® Routine
ESMS spectra were measured with a API 1S0EX LC/MS system. Pneu-
matically assisted electrospray (ESI-MS) mass spectra were recorded
from 10~* M acetonitrile solutions of Ln(III) complexes on a Finnigan
SSQ7000 instrument with the optimized ionization temperature (150 °C)
or on APIIIT Applied Biosystem (ISV 3500 V/OR 30 V). Luminescence
spectra and decays in solution were recorded on Perkin-Elmer LS-50B
spectrometer. Emission and excitation spectra of solid samples were
measured on a Horiba Fluorolog 3 instrument. The low temperature
spectra were obtained using closed cycle cryostat (Janis-Sumitomo SHI-
4.5). The luminescence lifetime was measured at room temperature,
using the Spex 270 monochromator and SR 400 multi channel scalar.
The Eu* was excited with 465 nm line of a CW Ar" laser which was
chopped with mechanical chopper. The quantum yield of [Eu,L2,]-
(ClOy) 1, in acetonitrile has been calculated according to the equation
Dx/D, = (A,(W)L(E)n2D,)/(A;(V)I,(3)niD,) where x refers to the
sample and r to the reference (the solution of [Eu(terpy);](ClO,); in
acetonitrile),>” A is the absorbance, ¥ the excitation wavenumber used, I
the intensity of the excitation light at this energy, n the refractive index,
and D the integrated emitted intensity.

X-ray Crystal Measurements. The crystallographic data were
collected at 150 K on a Stoe IPDS diffractometer with graphite mono-
chromatic Mo[Ka] radiation (A = 0.7107 A). The structure was solved
by direct methods (SIR97),”* all other calculation were performed with
SHELXL97.* Because of the large size of the unit cell, the crystal-image
plate detector distance was increased to 90 mm, thus limiting the re-
solution to 26 = 22.35°. Hydrogen atoms of disordered water and
hydroxyl molecules were not included in the refined model. Twelve carbon
atoms belonging to the terminal ethyl groups had highly anisotropic
displacement parameters and were thus refined isotropically.

B ASSOCIATED CONTENT

© Supporting Information. Tables containing ESMS, NMR
and crystallographic data, Figures with "H NMR spectroscopic
data, ESMS spectra, spectrophotometric and luminescent data
for the Ln(III) complexes with L2. A crystallographic CIF file for
the structure of [Eu,L2,](ClO,),;(OH). This material is avail-
able free of charge via the Internet at http://pubs.acs.org.
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