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ABSTRACT: A new ditopic cryptand based on two
tris(biaryl)-based binding pockets bridged by a 2,2'-
bipyrimidine unit enables the selective synthesis of
homo- and heterodinuclear rare-earth cryptates, which
are kinetically inert under challenging conditions and can
even be purified by preparative high-performance liquid

chromatography.

T rivalent rare-earth cations exhibit unique physical proper-
ties because of their special electronic structure. In
molecular mononuclear rare-earth complexes, the utilization of
these features has already matured to a relatively sophisticated
level, especially in the areas of luminescence and molecular
magnetism.l’2 The most interesting phenomena, however, can
only be accessed in assemblies with multiple and/or different
rare-earth centers, e.g.,, most prominently in solid-state materials
such as ytterbium/erbium-doped upconversion nanoparticles.”
In the field of molecular rare-earth chemistry, the great chemical
similarity of the trivalent rare-earth cations combined with their
high kinetic lability makes it very difficult to obtain defined
heterometallic complexes with enough stability to avoid
scrambling of the different metal centers under challenging
conditions. Only very few molecular architectures have been
developed for this purpose, despite the enormous value that such
systems could have for the elucidation of fundamental processes
responsible for electronic and magnetic interaction between
metal ions.* The most successful approach so far is the one
pioneered by Faulkner and co-workers based on the covalent
connection of macrocyclic, DO3A-derived lanthanoid complex-
5.*" In this report, we show that another common ligand family
for rare-earth complexation, the tris(biaryl)-based cryptands
introduced by Lehn and co-workers and later shown by others to
be universally versatile for rare-earth complexation,” can also be
expanded into ditopic chelators (Figure 1). In addition, we
provide proof-of-concept that these dicryptates can be selectively
prepared with either the same or different rare-earth cations and

Figure 1. Expansion of the concept of the known mononuclear tris(2,2’-
bipyridine) cryptates (left) into the related dinuclear cryptate reported
here (right).
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that they exhibit extraordinary kinetic stability, making even
chromatographic purification available, which is usually not
possible for rare-earth complexes.

For the design of the new ditopic chelators, we chose 2,2'-
bipyrimidine as the bridging unit between the two macrobicyclic
binding pockets because of its proven utility for the construction
of homodinuclear lanthanoid complexes and because of its great
potential for enabling electronlc and magnetic communication
between the metal centers.” The synthesis (Scheme 1) of the

Scheme 1. Synthesis of the Dinuclear Sodium Cryptate 4-Na/
Na
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dicryptates started from known 4,4,6,6'-tetramethyl-2,2"-bipyr-
imidine (1).” With the usual reaction sequence (formation of the
N-oxides, Boekelheide rearrangement, nucleophilic substitution
with bromide) not being applicable for preparation of the desired
bipyrimidine 2,° we opted for unselective benzylic halogenation
using dlbromlne, giving a mixture of highly brominated
compounds,” followed by the relatively straightforward isolation
of the symmetric tetrakis(dibromomethyl) species.'” This
intermediate could then be selectively reduced to the desired
tetrabromide 2 using diethyl phosphite.'" 2-fold macrocychza—
tion of building block 2 with the known azacrown ether 3'> under
standard sodium-templated conditions gave the disodium
cryptate 4-Na/Na in reasonable yield (Scheme 1).

Starting from the dicryptate 4-Na/Na, we attempted the
synthesis of the envisaged rare-earth dicryptates, both homo- and
heterodinuclear (Scheme 2). On the one hand, we chose
europium as one metal for our proof-of-concept studies because
of the well-established luminescence properties of this element™
and the structural information that the analysis of the emission
spectra can provide (vide infra). On the other hand, we selected
the photoinactive yttrium as the second metal because of its very
similar ionic radius compared to europium. The synthesis of the
homodinuclear cryptate 4-Eu/Eu was straightforward using an
excess of EuCl;:6H,0 under standard metal-exchange con-
ditions.” Crucially, the crude material could be purified by
preparative high-performance liquid chromatography (HPLC)
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Scheme 2. Synthesis of the Dinuclear Rare-Earth Cryptates 4-
Eu/Eu and 4-Eu/Y
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without any decomplexation or loss of structural integrity
(Figure 2).

retention time: 16.3 min
(UV detection: 300 nm)
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Figure 2. Analytical HPLC trace (Lichrospher RP-18e 125 mm X 4
mm—S5 pm; eluents H,O + 1% TFA/CH;CN) of 4-Eu/Eu after the
preparative HPLC purification. '

Synthesis of the heterodinuclear europium/yttrium cryptate
started similarly with the metal exchange of europium for sodium
in 4-Na/Na with 1.5 equiv of the europium salt. The obtained
mixture (mainly complexes with one or two europiums in the
dicryptate) could conveniently be purified again by HPLC to
very cleanly yield the mono-Eu/H* cryptate (4-Eu),'® which
could then be subjected to a second complexation reaction with
YCl;-6H,0. For reasons not entirely clear to us yet, this
conversion of 4-Eu to the dinuclear 4-Eu/Y proceeded rather
sluggishly and only showed incomplete conversions, leaving the
starting material 4-Eu as the major component after the reaction
(see Figure S9 in the Supporting Information). Because of the
exceptional stability of the new dicryptates, however, 4-Eu/Y
could be isolated by preparative HPLC, albeit with 4-Eu as a
minor impurity (ca. 5—10%). Importantly, in addition to the
apparent chemical stability under HPLC conditions, we did not
observe any scrambling of the metals in 4-Eu/Y [as evidenced by
repeated luminescence, matrix-assisted laser desorption ioniza-
tion mass spectrometry (MALDI-MS), and HPLC measure-
ments after prolonged standing in solution at ambient temper-
ature ], which testifies to the high degree of kinetic stabilty of the
cryptates.

With the inert dicryptates 4-Eu/Eu and 4-Eu/Y in hand, we
performed luminescence measurements in order to see the
effects of the close proximity of the two metal centers on the
photophysical properties. The steady-state emission spectra of
the two dicryptates in CD;OD show very similar features overall
(Figure 3).

In 4-Eu/Eu, the emission band for the transition *Dy — "Fy is
split into two clearly distinguishable components around 572 and
575 nm, whereas in 4-Eu/Y, this band is mainly composed of the
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Figure 3. Steady-state emission spectra of 4-Eu/Y (black) and 4-Eu/Eu
(red) (Aexe = 305 nm; ¢ & 10 uM in CD;0D; 2.0 nm slit widths). Inset:
Magnification of the D, — F, transition.

575 nm feature, with only a small shoulder at smaller wavelength
(presumably due to the small impurities of 4-Eu left after HPLC
purification, vide supra). This transition only involves non-
degenerate states and should consequently not show any crystal-
field splitting, and therefore only one peak is expected for
different europium sites."”” The presence of two peaks in the
emission spectrum of 4-Eu/Eu is a clear indication that on the
time scale of the measurement two nonequivalent europium sites
are present in this dicryptate with small but clear energetic
differences in their electronic structure. Luminescence lifetime
measurements for 4-Eu/Eu (1. = 300 nm; A,,, = 619 nm) in a
methanolic solution gave results also completely consistent with
this interpretation (Table 1): In CD,;OD, 4-Eu/Eu shows

Table 1. Luminescence Lifetimes for 4-Eu/Eu”

solvent 7, [ms]® 7, [ms]?
4-Eu CD;0D 0.94 (100%)
4-Eu/Y CD,0D 0.96 (100%)
4-Eu/Eu CD,0D 1.54 (53%) 0.127 (47%)
4-Eu/Eu CH,0H 1.02 (50%) 0.096 (50%)
Iueon” ~0.5 ~2.9

“Estimated uncertainties: 7 + 10%; ¢ & 10 uM; A, = 300 nm; 4., =
619 nm (°Dy, — ’F,). "The relative contribution to the decay is in
parentheses. “Estimated using the modified empirical equation g0y
= 24(1/ty — 1/tp — 0.125 ms™') based on the corresponding
equation in water.

biexponential decay kinetics with two very different, almost
equally contributing lifetimes 7; = 1.54 ms (53%) and 7, = 0.127
ms (47%), which expectedly shorten in CH;OH to 7, = 1.01 ms
(50%) and 7, = 0.096 ms (50%). These lifetime data allow the
very crude approximation of the number of inner-sphere
methanol molecules (qyon) by modifying the usual empirical
equation for water (Ayon = 2Awater a0d Byeort = 0-5Byer)-
This analysis gives two apparently very different solvation states
at europium for the two sets of lifetimes: gy.oy = 0.5 for the
long-lived and g0 & 2.9 for the short-lived component. The
latter number is very similar to the hydration number (g, =
2.5) found for the corresponding mononuclear europium
cryptate.”® While the qualitative difference is quite apparent,
the obtained values for g0y must be considered with caution
because, in our system, we cannot rule out directed Eu — Eu
energy transfer affecting the lifetimes, which has recently
attracted attention and the existence of which has been called
into doubt for molecular europium complexes.'® The reason for
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the very different environments around the europium centers in
4-Eu/Eu is not entirely clear at this moment, but it is likely due to
the very strong mechanical coupling of the conformational
dynamics in the two binding pockets. Further investigations into
the details of this effect are currently underway. The fact that the
metal centers in the new homodinuclear cryptates are clearly
distinguishable is a rarely encountered feature in similar systems
and is quite significant because it implies that any interaction
between the two metal sites could have a high degree of
directionality, which, in turn, would prove very helpful for future
studies concerning intermetallic electronic or magnetic inter-
actions.

In conclusion, we have developed a synthetic route for the
selective preparation of homo- and heterodinuclear rare-earth
cryptates. These complexes are very inert and can be purified by
chromatographic methods without the loss of structural integrity
and/or scrambling of the metal centers in the case of 4-Eu/Y.
These new cryptates will open up new, exciting avenues for
addressing fundamentally important basic questions related to
intermetallic communication pathways in rare-earth materials.
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