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Mausolates: Large-Cavity Chelates with Potential as
Delivery Vehicles in Nuclear Medicine**
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A new type of diborate clathrochelate (cage) ligand featuring
nine inwardly pointing nitrogen donors that form a large, rigid
cavity, termed a mausolate, is presented. The cavity size and
high denticity make this an attractive delivery vehicle for large
radionuclides in nuclear medicine. Metal mausolate complexes
are stable to air and water (neutral pH) and display extremely

Targeted radiotherapy is increasingly used in the treatment of
cancer and many of the most important radionuclides are those
of large metals including the lanthanides and actinides."™
Targeted alpha therapy (TAT) using **Ac (t;,, 10.0d), *’Th
(18.5d) and **Ra (11.4d) radionuclides are especially interesting
because they possess half-lives of sufficient length for mono-
clonal antibody targeting.”™ Despite these advantages, devel-
oping new TAT agents based on these metals is limited by the
high lability of their complexes with traditional chelating
ligands.

We report here a new class of clathrochelate (i.e. cage) that
offers exceptional promise as a chelator for very large cations
due to its large internal cavity, high denticity and rigid
framework (Figure 1).'? The core structure is based on
tris(pyrazolyl)borate units connected through pyridine linkers to
form a cage. Despite the fact that tris(pyrazolyl)borates have
been one of the most important ligand classes in inorganic
chemistry since their synthesis by Trofimenko in the 1960’s, no
cage ligands based on this structural core are known.""'"! The
diborate cages described here, which we term mausolates
(from mausoleum, a large tomb, in an extension to the well-
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high thermal stability (>400°C). Lanthanide uptake by the
mausolate ligand occurs rapidly in solution at room temper-
ature and once complexed, the lanthanide ions are not
displaced by a 250-fold excess of a competitive lanthanide salt
over more than one week.

g4

Figure 1. Schematic drawing of the new cage ligand presented here (blue,
pyrazolyl-N; pink, pyridine-N; yellow, large encapsulated metal ion).

known and smaller sepulchrates and cryptands), are easy to
prepare, show exceptional stability to water and are thermally
stable to more than 400°C.

The synthesis of the bis(pyrazolyl)pyridine ‘arms’ from 2,6-
diacetylpyrdine is shown in Scheme 1. The 5-methylpyrazole
derivative 2b can be made by substituting dimethylacetamide
dimethylacetal (DMAc-DMA) for dimethylformamide dimethyla-
cetal (DMF-DMA). Reaction of the arms with KBH, in a 3:2 ratio
can be carried out in the melt or in solution (diglyme or anisole
at 160°C) to produce the dipotassium salt of the cage (3a or
3b). We have found that a small amount of Y(OTf); (ca. 2-
5mol%) increases the rate of mausolate formation and
provides somewhat higher yield (see Supporting Information).
Yields as high as 60-70% can be obtained in solution but this
method requires the removal of diglyme or anisole at >100°C
under vacuum. The solid state reaction gives more variable
yields but 30-50% is typical. Interestingly, the yield is markedly
lower if NaBH, is used and very little product forms with LiBH,,
providing some evidence for a potassium ion template effect.

The dipotassium cage complexes 3a and 3b are readily
soluble in acetone, acetonitrile, THF, methanol and dmso but
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Scheme 1. Synthesis of the dipotassium salts of mausolates 3a and 3b.

are insoluble in water. The NMR spectra of these complexes are
highly symmetrical in acetone-d;, or dmso-d, and, unlike the
tautomeric arms 2a and 2b, display sharp signals for the
pyrazolyl protons with the characteristic 2-3 Hz *J,,, pyrazole
coupling (for 3a). The BH resonance near 4.9 ppm is a very
broad multiplet in acetone-ds in the '"H NMR but sharpens
considerably to a broad singlet on ''B decoupling. The "B
resonance is a broad doublet ('J,, 96 Hz) in acetone-d,. The ''B
chemical shift is very sensitive to the presence of a methyl
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substituent and shifts from 6 —1.3 ppm (vs. BF;(OEt,)) in 3a to 6
—8.0 ppm in 3b. In contrast, the BH shift is insensitive to
substituents on the pyridine ring and coordination of diamag-
netic metals. TGA shows that desolvation occurs above 100°C
(for acetone, isopropanol and water) but cage decomposition is
not observed below ca. 420°C for the parent cage 3a.

In the X-ray crystal structures of K,(Cage-3a) (Figure 2) and
K,(Cage-3b) (Figure 3), three bis(pyrazolyl)pyridine arms span
the two boron centres."® The coordination environment at
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Figure 2. Ellipsoid plot (50%) of K,(Cage-3a) (hydrogen atoms on carbon
omitted for clarity).

boron is typical of a tris(pyrazolyl)borate. What makes these
cages especially interesting is that the distance between the
centroid of the nine inward-pointing N donors and the pyridine
N atoms is 3.3 A. This distance is well-suited to binding large
metals such as lanthanides (discussed below), actinides, barium
and lead.

The dipotassium complex of cage 3a absorbs strongly in
the UV as expected (Amaxmeon 238 Nnm; € 113,000 Lmol'em™);
excitation at 262 nm produces fluorescence emission at
360 nm. Acid-base titration in an 80:20 methanol:water solution
results in a shift in the emission maximum to 405 nm between

approximately pH 7 and 3 followed by a second shift to ca.
415 nm between pH 2.5 and —0.2 (see Supporting Information).
These changes are attributable to the first and second
protonations of 3 a; approximate first and second pK, values for
the protonated cages are estimated to be 2.0 and 3.9,
respectively." This shift results in distinctly blue emission on
UV excitation of the protonated cages while the parent cage is
very faint violet. Cage-3a is stable to pH —0.2 for at least 2-3 h
but it rapidly degrades at pH>8.5 in this medium suggesting
that it will display ample stability at physiological pH.

Reaction of K,(Cage-3a) with Ln(NO,);(H,0), (Ln=Y) or
LnOTf; (Ln=Ce, Th, Y, La) in acetone solution results in rapid
precipitation (0-30 min) of Ln(3a)X as their hydrated acetone
complexes (Ln=Ce, 4-OTf; Tb, 5-OTf; Y, 6-NO,, 6-OTf; La, 7-OTf),
Scheme 2. The Ce nitrate complex, 4-NO;, can be prepared
from the Ce(lV) precursor, (NH,),[Ce(NO,)¢]. Acetone of solvation
is readily removed under vacuum at 50-100°C overnight but
the water of solvation is not readily removed. The identity of
the [Ln(3a)]* cation is uniquely identified by the ESI-MS isotope
pattern (see Supporting Information) and elemental analyses
(nitrate complexes) confirm the hydrate formulations.

Single crystals of 4-NO; (Ce) and 6-NO; (Y) were grown from
acetone or dmso, respectively; thermal ellipsoid plots for these
complexes are shown in Figures 4 and 5. In both complexes,
the metal is located off-centre and resides in a cleft between
two arms with coordination by all six N of those arms. Both
complexes also contain coordinated water molecules (two for

Figure 3. Ellipsoid plot (50%) of dimeric K,-Cage-3 b (hydrogen atoms on carbon omitted for clarity).

acetone
LnX3(H,0), + Ky(Cage-3a) ———— > Ln(Cage)X + 2K'X

Ln=Y; X=NOj5
Ln=Ce, Th, Y, La; X = OTf

acetone

[NH4],[Ce(NO3)s] + K,(Cage-3a)

Scheme 2. Preparation of yttrium and lanthanide complexes of cage 3a.
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Ln=Ce (4), Tb (5), Y (6), La (7)
X =NOj3 or OTf
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Figure 4. Thermal ellipsoid plot (50%) of 4-NO; (non-coordinating acetone
and all hydrogens on carbon omitted for clarity).

Figure 5. Thermal ellipsoid plot (50 %) for 6-NO; (non-coordinating, disor-
dered nitrate anion and all hydrogens on carbon omitted for clarity).

Ce, one for Y) hydrogen bonded to the pyridine of the non-
coordinating arm. These waters are thus internal to the cage
structure so the observation that they are not readily lost on
heating is not surprising. The structures differ in coordination of
the nitrate counterion. In the case of Ce complex, 4-NO;, the
nitrate is coordinated in typical bidentate fashion while in the Y
complex, 6-NO;, it is non-coordinating and replaced within the
coordination sphere by two O-coordinated dmso molecules.
Thus the coordination number at the metal is 10 for Ce and 9
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for Y. The metal-bonded arms are warped out of planarity, as
was observed in K,(Cage-3a).

The "H NMR spectra of 4-OTf, 6-NO,, 6-OTf and 7-OTf show
a symmetrical environment that does not match that observed
for 4-NO; or 6-NO; in the solid state. In contrast, both the
cerium nitrate complex 4-NO; and the terbium triflate complex
5-OTf clearly show two sets of arm resonances in 2:1 ratio (5-
OTf, Figure 6) that are consistent with the crystal structures of
4-NO; and 6-NO;. The most likely explanation for this behaviour
is a fluxional process where the metal migrates rapidly between
all three clefts on the NMR timescale for Ce (4-OTf), Y (6-OTf or
6-NO;) and La (7-OTf). The coordinated nitrate in 4-NO,
presumably hinders rapid migration while the much larger
chemical shift differences for Tb (5-OTf) places this complex in
the slow exchange regime.

Terbium cage 5-OTf shows the typical green Tb** emission
spectrum when excited at 335nm in 20% dmso in water
solution. In contrast, the emission is almost completely
quenched for Th(OTf); in this solvent mixture, demonstrating
the solvent shielding effects of the cage (see Supporting
Information). This suggests 5 may also be interesting as a
fluorescent tag when attached to biomolecules.

The uptake of lanthanide ions by 3a in acetonitrile is
extremely rapid at room temperature, even at the low
concentrations of ESI-MS (107° M) as illustrated by pressurized
sample infusion ESI-MS (Figure 7).%” The ESI-MS spectra of 4-7
in acetonitrile and 7 in an 80:20 methanol:water mixture show
no change over several months. Additionally, no change is
observed for 7 in the presence of more than 1000 equivalents
of NaHCO; in 80:20 methanol:water over one month (see
Supporting Information). Further, there is no evidence for metal
exchange over a period of more than a week when these
complexes are challenged with a 250-fold excess of a different
lanthanide triflate (see Supporting Information for 7-OTf
challenged with Tb(OTf);). These preliminary results are promis-
ing indicators that mausolate cages are tenacious chelators of
large lanthanide ions.

In summary, the new mausolate clathrochelate based on
the well-known tris(pyrazolyl)borate core displays exceptional
thermal stability and resistance to air and water degradation at
neutral and acidic pH. The rapid uptake of lanthanide ions from
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Figure 6. 'H NMR (500 MHz, ppm, dmso-d,) spectrum of Tb complex 5-OTf (diamagnetic region omitted for clarity, one resonance not observed).
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Figure 7. Uptake of Ce** ions by 3a monitored by pressurized sample infusion ESI MS®” (20 uM Ce(OTf); and K,Cage-3a in acetonitrile): orange solid line [4]*,
purple dashed line sum of [K;Cage-3a]™ and [K,HCage-3a]"; inset: observed and calculated (shaded) isotope pattern for [4]7.

solution at room temperature and the stability of these
complexes to metal displacement make mausolates highly
attractive vehicles for the delivery of large radionuclides in vivo.
Future work to determine the stability of complexes with other
metals and to functionalize the mausolate periphery are under-
way.

Supporting Information

Synthetic procedures, selected NMR spectra, crystallographic
data, UV-Vis and fluorescence spectroscopy and ESI-MS data are
given in the Supporting Information (64 pages). The authors
have cited additional references within the Supporting
Information.?'®
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