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Lord of the Rings: An Octameric Lanthanum
Pyrazolonate Cluster™*

Jide Xu and Kenneth N. Raymond*

A continuing project in our laboratory has been the
development of chelating agents for the lanthanide and
actinide ions.'! The special spectroscopic and magnetic
properties of lanthanide complexes have prompted their use
as luminescent probes, NMR shift agents, and as magnetic
resonance imaging (MRI) agents.!> 3 These applications rely
on the precise control of the structural and electronic features
of the metal coordination site(s).

The incorporation of trivalent lanthanide ions into self-
assembling molecular architectures is currently also of great
interest in supramolecular chemistry.*l However, the trivalent
lanthanide ions generally display variable and high (8, 9, or
more) coordination numbers and the energy difference
between the various coordination geometries is small; there-
fore they show low stereochemical preferences.l These
factors make the rational design for the construction of
supramolecular lanthanide complexes quite challenging. A
better control of the coordination environment can be
achieved through the use of highly predisposed ligands.[**®]
These lead to a host of interesting and successful approaches
but generally they also lead to enormously increased synthetic
challenges.

Supramolecular helical species incorporating lanthanide
ions were first reported in 1992 and have subsequently been
prepared.l*gl A series of poly-N donor ligands of the 2,6-
bisbenzimidazol-2-yl-pyridines has been studied in depth by
the groups of Biinzli, Piguet, and Williams. The appeal of the
helicate approach towards the preparation of well-defined
coordination geometries lies in the fact that relatively simple
ligands may be used. Given the right conditions, they will self-
assemble into a large and predetermined structure. This
process is crucially dependent on the geometry intrinsic to the
particular metal —ligand interaction.

Bidentate 4-acyl-3-methyl-1-phenyl-2-pyrazolin-5-ones are
p-diketonate chelators which were first synthesized at the turn
of the last century.l”! Their complexing abilities, especially
towards lanthanide and actinide ions, have also been long
recognized and they are widely used for the separation of
trace metals.’!. However it was not until 1983 that the
tetradentate 4-acyl-2-pyrazolin-5-one ligands were synthe-
sized and their coordination chemistry with lanthanide ions
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studied.®? These ligands form dinuclear lanthanide com-
plexes which have interesting fluorescent properties.*®*-4 For
example, the tetradentate ligand 3LIPYZL (1,5-Bis(1-phenyl-
3-methyl-5-pyrazolone-4)-1,5-pentadione, H,L) forms helical
lanthanide(it) complexes with the stoichiometry [Ln,L;]-
4DMEF.B* ] In contrast to the helical complexes formed with
the six-coordinate d-block metal ions, the three tetradentate
ligands can not saturate all the coordination sites of the two
eight-coordinate lanthanide metal ions. Two solvent mole-
cules fill the coordiation sites of each lanthanide ion. These
structures reveal that lanthanide ions may form highly
symmetric clusters with relatively simple 4-acyl-2-pyrazolin-
5-one ligands, and leave some coordination vacancies for the
solvent molecules to occupy. This is the guideline of our
design of pyrazolonate-based lanthanide clusters.

Following the principles developed by our research group
for the design of coordination clusters,!'”! a tris-bidentate
4-acyl-2-pyrazolin-5-one ligand 4-(1,3,5-benzenetricarbonyl)-
tris(3-methyl-1-phenyl-2-pyrazolin-5-one) (H;L') was de-
signed and synthesized. This rigid threefold-symmetric ligand
forms a unique supramolecular three-dimensional ring archi-
tecture with first- and second-row transition metal ions such
as Gall, 1l VIIL Felll and In"".['2l These complexes have [MgL{]
architecture, which leads to three distinct environments for
the three identical pyrazolone components of the ligand. The
signals in the '"H and 3C NMR spectra of the Ga™ and In™
complexes show a characteristic triple splitting.!'- 121

Based on the formation of these [MyL{] three-dimensional
ring structures it was reasoned that discrete supramolecular
species might form with lanthanide ions, since the ligands do
not necessarily have to saturate all of the coordination sites of
the lanthanide ions. Indeed when the rigid threefold ligand
H;L! and lanthanum acetylacetonate [La(acac);] were heated
in DMSO, a high-yielding, self-assembly of a single species
was observed (Scheme 1). The 'H NMR spectra showed the
characteristic triple splitting mode in the aliphatic as well as
the aromatic regions (Figure 1). Similar phenomena were
previously observed in [MgL}] systems, which suggests that
the lanthanum atoms may be located in similar coordination
environments, and that the lanthanum complex may also have
a three-dimensional ring structure. An X-ray crystallographic
analysis!™®l unambiguously revealed this complex to have a
unique square-antiprismatic, three-dimensional ring structure
[LagL}] with idealized D, symmetry (Figure 2). Eight lan-
thanum atoms occupy the eight vertices of the polyhedron,
while each ligand occupies one of the eight trianglar faces.
Each lanthanum atom is coordinated by three ligands and
each ligand coordinates to three lanthanum ions (Scheme 1).
In this cluster nine-coordinate lanthanum atoms are linked by
six-coordinate chelate ligands; this is a good example of
coordination number residuum cluster formation. The resid-
ual coordination sites of the lanthanum ions are occupied by
solvent molecules, some of which point into the cavity of the
ring, as shown in Figure 2.

The coordinated DMSO solvent molecules can be easily
replaced by other molecular donors such as alcohols, terpyr-
idine, etc. In fact, when the complex that freshly precipitated
from a DMSO solution was washed with methanol the
complex dissolved and then re-precipitated. A batch of the
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Scheme 1. Synthesis of the octomeric Lanthanide cluster [LagL{]. a) CaO/
dioxane; b) [La(acac);[/DMSO, 100°C, yield 81%. The coordinated
DMSO molecules are omitted for clarity.

re-precipitated complex was dis-
solved in DMSO to grow crystals
for X-ray structural analysis. Both
MeOH and DMSO molecules were
found in the structure.

The eight lanthanum atoms form
a “regular” square-antiprism, both
the upper and bottom sets form
regular squares, and are offset by
45°. All of the distances between
neighboring La atoms are equal
within experimental error (10.1 and
10.3 A). There are two lanthanum
atoms (Lal and La2) in each asym-
metric unit. Both lanthanum ions
are nine-coordinate. The two pos-
sible ground-state geometries for
nine-coordination polyhedra are
the symmetrical tricapped trigonal
prism with Dy, symmetry and the
monocapped square antiprism with
C,, symmetry. The polyhedron of
the Lal coordination sphere is best
described as a slightly distorted
monocapped square antiprism.
The coordination polyhedron of
La2 can be described as a distorted
tricapped trigonal prism, in which
the coordination polyhedron is dis-
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Figure 1. '"H NMR spectrum of [LagL}] in [Dg]DMSO. Only one of the
three chemically inequivalent 4-acyl-pyrazolone moeities of the Cj-
symmetric ligand is shown in the structure.

torted and has a lower symmetry (between the regular D, and
C,, structures).

In summary, a new lanthanum supramolecular architecture
has been achieved in which nine-coordinate lanthanum

centers are coordinated by three bidentate pyrazolone
chelating units. These centers have been combined with a
rigid Cs-symmetric ligand system to drive the formation
of a square-antiprismatic cluster [Lagl.}]. This is the first
example of a cyclic lanthanide cluster complex with a three-

Figure 2. The X-ray crystal structure of [LagL{], a) top view; b) and c) side views.
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dimensional and highly symmetric ring structure, and is an
extraordinary example of symmetry-driven cluster forma-
tion.

Experimental Section

General: All chemicals were used as received from Aldrich unless
otherwise noted. The 'H and *C NMR spectra were obtained on a Bruker
DRX-500 spectrometer. Mass spectra and elemental analyses were
performed at the MICRO-MASS Facility and the Elemental Analysis
Facility, College of Chemistry, UC Berkeley, respectively.

H;L": A suspension of 3-methyl-1-phenyl-2-pyrazolin-5-one (10.5 g,
0.06 mol) and calcium oxide (7.0 g, 0.12 mol) in dry dioxane (40 mL) was
heated at 85°C under nitrogen. A solution of 1,3,5-benzenetricarbonyl
trichloride (5.0 g, 0.019 mol) in dry dioxane (10 mL) was added to this
warm suspension over 1 min. The reaction mixture became a thick paste
and the temperature increased immediately. The mixture was heated at
reflux for 1 h, during which time the thick paste solidified. The dioxane
solution was discarded and the solid was treated with 2m HCI (250 mL). A
beige solid was isolated by filtration, washed with cold water, and dried in
vacuo at 60°C overnight (yield 10.3 g, 82%). Elemental analysis calcd for
C3H3NcOg - H,O (%): C 6723, H 4.62 N 12.06; found: C 67.01, H 4.61, N
12.06; 'TH NMR (500 MHz, [Dg]DMSO): 6 =2.32 (s, 9H), 7.29 (t,J =7.6 Hz,
3H), 743 (t,J =76 Hz, 6 H), 7.65 (d, /] =79 Hz, 6 H), 8.30 (s, 3H); *"CNMR
(500 MHz, [D¢]DMSO): d =14.21, 104.35, 121.31, 121.41, 126.31, 129.03,
131.79, 136.66, 138.68, 150.77, 188.72; positive-ion FAB-MS: m/z: 679
[H;L'+H].

LagL{: Lanthanum acetylacetonate hydrate (94 mg, 0.2 mmol) was added
to a suspension of H;L!- H,O (154 mg, 0.22 mmol) in DMSO (10 mL). The
reaction mixture was heated with stirring under nitrogen at 100°C for 16 h.
Upon cooling the mixture down to room temperature, the yellow powdery
solid precipitate was collected by filtration and dried in a vacuum oven at
80°C overnight (170 mg, 81 %, 0.20 mmol). Elemental analysis calcd for
LagCseH360N4507,S,4 ([LagLi(DMSO),,]) (%): C 51.53, H 4.32, N 8.01;
found: C 51.50, H 4.21, N 8.39; '"H NMR (500 MHz, [D4]DMSO): 6 =1.12
(s,3H), 1.30 (s, 3H), 1.61 (s, 3H), 6.86 (t,/ =74 Hz, 1 H), 6.94 (t,/ =74 Hz,
1H),6.98 (t,/=8.0 Hz,2H), 708 (t,/ =78 Hz, 1H), 7.11 (t,/ =7.6 Hz, 2H),
7.34 (t, J=78 Hz, 2H), 7.37 (d, J=8.0 Hz, 2H), 7.52 (s, 1H), 7.59 (s, 1H),
7.66 (d, /=79 Hz, 2H), 7.80 (s, 1 H), 8.28 (d, /=8.0 Hz, 2H); positive-ion
FAB-MS: m/z: 6518 [LagL} + H*]; exact mass calcd for LagCsj,Hz 6N ysOyq:
6513.57.
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The low density of the structure probably reflects the presence of
additional solvent molecules. Unfortunately we were unable to locate
these, as a result of the low quality of the crystal data. Details of the
disorder in the structure are obtained in the Supporting Information.
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Crystallographic Data Centre as supplementary publication
no. CCDC-141567. Copies of the data can be obtained free of charge
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