
Journal of Inclusion Phenomena and Macrocyclic Chemistry 41: 23–30, 2001.
© 2001 Kluwer Academic Publishers. Printed in the Netherlands.

23

Aggregate, Polymer and Cluster Formation from Metal-Imino
Carboxylate Complexes

DAN M.J. DOBLE, RICHARD D. KAY, COLIN H. BENISON, ALEXANDER J. BLAKE, XIANG
LIN, CLAIRE WILSON and MARTIN SCHRÖDER∗
School of Chemistry, The University of Nottingham, University Park, Nottingham, NG7 2RD, U.K.

(Received: 15 July 2001; in final form: 31 August 2001)

Key words: metal-imino carboxylate complexes, [L1]3

Abstract

Reaction of tris-(2-aminoethyl)amine (tren) and the sodium salt of an α-keto carboxylic acid, typically sodium pyruvate,
affords in the presence of a lanthanide ion a series of complexes and aggregates including mononuclear, cyclic tetranuclear
and polymer species of [L1]3− ([L1]3− = N[CH2CH2N=C(CH3)COO−]3). The aggregation of these and related d-block
element complexes with Na+ ions leads to the formation of polymeric materials, and the factors influencing the formation
and control of these various aggregation states are discussed. Metal cations also template the aggregation of the fragment
[Ni(L2)] ([L2]2− = CH2[CH2N = C(CH3)COO−]2) to give, in high yield, the polynuclear aggregates {[Ni(L2)]6M}x+ (M
= Nd, Pr, Ce, La, x = 3; M = Sr, Ba, x = 2). The structures of [Ni(L2)]6Mx+ show an interstitial twelve co-ordinate,
icosahedral cation Mx+ encapsulated by six [Ni(L2)] fragments. In the presence of Na+, aggregation of [Ni(L2)] fragments
affords {[Ni(L2)]9Na4(H2O)(MeOH)(ClO4)}3+ the structure of which shows four Na+ ions templating the formation of
a distorted tricapped trigonal prismatic [Ni(L2)]9 cage. Thus, control over construction of various polynuclear cages via
self-assembly at octahedral junctions can be achieved using main group, transition metal and lanthanide ion templates.

Introduction

There is currently considerable interest in the design of
polydentate chelating ligands capable of forming stable
complexes of lanthanides for the development of radio-
pharmaceuticals [1], and as contrast agents for magnetic
resonance imaging (MRI) [2]. Much of the work on MRI
agents has focussed on poly(aminocarboxylate) ligands
[3], especially 1,4,7,10-tetrakis(carboxymethyl)-1,4,7,10-
tetraazacyclododecane (DOTA) and its derivatives [4, 5]. As
part of a study of the synthesis of new metal complexes
with potential applications in therapy and imaging [6], we
have investigated the synthesis and co-ordination properties
of new tripodal and square-planar ligands derived from the
Schiff-base condensation of tris-(2-aminoethyl)amine (tren)
and 1,3-diaminopropane with α-keto carboxylates, respect-
ively (Scheme 1). The ligands [L1]3− and [L2]2− are par-
ticularly interesting since they afford metal complexes that
incorporate not only acceptor sites at the metal ion centre,
for example at the apical sites of square-planar [M(L2)], but
also have potential carboxylate donors that may bridge to
external metal ions (Scheme 2). These systems are, there-
fore, designed and organised for the assembly to molecular
aggregates, polynuclear clusters and related oligomers and
polymers. This article reviews our work in this area [7, 8]
and shows how ligand design can yield new metal cluster to-
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Scheme 1. Synthesis of Schiff-base ligand complexes.

pologies and aggregates. Related tripodal ligands formed by
Schiff-base condensation of tris-(2-aminoethyl)amine with
2,6-diformyl-4-methylphenol [9], 2,6-diformylpyridyl [10],
salicaldehyde [11], and acetylacetone [11] have been repor-
ted previously, as have related binuclear bismuth [12] and
trinuclear gadolinium [4] complexes.

Complexes of the tripodal ligand [L1]3−

Reaction of tris-(2-aminoethyl)amine (tren) with 3 molar
equivalents of the sodium salt of an α-keto carboxylic acid,
typically sodium pyruvate (R = Me), in MeOH in the pres-
ence of a lanthanide(III) ion (Ln = Y, Sm, Gd, Yb) as
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Scheme 2. Donor-acceptor sites in complexes of type [M(L2)] as illustrated
by the structure of [Ni(L2)(MeOH)2].

Scheme 3. Schematic representation of Na+ aggregation with [Ln(L1)] and
Na+ removal by chromatography.

a template, affords a clear, pale yellow solution after 2h
(Scheme 1). Addition of excess Et2O affords a white pre-
cipitate of 1 and NaCl in high yield. Although the FAB mass
spectrum of 1 shows a peak for {[Ln(L1)]2Na}+, the pre-
cise assignment of 1 remains tentative, with co-ordination
of solvent molecules to Ln(III) and Na+ and association of
Na+ cations with the neutral complex [Ln(L1)] via interac-
tion with the terminal carboxylate O-donors highly likely.
NaCl can be removed by elution of a MeOH solution of 1
through a Sephadex LH-20 column to yield crystals of the
Na+-free neutral complex (Scheme 3). Crystals suitable for
X-ray diffraction were obtained for the Y(III) and Yb(III)
complexes with [L1]3− (R = Me) and the Y(III) complex
with [L1]3− (R = Et).

The Yb(III) (Figure 1) and Y(III) complexes of
[L1]3− were found to be iso-structural tetrameric structures
[Ln(L1)]4 with one carboxylate group from each ligand
bridging to the next metal centre. Since the two halves of the
tetramer are related by an inversion centre, the four Ln(III)
centres are precisely planar to form a molecular parallelo-
gram. The Yb(III) and Y(III) centres are eight co-ordinate,
bound by the heptadentate tripodal ligand [L1]3− and an
additional carboxylate oxygen of an adjacent complexed lig-
and. There is a high degree of planarity in the fragments
C(2)–C(8) (labelling scheme shown in Figure 3) within the
pyruvate arms due to conjugation between the imine and
carboxylate groups with mean deviations from the plane of
only 0.024–0.132 Å. The tetrameric structure is surrounded
by independent MeOH and H2O solvent molecules, which
are involved in intermolecular hydrogen-bonding. These

Figure 1. View of the structure of [Yb(L1)] (R = Me) with numbering
scheme adopted.

Figure 2. View of the structure of {[Y(L1)]2CH3OH}∞.

Yb(III) and Y(III) complexes are, to our knowledge, the first
structurally characterised cyclic tetramers of the lanthanides
[13]. Interestingly, electrospray mass spectrometry suggests
that a Y(III) tetramer does exist, at least in part, in aqueous
solution.

In contrast, the Y(III) complex of [L1]3− is a linear
polymer [Y2(L1)2MeOH]∞ (R = Et) (Figure 2) rather than
a cyclic tetramer as observed above. The complex ag-
gregates via a bridging carboxylate group linking metal
centres. The Y(III) centres alternate between eight co-
ordinate Y(1) and nine co-ordinate Y(2) respectively, with
the ninth co-ordination site filled by a MeOH molecule.
The Y(III)-donor atom bond lengths are generally longer
for the nine co-ordinate centres. These linear polymeric
chains are hydrogen-bonded to each other and to MeOH
molecules. The remarkable differences in structure between
[Y2(L1)2MeOH]∞ (R = Et) and [Y(L1)]4 (R = Me) show
how an apparently minor change of an organic substituent
remote from the metal centres can have a dramatic effect on
the observed solid-state structure.

Dissolution of the Sm(III) and Gd(III) complexes of 1
in H2O results in the slow growth of X-ray quality crystals
of the mononuclear species [Ln(L1)(OH2)2] [Ln = Sm, Gd
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Figure 3. Structure of [Gd(L1)(OH2)2] (R = Me) with numbering scheme
adopted.

(Figure 3)]. Both [Ln(L1)]4 and [Ln(L1)(OH2)2] are of lower
solubility in H2O and MeOH than 1, and we believe that
1 and [Ln(L1)(OH2)2] are in equilibrium in H2O, thereby
explaining the slow crystallisation of [Ln(L1)(OH2)2] from
a solution of 1. The structure of [Sm(L1)(OH2)2] confirms
the binding of the tripodal, heptadentate Schiff-base ligand
to a nine co-ordinate Sm(III) centre. The two remaining
co-ordination sites on the Sm(III) ion are occupied by two
H2O molecules, each of which is positioned between two
tripod arms. Again, each arm of [L1]3− shows a high de-
gree of planarity allowing effective conjugation of the imine
with the carboxylate groups and stabilising the imine moiety.
[Sm(L1)(OH2)2] crystallises as a heptahydrate with extens-
ive intermolecular hydrogen-bonding. The Gd(III) complex
[Gd(L1)(OH2)2] (Figure 3) is isostructural.

The novel tripodal ligands reported here are heptadent-
ate, whereas lanthanide metal ions usually prefer 8 or 9
co-ordination. It is, therefore, necessary for the Ln(III)
centres to include additional donors in their co-ordination
spheres. Both [Ln2(L1)2MeOH]∞ (R = Et) and [Ln(L1)]4
(R = Me) are crystallised from MeOH, in which the best
donors available are the carboxylate oxygens of neighbour-
ing complexes, resulting in the observed oligomeric struc-
tures. However, [Ln(L1)(OH2)2] (R = Me) is crystallised
from H2O which is itself a good donor, resulting in the
observed monomeric complex.

Formation of mixed-metal aggregates

Previous work has confirmed that aggregation of metal
complexes by polychelate ligands through exo co-ordination
of metal ions can afford a wide range of cluster and
polymeric species [14–17]. In particular, carboxylate-
based complexes are particularly effective in binding
Group I and II metal ions [15]. For example, Na2CO3
can be encapsulated by [Gd(DO3A)] (DO3A = 1,4,7-
tris(carboxymethyl)-1,4,7,10-tetraazacyclododecane) to
form the complex cluster [Gd(DO3A)]3Na2CO3 [16], while
derivatives of N-hydroxyiminodiacetic acid (H3hida) are
able to adopt a variety of aggregation states in the presence
of hard metal ions [17]. We were particularly interested

Scheme 4.

in forming polymeric aggregates which feature channels
or sheets of metal ions which may have potential as ionic
conductors and charge-storage devices [18, 19], and as bio-
mimetic models [20]. We were also interested in developing
these ideas further with specific focus upon aggregation of
metal complex fragments via exo metal binding to [L1]3−
and [L2]2−. We have thus far been unable to confirm the
connectivity and precise details of binding of Na+ with
the neutral fragments [Ln(L1)] by single crystal diffrac-
tion. We therefore investigated the complexation of anionic
complexes of type [M(L1)]− [M = Mn(II), Ni(II)] in which
the Na+ cation would be carried over and be incorporated
directly as the counter cation in the product.

Reaction of tris(2-aminoethyl)amine (tren) with three
equivalents of sodium pyruvate in the presence of
MnCl2.4H2O followed by addition of excess Et2O affords
a white solid of stoichiometry [Mn(L1)]Na3Cl2.2H2O, 2.
Although it is not known whether 2 is a single species or a
mixture of products, dissolution of 2 in MeOH followed by
slow diffusion of Et2O affords pale yellow crystals of two
distinct morphologies, acicular and hexagonal (Scheme 4).

Single crystal X-ray diffraction on the hexagonal crys-
tals reveals a co-ordination polymer of stoichiometry
{[Mn(L1)]2Na4Cl2.13H2O}∞ (Figure 4). The structure con-
sists of complex anions [Mn(L1)]− in which Mn(II) lies on
a crystallographic three-fold axis and is bound to [L1]3−
via three carboxylate O-donors, Mn-O = 2.257(2) Å, three
imine N-donors, Mn-N = 2.273(2) Å and, at longer range,
the bridge-head tertiary N-donor, Mn-N = 2.597(4) Å, to
give overall seven co-ordination at the Mn(II) centre. The
three arms of the tripodal ligand twist around the Mn(II)
center with a pitch angle of 78.6◦. Significantly, an infinite
polymeric sheet of Na+ ions bridge carboxylate O-donors of
adjacent layers of [Mn(L1)]− units with Na-O = 2.374(2)-
2.592(3) Å. The Na+ centres bind additionally to solvent
water molecules, Na-O = 2.723(3) Å, to give five and six co-
ordinate Na+ ions. The Cl− anions and remaining solvent
water molecules are unco-ordinated and are themselves
sandwiched between {[Mn(L1)]2Na4}∞ layers (Figure 5).

Slow diffusion of Et2O into a solution of 2 in a 1:1
mixture of MeOH and H2O results in crystals of both the
polymer {[Mn(L1)]2Na4Cl2.13H2O}∞ and the tetranuc-
lear cluster, {[Mn(L1)]Na(H2O)2}2.6H2O (Scheme 4). The
structure of {[Mn(L1)]Na(H2O)2}2.6H2O (Figure 6) is ana-
logous to that of {[Mn(L1)]Na(MeOH)2}2.2MeOH, formed
by recrystallisation of {[Mn(L1)]2Na4Cl2.13H2O}∞, 2,
from MeOH/Et2O only, but with solvation of Na+ cations
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Figure 4. Two complementary views of the structure of {Mn(L1)]2-
Na4Cl2·13H2O}∞ viewed normal and incident to the plane of the Na+
sheet.

Figure 5. Schematic of layered structure of {[Mn(L1)]2Na4Cl2 ·13-
H2O}∞.

Figure 6. View of the structure of {[Mn(L1)]Na(H2O)2}2.6H2O. The
structure lies across a crystallographic inversion centre. All hydrogen atoms
and uncoordinated solvent molecules are omitted for clarity.

in the former being by H2O rather than MeOH. The
structure of {[Mn(L1)]Na(MeOH)2}2.2MeOH confirms
two Na+ cations bound to the carboxylate oxygens,
Na-O(carboxylate) = 2.348(3)–2.686(3) Å, from two
[Mn(L1)]− anions, Mn-O = 2.234(2)–2.258(2), Mn-
N(imine) = 2.260(2)–2.274(2), Mn-N(amine) = 2.658(2)
Å. The Na+ cations also bind to two bridging and two
terminal MeOH molecules, Na-O(MeOH) = 2.385(3)–
2.390(3) Å, giving overall six co-ordination at Na+,
Na-O(carboxylate) = 2.339(4)–2.451(3), Na-O(H2O) =
2.404(3)–2.457(5) Å. Significantly, bulk samples of the
tetranuclear clusters {[Mn(L1)]Na(H2O)2}2.6H2O and
{[Mn(L1)]Na(MeOH)2}2.2MeOH always contain the
layered polymer {[Mn(L1)]2Na4Cl2.13H2O}∞ (Scheme
4). The primary difference in stoichiometry between
these two aggregation states is that the planar polymer
{[Mn(L1)]2Na4Cl2.13H2O}∞ contains two additional
Na+ and two additional Cl− ions compared to the
tetranuclear clusters {[Mn(L1)]Na(H2O)2}2.6H2O and
{[Mn(L1)]Na(MeOH)2}2.2MeOH. Thus, {[Mn(L1)]2
Na4Cl2.13H2O}∞ can be considered as being formed by
the co-crystallisation of {[Mn(L1)]Na(H2O)2}2.6H2O and
{[Mn(L1)]Na(MeOH)2}2.2MeOH with NaCl.

Atomic absorption measurements, elemental analytical
data, and X-ray powder diffraction have been used to study
the ratio of products formed in any given reaction. Thus,
typically, the percentage of {[Mn(L1)]2Na4Cl2.13H2O}∞
crystallised from a solution of 2 is 17–21% by mass,
the remainder being {[Mn(L1)]Na(H2O)2}2.6H2O and
{[Mn(L1)]Na(MeOH)2}2.2MeOH. Elution of 2 in MeOH
through a Sephadex LH-20 column followed by slow dif-
fusion of Et2O yields crystals which contain less than 2%
of {[Mn(L1)]2Na4Cl2.13H2O}∞. Thus, chromatography on
Sephadex removes all the NaCl except for the one Na+
per [Mn(L1)]− unit required to maintain electroneutrality,
resulting in the observed increase in tetranuclear clusters
relative to layered polymer. This demonstrates how the ag-
gregation state of [Mn(L1)]− can be controlled. Addition
of NaCl to a solution of 2 would be expected to result in
preferential crystallisation of {[Mn(L1)]2Na4Cl2.13H2O}∞,
but quantitative analysis is complicated by crystallisation of
cubic NaCl at higher NaCl concentrations.

Interestingly, when BF−
4 anion is used in place of

Cl− in the above reaction, a solid precipitates with a
Na+:Mn2+ ratio corresponding to 95–98% planar poly-
mer. It has not yet been possible to grow crystals of
this product suitable for X-ray diffraction, but crystals
of the Ni(II) analogue have been prepared. The complex
{[Ni(L1)]2Na4(BF4)2}∞ has been synthesised via reaction
of tren with sodium pyruvate and Ni(BF4)2.6H2O in MeOH
followed by recrystallisation from MeOH/Et2O. The single
crystal X-ray structure of {[Ni(L1)]2Na4(BF4)2}∞ (Figure
7) shows a layered polymeric sandwich structure similar
to {[Mn(L1)]2Na4Cl2.13H2O}∞, although the presence of
BF−

4 in {[Ni(L1)]2Na4(BF4)2}∞ leads to BF−
4 anions bind-

ing to three Na+ cations within the Na+ layer. The arms of
[L1]3− helicate about Ni(II) with a pitch angle of 56.1◦, with
the Ni(II) cations bound approximately octahedrally by three
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Figure 7. Single crystal X-ray structure of {[Ni(L1)]2Na4(BF4)2}∞
viewed normal and incident to the plane.

imine N-donors, Ni-N = 2.082(14)–2.098(15) Å, and three
carboxylate O-donors, Ni-O = 1.95(3)–2.11(2)Å. In contrast
to the Mn(II) centre in {[Mn(L1)]2Na4Cl2.13H2O}∞, the
Ni(II) centre in {[Ni(L1)]2Na4(BF4)2}∞ does not interact
strongly with the bridgehead N-donor, Ni . . . N = 3.15(2)–
3.16(2) Å. The Na+ cations in {[Ni(L1)]2Na4(BF4)2}∞ are
extensively disordered and interact with the carboxylate O-
centres, Na-O = 2.25(2)–2.78(2) Å and BF−

4 anions, Na-F =
2.18(3)–2.48(3) Å, with no co-ordinated solvent molecules.
Within the Na+ layer, there are vacant sites surrounded by
six carboxylate oxygens at 2.20(2)–2.70(2) Å. These va-
cancies are of considerable interest as they may allow the
movement of Na+ cations through the structure as in the
ionic conductor sodium β-alumina [19]. Future work will
be concerned with studying the mobility of both anions and
cations in these planar polymeric structures. Significantly,
elemental analysis and atomic absorption measurements
indicate that {[Ni(L1)]2Na4(BF4)2}∞ is the only species
formed in the above reaction. The preference for the planar
polymeric structure is attributed to the presence of BF−

4 an-
ions, which, unlike Cl−, are directly involved in aggregation
with the Na+ cations. Therefore, as for recently reported
examples of anion-templated self-assembly of metal-ligand
frameworks [21], the anion can be regarded as controlling
the aggregation of complexes of [L1]3−.

In order to study the interaction between [Ln(L1)] and
NaCl more fully, several attempts were made to crystal-
lise [Ln(L1)] (R = Me) in the presence of Na+ and other
hard metal centres such as Li+, K+, Mg2+, Ca2+, Mn2+
or Y3+. Unfortunately, all of these attempts were unsuc-
cessful in producing crystals of a quality suitable for X-
ray diffraction. However, reaction of tren with one molar
equivalent of Ca(ClO4)2 and three molar equivalents of
sodium pyruvate in MeOH followed by slow diffusion of
Et2O resulted in the slow growth of colourless crystals.

Figure 8. Structure of ({[Ca(L1)]3Na5(MeOH)7}{ClO4}2)∞.

The Ca(II) ion has a similar ionic radius and co-ordination
number to Ln(III) {r(Ca2+)} = 1.00 Å, r[La(III)] = 1.16,
r[Lu(III)] = 0.85 Å]. Therefore, the [Ca(L1)]− anion might
be expected to interact with Na+ in a similar way to
[Ln(L1)]. Single crystal X-ray diffraction reveals the lin-
ear polymer ({[Ca(L1)]3Na5(MeOH)7}{ClO4}2)∞ in which
three [Ca(L1)]− anions are bound together by bridging
carboxylate groups to form a {[Ca(L1)]3MeOH}3− moiety
encapsulating five Na+ cations, which in turn are bound to
six MeOH molecules (Figure 8). Each Ca(II) centre is bound
by three carboxylate oxygens, three imine nitrogens and the
bridgehead tertiary amine nitrogen of (L1)3−. The two outer
Ca(II) centres are also bound by carboxylate oxygens of the
central [Ca(L1)]− unit, whereas a MeOH molecule occupies
the eighth co-ordination site on the central Ca(II) cation.
The Na+ centres are five and six co-ordinate, binding to
MeOH solvent molecules and the carboxylate oxygens of
the [Ln(L1)] units. The {[Ca(L1)]3Na5(MeOH)7}2+ clusters
bind together through Na+-carboxylate and Na+-MeOH in-
teractions to produce a complex polymeric structure with a
zigzag Na+ backbone surrounded by {[Ca(L1)]3}3− frag-
ments.

Aggregation of complexes of [L2]3−

The aggregation of soft metal centres to form covalently-
bonded clusters is well known [22–24], and there are well-
established theories regarding the structure and bonding in
these polynuclear complexes, for example Ru and Os car-
bonyl [23] and Au clusters [24]. In contrast, hard metal
cations do not readily form metal–metal bonds, and usu-
ally require bridging ligands such as carboxylate [25], oxide
[26] or hydroxide [26] ligands to induce aggregation. These
ligands have enabled one-pot syntheses of some spectacular
high nuclearity aggregates, often with interesting magnetic
and electronic properties [25, 26]. However, such ligands
can adopt a variety of co-ordination modes which, together
with the often unpredictable co-ordination geometries of the
metals concerned, makes it very difficult to rationalise the
structures of the resulting aggregates. Recent developments
in self-assembly have shown how metal-ligand frameworks
can be successfully templated about a substrate anion or
cation [21]. Our approach has been to use the tetradentate
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Figure 9. Structure of {[Ni(L2)]6La}3+ with schematic of LaNi6 polyhed-
ron.

ligand, [L2]2− [27], to chelate the four equatorial sites of
a potentially octahedral metal ion M(II) leaving two free
axial sites at the metal centre for aggregation by interac-
tion with the carboxylate oxygen donors of neighbouring
[M(L2)] units. Thus, each planar [M(L2)] moiety has avail-
able two acceptor sites on M(II) to form a 180◦ junction,
and two carboxylates donors forming 90◦ junctions to the
acceptor sites on M(II) (Scheme 2).

Slow co-diffusion of methanolic solutions of [Ni(L2)]
and La(ClO4)3.6H2O results in the growth of brown, colum-
nar crystals of {[Ni(L2)]6La}(ClO4)3. A single crystal X-
ray structure determination reveals a highly unusual [28]
heptanuclear {[Ni(L2)]6La}3+ cluster (Figure 9) in which a
La(III) centre is located at the centre of the octahedral cage
formed by six [Ni(L2)] moieties, and is bound by an icosa-
hedron of twelve carboxylate O-donors. The La(III) centre
lies on a crystallographic 3-fold axis so that all six [Ni(L2)]
units are equivalent with the octahedral Ni(II) centres bound
equatorially by [L2]2− and axial sites occupied by the
carboxylate O-centres of two neighbouring [Ni(L2)] units.
Thus, each [Ni(L2)] unit is joined to four other [Ni(L2)]
units such that the six Ni(II) centres lie at the vertices of
a near-perfect octahedron with La(III) at its centre. A range
of related heptanuclear clusters {[Ni(L2)]6M}x+ (M = Ba,
Sr, x = 2; M = Nd, Pr, Ce, x = 3) have been prepared and
characterised. These complexes all show very similar struc-
tures with the intra polyhedral Ni . . . Ni distances varying
as a function of central template ion size and charge (Fig-
ure 10). Thus, as the ionic radius of the central template
increases the outer Ni6 polyhedron expands to accommodate
the template. Likewise, the intra-cluster polyhedral Ni . . . Ni
distances decrease on going from a 2+ to a 3+ template ion.
It is remarkable that the icosohedral cavity appears capable
of binding to a wide range of metal centres. In particular,
this cavity enables the encapsulation of an unprecedented
12-co-ordinate Sr(II) center.

Crystallisation of [Ni(L2)] from MeOH/Et2O
in the presence of NaClO4 yields purple crys-
tals of {[Ni(L2)]9Na4(H2O)(MeOH)(ClO4)}(ClO4)3.
Et2O.6.5MeOH}.0.15H2O containing a highly novel
Ni9Na4 cluster in which four Na+ cations are encapsulated
within a nine-membered [Ni(L2)]9 cage (Figure 11). The
cage is comprised of [Ni(L)] units which are related by an
approximate, non-crystallographic, three-fold axis. All the

Figure 10. Variation of intra-cluster polyhedral Ni . . . Ni distance with
ionic radius of cation template.

Figure 11. Structure of {[Ni(L2)]9Na4(H2O)(MeOH)(ClO4)}(ClO4)3.
{Et2O.6.5MeOH}.015H2O with schematic of Ni9 tricapped trigonal prism.

Ni(II) centres are octahedral with the equatorial sites bound
by [L2]2− and the axial sites bound by the carboxylate
oxygens of neighbouring complexes. The Ni(II) centres are
set in a tricapped trigonal prismatic arrangement although
connection of the Ni(II) centres of adjoining [Ni(L2)] units
gives a polyhedron with three square faces and eight trian-
gular faces, with each [Ni(L2)] moiety connected to four
other [Ni(L2)] fragments (Figure 11). All the carboxylate
oxygens are orientated inwards, encapsulating a core of four
Na+ cations of which two are five co-ordinate and two are
four co-ordinate. A water molecule is bound within the Na4
core with a ClO−

4 anion and a MeOH molecule protruding
through two of the square faces of the [Ni(L2)]9 cage to bind
to the Na+ core. The cation in {[Ni(L2)]9Na4}4+ is, to our
knowledge, the first complex cage to have been assembled
around a template of four metal centres.

Therefore, [Ni(L2)] units aggregate into an octahedral
cage in the presence of La(ClO4)3.6H2O and a tricapped
trigonal prismatic cage in the presence of NaClO4. Since
the same anion and solvent are present in each case, it ap-
pears that the difference in aggregation state results from a
templating effect of the interstitial metal cations. A related
example has been reported by Saalfrank and co-workers
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in which Group 1 metal ions were found to template the
formation of a surrounding cage of [Fe(triethanolamine)]
complexes [29]. In this case, Na+ templates the formation
of a six-membered cage whereas the larger Cs+ cation tem-
plates the formation of an eight-membered cage. In contrast,
[Ni(L2)] forms a larger aggregate in the presence of Na+
than in the presence of the larger La(III) cation. We believe
that the [Ni(L2)] units adopt a cage geometry with an internal
hole-size that best matches the ionic radius of the metal ions
available for encapsulation. Thus, while the rigid icosahedral
cavity in the [Ni(L2)]6 octahedron accommodates a La(III)
centre, it is too large for occupation by a single Na+ centre,
but too small to accommodate two Na+ centres. Thus, the
[Ni(L2)] units assemble into a larger, nine-membered cage
around, in this case, four Na+ centres.

In conclusion, aggregation in the above tripodal and
square-planar systems can be controlled by template cations
and anions, by solvent, and by variation in the tripodal
polychelate as illustrated by the formation of mononuclear,
cyclic tetranuclear and polymeric complexes.
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