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The metal-ion-directed assembly of discrete molecular archi-
tectures, especially those with interesting supramolecular
topologies, has received very considerable attention over
recent years. The resulting metallostructures range from
simple molecular ellipses, through higher polygons, to large
polyhedrons with molecular weights of many thousands.! A
condition for the rational assembly of such metal-organic
structures is that the metal ion(s) and organic component(s)
display the steric and electronic complementarity that is
required to promote formation of the molecular architecture
of interest.

In previous studies, we have investigated the synthesis of a
range of neutral nanometer-scale metal-organic architectures
that employ 1,3- and 1,4-aryl-linked bis(p-diketonate) di-
anions as the organic components. The products include a
discrete tetranuclear cofacial ‘dimer of dimers’, dinuclear
helicates, supramolecular tetranuclear tetrahedral structures,
and a range of interesting extended structures, which also
incorporate difunctional co-ligands that fall in the category of
metal-organic framework materials.% It is clear both from
our studies, as well as those of other research groups,**! that
bis(B-diketone) derivatives of the above type show uncom-
mon utility as structural elements for the construction of
interesting discrete and extended metal-organic architec-
tures.

We report herein the results of a further investigation in
which the assembly of new hexanuclear species of unprece-
dented structure has been achieved by the interaction of Cu"
alone or a combination of Ni'" and Cu" with the 1,4-aryl-
linked bis(3,0-triketone) LH,. The latter is the first example
of a 1,4-aryl-linked bis(p3,d-triketone) ligand reported to date.
While LH, may be considered a bis(p3,0-triketone) analogue
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of the corresponding 1,4-aryl-linked bis(f-diketone) species
employed in our previous studies, it incorporates the capacity
for coordination to two additional metal ions over the bis(f3-
diketone) species (that is, four ions in all), the pairs of which
will be in proximity.

Several factors influenced our choice of LH, for use in this
study. Although without direct precedence, individual ligands
of this type are readily synthesized using chemistry that is well
established by our research group. A strong affinity of the 3,0-
triketonate units for metal ions across several areas of the
periodic table was anticipated based on the known metal-ion
chemistry of the corresponding simple B,8-triketone ligands,*!
as well as of the corresponding 1,3-aryl-linked bis(f3,0-
triketone) derivatives.”® Furthermore, the ability of each
[,0-triketone unit to lose two protons upon metal complex-
ation provides the opportunity for neutral metal complexes to
be generated. As no additional anions additional are
required, the equilibria involved in the assembly process are
simplified, thus assisting the generation of the targeted
molecular geometry. Furthermore, by analogy with the
behavior of the above-mentioned 1,4-aryl-linked bis(p3-dike-
tonato) analogue towards Cu", and, as expected for the
formation of an entropy-favored discrete product, it seemed
likely that the coordination vectors of the f3,0-triketonato
fragments in L*~ would be orientated in an aligned (that is,
non-opposed) manner upon complex formation. This orien-
tation, coupled with the restricted flexibility that arises from
the fully sp® hybridized ligand backbone, was expected to
generate a ‘bent’ geometry for L*~ on metal coordination
(Figure 1). As expected, a molecular mechanics calculation”!
also confirmed the existence of an energy minimum for this
essentially planar ‘bent’ ligand configuration.

Consideration of the coordination vectors in the above
ligand arrangement reveals that if an uncharged discrete
metal-containing product is to be generated, then the simplest
least-strained neutral assembly will involve the interaction of
six divalent metal ions with three L* ligands to yield a
hexanuclear array in which all donor oxygen atoms and the
metal centers occupy the same plane. The resulting structure
corresponds to an unprecedented hexanuclear metallacoro-
nand motif (1, Figure 1).

The preparation of LH, was based on the related synthesis
of the corresponding 1,3-linked analogue!® and involved a
Claisen condensation between dimethyl terephthalate and 6-
methyl-2,4-heptane-dione (the synthesis and characterization
of LH,, including its X-ray structure showing a transoid
arrangement of the [,0-triketone groups, is given in the
Supporting Information).
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Figure 1. Structure of LH,. Assembly of the hexanuclear metallacoro-
nand metal clusters 1 (top) and 2 (bottom); coordinated pyridine
solvate molecules are not shown in both cases.

Reaction of LH, with two equivalents of Cu" acetate in a
methanol/acetone mixture, followed by recrystallization of
the product from pyridine and drying under vacuum for
48 hours, resulted in the formation of a dark-brown crystalline
product 1. The microanalytical data for 1 was in agreement
with the anticipated stoichiometry of [CugL;]. The solid state
UV/Vis spectrum of 1 exhibits a strong absorption, which is
assigned to a charge-transfer transition, in the 400-500 nm
region, while a broad absorption envelope at higher wave-
length with A,,,=685nm is assigned to overlapping d-d
transitions. The FTIR spectrum shows multiple absorptions in
the region 1600-1500 cm™'; these signals are typical of
coordinated carbonyl groups and ethylenic bonds. The
characteristic strong absorption at 1600 cm™' observed for
free LH, is absent in the spectrum of this complex, which is
consistent with the metal coordination of all the carbonyl
oxygen atoms. The MALDI-TOF mass spectrum contains
peaks at m/z 1613.97 and 1635.85 (most abundant isotopic
peaks), which correspond to the [CusL;+H]|" and
[CusL;+Na]* parent ion clusters, respectively (see Figure S2
in the Supporting Information), and are consistent with the
expected metal/ligand ratio of 6:3.

Since two different metal-binding domains exist in L*~, an
attempt was made to prepare a corresponding Cu"/Ni"
derivative that is related to 1, but contains nickel and
copper in adjacent sites throughout the assembly. The
stepwise reaction of LH, in THF/MeOH with one equivalent
of copper(Il) acetate, then one equivalent of nickel(II)
acetate, and subsequent slow recrystallization of the product
from pyridine gave a brown crystalline product. A single
crystal (compound 2) was removed directly from the pyridine
solution and, after rapid handling at dry-ice temperature, was
used for an X-ray structure determination (see below).
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The remaining brown product from the crystallization was
isolated by filtration and was subjected to CHN microanalysis
after drying under vacuum for 48 hours. Based on the
microanalysis results, the composition of the remaining
product was initially assigned as Cu;Ni;L;-5Py; however,
because of the similarity in atomic masses of nickel and
copper, it is noted that this result is not useful for accurately
defining the Cu/Ni ratio present (see below). The solid-state
UV/Vis spectrum of the above product again exhibited a
strong charge-transfer transition in the 400-500 nm region,
while a broad d-d absorption envelope with A, =690 nm,
was also present at higher wavelengths. The FTIR spectrum
was very similar to that of 1; the characteristic strong
absorption at 1600 cm™' observed for free LH, was again
absent in accord with the metal coordination of all the ligand
carbonyl groups. However, the MALDI-TOF mass spectrum
of this product is more complex than originally anticipated
and shows a parent-ion peak region whose isotopic distribu-
tion appeared inconsistent with the presence of a single
compound. Attempts at simulation of the parent-ion region of
the spectrum (see Figure S3 in the Supporting Information)
indicated that the observed pattern predominantly corre-
sponded to a mixture of [Cu;Ni;L;+H]" and [Cu,Ni,L;+H]*
ions, although the presence of small amounts of other ions
from the series [Cuy,_,)Nij,,+H]" (n=1-3) could not be ruled
out. Prompted by the above result, the Cu/Ni ratio in the
above product was subsequently determined directly by
inductively coupled plasma (ICP) analysis to be 1.53:1,
rather than the 1:1 ratio required for the Cu;Ni;-containing
product.

In view of the above results, a visual microscopic
inspection and scanning electron microscopy—energy-disper-
sive spectroscopy (SEM-EDX) analysis were carried out. A
sample of vacuum-dried Cu;NizL;-5Py was redissolved in
pyridine and the crystallization procedure was repeated. As
before, the brown needle-like material that formed over
48 hours was isolated and immediately inspected, without
drying, under a microscope. Two superficially related, but
nevertheless clearly different, crystal habits were observed
(see Figure S6 in the Supporting Information). The first
crystal type underwent rapid decay (with loss of pyridine) on
standing, while the second product (also brown) appeared to
be air-stable. With cooling and rapid handling, the unit-cell
dimensions of a single crystal of the former type were
determined, and were the same as those obtained for 2, thus
confirming that both products were identical. In contrast, an
attempted parallel X-ray investigation of the second product
(with the more visually stable habit) found that it failed to
diffract even when a significantly longer exposure time was
employed.

For the SEM-EDX analyses, three crystals of each of the
above products that showed different habits were separated
with the aid of a microscope and three EDX measurements
were taken on different regions of each sample to confirm
uniformity; the as-measured variation was less than 5%. The
crystals of 2 yielded a Cu/Ni ratio of 0.97:1, which provided
confirmation that this product has the 1:1 Cu/Ni ratio initially
anticipated when planning the ‘two-metal/two-binding-
domains’ experiment discussed above.
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The crystal structures of 1 and 2 (Figure S4 in the
Supporting Information and Figure 2) confirm that the
respective assemblies are uncharged hexanuclear metalla-

Figure 2. Structure of the hexanuclear complex [Cu;Ni;L;Pys]-3.25 py
(2). a) Overall view of the molecule showing the coordinated pyridine
co-ligands; pyridine solvate molecules are not shown. b) Space-filling
view of the “in-plane” metallacoronand motif.

cycles (that incorporate the triketonato ligands in the bent
configuration discussed earlier). Each metallacycle exhibits
the ‘in-plane’ C;-symmetric metallacoronand motif shown in
Figure 1. The six metal centers in each structure constitute a
near-planar array, in which the chelate rings and phenylene
groups deviate only slightly from the respective mean planes
(the latter presumably to reduce steric interference and/or to
satisfy connectivity and packing requirements). In each
structure, oxygen atoms occupy equatorial positions around
each octahedral metal site; they also occupy the basal planes
of the square-pyramidal sites while, with one exception, all
axial and apical positions are occupied by either one or two
pyridine co-ligands. When present in these species, six-
coordination occurs at the “outer” metal centers in each
case. Uncoordinated pyridine molecules are also present in
the respective crystal lattices. Since the crystals of both 1 and
2 rapidly lost pyridine molecules when removed from
pyridine solution, it was not unexpected that each of the
resulting structures of 1 and 2 reflected ‘partially desolvated’
products.®! The X-ray crystallographic results for 1 indicate a
stoichiometry of [CusL;Py,]-6.25 Py, which is best modeled in
the present study as corresponding to a product of type
{[CugLs(Py)slos[CugLs(Py)slo2s}6.25 Py in which 75 % of the
molecules contain two six-coordinate and four five-coordi-
nate copper centers, while 25% have three six-coordinate
centers, two five-coordinate centers, and one four-coordinate
center. The two forms are thus structural isomers (the first of
these is shown in Figure S5 in the Supporting Information).
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Each Cu" ion is separated from the adjacent Cu" ion by 3.03-
3.04 A, which is slightly larger than the sum of the Van der
Waals radii for this ion. Adjacent complexes pack together
along the crystallographic b axis to form a columnar arrange-
ment that involves a number of m—m interactions (see
Figure S5 in the Supporting Information).

The composition of [Cu;Ni;L;Py,]-3.25Py for 2 was
confirmed by the X-ray crystal structure of 2 and the 1:1
Cu/Ni ratio obtained in the EDX study. It is noted that the
brown crystals isolated for 2 also crystallized in a different
space group to that of 1. The X-ray structure shows an
assembly of type [Ni;CusL;Py,]-3.25Py. The three outer Ni"
centers show normal (high-spin) octahedral coordination,
while the three (inner) Cu" centers adopt approximate
square-pyramidal geometries (Figure 3), which is also a
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Figure 3. Plot of T per Cu'" ion versus temperature for 1, [CueLs]. The
solid line is the best fit plot using the parameters given in the text.

common geometry for this ion. No evidence for any other
arrangement of these metal centers was observed. Each of the
two adjacent metal ions is separated by 3.06-3.07 A. Overall,
the crystal packing for 2 is similar to that observed for 1, with,
once again, uncoordinated pyridine molecules incorporated
into the crystal lattice.

Finally, a variable-temperature investigation of the mag-
netic behavior of the fully desolvated form of 1, [CugL;], was
undertaken.””’ We assumed that no coupling occurred across
the aromatic spacers, and thus that the compound behaves as
three independent {Cu,(triketonato),} groups. The plot of T
per Cu" ion is shown in Figure3. The yy7 value of
0.038 cm’mol 'K (0.55 p per Cu") at 300K, is greatly
reduced from the uncoupled value because of very strong
antiferromagnetic coupling. A gradual decrease occurs as the
temperature is lowered so that a plateau value of approx-
imately 0.01 cm*mol™ K (0.28 py per Cu" ion) is reached
below about 150 K, this Curie-like behavior (150 to 2 K) is
due to a combination of temperature-independent para-
magnetic susceptibility (TIP; 60 x 10~ cm®mol~! per Cu" ion)
and a paramagnetic monomer impurity of about 5%.

Population of the §=0 ground state below about 150 K
for each antiferromagnetically coupled {Cu,(triketonate),}
group, and thus also for the weakly linked hexanuclear
cluster, has also been previously observed for isolated
{Cuy(triketonato),} compounds."” This strong coupling
arises from the efficient superexchange pathways that arise
from overlap of the two coplanar Cu(d._,) ‘magnetic
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orbitals’ and the p orbital on the central oxygen atom of each
triketonate. Fitting of the susceptibility data to the Bleaney-
Bowers S="'/, dimer (—2JS,S,) equation!"!! gave best-fit
parameter values; g=2.1, J=-460cm™!, TIP=60x
10~ cm*mol ™!, estimated monomer impurity =5%. As indi-
cated above, the J value compares very well to those reported
for isolated, dinuclear [Cu,(triketonato),] species.'”) There is
no evidence for any spin coupling between the Cu, pairs
within the hexanuclear clusters, but such coupling would be
hard to detect in view of the very weak susceptibilities
observed.

In summary, examples of the self-assembly of two novel
hexanuclear metallacoronand motifs from predesigned build-
ing blocks are described. The assemblies provide rare
examples of both homo- and heterometallic architectures
that incorporate multiple pairs of closely spaced metal ions.
The adjacent metal centers of the hexanuclear copper species
have been demonstrated to exhibit a strong antiferromagnetic
interaction.

Experimental Section

[CugL;] (1): Copper(II) acetate monohydrate (96 mg, 0.48 mmol) in
methanol (10 mL) was added dropwise to a warm (50°C) solution of
LH, (100 mg, 0.24 mmol) in acetone (50 mL). The mixture was stirred
at 50°C for 1 h, during which time the color changed to brown-green
and some precipitate formed. The suspension was stirred for a further
15 h at room temperature. The solvent volume was reduced to 10 mL
and the solid product present was isolated by filtration. Recrystalli-
zation from pyridine gave dark-brown microcrystals, which were
isolated by filtration and dried under vacuum. Yield: 87 mg (67.4 % ).
A crystal from the pyridine solution was used directly for the X-ray
structure determination. On removal from the mother solution the
crystal rapidly lost pyridine in air. Drying this product under vacuum
for 48 h resulted in the complete loss of pyridine (confirmed by the
absence of nitrogen in the CHN analysis of this product). IR (KBr
pellets): ¥ =2955, 2868, 1556, 1521, 1454, 1440, 1404, 1381, 1178, 991,
801 cm™; UV/Vis (THF): 4, =447, 476, 685 nm; MALDI-TOF MS
(TCNQ) m/z =1613.97 [M+H]", 1635.85 [M+Na]*. Elemental anal-
ysis caled (%) for C;,H74CuqOy4: C 53.62, H 4.88; found: C 53.84, H
5.03.

[Cus_nNigLs]-6 Py (n=1-3): Cu" acetate monohydrate (48 mg
0.24 mmol) was added to a cold (0°C) solution of LH, (100 mg
0.24 mmol) in THF (70 mL). The mixture was stirred at 0°C until the
green solution just turned cloudy (ca. 15 min). At this point, nickel(II)
acetate tetrahydrate (60 mg 0.24 mmol) in methanol (5mL) was
added and the resulting mixture was stirred overnight at room
temperature. The solvent was removed, and the remaining yellow-
green crude product was washed with methanol then acetone and
dried under vacuum. Recrystallization of the product from pyridine
gave brown microcrystals with a metallic appearance, which were
isolated by filtration and dried under vacuum for 48 h. IR (KBr
pellets): 7=2956, 2869, 1563, 1522, 1454, 1437, 1294, 1179, 991,
805 cm™'; UV/Vis (solid state): A, =428, 481, 690 nm. The mass
spectra (see Supplementary Information), EDX, and macrocyclic
results indicated that this product consisted of a mixture of Cu/Ni
species of type [Cu._,)Ni(,)L3]-6Py (n=1-3), with the predominant
species corresponding to n=3 and n=2. The calculated analytical
data for all such species is similar; for simplicity only the calculated
values for [Cu;Ni;L;]-6 Py are listed here. Elemental analysis calcd
(%) for C,,H,3Cu;3Ni;O -5 py: C 58.44; H 5.21, N 3.51; found: C 58.29,
H 5.31, N 3.78. Yield: 70 mg (43.9%). A single crystal of 2 (see main
text) taken directly from the pyridine solution was used for the X-ray
structure determination; since the crystal rapidly lost pyridine in air, it
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was quickly transferred to the diffractometer and quenched with the
nitrogen cryostream. The X-ray study (coupled with the 1:1 Cu/Ni
ratio obtained for this product in the EDX study) confirmed a
composition of [Cu;Ni;L;Py,]-3.25py for 2.

The Supporting Information contains additional experimental
details of the X-ray, EDX, and magnetic and mass spectral
determinations. CCDC 694102 (LH,), 694103 (1) and 694104 (2)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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