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Reaction of two structurally related bridging ligands L26Py and L13Ph, in which two bidentate chelating pyrazolyl-pyridine
units are connected to either a 2,6-pyridine-diyl or 1,3-benzene-diyl central group via methylene spacers, with first-row
transition metal dications, results in a surprising variety of structures. The commonest is that of an octanuclear
coordination cage [M8L12]X16 [M = Co(II) or Zn(II); X = perchlorate or tetrafluoroborate] in which a metal ion is located
at each of the eight vertices of an approximate cube, and one bis-bidentate bridging ligand spans each edge. The
arrangement of fac and mer tris-chelate metal centers around the inversion center results in approximate (non-
crystallographic) S6 symmetry. Another structural type observed in the solid state is a hexanuclear complex
[Co6(L

13Ph)9](ClO4)12 in which the six metal ions are in a rectangular array (two rows of three), folded about the
central Co-Co vector like a partially open book, with each metal-metal edge containing one bridging ligand apart
from the two outermost metal-metal edges which are spanned by a pair of bridging ligands in a double helical array.
The final structural type we observed is a tetranuclear square [Ni4(L

26Py)6](BF4)8, with the four Ni-Ni edges spanned
alternately by one and two bridging ligand such that it effectively consists of two dinuclear double helicates cross-linked
by additional bridging ligands. A balance between the “cube” and “book” forms, which varied from compound to
compound, was observed in solution in many cases by 1H NMR and ES mass spectrometry studies.

Introduction

We1 and many others2 are investigating the self-assembly,
structural properties, and host-guest chemistry of hollow
metal complex cages. Such cages can have elaborate poly-
hedral shapes of striking complexity which form from
very simple component parts,1,2a,f and the constrained,
often hydrophobic environment inside the cages allows the
cavities to accommodate and stabilize reactive guest species
which would otherwise be short-lived, and change the course
of a chemical reaction.2i Recent elegant examples of this
include the stabilization of a molecule of white phosphorus
inside the tetrahedral cavity of an M4L6 cage,

3 and the huge

acceleration of an aza-Cope rearrangement inside a cage
cavity.4

The structures of such polyhedral cages arise from a
balance of many factors. With the bis-bidentate ligands that
we have used containing two bidentate pyrazaolyl-pyridine
binding sites,1 the most obvious is the stoichiometric issue
associated with combining six-coordinate metal ions with
ligands containing four donor atoms. To ensure that allmetal
ions are coordinatively saturated, and all ligands use all of
their binding sites, a ratio of 1.5 ligands per metal ion is
needed which results in a 2:3 M/L ratio.1 This principle has
been expressed by different researchers as “principle of
maximum site occupancy”5 or “avoidance of valence frustra-
tion”.6 This 2:3 metal/ligand ratio can be expressed in
numerous different ways, ranging from M4L6 tetrahedra,
the smallest cages that have a well-defined interior cavity,
to M16L24 capped truncated tetrahedra whose large
cavity accommodates eight counterions and some solvent
molecules.1 An additional driving force that influences the
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structures of the cages is the aromatic π-stacking between
electron-rich and electron-poor fragments of different li-
gands which is extensive in many of the structures and
appears to contribute substantially to solution stability.1

In most cases studied so far a given ligand will generate the
same polyhedral cage structure with a range of different (but
similar) M2þ cations. Thus, for example, L18naph (Scheme 1)
reacts with Cu(II), Co(II), and Cd(II) salts to afford iso-
structural [M12L18]

24þ truncated tetrahedral cages despite the
modest differences in ionic radius and the preference of
Cu(II) for a less regular coordination geometry.7 In contrast
however, L12Ph and L23naph afford only [M4L6]

8þ tetrahedral
cages with Co(II) and Zn(II),8 but give the simpler dinuclear
complex [Ni2L3]

4þ with Ni(II) which contains two terminal
tetradentate and one bis-bidentate bridging ligand, that is,
[LNi-(μ-L)-NiL]4þ, with no evidence for formation of a
tetrahedral cage.8a,b We ascribed this to the slightly smaller
ionic radius of Ni(II) compared to Co(II) and Zn(II) in
octahedral geometry which would result in increased steric
strain in the tightly packed cage assembly that could be
alleviated by adoption of a more open structure.
In this paper we describe the coordination behavior of the

related pair of ligands L26Py and L13Ph which, on reaction

with labile first row transition metal ions, generates either
octanuclear M8L12 cages with an approximately cubic topol-
ogy or simpler M4L6 or M6L9 assemblies with hitherto
unknown (in this series) structures that are based on inter-
connected double helical fragments. In all cases the 2:3 M/L
ratio ismaintained but nowwe observe in the solid state three
different structural types, two of which arise from the same
metal and ligand combination and therefore appear to be of
very similar energy. The same “instructions” for the self-
assembly process can therefore lead to two quite different
outputs. We report here the synthesis and structural char-
acterization of a series of complexes, plus solutionNMR and
mass spectrometric studies which reveal some surprising
differences between the solid state and solution behavior of
the compounds. A variety of groups have reported cubic
coordination cages prepared using a range of different self-
assembly strategies.9

Preliminary accounts of some of this work have been
published in two earlier communications, including the
crystal structures of [Zn8(L

13Ph)12](BF4)16, [Zn8(L
26Py)12]-

(ClO4)16, and [Co6(L
13Ph)9](ClO4)12.

10

Results and Discussion

Ligand Syntheses. The ligands used, L26Py and L13Ph,
are shown in Scheme 1; they were prepared by reaction of
3-(2-pyrazol-1-yl)pyridine with 2,6-bis(bromomethyl)-
pyridine or 1,3-bis(bromomethyl)benzene, respectively,
in the usual way under basic conditions.10 L13Ph is of
course tetradentate with two bidentate chelating sites;
L26Py may act as a pentadentate ligand if the central
pyridyl ring also becomes involved in coordination.

Structures of Octanuclear Cubic Complexes with Co(II)
and Zn(II).Reaction of either of these ligands with Co(II)
or Zn(II) salts (perchlorate or tetrafluoroborate) in a
2:3M/L ratio inMeOHas solvent afforded solid products
which, after recrystallization, afforded crystals of octa-
nuclear cubic cages of general formula [M8L12]X16. We
have structurally characterized the following five examples
of these: [Zn8(L

13Ph)12](BF4)16; [Zn8(L
13Ph)12](ClO4)16;

[Co8(L
13Ph)12](BF4)16; [Zn8(L

26Py)12](ClO4)16; and [Co8-
(L26Py)12](BF4)16.
These all have the same general structure, with minor

but significant differences; we use the structure of
[Co8(L

13Ph)12](BF4)16 here as an illustration (Figures 1
and 2). The eight Co(II) ions are arrayed at the corners of
an approximate cube, with a bridging ligand L13Ph span-
ning each of the twelve edges (Figure 1). The presence of
eight vertices (metal ions) and twelve edges (bridging
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ligands) in a cube neatly matches the requirements of the
“maximumsite occupancy” principle, thereby allowing the
required 2:3 M/L ratio to be adopted. Each metal ion,
being at the conjunction of three edges of the cube, there-
fore interacts with a bidentate chelating fragment from
each of three different ligands to give the preferred 6-fold
coordination. The separations between metal ions along
the edges of the cube lie in the range 9.61 Å [Co(2)-Co(4)]
to 10.60 Å [Co(1)-Co(2)], with the Co-Co-Co angles at
the corners varying from 80.3� to 100.1�.
The pseudo-cubic structure has some interesting subtle-

ties associated with it. The four independent Co(II)
centers (the complex cation lies astride an inversion center
in space group P1) do not all have the same geometric
configuration. Co(3) has a fac geometry associated with
the three pyrazolyl-pyridine chelates, with all three
2-pyridyl ligands at the outermost part of the complex
structure and all being trans to a pyrazolyl group. Ob-
viously the diagonally opposite, symmetry-equivalent
metal center Co(3A) likewise has a fac geometric config-
uration but is the opposite optical configuration. In

contrast, the othermetal centers all have amer tris-chelate
geometry in which one axis of the octahedron contains
two pyridyl ligands, another contains two pyrazolyl
ligands, and the third contains a pyridyl ligand trans to
a pyrazolyl ligand. These three metal centers [Co(1),
Co(2), and Co(4)] all have the same optical configuration
as each other [and the same as the adjacent Co(3) in the
same asymmetric unit]. Thus there is an approximate C3

axis along the long diagonal of the cube from Co(3) to
Co(3A), which is also an S6 axis; we have seen this general
structural type before in a different series of cubic cages
based on a different bridging ligand.11 The symmetry is
illustrated in Figure 2.
The ligands are substantially folded at the methylene

“hinge” positions, and this flexibility allows them to adopt
an arrangement in which they are all involved in interligand
aromatic π-stacking. Along each of the twelve edges of the

Figure 1. Two views of the structure of the cubic cage complex cation of
[Co8(L

13Ph)12](BF4)16. Top: a space-filling picture. Bottom: a view con-
taining only four of the twelve bridging ligands, with the anions lying
inside the central cavity also shown. Crystallographically equivalent
ligands are colored the same in each case.

Figure 2. Additional partial views of the structure of [Co8-
(L13Ph)12](BF4)16. Top: a view down the pseudo-C3/S6 axis [Co(3) has
a fac tris-chelate arrangement; Co(1), Co(2), and Co(4) all have a mer
tris-chelate arrangement]. Only the coordinated pyrazolyl-pyridine
fragments are colored to emphasize them. Bottom: a sketch showing
the overall symmetry of the cage cation with the C3/S6 axis shown as a
dotted line.

(11) Tidmarsh, I. S.; Faust, T. B.; Adams, H.; Harding, L. P.; Russo, L.;
Clegg, W.; Ward, M. D. J. Am. Chem. Soc. 2008, 130, 15167.
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cube, the central phenyl group from one ligand is sand-
wiched between coordinated pyrazolyl-pyridine groups of
two others to give a π-stack of alternating electron defi-
cient/electron rich/electron deficient aromatic units, with
characteristic separations of about 3.5 Å between approxi-
mately parallel planes. The pyrazolyl-pyridine units are
particularly electron deficient not only because of the
number of N atoms in the rings, but because of their
coordination to a 2þ metal center which means that they
will carry a substantial residual positive charge. Such a
donor/acceptor arrangement is known to lead to strong
π-stacking12 and is reminiscent of the dialkoxybezene/violo-
gendonor/acceptor stacks exploited extensivelybyStoddart
as a templating principle.13 We have seen this type of
alternating donor/acceptor stacking in several of our series
of polyhedral cages and it appears to make an important
contribution to their formation and stability.1

The final point to notice about the structure of the cage
is the central cavity, which in this structure accommo-
dates four [BF4]

- anions (Figure 1). These are not cen-
trally located in the cavity but lie at the periphery of the
central cavity, more associated with the windows in four
of the square faces (the other two faces of the cube, an
opposed pair, do not have anions associated with them in
the same way). These four anions are quite close together,
withB 3 3 3Bdistancesof 5.84 Å [B(11) 3 3 3B(61)], and6.26 Å
[B(11) 3 3 3B(61A)], which results in F 3 3 3F separations
of just 3.41 Å [F(12) 3 3 3F(64)] and 3.72 Å [F(15) 3 3 3
F(65A)] between their peripheries.
In [Zn8(L

13Ph)12](BF4)16 (reported in an earlier com-
munication)10b the cube is a little more regular with
Zn 3 3 3Zn separations in the range 9.72 to 10.27 Å. Zn(1)
and its symmetry equivalent Zn(1A) are the two metal
centers with a fac rather than a mer tris-chelate config-
uration, and this defines the pseudo-S6 axis. There are two
[BF4]

- anions lying clearly well within the central cavity,
and an additional four a little further out that lie above
the windows in four of the faces (Figure 3). Again some of
the anion-anion contacts are short, with the B(10) 3 3 3
B(10A) separation between the two [BF4]

- anions within
the cavity being 5.18 Å and the closest F 3 3 3F contact
between them being about 3.8 Å (the F atoms involved
exhibit disorder so there is no point being more precise
than this). The perchlorate analogue [Zn8(L

13Ph)12]-
(ClO4)16 is very similar (although not crystallogra-
phically isomorphous) with Zn 3 3 3Zn separations of
9.51-10.16 Å and two perchlorate anions in the cavity
on either side of an inversion center, again resulting
in quite short O 3 3 3O separations of 3.83 Å between
anions. Zn(2) and Zn(2A) are the facmetal centers which
define the pseudo-S6 axis. Because of the similarity with
the tetrafluoroborate salt a figure is not shown.
Somewhat surprisingly replacement of the central 1,3-

disubstituted phenyl ring with a pyridine-2,6-diyl group,
making the ligand potentially pentadentate, did not affect
formation of cube structures: the central pyridyl ring does
not participate in coordination to metal ions in the Co(II)
and Zn(II) complexes such that L26Py coordinates in the
same manner as L13Ph, as a bis-bidentate bridging ligand.
[Co8(L

26Py)12](BF4)16 has the same type of structure as the

two complexes reported above and therefore does not
need to be discussed in detail. The Co 3 3 3Co separations
along the edges of the cube lie in the range 9.75 to 10.17 Å,
with Co(1) having the fac tris-chelate geometry and there-
fore the Co(1);Co(1A) vector being the pseudo-S6 axis.
The cavity in this case contains one [BF4]

- anion at the
exact center (with the F atoms disordered given the
requirement for inversion symmetry) and an additional
six plugging the gap in the center of each of the six faces of
the cube (Figure 4a). The anion-anion distances are
greater here, with B 3 3 3B separations between the central
anion and the six peripheral ones all being considerably
greater than 7 Å. The N atoms of the central pyridyl rings
on the bridging ligands are not obviously interacting with
anything (for example, there is no evidence of them acting
as H-bond acceptors to lattice water molecules). They are
oriented in various directions with some of the N atom
lone pairs pointing into the central cavity, some being
approximately tangential, and some pointing outward
(Figure 4b). The possibility that an array of 12 “free”
pyridyl groups could orient their lone pairs toward the
center, acting as a three-dimensional H-bond accept-
ing array, is a tantalizing one but is not operative here.
We note, however, that the presence of only one anion in
the center of this cube, rather than two or four in the
earlier examples,maybe associatedwith the tendencyof the
anions to avoid those electron lone pairs from the pyridyl
groups that are directed inward toward the center of the
cubes.
The final example, [Zn8(L

26Py)12](ClO4)16, was re-
ported in the original communication10a but we have
collected another data set which has slightly increased
the precision of the structure. It has the same arrange-
ment of anions in and around the central cavity as does
[Co8(L

26Py)12](BF4)16, with one in the center and one
sitting in the gap above the center of each of the six faces
of the cube. The Zn 3 3 3Zn separations are in the range
9.63 to 10.18 Å, with Zn(2) and Zn(2A) being the ions
with a fac tris chelate arrangement, such that the
Zn(2)-Zn(2A) vector is the pseudo-C3 and S6 axis.

Figure 3. Partial view of the structure of the complex cation of
[Zn8(L

13Ph)12](BF4)16, includingonly2 of the 12bridging ligands, showing
2 anions lying inside the cage cavity.

(12) Hunter, C. A.; Sanders, J. K. M. J. Am. Chem. Soc. 1990, 112, 5525.
(13) Claessens, C. G.; Stoddart, J. F. J. Phys. Org. Chem. 1997, 10, 254.



Article Inorganic Chemistry, Vol. 48, No. 24, 2009 11875

Structures of Cross-LinkedDoubleHelicates with Ni(II)
and Co(II). Reaction of L26Py with Ni(BF4)2 afforded,
after recrystallization, crystals of a complex [Ni4-
(L26Py)6](BF4)8 with a structure quite different from those
above, and indeed hitherto unobserved in this series. It
consists of two {Ni2(L

26Py)2}
4þ double helical units of the

same chirality, cross-linked by two additional L26Py li-
gands. The result (Figure 5) is an approximately square
array of four Ni(II) ions, with Ni 3 3 3Ni separations along
the edge of between 10.01 and 10.17 Å. Two of the edges
of the square are spanned by a pair of (crystallo-
graphically equivalent) ligands twisted into a double
helical array; the other two are spanned by a single
bridging ligand. The result is that each metal ion is
coordinated by three bidentate fragments by different
ligands, and the 2:3 metal/ligand ratio is maintained
albeit in an unexpected structural type. As usual, on those
edges spanned by a single bridging ligand, the central
aromatic spacer of the ligand (here, the pyridine-2,6-diyl
group) is sandwiched between two coordinated pyrazolyl-
pyridine fragments from different ligands resulting
in a three-component π-stacked sequence. All six

pyridine-2,6-diyl groups are oriented such that the N
atoms are directed toward the center of the resulting
cavity, and the cavity contains a region of electron density
which was best modeled as the oxygen atom of a water
molecule disordered over two closely spaced sites. The
distance of these partial O atoms from the inwardly
directed pyridyl N atoms (>4 Å) is too great for there
to be any significant N 3 3 3HOH hydrogen bonding.
Given that we had to use the “SQUEEZE” command in
PLATON to eliminate areas of diffuse electron density
associated with extensively disordered solvent molecules,
it is possible that these pyridyl N atoms may be interact-
ing with disordered solvent molecules that could not
however be located in the refinement.
The obvious question is why this structure should form

in preference to an octanuclear cubic cage. As pointed out
earlier the main structural difference between octahedral
Co(II) or Zn(II) on the one hand, and octahedral Ni(II)
on the other, is the lower ionic radius of Ni(II). In the
structure of [Ni4(L

26Py)6](BF4)8 the Ni-N distances lie in
the range 2.09-2.14 Å with an average of 2.11 Å. In the
cubic cage [Zn8(L

26Py)12](ClO4)16, for example, the Zn-N
distances span the range 2.13-2.27 Å with an average of
2.17 Å, and in [Co8(L

13Ph)12](BF4)16 the Co-N distances
span the range 2.12 to 2.20 Å with an average value of
2.15 Å. It appears, as we have noticed before, that the
more compact coordination sphere around Ni(II) is just
sufficient to prevent formation of the crowded cage
structure in which ligands would be forced into uncom-
fortable proximity to one another. A related structural
type, a squareM4L6 assembly with the same arrangement
of metal ions and ligands, has been prepared recently by
Steel and co-workers.14

We expected the reaction of L13Ph with Co(ClO4)2 to
generate an octanuclear cube with the same type of
structure as the five examples reported earlier. However,
uniquely in this series, this particular combination of
metal ion, ligand, and counterion afforded crystals of a
quite different structural type: the hexanuclear complex

Figure 4. Two views of the structure of the complex cation of
[Co8(L

26Py)12](BF4)16. Top: a view showing only 2 of the 12 bridging
ligands, emphasizing the presence of 1 anion in the center of the cavity
(disordered over two sites, hence 8 apparent F positions with 50%
occupancy), and an additional 6 located one over each face of the cube.
Bottom: a view showing the orientation of the 12 pyridyl groups that are
located on the edges of the cube (the N atoms are colored cyan to make
their orientation clear).

Figure 5. Viewof the complex cationof [Ni4(L
26Py)6](BF4)8with crystal-

lographically equivalent ligands colored the same.

(14) Steel, P. J. personal communication.
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whose structure is shown in Figure 6.10b This structure
has no precedent that we are aware of in the literature. It
consists of an unusual open framework structure based
on an array of six Co(II) centers consisting of two squares
that share an edge. The array is folded about the central
two Co(II) ions, like an open book that is slightly folded
along its spine, with a Co(II) ion at each corner and two
defining the central spine. The 2:3 metal/ligand ratio
requires nine ligands; there are two spanning each of the
terminal pairs of Co(II) ions (the opposed open edges of
the book, red and blue ligands in the figure) in a double
helical arrangement, with all remaining Co-Co vectors
(from each corner of the book to the spine, and along the
central spine) having one bridging ligand. The two double
helical sections are homochiral as they are related by aC2

rotation through the center of the complex. The Co 3 3 3Co
separations lie in the range 9.66-9.97 Å (average 9.79 Å),
with the Co-Co-Co angle at the spine (i.e., the extent of
folding) being 119�. Co(2) and Co(3) have the same
optical configuration as each other, and a fac tris-chelate
geometry, with Co(1) having the opposite optical config-
uration and a mer tris-chelate geometry. There are nu-
merous regions of aromatic π-stacking between near-
parallel, overlapping sections of different ligands (e.g.,
red/orange/green, purple/green/purple, and blue/purple/
yellow triple stacks, and red/blue and blue/purple stacks
between pairs of ligand sections, using the color scheme in
Figure 6).
This structure is conceptually related to that of the

previous structure [Ni4(L
26Py)6](BF4)4 in the way shown

in Figure 7. In each case there is a pair of {M2L2} double
helical dinuclear units which constitute the ends of a pair

of parallel lines of metal ions which form a rectangular
array. Every other adjacent pair of metal ions needs only
one bridging ligand spanning them to give a connectivity
of three at each metal center (i.e., three different ligands
presenting three bidentate sites to the octahedral metal
ions), but the terminal pairs of metal ions need to have
two bridging ligands to close off the structure and provide
coordinative saturation. One can imagine a potentially
infinite sequence of such structures, all with a 2M/3L
ratio, of which [Ni4(L

26Py)6](BF4)8 and [Co6(L
13Ph)9]-

(ClO4)12 form the first two members (Figure 7). From a
purely structural point of view these two complexes
therefore are members of an interesting sequence that is
quite different from the three-dimensional polyhedral
cages such as the cubes described in the first section, but
which are based on the same stoichiometric principles.

Solution Studies: Electrospray (ES) Mass Spectra and
NMR Spectra. In this area of chemistry, crystallography
alone, while of obvious value, does not give the whole
picture, and it is necessary to examine the solution
behavior of the compounds to see to what extent the solid
state structure is maintained, or whether other species
may form, in solution.
Starting with the simplest complex [Ni4(L

26Py)6](BF4)8,
the ES mass spectrum of redissolved crystals shows
a sequence of peaks at m/z 1558, 1010, 736, and 571
that corresponds to the sequence of ions {Ni4(L

26Py)6-
(BF4)8-n}

nþ (n = 2, 3, 4, 5) by successive loss of tetra-
fluoroborate ions. In every case the spacing between the
component peaks of the isotope cluster was 1/n, confirm-
ing that these peaks do arise from the intact tetranuclear
complex and not from other metal/ligand combinations
with different charges. [For example an m/z value of
736 could arise from a dinuclear species {Ni2(L

26Py)3-
(BF4)2}

2þ, or from an intact cube {Ni8(L
26Py)12(BF4)8}

8þ,
but in these cases the isotope spacing would be 1/2 or 1/8,
respectively, not 1/4.] In addition the isotope pattern is in
each case consistent with the presence of four Ni atoms.
There is clear evidence of fragmentation under the con-
ditions in the spectrometer, with numerous peaks for
smaller species such as {Ni(L26Py)3}

2þ (at m/z = 619)
and {Ni2(L

26Py)2(BF4)2}
2þ (atm/z 538), plus many others

which could not be readily assigned, but it is clear that
(i) there is a characteristic sequence of peaks correspond-
ing to the intact tetranuclear cation {Ni4(L

26Py)6}
8þ asso-

ciated with varying numbers of cations, and (ii) no obvious
evidence for formation of larger assemblies such as an
octanuclear cube which give quite obvious sequences of
peaks. The ESMS spectrum is therefore consistent with the
solid state structure being retained in solution.

Figure 6. Two views of the structure of themetal complex framework of
[Co6(L

13Ph)9][ClO4]12 (only one independent complex unit is shown).Top:
the whole metal-ligand assembly, with symmetry-equivalent ligands
colored the same (note that there is a C2 axis through the center of the
green ligand such that there are 4.5 independent ligand environments, cf.
Figure 11). Bottom: the “open-book” array ofmetal ions, and three of the
edge-bridging ligands.Crystallographically equivalent ligands are colored
the same in each case.

Figure 7. Sketch showing the structural relationship between the com-
plexes [Ni4(L

26Py)6](BF4)8 and [Co6(L
13Ph)9][ClO4]12 (each solid line

represents a bridging ligand) and the possibility of more extended
members of the same series.
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The behavior of the M8L12 cube complexes in solution
is less straightforward, something which is hinted at by
our observation from the crystal structures that the same
metal and ligand combination [Co(II) withL13Ph] can give
crystals of either the octanuclear cube [Co8(L

13Ph)12]-
(BF4)16 (Figures 1, 2) or the hexanuclear “open book”
structure [Co6(L

13Ph)9](ClO4)12 (Figure 6). Since there is
no obvious templating effect associated with the anions
which would drive the assembly in one direction or the
other, the conclusion from this is that two very similar
energy assemblies can form andwhich one crystallizes is a
matter of chance and the kinetics of crystallization. We
might therefore expect to see both types of complex
occurring in solution, and possibly even interconversion
between them if they are labile enough.
[Co8(L

26py)12](BF4)16 presents straightforward beha-
vior, showing in its ES mass spectrum a series of peaks
for the intact cube with no evidence for any rearrange-
ment to the “open book” form. The series of peaks was
observed atm/z 2106, 1558, 1229, 1010, 853, 736, and 644,
corresponding to the series {Co8(L

26py)12(BF4)16-n}
nþ

(n = 3, 4, 5, 6, 7, 8, 9, respectively) of intact octanuclear
cubic cations associated with varying numbers of anions
(Figure 8). Within this m/z range the peaks that would
occur for the {Co6(L

26py)9(BF4)12-n}
nþ series are com-

pletely absent.
In contrast, [Co8(L

13Ph)12](BF4)16 showed more com-
plex solution behavior. This is the metal/ligand combina-
tion that yielded both types of crystal structure (albeit
with different counterions: the tetrafluoroborate salt
crystallizes the cube, but the perchlorate salt as the “open
book”). Redissolved crystals of this cube complex afford
the ES mass spectrum shown in Figure 9 which clearly
contains two overlapping series of peaks. One series has
peaks at m/z 2103, 1555, 1227, 108, 852, 734, which
correspond to the intact cube cation associated with
different numbers of tetrafluoroborate anions, namely,
{Co8(L

13Ph)12(BF4)16-n}
nþ (n = 3, 4, 5, 6, 7, 8, respec-

tively). The other series has peaks atm/z 2375, 1555, 1145,
899, 734, and 618 which correspond to the hexanuclear
“open book” complex {Co6(L

13Ph)9(BF4)12-n}
nþ (n = 2,

3, 4, 5, 6, 7 respectively). The peaks at m/z 1555 and 734
are common to both: for example m/z 1555 can arise
from both {Co8(L

13Ph)12(BF4)12}
4þ, and {Co6(L

13Ph)9-
(BF4)9}

3þ, but there are enough unique members of both
series present for it to be quite clear that the crystals of
[Co8(L

13Ph)12](BF4)16 have partially rearranged on dis-
solution to generate some [Co6(L

13Ph)9](BF4)12. Assum-
ing that the intensities of the peaks in the different series
relate to their respective concentrations, it is also clear
that the cube is the major component, and the “open
book” complex is the minor component.
Quite similar behavior was observed for [Zn8-

(L26py)12](ClO4)16. The ES mass spectrum of redissolved
crystals showed peaks atm/z 877 and 755, associated with
the intact cube species {Zn8(L

26py)12(ClO4)16-n}
nþ (n=7,8)

and very weak peaks at m/z 1609 and 924, ascribable to
the hexanuclear “open book” complex {Zn6(L

26py)9-
(ClO4)12-n}

nþ (n = 3, 5). By far the most intense peak,
however, was at m/z 556 with an isotope pattern consis-
tent with the presence of one Zn atom; this corresponds
to the mononuclear fragment {Zn(L26py)(ClO4)}

þ. The
intensity of this, the relative weakness of the signals

from the intact cube, and the presence of very weak
signals from the “open book” form, all suggest that the

Figure 8. Part of the ES mass spectrum of [Co8(L
26py)12](BF4)16 in

MeNO2 showing a sequence of peaks for the intact cubic complex cation.
M= Co, L = L26py, X = BF4.

Figure 9. Part of the ES mass spectrum of [Co8(L
13Ph)12](BF4)16 in

MeNO2 showing sequences of peaks for both the intact cubic complex
cation (more intense component) and the hexanuclear “open book” form
(less intense component). M = Co, L = L13Ph, X = BF4.

Figure 10. 1H NMR spectrum of [Zn8(L
26py)12](ClO4)16 (400 MHz,

CD3NO2). The major peaks integrate to 38H as required for two
independent ligand environments. Signals labeled a, b, c, d are the four
pairs of doublets associated with the four independent diastereotopic
methylene groups. Signals labeledA,B,C,Dare the fourpairs of doublets
associated with the four independent pyrazolyl rings. Small signals
marked * are due to a minor component associated with some rearrange-
ment or dissociation in solution.
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cube complex cation does not remain fully intact in
solution.
The 1H NMR spectrum of [Zn8(L

26py)12](ClO4)16 con-
firms this (Figure 10). It does clearly show a major set
of peaks consistent with the intact cube, comprising
38 independent proton environments from two indepen-
dent ligands with no internal symmetry. One ligand type
spans fac and mermetal centers, and the other spans two
mermetal centers but with no internal symmetry because
of the local chirality (Figure 2). There are six of each type
of ligand in the complex, hence our observation of 38
independent proton environments of the same intensity.
This is exactly what we have observed before in {M8L12}
cube cages with this same mixture of fac and mer tris-
chelate metal centers leading to overall S6 symmetry.11

Although not all of the signals can be individually re-
solved and assigned, even using a 500 MHz spectrum,
there is enough information to confirm the symmetry. In
the low chemical shift region, 4-6 ppm, there are four
pairs of doublets arising from the diastereotopic methy-
lene groups, assigned on the basis of a COSY spectrum;
these are labeled a-d in Figure 10. Similarly in the higher
chemical shift region of 6-9 ppm there are four pairs of
doublets associatedwith four inequivalent pyrazolyl rings
(labeled A-D). There are also present numerous low-
intensity peaks (ca. 20% relative intensity compared to

the major peaks, labeled * in the figure) which we ascribe
to the presence of smaller fragments following some
dissociation or rearrangement as was evident from the
ES mass spectrum. The spectrum does however confirm
that the cube is still the major component in solution.
The most surprising solution behavior of the cube

complexes is exhibited by [Zn8(L
13Ph)12](ClO4)16. If this

structure were retained in solution we would expect to see
signals from two independent ligand environments, as
explained above, that is, 40 proton environments for two
L13Ph.Dissolution of this complex inCH3NO2 reveals in a
clean 1HNMR spectrum of much higher complexity than
this (Figure 11): integration of the signals, taking the
obvious isolated signals as 1H each, adds up to a total of
90 proton environments. This is clearly inconsistent with
the structure of an intact cube. It is, however, exactly
consistent with complete conversion of the cubic complex
to the “open book” hexanuclear form in solution, with 4.5
independent ligand environments (four ligands having no
internal symmetry, and a fifth having 2-fold symmetry).
This can be related to the crystal structure shown in
Figure 6a where the central ligand colored green lies on
the C2 axis.
The complexity of the spectrum is such thatwe needed a

high field (800 MHz) 1H NMR spectrum and COSY
spectrum to facilitate analysis. In addition to the number

Figure 11. 1HNMRspectrum(800MHz,CD3NO2) of redissolved crystals [Zn8(L
13Ph)12](ClO4)16 showing quantitative rearrangement to the hexanuclear

“open book” form integrating to 90H (cf. Figure 6). Lower-case labels a-i denote the nine pairs of doublets associated with the nine independent
diastereotopicmethylene groups.Upper-case labelsA-I denote the ninepairs of doublets associatedwith the nine independent pyrazolyl rings.Greek labels
denote partial assignments of protons on the central 1,3-disubstituted phenylene rings (R,β, γ, etc.); note thatR2 andR5 are half intensity as they alone lie on
the 2-fold symmetry axis (cf. Figure 6, and see main text).
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of signals observed, two features of this spectrum are
particularly diagnostic and easy to see. First, we can
locate via the COSY spectrum 18 methylene protons
which are coupled in pairs because of the presence of
nine inequivalent CH2 groups, all of which are diaster-
eotopic and generate a coupled pair of doublets. In the
same way we can identify nine pairs of protons associated
with the pyrazolyl rings. These are labeled on Figure 11.
Second, there are two, and only two, half-intensity signals
at 6.80 and 6.30 ppm, a singlet and triplet, respectively,
which correspond to protons H2 and H5 of the central
phenyl ring of the ligand that lies on the 2-fold axis. These
are labeled R2 and R5 on Figure 11. As these are the only
two protons in the structure that are on the 2-fold axis
they will have half the intensity of all other signals which
arise from a pair of equivalent protons. Thus, of the 180
protons in the complex (nine ligands containing 20 pro-
tons each), there are 89 pairs and two unique protons. The
COSY spectrum confirms that these two protons are on
the same aromatic ring as they both show couplings to the
doublets for the pair of equivalent protons H4 and H6

(labeled asR4/R6, at 5.47 ppm).We conclude that crystals
of the cube [Zn8(L

13Ph)12](ClO4)16 rearrange quantita-
tively to the “open book” form on dissolution inMeNO2,
which may explain why they were so slow to dissolve. The
ES mass spectrum, even at low cone voltages, showed
only peaks due to small fragments, principallym/z 947 for
{Zn(L13Ph)2(ClO4)}

þ, 753 for {Zn2(L
13Ph)3(ClO4)2}

2þ,
620 for {Zn(L13Ph)3}

2þ, and 424 for {Zn(L13Ph)2}
2þ. It

was not possible in this case to detect the intact “open
book” complex in solution although the 1H NMR spec-
trum leaves no doubt that this is the form adopted by the
complex in MeNO2 solution.
Finally, we looked at the solution behavior of

[Co6(L
13Ph)9](ClO4)12, the only example that crystallized

in the “open book” form. The peaks in the 1H NMR
spectrum (Figure 12) span the range -90 to þ116 ppm
because of the paramagnetism of the high-spin Co(II)
centers. This spreads the peaks out nicely, and we and
others have been able to use 1H NMR spectroscopy of
high-spin Co(II) complexes as a very useful diagnostic
technique.8c,11,15 The intensity and width of the peaks
varies substantially, as is always the case: peak width is
inversely proportional to T1 for each proton, which in
turn is related to the sixth power of the distance of the
relevant proton from the paramagnetic Co(II) centers. In
this spectrum we can identify 81 distinct signals (labeled
with asterisks in Figure 12). This is clearly inconsistent
with the existence of a cubic complex in solution (which
would give 40 proton environments) but is quite consis-
tent with the structure of the “open book” being retained
which would afford 90 proton environments. Of the
missing 9 signals some will be obscured by the intense
solvent/water peaks in the 0-5 ppm range, and some are
presumably to broad and weak to see. The 1H NMR
spectrum suggests therefore that the “open book” crystals
retain their structure in solutionwith no rearrangement to

form the cube. ESMS indirectly confirms this, as we could
not identify any peaks that would be expected for an
octanuclear cube complex. The spectrum did, however,
show weak peaks at m/z 1594 and 1170 ascribable to
{Co6(L

13Ph)9(ClO4)12-n}
nþ (n=3, 4) as well as numerous

more intense peaks at lowerm/z values because of smaller
fragments.

Conclusions

The combination ofX-ray crystallographic, 1HNMR, and
ESMS studies reveal interesting behavior for these com-
plexes. The tetranuclear square complex [Ni4(L

26Py)6]-
(BF4)8, while structurally interesting in that it contains two
cross-linked double helicates, is straightforward in that there
is no evidence for formation of other species. Similarly, the
structurally related complex [Co6(L

13Ph)9](ClO4)12, which
adopts the “open book” structure with two double helical
dinuclear units at the ends, retains its structure in solution as
shown by both 1H NMR and ESMS studies.
The remaining Co(II) and Zn(II) complexes with either

L26py or L13Ph crystallize as the octanuclear cubes [M8L12]-
X16, all with the same basic structural type inwhich amixture
of fac andmer tris-chelate metal centers results in pseudo-S6

symmetry. The large central cavities contain varying numbers
of counterions (1, 2, or 4). Despite the similarity in their solid
state structures, their solution behavior, however, is highly
variable. Some of them remain in solution either completely
or nearly completely as the cubes: this behavior is shown by
[Co8(L

26py)12](BF4)16 (on the basis of ES mass spectrometry)
and [Zn8(L

26py)12](ClO4)16 (on the basis of 1H NMR

Figure 12. 1H NMR spectrum (400 MHz, CD3NO2) of redissolved
crystals of [Co6(L

13Ph)9][ClO4]12 whose paramagnetism has spread the
peaks out over a range of about 200 ppm. Signals that can be clearly
identifiedare denotedbyanasterisk, *; 81of the expected90 signals can be
located.

(15) (a) Constable, E. C.; Martı́nez-M�a~nez, R.; Cargill Thompson, A. M.
W.; Walker, J. V. J. Chem. Soc., Dalton Trans. 1994, 1585. (b) Constable, E.
C.; Daniels, M. A.M.; Drew,M. G. B.; Tocher, D. A.;Walker, J. V.;Wood, P. D. J.
Chem. Soc., Dalton Trans. 1993, 1947. (c) Amouri, H.; Mimassi, L.; Rager, M.
N.; Mann, B. E.; Guyard-Duhayon, C.; Raehm, L.Angew. Chem., Int. Ed. 2005,
44, 4543.
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which shows the cube to be the dominant species in solution).
Some of the cube complexes show clear evidence for
partial conversion to an “open book” structure in solution:
this is shownmost clearly for [Co8(L

13Ph)12](BF4)16whose ES
mass spectrum shows sequences of peaks for both cube and
“open book” species. One of the cube complexes, [Zn8-
(L13Ph)12]-
(ClO4)16, remarkably, converts completely to the open-book
form on dissolution as shown by the 1H NMR spectrum.
These differences are difficult to rationalize beyond the

fairly obvious statement that the two types of structure must
be similar in energy, and small differences in factors such as
solubility and metal-based stereoelectronic preferences
[absent for Zn(II) but not for Co(II)] must play significant
roles in deciding which structure dominates; the results are,
however, quite clear.

Experimental Section

General Details.The ligands L26py andL13Ph were prepared as
reported previously.10 Electrospray mass spectra were recorded
using a low cone voltage (typically 5 V) on a Micromass LCT
instrument. 1HNMR spectra were recorded on Bruker Avance-
2 400, DRX-500, or DRX-800 instruments.

Complex Syntheses: Solvothermal Method. This method was
used for all tetrafluoroborate salts. A Teflon-lined autoclave
was charged with the appropriateM(BF4)2 salt (0.085mmol, ca.
29mgdepending on themetal), either L13Ph orL26Py (0.13mmol,
ca. 50 mg depending on the ligand), and methanol (9 cm3). The
mixture was heated to 100 �C for 12 h and then cooled slowly to
room temperature to yield crystals of the product in good yield
(80-90%). In most cases these were of X-ray quality and could
be examined directly; in some cases the crystals obtained in this
way were too small for X-ray analysis so were recrystallized
from nitromethane/ether. The vacuum-dried samples were ob-
served to be slightly hygroscopic, and elemental analyses were
consistent inmost cases with the presence of severalmolecules of
water per complex formula unit. Analytical data are as follows.
Mass spectroscopic data are discussed in the main text.

[Ni4(L
26py)6](BF4)8 (purple crystals). Found: C, 49.2; H, 3.5;

N, 17.3%. Required for [Ni4(L
26py)6](BF4)8 3 5H2O: C, 49.0; H,

3.7; N, 17.4%.

[Co8(L
26py)12](BF4)16 (orange crystals). Found: C, 48.7; H,

3.7; N, 16.8%. Required for [Co8(L
26py)12](BF4)16 3 12H2O: C,

48.7; H, 3.7; N, 17.3%.
[Co8(L

13Ph)12](BF4)16 (orange crystals). Found: C, 51.6; H,
3.9; N, 14.9%. Required for [Co8(L

13Ph)12](BF4)16 3 7H2O.
Found: C, 51.7; H, 3.8; N, 15.0%.

Complex Syntheses: Room-Temperature Solution Method.

This method was used for all perchlorate salts, and the example
given is representative. A solution of Zn(ClO4)2 3 6H2O (0.032 g,
0.086 mmol) in MeOH (7 cm3) was added to a solution of L26py

(0.05 g, 0.13 mmol) in CH2Cl2 (7 cm
3). The mixture was stirred at

roomtemperature for 24h, and the resultantprecipitatewas filtered
off, washed with both MeOH and CH2Cl2, and dried in vacuo
to give [Zn8(L

26py)12](ClO4)16 as a colorless powder in 90% yield.
X-ray quality crystals were grownby slowdiffusion of diethyl ether
into a solution of the complex in DMF or nitromethane.

[Zn8(L
26py)12](ClO4)16 (colorless crystals). Found: C, 48.5; H,

3.8; N, 17.0. Required: C, 48.5; H, 3.4; N, 17.2%.
[Zn8(L

13Ph)16](ClO4)16 (colorless crystals). Found: C, 49.5; H,
3.5; N, 14.4. Required for [Zn8(L

13Ph)16](ClO4)16 3 5H2O: C,
50.0; H, 3.6; N, 14.6%.

X-ray Crystallography. Crystals were removed from the
mother liquor, coated with oil, and transferred to a stream
of cold N2 on the diffractometer as quickly as possible to
prevent decomposition because of solvent loss. All new struc-
tural determinations (i.e., not including those that were first
reported in the earlier communications)10 were carried out on a
Bruker SMART-APEX2 diffractometer using graphite-mono-
chromatedMoKR radiation (λ=0.71073 Å) from a sealed tube
source.

Crystals of the metal complexes scattered relatively weakly
because of the extensive disorder of anions and solvent mole-
cules. After integration of the raw data, and before merging, an
empirical absorption correctionwas applied (SADABS)16 based
on comparison ofmultiple symmetry-equivalent measurements.
The structureswere solved by directmethods and refined by full-
matrix least-squares on weighted F2 values for all reflections
using the SHELX suite of programs.17 Pertinent crystallo-
graphic data are collected in Table 1. In every case (i) the

Table 1. Crystal Parameters, Data Collection, and Refinement Details for the Structures in This Paper

complex
[Co8(L

13Ph)12]-
(BF4)16 3H2O 3 (MeNO2)18

[Co8(L
26Py)12]-

(BF4)16

[Zn8(L
26Py)12]-

(ClO4)16

[Zn8(L
13Ph)16]-

(ClO4)16 3 (MeNO2)5.5 3
(dmf)2 3 (H2O)4

[Ni4(L
26Py)6]-

(BF4)8 3 (H2O)0.5

formula C306H296B16-
Co8F64N90O37

C276H228B16-
Co8F64N84

C276H228Cl16-
N84O64Zn8

C299.5H278.5-
Cl16N79.5O81Zn8

C138H115B8F32-
N42Ni4O0.5

molecular weight 7686.73 6581.82 6835.58 7377.68 3299.04
T, K 150(2) 150(2) 150(2) 150(2) 150(2)
crystal system triclinic monoclinic triclinic triclinic monoclinic
space group P1 P2(1)/c P1 P1 C2/c
a, Å 22.870(3) 19.5900(9) 23.040(6) 20.9658(10) 21.3802(15)
b, Å 23.585(3) 42.658(2) 23.307(6) 21.8992(10) 19.4021(15)
c, Å 25.043(3) 21.1943(9) 26.686(6) 21.9285(11) 37.083(3)
R, deg 113.727(6) 90 65.408(6) 60.570(3) 90
β, deg 109.603(7) 113.099(2) 89.833(6) 78.875(3) 103.357(3)
γ, deg 101.195(6) 90 61.512(5) 89.377(3) 90
V, Å3 10768(3) 16291.6(13) 11104(5) 8562.5(7) 14966.7(19)
Z 1 2 1 1 4
F, g cm-3 1.185 1.342 1.022 1.431 1.464
crystal size, mm3 0.3 � 0.3 � 0.2 0.2 � 0.2 � 0.2 0.4 � 0.4 � 0.4 0.2 � 0.2 � 0.05 0.4 � 0.4 � 0.4
μ, mm-1 0.391 0.497 0.583 0.765 0.601
data, restraints, parameters 48594, 337, 2242 21281/497/2089 28016, 2461, 1637 29091, 437, 2187 17195, 245, 1003
final R1, wR2a 0.1153, 0.3556 0.0985, 0.2897 0.1523, 0.4267 0.0894, 0.2950 0.1346, 0.3765

aThe value of R1 is based on “observed” data with I > 2σ(I); the value of wR2 is based on all data.

(16) Sheldrick, G. M. SADABS: A program for absorption correction with
the Siemens SMART system; University of G€ottingen: G€ottingen, Germany,
1996.

(17) Sheldrick, G. M. Acta Crystallogr., Sect. A 2008, 64, 112.
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weakness of the data required extensive use of restraints and/or
constraints, to keep the geometries of anions, aromatic rings, or
solvent molecules reasonable; and (ii) there was disorder asso-
ciated with anions and (where located) solvent molecules.
In addition, in all cases except for [Zn8(L

13Ph)16](ClO4)16 3
(MeNO2)5.5 3 (dmf)2 3 (H2O)4, there were extensive areas of resi-
dual electron density which could not sensibly be modeled as
solvent or anions, which were removed via application of the
“Squeeze” function in PLATON.18 Full details of these issues
and how they were handled is given in the individual CIFs in the
Supporting Information.
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