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ABSTRACT: A nonanuclear copper grid complex,
[CuII9(L)6](BF4)6·1-PrOH·5H2O (1·1-PrOH·5H2O; L =
2,6-bis[5-(2-pyridinyl)-1H-pyrazol-3-yl]pyridine), was syn-
thesized with a [3 × 3] grid structure consisting of nine
CuII ions and six deprotonated ligands and displayed four-
step quasi-reversible redox behavior from [CuII9] to
[CuI4Cu

II
5]. The corresponding heterovalent complex

[CuI2Cu
II
7(L)6](PF6)4·3H2O (2·3H2O) was successfully

isolated and had a distorted core structure that radically
changed the intramolecular magnetic coupling pathways.

Polynuclear molecular cluster systems with physical proper-
ties that can be altered upon the application of external

stimuli such as temperature, light, electric field, and external
magnetic field have attracted great attention because of their
potential to function as molecular devices in future technolo-
gies.1 The electronic states of transition-metal ions and the
interactions between neighboring centers can also be affected by
external stimuli. Multinuclear systems with dynamic physical
properties are therefore highly sought-after as useful molecular
units. To date, we have searched for clusters that display
switchable behavior as candidates for multistable molecular
components and have reported several square-type and grid
complexes derived from polypyridine multidentate planar
ligands.2 In these molecular systems, multiredox processes and
spin-transition phenomena were investigated. In attempts to
design molecular devices, the use of multidentate ligands is an
excellent tactic because desirable polynuclear systems with
regular arrays of metal ions can be designed and synthesized with
a degree of confidence. Grid-type complexes are a good example
of the artificial alignment of metal ions,3 and Lehn and co-
workers were pioneers in the research of such species, reporting
many [n × n] grids,4 including a tetranuclear iron(II) multistep
spin-crossover (SCO) grid complex.5 Thompson et al. also
investigated magnetic grid-type clusters using flexible amide
ligands,6 and recently Mayer et al. and Sato et al. reported
multistep iron(II) SCO grids.7 Tong et al. reported the synthesis
and magnetic properties of heterometal grids,8 while Hou et al.
studied the ion-sensing and metal-exchange properties of copper
grids.9

Grid complexes can have many stable states because of the
large number of metal ions, each of which has the potential to
change the electronic state. The generation of multinuclear
clusters in which the ions are held in a range of different
coordination environments means that the different metal
centers are likely to exhibit contrasting electronic properties.
Thus, the development of new grid-type complexes is an

important area of research.We synthesized two nonanuclear [3×
3] grid-type copper complexes supported by the multidentate
ligand 2,6-bis[5-(2-pyridinyl)-1H-pyrazol-3-yl]pyridine (H2L;
Scheme S1 in the Supporting Information, SI). Their structures
and magnetic and electrochemical properties were investigated
and are discussed herein.
The reaction of Cu(BF4)2·nH2O with H2L and Et3N in a 1-

propanol/acetonitrile solution (3:7) yielded a nonanuclear
{CuII9} complex, [CuII9(L)6](BF4)6·3CH3CN·1-PrOH·13H2O
(1·3CH3CN·1-PrOH·13H2O).

10 A mixed-valence nonanuclear
{CuI2Cu

II
7} complex, [CuI2Cu

II
7(L)6](PF6)4·4CH3CN·

2CH3OH·2H2O (2·4CH3CN·2CH3OH·2H2O), was prepared
by the reaction of [Cu(CH3CN)4](BF4)

11 with H2L, Et3N, and
NH4PF6 in methanol/acetonitrile under a nitrogen atmos-
phere.12

Single-crystal X-ray structural analyses reveal that 1·3CH3CN·
1-PrOH·13H2O and 2·4CH3CN·2CH3OH·2H2O have similar
[3 × 3] grid-like structures, composed of six ligands and nine
copper ions (Figure 1).13,14 In this [3 × 3] grid structure, there

are three different classes of coordination sites, which can be
categorized as central, edge, and corner positions. The central
copper ion has an octahedral coordination geometry with six
nitrogen atoms coordinating from two tridentate ligand sites.
The copper ions on the edges have square-pyramidal
coordination environments with one tridentate and one
bidentate ligand sites, while the corner ions are coordinated by
two bidentate sites in a highly distorted tetrahedral manner.
Bond-valence-sum calculations15 and charge-balance consider-

Received: June 9, 2013
Published: August 9, 2013

Figure 1. Crystal structures of 1 (left) and 2 (right). Counterions and
solvent molecules were omitted for clarity. Color code: C, gray; N, light
blue; CuII, blue; CuI, khaki.
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ations conclude that 1 and 2 form {CuII9} and {Cu
I
2Cu

II
7} grids,

respectively.
The overall grid shapes of 1 and 2 are substantially different,

with 1 possessing a regular square framework and 2 a distorted
rhombic structure (Figure 2). The distortion originates from the

corner copper sites. The four ions in 1 have similar geometries,
while the neighboring corner sites in 2 show different levels of
distortion, as reflected by their τ4 parameters.16 In 1, all τ4 values
are 0.60, while those in 2 range from 0.49 to 0.63; τ4 = 0.56 for
Cu3, 0.63 for Cu5, 0.49 for Cu7, and 0.62 for Cu9. The τ4 values
in 2 suggest that Cu5 and Cu9 are broadly tetrahedral, while Cu3
and Cu7 are more square-planar in character. The coordination
bond lengths of Cu3 and Cu7 are shorter than those of Cu5 and
Cu9. These facts imply that Cu5 and Cu9 are monovalent ions.
Distortion of the overall square shape induces distortion of the
coordination geometry of the central copper ion. In 1, Cu1 has a
compressed-type Jahn−Teller distortion along its bonds with the
pyridine groups (N11 and N22) of the two central ligands. On
the other hand, the Cu1 ion of 2 has an elongated Jahn−Teller
distortion along its bonds with the pyrazolate groups (N31 and
N33) of one ligand. Changing the electronic states of the corner
ions appears to induce a change in the Jahn−Teller distortions of
1 and 2.
Magnetic susceptibilities of 1·1-PrOH·5H2O and 2·3H2O

were collected in the temperature range of 1.8−300 K (Figure 3).
The χmT values for 1 and 2 at 300 K were 3.37 and 3.10 emu
mol−1 K, which were close to the expected values (3.38 and 2.63

emu mol−1 K for g = 2.0) of nine and seven magnetically isolated
CuII ions, respectively. As the temperature was lowered, the χmT
values decreased, reaching 0.27 and 0.40 emu mol−1 K at 1.8 K,
respectively. The temperature dependence of both samples
implied that antiferromagnetic interactions were dominant
between neighboring CuII ions. According to the molecular
structures, the spin models shown in Figure 3, inset, were applied
to the magnetic analyses.17 The resulting fitting parameters for 1
were g = 2.12, J1 =−48 K, and J2 = 0 K, in which J2 is fixed to zero
because of the complete nonoverlap of magnetic orbitals. In
general, CuII ions with compressed Jahn−Teller distortion have
an unpaired electron in the dz2 orbital.

18 In 1, the magnetic path
defined as J2 relates to the interaction between the equatorial
(dx2−y2) orbital of a Jahn−Teller compressed CuII ion (Cu1) and
the Jahn−Teller elongated axial (dz2) orbital of the edge CuII

ions. The interacting orbitals are fully occupied, and thus J2
should be negligible and 1 can be considered simply as an
antiferromagnetic ring system surrounding a paramagnetic CuII

ion. The best-fit parameters for 2were g = 2.16, J1 =−40 K, and J2
= −10 K. In this case, J2 is non-negligible because magnetic
interactions between the equatorial plane of an elongated CuII

ion (Cu1) and the axial orbital of elongated edge CuII ions (Cu2
andCu6) are operative. The J1 value is of order similar to that of 1
because of the similarity of the magnetic interaction paths. The
contrasting structural distortion means that 2 can be considered
as an antiferromagnetic chain fragment.
Cyclic voltammetry (CV) measurements of 1 and 2 were

conducted in dichloromethane solutions (Figures 4 and S1 in the

SI), and both showed quasi-reversible four-step redox behavior,
summarized in Table S1 in the SI. In the CV data of 1 and 2, the
redox potentials of CuI/CuII are similar, implying that the
structures of 1 and 2 are the same as those in the solution state.
The open-circuit potentials of 1 and 2 were 0.50 and 0.15 V,
respectively, suggesting that 2 is the two-electron-reduced
species of 1. Coulometry measurements of 1 and 2 were
performed (Figures S2−S4 in the SI). In 1, electrolysis at −0.50
V corresponds to four-electron reduction. In 2, electrolyses at
−0.50 and +0.80 V correspond to two-electron reduction and
oxidation processes, respectively. The CV data suggest that the
two-electron-reduced species, corresponding to the electronic
state of complex 2, is well-stabilized with comproportionation
constant Kc = 1.8 × 104 (see the SI). The observation of four
reversible one-electron redox processes implies the existence of
electronic interactions between neighboring ions.
In summary, two grid-type nonanuclear copper complexes,

{CuII9} (1) and {CuI2Cu
II
7} (2), were synthesized using the

Figure 2. Core structures of 1 (left) and 2 (right). Symmetry operation
code *: x,−y, z. Red arrows indicate the orientation of the fully occupied
dσ orbitals of the central ion.

Figure 3.Magnetic susceptibilities of 1·1-PrOH·5H2O (○) and 2·3H2O
(□) with fitting curves (see the text). Inset: schematic spin models. Blue
and khaki circles represent CuII and CuI ions, respectively.

Figure 4.CVdata of 1 in nBu4NPF6/CH2Cl2. Reference electrode: SCE.
Working electrode: Pt. Counter electrode: GC.
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multidentate polypyridine ligand H2L. Both compounds have
similar [3 × 3] grid structures, but the distortion of the grids is
different. The Jahn−Teller distortions of the central CuII ions of
1 and 2 differ because of the differences in the shape of the grid.
The overall magnetic interactions can be explained by
considering the effective magnetic orbitals based on the
electronic configurations of Jahn−Teller distorted CuII centers.
The electrochemical properties of 1 and 2 were investigated by
CV and coulometry, and both showed four-step reversible redox
behavior. The [3 × 3] grid-type copper complexes can be
considered to be electrochemically and structurally changeable
molecular units, a desirable characteristic for the development of
molecular devices. To extend this work, we are attempting to
synthesize heterometallic grid compounds with bistable physical
properties.
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