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Introduction

High-nuclearity, discrete molecular transition-metal com-
plexes are of current interest for their possible utility in
modeling the multimetal active sites of metalloproteins,[1–4]

in molecular magnetism, with a special emphasis on single-
molecule magnets (SMM),[5,6] and for devising nanometer-
sized materials for potential use in nanoscience.[7,8] We have
been interested in developing the chemistry of high-nuclear-
ity copper(ii) complexes due to their magnetostructural
properties, which are not only relevant to the active-site
properties of multinuclear copper oxidases,[5b, 9,10] but also in
the field of molecular magnetism. We have successfully syn-
thesized copper(ii) complexes of different nuclearities, vary-
ing from three to twelve, by using mono- and binuclear
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copper(ii) complexes as building blocks by a self-assembly
process.[11–15]

The present work stems from our interest in exploring
this chemistry further by using the multidentate Schiff-base
ligands N,N’-(2-hydroxypropane-1,3-diyl)bis(salicylaldimine)
(H3L) and N,N’-(2-hydroxypropane-1,3-diyl)bis(acetylace-
toneimine) (H3L’). Under different reaction conditions we
have been able to isolate two different types of copper(ii)
cubane complexes (see Scheme 1). Copper(ii) cubanes are
of interest for their magnetic properties, which are tunable
by making small variations in the structural parameters.[16–34]

Owing to flexibility in the coordination geometry around
copper(ii) centers, with varied distortions due to a pseudo-
Jahn–Teller effect, copper(ii) cubanes can show ferro- as
well as antiferromagnetic exchange interactions depending
on the Cu�O�Cu bridging angles and the planar/pyramidal
nature of the bridging oxygen in the Cu4O4 core. Among
several copper(ii) cubanes reported to date, a couple of
them only show a magnetic ground state.[16–23] Herein, we
report the synthesis, crystal structure, and magnetic proper-
ties of three copper(ii) cubanes [Cu4(HL’)4]·4H2O (1·4 H2O),
[Cu4L2(OH)2]·6 H2O (2·6 H2O), and [Cu4L2-
(OMe)2]·2H2O·C4H8O (3·2 H2O·THF). Their magnetic data
were theoretically fitted to obtain the exchange-parameter
values and the energy-level diagram for determining the
ground state. A preliminary report on the structural aspects
of [Cu4(HL’)4]·4 H2O (1·4 H2O) has been published.[23]

Results and Discussion

Synthesis and general aspects : Complexes 1–3 were synthe-
sized in good yields by two different synthetic procedures
(Scheme 1). Complex 1 was prepared from the reaction of
copper(ii) perchlorate hexahydrate with the potentially pen-
tadentate Schiff base N,N’-(2-hydroxypropane-1,3-diyl)bis(a-
cetylacetoneimine) (H3L’) in CH2Cl2/MeOH to form the dis-

crete tetranuclear copper(ii) cubane cluster [CuII
4(HL’)4] (1),

which has a metal-to-ligand molar ratio of 1:1 [Eq. (1)].

4 ½CuðH2OÞ6�ðClO4Þ2 þ 4 H3L0 þ 8 NEt3 !
½Cu4ðHL0Þ4� þ 8 Et3NHClO4 þ 24 H2O

ð1Þ

2 ½Cu2LBr� þ 2 KOH! ½Cu4L2ðOHÞ2� þ 2 KBr ð2Þ

2 ½Cu2LBr� þ 2 NEt3 þ 2 MeOH!
½Cu4L2ðOMeÞ2� þ 2 Et3NHBr

ð3Þ

Complexes 2 [Eq. (2)] and 3 [Eq. (3)] were synthesized by
using a different synthetic procedure in which the dimeric
precursor [Cu2LBr] self-assembles in the presence of KOH
or NEt3, respectively, in MeOH/EtOH solvent to form the
cubane clusters with a metal-to-ligand molar ratio of 2:1.
The complexes were characterized from their analytical and
spectral data. Complex 1 displays a d–d band at 630 nm in
MeOH, whereas in complexes 2 and 3 this band appears at
about 640 nm.

Crystal structures : [Cu4(HL’)4] (1) crystallizes in the cubic
space group P4̄3n with one copper, one dianionic ligand
(HL’), and one lattice water in the crystallographic asym-
metric unit (Figure 1). Selected bond lengths and angles for
1·4 H2O are given in Table 1. The structure consists of a tet-
ranuclear copper(ii) core with the metal centers linked by a
m3-alkoxo-oxygen atom of the Schiff base to give a cubic
Cu4O4 arrangement of the metal and oxygen atoms. There
are six molecules in the unit cell and the 3D packing has
vacant space due to the presence of the pendant arm of the
ligand, which causes a low density (1.180 g mL�1) of the crys-
tal. The potentially pentadentate ligand (H3L’) binds in a tri-
dentate form through one imine nitrogen, one enolized
oxygen as the terminal, and the anionic alkoxo-oxygen atom

Scheme 1. Synthetic routes to complex 1 (A) and complexes 2 and 3 (B).

Figure 1. Molecular structure of [Cu4(HL’)4]·4H2O (1·4 H2O) (ORTEP
view; 50 % probability thermal ellipsoids).
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as the bridging site (A). The alkoxo-oxygen atom that be-
longs to the amine part of the ligand links two copper(ii)
centers in an axial–equatorial fashion. The copper centers
are in an essentially square-pyramidal (4+1) geometry with
one bridging Cu�O bond as the axial ligand [distance,
2.437(5) �]. The elongation of the Cu�O axial bond is due
to a pseudo-Jahn–Teller distortion of the d9 Cu center. The
metal atom in the structure shows a deviation of about
0.05 � from the NO3 basal plane. The dihedral angle be-
tween the two coordination planes containing the Cu1 and
Cu1(#2) atoms is approximately 318. The dihedral angle be-
tween the planes containing the Cu1 and Cu1(#1) atoms is
about 868. The Cu1···Cu1(#1) distance is 3.124(2) �. The
axial–equatorial alkoxo oxygen atom bridges the Cu1 and
Cu1(#2) atoms with a separation of 3.438(1) �. The O2
bridging atom in 1, which shows a pyramidal geometry with
the sum of the angles C7�O2�Cu1, C7�O2�Cu1(#1), and
Cu1�O2�Cu1(#1) of about 3378, is likely to reduce the mag-
nitude of the antiferromagnetic coupling between the
copper centers.[20, 21] This complex has a 1:1 ratio of copper
and the ligand. As the potentially pentadentate ligand only
binds to the metal in a tridentate mode in 1, this means that
two free donor sites are available per ligand, making eight
in total per cubane cluster, for further metal binding. As a
consequence, this complex is reactive and behaves like a
“molecular octopus” with eight pendant binding sites suita-
ble for cluster expansion through a metal-driven, self-assem-
bly process, as observed in the isolation of a metallomacro-
bicyclic octanuclear copper(ii) and a mixed valent tetradeca-
nuclear CuII

12CuI
2 cluster with a prismatic structure from com-

plex 1 (Scheme 2).[15,23] In an alcoholic KOH medium, the
complex reacts with copper(ii) perchlorate, in the absence of
any additional H3L’, to form four binuclear units that are
linked by one m2-OH and two m3-OH ligands to form the oc-
tanuclear core. Addition of H3L’ in a similar reaction in the

presence of piperidine, however, gives a mixed-valent tetra-
decanuclear core in which the steric restrictions lead to the
reduction of two copper(ii) ions to copper(i).

The cubane complex 2 with the formula [Cu4-
L2(OH)2]·6 H2O (2·6 H2O) belongs in the orthorhombic
space group Pccn and contains six water molecules per tet-
ramer. The complex [Cu4L2(OMe)2] (3) also crystallizes in
the same space group but with one THF and two H2O lattice
molecules per cluster unit. The ORTEP views of complexes
2 and 3 are shown in Figure 2 and Figure 3, respectively. Se-
lected bond lengths and angles are given in Table 2. The
complexes have a Cu4O4 cubane core in which the bridging
oxygen atoms come from two Schiff bases, each of which
provides one alkoxo-oxygen atom; the remaining two
oxygen atoms come from hydroxo groups for 2 and methoxy
groups for 3. The copper(ii) atoms are in a square-pyramidal
environment with NO4 coordination. Both structures can be
viewed as two {Cu2L}+ units self-assembled to form the

Table 1. Selected bond lengths [�] and angles [8] for 1·4H2O.[a]

Cu1···Cu1(#1) 3.124(2) O(1)�Cu(1)�N(1) 94.9(3)
Cu1···Cu1(#2) 3.438(1) O(1)�Cu(1)�O(2) 179.6(3)
Cu1�O1 1.905(6) O(2)-Cu(1)-N(1) 85.0(3)
Cu1�O2(#1) 1.971(5) O(1)-Cu(1)-O(2)#2 102.3(2)
Cu1�O2 1.974(5) O(1)-Cu(1)-O(2)#1 92.7(2)
Cu1�O2(#2) 2.437(5) O(2)#1-Cu(1)-N(1) 170.4(3)
Cu1�N1 1.927(7) O(2)#2-Cu(1)-N(1) 108.5(2)
Cu1-O2-Cu1(#1) 104.7(2) O(2)-Cu(1)-O(2)#1 87.4(2)
Cu1-O2(#1)-Cu1(#1) 89.6(2) O(2)-Cu(1)-O(2)#2 78.0(2)
Cu1-O2-Cu1(#2) 101.9(2) O(2)#1-Cu(1)-O(2)#2 75.5(2)

[a] Symmetry codes: #1; �x+3/2, �y +1/2, z�1/2; #2: x, �y, �z +1

Scheme 2. Reaction pathways involved in the self-assembly processes
forming the octa- and tetradecanuclear copper cores from complex 1
(0.16 mm): a) [Cu(H2O)6](ClO4)2 (0.64 mm) and KOH (0.94 mm) in EtOH
(15 mL); b) [Cu(H2O)6](ClO4)2 (1.6 mm), H3L’ (0.64 mm) and piperidine
(1.5 mm) in CH2Cl2/MeOH (20 mL, 1:1 v/v).

Figure 2. Molecular structure of [Cu4L2(OH)2]·6H2O (2·6 H2O) displaying
(ORTEP view; 50% probability thermal ellipsoids).
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cubane core in the presence of two m3-OH or m3-OMe li-
gands. The trianionic ligand shows a pentadentate mode of
coordination in 2 and 3 (B).

Complex 2 has an average equatorial Cu�O bond length
of 1.97 � and an average axial Cu�O bond length of 2.43 �.
The Cu1···Cu2 and Cu1(#1)···Cu2 distances in 2 involving
copper atoms linked by equatorial alkoxo oxygen atoms are
3.103(2) and 3.107(2) �, respectively. The Cu1···Cu1(#1) and
Cu2···Cu2(#1) distances for axial–equatorial bridged cop-
per(ii) atoms are 3.433(2) and 3.458(2) �, respectively. The
Cu-O-Cu angles for the equatorially bridged copper atoms
are 105.8(5)8 and 104.3(4)8. The other Cu-O-Cu angles for
the copper atoms bridged in an axial–equatorial fashion are
in the range 103.5(3)–88.8(3)8. The dihedral angle between
the planes containing the Cu1 and Cu2 atoms is 87.6(3)8 and
that for the planes containing the Cu1 and Cu2A atoms is
82.7(3)8. The equatorial–equatorial and equatorial–axial di-
bridged coordination planes of the pairs of copper atoms
Cu1(#1),Cu2 and Cu1(#1),Cu(#2) make angles of 63.2(2)8
and 74.0(2)8, respectively, between themselves. The dihedral
angles between the copper atoms having only axial–equato-
rial-type bridges are less than those having both equatorial–
equatorial or axial–equatorial bridges. The geometry of the
bridging alkoxo and hydroxo oxygen atoms O2 and O4
varies between pyramidal (~3238) and nearly planar (~3478)
conformations.

The structural features of complex 3 are essentially the
same as those of 2. The average Cu�O distance in the
square plane is 1.97 �. The axial bonds show a distance of
2.476(3) � for Cu1�O4(#1) and 2.318(2) � for Cu2�O2.
The Cu-O-Cu angles are in the range 104.0(1)–88.3(1)8. The
distances for the equatorially oxygen-bridged copper atoms
Cu1,Cu2 and Cu1,Cu2(#1) are 3.077(1) and 3.116(1) �, re-
spectively. The Cu-O-Cu angles involving these pairs of
copper atoms are 104.0(1)8 and 103.8(1)8, respectively. The
planes containing oxygen-bridged copper atoms with short

Cu�O distances are nearly perpendicular to each other,
whereas the planes containing the Cu1 and Cu2 atoms lie at
a dihedral angle of 88.9(1)8. The dihedral angle between the
planes containing the Cu1 and Cu2(#1) atoms is 83.2(1)8.
The dihedral angles between the axial–equatorial-bound
copper planes of Cu1,Cu1(#1) and Cu2,Cu2(#1) are 37.5(1)8
and 24.7(1)8, respectively. The geometry of the bridging
oxygen atoms O2 and O4 in 3 is similar to that in complex
2.

The crystal structures of 1–3 exhibit chemically significant
hydrogen-bonding interactions between the complexes and
the lattice solvent molecules (see Figure S1–S3 in the Sup-
porting Information). In complex 1, the solvent water mole-
cule is involved in hydrogen-bonding interactions with the
pendant group of the Schiff base (2.61(2) �; O3�H31···O4
angle of 145.9(9)8). The O5···O5(#4) distance of 2.73(4) �
indicates strong intermolecular hydrogen-bonding interac-

Table 2. Selected bond lengths [�] and angles [8] for complexes
2·6H2O

[a] and 3·2H2O·THF.[b]

2·6H2O 3·2H2O·THF

Cu1···Cu2 3.103(2) 3.077(1)
Cu1···Cu2(#1) 3.108(2) 3.116(1)
Cu1···Cu1(#1) 3.433(2) 3.419(1)
Cu2···Cu2(#1) 3.458(3) 3.384(1)
Cu1�O1 1.897(8) 1.885(2)
Cu1�O2 1.966(8) 1.961(2)
Cu1�O4 1.926(10) 1.948(2)
Cu1�O4(#1) 2.451(8) 2.476(3)
Cu1�N1 1.921(12) 1.937(3)
Cu2�O2 2.418(8) 2.318(2)
Cu2�O4 1.964(9) 1.961(2)
Cu2�O2(#1) 1.969(8) 1.992(2)
Cu2�O3 1.910(9) 1.888(3)
Cu2�N2 1.914(10) 1.938(3)
Cu1-O2-Cu2 89.5(3) 91.6(1)
Cu1-O4-Cu2 105.8(5) 103.8(1)
Cu1-O2-Cu2(#1) 104.3(4) 104.0(1)
Cu1(#1)-O4-Cu2 88.8(3) 88.3(1)
Cu2-O2-Cu2(#1) 103.5(3) 103.2(1)
Cu1-O4-Cu1(#1) 102.7(3) 100.4(1)
O1-Cu1-O2 178.2(4) 177.2(1)
O1-Cu1-O4 94.6(4) 96.9(1)
O1-Cu1-O4(#1) 105.4(4) 104.9(1)
O1-Cu1-N1 95.1(4) 94.0(1)
O2-Cu1-O4 87.1(4) 85.9(1)
O2-Cu1-O4(#1) 75.4(3) 75.9(1)
O2-Cu1-N1 83.2(4) 83.2(1)
O4-Cu1-O4(#1) 77.3(4) 79.5(1)
O4-Cu1-N1 166.3(4) 164.2(1)
O4(#1)-Cu1-N1 109.3(4) 108.7(1)
O4-Cu2-O2(#1) 87.8(4) 88.4(1)
O2-Cu2-O2(#1) 76.4(3) 76.9(1)
O2-Cu2-O3 104.3(4) 104.3(1)
O2-Cu2-O4 74.6(4) 76.5(1)
O2(#1)-Cu2-O3 177.2(4) 177.2(1)
O2(#1)-Cu2-N2 83.3(4) 83.4(1)
O2-Cu2-N2 119.1(4) 117.9(1)
O3-Cu2-O4 95.0(4) 94.3(1)
O3-Cu2-N2 94.0(4) 93.9(1)
O4-Cu2-N2 161.0(4) 160.9(1)

[a] Symmetry code: #1; �x+1/2, �y +1/2, +z. [b] Symmetry code: #1;
�x+3/2, �y +1/2, z.

Figure 3. Molecular structure of [Cu4L2(OMe)2]·2H2O·THF
(3·2H2O·THF) (ORTEP view; 50% probability thermal ellipsoids).
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tions between the water molecules (symmetry code #4: �x+

1, + y, �z+1). The hydroxo oxygen atom O4 of 2 lies at a
distance of 3.07(2) � from the disordered solvent water mol-
ecule O5 (O4�H···O5 angle: ~1608). The positionally disor-
dered water molecules showing intermolecular distances of
2.6–2.9 � among themselves are located within the nearly
strawberry-shaped channel with a cross-section of around
8 � 6 � along the crystallographic a axis. The water mole-
cules are also present in the zigzag channel that propagates
along the crystallographic b axis. The lattice solvent mole-
cules in 3 are tetrahydrofuran and water. They are located
in the channel possessing a similar area of cross-section to
that of 2 along the crystallographic a axis. The water mole-
cules of complex 3 show significant hydrogen-bonding inter-
actions (O5···O6: 2.689(7) �). The water molecule O6 ex-
hibits possible intermolecular hydrogen-bonding interactions
with the phenoxo oxygens O1(#5) and O1(#6) of the penta-
dentate Schiff-base ligand, with an O6···O1 distance of
2.790(4) � and O1(#5)···O6···O1(#6) angle of about 1028.

Magnetic properties : The temperature dependence of the
magnetic susceptibility of cubane cluster 1 is shown as a cMT
versus T plot in Figure 4. The value of cMT remains nearly

constant from 300 K to about 120 K (�1.55 cm3 mol�1 K)
and thereafter gradually increases to a value of
2.67 cm3 mol�1 K (at 18 K) as the temperature is lowered
steadily. The meff value is 3.51 mB at 300 K and 4.63 mB at
18 K, which is marginally smaller than the magnetic
moment of 4.90 mB for a molecule in the ground state with a
total spin of 2 (spin-only value, assuming that the g factor is
2). The magnetic data show that the effective exchange in-
teractions between the copper(ii) spins in cubane 1 are fer-
romagnetic.

To determine the nature of the individual exchange inter-
actions, we noted that the copper(ii) ions occupy alternate
cube corners in these systems. Thus, there are six exchange
interactions between the four magnetic ions in the mole-
cules (Scheme 3). The symmetry of cubane 1 (Figure 1) fur-
ther reduces these to two unique exchange constants, with
four of the six exchange constants having one unique value
(J1) and the remaining two exchange constants the other

(J2). The Cu�O�Cu bond angles for the exchange pathway
involving J1 are nearly 908 while the Cu�O�Cu bond angles
for the exchange pathway involving J2 are above 1008 (ca.
101.98). This implies that J1 is ferromagnetic while J2 could
be antiferromagnetic. Furthermore, the Cu�O and Cu···Cu
distances for the different pathways are consistent with jJ1 j
> jJ2 j . The oxygen atoms involved in the superexchange in-
teraction are arranged in a pyramidal geometry around the
copper ions, the sum of the bond angles around the copper
ion being about 3378. It is empirically known that such a
pyramidal arrangement of ligand atoms leads to an increase
in the strength of ferromagnetic interactions and a decrease
in the strength of antiferromagnetic interactions.[20,21, 35]

Based on these structural and magnetic data, we modeled
the magnetic interactions in cubane 1 using the Hamiltonian
in Equation (4), where a positive sign of J corresponds to a
ferromagnetic interaction and a negative sign of J to an anti-
ferromagnetic interaction. All the spin operators (S) corre-
spond to spin-1/2 objects. The last term in the Hamiltonian
takes into account intermolecular interactions within the
mean-field approximation. This is necessary since high-spin
molecules experience intermolecular dipolar interactions,
which can be represented by a weakly ferromagnetic or anti-
ferromagnetic exchange term. Thus, jJ’ j! { jJ1 j , jJ2 j } and
the strength of the effective interaction depends upon the
number of nearest neighbor molecules, z, which in the case
of cubane 1 is six, while for cubanes 2 and 3 it is four.

H ¼ �J1ðŜ1Ŝ2 þ Ŝ1Ŝ20 þ Ŝ10 Ŝ20 þ Ŝ10 Ŝ2Þ

�J2ðŜ1Ŝ10 þ Ŝ2Ŝ20 Þ þ gmBH
X

i Ŝi
z�zJ0 < Sz

tot >
X

iŜi
z
ð4Þ

Using the above model we can compute the square of the
magnetization, M2(T), as a function of temperature as given
in Equation (5), where the eigenvalues E(S,Ms) of H are
given by E(S,Ms)= Eo(S,Ms)+ Ms(gbH�zJ’<Sz> ), with Eo-
(S,Ms) being the eigenvalues of the exchange Hamiltonian
in the absence of external magnetic field and intermolecular
interactions.

Figure 4. A plot of cMT versus T for a polycrystalline sample of [Cu4-
(HL’)4] (1). The solid line is the theoretical fit to the experimental data.

Scheme 3. Magnetic exchange pathways for the cubane core in complexes
1–3 with the short Cu�O bonds shown by thick lines.
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M2ðTÞ ¼

P
S

PS

Ms¼�S
MS

2expð�EðS,MSÞ=kBTÞ

P
S

PS

Ms¼�S
expð�EðS,MSÞ=kBTÞ

ð5Þ

The temperature-dependent magnetic susceptibility, cM(T)
is then given by Equation (6), where g is the gyromagnetic
ratio.

cMðTÞ ¼ g2 M2ðTÞ=½T�zJ0M2ðTÞ� ð6Þ

To account for trace amounts of paramagnetic impurity
present in the analytically pure sample, an additional Curie-
like contribution to the magnetic susceptibility was assumed
and the total magnetic susceptibility is then given by Equa-
tion (7), where C is the Curie constant.

ctotðTÞ ¼ cMðTÞ þ C=T ð7Þ

The error in the fit (R) was calculated from expression
(8), where cobs(Ti) and ccal(Ti) are the observed and calculat-
ed magnetic susceptibilities at temperature Ti, respectively.

R ¼
X

i ½fcobsðT iÞ�ccalðT iÞg2=cobsðT iÞ2� ð8Þ

The best fit J1, J2, and J’ values for cubane 1 are 38.4,
�18.0, and 0.14 cm�1 respectively. In all these calculations a
g value of 2.01 was used. The Curie constant obtained from
the fit corresponds to an impurity concentration of 0.03
free-spins per cubane cluster. The error (R) found for the fit
is 1.22 �10�4.

Interestingly, the intermolecular exchange interaction de-
termined from the fit is ferromagnetic in 1. The energy
levels computed by using the above intramolecular exchange
parameters for an isolated cubane molecule yield a triplet
ground state (Figure 5). The fact that the ground state is nei-
ther the high-spin quintet state nor the low-spin singlet
state, but an intermediate spin-one state, is an outcome of
the presence of both ferro- and antiferromagnetic exchange
interactions. The lowest excited state is a quintet state, with
a singlet state lying above the quintet. The triplet–quintet
gap is 7.88 cm�1 and the triplet–singlet gap is 38.43 cm�1. It

appears that the internal magnetic field due to ferromagnet-
ic intermolecular interactions lowers the quintet state
energy and brings it closer to the triplet ground state. This
explains the increase in the mB value close to S=2 at low
temperatures.

Cubane 2 has a meff value of 2.98 mB at 300 K and 3.64 mB

at 18 K. The temperature dependence of the magnetic sus-
ceptibility is shown as a cMT versus T plot in Figure 6. The

change of the magnetic susceptibility with temperature is
similar to that of cubane 1 over the entire range of tempera-
ture. The Cu-O-Cu bond angles and also the Cu�O and
Cu···Cu bond lengths of cubane 2 are similar to those of
cubane 1 except that the axial bonds which involve the ex-
change parameter J2 are elongated (above 2.4 �) due to a
pseudo-Jahn–Teller distortion. Hence, a weaker exchange
constant is expected for J2. The oxygen atoms involved in
the superexchange interaction are nearly planar to pyrami-
dal, with the sum of the bond angles around the copper(ii)
ion varying between 3258 and 3548. The best-fit values for
J1, J2, and J’ are 14.7, �18.4, and 0.43 cm�1, respectively,
with g=2.04 and R=5.5 � 10�5; the paramagnetic impurity
concentration is of 0.01 free-spins per cubane cluster.

The intermolecular exchange interaction in cubane 2 is
also ferromagnetic. The ground state of cubane 2 is also a
triplet due to the presence of both ferro- and antiferromag-
netic exchange interactions in the system. However, unlike
cubane 1, the lowest excited state is a singlet with a quintet
state lying above it (Figure 5). The triplet–singlet gap is
14.70 cm�1 and the triplet–quintet gap is 20.34 cm�1. Indeed,
it is well known that it is difficult to predict, a priori, either
the ground state spin or the ordering of the excited states in
spin systems.

Cubane 3 has a meff value of 3.11 mB at 300 K and 4.02 mB

at 18 K. The temperature dependence of the magnetic sus-
ceptibility is shown as a cMT versus T plot in Figure 6. The
plot shows the magnetic behavior of the complex, which is
similar to those of cubanes 1 and 2. The Cu-O-Cu bond
angles are comparable to those of cubane 2. As in cubane 2,
the axial bonds are elongated (2.32 � and 2.48 �) due to a
pseudo-Jahn–Teller distortion. Moreover, the cubane cluster

Figure 5. The energy-level diagrams of complexes 1–3 with a degeneracy
of (2S+1) for each spin state. The spin of each state is indicated to the
right.

Figure 6. Plots of cMT versus T for the polycrystalline samples of 2 (&)
and 3 (O) with solid lines showing the theoretical fit to the experimental
data.
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3 involves all the alkoxo-oxygen atoms as bridging groups,
whereas in cubane 2 there are two alkoxo and two hydroxo
groups. It is well known from the literature that the critical
angle for having a ferromagnetic exchange pathway is
higher for alkoxo-oxygen atoms.[36] Since cubane 3 has only
alkoxo groups, the ferromagnetic exchange coupling for
cubane 3 is expected to be higher than for cubane 2. The
value of the exchange constant obtained using the model
discussed earlier for the ferromagnetic pathway is J1 =

33.3 cm�1 and that for the antiferromagnetic pathway is J2 =

�15.6 cm�1. The intermolecular interaction parameter ob-
tained was J’=0.25 cm�1, which is indeed ferromagnetic.
The error, R, in the fit is 1.02 � 10�5, with a g value of 2.02
and a paramagnetic impurity concentration of 0.04 free-
spins per cubane cluster. The calculated energy-level dia-
gram using the J1 and J2 values yields a spin triplet ground
state with a quintet excited state at 6.76 cm�1 and a singlet
excited state at 33.3 cm�1 (Figure 5).

Magnetostructural correlations : Cubane copper(ii) clusters
with a magnetic ground state are of importance as new mag-
netic systems; such cubane clusters are listed in Table 3 for
comparison of their magnetostructural properties.[16–23] Ito
and co-workers have reported a copper(ii) cubane [Cu4-
(hase)4]·2H2O·4MeCN which shows ferro- and antiferro-
magnetic exchange interactions with exchange parameter
values of 72.2(2) and �35.2(2) cm�1, respectively. This com-
plex, which displays a channel structure with the solvent
molecules located within the channel, has average Cu�O
distances of 1.95 and 2.51 � for the equatorial and axial

bonds respectively.[20] The Cu-O-Cu angles are 105.58 and
95.48. Nakano and co-workers have designed an open,
cubane-like Cu4O4 complex of formula [Cu4(hpda)4]-
(ClO4)4·H2O (Hhpda: N-(2-hydroxyethyl)-1,3-propanedia-
mine) that shows ferromagnetic interactions.[21] The square
planes of the copper atoms in this complex have dihedral
angles of 82.588 and 96.578, which suggests that the dx2�y2

magnetic orbitals of the metal centers are nearly perpendic-
ular to each other thereby promoting a ferromagnetic inter-
action (2J=89.8 cm�1). Complexes 1–3 also show dihedral
angles between the copper(ii) planes of about 908. Such a
structural feature is in accordance with the ferromagnetic
behavior of these complexes. Complex 1 has significant
structural differences from its analogues, which make it
more ferromagnetic than 2 and 3.

Conclusion

Complexes 1–3 are the first structurally characterized cop-
per(ii) cubanes with a magnetic triplet (S= 1) ground state.
The nature of the magnetic coupling in 1–3 is significantly
different from the majority of the reported copper(ii) cu-
banes,[24–34] which are antiferromagnetic in nature, but re-
sembles those having a quintet ground state.[16,19] The intra-
molecular ferromagnetic interaction could be due to the or-
thogonality of the magnetic orbitals for at least one ex-
change pathway in each copper pair. Complexes 2 and 3 are
formed from a dimeric precursor with a hydroxo or alkoxo
group, which facilitates the self-assembly process. Cubane 1

has eight pendant binding sites
that are suitable for a cluster-
expansion process in the pres-
ence of additional metal ions. It
is a potential precursor for the
synthesis of discrete, high-nu-
clearity clusters of nanometer
size.

Experimental Section

Materials and measurements : All re-
agents and chemicals were purchased
form commercial sources and used
without further purification. The Schiff
bases N,N’-(2-hydroxypropane-1,3-
diyl)bis(salicylaldimine) (H3L) and
N,N’-(2-hydroxypropane-1,3-diyl)bis(a-
cetylacetoneimine) (H3L’) were pre-
pared by literature methods.[37] The
precursor complex [Cu2LBr] was syn-
thesized from H3L and CuBr2·H2O by
following a procedure similar to that
reported for an analogous dinuclear
copper(ii) complex of the Schiff-base
ligand N,N’-(2-hydroxypentane-1,5-
diyl)bis(salicylaldimine).[38] The ele-
mental analyses were performed with
a Heraeus CHN-O Rapid instrument.

Table 3. Structurally characterized cubane copper(ii) clusters with a magnetic ground state.

No. Complexes Cu�Oeq [�] Cu�O�Cu [8] J [cm�1] Ref.
Cu�Oax [�]

1 [Cu4Br4(CH2CH2NEt2)4]·4CCl4 1.92–1.98 104.1; 108.8; �9.0(3); 80.0(3) [16b]

2.52 88.8
2 [Cu4(MeCOCHCMe=NCH2CH2O)4] 1.92–1.97 109.8–87.3 �19.8(6.0); 41.0(6.0) [17]

2.33–2.69
3 [Cu4(L1)4]·9 MeOH[a] 1.96–2.00 104.4; 99.0; 88.8 57(4); �14(4) [18]

2.48
4 [Cu4(L2)4]·8 EtOH[b] 1.94–1.99 112.0; 94.4; 86.1 0; 34.8 [18]

2.75
5 [Cu4(bpy)4(OH)4](PF6)4

[c] 1.95–1.96 105.0–90.8 15.1; 0.16 [19]

2.49
6 [Cu4(hsae)4]·2 H2O·4 MeCN[d] 1.93–2.0 106.1–85.8 �35.2(2); 72(2) [20]

2.56
7 [Cu4(hpda)4](ClO4)4·H2O

[e] 1.92–1.99 110.0; �32.6; 89.8 [21]

108.9, 108.0, 110.1
8 [Cu4(L3)4]

[f] 1.90–1.97 107.7–88.8 �9.4(4); 15.2(4) [22]

2.41–2.51
9 [Cu4(HL’)4]·4 H2O 1.91–1.97 104.7; 101.9; 89.6 38.5; �18 this work

2.44
10 [Cu4L2(OH)2]·6 H2O 1.93–1.97 105.8–88.8 14.7; �18.4 this work

2.42–2.45
11 [Cu4L2(OMe)2]·2 H2O·THF 1.95–1.99 104.0–88.3 33.3; �15.6 this work

2.32 �2.48

[a] H2L
1: Schiff base of pyridoxal and 2-amino-1-phenylpropan-1-ol. [b] H2L

2: Schiff base of pyridoxal and 2-
amino-1-phenylethanol. [c] bpy: 2,2’-bipyridine. [d] H2hsae: 2-(4-hydroxysalicylidineamino)ethanol. [e] Hhpda:
N-(2-hydroxyethyl)-1,3-propanediamine. [f] H2L

3: ethyl-2-[N-(2-hydroxycyclohexyl)aminomethylene]-3-oxobu-
tanoate.
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The electronic and IR spectral data were obtained with Perkin Elmer
Lambda 35 and Bruker Equinox 55 spectrometers, respectively. The vari-
able-temperature magnetic susceptibility measurements were performed
with a Model 300 Lewis-coil-force magnetometer (George Associates
Inc., Berkeley, CA) equipped with a closed-cycle cryostat (Air products)
and a Cahn balance. Hg[Co(NCS)4] was used as a standard. Experimental
susceptibility data were corrected for diamagnetic contributions (cdia =

�95.3 � 10�6 cm3
m
�1 per copper atom). The magnetic moments at various

temperatures were calculated in mB unit [mB�9.274 � 10�24 J T�1].

Synthesis of [Cu4(HL’)4] (1): Triethylamine (3.9 mL, 28.03 mmol) was
added to a solution of H3L’ (3.79 g, 14.9 mmol) in dichloromethane
(20 mL) with magnetic stirring. After 10 min a solution of [Cu(H2O)6]-
(ClO4)2 (2.96 g, 8.0 mmol) in MeOH (20 mL) was added dropwise. The
mixture was then heated to reflux for 30 min. The solution was cooled to
ambient temperature and its volume was reduced to half on a rotary
evaporator. A dark-blue, crystalline solid of 1 (2.2 g, yield ~87 %) sepa-
rated on standing overnight. This solid was isolated, washed with a cold
methanol/diethyl ether solvent mixture (1:1, v/v), and finally dried in
vacuum over fused CaCl2. Elemental analysis (%) calcd for 1
(C52H40Cu4N8O12 (1263.4)): C 49.44, H 6.38, N 8.87; found: C 49.21, H
6.54, N 9.02; IR (KBr phase): ñ=3403w, 2987w, 2950w, 2921w, 2866w,
2822w, 1615s, 1564s, 1500s, 1462w, 1439m, 1407s, 1351w, 1300m, 1281m,
1212w, 1102w, 1034w, 1044w, 945w, 737m, 617m, 437w cm�1; UV/Vis
(MeOH): lmax (e)=233 (22 500), 310 (43 000), 630 nm (280 m

�1 cm�1).

Synthesis of [Cu4L2(OH)2] (2): A 1.0 m ethanolic solution of KOH was
added dropwise to a solution of [Cu2LBr] (0.45 g, 0.89 mmol) in methanol
(20 mL) until the solution turned dark green. The resulting solution was
heated in a water bath for 30 min. It was then cooled to room tempera-
ture and filtered to remove any solid present in the solution. The green
filtrate gave dark green, crystalline 2 on standing overnight. This solid
was isolated, washed with cold methanol, and dried in vacuum over
P4O10 [Yield: 0.47 g (59 %)]. Elemental analysis (%) calcd for 2
(C34H32Cu4N4O8 (878.9)): C 46.47, H 3.67, N 6.37; found: C 45.16, H 3.72,
N 6.43; IR (KBr phase): ñ =3392br,
3191br, 3050w, 2911w, 2886w, 2833w,
1640s, 1602m, 1582m, 1540s, 1468m,
1453s, 1395s, 1345m, 1314s, 1199m,
1178m, 1156m, 1130m, 1069w, 1049w,
1033w, 986w, 971w, 553w, 464m cm�1;
UV/Vis (MeOH): lmax (e)=242
(49 500), 269 (32 200), 362 (11 500),
639 nm (360 m

�1 cm�1).

Synthesis of [Cu4L2(OMe)2] (3): Tri-
ethylamine (0.15 mL, ~1.0 mmol) was
added slowly to a methanolic solution
(25 mL) of [Cu2LBr] (0.5 g,
0.99 mmol). After stirring for 8 h the
solution was filtered to remove any in-
soluble material. The filtrate was con-
centrated on a rotary evaporator and
the solid thus obtained was isolated
and washed with cold methanol. The
crude product was then crystallized
from a tetrahydrofuran/methanol mix-
ture (1:2, v/v). The solid obtained was
dried in vacuum over P4O10 for analyt-
ical studies. Yield: 0.45 g (~55%). Ele-
mental analysis (%) calcd for 3
(C36H36Cu4N4O8 (906.8)): C 47.63, H
4.00, N 6.17; found: C 46.21, H 3.95, N
6.24; IR (KBr phase): ñ =3356br,
2918w, 2872w, 2808w, 1640s, 1602m,
1539m, 1448s, 1395m, 1345m, 1312s,
1199m, 1148m, 1125m, 1044m, 1027m,
977w, 893m, 861m, 759s, 717w, 563m
cm�1; UV/Vis (MeOH): lmax (e)=245
(51 000), 273 (32 800), 368 (12 000),
642 nm (380 m

�1 cm�1).

X-ray crystallographic studies : Single crystals of 1 were obtained by slow
evaporation of a solution of the complex. A crystal of approximate size
0.27 � 0.18 � 0.15 mm3 was mounted on a glass fiber using epoxy cement.
The X-ray diffraction data were measured in frames with increasing w

(width of 0.38 per frame) at a scan speed of 6 s/frame using a Bruker
SMART APEX CCD diffractometer, equipped with a fine-focus, sealed-
tube X-ray source. The SMART software was used for data acquisition
and the SAINT software for data extraction.[39a] Empirical absorption
corrections were made on the intensity data.[39b] The structure was solved
by the heavy atom method and refined by full-matrix least-squares with
the SHELX system of programs.[40] All non-hydrogen atoms of the com-
plex, except those of the solvent water molecules, were refined anisotrop-
ically. All the hydrogen atoms were generated, assigned isotropic thermal
parameters, and refined using a riding model. The hydrogen atoms were
used for the structure factor calculation only. The positionally disordered
oxygen atoms O4 and O5 of the solvent water molecules in the asymmet-
ric unit were refined with a site occupancy factor of 0.5. The structure re-
finement gave a goodness-of-fit (GoF) value of 1.077 with a maximum
shift/esd value of 0.001.

Single crystals of 2 were obtained by slow concentration of a methanolic
solution of the complex. A green crystal of 2·6 H2O of size 0.25 � 0.2�
0.1 mm3 was mounted on a glass fiber with epoxy cement and all geomet-
ric and intensity data were collected with an automated Enraf-Nonius
CAD4 diffractometer fitted with MoKa radiation. Intensity data, collected
using the w-scan technique for 3711 reflections in the range 1.6�q�
25.08, were corrected for Lorentz-polarization effects and for absorp-
tion.[41] Of 2545 unique data, 1617 with I�2s(I) were used for structure
determination involving 252 parameters, which gave a goodness-of-fit
value of 1.053 and highest shift/esd value of 0.0. All non-hydrogen atoms
except the solvent oxygen atoms were refined anisotropically. The hydro-
gen atom attached to the oxygen atom O4 was located from the differ-
ence Fourier map and refined isotropically using geometrical restraints
available within the SHELX program, while those attached to the carbon

Table 4. Crystallographic data for the complexes [Cu4(HL’)4]·4 H2O (1·4H2O), [Cu4L2(OH)2]·6 H2O (2·6H2O)
and [Cu4L2(OMe)2]·2H2O·THF (3·2H2O·THF).

1·4 H2O 2·6 H2O 3·2H2O·THF

chemical formula C52H88Cu4N8O16 C34H44Cu4N4O14 C40H48Cu4N4O11

Mr 1335.46 986.89 1014.98
crystal system cubic orthorhombic orthorhombic
space group P4̄3n Pccn Pccn
unit cell dimensions
a [�] 22.421 9.292(3) 8.9080(10)
b [�] 22.421 18.066(4) 18.026(2)
c [�] 22.421 25.134(5) 25.942(5)
a [8] 90 90 90
b [8] 90 90 90
g [8] 90 90 90
V [�3] 11 272(3) 4219.2(19) 4165.7(10)
Z 6 4 4
crystal size [mm3] 0.27 � 0.18 � 0.15 0.25 � 0.2� 0.1 0.24 � 0.15 � 0.1
min/max trans. 0.63/0.83 0.49/0.72 0.57/0.79
1calcd [gcm�3] 1.180 1.554 1.618
m (MoKa) [cm�1] 11.74 20.55 20.79
T [K] 293(2) 293(2) 293(2)
reflections collected 2960 3711 29852
unique reflections 2960 3711 4086
variables 180 252 348
R(int) 0.1554 0.0 0.1282
reflections used for refinement [Fo

2>2s(Fo
2)] 2244 1617 2996

R1[a] 0.0693 0.0889 0.0371
wR2[b] 0.1805 0.2078 0.0918
D1max [e��3] 0.704 0.835 0.484
D1min [e��3] �0.405 �0.449 �0.350

[a] R=� j jFo j� jFc j j /� jFo j . [b] wR= {�[w(F2
o�F2

c)
2]/�[w(F2

o)
2]}1/2. w =1/[s2(F2

o)+ (AP)2 +BP] where P=

[max(F2
o,0)+2F2

c]/3. The A values are 0.1200, 0.1127, and 0.0565 for 1–3, respectively, with a B value of 0.0 for
all of them.
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atoms were generated and refined using a riding model with fixed ther-
mal parameters. Among the solvent molecules the oxygen atom O6 of
water was located in a special position and refined with a site occupancy
factor of 0.5. The other positionally disordered solvent water molecules
O5 and O7–O10 were assigned site occupancy factors of 0.7, 0.7, 0.5, 0.3,
and 0.3 respectively, with SHELX. All the oxygen atoms of the solvent
molecules were refined isotropically and blocked during the last few
cycles of refinement to lower the shift/esd value.

Single crystals of complex 3 were obtained by slow concentration of a so-
lution of the complex in a THF/MeOH mixture (1:1, v/v) at room tem-
perature. A crystal of dimensions 0.24 � 0.15 � 0.10 mm3 was mounted on
a glass fiber with epoxy cement and the diffraction data were obtained
with a Bruker SMART APEX CCD diffractometer at 293(2) K using a
scan speed of 10 s per frame with increasing w (width of 0.38 per frame).
Empirical absorption corrections on the intensity data were made.[39] The
structure of 3 was determined in a similar way as described above for 1.
All non-hydrogen atoms of the complex were refined anisotropically. The
hydrogen atoms attached to the carbon atoms were located from the dif-
ference Fourier map and refined isotropically; they were blocked during
the last few cycles of refinement to lower the shift/esd value. The oxygen
atoms O5 and O6 of solvent water molecules were located at special po-
sitions. Other than the solvent water molecule, there is also half a THF
molecule in the asymmetric unit. The goodness-of-fit (GoF) and the max-
imum shift/esd values were 1.018 and 0.0, respectively. Selected crystallo-
graphic data are presented in Table 4. Perspective views of the molecules
were produced with ORTEP.[42]

CCDC-214522 (1), CCDC-252448 (2), and CCDC-252449 (3) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data request/cif.
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