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ABSTRACT: A novel tetranuclear copper(II) complex (1) was
synthesized from the self-assembly of copper(II) perchlorate
and the ligand N-benzyl-1-(2-pyridyl)methaneimine (L1).
Single-crystal X-ray diffraction studies revealed that complex 1
consists of a Cu4(OH)4 cubane core, where the four copper(II)
centers are linked by μ3-hydroxo bridges. Each copper(II) ion is
in a distorted square-pyramidal geometry. X-ray analysis also
evidenced an unusual metal cation−π interaction between the
copper ions and phenyl substituents of the ligand. Calculations
based on the density functional theory method were used to
quantify the strength of this metal−π interaction, which appears
as an important stabilizing parameter of the cubane core, possibly acting as a driving parameter in the self-aggregation process.
In contrast, using the ligand N-phenethyl-1-(2-pyridyl)methaneimine (L2), which only differs from L1 by one methylene group,
the same synthetic procedure led to a binuclear bis(μ-hydroxo)copper(II) complex (2) displaying intermolecular π−π interactions
or, by a slight variation of the experimental conditions, to a mononuclear complex (3). These complexes were studied by X-ray
diffraction techniques. The magnetic properties of complexes 1 and 2 are reported and discussed.

■ INTRODUCTION

High-nuclearity transition-metal complexes have attracted
continuous attention in the past years for their relevance in the
fields of bothmolecular magnetism1−3 and bioinorganic chemistry
as mimics for multimetal active sites of metalloproteins.4 Among
polynuclear metal complexes, oxygen-bridged tetrameric copper
clusters having a cubane-like Cu4O4 core exhibit fascinating
plasticity because small structural changes can lead to significantly
different magnetic properties.5−7

Mergehenn and Haase have proposed a classification of
cubane-like complexes regarding the distribution of long Cu−O
distances in the cube.8−10 Thus, compounds displaying four
long Cu−O distances between two pseudodimeric units have
been classified as type I (displaying dominant antiferromagnetic
interactions), while compounds with a pair of long distances
within each of the pseudodimeric units have been classified
as type II (displaying dominant ferromagnetic interactions).
A transitional type can also be characterized by intermediate
structure and magnetic properties between these extreme
structures. Ruiz and collaborators have proposed an alternative
classification based on the Cu···Cu distances.11 The cubanes have
been divided into three classes (Scheme 1): (i) complexes with

two short and four long Cu···Cu distances designated as [2 + 4];
(ii) complexes with four short and two long Cu···Cu distances
designated as [4 + 2]; (iii) complexes with six equivalent Cu···Cu
distances designated as [6 + 0].
Correlations between the structural parameters and magnetic

properties for oxygen-bridged copper binuclear complexes or
pseudodimeric copper cubanes (type I or [2 + 4]) are well
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Scheme 1. Schematic Drawing of the Three Types of Cubane
Complexes Following the Ruiz et al. Classification11a

aBold and dotted lines represent the short and long Cu−O distances,
respectively. Gray lines show the short Cu−Cu distances.

Article

pubs.acs.org/IC

© 2013 American Chemical Society 5824 dx.doi.org/10.1021/ic3027545 | Inorg. Chem. 2013, 52, 5824−5830

pubs.acs.org/IC


established,5,6,9,12 while correlations are less simple to establish
for other types of cubanes.7

Most of the reported cubane structures rely on alkoxo-bridged
copper(II) ions when only a limited number of hydroxo-bridged
copper(II) complexes have been obtained probably because
of increased flexibility of the core.13,14 Indeed, only about 15
structures of hydroxo-bridged copper cubanes have been found
in the Cambridge Structural Data Base for over more than 100
alkoxo-bridged ones. One challenging issue in the synthesis of
metal clusters lies in the understanding and control of the
aggregation reactions. To this respect, the design of the ligand
as well as the understanding of the structural elements that drive
the nuclearity and core geometry of such clusters is of great
importance.
Here we report on the synthesis and magnetic characterization

of a cubane core hydroxo-bridged copper(II) complex obtained
with the ligand N-benzyl-1-(2-pyridyl)methaneimine15 (L1), as
presented in Scheme 2. The copper(II) ions are found to interact

in an unusual cation−π interaction with the benzyl substituents
of the ligand. In contrast, using the ligand N-phenethyl-1-(2-
pyridyl)methaneimine16 (L2), which only differs from L1 by one
methylene group, the same synthetic procedure led to a binuclear
bis(μ-hydroxo)copper(II) complex displaying intermolecular
π−π interactions. Alternatively, a mononuclear complex was
obtained with L2 by slightly varying the experimental conditions.
Density functional theory (DFT) calculations were carried out
to quantify stabilization of the cubane core provided by metal
cation−π interactions. Our results highlight the importance
of intra- or intermolecular π-type interactions on the self-
aggregation processes.

■ EXPERIMENTAL SECTION
Syntheses. All solvents and chemicals were purchased from Sigma-

Aldrich and used without further purification. Caution! Perchlorate salts
are potentially explosive and should be handled with care. Syntheses of L1

and L2 were performed according to already described procedures.15,16

Synthesis of [(L1)4Cu4(OH)4](ClO4)4·H2O (1). The ligand L1 (4.70
mmol, 0.922 g) was dissolved in 5 mL of ethanol and then added
dropwise to 1 equiv of Cu(ClO4)2·6H2O (4.70 mmol, 1.740 g) dissolved in
12 mL of 96% ethanol under reflux. The flask was then immersed in liquid
nitrogen in order to induce crystallization. After several days at room
temperature, green crystals suitable for crystallographic analysis formed in
35% yield. Selected data for complex 1: FT-IR ν/cm−1 3545 (O−H), 1648
(CN imine), 1605 and 1451 (pyridine ring), 775 and 746 (C-Hpy), 1027
and 620 (ClO4

−). Elem anal. Calcd for C52H54Cl4Cu4N8O21: C, 40.99; H,
3.57; N, 7.36. Found: C, 41.26; H, 3.33; N, 7.59.
Synthesis of [(L2)2Cu2(OH)2(H2O)2](ClO4)2 (2). The synthetic

procedure is exactly the same as that for complex 1. Blue crystals
suitable for crystallographic analysis were obtained. Selected data for
complex 2: the crystals were obtained in 45% yield; FT-IR ν/cm−1 3585
(O−H), 1649 (CN imine), 1604 and 1448 (pyridine ring), 1080 and
621 (ClO4

−). Elem anal. Calcd for C28H34Cl2Cu2N4O12: C, 41.18; H,
4.20; N, 6.86. Found: C, 41.60; H, 4.01; N, 6.82.

Synthesis of [(L2)2Cu(OH2)](ClO4)2 (3). The ligand L2 (4.70 mmol,
0.986 g) was dissolved in 96% ethanol. Under reflux, an ethanolic
solution containing an equimolar quantity (or alternatively a half-
equimolar quantity, as previously described16) of copper(II) perchlorate
hexahydrate was added dropwise. After a couple of days, blue crystals
suitable for crystallographic analysis were formed. Yield: 55%. ESI-MS
isotopic pattern centered at m/z 241.5799 corresponding to the ion
C28H28N4Cu

2+: FT-IR ν/cm−1 1640 (CN imine), 1601 (pyridine
ring), 1161, 1102, 1033, and 620 (ClO4

−). Elem anal. Calcd for
C28H30Cl2CuN4O9: C, 47.97; H, 4.31; N, 7.99. Found: C, 48.26; H,
4.31; N, 8.02.

Physical Methods. FT-IR spectra were recorded in FT-IR in
attenuated total reflection (ATR) mode on a Bruker TENSOR 27
spectrometer equipped with a single-reflection DuraSamplIR diamond
ATR accessory. ESI-MS analyses were performed using a SYNAPT G2
HDMS (Waters) spectrometer equipped with a pneumatically assisted
Atmospheric Pressure Ionization source. The ion-spray voltage was
2.8 kV, the orifice lens was 5 V, and the nitrogen flux (nebulization)
was 1200 L h−1. The HR mass spectrum was obtained with a time-of-
flight analyzer. A sample was placed in a methanol/3 mM ammonium
acetate solution. Elemental analyses were performed using a Thermo
Finnigan EA 1112 instrument. The results were validated by at least two
measurements.

CrystallographicMeasurements.The crystals weremounted on a
glass fiber, and data were collected on a Bruker-Nonius Kappa CCD
diffractometer at 293 K using Mo Kα radiation (λ = 0.71073 Å). Data
collections were performed with COLLECT and cell refinements and
data reductions with DENZO/SCALEPACK.17 The structures were
solved with SIR92, and SHELXL-97was used for full matrix least-squares
refinements.18,19 The hydrogen atoms on the carbon atoms for all
compounds were introduced at geometrical positions and constrained
to their parent atom. The hydrogen atoms on the oxygen atoms of
the water molecules and the hydroxo bridges were found experimentally
and constrained to their parent atom during the refinements. Complex 1
cocrystallized with a water molecule disordered over three sites, the
occupancy factors of which were refined to 40%, 30%, and 30%,
respectively.

See the Supporting Information for X-ray crystallographic data. The
atomic coordinates for these structures have also been deposited with
the Cambridge Crystallographic Data Centre. The coordinates can be
obtained, upon request, from the Director, Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.: complex 1,
CCDC 915281; complex 2, CCDC 915280; complex 3, CCDC 915279.

Magnetic Measurements. Measurements were performed using
a SQUID Quantum Design MPMS 5 magnetometer with an applied
field of 1000 Oe. The sample was placed in a gelatin capsule. The
susceptibility data were corrected from the contribution of the sample
holder and from the diamagnetic contributions, as deduced by using
Pascal’s constant tables. The errors in the fits (Rχ and RχT) were
calculated from the following expressions, where χobs and χcal are the
observed and calculated magnetic susceptibilities, respectively:

∑ ∑
∑ ∑
χ χ χ

χ χ χ

= −

= −

χ

χ

R

R T T T
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2
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Computational Methods. Theoretical calculations were per-
formed with wB97XD,20 a DFT method implemented in the Gaussian
09 package.21 All atoms were described by the triple Ahlrichs TZV basis
set.22 Single-point calculation was done using the geometry of the
RX structure of complex 1. For the open-shell Cu2+ ligand system,
calculations were based on an unrestricted formalism. Finally, the
counterpoise procedure was used to correct the interaction energy for
the basis set superposition error.23

■ RESULTS AND DISCUSSION
Synthesis and Structural Characterization. The cubane

complex 1 was prepared by addition of the ligand to a solution
of copper(II) perchlorate in a 1:1 ratio in 96% ethanol. Green
crystals were obtained, and the crystal structure was determined

Scheme 2. Ligands Used in This Study
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by single-crystal X-ray diffraction. The molecular structure of the
tetranuclear cation of complex 1 is presented in Figure 1, and

selected interatomic distances and angles are listed in Table 1.
The core of complex 1 is composed of four hydroxo-bridged
copper(II) ions symmetrically related by a crystallographic 2-fold

axis, forming a cubane-like structure. Structural indices were
calculated as described by Addison et al.24 for five-coordinate
structures in order to measure the degree of trigonality (τ = 0 for
a perfect square-pyramidal geometry and τ = 1 for a perfect
trigonal-bipyramidal geometry). The copper ions are in square-
pyramidal geometries, as confirmed by the values of the
structural indices: τ = 0.053 for Cu1 and τ = 0.093 for Cu2,
indicating small deviations from perfect square-pyramidal
geometries. The equatorial coordination positions are occupied
by the two nitrogen atoms from the ligand and two oxygen atoms
from hydroxide bridges. The Cu−N distances are found to range
from 1.997 to 2.016 Å. The Cu−O distances for hydroxides in
equatorial or axial positions range from 1.950 to 1.984 Å and
from 2.315 to 2.326 Å, respectively. These Cu−Odistances are in
the range of distances found in other known Cu4(OH)4 cubanes
(see the Supporting Information, Figure S1).13 Finally, analysis
of the distances within the cubane core reveals that complex 1
clearly belongs to the [4 + 2] category, with Cu1···Cu2 and
Cu1···Cu2i (i: −x, y, 0.5 − z) and their two symmetry-related
counterparts being significantly shorter (3.081 and 3.090 Å,
respectively) than the Cu1···Cu1i and Cu2···Cu2i distances
(3.345 and 3.312 Å, respectively).
Interestingly, the phenyl substituents of the ligands are located

at apical positions above the copper(II) ions with a distance
between the metal ion and centroid of the ring of ca. 3.59 Å
indicative of intramolecular metal cation−π interactions. No
intermolecular π-type interactions are detected (Supporting
Information, Figure S2). Cation−π interactions are increasingly
recognized as important noncovalent forces having a stabilizing
role in the structure of various molecules including proteins.25

Many examples of metal cation−π interactions have been
described, with alkali metals strengthening the importance of
such noncovalent forces in the stabilization, the reactivity, and
even the selectivity in chemistry and biology. However, this inter-
action is not yet generally recognized as an important structural
motif in the chemistry of copper(II) complexes, although several
metal cation−π interactions have been evidenced involving
copper(II) ions.26 Finally, to the best of our knowledge, this
unusual interaction has never been evidenced in copper(II) cubane
structures and appears as an important stabilizing parameter of the
tetranuclear core.
In order to study the effect of the length of the chain between

the coordinated imine and phenyl ring on the structure of
the core, a complex was prepared using ligand L2. In this case,
and using strictly the same experimental procedure, a binuclear
hydroxo-bridged complex 2 was obtained. The molecular
structure of the cation of complex 2 is presented in Figure 2.
Selected bond lengths and angles are listed in Table 2. Complex 2
is composed of two hydroxo-bridged copper(II) ions. The metal
ion is in square-pyramidal geometry (τ = 0.067),24 with the basal
plane occupied by the nitrogen atoms of L2 and the hydroxo
groups. The Cu−N distances are found to range from 1.993 to
2.004 Å. The Cu−O distances for the bridging hydroxides are
found at ca. 1.91 Å. Awater molecule is found in the axial position
at 2.61 Å from the copper ion. Unlike complex 1, no intra-
molecular interaction involving the phenyl ring is observed. The
phenyl substituents are rather involved in π−π interactions with
the pyridine rings of neighboring binuclear complexes, leading to
chainlike structures in the solid state.
Finally, slight modification of the synthetic procedure using L2

led to formation of the mononuclear complex 3. The molecular
structure of 3 is presented in Figure 2. Selected bond lengths and
angles are listed in Table 2. The copper ion is bound to two L2

Figure 1. (Top) Thermal ellipsoid plot of 1 showing the atomic
displacement parameters at 20% probability (CCDC 915281). Hydro-
gen atoms, counteranions, and the disordered water molecule are
omitted for clarity. The cation−π interactions are represented as dashed
lines between the copper atoms and the centroids of the aromatic rings
(i:−x, y, 0.5− z). (Bottom)Magnetic exchange pathways for the cubane
core of 1.

Table 1. Selected Bond Lengths and Angles for Complex 1a

Interatomic Distances (Å)
Cu1−N1 2.016(4) Cu2i−O2 1.950(3)
Cu1−N2 2.004(3) Cu1−O2 1.984(3)
Cu2−N3 1.997(4) Cu1i−O2 2.326(3)
Cu2−N4 2.004(4) Cu1−O2i 2.326(3)
Cu1−O1 1.953(3) Cu2−O2i 1.950(3)
Cu2−O1 1.975(3) Cu2−O1i 2.315(3)
Cu2i−O1 2.315(3)

Angles (deg)
Cu1−O1−Cu2 103.30(13) Cu2i−O2−Cu1i 91.75(11)
Cu1−O1−Cu2i 92.39(11) Cu1−O2−Cu1i 101.52(12)
Cu2−O1−Cu2i 100.82(13)

Copper−Centroid Distances (Å)
Cu1−centroid1 3.598 Cu2−centroid2 3.591

aSymmetry code: (i) −x, y, −z + 1/2.
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ligands and a water molecule in a distorted trigonal-bipyramidal
geometry (structural index τ = 0.92). The structure is similar to
that obtained with a different counteranion.16

Magnetic Properties. The magnetic behavior of complex 2
was measured from 300 to 2 K (Figure 3A). The value of the
product (χT) of the molar susceptibility (χ) and the temperature
(T) is 0.61 cm3 K mol−1 at room temperature, slightly smaller
than 0.75 cm3 K mol−1 expected for two copper(II) ions
(assuming g = 2.0). As the temperature is lowered, the χT value
decreases and χ presents a maximum at 180 K, indicative of an
antiferromagnetic interaction between the copper(II) ions. The
increase of χ at low temperature reveals the presence of a small
amount of paramagnetic impurities. The magnetic properties of
complex 2 were described using the following spin Hamiltonian:

= − ̂ · ̂H J S S( )Cu1 Cu1i

The susceptibility data can be fitted to the Bleaney−Bowers
equation (eq 1), where g is the gyromagnetic ratio, ρ is the

amount of paramagnetic impurities, and TIP is the temperature-
independent paramagnetism.27 The paramagnetic impurity is
assumed to be a monomer S = 1/2 with a molecular weight half
that of the dimer.

χ ρ
β

ρχ= −
+ −

+ +⎡⎣ ⎤⎦( )
N g

kT
(1 )

2

3 exp
TIP

J
kT

2 2

imp

(1)

The best fit was obtained with J = −221.3 cm−1, g = 2.12, and
ρ = 1.7%. Magnetostructural correlations for binuclear hydroxo-
bridged copper(II) complexes have been established by Hatfield
et al.5 A linear correlation has been determined between the
Cu−O−Cu bond angle (θ) and the exchange coupling constant J.
In addition, an antiferromagnetic coupling is predicted for θ larger
than 98°, and a ferromagnetic coupling is predicted for smaller
angles. In the case of complex 2, the value of the Cu−O−Cu
angle (99.4°) is consistent with the observed antiferromagnetic
interaction. Although the Cu−O−Cu angle is a crucial parameter,
the coupling constant can be modulated by other structural
features. This can explain that the constant obtained from
simulation (J = −221 cm−1) is higher in absolute value than the
predicted one (J = −139 cm−1).
The magnetic behavior of complex 1 was measured from 300

to 2 K. The temperature dependence of χT and χ are displayed in
Figure 3B. At room temperature, the product χT is 1.53 cm3 K
mol−1, a value consistent with the presence of four S = 1/2
copper(II) ions (1.50 assuming g = 2). The product χT decreases
continuously from room temperature to 2 K, indicating the
predominance of antiferromagnetic interactions. The increase of
the susceptibility χ at low temperature indicates the presence of a
small amount of S = 1/2 paramagnetic impurities. The structural
properties of complex 1 are in agreement with the [4 + 2]
category of cubanes, and because of the presence of a C2 axis, the
magnetic properties of complex 1 should be described by the
following spin Hamiltonian:28

= − ̂ · ̂ − ̂ · ̂ − ̂ · ̂

− ̂ · ̂

H J S S J S S J S S

J S S

(2 ) (2 ) ( )

( )
12 Cu1 Cu2 12 Cu1 Cu2 11 Cu1 Cu1

22 Cu2 Cu2

i i i i

i i

However, to avoid overparamerization, the coupling scheme
was simplified by taking J12 =J12i = J1 and J11i = J22i = J2.

Figure 2. (A) Thermal ellipsoid plot of 2 showing the molecular structure atomic displacement parameters at 30% probability and the packing via
intermolecular π−π interactions between the aromatic rings. Counteranions are omitted for clarity. (B) Thermal ellipsoid plot of 3 showing the atomic
displacement parameters at 30% probability. Counteranions are omitted for clarity.

Table 2. Selected Bond Lengths and Distances for Complexes
2 and 3a

complex 2 complex 3

Interatomic Distances (Å)
N1−Cu1 1.993(2) N1−Cu1 1.975(4)
N2−Cu1 2.004(2) N2−Cu1 2.090(3)
Cu1−O1 1.910(2) O1−Cu1 2.037(5)
Cu1−O1i 1.916(2) Cu1−N1ii 1.975(4)
Cu1−O6 2.617(6) Cu1−N2ii 2.090(3)

Angles (deg)
Cu1−O1−Cu1i 99.43(9) N1−Cu1−N1ii 179.9(2)
O1−Cu1−O1i 80.57(9) N1−Cu1−O1 90.06(10)
O1−Cu1−N1 179.04(9) N1ii−Cu1−O1 90.06(10)
O1i−Cu1−N1 98.81(9) N1−Cu1−N2 80.77(14)
O1−Cu1−N2 98.74(9) N1ii−Cu1−N2 99.16(14)
O1i−Cu1−N2 175.15(10) O1−Cu1−N2 124.24(9)
N1−Cu1−N2 81.94(9) N1−Cu1−N2ii 99.16(14)
O1−Cu1−Cu1i 40.36(6) N1ii−Cu1−N2ii 80.77(14)
O1i−Cu1−Cu1i 40.20(6) O1−Cu1−N2ii 124.24(9)
N1−Cu1−Cu1i 139.01(7) N2−Cu1−N2ii 111.52(18)
N2−Cu1−Cu1i 138.90(7)

aSymmetry code: (i) −x + 2, −y + 1, −z + 2; (ii) −x + 2, y, −z + 3/2.
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The susceptibility was therefore fitted according to the following
equation (eq 2), where the parameters g and TIP have the same
meaning as those in the previous case and ρ is the amount of
monomeric S = 1/2 impurity with a molecular weight a quarter of
that of the tetramer.

χ ρ χ ρχ= − + +(1 ) TIPexp cubane imp (2)

χ
β

= − + − +

− + − + −

+ − +

N g
kT

y x x

y y x

x x

2
{[2 exp( ) exp( ) 5 exp( )]

/[exp( 2 ) 6 exp( ) exp( 2 )

3 exp( ) 5 exp( )]}

cubane

2 2

= =x
J

kT
y

J

kT
with and1 2

The fit procedure leads to J1 =−21.7 cm−1 and J2 = 7.6 cm
−1 with

g = 2.05 and ρ = 6.5%. In the case of [4 + 2] cubanes, the presence
of long Cu−O bond distances in the exchange pathways
complicates the estimation of the coupling constant values by
strictly applying magnetostructural correlations used for
symmetric hydroxo-bridged dinuclear complexes.7 In our case,
the J2 coupling constant corresponds to exchange pathways
exhibiting two short and two long Cu−O distances (∼1.98 and
∼2.32 Å, respectively). Thanks to theoretical calculations,
Tercero et al. have shown that, in the case of two short and
two long distances, a ferromagnetic interaction that is little
dependent on the Cu−O−Cu angle is obtained.7 This is in good
agreement with our positive value of J2 = 7.6 cm−1 even though
Cu−O−Cu angles are greater than 98°. The J1 coupling constant
corresponds to the four exchange pathways with three short
(∼1.96 Å) and one long (∼2.32 Å) Cu−O distances. According
to the work of Tercero et al., the sign of the coupling should be
correlated, with the exchange pathway displaying the shortest
Cu−O distances. In the case of complex 1, the pathway
displaying the shortest Cu−O distances is associated with a
Cu−O−Cu angle of ca. 103.5° and an antiferromagnetic
coupling is therefore expected. In addition, the coupling is also

expected to be weaker than that in the case of symmetric dimers.
This is therefore consistent with the rather small determined
antiferromagnetic coupling constant J1 = −21.7 cm−1.

Evaluation of the Energy of Metal−π Interaction. There
are only a few data on the energy of copper(II)−π interactions,
and calculations were performed to confirm the presence of
a metal−π interaction in complex 1 and to quantify this
interaction. The use of a dispersion-corrected DFT has been
shown to be crucial for a similar copper(II)−π interaction.29 On
the basis of the work of Chakravorty et al., who have compared
different functionals to describe similar interactions,30 we
performed calculations using the wB97XD functional that includes
empirical dispersion.20 We first considered the model system
(Figure 4A) formed by the phenyl group, one copper ion, three

hydroxo groups, and the part of the ligand L1 that is bound to the
metal. The different groupswere set exactly at their positions in the
X-ray structure of complex 1. The interaction energy between
the phenyl group and the rest of the system (ligand + hydroxo
groups + copper), called Ph and S, respectively, is defined by eq 3.

= − −−E E E Eint S Ph
C

S
C

Ph
C

(3)

Figure 3. (A) Temperature dependence of χ (○ (blue), experimental data; (blue), best fit) and χT (○ (black), experimental data; (red), best fit) for
complex 2: best fit with values g = 2.12, J = −221.3 cm−1, paramagnetic impurity ρ = 1.7%, TIP = 120 × 10−6 cm3 mol−1, Rχ = 3.0 × 10−4, and RχT = 1.4 ×
10−4. (B) Temperature dependence of χ (○ (blue), experimental data; (blue), best fit) and χT (○ (black), experimental data; (red), best fit) for 1: best
fit with values g = 2.05, J1 = −21.7 cm−1, J2 = 7.6 cm−1, paramagnetic impurity = 6.5%, TIP = 62 × 10−6 cm3 mol−1, Rχ = 2.7 × 10−3, and RχT = 4.0 × 10−5.

Figure 4. Systems considered for the DFT calculations in order to
estimate the contributions of π-type interactions in the cubane complex.
The positions of the atoms are fixed to their respective position in the
crystal structure of 1: (A) phenyl ring lies above a part of L1 with
Cu(OH)3; (B) phenyl ring lies above a part of L

1 without copper.
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where ES−Ph
C is the electronic energy of the whole system and EPh

C

and ES
C are the energies of each of the components, the phenyl

ring and the rest of the system, respectively, isolated and set at
positions equal to those in the whole system, based on X-ray data.
A value of 9 kcal mol−1 is obtained for the interaction energy.
It corresponds to the stabilization effect due to the metal−π
interaction but also to the π−π interaction suggested by the partial
alignment of the two aromatic groups. To estimate the contribution
of this π−π interaction, a similar calculation was then performed on
a similar model system without the copper ion (Figure 4B). The
interaction energy was computed to 4 kcal mol−1.
The difference between the interaction energies of the full

systemwith copper and the systemwithout copper is 5 kcal mol−1

and corresponds to the metal cation−π interaction. This value is
comparable to the energy of copper(II)−π interactions calculated
in other systems.26,29 Therefore, for the complete system (cubane
with four copper ions), it is possible to give an evaluation of
stabilization of the cubane thanks to the metal−π interactions
of 20 kcal mol−1.

■ CONCLUSION
In conclusion, playing with the length of the aliphatic chain
between the imine and phenyl ring allowed us to tune between
intra- and intermolecular π-type interactions involving the
aromatic substituents of the ligands. In the case of complex 1,
whereas no intermolecular interactions are present, the intra-
molecular copper−π interactions appear as major stabilization
parameters for the cubane core, accounting for ca. 20 kcal mol−1

of the total energy of the complex. Therefore, this interaction
probably acts as a driving parameter for the aggregation process.
With more flexibility (complex 2), no intramolecular π-type
interactions are detected but rather intermolecular π−π inter-
actions stabilizing a binuclear complex.
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