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a b s t r a c t

The in-situ formed hydrazone Schiff base ligand (E)-N0-(2-oxy-3-methoxybenzylidene)benzohydrazide
(L2�) reacts with copper(II) acetate to a tetranuclear open cubane [Cu(L)]4 complex which crystallizes
as two symmetry-independent (Z0 = 2) S4-symmetrical molecules in different twofold special positions
with a homodromic water tetramer. The two independent (A and B) open- or pseudo-cubanes with
Cu4O4 cores of 4 + 2 class (Ruiz classification) each have three different magnetic exchange pathways
leading to an overall antiferromagnetic coupling with J1B = J2B = �17.2 cm�1, J1A = �36.7 cm�1,
J2A = �159 cm�1, J3A = J3B = 33.5 cm�1, g = 2.40 and q = 0.0687. The magnetic properties have been ana-
lysed using the H = �Ri,jJij(SiSj) spin Hamiltonian.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

The design of polynuclear transition-metal clusters with novel
magnetic properties is a major goal of current research in the field
of condensed matter physics and material chemistry [1–3]. Cop-
per(II) complexes are of particular interest from both structural
and functional points of view. Tetranuclear copper(II) clusters
which exhibit a large diversity of structural types, e.g. cyclic [4],
pin-wheel [5], square planar [6], dimeric [7], face-to-face [8],
roof-shaped [9] and cubane type [10], are of permanent interest
in magnetostructural research, bioinorganic modeling, catalysis
and multielectron transfer.

Salicylaldehyde benzoylhydrazone (H2sb) possesses mild bacte-
riostatic activity [11] and inhibits DNA synthesis and cell growth
[12]. The copper(II) complex was shown to be significantly more
potent than the metal-free chelate, leading to the suggestion that
the metal complex was the biologically active species. Salicylalde-
hyde acetylhydrazone (H2sa) displays radioprotective properties
[13], and a range of acylhydrazones have been shown to be cyto-
toxic, the copper complexes again showing enhanced activity. Be-
cause of the biological interest in this type of chelate system,
several structural studies have been carried out on copper

[14–16] with H2sb and analogues. Structurally there is a prefer-
ence for planar, phenolato bridged Cu(II) dimers with these ligands
which often exhibit antiferromagnetism [15,16].
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This class of diprotic ligands typically acts as tridentate, planar che-
late ligands coordinating through the phenolic and amide oxygen
and the imine nitrogen atom. The actual ionization state is depen-
dent upon the conditions and metal employed. With Cu(II) in basic
media, both the phenolic and amide protons are ionized. In neutral
and mild acidic solution the ligands are monoanionic. Strongly
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acidic conditions are necessary to form compounds formulated with
a neutral ligand.

A few structurally characterized multinuclear complexes con-
taining Schiff base ligands have been reported [17,18]. Herein,
we describe the structural and magnetic properties of a tetranu-
clear hydrazide Schiff base open-cubane copper(II) complex
[Cu(L)]4�4H2O.

2. Experimental

Benzhydrazide, 2-hydroxy-3-methoxybenzaldehyde, copper(II)
acetate monohydrate and solvents with high purity were pur-
chased from Merck and Fluka and used as received. IR spectra were
recorded as KBr disks with a Matson 1000 FT-IR spectrophotome-
ter in the range of 4000–450 cm�1. Microanalytical (CHN) data
were obtained with a Carlo ERBA Model EA-1108 analyzer.

2.1. Synthesis of tetrakis{(E)-N’-(2-oxy-3-
methoxybenzylidene)benzohydrazidocopper} tetrahydrate,
[Cu(L)]4�4H2O

Benzhydrazide (0.040, 0.33 mmol), 2-hydroxy-3-methoxybenz-
aldehyde (0.044 g, 0.28 mmol) and copper(II) acetate monohydrate
(0.058 g, 0.28 mmol) were placed in the main arm of the branched
tube (‘branched tube’ method [19]). A mixture of methanol and
ethanol (50:50 v/v) was carefully added to fill the arms, the tube
was sealed and the reagents containing arm immersed in an oil
bath at 60 �C while the other arm was kept at ambient tempera-
ture. Other solvents like H2O:EtOH and EtOH were also examined
but in the methanol:ethanol mixture the crystals grew fastest.
After 1 week, deep green crystals were deposited in the cooler
arm, which were filtered off, washed with methanol and air dried
(yield 0.20 g, 49%). C60H48Cu4N8O12�4H2O (1399.29), calcd. C 51.50,
H 4.03, Cu 18.16, N 8.01; found C 51.9, H 4.1, Cu 18.1, N 8.1%. IR
(KBr, cm�1, see Fig. S1 in Supporting information): 3415 (s, br),

2923 (s), 2854 (m), 1746 (w), 1616 (m), 1500 (vs), 1454 (s), 1369
(m), 1254 (s), 1223 (s), 1177 (w), 1108 (m), 1046 (w), 977 (w),
923 (w), 854 (w), 800 (w), 746 (m), 715 (s), 662 (w), 462 (w).

2.2. X-ray structure determination

A suitable single crystal was carefully selected under a
polarizing microscope. Data Collection: Rigaku R-axis Spider with
image plate detector, temperature 223(2) K, Mo Ka radiation
(k = 0.71073 Å), graphite monochromator, double-pass method
x-scan. Data collection with d*trek [20], cell refinement and data
reduction with Fsproc [20], empirical absorption correction. Struc-
ture Analysis and Refinement: The structure was solved by direct
methods (SHELXS-97) [21]; refinement was done by full-matrix least
squares on F2 using the SHELXL-97 program suite [21]. All
non-hydrogen positions were refined with anisotropic tempera-
ture factors. Hydrogen atoms on the carbon atoms were placed
at calculated positions with an appropriate riding model (AFIX 43
for aromatic CH, AFIX 33 for CH3) and an isotropic temperature
factor of Uiso(H) = 1.2 Ueq(CH) and 1.5(CH3), respectively. The
hydrogen atoms of the water of crystallization were found and
refined with Uiso(H) = 1.5Ueq(O) (see Table S1 in Supporting
information). Graphics were obtained with DIAMOND [22].
Computations on the supramolecular p-interactions were carried
out with PLATON for Windows [23]. Crystal data and details on the
structure refinement are given in Table 1.

2.3. Magnetic susceptibility measurements

Magnetic susceptibility measurements on polycrystalline sam-
ples were carried out in the temperature range 1.9–300 K by
means of a Quantum Design SQUID magnetometer operating at
10 000 Oe. Diamagnetic corrections of the constituent atoms were
estimated from Pascal’s constants. Experimental susceptibilities
were also corrected for the temperature-independent paramagne-
tism [60 � 10�6 cm3 mol�1 per Cu(II)] and the magnetization of the
sample holder.

3. Results and discussion

3.1. Synthesis

The hydrazone pro-ligand H2L was obtained by the in-situ
condensation of benzhydrazide and 2-hydroxy-3-methoxybenzal-
dehyde. By potentiometric titration the acidity constant pKa1 of
the phenolic hydroxy group is about 9.00, whereas the pKa2 value
obtained for the second amide acidity constant is 10.92 in
MeOH/H2O (0.9/0.1 v/v) at 25.0 �C [24]. In reaction with basic cop-
per(II) acetate, H2L forms a dinegative ligand and occupies three
Cu(II) coordination sites [25].

The ligand H2L shows IR bands assigned to m(OH) (3563 cm�1),
m(NH) (3377 and 3215 cm�1), m(C@O) (1654 cm�1), and
m(C@N) + amide (1608–1576 cm�1). On complexation the m(C@O)
and m(C@N) + amide bands for the ligand are shifted, showing that
coordination involves the carbonyl-O and imine-N atoms.

3.2. Crystal structure of [Cu(L)]4�4H2O

The title compound forms a tetrameric and tetranuclear com-
plex where each two-fold deprotonated Schiff base ligand coordi-
nates to a Cu atom with its imine nitrogen atom, its phenolate
and its amide carboxyl oxygen atoms thereby forming a six- and
a five-membered chelate ring. At the same time each ligand
bridges to a neighboring Cu atom through its phenolate group
(Fig. 1). In the tetramer, four Cu(II) atoms and four oxygen atoms

Table 1
Crystal data and structure refinement for [Cu(L)]4�4H2O.

Empirical formula C60H48Cu4N8O12�4H2O
M/g mol�1 1399.29
Crystal size/mm 0.33 � 0.32 � 0.07
Crystal appearance plate, green
2h range/� 6.06 – 54.96
h; k; l range ±27; ±17; �31, 33
Crystal system monoclinic
Space group P2/c
a/Å 21.1817(9)
b/Å 13.4560(6)
c/Å 26.1343(11)
b [�] 126.795(3)
V/Å3 5964.9(4)
Z 4
Dcalc/g cm�3 1.558
F(0 0 0) 2864
l/mm�1 1.483
Max./Min. transmission 0.9033/0.6403
Reflections collected 83 126
Indep. reflections 13 630 (Rint = 0.0616)
Observed reflect [I > 2r(I)] 10 164
Parameters refined 827
Max./Min. Dqa/e Å�3 0.575/�0.438
R1/wR2 [I > 2r(I)]b 0.0355/0.0730
R1/wR2 (all reflect.)b 0.0587/0.0803
Goodness-of-fit (GOF) on F2c 1.036
Weight. scheme w; a/bd 0.0310/3.4427

a Largest difference peak and hole.
b R1 = [

P
(||Fo| � |Fc||)/

P
|Fo|]; wR2 = [

P
[w(F2

o � F2
c )2]/

P
[w(F2

o )2]]1/2.
c Goodness-of-fit = [

P
[w(F2

o � F2
c )2]/(n � p)]1/2.

d w = 1/[r2(F2
o ) + (aP)2 + bP] where P = (max(F2

o or 0) + 2F2
c )/3.
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alternatingly occupy the vertices of a cube where four of the twelve
edges are longer. Hence, the tetranuclear unit forms an open- or
pseudo-cubane structure with a Cu4O4 core with idealized S4-sym-
metry (Fig. 2, Scheme 1). The geometry of the Cu atoms is best de-
scribed as square planar with additional (Jahn–Teller distorted)
longer contacts to the methoxy oxygen atom and very long con-
tacts to the already bridging phenolate along the open edge.

The crystal structure contains two independent tetranuclear
molecules (Z0 = 2) in different twofold special positions [26], that
is, only half (2 ligands + 2 Cu) of each pseudo-cubane is symmetry
independent (unique).

The two independent tetramers have largely similar structural
data (Fig. 1 and Table 2). There is a crystallographic pseudo mirror
symmetry between the two independent molecules. Yet, the two
molecules are no ‘‘enantiomeric” mirror images but superimpos-
able through a simple rotation (e.g. Cu32 matches with Cu220,
O92 with O4 and so on in Fig. 2). One distinct difference between
the two independent molecules lies in the orientation of the meth-
oxy group – bent out of the aryl ring plane in molecule 1 and posi-
tioned in line with the aromatic plane in molecule 2 (Fig. 1). The
presence of two independent molecular halves may be explained
with packing frustration. Here, the aryl-group decorated molecules
of [Cu(L)]4 apparently cannot pack efficiently through p–p or C–
H���p stacking [27–29]. Crystal water tetramers with homodromic
hydrogen bonds [30] are found in cavities created by the [Cu(L)]4

molecules (Fig. 3 and Fig. S4–S6 in Supporting information). The
crystal water is not lost upon air-drying. There is an ongoing dis-
cussion on the origin of so-called Z0 > 1 structures. Different ideas
have been put forward to rationalize this phenomenon [31]: A

‘‘fossil relic” of a more stable form [32], a crystal ‘‘on the way”
[33–35] or strong and special supramolecular interactions between
the two (or more) symmetry-independent units [36–38]. The frus-
tration between chirality and the formation of centrosymmetric
synthons almost invariably has to lead to the presence of two inde-
pendent hydrogen bonding functionalities [39]. A high Z0 is also ob-
tained when the molecule has different equi-energetic
conformations, with these conformations co-existing in the crystal
[40].

Related open or pseudo-cubanes have been structurally de-
scribed and magnetically analyzed (see Table S2 in Supporting
information) [41–45].

3.3. Magnetic properties

The thermal dependence of vMT of [Cu(L)]4�4H2O in the temper-
ature range 1.9–300 K is depicted in Fig. 4 (vM being the magnetic
susceptibility per mol of Cu4). The vMT value at room temperature
is 1.56 cm3 mol�1 K and the curve shows a continuous decay tend-
ing to a plateau at temperatures below 10 K. The value at 1.9 K is
0.11 cm3 mol�1 K. This behaviour is indicative of a dominant anti-
ferromagnetic coupling that leads to a S = 0 spin ground state to-
gether with some paramagnetic impurities that make the vMT vs.
T curve to deviate from 0 at low temperatures. As has been de-
scribed in the structural part, the copper(II) ions build two differ-
ent cubane-like tetramers, A and B. Both cubanes have the same
pattern (4 + 2 class, Scheme 2) [46–48]. However, the Cu(II)���Cu(II)
distances and the Cu–O–Cu angles have significant differences that
argue for their separate analysis. Cubane A (Table 2) has
Cu(II)���Cu(II) distances that range from 3.28 to 3.40 Å and three
different magnetic exchange-path-ways can be defined, J1A, J2A

and J3A. In cubane B the distances range from 3.21 to 3.51 Å and
the Cu–O–Cu angles are different from those of cubane A. Then
three additional coupling constants can be defined (Scheme 3).

Fig. 1. Thermal ellipsoid plot (at 50% probability level) of the two crystallograph-
ically independent tetranuclear complexes [Cu(L)]4 and their relative orientation;
bond lengths and angles in Table 2. Cu–O(methoxy) bonds as thin dashed lines. For
increased ligand-labelled pictures, see Figs. S2 and S3 in Supporting information.

Fig. 2. Open-cubane structures of the two crystallographically independent tetranuclear complexes [Cu(L)]4 with two ligands and H atoms omitted for clarity.
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Scheme 1. Schematic representation of the S4-symmetrical Cu4O4 core of the two
crystallographically inequivalent tetranuclear open-cubane complexes [Cu(L)]4.
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Under this approach the magnetic properties of [Cu(L)]4�4H2O
should be analyzed by means of the following zero-field spin Ham-
iltonian (Eq. (1)).

Ĥ ¼ �J1AðŜ1Ŝ2 þ Ŝ3Ŝ4Þ � J2AðŜ1Ŝ4 þ Ŝ2Ŝ3Þ � J3AðŜ2Ŝ4 þ Ŝ1Ŝ3Þ

� J1BðŜ5Ŝ6 þ Ŝ7Ŝ8Þ � J2BðŜ5Ŝ8 þ Ŝ6Ŝ7Þ � J3BðŜ5Ŝ7 þ Ŝ6Ŝ8Þ ð1Þ

The magnetic susceptibility expression for such a system can be
obtained as given in the Supplementary material [46,49]. However,
it is not possible to achieve a satisfactory fitting by least squares
regression with 9 parameters to be determined. It becomes neces-
sary to put some constraints to the exchange coupling constants
and the g parameters in order to get a plausible result. A recent
DFT study of the magnetostructural correlations in copper(II) cub-
ane complexes performed by Tercero and co-workers has been ta-
ken into consideration [50]. The intensity and the ferro-/
antiferromagnetic nature of the coupling constants is determined
by the Cu–O–Cu angles, the Cu���O distances and the relative orien-
tation of the metallic orbitals bearing the unpaired electrons. As
deducted from that study, in 4 + 2 class cubanes, J3A and J3B cou-
pling constants (cf. Scheme 3) are expected to be ferromagnetic

and little dependent on geometrical parameters. Thus, under this
approach, these two J values were constrained to be equal for the
fitting of the magnetic susceptibility data. On the other hand, J1

and J2 are expected to be antiferromagnetic, in both cubanes A
and B, as they exhibit Cu–O–Cu angles larger than 104�. These an-
gles are very similar in cubane B, thus J1B = J2B has been constraint
during the fitting. Finally gA = gB has also been fixed as both
cubanes have the same pattern and the copper(II) ions are com-
plexed by the same ligands and in the same geometry. Under these
conditions the best fit parameters are J1B = J2B = �17.2 cm�1,
J1A = �36.7 cm�1, J2A = �159 cm�1, J3A = J3B = 33.5 cm�1, g = 2.40
and q = 0.0687 with R = 0.9999. The calculated curve matches very
well the experimental data in the whole temperature range stud-
ied. The J3 coupling constants are ferromagnetic and they are in
agreement with the recent study performed by Tercero and
co-workers [50]. These exchange pathways involve the interaction

Table 2
Selected bond lengths [Å] and angles [�] in [Cu(L)]4�4H2O.

Cubane A Cubane B

Cu1–N1 1.920(2) Cu3–N5 1.925(2)
Cu1–O2 1.934(2) Cu3–O8 1.923(2)
Cu1–O3 1.970(2) Cu3–O9 1.971(2)
Cu1–O4 1.981(2) Cu3–O10 1.987(2)
Cu1–O5 2.300(2) Cu3–O11 2.328(2)

Cu2–N32’ 1.921(2) Cu4–N32 1.923(2)
Cu2–O1 2.291(2) Cu4–O7 2.339(2)
Cu2–O3 1.986(2) Cu4–O9 2.003(2)
Cu2–O420 1.967(2) Cu4–O102 1.932(2)
Cu2–O620 1.945(2) Cu4–O122 1.915(2)

Cu1–O320 2.679(2) Cu3–O92 2.597(2)
Cu2–O4 2.745(2) Cu4–O10 2.697(3)

Cu1���Cu2 3.3242(4) Cu3���Cu4 3.2577(6)
Cu1���Cu220 3.2860(5) Cu3���Cu42 3.2197(4)
Cu1���Cu120 3.3598(4) Cu3���Cu32 3.4052(5)
Cu2���Cu220 3.4058(6) Cu4���Cu42 3.5131(6)

O3–Cu1–O4 88.55(6) O9–Cu3–O10 90.49(7)
O3–Cu2–O420 88.28(6) O10–Cu4–O92 88.59(7)
Cu1–O3–Cu2 114.36(8) Cu3–O9–Cu4 110.13(8)
Cu1–O4–Cu22’ 112.67(7) Cu3–O10–Cu42 110.46(8)

Symmetry labels: 20 = 1 � x, y, 1.5 � z; 2 = �x, y, 1.5 � z.

Fig. 3. Crystal packing in [Cu(L)]4�4H2O with the water tetramers in space-filling
mode. The water clusters are situated above and below, hence, in-between the
tetranuclar complexes, with hydrogen bonds to the deprotonated amide nitrogen
atoms (Figs. S4–S6 and Table S1 in Supporting information). Building blocks in the
rear are depicted semi-transparent.

Fig. 4. Thermal dependence of the vMT for [Cu(L)]4�4H2O.
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Scheme 2. 4 + 2 Cubane according to the classification of Ruiz et al. [47].
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Scheme 3. Magnetic coupling scheme of the copper(II) ions in [Cu(L)]4�4H2O.
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between the dx2�y2 and dz2 orbitals, that provide a very poor overlap
between the orbitals bearing the unpaired electrons that usually
lead to ferromagnetism [51]. J1B and J2B indicate a weak antiferro-
magnetic coupling among the copper(II) ions in cubane B. The val-
ues obtained also fall in the expected range [50] and in particular
they are very close to those found by Walz and co-workers for a
compound with very similar structural parameters [52]. J1A and
J2A are antiferromagnetic as expected from their large Cu–O–Cu an-
gles, also they are stronger in intensity than J1B and J2B, following
the general trend that predicts stronger antiferromagnetic cou-
plings for larger Cu–O–Cu bridging angles [50]. The g values are
higher than expected; they may be contaminated by some correla-
tion in the evaluation of J2A which has also a slightly higher value
than expected. However, in general, the result of the magnetic
analysis is in agreement with recent previous studies for this class
of compounds [50].

4. Conclusions

The tetranuclear open-cubane complex [Cu(L)]4 with an in-situ
formed dinegative 2-hydroxy-3-methoxybenzylidene)benzohyd-
razide ligand crystallizes as the stable tetrahydrate [Cu(L)]4�4H2O
with two symmetry-independent S4-symmetrical tetranuclear
molecules in a Z0 = 2 structure. Both open Cu4O4 cubanes have sig-
nificant differences that lead to a system with 6 different magnetic
exchange pathways, three each between the Cu(II) atoms in cub-
ane A and cubane B, respectively. One of these exchange pathways
in each cubane is ferromagnetic, the other two are antiferromag-
netic. All of them have been determined and their nature and
intensity show a full agreement with the conclusions of recent pre-
vious magnetostructural studies [50].

Acknowledgments

We thank the Zanjan University, the Universität Freiburg and
the Universidad de La Laguna, for financial support of this study.
We acknowledge the Servicio General de Medidas Magnéticas of
Universidad de La Laguna for the magnetic measurements facilities
and DFG grant Ja466/14-1.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ica.2009.04.042.

References

[1] (a) D. Gatteschi, Adv. Mater. 6 (1994) 635;
(b) K. Takeda, K. Awaga, Phys. Rev. 56 (1997) 14560;
(c) A. Bhattacherjee, Y. Miyazaki, Y. Nakazawa, S. Koner, S. Iijima, M. Soria,
Physica B 305 (2001) 56.

[2] E. Coronado, F. Palacio, J. Veciana, Angew. Chem. Int. Ed. 42 (2003) 2570.
[3] B. Wisser, A.-C. Chamayou, R. Miller, W. Scherer, C. Janiak, CrystEngComm 10

(2008) 461.
[4] R. Acevedo-Chavez, M.E. Costas, S. Bernes, G. Medina, L. Gasque, J. Chem. Soc.,

Dalton Trans. (2002) 2553.
[5] Z.Q. Xu, L.K. Thompson, D.O. Miller, Chem. Commun. (2001) 1170.
[6] M. Murugesu, R. Clerac, B. Pilawa, A. Mandel, C.E. Anson, A.K. Powell, Inorg.

Chim. Acta 337 (2002) 328.
[7] R.H. Bode, W.L. Driessen, F.B. Hulsbergen, J. Reedijk, A.L. Spek, Eur. J. Inorg.

Chem. (1999) 505.
[8] R. Ziessel, L. Charbonniere, M. Cesario, T. Prange, H. Nierengarten, Angew.

Chem. Int. Ed. 41 (2002) 975.
[9] B. Graham, M.T.W. Hearn, P.C. Junk, C.M. Kepert, F.E. Mabbs, B. Moubaraki, K.S.

Murray, L. Spiccia, Inorg. Chem. 40 (2001) 1536.

[10] J. Sletten, A. Sørensen, M. Julve, Y. Journaux, Inorg. Chem. 29 (1990)
5054.

[11] H.A. Offe, W. Siefken, G. Domagk, Z. Naturforsch. 7B (1952) 462.
[12] L. Pickart, W.H. Goodwin, W. Burgua, T.B. Murphy, D.K. Johnson, Biochem.

Pharmacol. 32 (1983) 3868.
[13] O.V. Arapov, O.F. Alferva, E.I. Levocheskaya, I. Krasil’nikov, Radiobiologiya 27

(1987) 843.
[14] (a) A.A. Aruffo, T.B. Murphy, D.K. Johnson, N.J. Rose, V. Chomaker, Acta

Crystallogr. C40 (1984) 1164;
(b) E.W. Ainscough, A.M. Brodie, A. Dobbs, J.D. Ranford, J.M. Waters, Inorg.
Chim. Acta 236 (1995) 83.

[15] S.C. Chan, L.L. Koh, P.-H. Leung, J.D. Ranford, K.Y. Sim, Inorg. Chim. Acta 236
(1995) 101.

[16] E.W. Ainscough, A.M. Brodie, A. Dobbs, J.D. Ranford, J.M. Waters, Inorg. Chim.
Acta 267 (1998) 27.

[17] D. Mishtu, P.R. Chebrolu, K.S. Pauli, R. Kari, Inorg. Chem. Commun. 5 (2002)
380.

[18] J.-F. Dong, L.-Z. Li, H.-Y. Xu, D.-Q. Wang, Acta Crystallogr. E63 (2007) m2300.
[19] I. Wharf, T. Gramstad, M. Onyszchuk, Can. J. Chem. 54 (1976) 3430.
[20] d*trek, Data Collection Program; Fsproc, Data Reduction and Frame Integration

Program for the Rigaku R-axis Spider Image Plate Detector. CrystalClearSM
1.4.0, 2007.

[21] G.M. Sheldrick, SHELXS-97, SHELXL-97, Programs for Crystal Structure Analysis,
University of Göttingen, Germany, 1997.

[22] K. Brandenburg, Diamond (Version 3.1e), Crystal and Molecular Structure
Visualization, Crystal Impact – K. Brandenburg & H. Putz Gbr, Bonn, Germany,
2007.

[23] A.L. Spek, J. Appl. Cryst. 36 (2003) 7–13. PLATON – A Multipurpose
Crystallographic Tool, Utrecht University, Utrecht, The Netherlands, A.L. Spek
(2008); Windows Implementation: L.J. Farrugia, University of Glasgow,
Scotland, Version 40608, 2008.

[24] M. Ali Kamyabi, S. Shahabi, H. Hosseini-Monfared, J. Chem. Eng. Data 53 (2008)
2341.

[25] H. Hosseini Monfared, Z. Kalantari, M.-A. Kamyabi, C. Janiak, Z. Anorg. Allg.
Chem. 633 (2007) 1945.

[26] B.P. Van Eijck, J. Kroon, Acta Crystallogr. B56 (2000) 535.
[27] C. Janiak, J. Chem. Soc., Dalton Trans. (2000) 3885.
[28] (a) B. Wu, X. Huang, Y. Xia, X.-J. Yang, C. Janiak, CrystEngComm 9 (2007)

676;
(b) B. Wisser, Y. Lu, C. Janiak, Z. Anorg. Allg. Chem. 633 (2007) 1189;
(c) B. Wisser, C. Janiak, Acta Crystallogr. E63 (2007) o2871.

[29] (a) M. Nishio, CrystEngComm 6 (2004) 130;
(b) M. Nishio, M. Hirota, Y. Umezawa, The CH/p Interaction (Evidence, Nature
and consequences), Wiley-VCH, 1998.

[30] C. Janiak, T.G. Scharmann, W. Günther, F. Girgsdies, H. Hemling, W. Hinrichs, D.
Lentz, Chem. Eur. J. 1 (1995) 637. and references therein.

[31] A. Gavezotti, CrystEngComm 10 (2008) 389.
[32] J.W. Steed, CrystEngComm 5 (2003) 169.
[33] G.S. Nichol, W. Clegg, CrystEngComm 9 (2007) 959.
[34] G.R. Desiraju, CrystEngComm 9 (2007) 91.
[35] J. Ruiz, V. Rodríguez, N. Cutillas, A. Hoffmann, A.-C. Chamayou, K. Kazmierczak,

C. Janiak, CrystEngComm 10 (2008) 1928.
[36] G. Althoff, J. Ruiz, V. Rodríguez, G. López, J. Pérez, C. Janiak, CrystEngComm 8

(2006) 662.
[37] X. Hao, S. Parkin, C.P. Brock, Acta Crystallogr. B61 (2005) 689.
[38] N.J. Babu, A. Nangia, CrystEngComm 9 (2007) 980.
[39] K.M. Anderson, J.W. Steed, CrystEngComm 9 (2007) 328.
[40] S. Roy, R. Banerjee, A. Nangia, G.J. Kruger, Chem. Eur. J. 12 (2006) 3777.
[41] J.-P. Laurent, J.-J. Bonnet, F. Nepveu, H. Astheimer, L. Walz, W. Haase, J. Chem.

Soc., Dalton Trans. (1982) 2433.
[42] H. Astheimer, F. Nepveu, L. Walz, W. Haase, J. Chem. Soc., Dalton Trans. (1985)

315.
[43] A. Fragoso, M.L. Kahn, A. Castiñeiras, J.-P. Sutter, O. Kahn, R. Cao, Chem.

Commun. (2000) 1547.
[44] W.-H. Gu, X.-Y. Chen, L.-H. Yin, A. Yu, X.-Qi. Fu, P. Cheng, Inorg. Chim. Acta 357

(2004) 4085.
[45] B. Abarca, R. Ballesteros, M. Chadlaoui, C.R. de Arellano, J.A. Real, Eur. J. Inorg.

Chem. (2007) 4574.
[46] A. Burkhardt, E.T. Spielberg, W. Plass, Inorg. Chem. 47 (2008) 2485.
[47] E. Ruiz, A. Rodriguez-Fortea, P. Alemany, S. Alvarez, Polyhedron 20 (2001)

1323.
[48] B. Abarca, R. Ballesteros, M. Chadlaoui, C. Ramirez de Arellano, J.A. Real, Eur. J.

Inorg. Chem. (2007) 4574.
[49] J.W. Hall, W.E. Estes, E.D. Estes, R.P. Scaringe, W.E. Hatfield, Inorg. Chem. 16

(1977) 1572.
[50] J. Tercero, E. Ruiz, S. Alvarez, A. Rodriguez-Fortea, P. Alemany, J. Mater. Chem.

16 (2006) 2729.
[51] O. Kahn, Molecular Magnetism, VCH, New York, 1993.
[52] L. Walz, H. Paulus, W. Haase, H. Langhof, F. Nepveu, J. Chem. Soc., Dalton Trans.

(1983) 657.

H.H. Monfared et al. / Inorganica Chimica Acta 362 (2009) 3791–3795 3795


