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A new hydrogen-bonded dinuclear copper(II) coordination compound has been synthesized from the Schiff-base
ligand 6-(pyridine-2-ylhydrazonomethyl)phenol (Hphp). The molecular structure of [Cu2(php)2(H2O)2(ClO4)](ClO4)-
(H2O) (1), determined by single-crystal X-ray diffraction, reveals the presence of two copper(II) centers held together
by means of two strong hydrogen bonds, with O 3 3 3O contacts of only 2.60-2.68 Å. Temperature-dependent
magnetic susceptibility measurements down to 3 K show that the two metal ions are antiferromagnetically coupled
(J = -19.8(2) cm-1). This exchange is most likely through two hydrogen-bonding pathways, where a coordinated
water on the first Cu, donates a H bond to the O atoms of the coordinated php at the other Cu. This strong O 3 3 3H
(water) bonding interaction has been clearly evidenced by theoretical calculations. In the relatively few related cases
from the literature, this exchange path, mediated by a (neutral) coordinated water molecule, was not recognized.

Introduction

Transition-metal coordination compounds in which
the metallic centers are bridged by organic ligands are
of great interest because of their potentially interesting

magnetic properties.1-10 Usually, the magnetic exchanges
between the metal ions are realized through coordination
bonds provided by at least dinucleating ligands.11-19

Exchange interactions through a priori weak supramole-
cular interactions,20,21 such as hydrogen-bond bridges
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linking metal centers, have only been scarcely investi-
gated. 22-27

Recently, during investigations aimed at preparing poly-
nuclear metal complexes with attractive magnetic properties,
the potential tridentate ligand 6-(pyridine-2-ylhydrazono-
methyl)phenol (Hphp, Scheme 1) has been used with copper
(II) chloride to generate a chloride-bridged one-dimensional
(1D) coordination polymer, which does not show any
significant copper-copper magnetic interactions.28 The
reaction of Hphp with copper(II) perchlorate, using the
experimental conditions described earlier with CuCl2,

28

results in the formation of the hydrogen-bonded dinuclear
compound [Cu2(php)2(H2O)2(ClO4)](ClO4)(H2O) (1). Inter-
estingly, the doubly [Cu-OPhO 3 3 3H-(Owater)-Cu]-bridged
Cu 3 3 3Cu unit exhibits significant antiferromagnetic interac-
tions, which most likely must occur through these hydrogen
bonds.
In the present article, the synthesis and single-crystal X-ray

structure of 1 is reported together with its magnetic proper-
ties. Structural features and the magnetic interactions are
compared with those of the few related examples found in
the literature. The formation energy and stability of the
hydrogen-bonded dinuclear species 1 have also been theore-
tically investigated using MP2/6-31+G(d,p) calculations
combined with an AIM analysis.

Experimental Section

Materials. All chemicals purchased were reagent grade and
used without further purification. Elemental analyses for C, H,
and N were performed with a Perkin-Elmer 2400 analyzer.
Fourier transform infrared (FTIR) spectra were recorded with
a Perkin-Elmer Paragon 1000 FTIR spectrophotometer,
equipped with a Golden Gate ATR device, using the reflectance
technique (4000-300 cm-1). The ligand 6-(pyridine-2-ylhydra-
zonomethyl)phenol (Hphp) was synthesized according to a
procedure described earlier.28,29 Variable-temperature mag-
netic susceptibilities were measured on a Quantum Design
MPMS-XL-5 SQUID magnetometer (using a magnetic field
of 0.1 T and applying a heating and cooling rate of(1 Kmin-1;
the magnetization was measured every 3 K). Diamagnetic
corrections were made with Pascal’s constants for all the con-
stituent atoms.30

[Cu2(php)2(H2O)2(ClO4)](ClO4)(H2O) (1). Compound 1
was synthesized from Cu(ClO4)2 3 6H2O (0.50 mmol, 185 mg)
and Hphp (0.25 mmol, 53 mg) in methanol (15 mL). The

resulting dark-green solution was left unperturbed to allow the
slow evaporation of the solvent. Dark-green single crystals,
suitable for X-ray diffraction analysis, were formed after several
days. Yield: 61 mg, (61%, based on the ligandHphp). Elemental
analysis (%) calcd for C24H26Cl2Cu2N6O13: C 35.83, H 3.26,
N 10.45; found: C 35.82, H 3.27, N 10.48. IR data for 1: ν =
3229 (w), 1622 (vs), 1573 (s), 1531 (s), 1471 (s), 1427 (s), 1370 (w),
1331 (w), 1288 (s), 1206 (s), 1039 (vs), 927 (s), 761 (vs), 619 (vs),
565 (w), 477 (w), 415 (w), 323 (s) cm-1.

Structural Determination. X-ray crystallographic data for
[Cu2(php)2(H2O)2(ClO4)](ClO4)(H2O) were collected with a
Nonius Kappa CCD diffractometer with graphite monochro-
mated Mo-KR radiation (λ= 0.71073 Å) at room temperature.
The data were processed by using DENZO.31 The structures
were solved by direct methods using SIR9732 and refined by a
full-matrix least-squares procedure based onFwithXTAL3.6.33

All non-hydrogen atoms were refined anisotropically, while the
hydrogen atoms parameters were not refined. Their positions
were obtained from difference Fourier map. Selected bond
lengths (Å) and angles (deg) are listed in Table 1. Details of
the crystal data, data collection and refinement parameters are
summarized in Table 2.

Computational Details. All calculations were carried out
using the Gaussian03 suite of programs.34 First, structural
optimization was performed in vacuo at the MP2/6-31+G(d,p)
level to assess the structural stability of the complex: despite
a slight rearrangement, the hydrogen bonding is mostly
preserved and the metal-metal distance is hardly altered
(see Supporting Information). Second, single-point calculations

Scheme 1. Ligand 6-(Pyridine-2-ylhydrazonomethyl)phenol (Hphp)28 Table 1. Selected Bond Distances (Angstroms) and Angles (Degrees) for
[Cu2(php)2(H2O)2(ClO4)](ClO4)(H2O) (1)

Cu1A-O1A 1.909(2) Cu1B-O1B 1.888(2)
Cu1A-O2A 1.967(1) Cu1B-O2B 1.956(1)
Cu1A-O12 2.444(2) Cu1B 3 3 3O13 2.999(2)
Cu1A-N1A 1.943(2) Cu1B-N1B 1.942(2)
Cu1A-N3A 1.977(2) Cu1B-N3B 1.975(2)

O1A-Cu1A-O2A 91.55(6) O1B-Cu1B-O2B 92.90(6)
O2A-Cu1A-N3A 94.03(6) O2B-Cu1B-N3B 94.05(7)
N3A-Cu1A-N1A 81.82(7) N3B-Cu1B-N1B 81.95(8)
N1A-Cu1A-O1A 91.91(7) N1B-Cu1B-O1B 92.50(7)

Hydrogen Bonds

O2A-H22A 3 3 3O1B 2.685(2) O2A-H21A 3 3 3O3 2.696(3)
O2B-H22B 3 3 3O1A 2.601(2) O2B-H22A 3 3 3O21 2.877(4)
N2A-H2A 3 3 3O23 2.913(3) N2B-H2B 3 3 3O14 2.996(3)

(22) Escriva, E.; Server-Carrio, J.; Garcia-Lozano, J.; Folgado, J. V.;
Sapina, F.; Lezama, L. Inorg. Chim. Acta 1998, 279, 58–64.

(23) Muhonen, H. Inorg. Chem. 1986, 25, 4692–4698.
(24) Desplanches, C.; Ruiz, E.; Rodriguez-Fortea, A.; Alvarez, S. J. Am.

Chem. Soc. 2002, 124, 5197–5205.
(25) Yamada, Y.; Ueyama, N.; Okamura, T.; Mori, W.; Nakamura, A.

Inorg. Chim. Acta 1998, 276, 43–51.
(26) Moreno, J. M.; Ruiz, J.; Dominguezvera, J. M.; Colacio, E. Inorg.

Chim. Acta 1993, 208, 111–115.
(27) Plass, W.; Pohlmann, A.; Rautengarten, J. Angew. Chem., Int. Ed.

2001, 40, 4207–4210.
(28) Tang, J.; Costa, J. S.; Pevec, A.; Kozlevcar, B.; Massera, C.;

Roubeau, O.; Mutikainen, I.; Turpeinen, U.; Gamez, P.; Reedijk, J. Cryst.
Growth Des. 2008, 8, 1005–1012.

(29) Sarkar, A.; Pal, S. Polyhedron 2006, 25, 1689–1694.
(30) Kahn, O. Molecular Magnetism; VCH: New York, 1993.

(31) Otwinowski, Z.;Minor,W.Methods in Enzymology,Macromolecular
Crystallography, Part A.; Academic Press: New York, 1997; Vol. 276, pp
307-326.

(32) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.;
Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,
R. J. Appl. Crystallogr. 1999, 32, 115–119.

(33) Hall, S. R.; du Boulay, D. J.; Olthof-Hazekamp, R. The Xtal3.6
System; University of Western Australia: Lamb, Perth, Australia, 1999.

(34) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J., J. A.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida,M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene,M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A.
D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.;
Chen, W.; Wong, M. W.; Gonzalez, C.; and Pople, J. A. GAUSSIAN 03,
Revision C.01; Gaussian,Inc.: Wallingford, CT, 2003.



Article Inorganic Chemistry, Vol. 48, No. 12, 2009 5475

at the MP2/6-31+G(d,p) level were carried out directly on the
experimental structure to estimate the formation energy of
compound 1. The basis set superposition error (BSSE) was
corrected using the Boys and Bernardi’s counterpoise method.35

To quantify the intermolecular interactions that may con-
tribute to the stabilization of 1, the electron density was ana-
lyzed using Bader’s theory36,37 of Atoms-In-Molecules (AIM)
directly on experimental structure, as reported earlier.38-40 In
the present study, attention has been focused on the topological
analysis of the density (F), by finding minima, maxima, and
saddle points of F. The properties at such critical points (CPs),
especially at (3, -1) or bond CPs (BCP), have found extensive
use in characterizing bonding interactions. Notably, it has been
shown that ametal-metal interaction is characterized by a bond
critical point (BCP) with low electron density and a positive
Laplacian.41 More generally, the electron density evaluated
at the BCPs correlates with the strength of covalent bonds,
hydrogen bonding, and π-stacking interactions.36-38,40,42,43

Results and Discussion

Structural Description. The reaction of copper(II) per-
chlorate with 6-(pyridine-2-ylhydrazonomethyl)phenol
(Hphp) in methanol produces the hydrogen-bonded
dinuclear compound [Cu2(php)2(H2O)2(ClO4)](ClO4)
(H2O) (1), whose molecular structure determined by

single-crystal X-ray diffraction is depicted in Figure 1.
1 crystallizes in the triclinicP1 space group. Selected bond
lengths and angles are given in Table 1, and crystal
parameters are shown in Table 2. 1 consists of two
different copper(II) centers that are doubly bridged
through hydrogen bonds between coordinated water
molecules and phenoxido ligands with twice the pathway:
[Cu-OPhO 3 3 3H-(Owater)-Cu] (Figure 1). Cu1A is in an
almost perfect square-pyramidal coordination environ-
ment (τ5 = 0.04).44 Cu1A is coordinated to two N atoms
and one O atom from a deprotonated php unit which acts
as a chelating, planar ligand. The plane of the square
pyramid is completed by a water molecule. The Cu-N,
Cu-OPhO, andCu-Owater bond distances (Table 1) are in
the range of those found for related coordination com-
pounds.45,46 The axial position of the square pyramid is
occupied by a perchlorato ligand at a normal apical
distance of 2.442(2) Å.47 The basal angles, varying from
81.82(7) to 94.03(6)�, are indicative of a minor distortion
of the square plane, most likely because of the bite angle
of the pyridine/hydrazino chelating unit of the ligand php
(the angle N3A-Cu1A-N1A is 81.82(7)�). The copper
atom Cu1B exhibits a slightly distorted square-planar
geometry (τ4 = 0.16).48 However, it has to be mentioned
that the perchlorate oxygen atom O13 is weakly interact-
ing with Cu1B (Cu1B 3 3 3O13 = 2.999(2) Å). The distor-
tion of the square plane arises from the bite angle of
the pyridine/hydrazino chelating donor group (N3B-
Cu1B-N1B = 81.95(8)� and from the fact that the
coordinated water molecule O2B is hydrogen bonded to
an adjacent Cu unit. The Cu-N, Cu-OPhO (from the
planar tridentate php ligand), and Cu-Owater bond
lengths (Table 1) can be considered as normal.49,50

As mentioned above, two copper coordination entities
are hydrogen bonded to form a dinuclear species. The
corresponding hydrogen bonds O2A-H22A 3 3 3O1B =
2.685(2) Å (angle O2A-H22A-O1B= 165�) and O2B-
H22B 3 3 3O1A=2.601(2) Å (angleO2A-H22A-O1B=168�)

Table 2. Crystal Data and Structure Refinement for Compound 1

[Cu2(php)2(H2O)2(ClO4)](ClO4)(H2O)

empirical formula C24H26Cl2N6O13Cu2
formula weight 804.5
temperature, K 293
wavelength, Å 0.71073
crystal system triclinic
space group P1
a, Å 8.1867(2)
b, Å 11.3618(2)
c, Å 17.3567(4)
R, deg 104.624(1)
β, deg 100.981(1)
γ, deg 93.776(1)
volume, Å3 1522.47(6)
Z 2
density (calculated), mg m-3 1.755
aborption coefficient, mm-1 1.648
F(000) 816
θ range for data collection, � 2.55 to 27.48
limiting indices h: -10 to 10

k: -14 to 13
l: -22 to 22

reflections collected 28805
unique reflections (Rint) 6890 (0.051)
observed reflections [I > 2σ(I)] 5497
data/restraints/parameters 6397/0/424
goodness-of-fit on F2 1.285
final R indices [I > 2σ(I)] R1 = 0.044

wR2 = 0.034
largest different peak and hole, e Å-3 0.647, -0.903

Figure 1. Oak Ridge Thermal Ellipsoid Plot (ORTEP) representation
at the 30% probability level of [Cu2(php)2(H2O)2(ClO4)](ClO4)(H2O) (1)
whose crystal structurewasdetermined at 293K.Only thewater hydrogen
atoms are shown for clarity. The blue dashed lines illustrate hydrogen-
bonding interactions.
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can be regarded as moderate to strong,51 and apparently
are responsible for the magnetic exchange interactions
between the two copper(II) ions (see below). In addition,
the coordinated water molecules O2A and O2B are
hydrogen bonded to a lattice water molecule (O2A-
H21A 3 3 3O3 = 2.696(3) Å) and lattice perchlorate
anion (O2B-H21B 3 3 3O21 = 2.877(4) Å), respectively.
The coordinated perchlorate accepts a hydrogen bond
from a nearby N2A-H2A ligand group; N2A 3 3 3O23 =
2.913(3) Å. Finally the lattice perchlorate is hydrogen
bonded to the N2B-H2B group (N2B 3 3 3O14= 2.996(3) Å)
of a neighboring php ligand. This hydrogen-bonding
network gives rise to an intricate 3D framework as is
evidenced in Supporting Information, Figure S1.
Magnetic Properties. The χMT and χM versus T plots

for a crystalline sample of the dinuclear copper com-
pound 1, recorded under a constant magnetic field of
0.1 T in the temperature range 3-300 K, are shown in
Figure 2 (χM being the molar magnetic susceptibility per
Cu(II)Cu(II) pair). By decreasing the temperature, χM
increases and reaches a maximum around 18 K and then
smoothly decreases to reach a value close to zero (at very
low temperature). At room temperature, the χMT product
is 0.9 cm3

3K 3mol-1, which is in fair agreement with
the expected value for two uncoupled Cu(II) ions, with
S = 1/2 and g = 2. When the sample is cooled, the χMT
value decreases to reach a ST= 0 value below 5 K, which
is consistent with antiferromagnetic interactions between
the Cu(II) centers (which are separated by a distance of
4.8896(3) Å). Thus, from a magnetic point of view, these
results suggest that the single-crystal X-ray structure of
1 should be considered as an assembly of quasi-isolated
dinuclear copper(II) species, where the metal centers
interact through hydrogen bonds (Scheme 2). To estimate
the magnitude of the antiferromagnetic coupling, the

magnetic susceptibility data were fitted to the Bleaney-
Bowers52 equation (eq 1) for two interacting copper(II)
ions using the Hamiltonian H = -J S1 3 S2.

χM ¼ 2Ng2β2½kTð3 þ expð-J=kTÞÞ�-1 ð1Þ
The least-squares fitting of the data applying the

eq 1 leads to J = -19.8(2) cm-1, g = 2.25(1), TIP =
60 � 10-6 cm3

3mol-1 per CuII and R = 7 3 10
-5 (R =P

i(χcalcd - χobs)
2/
P

i(χobs)
2). The solid line in Figure 2

corresponds to the theoretical curve obtained using the
above parameters.
Computational Studies. This unusual, hydrogen-

bonded dinuclear copper(II) compound, exhibiting
antiferromagnetic exchange interactions, has also been
theoretically investigated. As experimentally assessed, the
copper atoms Cu1A and Cu1B are separated by a dis-
tance of 4.8896(3) Å, which might allow weak metal-
metal exchange interactions. The possibility to undergo
such long-range interactions is being thoroughly stu-
died by theoretical calculations for many years.41,53-56

In this respect, the AIM theory represents a method of
choice41,53,57 because a bond between two atoms (hence
the two metal centers in the present study) is unambigu-
ously defined by the presence of a BCP in a topological
analysis of the electron density.41 Herein, MP2/6-31+
G(d,p) calculations combined with an AIM analysis have
been performed to characterize the bonding properties of
compound 1 (in its triplet state). In the first instance, a
critical point (stationary point) has been found between
the metal centers, but the diagonalization of the Hessian
of the electron density clearly shows that it characterizes
a Ring Critical Point (RCP) rather than a BCP. This
observation suggests that, as expected from the Cu-Cu

Figure 2. χMT vs T (0) and χM vs T (4) plots per mol of compound 1.
The red solid lines are fits to the experimental data (see text).

Scheme 2. Schematic Representation of the Doubly [O 3 3 3H(water)]-
Bridged Cu 3 3 3Cu Unit

Figure 3. Schematic view of AIM topology calculated at MP2/6-31+
G(d,p), showing intermolecular interactions and ring critical point (yellow
ball) in compound 1, as well as the total electron density (Ftot) collected at
the BCPs for the hydrogen bonding and ClO4

-
3 3 3 ring interactions. Note

that Ftot of ClO4
-
3 3 3 ringA includes the electron density at the BCP of the

coordination bond Cu1A-O12, r=0.0249 au (Supporting Information,
Table S1).
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Sons, Ltd: Chichester, 2000.
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separation distance, a direct metal-metal interaction is
not occurring, since the main criterion for a bonding
contact (namely the BCP) is actually lacking. However,
the RCP implies that the formation of 1 is driven by other
interactions (non metal-metal interactions), which con-
tribute to the relatively large formation energy estimated
to -38 kcal mol-1 (BSSE corrected, see computational
details). The AIM analysis clearly reveals the origin of
this strong stabilization of the dinuclear entity, which is
illustrated in Figure 3 (and in Supporting Information,
Table S1). Primarily, two (asymmetric) very strong
H-bonds are observed (H 3 3 3O = 1.73 and 1.91 Å), with
electron densities of respectively, 0.0388 and 0.0260 au
(ascribed to the hydrogen bonds H22B 3 3 3O1A and
H22A 3 3 3O1B, respectively). Further BCPs were found
between ClO4

- and the aromatic rings, indicating the
important role played by this group for the stabilization
of the complex. In the intricate network of contacts
revealed by the AIM analysis, lone pair 3 3 3π

58 interac-
tions (especially between a ClO4

- anion and ring B,
with an electron density of 0.0030 au), and a secondary
Operchlorate 3 3 3Cu interaction (corresponding to Cu1A 3 3 3
O13; see Table 1) are of particular interest since they
contribute to the formation energy of 1.
In summary, no direct metal-metal interactions have

been found, which is not surprising regarding the long
Cu 3 3 3Cu separation distance of about 4.9 Å. Moreover,
the orbital topology at the Cu atoms does not allow for
their direct overlap. Strong hydrogen bonding interactions
are connecting the two copper(II) ions, which therefore
may represent the main pathways for the magnetic ex-
change observed bymagnetic susceptibilitymeasurements.
[Cu-OPhO 3 3 3H-(Owater)-Cu] Double Bridge. The oc-

currence of this unusual doubly [O 3 3 3H(water)]-bridged
Cu 3 3 3Cu unit has been searched in the Cambridge Struc-
turalDatabase (CSDversion 30;November 2008).Asmuch
as 125 molecular structures of copper coordination com-
pounds exhibiting this dinuclear hydrogen-bonded motif
are found in the CSD (see Supporting Information for all
the corresponding CSD refcodes). From these 125 com-
pounds, the magnetic properties of only 27 have been

investigated in some detail.59-82 From these 27 copper(II)
compounds, the double hydrogen-bonded bridge, involving
(neutral) coordinatedwatermolecules, had been considered
as a possible magnetic-exchange pathway for only seven of
them (BEYRAY,78 HULMOQ,79 MATLOJ,81 NUQ-
KOZ01,82 FAHNAE,80 SAGLAC83 and 84 see Table 3).

Table 3. Hydrogen-Bonding Parameters and Magnetic Properties for 1 and Seven Compounds (with Their CSD Refcode) Described in the Literature (see Figure 4)

Cu1-O1w (Å) O1w 3 3 3O1 (Å) Cu10-O1 (Å) R (deg) β (deg) magnetic exchange

compound 1 1.956 2.601 1.909 131.5 114.6 antiferromagnetic

Cu10-O1w0 (Å) O1w0
3 3 3O10 (Å) Cu1-O10 (Å) R0 (deg) β0 (deg) magnetic exchange

compound 1 1.967 2.685 1.888 123.5 114.7 antiferromagnetic

CSD code Cu1-O1w (Å) O1w 3 3 3O1 (Å) Cu1-O1 (Å) R (deg) β (deg) magnetic exchange

BEYRAY78 2.393 2.695 1.981 108.3 132.2 ferromagnetic
HULMOQ79 2.464 2.771 1.949 109.7 130.7 antiferromagnetic
MATLOJ81 2.196 2.722 1.984 116.3 135.5 antiferromagnetic
NUQKOZ0182 1.956 2.685 1.913 126.0 135.4 antiferromagnetic
FAHNAE80 1.995 2.709 1.952 111.9 122.4 antiferromagnetic
SAGLAC83 1.965 2.757 1.959 131.3 133.3 antiferromagnetic
KEDNIR84 1.980 2.629 1.870 110.6 109.3 antiferromagnetic

RAZJUX62 1.941 2.696 1.971 133.8 116.4 antiferromagnetic
RAZJOR62 2.485 2.710 1.907 116.6 110.3 ferromagnetic
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The hydrogen-bonding parameters for 1 and these seven
compounds, illustrated in Figure 4, are listed in Table 3. As
is evidenced in Table 3, no clear relationship is visible
between the hydrogen-bonding features (bond distances,
anglesR andβ, Figure 4) and themagnetic properties,which
can be antiferromagnetic or ferromagnetic. It has to be
mentioned that, as stated by Alvarez and co-workers,24

the nature of the magnetic exchange interaction depends
on the orbital overlap, associated to the strength of the
hydrogen bonds (characterized by the bond distances and
angles). Moreover, H-bond-mediated exchange coupling in

copper(II) coordination compounds requires the hydrogen-
bonding interaction to involve donor atoms in the xy plane.
For instance, the six-membered, hydrogen-bonded ring in
1 exhibits a boat conformation. For six out of the seven
compounds described earlier, this ring has a chair
conformation (see Figure 4). Similarly to 1, whose boat
conformation is apparently imposed by the bridging per-
chlorate anion, the conformation observed for [Cu2(μ2-
H2O)L2(H2O)2](ClO4)2 32H2O (CSD code KEDNIR,84

Figure 4) is obviously due to the μ2-H2O ligand (which
is not involved in the magnetic exchange coupling;

Figure 4. Molecular structures of dinuclear copper(II) units whose magnetic exchange interactions have been explained by the double [O 3 3 3H(water)]
bridge (see Table 3).

Figure 5. Molecular structures of two related copper(II) coordination compounds obtained from two different ligand stereoisomers.62



Article Inorganic Chemistry, Vol. 48, No. 12, 2009 5479

see Talukder and co-workers84), linking the two copper
atoms. Thus, a satisfactory magneto-structural correlation
for such hydrogen-bonded systems involving coordinated
water molecules would require a careful analysis of a
significant number of representative examples found in
the CSD together with advanced ab initio calculations.

Concluding Remarks

In summary, a supramolecular dinuclear-based copper(II)
compound has been synthesized and characterized, whose
antiferromagnetic exchange coupling is attributable to hy-
drogen-bonding interactions. Surprisingly, such hydrogen-
bonded dinuclear copper(II) compounds have been barely
studied. However, it appears that this type of [Cu-OPhO 3 3 3
H-(Owater)-Cu] bridge may be worth investigating in some
more detail because it may significantly contribute to the
magnetic behavior of a coordination compound. In that
context, a beautiful case of a drastic effect of O 3 3 3H(water)
bridge on the magnetic properties of two stereoisomers has
been reported byGarcı́a-Raso and co-workers.62 Indeed, the
reaction of copper(II) acetate with the ligands erythro-
(Sal Trp) and threo-(Sal Trp) leads to two structurally
different compounds, whose molecular structures have been
redrawn in Figure 5. Amazingly, the erythro isomer exhibits
antiferromagnetic interactions, whereas the threo isomer is
ferromagnetic (Table 3). As is evidenced in Figure 5, the two
systems exhibit different hydrogen-bonding interactions
connecting the metal centers. As the result of the different
steric constraints of the two stereoisomeric ligands, the
erythro compound displays two O 3 3 3H(water) bridges

while the threo one exhibits only one O 3 3 3H(water) bridge
(Figure 5). For erythro-[Cu(Sal-Trp)(H2O)2] (CSD code
RAZJUX), the hydrogen bonds involve equatorially coordi-
nated oxygen atoms; such condition has been shown to be
crucial for the system to exhibit antiferromagnetic interac-
tions.24 In contrast, the other isomer, namely threo-[Cu(Sal-
Trp)(H2O)2] (CSD code RAZJOR), is characterized by
hydrogen bonding interactions between equatorial and axial
donor atoms, which cannot lead to antiferromagnetism.
This last example obviously demonstrates that this type of

exchange pathway, mediated by neutral, coordinated water
molecules should be considered for study in detail by the
scientific community, when analyzing the magnetic proper-
ties of coordination compounds containing such hydrogen
bonds.
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