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a b s t r a c t

A novel heterotetranuclear chromium(III)–copper(II) complex of formula {[CrIII(bpy)(ox)2]2CuII
2(b-

py)2(ox)}�6H2O (1) has been synthesized by the ligand exchange reaction between Ph4P[CrIII(b-
py)(ox)2]�H2O and [CuII(bpy)2(NO3)]NO3�MeOH in methanol (bpy = 2,20-bipyridine; ox2� = oxalate
dianion). The X-ray crystal structure of 1 consists of neutral oxalato-bridged CrIII

2Cu2
II zigzag entities

which are formed by the monodentate coordination of two [CrIII(bpy)(ox)2]� mononuclear anionic units
through one of its two oxalato groups toward a [CuII

2(bpy)2(ox)]2+ dinuclear cationic moiety featuring rel-
atively long axial bonds at the square pyramidal CuII ions. Variable temperature (2.0–300 K) magnetic
susceptibility and variable-field (0–5.0 T) magnetization measurements for 1 have been interpreted on
the basis of the linear tetranuclear topology of the CrIII

2CuII
2 entities [H = –J(S1 � S2 + S3 � S4) – J0 S2 � S3 with

S1 = S4 = SCr = 3/2 and S2 = S3 = SCu = 1/2]. A weak antiferromagnetic coupling occurs between the outer
CrIII and inner CuII ions through the peripheral bidentate/monodentate(outer) oxalates (J = –8.7 cm�1),
while a strong antiferromagnetic coupling is operative between the inner CuII ions across the central
bis-bidentate oxalate (J0 = –472.2 cm�1), leading thus to a S = (SCr – SCu) – (SCr – SCu) = 0 ground spin state
for the CrIII

2CuII
2 entity of 1. A simple orbital analysis of the electron exchange interaction in the oxalato-

bridged CuII
2 and CrIIICuII fragments identify the r-type pathways involving the dx2�y2 (Cu)/dx2�y2 (Cu) and

dxy(Cr)/dx2�y2 (Cu) pairs of magnetic orbitals as the two main contributions responsible for the different
strength of the intramolecular magnetic coupling parameters for 1. A magneto-structural correlation
between the nature and magnitude of the magnetic coupling and the bending angle at the axial car-
bonyl-oxygen to copper bond has been established for 1 and related oxalato-bridged chromium(III)–cop-
per(II) dinuclear complexes.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Polynuclear complexes have long been recognized in coordina-
tion chemistry, playing an important role in the development of
Werner’s coordination theory [1]. This is well illustrated by the
seminal work of Alfred Werner on ‘hexol’, a star-like hydroxo-
bridged tetranuclear cobalt(III) complex of formula {[CoIII(N-
H3)4(OH)2]3CoIII}Br6 which constitutes the first carbon-free species
to be optically resolved into its two chiral isomers (enantiomers)
[2a]. Ironically, Werner’s famous hexol was first prepared by
Jørgensen, Werner’s primary scientific adversary and the foremost
ll rights reserved.
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exponent of the rival Blomstrand chain theory, upon basic hydroly-
sis of a solution of the fac- or mer-isomers of [CoIII(NH3)3(H2O)3]3+

[2b]. Since then, the search for the peculiar molecular and elec-
tronic structure of polynuclear transition metal complexes have
largely evolved to become a well-established subject in modern
coordination chemistry [3]. In particular, the studies on their mag-
netic properties have largely contributed to this renewed interest
in the coordination chemistry of polynuclear complexes [3c,d],
leading to the development of a new discipline in magnetochemis-
try which has been termed molecular magnetism [4].

Relevant concepts in molecular magnetism such as the strict
orthogonality of the magnetic orbitals or the irregular spin-state
structure appear historically associated with the study of dinuclear
copper(II)–vanadium(IV) [5] and trinuclear copper(II)–manga-
nese(II) complexes [6], respectively. Likewise, some general topics
like spin frustration or spin topology issued from the studies on
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Scheme 1. Chemical structures of (a) 1 and (b) 2 showing the different binding
modes of the oxalato ligands. The dashed lines outline the Jahn–Teller elongated
bonds to the copper atoms.
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tetranuclear manganese(III) [7] and copper(II)–manganese(II)
complexes [8] where the ground spin state is mainly dictated by
their unique cubane and star-like molecular topologies, respec-
tively. Along this line, it was reasonable to assume that new basic
concepts and original phenomena would emerge from the study of
the magnetic properties of higher nuclearity complexes. So, the
first observation of magnetic hysteresis and magnetic quantum
tunneling of pure molecular origin in a dodecanuclear manga-
nese(III,IV) complex [9] two decades ago represents a further mile-
stone in the field of molecular magnetism [10,11]. Since then, the
design and synthesis of high-nuclearity complexes of paramag-
netic transition metal ions continue to attract attention in the mul-
tidisciplinary field of molecular magnetism as potential candidates
of molecular nanomagnets, so-called single molecule magnets
(SMMs) [12–14].

Oxalate (ox) has a well-known ability to form discrete exchange-
coupled, homo- [15,16] and heterometallic [17,18] polynuclear
complexes containing blocking ligands that preclude the formation
of undesired polymeric compounds. When acting as bidentate/
monodentate(outer) (I) and bis-bidentate (II) bridge between the
same (M = M0) or different (M – M0) metal ions (Chart 1), oxalate af-
fords weak to strong, either ferro- or antiferromagnetic couplings
depending on the bridging mode and the nature of the blocking li-
gands [15a,16a,18e], as well as on the stereochemistry and elec-
tronic configuration of the metal ions [15a,17c,17f,17g,18d,18e].
For instance, the pair of oxalato-bridged linear trinuclear chro-
mium(III)–cobalt(II) and chromium(III)–manganese(II) complexes
(Hampy)4{[CrIII(ox)3]2MII(H2O)2}�3H2O (Hampy+ = 4-aminopyridi-
nium cation and M = Co and Mn) reported by Pardo et al. show a
weak ferromagnetic coupling between the outer CrIII ions and the
inner MII ion across the bis-bidentate oxalate which results in high
spin S = 9/2 (M = Co) and 11/2 (M = Mn) ground states [17g]. More
interestingly, Martínez-Lillo et al. reported earlier the ferromagnet-
ically coupled, star-like oxalato-bridged tetranuclear rhenium(IV)–
nickel(II) complex (nBu4N)4{[ReIVCl4(ox)]3NiII} (nBu4N+ = tetra-
n-butylammonium cation) possessing a highly anisotropic S = 11/
2 ground state that exhibits slow magnetic relaxation effects at
low temperatures [18c]. This constitutes one of the very few exam-
ples of SMMs belonging to the class of heterobimetallic oxalate
complexes [3d].

Our research group is particularly interested in the use of stable,
more or less inert, oxalato-containing heteroleptic chromium(III)
complexes as ligands (metalloligands) because of its potential coor-
dination capabilities toward other divalent 3d metal ions, from
manganese(II) to copper(II), through the cis carbonyl-oxygen atoms
of the oxalato groups [19]. Hence, a limited number of mononuclear
bis(oxalato)chromate(III) complexes with aromatic a,a0-diimines
as coligands [20] were able to produce a large variety of oxalato-
bridged di- [21], tri- [22], and tetranuclear [23] heterometallic
species following the so-called ‘‘complex-as-ligand’’ approach. In
particular, the anionic (2,20-bipyridine)bis(oxalato)chromate(III)
complex, [CrIII(bpy)(ox)2]�, acts as bidentate ligand toward CuII ions
having their coordination sites partially blocked with anionic
tridentate ligands like bis(2-pyridylcarbonyl)amidate (bpca) or
3-[N-2-pyridylethyl)formidoyl]salicylate (Hfsaaep), yielding the
corresponding dinuclear chromium(III)–copper(II) complexes
{CrIII(bpy)(ox)2CuII(bpca)(H2O)}�2.5H2O [21a] and {CrIII(bpy)(ox)2-
Chart 1. Bidentate/monodentate(outer) (I) and bis-bidentate (II) coordination
modes of the oxalato ligand.
CuII(Hfsaaep)(H2O)}�2H2O [21b]. Surprisingly, when using bpy as
blocking ligand of the CuII ions, we have obtained the novel tetranu-
clear chromium(III)–copper(II) complex {[Cr(bpy)(ox)2]2Cu2(bpy)2

(ox)}�6H2O (1). Under somewhat different reaction conditions,
Coronado et al. obtained instead the related tetranuclear chro-
mium(III)–copper(II) complex {[Cr(bpy)(ox)2]2Cu2(bpy)2(ox)}�2H2O
(2) [23b]. Complexes 1 and 2 have in common a central bis-biden-
tate oxalate but they differ in the bidentate/monodentate(outer) (1)
and bis-bidentate (2) coordination mode of the peripheral oxalates
(Scheme 1).

Herein we report the synthesis and spectroscopic characteriza-
tion, the crystal structure and the magnetic properties of 1. The
distinct nature and magnitude of the intramolecular magnetic cou-
pling in 1 and 2 are discussed in the light of their different struc-
tural features, and they are compared with those reported for
related oxalato-bridged copper(II) and chromium(III)–copper(II)
dinuclear complexes aiming at elucidating the possible magneto-
structural correlations.

2. Experimental

2.1. Materials

All chemicals were of reagent grade quality. They were pur-
chased from commercial sources and used as received. Ph4P[CrIII(b-
py)(ox)2]�H2O was prepared by refluxing a 1:2:1 mixture of
CrIIICl3�6H2O, Na2ox, and bpy in ethanol/water and it was isolated
by addition of an excess of PPh4Cl [21a]. [CuII(bpy)2(NO3)]-
NO3�MeOH was prepared in situ from the stoichiometric reaction
of CuII(NO3)2�3H2O and bpy (1:2 molar ratio) in methanol [24].

2.2. Preparation

2.2.1. {[Cr(bpy)(ox)2]2Cu2(bpy)2(ox)}�6H2O (1)
A methanolic solution (5 cm3) of Cu(NO3)2�3H2O (0.06 g,

0.25 mmol) was added dropwise to a methanolic solution
(20 cm3) of bpy (0.08 g, 0.50 mmol) under continuous stirring.
The resulting deep blue solution was then added dropwise to a
methanolic solution (25 cm3) of Ph4P[Cr(bpy)(ox)2]�H2O (0.19 g,
0.25 mmol) under continuous stirring. The final deep purple solu-
tion was filtered off and allowed to evaporate at room tempera-
ture. X-ray quality violet prisms of 1 appeared after a few days,
which were collected on filter paper and air-dried (0.07 g, yield



Scheme 2. Synthetic route to 1.
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35%). Anal. Calc. (%) for C50H44Cr2Cu2N8O26: C, 42.77; H, 3.16; N,
7.98. Found: C, 41.70; H, 3.18; N, 7.93. Electron microscopy analy-
sis (molar ratio): Cr/Cu, 1.05. IR (KBr): 1654(sh), 1663vs, 1680(sh),
1684vs, 1707vs, and 1718(sh) cm�1 (CO).

2.3. Physical techniques

Elemental (C, H, N) and electron microscopy (Cr, Cu) analyses
were performed at the Servei Central de Suport a la Investigació
Experimental (SCSIE, Spain). FT-IR spectra were recorded on a
Nicolet-5700 spectrophotometer as KBr pellets. Variable-tempera-
ture (2.0–300 K) magnetic susceptibility measurements under an
applied field of 10 kOe (T P 25 K) and 100 Oe (T < 25 K) and vari-
able-field (H = 0–50 kOe) magnetization measurements at 2.0 K
were carried out on powdered samples with a Quantum Design
SQUID magnetometer. The susceptibility data were corrected for
the diamagnetism of the sample holder and the constituent atoms,
as well as for the temperature independent paramagnetism (tip) of
the metal atoms.

2.4. Crystal structure determination

The single-crystal X-ray diffraction data of 1 were collected at
293(2) K on a Nonius Kappa CCD diffractometer by using graph-
ite-monochromated Mo Ka radiation (k = 0.71073 Å). Data collec-
tion and data reduction were done with the COLLECT and
EVALCCD programs [25]. Empirical absorption corrections were
carried out using SADABS [26]. The structures were solved by direct
methods and refined with full-matrix least-squares technique on
F2 using the SHELXS-97 and SHELXL-97 programs [27]. All calculations
for data reduction, structure solution, and refinement were done
by standard procedures (WINGX) [28]. All non-hydrogen atoms
were refined anisotropically. Hydrogen atoms of the bpy ligand
were calculated and refined with an overall isotropic thermal
parameter, whereas those of the crystallization water molecules
were neither found nor calculated. The final geometrical calcula-
tions and the graphical manipulations were carried out with
PARST97 and CRYSTAL MAKER programs, respectively [29].
3. Results and discussion

3.1. Synthesis and general spectroscopic characterization

The neutral tetranuclear chromium(III)–copper(II) complex of
formula {[Cr(bpy)(ox)2]2Cu2(bpy)2(ox)}�6H2O (1) was synthesized
by the stoichiometric reaction (1:1 molar ratio) of the tetraphenyl-
phosphonium salt of the anionic 2,20-bipyridinebis(oxalato)chro-
mate(III) complex, [CrIII(bpy)(ox)2]�, and the nitrate salt of the
cationic bis(2,20-bipyridine)nitratocopper(II) complex, [CuII(bpy)2(-
NO3)]+, in methanol (Scheme 2). Complex 1 was isolated as violet
crystals with moderate yields (35%) after a few days under slow
evaporation at room temperature.

The formation of the neutral heterotetranuclear complex,
{[CrIII(bpy)(ox)2]2CuII

2(bpy)2(ox)}, instead of the expected cationic
heterodinuclear one, [CrIII(bpy)(ox)2CuII(bpy)2]+, would be likely ex-
plained by the ligand exchange reaction between the anionic 2,20-
bipyridinebis(oxalato)chromate(III) precursor, [CrIII(bpy)(ox)2]�,
and the cationic bis(2,20-bipyridine)nitratocopper(II) complex,
[CuII(bpy)2(NO3)]+, to afford the cationic mononuclear bis(2,20-
bipyridine)oxalatochromate(III) complex, [CrIII(bpy)2(ox)]+, and
the neutral dinuclear oxalato-bridged bis(2,20-bipyridine)bis(nitra-
to)dicopper(II) species, [CuII

2(bpy)2(ox)(NO3)2], together with the
free oxalato dianion [Eqs. (1) and (2)]. In this regard, it deserves to
be noted that the related bis(1,10-phenanthroline)oxalatocobal-
tate(III) complex of formula [Co(phen)2(ox)]BF4 was isolated by
Russell et al. upon ligand exchange reaction of the tris(oxala-
to)cobaltate(III) precursor of formula K3[Co(ox)3]�3H2O with excess
1,10-phenanthroline (phen) in water [20h].

2½CrIIIðbpyÞðoxÞ2�
� þ 2½CuIIðbpyÞ2ðNO3Þ�þ

! 2½CrIIIðbpyÞ2ðoxÞ�þ þ ½CuII
2ðbpyÞ2ðoxÞðNO3Þ2� þ ox2� ð1Þ

2½CrIIIðbpyÞðoxÞ2�
� þ ½CuII

2ðbpyÞ2ðoxÞðNO3Þ2�

! ½CrIIIðbpyÞðoxÞ2�2CuII
2ðbpyÞ2ðoxÞ þ 2NO�3 ð2Þ

The chemical identity of 1 was established by elemental (C, H,
and N) and electron microscopy (Cr and Cu) analyses, together
with FT-IR spectroscopy. Ph4P[CrIII(bpy)(ox)2]�H2O shows two in-
tense IR bands at 1680 and 1704 cm�1 corresponding to the asym-
metric mas(CO) stretching vibrations from the terminal oxalato
ligands. Instead, complex 1 exhibits three intense IR bands at
1663, 1684, and 1707 cm�1 with three distinct shoulders at 1654,
1680, and 1718 cm�1, which are attributed to the occurrence of
both terminal and bridging oxalato ligands. By comparison, com-
plex 2 shows three intense IR bands at 1653, 1678, and
1718 cm�1 with no distinct shoulders [23b]. The additional split-
ting of the IR bands for 1 compared to 2 suggests thus the presence
of different type of oxalato bridges.

3.2. Description of the structure

Compound 1 crystallizes in the triclinic P�1 space group, so
does the related compound 2 but with completely different unit
cell parameters [23b]. The crystal structure of 1 consists of centro-
symmetric neutral oxalato-bridged chromium(III)–copper(II)
tetranuclear complexes, {[CrIII(bpy)(ox)2]2CuII

2(bpy)2(ox)}, and
crystallization water molecules (Figs. 1 and 2). The CrIII

2CuII
2 entities

of 1 arise from the monodentate coordination of two
[CrIII(bpy)(ox)2]� mononuclear anionic units through one of its two
oxalato groups towards a [CuII

2(bpy)2(ox)]2+ dinuclear cationic moi-
ety (Fig. 1a). This situation clearly contrasts with that in 2, whereby
the two [CrIII(bpy)(ox)2]� mononuclear anionic units coordinate to



Fig. 1. (a) Perspective view of the neutral heterotetranuclear unit of 1 with the
atom-numbering scheme [symmetry code: (I) = 1 – x, 2 – y, 1 – z]. (b) Projection view
of the oxalato-bridged heterotetranuclear zigzag skeleton of 1. Selected interme-
tallic distances (Å) and angles (�): Cr(1)–Cu(1) = 5.410(2) and Cu(1)–
Cu(1)I = 5.1400(12); Cr(1)–Cu(1)–Cu(1)I = 52.45(2) [symmetry code: (I) = 1 – x, 2 –
y, 1 – z].

Fig. 2. (a) Projection view of a fragment of the hydrogen-bonded layers of
heterotetranuclear units of 1 along the [011] direction. Hydrogen bonds between
the crystallization water molecules and the oxalato ligands are represented by
dashed lines. (b) Crystal packing view of 1 along the crystallographic a axis showing
the p–p stacking interlayer interactions between the bpy ligands. The adjacent
hydrogen-bonded layers of heterotetranuclear units are shown in different colors.
Selected intermetallic distances (Å): Cr(1)–Cr(1)II = 9.822(2) and Cr(1)I–
Cr(1)VII = 7.226(2) [symmetry code: (I) = 1 – x, 2 – y, 1 – z; (II) = 1 – x, 1 – y, 2 – z;
(III) = 1 – x, 2 – y, 2 – z; (IV) = x, –1 + y, z; (V) = –x, 1 – y, 2 – z; (VI) = 1 + x, y, z;
(VII) = x, y, –1 + z; (VIII) = 1 – x, 1 – y, 1 – z].
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the [CuII
2(bpy)2(ox)]2+ dinuclear cationic moiety in a bidentate man-

ner to give the corresponding CrIII
2CuII

2 entities [23b]. The most
noticeable feature of the molecular structure of 1 is, however, the
occurrence of a CrIII

2CuII
2(ox)5 zigzag skeleton with up to three dif-

ferent types of oxalato ligands (Fig. 1b), which differs both stereo-
chemically and conformationally from that earlier reported for 2. A
summary of the crystallographic data and selected bond distances
and angles for 1 are given in Tables 1 and 2, respectively.

The two centrosymmetrically-related, outer Cr(1) and Cr(1)I

atoms in 1 adopt a six-coordinated, trigonally compressed octahe-
dral geometry (CrN2O4) similar to that found in 2, which is formed
by two imine-nitrogen atoms from bpy and four carboxylate-oxy-
gen atoms from the terminal and bridging oxalates (Fig. 1a). The
values of the trigonal twist angle (u) and the compression ratio
(s/h) at the octahedral CrIII ions in 1 are similar to those in 2
[u = 49.74(22) (1) and 52.69(20)� (2) and s/h = 1.32 (1) and 1.36
(2)] [23b]. The small distortion of the octahedral (Oh) environment
towards trigonal prismatic (D3h), so-called Bailar twist, is due to
the chelating coordination of the bpy and oxalato ligands
(u = 60� and s/h =

p
3/2 = 1.22 for an ideal octahedron) [30]. The

Cr–N bond distances in 1 are somewhat longer than the Cr–O ones
(Table 2), as previously found in 2 [23b]. This agrees with the
stronger ligand field of the carboxylate-oxygen atoms from oxalate
compared to the imine-nitrogen ones from bpy. The value of the
N–Cr–N bite angle subtended by the chelating bpy in 1 is
somewhat smaller than those of the O–Cr–O bite angle from the
chelating oxalates (Table 2), all of them being smaller than that
of 90� for an ideal octahedron.

The two centrosymmetrically-related, inner Cu(1) and Cu(1)I

atoms in 1 exhibit a five-coordinated, axially elongated square
pyramidal geometry (CuN2O3), whereas the corresponding ones
of 2 have a six-coordinated, axially elongated octahedral surround-
ing (CuN2O4) [23b]. Two imine-nitrogen atoms from bpy and two
carboxylate/carbonyl-oxygen atoms from the central bridging oxa-
late build the equatorial plane of the square pyramidal CuII ions in
1, the axial position being occupied by a carbonyl-oxygen atom
from the peripheral bridging oxalate (Fig. 1a). In contrast, the equa-
torial plane of the octahedral CuII ions in 2 is formed by two imine-
nitrogen atoms from bpy and two carboxylate-oxygen atoms from
the central and peripheral bridging oxalates, while their carbonyl-
oxygen atoms occupy the two axial positions [23b]. The four equa-
torial donor atoms in 1 are nearly coplanar [maximum deviations
of 0.116(4) and 0.127(5) Å at N(1) and N(2), respectively], the cop-
per atom being slightly displaced from the mean basal plane to-
ward the apical position [h0 = 0.1596(8) Å]. The equatorial Cu–N
bond distances in 1 (Table 2) are similar to those in 2 [23b]. The ax-
ial Cu–O bond distance in 1 is rather longer than the equatorial
ones (Table 2), as previously found in 2 [23b]. This situation is as



Table 1
Summary of crystallographic data for 1.

Formula C25H22CrCuN4O13

M (g mol�1) 702.01
Crystal system triclinic
Spatial group P�1
a (Å) 9.2328(15)
b (Å) 10.2458(13)
c (Å) 14.886(3)
a (�) 83.765(13)
b (�) 86.504(13)
c (�) 77.662(12)
V (Å3) 1366.5(4)
Z 2
qcalc (g cm�3) 1.706
F(000) 714
l (mm�1) 1.253
T (K) 293(2)
Reflections collected 14065
Independent reflections (Rint) 6109 (0.0693)
Observed reflections [I > 2r(I)] 3360
Data/restraints/parameters 6109/0/397
R1

a [I > 2r(I)] (all) 0.0747 (0.1527)
wR2

b [I > 2r(I)] (all) 0.1467 (0.1783)
Goodness-of-fit 1.023
Sc 1.023

a R1 =
P

(|Fo| � |Fc|)/
P

|Fo|.
b wR2 = [

P
w(F2

o � F2
c )2/

P
w(F2

o)2]1/2.
c S = [

P
w(|Fo| – |Fc|)2/(No – Np)]1/2.

Table 2
Selected bond distances (Å) and angles (�) for 1.a

Cr(1)–N(3) 2.072(5) Cr(1)–N(4) 2.076(5)
Cr(1)–O(5) 1.965(4) Cr(1)–O(6) 1.961(4)
Cr(1)–O(7) 1.945(4) Cr(1)–O(8) 1.954(4)
Cu(1)–N(1) 1.967(4) Cu(1)–N(2) 1.978(5)
Cu(1)–O(1) 1.968(4) Cu(1)–O(2) 1.969(4)
Cu(1)–O(3) 2.383(4)

N(1)–Cu(1)–N(2) 82.5(2) N(1)–Cu(1)–O(1) 164.09(18)
N(1)–Cu(1)–O(2) 95.15(18) N(1)–Cu(1)–O(3) 103.50(17)
N(2)–Cu(1)–O(1) 96.98(18) N(2)–Cu(1)–O(2) 176.87(19)
N(2)–Cu(1)–O(3) 89.39(17) O(1)–Cu(1)–O(2) 84.70(15)
O(1)–Cu(1)–O(3) 92.39(15) O(2)–Cu(1)–O(3) 93.19(16)
N(3)–Cr(1)–N(4) 78.1(2) N(3)–Cr(1)–O(5) 95.91(18)
N(3)–Cr(1)–O(6) 95.58(18) N(3)–Cr(1)–O(7) 89.85(18)
N(3)–Cr(1)–O(8) 167.44(18) N(4)–Cr(1)–O(5) 97.09(18)
N(4)–Cr(1)–O(6) 173.5(2) N(4)–Cr(1)–O(7) 90.31(17)
N(4)–Cr(1)–O(8) 91.2(2) O(5)–Cr(1)–O(6) 81.96(16)
O(5)–Cr(1)–O(7) 171.41(18) O(5)–Cr(1)–O(8) 91.91(18)
O(6)–Cr(1)–O(7) 91.16(16) O(6)–Cr(1)–O(8) 95.24(17)
O(7)–Cr(1)–O(8) 83.55(17)

a Estimated standard deviations are given in parentheses.
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expected because of the Jahn–Teller distortion typical of CuII ions.
The value of the N–Cu–N bite angle subtended by the chelating bpy
in 1 (Table 2) is similar to that in 2 but the value of the O–Cu–O
bite angle from the chelating oxalate in 1 (Table 2) is greater than
those in 2 [23b]. This situation reflects the distinct symmetric (1)
or asymmetric (2) bis-bidentate bridging modes, with either two
short (1) or one long and one short Cu–O bond distances (2). Inter-
estingly, the values of the four cis axial O–Cu–O(N) and two trans
equatorial N–Cu–O angles in 1 (Table 2) deviate slightly from those
expected for an ideal square pyramid (90� and 180�, respectively),
as a result of the small out-of-plane displacement of the copper
atom from the mean basal plane.

Within the CrIII
2CuII

2(ox)5 zigzag skeleton of 1, the outer Cr(1)
and inner Cu(1) atoms are bridged through a bidentate/monoden-
tate(outer) oxalate that coordinates toward the copper atom with
one long axial bond (Fig. 1b). This situation contrasts with that of
2, whereby the peripheral oxalate coordinates in a bis-bidentate
bridging mode toward the copper atom with a short equatorial
and a long axial bonds [23b]. The value of the axial Cu–O bond dis-
tance in 1 is slightly longer than that in 2 [Rax = 2.383(4) (1) and
2.357(5) Å (2)], both of them being much longer than the equato-
rial Cu–O bond distance in 2 [Req = 2.080(5) Å] [23b]. The axially
coordinated carboxylate group from the peripheral oxalate exhib-
its the anti–syn configuration in 1, whereas it adopts the anti–anti
one in 2 [23b]. The values of the axial Cu–O–C bending angle (a)
are 124.0(4) (1) and 108.2(4)� (2), while those of the axial Cu–O–
C–O torsion angle (b) are 25.5(8) (1) and 173.2(7)� (2) [23b]. The
resulting Cr(1)(ox)Cu(1) bridging moieties of both 1 and 2 exhibit
a noncoplanar, almost perpendicular disposition of the mean basal
plane of the square pyramidal (1) and octahedral (2) CuII ions with
respect to the mean plane of the peripheral oxalato bridge. The va-
lue of the dihedral angle between the copper basal plane and the
peripheral oxalato plane in 1 deviates further from 90� than that
in 2 [c = 62.59(12) (1) and 86.5(2)� (2)] [23b].

The inner Cu(1) and Cu(1)I atoms of 1 are bridged through a bis-
bidentate oxalate that coordinates in a symmetric binding mode
toward each copper atom, with two short equatorial bonds
(Fig. 1b). In contrast, the central bis-bidentate oxalate in 2 adopts
an asymmetric binding mode with one short equatorial and one
long axial bond at each copper atom [23b]. The values of the equa-
torial Cu–O bond distances in 1 are similar than that in 2
[R0eq = 1.968(4)–1.969(4) (1) and 1.964(5) Å (2)], all of them being
much shorter than the axial Cu–O bond distance in 2
[R0ax = 2.245(5) Å] [23b]. The values of the axial Cu–O–C bending
angle (a0) and the axial Cu–O–C–O torsion angle (b0) in 2 are
108.8(4) and 178.0(6)�, respectively [23b]. The mean basal planes
of the two square pyramidal CuII ions in 1 are parallel for symmetry
reasons but they have a slightly bent, coplanar disposition with re-
spect to the mean plane of the central oxalato bridge, leading thus
to an overall chair conformation for the resulting Cu(1)(ox)Cu(1)I

bridging moiety. Instead, it exhibits a parallel noncoplanar disposi-
tion of the mean basal planes of the two octahedral CuII ions in 2,
with a perpendicular orientation with respect to the mean plane of
the central oxalato bridge [23b]. The values of the dihedral angle
between the copper basal plane and the central oxalato plane (c0)
are 6.28(11) (1) and 81.69(19)� (2) [23b].

In the crystal lattice of 1, there is an extensive network of hydro-
gen bonds involving the free carbonyl group from the peripheral
bidentate/monodentate(outer) oxalate and/or the crystallization
water molecules [O���Ow = 2.883(2) Å and Ow���Ow = 2.737(2)–
2.97(11) Å]. These intermolecular hydrogen-bonding interactions
lead to layers of water-bridged tetranuclear CrIII

2CuII
2 zigzag enti-

ties perpendicular to the [011] direction (Fig. 2a). In addition, there
are very weak intermolecular p–p stacking interactions between
the bpy ligands of the outer CrIII ions from tetranuclear CrIII

2CuII
2

zigzag entities of adjacent layers along the crystallographic c axis
[inter-ring centroid–centroid distance of 3.8355(7) Å] (Fig. 2b).

3.3. Magnetic properties

The magnetic properties of 1 in the form of the vMT versus T plot
(vM being the molar magnetic susceptibility per tetranuclear unit
and T the absolute temperature) are typical of overall antiferro-
magnetically coupled CrIII

2CuII
2 linear entities (Fig. 3a). Upon cool-

ing, vMT for 1 decreases smoothtly from room temperature down
to ca. 100 K to reach a sort of plateau of 3.75 cm3 mol�1 K
(Fig. 3a), a value which corresponds to that expected for the sum
of two d3 CrIII (SCr = 3/2) ions magnetically isolated. Below 10 K,
vMT for 1 decreases abruptly down to 3.47 K cm3 mol�1 K at
2.0 K. The distinct decrease of vMT at high and low temperatures
for 1 conform with the occurrence of strong and weak intramolec-
ular antiferromagnetic interactions between the two inner CuII

ions and among the inner CuII and outer CrIII ions through the



Fig. 3. (a) Temperature dependence of vMT for 1 (4). The solid line is the best-fit
curve for a tetranuclear model with J < 0 and J0 < 0 (see text). (b) Field dependence of
M for 1 (N) at T = 2.0 K. The solid line is the Brillouin curve for two SCr = 3/2 states.

Scheme 3. Spin topologies and ground spin states for a CrIII
2CuII

2 linear complex
with (a) J0 < 0 and J < 0, (b) J0 < 0 and J > 0, (c) J0 > 0 and J < 0, or (d) J0 > 0 and J > 0. The
boxed structure shows the magnetic coupling scheme.
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central bis-bidentate and peripheral bidentate/monoden-
tate(outer) oxalates, respectively. In fact, the M versus H plot for
1 at 2.0 K (M being the molar magnetization per tetranuclear unit
and H the applied field) agrees with the presence of strong antifer-
romagnetically coupled CuII

2 pairs and weakly coupled CrIII ions
within the CrIII

2CuII
2 linear entities (Fig. 3b). Thus, the M value of

5.86 Nb for 1 at 50 kOe is close to the saturation magnetization
for two quartet spin states (Ms = 2 � gCrSCr = 6.0 Nb with
gCr = 2.0). Moreover, the isothermal magnetization curve for 1 is
very close to the Brillouin curve of two SCr = 3/2 states [solid line
in Fig. 3b], supporting thus the absence of significant zero-field
splitting (ZFS) effects due to the small single-ion magnetic anisot-
ropy of the CrIII ions in a trigonal distorted octahedral geometry
(4B1 ground term in the D3 point group) [17e].

The magnetic susceptibility data of 1 was then analyzed
through a spin Hamiltonian for a linear tetranuclear chro-
mium(III)–copper(II) model [Eq. (3) with S1 = S4 = SCr = 3/2 and
S2 = S3 = SCu = 1/2], where J and J0 are the intramolecular magnetic
coupling parameters between the outer CrIII and inner CuII ions
(J = J12 = J34) and the two inner CuII ions (J0 = J23) (Scheme 3), and
gCr and gCu are the Landé factors of the CrIII and CuII ions.

H ¼ �JðS1 � S2 þ S3 � S4Þ � J0S2 � S3 þ gCrðS1 þ S4ÞbH þ gCuðS2 þ S3ÞbH

ð3Þ

The least-squares fit of the experimental data of 1 by full-matrix
diagonalization techniques [31] gave J = –8.7 cm�1, J0 = –472 cm�1,
gCr = 2.001, and gCu = 2.102 with F = 1.0 � 10�5, where F is the
agreement factor defined as F =
P

[(vMT)exp – (vMT)calcd]2/
P

[(vMT)exp]2. The theoretical curve closely matches the experi-
mental data of 1 with J < 0 and J0 < 0 (solid line in Fig. 3a). This sit-
uation contrasts with that found for 2, where a good fit of the
magnetic susceptibility data was obtained for J < 0 and J0 > 0 (J = –
1.3 cm�1 and J0 = +4.0 cm�1) [23b]. So, a ground S = 0 CrIII

2CuII
2 spin

state would result from the intramolecular antiferromagnetic cou-
pling (J0 < 0) between the two inner CuII ions, whatever the nature
of the intramolecular coupling between the inner CuII and outer
CrIII ions is, either antiferro- (J < 0) as in 1 or ferromagnetic (J > 0)
(Schemes 3a and b, respectively). In contrast, the intramolecular
ferromagnetic coupling (J0 > 0) between the two inner CuII ions
leads to ground S = 2 or S = 4 CrIII

2CuII
2 spin states depending on

the nature of the coupling between the inner CuII and outer CrIII

ions, either antiferro- (J < 0) as in 2 or ferromagnetic (J > 0)
(Scheme 3c and d, respectively).
3.4. Magneto-structural correlations: orbital mechanism of the
magnetic coupling

In order to account for the different magnetic properties of 1
and 2, we may refer to simple dinuclear complexes with common
structural features to those of these tetranuclear chromium(III)–
copper(II) complexes. Selected magneto-structural data for 1 and
2 and related oxalato-bridged copper(II) and chromium(III)–cop-
per(II) dinuclear complexes are listed in Tables 3 and 4,
respectively.

The change from strong antiferro- (1) to weak ferromagnetic (2)
coupling between the two inner CuII ions for 1 and 2 can be ex-
plained in terms of the well-known orbital reversal phenomenon



Table 3
Selected magneto-structural data for 1 and 2 and related oxalato-bridged dinuclear copper(II) complexes.

Entry Complexa Bridgeb R0ax
c (Å) a0d (�) b0e (�) h0f (Å) c0g (�) J0h (cm�1) Ref.

1 1 IIa 0.16 6.3 –472 This work
2 2 IIb 2.245 108.8 178.0 0.03 81.7 +4.0 [23b]
3 [Cu2(bpy)2Cl2(ox)]�H2O IIa 0.37 15.0 –330 [15a]
4 [Cu2(bpy)2(PF6)2(ox)] IIa 0.08 3.2 –385 [15a]
5 [Cu2(bpy)2(H2O)2(ox)](ClO4)2�[Cu(bpy)(ox)] IIa 0.18 12.0 –376 [15a]
6 [Cu2(bpy)2(H2O)2(ox)](BF4)2�[Cu(bpy)(ox)] IIa 0.16 10.4 –378 [15a]
7 [Cu2(bpy)2(H2O)2(ox)](NO3)2�[Cu(bpy)(ox)] IIa 0.16 3.2 –386 [15a]
8 [Cu2(phen)2(NO3)2(ox)] IIa 0.27 16.9 –330 [15a]
9 [Cu2(mpz)2(NO3)2(H2O)(ox)]2[Cu2(mpz)2(NO3)2(ox)] IIa 0.06 2.1 –312 [15a]

10 [Cu2(mpz)2(H2O)2(ox)](PF6)2�mpz�3H2O IIa 0.24 13.9 –402 [15a]
11 [Cu2(mpz)2(H2O)2(ox)](ClO4)2 IIa n.a. n.a. –350 [15a]
12 [Cu2(bzpm)2(H2O)2(ox)](PF6)1.5(ClO4)0.5�1.5H2O IIa 0.19 8.9 –349 [15a]
13 [Cu2(tmen)2(H2O)2(ox)](ClO4)2�1.25H2O IIa 0.18 8.4 –385 [15a]
14 [Cu2(bpca)2(ox)] IIb 2.26 107.5 171.4 0.16 92.0 +1.1 [15b]
15 [Cu2(bpca)2(H2O)2(ox)]�2H2O IIb 2.41 106.9 174.3 0.05 80.7 +1.0 [15c]
16 [Cu2(bpcam)2(H2O)2(ox)] IIb 2.44 106.6 175.7 0.00 101.8 +0.75 [15d]

a Abbreviations: ox2� = oxalate; bpy = 2,20-bipyridine; phen = 1,10-phenanthroline; mpz = 4-methoxy-2-(5-methoxy-3-methyl-pyrazol-l-yl)-6-methylpyrimidine;
bzpm = 7-bromo-1,3-dihydro-(2-pyridyl)-2H-1,4-benzodiazepine-2-one; tmen = N,N,N0 ,N0-tetramethylethylenediamine; bpca� = bis(2-pyridylcarbonyl)amidate;
bpcam� = bis(2-pyrimidylcarbonyl)amidate.

b Bridging modes of the oxalato ligand: (IIa) symmetric bis-bidentate; (IIb) asymmetric bis-bidentate.
c Axial Cu–O distance.
d Axial Cu–O–C bending angle.
e Axial Cu–O–C–O torsion angle.
f Out-of-plane displacement of the Cu atom from the metal basal plane.
g Bending angle between the metal basal plane and the oxalato plane.
h Intramolecular magnetic coupling parameter (H = –J0S1 � S2 with S1 = S2 = SCu = 1/2).

Table 4
Selected magneto-structural data for 1 and 2 and related oxalato-bridged dinuclear chromium(III)–copper(II) complexes.

Entry Complexa Bridgeb Rax
c (Å) ad (�) be (�) hf (Å) cg (�) Jh (cm�1) References

1 1 I 2.383 124.1 25.5 0.16 62.59 –8.7 This work
2 2 II 2.357 108.2 173.2 0.03 86.02 –1.3 [23b]
3 [Cu(bpy)2(CH3CO2)][Cr(ox)3Cu(bpy)2]�10.5H2O I 2.078 118.1 1.7 0.36 88.44 –0.05 [17e]
4 [Cr(bpy)(ox)2Cu(bpca)(H2O)]�2.5H2O I 2.253 124.7 6.8 0.19 86.70 0 [21a]
5 [Cr(phen)(ox)2Cu(bpca)(H2O)]�2H2O I 2.325 125.6 22.0 0.12 70.32 0 [21a]
6 [Cr(bpy)(ox)2Cu(Hfsaaep)(H2O)]�2H2O II 2.504 105.9 177.7 0.06 87.22 +1.4 [21b]
7 [Cr(salen)(ox)Cu(salpy)]�0.5H2O II n.a. n.a. n.a. n.a. n.a. +4.4 [17b]
8 [Cr(salen)(ox)Cu(saleten)]�0.5H2O II n.a. n.a. n.a. n.a. n.a. +5.4 [17b]
9 [Cr(salen)(ox)Cu(acpy)]�1.5H2O II 2.378 107.0 174.3 0.15 80.46 +5.6 [17c]

a Abbreviations: ox2� = oxalate; bpy = 2,20-bipyridine; phen = 1,10-phenanthroline; bpca� = bis(2-pyridylcarbonyl)amidate; Hfsaaep� = 3-[N-2-pyridylethyl)formi-
doyl]salicylate; salen2� = N,N0-ethylenediaminebis(salicylate); salpy� = N-salicylate-N-(2-pyridylethyl)amine; saleten� = N-salicylate-N0 ,N0-diethylethylenediamine;
acpy� = N-acetylacetonate-N-(2-pyridylethyl)amine.

b Bridging modes of the oxalato ligand: (I) bidentate/monodentate(outer); (II) bis-bidentate.
c Axial Cu–O distance.
d Axial Cu–O–C bending angle.
e Axial Cu–O–C–O torsion angle.
f Out-of-plane displacement of the Cu atom from the metal basal plane.
g Bending angle between the metal basal plane and the oxalato plane.
h Intramolecular magnetic coupling parameter (H = –JS1 � S2 with S1 = SCr = 3/2 and S2 = SCu = 1/2).
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found for related oxalato-bridged dinuclear copper(II) complexes
with a ‘‘coplanar’’ or ‘‘parallel’’ configuration of the copper basal
planes [4]. In a previous theoretical work, Cano et al. established
a magneto-structural correlation between the magnitude of the
magnetic coupling and the dihedral angle between the copper ba-
sal planes and the bridging oxalato plane (c0) and/or the height of
the copper atom from the metal basal plane (h0) for antiferromag-
netically coupled, ‘‘coplanar’’ oxalato-bridged dicopper(II) com-
plexes [15a]. In this series, the �J0 values decrease with the out-
of-plane displacement of the Cu atom and/or the bending of the
Cu(C2O4)Cu framework leading to a chair conformation, parame-
ters which are in turn related so that the larger the bending angle
is, the more important the out-of-plane displacement distance (Ta-
ble 3). A similar magneto-structural correlation can be found be-
tween the magnitude of the magnetic coupling and the axial
carbonyl-oxygen to copper bond angles (a0) and bond distances
(R0ax) for ferromagnetically coupled, ‘‘parallel’’ oxalato-bridged
dicopper(II) complexes, as observed earlier by Castillo and Gar-
cía-Couceiro for related copper(II) chains [32,33]. In this other ser-
ies, the J0 values decrease with the bending of the axial Cu–O–C
angle, a feature which is directly related to the lengthening of
the axial Cu–O bond in such a way that the larger the axial distance
is, the more bent the angle (Table 3).

So, the dx2�y2 -type magnetic orbitals of each square-pyramidal
CuII ion in 1 are coplanar and they are parallel to the mean plane
of the central oxalate such that a good overlap with its r-type anti-
bonding orbital of appropriate symmetry occurs (Scheme 4a). The
overlap between the dx2�y2 (Cu) and px(O)/py(O) orbitals from the
equatorial carboxylate groups would be maximum for a coplanar
disposition (h0 = 0 Å and c0 = 0�), when the antiferromagnetic ex-
change interaction would be the strongest one [4]. As h0 increases
when increasing c0, the overlap decreases and consequently, the –
J0 values become smaller with the out-of-plane Cu displacement
[15a]. Complex 1 has one of the smallest deviations from



Scheme 4. Orbital pathways of the exchange coupling for 1 and 2.

Fig. 4. (a) Dependence of the magnetic coupling parameter (J) on the axial Cu–O–C
bond angle (a) for 1 and 2 and related dinuclear chromium(III)–copper(II)
complexes with ‘‘anti–syn’’ bidentate/monodentate(outer) (j) and ‘‘anti–anti’’ bis-
bidentate (d) oxalate, respectively (data from Table 4). The solid line corresponds to
the best fit through a simple second-order polynomial equation. (b) Dependence of
the axial Cu–O–C bond angle (a) on the axial Cu–O bond distance (Rax) for 1 and 2
and related dinuclear chromium(III)–copper(II) complexes with ‘‘anti–syn’’ biden-
tate/monodentate(outer) (h) and ‘‘anti–anti’’ bis-bidentate (s) oxalate, respectively
(data from Table 4). The solid lines correspond to the linear fits.
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coplanarity (h0 = 0.16 Å and c0 = 6.3�; Table 3, entry 1) among those
found in the related dicopper(II) complexes of general formula
[CuII

2(bpy)2X2(ox)] (X = Cl� and PF6
�) and [CuII

2(bpy)2(H2O)2

(ox)](X)2�[CuII(bpy)(ox)] (X = ClO4
�, BF4

�, and NO3
�) possessing a

symmetric bis-bidentate oxalato bridge (h0 = 0.08–0.37 Å and
c0 = 3.2–15.0�; Table 3, entries 3–7) [15a]. Hence, the antiferromag-
netic coupling for 1 (J0 = –472 cm�1; Table 3, entry 1) is the largest
one among those reported previously for the aforementioned series
of antiferromagnetically coupled, ’’coplanar’’ oxalato-bridged
dicopper(II) complexes (�J0 = 330–386 cm�1; Table 3, entries 3–7)
[15a].

Instead, the dx2�y2 -type magnetic orbitals of each octahedral CuII

ion in 2 are parallel to each other in two different planes and they
are perpendicular to the mean plane of the central oxalate leading
thus to a small, if not zero, overlap with its r-type antibonding
orbital of appropriate symmetry (Scheme 4b). The overlap between
the dx2�y2 (Cu) and px(O)/py(O) orbitals from the axial carbonyl
groups would be strictly zero for an a0 value close to 120� and, con-
sequently, the exchange interaction would reduce only to the fer-
romagnetic contribution [4]. As a0 decreases when increasing R0ax,
the overlap increases and so the antiferromagnetic contribution
in such a way that an overall decrease of the J0 values is observed
with the bending of the axial Cu–O–C angle [33]. Because of the
rather small axial Cu–O distance, complex 2 has the less bent axial
Cu–O–C angle (a0 = 108.8� and R0ax = 2.245 Å; Table 3, entry 2) [23b]
among those found in the related dicopper(II) complexes of
formula [CuII

2(bpca)2(ox)], [CuII
2(bpca)2(H2O)2(ox)]�2H2O, and

[CuII
2(bpcam)2(H2O)2(ox)] possessing an asymmetric bis-bidentate

oxalato bridge (a0 = 106.6–107.5� and R0ax = 2.26–2.44 Å; Table 3,
entries 14–16) [15b–d]. Hence, the ferromagnetic coupling for 2
(J0 = +4.0 cm�1; Table 3, entry 2) is greater than that previously
reported for the aforementioned series of ferromagnetically cou-
pled, ’’parallel’’ oxalato-bridged dicopper(II) complexes (J0 = 0.75–
1.1 cm�1; Table 3, entries 14–16) [15b–d].

On the other hand, the change from moderate (1) to weak (2)
antiferromagnetic coupling between the inner CuII and outer CrIII

ions for 1 and 2 with the bending of the axial Cu–O–C angle con-
forms with the trend observed for related oxalato-bridged dinucle-
ar chromium(III)–copper(II) complexes with an ‘‘anti–syn’’ or
‘‘anti–anti’’ configuration of the oxalato bridge. So, a weak to mod-
erate ferromagnetic coupling is found for the series of ‘‘anti–anti’’
bis-bidentate oxalato-bridged dinuclear chromium(III)–copper(II)
complexes having rather bent Cu–O–C angles (J = +1.4 and
+5.6 cm�1 with a = 105.9 and 107.0�; Table 4, entries 6 and 9)
(Fig. 4a). In this series, the a values decrease with the lengthening
of the axial Cu–O bond (Rax = 2.378 and 2.504 Å; Table 4, entries 6
and 9) (Fig. 4b). Instead, a very weak, if not negligible, antiferro-
magnetic coupling is found for the series of ‘‘anti–syn’’ bidentate/
monodentate(outer) oxalato-bridged dinuclear chromium(III)–
copper(II) complexes which possess less bent axial Cu–O–C angles
(–J < 0.05 cm�1 with a = 118.1–125.6�; Table 4, entries 3–5)
(Fig. 4a). In this other series, the a values increase with the length-
ening of the axial Cu–O bond (Rax = 2.078–2.325 Å; Table 4, entries
3–5) (Fig. 4b).

In fact, as is usually the case for extended bridging ligands like
oxalate, the mixed r/p-type orbital contributions involving the
dxz(Cr)/dx2�y2 (Cu) and dyz(Cr)/ dx2�y2 (Cu) pairs of orthogonal mag-
netic orbitals are always positive for symmetry considerations
(Jxz;x2�y2 , Jyz;x2�y2 > 0) [4]. However, the purely r-type orbital contri-
bution involving the dxy(Cr)/dx2�y2 (Cu) pair of nonorthogonal mag-
netic orbitals can be either positive (Jxy;x2�y2 > 0) or negative
(Jxy;x2�y2 < 0), depending on some structural parameters like the ax-
ial Cu–O bond distance (Rax), the axial Cu–O–C bond angle (a), and/
or the axial Cu–O–C–O torsion angle (b).

So, the dxy(Cr) and dx2�y2 (Cu) magnetic orbitals in 1 and 2 are
perpendicular to each other with the dx2�y2 (Cu) magnetic orbital
being perpendicular to the mean plane of the peripheral oxalate
leading thus to a small, but not zero, overlap with its r-type



1254 J. Vallejo et al. / Polyhedron 52 (2013) 1246–1255
antibonding orbital of appropriate symmetry (Schemes 4a and b).
Indeed, the overlap between the dx2�y2 (Cu) and px(O)/py(O) orbitals
from the axial carbonyl group would be strictly zero for an a value
close to 90� and, consequently, the exchange interaction would re-
duce only to the ferromagnetic contribution [4]. As a increases, the
overlap increases and so, the antiferromagnetic contribution, in
such a way that a net antiferromagnetic coupling is found for a val-
ues above 108.0� (Fig. 4a). Complex 2 has an axial Cu–O–C angle
slightly larger than this limit value (a = 108.2�; Table 4, entry 2),
while that of the related ‘‘anti–anti’’ bis-bidentate oxalato-bridged
dinuclear chromium(III)–copper(II) complex of formula {CrIII(b-
py)(ox)2CuII(Hfsaaep)(H2O)}�2H2O is clearly smaller (a = 105.9�;
Table 4, entry 6), in agreement with the experimentally observed
antiferro- and ferromagnetic couplings, respectively (J = –1.3 and
+1.4 cm�1; Table 4, entries 2 and 6). Complex 1 has an axial Cu–
O–C angle larger than that of 2, so that the antiferromagnetic cou-
pling for 1 is stronger than for 2 [J = –8.7 (1) and –1.3 cm�1 (2) with
a = 124.1 (1) and 108.2� (2); Table 4, entries 1 and 2]. However, this
situation contrasts with that reported for the related pair of mag-
netically uncoupled, ‘‘anti–syn’’ bidentate/monodentate(outer)
oxalato-bridged dinuclear chromium(III)–copper(II) complexes of
formula {CrIII(bpy)(ox)2CuII(bpca)(H2O)}�2.5H2O and {CrIII(phe-
n)(ox)2CuII(bpca)(H2O)}�2H2O [21a], which possess even larger ax-
ial Cu–O–C angles but smaller axial Cu–O–C–O torsion angles and
axial Cu–O distances (a = 124.7 and 125.6�, b = 6.8 and 22.0�, and
Rax = 2.253 and 2.325 Å; Table 4, entries 4 and 5, respectively) than
those of 1 (a = 124.1�, b = 25.5�, and Rax = 2.383 Å; Table 4, entry 1).
It thus appears that further magnetic and structural data are re-
quired to check the validity of this magneto-structural correlation
and to further evaluate the influence of each structural parameter
on the variation of the magnetic coupling along this series of ‘‘anti–
syn’’ bidentate/monodentate(outer) oxalato-bridged dinuclear
chromium(III)–copper(II) complexes.
4. Conclusions

In the present work, we provide a comparative magneto-struc-
tural study of two linear heterotetranuclear chromium(III)–cop-
per(II) complexes of general formula {[CrIII(bpy)(ox)2]2

CuII
2(bpy)2(ox)}�nH2O [n = 6 (1) and 2 (2)] with 2,20-bipyridine

(bpy) as blocking ligand, where oxalate acts as bridge between
two identical or distinct transition metal ions in a variety of ways,
leading thus to different magnetic properties. So, this unique pair
of complexes show different spin topologies and ground spin states
[S = (SCr – SCu) – (SCr – SCu) = 0 (1) and S = (SCr – SCu) + (SCr – SCu) = 2
(2)] as a result of the change from strong antiferro- (1) to weak fer-
romagnetic (2) coupling between the two inner CuII ions with
either a ‘‘coplanar’’ or ‘‘parallel’’ configuration across the central
symmetric (1) or asymmetric (2) bis-bidentate oxalate, the mag-
netic interactions between the outer CrIII and inner CuII ions
through the peripheral bidentate/monodentate(outer) (1) or
bis-bidentate (2) oxalates with either an ‘‘anti–syn’’ or ‘‘anti–anti’’
configuration changing from moderate (1) to weak (2) antiferro-
magnetic coupling. Extension of the present work to related oxala-
to-bridged heterotetranuclear chromium(III)–cobalt(II) complexes
with higher values of the spin ground state and the magnetic
anisotropy as potential candidates of SMMs is in progress.
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